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Preface 
 

Carbon nanotubes (CNT) discovered in 1991 have been a subject of intensive research 
for a wide range of applications. These one-dimensional (1D) graphene sheets rolled 
into a tubular form have been the target of many researchers around the world. This 
book concentrates on the semiconductor physics of carbon nanotubes, it brings unique 
insights into the phenomena encountered in the electronic structure when operating 
with carbon nanotubes. This book also presents the reader with useful information on 
the fabrication and applications of these outstanding materials. In the past decades, 
carbon nanotubes have undergone massive research from countless institutions 
around the world. The main objective of this book is to give in-depth understanding of 
the physics and electronic structure of carbon nanotubes.  

Readers of this book should have a strong background on physical electronics and 
semiconductor device physics. Philanthropists and readers with strong background in 
quantum transport physics and semiconductors materials could definitely benefit from 
the results presented in the chapters focusing on the different applications of carbon 
nanotubes. 

This book has been outlined as follows: fabrication techniques followed by an analysis 
on the physical properties of carbon nanotubes, including density of states and 
electronic structures. Ultimately, the book pursues a significant amount of work in the 
industry applications of carbon nanotubes. A list of the chapters is given below. It is 
highly recommended for the reader to go over the following descriptions, as they 
provide excellent insights into the contents and results of the book’s chapters. 

Chapter 1. Assembly of Carbon Nanotube Sheets 
This book starts with presenting the fabrication processes to making CNT sheets. The 
purity of the nanotubes, the height of the forest, the morphology of the forest, 
especially the 3D structure by self-assembly during CVD process, and the area density 
of the nanotubes are the main factors of the draw-ability of the forest. 

Chapter 2. A Close-Packed-Carbon-Nanotube Film on SiC for Thermal Interface Material 
Applications 
This chapter shows how carbon-nanotube (CNT)/silicon-carbide layered composite 
materials made by thermal decomposition of SiC are been examined for use as thermal 
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interface materials. Scanning electron microscope and transmission electron micro-
microscope observations revealed that the highly dense, well aligned, and catalyst-and 
amorphous-free CNTs were strongly adhered to the SiC substrate. 

Chapter 3. Magnetic Carbon Nanotubes: Synthesis, Characterization, and Anisotropic 
Electrical Properties 
In this chapter, a CNT-inorganic hybrid system is demonstrated, especially, CNT/-
Fe2O3 hybrid materials. It develops the synthesis method of MWCNT/-Fe2O3 
nanostructures via an easy and novel modified sol-gel process. The study shows that 
NaDDBS molecules are intimately involved in inhibiting the formation of an iron 
oxide gel. 

Chapter 4. Characterizing Functionalized Carbon Nanotubes for Improved Fabrication in 
Aqueous Solution Environments 
The utility of XPS for delineating MWNT oxidation kinetics, EXAFS (coupled with XPS 
and ATR-IR) is demonstrated. This characteristic is useful for elucidating nanoparticle-
MWNT interfacial structure, and the dependence of PZC on electron 
withdrawing/donating character of moieties attached to SWNTs. 

Chapter 5. Fabrication of Carbon Nanotubes for High-Performance Scanning Probe Microscopy 
This chapter attempts to provide a one-stop guide to the fabrication of scanning 
probes, in hope of assisting future developers in their efforts to exploit the unique 
properties of CNTs in still more varieties of SPM. It is expected that the coming years 
will see the variety of CNT SPM probes and the range of applications of CNT SPM 
probes expand even further. 

Chapter 6. Selective Separation of Single-Walled Carbon Nanotubes in Solution 
In this chapter, it is shown that the separated SWCNTs with uniform structure, e.g. 
single electronic (m- or s-) type and chirality, have presented better performance than 
non-separated SWCNTs in nanoelectronics and thin-film devices. 

Chapter 7. Carbon Nanotube AFM Probe Technology 
The application of carbon nanotube probes are shown in the new AFM imaging world. 
Carbon nanotube probes increase the probe’s resolution and longevity, decreasing 
probe–sample forces, and extending the AFM application fields. This should also have 
a significant impact in key research areas, such as nanometrology, surface engineering 
and biotechnology. 

Chapter 8. One-dimensional Crystals inside Single-walled Carbon Nanotubes: Growth, 
Structure and Electronic Properties 
This chapter shows that by intercalating inorganic compounds into single-walled 
carbon nanotubes, the electronic properties of SWNTs can be directly modified. 
Namely, the filling of nanotubes with electron donors (such as metals or metalorganic 
compounds) can lead to the electronic conductivity of the “1D-crystal@SWNT” 
composite, which is caused by an increase in the electron density on the nanotube 
walls within the rigid band structure approximation. 
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Chapter 9. Geometric and Spectroscopic Properties of Carbon Nanotubes and Boron Nitride 
Nanotubes 
In this chapter, the calculated Raman and IR spectra of functionalized (7,0)-SWCNT 
are provided using the B3LYP functional with the basis sets 6-31G on carbon and 
hydrogen atoms and 6-311G(d,p) basis set used for oxygen and nitrogen atoms. 

Chapter 10. Detection of Carbon Nanotubes Using Tip-Enhanced Raman Spectroscopy 
As a tip-enhanced spectroscopy, it is shown how TERS system combines SPM (STM, 
AFM, SFM, SNOM) scanning head, Raman spectroscope, optical microscope, control 
units and data acquirement into a complicated topography and spectral measuring 
system. 

Chapter 11. Spectro-Microscopic Study of Laser-Modified Carbon Nanotubes 
In this chapter, a technique that facilitates exclusive chemical modification of the CNTs 
with controlled locality using a focused laser beam is discussed. With focused laser 
beam, a morphology modification and structural rearrangement of the CNTs are 
achieved. With the CNTs housed in a transparent chamber with controlled gaseous 
environment, we can select the appropriate gas species for the chemical modification 

Chapter 12. Enhanced Control of Carbon Nanotube Properties Using MPCVD with DC 
Electrical Bias 
This chapter shows an examination of the role of dc electrical bias during microwave 
plasma-enhanced chemical vapor deposition (MPCVD) synthesis of SWNTs using 
alignment, spatial density, chirality, and purity as metrics of interest.  Furthermore, it 
is demonstrated that enhanced thermal and electrical transport properties of MWNTs 
are realized with application of substrate bias during MPCVD synthesis. 

Chapter 13. Spin Dependent Transport Through a Carbon Nanotube Quantum Dot in the 
Kondo Regime 
An impact of symmetry-breaking perturbations in CNTs in the Kondo regime on 
transport is discussed. In specific this chapter focuses on the influence of magnetic 
field and polarizations of electrodes. The conclusions drawn in this chapter can be 
easily applied to the case of manipulating of orbital degrees of freedom (orbitronics) as 
well. 

Chapter 14. A Density Functional Theory Study of Chemical Functionalization of Carbon 
Nanotubes; Toward Site Selective Functionalization 
This chapter briefly presents how computational methods influence a description of its 
CC bonding network. Results of mono or double functionalization of nanotubes are 
given.  In addition, the use of geometrical constraints of a bismalonate for site-selective 
addition into a nanotube is shown. 

Chapter 15. Low-Energy Irradiation Damage in Single-Wall Carbon Nanotubes 
The low-energy irradiation damage and its defect characteristics are studied. The 
damage and recovery are reversible, indicating that the number of carbon atoms is 
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preserved. The damage has been observed in SWCNTs, but not in multi-wall carbon 
nanotubes (MWCNTs), suggesting that it is specific to low-dimensional structures or 
nanostructures. The irradiation often converts the electric properties of a metallic 
SWCNT into semiconducting, because the defect opens a local band gap in the metallic 
SWCNT. 

Chapter 16. Exciton Dephasing in a Single Carbon Nanotube Studied by Photoluminescence 
Spectroscopy 
In this chapter, the temperature and chirality dependence of the photoluminescence 
(PL) line width of single carbon nanotubes using single SWNT spectroscopy is studied. 
This is used to clarify the mechanism of exciton dephasing. The PL line width of a 
single carbon nanotube broadened linearly with increasing temperature, indicating 
that the line width and exciton dephasing are determined through exciton-phonon 
interactions, is discribed.  

Chapter 17. A Numerical Study of the Vibration Spectrum for a Double-Walled Carbon 
Nanotube Model 
This chapter presents numerical results for a double-walled carbon nanotube model 
with non-conservative boundary conditions, given in the form of two Timoshenko 
beams coupled through a distributed Van der Waals force. 

Chapter 18. Electronic Band Structure of Carbon Nanotubes in Equilibrium and Non-
Equilibrium Regimes 
In this chapter, the concept of chiral vector, chiral angle and the radius of SWCNTs are 
first discussed and formulated. The authors then proceed to explaining how different 
symmetries of single walled carbon nanotubes including translational, helical and 
rotational symmetries affect the electronic band structure. 

Chapter 19. An Alternative Approach to the Problem of CNT Electron Energy Band Structure 
It is intended to discuss in this chapter, TBM (tight binding method), APW 
(augmented-plane-wave), OPW (orthogonalized-plane-wave) methods and 
corresponding theoretical concepts. In particularly, conventional band structure 
models such as the nearly electron approximation (NFA), TBM, APW and OPW 
models have been used for determining the electron energy band structure. 

Chapter 20. Electronic Structure and Magnetic Properties of N@C60-SWCNT 
The design of spin labels for the NMR quantum computer that contained 1D spin 
chains filling SWCNT with N@C60 is proposed. The electronic structure, chemical shift, 
g-tensor, A-tensor of hfc is influenced by geometrical structure, varied with diameter 
and chiral index. 

Chapter 21. Carbon Nanotubes Addition Effects on MgB2 Superconducting Properties 
This chapter presents a review of recent developments in the study of the effect of 
carbon nanotubes (CNT) on the superconducting properties of MgB2 bulk and wire 
samples, based on the known literature data and our own results. 
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Chapter 22. Carbon Nanotube as VLSI Interconnect 
An overview of the exploratory research on CNT as possible VLSI interconnect is 
presented. The problem of continuing with copper interconnects in highly scaled 
future technologies are briefly discussed. The work carried out in finding an 
alternative solution indicates that the CNT based interconnects have the potential to 
replace copper in future. 

Chapter 23. Carbon Nanotube Based Magnetic Tunnel Junctions (MTJs) for Spintronics 
Application 
Spintronics devices are the next generation electronic devices with larger capacity and 
minimum power consumption. After reviewing the basics of MTJs (from fabrication to 
phenomena), the attention is directed to experimental results from the growth of 
vertically aligned CNTs and the special methods of fabrication for CNT based 
spintronics devices. 

Chapter 24. Mechanisms of Single-Walled Carbon Nanotube Nucleation, Growth and 
Chirality-Control: Insights from QM/MD Simulations 
This chapter reviews recent investigations into the phenomena of SWNT nucleation 
and growth using state-of-the-art QM/MD methods. The significance of the QM/MD 
method in this context has therefore been demonstrated. QM/MD simulations of such 
non-equilibrium, high-temperature processes can provide fundamental knowledge 
that complements experimental understanding. 

Chapter 25. Multiple Andreev Reflections and Enhanced Quantum Interferences in 
NbN/Network-Like Carbon Nanotubes/NbN SNS Junctions 
In this chapter, the superconducting proximity effect in S/network-like CNTs/S 
junctions is observed in the correction of conductance and magneto conductance 
fluctuations. Enhanced magneto conductance fluctuations similar to UCFs are 
observed. 

Chapter 26. Quantum Calculation in the Prediction of the Properties of Single-Walled Carbon 
Nanotubes 
This chapter discusses the calculation of the normal modes using the U Matrix. Ab 
initio calculations are carried out with GAUSSIAN 98 program at the HF/3-21G level 
of theory to investigate the effects of polar solvents and different temperatures on the 
stability of SWCNT in various solvents. Quantum Mechanics (QM) are used to 
investigate the nature of metals transport and the interaction with single-walled 
carbon nanotubes (SWCNTs) inters membranes.  

Chapter 27. Single Wall Carbon Nanotubes in the Presence of Vacancies and Related Energy 
Gaps 
This chapter studies the essential properties of carbon nanotubes, electronic density of 
states, the coherent potential approximation and the existence of vacancies as they 
generate the energy gap in carbon nanotubes. 
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Chapter 28. STM Observation of Interference Patterns Near the Endcap and its Application to 
the Chiral Vector Determination of Carbon Nanotubes 
In this chapter, there is a discussion on the STM measurements focusing on the super 
lattice structures detected near the endcap of the CNT. This is achieved by combining 
high-resolution STM imaging and several types of simulation methods both for 
metallic and semiconducting CNT. 

Chapter 29. Liquid Crystal-Anisotropic Nanoparticles Mixtures 
This chapter studies the impact of LC orientation ordering on alignment of carbon 
nanotubes (CNTs). It comparatively presents the theoretical results obtained in the two 
anchoring limits: i) the weak anchoring limit of the nematic liquid crystals molecules 
at the nanotubes' surface, where the nanotubes alignments are caused by the 
anisotropic interfacial tension of the nanotubes and ii) the strong anchoring limit for 
which the nematic ordering around nanotubes is apparently distorted (consequently, 
relatively strong long-range and anisotropic interactions can emerge within the 
system). 

Chapter 30. Strategies to Successfully Cross-Link Carbon Nanotubes 
In this chapter, there is a review on some of the successful approaches used to cross-
link CNTs with a focus on the importance of the chemistry and techniques involved. 
This chapter shows how, during cross-linking of carbon nanotubes, the formation of 
highly cross-linked CNT composites, the de-fluorination process is clearly an 
advantage. 
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Assembly of Carbon Nanotube Sheets 

Mei Zhang1 and Ray Baughman2 
1Florida State University 

2University of Texas at Dallas 
The United State of America 

1. Introduction 

Over the past decades, carbon nanotubes (CNTs) have been actively explored as building 
blocks for next-generation electronics (Tans et al., 1998; Bachtold et al., 2001; Misewich et al., 
2003), optoelectronics, and sensors (Kong et al., 2000; Xia et al., 2003; T. Zhang, 2008), 
including flexible and transparent devices ( Ju et al., 2007) as well as stretchable devices (Xu 
et al., 2011). A critical step in constructing CNT-based devices is assembly of CNTs on a 
substrate or free-standing for device fabrication, which include alignment, density control, 
and transfer. Scalable and controlled assembly of CNTs synthesized with diverse methods 
(e.g., solution fabrication or solid-state fabrication methods) on diverse substrates (e.g., 
silicon, plastics, rubbers, etc) or free-standing presents a major fabrication challenge that 
must be overcome if CNTs are to be utilized in practical applications. For assembling CNTs 
into thin films (or called sheet, buckypaper), there are several different methods or processes 
in different conditions (e.g., solution or solid-state processes) (Hu et al., 2010). Solution 
processes start with the CNTs in powder form; the powder is dispersed in an appropriate 
solvent with or without functionalization. The CNT films (buckypapers) are usually made 
using versions of the ancient art of paper making, by typically long-time filtration of 
nanotubes dispersed in solvent and peeling the dried nanotubes as a layer from the filter 
(Rinzler et al., 1998; Endo et al., 2005). Buckypaper normally has a laminar structure with a 
random orientation of the bundles of the nanotubes in the plane of the film (Berhan et al., 
2004). Interesting variations of the filtration route provide ultra-thin nanotube sheets that 
are highly transparent and highly conductive (Wu et al., 2004; Hu et al., 2004). While 
filtration-produced sheets are normally isotropic within the sheet plane, sheets having 
partial nanotube alignment result from applying high magnetic fields during filtration 
(Fischer et al., 2003). In other important advances, nanotube films have been fabricated by 
Langmuir-Blodgett deposition (Y. Kim et al., 2003), casting from oleum (Sreekumar et al., 
2003), coating (Ago et al., 1999; Dan et al., 2009), and printing (Zhou et al., 2006; Unidym Inc, 
2007). The solid-state processes generally have two approaches. One is to synthesize CNTs 
by floating catalyst chemical vapor deposition (CVD), either to deposit CNTs on a substrate 
inside the CVD chamber or to collect the CNT aerogel outside of the chamber on a special 
substrate and then densify it into a film (Y. Li et al., 2004; Martin, 2010). The catalysts are 
with the CNTs and the CNTs in the film are usually disoriented. The optimized process 
control lowers the impurities to less than 5 wt% in the film and a 1.2 meter wide and 10 
meter long CNT film has been made (Nanocomp Tech. 2010). The other approach is to 
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synthesize CNTs from the catalysts fixed on substrate to form a array either parallel to the 
substrate (Kong et al., 1998) or perpendicular to the substrate (also called vertical aligned 
CNT forest) which are fabricated into the CNT films after the synthesis process by the 
“domino pushing effect” motion (Ding et al., 2008; Pevzner et al., 2010) or drawing CNTs 
out of the forest (M. Zhang et al., 2004 & 2005). The domino pushing of the CNT forest can 
efficiently ensure that most of the CNTs are aligned tightly in the film. Well aligned CNT 
sheets are obtained by drawing CNTs from the forest. 
For fabricating sheets that have close to single nanotube properties, long nanotubes are 
needed. Solution fabrication methods work only for short nanotubes since the ability to 
disperse nanotubes into a liquid and to fabricate oriented nanotube sheets from liquid 
dispersions decreases with increasing nanofiber length. Solid-state fabrication methods do 
not disturb the length of the nanotubes and are the methods that benefit from long 
nanotubes. In this chapter, two processes for assembling well aligned and super-thin CNT 
sheets are presented. One is to produce a drawable CNT forest, which has special topology, 
by CVD and then draw CNTs out of forest to form a free-standing CNT sheet. Another 
process involves synthesis of a patterned CNT array on substrate by CVD and then 
knocking them down to form an aligned CNT sheet on substrate with the help of the 
solvent. The CNT growth and the conditions for making drawable CNT forests are 
discussed. 

2. Fabrication of CNT sheet  

Since the CNT sheets are fabricated directly from the forests, the synthesis of the CNT forest 
is an important step. In this chapter, the CNTs are multi-walled CNTs. The CNT forests 
were synthesized by catalytic CVD using hydrocarbon gas, acetylene or ethylene, as the 
carbon source (M. Zhang et al., 2004). The following is the basic process and conditions. The 
catalyst was a ~3 nm thick iron film, which was deposited on a silicon substrate by electron 
beam evaporation. The substrates were set in the center of a quartz tube furnace. After 
heating up to 680°C in helium at one atmospheric pressure, 5 molar percent acetylene in 
helium was introduced at the total flow rate of 580 sccm. Within a few minutes, the dense 
and vertically aligned CNT forests were grown on substrates. After removing the forest, the 
substrate is still catalytically active and can be used to grow new forest, indicating a root-
growth mode and the presence of the catalysts on the substrate. Based on scanning electron 
microscopy (SEM), transmission electron microscopy (TEM), and thermo-gravimetric 
analysis (TGA), the purity of the nanotube forests was very high ( more than 99% carbon in 
the form of CNTs), with less than 1 wt% iron and amorphous carbon, but more importantly, 
no carbon particles within the CNTs were observed. The CNT sheets are made from the 
CNT forests by two approaches, knocking down and drawing. 

2.1 Knocking down approach 
The schematic of the knocking down approach is shown in Fig. 1. The line arrays of thin Fe 
film was made by patterning the resist on Si substrate following the standard lithography 
process, depositing the catalyst thin film by electron beam evaporation and then the lifting 
off the resist mask. The Fe film cracked into nanoparticles as catalysts for CNT growth 
during the temperature ramp up in CVD process. The CNTs grew away from the catalyst 
particles and formed a thin wall array during the CVD process (Figs. 2a to 2c). The CNT 
wall is very thin, so it is transparent (Fig. 2a). The substrate with the array of CNT walls was   
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(a) (b) 

Fig. 1. Schematic experimental processes for making an aligned thin CNT film on substrate 
(a) and knocking down method (b). 

 

Fig. 2. SEM images show CNTs grown perpendicular to a substrate as a forest and a thin 
wall (a) and a thin wall array (b). (c) SEM image in high magnification shows the structure 
of the thin wall. The wall is so thin, it is transparent. (d), (e), and (f) show the thin wall array 
is “knocked” down and CNTs forms an aligned thin film on substrate. (g) and (h) show that 
the CNT thin films are etched into desired patterns. After removal of the photo resist, the 
CNTs have clean surface and keep the original structures. (f) and (i) show the detail of (e) 
and (h), respectively. The dark circle in (d), (e), and (g) is the shadow of the in-lens detector. 
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drawn through an acetone solution to horizontally redirect the vertical alignment and dried 
using nitrogen gas (Fig. 1b and Figs. 2d to 2f). The width of the patterned catalyst lines and 
the growth time of CVD determined the thickness and the height of the CNT walls. The 
walls do not shrink in height during flattening and drying. Figure 2e shows that a CNT 
sheet on substrate is formed from the CNT wall array in which the height of the wall is 
controlled to just 2 times the gap between two catalyst lines so that the CNT sheet on 
substrate has the thickness of two overlapping walls. The thickness of the CNT sheet could 
range from a few hundred nanometers to micrometers through the same process by using 
forest of different thicknesses, namely by controlling the width of the catalyst lines. 
Substrate-forest interaction and lateral CNT orientation guided densification only in wall 
thickness direction to essentially flatten the walls to the substrate with strong adhesion. It is 
because of the surface tension of the liquids and the strong van der Waals interactions that 
effectively close the CNTs together when liquids were introduced into the thin forest and 
dried. This self-assembly transformed CNT walls into highly densely packed CNT thin 
sheets. The CNT sheet was patterned into arbitrarily shaped CNT islands in desired 
positions by using standard lithographic processes. Figures 2g and 2h are the SEM images 
showing the patterned CNT sheet by lithography process. The CNT sheets were etched 
vertically by oxygen/argon reactive ion etching by using a resist as a mask. Figure 2i is the 
SEM image of Fig. 2h in high magnification. The surface of the CNTs is clean and the 
structures of the sheet remain the same, showing that the adhesion with the substrate is 
sufficient to withstand lithographic processes including heat treatment, immersion into 
liquids, and drying. The bright and parallel horizontal lines visible in the images are catalyst 
lines. These lines cannot be totally removed (Fig. 2g). The sheet has to be transferred to 
another substrate in order for the effects of these lines to be negligible for some applications. 

2.2 Drawing approach 
In drawing approach, the catalyst thin film covers all surface of the Si substrate (Fig. 3). The 
CNTs are synthesized on top of silicon substrate as a vertically aligned forest by CVD and 
the transparent nanotube sheets were drawn directly from CNT forests. Draw was initiated 
using an adhesive strip, like that on a 3M Post-it® Note, or using a blade by cutting into the 
forest to contact CNTs teased from the forest sidewall. Five-centimeter wide, meter long 
transparent sheets were made at a meter per minute by hand drawing (M. Zhang et al., 
2005). 
 

 
Fig. 3. Schematic experimental processes for fabrication of the free-standing CNT sheet. 

Catalyst thin film Catalyst particles

II. Thermal 
annealing

CNT array

III. CVD 
CNT growth

Substrate

I. PVD 
Thin film coating

Processes

IV. Sheet drawing 

CNT sheet
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Despite a measured areal density of only 3 g/cm2, these 500 cm2 sheets were self-
supporting during drawing. Figure 4 shows side-view and top view SEM micrographs of 
forest and sheet. It indicates that the nanotubes in the forest transition from the highly 
ordered forest state to a rather disordered intermediate state immediately in front of the 
forest sidewall, and finally to the highly oriented aerogel state. By taking sequential 
micrographs through a SEM to form a movie, the process in which the forest nanotubes 
rotate by about 90° in going from nanotube orientation in the forest to that of the highly 
oriented state is captured (Kuznetsov et al., 2011).  
 

 
Fig. 4. SEM images show that a CNT sheet is drawing from a forest. (a)-(c) Side view of the 
forest and the sheet close to the forest. (b) and (c) show the details in (a) and (b), 
respectively. (d) and (e) Top view of the forest and the CNT sheet. 

The forest-drawn CNT sheets can easily be stacked or conveniently assembled into biaxially 
reinforced sheet arrays. They can be used as conducting layers on non-planar surfaces (Figs. 
5a to 5d). These highly anisotropic aerogel sheets can be applied and easily densified into 
highly oriented sheets having a thickness of 50 nm and a density of 0.5 g/cm3. We obtain  
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Fig. 5. (a)-(d) SEM images show a CNT sheet covers a substrate with sharp turns. (b) and (d) 
are the SEM images in higher magnification of the images in (a) and (c), respectively. (e) A 
photo image shows cross stacked sheets cover a metal plane with a 2.5 cm-diameter hole 
after liquid densification. The detail structure is shown in (f). 

this 360-fold density increase by simply adhering by contact the as-produced sheet to a 
planar substrate (e.g. glass, many plastics, silicon, gold, copper, aluminum, and steel), 
vertically immersing the substrate with attached CNT sheet into a liquid (e.g. ethanol) along 
the nanotube alignment direction, and retracting the substrate from the liquid. Surface 
tension effects during ethanol evaporation shrink the aerogel sheet thickness to 50 nm. 
SEM micrographs taken normal to the sheet plane suggest a decrease in nanotube 
orientation as a result of densification (Fig. 4e). This observation is deceptive – the collapse 
of 20 m sheets to 50 nm sheets without changes in lateral sheet dimensions means that 
out-of-plane deviations in nanotube orientation become in-plane deviations that are 
noticeable in the SEM micrographs. The aerogel sheets can be effectively glued to a substrate 

(a) (b)

(c) (d)

(e) (f)

1 μm

10 μm 1 μm

50 μm 10 μm
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by contacting selected regions with ethanol, and allowing evaporation to densify the aerogel 
sheet. Adhesion increases because the collapse of aerogel thickness increases contact area 
between the nanotubes and the substrate. 
The aerogel sheets can also be densified into super-thin and free-standing sheet. Figure 5e is 
a photo image showing that a densified CNT sheet covers a 2.5 cm diameter hole in a metal 
plane. The super-thin sheet is made by densifing two cross-stacked CNT sheets (Fig. 5f). The 
nanotube sheets, which combine high transparency with high electronic conductivity, are 
highly flexible and provide giant gravimetric surface areas. The measured gravimetric 
strength of orthogonally oriented sheet arrays exceeds that of a high-strength steel sheet 
(Alive et al., 2009; M. Zhang et al., 2005). These sheets have been used in laboratory 
demonstrations for microwave bonding of plastics and for making transparent, highly 
elastomeric electrodes; planar sources of polarized broad-band radiation; conducting 
appliqués; flexible organic light-emitting diodes; and solar cells (Alive et al., 2009; Ulbricht 
et al., 2006 & 2007; Williams et al., 2008; M. Zhang et al., 2005).  
Many real applications, such as field and thermionic emission electron sources (Kuznetzov 
et al., 2010; P. Liu et al., 2010; Y. Wei et al., 2008; Xiao et al., 2008; Y. C. Yang et al., 2010), 
loudspeakers (Alive et al., 2010; Kozlov et al., 2009; Xiao et al., 2008), CNT touch screens 
(Feng et al., 2010), high strength CNT yarns (Lima et al., 2011; K. Liu et al., 2010; M. Zhang et 
al., 2004; X. Zhang et al., 2006; Zhong et al., 2010), electrodes for batteries and 
supercapacitors (H. X. Zhang et al., 2009; R. F. Zhou et al., 2010), CNT/polymer composites 
(Q. F. Cheng et al., 2010; L. Chen et al., 2009; M. Zhang et al., 2005), and wrappers (Lima et 
al., 2011) were demonstrated. It is also demonstrated that the CNT sheets can be used as 
scaffolds for tissue engineering (Galvan-Garcia et al., 2007). It is no doubt that more 
applications will be developed and practiced. 

3. Making drawable CNT forest 

The CNT draw process does not work for all CNT forests. The experimental results show 
that the drawability depends strongly on the structural interconnections between CNTs and 
the network of interconnections between CNT bundles within the forest. The nanotubes in 
the forest should be intermittently bundled in order to be drawable (Fig. 6). In the forest 
height direction, this means that a nanotube switches many times from being bundled with 
a few neighboring nanotubes, to being unbundled, and then to being bundled with a few 
different neighboring nanotubes. Bundled nanotubes are simultaneously pulled from 
different elevations in the forest sidewall so that they join with bundled nanotubes that have 
reached the top and bottom of the forest, thereby minimizing breaks in the resulting fibrils 
(containing many bundled CNTs) (Figs. 4b and 4c). If there is too little lateral connectivity in 
the forest, the forest is undrawable because pulling on the forest sidewall just removes a few 
nanotubes rather than a continuous sheet. If there is too much inter-tube connectivity, only a 
chunk of forest is extracted before draw terminates. 
The interconnections between CNTs and CNT bundles are formed during CNT growth, 
which are determined by the synthesis process. The CNT synthesis process is a complex 
process, which is related to the substrate and supporting materials, catalyst materials and 
their amount, carbon sources and partial pressure (feedstock), carrier gas and gas as an 
etching agent, total flow rate (gas residual time), process temperature, temperature ramp-up 
rate and cool-down rate, process pressure, process steps, process time, and many other 
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details, such as history of reaction chamber, contamination, size of chamber and substrate, 
etc. CNT forests can be produced over a broad range of conditions. However, not every 
forest is suitable for solid-state fabrication of CNT sheets. This is because the forest needs to 
meet certain conditions to be a drawable CNT forest as described above. The drawable 
forest can be fabricated by just using C2H2/Ar (without H2, water or other agents) and Fe 
thin film on Si substrate (without buffer layers such as SiO2 and Al2O3). The buffer layers 
and other gases as well as their combinations are necessary to control the size and properties 
of CNTs. The drawable forests can be fabricated under different synthesis conditions. The 
CNT area density, height of forest, and purity of the CNTs are considered being the 
parameters for monitoring and controling the interconnections of CNTs in the forest. 
  

 
(a)     (b) 

Fig. 6. SEM images show the side views of a drawable CNT forest (a) and its structure in 
high magnification (b). 

3.1 Structures of CNT forest 
A single nanotube naturally curves (in bending status) during growth if no external forces 
exist. The bending stress can come from the nanotube’s own weight, interaction with 
neighbor nanotubes, or limited growing space. As shown in Fig. 7a, a single tube keeps 
growing straight for a limited length: it falls down to the substrate and turns its growth 
direction many times during CVD process. A group of CNTs can form a randomly oriented 
CNT mat or well-aligned CNT arrays, depending on the density of catalyst and their 
activities under the same synthesis conditions. Figures 7b to 7d show the effects of the 
number of catalyst particles with similar area density on the formation of a CNT thin sheets 
array. Figure 7b shows CNT walls that were grown from 0.1 m wide and 40 m long 
catalyst lines patterned by e-beam lithography. There were no external forces during CNT 
growth. The walls bend when their height is over a certain level. The bending directions and 
angles depend on each wall’s morphologies. The nanotubes within each wall confine the 
nearest neighbors and attract the outermost nanotubes to their neighbors via van der Waals 
forces, thereby producing oriented growth. However, the CNTs in such thin walls present 
random curvatures and are tangled (Fig. 7b) because of the weak confinement in thickness 
direction. As the thickness of the wall increases, the alignment of the CNTs is improved due 
to the crowding effect. Figure 7c shows ~100 m high CNT wall array grown from a 0.5 m 
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wide and 40 m long catalyst lines in which nanotubes were better aligned (Fig. 7d). In a 
forest, the CNTs can have different growth rates, which lead to the structure of the forest. 
Figure 8 shows three typical structures. In Fig. 8f, more than 80% of the CNTs are not 
straight: they periodically bend within fixed intervals throughout their entire length. As a 
result of this regular bending, a wavy structure resulted. It is believed that the wavy 
structure is formed because there are roughly two groups of catalysts uniformly distributed 
on substrate: one is more active and results in higher CNT growth rate than the other. Due 
to van der Waals forces, which stick nanotubes together whenever they touch, the growth 
rate of the array is limited by the nanotubes with relatively slow growth rate when catalysts 
stay on the surface of substrate. The nanotubes with higher growth rate are forced to bend 
periodically. The period of the wave is related to the ratio of growth rates of these two 
groups (Fig. 8c). When the distribution of the catalyst activity is relatively narrow and the 
density is high (Fig. 8a), the forest will have the morphology as shown in Fig. 8d. When the 
distribution of the catalyst activity results in the distribution of growth rate as shown in Fig. 
8b and the density is high, the forest will be formed by the straight CNTs which form 
bundles while the waved CNTs switch between different bundles as the morphologies show 
in Figs. 6b and 8e. Such structure is believed to be important for assembling CNT sheets by 
drawing CNTs directly from the forest. 
 

 
Fig. 7. SEM image of CVT walls grow on patterned (a) very thin, (b) 0.1 m wide and 40 m 
long, and (c) 0.5 m wide and 40 m long catalyst lines. (d) SEM image of the CNTs in a 
wall in (c).  
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Fig. 8. (a) to (c) Schematic of the population of the CNTs related with the growth rate and (d) 
to (f) typical SEM images of the CNT forests. (d), (e), and (f) are in the same scale and they 
are corresponding to (a), (b), and (c), respectively. 

3.2 CNT area density 
As shown in Fig. 7, CNT area density (number of nanotubes per square centimeter) in the 
forest is a key factor to establishing the interconnections between CNTs in the forest and the 
drawability of the forest. The schematic illustration of drawability to the area density is 
shown in Fig. 9. If the area density is very low, CNTs will lay on the substrate randomly. 
The CNTs can grow in the out-of-plane direction and form a vertical aligned forest when its 
area density exceeds a threshold value. If the forest has very high density, the CNTs in the 
forest will form big bundles and the forest will not be drawable.  
 

 
Fig. 9. Schematic illustration showing the relationship between the forest drawability and 
the area density of CNTs. The dash line corresponds to the forest with higher height. 

Experimentally, the area density of the forest is calculated from counting the root of the 
nanotubes on substrate after removal the forest from the substrate. Figure 10 shows the 
surfaces of the substrates after removing the forest. Each circle dot in the images is the root 
of a nanotube. 
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(a)     (b) 

Fig. 10. SEM images show the surfaces of the substrate after removal CNT forests. (a) and (b) 
show the typical surfaces of the drawable forest and the un-drawable forest, respectively.  
Each circle in the image is a root of a CNT. The bright dots are the by-products of the CVD 
process. Two images are in the same scale. 

 

 
Fig. 11. SEM image of a drawable forest. There are holes with ~ 1 m diameter distributed in 
the forest. 

Drawable forests must have a high enough area density for CNTs in the forest to form 
interconnections. The required area density of the forest is related to the diameter of the 
nanotubes. When the forest is formed by CNTs with ~10 nm diameters, the well-drawn 
forest has the area density ~1011/cm2, and the undrawable forest has an area density of less 
than 1010/cm2.  The area density needs to be higher for the forest with thinner CNTs.   
The effect of area density can be compensated by adjusting the height of the forest (see 
section 3.4).  The area density can also be lowered by controlling the distribution of catalysts 
through patterning. Figure 11 shows the SEM image of a drawable forest. There are 
uniformly distributed holes due to the missing catalysts on the substrate. The less CNT 
interconnections in the holes results in the easy draw of the too densely packed CNT forest. 
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3.3 Purity of the CNTs 
Generally, the drawable forests need to be clean. Amorphous carbon (a-C) deposited on 
CNTs during CVD process might not be avoidable. A proper amount a-C might be helpful 
in CNT interconnections. However, too much a-C will increase the locking between CNTs 
and CNT bundles, which will cause the breaking of fibrils during sheet draw. The results of 
TGA measurement of the drawable forest and TEM observation of the CNT sheet are shown 
in Fig. 12.  
 

 
                                         (a)                                                                     (b) 

Fig. 12. (a) TGA data shows the thermal stability and the purity of the CNTs and (b) TEM 
image of a CNT sheet. 

3.4 Height of the forest 
As described above, the interconnections of CNTs in the forest play an important role in the 
drawability of the forest. The CNTs form small bundles, each consisting of a few nanotubes, 
in the forest with individual nanotubes moving in and out of different bundles. The three-
dimensional connectivity caused by intermittently switched bundling is believed to be 
important for the drawing process. The too-long and too-short CNT forests are not suitable 
for the solid-state process because the interconnections there either too much or too little for 
continuously pulling CNTs out of the forest. Figure 13a is the schematic relationship 
between drawability and length of the forest. CNTs can be drawn from a ~20 m high forest 
as shown in Fig. 13b. Experiments demonstrated that the good drawablity has been obtained 
in up to 500 m high forests formed by nanotubes 10 nm in diameter. Two-millimeter high 
forests formed by tubes 30~50 nm in diameter are demonstrated to be drawable  Inoue, 
2011.  
Since the drawability is determined by the interconnections of CNTs in the forest, the very-
short and very-high forests could be drawable by adjusting other parameters. For example, 
very-short forest could be drawable if the area density is high enough and relatively more 
interconnections occur along their length. For high forests, lowering the area density and the 
interconnections between CNTs and their bundles along their length will create the same 
effect (Fig. 9). 
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                                             (a)                                                                    (b) 

Fig. 13. (a) Schematic of the possible relationship between drawability and forest height. (b) 
SEM image shows that the CNTs can be drawn continuously from a 20 m high CNT forest. 

The forest-sheet conversion rate and the thickness of as-produced sheet depend on the 
height and the density of the forest, as well as the bundling level of tubes in the forest. For 
forests having similar topology, the highest forests were easiest to draw into sheets – most 
probably because increasing nanotube length increases inter-fibril mechanical coupling 
within the sheets, and produce a higher forest-sheet conversion rate. A one centimeter 
length of 245 m high forest converts to about a three-meter-long free-standing CNT sheet. 
By adjusting the height and density of the forest; converting a one centimeter length forest 
to over a ten meter long sheet has been achieved. The thickness of the as-produced CNT 
sheet increased with increasing forest height and was 18 m in SEM images of a sheet 
drawn from a 245 m high forest.  

3.5 Process temperature 
Temperature is another important parameter, which determines other synthesis parameters 
for CNT growth and the quality of the CNTs. The intensity ratio of the G band (IG at ~1580 
cm-1) and D band (ID at ~1350 cm-1) in Raman spectra and the initial burning temperature of 
the CNTs obtained from the TGA are used to evaluate the quality of the CNTs. G band and 
D band were originated from the Raman active in-plane atomic displacement E2g mode and 
disorder-included features due to the finite particle size effect or lattice distortion, 
respectively (Tuinstra & Koenig, 1970). The increase of IG/ID indicates that the degree of 
long-range ordered crystalline perfection of the CNTs increases. The better the 
crystallization of the graphene layers of the CNTs, the higher the initial burning 
temperature of the CNTs. Maintaining a spatial homogeneous temperature during the 
growth process was demonstrated a critical factor for fabricating long CNTs with consistent 
electrical characteristics (X. Wang et al., 2009). Many researches show that the quality of the 
CNTs becomes better as the growth temperature increases (Y. T. Lee et al., 2002; C. J. Lee et 
al., 2001; K. Kim et al., 2005; X. Feng et al., 2009). However, other parameters for CNT 
growth must be optimized if increasing temperature since the temperature increase has 
direct influences on the formation and the activity of the catalysts and the feedstock of the 
carbon atoms. The partial pressure of the hydrocarbon gas usually needs to be lowered at a 
higher process temperature.  
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Fig. 14. SEM image of large amount of helically coiled carbon nanostructures. Each coil 
grows with its own diameter and pitch. 

4. Conclusion 

Individual carbon nanotubes are like minute bits of string, and many trillions of these 
invisible strings must be assembled together to make useful macroscopic articles. This 
chapter presents the fabrication processes to making CNT sheets. The purity of the 
nanotubes, the height of the forest, the morphology of the forest, especially the 3D structure 
by self-assembly during CVD process, and the area density of the nanotubes are the main 
factors of the drawability of the forest. There are no inherent limitations on either sheet 
width or length, and no special difficulties arise in maintaining sheet quality during the 
draw. Currently, the sheets are drawn at up to 2 m/s from special CNT forests (Alive et al., 
2009; Lima, et al., 2011) and the width at up to 20 cm (C. Feng et al., 2010). This solid-state 
process is scalable for continuous, high-rate production. Extension of the technologies of 
solid-state sheet fabrication to longer CNTs, as well as to a few walled or single walled 
nanotubes, are important because longer nanotube lengths will enable properties 
improvements for active devices by means of enabling closer approach of sheet properties to 
those of individual nanotubes and the conductivity, transparency, and strength of the sheet 
could be improved by using thinner nanotubes. 
CNTs can also be in the coiled structure (Amelinckx et al., 1994 ; Dunlap, 1992; M. Zhang & 
J. Li, 2009).  Figure 14 shows the helically coiled CNTs grown on iron-coated indium tin 
oxide substrate by catalytic CVD (M. Zhang et al., 2000). More than 95% of the wires are in 
helical structures. The coils have various diameters and pitches. They grow out of the 
substrate and maintain their self-organization well during growth. If the coiled CNT forest 
is drawable, the sheet will have interesting properties that the straight CNTs could not 
provide. There is plenty of room to further improve the processes and properties of the CNT 
sheets. 

10 μμm
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1. Introduction 

Carbon nanotubes (CNT) are predicted to have an extremely high thermal conductivity 
along the tube axis of 6600 W/mK (Berber, 2000) while experimental results (Fujii et al., 
2005; Kim et al., 2001) have produced values of 2000~3000 W/mK.  However, only a few 
studies have investigated CNTs for use as thermal interface materials (TIMs) (Biercuk et al., 
2002; Liu et al., 2004; Huang et al., 2005). In this study, we focus on the heat-release structure 
of a central processing unit (CPU). Figure 1 shows the schematic diagram of the typical heat-
release structure. 
 

 
Fig. 1. Schematic diagram of the typical heat-release structure. 

In the typical structure, TIMs such as Cu-W alloys, Cu-Mo alloys, Al-SiC solid solution and 
so on, are used to dissipate heat efficiently from the heat source, such as a semiconductor 
(SC), to heat sinks.  Recently, a rapid increase in the heat generated by various electronic 
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devices requires an urgent development of high-performance TIMs.  The performance of the 
actual TIMs depends not only intrinsic thermal conductivity, but also on the thermal 
resistance. Here, the thermal resistance of TIMs is given by the sum of their intrinsic thermal 
resistance and the contact thermal resistance between the TIM and the contacting material.  
It is thus important for thermal management to reduce the contact resistance on the contact 
face as well as to employ highly thermal conductive materials.  Actually, in order to reduce 
the contact resistance, a layer of grease ranging from 50 to 100 μm thick is applied to the 
contact face between the TIM and the contacted material. The grease intrudes into the 
microscopic undulations and surface roughnesses of the contacted material, and eliminates 
any air gap, leading to an increase of the contacted area and a consequent decrease of the 
contact thermal resistance. However, the total thermal resistance does not decrease 
efficiently with the use of such a thick grease layer, since the intrinsic thermal conductivity 
of grease is low. 
To reduce the total thermal resistance, thermally conducting AlN or Ag particles are 
dispersed into the grease, but they lead to higher costs and the thermal conducting paths are 
interrupted in the particle-dispersed structure. On the basis of the high thermal conductivity 
of CNTs, some investigators have investigated various uses of to reduce total resistance; 
dispersing CNTs into plastics or embedding an aligned CNT array in a silicone elastomer, 
resulting in thermal conductivity enhancement (Biercuk et al., 2002; Liu et al, 2004; Huang; 
2005). However, it is difficult to ensure a continuous thermal conducting path in the 
dispersed materials, and in the aligned materials, the low CNT density limits the overall 
heat conductance, the total thermal conductivity in these structures is reduced to the order 
of 1 W/mK.  That is, workers have not succeeded in utilizing the extremely high thermal 
conductivity of CNTs. 

2. Features of CNT/SiC composite material 

We have reported that a vertically-aligned CNT film can be formed on SiC by a surface 
decomposition method (Kusunoki at al., 1997; 1999; 2000; 2002; 2005). Figure 2 shows the 
transmission electron microscope (TEM) image of the CNT/SiC composite material. 
The features of CNT/SiC composite obtained by this method are, 
1. high-density, well-aligned, and catalyst-free, 
2. flexible CNT tips (Miyake et al., 2007) , 
3. high thermal conductivity of SiC (Burgemeister et al., 1979) and the CNTs, and 
4. high adhesive strength of CNTs with the SiC substrate. 
In other words, a CNT/SiC composite material meets the requirements for TIMs.  In this 
study, then, we investigate the heat transfer characteristics of CNT/SiC composite materials 
made by the surface decomposition of SiC. 
The CNT/SiC composite materials were prepared by the following procedure.  A 6H-SiC 
single-crystal substrate and a polycrystalline SiC substrate obtained by the CVD method 
were cut into 10 × 10 × 0.25 mm3 pieces, and their both sides of surface were polished.  
Carbon nanotube films with thicknesses of 1 and 4 μm were formed on the two sides of the 
SiC substrate by heating the substrate in a vacuum of about 10-4 Torr at temperatures of 1700 
and 1900 °C, respectively.  Observations of the microstructure of the CNT/SiC composites 
were carried out using a scanning electron microscope (SEM) and a JEM-2010-type 
transmission electron microscope (TEM). 
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Fig. 2. TEM image and the corresponding electron diffraction pattern of CNT/SiC 
composite.  High-magnification image around the CNT cap is inserted. 

3. Thermal transport properties of CNT/SiC composite materials 

Thermal resistance measurements were performed using an apparatus based on the 
American Society of Testing Materials (ASTM) Method D5470.  A schematic diagram of the 
measurement system is shown in Fig. 3.  
The prepared CNT/SiC composite material was sandwiched between three types of copper 
holders and a load ranging from 750 to 3750 g/cm2 was applied from above.  The surfaces of 
the copper holders were (1) Rz = 0.03 μm, and the flatness is ± 0.3 μm in 10 × 10 mm2, (2) Rz = 
1.0 μm, and the flatness of ± 0.3 μm, and (3) Rz = 1.0 μm, and the flatness of ± 15 μm.  The 
upper holder was heated by a ceramic heater.  Thermocouples were inserted in copper 
holders, and the temperatures at different positions were measured as shown in the right 
side of the Figure. The temperatures Th, at the top, and Tc at the bottom of the sample, were 
obtained by extrapolating the temperature gradient.  The thermal resistance Rt is given by 
the following equation, where Q is the supplied heat value. 

                                      Rt = (Th - Tc) / Q [K/W]                                     (1) 

For comparison, the thermal resistances of 100 μm thick samples of commercial silicone 
grease (G747, Shin-Etsu Chemical Co., Ltd., thermal conductivity of 1.09 W/mK) and grease 
with Ag particles (GR-SG014, TIMELY Co. Ltd., thermal conductivity of 9.0 W/mK) applied 
to the holders were also measured. 
Figure 4(a) and (b) show, respectively, the SEM image of the CNT tips and the TEM image 
of the interface between the CNT and the SiC. 

CNT

SiC
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Fig. 3. Schematic diagram of the thermal resistance measurement system.  

 

 
Fig. 4. (a) Scanning electron microscope image of the CNT tips. (b) High-resolution 
transmission electron microscope image showing the interface between the CNT and SiC. 

As is seen in Fig. 4(a), aligned CNT bundles with a diameter of about 30 nm are closely 
packed and well aligned.  We have reported that the planar density of CNTs obtained by 
surface decomposition of SiC is estimated to be about 3 × 104 μm-2 (Kusunoki et al., 1997).  
This density is more than one hundred times as high as that of CNTs grown by conventional 
CVD method (Lee et al., 1999; Pan et al., 1999).  The high-resolution TEM image shows the 
presence of (0002)graphite lattice fringes almost perpendicular to the SiC surface.  These 
fringes correspond to the walls of multiwalled nanotubes.  This image demonstrates that 
CNTs are strongly adhered to the SiC substrate at the atomic scale.  Another feature of our 
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CNTs is the absence of catalyst and amorphous layers.  We therefore expected that the 
thermal interface resistance between CNTs and SiC will be sufficiently low to be useful. 
In Fig. 5, the thermal resistances of different samples are shown for an applied pressure in 
this case fixed at 3750 g/cm2, with the flattest sample holder (1). 
 

 
Fig. 5. Thermal resistances of various samples. Results obtained from the samples with 
CNTs are emphasized by the red lines. 

The thermal resistances of silicon grease and grease with Ag particles were 0.72 and 0.47 
K/W, respectively.  The resistance of the pristine SiC single crystal was 0.18 K/W, reflecting 
the high thermal conductivity of the SiC crystal.  The low resistance of pristine SiC indicates 
the high potential of SiC crystal itself as a TIM.  It should be mentioned here that the 
intrinsic thermal conductivity of SiC crystal is about 360 W/mK, which is comparable to 
that of copper (403 W/mK) or silver (428 W/mK) (Burgemeister et al., 1979).  In order to 
make a comparison practical TIMs, then, we measured the thermal resistance of the pristine 
SiC single crystal coated with silicon grease to a thickness of 50 μm.  The result obtained was 
0.79 K/W. This increase is attributed to the thick coating of grease.  On the other hand, the 
thermal resistance of the 1μm-CNT/SiC single crystal sample was 0.04 K/W, which is a 
remarkably low value.  This observation suggests that the contact resistance is drastically 
reduced by the use of CNTs instead of grease. 
The thermal resistances of a polycrystalline SiC substrate produced by the CVD method 
(CVD-SiC), 1μm-CNT/CVD-SiC, and 4μm-CNT/CVD-SiC were 0.43, 0.33, and 0.26 K/W, 
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respectively.  These results indicate that the resistance of CVD-SiC is higher than that of 
single crystal SiC because of the thermal scattering due to the presence of grain boundaries, 
but the resistance can be reduced by forming CNTs.  We then concluded that CNT 
formation on both single-crystal and polycrystalline SiC can result in a high performance 
TIM. 
As was mentioned above, it is important for thermal management to reduce the contact 
thermal resistance as well as adopting the use of thermal conductive materials.  The thermal 
resistance values of CNT/SiC composites containing the contact resistance were quite low, 
which arises from the large contact area between CNTs and the contacted materials.  We 
then altered the contact conditions by applying a load to the contact face, and remeasured 
their thermal resistance values. Figure 6(a) shows the pressure dependence of thermal 
resistance using the 1μm-CNT/SiC single crystal sample. 
The resistance value rapidly decreases with increasing pressure, reaching saturation above 
3750 g/cm2.  This result indicates that an increase of the pressure leads to an increase of the 
contact area.  Schematic diagrams of the contacting conditions in the cases of low and high 
pressures are shown in Fig. 6(b).  When the pressure is low, point contacts between the CNT 
tips and the contacted material raise the contact thermal resistance. At a high pressure, the 
flexibility of the CNT tips can lead to an increase of the contact area, which lowers the 
contact resistance drastically.  Similar flexible buckling phenomena of these CNTs were 
previously reported (Miyake et al., 2007).  When further pressure is applied, the contact area 
does not increase, giving rise to the saturation behavior above 3750 g/cm2.  In addition, it is 
quite important for the application that CNTs have never been peeled off from the SiC 
substrate during iterations of loading and unloading under such condition. 
We here attempt the conversion of the measured thermal resistance into the thermal 
conductivity k in order to compare with the previous reports on TIMs.  The measured 
thermal resistance Rt is given by the sum of the intrinsic thermal conductivity component 
d/k and the contact thermal resistance Rcontact. 

                                      Rt・A [m2W/K] = d/k + Rcontact                                                     (2) 

Here, d is the thickness of the sample, and A is the sectional-area of the sample.  The intrinsic 
thermal conductivity is then given by the inverse of the gradient of the thickness-resistance 
graph, while the contact thermal resistance is given by the intercept of the same graph.  
Therefore, we should obtain both the intrinsic thermal conductivity and contact thermal 
resistance components by this method.  However, it is difficult to distinguish the intrinsic 
thermal conductivity from the contact thermal resistance in CNT/SiC composite materials 
because there are three components (CNT, SiC, and CNT) and four interfaces.  We therefore 
define the practical thermal conductivity k' as follows. 

                                 k' [W/mK] = d/(Rt・A) = (Q・d)/{(Th - Tc)・A}                            (3) 

Here, the sample thickness and area are fixed to d = 250 μm and A = 100 mm2.  It should be 
noted that the practical thermal conductivity k' can be used only in comparing materials 
having the same thickness and area.  It is of particular importance that the practical 
conductivity k' includes the contact resistance component, in order for the practical 
conductivity k' to reflect the performance of the actual TIMs directly.  The obtained practical 
thermal conductivities of Si grease, grease with Ag particles, SiC single crystal with grease, 
SiC single crystal, and 1μm-CNT/SiC single crystal were, respectively, 1.39, 2.13, 4.43, 13.9,  
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Fig. 6. (a) Pressure dependence of the thermal resistance of the 1μm-CNT/SiC single crystal 
sample. (b) Schematic diagrams of the contact interface in low pressure and high pressure 
scenarios. 

and 62.5 W/mK.  The important item to note here is that the k' value of the SiC single crystal 
with grease is almost equivalent to that of typically TIMs already in use.  The k' value of 
1μm-CNT/SiC was then more than 14 times as high as that of a typical TIM.  According to 
published papers, k' values of dispersed-CNT and aligned-CNT were 0.50 and 1.00 W/mK, 
respectively (Biercuk et al., 2002; Liu et al., 2004: Huang et al., 2005).  Our k' value is more 
than 60 times as high as these.  This excellent value is attributed to the extremely dense, and 
well-aligned CNTs, the flexibility of CNT tips, the high thermal conductivities of CNT and 
SiC, and the strong adhesion between the CNTs and SiC.  The flexible CNT tips and strong 
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adhesion in the CNT/SiC interface drastically reduce the contact thermal resistance, while 
the dense CNTs and thermally conductive SiC transport heat quite efficiently.  Although a 
SiC single crystal costs too much for use in a real device, CNT/SiC composites using low-
price polycrystalline SiC substrates produced by a CVD method also have sufficiently high 
thermal conductivities to be effective TIMs. 
The above mentioned experimental values were obtained using sample holder (1), of which 
the surface roughness Rz was 1.0μm and was without the macroscopic surface undulation.  
Actually, it is not realistic to use the heat sinks with the mirror finished surface due to the 
high cost performance. In Figures 7 and 8, we show the results using the sample holders of 
(2) the roughness of Rz = 1.0 μm, and the flatness of ± 0.3 μm, and (3) Rz = 1.0 μm, and the 
flatness of ± 15 μm, respectively.  
In Fig. 7, it is understood that the longer CNTs on the surface of SiC can reduce the contact 
thermal resistance also for the holders with rough surface.  Figure 8 also tells us that CNTs 
effectively lowers the contact resistance to 0.6 k/W with the rough and undulant contacting 
surface. However, thermal resistance of about 0.6 K/W is the close value to that of the 
grease shown in Fig. 5.  This is due to the large surface undulation which induces the little 
contact area and cannot be overcome by CNTs with 4 μm length.  In order to increase the 
contact area, we formed porous graphite region with the thickness of about 60 μm between 
CNTs and SiC by progressing thermal decomposition of SiC additionally (Kawai et al. 2009).  
A TEM image of the graphite region is shown in Figure 9. 
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Fig. 7. Thermal resistance of the samples using the sample holders of Rz = 1.0 μm, and the 
flatness ± 0.3 μm. 
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Fig. 8. Thermal resistance of the samples using the sample holders of Rz = 1.0 μm, and the 
flatness ± 15 μm. 

As shown in the image, there are bright area and the plate-like area with the dark contrast.  
The dark plate-like region consists of the several dozen of graphene layers with the area of 
several hundred square nanometers, which arrange in the horizontal and the perpendicular 
directions. These graphite layers surround the hollow area with several hundred square 
nanometers, indicating the high deformability under pressure.  In addition, we used grease 
together with the sample (Kawai et al., 2009).  These results are also shown in Figure 8.  The 
value for SiC single crystal / Graphite / CNT / grease is 0.33 K/W, and 0.47 K/W for CVD-
SiC / Graphite / CNT / grease.  These favorable values were obtained by the following 
mechanism, as shown in Figure 10.  
The hollow space in graphite can include grease.  By applying pressure, highly deformable 
graphite changes its shape and follows the contacting undulation.  In addition to that, grease 
included in graphite exudes into the interface between CNTs and the contacting material, 
and helps to increase the contacting area, leading to the decrease in thermal resistance.  It is 
then concluded that the use of CNT / graphite / SiC together with grease can decrease the 
thermal resistance in the actually used heat-release structure with rough and undulant 
surface. 
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Fig. 9. TEM image of porous graphite formed between CNTs and SiC. 

 

Pressure
SiC

Pressure
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Fig. 10. Schematic diagram of contacting phenomena of CNT / Graphite / SiC with the 
rough and undulant surface using grease (orange color). 

4. Summary 

We have demonstrated the excellent performance of CNT/SiC composites as thermal 
interface materials.  There was a more than 14 times enhancement in the practical thermal 
conductivity with 1μm-CNT/SiC single crystal compared with conventional TIMs.  This 
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high-quality performance results primarily from a combination of the high thermal 
conductivities of CNT and SiC and the reduction of contact thermal resistance due to the 
flexibility of the CNT tips.  Based on the obtained results, one of the ideal heat-release 
structures is shown in Figure 11. 
 

SC

CNT

SiC
CNT

AlN

Heat sink (Cu)

 
Fig. 11. Possible heat-release structure using the CNT/SiC composite material. 

CNT/SiC layered composite materials may be one of the most efficient thermal interface 
materials which can solve efficiently current serious thermal problems not only in the Si-
semiconductor industry, but also in the automobile industry. 
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1. Introduction 

Carbon nanotubes (CNTs) have been the focus of extensive research in recent years due to 
their exceptional mechanical, thermal, and electrical properties (Treacy et al., 1996; Lourie et 
al., 1998; Yu et al., 2000; Lukic et al., 2005). As a result of their nanoscale dimensions and 
high surface area, CNTs could also be considered as efficient templates for the assembly and 
tethering of nanoparticles on their surface (Grzelczak et al., 2006). The decoration of CNTs 
with various compounds and various structures could increase their surface functionality 
and the tunability of their properties, such as their electrical and magnetic characteristics 
(Korneva et al., 2005; Kuang et al., 2006). Recent reports described the attachment of various 
inorganic nanoparticles to either the external surface of the CNTs, or to the internal surface 
of the CNT cavity, through several experimental methods (Han et al., 2004; Qu et al., 2006). 
In this context, it is important to note that the control of the size of these tethered 
nanoparticles is of primary importance for the purpose of tailoring the physical and 
chemical properties of these hierarchical materials. 
Iron oxide nanoparticles, such as magnetite and maghemite, have been of technological and 
scientific interest due to their unique electrical and magnetic properties. These nanoparticles 
can be used in such diverse fields as high-density information storage and electronic devices 
(Sun et al., 2000; Pu et al., 2005; Yi et al., 2006; Jia et al., 2007; Wan et al., 2007). Maghemite, -
Fe2O3, is the allotropic form of magnetite, Fe3O4 (Rockenberger et al., 1999; Pileni et al., 2003; 
Sun et al., 2004). These two iron oxides are crystallographically isomorphous. The main 
difference is the presence of ferric ions only in -Fe2O3, and both ferrous and ferric ions in 
Fe3O4. As a result, while the magnetic properties of Fe3O4 are superior, -Fe2O3 is more 
stable, since the iron cannot be further oxidized under ambient conditions. This renders -
Fe2O3 nanoparticles easier to work with, especially in the presence of organic solvents and 
organic ligands, and consequently, they have been widely used for magnetic storage in a 
variety of fields such as floppy disks and cassette tapes. However, maghemite-CNT 
nanohybrid materials have not been studied as extensively as magnetite-CNT nanohybrid 
materials, with the exception of several few examples (Sun et al., 2005; Youn et al., 2009). 

                                                 
*All correspondences should be addressed to rinatan@mse.gatech.edu or 404-385-1235. 
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The alignment of CNTs in a variety of matrices can be used to reinforce, intensify, and enhance 
some of the properties of the resulting systems, as well as introduce various degrees of 
anisotropy into the properties of the desired nanomaterials (Kimura et al., 2002; Garmestani et 
al., 2003). The alignment of CNTs in a suspension under a magnetic field requires that the 
energy produced by the torque acting on a magnetically-anisotropic segment exceeds the 
thermal energy of that particular segment, such that: 2~U B n kT   , where B  is the field 
strength, n  is the number of carbon atoms in the segment, and   is the magnetic anisotropy 
(Fisher et al., 2003). However, due to the low magnetic susceptibility of CNTs, their alignment 
by the application of an external magnetic field requires a relatively high magnetic field 
(Camponeschi et al., 2007). This drawback could be eliminated by enhancing the magnetic 
susceptibility of carbon nanotubes via the tethering of magnetic nanoparticles onto their 
surface. In zero field, the magnetic moments of the maghemite nanoparticles randomly point 
in different directions, resulting in a vanishing net magnetization. However, if a sufficient 
homogeneous magnetic field is applied, the magnetic moments of the nanoparticles align in 
parallel, and the resulting dipolar interactions are sufficiently large to overcome thermal 
motion and to reorient the magnetic CNTs.  
In this chapter, we describe and report a convenient approach for the decoration of CNTs 
with near-monodisperse maghemite nanoparticles by employing a novel and simple 
modified sol-gel process (in-situ process) with an iron salt as precursor, followed by 
calcination. The resulting hybrid nanomaterials are superparamagnetic at room temperature 
and are conducive to facile alignment under relatively low magnetic fields. Subsquently, the 
nanohybrid materials, i.e. the magnetized carbon nanotubes, were incorporated into a 
polymer matrix and aligned by the application of a magnetic field, forming polymer 
composites with an aligned filler phase. It is therefore expected that the composites formed 
in this manner would exhibit anisotropic mechanical and electrical properties that would 
depend on and correlate with the parallel and perpendicular direction to the magnetic field 
that has been applied and under which the alignment has taken place. 

2. Experimental details  

2.1 Synthesis of maghemite-MWCNT nanohybrid materials 
Pure-MWCNTs were first dispersed in a solution mixture of concentrated H2SO4 and HNO3 
with the volume ratio of 3:1. The suspension was ultra-sonicated for 3 hrs at room 
temperature. After that, the concentration of the suspension was diluted up to 50% and 
filtered with a PTFE membrane (0.45 μm pore size) with the aid of a vacuum pump. 
Carboxylated MWCNT (MWCNT-COOH) was washed with de-ionized water several times 
to reach neutral pH and dried under vacuum at 50 °C overnight. The synthesis of 
maghemite-MWCNT was performed by first adding 0.65 g Fe(NO3)3·9H2O to 20 ml of 
absolute ethanol (100% purity) and stirring until the Fe(NO3)3·9H2O was dissolved 
completely. Subsequently, this iron salt solution was added to a suspension of oxidized 
MWCNTs with a mass ratio of 4:1 (Fe(NO3)3·9H2O : MWCNTs mass ratio of 4:1), stirred, 
and sonicated for 3 hrs. Twenty ml of 1.2 mM of NaDDBS were added to the solution and 
stirred for 30 min. Then, 1.2 ml of propylene oxide was added as a gelation agent and stirred 
for 30 min. The mixture was then placed in a Fisher Scientific iso-temperature oven for 
drying for 3 days at 100 °C. The resulting powder products were washed with ethanol 
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several times and dried at 50 °C. The calcination of these powders was performed in a 
furnace under argon atmosphere at both 500 °C and 600 °C for 2 hrs. The overall strategy for 
the preparation of MWCNT/-Fe2O3 is shown in Figure 1 (Kim et al., 2010). 
 

 
Fig. 1. Schematic representation for the preparation of nanohybrid materials, MWCNT/-
Fe2O3 via a modified sol-gel technique (Reprinted with permission from Kim et al., J. Phys. 
Chem. C 2010, 114, 15, 6944-6951, Copyright 2010 ACS). 

2.2 Fabrication of polymer nanocomposites with aligned feature 
Various weight percents of magnetic multi-walled carbon nanotubes (m-MWCNTs) were 
dispersed in a small amount of ethanol with sonication for 1 hr. Epoxy resin (PR2032) was 
added to the suspension and mixed with a mechanical stirrer for 30 min in order to obtain 
optimal dispersion. After that, the nanocomposite solution was sonicated to evaporate entire 
solvent at 50 °C. The curing agent (PH3660) was added into the solution, mixed, and 
degassed under vacuum. The solution was immediately poured into a mold, and a 0.3 T 
magnetic field was applied for 1 hr at room temperature, for 1 hr at 60 °C, and for another 1 
hr at 60 °C without a magnetic field. The nanocomposite was post-cured at 60 °C for 6 hrs in 
the iso-temperature oven (Kim et al., 2011). 

2.3 Characterization 
The dried samples were ground into a fine powder using a ceramic mortar and pestle. Tiny 
amounts of samples were rarified with KBr powder, ground, and pressed in a KBr pellet 
with a punch and die. A Nicolet Nexus 870 spectrometer scanned the range from 4000 to 400 
cm-1 with a resolution of 2 cm-1 and data spacing of 0.964 cm-1. XRD measurements were 
performed using an X’pert Pro Alpha-1 (wavelength of 1.54 Å). XRD peaks were collected 
from 2θ = 0° to 90° with a step size of 0.02°. XPS scans of powder samples were taken using 
a Surface Science Laboratories SSX-100 ESCA spectrometer using monochromatic Al Kα 
radiation (1486.6 eV). Raman spectra were recorded in the range of 200-2000 cm-1 at ambient 
temperature using a WITEC Spectra Pro 2300I spectrometer equipped with an Ar-ion laser, 
which provided a laser beam of 514 nm wavelength. The magnetic properties of MWCNTs 
were measured using a 5.5 T Quantum Design Superconducting Quantum Interface Device 
(SQUID) magnetometer. The alignment of the sample was conducted by a magnet (GMW-
5403) at 0.3 T. The morphology and aligned feature of as-prepared samples were also 
characterized using SEM (LEO 1530). TEM samples were prepared by placing a droplet of 
solution onto a TEM grid, and for the observation of aligned features, samples were micro-
tomed into 100 nm thick slices using a diamond knife and placed on a TEM grid. These 
samples were analyzed using a Hitachi HF2000, 200 kV transmission electron microscopy. 
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The electrical conductivity data of as-prepared composites were collected using impedance 
analyzer (Solartron Instruments SI 1260 with dielectric interface 1296) for the frequency 
range 0.1 Hz ~ 1 MHz. All the data were collected under an AC voltage of 0.1 V. Contact 
was achieved by silver painting the two ends of the samples, and then using coaxial probers 
on a probe station attached to the impedance analyzer (Peng et al., 2008). 

3. Decoration of carbon nanotubes with magnetic nanoparticles and the 
characteristics of the resulting hybrid nanostructures 

A variety of methods to form nanohybrid materials on the surface of CNTs have been 
reported. Correa-Duarte group (Correa-Duarte et al., 2005) coated CNTs with iron oxide 
nanoparticles (magnetite/maghemite) via a layer by layer (LBL) assembly technique and 
aligned CNT chains in relatively small external magnetic fields. Subsequently, the resulting 
magnetic CNT structures could be used as building blocks for the fabrication of 
nanocomposite materials. Cai group (Wan et al., 2007) decorated CNTs with magnetite 
nanoparticles in liquid polyols. As a result, these nanoparticles could have significant 
potential for application in the fields of sensors. In addition, Gao group (Jia et al., 2007) 
initiated the self-assembly of magnetite particles along MWCNTs via a hydrothermal 
process. The resulting materials feature nanoparticle beads along the CNT surface, 
rendering this as an appropriate material to be used as a functional device.  
The maghemite-CNT nanocomposite systems also have been reported even though research 
has not been studied as extensively as magnetite-CNT system. Liu group (Sun et al., 2005) 
decorated MWCNTs with maghemite via the pyrolysis of ferrocene at different 
temperatures. This product is expected to provide an efficient way for the large-scale 
fabrication of magnetic CNT composites. Jung group (Youn et al., 2009) decorated single-
wall CNTs (SWCNTs) with iron oxide nanoparticles along the nanotube via a magneto-
evaporation method. The nanotubes were aligned vertically on ITO surfaces, suggesting the 
possibility of rendering this process adequate and cost-effective for mass production. The 
method described in this work consisted of the use of an iron-oleate complex, oleic acid, and 
truncated SWCNTs to create iron oxide nanoparticles. The research also demonstrated the 
anisotropic properties of vertically aligned SWCNTs in a nanocmoposite by comparing 
current densities of the aligned and non-aligned CNTs. 
Keeping pace with these researches’ streaming, we have developed the MWCNT/-Fe2O3 
nanohybrid materials. As a first step, the MWCNTs were carboxylated in order to introduce 
negative charges on their surface, which in turn will interact with Fe (III) ions present in a 
strong acid solution. This process was also coupled with sonication to ensure dispersion of 
the MWCNTs in the suspension. The x-ray photoelectron spectroscopy (XPS) wide-survey 
(Fig. 2a) and high resolution spectra (Fig. 2b) reveal not only the presence of carbon-carbon 
bonding of MWCNTs at 285 eV binding energy but also the formation of a carbonyl moiety 
consistent with carboxylated groups at 288 eV binding energy. Nucleation sites for the iron 
oxide were generated at the CNT surface due to the electrostatic interaction between Fe (III) 
ions and the carboxylate surface groups of acid-treated CNTs. In this system, the occurrence 
of gelation was inhibited by the addition of a surface active molecule, sodium 
dodecylbenzenesulfonate (NaDDBS), before the addition of propylene oxide, which is a gel 
promoter. The surfactant interfered in the growth stage of the iron oxide nanoparticles (gel 
phase) and prevented the formation of a gel. This occurred because the NaDDBS molecules 
had already coordinated to the iron (III) centers due to the attraction between the 
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negatively-charged hydrophilic head of the surfactant and the positively-charged iron 
(Matarredona et al., 2003; Camponeschi et al., 2008). Therefore, due to the presence of the 
NaDDBS molecules, no aggregates of γ-Fe2O3 were formed but rather the nanoparticles 
remained individually isolated and dispersed along the length of the CNTs. 
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Fig. 2. (a) The XPS survey spectrum of functionalized MWCNTs. (b) The high-resolution 
XPS spectrum of C1s. (Adapted with permission from Kim et al., J. Phys. Chem. C 2010, 114, 
15, 6944-6951, Copyright 2010 ACS). 

X-ray diffraction patterns of MWCNT containing iron oxide nanoparticles calcinated at 
different temperatures with the initial Fe(NO3)3·9H2O : MWCNTs mass ratio of 4:1 and 2:1 
demonstrate the high crystalline nature of the nanoparticles as shown in Figure 3. The 
diffraction peak at 2θ = 26° can be confidently indexed as the (002) reflection of the 
MWCNTs, similar to that of pure MWCNTs. The other peaks in the range of 20° < 2θ < 80° 
correspond to the (220), (311), (400), (422), (511), (440), and (533) reflections of maghemite (-
Fe2O3) and/or magnetite (Fe3O4). When the mass ratio of Fe(NO3)3·9H2O and MWCNTs 
increases from 2:1 to 4:1, the intensity of the carbon (002) reflection decreases. Also, when 
calcination temperature increases from 500 °C to 600 °C, the crystal structure of the product 
becomes better-defined. Because XRD patterns of maghemite and magnetite are practically 
identical (Sun et al., 2005), x-ray diffraction alone cannot be used to distinguish between the 
two phases. Therefore, we employed additional experimental techniques to discern between 
these two phases. 
The FTIR spectrum of the product of this modified sol-gel process shows the presence of 
well-crystallized iron oxide nanoparticles after calcination at 600 °C as shown in Figure 4. 
Maghemite (-Fe2O3) has an inverse spinel structure and therefore, it can be seen as an iron-
deficient form of magnetite. If the powder is not heat-treated, a weak peak from 800 to 400 
cm-1 is shown. This is evidence of an amorphous iron oxide phase with minimal long-range 
order typical of maghemite or magnetite. However, after calcination, IR bands show strong 
peaks at 576 and 460 cm-1, which correspond to a partial vacancy ordering in the octahedral 
positions in the maghemite crystal structure (White et al., 1967; deFaria et al., 1997; Millan et 
al., 2007). 
X-ray photoelectron spectroscopy (XPS) as well as Raman spectroscopy confirmed that the 
iron oxide nanoparticles formed were indeed maghemite and not magnetite. After the 
formation of oxidized MWCNTs decorated with iron oxide nanoparticles followed by  
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Fig. 3. XRD patterns of MWCNT/-Fe2O3 nanostructures fabricated with two different mass 
ratios of Fe(NO3)3·9H2O and MWCNTs: (a) MWCNT; (b) 2:1 at 500 °C; (c) 2:1 at 600 °C; (d) 
4:1 at 500 °C; (e) 4:1 at 600 °C (Reprinted with permission from Kim et al., J. Phys. Chem. C 
2010, 114, 15, 6944-6951, Copyright 2010 ACS). 
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Fig. 4. FTIR spectrum of MWCNT/-Fe2O3 after calcination at 600 °C (Reprinted with 
permission from Kim et al., J. Phys. Chem. C 2010, 114, 15, 6944-6951, Copyright 2010 ACS). 

calcination at 600 °C, Figure 5 shows XPS characteristic iron peaks in addition to carbon and 
oxygen. The position of the Fe (2p3/2) and Fe (2p1/2) peaks were marked at 711.3 and 724.4 
eV, respectively, which are in good agreement with the values reported for -Fe2O3 in the 
literature (Hyeon et al., 2001; Sun et al., 2005). Therefore, this suggests the formation of -
Fe2O3 in our samples. Raman spectroscopy can also effectively distinguish between 
maghemite and magnetite nanoparticles. The strong peak at ~1350 cm-1 can be assigned to 
the D band of MWCNTs, while another dominant peak at ~1576 cm-1 can be ascribed the G 
band of MWCNTs as shown in Figure 6 (Jorio et al., 2003). In contrast to magnetite, the 
maghemite bands are not well-defined, but rather consist of several broad peaks around 
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350, 500, and 700 cm-1, which are unique to these species and are absent in other types of 
iron oxide nanoparticles (deFaria et al., 1997). This supports the conclusion that the 
nanoparticles bound at the walls of the MWCNTs are maghemite and not magnetite. 
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Fig. 5. (a) The XPS survey spectrum of MWCNT/-Fe2O3. (b) The high-resolution XPS 
spectrum of Fe 2p bands (Adapted with permission from Kim et al., J. Phys. Chem. C 2010, 
114, 15, 6944-6951, Copyright 2010 ACS). 
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Fig. 6. (a) The Raman spectrum of MWCNT/-Fe2O3 nanostructure prepared at 600 °C with 
the mass ratio of 4:1.  (b) The detailed Raman spectrum of the same sample in the 200-800 
cm-1 spectral range (Reprinted with permission from Kim et al., J. Phys. Chem. C 2010, 114, 
15, 6944-6951, Copyright 2010 ACS). 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images of 
MWCNTs/-Fe2O3 confirmed that -Fe2O3 was attached to the walls of the MWCNTs as 
shown in Figure 7. The high-resolution transmission electron microscopy (HRTEM) image 
of a nanoparticle (Figure 7(b)) illustrates the maghemite interlayer spacing of the (311) lattice 
plane of approximately 0.25 nm (Hyeon et al., 2001). Furthermore, the inset image of Figure 
7(b) shows the electron diffraction patterns of maghemite, indicating the high crystallinity of 
the maghemite nanoparticles. At a mass ratio of 4:1 between the Fe(NO3)3·9H2O precursor 
and the MWCNTs, the particle size increased with increasing temperature from 500 °C to 
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600 °C, and the average sizes were 10.1 nm and 10.8 nm, respectively as shown in Figure 7(c) 
and (d). Similarly, when the mass ratio of Fe(NO3)3·9H2O precursor and MWCNT was 2:1, 
the average particle sizes as a result of the increased temperature were 7.9 nm and 8.4 nm, 
respectively (Figure 7(e) and 7(f)), which also slightly increased with increasing 
temperature. This result indicated that both a higher mass ratio between the Fe(NO3)3·9H2O 
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Fig. 7. (a) SEM image of MWCNT/-Fe2O3 hybrid structures prepared with 4:1 mass ratio of 
iron salt and MWCNT; (b) High resolution TEM image of maghemite. Inset shows 
diffractions of a single maghemite nanoparticle. TEM images of MWCNT/-Fe2O3 prepared 
with 4:1 mass ratio of iron salt and MWCNT: (c) High-resolution image prepared at 500 °C; 
(d) High magnification image prepared at 600 °C. TEM images of MWCNT/-Fe2O3 

prepared with 2:1 mass ratio; (e) High magnification image prepared at 500 °C; (f) High 
magnification image prepared at 600 °C (Adapted with permission from Kim et al., J. Phys. 
Chem. C 2010, 114, 15, 6944-6951, Copyright 2010 ACS, and Kim et al., Carbon 2011, 49, 1, 54-
61, Copyright 2011 Elsevier ). 
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precursor and the MWCNT and increasing temperature led to larger nanoparticles, and 
therefore, we can conclude that particle size could be controlled by the precursor to 
MWCNT mass ratio and temperature.  
Chemical analysis using EDS during the TEM analysis showed the presence of Fe, O, and C 
in the maghemite-MWCNT system as shown in Figure 8, and the calculated atomic ratio of 
Fe and O was close to 2:3, which suggested the formation of -Fe2O3. 
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Fig. 8. Energy dispersion spectrum (EDS) of the MWCNT/-Fe2O3 hybrid material (Adapted 
with permission from Kim et al., J. Phys. Chem. C 2010, 114, 15, 6944-6951, Copyright 2010 
ACS). 

The magnetic properties of the as-prepared MWCNTs/-Fe2O3 nanocomposites were 
measured using Superconducting Quantum Interference Device (SQUID) magnetometer. 
The magnetization hysteresis loops were measured in fields between ±50 kOe at room 
temperature as shown in Figure 9(a). The saturation magnetization (Ms) of the samples 
obtained is below 2 emu/g, which is considerably smaller than that of bulk iron (Ms = 222 
emu/g) as shown in Table 1. Coercivity is below 10 Oe, which is larger than that of bulk iron 
(Hc = 1 Oe). The conclusion drawn from the measurement of magnetic properties is that 
both samples, having different ratios between Fe(NO3)3·9H2O precursor and MWCNT, 
exhibit superparamagnetic behavior at room temperature. This should be mainly attributed 
to the small size of -Fe2O3 nanoparticles that were formed in the presence of MWCNTs 
(Pascal et al., 1999). This result is in good accordance with the TEM observation of the small 
sizes of the maghemite nanoparticles mentioned above.  
The magnetic attraction of our sample was also tested by placing a magnet near a vial 
containing the maghemite-MWCNT nanostructures as shown in Figure 9(c) and 9(d). Our 
samples can be easily dispersed in solution and form a stable suspension. When a magnet 
approaches the vial, magnetic carbon nanotubes are attracted toward the magnet. This 
phenomenon illustrates that the maghemite nanoparticles that are anchored on the surface 
of the MWCNTs impart to the composite material a magnetic response similar to that 
observed with magnetite. 
This novel method for the magnetization of carbon nanotubes through the tethering of 
magnetic iron oxide nanoparticles with controlled size and site distribution would open up 
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a slew of new opportunities for applications in which the alignment of CNTs is not only 
desired, but is actually required. While many groups have studied strategies to align 
MWCNT/Fe3O4 nanostructures under external magnetic fields due to their strong magnetic 
properties, very little attention has been devoted to MWCNT/-Fe2O3 conjugate 
nanomaterials. Therefore, we would like to show that this latter system also exhibits similar 
interesting properties and can constitute a facile gateway to MWCNT alignment processes 
under tight morphological control and relatively low magnetic fields, resulting in enhanced 
anisotropic electrical conductivity behavior, in the following sections. 
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Fig. 9. (a) Magnetization vs. applied magnetic field for the magnetic carbon nanotubes 
prepared at different mass ratios and temperatures: 4:1 mass ratio of Fe(NO3)3·9H2O and 
MWCNT at a) 500 °C, b) 600 °C, and 2:1 mass ratio of Fe(NO3)3·9H2O and MWCNT at c) 500 
°C, d) 600 °C. (b) The enlarged hysteresis loop of the MWCNT/-Fe2O3 structures formed 
from a 4:1 mass ratio of Fe(NO3)3·9H2O and MWCNT calcinated at 600 °C. The photographs 
of magnetic carbon nanotubes (c) in the presence (left image) and in the absence (right 
image) of a magnet and (d) suspended in ethanol in the absence (left image) and in the 
presence (right image) of an externally-placed magnet  (Adapted with permission from Kim 
et al., J. Phys. Chem. C 2010, 114, 15, 6944-6951, Copyright 2010 ACS, and Kim et al., Carbon 
2011, 49, 1, 54-61, Copyright 2011 Elsevier). 
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Magnetic properties Calcination temperature (oC) 2:1 4:1 

Ms (emu/g) 
500 0.3 2.0 

600 0.2 1.4 

Hc (Oe) 
500 4.8 2.8 

600 6.3 9.6 

Table 1. Magnetic properties as a function of both different mass ratio of Fe(NO3)3·9H2O and 
MWCNT and different calcination temperatures. 

4. Alignment strategies of carbon nanotubes in polymer matrices 

Alignments of CNTs by electric, shear induced field, and magnetic field were reported 
previously by several groups (Chen et al., 2001; Nagahara et al., 2002). Bauhofer group 
(Martin et al., 2005) successfully demonstrated the application of AC electric fields allowing 
both the alignment of carbon nanofibers in epoxy resin and their connection into a network. 
Zhu group (Zhu et al., 2009) studied electric field aligned MWCNT/epoxy nanocomposites 
with a sample size of up to several centimetres using fast UV polymerization, showing 
significant anisotropic properties for storage modulus and electrical conductivity.  
For the characterization of aligned composite systems using shear induced field, we probed 
the effects of shear flow on the alignment of dispersed SWCNTs in polymer solutions as a 
previous study (Camponeschi et al., 2006). The sample solutions were placed in the 8.5 mm 
gap between the outer cylinder and the spindle, as shown Figure 10. In turn, the spindle was 
allowed to rotate for one week at several different angular velocities ranging from 12 to 100 
rpm. TEM samples were taken in situ from the solutions flowing in circular motion in the 
gap between the outer cylinder and inner cylinder as shown in Figure 10(b). 
 

 
Fig. 10. (a) Concentric cylinder arrangement in the Brookfield viscometer. (b) TEM sample 
retrieval and preparation (Reprinted with permission from Camponeschi et al., Langmuir 
2006, 22, 4, 1858-1862. Copyright 2006 ACS). 
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In this experimental set up, for systems in which effective dispersion of the carbon 
nanotubes was achieved by the combined action of both NaDDBS and 
Carboxymethylcellulose (CMC). The only system in which tube alignment was observed 
was for the NaDDBS/CMC/SWCNT solution that was subjected to shear stresses at the 
highest angular velocity used in the experiments as shown in Figure 11. 
 

 
Fig. 11. Oriented carbon nanotubes dispersed with NaDDBS and CMC and subjected to 
shear flow at 100 rpm. The inset image is a 4-fold magnification of the larger image showing 
the local orientation of the surface modified SWCNT (Reprinted with permission from 
Camponeschi et al., Langmuir 2006, 22, 4, 1858-1862. Copyright 2006 ACS). 

A high magnetic field is an efficient and direct ways to align carbon nanotubes. Tanimoto 
group have found that a high magnetic field of 7 T aligns arc-grown MWCNTs (Fujiwara et 
al., 2001). They dried a MWCNT dispersion in methanol under a constant magnetic field 
and observed the MWCNTs alignment parallel to the field. This result was explained by the 
difference between the diamagnetic susceptibilities parallel ( // ) and perpendicular (  ) to 
the tube axis; if   is larger than // , a MWCNT tends to align parallel to the magnetic 
field by overcoming thermal energy (Ajiki et al., 1993; Fujiwara et al., 2001). More recently, 
Steinert and Dean (Steinert & Dean, 2009) obtained solution cast PET-carbon nanotube 
composite films by applying a magnetic field, resulting in increased conductivity with the 
increase of the applied magnetic field. Furthermore, in our previous study (Camponeschi et 
al., 2007), we prepared magnetically aligned carbon nanotube composite systems; thus, 
carbon nanotubes were aligned parallel to the direction of magnetic field, resulting in 
enhanced mechanical properties. However, due to the low magnetic susceptibility of carbon 
nanotubes, their alignment by the application of an external magnetic field requires a 
relatively high magnetic field. This draw-back could be solved by enhancing the magnetic 
susceptibility of carbon nanotubes by tethering magnetic nanoparticles on their surface, as 
we developed MWCNT/-Fe2O3 hybrid materials.  
The samples for SEM were prepared by dispersing as-prepared nanostructures in water 
solution with surfactant, sonicating for 30 min, and then depositing the samples onto silicon 
wafer under an external field. Figure 12 shows the SEM images of magnetic carbon 
nanotubes. When a droplet of dispersed hybrid materials in a water solution was dried 
under the magnetic field, the surface-modified MWCNT were aligned easily as shown in 
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Figure 12(a). However, when the nanocomposite solution was dried without applying 
magnetic field, the surface-modified MWCNT did not exhibit alignment features. 
 

  
Fig. 12. (a) SEM image of aligned magnetic carbon nanotube hybrid materials parallel to the 
direction of magnetic field. (b) SEM image of magnetic carbon nanotube hybrid materials 
that were not subjected to a magnetic field (Reprinted with permission from Kim et al., 
Carbon 2011, 49, 1, 54-61.2011. Copyright 2011 Elsevier). 

The TEM images of composites in which surface-modified MWCNT (m-MWCNT) and 
unmodified MWCNT were embedded in epoxy matrices are shown in Figure 13(a) through 
13(d). We first compared the alignment features of the MWCNT/epoxy nanocomposite and 
the m-MWCNT/epoxy nanocomposite systems, under the same experimental conditions, 
i.e. the same strength of the externally-applied magnetic field (0.3 T). Figure 13(a) and 13(b), 
representing MWCNT/epoxy composites with 0.5 wt% MWCNT and 1.0 wt% MWCNT, 
respectively, did not reveal any alignment features of filler phase in the polymer matrix 
under the externally-applied magnetic field. However, in the case of the m-MWCNT/epoxy 
nanocomposite systems also having 0.5 wt% m-MWCNT and 1.0 wt% m-MWCNT and 
shown in Figure 13(c) and 13(d), respectively, it is obvious that the m-MWCNTs embedded 
in the epoxy matrix have indeed aligned parallel to the direction of magnetic field (0.3 T). 
Comparing the alignment features of aligned m-MWCNT hybrid materials and aligned m-
MWCNT/epoxy composites (Figure 12(a), 13(c), and 13(d)), it becomes evident that the m-
MWCNT hybrid materials in the absence of a polymer matrix show better alignment, fact 
which could be attributed to the viscosity of the polymer matrix during processing. 
Therefore, we can conclude that the m-MWCNT hybrids can be aligned under a relatively 
weak magnetic field even when embedded in a polymer matrix. This alignment is expected 
to directly affect the anisotropic conductivity of the resulting epoxy composites, as will be 
shown in the subsequent section (Figure 14 and 15). The bundling of the m-MWCNTs in the 
polymer matrix, as observed in the inset in Figure 13(c), may be attributed to the anisotropic 
nature of the dipolar interactions of the iron oxide nanoparticles near the ends of the carbon 
nanotubes, i.e. the near-linear stacking of the north and south poles of the m-MWCNT in the 
polymer matrix, resulting in their observed end-to-top connectivity (Butter et al., 2003; 
Correa-Duarte et al., 2005). 

(b) (a) 



  
Electronic Properties of Carbon Nanotubes 

 

46

  
 

  
Fig. 13. (a) TEM image of MWCNT/epoxy composites with 0.5 wt% filler loading. (b) TEM 
image of MWCNT/epoxy composites with 1.0 wt% filler loading. (c) TEM images of m-
MWCNT/epoxy composites with 0.5 wt% filler loading. Inset shows the end-to-top 
connectivity between two m-MWCNTs under an external magnetic field. (d) TEM image of 
m-MWCNT/epoxy composites with 1.0 wt% filler loading (Adapted with permission from 
Kim et al., Carbon 2011, 49, 1, 54-61. Copyright 2011 Elsevier). 

5. Anisotropic electrical conductivity of composite system 

The electric conductivities of the m-MWCNT/epoxy composites were measured at a series 
of different frequencies, from 0.1 Hz to 1 MHz. The real and imaginary parts of the 
impedance (Z’ and Z’’) were collected, and the magnitude of the AC conductivity (σ) was 
calculated using equations:  

2 2

' ''
1

' ''

Z Z iZ
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where, i is the imaginary unit, L is the path length along the measurement direction, and A 
is the electrode cross-sectional area. Figure 14 shows various conductivities of a series of m-
MWCNT/epoxy nanocomposite samples containing various degrees of content of m-
MWCNT in the polymer matrix. At the same magnetic field (0.3 T), the conductivity 
increased with increasing m-MWCNT content in composites. In the case of 0.1 wt% filler 
content, the nanocomposite exhibited dielectric behavior because the low mass-fraction of 

(d) (c) 

(b) (a) 



 
Magnetic Carbon Nanotubes: Synthesis, Characterization and Anisotropic Electrical Properties   

 

47 

m-MWCNT made it difficult to form interconnected m-MWCNT networks that would have 
facilitated electron flow. However, for m-MWCNT contents of 0.5 wt% and higher, the 
samples exhibited increased conductivity as a function of increased mass-fraction of the m-
MWCNT. 
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Fig. 14. (a) The conductivity of m-MWCNT/epoxy composites as a function of frequency for 
different mass loading of m-MWCNT as measured in the direction parallel to the magnetic 
field and perpendicular to the magnetic field. (b) The magnified region of a nanocomposite 
with a 3.0 wt% filler loading (Adapted with permission from Kim et al., Carbon 2011, 49, 1, 
54-61. Copyright 2011 Elsevier). 

Percolation theory predicts a critical concentration or percolation threshold where the 
material converts from a capacitor to a conductor (Weber et al., 1997; Ounaies et al., 2003). In 
order to determine the percolation threshold of the aligned system, the volume conductivity 
data could be fitted to a power law in terms of volume fraction of m-MWCNT. 

 t
c cv v  

                                                            

where c  is the composite conductivity, v  is the m-MWCNT volume fraction in the 
composite, cv  is the critical volume fraction, and t is the critical exponent. We assumed that 
the density of m-MWCNT is the same as that of unmodified-MWCNT (2.1 g/cm3), since 
both mass and volume of m-MWCNT increase similarly. The inset in Figure 15 shows the 
plot of c as a function of cv v for the parallel measurements. The linear fit to the data 
generated a straight line with cv = 0.2 vol% (corresponding to 0.4 wt%), which gives a good 
fit. 
When we compared the results of samples in which conductivity was measured in the 
direction of the m-MWCNT alignment (parallel to the magnetic field) and perpendicular to 
the m-MWCNT alignment (perpendicular direction to the magnetic field) for the same mass 
fraction of m-MWCNT, we observed that the conductivity measured parallel to the 
magnetic field was higher than that measured perpendicular to the magnetic field, 
indicating a cooperative effect due to the alignment of the m-MWCNTs in the polymer  
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Fig. 15. The conductivity of m-MWCNT/epoxy composites as a function of different mass 
loading of m-MWCNT measured in the direction parallel to the magnetic field and 
perpendicular to it. Inset shows percolation equation fit to the experimental conductivity 
data obtained parallel to the direction of the magnetic field (Adapted with permission from 
Kim et al., Carbon 2011, 49, 1, 54-61. Copyright 2011 Elsevier). 

matrix, as was previously shown in Figure 13(c) and 13(d). Figure 15 shows the variation of 
the conductivities extracted from the plateau region at low frequency as a function of m-
MWCNT mass fractions in the epoxy nanocomposite for both the parallel and perpendicular 
directions with respect to the magnetic field. The measured conductivities are summarized 
in Table 2.  
We would like to note that for 3.0 wt% m-MWCNT sample, even though the conductivity in 
the parallel direction was somewhat larger than that in the perpendicular direction (see 
Figure 14(b)), the values obtained were, nevertheless, quite similar. This is most likely due to 
the following factors: (a) We assumes that the viscosity of the composite solution containing 
3.0 wt% m-MWCNT is higher than for other compositions as evidenced by the superior 
alignment of m-MWCNT without polymer matrix to that of m-MWCNT/epoxy composites, 
  

m-MWCNT 
content (wt%) 

Conductivity (S/m) Conductivity ratio of 
parallel and perpendicular Parallel to MF Perpendicular to MF 

3.0 1.0 x 10-6 8.5 x 10-7 1.2 

1.0 4.1 x 10-7 1.0 x 10-7 4.1 

0.5 1.6 x 10-8 5.3 x 10-9 3.0 

0.1 6.0 x 10-11 1.0 

Table 2. The conductivity of m-MWCNT/epoxy composites in the directions that were 
parallel and perpendicular to the externally-applied magnetic field as a function of m-
MWCNT content. 

as discussed in a previous section. By introducing higher mass fractions of the carbon 
nanotubes into the polymer solution, the viscosity of the system could be further increased, 
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fact which could then handicap with the alignment process. Therefore, we can conclude that 
when the magnetic field was applied to the 3.0 wt% m-MWCNT sample, the alignment of 
the decorated carbon nanotubes was not as effective as in the less concentrated samples, and 
hence, the differences between the conductivities in the parallel and the perpendicular 
directions were not as pronounced, mainly due to the higher viscosity of the solution. (b) In 
addition, the conductivity of 3.0 wt% m-MWCNT sample (measured in either direction) was 
not much higher than the conductivity of the 1.0 wt% m-MWCNT sample (see Figure 15). 
Tethered iron oxide (maghemite) nanoparticle has high resistivity (Mei et al., 1987). Hence, 
the higher viscosity of the 3.0 wt% m-MWCNT sample may lead to the formation of iron 
oxide rich regions, resulting in a decrease of the conductivity. 

6. Anisotropic response m-CNT-epoxy composite system to compression  

The initial goal of using a magnetic field on carbon nanotube composites was to promote the 
alignment of the carbon nanotubes, which would improve the mechanical properties of the 
composite, particularly in the direction of the alignment. The effects on the glass transition 
temperature should be relatively simple to predict since they are well documented (Akima 
et al., 2006; Bliznyuk et al., 2006; Dou et al., 2006; Lanticse et al., 2006; Park et al., 2006). It is 
expected that increasing the extent of alignment and orientation of the carbon nanotubes 
and epoxy matrix chains (Al-Haik et al., 2004) will result in an increase in the glass 
transition temperature of the composite (Ajayan et al., 1994; Akima et al., 2006; Bliznyuk et 
al., 2006; Dou et al., 2006; Lanticse et al., 2006; Park et al., 2006). Table 3 summarizes the Tg 
values for the various samples tested.  
 

Fe:CNT Magnetic field 
(Tesla) 

Tg  5.2 
(ºC) 

0:0 0 54.9 
0:0 0.4 63.8 
0:0 0.8 68.7 
2:1 0 41.6 
2:1 0.4 65.6 
2:1 0.8 75.1 
4:1 0 45.5 
4:1 0.4 68.9 
4:1 0.8 86.0 

Table 3. The glass transition temperature of the m-CNT/epoxy nanocomposites measured in 
samples subjected to various external magnetic fields. 

The glass transition temperature of the epoxy matrix increased with increasing magnetic 
field and implies that there is some molecular orientation/alignment occurring in the epoxy 
(Garmestani et al., 2003). When the magnetic CNTs are introduced into the matrix, the glass 
transition temperature of the nanocomposite decreased, probably due to the plasticizing 
effect of the NaDDBS molecules associated with the Fe2O3 nanoparticles tethered to the 
surface of the CNTs. However, in the samples in which the magnetic CNTs were aligned 
when the nanocomposite was subjected to an external magnetic field, the general trend 
showed that an increase in the extent of alignment caused an increase in Tg, as expected.   
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Preliminary compression data that illustrate the effect of a magnetic field on the modulus of 
the epoxy matrix naocomposites are shown in Figure 16.   
 

 
Fig. 16. The moduli of the m-CNT/epoxy nanocomposites that were subjected to an external 
magnetic field measured at room temperature. (a) Measured in the direction that is parallel 
to the applied magnetic field; (b) Measured in the direction that is perpendicular to the 
applied magnetic field . 

The modulus was measured at room temperature both in the direction that is parallel to the 
applied magnetic field (Figure 16a) and in the direction that is perpendicular to the applied 
magnetic field (Figures 16b). The presence of the externally-applied magnetic field had little 
effect on the pure epoxy. It has been shown in previous work that the orientation and 
possible alignment of epoxy chains is indeed possible, but only at very high magnetid fields 
(Garmestani et al., 2003). Hence, the moduli of pure epoxy are constant, irrespective of the 
magnitude of the magnetic field applied on the samples and of the direction of the 
measurement. Conversely, the moduli observed for the epoxy filled with the m-CNTs  
indeed increase with the increase in the magnetic field, mainly for measurements conducted 
parallel to the direction of the magnetic field. Moreover, higher concentrations of the iron 
oxide nanoparticles tethered to the surface of the CNTs result in considerably higher 
moduli, particularliy in the direction parallel to the magnetic field, probably due to an 
increase in the susceptibility of the m-CNTs to the applied magnetic field. 

7. Summary and outlook 

In this chapter, we have demonstrated on CNT-inorganic hybrid system, especially, CNT/-
Fe2O3 hybrid materials. We developed the synthesis method of MWCNT/-Fe2O3 
nanostructures via an easy and novel modified sol-gel process. Our study shows that 
NaDDBS molecules are intimately involved in inhibiting the formation of an iron oxide gel. 
As a result, well-defined and well-dispersed maghemite nanoparticles can be obtained. In 
addition, the particle size of these nanoparticles could be precisely modulated by changing 
the temperature and the mass ratio of the Fe(NO3)3·9H2O precursor and MWCNTs. Finally, 
tethered -Fe2O3 magnetic nanoparticles on the surface of MWCNTs imparted 
superparamagnetic properties to the composite material. 
Due to the acquired magnetic property of the m-MWCNTs, they could be aligned either 
alone or embedded in a polymer matrix by the application of only a relatively weak 
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magnetic field. Conductivity measurements performed on m-MWCNT/epoxy composites 
showed that the conductivity of the m-MWCNT/epoxy composites increased with 
increasing m-MWCNT contents with low percolation threshold (~0.4–0.5 wt% m-MWCNT 
loading). Moreover, the conductivity measured in the direction parallel to the magnetic field 
was higher than that measured in the direction perpendicular to it. However, the alignment 
of a nanocomposite sample having a loading of 3.0 wt% m-MWCNT was not as effective as 
samples with lower nanofiller content because of the higher solution viscosity in the more 
concentrated samples. This hurdle could, in principle, be overcome by either applying a 
stronger magnetic field or selecting other polymer matrices with low solution viscosity.  
In summary, our facile magnetic functionalization method could be effectively applied for 
the development of conductive films, composites with conductive polymers, and bio-based 
composites with aligned features. Furthermore, we suggest that this maghemite-CNT 
hybrid material may be used for biomedical applications such as drug delivery or special 
medical applications such as cancer diagnosis in the not-so-distant future (Sincai et al., 2001; 
Sousa et al., 2001). 
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1. Introduction 

The rediscovery of carbon nanotubes (Iijima, 1991) has inspired extensive research activity.  
These materials have extremely high surface areas, large aspect ratios, remarkably high 
mechanical strength, and can have electrical and thermal conductivities that are similar to 
that of copper (Ebbesen et al., 1996).  They come in two forms: single-walled carbon 
nanotubes (SWNTs) and multiwalled carbon nanotubes (MWNTs).  SWNTs have diameters 
ranging from 1.2 to 1.4 nm.  MWNTs have larger overall diameters, with sizes depending on 
the number of concentric walls within the structure.  Like graphite, carbon nanotubes are 
relatively non-reactive, except at the nanotube caps which are more reactive due to the 
presence of dangling bonds.  The reactivity of the carbon nanotube side walls’ -system can 
also be influenced by tube curvature or chirality (Okpalugo et al., 2005).  In particular, their 
remarkable structure-dependent properties have attracted great attention due to their 
potential applications in heterogeneous catalysis (Planeix et al., 1994), use as substrates for 
destruction of cancer cells (Kam et al., 2005) and applications for biological and chemical 
sensing (Poh et al., 2004).  Carbon nanotubes require chemical modification in aqueous 
solution environments to make them more amenable for attachment of reactive surface 
species.  In the case of attaching metal nanoparticles to the carbon surface, functionalization 
is necessary to avoid agglomeration of the metal.  Sensor applications involve the tethering 
of chemical moieties with specific recognition sites for the detecting ultra-trace analytes 
(Dai, 2002).  Surface functionalization is also necessary for depositing high-loading, 
catalytically active metal nanoparticles on them (Xing et al, 2005).   
Great attention has been paid to attaching functional groups onto carbon nanotube surfaces 
(Holzinger et al., 2001; Kim et al., 2004; Chen et al., 2005; Park et al., 2006) and probing the 
electronic structure resulting from post-nanotube-synthesis preparations. To understand the 
changes that result from surface functionalization strategies, well-defined characterization 
of the carbon nanotube’s surface chemistry and structure is needed. The ability to get an 
accurate detailed picture of the tethered functional groups that attach to the solid surface 
using aqueous solution preparation methods is important for controlling carbon nanotube 
surface composition composition. 
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We have developed an array of analytical methods to probe the surface composition of 
carbon nanotubes during various stages of nanomaterial synthesis in our laboratory.  
Summarized herein are three case studies.   In the first study, sonochemically functionalized 
MWNTs were probed by X-ray photoelectron spectroscopy (XPS) revealing a consecutive, 
first-order attachment mechanism.  In the second study, extended X-ray absorption fine 
structure (EXAFS) and attenuated total reflection infrared (ATR-IR) spectroscopy were used 
to examine tethered Pt nanoparticles on functionalized MWNTs. In the third study, we 
functionalized  high pressure carbon monoxide (HiPco) SWNTs to produce carboxylic acid 
(COOH-SWNT), maleic anhydride (MA-SWNT), and nitroso (NO-SWNT) attached SWNTs 
in order to examine the effects of the tethered groups on the solid surface point-of-zero 
charge (PZC).  The PZC is defined as the aqueous solution pH value at which the degree of 
surface protonation and hydroxylation are equal, which results in an electrostatically  
neutral charge at the electrical double layer interface (Brown et al., 1999).  SWNTs were used 
in the PZC studies due to their relative ease for surface functionalization with specific 
moieties.   

2. Experimental 

In the first case study, MWNTs produced from chemical vapor deposition were obtained 
from Nanolab, Inc. (Waltham, MA). The as-purchased MWNTs (95% purity, ~30 nm in 
diameter) were put into a mixture solution of HNO3 and H2SO4 in an Erlenmeyer flask. The 
concentrations of both acids were 8.0 M. The flask was placed in an ultrasonic bath (Fisher 
Scientific, 130 W and 40 kHz) maintained at 60 °C.  Sonication was performed for 1, 2, 4 and 
8 hrs.  The sonochemically treated MWNTs were then separated from the acids in a 
centrifuge (Thermal IEC Centra CL2), and thoroughly washed using doubly distilled, 
deionized water prior to analysis (Xing et al., 2005). 
The chemical oxidation states and surface compositions of the resulting sonochemically 
treated MWNTs and Pt electrocatalysts were analyzed by XPS using an ion-pumped Perkin-
Elmer PHI ESCA 560 system using a PHI 25-270AR double pass cylindrical mirror analyzer.  
An Mg Kα anode operated at 15 kV and 250 W with photon energy of hν= 1253.6 eV was 
used. The base pressure of the chamber after a bake out was ~1x10-10 Torr. The operating 
pressure during XPS scans did not exceed 5x10-8 Torr. The C 1s core level at 284.4 eV, 
corresponding with the carbon nanotube oxidation state (Suzuki et al., 2002), was used to 
charge reference the XP spectra.  XPS data were curve fitted using CasaXPS VAMAS 
processing software version 2.2 (Devon, United Kingdom) with a Shirley background 
subtraction and 70%-to-30% Gaussian-Lorentzian line shapes. 
In the second case study, MWNT-Pt nanoparticle structural analysis was performed using 
EXAFS.  Finely dispersed Pt nanoparticles (3.5 nm in diameter) tethered onto MWNTs were 
prepared via sonicating MWNTs in HNO3/H2SO4 for 2 hrs followed by reducing the Pt salt 
precursor, K2PtCl4 (Xing, 2004).  Spectra were obtained from the 12-BM BESSRC Advanced 
Photon Source (APS) beamline at the Argonne National Laboratory and the X18B beamline 
at the National Synchrotron Light Source (NSLS) at the Brookhaven National Laboratory to 
analyze the Pt LIII edge (11.564 keV) of the Pt nanoparticles tethered to the carbon nanotube 
surface. A spectrum of a 5 μm thick Pt foil was taken in the transmission mode for absolute 
energy calibration. The absorption edge of the data obtained for each sample, plotted as χ 
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(E), was checked to ensure alignment prior to plotting in k space. Spectra of the dried 
MWNT-Pt nanoparticles samples and PtO2 standard were obtained in the fluorescence 
mode. Anhydrous PtO2 (99.95% purity, metals basis) obtained from Alfa Aesar, 8 mg of 
which were diluted in 170 mg of boron nitride, was used as received for the reference 
spectrum. In the beamline, a double crystal Si (111) monochromator was used for energy 
selection. Spectra taken in the fluorescence mode used a 13-element Ge detector. The ion 
chambers employed had a 8:2 gas mixture of N2-to-Ar. Data were processed using the 
IFEFFIT library of numerical XAS algorithms written in Perl programming that utilizes the 
ab initio EXAFS code, FEFF 6.01 (Newville, 2001; Ravel et al., 2005). Further analysis by ATR-
IR and Raman spectroscopies were performed as described by Hull et al. (2006). 
The experimental procedure for the third case study (McPhail et al., 2009) was as follows: (1) 
COOH-SWNTs were prepared by refluxing in H2SO4/HNO3 according to Lu et al. (2007). A 
30.0 mL solution of 3:1 concentrated nitric-to-sulfuric acid ratio was added to a 100-mL 
round-bottom glass flask along with 60.1 mg of p-SWNTs. The mixture was refluxed at 338 
K for 12 hrs, with constant magnetic stirring, under N2 atmosphere. (2)  NO-SWNTs were 
prepared using an electrochemical functionalization procedure based on the description 
made by Wang et al. (2005). SWNT sheets were prepared by sonicating them in 1% Triton X-
100 (The Chemistry Store.com Inc.; St. Cayce, SC) solution followed by vacuum filtration 
with Millipore Teflon filter paper (0.2 μm pore size). The solid was dried on the filter paper 
and lifted off as a single sheet to be used as a working electrode in the electrochemical 
functionalization. Remaining surfactant was removed by annealing at 120 °C for 2 hrs, 300 
°C for 1 hr, and 800 °C for 30 minutes under inert Ar atmosphere. Complete removal of the 
Triton X-100 required additional electrochemical oxidation of the nanotubes, which 
occurred during the nitrosylation. Electrochemical nitrosylation took place in 6 M KNO2 
with a SWNT sheet as the working electrode, AgCl as the reference electrode, and Pt wire as 
the counter electrode. The system was sparged with Ar gas and run for 6 hrs at 2.0 V using a 
273 EG&G Princeton Applied Research potentiostat. (3) The MA-SWNTs adduct was 
prepared via Diels-Alder addition reaction with maleic anhydride as the dienophile (Dewar 
et al., 1970), in good agreement with ab initio predictions for Diels-Alder additions to SWNT 
sidewalls (Mercuri et al., 2009). The synthesis involved adding 50.0 mg of the HiPco p-
SWNTs to an excess of maleic anhydride dissolved in chloroform. This mixture was placed 
in a 100-mL round-bottom flask and refluxed at 323 K for 12 hrs, with constant stirring, 
under N2 atmosphere. All of the functionalization procedures were carried out for 
prolonged periods (12 hrs) to ensure saturation of the SWNTs with their respective moieties. 
The SWNTs were then recovered by vacuum filtration using a Buchner funnel and 
Fluoropore polytetrafluoroethylene (PTFE) membrane filters with a 0.2 μm pore size. 
Samples were rinsed with copious amounts of Millipore H2O. Samples were then dried in a 
vacuum desiccator and saved in glass vials for further analysis. 
Isoelectric point measurements at the solid-liquid interface were made on MA-SWNT, NO-
SWNT, COOH-SWNT and p-SWNT surfaces using a method described by Park and 
Regalbuto (1995). Twelve solutions in the range of pH = 1.0-12.0 were made using dilute 
aqueous solutions of NaOH and HCl. A 1.8 mL aliquot of each solution was pipetted into 
polyethylene vials and allowed to equilibrate for 1 hr. The initial pH of each solution was 
then recorded. A 2.0 mg amount of the SWNTs to be examined were added to each vial, 
which were then capped and shaken with a vortex mixer to settle the SWNTs. After an 
additional 12-hr equilibration period, the final pH at the SWNT solid surface was measured 
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for each vial using a spear-tip semisolid electrode. Finally, initial pH values versus final pH 
values were plotted. 

3. Results and discussion 

The sonochemically functionalized MWNTs were characterized and quantified by XPS. XPS 
is an effective surface sensitive method for quantifying the extent (or level) of surface 
oxidation (Huefner, 2003).  The distribution of oxygen containing functional groups (-C-O-,  
-C=O, and O-C=O) is also often characterized by deconvoluting the C 1s spectral envelope 
to obtain quantitative information, based on differences in XPS binding energy (BE) 
(Datsyuk et al., 2008). 
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Fig. 1. (Left-hand panel) XPS stackplot of C 1s core level of the carbon nanotubes at varying 
sonochemical treatment times; (Right-hand panel) Kinetic model of sonochemically treated 
carbon nanotube oxidation process based on deconvoluted XPS  C 1s integrated peak areas 
for C (on the MWNT graphene sheet), CO- and COO- oxidation states. 

Fig. 1 (left-hand panel) shows the narrow scan spectra of the C 1s region of sonochemically 
treated and untreated MWNTs. The XPS spectrum shows distinct carbon peaks, 
representing the major constituents of the oxidized MWNT surface. The dominant peak 
structure for the C 1s core level at a BE of 284.4 eV corresponds to the bare, untreated 
MWNT surface (Ago et al., 1999; Suzuki et al., 2002).  C 1s core level shifts at 287.6 and 288.3 
eV indicate that the moieties consist of CO-/C=O  and COO-  respectively, in agreement 
with literature values reported for these groups tethered onto the MWNTs (Langley et al., 
2005).  Intensities of the high BE states increased due to oxidation as sonication ensued. The 
CO-/C=O and COO- concentrations were quantified relative to the graphitic carbon peak. 
The C 1s line broadening with extra feature developments were attributed to the surface 
oxidation of MWNTs where C atoms bond to more O atoms as a result of the sonochemical 
treatment. The population of the oxidized groups (CO-, C=O, and COO-) relative to the 
MWNT carbon were quantified via plotting the sum of their C 1s peak areas relative to that 
of the graphitic MWNT carbon as a function of sonochemical treatment time. The increase in 



Characterizing Functionalized Carbon Nanotubes  
for Improved Fabrication in Aqueous Solution Environments   

 

59 

surface oxidation measured from the integrated C 1s peak areas of the ([CO-] + [COO-])/[C] 
tracks well with the overall increase in XPS atomic percent oxygen.  A greater uptake of 
oxygen by the surface carbon atoms corresponds to a higher population density of COx 

functional groups detected by the XPS. 
The kinetic model for the oxidation process is shown in Fig. 1 (right-hand panel). A 
stochastic addition mechanism obeying a consecutive 1st-order mechanism was revealed.  
Here, we report the first detailed mechanistic delineation of the carbon nanotube oxidation 
process. Evolution of the high binding energy peak intensities during sonication shows a 
consecutive, single-step first order O-attachment mechanism, leading to the carboxylate.  
This scheme is consistent with a report made by (Chiang et al., 2011) showing CO to be an 
intermediate species, which could be oxidized quickly to other forms, usually COO under 
acidic environment. Sonication creates defect sites on the sidewalls that allow for O atom 
attachment (Li et al., 2006).  Differential equations describing the mechanism are as follows: 

       1 1 2 2
[ ] [ ] [ ]

;  ; 
d C d CO d COO

k C k C k COO k CO
dt dt dt


     . 

Least squares fittings show rate constants of k1 (CCO) = 2.11(±0.15) x10–2 s–1 and k2 
(COCOO) = 7.3(±1.2) x10–2 s–1. The overall correlation coefficient (R2) value = 0.923 
indicated the goodness of fit for our kinetic model.  R2 values for individual concentration 
profiles of C, CO and COO are shown in Fig. 1 (right-hand panel). We thus demonstrate that 
stochastic functionalization on MWNTs is possible under aqueous solution conditions. In 
contrast, gas phase kinetic studies have typically been limited to a single-step reaction 
(Brukh et al., 2007). 
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Fig. 2. (A) A plot of the uptake of D-to-G integrated peak area ratios (●, left-hand axis) and 
atomic percent oxygen (■, right-hand axis) versus sonochemical treatment time; (B) Raman 
shifts showing the emergence of the D and G bands of sonochemically treated MWNTs 
before deposition of Pt nanoparticles. The dashed line serves as a guide to the eye, denoting 
functional group saturation at 2 hrs. 

In examining the Raman D-to-G integrated peak area ratios (Fig. 2A; left-hand axis), the 
disordered sp3 state increased with longer sonochemical treatment. The largest increase 
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occurred between 0 and 1 hr of sonication with a plateau reached at 2 hrs.  Noteworthy is 
the fact that the plateau of the relative Raman D-to-G band intensities (left-hand axis) 
coincided with a plateau of the atomic percent mole fractions of oxygen (right-hand axis), 
obtained from normalizing XPS high-resolution energy scans of the O 1s core level (Fig. 2A; 
right-hand axis), at 2 hrs.  The population of sp3-hybridized carbon increased relative to the 
sp2-hybridized carbon during sonication, accompanying the creation of sidewall defects to 
which the functional groups attached. Thus, the groups covalently bonded to the surface 
with moieties directly forming from C atoms within the graphene sheets. The growth rate of 
sp3-to-sp2 Raman intensities with sonication time (Fig. 2B) was also consistent with that of 
our consecutive 1st-order kinetic model. The density of the surface functional groups was 
directly (albeit not linearly) related to sonication time; 2 hrs of sonication resulted in optimal 
Pt nanoparticle dispersion.  Upon deposition of the Pt nanoparticles, the Raman line shapes 
and relative D-to-G band intensities remained unchanged. The presence of these peaks 
verified that the carbon nanotubes remained largely intact during the oxidation procedure 
and after deposition of Pt nanoparticles.    
To examine the local structure of the nanoparticles, EXAFS was performed on the Pt 
deposited on the 2-hr sonochemically treated carbon nanotubes. The Pt-CNT samples were 
examined as a dry powder-like form instead of aqueous solution phase to get a stronger 
signal. EXAFS is an oscillatory feature in the X-ray absorption above the absorption edge of 
the target atoms and is defined as the fraction deviation in the absorption coefficient:  
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with R being the distance from the target to neighboring atom. N is the coordination number 
of the neighboring atom, and σ2 is the disorder of the neighbor distance (i.e., the Debye-
Waller factor). The photoelectron wave number k = [2m (E-Eo)/ћ2]1/2, f (k) is the scattering 
amplitude, and δ (k) is the phase shift. Oscillations arise from the photoelectron wave 
backscattering from the nearest neighbor atoms. Assuming a cuboctahedron structure, 
predicted for the Pt nanoparticles of the size (3.5 nm in diameter) deposited on a carbon 
surface, there would be ~1500 atoms per cluster on the 20% Pt loaded, 2-hr sonochemically 
treated MWNT surface. Though the majority of the bonding emanated from bulk Pt-Pt 
interactions according to XPS (vide infra), EXAFS oscillations indicate Pt coordination to 
lower molecular weight atoms.  The only two low-molecular-weight atoms present that can 
interact with Pt are C and O. The formation of Pt-C in the cluster was unlikely because 
temperatures in excess of 560oC are required to form the carbide (Kojima et al., 1982; Lamber 
et al., 1993).  Since EXAFS scattering is sensitive only to the first few atomic shells and given 
the size of the Pt NPs, PtOx appears to be present only at the top most surface layers of the 
cluster. A majority of the Pt atoms were in the metallic (zero) oxidation state, consistent with 
the observed XPS Pt 4f core level shift. Upon deposition of the Pt nanoparticles, the Raman 
line shapes and relative D-to-G band intensities remained unchanged. The presence of these 
peaks verified that the MWNTs remained largely intact during sonochemical treatment and 
after deposition of the Pt nanoparticles.  
The XPS Pt 4f7/2 core level of the Pt-CNT (not shown; prepared using a 2-hr sonochemical 
treatment), referencing the graphitic C 1s orbital at a BE equal to 284.4 eV (Ago et al., 1999; 
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Suzuki et al., 2002), had a BE= 71.4 eV, indicating that Pt was predominantly in the metallic 
(zero) oxidation state (Fleisch et al., 1986). XPS signals from the C 1s and O 1s and Pt 4f 
levels and from no other elements were observed.  The asymmetry observed in the 4f5/2 level 
at ~78 eV indicated a small population of PtO or PtO2, which was masked by much larger 
signal from metallic Pt. The lack of insufficient signal from the Pt oxide (PtOx) hampered 
precise determination of the stoichiometric proportions of PtO and PtO2.  Hence, EXAFS 
was needed for clearer structural elucidation.   
In comparing the FTs of the EXAFS Pt LIII edge of Pt nanoparticles deposited on the –COO- 
and –C=O functionalized MWNTs, the first nearest neighbor atom was observed at ~1.78 Å 
in the Pt-MWNT sample instead of the expected distance of ~2.78 Å for Pt-Pt interactions in 
its zero oxidation state (Fig. 3A). The latter distance was observed for a standard PtO2 
powder used for comparison. This result was consistent with the XPS core level shift for the 
Pt 4f7/2 orbital observed at 71.4 eV, denoting metallic Pt (Fleisch et al., 1986). The low R 
value feature at R = 1.01 Å was an artifact of imperfect background subtraction due to the 
intense Pt LIII white line at the absorption edge. The dotted line spectrum was that of the 
reference foil, obtained in the transmission mode for comparison. The strong peaks between 
2 and 3 Å correspond to the interaction occurring between the first nearest neighbor (1NN) 
Pt atoms. Peak positions of the FT at R=2.12 and 2.70 Å were in good agreement with 
positions observed by others for Pt foil (Frenkel et al., 2001; Zhang et al., 2004). In comparing 
R values of Pt-MWNT samples, the predominant 1NN interaction in these samples was  
 

 
 

 
Fig. 3. FTs of EXAFS oscillations plotted in R space of (A) Pt-CNTs (solid gray line; a Pt foil 
scan is shown as a dotted, orange spectral line); (B) PtO2 standard; and proposed (a) and (b) 
structures for Pt-MWNT coordination. 
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clearly not with Pt-Pt, denoted by the ~1.78 Å position. A FT of a reference PtO2 powder is 
shown in Fig. 3B. The location of its 1NN, signifying Pt-O, is seen at R =1.59 Å. EXAFS and 
XPS data indicated the presence of PtOx on the Pt-MWNT surface, but not in the bulk of the 
nanoparticles.  
Fig. 4 shows ATR-IR difference spectra of 2 hr sonochemically treated carbon nanotubes 
before and after Pt nanoparticles were tethered to these surfaces. The C-O ester features, 
denoted by peaks (2) and (3) in the 2-hr sonicated MWNTs with no Pt deposited, were 
replaced by a broad single band with a center at 1092 cm-1 after Pt nanoparticle attachment.  
This change in IR envelope shape indicated a strong interaction of ester O with the Pt 
nanoparticles.  The carbonyl O band at 1700 cm-1 (before Pt nanoparticle deposition) were 
replaced by two peaks absorbing at 1712 and 1629 cm-1, indicative of Pt nanoparticles 
interactions with carbonyl O. Pt binding with the carbonyl O was evident from the 
absorbance shift from a single feature at 1700 cm-1 to two peaks at 1712 and 1629 cm-1.  
Bands from the ester C-O stretches were still present with vibrational stretches at 1160 cm-1.  
From Fig. 4, it was clear that the Pt loading of the oxidized MWNTs dramatically altered the 
absorbance signal from the C-O stretches in the 1300-to-900 cm-1 region.  The carbonyl C=O 
signal at 1700 cm-1 was less affected although there was a shift to higher frequency at 1712 
cm-1 along with the emergence of another stretch at 1629 cm-1, indicative of multiple binding 
sites for the Pt nanoparticles.   Hence, ATR-IR data showed that the ester O peaks present 
before tethering Pt nanoparticles were radically altered after the Pt deposition, denoting 
their involvement in the coordination of the Pt nanoparticles to create the nanostructure.  
Based on this IR result and the EXAFS analysis, we propose two Pt-MWNT surface 
structures. Attachment can occur via carboxylate ions in which the O atoms effectively have 
equal bond order and participation in the Pt binding in the form of COO(Pt) (Fig. 3a).  Pt 
nanoparticles can also coordinate to ester O atoms bound to the carbon nanotube surface, 
bridging between two carbons and serving as a binding site for the Pt nanoclusters in the 
form of C(=O)CO(Pt) (Fig. 3b).  According to Petroski and El-Sayed (2003), because the d 
band of Pt is close to the Fermi level, electron density to form new bonds would come from 
the C=O group rather than the Pt. Hence, shifts in the C=O stretch would be sensitive to 
coordination with Pt (peak 1 in Fig. 4) as observed. 
In our final case study, variations in the measured PZC were seen between differently 
functionalized SWNT structures (McPhail et al., 2009).  Fig. 5 shows a plot of final versus 
initial pH values of solutions to which various SWNT samples were added. A plateau 
(horizontal dashed lines) in the plot indicates the PZC for each specifically-functionalized 
carbon nanotube.  
The PZC values in this series of functionalized carbon nanotubes indicated a relatively 
acidic surface, amenable for adsorption of anionic (metal nanoparticle) precursors. The PZC 
values for the SWNTs were in ascending order: COOH-SWNTs (1.2) < MA-SWNTs (2.0) < p-
SWNTs (3.5) < NO-SWNTs (7.5). Lowering of the p-SWNTs PZC compared to other studies 
(Matarredona et al., 2003) was attributed to our use of smaller radius (~0.7 nm) SWNTs. The 
COOH groups, due to its acidity, lowered the PZC to a greater extent than the MA groups 
(by 0.8 pH units). The PZCs were found to be tunable within 6.3 pH units by functionalizing 
them with various moieties of different electron withdrawing/donating character. The 
moieties markedly affected the PZCs. There is an obvious correlation of PZC with electron 
distribution, emanating from attached moieties along the SWNTs sidewalls. 
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Fig. 4. ATR-IR difference spectra of 2100-900 cm-1 region of 2-hr sonochemically treated 
carbon nanotubes before and after Pt nanoparticle deposition. Untreated carbon nanotubes 
were used for background subtraction. Vibrations from (1) carbonyl and ester (2) 
asymmetric and (3) symmetric stretches are noted for comparison. The arrow denotes a new 
frequency signifying coordination with Pt nanoparticles.  

 

 
Fig. 5. The point of zero charge (PZC) values of NO-SWNTs, p-SWNTs, MA-SWNTs and 
COOH-SWNTs are denoted by horizontal lines. 
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In the context of electrophilic aromatic substitution (EAS) reactions, nitroso groups are 
known to be electron withdrawing, maleic anhydride groups are lightly electron releasing, 
and carboxylic acid groups are strongly electron releasing, which can be quantitatively 
described by Hammett sigma constants (σ).  Since carbon nanotubes are essentially aromatic, 
peri-condensed benzenoids (composed of sp2 carbons, arranged in a graphite-like 
hexagonal pattern) that have aromatic character (Linert et al., 2007; Lukovits et al., 2007) 
and are used to fabricate hierarchical structures (Zorbas et al., 2005), it is appropriate to 
explore how σ relates to our observed PZC measurements. Also known as the “substituent 
constant,” σ determines the effect that a given substituent will have on the equilibrium 
and rate constants for the disassociation of benzoic acids. The σ parameter takes into 
account resonance, field, and inductive effects of the substituent. The result is a value 
whose magnitude gives the relative strength of a substituent’s effect on the electronic 
distribution of a benzoic acid. Standard tables show σ values (for the meta- position) of 
0.71, 0.39, and 0.35 for nitro, acetoxy, and carboxylic acid groups, respectively (Hansch et 
al., 1991; Carey, 2002).  Larger σ values denote greater electron-withdrawing character. 
The MA and COOH groups, which are the least electron withdrawing (i.e., more electron 
releasing) lowered the PZC, relative to p-SWNTs, while NO, the most electron 
withdrawing moiety, raised the PZC. Variations in the electron releasing/withdrawing 
character of the substituents correlate well with the observed PZC trend. In our  previous 
work (McPhail et al., 2009), we postulated that the PZC was dependent on SWNT 
electronic structure. 
Here, we note a new observation: greater  values coincide with a greater propensity to be 
hydroxylated, thereby increasing the PZC. The greater electron donating character of the 
moiety led to an increased degree of surface hydroxylation. Quantitatively, the σ values of 
the substituents show the same increasing trend as that of the experimentally measured 
PZCs for each corresponding, functionalized SWNT (Fig. 5). 

4. Conclusions 

In summary, we have demonstrated the utility of XPS for delineating MWNT oxidation 
kinetics, EXAFS (coupled with XPS and ATR-IR) for elucidating nanoparticle-MWNT 
interfacial structure, and the dependence of PZC on the electron withdrawing/donating 
character of moieties attached to SWNTs. Sonication of MWNTs is a facile functionalization 
technique as it lowers the surface activation energy barrier resulting in low temperature 
functionalization and reduction in surface physical damage.  The process greatly reduces the 
functionalization time to as low as 2 hrs. Sonochemical treatments tend to create dangling 
bonds on the surfaces of carbon nanotubes, which progressively oxidize to hydroxyl (OH), 
carbonyl (CO), and carboxyl (COOH) functional groups (Al-Aqtash and Vasiliev, 2009). 
Kinetic studies uncovered a stochastic functionalization mechanism involved in the 
preparation of MWNTs for nanoparticle attachment. EXAFS, coupled with XPS and ATR-IR 
data, was pivotal in the elucidation of ester-like O atoms found to play an important role in 
synthesizing Pt nanoparticle-MWNT structures. Controlled surface functionalization on 
SWNTs can influence its PZC, an important variable for Coulombic attachment of structures 
onto the surface. The above described surface analytical methods, performed on MWNTs 
and SWNTs as benchmarks, may well be applicable for examining aqueous solution 
functionalization processes on newly emerging carbon nanomaterials, i.e., graphene and 
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graphene oxides (Liu et al., 2008; Geim, 2009; Yan and Chou, 2010), for advanced 
technological applications. 
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1. Introduction 

SWCNT can be conceptualized by wrapping a one-atomic-layer thick graphene into a 
hollow cylinder. As shown in Figure 1, the wrapping way is represented by the chiral vector 
(n, m), which denote the number of unit vectors along two directions in the crystal lattice of 
graphene sheet.1 Because of the symmetry and unique electronic structure of graphene, the 
structures of SWCNTs strongly affect their electrical properties. In particular, their band 
gaps can vary from zero to about 2 eV and electrical conductivity can be in a range of a 
metal or semiconductor. For a given (n,m) nanotube, when n = m, the nanotube is metallic; 
when n − m is a multiple of 3, the SWCNTs are semiconducting with geometry-dependent 
band gaps. 
 

 
Fig. 1. A SWCNT is formed by rolling up a graphene along a chiral vector. The 
circumference of the SWCNT is determined by a chiral vector Ch = na1 + ma2, where (n,m) 
are integers known as the chiral indices and a1 and a2 are the unit vectors of the graphene 
lattice. Reproduced from ref.1. 

Metallic SWCNTs (m-SWCNTs) may show ballistic behaviors and are ideal conducting 
connectors and electrodes for electronic devices due to their excellent electron transport 
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behavior, optical transparency and flexibility.2-5 Semiconducting SWCNTs (s-SWCNTs), 
with mobilities as high as 79 000 cm2 V-1 s-1,6 are considered to be among the most promising 
candidates for next-generation high-performance field-effect transistors (FETs). The unique 
electronic properties of SWCNTs make them the ideal building blocks for nanoelectronics 
and thin film devices.7, 8 Unfortunately, the established CNT synthethetic methods often 
lead to the growth of the mixture of nanotubes, typically with 1/3 m-tubes and 2/3 s-tubes, 
hard to selectively harvest the CNTs with a specific electronic type (m- / s-) or with a 
desired chirality, which has greatly hindered their widespread applications. Therefore, the 
mass m/s separation of SWCNTs is of great significance for their advanced applications in 
high-performance nanoelectronic devices. Chiral separation is also required for the uniform 
property of electronic devices. Since none of current synthetic techniques produce identical 
populations of SWCNTs, over the past two decades, many post-synthetic approaches have 
therefore been developed in an attempt to separate monodisperse SWCNTs into different 
fractions by their electronic types, diameters and chiralities. This chapter provides a brief 
introduction of the recent progress in the separation of SWCNT, in particular with an 
emphasis on the chromatographic approach. 

2. Several important post-synthetic separation approaches 

One of the earliest developed enrichment techniques of SWCNTs is based on the selective 
removal strategy with bulk SWCNT powders and films. The enrichment of m- or s- type 
SWCNTs can be obtained by removing the other type (usually m-SWCNTs) through 
electrical breakdown9, plasma10, 11, irradiation12, 13 effects or chemical reagents11, 14-17. These 
‘‘dry’’ physical or chemical removal techniques are scalable and compatible with existing 
semiconductor processing for SWCNT-based nano-devices. However, as the selective 
removal is an irreversible process, the removed fraction cannot be used any more. Hence in 
recent years, separation of monodisperse SWCNTs, such as selective dispersion, 
dielectrophoresis, centrifugation, and chromatography has been greatly developed. 
SWCNTs can be thus sorted by electronic types and chiralities to some extent. Great efforts 
are still required to further understand the separation mechanism and therefore able to 
optimize the SWCNT sorting at lower cost and higher purity. 

2.1 Selective  functionalization 
Both theoretical calculations and experimental studies have shown that the electronic 
properties, diameters and chiralities of SWCNTs may affect their interaction with some 
compounds, containing small organic molecules, surfactants, DNA and conjugated 
polymers. Such tan interaction in return leads to the differentiation and sorting of SWCNTs 
of different types. 
Metallic SWCNTs are usually believed to have a higher reactivity than semiconducting 
SWCNTs due to the higher electron density of states (DOS) at their Fermi levels14 and 
smaller ionization potential18 . By covalent reaction on the sidewalls of SWCNTs, one type of 
SWCNTs (generally m-SWCNTs) tends to be functionalized first, leading to its selective 
dispersion in a solution and leaving the other one insoluble in the pristine form. As 
illustrated in Figure 2, Strano et al. first reported that diazonium reagents preferred to react 
with m-fractions rather than s-fraction, making s-SWCNTs well suspended in aqueous 
solution, and achieving SWCNT manipulation under controlled conditions.14 Selectivity is 
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dictated by the availability of electrons near the Fermi level to stabilize a charge-transfer 
transition state preceding bond formation. Later Doyle et al. found that several 4-substituted 
benzenediazonium salts, Ar-R (Ar = N2+-C6H4 and R = Cl, NO2, OMe) at pH 10 showed the 
highest reactivities for s-SWCNTs with the largest band gaps.19 Additionally, nitronium 
ions20, 21 and osmium tetroxide (OsO4)21 were also found to react preferentially with m-
SWCNTs due to their larger electron density near the Fermi level. However, azomethine 
ylides derived from trialkylamine-N-oxides exhibited selective reactions with s-SWCNTs by 
cycloaddition, which was achieved by preorganizing the starting N-oxides on the nanotube 
surface prior to generating the reactive ylide.22 Separation of m-SWCNTs from 
functionalized s-SWCNTs was also successfully accomplished by inducing solubilization of 
s-SWCNTs in the presence of lignoceric acid. Although covalent functionalization seems an 
easy approach for the separation of m- or s-SWCNTs, it remains a challenge as a result of 
uncontrollable reaction selectivity and possible structural damages on CNTs themselves.  
 

 
Fig. 2. (A) Diazonium reagents extract electrons, forming N2 gas and leaving a stable C−C 
covalent bond at the nanotube surface. (B) The extent of electron transfer is dependent on 
the density of states in that electron density near EF leads to higher initial activity for 
metallic and semimetallic nanotubes. (C) A functionalized nanotube may exist as a 
delocalized radical cation, which tends to receive electrons from neighboring nanotubes or 
react with fluoride or diazonium salts. Reproduced from ref.14. 

In comparison with covalent functionality, non-covalent functionality is a more popular 
separation method, as it is a non-destructive process. By interacting with the hydrophobic 
surface of SWCNTs or matching their chiral structures, some organic molecules may 
selectively adsorb onto or wrap along SWCNT species. In 2003, Chattopadhyay and 
coworkers reported that octadecylamine (ODA) had a higher affinity to carboxyl 
functionlized s-SWCNTs than m-fractions. S-SWCNTs were thus retained in the supernatant 
due to the increased solubility by stronger ODA adsorption, whereas m-SWCNTs were 
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selectively precipitated.23 As such, through the selective interaction of amine with s-
SWCNTs, a self-sorted s-SWCNT network could be fabricated by spin-coating SWCNT 
solution on amine-functionalized surfaces,24 where the chirality separation of nanotubes and 
simultaneous control of density and alignment may be achieved in one step. The field-effect 
transistors fabricated based on this method showed an on/off ratio as high as 900,000. 
Interestingly, in the case of neutral SWCNTs without carboxyl group, both theoretical 
calculations and experiments have shown that the amine groups prefer to selectively 
interact with m-SWCNTs. Maeda et al. showed that m-SWCNTs could be highly 
concentrated to 87% by applying a dispersion-centrifugation process in a tetrahydrofuran 
solution of propylamine.25 Similar results were also obtained in the m/s separation of 
SWCNTs by using bromine26 and porphyrins27. The porphyrin and its derivates tend to 
attach onto the sidewalls of s-SWCNTs, making them enriched in the supernatant. While 
due to the formation of charge-transfer complex between bromine and m-SWCNTs, m-
SWCNTs can be thus effectively sorted out by centrifugation. 
In addition to m/s recognition, control on the structures of dispersants may also lead to the 
selective separation of SWCNTs by diameter and chirality. Ortiz-Acevedo et al. proposed a 
novel approach to coat SWCNTs with reversible cyclic peptides (RCPs) that covalently wrap 
around CNTs through the oxidation of thiols incorporated into the peptide backbone.28  By 
controlling the length of the RCPs, they demonstrated limited diameter-selective 
solubilizations of SWCNTs. Some aromatic polymers were also found to selectively 
solubilize certain nanotube species. As illustrated in Figure 3, Nish et al. reported that the 
polymer poly(9,9-dioctylfluorenyl-2,7-diyl) was very selective to nanotubes.29 They 
suggested that the SWCNT–polymer bonding was strongly influenced by both the relative 
orientation of the polymer chain to the nanotube structure, and the possible charge transfer 
that occur from metallic tubes and lead to changes in the conformation of the polymer. 
 

 
Fig. 3. (A) The PLE map shows the strength of the PL emission as a false color plot, with the 
different species labeled by their (n,m) indices. The emission is dominated by a very 
prominent (7,5) peak. (B) A comparison between the Raman spectra, taken using a 647 nm 
light source, of surfactant-wrapped SWCNTs (red line) and PFO wrapped SWCNTs (black 
line), normalized with respect to the semiconducting (7,5) nanotube. Reproduced from 
ref.29. 
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Small organic moluecules are also designed for the diameter- selective and chiral separation. 
Tromp et al. used oligo-acene adducts as a diameter-selective molecular anchor for 
separation and functionalization of SWCNTs.30 SWCNT field effect transistors fabricated 
from diameter-sorted SWCNTs showed remarkably improved electrical properties 
compared to non-sorted SWCNTs. More recently, Wang et al. reported that the enantiomers 
of SWCNTs can be separated based on molecular recognition with chiral diporphyrin 
nanotweezers.31 The chiral nanotweezers consisting of phenanthrene spacer and two chiral 
porphyrins may discriminate the diameter and handedness of CNTs simultaneously by 
taking into account the relationship between the (n, m) selectivity and the structures of 
previously reported chiral nanotweezers. Owing to the relatively narrow cleft made by two 
porphyrins, the nanotweezers showed high selectivity toward (6,5)-SWCNTs possessing the 
smallest diameter among the major components of SWCNTs grown from CoMoCAT.. In 
addition, the single enantiomer of (6,5)-SWCNTs could be enriched through the molecular 
recognition with 1. These results imply that it is crucial for the selective functionalization of 
SWCNTs to generate a broad variety of molecular anchors and functional backbones with 
excellent diameter selectivity. 

2.2 Dielectrophoresis 
Due to different dielectric constants of m- and s-SWCNTs under an alternating current (a.c.) 
electric field, SWCNTs can be sorted by their electronic types via dielectrophoresis. Early in 
2003, Krupke et al. developed an alternating current dielectrophoretic method to separate 
m-SWCNTs from s-SWCNTs in suspension.32 As shown in Figure 4A, when SWCNT 
suspension was placed on an array of microelectrodes and applied with an alternating 
current, an opposite movement of m- and s-tubes occurred along the electric field gradient. 
M-SWCNTs were attracted toward the microelectrode array, leaving s-SWCNTs in the 
solvent. Principlly, a complete separation between metallic and semiconducting SWCNTs 
may be possible if all tubes in the suspension are dispersed as individual tubes (no bundles). 
However, this method was only available for the sorting of m- and s-SWCNTs on a small 
scale. 
 

 
Fig. 4. (A) Schematic of dielectrophoresis of SWCNT suspension by using a microelectrode 
array. Reproduced from ref.32. (B) The continuous separation mechanism based on 
dielectrophoresis by using an H-shaped microfluidic channel. Reproduced from ref.33. 

Later, Shin et al. developed this technique and established a nondestructive, scalable 
method for SWCNT separation by using an H-shaped microfluidic channel, where highly 
pure m-SWCNTs were continuously extracted from a suspension, as shown in Figure 4B.33 
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Two laminar streams were generated in an H-shaped microfluidic channel with two inlets 
and two outlets. The flow conditions were carefully controlled to minimize diffusive and 
convective transport across the boundary between the two flows. Dielectrophoretic force 
from the embedded electrode at the junction extracted m-SWCNTs from a stream of 
nanotube suspension toward the other stream of buffer solution without nanotubes. Thus, 
the highly pure m-SWCNTs were obtained simultaneously at separate outlets. However, the 
separation efficiency and purity of s-SWCNTs is still difficult to be enhanced. Moreover, this 
method is only compatible with the m/s separation, ineffective for the chiral separation. 

2.3 Centrifugation 
Centrifugation is a process widely used in industry and in laboratory settings for the 
separation of mixtures driven by the centrifugal force. More-dense components in the 
mixture migrate away from the axis of the centrifuge, while less-dense components in the 
mixture migrate towards the axis. Increasing the effective gravitational force on a test tube, 
more dense components will be precipitated on the bottom of the tube. The less dense 
components are collected in the supernatant solution. SWCNTs are usually synthesized in a 
highly mixed status with a broad distribution of lengths, diameters and chiralities, leading 
to the sorting a tough issue. However, centrifugation is found effective for the separation of 
SWCNTs. To date with this simple technique, the SWCNTs can be sorted by the m/s, 
diameter and chirality. 

2.3.1 Density gradient ultracentrifugation 
Density gradient ultracentrifugation (DGU) is a technique commonly utilized to separate 
and isolate different sub-cellular components, DNA from RNA, and even different 
sequences of DNA by their compositions. Arnold et al. firstly described the sorting of DNA-
wrapped SWCNTs by DGU,34 this technique has been well developed for SWCNT sorting 
with multiple purposes, such as separation by m/s, diameter and chirality, even the 
separation of the mirror-image isomers of seven (n,m) species.35-41 In this process, SWCNT 
suspension is added to centrifuge tubes containing liquid mixtures arranged to form a 
spatially varying density profile. Under strong centrifugation, SWCNT species are separated 
by migrating to regions matching their individual densities. Hence, the sorting efficiency is 
greatly dependent on the dispersants and DGU processing. 
Salts like sodium cholate (SC) or cosurfactants are often added to optimize the fine sorting 
of monodispersed SWCNTs. Arnold et al reported in 2006 that the sorting of SWCNTs by 
diameter, bandgap and electronic type using structure-discriminating surfactants to 
engineer subtle differences in their buoyant densities.35 Density gradients were formed from 
aqueous solutions of a non-ionic density gradient medium, iodixanol. Gradients were 
created directly in centrifuge tubes by one of two methods: by layering of discrete steps and 
subsequent diffusion into linear gradients or by using a linear gradient maker. As shown in 
Figure 5, they have isolated the SWCNTs of narrow diameter distributions, more than 97% 
of which are within a 0.02-nm-diameter range. Furthermore, by using cosurfactants, they 
obtained bulk quantities of SWCNTs of predominantly a single electronic type. By a 
hydrodynamic model, Nair et al. described the motion of surfactant-suspended single-
walled carbon nanotubes in a density gradient.42 The theoretical results predicted that the 
number of surfactant molecules adsorbed on each nanotube determined its effective density 
and, hence, its position in the gradient after centrifugation has been completed. 
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Fig. 5. Sorting of SWCNTs by electronic type, diameter and bandgap using DGU. (A) 
Schematic of surfactant encapsulation and sorting; (B) Photographs and optical absorbance 
(1 cm path length) spectra after separation using DGU. Visually, the separation is made 
evident by the formation of coloured bands of SC encapsulated, CoMoCAT-grown SWCNTs 
(7–11 A°) sorted by diameter and bandgap. Bundles, aggregates and insoluble material 
sediment to lower in the gradient. The spectra indicate SWCNTs of increasing diameter are 
more concentrated at larger densities. Three diameter ranges of semiconducting SWCNTs 
are maximized in the third, sixth and seventh fractions (highlighted by the pink, green and 
light brown bands). These have chiralities of (6,5), (7,5) and (9,5)/(8,7), and diameters of 7.6, 
8.3 and 9.8/10.3 A° respectively. Reproduced from ref.35. 

In 2008, Yanagi et al. achieved the separation of m- and s-SWCNTs using sucrose as a 
gradient medium in sucrose-DGU.36 By lowering the temperature during sucrose-DGU and 
tuning the concentrations of the surfactants, m- and s-SWCNT samples were obtained with 
high purity, estimated to be 69% and 95%, respectively, from their optical absorption 
spectra. They pointed out that the temperature during centrifugation was also an important 
parameter that improved the m/s separation capability. Recently Antaris et al. found that 
nonionic, biocompatible block copolymers were useful to isolate m- and s-SWCNTs using 
DGU.40 Separations conducted with different Pluronic block copolymers revealed that 
Pluronics with shorter hydrophobic chain lengths led to the purity levels for s-fraction 
sorting higher than 99% when Pluronic F68 was used. In contrast, X-shaped Tetronic block 
copolymers showed a specific affinity to m-SWCNTs, yielding metallic purity levels of 74% 
for Tetronic 1107. 
In addition to m/s separation, by further tuning the surfactant component, enhanced 
diameter-dependent and chiral sorting of SWCNTs can be achieved by DGU. Zhao et al. 
used sodium deoxycholate (DOC) and sodium dodecyl sulfate (SDS) as cosurfactant 
encapsulating agents to form a DOC-restricted SDS wrapping morphology around the 
SWCNTs and thus 97% pure isolation of (6,5) SWCNTs was achieved.37 Interestingly, via 
optimizing surfactant structure or DGU processing, enantiomer separation of SWCNTs is 
obtained. Green et al. reported that by using chiral surfactant, such as sodium cholate, left- 
and right-handed SWCNTs can be discriminated.38 This sorting strategy can be employed 
for simultaneous enrichment of SWCNTs by handedness and roll-up vector having 
diameters ranging from 0.7 to 1.5 nm. 
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Fig. 6. Sorting of HiPco SWCNTs by (n,m) structure using single-step nonlinear DGU. (A) 
Image of a centrifuge tube containing HiPco SWCNTs sorted by one 18-h nonlinear DGU 
run at 268,000g (max). (B) Near-infrared absorption spectra of the marked colored layers. (C) 
Photoluminescence spectra of 10 separated fractions excited at the E22 peak of each main 
(n,m) component. (D) Image of a centrifuge tube showing resolved pairs of enantiomer 
bands sorted from HiPco SWCNTs by nonlinear DGU with sodium cholate. Reproduced 
from ref.41. 

However, simultaneously sorting many SWCNTs species in a single step still is a bottleneck. 
Recently, Ghosh et al. made a breakthrough for SWCNT sorting.41 They showed that highly 
polydisperse HiPco SWCNTs were readily sorted in a single step to enable fractions 
enriched in any of ten different (n,m) species by introducing nonlinear density gradients. 
Furthermore, minor variants of the method allowed separation of the mirror-image isomers 
of seven (n,m) species. They prepared centrifuge tubes with nonlinear, S-shaped gradients 
designed to have very small variations of density with depth at densities typical of 
suspended nanotubes. A photograph of such a tube after centrifugation shows extensive 
color banding (Figure 6A). Absorption spectra of the separated fractions (Figure 6B) clearly 
indicate that different (n,m) species have been sorted into distinct layers. From top to 
bottom, the bands are identified as (6,4), (7,3), (6,5), (8,3), (7,5) and (7,6). The (6,5) band is 
purple in color; (8,3) and (7,6) are green; and (7,5) is blue. Further evidence of effective 
sorting is displayed in Figure 6C, which shows normalized emission spectra of ten fractions 
separated from DGU-processed samples containing single or co-surfactants, each excited at 
the E22 peak of its dominant species. The enriched species are (6,4), (7,3), (6,5), (9,1), (8,3), 
(9,2), (7,5), (8,4), (10,2) and (7,6). By adding a co-surfactant to sodium cholate in their 
nonlinear DGU method, they achieved effective and highly reproducible single-step 
enantiomeric sorting of several (n,m) species in HiPco samples. Further they found optimal 
enantiomer separation with a surfactant mixture of 0.7% sodium cholate plus 0.175% 
sodiumdodecyl sulphate in a slight variant of the nonlinear DGU gradient described earlier. 
The enantiomers of (6,5), (8,3), (8,4), (6,3) and (6,4) SWCNTs were able to be separated by 
this technique. This novel approach promised a scalable, relatively simple, and refined 
separation method of SWCNTs. 
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2.3.2 Normal speed centrifugation 
In comparison with DGU usually set the speed at about 2×105 g,  normal centrifugation is 
found also available for the sorting of SWCNTs at low speed of about  2×104 g. More 
recently, Tanaka et al. reported a rapid and scalable method for the separation of metallic 
and semiconducting SWCNTs by normal speed centrifugation.43 When SDS dispersed 
SWCNT suspension was mixed with liquid agarose gel and then centrifugated, it was found 
that m-fraction was favorably enriched in supernatant, and s-fractions were retained in the 
precipitated gel. Such separation effect resulted from the selective interaction of s-SWCNTs 
with agarose gel. Upon centrifugation, s-SWCNTs were selectively trapped in the gel, 
whereas metallic nanotubes remained in the free state with SDS micelles in the solution as 
illustrated in Figure 7A. The effective separation is greatly dependent on the dispersant and 
gel. It is also found that the purity of the m- and s-SWCNTs obtained by centrifugation can 
be improved by optimizing the gel concentration and composition of agarose. 
 

 
Fig. 7. (A) Model of MS separation using agarose gel. Red, s-SWCNTs; beige, agarose gel 
matrix; green, m-SWCNTs; yellow, SDS. Spectral results of (B) Gel fraction and (C) Solution 
fraction separated by centrifugation method at various concentrations of agarose (0.05-
1.0%). Reproduced from ref.43. 

The purity of s-SWCNTs in the compressed gel could be increased by decreasing agarose 
concentration in the starting gel (Figure 7B), while the purity of the metallic tubes 
collected in the supernatant tended to increase with agarose concentration up to 
approximately 1.0% (Figure 7C), beyond which the metallic nanotube purity increased 
only slightly. When the separation was repeated for the solution fraction concentrated m-
SWCNTs, m-SWCNTs could be further enriched. Due to the selective entrapment of s-
SWCNTs in agarose gel, the effective m/s separation could be also realized by simple 
frozen, thawed, and squeezed procedures. Although this method was reported to be 
readily scalable and not restricted by equipment limitations, the melting and mixing of 
excessive agarose with SWCNT dispersion made the sorted SWCNTs containing agraose 
impurities, which were hard to be removed.   

2.4 Chromatography 
Chromatography is a popular method used for purification of individual chemical or 
biological compounds from their mixtures. Different compounds exhibit different 
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physicochemical properties, leading them to behave diversely between mobile and 
stationary phases. Based on the similar properties of SWCNTs to biological macromolecules 
in sizes and surface properties, earlier from 1998, researchers have made efforts to separated 
SWCNTs by the chromatography. Due to the diversity of the stationary and mobile phases, 
SWCNTs dispersed in solution can be sorted following different separation mechanisms, 
such as size-exclusion chromatography (SEC)44-50, anion exchange chromatography (IEC)8, 51-

54 and electrokinetic chromatography46, 50, 55-57. By tuning the stationary phase and eluents, 
the dispersed SWCNTs have been successively sorted by length, m/s, diameter and 
chirality. 

2.4.1 Size-exclusion chromatography 
Among numerous chromatographic methods, gel filtration chromatography, or gel 
permeation chromatography is widely applied in the efficient and low-cost separation of 
biological macromolecules.58 Its separation is based on differences in the sizes or weights of 
the analytes, which govern their access to the pore beads packed in a column. In general, the 
smaller analytes can enter the pores more easily and therefore spend more time in these 
pores, increasing their retention time. Conversely, larger analytes spend little if any time in 
the pores and are eluted quickly. It can be thus inferred that the pore sizes of gel beads for 
the column packing play a critical role in the separation of an analyte with a desired range 
of molecular weights. Since the lengths of SWCNTs in suspensions prepared by 
ultrasonication are in a wide range from 50 nm to 1000 nm, SWCNTs are separated 
according to their lengths by the size-exclusion chromatography. Many porous packing 
media as the stationary phases have been used. 
In 1998, Duesberg et al. reported that carbon nanospheres, metal particles, and amorphous 
carbon could be efficiently removed by size exclusion chromatography when applied to 
surfactant stabilized dispersions of SWCNT raw material.44 In addition, length separation of 
the tubes was achieved. 1wt% sodium dodecylsulfate (SDS) solution was used to disperse 
and stabilize SWCNTs. Controlled-pore glass (CPG) with an average pore size of 300 nm 
(CPG 3000Å, Fluka) was packed in the column. Different fractions of SWCNTs were eluted 
out sequentially with 0.25wt% SDS aqueous solution. Later, Farkas et al. accordingly 
undertook to length sort of cut SWCNTs by size exclusion chromatography (SEC) using a 
HPLC system,45 promising that efficient length separation with good resolution is feasible 
on a preparative scale. Further by using three silica-based column resins in series with pore 
sizes of 2000, 1000, and 300 Å, Huang et al. demonstrated that DNA dispersed SWCNTs 
with very narrow length distribution could be sorted out.47 The atomic force microscopy 
revealed that the average length decreased monotonically from >500 nm in the early 
fractions to <100 nm in the late fractions, with length variation ≤ 10% in each of the 
measured fractions. 
Polysaccharide-based porous beads were also applied for the separation of SWCNTs. Heller 
and Arnold et al. reported that by the gels of sephacryl S-500, the concomitant length and 
diameter separation of SWCNTs were achieved.46 As shown in Figure 8, separation by 
diameter was concomitant with length fractionation, and nanotubes that were cut shortest 
also possessed the greatest relative enrichments of large-diameter species. They 
demonstrated that the longer sonication time led to an increase in the electrophoretic 
mobility of CNTs in the gels and thus determined the degree of both length and diameter 
separation of the nanotubes. 
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Fig. 8. Absorption spectra of selected fractions of nanotubes probe-tip sonicated for 3 h and 
separated by a size exclusion column. The spectra show changes in the concentrations of the 
nanotube species with respect to elution time. Reproduced from ref.46. 

The stationary phase played an important role in the chromatographic separation of carbon 
nanotubes, Moshammer et al first demonstrated that by size exclusion chromatography of 
Sephacryl S-200 gel, SDS-dispersed SWCNTs could be fractionated according to electronic 
structure type.50 More recently, Liu et al achieved the m/s separation of SWCNTs by using 
agarose derived filling gel.59 Sepharose 2B gel (a bead-formed cross-linked agarose gel 
matrix, GE Healthcare, bead size range 60-200 μm) was used. When SWCNTs dispersed in 
SDS solution were applied to the top of the gel column, from Figure 9A, m- and s-SWCNTs 
could be sorted with a two-step elution using SDS and sodium deoxycholate (DOC) 
solution, respectively. Importantly, by the successive addition of DOC solutions with 
concentrations ranging from 0.05 to 2 wt % and fractional collection at each concentration, 
 

 
Fig. 9. (A) Optical absorption spectra (normalized at 620 nm). (B) Optical absorption spectra 
of the selectively enriched s-SWCNTs fractions by fractional collection with DOC eluants of 
different concentrations: (a) DOC 0.05 wt %, fraction 1, (b) DOC 0.05 wt %, fraction 3, (c) 
DOC 0.05 wt %, fraction 6, (d) DOC 0.05 wt %, fraction 9, (e) DOC 0.1 wt %, (f) DOC 0.25 
wt %, (g) DOC 0.5 wt %, and (h) DOC 2 wt %. Reproduced from ref.59. 
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they found that smaller-diameter enriched s-SWCNTs were eluted first with the DOC 
solution at lower concentration and the larger-diameter enriched s-SWCNTs preferred to be 
eluted at higher DOC concentrations, as displayed in Figure 9B. Thus, diameter-selective 
enrichment of semiconducting fraction was achieved. These results indicate that agarose gel 
is effective for simultaneous sorting of CNTs by their electronic types and diameters, which 
predicts the SWCNT separation in a simple, low-cost and scalable way. 

2.4.2 Ion-exchange chromatography 
Ion exchange chromatography is a process that allows the separation of ions and polar 
molecules based on their charge. It can be used for almost any kind of charged molecule 
including large proteins, small nucleotides and amino acids. The surface of stationary phase 
displays ionic functional groups that interact with analyte ions of opposite charge. In 
comparison with size-exclusion chromatography, by anion exchange chromatography, more 
refined separation of SWCNTs can be achieved, not only by m/s, and diameter, but also by 
chirality. Earlier in 2003, Ming Zheng’s group reported that bundled SWCNTs were 
effectively dispersed in water by their sonication in the presence of single-stranded DNA 
(ssDNA) and demonstrated that DNA-coated carbon nanotubes could be fractionized with 
different electronic structures by ion-exchange chromatography, as shown in Figure 10A 
and B.51 A strong anion-exchange column HQ20 (Applied Biosystems) functionalized by 
quarterized polyethyleneimine was chosen, which is expected to bind to the negatively 
charged phosphate groups of DNA. A linear salt gradient (0 to 0.9 M NaSCN in 20 mM MES 
buffer at pH 7) at a flow rate of 2 ml/min was used to fractionalize SWCNTs.  Further by a 
systematic search of the ssDNA sequence with d(GT)n, n = 10 to 45, they found that 
wrapping of carbon nanotubes (CNTs) by ssDNA was sequence-dependent.52 The 
electrostatics of the DNA-CNT hybrid depends on tube diameter and electronic properties, 
enabling nanotube separation by anion exchange chromatography. Optical absorption and 
Raman spectroscopy showed that the early fractions were enriched in the smaller diameter 
and metallic tubes, whereas the fractions collected later were enriched in the larger diameter 
and semiconducting tubes. 
 

 
Fig. 10. Separation of DNA-CNT by anion exchange chromatography. (A) Electronic 
absorption spectra of two fractions f47 and f49. (B) Visual comparison of DNA-CNT 
solutions of the starting material, f47 and f49. Reproduced from ref.51. 
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However the separation resolution by this approach was not perfect. They proposed that a 
major issue was probably related to the broad distribution of tube length, since the 
dispersed CNTs were randomly cut during the long-term ultrasonic process, resulting in the 
tubes ranging from 50 to 1000 nm in length. Hence, in 2007, they combined the SEC with 
IEC to improve the separation resolution of small diameter SWCNTs.53 They first narrowed 
the length distribution of SWCNTs by conducting SEC separation and then performed a 
chiral separation by the IEC. (9,1) tubes were separated from the same diameter but 
different chirality and much more abundant (6,5) species. Such exquisite separation was 
suggested as a result of chirality dependent interactions between DNA-wrapped SWCNTs 
and the IEX resin. These interactions could be electrostatic in nature, arising from chirality-
dependent DNA-wrapping, and/or electrodynamic in nature, originating from chirality-
dependent van der Waals forces. 
Similar separation results were also reported by the group of Hongjie Dai.8 With separated 
SWCNT fraction, they fabricated FET devices with s-tubes of small diameters, achieving the 
high on-/off-current (Ion/Ioff) ratios up to 105 owing to s-SWCNTs with only a few (n,m) 
chiralities in the fraction. This was the first time that chemically separated SWCNTs were 
used for short channel, all-semiconducting SWCNT electronics dominant by just a few 
(n,m)s. 
After single-chiral tube specie was separated by SEC-IEC technique, by designing an 
effective search of a DNA library of 1060 in size, as shown in Figure 11A, all 12 major single-
chirality semiconducting species were separated from a synthetic mixture by Ming Zheng 
group.54 They identified more than 20 short DNA sequences, each of which recognizes and 
enables chromatographic purification of a particular nanotube species from the mixture. 
Recognition sequences exhibit a periodic purine–pyrimidines pattern, which can undergo 
hydrogen-bonding to form a two-dimensional sheet, and fold selectively on nanotubes into 
a well-ordered three-dimensional barrel, as illustrated in Figure 11B-D. They proposed that 
the ordered two-dimensional sheet and three dimensional barrel provided the structural 
basis for the observed DNA recognition of SWCNTs. 
It is clearly indicated that for the surface properties of dispersed SWCNTs, which may be 
tailored by dispersants, and the interaction of dispersed CNTs with stationary phase are 
both critical issues to determine the selectivity and efficiency of chromatographic methods 
for SWCNT sorting. Ss-DNA appears more selective than SDS for the recognition of 
SWCNTs of different structures; however, it’s very costly and currently difficult to be 
applied for a large-scale separation. 

2.4.3 Electrokinetic chromatography 
Electrokinetic chromatography is a well-established chromatography technique performed 
under electric field, taking the advantages of electrically driven force and the tunable 
selectivity of stationary phase. Earlier in 2003, Doorn et al. found that capillary 
electrophoresis (CE) could be performed on polymer-stabilized bundles and SDS 
suspensions of HiPco SWCNTs.55 They showed, for poly(vinylpyrrolidone) (PVP)-stabilized 
tube bundles, that separations resulted in the fractions containing bundles of different 
electronic properties, which were dependent on bundle sizes.. CE on SDS dispersed CNT 
suspensions separated their large aggregates from smaller bundles and produced a 
relatively pure fraction of individual isolated nanotubes. Isolation of the aggregates from 
individual nanotubes more likely is attributed to the differences in molecular weight or 
diameter, leading to different migration behaviors under electric field. 
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Fig. 11. (A) Optical absorption spectra and atomic structures. Ultraviolet–visible–near-
infrared absorption spectra of 12 purified semiconducting SWCNTs (ranked according to 
the measured E11 absorption wavelength) and the starting HiPco mixture. The structure of 
each purified SWCNT species (viewed along the tube axis) and its (n,m) notation are given 
at the right side of the corresponding spectrum. (B) A 2D DNA sheet structure formed by 
three anti-parallel ATTTATTT strands. The dotted lines between bases indicate hydrogen 
bonds. The open arrow in each strand denotes 5´ to 3´ direction. The dashed grey arrow (top 
right to bottom left) represents the roll-up vector along which the DNA barrel in c is formed. 
(D) A DNA barrel on a (8,4) nanotube formed by rolling up a 2D DNA sheet composed of 
two hydrogen-bonded anti-parallel ATTTATTTATTT strands. (D) The structure in c viewed 
along the tube axis. Color coding: orange, thymine; green, adenine; yellow ribbons, 
backbones. Reproduced from ref.54. 

Agarose gel electrophoresis, where agarose gel is the stationary phase, was successfully 
applied to sort SWCNTs by length, diameter and electronic type. In 2004, Heller et al. 
performed the concomitant length and diameter separation of SWCNTs by the gel 
electrophoresis.46 HiPco SWCNTs were suspended in sodium cholate hydrate. 
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Electrophoresis was performed in a 7 ×10 cm, 1% agarose gel in TAE buffer (trisacetate-
EDTA) with 50 mM sodium cholate at 100 V. Nanotube fractions were removed from the gel 
via electroelution by creating a second set of eight wells in the gel 4.5 cm from the original 
40 μL sample wells. Material was pipetted out of the second set of wells after 30 min of 
electrophoresis and repeatedly after an additional 5 min of applied potential to obtain six 
fractions. Highly resolved fractions of nanotubes with average lengths between 92 and 435 
nm were sorted out. They demonstrated that nanotubes that have been cut shortest also 
possess the greatest relative enrichments of large-diameter species. 
In 2008, by modulating the dispersant and electrophoresis condition, Tanaka et al. 
performed a better m/s separation of SWCNTs with agarose gel electrophoresis.56 As 
illustrated in Figure 12, when the SWCNTs were isolated with SDS and embedded in 
agarose gel, only the m-SWCNTs were separated from the starting gel under an electric 
field. Such method is available for the sorting of other kinds of SWCNTs produced by arc 
and laser ablation methods. It affords a solution containing 70% pure m-SWCNTs and 
leaves a gel containing 95% pure s-SWCNTs. SDS and agarose played a synergic role for 
such separation effect. 
 

 
Fig. 12. M/s separation of various kinds of SWCNTs by AGE. (A) Sequential photographs 
showing the progress of separation. Tube 1, HiPco SWCNTs (1.0 ± 0.3 nm); tube 2, LV1 
SWCNTs (1.2 ± 0.1 nm); tube 3, LV2 SWCNTs (1.4  ± 0.1 nm); and tube 4, Arc SWCNTs (1.4 ± 
0.1 nm). Agarose gel concentrations of gel samples are 0.2% (HiPco, LV1, and LV2 SWCNTs) 
and 0.5% (Arc SWCNTs). (b–e) Absorption spectra of separated SWCNTs: (B) HiPco-, (C) 
LV1-, (D) LV2-, and (E) Arc-nanotubes. Blue and red spectra indicate semiconducting and 
metallic fractions, respectively. Results for the SWCNT dispersion before separation (black 
line). The peaks (970 and 1160 nm) derived from water are indicated by asterisks. 
Reproduced from ref.46. 
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Similar m/s separation results were also reported by Moshammer et al.50 They proposed that 
in the SDS-dispersed “starting” suspensions, s-SWCNTs were primarily in the form of small 
bundles whereas m-SWCNTs were predominantly suspended as individual tubes. They 
thought that the selective dispersion ability of SDS led to the different mobilities of m- and s-
SWCNTs during the gel electrophoresis and finally sorted SWCNTs into two fractions. 
However such an explanation seems kind of intuitive and the detailed mechanism is still not 
clear. Considering that SDS dispersed SWCNTs are charged and dominant in micelles,  by 
employing thionine (TN) as a probing molecule and monitoring color changes and absorption 
bands of TN molecules, we roughly estimate the migration and adsorption properties of SDS 
micelles in the gel as well as on SWCNT surfaces during the electrophoresis.57 Figure 13A 
illustrated the electrophoresis results of SDS gel and SDS-SWCNT gels with and without the 
TN probe, respectively. It was observed that although TN is a positively charged dye, when 
dissolved in 1% SDS solution, TNs interact with SDS micelles to form negatively charged SDS-
TN micelles and migrate toward the anode under the electric field. The electrophoresis of SDS-
SWCNT gel with TNs also resulted in the separation of SWCNTs into two fractions. The 
staying fraction in the initial gel showed a Spanish green color, pretty similar to that observed 
in the staying fraction of SDS-SWCNT gel without TNs. The moving fraction, however, 
showed two color regions, a light blue region (arrow direction), which migrated faster and  
  

 
Fig. 13. (A) Sequential photographs of SDS-TN gel, SWCNT-SDS gel, and SWCNT-SDS-TN 
gel performed by agarose gel electrophoresis at 0, 5, and 30 min, respectively. (B) Optical 
absorption spectra of initial SDS-SWCNT dispersion and the moving fractions collected 
from the three kinds of gels after agarose gel electrophoresis shown a; (C) Optical 
absorption spectra of initial SDS-SWCNT dispersion as well as the staying fractions 
collected from SDS-SWCNT gels with and without TNs after agarose gel electrophoresis. 
Reproduced from ref.57 
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displayed color similar to the case of SDS-TN, and a gray-blue region (the region above 
arrow), different from the color obtained with SDS-SWCNTs without TN probe. By analyzing 
their corresponding absorption spectra (Figure 13B and C), we proposed that the unique 
interaction of s-SWCNTs with agarose and the exfoliation of some SDS molecules from SDS-s-
SWCNT entities lead to the m/s separation of SWCNTs. Understanding the role of SDS in the 
separation may help us to further optimize the purification of each fraction and develop a 
more effective and low-cost separation strategy. 

3. Applications of separated SWCNTs 

Separated m- and s- SWCNTs offer many unique opportunities for a variety of technological 
applications.60 Regarding metallic nanotubes, in principle, they may carry an electrical current 
density of 4×109 A/cm2, which is more than 1000 times greater than the copper. Since in 1997 
first electrical devices based on metallic SWCNTs were fabricated,2, 5 their potential 
applications in nanocircuitry, conductive nanocomposites and transparent conductive films 
have been widely investigated. The electrical conductive performance in the films from the 
separated m-SWCNTs was consistently much better than that in the films from as-purified 
SWCNTs.61-63 For examples, employing the DGU method, Hersam and co-workers enriched 
m-SWCNTs of different diameter ranges for transparent conductive films.61 For enriched 
metallic HiPco SWCNTs, the resulting film exhibited a sheet resistance of ~231 Ω/square for 
75% optical transmittance at 550 nm, in comparison with ~1340 Ω/square in the reference film 
of the same optical transmittance from nonseparated HiPco SWCNTs. The films of enriched 
m-SWCNTs from laser-ablation- and arc-discharge-produced nanotube samples generally 
exhibited better performance, with less than 140 Ω/square sheet resistance at optical 
transmittances of over 70% in the visible and near-IR spectral regions.  
The separated m-SWCNTs can also enhance the transparent conductive performance in 
composite films with conductive polymers.63, 64 Wang et al. prepared the composite films of 
enriched m-SWCNTs with poly(3,4-ethylenedioxythiophene)/poly-(styrenesulfonate) 
(PEDOT/PSS) in various compositions, by the spraying method.63 The sheet resistance 
indicated that the composite films prepared from enriched m-SWCNTs were consistently 
and substantially better in device performance than those with nonseparated SWCNTs, 
which could be applied in electronic devices such as organic light-emitting diodes (OLEDs).  
In comparison to m-SWCNTs at a similar energy level, s-SWCNTs have a large density of 
electronic states and present diameter-dependent transition bands. S-SWCNTs are capable 
of carrying a high current with an electron/hole mobility. Hence, s-SWCNTs are widely 
investigated due to the pursued applications in field-emission transistors (FETs).9, 11, 15 To 
maximize the performance of FETs, it is desirable to obtain SWCNTs with similar diameter, 
chirality and thus band-gaps, and connect them in parallel to build each FET device for 
sufficient on-currents and reproducible device characteristics. The lengths of SWCNTs 
should also be controllable to meet the requirement of desired channel length. The well-
refined separation of s-SWCNTs according to their length, diameter, and chirality are very 
significant for the application of SWCNTs in nanoelectronics. 
S-SWCNTs separated from post-synthetic methods have already been used in FETs. For 
example, with a small-diameter s-SWCNT fraction separated by the SEC-IEC 
chromatography, Zheng et al. fabricated FET devices composed of separated s-SWCNTs in 
parallel, with high on-/off-current (Ion/Ioff) ratios up to 105 owing to s-SWCNTs with only a 
few (n,m) chiralities in the fraction.8 In addition, nanoelectronic devices composed of single 
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chirality-enriched (10,5) tubes were fabricated with Ion/Ioff ratios as high as 106.65 The 
performance of the FETs made with the slightly bigger (10,5) tubes was better than the 
previously reported results using (7,6) and (8,4) tubes, even larger single-chirality s-
SWCNTs were preferred in order to further improve the device performance. Similarly, the 
s-SWCNTs from agarose gel-based separation were also used in thin-film FETs, with 
performance better than that in devices fabricated with non-separated SWCNTs. 43 Recently 
Lee et al. demonstrated that the CoMoCat SWCNTs treated with diazonium salts and 
purified by DGU could be used to fabricate solution-processable FET devices with a full 
semiconductor device yield.66 By increasing the network thickness, the effective mobility of 
the devices could be raised to ~10 cm2 V-1s-1 while keeping the on–off ratio higher than 5 000. 
The removal of impurities was found to be essential for achieving high-on–off-ratio devices. 
It was easier to achieve a full semiconductor device yield using the CoMoCat SWCNTs, 
which were very small in diameter and where the difference between chiralities were 
significantly large in terms of the reactivity with diazonium salts.  

4. Conclusions and outlook 

The separated SWCNTs with uniform structure, eg single electronic (m- or s-) type and 
chirality, have presented better performance than non-separated SWCNTs in 
nanoelectronics and thin-film devices. For real industry applications of SWCNTs, a simple, 
low-cost, high-purity and scale-up separation technique is highly demanded. So far by post-
synthetic techniques, especially by density gradient ultracentrifugation and 
chromatography technique, SWCNTs have been separated according to their lengths, 
electronic types, diameters and chirality in a certain scale.  For the density gradient 
ultracentrifugation method, the relative expensive equipment and the careful process make 
it less competitive than a well-established chromatography method. Considering the 
effective roles of stationary phase and mobile phase, we propose that the chromatography 
will offer more opportunities for the refined separation in a simple, lower-cost and scalable 
way for the industrial applications of SWCNTs. 
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1. Introduction 

The benefits of using carbon nanotubes (CNTs) as probes for scanning probe microscopy 
(SPM) have been recognized for many years.1 Since the initial report on the fabrication and 
use of CNT SPM probes, many accounts of the fabrication of CNT SPM probes, and 
demonstrations of the superior performance of these probes have been published. 
Significant progress has been made since the initial studies by Dai et al.,1, 2 although a 
method for fabricating CNT SPM probes that fully exploits the desirable properties of the 
CNT and is truly reproducible and cost-effective remains elusive. In the present work, we 
detail the specific properties of CNTs that make them appropriate for various SPM methods, 
and review methods for the fabrication of CNT SPM probes. Our review of fabrications 
methods includes a review of methods in the literature, as well as recent, previously 
unpublished methods developed in our laboratory. The goal of this work is to provide a 
concise and up-to-date guide to aid researchers in the further development of CNT SPM 
probes. 
SPM now encompasses several tens of distinct techniques, and is arguably the most widely 
used method to obtain real-space information on surfaces and solid-fluid interfaces; in the 
past several years SPM has been applied even to fluid-fluid interfaces, such as imaging 
living cells in buffer solution.3 The basic block diagram of a general SPM instrument is 
presented in Fig. 1. In all variants of SPM, a probe is brought close to the surface or interface 
of interest, and rastered across the surface/interface while one or more interactions between 
the probe and the surface/interface is transduced and recorded. In many, but not all cases 
one of the transduced interactions is used in a feedback loop to maintain a constant distance 
between the probe and the surface/interface. Scanning tunneling microscopy (STM), the 
first SPM method reported,4 transduces the quantum mechanical tunnel current from a 
sharp metal probe biased relative to a sample. Since the introduction of STM the list of SPM 
methods has grown dramatically. A non-exhaustive list of commonly used SPM methods 
includes several varieties of atomic force microscopy (AFM), which map surface/interface 
morphology by transducing the short-range van der Waals and capillary forces between the 
surface/interface and probe,5-8 magnetic force microscopy (MFM), which maps the stray 
magnetic field above a surface/interface by transducing the force on a magnetic probe due 
to a magnetic or current-carrying sample,9-11 electrostatic force microscopy (EFM), which 
maps the electrostatic field above a surface/interface by transducing the force on a 
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conductive probe biased with a DC voltage relative to the sample,12, 13 and Kelvin force 
microscopy (KFM), which maps the contact potential by transducing the AC component of 
the capacitive force on a conductive probe biased with both AC and DC components relative 
to the sample.14, 15 The demands on the probe vary widely from method to method; 
however, as we will describe here, for many of these methods, carbon nanotubes make an 
excellent probe material. 
 

 
Fig. 1. Block diagram of a generic SPM instrument. Servo electronics are frequently, but not 
always used to maintain a constant sample-probe distance. 

Just as “SPM” describes a family of related microcopy methods rather than a single method, 
“CNT” describes a family of related nanostructures rather than a specific nanostructure; 
CNTs vary widely in number of walls and diameter. Single-wall CNTs (SWNTs) and 
individual walls of multi-wall CNTs (MWCNTs) also differ in helicity – the manner in 
which the graphene lattice is wrapped to form the cylindrical CNT wall. The electronic and 
mechanical properties of a CNT depend, sometimes strongly, on these geometric 
attributes.16 CNTs with a certain diameter and number of walls can be grown by choosing 
an appropriate growth method from the myriad of published CNT growth methods.17 With 
modern purification methods, even SWNTs of a specific helicity can be obtained.18 Further, 
catalytic chemical vapor deposition (CVD) growth methods can be used to make CNTs 
encapsulating metal particles and nanowires,19-21 and methods of plating the exterior of 
CNTs with metals and electrically insulating layers have also been published;22, 23 these 
metal/CNT and insulator/CNT hybrid structures naturally have different electronic, 
mechanical and magnetic properties. Developers of CNT SPM probes therefore have a great 
deal of control over the properties of the CNTs used in probe manufacture. In an effort to 
guide CNT SPM probe developers to the optimal CNT variety for their specific SPM 
application, the following three sections relate CNT attributes to 
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electronic/magnetic/mechanical properties, and further relate those properties to the 
design requirements of probes for various varieties of SPM. 

2. The benefits of CNTs for SPM applications 

2.1 Geometric considerations and probe convolution 
It was recognized many years ago that the shape of CNTs is almost ideal for use as a SPM 
probe. Generally, the goal of SPM is to map some property of a surface/interface in real 
space; however, the image acquired by SPM is not a map of that property of the sample, but 
rather a convolution of the properties of the sample and the SPM probe. This is illustrated 
with an idealized contact-mode AFM experiment in Fig. 2: as the pyramidal probe of Fig. 
2(a) is rastered over the rectangular protrusion, it traces a path that is sloped at the angle of 
the pyramidal probe, rather than vertical like the actual profile of the protrusion. The SPM 
“image” reflects both the shape of the surface and the shape of the probe. As is illustrated in 
Fig. 2(b), the pseudo-one-dimensional nature of CNTs can minimize erroneous features in 
the SPM image due to probe convolution. 
 

 
Fig. 2. Idealized example of tip convolution: a standard SPM probe (a) and a CNT SPM 
probe (b) going over the same square surface feature. Dashed line indicates the path of the 
probe as it is rastered over the surface. This path is recorded as the SPM image. 

In SPM methods relying on long-range forces (e.g. MFM, EFM, etc.), probe convolution is 
more complicated and in many cases can lead to significantly greater difficulty in 
interpreting the resulting SPM image. Here, we use MFM as an exemplar to demonstrate the 
potential of CNT probes for SPM methods relying on long-range forces. 
To a first approximation, the magnetic interaction energy of a probe with a magnetization 
Mprobe(r) at the point r with the magnetic field induced by the sample, Hsample(r) can be 
expressed as 

  
 

( )sample probeprobe volume
E dV  H r M r , (1) 

where the integral is taken over the volume of the probe. As in AFM, the probe is mounted 
on a cantilever driven at a frequency near its resonant frequency. The force gradient due to 
the magnetic interaction (i.e. the second z derivative of interaction energy) weakens or 
enhances the restoring force of the cantilever. The resulting shift in resonance frequency is 
detected as a shift in the relative phases of the driving force and the motion of the cantilever. 
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In practice the cantilever is typically kept a few tens of nanometers above the surface during 
MFM phase mapping to prevent interference of the stronger but shorter-range van der 
Waals and capillary forces. 
Several factors complicate analysis of these MFM phase maps: first, magnetic field decay 
above the sample depends on the lateral wavelength of the magnetization field of the 
sample. More rigorously, a sample with a magnetization field  

 0sin(2 / )x lM M , (2) 

where x is in the plane of the sample surface, will induce a magnetic field that decays 
exponentially away from the surface with the characteristic decay length l. Viz, 

 2
sample exp( / )z l H . (3) 

If Eq. 2 is considered to be a Fourier component of an arbitrary magnetization field, it is 
clear from Eq. 3 that lateral variations in the magnetic field above the sample are effectively 
a low-pass-filtered version of lateral variations in the magnetization field since smaller-
wavelength components of the magnetic field decay more rapidly away from the surface. 
A second complicating factor can be seen from Eq. 1: the phase shift mapped in MFM does 
not arise from a de facto surface-surface interaction as it does in AFM, but rather the 
interaction between the stray magnetic field and the entire volume of the magnetic material 
of the probe; the shape of the entire probe, rather than just the probe apex, contributes to the 
convolution. To illustrate, we compare a typical commercial MFM probe, which is made by 
depositing a few-nanometer layer of magnetic material over an approximately pyramidal 
silicon probe, as shown in Fig. 3(a), with a CNT-encapsulated magnetic nanoparticle MFM  
 

 
Fig. 3. Cartoon of a (a) standard MFM probe composed of a layer magnetic material over a 
pyramidal, non-magnetic probe, and (b) a CNT MFM probe composed of a magnetic 
nanoparticle encased in the tip of a CNT interacting with the stray magnetic field induced 
by a magnetic sample. Note that the CNT SPM probe has a larger fraction of its magnetic 
material closer to the sample surface, where the stray magnetic field is a more faithful 
representation of the samples magnetization field. 
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probe, like those recently reported by Tanaka et al. (fabrication method discussed below).24 
The magnetic catalyst particle used to grow these CNT probes is in the tip of the CNT and 
has a characteristic “carrot”-shape as illustrated in Fig. 3(b). The amount of magnetic 
material in a probe between in a differentially thin slice between z and z+dz increases 
monotonically with increasing z (i.e. increasing distance from the sample surface) from the 
tip of the probe for the standard probe. For the CNT probe, this value increases rapidly in 
the first few nanometers from the tip, but then decreases with increasing z, going to zero at 
tens to a few hundreds of nanometers from the CNT tip. Since this differentially thin slice of 
the probe between z and z+dz interacts with the sample-induced magnetic field at z, and the 
low pass filtering effect of the sample-induced magnetic field increases with increasing z, it 
is clear that less material at larger z is preferential for high-resolution MFM imaging. Unlike 
AFM where a minimal lateral dimension of the probe is desirable, in MFM both a minimum 
lateral and vertical dimension are desirable. Since a finite volume of magnetic material is 
needed in the probe, one must in general balance the criteria of low lateral and low vertical 
dimension. In light of this analysis, due largely to its small effective vertical dimension, CNT 
MFM probes are preferable to standard MFM probes. Indeed, we have found that even 
fairly wide CNT MFM probes (tube radius as large as 60 nm) provide significantly higher 
resolution MFM images than significantly sharper (tip radius of curvature of approximately 
15 nm) standard MFM probes.24, 25 While MFM is the only example of its kind provided here 
CNT SPM probes have been proposed for EFM and other SPM methods relying on long-
range forces based on similar geometric arguments. 

2.2 Mechanical considerations 
The mechanical properties of CNTs have been celebrated for many years and have been the 
subject of hundreds of experimental and theoretical investigations, as reviewed most 
recently by Wang et al,26 and Shokrieh et al.27 As is often cited, the Young’s modulus and 
tensile strength of CNTs are five and 120 times greater, respectively, than those of 304 
stainless steel. Although these simple numbers indicate that CNTs are in general 
mechanically robust, the mechanical properties of CNTs depend on their diameter, number 
of walls, and aspect ratio. To understand how the mechanical properties of CNTs are 
beneficial in SPM applications as well as to select the optimal CNT length, diameter, and 
number of walls for a given SPM method, it is important to consider the forces applied to 
the SPM probe during operation. 
Tip “crashes” are a common problem in almost all forms of SPM; mistakes made in 
approaching the probe to the sample, environmental vibrations large enough to transmit 
through the instrument’s vibration isolation systems, or rastering the probe across a surface 
feature too steep for the servo circuit to avoid, or too large for the servo actuators to 
overcome can all result in a probe-sample collision that applies extremely large transient 
stresses to the probe apex breaking brittle probe materials or plastically deforming metal 
probe materials. While fracture and plastic deformations of CNTs have been observed in 
experimental28-30 and theoretical31, 32 investigations, the strains leading to fracture or plastic 
deformation are unlikely to be encountered in even the most violent tip crash. Unlike more 
common probe materials, both SWNTs and MWCNTs can be deformed to a remarkable 
extent, and regain their original shape when the stress is relieved.33-38 In our experience, 
CNT probe destruction during tip crash is generally the result of failure of the CNT/probe 
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junction, rather than failure of the CNT itself. To minimize stress on the CNT/probe 
junction, the thinnest and longest and therefore most compliant CNT compatible with the 
particular SPM application should be used. As described above, long, thin CNTs also 
minimize tip convolution for most SPM methods. 
In noncontact (NC)- and TappingMode™ (TM)-AFM, and most methods based on NC- and 
TM-AFM (e.g. EFM, MFM, KFM, etc.), the forces applied to the probe under normal 
operation are extremely small. Thus, thin, high-aspect-ratio CNTs can be used for probes. In 
practice, above a certain aspect ratio the resolution is found to decrease with increasing CNT 
length,39 an effect that most authors attribute to thermally excited vibrations in the CNT;39, 40 
however, the extremely high elastic modulus of CNTs results in a very low susceptibility to 
thermal vibrations, and excellent resolution has been reported for CNT SPM probes with 
aspect ratios of more than 50. Interestingly, Carbon Nanotube SPM Probes commercially 
available from NanoSensors™ use 1.2- to 2.4-nanometer-diamter SWNTs or DWNTs 
extending 50 to 750 nm beyond the end of the probe handle, the shortest and widest of 
which still have an aspect ratio comparable to the slenderest CNT AFM probes reported in 
the literature. 
CM-AFM places substantially stricter requirements on the mechanical properties of the 
probe. Since the probe stays in contact with the surface as it is rastered, lateral as well as 
normal forces are applied to the probe. Continuous contact also results in much faster wear 
of the probe tip, especially when imaging high elastic modulus materials. Wear is expected 
to be a problem for any probe material; however, since CNTs have the highest elastic 
modulus of any known material they should be least susceptible to wear. Further, the 
pseudo-two-dimensional nature of the graphitic sheets that comprise the CNT surfaces 
generally present no asperities even on the atomic scale, making them even less susceptible 
to wear. 
While the slenderness of CNTs is expected to provide reduced tip convolution in CM-AFM 
as it does in other methods, it is also expected to result in a more flexible probe – a source of 
concern because of the non-vanishing lateral forces applied to the probe tip during CM-
AFM. However, based on scanning anodic oxidation experiments, Dai et al. reported that 
flexure of the CNT is problematic only at scanning rates significantly faster than those 
generally used in CM-AFM, even for very slender CNT AFM probes,2 again due to the 
CNT’s extremely high elastic modulus. While there is significant controversy regarding the 
bending rigidity of MWCNTs,34 recent theoretical studies suggest that for the same outer 
diameter, a greater number of walls does indeed increase bending stiffness. Further, unlike 
single-, and few-wall CNTs, which soften at relatively low strains due to large-scale 
buckling, more dense CNTs (i.e. CNTs with a greater number of walls), do not soften 
significantly at modest strains because the inner tubes resist buckling. We expect that by 
selecting denser MWCNTs, or CNT growth methods that favor denser MWCNTs, even 
slenderer CNT CM-AFM probes (or alternatively, faster scan rates) than those reported by 
Dai et al. can be realized. 
CNT probes also have great potential for SPM-based nanoindentation. As in other scanning 
probe methods, the large aspect ratio gives CNT nanoindentation probes access to deep 
narrow recesses. Reproducible indentation measurements from the bottom of pits in the 
surface of a commercial polycarbonate DVD were reported by Akita and co-workers.41, 42 
Further, the extremely high elastic modulus of CNTs makes them ideal for indentation 
applications. As in the case of CM-AFM, dense MWCNTs are expected to provide the best 
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performance, since the presence of inner tubes reduces the compressive compliance, and 
increases flexural stiffness, thereby increasing the load necessary for Euler or shell buckling 
of the CNT.  
Perhaps the most compelling benefit of using CNTs as nanoindentation probes, however, 
stems from the atomic-scale near-perfection of their tips. Traditional nanoindentation probes 
are made by mechanically grinding synthetic diamond. The grinding process yields a tip 
that is rough and irregular on the few-angstrom to few-nanometer scale. For extremely 
shallow indents, morphological irregularities result in a significant uncertainty in the 
projected area of the probe-sample contact area, complicating or even precluding 
quantitative analysis of the nanoindentation data. The smooth, hemispherical morphology 
of CNT tips, in conjunction with their high elastic modulus, is expected to reduce these 
uncertainties, possibly allowing quantitative determination of mechanical properties from 
few nanometer, or even sub-nanometer indents. The ability to probe mechanical properties 
to the sub-nanometer length scale would be of great benefit to the study of the tribological 
properties of industrially important thin films, such as gate insulators in VLSI circuits, and 
ultrathin diamond-like carbon films used in hard drives. 
 

 
Fig. 4. SEM image of a single-CNT MFM probe fabricated using an ion-shadowed MPECVD 
fabrication method. 

2.3 Electronic considerations 
The electronic properties of CNTs generally make them a good probe material for SPM 
methods that require a conductive probe. CNTs are capable of carrying tremendous current 
densities.16 Several examples of CNT probes used successfully in EFM, scanning anodic 
oxidation lithography2 and nanoscale surface conductivity measurements.22, 43 While it is 
well known that most synthetic methods produce ~50% semiconducting, and further that 
even metallic CNTs generally have a very sparse density of states (DOS) near the (vacuum) 
Fermi level, empirically it is found that CNT SPM probes function very well for STM.1, 22, 44, 
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45 The excellent performance of CNT SPM probes is somewhat confounding since materials 
with a sparse DOS near the Fermi level generally make poor SPM probes due to the small 
number of states available for electrons to tunnel out of and into. While further study is 
warranted, the absence of this problem in the case of CNT STM probes maybe attributed to a 
larger local DOS (LDOS) at the CNT tip due to broken bonds or the presence of the defects 
that are necessary to form the closed CNT tip.46 In some cases, residual metal catalyst 
particles at the probe tip may also be responsible for broadening the LDOS near the probe 
tip.43 

3. CNT SPM probe fabrication methods 

Mounting a CNT – a definitively nanometer-scale object – on a millimeter-scale SPM probe 
(hereafter called the probe handle), is a non-trivial challenge. Approaches to this problem 
generally fall into one of two categories: direct attachment (DA), in which a previously 
grown CNT is attached to the tip of a SPM probe, and catalyst deposition / CVD methods 
(CDCVD), in which catalyst is deposited on a SPM probe and the CNTs are subsequently 
grown by CVD. Both categories have benefits and drawbacks. Modern DA methods are 
highly reproducible and offer good control of CNT position, angle, and length, but are 
tremendously time consuming. CDCVD methods are generally less reproducible, but much 
faster and less expensive. In the following, we describe the existing variations of DA 
methods, followed by a description of the existing methods of CDCVD methods. Each of 
these sections is organized roughly in order of increasing technical complexity, rather than 
chronologically. For completeness, we note that CNT SPM probe fabrication by 
magnetopheretic,47 and dielectropheretic48 attraction of solvated CNTs to the apex of the 
probe handle immersed in the CNT solution have also been reported; however, these 
methods have not been explored to the extent that CDCVD and DA methods have, being the 
subject of a single publication each. We thus, opt to direct interested readers to the pertinent 
references rather than describing them at length here. 

3.1 Probe fabrication by DA methods 
The first, and simplest DA CNT SPM probe fabrication method is that reported by Dai et al. 
in their seminal 1998 Science paper.1 In this method, bundles of arc-discharge-grown CNTs 
are secured to the probe handle with an acrylic adhesive. While the adhesion between the 
bundles and the probe handle has not, to our knowledge, been studied in detail, some 
authors suggest that sputtering Cr onto the CNT SPM probe strengthens the CNT bundle / 
probe handle junction.49 Optical microscopy is used to align the CNT bundles with probe 
handle during fabrication. Although the authors attest that in most cases one or two CNTs 
extends down below the rest of the bundle, this method does not produce single CNT 
probes.1, 2, 39, 49 In a similar approach, which does purportedly frequently yield single-CNT 
SPM probes, the probe handle is coated with a metal film to increase its conductivity, biased 
at -5 V ~-25 V relative to the CNT boule, and translated toward the CNT boule under the 
view of an optical microscope until a flash is observed.50 While the physics of this 
fabrication method was left largely unexplored, the authors suggest that electrostatic 
attraction is responsible for attracting the CNTs to the apex of the probe handle. The arc 
discharge evidenced by the flash is believed to follow the attached CNT burning through 
due to Joule heating at a defect within the CNT or at a CNT-CNT junction. This burning 
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serves to sever the probe CNT from the boule, leaving, in some cases, an isolated CNT on 
the probe apex. 
Alignment of CNTs with probe handle using microtranslators mounted in an scanning 
electron microscope (SEM) chamber, as first reported by Akita et al.,51, 52 is a greater 
technical challenge relative to the method of Dai et al.,1 and is indeed more time consuming, 
but the results are significantly more consistent and reproducible. In the original report by 
Akita et al., CNTs were first dispersed in a solvent, and aligned perpendicular to the edge of 
a blade by dielectrophoresis. This provided a sparse array of highly aligned CNTs. The 
CNT-decorated blade and the probe handle were then mounted on separate translators 
inside the SEM chamber. The probe handle was aligned with, and then brought into contact 
with a CNT. Although the van der Waals force between the CNT and the probe handle is 
typically strong enough to hold the CNT in place, amorphous carbon is often deposited over 
the CNT/probe handle contact via electron-stimulated deposition by scanning the SEM’s 
electron beam over a very small area around the junction. This method for amorphous 
carbon deposition requires a hydrocarbon background pressure of a few microtorr. 
Hydrocarbon contamination from a diffusion pump provides sufficient carbon feedstock, 
but carbon-containing molecules may have to be intentionally leaked into the chamber for 
the case of low-pressure turbo-molecular pump (TMP)-pumped chambers. The final step is 
generally to cut the CNT of the newly fabricated CNT SPM probe free of the blade by 
stopping the electron beam over the CNT.53 In a variant of this method used to make MFM 
probes, however, the probe is brought within one micrometer of the base of a CNT, and the 
CNT dislodged from the substrate and attached to the probe handle by applying a DC 
potential to the probe handle.54 This obviates the need for cutting of the CNT – an important 
consideration in the fabrication of MFM probes since the magnetic particle resides in the tip 
of the CNT. In spite of their inherent cost and complexity, SEM-based DA methods are 
currently the most reliable, reproducible and versatile method of CNT fabrication. In 
addition to AFM probes,51-53, 55 and MFM probes,54 nanoindenter probes,35, 41, 42 four-point 
surface conductivity probes,22 and STM probes45 have all been fabricated by various SEM-
based DA methods. 

3.2 Probe fabrication by CDCVD methods 
Surprisingly, the simplest CDCVD CNT SPM probe fabrication method – simply depositing 
a layer of catalytically active metal on the probe handle and exposing to CvD conditions – 
was among the last reported CDCVD methods.24, 56, 57 In the first report of simple CDCVD 
fabrication by Wongwiriyapan et al., the authors deposited 0.5 nm~2 nm Fe films atop 5 
nm~10 nm Al buffer layers on W STM tips, and grew CNTs using thermal CVD with a CH4 
carbon source. A significant drawback to thermal CVD is that the resulting CNTs are 
randomly oriented. Our group opted instead for microwave plasma enhanced CVD 
(MPECVD).24, 43, 57, 58 In our MPECVD apparatus, a 200 V bias is applied between the sample 
holder and a second electrode held ~10 cm above the sample holder (sample holder 
negative). The narrow velocity distribution of the ions that induce the CNT growth ensure 
that the CNTs grow toward the upper electrode with an angular distribution of 
approximately three degrees.59 Using MPECVD with a 15-nm Co catalyst films deposited on 
commercial AFM cantilevers, Tanaka et al. fabricated high-resolution MFM probes.24 
Sakamoto et al. fabricated SPM probes decorated with Pd nanowire/MWCNT 
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heterostructures using MPECVD with a thin Pd catalyst film deposited on AFM cantilevers. 
In both of the previously mentioned reports, the probe handle and the lower face of the 
cantilever were covered with an array of CNTs. Methods for tip-selective employing 
MPECVD will be described below. 
Efforts to place the catalyst, and thus the subsequent CNTs, selectively at the tip of the probe 
handle by exploiting the electric field enhancement at the sharply curved tip were first 
reported by Hafner et al,40 and Cheung et al.60 This method used dielectropherisis to attract 
Fe or FeMo impregnated alumina particles to the near-tip area of the probe handle, and 
subsequent thermal CVD with an ethylene feedstock for CNT growth. The resulting few-
nanometere-diameter CNTs grew along the probe handle surface due to the strong van der 
Waals attraction, until they reached the probe apex. Since the energy to bend the CNT 
around the sharp tip of the probe handle exceeded the energy of the van der Waals 
attraction, the CNTs tended to extend out from the tip of the probe handle. Due to the non-
oriented growth of thermal CVD, however, the length distribution of the CNT SPM probes 
was quite large, necessitating trimming. Tung, et al. exploited the enhanced electric field 
around the apex of a W STM tip to selectively electroplate Co catalyst near the apex.58 
MPECVD growth yielded CNTs highly aligned along the long axis of the probe handle. Due 
to the controllable growth direction of the CNTs, CNT length can be controlled by adjusting 
growth time, and no trimming is necessary. The drawback of Tung’s method (and all 
MPECVD-based methods) for some SPM applications is that MPECVD-grown CNTs tend to 
exhibit large diameters (15 nm~100 nm depending on catalyst size and chemical 
composition), compared to CNTs grown by thermal CVD. 
A number of other methods for selectively depositing catalyst near the probe handle apex, 
and forcing the CNTs to grow in the desired direction during CVD have been reported. 
Charles Lieber’s group at Harvard University developed and refined a method commonly 
known as pore growth wherein electrochemical etching was used to make pores in the tip of 
a Si AFM probe parallel to the long axis of the probe handle. Catalyst deposited in the pores 
yielded CNTs that were forced to grow along the pore direction during CVD growth.39, 61, 62 
For SSRM applications, we recently presented a method for the fabrication of nano-brushes 
of coaxial Pd nanowire/MWCNT heterostructures using a custom-fabricated area-selective 
electroplating cell to deposit Pd catalyst  on the top ~1 μm of a commercial Si AFM probe, 
and the ion-induced alignment properties of MPECVD to force the Pd/MWCNTs to grow 
parallel with the probe handle long axis.43 More recently, we have developed a tip-selective 
variation on the method of Tanaka et al. described above. In this method, a FeNi alloy 
catalyst is deposited only on the forward face of a commercial Si AFM probe. The following 
MPECVD grows highly aligned, FeNi-nanoparticle-containing CNTs. While catalyst is 
deposited over a few square microns of the probe handle surface, the catalyst film at the 
probe handle apex blocks ions coming out of the plasma, preventing them from striking 
portions of the catalyst film away from the apex. This ion shadowing effect can be used to 
grow a single CNT at the probe handle apex with ~70% reproducibility. The alignment and 
length of the CNT at the probe handle apex can be controlled purely by growth conditions. 
A representative probe of this type is shown in Fig. 3. 
Because of the scalability of CDCVD methods a number of authors have attempted to 
develop mass-production CDCVD CNT SPM probe fabrication methods. Yenilmez et al. 
reported a method in which a wafer of silicon AFM probes was spin coated with a few-
micron layer of photoresist leaving only the pyramidal probe tips above the resist layer.63 
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Thereafter, a suspension of FeMo-impregnated alumina particles was spin coated on the 
wafer, the photoresist removed, and CNTs grown using thermal CVD with a methane 
carbon source. Unfortunately, this wafer-scale method produces CNTs that extend 
1μm~10μm beyond the end of the probe handle, necessitating that every CNT SPM probe be 
individually shortened by electrical discharge.1 

4. Summary and conclusions 

Due to their simple shape, high aspect ratio, exceptional mechanical and electronic 
properties CNTs have for many years been an extremely tempting material for scanning 
probe microscopists. Although the inherent complexities and uncertainties of CNT SPM 
probe fabrication have thus far precluded the sort of uniform wafer-scale production that 
would lead to affordable and readily available commercial CNT SPM probes, the 15 years 
since Dai et al.’s seminal paper, has seen the development of a wide array of serial, but 
extremely effective CNT SPM probe fabrication methods, and the application of these 
probes to wide array of SPM methods and a wide array of samples. In the preceding text, we 
have attempted to provide a one-stop guide to this body of work, in the hope of assisting 
future developers in their efforts to exploit the unique properties of CNTs in still more 
varieties of SPM. We expect that the coming years will see the variety of CNT SPM probes 
and the range of applications of CNT SPM probes expand even further. 
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1. Introduction 

The invention of atomic force microscopy (AFM) is having a great impact on various areas, 
such as nano metrology, materials science, surface science and biology (Binnig et al., 1986). 
The lateral resolution of AFM is mainly determined by the probe’s shape and physical 
property, especially the geometry and dimension of the probe end. Conventional AFM 
probe is pyramidal shape by micro-fabrication. The pyramidal probe would result in image 
resolution degradation by severe probe broaden effect, especially for the structures with 
higher aspect ratio, such as gratings and structures in MEMS.  
To broaden the AFM applications, researchers pursue new kind probes that have longer 
lifetime, higher resolution, and better mechanical property. Carbon nanotubes (CNT) show 
many excellent properties, such as, high aspect ratio, high Young's modulus, excellent 
elastic buckling property, and electrical and thermal conductivity (Iijima, 1991). The above 
characteristics make carbon nanotube be ideal as probes in AFM. Carbon nanotubes have 
demonstrated considerable potential as AFM probes after the first CNT AFM probe was 
invented in 1996 (Dai et al., 1996).  
This chapter would introduce the history of carbon nanotube AFM probes, including the 
CNT probes’ farbication and configuration optimization, the CNT probes’ image artefact 
and its elimination study, the applications of these new kind probes and researches to 
improve their performance. 

2. CNT probes’ fabrication 

There are two key processes in the fabrication of carbon nanotube AFM probe: attachment 
and modification. Firstly, the CNT must be fixed to the end of ordinary AFM probe to be the 
new imaging point; and then configuration or function modification to optimize the CNT 
probe’s properties. 

2.1 CNT attachment 
2.1.1 Direct manipulation method 
Since carbon nanotubes were first applied as AFM probes in 1996 by Dai (Dai et al., 1996), 
various methods have been developed for their fabrications. The earliest method was to   
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Fig. 1. SEM and TEM images of the first CNT AFM probe (Dai et al., 1996) 

employ precise manipulation by picking and sticking a multi-walled carbon nanotube 
(MWNT) bundle to the silicon probe with an acrylic adhesive under direct view of optical 
microscope. This method can not be employed to well control the CNT probe’s orientation. 
Further research extended this method using nanomanipulator in scanning electron 
microscope (SEM), and nanotube with smaller diameter can be selected and fixed to Si probe 
in SEM by electron beam induced carbon deposition (Nishijima et al., 1999) or Pt depostion 
(Fang et al., 2009). 
Welding method was then developed for fixing CNT to Si probe end (Fang et al., 2007； 
Stevens et al., 2000). First, silicon probe and carbon nanotube were brought into a close 
distance by manipulating two microtranslators under direct view of inverted optical 
microscope. When carbon nanotube and silicon probe were in close proximity, an electric field 
of less than 20V was applied between them. The nanotube was attracted to the silicon probe 
and favorably aligned with the apex of silicon tip. Then the microtranslators are manipulated 
to make the protruding nanotube contact with the apex of silicon probe. The applied voltage is 
further increased between them to 30–60V until the nanotube was energetically disassociated 
by applying voltages and weld to the end of silicon probe. The carbon nanotubes grown in 
CVD method have small defects, at which points the resistance locally heats the nanotube until 
it is oxidized and divided. Fig. 2 is the schematic illustration of fabrication method. 
The main drawback of the direct manipulation method is time consuming, and it is not an 
appropriate method for wafer-scale fabrication. 
 

    
Fig. 2. Schematic illustration of welding process and CNT probe fabricated (Fang et al., 2007) 

2.1.2 Chemical vapor deposition (CVD) method 
Chemical vapor deposition (CVD) method was used to grow carbon nanotubes on a catalyst 
deposited silicon probe surface in 1999 (Hafner et al., 1999). The CNT’s growth length can be 
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controlled by adjusting the growth time (Edgeworth et al., 2010). Ye reported an innovative 
approach that combined chemical vapor deposition with nanopatterning and traditional 
silicon micromachining technologies to large-scale grow CNT probe through effective 
nanocatalyst protection and release before and after the microfabrication (Ye et al., 2004).  
The key advantage of the CVD direct growth method is the possible route to batch 
fabrication. It was predicted that nanotube bundle AFM probes could achieve reproducibly 
be wafer-scale fabrication by this technique in the near future [Wilson & Macpherson, 2009]. 
While, the reproducible production of CNT probes with individual single-walled carbon 
naontube (SWNT) is still the great challenge. How to accurately control the CNT probe’s 
orientation becomes a key problem for the CVD method.  

2.1.3 Pick-up method 
In order to fabricate SWNT AFM probe, pick-up method was proposed in 2001 (Hafner et 
al., 2001). The SWNT could be picked up by the ordinary AFM probe with van der Waals 
forces during AFM probe scanning the SWNT substrate with nanotubes grow upwards. The 
pick-up method is flexible, while this method needed isolated and vertically aligned carbon 
nanotube samples.  

2.1.4 Other approaches 
Approaches have also been proposed to fabricate CNT probe in CNT solution under 
external fields, such as, using dielectrophoresis (Tang et al., 2005), alternating magnetic field 
(Hall et al., 2003). Tamara directly grew CNTs on the apex of AFM probe by selective 
heating of the catalyst under the microwave irradiation in the presence of ethanol vapor 
(Tamara et al., 2010). CNT probes were assembled by transplanting a CNT bearing 
polymeric carrier to a AFM cantilever (Kim et al., 2009).  

2.2 Configuration modification 
There are three key factors that determine the resolution and properties of the CNT probe, 
i.e., radius r, length L, and orientation θ (CNT orietation angle with respect to the sample 
surface). It is vital that a precise control of these parameters allows the optimization of CNT 
probe to meet different applications’ demand.  
 

     
Fig. 3. Illustration of the CNT probe’s thermally induced oscillations 

A nanotube probe would be very gentle in lateral direction if the nanotube’s aspect ratio 
(L/r) is too large. Fig. 3 shows a scanning electron microscope (SEM) image of a long CNT 
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AFM probe. The blurring of the lower portion of the CNT is due to the thermally induced 
oscillations.  
The lateral force constant (kl) of the CNT probe can be derived as the following 

 
4

3 3
3 3

4l
YI Y r

k
L L


    (1) 

where I is the stress moment over the cross-section of the nanotube, Y is the Young's 
modulus of the carbon nanotube. The CNT probe bending response will dominate for a 
probe angle of even a few degrees with respect to the sample surface. 

2.2.1 Orientation modification 
The CNT probe’s orientation should be vertical to sample surface theoretically for high 
resolution imaging. However, it is hard to accurately control the CNT probe’s orientation 
during the CNT attachment process for most methods. 
External electric field method was effective for CNT probe’s orientation control (Fang et al., 
2007). In the welding method, nanotube was attracted to the opposite Si probe and favorably 
aligned with the apex of probe under external applying voltage, as shown in Fig. 4. The 
attraction is due to the induced dipole moment in the nanotubes under external voltage. The 
largest strength of the electric field appears at the probe’s apex, which will cause the CNT 
alignment with the apex. In the plasma enhanced chemical vapor deposition (PECVD) 
method, the CNT probe’s orientation was controlled by an electric field present in the 
plasma discharge to align the nanotubes parallel to the electric field (Ye et al., 2004). 
  

       
a) Without the voltage           b) With a voltage of 30V 

Fig. 4. The protruding nanotube favorably aligned with the probe apex (Fang et al., 2007). 

Focused ion beam (FIB) irradiation method was recently proposed to modify the CNT probe 
orientation with high accuracy and reproducibility (Deng et al., 2006; Park et al., 2006). For 
the CNT probe’s orientation alignment process, repeated single scans of the ion beam 
imaging were applied. The CNT probe was gradually aligned towards the FIB irradiation 
direction under every FIB scan and finally aligned parallel to the FIB irradiation direction, as 
shown in Fig. 5. The variables that affect the FIB-CNT interaction process include ion 
accelerating voltage, ion beam current, exposure time, and ion scan size (or the scan pixel 
density). Optimized combinations of these variable values can be made to achieve 
acceptable results (Fang et al., 2009). 

3µm 
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     (a) Misaligned CNT probe    (b) Well-aligned CNT probe    (c) CNT probe after shortening 

Fig. 5. Nanotube probe’s orientation and length are optimized by FIB irradiation and milling 
processes. The FIB alignment parameters in Figure 5(b) are 30kV and 50pA in the ion 
acceleration voltage and the ion current, respectively (Fang et al., 2009). 

The CNT orientation changes are mainly due to the strain induced by the FIB irradiation 
and the CNT’s excellent plastic ability. Experimental and simulation results have 
demonstrated that the carbon nanotubes can be considered as self-healing materials under 
electron or ion irradiation (Krasheninnikov & Nordlund, 2010). Two mechanisms govern the 
CNT defect annealing (Krasheninnikov et al., 2002). The first mechanism is vacancy healing 
through dangling bond saturation and by forming nonhexagonal rings. The second one is 
the migration of carbon interstitials and vacancies, followed by Frenkel pair recombination. 

2.2.2 Length modification 
The CNT probe’s length should be chosen and modified for different applications. 
Shortening the CNT probe can decrease the thermal oscillation amplitude. Therefore, short 
CNT probe is required for the CNT probe’s high resolution imaging or applicatons with 
high lateral force constant requirement, such as friction study (Lai et al., 2010). On the 
contrary, long CNT probe is useful for the high aspect ratio imaging, e.g., biological 
samples. 
The first method to shorten the CNT probe was realized on AFM by electrical etching (Dai et 
al., 1996). Then the method of using electron bombardment under the electric field was 
applied in the direct manipulation methods under optical microscope or SEM, which can 
observe and control the shortening process in real-time (Fang et al., 2007).  
A new ‘nanoknife’ method was proposed to precisely cut and sharpen CNT probe by local 
vaporization of carbon resulting from Joule heating (Wei et al., 2007). The ‘nanoknife’ was a 
short carbon nanotube adhered to a metal tip. The ‘nanoknife’ cutting process is controllable 
and repeatedly, as shown in Fig. 6. In the cutting process, a DC voltage of 5–10 V was 
applied between the CNT probe and the ‘nanoknife’, the ’nanoknife’ was then manipulated 
to contact with the CNT probe at the selected position. When the contact was made, the 
CNT probe would be precisely cut at the contact position (Wei et al., 2009). The cutting 
position can be precisely controlled using the nanomanipulators. It is found that the cutting 
process happened within 0.01 second by measuring the current going through the contact.  
In recent years, Focused Ion Beam milling method was used to precisely shorten the CNT 
probes (Fang et al., 2009). The C-C chemical bonds of CNT would be broken during the high 
energy ion milling. The end of the CNT probe after FIB shortening is found to be a round 
end with fullerene-like cap, which is independent with the FIB’s parameters, as shown in 
Fig. 5 (c). Since the FIB’s beam energy is a Gaussian distribution, the Gaussian tail would 
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produce many Carbon dangling bonds at the irradiation sites, where the dangling bonds 
would spontaneously close into a graphitic dome after shortening (Charlier et al., 1997).  
  

    
Fig. 6. SEM images showing a CNT (the lower one) is cut by a CNT ‘nanoknife’ repeatedly 
and becomes shorter and shorter (Wei et al., 2007).  

2.2.3 High aspect ratio 
Shortening the CNT probe can be useful to increase its resolution and stiffness. While a 
short CNT probe is not always the best choice for any applications. For high aspect ratio 
imaging, such as grating and biological sample imaging, the CNT probe should possess 
sufficient aspect ratio to avoid the imaging degradation by probe broadening effect. 
However, the force required to bend or buckle the CNT probe would greatly decrease as its 
aspect-ratio increase, which would be prone to result in image artefact at the sample steep 
positions. A strategy to improve the mechanical integrity of CNT probe is to coat it with a 
thin layer film, such as polymers, Au or carbon (Yum et al., 2010).  
For high aspect ratio imaging, the best CNT probe configuration should have sufficient 
probe lateral stiffness with portion CNT protruding at the probe end, which can get high 
image resolution and good probe rigidity. Method of using electron beam locally induced Pt 
deposition in-site to strengthen the nanotube probe with the nanotube end free of deposition 
was proposed (Xu et al., 2009).  
 

 
Fig. 7. CNT probe for high aspect ratio imaging (Xu et al., 2009). 

Besides the configurations’ demands, the attachment force of CNT probe should be large 
enough for versatile applications under different conditions. The probe-sample interaction 
forces for ordinary AFM probe are typically 10–100 nN in air. The bounding force of CNT 
probe can be roughly calculated by measuring the Si probe’s deflection before and after the 
CNT is cut by nanomanipulation (Xu et al., 2009). The bonding force for CNT and Si probe 
with Pt depostion fix method is found larger than 500nN. The direct manipulation method 
and CVD growth method would have sufficient bounding strength than other methods.  
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Although the CNT probes have been developed, but they are still not widely adopted by the 
AFM users. The key issue that restricts the CNT probe’s wide applications is that the CNT 
probe is much more expensive in comparison with ordinary tapping-mode AFM probe, 
which is mainly due to its complex fabrication technics and less productivity. It is vital to 
optimize the CNT probe’s fabrication process with an accessible price and meeting versatile 
application demands. Moreover, the CNT probe’s complex mechnical response during its 
working would also be an obstacle for its wide applications. For example, the CNT probe 
would be apt to produce image artefact during the high aspect ratio image. The CNT probe-
sample interaction and its mechanical response are discussed in the following section.  

3. CNT probe-sample interaction 

The CNT probe is generally used in tapping-mode AFM (TM-AFM), where CNT probe 
intermittent contacts with sample surface and oscillating with high frequency during its 
scanning. Comparing with the ordinary AFM tappingmode probe, many new phenomena 
would appear when using a CNT probe. It is necessary to study the CNT probe interaction 
with sample and explain the new phenomena for CNT probe in advance. 

3.1 Introductions on tip-sample interaction force and phase angle 
Fig. 8 depicts schematically the forces acting between the AFM probe and sample as a 
function of the probe-sample separation D (Clemens et al., 2006). As D decreases, the AFM 
probe firstly detects the attractive force. If the magnitude of the attractive force gradient 
dF/dD exceeds the probe’s force constant k (point B), then the AFM probe cantilever will be 
unstable and jump into contact with the sample (point B’). The position B is called “snap 
into contact point”. As the separation further decreases, the CNT probe-sample interactions 
would become repulsive force. 
Thus in the experiment, the ability to precisely track the force versus distance curve for all 
tip-to-surface separations, mainly depends on the AFM probe’s force constant. For example, 
the unstable phenomenon of “snap to contact” would appear if the CNT probe’s lateral force 
constant is too low. On the contrary, if the probe force constant k is always larger than the 
sample force gradient dF/dD, the cantilever-dependent instability can be practically 
eliminated, thus enable a faithful measurement of the probe-to-sample interactions 
(Landman et al., 1990).  
 

     
Fig. 8. Interaction force curve as the tip approaches the sample (a) (Clemens et al., 2006) and 
the AFM probe’s resonance frequency shift under different forces (b). 
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The AFM probe-sample interaction forces variations can be sensitively detected by the 
cantilever’s resonance frequency shift and phase angle. Any additional tip-sample force 
gradient would produce a shift of the cantilever’s resonant frequency for the probe in 
tappingmode AFM. Attractive forces make the cantilever “softer” effectively, reducing the 
cantilever resonant frequency. In contrast, repulsive forces make the cantilever “stiffer” 
effectively, increasing the resonant frequency (Fang et al., 2008).  
As a function of the driving frequency ω, the phase angle φ of the cantilever oscillation 
relative to the signal sent to the piezoelectric driver can be derived as the following,  

 0
2 2
0

/
tan

Q
 




 (2) 

where the ω0 is the probe’s resonance frequency and Q is the quality constant of vibrating 
cantilever. From equation (2), the probe phase angle increases from 0° to 180° and the phase 
angle is 90° under the resonance frequency. 
When the cantilever is far enough from the sample, there is no interaction between the AFM 
tip and the sample. Thus, the probe phase angle is 90° when the driving frequency is chosen 
as the cantilever resonance frequency according to equation (2). As the probe approaching 
the sample surface, the attractive forces first acting on the probe would decrease the probe’s 
resonance frequency, where attractive forces make the cantilever “softer” effectively. 
Subsequently, the probe driving frequency becomes larger than the probe resonance 
frequency. Therefore, the probe phase angle is larger than 90° when the probe suffers 
attractive forces. Conversely, the phase angle is less than 90° when the probe works in 
repulsive forces region.  
Therefore, the phase angle can be used to sensitively detect the probe-sample interactions. 
By mapping the phase of the cantilever oscillation during the AFM scan, phase imaging 
goes beyond simple topographical mapping to detect variations in composition, adhesion, 
friction, viscoelasticity, and other properties, as shown in Fig. 9. The phase images have 
been used to present the hydrophobic nature of single CNT by using the CNT probe with 
different AFM image parameters (Fang et al., 2008). 
 

   
Fig. 9. (a) Phase angle in TM-AFM (b) topography and (c) phase images of copolymer. The 
height scale is 10nm and the phase angle scale is 20° (Fang et al., 2008). 
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3.2 Image artefact 
For ordinary TM-AFM Silicon probe, its force constant is large enough to avoid the 
instability of “snap to contact”. However, in the case of CNT probe, it is very gentle in 
lateral directions and the CNT would elastically buckle if its lateral force exceeds the 
threshold value. In this section, we will discuss what the CNT probe’s mechanical responses 
and feedback would be if the CNT probe’s instability occurred. And the research works of 
how to overcome the instability would also present. 

3.2.1 Artefact at the steep positions 
When the CNT probe scans sample positions with a great surface slope, such as a grating 
step, the nanotube would be nearly parallel with the grating edge, where the lateral force 
exterted to the CNT probe would increase dramatically comparing with scanning the flat 
positions (Akita et al., 2000b). Akita has done the CNT probe force curve (force-versus-
distance curve) measurement performed near the pit edge and on a plane surface, as 
denoted in Fig. 10. The amplitude at a plane surface monotonically decreases with the 
probe-sample distance, which is similar to the conventional Si probes. The CNT probe’s 
oscillation is recovered at z < −40 nm due to the reproducible buckling of the nanotube. 
While for the case near the pit wall, the probe’s oscillation is stopped abruptly, which 
indicates that the CNT probe snaps to contact with sample. These results from the trapping 
of the nanotube probe by attraction between the sidewalls of the nanotube and the pit. The 
adhesion force of the nanotube suffered near the pit edge is tested about 10nN (Akita et al., 
2000a). At this point, it is impossible to control the position of the probe height for the AFM 
observation because that there is no distance dependence of the amplitude on the force 
curve. Therefore, the AFM image of the CNT probe at the pit edge is unstable with many 
ripple and wavelike distortion. 
 

     
Fig. 10. The CNT probe image of a DVD surface (a), and the force curve measurement 
performed near the pit edge and on a plane surface (b) (Akita et al., 2000a). 

It was found that the ripple and wavelike distortion is more easily occurred at the pit’s left 
edge than the right edge in general, as shown in Fig. 10. This are mainly attributed to the 
probe having a tilt angle of 11° when it scans a sample in AFM as shown in Fig. 3, where the 
vibrating probe suffers different repulsive forces at different pit edges (Fang et al., 2008).  
What is the formation mechanism for the ripple and wavelike distortion at the grating edge? 
The phase angle data combining with height and amplitude data have been proposed to 
explain the image artifact, which is resulting from the CNT bent-adhesion-separation 
repeated process (Fang et al., 2008; Strus et al., 2005), as analyzed in Fig. 11. 

(b) (a) 
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Fig. 11. Sectional view of height, amplitude and phase angle of the CNT probe image 
artifacts (Fang et al., 2008). 

When the CNT probe contacts with the grating edge, the CNT–trench wall adhesion would 
bend the CNT probe and then reduce the vibration amplitude of the cantilever, as position d 
indicates in Fig. 11. The AFM controller perceives the sudden probe amplitude drop as a 
surface height increase and responds by quickly moving the probe away from the sample. 
At position a, the CNT has finally been broken free from the trench wall, and the cantilever 
vibrates at its free amplitude. There is about a 10◦ phase angle decrease around position a in 
the phase angle curve at the bottom of Fig. 11, which confirms that the CNT probe really 
moves away from the trench wall. In order to restore the original scan amplitude, the AFM 
controller again lowers the probe. At position b, the CNT probe contacts with the trench wall 
again and the amplitude also drops due to the bending of the CNT. Therefore, the image 
artifact at the trench wall results from the CNT probe bending–adhesion–separation 
repeated process (Fang et al., 2008). When the ripple and wavelike AFM results appear at 
the steep positions using CNT probe, we should carefully judge whether it is the real sample 
morphology or the image artefact resulting from the CNT probe’s instability.  
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The CNT probe can be treated as a series system of the ordinary AFM probe combining with 
a end-fixed carbon nanotube. The effective force constant for this series system can be 
calculated as followed:  

  s c
eff

s c

s c

K KF F
K

F FX K K
K K

  


 (3) 

Therefore, the force constant of the Si probe would also affect the CNT probe’s effective 
stiffness. Under many CNT probe fabrication experiments, the lateral force constant 
requirement of stable working for the CNT probe attaching to the triangular-shape AFM 
probe is found relative larger than the one to the rectangular shape probe. This is mainly 
due to the triangular shape AFM probe’s less resistance ability to the lateral force (J. E. Sader 
& R. C. Sader, 2003). 

3.2.2 CNT-sample boundary conditions 
In general, CNT probes are harmonically excited near resonance and dynamically operated 
in either an attractive or repulsive regime using tapping-mode AFM. When CNT probes are 
operated in the net repulsive regime, CNTs have the potential to buckle, bend, adhere, and 
slide (Strus & Raman, 2009). Many studies highlighted that the CNT probe-sample 
boundary conditions and its mechanical responses would play a vital role in the CNT 
probe’s stability. 
A thermal noise forcing method was used to investigate the mechanical response of CNT 
AFM probes under the free sliding and pinned CNT contacts cases, as shown in Fig. 12. 
Generally, thermal noise forcing produces probe oscillation amplitudes only about 
angstrom. Therefore, the thermal noise spectrum is very sensitive to tiny variations of the 
contact properties between the CNT probe and the surface, thus providing an accurate 
picture of the CNT probe’s mechanical response (Buchoux et al., 2009). Molecular 
simulations were proposed to explain the effects of CNT’s slip and snap-to-contact on the 
resolutions (Solares & Chawla, 2010).  
Strus suggested that the identification of CNT pinning and slipping during intermittent 
contact can be based on phase contrast imges and energy-dissipation spectroscopy, as 
shown in Fig. 12. The pinning or slipping of the CNT depends on the scan surface and the 
CNT probe’s stiffness. It is found that CNT probe is easier slipping on the graphite surface 
than on the graphene oxide and silicon oxide surfaces (Strus & Raman, 2009). 
 

            
Fig. 12. Illustration of the CNT probes slide (a) and pin (b) CNT contacts cases. 

(b) (a) 
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The CNT probe’s slipping effect was experimental studied (Fang et al., 2009). It is found that 
the CNT probe is apt to slide if it scans with a large vibration amplitude. There are many 
dark lines resulting from CNT’s slide in the AFM image as arrows indicated in Fig. 13(b). 
Due to CNT’s hydrophobic property and its high aspect ratio, the capillary force between 
the CNT probe and the sample surface is much smaller. Therefore, the CNT probe does not 
need to work at large amplitudes to break the capillary force as the Si probe does and it can 
work well under low scanning amplitude of less than 30 nm. 
 

      
Fig. 13. Nanoholes images captured by CNT probe with 18nm (a) and 40nm (b) scan 
amplitudes (Fang et al., 2009). 

The CNT slipping is an obstacle for accurate AFM topography measurements, while it can 
be treated as a potential method of analyzing surface composition by enhancing the probe-
sample frictions contrast. AFM peeling force spectroscopy and theoretical studies have been 
used to quantitatively investigate the physics of adhesion and stiction of carbon nanotubes 
on different material substrates, such as, HOPG, polymer (Strus et al., 2008).  

3.3 Artefact elimination 
Studies have been conducted to lessen and avoid the CNT probe’s image artefact. Larger 
scan amplitude ratio was employed to depress the ringing artefact, by increased from 66% 
to 96% of the 34 nm unconstrained vibration amplitude (Strus et al., 2005). Akita found that 
the CNT probe’s image instability near the wall of the DVD surface pits can be avoided by 
slightly increasing the probe’s free tapping amplitude to avoid the pit’s attractions (Akita et 
al., 2000a). Solares has theoretically explored that spectral inversion method and dual-
frequency-modulation method can mitigate the imaging artifacts when using short 
nanotube probes (<100 nm in length) in air. The two methods are capable of performing 
simultaneous imaging and force spectroscopy (Solares & Chawla, 2010). 
The most effective method to overcome the CNT probe’s image artefact is to strengthen the 
CNT probe, as discussed in the Section 2.2. For example, several micrometers long 
multiwalled CNT probes were prepared and strengthened with carbon molecular layers to 
overcome mechanical instabilities (Vakarelski et al., 2007). 

4. CNT probe’s applications 

4.1 High resolution imaging 
CNT’s excellent properties make CNT probe be a favorable choice for AFM probe in 
topographic imaging. SWNT probe with several nanometers’ radius shows great image 

500nm 500nm 
(a) (b) 
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resolution over conventional Si probe (Cheung et al., 2000). CNT probes have also been 
showed higher image resolution for the high aspect ratio samples, such as, grating, cellular 
samples, etc (Dai et al., 1996; Fang et al., 2007; Hafner, 1999, 2001; Stevens et al., 2000). It is 
found that not only the CNT probe’s radius would influence its resolution, its end 
configuration also showed impact on CNT probe’s image ability (Fang et al., 2009). 
CNT has a much higher Young's modulus and exceptional elastic buckling property, which 
results in the much better wear resistance ability of the CNT probes relative to the Si probes. 
The excellent wear resistance property makes CNT probes have consistent image resolution, 
which is very important for applications, such as, online inspection.  
Electrostatic force microscopy (EFM) is one technique sensitive to the long-range 
electrostatic forces, which are useful in the study of semiconductor devices. Because of the 
long-range nature of electrostatic force, interpretation of EFM images is often complicated as 
the probe beyond the probe apex would also affect the EFM image results. This effect can be 
greatly reduced using high aspect ratio CNT probes (Wilson & Macpherson, 2009). For 
similar reasons CNT probes are also suitable for high resolution magnetic force microscopy. 
Iron-filled carbon nanotubes (Fe-CNTs) have been proposed for the application for magnetic 
force microscopy (Wolny et al., 2008). 

4.2 Nanofabrication 
Carbon nanotube probe is not only a tool for imaging, but also for nanofabrication, as shown 
in Fig. 14. AFM nanolithography can be widely applied in fields such as data storage and 
device fabrication. Due to nanotube’s excellent properties, carbon nanotube probes have 
been explored in fabricating oxide nanostructures on silicon surfaces (Dai & Franklin, 1998), 
a p-GaAs(100) surface (Huang et al., 2006), a metallic tantalum film (Choi et al., 2007). 
 

 
Fig. 14. AFM image of 2 nm tall, 10 mm wide, and 100 nm spaced silicon-oxide (light) lines 
fabricated by a nanotube tip using anodic oxidation method (Dai & Franklin, 1998).  

It was found that hydrophobicity is a key factor in the improved reliability of CNT probes 
on the nanoscale oxide fabrication over conventional Si probes (Kuramochi et al., 2007). 
Okazaki studied the nano-gratings direct nanolithography on organic polysilane PMPS 
films using CNT probe (Okazaki et al., 2000).  
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4.3 Biology application 
Due to its excellent properties, CNT probe has been widely used in the biological 
application. It produces lower damage to the proteins than the Si probe during AFM 
scanning, as shown in Fig. 15 (Fang et al., 2007). CNT probe has been proven more suitable 
for imaging soft biological samples, such as, DNA, protein (Cheung et al., 2000).  
Technology for introducing biomolecules and nanoparticles into living cells with minimal 
invasiveness is a key task to study the physical properties and biochemical interactions that 
govern the cell’s behavior (Chen et al., 2007). Micro glass pipettes have been used for 
intracellular analysis research. However, due to their relatively large sizes and rigid 
structure, these probes cause severe damage to the cells (Niu et al., 2011). 

 

 
(a) Measured by CNT probe 

 

 
 (b) Measured by Si probe 

Fig. 15. AFM analyses of IgG protein. The Si probe has created a larger probe indentation to 
the soft proteins than the CNT probe (Fang et al., 2007). 

Due to its nanoscopic dimensions, high mechanical strength, and functionalizable surfaces, 
CNT probe has been used as a “nanoneedle” in a nanoscale cell injection system to deliver 
cargo into cells. A multiwalled CNT probe was functionalized with cargo via a disulfide-
based linker. Penetration of cell membranes with this ‘‘nanoneedle’’ was controlled by the 
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AFM. The following reductive cleavage of the disulfide bonds within the cell’s interior 
resulted in the release of cargo inside the cells, after which the nanoneedle was retracted by 
the AFM control, as shown in Fig. 16 (Chen et al., 2007). The CNT probe “nanoneedle” 
technique causes little membrane or cell damage. Other biomolecules such as DNA and 
RNA, or synthetic structures such as polymers and nanoparticles can be delivered into cells 
in a similar fashion (Chen et al., 2007; Vakarelski et al., 2007). 
Gold nanoparticle-decorated CNT probes are used to study intracellular environments in 
situ using surface-enhanced Raman spectroscopy (SERS), as shown in Fig. 17 (Niu et al., 
2011). The high aspect ratio of CNTs displaces less intracellular volume than ordinary glass 
pipettes or optical fibers cell probes, thus perturbing the cell much less, especially when 
measurements performed over long periods of time. This might be a useful method for tip-
enhanced Raman spectroscopy (TERS) application using CNT probe. 
 

   
Fig. 16. Schematic of the CNT probe nanoinjection procedure. A CNT probe with cargo 
attached to the CNT surface via a disulfide linker penetrates a cell membrane (a) (Chen et 
al., 2007). Force vs piezo displacement curves for the indentation of a living cell using a 
pyramidal Si probe (b) and a C/Au-coated nanotube probe (c) (Vakarelski et al., 2007).  
 

  
(a) Intracellular SERS study with a CNT probe  (b) SEM of gold-decorated CNT probe 

Fig. 17. Intracellular SERS study with a nanoparticle-decorated CNT probe (Niu et al., 2011).  

(a) 

Penetration 
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5. Summary and outlook 

Carbon nanotube probes open up a new AFM imaging world, increasing the probe’s 
resolution and longevity, decreasing probe–sample forces, and extending the AFM 
application fields. It would also have a significant impact in key research areas, such as, 
nanometrology, surface engineering and biotechnology. 
Future main attentions in the carbon nanotube AFM probes can be summarized as follows: 
 CNT probe fabrication technics’ optimization: the technics of high efficient fabrication 

with low cost; the fabrication’s reproducibility and controllability. 
 CNT probe imaging accuracy calibration: the CNT-sample boundary conditions and 

CNT’s mechanical response effect studies on the CNT probe imaging resolutions in 
nanometer or angstrom levels; CNT probe’s accuracy comparison with the others 
precision measurement techniques. 

 CNT probe’s unique applications: TERS; the biological application, such as, 
functionalized CNT probe as nanoneedle for intracellular studies and drug delivery. 
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1. Introduction 
Single-walled carbon nanotubes (SWNTs) discovered in 1993 are currently among the most 
exciting and promising nanostructures (Bethune et al., 1993; Iijima & Ichihashi, 1993). They 
arouse huge interest due to their unique atomic structure, outstanding chemical and 
electronic properties (thermal and electric conductivity), as well as mechanical 
characteristics (high values of Young's modulus, tensile and compressive strengths, high 
cracking resistance etc.). SWNTs possess the maximum geometric anisotropy factors among 
the nanostructures known so far. The unique properties of carbon nanotubes (CNTs) are 
governed not only by their unusual tubular structure, but also by the fact that they are 
virtually devoid of any structural defects (Dresselhaus et al., 1995; Iijima, 1991; Saito et al., 
1992). As a result, CNTs are of a great importance for development of nanoelectronics 
elements (logical gates, memory devices, emitters, and nanowires), nanoelectromechanical 
systems, nanocomposite fillers (aimed at increasing strength and functionality of bulk 
materials), probe tips for scanning probe microscopy etc. One of the major areas of SWNTs 
technological application has been the development of a new generation of field-effect 
transistors (Tans et al., 1998). 
The electronic properties of defect-free SWNTs are extremely sensitive to the nanotube’s 
geometric structure (Avouris et al., 2007; Saito et al., 1992), which depends to a great extent 
on the chiral vector; this may be regarded both as an advantage and a serious drawback of 
this material. So far, no efficient methods have been developed for the preparation and 
isolation of SWNTs with a desired chirality (Hou et al., 2008; Odom et al., 2000). For this 
reason, many attempts have been undertaken to develop methods that would allow 
separating the array of SWNTs into semiconducting and metallic nanotubes and/or modify 
the electronic properties of SWNTs without their separation by chirality (Chaturvedi et al., 
2008; Eliseev et al., 2009a; Monthioux et al., 2006). 
Modification of nanotubes allows direct adjustment of their electronic properties. One of the 
simplest ways to controlled modification of the SWNTs is filling of the nanotube channels 
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with appropriate substances (Brown et al., 2001). Encapsulation of a substance into a 
nanotube can either lead to a complete amendment of the nanotube’s band structure (in case 
the encapsulated substance interacts intensively with the nanotube walls, e.g. in fluorinated 
SWNTs), or only to a shift of the electron density within the rigid band structure 
approximation (Sceats et al., 2006; Sloan et al., 2002a). In the simplest case, if an electron 
donor with the Fermi level located higher than that of the SWNT is encapsulated into 
metallic nanotubes, the electron density at the nanotube walls, as well as the 
nanomcomposite conductivity increase, whereas an electron acceptor with the Fermi level 
located lower than that of the SWNT would cause the nanocomposite transition into the 
semiconducting state (Chaturvedi et al., 2008; Rahman et al., 2005; Weissmann et al., 2006). 
Therefore, this approach based on electron transfer upon the introduction of electron-donor 
or electron-acceptor compounds (metals, semiconductors, dielectrics) into the channels of 
single-walled nanotubes allows controlling the electronic structure of the SWNTs, as well as 
creating the p — n-junctions inside a single nanotube if the channels are partially filled (e.g. 
if a nanotube is half-filled). 
The synthesis of filled nanotubes was first reported by Ajayan and Iijima in 1993; they used 
multi-walled nanotubes as “molecular containers” for lead (Ajayan & Iijima, 1993). These 
experimental results confirmed the theory-based conclusions on the existence of sufficiently 
strong capillary forces inside carbon nanotubes, which may retain gases and liquids inside 
the channels (Pederson & Broughton, 1992). Later on, other researchers developed and 
employed this approach for filling carbon nanotubes with a variety of metal halides [MII (MI 
= Li, Na, K, Cs, Rb, Ag), MIII2 (MII = Ca, Cd, Co, Sr, Ba, Fe, Pb, Hg), MIIII3 (MIII = La, Ce, Pr, 
Nd, Gd), (Te/Sn)I4, Al2I6, AgClxBryIz, MICl (MI = Na, Cs, Ti), MIICl2 (MII = Cd, Fe, Co, Pd), 
MIIICl3 (MIII = La, Nd, Sm, Eu, Gd, Tb), MIVC14 (MIV = Hf, Th, Zr, Pt), Al2Cl6, (Th/V)Cl6], 
elemental forms (S, Se, Te, I2, Cs, Re, Bi, Pt, Au, Ru, Fe, Ag), fullerenes (C60, C70, C80), 
endofullerenes (Gd@C82), a (KCl)x(UCl4)y, oxides (RexOy, V2O5, Sb2O3, CrO3, PbO, UO2, ZrO2, 
MoO2, NiO, CdO, La2O3), metals (Pd, Pt, Cu, Ag, Au), hydroxides (KOH, CsOH), and 
chalcogenides (SnSe, HgTe and CdBr2-xTex) (Chaturvedi et al., 2008; Cohen, 2001; Corio et 
al., 2004; Eliseev et al., 2009a; Fagan et al., 2005; Govindaraj et al., 2000; Kataura et al., 2002; 
Monthioux, 2002; Monthioux et al., 2006; Sceats et al., 2006; Sloan et al., 2000a). 
At present, several methods are used for filling carbon nanotubes with various substances, 
which fall into two large groups: filling of nanotubes during their growth (i.e. the in situ 
methods) and encapsulation from the gas or liquid phases into cavities of pre-formed carbon 
nanotubes (i.e. the ex situ methods) (Monthioux et al., 2006). 

2. Filling of single-walled carbon nanotubes during their growth (in situ 
methods) 
The simplest of all the approaches that have been proposed to date for the nanotubes 
encapsulation is filling of SWNTs in the course of their catalytic growth (in situ). Currently 
two methods are applied that employ the in situ strategy for the encapsulation of inorganic 
compounds into the nanotubes: catalytic chemical vapour deposition (CCVD) of 
hydrocarbons and arc-discharge synthesis (Monthioux et al., 2006). 
Arc-discharge synthesis of carbon nanotubes filled with various compounds is performed 
using graphite rods electrodes, a compound-containing anode (usually metals are 
encapsulated using this approach), and a catalyst. This approach was used to prepare 
single-walled carbon nanotubes for the first time (Bethune et al., 1993; Iijima & Ichihashi, 
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1993). To the present day, there has been a number of works on the application of the arc-
discharge synthesis for filled multi-walled nanotubes preparation. In most of the cases, a 
number of substance is incorporated into the NTs in the carbide form (Cr, Mn, Fe, Ni, Pd, Y, 
Gd, Dy, Yb, La, Ce). The use of elements that do not form carbides or an accurate control of 
specific synthesis conditions allows encapsulating elemental compounds (Se, Ge, Sb, Cr, Mn, 
Co, Cu, Re, Au, Sm, Gd, Dy, Yb) (Ajayan & Ebbesen, 1997; Beguin et al., 2006). It was also 
demonstrated that the presence of sulfur in the graphite anodes in catalytic amounts is of 
key importance for the formation of filled nanotubes  (Demoncy et al., 1998). Most likely it 
provides liquid phase at the surface of the nanotube channels (i.e. due to the metal-sulfur 
eutectic), which in its turn ensures encapsulation of the selected substance into the 
nanotubes’ cavities. However, large temperature gradients in the cathode area, which lead 
to non-uniform nanotubes filling, make control of the filling process impossible.  Another 
disadvantage of this approach is that it does not allow filling of nanotubes with transition 
metals, since in this case metal—carbon solid solutions and various carbides are formed. 
In order to avoid formation of carbide species the catalytic CVD method may be employed. 
In this case pyrolysis of the carbon source should be accompanied by simultaneous 
sublimation or decomposition of metal-containing compounds (usually carbonyls or 
metallocenes) (Monthioux et al., 2006). Most often nanotubes filled with transition metals 
(Fe, Co, Ni, Cu) used as catalysts for SWNT growth are produced by this technique 
(Leonhardt et al., 2003). The use of the CCVD method for the preparation of the “lD-
crystal@SWNT” nanocomposites is limited due to the need of strict temperature control and 
restricted number of carbon source - guest precursor combinations. Thus, the CCVD and 
arc-discharge synthesis are complementary in terms of the initial compounds choice. 
The in situ approaches do not allow filling of nanotubes with any unstable species and 
complex chemical compounds (i.e. metal oxides, metal salts), since these methods require 
maintaining relatively high temperatures and reducing conditions throughout the synthesis. 
The major disadvantage of the in situ strategy for filling of single-walled nanotubes is its low 
efficiency: the yield of filled SWNTs does not exceed several percent. These drawbacks have 
facilitated the development of the ex situ approaches to filling of SWNTs, which are 
described below.  

3. Filling of pre-synthesized carbon nanotubes (ex situ methods) 
The filling of pre-synthesized nanotubes (i.e. the ex situ method) is considered to be the most 
universal approach to encapsulated nanotubes preparation. This technique enables filling  
single-walled nanotubes with virtually any chemical compounds from either gas or liquid 
phases (depending on the aggregate state of the encapsulated compound at the moment of 
its contact with the nanotube) (Eliseev et al., 2009a; Monthioux et al., 2006). This approach 
consists of several steps, the first of them being the opening of the SWNT ends. 

3.1 Opening of nanotube ends 
In order to fill carbon nanotubes using the ex situ methods, first their ends should be 
opened, which is performed using two main approaches, i.e. thermal treatment of the NTs 
in an oxidative gaseous medium (either dry air or oxygen) or treatment with liquid 
oxidation agents, such as concentrated acids (HNO3, H2SO4, HNO3-H2SO4), hydrogen 
peroxide, potassium permanganate, osmium tetraoxide or HF-BF3 mixture (Ajayan & Iijima, 
1993; Monthioux et al., 2001; Seraphin et al., 1993). Concentrated acids also allow removing 
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catalytic particles and various contaminants (amorphous carbon, polyaromatic compounds, 
and graphite particles). 
In fact, the oxidation involves both the ends and the walls of carbon nanotubes. For 
example, treatment of SWNTs with an acid was shown to result in the lateral defects 
formation (one defect per each 5 nm of the nanotube) (Zhang et al., 2003). Unlike that of 
multi-walled nanotubes, partial oxidation of single-walled nanotubes leads to formation of 
“hole” defects, through which substances may penetrate into the tubes both through their 
ends and walls. 
A comparative study of various methods for the SWNT opening demonstrated that thermal 
oxidation tends to be a more efficient approach than acidic treatment (Brown et al., 2001). 

Since products formed during the acidic treatment can react with the carbon atoms of the 
SWNTs, the use of gaseous oxidants is preferrable to avoid contaminations (Monthioux et 
al., 2001). Oxidation in air for about 30 min at 300-500°C seems to be the optimum choice 
(Fig.1). For such treatment, the opening of nanotubes is practically complete. In this process 
the sample loses approximately 40% of its mass (Zhang et al., 2003). 
 

 

Fig. 1. HRTEM images of closed nanotubes and SWNTs opened by oxidation in air at 500°C 

3.2 Filling of single-walled nanotubes from the gas phase 
Notwithstanding multiple studies of multi-walled nanotubes filling from the gas phase, the 
filling of SWNTs remains much less investigated (Chancolon et al., 2006; Eliseev et al., 
2009a). As a rule, filling of carbon nanotubes from the gas phase is carried out in vacuum at 
high temperatures. A sealed tube is heated up to or above the vaporization (or sublimation) 
temperature of an encapsulated material. In order to synthesize the “1D-crystal@SWNT” 
nanocomposites, the lowest possible temperatures should be used to avoid (or minimize) 
deencapsulation. During the NTs annealing, the vapor of the encapsulated compound 
undergoes capillary condensation and thus penetrates into the nanotube, where it 
crystalizes during subsequent cooling. 
This two-step technique is widely used in order to fill carbon nanotubes with various 
fullerenes (for instance, C60, Fig. 2), which have high affinities to nanotube surfaces and high 
vapor pressures (approx. 3x10-4 Torr at 500°C) (Pan et al., 2002; Smith & Luzzi, 2000). The 
fullerenes encapsulation occurs through the ends and wall defects of the SWNTs (Jeong et 
al., 2003). The encapsulation process depends strongly on the temperature and time of the 
NT treatment; partial vapor pressure of the introduced compound can also play a certain 
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role (Smith & Luzzi, 2000). This process is rather time consuming (takes about 2 days), 
however, it enables homogeneous and complete (virtually 100%) filling of SWNTs.  
SWNTs can be successfully encapsulated from the gas phase not only with fullerenes, but 
also with endofullerenes (Mx@Cn) or doped fullerenes (Hirahara et al., 2000; Okazaki et al., 
2003). As a rule, endofullerenes are synthesized in advance by the arc-discharge method 
with some metal added to the graphite anode (Okazaki et al., 2003). Subsequently, a mixture 
of opened SWNTs and endofullerenes is annealed at 400-500°C in an evacuated tube for 
several days (Okazaki et al., 2003). This method was used to fill the SWNTs with a variety of 
fullerenes (C60, C70, C80, C84, C78, C90), doped fullerenes (Cs, K, FeCl3), and endofullerenes 
(N@C60, La2@C80, Sc3N@C80, ErxSc3-xN@C80, Dy3N@C80, Gd@C82, La@C82, La2@C82, Dy@C82, 
Sm@C82, Sc2@C84 @ Gd2@C92) (Monthioux et al., 2006). 
 

Fig. 2. HRTEM image of an SWNT filled with C60 fullerenes from the gas phase 

The principle disadvantage of this approach is a limited choice of compounds that can be 
encapsulated. First, the compound’s vaporization (or sublimation) temperature should be 
below 1000°C to ensure it does not interact with carbon and cause closure of the nanotube 
ends. Second, the compound (as a rule, a volatile oxide or a salt) should undergo 
sublimation in molecular form, which substantially limits the number of suitable 
compounds. Another serious limitation of this method that the cluster thus formed are 
usually discrete, and they block the internal tube volume, whereas for practical reasons 
composites with continuous filling are required.  

3.3 Filling of single-walled nanotubes from the liquid phase 
Filling of SWNTs from the liquid phase is performed using the so-called capillary method, 
which involves impregnation of opened nanotubes with solutions or melts of selected 
compounds (Eliseev et al., 2009a; Monthioux et al., 2006). The use of melts is preferable, 
since it excludes contamination of composites with the solvent and also eliminates the 
necessity of filtration, which makes the formed nanocomposite denser. The excess of the 
encapsulated compound that remains at the SWNT’s outer surface can be potentially 
removed by washing the sample or heating it under dynamic vacuum conditions. 
The retraction of liquids into single-walled nanotubes takes place only if a number of 
conditions is met (Zhang et al., 2003). First, carbon nanotubes must be opened at least from 
one end. Second, the liquid phase must efficiently wet the SWNT surface, which limits its 
surface tension to 130-170 mN·m-1. This excludes the possibility to fill SWNTs with any 
melts that have high surface tensions, but, on the other hand, allows employing the majority 
of organic and inorganic solvents including water (= 72 mN·m-1 at 25°C) and benzene ( = 
28.9 mN·m-1). Third, the melting (or decomposition) point of the encapsulated material 
should be below 1100°C in order to prevent the SWNT closure and destruction during the 
composite synthesis. 
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3.3.1 Encapsulation from suspensions or solutions 
Filling of nanotubes from solutions was first implemented in 1994 in order to encapsulate 
NiO and UO2+X nanoparticles into multi-walled carbon nanotubes (Tsang et al., 1994). In the 
subsequent years, it was applied to fill MWNTs with Ag, Au, Pt, Pd metal particles, etc. 
(Cohen, 2001; Govindaraj et al., 2000; Satishkumar et al., 1996). In 1998, this approach was 
employed by a research group from the University of Oxford headed by Sloan to 
encapsulate single-walled nanotubes with metal Ru nanoparticles (Sloan et al., 1998). 
At the moment, aqueous solutions of metal chlorides or nitrates (e.g. RuCl3, AgNO3, and 
Fe(NO3)2) are most often employed to encapsulate the SWNTs by the ex situ approach from 
the liquid phase (Chen et al., 1997; Monthioux, 2002; Monthioux et al., 2006) (Fig. 3) Another 
popular solvent is nitric acid, which is used due to its low surface tension (43 mN·m-1), 
allows avoiding a separate opening procedure (Zhang et al., 2003). As a rule, the second step 
upon the SWNTs’ treatment with a solution is thermal treatment or hydrogenation in an H2 
flow at 150—450°C for several hours; this leads to the formation of metal or oxide 
nanoparticles inside the SWNTs. 
It is worth noting that filling of SWNTs with inorganic compounds using suspensions or 
solutions may be employed for a wide variety of substances (e.g. metals, oxides, chlorides, 
fullerenes and endofullerenes). However, this method has a number of limitations and 
disadvantages (Zhang et al., 2003). First, due to the procedure’s nature the SWNT channels 
may be contaminated with the solvent, the products of its interaction with the nanotube 
walls and/or the encapsulated compound. Second, the encapsulated substance is 
distributed non-uniformly within the CNT channel, and the filling is far from being 
complete due to the solvent molecules encapsulation into the SWNTs. Indeed, when the 
solvent is removed and/or gaseous products are formed during the thermal treatment, 
individual cluster particles with 2 to 100 nm in diameter may be formed with the maximum 
yield of approximately 25% — 30% (Zhang et al., 2003). It should also be mentioned that 
nanoparticles formed in such a manner are most often polycrystalline, while from the 
practical perspective the single-crystalline nanoparticles inside the SWNTs are of major 
importance. 
 

Fig. 3. HRTEM image of an SWNT filled with Fe nanoparticles introduced from Fe(NO3)2 
solution at room temperature with subsequent annealing at 300°C 

3.3.2 Encapsulation from melts 
Continuous and uniform filling of SWNTs was successfully accomplished by the ex situ 
approach involving filling of nanotubes from melts. This technique provides a 2-3 times 
larger encapsulation yield as compared to the filling from suspensions and solutions 
(Eliseev et al., 2009a; Monthioux et al., 2006; Sloan et al., 2002b). The method is based on 
the melts penetration into the single-walled nanotube channels due to capillary forces. 



One-Dimensional Crystals inside Single-Walled Carbon 
Nanotubes: Growth, Structure and Electronic Properties 133 

The encapsulation procedure is usually performed under vacuum conditions at 
temperatures 10-100°C higher than the melting point of the quest material, which is 
followed by the slow cooling of the system in order to allow crystallization of the 
encapsulated particles. As a rule, metal halides as well as substances with low melting 
points are encapsulated using this approach, since they meet all the requirements to the 
introduced materials, i.e. low surface tension (<170 mN·m-1) and melting point (<1100 °C) 
(see Table 1) (Brown et al., 2003). 
For the first time, Ajayan and Iijima (1993) employed the ex situ introduction of melts into 
the NT channels to fill multi-walled carbon nanotubes with the PbO particles (Ajayan & 
Iijima, 1993). The encapsulation yield was 90%, which is approximately twice the filling 
yield achieved by other methods (Ajayan & Iijima, 1993). Later Ajayan demonstrated that 
this approach can be successfully used to fill the SWNTs without performing preliminary 
opening of the nanotube ends (Xu et al., 2000). 
The ex situ introduction of inorganic substances from melts was used to fill the SWNTs with 
nanoparticles of various metal halides [MII (MI = Li, Na, K, Cs, Rb, Ag), MIII2 (MII = Ca, Cd, 
Co, Sr, Ba, Fe, Pb, Hg), MIIII3 (MIII = La, Ce, Pr, Nd, Gd), (Te/Sn)I4, Al2I6, AgClxBryIz, MICl 
(MI = Na, Cs, Ti), MIICl2 (MII = Cd, Fe, Co, Pd), MIIICl3 (MIII = La, Nd, Sm, Eu, Gd, Tb), 
MIVC14 (MIV = Hf, Th, Zr, Pt), Al2Cl6, (Th/V)Cl6], elemental forms (S, Se, Te, I2, Cs, Re, Bi, Pt, 
Au, Ru, Fe, Ag), fullerenes (C60, C70, C80), endofullerenes (Gd@C82), a (KCl)x(UCl4)y mixture, 
oxides (RexOy, V2O5, Sb2O3, CrO3, PbO, UO2), hydroxides (KOH, CsOH), and chalcogenides 
(SnSe, HgTe and CdBr2-xTex) (Brown et al., 2003; Carter et al., 2006; Dujardin et al., 1994; 
Eliseev et al., 2009a; Flahaut et al., 2006a; Monthioux et al., 2006; Sloan et al., 1999). 
Table 1 lists the surface tension and the melting points of a number of substances 
encapsulated into the SWNTs, as well as the filling temperatures and yields (Brown et al., 
2003; Eliseev et al., 2009a; Monthioux et al., 2006; Xu et al., 2000). According to the TEM 
data, the SWNT channels filling yield for encapsulation with inorganic compounds was 50% 
to 90%. 
In most cases, the encapsulated nanoparticles were found in the form of one-dimensional 
nanocrystals within the SWNT. Based on the analysis of the TEM micrographs (Fig. 4 a,c), 
structural models of the one-dimensional nanocrystals may be proposed (Fig. 4 b,d) (Sloan 
et al., 2000b; Sloan et al., 2002a). 
 

Fig. 4. HRTEM images of the KI nanocrystals inside the SWNT channel (a,c) and atomic 
models of the 1D crystals (b,d) 
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Material 
γ 

(mN·
m-1) 

Tmelt,
ºС 

Tint,ºС
Loading 

factor (%) Material 
γ 

(mN·
m-1) 

Tmelt, 
ºС 

Tint, 
ºС 

Filling 
yield (%) 

AgCl 
113–
173 

560 
560–
660 

40-50 K 117 336   

AgBr 151 432 
532–
590 

40-50 KCl 93 771 870  

AgBr0.2Cl0.8 173 410 510 40-50 
(KCl)x 
(UCl4)y 

44-65
335, 
562 

435, 
662 

< 10 

AgI 171 455 555 80-90 KI 70 681 781 60-80 

Al 860 660 −  LaCl3 109 860 910 20-40 

BaI2 130 740 840 < 10 LiI 94 449 549 20-30 

Bi2O3 200 825   NaI 81 661 761 10-20 

CaI2 83 784 884 < 10 NdCl3 102 784 834 20-40 

Cs 67 29   Pb 470 327 −  

CsI 69 627 727 30-40 PbO 132 886  80-90 

CuCl − 430 530 30-50 Re2O3 32 220 250 50-60 

CuBr − 492 590 60-80 Rb 77 39   

CuI − 606 705 >90 RbI 70 647 747 60-70 

EuCl3 − 850 860 20-40 S 61 115 165 20-30 

FeCl2 − 674 774  Se 97 221 320 20-40 

FeBr2 − 684 784  Te 190 450 520 20-40 

FeI2 − 587 687 50-60 SnTe − 807 907 60-70 

CoBr2 − 678 778  TbCl3 − 588 638 20-40 

Ga 710 30 −  SmCl3 − 686 706 20-40 

GdCl3 92 609 659 20-40 UCl4 27 590 690 < 10 

Hg 490 −38 −  V2O5 80 690   

HF 117    YbCl3 − 854 904 20-40 

HNO3 43    ZrCl4 1.3 437 487 50-70 

Table 1. Surface tension values and melting points of encapsulated materials, synthesis 
temperatures of the “1D-crystal@SWNT” nanocomposites (encapsulation from melt) and 
encapsulation yields 

The ex situ encapsulation from melt has a number of advantages in comparison with other 
filling techniques. Among them are the possibility to use a wide range of substances to fill 
the SWNTs, the simplicity of approach’s, the composites uniformity, high loading factor (up 
to 90%), and high crystallinity of the synthesized nanoparticles. Another benefit is the 
absence of any solvent and/or by-products (oxides, carbides) contamination in the ”1D-
crystal@SWNT” systems. This makes the ex situ filling of single-walled nanotubes from melt 
the most efficient approach for the ”1D-crystal@SWNT” systems synthesis that has been 
developed so far. 
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3.3.3 Direct synthesis within the SWNTs 
Notwitstanding its efficiency, the encapsulation from melts has a number of limitations. 
This approach cannot be employed for compounds with surface tension values exceeding 
170 mN·m-1 and melting points above 1100°C. This essentially limits the possibilities to 
directly introduce many metals (due to high  values of their melts) and covalent 
compounds (e.g. metal oxides or chalcogenides) into the SWNT channels. On the other 
hand, encapsulation of metallic nanoparticles into semiconducting SWNTs or 
semiconductor crystals into metallic tubes is expected to result in the most significant 
changes in the electronic structures of the single-walled nanotubes (Eliseev et al., 2009b; 
Kramberger et al., 2009a; Shiozawa et al., 2009a). Moreover, low-dimensional broadband 
AIIBVI and AIVBVI semiconductors with an exciton diameter of several nanometers (e.g. 
exciton diameter of CdS is 4.8 nm) are of interest both for the quantum-size effects studies 
and possible application in light emitters, sensors, solar cells etc. (Cao et al., 2004).  
Although direct filling of nanotubes with semiconducting materials having high melting 
points failed, such materials can be synthesized directly in the internal channels of the 
SWNTs (Eliseev et al., 2009b). First, the nanotube channels are filled with molten metal 
iodides (ZnI2, CdI2, PbI2) using the capillary approach at temperatures exceeding the 
substances’ melting points by 100°C (Tmelt = 446, 388 and 412°C, respectively). The obtained 
MI2@SWNT composites undergo sulfidation, selenation or telluration when treated with 
molten chalcogens: 
 

MI2@ОСНТ + 2 Xliquid → MX@ОСНТ + ½ I2 gas + ¼ XnIm gas 

(X = S, Te, XnIm = 2 S2I2 or Te4I4), 
 

MI2@ОСНТ + Xliquid → MX@ОСНТ + I2 gas   (X = Se).

   
(1) 

 
(2) 

 

Slow cooling of the chalcogenides synthesized in the SWNT channels results in their 
crystallization in the form of one-dimensional crystals. It is assumed that the chalcogen 
atoms are transported into the single-walled nanotubes filled with the iodides (MI2), and the 
I2 and XnIm gaseous molecules formed in the reactions (1) and (2) are removed through 
defects in the SWNT walls (Eliseev et al., 2009b). This suggestion is in line with the observed 
destruction of one-dimensional crystals in the SWNT channels upon the system’s irradiation 
with high-energy electrons, that leads to escape of the encapsulated compounds through the 
defects in the nanotube walls and their subsequent decomposition on the NT’s external 
surfaces (Hutchison et al., 2008). 
The approach based on chemical reactions within the SWNT channels was successfully 
employed to synthesize the 1D crystals of semiconducting AIIBVI and AIVBVI compounds (A 
= Zn, Cd, Pb; B = S, Se, Te) (Fig. 5) with high melting points (up to 1750°C) and the band 
gaps of 0.3 to 3.7 eV (Eliseev et al., 2009b). 

4. Structures and properties of the “1D-crystal@SWNT” nanocomposites 
The “1D-crystal@SWNT” nanostructures arouse huge interest for theoretical studies and 
possible applications. Since this research area has been under development only for the past 
10 years, the information on the properties of the “1D-crystal@SWNT” composites is rather 
scarce (Eliseev et al., 2009a; Monthioux et al., 2006). The same is true for the simulation of 
structures and electronic properties of encapsulated carbon nanotubes (Kramberger et al., 
2009a; Shiozawa et al., 2009a). The experimental studies focus mainly on the possibility to 
alter the SWNTs band gaps by filling them with electron-donor or electron-acceptor  
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Fig. 5. HRTEM image of the PbTexI2-2x@SWNT composite (two types of the observed 
projections) 

compounds or changes in the atomic and electronic structure of the encapsulated 
compounds due to forced structural deformations of the materials inside the single-walled 
nanotubes (Shiozawa et al., 2008). 
The “1D-crystal@SWNT” nanocomposite structures are most efficiently studied by high 
resolution transmission electron microscopy. Since a “1D-crystal@SWNT” nanocomposite is 
a single-walled carbon nanotube with a 1D-crystal inside, the HRTEM images display either 
crystallographically ordered atomic arrangements or columns of several atoms (see fig. 3). 
Historically, HRTEM was first implemented to study the “1D-KI@SWNT” nanocomposites 
(Meyer et al., 2000; Sloan et al., 2000b). In these systems one-dimensional KI crystals with 
2x2 or 3x3 atoms in diameter were observed depending on the tube diameter. Peapods can 
also be considered as the “1D-crystal@SWNT” nanocomposites (Smith et al., 1998). 
It stands to mention that in the SWNTs of various diameters the encapsulated compounds 
(for instance, KI, PbI2, CuI, HgTe) can form structures that differ by the number of atoms in 
the nanotube cross section or by symmetry (Carter et al., 2006; Flahaut et al., 2006a; Kataura 
et al., 2002; Kiselev et al., 2008). The structure of such nanocrystals differs substantially from 
the bulk substances both with regards to their symmetry, bond lengths, and bond angles. 
The distortion of geometric parameters is obviously caused by the steric limitations of the 
one-dimensional nanocrystals within the nanotube walls, as well as by the adjustment of 
nanoparticle structures to the internal diameter of the SWNTs channel (Eliseev et al., 2009a; 
Kataura et al., 2002). For some systems the spatial confinement of an intercalated substance 
by the channel walls leads to the formation of a 1D-crystal with a structure that is not typical 
for the 3D-crystals of the same compound. For instance, 3D-AgBr is cubic, while the 1D-
crystals formed within the SWNTs have a hexagonal structure that is absent from the 
Equilibrium phase diagram related to bulk state. In certain situations entirely new structures 
with unusual properties (including a five-fold symmetry) can be formed ((Ebbesen, 1996; 
Kirkland et al., 2005; Mittal et al., 2001; Sloan et al., 2002c). 
In fact, such deviations pertain to the choice in the nanocrystal’s crystallographic 
orientation with respect to the nanotube axis (different crystallographic directions of the 
bulk substance can coincide with the long axis of a one-dimensional nanocrystal), 
reduction of the coordination number for atoms within the encapsulated inorganic 
substance, the difference between the crystal lattice parameters for the one-dimensional 
crystal and those for the bulk material, as well as the formation of nanocrystals with a 
crystal lattice that is not typical for the bulk materials (Eliseev et al., 2009a; Kataura et al., 
2002; Monthioux et al., 2006). 
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The crystallographic orientation of the nanocrystals relative to the nanotube axis changes 
due to the demand to preserve the stoichiometry of the encapsulated compound to the 
highest possible extend, whereas the reduction of the coordination number and the change 
in the nanocrystal’s lattice parameters along the radial direction are apparently explained by 
the spatial limitations of the nanocrystal within the SWNT walls (Mittal et al., 2001). The 
nanocrystal’s lattice parameters along the nanotube axis are less distorted, since the 
nanocrystal experiences virtually no steric limitations along this direction. Nevertheless, a 
number of studies indicate the extention/compression of the 1D crystal lattice along the 
SWNT axis. In particular, this effect was observed for the KI, CuI, Ag, Sb2O3, KI nanocrystals 
and the (C60)n fullerene chains (Friedrichs et al., 2002; Meyer et al., 2000; Sloan et al., 2002b). 
The observed lattice distortion can be as high as 14%. The compression (or stretching) of the 
lattice parameter along the nanotube axis is likely to be caused by the stretching (or 
contraction) of the unit cell within the SWNT channel in the radial direction; the cell volume 
remains unchanged. 
Analysis of possible one-dimensional crystal configurations formed within single walled 
carbon nanotubes indicates that the structure of a crystal is mostly governed by the SWNT 
diameter (Table 2). To the moment a number of crystal geometries unusual for bulk case 
have been reported in the SWNT channels. As most of these crystals are not easily 
described in terms of traditional space groups, here we would utilize the following 
notation: 
1. One-dimensional unit cell is further denoted as (AxBy)n/L, where n corresponds to a 

number of molecular formula units, and L to the number of layers in the unit cell.  
2. To describe the lattice of a one-dimensional crystal, additional symmetry notation is 

involved based on Bravais lattices with a rotation axis Cn (or an inverse rotation axis Sn) 
aligned along the tube using a P letter for primitive, an C for base-centered and an F for 
face- centered structures. In several cases the structures could be described as a dense 
packing. 

3. When the anion/cation diameter ratio for the 1D crystal is substantial, there is a 
number of vacant cationic positions in the structure, and cations can easily migrate 
inside of the channel. In this case the cationic positions cannot be easily determined and 
symmetry notation is applicable only to anion sublattice. Nevertheless, few detailed 
studies performed with microscopy image simulation allow distinguishing between 
different cationic forms of one-dimensional crystals (fig. 6).  

4. For a number of crystals the formation of helix structures can be observed. The most 
common examples include I2@SWNT, RbI@SWNT and H2O@SWNT (Chen et al., 2009; 
Fan et al., 2000; Kirkland et al., 2005; Liu & Wang, 2005). For these crystals we use the 
1/N(AxBy)n/L notation, where N is a number of unit cells per period of rotation, i.e. N = 
/360 with  – rotation angle (distortion) for a single unit cell. 

The most interesting structural changes are observed for low-diameter SWNTs, where the 
lattice constant is comparable to the nanotube diameter. Moreover, the structural deviations 
are more frequently observed for crystals with complex (non-primitive) structures in the 
bulk. Obviously, the packing rules for non-interacting atoms within SWNT channel should 
comply with simple geometric considerations (Table 3). These kinds of structures are typical 
for inert metals crystallized within the SWNT. However, due to a lack of informative 
HRTEM studies only few examples can be found in the literature (Govindaraj et al., 2000; 
Jeong et al., 2003).      
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Fig. 6. HRTEM images (a, d) structural models (b, e) and TEM image simulation results (c, f) 
for two types of the CuI one-dimensional nanocrystal within a 1.4 nm SWNT channel. 
Copper atoms are located in the tetrahedral (a-c) and octahedral (d-f) sites of a two-layer hcp 
(CuI)6/2 structure 

Another simple case is ionic crystals, such as alkali metal halides, for example, KI. All the 
projections for KI crystal resolve in a simple cubic lattice with a (001) axis aligned along the 
tube channel. This structural motif is least subject to confinement by a nanotube: for low-
diameter (below 1.5 nm) tubes (MX)4/2 crystals with a face centered cubic structure (a 2×2 
crystal) are formed within the channel, (MX)9/2 fcc (a 3×3 crystal) is typical for tube 
diameters of 1,5 – 1,7 nm, while for greater diameters lattices of bulk NaCl type are formed. 
In this case the major structural changes are the variation of the interatomic distances and 
the cell volume expansion. It is worth noting that CsI intercalated into SWNTs also has a 
NaCl-type structure, despite the fact that the bulk substance has a bcc structure. 
Most of less-ionic crystals having dense packing of anions in their bulk structures (2- or 3-
layer hexagonal lattices) tend to form a two-layer hexagonal packing within the tube. This 
case is characteristic for copper and silver halides, which have been recently studied in 
detail (Eliseev et al., 2010; Eliseev et al., 2011). Crystals with covalent bonding tend to 
preserve some structural fragments in one-dimensional crystals. Atomic coordination 
numbers can play a certain role in defining the crystallographic orientation of the 
nanocrystals relative to the nanotube axis (Kiselev et al., 2008).  
The degree of crystallinity and the structure of the one-dimensional nanocrystals within the 
nanotube channel depend strongly on the ratio between the structural parameters of the 
encapsulated compound and the internal diameter of the SWNT channel. For example, for 
the CuHal@SWNT and AgHal@SWNT (Hal = Cl, Br, I) systems the degree of crystallinity 
for nanoparticles incorporated into the SWNT channels increases when passing from the 
metal chlorides to iodides, which is presumably caused by the increase in the halogen ion 
radius when passing from Cl to I [r(Cl-) = 1-67, r(Br-) = 1-82, r(I-) =2.06 Å], which causes the 
increase in the M-Hal bond lengths in this series (Eliseev et al., 2010; Eliseev et al., 2011). As 
a result, in the CuCl@SWNT composite the CuCl single crystal does not completely fill the 
nanotube’s channel, which results in substantial mobility of the Cu and Cl atoms; this, in its 
turn, leads to a decrease in the degree of crystallinity. At the same time, in the CuI@SWNT 
composite the size of the CuI crystal fits well the diameter of the tube, which results in the 
enhanced degree of crystallinity. 
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Compo-
und 

d1 
nano-
tube, 
nm 

Type of 
packing 

Cell 
formulae 

Crystal 
sym-
metry 

d2 
crystal

Expansion 
d2/(d1 – 

d00l 
graphite) 

across 
tube 
axis 

along 
tube 
axis 

KI 1,4 
(MI)4/2 

Helix 1/20 4P  

1,06 +14% +14% 0,995 

RbI 1,4 1,00 +6,4% -1,8% 0,957 

CsI 1,4 1,11 +7,1% +2,9% 1,042 

LiI 1,6 

(MI)9/2 4F  
(fcc) 

1,13 +25% +25% 0,893 

KI 1,6 1,31 +7,4% +4,9% 1,036 

CsI 1,6 1,37 +9,3% +2,3% 0,988 

NaI 2,5 (NaI)36/2 4P  2,00 +4% +4,7% 0,924 

AgBr 1,4 

(MHal)6/2 mm2P  

0,98 -2% +4,9% 0,920 
AgI 1,4 1,11 -4,5% -0,7% 1,042 

CuBr 1,4 1,00 0,0% +2,1% 0,957 
CuI 1,4 1,06 -2,8% +2,3% 0,995 

BaI2 1,4 
 2P  

1,21 - - 1,136 

PbI2 1,6 1,43 - - 1,130 

HgTe 1,36 (HgTe)4/2 4P  0,99 - - 0,966 

SnSe 1,4 
(MChal)4/2 4P  

0,91 - - 0,854 

SnTe 1,35 0,84 
+10,3

% 
-16,7% 0,828 

SnTe 1,35 (SnTe)5/2 4C  1,08 +4,8% -7,0% 1,064 

CdS 1,4 (CdS)6/2 6P  0,86 +6,4% +9,5% 0,832 

Table 2. Structural parameters of the “1D-crystal@SWNT” nanocomposites resolved by 
HRTEM 
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1
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2
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D/d  D/d  D/d  

1,00 – 2,00 2,15 – 2,41 2,70 – 3,00 

 

2,00 – 2,15 2,41 – 2,70 3,00 – 3,30 

 
Table 3. Geometry of non-interacting atomic packing within one-dimensional cavity 

Apparently, the nanocrystal structure can change upon variation of the nanotube diameter 
(e.g. for CuI@SWNT and PbI2@SWNT) (Flahaut et al., 2006a; Kiselev et al., 2008). Recently it 
has been experimentally determined that copper and silver bromides (MHal)6/2 can change 
their symmetry from mm2P  in the (19,0) and (18,0) SWNTs to m2P in the (17,0) SWNTs 
due to contraction of the <111> and extension of the <112> axis (Kiselev et al., 2011). 
In summary, the total confinement effect should be considered with relation to the 
nanocrystal size/SWNT diameter ratio. According to the available data, the following cases 
of one-dimensional nanocrystal/SWNT size misfit should be considered: 
1. dcryst/(dSWNT – dgraphite(00l)) < 0,8 

The crystals are highly unstable and tend to undergo phase transformations that yield 
more stable configuration. These structures could be observed as intermediates during 
deintercalation caused by electron beam irradiation (Hutchison et al., 2008). 

2. 0,9 < dcryst/(dSWNT – dgraphite(00l)) < 1 
This is the most common case. The crystal lattice is slightly expanded to fit the SWNT 
channel diameter well. Usually it is associated with a reduction of the lattice parameter 
along the tube channel at constant unit cell volume. Twisting of the lattice can appear in 
case of significant host-guest interaction. In a number of cases the lattice can both 
expand along and across the tube, thus providing an evidence for a strong crystal-
SWNT interaction.  

3. dcryst/(dSWNT – dgraphite(00l)) ~ 1 
If the nanotube diameter fits the nanocrystal size well, the crystal is stable even under 
electron beam irradiation (Hutchison et al., 2008). Slight variation of the crystal cell 
parameters can occur while the cell volume remains constant. 

4. 1 < dcryst/(dSWNT – dgraphite(00l)) < 1,1 
A slight confinement for cubic and hexagonal phases is observed in this case. One-
dimensional crystal parameter can be reduced up to 10% in the cross-section 
accompanied by distortion of the crystal lattice and increase of the lattice parameter 
along the SWNT. In this case some deformation of the SWNT can occur. For layered 
structures the crystal can be stable even for higher ratios due to possible SWNT 
deformation, as it was observed for PbI2@SWNT (Flahaut et al., 2006b). Slight 
deformation of the tube can also be observed for more symmetric crystals (Sloan et al., 
2002a). For chiral tubes some twisting of the crystal within the channel is expected. 

5. 1,2 < dcryst/(dSWNT – dgraphite(00l)) 
The crystals are highly unstable and tend to undergo phase transformation yielding a 
more stable configuration. These structures can be observed as intermediates during 
deintercalation caused by electron beam irradiation (Hutchison et al., 2008). 
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Most structures of one-dimensional nanocrystals within the SWNTs were shown to be 
metastable (Eliseev et al., 2009a). This was demonstrated for metal halides nanoparticles (i.e. 
AgBr, AgI, CoCl2) formed within the SWNTs. After removal of the carbon nanotube shell, 
these particles lose their nanowire morphology (Bendall et al., 2006). Dynamic behavior was 
reported for the ZrCl4, RexOy, and CuI nanoparticles within the SWNT channels upon electron 
beam irradiation (Brown et al., 2001; Costa et al., 2005; Kiselev et al., 2008). The ZrCl4 
nanoparticles form clusters, the RexOy particles evenly rotate inside the single-walled 
nanotubes, while one-dimensional CuI crystals deencapsulate onto the nanotube surface and 
decompose yielding metallic copper. Live HRTEM study of the 1D-CuI@SWNT 

nanocomposite brought two phenomena to light: (1) the CuI crystal rotation and oscillation 
within the nanotube channel and (2) its emergence from the nanotube through macro-defects 
(Hutchison et al., 2008). In a series of images (some shown in Fig. 7) a small fragment of the 
CuI 1D-crystal (about 5.1 nm long) within the nanotube moved and rotated. By the end of the 
scanning process, the crystal was destroyed. The reason for the crystal movement and escape 
was charge generation at the SWNT walls in concert with the and OH- generation; these 
particles interact with the SWNT walls, thus producing defects. The observed effects enabled 
to propose a technique for controllable nanocrystal deencapsulation. In case of its application 
for partial crystal removal the method provides a p-n-junction within a single SWNT. 
 

Fig. 7. Oscillation and rotation of the 1D-CuI nanocrystal within the SWNTs 

5. Electronic structure of the ”1D-crystal@SWNT” composites 
For the 1D crystal encapsulated into a nanotube, the interaction between the 1D crystal and 
the template may play a crucial role and therefore can govern the structure and electronic 
properties of such a system. The 1D crystal – SWNT interaction may include the formation 
of local chemical bonds, a template-induced distortion of the crystal structure and the bond 
geometry, as well as non-local effects (i.e. charge transfer etc). If there are no local chemical 
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bonds formed between the 1D-crystal and the nanotube, the charge transfer can be 
described within the rigid bands model, which considers the interaction in terms of a 
“doping” effect with the corresponding increase (n-doping) or decrease (p-doping) of the 
SWNT’s Fermi level. Tuning of the doping level modifies a number of crucial fundamental 
properties, e.g. allowed optical transitions, the phonon spectrum, the bulk conductance, the 
internal charge neutrality level, and the collective free charge carrier response. To a first 
approximation, the charge transfer may be predicted using a difference in the work function 
between the SWNTs and the crystal and the equilibrium distance from the outer atoms of 
1D crystal to the SWNT, as it has been recently demonstrated for graphene (Khomyakov et 
al., 2009). There are two weak points for such a prediction. First, the 1D crystal WF 
apparently differs from that for the bulk material, however, it may be obtained from the 
quantum chemical modeling relatively easily. Second, the 1D crystal geometry can undergo 
changes once embedded into the SWNT. It should be noted that the exact ab initio modeling 
of the 1D crystal@SWNT nanocomposites is complicated by the period uncertainly, thus a 
fragment consisting of a very large number of atoms must be retranslated. The doping level 
can be determined experimentally by direct WF measurements, optical absorption 
spectroscopy, XPS/UPS, Raman (including electrochemical charging behavior) or XANES 
spectroscopy, EELS, as well as theoretically by ab initio quantum chemical calculations. 
 

 
Fig. 8. Secondary electrons cutoff spectra (a), valence band spectra (b), C 1s photoemission 
spectra (c), Raman spectroscopy data (d), C 1s X-ray absorption spectra (e), optical 
absorption data (f) for pure SWNTs and SWNTs intercalated by different compounds (Corio 
et al., 2004; Eliseev et al., 2011; Kramberger et al., 2009b; Liu et al., 2003; Suzuki et al., 2000; 
Yashina et al., 2011) 
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Quasi-free-standing 1D crystals within the SWNTs 
Free-standing one-dimensional crystals with 3-5 atoms in diameter currently attract 
attention due to their unique properties, in particular, size-dependent quantum effects like 
van Hove singularities etc. Better understanding of the 1D crystal physics can be achieved 
through development of inert substrates or templates that allow minimizing the crystal-
template/substrate interaction. Single-walled carbon nanotubes have been considered as a 
promising template for growing 1D-crystals due to their chemical inertness towards most 
inorganic substances, as well as their well-studied electronic properties.  
 

 
Fig. 9. Semiconductor/SWNT DOS scheme, illustrating possible charge transfer between the 
guest compounds and the SWNTs: (a) narrow gap semiconductor/metallic SWNT, (b) 
narrow gap semiconductor/semiconducting SWNT, (c) wide gap semiconductor/metallic 
SWNT, (d) wide gap semiconductor/semiconducting SWNT 

For the quasi-free-standing 1D crystals obtained in such a manner, the Fermi-level shift is 
absent if the work function of the 1D crystal is nearly the same as that of the SWNT (within 
the range of ±0.3 eV). This condition may be met for narrow gap semiconductors. Among 
them, tin telluride (SnTe), an A4B6 semiconductor, was used as a model case for studying the 
1D-crystal formation effect (Yashina et al., 2011) (Fig. 8). The C 1s photoemission spectra and 
Raman spectroscopy data indicate that there are minor differences between the carbon 
binding energies and the C-C bond vibrations for pristine nanotubes and the nanocomposite 
(Fig. 8c, d). Both optical absorption and the C 1s X-ray absorption spectra obtained for 
SnTe@SWNT (shown in Fig. 8e and f) proved that the valence band structure of the 
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composite does not essentially change due to the SnTe intercalation. Only minor influence of 
the intercalated crystal on the metallic SWNTs was detected by Raman spectroscopy 
resulted in a slight increase of WF of the metallic nanotubes (Fig. 8a and b). DFT modeling 
of this system also confirmed a very small (but non-zero) interaction between the (SnTe)5/2 
one-dimensional crystal and the nanotube with a diameter of 1.34 nm (Yashina et al., 2011). 
This suggests that the SnTe@SWNT nanocomposite is a well-suited model system to study 
the physics of quasi-free-standing 1D-crystals. One may expect similar behavior for other 
cubic narrow-gap semiconductors, i.e. PbTe, PbSe, and PbS. 
The possibility of charge transfer between the encapsulated compound and the SWNT walls 
generally depends on the filler’s band structure (fig. 9). If the guest compound is not 
chemically bonded to the nanotube, it is possible to adjust the electron density at the SWNT 
walls by encapsulating narrow gap semiconductors with a desired energy position of the 
conductance band. To estimate the electron transfer efficiency, one can use the work 
function and the band gap values for the guest material taking into account the density of 
states at the bottom of the semiconductor conduction band and the nanotube walls (fig. 10). 
Contrary, encapsulation of noninteracting wide gap semiconductors with work functions 
similar to those of SWNT will not result in any charge transfer, thus giving quasi-free-
standing 1D crystals within the SWNT channel. 
 

 
Fig. 10. (a) Charge per carbon atom versus the Fermi energy shift plot for (9,9) SWNT, (b) 
(9,9) SWNT electronic structure near K-point 

Acceptor doping of SWNT 
Acceptor doping of the SWNTs can be performed by filling nanotubes with a number of 
inorganic substances, i.e. Se, Te (Chernysheva et al., 2008), FeCl3 (De Blauwe et al., 2009; Liu 
et al., 2004a), FeCl2, FeBr2, FeI2 (Kharlamova et al., 2009), AgCl, AgBr, AgI (Eliseev et al., 
2010), CuCl, CuBr, CuI (Eliseev et al., 2011), CoBr2 (Kharlamova et al., 2010) etc. Acceptor 
doping causes a corresponding shift of the C 1s line towards lower BEs in XPS, the upshift of 
the G-mode in the Raman spectra and the appearance of a new empty state in the NEXAFS 
C 1s spectra (Fig. 8). Similar to the donor doping (see below), the S1 peak in the optical 
absorption spectrum disappears, so that the Fermi level shifts into the valence band, as 
evidenced by the disappearance of optical transitions and the emergence of an additional 
pre-peak in the C 1s core-level excitations. 
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A new approach to detail studies of the doping effect is Raman spectroscopy applied at 
electrochemical charging. A good illustration of this technique is the CuI@SWNT 
nanocomposite studies (Eliseev et al., 2011). Raman spectroscopy maps obtained for the 
CuX@SWNT composites under electrochemical charging illustrate a shift of the Kohn 
anomaly positions to more negative potentials (fig. 11). For CuCl@SWNT, it moves to Vbias = 
–1.1 V as compared to Vbias = –0,4 V for raw SWNTs. Since the position of the Kohn anomaly 
corresponds to the equivalent electron density and the Fermi level position in both the 
pristine SWNTs and the nanocomposite, the relative bias shifts of the Kohn anomaly can be 
used as an evaluation tool for the Fermi level position changes. This assumption allows 
direct determination of the Fermi level downshift in the composites, which equals –0.7 eV 
for CuCl@SWNT. This means that the first Van Hove singularities of SWNTs are emptied 
due to the acceptor effect of copper halide, which is in good agreement with the optical 
absorbance spectroscopy results. The mechanism proposed for the acceptor behavior of 
copper halides involves a formation of a new level, which takes place due to the Cu-SWNT 
interaction (as observed by XAS), and binding of SWNT conduction π-electrons with copper 
3d electrons at these localized states. This leads to the corresponding Fermi level downshift 
for the SWNTs. Besides, the dependence charge transfer efficiency on the nanotubes 
chirality was also reported (Eliseev et al., 2011).The behavior and the mechanism are 
applicable to most of acceptor dopants.  
 

 

Fig. 11. G-region Raman scattering maps for charged pristine SWNTs (a) and CuCl@SWNT 
(b) nanocomposites illustrating the Kohn anomaly shift upon intercalation of the CuX 
compounds. The maps were normalised to the maximum scattering intensity in the 1450-
1650 cm-1 region to improve the data presentation. Dashed lines indicate the softening 
phonon branches just for illustration purposes 

Donor doping and acceptor-to-donor doping transformation 
Donor doping of SWNTs is performed by their filling with certain metals or metallorganic 
compounds (Kramberger et al., 2009a; Kramberger et al., 2009b). Most opportunities to tune 
the electronic properties of SWNTs are provided by alkali metals doping. In a series of 
publications (Kramberger et al., 2009a; Kramberger et al., 2009b), the donor effect of the 
metal intercalated from the vapor phase was reported. Gradual potassium intercalation was 
achieved by vacuum metal deposition on the SNWT bundles; this opens a way to tickle the 
delicate balance of the internal charge transfer and the local WF (Kramberger et al., 2009a).  
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However, it should be noted that in this case the filling of the SWNT cavity probably takes 
place concurrently with the intertube space filling within the bundle. To overcome this 
problem, an elegant approach was proposed, which includes filling of the SWNTs from the 
vapor phase with large metalloorganic compounds like FeCp2 (Shiozawa et al., 2008) and 
CeCp2 (Shiozawa et al., 2009b) with their subsequent transformation upon heating. For 
example, annealing in vacuum converts the encapsulated cerocene into the nano-structured 
cerium within the nanotubes; at the same time, the cyclopentadiene rings form an internal 
wall of the nanotube, thus it becomes double-walled. As a consequence of the increased 
electron doping of the outer tubes by the encapsulated cerium chains, the Fermi level 
upshift is observed (Shiozawa et al., 2009b).  
Another approach was implemented for rare-earth nanowires within the SWNTs (Ayala et 
al., 2011). Quantum ErCl3 nanowires templated inside carbon nanotubes tailored under high 
temperature and vacuum, were studied within a combined XAS and resonant 
photoemission approach. It was shown that the wire formation occurs spontaneously inside 
the tubes at thermal heating. The salt filling undergoes a chemical transformation upon high 
temperature heating in vacuum, which leads to the formation of elemental Er nanowires 
inside the SWNTs. The XAS and the XPS core level spectroscopy data for the filler and the 
SWNT, as well as from RES-PES across the 4d and 3d edges indicate that both the bonding 
environment and the hybridization change upon thermal annealing. During the annealing of 
the SWNTs doped with ErCl3, which initially illustrates an acceptor behavior, it transforms 
into an n-doped SWNT due to conversion to metallic Er. 
P-n junctions 
Local variation of the WF allows development of nanoelectronics elements, i.e. transistors, 
due to the possibility to create a p-n junction within an individual nanotube by acceptor and 
donor filling of its different parts. The example was demonstrated in (Kato et al., 2009) 
where ultimate one-dimensional heterojunctions of electron donor and acceptor materials 
were realized within the inner hollow space of a SWNT. The heterojunction structures of 
Cs/I and Cs/C60 inside the SWNTs yield the air-stable rectifying performance. Clear 
tunneling currents through the p-n junction barrier were detected only for Cs/I@SWNTs, 
which is explained by the difference in the depletion layer structures. Based on potential 
calculations, symmetrical and asymmetrical depletion layers were found to be formed in 
Cs/I@SWNTs and Cs/C60@SWNTs, respectively. Low temperature measurements also 
supply evidence of asymmetric depletion layer formation in Cs/C60@SWNTs. 
Local interactions between the 1D crystal and the SWNT 
Due to the SWNTs inertness, the formation of strong chemical bonds with the 1D crystal is 
hardly possible. Nevertheless, relatively weak local interactions may be observed rather 
frequently. This was already demonstrated for a number of metal crystals like Ba (Liu et al., 
2004b) and Ag (Borowiak-Palen et al., 2006) intercalated into the SWNT bundles. In these 
cases, new energy levels were observed in the C 1s NEXAFS spectra at photon energies 
corresponding to the lower π-resonance for Ba or between the π - and σ-resonances for Ag. 
In case of Ba, at lower doping pure ionic charge transfer from Ba to the nanotubes occurs 
similar to the alkali-metal-doped SWNTs. However, at high doping levels a simple ridgid 
band filling of the SWNT’s conduction band is not applicable anymore, and one has to take 
into account hybridization between the Ba and the C states within the intercalation 
compound. This is in contrast to alkali-metal-intercalated nanotubes where a purely ionic 
charge transfer is observed. At high Ba content the covalent interaction results in a greater 
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lattice expansion than expected for Ba2+. The suppression of the -plasmon and a splitting of 
the *-states lead to the appearance of an additional peak in the C 1s spectra. Regarding the 
charge carrier plasmon, for fully doped samples the plasmon energy is approximately two 
times higher than for the alkali-metal-doped SWNTs, although the dc limit of the optical 
conductivity is of the same order. 
The local interactions issue can be clarified through detailed structural study of the local 
atomic geometry using EXAFS (Eliseev et al., 2011). CuX nanocrystals were found to bond to 
the nanotube walls with a length of 2 Å; and copper to carbon coordination increased in the 
sequence CuI@SWNT → CuBr@SWNT → CuCl@SWNT. In CuCl@SWNT, copper is 
“bonded” to four carbon atoms and only one Cl atom. These interactions are clearly 
indicated by XPS, NEXAFS, HERFD XAS, XES, EXAFS, optical absorption and Raman 
spectroscopy data (Eliseev et al., 2011; Generalov et al., 2010). 
Thus encapsulation of electron donor or acceptor compounds into SWNT channels results in 
the changes in the electronic structure due to both charge transfer between SWNT wall and 
the guest compound and the chemical interaction between the filler and the carbon 
nanotubes. This interaction is realized through hybridisation of the 2pz –orbitals of carbon 
with p- or d-orbitals of filler, forming new localised states. The absolute energy positions of 
these states remain virtually the same for different fillers, but the total charge transfer 
increases with an increase of the electron affinity of the intercalated compound. 

6. Conclusions 
By intercalating inorganic compounds into single-walled carbon nanotubes, the electronic 
properties of SWNTs can be directly modified. Namely, the filling of nanotubes with 
electron donors (such as metals or metalorganic compounds) can lead to the electronic 
conductivity of the “1D-crystal@SWNT” composite, which is caused by an increase in the 
electron density on the nanotube walls within the rigid band structure approximation. 
Alternatively, intercalation of SWNTs with electron acceptors leads to an electron density 
transfer from the SWNT walls to the one-dimensional crystal, which results in the system 
transition into a semiconducting state. To control the charge transfer efficiency upon 
encapsulation, one should consider the work functions and the band gap values for the 
guest material taking into account the density of state at the bottom of the semiconductor 
conduction band and the nanotube walls. Moreover, one should always take into account 
possible chemical interaction between the filler and the carbon nanotubes. This interaction is 
realized through hybridisation of the 2pz π–orbitals of carbon with p- or d-orbitals of filler, 
forming new localised states. Depletion of electrons from the SWNT walls to these localised 
states will result in decrease of electron density on the conjugated π–orbitals of graphene 
layer and the corresponding Fermi level downshift. Encapsulation of noninteracting wide 
gap semiconductors with work functions similar to those of the SWNT will not result in any 
charge transfer, thus yielding quasi-free-standing 1D crystals within SWNT channel. 
This approach enables control of the SWNTs’ electronic structures and development of 
ground-breaking nanosystems such as quantum threads, single nanotubes with a p — n-
transition, and nanocables (for conductor intercalation into semiconducting nanotubes) 
(Zhao & Xie, 2003; Zhou et al., 2006). In this context, nanocomposites based on single-walled 
nanotubes are considered to be extremely promising for nanoelectronics applications, 
especially for creating the p — n-junctions inside a single nanotube. 
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In one of the recent studies a possibility to develop efficient electrodes for symmetric 
supercondensers based on the CrO3@SWNT composites was demonstrated; high charging 
rates can be achieved for such electrodes due to reactions between the CrOx nanocrystals 
and the electrolyte (Lota et al., 2007). Nanotubes filled with the electron donor compound 
nanocrystals display low photoelectric work functions, which may be used to manufacture 
field effect emitters for modern electroluminescent tubes and X-ray minitubes. The above-
described experiments are just the very first examples of how the unique properties of the 
intercalated SWNTs can be used, and the actual applicability of such nanocomposites 
should be assessed in more detail. The fundamental and practical advancement in this 
sphere requires further development of the intercalation techniques for various compounds, 
as well as of the analytical methods and theoretical approches for studying such 
nanocomposites. 
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1. Introduction  

Carbon, the first element in Group 4A, is a nonmetal and has 1s2 2s22p2 electronic 
configuration, in which four valence electrons allow it to form a number of hybridized 
atomic orbitals. Therefore, carbon atoms in the elemental substances bonds to each other 
covalently by the sharing of electron pairs, in which the covalent bonds have directional 
properties. This in turn provides carbon capability to adapt into various molecular and 
crystalline structures. The natures of these bonds underlie the varied chemical properties 
and physical properties of the carbon allotropes. Pure carbon-based materials are not only 
diamonds (as shown in Figure1.1a), and graphite (Figure 1.1b) but also fullerenes (Figure 
1.1c), carbon nanotubes (CNT) (see Figure 1.2), and amorphous carbon.  These allotropes 
have been considered some of the most important materials in nanotechnology.  
The unique properties of single-walled carbon nanotubes originate from their distinctive 
structure, which is composed of C-C bonds more closely related to that in graphite rather 
than in diamond. specifically, despite the fact that diamond has a coordination number of 
four with sp3 hybridization,  the sp2 hybridization in graphite links carbon atoms in a two-
dimensional (2D) layer of hexagons that lead to each layer in graphite being a planar 
structure in the ideal cases. In the latter case, each carbon atom contributes three electrons to 
the sigma bonds within the plane and has one electron left in the pz orbitals. These pz obitals 
cooperatively allow the electron to delocalize over the entire plane, giving rise to a 
molecular orbital that is perpendicular to the plane of graphene, which allows the fourth 
valence electron in carbon atoms to move freely on the plane. Within the layers, the carbon-
carbon bond distance is similar to the bond length in benzene (the carbon atoms are strongly 
bound to each other and carbon-carbon distance is about 0.14 nm), leading to a very large 
inplane value for Young's modulus. The distance between layers (about 0.34 nm) is too large 
to permit significant orbital overlap; layers are bounded to each other mainly by weak long-
range Van der Waals type interactions. The weak interlayer coupling gives graphite the 



 
Electronic Properties of Carbon Nanotubes 158 

property of a seemingly very soft material, the property that allows using graphite in a pen 
for writing. In diamond, all valence electrons are localized around the carbon atoms. These 
structural differences produce profound affects on the electrical properties of graphite and 
diamond: graphite is a semimetal, and diamond is an insulator with a band gap around 6 eV. 
Since carbon nanotubes’ (CNTs) discovery in 1991 [1], they have received extensive 
attention due to many unique physical and chemical properties. Considering that CNTs are 
the subject of one of the most important areas of research in nanotechnology due, to their 
unique properties and potential for precious profitable applications  varying from 
electronics to chemical process control — a massive amount of effort has been invested on 
investigation of nanotubes' active components.  Indeed, their discovery has resulted in a 
variety of technological uses, namely, nanotechnology, functional nanodevices, [2,3,4] 
materials science, heat conduction, [5,6] electronics, [7,8] molecular memories,[9] optics, 
[10,11,12] unique electrical properties,  transistors, electrically excited single-molecule light 
sources, [13,14,15,16] DNA functionalization, [17,18] high-performance adsorbent electrode 
material for energy-storage device, [19] and proteins.[20,21] Most of the research has been 
invested to understand their optical and structural properties as well as the development 
and advancement of carbon nanotubes.   
Carbon nanotubes (CNTs) are in the structural family of fullerene. They are molecules 
composed entirely of carbon atoms. The carbon atoms are usually arranged in a hexagonal 
pattern, bonded together with extremely strong covalent bonds. A carbon nanotube bundle 
can be visualized as a finite number of carbon graphite shells arranged around a hollow 
center axis with a constant spacing of around 0.34 nm, with a tubular diameter normally 
ranging up to several nanometers from 1.4 nm, and with lengths up to several microns. This 
number of graphite shells is the basis for the key division in carbon nanotubes, such as 
single-walled nanotubes (SWNTs) and multi-walled nanotubes (MWNTs). The concept of 
either single-walled or multi-walled carbon nanotubes is important since the properties 
change significantly with respect to each other. One of the goals of the research focused on 
CNTs is to understand how well electrons flow through carbon nanotubes. As it turns out, 
many of the results were inconsistent.  
In general, multi-walled nanotubes have individually different properties, even if they are 
made under the same experimental conditions. Because of uncontrollable inconsistencies 
between each individual nanotube, it is difficult construct a consistent theory of electric flow 
because of structural defects. In general, the amounts of structural defects in any tube 
significantly effects the flow of electrons in any other CNT. These defects are not yet fully 
understood, therefore, many investigators have investigated how to eradicate these defects, 
so as to obtain the highest performance for nanotube conductance. Furthermore, in optics,  
strong Coulomb effects [14,15,16,22,23,24] in carbon nanotubes bring about formation of the 
exciton states that are allegedly a "bright" (allowed one-photon electronic transition) and 
"dark" (forbidden one-photon transition), and dramatically decrease the efficiency of one-
photon light emission via trapping of the carriers by "dark" excitons [13,22, 25,26,27,28,33].  
However, a proper use of these "bright" and "dark" exciton states, which have distinctively 
different recombination times may benefit the use of which quantum coherence [29,30,31,32] 
and multiphoton schemes of excitation potentially not only allowing one to efficiently 
manipulate the dark states, but may also create conditions for efficient light generation in 
different frequency regions; i.e., producing "slow" or "fast" light, thus implementing 
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quantum light storage media with a negative refractive index,[33,34] and other quantum-
optical regimes [33,35,36]. Possible quantum-optical carbon nanotube devices have a 
potential for suitable performance at elevated temperatures, because the binding energies of 
excitons in single-walled nanotubes (SWCNTs) are up to hundreds of meV [23, 24, 16, 37, 38, 
39, 40]. 
CNTs are not only used for electron transport, but also used as an ideal carbon fiber [41] and 
as a storage units for hydrogen for use in hydrogen fuel cells,[41,42]. From a mechanical 
perspective, the strength of CNTs illustrates their material properties, where the majority 
defects can be neglected, that make it possible to view each nanotube as an ideal carbon 
fiber. In nature, the strong C-C bonds in CNTs are some of the strongest bonds, thus making 
a carbon nanotube one of the strongest materials in nature. For instance, for an ideal carbon 
nanotube, Young modulus of 1000 GPa and tensile strength of 60 GPa have been measured 
from individual structure, which is an order of magnitude higher than ordinary engineering 
plastics. High electrical and thermal conductivity have also been determined 
experimentally, [43,44,45,46], with value close to or better than metals. With such a 
combination of properties and a product form compatible with modern polymer processing 
technologies, the possibilities of creating new engineered materials are enourmous [48][47]. 
The use of carbon nanotubes for antistatic and conductive applications in polymers is 
already a commercial reality and is growing in sectors such as electronics and the 
automotive industry. The loading for achieving electrical percolation with multi-wall carbon 
nanotubes (MWCNTs) may be lower than with conductive carbon black grades.  
Carbon nanotubes can be synthesized by various methods, including arc-discharge, laser 
ablation, and chemical vapor deposition [24]. In the arc-discharge method, carbon atoms are 
evaporated by a plasma of helium gas ignited by high currents passing through a carbon 
anode and cathode assembly. The carbon atoms nucleate on a metal catalyst and grow to 
several micrometers in length. A similar principle is adopted in the laser ablation method 
where intense laser pulses are used to ablate a carbon target containing metal catalysts. 
During laser ablation, a flow of inert gas is passed through the growth chamber to carry the  
nanotube downstream to a cold collection finger. The produced SWCNTs mostly crystallize 
in the form of ropes having tens of individual nanotubes close-packed into hexagons via 
Van der Waals interactions. In chemical vapor deposition, a flowing hydrocarbon gas is 
decomposed by metal catalysts. The precipitation of carbon from the saturated phase in 
metal particles leads to the formation of a tubular carbon solid. 
Boron nitride nanotubes (BNNTs) are among the nanocomposites, which have been 
synthesized successfully [48,49,50] following the syntheses of carbon nanotubes (CNTs). 
The electronic properties of boron nitride nanotubes differ from carbon nanotubes. While 
carbon nanotubes can be either metallic or semiconducting, depending on their chirality 
and the diameter [51], all boron nitride nanotubes (BNNTs) are found to be 
semiconducting materials having the large band gaps[53], with band gaps only weakly 
depending on the diameter, chirality, and the number of the walls of the tube. Because of 
their semiconducting behavior, BNNTs are very interesting materials for application in 
nanoscale devices and are considered remarkable alternatives to CNTs [52,53]. 
Modification of the electronic properties of nanotubes by doping and functionalization is 
also an important subject for nano-devices. The doped nanotubes may exhibit a dramatic 
change with regard to the isolated nanotube. Furthermore, because of the strong 
interactions between electrons and holes in BNNTs [54,55], the excitonic effects in are 
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more important than in CNTs. Bright and dark excitons in BNNTs qualitatively alter the 
optical response [57].  
The optical properties of carbon nanotubes are uniquely connected with the absorption, 
photoluminescence, and Raman scattering of carbon nanotubes. Spectroscopic methods are 
used for the characterization of large quantities of nanotubes without damaging them. 
Optical absorption, photoluminescence and Raman spectroscopies permit a reliable 
characterization for the quality of nanotube such as chirality, size, and structural defect of 
the produced nanotubes. These characterization shed light on other properties, such as 
optical, mechanical, and electrical properties. Raman spectroscopy, or light scattering, is a 
powerful technique used to investigate their spectroscopic and structural properties and 
provides significant insight into the fundamental physical processes that occur. Even though 
a large number of phonon modes in the Raman spectra of carbon nanotubes would be 
expected, most are Raman inactive due to the selection rules, as a consequence of the high 
symmetry properties of the nanotubes. The Raman spectrum of a carbon nanotube exhibits a 
few characteristic modes that can be used to determine the size of nanotubes and to classify 
the type of the nanotubes, such as semiconducting and metallic. For example, in the low 
frequency region, one type is called the radial breathing mode (RBM), which is in the radial 
direction with the same phase as a result of the vibration of the entire tube.  This mode is 
strongly diameter dependent.  The RBM is used to determine the size of the nanotube. There 
are two characteristic Raman bands that lie in the range of 1300-1650 cm-1, which are called 
tangential modes. The line shape of these Raman modes may be used to classify whether the 
nanotube is metallic or semiconducting. These Raman modes in the high energy region are 
also slightly diameter dependent. 
Theoretical calculations may be very useful to understand the nature of optical properties as 
well as their storage mechanisms. For a better understanding of the physical and optical 
properties of nanotubes, theoretical calculation may be needed to specify the material 
properties due to the dependence of their spectroscopic properties on the size of the 
nanotubes. The electronic structures of the single-walled boron nitride nanotubes 
(SWBNNTs) were theoretically investigated by Rubio et al. [56] using the tight binding 
approximation. All SWBNNTs were found to be semiconducting materials with the band 
gaps greater than 2 eV. BNNTs with larger diameters have a larger band gap, with a 
saturation value corresponding to the band gap of a hexagonal boron nitride [56,57]. The 
local-density-functional (LDA) calculations [58] indicated that the folding of a hexagonal 
boron nitride sheet into a BNNT is energetically more favorable than to form a CNT from a 
graphite sheet [57]. Molecular dynamics simulations have been applied to explore the 
interactions between molecules and BNNTs in addition to structural and thermal stability of 
the BNNTs [59]. It has been reported that the (5, 5) boron nitride nanotube transport water, 
although the (5, 5) CNT is not able to do so because of much larger energy barrier. The Van 
der Waals interactions between water molecules and nitrogen atoms decrease the energy 
barrier of the BNNTs. For reason, BNNTs with the small diameter were suggested as an 
aspirant for a synthetic aquaporin-1 water channel [57]. A variety of subjects of BNNTs have 
been investigated by theoretical methods, including hydrogen storage [60,61,62,63,64,65, 66], 
magnetism [67,68,69,70,71,72,73], phonon characteristics [74,75,76], stability [77,78,79], 
molecular dynamics [80,81,82,83], field-electron emission [84], scanning tunneling 
microscopy simulation [85], electron transport [86], symmetry breaking [87], work function 
[88], spin-splitting [89] and quantum computing [90,91].  
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a)      b) 

 
c) 

Fig. 1.1. a. Diamond, b. Graphite, c. C60 fullerenes 

 
Fig. 1.2. (5,5)-single-wall carbon nanotube (SWCNT) 



 
Electronic Properties of Carbon Nanotubes 162 

2. Geometrical structure 

As is well known, a carbon nanotube can be visualized as being formed by rolling up a well-
defined projected area within the hexagonal lattice of a graphene sheet in a seamless fashion 
such that all carbon-carbon (C-C) valences are satisfied, and the direction in which the roll 
up is performed transforms into the circumference of the tube.  The projected area is in fact a 
homomorphic representation of a particular carbon nanotube. 
There are many possible ways to roll up a graphene sheet into a cylinder with the hexagons 
to be completed. Figure 2.3A illustrates such an example of tube construction. The roll-up 
vector is also termed the chiral vector (C) and is defined as , where  and  are 
the basis vectors the graphene lattice; n and m are the so-called chiral indices.  By using unit 
vectors  and  with the chiral indices n and m, geometric parameters of a carbon 
nanotube can be defined.   In general, an infinite number of nanotube geometries are 
possible, with specific nanotubes characterized by chiral indices (n,m), which, in turn, define 
the chiral angle () and tube diameter (dt); the latter is also dependent on the C-C bond 
length of the hexagonal lattice.  For n = m, the nanotube is said to have the "armchair" 
conformation; for n  0 and m = 0, the conformation is called "zigzag"; while for n  0 and m 
 0 the conformation is termed "chiral." A seen in Figure 2.3E-F, double-walled carbon 
nanotubes (DWCNTs) are in the border between single-walled carbon nanotubes (SWCNT) 
and multi-walled carbon nanotubes (MWCNT). 
 
 
 

 
 
 

Fig. 2.3. The graphene honeycomb sheet and the schematically represented nanotube that 
can be obtained by rolling up the graphene layer along the chiral vector  turns into the 
circumference of the cylinder, and the translation vector  is aligned along the cylinder axis 
and represents the unit cell of a carbon nanotube. 

As mentioned above, the chiral vector  C is defined by the use of the real space unit vectors  
 and   of the hexagonal lattice as follows: 
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 C na ma   (2.1) 

Here the angle between the unit vectors   and  is 60 degree and |a | |a | a √3a  
where a ≅ 0.142	nm  is the average C-C bond distance in two dimensional network (2D) 
of the graphene lattice and n and m are integer numbers. The magnitude of chiral vector  C 
can be given by equation 2.2 

 C a√n m nm (2.2) 

Since the single wall carbon nanotube is formed by rolling up the sheet along the direction 
of the chiral vector C, the circumference of cylindrical carbon nanotube equal to the length of 
the chiral vector C. For a given pair of integers (n, m), the diameter  of a carbon nanotube 
may be derived from the length of the chiral vector C as follows: 

 √  (2.3) 

The angle () between the chiral vectors C  and the primitive lattice translation vector is 
called as chiral angle, which is in the range of 0 to 30 degree and can be expressed by the 
pair of integers (n, m), and defined by using the scalar product of the vectors  and C: 

 cos θ
.

| | √
   (2.4) 

The chiral angle  can be given in tangential form as well by the vector and scalar product of 
the vectors  and C as follow: 

 tan θ
⊗

.

√    (2.5) 

Furthermore, it may be useful to specify the unit cell of a carbon nanotube (CNT), which is a 
part of a nanotube containing non-equivalent atoms. CNT can be naturally defined as a 
cylinder built on two orthogonal vectors C  and T, where T is the translation vector parallel 
to the nanotube axis and perpendicular to C as seen in Figure 2.3A. The translation vector T 
can be expressed in term of the basis vectors a  and  a  as follows:  

 T t a t a ≡ t , t    (2.6) 

Since the T and C vectors are orthogonal to each other and their scalar product should be 
zero,  

 T. C t a t a 	 . na ma t n m/2 t n/2 m 0   (2.7) 

 t t   (2.8) 

In Figure 2.3A the unit cell of the graphite is the rhombus specified by the vectors a  and a  
and containing two carbon atoms. The number of hexagons (N) per unit cell of a carbon 
nanotube can be obtained dividing the area of the nanotube unit cell ( T⨂C ) by the area of 
the graphite unit cell (|a ⨂a |,	the area of the rhombus is equal to the area of the hexagon): 
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 N
⨂

| ⨂ |

| 	 ⨂ |

| ⨂ |
| mt nt | | ⨂ |

| ⨂ |
| mt nt |  (2.9) 

 mt nt N  (2.10) 

Substituting Eq. 2.8 into 2.10 and by setting d , we found that 

 t  and t ∓  (2.11) 

Here d  is called the greatest common divisor (GCD) and may be defined in terms of the 
greatest common divisor of n and m as given by Eq. 2.12, 

 d

GCD 2n m, n 2m
or																																					
3M, if	n m 3l								
M, if	n m 3l									
here	l 0,1, 2, …				

 (2.12) 

2.2 Electronic structure of SWNTs 
Before examining the electronic properties of carbon nanotubes, we briefly discuss the 
electronic structure of graphene investigated which also underline the band structure of the 
nanotubes. For more detail see Ref.92. Graphene is characterized by two types of chemical 
bonds which are linked to the sp2 hybridization of the carbon atomic orbitals. The energy 
band of the three strong - bonds within the honeycomb lattice are far from the Fermi level. 
Therefore, these bonds do not have any contribution to the electronic transport properties of 
graphene and nanotubes.  
The remaining pz orbitals, pointing out of the -bond plane, cannot couple with the - states 
for symmetry arguments. The lateral interaction with neighboring pz orbitals creates 
delocalized - (bonding) and * (antibonding) states, which determine the energy bands 
around the Fermi energy EF. 
The two-dimensional graphene lattice in real space can be formed by translating one unit 
cell of graphene defined by two basis vectors:  a1 √3x y  and a2 √3x y , where 

|a1| |a2| a √3a  is the length of the basis vector and a 0.142	nm  is the nearest 
neighbor C-C bonding distance. The unit cell of graphene consists of two atoms, A and B, as 
seen in Fig. 2.3a. A and B atoms form two complementary, hexagonal sublattices. The basis 
vectors b  and b  in the reciprocal lattice as shown in Fig. 2.3b, satisfies the condition 

a . b 2πδ  allows one to find the reciprocal-lattice vectors b  and b :  b1 √
 and 

b2 √
.   

A tight binding approximation (TBA) takes into consideration the interactions between only 
the nearest neighbor atoms for the band structure of graphene (Figure 2.3c), the remaining 
interactions are ignored, and only one pz orbital per carbon atom is allowed for in 
calculations. It should be pointed out that tight-binding approximation gives reliable results 
at the energy range near the Fermi level of the graphene sheet, which is the region of interest 
for electronic transport [93].  By considering two independent wave functions (adhering to 
the Bloch theorem) for the electrons corresponding to the two complementary sublattices 
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and neglecting the overlap matrix elements S ψ p , A ψ p , B  one obtains the following 
relation for the energy dispersion of the bands in graphene: 

 E k γ 3 2 cos k. a cos k. a cos k. a k. a   (2.13) 

Where γ 	2.9	 	0.2	eV is the interaction energy between the nearest neighbor atoms A and 
B. The k k x k y vectors, which belong to the first Brillouin zone (BZ) of the hexagon, as 
seen in Fig. 2.3b, represent the ensemble of available electronic momenta.  
 
 
 
 
 

 
 
 

Fig. 2.3. a) Unit cell of graphene containing two atoms A and B defining two complementary 
sublattices; b) the hexagonal Brillouin zone (BZ) of graphene with the reciprocal lattice 

vectors b  and b :  b1 √
 and b2 √

.	The Γ, 	 	  represent the high 

symmetry points; c) Atom A (in red color) has three the nearest atoms B (in light blue 
colour), six second nearest atoms A and three third nearest atoms B as shown in the shaded 
area in the figure. Here a1 and a2 are the unit cell vectors: a1 √3x y  and 

 a2 √3x y . 

Figure 2.4a-b shows a three-dimensional plot of the energy dispersion E(k) along the high 
symmetry directions of the BZ, defined by the Γ, M and K points. The conduction and 
valence bands touch and are degenerate at the six K points at the corners of the first BZ, thus 
allowing the classification of graphene as a semimetal. Three out of the six K points are 
equivalent due to the spatial symmetry of the hexagonal lattice, thus two distinguishable 
points remain called K and K'. The bonding bands are completely filled and the antibonding 
bands are empty at zero temperature. The undoped state, where the Fermi surface contains 
only the six K points, is called the “charge neutrality point”.  In the region of the  
Fermi, Taylor expansion of Eq.2. 13 provides a simplified linear energy dispersion  
relation:  

 √ | | (2.14) 
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Fig. 2.4. The energy dispersion of the E(k) for the graphene: a) indicates three-dimensional 
plot and b) the counter plot. 

By using Zone-folding approximation, the energy dispersion relation of CNTs can be 
obtained from the simplified linear energy dispersion relation of the graphene near the 
Fermi level since a carbon nanotube consisting of one graphene sheet rolled into a cylinder. 
By applying periodic boundary conditions along the circumference of a SWNT, it is easy see 
that, whereas the allowed wave vectors in direction perpendicular to the tube axis are 
quantized, the wave vectors are parallel to the nanotube axis remain continuous since the 
nanotube has an infinite length. The application of periodic boundary conditions around the 
tube circumference brings about the following restrictions on the allowed wavefunctions: 

 ψ r C exp ik. C ψ r ψ r  (2.15) 

where vectors k  and C and are respectively allowed wave vector undertaken the tube 
surface and circumference of the nanotube. This is the first equality arising from the Bloch 
theorem. Thus, the periodic boundary condition imposed along the circumference direction 
restricted the wave vectors to: 

 k. C 2πq;  q=0, 1, 2,  (2.16) 

The energy dispersion relation near the Fermi-points is the most fascinating: If the distance 
between the high symmetry points, Γ	and	K, is defined by the vector k b b , then 

the component of the  k  on the circumferential direction (C na ma ) can be obtained 
by a scalar product of these two vectors k 	and	C , with using b . a 2πδ , as follow: 

 k . C b b . na ma 	2π 	  (2.17) 

If the origin of the reciprocal lattice is placed to the Fermi point, the distance between k  and 
one of the allowed states at k can be given in the new coordinate system: 

 ∆k k k k k||  (2.18)  
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where k is along the circumference direction C, and k|| is along the nanotube axis and k  is 

perpendicular to k||. The scalar product of the Eq 2. 18 with the chiral vector C, with using 
Eqs. 2. 16 and 2. 17, we could easily reach one of the important equation, which indicate that 
component of the vector  ∆k along the circumference direction, k ∆k , is quantized and 
given by: 

 k ∆k
∆ .

| |

. .

| |
3q n m  (2.19) 

where dt is the diameter of the nanotube. 
The general form of the energy dispersion relation at vicinity of Fermi level for the 1D 
nanotube can be obtained by substituting Eq. 2. 19 into Eq. 2. 14 as follow: 

 E ∆k √ | |
∆k √ | |

∆k k||  (2.20) 

From equation 2. 20, it is obvious that the nanotube can be either metallic or 
semiconducting, depending on whether (n-m) is the multiple of 3. For instance, at the Fermi 
level (at the corner of hexagon, K point), if an allowed k line cross the graphene k  point, 
k k 0 and we find a selection rule on the metallic and semiconducting nanotube as 3q = 

n-m, which indicates that the SWNT is metallic and E ∆k √ |γ|
k|| .  If k k 0, 3q  n-

m, which denotes that the SWNT is semiconducting and E ∆k ≅ √ |γ|
∆k √ |γ|

q.  

One-dimensional (1D) density-of-states (DOS) of the nanotubes may be defined as the 
number of accessible electronic states for a given energy interval. The DOS has a great 
importance for many physical phenomena such as optical absorption-emission, 
conductivity, etc. Furthermore, the one-dimensional DOS generate the resonant Raman 
scattering in addition to intensive interband transitions in the spectra of the optical 
absorption and emission. The DOS is known to depend strongly on the dimension of the 
system[92]. One-dimensional density-of-states may be calculated by using Eq. 2. 21 [92]: 

 ∑  (2.21) 

Since the energy dispersion vicinity of Fermi level is linear, then, the density of states (DOS) 
of metallic nanotube is constant at Fermi level and inversely proportional to the diameter of 
the nanotube:     

The average energy position of the peaks depends on the nanotube diameter, which is 
defined by the linear dispersion approximation (as discussed above). Figure 2.5 provides 
calculated energy dispersion and DOS for (10, 10) carbon nanotube. 

3. Results and discussion 

Computational methods: The ground state geometry of the single-walled carbon nanotubes 
(SWCNTs), double walled carbon nanotubes (DWCNTs), the single-walled boron nitride 
nanotubes (SWBNNTs) and functionalized-SWCNTs were optimized without symmetry 
restriction on the initial structures.  Both structure optimization and vibrational analysis 
calculations were implemented by using DFT with functionals, specifically, B3LYP, in which 
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the exchange functional is of Becke's three parameter type, including gradient correction, 
and the correlation correction involves the gradient-corrected functional of Lee, Yang and 
Parr.  The basis set of split valence type 6-31G, as contained in the Gaussian 03 software 
package,[94] was used. The results of the calculations did not produce any imaginary 
frequencies. The vibrational mode descriptions were made on the basis of calculated nuclear 
displacements using visual inspection of the animated normal modes (using GaussView03) 
[94], to assess which bond and angle motions dominate the mode dynamics for the 
nanotube. The DFT method was chosen because it is computationally less demanding than 
other approaches as regards inclusion of electron correlation.  Moreover, in addition to its 
excellent accuracy and favorable computation expense ratio, the B3LYP calculation of 
Raman frequencies has shown its efficacy in numerous earlier studies performed in this 
laboratory and by other researchers, often proving itself the most reliable and preferable 
method for many molecular species of intermediate size, including anions and cations[95]. 
 

 
Fig. 2.5. Calculated energy dispersion relation and the density of states (DOS) for a (10,10) 
nanotube.  

In our calculations hydrogen atoms have been placed at the end points of the unit cells. 
Furthermore, the time-dependent density functional theory at TD-B3LYP level were applied 
to calculate the vertical electronic transitions for the SWCNTs, SWBNNTs and 
functionalized (7,0)- and (10,0)-SWCNTs. 

3.1 Structure results 
Calculated averaged C-C bond distances within the single wall carbon nanotube (SWCNT) for 
the (n,0)-SWCNTs with n = 6 to 19 for the (n,n)-SWCNTs with n = 3 to 10 were not only 
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found to be diameter dependent, but also dependent on length of the tube as seen in Table 
3.1.1 and 3.1.2 and Figure 3.1.1. The calculated averaged B-N bond distances within the 
armchair and zigzag boron nitride nanotubes (BNTs) also indicated similar diameter- and size-
dependence (see Table 3.1.1 and 3.1.2).   The plot of the calculated averaged bond distances for 
the (n,0)- and (n,n)-type nanotubes indicated that the bond distances within the nanotube 
slightly decreases and stabilizes with increasing diameter of the isolated nanotube; the solid 
curves in Figure 3.1.1 is a fit to the calculated energies using a functional form that depends 
inversely on nanotube diameter: fitting equations are given in Eq. 1a-1e. As seen in Figure 
3.1.1, for the (n,0)-SWCNTs, the plot of the averaged CC bond distance  versus the tube 
diameter indicated that the CC bond distance does not only decrease with increasing tube 
diameter as expected, but also the bond distances of (0,2n) and (0,2n+1)-type  SWCNTs are 
well separated. This circumstance is also observed in the folding (curvature) energies (Eq2a-
2b) and in the Raman spectra of (0,2n)- and (0,2n+1)-type SWCNTs. However, the calculations 
for the rest of the nanotube studied here did not clearly indicate this observation.  

 R 2n, 0 ; in	nm 	0.1422
.

	
.  (3.1.1a) 

 R 2n 1,0 ; in	nm 	0.1422
.

	
.  (3.1.1b) 

 R n, n ; in	nm 	0.1421
.

	
.  (3.1.1c) 

 R n, n ; in	nm 	0.1449
.

	
.  (3.1.1d) 

 R n, 0 ; in	nm 	0.1433
.

	
.  (3.1.1e) 

 
Fig. 3.1.1. The calculated folding (curvature) energies of (n,0)-, (n,n)-SWCNTs/BN-
nanotubes and (n,2)-SWCNTs referenced to their the nanotube with the smallest diameter 
and boron nitride nanotubes with their corresponding bond distances. 
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Figure 3.1.1 provides the plot of the calculated global energy per-hexagon for the (n,0)- and 
(n,n)-SWCNTs/SWBNNTs referenced to their corresponding (6,0)- and (3,3)-
SWCNT/SWBNNTs energies, respectively. The result of the calculations suggested that the 
curvature energy (or folding energy) of the nanotubes rapidly decrease and stabilizes with 
increasing the diameter of the isolated nanotube; the solid curves in Figure 3.1.1 is a fit to the 
calculated energies using a functional form that depends inversely on nanotube diameter. 
The fitting parameters are given in equations. 3.1.2a-2e. The plot of the calculated folding 
energy for the (n,2)-SWCNTs, with n=5 to 10, exemplified similar fitting equations as given 
in Equation 3.1.2f. 

 ∆E n, 0 CNTs E , E , 1.64
. . . .  (3.1.2a) 

 ∆E n, 0 CNTs E , E , 1.52
. . . .  (3.1.2b) 

 ∆E n, n CNTs E , E , 1.71
. . . .  (3.1.2c) 

 ∆E n, 0 BNNT E , E , 0.82
. .  (3.1.2d) 

 ∆E n, n BNNTs E , E , 1.17
. . . .  (3.1.2e) 

 ∆E n, 2 CNTs E , E , 1.54
. . . .  (3.1.2f) 

In Eq. 3.1.2a-3.1.2f, En,m stand for the folding energy (in eV) of the (n,m)-type isolated single-
wall carbon and boron nitride nanotubes and dt corresponds to their tube diameter in nm unit.  
Clearly, larger diameter SWCNTs/SWBNNTs can be more easily formed than the smaller 
diameter ones in gas phase.  For example, while energy differences for the (7,0) through (12,0)-
SWCNT, relative to the (6,0)-SWCNT, rapidly approaches a limiting value, one notes that from 
the (11,0)- up to the (16,0)-SWCNT a limiting value is nearly reached and changes in energy 
approach zero. Of course, this is to be expected since the smaller diameter, the more strained 
are the sp2 hybridized sigma bonds; or stated another way, the smaller the diameter the more 
altered from planarity must be the sp2 hybridized orbitals. It should be noted that the 
formation of the nanotube in gas phase and in any environment might be different. The size of 
the nanotube in an environment also depends on cavity size of the environment owing to the 
electrostatic interactions between the tube and its neighboring. When comparing the folding 
energy of the (n,0)-type nanotubes with that of the (n,n)-type nanotube, the calculations 
indicated that folding of the zigzag nanotubes are more easily than that of the armchair-
nanotubes for both carbon nanotubes and boron nitride nanotubes. This observed 
circumstance is expected because of the geometrical reason, for instance, while three of the 
sigma bonds as a result of the sp2-hybridized orbitals in the armchair nanotubes are folded, 
only two of three sp2-hybridized orbitals in the zigzag-form of the nanotubes are folded and 
one of them along the nanotube axis without folding. This assessment also is found in the 
bond distances such as the CC bond distances in the (n,n)-type nanotubes are longer than in 
the (n,0)-type nanotubes as seen in Figure 3.1.1 and  Table 3.1.1 or equations 3.1.1a-3.1.1e. 
Based on part of the calculations, when comparing the carbon nanotubes with the boron 
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nitride nanotubes, as seen in Figure 3.1.1 and equations 3.1.2a-3.1.2e, the formation of the 
carbon nanotubes is more easily than the boron nitride nanotubes. 
 

SWCNTs SWBNNTs 
n (0, n) (n, n) (2, n) (0, n) (n, n) 
 <CC> dt <CC> dt <CC> dt <BN> dt <BN> dt 

3   0.143 0.411     0.146 0.418 
4   0.143 0.545     0.145 0.555 
5   0.142 0.680 0.143 0.493   0.145 0.693 
6 0.143 0.473 0.142 0.815 0.143 0.567   0.145 0.831 
7 0.143 0.552 0.142 0.951 0.143 0.644 0.146 0.562 0.145 0.969 
8 0.142 0.628 0.142 1.087 0.143 0.721 0.146 0.642 0.145 1.107 
9 0.143 0.708 0.142 1.222 0.142 0.797 0.145 0.721 0.145 1.245 
10 0.142 0.785 0.142 1.357 0.142 0.875 0.145 0.801 0.145 1.383 
11 0.142 0.864 0.142 1.492   0.145 0.880   
12 0.142 0.941 0.142 1.628   0.145 0.960   
13 0.142 1.020     0.145 1.040   
14 0.142 1.098     0.145 1.120   
15 0.142 1.177     0.145 1.199   
16 0.142 1.253     0.145 1.279   
17 0.142 1.332     0.145 1.359   
18 0.142 1.410     0.145 1.439   
19 0.141 1.476     0.145 1.518   

Table 3.1.1. The calculated averaged CC and BN bond distances and diameters of the (n, m)-
type  nanotube in nm. 

We also examined the dependence of the curvature energy on the length of the zigzag (n,0)-
SWCNTs referenced to the (6,0)-SWCNT, defined as  ∆ E , m E , m . Where m 
indicates the number of hexagon along the tube axis, m = 1 to 4, and the chiral index n is 
ranging from 6 to 11. As seen in Figure 3.1.2, the calculated folding energy per hexagon for 
each m is compatible with each other. The estimated fitting parameters, given in equations 
3.1.3a-3.1.3d, are almost the same. When we examined the folding energy per hexagon as 
function of the number of hexagon along the tube axis (m) for a given (n,0)-SWCNT, for 
example, (6,0)-SWCNT with m= 1 to 4, we found that the folding energy slightly increases 
(less than 0.1 eV) and stabilizes with increasing the number of hexagon along tube axis (m) 
of the isolated zigzag nanotube. This consequence also can be easily seen in equations 3.1.3a 
to 3.1.3d. Table 3.1.2 provides the calculated averaged CC bond distances and diameters of 
the zigzag and armchair isolated single-wall carbon nanotubes. The calculated averaged CC 
bond distances also slightly increases and stabilizes with increasing length of the tube. It can 
be seen that dependence of the geometric parameters and folding energies on the diameter 
and length of the nanotube is as a result of the deformation in the sp2-hybridized orbitals of 
the CC bonds.  

 E , m 1 E , m 1 1.51
. . . .  (3.1.3a) 
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 E , m 2 E , m 2 1.51
. . . .  (3.1.3b) 

 E , m 3 E , m 3 1.51
. . . .  (3.1.3c) 

 E , m 4 E , m 4 1.51
. . . .  (3.1.3d) 

 

 
Fig. 3.1.2. The calculated size (the number of hexagon along the nanotube axis (m)) 
dependence of the folding energies for the (n,0)-SWCNTs, n=6 to 11, referenced to the (6,0)-
SWCNT with the same number of m. 

 SWCNTs 
 (4,4) (0,6) (0,7) (0,8) (0,9) (0,10) 

m <CC> dt <CC> dt <CC> dt <CC> dt <CC> dt <CC> dt 
1 0.141 0.540 0.143 0.473 0.143 0.552 0.142 0.627 0.143 0.707 0.142 0.785 
2 0.142 0.544 0.143 0.474 0.143 0.553   0.143 0.709 0.143 0.787 
3 0.143 0.545 0.144 0.475 0.143 0.553 0.143 0.631 0.143 0.709 0.143 0.787 
4 0.143 0.546 0.144 0.475 0.143 0.553 0.143 0.631 SWCNTs SWBNNT 
5 0.143 0.546 0.144 0.475 0.143 0.553   (0,11) (0,8) 
6 0.143 0.546      m <CC> dt <CC> dt 
7 0.143 0.547      1 0.142 0.864 0.145 0.642 
8 0.143 0.547      2 0.143 0.865 0.146 0.642 
9 0.143 0.547      3 0.143 0.865 0.146 0.642 

10 0.143 0.547      4   0.146 0.642 
11 0.143 0.547      5   0.146 0.643 

Table 3.1.2. The dependence of calculated averaged CC and BN bond distances on the length 
and diameters (dt) of the nanotubes in nm. Where m indicates the number of hexagon along 
the nanotube axis. 
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The calculated full natural bond orbital analysis (NBO) indicates that three of the four 
valence electrons of the carbon atoms in SWCNTs are sp2-hybridized in the one-dimensional 
(1D) network, with ~34% s and ~66% pxy character, and the forth electron is ~ 100% pz in 
character.  As expected, each carbon atom contributes three electrons to the sigma bonds 
within the surface of the CNT and has one electron left in the pz orbitals that is delocalized 
over the entire surface. Figure 3.1.3A provides the calculated electron density in some of the 
upper occupied molecular orbitals and lower unoccupied molecular orbitals.  It is to be 
noted that the HOMO and LUMO are pure nonbonding -orbitals (resulting from pz atomic 
orbitals). 

3.2 DWCNT 
The DFT technique, at same level of the theory, was performed to calculate the Raman and 
IR spectra for (n,0)&(2n,0)-DWCNTs, (6,0)&(12,0), (7,0)&(14,0) and (8,0)&(16,0), as well as 
their inner- and outer-shell diameters and electron densities in gas phase. The key 
conclusions of these calculations on DWCNTs are summarized below. The diameter 
dependence of the curvature energies of the DWCNTs reference to the global energies of 
their corresponding inner- and outer-SWCNTs is well fitted by a Lannard-Jones potential 
expression as given in equation 3.2.1,  

∆E eV 	E 2n, 0 & n, 0 E 2n, 0 E n, 0 3.676
. .  (3.2.1) 

which may be interpreted such as a van der Waals type intertube interactions for DWCNTs. 

Where 
1 1 1

( ) ( )t t tD d Inner Shell d Outer Shell
  . A comparison the diameters of the inner- and 

outer-shells of the DWCNTs with their corresponding SWCNTs diameters showed that the 
averaged inner-shells diameters decrease (~ -0.08Å) and averaged outer-shells diameters 
increased as much as 0.25Å. These changes also found in the averaged C-C bond distances; 
about –0.014, 0.004 and 0.009 Å in inner-shells and 0.044, 0.028 and 0.023 Å in outer-shells 
for (6,0)&(12,0), (7,0)&(14,0) and (8,0)&(16,0)-DWCNTs, respectively, reference to their 
corresponding averaged C-C bond distances for the SWCNTs. These predictions explicitly 
indicate the existence of intertube interactions in DWCNT systems, which may be expressed 
by a van der Waals type interaction, not like chemical bonding interactions in the ground 
state. Furthermore, Figure 3.2.1B provides the calculated electron density of (0,6)&(0,12)-
DWCNT showed that first four highest occupied molecular orbitals (from HOMO to 
HOMO-3 with the A1u, A2g and 2E1g symmetries, respectively) belong to the outer-shell and 
the next highest occupied molecular orbitals from HOMO-4 to HOMO-24 include both 
inner- and outer-shells of (0,6)&(0,12)-DWCNT. The lowest unoccupied molecular orbital, 
LUMO (E1u) lies about 0.780 eV above the HOMO (A1u) belongs to the outer-shell and the 
next one (B2u) belongs to the inner-shell and lies 0.849 eV above the HOMO (A1u). The 
calculated electron density also indicated that an intratube (inner and outer tube) interaction 
may possibly take place in the excited state: the LUMO+7 with A2u symmetry and 2.494 eV 
above the HOMO (A1u), LUMO+8 (E1u and 2.557 eV), LUMO+10 (E1g and 2.563 eV) and 
LUMO+15 (E1g and 3.637 eV). The intratube CC -bonding interaction in the excited state 
might lead to a probable intertube charge transfer, which can be observed by a significant 
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change in the tangential modes (TM) range of Raman spectra when the tube excited to its 
intratube charge transfer state. The TM may not only provide information about the metallic 
or semiconducting character of nanotubes, but also on the inner-outer tube (intratube) 
changes transfer. In addition, very recently, Resonant Raman measurements,[96] 
photoemission measurements and theoretical calculations provide a evidence of charge 
transfer between the inner- and outer-shells of DWCNTs. 
Based on this scenario, the small sized-DWCNTs can be used as energy conversion systems 
as a consequence of charge transfer between intershells. This illustration also can reflect on 
the intensity of the Raman bands at the excitation energy where the charge transfer takes 
place between inner- and outer-shells. For (0,7)&(0,14)- and (0,8)&(0,16)-DWCNTs, the 
plotted electron densities did not signify any intratube CC antibonding in the excited state 
up to 4 eV above the ground state.  
 

 
Fig. 3.2.1. Calculated electron densities in the lowest HOMO and LUMO states: (A) for the 
(0,6)- and (0,12)-SWNTs and (B) for the (0,6)&(0,12)-DWNT. 

3.3 Raman spectra 
We calculated Raman spectra of the (n, m)-nanotubes with n = 6 to 19 for the zigzag 
nanotube, n = m = 3 to 12 for the armchair nanotube, and n = 6 to 10 and m= 2 for the chiral 
nanotube; for the zigzag and armchair single-wall boron nitride nanotubes (SWBNNTs) 
chiral index (n, m) ranging from n = 7 to 19 and n = m = 3 to 10, respectively.  For the (n,0)-
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SWCNTs with n = 6 to 11 and the (8, 0)-boron nitride nanotubes, the length dependence of 
the Raman spectra was also calculated at the same level of the DFT.  The calculated Raman 
spectra of the carbon and boron nitride nanotubes illustrate similar structure. Therefore, in 
this chapter, we will comprehensively discuss the (n,0)-SWCNTs only.  

3.3.1 Raman spectra of (n,0)-SWCNTs 
Figure 3.3.1 provides the calculated Raman spectra of the zigzag (n,0)-SWCNTs with n 
ranging from 6 to 19.  Table 3.3.1 provides vibrational mode assignments and frequencies, 
while Figure 3.3.2A provides diagrams of the atomic motions associated with the vibrational 
frequencies for the (11,0)-SWCNT, used as a representative case. All assignments to motions 
of atoms or groups of atoms in Table 3.3.1 have been accomplished through use of vibration 
visualization software (specifically, GaussView03). The calculated Raman spectra indicate 
that there are two additional Raman bands besides the RBM in the low frequency region. 
The frequencies of these latter bands are also found to depend on SWCNT diameter, as 
shown in Figure 3.3.1A, and Figure 3.3.1B indicate the calculated vibrational frequencies as a 
function diameters of SWCNTs. As seen in Figure 3.3.1B, the RBM (with A1g symmetry) and 
two other Raman bands (with E1g and E2g symmetries) have frequencies that inversely 
depend on a nanotube's diameter.  A linear fit to the calculate RBM frequency dependence 
on nanotube diameter is provided; a linear equation, ω A 12.04 cm

. . , is in excellent agreement with the empirically determined expression[97]; 

indeed, a popular one has the value 12.5 for the offset constant and 223.5 for the constant 
shift parameter that appear on the r-h-s of Eq. 2. Even though a linear equation reproduces 
the RBMs within about  3 cm-1 error ranges for the large size SWCNTs, it overestimates 
RBMs for (0, 7)n  -SWCNTs which have diameters smaller than 0.55 nm such as about 14 

cm-1 for (0,6)-SWCNT. In actual fact, this is not so surprising, because the C-C-C bond strain 
rapidly increases with decreasing CNTs diameters (as seen in Figure 3.1.1), the plot of 
curvature energy per hexagon of the isolated-SWCNTs. Therefore, the best fitting may be 
obtained using a quadratic fitting equation as given in Equation 3.3.1, which reproduces the 
RBMs within  2 cm-1 error ranges when comparing with the calculated Raman spectra of 
the SWCNTs from (0,6) to (0,19) by the DFT technique.  

 ω A 14.12 cm
. . . .  (3.3.1) 

Even though the corresponding linear fit to the two other accompanying calculated low 
frequency bands (ω  of E1g symmetry and ω  of E2g symmetry) as functions of the inverse 
of the SWCNT diameter may be given linear equations such as:	ω E 51.9 cm

. .   and ω E 43.8 cm
. . , the best fittings are provided in 

Equations 3.3.3a-b and 3.3.4, respectively. It is to be noted that both the E1g and E2g bands 
have lower frequencies than the RBM, with the E2g band being of lowest frequency (see 
Figure 3.3.1B).  These two latter bands are labeled as BD for bonding deformation and ED 
for elliptical deformation, which derives from the predominate motions that define 
vibrational mode motions, as ascertained with the vibration visualization software 
mentioned earlier (see Table 3.3.1). Furthermore, the calculated E2g band for (0,2n)-SWCNTs 
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is not only diameter dependent, but is also dependent on whether the number of hexagons 
formed in the circumference direction of the SWCNTs (0,2n) type or (0,2n+1) type, 
respectively are even or odd. As shown in Figure 3.3.1B, the E2g band for (0,2n) and (0,2n+1) 
type SWCNTs is well separated with decreasing tube diameter, but they again join together 
at the large tube diameters. Therefore, in order to obtain a more precise fitting equation for 
this Raman band (of symmetry E2g), we obtained two fitting equations as given in Eq. 3.3.3a 
for (0, 2n) type SWCNTs and Eq. 3b for (0,2n+1) type SWCNTs. 

 ω E ; 2n, 0 4.15 cm
. . . .  (3.3.3a) 

 ω E ; 2n 1,0 0.43 cm
. . . .  (3.3.3b) 

 ω E ; n, 0 0.31 cm
. . . .  (3.3.4) 

Moreover, as seen in Figure 3.3.1B, for large sized SWCNTs, the ω A  and ω E  
mode frequencies converge. The calculated frequency separation between the RBM and BD 
to found to be 0, 5, 9 and 14 cm-1, respectively, when n has the values 27, 24, 22 and 20. 
Thus, one can anticipate the (27,0)-SWCNT would have unresolvable RBM and BD bands. 
We can anticipate, in general, that the acquisition of Raman spectra for experimental 
samples consisting of large diameter SWCNT with the purpose of characterizing the sample 
in terms of electronic properties and purity may be complicated by the existence of this BD 
band, which can lead to apparent broadening of bands as well as the presence of additional 
bands that may lead to the erroneous conclusion that more than one type of SWCNT is 
present in the sample.  
As regards other general conclusions that can be drawn from our calculations for the 
SWCNTs, we note that the lowest frequency ω E  mode may not be observable for large 
diameter nanotube due to Rayleigh scattering; however, our calculation suggests that (6,0) 
and (7,0) zigzag SWCNTs, with computed ω 's of 145.5 and 110.8 cm-1, should be 
resolvable from Rayleigh scattering. Also, we have found that calculated Raman bands in 
the mid-frequency region exit nearly size-independent peak positions. While, as indicated in 
Table 3.3.1 or Figure 3.3.1C and 3.3.1E, in the high-frequency region there are three Raman 
bands of symmetries E1g/E2g/A1g that lie close to one another. Raman bands A1g symmetry 
essentially remain constant for (2n,0) type CNTs (with band position 1526  0.5 cm-1, see Fig. 
3.3.1E), but  that for (2n+1,0) type CNTs are diameter dependent (Fig. 3.3.1C), A1g(1486-1525 

cm-1 or 1526 cm
. . . . ). We further observe that the E1g (~1547  

25 cm-1) and E2g (~1532  12 cm-1) Raman modes first approach one another in frequency 
then separates as one calculates these frequencies for increase diameter of the SWCNT.  
These shifts in the peak positions may result from the nanotube curvature effect. The 
curvature energy (as given by Eq. 1) of the nanotube brings about dissimilar force constants 
along the nanotube axis and the circumference direction. Therefore, the nanotube geometry 
causes a force constant reduction along the tube axis compared to that in the circumferential 
direction. As a result, the curvature effect might play crucial role in the shift of the peak 
positions of the G-band as well as the RBM band as mentioned earlier. Furthermore, we 
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might note that these Raman bands, since they are overlapping, might pose a problem in 
assessing, based on the shape of bands in this transverse vibrations region, whether SWCNT 
samples are metallic or semiconducting.  In addition, the calculated Raman band positions 
for bands around 1330 cm-1, the disordered graphite region are found to be slightly size 
dependent, exhibiting a small blue shift with increasing diameter of the SWCNTs. 
 
 
 
 
 
 

 
 
 
 
 
 

Table 3.3.1 DFT-calculated Raman vibrational frequencies (in cm_1) and assignments for 
(n,0)-CNT at the B3LYP/6-31G level. 
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Fig. 3.3.1. Calculated Raman spectra: (A) increased resolution in the low frequency region, 
showing diameter dependence of the calculated Raman band frequencies for the (n, 0)-
SWCNTs, n = 0 to 19; (B) the plots of the frequencies of vibrational modes of symmetries 
A1g, E1g and E2g versus 1/dt; in the high energy region: (C) for (2n+1,0)-SWCNTs, (D) the 
plots of the frequencies of vibrational modes of symmetries A1g, E1g and E2g versus 1/dt;; (E) 
for (2n,0)-SWCNTs, (F) the plots of the frequencies of vibrational modes of symmetries A1g, 
E1g and E2g versus 1/dt;. Where the signs; x, * and + stand for A1g, E1g and E2g, respectively. 
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Fig. 3.3.2. Calculated molecular motions for some vibrational bands of the (11,0)-SWNT and 
(6,0)&(12,0)-DWNT. The nuclear motions of the other SWNTs studied are provided in Table 
3.3.1. 
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3.3.2 Raman spectra of the (n,n) and (n,2)-SWCNTs 
The calculated Raman spectra of armchair (n, n)- and (n,2) SWCNTs exhibited similar 
structure to these of zigzag-SWCNTs. Figure 3.3.3A provide the calculated Raman spectra of 
the (n,n)-SWCNTs. As seen in the Figure 3.3.3A-B, RBM(A1g), ED(E1g) and BD(E2g) bands of 
vibrational frequencies in the Raman spectra are strongly diameter dependent, but there is 
no significant change in the calculated Raman bands with the symmetry E2g for even and 
number of chiral index n as observed in the Raman spectra of the (n,0)-SWCNTs (see Figure 
3.3.1A-B). Figure 3.3.3B shows the calculated vibrational frequencies as a function of the 
tube’s diameter. As given in Figure 3.3.3A, the RBM (with A1g symmetry) and two other 
Raman bands (with E1g and E2g symmetries) have frequencies that inversely depend on a 
nanotube's diameter.  A linear fit to the calculate RBM(A1g), ED(E1g) and BD(E2g) frequency 
dependence on nanotube diameter is given in equations 3.3.5a-c; 
 

 ω A 12.13 cm
. . . .  (3.3.5a) 

 

 ω E 24.72 cm
. . . .  (3.3.5b) 

 

 ω E 0.79 cm
. . . .  (3.3.5b) 

 
 
 
 

 
 

Fig. 3.3.3. Calculated Raman spectra: (A) increased resolution in the low frequency region, 
showing diameter dependence of the calculated Raman band frequencies for the (n, n)-
SWCNTs, n = 3 to 12; (B) the plots of the frequencies of vibrational modes of symmetries 
A1g, E1g and E2g versus 1/dt. 
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Fig. 3.3.4. Calculated Raman spectra: (A) increased resolution in the high frequency region, 
showing to some extent diameter dependence of the calculated Raman band frequencies for 
the (n, n)-SWCNTs, n = 3 to 12; (B) the plots of the frequencies of vibrational modes of 
symmetries A1g, E1g and E2g versus 1/dt. 

In the high energy region, the calculated Raman spectra exhibit many Raman active spectra 
in range of 1200-1700 cm-1 as seen in Figure 3.3.4A, which are also slightly diameter 
dependent. As seen in Figure 3.3.4B, a linear fit to the calculate A1g, E1g and E2g frequency 
dependence on the diameter of the nanotube is given in equations 3.3.6a-l; 

 ω 3A 1670.16 cm
. . . .  (3.3.6a) 

 ω 6E 1662.50 cm
. . . .  (3.3.6b) 

 ω 4E 1627.18 cm
. . . .  (3.3.6c) 

 ω 3E 1541.74 cm
. . . .  (3.3.6d) 

 ω 2E 1515.45 cm
. . . .  (3.3.6e) 

 ω 5E 1502.66 cm
. . . .  (3.3.6f) 

 ω 2A 1460.21 cm
. . . .  (3.3.6g) 

 ω 4E 1437.00 cm
. . . .  (3.3.6h) 

 ω 3E 1389.42 cm
. . . .  (3.3.6i) 

 ω 2E 1329.12 cm
. . . .  (3.3.6j) 
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 ω 1A 1295.48 cm
. . . .  (3.3.6k) 

 ω 1E 1201.23 cm
. . . .  (3.3.6l) 

The calculated Raman bands with symmetry labeled as 3A1g and 6E1g are almost 
overlapping and other bands also close to one other. As observed in low frequency region, 
the diameter dependence of the Raman band in high energy region is somewhat different 
than these found in the Raman spectra of the (n,0)-SWCNTs. 
The calculated Raman spectra of the (n,2)-SWCNTs (see Figure 3.3.5), with n = 5 to 10, did 
not only exhibit the dependence on the diameter of the nanotube, but also relatively 
complicated than the calculated Raman spectra of the armchair- and zigzag-type carbon 
nanotubes. In order to provide a reliable fitting equations for the diameter dependence of 
the RBM(A1g), ED(E1g) and BD(E2g) bands of vibrational frequencies in low energy region, 
the number of calculated Raman spectra for the chiral nanotube is not large enough; 
therefore, based on the present data, tentative fitting equations for the diameter dependence 
of these three Raman bands in the low energy region may be given by equations 3.3.7a-c. 

 ω A 12.11
. . . .  (3.3.7a) 

 ω E 20.12
. . . .  (3.3.7b) 

 ω E 2.45
. . . .  (3.3.7c) 

 

 
Fig. 3.3.5. The plots of the frequencies of vibrational modes of symmetries A1g, E1g and E2g 
versus 1/dt for the chiral (n, 2)-SWCNTs with n = 5 to 10.  
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3.3.3 Dependence of the RBM Band on the length of nanotube 
We calculated Raman spectra of the zigzag (n,0)-SWCNTs as a function of m (number of 
hexagon along the nanotube axis or length of the tube), where n = 6 to 11 and m = 1 to 5, at 
same level of the DFT. The results of the calculations showed that the RBMs(A1g) is also 
slightly dependent on the m (length of the nanotube) even if its dependence is not as 
strongly dependent on the diameter. When we plotted the RBMs as function of the m with a 
desired nanotube, for instance, for the (6,0)-SWCNT, the dependence of the calculated RBMs 
on the m are not compatible with one other, except for (10,0) and (11,0)-SWCNT. For these 
two latter SWCNTs, the RBMs slightly decreased with increasing value of m.  On the 
contrary, as seen in Figure 3.3.6A, the plot of the calculated RBMs as function of diameter 
for a desired length (m), each curve for the RBMs data is in excellent agreement with one 
other for each of the number of hexagon along the tube axis (m) as shown in Figure 3.3.6C. 
The fitting equations for each set of the m are given by equations 3.3.8a-d. The fitting 
parameters for each set of the m are well consistent with each other. It should be noticed 
that for the fitting equations, we set the constant parameter to -14.1 cm-1 and excluded two 
RBMs of frequencies at 498.9 cm-1 and 445.9 cm-1 for the (6,0)- and (7,0)-SWCNT with the 
m=3, respectively, in order to obtain a best fitting to calculated data. 

 ω A ;m 1 14.1
. . . .  (3.3.8a) 

 ω A ; 	m	 	2 14.1
. . . .  (3.3.8b) 

 ω A ;m	 	3 14.1
. . . .  (3.3.8c) 

 ω A ; 	m	 	4 14.1
. . . .  (3.3.8d) 

Figure 3.3.6B-C and Table 3.3.2 provides the calculated ED(E1g) mode of frequencies and the 
calculations indicated that the ED(E1g) mode of frequencies are almost length independent. 
Furthermore, we calculated length dependence of the Raman spectra for the (4,4)-SWCNTs. 
The calculations showed that the length dependence of the RBM bands slightly change with 
the number of hexagon along the nanotube axis.  
 

 RBM(A1g) in cm-1 ED(E1g) in cm-1 

m (6,0) (7,0) (8,0) (9,0) (10,0) (11,0) (6,0) (7,0) (8,0) (9,0) (10,0) (11,0) 

1 457,1 410,2 362,9 326,8 295,8 270,3 145.5 110.8 83.7 68.4 54.7 46.1 

2 467,3 414,0  319,0 291,8 266,0 139.38 109.82  67.6 54.4 44.94 

3 498,9 445,9 356,6 325,2 284,5 262,1 145.12 106.97 88.6 66.99 56.26 45.76 

4 476,7 426, 383,3    146.24 105.27 88.24    

5 484,4 421,6     142.67 105.78     

Table 3.3.2. The calculated length (the number of hexagon along the nanotube axis, m = 1 to 
5) dependence of the RBM(A1g)  and ED(E1g) modes at B3LYP/6-31G level of the DFT for the 
zigzag (n,0)-SWCNTs, with n = 6 to 11. 
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Fig. 3.3.6. The calculated dependence of the Raman modes on the diameter and length (the 
number of hexagon (m =1 to 5) along the nanotube axis ) of the nanotubes:  (A) for the 
RBM(A1g); (B) for the ED(E1g) for the zigzag (n, 0)-SWCNTs with n = 6 to 11; and  (C) 
illustrates the plot of the RBM and ED modes as function of the m. 

3.3.4 Raman spectra for DWCNTs  
Figures 5 provides the calculated Raman spectra of (0,6)&(0,12) and (0,7)&(0,14)-DWCNTs 
in the low energy region. The calculations showed that the frequencies of the RBMs and 
tangential modes (TMs) of DWCNT significantly differ from those calculated for SWCNT. 
The calculated Raman spectra of these DWCNTs exhibited two RBM modes resulting from 
the radial motion of the inner- and outer-shells, in-phase and out-of-phase, as seen in Figure 
3B, and both of these RBM modes are strongly diameter dependent. A large gap between 
RBMs of DWCNT decreases with increasing diameter of the inner- and outer-shells. 
Comparing these calculated RBMs with their corresponding ones in the SWCNTs spectra, 
we noticed that the RBMs at 457 cm-1 in the Raman spectrum of (6,0)-SWCN and at 249 cm-1 
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in the (12,0)-SWCNT spectrum are respectively blue-shifted to 525 cm-1 and 276 cm-1 in the 
Raman spectrum of (6,0)&(12,0)-DWCNT. Additionally, the RBMs for (7,0)-SWCNT (410 cm-

1) and (14,0)-SWCNT (214 cm-1) are respectively upward shifted to 450 cm-1 and 237 cm-1 in 
the spectrum of (7,0)&(14,0)-DWCNT. The relative distances between RBMs in the spectrum 
of (n,0)&(2n,0)-DWCNTs are larger than the distances between corresponding RBMs in 
Raman spectra of (n,0)- and (2n,0)-SWCNTs. Even though we do not have enough data for 
the calculated RBMs for different sized DWCNTs, a tentative equation for the RBMs may be 
given by equations below;  

 ω RBM 62cm
. .  (3.3.9a) 

  ω RBM 45cm
. .  (3.3.9b) 

Where dt stand for the shell diameter. In the high frequency region, Figure 5 provides the 
calculated Raman modes (with E1g / A1g / E2g symmetries). When we compare these 
tangential bands with their band position in the corresponding SWCNT spectra, it can be 
seen that they are downward shifted (relative to SWCNTs). The animations of the normal 
modes showed that the strong Raman peaks are mostly resulting from the nuclear motions 
of the outer-shell. 

3.4.1 (n,0)- and (n,n)-boron nitride nanotube 
Blase et al [98] have theoretically studied the possibility of obtaining boron nitride nanotubes 
(BNNTs) and initiated an exploration on their characteristic properties [99,100,101], by 
investigating the connection between hexagonal boron nitride sheets [102] and graphite. 
Even though a hexagonal boron nitride sheet is made up of alternating atoms of boron and 
nitrogen, boron nitride surprisingly yields atomic structures like those of graphite. 
Moreover, the crystallographic parameters of hexagonal boron nitride sheets and graphite 
are nearly identical.  Like CNTs, BNNTs with different chiralities can be formed by rolling 
up a hexagonal sheet of boron nitride in different chiral directions. 
BNNTs have many properties similar to those of CNTs [103,104]. For example, chemical 
inertness [105], high heat conduction, piezoelectricity [106], exceptional elastic properties 
[107,108,109,110], high mechanical strength [111,112,113,114],and diameter dependence of 
the Raman bands [99]. In contrast, whereas CNTs are highly toxic for the human body, and 
can be semiconductors and conductors depending on their chirality, BNNTs show good 
biocompatibility and are always semiconducting with a large band gap [99], regardless of 
their chirality.   
The diameter dependence of the vibrational frequency of SWBNNTs has been investigated 
by many researchers [115]. Sanchez-Portal and Hernandez [116] calculated the dependence 
of the vibrational properties of the SWBNNTs using TB approximation. By using first 
principles, Wirtz and Rubio [117] calculated the phonon-dispersion relation for Raman and 
infrared active modes of (n,0)- and (n,m)-type  of the BNNTs. A comparative study of the 
radial breathing mode was also conducted [118] showed that the frequencies of BNNTs are 
lower than those of CNTs whose diameter are close to that of BNNTs. Furthermore, the 
surface buckling that is sole to BNNTs was observed in consequence of the different 
hybridizations of boron and nitrogen in the bent nanotube surfaces [108,117,119]. Even 
though numerous theoretical studies have been done on the diameter dependence of the 
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RBM modes of frequency, a systematic study has not yet been undertaken, although BNNTs 
has applications in a broad range of fields, such as nanoresonators, nanosensors, actuators 
and transducers. [120,121,122]. Up to now, SWBNNTs have been especially considered as 
circular nano-cylinders like SWCNTs. However, Chowdhury et al[99] pointed out that this 
may not be always true as the iconicity of the BN bonds responsible for the surface buckling 
in hoop direction, could also lead to distortion of the optimized configuration in the axial 
direction when BNNTs are used with practical end constraints.  
The present work aims to achieve a realistic configuration of the optimized SWBNNTs 
structure, and conduct a detailed study on geometric and spectroscopic properties. These 
properties include diameter dependence of the Raman and IR spectra of SWBNNTs at same 
level of the density functional theory (DFT) as used for SWCNTs. 

3.4.2 Raman spectra of the (n,0)- and (n,n)-SWBNNTs 
We calculated the spectroscopic and geometric parameters of the (n,0)-SWBNNTs with n = 7 
to 19 and (n,n)-SWBNNTs (n=3 to 10) at the same level of the DFT used for the SWCNTs. 
The assignments to motions of atoms or groups of atoms have been carried out through use 
of vibration visualization software (GaussView03) that is similar to the assignment made for 
the (n,0)-SWCNTs as seen in Table 3.3.1, and therefore, are given here. As found for the 
CNTs, the calculated Raman spectra of the (n,0)- and (n,n)-SWBNNTs in the low frequency 
region indicated that three of the Raman bands of frequencies are strongly diameter 
dependent. If the motion of the boron and nitrogen atoms within the nanotube is due to the 
stretching of the BNNT along its diameter, this result in an elliptical shape abbreviated as 
ED mode. If it is due to the bending deformation of the BNNT, which results from 
expansion of the nanotube along diagonal axis, with the motion of two end groups being in 
opposite directions, this is abbreviated as ED mode. Finally, if the motion of the atoms is in 
the radial direction in the same phase, this is referred to radial breathing mode, RBM. The 
calculations exhibited by these Raman bands are also strongly diameter dependent as 
shown in Figure 3.4.1A-B and Figure 3.4.2A-B for the (n,0)- and (n,n)-SWBNNTs, 
respectively. The best fit were obtained using a quadratic fitting equation, given by Eq. 
3.4.1a-c and Eq. 3.4.2a-c for the (n,0)- and (n,n)-SWBNNTs, respectively. These reproduced 
the calculated RBMs within ~  0.6 cm-1 error ranges, when compared to their corresponding 
calculated Raman spectra by the DFT technique. 

 RBM , 	 14.34
. . . .  (3.4.1a) 

 BD , 	 0.51
. . . .  (3.4.1b) 

 ED , 	 9.81
. . . .  (3.4.1c) 

 RBM , 	 27.51
. . . .  (3.4.2a) 

 BD , 	1.09
. . . .  (3.4.2b) 

 ED , 	 17.13
. . . .  (3.4.2c) 
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Furthermore, as mentioned in Section 3.3.1, the calculated BD band for (n,0)-SWCNTs is not 
only diameter dependent, but is also dependent on whether the number of hexagons formed 
in the circumference direction of the SWCNTs (0,2n) type or (0,2n+1) type, respectively are 
even or odd. However, the calculated ED band for the SWBNNTs did not exhibit 
dependence on even and odd number of the hexagon in the circumference direction of the 
(n,0)-SWBNNTs. Moreover, as seen in Figure 3.4.1A-B and 3.4.2A-B, for large sized 
SWBNNTs, the ω  and ω  mode frequencies converge. The calculated frequency 
separation between the RBM and BD to found to be 11 cm-1 for the (19,0)-SWBNNT and 20 
cm-1 for the (10,10)-SWBNNTs. It should be noticed that the RBM and BD bands would have 
unresolvable for the (n>20,0)-SWBNNT, such that found for the (n,0)-SWCNTs.  
 

 
Fig. 3.4.1. Calculated Raman spectra: (A) increased resolution in the low frequency region, 
showing diameter dependence of the calculated Raman band frequencies for the (n, 0)-
SWBNNTs, n = 7 to 19; (B) the plots of the frequencies of vibrational modes (ED, BD and 
RBM) versus 1/dt. 
 

 
Fig. 3.4.2. Calculated Raman spectra: (A) increased resolution in the low frequency region, 
showing diameter dependence of the calculated Raman band frequencies for the (n, n)-
SWBNNTs, n = 3 to 10; (B) the plots of the frequencies of vibrational modes (ED, BD and 
RBM) versus 1/dt. 
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We can anticipate, as mentioned earlier for the (n,0)-SWCNTs, in general, that the 
acquisition of Raman spectra for experimental samples consisting of large diameter 
SWBNNT with the purpose of characterizing the sample in terms of electronic properties 
and purity may be complicated by the existence of this BD band, which can lead to apparent 
broadening of bands as well as the presence of additional bands that may lead to the 
erroneous conclusion that more than one type of the nanotube is present in the sample.  
Also, we have found that calculated Raman bands of the (n,0)- and (n,n)-SWBNNTs in the 
mid-frequency region (500-1000 cm-1) exit almost diameter-independent peak positions. 
While, as seen in Figure 3.4.3A, in the high-frequency region there are three major Raman 
bands that are diameter-dependent; two of them lie between 1400-1550 cm-1 region and 
another one lie between 1200-1300 cm-1 region. However, the Raman peaks at about 1200 
cm-1 remain almost constant. The latter two Raman approach one another with decreasing 
the tube diameter. For the (n,n)-SWBNNTs, the pattern of the Raman peak in the region of 
1000-1550 cm-1 are similar to these of the (n,0)-SWBNNTs. While the Raman peak at about 
1170 cm-1 remain almost constant,   the other major peaks indicated the dependence on the 
diameter of the (n,n)-SWBNNTs as shown in Figure 3.4.3B. As discussed earlier, the 
curvature energy (as given by Eq. 3.1.1) of the nanotube brings about dissimilar force 
constants along the nanotube axis and the circumference direction. Therefore, the nanotube 
geometry causes a force constant reduction along the tube axis compared to that in the 
circumferential direction. As a result, based on the calculations, the curvature effect might 
play a crucial role in the shift of the peak positions of the G-band as well as the RBM band.  
Furthermore, It should be noticed that these three major peaks (in the region of ~1200-1500 
cm-1) consist of more than one Raman peak with the different symmetry like Ag and Eg.  
 

 
Fig. 3.4.3. Calculated Raman spectra: increased resolution in the high frequency region, 
showing diameter dependence of the calculated Raman band frequencies: (A) for the (n, 0)-
SWBNNTs, n = 7 to 19 and (B) for the (n, n)-SWBNNTs, n = 3 to 10. 

Since the atomic motion for each symmetry is in different directions, one (for instance, with 
symmetry of Ag or Eg) might be enhanced or slightly shifted by a functional group 
connected to the nanotube by means of covalently bonding or electrostatic interactions. This 
enhancement or shift in the Raman active peak(s) position might provide some useful 
information about the structure of functionalized-nanotube, for instance, which of the side 
of a given functional group covalently bonded or interacts with the nanotube surface or 
functional group attached to the nanotube along the tube axis or perpendicular to it. This is 
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important because the absorption of the nanotube in the perpendicular direction is much 
greater than absorption in the parallel direction; therefore, the availability of photons with 
polarization parallel to the nanotube axis is greater than that of photons with polarization 
perpendicular to it. It means that nanotube creates a local electric field aligned along the axis 
of the nanotube and facilitating the interaction of functional group with the nanotube.  Even 
it may provide charge transfer mechanism for the functionalized-nanotube as the charge 
transfer from nanotube to molecule as observed between the molecule and nanoparticles by 
surface enhanced Raman spectroscopy (SERS).[123] 

3.5.1 IR spectra of (n,0)- and (n,n)-SWCNTs/SWBNNTs 
Figures 3.5.1A-B provide calculated IR spectra for the (n,0)- and (n,n)-SWCNTs, respectively, 
where n ranges from 6 to 19 for the zigzag and from 3 to 12 for the armchair nanotube.  As 
evidenced in Figure 3.5.1A-B, there are two IR active vibrational modes, of A2u and E1u 
symmetries, whose frequencies are strongly diameter dependent. Least squares fits to the 
computed frequencies as functions of diameter for the zigzag- and armchair-SWCNTs are 
shown in Figure 3.5.2A.  The fit to the data, for the two bands (of A2u and E1u symmetries) 
are respectively given by Eqs. 3.5.1a-b for the zigzag- and by the Eqs. 3.5.1c-d for the 
armchair-SWCNTs.  The principal motions these bands correspond to, have been 
determined by the visualization software mentioned earlier. For the A2u band, the wagging 
of the SWCNT is along its radial direction, where the motion of the two end groups move in 
opposite directions. For the E1u band, the principal motion involves wagging of the SWCNT 
along its circumference direction. Our short hand notation for these two principal vibrations 
are the subscripts shown on the frequencies, where RW and CW, respectively, specify radial 
and circumference wagging. 

 ω A ; n, 0 	 1.85
. . . .  (3.5.1a) 

 ω E ; n, 0 	7.33
. . . .  (3.5.1b) 

 ω A ; n, n 	265.42
. . . .  (3.5.1c) 

 ω E ; n, n 	367.66
. . . .  (3.5.1d) 

It is to be noted (for completeness sake), that in the high frequency vibrational region of 
Figure 3.5.1A-B, as revealed upon close inspection, there are three IR vibrational mode of 
frequencies ~1520 cm-1 (E1u symmetry), ~1365 cm-1 (E1u) and ~1332 cm-1 (A2u) whose 
positions show weak dependence on diameter; additionally, in the mid frequency region, 
there is one IR-mode of frequency ~780 cm-1(A2u) that is also weakly diameter dependent.  
Hence, the strong diameter dependence of the two low frequency bands may be useful for 
determining structural indices of SWCNT samples. A more detailed description of the 
assignments for bands in the IR spectra for the various (n,0)-SWCNTs is contained in Table 
3.5.1. 
Figure 3.5.3A-B provide the calculated IR spectra of the zigzag-(n,0) and armchair-(n,n) 
single-wall boron nitride nanotube (SWBNNTs) exhibits similar band structure to their 
corresponding SWCNTs with the same chiral index (n,0) and (n,n), when comparing the 
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calculated IR spectra of the (n,0)- and (n,n)-SWBNNTs with the (n,0)- and (n,n)-SWCNTs 
(see Figure 3.5.1A-B). Least squares fits to the computed frequencies as functions of 
diameter for the zigzag- and armchair-SWBNNTs are shown in Figure 3.5.2B.  The fits to the 
data, for the two bands (ω  and ω ) are respectively given in Eqs. 3.5.2a-b for the (n,0)- 
and given in the Eqs. 3.5.2c-d for the (n,n)-SWBNNTs. 

 ω A ; n, 0 	 12.40
. . . .  (3.4.2a) 

 ω E ; n, 0 	 38.67
. . . .  (3.4.2b) 

 ω A ; n, n 	104.50
. . . .  (3.4.2c) 

 ω E ; n, n 	298.17
. . . .  (3.4.2d) 

 

 
Fig. 3.5.1 Calculated IR spectra (A) for the (n,0)-SWCNTs, with n varying from 0 to 19; (B) 
for the (n,n)-SWCNTs with n = 3 to 12. Where signs * and + stand for the IR active modes of 
frequencies; ω A  and ω A , respectively.  

Furthermore, for DWCNTs  (not shown here), the calculated IR bands with A2u symmetries 
at 387 and 216 cm-1 for (0,6)- and (0,12)-SWCNTs are blue-shifted to 395 and 253 cm-1 in IR 
spectrum of (0,6)&(0,12)-DWCNTs, respectively. The IR bands with A2u symmetries at 358 
and 187 cm-1 in spectra of (0,7)- and (0,14)-SWCNTs correspond to the bands at 411 and 247 
cm-1 in spectrum of (0,7)&(0,14)-DWCNT. Furthermore, the IR bands with E1u symmetries at 
580 and 339 cm-1 for (0,6)- and (0,12)-SWCNTs are also blue-shifted to 617 and 350 cm-1 in 
the spectrum of (0,6)&(0,12)-DWCNT, respectively. The bands (with E1u symmetries) at 541 
and 295 cm-1 in spectra of (0,7)- and (0,14)-SWCNTs correspond to the bands at 567 and 300 
cm-1 in the spectrum of (0,7)&(0,14)-DWCNT, respectively. 

3.6.1 Calculated vertical transitions of the SWCNTs and SWBNNTs 
As mentioned earlier in Section 2, the chiral index (n,m) of the nanotube indicates whether 
the tube is metallic or semiconducting. When the (n-m) = 3q (q = 0, 1,2 ,3 …), all the tubes 
are metallic, if not , semiconducting. Therefore, all armchair tubes are metallic. The 
calculated density of states (DOS) of the nanotube using tight binding approximation (TBA) 
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does not comprise one smooth band, but shows a number of side-bands with spikes around 
the Fermi level separated from each other [92,124], which are called the van Hove 
singularities. The side-bands represent 1D channel for conduction along the nanotube. The 
side-bands and their sharp onsets have been observed in their tunneling DOS obtained from 
scanning tunneling spectroscopic measurements [125]. 
 

 
Fig. 3.5.2 The plots of the dependence of calculated IR frequencies, in the low frequency 
region, as a function of nanotube diameter for vibrational modes of symmetries A2u and E1u; 
(A) for the SWCNTs and (B) for the SWBNNTs. 

 

 
Fig. 3.5.3 (A) Calculated IR spectra of the (n,0)-SWNTs, with n varying from 7 to 19; (B) 
illustrate for the (n,n)-SWBNNTs with n = 3 to 10.  

For larger-diameter tubes, the singularities move close together and combine, thus making 
the DOS similar to that of a graphene layer. In contrast, for smaller-diameter nanotubes, the 
singularities are well separated specially near the Fermi level and can give initial and final 
states for a resonance Raman scattering (RRS) process. In a simplified representation, 
neglecting all the curvature effects and considering the linear dispersion of π and π* bands 



 
Electronic Properties of Carbon Nanotubes 192 

of graphene only, the energy gap between qth van Hove singularity in valence and 
conduction bands for metallic tubes[126]  is 3 	 1,2.3, …. )  and 

 for semiconducting tubes as discussed in Section 2. In the case of metallic tubes, 

the linear crossing of π and π* bands near the Fermi level yields a small constant DOS 
leading to sharp van Hove singularities at energies away from the Fermi energy. In contrast, 
for semiconducting tubes, the DOS at Fermi energy is zero with sharp van Hove 
singularities away from the Fermi energy [92,127]. 
The electronic structures of the SWBNNTs were theoretically investigated by Rubio et al. 
[56] using the tight binding approximation (TBA). All SWBNNTs were found to be 
semiconducting materials with band gaps larger than 2 eV. BNNTs with larger diameters 
have a larger band gap, with a saturation value corresponding to the band gap of a 
hexagonal boron nitride (BN) as calculated by Rubio et al.[56] or see the Figure 4 in Ref.[57]. 
The subsequent studies based on local-density-functional (LDA) calculations proved that it 
is energetically more favorable to fold a hexagonal boron nitride sheet into a BNNT than to 
forma CNT from a graphite sheet [58]. This observation is also supported by our 
calculations at B3LYP/6-31G level of DFT as discussed in Section 3. Based on the band-
folding analysis, SWBNNTs are semiconductors with large-gap for the zigzag- and 
armchair-SWBNNTs. This is due to the strong hybridization effects may take place because 
tube curving reduces the BNNT’s band gap remarkably. For the (n, 0) BNNTs, with n > 12 
the hybrid state was found not to play any role in determining tube gaps. The gaps are 
steady at around 4 eV as indicated by LDA. In another calculation using density functional 
theory, the band gaps of BNNTs were eventually saturated at 5.03 eV with an increase in 
diameter [128,129,130,131,132]. Based our calculated dipole allowed vertical electronic 
transitions, for the (n, 0)-BNNTs with n > 11, the gabs are steady around 5.9 eV, see Figure 
3.6.1B and Table 3.6.4. For the (n,n)-SWBNNTs, with n>10, the band gaps slightly increases 
with increasing tube diameter and seem to be steady at around 5.84 eV according to our 
DFT calculations as seen Figure 3.6.1B and Table 3.6.4. It should be noted that there are 
many forbidden electronic transition lie below the allowed one. Based on our experience on 
the calculated electronic transitions for many organic compounds at B3LYP level and at the 
BLYP level of DFT for the transition metals [95], the calculated value of the electronic 
transitions are somewhat higher than their experimental values, as much as 0.4 eV. 
Therefore, the calculated values of the electronic band gabs for the nanotubes might be 
reasonable. 
Various methods have been developed to tune the electronic structure of BNNTs is nicely 
discussed by Chunyi Zhi et al.[57], for instance, applying electric field 
[133,134,135,136,137,138] or strain [139], or chemical methods, like doping [140,141,142,67], 
introducing defects [143,144,145] or surface modification [60,146,147]. The methods and 
species chosen are summarized in Table 2 in Ref. 57. Physical methods could directly reduce 
the band gap of BNNTs, while chemical methods were found to tune the band gap by 
introducing localized energy levels inside the gap [57]. For example, by applying an 2 V/nm 
electric field, the band gap of a (12, 12) BNNT was directly reduced from 4.5 eV to about 2.5 
eV [135], while F-doping induced an unoccupied localized state in the gap of BNNTs [148]. 
In addition, chemical modification methods of BNNTs were sometimes found to enrich the 
properties of BNNTs, for instance, polarization field was induced by chemical adsorption 
[149] or ferromagnetism appeared in doped BNNTs. 
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For electronic structure of multi-walled BNNTs (MWBNNTs), it has been reported that there 
is hybridization between p and s states of inner and outer tubes [150,151]. This effect leads 
to the top valence and bottom conduction bands localization on the outer and inner tubes, 
respectively [57]. The band gap of DWBNNTs is slightly narrower than that of the inner 
tubes. This is because the downward shifts of the p states of the inner tube are larger than 
those of the outer tube. Furthermore, in the interwall region the peculiar charge 
redistribution is induced by the near-free-electron states of BNNTs [57,152]. The fluorine 
doping can significantly modify the DWBNNTs’ inter-wall interactions and thus both tube 
walls turn into effective conducting channels. This leads to a remarkably improved electrical 
transport in them [151]. 
There are strong interactions between electrons and holes in BNNTs [54,55]. The excitonic 
effects were indeed shown to be more important in BNNTs than in CNTs. Bright and dark 
excitons in BNNTs alter the optical response qualitatively. For example, the absorption 
spectrum of the (8, 0) BNNT is dominated by a peak at 5.72 eV, due to an exciton with a 
binding energy of 2.3 eV. The binding energy for the first excitonic peak is more than 3 eV 
for the (2, 2) nanotube, which will fast converge to around 2.1 eV of the hexagonal single BN 
sheet as a result of strongly localized nature of this exciton [57], which is consistent with the 
results by the Louie’s group [54]: a 2.3 eV binding energy for a (8, 0) BNNT. 
In this section, we provided the calculated vertical electronic transitions of the (n,0)- and 
(n,n)-type nanotubes using time-dependent DFT methods at the TD-B3LYP/6-31G level. 
Table 3.6.1 and Table 3.6.2 provide the calculated electronic transitions from (7,0) to (11,0) 
and (14,0) and from (3,3) to (10,10) for the SWCNTs, respectively. The transitions from the 
(7,0) to (14,0) and from (3,3) to (10,10) for the zigzag- and armchair-SWBNNTs are given in 
Table 3.6.3 and Table 3.6.4, respectively.  
The diameter dependence of the calculated dipole allowed electronic transitions are shown 
in Figure 3.6.1A-B. As seen in Figure 3.61A, the allowed electronic transitions lie in the range 
from 0.5 eV to 3.0 eV for the (n,0)-SWCNTs, with n = 7 to 14, and lie in the range from 2.8 eV 
to 4.4 eV for the (n,n)-SWCNTs, with n=3 to 10. Furthermore, the plot of the calculated 
dipole allowed electronic transitions showed that while the allowed transitions rapidly 
decrease and stabilize (around 0.5 eV) with increasing the diameter of the (n,0)-SWCNTs, for 
the armchair SWCNTs, the electronic transitions are diameter dependent, but also these 
transitions converge and become constant (around 3 eV) with increasing tube diameters of 
the (n,n)-SWCNTs. For the SWBNNTs, the result of the calculations indicated that the dipole 
allowed electronic transitions are not only diameter dependent, but also the electronic 
transitions lie in the range from 5.7 eV to 6.6 eV as seen in Figure 6.3.1B, which is higher 
than the calculated electronic transitions for the SWCNTs. This large band gap in SWBNNTs 
relative to SWCNTs is not so surprising since the B-N bond contains a significant ionic 
component. This polarity can extremely alter both molecular and solid-state electronics as 
well as optical properties of the system by modifying the character of the frontier molecular 
orbitals [57]. Furthermore, the calculated band gap of BNNTs between 5.7 and 6.6 eV is 
independent to tube chirality. This provides good electrical insulation, in spite of the fact 
that CNTs can be a metal or a narrow band-gap semiconductor. This discrepancy in 
electronic structure results in different luminescence emission: SWBNNTs have violet or 
ultraviolet luminescence under excitation by electrons or photons, while SWCNTs can emit 
infrared light and the wavelengths depend on their chiralities. 
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Fig. 3.6.1. Diameter dependence of calculated dipole allowed vertical electronic transitions 
of: a) SWCNTs and b) SWBNNTs at B3LYP/6-31G level of DFT.  
 

 (7,0) (8,0) (9,0) (10,0) (11,0) (14,0) 

m TB DFT f TB DFT f TB DFT f TB DFT f TB DFT f TB DFT f 

1  0.91  1.04 0.77 0.02  0.56  1.10 0.64 0.01  0.36  0.758 0.50 0.0042 

2  1.25   1.46   0.80   1.09   0.51   0.63  

3  1.25   1.46   0.80   1.09   0.52   0.63  

4 1.42 1.45 0.06  2.44   0.93 0.04  1.77  0.98 0.58 0.02  0.89  

5  2.52  2.40 2.51 0.36  2.32   2.04   1.80   1.10  

6  2.53   2.51 0.36  2.32   2.04   1.80   1.10  

7  2.93   2.53   2.50  2.20 2.14 0.50 1.78 1.97 0.50  1.29 0.0872 

8  2.93   2.00   2.50   2.14 0.50  1.97 0.50 1.436 1.65 0.7917 

9  3.02   2.78   2.64   2.23 0.12  2.06 0.12  1.65 0.7925 

10  3.02   2.78   2.64   2.53   2.06   1.95  

11  3.08   2.77   2.72   2.75   2.14   1.96  

12  3.08   2.98 0.13  2.72   2.75   2.14   2.20  

dt  0.56   0.64   0.71   0.79   0.87   1.10  

Table 3.6.1. DFT-calculated vertical singlet–singlet transitions ( →  in eV) of the (n,0)-
SWCNTs, n = 7 to 11, at the B3LYP/6-31G level. Oscillator strengths (f) and results of the 
calculated energy from the tight-binding (TB) approximation for each nanotube are 
provided for comparison. The value of  was taken to be 2.7 eV in the TB calculations. The dt 
stands for diameter in nm. 
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(3,3)  (4,4)  (5,5)  (6,6)  (7,7)  (8,8)  (9,9)  (10,10)  

m DFT f DFT f DFT f DFT f DFT f DFT f DFT f DFT f 

1 1.35  1.84  2.15  2.36  2.58  2.69  2.77  2.83  

2 2.40  2.76 0.0033 2.77 0.0072 2.78 0.0106 2.84 0.0108 2.87 0.0132 2.88 0.0153 2.90 0.0173 

3 2.40  2.77  2.89  2.93  2.99  2.99  2.98  2.98  

4 2.79 0.0003 2.77  2.90  2.93  2.99  2.99  2.98  2.98  

5 3.08  3.22  3.26 0.1197 3.25 0.1118 3.25  3.18  3.14  3.11  

6 3.08  3.22  3.26  3.29  3.29 0.1042 3.28 0.0036 3.22 0.0081 3.18 0.0197 

7 3.10 0.0082 3.25  3.27  3.29  3.34 0.0012 3.28 0.0036 3.22 0.0081 3.18 0.0197 

8 3.10 0.0082 3.25  3.28 0.0007 3.29  3.34 0.0012 3.30 0.0963 3.25  3.20  

9 3.37 0.1209 3.29 0.1281 3.29  3.29  3.34  3.30  3.25  3.20  

10 3.82  3.59 0.0040 3.50  3.34  3.34  3.30  3.30 0.0878 3.30 0.0779 

11 3.88 0.0001 3.59 0.0040 3.51 0.0001 3.39 0.0002 3.35  3.35  3.35  3.34  

12 3.88 0.0001 3.69 0.0003 3.51 0.0005 3.39 0.0002 3.35  3.35  3.35  3.34  

13 3.94  3.69 0.0003 3.58  3.52 0.0017 3.53 0.0099 3.49 0.0294 3.45 0.0328 3.39  

14 3.95  3.76  3.58  3.52 0.0017 3.53 0.0099 3.49 0.0294 3.45 0.0328 3.39  

15 3.95  3.85  3.74  3.63  3.57 0.0132 3.51  3.45  3.42 0.0359 

16 3.99  3.96 0.0954 3.76 0.0606 3.63 0.0450 3.57 0.0132 3.51  3.45  3.42 0.0359 

17 3.99  3.96 0.0954 3.77 0.0658 3.63 0.0450 3.58  3.51  3.45  3.42  

18 4.15 0.1277 3.99  3.82  3.68  3.64  3.54  3.47 0.0164 3.46 0.1043 

19 4.15 0.1275 3.99  3.82  3.68  3.64  3.54  3.47 0.0165 3.46 0.1043 

20 4.37 0.0009 3.99  3.85  3.72  3.66  3.58  3.53  3.48  

dt 0.41 
 

0.55  0.68  0.81  0.95  1.09  1.22  1.36  

Table 3.6.2. DFT-calculated vertical singlet–singlet transitions ( →  in eV) and oscillator 
strengths (f) of the (n,n)-SWCNTs, n = 3–10, at the B3LYP/6-31G level. The dt stands for 
diameter in nm. 

Moreover, the properties of triplet states in the nanotubes may play a circular role in the 
number of fundamental physics phenomena such as singlet-triplet splitting in low-
dimensional materials is a degree of electronic correlation strength and exchange effects [153], 
like that of exciton binding energy. Also, how relaxation of photo-excitations takes place in 
CNTs is not well known as a result of being weakly-emissive materials [154,155], this 
properties are called as the ’dark’ singlet excitons below the optically allowed states [156].  
The calculated singlet-triplet electronic energy levels of the (7,0)-SWCNT is given in Figure 
3.6.2A. As seen in the figure, for the (7,0)-SWCNT, while the calculations exhibited only one 
dipole allowed electronic transition (S → S 	) below about 3 eV; however, there are many 
forbidden or very weak electronic transitions (oscillator strength less than 0.0001) in this 
energy region. The distance between these electronic transitions are ~0.47 eV between S and 
S 	electronic energy levels and ~0.15 eV between S ~S  and S 	states. The calculations 
indicated similar situations for the (8,0)-SWCNT. The distance between the energy levels of the 
first excited singlet state (S ) and second triplet state (T 	) is about 0.05 eV. As consequence, 
these results may imply that there would be an intersystem crossing (IC) from S  to S 	 and 
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S 	electronic energy levels, followed by an intersystem crossing (ISC) process to the second the 
lowest triplet energy level (T 	). This process may lead to quenching the florescence by 
nonradiative decay.  
 

 (3,3) (4,4) (5,5) (6,6) (7,7) (8,8) (9,9) (10,10) 
m DFT f DFT f DFT f DFT f DFT f DFT f DFT f DFT f 
1 5.28  5.45  5.61  5.71  5.75  5.76  5.77  5.76  
2 5.50  5.67 0.0107 5.74 0.0029 5.78 0.0005 5.80  5.82 0.0001 5.83 0.0003 5.84 0.0006 
3 5.50  5.68  5.79  5.84  5.86  5.87  5.87  5.87  
4 5.65 0.0174 5.68  5.79  5.84  5.86  5.87  5.87  5.87  
5 5.99 0.0127 5.94  5.94  5.93  5.94  5.95 0.5283 5.93 0.7425 5.91 0.9893 
6 5.99 0.0127 5.94  5.99  6.00 0.2125 5.97 0.3482 5.95 0.5284 5.93 0.7424 5.91 0.9893 
7 6.09 0.0802 6.00  5.99  6.00 0.2125 5.97 0.3512 5.97  5.99  5.97  
8 6.12  6.03 0.1050 6.03 0.1173 6.01  6.01  6.00  5.99  5.97  
9 6.12  6.08 0.0532 6.03 0.1171 6.01  6.01  6.00  6.00  6.00  
10 6.13  6.08 0.0532 6.07 0.1338 6.12 0.1620 6.08  6.05  6.02  6.00  
11 6.19 0.0418 6.13  6.14  6.12  6.08  6.05  6.02  6.02  
12 6.19 0.0418 6.13  6.14  6.12  6.15 0.1907 6.18 0.2230 6.14  6.10  
13 6.35 0.0421 6.30  6.17  6.16  6.18  6.18  6.14  6.10  
14 6.35 0.0421 6.30  6.17  6.16  6.18  6.20  6.15  6.12  
15 6.37  6.31 0.1307 6.31 0.2425 6.28 0.4262 6.24  6.20  6.15  6.12  
16 6.37  6.31 0.1307 6.31 0.2423 6.28 0.4262 6.24  6.20  6.20 0.2572 6.21 1.3747 
17 6.39  6.39  6.35  6.33  6.24  6.20  6.22  6.21 1.3750 
18 6.53  6.45  6.42  6.40 0.2929 6.25 0.6546 6.24 0.8986 6.22  6.21 0.2906 
19 6.59 0.0100 6.49 0.1349 6.44 0.2154 6.40 0.2928 6.26 0.6538 6.24 0.8979 6.22 1.1396 6.23  
20 6.59 0.0100 6.49 0.1349 6.44 0.2173 6.41  6.32  6.31  6.22 1.1396 6.23 0.0005 

dt 0.42  0.56  0.69  0.83  0.97  1.11  1.25  1.38  

Table 3.6.3. DFT-calculated vertical singlet–singlet transitions ( →  in eV) and oscillator 
strengths (f) of the (n,n)-SWBNNTs, n = 3–10, at the B3LYP/6-31G level. The dt stands for 
the diameter in nm. 

For the (8,0)-SWCNT, the calculations indicated that there are two dipole allowed electronic 
transitions below 3 eV. Dipole allowed second electronic state (S2) lies about 0.03 eV above 
the second triplet excited state (T2), see Figure 3.6.2A. If an ISC process between the S2 and 
T2 electronic states take place, then, there would be a T2T1 transition followed by a triplet-
singlet electronic transition T ⟶ S ,  see Appendix in Section 4 for detailed discussions for 
the singlet-triplet transitions. As a consequence, as mentioned in Ref. 153 that the triplet 
states play any crucial role for the nonradiative decay of photo-excitations and this property 
is called the “dark” singlet excitons below the optically allowed states [153,156].  
Similarly, the calculated vertical transitions for the (8,0)- and (4,4)-SWBNNTs, up to ~6 eV,  
indicated that there are many forbidden or very weak electronic transitions (oscillator 
strength (f) less than 0.0001) that lie below the first dipole allowed singlet-singlet electronic 
transition. The first dipole allowed singlet-singlet electronic transition has almost the same 
energy with the spin forbidden singlet-triplet electronic transitions in addition to many 
dipole forbidden singlet-singlet transitions below the first dipole allowed electronic 
transitions as seen in Figure 3.6.2B. Thus, these calculated findings may suggest that there 
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would be a IC and/or ISC processes for the (4,4)- and (8,0)-SWBNNTs, which might lead to 
a nonradiative decay. 
 

 
(7,0) (8,0) (9,0) (10,0) (11,0) (12,0) (13,0) (14,0)  

m DFT f DFT f DFT f DFT f DFT f DFT f DFT f DFT f 
1 5.05  5.61  5.77  5.87  5.82  5.83  5.84  5.82  
2 5.05  5.61  5.86  6.01  5.92  5.95  5.95  5.92  
3 5.67  5.69  5.86  6.01  5.92  5.95  5.95  5.92  
4 5.67  5.80  5.87 0.0215 6.01 0.0481 5.95 0.1456 5.97 0.0871 5.96 0.1029 5.95 0.1456 
5 5.68  5.87  5.87 0.0215 6.01 0.0481 5.95 0.1456 5.97 0.0871 5.96 0.1029 5.95 0.1456 
6 5.68  6.00 0.0255 5.95 0.0135 6.07 0.0251 5.98 0.0233 6.01 0.0239 6.00 0.0186 5.98 0.0233 
7 5.73  6.00 0.0255 6.06 

 
6.24 

 
6.07 

 
6.19  6.11  6.07  

8 5.84 0.0095 6.02  6.06 
 

6.24 
 

6.07 
 

6.19  6.11  6.07  
9 5.84 0.0094 6.02  6.06 

 
6.34 

 
6.24 1.4646 6.30 0.8777 6.26 0.0094 6.24 1.4646 

10 5.87  6.04 
 

6.06 
 

6.34 
 

6.24 1.4646 6.30 0.8777 6.26 0.0094 6.24 1.4646 
11 5.87  6.07 0.0164 6.09 

 
6.35 

 
6.33 0.0700 6.36 0.0256 6.26 1.3216 6.33 0.0700 

12 5.90  6.11 
 

6.09 
 

6.35 
 

6.33 0.0700 6.39 0.0168 6.26 1.3217 6.33 0.0700 
13 5.90  6.11  6.16 

 
6.35 0.4783 6.37 0.0226 6.39 0.0168 6.36  6.37 0.0226 

14 5.93 0.0180 6.14 
 

6.16 
 

6.35 0.4784 6.40 
 

6.43  6.37  6.40  
15 6.04  6.14 

 
6.28 

 
6.38 0.0317 6.40 

 
6.51 0.5031 6.37  6.40  

16 6.04  6.16  6.28 
 

6.43 
 

6.41 0.2283 6.51 0.5031 6.40 0.0557 6.41 0.2283 
17 6.09  6.16  6.30 0.0918 6.43 0.1102 6.41 0.2283 6.52  6.45  6.41 0.2283 
18 6.09  6.17  6.30 0.0918 6.43 0.1102 6.43 

 
6.52  6.45  6.43  

19 6.24 0.1460 6.18  6.35 
 

6.50 
 

6.48 
 

6.59 0.0012 6.50  6.48  
20 6.24 0.1468 6.33 0.2616 6.35 

 
6.62 

 
6.48 

 
6.59 0.0012 6.60  6.48  

dt 0.56  0.64  0.72  0.80  0.88  0.96  1.04  1.12  

Table 3.6.4. DFT-calculated vertical singlet–singlet transitions ( →  in eV) and oscillator 
strengths (f) of the (n,0)-SWBNNTs, n = 7–14, at the B3LYP/6-31G level. The dt stands for 
the diameter in nm. 
 

 
Fig. 3.6.2. Calculated singlet and triplet vertical electronic transitions: (A) for the (7,0)- and 
(8,0)-SWCNT and (B) for the (4,4)- and (8,0)-SWBNNTs at TD-B3LYP/6-31G(d,p) level of 
DFT. The vertical solid lines indicate dipole allowed vertical electronic transitions. 
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3.7 Functionalization of single-wall carbon nanotubes 
Single-walled carbon nanotubes (SWNTs) demonstrate useful properties for different 
prospective applications counting miniature biological devices, such as used as electrodes 
for detecting biomolecules in solutions. Furthermore, the electrical properties of SWNTs are 
sensitive to surface charge transfer and changes in the surrounding electrostatic 
environment, undergo severe changes by adsorptions of desired molecules or polymers 
[157,158]. SWNTs are subsequently promising for chemical sensors for detecting molecules 
in the gas phase and biosensors for probing biological processes in solutions. Nevertheless, 
significant effort is necessary to realize interactions between nanotubes and organic 
molecules or biomolecules and how to impart explicitness and selectivity to nanotube-based 
bioelectronic devices [159]. 
Functionalizated carbon nanotube with inorganic and biological macromolecules like 
deoxyribonucleic acid (DNA) makes possible the formation of hybrid materials with 
interesting properties. Biological functionalization, particularly deoxyribonucleic acid 
(DNA) functionalization has attracted much scientific attention because of the possible 
development of sensitive and ultrafast detection systems for molecular electronics. As a 
result of the existence of a large number of delocalized -electrons on its bases, DNA can be 
used as molecular wire [160]. Furthermore, the functionalization of CNTs with DNA 
molecules magnifies the CNT solubility in organic media and promotes application and 
development in DNA based nanobiotechnology. Also, the functionalization character of 
CNTs with DNA molecules may be used to distinguish metallic CNT from semiconducting 
CNTs. DNA chains have various functional structural groups available for covalent 
interaction with CNTs for construction of DNA-based devices through the sequence-specific 
pairing interactions. Functionalized carbon nanotubes (CNT) are proficient for biomedical 
applications [161,162]. They can be used for biosensing [163] or act as nano-heaters [164], 
temperature sensors [165] and drug-carrier systems for therapy and diagnosis at the cellular 
level [166]. Functionalization of the outer surface of CNT with biomolecules such as nucleic 
acids, proteins, peptides and polymers makes possible their definite internalization into the 
cell [167,168,169]. On the other hand, the acceptable uptake mechanism remains a 
contentious problem since it may depend on cell type, bio-functionalizated scheme, size of 
the nanotube and other factors [170,171,172,173].  
Müller et al.[174] have reported that the Raman signal of functionalized carbon nanotube, 
specially the intensity of the radial breathing mode, suffer from its chemical 
functionalization. They concluded that chemical reaction appears to be diameter selective 
under certain reaction conditions, possibly accompanied by an effect related to the tube 
species. Sayes at el.[175] used Raman spectroscopy and thermogravimetric analysis to 
analysis the phenylated-SWNTs (SWNT-phenyl-SO3H and SWNT-phenyl-SO3Na). They 
have reported that Raman spectroscopy provide a direct evidence of covalent sidewall 
functionalization. They mentioned that Raman spectrum of the starting purified SWNTs 
shows a small disorder mode (D-band) at 1290 cm−1 (in Fig. 2A of Ref.[175]). The spectra of 
the least, medium and most functionalized samples exhibit progressively increasing 
disorder modes relative to the large tangential modes (G-band) at ~1590 cm−1.  
In this section, we provided the calculated the calculated Raman and IR spectra of 
functionalized (7,0)-SWCNT, using the B3LYP functional with the basis sets 6-31G on carbon 
and hydrogen atoms and 6-311G(d,p) basis set used for oxygen and nitrogen atoms. All 
functional groups used here (-phenyl-SO3H, carboxy (-CO2H), and 3-methoxy-6-methyl-4- 
[(2-nitro-4-methylphenyl) azo] benzene) are covalently bonded to the (7,0)-SWCNT. The 
calculated Raman spectrum of the functionalized carbon nanotube is given in Figure 3.7.1,  
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Fig. 3.7.1. Calculated Raman spectra of functionalized and isolated (7,0)-SWCNT. 
 

 
Fig. 3.7.2. Calculated IR spectra of functionalized and isolated (7,0)-SWCNT. 

with the spectrum of the (7,0)-SWCNTs for comparison. As shown in the figure, there is 
slight shift in the peak positions, however, the relative intensities of specially G-, D- and 
RBM modes changed with the functional group, which is consistent with the experimental 
observations as discussed above. It should be pointed out that the calculated Raman 
spectrum was for the nonresonance case; however, the experimental measurements usually  
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 (7,0)-SWCNT carboxy (-CO2H)- 
(7,0)-SWCNT 

phenyl-SO3H- 
(7,0)-SWCNT 

3-methoxy-6-
methyl-4- 

[(2-nitro-4-
methylphenyl) 
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120.83 
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Fig. 3.7.3. Calculated molecular motions for selected vibrational bands of the functionalized 
(7,0)-SWCNT and the calculated values of vibrational frequencies in cm-1. 
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at the resonance case. Therefore, the relative intensities of corresponding peaks in the 
observed spectrum at the resonance may be expected to somewhat differ in intensity 
reference to their nonresonance spectrum. Figure 3.7.2 provides the calculated IR spectra of 
the functionalized (7,0)-SWCNT with these functional group. The IR spectra of these 
functionalized-CNT showed that the IR spectrum of isolated (7,0)-SWCNT differ than its 
functionalized structure. Figure 3.7.3 shows the vibrational motion for the selected 
vibrational modes of the frequency in low energy region.  
The calculated electronic transitions of the functionalized (7,0)-SWCNT with various 
functional groups showed that the functionalized (7,0)-SWCNT produce many dipole 
allowed electronic transition in low energy region, while the isolated (7,0)-SWCNT exhibited 
only one allowed transition in the same region (see Table 3.7.1).  The calculated dipole 
allowed vertical electronic transition for the 3-methoxy-6-methyl-4- [(2-nitro-4-
methylphenyl) azo] benzene functionalized (7,0)-SWCNT (with  the calculated electron 
densities in molecular orbitals as seen in Figure 3.7.4) suggested that there might be a charge 
transfer (CT) mechanism as result of the transitions from the HOMO of the SWCNT to the 
LUMO of the molecule. 
 

HOMO(a)-1 HOMO(a) LUMO(a) LUMO(a)+1  HOMO(b)  LUMO(b) LUMO(b)+1 

    

 

 

 

  

Fig. 3.7.4. Plot of the electron densities in the HOMOs and LUMOs for the 3-methoxy-6-
methyl-4- [(2-nitro-4-methylphenyl) azo] benzene-(7,0)-SWCNT system. 

Furthermore, we also calculated dipole allowed vertical electronic transitions for two of the 
3-methoxy-6-methyl-4- [(2-nitro-4-methylphenyl) azo] benzene molecules covalently 
bonded to (7,0)-SWCNT, see Table 3.7.2. Figure 3.7.5 provides the calculated electron 
densities in molecular orbitals. The results of calculated dipole  allowed vertical electronic 
transitions suggested that the →  transition is favorable candidate for the charge 
transfer from the (7,0)-SWCNT to the 3-methoxy-6-methyl-4- [(2-nitro-4-methylphenyl) azo] 
benzene molecule in consequence of the transitions from the highest occupied molecular 
orbital of the CNT to the lowest unoccupied molecular orbital of the 3-methoxy-6-methyl-4- 
[(2-nitro-4-methylphenyl) azo] benzene molecules as shown in Figure 3.7.5. It should be 
noted that the spin forbidden electronic transition ( → ; 0.728 eV) lies between the 

→ 0.766	eV  and → 0.776  dipole allowed electronic transitions as seen in Table 
3.7.2. This result indicates a possibility of the ISC process for this doubly functionalized 
(10,0)-SWCNT system. 
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0n HL CI eV f 0n HL CI eV f 

01 H(b) L(b) 0.29 1.30 0.0012 06 H(a) L(a) 0.32 1.54 0.0011 

 H(b) L(b)+1 0.93    H(a) L(a)+2 0.67   

02 H(b) L(b) 0.94 1.44 0.0003 07 H(a)-1L(a) 0.86 1.55 0.0021 

 H(b) L(b)+1 -0.28    H(a) L(a)+2 0.28   

03 H(a)-1L(a)+2 0.69 1.47 0.0030 08 H(a)-1L(a)+1 0.80 1.56 0.0025 

 H(b)-1L(b)+3 0.16    H(a) L(a)+2 0.50   

04 H(a) L(a) 0.80 1.51 0.0008 09 H(a)-7L(a) 0.64 1.57 0.0003 

 H(a) L(a)+1 0.54    H(a)-1L(a) 0.38   

05 H(a) L(a) -0.47 1.52 0.0042 010 H(b) L(b)+1 0.12 1.65 0.0055 

 H(a) L(a)+1 0.79    H(b) L(b)+2 0.95   

Table 3.7.1. Calculated vertical doublet-doublet electronic transitions ( → ) energies and 
oscillator strengths (f) of the functionalized (7,0)-SWCNT at TD-B3LYP/6-31G(d,p) level of 
the theory. Where the functional group, 3-methoxy-6-methyl-4- [(2-nitro-4-methylphenyl) 
azo] benzene, is covalently bonded to the (7,0)-SWCNT (see Fig. 3.7.4). While the upper case 
letters H and L indicate the highest occupied molecular orbitals (HOMO) and the lowest 
unoccupied molecular orbitals (LUMO), respectively, the lower case letters (a) and (b) stand 
for the alpha and beta spin states, respectively. CI represents configurationally interaction 
coefficient. 

 

 
Fig. 3.7.5. Plot of the electron densities in the HOMOs and LUMOs for the 3-methoxy-6-
methyl-4- [(2-nitro-4-methylphenyl) azo] benzene-(7,0)-SWCNT system. 

We optimized the functionalized (10,0)-SWCNT, with four of the 3-methoxy-6-methyl-4- [(2-
nitro-4-methylphenyl) azo] benzene molecules which covalently bonded to (10,0)-SWCNT. 
Because of the technique reason, we could not calculate the electronic transitions. However, 
when we plot the electron density in the molecular orbitals as seen in Figure 3.7.6, the 
HOMO, LUMO and LUMO+1 belongs to (10,0)-SWCNT, the molecular orbitals from  
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S → S  HOMO→LUMO CI eV f 
→  

HOMO-->LUMO CI eV 

→  HOMO→LUMO+1 0.64 0.375  → HOMO-1→LUMO -0.15 0.174 

→  HOMO→LUMO 0.36 0.766 0.0232  HOMO→LUMO+1 0.94  

 HOMO→LUMO+2 -0.23   → HOMO-2→LUMO 0.13 0.728 

→  HOMO→LUMO+2 0.65 0.776 0.0009  HOMO→LUMO+4 0.78  

 HOMO→LUMO+3 0.23   → HOMO→LUMO+1 0.11 0.758 

→  HOMO→LUMO -0.29 0.810 0.0407  HOMO→LUMO+2 0.69  

 HOMO→LUMO+2 -0.10   → HOMO→LUMO+3 0.69 0.775 

 HOMO→LUMO+3 0.50    HOMO→LUMO+4 0.14  

→  HOMO-2→LUMO -0.14 0.988 0.0070     

 HOMO→LUMO+4 0.63       

→  HOMO-1→LUMO 0.67 1.062      

Table 3.7.2. Calculated vertical singlet-singlet (S → S ) and singlet-triplet (S → T ) 
electronic transitions for two of the 3-methoxy-6-methyl-4- [(2-nitro-4-methylphenyl) azo] 
benzene molecule covalently bonded to (7,0)-SWCNT. Where The calculations were 
performed at TD-B3LYP/6-31G(d,p) level of the DFT. CI stands for configurationally 
interaction coefficient. 
 

 
HOMO 

 
LUMO 

 
LUMO+1 

 
LUMO+2 

 
LUMO+3 

 
LUMO+4 

Fig. 3.7.6. Plot of the electron densities in the HOMOs and LUMOs for the 3-methoxy-6-
methyl-4- [(2-nitro-4-methylphenyl) azo] benzene-(7,0)-SWCNT system. 
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LUMO+2 to LUMO+5 belongs to the 3-methoxy-6-methyl-4- [(2-nitro-4-methylphenyl) azo] 
benzene molecules. This results again suggested the charge transfer from the (10,0)-
SWCNTs to the molecule in low energy region. 
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1. Introduction 
As a kind of new nano-materials, carbon nanotubes (CNTs) are of the particular properties, 
in the aspects of physics, mechanics, electronics, optics and so on. They indicate the 
remarkable potential applications in the nano-electronic devices, composite materials, 
scanning probe microscopy (SPM), field emission, hydrogen storage and environment 
protection. The research on CNTs has become a hot spot in the fields of nano-science and 
nano-technology, especially in nano-materials (Iijima, 1991; Yu et al., 2000; Frank et al., 1998; 
Chiang et al., 2001). 
The commonly used methods for the measurement and characterization of CNTs include 
the scanning electron microscopy (SEM), transmission electron microscopy (TEM), scanning 
probe microscopy (SPM), Raman spectroscopy, infrared spectroscopy and so on. Electron 
microscopy and SPM are commonly used in nowadays research on nano-science. And both 
of them provide direct characterization of the topography and nano-structure of CNTs with 
comparatively high spatial resolution. However, they fail to provide the corresponding 
specimens' chemical information, which is also required in the research and identifications 
of nano-materials and nano-structures. 
Raman spectroscopy is one of the spectral analysis methods used to detect vibrational, 
rotational, and other low-frequency modes information of the specimen structures or 
molecular structures, and is usually employed to obtain the structural information of CNTs 
(Rao et al., 1997; Dresselhaus et al., 2002; Dresselhaus et al., 2005). However, this spectral 
method is subject to two obstacles. One is the diffraction-limited spatial resolution, and the 
other is its inherent small Raman cross section and weak signal.  
As facing the challenges of nano-scale measurement, a new characterization method, which 
can simultaneously obtain topography characteristics with nanometer resolution and 
spectral information from nanometer localized specimen surface is desiderated. 
Tip-Enhanced Raman Spectroscopy (TERS) is an emerging technology developed to realize 
the aim mentioned above in the recent years (Stöckle et al, 2000; Hayazawa et al., 2000; 
Hartschuh et al., 2003; Pettinger et al., 2004). It spans the main obstacles of conventional 
Raman spectroscopy by tactfully combining the near-field optics advantage of nanometric 
spatial resolution and spectroscopy of obtaining chemical information. Also the Raman  
signal from nanometer localized specimen surface is considerably enhanced with the tip-
enhanced optical technology (TEOT) and the signal-to-noise ratio (SNR) is consequently 
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improved. Especially, in TERS, the topography and spectral information are obtained 
simultaneously. By correspondingly analyzing the two images, the specific recognition of 
the feature distribution can be realized. 
With the development in recent years, TERS has been applied to the characterization of 
nano-materials(Hayazawa et al, 2003; Huihong et al., 2006; Hartschuh et al., 2003), biological 
specimens(Anderson et al., 2003; Watanabe et al., 2004; Bailo & Deckert, 2008), dye 
molecules(Hayazawa et al., 2000; Pettinger et al., 2004; Watanabe et al., 2005), and 
semiconductor materials (Sun et al., 2003; Lee et al., 2007; Saito et al., 2008; Sun & Shen, 
2001). In January 2008, the topic meeting, entitled as “Tip Enhanced Raman and 
Fluorescence Spectroscopy (TERFS): Challenges and Opportunities”, was held in the 
National Physical Laboratory (NPL), London，Britain. Over a hundred of scientists and 
scholars from eleven countries and a number of equipment manufacturers attended this 
meeting. Research results and experiences were shared and the challenges and prospects of 
TERS were discussed. TERS has been demonstrated as a promising tool in the 
characterization of nano-materials and nano-structures, and provides powerful approach for 
the research of nano-science. It surely has the potential to expand the knowledge and 
comprehension of the phenomena and laws in the nano-scale. 
However, the technique challenges involved in TERS system is more complicated than the 
SPM setup or the Raman spectroscope individually. At present, several companies can 
provide the commercial TERS system. Yet, as an emerging spectral analysis approach TERS 
is still in the developing process, and the integrated commercial systems are often difficult 
to adapt to the rapidly boosting research and detection needs in different fields. The 
thorough understanding of the TERS principle and key technologies is very beneficial 
whether to master the operation of commercial systems, or to buildup their own TERS 
systems upon specific detection needs. 
In this chapter, TERS Measuring principle and system are firstly introduced and some key 
techniques are discussed in section two. CNT specimen preparation is introduced in section 
three. Carbon nanotube, single-walled carbon nanotube (SWNT) and multi-walled carbon 
nanotube (MWNT) specimens are detected by the TERS and results are discussed in section 
four. Some conclusions are presented and future works are discussed in the CNT detection 
using TERS in the section five. 

2. TERS measuring system 
Combining a SPM and Raman spectroscopy, TERS is of the ability to simultaneously obtain 
topography and corresponding spectral information of the specimen with high spatial 
resolution and high sensitivity. It provides powerful and promising tool for the 
characterization and research of nano-scale materials. The TERS systems are generally 
composed of the SPMs, the illumination/collection configurations and the Raman 
spectroscope. In this section, TERS’s working principle, measuring system and some key 
techniques will be introduced and discussed.  

2.1 Principle of TERS 
Raman spectroscopy is one of the common spectral analysis methods used to detect 
molecular vibration, rotation, other low-frequency modes and chemical information of 
specimen and is usually employed to obtain the structure and vibration information of 
CNTs (Rao et al., 1997; Dresselhaus et al., 2002; Dresselhaus et al., 2005). 
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Two obstacles have to be faced when try to use conventional Raman spectroscopy to 
characterize CNTs. Firstly, the resolution of conventional Raman spectroscopy is limited by 
the optical diffraction limit to about half-wavelength. It corresponds to an zone of about 
200×200 nm. Thus, the conventional Raman spectroscopy can only obtain the average spectral 
information of the chemical composition from the whole illuminated area of the nanometer 
specimen. Meanwhile the measurement and characterization of basic nano-element and nano-
composition is vital in nano-material research. Secondly, another difficulty is the low detection 
sensitivity as nanometer localized spectroscopy is detected. Since the cross section of Raman 
scattering is quite small, the spectral signal is too weak to be directly detected. Additionally, 
the quantity of sample in nano-materials research is rather limited. It consequently results in 
the extremely weak response signal even using a strong exciting illumination beam. Thus, 
according to the conventional approach, the spectral detection requires long acquisition time 
and only obtains poor signal-to-noise ratio result. It is crucial to efficiently enhance the optical 
signal to obtain desirable sensitivity and SNR.  
In sum, characterization of CNTs faces the major challenges with the Raman spectral 
approach are to obtain a high-resolution beyond the diffraction limit localized spectral 
signal with sufficient sensitivity and corresponding topography information in nanometer 
scale of the specimen. 
As shown in Fig.1, the incident beam with appropriate wavelength and polarization state is 
focused at the apex of the nano-scale metallic tip. Excited by the incident laser, an enhanced 
electric field is generated in the vicinity of a metallic tip. The mechanism of the enhancement 
can be attributed to the localized surface plasmon resonance (LSPR) effect (Bohren & Huffman, 
1998) and the lightning-rod effect (Novotny et al., 1997). The metallic tip can be regarded as a 
nano-scale light source with quite high power density. Consequently, Raman signal from the 
localized position of the specimen excited by the enhanced field very close to the tip is 
markedly enhanced. Since the enhancement of the Raman intensity is proportional to the 4th 
power of the electric field enhancement (Kerker et al., 1980), the Raman signal enhancement 
obtained in TERS experiment is usually up to 103~106. The enhanced spectral signal is 
scattered and converted into the far-field by the tip. Through the collection optics, the Raman 
signal is guided into the Raman spectroscope to be further analyzed. 
 

 
Fig. 1. Concept of tip-enhanced Raman spectroscopy (TERS) shows a strongly enhanced 
optical field generated at the apex of sharp metal tip of SPM by the external illumination (R. 
Wang, 2010c). 
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By means of scanning the tip over the specimen at a certain distance, tens nanometers above 
the surface, the corresponding topography and Raman information from specimen can be 
obtained simultaneously. 
TERS is a skillful combination of the SPM (or SNOM) and Raman spectroscopy, and an 
improved variant of the surface enhanced Raman spectroscopy (SERS). It may be imagined 
that the rough metallic surface excited and enhanced in SERS is scaled down to a nanometer 
“hot-spot” scattering Raman spectral signal enhanced from the tip apex (Otto, 2002). In this 
situation, the distance and relative position between the “hot-spot” and the specimen is 
precisely controllable. Thus, the irksome measurement uncertainty and non-repeatability in 
the former SERS detection caused by the random distributed enhancing “hot-spots” on the 
rough metal substrate is avoided. Overall, the single effectively enhancing “hot-spot” of 
TERS provides an access to the repeatable characterization and quantitative analysis of the 
low density CNTs content specimen. Additionally, it provides a better understanding of the 
enhancement mechanism. TERS not only has the nanometer spatial resolution, but also has 
Raman spectral analysis performance.  
The efficient excitation of electromagnetic-field enhancement requires the incident light to 
match with surface plasmon wave vector. To satisfy this condition, some factors of the 
enhancing system should be taken into consideration, including metal materials, size, tip 
shape, excitation wavelength, beam polarization state, and incident angle and surrounding 
refractive index (Martin & Girard, 1997; Krug et al., 2002; Neacsu et al., 2005). As theoretically 
predicted and experimentally proved, gold and silver are most suitable materials for 
generating enhancement under visible light illumination. Furthermore, according to the 
lightning-rod effect, the most contribution to the local field enhancement owes to the 
longitudinal electric components which polarization is along the axis of the tip rather than the 
horizontal E-components perpendicular to the axis of the tip. Therefore, in order to obtain 
effective enhancement, it is ideal to use a longitudinal E-component to excite at the tip apex. 

2.2 System of TERS 
As shown in Fig.2, a typical TERS system consists of a SPM, illumination/collection optics 
and a Raman spectroscope and other mechanical, optical and electronic devices in an 
integrated detection system. The separation between the tip and the specimen is regulated 
and as well as kept in few to tens nanometers during the scanning detection. The 
illumination optics focuses the incident light on the tip apex to excite the enhanced local 
field and Raman signal. The localized spectral signal is scattered and converted by the tip 
apex and then collected with the collecting optics in the far-field. In fact, the obtained signal 
is mixture that includes the tip-enhanced near-field Raman signal and the far-field 
background signal. Then, all of collected Raman signal are guided to the spectroscope to be 
analyzed. In TERS, the far-field Raman signal is regarded as the background noise, because 
it contains the spectral information of the whole illuminated area rather than only the 
nanometer zone beneath the tip. A common method to deduct the far-field background is to 
withdraw the tip from the focus to detect the far-field Raman signal and subtract it from the 
mixture signal. The fundamental of TERS system design is to raise the efficiency of signal 
excitation, collection and improve the SNR, that is, to increase the near-field signals while 
suppress the background noise. By means of point-by-point scanning the tip over the 
specimen, the corresponding topography and Raman signal of the specimen can be obtained 
simultaneously. 
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Fig. 2. Schematic diagrams of TERS systems in transmission mode (a) and in reflection  
mode (b). 

2.2.1 Illumination/collection configurations 
According to the illumination/collection configurations, TERS systems can be divided into 
transmission-mode ones and reflection-mode ones. 
Considering the structural and spatial constrains, the illumination and collection 
configurations often shares the same one-objective-lens-based optical path. The 
configuration of the transmission-mode TERS system usually employs an inverted 
microscope. The incident laser is tightly focused with a high numerical aperture (N.A.) 
objective on the tip apex and the backward-scattered tip-enhanced Raman scattering signal 
is collected with the same objective. The transmission-mode TERS is of ability to reduce the 
far-field background signal with a high N.A. objective and the SNR is considerably 
improved and the system construction is relatively simple. Nevertheless, the applicability of 
transmission-mode TERS is restricted. It can only be suitable to detect transparent or 
sparsely distributed specimens. 
 

 
Fig. 3. Schematic diagrams of tip-enhanced Raman spectroscopy using (a) linearly polarized 
light (or beam) annular illumination; (b) radially polarized annular illumination; (c) linearly 
polarized side illumination. 
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The reflection-mode TERS systems are suitable for detecting any specimens regardless of the 
transparency. This kind of systems often utilizes a side-illumination/collection 
configuration (Fig. 3(c)). The incident light pass through a long working distance objective 
located at the side of the SPM scanning head and is focused on the tip apex. In this 
configuration, only the long working distance objective with lower N.A. (NA0.6) can be 
used. The not-so-tightly focused laser oblique incident on the specimen surface and 
illuminate a relatively large elliptical area. The undesirable increased illuminated area leads 
to stronger far-field background noise. Therefore, the side-illumination reflection-mode 
TERS suffers from the lower SNR and signal collection efficiency. 
One of illumination problems is how to generate the strongest longitudinal electric 
components to excite the most efficiently the field enhancement close to the tip. One of the 
solutions is to choose appropriate polarization light as the exciting beam (Hayazawa et al., 
2004; Saito et al., 2005; Anderson et al., 2006). The possible choices include linear 
polarization, circular polarization, radial polarization and azimuthal polarization light. It 
will be discussed in detail in the following section. 

2.2.2 Distance control and topography measurement 
Intend to enhance the localized Raman signal and obtain high resolution near-field optical 
information, a sharp metallic tip is precisely located in the near-field region of the sample 
under test and controlled at a certain few nanometers’ distance from the sample surface. 
Generally, the distance is maintained within 10 nm. In TERS system, the SPM technology is 
employed to control the tip-specimen separation. During the scanning detection, the constant 
separation is maintained by the feedback control from SPM. Furthermore, the height of the 
specimen surface is measured and consequently the topography data can be obtained. 
Generally, there are three types of SPMs often used as components to build up TERS 
systems: scanning tunneling microscope (STM), atomic force microscope (AFM), and shear-
force microscope (SFM). 

2.3 Key technology in TERS system 
Typical TERS system combines the SPM, illumination/collection optics, Raman 
spectroscope with other mechanical, optical and electronic devices. There are certain key 
technologies involved in this integrated detection system, including the fabrication of TERS 
tips, selection of SPM, dual scanner/dual closed-loop controller, illumination with radially 
polarized beam, illumination/collection configuration based on parabolic mirror, 
characterizing optical properties of the tips with white light, and substrates. 

2.3.1 Fabrication of TERS tips 
It is indubitable that the tip is the most crucial element in TERS deciding both spatial 
resolution and Raman enhancement efficiency. 
The most suitable metal materials for tip are silver and gold, which are proven theoretically 
and experimentally for TERS systems. They both can provide most effective tip-
enhancement under visible light illumination. Silver is capable of providing stronger 
enhancement, because its imaginary part of permittivity is smaller (Johnson & Christy, 
1972). However, since the Ag tips are rapidly oxidized in air, they need to be protected 
properly and used timely. On the other hand, gold tips are chemically inert against oxygen 
and stable against radicals. 
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The fabrication of metal-coated AFM tips used in TERS system (AFM-TERS tips) is often 
based on the commercial Si or Si3N4 AFM tips. And the physical coating method 
(evaporation, deposition, or sputtering) is utilized to metallize the AFM tip. It is need to 
note that the stress of the metal coating might bring in the warping problem of the AFM 
cantilever and affect the performance of the tip. Typically, the TERS tips acquired via this 
method are unlikely to provide significant enhancement and are frequently being scraped 
during scanning (Kharintsev et al., 2007). 
The coating of the AFM tip can also be realized via chemical approach such as silver mirror 
reaction (Saito et al., 2002; J. J. Wang et al., 2005). However, the reactants may contaminate 
the cantilever and worse, yet still attach to the tip apex. Another issue concerning AFM-
TERS tips is that the Raman signal of the inner material of the TERS tips (Si or Si3N4) is also 
being enhanced and exists as the noise. Especially in the research on semi-conductor 
materials, this issue should be pay closer attention to (Lee et al., 2007). 
The preparation of STM-TERS tips is comparatively mature. The tips are fabricated from 
high purity single-crystal gold (Ren et al., 2004) or silver wires. The metal wires are shaped 
with electrochemistry etching. This method is capable of providing gold STM-TERS tips 
with effective enhancement and small tip apex size. And the success rate (tolerant) is high.  
However, it is not so good to fabricate silver wire tip (Pettinger et al., 2002). 
The preparation method of SFM-TERS tips is more flexible. Addition to the previously 
mentioned etched gold tips (Hartschuh & Novotny, 2002), the etched tungsten tips with 
gold or silver coating (Sun & Shen, 2001), are also suitable to the SFM in TERS system. In 
recent years, the method demonstrates obvious advantage of attaching gold or silver nano-
particles to the apex of the fiber probe (Kalkbrenner et al., 2001). By optionally selecting the 
size of the nano-particles, the optical property of the TERS tip can be designed to obtain 
strong Raman enhancement. In addition, since the refractive index of fiber is lower, far-field 
Raman scattering enhanced causes by the body of the tip can be effectively suppressed. 
In addition to these mentioned methods above, in order to achieve precise control of the size 
and structure of the tip for improving the enhancement efficiency, focused ion beam etching 
(FIB) has been used to produce TERS tip (Frey et al., 2002). But since the FIB processing is 
complex and costly, it has not being widely used. 

2.3.2 Selection of SPM 
As shown in Fig.4, STM, AFM, and SFM are the three types of SPMs commonly used as 
components to build up TERS systems. They have different feedback mechanisms and 
respective technique features. Although, they are all able to regulate effectively the tip-
specimen separation and obtain the topography.  The TERS systems based on the different 
types are of the different technical properties. Therefore, the TERS systems based on 
appropriate SPM components can be selected in dependence to the sample and 
experimental condition. The performance properties of the STM, AFM, or SFM in TERS 
systems are list in Table 1.  

2.3.3 Dual scanner/ dual closed-loop controller 
Different from common SPMs, our homemade TERS system has a configuration of dual-
scanner/dual closed-loop controller in which the two scanners and two closed-loop 
controllers are able to work independently. 
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Fig. 4. The SPM equipment for TERS: (a) Atom force microscope; (b) Shear-force microscope; 
and (c) Scanning tunnel microscope. (R. Wang, 2010c) 

 
SPM Feedback 

types 
Advantages Disadvantages 

AFM Optical lever 
feedback 

1) without limit to sample types 
and environment; 
2) easy to operate, convenient to be 
combined with other AFM 
imaging methods; 
3) able to study pressure-induced 
spectral changes by tip (Watanabe 
et al.,2004; Saito et al.,2008). 

1) easy to damage metallic 
coating of tip; 
2) low-enhancement 
factor; 
3) stray light from optical 
lever interferes spectral 
measurement. 

SFM Tuning 
fork/Shear 
force 
feedback 

1) without limit to sample types 
and environment, little damage on 
samples, especially for biological 
sample in liquid; 
2) easy to fabricate tip; 
3) convenient to be combined with 
inverted and upright microscope 
respectively. 

1) complicated operation; 
2) poor lateral resolution. 

STM Tunneling 
current 
feedback 

1) high spatial resolution and high 
control precision; 
2) working in gap mode with high 
detection sensitivity and high-
resolution spectral imaging; 
3) mature fabricating technique to 
produce tips. 

1) only conducting 
samples or ultra-thin 
samples distributed on 
conducting substrate; 
2) mostly working in 
reflection mode due to 
opacity of sample or 
substrate. 
3) surface undulation of 
sample no more than a 
few hundred nanometers 
usually 

Table 1. Comparisons of TERS systems based on AFM, SFM and STM 
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2.3.3.1 Dual scanner 
The scanning types of SPM can be divided into two types, sample stage scanning and tip 
head scanning. For the former type SPM, a scanning stage on which the sample is attached 
to is driven by the scanner and moves in a raster pattern below the tip. The tip only moves 
along its axis to adjust the tip-specimen separation. For latter type SPM, the tip is always 
amounted on a 3-D movable scanning head, and the sample is kept still. The progressive 
scanning and the tip-specimen separation are both controlled by the tip scanning controller. 
Conventional SPM usually works with one controller in one particular mode. However, 
SNOM and TERS systems work more complexly than the conventional ones. For SNOM or 
TERS detection, it needs to appropriately couple the incident light beam to illuminate and 
excite the sample in a certain condition\manner, which may relate to wavelength, incident 
angle, focused beam, specific polarization. Additionally, appropriate optical configuration 
for collecting the scattering, transmission, or reflection light in 3-D space or a specific 
direction is also required. 
However, it is difficult to meet various kinds of detection demands to the diversity of 
specimens with single scanning type systems. For example, if the CNTs specimen is put on 
the sample stage, and the optical axis of the illumination configuration is coaxial with the tip 
axis, stage scanning mode is then appropriate for the optical alignment principle. But in 
other conditions the tip scanning is requested, such as detecting the SPP waveguide which 
needs to be precisely coupled with external fixed optical path for excitation and collection. 
Although the tip might be possible to slightly deviate from the optical axis during the 
scanning, the impact of the nanometer deviation can be negligible. 
Therefore, it is preferable to employ the dual-scanner configuration which can provide the 
sample stage scanning and the tip head scanning in TERS system respectively. Its 
advantages include more precise control, arbitrarily choosing sample, and scanning mode to 
any different requirements of sample detection, illumination alignment, or optical coupling 
mode. It is convenient to tip-illumination alignment and ensures the optimal detection 
results.  
The common requirements to the dual-scanner configuration: 
a. Accurate, real-time, and closed-loop measuring/ to control the tip-sample separation; 
b. Precise alignment of the tip apex with the excitation focus; 
c. Nanometer accuracy, high repeatability, point-by-point scanning in raster mode over 

the whole detected region to obtain the sample information. 

2.3.3.2 Dual closed-loop controller 
In order to ensure two independent scanners to work with high-precision positioning and 
high repeatability two independent closed-loop controllers should be equipped in a TERS 
system. Nanometer accurate positioning and scanning are usually realized with a 
piezoelectric actuator. The measuring time for TERS is usually much longer than SNOM 
imaging and in result the higher stability and repeatability are required in the TERS 
system. 
Firstly, the piezoelectric scanner might drift a certain distance with ambient temperature 
fluctuation. Thus, the real-time closed-loop control is required to correct and eliminate the 
impact of drifting, and improve the accuracy and repeatability. It is of significant 
importance to collecting, processing, and analyzing the Raman information and the 
topography data correspondingly. 
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Another important issue to be considered is that the certain integration time is needed to 
each detected point to acquire Raman spectrum data in TERS detection. Since the Raman 
signal is extremely weak, even with the highest sensitivity spectral detector, it still needs to 
spend certain integration time. Meanwhile, the location and the topography data at the 
point are recorded. It is distinct from the regular SPMs scanning point-by-point and line-by-
line with relative high frequency, the scanning speed of TERS detection is rather slow or 
even stops at each detected point. It is evident that to measure the topography and point-by-
point spectra with TERS requires much longer detection time than the regular SPMs. 
Therefore, TERS system demands the higher stability and repeatability which facilitate the 
tip and sample maintaining the relative position during the detection process. 
Popular commercial SPM systems are usually only equipped with a 3-D controller. At the 
mean time, it is capable of closed-loop to control only one of the two scanners, either the 
scanner of the tip or the scanner of the sample stage. But the other not-under-controlled 
scanners may drift or disturbed by the external environmental perturbations such as the 
mechanical vibration. These all lead to the spatial mismatch of the detected spectral data 
and morphology data or even drive the tip out of the detected region. It seriously affects the 
results of experiments and the corresponding identification upon the Raman mapping and 
the relative topography data. 
Therefore, two independent controllers should be used to realize the closed-loop control of 
the tip scanning head and the sample stage scanning precisely and respectively in TERS 
systems. Under closed-loop control, the 3-D scanning and positioning with high accuracy 
and repeatability can be realized by the two scanners respectively, and the internal drift of 
the scanner and the external perturbations of the environment can be effectively reduced. It 
ensures the spectral detection, topography detection, and the spatial corresponding data 
collection of the Raman spectra and the topography of the CNTs and other specimens. It is 
quite benefit for the corresponding analysis of the TERS result to recognize and identify the 
molecular structure, chemical information and characteristics of the sample. 

2.3.4 Illumination with radially polarized beam 
As mentioned above, in the lighting-rod effect, as the incident optical beam with the electric 
component parallel to the tip axis illuminates on the tip, the charge is driven to the foremost 
of the tip and forms a large surface charge accumulation at the tip apex. It means that the 
efficient enhancement of the local electric field at the tip apex will arise with illumination by 
the longitudinal E-component or incident polarization parallel to the tip axis (Novotny et al., 
1997). While the polarization of the incident beam is perpendicular to the tip axis, the tip 
apex remains uncharged. So it does not actively contribute to the local field enhancement , 
also it may bring in the background noise. 
Therefore, in order to obtain effective enhancement, it is crucial to form a longitudinal 
(parallel to the tip axis) E-component to efficiently arise the lighting-rod effect at the tip 
apex. The E-field distribution at the focus is determined by both the incident beam 
polarization and the optical configuration. It is crucial to make them to match to each other 
in the experimental setup.  
How to generate experimentally a longitudinal E-component parallel to the tip axis?  
In side-illumination situation, a linear polarization beam in TM mode illuminates the 
sample in a large incident angle. The most of the E-component of the incident optical field 
can be oriented parallel to the tip axis. And the strong longitudinal field excites effectively 
the strong field enhancement based on the lighting-rod effect.  
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In transmission-mode TERS systems, the incident beam is focused with high N.A. objective 
lens from the bottom to the tip apex as shown in Fig.3 (a) and (b). As the beam is linearly 
polarized (e.g. along x-axis), the distribution of the longitudinal field presents as two 
symmetric side lobes while the center is almost zero at the focus is shown in Fig.5(b). The 
reason is that the phase of the longitudinal E-component is out in the focus. If the tip is 
positioned at the center, the near-field enhancement is inefficient and the far-field noise is 
introduced by the transverse field illumination. To improve the enhancement and decrease 
the background noise, the tip has to be adjusted to either of the side lobes in the side of the 
focal center. 
 

 
(a)    (b) 

Fig. 5. Longitudinal field distributions at the focuses of radial polarization (a) and linear 
polarization (b) beam focused by high N.A. objective. 

Fortunately, a doughnut radially polarized incident beam focused by high N.A. objective is 
found to be more suitable in this kind of configurations. The first reason is that the 
longitudinal E-component is in-phase and causes enhancement at the focus as shown in 
Fig.5 (a). The second reason is that the symmetry of the doughnut radial polarization beam 
is more suitable to the axial or cylindrical symmetric optical system. No matter where one 
looks at, in any cross-section in the optical axis the field distribution is quite symmetric. The 
E-vector vibration directions of the radially symmetric rays are pointed against to each 
other. As focused by an objective at the focus with symmetrical incident angle, their E-vector 
vibration direction is in-phase in the longitudinal orientation and constructive interference. 
Especially when the radially polarized beam is tightly focused by a high N.A. objective, the 
stronger longitudinal field expected theoretically is effectively formed at the focus, Fig. 5(b). 
Therefore, the local enhancement can be actively excited by the longitudinal field as the tip 
entering the focus. Additionally, with radially polarized illumination, the longitudinal field 
area just locates at the center of the focus. It facilitates more convenient realization of 
optimal tip-longitudinal field alignment , coupling, efficient signal excitation and collection. 
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2.3.5 Illumination/collection configuration based on parabolic mirror 
One of the significant advantages of reflection-mode TERS systems is that the detectable 
sample is not restricted no matter to transparency or opaque sample. This not only expands 
measuring range of specimens, but also allows more flexibility to the choice of substrates. 
The appropriate substrate can further promote the enhancement or reduce the background 
noise in TERS. But with side-illumination/collection configuration, only a long working 
distance objective with comparative low N.A. (typically smaller than 0.6) can be utilized. 
This results a strong far-field background noise and low collection efficiency. 
Of late years, an illumination/collection configuration with a parabolic mirror (PM) has 
been introduced into the reflection-mode TERS system (Steidtner & Pettinger, 2007; Sackrow 
et al., 2008). This novel solution is considerable and promising in the research and industrial 
field of TERS. 
The reflective surface of PM is shaped to an axial symmetric paraboloid. According to the 
geometric properties of the parabolic surface and the reflection law, the incident beam 
which is parallel to the axis of the PM is reflected by the reflector and converged to the focus 
of the parabolic surface. Instead of an objective lens, the PM converges the parallel incident 
light at the tip apex, and the enhanced Raman signal is collected with the same PM (Fig. 6). 
 

 
Fig. 6. Schematic diagrams of tip-enhanced Raman spectroscopy based on a parabolic 
mirror. 

PM based reflection-mode TERS system has the following advantages: 
a. In the PM based configuration, the focusing of the incident light is realized by 

reflection, instead of refraction in other objective lens based configurations. Because 
focusing with refection fundamentally avoid the chromatic aberration, regardless of the 
wavelength the incident parallel beam is focused at the fixed point. This facilitates the 
PM base TERS  system, which can optionally employ different wavelength laser as 
excitation light (D. Zhang et al., 2009). 

b. The N.A. of the PM used in this configuration can be up to approximately 1. With the 
high N.A. parabolic mirror, the incident light can be tightly focused at the tip apex to 
enhance the near-field Raman scattering. Still, the collection of the signal is also 
effective with the high N.A. parabolic mirror. 

c. Unlike the side-collection one, the PM based configuration efficiently collects the signal 
from the whole 3-D space around the detected position. 
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d. The PM based TERS system works in reflection-mode, and neither the incident light nor 
the enhanced signal needs to transmit through the specimen. Therefore, it is capable of 
detecting any specimen regardless of the transparency or opaque. 

It is also noticed that the optical system is  cylindrically  symmetric about the optical axis as 
well as the tip axis, like in the transmission-mode TERS. In order to generate a stronger 
longitudinal field at the focal region to excite the enhancement, a radially polarized donut-
shaped incident beam should be utilized. Besides the more effective tip-enhancement result 
from the stronger longitudinal field, the far-field background noise is reduced 
simultaneously due to the smaller focal region. 
But there are still several difficulties concerning the PM based TERS system. Firstly, this 
configuration requires the parabolic mirror with a higher precision surface shape. The PM 
which critically determines the illumination and collection efficiency is one of the most 
crucial components of the optics. In addition, the amount of far-field noise is related to the 
size of the focus, which depends on the shape of the reflector. Secondly, it is difficult to 
precisely align and couple the optical circuit. So it needs high skill and patience to adjust 
carefully. 

2.3.6 Substrates 
The TERS system rarely requires for the special preparation of the specimen or the specific 
experimental environment (air, liquid or vacuum). But it must be considered to reduce the 
far-field background noise and improve SNR. Yet, the highly dispersed thin film of 
specimen tends to demonstrate better TERS detection result. The choice of substrates on 
which the specimens dispersed is fairly tolerated.  
Generally, the glass, mica, silicon or other commonly-used flat materials can all be utilized 
as the substrates in the TERS system based on AFM or SFM. In the STM based TERS system, 
single crystal metal or a metal coated surface is used. Numerous studies show that the 
material and microstructures of the substrate significantly affect the excitation of LSPs in the 
tip-specimen-substrate system. Considering that, only depending on the enhancement of the 
tip apex is hard to achieve the single molecule detection sensitivity and nano-meter spatial 
resolution, it would be ideal to further increase the enhancement factors and improving the 
confinement by appropriately bringing in the suitable substrate with nanometer structures. 
In AFM or SFM based  TERS  system, using a SERS substrate can further enhance the Raman 
signal and quench the fluorescence. This technique is known as the SERS-TERS mode 
(Hayazawa et al., 2001). This kind of substrates can be prepared by depositing randomly 
distributed gold or silver nano-particles on the original substrate. As for STM based TERS 
system, the atomic-level smooth single-crystal gold surface is commonly used as the substrate. 
Under this composition namely gap-mode (Ren et al., 2005), an electromagnetic field 
enhancement can be greatly excited at the gap between the tip and the specimen.  
Additionally, the smooth gold substrate eliminates the SERS enhancement induced with 
local surface fluctuations and provides an access to better understanding of the mechanism 
of the tip-enhancement effect. 

2.4 Evaluation method of performances of TERS systems 
Generally, there are 3 indicators used to evaluate the performance of a TERS system, 
including contrast, enhancement factor (EF), and the lateral resolution of the Raman 
mapping. 
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Contrast is defined as the ratio of near field tip-enhanced Raman intensity to the far-field 
Raman signal intensity, and is given by Eq. (1) (Schmid et al., 2007; Tarun et al., 2009): 
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far far far
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in which, the nearI  indicates the intensity of the near-field Raman signal from the region just 

below the tip apex, farI  denotes the far-field Raman signal intensity as the tip is withdrawn, 

and totalI  is the TERS experiment detected Raman intensity, which is the mixture of the 

near-field and far-field Raman signal intensity. The contrast can be regarded as the SNR of 
the TERS detection. It reflects the excitation/collection efficiency and the detection ability of 
the system. 
In certain studies, the ability of the tip induced Raman signal amplification tends to be more 
concerned, and it is known as the enhancement factor. Taking into account of the difference 
between the sizes of the regions that give rise to the near-field and far-field Raman signal, 
the enhancement factor can be expressed as (Schmid et al., 2007): 
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where tipV , tipA , tiph , tipd  and focusV , focusA , focush , focusd  represents the near-field on the tip 

apex and far-field illuminated at the focus sample volume, the cross-sectional area of the 
illumination, radius and penetration depth of the illumination respectively. These 
parameters mentioned above are difficult to be accurately measured in experiment and are 
estimated based on the experimental conditions generally. 
EF can be regarded as the normalized contrast according to the near-field/far-field signal 
excitation regions. It is more suitable for comparing with the electromagnetic simulation to 
analytically investigate the performance of the tip and the enhanced mechanisms. 
Since only the Raman signal from the region just below the tip apex can be enhanced, the 
effect in the near-field region is estimated in accord with the size of the tip apex whose 
diameter is only tens of nanometers generally. But the diameter of the laser focusing spot 
is usually in submicron region. As a result of the great difference between the size of the 
near-field and the far field illumination, the experimentally obtained EF is usually about 
103~106.  There are still some gaps in the comparison of the electromagnetic simulation 
expected and experiments. 
Presently, the reported EF obtained in experiment can be as high as 109, and some research 
has achieved the single-molecule lever detection (Hayazawaet al., 2006; W. H. Zhang et al., 
2007; Steidtner & Pettinger, 2008). Different forms of the formula should be applied to 
calculate the EF of samples with different sizes and transparency. The schematic of samples 
with different thickness and the corresponding EF estimation formula is shown in Fig.7. For 
thin samples (Fig. 7(a)), since the penetration depth of the near-field and the far-field 
illumination are the same, the excitation region is determined just by the far-field focal spot 
radius or the tip radius respectively. For thicker Raman active material (Fig. 7 (b)), the 
impact of the different penetration depth has to be taken into consideration. Due to the far-
field illuminated sample volume is much larger than the tip excitation region, when the EF 
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of the tip-enhancement is small the near-field signals may be submerged in the far-field 
background noise, and results in low contrast. The phenomenon has been confirmed in 
experiments (Mehtani et al., 2005). Strictly speaking, for the nano-dots and nano-wires, the 
TERS enhancement factors should also be estimated by using different formulas. Due to the 
differences between samples, the calculation of the EF is influenced by subjective factors. 
And the contrast, which is calculated just based on the experimentally measured values is of 
more practical significance. Nevertheless, the EF is still very necessary for the research on 
the electromagnetic enhancement mechanism of TERS. In 2005, Pettinger et al (Pettinger et 
al., 2005) ingeniously designed an experiment to avoid the subjective factors mentioned 
above. By comparing the photobleaching time of the single-layer Malachite green dye with 
and without tip enhancement, the more accurate TERS enhancement factor is obtained as 
about 6x106. 
 

 
Fig. 7. Comparison of enhancement factor calculation (a) thin sample and (b) thick sample. 

The lateral spatial resolution of TERS spectral imaging is mainly determined by the radius of 
the tip apex. Since the localized electromagnetic field enhancement is highly confined to the 
tip apex, the lateral resolution, spectral resolution may even be better than the resolution of 
topography. Nowadays, the highest lateral resolution of TERS image reported is less than 15 
nm (Anderson et al., 2005). For improving the lateral resolution the topography and spectral 
imaging, tips with smaller radius should be used. Moreover, these tips are capable of 
contributing more to the tip-enhancement and field enhancement (Downes et al., 2008). 

3. Preparation of CNTs specimen 
Specimen preparation is an important link of applying the TERS method to the detection of 
practical specimens. It will finally determine whether the optimal measurement results can 
be obtained as well. 

3.1 Requirement of specimen preparation 
The in-situ non-destructive spectral detection with high resolution and high sensitivity may 
be accomplished with TERS system. Since the Raman spectrum directly reflects the chemical 
information of samples, the specimen in TERS detection is dispensed with extra label. In 
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general, the specimen preparation, especially for the preparation of CNTs samples, needs to 
satisfy following requirements: 
a. The smooth substrate surface. The fluctuations of the substrate surface should be less 

than the sample-size scale. 
b. Firmly attaching and immobilizing the specimen to the substrate surface. 
c. Transparency. When using transmission-mode TERS system to detect the sample, the 

specimen on the substrate should be transmission. The specimen can be highly 
dispersed or diluted to obtain good transparency. However, in reflection-mode TERS 
system the detected specimen is regardless to its transparency. 

d. conductivity (STM-TERS) 
According to specific samples and measuring conditions, there might be certain additional 
requirements for the specimen preparation. 

3.2 Common preparation methods for CNTs specimen 
In our transmission-mode TERS system, the laser illuminates the sample from the bottom 
and goes through the specimen to focus on the tip apex and locally excited Raman scattering 
at the specimen surface. Additionally, the enhanced Raman signal also has to transmit 
through the specimen to be collected. Therefore, the detected specimen is optimal to be of 
good transparency. The CNTs specimen can be highly dispersed into a thin film. 
Meanwhile, the sample is required not to chemically react with the substrate or the tip and 
maintaining stabile properties in the whole measuring process. The specimen should also be 
firmly attached on the substrate surface to avoid relative movement during the scanning. In 
order to obtain high-resolution images, highly dispersed samples are generally used. 
Therefore, the transmission-mode TERS system is more suitable for detecting sparse thin 
films of CNTs samples with good transparency. For example, the specimen preparation 
methods used in our transmission-mode TERS detection are presented here. 

3.2.1 Preparation method for single wall carbon nanotube sample (SWNTs) 
The SWNTs specimens used in our experiments are bundles of SWNTs. The SWNTs were 
synthesized by arc-discharge method. After purification, the high purity (> 95%) SWNTs 
powder can be obtained. Then 0.01mg powder was dissolved in 10mL ethanol. The solution 
was evenly dispersed by ultrasonic dispersing method. One droplet of the solution was 
taken and dripped on a 120μm thickness cover slip. After air-curing, the transparent CNTs 
specimen has been prepared as well as for detection (Guan, 2006; Li et al., 2004). 

3.2.2 Preparation method for double wall carbon nanotube sample (DWNTs) 
The transparent thin DWNTs membrane was prepared following the series of processing 
(Wei et al., 2006): firstly, the synthesized DWNTs were soaked in the H2O2 solution with 
30% Concentration for 72 hours. Then, HCl solution (37%) was added to remove the 
amorphous carbon, catalyst particles and other impurities. The up to 90% (by mass fraction) 
purity DWNTs were obtained. By dripping several drops of ethanol or acetone, the purified 
macro-membrane of DWNTs were rapidly spreading to ultra-thin film and floating on the 
surface of the solution. The film of DWNTs can be easily collected with a cover slip. The flat 
and transparent thin film of DWNTs was obtained, and after air-curing the highly dispersed 
DWNTs were immobilized on the substrate surface. 
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4. Detection of CNTs 
The TERS technology has been widely developed and applied in the fields of physics, 
chemistry, material science, and biology in nanometer scale. Especially, the detection of 
CNTs will be presented and discussed as an emphasis of this section.  

4.1 Applications of TERS  
The significant advantage of TERS is that it can provide corresponding topography and 
Raman mapping of the nano-material specimen with high spatial resolution and detection 
sensitivity. Since 2000, TERS has been experimentally proved practicable (Stöckle et al., 2000; 
Hayazawa et al., 2000; Anderson, 2000; Pettingeret al., 2000) and shows the potential of 
nanometric spectral detection. Then, the research on TERS’s applications has been being 
advanced continually. 
Up to now, it has been applied to dye molecule detection (Steidtner & Pettinger, 2008; W. H. 
Zhang et al., 2007), semi-conductor material determination(Sun et al., 2003; Lee et al., 2007; 
Saito et al., 2008; Sun & Shen, 2001) , biological specimen identification(Anderson et al., 
2003; Watanabe et al., 2004; Bailo & Deckert, 2008), and nanao-material characterization 
(Hayazawa et al., 2000; Hartschuh et al., 2003; J. J. Wang et al., 2005; Qian et al., 2006). 
It is distinct from the single molecule level or single-molecule state distributed specimen 
detection, TERS approach aims on the real single molecule, individual molecule Raman 
spectral detection. In 2008, Pettinger et al. directly measured the spatial location and the 
corresponding Raman spectra of the single BCB molecule absorbed on Au (111) surface 
using STM-TERS system in ultra-high vacuum (Steidtner & Pettinger, 2008). The experiment 
shows that under resonance Raman excitation, the enhancement factor is to 106. It is enough 
to satisfy the requirement of the single molecule detection sensitivity of the dye molecules in 
the TERS characterization.  
The in situ spectrum detection of biological samples is another research hotspot in TERS 
applications in recent years. Since the Raman spectra directly reflect the molecular structure 
information of the sample, the specimen in TERS detection is dispensed with extra label. 
Meanwhile, TERS is capable of obtaining high resolution in situ non-destructive detection 
with high sensitivity. In 2003, Anderson et al. (Anderson et al., 2003) applied TERS 
technique to the detection of drosophila compound eyes, and measured the fine structures 
of the eye surface and the near-field Raman spectra at different positions. In 2006, 
Hayazawa et al. (Hayazawa et al., 2006) measured the near-field Raman spectroscopy of the 
adenine nano-crystal sample. Compared with the standard far-field spectrum, slight 
frequency shift of the TERS spectra is reviewed. In 2008, Bailo et al. (Bailo & Deckert, 2008) 
detected the topography of single-stranded cytosine RNA and its tip-enhanced Raman 
spectra at several different positions. The single-base detection sensitivity of the TERS 
system is indirectly proved. The author further noted that although the TERS system is not 
yet sufficient to the spectral imaging with the single-base spatial resolution, TERS 
technology is still expected to directly sequence the DNA or RNA samples by using certain 
detection and data processing method. TERS research on live Biological macromolecules 
and virus has been commenced. Recently, Deckert et al. (Cialla et al., 2009) measured the 
TERS signals of the single tobacco mosaic virus at different positions, and the characteristic 
Raman shifts were identified. Budich et al. (Budich et al., 2008) also reported the TERS 
characterization of the Staphylococcus epidermidis cell wall in liquid environment. These 
applications all indicate the great potentials of the TERS technique in biological and life 
science research. 
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The demand of nano-material characterization is a major motivation to promote the 
development of TERS. CNT is a kind of the typical 1-D nano-materials. Much attention has 
been paid to the research and detection of CNT, Due to its outstanding physical, mechanical, 
thermal and electrical properties along with application potentials. In 2003, Hayazawa et al. 
(Hayazawa et al., 2003) applied TERS method to detect the SWNTs specimen and obtained 
the diameter and chirality of the CTNs by analizing the TERS reaults. Harschuh et al. 
(Hartschuh et al., 2003) also utilized TERS to characterize SWNTs and simultaneously 
acquired the topography and the TERS mapping. Comparing the features in the two images, 
the spatial distribution of the CNTs can be accurately recognized. In this detection, the 
spatial resolution of TERS mapping reached up to 23 nm, even better than that of 
topography, which is 29 nm. With the development of the tip preparation and the TERS 
realization, better than 15 nm TERS resolution can be achieved nowadays (Hartschuh et al., 
2005; Anderson et al., 2005; Huihong et al., 2008: 2243-6). In 2005, Hartschuh et al. measured 
the TERS and tip-enhanced photoluminescence (PL) mapping of SWNTs with better than 15 
nm resolution (Hartschuh et al., 2005). The structural defects and optical properties of CNTs 
may be further revealed with the combination of TERS detection and tip-enhanced 
photoluminescence (PL). In 2006, Kawata et al. imaged SWNTs bundle within 700 nm×700 
nm region. It validated that the radial breathing mode (RBM) feature inducing the Raman 
shift corresponding to the vibrational mode of the graphitic layer in the radial direction is 
sensitively and directly depended on the diameters of the tube. By imaging a serial of TERS 
mappings according to different RBM Raman shifts, the distribution of SWNTs with 
different diameters can be obtained separately. Lately, Kawata’s group reported another 
way to further improving the resolution of TERS. In this method, the CNTs below the tip are 
locally pressed by the tip apex, and the slight Raman frequency shift induced by the 
pressure can be accurately detected. The technology is employed in nanometer metrology 
and spatial resolution is to 4 nm (Yano et al., 2009). 
Carbon nanotubes are categorized as single-walled nanotubes (SWNTs), double-walled 
nanotubes (DWNTs) and multi-walled nanotubes (MWNTs). According to the difference in 
sizes, structures and features of them, SWNTs and MWNTs will be measured. Also 
experimental examples will be provided and discussed respectively in the following passages.  

4.2 Detection of SWNTs 
Generally speaking, the Raman peaks of SWNTs spectra represent the major vibration 
modes in CNTs, the radial breathing mode (RBM), graphite-like mode (G-mode 
corresponding to G-band), and defect-related mode (D-mode, D-band)(Dresselhaus et al., 
2005; Rao et al., 1997). 
The Raman shifts related to RBM is at the low frequency region of the spectrum. They are 
associated with the radial direction vibration modes of the nanotubes and directly reflect the 
diameters of the SWNTs. The G-mode vibrations of SWNTs are induced by the planar 
vibrations of the carbon atoms. The G-mode vibrations bring in Raman shifts in G-band, 
which is generally around 1600 cm-1. Also most graphite-like materials all generate the G-
band in Raman spectra. The D-mode of CNTs is related to the out-of-order defects of the 
CNTs or the amorphous carbon in the sample. The D-mode vibrations of SWNTs result in 
the Raman shifts around 1300 cm-1. The ratio of G-band to D-band is an important term for 
the evaluation of the purity of the SWNTs specimen (Eklund et al., 1995). 
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4.2.1 Conventional Raman spectrum measurement of SWNTs   
For comparison and calibration, the conventional far-field Raman signal of the SWNTs 
specimen was measured before the TERS detection. The photon-counter integrated time is 
set 100ms in the Raman spectroscope, Renishaw RM2000. The result is shown in Fig. 8(a). 
From the far-field Raman spectrum, several Raman shift feature peaks of the SWNTs 
specimen can be distinguished. One is the G-band corresponding to the planer vibration. It 
breaks up to several characteristic peaks as the fold in Brillouin Zone and mainly represents 
as G+ band in the high frequency region (1592 cm-1) and G- band in the low frequency region 
(1569cm-1). Second is the D-band at 1347 cm-1, which is resulted from amorphous carbon or 
out-of-order defects in SWNTs sample. The purity of SWNTs sample can be evaluated based 
on the ratio of G band and D band (Dresselhaus et al., 2005). As the experimental result 
indicated, the ratio of G and D band of the specimen is 26.  
Another characteristic Raman shift corresponding to RBM was detected in low frequency 
region and accumulated 3 times with the integrated time, 10 seconds. Considering that the 
sample is bundle of SWNTs and the tube-tube interaction in the bundle, the relationship 
between the diameter dt (nm) of the nanotube and the RBM band ωRBM (cm-1) can be 
expressed as following (Rao et al.,2001),  

 ωRBM = 224/ dt + 10      (3) 

This is a modified formula for a bundle of SWNTs slightly different from isolated SWNTs. 
As the detected RBM frequency is 170cm-1 (Fig. 8 (b)), the diameter of the SWNTs is 
estimated to be 1.4 nm.  
 

 
Fig. 8. (a) Raman spectrum of SWNTs (b)  RBM of SWNTs 

4.2.2 Topographic and TERS measurement of SWNTs bundle 
The SWNTs specimen is detected with a transmission-mode TERS system based on an AFM. 
Firstly, the topography of the SWNTs specimen is obtained by AFM (Fig.9). It can be 
indicated that in the sample most SWNTs exist in the form of bundles due to the action of 
Van der Waals force. On the SWNTs bundle one position marked with cross is selected as 
the interest point of TERS detection. Then, the position of the specimen is relatively moved 
to the near-field region and just below the metallized tip apex. The TERS spectrum of the 
SWNTs specimen is shown in Fig.10 (a). Then, the far-field Raman spectrum at the same 
position is detected ( Fig.10 (b) ), as the tip is withdrawn from the near-field region of the 
specimen (Wu et al, 2009).  
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Fig. 9. Topographic image of a Single SWNT bundle with diameter 100nm, by TERS. 

 

 
Fig. 10. TERS and far-field Raman spectra of a single SWNT bundle. 

Comparing the TERS spectrum with the far-field Raman spectrum, it can be noticed that the 
frequency of G-band Raman peak is not obviously shifted and the shape is not evidently 
changed. In addition, the characteristic G-band is considerably enhanced as a result of the 
tip-enhanced electromagnetic field, while the background noise is not obviously increased. 
This can be explained as that the noise is mainly comes from the far-field stray light in the 
illuminated area and not Raman scattering localized and enhanced by the tip. While Raman 
signal from the localized zone is greatly enhanced by the tip-enhanced electromagnetic field 
highly confined to the tip’s apex. It results in the higher SNR detection results. The pure 
near-field Raman signal of SWNTs can be obtained as shown in Fig.10(c), by subtracting the 
far-field signal from the TERS spectrum. The enhancement factor is calculated to be 230 

according to the formula given in Fig. 7 (a) for thin film specimens. The tip enhancement 
factor will be much larger than that value, because the practical diameter of far-field laser 
spot is always larger than the size of the diffraction-limit used in the estimation. It indicates 
adequately that TERS technology is of novel and excellent performances in detection of 
weak Raman signal in nanometer localized region.  
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4.3 Detection of MWNTs 
Multi-walled nanotubes (MWNTs) are formed with multiple coaxial rolled layers of 
graphite. Due to the structures and compositions, they have similar Raman shifts with 
SWNTs, but still with several distinct features. Additionally, being the simplest 
manifestation of MWNTs, the double-walled carbon nanotubes (DWNTs) are considered to 
be an ideal model for researching the interaction between graphite layers, as well as the 
connections between the SWNTs and MWNTs. 

4.3.1 Detection of DWNTs 
A DWNT has the structure of two coaxial hollow cylinders formed by two layers of rolled-
up graphite. The typical interlayer space between the inner and the outer walls, ranges from 
0.33 nm to 0.42 nm. DWNTs maintain several outstanding properties of SWNTs, yet have 
some distinct ones, such as higher stability and particular electronic and optical properties 
(Gennaro et al., 2009). In Raman spectra of DWNTs, the graphite-like band (G-band) region 
arose by the graphitic layers is regarded as one of the feature Raman shifts of CNTs. And 
the RBM frequency corresponding to the radial direction vibration of the nanotubes is 
sensitively and directly depending on the diameters of the inner and the outer walls. 
In this practical example, DWNTs specimen was investigated using our home-made 
transmission-mode TERS system (Wu et al., 2010). The Raman enhancement factor was 
calculated. The tip-enhanced Raman spectra especially in the G-band and the RBM regions 
are obtained. A tip-pressure induced RBM band shift of the DWNT is observed, and the 
experimental results are discussed. 
In this research, a backward-scattering TERS system with a golden AFM tip is used. The 
radius of the tip apex is about 30 nm. The DWNTs specimen is prepared using the method 
mentioned in section 3.2.2. And the DWNTs used here were synthesized by chemical vapor 
deposition (CVD) process. In TERS detection, the excitation laser (532 nm) after expanding 
and collimating is focused on the tip by a high-NA objective (NA = 0.95). Also the tip-
enhanced Raman scattering from a confined region of the specimen is efficiently excited. 
Then the Raman scattering is collected by the same objective lens and channeled into the 
Raman spectroscope to be analyzed. 
In advance, the topography of the DWNTs specimen was detected (Fig. 11(a)). The height 
cross section along the dashed line is shown in Fig. 11(b). It shows that the heights of the 3 
figures are all about 10 nm. Judging from the height, the two arc-like bundles each contains 
  

       
                                             (a)                                  (b) 

Fig. 11. (a) Topographic image of the DWNTs specimen (scanning area: 1.2 μm × 1.2 μm). 
(b) Height cross section along the dashed line in (a). 
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estimated about 10 to 15 DWNTs. After acquiring the topography of the specimen, the 
region-of-interest could be narrowed down and defined to the three figures. Then, the 
single-point TERS detection was carried out at each interested position. The detected TERS 
spectrum of position A of the specimen is shown in Fig. 12. For comparison, the far-field 
Raman spectrum was detected as the tip was withdrawn from the near-field region. The 
separation between the tip and the sample surface was about 1.5 μm then. 
 

 
Fig. 12. Far-field Raman spectrum and TERS spectrum of DWNTs at position A in Fig. 11(a). 

Compared with the far-field spectrum, the TERS spectrum indicates that a strong 
enhancement at the G-band is obtained. With Lorentz fitting, it can be observed that the G 
band in the TERS spectrum splits mainly into two peaks: 1590 cm-1 (G+) and 1564 cm-1 (G¯). 
However, in the far-field Raman spectrum the G¯ band may be too weak to be distinguished 
from the noise. According to the Eq. (2) given in section 2.4, the EF is calculated to be 3.6 × 
102. 
With the tip fixed at the laser focus, the specimen is moved along the dashed line shown in 
Fig. 11(a). The TERS spectra of positions A, B, and C are detected in succession (shown in 
Fig. 13). TERS spectra of positions A and B both show similar Raman peaks in the G-band 
and almost no signals in the D-band. However, at position C the Raman peak in the D-band 
is strong and the G band signal is weak. By comparative analysis of the topography and the 
TERS spectra it can be ratiocinated that the two arc-like lines are bundles of DWNTs, while 
the granule at position C is amorphous carbon respectively. The Raman signal from C 
includes the D-band from amorphous carbon and the weak G-band signal might from 
DWNTs in the vicinity of C point illuminated area in the far-field. 
For further characterization of DWNT specimen, the Raman spectra in the RBM region were 
detected and analyzed to estimate the diameters of the DWNTs’ inner and the outer walls, 
respectively. The Raman shift in RBM region can be directly determined from the diameter 
of the nanotube. Thus, it’s quite useful in estimating the sizes of the inner and the outer 
walls of DWNTs and the corresponding deformation of DWNTs under radial pressure. 



 
Detection of Carbon Nanotubes Using Tip-Enhanced Raman Spectroscopy 

 

233 

Since the interaction between the inner and the outer walls and the force exerted between 
two DWNTs will both induce upshift to the frequencies of the Raman shifts in RBM band 
(Bandow et al., 2002), the formula ωRBM = 224/ dt with about 10% higher RBM frequency 
modification is adopted here to calculate the corresponding diameter of the nanotubes, as 
Eq. (3) above similar to SWNTs. 
 

 
Fig. 13. TERS spectra at the 3 positions (A, B, and C) marked correspondingly in Fig. 11(a) 

The experimental obtained RBM band consists of two groups of Raman shift peaks, the 
range from 140 cm-1 to 160 cm-1 and 250 cm-1 to 270 cm-1, which can be observed in Fig.15 
(far-field) and Fig.16 (tip-enhanced). Since the RBM frequency depends inversely on the 
nanotube diameter, the two groups of peaks correspond to the outer and the inner walls of 
DWNTs respectively. The calculated diameters of the nanotubes are shown in Table 2. The 
outer walls’ diameters vary between 1.51 nm and 1.69 nm while the inner walls’ diameters 
vary between 0.89 nm to 0.93 nm. 
In this experiment, the topography of another selected area of the DWNTs sample was 
detected by using AFM (shown in Fig. 14) before the Raman spectral investigation. Two arc-
like bundles of DWNTs, whose heights were 3 nm and 6 nm respectively, were observed in 
the detected area. With the tip withdrawn from the near-field of the sample, the far-field 
Raman spectrum of the DWNTs was obtained (as shown in Fig. 15). Then, for further 
detection of the tip-enhanced RBM of the DWNTs, the AFM golden tip was approached to 
the near-field of the sample, and the scanning stage was precisely moved to align the 
interested DWNT bundle with the tip’s apex. After eliminating the far-field background, the 
tip-enhanced RBM of position A and B are shown in Fig. 16(a) and (b) respectively. 
Comparing the tip-enhanced RBM with the far-field one, one can draw two conclusions. 
First, the excitation area is highly confined. Seven peaks in the RBM region are detected 
from the far-field Raman spectrum while 5 and 7 peaks are detected at the position A and B 
in TERS, respectively. 
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Fig. 14. Topographic image of DWNTs. 

 

 
Fig. 15. Far-field Raman spectrum of a DWNT in the RBM region. 

 

outer wall inner wall interlayer 
space 
(nm) 

Raman shift 
(cm-1) 

Diameter 
(nm) 

Raman shift 
(cm-1) 

Diameter 
(nm) 

142 1.69 250 0.93 0.38 

  256 0.91 0.39 

  261 0.89 0.40 

148 1.62 250 0.93 0.345 

  256 0.91 0.355 

  261 0.89 0.365 

153 1.57 261 0.89 0.34 

158 1.51 - - - 

Table 2. Correspondence of the far-field RBM frequencies and the diameters of the DWNTs. 
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Fig. 16. The tip-enhanced RBM from (a) A point and (b) B respectively after subtracting the 
far-field background. 

 

Far-field (cm-1) 
Position A 
(cm-1) 

Position B 
(cm-1) 

Peak shift 
(cm-1) 

142 145 145 3 

148 - 150 2 

151 155 155 2 

158 160 160 2 

250 252 252 2 

256 258 258 2 

261 - 267 6 

Table 3. Contrast of the far-field and the tip-enhanced Raman shift of RBM. 

As the Raman shifts in RBM bands directly reflect the diameters of the nanotubes, this 
indicates that the left bundle includes more assembled forms of inner and outer walls than 
the right bundle at A. This also demonstrates that, in the TERS method, the Raman spectrum 
can be efficiently enhanced in a highly-confined volume and that the RBM of each bundle 
can be detected separately. Second, the slight shift in RBM is observed and is related to the 
deformation of DWNTs caused by the tip pressure. The tip-enhanced RBM bands at A and B 
reflect 2 to 3 cm-1 upshifts compared with the initial ones shown in the far-field Raman 
spectrum. Considering the systematic residuals and random error in experiments, the 
measurement was taken several times with the scanning stage aligning the position of 
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interest in the mode, and the tip scans from left to right and then from right to left. The 
results obtained for the tip-enhanced RBM bands are all in good agreement, and it indicates 
that the Raman shift phenomenon is repeatedly measured. The peak shift between the tip-
enhanced RBM bands and the far-field RBM bands is related to the deformation of DWNTs 
and may be attributed to a combination of the tip mechanical pressure and the interaction 
between the two walls of the DWNTs. 
For further experimental investigation on the dependences of the band shift and the 
intensity of TERS on the pressure should be carried out. That would provide further 
qualitative and quantitative analyses of the external pressure effects and the internal force 
interactions of the DWNTs. Also, the stress distribution in the DWNTs should be obtained 
by TERS mapping measurement. It can be assumed that the interacting force between the 
two walls of the DWNT under tip pressure can be achieved by measuring the tip-enhanced 
RBM bands shift. 

4.3.2 Detection of MWNTs 
In this detection, a single MWNT was investigated with our home-made side-illumination 
reflection-mode TERS system (R. Wang et al., 2010a). An Ag coated optical fiber probe 
fabricated in the chemical method was used. The experimental results indicate that the 
measuring system has a spatial resolution better than 70 nm, and the enhancement factor is 
about 5×103.  
The laser beam form a Nd:YAG laser, wavelength 532 nm is focused on the probe tip by a 
long work distance objective (50×, NA=0.42, WD=20.5mm, Mitutoyo) at the incident angle 
of 65° relative to the axis of the probe. The polarization of the incident light is along the axis 
of the probe to get stronger enhanced field on the tip apex. The separation between the tip 
and the sample is kept constant and less than 5 nm by the shear-force feedback control. The 
Raman scattering is collected by the same objective. Then it is steered into the Raman 
spectroscope, Renishaw RM2000, and detected by a cooled CCD detector. The measured 
wavenumber range from 4000 to 100 cm-1 is determined by the band width of the edge filter. 
In this experiment, the samples under test were water dispersible MWNTs (Shenzhen 
Nanotech Port Co. Ltd) with the tube diameters of 20 ~ 40 nm. After further diluted with 
deionized water and dispersed with ultrasonic, the sample solution (~ 0.2 wt. %) was 
dropped on the surface of the silicon wafer and dried. 
A topographic image of a single MWNT was obtained, as shown in Fig. 17(a). A cross 
section along the dash-dot line in (a) is shown in Fig. 17(b). It is clearly indicated that the 
height of the MWNTs is about 40 nm. The diameter of the single MWNT is markedly 
broadened to 100 nm due to the geometry of the tip. Three points A1, A2, and A3 with the 
intervals of ~70 nm are chosen on the three crosses and the TERS information on the three 
points is detected respectively. 
The TERS spectra with tip and far-field Raman spectrum without tip are displayed in Fig. 
17(c). The two peaks (about 1300 cm-1 and 1600cm-1) are corresponding to the defect-related 
mode (D mode) and graphite-like mode (G mode) respectively. Among the TERS spectra at 
A1, A2 and A3 the distinct differences can be observed. Point A1 and A3 locate brims of the 
tube respectively and it leads Raman peaks unobvious. Point A2 just locates on the carbon 
tube and there is a stronger Raman peaks in the TERS spectrum. It demonstrates 
experimentally that the spatial resolution is better than 70 nm with the TERS system. 
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Fig. 17. TERS measurement results of a single MWNT. (a) topographic image of a single 
MWNT; (b) corresponding height-cross-sections along three measuring points marked in 
(a); (c) tip-enhanced Raman spectra of the MWNT at different points and the far field Raman 
spectrum of the whole area. 

The comparison between the TERS Raman intensity at point A2 and the far-field Raman 
intensity shows that the former has 5-6 times intensity than the latter. Considering the 
radius of the tip and the size of laser focusing spot, the tip-enhancement factor is about 
5×103. Although both tip-enhanced Raman spectra and far-field Raman spectra show the 
inherent Raman peaks of MWNTs, spectrum at A2 seem to have more fine features. It is 
probably from the structure defect or the interaction between the tip and the MWNTs. 

4.4 TERS mapping 
One of the significant superiority of TERS is that it provides the topography and the Raman 
spectral mapping simultaneously and the two images can be correspondingly recognized. 
To obtain the spectral signal from the interested localized region in nanometer scale on the 
sample and further investigate the chemical information from the nano-structure in the area, 
the TERS mapping is useful and necessary. In TERS mapping, the metallized tip scans point 
by point over the interested area of the specimen and the full spectra in each detected point 
are acquired. Then the specific Raman peaks or bands, which directly reflect the feature of 
the interested material structure are picked out, and subsequently set as reference to identify 
the composites and the molecule structure in the Raman spectral mapping. The spectrum of 
each position is analyzed and intensity of the Raman peaks is marked in the corresponding 
position of the mapping. T. Yano et al utilized TERS to measure the distribution of SWNTs 
with a spatial resolution far beyond the diffraction limit. The RBM of SWNTs in the near-
field Raman spectra is corresponding to the diameters of various SWNTs in the immediate 
vicinity of the tip. The near-field Raman imaging of the RBM provided a super-resolved 
color mapping corresponding to the diameter distribution of SWNTs within a bundle (Yano 
et al., 2006).  
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In experiment, the detection of Raman spectrum needs a few seconds to a few minutes 
accumulation time to obtain the spectrum signal with the higher ratio of signal and noise. 
With the increase of the TERS mapping area, the number of points to be detected grows up 
rapidly. Thus, intending to obtain a high resolution TERS mapping in a comparatively large 
area, may require up to an hour or even more. Therefore, the long time stability of the TERS 
system is quite critical (as discussed in section 2.3.3). 
The TERS mapping of a Cr grating on a Si wafer and its corresponding topography is 
presented as shown in Fig.18. The measuring area is 300 nm × 1200 nm and the sampling 
point of TERS mapping is 4 points × 12 points with the interval about 100nm. The 
accumulation time at each point is ten seconds, and the total detecting time of TERS is about 
25 minutes. The picked reference Raman peak is 520 cm-1, which corresponds with Si. Thus, 
the TERS mapping shows the distribution of Si in the detected area. As shown in Fig.18, the 
spatial relationship between the topography and the Raman mapping demonstrates that the 
TERS mapping can provide the correspondent recognition of physical and chemical 
information (R. Wang, 2010b). 
 

 
Fig. 18. (a) The topography (b) the TERS mapping and (c) far-field Raman mapping of the 
Si/Cr grating. 

5. Conclusions 
As a tip-enhanced spectroscopy, TERS system combines SPM (STM, AFM, SFM, SNOM) 
scanning head, Raman spectroscope, optical microscope, control units and data acquirement 
into a complicated topography and spectral measuring system. TERS is employed not only 
to detect Raman spectrum from nanometer localized volume, but also topographic data 
corresponding to the former in nanometer accuracy simultaneously. TERS mapping and 
spectral imaging become the important analysis method in nano-material science research. 
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TERS has become the promising tool in the nanometric Raman spectrum recognition and 
identification. 
There is no doubt that TERS is a strong tool in the measurement and characterization of 
CNTs. Some SWNT bundle samples are measured and characterized with the TERS system. 
The topography of SWNTs is obtained, and SWNT bundles, diameter 100nm, were 
synchronously measured with the TERS. The experimental results reveal that Raman 
spectroscopic detection beyond the optical diffraction limits has been realized. The most 
TERS spectrum data obtained is from three pieces of SWNTs, based on the analysis to the 
TERS data. Comparing TERS and far-field Raman spectrum data, the results indicate that 
the TERS enhancement factor is over to 230.  
The DWNTs and MWNTs samples are also measured with the TERS system. The 
experimental results indicate that the Raman signal can be efficiently enhanced in a highly-
confined volume. The RBM of each bundle may be detected separately. The Raman peaks 
shift between the tip-enhanced RBM bands and the far-field RBM bands is related to the 
deformation of DWNTs. It may be attributed to a combining process of the tip mechanical 
pressure and the interaction between the two walls of the DWNTs. It demonstrates 
experimentally that the spatial resolution is better than 70 nm and the enhancement factor is 
about 5×103. 
The TERS results demonstrate experimentally that TERS technology is not only of the spatial 
and optical resolution beyond the diffraction limits, but also has ability to realize nanometer 
localization spectral detection. They have the accurate corresponding relationship and have 
many benefits to the spectral recognition in the nanometer localize space in the potential 
applications. 
TERS technology has been paid much attention to and widely used in nano-science and 
nano-technology. Even though many achievements have been obtained with TERS, it must 
be noted that the TERS technology is being developed and not yet perfect. Some issues need 
to be further investigated in the coming research. 
It has been found that, there are some slight differences between TERS spectrum and far-
field micro-Raman spectrum. Up to now, the clear conclusions and common views on the 
mechanism have not yet been reached, although some people tried to explain it based on the 
gradient field effect (Ayars et al., 2000), tip polarization/depolarization effect (Gucciardi et 
al., 2008), optical antenna effect (Novotny, 2008), tip thermal effect (Downes et al., 2006), and 
pressure effect (Watanabe et al., 2004) and so on. Theoretically, it is a quite complicated 
issue to build an exquisite physical model and explain thoroughly the mechanism of TERS. 
The selection rule of TERS needs to be built under the system of nanometer metallized tip 
and molecule localized electromagnetic field coupling. 
Some following issues on TERS might be studied in the future.  
a. TERS will work under the vacuum and liquid environment (Steidtner & Pettinger, 

2008). It is helpful to explore the TERS sensitivity limit and spatial resolution. It will 
make one to understand deeply the TERS theoretical mechanism. TERS will play an 
important role in life science as it gets the tip-enhanced spectrum under liquid 
environment.   

b. TERS will be used in semiconductor inspection. It may be used in inspections for stress 
distribution and fission process in nanometer scale (Zhu et al., 2007a, 2007b; Georgi et 
al., 2007). The polarization control techniques may be used to reduce the far-field 
background to improve the contrast (Lee et al., 2007).  
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c. New and optimizing tip preparation methods will massively produce high quality tips 
with uniform geometry, firm metal coating, controllable optical and resonance 
properties, time stability, and durability to satisfy the excitation conditions (Cui et al., 
2007; Yeo et al., 2006).  

d. With appropriate polarization light, for example radial polarized light, as an exciting 
beam as mentioned above, it will further improve the spatial resolution and tip 
enhancement factors. It can realize the atom resolution and real single piece of SWNTs 
measurement.  

e. Instrumentation and commercialization of TERS will be accomplished in the 
combination with more type probe microscopes and spectroscopes and special optical 
devices, such as parabolic mirror.    

In summary, the TERS technology with excellent performances will become an important 
measurement and characterization tool in the field of nano-materials and nano-structures.  
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1. Introduction

In 1991, Iijima discovered the needle-like tubes insides the fullerene production through the
arc-discharge evaporation method.(1) Using transmission electron microscopy (TEM), a new
type of the coaxial tube, namely carbon nanotube (CNT), was observed for the first time.
One-dimensional (1D) CNTs are rolled graphitic sheet with a few nanometer in diameter. The
other groups demonstrated that it is possible to generate different graphitic layers axially,
such as single-wall CNTs (SWCNTs), double-wall CNTs (DWCNTs), and multi-wall CNTs
(MWCNTs).(2) The electronic property of these CNTs was observed to be either metallic or
semiconducting.(3) As a result, scientists have devoted much attention to study the intrinsic
property of different rolled models.(4)
In the case of chemical environment, the sp2-hybridized carbon sheet establishes the strongly
covalent C-C bond, resulting in a high mechanical strength 100 times than that of steel.(5) The
outstanding mechanical property is suitable for the tip of atomic force microscopy (AFM).(6)
Besides, the chemical inertness built by the stable C-C bond leads to a perfect honeycomb
structure with very few defect and gas adsorption. Only a few percentage of gas adsorption
gives rise to the huge change of electronic transport property on CNTs surface. Different
sensitivities of transportation with various gas species are very useful to identify for gas sensor
applications.(7) The large surface area and its hollow interior lead to the potential application
in the hydrogen-stored battery utilization. For the advantage of recyclable ability and the
enhancement of metallic particles, CNTs is an extremely valuable for energy storage.(8)
Besides, it is important for nano-electric devices due to its superior thermal conductivity
(6000 W m−1K−1 > diamond) and current capacity (109 A/cm2 100 times than that of copper
wire).(9) Despite of these exceptional characteristics, it is hard to produce a specific type of
CNTs and manipulate its electronic structure to fit the diverse requirements. Therefore, the
chemical functionalization route that links the specific chemical group to the tubular surface
for its chemical and mechanical tuning offers an attractive post-synthesis technique to tailor
the properties of the CNTs to suit the applications. In other words, it offers the functions of
CNTs base multiplied by a new potential performance as an integrated device.(10) The types
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of chemical modification are divided into the physisorption and chemisorption on the surface
or at the defective site.(11) Owing to the weak interaction between the molecule species and
the π-conjugate surface of CNTs, the physisorption method to control electronic structure is
not suitable for the exceedingly environmental demand. On the other hand, chemisorbed
molecules attach on the surface randomly and thus not assign to the desirable active position
for effective hybrid utilization.
In terms of the chemical modification in field emission experiments, plasma effect,(12) heat
process,(13) and laser effect(14) are found to be effective methods to improve its emission
performance. This is attributed mostly to chemical doping and morphological change.
However, detailed knowledge of its local electronic structure remains unknown. Recently,
a focused laser system has been developed to trim the CNTs arrays to form three-dimensional
structure.(15; 16) After trimming the CNTs array by focused laser, the turn-on electric field
decreases and its emission current density increases in a field emission experiment.(14)
However, the correlation between laser irradiation and electronic structure of CNTs has not
been discussed. Researchers found the larger electron density of state (DOS) at tips of CNTs,
which is attributed to the influences of lattice defect, deformed carbon cage, or dangling
bond.(17; 18) The sufficient valence electrons at tips plus a strong elasticity, hence, could play
an important role in the field emission performance.(19) The electron beam from the tips is
more stable and efficient than the other emission systems.
In this work, we present a technique that facilitates exclusive chemical modification of the
CNTs with controlled locality using a focused laser beam. With focused laser beam, we
can achieve morphological modification and structural rearrangment of the CNTs. With
the CNTs housed in a transparent chamber with controlled gaseous environment, we can
select the appropriate gas species for the chemical modification. In addition of gas species
selection, it can broaden the CNT-based application by choosing chemical bonding species.
The electronic structure and its chemical modification of CNTs are suitable to be resolved
by X-ray photoelectron spectroscopy (XPS). Due to the localized surface functionalization,
Scanning PhotoElectron Microscopy (SPEM) equipped with XPS provides the chemical and
elemental information with the spatial resolution of 100 nm. The precise information of
electronic structure is investigated by micro-XPS and converted to a mapping image for
the spatially resolved chemical analysis by SPEM.(20; 21)The enhanced chemical shift of
0.9 eV in C 1s state is found in the air-treated CNTs. The chemical modifications of
nitrogen-treated and oxygen-treated CNTs reveal the less up-shift of C 1s state by 0.6 and
0.2 eV, respectively. In nitrogen-treated and oxygen-treated CNTs, the appearance of C-N
(C-O) bond and surface-adsorbed nitrogen (oxygen) gas are both observed on the top area
of CNTs. The presence of chemisorbed gas atoms accounts for the origin of up-shift of C 1s
state in N2 and O2-treated CNTs. Furthermore the chemical shifts dependent on different
gaseous environments shall involve the combination of structural defect and the mixing gas
molecules. VB spectrum in air-treated CNTs exhibits the DOS transition from the mixing of
C 2s and C 2s/2p-σ band to C 2p-π band, which is driven by laser irradiation. In the case
of nitrogen-treated (oxygen-treated) CNTs, the spectral features of N 2s (O 2s) band in VB
spectra are attributed to the appearance of C-N (C-O) chemical bond of N 1s (O 1s) state. In
terms of physisorbed gas contribution, the surface-adsorbed nitrogen molecules in as-grown
CNTs bring about a larger rearrangement of DOS than the consequence of nitrogen-treated
CNTs. However, in oxygen-treated CNTs, laser irradiation induces the same tendency of DOS
transition, which is consistent with the behavior of the air-treated CNTs. By controlling gas
molecule species and laser beam, we can modify the chemical composition of CNTs at the
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specific region effectively. Our findings will open up a new field of the tuneable electronic
structure for the advanced nano-electric applications.

2. CNTs fabrication and its chemical modifications: A new way to add
mulitfunctional properties of CNTs

2.1 CNTs fabrication
MWCNTs and SWCNTs can be synthesized by high pressure arc discharge method, laser
ablation, or chemical vapor deposition (CVD).(1; 22–24) Our MWCNTs sample is grown
on Si substrate by plasma-enhanced CVD (PECVD).(25) After thin SiO2 layer on Si sample
is cleaned, Fe layer is deposited on flesh Si sample by the means of radio frequency
magnetron sputtering. In the PECVD chamber, the resistance heating plate is used to raise
the temperature of Fe/Si specimen up to 750 ◦C. The mixture of C2H2 and H2 gas with
the flow rate of 15 sccm (standard cubic centimeters per minute) and 60 sccm respectively
are introduced into the PECVD chamber. These species are the reactive carbon sources for
the construction of CNTs synthesis. The high annealing temperature causes the surface
tension of Fe layer to decrease, the Fe layer is then divided into Fe particles with different
diameters.(26) The annealed Fe surface works as the active catalyst to absorb the C2H2/H2
gas into the particle. While the carbon atoms diffuse across the Fe particle to the opposite
side, the self-organized nanotube with the hexagonal lattice is built vertically on the Si
sample.(27) According to different fabrication methods, the electronic character of CNTs
shows either metallic or semiconducting relying on the chirality with tube diameter or
the grown condition.(3) Therefore, it reflects the importance of manufacture process in
determining the electronic structure of CNTs and hence their applications.
Advanced applications of CNTs include chemical sensors,(7) nanoelectronic devices, (28) and
field-emission devices.(29) In a field-emission experiment performed by Zhao et al.,(30) after
UV or infrared light irradiation, as-grown CNTs sample showed an enhancement of emitted
current and the decrease of its turn-on electric field. The possible reasons for the improved
emission performance were attributed to the C-C bond breaking, structural damage, surface
cleaning, or thermal effect. While the photon energy (PE) of incident light is larger than the
energy of chemical bond (e.g. C-C bond = 6.29 eV, O-O bond = 5.16 eV, C-O bond = 3.2
eV, C-H bond = 3.5 eV),(31; 32) the bond breaking can occur by the photoelectron excitation
effect. Even the covalent C-C bond insides CNTs has a chance to be broken if it allows
the multi-photon excitation to happen. For example, Nd:YAG laser with PE of 4.66 eV is
able to damage C-C bond, which results in the dangling bond.(30) Although the infrared
light with PE by 1.18 eV can not break any chemical bond, it is observed the promotion in
the performance of field-emission experiment. On the other hand, it can work well due to
photothermal effect on the surface contamination.(33) These findings call for the detailed
investigation of the mechanism that can account for the observed improvement in field
emission results. Hence, it is worthwhile to probe the spatially-resolved electronic properties
of CNTs after the treatment of laser trimming.

2.2 Chemical modification assisted by the focused laser technology
We introduce the He-Ne laser beam into the optical microscope for advanced application.
Figure 1(a) and (b) show pictures of the optical microscope-focused laser beam system used
in this work. Figure 1(b) emphasizes the scanning X-Y stage and objective lens in the optical
microscope, which are essential for the creation of three-dimensional pattern using the focused
laser beam. A schematic diagram of the set-up is shown in Figure 1(c). The He-Ne laser beam
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Fig. 1. (a)(b) Pictures of the optical microscope-focused laser beam system. (c) Outline of
optical path inside the microscope and the computer-controlled pattern which is monitored
by CCD simultaneously. The objective lens focusses the laser beam from a He-Ne laser (26
mW max) to a beam spot of ∼ 3 μm. The focused laser beam effectively trims away the CNTs
and create a wide variety of micropatterns on the CNTs sample.

(632.8 nm) is directed into the optical microscope by controlling two reflecting mirrors. The
beam splitter reflects the beam to the objective lens (magnification 50×) for focusing, and also
allow the scattering light from the surface to be recorded. The optical image of laser-cutting
pattern during laser incidence is simultaneously monitored by TV screen. Through the
objective lens with a numberical aperture of 0.95, the laser beam is concentrated on its focal
point with the micrometer size. The sample stage could adjust the z-axis position of the sample
to bring the sample into focus. The computer-controlled X-Y stage offers an extensive capacity
to form two-dimensional pattern or even three-dimensional structure of CNTs.(15) The laser
beam through the tunable polarizer lens and mirrors is achieved to the maximum power of 26
mW.
In order to understand how gas molecule and morphological change affect the electronic
structure of the CNTs, focused laser beam trimming of the CNTs can be conducted with
the CNTs in vacuum or controlled gaseous environment. This was achieved with a
transparent mini-chamber in the experiment that provides the vacuum and selective gaseous
environments. Focused laser beam locally creates chemically active CNTs array, and allows
the gaseous molecule to bond. By controlling the pressure and gas flow rate, the laser
system could be operated with the sample housed in different gaseous environments.(15; 16)
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Fig. 2. (a) A cross-sectional SEM image of laser-trimmed CNTs. (b) Trimmed length of CNTs
array as a function of laser power.

Therefore, the unique combination of gas cell environment with the focused laser allows us to
probe the role of chemical bond inside CNTs.

3. Using laser beam to create activation sites in CNTs array

3.1 Different laser powers
Figure 2(a) shows the SEM image of CNTs array trimmed by different laser powers, which
demonstrates the correlation between the laser power and the trimmed length of CNTs. The
original CNTs array is about 20 μm in length. With the laser beam maintains the same focal
point, the trimmed length of CNTs depends on the incident laser power. The laser power
is precisely varied by a polarizer which is insected in the optical train of the laser beam as
shown in Figure 1(c). Figure 2(b) exhibits the result of trimmed length as a function of laser
power. The fitting result shows two linear equations separated at the transition point of 6.5
mW, although the detailed mechanism for such a transition is not clear at the moment. We
believe that the untrimmed CNTs represent highly activated CNTs ready to form chemical
functionalizaed species with the gaseous species inside the sample chamber. This is the origin
of the excellent modification of electronic structure of CNTs array.
Figure 3(a) shows the cross-sectional SEM image of as-grown CNTs array before laser
irradiation. Subsequently, the CNTs sample is irradiated by laser beam with different laser
powers (7.8 mW, 10.8 mW, 15.0 mW, and 21.0 mW) in vacuum environment. Figure 3(b)∼(e)
reveal the laser impact on the residual part of CNTs array. The laser power of 7.8 mW (> 3.1
mW minimum power) is capable of trimmed length at least 10 μm long. The morphology
of the remaining CNTs after laser trimming exhibits an obvious increase in the diameter of
nanotube on the top region of CNTs array. In Figure 3(c), while incident laser beam raises to
the power by 10.8 mW, the tube size tends to get larger at the top region of CNTs array. It is
believed that the injected laser beam causes the some parts of CNTs array to vanish, and its
residual energy is available to be absorbd by CNTs array.
As the He-Ne laser offers the excited PE of only 1.96 eV, it is almost impossible to break C-C
bond or C-O bond.(31) Hence, we believe the photothermal effect caused by laser beam shall
dominate the trimming mechanism and its diameter-increased tendency. It causes the local
annealing effect on its surface morphology and opens its structure for further modification.
Meanwhile, the amount of laser-generated energy transport through the nanotubes is more
than that dispersed inside the vacuum environment. It is observed that the larger power the
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Fig. 3. (a) SEM image of as-grown CNTs. (b)∼(e) SEM images of modified CNTs with laser
power of 7.8, 10.8, 15.0, and 21.0 mW, respectively.

laser beam imposes, the more enlarged diameter the segment of nantube shows. Although
the major part of absorbed energy is able to make CNTs disappear by gas vaporization,
the residual energy can make the tube size increase. The beginning of enlarged diameter
should come from the structural reconstruction by the thermal melting effect. Previous study
indicates that individual nanotube at annealing temperature of 1500 ◦C can coalesce a lot of
nanotubes as a diameter-doubled tube.(34) It is apparent that the tube diameter at the bottom
region is smaller than that at the top region. Therefore, the localized modification of lattice
structure is exclusively found at the top region of CNTs array. It would be an advanced
method to trim the morpholgy and tune its chemical performance reliably.

4. Spatially resolved chemical mapping of CNTs

4.1 Scanning PhotoElectron Microscopy (SPEM)
Owing to the powerful function of SPEM, it has been built at several synchrotron centers,
e.g. NSRRC in Taiwan, PAL in South Korea, ALS in USA, and ELETTRA in Italy. In Taiwan,
the SPEM is set at U5-SGM undulator beamline at NSRRC in Hsinchu. The photon energy
of monochromatic X-ray could be operated from 60 to 1500 eV using a spherical grating
monochromator (SGM).(20) The installed gratings (ruling density of 285, 400, 800, and 1600
l/mm) are used to provide the monochromator X-ray source. Due to the top-up mode of
storage ring operated in NSRRC, the incident photon flux could maintain the same brightness
during measurement. In Figure 4, the schematic describes the layout of U5 beamine and
SPEM. The X-ray beam, which is collimated by the refocusing mirror and pinhole, overfill the
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Fig. 4. Outline of SPEM equipment. The incident X-ray beam through the grating, refocusing
mirror, and focusing optics is able to display the focused X-ray. The emitted photoelectron is
acquired and collected by the 16-channel detector of HSA analyzer.

Fresnel zone plate (ZP) to produce the diffractive light. Order sorting aperture (OSA) behind
the ZP could select the first-order diffractive beam for the purpose of given focusing X-ray.
The spatial resolution and the focus length are ultimately dependent on the performance of
ZP and OSA.(21) The optimal lateral resolution of X-ray beam is estimated about 100 nm.
Photoelectron excited by X-ray irradiation is collected by a 279.4-mm diameter hemispherical
sector electron analyzer (HSA) with Omni V small-area lens and 16-channel detector (Physical
Electronics). In order to acquire the maximum amount of photoelectrons, HSA with the
acceptance angle of 7◦ is mounted at the angle of 54.7◦ with respect to the incident X-ray beam.
This magic incident angle could receive a maximum intensity of photoelectrons due to the
angular dependence of orbital angular symmetry. The 16-channel module using the same pass
energy of HSA is capable of recording the energy distribution curve (EDC) of photoelectrons
simultaneously. Adding the X-Y scanning function of flexure stage, SPEM could acquire a
two-dimensional chemical image with 16 different BEs.(35; 36) The sample stage could be
precisely probed at the certain location in the mapping image with the help of the readout
device. The calibration of photon energy is measured from the 4f state of bulk Au sample or
C 1s state of highly ordered pyrolytic graphite (HOPG) sample during the experiment.

4.2 Design of controllable gaseous environment insides laser-irradiatied CNTs system
As-grown CNTs are trimmed off by the focused laser in various gaseous environments (air,
vacuum, N2, and O2). The modified morphology resembles the edge of sawtooth because
the laser beam passes the focusing lens obliquely, as illustrated in Figure 5(a). As-grown
and laser-modified area are manufactured together in one sample in order to study their
respective electronic structure under the same experimental condition. Figure 5(b) shows
the cross-sectional SEM image of modified CNTs. The inset of Figure 5(b) represents the
magnified image of the sawtooth-shaped morphology. Figure 5(c) shows the C 1s SPEM
image obtained by collecting photoelectrons of C 1s state. The top area of CNTs array, which
genetrates the bright contrast, is dependent on the shadowing effect related to the acceptance
angle of analyzer and highly intensive signal from the selected chemical state. Also, the
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Fig. 5. (a) Schematic diagram of oblique focused laser beam to trim CNTs in the selected
gaseous environment. (b)(c) Cross-sectional SEM image and corresponding SPEM image,
respectively. The inset of (b) shows the magnified SEM image.
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Fig. 6. (a) Cross-sectional SPEM image of laser-modified CNTs in air environment. The image
corresponds to the intensity summation over 16 channels around C 1s state. (b) C 1s spectra
taken along a-b line denoted in (a). The distance along a-b line is the ordinate and the
binding energy of the 16-channel represents the abscissa. The colorimeter on the right side of
(b) reflects the emission intensity of C 1s state collected from the individual channels. The
chemical shift of 0.9 eV is observed between the laser-modified and sidewalls region.

intensity contrast on the sidewalls area is ascribed from the shadowing effect between the
neighboring bundles. The cracks of the Si substrate in Figure 5(b)(c) clearly indicate that they
are obtained from the same region of the sample.

5. Electronic structure evolution of laser-modified CNTs

5.1 Chemical shift of C 1s state of air-treated CNTs
Figure 6(a) shows a cross-sectional SPEM image of the laser-modified CNTs. The sample is
treated in ambiance with laser power 19.3 mW. This mapping image stems from the intensity
summation of the 16 SPEM images corresponding to the C 1s BE range between 284.2 and
285.7 eV. The C 1s spectra extracted along a-b line, as denoted in Figure 6(a), are analyzed to
reveal its position-dependent electronic structures. These spectra are the intensity summation

254 Electronic Properties of Carbon Nanotubes



Spectro-Microscopic Study of Laser-Modified Carbon Nanotubes 9

(b)

(c)

C1s

A

B

C

1

2

hv = 384eV

Laser
modified

sidewalls

N
o

rm
a

li
z
e

d
X

P
S

(a
.u

.)

286290 284 282

Binding Energy (eV)

As-grown
tips

288

2
2 m�

1

(a)

A
B

C

2 m�

Fig. 7. (a) Cross-sectional SPEM C 1s image of CNTs for laser modification in vacuum. (b)
Cross-sectional C 1s mapping image of as-grown CNTs. (c) Photoelectron spectra of C 1s
state from as-grown area (position 1 and 2) and the area modified in vacuum (position A, B,
and C).

over 400 nm × 400 nm square selected along a-b line. The shadowing effect can result in the
higher signal intensity, instead of changing its EDC. Figure 6(b) reflects the 16-channel curves
relative to C 1s state with 1.5 eV range. The ordinate is the position along the a-b line; abscissa
is the BE of the 16 channels, the photoelectron intensity is represented by different colors. With
the aid of this representative method, we can easily visualize the quantities of the spatially
distributed chemical shifts with their relative intensity. Near the point "a" (around sidewalls
region), the C 1s state shows the lowest BE with 284.5 eV, which is identical to the sidewalls
of as-grown CNTs.(17) Around the point "b" (modified top region) the C 1s peak shifts to the
highest BE with 285.4 eV. It is surprising that the chemical shift of C 1s state between sidewalls
(a) and top (b) is as large as 0.9 eV. But in the pristine CNTs experiment,(18) the C 1s peak in
the top region is higher than that in the sidewalls region only by 0.2 eV.

5.2 Role of coexisted gas molecule and laser assistance in chemical configuration of CNTs
As both adsorbed gas molecules and morphological change occur during laser irradiation, we
design the vacuum experiment to clarify its correlation. Figure 7(a)(b) show the cross-sectional
SPEM images, acquired around C 1s state with BE 282.5 ∼ 288.5 eV, with and without laser
treatment in vacuum (10−2 ∼ 10−3 torr), respectively. Figure 7(c) shows the C 1s spectra of
various locations denoted in Figure 7(a)(b). C 1s spectra obtained from the modified (A ∼ C )
and as-grown top (1) areas show the same BE position. Compared to the spectrum measured
at as-grown sidewalls area (2), it shows the slight up-shift of C 1s peak (< 0.1 eV). The loss of
gaseous molecule could reduce its possiblity of chemical reaction at the carbon site, while the
laser beam breaks the covalent bond of hexagonal C-C structure. It means the morphological
change alone is not sufficient to induce the up-shift of C 1s state, although it has ever been
exposed to the air environment after laser irradiation.
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Fig. 8. (a)(d) Cross-sectional SPEM image of as-grown CNTs and air-treated CNTs,
respectively. (b)(e) Spatially-resolved VB spectra from position 1 ∼ 3 of as-grown CNTs and
position A ∼ C of air-treated CNTs. (c) SEM image relative to SPEM image of (b). The bottom
figure of (e) provides the proof of DOS arrangement between 2p-π and 2p-σ electrons.

5.3 Rearrangment of DOS in air-treated CNTs
Figure 8(a) shows the cross-sectional SPEM image of as-grown CNTs, which is summarized
by 16-channel images (C 1s BE 290.0 ∼ 278.0 eV). Figure 8(d) exhibits the position-relative VB
spectra for the top region (1) and sidewalls region (2 and 3). The normalization process of
VB spectra is critical for the density of state (DOS) comparison, thus the integrated intensity
around BE 32.0 ∼ 31.0 eV is set to the same unity for the assumption of uniform scattering.
The broad spectral feature around BE 18.6 eV is attributed to the formation of C 2s band, and
the other feature around BE 13.6 eV is related to the mixing state of C 2s and C 2p band.(37)
The C 2p-σ band of sp2-hybridized carbon is identified around BE 8.9 eV, and the other C 2p-π
band is assigned to BE 3.5 eV near to the Fermi edge.(38; 39)
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As denoted "1" in Figure 8(a), the VB spectrum performs the DOS behavior where is near to
the top of CNTs. While probing at the position 2 and 3, it shows the electronic behavior of
sidewalls. The bright yellow area reflects more intensive signal of C 1s state from the top
region (1) than the sidewalls region (2 and 3). The reason for the appearance of some stripes
on the sidewalls area is the shadowing effect. According to the meaning of individual bands
in VB spectra, we observe the similar DOS composition in the position 1 ∼ 3. In view of
lattice structure, the close carbon cage at the end of nanotube involves the pentagon-related
curvature and the dangling bond of unpaired π bond, which should make a change in the
configuration of electronic structure. Thus, some groups have indicated that the uniquely
structural characteristic at the tip stands for the DOS enhancement near the Fermi level.(17; 18)
However, in our VB result we do not find any significant difference around BE 10.0 ∼ 0
eV between the top and sidewalls. That maybe result from different CNTs species or the
sensitivity of probing positions around top region. The electronic performance between
top and sidewalls rarely show any difference in C 2s, C 2s/2p, and C 2p-σ band. That is
understood that the chemical binding mechanism happens to the outside electrons near Fermi
level.
Figure 8(b)(c) show the cross-sectional SPEM and SEM image of trimmed CNTs. This sample
is trimmed in ambient environment, as the same fabrication process in Figure 6(a). The
sawtooth-shaped CNTs array results from the shift of incident axis of laser beam. The similar
characteristic between chemical and morphological image manifests the ability to identify the
spatially-resolved electronic structure. VB spectra, e.g. the position A and B for the top area
and the position C for the sidewalls area, are exhibited in Figure 8(e). The bottom inset of
Figure 8(e) is used to compare the spectral difference of top (A and B) and sidewalls (C).
The adopted parameters for the experiments, i.e. incident X-ray angle, photon energy, and
pass energy of HSA, are set to the same for comparsion. The VB performance measured at
the position C in Figure 8(e) presents the same DOS distribution as that probed at top and
sidewalls region of as-grown CNTs in Figure 8(d). VB spectra at position A and B appear
more C 2p-π electrons between BE 5.2 ∼ 2.1 eV than that at the position C. Meanwhile, the
spectral features around BE 21.0 ∼ 9.0 eV reflect the negative difference of A - C and B - C
curve. Compared with the reference of sidewalls region (C), the transition from C 2s and C
2s/2p band to C 2p-π is observed at the irradiated top regions (A and B). This decreasing
BE range including C 2s band and mixing C 2s/2p band accounts for the removal of carbon
atoms or/and re-hybridization of DOS. The increasing DOS around C 2p-π state is ascribed
to the production of structural defect with dangling bond or/and the gas hybridization effect.
Because the unpaired π electron at the defect site behaves as the reactive site, the surrounding
gas molecules could participate in its chemical hybridization. The transition of DOS in VB
result is in agreement with the up-shift of C 1s state by 0.9 eV, which is given between the top
and sidewalls region.

6. Variable chemical binding reactions

Laser-irradiated CNTs array in vacuum does not account for the direct correlation of the
morphological change. Thus, high chemical shift in air-treated CNTs is attributed to the gas
contribution involving the laser-induced reconstruction. In other words, the light irradiation
is able to induce the chemical activity of sp2-bonded carbon with the gas atom. In the
sections below, we will discuss the N2 and O2-treated CNTs for the electronic modification
and chemical functionalization.
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Fig. 9. (a)(b) Cross-sectional SPEM and SEM image of nitrogen-treated CNTs, respectively.
The inset of (b) shows the morphology of laser-irradiated CNTs array. (c)-(f) Position-related
C 1s, N 1s, O 1s and VB spectra. The inset of (f) shows the SPEM image of as-grown CNTs
immersed in nitrogen environment. The sort of individual spectra, denoted A and as-grown
tips, are used to compare its electronic change by laser exposure.

6.1 Nitrogen-treated CNTs
Figure 9(a)(b) present the SPEM and SEM image of the nitrogen-treated CNTs sample,
respectively. The gas cell is filled with nitrogen gas (300 ∼ 500 torr) during the laser trimming
process. The mapping image reveals the triangle shape of laser-trimmed CNTs similar to the
morphology image taken by SEM. The high magnifcation SEM image as shown in the right
corner of Figure 9(b) reveals the enlarged diameter of nanotubes, compared with the tube
diameter in the sidewalls region. The position-resolved photoemission spectra (C 1s, N 1s,
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O 1s, and VB), measured with photon energy by 649 eV, are exhibited in Figure 9(c) ∼ (f).
The inset picture of Figure 9(f) shows the SPEM image of as-grown CNTs area, which is also
transfered to the nitrogen-filled gas cell for comparsion. The character "A" and "1" on the top
region of CNTs array are used to mark the position investigated by SPEM.
In Figure 9(c), C 1s spectrum obtained from the top region (poistion marked "A" in Fig.
9(a)) reveals the up-shift of C 1s state by 0.6 eV, as compared with as-grown CNTs (poistion
marked "1" in inset of Fig. 9(f)). Figure 9(d) shows N 1s spectra with and without laser
irradiation. The spectra have been smoothed without loss of energy resolution. The peak
at 400.9 eV is related to C-N bond, the other one at 399.2 eV is ascribed to surface-adsorbed
nitrogen(40) because both laser modified and as-grown areas have been immersed in nitrogen
and ambiance environment. Two nitrogen peaks located at BE of 400.9 and 399.2 eV are
found in the spectrum obtained after the CNTs has been irradiated by laser. Actually, the
substitutional N atoms in the hexigonal carbon sheet could account for the up-shift of C 1s
state and enhanced C-N bond (400.9 eV).(41)
It is also important to see the chemical reaction with oxygen species in N-treated CNTs, as
shown in Figure 9(e). The oxygen feature at BE 533.3 eV is ascribed to the physically adsorbed
oxygen molecule.(42) It makes sense that lower signal of physical oxygen absorption in the top
region (A) is corresponding to the replacement action by C-N bond during laser irradiation.
In Figure 9(f), VB spectrum acquired from the top region of nitrogen-treated CNTs (A) shows
the similar performance as that of the top region of as-grown CNTs (1), except for the spectral
feature at BE 24.1 eV. It is assigned to N 2s band under the concession of C-N configuration.(43)
However, the VB spectrum of as-grown CNTs (1) is quite different from the previous data of
as-grown CNTs in Figure 8(b). It is found that VB spectra of the as-grown CNTs (1) after
the nitrogen and ambient environment is quite sensitive to the surface contamination even
without laser incidence. Surface-adsorbed features in N 1s state for the peak at BE 399.2 eV
and in O 1s state for the peak of BE 533.2 eV are observed in both CNTs samples, which may
determine the similar performance of VB spectra. In fact, due to enhanced C-N bond at BE
400.9 eV, the nitrogen-treated CNTs (A) reveals more intense feature in N 2s band than that of
as-grown CNTs (1).
In short, the chemical shift of C 1s state by 0.6 eV is assigned to strong attachment of nitrogen
gas, which is ascribed to the enhanced C-N bond in N 1s state. The surface-adsorbed nitrogen
does not make the reorganization of C 1s state happen due to physical absorption. On
the contrary, the DOS composition in VB spectra is very sensitive to the surface nitrogen
contamination, which causes almost the same behavior. The DOS distribution with or without
laser irradiation does not exhibit the difference. In terms of the existence of C-N bond, it is
obtained that N 2s band in VB specteum is slight enhanced by laser irradiation.

6.2 Oxygen-treated CNTs
Since nitrogen-treated CNTs have shown the possibility to modify chemical property, the
introduction of oxygen gas is the alternative route for engineering the electronic structure
effectively. CNTs sample is irradiated by laser beam with laser power of 14.8 mW within
oxygen environment (300 ∼ 600 torr). As-grown CNTs, existed on the rest of laser-irradiated
sample, are exposed to the same oxygen environment and ambient transport process, too.
Figure 10(a)(b) reveal the SPEM and SEM image of oxygen-treated CNTs, respectively. The
inset of Figure 10(b) highlights some melting balls and fusion of nanotube bundles after laser
irradiation. Figure 10(c)(d)(e) exhibit C 1s, O 1s, and VB spectra for the individual positions of
oxygen-treated (position "B" and "C" marked in Fig. 10(a)) and as-grown (position marked "2"
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Fig. 10. (a)(b) SPEM and SEM images of oxygen-treated CNTs, respectively. The inset of (b)
magnifies the laser-irradiated morphology, which suffered from local heating dose and
oxygen gas. (c)∼(e) Position-related C 1s, N 1s, and VB spectra. The inset of (e) shows the
SPEM image of as-grown CNTs without the laser irradiation. Difference between as-grown
and laser-irradiated spectra demonstrates the modification of DOS in VB range, as shown in
the bottom figure of (e).
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in inset of Fig. 10(e)) CNTs. The measured positions are also marked in the mapping image of
Figure 10(a) and the inset of Figure 10(e).
In Figure 10(c), the C 1s peak (B and C) after laser irradiation shifts toward higher BE, however
only by 0.2 eV relative to the top region of as-grown CNTs (position "2"). In Figure 10(d) O 1s
spectrum (B) exhibits two oxidation states located at BE 533.4 and 531.2 eV. The weak feature
at BE 531.2 eV is related to C-O bond, and the other feature at BE 533.4 eV is ascribed to the
adsorbed oxygen linked to carbon.(42) Physically adsorbed oxidation is also seen in N-treated
CNTs (Figure 9(e)), because of the ambient transport process. The intensity of C-O bond at the
top region (B) is larger than that near sidewalls (C), due to the energy localization. Meanwhile,
the amounts of adsorbed oxygen at the modified regions (B and C) are more than that top
region of as-grown CNTs (2), individually. It is considered that opening the tubular network
of CNTs is possbile to add the buliding site of C-O bond and has the side effect to enhance
surface-adsorbed oxygen.
VB spectra of as-grown area (2) and oxygen-treated area (B and C) are illustrated in Figure
10(e). The bottom part of Figure 10(e) is the spectral difference between oxygen-treated (B
and C) and as-grown area (2). It is found that the broad range between BE 22.1∼ 8.0 eV in the
oxygen-treated CNTs (B and C) shows the decreasing tendency compared with the reference
spectrum of as-grown area (2). This spectral range includes the C 2s band at BE 18.6 eV, mixing
C 2s/2p band at BE 13.6 eV, and C 2p-σ band at BE 3.5 eV. Apparently, the change between
"B" and "2" is larger than that between "C" and "2", becuase of the rearrangement of DOS and
morphological change. The C 2p-π band around BE 3.5 eV close to Fermi level presents the
slight enhancement at the top region of oxygen-treated CNTs (B), but at the sidewalls region
(C) it does not. Dangling bond and defect site may result in the increasing intensity of 2p-π
band after laser irradiation. Indeed, the O 2s-derived band at BE 25.3 eV is obviously raised
in the oxygen-treated CNTs (B). By contrast, the resultant spectrum of the sidewalls region (C)
appears less enhanced around O 2s-derived band. The appearance of C-O state in O 1s state
and O 2s band in VB spectrum could count on the formation of C-O chemical bond.
The surface-adsorbed oxygen feature at BE 533.4 eV demonstrates the intensity enhancement
from the position of sidewalls region (C) to top region (B). It seems that laser impact generates
the structural defect and the activity site to bond oxygen atom. Therefore, the physisorbed
oxygen amount on the surface should be induced by the influence of laser irradiation. The
removal of carbon atoms and oxygen contamination may result in the decreasing intensity
and re-hybridization around C 2s and C 2s/2p band (BE 22.1 eV∼ 8.0 eV). Meanwhile, C 2p-π
band around BE 8.0 ∼ 2.0 eV is increased while the C-O chemical bond occurs, in particular
the case of top region (B). In fact, the formation of chemical C-O state increases the extra factor
inside the DOS re-distribution; therefore, without this, like the case of the sidewalls region (C),
it shows the middle modification due to the less impact of dangling bond and chemical C-O
bond.(44; 45) The structural defect and dangling bond of CNTs after laser trimming should be
the important factors in the DOS reconstruction.(46) It means the eliminated amount of C 2s
and C 2s/2p band and increased C 2p-π intensity is in agreement to the result of air-treated
CNTs. In fact, the behavior of C 2p-π electrons of oxygen-treated CNTs is observed for a little
different, because the mixing contribution between air environment and laser-induced defect
play the important role in C 2p-π electrons.

7. Discussion

The dangling bonds and topological defects are supposed to be increased upon laser
trimming.(29) Naturally, laser trimming causes the breakage of the C-C bond in CNTs and
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the gas molecules nearby can bond to the C atoms possessing dangling bonds. The existence
of stable C-N and C-O bonds on the surface of nanotubes was expected to become metallic,
independent of the tubular diameter and chirality.(7; 47) Both N2 and O2 molecules can be
bonded with CNTs assisted by laser and result in the different chemical shifts (0.6 and 0.2
eV). The highest chemical shift (0.9 eV) in the air-treated CNTs may be attributed to the
mixing gas contribution, which needs to be further studied. On the other hand, the result
of vacuum-treated CNTs shows the slight up-shift of C 1s state (< 0.1 eV). However, even
after the gas treatment, a lot of defects are still expected to exist at the laser trimmed surface
of the gas-treated CNTs. These defects may also contribute to the observed C 1s chemical shift
besides the gas interaction. A shift of C 1s state is observed at higher BE shoulder as a result
of the reconstruction of chemical environment between the structural defect and gas atom.
In terms of VB spectra, the air-treated CNTs yields the local modification of DOS at the top
region of CNTs array, where results in the raising C 2p-π electron and decreasing C 2s and
C 2p-σ electron. After studying the influence of gaseous environments on laser trimming of
CNTs, the laser irradiation plus oxygen contribution dominate the reorganization of DOS.
The DOS change between π and σ band is corresponding to the existence of C-O bond
and generation of structural defect. Furthermore, the surface-adsorbed contamination of N2
molecules can largely influence the DOS distribution. While we consider the laser-induced
defect and dangling bond after laser irradiation, the bonded gas molecules at the defective
sites are both available at the trimmed surface. This kind of combination causes the obvious
modification of DOS distribution in VB.
Hence, the dangling bond of defective site and gas contamination shall take the essential
contribution of the reconstruction of DOS. It is believed that laser irradiation is a viable
technique for functionalizing CNTs incorporating with N and O atoms. By controlling the
type of gas molecules used, we can change and tune the electronic character of CNTs for the
development of electronic device. Laser technology provide the stage of localized chemical
modification for the novel applications.
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1. Introduction  

The engineering properties of carbon nanotubes (CNTs) allow for an extraordinarily large 
potential application space including thermal management, integrated circuits, mechanical 
reinforcement, and medical devices, among others. CNTs are generally characterized by the 
quantity of concentric graphene shells comprising their cylindrical wall structure. CNTs 
consisting of a single graphene cylinder are characterized as single-walled CNTs (SWNTs), 
while multiple concentric graphene cylinders are called multi-walled CNTs (MWNTs). Typical 
diameters for SWNTs are approximately 1—3 nm, while MWNTs diameters range from 
approximately 2 nm to greater than 100 nm. The unique atomic arrangement of a SWNT 
dictates that each atom resides on both the interior and exterior of the structure, with the 
atomic orientation defined by a chiral vector relating the fully traversed perimeter of the 
SWNT to the unit vectors of a graphene sheet. Two thirds of SWNT chiralities are electrically 
semi-conducting, exhibiting an electronic band gap inversely proportional to their diameter, 
while the remaining third are metallic. Though the transport properties of MWNTs are 
degraded relative to SWNTs by the wall-to-wall interactions, they may still exceed the 
properties of traditional macroscale materials such as copper or aluminum. Despite the 
advantageous properties offered by CNTs, their integration into functional materials and 
devices in a manner that maximizes their benefit remains a significant technical and 
engineering challenge. Specific applications may demand a unique blend of characteristics 
such as diameter, alignment, purity, density, and chirality to maintain proper operation. In situ 
morphology and orientation control of CNTs during synthesis represents a promising path 
towards selectivity of these device-specific requirements, especially for applications requiring 
CNTs with engineered properties to be synthesized directly on a fucntionalized substrate. We 
examine the role of dc electrical bias during mircrowave plasma-enhanced chemical vapor 
deposition (MPCVD) synthesis of SWNTs using alignment, spatial density, chirality, and 
purity as metrics of interest. Further, we demonstrate enhanced thermal and electrial transport 
properties of MWNTs realized with application of substrate bias during MPCVD synthesis.  
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2. Plasma enhanced Chemical Vapor Deposition 

There is a wide range of methods for producing CNTs such as laser ablation, arc discharge, 
pyrolysis, and chemical vapor deposition (Huczko, 2002; Rakov, 2000). Chemical vapor 
deposition (CVD) has emerged as the method of choice for producing CNTs because of its 
simplicity, flexibility and affordability as well as the potential for scalability and the precise 
control of CNT properties. In a typical CVD growth process, a carbon precursor such as a 
hydrocarbon gas is heated to 750-900°C in the presence of a suitable catalyst (e.g., Fe, Co, 
and Ni), and if all the other reaction conditions such as catalyst particle size, nature of the 
catalyst support, and gas composition are optimized, nucleation and growth of CNTs 
proceeds. The CVD process is highly unique because CNTs grow from catalyst ‘seeds,’ and 
several studies have shown that there is an intimate relationship between the catalyst 
properties and the nanotube properties (Amama, et al., 2005a; Hofmann, et al., 2003). In 
other words, with proper control of the catalyst properties, it is possible to grow CNTs of 
controlled properties via CVD (Amama, et al., 2007; Amama, et al., 2010; Crouse, et al., 2008; 
Maschmann, et al., 2005; Zhu, et al., 2010). As such, an appreciable amount of research  is 
underway to fully understand catalyst evolution during synthesis (Amama, et al., 2010; 
Amama, et al., 2009; Kim, et al., 2010). The CVD process typically involves either thermally 
driven gas phase decomposition of a hydrocarbon gas (thermal CVD) or both thermal and 
plasma decomposition (plasma-enhanced CVD).  
MPCVD growth has received significant attention mainly because of the potential for low 
temperature CNT synthesis required for compatiblity with standard nanofabrication and 
CMOS processes and the ability to produce highly graphitized, vertically aligned CNTs 
(Amama, et al., 2006a; Meyyappan, et al., 2003). A distinguishing feature of the MPCVD 
process is the presence of a highly reactive plasma environment, which enhances the 
decomposition of the hydrocarbon feedstock during CNT growth. The generation of highly 
energetic ions by the plasma and their subsequent transport to the growth surface are two 
critical factors that influence the growth properties (Yen, et al., 2005). Using the wide 
parameter space of the MPCVD, a key advantage over other CVD processes, low 
temperature growth (Amama, et al., 2006a; Boskovic, et al., 2002), CNT alignment 
(Maschmann, et al., 2006d), chiral (Li, et al., 2004) and diameter control (Amama, et al., 
2006b) have been demonstrated. In many plasma-enhanced CVD studies, the plasma source 
used is microwave energy which is characterized by high plasma density with a resonant 
field that is able to concentrate the plasma, ensuring that significant electron loss to the 
surrounding does not occur (Yen, et al., 2005). The plasma intensity is controlled by the 
microwave power while the ion flux directed at the substrate may be controlled by a dc bias 
voltage applied to the growth substrate. These parameters operate indepdently in MPCVD 
and are capable of substantially altering the properties of CNTs.  

3. Effect of DC electrical bias during SWNT synthesis 

3.1 Negative polarity electrical bias 
Strict vertical alignment of CNTs may be of significant advantage for many applications, 
including electron emitters, mechanical enhancement, and high-density electronics. 
Although direct synthesis of vertically aligned or vertically oriented SWNT arrays has been 
commonly reported in the literature (Iwasaki, et al., 2005; Maruyama, et al., 2005; Murakami, 
et al., 2004; Zhong, et al., 2005), most refer to a general packing of SWNTs of subsequent 
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density that the growth front advances and remains in plane with the originating growth 
substrate. Closer examination of these arrays clearly reveals that individual CNTs within the 
array exhibit significant waviness and inconsistent orientation with respect to the substrate. 
Gravity assisted thermal CVD synthesis has reportedly resulted in freestanding vertical 
SWNTs by orienting the growth substrate upside down such that the SWNT growth 
direction corresponds to the direction of the gravitation field during synthesis (Yeh, et al., 
2006). The vertical orientation using the gravity assisted technique seems to diminish for 
growth times greater than 1.5 minutes, as the free tips of sufficiently long SWNTs contact 
and are retained by growth substrate due to thermal vibrations (Yeh, et al., 2007). Others 
have designed catalyst systems embedded within a modified porous anodic alumina (PAA) 
template. SWNTs originating from within isolated vertical pore will follow the pore axis 
toward its opening, resulting in a vertical orientation (Maschmann, et al., 2006a; 
Maschmann, et al., 2006b). Though this technique successfully aligns individual SWNTs 
within the confined vertical pores, the free ends of SWNTs emerging from the pores adhere 
strongly to the top horizontal PAA surface rather than maintaining vertical alignment. 
SWNT functionalization within the vertical pore structure has been achieved (Franklin, et 
al., 2009a; Franklin, et al., 2009b), though the misaligned SWNTs on the top surface of the 
template may be unattractive for some applications. Assembly of freestanding vertical 
SWNTs from solution post-synthesis is also achievable through electrophoresis into 
predefined vertical vias etched in a silicon nitride mask (Goyal, et al., 2008). This technique 
yields variable SWNT deposition with respect to overall occupancy of pores and the number 
of SWNTs deposited per occupied pore, and SWNTs requires magnesium nitrate 
hexahydrate to encourage improved substrate adhesion. Though these techniques 
successfully generate vertically aligned SWNTs, each requires either substrate manipulation 
or significant catalyst processing, which may be undesirable or impractical for practical 
application.  
Chiral selectivity, with respect to metallic or semiconducting behaviour, is important for 
optimal operation of many types of devices. Metallic CNTs are obviously well suited for 
applications requiring high current carrying capacity, such as electrical interconnects (Close, 
et al., 2008; Kreupl, et al., 2002); however, they may also be advantageous in devices 
requiring high sensitivity to small electrical potential changes, such as electro-chemical 
biological sensors (Claussen, et al., 2009). Field effect transistors utilizing semiconducting 
SWNT channels have been extensively studied and have been found to exhibit ballistic 
electronic transport even at room temperature operation (Franklin and Chen, 2010). 
Application of SWNT transistors in electronics offer obvious dimensional and efficiency 
advantages, and significant research continues in this area with respect to device processing 
and characterization. The strong preferential growth of semiconducting (Li, et al., 2004) or 
metallic (Harutyunyan, et al., 2009) SWNTs to population densities greater than 90% 
chirality selectivity have been reported in the literature by utilizing remote RF plasma and 
control of gas composition during annealing, respectively. We demonstrate the preferential 
selectivity of both vertical alignment and semiconducting chirality through the use of 
negative polarity substrate bias applied during SWNT synthesis using MPCVD.  
To investigate the influence of DC electrical bias on SWNT synthesis, a SEKI AX5200S 
MPCVD reactor with electrically grounded chamber walls, shown schematically in Fig. 1. A 
hollow stainless steel rod contacts the bottom surface of an otherwise electrically isolated 
graphite heater stage and delivers a dc potential via a voltage-controlled current source 
(Sorensen DCS600-1.7E). A K-type thermocouple embedded in the rod monitored the stage 
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temperature, while the growth substrate surface temperature was measured using a dual 
wavelength pyrometer (Williamson model 90). The silicon growth substrate rested on a 5.08-
cm diameter, 3.30-mm thick molybdenum puck used to concentrate the plasma directly 
above the sample. 
 

 
Fig. 1. Schematic of microwave plasma-enhanced chemical vapor deposition chamber. 

An MgO supported Co catalyst was utilized for each SWNT synthesis. The catalyst particles 
were prepared by a wet mechanical mixing and combustion synthesis procedure using a 
solution of molybdenum, cobalt nitrate hexahydrate, and magnesium nitrate to produce 
bimetallic Mo/Co catalyst particles embedded in a nanoporous MgO support (Maschmann, 
et al., 2006d; Maschmann, et al., 2006c). The susceptor was first heated to 900C in 50 sccm of 
flowing hydrogen at a pressure of 10 Torr. A dc substrate bias between 0 and -250 V was 
applied gradually to the substrate at a rate of approximately - 25 V/second after ignition of 
a 200 W microwave plasma. Methane was then introduced at a flow rate of 5 sccm to initiate 
CNT growth. Each synthesis was 20 minutes in duration. The surface temperature of the 
substrate recorded by the pyrometer was approximately 770C and relatively insensitive to 
the applied bias.  
Characterization of the SWNT product was performed using a Hitachi S-4800 field emission 
scanning electron microscope (SEM) and Senterra micro-Raman spectrometer. Laser 
excitation wavelengths of 533 and 785 nm were selected for recording Raman spectra, with 
at least ten locations examined for each sample. SEM characterization was utilized to assess 
SWNT relative alignment with respect to the growth substrate, SWNT length, density, and 
diameter estimates of individual SWNTs and SWNT bundles. Multi-excitation wavelength 
Raman spectra analysis allowed for quantification of SWNT quality, diameter distributions, 
and relative trends with respect to SWNT chirality. 
The application of negative bias strengthens the electric field inherently present in the 
plasma sheath region immediately above the substrate, thereby accelerating the 
impingement of positively charged ions, such as H+, towards the substrate. A plasma sheath 
is established as a result of the large mobility mismatch between ions and free electrons 
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generated within the plasma. The relatively low mass of electrons allows them to acquire a 
translational speed many times greater than that of the relatively heavy ions and accelerate 
away from the central concentrated plasma sphere located above the substrate. 
    

 
Fig. 2. Cross sectional SEM micrographs of SWNTs synthesized under negative polarity 
substrate bias in MPCVD at (a) 0V,  (b) -50V, (c) -100V, (d) -150V, (e) -200V, and (f) -250V. 
From (Maschmann, et al., 2006d) 

The bulk plasma is therefore electron deficient, setting up a net positive charge with respect 
to chamber walls, and an electric field is generated between the plasma and the surrounding 
surfaces. The highly anisotropic polarization of CNTs (Benedict, et al., 1995) establishes an 
interaction force between the CNT and the enhanced electric field near the growth substrate. 
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The magnitude of interaction is of sufficient magnitude to orient SWNTs (Peng, et al., 2003; 
Ural, et al., 2002; Zhang, et al., 2001) and multi-walled CNTs (Jang, et al., 2003; Merkulov, et 
al., 2001; Meyyappan, et al., 2003) along electric field lines in situ during CVD synthesis as 
well as during post-synthesis processing procedures (Kamat, et al., 2004; Yamamoto, et al., 
1998). 
Negative polarity substrate bias was systematically varied between 0 and -250V in 50V 
increments (Maschmann, et al., 2006d). Cross-sectional SEM analysis revealed distinct 
trends with respect to both SWNT spatial density and orientation relative to the growth 
substrate, as seen in Fig. 2a-f. SWNTs grown in the absence of applied bias or at -50V had a 
tendency to form large diameter bundles that generally followed the profile of the MgO 
support particles. No preferential growth perpendicular to the growth substrate was 
observed. The SWNTs synthesized at -100V and -150V, however, demonstrated a strong 
tendency to break free of the support particle in favor of a vertical orientation, normal to 
that of the support particles. SWNTs grown at these bias levels also tended to form bundles, 
with many longer SWNT bundles formed vertically oriented loops. A decrease in overall 
spatial density relative to the synthesis preformed without bias may also be discerned. At 
the greater bias magnitudes of -200V and -250V, a strong preference to vertical alignment is 
observed, in addition to a marked decrease in SWNT spatial density. Very few SWNTs were 
observed along the perimeter of the catalyst support particles, as is typically observed when 
bias is omitted from synthesis. Freestanding SWNTs with lengths of several microns were 
frequently observed, though the free tips of these SWNTs were often obscured by thermal 
vibrations. 
 

 
Fig. 3. Raman spectra of SWNTs synthesized using negative substrate bias in MPCVD. From 
(Maschmann, et al., 2006d). 
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Raman spectra of the SWNTs synthesized with negative polarity bias revealed another trend 
not readily observable from SEM observation, likely due to SWNT bundling and the 
inherent resolution limitations of the SEM. The radial breathing mode (RBM) distributions 
gradually skewed to lower frequency Raman shifts with increased levels of negative bias. 
Because SWNT diameter is inversely proportional to RBM frequency (Bachilo, et al., 2002; 
Rao, et al., 1997), the RBM distributions shift suggests a trend towards larger diameter 
SWNTs (up to 2.5 nm) as negative bias is increased. Locating the RBM peaks relative to 
excitation wavelengths on a Kataura plot (not shown) indicates that SWNTs synthesized 
without bias are a mix of metallic and semiconducting chiralities (Maschmann, et al., 2006d). 
Magnitudes of negative bias at and above -150V shift the measured RBM frequencies into 
bands of exclusively semiconducting chiralities. Additionally, a decreasing trend in the G- to 
D-band ratio is a further indication of a decreased spatial density observed by SEM and is 
perhaps an indication of an increased occurrence of SWNT wall defects. The Lorentzian 
lineshape of the G-band obtained from SWNTs under high levels of negative bias further 
support the RBM trend indicating a high concentration of semi-conducting SWNTs (Brown, 
et al., 2001; Pimenta, et al., 1998). The predominance of larger diameter SWNTs and 
corresponding decrease in SWNT density is thought to be a result of enhanced H+ ion 
bombardment, which is known to preferentially etch small diameter SWNTs (Zhang, et al., 
2005). Metallic SWNTs may have also been burned up as a result of transmitting a high 
current density. 

3.2 Positive polarity electrical bias 
Application of dc bias that is positive with respect to chamber walls is believed to decrease 
the magnitude of the electric field within the plasma sheath region near the growth 
substrate. H+ ions, generated in abundance within the plasma, therefore attain a lower 
translational velocity before encountering the growth substrate. In fact, because the 
substrate in this configuration is the surface of greatest potential relative to the grounded 
chamber, the ions are instead more readily attracted toward the chamber walls. The 
mitigation of potentially harmful H+ ion bombardment on the growth substrate is examined 
by varying the magnitude of positive polarity dc electrical bias during MPCVD SWNT 
synthesis, similarly to the methodology described in the previous section. 
Substrate bias was varied between 0 and +200V in 50V increments while maintaining 
otherwise standard synthesis conditions. Bias levels of +250V or greater were attempted, but 
consistently led to plasma instabilities and were not further examined. Within the bias range 
of 0 and +100V, only incremental increases in SWNT spatial density were observed. SEM 
micrographs obtained from samples synthesized within this range of biases, shown in Fig. 4 
(a) and (b), reveal SWNT bundles spanning tens of microns in length and tens of nanometers 
in diameter.  No preferential vertical alignment of SWNTs is observed for these samples 
using cross-sectional SEM imaging (not shown). Larger biases of +150V and +200V resulted 
in dramatic increases in SWNT density, with a significant population of large-diameter 
SWNT ropes observed uniformly coating the support particle surfaces. Figures 4 (c-e) show 
typical SEM micrographs of SWNT products synthesized at +150 and +200V. The diameters 
of SWNT ropes often exceed 50 nm, with smaller feeder bundles ranging between 10-25 nm. 
Cross-sectional SEM analysis of these samples (Figure 4e) reveals that a small fraction of 
isolated SWNTs are freestanding and oriented in the direction normal to the support 
particle. Within the resolution limitations of the SEM, the vertical SWNTs synthesized at 
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+200V bias appear to be smaller in diameter than the vertical SWNTs synthesized using 
negative bias (Fig. 3c-f). The hypothesized weakened ion bombardment, even relative to the 
neutral 0V bias case, may encourage the synthesis of CNTs of all orientations that may 
otherwise be etched by H+ ions, allowing these SWNTs to escape the bundling effect 
encountered by SWNTs that follow the profile of the support particles.  
 

 

 
Fig. 4. SEM micrographs of SWNTs synthesized at (a) 0V, (b) +50, (c) +150, and (d-e) +200V 
substrate bias in MPCVD. Arrows indicate the presence of freestanding vertical SWNTs. 

Raman spectroscopy yields further insights into the SWNTs produced using positive bias. 
While negative bias resulted in a shift in RBM peaks towards lower frequencies, the 
application of positive bias resulted in a shift in RBM peaks towards higher frequencies, as 
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shown in Fig. 5. RBMs in the range of 100 – 200 cm-1 are present for all levels of positive bias 
for both 785 and 532 nm excitation wavelengths, but RBM frequencies greater than 250 cm-1 
emerge at bias levels above +150V. Employing a 785 nm excitation wavelength, a RBM peak 
at 259 cm-1 emerges at +150V, while a peak at 261 cm-1 is present at +200V. Using a 532 nm 
excitation wavelength, a RBM peak at 251 cm-1 emerges at +200V. In terms of SWNT 
diameter distribution, the presence of these RBMs indicates the emergence of SWNTs with 
diameters less than 1 nm (Bachilo, et al., 2002; Rao, et al., 1997). As mentioned previously, 
this effect may be attributed to decreased H+ ion bombardment which tends to preferentially 
etch smaller diameter SWNTs. A mixture of metallic and semiconducting chiralities exist, 
based on the location of RBM peaks on a Kataura plot (not shown), indicating that no chiral 
selectivity is attained using positive polarity bias.  
 

 
Fig. 5. Raman spectra for SWNTs synthesized using positive polarity bias in MPCVD. 

Examination of the G-band further indicates a significant difference in composition of 
SWNTs grown under negative and positive bias. A Breit-Wanger-Fano line shape, 
appearing as a shoulder on the G-band at approximately 1550 cm-1 in Fig. 5, is indicative of 
metallic SWNTs (Brown, et al., 2001; Pimenta, et al., 1998) and is absent in G-bands obtained 
for SWNTs grown using negative bias (Fig. 3). Additionally, the G- to D-band ratios are 
substantially greater when utilizing positive bias. While application of negative bias attracts 
and accelerates H+ ions to the growth substrate, thus damaging SWNT walls, the application 
of positive bias appears to adequately decrease the incoming velocity of H+ ions to the 
substrate and may protect SWNTs from excessive ion bombardment. Consequently, the 
ratio of G- to D-band ratio for SWNTs grown using positive applied bias increased from 
approximately 10 for samples grown without bias to approximately 40 for those grown at 
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+200 V. Such a high ratio indicates a large quantity of high-quality SWNTs with little 
amorphous carbon.  

4. Influence of DC electrical bias during MWNT synthesis 

The influence of dc bias voltage during MPCVD synthesis of MWNTs from dendrimer-
templated Fe2O3 nanoparticles will be discussed with respect to the the resulting thermal 
and electrial transport properties of MWNT arrays. The DC bias values exmained range 
from -200 to +200V, in 100V increments using similar experimental techniques discussed in 
the previous sections. The electrical resistance of the MWNTs were measured by obtaining 
the slope of I-V characterization of randomly selected individual MWNTs across 
lithographically defined Au/Ti electrodes. Five individual MWNTs were studied for each 
level of dc bias. The thermal performance was assessed by utilizing the MWNT arrays as a 
thermal interface. Thermal resistance of the CNT interface material was determined using a 
photoacoustic technique (Cola, et al., 2007). The thermal resistance measurement was 
performed at a single interface pressure of 10 psi. Three MWNT array interfaces from each 
synthesis bias level were produced and characterized.  
 

 
Fig. 6. Measured thermal interface resistance of MWNT arrays determined using a 
photoacoustic technique (a) and electrical resistance of individual MWNTs (b) as a function 
of dc bias voltage used during growth in the MPCVD. From (Amama, et al., 2008) 

Figure 6 exhibits the electrical and thermal resistance values as a function of applied 
substrate bias during MPCVD synthesis. Similar trends with respect to substrate bias exist 
among the data sets, suggesting that similar phenomena during synthesis may be affecting 
both thermal and electrical transport. MWNTs grown under positive dc bias (+200V) 
demonstrate the lowest resistances, while the highest resistances were observed for MWNTs 
grown under negative dc bias voltage (-100V). The lowest thermal interface resistance (23.9 
mm2/K/W) was observed for MWNT arrays grown under a dc bias voltage of +200 V while 
MWNT arrays grown at -100 V showed the highest thermal interface resistance (27.1 
mm2/K/W). Similarly, the lowest electrial resistance (5.5 kOhms) was attained at +200V, 
while the greatest electrical resistance (23 kOhms). The electrical resistance data exhibits a 
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nearly linear decrease with respect to applied positive polarity bias, the thermal resistance 
observed at +100V was statistically equivalent to that observed at 0V bias. It is possible that 
the defect density present in MWNTs may contribute to the observed variation in electrical 
resistances as shown previously (Lan, et al., 2007).  
 

 
Fig. 7. Raman spectroscopy data obtained from MWNT arrays synthesized in MPCVD using 
dc substrate bias. IG/ID ratio represents the relative peak intensity ratio of the G-band to D-
band, while the FWHM data is measured relative to the G-bank peak. From (Amama, et al., 
2008). 

The thermal and relectrical resistance trends are consistent with those exhibited by the G- to 
D-band ratio measured via Raman spectroscopy for the MWNT samples. As seen in Fig. 7, 
the relative ratio of the well graphitized carbon (G-band) to disordered carbon (D-band) 
steadily increases as a function of positive polarity dc bias. The ratio maxima occurs at  
+200V, consistent with the minimal thermal and electrical resistance measurmements. The 
minima at -100V corresponds to the maximum observed thermal and electrical resistance. 
The observed behavior of the IG/ID ratio is consistent with the full width at half maximum 
(FWHM) of the G-band at ~1596 cm-1. We hypothesize that negative dc bias voltage 
accelerated H+ ions, introducing defects on the CNTs. This effect is most pronounced for 
MWNTs grown under -100 V. The relatively consistent trend between the measured 
resistance data and the Raman spectra data gives further evidence of this hypothesis. 
Biasing the substrate positively, on the other hand, reduces electric field near the substrate, 
reducing the bombardment of H+ and other positively charged hydrocarbon ions generated 
in the plasma from the CNTs.  

5. Conclusion  

The parameter space for MPCVD synthesis of CNTs is vast, allowing a user a high level of 
fidelity with respect to control of CNT structure and morphology. The application of 
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substrate bias independently from plasma power and other growth parameters is a unique 
and robust feature of MPCVD that enables in situ control of CNT alignment, quality, 
density, and chirality and extends the potential application space for plasma-grown CNTs. 
We have demonstrated that both the polarity and magnitude of the applied bias dictate the 
resulting CNT yield. Negative polarity bias lends itself to vertical orientation and is a means 
to preferentially synthesize larger diameter semiconducting SWNTs. Conversely, positive 
polarity bias dramatically increases the SWNT quality and yield while resulting in a mix of 
metallic and semiconducting chiralities. To the detriment of the technique, however, the 
quality metrics seem exclusive to a given bias polarity. For example, the synthesis of high 
density, vertical freestanding SWNTs has, to date, been a challenge through variation of bias 
alone, and more research is required to fully optimize the capabilities of applied bias during 
SWNT synthesis. For MWNT synthesis, the alignment capability of negative polarity bias is 
well established, though the application of positive polarity bias remains relatively 
unexplored. We observe that positive polarity bias at levels greater than +100V during 
MPCVD synthesis appears to demonstrate a protective role, partially shielding CNTs from 
harmful ion bombardment. As a result, MWNTs exhibit enhanced thermal and electrical 
conductivity. The degree of freedom offered by substrate bias during MPCVD synthesis 
offers a tremendous extension to traditional CNT synthesis capabilities and potential 
inroads to myriad applications requiring strict control of SWNT or MWNT properties.  
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1. Introduction

Carbon nanotubes (CNTs) are thin, hollow cylinders, which can be envisioned as being
rolled up from graphene - a two-dimensional honeycomb lattice with a carbon atom in each
site. Multiwall carbon nanotubes were discovered by Japanese scientist Sumio Iijima in
1991 (Iijima, 1991) and, two years later, individual single wall carbon nanotubes (SWCNTs)
were reported (Iijima & Ichihashi, 1993). Their diameter is as little as 1 nanometer. Carbon
nanotubes provide the ultimate limit for microelectronic miniaturization. Soon after discovery
carbon nanotubes attracted tremendous interest from fundamental science and technological
perspectives and thousands of papers have been published on this subject (for a review see e.g.
(Dresselhaus et al., 2001)). Amazing are mechanical properties of CNTs e.g. their high strength
and high flexibility. Since the C-C bonds within CNTs are one of the strongest bonds in the
nature these tubes are predicted to be by far the strongest fibres that can be made. SWCNT
was tested to have tensile strength of order of 60 GPa (Wei, 2003). Nanotubes exhibit also
exceptional electrical properties, some of them will be discussed in this chapter. The unique
electrical properties of CNTs stem from unusual electronic properties of graphene (Novoselov,
2005; Wallace, 1947). The sp2 hybridization between one s-orbital and two p-orbitals leads
to a trigonal planar structure with a formation of a σ-bond between carbon atoms what is
responsible for robustness of the lattice in all carbon allotropes. The unaffected p-orbital,
which is perpendicular to the planar structure binds covalently with neighboring carbon
atoms leading to the formation of half filled π-bands. The low energy band structure of
graphene has two bands that join at the corners of the Brillouin zone (two distinct Fermi
points at K and K′, called Dirac points (Fig. 1a)). The name of these points reflects the fact that
the energy bands disperse linearly away from the touching points, so the dispersion relation
for electrons (holes) is described by an isotropic cone that opens upward (downward) near K,
K′ points (massless fermions). Graphene is a gapless semiconductor. This is changed when
rolling up a piece of graphene to form a carbon nanotube. From the bandstructure of graphene
one can obtain the bandstructure of nanotube by imposing appropriate boundary conditions
along the circumference. Quantization of momentum in the circumferential direction is given
by condition πd · k⊥ = 2πi (i = 1, 2...). Spacing in k⊥ is thus Δk⊥ = 2/d, where d is
the diameter of the tube. The quantization cuts discrete slices of two-dimensional Dirac
dispersion of graphene. Each line corresponds to a 1D subband for conduction along the
nanotube (Fig. 1b, c). Depending on the way graphene is rolled up, carbon nanotube can
be either metallic or semiconducting. The former occurs if a slice happens to pass through
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Fig. 1. a) Band structure of graphene. The valence and conduction states meet in K and K′
points. b) Quantization of energy in metallic carbon nanotube. The vertical lines represent k⊥
values intercepting the dispersion cones at K and K′. c) Quantization of energy in
semiconducting CNT.

the Dirac point (Fig. 1b). Metallic SWNT have a Fermi velocity vF ≈ 8 · 105 m/s that is
comparable to typical metals. Metallic nanotubes have conductivities and current densities
that exceed the best metals. Semiconducting SWNTs (Fig. 1c) have a bandgap Eg ≈ 0.9 eV/d.
The inverse dependence of the gap on diameter reflects the similar dependence on diameter of
the separation of 1D subbands. Semiconducting tubes have mobilities and transconductances
that meet or exceed the best semiconductors.
The research presented in this chapter is addressed to spintronics, a new rapidly developing
field of electronics, which exposes the role of spin in controlling current flowing through
nanoscopic systems. Spintronic systems have promising potential applications e.g. in
reprogrammable logic devices and quantum computing because of long coherent lifetime of
spin degree of freedom, fast data processing speed and low dissipation (Das Sarma, 2001).
The most spectacular commercial impact of this field to date has been in the area of spin
valves used in magnetic hard disk drivers. The principle of operation of such spin valve
is based on magnetoresistive effect (GMR), for which the Nobel Prize was awarded in
2007 to Albert Fert and Peter Grünberg. In their experiments it was found (Baibich et al.,
1988; Binasch et al., 1989) that the resistivity of non-magnetic spacer layers sandwiched
between ferromagnetic films changes unexpectedly largely with the relative alignment of
the magnetizations in the films. Later similar effects have been observed in semiconductor
tunnel junctions (Tanaka et al., 2001) and molecular systems (Xiong et al., 2004) and the
term tunnel magnetoresistance (T MR) has been coined. In this case transport from one
ferromagnetic electrode to another occurs not by simple extended state conduction, but by
quantum tunneling across a non-magnetic region. In this context, carbon nanotubes are
particularly interesting, because they exhibit long spin lifetime and can be contacted with
ferromagnetic materials (Cottet et al., 2006). Electronic transport through a nanotube depends
on the contacts with electrodes. At low temperatures the properties of short tubes weakly
coupled with electrodes are dominated by strong correlations. Of special interest in this
respect is Kondo effect - a formation of many-body dynamical singlet between a localized
spin and delocalized conduction electrons of electrodes (Hewson, 1993). The tunability
of nanostructures have allowed studies of Kondo effect in nonequilibrium. Since carbon
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nanotubes posses in addition to spin also orbital degeneracy, it becomes possible to realize
in these systems highly symmetric Kondo effect, where both spin and orbital pseudospin are
quenched. The increase of degeneracy corresponds to enhancement of Kondo temperature,
what is important for potential applications. In the following, we will discuss an impact of
symmetry-breaking perturbations in CNTs in the Kondo regime on transport, in specific we
will focus on the influence of magnetic field and polarizations of electrodes. The conclusions
drawn in this chapter can be easily adopted also to the case of manipulating of orbital degrees
of freedom (orbitronics).

2. Carbon nanotube quantum dot

When two metallic electrodes are deposited on top of a CNT, tunnel barriers develop at
the nanotube-metal interfaces (Fig. 2). When the resistance of the two barriers becomes
comparable to or is larger than the quantum resistance (RQ = h/(2e2)), the island becomes
strongly separated. A finite length L between the electrodes results in quantized of energy
levels ΔE = (hvF)/2L. Discrete level structure is a consequence of quantum confinement
effect. Carbon nanotube quantum dot (CNT-QD) is a zero-dimensional island tunnel-coupled
to metal leads. Schematic side view of CNT-QD is presented on Fig. 2. With the nanotube

Fig. 2. Schematic side view of carbon nanotube quantum dot.

lying on an oxidized Si substrate, a natural way of gating quantum dot is to apply a voltage
to the doped Si. The Si then acts as a back gate affecting the whole dot. For small dots
the charging energy EC = e2/(2C) becomes important, because the dots have very small
capacitances (capacitance of a tube C/L ∼ ln(1/d)). A typical diameter of SWCNT is d ∼ 1
nm and L is of order of few hundreds of nm, what gives EC of order of a few meV. Of the
same order, but usually larger is single particle level spacing ΔE (ΔE ∼ 1.7 meV/L[μm]). The
transmission of the contacts determines the relevant regime for charge transport. Depending
on the ratio between tunnel induced broadening of energy levels Γ and charging energy EC,
three regimes can be distinguished:

1. Γ � EC - closed QD, charging effects dominate transport (Coulomb blockade regime)

2. Γ ≤ EC - intermediate coupling , increasing role of higher order tunneling processes
(Kondo regime)

3. Γ � EC - open QD, interaction effects do not play the role and transport is dominated by
interference (Fabry-Perot regime)

In the first regime for temperatures lower than charging energy the electrons will enter the
dot one by one yielding the well known Coulomb blockade (CB) oscillations of the transport
as a function of gate voltage Vg (Fig. 3b). The addition of each extra electron to the dot
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requires charging energy. This leads to a ladder of discrete addition levels μ(N) indicating
the energy required to add the Nth electron. The Coulomb blockade can be lifted by changing

Fig. 3. a) Energy diagram for a quantum dot b) Coulomb oscillations of conductance versus
gate voltage. On the peak the number of electrons can fluctuate between N and N + 1, in
between transport is blocked. c) Coulomb diamonds in the differential conductance versus
transport voltage and gate voltage.

the gate voltage or by changing the source-drain voltage V (Fig. 3c). In the Vg -V-plane the
diamond-shaped regions are observed, in which current is blocked. In a wider range of gate
voltage than the one presented on Fig. 3b, apart from charging energy also single particle level
spacing separation can be extracted from a nonuniform distribution of conductance peaks. In
general the distance between the CB peaks is determined by a sum of charging and quantum
confinement energy. In an ideal semiconducting nanotube, sets of four electronic states can be
grouped together into a shell. All four states are degenerate, with two choices for spin and two
for orbital. The orbital degeneracy can be intuitively viewed to originate from two equivalent
ways electrons can circle the graphene cylinder, that is clockwise and anticlockwise. For
semiconducting tubes the fourfold periodicity of addition energy is observed (Buitelaar et al.,
2002; Liang et al., 2002) and for metallic tubes, where only spin degeneracy is present, twofold
shell filling was reported (Cobden & Nygård, 2002). Transport in regime 1 is governed by
sequential tunneling (first order tunneling processes), which gives rise to current only at the
Coulomb peaks. In the opposite limit of high transparency (regime 3) nanotube acts as an
electron wave guide creating resonances at certain energies. Such system can be regarded as
an open quantum dot with resonances corresponding to the broad energy levels of the dot
(Liang et al., 2001). In the intermediate regime (2) electron number on the dot is still fixed,
but significant cotuneling is allowed leading to finite conductance in the valleys between
Coulomb peaks (Kondo effect).

3. Exotic spin-orbital Kondo effect

Kondo effect was first discovered in noble metals containing a small concentration of magnetic
impurities, where a logarithmic increase of resistivity was observed at low temperatures
(de Hass et al., 1933). It was explained by Japanese theorist Jun Kondo in 1964 (Kondo,
1964). Magnetic impurities embedded in metallic hosts cause anomalous resonant scattering
of conduction electrons. The many-body dynamical singlet between a localized spin and
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delocalized conduction electrons is formed. This effect has become one of the most extensively

Fig. 4. Spin-flip cotunneling. By going through the different states, the dot spin can
effectively be flipped.

studied many body problems in the field of theoretical solid state physics in the last
decades. Kondo effect has been also observed in a wide range of nanoscopic systems
including semiconductor-based QDs (Cronewett et al., 1998; Goldhaber-Gordon et al., 1998)
and molecular systems (Liang et al., 2002; Park et al., 2002). Thanks to versatility of
nanoobjects this effect can be studied in a variety of situations, offering quite novel physics. A
path of studying this many-body phenomenon in a controlled way and in out-of equilibrium
situations has been opened (De Franceschi et al., 2002; Grobis et al., 2008; Paaske et al., 2006).
Due to different geometry of QDs coupled to the leads compared to geometry of impurity in
an alloy, instead of logarithmic increase of resistance at low temperatures, for QDs a similar
increase of conductance is observed. In a quantum dot all electrons have to travel through the
device as there is no path around it. Kondo resonance formed at the Fermi energy mixes the
states from both leads increasing the conductance. The essence of the Kondo spin screening
process in QD is illustrated on Fig. 4, where the spin flip (exchange) cotuneling process is
presented. The virtual spin flips at the dot are caused by tunneling processes off the dot
with a given spin followed by tunneling of electron of opposite spin on the dot. Classically
these processes are forbidden by energy conservation. The intermediate virtual state (Fig.
4) is allowed to exist for a very short time t ∼ h/E0 by Heisenberg uncertainty principle.
The final state has the same energy as the initial and the sequence of processes shown on
Fig. 4 is known as elastic cotunneling (Averin et al., 1992). Adding many spin-flips processes
of higher order coherently, the spin-flip rate diverges. The spin-flip processes resonantly
enhance around a characteristic temperature called Kondo temperature TK and change the
energy spectrum of the system generating at the Fermi energy many-body resonance known
as Kondo resonance. A consequence of its occurrence is an earlier mentioned logarithmic
increase of the conductance and its saturation, in the case of symmetric coupling to the leads
conductance reaches value (2e2)/h. Electrons are transmitted perfectly through the dot due
to location of Kondo resonance at the Fermi energy (Fig. 6). The Kondo temperature sets
the temperature, respectively the voltage or magnetic field scale above which the Kondo
resonance is suppressed. TK can be estimated from the width of the Kondo resonance and
deduced from the temperature dependence of linear conductance. The Kondo effect can
also occur replacing the spin by orbital (Sasaki et al., 2004) or charge (Holleitner et al., 2004;
Wilhelm et al., 2002) degrees of freedom. The necessary condition for the occurrence of this
effect is the same degeneracy of the states in the electrodes and in the QD and conservation
of spin or pseudospin in tunneling processes. For the two-fold degenerate states the allowed
symmetry operations are rotations in spin space (SU(2)). Spin and orbital degeneracies can
also occur simultaneously leading to highly symmetric Kondo state (SU(4)). SU(4) group
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Fig. 5. Cotunneling processes leading to quenching of spin and orbital pseudospin in SU(4)
quantum dot a) spin-flip fluctuation b) orbital fluctuation c) spin-orbital fluctuation.

characterizes the rotational invariance in spin and orbital space. The simultaneous screening
of orbital and spin degrees is caused by tunneling processes causing spin, orbital pseudospin
and spin-orbital fluctuations (Fig. 5). In this case orbital psudospins play exactly the same
role as spins. The spectral density of SU(4) Kondo system shows a peak slightly shifted

from the Fermi energy, it is pinned at ω ∼ TSU(4)
K (Fig. 6). The many-body peak is also

Fig. 6. Comparison of SU(4) and SU(2) Kondo effects a) Schematic view of Kondo resonances.
SU(4) resonance is wider and shifted from the Fermi level. b) Conductance versus site energy.

much broader than that for the SU(2) Kondo effect, what means exponential enhancement
of Kondo temperature. This makes these systems interesting for practical applications. Fig.6
shows a schematic picture of Kondo resonances for both symmetries and the corresponding
dependencies of conductance on dot energy. The scattering phases at EF are δSU(2) = π/2

and δSU(4) = π/4 respectively, and the zero temperature linear conductances GSU(2) =

2(e2/h) sin2(δSU(2)) = GSU(4) = 4(e2/h) sin2(δSU(4)) = 2(e2/h). Since in both cases total
conductance reaches the same value one cannot reliably distinguish between SU(2) and SU(4)
Kondo effect in the unitary limit based on the conductance analysis alone. It is worth to
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mention that for higher degeneracies total conductances diminish, what is easy to check
putting the values of phase shifts δSU(2N) = π/2N. SU(4) Kondo effect in nanoscopic
systems has been first observed for vertical QDs (Sasaki et al., 2004), but most spectacular
evidence of this phenomena has been reported by Jarillo-Herrero et al. for carbon nanotubes
(Jarillo-Herrero et al., 2005). Fig. 7 presents how formation of Kondo resonance manifests
in the differential conductance. The conductance exhibits a pronounced enhancements in
regions for 1 and 3 electrons. The estimated Kondo temperature for the discussed system
was TK = 7.7 K what can be ascribed to the enhanced degeneracy. A confirmation that the
observed phenomena is really spin-orbital Kondo effect is the influence of finite magnetic
field on the low-energy Kondo behavior of conductance. For perpendicular magnetic field,
where only spin degeneracy is removed the splitting of high conductance line into three lines
has been observed (Makarowski et al., 2007), for SU(2) symmetry only two lines should be
visible. For the field applied parallel to the nanotube axis, when spin-orbital degeneracy
is removed a splitting of the Kondo resonance into four peaks results (Fig. 7). A few

Fig. 7. Experimental evidence of SU(4) Kondo effect in semiconducting carbon nanotube
quantum dot. a) Linear conductance versus gate voltage at 0.34 K. Latin numbers classify the
valleys according to the occupations at the dot. b) Color-scale plot of differential conductance
versus gate and transport voltages at zero magnetic field. Conductance increases from blue
to red. The enhanced linear conductance signals the occurrence of Kondo effect. c) Same as b)
but for CNT-QD in axial magnetic field h|| = 1.5 T. d) Fourfold splitting of the Kondo peak as
a function of field. Adapted from ((Jarillo-Herrero et al., 2005)).

observations of spin-orbital Kondo effect in CNTs (Grove-Rasmussen et al., 2007; Wu et al.,
2009) and several interesting theoretical papers on SU(4) Kondo problem have been published
very recently (Büsser & Martins, 2007; Choi et al., 2005; Galpin et al., 2006; Lim et al., 2006;
Lipiński & Krychowski, 2005; Mizumo et al., 2009). The unusual strongly correlated Fermi
liquid state, where spin and orbital degrees of freedom are totally entangled is interesting for
quantum computing and storage technology. Doubling of storage density is expected, because
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each 4-state bit is exactly equivalent to two 2-state bits. The exotic spin-orbital Kondo effect
occurs if the orbital quantum number is conserved during tunneling. If the leads to the dot are
formed within the same nanotube this requirement is fulfilled, otherwise some mixing in the
orbital channels may occur. It is surprising therefore that SU(4) Kondo effect is observed with
metallic electrodes attached. Some authors suggest (Choi et al., 2005) that, in these systems,
the orbital quantum number is still conserved during higher order tunneling events, probably
because the CNT-QD is coupled to the nanotube section underneath the contacts, where the
carriers dwell for some time before moving into the metal. Even for small mixing of orbital
channels (mixing smaller than the Kondo energy) the SU(4) Kondo description can still serve
as a reasonable first insight into physics of these systems.

4. Model and formalism

CNT-QD exhibits four-fold shell structure in the low energy spectrum. In the present
considerations we restrict to the single shell, what is justified for short nanotubes at low
temperatures, because the level spacing in this case is larger than thermal energy. We take
into account only the top most occupied shell and treat other electrons as inert core. The dot
is modeled by two-orbital Anderson impurity model:

H = ∑
kαmσ

εkαmσc+kαmσckαmσ + ∑
kαmσ

tα(c+kαmσdmσ + h.c)

+∑
mσ

Emσd+mσdmσ + ∑
m
Unm+nm− + ∑

σσ′
U ′n1σn−1σ′ (1)

where m = ±1 numbers the orbitals, the leads channels are labeled by (m, α), α = L, R.
Emσ = E0 + eVg + gμBh + gμorbh cos(θ), we set |e| = g = μB = kB = h̄ = 1. θ
specifies orientation of magnetic field h relative to the nanotube axis, μorb is the orbital
moment. The first term of (1) describes electrons in the electrodes, the second describes
tunneling to the leads, the third represents the dot site energy and the last two terms
account for intra (U ) and interobrbital (U ′) Coulomb interactions. We will consider carbon
nanotubes coupled to electrodes which can be either nonmagnetic or ferromagnetic. The
spin polarization of the leads Pα is defined by spin-dependent densities of states 	αmσ as
Pα = (	α+ − 	α−)/(	α+ + 	α−). The spin-dependent coupling strength to the lead Γ is
described by Γ = ∑α Γα = ∑kmασ πt2

α	αmσ. In the following, the wide conduction-band
approximation with the rectangular density of states is used ραmσ(ε) = ρασ = 1/(2Dασ) for
|ε| < Dασ, Dασ is the half bandwidth.
We are interested in nonequilibrium properties e.g. in current flowing through the dot. A
common tool used in the description of transport characteristics are nonequilibrium Green’s
functions of Keldysh type, defined as a path-ordered product of annihilation and creation
operators on a closed time contour which begins and ends at the same point. For a
review of the techniques of the nonequilibrium Green’s functions and its applications in
electronic transport we refer the reader to (Haug & Jauho, 1998). In our discussion, instead
of performing contour integration we adopt approximation known as Ng ansatz (Ng, 1996),
which allows construct approximate nonequilibrium function for interacting system from the
knowledge of equilibrium functions and nonequilibrium characteristics of the corresponding
noninteracting system. The exact values of the latter can be easily found. Commonly used
nonequilibrium Green’s functions are lesser G<

mσ,mσ(t − t′) = i〈d+mσ(t′)dmσ(t)〉 and greater
G>

mσ,mσ(t − t′) = −i〈dmσ(t)d+mσ(t′)〉 functions. They are linked with ordinary retarded or
advanced Green’s functions GR

mσ,mσ(t− t′) = −iθ(t− t′)〈[dmσ(t), d+mσ(t′)]〉, GA
mσ,mσ(t− t′) =
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iθ(t′ − t)〈[dmσ(t), d+mσ(t′)]〉 through the relation G> −G< = GR −GA. Accordingly linked
are also corresponding self energies Σ> − Σ< = ΣR − ΣA (Keldysh requirement). Ng
ansatz assumes linearity of lesser self-energy Σ< and lesser self energy of the corresponding
noninteracting system Σ< = ΛΣ<(0), where Σ<(0) = ∑α 2i fα(ω)Γα. Coefficient, or in general
case matrix Λ, can be found from Keldysh requirement. Ng approximation is exact for
noninteracting particles, and it preserves continuity of current condition in the steady-state
limit (Ng, 1996).
Now a few words about approximations used in treating the many-body problem. Kondo
effect is a consequence of strong electron correlations present in the system. For a correct
description of physics in this range crucial is a preservation of dot electron-conduction
electron correlations. The retarded Green’s functions used in our analysis are found from
the equation of motion method (EOM). EOM consists of differentiating the Green’s functions
with respect to time which generates the hierarchy of equations with higher order GFs. In
order to truncate the series of equations, we use at the third step of the chain of equations the
self-consistent procedure proposed by Lacroix (Lacroix, 1998), which approximates the GFs
involving two conduction-electron operators by:

〈〈c+kαm′σ′dm′σ′ckαmσ|d+mσ〉〉 � 〈c+kαm′σ′dm′σ′ 〉〈〈ckαmσ|d+mσ〉〉
〈〈c+kαm′σ′ckαm′σ′dmσ|d+mσ〉〉 � 〈c+kαm′σ′ckαm′σ′ 〉〈〈dmσ|d+mσ〉〉 (2)

Knowing GR and GA one calculates self energies ΣR , ΣA. The advantage of EOM method
in comparison to other many-body techniques e.g. slave boson formalism often used in the
analysis of Kondo limit (Coleman, 1987), is that EOM works in the whole parameter space
except only the close vicinity of Kondo fixed point and it accounts not only for spin or
pseudospin fluctuation, but also for charge fluctuations. This is of importance in analysis
of systems with finite charging energy.
Let us now give few formulas determining quantities we study. Current flowing through
CNT-QD in the (mσ) channel Imσ = (ILmσ − IRmσ)/2 is calculated from the time evolution
of the occupation numbers N̂α = ∑kmσ c+kαmσckαmσ:

Iα(t) = −e〈dN̂α(t)/dt〉 = i(e/h̄) ∑
kmσ

[tα〈c+kαmσ(t)dmσ(t)〉 − h.c.] =

= ∑
km

tα[G<
mσ,kαmσ(t)− G<

kαmσ,mσ(t)] (3)

The thermal averages are expressed by the lesser Green’s function as:

〈c+kαmσdmσ〉 =
∫ dω

2πi
G<

mσ,kαmσ(ω) (4)

Conductances are defined as Gσ = dIσ/dV = ∑m dImσ/dV. The useful quantities
characterizing the spin-dependent transport are polarization of conductance PC = (G+ −
G−)/(G+ + G−) and tunnel magnetoresitance (T MR). Tunnel magnetoresistance is defined
as the relative difference of differential conductances for parallel (P) and antiparallel (AP)
configurations of polarizations of the leads T MR = (GP − GAP )/GAP . The spin transport
is characterized by spin current. In general case apart from longitudinal component Iz,
which is easily expressible by the difference of charge currents for opposite spin channels
Iz = I+ − I−, also transverse (spin flip currents) are required. Ix = Re[I+] and
Iy = Im[I+]. I+ = (I+L − I+R )/2 can be expressed similarly as Eq.(3) by I+α (t) =
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2 ∑km tα[G<
m−,kαm+(t) − G<

kαm−,m+(t)]. To supplement transport characteristics we will also
present discussion of the shot noise. The shot noise reveals information of transport which
are not accessible by knowledge of conductance alone, for example about the correlations.
The temporal fluctuations of the current are defined as:

Sαmσνm′σ′(t− t′) = 〈[ΔÎαmσ(t), ΔÎνm′σ′(t
′)]+〉 =

〈[Îαmσ(t), Îνm′σ′(t
′)]+〉 − 2 · Iαmσ(t)Iνm′σ′(t

′) (5)

where ΔÎαmσ(t) is the fluctuation of the current operator around its average value. At
very small bias (eV < kBT) noise is dominated by thermal noise. The thermal noise is
related to fluctuations in the occupations of the leads due to thermal excitation, and vanishes
at zero temperature. Contribution to the noise, we are interested in - shot noise is an
unavoidable temporal fluctuation of current caused by the discreteness of the electronic charge
(Blanter & Büttiker, 2000). Current is not a continuous flow, but a sum of discrete pulses in
time, each corresponding to the transfer of an electron through the system. If the electrons are
transmitted randomly, independently of each other the transfer of them can be described by
Poissonian statistics. Deviations from the Poissonian noise appear to be due to correlations
between electrons. A convenient means to assess how correlations affect shot noise is the
Fano factor F defined as the ratio between the actual shot noise S and the Poissonian noise
F = S/(2eI).
Let us close this section by a few words on the energy scale of the effects examined. In
the full symmetric case SU(4) (equal coupling to the leads and equal inter and intraorbital
interactions) the behavior of the model is governed by four parameters, two of them specify
the dot: orbital energy E0 and single electron charging energy U . Another two parameters
characterize the coupling to the leads - Γ, and the leads themselves - the half bandwidth
D. Tunnel barrier widths and source and drain capacitances change with the number of
electrons at the dot and consequently both lead - dot coupling and charging energy change
with the gate voltage. By gate voltage one can directly control the site energy. The value
of U can be inferred from the size of Coulomb diamonds, for semiconducting CNT-QDs it
takes values of order of tens meV (Babić et al., 2004; Jarillo-Herrero et al., 2004). Intermediate
coupling strength required in the Kondo range corresponds to Γ of order of several meV
(Jarillo-Herrero et al., 2005; Makarowski et al., 2007). D is the largest energy scale in our
problem and it is of order of tens of meV. Choosing parameters of CNT-QD within the above
intervals of parameters gives estimation of Kondo temperature in the range of several Kelvin,
what agrees with characteristic temperatures observed in these systems. Typical diameter
d of SWNCT is of order of several nm. Orbital magnetic moment μorb scales with CNT
diameter and can be estimated from the slopes between two Coulomb peaks that correspond
to the addition energy of the electrons to the same orbital. We assume μorb = 10μB, which
corresponds to the diameter d = 2.9 nm. In the following pictures, all the energies are given
in units of Γ and similarly other quantities in accordance with the earlier chosen sets of the
units (|e| = q = μB = kB = h̄ = 1). The bandwidth D is assumed D = 50.

5. SU(4) Kondo effect in carbon nanotube quantum dot

Until recently, the prospect of using the Kondo effect in spintronic applications have been
very poor because the required temperatures for semiconducting QDs lie in mK range. The
use of single wall carbon nanotubes as quantum dots has pushed the Kondo temperatures
to the range of several K. In experiment of Jarillo-Herrero et al. (JH) the reported Kondo
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temperature was TK ∼ 7.7 K (Jarillo-Herrero et al., 2005) and in (Makarowski et al., 2007)
Kondo temperature as high as TK ∼ 15 K has been reported. Other properties which make
CNT-QDs ideal candidates for electronic applications are long spin lifetimes and the fact that
Kondo effect can be seen over a very wide range of gate voltages encompassing hundreds
of Coulomb oscillations (Nygård et al., 2000). SU(4) Kondo effect in carbon nanotube is an
example of many-body effect occurring for entangled degrees of freedom. In case of CNTs spin
degrees of freedom are entangled with both chiralities of the nanotube. The SU(4) group is
the minimal group allowing such spin-orbital entanglement and which guarantees rotational
invariance both in spin and orbital spaces. In this section we investigate the SU(4) Kondo

Fig. 8. a) Comparison of Kondo transmissions of CNT-QD in the range of single n = 1 and
triple n = 3 electron occupations of the dot (E0 = −6, U = 10). b) Same as a) but shown in
extended scale. The high energy peaks correspond to charge fluctuations. c) Gate
dependence of linear conductance in the n = 1 range. Inset shows a similar dependence for
CNT-QD parametrized by E0 = −6.25, U = 12.5 compared to the experimental curve
((Jarillo-Herrero et al., 2005)).

effect in the one and three electron valleys. For n = 1 both the total spin Sz = (n+ − n−)/2
and orbital pseudospin Tz = (n1 − n−1)/2 are quenched due to spin-orbital fluctuations. For
n = 3 the concepts of total spin or pseudospin is easier to understand replacing the electron
occupations in definition of Sz or Tz by hole occupations. At very low temperatures the simple
tunneling picture breaks down, scattering processes of any order contribute to the transport.
The result is many-body state, which couples to the electrodes with a very high transmission
probability, which as it is seen from Fig. 8 approaches one. The spin orbital fluctuations
are also influenced by charge fluctuations. For infinite U the only charge fluctuations are
(n = 0 ↔ n = 1), but for finite U , which is the case considered, additional fluctuations
(n = 1 ↔ n = 2) come into play. The role of these fluctuations for may-body processes is the
larger the closer the corresponding charge fluctuation peaks are to the Fermi energy. Apart
form the Coulomb peak (ω = E0 + U ) corresponding to fluctuation into the doubly occupied
state, also a track of fluctuations into higher occupancy is visible. For n = 1 the Kondo peak
occurs slightly above the Fermi level and dot occupation for the single spin-orbital channel
is nms ∼ 1

4 . The shift of the Kondo peak away from the Fermi level can be understood from
Friedel sum rule (Langreth, 1966), which neglecting charge fluctuation perturbation, gives
in this case scattering phase shift at EF δ ∼ π/4. Accordingly, the linear conductance at
zero temperature G(0) = 4(e2/h) sin2(δ) = 2(e2/h). Charge fluctuations slightly modify this
picture, but as it is seen conductance (transmission) is still close to the unitary limit. For n = 3
much broader Kondo resonance is formed below the Fermi level and electron occupation per
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spin-orbital channel accounts nms ∼ 3/4 (phase shift δ ∼ ( 3
4 )π). Charge fluctuations in both

cases play different roles, what reflects in considerably different widths of Kondo resonances.
Figure 8c shows the calculated gate dependence of linear conductance in the single dot
occupancy. Values close to the unitary limit are observed for deep dot levels and a drop of the
conductance is visible when gate voltage moves the system closer to the mixed valence range.
We also show in the inset a similar gate dependence of conductance calculated for another
choice of parameters, which nicely reproduces the shape of experimental gate dependences
reported in (Jarillo-Herrero et al., 2005) (compare conductance in region I on Fig. 7a). This
fitting to experiment has been reported by us earlier in (Krychowski & Lipiński, 2009). As it
is seen the calculated conductance is underestimated in comparison to experimental value by
a constant value of 0.5(e2/h) in the whole gate range. This background contribution can be
ascribed to possibly additional non-Kondo conductance channel present in the system and
neglected in our analysis.

Fig. 9. Bias dependence of shot noise Fano factor. Low bias noise suppression induced by
Kondo correlations is not complete (F = 1/2).

Summarizing, in fully symmetric SU(4) state the four states at the dot are degenerate.
Quantum fluctuations between these states induced by coupling to the leads (coupled
fluctuations in spin and orbital sectors) result in formation of highly correlated Fermi liquid
state, where spin and orbital degrees of freedom are totally entangled. Kondo resonance is
no longer peaked at EF and Kondo temperature is largely enhanced in comparison to SU(2)
systems. The linear conductance cannot reliably distinguish between SU(2) and SU(4) Kondo
effects in the unitary limits (see Figure 6). As we will discuss in the next section, the field
evolution of conductance is different for two cases, and this allows identify the type of Kondo
effect. Distinction between two cases can be done also analyzing the shot noise. For SU(2)
symmetry, the shot noise vanishes (F = 0). Results presented on Fig. 9 display that due to the
entanglement the SU(4) system remains noisy in the Kondo range, the Fano factor does not
vanish. This fact has been recently observed in CNT-QDs (Delattre et al., 2009). For V ∼ 2TK
Fano factor takes the value F = 1

2 for the deep dot level position (Vg = 1) or slightly higher
in the range closer to mixed valence (Vg = 5). In the latter case also the limit of constant value
of F is not preserved in the whole low bias range due to a shallow dip in the Kondo peak
introduced by charge fluctuations. At extremely small bias a rapid increase of F is observed
and it is due to the fact that noise is dominated by thermal noise in this case. Fano factor is
(2T)/V in this range due to fluctuation-dissipation theorem and divergent at V = 0. For high
voltages V > 2TK an increase of F is visible due to the weakening of Kondo correlations.
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Maximum of F (V) for curve corresponding to Vg = 5 and the following decrease of F is
due to Coulomb charge fluctuations. For the deep dot level the influence of these fluctuations
is less significant and a drop of bias dependence of Fano factor is observed for still higher
voltages beyond the presented range.

6. Effect of magnetic field

In the following sections we will discuss impact of symmetry-breaking perturbations
on transport through CNT-QD in the Kondo regime. Since our study is addressed to
spintronics we will analyze the effect of magnetic field and polarizations of electrodes. Field
perpendicular to the nanotube axis breaks only the spin degeneracy and parallel field breaks
both spin and orbital degeneracy. When an axial magnetic field is applied to CNTs, the
electronic states are modified by an Aharonov-Bohm phase (A-B). The A-B phase affects
electron states differently depending on the orbital quantum number. Quantization condition
for momentum in the circumferential direction is now generalized to:

πd · k⊥ + (2π)
ϕ

ϕ0
= (2π)i (i = 1, 2..., h|| = 0), (6)

where (2π)
ϕ
ϕ0

is A-B phase acquired by the electrons while traveling the nantube

circumference (ϕ = h||πd2/4 and ϕ0 is the flux quantum). The splitting of the states numbered
by opposite orbital numbers can be expressed similar to Zeeman splitting in terms of orbital
magnetic moment by the term mμorb included in definition of Hamiltonian (1), μorb =
(e|vF |d)/4. Orbital moment scales with CNT diameter and is typically one order of magnitude
larger than Bohr magneton. This fact is the reason for strong magnetic field anisotropy of
conductance of CNT-QD, the orbital pseudospin is more susceptible to magnetic field than
the real spin. Already at small axial fields a considerable change of conductance is observed.
For the shallow site energy, when unperturbed Kondo peak is noticeably shifted from Fermi
level the field induced emergence of orbital satellites on both sides of the main peak and a
shift of one of them towards the Fermi level (Fig. 10c) results in the observed initial increase
of the linear conductance. Further increase of the field reflects in the decrease of conductance,
and it happens when the lower satellite moves below EF . For high magnetic field also spin
splitting is visible (Fig. 10d). For perpendicular orientations the orbital motion is unaffected
by the field, and only spin splitting results in high magnetic fields, for small fields only a
slight shift of the peak towards Fermi level and its broadening leading to the increase of DOS
at EF , what leads to the corresponding increase of conductance. For deeper site energies the
similar reconstructions of the Kondo peak in the field results in the decrease of conductance in
both cases (Fig. 10b), because the unperturbed resonance is closely located to EF . Figs. 10e, f
present finite bias and magnetic field differential conductance maps. For axial field four lines
and for perpendicular three lines of high conductance are visible. A pair of inner lines on
Fig. 10e corresponds to orbital conserving fluctuations for both spin channels and the outer
lines reflect orbital and simultaneous spin and orbital fluctuations. The latter two processes
are not resolved for the assumed value of coupling to the leads and temperature. This picture
qualitatively reflects the field dependence observed in (Jarillo-Herrero et al., 2005) (compare
Fig. 7c, d). The difference between the n = 1 and n = 3 behaviors in the parallel field has been
reported in (Jarillo-Herrero et al., 2005; Makarowski et al., 2007). For the first region the four
line structure has been observed whereas for the second region only three lines were visible.
This fact has been interpreted in (Galpin et al., 2010) as a consequence of spin-orbit interaction,
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Fig. 10. Magnetic field anisotropy of conductance of CNT-QD in the Kondo regime. a)
Magnetic field dependence of conductance for parallel and perpendicular orientations for the
dot energy E0 = −6 (U = 15). b) Same as a) but for the deeper dot energy E0 = −9. c) DOS
of CNT-QD (E0 = −6) for small magnetic field. d) Same as c) for high magnetic field e)
Color-scale plots of differential conductance versus axial field and bias voltage (E0 = −9). f)
Same as e) but for perpendicular field.

but alternatively one can think that it is only a consequence of difference of the widths of
unperturbed Kondo peaks resulting from different roles played by charge fluctuations in both
cases (compare e.g. Fig. 8a). For n = 3 at moderate fields the lines corresponding to different
spin orientations are not resolved from the main peak. A careful look at the JH conductance
maps also supports this point of view, since also in their pictures only three lines are visible
for low values of axial field. Typically three lines structure occurs for the perpendicular field
orientation. The central line corresponds to the orbital fluctuations and the outer lines are
due to spin mixing fluctuations. The experimental confirmation of such behavior can be
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Fig. 11. Bias dependences of polarization of currents in a) perpendicular b) parallel magnetic
fields.

found in (Makarowski et al., 2007). More detailed comparison to experiment including the
relevant parameters and considering the asymmetry of the leads has been published by us in
(Krychowski & Lipiński, 2009).
Current flowing in magnetic field is spin polarized. Fig. 11 presents an example of
polarization of current (I+ − I−)/(I+ + I−) corresponding to colorscale plot of differential
conductance presented at Fig. 10. Substantial polarization of current is observed for small
bias. Polarization can change its sign when spin-orbital Kondo satellites enter transport
window. For high voltages (eV � gμBh) current becomes unpolarized.

7. Kondo spin filter

Spin filter is a device that filters electrons by their spin orientation. Controlling the spin
degree of freedom is currently an important challenge in spintronics. In particular in quantum
information technology spin filters can be used for initialization and readout of spin quantum
bits (Loss & DiVincenzo, 1998). Recently we have shown (Krychowski et al., 2007), that

Fig. 12. Spin polarization of conductance of CNT-QD characterized by orbital level mismatch
Δorb = 0.1 in axial magnetic field. Inset illustrates recovery of orbital degeneracy. b) Orbital
resolved spin polarizations corresponding to the picture a).

CNT-QD characterized by orbital level mismatch Δorb = E1σ − E−1σ = 0 can serve as efficient
spin filter operating in the low field range. Orbital mismatch occurs e.g. in nanotubes with
torsional deformation. Fig. 12 presents polarization of total conductance and orbital resolved
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polarizations versus axial magnetic field. The idea of the proposed spin filtering mechanism
is explained in the inset of Fig. 12a. Magnetic field is exploited to tune spin-polarized states
into orbital dengeracy. Axial field might recover the orbital degeneracy either within the same
spin sector or with mixing of spin channels. In the former case (h|| = Δorb/(2μorb)) almost the
same polarizations of conductance are observed for both orbital channels what results in large
total polarization, whereas for the latter case (h|| = Δorb/(2μorb + 1)) the spin polarizations of
different orbital sectors have opposite signs. Taking Δorb = 0.1 meV gives estimation for the
required fields for filtering 86 mT.

8. Kondo spin valve

The simplest two-terminal spintronic device is spin valve, on which the read heads of hard
drives and MRAMs are based. Fig. 13 presents spin valve in which carbon nanotube is
attached to two ferromagnetic electrodes. The technology of coupling CNTs to ferromagnetic
electrodes e.g. to Co, Fe, Ni , NiPd leads is well elaborated (Cottet et al., 2006) and interesting
experimental results have been published, also in the Kondo range (Hauptmann at al., 2008).
These data concern however SU(2) symmetry in metallic carbon nanotubes contacted to
ferromagnetic leads. There is also rich theoretical literature on Kondo effect in quantum dot
coupled to magnetic leads, but with exception of our recent paper (Lipiński & Krychowski,
2010) all of them also apply only to SU(2) symmetry (e.g. (Bułka & Lipiński, 2003; Choi et al.,
2004; Martinek et al., 2003; Sergueev et al., 2002; Świrkowicz et al., 2006)). In the following
we discuss SU(4) case. To control the transport the dependence on the relative orientation
of magnetic moments of the leads is exploited. Polarization of electrodes breaks the spin

Fig. 13. Schematic view of spin valve. CNT-QD contacted to ferromagnetic electrodes,
polarizations of which might be oriented either parallel or antiparallel.

degeneracy. Different tunneling rates for up and down spin electrons result in different
widths of Kondo peaks for each spin channel. There is however also more crucial impact
of polarization on Kondo resonance, which manifests most strongly close to the charge
degeneracy points. Charge fluctuations are spin-dependent and they induce an effective
exchange field. To find the spin splitting we use, following (Martinek et al., 2005) the Haldane
scaling approach (Haldane, 1978), where charge fluctuations are integrated out, but effectively
introduce spin dependent renormalization of the effective dot energies. We do not write here
the resulting analytic form of exchange splitting (Δexch. = Em+ − Em−) , which can be found
e.g. in (Martinek et al., 2005), but only present on Fig. 14f an example of its gate dependence.
We see that not only the magnitude of this splitting, but also the sign changes with gate
voltage. Controlling the spin degree of freedom by purely electrical means is currently an
important challenge of spintronics. In contrast to an applied magnetic field, it acts rapidly and
allows very localized addressing. To control the transport in spin valves the dependence on
the relative orientation of magnetic moments of the leads is exploited. Figs. 14a, b present bias
dependencies of T MR for negative and positive exchange fields. Linear T MR reaches for
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Fig. 14. Bias dependencies of tunnel magnetoresistance for negative (a) and positive (b)
exchange splitting. Compare Fig. 14f. c,d) Polarizations of conductance for parallel
configuration. Marking of the curves corresponds to the same gate assignment as on Figs a,
b) e) Density of states of CNT-QD for parallel and antiparallel configurations f) Gate
dependence of exchange splitting for P = 0.6, dot parameters are E0 = −6, U = 15.

Vg = 2 (Δexch. = −0.2) giant value of 800%. Positive value of linear T MR means dominance
of DOS at the Fermi level for parallel orientation of polarizations of electrodes 	P(EF) relative
to DOS for antiparallel configuration 	AP(EF). This is the case presented e.g. on Fig. 14e.
In the opposite case (Δexch. > 0) AP density of states (or transmission) dominates over P
transmission what results in negative (inverse T MR). Important message following from
the above observation is that one can control T MR electrically by the change of gate voltage.
The sharpness of the peak of DOS for P configuration is the reason of the observed dramatic
change of T MR in the low voltage range leading even to a change of sign (Fig. 14a). For
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P configuration the three peak structure is visible for sufficiently high exchange field. The
satellites are resolved from the main peak if |Δexch.| > TK. The central peak corresponds
to orbital fluctuations and the side peaks to spin and spin-orbital fluctuations. For parallel
orientation differential conductance sharply increases close to bias voltage equal to exchange
splitting V ∼ Δexch. and it reflects in the occurrence of peaks of T MR. For high voltages
magnetoresistance saturates and reaches value close to Juliére limit for uncorrelated electrons
(Julliére, 1975). A small difference is a consequence of the influence of charge fluctuations
occurring for higher energies (Juliére limit for P = 0.6 is P2(1− P2) = 0.56). Figures 14c, d
present bias dependencies of polarizations of conductance for parallel configuration. Minima
of PC coincide with maxima of T MR and occur for voltages equal to exchange splitting.
Due to the asymmetric shape of Kondo satellites (Fig. 14e) and reverse of positions of up
and down peaks with the change of the sign of exchange field, modification of character
of bias dependence of PC is observed. For positive exchange splitting a gradual change of

Fig. 15. a) TMR dependence on the orbital level mismatch Δorb (Vg = 2). b) TMR dependence
on asymmetry of coupling 1− ΓR/ΓR (Vg = 2). c) Influence of interfacial spin scattering on
magnetoresistance of CNT-QD (P = 0.6, E0 = −6, U = 15).

PC is seen near V ∼ Δexch. whereas for negative a sharp jump occurs. The corresponding
bias dependence of polarization of current, not presented here, would resemble the one
discussed earlier for magnetic field (Fig. 11). The question arises how robust is T MR against
geometrical disturbances, since the full symmetric case is not easily accessible in experiment
due to residual symmetry breaking perturbations. Two examples of influence of nonmagnetic
perturbations on T MR are shown on Fig. 15 - the effect of level mismatch and impact
of asymmetry in the coupling. It is seen that in order to record giant T MR values ideal
nanotubes symmetrically coupled to the leads are desired. Before concluding this section, let
us make a remark on another possible contribution to the spin splitting of the conductance
peaks. The interface between a ferromagnet and quantum dot can scatter electrons with
spin parallel or antiparallel to the magnetization of the lead with different phase shifts. This
spin dependence of interfacial phase shift (SDIPS) can significantly modify spin dependent
transport in the peculiarity T MR. Phenomenologically one can introduce the effect of SDIPS
as Zeeman splitting induced by an effective field hSDIPS (Cottet & Choi, 2006). This can be
justified physically on the following ground. For a double barrier system, the ferromagnetic
exchange field makes the confinement potential of electrons on the dot spin dependent. This
naturally induces a spin dependence of orbital energies (Cottet et al., 2006). Orbital energy
Emσ Eq. (1) should be supplemented therefore by the term gσμBhSDIPS. The introduced
effective field depends on the configuration of electrodes and it vanishes for AP configuration
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with symmetrical coupling. The effect of interfacial spin scattering on T MR have been
discussed by us in (Krychowski & Lipiński, 2008) for the case of vanishing exchange splitting.
Here we present the example of calculated magnetoresistance when both exchange splitting
and hSDIPS have been taken into account (Fig. 15c). It is seen, that spin activity of the
interface can considerably modify T MR and even change its sign. For gate voltage Vg = 1
exchange field is negative and thus acts contrary to the positive spin scattering field what
leads to the minimum of T MR when the two fields compensate. For vanishing exchange
splitting (Vg = −1.5) in the range of small spin scattering fields T MR is determined by the
difference of transmission rates for opposite spin channels, for higher values of hSDIPS, T MR
is determined almost entirely by this field and slightly decreases. Curve corresponding to
Vg = −3 is an example where the action of one of the fields is amplified by another field
and it results in strengthening of inverse T MR. In the simple discussion presented above
it was assumed that spin scattering field is gate independent. In general case both exchange
and interfacial spin scattering fields are tunable with the gate voltage and the angle between
ferromagnetic polarizations and this property could be exploited for manipulating spins and
current flowing through the dot.

9. Spin currents

We extend our analysis by considering the spin-flip processes in the dot which mix the spin
channels. They are represented by a perturbation:

H′ = ∑
m
R(d+m+dm− + h.c) (7)

Spin flips may be caused e.g., by transverse component of a local magnetic field. These
processes are assumed to be coherent, in the sense that spin-flip strengthR involves reversible
transitions. Before discussion of spin currents let us first refer to the influence of spin flip
processes on magnetoresistance, which is similar to the earlier mentioned effect of interfacial
scattering field. The effect of spin flip transitions is illustrated on Fig. 16. Spin-flip makes

Fig. 16. Impact of spin-flip processes on T MR. a) Transmissions for both spin polarization
configurations for the weak spin flip scattering b) Same as a), but for strong spin-flip
scattering. c) T MR for different values of spin-flip amplitude (P = 0.6, E0 = −5, U = 15).

the alignment of the lead polarizations less important. The resulting equilibration of the
spin population leads to weakened magnetoresistance effect. The detailed behavior of T MR
depends on the relative size of exchange splitting and spin flip transition amplitude. For the
specific case shown on Fig. 16 linear T MR first rapidly decreases and changes sign with the
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increase of R and then again becomes positive for larger R. This can be understood looking
at the plot of the evolution of the corresponding transmissions for parallel and antiparallel
configurations (Figs 16a, b). For AP configuration for strong enough spin-flip amplitude
the three peak structure is visible with satellites located roughly at ω ≈ TK ± 2R. For P
configurations the structure is richer, in the case of both large exchange splitting and strong
spin-flip scattering the enhanced transmission is expected for ω ≈ TK ± Δexch. ± 2R, but
whether the separate peaks are well resolved or not depends on the relative strength of these
two perturbations and Kondo energy. For R = 0.02 AP transmission at EF dominates over
the P transmission and negative value of linear T MR is observed. ForR = 0.06 the opposite
situation occurs and positive T MR is seen. The oscillating character of bias dependence
of T MR reflects entering of the succeeding transmission peaks into the transport window.
Whether the satellites mark on T MR curve as a distinct maximum or minimum or only as an
inflection point, or are not visible at all, depends on the height of transmission peaks and their
mutual separation on the energy scale. So far we have discussed a flow of spin polarized

Fig. 17. a,b) Spin currents flowing through CNT-QD in the presence of spin-flip scattering for
antiparallel configuration of polarizations of the leads. c) Dependence of equilibrium spin
current Iy on spin-flip scattrering amplitude for AP configuration. d) Gate dependence of
equilibrium spin current Iy for AP configuration (P = 0.6, E0 = −5, U = 15).

current through carbon nanotube quantum dot induced by presence of magnetic field or
polarization of electrodes. More recently, there has been an increasing interest in generation
of pure spin current without an accompanying charge current. Spintronic devices such as
transistors (Žutić et al., 2004) require spin currents, just as conventional electronic devices
require charge currents. The attractive attribute of spin current is that it is associated with
a flow of angular momentum, which is a vector quantity. This feature allows information to
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be sent across nanoscopic structures. As opposed to charge current a spin current is invariant
under time reversal. This property determines the low dissipative or even dissipativeless
spin transport (Shen, 2008). Figs. 17a, b show the examples of spin currents calculated for
AP configuration. Spin flip perturbation mixes the spin channels and therefore beyond the
longitudinal current Iz also transverse currents appear. The observed minima or rapid change
of spin currents occur near V ∼ 2R, what corresponds to maxima of AP transmission for
this energy (compare Fig. 16a, b). Interesting observation is the occurrence of equilibrium
spin current (ESC). For the case discussed it is Iy component of spin current, which does not
vanish for zero bias. The action of spin flip term is equivalent to the operation of magnetic field
hx in x-direction. Spin torque hx× σ acts along y-axis, but is oriented in the opposite directions
for right and left moving electrons. In consequence, the charge flow in opposite directions
is associated with opposite y component of the spin. This happens in equilibrium, where
charge current vanishes. Figures 17c, d illustrate that the magnitude and the sign of ESC is
tunable by a gate voltage or magnetic field. It is worth to mention that the discussed system
would also generate equilibrium spin current if only one ferromagnetic lead is connected
to the dot with spin flips and such a system can be viewed as spin battery (Brataas et al.,
2002; Hai et al., 2009). To supplement spin dependent transport characteristics we present on
Fig. 18 spin-opposite shot noise. It characterizes the degree of correlations between charge
transport events in opposite spin channels. In the absence of spin-flip scattering the currents
of spin-up electrons and spin-down electrons are independent, and the cross-correlations
between different spin-currents vanish. For simplicity we discuss only the case of parallel
orientation of polarizations, when spin cross correlations are characterized by one element
SL+L−. The positive values of SL+L− means mutual amplification of currents in opposite spin

Fig. 18. Spin-opposite shot noise of CNT-QD for parallel orientation of polarizations of the
leads P = 0.6, E0 = −5, U = 15.

channels and negative value their mutual weakening. Spin cross-correlations are determined
by interference of spin rising and lowering transmissions, which are energy dependent. The
decisive factors lowering shot noise is the Pauli exclusive principle and Coulomb interaction.
These effects are in general case mixed. Pauli principle however acts only on electrons with
the same spin and therefore spin-opposite noise probes interaction induced correlations only.

10. Conclusions

Carbon nanotubes present an ideal systems for spintronic applications due to long spin
lifetimes and elaborated technology of coupling of them to ferromagnetic electrodes. The
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domain sizes are much larger than electrode-nanotube interface and therefore CNTs are
supposed to probe a single ferromagnetic domain. This allows for a precise spin control
of transport through CNT-QD. Examining transport for different tunneling rates allows
understanding of different transport regimes. For weak and intermediate transparency, strong
correlations become decisive. Due to higher-order tunneling processes Kondo resonance is
formed. This many-body resonance is much narrower than atomic or charge resonances and
therefore transport control in this range requires much smaller effective fields. Disadvantage
of working in this regime is necessity of use low temperatures. In carbon nanotubes however
not only spin but also pseudospin is engaged resulting in highly symmetric SU(4) Kondo effect
with considerably increased characteristic temperature. SU(4) Kondo effect is interesting,
as the ground state involves a non-trivial entanglement of charge and orbital degrees of
freedom. The description of this entanglement is not only a challenge for nanoscopic systems,
important from application point of view, but its understanding sheds also a light on similar
effects in bulk systems, where additional degeneracy results form crystal symmetry. In ideal
semiconducting CNTs the orbital pseudospin and the real spin are indistinguishable, they
start to differ in magnetic field. Studying quantum dots allows to analyze a rich aspects of
Kondo physics owing to the tunability of relevant parameters of the dots and the ability for
driving the system out of equilibrium in different ways.
The aim of this chapter was to give an overview of our current research on the impact
of symmetry breaking perturbations on spin polarized transport in CNTs in the Kondo
regime. We discussed the effect of magnetic field, polarizations of electrodes and real spin
flip processes on the dot. The proposals of low field Kondo spin filter, Kondo spin valve and
spin battery have been given. To supplement transport characteristics we have also presented
short analysis of spin dependent shot noise. For spintronic devices, such as spin transistors
it is necessary and beneficial to investigate the spin-current noise. In these devices, the spin
currents rather than the charge currents are used as the carrier information. Investigation of
spin-current noise has received very little attention up to now. Noise experiments are difficult
to perform, since one needs to detect the shot noise over the background 1/ f noise caused
by fluctuations in the physical environment and measurement equipment. Relatively high
Kondo temperature in CNTs is an advantage in possible measuring of shot noise in these
systems, because high currents can be applied. To date, only one experiment on the noise
in spin-orbital Kondo range of CNT-QD has been carried, and this result indicates that due
to entanglement SU(4) Kondo systems remains noisy even in the unitary conductance limit
(Delattre et al., 2009). There is still a lack of spin-resolved shot noise measurements, which
are interesting because they give unambiguous probe of the electronic interactions. Such
experiments seem to be within the reach of present-day measuring techniques, e.g. by spin
filtering methods (Frolov et al., 2009), or detecting magnetization fluctuations. in the leads
which senses the spin current noise via spin-transfer torque (Foros et al., 2005).
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1. Introduction  

Single walled carbon nanotubes exhibit metallic or semiconducting characters, depending 
on how to roll-up graphene sheet (Iijima, 1991; Iijima & Ichihashi, 1993; Dresselhaus et al., 
1996; Saito et al., 1998). In addition of the unique electronic properties, functionalization of 
nanotubes can expand the versatility because of enhancing their solubility as well as feature 
expansion by attached functional groups (Hirsch, 2002; Haddon, 2002; Niyogi et al., 2002; 
C.A. Dyke & Tour, 2004; Tasis et al., 2006; Prato et al, 2008; Vzquez & Prato, 2009; Strano et 
al., 2009; Karousis et a;., 2010). The functionalization is roughly categorized into two types; 
noncovalent- and covalent-functionalization. In covalent functionalization, only highly 
reactive reagents are available. In a pioneering paper discussing the covalent bond 
formation, Haddon et al. reported that nanotubes were successfully functionalized by a 
divalent carbene-derivative CCl2 (Chen et al., 1998; Chen et al., 1998; Kamarás et al., 2003). In 
the experiments, its divalent atom binds into two carbon atoms of a nanotube surface. After 
the publication, different types of cyclopropanized nanotube were generated by a single 
Bingel reaction (Coleman et al., 2003; Worsley et al., 2004; Umeyama et al., 2007). Note that 
Bingel reaction has been also utilized for selective functionalization of fullerenes (Diederich 
& Thilgen, 1996). Another type of covalent functionalization of nanotubes is radical 
additions. In this case, radical species, whose precursors are alkyhalides, diazonium salts, 
alky-lithium and so on, can make one covalent bond with a nanotube surface (Holzinger et 
al., 2001; Bahr & Tour , 2001; Bahr et al., 2001; Bahr et al., 2001; Ying et al., 2003; Saini et al., 
2003; Peng et al., 2003; Stevens et al., 2003; Peng et al., 2003). 
From a viewpoint of the electronic properties of nanotubes, covalent functionalization can 
modulate their band structures. If their bands in the vicinity of the Fermi level are 
significantly perturbed upon the functionalization, one can detect a sizable change of 
physically observable values, such as the conductivity. Recent theoretical studies evaluated 
the conductance of monovalent or divalent functionalized nanotubes (Park et al., 2006; Lee 
& Marzari, 2006; Lpez-Bezanilla et al., 2009). The theoretical findings suggested that divalent 
functionalization can preserve the conductance of its pristine nanotube, whereas 
monovalent case destroys it (Park et al., 2006; Lpez-Bezanilla et al., 2009). The theoretical 
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results inspired experimentalists to measure the conductance of functionalized nanotubes. 
In fact, changes of the conductance of nanotubes upon the functionalization were observed 
experimentally (Goldsmith et al., 2007; Kanungo et al., 2009).  
Although our knowledge on functionalization of nanotubes has been expanded, “site-
selective” functionalization in either divalent or monovalent manners has been still a 
challenging target in nanotube chemistry. The difficulty in achieving site selective 
functionalization comes from high reactivity of functional groups. Of course, higher reactive 
species are necessary to attach to a rigid tube-bond. In an opposed action they would attack 
randomly at almost equivalent tube-bonds. If one can control binding sites for carbene-
derivatives on a nanotube surface to pattern the functional groups, such functionalization 
can open the door toward designing novel tube-based nanomachines. For example, Globus 
et al. proposed that “paddle wheels” can be constructed conceptually by addition of 
benzynes onto a nanotube circumferentially, whereas the addition in the axial direction 
results in “gear teeth” (Han & Globus, 1997; Globus et al., 1998). Accordingly, selective 
functionalization of nanotubes is now required to design the unique nanomachines.  
For the purpose of achieving site-selective functionalization of nanotubes, it is indispensable 
to elucidate how functional groups interact with an outer or inner surface of a nanotube, as 
well as how the resultant interactions perturb its sp2 bonding frameworks. In this direction, 
recent quantum chemistry calculations would help to obtain an insight of changes of 
nanotube surfaces upon the functionalization. In particular, recent advances in ab initio 
density functional theory (DFT) calculations, where Khon-Sham equations including 
electron correlation are solved iteratively (Hohenberg & Kohn, 1964; Kohn & Sham, 1965; 
Parr & Yang, 1996), allow us to accurately calculate large-scale systems like nanotubes. 
Enhancing the reliability of DFT calculations is due to improvement in the quality of 
exchange-correlation functionals (Becke, 1988; Lee et al., 1988; Becke, 1992; Becke, 1992; 
Becke, 1993; Stephens et al., 1994; Vosko et al., 1980). Actually, recent DFT methods can 
provide reliable data, such as energies and force in materials. Thus one can utilize the DFT 
calculations to look at CC bondings in nanotubes “on an atomic level”, and to devise a 
plausible strategy toward site-selective functionalization of nanotubes. 
Because of retaining the unique electronic properties of nanotubes after the divalent 
functionalization, we discuss in this chapter the properties of nanotubes functionalized by 
carbene-derivatives from a viewpoint of computational chemistry based on DFT 
calculations. The aim in this study is finding out an approach to how site-selective 
functionalization of nanotubes can be achieved. This chapter is organized as follows. In 
section 2.1, we briefly present how computational methods influence a description of its CC 
bonding network by investigating the addition of carbene into naphthalene as a simple test 
case. After the discussion, results of mono- or double functionalization of nanotubes are 
given. First, we discuss chemical reactivity of inner or outer tube surface toward carbene 
with the focus on surface modification by the addition in section 2.2. In sections 2.3, we 
propose two strategies for site-selective double addition into a nanotube, based on the 
findings in section 2.2. In section 2.3.1, we investigate whether surface modification induced 
by the inner carbene addition can direct the next carbene into a specific site. On the other 
hand, another strategy is introduced in section 2.3.2; the use of geometrical constraints of a 
bismalonate for site-selective addition into a nanotube. Finally we conclude this chapter in 
Section 3. 
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2.1 Choice of computational methods 
Prior to discussing functionalization of nanotubes by carbene-derivatives, we briefly explain 
computational methods suitable to accurately describe the interactions. As a simple and 
relevant test case, we focused on the addition of carbene into naphthalene with ten  
electrons (Choi & Kertesz, 1998). In the test case, we employed three different calculations; 
Hartree-Fock (HF), the second-order Møller-Plesset perturbation theory (MP2) (Szabo & 
Ostlund, 1996), and density functional theory (DFT) methods. In the DFT calculations, GGA-
based PW91 functional and hybrid B3LYP functional are considered as a standard 
functional. When the divalent atom of carbene (labeled by C11) attacks at the bridgehead 
atoms of naphthalene (labeled by C1 and C6), the valence tautomerization of 1,6-
methano[10]annulene occurs, as shown in the upper of Figure 1.  
 

 
Fig. 1. Total energies of 1,6-methano[10]annulene as a function of the d1,6 value, obtained 
from Hartree-Fock (black circles), second order Møller-Plesset perturbation theory (MP2) 
(blue triangles), and density functional theory calculations. PW91 and B3LYP functionals 
(purple open and red closed squares, respectively) are considered in the DFT calculations. 
The basis set used is the 6-31G* basis set. 

In the tautomerization, there are two types of structure; one is bisnorcaradiene form, and the 
other is aromatic form. As shown in Figure 1, the two isomers can be distinguished by the 
separation between the C1 and C6 atoms (the d1,6 bond); the bisnorcaradiene form has a 
shorter d1,6 bond, whereas the aromatic form has a longer d1,6 bond. Reflecting the d1,6 
values, the two tautomers have different number of  electrons in naphthalene-moiety. In 
the aromatic form, ten  electrons remain in its naphthalene-moiety, while two  electrons 
transfer from naphthalene to form two CC bonds in the bisnorcaradiene form.  
The d1,6 value is not only a geometrical parameter, but it is key in relative stability of the two 
tautomers of 1,6-methano[10]annulene. Figure 1 displays total energies of 1,6-
methano[10]annulene against the d1,6 value, depending on computational methods (HF, 
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MP2, and DFT (B3LYP and PW91 (Perdew & Wang, 1992) methods). As shown in Figure 1, 
there are two local minima that are energetically equivalent in the HF calculations. The 
minima correspond to the bisnorcaradiene and aromatic forms. However, we obtained from 
DFT and MP2 calculations only an aromatic form as a stable conformation. The calculated 
d1,6 values are around 2.3 Å, which can reproduce that obtained experimentally (2.235 Å) 
(Bianchi et al., 1980). The DFT and MP2 methods include electron correlation, but the HF 
method does not include. Thus, the differences indicate that electron correlation should be 
important in relative stability of the two tautomers, and describing the geometrical change 
of naphthalene induced by the interactions with carbene.  
In general, MP2 calculations are more time-consuming than DFT calculations. Since 
nanomaterials, such as nanotubes, contain few hundred of atoms in the unit cell, MP2 
methods are not doable to estimate the properties of nanomaterials. Actually our systems 
introduced in this chapter contain up to 240 carbon atoms of a nanotube plus a few 
functional groups in the unit cell in periodic boundary condition (PBC) calculations. 
Instead, DFT methods, which can describe their properties in a relatively accurate 
manner, are less time-consuming. Accordingly, we will investigate interactions between 
carbene-derivatives and a nanotube surface by using DFT methods with B3LYP or PW91 
functionals. 

2.2 Addition of carbene into a nanotube, and concomitant surface modification 
Let us first discuss the addition of carbene into the outer (Chen et al., 2004; Bettinger, 2004; 
Zhao et al., 2005; Bettinger, 2006; Zheng et al., 2006; Yumura & Kertesz, 2007; Yumura et al., 
2007; Lee & Marzari, 2008) or inner (Yumura & Kertesz, 2007; Yumura et al., 2007) surface of 
the (5,5) or (10,10) nanotube, whose optimized geometries are seen in Figures 2 and 3.  
As mentioned above, the divalent atom of carbene binds into a CC bond of sp2 systems. 
The (5,5) and (10,10) nanotubes have two types of CC bond (a CC bond orthogonal or 
slanted relative to the tube axis). Accordingly, there are two types of optimized structure 
for an inner (outer) carbene binding into an armchair nanotube. Figures 2 and 3 show the 
preferences of an orthogonal site over a slanted site as the single carbene addition, 
irrespective of an inner or outer addend. In terms of the geometrical features, a slanted 
bond retains after the addition of an inner or outer carbene, as shown in Figures 2 and 3 
(Yumura & Kertesz, 2007; Yumura et al., 2007). When carbene binds into an orthogonal 
site, different behaviors were found between the inner and outer surfaces. The inner 
addition retains the orthogonal bond, whereas the outer addition breaks it. The different 
behaviors come from more rigorous restriction of surface modification toward the tube 
center. This is understandable from a strain analysis based on -orbital axial vector 
(POAV) (Haddon, 1998), where the strain energy is proportional to the square of a POAV 
value. In fact, a POAV value would increase by the surface modification toward the 
center. Then the strain energy would be more pronounced, if carbene freely binds into the 
inner surface rather than into the outer surface. As a result, the concave nanotube surface 
prohibits inner carbene from freely binding into the inner surface to keep the CC bond at 
the binding site. 
Breaking or retaining the CC bond at the binding site of a nanotube is reminiscent of the 
valence tautomerization of 1,6-methano[10]annulene. From an analogy to 1,6-
methano[10]annulene whose tautomers have different number of  electrons, we can 
understand the modification of a nanotube upon the carbene addition obtained from DFT 
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Fig. 2. Optimized structures for the addition of carbene into an inner or outer surface of the 
(5,5) nanotube. Their relative energies are also given in kcal/mol, lengths of the CC bond at 
the binding site (the d1,6 values) in Å. These values were obtained from PW91 PBC 
calculations (Yumura & Kertesz, 2007).  

 
Fig. 3. Optimized structures for the addition of carbene into an inner or outer surface of the 
(10,10) nanotube. Their relative energies are also given in kcal/mol, lengths of the CC bond 
at the binding site (the d1,6 values) in Å. These values were obtained from PW91 PBC 
calculations (Yumura et al., 2007). 

calculations. To interpret the surface modification, we applied a basic concept in organic 
chemistry, the Clar concept (Clar, 1972). Based on Clar valence bond (VB) representation, all 
 electrons in the pristine armchair nanotubes can be given by aromatic sextet (Matsuo et al., 
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2003; Ormsby & King, 2004; Ormsby & King, 2007). In the inner addition into a nanotube 
where the d1,6 CC bond retains, two  electrons migrate from the nanotube. Due to the  
electron migration, the CC bondings of the nanotube attached by inner carbene are 
significantly perturbed. Based on the Clar representation, the perturbed surface consists of 
two butadiene (B) patterns near the binding site plus quinonoid (Q) pattern in the 
circumferential direction (Figure 4(a)).  
 

 
Fig. 4. Clar representation of modified nanotube surface upon the functionalization by inner 
(a) or outer (b) carbene. Aromatic sextets are given by circles. Note that pristine armchair 
nanotubes have all  electrons represented by aromatic sextets.  

Basically, the DFT-optimized geometries for the nanotubes attached by inner CH2 are 
explainable from the Clar representation, as shown in Table 1 and Figure 5. Actually, bond-
length alternations in the circumferential direction follow the Q pattern in Figure 5, but the 
alternations are significant only near the binding site. Similar perturbation patterns can be 
seen in a defected nano-peapod (Figure 6) where a defected C60 (C1-C59) makes two covalent 
bonds with the inner surface of the (10,10) nanotube (Yumura et al., 2007). Intrinsic reaction 
coordination (IRC) analyses based on B3LYP calculations suggest that C60 directly converts 
into a C1-C59 defect as the initial intermediate with a barrier of 8.4 eV (Yumura et al., 2007). 
Experimentally, the formation of defective fullerenes has been actually observed under 
electron irradiation in transmission electron microscopy measurements (TEM) (Urita et al., 
2004; Sato et al., 2006). Thus, one can utilize the activation of guest molecules (e.g. by 
heating-treatment or electron irradiation) to locally perturb a host nanotube surface from 
inside out.     



A Density Functional Theory Study of Chemical Functionalization  
of Carbon Nanotubes - Toward Site Selective Functionalization   

 

315 

 lB-1 sB-1 lB-2 sB-1’ lB-1’ lB’-1 sB’-1 lB’-2 sB’-1’ lB’-1’ 
(5,5) 1.471 1.402 1.470 1.402 1.471 1.470 1.403 1.471 1.401 1.470 

(10,10) 1.468 1.399 1.454 1.399 1.468 1.469 1.399 1.454 1.398 1.469 

Table 1. Optimized bond-lengths (Å) within the two six-membered rings nearest to the site 
for the binding of inner carbene along the axis of a (5,5) or (10,10) tube according to PW91 
PBC calculations. Definition of bond types is given in Figure 4. 

 

 
Fig. 5. Bond length alternations of quinonoid patterns in the circumferential direction of the 
(5,5) or (10,10) nanotube functionalized by inner carbene. The bond lengths were obtained 
from PW91 PBC calculations. L and S indicate longer and shorter bonds in the quinonoid 
pattern in Figure 4, respectively (Yumura & Kertesz, 2007; Yumura et al., 2007). 

In contrast, the outer carbene addition cleaves the d1,6 CC bond at an orthogonal site. In this 
situation,  electrons do not migrate, instead  electrons participate in the formation of the 
new covalent bonds. As a result, Clar patterns of the nanotube remain almost unchanged 
after the outer addition, except for the two six-membered rings nearest to the binding site in 
the axial direction, where Kekulé patterns appear (Table 2). The surface modification 
patterns in the inner or outer carbene additions are completely different from those in the 
alkyl radical. additions (Yumura, 2011). In the outer radical additions, D3h-like deformation 
patterns appear due to the formation of one covalent bond. In contrast, an inner radical 
prefers energetically to separate from a tube rather than to form one covalent bond together 
with modifying the surface structure. This result indicates the inertness of the inner surface 
of a nanotube, because the destabilization due to the surface modification dominates the 
stabilization due to the weak covalent bond formation. Lower reactivity of inner surface 
toward H or F atom than outer surface was also reported Chen et al. (Chen et al., 2003)  
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Fig. 6. Two types of optimized geometry for defected nanopeapod (C1-C59@(10,10) tube). 
Two covalent bonds are formed between a defected fullerene (C1-C59) and the nanotube in 
the left-hand side compound, whereas the right-hand side compound does not have such 
inner covalent bonds. The reactive C1 atom in the defected fullerene is given by green, and 
the C59 moiety by purple. The optimized structures were obtained from PBC PW91 
calculations (Yumura et al., 2007) as well as a B3LYP cluster approach (Yumura et al., 2007).  

 
 sK-1 lK-1 sK-2 lK-1’ sK-1’ sK’-1 lK’-1 sK’-2 lk’-1’ sK’-1’ 

(5,5) 1.414 1.451 1.444 1.452 1.410 1.410 1.451 1.444 1.452 1.411 
(10,10) 1.414 1.444 1.448 1.445 1.415 1.414 1.445 1.448 1.445 1.413 

Table 2. Optimized bond-lengths (Å) within the two six-membered rings nearest to the site 
for the binding of outer carbene along the axis of a (5,5) or (10,10) tube according to PW91 
PBC calculations. Definition of bond types is given in Figure 4. 

2.3 Site-selective double additions 
Considering the surface modification created by the single carbene addition, let us devise 
plausible strategies for enhancing site-selectivity of double divalent additions. The CC 
bonds in pristine nanotubes are nearly equivalent in terms of the length and electron 
density. Because of the featureless CC bonds in nanotubes, carbene derivatives cannot select 
a specific CC bond as a binding site. On the other hand, the inner carbene addition into a 
nanotube makes a great difference in the seamless sp2 bondings; double- or single-bond 
characters appear only near the binding site. Thanks to increasing or decreasing electron 
population on CC bonds at the limited region, carbene can bind selectively into a CC bond 
with richer electron density. Therefore, “local” modification of a nanotube by the inner 
carbene addition can play an important role in site preferences for the second addition, as 
shown in Scheme 1 (Yumura & Kertesz, 2007). In this situation, we do not need to consider 
repulsion between the two carbenes.  
Scheme 1 
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In contrast, such site-preferences for the addition of two outer carbenes into a nanotube are 
not expected. The most important reason is that a nanotube functionalized by outer carbene 
has Clar patterns plus Kekulé patterns only near the binding site. The double bonds in 
Kekulé patterns may be a good candidate for the binding site of the second carbene. 
However, the second carbene cannot add to a double CC bond of the six-membered rings 
with Kekulé patterns, because of repulsion between the two carbenes. Thus, conformational 
restrictions in functional groups with divalent atoms are necessary for site-selective 
functionalization of nanotubes. Here, we consider a bismalonate with a 2,3-butanediol tether 
as a functional group possible to bind selectively into a nanotube, drawing a direct line with 
fullerene chemistry reported by the Diderlich groups (Kessinger et al., 2000). Note that the 
bismalonate can selectively bind into fullerene to form only cis-3 adduction, as shown  
in Scheme 2.  
Scheme 2 

 
Thus, we investigate the addition of the bismalonate into a nanotube as another plausible 
approach (Yumura & Kertesz, 2009). In the following sections, we separately discuss the two 
strategies for the site-selective functionalization of nanotubes. 

2.3.1 Cooperativity of double carbene additions 
In this section, we discuss whether the surface modification induced by the first inner 
addition influences site-preferences for the second addition. To quantitatively look at the 
double addition (Scheme 1), two key values are the binding energy for the double additions 
(Edouble-bind), and the interaction energy (Einteract), defined as follows,  

 Edouble-bind(X) = Etotal(C11(X)–NT–C11(0)) – Etotal(NT) –Etotal(substituent(s))             (1) 

and  

 Einteract(X) = Edouble-bind(X) – Esingle-bind(X) – Esingle-bind(0)                         (2) 

where X and 0 represent sites for the second and first carbene bindings, respectively, and 
C11(X)–NT–C11(0) represents a nanotube attached by two divalent C11 atoms of carbenes or 
carbene-derivatives, and Esingle-bind(X) and Esingle-bind(0) are the binding energies for the single 
additions of the second and first carbenes, respectively. The interaction energy (Einteract) 
indicates how much the first addition can have the power to have an impact on site 
preferences for the second attachment through the concomitant surface modification. A 
negative (positive) Einteract value indicates that the second addition into a site X is stabilized 
(destabilized) by the first inner addition. When two attached carbenes are far, the two carbenes 
do not exert influence each other. Accordingly, an Einteract value would be negligible.   
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Here we estimated the Edouble-bind and Einteract values at various sites for the second 
attachment after the first inner carbene addition into an orthogonal bond (Yumura & 
Kertesz, 2007). Considering the local modification by the first attachment, we choose 
possible sites (X) for the second binding site (Figure 7). We define an orthogonal binding site 
for the second CH2 molecule (outer surface) as Op(q) relative to the binding site O0(0) for the 
first CH2 molecule (inner surface). Here p represents the order of the carbon belt of Op(q) 
site, lying in a plane perpendicular to the axis, from the O0(0) site with respect to the 
armchair framework in the axial direction, and q represents the order of the orthogonal 
bond Op(q) with respect to the O0(0) site in the circumferential direction. In slanted binding 
sites, the Sp1–p2(q) sites are between the p1-st and p2-nd carbon belts.  
 

 
Fig. 7. Definition of sites for the second divalent C11 atom after the first divalent addition. 
The first addition site is given by O0(0). Based on Figure 4, double bond characters created 
by the first attachment are given by green, and single bond characters by red.  

As a result of DFT calculations, we found that some configurations of the double addition 
have a negative Einteract value (Yumura & Kertesz, 2007). The most noticeable Einteract value 
was calculated at the S1-2(1) site to be around –25 kcal/mol. More importantly the effects of 
the first attachment on stabilizing the second attachment are limited near the first binding 
site. For example, energetically stable configurations in Figure 8 have significant Einteract 
values ranging from –8.0 to –5.2 kcal/mol. Then the stabilized sites for second attachment 
have double-bond characters or are between double bonds. In other words, the second 
carbene attacks at a specific CC bond on which electron population enhances by the first 
attachment, as shown in Figures 4 and 7. The results strongly indicate cooperative behaviors 
between the first inner and second outer carbenes through the local surface modification. 
Thus DFT calculations demonstrate that the locally perturbed surface by the inner 
attachment, whose CC bond lengths change by up to 0.048 Å, has a strong impact of site-
preferences for the second attachment.  
Contrary, similar cooperative effects cannot be found between two carbenes binding into the 
outer surface of the (10,10) nanotube, based on DFT calculations (Yumura & Kertesz, 2009). 
In the double outer additions, possible 20 sites for the binding of second carbene were 
considered. The Edoube-bind and Einteract values are plotted in Figure 9 as a function of the 
separation between the two divalent C11 atoms. As shown in Figure 9(a), we found that 
second orthogonal bindings are energetically favorable relative to slanted bindings, judging 
from the Edouble-bind values. Furthermore, DFT calculations found that four orthogonal sites 
have substantial Einteract values with a negative sign in Figure 9(b) (–5.7 ~ –2.5 kcal/mol) 
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Fig. 8. Stable conformations of the binding of the second carbene into the outer surface of the 
(5,5) nanotube after the first inner addition at an orthogonal bond. The divalent atom of the 
first attachment is given by blue, and relatively stable sites for the second attachment by 
blue. The Einteract values were obtained from PW91 PBC calculations (Yumura & Kertesz, 
2007).  

(Yumura & Kertesz, 2007). However, the Einteract values are less pronounced than those in the 
second addition after the first inner addition. Despite negative Einteract values at some sites, 
we found significant positive Einteract values at a certain site, meaning that the first carbene 
prohibits the second carbene from approaching into the sites. Of course, the destabilized 
effects are due to steric repulsion between the two carbenes. The results suggest that the 
second carbene cannot bind into a specific CC bond from the others, being in sharp contrast 
to the inner addition. This is reasonable because Clar patterns of the pristine nanotube 
remain almost unchanged after the first outer addition. 

2.3.2 Site-selective addition of a bismalonate into nanotube 
Toward enhancing site-selectivity for the addition of carbene-derivatives into the outer 
surface of a nanotube, some conformational restrictions of carbene-derivatives would be 
necessary. To find out a suitable carbene-derivative in this direction, fullerene chemistry can 
provide helpful hints. Here we pay attention to a successful case of regioselective 
functionalization of fullerene, reported by Kessinger et al. (Kessinger et al., 2000)  They used 
diethylbutane-2,3-diyl bismalonate as a functional group of fullerene, as shown in Scheme 2. 
According to their report, a flexible spacer of 2,3-butanediol should be responsible for the 
selective functionalization. With respect to Bingel reaction, Gao et al. investigated the 
possible mechanism for the reaction between CCl3- and C60, and then compared it with the 
corresponding carbene reaction mechanism (Gao et al., 2009). According to the B3LYP 
calculations, both mechanisms are competitive in energy. In addition, Bettinger also 
analyzed carbene reaction between CCl2 and a finite-length nanotube, and found that a 
transition state for the reaction lies only a few kcal/mol above the dissociation limit toward 
the nanotube and CCl2 (Bettinger, 2006). 
Following the previous experimental and theoretical studies, we recently performed 
extensive DFT calculations to elucidate the stability of 12 configurations of cycloaddition of 
diethylbutane-2,3-diyl to the outer surface of a nanotube (Yumura & Kertesz, 2009). Then, 
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Fig. 9. The Edouble-bind (a) and Einteract (b) values in (10,10) nanotube attached by two outer 
carbenes as a function of the separation between the divalent C11 atoms. Orthogonal 
additions are given by blue, and slanted additions by red.  

we cannot unfortunately obtain a transition state for the carbene mechanism due to 
computational limitation. In the analysis, we used for simplicity a model of the bismalonate 
in Chart 1 where terminal Et groups are replaced with the H atoms. DFT calculations found 
two energetically stable configurations of bismalonate functionalized nanotubes in Figure 
10. 
The energy difference between the two configurations is 6.5 and 4.7 kcal/mol for the finite-
length and infinite-length model calculations, respectively. The energy difference is more 
pronounced by double addition of outer carbenes. The results suggest that replacement of 
CH2 by bismalonate enhances site-selectivity of bisfunctionalization of the nanotube.  
There are several geometrical factors affecting the binding of a bismalonate with the 2,3-
butanediol tether. One of the most important factors is, of course, conformational restriction 
due to the existence of the 2,3-butanediol tether. The restriction is understandable, because 
the rotation around the dihedral angle O–C–C–O () of the 2,3-butanediol tether costs 
energy, as shown in Figure 11 displaying its total energy changes against  . In fact, Figure 
11 shows that there is a barrier of ~5.0 kcal/mol between two local minima in the range of –
140 <  < 140. The rotation of the 2,3-butanediol tether also links to the separation between 
the two C11 atoms, and thus the tether constraint prohibits the two C11 atoms from freely 
binding into the nanotube. 
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Chart 1  Bismalonate with 2,3-butanediol tether and its model. 
 

 
 

 
Fig. 10. Two stable conformations of the binding of the bismalonate with 2,3-butanediol 
tether into the outer surface of the (10,10) nanotube. The divalent atoms are given by green, 
oxygen atoms by red, and hydrogen atoms by white. Bonds of the bismalonate are given by 
blue. The optimized geometries were obtained by PW91 calculation based on PBC and 
cluster-model approaches. Relative energy obtained from a cluster approach is given, and 
that from PBC approach in parenthesis (Yumura & Kertesz, 2009). 

Another factor differentiating the bismalonate addition from the double carbene addition is 
that two carboxy substituents affect the aromatic-bismalonate tautomerization in terms of 
energetics. To look at the importance of binding orientations of carboxy groups, we 
optimized dicarboxyl-methanonanotube and 11,11-dicarboxy-1,6-methano[10]annulene, 
where dicarboxycarbene binds into the (10,10) nanotube and naphthalene, respectively. 
Scanning total energy in 11,11-dicarboxy-1,6-methano[10]annulene along the d1,6 bond 
(Figure 12) indicates that types of the two carboxyl orientations strongly influence the 
stability of the aromatic and bismalonate forms: double minimum at two carboxyl groups 
twisted with respect to a mirror plane, whereas single minimum at two carboxyl groups 
being symmetric.  
A different view of Figure 12 suggests that at a longer d1,6 bond range, the symmetric form is 
only available, whereas at a shorter d1,6 bond range twisted and symmetric forms are 
allowed. Thus, the binding orientations (twisted or symmetric forms), determined by the 
rotation of 2,3-butanediol tether, closely relate with whether the d1,6 bond opens or not.  
Similar tendencies can be found in the optimized structures for dicarboxy-methanonanotubes. 
In fact, the optimized structure for the binding of the C11 atom into an orthogonal bond of the 
(10,10) nanotube has a breaking d1,6 bond, and at the same time the two carboxy groups are 
symmetric, as shown in Figure 13. In contrast, the slanted case with a retaining d1,6 bond has a 
twisted form. Similarly Lee and Marzari found such relationship, and theoretically proposed 
orientation of two NO2 groups attached to the C11 atom can control the d1,6 bond length on the 
sp2 surface of fullerene and a nanotube (Lee & Marzari 2008).      
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Fig. 11. The energy changes of a free bismalonate with 2,3-butanediol tether upon the 
rotation around dihedral angle  of the tether. The energy values were obtained at PW91/6-
31G* level of theory (Yumura & Kertesz, 2009).  

 

 
Fig. 12. Total energies of 11,11-dicarboxy-1,6-methano[10]annulene as a function of the d1,6 
value, obtained at PW91/6-31G* level of theory (Yumura & Kertesz, 2009). In the blue 
structure, the two carboxy groups are symmetric with respect to a mirror plane, whereas in 
the green and red structures, the groups are twisted.  
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Fig. 13. Two types of optimized structure for dicarboxy-methanonanotube. We can 
distinguish between the two structures by where the divalent C11 atom is bound; an 
orthogonal or a slanted bond. The divalent atoms are given by green, and oxygen atoms by 
red. The optimized geometries were obtained by PW91 calculation based on PBC and 
cluster-model approaches (Yumura & Kertesz, 2009). 

Of course, such relationship cannot exist in the double CH2 addition, and accordingly the 
binding orientations play a crucial role in the site-selective bismalonate addition. We see 
quantitatively the effects of the two factors in enhancing the selectivity by estimating the 
Ebind values, given in followings.  

 Ebind = Edouble-bind (bismalonate) – Edouble-bind (CH2)                            (3) 

The Ebind values are displayed as a function of the separation between the two C11 atoms in 
Figure 14.  
 

 
Fig. 14. The differences in the binding energy between the bismalonate and double carbene 
functionalization (Ebind). The Ebind values were obtained from a cluster approach at 
PW91/6-31G*//PW91/3-21G level of theory (Yumura & Kertesz, 2009). 
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As shown in Figure 14, more significant Ebind values were obtained in orthogonal 
orientations for the second attachment rather than slanted orientations. Since a positive 
Ebind value indicates that a certain orientation is destabilized by the replacement of CH2 
with bismalonate, preferences of an orthogonal site over a slanted site as a second 
attachment are significantly weakened in the bismalonate functionalization, except for the 
O5(0) configuration in Figure 10(a). As a result, site-selectivity can be enhanced by the 
bismalonate functionalization compared with the double carbene addition (Yumura & 
Kertesz 2009). The DFT calculations clearly demonstrate that geometrical constraints of 
carbene derivative are key in the addition of its C11 atoms into a specific sites.  

3. Conclusion 

Density functional theory (DFT) calculations were employed to devise a plausible strategy 
for site-selective functionalization of nanotubes by carbene-derivatives. An accurate 
description of CC bondings of a nanotube functionalized by their divalent carbons was 
obtained with the aid of large-scale DFT calculations. Then, Clar valence bond (VB) concept, 
a basic concept in organic chemistry, can help to interpret the disruption of a nanotube 
surface by carbene-functionalization obtained from DFT calculations, and thus the concept 
is a useful tool to find out an approach to site-selective functionalization of nanotubes.  
The most important DFT finding is that one inner carbene can have the power to locally 
perturb a nanotube surface by making two covalent bonds. The locally modified surface 
consists on two butadiene and one quinonoid patterns. In contrast, an outer carbene does 
not have such power, and accordingly the outer addition cannot disrupt Clar patterns in a 
pristine nanotube. The differences in the surface modification between the inner and outer 
bindings originate from whether a CC bond at the binding site opens or not. Note that 
retaining the CC bond at the binding site for inner carbene is due to more rigorous 
restriction of surface modification toward the tube center.      
Considering different surface modification by the first attachment, we propose two 
approaches to how functional groups containing a divalent atom can selectively bind into a 
nanotube. In one approach, one can utilize “local” modification by the first inner attachment 
to control a site for the second outer attachment. In this situation, the second carbene 
selectively binds into a CC bond whose electron population enhances upon the first 
addition. Similar CC bonds with double-bond characters do not emerge on a nanotube 
functionalized by one outer carbene. Thus geometrical restrictions of a functional group are 
indispensable for site-selective functionalization of outer surface of a nanotube. For 
example, a bismalonate with 2,3-butanediol tether is a possible candidate for a functional 
group that can site-selectively add to a nanotube. For enhancing site-selectivity of 
functionalization of nanotubes, there are at least two key factors due to geometrical 
constraints of the bismalonate; a barrier for the rotation around the dihedral angle O–C–C–O 
of the 2,3-butanediol tether as well as orientations of its carboxy groups attaching divalent 
atoms. As a result, two divalent atoms of the bismalonate cannot bind freely into a nanotube 
to enhance the site-selectivity. In the above findings, subtle geometrical changes of nanotube 
surfaces as well as functional groups are key in site-specific functionalization of nanotubes. 
Thus, large-scale DFT treatment at relatively accurate manners is required to investigate the 
nanotube functionalization and to construct nanotube-based building blocks in nano-
devices.  
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1. Introduction 

Single-wall carbon nanotubes (SWCNTs) are one of the most promising materials for future 
nano-electronics, because of their unique quasi-one-dimensional structures and excellent 
electric and mechanical properties. They also have very high chemical stability, owing to 
their robust sp2-bonding carbon network (graphene) with no dangling bonds. Because of the 
structural robustness, low-energy (typically 10 eV-20 keV) electron and photon irradiation in 
a vacuum had been generally assumed not to cause damage to SWCNTs when the energy is 
smaller than the knock-on threshold. In fact, analytical tools that use low-energy electrons or 
photons, such as scanning electron microscopy (SEM), had been commonly used for 
characterization of SWCNTs without serious concerns.  
In 2004, however, we reported that electron irradiation in a SEM caused severe damage 
(low-energy irradiation damage) in SWCNTs produced by both thermal chemical vapor 
deposition and laser ablation methods (Suzuki et al., 2004b). Other techniques using low-
energy electrons and vacuum-ultraviolet (VUV) light or soft x-rays (especially high-
brilliance synchrotron radiation light), such as low-energy electron microscopy (LEEM) and 
photoemission spectroscopy, also inevitably damage SWCNTs. Therefore, paying attention 
to the low-energy irradiation damage is practically important for those who study SWCNTs. 
For example, when we measure the Raman and photoluminescence (PL) spectra and electric 
properties and take SEM images of the same SWCNTs, the SEM observations should be 
done last. Doing the high-resolution SEM observation first would inevitably cause severe 
damage and tremendously affects the following measurements. 
The low-energy irradiation damage and its defect characteristics are also physically 
interesting. In this chapter, we will review the physical and chemical property changes 
induced by the damage, and the defect properties, which are significantly different from 
those of other types of damage. We will examine the defect-induced metal-semiconductor 
transition of the room-temperature electric properties and discuss its mechanism. We will 
also summarize other types of damage, which are often confused with the low-energy 
irradiation damage, focusing on the differences between them. 
Before continuing to the main text, I must briefly explain how I compare spectra obtained 
form the same SWCNT sample. In many studies of the physical or chemical treatment of 
SWCNTs and graphene, spectra are often normalized to the maximum peak height. In 
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contrast, when I show irradiation- and annealing-induced changes of Raman and PL 
spectra, the spectra are never normalized. That is, I obtain the spectra under the same 
condition to the best of my ability and directly compare the raw spectra. This methodology 
has been applied in all of our related reports, unless otherwise mentioned. With arbitrary 
spectral normalization, we would no longer be able to discuss the reversibility of the 
damage and recovery, which is a very important characteristic of low-energy irradiation 
damage. 

2. What is low-energy irradiation damage? 

We define low-energy irradiation damage as damage solely caused by irradiation of low-
energy particles, where low-energy means that the energy is much smaller than the 
threshold energy of knock-on damage. Thus, the mechanism of the damage is completely 
different from knock-on damage. Moreover, we discriminate low-energy irradiation damage 
and secondary damage caused by the irradiation, such as damage by radicals. Irradiation by 
both electrons and photons irradiation was found to damage SWCNTs. However, other 
particles, such as atoms and ions, or quasi-particles such as plasmons, may also cause the 
damage.  

3. Property changes caused by low-energy irradiation damage 

3.1 Raman and PL spectra 
In a Raman spectrum, a SWCNT shows the so-called G band (tangential mode) and 
disorder-induced D band, which are characteristic of a graphene sheet. The D band is ideally 
inactive and its appearance is evidence of symmetry breaking. The intensity ratio of the G 
and D bands is often utilized as an indicator of the degree of crystallinity. Another very 
important mode of SWCNTs is the radial breathing mode (RBM), which is often used for 
diameter evaluation. For a general review of Raman spectroscopy of CNTs, see (Dresselhaus 
et al., 2005), for example. Like other types of damage, low-energy irradiation damage 
generally decreases the G band and RBM intensities (There are some exceptions at the edges 
of the resonance window, as discussed below) and the G/D intensity ratio and increases the 
D band intensity, as shown in Figs. 1(a) and (b). Generally, the decrease of intensity is more 
prominent for the RBM than for the G band. Considering that the detectable Raman 
intensity from individual SWCNTs is owing to the resonance enhancement effect, the 
disappearance of Raman spectra is probably due to a reduction of the resonance 
enhancement. The initially divergent joint density of states, which is a characteristic of one-
dimensional systems, would be considerably broadened by the formation of defects. Low-
energy irradiation damage causes almost no broadening or almost no shift of the Raman 
peaks including the D band (Suzuki et al., 2010), although significant D band broadening 
due to gas-phase reaction has been observed (Yang et al., 2006. Zhang et al., 2006). 
When SWCNTs are moderately damaged (or considerably recover from severe damage), 
originally hidden non-resonant RBM peaks sometimes appear. At the excitation wavelength 
of 785 nm, metallic and semiconducting SWCNTs are usually observed at about 150-160 and 
200-240 cm-1, respectively. In Fig. 2(a), however, the moderately damaged (partially 
recovered) SWCNTs show a sharp peak at 182 cm-1 in the off-resonance region. The metallic 
SWCNTs at 156 cm-1, which were initially not strongly excited in this sample, also became 
more prominent in the moderately damaged sample. Further damage extinguishes these 
peaks again, as also shown in the figure. Similar off-resonant RBM peaks are also often 
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observed in doped SWCNTs grown from boron- and nitrogen-containing feedstocks, as 
shown in Fig. 2(b) (Suzuki & Hibino, 2011). I think that the defects slightly shift the 
absorption energy or broaden the absorption edge and this makes the originally off-resonant 
peak resonant. Similarly, complicated behavior of the RBM intensity with increasing 
damage is observed at the edge of the resonance window (Suzuki & Kobayashi, 2007a).   
 

 
Fig. 1. (a) G and D band, and (b) RBM regions of Raman spectra, and (c) PL spectra of 
unirradiated SWCNTs and of SWCNTs irradiated at 250 and 22 C. The irradiated electron 
energy and dose were 20 keV and 5.7×1016 cm-2. The excitation wavelength was 785 nm. 

These results mean that the Kataura plot is modified by the defects. 
The PL peak intensity of suspended semiconducting SWCNTs is more sensitively decreased 
than the Raman peak intensity, as shown in Fig. 1(c). In addition, broad spectral intensity 
newly appears at the longer wavelength side when the extent of the damage is moderate.  
Severe damage finally extinguishes all spectral intensities in Raman (including the D band 
(Suzuki et al., 2005a)) and PL spectra (Suzuki & Kobayashi, 2007b). However, note that, in 
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marked contrast to the damage caused by knock-on collisions and by radicals, the low-
energy irradiation damage itself never eliminates a SWCNT.  
 

 
Fig. 2. (a) RBM spectra of unirradiated and electron-irradiated SWCNTs and partially 
recovered SWCNTs. The electron energy and irradiation dose were 20 keV and 6.3×1016 cm-

2, respectively. The irradiated and considerably damaged SWCNTs were partially recovered 
by annealing in Ar atmosphere at 350 C. The wavenuber range of 160-200 cm-1 is the off-
resonance region and a peak is rarely observed there, initially. (b) RBM spectra of undoped 
and BN-doped SWCNTs. The doped SWCNTs also often exhibit peaks in the off-resonance 
region. The excitation wavelength was 785 nm. 
 

 
Fig. 3. (a) SEM image of the SWNT sample after eliminating the electron-irradiated 
SWCNTs. The irradiation was done along the dashed line. The electron energy and the local 
dose were 1 keV, and 1.5×1019 cm-2, respectively. Note that the elimination was done by 
selective combustion in air, not by the irradiation itself. (b) Position dependence of the 
number of SWCNTs suspended between neighboring pillars in (a). Here, diagonally 
suspended SWCNTs were neglected. 
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3.2 Chemical stability 
The low-energy irradiation itself does not cut a SWCNT. However, the damage significantly 
decreases the chemical tolerance of SWCNTs, because the irradiation-induced defects make 
the sidewall chemically active. Therefore, we can selectively eliminate the irradiated 
SWCNTs by heating in air, as shown in Fig. 3 (Suzuki et al., 2005a). A part of the SWCNT 
sample was intensively irradiated in a SEM using the line scan mode along the dashed line. 
Then, the sample was heated in air at 420 C for 30 m. The irradiated SWCNTs were 
selectively eliminated by combustion due to the reduced chemical tolerance. Note that a 
irradiation dose that is too high often has an entirely opposite effect, because the irradiation-
induced contaminants on the SWCNT surfaces protect the SWCNTs from oxygen. As shown 
in (b), the irradiation effects almost completely disappear about 600 nm from the irradiation 
line. Such a high spatial resolution can be easily obtained using a convergent electron beam.  
There have been many attempts to functionalize SWCNTs by using other molecules or metal 
particles. In many cases, defects are intentionally created to functionalize the sidewall, 
which is originally inert (Yan et al., 2005). Low-energy irradiation damage could also be 
applied for spatially selective functionalization with electron beam lithography. 

3.3 Electric properties 
The electric properties are much more sensitively changed by low-energy irradiation 
damage than Raman and PL spectra. Moderate irradiation can convert a metallic field effect 
transistor (FET) into semiconducting. I will discuss this remarkable phenomenon in sec. 5. 
Here, I focus on the intensive irradiation effects I have studied by in-situ electric 
measurements during electron irradiation in a SEM equipped with piezo-actuated micro-
probes for electric measurements (Suzuki, 2011). The device used here consists of two 
SWCNTs (A branch is seen between the electrodes) suspended between the drain and 
source electrodes (height: 300 nm), as shown in Fig. 4(a). The high-magnification SEM image 
was taken after all experiments had been completed. Otherwise, the conductivity of the 
SWCNTs would almost vanish. Fig. 4(b) shows the results of in-situ electric measurements 
during irradiation. The whole SWCNTs were first irradiated by an electron beam using the 
normal SEM observation mode. The SEM observation gradually decreased the conductivity. 
Then, at 42.76 s, they were intensively irradiated by using the line scan mode. This 
irradiation decreased the conductivity by two orders of magnitude in only a few seconds. 
As shown in Fig. 4(c), a very abrupt current decrease occurred at least within the initial 44 
ms, which is the time resolution of the measurements. The gate voltage characteristics of 
the device before and after the irradiation are shown in Fig. 4(d). The irradiation 
decreased the two-probe conductivity by four to five orders of magnitude in the whole 
gate voltage range. Considering that the initial resistivity of the device would be dominated 
by the contact resistance between the SWNTs and electrodes, the intrinsic conductivity 
decrease would be much larger. Thus, intensive irradiation finally makes a SWCNT almost 
insulating. Similar results had been observed in previous works by another group 
(Marquardt et al., 2008. and Vijayaraghavan et al., 2010) and in our early work (Suzuki and 
Kobayashi., 2005), in which conventional on-substrate SWCNT devices were used. Here, I 
would like to get remind the readers again that even intensive irradiation does not cut a 
SWCNT. In fact, a SWCNT can be completely recovered by annealing, as shown later in  
sec. 4.2. 
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Fig. 4. (a) SEM image of a suspended SWNT device obtained after experiments. The 
substrate acts as a back-gate electrode. Scale bar: 200 nm. (b) Drain current during SEM 
observation and line scans. The drain voltage was set to 0.1 V, and the substrate (back-gate) 
was grounded. The electron energy was 1 keV. During the SEM observation, the irradiation 
dose rate was 1.2×1013 cm-2s-1 on average in the observation area. The dose rate during the 
lines scan was 6×1016 cm-2s-1. (c) Time evolution of the drain current just before and after 
the line scan. The data collection was done using the sampling mode of a semiconductor 
parameter analyzer (Agilent 4156C) and the time interval is not always the same. (d) Gate 
characteristics of the device before and after the electron irradiation. The drain voltage was 
0.1 eV.  

4. Characteristics of low-energy irradiation damage 

4.1 Energy dependence 
The low-energy irradiation damage has been observed in an energy range of several 
electron-volts to 25 keV. One important characteristic of the damage is that, in general, a 
lower energy is more destructive than a higher energy (Suzuki et al., 2004b), as shown in 
Fig. 5(a) (except for the energies below 20 eV, where the optical absorption and electron 
energy loss spectra strongly reflect the specific electronic density of states of graphene). This 
can be well understood by the fact that the interaction (the cross section of electronic 
excitation) between a SWCNT and an incident electron (photon) is generally larger at a  
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Fig. 5. (a) G and D band spectra of pristine and electron-irradiated SWCNTs, showing the 
acceleration voltage dependence of electron irradiation damage. The irradiation dose was 
2.7×1018 cm-2. (b) RBM spectra of pristine SWCNTs (black lines) and SWCNTs illuminated 
by 6-10 eV photons (red). Because the spectra were originally slightly sample-dependent, 
spectra before and after the irradiation are shown for each photon energy. (c) G/D area ratio 
of pristine SWCNTs and SWCNTs irradiated at various photon energies. In (b) and (c), the 
photon dose was 5×1017 cm-2 except for *2 and *3 in (c). The excitation wavelength was 785 
nm. *1) higher order light cut by a pyrex window. *2) very intense unmonochromatized light 
through a pyrex window (h3.5 eV). *3) The photon dose was 2.5×1017 cm-2. 

smaller energy. A high-energy electron or photon easily penetrates a SWCNT without any 
electric excitation. An exception is when the photon energy is tuned to near the C 1s 
absorption edge, for which severer damage was observed than at the energy below the 
absorption threshold. However, the resonance effect does not seem to be very prominent, as 
will be shown in Fig. 11(b).  
The existence of the threshold energy is also expected for the low-energy irradiation 
damage. As seen in the RBM spectra shown in Fig. 5(b), distinct spectral intensity decreases 
are observed at 6 eV or larger for semiconducting SWCNTs with diameters of about 1.2-1.0 
nm at 200-240 cm-1 (Suzuki & Kobayashi, 2008). Decreases in the G/D ratio are also clearly 
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observed at 6 eV or higher, as shown in Fig. 5(c). Notably, the damage in metallic SWCNTs 
with diameters of 1.6 nm at 140-160 cm-1 is not clear up to 8 eV. This is because of the 
diameter dependence of low-energy irradiation damage, as discussed in sec. 4.3. In electron 
(hole) tunneling injection studies using a scanning tunneling microscope (STM), slightly 
lower threshold energy of  4 eV has been observed (Yamada et a., 2009). The reason for the 
discrepancy may be that the threshold energy depends on the diameter, chirality, or detailed 
defect structures. Anyway the threshold energy of the low-energy irradiation damage seems 
to be several electron volts. 
 

 
Fig. 6. (a) G and D band, and (b) RBM spectra of unirradiated, photon-irradiated, and 
annealed SWCNTs. The SWCNTs were irradiated by unmonochromatized synchrotron 
radiation light (h1 keV) up to a dose of 8×1020 cm-2. The excitation wavelength for the 
Raman measurements was 633 nm. 

4.2 Reversible damage and recovery 
Probably the most important characteristic of the low-energy irradiation damage is the 
reversibility of the damage and recovery. Figure 6 shows Raman spectra of SWCNTs before 
and after VUV light irradiation and of SWCNTs annealed at 300, 600, 800, 900 C. The 
irradiation caused severe damage and drastically decreased the G/D ratio and the RBM 
intensities. All the RBM peaks above 200 cm-1 corresponding to a diameter less than 1.2 nm 
almost completely disappeared. However, the annealing at 300, 600, and 800 C gradually 
recovered the spectra, and at 900 C, all the peaks including the once disappeared peaks are 
almost fully recovered. I would like to point out once again that the spectra were not 
normalized at all. Thus, the results reveal that not only the spectral shape but also the 
spectral intensity itself is almost fully recovers by annealing. 
The reversible damage and recovery is also observed in the electric properties. As 
mentioned in sec. 3.3, the low-energy irradiation damage almost extinguishes the electric 
conductivity. However, the extinguished conductivity is also fully recoverd by annealing, as 
shown in Fig. 7(a). An originally metallic SWCNT device was intensively irradiated in a 
SEM using the line scan mode. The irradiation extinguished the conductivity and made the 
SWCNT almost insulating. However, the conductivity was fully recovered by annealing in a 
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vacuum at 300 C. Moreover, the reversibility can be observed repeatedly, as shown in Fig. 
7(b). The complete reversibility of the electric properties has also been observed by another 
group, although they attribute the conductivity decrease and recovery to substrate charging 
and its release (Marquardt et al., 2008. and Vijayaraghavan et al., 2010). I will discuss this 
issue later in sec. 7.4. 
 

 
Fig. 7. (a) Electric properties of a SWCNT device before and after the first electron 
irradiation and after annealing. The SWCNT was intensively irradiated by electrons of 20 
keV up to a dose of 1×1020 cm-2. Then, the irradiated device was annealed at 300 C in Ar 
atmosphere for 30 min. (b) The electric properties of the same SWCNT device before and 
after the second irradiation and after the second annealing. The SWCNT was intensively 
irradiated again by 20-keV electrons up to a dose of 1.7×1020 cm-2. After the irradiation, the 
SWCNT was annealed at 300 C for 30 min and fully recovered again. 

The reversibility of the damage and recovery indicates that the damage is not accompanied 
by a reduction of carbon atoms and that the number of carbon atoms is preserved. Recently, 
Mera et al. directly measured ion desorption from SWCNTs under soft X-ray illumination 
(Mera et al, 2010). They also excluded emission of carbon atoms from the SWCNTs. 

4.3 Diameter dependence 
Another important characteristic of the low-energy irradiation damage is that strong 
diameter dependence is observed when the irradiation is done at room temperature or 
above (Suzuki and Kobayashi, 2006). For example, in the RBM and PL spectra shown in 
Figs. 1, 2, 5, and 6, we can clearly see the diameter dependence of the damage; that is, 
thinner SWCNTs are more severely damaged. Especially, in Fig. 1(c), we can see a large 
difference in the extent of the damage due to very small diameter difference. The SWNTs 
observed at about 1151 and 1172 nm can be assigned to (12,1) and (11,3) tubes having 
diameters of 0.995 and 1.014 nm, respectively. These two peaks were considerably 
weakened by the photon irradiation at 250 C. On the other hand, the occurrence of the 
damage was not obvious for thicker SWNTs after the same irradiation dose at 250 C. The 
peaks at 1224 nm is assigned to (10,5) tubes having a diameter of 1.050 nm. The diameter 
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difference between the considerably damaged (11,3) and hardly damaged (10,5) tubes is 
only 0.037 nm. It is very interesting that such a small diameter difference results in the 
distinctly different sensitivity to the irradiation. 
 

 
Fig. 8. (a) G and D band and (b) RBM spectra of pristine, irradiated, and partially recovered 
SWCNTs. The SWCNTs were irradiated by 1-keV electrons up to a dose of 8×1017 cm-2. 
Then, the damaged SWCNTs were partially recovered by annealing at 400 C in Ar 
atmosphere for 30 min. The excitation wavelength was 785 nm. In (b), the hump at 300 cm-1 
is from the Si substrate. 

The diameter dependence is observed in the recovery process, as shown in Fig. 8. The 
electron irradiation largely decreased the G/D ratio (a) and once almost completely 
extinguished all of the RBM peaks (b). The sample was partially recovered by annealing at 
400 C. Then, only the peak at about 205 cm-1, corresponding to the thickest SWNTs among 
the initially observed ones, significantly recovered. 
The diameter dependence of damage is more or less also observed in knock-on damage 
(Krasheninnikov & Nordlund, 2010) and damage by radicals (Yang et al., 2006, Zhang et al., 
2006b). However, the diameter dependence of low-energy irradiation damage is more 
prominent, as mentioned above. The damage caused by knock-on collision and radicals also 
occurs in thick MWCNTs and graphite, but the low-energy irradiation damage has not. Also 
noteworthy is that the diameter dependence is not prominent when SWCNTs are irradiated 
at low temperature, as shown in the next section. 

4.4 Temperature dependence of the damage 
Severer damage is observed at lower temperatures (Suzuki & Kobayashi, 2007a). As shown 
in Fig. 1, the irradiation at 250 C results in much less damage than at 22 C. The 
temperature dependence is seen at lower temperatures, and less damage is observed at -27 
C than at -267 C (6 K), as shown in Fig. 9. These results suggest that low-energy 
irradiation-induced defects can be healed even at -27 C. In fact, the electric conductivity of 
irradiated SWCNTs gradually recovers at room temperature, as shown in Fig. 10 (Suzuki & 
Kobayashi, 2007). The temperature dependence of the damage is completely opposite to that 
observed in gas phase reactions (An et al., 2002, Zhang et al., 2006a). 
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Fig. 9. (a) G and D band, (b) RBM, and (c) PL spectra of pristine SWCNTs and of SWCNTs 
irradiated at -27, and -267 C. The SWCNTs were irradiated by 40-eV photons up to a dose 
of 7.2×1017 cm-2. The excitation wavelength was 785 nm. In (b), the hump at 300 cm-1 is 
from the Si substrate. 

Fig. 9(b) also shows that the diameter dependence of the damage is less prominent at -27 C, 
meaning that the recovery of all the observed SWCNTs is almost completely forbidden at 
this temperature, regardless of the diameter. In other words, the less damage in a thicker 
SWCNT observed at room temperature and above is a consequence of the fact that a defect 
created in the thicker SWCNT can be more quickly healed by the thermal energy at the 
irradiation temperature. The diameter dependence can mainly be ascribed to the diameter 
dependence of the defect healing rather than to that of defect creation. 

4.5 Activation energy of defect healing 
The recovery of the damage at room temperature or below suggests that the activation 
energy of the defect healing is quite small. We have proposed a simple method for 
determining the activation energy of defect healing in SWCNTs (Suzuki et al., 2010). For 
example, recovery curves of the G/D ratio can be used for the analysis. In Fig. 11(a), we 
show Raman spectra of SWCNTs before and after irradiation and after 2, 14, and 64 min 
annealing at 240 C. The annealing gradually recovered the irradiated SWCNTs. From these 
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measurements, we obtained recovery curves of the G/D ratio at several temperatures, as 
shown in Fig. 11(b). The reason for the relatively small values of the G/D ratio is that we 
adopted the area ratio rather than the peak height ratio, in order to decrease static errors. 
 

 
Fig. 10. (a) Current-voltage characteristics of a SWCNT device before and just after electron 
irradiation and 13, 36, 136 min after the irradiation. The electron energy and irradiation dose 
were 20 keV and 1.8×1015 cm-2,respectively. (b) Time evolution of the irradiation-induced 
resistance (R) at 22 C. The initial value of the irradiation-induced resistance (Ro) was 19.8 
kΩ. 

The activation energy Ea of defect healing is given by 
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where t1 and t2 are annealing times during which the G/D ratio R increases from R1 to R2. 
Here, it is sufficient that the G/D ratio is just a monotonic function of the defect density (We 
do not have to assume a specific relation between the G/D ratio and defect density, such as 
that the G/D ratio is inversely proportional to the defect density). The activation energy 
seems to depend on the extent of the damage. In the region of 2.8R3.0 (heavily damaged), 
we obtained an activation energy value of 1.4 0.2 eV, as shown in Fig. 11(c), from the 
recovery curves at 140 and 120 C and eq. (1), whereas at 6R6.5 (lightly damaged), a 
smaller value of 0.7 0.2 eV was obtained. I would like to mention that these values may be 
affected by gas absorption at defect sites, because the SWCNTs were once exposed to air 
after the irradiation. Anyway, the values are small enough for the defects to be healed at 
moderate temperatures. 
Interestingly, although a partial recovery of low-energy irradiation damage at room 
temperature is easily observed in the electric properties (Fig. 10), it has not been observed in 
Raman spectra. Once we obtain the activation energy value, we can estimate the recovery 
curve at a given temperature T3. Using the recovery curve R1 (R2) at T1 (T2), the recovery 
curve at T3 is given by 
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Fig. 11. (a) Raman spectra of SWCNTs before and after electron irradiation and after 
annealing at 240 C. The electron energy and dose were 20 keV, and 8×1016 cm-2, 
respectively. The excitation wavelength was 785 nm. (b) Recovery curves of the G/D area 
ratio otbained at several annealing temperatures. (c) Activation energy of the defect healing 
obtained from the recovery curves at 140 and 120 C. (d) Simulated recovery curves of the 
G/D ratio at room temperature (20 C) obtained from the recovery curves at 120 and 140 C 
in (b), respectively. 

Fig. 11(d) shows the recovery curves at 20 C simulated from the experimental recovery 
curves at 140 and 120 C and eq. (2). The two independently obtained curves are almost 
consistent. Note that the unit of the horizontal axes is “year”. Recovery of the G/D ratio 
from 2.8 to 3.0 at 20 C would take about 230 years. Similarly, the recovery from 6.0 to 6.5 at 
20 C was estimated to take about 7 years (Suzuki et al., 2010). Thus, the recovery would be 
much too slow to observe at room temperature in usual experiments. The very long 
recovery time at room temperature is a consequence of the relatively slow recovery at 
elevated temperatures in Raman spectra. On the other hand, the recovery of the electric 
properties is much more rapid. Annealing at 300 C for 30 min often results in recovery of 
conductivity of several orders of magnitude, as already shown in Fig. 7. 
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Fig. 12. (a) LEEM image of suspended SWNTs on a patterned Si substrate. (b) G and D band 
Raman spectra of unirradiated and soft X-ray-illuminated (280. 0 and 285.5 eV) SWCNTs 
and electron-irradiated (20 eV) SWCNTs. The excitation wavelength was 785 nm. The soft 
X-ray illumination was done at BL-27SU at SPring-8, Hyogo, Japan. The electron irradiation 
was a consequence of LEEM observation. The soft X-ray and electron irradiations were done 
after thorough degassing. 

Though we evaluate the activation energy from the G/D ratio here, any other quantity that 
is a monotonic function of the defect density can basically be used for the analyses. This 
method can also be used to analyze other kinds of defects and desorption barriers of 
chemisorbed atoms or molecules on SWCNTs. 

4.6 Occurrence of the damage in an ultra-high vacuum 
As I mentioned in sec. 2, the low-energy irradiation damage is caused by the irradiation 
itself. We found that the damage does not depend on the remnant gas pressure at 10-4 Pa or 
below (Suzuki et al., 2008). The low-energy irradiation damage has been observed in a 
surface-science-grade ultra-high vacuum (UHV) of 1×10-8 Pa by VUV light illumination 
(Suzuki & Kobayashi, 2006a. Suzuki & Kobayashi, 2007a, Mera et al., 2009. Mera et al., 
2010.), electron beam irradiation (Arima et al., 2009.), and electron (hole) injection from a 
STM tip (Berthe et al., 2007. Yamada et al., 2009). The damage occurs as ever when SWCNTs 
are thoroughly degassed in a UHV before irradiation. Other examples of occurrence of the 
damages in UHV surface analysis systems are shown in Fig. 12(b). The SWCNTs were 
irradiated by electrons during LEEM observation [Fig. 12(a)] or by soft X-rays at a 
photoemission spectroscopy beamline attached to a synchrotron radiation ring. The damage 
to SWCNTs is especially severe in LEEM observation using very low-energy electrons of 
several tens electron volts, due to the energy dependence of the damage (sec. 4.1). In an 
UHV, no irradiation-induced change is observed even in high-energy-resolution 
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photoemission spectroscopy (Suzuki et al., 2004a), indicating that chemical reactions with 
gas molecules are negligible. Nevertheless, very severe damage is observed in Raman 
spectra. 

4.7 Structure dependence 
A low-energy electron and photon can easily dissociate a small molecule (for example, 
photodissociation). On the other hand, such low-energy irradiation damage (or structural 
change) is not commonly observed inside the bulk of a metal or semiconductor. Actually, 
it has not been reported for graphite. Very interestingly, even among CNTs, the damage 
has been reported for SWCNTs but not for MWCNTs. An electron irradiation experiment 
in an SEM has shown that the irradiation causes no reduction of the conductivity of 
MWCNTs with a diameter of 10 nm (Bachtold et al., 1998. Hobara et al., 2004). The 
irradiation conditions used in those studies (4 Ccm-2 of 20-keV and 20 Ccm-2 of 10-keV 
electrons) roughly correspond to 10 to 1000 fold of a value that can cause a SWCNT 
conductivity decrease of a few orders of magnitude (Suzuki, 2011). Thus, the damage seems 
to be specific to SWCNTs or thin CNTs with a diameter of 1 nm. Even among SWCNTs, 
the extent of the damage strongly depends on the diameter: Thinner SWCNTs are more 
severely damaged, as discussed in section 4.3. 
The diameter dependence of the damage may explain the occurrence of the damage in 
SWCNTs and its absence in MWCNTs and graphite. Considering that the damage strongly 
depends on the diameter among SWCNTs, it would be possible that a MWCNT of 10-nm 
diameter is no longer damaged by low-energy irradiation at room temperature. If the 
occurrence and the absence of the damage originate in the diameter difference, we can 
expect that strain in the sidewall plays an essential role in the defect formation or its 
stabilization. Alternatively, it is interesting to view the occurrence and absence of the 
damage in terms of dimensionality. Graphite, in which the damage does not occur, is a 
three-dimensional material, and a SWCNT, in which the damage occurs, is a one-
dimensional material. Notably, it has been well established that structural changes occur in 
zero-dimensional fullerenes by photon and electron irradiation (Zhao et al., 1994. Onoe et 
al., 2003). This is generally described as “polymerization” instead of damage, because the 
irradiation causes chemical bonds to form between neighboring fullerenes. The structural 
change can be reversibly restored by annealing, exactly like the low-energy irradiation 
damage of a SWCNT. The electronic states, which spread in the whole crystal in a bulk 
material, should be localized in low-dimensional materials or nanomaterials, and the 
degrees of freedom of atomic movement should become larger. Thus, in low-dimensional 
materials or nanomaterials, local structural change would easily occur with low-energy 
irradiation and the defect structure would be stabilized (See also sec. 6). 
In terms of the relation between the damage and structure, it is very interesting to explore 
whether the damage occurs in graphene, which is a two-dimensional material and can be 
considered to be a SWCNT of infinite diameter. Zhou et al. reported that soft x-ray 
illumination damages graphene, on the basis of their C 1s x-ray absorption and Raman 
spectroscopy results (Zhou et al., 2009). Very interestingly, the illumination effects increased 
with a decreasing number of layers of exfoliated graphene and were negligible even for 
monolayer epitaxial graphene on SiC, which has a relatively strong interaction with the 
substrate. These results suggest that low dimensionality is strongly related to the low-
energy irradiation damage. 
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Fig. 13. (a) Room-temperature gate voltage characteristics of a SWCNT device before and 
after electron irardiation. The SWCNT was once scanned by an electron beam of 100 pA. The 
electron energy and scan speed were 20 keV and 400 nm/s, respectively. (b) Room-
temperature Coulomb diamond characteristics of a SWCNT device before and after electron 
irradiation. The SWCNT was once scanned by an electron beam of 500 pA. The electron 
energy and scan speed were 20 keV and 400 nm/s, respectively. (c) Schematic explanations 
of the defect-induced semiconductng properites. (d) Schematic explanations of the defect-
induced Coulomb oscillation properites. 

5. Metal-semiconductor transition of a SWCNT-FET induced by defects 

As mentioned in sec. 3.3, intensive irradiation finally makes a SWCNT almost insulating. 
However, when the damage is moderate, a metal-semiconductor transition of the electric 
properties is often observed. In our early study, we irradiated the whole device in a SEM and 
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observed the conversion of the electric properties at 28 K (Vijayaraghavan et al., 2005). Further 
irradiation caused an increase of the nominal band gap observed in the low-temperature 
electric properties. More recently, we succeeded in converting the room-temperature device 
characteristics from metallic to semiconducting by local irradiation using an electron beam 
lithography system (Suzuki et al., 2008). Before the irradiation, the device characteristics were 
almost gate-independent, which is a common feature of a metallic SWCNT. A part of a 
metallic SWCNT was once scanned by an electron beam. Then, the room-temperature gate 
characteristics of the device were converted to semiconducting, as shown in Fig. 12(a). After 
the irradiation, ambipolar semiconducting gate characteristics were clearly observed.  
Room-temperature Coulomb oscillations have been observed when defects form a small dot 
in a SWCNT channel (Matsumoto et al., 2003). The low-energy irradiation damage can also 
be used to fabricate such small dots intentionally. As shown in Fig. 12(b), after irradiation, 
multi-dot Coulomb oscillation properties are sometimes observed at room temperature.  
A schematic model of a possible mechanism for the irradiation-induced semiconducting 
properties is shown in Fig. 12(c) (Kanzaki et al., 2007. Suzuki et al., 2008). The temperature 
dependence of device characteristics after irradiation shows that an energy barrier for 
carriers is formed in the SWCNT channel. The barrier height observed in the electric 
properties reaches about 0.6 eV, when irradiation-induced semiconducting properties are 
observed at room temperature. Recently, a STM study more directly showed that a local 
band gap is actually formed in a metallic SWCNT by a carrier injection-induced defect 
(Yamada et al., 2009). This suggests that the defect-induced local band gap opening is the 
origin of the barrier. The carrier transport is inhibited by the barrier at the gate voltage of 
around 0 V. The device still turns on at large gate voltage. This can be reasonably explained 
in terms of gate-induced band bending in a metallic SWCNT. The density of states near the 
Fermi level of a metallic SWCNT is very small. Owing to the small density of states near the 
Fermi level, we can bend the band by applying gate voltage and reduce the effective barrier 
height for an electron. At sufficiently large gate voltage, the device will turn on. Thus, the 
metal-semiconductor transition is explained by the defect-induced barrier formation and 
gate-induced band bending. When Coulomb oscillation is observed, the defects seem to act 
as tunneling barriers, as schematically shown in Fig. 12(d). In this case, tiny multi-dots 
divided by the defects seem to be formed in the vicinity of the irradiated part. 
The defect-induced conversion of the electric properties seems to be caused by defects 
formed by other methods. In fact, conversion of the electric properties from metallic to 
semiconducting also occurs when defects are induced by plasma treatment of metallic 
SWCNT-FETs. More interestingly, the defect-induced semiconducting electric properties 
well explain the fact that the ratio of “semiconducting” SWCNTs that act as FETs has been 
reported to strongly depend on the growth method (Suzuki et al., 2008, Mizutani et al., 
2009). The plasma-enhanced CVD method has been reported to produce preferentially 
semiconducting SWCNTs, and the ratio of semiconducting SWCNTs has been reported to 
reach about 90 % (Li et al., 2004. Ohnaka et al., 2006) or even 97 % (Mizutani et al., 2009). On 
the other hand, for the laser ablation method, which generally produces high-quality 
SWCNTs, the semiconducting SWCNT ratio was evaluated to be quite small, about 30 % (Li 
et al., 2004). I think that the growth method dependence of the ‘‘semiconducting’’ SWCNT 
ratio is mainly due to the growth method dependence of defect density. Distinguishing 
whether the electronic structure is metallic or semiconducting by electric measurements 
may be inconclusive, especially when the SWCNT shows “semiconducting” properties. 
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6. Mechanism of the low-energy irradiation damage 

The low-energy irradiation damage can be caused by 10-eV photons, which have very small 
momentum. This indicates that the momentum of an incident particle would have no 
essential role in the damage, which is in remarkable contrast to knock-on damage. Thus, the 
defect formation would be due to bond breaking, which follows an electronic excitation by 
the energy of the incident particle. An energy of 10 eV is still high enough to cut C-C 
bonds. Thus, it is reasonable that low-energy irradiation creates a defect with finite 
probability if the defect structure is stable and the lifetime is long enough. A simple example 
of this kind of structural change is photodissociation of a molecule. A bond breaking 
following electronic excitation can easily dissociate a small molecule In a bulk crystal, on the 
other hand, even the breaking of several bonds would result in immediate re-bonding 
without any structural change because an atom has very little freedom of displacement due 
to the existence of surrounding atoms. The situation in a SWCNT is one between a molecule 
and bulk. More than one bond breaking would be necessary to stabilize the defect. Among 
related carbon materials, low-energy electron and photon irradiation-induced structural 
change (polymerization) is known to occur for fullerenes. On the other hand, the damage 
has not been reported for graphite or MWCNTs, as discussed in sec. 4.7. 
Interestingly, Yamada et al. (Yamada et al., 2009) have proposed, on the basis of thier STM 
results, that carrier injection first creates primary defects whose lifetime is very short (＜50 
ms). Most of them are quickly annihilated and the structure is restored. However, in rare 
cases, a primary defect fails to recover and a stable defect is created. The quantum efficiency 
of the primary defect formation was evaluated to be 2×10-10 at a bias voltage of 3.5 V near 
the defect creation threshold. 
The detailed atomic structure of a low-energy irradiation-induced defect is not clear at 
present. A detectable change has not been observed even with microscopy techniques, such 
as SEM. This is one of the main reasons that the low-energy irradiation had not been 
recognized for such a long time, although SEM had been commonly used for characterizing 
SWCNTs since their discovery. Our previous TEM observation showed that the tube wall is 
not clearly destroyed regardless of severe damage (Suzuki et al., 2005b). The Stone-Wales 
defect, which is formed by a C-C bond rotation, is consistent with the conservation of the 
number of carbon atoms. However, the stable structure seems to contradict the relatively 
small activation energy and healing at a moderate temperature or even at room temperature 
or below. Another possible defect is a vacancy in the tube wall with a migratory C adatom 
on the surface. The observed activation energies (0.7-1.4 eV, sec. 4.5) are very close to the C 
adatom migration energies, which are theoretically predicted to depend on the SWCNT 
diameter and to be 0.6 to 1.3 eV (Krasheninnikov et al., 2004). However, a high-resolution 
TEM observation has shown that annihilation of the vacancy and migratory adatom is 
governed by the recombination barrier rather than by the adatom migration barrier itself 
(Hashimoto et al., 2004). The existence of such a vacancy-adatom defect (with the adatom 
bounded in the vicinity of the vacancy) was also strongly suggested by a scanning tunneling 
microscopy study (Lee et al., 2005). The vacancy-adatom defect is simply formed by 
breaking two bonds of a C atom. The recombination barrier of the vacancy-adatom defect in 
SWCNTs has been calculated to be 1-2 eV (Okada, 2007), which is rather close to the 
observed activation energies. Determining the presice defect structure is a future issue. 
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7. Other types of damage and irradiation-induced phenomena 

The low-energy irradiation damage is often confused with other types of damage and 
irradiation-induced phenomena. Here, I would like to summarize differences in the defect 
characteristics of low-energy irradiation damage and other damages. 

7.1 Knock-on damage 
Knock-on damage is caused by ballistic ejection of an atom from a solid by an incident 
particle. Thus, the damage is accompanied by a loss of SWCNT mass. The displacement 
energy (kinetic energy at which an atom can escape from the solid.) in a SWCNT is 
considered to depend on the diameter and to be 15-20 eV. However, when the incident 
particle is an electron whose mass is much smaller than a carbon atom, the threshold energy 
becomes 80 keV from the energy and momentum conservation laws. The threshold energy 
for a photon will be much larger. Thus, the energy at which knock-on damage is observed is 
much larger than that at which the low-energy irradiation damage is normally observed. 
Knock-on damage occurs in MWCNTs and graphite. For a recent review focusing on carbon 
and other nanomaterials, see (Krasheninnikov, 2010). 

7.2 Contaminant effects 
Low-energy irradiation often causes hydrocarbon contaminants to adhere to the sample 
surface. The contaminant adhesion is prominent in a conventional SEM, in which a UHV is 
usually unavailable. At the electron energy where severe damage is observed (1 keV or 
smaller), severe contaminant adhesion is also observed. This is because the interaction both 
between electrons and a SWCNT and between electron and hydrocarbon gases are strong at 
such a low energy. However, effects caused by the damage and by the contaminant 
adhesion can be easily distinguished by annealing. The contaminants do not sublimate even 
at 900 C, whereas the low-energy irradiation damage can be recovered by annealing at 
moderate temperatures, as discussed in sec. 4. In our experiments, it is rather difficult to 
detect contaminant effects because the spectra or electric properties of pristine SWCNTs and 
SWCNTs recovered from the damage are almost identical (see Figs. 6 and 7), although I do 
not deny that the contaminants cause some so-called environmental effects (Ohno, 2010). 

7.3 Damage by radicals 
Irradiation in remnant gases can also cause radical-induced etching, which is the opposite of 
the contaminant adhesion. For example, the cutting of MWCNTs has been clearly 
demonstrated under gas atmosphere formed by intentional gas bleeding (Yuzvinsky et al., 
2005). In this way, the damage by radicals is generally accompanied by etching, which 
eventually cuts and eliminates CNTs. Thus, this damage can not be fully recovered. In some 
literatures, reversible chemisorption and desorption on SWCNT or graphene has been 
suggested. However, spectra before chemisorption and after desorption by annealing are 
often compared after arbitrary normalization. This damage also occurs in thick MWCNTs 
and graphite, although some diameter dependence of the damage is observed (Yang et al., 
2006, Zhang et al., 2006b). Metallic SWCNTs are preferentially damaged by radicals (Yang et 
al., 2006. Zhang et al., 2006b), although such preference has not been observed for low-
energy irradiation damage. Moreover, severer damage is observed at higher temperatures 
due to more activated chemical reactions (An et al., 2002. Zhang, 2006a). This is entirely 
opposite to the low-energy irradiation damage (sec. 4.4). Of course, the radical effect 
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becomes severer at higher pressures and negligible in a UHV. Reader should recall that low-
energy irradiation damage occurs in a UHV after thorough degassing, although no 
indication of chemical reaction is observed (sec. 4.6). 
In a standard SEM in which the adhesion of contaminants occurs, the radical effects seem to 
be less important. Otherwise, the contaminants would not adhere due to etching. According 
to my experience, intensive irradiation in a conventional SEM can not cut or eliminate even 
a SWCNT (Fig. 7). I suppose that the radical effects are largely suppressed due to the 
adhesion of contaminants, which would protect the sample surface (sec. 3.2). 

7.4 Substrate charging effects 
There has been an attempt to explain the electric property changes by irradiation-induced 
charging of the substrate (back-gate dielectric) just under the SWCNT (Marquardt et al., 
2008. Vijayaraghavan et al., 2010). They observed a large conductivity decrease of on-
substrate SWCNT devices by electron irradiation in a SEM. Furthermore, they reversibly 
and repeatedly recovered the electric properties by applying a high bias voltage (10 V) to 
the SWCNT. The phenomena they observed seem to be essentially the same as ours. 
However, they ascribed the conductivity decrease to a local band gap opening caused by 
irradiation-induced charging of the dielectric SiO2 layer just under the SWCNT. Actually, 
theoretical calculations predict that a uniform (Li et al., 2003) or inhomogeneous (Rotkin & 
Hess, 2004) electric field can open a gap in a metallic SWCNT of specific chiralities. 
Marquardt et al. (Marquardt et al., 2008) and Vijayaraghavan et al. (Vijayaraghavan et al., 
2010) think that electron irradiation in a SEM causes such local and inhomogeneous 
charging of the dielectric. In their model, the recovery is explained by a release of trapped 
charges in the vicinity of the SWCNT caused by the high-bias voltage applied to the drain 
electrodes. In a conventional on-substrate device, a large electric field may be produced by 
irradiation-induced charging, considering that the field strength is inversely proportional to 
the square of the distance. 
However, the substrate charging model does not at all explain the fact that the irradiation-
induced conductivity decrease is as ever observed for suspended SWCNTs, as shown in Fig. 
4. The theoretical calculations have predicted that an extraoridinarily high electric field of 1 
Vnm-1 barely opens a band gap of several ten milli-electron volts. It is very unlikely that 
such a high electric field is formed at SWCNTs suspended 300 nm above the substrate. In 
fact, a simulation has been performed under a condition where the gate voltage was applied 
from a metal tip located only 0.5 nm from a SWCNT (Rotkin & Hess, 2004). Similarly, this 
model cannot explain the degradation of Raman and PL spectra of suspended SWCNTs 
(Figs. 1 and 9). Moreover, electron (hole) injection-induced band gap opening has been 
observed for a metallic SWCNT lying on a metal substrate, which does not have charge trap 
sites (Yamada et al., 2009). This model does not explain the observed band gap value, either. 
The calculations show that the maximum value of the field-induced band gap is at most 0.1 
eV, which is not sufficient to explain the almost insulating properties observed at room 
temperature. In fact, an energy barrier of 0.6 eV was observed for a SWCNT whose room-
temperature electric properties were converted from metallic to semiconducting by 
irradiation (sec. 5). Finally, it should be noted that the irradiation-induced conductivity 
decrease has been observed in all measured SWCNTs, whereas, in the theoretical 
calculations, band gaps open only in SWCNTs having certain chiralities. Considering that 
the irradiation-induced physical property changes can recover at a moderate temperature 
(300 C [Fig. 7]), the high bias-induced recovery observed in refs. 7 and 8 seems to be due 
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to annealing by Joule heating. I do not deny an electric field-induced band gap opening in a 
metallic SWNT. However, I do not think that such a high or inhomogeneous electric field is 
produced by simple SEM observation or line scans. 

7.5 Irradiation-induced heating effects 
Low-energy electron and photon irradiation may increase the temperature of the irradiated 
SWCNTs. However, the heating effect itself does not explain the low-energy irradiation 
damage at all because less damage is observed at higher temperatures, as shown in Fig. 1. 
Originally, SWCNTs are thermally very stable materials. Thus, at least under usual 
conditions, irradiation-induced heating itself would not damage the SWCNTs in a vacuum, 
if ever. In practice, damage is often observed during Raman measurements in air when the 
excitation laser power is too large. However, this is not low-energy irradiation damage, but 
instead would be combustion, because this damage is not observed in a vacuum or an inert 
gas atmosphere. 

8. Conclusion 

I have shown that low-energy electron and photon irradiation solely damages SWCNTs. The 
low-energy irradiation damage extinguishes the characteristic optical and electric properties 
and reduces chemical tolerance. Thus, we have to pay attention to the damage when we use 
analytical tools that use low-energy electrons (SEM, LEEM etc.) and VUV light or soft X-rays 
(photoemission spectroscopy using bright light). The defects have some unique properties. 
The damage and recovery are reversible, indicating that the number of carbon atoms is 
preserved. The damage strongly depends on diameter. That is, thinner SWCNTs are more 
severely damaged. The damage has been observed in SWCNTs but not in MWCNTs, 
suggesting that it is characteristic of low-dimensional structures or nanostructures. The 
activation energy of the defect healing depends on the extent of the damage and was 
evaluated to be about 0.7 to 1.4 eV. Because of the relatively small activation energy, the 
defects can be healed even at room temperature or below, and less damage occurs at higher 
temperatures. I also showed that the irradiation-induced defects can convert the room 
temperature electric properties of a metallic SWCNT to semiconducting. The conversion can 
be explained by the local band gap opening caused by the defect and gate-voltage-induced 
band bending in the metallic SWCNT. Energetically, the low-energy is still sufficiently 
larger than the C-C bond energy and can therefore break the bonds. Future studies should 
address the detailed defect structure. 
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1. Introduction  

The lattice vibration strongly affects the dynamics of electrons and excitons in the solid. In 
bulk semiconductor materials, the loss of coherence (i.e., dephasing) of electrons and 
excitons occurs by phonon scattering on very fast time scale of sub-picosecond order. The 
dephasing time and mechanism depend strongly on the dimensionality and size of the 
electronic states in low-dimensional semiconductors, such as one-dimensional (1D) 
quantum wires and zero-dimensional quantum dots (Gammon et al., 1996 & Braun et al., 
1997). A single-walled carbon nanotube (SWNT) is a prototypical 1D electronic system and 
the optical properties of SWNTs have attracted a great deal of attention, both from the 
perspective of their fundamental physics (Iijima 1991, O'Connell et al., 2002, & Bachilo et al., 
2002), and for their optoelectronic device applications. Potential applications include 
photoluminescence (PL) (O'Connell et al., 2002 & Bachilo et al., 2002), electroluminescence 
(Misewich et al., 2003), nonlinear optical switching media (saturable absorbers) for ultrafast 
lasers (Rozhin et al., 2006), and fluorescent biolabeling (Leeuw et al., 2007). These optical 
properties are due to the creation of very stable excitons by enhanced Coulomb interactions 
of the order of several-hundred meV, even at room temperature (Ando 1997, Kane et al., 
2003, Spataru et al., 2004, Wang et al., 2005, & Maultzsch et al., 2005). The exciton dynamics 
are dominated by both the exciton dephasing and the energy relaxation processes, in which 
the exciton-phonon interactions play an important role (Bradley et al., 2007). However, the 
exciton dephasing time and mechanism in SWNTs is still only poorly understood and under 
many discussions. Thus, we describe about detail mechanism of the exciton dephasing in a 
single carbon nanotube. 

2. Optical transition of carbon nanotube 

In 2002, O’Connell reported that the micelle encapsulated semiconducting SWNTs show 
strong PL signals (O’Connell et al., 2002). The first observation of PL signals is due to the 
isolation of individual SWNT preventing from bundling between semiconducting and 
metallic carbon nanotubes. Lefebvre also fabricated suspended SWNTs between patterned 
Si pillars and also observed strong PL signals from unprocessed SWNTs (Lefebvre et al., 
2003). The black line of Figure 1 shows the typical macroscopic (ensemble averaged) PL 
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spectrum from micelle encapsulated SWNTs dispersed in D2O solution. The many PL 
peaks arising from various types of SWNTs with different chirarities (diameters) are 
observed in the macroscopic PL spectrum. The optically excited e-h pair in SWNTs forms 
bound hydrogen like exciton state due to strong Coulomb interaction and recombination 
of exciton (not free e-h pair) is the origin PL signals in the SWNTs. The shape of each PL 
(or absorption) peak contains physical information including the exciton dynamics. The 
shape of ensemble averaged PL spectrum shows the near Gaussian function, which means 
that each SWNT with same chiral indicies is in the different environment (local strain, 
dielectric constant, and ....). The exciton transition (absorption and PL) of each SWNT is 
affected from the Gaussian distributed inhomogeneous environment, causes fluctuation of 
the energy. The PL broadening arising from the inhomogenity is called as 
“inhomogeneous broadening”, which covers the intrinsic optical and electronic properties 
of SWNTs. In contrast, the effect of the inhomogeneous broadening is eliminated in the PL 
spectra from a single SWNT (red line in Fig. 1). The sophisticated optical spectroscopic 
technique, called as a single carbon nanotube spectroscopy, enables us to observe PL 
spectrum from a single SWNT (Hartschuh et al., 2003, Htoon et al., 2003, Lefebvre et al., 
2004, & Matsuda et al., 2005). The red solid line of Figure 1 shows the PL spectrum from a 
single SWNT. The PL of a single SWNT shows very clear single peak and very narrow 
linewidth, which provide us the fruitful information of intrinsic properties of SWNT. The 
intrinsic linewidth in the PL spectrum of a single SWNT is called as homogeneous 
linewidth. The homogeneous linewidth contains the dynamical properties of exciton in 
the SWNT, discussed after in detail. 
 

0.8 0.9 1.0 1.1 1.2 1.3 1.4
Photon Energy (eV)

ensemble
single

P
L 

In
te

ns
ity

 (
ar

b.
 u

ni
ts

)

 
Fig. 1. Ensemble averaged PL spectrum (balck solid line) and PL spectrum of a single SWNT 
(red line). 

2.1 Homogeneous linewidth broadening of optical spectrum 

In the quantum two-level systems, the optical spectra broaden and have finite linewidths 
due to finite lifetime of the excited state according to the Heisenberg relationship. There are 
two kinds of excited state lifetime, energy relaxation time T1 and phase relaxation 
(dephasing) time T2. In the molecular systems, the phase relaxation of the excited state 
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occurs due to the violation of the excited state such as molecular collisions and so on. In the 
solid systems, the thermal vibration of lattice, i.e. phonon perturbs the electronic states, 
leading to the phase relaxation of excited states (dephasing). In contrast, the energy 
relaxation occurs radiative and nonradiative transition from the excited states to the ground 
state. The linewidth of the optical spectra, homogeneous broadening Γ, can be described as, 

 1 2(1 / 2 / ),       T T    (1) 

where ( / 2 ) h  is a Plank constant. Using this relationship, the information on the 
dephasing time can be obtained from homogeneous broadening of the optical spectra. Also, 
in the time-domain measurement, the dephasing time can be measured by using nonlinear 
optical spectroscopy such as photon echo (or four-wave mixing) experiments (Graham et al., 
2011).   

3. Experimental technique of single carbon nanotube imaging and 
spectroscopy 

The samples used for single SWNT spectroscopy were isolated SWNTs synthesized on 
patterned Si substrates by an alcohol catalytic chemical vapor deposition method 
(Maruyama et al., 2002). The Si substrates were patterned with parallel grooves typically 
from 300 nm to a few µm in width and 500 nm in depth using an electron-beam lithography 
technique. The isolated SWNTs grow from one side toward the opposite side of the groove. 
We prepared several SWNT samples by changing the growth temperature (650-850 ºC) and 
time (30 sec-10 min). The average number density of isolated SWNTs in the sample is 0.1-
1/μm2 (Inoue et al., 2006, Matsuda et al., 2008, & Matsunaga et al., 2008). 
Single SWNT PL measurements were carried out from 300 (room temperature) to 5 K using 
a home-built variable temperature confocal microscope setup as shown in Fig. 2. The SWNT 
samples mounted on a stage were excited with a continuous-wave He-Ne laser (1.959 eV) 
and femtosecond pulsed Ti:Al2O3 Laser, and the laser beam was focused on the sample  
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Fig. 2. Picture of experimental setup of low temperature optical microscope for a single 
SWNT spectroscopy. 
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surface through a microscope objective (NA 0.8). The PL signal from SWNTs was spectrally 
dispersed by a 30-cm spectrometer equipped with a liquid-nitrogen (LN2)-cooled InGaAs 
photodiode array (spectral range: 0.78-1.38 eV) or a LN2-cooled charge coupled device 
(spectral range: ≥1.20 eV). The spectral resolution of our system is typically less than 0.7 
meV. The detector accumulation time was typically between 30 sec and 1 min. We also 
obtained PL images of the luminescent SWNTs on the sample, using a Si avalanche 
photodiode or electron multiple (EM) CCD camera. 
Figure 3 shows a typical PL image of isolated semiconducting SWNTs at room temperature.  
The monitored PL energy range is typically between 1.18 and 1.37 eV. Several spatially 
isolated bright spots can be seen in the 3D image. Each bright spot represents the PL signal 
from a single luminescent SWNT because the PL spectrum obtained just on each bright spot 
has only a single PL peak, as shown later. The spot size estimated from the spatial profiles of 
the PL intensity is about 500 nm. 
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Fig. 3. 3D plots of PL image of single SWNT at room temperature. 

3.1 Single carbon nanotube spectra 

We obtained PL spectra from about 180 different isolated SWNTs with a variety of chiral 
indices as shown in Fig. 4. The chiral index assignment for each PL spectrum is based on the 
previous data of the emission energies (Lefebvre, Fraser, et al., 2004). There is a distribution 
of emission energy (~ten meV) even within the same chiral index. Only a single sharp peak 
can be seen in each spectrum. This is certain evidence that the PL comes from a single 
SWNT. In addition, the PL linewidth tends to become broader with an increase of the PL 
peak energy. Figures 5(a) and (b) show, in more details, the typical PL spectra of single 
isolated SWNTs with relatively small and large diameter [(a): (10, 6), d = 0.83 nm, (b): (7, 5), 
d = 1.11 nm,] in the sample.  
The red solid lines in Figs. 5(a) and (b) represent single Lorentzian functions and 
approximately reproduce the experimentally obtained PL spectra. In addition, it is found  
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Fig. 4. PL spectra of single SWNT with different chiral index (n, m) (Reprinted with 
permission from [Inoue et al, 2006]. Copyright, American Physical Society). 
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Fig. 5. (a), and (b) PL spectra of single SWNT with chiral index of (10, 6) and (7, 5) at room 
temperature (Reprinted with permission from [Inoue et al, 2006]. Copyright, American 
Physical Society). 

that the Stokes shift of SWNTs was very small (less than 5 meV) for each nanotube species 
by comparison between absorption and PL spectra of ensemble SWNTs in gelatin matrices.  
These facts show that the observed PL peaks correspond to the zero-phonon lines of free 
excitons and the spectral linewidth of the PL spectra is determined by the homogeneous 
broadening.  

3.2 Dephasing mechanism of exciton state 
Figure 6. shows temperature dependence of PL spectra of single SWNTs from 40 to 297 K. 
Solid red lines correspond to fitted Lorentzian functions. The SWNT has a chiral index of (9, 
8), based on the emission energies reported (Lefebvre, Fraser, Homma et al., 2004). The PL 



 
Electronic Properties of Carbon Nanotubes 

 

358 

spectral shape can be approximately fitted by a single Lorentzian function at entire 
temperature range. The linewidths (full-width at half-maximum, FWHM) of the Lorentzian 
functions are almost dominated by the exciton dephasing time due to exciton-phonon 
interactions, because the exciton lifetime is longer than 30 ps, and the contribution to the 
linewidth from the exciton lifetime (energy relaxation time) is negligibly small (Hirori et al., 
2006, & Gokus et al., 2008). From the homogeneous linewidth, we calculated the exciton 
dephasing time at room temperature as about 120 fs for (9, 8) nanotubes. The order of the 
experimentally obtained dephasing time is almost consistent with the Ab initio calculation 
(Bradley et al., 2007). 
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Fig. 6. Temperature dependence of PL spectra of a single SWNT from 40 to 300 K (Reprinted 
with permission from [Yoshikawa et al, 2008]. Copyright, American Physical Society).  

The PL spectra become narrower when the temperature decreases as shown in Fig. 6. The 
linewidth of a single SWNT corresponding to a homogeneous linewidth is plotted as a 
function of temperature in Fig. 7. The temperature dependence of the homogeneous 
linewidth is usually described as (Karaiskaj et al., 2007): 

 0 ,       
exp( / ) 1B

B
A T

k T
     


 (2)                          

where Γ0 is the residual linewidth at T=0 K including the instrumental spectral resolution, 
and is the energy of the high frequency phonon modes in SWNTs, such as the radial 
breathing mode (RBM) and averaged phonon mode. The coefficients A and B are exciton-
phonon coupling constants for low- and high-frequency modes, respectively. The solid line 
in Fig. 7 shows the linewidth fitted using Eq. (2). The temperature dependence of the 
homogeneous linewidth shows almost linear behaviour over a wide temperature range. The 
value of A obtained for the (9, 8) nanotube is 0.020 meV/K. The contribution of the high-
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frequency modes to the linewidth broadening is much smaller than that of the low-
frequency acoustic phonon mode and negligibly small.  
We obtained PL spectra at 300 K from more than 200 different isolated SWNTs with a 
variety of chiral indices. The homogeneous linewidth as a function of the nanotube diameter 
d from the PL spectra of single carbon nanotubes is shown in Fig. 8. The smallest values are 
plotted as the intrinsic linewidth for nanotubes with the same chiral index, because the 
extrinsic factors (defects, impurities, and so on) cause broadening to a residual linewidth. 
The PL linewidth at 300 K clearly increases as the diameter decreases. 
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Fig. 7. Temperature dependence of linewidth broadening and theoretically fitted result 
using Eq. (2) (Reprinted with permission from [Yoshikawa et al, 2008]. Copyright, American 
Physical Society). 
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Fig. 8. Diameter dependence of homogeneous linewidth (Reprinted with permission from 
[Yoshikawa et al, 2008]. Copyright, American Institute of Physics). 
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The exciton-phonon coupling constant A for low energy phonon modes is plotted in Fig. 9. 
The diameter dependence of A is well consistent with that of the homogeneous linewidth at 
300 K in Fig. 8. These observations indicate that the diameter dependence of the PL 
linewidth observed at 300 K is not due to the residual linewidth and the nonlinear 
temperature term in Eq. (2), which is caused by high-frequency modes such as the RBM and 
averaged phonon mode. From the diameter dependence of the homogeneous linewidth and 
the exciton-phonon coupling constant A, it can be seen that the exciton-phonon interaction is 
stronger and the exciton dephasing time shorter in smaller tubes. Figure 10 shows the 
chirality dependence of the homogeneous linewidth at 300 K and exciton-phonon coupling 
constant A. The data are plotted for SWNTs of around 1.0 nm indiameter (within the range 
from 0.9-1.2 nm). Both the homogeneous linewidth and the exciton-phonon coupling 
constant are almost constant, and neither show the clear chiral angle  dependence. 
However, there is the scattering of the data due to the diameter dependence, as discussed 
below. 
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Fig. 9. Diameter dependence of linewidth broadening factor A and theoretically calculated 
result (Reprinted with permission from [Yoshikawa et al, 2008]. Copyright, American 
Institute of Physics). 

We will discuss the mechanism of the exciton dephasing from the diameter and chirality 
dependence of the exciton-phonon coupling (homogeneous linewidth) in detail. Here we 
refer the discussion on the electron-phonon interaction, because there have been no detailed 
quantitative theoretical studies of exciton-phonon interactions. As described in Jiang et al., 
2007, the diameter and chirality dependence of the exciton-phonon interactions show a 
similar tendency to the electron-phonon interactions (Jiang et al., 2005, & Jiang et al., 2007). 
The exciton (electron)-phonon coupling constant using the reduced exciton (electron)-
phonon matrix element may be written as follows (Suzuura et al., 2002, Jiang et al., 2005, 
Jiang et al., 2007, & Popov et al., 2006), 

 
20 1/2 ,       j

j

M
A g E

d
   (3) 

where M0 is the exciton effective mass, E is the exciton energy, and gj is the reduced matrix-
element of the exciton-phonon interaction. As both M0 and E are inversely proportional to 
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the diameter d, the exciton-phonon coupling in Eq. (2) has 1/d dependence. The diameter 
dependence (A1/d) arises from the specific characteristics of the exciton-phonon 
interaction in 1D carbon nanotubes. 
The linear temperature dependence of the linewidth noted above suggests that the phonon 
modes that contribute to linewidth broadening are low-energy acoustic modes, such as TW 
(twisting) and LA (longitudinal acoustic). The chirality dependences of the predicted 
reduced exciton (electron)-phonon matrix elements for TW and LA phonon modes are 
described by gTW=cos3 and gLA=0.66sin3, respectively (Suzuura et al., 2002). Using the 
reduced matrix-elements, we calculated the diameter dependence of the exciton-phonon 
coupling constant from Eq. (2). The results are indicated by the red solid line in Figs. 8 and 9. 
The calculated diameter dependence of the homogeneous linewidth from Eqs. (2) and (3) is 
also shown in Figs. 8 and 9. We assumed that the residual linewidths are constant (2.0 meV) 
in the theoretically calculated curve, because they are almost constant independent of the 
diameter, and the variation of the values is small (within 1 meV) for each single nanotube. 
The theoretical calculated line in Fig. 9 agrees closely with the experimental results. 
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Fig. 10. Chiral angle dependence of linewidth broadening factor A and FWHM at room 
temperature. (solid line) (Reprinted with permission from [Yoshikawa et al, 2008]. 
Copyright, American Institute of Physics). 

Figure 10 also shows the calculated chirality dependence of the exciton-phonon coupling 
constant (homogeneous linewidth) for SWNTs of around 1 nm in diameter, indicated by the 
solid line. The contributions of the two phonon modes LA and TW are indicated as dashed 
and dotted lines, respectively. The calculated result indicated by the solid line is in 
agreement with the experimental results of the chirality dependence of the exciton-phonon 
coupling constant (homogeneous linewidth). In the small (large) chiral angle nanotubes, the 
TW (LA) mainly contributes to the exciton-phonon coupling constant (homogeneous 
linewidth). These observations indicate that both the LA and TA modes contribute to the 
exciton dephasing for carbon nanotubes.  

3.3 Dephasing exciton state via exciton-exciton interaction  
We studied temperature dependence of the PL spectra of an isolated SWNT excited with a 
He-Ne laser. The spectra were measured under lower excitation conditions (less than  100 
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μW). The PL spectra clearly narrow when the temperature decreases (Lefebvre et al., 2004). 
The exciton energy changes from 5 to 90 K (1 meV) is much smaller than that in other 
compound semiconductor quantum wire (12 meV from 5 to 90 K in GaAs wires) in the weak 
exciton-phonon coupling regime. This weak temperature dependence is consistent with the 
experimental fact of narrow PL spectra with Lorentizian lineshape in Fig. 5. Both the 
dephasing time and the energy relaxation time of the excitons contribute to homogeneous 
linewidth broadening. The measured PL lifetimes of excitons are considerably longer (≥20 
ps) from 10 to 300 K (Perebeinos et al., 2005, & Hirori et al., 2006) and this contribution to the 
linewidth is negligibly small (≤ 0.01 meV) under lower excitation conditions. Thus, the 
temperature-dependent linewidths are determined approximately by the dephasing time of 
the exciton due to the exciton-phonon interactions. Based on the homogeneous linewidth, 
the exciton-dephasing time is evaluated from 350 fs at 90 K to more than 940 fs at 5 K.  
Figure 11 shows PL spectra obtained from a typical single SWNT [assigned chiral index: (11, 
4)] at 30 K and at various excitation intensities of 1.72-eV and 150-fs laser pulses. Each 
spectrum has a single peak located at 0.941 eV. Even in the high-excitation region above 
about 15 pJ per pulse, the PL spectrum shows a single peak, without a change in the peak 
energy. Furthermore, additional spectral structures are not observed in any lower energy 
regions. Similarly, the PL bands due to biexcitons and inelastic exciton scattering are not 
observed in this spectral region.   
Spectrally integrated PL intensities are plotted as a function of excitation laser intensity in 
Fig. 12. In a low excitation region below 10 pJ, the PL intensity grows almost linearly with 
excitation intensity (as indicated by a dotted line). Conversely, in the higher excitation 
intensity region (> 20 pJ), saturation of the PL intensity is clearly apparent. We show 
normalized PL spectra for a single SWNT, excited with different intensities, on an expanded 
energy scale in Fig. 13. The spectral linewidth broadens with increasing excitation intensity. 
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Fig. 11. Excitation power dependence of PL spectra of single SWNT at 30 K (Reprinted with 
permission from [Matsuda et al, 2008]. Copyright, American Physical Society). 

The homogeneous linewidth is plotted in Fig. 14 as a function of excitation intensity, with 
the FWHM of the linewidth broadening nonlinearly. This broadening cannot be explained 
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by laser heating effects because the nonlinear broadening behavior contradicts the linear 
temperature dependence of the linewidth broadening [see Fig. 7]. This excitation intensity- 
dependent linewidth broadening indicates that the exciton dynamics are strongly affected 
by the multiple excitons present in a SWNT.  
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Fig. 12. Integrated PL intensity as a function of excitation intensity. Dotted line corresponds 
to linear dependence (Reprinted with permission from [Matsuda et al, 2008]. Copyright, 
American Physical Society). 
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Fig. 13. Normalized PL spectra of a single SWNT on an expanded energy scale excited with 
different intensities (Reprinted with permission from [Matsuda et al, 2008]. Copyright, 
American Physical Society). 

Under higher excitation conditions, when additional homogeneous linewidth broadening 
and saturation of the PL intensity occur, more than one exciton is created in a SWNT, 
leading to a remarkable scattering process between excitons. Exciton-exciton annihilation 
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occurs due to the rapid Auger nonradiative recombination process through strong Coulomb 
interactions (Wang et al., 2004, Ma et al., 2005, Haung et al., 2006, & Wang et al., 2006).  
The PL intensity saturation at higher excitation regions, as shown in Fig. 12, can be 
explained by the opening of the nonradiative relaxation path due to the exciton-exciton 
annihilation.  
The homogeneous linewidth Γ in Fig. 14 is determined by both the excitation power 
independent exciton-phonon interaction term Γex-ph and the excitation power dependent 
Auger term Γex-ex, 

 .      ex ph ex ex       (6) 

The homogeneous linewidth broadening at higher excitation regions can be explained by 
the shortening of exciton lifetime due to the Auger process.  
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Fig. 14. Homogeneous linewidths as a function of excitation intensity (Reprinted with 
permission from [Matsuda et al, 2008]. Copyright, American Physical Society). 

From the experimental results, the derived exciton-exciton annihilation constant of 1.6 
ps/m is almost consistent with the theoretically calculated value based on perturbation 
theory (Wang 2006). From this result, it was found that the multiparticle Auger process 
occurs very efficiently with an Auger recombination time estimated at 800 fs for 1 m-long 
SWNT when two excitons are present in a SWNT. This very short, in comparison to bulk 
semiconductors, time constant is characteristics of low-dimensional systems, and is 
comparable to the exciton-dephasing time at low temperature. These results indicate that 
the exciton dephasing is limited under high excitation conditions, not by the exciton-phonon 
interactions, but by the exciton-exciton interactions.  

4. Conclusion  

In this chapter, we studied the temperature and chirality dependence of the PL linewidth of 
single carbon nanotubes using single SWNT spectroscopy to clarify the mechanism of 
exciton dephasing. The PL linewidth of a single carbon nanotube broadened linearly with 
increasing temperature, indicating that the linewidth and exciton dephasing are determined 
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through exciton-phonon interactions. From the chirality dependence of the PL linewidth, we 
concluded that exciton dephasing is caused by both the longitudinal acoustic and twisting 
phonon modes. Saturation of the PL intensity and broadening of the PL linewidth in a single 
SWNT occur simultaneously with an increase in excitation laser intensity. Our findings 
show that the rapid exciton-exciton annihilation through multiparticle Auger recombination 
broadens the homogenous linewidth.  
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1. Introduction

In this paper we offer a series of new results devoted to the numerical analysis of a
double-walled carbon nanotube model. This model is given in the form of two coupled
Timoshenko beams connected through the distributed Van der Waals force (Gibson et al.,
2007; Ru, 2000). Typically, nanotubes can be modeled as quantum systems and studied by
a molecular simulations approach, or as classical systems (such as flexible beams, shells
membranes (Mahan, 2002; Pantano et al., 2003; 2004; Wang et al., 2004; 2005)), or as specific
hybrid models (Wang, 2005). The choice of model in any situation involves a tradeoff in that,
while molecular models may yield more accurate results, implementing them is extremely
time and labor intensive, which is not the case for models from continuum mechanics.
The scientific and engineering communities have acknowledged the very desirable properties
of carbon nanotubes (CNTs) and their potential use in wide-ranging applications. The author
of (Jamieson, 2000) argues that nanotechnology, mainly due to CNTs, may impact technology
more than did the silicon revolution. Depending on the atomic structure, CNTs have electrical
properties that can range from those of metals to those of semiconductors. The mechanical
properties of CNTs are also unique. They possess exceptionally high specific stiffness and
specific strength; they are extremely elastic, being able to bend through a complete 360◦
without noticeable damage. The application potential for materials with these properties is
almost limitless.
Developing mathematical models for CNTs is of critical importance. Such models must be
verified and quantified by performing and analyzing experiments. As we have mentioned,
two groups of models exist: molecular simulation models and continuum mechanics models.
Continuum models are generally based on traditional engineering models such as beams,
shells, or membranes. The nanotubes are treated as continuous materials with definite
geometries and common material properties such as Young’s modulus. In contrast, molecular
models consider each atom, and mathematically define the interactions among the atoms.
Based on their work on atomic simulations of CNTs, the authors of (Jakobson et al., 1996)
provide a justification for incorporating continuum mechanics models into CNTs study,
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stating that “The laws of continuum mechanics are amazingly robust and allow one to treat
even intrinsically discrete objects only a few atoms in diameter.”
The most commonly used models are the following: the Euler–Bernoulli beam model,
Timoshenko beam model, and flexible shell and membrane models. Typically, many models
for multi-walled nanotubes allow for independent wall movement, and the wall interaction is
a function of the local wall separation distance.
Vibration of a double-walled carbon nanotube (DWCNT) generated by a nonlinear interlayer
Van der Waals force is studied in (Xu et al., 2006). The results indicate that the nonlinear
factors of the Van der Waals force, on the one hand, have little effect on the coaxial free
vibrations. On the other hand, these nonlinear factors greatly affect noncoaxial free vibrations.
As is indicated in (Qian et al., 2002), although carbon nanotubes can have diameters only
several times larger than the length between carbon atoms, continuum models have been
found to describe their mechanical behavior very accurately, in many circumstances.
Our analysis of an initial boundary-value problem models small transversal vibrations of a
double-walled carbon nanotube. The system of equations is similar to the ones mentioned in
a number of papers (see references (Gibson et al., 2007; Jakobson et al., 1996; Pantano et al.,
2003; Qian et al., 2002; Ru, 2001; Wang et al., 2006; Xu et al., 2006; Yoon et al., 2003)). The
physical system consists of two nested nanotubes interacting through the distributed Van der
Waals force; each nanotube is modeled as a Timoshenko beam with specific parameters. As
pointed out in (Wang et al., 2006), “Unlike the Euler–Bernoulli beam model, the Timoshenko
beam model allows for the effects of transverse shear deformation and rotary inertia. These
effects become significant for carbon nanotubes with small length-to-diameter ratios that are
normally encountered in applications.”
The model is given in the form of two coupled Timoshenko beams (i.e., in the form of
four coupled hyperbolic partial differential equations). The system is equipped with a set
of nonself-adjoint boundary conditions involving four independent complex parameters.
Indeed, all other articles treating the Timoshenko model consider only the traditional
energy-conserving boundary conditions, thus our treatment is a generalization of their work
(as these latter conditions are just limiting special cases of the nonself-adjoint conditions
treated herein). An asymptotic analysis of the eigenspectrum for this problem was performed
in (Shubov & Rojas-Arenaza, 2010a;b;c), under certain simplifying assumptions. We must
mention that the assumptions are somewhat restrictive—indeed, they cannot be satisfied by
a physical double-walled carbon nanotube system. However, even for this simplified case,
the necessary computations were extremely complex and cumbersome, and it is unclear if the
more general problem even is tractable.
Regardless, this special case is a valid and interesting mathematical problem whose behavior
should be quite similar to the more general physical problem. Thus, we feel that a study of the
vibration spectrum for this case certainly will shed light on the spectrum of the more general
problem, particularly by our choosing values for the physical parameters that are similar to
those for physical carbon nanotubes.
The paper is organized as follows. In Section 2, we introduce the general mathematical
model, perform separation of variables and rewrite the special case of the model treated
in (Shubov & Rojas-Arenaza, 2010a) in dimensionless form. In Section 3, we present the
asymptotic results derived in (Shubov & Rojas-Arenaza, 2010a). The Legendre-tau spectral
method is described in Section 4, and in Section 5 we present our numerical results and
comparison with the asymptotic results predicted by (Shubov & Rojas-Arenaza, 2010a).
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2. The mathematical model

We consider the system consisting of two Timoshenko beams coupled through the van der
Waals force, as given in (Shubov & Rojas-Arenaza, 2010a;b;c):

σA1W1tt(x, t) + k1GA1[Φ1x(x, t)−W1xx(x, t)] = −C[W2(x, t)−W1(x, t)] (1)

σI1Φ1tt(x, t)− EI1Φ1xx(x, t) + k1GA1[Φ1(x, t)−W1x(x, t)] = 0 (2)

σA2W2tt(x, t) + k2GA2[Φ2x(x, t)−W2xx(x, t)] = C[W2(x, t)−W1(x, t)] (3)

σI2Φ2tt(x, t)− EI2Φ2xx(x, t) + k2GA2[Φ2(x, t)−W2x(x, t)] = 0. (4)

For boundary conditions, the left end of each beam is free, while the right end of each is subject
to the standard set of two-parameter boundary conditions:

W1x(0, t)−Φ1(0, t) = Φ1x(0, t) = 0 (5,6)

W2x(0, t)−Φ2(0, t) = Φ2x(0, t) = 0 (7,8)

k1GA1[Φ1(L, t)−W1x(L, t)] = σI1α1W1t(L, t) (9)

EΦ1x(L, t) = −σβ1Φ1t(L, t) (10)

k2GA2[Φ2(L, t)−W2x(L, t) = σI2α2W2t(L, t) (11)

EΦ2x(L, t) = −σβ2Φ2t(L, t). (12)

Here, 0 ≤ x ≤ L where L is the length of each beam, and t ≥ 0. Wi(x, t) is the transverse
displacement of beam i, Φi(x, t) is the bending angle of beam i, i = 1, 2. The physical and
geometrical constants are as follows: σ is the mass per unit volume; E, Young’s modulus; G,
the shear modulus; Ai, the uniform cross-sectional area of beam i; Ii the uniform area moment
of inertia of beam i; and ki; the shear connection factor for beam i. We note that E = 2(1+ ν)G,
where ν is the Poisson’s ratio.
Further, we note the following:

αi = βi = 0 ⇒ right end of beam i is free (13)

αi = βi = ∞ ⇒ right end of beam i is clamped (14)

αi = ∞, βi = 0 ⇒ right end of beam i is simply-supported (15)

αi = 0, βi = ∞ ⇒ right end of beam i is roller-supported. (16)

We separate variables by letting

Wj(x, t) = e−iωtwj(x),

Φj(x, t) = e−iωtφj(x),
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j = 1, 2, and, following the notation in (Shubov & Rojas-Arenaza, 2010a), the system (1)–(12)
becomes

ω2w1(x) = k̂1[φ
′
1(x)− w′′1 (x)] + C1[w2(x)− w1(x)] (17)

ω2φ1(x) = −E
σ

φ′′1 (x) + k̃1[φ1(x)− w′1(x)] (18)

ω2w2(x) = k̂2[φ
′
2(x)− w′′2 (x)]− C2[w2(x)− w1(x)] (19)

ω2φ2(x) = −E
σ

φ′′2 (x) + k̃2[φ2(x)− w′2(x)] (20)

w′1(0)− φ1(0) = 0 (21)

φ′1(0) = 0 (22)

w′2(0)− φ2(0) = 0 (23)

φ2(0) = 0 (24)

k̃1[φ1(L)− w′1(L)] = −iωα1w1(L) (25)
E
σ

φ′1(L) = iωβ1φ2(L) (26)

k̃2[φ2(L)− w′2(L)] = −iωα2w2(L) (27)
E
σ

φ′2(L) = iωβ2φ2(L). (28)

Here, we have

k̃i =
kiGAi

σIi
, k̂i =

kiG
σ

, Ci =
C

σAi
, i = 1, 2.

Again, following (Shubov & Rojas-Arenaza, 2010a), we consider the special case

k̃1 = k̃2 = k̃, k̂1 = k̂2 = k̂. (29)

We must note that these conditions cannot hold for a physical double-walled carbon nanotube
(e.g., the shape factors must be different, k1 �= k2). However, without these assumptions, the
asymptotic treatment of the problem becomes extremely difficult, and possibly intractable.
Thus, at this point in time, this particular special case is the only one for which there are
analytical results with which to compare. We now cast the problem in dimensionless form.
Following (Traill-Nash & Collar, 1953) and, more appropriately, (Coleman & Schaffer, 2010),
we introduce dimensionless quantities as follows:

x̂ =
x
L

, ŵi(x̂) =
1
L

wi(x), φ̂i(x̂) = φi(x), i = 1, 2,

λ =

√
σk̃

Ek̂
L2ω, γ1 =

k̂
k̃L2

, γ2 =
E

σk̃L2
, (30)

α′i =
1

σAk̃L

√
Ek̂
σk̃

αi, β′i =
1

σAk̃L3

√
Ek̂
σk̃

βi, i = 1, 2,

C′i =
L2

k̂
Ci =

L2

kiGAi
C, i = 1, 2.
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We abuse notation, and use x, wi, φi instead of x̂, ŵi and φ̂i, and the resulting dimensionless
system is

− γ2λ2w1(x) = −φ′1(x) + w′′1 (x)− C′1[w2(x)− w1(x)] (31)

− γ1γ2λ2φ1(x) = γ2φ′′1 (x)− φ1(x) + w′1(x) (32)

− γ2λ2w2(x) = −φ′1(x) + w′′2 (x) + C′2[w2(x)− w1(x)] (33)

− γ1γ2λ2φ2(x) = γ2φ′′2 (x)− φ2(x) + w′2(x), 0 < x < 1, (34)

w′1(0)− φ1(0) = 0 (35)

φ′1(0) = 0 (36)

w′2(0)− φ2(0) = 0 (37)

φ′2(0) = 0 (38)

φ1(1)−w′1(1) + iα′1λw1(1) = 0 (39)

γ2φ′1(1)− iβ′1λφ(1) = 0 (40)

φ2(1)−w′2(1) + iα′2λw2(1) = 0 (41)

γ2φ′2(1) + iβ′2λφ(1) = 0. (42)

3. Asymptotic estimation of vibration spectrum

The first-order asymptotic estimation of the vibration frequencies for problem (31)–(42) is
given in Theorem 2.5, of (Shubov & Rojas-Arenaza, 2010a); we present the results here, but
in dimensionless form.

Theorem (Shubov, Rojas-Arenaza). Assume that the boundary parameters α′i and β′i , i ≥ 1, 2,
satisfy the following conditions

α′1 �= α′2, β′1 �= β′2, α′i �=
√

γ2, β′i �=
√

γ1 γ2, and∣∣∣∣α′i −
√

γ2

α′i +
√

γ2

∣∣∣∣ �=
∣∣∣∣ β′i −

√
γ1 γ2

β′i +
√

γ1 γ2

∣∣∣∣ .

Then, the set of frequencies−iλ of system (31)–(42) splits into the following four separate branches:

− iλ(1)
n =

1
2
√

γ2

[
log

1− α′′1
1 + α′′1

+ 2nπi
]
+ O

(
1
n

)
, (43)

− iλ(2)
n =

1
2
√

γ1

[
log

1− β′′1
1 + β′′1

+ 2nπi
]
+ O

(
1
n

)
, (44)

− iλ(3)
n =

1
2
√

γ2

[
log

1− α′′2
1 + α′′2

+ 2nπi
]
+ O

(
1
n

)
, (45)

− iλ(4)
n =

1
2
√

γ1

[
log

1− β′′2
1 + β′′2

+ 2nπi
]
+ O

(
1
n

)
, n = ±1, 2, 3, . . . (46)

where

α′′i =
1√
γ2

α′i , β′′i =
1√

γ1 γ2
β′i, i = 1, 2. �
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We note that log represents the complex logarithm, log z = ln |z|+ i arg z. We note also the
important fact that the Van der Waals force between the two tubes does not appear in the
first-order approximation.

4. The legendre-tau spectral method

We compare the asymptotic results of the Theorem with a numerical approximation of
the spectrum using the Legendre-tau spectral method (Gottlieb et al., 1984). This entails
transforming problem (1)–(12) to one on the interval −1 ≤ x ≤ 1 by letting x → 2

L x − 1.
Assuming there will be no confusion, we keep the original variables x, wi, φi, i = 1, 2, and the
resulting system is

ω2w1(x) =
2k̂
L

φ′1(x)−
4k̂
L2 w′′1 (x) + C1[w2(x)− w1(x)] (47)

ω2φ1(x) = − 4E
σL2 φ′′1 (x) + k̃φ1(x)− 2k̃

L
w′1(x) (48)

ω2w2(x) =
2k̂
L

φ′2(x)−
4k̂
L2 w′′2 (x)− C2[w2(x)− w1(x)] (49)

ω2φ2(x) = − 4E
σL2 φ′′2 (x) + k̂φ2(x)− 2k̂

L
w′2(x), −1 ≤ x ≤ 1, (50)

2
L

w′1(−1)− φ1(−1) = 0 (51)

φ′1(−1) = 0 (52)
2
L

w′2(1)− φ2(−1) = 0 (53)

φ′2(−1) = 0 (54)

k̃φ1(1)− 2k̂
L

w′1(1) = −iωα1w1(1) (55)

∂E
σL

φ′1(1) = iωβ1φ1(1) (56)

k̃φ2(1)− 2k̃
L

w′2(1) = −iωα2w2(1) (57)

∂E
σL

φ′2(1) = iωβ2φ2(1). (58)

We let

w1(x) =
N

∑
n=0

anPn(x), φ1(x) =
N

∑
n=0

bnPn(x),

w2(x) =
N

∑
n=0

cnPn(x), φ2(x) =
N

∑
n=0

dnPn(x),

where Pn is the Legendre polynomial of degree n.
We then compare coefficients of xn , for n = 0, 1, . . . , N − 2, in each of the equations resulting
from (47)–(50) and, including the 8 equations resulting from boundary conditions (51)–(58),
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the result is a system of 4N + 4 equations in the 4N + 4 unknowns an, bn, cn , dn, n = 0, 1, . . . , N,
and the parameter ω. We may rewrite the system in the form

(ω2A + ωB + C)(a0, . . . , aN , b0, . . . , bN , c0, . . . , cN , d0, . . . , dN)T = 0, (59)

where A, B and C are (4N + 4)× (4N + 4) matrices. Then, the vibration spectrum consists of
those numbers −iω, where ω is a latent value of (59), i.e., where ω satisfies

det(ω2A + ωB + C) = 0. (60)

It is easy to show that ω satisfies (60) if and only if ω is an eigenvalue of the (8N + 8)× (8N +
8) matrix [−A−1B −A−1C

I 0

]
,

where I is the (4N + 4)× (4N + 4) identity matrix and 0 the (4N + 4)× (4N + 4) 0-matrix.
In practice, A is often singular—indeed, that is the case here. We remedy the situation by
letting

ω =
ζ − 1
ζ + 1

,

yielding the equation
det(ζ2X + ζY + Z),

where X, Y, Z, of course, are (4N + 4) × (4N + 4) matrices X is nonsingular, so we may
proceed by finding the eigenvalues of

[−X−1Y −X−1Z
I 0

]

and transforming back.

5. Comparison of numerical and asymptotic results

Assumptions (29) imply that k1 = k2 and A1/I1 = A2/I2. While, as mentioned above, this
means that we are not looking at a double-walled tube, these assumptions have the advantage
of allowing us better to see the effect that the damping parameters and Van der Waals force
have on the imaginary parts—i.e., the actual “frequency” parts—of the eigenfrequencies, as
we shall see below.
Form our physical and geometrical parameters, we choose the carbon nanotube data given in
(Wang et al., 2006). Thus, we have E =1 TPa, G =.4 TPa, A =2.3090706 nm2, I =.459649366
nm4 and ρ =2.3 g/cm3, and with a Van der Waals constant of C =.06943 TPa. Further, from
our previous work, we have seen that, as the value of the slenderness ratio L/d increases,
one must go further out along the spectrum in order to find agreement with the asymptotic
results. Thus we choose L =2.5 nm, resulting in L/d =2.85714286.
The dimensionless parameters then become

γ1 = .03185

γ2 = .0652925

C′ = .5729492131.
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For the damping constants, there is nothing in the literature to guide our choices. However,
we can see that, if each α′′i < 1 and each β′′i < 1 in (43)–(46), the asymptotic behavior of
the imaginary parts of the eigenfrequencies will behave as though both right ends are free;
similarly, if the arguments in the logs all are negative, the behavior will be as if both right ends
are clamped. (Of course, there are many more possibilities; however, “clamped” and “free” are
the most common types, so, due to space limitations, we restrict ourselves to these two cases.
Also, we mention that the critical cases α′′ = 1 and β′′ = 1 are studied in (Coleman & Schaffer,
preprint), for the single Timoshenko beam.) Further, our choices are guided by the wish to see
clearly the separation of the spectrum into branches.
To study the case where the right ends are free-like, we choose our dimensionless damping
parameters to be

α′1 = .2, β′1 = .01, α′2 = .1, β′2 = .001. (61)

For clamped-like, we choose:

α′1 = .3, β′1 = .013, α′2 = 2, β′2 = .02. (62)

For all of our numerical examples, we have performed computations at N = 180, 200 and
220 Legendre polynomials, and we see that all results have converged to at least 10 decimal
places.
1) For our first example, we consider the case with damping parameters given by (61) and
with no Van der Waals force. This will give us a baseline for later examples, and will allow
us to see how the spectrum separates into four branches. The results can be seen in Tables 1A
and 1B, where we actually separate the frequencies into their four branches. First, however,
we must note that the branching is an asymptotic phenomenon, thus one needs to go out
along the spectrum before it can be seen. As mentioned earlier, for larger values of L/d, one
must go very far out before one sees the branching starting to occur. Here, we begin to see
the branching and agreement with the asymptotic results pretty clearly after about the 4th or
5th eigenfrequency of each branch. For the first few, however, it may not even make sense to
assign them to a branch; thus, while we do so by making our best guess, we mark them with
∗ to denote the fact that this assignment is problematic.
Table 1A, then, lists the first 40 eigenfrequencies, and the 50th, 60th, 70th, 80th, 90th and 100th
eigenfrequencies, of each α-branch. The final column lists the asymptotic approximations for
the imaginary parts, and the line at the bottom gives the asymptotic approximations for the
real parts. Table 1B does the same, but for the β-branches.
As mentioned, in both tables the frequencies seem clearly to have split into branches, based
on the real parts, well before the 10th frequency. By the 100th frequency in each branch, we
have at least a three-decimal place match between the numerical and asymptotic real parts,
and a four-decimal place match between the numerical and asymptotic imaginary parts.
One item of note: we see that the first frequency of the α-branch predicted by the asymptotic
results does not appear. As we shall see, it appears that this frequency may have been
“damped out” by the boundary damping.
2) For Example 2, we use the damping parameters given in (62), and Tables 2A and 2B
are analogous to Tables 1A and 1B, respectively. Here, it is not clear how to deal with
the first few entries in each table. However, they separate into branches very quickly. In
Table 2A we see that, by the 100th frequency, we have at least a three-decimal place match
between the numerical and asymptotic real parts, and a three-decimal- place match between
the numerical and asymptotic imaginary parts. In Table 2B, by the 100th frequency we see a
four-decimal place match between the numerical and asymptotic frequencies. Meanwhile, for
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the β2 branch, the numerical and asymptotic real parts match to three decimal places. For the
β1 branch, the match is not as good (two decimal places), though they still clearly seem to be
converging.
For the remaining examples we introduce the Van der Waals force. Specifically, we wish to
see what happens to the spectrum as the Van der Waals constant increases from 0 to about
twice the value of the physically realistic value of C′ = .5729492131. Thus, we consider what
happens for the values

C′ = 0, .25, .5, .75 and 1.

3) For Examples 3 and 4, we look at two cases without boundary damping. Example 3
considers the case where the right ends are free, that is, for which

α′1 = β′1 = α′2 = β′2 = 0;

while Example 4 considers the right ends to be clamped, i.e.,

α′1 = β′1 = α′2 = β′2 = ∞.

We note that, in Examples 3 and 4, all numerical real parts are of absolute value < 1.0E− 10.
The results for Example 3 can be found in Tables 3A and 3B. In Table 3A, we list the imaginary
parts of the first 40 frequencies. The first column represents the double α- and β-branches,
identical for C′ = 0. Introducing C′ > 0 leads to the splitting of these pairs. What is striking is
that, for each pair of frequencies, one decreases as the value of C′ increases, while the other is
unaffected. (Indeed, it turns out that each of the even-numbered frequencies is unchanged to
13 decimal places!) Secondly, as we go out along the spectrum, the first member of each pair
is less affected by the Van der Waals force, so that, when we get to the 39th–40th pair, they
agree to three decimal places. (We look more closely at this phenomenon in Table 3B.)
Further, in comparing these results with those of Example 1, we see that the first predicted
frequencies, missing in Table 1A, do appear here. Thus, as mentioned, it appears that the first
pair was damped out via the boundary damping in Example 1, and that only one of these
seems to be damped out by the inclusion of the Van der Waals force. Further, by comparing
the first column of Table 3A with the results of Example 1, it is clear that the damping also
affects the imaginary or “frequency” parts of the eigenfrequencies.
In Table 3B, we list the 49th–50th, 99th–100th, 149th–150th, 199th–200th, 249th–250th,
299th–300th, 349th–350th and 399th–400th eigenfrequencies, both numerical and asymptotic,
for the case C′ = 1 (i.e., corresponding to the last column in Table 3A). We see still closer
agreement between the entries in each pair, and very close agreement with the asymptotics,
as well. (Note that we list the branch for each eigenfrequency.) (Of course, the numbering
here is very different from the numbering in Examples 1 and 2; e.g., the 40th entry in Table 3A
corresponds to the 12th entry in Table 1A.)
4) The results of Example 4 are given in Tables 4A and 4B, in the same format as Tables 3A
and 3B, respectively. In Table 4A, we see that the matching between the members of each pair
is quite similar to that occurring in Table 3A. And again here, we see in Table 4B still closer
agreement in each pair, and with the asymptotic results.
5) Example 5 is combination of Examples 1 and 3, and Example 6 is a combination of
Examples 2 and 4. Example 5 looks at the damped system with the free-like parameters in (61),
for the Van der Waals constant with values C′ = 0, .5 and 1. The results are given in Tables 5A
and 5B. In Table 5A, we proceed as in Table 3A, by listing the first 40 eigenfrequencies,
although here we consider only the three values of C′. We see here that, for each pair, both
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imaginary parts are affected by the Van der Waals force. However, we still see the closer
matching of each pair as we go out along the spectrum. Meanwhile the real parts (damping
rates) also are affected by the Van der Waals force, although there does not seem to be a
noticeable pattern in that, in some cases it increases, while for others it decreases; in particular,
there seems to be no branch-related pattern. Table 5B, then, is analogous to Table 3B, again
using only the Van der Waals constant C′ = 1. For the imaginary parts, the results are quite
similar to those given in Table 3B. Meanwhile, the effect of the van der Waals on the real parts
is diminished, as well, with the exception of the β2-branch. However, this must be due to
the fact that the β2 damping rates are an order of magnitude smaller than the other damping
rates.
6) In Table 6A, we proceed as in Table 4A, by listing the first 40 eigenfrequencies, but again
only considering the three values of C′. We see again that, for each pair, both imaginary parts
are affected by the Van der Waals force. Again we see the closer matching of each pair as we
go out along the spectrum. Indeed, the last few pairs match more closely than the undamped
pairs in Table 4A. The real parts behave quite the same as in Table 5A. Table 6B, then, is
analogous to Table 4B, once more using only the Van der Waals constant C′ = 1. Again, the
imaginary parts behave quite similarly to those in Table 4B, and the real parts behave quite
similarly to those in Table 5B.
In closing, we should mention that, although the results in (Shubov & Rojas-Arenaza,
2010b) show that the system is nonconservative, we have been unable to find any unstable
eigenfrequencies in our numerical investigations.

Numerical Asymptotic (Im)
α1 Branch α2 Branch

Re Im Re Im
1. — — — — 6.14735
2.∗ −2.746 9.44918 −.6783 9.93037 18.4421
3.∗ −3.529 21.4099 −.9628 21.7742 30.7368
4.∗ −3.658 39.8147 −1.490 38.6929 43.0315
5. −3.823 53.2242 −.9151 51.9313 55.3262
6. −4.613 64.3926 −.7899 65.1048 67.6209
7. −4.754 77.6284 −.8924 78.0511 79.9156
8. −4.696 90.6127 −1.224 90.7904 92.2103
9. −4.357 103.890 −1.951 102.998 104.505
10. −4.743 114.106 −1.357 114.409 116.800
11. −4.902 127.122 −.7845 127.016 129.094
12. −4.907 139.799 −.5884 139.671 141.389
13. −4.690 152.112 −.5443 152.252 153.684
14. −4.920 164.680 −.5754 164.776 165.979
15. −4.899 177.203 −.6898 177.241 178.273
16. −4.712 189.886 −.8915 189.528 190.568
17. −4.831 201.386 −.8153 201.610 202.863
18. −4.929 214.000 −.6139 213.968 215.157
19. −4.932 226.449 −.5353 226.399 227.452
20. −4.867 238.754 −.5199 238.814 239.747
21. −4.934 251.173 −.5397 251.213 252.042
22. −4.919 263.582 −.6054 263.584 264.336
23. −4.715 276.142 −.7003 275.851 276.631
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24. −4.903 287.988 −.6383 288.060 288.926
25. −4.937 300.421 −.5490 300.399 301.220
26. −4.933 312.795 −.5165 312.766 313.515
27. −4.926 325.094 −.5131 325.126 325.810
28. −4.937 337.458 −.5304 337.478 338.104
29. −4.923 349.829 −.5784 349.809 350.399
30. −4.439 361.815 −.6217 362.065 362.694
31. −4.929 374.314 −.5671 374.329 374.989
32. −4.939 386.676 −.5232 386.661 387.283
33. −4.929 399.021 −.5095 399.000 399.578
34. −4.937 411.318 −.5110 411.335 411.873
35. −4.937 423.655 −.5277 423.665 424.167
36. −4.916 436.013 −.5653 435.973 436.462
37. −4.870 448.131 −.5756 448.231 448.757
38. −4.937 460.525 −.5344 460.523 461.052
39. −4.940 472.857 −.5122 472.846 473.347
40. −4.914 485.173 −.5068 485.171 485.641
50. −4.791 608.231 −.5448 608.213 608.588
60. −4.929 731.223 −.5045 731.223 731.535
70. −4.869 854.207 −.5240 854.214 854.482
80. −4.935 977.194 −.5038 977.195 977.429
90. −4.940 1100.15 −.5155 1100.17 1100.38
100. −4.938 1223.14 −.5034 1223.14 1223.32
Asym. Re: −4.941 −.5027

Table 1A. Numerical eigenfrequencies 1–40, 50, 60, 70, 80, 90 and 100 for the α1 and α2
branches from Example 1. The asymptotic imaginary parts are given in the last column,
while the asymptotic real parts appear at the bottom.

Numerical Asymptotic (Im)
β1 Branch β2 Branch

Re Im Re Im
1.∗ −2.335 27.3749 −1.321 26.9029 8.80167
2.∗ −3.537 35.5415 −3.172 36.5570 26.4050
3.∗ −5.139 51.3999 −4.007 50.2773 44.0084
4.∗ −6.082 67.0480 −3.538 67.8770 61.6117
5. −6.339 83.3545 −3.632 83.7187 79.2150
6. −5.939 100.464 −4.061 99.7040 96.8184
7. −6.716 118.544 −3.738 118.957 114.422
8. −7.386 135.540 −3.642 135.511 132.025
9. −7.623 152.566 −3.874 152.736 149.628
10. −7.641 169.729 −3.682 169.794 167.232
11. −7.510 187.131 −3.879 186.797 184.835
12. −7.625 204.784 −3.775 205.036 202.438
13. −7.843 222.194 −3.695 222.184 220.042
14. −7.919 239.557 −3.762 239.624 237.645
15. −7.900 256.965 −3.713 256.973 255.248
16. −7.830 274.497 −3.920 274.214 272.852
17. −7.903 292.103 −3.738 292.187 290.455
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18. −7.995 309.592 −3.715 309.577 308.059
19. −8.018 327.064 −3.725 327.096 325.662
20. −7.990 344.566 −3.728 344.549 343.265
21. −7.957 362.152 −4.213 362.406 360.869
22. −8.015 379.737 −3.726 379.758 378.472
23. −8.057 397.260 −3.730 397.244 396.075
24. −8.060 414.783 −3.723 414.796 413.679
25. −8.032 432.332 −3.743 432.293 431.282
26. −8.027 449.937 −3.790 450.040 448.885
27. −8.068 467.510 −3.726 467.512 466.489
28. −8.087 485.056 −3.749 485.055 484.092
29. −8.081 502.606 −3.727 502.609 501.695
30. −8.058 520.184 −3.772 520.119 519.299
31. −8.069 537.788 −3.740 537.822 536.902
32. −8.095 555.359 −3.728 555.355 554.505
33. −8.102 572.920 −3.732 572.931 572.109
34. −8.091 590.488 −3.731 590.482 589.712
35. −8.077 608.084 −3.875 608.067 607.315
36. −8.095 625.681 −3.732 625.690 624.919
37. −8.110 643.255 −3.732 643.248 642.522
38. −8.110 660.826 −3.730 660.831 660.125
39. −8.098 678.408 −3.738 678.391 677.729
40. −8.094 696.011 −3.760 696.054 695.332
50. −8.119 871.910 −3.733 871.914 871.365
60. −8.130 1047.85 −3.732 1047.85 1047.40
70. −8.134 1223.82 −3.735 1223.82 1223.43
80. −8.135 1399.80 −3.733 1399.80 1399.47
90. −8.138 1575.80 −3.734 1575.80 1575.50
100. −8.141 1751.80 −3.734 1751.80 1751.53
Asym. Re: −8.143 −3.734

Table 1B. Numerical eigenfrequencies 1–40, 50, 60, 70, 80, 90 and 100 for the β1 and β2
branches from Example 1. The asymptotic imaginary parts are given in the last column,
while the asymptotic real parts appear at the bottom.

Numerical Asymptotic (Im)
α1 Branch α2 Branch

Re Im Re Im
1.∗ 12.2947
2.∗ −2.961 9.93687 −1.610 12.4325 24.5894
3. −3.190 29.3701 −1.397 31.1896 36.8841
4. −4.064 46.0071 −1.634 45.0854 49.1788
5. −4.495 57.8442 −1.657 58.5989 61.4735
6. −4.053 71.8202 −1.621 71.7962 73.7682
7. −4.142 85.2854 −1.523 84.8430 86.0630
8. −4.567 98.6461 −1.323 98.0245 98.3577
9. −5.318 105.571 −1.169 106.236 110.652
10. −4.540 119.808 −1.533 120.191 122.947
11. −4.216 133.109 −1.633 133.237 135.242
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12. −4.218 146.000 −1.647 145.953 147.536
13. −4.179 158.522 −1.639 158.542 159.831
14. −4.174 171.218 −1.612 171.110 172.126
15. −4.406 183.978 −1.517 183.787 184.421
16. −5.446 194.130 −1.130 194.144 196.715
17. −4.348 207.405 −1.571 207.533 209.010
18. −4.164 220.088 −1.624 220.138 221.305
19. −4.165 232.619 −1.631 232.603 233.599
20. −4.143 245.025 −1.628 245.027 245.894
21. −4.161 257.514 −1.613 257.457 258.189
22. −4.348 270.059 −1.540 269.988 270.484
23. −4.753 281.519 −1.352 281.352 282.778
24. −4.211 294.071 −1.603 294.130 295.073
25. −4.138 306.548 −1.623 306.566 307.368
26. −4.151 318.951 −1.625 318.946 319.662
27. −4.130 331.320 −1.623 331.313 331.957
28. −4.159 343.734 −1.611 343.694 344.252
29. −4.363 356.177 −1.518 356.192 356.547
30. −4.346 367.985 −1.536 367.969 368.841
31. −4.155 380.426 −1.614 380.456 381.136
32. −4.129 392.820 −1.622 392.824 393.431
33. −4.138 405.165 −1.622 405.168 405.725
34. −4.128 417.522 −1.620 417.511 418.020
35. −4.164 429.902 −1.607 429.873 430.315
36. −4.414 442.219 −1.394 442.404 442.609
37. −4.204 454.269 −1.595 454.287 454.904
38. −4.133 466.654 −1.618 466.669 467.199
39. −4.127 479.008 −1.621 479.006 479.494
40. −4.127 491.332 −1.621 491.334 491.788
50. −4.211 614.282 −1.579 614.263 614.735
60. −4.122 737.376 −1.619 737.377 737.682
70. −4.162 860.323 −1.600 860.315 860.630
80. −4.120 983.347 −1.619 983.347 983.577
90. −4.138 1007.97 −1.612 1007.96 1106.52
100. −4.120 1130.91 −1.618 1130.91 1129.47
Asym. Re: −4.118 −1.618

Table 2A. Numerical eigenfrequencies 1–40, 50, 60, 70, 80, 90 and 100 for the α1 and α2
branches from Example 2. The asymptotic imaginary parts are given in the last column,
while the asymptotic real parts appear at the bottom.

Numerical Asymptotic (Im)
α1 Branch α2 Branch

Re Im Re Im
0.∗ −2.767 20.7386 −.3306 20.7810
1.∗ −3.365 32.4318 −.3818 31.1907 17.6033
2.∗ −4.405 43.3261 −.4055 44.5802 35.2067
3. −4.889 59.8085 −.4281 59.3359 52.8100
4. −5.844 74.6045 −.5117 74.9216 70.4134
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5. −5.926 90.1511 −.7273 90.8426 88.0167
6. −5.396 112.518 −.8981 112.008 105.620
7. −6.281 127.780 −.5491 127.584 123.223
8. −6.594 144.098 −.4656 144.153 140.827
9. −6.736 161.038 −.4744 161.084 158.430
10. −6.648 177.856 −.5675 178.041 176.033
11. −5.663 197.373 −.9579 197.391 193.637
12. −6.785 213.821 −.5208 213.750 211.240
13. −6.945 230.896 −.4746 230.912 228.843
14. −6.990 248.188 −.4806 248.215 246.447
15. −6.852 265.397 −.5525 265.465 264.050
16. −6.465 283.725 −.7417 283.906 281.653
17. −7.012 300.977 −.4935 300.948 299.257
18. −7.061 318.329 −.4777 318.336 316.860
19. −7.077 335.745 −.4853 335.769 334.464
20. −6.892 353.121 −.5783 353.106 352.067
21. −6.916 371.147 −.5602 371.174 369.670
22. −7.105 388.547 −.4836 388.536 387.274
23. −7.118 406.017 −.4793 406.019 404.877
24. −7.109 423.484 −.4901 423.506 422.480
25. −6.866 441.016 −.7033 440.833 440.084
26. −7.079 458.824 −.5031 458.814 457.687
27. −7.144 476.297 −.4809 476.297 475.290
28. −7.150 493.819 −.4809 493.822 492.894
29. −7.114 511.317 −.4975 511.331 510.497
30. −6.958 529.040 −.6926 529.212 528.100
31. −7.142 546.621 −.4875 546.611 545.704
32. −7.161 564.142 −.4806 564.143 563.307
33. −7.164 581.683 −.4828 581.690 580.910
34. −7.098 599.211 −.5157 599.200 598.514
35. −7.092 616.952 −.5196 616.974 616.117
36. −7.169 634.487 −.4829 634.483 633.720
37. −7.173 652.039 −.4810 652.039 651.324
38. −7.167 669.587 −.4853 669.595 668.927
39. −7.070 687.169 −.5948 687.091 686.530
40. −7.153 704.848 −.4913 704.845 704.134
50. −7.188 880.714 −.4823 880.711 880.167
60. −7.195 1056.65 −.4817 1056.65 1056.20
70. −7.199 1232.61 −.4820 1232.61 1232.23
80. −7.197 1408.59 −.4836 1408.59 1408.27
90. −7.206 1584.59 −.4821 1584.59 1584.30
100. −7.176 1760.61 −.4824 1760.61 1760.33
Asym. Re: −7.208 −.4821

Table 2B. Numerical eigenfrequencies 1–40, 50, 60, 70, 80, 90 and 100 for the β1 and β2
branches from Example 2. The asymptotic imaginary parts are given in the last column,
while the asymptotic real parts appear at the bottom.
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C′ = 0 C′ = .25 C′ = .5 C′ = .75 C′ = 1
1. 2.9458212164 1.2833048444 — — —
2. 2.9458212164 2.9458212164 2.9458212164 2.9458212164 2.9458212164
3. 10.678276269 10.429210089 10.173172662 9.9095407887 9.6376145423
4. 10.678276269 10.678276269 10.678276269 10.678276269 10.678276269
5. 22.186791607 22.071993648 21.956728997 21.840975799 21.724712242
6. 22.186791607 22.186791607 22.186791607 22.186791607 22.186791607
7. 26.977657335 26.925021146 26.872366881 26.819700315 26.767023640
8. 26.977657335 26.977657335 26.977657335 26.977657335 26.977657335
9. 36.385895938 36.330795486 36.275730248 36.220689467 36.165662881
10. 36.385895938 36.385895938 36.385895938 36.385895938 36.385895938
11. 39.346020018 39.290455669 39.234922527 39.179434389 39.123994694
12. 39.346020018 39.346020018 39.346020018 39.34602002 39.346020018
13. 50.846627673 50.805226033 50.763519267 50.721507452 50.679174702
14. 50.846627673 50.846627673 50.846627673 50.846627673 50.846627673
15. 52.832231307 52.792215617 52.752514490 52.713137027 52.674092535
16. 52.832231307 52.832231307 52.832231307 52.832231307 52.832231307
17. 64.810103855 64.762969581 64.715722238 64.668361902 64.620894071
18. 64.810103855 64.810103855 64.810103855 64.810103855 64.810103855
19. 67.511260081 67.495035827 67.478904495 67.462874126 67.446934409
20. 67.511260081 67.511260081 67.511260081 67.511260081 67.511260081
21. 77.945061900 77.902776945 77.860470284 77.818146754 77.775801859
22. 77.945061900 77.945061900 77.945061900 77.945061900 77.945061900
23. 83.358682455 83.347923221 83.337147524 83.326356066 83.315549557
24. 83.358682455 83.358682455 83.358682455 83.358682455 83.358682455
25. 90.953565995 90.918343817 90.883145591 90.847963440 90.812804258
26. 90.953565995 90.953565995 90.953565995 90.953565995 90.953565995
27. 99.219305787 99.204551012 99.189697002 99.174754327 99.159714381
28. 99.219305787 99.219305787 99.219305787 99.219305787 99.219305787
29. 104.36226852 104.33801023 104.31384569 104.28976275 104.26577156
30. 104.36226852 104.36226852 104.36226852 104.36226852 104.36226852
31. 113.79274626 113.76791681 113.74302537 113.71805740 113.69303441
32. 113.79274626 113.79274626 113.79274626 113.79274626 113.79274626
33. 119.25906418 119.24966905 119.24033598 119.23105702 119.22184083
34. 119.25906418 119.25906418 119.25906418 119.25906418 119.25906418
35. 126.98609223 126.95906982 126.93201897 126.90494972 126.87787207
36. 126.98609223 126.98609223 126.98609223 126.98609223 126.98609223
37. 135.64225489 135.63853685 135.63483364 135.63113319 135.62744782
38. 135.64225489 135.64225490 135.64225489 135.64225489 135.64225489
39. 139.71595073 139.69029336 139.66462947 139.63895904 139.61328206
40. 139.71595073 139.71595073 139.71595073 139.71595073 139.71595073

Table 3A. The first 40 imaginary parts of the numerical eigenfrequencies from Example 3,
computed for five different values of the Van der Waals constant C′. The “real-life” value of
the constant is approximately .57.

Numerical Asymptotic
49. 177.211 178.283 (α-branch)
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50. 177.293 178.283 ”

99. 361.308 360.869 (β-branch)
100. 361.331 360.869 ”

149. 537.847 536.902 (β-branch)
150. 537.848 536.902 ”

199. 718.895 719.240 (α-branch)
200. 718.916 719.240 ”

249. 903.393 903.661 (α-branch)
250. 903.410 903.661 ”

299. 1083.03 1082.61 (β-branch)
300. 1083.03 1082.61 ”

349. 1260.06 1260.21 (α-branch)
350. 1260.07 1260.21 ”

399. 1444.46 1444.62 (α-branch)
400. 1444.47 1444.62 ”

Table 3B. Numerical and asymptotic eigenfrequencies (imaginary parts) 49, 50, 99, 100, 149,
150, 199, 200, 249, 250, 299, 300, 349, 350, 399, 400 from Example 3, computed for the Van der
Waals constant C′ = 1.

C′ = 0 C′ = .25 C′ = .5 C′ = .75 C′ = 1
1. 12.98454240 12.82401972 12.66021095 12.49299083 12.32222077
2. 12.98454240 12.98454240 12.98454240 12.98454240 12.98454240
3. 20.80444376 20.73055727 20.65705225 20.58390602 20.51109394
4. 20.80444376 20.80444376 20.80444376 20.80444376 20.80444376
5. 31.18843099 31.12463266 31.06111752 30.99788409 30.93493102
6. 31.18843099 31.18843099 31.18843099 31.18843099 31.18843099
7. 31.24700816 31.18715530 31.12710108 31.06685140 31.00640685
8. 31.24700816 31.24700816 31.24700816 31.24700816 31.24700816
9. 44.57678921 44.53928646 44.50196213 44.46481864 44.42785126
10. 44.57678921 44.57678921 44.57678921 44.57678921 44.57678921
11. 45.09876440 45.04148608 44.98405651 44.92647256 44.86873484
12. 45.09876440 45.09876440 45.09876440 45.09876440 45.09876440
13. 58.59976143 58.54891895 58.49801214 58.44703446 58.39599137
14. 58.59976143 58.59976143 58.59976143 58.59976143 58.59976143
15. 59.33988894 59.31872578 59.29763244 59.27660934 59.25566107
16. 59.33988894 59.33988894 59.33988894 59.33988894 59.33988894
17. 71.76457338 71.72043968 71.67628715 71.63210155 71.58790511
18. 71.76457338 71.76457338 71.76457338 71.76457338 71.76457338
19. 74.95903748 74.94532704 74.93161035 74.91790464 74.90420214
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20. 74.95903748 74.95903748 74.95903748 74.95903748 74.95903748
21. 84.79872934 84.76134601 84.72397393 84.68660688 84.64925063
22. 84.79872934 84.79872934 84.79872934 84.79872934 84.79872934
23. 90.88275651 90.86960300 90.85639777 90.84314155 90.82983509
24. 90.88275651 90.88275651 90.88275651 90.88275651 90.88275651
25. 97.98924692 97.96005606 97.93091660 97.90181859 97.87277054
26. 97.98924692 97.98924692 97.98924692 97.98924692 97.98924692
27. 106.2587082 106.2388530 106.2189144 106.1988926 106.1787763
28. 106.2587082 106.2587082 106.2587082 106.2587082 106.2587082
29. 111.9946283 111.9779469 111.9613540 111.9448287 111.9283915
30. 111.9946283 111.9946283 111.9946283 111.9946283 111.9946283
31. 120.2222931 120.1964306 120.1705341 120.1445952 120.1186307
32. 120.2222931 120.2222931 120.2222930 120.2222931 120.2222931
33. 127.5643741 127.5578845 127.5514182 127.5449753 127.5385763
34. 127.5643741 127.5643741 127.5643741 127.5643741 127.5643741
35. 133.2540877 133.2279431 133.2017948 133.1756314 133.1494527
36. 133.2540877 133.2540877 133.2540878 133.2540877 133.2540877
37. 144.1489244 144.1458534 144.1427760 144.1397215 144.1366607
38. 144.1489244 144.1489244 144.1489244 144.1489244 144.1489244
39. 145.9551025 145.9304056 145.9056787 145.8809675 145.8562415
40. 145.9551025 145.9551025 145.9551025 145.9551025 145.9551025

Table 4A. The first 40 imaginary parts of the numerical eigenfrequencies from Example 4,
computed for five different values of the Van der Waals constant C′.

Numerical Asymptotic
49. 183.705 184.421 (α-branch)
50. 183.779 184.421 ”

99. 367.917 368.841 (α-branch)
100. 367.955 368.841 ”

149. 546.609 545.704 (β-branch)
150. 546.609 545.704 ”

199. 725.047 725.388 (α-branch)
200. 725.068 725.388 ”

249. 909.548 909.808 (α-branch)
250. 909.565 909.808 ”

299. 1091.80 1091.41 (β-branch)
300. 1091.80 1091.41 ”

349. 1267.85 1267.44 (β-branch)
350. 1267.85 1267.44 ”

399. 1450.61 1450.78 (α-branch)
400. 1450.62 1450.78 ”
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Table 4B. Numerical and asymptotic eigenfrequencies (imaginary parts) 49, 50, 99, 100, 149,
150, 199, 200, 249, 250, 299, 300, 349, 350, 399, 400 from Example 4, computed for the Van der
Waals constant C′ = 1.

C′ = 0 C′ = .5 C′ = 1
Re Im Re Im Re Im

1. — — — — — —
2. — — — — — —
3. −2.746 9.449183995 −2.877 9.172044078 −2.972 8.827341448
4. −.6783 9.930366988 −.7344 9.678929479 −.8576 9.477841762
5. −3.529 21.40990132 −3.575 21.29275588 −3.611 21.16999982
6. −.9628 21.77418316 −.9720 21.65493676 −.9945 21.54041229
7. −1.321 26.90292372 −1.312 26.85129816 −1.308 26.79542808
8. −2.335 27.37492665 −2.342 27.32751386 −2.343 27.28372611
9. −3.537 35.54153378 −3.556 35.47898352 −3.569 35.40700136
10. −3.172 36.55704093 −3.177 36.50955538 −3.190 36.47367372
11. −1.490 38.69290303 −1.496 38.63128423 −1.504 38.56575342
12. −3.658 39.81469654 −3.664 39.76185775 −3.665 39.71104768
13. −4.007 50.27733227 −4.028 50.23454838 −4.048 50.18747340
14. −5.139 51.39985683 −5.143 51.37684915 −5.148 51.35549893
15. −.9151 51.93127198 −.9182 51.87409462 −.9225 51.81686142
16. −3.823 53.22422671 −3.821 53.18663028 −3.816 53.15176710
17. −4.613 64.39259632 −4.626 64.34564444 −4.637 64.29753890
18. −.7899 65.10483274 −.7935 65.05533361 −.7986 65.00630011
19. −6.082 67.04799021 −6.082 67.03545255 −6.081 67.02281832
20. −3.538 67.87701409 −3.539 67.86205923 −3.539 67.84780896
21. −4.754 77.62836514 −4.762 77.58540148 −4.768 77.54197597
22. −.8924 78.05109828 −.8968 78.00762380 −.9026 77.96449011
23. −6.339 83.35453188 −6.335 83.34816855 −6.331 83.34180146
24. −3.632 83.71862800 −3.635 83.70997652 −3.638 83.70136960
25. −4.696 90.61268633 −4.700 90.57580895 −4.703 90.53866701
26. −1.224 90.79035136 −1.230 90.75096706 −1.237 90.71182474
27. −4.061 99.70402490 −4.068 99.69160776 −4.076 99.67839224
28. −5.939 100.4640803 −5.931 100.4692419 −5.924 100.4751321
29. −1.951 102.9983756 −1.960 102.9543524 −1.970 102.9099689
30. −4.352 103.8895026 −4.350 103.8631919 −4.346 103.8372742
31. −4.743 114.1061665 −4.749 114.0804654 −4.754 114.0546217
32. −1.357 114.4090098 −1.352 114.3757397 −1.348 114.3424705
33. −6.716 118.5438854 −6.722 118.5429195 −6.727 118.5418301
34. −3.738 118.9568732 −3.736 118.9487280 −3.735 118.9408092
35. −.7845 127.0161580 −.7832 126.9880193 −.7825 126.9598517
36. −4.902 127.1222585 −4.906 127.0951053 −4.909 127.0679252
37. −3.642 135.5114464 −3.642 135.5080511 −3.642 135.5046704
38. −7.386 135.5399041 −7.388 135.5375232 −7.390 135.5351432
39. −.5884 139.6706311 −.5884 139.6447863 −.5888 139.6189351
40. −4.907 139.7988314 −4.910 139.7733338 −4.912 139.7478086

Table 5A. The first 40 numerical eigenfrequencies from Example 5, computed for three
different values of the Van der Waals constant C.
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Numerical Asymptotic
Re Im Re Im

49. −4.902 177.162 −4.941 178.283 (α1-branch)
50. −.6921 177.198 −.5027 178.283 (α2-branch)

99. −7.957 362.152 −8.143 360.869 (β2-branch)
100. −4.195 362.404 −3.734 360.869 (β1-branch)

149. −8.069 537.788 −8.143 536.902 (β2-branch)
150. −3.740 537.822 −3.734 536.902 (β1-branch)

199. −.5069 718.904 −.5027 719.240 (α2-branch)
200. −4.941 718.909 −4.941 719.240 (α1-branch)

249. −4.940 903.399 −4.941 903.661 (α1-branch)
250. −.5046 903.403 −.5027 903.661 (α2-branch)

299. −3.734 1083.03 −3.734 1082.61 (β1-branch)
300. −8.127 1083.03 −8.143 1082.61 (β2-branch)

349. −.5123 1260.02 −.5027 1260.21 (α2-branch)
350. −4.923 1260.04 −4.941 1260.21 (α1-branch)

399. −.5053 1444.46 −.5027 1444.62 (α2-branch)
400. −4.940 1444.46 −4.941 1444.62 (α1-branch)

Table 5B. Numerical and asymptotic eigenfrequencies (imaginary parts) 49, 50, 99, 100, 149,
150, 199, 200, 249, 250, 299, 300, 349, 350, 399, 400 from Example 5, computed for the Van der
Waals constant C′ = 1.

C′ = 0 C′ = .5 C′ = 1
Re Im Re Im Re Im

1. −2.961 9.936871385 −3.079 9.795166383 −3.169 9.644727421
2. −1.610 12.43254005 −1.618 12.28811944 −1.632 12.14607344
3. −2.767 20.73861326 −2.794 20.64458863 −2.815 20.55053147
4. −.3306 20.78104522 −.3395 20.70597402 −0.355 20.63293559
5. −3.190 29.37005728 −3.187 29.32574131 −3.182 29.28091887
6. −1.397 31.18963235 −.3840 31.12726000 −.3882 31.06474018
7. −.3818 31.19073440 −1.392 31.12875704 −1.390 31.06625299
8. −3.365 32.43182622 −3.369 32.36004659 −3.369 32.28961412
9. −4.405 43.32612319 −4.402 43.28601387 −4.398 43.24625757
10. −.4055 44.58018737 −.4065 44.54246627 −.4083 44.50537030
11. −1.634 45.08538379 −1.632 45.02792865 −1.634 44.96962880
12. −4.064 46.00707085 −4.068 45.95274391 −4.070 45.89830745
13. −4.495 57.84423832 −4.479 57.81269810 −4.461 57.78159556
14. −1.657 58.59889870 −1.656 58.54816779 −1.659 58.49709714
15. −.4281 59.33578065 −.4286 59.31422388 −.4295 59.29277982
16. −4.889 59.80848155 −4.905 59.76734039 −4.920 59.72601742
17. −1.621 71.79615374 −1.620 71.75209563 −1.621 71.70774465
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18. −4.053 71.82019141 −4.045 71.78210831 −4.037 71.74432634
19. −5.844 74.60448514 −5.849 74.58483733 −5.854 74.56510945
20. −.5117 74.92157699 −.5133 74.90763370 −.5152 74.89373280
21. −1.523 84.84297209 −1.522 84.80549984 −1.522 84.76785224
22. −4.142 85.28536486 −4.141 85.25105512 −4.140 85.21691580
23. −5.926 90.15112979 −5.923 90.13610573 −5.920 90.12104814
24. −.7273 90.84264675 −.7301 90.82960542 −.7331 90.81651834
25. −1.323 98.02449900 −1.320 97.99508254 −1.319 97.96567545
26. −4.567 98.64607511 −4.570 98.61744170 −4.573 98.58888833
27. −5.318 105.5709742 −5.311 105.5523351 −5.304 105.5336172
28. −1.169 106.2355904 −1.173 106.2156779 −1.177 106.1956428
29. −.8981 112.0084405 −.8948 111.9918049 −.8917 111.9752688
30. −5.396 112.5178851 −5.403 112.4994593 −5.409 112.4810878
31. −4.540 119.8083113 −4.535 119.7838877 −4.530 119.7594125
32. −1.533 120.1912992 −1.535 120.1654629 −1.536 120.1395677
33. −.5491 127.5842376 −.5480 127.5777146 −.5471 127.5712440
34. −6.281 127.7796866 −6.285 127.7714673 −6.288 127.7632923
35. −4.216 133.1088121 −4.214 133.0838601 −4.211 133.0588793
36. −1.633 133.2370084 −1.634 133.2109568 −1.635 133.1848771
37. −6.594 144.0977330 −6.594 144.0939736 −6.594 144.0902605
38. −.4656 144.1532932 −.4655 144.1501251 −.4654 144.1469825
39. −1.647 145.9530993 −1.647 145.9284497 −1.648 145.9037766
40. −4.218 145.9995218 −4.218 145.9750728 −4.217 145.9505817

Table 6A. The first 40 numerical eigenfrequencies from Example 6, computed for three
different values of the Van der Waals constant C′.

Numerical Asymptotic
Re Im Re Im

49. −1.516 183.750 −1.618 184.421 (α2-branch)
50. −4.408 183.941 −4.118 184.421 (α1-branch)

99. −1.538 367.949 −1.618 368.841 (α2-branch)
100. −4.344 367.965 −4.118 368.841 (α1-branch)

149. −.4874 546.610 −.4821 545.704 (β2-branch)
150. −7.142 546.620 −7.208 545.704 (β1-branch)

199. −1.619 725.057 −1.618 725.388 (α2-branch)
200. −4.122 725.058 −4.118 725.388 (α1-branch)

249. −1.618 909.557 −1.618 909.808 (α2-branch)
250. −4.121 909.559 −4.118 909.808 (α1-branch)

299. −.4987 1091.80 −.4821 1091.41 (β2-branch)
300. −7.168 1091.81 −7.208 1091.41 (β1-branch)

349. −7.173 1267.83 −7.208 1267.44 (β1-branch)
350. −.5013 1267.84 −.4821 1267.44 (β2-branch)
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399. −4.120 1450.61 −4.118 1450.78 (α2-branch)
400. −1.618 1450.61 −1.618 1450.78 (α1-branch)

Table 6B. Numerical and asymptotic eigenfrequencies (imaginary parts) 49, 50, 99, 100, 149,
150, 199, 200, 249, 250, 299, 300, 349, 350, 399, 400 from Example 6, computed for the Van der
Waals constant C′ = 1.
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1. Introduction 

The exploration of CNTs was a great contribution to the world of science and technology. 
After its exploration in 1991 by Iijima [1], extensive practical and theoretical researches 
about its nature gradually began to develop [2-6]. Today, we know about CNTs much more 
about its chemical, mechanical, optical and electrical properties than before. The methods of 
fabrication have also progressed. Due to their electrical and optical properties, CNTs are the 
subject of studies about their usage in new electronic and optoelectronic devices. In this 
chapter we will focus on their electronic band structure, because it is the most important 
characteristic of a solid that should be studied to be used in determination of its electronic, 
optical and optoelectronic properties. In order to investigate the electronic band structure of 
a solid, it is first necessary to have a good understanding of its crystal lattice and atomic 
structure. Therefore, as the first step of this chapter we will begin with the investigation of 
the geometry of SWCNTs. Then we will continue with the calculation of allowed wave 
vectors for the electronic transport. Having finished this step, we will introduce the 
electronic band structure of SWCNTs.  
As is known, single walled carbon nanotube or SWCNT consists of grephene sheet that is 
rolled into a cylinder over a vector called “chiral vector” (Fig. 1(a)) so that the beginning and 
the end of this vector join to form the circumstantial circle of the cylinder Fig. 1(b). 
As is shown in Fig. 1(a) the chiral vector may be written in terms of unit vectors a1 and a2 , 
therefore C may be written as: 

                                                                   1 2m n C a a                                                               (1) 

Here |a1| = |a2|= a0 = √3aC-C where aC-C is the bonding distance of the two adjacent carbon 
atom and is equal to 0.142nm and m > n.  Having been familiar with chiral vector, its usage 
and its relationship with unit vectors a1 and a2, one can investigate the geometry of carbon 
nanotube.  
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                                                   (a)                (b) 

Fig. 1. (a) Illustration of Chiral vector C and unit vectors a1 and a2, A and B the two lattice 
sites of the graphene lattice. (b) The graphene sheet when rolled over Chiral vector C. 

2. Investigation of the geometry of SWCNT 

2.1 The investigation of radius and the chiral angle 
In this section of this chapter we continue with the calculation of some aspects of the 
geometry of SWCNT, e.g. radius, chiral angle. As is illustrated in Fig. 1(b), the chiral vector 
C coincides the circumference of the cross sectional circle of the cylinder. Now, keeping this 
reality in the mind, we can easily infer the radius of the cylinder: 

 |C|=2πr  (2a) 

which yields: 

  2 23
2
C Ca

r m n mn

    (2b) 

Next, we are to investigate a quantity called chiral angle. Chiral angle is the angle between 
chiral vector and the unit vector a1. The value can simply be calculated as: 

 1 3
tan

2
n

m n
   
       (3) 

This value is a symbol of the way that the carbon atomic pairs (unit cell of graphene) are 
arranged.   

2.2 Translational, helical and rotational symmetries 
In this section we explain the three major types of symmetries of SWCNT. As a chiral 
structure, SWCNT is expected to have a translational symmetry. Thus, if we represent this 
symmetry with the vector T, such that T = t1a1 + t2a2 (t1 and t2 are natural numbers) we are 
faced with shortest symmetry vector that is perpendicular to the vector C, so: 
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 C.T = 0 (4) 

Therefore: 

 (t1a1 + t2a2).( ma1 + na2) = 0 (5) 

in solving this equation we note that ai.aj is equal to 0.5a02 if i ≠ j and is equal to a02 if i = j. 
Now, solving (5), regarding that p1,p2,m and n are positive natural numbers, m > n and we 
are seeking for the smallest value of p1 and p2, we will have the following equation: 

 
 

 

2

1

2
gcd 2 ,2

2
gcd 2 ,2

n m
n m m nt
m nt

n m m n




 



 

  (6) 

    1 2
2 2

gcd 2 ,2 gcd 2 ,2
n m m n

n m m n n m m n
 

  
   

T a a  (7) 

where gcd is standing for Greatest Common Devisor. As described before, T is a 
translational symmetry vector which means that if we move on the surface of the nanotube 
by T vector we catch up similar points. 
 Now we are to investigate the second and the third types of symmetries on the surface of 
the SWCNT which are helical and rotational symmetries [7]. As mentioned before, nanotube’s 
cylinder is formed by rolling graphene on the lattice vector C. Thus, we begin our 
investigation by means of a mapping process. We first, try to map the unit cell of graphene 
on the surface of the cylinder. We suppose that d is a vector such that it begins from the 
lattice site A and ends to lattice site B. The first atom can be placed on an arbitrary place on 

the surface of the cylinder. The second atom must be placed at the height of 
d ×C

C
 from the 

first atom and the azimuthal angle of 22
d.C

C
 with respect to the first atom. Until now, we 

have mapped a unit cell of graphene to the surface the cylinder. Where to place the next 
atomic pair? Now, we want to find a slice of the cylinder such that it includes the minimum 
number of graphene unit cells. We know that, the area of this slice is calculated using the 
formula: AM = 2πrh. Where h is the height of the mentioned section. h can be regarded as the 
magnitude of a vector H = p1a1 + p2a2 ; therefore, AM can be expressed as: 

 1 2( )MA p m p n   1 2H× B a ×a  (8) 

Now we are to minimize the term: p1m-p2n. Mathematically, it can be shown that this term is 
minimized when: 

 1 2p m p n N    (9) 

where N = gcd(m,n). In order to acquire unique values for p1 and p2 we find p1 and p2 such 
that 1 0p  and |H| has the minimum value. Knowing that the area of a unit cell of the 
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graphene (which is an atomic pair) is equal to 1 2a ×a , the mentioned slice contains N 

atomic pairs which are located in the multiples of the azimuthal angle of 
2
N


. This implies a 

symmetry in azimuthal direction which is so called “rotational symmetry”. Now, we return 
to our question which is finding the place of the second atomic pair on the surface of the 
tubule. After finding the H vector with the mentioned conditions, it is clear that it implies a 
type of symmetry in the helical direction (along the vector H) [7]. There for, the second 
atomic pair should be place at a position which is located by an H vector next to the first 
atomic pair. The third atomic pair is located 2H from the first one and so on. This “helical 

motif” should be copied N times in angular space of 
2
N


 to construct whole the nanotube’s 

structure. Now that we have known the symmetries of the nanotube, we are ready to 
investigate the band structure of SWCNT. 
 

 
Fig. 2. In this figure the “helical motif” and H vector are illustrated.  

3. The band structure of SWCNT in equilibrium conditions 

3.1 Bloch function 
At this step we are facing the problem of finding the wave function for a crystal lattice. In 
this situation we are facing periodic boundary conditions. Therefore, it is expected that we 
acquire a periodic wave function. Using these facts, in 1927 Bloch showed that the electron 
wave function has the following form for a crystal lattice: 

 ( ) ( ) iu e  k.r
k kr r   (10) 

where ψk(r) is the electron wave function, uk(r) a periodic function with the period of the 
crystal and k is the electron wave vector. After this step, we find the energy of the electron, 
E, using the Hamiltonian operator, H, as follows: 

 ( ) ( )H E k kr r   (11) 
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But we don’t have uk(r). Therefore, we don’t know the exact form of ψk(r). There are a 
variety of methods to describe the interaction of electron and the crystal lattice. In this 
chapter we investigate the mentioned interaction according to nearest neighbor π-Tight 
Binding (π-TB) and the third neighbor π-TB method. 

3.2 Brillouin zone 
Suppose that we have a wave function of the form eiG.r. We want to find G vector such that  

 
( )i ie eG. r+R G.r

 (12) 

or: 

 2 lG.R  (13) 

where l is an arbitrary integer. Now regarding the following equations for G and R: 

 1 2 3
ˆ ˆ ˆg g g  1 2 3G k k k  (14a) 

 1 2 3ˆ ˆ ˆn n n  1 2 3R a a a  (14b) 

where ˆ 1a , ˆ 2a , ˆ 3a are unit vectors in lattice space and ˆ
1k , ˆ

2k , ˆ
3k are unit vectors in, so called, 

“reciprocal lattice” space.  If we apply (13) we will have: 

  1 1 2 2 3 32 n g n g n g  G.R  (15) 

which suggests that: 

 

ˆ ˆ ˆˆ ˆ ˆ2 0 0
ˆ ˆ ˆˆ ˆ ˆ0 2 0
ˆ ˆ ˆˆ ˆ ˆ0 0 2







  

  

  

1 1 1 2 1 3

2 1 2 2 2 1

3 1 3 2 3 3

k .a k .a k .a

k .a k .a k .a

k .a k .a k .a
 (16) 

Solving above equations [8]: 

 
 2

ˆ ˆˆ 2
ˆ ˆ ˆ

 



1 3

1
1 3

a a
k

a . a a  (17a) 

 
 2

ˆ ˆˆ 2
ˆ ˆ ˆ

 



3 1

2
1 3

a a
k

a . a a  (17b) 

 
 2

ˆ ˆˆ 2
ˆ ˆ ˆ

 



1 2

3
1 3

a a
k

a . a a   (17c) 

Now we have unit vectors of the reciprocal lattice. In order to get the Brillouin zone we 
should we should apply the following condition: 

  2 2k - G k   (18a) 
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or: 

 21
2

k.G G  (18b) 

thus: 

 
1
2

k G  (18c) 

Using (18-c) we can draw the borders of the Brillouin zone. The inner most area is called the 
first Brillouin zone and hence, simply it is called “Brillouin zone”. 
Now we return to our lattice which is graphene sheet, a two dimensional crystal. If we write 
(16) for this kind of lattice we will have: 

 
2 0
0 2



 
 

1 1 1 2

2 1 2 2

k .a k .a
k .a k .a

 (19) 

From (19) it is clear that k1 and k2 are perpendicular to a2 and a1 respectively. Having a1 and 
a2 from Fig. 1(a) we can easily find k1 and k2 and draw the Brillouin zone (Fig. 3). 
 

 
Fig. 3. The Brillouin zone for the graphene lattice is illustrated. L, K and M are high 
symmetry points. 

As mentioned earlier, theoretically, SWCNT can be considered as a graphene lattice that is 
rolled over into a cylinder. Thus, according to Fig. 1(b) we catch up the following: 

 ( )( ) ( )i iu e u ek. r+C k.r
k kr r  (20) 

Therefore [9]: 

 2 lk.C  (21) 

where l is again, an arbitrary integer. This boundary condition which is so called, “Born-von 
Karman” condition, makes the Brillouin zone to be quantized. Fig. 4 shows this fact. At this 
point we can begin our investigation about the band structure of SWCNT. 
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Fig. 4. The Born-von Karman condition makes the SWCNT’s Brillouin zone to be quantized. 

3.3 Tight-binding approximation 
As mentioned, there are many methods and approximations that are used to investigate the 
electronic band structure of a solid. In this section we use the tight-binding approximation. 
In this approximation we consider the wave function of an electron as the Linear 
Combination of Atomic Orbitals and hence the method is also called as LCAO. 
As is known, the energy of an electron can be estimated using Schrödinger’s equation as 
follows: 

 
2 2

( ) ( ) ( )
2

V E
m

 
 
   
  

k kr r r


 (22) 

where m is the mass of an electron and ( ) k r is the wave function of a single electron with 

the wave vector k. Now ( ) k r  is written as the following: 

 ( ) ( )c  k kr kr
r

r r  (23) 

where ( )kr r ’s are basis functions that are made from atomic orbitals as: 

 
1

( ) ( )i

unit cells oft
thesystem

e
N

   k.R
kr rr R - r  (24) 

where Nt is the total number of unit cells in the system. We regard the single 2pz orbital of 
the carbon atoms to used in (23); besides, we take into account the interaction of the nearest 
neighbor atoms (Fig. 5), because they have the most important role in formation of the 
energy states [10]. We write the wave function   in terms of basis functions, 

1 and 2 as the following: 

 1 1 2 2c c     (25) 
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Fig. 5. In this figure the nearest neighbor atoms with respect to atom 0 are illustrated. 

1  
corresponds to atom 0 and 2  corresponds to atoms 1, 2 and 3 in Fig. 5.

 
Now applying 

(22) to (25) yields: 

 1 1 2 2 1 1 2 2H c H c H c E c E         (26) 

and consequently: 

 1 1 1 2 1 2 1 1 1 2 1 2c H c H c E c E           (27a) 

 1 2 1 2 2 2 1 2 1 2 2 2c H c H c E c E           (27b) 

Now, we define the following values: 

 1 1AAH H   (28a) 

 1 2ABH H   (28b) 

 1 1AAS    (28c) 

 1 2ABS    (28d) 

then (27-a) becomes: 

 1 2( ) ( ) 0AA AA AB ABc H ES c H ES     (29) 

knowing that: 

 1
1

( )Ai
A

Lattice site At

e
N

   k.R
r r - R  (30a) 

 2
1

( )Bi
B

Lattice site Bt

e
N

   k.R
r r - R  (30b) 
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Replacing (30-a) and (30-b) in (28-a) to (28-d) yields: 

 2AA pH   (31a) 

 32( )ii i
AB ppH e e e V    111 1 k.Rk.R k.R  (31b) 

 1AAS   (31c) 

 32
0( )ii i

ABS e e e s   111 1 k.Rk.R k.R

 
(31d) 

 2 2BB AAH H H    (31e) 

 *
2 1BA ABH H H    (31f) 

 1BB AAS S   (31g) 

 *
BA ABS S  (31h) 

which make (27-b) to become: 

 * *
1 2( ) ( ) 0AB AB AA AAc H ES c H ES     (32) 

considering (29) and (32) together; to have a non trivial solutions for c1 and c2 we should 
have: 

 
* * 0
AA AA AB AB

AB AB AA AA

H ES H ES

H ES H ES

 


   
(33)

 

Solving (33) for E [11]: 

  
2

0 1 0 1 2 3

3

( 2 ) ( 2 ) 4
( )

2

E E E E E E
E

E
       
k  (34) 

where: 

 0 AA AAE H S  (35a) 

 * *
1 AB AB AB ABE S H H S 

 
(35b) 

 2 *
2 AA AB ABE H H H   (35c) 

 2 *
3 AA AB ABE S S S   (35d) 

Neglecting the overlap of 2pz orbitals of atomic neighbors, SAB, we get: 

 ( ) 3 2 cos( ) 2 cos( ) 2 cos( ( ))ppE V 
      1 2 1 2k k.a k.a k. a a  (36) 
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Now applying Born von-Karman boundary condition (equation (21)) to (36) one can draw 
the energy diagram or the electronic band structure of SWCNT. Illustrated in Fig. 6(a) to 6(f) 
are the electronic band structures for several chiral vectors. At this step of our work, it is 
necessary to mention a few points. First of all, according to their chiralities, SWCNTs are  
 

 

 
(a)     (b) 

    
                                    (c)             (d) 

    
                                       (e)                                                                             (f) 

Fig. 6. The electronic band structures of several nanotubes according to (36) are illustrated. 
(a) is the electronic band structure of chiral vector (6,0), (b) (6,3), (c) (8,0), (d) (5,5), (e) (8,8), 
(f) (5,4) 
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roughly divided to three classifications. A nanotube with chirality of (n,0) is called a “zig-
zag” nanotube. A nanotube with chirality of (n,n) is called an “armchair” nanotube and a 
nanotube without the two mentioned chiralities, is called a “chiral” nanotube. As examples, 
illustrated in Fig. 6(a) and (c) are the band structure of SWCNTs with chiral vectors (6,0) and 
(8,0) which are zig-zag nanotubes, and Fig. 6(d) and (e) show the band structure of SWCNTs 
with chiral vectors (5,5) and (8,8) which are armchair nanotubes. 
As the Second point, it worth noting that, if we examine (36) with Born-von Karman 
boundary condition, it is observed that for any chiral vector (n,m) when (n-m) mod 3 is 
equal to 0, then the band-gap is equal to zero. Two samples of this type are shown in Fig. 
6(a) and (b).  It is clear that according to this model armchair nanotubes are of this type. At 
early days it was believed that these nanotubes are metallic, but next, the deeper researches 
and calculations with other methods and approximations showed that they are “semi-
metallic”[12].                                                                   
Until now, we have performed our analytic calculations with the two assumptions. First, we 
assumed that the overlap of the two nearest neighbors is zero. Second, we assumed that the 
2pz orbitals of the second and the third neighbors have no participation in formation of the 
band structure. However, in the following lines, we take into account the donation of these 
neighbors to the formation of the band structure of SWCNT. 
Shown in Fig. 7 are the second and the third neighbors of the atom 0 of this figure. 
According to this figure, one can write:  

 
2

3
 1 2

11 0
a - a

R - R  (37a)
 

 
2

3
 2 1

12 0
a - a

R - R
 

(37b) 

 
3

  1 2
13 0

a + a
R - R

 
(37c) 

  21 0 1 2R - R a a   (37d) 

 22 0 1R - R a  (37e) 

 23 0 2R - R a  (37f) 

 ( )  24 0 1 2R - R a a  (37g) 

Now, if we apply the formalism of the tight-binding approach, we catch up the following 
formulae: 

 0 2 1 1[ ( )][1 ( )]pE u s u   k k
  (38a) 

 1 0 0 2 2 0 2 22 ( ) ( ) ( ) 2 (2 )0E s s f s s g s f      k k k   (38b) 

 2 2 2
2 2p 1 0 0 2 2= [ + u( )] - f( ) – g( ) – f(2 )E      k k k k  (38c) 
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 2 2 2
3 1 0 0 2 2 = [1+s u( )] - s f( ) – s s g( ) – s f(2 )E k k k k  (38d) 

 1 2 1 2g( ) = 2u( ) + u(2 -k ,k -2k )kk k  (38e) 

 f( ) = 3+u( )k k  (38f) 

 ( ) 2 cos( ) 2 cos( ) 2 cos( ( ))u    1 2 1 2k k.a k.a k. a a
 

(38g) 

where the hopping parameters γ0, γ1, γ2 and the overlap parameters s0, s1 and s2 are 
introduced as follows: 

 0 ( )| | ( )H   0 1ir - R r - R  (39a) 

 0 ( )| ( )s   0 1ir - R r - R  (39b) 

 1 2( )| | ( )H   0 ir - R r - R  (39c) 

 1 2( )| ( )s   0 ir - R r - R  (39d) 

 2 3( )| | ( )H   0 ir - R r - R  (39e) 

 2 3( )| ( )s   0 ir - R r - R  (39f) 

Then, (38-a) to (38-g) should be replaced in (34) to get the energy formula. The numerical 
values for γ0, γ1, γ2 and s0, s1,s2 in addition to a comparison between the results of the 
mentioned method with the nearest neighbor π-TB can be found in [13]. 
 

 
Fig. 7. In this figure the nearest neighboring atoms, the second and the third neighboring 
atoms are illustrated. 
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At this point, we continue our work by examining some SWCNTs with different chiral 
vectors to investigate the effect of radius and chiral angle on the band-gap of these 
nanotubes. In Table I we have collected chiral vectors that have the same radii but different 
chiral angles to investigate such an effect. In this table from left, the first column shows the 
pairs of chiral vectors with the same radii. The second column shows their radii; the third 
column, their chiral angle; the forth one, the difference between chiral angles; the fifth 
column indicates the energy gap and finally sixth column shows the difference in band-gap 
which emanates from the difference between the chiral angle of the nanotubes with the 
same radii. As can be seen in this table the effect radius on the band-gap is considerable and 

the band-gap is approximately proportional to 
1
R

. On the other hand, as can be concluded 

from this table, change of the chiral angle has a little effect on the band-gap of SWCNT. 
 

C:(m,n) r (nm) 
θ 

(Degrees) 
|Δθ| 

(Degrees) 
G (eV) |ΔG| (eV) 

(9,1) 
0.373 

5.20 
21.78 

1.091448 
0.031806 

(6,5) 26.99 1.059642 
(9,8) 

0.576 
28.05 

17.89 
0.694152 

0.018414 
(13,3) 10.15 0.675738 
(14,3) 

0.615 
9.51 

13.17 
0.655092 

0.010044 
(11,7) 22.68 0.645048 
(15,2) 

0.630 
6.17 

9.43 
0.617706 

0.021204 
(13,5) 15.60 0.63891 
(15,4) 

0.679 
11.51 

15.17 
0.593154 

0.000558 
(11,9) 26.69 0.593712 
(18,2) 

0.746 
5.20 

21.78 
0.5219532 

0.0054126 
(12,10) 26.99 0.5273658 
(19,2) 

0.785 
4.94 

17.89 
0.5116302 

0.001953 
(14,9) 22.84 0.5135832 
(19,3) 

0.808 
7.22 

7.34 
0.483786 

0.01395 
(17,6) 14.56 0.497736 
(19,5) 

0.858 
11.38 

9.43 
0.4684968 

0.0026784 
(16,9) 20.81 0.4658184 
(23,1) 

0.920 
2.11 

21.78 
0.4248612 

0.01607 
(16,11) 23.89 0.4409316 
(23,4) 

0.987 
7.88 

16.42 
0.3977982 

0.014564 
(17,12) 24.31 0.412362 
(29,4) 

1.221 
6.37 

21.78 
0.322524 

0.019139 
(19,17) 28.16 0.3416634 

(30,4) 
1.260 

6.17 
9.43 

0.3167766 
0.0071982 

(26,10) 15.60 0.3095784 

Table 1. A comparison between the effects of the radius and the chiral angle on the band-gap 
of SWCNT. In this table G is the band-gap. ΔG is the difference in band-gap of the two 
SWCNT with the different chiral angles. 
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4. The electronic band structure of SWCNTs under non-equilibrium 
conditions 

4.1 The investigation of the band gap under mechanical strain 
In this section of this chapter, we investigate the effect of the two types of mechanical strain, 
namely uniaxial (tensile) and torsional strains, by means of the two mentioned 
approximations.  
If we denote the amount of uniaxial strain by σt, the angle of shear by α and the bonding 
lengthes R11-R0, R12-R0, R13-R0 by r1, r2 and r3 respectively, then, under these two type of 
strain we have the following relations [14]: 

 (1 )it it tTensiler r   (40a) 

 tan( )ic ic itTorsionr r r   (40b) 

where rit is that part of ri that is along the axis of the nanotube (with the unit vector t̂ ) and ric 
is that part of ri that is in azimuthal direction or along the circumference of the nanotube 
(with the unit vector ĉ ). In order to use (40-a) and (40-b) we have to express (37) in terms of 
t̂ and ĉ : 

 1 1
2

1 ˆˆ
2 23
an n

n
d d

    
 

1r c t  (41a) 

 2 2
1

1 ˆˆ
2 23
an n

n
d d

    
 

2r c t  (41b) 

   3 1 2r r + r  (41c) 

Using these relations in conjunction with (40-a) and (40-b), we have the following formulae 
for r1, r2 and r3: 

 1 1 1
2 2

(1 )tan( ) ˆˆ
2 2 23 3

tan n n
n n

d d d
                 

1r c t  (42a) 

 2 2 2
1 1

(1 )tan( ) ˆˆ
2 2 23 3

tan n n
n n

d d d
                 

2r c t  (42b) 

and (41-c) is still valid. At this step, we are to derive the 3rd neighbor π-tight-binding 
formulation to investigate the effect of uniaxial and torsional strains. We know that, there is 
the following formula for the interaction energy [14]: 

 
2

0

0 1

( )| | ( )

( )| | ( )
i C C

i

H withstrain a
H without strain r

 
  

 
   

 
0 1i

0 1i

r - R r - R

r - R r - R
 (43) 

where aC-C is the bond length in the absence of strain and r1i with i =1,2,3 is |ri| in the 
presence of strain. After performing the formal routine of the deriving of the tight-binding 
approximation formulae, we find: 
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  0 2 1 1( ) 1 ( )pE u s u     k k  (44a) 

 1 2 2 2 2( ) ( ) ( ) 2 ( )s sE f g s g s f     k k k k  (44b) 

 
2 2

2 2 1 2 2( ) ( ) ( ) (2 )pE u f g f          k k k k  (44c) 

  2 2
3 1 2 21 ( ) ( ) ( ) (2 )ss sE s u f s g s f    k k k k  (44d) 

where functions f (k), fsγ(k) , gs(k) ,gγ(k), fγγ(k), and fss(k) in addition to details of calculations 
are given in [15].  
Now, it’s time to apply (44-a) to (44-d) and see the results in comparison to other methods. 
Illustrated in Fig. 8 are the results of application of mentioned method for uniaxial and 
torsional strains in comparison with the nearest neighbor π-TB and the four orbital tight-
binding approximations. 
 

 
(a) 

      
(b) 

Fig. 8. A comparison between the results obtained using the nearest neighbor π-TB (circles), 
the third neighbor π-TB (squares), four orbital TB (plus signs) for (a) -3 to +3 percents of 
uniaxial strain (b) -3 to +3 degrees of shear [15]. 
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As shown in Fig. 8 the method is examined for three chiral vectors, namely (6,5), (8,1) and 
(7,5). It can roughly be seen that, the 3rd neighbor π-TB approach yields a better agreement 
with the four orbital TB than the nearest neighbor π-TB. If we examine the energy formulae 
for a wide variety of chiral vectors, we find that, there is an approximately, linear relation 
between the percents of strain (both uniaxial and torsional) and the increase in band-gap 
[15]. 

4.2 The investigation of the band structure under magnetic field 
The effect of magnetic field on the electronic band structure of SWCNT is the second effect 
that is investigated in this section. The application of H field parallel to the tubule axis is 
investigated by k.p method in [16],[17] and an Aharanov-Bohm effect is shown during this 
investigation. In this section the effect of perpendicular magnetic field is investigated using 
π-TB model. The investigation is originally performed by R. Saito et al. [18]. The 
investigation is based on two assumptions: first, the atomic wave function is localized at a 
carbon site; second, the magnetic field varies sufficiently slowly over a length scale equal to 
the lattice constant. The vector potential A is declared as: 

 
2

(0, sin )
2

MLH
x

L



A  (45) 

where L = |C|, HM is the magnetic field and the coordinates x and y are taken along the 
circumference and the axis of the nanotube, respectively. Under the perpendicular magnetic 
field the basis functions of (30-a) and (30-b) are changed to: 

 
( )1

( )
s

e
i G

c
s s

Latticet

e
N

 


 
Rk.R

r r - R            s = A,B                (46) 

GR is the phase factor that is associated with the magnetic field and is expressed as the 
following: 

  
1
0( ). ( ) [ ( )]G d d      

r
R R A r - R .A R r - R  (47) 

Under application of magnetic field Hamiltonian operator becomes: 

 

21
2

e
H V

m c
           

p A  (48) 

After application of Hamiltonian to (46): 

 

2( )1 1
( )

2
s

e
i G

c
s s

Latticet

e
H e V

m cN
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Since ( )G     RB A A  and considering (47), then: 
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In deriving the equation above the two mentioned assumptions are used, namely, it is 
assumed that the magnetic field is slowly changing compared with the change of

 

( )r sr - R  

and ( )r sr - R is localized at r = Rs.  Now, we can calculate the matrix elements of 

Hamiltonian between the two Bloch functions, 1  and 2

 

and solve to obtain the 

eigenvalues. If we examine the π-TB calculated band structure, it is observed that when the 
magnetic field increases the energy dispersion of each tubule energy band becomes 
narrower and the total energy bandwidth decreases with increasing magnetic field 
,however, when we apply higher magnetic field the total energy bandwidth is found to 
oscillate as function of HM [18]. 

5. Conclusion 

In this chapter we first described the concept of chiral vector, chiral angle and the radius of 
SWCNTs and formulated them. Then we explained different symmetries of single walled 
carbon nanotubes including translational, helical and rotational symmetries. We 
investigated the Brillouin zone and the electronic band structure of single walled carbon 
nanotube in the absence of perturbating mechanisms. Our investigation included the nearest 
neighbor π-TB and the third nearest neighbor π-TB approximations. Next, using these two 
models we investigated the effect of two types of mechanical strain and perpendicular 
magnetic field. 
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Iran 

1. Introduction 

We intended to discuss in this chapter, TBM (tight binding method), APW (augmented-
plane-wave), OPW (orthogonalized -plane-wave) methods and corresponding theoretical 
concepts. In particulars, we pay a great attention to the theory of CNT (Carbon Nano Tube), 
but discuss in less details some conventional band structure models, unless nearly electron 
approximation (NFA), TBM,  APW  and OPW models have been used for determining the 
electron energy band structure of solids. In fact, this chapter is partly based on the many – 
electron description of nano transistor – CNTFET (carbon nano tube field effect transistor), 
which was done with a number of MSC and PhD students for a number of years at 
university of Mazandaran in Iran (See our published papers [1-7] for more details). We hope 
this chapter can complete the present book and be of interest for researchers whom work in 
the nano technology and for beginners. Some part of the material may be used in lection 
course for students. 
There are actually two different approaches for studying the band spectrum of CNT. In the 
first view, some researchers believe that carbon atoms are as isolated atoms and consider the 
CNT potential of neighbor's atoms as a perturbation and neglect the intra atomic potential. 
The second approach is about the density functional theory (DFT), in that the exact 
exchange energy (EXX) instead of the exchange energy given by the local – density 
approximation (LDA). The EXX energy, which corresponds to the Fock term in the Hartree- 
Fock scheme, is treated as a function of electron densities via the eigenfunctions of the 
Kohn-Sham KS equations [8].  This approach cannot satisfy the electron behavior in CNT 
due to its self-interaction-free in its construction. 
Indeed, this chapter discusses about electronic band energy. It is an energy interval in which 
electronic states exist in the CNT. This energy structure has been usually obtained by 
solving the Schrödinger equation for electrons in the CNT. As usual, the electronic wave 
functions depend on both the wave vector and the spatial coordinates.  The eigenvalues and 
eigenvectors have been determined by Fourier – transforming the differential equation into 
an algebraic equation. The solution of this equation can be used for some special cases with 
some reasonable approximation, such as NFE and TB methods. However, these approaches 
cannot be used for samples with critical dimensions of less than 100 nm due to overlap 
integrals in nano scale samples. 
The reason is that carbon atoms are not in fact stationary, but continually undergo 
vibrations (like thermal vibrations of ions in a crystal) about their positions, in where, the 
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overlapping between carbon atom functions is of importance, in particularly while the 
nearest neighbor atoms come close together. In principle a many – electron problem, for the 
full Hamiltonian of the CNT should be taken into account. It means Hamiltonian should 
contain not only the one – electron potentials describing the interactions of the electrons 
with the massive carbon atomic nuclei, but also pair potentials describing the electron – 
electron interactions in CNTs. But this idea should be included both the exchange and 
correlation effects into the interaction phenomena due to nearly free electrons. The  
Schrödinger  equation  for  a  many-electron  system  can  be  then reduced  to  the  effective  
one-particle problem for  an  electron  in  a  self-consistent  field. 
We therefore need to develop a method of band structure spectrum; because in the 
conventional method of solution, the unknown functions of Schrödinger equation has 
usually been expanded in some bases set.  The search for the unknown expansion 
coefficients will be necessarily reduced to the solution of a secular equation which is usually 
of large dimension and  provide high speed of expansion convergence, in order to doing less 
effort for finding band structure spectrum. 
As stated above, in second view, a large majority of the electronic structures and band plots 
are calculated using DFT [9], which is not a model but rather a theory. It involves the 
electron-electron many-body problem via the introduction of an exchange-correlation term 
in the functional of the electronic density. Although, the band shape is typically well 
reproduced by DFT, there are also systematic errors in DFT bands due to shrinking the CNT 
size. 
In addition, some researchers [10 and references therein] believe OPW can solve this 
problem, but some critical technological barriers and fundamental limitations to size 
reduction are threatening the use of OPW method for calculation of band energy. It means 
that there are some difficulties with current crystalline potentials which reside quite simply 
in considering, for example, electrons of carbon atoms as independent particles. 
Furthermore, the OPW expansion converges poorly for a CNT even when modified by the 
addition of an atomic like function to the basis set. The APW expansion also converges 
rapidly, but requires the crystal potential to be approximated by an unphysical spherical 
muffin-tin potential. However, in many of above methods you need to an ingenious the 
choice of CNT potential, which is not so easy due to the enormously complicating effects of 
the interactions between atoms (and electrons).  Henceforth, a more accurate calculation of 
the electronic properties of a CNT should start with modifying of above approaches, in 
particularly, NFA, TB and OPW methods. We should thus develop a modified APW/OPW 
expansion and compare its convergence with the other methods.  
An alternative approach to the problem of CNT band energy and of constructing exchange – 
correlation potential uses the calculation of the total energy. However, after describing the 
conventional methods and/or models, we will see that these models cannot sufficiently 
describe the electron behaviors in CNT. A new method is presented for finding the band 
structure of a lattice of potentials which individually are spherically symmetric, but with 
overlap's functions. The method does not necessitate a division of space into non-
overlapping spherical regions. It exploits the properties of the complete set of functions 
associated with the individual potentials. An expansion of the wave function of the crystal 
in this set yields a relatively simple determinant secular equation. The present method can 
be employed to introduce a matrix of CNT band energy. 
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2. Summary of some band structure models 

Several efficient methods have been developed in last four decades: Korringa, Kohn and 
Rostocker ( KKR) model [11], indicates the initials of Korringa (in 1947), Kohn, and Rostoker 
(in 1954),  DFT, Green function methods [12] and ab intitio approximation [13] have been 
used for studying the electronic band structure of CNT, because they lend themselves very 
well in reproducing the band shape.  In this area, we naturally prefer to consider the 
simplest form of the approximation centers non-overlapping spheres (referred to as muffin 
tins) on the atomic positions. In one hand, within these regions, the potential experienced by 
an electron is approximated to be spherically symmetric about the given carbon atoms. In 
the remaining interstitial region, the potential is approximated as a constant. Continuity of 
the potential between the atom-centered spheres and interstitial region is enforced. On the 
other hand, The KKR method is one of the popular methods of electronic structure 
calculation and is also called Green’s function method. Therefore,  KKR is actually referred 
to multiple scattering theory of solving the Schrödinger equation, in where the problem is 
broken up into two parts:  solving the scattering problem of a single potential in free space 
and then solving the multiple scattering problems by demanding that the incident wave to 
each scattering centre should be the sum of the outgoing waves from all other scattering 
centers. The scheme has met great success as a Green function method, within DFT. To 
calculate the bands including electron-electron interaction many-body effects, one can resort 
to so-called Green's function methods. 
Indeed, knowledge of the Green's function of a system provides both ground (the total 
energy) and also excited state observables of the system. The poles of the Green's function 
are the quasiparticle energies, the bands of a solid.  Sometimes spurious modes appear. 
Large problems scaled as O(n3), with the number of the plane waves (n) used in the 
problem. This is both time consuming and complex in memory requirements. Its 
applications range from the full potential ab initio treatment of bulk, surfaces, interfaces and 
layered systems with O(N) scaling to the embedding of impurities and clusters in bulk and 
on surfaces. In this way, after the single particle Hamiltonian (H) is generated either by 
empirical pseudo potential method or the charge patching method, it needs to be solved in 
an order N scaling [14]. 
As we know, the band plot can obviously show the excitation energies of electrons injected 
or removed from the system. It can say nothing about energies of a fictive non-interacting 
system, the Kohn-Sham system, which has no physical interpretation at all. The Kohn-Sham 
electronic structure must not be confused with the real, quasi particle electronic structure of 
a system, and there is no Koopman's theorem holding for Kohn-Sham energies, as there is 
for Hartree-Fock energies, which can be truly considered as an approximation for quasi 
particle energies. Hence, in principle, DFT is not a band theory, i.e., not a theory suitable for 
calculating bands and band-plots. 
The self-energy can also in principle be introduced variationally [14]. A variational 
derivation of the self-energies for the electron-electron and electron-phonon interactions are 
presented in [36].Due to the presence of the strong Coulomb interaction between electrons 
in the CNT atoms, the differential equations for the single- electron Green functions contain 
the multi-electron Green functions and all these coupled equations form an infinite system 
of differential equations for an infinite number of Green functions. In order to find  some 
approximate finite closed system of equations one can either to apply the perturbation 
theory and retain only some appropriate chain of ladder diagrams or to assume some 
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approximation to decouple the infinite system of equations and obtain a finite closed 
system. For CNT, the self-energy is a very complex quantity and usually approximations are 
needed to solve the problem.  
In addition to DFT and KKR methods, one of the other popular methods which has been 
usually used to all band structure calculations and studies, is NFA model. It is a method of 
approximating the energy levels of electrons in a CNT by considering the potential energy 
resulting from carbon atomic nuclei and from other electrons in the CNT as a perturbation 
on free electron states. Although the NFA is able to describe many properties of electron 
band structures, it can only predict the same number of electrons in each unit cell, which 
conflict with this result as for materials require inclusion of detailed electron-electron 
interactions (treated only as an averaged effect on the crystal potential in band theory) 
known as Mott insulators [15]. The Hubbard model is an approximate theory that can 
include these interactions and contains a large number of closely spaced molecular orbitals, 
which appear as a band.  
Anyway, we cannot here explain all band structure's model, but they are based on some 
elementary theory as reflected in Bloch, NFA or NFE and TB idea, which well models useful 
for illustration of band formation need these idea. The main is that each model describes 
some types of solids very well and others poorly. The NFE model works well for metals, but 
poorly for non-metals. The NFE model works particularly well in materials like metals 
where distances between neighboring atoms are small. In such materials the overlap of 
atomic orbitals and potentials on neighboring atoms are relatively large. In that case the 
wave function of the electron can be approximated by a modified plane wave. The TB model 
is extremely accurate for ionic insulators, such as metal halide salts (e.g. NaCl), but cannot 
be used for free electrons in a solid, e.g. CNT.  
The main difficulty with current graphite potentials resides quite simply in considering 
electrons of carbon atoms as independent particles. The reason is due to neglecting the wave 
function's overlapping, i.e., in the independent electron approximation the electron – 
electron interactions are just represented by an effective one – electron potential.  
If we pay somewhat closer attention to the form of potential, recognizing that it will be 
made up of a sum of atomic potentials centered at carbon atoms, then we can draw some 
further conclusions that are important in studying the electronic structure of graphite as 
well as graphene structures. Suppose that the basis consists of identical atoms at positions 
dj. Then the periodic potential unk(r) will have the form 

 
R j

(r)  ( )nk ju r R d                                 (1) 

Where Ф(k) is the Fourier transform of the atomic potential, 

 -ik. R(k)  e  ( ) drr                                               (2) 

One can see that it has the form of a traveling plane wave, as represented by the factor eik.r, 
which implies that the electron propagates through the crystal like a free particle. The effect 
of the function uk(r) is to modulate this wave so that the amplitude oscillates periodically 
from one cell to the next. However, it cannot affect the basic character of the state function, 
which is that of a traveling wave. But the electron in CNT is not completely free. Since 
electrons in CNT can interact with the other of CNT atom's electrons, the special character of 
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the periodic function uk will be varied.  Moreover, Ψnk  may be delocalized throughout the 
CNT atoms  and not localized around any particular atom, meaning it may be as NFE wave 
functions (As an example graphene structure in figure 1. A graphene structure has been 
considered for determining of CNT band structure.  It only includes four nearest neighbors 
and can be expanded to the other neighbors as well.). 
To these notifications, researchers [16 and references therein] have considered some special 
form of crystalline potentials in calculating of the electronic band energy of the CNT .  They 
have tried to construct Bloch waves from appropriately defined functions (Known as 
Wannier functions) localized at each lattice site and used K.P approximation method. In this 
view the dispersion around the external points of an energy band can be found, but within 
these models, the spatial derivatives in the Schrödinger equation of the CNT, are carried out 
only for the plane wave component of the Bloch function, given by [2]; 

 
2 2

n,k n n,k
p  k k.p

 {     V(r)} u ( )  E ( ) u ( )
2 m 2m

r k r
m

   


      (3) 

Here, n denotes the band index, V and En are lattice potential and eigen state, respectively. 
For k = 0, it simplifies significantly, and an approximate solution can be found for all band 
involved. A non – vanishing but small wave vector can then be treated as a perturbation. 
The term 2  k  produces an energy shift that depends on k, but does not couple the bands. 
The term containing k.p, however, must be treated with degenerate perturbation theory. 
 

 
Fig. 1. Graphene structure. There are two different carbon shape atoms in the graphene 
sheet, where each 'a' atom has 3 'b' atom as the first neighbor's atoms, 6 'a' atom in the 
second neighborhood and 3 'b' atom as the third neighbor atoms and finally 6 'b' atom in its 
4'th neighbors. 

However, these wave functions represent a type of plane wave throughout space – a 
graphene as well as CNT crystal actually has infinite size based on the definition of a lattice 
(Note:  the wave function must be normalized on a finite region of space with volume CNT 
that usually comes from periodic boundary conditions over the CNT circumference, so that 
with the definition of;  
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(r)   u ( )nk nk
CNT

r
V

                                       (4) 

And explicitly demonstrate the normalization for unk (r ). As we know, NFE method starts 
from a free electron gas in a CNT and treats a weak periodic crystal potential within 
perturbation theory. There is also a different approach TBM, which constructs the electronic 
eigenstates from those of the individual atoms that form the CNT, which belongs in the 
independent-electrons framework. Within TB picture, the energy bands and the band gaps 
are reminders of the discrete atoms. Contrary to the free-electron picture, TB model 
describes the electronic states starting from the limit of isolated-atom orbitals.  It is based on 
the assumption that the atomic orbitals belonging to an energy eigenvalue are good starting 
point for constructing Bloch waves. The CNT wave function in this view is usually 
expanded in the Bloch functions. But there are some assumptions: the energy level is non 
degenerate and there is no other energy level nearly. In that case, it yields to an 
approximation of the Bloch waves that emerges from the atomic wave functions.  
A more accurate approach using this idea employs Wannier functions, defined by [20]. The 
Wannier functions are localized near atomic sites, like atomic orbitals, but being defined in 
terms of Bloch functions they are accurately related to solutions based upon the CNT 
potential. Wannier functions on different atomic sites are orthogonal. The Wannier functions 
can be used to form the Schrödinger solution for the n-th energy band . The width of the 
energy bands is determined by the overlap of atomic wave functions at neighbor lattice sites 
and decreases rapidly for inner shells. As a rule, the bands, which originate from different 
levels, overlap considerably. This simple model gives good quantitative results for bands 
derived from strongly localized atomic orbitals, which decay to essentially zero on a radius 
much smaller than the next neighbor half-distance in the solid.  
The size of this matrix eigenvalue problem is clearly as large as the number of eigenstates of 
the atomic problem, i.e. infinite. It is therefore necessary to do some approximation. In 
particular, one could hope that all the off-diagonal matrix elements of the matrices could be 
neglected for some given level. This cannot work for atomic degenerate levels. Due to the 
exponential decay of the atomic wave functions at large distance, both the overlap integrals 
and the energy integrals become exponentially small for large distance R between the 
centers of the atoms. It therefore makes sense to ignore all the integrals outside some Rmax, 
which would bring in only negligible corrections to the band structure. One may obtain a 
band structure depending on a minimal number of parameters by making further rather 
radical approximations [20].  

3. CNT band structure 

According to the definition  of SWCNT (single walled carbon nano tube), the energy bands 
of a SWCNT consist of a set of one-dimensional energy dispersion relations which are cross 
sections of those of graphene. When  graphene sheet is rolled to make a CNT, K┴ is rolled 
too. So by using periodic boundary conditions in the circumference direction denoted by the 
chiral vector Ch, the wave vector associated with the Ch direction becomes quantized, while 
the wave vector associated with the direction of the translational vector T (or along the 
nanotube axis) remains continuous for a nanotube of infinite length. Since N K┴ corresponds 
to a reciprocal lattice vector, two wave vectors which differ by N K┴  are equivalent.  In this 
view, the wave vector of CNT is a continuum component along tube axis and a discrete 
value of K┴, as found before [1,2] and shown in figures 2, 3 (for details see ref. [2]).  
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Therefore, the band structure of CNT can be determined via; 

 
f(K)

 
1 f(K)

E
s





 (6) 

 

 
Fig. 2. Graphene band structure. 
 

 
Fig. 3. Electronic band structure of some CNTs based on TB  model. The banding energy of π 
orbital is equal to -3.03 eV and its overlap matrix is equal to 0.129. This figure clearly show 
that CNT (15,0) is a metallic CNT. We will drive an important relation between the 
geometry of CNT and its conduction. There is an important note. There are (N/2) + 1 
degenerate levels in Zig-Zag CNT (n, 0).  

Furthermore, density of State (DOS) of a one dimensional lattice with a lattice vector T and 
for one level is given by [2] 
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Figure 4 Shows DOS of some CNT’s. As we see in this figure semiconducting Zig-Zag 
CNT’s have not any density of state at the Fermi level but armchair CNT’s have a little 
density of state at Fermi level. If we focused to the armchair CNTs at around Fermi level, we 
find that the DOS has not treat as a constant value and treat as a parabola curvature. 
 

 
Fig. 4. This figure compares density of state of a Zig-Zag CNT via as an armchair CNT. As 
you see the Zig-Zag CNT has not any DOS near the Fermi level. 

4. Augmented Plane Wave (APW) method 

Slater introduced the APW method in 1937. Shortly after that researchers have used it for 
determining the electronic band structure of the rocksalt lattice structure. Although APW 
method is a sound one for calculating the band structure in metals, it has a great deal in the 
past few years.  In this method the influence of potentials from non – nearest neighbors is 
taken into account. 
As one can see in a schematic view in figure 5, the effective crystal potential is constant in 
most of the open spaces between the cores. Therefore, we can begin by assuming such a 
potential, which is referred to as the muffin-tin potential (because the potential is constant 
there). The potential is that of a free ion at the core, and  a plane wave outside the core. 
Inside  the  core  the  function  is  atom-like,  and  is  found  by  solving  the  appropriate 
free-atom  Schrödinger  equation.  Also,  the  atomic  function is  chosen  such  that  it  joins 
continuously  to  the plane wave at  the surface of  the sphere forming  the core;  this  is  the 
boundary condition. The  wave function   does  not  have  the  Bloch  form,  but  this  can  be  
remedied  by  forming  the  linear combination.  
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Fig. 5. The potential and wave function in the APW method. 

From the point of APW  method view, the overlap of the wave functions centered, on the six 
contact sites cannot be neglected, indicating that the atomic levels should be essentially 
altered in a CNT. We thus assume that the bound levels of the atomic Hamiltonian are not 
well localized, meaning the wave function is not small when r  (like the core radius ) exceeds 
a distance of the order of the lattice constant. 
Therefore, we have to consider a many body system. The  Schrödinger  equation  for  a  
many-electron  system  can  be  reduced  to  the  effective  one-particle problem for  an  
electron  in  a  self-consistent  field. Thus: 

 
2

k k k (-  U(r)) ( )  E ( )
2m

r r 
   (9) 

where  U(r)  is  the  crystal  self-consistent  potential,  and ψk  and  Ek  are  the  wave  
function  and  the  eigenvalue  of  the  electron  energy  in  k-state,  correspondingly.  
One  of  the  main  consequences  of  basis  function  over completeness  is  their  linear  
dependence.  This means 

 
mG

k G G
G 0

 TPW    0C


  (10) 

If  |Gm| → 0, CG will indicate the  numerical  coefficients. Moreover, if CG ≠ 0, the  
transformed  plane  wave  (OPW, APW)  is  denoted  by  the  symbol |TPWk+G > ,  the  wave  
vector  k  belongs  to  the  first  Brillouin  zone,  and G  are  reciprocal  lattice  vectors.  In  the 
method  of  linearized  augmented  plane  waves  (LAPW)  the  linear dependence of the 
basis  set |APWk+G >  is manifested for R0 Gmax ≥ 9, which corresponds  to  accounting for 
70-80  basis  functions  in APW, where R0  is a muffin tin  sphere radius.  The OPW  linear 
dependence begins to  be manifested  if the  number  of basis  functions  is more  than  100 in  
(10) .  
Although both APW and OPW, as two modern methods of band calculations, use 
combinations of atomic functions and plane waves, they cannot yet yield to exact results. In 
fact in the APW method, the wavefunction in general has discontinuous derivatives on the 
boundary between the interstitial and atomic regions. It means that we have to consider 
variational method in stead of Schrödinger equation. In this method, the augmenting 
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function corresponds to the exact muffin-tin potential eigenstates of eigenenergy. Because of 
this energy dependence of the augmenting function the eigenvalue problem will be non-
linear in energy and has to be solved iteratively. This is, however, computationally very 
costly.  
In addition, any eigenstate of a different eigenenergy will be poorly described without 
adapting. Hence, we need to linearized versions of the APW method with modifying the 
basis functions which gain extra flexibility to cover a larger energy region around their 
linearization energy. In this view, the linear combinations of energy-independent APW as a 
trial function and muffin-tin orbitals are inserted in the one-electron Hamiltonian. Then the 
secular equations are therefore eigenvalue equations, linear in energy in that the energy 
bands depend on the potential in the spheres through potential parameters which describe 
the energy dependence of the logarithmic derivatives. Keep in mind that the energy-
independent APW inside the sphere is linear combination of an exact solution, which 
matches continuously and differentiable onto the plane-wave part in the interstitial region.  

5. Orthogonalized Plane Waves (OPW) method 

OPW method, as a simplified version of the pseudo potential method [17],  has  been  used  
for  the calculation of  the  electronic  band  structure  of  almost  all  types  of  solids with 
neglecting nonlocal effects.  It has been especially determining the band structure of 
materials with covalent binding where the potential cannot be approximated by the 
conventional muffintin construction. Indeed, OPW method is  rather  practical  and  time-
saving  from  the computational  point  of  view  since  it leads  to an  eigenvalue  problem  
involving matrix  elements  which  do  not  depend  on  the  eigenvalues,  as  in other  
methods  of  band  theory.  In contrast to above methods, in OPW method,  the  
eigensolutions  can  be found  easily  by  conventional  methods  of  linear  algebra . 
However, sometimes it cannot be used for calculating of nano scale materials due  to  the  
structure  of  the secular  problem  arising  in  the  OPW  formalism which  can  be related  to 
a Born-series  expansion,  and  it  is  known  in scattering  theory  that  resonances  cannot  
be  appropriately  accounted  for  in any  order  of  such  an expansion.  
Two main approaches based on expansion  have been used: (i) basis set and  (ii) trial wave 
function. Pseudo potential methods or OPW method use plane waves or modified plane 
waves as the basis set. The TBM are based on the second concept. There are also approaches 
which combine both delocalized and localized functions. In this approach the atomic-like 
functions are squeezed by an additional attractive potential. The extention of the basis 
functions is tuned by a parameter that can be found self-consistently [49]. The problem of 
APW and OPW methods for a CNT structure is an abundance of multi- center integrals, 
which must be performed to arrive at a reasonable accuracy of band structure calculations 
due to existence of a great number of neighbours within a given distance. To avoid these 
difficulties, we have tried to introduce an alternative method (see next section).  
In our method we consider a lot of plane waves in the basis to decrease the spatial extent of 
localized valence orbitals in CNT. We could take a method far beyond usual pseudo 
potentials and improve our plane-wave basis set. The results show a good converged Bloch 
function for both valence electrons and excited states using a relatively small number of 
plane waves.  
Two separated  core orbital contributions and plane wave contributions, which are not 
OPWs  at the outset have been involved in this approach, so that in the basis set three types 
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of functions are used: true core orbitals, squeezed local valence orbitals and plane waves.  If 
a larger number of plane waves are included in the band structure calculations,  there is  
usually the reason for the over-completeness breakdown of OPW expansions. The local 
basis function (both core and valence) can be constructed from radial functions, which are 
solutions of the radial Schrödinger equation. Our approach provides a full interpolation 
between the APW and OPW approaches adopting pseudo-potential features [18]. 
It is clear that there is an intense overlapping between electron wave functions of CNT when 
carbon atoms come close to each other, whilst in OPW method, each electron are imagined 
as a nearly free electron. Obviously, the above assumptions cannot explain behavior of the 
electron when carbon atoms come together like d-layer electrons. 

6. A new method 

One approach to overcoming these impending barriers involves finding on evaluating the 
potential of CNTs as the basis of a future nanoelectroncs technology. Single-walled CNT 
(SWCNTs) are materials with unique properties. They have several millimeters in length 
and are strongly bonded covalent materials. Because of their extremely small diameter, the 
OPW method should be modified and completed with TB method, with considering the 
overlapping of wave function of electrons. The procedure is to augment the basis set of 
present method by including wave functions which are OPWs between nuclei of carbon 
atoms but represent modified Bloch waves near the nuclei. It means that by scaling the CNT 
dimension, the carbon atoms come close to each other and change the band energy. Thus, by 
using Ritz variational method, we have modified the band energy. 
Nothing said up to now has exploited any properties of the potential U( r) other than its 
periodicity, and, for convenience, inversion symmetry. If we pay somewhat closer attention 
to the form of U, recognizing that it will be made up of a sum of atomic potentials centered 
at the positions of the carbon atoms, then we can draw some further conclusions that are 
important in studying. 
There is the other view, known the electron correlations. In fact, the existence of a unique 
density function which yields the exact ground state energy may not cause the possibility of 
reducing the many – electron problem to the one – electron one. This is due to at least the 
Coulomb interaction among electrons, in where at weaker electron correlations, it can 
involve a self – consistent potential which depends on electron density. In fact, the 
correlation effects near to carbon cores in where the strong intrasite Coulomb repulsion may 
lead to splitting of one – electron bands into many – electron subbands meaning TBM is 
inapplicable. 
On one bands, nearest neighbor carbon atoms may share and/or transport electrons so that 
electrons become localized at carbon sites. In a such a situation of CNT, we need to modify 
the eigen functions and introduce a correction term by expressing them in terms of many – 
electron and/or overlapping functions of the atomic problem. It depends on many electron 
quantum numbers, s, L occurs in the full Hartree – Fock approximation [8]. 
Let us have a somewhat closer look at the band structures. The constructions reported so far, 
imply that there is just an electron as a localized particle (and completely free electron) if 
there are sufficiently many Bloch waves available. This is not necessarily the case in nano 
structures due to localization of electron with building a localized wave packet from the 
Bloch waves. It leads the sharply peaked character of the weight function and the spatial 
extension of such an electron wave packet which can be larger than the lattice constant. 
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In the Ritz method, the minimizing element in the n-th approximation is sought in the linear 
hull of the first n coordinate elements. The Ritz ansatz function is a linear combination of N 
orbitals. Based on linear combination of atomic orbital (LCAO) approximation,  ( )r is 

 
j

 (r)  ( )j r    (11) 

The eigenvalues and eigenvectors can be found with finding a solution of the Ritz method. It 
is widely applied when solving eigenvalue problems, boundary value problems and OPW 
equations in general. The trial wave function will always give an expectation value larger 
than the ground energy (or at least, equal to it). It is known to be orthogonal to the ground 
state. 
Further development of the OPW method led to the idea of introducing a weak pseudo 
potential which permits (unlike the real crystal potential) the use of perturbation theory. 
Because of strong core level potential within it, it may be represented in the form of a new 
Schrödinger equation where the non-local energy-dependent pseudo potential operator W is 
defined by 

 R W  V(r)  V   (12) 

Although OPW method with pseudo potential principle a possibility to eliminate the 
difficulty pointed before, it is rather complicated and goes far beyond the original concept of 
the CNT band – structure methods due to requiring exact diagonalization of a matrix of the 
pseudo potential idea – applicability methods may not provide as a rule sufficiently 
satisfactory description of CNT. 
To overcome of these difficulties, KKR method has been used. The advantage of the KKR 
method in comparison with the APW one is the decoupling of structural and atomic factors. 
For the same lattice potentials, the KKR and APW methods yield usually close results. 
However, the main difficulty of the KKR method is the energy dependence of the structural 
constants. 
In the general APW, KKR and LCMTO (MT: Mofin Tin) methods, the matrix elements are 
functions of energy. Therefore, at calculating eigenvalues one has to compute the 
determinants in each point of k-space for large number values of E (of order of 100) which 
costs much time.  
In the present work, according to Andersen theorem [2], we expand the radial wave 
functions at some energy value to linear terms in E, in which, both Hamiltonian and 
matrices do not depend on energy. We can get more accuracy by amount of higher – order 
terms in the expansion. Using this idea, we will be able to improve considerably the 
accuracy of CNT – band energy and achieve very good results. 
In this case we deform new wave function based on OPW and TB methods, in that the  
carbon atoms  cores  are  placed  in  the  crystal  lattice  sites  R.  There are localized electrons 
and the lattice sites.  Henceforth, the  core  electron  wave  functions  can be assumed  to  be  
approximately  equal  to  the  corresponding Hartree-Fock  functions  of  a  free  atom,  that  
is, 

 Cr HF
i i( ) ( )r R r R      (13) 
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where  I =  n, I, m  is  a  set  of quantum  numbers which characterize bound  electron  states.  
HF
i ( )r R     are  localized to  such  an extent  and  the  overlap of  HF

i ( )r R   centered  in  
different  sites should be  ignored, which leads: 

 *
i ( ) ( ) ( )i iir R r R dr R R          (14) 

On the other hand, for N unit cells in CNTs, u(ki; r) can be written by the following expression: 

 n  . R
nlm n

1
( , )   (  - R )

N
iik

i
j

u k r e r   (15) 

where Rn is the distance between two nearest neighbor carbon atoms. It yields new 
orthogonalized coefficients. We consider a correction term as Lij ; 

 ij i j ij ijM    (k  . k  - E)   L   (16) 

By using separable variables method, the atomic wave functions,  ( )nlm r , split into a set of 
radial Rnl(r), azimuth angle part  ( )m    and associated Legendre equation Plm(x), with x = 
cos ө. After doing some calculations on solving the above equation, the electronic band 
energy is determined by the following equation; 

 det H - EP 0  (17) 

Where 

 
OPW

is

is

H H
 H  

H

ij

ssH

 
 
 
 

 (18) 

And 

 
OPW

is

is

P P
 P  

P

ij

ssP

 
 
 
 

 (19) 

Finally, the overlapping wave functions of SWCNTs is demonstrated by H and P matrices, 

 3
is i s q sq 

0

H  ( )  u ( , ) d  -  a  bq
q

r H k r r E


    (20) 

 3
ss' i s s' sq s'q 

0

H  ( ) u ( , ) H u ( , ) d  -  b  bq
q

r k r k r r E


    (21) 

And  

 3
is i s q sq 

0

P  ( ) u ( , ) d  -  C b
q

r k r r


    (22) 

 3
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0

P  ( ) u ( , )  u ( , ) d  -  b  b
q

r k r k r r


    (23) 



 
 Electronic Properties of Carbon Nanotubes 

 

422 

Where  

 . 3
sq s n

0

b  ( )  (  R ) d   nik R
q

q

e r r r


      (24) 

We found a reliable matrix which can describe the CNT electron behavior  with doing  the 
series of calculations based on the Ritz variational, OPW and TB methods. In this method, 
there is no limitation on crystalline potential of CNT structure, so it can be suggested for 
evaluating the electronic band energy of SWCNTs.  
Therefore, the wave functions, which enter the Slater integrals, are based on self – consistent 
way from the corresponding integro – differential equations. It means the one – electron 
Hamiltonian of  CNT in the many – electron representations, should take into account the 
electron transfer owing to matrix elements of electrostatic interaction, which will be more 
complicated in solving the CNT –atomic problem. Moreover, the general Hartree  - Fock 
approximation may give us the radial one  - electron wave functions which depend explicitly 
on atomic term, whilst these wave functions can not be factorized  into one  - electron ones, or, 
the interaction of different carbon electron on the other sites is sometimes required.  
Thus we cannot describe unlocalized electron states in CNTs within above methods. In 
contrast to TBM, the strength of CNT potential can determine the widths of gaps rather than 
of electron bands ( as addressed in TBM). 
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1. Introduction 

Single-walled-carbon nanotube (SWCNTs) encapsulating fullerenes as peapods have been 
considerably interested to apply organic field effect transistor, magnetic device and 
quantum device (Bailey et. al. 2007, Khlobystrov et. al. 2005). Electronic structure and 
physical properties of fullerenes within SWCNT as carbon peapods has been studied. Table 
1 lists recent works. For instant, the endohedral metallofullerenes nested in the strained 
nanotube have the electronic structure with the relative energy levels at the different states 
and produces a spatial modulation of the energy gap (Cho et. al. 2003). A scalable spin 
quantum computer that combines aspects of electronic and magnetic properties of 
endohedral fullerenes that enclose small clusters of metal atoms, such as Sc2@C84, La@C82 (as 
shown in Fig. 1) and Gd@C82, N@C60 and P@C60 encapsulated within SWCNT as peapods 
has been investigated (Tooth et. al. 2008, Cantone et. al. 2008, Warner et. al. 2008, Cho et. al. 
2003, Yang et. al. 2010). The key advantages are that magnetic interactions between 
electronic spins and nuclear spins in carbon peapods are used. As an example using 
nitrogen endohedral fullerene N@C60 encapsulated within SWCNT as peapods (see Fig. 2), 
the nitrogen atom occupies a high-symmetry site at the center of the cage and retains its 
atomic configuration, and the cage offers protection of the nitrogen electron paramagnetic 
moment, which is related to electron spins, S=3/2, coupled to be nuclear spin I=1. This 
material has a high advantage of the NMR quantum computer to control spin gate with 
decoupling pulses in relaxation time. Morton reported the NMR quantum-computer 
controlled un-perturbation Rabi oscillation of spin polarization under influence of 
decoupling process (Morton, et. al. 2005, 2006, 2011). Additionally, nitrogen endohedral 
fullerene 14N@C60 encapsulated within SWCNT allow to control quantum qubit-gate under a 
mixture of biding interaction between electron and nuclear spins in the NMR quantum 
computing. Recently, Yang reported how to efficiently implement the quantum logical gate 
operations required for universal quantum computation. Transfer of information between 
qubits had been considered by direct dipole-dipole couplings or by using a mobile electron 
spin as the bus qubit (Yang et. al. (2010), Meyer et. al. (2004)). 
The band structures for infinite periodic chains of C60 and N@C60 are shown in Fig. 2. All the 
energies are given in units of E -EF for each system. The effects of encapsulated nitrogen on 
the band structure of C60 have been considered. The results reveal that the nitrogen causes 
the lowering of the C60 at the LUMO and HOMO levels together with a splitting of the 
degenerate levels. 
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Contents References 

Fullerene-based quantum computer 
Morton et. al. (2005), (2006), (2011), Yang et. 
al. (2010) 

 
Harneit et. al. (2002), Meyer et. al. (2004), 
Benjamin et. al. (2006)  

N@C60-SWCNT, P@C60-SWCNT Cho et. al. (2003), Bailey et. al. (2007), Jue et. 
al. (2007),  

 Simon et. al. (2006) (2007), Tooth et. al,. (2008), 
Yang et. al. (2010), Suzuki et. al. (2010), Iizumi 
et. al. (2010) 

Sc@C82-SWCNT, La@C82-SWCNT Cho et. al. (2003), Cantone et. al. (2008), 
Warner et. al. (2008) 

Carbon tubes Rao et. al. (1997), Khlobystrov et. al. (2005) 
C60 Schiller et. al. (2006) 
N@C60, P@C60, (C59N)2, C59N Buhl et. al. (1997), Fulop et. al. (2001), 

Kobayashi et. al. (2003), 
 Abronin et. al. (2004), Schulte et. al. (2007) 

Table 1. Electronic structure and physical properties of fullerenes within SWCNT as carbon 
peapods 

 
Fig. 1. Local density of states (LDOS) of (a) C82@(17, 0) and (b) La@C82@(17, 0) decomposed 
into the constituents. Black vertical lines indicate the Fermi level (Ef). Esubf represents the 
Fermi level with the metal substrate in contact. Isodensity surface plots of the electron 
accumulation (red) and depletion (blue) are shown for C82-SWCNT (17, 0) and La@C82- 
SWCNT(17, 0) in (c) and (d), respectively. The values for the red and blue surfaces in (c) are 
±0:0035e/eÅ3. Corresponding values in (d) are ±0:0025e/eÅ3. The gray circle in (d) indicates 
the position of the La atom inside C82. (Cho et. al. (2003)) 

The gap between HOMO and LUMO is reduced from 1:8 eV of C60 to 1:66 eV of N@C60. The 
effects of majority and minority spins in the nitrogen basis were found not to have any 
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appreciable further contribution. These small changes to the band gap and Fermi level shifts 
the support to the evidence that the nitrogen atom is well screened within the cage. 
 

 
Fig. 2. The relaxed atomic coordinates of N@C60-SWCNT (17, 0). For clarity the carbon atoms 
of the C60 are shown in red and the nitrogen in blue. The band structures for infinite periodic 
chains of C60 and N@C60 are shown. All the energies are given in units of E - EF for each 
system. (Bailey et. al. (2007)) 

Design of spin labels inside for possible molecular spintronics, which contains of 1D spin 
chains filling SWCNTs with magnetic endohedral fullerenes of N@C60 and P@C60 as spin 
qubit have been proposed (Yang et. al. 2010). Jue reported a scheme to implement the two-
qubit gates between the nuclear spins of the encapsulated atoms in endohedral fullerenes 

15N@C60 or 31P@C60, within today’s magnetic resonance techniques (Jue et. al. 2007). The 
electronic spin of the N and P ground state is 3/2, while the nuclear spin is either 1/2 (15N, 
31P) or 1(14N). The electronic structure at highest occupied molecular orbital (HOMO), 
lowest unoccupied molecular orbital (LUMO), the magnetic and optical properties of 
N@C60-SWCNT have been characterized on the basis of magnetic techniques of NMR, ESR 
and electronic nuclear double resonance (ENDOR) (Benjamin, et. al. 2006) using ab-nitio 
quantum calculation. The relaxation properties of the 14N nucleus in N@C60 were 
determined using techniques related to Davies ENDOR which have been proposed for 
measuring T1 and T2. In order to demonstrate the effectiveness of the bang-bang decoupling 
scheme in N@C60, a strong environmental interaction has been simulated by applying a 
strong RF field to drive Rabi oscillations in the nuclear spin; this strong RF field was then 
decoupled by applying fast phase ‘kicks’ using the π phase gate (Morton et. al. (2006)). 
Figure 3 shows Bang-bang control of fullerene qubits by ultrafast phase gates. Morton 
discussed the benefits of a coupled electron spin to the nuclear spin qubit and demonstrated 
the ideas using the 14N nuclear spin in the N@C60 molecule. In addition to providing a 
resource for nuclear spin polarization and detection, the electron spin can be exploited to 
perform ultrafast nuclear spin phase gates, which can in turn be used to dynamically bang-
bang decouple the nuclear spin from unwanted interactions. Figure 4 shows arbitrary 
nuclear phase gates are implemented by driving two electron spin transitions 
simultaneously (Morton (2005)). The path of the electron magnetization vector was driven 
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by a microwave field. The corresponding z-magnetizations are displayed as shown in Fig. 4 
(a). One transition is driven resonantly, and one strongly detuned. On each cycle, the phase 
accumulated is proportional to the area enclosed by the path. Both transitions must undergo 
an integer number of complete cycles to ensure the populations remain unchanged. As 
shown in Fig. 4 (b), both transitions were detuned by equal and opposite amounts, the 
population evolution for each is the same, whilst the phase accumulated is of opposite sign. 
Hence, the relative phase shift can be tuned by controlling the microwave pulse power. 
The effect of the non-nearest neighbor couplings has been investigated (Yang et. al. (2010)). 
Figure 5 show transitions of a single qubit in the presence of couplings to other qubit as a 
function of the chain length. The uppermost spectrum corresponds to the case of nearest 
neighbors only [trace (a)]. If non-nearest neighbors are added [see trace (b)], each resonance 
line splits into seven lines separated by Dnn/8, where Dnn is the coupling between nearest 
neighbors. The weight of the lines (1:2:3:4:3:2:1) is given by the number of states of the next-
nearest neighbors. Adding a third pair of qubits causes an additional splitting of each line 
into a (1:2:3:4:3:2:1) multiplet, with line separation Dnn/64. With the resolution of the figure 
[see trace (c)], this appears as a line broadening. The ESR frequency on transitions of a single 
qubit was appeared in the presence of couplings to other qubit under nearest neighbor. 
Especially, electronic spin qubits on five molecules of N@C60 in a magnetic field gradient has 
been simulated. The magnetic parameters of principle g-tensor, hyperfine coupling constant 
of nitrogen atom and chemical shift of 13C in 14N@C60 within SWCNT for chiral index (n, m) 
are important to control a quantum qubit-gate of 1D spin in the NMR quantum-computer. 
In the present work, geometrical effect of diameter and chiral index on the electronic 
structure, magnetic and optical properties of N@C60-SWCNT have been investigated on the 
basis of experimental results using ab-initio density functional theory. 
 

 
Fig. 3. Bang-bang control of fullerene qubits by ultrafast phase gates. (Morton et. al. (2006))  



 
Electronic Structure and Magnetic Properties of N@C60-SWCNT   

 

427 

 
Fig. 4. Arbitrary nuclear phase gates are implemented by driving two electron spin 
transitions simultaneously (Morton (2005)) 

 

  
Fig. 5. Transitions of a single qubit in the presence of couplings to other qubits as a function 
of the chain length. (a) Nearest neighbors only. (b) Nearest neighbors and next-nearest 
neighbors. (c) Three qubits on each side. (d) Infinite chain, where all but the nearest 
neighbors are polarized. (Yang et. al. (2010)) 
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2. Quantum chemical calculation 

The molecular structures were assembled by CS ChemDraw, CS Chem3D (Cambridge Soft) 
and Nanotube Modeler (JCrystal Soft). Molecular orbital calculations were carried out by 
molecular mechanics calculations (MM2) and semi-empirical molecular orbital calculations 
(Hamiltonian: Parameterized Model Revision 3: PM3). In addition, the isolated molecular 
structures were optimized by ab-initio quantum calculation using unrestricted Hartree–Fock 
(UHF) and DFT using UB3LYP with hybrid function LANL2DZ and STO-3G*, 3-31G* and 6-
31G* as basis set (Gaussian 03 Inc.). The electronic structure at HOMO, LUMO, LUMO+1 
and the HOMO-LUMO band gap (Eg) were calculated. Nitrogen atomic charges of 14N@C60 
within SWCNT were estimated using Mulliken population analysis. Wavelength and the 
exited transition state were calculated by time-dependence of DFT (TD-DFT) with hybrid 
function UB3LYP and 3-31G* as basis set. Continuously, chemical shift of 13C (δ), principle 
g-tensor (gxx, gyy, gzz) and principle A-tensor (Axx, Ayy, Azz) in hyperfine coupling constant 
(hfc) of nitrogen atom were calculated by DFT using NMR/GIAO with hybrid function 
UB3LYP and 3-31G* as basis set. 

3. Results and discussion 

3.1 Electronic structure of N@C60-SWCNT 
Electronic structure of molecular orbital at HOMO, LUMO, next LUMO+1 and energy levels 
of N@C60-SWCNT-armchair have been investigated by DFT with hybrid function UB3LYP 
using 6-31G* as basis set. Molecular orbitals and energy levels of 14N@C60-SWCNT armchair 
(13, 13), N@C60 and SWCNT are shown in Fig. 6. The molecular orbital of N@C60-SWCNT- 
zigzag (13, 13) was delocalized on -electrons at a long axis of SWCNT surface interacted 
with -electrons on the N@C60 cage surface as hybrid orbital interaction. The energy level 
between HOMO-LUMO was smaller than that of original SWCNT. This behavior was due to 
a mixture of binding interaction with spin distribution. 
Molecular orbital of 14N@C60-SWCNT (9, 9) and SWCNT at (a) HOMO, (b) LUMO, (c) 
LUMO+1 are shown in Fig. 7. The molecular orbital of N@C60-SWCNT-zigzag (9, 9) was 
delocalized on -electrons at a long axis of SWCNT surface interacted with -electrons on 
the N@C60 cage surface as hybrid orbital interaction. The energy gap of N@C60-SWCNT 
between HOMO and LUMO was estimated to be 1.16 eV, which was smaller than that of 
original SWCNT (9, 9) to be 1.24 eV, due to a mixture of binding interaction. Mulliken 
atomic charge of N in 14N@C60 within SWCNT was 3.8 x 10-5e. This result indicates a slight 
charge transfer from nitrogen atom to C60 cage within SWCNT. This supports the assertion 
that the nitrogen is well screened within the C60 cage. 
Electronic structures of N@C60-SWCNT-zigzag (14, 0) at (a) HOMO, (b) LUMO and (c) 
charge distribution are shown in Fig. 8. The molecular orbital were well distributed around 
the SWCNT interacted with C60 surface cage. Energy gap between HOMO and LUMO was 
estimated to be 0.87 eV, which indicates semi-conductive behavior. There existed a wide 
charge distribution on the inner surface of SWCNT, which had -electron interaction with 
hybrid orbital on the C60 surface cage. 
Figure 9 show molecular orbital of (14N@C60)2-SWCNT-armchair (9, 9) at (a) HOMO and (b) 
LUMO, calculated by DFT/UB3LYP/STO-3G*. In both cases at HOMO and LUMO, 
molecular orbital of (14N@C60)2-SWCNT (9, 9) formed a circle ring to distribute on the 
SWCNT surface. The band gap between HOMO and LUMO was estimated to be 3.72 eV, 
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(a) HOMO (b) LUMO (c) LUMO+1

-2.02 eV -1.25 eV -0.71 eV

14N@C60  LUMO  -3.57 eV

SWCNT (13, 13)  HOMO -4.06 eV
Eg=1.20 eVEg = 0.76 eV

 
Fig. 6. Molecular orbitals and energy levels of 14N@C60-SWCNT armchair (13, 13), N@C60 
and SWCNT (Suzuki, el. al. (2010)) 

 

 

(a) HOMO (b) LUMO (c) LUMO+1 
-4.05 eV -2.89 eV -2.26 eV   

(a) HOMO  -4.08 eV

(b) LUMO  -2.84 eV 

Mulliken N atomic charge    0.000038

N@C60-SWCNT (9, 9)                                    SWCNT (9, 9) 

 
Fig. 7. Molecular orbital of 14N@C60-SWCNT (9, 9) and SWCNT at (a) HOMO, (b) LUMO, (c) 
LUMO+1 and energy levels (Suzuki et. al. (2010)). 
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(a) HOMO = -5.23 eV (b) LUMO = -4.36 eV (c) Charge distribution 

 
Fig. 8. Molecular orbital of 14N@C60-SWCNT-zigzag (14, 0) at (a) HOMO, (b) LUMO and (c) 
charge distribution. (Suzuki et. al. (2010)) 

 

LUMO+1  = 2.21 eV

LUMO      = 0.71 eV

HOMO     = -3.01 eV

HOMO-1  = -4.39 eV

Eg = 3.72 eV

Mulliken atomic charge / N 
N1 =2.998, N2 =2.998

N1
N2

(a) HOMO (b) LUMO

 
Fig. 9. Electronic structures of (14N@C60)2-SWCNT-armchair (9, 9) at (a) HOMO and (b) 
LUMO. (Suzuki et. al. (2010)) 

which was larger than 1.72 eV, 3.06 eV and 2.11 eV of SWCNT (9, 9), N@C60 and (N@C60)2. 
Mulliken atomic charge of nitrogen atom in (14N@C60)2-SWCNT (9, 9) was estimated to be 
2.998e. This positive charge indicates a considerable charge transfer from nitrogen atom to 
C60 cage within SWCNT. 

3.2 Electronic structure of N@C60 
Electronic structure of N@C60 (S=3/2, I=1) at HOMO, LUMO and energy levels are shown in 
Fig. 10. The molecular orbital was considerably distributed on the C60 surface cage. Mulliken 
N atom charge was 0.21e, which indicates charge transfer from nitrogen atomic to the C60 
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surface cage. The energy gap between HOMO and LUMO was estimated to be 3.0 eV, which 
made agreement with the experimental energy gap of N@C60 (2.7 eV) adsorbed on Cu (887) 
surface. The molecular structure with the energy levels have been investigated by scanning 
tunneling microcopy/spectroscopy (STM/STS) and near-edge x-ray absorption fine 
structure (NEXAFS) spectrum (Schiller, et. al. 2006). 
 

Mulliken atomic charge 0.211512

HOMO  
-6.60 eV 

LUMO 
-3.57 eV

(a) HOMO (b) LUMO

Eg = 3.0 eV  
Fig. 10. Electronic structure and molecular orbital of N@C60 at (a) HOMO (a) and (b) LUMO 
(Suzuki et. al. (2010)) 
 

(a) HOMO -5.95 eV

(b) HOMO-1  -6.12 eV

(c) LUMO+1 -3.59 eV

(d) LUMO  -3.84 eV

(e) Spin density 

Band gap (Eg) = 2.11 eV  cf. N@C60 Eg = 3.0 eV

Mulliken atomic charge, 
N1 and N2 = 0.004299, 0.004381  

cf. N@C60 N = -0.004522

N1 N2

 
Fig. 11. Electronic structures of (N@C60)2 at (a) HOMO, (b) HOMO-1, (c) LUMO+1, (d) 
LUMO and (e) spin density. (Suzuki et. al. (2010)) 
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Electronic structures of (14N@C60)2 as dimmer at (a) HOMO, (b) HOMO-1, (c) LUMO+1, (d) 
LUMO, (e) spin density and Mulliken atomic charge of N1 and N2 are shown in Fig. 11. The 
molecular orbital of the (N@C60)2 at HOMO and LUMO were partial to distribute between 
the C60 surface cages. The molecular orbital was interacted with each other on π electron of 
hybrid orbital. The energy gaps between HOMO and LUMO were estimated to be 2.11 eV, 
which was smaller than that of N@C60. The dimerization was stable. The molecular orbital at 
HOMO-1 and LUMO+1 were well distributed around the C60 cage surfaces. The molecular 
orbital was anti-interacted with each other, due to anti-bonding behavior of isolated 
molecular orbital of N@C60. Mulliken atomic charge of N1 and N2 in (N@C60)2 were at 
0.004299 e and 0.004381 e. The slight values of positive charge were due to slight charge 
transfer from N atoms to the surface cage of C60. 

3.3 Electronic structure of C60N 
Electronic structure of C59N (S=1/2, I=1) at HOMO and LUMO are shown in Fig. 12. The 
molecular orbital were impartially distributed on the C60 cage surface. Mulliken N atomic 
charge was -0.6e. The negative value indicates considerable charge transfer from C60 cage to 
nitrogen atom. The energy gap between HOMO and LUMO was calculated to be 1.29 eV, 
which made agreement with the experimental result of (C59N)2 at 1.1 eV by C K NEXAFS 
spectrum (Schulte, et. al. 2007). The dimerization of (C59N)2 was stable as compared with 
isolation of C59N. 
 

Mulliken N atomic charge  -0.6058

HOMO  
-4.58 eV 

LUMO 
-3.29 eV

(a) HOMO (b) LUMO

Eg = 1.29 eV
 

Fig. 12. Electronic structure and molecular orbital of C59N at (a) HOMO and (b) LUMO. 
(Suzuki et. al. (2010))   

The single replacement in C59N keeps the bond lengths close to the C60 values (1.40 and 1.45 
Å). The dimerization has strong effects as shown in Fig. 13. The charge redistributes itself to 
weaken the intramolecular bonds of the tetra-coordinated C´ and to strengthen both the N-C 
bonds on the pentagon and the “double” bonds in the hexagons containing C´-N. This bond 
turns out to be a relatively weak one, as the electron density distribution emphasizes. In 
combination with the weak intermolecular C´-C´ bonding, this results in an electronic 
environment for C´ remarkably different from that of a typical sp3 atom. This fact should 



 
Electronic Structure and Magnetic Properties of N@C60-SWCNT   

 

433 

account for the missing NMR signal in the sp3 region. Accurate calculations of the carbon 
chemical shifts would be highly desirable. Their calculations predict a very similar structure 
for the latter (anti-conformation), apart from the much elongated intermolecular distance 
(1.675Å). The anti-conformation has been determined also by less sophisticated calculations. 

 

 
Fig. 13. For (C59N)2: Isodensity hypersurfaces of (a) the electron density and (b) the HOMO. 
Values (in au) are 0.2 (a); 0.002 (dark) and 0.0005 (light) (b). (Andreoni et. al. (1996)) 

3.4 Electronic structure of (C60)3 as trimmer 
Electronic structure of the C2h symmetry trimmer, (C60)3 based on the P4 peanut has been 
studied (Beu 2006). The HOMO and LUMO energies obtained with the PBE (HCTH) 
functional are respectively EHOMO=-0.175 (-0.179) a.u. and ELUMO=-0.171 (-0.173) a.u. The 
distribution of the Mulliken charges in the two waist regions are similar to those of the 
dimmer (between -0.030 e and +0.056 e for the PBE functional). Figure 14 shows geometrical 
structure and HOMO-orbital (isovalue 0.01) of the C2h symmetry C60 trimer, (C60)3 based on 
the P4 peanut. The HOMO-orbital qualitatively showed the same behavior, bridging the 
cages. A transverse nodal plane through the middle of the central cage seems to limit the 
delocalization of the electrons. Anyway, for all methods the HOMO-LUMO gap of the 
trimmer was significantly reduced as compared to the dimmer, (C60)3, continuing the 
monotonous decrease with respect to the C60 monomer. 

3.5 Geometrical effect of N@C60-SWCNT, SWCNT, N@C60 and C59N on electronic 
structure 
Geometrical effect of N@C60-SWCNT, SWCNT, N@C60 and C59N on the electronic structure 
has been investigated by DFT using UB3LYP. Table 2 lists comparison between N@C60-
SWCNT, (N@C60)2-SWCNT, SWCNT, (N@C60)2, N@C60 and C59N on energy levels at 
HOMO, LUMO and band gap (Eg). The energy levels of N@C60-SWCNT were affected by 
diameter and chiral index. The energy levels of N@C60-SWCNT compared with SWCNT had 
effected with increasing diameters. Especially, the energy gap of N@C60-SWCNT was 
smaller than those of SWCNT, N@C60 and C59N. This behavior would be originated in 
narrowing energy gap based on molecular interaction between N@C60 and SWCNT. These 
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behaviors of 14N@C60-SWCNT were considerably closed to those in density of state (DOS), 
which calculated with a tight binding model for SWCNT armchair. Electronic density of states 
(DOS) calculated with a tight binding model for SWCNT armchair (8, 8), (9, 9), (10, 10), and 
(11, 11) are shown in Fig. 16. The HOMO-LUMO gaps of SWCNT (n, n) for n = 9-13 as metal 
were inverse proportion to the diameters (Rao, et al. 1997). The energy gap of (N@C60)2-
SWCNT (9, 9) was extend to be 3.72 eV as compared with that of N@C60-SWCNT (9. 9), due to 
instable dimmer within SWCNT. As reference, the energy gap of dimmer, (14N@C60)2 was 
estimated to be 2.11 eV, which was smaller than that of 14N@C60, due the stable formation. 
 

 
Fig. 14. Geometrical structure and HOMO-orbital (isovalue 0.01) of the C2h symmetry C60 
trimer, (C60)3 based on the P4 peanut. (Rue (2006)) 
 

 
Table 2. Comparison of N@C60-SWCNT, (N@C60-SWCNT)2, SWCT, (N@C60)2, N@C60, and 
C59N on energy levels (Suzuki, et. al. (2010)) 
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Fig. 15. Electronic density of states (DOS) calculated with a tight binding model for SWCNT 
armchair (8, 8), (9, 9), (10, 10), and (11, 11). The Fermi energy is located at 0 eV. Wave vector–
conserving optical transitions can occur between mirror image spikes, that is, v1→c1 and 
v2→c2. (Rao, et al. (1997)) 
 

 
Table 3. Excited state transitions of N@C60-SWCNT (9, 9), calculated by TD-DFT. (Suzuki, et. 
al. (2010)) 

Excited state transitions of N@C60-SWCNT were investigated by TD-DFT quantum 
calculation. Table 3 list excited state transitions of N@C60-SWCNT (9, 9), calculated by TD-
DFT. The wavelength converted from the exited energy levels were estimated to be 1703 nm 
and 1061 nm, which were closed to experimental results of C59N-SWCNT by UV-vis NIR 
spectra and 2D PL contour maps as shown in Fig. 16 (a) (Iizumi, et. al. 2010). The optical 
behavior displayed the broad peaks around 2000 nm and 1000 nm, which could be assigned 
as the first (E11M) and second (E22M) van Hove transition on Raman spectroscopy with 
density of state using tight binding model (Rao, et al. 1997). As showed in Fig. 16 (b), the 2D 
PL contour maps of (C59N)2-SWCNT demonstrated that the emission and excited 
wavelength were around 1730 nm and 1000 nm. The slight different value between 
theoretical and experimental results would be originated in narrowing band gap based on 
molecular interaction between N@C60 and SWCNT. 
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 a)                                                                           b) 
 

Fig. 16. a) UV-vis NIR spectra, b) 2D PL contour maps of NC59-SWCNT. (Iizumi et. al. (2010)) 

 

 

 
                       (a) 14N@C60–SWCNT (13, 13)      (b) SWCNT (13, 13) 

 

 
 

Table 4. Chemical shifts of 13C with multicity in 14N@C60-SWCNT, SWCNT and 14N@C60 
(Suzuki et. al. (2010)) 
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Fig. 17. The measured chemical shift of (a) SWCNT, (b) and (c) DWCNT (Simon et. al. 
(2007)). 

3.6 Magnetic properties of N@C60-SWCNT, N@C60 and C59N. 
The magnetic parameters of chemical shift, principle g-tensor, A-tensor in hyperfine 
coupling constant (hfc) of N@C60-SWCNT and N@C60 have been studied by NMR, electron 
paramagnetic resonance (EPR) and electron nuclear double resonance (ENDOR) 
spectroscopy (Simon, et. al. 2006, 2007). Especially, chemical shifts of 13C with multicity of 
N@C60-SWCNT (13, 13), N@C60 and original SWCNT have been investigated. Table 4 lists 
chemical shifts of 13C with multicity in 14N@C60-SWCNT, 14N@C60 and SWCNT. Comparison 
results of the chemical shift between N@C60-SWCNT, SWCNT and N@C60 were 
investigated. As listed in Table 4, line position of N@C60-SWCNT shifted out at degenerated 
position with 39, 51, 26, 47 multicity states in a low magnetic field. Effect of chiral index on 
the chemical shifts of 13C in 14N@C60-SWCNT is shown in Fig. 17. The chemical shifts 
positions of N@C60-SWCNT shifted out with decreasing the diameters. The calculated 
results were considerably closed to the experimental results (Simon, et. al. 2007). These 
results were originated in a lack of 2s spin density distribution, spin-local orbital interaction 
and π electron interaction between N@C60 and inner surface on SWCNT. The electronic spin-
nuclear spin interaction based on unsymmetrical distribution of 2p spin orbital influenced 
the chemical shift position separated with splitting lines under a low magnetic field. 
The chemical shifts of 13C with multicity in optimized molecular structure will be calculated. 
The chemical shift will be constructed with a total sum of four terms as below: 

 σ  = σdia + σpara + σFC + σSD  (1) 

where σdia is diamagnetic term, σpara is paramagnetic term, σFC is Fermi contact interaction, 
σSD is spin dipole-interaction with angle dependence on 2p spin density distribution. The 
magnetic behavior of the chemical shift will be mainly based on the diamagnetic term and 
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the spin-dipole interaction. Especially, the chemical shifts of N@C60-SWCNT compared with 
C59N and (C59N)2 have been quantitatively analyzed on the basis of the experiment using ab-
initio DFT calculation.  
 

 

Mulliken N atomic charge  -0.6058
HOMO  
-4.58 eV 

LUMO 
-3.29 eV

(a) HOMO (b) LUMO

Eg = 1.29 eV
 

Fig. 18. Electronic structure of C59N at (a) HOMO and (b) LUMO. (Suzuki et. al. (2010)) 

Electronic structure and calculated chemical shifts of 13C and multicity in parentheses for the 
atoms in the close environment in C59N are shown in Fig. 18 and 19. The calculated chemical 
shifts of 13C in C59N separated in the range of 126 ppm and 152 ppm. The chemical shift of C 
near N atom suggests at 136.22 ppm with multicity at 5.0. The behavior would be arisen 
from electron-nuclear spin interaction based on spin density distribution at HOMO. The 13C 
chemical shifts of (C59N)2 compared them with the experimental spectrum. Comparison 
 

 

     
Fig. 19. Calculated chemical shifts of 13C and multicity in parentheses for the atoms in the 
close environment in C59N. (Suzuki et. al. (2010)) 
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between the calculated 13C chemical shifts of (C59N)2 and the experimental spectrum is 
showed in Fig. 20. The value for the saturated carbon atom (C’), 83.1 ppm, is refined to 85.3 
ppm with the TZP/DZ basis, is in reasonably good agreement with the experiment (90.3 
ppm), as is the value for the corresponding carbon atom in C59NNH, 68.4 ppm (TZP/DZ) 
versus 72.1. Figure 21 shows 13C chemical shifts for the atoms in the close environment of N: 
(a) (C59N)2, (b) C59NH, and (c) indole. There was a substantial de-shielding of the saturated 
carbon atom in going from C59NH to (C59N)2, both in the experimental and theoretical data 
using the electronic density distribution. 
 

 
Fig. 20. 13C chemical shifts (C59N)2: (a) experimental spectrum and (b) computed values at 
the DZ level (Buhl et. al. (1997)) 

 
Fig. 21. 13C chemical shifts for the atoms in the close environment of N: (a) (C59N)2, (b) 
C59NH, and (c) indole. Experimental data are in boxes. Note that in the three cases the 
location and magnitude of the ”extrema” are similar (Buhl et. al. (1997)) 
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The magnetic interaction with the electron spins will be explained. The Hamiltonian can be 
formulated by Eq. (2). 

 H = g e S H – gNN I H + S A I + S D S + I Q I   (2) 

The five terms represent the following interactions: electronic and nuclear Zeeman 
interaction, the hyperfine of the spin nuclear interaction, the fine structure of the spin-spin 
interaction and the nuclear quadrupole. 
Energy level diagram for isotropic atomic 14N@C60 in a strong external magnetic field is 
shown in Fig. 22 (A). This Hamiltonian yields the 12-level system illustrated in Fig. 22 (A). 
The first split shows the four possible values of the electronic spin, and these are each split 
into the three possible values of I. The splitting of the nuclear energy levels has been 
investigated. The principle value of g-tensor will be mainly estimated by second 
perturbation. gii related to spin local interaction with energy interaction between 
paramagnetic and nearest neighbor interaction. 

 gii = ge + Δgii (3) 

 gii = ge 
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The hyperfine coupling strength of A-tensor is constructed with a sum of isotropic and 
anisotropic hyperfine interaction. 

 A-tensor = Aiso + A’ ii           (6) 

 Aiso= 8π/3 gn μN ρ(0)  (7) 

 A’ ii = gN μN  
2

3
(3 1)

 


 ρ r d
r

cos θ
v   (8) 

The isotropic hyperfine interaction, Aiso will be related on the 2s spin density distribution, 
(0), as described by Eq. (7). The anisotropic hyperfine interaction, A’ii–tensor has influence 
of the 2p spin density distribution with angle dependence on a direction of the electron 
nuclear interaction, as noted in Eq. (8). A quantitative relation between the electron spin 
density and the isotropic hyperfine coupling constant has been discussed. For planar 
radical (e.g., CH3 radical), this relation has been known as noted by Eq. (9). 

 Aiso = Q  (9) 

where  is the -electron density on the C atom and Q = 45 G. A future of non-planar 
radicals including C59N is the “umbrella effect characterized by (i) deviation of the C atom 
containing the unpaired electron from the plane and (ii) partial change in the hybridization 
of this C atom, which becomes intermediate between sp2 and sp3 (Abronin et. al. 2004). The 
spin-spin interaction with zero field constant, S D S is mainly originated in the dipole-dipole 
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interaction, as noted by fifth term in Eq. (2). In the quadruple nuclear interaction, I Q I, the 
quadruple coupling constant, Q of nitrogen atom with more than I = 1 on nuclear quadruple 
resonance (NQR) will be dependence on magnetic interaction between electric quadruple 
moment, e Q and electric field gradient (EFG). The electric quadruple moment, e Q will be 
related on deviation of nuclear charge distribution. The magnetic parameters of g-tensor, A-
tensor in the hyperfine coupling constant and the quadruple coupling constant of nitrogen 
atom will be under the spin nuclear interaction, e Q, EFG and the spin density distribution. 
 

 
Fig. 22. (A) 14N@C60 has electron spin S = 3/2 and nuclear spin I = 1 which together provide a 
rich 12-level structure. Considering only the first-order hyperfine interaction, the three 
electron transitions associated with a particular nuclear spin projection are degenerate. 
Adding the second order corrections (δ = a2/B) lifts the degeneracies for the MI = ±1 lines. 
(B) Continuous wave EPR spectrum of high purity N@C60 in degassed CS2 at room 
temperature. Each line in the triplet signal is labeled with the corresponding projection MI 
of the 14N nuclear spin. (C–E) Zoom-in for each of the three hyperfine lines reveals further 
structure. Stars (*) mark the line split by 13C hyperfine interactions with C60 cage. 
Measurement parameters: microwave frequency, 9.67 GHz; microwave power, 0.5 μW; 
modulation amplitude, 0.2 μT; modulation frequency, 1.6 kHz. (Simon et. al. (2006)) 

3.7 Calculated magnetic parameters 
The EPR spectrum of 14N inside N@C60 consists of three lines centered at electron g-factor, 
split by a 14N isotropic hyperfine interaction. Table 6 lists magnetic parameters of g-tensor, 
A-tensor in hfc and Mulliken N atomic charge of N@C60-SWCNT (13, 13), (9, 9), (N@C60)2, 
N@C60 and C59N, calculated by ab-nitio DFT quantum calculation. The magnetic parameters 
such as principal g-tensor, hfc and Mulliken N atomic charges in N@C60-SWCNT (9, 9) were 
estimated to be 2.00093-98, 3.8-6.0 and 3.8×10-5, respectively. The calculated magnetic 
parameters of N@C60-SWCNT were discussed on the basis of the experimental results as 
shown in Fig. 23. The slight un-symmetrical values of hfs on N@C60-SWCNT would be 
originated in anisotropy spin-dipole interaction and π electron interaction between N@C60 
and inner surface on SWCNT. In this case, a few percent of the values of sandp 
on nitrogen in N@C60-SWCNT will be expected by the values of AN (2 s) and (2 p) of 14N to 
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be 557 G and 17.8 G at the sandp The calculated values of hfs in N@C60-
SWCNT, N@C60 and C59N was in proportion to the spin-dipole interaction, a few percent of 
contribution from the 2p spin density distribution with a lack of 2s spin density distribution, 
obeyed by Fermi contact parts. The nuclear quadruple interaction of 14N (I = 1) in N@C60-
SWCNT was negligible due to a slight value of EFG based on charge transfer from the CNT 
to C60 with a slight value of the Mulliken atomic charges. The principle g-tensor, hfc and 
Mulliken nitrogen atomic charges on N@C60-SWCNT (9, 9) as compared with N@C60 and 
C59N were decreased. These results would be dependence with geometrical effects of 
N@C60-SWCNT (n, n) for chiral index on π-electron interaction in cooperation with the 
magnetic interaction between electron spins, S = 3/2 and nuclear spin, I = 1. 
Experimental values of A-tensor in hfs on N@C60 and C59N are shown in Fig. 23 and 24. The 
symmetrical structure of N@C60 had isotropic value of magnetic parameters. The 
experimental results of N@C60 compared with C59N (Fulop et. at. (2001)) were considerably 
closed to the calculated results (Harneit et. al. (2002)). The unsymmetrical structure of C59N 
affected the principle lines at several states, which splitting by anisotropy hyperfine 
interaction. Spin density distribution of paramagnetic azafullerene, C59N have been 
calculated (Abronin et. al. 2004, Schrier et. al. 2006). Based on hyperfine coupling constants 
for 14N and 13C nuclei in C59N, the spin density distribution of the unpaired π-electron in 
C59N was mainly localized around the nitrogen atom. Mulliken charge transfer of nitrogen 
atom in C59N was calculated to be -0.6 e. This result indicates a considerable value of charge 
transfer from C60 to N atom. The magnetic parameters of the anisotropic molecular structure 
would be strongly attributed from the spin-dipole interaction with 2p spin density 
distribution. Considerably, molecular design of the endohedral fullerenes within SWCNT 
varied with geometry structure is important to control the quantum spin qubit, splitting the 
magnetic parameters including g-tensor, A-tensor of hfc and the chemical shifts in the NMR 
quantum computer. 
 

Elements g-tensor 
(gxx, gyy, gzz) 

hfc / G 
(Axx, Ayy, Azz) 

Mulliken N atomic 
charges / e 

14N@C60 

-SWCNT 

(13, 13) 

2.00119 
2.00119 
2.00117 

2.4 
2.4 
1.3 

-0.004521 
 
 

14N@C60 

-SWCNT 

(9, 9) 

2.00098 
2.00098 
2.00093 

6.0 
6.0 
3.8 

0.000038 

(14N@C60)2 
Dimmer 
 

1.99775 
1.99776 
1.99785 

4.6 
4.6 

15.0 
0.004299, 0.004381 

14N@C60 

 

 

2.00490 
2.00490 
2.00490 

4.5 
4.5 
4.5 

0.211512 

C59N 
 
 

2.00545 
2.00511 
2.00356 

2.4 
2.5 
7.6 

-0.605804 

Table 5. g-tensor, hfc and Mulliken N atomic charge of 14N@C60 –SWCNT (Suzuki et. al. 
(2010)). 
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Fig. 23. ESR spectra of (a) SWCNT, (b) N@C60 and (c)-(d) N@C60-SWCNT at triplet state. 
(Simon et. al. (2007)). 

 
 

 
 
a) depending on sample quality 
b) depending on endohedral fullerene concentration 
 
 
Table 6. Spin properties of the endohedral C60 fullerenes with electron spin S = 3/2 (Harneit 
et. al. (2002)) 
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Fig. 24. Motionally narrowed ESR spectrum of tumbling C59N substituted in C60 at 290 K 
and 9 GHz (Fulop et. al. (2001)). 

4. Conclusion 

Design of spin labels for the NMR quantum computer that contained 1D spin chains filling 
SWCNT with N@C60 has been proposed. The electronic structure, chemical shift, g-tensor, 
A-tensor of hfc would be influenced by geometrical structure, varied with diameter and 
chiral index. The magnetic properties were originated in spin density distribution with π-
electron interaction between N@C60 and inner surface on SWCNT and CT. The slight un-
symmetrical values of A-tensor in hfs on N@C60-SWCNT (9, 9) would be originated in 
anisotropy spin-dipole interaction and π-electron interaction between N@C60 and inner 
surface on SWCNT. The values of A-tensor in hfc would be in proportion to the 2 p spin 
distribution based on the spin-dipole interaction with a lack of 2 s spin density distribution, 
obeyed by Fermi contact parts. The magnetic parameters of the anisotropic structure would 
be strongly influenced by the spin-dipole interaction with a slight distribution of the 2 p 
spin density. Molecular design of the endohedral fullerenes within SWCNT as peapods is 
important to control quantum qubit, splitting the principle lines based on hyperfine 
interaction as the NMR quantum computer. 
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1. Introduction  

Since the discovery of superconductivity at 39 K in MgB2 (Nagamatsu et al., 2001), 
considerable progress has been made in the understanding of the fundamental properties 
and the development of commercial applications of this material.  
The strong potential for technological uses of MgB2 is due to a unique combination of 
characteristics, such as a high transition temperature Tc ~ 39K, chemical simplicity, 
lightweight and low cost of the raw materials (Buzea et al., 2001). In addition, the absence of 
weak-link behavior at grain boundaries in polycrystalline samples (Larbalestier et al., 2001) 
allows the use of simple Powder in Tube (PIT) methods to fabricate wires and tapes 
(Flükiger et al., 2003). One of the most important issues for MgB2 magnet applications is the 
simultaneous enhancement of its critical current density (Jc) and the upper critical field (Hc2).  
Thus, on one hand, the pinning force may be improved by the incorporation of defects 
(nano particle doping, chemical substitutions, etc.). On the other hand, the doping level 
affects the intraband scattering coefficients and the diffusivity of the two bands of this 
peculiar superconductor, and these changes may cause a significant Hc2 variation. Carbon or 
C-compounds additions have been very successful to improve Jc and/or Hc2, and the effects 
of carbon doping on superconductivity in MgB2 has been extensively studied. The Jc-H 
performance can be greatly improved by adding different carbon sources, such as carbon 
doped MgB2 filaments (Wilke et al., 2004, 2005a), nanocarbon (Soltanian et al., 2003; Ma et 
al., 2006; Yeoh et al., 2006; Häβler et al., 2008), amorphous carbon (Senkowicz et al., 2005), 
diamond (Cheng et al., 2003),  B4C (Wilke et al., 2005b; Ueda et al., 2005; Yamamoto et al., 
2005a, 2005b), carbon nanohorn (Ban et al., 2005) and, particularly, carbon nanotubes (Dou 
et al., 2003; Yeoh et al., 2004, 2005, 2006; Serquis et al., 2007; Serrano et al., 2008, 2009); 
Shekhar, 2007; Vajpayee et al., 2010; etc).  
In this chapter we present a review of recent developments in the study of the effect of 
carbon nanotubes (CNT) on the superconducting properties of MgB2 bulk and wire samples, 
based on the known literature data and our own results. 
It is well known that pinning of vortex lines to defects in superconductors plays an 
extremely important role in determining their properties. CNT inclusions, with diameters 
close to the MgB2 coherence length (ab(0)  3.7-12nm; c(0)  1.6-3.6 nm, depending on the 
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doping level, as discussed below in section 2.1.2) (Buzea et al., 2001) may be very good 
candidates for vortex pinning if they do not completely dissolve in the matrix but remain as 
tubes acting as columnar defects. Therefore, the presence of CNT may result in a critical 
current density improvement under applied fields that will depend on the synthesis 
parameters. Besides, theoretical models predict that the presence of two superconducting 
gaps could allow tuning of different upper critical fields by controlling diverse defect 
sublattices relative to orthogonal hybrid bands (Golubov et al., 2002;  Gurevich , 2003). These 
models predict a significant Hc2 enhancement in the dirty limit and an anomalous Hc2(T) 
upward curvature. Several reports indicate that Hc2 can be significantly increased by 
introducing disorder through oxygen alloying, carbon doping or He-ion irradiation 
(Brinkmann et al., 2002; Gurevich et al., 2004; Putti et al., 2004; Braccini et al., 2005). Thus, it 
is important to analyze the effect of carbon-doping through CNT or other C-sources to the 
Hc2(T) in bulk MgB2 samples, where extrapolated values of Hc2(0) between 29 and 44 T have 
been reported (Wilke et al., 2004; Senkowicz et al., 2005; Serquis et al., 2007; Serrano et al., 
2008). 
In section 2 of this work, we describe the influence of C-incorporation into the MgB2 
structure by using different CNT type over the microstructural and superconducting 
properties (critical current density, critical fields and critical temperature). In particular. we 
present the influence of synthesis parameters in the superconductivity of bulk samples 
prepared with single-walled (SW), double-walled (DW) and multi-walled (MW). In the first 
subsection, we compare the evolution of Tc, and the lattice parameters with the amount of 
CNT, analyzing if C is replacing B in the Mg(B1-xCx)2 structure or remains as CNT in each 
case. In the following subsections, we present a review of Jc determined by magnetization, 
and Hc2(T) by transport measurements, which may require measurements performed using 
high fields (i.e. 50 T) pulsed magnets. In the last subsection, we also present an analysis of 
the distinctive effect of C addition in samples with optimum contents of single-walled and 
double-walled carbon nanotubes SiC, that simultaneously increase Jc and Hc2. 
In section 3, we offer a review of the use of CNT in the production of PIT MgB2 wires and 
tapes required for applications. The fabrication and processing conditions strongly affect 
microstructures and current carrying capability of PIT conductors, making the question of 
grain connectivity more relevant. The standard and low-cost fabrication PIT method 
involves filling a metallic tube with superconducting powder (ex-situ) or precursors (in-situ) 
and drawing it into a wire and/or rolling into a tape (Flükiger et al., 2003). We show the 
results obtained in MgB2 wires and tapes prepared by PIT using different kind of CNT and 
treated at different temperatures between 600 and 900 °C, using several sheath materials 
(e.g. iron, stainless steel, Fe/Nb, etc), to establish a relationship among annealing conditions, 
modifications in the microstructure, and changes in Jc.  
In Section 4 we go deeper in the role of doping by studying the magnetic relaxation of MgB2 
with and without DWCNT bulk samples. In the first subsection, we introduce the main  
equations contained in a very recent work (Pasquini et al., 2011) necessary to investigate the 
current decay, that relates parameters such as the magnetic field B,  the magnetization m,  
current density J flowing in the sample, and the activation barrier U(J,T,B) that governs the 
creep of vortices. In the rest of this section we present the experimental relaxation rates 
(measured using a DC magnetization technique), and the general behaviour is described 
and analyzed under the Anderson-Kim frame model (Anderson, 1964). The pinning 
energies Uc, true critical current densities Jc0, and correlation volumes Vc are estimated and 
compared. 
Finally, we summarize the main conclusions in section 6. 
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2. Effect of different kind of CNT addition to superconducting properties of 
MgB2 bulk samples 

There are many reports in the literature that study the effect of CNT on the superconducting 
properties of MgB2. However, many of them mentioned the effect of CNT-doping without 
clarifying the meaning of this word. Doping is generally the practice of adding impurities to 
something, but it specifically means the replacement of one element within the same 
crystalline structure, creating a substitutional point defect. In the case of CNT additions to 
MgB2 it is possible that part of the carbon replaces boron giving place to the compound 
Mg(B1-xCx)2. As a consequence, in many works, the nominal amount of CNTs added during 
the synthesis is calculated as the stoichiometric amount according to this formula or, in 
other cases as some extra %at or %wt of carbon added to MgB2. In the later case, if part of 
carbon replaces boron, some extra magnesium should be added that may also evaporate or 
form MgO during the synthesis process. In this chapter, unless it is specified, we will use 
“x” as the nominal amount of carbon added according to Mg(B1-xCx)2,  and the term 
“doping” when carbon is actually replacing boron.  

2.1 Carbon doping and critical temperature (Tc) 
Several systematic carbon doping studies of Mg(B1-xCx)2 have been performed in single 
crystals (Lee et al., 2003; Kazakov et al., 2005), polycrystalline wires fabricated by chemical 
vapor deposition (CVD) (Wilke et al., 2004, 2005a), and B4C-doped (Avdeev et al., 2003; 
Wilke et al., 2005b). All these studies indicate a monotonic decrease of Tc and the lattice 
parameter a for increasing x, while the lattice parameter c remains constant.  
For single crystals, the solubility limit of C in MgB2 was estimated to be about 15 ± 1%, 
which is substantially larger than that reported for the polycrystalline samples. A dramatic 
decrease in Tc was also observed with C-substitution, followed by complete suppression of 
superconductivity for x>0.125. This solubility limit is usually not reached in bulk samples. A 
comparison of the critical temperature as a function of the nominal C-content for different 
carbon sources is displayed in Figure 1.  
The reduction in Tc resulting from C addition using CNT sources is much lower than in the 
previous cases, suggesting that C substitution is lower than the concentration given by 
Mg(B1-xCx)2. The Tc decrease is even lower when using SWCNT as a source of carbon 
indicating a very low doping level. 
As an example, it is possible to calculate the actual C content substituting B into the MgB2 
structure, using the lattice parameters obtained from XRD:  the shift in the a-axis lattice 
parameter can be used as a calibration for the actual amount of C (x) in the Mg(B1-xCx)2 
structure in comparison with the fitting of neutron diffraction data (Avdeev et al., 2003) or 
single crystal data (Kazakov et al., 2005). The dependence of a-axis lattice parameter as a 
function of the nominal DWCNT %at content is plotted in Figure 2. The corrected x values 
obtained were used to plot the same data as open squares in Figure 1, indicating that not all 
C is incorporated into the MgB2 structure. A similar behavior is observed for all CNT 
samples, indicating that actual C-substitution tends to saturate for nominal CNT contents 
larger than 10%at. The actual C-doping varies according to the CNT type, synthesis 
temperature or other synthesis parameters (i.e. pressure or magnetic field). This C-
substitution level determines not only the Tc but other superconducting properties such as 
Hc2, as will be described in section 2.2. Nevertheless, we will continue using the nominal 
content as the parameter to describe most effects to make it easier the comparison with other 
author’s results.  
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Fig. 1. Critical temperature as a function of the nominal C-content using different carbon 
sources. 

  

 
Fig. 2. Lattice parameter a as a function of the nominal C-content for DWCNT samples 
compared with others with full carbon substitution, measured by neutron diffraction. 
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It is important to mention that not only the nominal carbon content x but also other 
synthesis parameters affect the superconducting properties like Tc due to the amount of C 
substituting B in the structure. All parameters studied up to now are listed at the beginning 
of next section.  

2.2 Simultaneous enhancement of critical currents and fields  
2.2.1 Critical currents (Jc) 
Since the first work devoted to the study of the effect of the addition of CNT on the critical 
current density of MgB2 (Dou et al., 2003), several parameters have been studied: 
- the amount of "x" for a particular CNT type : MWCNT (Dou et al., 2003; Shekhar, 2007), 

DWCNT (Serquis et al., 2007),  SWCNT (Serrano et al., 2009 ; Vajpayee et al., 2010) 
- the effect of CNT type (Serrano et al., 2008) and size (Yeoh et al., 2005, 2006) 
- the effect of sintering conditions such as temperature (Yeoh et al., 2004), pressure (Yuan 

et al.,  2005), ultrasonication of precursors (Yeoh et al.,  2006) or the application of 
magnetic field during sintering (Li et al., 2007) 

Most researchers performed magnetization loops measurements to determine Jc(H) in bulk 
samples using the Bean critical state model (Bean, 1962) assuming full penetrated samples 
for a long parallelepiped: 
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Fig. 3. Jc field dependence determined by magnetization for samples with different amount 
of  SW, DW and MW CNT at 5K and 20 K. Data from MWCNT (Shekhar et al., 2007), 
DWCNT (Serquis et al., 2007) and  SWCNT (Serrano et al., 2009)   
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where a and b are the lengths of the parallelepiped edges perpendicular to the magnetic field 
and M is the width of the magnetization characteristic at the applied magnetic field H. 
Figure 3 shows the dependence of Jc with the applied magnetic field at 5 and 20 K for 
samples prepared with different amount of single (SW) (Serrano et al., 2009), double (DW) 
(Serquis et al., 2007) and multi-walled (MW) (Shekhar et al., 2007) CNT (see inset for the 
later case). Some flux jumps were frequently reported at 5 K in regions up to 2 T, and these 
data were not included in the corresponding figures. It can be observed that in all cases the 
addition of CNT progressively improves the overall Jc(H) performance, reaching an 
optimum for the x=0.10 sample, where Jc is higher than for any other composition in all the 
reported temperatures and fields. When the amount of added CNT is over 10%at the 
performance deteriorates. However, many other authors also reported that the optimum 
addition is around 10%at, although in some cases the critical current densities are not higher 
than for other compositions in the whole range of temperatures or applied fields. 
 

 
Fig. 4. Critical current densities at 4 T as determined by magnetization as a function of the 
amount of SW (circles), DW (triangles) and MW (squares) CNT added to MgB2 at 5K (full 
symbols) and 20 K (open symbols). Data from MWCNT (Dou et al., 2003), DWCNT (Serquis 
et al., 2007) and  SWCNT (Vajpayee et al., 2010) 

Figure 4 displays the dependence of Jc with different amount of MWCNT (Dou et al., 2003), 
DWCNT (Serquis et al., 2007) and SWCNT (Vajpayee et al., 2010) added to MgB2 samples 
under an applied field of 4 T and temperatures of 5 and 20 K. It is interesting to note that the 
critical current densities are very similar between x = 0,025 and x = 0,10 for each type of 
sample, but the Jc improvement tends to be more notorious for x = 0,10 at higher 
temperatures and fields. The best composition for a certain field and temperature may also 
change with the sintering temperature. Samples included in Figure 4 were prepared at 800, 
900 and 850°C for MW, DW and SW, respectively. A study about the dependence with 
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sintering temperature (Ts) in MgB2 samples with MW CNT (Yeoh et al., 2004) indicated that 
when the Ts is 900°C or higher, the nanotubes tend to dissolve and are incorporated into the 
MgB2 matrix, decreasing Tc but increasing the irreversibility field (Hirr). This effect will be 
discussed in the next subsection, since it is correlated with the Hc2 improvement. Therefore, 
the larger the amount of C-doping the smaller is the Jc(H) slope improving the performance 
at higher fields. On the contrary, the Jc decrease for x > 0,10 may be due to both an even 
larger decrease in Tc  and a probable deterioration of interconnectivity between grains. This 
deterioration of grain connectivity was denoted by a large normal resistivity value (i.e. 
ρ(40K) ~ 200 μcm) for the DW sample with x = 0,125. 
Figure 5 shows the dependence of Jc with the applied magnetic field of samples prepared 
with the same amount of single (SW), double (DW) and multi-walled (MW) CNT. 
 

 
Fig. 5. Jc field dependence determined by magnetization at 5K and 20 K for samples with the 
same nominal composition (x=0,10) but different CNT types (SW, DW and MW of different 
sizes). The corresponding pure samples (x = 0) are included as references (open symbols) 

For comparing the absolute values it is important to take into account the pure MgB2 
sample used as reference since this can be a good parameter to check the influence of 
variables other than composition, such as connectivity, that may result from the sintering 
process. Consequently, the best performances (i.e. Jc values and Jc(H) dependences) are 
obtained for MW (diameter 20-30 nm) (Yeoh et al., 2005) and DW (diameter 1.3–5 nm) 
(Serquis et al., 2007). These two samples (both heat treated in flowing high purity Ar at 900 
for 30 minutes) presented the largest C-doping (smallest a lattice parameter) and Yeoh et al. 
suggested that it is not the diameter but the MWCNT length the responsible for allowing a 
more homogeneous C-incorporation by avoiding the nanotubes agglomeration. This 
explanation may not apply to DW CNTs, which have a length ≤ 50 μm. However, it is highly 
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probable that synthesis parameters that promote a more homogeneous CNT distribution 
and improve connectivity (avoiding agglomerates at grain boundaries) are the key for Jc 
performance.  

2.2.2 Upper critical fields (Hc2) 
The Hc2(T) dependences are usually determined from four probe transport measurements. 
Since the involved fields are frequently very high for standard laboratory test equipments, 
several groups performed measurements at large High Magnetic Field facilities. As an 
example, measurements of DW and SW CNT samples were performed in the mid-pulse 
magnet of NHMFL-LANL, capable of generating an asymmetric field pulse up to 50 T. 
Figure 6 exhibits the temperature dependences of Hc2 and Hirr, defined as the onset 
(extrapolation of the maximum slope up to the normal state resistivity) and the beginning of 
the dissipation, respectively, of the R versus H data for samples with several DWCNT 
contents, at temperatures between 1.4 and 34 K. The criteria to define Hc2 and Hirr are 
exemplified in the inset of figure 6. 
 

  
Fig. 6. Transport measurements of the upper critical field (Hc2) and the beginning of the 
dissipation (Hirr) as a function of temperature for samples with DWCNT contents of 0.01, 
0.075 and 0.10. The inset shows some of R(H) curves to exemplify the criteria used to 
determine Hc2 and Hirr. 

In all superconducting materials, an Hc2 enhancement is expected when disorder is 
increased (e.g., by doping). The reason is that the reduction in the electronic mean free path 
produces a decrease of the effective coherence length, driving the superconductor to the 
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“dirty limit”. This effect is especially large in C-doped MgB2, and additionally an anomalous 
Hc2(T) upward curvature is also noted in the present data and reported many times. This 
positive curvature is related to the existence of two-gaps in MgB2, (-band and -band) and 
predicted by some theoretical models.  
These models for a two gap superconductor in the dirty limit  (Golubov et al., 2002;  
Gurevich, 2003) consider that nonmagnetic impurities affect the intraband electron 
diffusivities D and D, and the interband scattering rates  and . An implicit Hc2 
dependence on temperature can be obtained from the Usadel equations, derived taking into 
account only the intraband effect. 
 

 
Fig. 7. Transport measurements of the upper critical field (Hc2) determined from the R(H) 
curves as a function of the reduced temperature t = T/Tc0, for selected samples with and 
without CNT addition and fit to data using equation 2 (lines). Other C-doped samples are 
included for comparison (Serrano et al., 2008; Braccini et al., 2005) 

        0 2 1ln ln ln ln 0a t +U h t +U h a t +U h a t +U h                    (2) 

where, 0/ ct T T  is the reduced temperature1,  

 DD / , 

(1/2)-x)(1/2U(x)   , 

                                                 
1 In Refs. (Gurevich, 2003; Serquis et al., 2007 ; Serrano et al., 2008))  Tc0 = Tc(g=0) is defined, where g the 
interband scattering parameter. This value corresponds to the clean limit MgB2 sample.   
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a0, a1, and a2 were determined in ref. (Gurevich, 2003). 
Another equation was derived when taking also into account the interband effects:  
 

 
Fig. 8. The extrapolation at 0K of  Hc2 as a function of carbon content x for DW and SW CNT 
samples (full symbols). Hc2 data at 5K , 20K and Hirr(5K) is also included for DW sample 
(open symbols). Lines are only guides to the eyes. 

         0 02 ln ln ln ln 0i iw t U t U t U t U              
 (3) 

where      /22  i ,  ),,,,,( 2    DDHTUU c , 

w, 0 are constants that depend on mn (m,n = ,) (values obtained from ab initio 
calculations) (Golubov et al., 2002; Braccini et al., 2005).  
In this case we optimized the diffusivity ratio  =D / D and interband scattering parameter 
to fit the measurements using the equation (3).  

Figure 7 shows the dependence of Hc2 as a function of the reduced temperature t = T/Tc0, 
where Tc0 = 39 K, of some selected samples with and without CNT addition. Other C-doped  
samples are included for comparison (Serrano et al., 2008; Braccini et al., 2005). The lines are 
fits to the data with the model proposed using the fitting parameters described above. 
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The upward curvature signaled as a characteristic of the presence of two gaps is apparent in 
these Hc2(T) data.  
Figure 8 displays the Hc2(0) extrapolations as a function of x for DW (Serquis et al. 2007) and   
SW (Serrano et al. 2007) in comparison with data for other C-doped samples (Wilke et al., 
2004). We observe that Hc2(0) increases with x and has a maximum for 10 at% for DW and 5 
at% for SW. For a larger x values a decrease in Hc2 was found, probably due to a larger Tc 
decrease and an increase in the resistivity of the samples. Earlier MgB2 carbon doped data 
(Wilke et al. 2005)  also indicates an initial rapid rise for lower C contents that then slows 
down, reaches a maximum at intermediate carbon concentrations, and decreases for larger C 
contents and the same behavior was reported for MgB2 single crystals.  
The CNT additions produce a larger C incorporation than SiC, probably because of the 
higher synthesis temperature, resulting in samples with lower Tc. The DWCNT 10 at% 
sample has the highest C content into the lattice, indicating that using this kind of inclusions 
is an easier way to incorporate C. This allows to reach a record Hc2 value for this sample. 
Earlier MgB2 carbon doped data from Wilke et al  (Wilke et al., 2005b) also indicates an 
initial rapid rise for lower C contents that then slows down, reaches a maximum at 
intermediate carbon concentrations, and decreases for larger C contents and the same 
behavior was reported for MgB2 single crystals. The Hc2(0) of CNTdw10 is close to the 
maximum Hc2 value as a function of x. A decrease in Hc2(0) was also observed for a larger x 
value (see Fig.8)), in agreement with other reported data (Senkowicz et al., 2007). 

3. Effect of different kind of CNT addition on the superconducting properties 
of MgB2 PIT wires and tapes 

The standard and low-cost fabrication powder in-tube (PIT) method involves filling a 
metallic tube with superconducting powder (ex-situ) or precursors (in-situ) and drawing it 
into a wire and/or rolling into a tape (Flükiger et al., 2004).  
MgB2 crystallizes in the hexagonal AlB2 type structure (space group P6 /mmm), and the 
anisotropic structure has given the motivation to investigate formation of texture by 
different deformation processes. A key issue on which there is no agreement in the literature 
is the optimization of the heat treatment parameters. Although some post-annealing appears 
to be necessary to achieve higher Jc, some authors reported detrimental effects of heat 
treatments in the performance of MgB2 wires or tapes (Serquis et al., 2003; Goldacker, 2003; 
Civale et al., 2003). However, most results obtained in MgB2 wires and tapes prepared by 
PIT using different kind of CNT and treated at different temperatures using several sheath 
materials (e.g. iron, stainless steel, Nb/Fe) indicate that the final sintering temperature is 
very important to improve the superconducting properties allowing carbon to be 
incorporated in MgB2. 
Only one work (Xu et al., 2007) studied the influence of CNT amount, reporting the effect of 
the “doping level” (x) in the field dependence of critical current density for MWCNT Fe-
sheathed MgB2 wires and tapes. Similarly to what was reported for bulk MgB2 samples, they 
found that there is an optimum composition for all fields and temperatures studied, but the 
best composition for the nominal Mg(B1-xCx)2 was x=0.05 and Jc decreased for x = 0.10 (see 
Figure 9). However, many other researchers focused in which was considered the best 
composition x=0.10 studying the influence of other parameters: 
- the effect of CNT type (Kováč et al., 2007) in comparison with other C-compounds (SiC, 

graphite) 
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- the effect of MWCNT size and sintering temperature (Kim et al., 2006a, 2006b, 2006c) 
- the effect of sintering temperature when using SW CNT (Kim et al., 2007) 
- the possibility of MW CNT alignment by mechanical drawing in the PIT process (Dou 

et al., 2006). 
 

 
Fig. 9. Critical current density as a function of MW CNT content measured by transport in 
Fe-sheath Mg(B1-xCx)2 wires at 8 T (black symbols) and 12 T (open symbols) (Xu et al., 2007). 
For comparison were included data from Fe/Nb sheath tapes with 5%wt addition of 
different CNT types (Kováč et al., 2007) and short and long MW CNT MgB2 wires (Kim et 
al., 2006b) 

To illustrate the effect of some of the mentioned parameters we plotted in Figure 10 the 
critical current density of 
- Left side: MgB2 /Fe-Nb tapes with 5%wt addition of different CNT types (Kováč et al., 

2007). SW: Arc discharge single wall nanotubes; SW-D: Purified arc discharge single 
wall nanotubes, Dry-mixed; SW-W: Purified arc discharge single wall nanotubes, Wet-
mixed; MW: Multi wall carbon nanotubes (~60 nm × 1 μm). For comparison were 
included the pure (0) and a MgB2 tapes with 5%wt addition of SiC. This last addition is 
more effective in the whole field range in agreement with bulk results, while all CNT 
types only enhance Jc for high fields. The normalized current densities (shown in Figure 
11) allow better comparison between the slopes of Jc(μ0H), indicating a positive effect for 
all additions. This field dependence enhancement is ascribed to the effect of C-
incorporation, which increases the upper critical field. The decrease of Tc corresponding 
to a higher C-doping effect can be observed in the inset of Figure 9.  

- Right side: MgB2/Fe wires with aligned MW CNT measured along (a) and 
perpendicular (c) to the wire (Dou et al., 2006). While the pure sample has little 
differences between both measurement field directions, there is a clear difference in 
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samples with MW addition, which increased with field. This is a good indication that 
CNTs could be aligned along the longitudinal axis of the MgB2 wires by mechanical 
drawing in the PIT process. 

 

 
Fig. 10. (Left) Critical current density measured by transport in MgB2 /Fe-Nb sheath tapes 
with 5%wt addition of different CNT types (Kováč et al., 2007) at 8 T (black symbols) and 4 
T (open symbols). (Right)  Critical current density measured by magnetization in Fe sheath 
MgB2 wires with aligned MW CNT measured along (a) and perpendicular (c) to the wire 
(Dou et al., 2006) 

Matsumoto (Matsumoto et al., 2006) reported that Jc in SiC-alloyed MgB2 tapes depends on a 
complex relation between grain connectivity, Hc2, and flux pinning induced by grain 
boundaries and precipitates. However, the distinct effect of C incorporation through 
different routes in Jc and Hc2 is still not entirely understood. 
Matsumoto et al reported a similar Hc2(0) to our record value for a SiC-doped MgB2 tape 
prepared by the PIT method. These results correspond to a PIT tape sample that probably 
has some texturing and the reported Hc2 data was measured with the applied field parallel 
to the tape. Since we measured randomly oriented polycrystalline bulk samples, our results 
cannot be easily compared with Matsumoto’s.  

4. Effect of CNT addition on the magnetic relaxation of MgB2 

4.1 Introduction 
In Section 2.2 we have shown that the main effect of DW CNTs addition is the simultaneous 
increase in the critical current density and the upper critical field Hc2. However, it is not 
clear if these two effects are connected. In fact, the vortex physics underlying this 
performance improvement has not been so far understood.  In this section, we present a 
very recent work (Pasquini et al., 2011), where the role of CNT addition is investigated by 
studying the magnetic relaxation in bulk MgB2 samples.  
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Fig. 11. Normalized critical current densities Jc(μ0H)/Jc(3.5 T) showing the difference in slope 
for a pure sample and MgB2 tapes with 5%wt addition of different CNT types (Kováč et al., 
2007), including a DW with similar content (Serquis et al., 2011). The inset shows the Tc of 
the same tapes. 

As was mentioned in Section 2.1.1,  if a superconducting sample is fully penetrated by the 
magnetic field B,  the magnetization m is proportional to the density current J flowing in the 
sample that, in the ideal critical state approximation is the critical current density Jc. 
However, due to the thermal activated motion, this "measurable" critical current is lower 
than the "true" Jc0. The main quantity governing the creep of vortices is the activation barrier 
U(J,T,B). In a magnetic relaxation experiment both the magnetization m and Jc decay in time 
as  

( , , )cU J T B
c kT

j
J

C e
t




 


 

and then 

 
( )( , , )mU j T B

kT
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m
C e
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where  0~c cC J    or  0~mC m   can be approximated as constants. 
The activation barrier is expected to be described by the general expression (Blatter et 
al.,1994; Geshkenbein et al., 1989) 
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where Uc(T,B) is the pinning energy  and μ is a critical exponent characteristic of the 
particular creep regime. 
In High Temperature Superconductors (HTSs), the creep drastically reduces the measured 
current density, so Jc<<Jc0. A large number of glassy creep regimes in this limit have been 
proposed theoretically (Blatter et al., 1994; Yeshurum et al., 1996) and many of them 
observed experimentally (Thompsom et al., 1994, 1997), where ( , , ) ( , )U J T B g T B J  . 
In those cases the temperature dependence of the measurable Jc is dominated by creep while 
the Jc0(T) dependence is negligible. On the other hand, in traditional type II superconductors 
the current decay is very small, so (Jc0-Jc)<<Jc0, therefore equation (5) take the traditional 
Anderson-Kim (A-K) linear dependence (Anderson et al., 1964) 

 
0

( , , ) ( , )(1 )
( , )c

c

J
U J T B U T B

J T B
   (6)             

In these very low creep superconductors an experimental confirmation of glassiness, which 
regardless of the specific approach always involves detecting tiny deviations from the 
Anderson-Kim model, is extremely challenging. 
From this basic point of view, MgB2 is a very particular system, as the intermediate Tc and 
moderate anisotropy makes the creep effects smaller than in HTS but larger than in 
conventional superconductors. The influence of thermal fluctuations in the vortex physics is 
measured by the Ginzburg number Gi=(1/2)(kTc/Hc²ξ³γ-¹)². For YBa2Cu3O7- this is as large as 
Gi ~ 10-2, and even larger for the more anisotropic Bi-based compounds, while for NbTi, the 
paradigmatic strong-pinning conventional superconductor, Gi ~10-8. For MgB2, depending 
on the doping level we have Gi~10-4-10-5. This is just in the middle between the extreme 
cases. The first consequence is that in magnetization measurements, the A-K limit is not 
necessary valid in the whole temperature range, and the measured Jc is expected to be in the 
intermediate range (Jc0-Jc)≲Jc.  
In the rest of the section we present a creep study in bulk MgB2 samples as-grown and 
doped with different doses of carbon nanotubes. In subsection 4.2 experimental relaxation 
rates are presented, and the general behaviour is described. In subsection 4.3 we review 
some fundamental concepts and formulas concerning creep rates and activation energies to 
perform in subsection 4.4 a careful analysis of results that allows us to identify the region 
where the A-K model is valid. In 4.5, the pinning energies Uc, true critical current densities 
Jc0, and correlation volumes Vc are estimated and compared.  Conclusions are summarized 
in 4.6. 

4.2 Relaxation rates 
Samples used in this study were prepared by solid-state reaction with magnesium (-325 
mesh, 99%) and amorphous boron (99%) as starting materials (Serrano et al., 2008). The 
powders were ground inside a glove box and pressed under 500 MPa into small pellets with  
dimensions of 6 mm in diameter and 4 mm in thickness, wrapped together with extra 20%at 
Mg turnings (99:98% Puratronic) in Ta foil and then placed in an alumina crucible inside a 
tube furnace in flowing Ar=H2 at 900C for 30 min. 
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The relaxation measurements were carried out in a Quantum Design model MPMS XL 7T 
SQUID based magnetometer. Time-dependent data were taken with a protocol similar to 
that described in ref. (Civale et al., 1996). A scan length of  3 cm was used in order to 
minimize the effects due to the non-uniformity of the applied magnetic field that was 
applied parallel to the longest axis of the sample. For each relaxation measurement, the 
samples were first cooled and stabilized at the measurement temperature. Then the field 
was first raised up to 6T and then lowered to the measuring field to assure that the sample 
was fully penetrated. Intermediate measurements were performed in the upper and lower 
magnetization branches to subtract the reversible magnetization. We checked for and ruled 
out any effects due to the magnet self relaxations (H variations during the measurement 
time) that could lead to spurious changes in the magnetization of the samples.  
The experimental critical current density Jc(t) has been calculated from the measured 
magnetic moment using equation (1), as in previous sections. 
As reported in section 2.2., the response for samples with DWCNT additions between 1% 
and 10% at temperature far below Tc is very similar and the "measured" critical current 
density Jc is optimal in this range of doping. This fact is illustrated in Figure 3,  where Jc 
obtained from typical magnetization loops in samples with different doses of DWCNT is 
plotted as a function of the applied magnetic field H at T = 5K and 20K . The response for 
samples with 1 at% and 10 at% addition of DWCNT is very similar. At low temperature (5 
K), CNT addition enhances Jc more than twice for all the measured range of H. On the other 
hand, at high temperature (20 K) the response of pure and CNT samples is quite similar but 
CNT addition continues being efficient at fields higher than H = 2T. 
The magnetic relaxation has been measured in pure MgB2 samples and samples with 
DWCNT doses between 1 at% and 10 at% in the range between 5K and 25K. The 
corresponding relaxation rate S=-d(ln(J))/d(ln(t))  has been obtained as the slope of the ln J vs 
ln t graph. Results for H =1T (full symbols) and 3T (open symbols) are shown in Figure 12. 
Samples with doses of 2.5% and 5% of carbon nanotubes have also been measured and 
display similar results, not shown in the figure for clarity. 
As was described in the introduction, the S values are intermediate between those measured 
in low and high Tc materials. With this moderate relaxation, the temperature dependence of 
Jc(t) (Figure 3)  cannot be explained assuming a T  independent Jc0 at low temperature. An 
intrinsic Jc0(T) dependence must to be taken into account. 
Again, at H = 1 T the decay in time is quite similar in all the doped samples with doses 
between 1% and 10%. However, same unexpected results appear. The S(T) curve at H=3T is 
similar for pure and CNT samples in all the temperature range. Furthermore, at H=1T the 
pure sample that has a lower Jc (associated with a lower pinning) has also a lower relaxation 
(associated with a higher pinning energy Uc). 
We have proceeded to analyze the relaxation data in a pure and a 10 at% CNT samples to 
get an understanding of the causes of this puzzle. The procedure and results are described 
in the subsections 4.3 and 4.4. 

4.3 Creep and activation energies in the Anderson-Kim approximation  
In the general case (Blatter et al., 1994), the relaxation rate S is related with the pinning 
energy by 

 
0 0

( , ) ( , )1
ln(1 ) ~ ln( )c cU T B U T Bt t

t tS kT kT
      (7) 
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if 0t t . This expression should be valid in all the current range, including the A-K limit. 
Therefore, if Uc is T independent at low temperatures, a linear relationship between 1/S and 
1/T is expected. 
 

 
Fig. 12. Relaxation rate S as a function of temperature for a pure MgB2 sample (circles) and 
for samples with different doses of DWCNT: 1% (diamonds), 7.5% (triangles) and 
10%(squares) at H = 1 T (full symbols) and H = 3T (open symbols). In the inset, the plot of 
1/S vs. 1/T reveals that it is not possible to assume a temperature independent pinning 
energy at low temperature in all the cases. 

As was mentioned in the introduction, the A-K approximation assumes 0 0( )c cJ J J    or 

0( / ) ~ 1cJ J  , that lets to the linear dependence of eq. (6)  between the activation barrier U 
and the density current J. The integration of eq. (4) in this limit gives the well known 
logarithmic decay of the experimental critical current density with time.  
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~ [1 ln( )]
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o
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and allows to estimate ( , ) /cU T B kT   under the supposition that 0~ cJ J . 
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Fig. 13. Ratio  J/ Jc0 as a function of temperature for pure (circles) and 10% CNT (squares) 
samples at H = 1T (full symbols) and H=3T (open symbols). J = Jc0 – Jc is the difference 
between the estimated “true” critical current density (see text) and the measured critical 
current density. A criterion of 10% (doted line) has been taken to validate the A-K 
approximation J <<Jc0. 

An alternative method combines eqs. (4) and (6) to obtain a linear dependence between J 
and ∂J/∂t that, under the condition ln ( , ) /J cC U T B kT  results in (Pasquini et al., 2011) 

 
( , )

( ) ln ( , )
( , )
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c co

c

kT J T B dJ
J t J T B

U t B dt
   (9) 

Due to the numerical differentiation, this method has a greater error in the calculation of the 
pinning energy, but allows estimating Jc0(B,T). 
A mayor difficulty to directly decide the validity of the A-K approximation from the  
relaxation data at a single temperature is the extremely large time needed to reliably 
determine the linear relationship (8) (i.e. the logarithmic decay with time of the current 
density). However, the resulting fitting parameter Jc0(B,T) must be consistent with the A-K 
assumption 0( / ) ~ 1c cJ J   and  the resulting fitting parameter ( , )cU T B  must be consistent 
with eq. (7). If these two conditions are not fulfilled then some of the assumptions was 
wrong and we can conclude that the AK description is not valid.  
In the following section, we apply the above procedure to MgB2 relaxation data, 
determining the temperature region where results are consistent. 

4.4 Data analysis in MgB2 samples 
As can be observed in the inset of Figure 12, it is not possible to identify in all the cases a 
low T region with a linear relationship between 1/S and 1/T, characteristic of a temperature 
independent pinning energy. For this reason, experimental data where separately analysed 



 
Carbon Nanotubes Addition Effects on MgB2 Superconducting Properties   

 

465 

at each temperature assuming a linear dependence between U and J, i.e. the validity of the 
A-K approximation. 
At each temperature Jc(t)  has been plotted has a function of ln t  and   ln (-∂J/∂t). The fitting 
parameter A(T) = (kTJc0(T))/Uc(T)) has been extracted from the slope using equations (8) and 
(9), and Jc0(T) from the  intercept using eq. (9) (Pasquini et al., 2011). 
In Figure 13 the estimated true critical current density Jc0 is compared with the measured 
critical current density  Jc (the first point measured in the Jc(t) relaxation) by plotting (Jc0-
J)<<Jc0 as a function of temperature for a pure and a 10%doped sample, at H=1 T and 3T. 
Taking a 10% criterion to determine the limit of the A-K condition (Jc0-J)<<Jc0, the resulting 
Jc0(t) is consistent below the temperature where each experimental curve crosses the  doted 
horizontal line. 
In figure 14 the resulting pinning energies obtained from the slope of eq. (8) (squares) and 
eq. (9)(circles) are plotted as a function of temperature and compared with T/S (asterisks) for 
a pure and a 10%doped sample, at H=1 T and 3T. Results have been restricted to the 
consistent T region obtained by the above analysis. 
 

 
Fig. 14. Estimated pinning energies Uc/k as a function of temperature for pure (black 
symbols) and 10% doped (gray symbols) samples at H = 1T (full symbols) and H = 3T (open 
symbols) from the slope of eq. (8) (circles) and eq. (9) (squares). Asterisks indicate the 
calculated T/S in each case. Results shown are limited to the region where the A-K 
approximation is consistent. 

As can be observed (with exception of the lower temperatures data in the undoped sample 
at H= 1 T) pinning energies obtained from the three methods are very similar, and this 
validates the fitting procedure, including the estimation of Jc0(T) from eq. (9).  
Observing the resulting T dependence in Figure 14 it seems that, in most of the cases, 
pinning energies remain nearly constant at low temperatures. The unexpected drop in Uc at 
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the lower temperatures data in the undoped sample at H= 1 T, together with the 
inconsistence of the analyzed data, could imply the presence of another relaxation 
mechanism, perhaps associated with macroscopic flux jumps. In the data measured at H=1 T 
a drop at a higher temperature far below the irreversibility line is also observed.  
On the other hand, a continuous decrease occurs in the critical current density. This can be 
observed in figure 15, where the true critical current density is plotted in the studied range 
for the same samples. 
The previous analysis excludes the creep study in the high temperature region using the A-
K approximation. Successful procedures have been developed to analyze creep data in high 
Tc superconductors (Maley et al., 1990; Civale et al., 1996) in the limit Jc<<Jc0, but they are not 
suitable for intermediate creep regime. However, in the present subsection we showed that, 
from the present study at low temperatures, a good insight about the role of doping can be 
obtained. 

4.5 Discussion 
Consistent with the relaxation rates, at H=1 T there is a clear decrease of Uc after CNT 
addition, whereas at H=3 T the doping has not an evident effect in the pinning energies.  
The parameter Uc is associated with the pinning energy of a pinning volume that, in a single 
vortex pinning regime, is defined by the disorder parameter (T) and the superconducting 
coherence length  (T) (Blatter et al., 1994). In section 2.2 we have shown that DWCNT 
addition enhances Hc2(T) by doping the B site, i.e. reduces  (T). On the other hand, it is 
expected that doping increases disorder. Therefore, these two consequences of DWCNT 
doping will compete and define the effect in the pinning energies and critical currents. 
 

 
Fig. 15. Estimated  critical current density Jc0 as a function of temperature for pure (circles) 
and 10% CNT (squares) samples at H = 1T (full symbols) and H=3T (open symbols). 
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The fact that the doping effect in the pinning energies is field dependent is a clear indication 
of a collective pinning regime. 
In a collective regime, the pinning volume is determined by the competition between elastic 
and pinning energies and each volume Vc of the vortex system is collectively pinned with 
energy Uc. The Lorentz force over a volume Vc is FL ~(1/c)BJ Vc and, in a rough estimation, 
the pinning  force is Fp ~ Uc/ξ . When J reaches the critical current density Jc0, the pinning and 
Lorentz forces are balanced and therefore the following relationship is obtained: 

 
( , )

( , ) ~
( ) ( , )

c
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c U B T
V T B

B T J B T
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In section 2.2, we have presented Hc2 measurements  in pure and DWCNT MgB2 samples 
and we have found  (Serquis et al., 2007 ) that Hc2(T) fits very well the function proposed in  
ref (Braccini et al,. 2005). We have estimated ξ(T) from Hc2(T) for the as grown samples and 
for samples with 10% DWCNT. Using this ξ(T) dependence we have estimated Vc(T,B) from 
our  data. Results are shown in Figure 16, where Vc is plotted as a function of temperature a 
H(T) = 1 T (right axis) and 3 T (left axis) for both samples.  
The estimated numerical values (~10-¹5 cm³) imply that the correlation radius is larger than 
the main vortex distance, in agreement with a collective pinning regime of vortex bundles.  
Doping additionally reduces the correlation volume, consistent with the increase in the 
critical current density.  
 

 
Fig. 16. Estimated  collective pinning volume Vc as a function of temperature for pure 
(circles) and 10% DWCNT (squares) samples at H = 1T (full symbols, left axis) and H=3T 
(open symbols, right axis). 

From the comparison of data taken at H = 1 T and 3 T, in both pure and CNT samples, the 
correlation volume at H= 3T is approximately three times smaller than that obtain at H = 1 T 
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and both Jc0 and Uc decrease with B. This field dependence for Uc does not correspond with 
that predicted by the classical collective pinning theory for the activation energy of vortex 
bundles when pinning arises from random point defects (Blatter et al., 1994). However, this 
discrepancy is not surprising, as we know that the strong pinning in these MgB2 samples 
arises from a variety of larger defects rather than atomic-size disorder. 

4.6 Conclusions 
Magnetic relaxation in bulk MgB2 samples as-grown and with DWCNT doses between 1% 
and 10% in the range between 5K and 25K has been measured and the corresponding critical 
current density has been calculated. The current decay in time is quite similar in all the 
doped samples with doses between 1% and 10%. 
A careful creep analysis has been carried out in a pure sample and in one with 10% of 
carbon nanotubes at H= 1 T and 3 T. 
The analysis has been performed under the Anderson-Kim approximation, valid in the limit 
where the measured critical current density Jc is similar to the “true” one Jc0 that would be 
present in the absence of creep phenomena. In these samples, even at the loweest 
temperatures it is necessary to include an explicit field and temperature dependence of both 
the pinning energies Uc(T,B) and true critical current densities Jc0(T,B).  
These pinning properties have been obtained as fitting parameters from the experimental 
data for two different methods. The consistence of the fitting parameters with the A-K limit 
has been required to delimit the region of validity of the analysis. 
In the valid region, the pinning energies and critical current densities have been estimated 
and compared. The dependence with magnetic field, together with numerical estimations of 
the pinning volume, indicate the presence of a collective pinning regime of vortex bundles. 
There is a decrease in the pinning energies that implies an increase in the relaxation rates as 
a consequence of DWCNT addition. However, the true critical current densities increase, 
due to a decrease in the collective pinning volumes. 
We conclude  that the origin of the main changes in the pinning properties with doping are 
the reduction of the coherence length (that decreases the pinning energies ) and the increase 
in the disorder parameters (that increase the critical current and decrease the pinning 
volume).  
The strong temperature dependence of the coherence length is probably the main reason to 
the observed temperature dependence in the pinning properties. At the lower temperatures, 
thermal instabilities that originate macroscopic flux jumps could also play a role. 
A method to analyse the relaxation data in the high temperature region, beyond the A-K 
approximation, is necessary and will be object of a future work. 

5. Summary  
The effect of carbon substitution is one of the most studied in MgB2 and the results on C 
solubility and the effects of C-doping on Tc, Jc and Hc2 reported so far vary significantly due 
to precursor materials, fabrication techniques and processing conditions used. The distinct 
effect of C incorporation through different routes using various CNT types leads to a 
simultaneous improvement in Jc and Hc2, but their effectiveness change with temperature or 
applied field according to each type of addition. This effect was reported in many works,  
not only for bulk samples but also for wires and tapes prepared by PIT method. 
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The reason for this is the dual role of the CNT. They partially dilute into the MgB2 matrix, 
acting as a source of C that increases Hc2. In fact, the highest Hc2 values observed so far in 
bulk MgB2 correspond to a 10% addition of DWCNT, which present a high level of C 
doping. At the same time, the fraction of the CNT that retain their structural integrity are 
ideally suited to act as strong vortex pinning centers due to their tubular geometry and their 
diameter close to the superconducting coherence length of MgB2, producing a large Jc 
enhancement. As an additional result, the measured Hc2 vs T in all samples are 
successfully described using a theoretical model for a two-gap superconductor in the dirty 
limit (Gurevich, 2003). This has strong fundamental impact, as it provides clear evidence in 
support of the basic scenario currently used to describe the superconducting behavior of 
MgB2, and opens a path for future research in Hc2 enhancement. 
The study of the magnetic relaxation of MgB2 with and without DWCNT bulk samples can 
give some insight about the possible correlation in the simultaneous increase in the critical 
current density and the upper critical field. The experimental relaxation rates showed that 
the pure sample that has a lower Jc (associated with a lower pinning) has also a lower 
relaxation (associated with a higher pinning energy Uc). To understand these results the 
relaxation data was described and analyzed under the Anderson-Kim frame model 
(Anderson, 1964). The pinning energies Uc, true critical current densities Jc0, and correlation 
volumes Vc were estimated and compared. The strong temperature dependence of the 
coherence length is probably the main reason to the observed temperature dependence in 
the pinning properties with CNT additions: the reduction of the coherence length (that 
decreases the pinning energies) and the increase in the disorder parameters (that increase 
the critical current and decrease the pinning volume). 
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1. Introduction 
A VLSI interconnect is a thin film of conducting material that provides electrical connection 
between two or more nodes of the circuit/system formed in the silicon chip. Earlier the most 
commonly used material was aluminum.  The choice was based on its good conductivity 
and adherence on silicon dioxide. Another useful property of aluminum is that it forms 
good ohmic contact with silicon. As device density increased with technology scaling, 
interconnect current density increased. A disadvantage with aluminum is that at high 
current densities considerable electro migration takes place. Later it was realized that copper 
a material of higher conductivity is several times more resistant to electro migration than 
aluminum. In comparison with aluminum, copper can withstand about five times more 
current density with equal reliability for IC-applications. Due to the advantages that it offers 
copper became the preferred interconnect material, especially for submicron and deep 
submicron high density, high performance chips. As the aggressive technology scaling 
continues a new problem is surfacing. With decrease in cross-section copper interconnect 
resistivity increases due to surface roughness and grain boundary scattering, causing 
increase in propagation delay, power dissipation and electromigration [1-2]. To alleviate this 
problem, for interconnects of future generation chips alternative solutions are under 
consideration [1-14]. The most promising alternative for copper interconnects turns out to be 
Carbon Nanotube (CNT).  
The CNTs are grown in the form of seamless cylinders with the walls formed by one atomic 
layer of graphite (graphene). The diameters of these cylinders are of the order of a 
nanometer. These tubes are either metallic or semiconductor. For interconnect applications 
the metallic ones are useful.  There are two types of CNTs. Single walled CNT (SWCNT) and 
Multiwall CNT (MWCNT). CNTs constituted by only one thin wall of graphene sheet are 
SWCNTs. There are some CNTs which consist of a multiple of concentric SWCNT like 
graphene tubes. These are termed MWCNT. The metallic CNTs are attractive interconnect 
materials because of their high thermal and mechanical stability, thermal conductivity as 
high as 5800W/mK, ability to carry current in excess of 1014A/m2 current density even at 
temperatures higher than 200°C and Fermi velocity comparable with that of a metal[15]. It is 
very difficult to make a good contact with a CNT. The unavoidable contact imperfection 
increases resistance. CNT resistances in the range 7 KΩ - 100 KΩ have been reported [16, 17].  
Such a high resistance is a major disadvantage; if an isolated CNT is used as interconnect.  
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The problem can be circumvented if for interconnect application CNT bundles are used 
instead of isolated ones. 
A CNT bundle consists of a large number of electrically parallel isolated CNTs. The result of 
the parallel connection is considerable reduction of resistance between the ends of the 
bundle. Therefore, a CNT bundle makes a better interconnect than the isolated counterparts. 
The type of CNTs in a bundle is generally either SWCNT or MWCNT. In a bundle, some of 
the constituent CNTs are metallic while others are semiconducting. The metallic CNTs 
contributes to the formation of interconnect. MWCNTs are mostly metallic, whereas a large 
fraction of CNTs in a SWCNT bundle are semiconducting. One type of MWCNT is a 
DWCNT (double walled CNT). This form of CNT has been found to be a very useful for 
application as interconnects.   

2. CNT growth 
The growth of on chip CNT bundle for commercial purposes is very challenging [18]. As 
interconnect material SWCNT having higher conductivity is more preferable to the 
relatively lower conductivity MWCNT. The cause of this conductivity difference between 
the two types of CNTs is the much longer mean free path (about 1µm) of SWCNT as 
compared to that of MWCNT (a few nm). So far it has been easier to grow MWCNT. The 
process of CNT growth generally involves some catalyst particles (Fe, Ni, Co or their 
compound with Mo). The catalysts assist growth process and controls tube diameter. To fill 
via with CNT the catalyst particles are placed on the metal1 at the bottom of via. CNT is 
then grown by chemical vapor deposition (CVD) at 450-800°C in presence of a carbon 
containing gas [19]. 
Li et al. [20] proposed a bottom-up approach in which MWCNT via is grown on metal1. The 
carbon fibers grow from Ni catalysts deposited at predefined locations. By means of PECVD 
and an applied bias voltage the fibers are aligned perpendicular to the wafer surface. Finally 
SiO2 is deposited and the wafer is planarized. The planarization process also exposes the 
CNT ends for contact with the metal 2 layer. This method yields high interconnect resistance 
of the order of a few hundred kilo ohms. This is attributed to imperfections in the structure 
of the MWCNTs thus grown. By this method high density growth could not be achieved. It 
is suitable for growing single MWCNT fillings. A different approach is etching via down to 
metal 1 layer and growing the CNTs in these vias [19, 21]. In [21] dry etching stops at a film 
of the catalyst (Ni or Co). Arrays of MWCNTs are formed by hot-filament CVD (HF-CVD). 
The resistance achieved by this method is about 30% of what the method of Li et al. [20] 
results. Instead of HF-CVD, a pure CVD approach was adopted by Kreupl et al. [19]. This 
method produced tubes of resistance of nearly 10 . In their approach, care is also taken to 
ensure that via etching stops exactly on the catalyst layer so that highly reliable MWCNTs 
are grown with density varying between 100 and 10000/μm2.  
Earlier, arc discharge and laser ablation methods were used for growth of SWCNT [22, 23]. 
These processes involve evaporation of carbon from its solid form at temperatures as high as 
3000°C or more. The high temperature requirement is not desirable. Another limitation of 
these approaches is that the nanotubes formed are twisted around each other. This makes it 
difficult to purify and arrange the CNTs for application purposes. More recently CVD with 
methane as carbon source and iron oxide nano particles as catalyst has been used to grow 
high quality SWCNT. The desired result is achieved in temperature range of 850-1000°C.  
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3.1 Problems of existing interconnect systems 
With continuous reduction of feature size there has been a parallel increase in die size. The 
result is more and more increase in length of some of the on chip interconnects as 
technology scaling continues. Based on their length interconnects are categorized as local, 
semi-global and global. A global interconnect is very long which is connected to several 
nodes across the chip for example, clock lines, ground lines etc. The local ones connect 
nearby nodes and are of shorter lengths. Interconnects of intermediate lengths are the semi-
global ones. Interconnect is equivalent to an RLC circuit as shown in Fig. 3.1. 
 

 
Fig. 3.1. RLC-equivalent of interconnect. 

Any increase in interconnect length causes R, L and C to increase. This in turn results in an 
increase in interconnect signal propagation delay. Thus as technology scaled signal delay 
caused by interconnect became increasingly significant compared to delay caused by the 
gate and thus affecting the circuit’s reliability. As per ITRS predictions [24], for nanometer 
size gate lengths interconnect delay is mostly affected by resistive and capacitive parasitics. 
For decreasing the resistive part of the RC delay, various alternatives to aluminum were 
considered in early 1990s. As already discussed a metal of much better electrical resistivity 
and electro migration than those of aluminum is copper. Table 3.1 compares the resistivities 
of the two metals. 
 

Metal Bulk resistivity (μΩ.cm) 

Al 2.67 

Cu 1.70 

Table 3.1. Resistivities of aluminum and copper 

Copper has a higher melting point (1,357 K) than aluminum (933 K). This provides more 
thermal stability to copper. Because of these advantages copper is the most preferred on 
chip interconnect material for the present day integrated circuits.  
With advancement of VLSI technology, the number of on chip interconnects is on the rise. 
To accommodate more interconnects the cross-sectional dimensions are reduced rapidly 
resulting in dimensions of the order of mean free path of electrons in copper (~ 40 nm at 
room temperature). As the dimension approaches electron mean free path grain boundary 
and surface scattering are enhanced [25, 26]. Consequently, resistivity of interconnect is 
increased. Another effect of dimension scaling is increase in current density. Thus as 
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technology scales these effects on resistivity together with increase in interconnect resistance 
with length enhances delay. Besides increase in delay, interconnect power dissipation 
increases because of increased current density and increase in frequency of operation. The 
increased heating due to the rise in power dissipation assists electro migration. As these 
scaling dependent limitations of copper interconnect is going to be more and more severe 
for the future generation of VLSI chips it is time to look for an alternative material. CNT 
with all its advantage seems to be the right choice. 

3.2 CNT interconnect 
To analyze and understand the behavior of any interconnect (CNT or else) it is essential to 
first develop its equivalent circuit (Fig.3.1). The development of an equivalent circuit is 
complete only when various impedance parameters like resistance, capacitance and 
inductance are fully defined by means of their analytical expressions. Such an equivalent 
circuit is then used in analysis and simulation of interconnect performance. 

3.2.1 SWCNT interconnect 
An isolated SWCNT on ground plane is shown in Fig.3.2. The separation between the 
nanotube and the ground is y and the diameter of the SWCNT is d. Assuming it to be in 
cylindrical form on the basis of Luttinger Liquid Theory, Burke [29] developed an electrical 
equivalent of the structure as shown in Fig. 3.3. If a 1-D system has N conducting channels 
in parallel then its resistance is h/Ne2T. Where h is Planks constant, e is electron charge and 
T is electron transmission coefficient. Due to spin and sub lattice degeneracy of electrons 
there are 4 parallel conducting channel in SWCNT (N=4). Thus assuming perfect contacts 
(T=1), the resistance of an SWCNT is h/4e2. With the values of the physical constants 
substituted the resistance assumes the fairly large value of 6.45 KΩ. In the equivalent circuit 
(Fig.3.3) this resistance (Rf) is equally divided between the contacts at the two ends of the 
nanotube. That is, 

 Rf = h/4e2 (3.1) 

 
Fig. 3.2. Carbon nanotube, of diameter ‘d’, distance ‘y’ below it. 
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Fig. 3.3. Equivalent RLC circuit for an isolated SWCNT.  

of length less than mean free path of electrons and assuming ideal contact. For lengths less 
than one electron mean free path (L0), the tube resistance equals the fundamental resistance 
given by (3.1). If the tube length (L) is larger than mean free path then enhancement of 
scattering gives rise to an addition resistance. This resistance increases with increase in CNT 
length and is   

 RCNT = (h/4e2)L/L0 (3.2) 

Making metal-CNT contact at the two ends of a tube is very complex. In most cases the 
contacts are far from being perfect. The contact imperfection leads to very large resistance in 
series with RCNT. CNT resistance of the order of 100 KΩ has been reported [31]. However, 
resistances around the fundamental resistance are also observed in some cases. Thus the 
resistance of a CNT has three components: the fundamental resistance Rf, the scattering 
resistance RCNT and the contact resistance at the two ends of the tube. CNT resistance is also 
bias dependent. At higher bias where electric field is very high current saturates and CNT 
does not show ohmic behavior. In the low bias regime on the other hand the CNTs show 
perfect ohmic behavior and are compatible with VLSI interconnect applications. 
CNT has two capacitances of different origins. One is electrostatic capacitance and the other 
quantum capacitance. The electrostatic capacitance (CE) is due to charge stored by the CNT- 
ground plane system (Fig.3.2) and is given by  

 CE = 2π  /ln [ y/d] (3.3a) 

This is per unit length of the nanotube.  
The quantum capacitance (CQ) accounts for the quantum electrostatic energy stored in the 
nanotube when it carries current. Considering this energy an effective capacitance (per unit 
length) may be obtained which is expressed by  

 CQ = 2e2/(hvf) (3.3b) 

Where vf is the Fermi velocity. Typically, CQ is 100aF/μm or so. As CNTs have four 
conducting channels, total effective quantum capacitance resulting from four parallel 
channel is 4CQ. When current flows both CE and 4CQ carry same charge. Thus the two 
capacitances appear in series in the isolated SWCNT equivalent circuit (Fig.3.3). 
For a SWCNT, there are two types of inductances termed magnetic inductance and kinetic 
inductance. Magnetic inductance (LM) is due to the total magnetic energy resulting from the 
current flowing in the wire. The kinetic inductance (Lk) arises from kinetic energy stored in 
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each conducting channel of the CNT. The four parallel conducting channels in a CNT results 
in an effective kinetic inductance of Lk/4. The expressions for LM and Lk are  

 ln
2

y
LM d




   
 

 (3.4) 

 LK = h/ {2e2 (vF)}  (3.5) 

For d = 1nm and y = 1μm, LM (per unit length) and LK (per unit length) for a CNT is equal to 
≈1.4pH/μm and 16nH/μm, respectively. Since, Lk>>LM, inclusion of LM does not have 
significant impact on the delay model for interconnects. 
Fig.3.4 and 3.5, shows the equivalent Circuits of an SWCNT-bundle for L<L0 and L>L0 [29-
33]. Where L is bundle length. The resistances, inductances and capacitances of a bundle can 
be obtained from the following expressions [29-33].  
The CNT bundle resistance is given by (3.6) and (3.7), where H is thickness and w is the 
width of CNT bundle interconnect, and nCNT is the total number of CNTs in the bundle. 
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If the number of rows in the bundle is even and 
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if number of rows is odd. The number of rows is given by (3.9) and x is the separation 
between the centres of two neighbouring tubes. For parallel structure x=d. 

 Hn = 1
3
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   (3.9) 

The total effective capacitance of bundle of SWCNT is given by (3.10),Where Bundle
EC  and   

Bundle
QC  are the total electrostatic capacitance and total quantum capacitance of bundle of 

SWNT and are calculated by (3.11) and (3.12).  
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Where S is the separation between adjacent bundle. The inductance of CNT bundle is given 
by the parallel combination of the inductances corresponding to each CNT forming the 
bundle, which is 
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 (3.13) 

Where LM and LK are the magnetic and kinetic inductance of an isolated CNT.  
The impedance parameters of a SWCNT bundle are calculated from (3.6) – (3.13) [33]. Table- 
3.2, shows the data used for these calculations [33]. Fig. 3.6, shows how the resistance of 
long (1mm) interconnects vary with technology scaling. It shows that in case of such long 
interconnects the resistance of CNT interconnects is several times lower than that of copper 
based interconnects in advanced technology nodes. The impedance parameters of CNT 
interconnect are calculated from (3.1)-(3.13). For the sake of comparison the impedance 
parameters of a copper interconnect are also determined. The Cu-interconnect impedance 
parameters are determined by using expressions available in literature [34].  
As may be seen from (3.6) through (3.8) the CNT resistance is a function of tube diameter d. 
Fig. 3.7 illustrates the dependence of resistance on tube diameter. This is an example of the 
dependence of SWCNT-interconnect resistance on tube diameter. It can be seen that a 
bundle composed of tubes of larger diameters, when used as interconnect will have larger 
line resistance. 
The two CNT capacitances are calculated from (3.11) and (3.12). Fig.3.8 shows the variations of 
SWCNT-interconnect capacitance with tube diameter. The decrease in capacitance with tube 
diameter indicates the desirable effect of reducing interconnect delay.  Increase in interconnect 
resistance has the effect of increasing propagation delay. A comparison of Fig.3.7 and Fig. 3.8 
therefore shows that two competing effects take place on delay as tube diameter is increased. 
Much depends on which of the two is the dominating one. When the effect of resistance 
dominates, delay rises as diameter increases. Otherwise the opposite effect takes place. If the 
two effects balance each other, delay is independent of change in diameter. 
Calculations using (3.4), (3.5) and (3.7) or (3.8) show that inductance in an SWCNT-bundle is 
negligible in comparison with its resistance and capacitance. It is of the order of a few fH 
(Fig. 3.9), which is much less compared to the several nano Henry of inductance that is 
generally found in the copper interconnects.  This shows that an SWCNT has negligible 
inductive effect even in case of high-speed applications. Generally, interconnect delay 
increases with increase in its equivalent resistance, inductance and capacitance [35]. As 
inductive effect on CNT impedance is negligible, the dependence of resistance and 
capacitance on tube diameter can provide insight into the variations of delays of the 
SWCNT-interconnects with variation in tube diameter. 
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The impedance parameters of interconnect is known to affect its delay and power 
dissipation [36]. As the diameter of an isolated tube controls the impedance parameters of a 
CNT bundle, it is of importance to study the effect of isolated tube diameter on delay and 
power dissipation. The equivalent circuit shown in Fig.3.5 is used to SPICE-simulate signal 
propagation down SWCNT-interconnect in 32nm and 22 nm technologies [37]. The clock 
speed is 1.1MHz. Simulation is also carried out for copper-interconnects of same 
technologies and clock speed. For simulation purpose copper interconnect is modelled by a 
-equivalent circuit [38]. 
For both SWCNT and copper interconnects, 90% delay has been extracted from the SPICE 
simulation results. Copper-interconnect propagation delay is used to normalize 
corresponding SWCNT-interconnect propagation delays. From now onwards this 
normalized SWCNT-interconnect delay will be referred to as ‘relative delay’. Similarly, 
relative power dissipation in SWCNT-interconnect will mean normalization by copper 
power dissipation. Fig.3.10 shows relative delay as function of isolated tube diameter. The 
variations are simply reflections of the resultant of the effects of diameter variations on 
resistance and capacitance taken together.  
The relatively larger inductance of copper facilitates the lowering of the relative delay, 
thereby placing SWCNT-bundle as a favourite candidate for future VLSI interconnects. The 
gradual rise of relative delay in case of 22nm technology indicates dominance of CNT 
resistance over its capacitance. For 32nm technology as diameter is increased the capacitance 
dominates till a critical diameter is reached. Beyond this critical diameter resistance takes 
over. Briefly, for good performance, the optimum tube diameter should be selected if 
possible (32nm). Otherwise tube diameter should be restricted (22nm). 
The diameter dependence of relative power dissipation in SWCNT interconnect is 
illustrated in Fig. 3.11 at 32nm and 22nm technology nodes. As may be seen, in general 
SWCNT-interconnect dissipate more power than its copper counterpart due to higher value 
of tube capacitance. Furthermore, SWCNT interconnect power dissipation improves as 
technology scales. 
Power dissipation in SWCNT-interconnect can be lesser if the tubes are of larger diameter (Fig. 
3.12). The diameter dependence of power results from the functional relationship between the 
bundle impedance parameters and tube diameter. As SWCNT interconnects have negligible 
inductance the decrease in CNT power dissipation with increase in tube diameter indicates 
that the effect of capacitance dominates over the effect of resistance. Thus, reduction of 
interconnect power dissipation by increasing tube diameter should be possible. 
 

 
Fig. 3.4. Equivalent circuit diagram for SWCNT bundle interconnects (length L<L0 where 
Lbundle=(LM+Lk/4)/nCNT). 
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Technology 32nm 22nm 

 Vdd 0.9v 0.7v 

Width(W) of local and semi global interconnect 32nm 22nm 

A/R* 2 2 

Thickness(H) of local and semi global interconnect 64nm 44nm 

Separation(s) between adjacent bundle of local and semi 
global  

32nm 22nm 

Width(W) of Global interconnect 48nm 32nm 

A/R(Global) 3 3 

Diameter of SWCNT 1nm 1nm 

Thickness(H) of global interconnect 144nm 96nm 

Separation(s) between adjacent bundle of global 
interconnect 

48nm 32nm 

Oxide Thickness    (tOX) 54.4nm 39.6nm 

OX (Relative) 2.25 2.05 

*A/S (Aspect ratio) for local and Intermediate. 

Table 3.2. Simulation parameters 

 

 
Fig. 3.5. Equivalent circuit diagram for SWCNT bundle interconnects ( length L>>L0 where 
Lbundle=(LM)/nCNT). 
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Fig. 3.6. Technology node dependence of resistances of long Cu [33] 

 

 
Fig. 3.7. Variation of equivalent resistance with diameters at different interconnect lengths 
for 22nm technology node [33]. 



 
Carbon Nanotube as VLSI Interconnect 

 

485 

 
Fig. 3.8. Variation of capacitance   with tube diameter at different interconnect lengths for 
22nm technology node [33]. 

 

 
Fig. 3.9. Variation of inductance with tube diameter at different interconnect lengths for 
22nm technology node [33]. 
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Fig. 3.10. Tube diameter dependence of normalized SWCNT bundle interconnect 
propagation delay in two different technology nodes with Interconnect length=1mm [33]. 

 

 
Fig. 3.11. Relative power dissipations as function of tube diameter with length 1mm as 
parameter for 32nm and 22nm technology node [33]. 
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Fig. 3.12. Relative power dissipations as function of tube diameter with length as parameter 
for 22nm technology node [33]. 

Srivastava et al.[31], Li et al[39] and Massoud et al[40], analyzed the performance of the 
CNT interconnects of all three categories of interconnect length.   
A comparison of propagation delays of CNT bundle interconnect and Copper interconnect 
[31, 41] is shown in Fig.3.13. In this figure 38% length corresponds to 0.6µm and 100% 
corresponds to 1.6µm. The lengths of the local interconnect are of this order and are 
comparable to mean free path of electrons in CNT. Fig.3.13 shows that the delay of CNT 
bundle is larger than that of copper interconnect. The difference between the two increases 
as technology advances. The analyses of simulation results [31,39, 40] also indicate that non-
zero metal-nanotube contact resistance degrades CNT-interconnect performance, however, 
its impact is negligible. Furthermore, in case of sparse bundle the performances of a CNT 
interconnect is better [39]. The dependence of propagation delay ratio  on interconnect 
length was also studied [31,41]. 
For the local interconnects, the influence of pitch on delay of CNT bundle is quite significant 
(Fig. 3.14.). It can be seen that the delay ratio of CNT bundle to copper interconnect is 
increased when the pitch increases. This, however, does not agree with what is reported in 
[40]. Fig.3.13 and Fig.3.14 also show that the delay ratio change very slowly as interconnect 
length is increased. This may be attributed to ballistic transport in CNT because of its low 
resistance. 
Li et al. [39], analyzed propagation delay ratios of CNT and copper semi- global and global 
level interconnects. Fig.3.15, illustrates a comparison between CNT and Copper interconnect 
delays at these levels. It can be seen that the propagation delay-ratio of CNT and copper 
interconnect is very high at the local level, but undergoes a steep decrease as we move to the 
semi- global level where it first decreases to a minimum value and then increases by a slight 
amount. Finally it becomes constant at lengths of global level. From Fig.3.15, it is clear that a 
CNT interconnect gives best performance at the semi-global level because the propagation 
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delay ratio of CNT to Copper interconnect attain low values at lengths in the range of 200m 
- 650m. It can be observed  that in the semi global and global regimes the performance  of 
CNT interconnect is better than that of copper interconnects. 
 

 
Fig. 3.13. Comparison of propagation delay between CNT bundle and copper interconnects 
[41].  
 

 
Fig. 3.14. Propagation delay ratio of densely packed CNT bundle to copper interconnects at 
different pitches [41]. 
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Fig. 3.15. Propagation delay ratio of densely packed CNT bundle to Cu interconnect [41].                                 

3.2.2 MWCNT interconnect 
The complex structure formed by a large number of concentric tubes makes analysis and 
design of MWCNT interconnect to be difficult. For analytical purpose Hong et al.[42] 
proposed an equivalent circuit model as shown in Fig. 3.16. 
 

 
Fig. 3.16. Equivalent circuit model of a MWCNT with p shells [42] 

This figure shows the equivalent circuit model of a MWCNT with p shells. Rmc/2 are contact 
resistances at the two ends of the MWCNT. Lumped quantum resistance per shell is RQ. RS 
is the scattering resistance. LK is kinetic inductance. Magnetic inductance is LM. The mutual 
inductance is M. Quantum capacitance is CQ and CE is the electrostatic capacitance between 
the outermost shell and ground. Other shells do not have this capacitance. CS is shell                          
to shell capacitance. GT is tunneling conductance that has p – 1 components for the 
MWCNT. Rt and Cout are respectively resistance and output capacitance of the driver. These 
impedance parameters can be calculated from those available in literature [42]. 
SPICE simulation using the equivalent circuit (Fig.3.16) shows that as in the case of SWCNT 
the resistivity of MWCNT bundle is also length dependent. For longer length (> 10 µm), 
MWCNT resistivity is much lower than that of copper interconnect and is comparable 
SWCNT interconnect. The simulation results show that for global interconnects delay in 
MWCNT interconnect is less than delay in copper interconnect. The delay improvement 
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further enhances with increase in interconnect length. However, increase in interconnect 
width deteriorates MWCNT delay. A better performance can be achieved if MWCNTs of 
larger diameters form the MWCNT bundle interconnect.  
Hong et al. also studied MWCNT delay at semi global and local levels of length. They 
observed that in range of semi global length MWCNT interconnects are significantly faster 
than their copper counterparts. Furthermore, technology scaling improves delay 
performance. The local interconnects have smallest cross section which results in substantial 
resistivity. As a result line delay is more in the local interconnects. Over this range of 
interconnect length the copper interconnect yield better performance.    

3.2.3 Comparison of SWCNT with MWCNT interconnects 
It is amply clear from the foregoing discussions that at highly scaled technologies for global 
and semi global interconnects both SWCNT and MWCNT can be appropriate replacements 
for copper. Between the two forms of CNTs SWCNT should have been the choice because of 
its lower resistivity resulting from longer mean free path. In reality this advantage cannot be 
taken as random chirality (direction in which graphene sheet is rolled up) leads to a large 
number of semiconducting tubes in a bundle. These semiconducting tubes do not 
participate in the conduction process.  Growing a totally metallic SWCNT bundle is 
challenging job. Relatively simpler growth process and the highly metallic nature of the 
MWCNT interconnect makes it a better option at present. Its disadvantage is the short mean 
free path. 
Simulation results [41-42] show that both SWCNT and MWCNT interconnect performs 
better than copper interconnect at global and semi-global levels. A highly metallic SWCNT 
out performs the MWCNT, especially at highly scaled technology. However, in reality 
existence of a population of semiconducting constituents in SWCNT bundle causes 
MWCNT to perform better. In local level MWCNT marginally outperform SWCNT. 

4. Cross talk between CNT interconnects 
Because of capacitive and inductive coupling between adjacent interconnects signal 
propagating down one (aggressor) affects signal propagating down the other (victim). This 
is commonly referred to as crosstalk. Crosstalk in copper and aluminum interconnects are 
extensively studied [43-46]. It is now well established that in such interconnects crosstalk 
induce signal delay, overshoot, undershoot and glitches in the victim. These aberrations 
travel down interconnect and cause faulty operation of the receiving device. However, very 
little work has been done in the area of crosstalk in CNT interconnect. 
Rossi et al. [47] are the first to study crosstalk in CNT interconnect. They analyzed crosstalk 
in CNT interconnect implemented bus architectures. Both SWCNT and MWCNT 
interconnects were considered. It was shown that delay and voltage noise margins in 
MWCNT busses are much better than SWCNT busses. The crosstalk delay is also lower in 
the SWCNT busses. In these busses cross delay can be improved by optimizing the spacing 
between the interacting interconnects. Furthermore, crosstalk induced logic error in the 
output device can be considerably large in case of MWCNT where as no such problem 
occurs in SWCNT architecture. Rossi et al. also proposed a crosstalk aware CNT bus 
architecture. This architecture is formed by double walled carbon nanotubes (DWCNT) in 
parallel. It is shown to be significantly less susceptible to cross talk produced delay and 
noise voltage peaks. 
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Pu et al. [48] developed analyzed crosstalk effects in SWCNT and DWCNT interconnects. 
Their analysis included coupling inductance along with coupling capacitance. The analytical 
crosstalk models thus developed capture crosstalk delay, glitches etc. with good accuracy. 
Crosstalk induced delay in SWCNT and DWCNT bundle interconnects were compared with 
that of copper interconnect. It is observed that for semi-global and global interconnects CNT 
especially DWCNT results in much reduced crosstalk induced signal delay. For suppression 
of crosstalk induced glitch copper interconnect is better. 
The crosstalk induced voltage peaks produce stress in oxide layers underlying the victim 
interconnect. With technology scaling oxide thickness has drastically reduced. As a 
consequence of oxide thinning a small crosstalk produced overshoot or undershoots causes 
a prohibitively large electric field to generate across the oxide. With time such electric field 
weakens the oxide layer and possibility of its damage increases. The possibilities of oxide 
damage due to crosstalk overshoot and undershoot was studied by Das and Rahaman [49]. 
They observed that with scaling ratio of overshoot/undershoot voltages to power supply 
voltage does not vary with scaling in all types of interconnects. However, in case of copper 
interconnects overshoot and undershoot increases as interconnect length is increased. In 
case of the CNT based interconnects on the other hand, neither scaling nor increase in length 
affect crosstalk induced voltage overshoot and undershoot. 

5. Conclusion 
An over view of the exploratory research on CNT as possible VLSI interconnect is 
presented. The problem of continuing with copper interconnects in highly scaled 
technologies of future are briefly discussed. The works carried out in finding an alternative 
solution indicates that the CNT based interconnects have the potential to replace copper in 
future. The SWCNT bundle is most desirable form of CNT based interconnect provided all 
constituent CNTs of the bundle are metallic. The SWCNT has been studied extensively and 
it is found that isolated tube diameter plays an important role in determining delay and 
power dissipation. Another parameter of importance is the interconnect length. It is 
observed that both SWCNT and MWCNT perform better than copper in the semi-global and 
global levels of interconnect length. At local level performance of copper interconnects is 
better. In brief, the analyses and simulations reported by various authors show that if a CNT 
technology compatible with present form of IC technology can be developed, then it will be 
possible to partially or wholly replace copper interconnect by CNT based interconnect.  
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1. Introduction 

Spintronics devices exploiting the spin of the electron [1-10] are prepared to revolutionise 
the electronics industry. The significance of this new generation device is faster memory and 
lower power consumption at low electron density. The late 20th century has been considered 
as an era of microelectronics. However, the avalanche growth of microelectronics is a major 
threat to Moore’s law and spintronics may be a solution for it. From  the  first  transistor  to  
the  signally powerful microprocessor in our recent computers, most electronic devices have 
employed circuits that express data as binary digits, or bits (1 and 0) represented by the 
existence  or  absence  of  electric  charge. Unlike microelectronics, spintronics exploits spin 
(spin up ↑ and spin down ↓) of the electron to carry information between devices.  
The discovery of Giant Magnetoresistance (GMR) by Nobel Prize winners Albert Fert and 
Peter Grünberg had actually led to the birth of novel field spintronics [11]. Currently, most 
of the existing spintronic devices [12] are based on metallic systems such as magnetic tunnel 
junctions (MTJs) and single electron transistor [13]. On the other hand, a wealth of 
intriguing spin phenomena has been observed in nanoscale materials [14]. This triggered an 
extensive research effort on spin transport in nanoscale MTJs and other interesting 
phenomena were realised. One of the most important phenomena is tunnel 
magnetoresistance (TMR) of the MTJs. A MTJ is composed of two ferromagnetic conducting 
layers separated by an ultra-thin insulating layer [15-20]. The TMR was first demonstrated 
by M. Jullière [21]. Yakushiji et al. [22] experimentally demonstrated the influence of spin 
conduction on TMR. The enhancement and oscillation of TMR in ferromagnetic multiple 
junctions have been predicted by several authors [23-30]. However, there have been only a 
few experiments on spin-dependent single electron tunnelling (SET) to date [31-36] due to 
the difficulty in fabricating appropriate sample structures for spin-dependent SET. 
The desire to build spintronic devices that show larger spin dependent phenomena has led 
many researchers to combine single electron tunneling (SET) and spin dependent electron 
tunneling (SDT). The charge quantization in low capacitance magnetic tunnel junctions 
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(MTJs) can lead to SET phenomena represented by Coulomb blockade (CB) below a 
threshold voltage and Coulomb staircase (CS) at higher voltages [37]. Carbon nanotubes 
(CNTs) can actually be thought of as a spacer in MTJ devices due to its one dimensional 
nano structure with ballistic conduction. It can control current transport by quantum 
mechanical spin degree of freedom. The remarkable spin dependent phenomena are 
expected in these devices due to the interplay between SET and spin dependent electron 
tunneling (SDT). In this chapter, we explore the state of the art MTJ devices with special 
emphasis to CNT.  Novel phenomena, TMR and SET in spintronics devices are highlighted. 

2. Spintronic devices 

The working principle of a spintronic device follows the steps (i) information is stored into 
spins as an orientation (i.e. up or down), (ii) spin information is carried by mobile electrons 
along a path or wire and (iii) the information is then read at a final point. Figure 1 shows the 
schematic representation of a spintronic device. The spin orientation of conduction electrons 
will exist for several nanoseconds making them useful in electronic circuit and chip design. 
The most basic method of creating a spin-polarized current is to transport current through a 
ferromagnetic material and to transmit the electron spin carrying the information to the 
receiver point. Spin current is therefore an important tool to detect spin in spintronic 
devices. The important avenues for the development of spintronics devices are: (i) 
fabrication of nanoscale nanostructures including novel magnetic materials, thin  films,  
hybrid structures, and functional materials, (ii) research on spin effect (spin  injection,  and 
spin transport and detection), (iii) demonstration of spintronic devices including giant 
magnetoresistance (GMR) and tunnel magnetoresistance (TMR) devices in magnetic tunnel 
junctions (MTJs) and (iv) study of SET in MTJs.  

3. Magnetic Tunnel Junctions 

A magnetic tunnel junction (MTJ) can be considered as a spintronic device since it is 
composed of two ferromagnetic materials, such as nickel, cobalt or iron, separated by an 
ultrathin layer of insulator with a thickness of the order of nanometre (10-9m). It exhibits two 
resistances, low (Rp) or high (Rap) depending on the relative direction of ferromagnet 
magnetizations, parallel (P) or antiparallel (AP), respectively. The insulating layer is so thin 
that electrons can tunnel through the barrier if a bias voltage is applied between the two 
metal electrodes. The schematic of a magnetic tunnel junction (MTJ) is illustrated in Figure 
2. In MTJs the tunneling current depends on the relative orientation of magnetizations of the 
two ferromagnetic layers, which can be changed by an applied magnetic field. This 
phenomenon is called tunnel magnetoresistance (TMR). An important factor in TMR is the 
interaction between the electron spin (S) and angular momentum (L) that is, spin orbit 
coupling (SOC). An example of SOC is splitting of hydrogen spectrum [38-40].  The SOC 
deforms the electron shell as the direction of the magnetization rotates. This deformation 
also changes the amount of scattering undergone by the conduction electrons when 
traversing the lattice.  There will be minimum resistance if the magnetizations are in parallel 
orientation and it will go to maximum with opposite orientations (Figure 3). Therefore, such 
kind of junction can be easily switched between two states of electrical resistance, one with 
low and one with very high resistance.  
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Fig. 1. A Schematic representation of spintronic device. 

 
Fig. 2. A Schematic magnetic tunnel junction (MTJ). 
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3.1 Fabrication of MTJs 
The fabrication of MTJs with high TMR ratios is crucial in developing spintronic devices. 
With the advance of nanotechnology, there are various methods to deposit MTJs, such as 
molecular beam epitaxy (MBE), magnetron sputtering, electron beam evaporation and 
chemical vapour deposition (CVD), and so on. In detail, the MTJ’s main components are 
ferromagnetic (FM) layer and insulator layer. The FM layers can be fabricated by sputter 
deposition (magnetron sputtering and ion beam deposition). The fabrication issue is the 
magnetic alignment and thickness (deposition rates should be in the Angstrom-per-second 
range). The best way of fabricating insulating layer is still under research.  Some of the 
proven materials are Al2O3 tunnel barriers made by depositing a metallic aluminium layer 
in the range of 5-15 Å thickness. In addition, ion beam oxidation, glow discharge, plasma, 
atomic-oxygen exposure and ultraviolet-stimulated oxygen exposure are also alternate ways 
of insulator deposition. Since the first report on TMR by Julliere [21], many studies have 
been performed to explore this property, especially on Al2O3 insulating layers. The necessity 
of controlling the magnetic properties of the magnetic layers introduces special 
requirements on the deposition process. The maintaining of inherent magnetic anisotropy is 
crucial in the deposition process. This can be set by applying magnetic field during 
deposition. The thickness & uniformity of the material, the coercivity, magnetorestriction, all 
are important in controlling the magnetic anisotropy. 
 

 
Fig. 3. Resistance goes from minimum to maximum with change in magnetization 
orientation from parallel to anti-parallel.  
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There are some theoretical predictions stating the MTJs with maximum TMR ratios could be 
fabricated by the epitaxial growth of ferromagnetic-non ferromagnetic-ferromagnetic 
nanoscale sandwich structure, Fe/MgO/Fe and Fe/MgO/FeCo [41, 42]. The high ratios 
resulted from the effective coupling of the majority spin band of Fe/FeCo into MgO and 
MgO into Fe/FeCo. TMR ratios up to 180% and 220% were achieved in these structures [43, 
44]. The literature also says MTJs can be fabricated using half-metallic ferromagnets [45] and 
can generate 100% spin polarization at Fermi level (EF) due to the energy gap for one spin 
direction. The maximum spin polarization up to 100% is highly desirable in spintronic 
devices for the efficient spin injection from ferromagnetic electrodes into the non-
ferromagnetic spacer and for the development of current induced magnetization switching 
in MTJs. Other MTJs with half-metallic ferromagnets which have shown higher TMR at 
room temperature are cobalt based alloy thin films including Co2Cr1-xFexAl, Co2MnSi or Co-
Mn-Al. In addition to MgO tunnel barrier, aluminium oxide also been used as tunnel barrier 
with ferromagnetic electrodes Co2Cr0.6 Fe0.4 Al and Co2MnSi. The advantage of these alloys 
is the high Curie temperature above room temperature. N. Tezuka et al have developed a 
MTJ of Co2FeAl0.5Si0.5  electrodes and a MgO barrier fabricated by MBE and observed that 
their device had a TMR ratio of 386% at approximately 300K and 832% at 9K [46]. 
Nowadays, magnetic data storage technologies prefer perpendicular magnetic anisotropy 
(PMA) compared to the conventional devices that exploit the magnetization of the layers 
within the film plane. Figure 4 shows the cell structure with perpendicular magnetic 
anisotropy. An alloy of cobalt-iron is employed in the magnetic layer, with magnesium 
oxide in the insulating layer and cobalt-iron-boron in the interface layers. The structure 
developed by Toshiba is used for recording media. PMA has also been observed in several 
ferromagnetic materials including multilayers such as Co-Pt, Co-Pd, Co-Ni, CoFe-Pt, and 
CoFe-Pd, Co-Cr-Pt, alloys such as CoPt, FePt, and CoCr, and rare-earth transition metal 
alloys [47-50]. However, an ideal system with high thermal stability at nanoscale dimension, 
low current induced magnetization and high TMR was not successful. In view of this, S. 
 

 
Fig. 4. Magnetoresistive random access memory (MRAM) with giga bits capacity developed 
by Toshiba. 
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Ikeda et al [51] employed interfacial PMA between the ferromagnetic electrodes and the 
tunnel barrier of the MTJ by using the material combination of CoFeB–MgO. The MTJs 
consisting of Ta/CoFeB/MgO/CoFeB/Ta showed a high TMR ratio, over 120%, high 
thermal stability at dimension as low as 40 nm diameter and a low switching current of 49 
μA. 

3.2 TMR in MTJs  
To continue the discussion, TMR is a magnetoresistive effect that occurs in component 
consisting of two ferromagnets separated by a thin insulator (MTJ). The interest towards 
TMR is driven by the fact that MTJs with spin dependent tunneling (SDT) are expected to 
provide technical promises that will allow the realization of nanoscale devices in more 
advanced spintronic applications. T. Moodera et al [52] fabricated the first reproducible 
TMR up to 24% (Figure 5) at room temperature on CoFe/Al2O3/Co or NiFe junction. Today, 
reproducible TMR value up to 50% can be obtained with three dimensional ferromagnets 
making them useful for industrial application [ 53]. 
 

 
Fig. 5. Ratio of tunnel magnetoresistance (TMR) shown in CoFe/ Al2O/ Co junction., J. S. 
Moodera, L. R. Kinder, T. M. Wong, and R. Meservey, Phys. Rev. Lett. 74, 3273 (1995) © 
American Physical Society 

3.2.1 Theory of TMR  
The TMR effect in MTJs can be derived using Julliere’s model [21, 51-53]. According to this 
model the magnetoresistance,  
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 TMR = (RAP-RP)/RP = 2P2/ (1-P2) (1) 

where RP and RAP are the resistance in parallel and antiparallel magnetic configuration, 
respectively and P is the spin polarization.  The Differential TMR can be re-written as  

 TMR = 
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According to Wiesendanger [54] the derivative of an I-V curve (the differential conductivity 
is expressed as  
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where 2t  is the tunnel probability, D1 and D2 are the DOS of the two electrodes, EF is the 

Fermi energy, and V is the bias voltage applied to the electrode at low temperature.  
The injection of spin currents from a ferromagnetic manganite, La0.7Sr0.3MnO3, into a single 
CNT (non-ferromagnetic) and the transformation of spin information into large electrical 
signal have been demonstrated by L. E. Hueso et al [55]. The TMR calculated in their system 
is 61%.  R. S. Liu et al. [56] observed TMR (10%) due to the interplay of SDT and CB in a 
Ni/NiO/Co/NiO/Ni double junction of a submicron scale. Interestingly, both the systems 
are MTJ which is similar to our system. H.B Peng et al. [57] also studied I-V characteristics 
on patterned growth of SWCNT arrays from vapour-deposited Fe catalyst. Similar I-V 
features were observed in Nickel-CNT-Nickel MTJ system fabricated by the current authors 
[58]. Undoubtedly, Coulomb blockade (CB) effect, the principle of single electron tunnelling 
(SET), is responsible for the enhanced TMR in nanoscale MTJs. The SET phenomena and the 
associated MR occur only if the transport of electrons from one electrode to another is 
inhibited due to the extremely high electrostatic energy e2/2C (e = charge of electron and C is 
the capacitance) of a single electron compared to the thermal energy kBT. When the bias 
voltage increases and exceeds the threshold Vth = e/2C, the current starts to increase. If the 
resistance of two junctions are similar (R1≈ R2), the current increases smoothly with bias 
voltage. T. Niizeki et al [59] could reduce the junction area to 10nm and observed enhanced 
TMR due to the coulomb blockade (CB) effect.  
Motivated by the possibility of spintronics, the current authors have attempted a novel MTJ 
system using vertically aligned CNTs [58, 60]. The TMR along with Coulomb blockade and 
Coulomb staircase was observed in our system. Our device is formed of a vertical array of 
carbon nanotubes bridged between the nickel electrodes. The higher value of CB spacing (~ 
2 V) in our system compared to the reported value (0.8V) is expected due to the bulk effect 
of CNT arrays.  It also confirms that there is no short connection in the sample.  From the I-V 
analysis of our system it appears that TMR is originating from the spin polarisation of the 
electrodes, i.e the difference between the density of states (DOS) of the up-and down-spin 
sub-bands in the two electrodes. More details of CNT- MTJs are given section 2.2. 

3.2.2 Characterization  
It is well known that the TMR is highly sensitive to the structural and chemical nature of the 
material. The characterization techniques such as electrical conductivity, magnetoresistance 



 
Electronic Properties of Carbon Nanotubes 

 

502 

and tunneling microscopy can give detailed information on MTJs properties. The 
knowledge on magnetic property of the ferromagnetic electrodes is crucial in development 
of MTJ devices. The superconducting quantum interference device (SQUID) is the most 
sensitive magnetic field equipment to measure the magnetic property. It has enough 
sensitivity to measure measure the magnetic fields in nanoscale ferromagnets. The 
magnetization of the material can also be measured by vibrating-sample magnetometer 
(VSM) technique. VSM is based on Faraday’s law which implies that an emf will be 
generated in a coil when flux changes in the coil. TMR also can be measured using the four 
probe method by sweeping the magnetic field.  Scanning tunneling spectroscopy 
(STS)/scanning tunneling microscopy (STM) is another technique which can give precise 
TMR measurements. The details of all these measurements are given in section 5.  

3.3 Application of MTJs 
With wider knowledge on how to manipulate spins [61], we can build more state of the art 
spintronic devices with extraordinary properties. Extended research into application 
possibilities of any spintronic effects is therefore crucial to realise more advanced spintronic 
devices. These devices made huge impact on computer technology by enabling higher 
storage of information in hard drives and faster reading of data in random access memories.  
The first successful application of MTJ was demonstrated in computer read head technology 
with Al2O3 barrier and MgO barrier MTJ. The magnetic recording density in hard disk drive 
increased (300-600 Gbit/Inch2) considerably in these devices [62-65]. Another application of 
MTJ is to develop magnetic random access memory (MRAM) devices. It has been claimed 
that MRAM can exceed the speed of SRAM (static RAM), density of DRAM (Dynamic RAM) 
and non-volatility of flash memory. In addition, the nano-dimension device has low power 
consumption and less heating.   MRAM is an upgrade version of SRAM and DRAM where 
data is stored using spin instead of electrical charges. It overcomes one of the disadvantages 
of the conventional RAM, the loss of information by power failure. Leading companies like 
IBM, Motorola, and Honeywell started the MRAM research in 1995 and they were 
supported by United States Defense Advanced Research Projects Agency (DARPA). Figure 6 
shows the images of MRAM used by leading companies like Thoshiba, IBM and Motorola. 

4. Spin current in MTJs 

In the view of rapid progress in the fabrication of nanoscale MTJs, spin is a subject of great 
interest. Spin is a purely quantum mechanical quantity which provides an extra degree of 
freedom for the electron to interact with a magnetic field. In 1922, Stern and Gerlach 
demonstrated the most direct experimental evidence of the existence and of the quantized 
nature of the electron spin. The first experimental evidence of spin dependent tunneling was 
reported by Jullerie [21] in 1975. Later, Berger proposed the idea that spin polarized current 
act on local magnetization of ferromagnets and leads to giant magnetoresistance [66]. The 
important property of spin is its weak interaction with the environment and with other 
spins, resulting in a long coherence or relaxation time, which is a very important parameter 
in the field of spin-transport and quantum computing. For the successful incorporation of 
spins into the currently existing electronics, one has to resolve issues such as efficient spin 
injection, spin transport, control and manipulation of spins and finally detection of spin 
polarized current. 
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Fig. 6. MRAM memory cells composed of a magnetic tunnel junction (MTJ). States "0" and 
"1" in the cells correspond to the parallel and antiparallel alignments of the electrode 
magnetic moments. 

Spintronics without magnetism is an attractive pathway for designing semiconductor 
spintronic devices since spin orbit coupling (SOC) enables that the spin is generated and 
manipulated merely by electric field. By the application of electric field, the electrons move 
in the lattice generating a magnetic field which acts up on the spin. The spin orbit 
interaction on mobile electrons was proved theoretically many decades ago. However, the 
practical harnessing of this concept is still at an early stage 

4.1 Spin transport 
The influence of spin transfer in MTJs can be observed by measuring resistive loops as a 
measure of external applied field and applied voltage. By sweeping the magnetic and 
electrical field, one can observe sharp drop in resistance which is attributed to the switching 
from parallel to antiparallel and vice versa. The drop of resistance is associated with the 
TMR. One of the factors that affect drop of resistance and TMR is density of states (DOS) at 
the interface [67-71].   

4.2 Spin polarization 
In addition to the spin transport, spin injection and spin polarization also an important 
factors in governing TMR. The spin polarization is a result of a subtle cancellation between 
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two spin channels and is greatly influenced by the atomic, electronic and magnetic 
structures of the system. While the fundamentals of electron tunnelling are well understood, 
the quantitative theoretical description is lacking in real systems due to limitations in 
fabrication. Sophisticated and stable nanofabrication method will solve the problem of 
interface in MTJs. However, to build up on experimental findings, it is also essential to 
develop an accurate model of the spin polarization and transport of spin current through 
the ferromagnetic/nonferromagnetic interface and finally into vacuum which is highly 
sensitive to the chemical and material details of the device. In this context, Density 
functional theories [72] of MTJ system that can produce spin polarization effects in the 
Fermi Energy (FE) are important.  Density functional theory (DFT) is a widely used 
method for modelling charge/spin carrier transport semiconductors. There is plenty of 
literature on DFT based calculations in studying SDT in MTJs [73-75]. The key 
components in the modelling are schottky barrier (φb) and the applied voltage VA against 
current density. Ab initio simulation of magnetic tunnel junctions has been demonstrated 
by Derek Waldron et al [76]. The effect of schottky barrier profile on spin dependent 
tunnelling in a ferromagnet-insulator-semiconductor system is reported in N.L.Chung et 
al’s work [77]. 

4.3 Theoretical modelling 
Landauer [78] formula is really useful in order to compute spintronic devices. For the 
simplicity of modelling, the system can be assumed as one-dimensional, composed by a 
quantum wire with length L and two ferromagnetic reservoirs with electrochemical 
potential μL and μR which are given by  
μL↑↓ = EF +(-)∆µ, 
μR↑↓ = EF +(-)∆µ + VA, 
∆ µ = (µ↑-µ↓)/2 being half of the spin splitting energy. The effect of the Schottky barrier is 
important on the SDT and therefore negligible spin relaxation in the tunnel barrier should 
be considered. 
If f is a function in the k space, the sum of f over k is given by  

  
(4)

 

Let us assume that the transport in the channel is ballistic and the electrons entering the 
reservoir is in equilibrium. The positive current, carried by the k> 0 state in i subband is 
then given by  

  
(5)

 

where υi is the velocity and f is the Fermi-Dirac distribution function. 
Using 

 ∑ → 2	
	
	  (6) 

eqn 6 can be rewritten as  
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, the positive current can be expressed as 
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where h is the Planck’s constant and i  is the cutoff energy of the i subband. The negative 

current is similarly given by 
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and the total current as 
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is the number of modes in subband i having energy less than E, and u is a Heaviside 
function. Low temperature has been assumed so that ( − )≈ ( − ) and M has been 
assumed to be constant in the energy range  

 2 1   . (12) 

The total current density will be calculated by adding current of each spin channel,  

 I = I↑ + I↓ (13) 

and the spin current is given by the difference between  up spin and down spin currents. 
The introduction of a 3D system can further increase the consistency of calculation 
compared to 1D.  
In this review, we emphasis on graphene and CNTs based MTJs which are the most recent 
attractions in MTJ research. 

5. Graphene based MTJs 

Graphene is the building block of graphite and it is made from a hexagonal lattice of carbon 
atoms with sp2 bonds (Figure 7).  Graphene is a promising material for spintronics and MTJs 
due to its intrinsic spin orbit interaction [79-87]. The electron spin of graphene also has 
interaction with the carbon nuclei. In addition, its unique properties, especially long spin 
flip length up to 1μm at room temperature enhances its potential to spintronics. They also 
show half integer quantum hall effect and high electrical conductivity. Many groups have 
studied TMR for graphene connected to ferromagnetic leads. They have demonstrated 
injection of spin polarized current in the system. Graphene is ideal for application of spin 
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valve effect in which the resistance of the devices can be changed by manipulating the 
relative orientation of the magnetization. Hill et al [88] fabricated a spin valve device 
consisting of a graphene connected by two FM leads and investigated a 10% change in 
resistance as the electrodes switch from parallel to antiparallel state. 
 

 
Fig. 7. Graphene showing the 2-D network of sp2 bonded carbon atoms. 

Experimentally, there have been few evidences for spin-polarized transport in graphene 
spin valves [89]. Wang et al investigated the magnetoresistance (MR) properties of quasi-
two-dimensional mesoscopic graphite (MG) spin valve devices consisting of flakes with 
thickness between 1 and 40 nm (3 to 100 layers of graphene) contacted by two ferromagnetic 
electrodes and observed signatures of spin-polarized  transport  for  MG  flakes  in  the  
thickness  range 10–40 nm. For devices in which an ultrathin magnesium oxide (MgO) 
tunnel barrier is inserted at the FM/MG interface, the spin valve effect has been observed 
with MR magnitudes up to 12% at 7 K and signals persisting up to temperatures as high as 
60 K. In contrast, the spin valve effect has not been seen in devices without MgO, suggesting 
the importance of spin-dependent interfacial resistance for spin injection into MG [90-92]. 
Investigation of the voltage bias dependence of the MR finds a reduction of the MR with 
increasing voltage and a correlation with the differential conductance. Finally, the spin valve 
signal exhibits oscillatory MR as a function of gate voltage [93-95]. 
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6. Carbon nanotubes based MTJs 

Carbon nanotubes (CNTs) [96] are molecular tubes of carbon with outstanding properties 
(Figure 8). They are among the stiffest and strongest materials known, and have remarkable 
electronic behaviour and many other unique properties. They are attractive for spintronic 
devices due to their nanoscale size, extremely large spin flip scattering lengths and because 
they can behave as one-dimensional ballistic quantum conductors [97-102]. Experimental 
investigations on coherent spin transport through Co-contacted CNTs showed that spin can 
be coherently transported over 130 nm through the carbon nanotube [103]. 
 

 
Fig. 8. Image of a carbon nanotube. 

6.1 Fabrication of vertically aligned carbon nanotubes 
Various conventional methods have been used to grow CNTs, including arc-discharge, laser 
ablation, and chemical vapor deposition (CVD). However, only chemical vapour deposition 
(CVD) methods allow the controlled growth directly on a substrate, which is important for 
many applications, especially as the individual manipulation of CNTs is difficult and 
expensive, due to their reduced size. The orientation of CNTs is highly important in 
achieving the maximum benefit of its property. The ability to pattern or position carbon 
nanotubes (CNTs) with a vertical orientation in controlled arrays has been demonstrated by 
many researchers [104-106]. Conventional plasma enhanced (PE) CVD is an established 
technique for the synthesis of vertically aligned CNTs[107-110]. Selective, aligned growth of 
CNTs on silicon and glass substrates has been demonstrated by plasma enhanced chemical 



 
Electronic Properties of Carbon Nanotubes 

 

508 

vapor deposition. However, despite the high level of control, PECVD growth typically 
involves processing temperatures over 900 ºC, which significantly limits the choice of the 
possible substrate materials and the integration processes. Bonard et al6 have demonstrated 
in their work that the enhanced field emission factors of individual CNTs (30 000-50 000) are 
very large, when compared to the CNT films (1000-3000) [111-112]. The smaller field 
emission factors in the CNT film have been considered a consequence of the effect of the 
planar substrate supporting the CNT film. The field-enhancement factors of dense CNT 
films were even smaller because the electric field on one tube is screened by the proximity of 
neighboring tubes. 
We reported the selective growth of VACNTs on large area copper substrates using a 
double plasma hot-filament chemical vapour deposition system (DP-HFCVD) [JNN paper 
113]. We employed our modified HF-CVD system (Figure 9) for the deposition of large area 
(1-1.5 inch2) carbon nanotubes onto nickel electroplated copper substrates. The system 
employed three independent power supplies, which were used to generate two independent 
plasma glow discharges within the vacuum chamber. The system consisted of two parallel 
molybdenum plates sandwiching a resistive tantalum filament. Each of the two 
molybdenum plates was electrically biased, either positively or negatively, with respect to 
the filament, in order to generate the two glow discharges. The precursor gases used were 
methane and hydrogen (gas flow: 46/200 sccm) at 7 mbar. The DC voltage (0-600 V) was 
applied between the upper substrate electrode and the filament. The filament power was 
maintained at 600 W and the substrate temperature (650 ºC) was measured using a sealed 
thermocouple placed inside the substrate holder immediately beneath the substrate. 
The growth of the CNTs involves three processes: (i) substrate pretreatment, (ii) nucleation 
and (iii) the actual growth of the CNTs. 
(i) A 0.8 mm thick flat copper substrate with 98% purity was treated by sand blasting and 
then cleaned in ultrasonic acetone bath. The cleaned substrate was subsequently 
electroplated with nickel in a nickel sulphate bath. The copper substrates were used as the 
cathode and a nickel rod served as the anode. The 50 nm nickel coated copper substrates 
were subsequently transferred to the HF-CVD chamber and the chamber was purged by 
100 sccm hydrogen gas for a few hours. 
(ii) For the nucleation, the substrates were exposed to hydrogen plasma, promoting the 
etching of the catalyst and enabling the formation of nickel nano-clusters. 
(iii) Finally, the CNTs were grown with hot filament power in the presence of precursor 
gases, methane and hydrogen. 
The morphology of the CNTs deposited at different times was examined using SEM 
microscopy. Figure 10 shows the SEM image of CNTs deposited by DP-HFCVD (a) and 
conventional CVD (microwave) (b) in 2 hours. Unlike the conventional CVD CNTs, the DP-
HFCVD CNTs appeared highly dense and were grown perpendicular to the substrate. It is 
reported that the growth rate in plasma enhanced (PE)CVD is generally slower than that in 
thermal CVD, which may be partly due to the atmospheric pressure operation of thermal 
CVD [114]. The CNTs grown by DP- HFCVD system also showed a slow growth rate and, 
taking almost 2 hours to form a forest of tubes. Bower et al [115] showed the effect of the 
electric field on the alignment of nanotubes unambiguously in a microwave plasma of 
acetylene and ammonia. Initially, when the plasma was on, their multiwalled (MW) CNTs 
were vertical; when growth proceeded with plasma off (in a thermal CVD mode), the 
nanotubes were found to be curly or randomly oriented. They also found that nanotubes 
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always grew perpendicular to the substrate surface regardless of the substrate position or 
orientation. Since their work, a number of articles have appeared, considering the general 
orientation of PECVD-grown nanotubes better than the results from thermal CVD [116]. 
However, all these works were concentrated only on vertical alignment of the tubes, and the 
adherent properties of the tubes were ignored. 
 

 
Fig. 9. Computer drawing of DP- HFCVD system. 

The quality of the CNT was confirmed by Raman Spectroscopy. Figure 11 shows the micro-
Raman spectra for samples (a) VACNT and (b) conventional CVD. The most prominent 
features in the first-order Raman spectra were observed for both the samples positioned at 
around 1570cm-1 (G band) and 1350cm-1 (D band). The peaks positioned at 1350 cm-1 
represent the disorder-induced phonon mode (D-band) and the strong peak at 1577 cm-1 (G-
band) can be assigned to the Raman-allowed C-C phonon mode (E2g-band) [117]. A small 
difference in the D and G peak positioning was noted with these samples and we attribute 
this to the structural differences in the tubes. 
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(a) 

 
(b) 

Fig. 10.  SEM images of CNTs deposited by (a) DP-HFCVD and (b) Conventional CVD 
(micro-wave) in 2 hours. 
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Fig. 11. Micro-Raman spectra of VACNT. 

6.2 TMR in CNT based spintronic devices 
Since its discovery, a large number of nanodevices such as single electron transistor, Light 
emitting diode, field effect transistor has been demonstrated. However, these devices are 
based on charge of the electron. TMR characteristics have already been measured in CNTs 
both experimentally and theoretically [118]. K Tsukagoshi et al [103] demonstrated the MR 
in a single CNT contacted by ferromagnetic metal electrodes. The spintronic devices 
exhibiting TMR using ferromagnet-contacted single walled carbon nanotubes (SWCNTs) 
have been demonstrated by A. Jensen et al [118]. Most of the reports on CNT-TMR system 
are mainly based on single carbon nanotube contacted to bulk ferromagnetic material by an 
ex-situ method [119-121]. The TMR effect is also known to be sensitive to the tunnel 
barrier/electrode interface. The barrier sensitivity may be more evident in a system with 
single CNT. De Teresa et al [122] studied ferromagnetic MTJ with various barrier materials 
and found that even the sign of the TMR depends on the barrier materials. S. Yuasa et al 
[123] also investigated the effect of crystal anisotropy of the spin polarisation on MTJ using 
single crystal iron electrodes of various crystal orientations. They found a clear crystal 
orientation dependence of the TMR which might reflect the crystal anisotropy of the 
electronic states in the electrodes.  
The current authors followed a different approach for the development of a potential MTJ 
device. The details are discussed below. 
Figure 12 shows the Field-Emission Scanning Electron Microscopy (FE-SEM) image of the 
MTJ system fabricated by the current authors. The Ni nanoparticles (on top, ~1µm in 
thickness) deposited on top of the VCNTs are apparent in figure 12. High density well 
aligned MWCNTs with length larger than 2 µm are apparent in the image. The details of the 
substrate pre-treatment method, the formation of nanoclusters and the synthesis of 
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vertically aligned MWCNTs on nickel plated copper substrate using a double plasma 
method is reported in our previous paper [124]. Energy Dispersive X-ray microanalysis 
(EDS) attached to the FE-SEM reveals Ni nanoparticle deposition on the top surface of 
VCNTs. The magnified FE-SEM images of the green dashed square areas marked by 1 and 2 
in Figure 12 are illustrated in inset.  Unlike CNTs grown by conventional techniques, 
VCNTs grown by DP-HFCVD technique are short (~ 2μm), isolated and vertically aligned to 
the substrate. The green dotted square area 1 illustrates the VCNTs covered by nano nickel 
paticle. However, the particles are less in the lower portion of the sample (Green dashed 
square area 2). 
 

 
Fig. 12. FE-SEM image of the VCNT sample deposited with nickel nanoparticles. The inset 
shows a magnified FE-SEM image displaying isolated VCNTs. 

TMR/GMR is known to originate from spin interaction between the magnetic and 
nonmagnetic particle at the interface and are related to the coercivity value [125]. To probe 
the magnetic properties, the field dependence of the magnetization was measured using a 
superconducting quantum interface device (SQUID) [126]. Figure 13a shows magnetization 
vs. applied magnetic field for nickel nanoparticle deposited VCNTs at 2 K and 300 K, 
respectively. It indicates that the sample exhibits ferromagnetic behaviour with a hysteresis 
loop at 2 K and 300 K, respectively. The saturation magnetization (Ms), coercivity (Hc), and 
remnant magnetization (Mr) for both temperatures are summarized in Table 1. The 
saturation magnetization values and coercivity for nickel nanoparticle deposited VCNTs 
shows a decrease from 5.3 to 4.4 emu g-1 and 395 to 115 Oe, respectively, with the increase of 
temperature, indicating a characteristic ferromagnetic behaviour. To gain a better 
understanding of the magnetic behaviour of nickel nanoparticle deposited VCNTs, we have 
performed zero-field-cooled (ZFC) and field cooled (FC) magnetization measurements. For 
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the ZFC measurement, the nickel nanoparticle deposited VCNTs sample is first cooled from 
300 to 2 K in zero magnetic field.  On the other hand, for FC measurements, the sample is 
cooled in the magnetic field (25 Gauss) from 300 to 2 K, and later the magnetization is 
measured in the warming cycle keeping the field on. Figure 13b shows the temperature 
dependence of ZFC and FC measurements under the applied magnetic field of 25 Gauss for 
nickel nanoparticle deposited VCNTs which exhibits the main features of ferromagnetic 
behaviour [127]. The blocking temperature TB (transition temperature from ferromagnetic to 
superparamagnetic state) peak can be observed in ZFC curve at about ~44 K. The low value 
of TB is directly in agreement with smaller size of nickel nanoparticles randomly deposited 
on the VCNTs [128,129]. 
 

 

 
Fig. 13. (a) Magnetization vs. applied magnetic field for nickel nanoparticles deposited 
VCNTs at 2 K and 300 K. The ferromagnetic behaviour of the sample is apparent from the 
hysteresis (b) Temperature dependence of ZFC and FC measurements under the applied 
magnetic field of 25 Gauss for nickel nanoparticle deposited VCNTs. 

a 
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T/K Ms/emu g-1 Hc/Oe Mr/emu g-1 

2 5.3 395 1.6 

300 4.4 115 0.6 

Table 1. Ms, Hc, Mr for Ni nanoparticle deposited VCNTs at 2 K and 300 K. 

Figure 14 shows the simplest schematic configuration of the VCNT sample with a STM tip.  
The nickel substrate act as a source that can generate a current of spin polarised electrons, 
VCNTs act as a spacer that can transport spin polarised current and the nickel nanoparticle 
deposit act as a sensor that can detect the spin polarised current. The STM tip acts as contact 
to the top electrode and the Au to the bottom electrode. The magnetisation of the source 
defines the spin direction of the charge carriers injected into the CNTs and the nickel coating 
serves as a spin detector. Upon reversing the magnetisation direction of one of these 
electrodes, the spin polarisation of the charge carriers arriving at the detector electrode will 
be changed, giving rise to a change of the device resistivity, i.e., a magnetoresistance. 
 

 
Fig. 14. Schematic diagram of spintronic devices. 

Figure 15a shows the current-bias voltage (I-Vb) curves of the sample at H = 0 T and H = 2 T 
at 300 K. The Coulomb blockade region is observed between -1 V to 1 V and a stepwise 
increment of the current (CS) is observed beyond the CB region. The (I-Vb) curves exhibit 
similar features at zero and applied magnetic field (parallel and antiparallel configuration). 
The similarity in (I-Vb) at zero and applied field is reported in literature. The magnified 
portion of the green dotted square in the (I-Vb) curves is shown in Figure 15b.  A clear CS is 
apparent in Figure 15b. The dI/dV vs. Vb plot (see Figure 15c) exhibits clear peaks in a 
periodic pattern beyond CB. The dI/dV vs. Vb plot in the range (-1.9 to -1 Vb) showing clear 
periodic pattern is illustrated in the inset of Figure 15c. The bias voltage (Vb) dependence of 
MR derived from the normalised I-Vb curves shown in Figure 15d. The oscillation of MR as a 
function of bias voltage is observed.  
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The ~ null current in the CB region and the CS beyond CB region are  clear indications of the 
SET phenomena. The SET phenomena and the associated MR occur only if the transport of 
electrons from one electrode to another is inhibited due to the extremely high electrostatic 
energy e2/2C (e = charge of electron and C is the capacitance) of a single electron compared 
to the thermal energy kBT. When the bias voltage increases and exceeds the threshold Vth = 
e/2C, the current starts to increase. If the resistance of two junctions are similar (R1≈ R2), the 
current increases smoothly with bias voltage. A fluctuation in current is expected if there is 
difference between the resistances of two junctions. Interestingly, if the difference between 
the two junction resistances is very large (R1»R2 or R1«R2), the current increases stepwise 
(CS) with bias voltage depending on the number of electrons accumulated on the spacer. In 
that case, the tunnelling process in a current-biased junction is no longer random, but 
becomes more or less coherent (single electron tunnelling), at a frequency ν = I/e. As a result 
the voltage across the junction will oscillate with the same frequency, and could in principle 
be used to define a quantum standard for the current.  
 

 
Fig. 15. (a) I–Vb curves of the sample at H = 0 and H =2 T at 300 K, (b) themagnification of 
the I- Vb (c) the dI/ dV vs. Vb plot of the sample at H= 0 T. (d) The MR% calculated from I–
Vb curves. The inset of (c) shows the I–Vb curve in the range -1.9 to -1 Vb. 

The calculation of capacitance C is also crucial in determining the TMR effect. We have 
calculated the capacitance C from the period of dI/dV curve. The peaks show a periodic 
pattern with a period of ∆V = 102.0 ±1.8mV. Assuming ∆V = e/C, the capacitance is 
calculated as 1. 5705 × 10-18 F. Our result is in agreement with the work of A. B Mantel et al.49 
who has studied the spin injection in a single cobalt nanoparticle tunnel junction and they 
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obtained C value as 1.14 10-18 F. The C value calculated by us is consistent with the 
ferromagnetic nanoparticle tunnel junctions which confirm that the MR effect is due to the 
spin injection from nickel electrode into the non ferromagnetic CNT and spin detection by 
the nickel nanoparticle. The MR of the sample was also confirmed by low field 
measurements (Figure 16). The low field measurements were performed from 100 to 100 Oe 
and back to 100 Oe. The resistance peak appears as the field moves through zero and it 
shows a change of resistance from the parallel to antiparallel alignment of the 
magnetizations. 
 

 
Fig. 16. Schematic of spintronic device showing vertically aligned carbon nanotubes (VCNT) 
deposited with nickel nanoparticles.  

7. Conclusion 

The development of room temperature spintronic devices is very motivating for future 
digital world. Spintronic devices can lead to advances in microelectronics creating faster and 
high capacity data storage-devices with less power consumption. The spin of the electrons 
can easily be manipulated in MTJ structures achieving novel phenomena of TMR and SET. 
However, bringing new or improved MTJs to market requires theoretical modeling and 
rapid assessment of the effect of enhanced material properties. Carbon nanotubes (CNTs) 
are ideal spin transporters due to their unique electronic properties.  
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1. Introduction 

The experimental characterisations of carbon nanotubes (CNTs) (Iijima, 1991) and in 
particular single-walled CNTs (SWNTs) (Iijima & Ichihashi, 1993) in the early 1990s were 
landmark moments in 20th century science. The potential uses of these remarkable 
nanostructures are now becoming realised, as their synthesis is now routinely performed on 
the industrial scale. The initial successes in this respect were generally experimental 
techniques that were previously well established in other fields. This is particularly true of 
the chemical vapor deposition (CVD) and arc-discharge processes. The original 
experimental characterisation of SWNTs was in fact accomplished using nanotubes 
synthesised with the former method (Iijima & Ichihashi, 1993). The understanding of the 
way in which CNTs nucleate and grow was therefore synergic with the evolution and 
refinement of these synthetic methods. Indeed, the original mechanisms of CNT nucleation 
and growth were conceived from experimental observations. The most prevalent of these 
today is the vapor-liquid-solid (VLS) mechanism (Saito, 1995). According to this mechanism, 
SWNT nucleation growth is postulated to consist of three distinct stages. The first of these 
features a mixed carbon/catalyst vapor phase, from which co-condensation yields liquid 
catalyst-carbide nanoparticles. Typical catalysts in the growth of SWNTs are traditionally 
transition metals such as Fe, Ni, Co, Mo, and alloys thereof (see (Journet et al., 1997; Moisala 
et al., 2003; Harris, 2007), and references therein). The precipitation of atomic carbon from 
this liquid carbide phase takes place once the carbide phase is saturated with carbon. This 
precipitation yields the formation of solid phase CNTs. Due to the inherent limits in spatial 
and temporal resolutions that are furnished by experimental techniques and 
instrumentation, there inevitably remain questions regarding the VLS mechanism and CNT 
growth that, for now, cannot be answered from an experimental standpoint. There are 
several infamous examples in this respect. For instance, the mechanism of so-called 
‘catalyst-free’ SWNT nucleation growth remains unknown, following the recent 
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experimental reports demonstrating the growth of CNTs in the absence of a transition metal 
catalyst. The factors that govern ‘chirality-controlled’ growth (i.e. growth that produces a 
specific (n,m) chiral SWNT, as opposed to a broad distribution of (n,m) SWNTs) have also 
remained elusive to date. 
It is in this respect that theoretical models of CNT growth have recently come to the fore by 
complementing, and in some cases pre-empting, experimental understanding of SWNT 
nucleation and growth. The most notable theoretical approach in this respect is molecular 
dynamics (MD). In this work, we will highlight the recent advances made in our 
understanding of SWNT nucleation and growth mechanisms gained from quantum 
mechanical MD (QM/MD) simulations. Following a brief review of experimental SWNT 
synthesis (§1.1) and previous theoretical investigations of SWNT nucleation and growth 
(§1.2), we will briefly outline the quantum chemical approach used in our simulations (§2). 
A discussion of QM/MD simulations of SWNT nucleation on both Fe and Ni catalysts will 
be presented in §3. SWNT nucleation as the result of gas-phase acetylene, C and C2 
adsorption, as well as the decomposition of the Fe- and Ni-carbide phases will be considered 
here. More recent simulations concerning the mechanism of SWNT nucleation on Si-based 
catalysts, particularly SiO2, SiC and Si, will then be discussed in §3.4. In §4 we will discuss 
QM/MD simulations concerning the continued growth of SWNTs on Fe and Ni catalysts. 
Finally, insights gained from recent QM/MD simulations regarding the issue of chirality-
controlled growth will be the subject of §5. 

1.1 Experimental synthesis of SWNTs 
An exhaustive review of experimental techniques of CNT and SWNT synthesis lies beyond 
the scope of the current work. Instead, we will provide a cursory overview of two relevant 
experimental techniques pertinent to the simulations presented in this work, viz. the CVD 
and arc-discharge techniques on transition metal catalysts. We will also briefly summarise 
recent experimental reports concerning the synthesis of CNTs on ‘non-traditional’ catalysts 
such as SiO2, SiC and Al2O3. For more extensive reviews of this area, we direct the reader to 
the several books (Dresselhaus et al., 1996; Dresselhaus et al., 2001) and reviews (Teo et al., 
2004; Yoshinori, 2004) that are concerned with experimental synthesis.  
The CVD process is widely used throughout the areas of material science and solid-state 
physics. Put simply, it involves a substrate material being deposited and subsequently 
exposed to a chemical reagent. This reagent subsequently decomposes or reacts on the 
substrate surface, yielding a desired chemical deposit. In the context of SWNT synthesis, the 
substrate is traditionally a thin (typically < 100 nm) layer of transition metal nanoparticles, 
and the reagent is a carbonaceous gas such as methane, acetylene or ethanol. These gaseous 
reagents are believed to decompose on the catalyst nanoparticle surface, thus providing a 
source of atomic carbon, before dissolving and diffusing into the metal catalyst. As will be 
shown in §3, however, there is currently a lack of consensus over exactly how these initial 
stages of SWNT nucleation occur. The metal catalyst layer itself may be deposited via a 
number of different techniques. However, SWNT synthesis is only successful with relatively 
small nanoparticle diameters (ca. 5 nm or less) (Teo et al., 2004). The catalytic species that are 
typically used for the synthesis, or growth, of SWNTs include first row transition metals 
such as Fe, Ni, Co and Mo (Journet et al., 1997; Moisala et al., 2003; Harris, 2007). These 
metals, and alloys thereof, are employed today in the industrial scale CVD synthesis of 
SWNTs. However, the alkaline earth metals Mg and Ca, as well as Ir and W have also 
shown catalytic capabilities in the context of CVD SWNT synthesis (Esconjauregui et al., 
2009). Most recently, so-called ‘catalyst-free’ synthesis of SWNTs has been reported (see 
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(Homma et al., 2009), and references therein). In these cases, SWNTs have been synthesised 
via CVD in the absence of the metal catalyst layer. It follows then that the 
cracking/decomposition of the gaseous reagent takes place on the supporting substrate 
itself. The precise mechanism underpinning this un-catalysed reagent decomposition is as 
yet not unknown. While a number of such covalent CVD ‘catalysts’ have been reported 
(including Ge (Takagi et al., 2007), Al2O3 (Liu et al., 2008; Liu et al., 2010a) and even other 
nanocarbon structures (Homma et al., 2009)) the majority of experimental investigation in 
this area has so far focused upon SiO2 (Bachmatiuk et al., 2009; Huang et al., 2009; Liu et al., 
2009a; Liu et al., 2009b; Liu et al., 2010b). 
In the most general terms, the arc-discharge method involves an electrical discharge 
between two electrodes through a particular gas (in the process of which this gas is broken 
down). This method was employed in the synthesis of C60 fullerene (Krätschmer et al., 1990; 
Heath, 1992), before becoming a popular synthetic method for SWNTs. Indeed, the first 
experimental characterisation of SWNTs (Iijima & Ichihashi, 1993) employed arc-discharge 
synthesis. In both fullerene and CNT synthesis, the arc-discharge method involves the 
electrical discharge between two carbon electrodes (one of which is vaporised), usually in 
the presence of some inert buffer/carrier gas. In the case of SWNT synthesis however, it is 
preferable that a metal-doped anode is used, otherwise multi-walled carbon nanotubes 
(MWNTs) are formed. Thus, both the carbon and metal vapors may co-condense, forming 
liquid phase metal carbide particles. In this sense, the arc-discharge technique constitutes a 
‘pure’ example of the VLS mechanism of SWNT growth. The most common catalytic metals 
employed in this arc-discharge SWNT synthesis are the same as those employed in the 
traditional CVD synthesis of SWNTs (i.e. Fe, Co, Mo etc.) (Journet & Bernier, 1998). There is 
great variability, however, regarding the yield and diameter distribution and of the 
synthesised nanotubes with different catalyst metals. The same may be said regarding the 
pressure and composition of the environmental buffer gas (Journet & Bernier, 1998; Farhat et 
al., 2001). 

1.2 Theoretical investigations of SWNT growth 
The first foray of theoretical investigation aimed at understanding CNT nucleation and 
growth took place in the 1990s (see (Irle et al., 2009), and references therein). Amongst the 
first of these undertakings was that of Smalley et al., who demonstrated that a single metal 
atom (Ni or Co) has the ability to prevent the closure of an extended sp2-hybridised carbon 
structure, simply by ‘scooting’ around the open edge (Thess et al., 1996). Despite the 
simplicity of this ‘scooter mechanism’, it revealed for the first time this most fundamental 
property that is now commonly ascribed to the catalytic nanoparticle during SWNT growth.  
Another early discovery made by Smalley et al. concerned the observation of SWNT growth 
during the Boudouard reaction (2CO C + CO2) on nanoparticle Mo catalysts (Dai et al., 
1996). It was in this investigation that the now well-known ‘yarmulke’ mechanism was 
proposed. This mechanism postulates that a SWNT ‘cap’ fragment exists on the catalyst 
nanoparticle surface prior to the continued growth of the nanotube, a fact that has since 
been corroborated independently on a number of occasions (see (Irle et al., 2009), and 
references therein). 
It was not until 2002 that MD simulations were employed successfully in simulating the 
SWNT nucleation and growth processes. In a series of investigations, Shibuta and co-
workers simulated Ni-catalysed SWNT nucleation (Shibuta & Maruyama, 2002; 2003). The 
roles of both Ni vapor and condensed Ni nanoparticles in the earliest stages of the SWNT 
nucleation process were therefore established. These theoretical investigations proved 
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remarkably consistent with contemporary experimental work. Moreover, the previous 
prediction made by Smalley et al. regarding the catalyst preventing closure of the nascent 
SWNT was realized in situ. In a somewhat different approach, Bolton and co-workers 
investigated the relationship between diffusion and precipitation of carbon from Fe 
nanoparticles, and SWNT nucleation in a series of investigations (Ding et al., 2004a; Ding et 
al., 2004c; b; Ding et al., 2006a; Ding et al., 2006b). Notably, the nucleation of SWNTs from Fe 
‘carbide’ was demonstrated at temperatures between 800 and 1400 K (Ding et al., 2004a). 
According to this investigation, the formation of the SWNT cap structure was preceded by 
three distinct stages: (1) the incorporation of carbon into the Fe nanoparticle bulk; (2) the 
saturation of the Fe nanoparticle with atomic carbon, and (3) the formation of polyyne 
chains and small graphitic ‘islands’ on the Fe nanoparticle surface. It was also noted that at 
lower temperatures (below 600 K), encapsulation of the nanoparticle, rather than the 
formation of a well-defined cap structure, took place. These efforts were complemented by 
investigations in 2007 (Shibuta & Maruyama, 2007a; b) in which an inverse relationship 
between the melting behaviors of catalyst nanoparticles and the carbon-catalyst interaction 
was observed. This was in agreement with an earlier independent investigation (Ding et al., 
2006b). These authors have also investigated the relative behaviors of Fe-, Ni- and Co-
carbide nanoparticles (Shibuta & Maruyama, 2007b), and observed that the Co-C interaction 
exceeds both the Fe-C and Ni-C interactions. This correlation suggests that a stronger 
catalyst-carbon interaction may yield more defective synthetic SWNTs. 
The pioneering MD investigations in this area relied on the reactive empirical bond order 
(REBO) force field (Brenner, 1990; 1992; Brenner et al., 2002), which is itself based upon the 
Tersoff interactive potential (Tersoff, 1988; 1989). While the use of this force-field makes MD 
simulations on nanosecond timescales possible, it nonetheless has several notable 
deficiencies with respect to the chemistry of SWNT nucleation. For instance, -conjugation 
and aromatic stabilization of carbon (central to the formation and extension of an sp2-
hybridised carbon network, such as a CNT), charge transfer effects and the near-degeneracy 
of transition metal d-orbitals (crucial in the case of transition metal catalysts) can not be 
accurately described by the REBO or Tersoff potentials. One infamous outcome of the 
former of these deficiencies is the overestimation and underestimation of the sp3- and sp-
hybridised carbon fractions, respectively, during the self-assembly of fullerenes at high 
temperature (Zheng et al., 2004; Irle et al., 2006). On a few occasions (Gavillet et al., 2001; Raty 
et al., 2005), more reliable simulations based on Carr-Parinello MD (CPMD) have been 
reported. The description of atomic interaction and bonding in these latter investigations 
relied on density functional theory (DFT), and so therefore significantly exceeded that given 
by the REBO potential. However, this advantage incurs a substantial increase in the 
computational cost of the calculation. Thus, these simulations employed generally 
unphysical assumptions, or model systems, in order to alleviate these computational costs. 
In addition, the timescales of these simulations were restricted to less than 25 ps, and as 
such can hardly be considered to be sufficient in the context of SWNT growth. While these 
simulations nevertheless represent Herculean efforts, relatively few conclusions regarding 
the mechanisms of SWNT nucleation and growth have been gained as a result. Ideally, the 
most suitable approach to the simulation of SWNT nucleation and growth would provide a 
compromise between quantum mechanical accuracy, and the computational efficiency 
provided by semi-empirical, or classical, force-field based methods. In the subsequent 
section, we will turn to one such method, the density-functional tight-binding (DFTB) 
method, and provide a brief picture of its formulation. 
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2. QM/MD method: Theoretical background 

In this section we will present a brief account of the main theoretical methods and 
algorithms employed in the QM/MD simulations that are presented in §3-5. Our approach 
is based on the DFTB method. In essence this method is a two-centre approximation to the 
popular DFT method, which has its origins in the 1990s (Porezag et al., 1995; Seifert et al., 
1996). Consequently, for systems consisting of hundreds of atoms (such as those considered 
here), DFTB is ca. three orders of magnitude faster than traditional DFT methods. In DFTB 
theory, the atomic/molecular energy is given as, 
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where    i  is the ith Kohn-Sham eigenvalue (obtained from the diagonalization of the 
Hamiltonian matrix in the atomic orbital basis), and     Erep

AB  describes the repulsive force 
between nuclei A and B. It is noted that the Hamiltonian matrix elements from which 
the   i ’s are computed via diagonalization need only be computed once (i.e. during the 
development of a particular set of DFTB parameters).  The Hamiltonian matrix elements and 

    Erep
AB  potentials are subsequently stored in memory and recalled for each subsequent DFTB 

calculation. This results in a significant reduction in the computation time compared to 
traditional DFT. Since DFTB is based upon DFT, it inherits both the strengths and 
weaknesses of DFT. Molecular geometries and vibration frequencies calculated using DFTB 
are therefore generally reliable. On the other hand, DFTB poorly describes systems 
exhibiting dispersive or multi-reference characters. The description of conduction bands etc. 
is also limited with DFTB, as it is a minimal basis set method. In addition, although the 
standard DFTB method describes homonuclear and ionic systems very well, it is unable to 
describe accurately systems exhibiting a degree of charge transfer. To this end, the self-
consistent-charge DFTB (SCC-DFTB) method was developed (Elstner et al., 1998). The SCC-
DFTB energy is given as, 
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The SCC-DFTB energy includes a 2nd order contribution to the DFTB energy involving the 
charge fluctuation,     q  q  q

0 , where q and     q
0  are the molecular and lone-atom nuclear 

charges, respectively. The SCC-DFTB molecular orbitals (MOs) are iteratively optimized until 
the corresponding energy of equation (2) becomes self-consistent with respect to   qA  and 

  qB . Typically this iterative solution incurs an increase in computational time of 
approximately one order of magnitude with respect to DFTB. In these cases it is common that 
self-consistency with respect to   qA  and   qB  cannot be attained. However, this convergence 
issue is improved dramatically by introducing a finite electronic temperature during the 
convergence of the MOs. In such a case, the variational SCC-DFTB energy becomes, 
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where Te is the electronic temperature, and the population of the ith MO is now defined 
using the Fermi-Dirac distribution, 
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Note that this occupation is a continuous function of the ith MO energy,    i , and   is the 
chemical potential. This function is continuous over [0,1] (and typically varies near the 
Fermi level).  
The MD method essentially involves the discrete integration of Newton’s equations of 
motion as a function of time. Since its conception (Alder & Wainwright, 1957; Rahman, 
1964), it has been applied with great success in fields as diverse as molecular physics, 
materials science and biological sciences. The discretization of time in MD integration may 
be achieved in a number of different ways. One such method is the Velocity-Verlet 
algorithm (Swope et al., 1982), which is perhaps the most popular MD integration scheme 
today. In this algorithm both the nuclear coordinates and velocities are updated at each 
iteration of the integration, using coordinates/velocities of the previous iteration, 
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where U is the derivative of the electronic potential energy (in this case calculated using DFTB). 
Discrete integration of the equations of motion in this fashion results in the micro-canonical, or 
NVE, ensemble (in which the number of atoms, N, the volume, V, and the total energy, E, of the 
system are held constant). We will limit the present discussion to MD in which N, V, and the 
system temperature, T, are held constant throughout the simulation. Placing these restrictions 
on the MD system results in what is otherwise known as the NVT ensemble. There are several 
popular methods (more commonly known as thermostats) by which the MD temperature is 
maintained, and each results in the re-scaling of nuclear velocities in some way. Of particular 
note are the thermostats of Anderson (Andersen, 1980), Berendsen (Berendsen et al., 1984) and 
the method of velocity scaling (Woodcock, 1971). In the present context, we employ the Nosé-
Hoover chain thermostat (Nose, 1984; Hoover, 1985; Martyna et al., 1992; Martyna et al., 1996), in 
which the Hamiltonian of the system is augmented with a term representing a heat-bath that is 
coupled to the degrees of freedom of the system. The augmented equations of motion thus 
sample microcanonical and canonical distributions in the extended and original systems, 
respectively. However, care must be taken when deciding the strength at which the Nose-
Hoover chain thermostat is coupled to the MD system. Coupling that is too weak will result in 
inadequate temperature control, whereas coupling that is too strong is known to result in high-
frequency temperature oscillations, and consequently unreliable dynamics. 

3. QM/MD simulations of SWNT nucleation 

We turn now to a discussion of recent QM/MD simulations of SWNT nucleation. This 
discussion will focus on the mechanism of SWNT nucleation on a number of different 
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catalyst nanoparticles, including Fe, Ni, SiO2, SiC and Si. SWNT nucleation resulting from 
both model CVD and arc-discharge processes will also be discussed. In this way we will 
demonstrate that, at the atomic level, the mechanism of SWNT nucleation is surprisingly 
invariant to both the experimental method employed, and several pertinent environmental 
factors. We begin with the case of CVD on Fe catalyst nanoparticles. 

3.1 Acetylene CVD and SWNT nucleation on Fe catalysts 
Today, CVD synthesis of SWNTs is perhaps the most popular method of choice on the 
commercial scale. The most typically employed gaseous precursors include acetylene, 
ethanol and methane (almost always in the presence of some inert buffer/carrier gas). Yet 
little was known regarding the atomistic mechanism of such carbonaceous CVD processes 
until relatively recently. Such knowledge was furnished entirely by theoretical MD 
simulations, and in particular QM/MD simulations.  Here we will focus on the mechanism 
of Fe-catalysed acetylene CVD elucidated from such recent QM/MD simulations. 
In order to investigate the Fe-catalysed acetylene (C2H2) CVD process, we employed an Fe38 
catalyst nanoparticle. The diameter of this nanoparticle is ca. 0.7 nm, and so is of comparable 
diameter to experimental SWNT diameter distributions (Sugai et al., 2003). Gas-phase C2H2 
molecules were initially adsorbed onto the equilibrated catalyst nanoparticle (see Fig. 1a), after 
which the resultant 30C2H2-Fe38 model complex was relaxed at 1500 K for 500 ps. During the 
C2H2 adsorption process the occasional abstraction of atomic H by the Fe catalyst surface was 
observed, thus forming C2H radicals. Similarly, abstraction of atomic H by adjacent C2H2 
molecules was also observed, resulting in both C2H and C2H3 moieties. Both abstraction 
processes are endothermic, with barriers between ca. 20 – 35 kcal mol-1. The direct formation of 
H2 was however not observed, despite the abstraction of atomic H by the catalyst surface. This 
is not surprising, considering the high endothermicity of the H2 formation process (using SCC-
DFTB, this barrier is estimated to be ca. 35-50 kcalmol-1). Such endothermic processes are 
inherently difficult to observe in MD simulations on this time scale. The radical products C2H 
and C2H3 are extremely reactive, and therefore rapidly initiated oligomerisation between 
adjacent C2Hx species. Such oligomerisation is exothermic by ca. 18 kcal mol-1 (see Fig. 1b). 
Following these oligomerisation reactions, extended sp2-hybridised carbon networks 
ultimately form on the catalyst surface. The cross-linking of neighboring polyyne chains drove 
this process, and resulted in the formation of pentagonal and hexagonal carbon rings. In all 
cases, pentagonal rings were formed first – an observation that will frequently recur in §3.2-
3.4. Such a cross-linking process is depicted schematically in Fig. 2. Also depicted in Fig. 2 is 
the polyyne cross-linking mechanism (pertaining to SWNT growth) proposed by Eres (Eres et 
al., 2009). While both processes are distinctly similar, no hexagonal rings were formed in the 
cross-linking process in the present work. 
Fig. 3 shows the ultimate product of this H-abstraction and polyyne oligomerisation/cross-
linking process, viz. the formation of an extended sp2-hybridised carbon network. The 
structure of this network generally fell into one of three categories. The most ‘successful’ 
structure regarding SWNT nucleation is structure (i), in which the network extends over the 
catalyst surface. In essence such a structure constitutes a SWNT cap-fragment, similar to the 
‘yarmulke’ cap proposed by Smalley and co-workers (Dai et al., 1996). However, structure (i) 
was only observed at relatively low H/C ratios (see §3.2-3.3 for examples of SWNT 
nucleation in the absence of H). In cases of higher H/C ratios (i.e. more H), structure (ii) was 
typically observed, due to the passivative effect of H at the unsaturated edge of the carbon 
network.  It is assumed that this graphene-like sheet may coalesce to form an open nanotube  
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Fig. 1. The initial stages of simulated acetylene CVD on Fe38 catalyst nanoparticles at 1500 K. 
a) Oligomerisation results in the formation of extended polyyne chains on the catalyst 
surface within 30 ps. Brown, cyan and grey spheres represent Fe, C and H atoms, 
respectively. sp2-hybridised C atoms are represented by magenta spheres. b) Examples of C2 
oligomerisation, and their associated energetics. Examples of both the C2H2 + C2H  C4H3 
and C2H2 + C2H2  C4H4 oligomerisation reactions are depicted. The C2H precursors here 
are occasionally produced via the abstraction of atomic H onto the catalyst surface. All 
energies and bond lengths given in kcalmol-1 and Å, respectively. Transition state imaginary 
frequencies are given in cm-1. 

according to the mechanism proposed by Eres (Eres et al., 2009) (see Fig. 2). Structure (iii) 
was also observed as a result of the polyyne oligomerisation/cross-linking process. In this 
case, the process yielded ‘islands’ of sp2-hybridised carbon. Assumedly, QM/MD relaxation 
of such structures over longer time scales (i.e. several nanoseconds) would yield a more 
consistent network, such as that typical of structure (i). Thus, it is demonstrated here that 
SWNT nucleation is not necessarily preceded by a carbon cap-structure, or a liquid carbide 
phase. The latter conclusion will be corroborated in §3.2. 

3.2 SWNT nucleation on Fe & Ni catalysts via adsorption of gas-phase C2 

It was observed in §3.1 that the removal/sequestration of hydrogen from feedstock 
acetylene molecules was the most problematic issue in these QM/MD simulations. 
Presumably the same problem would exist regardless of the type of carbonaceous 
precursor employed in this respect (be it acetylene, methane, ethanol, etc.). This difficulty 
arises due to a problem inherent to MD methods, since such methods have difficulty 
overcoming large energy barriers on the global potential energy surface (PES). Although, 
in the limit of infinite time, an MD simulation will sample all possible geometrical 
configurations, and consequently will have overcome all such barriers on the global PES, 
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in practice, such sampling is obviously not possible. To this end, we will discuss an 
alternative QM/MD approach to the problem of SWNT nucleation on Fe catalysts (Ohta et 
al., 2009).  
 

 
Fig. 2. Oligomerisation, or cross-linking, of extended polyyne chains on the catalyst surface 
leads to carbon ring formation. a) Explicit example of cross-linking resulting in pentagonal 
ring formation observed in QM/MD simulations. Red lines indicate newly formed C-C 
bonds, blue lines indicate broken C-C bonds. Number 1or 2 indicates reaction step. b) Cross-
linking reaction proposed by Eres (Eres et al., 2009), resulting in the formation of a graphene-
type structure. (Reprinted with permission. © 2009 American Chemical Society) 

In the present approach, the hydrogen was simply removed from the gas-phase 
carbonaceous molecules prior to their interaction with the catalyst nanoparticle. Fig. 4 
depicts this adsorption process, and the process of constant temperature annealing that 
followed. In this case, the MD relaxation of this Fe38-carbon system was continued for 410 
ps. Here C2 moieties have been employed, which are considered to be essentially equivalent 
with the gas-phase acetylene feedstock molecules discussed in §3.1. However, the absence of 
hydrogen here is not unrealistic, considering the known products resulting from the 
vaporisation of graphite/graphene via arc-discharge or laser-ablation processes. In addition, 
the use of C2 allowed the atomistic mechanism of SWNT nucleation to be probed more 
easily than before. Fig. 4a shows that this SWNT nucleation process may be partitioned into 
three distinct stages. To begin with, C2 units adsorbed onto the Fe38 catalyst surface from the 
gas-phase. The relatively weak Fe-C interaction energy facilitated the subsequent diffusion 
of these C2 units over the catalyst surface. As a natural consequence of this diffusion, C2 
units ultimately began to interact with each other, coalescing to form longer polyyne chains 
(i.e. Fe-Cn-Fe structures) on/over the catalyst surface. This was apparently the rate-limiting-
step of the nucleation process, in that it was ca. 100 ps before the second stage of the 
nucleation mechanism took place (Fig. 4b). This second stage featured the initial ring 
condensation processes on the catalyst surface, while the subsequent third stage consisted 
entirely of additional ring condensation events, resulting in the formation of a SWNT cap-
fragment. The exact mechanism of this initial ring condensation process is depicted in Fig. 
4c. Fig. 4b shows that there was generally a preference for the formation of pentagonal rings, 
as opposed to hexagonal or heptagonal rings, during the initial stages of SWNT nucleation. 
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Indeed, the initial ring structure formed was pentagonal. This fact is consistent with 
knowledge regarding the formation mechanism of fullerenes at high temperatures (Irle et al., 
2006). The longevity of these pentagonal rings, however, is attributed to the high positive 
curvature of the catalyst nanoparticle surface (due to its small diameter) (Fan et al., 2003). In 
effect, the growing sp2-hybridised carbon network attempts to ‘mould’ itself to its 
supporting catalyst substrate from its very beginnings. 
 

 
Fig. 3. An extended sp2-hybridised carbon network is formed on the catalyst surface 
following polyyne oligomerisation. QM/MD simulations indicate that structures (i), (ii) and 
(iii), are typically formed. Structure (i) is akin to the ‘yarmulke’ SWNT cap fragment 
proposed by Smalley et al. (Dai et al., 1996). Structure (ii) is typically formed in the presence 
of higher H concentrations, and points to the possibility that SWNT nucleation may take 
place in the absence of a SWNT cap fragment. Structure (iii) features a catalyst nanoparticle 
covered with sp2-hybridised carbon ‘islands’. Color conventions as in Fig. 1; pink spheres 
represent sp2-hybridised carbon atoms. 

The initial pentagonal ring observed in Fig. 4 acted as an anchor, or cornerstone, for all 
subsequent ring condensation events. This period of ring condensation (stage three of the 
nucleation process) consisted of a periodic process (Fig. 4d) in which adjacent polyyne 
chains interacted on the catalyst surface due to their diffusion, thus extending the sp2-
hybridised carbon structure. This process is best illustrated by the initial ring condensation 
event, in which two adjacent polyyne chains coalesced, resulting in a ‘Y-junction’. This 
initial sp2-hybridised carbon atom was, in essence, the nucleus of the final SWNT itself, since 
all subsequent ring condensation was based around it. The first pentagonal ring formed 
following the sinusoidal-type diffusion of the two arms of the Y-junction. With respect to the 
original sp2-hybridised carbon atom, the most energetically favorable interaction 
corresponded to the interaction between the second carbon atoms of each arm. This 
therefore explains the observed preference for pentagonal ring formation observed during 
the initial stages of SWNT nucleation. It is noted, however, that this interaction was only the 
most favorable due to the approximate 120º bond angle provided by the single sp2-
hybridised carbon atom. In subsequent ring condensation events, this single carbon atom 
was often replaced with a C-C moiety, thus this bond angle was modified (or removed 
entirely). The most energetically favorable interaction therefore corresponded to that 
between carbon atoms at varying positions along the arms of the Y-junction structures. 
As will be discussed in §4, extended polyyne chains play a dominant role not only in SWNT 
nucleation, but also in the subsequent ‘continued’ growth of SWNT structures. In this sense, 
SWNT growth is therefore very similar to the self-assembly of fullerenes (Irle et al., 2006). 
This leads to the conclusion that such polyyne chains are essential for both the conception 
and the extension of any sp2-hybridised carbon network. Of course, the crucial difference 
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between SWNT and fullerene nucleation here is the presence of the catalyst nanoparticle. In 
particular, it is noted here that the QM/MD simulation presented in Fig. 4 once again 
verifies the original proposal of Smalley et al., i.e. that one of the fundamental roles of the 
catalyst nanoparticle here is preventing the closure of the growing sp2-hybridised structure 
(Thess et al., 1996). 
 

 
Fig. 4. SWNT nucleation occurs via three distinct stages, according to QM/MD simulations. 
a) QM/MD relaxation of a 30C2 – Fe38 model system at 1500 K yields a distinct SWNT cap 
fragment after 410 ps. Color conventions as in Fig. 1. b) SWNT nucleation is driven by 
successive ring condensation events on the catalyst surface. The preferential formation of 
pentagonal rings in this structure is attributed to the curvature of the catalyst surface, and 
the diffusion dynamics of extended polyyne chains. c) The SWNT nucleus. A single sp2-
hybridised carbon atom acts as the cornerstone of all subsequent ring formation events in 
the nascent SWNT structure. (Adapted from (Ohta et al., 2009). Reprinted with permission. 
© 2009 American Chemical Society)  

3.3 SWNT nucleation from amorphous Fe & Ni carbide precursors 
According to the VLS mechanism, CNT nucleation and growth are preceded by a gaseous 
carbon/catalyst phase which co-condense forming a catalyst-carbide nanoparticle. Images of 
transition metal carbide nanoparticles have been obtained using transmission electron 
microscopy on several occasions (Yoshida et al., 2008; Yoshida et al., 2009) (see Fig. 5). Yet, to 
date there is no experimental evidence indicating that this carbide phase necessarily precedes 
the nucleation and growth of SWNTs. Indeed, QM/MD simulations discussed in §3.1-3.2 
indicate that, for nanoparticle catalysts of ca. 1 nm, a carbide phase is not formed at 1500 K. 
The thermodynamic stability of bulk transition metal carbide nanoparticles have also been 
drawn into question from a number of independent approaches. Assumedly then, SWNT 
nucleation may occur in the absence of a carbide phase. Such disparities between theoretical 
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and experimental assertions give reason for further study of the role of the carbide phase 
with respect to SWNT nucleation and growth.  
QM/MD simulations of SWNT nucleation from amorphous Fe- and Ni-carbide 
nanoparticles at 1400 K are depicted in Fig. 6. It is evident from this figure that, upon MD 
relaxation at constant temperature, the amorphous carbide phase almost immediately 
decomposes (within ca 5 – 10 ps), yielding segregated Fe/Ni-carbon systems. This 
phenomenon is known to take place regardless of temperature, or the carbon concentration 
in the amorphous carbide phase (Page et al., 2010d). Fig. 6 also indicates that the SWNT 
nucleation mechanism in this case (from a Ni-carbide) is the same as that presented in §3.1-
3.2. For example, the almost immediate precipitation of carbon from the nanoparticle bulk to 
the surface leads to the formation of extended polyyne chains over the nanoparticle surface. 
The oligomerisation/cross-linking etc. of these chains then leads to the formation of 
primarily pentagonal and hexagonal rings (Fig. 6a) as the SWNT cap fragment is formed. 
The initial ring structure in all cases here is invariably a pentagonal ring. Thus, the SWNT 
nucleation mechanism on Fe/Ni catalysts is evidently independent of the type of metal 
catalyst, temperature, and origin/type of the feedstock carbon employed. While the fact that 
SWNT nucleation originates from a Ni-carbide structure is not unexpected (since it has been 
predicted in several prior REBO-based MD investigations (Shibuta & Maruyama, 2002; 
2003)), what is remarkable is the invariance of the SWNT nucleation mechanism with 
respect to these pertinent experimental factors. 
Despite this invariance, differences in the ultimate product of this nucleation process are 
evident with respect to both the catalyst type and the simulation temperature. The kinetics 
of SWNT nucleation was also affected by the type of catalyst employed – explicitly, SWNT 
nucleation from the decomposition of Ni-carbide proceeded more quickly, compared to that 
from Fe-carbide (see Fig. 6 and Fig. 7). It was observed that at higher temperatures (2000 K, 
as opposed to 800 or 1400 K), the populations of pentagonal and hexagonal rings in the 
SWNT cap fragment were approximately equal. On the other hand, at lower temperatures a 
distinct preference towards pentagonal ring formation existed. These differing ring 
populations were ascribed to the effect of temperature on the SWNT nucleation dynamics. 
At higher temperatures, the growing polyyne chains on the catalyst surface are more 
thermally excited, and thus exhibited larger amplitude vibrational motion. Considering the 
pentagonal ring mechanism given in Fig. 4c, this increased motion makes the formation of a 
C-C bond between tertiary carbon atoms (with respect to the sp2-hybridised ‘cornerstone’ 
carbon atom) more likely. Hence, hexagonal ring formation is more probable in this case. 
Perhaps the most important difference observed between the kinetics of SWNT nucleation 
from Fe- and Ni-carbide nanoparticles, however, pertains to the relative rates of SWNT 
nucleation. It was recently established that SWNT nucleation is significantly more labile on 
Ni catalysts, compared to Fe catalysts. This observation may be directly attributed to the 
relative strengths of the catalyst-carbon interactions. This point will be a recurring theme 
throughout the present work, as it dominates many aspects of both SWNT nucleation and 
growth. For example, the catalyst-carbon interaction strengths, calculated using SCC-DFTB, 
are 1.78 and 1.06 eV for Fe-C and Ni-C, respectively. For comparison, the C-C interaction 
strength is 9.14 eV. Therefore, Fe-C bond formation is more favorable than Ni-C bond 
formation, in a thermodynamic sense. Consequently, C-C bond formation during the 
decomposition of Fe-carbide nanoparticles is impeded, which in turn impedes the nucleation 
of the sp2-hybridised carbon network. This argument also explains other phenomena related to 
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SWNT nucleation, such as the lifetimes of the bulk and subsurface carbide intermediate 
species (Page et al., 2010d) (see Fig. 7). In particular, the average time required for 
 

 
Fig. 5. TEM images of intermediate structures observed during SWNT growth experiments. 
a) A SWNT cap-fragment  bound to a crystalline Fe3C nanoparticle with an approximate 
diameter of 2 nm. (Adapted from (Yoshida et al., 2008). Reprinted with permission. © 2008 
American Chemical Society) b) A MWNT growing from a  (Fe,Mo)23C6 nanoparticle catalyst. 
In this case the nanoparticle diameter is ca. 6 nm. (Adapted from (Yoshida et al., 2009). 
Reprinted with permission. © 2009 American Chemical Society) 

 

 
Fig. 6. The kinetics of SWNT nucleation from Ni-carbide are enhanced relative to those from 
Fe-carbide. Nevertheless, the mechanism of SWNT nucleation is identical in both cases. a) 
The evolution of a computed SWNT nucleation trajectory from a Ni77C39 carbide 
nanoparticle at 1400 K. The SWNT cap fragment is formed within 300 ps following repeated 
ring condensation events. b), c) The evolution of two Fe58C58 carbide nanoparticles at 1400 K. 
The stronger Fe-C interaction impedes the formation of C-C bond, and therefore impedes 
the SWNT nucleation process itself. Both trajectories show examples of the formation, and 
subsequent destruction, of pentagonal carbon rings. Color conventions as in Fig. 1; grey 
spheres represent Ni atoms. (Adapted from (Page et al., 2010d). Reprinted with permission. 
© 2010 American Chemical Society) 
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precipitation of all carbon from the nanoparticle bulk to the nanoparticle 
surface/subsurface in the case of Fe-carbide always exceeds that for Ni-carbide, except at 
low temperatures. At 800 K, the reverse is the case, since the Ni-carbide nanoparticle 
exists in the solid phase, while the Fe-carbide nanoparticle is liquid. These QM/MD 
findings therefore support recent claims that a subsurface carbide structure (in which a 
high density of carbon exists at, or just below, the nanoparticle surface) precedes SWNT 
nucleation and growth (Amara et al., 2006; 2008b; a; Harutyunyan et al., 2008; Amara et al., 
2009). 
 

 
Fig. 7. The kinetics of SWNT nucleation from Ni-carbide are enhanced relative to those from 
Fe-carbide. Average polygonal carbon rings formed from a) Ni58C58 and b) Fe58C58 at 1400 K. 
c) Average carbon precipitation times (in ps) for Fe- and Ni-carbide nanoparticles between 
800 and 2000 K. Fe-carbide carbon remains within the nanoparticle bulk for a longer time 
period, compared to Ni-carbide carbon, due to the stronger Fe-C interaction. At 800 K the 
trend is reversed since Ni-carbide exists in the solid phase. All data averaged over 10 
trajectories. Brown and grey columns refer to Fe- and Ni-carbide data, respectively. 
Transparent columns indicate precipitation times greater than 300 ps. (Adapted from (Page 
et al., 2010d). Reprinted with permission. © 2010 American Chemical Society) 

3.4 A new breed of catalysts: SWNT nucleation on SiO2, SiC and Si 
The mechanism of SWNT nucleation on traditional, transition metal catalysts such as Fe, Ni 
and Co has now been the subject of both experimental and theoretical scrutiny for 
approximately a decade. Since 2009, however, a number of experimental reports (Takagi et 
al., 2007; Liu et al., 2008; Bachmatiuk et al., 2009; Homma et al., 2009; Huang et al., 2009; Liu et 
al., 2009a; Liu et al., 2009b; Liu et al., 2010a; Liu et al., 2010b) have established non-traditional 
nanomaterials to be catalytically active in the context of SWNT nucleation and growth from 
methane and ethanol CVD. Si-based materials, and in particular SiO2, have been remarkably 



Mechanisms of Single-Walled Carbon Nanotube Nucleation,  
Growth and Chirality-Control: Insights from QM/MD Simulations 

 

535 

successful in this respect. Yet it has only been since 2011 that the atomistic mechanisms of 
SiO2-, SiC- and Si-catalysed SWNT nucleation have been established. These QM/MD 
investigations will be the focus of this section. 
QM/MD simulations of methane CVD on SiO2 nanoparticles at 1200 K (Page et al., 2011b) is 
outlined in Fig. 8. Due to the inherently low catalytic activity of SiO2 itself, CHx radicals (x = 
0 – 3 and is chosen randomly) were supplied to the SiO2 instead of CH4. This approach was 
motivated by the prior conclusion that CH4 decomposes pyrolitically prior to adsorption on 
the SiO2 surface (Liu et al., 2009b). In contrast to CVD using traditional transition-metal 
catalysts, a complex chemical process was observed on SiO2. Most notably, CO was 
produced as the primary chemical product via the carbothermal reduction of the SiO2 
nanoparticle, a fact that is consistent with recent experimental observations (Bachmatiuk et 
al., 2009). The production of each CO molecule first required hydrogen-abstraction from 
neighboring C, Si or O atoms. Ultimately, the insertion of carbon into/removal of oxygen 
from the SiO2 nanoparticle resulted in the local formation of amorphous SiC. However, this 
carbothermal reduction was limited to the outer regions of the catalyst, with the core of the 
particle remaining ‘oxygen rich’. The amorphous SiC regions were composed 
predominantly of extended polyyne chains ‘anchored’ in place by native Si atoms.  
 

 
Fig. 8. CH4 CVD on SiO2 nanoparticles at 1200 K leads to SWNT nucleation via a VSS 
mechanism. a) Snapshots at 0 and 35 ps showing the CVD process. b) CO is the major 
chemical product of the CH4 CVD process. The production of CO first requires the natural 
removal of H from the CO carbon atom. CSixOy and HSixOy are the concentration of C and H 
on the SiO2 nanoparticle, respectively. c) Evolution of SWNT nucleation on SiO2 
nanoparticles. Contrary to nucleation on transition-metal catalysts, nucleation here requires 
the saturation of the solid-phase catalyst with carbon. Blue, red and black spheres represent 
Si, O and C, respectively. Yellow spheres represent C atoms involved in SWNT nucleation.   
(Adapted from (Page et al., 2011b). Reprinted with permission. © 2011 American Chemical 
Society) 
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Consequently, these polyyne chains exhibit restricted vibrational and translational mobility, 
compared to the equivalent precursor structures observed during transition-metal catalysed 
SWNT nucleation. A more detailed discussion of the thermodynamic reasons underpinning 
these phenomena is given below. At high concentrations of surface polyyne chains SWNT 
nucleation was observed. This observation supports the previous claim by Homma and co-
workers that SWNT nucleation on solid, covalent catalysts requires a ‘carbon-covered’ 
catalyst nanoparticle in order for nucleation to take place (Homma et al., 2009). The 
pentagonal-ring-first mechanism, established by QM/MD simulations and discussed in 
§3.1-3.3, therefore played no role in the current context. Similarly, the liquid carbide phase 
that is central to the VLS mechanism of SWNT, discussed in §3.3, is absent in the case of 
SiO2-catalysed SWNT nucleation. This conclusion followed an analysis of the instantaneous 
Lindemann index (Lindemann, 1910) of the SiO2 nanoparticle during the CVD process. At 
all times, the Lindemann index revealed that the SiO2 nanoparticle existed as a solid phase 
structure. Moreover, QM/MD relaxation of this nanoparticle at elevated temperatures (up 
to 3000 K) indicated that nanoparticle SiO2 decomposes from the solid phase at sufficiently 
high temperatures (Page et al., 2011a). This sublimative phenomenon here rules out the VLS 
mechanism as an explanation of SiO2-catalysed SWNT nucleation and growth entirely. 
Instead, QM/MD simulations point to a vapor-solid-solid (VSS) mechanism explaining 
SWNT nucleation and growth in this case. The mechanisms of SWNT nucleation and 
growth on traditional and non-traditional catalysts are therefore of fundamentally different 
natures. Subsequent experimental results (Liu et al., 2011) have since corroborated this 
proposed VSS mechanism. 
The observation that the catalytically relevant region of the SiO2 nanoparticle is effectively 
devoid of oxygen motivated the subsequent QM/MD investigation of SWNT nucleation on 
pure Si nanoparticles. To this end, a Si58 nanoparticle of approximate dimension 0.9  0.9  
0.9 nm3 was employed as a CVD catalyst at 1200 and 1800 K. Gas-phase C2 moieties were 
adsorbed on the surface of this catalyst nanoparticle in the manner described in §3.2. Two 
different concentrations of carbon, viz. 30 and 100, were employed here, following the 
observation made regarding the dependence of SWNT nucleation on surface carbon 
concentration using SiO2 catalyst nanoparticles.  The structures of these Si58C60 and Si58 C200 
model systems, following 100 and 45 ps, are given in Fig. 9. Upon adsorption on the Si58 
surface, these C2 moieties generally coalesced, forming extended polyyne chains, in an 
identical fashion to nucleation on Fe, Ni and SiO2 catalysts. However, the mobility of these 
polyyne chains in the case of Si58 was notably restricted, as was observed in the case of SiO2. 
This was also the case at a higher annealing temperature of 1800 K, leading to the conclusion 
that the effect of temperature (at least below 2000 K) on this SWNT nucleation process was 
effectively negligible. It was noted that this was not the case at even higher temperatures, as 
will be discussed below in the context of SWNT nucleation from SiC. Once formed, these 
polyyne chains themselves gradually coalesced on the nanoparticle surface, ultimately 
forming extended branched carbon networks. While this is consistent with the initial steps 
in SWNT nucleation discussed in §3.1-3.3 in an atomistic sense, it is noted that the kinetics of 
this coalescence on Si58 is significantly slower, compared to traditional, transition metal 
catalysts. In particular, in the latter case the rate-limiting step of SWNT nucleation may be 
considered to be the formation of the SWNT ‘nucleus’ (the initial polygonal carbon ring 
structure). Following the formation of this structure, the subsequent ring condensation and 
cap-formation process proceeds relatively quickly. This is not so in the presence of Si 
nanoparticle catalysts. Fig. 10a shows that, following the formation of the SWNT nucleus on 
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Fig. 9. SWNT nucleation on Si catalyst nanoparticles following the adsorption of gas-phase 
C2. a) Structures of Si58C60 and Si58C200 model complexes at 1200 and 1800 K. Color 
conventions as in Fig. 8. b) Polygonal ring populations observed using low [C] conditions 
(i.e. a Si58C60 model system). c) Polygonal ring populations observed using high [C] 
conditions (i.e. Si58C200 model system). It is evident that the initial saturation of the Si catalyst 
surface with carbon is necessary in order for SWNT nucleation to proceed. 

Si58, the subsequent extension of the sp2-hybridised carbon network proceeded at a 
significantly slower rate. Fig. 9a also illustrates the effect of surface carbon concentration on 
SWNT nucleation. For example, the formation of polygonal carbon rings in the Si58C60 
complex (following the adsorption of 30 C2 species) is limited to a single hexagonal ring 
structure after 100 ps. Conversely, an extended network of carbon ring structures was 
formed in the Si58C200 model complex after only 50 ps. Thus, as was the case regarding SiO2 
  

 
Fig. 10. Radial distributions of carbon in a) Si58C60 and b) Si58C200 model complexes at 1200 
and 1800 K. The inability of carbon to freely diffuse through the bulk region of the Si 
nanoparticle is evident. Consequently, the majority of the carbon in both cases resides on the 
nanoparticle surface, the latter of which is solid. SWNT nucleation cannot therefore proceed 
via a VLS mechanism. 
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catalyst nanoparticles, it is evident that the saturation of the Si nanoparticle surface with 
carbon is also a prerequisite for SWNT nucleation in this case. In this sense then, SWNT 
nucleation on SiO2 and Si58 seemingly proceeds via an identical route – this point will be 
discussed at greater length below. 
Following the adsorption of C2 onto the Si58 nanoparticle surface, the resultant surface 
structure resembled an amorphous SiC phase, while the core of the Si nanoparticle remained 
pristine. This is evident from Fig. 10a, which shows the radial distribution of carbon within 
the Si nanoparticle as SWNT nucleation proceeds. This figure also shows that, at higher 
temperature, the penetration of the Si nanoparticle by adsorbed carbon atoms becomes more 
probable, and is independent of the surface carbon concentration. Yet, the free diffusion of 
carbon through the nanoparticle bulk and surface in this case is restricted below 2000 K. The 
latter observation may be explained with recourse to an analysis of the nanoparticle phase 
during SWNT nucleation. This is conveniently done in the realm of QM/MD simulations via 
the Lindemann index (Lindemann, 1910),  , 
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Here, N is the number of atoms in the relevant system, rij is the instantaneous distance 
between atoms i and j, and the brackets denote thermal averaging over a finite interval of 
time at temperature T. It is noted here that   describes all atoms in the system, and is thus 
generally referred to as the ‘global’ Lindemann index. On the other hand, i  pertains only to 
the motion of atom i, and is therefore referred to as the ‘atomic’ Lindemann index. In the 
current discussion, we will make reference to both   and i . The Lindemann index has 
been used with particular success in the investigation of transition and main group metal 
species (both bulk and nanoparticle structures) (Ding et al., 2006b; Puri & Yang, 2007; Neyts 
& Bogaerts, 2009; Wen et al., 2009). From these investigations, the efficacy of the Lindemann 
index in the prediction of nanoparticle melting points has been established. For example, it 
is now generally accepted that the ‘threshold’   value, which signifies the transition 
between the solid and liquid phases is between 0.10 – 0.15 (Ding et al., 2006b; Puri & Yang, 
2007; Neyts & Bogaerts, 2009; Wen et al., 2009). Thus, any system exhibiting a   below this 
threshold value may be considered to be solid, whereas those with   above this threshold 
value are considered to be liquid. In the case of the pristine Si58 catalyst nanoparticle,   at 
1200 and 1800 K were 0.298 and 0.372, respectively. However, upon the adsorption of C2 on 
the Si58 surface, a dramatic decrease in this Lindemann index was observed. At low carbon 
concentrations (i.e. the Si58C60 model complex), these same   values were 0.093 and 0.231, 
while at high concentrations (i.e. the Si58C200 model complex), they were 0.049 and 0.088, 
respectively. This decrease indicates that the phase of the catalyst nanoparticle here changes 
from a liquid (when pristine) to solid (when carbon-doped). This therefore makes SWNT 
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nucleation via the VLS mechanism impossible. Considering this impasse, and the atomistic 
similarity between SWNT nucleation from Si and SiO2 nanoparticles, it is apparent that both 
proceed via the VSS mechanism, as opposed to the VLS mechanism. 
The production of an amorphous SiC nanoparticle following the adsorption of C2 on Si 
nanoparticles warranted the further investigation of the possibility of SWNT nucleation 
from SiC itself. Moreover, following the conclusion discussed above, viz. that SWNT 
nucleation on both SiO2 and Si occur via identical pathways, it is reasonable to anticipate 
that the same applies in the context of SiC. To this end, we have investigated nucleation of 
SWNT cap fragments as a result of the constant temperature thermal annealing of SiC 
nanoparticles alone. In this case, a model Si96C96 nanoparticle was annealed between 1000 
and 3000 K. An example of SWNT nucleation observed at 2500 K is illustrated in Fig. 11. It is 
noted that this temperature is approximately that employed in relevant experiments which 
demonstrate SWNT growth following the decomposition of SiC crystals (Kusunoki et al., 
1997). These QM/MD simulations indicated that SWNT nucleation in this case followed the 
degradation of the SiC crystalline structure. Indeed, upon annealing even at temperatures as 
low as 1000 K a well-defined crystallinity was not evident in the model SiC nanoparticle 
even after a relatively short simulation time (i.e. 10-20 ps). The result of this degradation  
was the disruption of C-Si bonds, in favor of C-C bonds, which exhibited free  
diffusion through/over the SiC nanoparticle. This diffusion immediately lead to the 
elongation/oligomerisation of these polyyne chains with high frequency. However, the 
frequency of these interactions was concomitantly slower at lower temperatures, such as 
1000 K. As is evident from Fig. 11a,b, polygonal ring formation followed the initial period in 
which the oligomerisation of polyyne chains took place. In this case, the initial polygonal 
ring formation was the result of the diffusion and subsequent interaction of neighboring C3 
and C2 species. Fig. 11b shows that subsequent ring condensation then proceeded 
reasonably rapidly, with a definite cap structure being formed within ca. 200 ps. However, 
following the formation of this cap structure, the population of polygonal rings here then 
decreased – such a phenomenon has not been observed in the case of traditional, transition 
metal catalyst nanoparticles. In a kinetic sense, therefore, SWNT nucleation resulting from 
thermal degradation of SiC is anticipated to be less favorable, compared to other traditional 
catalysts. SWNT nucleation, at the atomic level, is essentially no more than the continual 
formation of C-C bonds. The origin for these inhibited SWNT nucleation kinetics can 
therefore be found in thermodynamics, which, at high temperatures, dominate SWNT 
nucleation. In this sense then, SWNT nucleation is in effect a ‘thermodynamic sink’. From 
§3.3, it is evident that thermal annealing of amorphous Fe- and Ni-carbide nanoparticles 
yielded well-defined SWNT cap structures, similar to those observed here. However, SWNT 
nucleation from Fe- and Ni-carbide nanoparticles also resulted in cap structures exceeding 
the size of those observed using SiC, both on shorter timescales (generally within ca. 100 ps) 
and at lower temperatures (below 2000 K). The strengths of the Fe-C, Ni-C and Si-C 
interactions are 1.78, 1.06 and 6.29 eV/atom, respectively, at the SCC-DFTB level of theory 
(Page et al., 2010d). Recall that the strength of the C-C interaction, using SCC-DFTB, is 9.14 
eV/atom. The weaker interaction of the Fe/Ni catalyst with carbon therefore correlates 
directly with an increased rate of SWNT nucleation. Once a C-C bond forms in the latter 
case, it is rarely broken due to its greater thermodynamic stability (even if it is not the most 
energetically stable ring structure). On the other hand, the Si-C and C-C interactions are, 
thermodynamically, comparable to each other. Consequently, C-C bonds are more 
frequently broken during nucleation on SiC nanoparticles. 
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Fig. 11. Thermal annealing at constant temperature (2500 K) leads to the structural 
deformation of SiC nanoparticles, ultimately producing SWNT nucleation. a) The first 
polygonal ring formation event due to the free diffusion of Cn units within the SiC 
nanoparticle. Color conventions as in Fig. 8. b) Polygonal ring formation formed from the 
structural decomposition of the SiC nanoparticle at 2500 K. c) Time-averaged   values of 
the SiC nanoparticle between 1000 – 3000 K, computed over an interval of 50 ps. SWNT 
nucleation below 2600 K evidently occurs while the SiC nanoparticle is in the solid phase. 
Thus, SWNT nucleation can be explained with recourse to a VSS mechanism.  

The dependence of < > on simulation temperature for the SiC nanoparticle are depicted in 
Fig. 11c. From this figure it is evident that the SiC nanoparticle existed in the solid state 
below 2600 K. However, Fig. 11c suggests that there was undoubtedly some liquid-like 
character in the SiC nanoparticle at temperatures above 2600 K. In particular, < i > values 
(not shown) indicate that, between 1000 and 3000 K, the SiC nanoparticle exhibited three 
distinct behaviors depending on the temperature. Firstly, at lower temperatures (<1400 K) 
the SiC nanoparticle were unquestionably solid. At intermediate temperatures (between 
1400 – 2600 K) a gradual increase in < i > for atoms residing close, or near to, the 
nanoparticle surface was evident. Surface premelting therefore became prevalent at these 
temperatures, ultimately causing <  > to increase slightly. Such surface premelting has been 
shown to be a prominent phenomenon in the melting dynamics of transition metal 
nanoparticle species (Neyts & Bogaerts, 2009). In this respect therefore, transition metals and 
SiC nanoparticles appear to be equivalent. According to established trends regarding 
transition metal nanoparticle melting, by increasing the temperature further this surface 
premelting is followed by the complete liquefaction of the nanoparticle. However, rather 
than undergoing this solid-liquid phase transition, the SiC nanoparticle instead became 
quasi-solid at temperatures above 2600 K. One probable cause of this unexpected behavior is 
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ascribed to the influence of surface chemistry (viz. the formation of C-C bonds, polyyne 
chains and polygonal carbon rings etc.) on the Lindemann index itself. In extreme cases, the 
formation of an extended sp2-hybridised carbon network on the SiC nanoparticle surface, in 
part, solidified the SiC nanoparticle surface, therefore retarding the melting process. 
A pronounced similarity is therefore observed regarding the SWNT nucleation mechanisms 
on SiO2, SiC and Si catalysts. The results discussed here constitute the first evidence of a 
catalyst independent mechanism with respect to Si-based catalysts. In addition, these results 
indicate the mechanism of SWNT nucleation on these Si-based catalysts is remarkably 
different to that established for transition metal catalysts, and centres around a solid phase 
catalyst nanoparticle. Since the independence of the SWNT nucleation mechanism has been 
established and accepted in the case of transition metal catalysts, this conclusion is 
seemingly unremarkable. However, we point out here that with respect to the majority of 
‘non-traditional’ catalysts such as SiO2, SiC, Si, Al2O3, ZrO2, and so on, the precise 
mechanisms of SWNT nucleation remains are in fact unknown at present. Moreover, at first 
glance there is no reason to suspect that the SWNT nucleation mechanism on such a diverse 
range of catalyst species should be in any way related, considering their respective 
physicochemical properties. 

4. QM/MD simulations of SWNT growth 

We now consider the phenomenon of continued SWNT growth. This is generally defined as 
the extension of the nanotube sidewall (by the addition of newly created polygonal ring 
structures) parallel to the axis of growth. Note that this process differs from the process of 
SWNT nucleation, in which the nascent nanotube cap-fragment is formed. This partitioning 
of what is actually (in reality) a continuous process is somewhat arbitrary. Nonetheless, it 
has enabled the precise atomistic mechanism of SWNT growth to be identified and studied. 

4.1 SWNT growth on Fe catalysts 
Continued SWNT growth has been modeled using QM/MD simulations on a number of 
occasions (see (Page et al., 2010c) and references therein). The approach employed in these 
investigations typically was similar to that described in §3.2 (see Fig. 12).  Fe-catalyst 
nanoparticles were thus first annealed at 1500 K, after which ‘simulated’ gas-phase carbon 
feedstock (in this case, C or C2) was adsorbed at various rates at the base of the growing 
SWNT, or onto the nanoparticle surface itself. Two such nanoparticles have been employed, 
viz. Fe38 and Fe55. In both cases, a model SWNT cap fragment (a C40 cap of (5,5) chirality), or 
short SWNT segment (depicted in Fig. 12) were employed to approximate a SWNT cap 
fragment formed in situ (such as that shown in Fig. 4). The effect of the nanoparticle 
diameter on the mechanism and kinetics of continued SWNT growth has therefore been 
elucidated. Somewhat unsurprisingly, the increase in nanoparticle diameter from 0.70 nm 
(Fe38) to 0.94 nm (Fe55) has no effect on the atomistic mechanism of continued SWNT 
growth. This mechanism is depicted in Fig. 12. From this figure it is evident that, like SWNT 
nucleation, the continued SWNT growth process was driven by the extension of the sp2-
hybridised carbon network. This extension itself was driven by the formation of polygonal 
carbon rings at the base of the nanotube structure (at the interface between the nanotube 
and the catalyst nanoparticle), thereby extending the SWNT cap in a unidirectional manner. 
From Fig. 12 it can be seen that the SWNT growth process took place almost entirely on the 
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catalyst surface. Only very rarely did carbon penetrate the catalyst surface and diffuse 
through the subsurface region. Similarly, carbon was never observed to freely diffuse 
through the bulk of the catalyst nanoparticle. Unsurprisingly, this behavior was no different 
from the behavior observed during SWNT nucleation on Fe38, a fact that is attributed to the 
nanoparticles relatively small diameter, and consequently relatively high surface energy. It 
is also noted here that Fe38 and Fe55 are both ‘magic number’ metal clusters, and so exhibit 
unusual stability compared to other nanoparticles of comparable diameter. The SWNT 
growth depicted in Fig. 12 is an example growth from a ‘floating’ catalyst (most similar to 
that observed during pure VLS processes, such as arc-discharge). However, it is likely that 
the mechanism of SWNT ‘root’/’tip’ growth on supported catalyst nanoparticles is similar 
to that depicted in Fig. 12, since the majority of SWNT growth chemistry is mediated by the 
nanoparticle surface itself. 
 

 
Fig. 12. Continued SWNT growth from a (5,5) SWNT fragment on an Fe38 catalyst 
nanoparticle at 1500 K. a) The adsorption of gas-phase carbon atoms at a rate of 1 C / 0.5 ps 
at the base of the SWNT structure leads to the extension of the sp2-hybridised carbon 
network via the formation of new polygonal rings at the SWNT base. Growth is mediated 
entirely by the catalyst surface in this case. Color conventions as in Fig. 1. b) The SWNT 
length as a function of time at 1500 K. Adsorption of gas-phase carbon atoms results in the 
addition of ca. 4 Å to the base of the SWNT. (Adapted from (Ohta et al., 2008). Reprinted 
with permission. © 2008 American Chemical Society) 

While the SWNT growth mechanisms on Fe38 and Fe55 were observed to be the same, this is 
not so with respect to the kinetics of SWNT growth. QM/MD simulations (Page et al., 2010b) 
indicate that SWNT growth slows with increasing catalyst nanoparticle diameter – a 
conclusion that parallels others based on experimental evidence (Huang et al., 2002; Cau et 
al., 2006; Mora & Harutyunyan, 2008). This phenomenon is ascribed primarily to the relative 
surface areas and volumes of the two catalyst nanoparticles. In particular, although the 
diameter of Fe55 is only slightly larger than that of Fe38, the increases in surface area and 
volume are more substantial. Thus, the domain over/through which adsorbed Cn species 
may migrate, before being incorporated into the growing SWNT, is concomitantly larger in 
the case of Fe55. SWNT growth employing the former, smaller catalyst nanoparticle is 
therefore ca. 19% faster compared to that on Fe55. It is conceded that both of these growth 
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rates exceed those determined experimentally (Puretzky et al., 2002; Futaba et al., 2005; 
Sharma et al., 2005; Geohegan et al., 2007; Yao et al., 2007; Xiang et al., 2009) by several orders 
of magnitude. This is a natural consequence of the relatively unnatural carbon adsorption 
model that has been employed here. Nevertheless, the error thus induced is systematic, and 
so these relative trends in growth rates remain valid.  

4.2 The importance of interaction energy: Ni versus Fe catalysts 
The fact that different SWNT catalyst materials yield different SWNT growth rates has been 
established experimentally on numerous occasions (Puretzky et al., 2002; Futaba et al., 2005; 
Sharma et al., 2005; Geohegan et al., 2007; Yao et al., 2007; Xiang et al., 2009). Nevertheless, no 
clue was gained as to why this was the case until recently. QM/MD simulations (Page et al., 
2010a; Page et al., 2010b) again proved to be of value in this respect, and established the 
single origin of catalyst-dependent SWNT growth kinetics. 
QM/MD simulations of Ni38-catalysed growth from a C40 SWNT cap fragment are 
summarised in Fig. 13a. Fig. 13b shows a comparison of Fe55- and Ni55-catalysed SWNT 
growth rates. Once again, in all cases growth was induced by the adsorption of gas-phase 
carbon atoms at the base of the C40 SWNT cap structure at a rate of 1 C /0.5 ps. Comparison 
of Fig. 12a and 13a shows that the mechanism of SWNT growth, at the atomistic scale, 
exhibits significant differences. Most notably in this respect is the role of the extended 
polyyne chains which bridge between the SWNT base and the catalyst surface. In the case of 
Fe38 (Fig. 12a), these chains generally consisted of 3-4 carbon atoms, and were formed as 
individual C/C2 species diffused across the Fe38 surface towards the SWNT base. On the 
other hand, Fig. 13a shows that the polyyne chains bridging between the SWNT base and 
the catalyst surface in the case of Ni38 were far greater in length. Generally, such polyyne 
chains were observed to be as large as C10 for Ni38 and Ni55 catalyst nanoparticles. In both 
Fe- and Ni-catalyst cases, continued SWNT growth was driven by the formation of 
polygonal carbon rings at the base of the SWNT, generally from the interaction of these 
bridging carbon chains. The length of these carbon chains therefore proved to be a critical 
factor in the context of the SWNT growth mechanism. For Ni38 and Ni55 catalysts, the rate of 
extension of these carbon chains was greater than the rate at which they self-isomerised, or 
‘collapsed’ (Page et al., 2010a). In the case depicted in Fig. 13a, the extension and collapse of 
a single polyyne chain bound to the base of the growing C40 cap structure resulted in the 
formation of a conjugated 6-5-7-5 carbon ring system. Conversely, the rates of polyyne 
extension and collapse observed using Fe38 and Fe55 catalyst nanoparticles were generally 
more equivalent. SWNT growth was thus limited by the rate of polyyne chain extension. 
Ultimately these mechanistic differences yield Ni-catalysed SWNT growth rates ca. 69 – 
106% greater than those found using Fe-catalysed, for equivalent catalyst nanoparticle size. 
Somewhat unsurprisingly, the fundamental factor explaining the kinetic differences of Fe- 
and Ni-catalysed SWNT growth are the same as those which explain the differences in Fe- 
and Ni-catalysed SWNT nucleation. Fig. 12a and 13a show that, once again, the relative 
strengths of the Fe-C, Ni-C and C-C interactions correlate exactly with the observed SWNT 
nucleation kinetics. For example, the rate of SWNT growth is limited by the rate at which 
the bridging polyyne chains (pictured in Fig. 12a and 13a) can incorporate new carbon. This 
rate, in turn, is determined by the relative thermodynamics of C-C bond formation in the 
presence of Fe and Ni atoms. As was discussed in §3.3, the relative weakness of the Ni-C 
interaction means that, in a thermodynamic sense, the formation of C-C bonds on Ni-
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catalysts is a more favorable process compared to that on Fe-catalysts. In this sense, 
therefore, the strength of the catalyst-carbon interaction constitutes a fundamental, guiding 
principle for understanding the mechanisms and kinetics of SWNT growth on different 
catalyst materials. 
 

 
Fig. 13. Continued SWNT growth from a (5,5) C40 SWNT cap on a Ni38 catalyst nanoparticle 
at 1500 K. a) In this case, the extension and collapse of a single bridging polyyne chain 
results in the formation of an extended conjugated system at the base of the SWNT, 
including a hexagonal, heptagonal and two pentagonal carbon rings. Color conventions as 
in Fig. 6. b) Depending on the size of the catalyst nanoparticle, Ni-catalysed SWNT growth 
is found to be ca. 69 – 106% faster than Fe-catalysed SWNT growth at 1500 K. (Adapted from 
(Page et al., 2010a). Reprinted with permission. © 2010 American Chemical Society) 

5. SWNT defects, healing and chirality-controlled growth 

As has been shown in §2 – 4, there have been significant advances in both experimental and 
theoretical understanding of SWNT nucleation and growth on a number of different catalyst 
species. Yet there are still outstanding issues regarding phenomena associated with SWNT 
growth. The most notable phenomenon at present is that of ‘chirality-controlled’ growth. 
That is, a method by which a single particular (n, m) chirality SWNT (or, at most a narrow 
distribution of (n, m) SWNTs) may be synthesised in situ remains elusive to date. At the 
atomistic scale, chirality-controlled growth equates to growth in which only hexagonal rings 
are incorporated into the growth SWNT structure. The fundamental principles guiding such 
chirality-specific synthesis are, as yet, largely unknown. Such chirality-controlled growth is 
extremely desirable, since the physical, electrical and optical properties of a SWNT are 
determined entirely by its (n, m) chiral indices. Current experimental SWNT synthesis 
techniques (such as CVD and arc-discharge) are known to produce a broad distribution of 
(n, m) SWNTs. While it is possible to subsequently isolate a narrow distribution of (n, m) 
SWNTs, such techniques invariably damage the SWNT structures by either chemical or 
physical means (Li et al., 2007; Zheng & Semke, 2007). Such damage potentially limits the 
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application of these SWNTs in nanoscale devices. An understanding of how to control a 
SWNTs chirality in situ is therefore critical in this respect. 

5.1 SWNT growth: An inherently defective process 
It was shown in §2 – 4 that SWNT nucleation and growth are far from linear, ordered 
processes. On the contrary, they proceed via extremely complex pathways, resulting in 
disordered and unpredictable dynamics. Considering the temperature at which SWNTs 
nucleate and grow in CVD and arc-discharge environments (i.e. typically 1000 K or higher), 
this in itself is not so surprising. Yet it provides the greatest hurdle regarding the control of 
SWNT chirality, since these nonlinear dynamics result in the formation of a large number of 
defects in the SWNT structure during nucleation and growth. The high concentration of 
defect structures must be, to some extent, due to the various assumptions placed on these 
QM/MD simulations. Nevertheless, the formation of defect structures must also be 
attributable to the non-equilibrium conditions present during SWNT nucleation and growth. 
Indeed, by revisiting the discussion of §3.1 – 3.2, it is apparent that the inclusion of defects 
(such as polyyne chains, non-hexagonal ring structures and vacancies in the sp2-hybridised 
carbon network) is inherent to the SWNT nucleation process itself. The ‘nucleus’ of the 
SWNT itself on a transition metal catalyst is actually a pentagonal ring ‘defect’. The 
subsequent ring condensation process, by which the SWNT cap fragment is formed, also 
produces a majority of non-hexagonal ring defects. Although this is attributed to the 
curvature of the catalyst surface imposing itself onto the growing sp2-hybridised carbon 
network, the further formation of defect structures during growth (see §4) cannot be 
rationalized in this manner. Nevertheless, the incorporation of defect structures into a 
growing SWNT effectively alters its chirality, and therefore physical properties. Since it is 
apparent that SWNT nucleation and growth are inherently defect-inducing processes, it is 
important to understand the mechanisms by which such defects are removed in situ. 
QM/MD simulation of such defect removal on transition metal catalysts is the subject of 
§5.2. 

5.2 SWNT healing: A fundamental aspect of chirality-controlled SWNT growth 
The removal of SWNT defect structures during growth has been investigated previously 
using QM/MD (Page et al., 2009). To induce growth gas-phase carbon atoms were adsorbed 
at the region between a model C40 cap and its supporting Fe38 catalyst surface. The 
hypothesis of this approach took into account the inherent stability of the C-C bond (relative 
to the Fe-C bond), and therefore the greater stability of the SWNT as a whole. Due to this 
stability, the removal, or healing, of defects during growth was anticipated to occur over 
longer time scales than those considered in prior QM/MD simulations (ca. 50 ps). Three gas-
phase carbon adsorption rates were therefore employed, viz. 1 C / 0.5 ps 1 C / 10 ps and 1 C 
/ 20 ps (rates denoted using ‘fast’, ‘slow’ and ‘very slow’). It is noted here that the former of 
these adsorption rates is the same as that employed in the simulations discussed in §4. 
Comparison of the three carbon adsorption rates is made in Fig. 14. It is immediate from this 
figure that the ability of the SWNT to heal itself during growth is directly correlated to the 
rate of carbon adsorption. As this rate decreases, the number of polygonal ring defects in the 
growing sp2-hybridised carbon network decreases. Moreover, the active removal of defects 
from the growing SWNT structure, resulting in hexagonal ring formation is observed for 
slow and very slow carbon adsorption. This suggests that the kinetics of SWNT growth is 
more favorable compared to those of defect removal. Fig. 15 shows the reason explaining 
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why this is indeed the case. This figure depicts schematically two examples of defect 
removal during slow SWNT growth. The first of these defects is a conjugated pentagonal-
heptagonal ring defect and the second is an adatom defect. In both cases, the defect is 
removed solely by the self-isomerization of the SWNT cap structure itself. For example, the 
adatom defect shown in Fig. 15b is formed following the adsorption of a carbon atom onto 
an existing hexagonal ring at the SWNT base. This adatom defect quickly converted to a 
heptagonal ring defect, which is evidently significantly more stable (lasting for ca. 15 ps).  
 

 
Fig. 14. SWNT healing is directly correlated with the rate of carbon adsorption at the SWNT 
base. Polygonal rings in  formed a single SCC-DFTB/MD trajectory using adsorption rates 
of 1 C / a) 0.5 ps, b) 10 ps and c) 20 ps. At the fastest adsorption rate considered, SWNT 
growth incorporates several defect ring structures into the SWNT structure. Slowing the 
adsorption rate to 1 C / 10 ps, the incorporation of defects is suppressed due to the action of 
the self-isomerisation of the sp2-hybridised carbon network. At the slowest rate considered, 
SWNT growth occurs solely due to hexagonal ring addition, thereby illustrating chirality-
controlled SWNT growth.   (Adapted from (Page et al., 2010c). Reprinted with permission. © 
2011 American Chemical Society) 

The addition of a second carbon atom results in a heptagonal-hexagonal ring rearrangement, 
which ultimately forms a C2 defect at the base of the SWNT. Following a further ca. 10 ps, this 
C2 unit detaches from the SWNT cap, and diffuses away over the catalyst surface. Both 
instances of SWNT defect removal depicted in Fig. 15 occur in the vicinity of the catalyst 
surface. The assistance of the catalyst surface is therefore implicated in these cases of SWNT 
healing. The timescales over which these two examples of self-isomerization take place are 
between 5 and 25 ps, respectively. This observation is indicative of a fundamental principle 
regarding the in situ control of SWNT chirality. That is, the rate at which defect structures are 
incorporated into the SWNT structure depends on the relative rates of defect addition (due to 
growth) and defect removal (due to SWNT self-isomerization).  

5.3 SWNT healing: Dependence on catalyst composition and size 
In §3.3 and §4.2 it was established that a number of kinetic and mechanistic phenomena 
associated with SWNT nucleation and growth can be understood with recourse to the 
relative carbon-catalyst interaction strengths. For example, a stronger carbon-catalyst 
interaction leads to slower growth rates, and changes the mechanisms of SWNT nucleation 
and growth. From the previous section, it was seen that the catalyst nanoparticle is 
implicated in the SWNT healing process (§5.2). It therefore seems reasonable to hypothesize 
that the carbon-catalyst interaction may also play some role regarding the relative ability of 
different catalysts to assist in SWNT healing processes. We will presently discuss such a 
proposal with respect to Fe and Ni-catalyst nanoparticles. 
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Fig. 15. Examples of SWNT healing observed during SWNT growth on Fe38 catalysts at 1500 
K. In both cases, defects are removed from the growing SWNT cap solely by the self-
isomerisation of the sp2-hybridised carbon network. a) A conjugated pentagonal-heptagonal 
defect is removed, resulting in the formation of two hexagonal rings at the base of the 
SWNT cap. b) An adatom defect is removed, forming a hexagonal ring via a heptagonal ring 
defect intermediate structure. (Adapted from (Page et al., 2009). Reprinted with permission. 
© 2011 American Chemical Society) 
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 Fe38 Ni38 Fe55 Ni55 

Defect Formation 

Pentagonal Formation 3.2 6.1 2.2 4.6 

Heptagonal Formation 0.2 0.4 0.3 0.2 

Hexagonal→Heptagonal Transformation 2.7 2.8 2.3 2.9 

Hexagonal→ Deformation 1.0 0.2 0.6 0.2 

Hexagonal→Pentagonal Transformation 0.1 0.3 0.6 0.1 

Total Defects Formed (1) 7.2 9.8 6.0 8.0 

Defect Removal 

Hexagonal Formation 3.4 3.3 3.4 2.9 

Heptagonal→Hexagonal Transformation 1.1 1.0 0.8 1.3 

Pentagonal→Hexagonal Transformation 1.2 1.7 1.5 1.6 

Total Defects Removed (2) 5.7 6.0 5.7 5.8 

Net Healing (2-1) -1.5 -3.8 -0.3 -2.2 

Table 1. SWNT healing statistics on Fe- and Ni-catalyst nanoparticles for a carbon 
adsorption rate of 1 C / 10 ps. The net rate of SWNT healing may be considered as the 
difference between the rates of defect formation and defect removal. All data averaged over 
10 SCC-DFTB/MD trajectories, following 300 ps of simulation. 

QM/MD simulations of SWNT growth were carried out using Fe38, Ni38, Fe55 and Ni55 
catalyst nanoparticles. Growth was induced at 1500 K using a slow carbon supply rate (i.e. 1 
C / 10 ps). The average defect formation and defect removal statistics following 300 ps are 
given in Table 1. For the purpose of this analysis, ‘defect formation’ is defined here as the 
formation of a new pentagonal or heptagonal ring, the conversion of a hexagonal ring to a 
pentagonal/heptagonal ring, or the destruction of a hexagonal ring (i.e. ring opening). 
Conversely, ‘defect removal’ is defined here as essentially the opposite of defect formation, 
i.e. the formation of new hexagonal rings and the conversion of pentagonal/heptagonal 
rings to hexagonal rings. From Table 1 it is evident that the rate of defect removal in the case 
of the four catalysts considered are essentially equivalent after 300 ps. Thus, there is little 
dependence of the defect removal process on the size, or elemental composition of the 
catalyst. This is reasonable, since the catalyst nanoparticle was never explicitly involved in 
the process of healing (as discussed in §5.2). Rather, it plays an implicit role, by saturating 
dangling bonds at the edge of the SWNT structure, thereby supporting the self-
isomerization process. On the other hand, Table 1 shows that the size, and more obviously, 
the elemental composition of the catalyst nanoparticle directly affects the rate of defect 
formation during growth. For example, for an equivalent catalyst size, SWNT growth on a 
Ni catalyst induces ca. 30-35% more total defects, compared to SWNT growth on an Fe 
catalyst. For a particular type of metal, Table 1 also shows that the number of defects formed 
during SWNT growth decreases with increasing nanoparticle diameter. It is noted here that 
these two correlations are consistent with the effect of nanoparticle size and composition on 
the total SWNT growth rate, as discussed in §4.2. That is, faster growth leads to more 
defects, whereas slower growth leads to a smaller number of defects. 
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6. Conclusion 

We have reviewed our own recent investigations into the phenomena of SWNT nucleation 
and growth using state-of-the-art QM/MD methods. A summary of the primary conclusions 
discussed herein is provided in Fig. 16. The significance of the QM/MD method in this  
 

 
Fig. 16. Insights into the nucleation growth and defect-healing of SWNTs gained from 
QM/MD simulations. a) SWNT nucleation on transition metal nanoparticles begins with the 
oligomerisation of small carbon fragments on the catalyst surface. These units subsequently 
coalesce to form longer, extended polyyne chains which are able to isomerise/interact, thus 
forming polygonal carbon rings. SWNT nucleation and growth is then the result of 
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continual polygonal ring condensation on the catalyst surface according to this mechanism. 
QM/MD simulations also suggest that the removal of defect structures in the growing 
nanotube occurs via a natural process in which the isomerization of the SWNT sp2-
hybridised carbon network itself converts defects into hexagonal rings. This defect-healing 
occurs closest to the catalyst surface where the local temperature is hottest. As root growth 
continues, the established hexagonal rings in the cooler regions of the SWNT impart a 
templating effect on the healing process. Brown and cyan spheres represent Fe and C atoms, 
respectively.  (Adapted from (Page et al., 2010c). Reprinted with permission. © 2011 
American Chemical Society). b) SWNT nucleation on Si-based catalysts has been elucidated 
using QM/MD simulations. These simulations have established that a mechanism 
fundamentally different to that observed for transition metal catalysts is responsible for 
SWNT nucleation in this case. In particular, these catalyst nanoparticles remain in the solid 
phase throughout the nucleation process, and the saturation of the catalyst surface with 
carbon is a necessary prerequisite for SWNT nucleation. Accordingly, it is concluded that 
these cases of SWNT nucleation are explained with recourse to a VSS mechanism, as 
opposed to a VLS mechanism. QM/MD simulations have also established that this 
mechanism is independent of the catalyst employed, at least with respect to SiO2, SiC and Si 
catalysts. Blue, red and black spheres represent Si, O and C, respectively. Yellow spheres 
represent C atoms involved in SWNT nucleation. 

context has therefore been demonstrated. QM/MD simulations of such non-equilibrium, 
high-temperature processes can provide fundamental knowledge that complements 
experimental understanding. Moreover, considering the spatial and temporal resolutions 
furnished by QM/MD methods (i.e. nanometers and picoseconds, respectively), and their 
physical reliability, such simulations can predate, or correct experimental understanding of 
these phenomena. This is certainly the case with respect to models of SWNT nucleation and 
growth. For example, the VLS mechanism of SWNT nucleation and growth on a variety of 
transition metal catalysts is very widely accepted. Yet it is only since the application of 
QM/MD in this area that true understanding of various aspects of the VLS mechanism has 
come to light. One such aspect regards the atomistic processes of SWNT nucleation and 
growth, which are dominated by the formation and coalescence of extended polyyne chains, 
and the interaction of these chains with the supporting catalyst surface. Another aspect, 
which remains under debate at the time of writing, regards the existence and role of the 
transition metal carbide phase in the context of SWNT nucleation and growth. In particular, 
recent QM/MD simulations and experiments have challenged the traditional role ascribed 
to this carbide phase in the SWNT nucleation process. QM/MD methods have also 
uncovered the phenomenon of defect healing during continued SWNT growth. This 
phenomenon, by which a SWNT structure consisting entirely of hexagons can be attained, 
has since been implicated in models of chirality-controlled growth. Most recently, QM/MD 
simulations have led the way in understanding the manner in which SWNTs nucleate and 
grow on ‘non-traditional’ catalysts including SiO2, SiC and Si. They have also revealed the 
atomistic mechanism underpinning the CVD process on the former catalyst species. In this 
context, QM/MD methods alone have uncovered the remarkable fact that SWNT nucleation 
on these solid phase catalysts proceeds according to an entirely different mechanism, 
compared to the traditional picture of SWNT nucleation/growth on transition metal 
nanoparticles. Yet we do not acquiesce, and claim that QM/MD can offer nothing more in 
the understanding of SWNT nucleation and growth. There are still many aspects of these 
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phenomena that remain misunderstood, and others that are currently under debate. The 
precise atomistic mechanism governing the termination of SWNT growth is once such 
aspect. Very recently it has been suggested (upon the basis of DFT calculations) that the 
phenomenon of Ostwald ripening plays an active role in the termination of SWNT growth 
(Börjesson & Bolton, 2011).  Nevertheless, it is clear that, as the computational technology 
continually advances, the understanding that can be gained from QM/MD simulations of 
such physical systems can only improve. 
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1. Introduction

The superconducting proximity effect has been studied in superconductor (S)/normal
conductor (N) junctions or SNS junctions for a few decades. If a clean contact is brought
into an SN junction, some cooper pairs will penetrate into the normal conductor from the
superconductor to form an incident electron and a retroreflected hole in it. This process is
called Andreev refection (AR). If both electrodes are superconducting, two SN junctions
with very-low-barrier tunnel junctions, a series of ARs can be observed in the differential
resistance at submultiples of gap voltage, 2Δ/ne, where n=1,2,.. (Octavio et. al.,1983) and
Δ is superconducting energy gap. These subharmonic gap structures (SGS) occurring
at the maximum slopes of differential resistance are due to multiple Andreev reflection
(MAR) (Bezuglyi et. al.,2000). If the ARs can be bounded at the two SN boundaries to
confine the electron-hole motion spatially in the normal region, this Andreev bound states
are localized states carrying finite supercurrent. The AR process has been studied in
ballistic and diffusive SNS junctions using metal, the two-dimensional electron gas (2DEG)
of semiconductor heterostuctures (Hoss et. al.,2000; Nitta et al.,1994; Octavio et. al.,1983),
carbon nanotubes(Bezuglyi et. al.,2000) and graphene (Dirks et al.,2011) as normal conductor.
Carbon nanotubes (CNTs) with a diameter of only a few nm as normal conductors are
one of the best candidates for studying quasi one-dimensional (1D) proximity effect and
AR. Though some experiments and theories have demonstrated 1D Tomonaga-Luttinger
liquid behavior in single-wall carbon nantube (SWNT) or even multi-wall CNT (MWNT)
(Bockrath et al.,1999), some experiments have shown AR (Morpurgo et al.,1999), MAR
(Jarillo-Herrero et al.,2006; Buitelaar et al.,2003; Jorgensen et al.,2006), Andreev bound states
(Pillet et al.,2010) and supercurrent in CNTs (Jarillo-Herrero et al.,2006; Kasumov et al.,1999),

25



2 Will-be-set-by-IN-TECH

and even superconducting quantum interference device made with CNTs
(Cleuziou et al.,2006).
The superconducting proximity effect in the network-like structure with quasi-1D CNT will
be discussed in the chapter. The enhanced quantum interferences can be given rise to
as Aharonov-Bohm(AB)-type oscillations due to the loops as AB ring in the network-like
structure by applied magnetic field. We have studied the MAR and enhanced quantum
interferences, and the reentrant behavior of conductance in this random network CNT.
The updated superconducting proximity effect theory for reentrant behavior has shown
that the proximity correction to the conductance �GN(V, T, B) disappears at low energies
and reaches a maximum value around temperature T or bias voltage V corresponding
to the Thouless energy (correlation energy), Eth constant (Volkov&Takayanagi,1997;
Golubov,Wilhelm&Zaikin,1997; Nakano&Takayanagi,2000) (see Fig. 12). This reentrant
behavior in �GN occurs near eV ∼= Eth, kBT ∼= Eth, or B ∼= Bc, where Bc is a correlation
magnetic field. The reentrant behavior has also been predicted for magnetoconductance
oscillations, but has not been completely observed in experiment yet. In what follows, we
also present the MAR in magnetic field and then demonstrate the reentrant behavior of the
conductance and magnetoconductance fluctuations.

Fig. 1. Raman spectra of carbon nanotubes taken with 785-nm excitation from a sample
consisting CNTs on SiO2/Si substrate. The Raman spectra peaks of carbon nanotubes, RBM
modes at ∼200 cm−1, the high-energy graphitelike mode at ∼1600 cm−1 and the
defect-induced D mode at ∼1300 cm−1, were observed. Inset: Carbon nanotubes on SiO2/Si
wafer substrate.

2. Fabrication of carbon nanotubes bridging superconducting electrodes

2.1 Fabrication of carbon nanotubes
CNTs were synthesized on a silicon wafer with 100-nm-thick thermal oxide by the chemical
vapor deposition method using Co catalyst. A Co film is about 0.1-0.3 nm thick by
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Fig. 2. Schematics of NbN/Network-like Carbon Nanotubes/NbN SNS Junctions (middle).
The patterns of NbN electrodes (top) and an AFM image of the CNTs device (bottom) are
made on SiO2 substrate. The circle marks indicate the crossed junction of carbon nanotubes
(bottom)

electron-beam deposition. The diameter of the Co nanoparticles control the diameter of the
CNTs. For the synthesis procedure, argon gas fed into the furnace was heated to reach the
growth temperature of 900-1000◦C and then replaced by pure methane at a flow rate 300
cm3/min with the pressure of 500 Torr for 5-10 min. This growth condition is optimized
for SWNT growth and we observed very few MWNTs in TEM and AFM images. Inset of
Fig. 1 shows the carbon nanotubes on the SiO2 substrate. The CNTs belong to the SWNTs
of individual nanotubes or bundles, which were measured from the height of each nanotube
in an AFM (the CNTs with the diameter of 1-3 nm) and was confirmed by Raman spectra
measurement. Raman spectroscopy technique was used to measure the characteristic of
carbon nanotubes to show in Fig. 1. The diameter-selective Raman scattering is particularly
important for the Raman band at about 200 cm−1, which is associated with the radical
breathing mode (RBM) of the carbon nanotube (Rao et al.,1997), to indicate the characteristic
of SWNTs and sharp high energy graphite-like mode (G band) are also supported this results.
The CNTs were freely synthesized to form random network structures, as shown in the inset
of Fig. 1.

2.2 Fabrication of superconducting electrodes
The CNTs are growth between the electrodes with Co catalyst patterns using lithography
technique. The CNTs were directly connected to NbN electrodes as shown in Fig. 2.
Between the electrodes were designed to be 1.5 μm length on the photomask. The number
of CNTs between the NbN electrodes was roughly estimated to be about 1000-2000. These
network-like CNTs have the characteristic of quasi-diffusive transport, which is due to the
network structure including defects, bundles and crossed junctions that marked in the bottom
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figure of Fig. 2. A excellent superconducting properties for NbN electrodes with 100-nm
thickness and 1-μm wide have typically high superconducting critical temperature Tc ∼15
K and high superconducting critical magnetic field Hc2 � 20 T. Optimum ohmic contact in
junctions was made by annealing. The samples in vacuum were annealed with an infrared
heater at 700◦C for ∼15 min and contact resistance was reduced nearly 1∼ 2 orders of
magnitude. After the annealing, the Tc of NbN electrodes is close to 11 K. The samples were
measured using the lock-in technique and four-probe method in a helium cryostat.

Fig. 3. The schematic process of Cooper pairs into normal conductor given rise by
superconducting proximity effect

T

eV > 2   /3 eV >eV > 2 

S N S
T 2 T 3

(a) (b) (c)

Fig. 4. Schematic process of (a) normal transport, (b) AR, and (c) MAR. There are different
electron transparent probability T shown on figure for different transport processes

.

3. Superconducting proximity effect and Andreev reflection

The Cooper pairs into normal conductor diffusion process is given rise by superconducting
proximity effect shown in Fig 3. In the junction of SN-thermal bath, Cooper pairs into
normal diffusive conductor move within a distance called thermal coherent length, ξT =√

h̄D/2πkBT, before breaking, and then keep coherence in the phase of two electron called
coherent electron pairs. Cooper pairs leak into normal-conductor side from superconductor as
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generating correlated electron-hole pairs at SN interference called Andreev reflection . Figure
4 shows a processes of AR. For electron voltage higher than superconducting energy gap �
(see Fig. 4(a)), electron merely transport in normal process. For electron voltage lower than�
(see Fig. 4(b)(c)), Cooper pairs leak at SN junction to create Andreev reflection (Fig. 4(b)) and
even MAR (Fig. 4(c)).

Fig. 5. Differential resistance as a function of applied voltage at different constant
temperature between 2 and 11 K. The resistances are offset from each other for clarity. MAR
occurs at 3 and 6 meV (solid line arrows) and AR occurs at zero-bias voltage above around 9
K.

The MAR was observed by measuring differential resistance as a function of applied voltage.
Figure 5 shows SGS due to the MAR (Bezuglyi et. al.,2000; Hoss et. al.,2000; Nitta et al.,1994)
and the submultiples of the gap voltage, ±2Δ/e and ±Δ/e(solid line arrows). The MAR
become smeared gradually at temperature above ∼ 7 K and then a dip of the AR is observed
at more high temperature but below Tc, 11 K. In addition, the MAR and AR were observed
in different constant magnetic field between 0 and 4.3 T at temperature 1.75 K (Fig. 6).
The SGS and AR dip become smeared above ∼450 mT and ∼1.5 T, respectively. Pervious
experiments on 2D SNS junctions based on clean semiconductor heterostructures have also
observed the MAR and AR smeared in the magnetic field (Nitta et al.,1994), but only below
a few μT. The suppression of MAR and AR in a magnetic field can be easily understood
by a physical process shown in Fig. 7. The AR takes place at the SN interfaces, and
quasi-particles trajectories are deflected and the angle of incidence is increased. Because the
parallel momentum becomes larger than the perpendicular momentum, the AR probability
is suppressed (Mortensen et al.,1999). Though the smearing mechanism is the same as
other dimensions, owing to 1D CNTs with small diameters, the quasiparticles are not easily
deflected and their parallel moment not easily enhanced during motion as schematic process.
Therefore, the applied magnetic field for seaming AR is larger than other dimensions over
two orders of magnitude.
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Fig. 6. Differential resistance as a function of applied voltage in constant magnetic field
below 4.3 T. MAR processes occur at 3 and 6 meV (solid line arrows) and reentrant behavior
occur at close zero zero bias (dash line arrows). The MAR is smeared by applying magnetic
field over ∼250 mT. Above 0.4 T, the curves of peak are changed to dip at around zero bias
voltage. ARs disappear at over 2 T.

Fig. 7. Schematic process of the AR in 2DEG (2D system) and CNT (1D system) at NS
junction with an incident electron (e) and a retroreflected hole (h) in an applied magetic field
below mT. The electron and hole can not be easily deflected in CNT compared with 2DEG in
applied magnetic field and are still confined in CNT

4. Magnetoconductance fluctuations and enhanced quantum interference

A single electronic wave that is split into two propagating waves over different paths as shown
in Fig. 8. The quantum interference of electron will be modulated by an applied magnetic
field passed through in the ring. The oscillations in conductance due to this AR effect can be
observed in the conductor ring of ballistic transport by measuring magnetoconductance. In
the metallic wire within mesoscopic scale of diffusive transport, a single electron that scatters
around the closed path and interference with itself by impurities scattering to cause AB effect
in some loops. Some oscillations by loops in wire will be formed fluctuations in conductance
called universal conductance fluctuations (UCF). Some loops in network-like CNT as the
interference loops are shown in Fig. 9.
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L

Fig. 8. AB ring with an applied magnetic field passed through caused quantum interferences
from electronic wave splitting into two different paths

Fig. 9. Some loops in network-like CNTs as the AB rings

We have observed enhanced magnetoconductance fluctuations (EMF) by
magnetoconductance measurement. The magnetoconductance fluctuations were measured
by applying a magnetic field of up to 3 or 4 T at temperature between 10 and 4 K (Fig.
10). In the inset of Fig. 10, the two curves at 8 K (dash and solid curve) show reproducible
fluctuations and those curves at temperatures 8, 9.2 and 9.6 K also show similar fluctuation
structures. The fluctuation amplitudes become large from ∼10 to 8 K (the inset of Fig. 10).
The other similar fluctuation structures become small from 8 to 4 K as shown in Fig. 11. This
reentrant behavior of magnetoconductance fluctuations will be discussed in more detail later.
These fluctuations are similar to AB-type oscillation caused by the loops in a network-like
structure. The AB-type interferences can be formed in the loops by applying magnetic field.
Owing to the loops of different size, the magnetoconducance fluctuations look like the UCFs
observed in metallic wire (Washburn&Webb,1992).
The fluctuation amplitude (�Gf ) is larger than ∼e2/h, the normal UCF amplitude. The
enhanced magnetoconductance fluctuations can be as a superconducting UCFs. The larger
amplitude indicates that the fluctuations are not due to normal quantum interference, but due
to Andreev quasiparticle interference. From the evaluated number of loops, about 106 (about
10 crossed junctions between electrodes), we can obtain theoretically the maximum amplitude
of ∼4e2/h compared with the ∼6e2/h in the inset of Fig. 10. (see the details in section 6).
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Fig. 10. EMF at different constant temperature between 10 and 4 K. The fluctuations have a
maximum amplitude at around 8 K. Inset: reproducible fluctuations at 8 K (the dash and
solid curve) and three similar curves of fluctuations at 8, 9.2 and 9.6 K.

Fig. 11. EMF at the variation of temperatures. The similar curves of fluctuations are shown at
8, 7.5, 6.7, 6, 5.3 and 4 K

5. Reentrant behavior caused by superconducting proximity effect

For superconducting proximity effect in the conductor of diffusive transport, a updated
superconducting proximity effect theory has shown that the proximity correction to the
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Fig. 12. The reentrant behavior of the red curve predicted by the updated superconducting
proximity effect theory (sold curve). The blue curve from MTSF effect (long dash curve) and
the green curve from DDOS effect (short dash curve), two effects contribute to reentrant
behavior

conductance (�GN(V, T, B)) disappears at low energies and reaches a maximum value
around temperature T or bias voltage V corresponding to the Thouless energy (correlation
energy), Eth ≡ h̄D/L2, where D and L are the diffusion constant and sample length
(Volkov&Takayanagi,1997; Golubov,Wilhelm&Zaikin,1997; Nakano&Takayanagi,2000), as
shown in Fig. 12. Two effects, the Maki-Thompson-type of superconducting
fluctuation(MTSF) effect and the decreased quasiparticles density of states (DDOS) effect at
the Fermi level, contribute to�GN(V, T, B). These two contributions become equal and cancel
each other out exactly at the absolute zero-temperature or at the zero-bias voltage limit as
shown in the middle curve (red curve) of Fig. 12. This reentrant behavior has also been
predicted for the temperature dependance of magnetoconductance fluctuations ΔGf(T) and
the magnetic field dependance of magnetoconductance fluctuations ΔGf(B).
The differential resistance near zero-bias voltage that has been observed a reentrant behavior.
As shown in Fig. 5, the reentrant behavior was observed in the voltage dependance
of differential resistance at 2 K. The differential resistance becomes larger as the applied
voltage approaches zero voltage and reaches a minimum value (dip), ∼1.8 mV (dash line
arrows), near zero-bias. This dip is due to the reentrant effect on voltage and is similar
to Eth. The differential resistance of zero-bias voltage from the peak to dip varies with
temperature between 2 and 11 K (Fig. 5), which is transformed into the conductance
as a function of temperature as shown in the inset of Fig.13. The conductance becomes
higher and reaches a maximum at about 8 K related to Eth, and then becomes lower at
low temperature. This reentrant behavior of conductance have been studied in both theory
(Golubov,Wilhelm&Zaikin,1997; Volkov&Takayanagi,1997; Nakano&Takayanagi,2000) and
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Fig. 13. Fluctuation amplitude as a function of temperature. Two curves for different
magnetic field regime are shown in 0.5 (open triangles) and 2.5 T (filled triangles), and the
average of the two curves is shown by filled circles. The dashed curve shows the T2 behavior
at T < 8 K and the 1/T behavior at T > 8 K in theory. Inset: the temperature dependance of
conductance (filled circle curve) and calculated conductance (thin dashed curve)

experiments on metal and 2DEG semiconductor (den Hartog et al.,1996; Akazaki et al.,2004).
The higher Eth was observed in our experiment because of high D. We estimated the diffusion
constant D of network-like CNTs by D = vFle, where vF is the Fermi velocity about 8× 105

m/s (Lee et al.,2004), and le is the mean free path. Because pure CNT has the property of
ballistic transport, the length between crossed junctions corresponds to le. The le of ∼0.15
μm was obtained by counting the crossed junction number of CNT, about 11∼4, between
electrodes as shown in Fig. 2 (bottom figure). Thus, D is calculated to be about 0.07∼0.18
m2/s, which is larger than the previous experiment value by 1∼2 orders of magnitude. Using
averaged value D = 0.12 m2/s, we calculated the conductance as a function of temperature
(dash curve) by the Usadel equation to compare it to our experimental result in the inset of
Fig. 13 (see (Akazaki et al.,2004) for detail). The variation in conductance due to the proximity
effect is defined as�GN ′=(GN − GN0)/GN0, where GN is the conductance of the SN junction
measured at zero-bias voltage and GN0 is that measured at high temperature, where the
proximity effect can be neglected. The details of the function �GN ′ are given by Golubov
et. al (Golubov,Wilhelm&Zaikin,1997). The result of calculation is G=A×�GN ′×GN0+GN0,
where free parameter A is 0.165 and GN0 is 24.84 mS [the inset of Fig. 13)]. The temperature
of maximum conductance in the theoretical prediction, Tm (∼ Eth/kB), � 9 K, which is very
close to the measured value of 8 K.
The fluctuation amplitude is estimated by evaluating the bandwidth in a range of magnetic
field such as at 8 K (inset of Fig. 10). Fig. 13 shows three curves of �Gf (T)
between 10 to 4 K. The evaluated �Gf (T) at applied magnetic field around 0.5 (open
triangles) and 2.5 T (closed triangles) are shown. The averaged �Gf (T) (closed circle)
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Fig. 14. Fluctuation amplitude as a function of magnetic field. Two curves for different
temperature are shown by filled circle (4 K) and filled triangles (9 K)

from the curves of 0.5 and 2.5 T is also shown in between two curves. This averaged
�Gf (T) becomes small as low temperature is approached and reaches a maximum
amplitude at 8 K, which is related to Eth, and this Tm of 8 K is the same as the Tm of
conductance in the insert of Fig. 13. Theoretically, the model has been constructed by
the proximity correction to quasi-1D normal conductor with the loop of AB-type oscillation
and the reentrant behavior of �Gf (T) has been predicted (Golubov,Wilhelm&Zaikin,1997;
Nakano&Takayanagi,2000). When T > Tm, �Gf (T) is proportional to 1/T. This can be
explained by a simple physical interpretation: Superconductivity penetrates a distance with
temperature between the two electrodes, whereas the rest keeps normal conductivity and,
because the distance of the rest is proportional to T, the resistance of the rest is proportional to
T (Golubov,Wilhelm&Zaikin,1997). This means that the enhanced �Gf (T) is proportional to
1/T. The electron coherent length should be shorter than the electrode spacing and the MTSF
effect dominates the behavior of �Gf (T). In the limit T < Tm, the electron coherent length is
longer than the electrode spacing and the DDOS effect is enhanced, and then�Gf (T) exhibits
a diminishment behavior of T2 as T approaches 0. Experimentally, for enhanced �Gf (T)
behavior had only been observed, but diminishment behavior has never been observed, to the
best of our knowledge. As shown in Fig. 13, the reentrant behavior of �Gf (T) are observed
in T < 8 K regimes, and the dashed curve was predicted in theory.
We also investigated the �Gf with the magnetic field in the case of two limits. The
behavior of �Gf (B) is shown at 9 K (> Tm) in Fig. 14. The �Gf (B) is reduced with
increasing magnetic field and exhibits a monotonic behavior. This behavior due to the MTSF
effect is smeared by increasing the magnetic field gradually. At 4 K (< Tm), the �Gf (B)
with an applied magnetic field exhibits a nonmonotonic behavior (Fig. 14), because this
behavior is a reentrant behavior. Both DDOS effect and the MTSF effect have the same
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contribution in �Gf (T) behavior as T approaches 0, but the DDOS effect is more sensitive
to the magnetic field than the MTSF effect. According to the quasiparticles transport process
in Nakano’s theory (Nakano&Takayanagi,2000), DDOS effect needs time reversal symmetry
that is twice as long as that needed by the MTSF effect. Therefore, the DDOS effct should
be more sensitive and be smeared more heavily than the MTSF effect. The conductance
diminishment (DDOS effect) of the rapid decay with the increase of the energies (T or V)
occurs for the same reason and the reentrant behavior on T or V has also been observed
in nonmonotonic �Gf (B) behavior. The �Gf (B) becomes small with increasing strength
of the field and reaches a maximum amplitude at 2.5 ∼ 3.5 T as correlation magnetic field
Bc, which is related to Eth. This nonmonotonic behavior can also be seen in the differential
resistance of zero-bias voltage with magnetic field in Fig. 6 that shows changes from a
peak to a dip and then back to a peak again. The Bc can be estimated by Bc ∼ Φ0/L2

φ,
where Φ0 is h/2e, because the magnetic field required to destroy the interferences can be
determined by one flux quantum through the area of the largest possible phase coherent
path (Dikin et al.,2001). For AR in a CNT, an electron is incident into the interface and
should be Andreev reflected into the same CNT. Since the AR process is phase coherent,
the retroreflected hole can interfere with incident electron. The quasiparticles are induced
by localized AR, but are not affected by the network structures of the CNTs. We can obtain
Bc = 3.3 T by Bc ∼ h/2eLW (Washburn&Webb,1992; Dikin et al.,2001), where the width of
the wire W = 1 nm and the length L = 1 μm are the carbon nanotube diameter and electrode
spacing. The Bc is much higher than in previous experiments with only a few microtesla
in metallic wires (Dikin et al.,2001). Because this high Bc, the reentrant behavior of �Gf (B)
can be observed. Here, we emphasize that this result is difficult to be observed in normal
metals or 2DEG semiconductor, because the enhanced �Gf (B) could not be easily observed
in previous experiments with only low Bc. There is a unique characteristic in network-like
ultra-thin CNTs. The high Bc is due to the ultra-thin tubes and fluctuation oscillation is due to
the network-like structures.

6. The theoretical analysis of enhanced quantum interference and reentrant
behavior for network structure

Since the total conductance of the junction is the conductance of the series of the interface GT
and the diffusive GN part such that

G =
1

1/GT + 1/GN
,

the conductance change is approximately given by

ΔG � G2
N0ΔGT + G2

T0ΔGN

(GN0 + GT0)
2 ,

where GN = GN0 + ΔGN, GT = GT0 + ΔGT.
In this expression, only ΔGN shows so-called“re-entrant behavior” as a function of applied
voltage V, temperature T, or applied magnetic filed B. ΔGT is not so sensitive to the applied
field, voltage, or temperature, when the measurement temperature is sufficiently lower than
the bulk superconducting gap Δ; V, T 	 Δ, and when the applied field is much smaller than
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the critical one; B 	 Bc. Therefore, we make ΔGT a constant. Then,

ΔG(V, T, B) =
G2

N0ΔGT + G2
T0ΔGN(V, T, B)

(GN0 + GT0)
2 ,

and, we can thusly discuss the conductance change as the functions of T, B, V:

δG(V, T, B) = K0ΔGN(V, T, B),

with a constant
K0 =

GT0

(GN0 + GT0)
2 .

The proximity correction to this conductance ΔGN(V, T, B) disappears at low energies and
reaches a maximum value around temperature T or bias voltage V corresponding to the
Thouless energy (correlation energy). In a quasi 1D quantum wire, the correlation magnetic
field for breaking the time reversal symmetry (electron-hole symmetry) is given by Bc ∼
h/2eLW. On the other hand, correlation energy for the Maki-Thompson enhancement and
the decreased quasiparticle density of states effect effect is the Thouless energy ETh = h̄D/L2.
Therefore, the reentrant behavior in ΔGN happens near eV = ETh, kBT = ETh, or B = Bc.
Let us consider an AB-type interferometer formed by quasi 1D wires and placed between
the S and N electrodes. The AB oscillation amplitude in ΔGN is the order of G2

T0/GN0,
and it should change as a function of T, V in the same way it does in a single
quasi 1D wire. The explicit form of ΔGN(V, T, B) as the function of V, T, B has
been given in many literatures (Golubov,Wilhelm&Zaikin,1997; Volkov&Takayanagi,1997;
Nakano&Takayanagi,2000). Here, we drop the expression for an AB ring in Nakano and
Takayanagi’s eq. (51) (Nakano&Takayanagi,2000) because it is convenient for our present
purpose. Thus, we have

δG(Ψ = 0)− δG(Ψ) ∼ K0GT
2

GN0

ETh
kBT

exp
[
− πR0

πR0 + LL

]

� GT0
4

GN0(GT0 + GN0)2
ETh
kBT

exp
[
− πR0

πR0 + LL

]
(1)

where R0 is the radius of the ring and LL = L− πR0 is the length of the wire except for the
loop part (that is, the length of the lead). When the tunnelling conductance is much smaller
than the diffusive part, i.e. GT0 	 GN0, the original expression is recovered. In contrast, when
GT0 is comparable to GN0, the amplitude of the fluctuation is large.
The oscillation period is Ψ0 with the flux piercing the AB ring, where Ψ0 is the flux quantum.
It should be noted that the period is half that of a usual AB oscillation because this is an
interference of the proximity-induced quasiparticle.
The experimental results show that the amplitude of the oscillation is for times e2/h or larger
and that the dominant characteristic period is approximately 500 Gauss (See Fig. 10). From
the period, we estimate the radius of the dominant loop structure to be about 150 nm. It is
postulated that there are many loop structures in the CNT region. Since the distance between
the S and N electrode is 1 μm, can be neglected, the exp factor in eq. (1)
In order to analyze the amplitude of the fluctuation, we need a model of the CNT region
Suppose that the CNT region is a random network formed by many CNTs. For simplicity, let
us assume a irregular lattice of CNTs. There are n CNTs bridging the S and N electrodes. We
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call them longitudinal CNTs. In the direction perpendicular to the bridge CNTs, m CNTs are
distributed, and we call them transverse CNTs. At the first step, we neglect the conductance
of the barrier contacting a longitudinal CNT and transverse. The average conductance of the
CNT region is the same as that of n times of a single CNT. A single CNT has a conductance of
the order of e2/h or less. Experimentally, the value of the total conductance is about 650e2/h;
therefore, n > 650.
The lattice network has many loops with different areas. We assume that the dominant radius
is what we estimated above. Therefore, the period of the oscillation in each loop is almost the
same. However, the phase of the oscillation is different in each loop. Then, the oscillation
amplitude in the total conductance is enhanced by the factor

√
s, where s is the number

of loops with almost the same dominant radius in the lattice. The
√

s dependence comes
as follows. The conductance oscillations of loops are superposed. However, the effect of
distributed oscillation causes an averaging effect. So, s/

√
s gives

√
s.

When we put the conductance of a single CNT as GN0 = αe2/h and the conductance across
the S electrode and a single CNT as GT0 = βGN0, the expected amplitude of the oscillation is

√
s

GT0
4

GN0(GT0 + GN0)2
ETh
kBT

�
√

sαβ4

(1 + β)2
e2

h

when kBT = Eth. On the other hand,

n× 1
1

αe2/h + 1
βαe2/h

� 650e2/h (2)

should be satisfied because this corresponds to the total conductance of the SN junction. When
we take into account the barrier conductance across the longitudinal and transverse CNT
contact, the amplitude is reduced. We put the factor as z. From the observed oscillation
amplitude 4e2/h, we have

z
√

sαβ4

(1 + β)2 � 4. (3)

For example, n = 2000, α = 0.9, β = 0.56, s = 1.8× 106 and z = 0.5 satisfies both (2) and (3).
The number of the loops, s, is very large; however, it is not impossible when the number of
the transverse CNTs, m, is more than 1000.
The conductance of the diffusive region GN0 is much bigger than that of the interface GT0. For
example, we put GT0 = 0.01GN0. The measured conductance of the junction, ∼ 650e2/h, is
mainly determined by GT0 because the interface and the diffusive wire are serially connected.
Then, we can put GT0 ∼ 650e2/h and GN0 ∼ 65000e2/h. However, the amplitude ∼ 4e2/h is
smaller than the expected one:

GT0
4

GN0(GT0 + GN0)2 ,

with kBT = ETh. When we use GT0 = 0.01GN0, and GN0 = 65000e2/h, the expected
fluctuation is about 6 e2/h.

7. Conclusion

The multiple Andreev reflection and the enhanced magnetoconductance fluctuations, such
as an superconducting UCFs, were observed in S/network-like CNTs/S junctions. The
reentrant behavior was observed and consisted with each other in the temperature and voltage
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dependence of conductance, and in the dependence of fluctuation amplitude on 
temperature and magnetic field. Especially, the reentrant behavior of ΔGf (T) was first 
observed as diminished ΔGf (T) ∼ T2 as T approached 0 and the reentrant behavior of ΔGf (B) 
was also observed. We found that the high critical magnetic field destroys Andreev 
reflection process and the high correlation magnetic field induces the dephasing of 
interference in CNTs, which are larger than that for 2D SNS junctions by about two orders of 
magnitude. These results are due to the small diameter of the CNTs with network-like 
structures.  
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1. Introduction 

Since the first discovery of single-walled carbon Nanotubes (SWCNTs) by Iijima and 
Bethune in 1993 (Bethune et al., 1993), many applications as molecular components for 
nanotechnology including conductivity and high-strength composites; energy storage and 
energy conversion devices; sensors; field emission displays and radiation sources; hydrogen 
storage media; and nanometer-sized semiconductor devices, probes, and interconnects are 
known (Ajayan et al., 1994; Saito et al., 1997; deHeer et al., 1995; Collins et al., 1997; Nardelli 
et al., 1998; Huang et al., 2006). SWCNTs have been considered as the leading candidate for 
Nan device applications because of their one-dimensional electronic bond structure, 
molecular size, biocompatibility, controllable property of conducting electrical current and 
reversible response to biological reagents. Hence SWCNTs make possible bonding to 
polymers and biological systems such as DNA and carbohydrates. Most SWCNTs have a 
diameter of close to 1 nanometer, with a tube length that can be many millions of times 
longer. The average diameter of a SWNT is 1.2 nm (Spires & Brown, 1996). However, 
Nanotubes can vary in size, and they aren't always perfectly cylindrical. As in Fig. 1, the 
average bond length and carbon separation values for the hexagonal lattice were shown. 
The carbon bond length of 1.42 Å was measured by Spires and Brown in 1996 (Spires & 
Brown, 1996) and later confirmed by Wilder et al. in 1998 (Wilder et al., 1998).  
The structure of a SWNT can be formed by the rolling of a single layer of sp2 carbon, called a 
graphene layer, into a seamless hollow cylindrical tube with Nan scale dimensions of 1-1.5 
nm. The length is usually in the order of microns to centimeters. Besides their unique 
physical properties (elasticity, tensile strength, stiffness, and deformation), Nano tubes 
exhibit varying electrical properties (depending on the direction that the graphite structure 
spirals around the tube (quantified by the “Chiral vector”), and other factors, such as 
doping), and can be superconductor, conductor (metallic), semiconductor or, insulator. The 
band structure can even be further manipulated, by introducing defects into a tube. Single-
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walled nanotubes exhibit electric properties that are not shared by the multi-walled carbon 
nanotube (MWNT) variants. In particular, their band gap can vary from zero to about 2 eV 
and their electrical conductivity can show metallic or semiconducting behavior, whereas 
MWNTs are zero-gap metals. The C-C tight bonding overlap energy is in the order of 2.5 eV. 
Wilder et al. estimated it to be between 2.6 eV - 2.8 eV (Wilder et al., 1998) while at the same 
time, Odom et al. estimated it to be 2.45 eV (Odom et al., 1998). Multi-walled carbon 
nanotubes have a layer of carbon shells with differing physics that can all potentially 
interact. It is shown that only the outer shell of MWCNTs contributes to electrical transport, 
and so only small diameter MWCNTs could be used to make transistor devices. SWCNTs 
are the most likely candidate for miniaturizing electronics beyond the micro 
electromechanical scale currently used in electronics. As this field continues to expand and 
grow, materials technology will produce products, components and systems that are 
smaller, smarter, multi-functional, environmentally compatible, more survivable, and 
customizable. These products will not only contribute to the growing revolutions of 
information and biology, but will also significantly impact manufacturing, logistics, and our 
culture as a whole. The development of scanning probe techniques has allowed not only the 
microscopy of surfaces with atomic resolution, but also the manipulation of atoms and 
molecules on surfaces, and many analytical techniques have been developed to allow 
detailed characterization of materials and structures on the atomic level with unprecedented 
accuracy. The utilization of materials with nanometer-sized structures will lead to 
innovative products which are smaller, smarter, and more multi-functional. Therefore, 
understanding of fundamental properties of structures at the nano scale with the aid of 
computational models is important to design the specific material properties. 
 

 
Fig. 1. The geometrical structure of SWCNT 
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Recently, theoretical and experimental work have predicted that the infinity length 
SWCNTs are Pi-bonded aromatic molecules that the electrical properties depending upon 
the tubular diameter and helical angle (Zhou et al., 2004; Baron et al., 2005). SWCNTs can be 
chiral or nonchiral, again depending on the way of the rolling up vector. As a graphene 
sheet was rolled in many ways in horizontal, vertical, and diagonal direction represent as 
arrow vectors, a


, as in Fig. 1, the different types of carbon nanotubes were produced. The 

three main types are armchair, zig-zag, and chiral nanotube. The geometrical and electronic 
structure of SWCNT can be described by a chiral vector, the angle between the axis of its 
hexagonal pattern and the axis of the tube which is presented by a pair of indices (n1,n2) 
called the chiral vector. The integers n1 and n2 denote the number of unit vectors along two 
directions in the honeycomb crystal lattice of graphene. When the indices are (n1,0) called 
zig-zag, (n1, n1) called armchair, and (n1, n2) where n10 and n2 0 known as chiral SWCNT. 
For (2 n1 + n2)/3 = integer, SWCNTs are metallic and others are semiconductors (Saito et al., 

1992a, 1992b). For large diameter SWCNTs defined by 
2 2
1 2 1 23( )

c c
n n n n

d a
 

 
 , where ac-c 

is the distance between neighboring carbon atoms in the flat sheet, armchair SWCNTs are 
always metallic which is good for nanotechnology application. A zigzag carbon nanotube 
(n1, 0), is a semiconductor when n1/3  integer. Such semiconductor zigzag carbon 
nanotubes have the ability to become base of many nanoelectronic devices and transistors. 
Although, scientific efforts focused on the electrostatics properties and commercial 
applications of these materials (Ouyango et al., 2002; Kane & Mele, 1997; Hartschuh et al. 
2005), there have been no experimental structural data sufficiently accurate for the 
identification of the chirality indices of SWCNTs, especially for the kind of smaller diameter 
nanotubes. In all experimental methods for the identification commonly utilized so far is 
Raman spectroscopy and phonon dispersion. Phonon dispersion relations in one dimension 
of this system have been studied by using zonefolding along one direction of Brillouin zone 
considering the tube symmetry (Eklund et al., 1995). The tight binding electronic band 
structure and the reverse of the diameter (1/d) dependence of the frequency of the radial 
breathing mode (RBM) were employed (Jorio et al., 2001; Bachilo et al, 2002; Pfeiffer et al. 
2003; Kurti et al., 2004; Maultizsch et al., 2005). The size and chirality of the carbon 
nanotubes were typical determined from the SWCNT Raman energy spectra of a peak 
around 150–300 cm-1, due to the radial breathing mode (Maultizsch et al., 2005; Jorio et al., 
2005). Further Raman studies of SWCNT modified by various reactions e.g. oxidation 
reactions, ozonolysis, fluorination, residues modification (Srano et al., 2003; Umek et al., 
2003; Peng et al., 2003; Bahr et al., 2001; Holzinger et al., 2003; Mickelson et al., 1998; Cai et 
al., 2002; Banerjee & Wong, 2002; Herrera & Resasco, 2003; Martinez et al., 2003) have 
revealed that covalent functionalization mainly affects the intensity of the Raman bands. 
Characterization of nanotube in adsorption gas has been studied by Monte Carlo and 
Langevin Dynamic Simulation (Monajjemi et al., 2008b). It is also important to investigate 
the effects of diameter on a SWCNT structure how the diameter depends on geometrical 
parameters such as the C-C bond lengths and some of the dihedral angles of SWCNTs. 
For a better understanding of the physical and electronic properties of SWCNT, a 
challenging task in theoretical calculation is needed to specify the material properties 
because of the large size of the SWCNTs and their complicated (and size-dependent) 
electronic structure. Quantum calculation in prediction the properties of single-walled 
carbon nanotubes (SWCNTs) will be discussed. 
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2. Vibrational mode of SWCNT  

 Normal mode analysis has become one of the standard techniques in the study of the 
dynamics of nanotubes. It is primarily used for identifying and characterizing the slowest 
motions in a poly system, which are inaccessible by other methods. This text explains what 
normal mode analysis is and what one can do with it without going beyond its limit of 
validity. By definition, normal mode analysis is the study of harmonic potential wells by 
analytic means. The first section of this study will therefore deal with potential wells and 
harmonic approximations. This study is about normal mode approaches to different 
physical situations, and it discusses how useful information can be extracted from normal 
modes. Normalmode coordinates are obtained by a linear combination of Cartesian 
coordinates. Thus, there are no couplings in the kinetic part; that is, they diagonalize the 
kinetic energy as well the quadratic part of the potential energy operator. They include 
simultaneous motion of all atoms during the vibration, which leads to a natural description 
of molecular vibrations. Therefore, they are good candidates for representation of the 
molecular Hamiltonian. Since a transformation between different sets of coordinates is 
possible, the anharmonic terms can be calculated in one representation, and then 
transformed into another one. 

2.1 Symmetry of SWCNT 
Because a single carbon nanotube may be thought of as a graphene sheet rolled up to form a 
tube, carbon nanotubes should be expected to have many properties derived from the energy 
bands and lattice dynamics of graphite. For the very smallest tubule diameters, however, one 
might anticipate new effects stemming from the curvature of the tube wall and the closing of 
the graphene sheet into a cylinder. A method for identifying the Raman modes of single-wall 
carbon nanotubes (SWNT) based on the symmetry of the vibration modes has been widely 
used. The Raman intensity of each vibration mode varies with polarization direction, and the 
relationship can be expressed as analytical functions. Each Raman-active mode of SWNT can 
be distinguished from the group theory principle. The symmetry properties of periodic lattices 
of carbon nanotubes and the symmetry operations of chiral and achiral nanotubes 
(Damnjanović et al., 1999; Damnjanović et al., 2001; Alon, 2001, 2003) are usually described in 
terms of the group of the wavevector (Dresselhaus et al., 2006). However, since nanotubes can 
be viewed as quasi-1D systems, the line groups approach by Damnjanović et al. is suited to 
describe nanotube properties (Damnjanović et al., 1999).  
As described earlier, the properties of nanotubes are determined by their diameter and 
chiral angle, both of which depend on n1 and n2. Typically, SWCNT is presented by a pair of 
integers (n1, n2). Its geometrical structure as shown in diagram can be represented in term of 

a chiral vector C


 on a two-dimensional sp2-carbon sheet where 1 1 2 2C n a n a 
  

 with integer 

n1 and n2. Here, 1a


 and 2a


 represent the unit vectors of the hexagonal graphene lattice. This 

sheet is then rolled up to a cylinder so that C


 becomes the circumference of the tube. The 

direction of the nanotube axis is naturally perpendicular to C


. The diameter, d, is simply the 

length of the chiral vector divided by ¼, and   2 2 1/2
1 2 1 23 / ( )c cd a n n n n    , where ac-c is 

the distance between neighbouring carbon atoms in the flat sheet. In turn, the chiral angle 

() is given by  1
2 1tan 3 /(2 )n n n  .  
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The translational period, a, is the shortest possible lattice vector along z direction. The 
translatory unit cell of a nanotube is a cylinder with a length in tube axis direction equal to 
the magnitude of the translation vector T


 as shown in Fig. 1 which can be calculated as 

following equation: 

2 1 1 2
1 2

2 2n n n n
a a a

nR nR
 

    

with 

 
2 2
1 2 1 2

0
3( )

| |
n n n n

a a a
nR

 
   

where n is the greatest common divisor of n1 and n2,  
   if (n1 -n2)/3n ≠ integer, then R = 1 
   if (n1 -n2)/3n = integer, then R = 3 
and 1a


 and 2a


 form an angle of 60o and their length is | a1| = | a2| = a0 = 2.461 Å 

Since the translational period, a, depends inversely on n and R the translation periodicity 
and thus the number of carbon atoms varies strongly for tubes with similar diameter. The 
number of graphene cells in the nanotube unit cell (nc) obtained from: 

2 2
1 2 1 22 4c

n n n n
n q

nR
 

   

The groups of infinite line L are products L = ZP, where P is a point group and Z is the 
group of translations (screw axis, pure translations, and glide planes). Applying the above 
symmetry formulation to armchair (n1 = n2) and zigzag (n2 = 0) nanotubes, such nanotubes 
with no caps have a isogonal point groups given by q (the number of graphene cells in the 
unit cell of the nanotubes) namely, Dnd when n is odd, Dnh when n is even, or Dqh = D2nh for 
achiral and Dq for chiral tubes. Whether the symmetry groups for armchair and zigzag 
tubules are taken to be Dnd or Dnh, the calculated vibrational frequencies will be the same; 
the symmetry assignments for these modes, however, will be different. It is, thus, expected 
that modes that are Raman or IR-active under Dnd (or Dnh ) but are optically under D2nh will 
only show a weak activity resulting from the fact that the existence of caps lowers the 
symmetry that would exist for a nanotube of infinite length. 

2.2 Active modes of Raman and IR 
The phonon symmetries are found by decomposing the dynamical representation into its 
irreducible representations using symmetries of carbon and other nanotubes studied for line 
groups (Damnjanović et al., 1999). One direct set up of the dynamical representation from 
the atomic and vector representation is to use factor group analysis. A representation can be 
decomposed into the sum of its irreducible representations by the following formula 

( )( )1
( ) * ( )DG

G

f G G
g


      

where f �is the appearance frequency of the irreducible representation �, g is the order of 
the symmetry group; the sum is over all symmetry operations G. 
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The Raman R and infrared active IR vibrations transform according to the representation 
of the second rank tensor and the vector representation, respectively (Damnjanović et al., 
1983) 

R =  [vec  vec] = A1g   E1g  E2g ( A2g) 

IR =  vec  = A2u   E1u 

According to the symmetries of Raman-active modes (Pelletier, 1999) for the armchair 
carbon nanotube with the chair vector (n1, n2), the point group for this kind nanotube 
belongs to Dnh when n is even and its Raman-active modes are denoted by A1g + E1g + 
E2g. Three flavors of modes are longitudinal, transversal radial (orthogonal to tube surface) 
and transversal axial (parallel to tube surface). Satio et al. (Satio et al., 1998) pointed out that 
the low frequency A1g mode is a radial breathing mode and two high frequency is belong to 
Eg modes, E1g and E2g. E mode has the same displacement pattern with additional 
standing wave on the circumference.  

2.3 Projection operators 
The zigzag single-walled carbon nanotubes (SWCNTs) with (3,0), (4,0), and (5,0) structure 
were built using the tool in HyperChem7.0. The symmetries of the nanotube are D3d, D4d, 
and D5d respectively. Four different systems were studied in this work as follow: (1) gas-
phase SWCNT, (2) SWCNT with 23 water molecules in the a x b x c box, (3) SWCNT with 23 
methanol molecules in the a x b x c box, and (4) SWCNT with mixed solvent of water and 
methanol molecules in the a x b x c box. Energy minima of systems  (2) – (4) were carried out 
by Metropolis Monte carlo (MC) calculation which generate random configurations in 
regions of space that make the important contributions to the calculation of thermodynamic 
averages. Then the ab initio and semiemperical with AM1 were used to optimize the 
structure of the nanotubes. All the normal mode frequencies and IR intensity were 
calculated using the optimized structures. 
To find a function or the displacement pattern of eigenvectors transforming as a particular 
irreducible representation, the projection operators in group theory have been applied. 
Consider an arbitrary function F. This function can, in general, be expanded into several 

irreducible represent ations n n
nF c     where  labels the irreducible representations, 

nc are the coefficients of the expansion, and the n
  are functions transforming according to 

the representation . A projection operator defined by ( )( ) ( )
( ) ln ( ) * ( )Gl n

d
P D G G

g
   applied 

to F picks out the symmetry adapted function ( )
l
 . In equation d  is the degeneracy of the 

irreducible representation , g the order of the symmetry group, G are the symmetry 

operations, and ( )
lnD  ln is the lnth element of the representation matrix ( )D  . From a given 

function, and its irreducible presentation, functions can be generating if that function has a 
“component” or a “non-zero projection” along the irreducible presentation of interest. This 
explains the name of “projector”. As an example, if there is an orthonormal set Li of the 
function i1, i2,…,iLi which is used to form the ith irreducible representation of a group by 
order h, for each operator, R, in the group, by definition we can have: 



Quantum Calculation in Prediction  
the Properties of Single-Walled Carbon Nanotubes 

 

581 

 Rit = Σsis Γ(R)ist  (1) 

By producting (1) in [Γ(R)ist ]* and summing all over the symmetrical functions in the group 
we will have: 

 ΣR[Γ(R)ist]* Rit = ΣRΣs Γis Γ(R)ist Γ(R) ist]*   (2) 

Considering is are functions independent from R, the right side of (2) can be written as: 
Σsis ΣRΓ(R)ist [Γ(R) ist]*   So we have a series of Li terms and each of them are equal to a 
production of is and a coefficient. These coefficients are following the orthogonality rule: 

 ΣRΓ(R)ist [Γ(R) ist]* = h/(LiLj)1/2 δij δss δtt   (3) 

By use of the eq.(3), the eq.(2) is simplified as follows: 

 ΣRΓ(R) ist]* Rit = (h/Lj) is δij δtt   (4) 

Now, by introducing 

 Pjst= Lj/h ΣRΓ(R)ist [Γ(R) ist]* R   (5) 

The eq.(4)gives the following form: 

 Pjstit = is δij δtt    (6) 

The Pjst is call projection operator. The application of this operator on each it is non-zero 
only when this function or some of its terms is a function of is. One of the most important 
application of this operator is projecting function it from any function it. In other words 

 Pjttit = it δij δtt    (7) 

By use of the projection operator on the base of Lj diagonal elements of a matrix, we can 
have some it functions, which are the bases for the jth irreducible presentation (Wilson, et 
al., 1955) 

2.4 The relation between projection and transfer operators 
Assume that Γk (p) ij is the ijth element of the matrix which shows the pth operator (Op) in 
k the kth irreducible presentation. By this assumption the operator O k, ij is defined as 
follows 

 O k,ij = Lk / h ΣpΓk (p)* ij Op   (8) 

Where h is group order and Lk is the presentation dimension. If i = j these operators called 
Projection operators, Pk,ii, in other words: 

 Pk,ij = Ok,ii  (9) 

The non- diagonalized operators are called Transfer operators or shift operators, 

 Tk,ij = Ok,ij , ij  (10) 

In one-dimensional presentations Pk,ij and Ok,ii are the same and we have no Tk,ij . With use of 
the above definitions, making the irreducible basis becomes possible in the following way:  
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At first the point group of the molecule is determined.Then the character of the system 
(Γangles or Γbonding) is calculated. By use of the standard reduce formulation these characters 
can be reduced to give the irreducible presentations: 

 n Γ = 1/h Σg ng χR χΓ  (11) 

Where h is the order of the group, ng is the number of the symmetry operation in the class of 
g, χR is the character of reducible presentation and χΓ is the character of irreducible 
presentation for the symmetric operations of class g. In this part there is a note about the 
reducing the Cv and Dh point groups. The method of reduce is a different from the normal 
method of reduce. For more information see from the references (Cotton, 1971; Schafer & 
Cyvrin, 1971; Strommen & Lippincott, 1972; Alvarino, 1978; Flurry, 1979; Strommen, 1979). 
At the next step, the interested function is written by use of the projection operator. A set of 
the results gives the internal coordinate system for a given point group. There are several 
examples to illustrate this procedure in Table 1. The geometry and electrical properties of 
nanotube are very sensitive to dielectric constants. The normal modes also will be changed 
in the high dielectric constants. With the calculation of the normal modes using the U Matrix 
it is possible to get the F Matrix from the multiplication of frequency to the U Matrix. 
Solving the determination of F Matrix versus dielectric can be useful for understanding of 
the electrical behavior of nanotubes in the quantitative structure activity relationship 
(QSAR) studies. With use of the resulting coordinate system, the U Matrix (UMAT) can be 
written easily. These are matrices which perform the linear transformations on the internal 
coordinates sets (Alvarino & Chammoro, 1980).  

2.5 Linear combination of primitive’s harmonic vibrations and UMAT 
The molecules and their internal coordinates of D4d have been given in Fig. 2. By following 
the above steps a complete set of the linear combinations and their normalization 
coefficients are achieved. The irreducible representations of the symmetry group are given 
by A and B. These data are given in Table 1. We use the application of projection operator 
method in finding the coordinate system, and by using it the U matrix is written and finally 
the frequencies and distributions of peak position are achieved. The (3, 0), (4, 0), (5, 0) zig-
zag nanotubes were investigated. They have 66, 138, and 174 normal modes, respectively. 
 

  
Fig. 2. The structure of (4, 0) nanotube in D4d point group (Lee et al., 2009) 
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Table 1. The combination and their normalization coefficients of (3,0) nanotube in D3d point 
group (Lee et al., 2009)  

The character of the system assigned by Γ was calculated from the character tables and the 
UMAT are written from the application of projection operator. Vibrational Calculation was 
carried out by the MOLVIB algorithms and by Hyper Chem. Calculation and a few sets of 
calculation were performed. Molecular motions can be assigned by the potential energy 
distribution (PED) analysis among internal coordinates by the method of the projection 
operator. There are good agreements between the most cases.  

2.6 Normal mode dependence on dielectric 
As can be inferred from Table 1 and the Fig. 3, 4, and 5, there are good agreements between 
the semi and Monte Carlo and even ab initio calculation. In Table 1 the various of intensity 
and frequency and potential energy from different methods are shown versus the inverse 
dielectric for some normal modes. From Fig. 3 we have two maximum for both of energy 
and frequency in the dielectric between 77.40 up to 70.42 and also the third maximum is 
located in the 61.76. This region range is considered to be the unstable geometry of 
nanotubes which are very sensitive to dielectric. After these range the frequency, intensity 
and energy goes toward a stable geometry which are not sensitive to dielectric. The same 
results are obtained in the insets Fig. B and C of Fig. 3 for D3d of normal mode 61 and 66 
respectively. In the Fig 4, similar to normal mode 1 and 131 and 138 are shown with A, B, 
and C respectively for nano tube (4 0) in D4d point group, a common general behavior is 
observed in this nanotube as same as (3 0) nanotube, only with a shift in data, this shift is 
due to the difference between the geometrical structures of two nanotubes. 
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Fig. 3. The natural logarithms of the potential energy (1), intensity (2), and frequency (3) of 
three normal modes (a) 1, (b) 61, (c) 66 versus inverse of dielectric constant for nanotube (3, 
0) with D3d point group by AM1 calculation (Lee et al., 2009) 

 
 

 
Fig. 4. The logarithms of the potential energy (1), intensity (2), and frequency (3) of three 
normal modes (a) 1, (b) 131, (c) 138 versus inverse of dielectric constant for nanotube (4, 0) 
with D4d point group by AM1 calculation (Lee et al., 2009) 
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Fig. 5. The logarithms of the potential energy (PE) of three different zigzag nanotubes (1) 
D3d, (2) D4d, (3) D5d versus inverse of dielectric constant by MC simulations (Lee et al., 
2009) 

2.7 Potential energy dependence on the dielectrics of zigzag nanotubes 
In Fig. 3 three line of potential energy for three nanotubes are shown by the Monte Carlo 
calculation versus dielectric constants. For D3d symmetric nanotube, the logarithm of 
potential energy increases as the dielectric constant reduces from 78.39 up to 76.10 while the 
D4d and D5d symmetries show an unchanged potential energy in this region. Beyond this 
point, the potential energy of D4d and D5d nanotubes drop and rise again to be in a new 
equilibrium, whereas the potential energy of the D3d mostly constant as the dielectric 
constant decreases. There are some changing in the energy in variable with the dielectrics 
above 60, and by decreasing the dielectrics the energy of three nanotubes goes toward 
constant variables. Similar trends between three figures and there are very good agreement 
with ab initio calculation in the Table 1. 

3. Stability of SWCNTs: Solvents and temperature effects by molecular 
dynamics simulation and quantum mechanics calculations 

Structural properties of solvents such as water, methanol, and ethanol surrounding single-
walled carbon nanotube (SWCNT) and mixtures of them as well have an effects on the 
relative energies and dipole moment values. Because some of the physicochemical 
parameters are elated to structural properties of SWCNT, the different force fields can be 
examined to determine energy and other types of geometrical parameters, on the particular 
SWCNT. Because of the differences among force fields, the energy of a molecule calculated 
using two different force fields will not be the same. The structure of SWCNT as well as its 
dipole moments and relative energies has been studied by molecular dynamics simulation 
and quantum mechanics calculations (Monajjemi et al., 2010). The term “Ab Initio" is given to 
computations which are derived directly from theoretical principles, with no inclusion of 
experimental data. The most common type of ab initio calculation is called a Hartree-Fock 
(HF) calculation, in which the primary approximation is called the central field 
approximation. A method, which avoids making the HF mistakes in the first place, is called 
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Quantum Monte Carlo (QMC). There are several favors of QMC variational, diffusion, and 
Green's functions. These methods work with an explicitly correlated wave function and 
evaluate integrals numerically using a Monte Carlo integration. These calculations can be 
very time consuming, but they are probably the most accurate methods known today. In 
general, ab initio calculations give very good qualitative results and can give increasingly 
accurate quantitative results as the molecules in question become smaller (Monajjemi et al., 
2008a). In general, there are three steps in carrying out any quantum mechanical calculation. 
First, prepare a molecule with an appropriate starting geometry. Second, choose a 
calculation method and its associated options. Third, choose the type of calculation with the 
relevant options and finally, analyze the results. We will give a short detail of computational 
method in the following section. 

3.1 Molecular mechanics (Monte Carlo simulation) 
The Metropolis implementation of the Monte Carlo algorithm has been developed by 
studying the equilibrium thermodynamics of many-body systems. Choosing small trial 
moves, the trajectories obtained applying this algorithmagree with those obtained by 
Langevin's dynamics (Tiana et al., 2007). This is understandable because the Monte Carlo 
simulations always detect the so-called “important phase space" regions which are of low 
energy (Liu & Monson, 2005). Because of imperfections of the force field, this lowest energy 
basin usually does not correspond to the native state in most cases, so the rank of native 
structure in those decoys produced by the force field itself is poor. In density function 
theory the exact exchange (HF) for a single determination is replaced by a more general 
expression of the exchange correlation functional, which can include terms accounting for 
both exchange energy and the electron correlation, which is omitted from HartreeFock 
theory: 

Eks=+<hp>+1/2<Pj()>+E()+EC() 

where E() is the exchange function and EC() is the correlation functional. The correlation 
function of Lee et al. includes both local and nonlocal terms (Lee et al., 1988). 

3.2 Langevin dynamics (LD) simulation 
The Langevin equation is a stochastic differential equation in which two force terms have 
been added to Newton's second law to approximate the effects of neglected degrees of 
freedom (Wang & Skeel, 2003). These simulations can be much faster than molecular 
dynamics. The molecular dynamics method is useful for calculating the time-dependent 
properties of an isolated molecule. However, more often, one is interested in the properties 
of a molecule that is interacting with other molecules. 

3.3 Effect of differenct solvents of temperatures of SWCNTusing molecular dynamics 
simulation and quantum mechanics calculations  
Difference in force field is illustrated by comparing the energy calculated by using force 
fields, MM+, Amber, and Bio+. The quantum mechanics (QM) calculations were carried out 
with the GAUSSIAN98 program based on HF/3-21G level. In the Gaussian program a 
simple approximation is used in which the volume of the solute is used to compute the 
radius of a cavity which forms the hypothetical surface of the molecule (Witanowski et al., 
2002; Mora-Diez et al., 2006). The structures in gas phase and different solvent media such as 
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water, methanol, ethanol, and mixtures of them have been compared. The structure of 
SWCNT as well as its dipole moments and relative energies has been studied by molecular 
dynamics simulation and quantum mechanics calculations within the Onsager self-
consistent reaction field (SCRF) model using a Hartree-Fock method (HF) at the HF/3-21G 
level and the structural stability of considered nanotube in different solvent media and 
temperature (between 309K and 327K) have been compared and analyzed. 
Since the influence between a molecule in solution and its medium can describe most simply 
by using Onsager model, in this model we have assumed that the solute is placed in a 
spherical cavity inside the solvent. The latter is described as a homogeneous, polarizable 
medium of dielectric constant. We started our studies with HF/3-21G gas phase geometry 
and water, methanol and ethanol surrounding SWCNT and mixtures of them as well. The 
results obtained from Onsager model calculations are illustrated using the energy difference 
between these conformers which are quite sensitive to the polarity of the surrounding 
solvent. The solvent effect has been calculated using SCRF model. According to this method, 
the total energy of solute and solvent, which depends on the dielectric constant  has been 
listed in Table 2. 
 

 
Table 2. Theoretical relative energies at different temperature and dielectric constant 

These energies have been compared with the gas phase total energy CNT at the HF/3-21G 
level of theory and different solvents, and the graph of energy values versus dielectric 
constant of different solvents has been displayed at considered temperatures in Fig. 6. 
 

 
Fig. 6. The relative energy values at different temperatures in different solvents. 
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Since the solute dipole moment induces a dipole moment in opposite direction in the 
surrounding medium, polarization of the medium in turn polarizes the charge distribution 
in the solvent. The dipole moment value of SWCNT in different solvent media and at 
different temperatures has been reported in Table 3. 
 

 
Table 3. Theoretical dipole moment values at different temperatures 

 

 
Fig. 7. The dipole moment values at different temperatures 

One much more practical approach consists of calculating the molecular volume as defined 
through the contour of constant electron density, equating this (nonspherical) molecular 
volume to the radius of an ideally spherical cavity, and adding a constant increment for the 
closest possible approach of solvent molecules. This latter approach was used in Gaussian 
when the volume keyword was being used. In this work, we studied the structural 
properties of water, methanol, and ethanol surrounding SWCNT and mixtures of them as 
well as using molecular dynamics simulations. We used different force fields for 
determination of energy and other types of geometrical parameters, on the particular 
SWCNT. Because of the differences among force fields, the energy of a molecule calculated 
using two different force fields will not be the same. So, it is not reasonable to compare the 
energy of one molecule calculated with a particular force field with the energy of another 
molecule calculated using a different force field. In this study difference in force field 
illustrated by comparing the energy calculated by using force fields, MM+, AMBER, and 
BIO+. Theoretical energy values using difference force fields which are the combination of 
attraction van der Waals forces due to dipole-dipole interactions and empirical repulsive 
forces due to Pauli repulsion have been demonstrated in Table 4 and Fig. 8.  
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Table 4. Theoretical energy values using different force fields 
 

 
Fig. 8. The energy values using different force fields 

The result of the calculated dipole moment, quadrupole moment, octapole moment, and 
hexadecapole moment values of SWCNT has been reported in Table 5, and optimized 
structures of nanotube in different media are shown in Fig. 9. 
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Table 5. The calculated dipole moment, quadrupole moment, octapole moment, and 
hexadecapole moment values of SWCNT 

4. NMR and IR theoretical study on the interaction of doping metal with 
carbon nanotube (CNT) 

Numerous electrical measurements on SWCNT ensembles have revealed that chemical 
doping by donors (Li, K, Cs, or Rb) or acceptors (Br2, I2, or acids) decreases the room 
temperature electrical resistance by up to two orders of magnitude at saturation doping 
(Kaaoui et al., 1999; Coluci et al. 2006). The important problem is metals passing through 
cells membrane. Because, there are barriers for them passing through protein canals in cells 
membrane. Additionally, upon interaction, changes in activity, stability, and solubility ions 
compatibility may occur in cells. A lot of studies are for replacing protein canals into cells 
membrane for passing proteins, drug and ions of metal. Therefore the presence of the 
SWCNT and its consequences to the biological activity of ions metal are of high impact in 
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the development of biosensors, immunoassays and drug delivery systems (Zhang et al., 
2005; Ganjali et al., 2006). This work, we used armchair carbon nanotube (5, 5) and (6, 6). 
Indeed, vibrational frequencies of finite-length carbon nanotubes were recently examined 
(Tagmatarchris & Prato, 2004) and another result of 319.9 cm–1 is consistent with oscillations 
along the radial directions (radial modes), although it cannot be assessed accurately due to 
the sensitivity to the number of rings (Yumura et al., 2005). We suggest that SWCNT 
intercalate into cells membrane replacing protein canals and are studying passing metal ions 
(Na, Mg, Al, and Si) in length of SWCNT by Quantum Mechanics (QM). 
 

 
Fig. 9. Optimized structures of nanotube in different media 

4.1 Computational details 
The geometry optimizations were performed using an all-electron linear combination of 
atomic orbitals Hatree–Fock (HF) and density functional theory (DFT) calculations using the 
Gaussian A7 package. SWCNTs (100–120) from kind of armchair carbon nanotubes (5, 5) 
and (6, 6) show in Fig. 10. We are interested in the structural features of single-walled 
carbon nanotube (SWCNT) in the ground state an atomic and amino acids (His and Ser). In 
HF theory the energy has from: 
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Eks=+<hp>+1/2<Pj()>-1/2<Pk()> 

where ν is the nuclear repulsion energy, ρ is the density matrix, 〈hp〉 is the one electron 
(kinetic plus potential energy). 1/2 〈Pj(ρ)〉 is the classical coulomb repulsion of the electrons 
and –1/2 〈Pk(ρ)〉 is the exchange energy resulting from the quantum (fermions) nature of 
electrons. 
In density function theory the exact exchange (HF) for a single determinant is replaced by a 
more general expression the exchange correlation functional, which can include terms 
accounting for both exchange energy and the electron correlation, which is omitted from 
Hartree–Fock theory: 

Eks=+<hp>+1/2<Pj()>+E()+EC() 

where, E() is the exchange function and EC() is the correlation functional. The correlation 
function of Lee, Yang, and Parr is includes both local and non-local term (Kar et al., 2006). 
The optimizations of solids are carried out including exchange and correlation contributions 
using Becks three parameters hybrid and Lee–Yang–Parr (LYP) correlation [B3LYP]; 
including both local and non-local terms with the program Gaussian A7 package (Lee et al., 
1988; Becke, 1993; Becke, 1997).  
Compared to Raman spectroscopy, much less information about the vibration properties of 
carbon nanotubes can be gained from IR spectra. This limitation mainly results from the 
strong absorption of SWCNTs in the IR range. Accurate predictions of molecular response 
properties to external fields are of general significance in various areas of chemical physics. 
This especially refers to the second-order magnetic response properties (NMR), since the 
magnetic resonance based techniques have gained substantial importance in chemistry and 
biochemistry that NMR data shown with two parameters isotropic (σiso) and an isotropic 
(σaniso) shielding. 
 

 
Fig. 10. The optimized configuration Side-view SWCNT: C100 (a) and C120 (b) 

4.2 Interaction of Na, Mg, Al, Si with Carbon Nanotube (CNT): NMR and IR Study 
The B3LYP and HF by 6–31G and 6–31G* calculaion for the molecular SWCNT models with 
Na, Mg, Al, and Si considered were validated by the calculated 13C and 1H NMR shifts and 
thermodynamic properties of an open-ended SWCNT (5, 5) and (6, 6) molecular systems 
(Monajjemi et al., 2009). The total energy (Etotal) of this interaction is listed in Table 6, which 
the Etotal increase to converge with an increasing carbon number.  
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Table 6. The total energy calculated in various basis set at HF & B3LYP for SWCNTs (5,5) 
and (6,6) with ions metal Na, Mg, Al and Si 

In this study the metals on the center of a hexagon (HC) and muse are related to competitive 
interactions between ions metal and SWCNTs. The structural electronic and magnetic 
properties have been investigated. The most stable configuration for Si adsorbed on 
SWCNTs is also at the (HC) site at competitive another atoms of SWCNT because the electro 
negativity is the most great. The calculated amounts of Dipole, Quadrupole, Octapole, and 
Hexa-decapole moments at the HF and B3LYP levels in various basis set are given in Table 
7. Hybridizing Coefficient is different in various methods and basis set. 
Calculations of the NMR shifts with the magnetic field perturbation method of GIAO (gauge 
in dependent atomic orbital) incorporated with the program Gaussian A7 package. The 
results of the calculations for the carbon nearest neighbors' atoms in SWCNTs are presented 
in Table 7. The calculated magnetic shielding in Figs. 11, 12 was converted into σiso, σaniso 
chemical shifts by 13C absolute shielding in SWCNT (5, 5). They are worth noting that the 
last approach leads to a substantial improvement in the calculated magnetic properties. 
Regarding the method for achievement of gauge invariance for the present case, at the 
B3LYP and HF levels on the other hand at the hybrid B3LYP level, GIAO is found to be 
slightly superior. The calculated infrared is for C100 at HF/6–31G with Na, Mg, Al, and Si. 
They showed in Table 2. The properties thermodynamic are decrease with increase electro 
negativity atoms. 
 

 
Table 7. Calculated thermal energy, thermal enthalpy, total enthalpy, thermal entropy, 
thermal Gibbs free energy, Gibbs free energy, and heat capacity by IR-HF/6-31G 



 
Electronic Properties of Carbon Nanotubes 

 

596 

 
 

Fig. 11. NMR isotropy diagrams of SWCNT (C100) for HF/6–31G ( ) and BLYP/6–31G (−) 
method 

 

 
 

Fig. 12. NMR anisotropy diagrams of SWCNT (C100) for HF/6–31G ( ) and BLYP/6–31G 
(−) method 

Atomic number 

Atomic number 
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5. Conclusion  

Carbon Nanotubes have been intensively studied due to their importance as building block 
in nanotechnology. The special geometry and unique properties of carbon Nanotube offer 
great potential applications, including Nanoelectronic devices, energy storage, gas sensing, 
chemical probe, electron transport, and biosensors, field emission display, etc. Such devices 
operate typically on the changes of electrical response characteristics of the Nanowire active 
component with the application of an externally applied mechanical stress or the adsorption 
of chemical or bio-molecule. For a better understanding of the physical and electronic 
properties of single-walled carbon Nanotubes (SWCNTs) at the Nano scale, a challenging 
task in theoretical calculation is needed in order to design the specific material properties 
because of the large size of the SWCNTs and their complicated and size dependent 
electronic structure. Modeling of functionalized Nanotubes and nanostructures for such 
technologies of SWCNTs can be greatly benefit from the first principles methods based on 
the density functional theory (DFT). The equilibrium position, adsorption energy, binding 
energy, charge transfer, and electronic band structures can be computed for different kinds 
of SWNTs. Effects of surrounding medium and intrinsic structural defects can also be taken 
into account. In this work we review some recent DFT investigation on the gas-sensing 
properties and the dielectric properties. Charge transfer and gas-induced charge fluctuation 
might significantly affect the transport properties of SWNTs. The size and chirality’s of the 
carbon Nanotubes were typical determined from the SWCNT Raman energy spectra of a 
peak around 150–300 cm–1, due to the radial breathing mode. Besides, the geometry and 
electrical properties of Nanotube are very sensitive to dielectric constants which we can 
observe from the normal mode analysis. A calculation method for identifying the Raman 
modes of SWCNTs based on the symmetry of the vibration modes has been discussed. The 
Raman intensity of each vibration mode varies with polarization direction, and the 
relationship can be expressed as analytical functions. Each Raman active mode of SWCNT 
can be distinguished from the group theory principle. 
In section 2, with the calculation of the normal modes using the U Matrix it is possible to get 
the F Matrix from the multiplication of frequency to the U Matrix. Solving the determination 
of F Matrix versus dielectric can be useful for understanding of the electrical behavior of 
nanotubes in the quantitative structure activity relationship studies. The geometry and 
electrical properties of nanotube are very sensitive to dielectric constants. The normal modes 
also will be changed in the high dielectric constants.  
In section 3, Ab initio calculations were carried out with GAUSSIAN 98 program at the 
HF/3-21G level of theory to investigate the effects of polar solvents and different 
temperatures on the stability of SWCNT in various solvents. The results obtained from 
Onsager model calculations are illustrated using the energy difference between these 
conformers which are quite sensitive to the polarity of the surrounding solvent, that the 
water and methanol solvents can be suggested as the most compatible solvent for studying 
the structural properties of SWCNT. Also orientation of the water molecules at the CNT-
water interface can be affected by the orientation of the water dipole moment. Moreover, 
among the energy values obtained from different MM+, AMBER, and BIO+ force fields, the 
AMBER force field is the most proper force field for studying SWCNT. 
In section 4, A Quantum Mechanics (QM) is used for investigated the nature of metals 
transport and interaction with single-walled carbon nanotubes (SWCNTs) inter membranes. 
Metal species can be transported actively by a combination of SWCNT-membranes 
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conducting channels that have been used for bio-molecular and detection. Ab initio 
calculations using DFT/B3LYP and HF levels with 6–31G and 6–31G* basis set of theory 
have allowed the determination of structure electronic, properties thermodynamic, magnetic 
properties for SWCNTs with Na, Mg, Al, and Si. NMR chemical shielding tensors in the 
methods framework makes it possible to study the chemical shift of specific group in carbon 
nanotubes in absence and presence metals. A comprehensive on effects of atoms on 
SWCNTs were revealed that it is on its electronic structure: 1) transfer of charge from the 
atom to the SWCNTs; 2) electrostatic interactions between the delocalized e electrons of the 
SWCNTs and atoms. The basis set used 6–31G and 6–31G* that increasing electronegativity 
metals increased the total energy. The proportion SWCNTs were changed by them. The 
results are presented for T = 310 K, the temperature of human’s body. In fact, it was 
determined that SWCNT blocked potassium channels in a dose-dependent manner. 
Fullerenes were discovered to be less effective channel Blockers than CNT. The mechanism 
was solely dependent on the size and shape of the nano-particles. They also concluded that 
electrochemical interactions are between CNT and the ion channels.  
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1. Introduction 
Carbon nanotube family is one of the most important elements in nanotechnology. High 
ratio of surface to volume of nano materials cause to appear nanotechnology. This matter is 
one of the most important properties of produced materials at nano scales. At this scale, 
materials begin replace their bulky behavior with surface one. Some of physical relations 
that are used for ordinary materials, also abandoned. In fact, at this scale, laws of quantum 
physics play a key role and it will be possible to control special properties of material such 
as melting point, magnetic behavier, charge capacitance and even colour of material with no 
change in their chemical properties. This text is concentrated on some most important 
carbon nanotubes.  
Carbon atoms can form chemical bonds by hybridizing the atomic orbitals of their valence 
bonds and assume many structural forms such as graphite, diamond, carbon fibers, 
fullerenes, and carbon nanotubes. Carbon nanotubes (CNTs) discovered by Sumio Iijima in 
1991 [Iijima,1991], are one of the most exciting quasi-1-D solids that exhibit fascinating 
electrical, optical, and mechanical properties such as high current density, large mechanical 
stiffness, and field emission characteristics [Choi et al., 1999;  Saito & Dresselhaus ,1998]. 
These properties of CNTs enable a wide range of applications in the various fields such as 
electron emission [Bonard et al., 1999; Dresselhaus et al., 2001; poole et al. 2003], energy 
storage [Meyyappan , 2005, Chambers et al., 1998], composites [Dresselhaus et al., 2001; 
Meyyappan et al., 2005], solar cells [Lee, 2005; Pradhan et al., 2006; Wei et al., 2007], 
nanoprobes and sensors [Dai et al., 1996], and biomedicine [Sinha et al., 2005]. 
A single-wall carbon nanotube (SWCNT) is a graphene sheet rolled into a cylindrical shape 
with a diameter of about 0.7 - 2.0 nm [Saito et al.,1998], but A multiwall carbon nanotube 
(MWCNT) comprises a number of graphene sheets rolled concentrically with an inner 
diameter of about 5 nm [Harris, 2005 ]. Since the aspect ratio of the carbon nanotube 
cylinders (length/diameter) is as large as 104-105 [Saito et al., 1998], these nanotubes can be 
considered as one-dimensional nanostructures.  
CNTs according to their structures are classified to three types of armchair, zig zag, and 
chiral [Saito et al., 1998]. The terms ‘zigzag’ and ‘armchair’ refer to the arrangement of 
hexagons around the circumference. Armchair and zigzag nanotubes are defined by a 
carbon nanotube whose mirror image has an identical structure to the original one. On the 
contrary, Chiral nanotubes in which the hexagons are arranged helically around the tube 
axis, exhibit a spiral symmetry whose mirror image cannot be superposed on to the original 
one [Saito et al., 1998 & Harris, 2009]. 
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SWCNTs can be either metallic or semiconducting, depending on their diameter and 
chirality. All (n, n) armchair nanotubes yield 4n energy subbands with 2n conduction and 2n 
valence bands. All armchair nanotubes have a degenerated band between the highest 
valence band and the lowest conduction band, where the bands cross the Fermi level. Thus, 
all armchair nanotubes are expected to be metallic. For a general (n, 0) zigzag nanotube, if n 
is a multiple of 3, the nanotube becomes metallic as the energy gap at k=0 becomes zero; 
however, if n is not a multiple of 3, the nanotube becomes semiconducting because an 
energy gap which is proportional to the nanotube diameter opens at k=0 [Saito et al., 1998].  
One of the important things which plays essential role on electronic properties, is the energy 
gap which can inform us about metallic and semi-metallic properties of nanotubes. Variety 
of probes predict that armchair single-wall carbon nanotubes are always metallic 
[Dresselhaus et al., 1996] and all the other tubes (zigzag and chiral), depend on whether they 
satisfy n-m=3I or not (where I is an integer), are metallic or semi-metallic [Wildöer et al., 
1998]. In the pervious dedicates, some calculations and experiments have been focused on 
how we can change the electronic properties of SWCNTs for achieving new nanoelectronic 
[Andriotis & Menon,2007; Lee  et al. ,2007; Tans et al. , 1998] and spintronic [Meyyappan, 
2005, Chambers , 1998; Lee ,2005, Pradhan and Batabyal, 2006] devices. Some of them have 
used the external fields such as electric, magnetic, and radiation fields. In these works, the 
Probes have demonstrated that the presence of a magnetic field perpendicular to the 
nanotube axis induces a metal-in, 2005, ulator transition for the metallic (9, 0), (12, 0) . . . 
nanotubes in the absence of disorder and semiconducting nanotubes can become metallic 
with increasing magnetic strength [Wei et al., 2007]. Some other works showed that for 
zigzag tubules (n, 0), the gap varies linearly with stress and independently of diameter, so a 
uniaxial-stress applied parallel to the axis of carbon nanotubes can significantly modify the 
band gap and induce a semiconductor-metal transition [Dai et al., 1996]. 
Some other investigations used structural defects such as substitutional disorders, vacancies, 
and adatoms on SWCNTs [Dresselhaus et al., 1996;  Harris , 2005; Sinha et al., 2005]. Among 
the various kinds of structural defects in SWCNTs, effects of vacancies have been studied 
more recently [Wildöer, 1998]. Experimental observations showed that carbon atoms in 
carbon nanotubes can be released under electron or ion irradiation [Ajayan et al., 1998; Zhu 
et al., 1999] effectively, leaving vacancies in SWCNTs behind. Lately, Yan Li et al. have 
showed that by symmetry breaking in armchair carbon nanotubes, metal-semiconductor 
transition can be occurred. They estimate the band gap opening as a function of both the 
external potential strength and the nanotube radius and suggest an effective mechanism of 
metal-semiconductor transition by combination of different forms of perturbations [Li et al., 
2004]. 
In addition, the recent probes have illustrated that vacancies can change the electronic 
properties of SWCNTs, converting some metallic nanotubes to semiconductors and 
semiconducting ones into metals, also for most of SWCNTs, the electronic properties 
strongly depend on the configuration of vacancies [Yuchen et al., 2004]. The influence of 
vacancy defect density on electrical properties of armchair SWCNTs was investigated and 
the results showed that there is no simple correlation between mono-vacancy defect density 
and band gap [Tien et al., 2008]. 
Quite recently, by considering the vacancies as substitutional disorders we investigate 
effects of vacancy percentage on the energy gap of different zigzag SWCNTs, by using 
Green’s function technique and self-consistent coherent  potential approximation (CPA) 
method [Faizabadi, 2009]. 
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2. Electronic density of states 
The electronic density of states (DOS) is the number of available electrons for a given energy 
interval. DOS of a crystalline solid, which dramatically depends on the dimension of the 
system, is fundamental in describing the electronic transport, electrical, optical, thermal, and 
mechanical properties of the solid [Lu, Pan, 2004, Zhu et al., 1933]. The density of states 
enters in the experimental study, the application of the electronic properties, and 
computation of some useful quantities of a system such as electrical resistance and 
conductance.The helicity or local symmetry of CNTs, along with the diameter which 
determines the size of the repeating structural unit introduces significant changes in the 
electronic density of states, and hence provides a unique electronic character for the 
nanotubes [Hansson et al., 2000]. The DOS of semiconducting carbon nanotubes near the 
Fermi level located at E=0 is zero, but the DOS of metallic nanotubes near the E=0 is non-
zero. In addition, the DOS of zigzag and armchair carbon nanotubes shows van Hove 
singularities whose numbers are consistent with the number of hexagons around the 
circumference of the (n, m) nanotube. 

3. Synthesis methods of carbon nanotubes 
Generally, three techniques are being used to produce carbon nanotubes including the 
electric arc discharge, the laser ablation, and the chemical vapor deposition (CVD). In each 
of techniques it is possible we have some vacancies in produced carbon nanotube structures. 
In the next sections, the method of evaluating the effects of vacancies in the DOS of these 
structures are discussed, here a brief explanation on Synthesis methods of carbon nanotubes 
is presented.  

3.1 Electric arc discharge 
The electric arc discharge method as one of the first methods to produce CNTs, employs a 
chamber filled with an inert gas, two electrodes of pure graphite rods, and a DC power 
supply. A current of about 50–100A passed though the electrodes causes carbon atoms are 
vaporized from the graphite anode in the form of crystallites and are deposited on the 
cathode electrode in the form of small carbon clusters. Next, these carbon clusters rearrange 
themselves into a tubular shape forming the MWCNTs, which drift toward the cathode and 
deposit on its surface. MWNTs are obtained when a pure graphite target is used and 
SWNTs when the target is a mixture of graphite and metallic catalysts such as Ni-Co or Ni-Y 
mixtures. However a cylindrical and homogenous deposit forms on the cathode with a quite 
high rate, the presence of “unwanted” graphite crystallites that do not form into nanotubes 
is the limiting factor for high yield CNTs [Peter, Harris, 2009, Dervish et al., 2009]. 

3.2 Laser ablation 
The laser ablation or the evaporation method was introduced by Smalley and his coworkers 
in 1995. In this technique, a powerful laser is used to ablate a carbon target in an inert 
atmosphere at low pressure. The laser beam incident results in evaporating carbon from the 
graphite. The carrier gas sweeps the carbon atoms from the high-temperature zone to a cold 
copper collector on which they condense into nanotubes. In order to generate SWCNTs 
using the laser ablation technique, it is necessary to impregnate the graphite target with 
transition metal catalysts. It is experimentally found that the SWCNT growth time in this 
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technique is only a few milliseconds long. Generally, along with SWCNTs and MWCNTs, 
fullerenes, amorphous carbon, and other carbon by-products are produced while using the 
laser ablation technique. MWCNTs produced by this method have a number of layers 
varying from 4 to 24 and an inner diameter ranging between 1.5 and 3.5nm. Unfortunately, 
the laser ablation methode is very expensive because it involves high-purity graphite rods 
and high power lasers [Dervish, 2009; Loiseau et al., 2006]. 

3.3 Chemical vapor deposition (CVD) 
Chemical vapor deposition (CVD) is a relatively slow method that produces long CNTs 
quantities. In this method, CNTs are synthesized by taking hydrocarbons (the commonly 
used sources are methane, ethylene, and acetylene) and using an energy source, such as 
electron beam or resistive heating, to impart energy to them. At first, the energy source 
heats The hydrocarbon at high temperatures, typically between 700 and 1000 ˚C, in the 
presence of catalytic systems (usually a first-row transition metal such as Ni, Fe, or, Co) and 
breaks it into hydrogen and carbon. Then, carbon atoms dissolve and diffuse into the metal 
surface and rearrange themselves into a network containing hexagons of carbon atoms and 
finally precipitate out in the form of CNTs. Higher yields of MWCNTs and SWCNTs are 
produced when the catalytic system is composed of two different metals. CNTs produced 
with the CVD method can be scaled up for large scale and high-quality at a relatively low 
cost. In addition, the growth of CNTs can be controlled by adjusting the reaction parameters 
such as the catalyst system, temperature, type of hydrocarbon, and the flow rate of the 
gases. Another advantage of the CVD method is that it enables the deposition of CNTs on 
pre-designed lithographic structures, producing ordered arrays of CNTs [Dervish, 2009]. 

4. Coherent potential approximation (CPA) 
In 1963, Davis, Langer and Klauder introduced the coherent potential approximation to 
solve the single-site scattering problem [Yoyozawa,1968]. Then, several authors [Onodera & 
Yoyozawa, 1968; Soven 1960] used it to calculate DOS in a disordered substitutional alloy in 
which random elements have short-range potential. In this approximation, random 
disordered system would be replaced by an effective ordered system which is chosen so that 
the average of the scattering amplitudes for the actual atoms placed in the effective medium 
vanishes. Besides, according to this theory, the behavior of a single site or cell specifies the 
manner of the whole system. 
To calculate the averaged Green’s function, the single electron Green’s function can be 
expressed as follows, 

 
1

( ) ,G
H







                                                              (1) 

here H is  the Hamiltonian of the system. In order to use the multiple scattering theory, H is 
better to divide into the unperturbed or reference Hamiltonian K and the perturbation term 
v as, 

 .H v K   (2) 

Also, the reference Green’s function P is written as, 
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Using P, the t scattering matrix associated with the atom n in the effective medium becomes, 

   1
1 .n n nt v pv

   (4) 

Next, the average of the total scattering matrix T related to the G given by 

 ,G P PTP   (5) 
Can be expressed as 

 (1 ) .n n m
n n m n

T T t P T


           (6) 

On the other hand, the effective Hamiltonian can be defined as, 

 1(1 ) ,effH K T p T         (7) 

or  

 1(1 ) .eff n n
n

H K t P t 
       (8) 

Within the single site approximation, the condition of nt  =0 for any n leads to 
0T  and as a result G P  . It means that additional scattering due to a real atom in 

the CPA environment is averagely zero. Thus, average scattering caused by an impurity is 
equal to the scattering caused by the environment. In this condition, the effective 
Hamiltonian is equal to K. Since the K is not exactly specified, it can be computed by the self 
consistent method.  

5. Infinite zigzag single wall carbon nanotubes in the presence of vacancies 
The single-wall carbon nanotube in tight bonding model is described by [Economou, 2006, 
Heyd, 1997], 

 ,
ˆ

i i j
i ij

H i i i j 
   

 
     ,  (9) 

where α and β refer to the A or B sublattices, εiα refer to on-site energies, and γi,jαβ is the 
hopping integral between sites i and j in A or B sublattices. Since we consider the nearest 
neighbor interaction, the hopping integrals γi,jAA and γi,jBB take zero values while the off-
diagonal hopping integrals, γi,jAB and γi,jBA, take a constant value γ0. The on-site energies 
associated with the two different sites A and B of a graphene sheet have the same values. 
We neglect the effect of wall curvature in Hamiltonian. The complete set of  i  is the 
atomic wave functions localized on site i. in A or B sublattices. The Bloch wave functions of 
the tube are given by [Heyd, 1997], 

 .1 ji

j
e j

N
  K RX K X  (10) 
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Here, we just consider the electronic properties of π- bonds since every carbon atom has four 
valance electrons, one 2s electron and three 2p electrons and the overlap between the pz 
wave function with the s or the px and py electrons is strictly zero, we can treat the pz 
electrons, form π-bonds of graphene, independently of the other valance electrons. There are 
also some high symmetric points in Brillouin zone which are located near the Fermi level, so 
many of the electronic properties of SWCNTs are related to this bonds [Wallace, 1972]. The 
associated Green’s function operator can be described as [Economou, 2006],  

 
1ˆ ˆ ˆG Iz H


     (11) 

So the local density of states can be written as  

   ( )1 1ˆ ˆ( ) Im ( ) = Im ( )m

m
DOS E Tr G E is G E is

 
        
   (12) 

where m, the number of allowed band, is obtained by the half number of at0oms in the first 
Brillouin zone and s is an infinitesimal number for convergence. We present a schematic plot 
of our system which is a typical zigzag SWCNT in the presence of vacancies as 
substitutional disorders in Fig. 1. 
 

 
Fig. 1. The schematic plot of zigzag single-wall carbon nanotube with random vacancies 

On the other hand, we suppose in the presence of vacancies the structure remain the same 
as in the absence of them except that some carbon atoms are replaced by holes.  
By considering this assumption, in order to investigate effects of vacancy percentage on 
density of states of SWCNTs, we use coherent potential approximation. As mentioned 
before, in CPA, the Green’s function for a system of scatterers can be written in operator 
notation as [Györffy, 1972; Korringa & Mills, 1972]: 

 G G GTG   (13) 

where G  is the Green’s function of real nanotube and G is the average effective Green’s 
function and T is the total scattering matrix of the system. The scattering matrix of the 
system may be written as [Györffy, 1972]: 

 ,
, 1 , 1

N N

i i j ik j
i j i j k j

T t T Gt
  

    , (14) 
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where Tik is the scattering-path operator which have been introduced by Györffy for the first 
time and ti is the t matrix that describes the scattering from the potential on the i-th site 
which can be written as, 

 1(1 )i i it V GV   , (15) 

Here, Vi is the extra potential that is caused the scattering i-th site with respect to an 
effective medium. The effective medium is introduced by the self energy ξ which can be 
determined by T = 0. Using the CPA, we impose the condition that for any site ti = 0 
which means the extra effective scattering due to the atom at site i vanishes and the 
following self-consistent equations can be achieved [Datta & Thakur, 1994], 
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, (17) 

where εc is the on-site energy of carbon atoms, η is the vacancy percentage, and ξ(m) is the 
self-energy. 
By using the method described above, we investigate the density of states of zigzag (12, 0) 
SWCNT. All calculations are performed at zero temperature and we use εc= 1 eV and γ0= 
2.75 eV. The density of states of (12, 0) SWCNT as a function of energy in units of γ0 are 
depicted in Fig. 2 for η = 0. The energy gap of (12, 0) SWCNT in the absence of vacancy, η = 
0, is Eg= 0.02 eV that is in agreement with local density approximation (LDA) calculations 
[Miyake & Saito,1998]. Saito et al. showed that by just using the π tight-binding method 
there is no gap in the band structure, but this is not shown in our calculations. The 
associated experimental probes showed that the energy gap of (12, 0) SWCNT is 0.04±0.004 
eV [Ouyang et al., 2001]. The energy gap of three zigzag SWCNTs is compared in Table 1. In 
regard to Table 1, by increasing SWCNT’s index or increasing the diameter of SWCNTs, our 
results approach to the experimental results of Min Ouyang et al. The difference is as a 
result of neglecting the effect of wall curvature in Hamiltonian as mentioned before.  
 

(n , 0) SWCNT E g (eV) E g (eV) from Ref. 

(9, 0) 0.022 0.080±0.005

(12, 0) 0.02 0.04±0.004

(15, 0) 0.02 0.029±0.004

 
Table 1. Comparison between our computational energy gaps with experimental energy 
gaps from Ref. [Ouyang, 2001 ]. 
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Fig. 2. Density of states for a pure (12, 0) SWCNT 

 
Fig. 3. Density of states for (12, 0) SWCNT in the presence of vacancy for η = 0.1(Solid line), 
η = 0.3 (Dot line). 

The band gap opening is occurred, as it is depicted in Fig. 3 for η = 0.1, 0.3. According to this 
figure, the maximum value of the peak of one-dimensional (1D) Van Hove singularities in 
greater values of vacancy concentrations become less, also at greater values of vacancy 
concentrations, SWCNTs lose their 1D characteristics and become similar to a kind of 2D 
disordered graphene sheet. In realistic, by increasing the value of vacancy concentrations, 
the freedom of valance electrons becomes higher, so we expect the feature of 2D structure. 
Also there is a small shift in DOS because of influence of vacancy percentage on the on-site 
energy of carbon atoms. By increasing the value of vacancy concentrations, as it is depicted 
in Fig. 3, the number of peaks becomes less. In addition, by increasing vacancy percentage 
on (12, 0) SWCNT the energy gap is increased. This fact can be realized by considering the 
broken lattice symmetries. By breaking symmetry, the valance electrons do not obey Bloch 
order, so multiple scattering is occurred, then we have gap opening and metallic SWCNTs is 
changed to semi-metallic SWCNTs. 
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The variations of the energy gap versus vacancy percentage is shown in Fig. 4(a), 4(b), and 
4(c) for (7, 0), (8, 0), (12, 0) SWCNTs, respectively. The results show that, by increasing 
vacancy percentage for all three types of zigzag SWCNTs, the energy gap is also increased. 
This treatment is realized by multiple scattering that is occurred in vacancies. Moreover, the 
slopes of the graphs for the small values of vacancy percentages are not the same and at low 
vacancy percentages, the growth of gap opening versus vacancy percentage for (12, 0) 
SWCNT is higher than the other ones. Also by considering Fig 4(a), 4(b), and 4(c), we realize 
that for η = 0, the energy gaps of (7, 0), (8, 0), and (12, 0) SWCNTs, are 1.19, 1.12, and 0.02 eV, 
respectively. Furthermore, in special vacancy percentage, the energy gap of (7, 0) SWCNT is 
higher than the other ones. We can realize this result by considering the number of carbon 
atoms in the unit cell of SWCNTs and the diameter of SWCNTs. The number of carbon 
atoms in the unit cell of (n, 0) SWCNTs, q, is derived by q = 2n, so the number of carbon 
atoms in the unit cell of (7, 0), (8, 0), (12, 0) SWCNTs are 14, 16, and 24, respectively. Thus 
the number of carbon atoms and diameter of (7, 0) SWCNT is less than the other ones, so in 
special vacancy percentage, the affects of breaking symmetries and backscattering are more 
dominant respect to the others. 
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Fig. 4. The energy gap versus vacancy percentage for (a) (7, 0) SWCNT, (b) (8, 0) SWCNT, (c) 
(12, 0) SWCNT. 

The energy gap of different kinds of zigzag SWCNTs as a function of nanotube index n for 
three different values of vacancy percentage 0, 0.01, and 0.15 is displayed in Fig. 5. This 
figure shows that for all zigzag SWCNTs the energy gap is also increased by increasing 
vacancy percentage. Thus metallic to semi-metallic transition is occurred for metallic zigzag 
SWCNTs that is considered by Yuchen Ma et al. [Yuchen, 2004] by using spin-polarized 
density functional theory. They investigated the influence of configuration mono-vacancy 
on electronic properties of zigzag SWCNTs and showed for six kinds of zigzag SWCNTs 
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with n = 5… 10, the vacancies can change the electronic properties of SWCNTs, converting 
some metallic nanotubes to semiconductors. Also they found that only (5, 0) SWCNT is 
always semiconductor by changing configuration of mono-vacancy and here according to 
Fig. 5, we see that by increasing the value of vacancy percentage, (5, 0) SWCNT remain 
semiconductor. However, this treatment also occurs for all kinds of semiconductor zigzag 
SWCNTs such as (7, 0), (10, 0), and so on. 
 

 
Fig. 5. The energy gap versus the zigzag nanotube index for three values of vacancy 
percentage η = 0.0, 0.01, 0.15. 

In summary by using CPA method, effects of vacancy percentage on the energy gap of 
zigzag SWCNTs were investigated. It is found that the energy gap of pure (12, 0) SWCNT is 
0.02 eV that is in agreement with LDA calculations and the experimental work of M. 
Ouyang et al., Also by increasing the concentration of vacancies, the energy gap is increased 
and a metallic to semi-metallic transition is occurred for metallic (n, 0) zigzag SWCNTs. For 
semiconductor zigzag SWCNTs any transition does not appear. As mentioned before, at 
large enough vacancy concentrations, the SWCNTs lose their 1D characteristics and the 
associated density of states become similar to a kind of 2D disordered graphene sheet. In 
addition, our calculations show that the maximum energy gap is increased by decreasing 
zigzag nanotube index (n) which is due to decreasing diameter of SWCNT and therefore 
increasing the effect of vacancies in back scattering. Therefore by creation vacancies in the 
structure of zigzag SWCNTs the metallic to semi-metallic transition are occurred. In 
addition, it is possible to achieve the special semiconductor SWCNT with a predetermined 
energy gap in order to use in semiconductor industry. 

6. Semiconductor finite zigzag carbon nanotubes in the presence of 
vacancies 
Carbon nanotubes show promise for applications in future electronic systems, and the 
performance of carbon nanotube devices, in particular, has been rapidly advancing. 
Semiconducting nanotubes are suitable for transistors. In order to correctly treat carbon 
nanotube transistors, strong quantum confinement around the tube circumferential 
direction, quantum tunneling through Schottky barriers at the metal/nanotube contacts, 
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and quantum tunneling and reflection at barriers in nanotube channel need to be considered 
by the non-equilibrium Green’s function (NEGF) formalism. We study the density of states 
of (n, 0) carbon nanotubes in which an atom has been removed to produce a 
vacancy[Faizabadi et al.,2009](Fig 6). Vacancy is one of the most common defects in carbon 
nanotubes and affects the physical properties of them. The on-site energy of the vacancy 
element is equaled high value, essentially repelling the carriers from that particular site.  
 

 
Fig. 6. The schematic of a finite zigzag carbon nanotube in presence a single vacancy. The 
modes are aligned along the carbon nanotube axis and rings that are around the cylindrical 
circumference. 

Our system consists of a carbon nanotube that coupled to the left L and right R lead 
described by the following Hamiltonian 

 ,         i i j
i i j

H i i t i j


       (18) 

where, iE  is the on-site energy for each carbon atom in the carbon nanotube and  is the 
hopping between the atomic sites which are supposed to be non zero for the nearest 
neighbors. In this model there are orthogonal basis, corresponding to a spherically 
symmetric local orbital at each atomic site in the system. 
The total Hamiltonian for a system consist of a finite carbon nanotube which is connected 
into two leads, the left and right ones is 

 L R CH H H H     (19) 

where, L(R)H  describes the Hamiltonian for left and right leads. C  H refers to the 
Hamiltonian for central region. An effective method to describe scattering and transport is 
the Green’s function that is determined by the equation  

   r,a
CE iη I H G I          (20) 

here, r and a refer to retarded and advanced Green’s function. For an isolated non 
interacting system the Green function is obtained after the matrix inversion. 
The Green function coupled to the leads is determined by the expression 

    r 1
C C L RG E [ E iη I H Σ  Σ ]          (21) 

where, L,RΣ  is called self-energy that describe the interaction between leads and system 

    
†

L(R) SL(R) L(R)CL R C Σ E τ g τ     (22) 
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where, SL(R)g  is the surface green function of the decoupled left and right leads that is 
calculated in the absence of the scattering region and different from the  r

CG E . 
The density of states (DOS) as a function of the incident electron energy for a carbon 
nanotube is [Datta,1995] 

   r
C

1DOS  Im Trace G E
π

      (23) 
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Fig. 7. The density of states of finite zigzag carbon nanotubes (11,0) in presence of  the single 
vacancy in a: 2th ring b: 3th ring c: 4th ring of 4th mode 
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The hopping parameter for the nearest neighbour is fixed to 2.66 [ ]ppV t eV     and the 
on-site energies for this system are set to zero. 
By using this model the effect of vacancies on the density of states of finite zigzag carbon 
nanotubes (11, 0), is investigated. This kind of carbon nanotube is semiconductor with an 
energy gap around the Fermi energy.  
In Fig 7 the density of states of finite zigzag carbon nanotubes (11, 0) in presence of the 
single vacancy is calculated. In these figures we consider the vacancy site in the same mode 
and different rings. The presence of vacancies breaks the symmetry of the system and 
creates available states around zero energy, in prohibited band gaps. The density of states 
around the Fermi level rises due to the broken  bands at the vacancy site.  These states 
filled with electrons around the Fermi level that in perfect carbon nanotubes there aren’t any 
states in Fermi energy. 
In other work the density of states of finite zigzag carbon nanotubes in the channel of (11, 0) 
in presence of two vacancies is investigated that they are in different rings and modes (Fig 8 
and Fig9). The two vacancies are placed at different sites in the channel. In these figures the 
states that they are near the Fermi level filled with electrons. The vacancies decrease the 
density of states of finite semiconductor zigzag carbon nanotubes totally. 
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Fig. 8. The density of states of finite zigzag carbon nanotubes (11, 0) in presence of two 
vacancies in 5th ring of 2th and 8th modes 
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Fig. 9. The density of states of a finite zigzag carbon nanotube (11, 0) in presence of two 
vacancies in 2th and 7th rings of 6th mode 
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7. Finite armchair carbon nanotubes in the presence of vacancies 
Here by using the method which described  in the previous section the density of states of  
finite armchair carbon nanotubes for different finite length are probed [Orlikowski et 
al.,2007]. Besides the effect of two vacancies on different length of the finite armchair carbon 
nanotubes (6, 6), is investigated [Faizabadi & Heidaripour, 2010] 
 
 

 
 

Fig. 10. The finite armchair carbon nanotube with metallic leads in the presence of a 
vacancy. 

Our Probes show that the presence of two vacancies that they are near each other has little 
affect on the density of states at Fermi energy (Fig 11). When two vacancies are far from each 
other, by breaking  orbital of atoms, create available states around the Fermi energy and 
increase the density of states (Fig12). 
The vacancies by breaking the system symmetry create available states around zero energy 
and omit the carbon atomic potential in carbon nanotube. The  bands break at the vicinity 
of the vacancy site and density of states around the Fermi level rises and electrons filled the 
states.  

8. Carbon nanotube quantum dot in the presence of vacancies 
Carbon nanotubes of different chiralities can be joined through a small number of pentagon 
heptagon defects, forming a nano scale metal/semiconductor or metal/metal carbon 
nanotube heterojunction (HJ). Carbon nanotube heterojunctions (HJs), which continuously 
connect nanotubes of different chiral structure using a small number of atomic scale defects, 
represent the ultimate scaling of electronic interfaces [Chico  et al.,1996]. 
We consider a quantum dot (QD) that is built of zigzag  2n,0  and armchair  n,n  carbon 
nanotubes connected by n pair of pentagon- heptagon interface defect. The interface itself 
has n fold rotational symmetry and by connecting the armchair and zigzag nanotubes 
together a quantum dot is created. We denote this kind of structure 
by        m 2n,0 / l n,n / m 2n,0 , where  2n,0  on both sides of the quantum dot used as the 
contacts, one armchair carbon nanotube is central part of the system with specific length. To 
understand this peculiar behaviour, we plot the structure of a carbon nanotube quantum dot 
in Fig13. 
The junction between two single wall Carbon nanotubes is a pentagon–heptagon (p-h) pair 
that is the smallest topological defect with minimal local curvature and zero net curvature 
(Fig 14). 
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Fig. 11. The density of states of an armchair carbon nanotube (6,6)  in the presence of two 
vacancies which they are near each other for different length of carbon nanotube a: 3rings  b: 
5 rings  c: 7 rings  d: 9 rings  e: 11 rings  f: 13 rings 
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Fig. 12. The density of states of an armchair carbon nanotube  (6,6)  in the presence of two 
vacancies which they are far from each other for different length of carbon nanotube a: 3 
rings b: 5 rings c: 7 rings d: 9 rings e: 11 rings f: 13 rings  
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Fig. 13. Schematic view of a carbon nanotube quantum dot. 

 
 
 
 
 

 
 
 

 
 

Fig. 14. Schematic representation of Armchair and zigzag modes and rings in real space, a 
pentagon-heptagon ring as a junction between zigzag and armchair carbon nanotubes 
quantum dots are shown. 
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We work in a single π-band tight-binding approximation. The Hamiltonian in the site 
representation is  

 † †
  



  r r r rs r s
r r s

H C C t C C  (24) 

where r, s denote carbon sites, C and †C  the electron annihilation and creation operators, 

rε   the on-site energies, and rst  the nearest-neighbors hopping integral between the atomic 
sites . The on-site energies are set equal zero, while t = −2.66 eV as for graphene which 
yields the Fermi energy at 0 eV. It is well known that this approximation gives good 
description of the band structure of pure nanotubes around the Fermi energy [Reich, et al., 
2002]. 

                                 † †
 

0

    
0



 


 
 

  
 
 

L LC

QD LC C CR

CR R

H

H H
H

                                           (25) 

where, QDH is the Hamiltonian for the quantum dot where C,L,R  H refers to the Hamiltonian 
for left and right leads and the Hamiltonian for central region between two leads and there 
are some terms C(R,L)τ describe the coupling between zigzag and armchair carbon nanotubes.  
The density of states of the system is 

   1             


    
r
QDDOS Im Trace G E          (26) 

r ,a G  are the retarded and advanced Green functions inside the system, taking into account 
the coupling with the electrodes via the self-energies L and R  

     1[  ]      r
QD QD L RG E E i I H              (27) 

where,   
 
L(R )Σ   is the self energy due to the left (right) lead and is defined by  

          
†

             r
L R L R s L R L RE g   (28) 

where,  L R   τ is the coupling matrix between the system and the left (right) lead, and 
 1
 ( ) ( ) [ ] s L R L Rg H , is the Green’s function of the semi-infinite leads which we evaluate 

using an iterative procedure [Datta,1995a, 1995b]. 
We investigate, the density of states of a single wall Carbon nanotube 

     m 2n,  0 /  l n,  n ,m 2n,  0  quantum dot with several armchair length with a method 
combining the Green’s Function formalism with tight binding model. By increasing the 
length of armchair carbon nanotube in metal-metal system      m 12,0 / l 6,6 / m 12,0 and 
metal-semiconductor system      m 8,0 / l 4,4 / m 8,0 , we observe changing in the density of 
states and increment of oscillation of the density of states. In the presence of the single 
vacancy and omission of a carbon atomic potential, we observe small changes in the density 
of states of the system (Fig15 and Fig16). 
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Fig. 15. The density of states of a single wall Carbon nanotube  quantum dot with several 
armchair length 

 
 

 
Fig. 16. The density of states of a single wall Carbon nanotube   quantum dot with several 
armchair length. 
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1. Introduction  

There is a rising demand for the development of alternative materials used for the electronic 
devices. This is partially due to the difficulties in a further miniaturization of current silicon-
based transistors. Carbon nanotube (CNT) is considered as the most prominent candidate 
for this purpose (Joachim et al., 2000, Tans et al., 1997, Saito et al., 1998). The electronic 
property of the CNT can be regarded as a combination of those of a molecule and a solid-
state bulk material, which appears as a quantum mechanical behavior at a relatively high 
temperature including the ballistic conductivity (Javey et al., 2003). The realization of these 
novel phenomena would be the key for the CNT to be widely used in real applications. 
For these demands, it requires precise controls of the electronic states whose size reaches to 
the spatial structure of the electronic wavefunctions. It cannot be realized without a precise 
measurement of those properties, but there are not many characterization tools with the 
required resolution.  
Scanning tunneling microscopy (STM) has played an important role in atomic scale 
characterization. It has been known that the CNT becomes metallic or semiconductive 
depending on the wrapping of the CNT, which is often cataloged by its chirality. Despite its 
importance, a technique for its precise measurement is not well established. This is partially 
because conventional diffraction techniques like as low-energy electron diffraction (LEED) 
or reflection high-energy electron diffraction (RHEED) cannot be applied to the 
characterization of molecule like CNT tubes.  
The atomic scale resolution of STM enables an estimation of the internal structure of the 
CNT, which has been employed to the determination of the chirality. However, a precise 
determination of the chirality is not an easy task. STM can also detect the electronic structure 
in addition to the structural characterization. A clear example can be seen in the observation 
of the standing wave formed by the interference of an electronic state of CNT, which is an 
appearance of the wavefunctions. (Lemay et al., 2001, Venema et al., 1999) Using this 
technique, the band structure of the CNT has been determined. (Ouyang et al., 2002, Lee et 
al., 2004)  
Here in this chapter, we discuss the STM measurements focusing on the superlattice 
structures detected near the end-cap of the CNT. We combine high-resolution STM imaging 
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and several types of simulation methods both for metallic and semiconducting CNT 
(Furuhashi et al., 2007, Furuhashi et al., 2008). 
This study is intended partially for the basic understanding of the mechanism how the 
interference pattern is formed, unveiling the underlying physics of the complex pattern 
observed at the end of CNT. Other important issue is an application to the precise 
determination of the chirality of the CNT. For a determination of the atomic ordering, the 
analysis of the interference pattern often gives more precise information than the real-space 
image, as has been demonstrated with other microscopes. We like to apply the observation 
of the interference pattern near the end of the CNT to the precise determination of the 
chirality utilizing the sensitivity of the reflection patterns. We like to discuss the possibility 
of the application of this technique to a precise determination of the chirality of CNT. 

2. STM observation of CNT 

In this section we show the STM imaging of the CNT, which is usually executed by 
transferring the CNT on a metal surface. First we describe the experimental procedure for 
the STM observations. Second we show the actual observed STM images both on the 
metallic and semiconductive CNT (Furuhashi et al., 2007, Furuhashi et al., 2008). 

2.1 Experimental set-up of STM observation of CNT 
We performed STM measurement on CNT deposited on an Au(111) surface. The substrate 
was atomically flat Au(111) thin film which was evaporated on a mica surface at 480°C in a 
homebuilt evaporation system. The gold surface was cleaned by repeated cycles of Ar+ 
sputtering and annealing before CNT deposition in ultra high vacuum (UHV). We 
confirmed characteristic herringbone reconstruction on the cleaned gold surface by STM. 
Purified single-wall CNTs (SWCNTs) from Carbon Nanotechnologies Incorporated were 
used as a sample, which was formed by HiPco method (Nikolaev et al., 1999). After the 
SWCNTs were dispersed in 1, 2-dichloroethane with ultrasonic agitation for 1h, a droplet of 
the solution was deposited on the Au(111) substrate in air, which was cleaned in the UHV 
chamber and take out of it just before the deposition. The sample was then dried with pure 
nitrogen gas and returned to the UHV chamber. In the UHV condition, the sample was 
annealed at 220 °C for 1 hour in order to remove residual solvent. (Furuhashi et al., 2007) 
For the STM measurement, we used JEOL JSTM-4500XT in which the observation was done 
at liquid nitrogen temperature. STM tips were electrochemically etched W wires, which 
were annealed at 800 °C in the UHV chamber for the removal of tungsten oxides. 
Topographic images were obtained by a constant current mode. Current-voltage (I-V) 
spectra were taken by recording tunneling current as sweeping bias voltage applied to the 
sample with feedback-loop opened. 

2.2 STM images of CNT 
CNT is a graphene sheet wrapped in a cylindrical shape. Thus, in order to discuss the STM 
image of CNT, we should check the observed STM images of the materials composed of the 
graphene sheet.  
The atomic structure of the graphene layer is illustrated in Fig. 1(a). The unit cell is defined 
by the two vectors a1 and a2, which includes two carbon atoms. The lengths of both vectors, 
depicted a hereafter, are √3 times of the nearest neighbor distance (nnd) of the carbon atoms 
(a = 0.246 nm). 
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The most studied material is the graphite in which the graphene sheets are stacked.  
 

 
Fig. 1. STM image of armchair-like CNT (a) The atomic structure of the graphene layer. (b) 
Derivative STM image of a capped (28, -13) nanotube. The letters A, B, C, and D correspond 
to the positions in (c). (c) The line profile along the highlighted line in (b). A is the starting 
point of the superlattice structure and two small peaks merge at B. The distance between 
large peaks in AB is 0.68 nm. The period of paired peaks in BD is 0.70 nm. The intensity of 
paired two peaks becomes nearly same at C. 

Though the carbon atoms are ordered in a honeycomb shape in the graphite layer, the 
observed STM image shows a close-packed, three-fold symmetry structure. The discrepancy 
has been explained by the influence of the subsurface layer. The density of states (DOS) at 
the carbon atom of the top layer changes depending on whether it has a carbon atom just 
beneath in the second layer. Thus the carbon atoms appear as bright protrusions in an 
alternative manner in the STM image, forming a three-fold, close-packed structure with a 
periodicity of a (Batra et al., 1987). In the STM image of the single-layer graphene, such an 
effect cannot appear and a honeycomb shape structure appears in the STM image.  
Figure 1(b) shows an atomically resolved derivative topographic image of a semiconductive 
CNT, which was taken at 100 pA and 0.6 V. The 'bulk' area shows a periodic grid pattern, 
where dark spots correspond to the centers of hexagons. The ordering of these spots can be 
described by using unit vectors (see Fig. 1(a)). Here we define a1 and a2 in the directions 
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shown in Fig. 1(b). The measured length does not really reproduce expected a, 0.22 nm 
along a1 and 0.27 nm along a2. The discrepancy from a of 0.25 nm is due to the geometrical 
configuration of STM tip and cylindrical CNT surface in which the carbon atoms are 
positioned on a curved surface (Venema et al., 2000, Meunier et al., 1998). Since a slight 
geometrical difference is not important in our discussion, no correction of the distortion of 
the STM images was executed. The end of the CNT has a round shape, and is probably 
capped by one of the hemispheric fullerene family members.  
Characteristic parallel wavy lines appear within 6−7 nm from CNT end. The height-profile 
is measured along the line A-D which is parallel to a1 (see Fig. 1(c)). In the region between A 
and B, we see a characteristic features, i.e., two small peaks were sandwiched between larger 
peaks. These small peaks become merged in the region between B and D. The periodicity of 
the large peaks is ~0.68-0.70 nm in the whole region, which should correspond to ~3a. We 
consider the periodicity is derived from the Fermi wavelength, which is estimated as three 
times of the unit vector of the graphene (Saito et al., 1998).  
Figure 2(a) shows an enlarged image of Fig. 1(b) at the interface region of the superlattice 
and the bulk. The positions of carbon atoms in the superlattice can be clearly identified from 
the carbon hexagons in the bulk region. We see superlattice structures in the CNT image, 
which is schematically illustrated in Fig. 2(b). The structures can be described by a 
combination of cranked lines and oval-shape spots, which were sketched by grey lines and 
white ellipses, respectively, in Fig. 2(b). The trace of the line has the same shape as that can 
be seen in the edge of the ideal armchair CNT. The direction of the cranked line is parallel to 
the 'armchair direction' which is marked in Fig. 2(b). The periodicity of the ovals along this 
direction is √3a. A similar superlattice structure with the same periodicity was reported in 
the STM images obtained near a particle and an edge on graphite surface (Xhie et al., 1991, 
Kobayashi et al., 2005).  
 

 
Fig. 2. Magnified image of Fig. 1(b) (a) Enlarged image of the point B in Fig. 1(b). The dotted 
lines mean the honeycomb structure of primitive graphene. The ellipses are emphasized by 
thick bars. (b) Diagram of the relation between the positions of carbon atoms and the 
apparent structure in (a). The black circles represent carbon atoms, and the arrows indicate 
the a1 and a2. 

We measured another semiconductive CNT, whose image was obtained with the conditions 
of 0.6 V and 100 pA (see Fig. 3(a)). In this image, two CNTs are overlapped with each other, 
and we show the border of two CNTs by the dashed line in Fig. 3(a). Due to the conditions 
of the STM tip, the two CNTs were convoluted into a single tube in the image. However, 
low bias dI/dV mapping image can clearly distinguish the two CNTs (inset figure). The 



STM Observation of Interference Patterns near the End Cap  
and Its Application to the Chiral Vector Determination of Carbon Nanotubes 

 

629 

mapping image was obtained by plotting a derivative conductance at −0.4 eV which was 
detected by using a lock-in amplifier, while the tip scanned the surface with a closed 
feedback-loop (modulation voltage was superimposed on the sample voltage, which was 
small enough to obtain a decent topographic image). We assign the upper CNT as (11, 4) or 
(12, 4), whose chiral angle is between armchair and zigzag nanotubes. The ambiguity of the 
chiral vector is due to the error bar of the measurement of the diameter. 
 

 
Fig. 3. STM image of semiconductive CNT (a) Derivative STM image of two nanotubes ends. 
The dashed line represents the border of nanotubes. Ellipse rows and cranked lines are 
observed. (inset) the dI/dV mapping image of the same nanotubes at -0.4 eV. (b) The line 
profile along the highlighted line in (a). AB corresponds to the distance between ellipse rows 
in (a), and the point C is on the normal period. (c) dI/dV-V spectra on the cap (dashed line), 
and on the bulk (solid line) where is 5 nm far from the end. 

The combination of the oval-shape spots and the cranked lines can be observed near the 
end-cap, which is similar to the ones observed for the CNT of Fig. 2(a).  
Figure 3(b) shows the height-profile along the line A-C in Fig. 3(a). The distance between A 
and B is ~ 0.78 nm, which is close to 3a. The superlattice structure appears in a limited area 
from the end-cap. The dI/dV curves measured on the cap and the bulk are shown in Fig. 
3(c). The band gap was observed on both sites, indicating that they are both semiconductive. 
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The van Hove singularities were weak and can not be assigned. The electronic states 
detected with the condition of the sample bias of 0.6 eV correspond to the ones at the edge 
of the conduction band. The band gap of this CNT expected from a theoretical calculation is 
~0.7 eV, which was deduced from the equation of Egap=2|0|ac-c/d (Saito et al., 1998), where 
0 = -2.7 eV corresponding to the C-C overlap energy, ac-c = 0.142 nm is the nearest neighbor 
distance between carbon atoms, and d = 1.1 nm is the diameter of the CNT.  
 

 
Fig. 4. Comparison of STM images of armchair and zigzag CNT (a) Upper panel: 
Interference pattern observed near the end-cap of armchair-like semiconducting CNT (chiral 
vector (28, -13)), (It = 100 pA Vbias = 0.6 V).  Lower panel: Magnified image of the upper 
panel. The thin lines are included as a guide to the eye for the aligned bright spots. The 
superlattice structure imposed hexagons are the primitive honeycomb structures. (b) 
Interference patterns for the zigzag CNT (It = 100 pA Vbias = 0.7 V). Bright spots separated by 
4a along the arrows. (c)(d) Bias dependence of an interference pattern of the zigzag CNT 
measured with It = 100 pA and (c) Vbias = 0.7 V , (d) Vbias = 1.0 V at an identical position of the 
same CNT(chiral vector (15,-1)). 

The band gap estimated by the onsets of the dI/dV curve is in the range of 0.9-1.0 eV, which 
is larger than the theoretical prediction. Similar discrepancies are reported previously which 
should be due to the band broadening.  
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Near the end-cap of the CNT, we can find a report that detected a gap-state (Kim et al., 
2005). However we could not see a similar state. Instead we detect a small energy shift (~ 0.1 
eV) to the higher sample bias in the dI/dV spectrum at the end-cap region compared to that 
observed at the normal region. 
Here we compare the structure at the end-cap of the armchair and the zigzag CNT in Fig. 4. 
The images are shown in a derivative manner to flatten the background. In the upper panel 
of Fig. 4(a), the end-cap is positioned on the left hand side and the infinite tube extends to 
the right. We can estimate a chiral angle of ~2.9 and a tube diameter of ~1.9 nm, from 
which the most plausible chiral vector of (28, -13) can be deduced. Since this CNT is close to 
an armchair type, the CNT axis is close to the K direction in k space. 
Near the end-cap, we observe a characteristic structure with a complex pattern. This 
structure can be described as a combination of aligned bright spots and wavy lines 
sandwiched by the former. The alignment is indicated by thin lines in the figure, which are 
rotated 60o from the tube axis. The wavy patterns are also aligned along the thin lines. The 
separation of the bright spots (pointed by upper-ends of the bars) along the CNT axis is ~ 
0.68-0.70 nm that is close to 3a. This agrees with the interference periodicity discussed in 
metallic CNTs (Lemay et al., 2001, Ouyang et al., 2002, Rubio et al., 1999 ), wherein the 
energy band crosses the Fermi level at the K point that corresponds to k =2/3a, which is 
the origin of the periodicity of 3a.  
When the chirality of the CNT is close to zigzag, the STM image near the end-cap is like the 
one shown in Fig. 4(b). Similar to the case of Fig. 4(a), a complex pattern can be observed 
within ~6 nm from the end-cap. In the right-hand side area, we can see a hexagonal network 
rotated 30o from the armchair direction. The CNT axis is aligned to the M direction of the 
Brillouin zone. On the left-hand side, we can notice a pattern of bright spots with a large 
periodicity perpendicular to the tube-axis. Along the thin-arrows, we note bright spots with 
a separation of ~4a (see superimposed hexagons). Along a line between the two, two bright 
spots are separated by a.  
We show STM images of another zigzag CNT in Fig. 4(c) that was imaged with a condition 
of Vbias = 0.7 V, which exhibits more minute features. We assigned the chirality of the CNT as 
(15, -1) which is close to the zigzag but different from the one of Fig. 4(b).  
When the same CNT was observed with Vbias = 1.0 V, the image shows a 1×1 pattern even 
near the end-cap. This is shown in Fig. 4(d), which was obtained in the same area with that 
of Fig. 4(c). This is caused primarily by a mixture of various electronic states contained in 
the allowed energy region. 

3. Simulation of STM images of CNT 

The electronic property of the CNT is partially determined by how it is wrapped from the 
graphene sheet, whose unit vectors of a1 and a2 are shown in Fig. 5(a). The wrapping is 
characterized with a chiral vector C and translational vector T. The tube axis is parallel to 
the latter which is perpendicular to the former.  
The chiral vector is expressed with a form of Ch=na1+ma2, which is often denoted as (n, m) 
(see Fig. 5(a)). Two symmetry lines are often referred in the chiral vector discussion, and are 
called armchair and zigzag direction which are shown in Fig.5 (a). The chiral angle () is 
defined as the angle between the chiral vector and the armchair direction. The CNT with 
=0o is called an armchair CNT and the one with =30o is called a zigzag CNT. 
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Fig. 5. Chiral vector and band structure of CNT (a) (upper) atomic structure of a graphene 
layer. The carbon atoms are indicated by solid circles, and a unit cell is indicated by two unit 
vectors and dashed lines which contains two carbon atoms. 34 atoms in the circle are used 
for the calculation of electron probability for the STM simulation. (lower) Definition of chiral 
vector Ch and translational vector T of carbon nanotube. (b) Brillouin zones of graphene and 
allowed k points for the (4, 2) CNT that are marked by the long black lines. The short red 
lines are equivalent to them. The k points that give the energy minimum (maximum) in the 
conduction band (valence band) are indicated by arrows, which are the closest points to K 
and K’. (c) Calculated band structure for a CNT of (15,-1). The length along the horizontal 
axis corresponds to the length of the red lines in (b). 

Though the electronic structure of a CNT is close to that of graphene, limited k points are 
allowed due to quantization of an electron in the wrapping direction. The allowed k points 
can be plotted on straight lines along the tube axis direction, separated by 2/│Ch│from 
each other. In Fig. 5(b), we show an example of such lines for a CNT with a chirality of (4, 2). 
These are shown by long black lines. An equivalent expression is a series of short bars 
whose lengths are an inverse of the translational vector, which are also shown in Fig. 5(b) by 
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the short red lines. It has been demonstrated that if the chiral vector (n, m) satisfies the 
condition of n-m=0 (mod 3), the CNT is metallic and the energy band (E(k)) curve crosses the 
Fermi level at K or K'. For a semiconducting CNT, the lines of the allowed k vectors never 
cross the K point. The minimum (maximum) energy in the conduction (valence) band is 
given at kmin, which is on the red lines and is closest to the K or K' point (White et al., 1998). 
In Fig. 5(b), we show the positions of kmin with arrows.  
The band structure can be calculated using the standard formula, and the result for (15, -1) is 
shown in Fig. 5(c). The length of the x-axis corresponds to that of the short red lines in Fig. 
5(b), and the valence band maximum and conduction band minimum is given at kmin, which 
has an energy gap as expected from a semiconducting nature of the CNT. 
Kane et al. discussed that the symmetry breaking might occur at semiconductive tube end in 
STM image. This is because that the incoming and back-scattered electron waves might be 
interfered near the end, and break the rotational symmetry. The expected interference 
pattern was 1×1 spiral stripes, which ran along the zigzag direction of nanotube (Kane et al., 
1999). However, the patterns near the end-caps shown above are not simple stripes. 
Moreover, they are along the armchair direction instead of the predicted zigzag direction. 
These superlattice structures could not be explained by a simple electron wave scattering 
theory. Rubio et al. calculated molecular orbitals and STS images of an armchair nanotube 
with a finite length by density-functional theory method (Rubio et al., 1999 ). One of the 
orbitals in the Hückel catalog near the Fermi level has a similar pattern to that of Fig 2(b), 
which was obtained near the interface area. The STM image of the metallic CNT near the 
Fermi level was calculated by the combination of the four patterns at K point on the 
Brillouin zone of nanotube. Indeed, the dI/dV mapping image of the nanotube with 30 nm 
length equaled to the shape of wavefunction because the small length made the energy 
levels discrete by quantum size effect (Lemay et al., 2001). The observed wavefunctions were 
the combination of Bloch functions and equaled to the molecular orbitals. 
We examine two types of the calculation focusing on the simulation of the symmetry 
breaking patterns observed neat the cap end.  

3.1 Simulation by molecular orbital calculation 
First we show a simulation with using molecule orbital calculation. We calculated the 
molecular orbitals of capped nanotube by PM3 method (Stewart, 1989, Stewart, 1989, 
Stewart, 1991). The calculation was carried out by MOPAC2000 package (Stewart, 1990). We 
employed a model nanotube (10, -4) instead of (28, -13) latter of which was actually shown 
in the STM observations. This is because of the limitation of our computational resource. 
Because the nanotube (10, -4) has an apparent chiral angle () of 6.6 which is close to =2.9o 
observed for the (28, -13) CNT. Thus we believe the calculation can reproduce the 
experimental results. The calculated HOMO and LUMO orbitals are shown in Fig. 6(a) and 
(b), respectively. The distribution of LUMO orbital shows clear ellipses and cranked-lines 
along the armchair direction, which is similar to the image of Fig. 2(b). The distance between 
the ellipses along the zigzag direction is 3a. On the other hand, the distribution of HOMO 
does not show the cranked-line, whereas circles are visible along the armchair direction. The 
STM image obtained with a positive sample bias corresponds to the distribution of an 
unoccupied electronic state; therefore the theoretical simulation above reproduces the 
observed STM images.  
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Fig. 6. STM image of CNT simulated by PM3, molecular orbital method (a) HOMO and (b) 
LUMO calculated by PM3 method. The nanotube consists of 220 carbon and ten hydrogen 
atoms. The grey-scale tone corresponds to the sign of phase. The left side is capped by a 
hemisphere of carbon atoms, and the right side is terminated by hydrogen atoms. The wave 
length along the apparent chiral angle direction is indicated by an arrow. 

In addition, further information can be obtained from Fig. 6. The local density of states, 
LDOS, can be expressed by the following equation: 

 2
LDOS( , ) ( ) ( )i i

i
E E E   r r , (1) 

where i are the wavefunction with the eigenvalue Ei, and i corresponds to the index of 
eigenstates. It is obvious that the electron population can be estimated with the LDOS of the 
atom at the position. It is measured that the HOMO has a larger population at the cap than 
at the normal part, whereas the LUMO behaves in an opposite manner. This is why the 
pentagon in the cap works as electron acceptor. It is due to the Hückel rule that the cyclic -
electron state containing 4n + 2 electrons is the most stable one (n is an integer). The carbon 
pentagon contains five -electrons in the neutral state, and tends to attract a single electron. 
Therefore a negative charge is localized near the cap. 
The change of the charge distribution causes a band bending, and the occupied states at the 
end-cap should be shifted downward. We consider that this can account for the energy shift 
of the dI/dV spectrum shown in Fig. 3(c). We conclude that the modulated pattern was 
observed when the STM sample bias agreed with the bottom of the conduction band whose 
energy level was shifted due to the band bending.  



STM Observation of Interference Patterns near the End Cap  
and Its Application to the Chiral Vector Determination of Carbon Nanotubes 

 

635 

3.2 Simulation by Bloch theorem 
Now we discuss a simulation based on Bloch theorem. We first examine the electronic 
structure of the graphene sheet (Saito et al., 1998). The unit cell of the graphene includes two 
carbon atoms (A and B in Fig. 5(a)). In the tight-binding approximation, Bloch function is 
given by a linear combination of atomic orbitals (LCAO). In a case of the -electron system, 
we only have to consider pz orbital, and the one-electron wavefunction is obtained by a 
linear combination of the pz Bloch functions:  

 ( , ) ( ) ( )
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e e
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where RA and RB indicate coordinates of the carbon atom A and B, respectively. CA and CB 
are normalization coefficients, and  depicts atomic orbitals. The details of the calculation 
about overlap integrals and eigenvalue were discussed by Saito and Dresselhaus (Saito et 
al., 1998). When we assume the overlap integral to be zero, the eigenvalue becomes E(k) =  
t, where t is the overlap energy integral and  is defined below. The normalization 
coefficient becomes CB=(f*/)CA. Here f*/  can be depicted as Aei (A  0), and | f*/|2 = 
A2 =1. The wavefunction can be deduced as following: 
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Eq. (3) gives a wavefunction with the wavevector k as a parameter, whose value is 
determined by the periodic boundary condition of each carbon nanotube. We treat C as a 
constant value that is independent of k for simplicity. 
The tunneling current It is proportional to the integrated LDOS between the Fermi level and 
the applied bias voltage V (here the LDOS of the tip is neglected):  

 ( , ) ( , )F

F

E eV
t LDOSEI eV E dE r r . (7) 
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The thermal broadening of the Fermi level is ignored. Since the electronic states that contribute 
to the tunneling current are located in the energy region close to the Fermi level and the band 
edge, we can simplify the integration in eq. (7). For a simulation of the STM images, we 
estimate a space distribution of the tunneling current in the logarithmic scale assuming the tip 
scans at a certain constant height. This is due to a limited calculation resource.  
In order to estimate the probability that one can find the electron at r, we have to consider 
the contributions from 2N atomic orbitals. However, the contribution decreases 
exponentially with the tip-surface distance. Hence, we consider only the 34 atoms close to 
the tip position [illustrated in Fig. 5(a)]. 
First, we show the simulation without the interference for a metallic, (5, 5) armchair CNT. 
As shown in Fig. 7(a), there are two symmetric sets of crossed energy dispersion curves (E 
vs k) at the Fermi level in the infinite CNT. In the 'normal' region (where the electronic 
structure is not affected from the end or defect), the topographic image is formed by 
integrating the tunneling current from the four dispersion curves of Fig. 7(a).  
Figure 7(b) shows a topographic image of the CNT at 20 meV above the Fermi level, where 
the CNT axis is set to the horizontal line. We have confirmed that the image obtained at 20 
meV below the Fermi level has a similar distribution. The pattern shows a simple 11 
hexagonal structure, which seems to reproduce the positions of the carbon atoms. However, 
this pattern is the superposition of two superlattice structures that have different 
symmetries. We illustrate two patterns in Fig. 7(c) and (d), which correspond to the square 
of the wavefunctions on curve I and II, respectively (the wavefunction in III and IV give 
completely same electron probability with II and I, respectively).  
In the images, the real part of the wavefunctions is superimposed as circles whose size and 
colors correspond to the amplitude and the phase, respectively. 
We see a periodic variation in the amplitude of the real part of the wavefunctions along the 
nanotube axis (horizontal direction in the figures), whose periodicity is ~ 3a both in Fig. 7(c) 
and (d). However, as can be seen in the blue and red distribution, the phase is reversed for 
half of the carbon atoms in the image. The superposition of the tunneling current makes an 
isotropic hexagon pattern illustrated in Fig. 7(b). 
Similar simulations of the STM image of the metallic CNT have been performed previously. 
Meunier and Lambin calculated STM image of metallic nanotube and shows a good 
agreement with our image except for a small anisotropy that is purely originated from 
geometric distortion around circumferential direction (Meunier et al., 1998, Meunier et al., 
2004). As far as we consider defect-free CNT, it is expected that the 11 sixfold hexagon 
structure always appears in the topographic image of metallic CNT. We like to note that this 
is because STM can only measure the superposition of the multiple contributions, and 
cannot distinguish the four dispersion curves. 
Next, we show the topographic image generated by the interference of the wavefunctions. 
One-dimensional interference wavefunction can be expressed by a superposition of the 
forward and backward waves that has an equivalent electron energy (Ouyang et al., 2002). 
A two-dimensional interference pattern can be generated by using eq. (3):  

 
2

1 2( , ) e ( , )i
LDOS R    k r k r , (8) 

where  and R are a phase shift and a reflectivity, respectively. These parameters are 
determined how the waves are reflected at the terminal and the defect. 
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In Fig. 8(a), we show the simulation result assuming R= 1 and = 0. The rows of 
emphasized dimers can be seen along the vertical direction. Between these rows, there are 
cranked-lines with a weak intensity along the vertical armchair direction. The distance 
between dimers along CNT axis is 3a, which makes a √3×√3 superlattice structure. Figure 
8(a) shows a good agreement with previous calculation and measured STM image (Kane et 
al., 1999, Clauss et al., 1999). 
 

 
Fig. 7. Simulated STM image of CNT by Bloch theorem. Simulation of (5, 5) armchair carbon 
nanotube. (a) Energy dispersions near the Fermi level. The k is the 1D wavevector, which is 
the part of 2D wavevector k along nanotube axis. The R1, R2, and R3 indicate possible 
reflection paths. (b) Simulated STM image without interference at 20 meV above Fermi level. 
The highlighted lines represent primitive honeycomb structure. (c) and (d) are electron 
distributions with schematic images of wavefunctions on curve I and II at 20 meV above 
Fermi energy, respectively. The uppers are the superposed real parts of wavefunctions, 
whose circle size and color represent the value of LCAO coefficient and the sign of phase, 
respectively. 
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Fig. 8. Interference topographic image of armchair CNT (a) Interference topographic image 
of a (5, 5) armchair carbon nanotube at E(k) = 20 meV, R = 1 and  = 0. The white arrow 
indicates 3a. The images of (b) and (c) correspond to the reflection R1 and R2 at  = 0, 
respectively. The real parts of wavefunction are superposed on upper region. (d) and (e) are 
the same images with (b) and (c) substituting  = , respectively. The imaginary parts of 
wavefunctions are illustrated on upper region. 

In order to analyze the contribution from the reflection path indicated in Fig. 7(a), we divide 
the image of Fig. 8(a) into two interfered waves corresponding to the reflection path of R1 
and R2, which are shown in Fig. 8(b) and (c), respectively. ( = 0) The obtained patterns also 
have √3×√3 superlattice structures. We also check interference pattern variation with the 
phase shift . We show examples for the case of  =  in Fig. 8(d) and (e). However, the 
superposition of Fig. 8(d) and (e) does not reproduce the experimental STM images, whose 
reason is not clear at this moment. 
These interference images give a similarity with molecular orbitals (MOs) in a finite length 
metallic nanotube near the Fermi level as we have shown above (Lemay et al., 2001, Rubio et 
al., 1999 ). It suggests that all simulated scattering can occur by the condition of the reflection. 
In addition, several groups discussed about electron wave scattering in an armchair nanotube 
(Kane et al., 1999, Yaguchi et al., 2001), and considered two scattering ways, which are inter-
valley (R1 and R2) and intra-valley (R3) reflection. Inter-valley reflection occurs with the phase 
shift of 0 and . We consider that the actual interference image becomes complex 
superposition of the standing wave patterns with various phase shifts. 
Moreover, we have simulated the topographic image of a semiconductive CNT. As shown 
in Fig. 9(a), a semiconductive CNT has a band gap and the energy dispersion curve is 
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symmetric around the top and bottom of the band gap. Figure 9(b) gives a magnified image 
of the conduction band edge in Fig. 9(a). Figure 9(c) and 9(d) show images at the edges of 
the conduction band and the valence band of the (6, 4) CNT, respectively. The CNT axis is 
aligned to the horizontal line. Both images shows a 11 striped spiral pattern that runs along 
a zigzag direction and /3 rotation with respect to each other. These features are consistent 
with the report of Kane and Mele (Kane et al., 1999). 
 

 
Fig. 9. Dispersion curve of semiconductive CNT and interference pattern (a) Energy 
dispersion curve of (6, 4) semiconductive nanotube. The band gap is defined as the 
difference between conduction band bottom and valence band top. (b) Magnified image of 
(a) near the conduction band bottom. The black dots indicate the energy bottom position. (c) 
and (d) are simulated topographic images at conduction band edge and valence band edge, 
respectively. The interference images at (e)  = 0 and (f)  =  shows similar patterns. 
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At the band edge, there are only two wavefunctions that contribute to the tunneling current 
which have an equivalent electron distribution. This is due to the symmetry in the reciprocal 
lattice space. Moreover, the LCAO coefficients of carbon B in eq. (2) change by the band 
(conduction or valence) and 2D wavevector. That is the reason why the spiral pattern 
appears at the band edge and the running direction change by the sign of bias voltage. 
The interference at the band edge occurs for a single condition of the wave vector, which is 
the reflection from bottom k to –k [Fig. 9(b)]. The images at the conduction band edge are 
given in Fig. 9(e) and 9(f), which are obtained with  = 0 and , respectively. Similar to the 
case of the metallic CNT, the real and imaginary parts of the wavefunction appear in these 
interference images according to the phase shift of the reflection. However, these images 
show similar distributions and seem to be the mixing of Fig. 8(b)-(e). The reason why the 
clear pattern is not observed is that the band edge energy is well separated from Fermi level. 
When the electron energy is close to Fermi level, the wavelength is ~3a (Fermi wavelength). 
On the other hand, the wavelength at conduction band bottom is shorter than 3a. Therefore, 
the periodicity of LCAO coefficient exp(ikR) does not agree with that of the unit cell of the 
graphene sheet. Hence, the interference image shows a modulation with a long periodicity. 

3.3 Comparison of simulated results and STM images 
We now compare the observed STM images near the end-cap of a CNT and the simulated 
images. We concentrate on the images of a conduction band (Vsample>0 in STM observation). 
We consider a standard Bloch state based on the graphene sheet using the eq. (2) shown 
above and the parameter of kmin.  
The bonding and antibonding band corresponds to + and –, respectively. If we consider the 
antibonding band at the  point, the carbon atoms have an alternative phase that gives in 
eq. (2). 
 

 
Fig. 10. Comparison of STM image and simulation (a)(b) Comparison of an STM image 
(same as Fig. 4(a)) and a simulation result for a CNT of (28, -13). Superimposed rectangles 
are included as a guide to the eye of the equivalent site. (c)(d) Comparison for (15,-1). XX’, 
YY’ and ZZ’ indicate the comparison. 
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The interference of the wavefunctions is estimated by using eq. (9) We fixed  at  for the 
entire simulation, which is based on the result of a theoretical calculation of an electronic 
state at end-cap (Yaguchi et al., 2001). However, the calculated interference pattern is not 
sensitive to the changes of . The Bloch states of k1 and k2 should have the same energy for 
elastic scattering. This condition limits the allowed wavevectors, and the combination of kmin 
and -kmin satisfies this condition. Though kmin is close to K, they do not coincide. A complex 
interference pattern is produced depending on the relative position of kmin around K. The 
calculated ρis expressed by mapping the amplitude two dimensionally. 
We first compare an STM image and a simulation result for a CNT whose chirality is close to 
an armchair. The experimental and simulation results are shown in Fig. 10(a) and 10(b), 
respectively; the former is a part of Fig. 4(a). The scale and alignment of the tube axis are 
common in two panels. To clarify the similarity between Fig. 10(a) and 10(b), three rectangles 
(3a×3a) are superimposed. Bright spots at the four corners and the center of the rectangle are 
visible both in the image and simulation. In addition, wavy lines are reproduced well. 
kmin is slightly off K, which forms a modulation with a longer periodicity. In the simulation, 
this can be seen as a gradual change from a wavy line to a dot-like feature in the right-hand 
side of the panel. This is also seen in the STM image in Fig. 4(a); the wavy lines become dot-
like near the end-cap. 
The results for a zigzag-type CNT are shown in Figs. 10(c) and 10(d). kmin is rotated ~30o 

from the tube-axis direction. Characteristic wavy lines along the tube-axis direction and 
aligned bright spots perpendicular to the tube-axis are well reproduced. XX’, YY’ and ZZ’ 
are shown in both panels as an eye-guide, with a length of 3a and a separation of a. Good 
agreement between the STM image and the simulation results are seen at each point. Since 
there expected a long-range modulation in the image along YXZ direction, the features 
along YY’ and those along ZZ’ in the STM images are not identical.  

4. Future perspective of interference imaging of CNT 

Here we try to observe variations in the interference pattern in a systematic manner; in other 
words, we attempt to obtain the relationship between kmin and the interference pattern. 
(Furuhashi et al., 2008) kmin can be expressed as a relative position from K, i.e., k=(kmin –K) 
which can be specified by the length │k│ and an angle from a symmetric line ( ). In Fig. 
11(a), solid circles show five kmin points with the same │k│ and different  from the 
direction of K. For these kmin points, we calculated the interference pattern by using eq. (3). 
The results for an unoccupied state are shown in Fig. 11(b).  
For =0o, kmin is located on the MK line. The Bloch states in the unoccupied state have a 
positive combination in eq (3). This is because they are on the line from  to K, and kmin is 
beyond K. Thus, the unoccupied wave function is positioned on the band that has a bonding 
character at . The sign of eq. (3) is positive, and consequently, wavy lines are clearly 
observed. The periodicity along arrow A in Fig. 11(b) (K direction) is deviated from 3a, but 
the periodicity along arrow B (M direction) is fixed at 3 a. 
For =60o, kmin is on the symmetry line of K; this is similar to the =0o case but kmin does 
not reach K. As the reverse case of =0o, the Bloch state corresponds to a negative 
combination in eq. (3). With this configuration, the wavy patterns disappear and the 
periodic lattice is visible. The periodicity in the K direction is shifted from 3a, however, 
modulation with a long periodicity is not visible.  
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Fig. 11. Interference catalogue with chiral vector (a) Assumed kmin positions for a simulation 
of the interference pattern, specified by the angle from the K direction, =0o, 15o, 30o, 45o, 
and 60o and distance from K. (b) Simulated images for each . The kmin used for the 
simulation is set close to the direction shown by the arrow. Though there are six equivalent 
k points in a Brillouin zone with a same energy, the interference pattern is also aligned in 
this direction. (c), (d) Brillouin zones and the short lines of allowed k of the CNT of (c) (15, -
1) and (d) (16, -1). The points closest to K and K’ are depicted by arrows. 

The pattern of =30o is a mixture of the former two cases. Wavy lines are clearly observed in 
some parts, but are not symmetric and show long-range modulation. This corresponds to 
the modulation observed in Fig. 4(a). 
If the chirality is close to the armchair, kmin expectedly appears at ~30o. This can be 
understood by using the Brillouin zone in Fig. 5(b). For armchair CNTs, the translational 
vector is close to the vertical direction in Fig. 11(a). Since kmin is specified by the cross point 
of the translational vector and its perpendicular line through K, it is located in the horizontal 
direction from K and corresponds to ~30o. With similar consideration, kmin can be found at 
~0o or 60o for a zigzag CNT. 
It is intriguing to see that a large change in the interference pattern is caused by a small 
change in the chiral vector. A clear example of this can be seen for the zigzag CNT, and we 
show a comparison for cases of (15, -1) and (16, -1). In Fig. 11(c) and (d), we show the 
allowed k as short bars for (15, -1) and (16, -1), respectively. The positions of kmin for both 
cases are indicated by arrows, which are on the reverse sides of K . In the Brillouin zone, the 
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former and latter are located close to the line of =0o and =60o, respectively. The expected 
difference in the interference patterns for =0o and =60o is clearly seen in Fig. 11(b); wavy 
lines are visible in the former case but disappear in the latter case. In chiral vector 
determination, the observation of interference patterns can play a complementary role to 
direct observations of the hexagonal network, as electron and photon diffraction techniques 
have contributed to structure determination of the materials. 
We have focused our discussion on semiconducting CNTs. Similar discussions can be 
applied for metallic CNTs. However, as were pointed out by Kane and Mele (Kane et al., 
1999), two branches of E(k) curves exist in the band structure near Ef, which makes the 
interference patterns more complicated than those of semiconducting CNTs.  

5. Conclusion 

We have discussed the internal structure of the CNT by experimental scanning tunneling 
microscopy observation and theoretical simulations, focusing on the interference pattern 
observed near the end-cap of the CNT. We analyzed the complex shape of the pattern for 
the understanding of the underlying physics, which is an appearance of the wavefunctions. 
It is also intended for the application of the interference observation to the determination of 
the chirality, which is one of the most important parameters for the CNT, utilizing the 
sensitivity of the reflection patterns. Simulations were executed both by molecular orbital 
calculation and the Bloch theorem. In the latter, a two-dimensional interference of the 
wavefunctions was calculated assuming the superposition of the forward and backward 
waves that has equivalent electron energy. 
The observed STM images showed a complex pattern at the end-cap of the CNT, which was 
typically observed for the area of ~6 nm from the end. For the armchair CNT, cranked wavy 
lines and oval shaped spots with the periodicity of √3 a were commonly observed along the 
armchair direction (a is the unit vector length of the graphene sheet; a=0.25 nm). The oval 
spots were also observed in the CNT with the chirality between the armchair and zigzag, 
whose periodicity was ~3a in the zigzag direction. 
These structures were well reproduced both by the molecular orbital and the Bloch theorem 
calculations. The simulation clearly demonstrated the expected patterns both for metallic 
and semiconductive CNTs revealing the wavefunctions that constructed the interface 
patters. In addition, the interference patterns were successfully catalogued as a function of 
the chirality. An intriguing finding was that a minute change in the chirality modified the 
interference pattern considerably. The sensitivity of the interference pattern with the 
chirality differences demonstrated the possibility of the use of this technique for the precise 
determination of the chirality of the CNTs. 
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1. Introduction

Carbon nanotubes (Iijima, 1991) are one of the most interesting new materials which emerges
during the last twenty years. They either consist of a single sheet of carbon atoms covalently
bonded in hexagonal arrays rolled up into a cylinder with a diameter of about one nanometer
(single-walled nanotubes - SWNTs), or are built up of multiple carbon sheets producing rods
with diameters ranging from a few to tens or even hundreds of nanometer (multi-walled
nanotubes - MWNTs). The aspect ratio of these objects can vary from hundred to many
thousands.
Most of CNTs extraordinary properties of potential use in various applications could be
realized in relatively well aligned samples. One method of alignment consists in dispersing
the CNTs into a nematic phase of a LC (either thermotropic or lyotropic). For recent reviews
see e.g., (Lagerwall & Scalia, 2008; Rahman & Lee, 2009; Zakri, 2007; Zhang & Kumar, 2008).
Theoretically, equilibrium orientation of a single elongated particle immersed in a nematic
LC phase is rather well explored (Andrienko et al., 2002; 2003; Brochard & de Gennes,
1970; Burylov & Raikher, 1990; 1994; Hung et. al., 2006). Continuum theory predicts
alignment of the particle’s longer axis along the nematic director −→n for different types
of boundary conditions in the strong anchoring limit case (Brochard & de Gennes, 1970;
Burylov & Raikher, 1990; 1994). On the contrary, in the weak anchoring limit the particle
may orient either along or perpendicular to the nematic director depending on the boundary
conditions (Burylov & Raikher, 1990).
The collective behavior of CNTs dispersed in isotropic solvents or in LC is theoretically
relatively weakly explored. Due to their structure and behavior, the CNTs can be consider
essentially as rigid-rod polymers with a large aspect ratio (Green et. al., 2009). The steric
theory for the electrostatic repulsion of long rigid rods has been used to investigate the SWNT
phase behavior in their suspensions (Sabba & Thomas, 2004). Calculations have shown that
SWNTs in a good solvent is analogous to the classic rigid-rod system if the van der Waals
force between CNTs is overcome by strong repulsive interrods potentials. When the solvent
is not good, the van der Waals attractive interactions between the rods are still strong and as
a result, only extremely dilute solutions of SWNTs are thermodynamically stable and no LC
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phases form at room temperature. The liquid crystallinity of CNTs with and without van der
Waals interactions has been analyzed by using the density functional theory (Somoza & Sagui,
2001). In the presence of van der Waals interaction, the nematic as well as the columnar
phases occur in the temperature-packing fraction phase diagram in a wide range of very
high temperatures. In the absence of van der Waals interaction the system is dominated only
by steric repulsive interactions. With an increase of packing fraction, the system undergoes
an isotropic-nematic phase transition via a biphasic region. The isotropic-nematic packing
fraction decreases with the increase of the aspect ratio of CNTs. The phase behavior of rodlike
particles with polydisperse length and solvent-mediated attraction and repulsion is described
by an extension of the Onsager theory for rigid rods (Green et. al., 2009). The main conclusion
of these theoretical models is that to obtain liquid crystal phases of CNTs at room temperature
the strong van der Waals interaction between them must be screened out. This requires a good
solvent with an ability to disperse CNTs down to the level of individual tube.
In two recent papers (van der Schoot et. al., 2008; Popa-Nita & Kralj, 2010), two of us
presented a phenomenological theory for predicting the alignment of CNTs dispersions in
thermotropic nematic LC in the two limits of the anchoring of LC molecules at the CNT
surface. We combined the Landau-de Gennes free energy for thermotropic ordering of the
LC solvent and the Doi free energy for the lyotropic nematic ordering of CNTs caused by
excluded-volume interactions between them. We have analyzed the phase ordering of the
binary mixture as a function of the volume fraction of CNTs, the strength of the coupling and
the temperature.
However, coupling between LC molecules and nanoparticles (NPs) of regular geometry could
in some circumstances give rise to disordered structures with pronounced memory effects.
Namely, LC orientational ordering is extremely sensitive to perturbations due to its soft
character (de Gennes & Prost, 1993). For example, if a LC is quenched from an isotropic into
a nematic phase a continuous symmetry breaking takes place (Imry & Ma, 1975; Kralj et al.,
2008; Zurek, 1996). In the isotropic phase all directions are equivalent while in the nematic
phase a preferred orientation is singled out locally. Because of finite speed of information
propagation well separated regions are causally disconnected. For this reason a domain-type
in orientational ordering is inevitable formed. A domain pattern is well characterized by a
single characteristic domain size ξd. In pure LC the domain size grows with time obeying
the scaling law ξd ∝ tγ, where γ = 0.5 in a bulk sample (Bradac et al., 2002). The sample
gradually evolves into a homogeneously aligned sample in order to reduce relative expensive
domain wall penalties. In a liquid crystal- NP mixture, the NPs could act as pinning centers
and consequently domain pattern could be stabilized (Kralj et al., 2008). Therefore, in certain
conditions NPs could introduce disorder into a system.
In the present paper we study both ordering and disordering phenomena in a LC-NP mixture.
In the first part of the present paper we focus on LC induced ordering of CNT. We present
comparatively the results of our phenomenological model in the two limiting cases: i) the
weak anchoring limit where the interaction between CNTs and LC molecules is thought to
be sufficiently weak not to cause any director field deformations in the nematic host fluid
and ii) the strong (rigid) anchoring limit where the CNT causes the nematic director field
distortions generating topological singularities. In the second part we study conditions where
orientational ordering of a NP-LC mixture could be essentially short ranged.
The plan of the paper is as follows. In Sec. 2 we study LC driven orientational ordering
of CNTs. In Subsection 2.1 our phenomenological model is introduced. In Sec. 2.2 we
analyze ordering of CNT in the isotropic LC phase. The trictitical behavior is analyzed in
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detail in Sec. 2.3. Possibility of homogeneous alignment of CNTs in investigated in Sec.
2.4. Both weak and strong anchoring LC-CNT interactions are taken into account. In Sec.
3 possible disordering effects in LC-NP mixtures are analyzed using a simple lattice-type
semimicroscopic description. The semimicroscopic model is described in Sec. 3.1 and the
corresponding simulation method in Sec. 3.2. The NPs induced domain type stabilization of
LC ordering is demonstrated in Sec. 3.3. In the last section we summarize our conclusions.

2. LC induced CNT ordering

We first discuss conditions under which LC orientational ordering could be used in order to
align immersed anisotropic NPs. We confine our interest to CNTs due to their importance in
various applications. The ordering of LC-CNT mixtures is treated using a mean field type
phenomenological model.

2.1 Free energy
The free energy per unit volume of the CNTs-LC binary mixture consists of four contributions

f = fmix + fCNT + fLC + fC. (1)

The first term in Eq. (1) is the free energy density of isotropic mixing of CNTs and LC that in
the framework of Flory lattice theory is given by (Flory, 1953)

fmix/kBT = υ−1
CNTΦ ln Φ + υ−1

LC(1−Φ) ln(1−Φ) + υ−1
0 χΦ(1−Φ), (2)

where kB is the Boltzmann constant, T is the absolute temperature, Φ is the volume fraction
of CNT, 1−Φ is the volume fraction of LC, and χ ≡ U0/kBT is the Flory-Huggins interaction
parameter related to the isotropic interaction between CNT and LC (Flory, 1953). In the
following, we assume χ > 0 (positive free energy of mixing), this being the most usual case,
at least when van der Waals interactions are dominant. Here υCNT ≈ π

4 LD2 approximates
volume occupied by a carbon nanotube of length L and diameter D. The volume of a LC
molecule of length l and diameter d is given by υLC ≈ π

4 ld2. In the following we consider that
the volume of a LC molecule is equal to the volume of a cell in the Flory lattice (Flory, 1953)
(υLC = υ0). The first two terms in Eq. (2) represent the entropy of isotropic mixing of LC and
CNT components neglecting their orientational degree of ordering.
The free energy density representative of the excluded volume effects responsible for the first
order nematic-isotropic transition of CNT is expressed as (Doi & Edwards, 1989)

fCNT/kBT =
Φ

υCNT

[
1
2

(
1− u

3

)
S2

CNT −
u
9

S3
CNT +

u
6

S4
CNT

]
. (3)

The parameter u is related to the volume fraction of CNT by the relation u = ΦL/D. The
model neglects the van der Waals attractions between CNTs which are responsible for their
tendency to form bundles. The degree of orientational ordering of CNT is given by the order
parameter SCNT. Perfectly aligned CNT correspond to SCNT = 1, and isotropic ordering
is signaled by SCNT = 0. On increasing Φ this term enforces the first order orientational
phase transition of CNT from the isotropic phase of CNT with SCNT = 0, to the nematic
phase of CNT phase with SCNT = (1+

√
9− 24/u)/4. The first order nematic-isotropic phase

transition takes place at u = uNI = 27/10 and SCNT(uNI) = 1/3. The limits of stability of
nematic and isotropic phases are given by u+ = 8/3 (S+

CNT = 1/4) and u∗ = 3 (S∗CNT = 1/2).
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For the thermotropic uniaxial nematic LC component we use the standard Landau-de Gennes
(de Gennes & Prost, 1993) free energy density in terms of the nematic order parameter SLC

fLC = (1−Φ)

[
3
2

a(T − T∗)S2
LC −

3
4

BS3
LC +

9
4

CS4
LC

]
, (4)

where (1−Φ) accounts for the part of the volume not taken up by LC. The quantities T∗ (the
undercooling limit temperature of the isotropic phase of the pure liquid crystal), a, B, and C are
material-dependent constants. This free energy density enforces the weakly first order phase
transition from the isotropic phase to the nematic phase of LC. At T = TNI = T∗+ B2/(24aC),
the two phases of LC, nematic (Snem 0 = B/6C) and isotropic (Siso = 0) coexist in equilibrium.
The detailed derivation of the coupling free energy density term fC in the two limiting regimes
has been presented previously (van der Schoot et. al., 2008; Popa-Nita & Kralj, 2010). Here we
give only the final expressions. The two regimes can be defined by the relation between the
radius of the particle R and the surface extrapolation length de = K/W, where K is the Frank
elastic constant and W is the anchoring energy.
i) the weak anchoring limit (R << de)- the anchoring is not able to produce large
deformations in the surrounding nematic matrix. In this limit the coupling free energy density
writes as (van der Schoot et. al., 2008)

fC = −γwΦ(1−Φ)SLCSCNT

(
1− 1

2
SCNT

)
, (5)

where the coupling constant is given by γw = 4W/6R. Depending on the value of R and
considering a typical value of anchoring energy of 10−6N/m, the coupling constant of the
weak anchoring regime can range between 10−3 − 103N/m2.
ii) strong anchoring limit (R >> de) - the anchoring is rigid and gives rise to topological
singularities of the nematic director which cause strong interaction between the dispersed
nanotubes. In this limit the coupling free energy density writes as (Popa-Nita & Kralj, 2010)

fC = −γsΦ(1−Φ)S2
LCSCNT

(
1− 1

2
SCNT

)
, (6)

where the coupling constant is given by γs = 2K/3R2. Depending on the value of R and
considering a typical value of elastic constant of 10−11N the coupling constant of the strong
anchoring regime can range between 103 − 107N/m2.
Using Eqs. (2), (3), (4), (5), and (6), the total phenomenological free energy density in the weak
anchoring limit becomes:

f = kBT
[
υ−1

CNTΦ ln Φ + υ−1
LC(1−Φ) ln(1−Φ) + υ−1

LCχΦ(1−Φ)
]

+
kBTΦ
υCNT

[
1
2

(
1− u

3

)
S2

CNT −
u
9

S3
CNT +

u
6

S4
CNT

]

+(1−Φ)

[
3
2

a(T − T∗)S2
LC −

3
4

BS3
LC +

9
4

CS4
LC

]

−γwΦ(1−Φ)SLCSCNT

(
1− 1

2
SCNT

)
, (7)

while in the strong anchoring limit, only the last term differ:

648 Electronic Properties of Carbon Nanotubes



Liquid Crystal - Anisotropic
Nanoparticles Mixtures 5

f = kBT
[
υ−1

CNTΦ ln Φ + υ−1
LC(1−Φ) ln(1−Φ) + υ−1

LCχΦ(1−Φ)
]

+
kBTΦ
υCNT

[
1
2

(
1− u

3

)
S2

CNT −
u
9

S3
CNT +

u
6

S4
CNT

]

+(1−Φ)

[
3
2

a(T − T∗)S2
LC −

3
4

BS3
LC +

9
4

CS4
LC

]

−γsΦ(1−Φ)S2
LCSCNT

(
1− 1

2
SCNT

)
. (8)

In calculations we consider a regime determined by the following geometrical and material
parameters. We limit to CNT of characteristic dimensions L ≈ 400 nm and R ≈ 1 nm. For
LC molecules we set L ≈ 3 nm and R ≈ 0.25 nm, corresponding to a typical nematogen. For
LC material constants we chose as representative pentylcyanobiphenyl (5CB) LC, for which
T∗ = 306 K, a ≈ 3.5 · 104 J ·m−3 · K−1, B ≈ 7.1 · 105 J ·m−3, C ≈ 4.3 · 105 J ·m−3, K ∼ 10−11

N (Oswald & Pieranski, 2005). This choice yields Snem 0 ≈ 0.28 and TNI = T∗ + B2/24aC ≈
307.5 K.
Using this phenomenological form of the free energy, in the following sections we present the
phase behavior of the binary mixture of CNTs and LC as a function of temperature, volume
fraction and the coupling strength.

2.2 Dispersion of CNTs in the isotropic phase of LC
In this case, SLC = 0, the coupling free energy densities (5) and (6) cancel and the free energy
density becomes

f /kBT = υ−1
CNTΦ ln Φ + υ−1

LC(1−Φ) ln(1−Φ) + υ−1
LCχΦ(1−Φ)

+
Φ

υCNT

[
1
2

(
1− u

3

)
S2

CNT −
u
9

S3
CNT +

u
6

S4
CNT

]
. (9)

The equilibrium between the isotropic (SCNT = 0) and the nematic phase (SCNT > 0) of
CNTs is determined by equating the chemical potentials of CNTs (μCNT = υCNT[ f + (1 −
φ)∂ f /∂φ]) and LC (μLC = υLC( f − φ∂ f /∂φ)) in the two phases. The value of SCNT is obtained
by minimizing the free energy with respect to SCNT.
In the absence of the isotropic interaction term (χ = 0), for our set of geometric parameters the
nematic-isotropic coexistence is determined by the following values of parameters: (Φiso =
0.013487, SCNT = 0) and (Φnem = 0.013513, SCNT = 0.3365) and correspondingly the relative
variation of volume fraction of CNTs at the transition (the Flory chimney) is about 0.19%. The
phase gap in this condition is very narrow indeed less than the 1% predicted by Onsager and
Flory for monodisperse lyotropic LC. On the basis of the polarized light microscopy, Song
and Windle (Song & Windle, 2005) have estimated a biphasic range between 1% and 4% in
an aqueous dispersion of MWNTS. This comparatively large range of the biphasic region is
plausibly caused by the polidispersity in terms of length, diameter, and straightness of the
nanotubes as well as the possibility of segregation of the more nematogenic tubes.
In Figure 1, we have plotted the relative variation of the volume fraction of the CNTs at the
nematic-isotropic phase transition as a function of the isotropic interaction parameter χ.
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Fig. 1. The relative variation of the volume fraction of CNTs at the nematic-isotropic phase
transition in the isotropic phase of LC.

Because the isotropic interaction parameter is proportional with reciprocal temperature (here
we did not consider this dependence), the volume fraction gap at the transition increases
with lowering the temperature; the poor solvent for CNTs becomes poorer lowering the
temperature. For values of χ larger than ≈ 0.4 the relative variation of the volume fraction at
the transition increases considerably with the value of χ. The predicted value of ΔΦ/Φiso =
1% is obtained for χ = 0.42.

2.3 Tricritical point
The free energy density is given now by the general forms (7) and (8), respectively.
For very small values of the coupling parameter γw (or equivalently γs), the nematic-isotropic
phase transition of the CNTs is first order and the order parameter jumps at the transition
from zero to some non-zero value depending on the value of the coupling parameter. With
increasing the interaction parameter, the transition becomes continuous at a tricritical value
γw,t (or equivalently γs,t). The tricritical point where the discontinuous phase transition
becomes continuous is obtained by solving the equations ∂2 f /∂S2

LC = ∂3 f /∂S3
LC = 0. They

yield at the tricritical point universal values for the order parameter S(t)
CNT = 1/6 and volume

fraction Φt = 0.01296. The tricritical values of the coupling parameter γt as a function of
temperature are presented in Figure 2.
With decreasing the temperature, as SLC increases, the external field felt by the CNTs increases
and the nematic-isotropic phase transition of CNTs becomes continuous for increasingly lower
values of interaction parameter. Our estimates of the coupling constant suggest that for typical
value of parameters, γ >> γt for both limiting cases, meaning that in the nematic phase of
LC, the nematic-isotropic phase transition of CNTs becomes a continuous transition.
To illustrate how in the limit of low values of coupling parameter the isotropic-nematic phase
transition of the CNTs is affected by the nematic host fluid, the phase diagram of the coexisting
volume fractions as a function of the coupling parameter is plotted in Figure 3 for both limiting
regimes. The binodals are drawn at the undercooling limit temperature of the isotropic phase
(T∗ = 307.56K).
In both limiting regimes, the gaps of the volume fractions decrease with increasing the
coupling constant and becomes zero for γw = γw,t = 79.6 N/m2 (for weak anchoring) and for
γs = γs,t = 191 N/m2 for strong anchoring case, respectively. The isotropic-nematic phase
transition of CNTs takes place at lower volume fraction with increasing the coupling constant.
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Fig. 2. The tricritical values of the coupling parameter γt as function of temperature. The
weak anchoring limit case is represented in Fig. 2a. In Fig. 2b is shown the strong anchoring
limit case, while in Fig. 2c the both regimes are represented.

2.4 Homogeneous mixture
One of the most challenging task for realizing the applications in optoelectronics is to
homogeneously disperse the CNTs into the nematic host, as CNTs have a tendency to
aggregate into networks and fibrils (MWNTs) within the dispersion due to the van der Waals
interactions between the nanotubes. The three different standard approaches to obtain the
homogeneous dispersion are reviewed in (Lagerwall & Scalia, 2008; Rahman & Lee, 2009).
To calculate the phase diagram of a homogeneous mixture, we use the free energy density
given by Eq. (7) (for the weak anchoring case) and the same quantity given by Eq. (8)
(corresponding to the strong anchoring case) with a constant volume fraction Φ of the CNTs.
The equilibrium values of the order parameters SCNT and SLC are obtained by minimizing
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Fig. 3. Phase diagram of CNTs in the nematic host fluid. Indicated are the coexisting volume
fractions in the isotropic and nematic phases discussed in the main text. The weak anchoring
case is shown in Fig. 3a, while Fig. 3b presents the strong anchoring case.

the free energy density (∂ f /∂SCNT = ∂ f /∂SLC = 0). The corresponding phase diagrams are
plotted and discussed in the next two sections.

2.4.1 Weak anchoring case
The phase diagram (Φ, T) in the weak anchoring regime for a typical value of the coupling
constant γ = 6.6 · 105 N/m2 is plotted in Fig. 4.
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Fig. 4. The (Φ, T) phase diagram of a homogeneous mixture in the weak anchoring limiting
case.
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Three different regions are to be distinguished. The isotropic region corresponds to a
total absence of the orientational order (both components are in the isotropic phase), the
paranematic region is characterized by a very small degree of the orientational order of
both components, while in the nematic region both components possess a relatively large
degree of orientational order. The dashed line defines a second order (the order parameter
is continuous at the transition, while its derivative with respect to temperature has a jump)
isotropic-paranematic phase transition (inside the figure we have shown this line for larger
values of the temperature). The first segment (Φ ≤ 0.00108) of the continuous line corresponds
to first order (the order parameter has a jump at the transition) nematic-isotropic phase
transition of both components. The second segment (Φ ≥ 0.00108) corresponds to the first
order nematic-paranematic phase transition of the both components. The circle defines the
triple point of the system that has the coordinates Φt = 0.00108 and T = 308.98 K. The
increase of nematic-isotropic phase transition temperature (shown by the continuous line in
Fig. 4) is experimentally verifiably (Duran et. al., 2005; Lebovka et. al., 2008) and could be
explained by the fact that CNTs act as heterogeneous nucleation agents for LC.
To see in more detail the characteristics of these phase transitions we have plotted in Figure 5
the order parameters profiles as a function of volume fraction of CNTs for two different values
of the temperature.
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Fig. 5. The order parameters profiles of CNTs (continuous line) and LC (dotted line) for
γ = 6.6 · 105 N/m2 and for two different values of the temperature.

In Figure 5a, the order parameters profiles are shown for T = 308.68 K, value that belongs
to the nematic region in Fig. 4. There is no phase transition for this value of temperature
and as consequence the order parameters are continuous and CNTs are almost perfectly
aligned (SCNT ≈ 1) for all values of volume fraction (see the continuous line). On the
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contrary, the value of temperature in Figure 5b (T = 309.16 K) corresponds to a second order
isotropic-paranematic phase transition at a small value of the volume fraction and to a first
order paranematic-nematic phase transition at a larger value of the volume fraction. In this
case, the CNTs are strongly aligned at relatively large value of the volume fraction.
In Figure 6, we have shown the order parameters profiles as a function of temperature for two
different values of the volume fraction of CNTs.
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Fig. 6. The order parameters profiles of CNTs (continuous line) and LC (dotted line) for
γ = 6.6 · 105 N/m2 and two different values of the volume fraction.

In Figure 6a, the order parameter profiles are shown for a small value of the volume fraction
(Φ = 1 · 10−3). For this value of the volume fraction, increasing the temperature the only
transition is the first order nematic-isotropic phase transition (see Figure 4) during which both
order parameters jump to zero. The larger value of the volume fraction of Figure 6b induces
two phase transitions (see Figure 4): a first order nematic-paranematic phase transition at
a lower value of the temperature during which both order parameters jump at lower values
and a second order paranematic-isotropic phase transition at a larger value of the temperature
during which both order parameters decrease continuously to zero.

2.4.2 Strong anchoring case
The corresponding phase diagram (Φ, T) for a typical value of the coupling constant γ =
6.6 · 105 N/m2 is plotted in Fig. 7. Even if the corresponding phase diagram is similar to the
weak anchoring limiting case, there are some differences which we discuss in the following.
Also in this strong anchoring case, there are three different regions in the phase diagram. The
region I corresponds to a total absence of the orientational order (both components are in the
isotropic phase), region II corresponds to a nematic phase of CNT and an isotropic phase of
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Fig. 7. The (Φ, T) phase diagram of a homogeneous mixture in the strong anchoring limiting
case.

LC, while in the region III both components are in the nematic phase. The vertical dashed
line defines a second order isotropic (region I)-nematic (region II) phase transition of the
CNTs in the isotropic phase of LC. The first segment (Φ ≤ 0.0135) of the oblique continuous
line corresponds to the first order isotropic-nematic phase transition of CNTs as well as to
the first order isotropic-nematic phase transition of LC. The second segment (Φ ≥ 0.0135)
corresponds to the first order isotropic-nematic phase transition of the LC and to a first order
nematic-nematic phase transition of the CNTs (in the region II the degree of orientational
order of CNTs is lower that that of region III and in passing from region II to region III there
is a jump of the CNTs order parameter). The circle defines the triple point of the system that
has the coordinates Φt = 0.0135, T = 309.03 K. The experimental fact (Duran et. al., 2005;
Lebovka et. al., 2008) that the isotropic-nematic phase transition temperature of LC increases
with the volume fraction of CNTs is again theoretically explained by the present model.
In Figure 8 the order parameters profiles as a function of volume fraction of CNTs for two
different values of the temperature are shown.
The value of the temperature (T = 309 K) in Figure 8a, corresponds to one isotropic-nematic
first order phase transition obtained increasing the volume fraction (transition between
regions I and III in Figure 7), phase transition during which both order parameters jump
from zero to finite values. CNTs becomes almost perfectly aligned at very small values
of the volume fractions. The value of temperature in Figure 8b (T = 309.2 K) induces a
second order isotropic-nematic phase transition of CNTs at a relatively small volume fraction
(transition between regions I and II in Figure 7) followed by a first order isotropic-nematic
phase transition of both components LC (transition between regions II and III in Figure 7). In
this case, the CNTs are strongly aligned at relatively large value of the volume fraction.
The order parameters profiles as a function of temperature for two different values of the
volume fraction of CNTs are plotted in Figure 9.
In Figure 9a, the order parameter profiles are shown for a small value of the volume fraction
(Φ = 1 · 10−2). For this value of the volume fraction, increasing the temperature, the transition
is the first order nematic-isotropic phase transition (transition between regions III and I in
Figure 7) during which both order parameters jump to zero. The larger value of the volume
fraction of Figure 9b induces a first order phase transition of both components (transition
between regions III and II in Figure 7). The order parameter jump of CNTs is very small (in
both region III and II, CNTs are in nematic phase but with different degree of orientational
order), while the order parameter of LC jumps from a finite value to zero.
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Fig. 8. The order parameters profiles of CNTs (continuous line) and LC (dotted line) for
γ = 6.6 · 105 N/m2 and two different values of the temperature.

3. Nanoparticle induced disorder

We next consider mixtures of LC molecules and anisotropic NPs. It is of interest to
find conditions for which NPs could impose relatively strong disorder to surrounding LC
molecules. In order to find simple possible key conditions for such phenomena we constrain
our investigations to appropriate type of interactions among NPs and LC molecules. We set
LC molecules and NPs to be of comparable size. We do not impose any inherent disorder to
systems. Molecules of both types are assumed to have regular shape and interaction potential
which are intuitively expected to enforce order on a macroscopic scale. Below we demonstrate
that symmetry breaking and NP driven stabilization of LC domains could destroy LC long
range order in case of appropriate initial conditions.

3.1 Interaction energy
We confine our interest to mixtures of liquid crystals and anisotropic nanoparticles, where
both components have comparable characteristic geometrical length. We assume that
concentrations of NPs are relatively low. In order to study structural properties of the
ensembles we use a lattice-spin type model (Bellini et al., 2000; Lebwohl & Lasher, 1972)
in three dimensional space. The lattice points form a three dimensional cubic lattice
characterized by the lattice constant a0. The number of sites equals N3, where we typically set
N = 80. The NPs are randomly distributed within the lattice with probability p. For p = 1 all
the sites are occupied by NPs and a pure LC sample is obtained in the limit p = 0. Therefore,
value of p is equal to the volume fraction Φ of NPs.
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Fig. 9. The order parameters profiles of CNTs (continuous line) and LC (dotted line) for
γ = 6.6 · 105 N/m2 and two different values of the temperature.

A key anisotropic property of a LC molecule or a nanoparticle at a site −→r i is roughly
represented by the unit vector−→n i and−→m i, respectively. We assume the head-to-tail invariance
of LC molecules. Therefore, the orientations ±−→n i are equivalent due to a rod-like character of
molecules. In the continuum limit −→n i roughly corresponds to the nematic director field. On
the other hand sign of −→m i matters. For example, such property of a NP could be due to its
magnetic or electric dipole. We henceforth refer to −→n i ( −→m i) as the nematic (magnetic) spin.
The interaction energy E of the system is given by (Cvetko et al., 2009; Krasna et al., 2010;
Lebwohl & Lasher, 1972)

E = −∑
i

∑
j

J(n)
ij

(−→n i · −→n j

)2 −∑
i

∑
j

J(m)
ij

(−→m i · −→m j

)
+∑

i
∑

j
J(nm)
ij

(−→n i · −→m j

)2
. (10)

The constants J(n)
ij , J(m)

ij , and J(nm)
ij stand for the coupling strengths LC-LC, NP-NP, and LC-NP,

respectively. The sums run over all the sites and only the interactions between first neighbors

are different from zero. The first term describes interaction among LC molecules, where J(n)
ij =

J > 0 for neighboring molecules. Therefore, a pair of LC molecules tend to orient either

parallel or antiparallel. The coupling between neighboring NPs is determined with J(m)
ij =

JNP > 0, enforcing antiparallel orientation. On the contrary, neighboring LC-NP pairs tend

to be aligned perpendicularly due to J(nm)
ij = w > 0. The latter condition is crucial in order

to introduce strong disorder into the system and related memory effects. Note that replacing
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the 2nd term by Lebwohl-Lasher type coupling −∑ ∑ J(m)
ij

(−→m i · −→m j

)2
would not introduce

qualitatively different behavior.
In the subsequent work distances are scaled with respect to a0. The interaction energies are
measured with respect to J, i.e. we set J = 1.

Fig. 10. The percolation probability P as a function of p and system size. For a finite value of
N the percolation threshold pc is defined as P(pc) = 0.5. We obtain pc ∼ 0.3.

Fig. 11. Representative cross-sections of a LC+NP mixture. NPs and LC molecules are
colored with red and blue, respectively. p = 0.2.
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Fig. 12. Typical G(r) plots for different concentrations of NPs.

Fig. 13. Characteristic s(p) behavior. The random field regime extends roughly between
p = pRF ∼ 0.1 and p ∼ pc ∼ 0.3.

Fig. 14. The correlation length ξ as a function of p.

3.2 Simulation method and measured quantities
All simulations take place at zero temperature where we minimize the interaction energy
given by Eq.(10) with respect to orientation of nematic and magnetic spins. The corresponding
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Fig. 15. The coefficient α as a function of p.

set of equations have been solved using the Newton’s method. Periodic boundary conditions
are imposed. Simulations are carried over different values of p, JNP and w. The concentration
regime from p = 0 to p > pc is investigated where pc stands for the percolation threshold of
NPs.
Both nematic and NP spins are initially randomly orientationally distributed. Experimentally
such conditions correspond to quenches from high temperature isotropic phase states.
Maximum simulation box sizes are set to N = 80. In order to diminish the influence of
statistical variations ten simulations starting from statistically different initial configurations
have been carried out for a given set of parameters.
In simulations we calculate steady state configurations. For obtained steady state
configuration we calculate the orientational correlation function G of LC molecules. It
measures the orientational correlation of LC spins as a function of their mutual separation
r and is defined as (Cvetko et al., 2009)

G(r) =
1
2

〈
3
(−→n i · −→n j

)2 − 1
〉

. (11)

The brackets denote the average over all lattice sites that are separated by a distance r. Our
test simulations indicate that G(r) does not depend on orientation of −→r , therefore we focus
on r dependence. The G(r) properties are as follows. For completely correlated nematic spins
aligned along a single symmetry breaking orientation it holds G(r) = 1. On the contrary
G(r) = 0 signals completely uncorrelated nematic spins. Because each spin is necessarily
parallel with itself it holds G(0) = 1. Furthermore, we normally expect the correlation
function to be a decreasing function of distance r. If a long range LC order exists in the system
then G(r → ∞) = S2 > 0, where S stands for the nematic orientational order parameter.
On the contrary, short range order (SRO) or quasi long range order (QLRO) are signaled by
G(r → ∞) = 0.
To obtain structural details from the simulation results we fit G(r) to an empirical ansatz
Eq.((Cvetko et al., 2009)).

G(r) = (1− s)e−(r/ξ)α
+ s. (12)

Here the coherence length ξ, the stretched exponential parameter α, and s are adjustable
parameters. The coherence length ξ measures distance over which nematic spins are relatively
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strongly correlated. The stretched exponential parameter α is introduced by analogy with the
stretched exponential temporal decay which occurs in many glassy systems. The parameter s
directly reflects the range of ordering. Namely, s = 0 for SRO (Cvetko et al., 2009).

3.3 Nanoparticle stabilized domain patterns
We study domain pattern stabilization as a function of p and typical interaction strengths.
Qualitative changes in the behavior are expected below and above the percolation threshold
of NPs. For this reason we first analyze the percolation characteristics in our systems. For
a given concentration p of NPs we calculate the probability P that there exists a connected
path of NPs between the oppositely placed boundaries of a simulation cell. The P(p) plot in
Figure 10 reveals that on increasing p the percolation threshold is reached at pc ∼ 0.3. In the
thermodynamic limit the dependence displays a phase transition type of behavior, where P
plays the role of order parameter. For a finite simulation cell a pretransitional tail appears
below pc, and at the transition steepness of P(p) increases with increasing N. In simulations
we use large enough values of N so that finite size effects are negligible.
The presence of NPs enforces to LC molecules a certain amount of disorder. If the latter is
strong enough LC long range could be destroyed. A typical LC-NP pattern is shown in Fig.
11 where short range order is evident. The range of ordering can be inferred from G(r). In
Figure 12 we plot typical correlation functions for different values of p. The calculated G(r)
dependencies are fitted with the ansatz Eq.(12).
In the regime p < pc the network of NPs is not percolated. Due to frustrating tendencies (i.e.
the LC-LC interaction favors parallel or antiparallel alignment, while the LC-NP interaction
enforces perpendicularly oriented configurations) it is anticipated that in this regime disorder
strength is apparent. This is clearly shown in the s(p) plot in Fig. 13. We observe s(p) ∼ 0
in appropriate interval of concentrations, roughly between p ∼ pr f ∼ 0.1 and p ∼ pc (for
w ∼ JNP. Note that on increasing p above the percolation threshold the s(p) dependence
begins to increases with p. For concentrations, where s(p) ∼ 0, the system exhibits short
range order (at least approximatively). Therefore, the disorder is strong enough to destroy
long range nematic LC ordering. We refer to the concentration range pr f < p < pc as the
random field regime.
We next study structural behavior across the percolation threshold. Characteristic structural
properties are shown in Fig. 14 and 15. As expected a qualitative change in behavior is
observed on crossing the percolation thresholds, which is particularly evident from the ξ(p)
plots (Fig. 14). We see that above the percolation threshold ξ(p) tends to increase. The reason
for this is formation of correlated order in NPs orientational order. Consequently, the LC
component also becomes ordered. One sees increase in s in the regime p > pc. The changes in
α are shown in Fig. 15. We see that in the random field regime α(p) values relatively strongly
fluctuate. On approaching the percolation threshold values of α tend to assemble closer to
α = 1, which would be reached in absence of disorder.

4. Conclusions

In the first part of the present paper, using a mean field type phenomenological model,
we have examined the phase and structural behavior of a binary mixture composed of
CNTs dispersed in thermotropic LC in two anchoring regimes. In the weak anchoring
limit of the nematic LC molecules at the nanotube’s surface, the CNTs alignment is caused
by the anisotropic interfacial tension of the nanotubes in the nematic host fluid. In this
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case, the interaction between CNTs and LC molecules is sufficiently weak to not cause any
director deformations in the nematic and the coupling parameter is given by γw = 4W/6R
(independent of L). In the strong anchoring limit, the nematic ordering around nanotube is
distorted (this case includes two different situations, either the nematic director is nonsingular
or topological defects are present). Now, the coupling parameter is given by γs = 2K/3R2.
First, we have considered the dispersion of CNTs in the isotropic phase of LC (in this case
SLC = 0 and the interaction free energy densities given by Eqs. (5) and (6) cancel. By fitting
the relative variation of the volume fraction of CNTs (Φnem−Φiso)/Φiso at the transition with
the experimental value, we have obtained the value of Flory-Huggins interaction parameter
χ = 0.42.
Second, in both anchoring cases, the first-order nematic - isotropic phase transition of CNTs
dispersed in the nematic phase transforms into a continuous transition for a strong enough
coupling to the nematic host fluid. The corresponding tricritical value of the coupling
parameter increases with increasing temperature being larger in the strong anchoring limit
case (see Figure 2). The numerical estimate of the coupling constants in the two anchoring
regimes indicates that the coupling is so strong that CNTs are far above the tricritical point,
meaning that the nematic-isotropic phase transition is a continuous one.
Third, in both anchoring cases, we have plotted the phase diagram of the homogeneous
mixture for the same value of the coupling parameter. In both cases, three regions of the phase
diagram could be distinguished and correspondingly the existence of triple points are shown.
We mention that in both anchoring cases, the nematic-isotropic phase transition temperature
of LC increases with the volume fraction of CNTs, a well-known experimental result.
It is to be stressed that the model presented does not consider two important features of the
system: the van der Waals interaction between CNTs and the polydispersity of CNTs. In the
future work we intend to include this features into the model.
In the second part of the paper we have shown that in a LC-NP mixture frozen domain type
structure of orientational order might appear, yielding (at least approximate) short range
orientational ordering. In order to find out key ingredients giving rise to such phenomena
we use a semimicroscopic lattice model. The essential ingredients of the model are simple
and regular. Pure systems of LC molecules (i.e. Φ = p = 0) or NPs ( p = 1) tend to form
regular structures. We assume that phase separation is absent and that NPs are essentially
homogeneously distributed within a liquid crystal phase. If the LC-NP coupling tends to
orient molecules perpendicularly (or close to such configuration), the resulting configurations
might be trapped in domain type structures exhibiting short range order. The main reason
for this is softness of the LC component and consequently relatively strong susceptibility to
various perturbations in orientational ordering. We considered concentration ranges between
p = 0 and slightly above the percolation threshold pc. In case of comparable sizes of LC
molecules and NPs we obtained pc ∼ 0.3. If a mixture was quenched from an isotropic phase,
than structures exhibiting essentially short range order were obtained in the concentration
range between p ∼ 0.1 and p ∼ pc. Below p ∼ 0.1 NPs are too diluted to destroy LC
long range order. On the other for p > pc the NPs become percolated and consequently at
least partially orientationally ordered. This order is transferred also to the LC component.
Therefore, within the interval p ∼ 0.1 and p ∼ pc mixtures could display glass like states
with pronounced memory effects. In our future study we plan to investigate in detail glassy
characteristics and memory effects within this interval.
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1. Introduction 

Since the inception of the research field on carbon nanotubes (CNTs), there has been an 
enormous effort to understand how the tubes form and how to best garner their unique 
electronic and mechanical properties. It soon became apparent that in order to develop the 
next generation of functional materials, a way to modify the surface of the tubes and connect 
them was required. The development of the oxidation process with acids was the first 
revolution in the field of CNTs, potentially opening the door to an extensive library of 
modifications. Research progressed by integrating the nanotubes into composites at low 
concentrations with some success, but the goal of producing high nanotube component 
covalently cross-linked materials was still problematic. Two decades after the report by 
Sumio Ijima on their discovery, cross-linked CNT materials are still difficult to produce, and 
this has shifted the field towards a back-to-basics approach to try and solve the problem.  
One key problem identified was the presence of lattice fragments immobilized on the 
surface of the CNTs (Fig. 1.). The current methods of characterization such as X-ray 
photoelectron, Infrared and Raman spectroscopy are indirect and generally fail to 
distinguish between the surface attached functional groups and oxidized lattice fragments. 
A CNT washing technique has been developed to remove these fragments and any 
electrostatically attached products to allow pure covalent interactions with the surface of the 
nanotube (Wang et al., 2010). With an industry now thriving on the production of cheap 
functionalized carbon vapor deposition (CVD) CNTs, priced according to the percentage 
surface functionalization, and the decline in published materials on arc-produced CNTs, the 
need for effective characterization and quality control increases. 
It is the intention of this chapter to review some of the successful approaches used to cross-
link CNTs with a focus on the importance of the chemistry and techniques involved, and 
highlight two areas of research we are currently investigating at Florida State University. 

1.1 The characterization dilemma 
As the basic unit for nanotubes, single-walled carbon nanotubes (SWCNT) have been 
envisaged as a solution in areas such as molecular wires to biological transport vectors, 
however in order to reach this potential, we need to be able to modify the surface structure. 
The solubility of SWCNTs is on average 0.1 mg/ml, however this can be increased to 1 
mg/ml with surface modification. The problem with this form of modification is that the 
inherent properties of the nanotubes, both the mechanical and electronic properties, can be 
significantly altered, questioning the reasons for modifying the tubes.  
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Fig. 1. A carbon nanotube with lattice fragments on the surface. These fragments can be 
easily oxidized and result in an incorrect assessment of the degree of CNT surface 
functionalization. 

One aspect of CNT research that can prove discouraging at times is the difficulty in the 
direct characterization of functional moieties after a chemical process. Sidewall 
functionalization is important for the use of the tubes in cross-linked composites. One of the 
most popular techniques used in journals was Fourier Transform Infrared Spectroscopy 
(FTIR). Whilst it is a powerful technique in organic chemistry, for CNTs it is difficult to 
prove the presence of covalently attached groups although there are good indications of 
hydroxyls, carbonyls and amine derivatives. The low concentration of functional groups on 
the surface is also a problem for acquiring a sufficient signal and the generation of a good 
baseline requires careful preparation. Raman spectroscopy is extremely popular due to the 
characteristic D-band that measures the degree of disorder and the G-band that provides a 
measure of the sp2 character. While the ratio of the bands can provide an insight into the 
quality of the tubes, it can be difficult to form a correlation between the distribution of the 
functional groups and the ratio of the bands. UV spectroscopy (UV) requires the nanotubes 
to be dispersed at a low concentration which is difficult, as the CNTs tend to sediment 
during acquisition. Visual techniques such as transmission electron microscopy (TEM) and 
scanning electron microscopy (SEM) can be useful for identifying regions and trends, but 
the sample area is small for TEM and there are charging issues with SEM. Table 1 gives an 
overview of the types of issues encountered with characterization. 

2. Cross-linking methods 

In this section, we will discuss some of the successful methods employed to facilitate the 
cross-linking of CNTs. There are a variety of methods available and theoretical studies have 
shown the possibility of the assembly of higher ordered structures, however the examples 
listed here differ in the approach to cross-linking from aspects of defunctionalization to 
nanocrystal interactions. 
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Methods Type Information Limitations of Technique 

TGA Solid Functionalization ratio 
No information on covalent 

modification. 

XPS Solid 
Elements present and the 

functionalization ratio 

Inference of covalent 
attachment but quantification is 

restricted 

Raman Solid 
Degree of  disorder and 

sp2  character 

No direct chemical information 
and interpretation is 

problematic 

Infra red (IR) Solid & Liquid Groups 
Analytical quantification not 

advisable 

UV/visible Liquid Sidewall functionalization Solubility of sample is difficult 

AFM Solid Topography 

Sample size is small. 
No information on the covalent 

functionalization and no 
chemical identity 

TEM Solid 
Transmission Image, 

Lattice 

Sample size is small. 
Inference of covalent 

functionalization only. 

SEM Solid Secondary electrons No chemical identity 

Table 1. A list of the limitations of the characterization techniques typically applied to CNTs. 
Table adapted from a module by Liling Zeng and Andrew R. Barron. 

2.1 Cyclo-addition reactions 
The side-wall functionalization of CNTs is of great importance, primarily for increasing the 
solubility of tubes, but equally important is the ability to process the CNTs to form 
composites. One successful method is that of nitrene chemistry. Nitrenes (R-N:) are 
structurally similar to  carbenes (RR’C:) and are electron-deficient uncharged molecules, 
which depending on the side groups, can facilitate addition and rearrangement reactions. 
The singlet nitrenes can react with the sidewall of CNT’s by electrophilic [2+1] cyclo-
additions or by inter-system crossing. The triplet state reacts with the π system of the CNT 
with both the singlet and triplet states resulting in the formation of aziridine rings (Fig. 2A).  
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Cross-linking was achieved by using a di-azidocarbonate, based on poly-ethylene glycol 
(PEG) (Holzinger et al., 2004).  The preparation of the cross-linked nanotubes is a simple 
process using SWCNTs dispersed in 1,1,2,2-tetrachloromethane (TCE) by sonication. The 
suspension is then heated to 160 C and a 20-fold excess of diluted di-azidocarbonate in TCE 
is added over a period of 30 mins. After cooling, the mixture is filtered and washed with 
TCE and ethanol. This process is highly effective in cross-linking, but because of the length 
and flexibility of the cross-linker it is possible for the linker to attach to the same tube 
forming a loop (Fig. 2B). 
The characterization of the composite was performed by using a range of techniques 
including transmission electron microscopy, atomic force microscopy, Raman spectroscopy 
and X-ray photoelectron spectroscopy. This cyclo-addition technique holds huge promise 
for the development of further films using long chain nitrene based cross-linkers.  

2.2 Ion beam and irradiation techniques 
One other method of cross-linking carbon nanotubes is through electron or ion beam 
irradiation.  It has been theorized that cross-linking nanotubes could improve the overall 
characteristics of nanotubes on the bulk scale. While this method can be achieved on both 
SWCNTs and MWCNTs, this technique of cross-linking has both its advantages and 
disadvantages. One advantage is that the setup is simple and there are no chemical reactions 
that need to be performed.  Another advantage is that the bonds formed between the tubes 
are much stronger than the van der Waals interactions that are sometimes used to link 
nanotubes. In addition to this, not only can individual tubes be cross-bonded, but it has been 
demonstrated that it should be possible to link macroscopic carbon structures such as CNT 
mats and fibers. According to simulations, ion irradiation will affect SWCNTs and 
MWCNTs differently.  The incident energy from irradiation will scatter carbon fragments 
from a SWCNT, and a percentage of these fragments will be redistributed along the 
nanotube surface. In the end, these fragments will form the cross-links between the 
nanotubes.  It was predicted that a much higher percentage (~50%) of the fragments will be 
redistributed between the inner walls of MWCNTs.  Therefore, cross-linking via irradiation 
is more suitable for SWCNTs but it can still be used to reinforce the inner walls of a 
MWCNTs. These theoretical predictions for cross-linking nanotubes have been confirmed 
experimentally by researchers.  An improvement in electron transport properties in bundles 
of SWCNTs due to increased intertube coupling, after exposure to an Ar+ beam, has also 
been demonstrated (Stahl et al., 2000). It has been shown that electron irradiation of 
MWCNTs can reinforce the inner walls (Fig. 3.) and stiffen the tubes by up to five  
times (Duchamp et al., 2010). Studies have also looked into the possible mechanisms 
involved in the radiation induced modification of CNTs (Kis et al., 2004). Similar results 
have been reported (Peng et al., 2008) and have demonstrated improvements in fracture 
strength. 
Despite all these advantages and promising results for irradiation cross-linking, there are a 
few drawbacks.  One disadvantage is that it destroys the sp2 bonding of the nanotube which 
could be detrimental to the tubes’ intrinsic properties. Another disadvantage of this 
technique is that the cross-linking capabilities are dependent on where the nanotube can be 
exposed to the electron or ion beam. If you wanted to produce a cross-linked nanotube mat 
(similar to buckypaper) only the surface layers of the CNT mat would be cross-linked as the 
interior tubes would not be exposed to the incident beam.  
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Fig. 2. A) Schematic presentation of the reaction of nitrenes with the nanotube sidewall. B) 
Reaction of di-nitrenes with the nanotubes using diazidocarbonate polyglycolesters as 
precursors. The addition of the di-functional molecule can also happen on the sidewall of 
the same CNT resulting in the formation of a loop. Adapted from (Holzinger et al., 2004) 
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Fig. 3. The reinforcement of the sidewalls of a MWCNT by an electron beam. This form of 
cross-linking may be extended to neighboring tubes forming a covalently linked intertube 
junction. 

2.3 Michael addition 
At Florida State University we have been exploring the nature of cross-linking between 
CNTs. Inspired by the interaction of maleimides with cysteine for biological labeling and the 
potential for the covalent interaction of CNTs, we used benzoquinone to cross-link thiolated 
carbon nanotubes (MWCNT-SH) to form mats similar to buckypaper. We wanted to 
develop a way of producing a cross-linked mat without the need to use high pressure 
processes or electron beams to fuse the tubes together, so we applied a back-to-basics 
approach and tried to identify the problems associated with poor cross-linking between the 
tubes. It became apparent that the inability to control reaction conditions during the 
formation of the mats was a problem so we attempted to maintain the temperature and 
dispersion of the tubes until the mat was ready to be cast. The procedure involved 
sonicating MWCNT-SH (1g, Nanocyl) with an excess of dithiothreitol (DTT) to separate the 
nanotubes and break up the disulfide bonds. The MWCNT-SH were then washed with DMF 
and dried for 12 h. From this batch, MWCNT-SH (20 mg) were dispersed in DMF (15 ml) 
and sonicated. In a separate vial, benzoquinone (100 mg) was dissolved in DMF (10 ml). The 
benzoquinone solution was slowly added to the nanotube suspension and the mixture was 
stirred at 75 C for 12 hours before being vacuum filtered and washed with excess DMF. It 
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was noted that the use of a heat gun to maintain the temperature of the mixture at 75 C 
aided cross-linking during filtration (Ventura et al., 2010). 
 

 
Fig. 4. Reaction scheme for cross-linking MWCNT-SH with benzoquinone. 

The products formed during the reaction are of two forms, either the 2,5-dithioMWCNT 1,4-
cyclohexanedione adduct or the 2,6-dithioMWCNT 1,4-cyclohexanedione adduct depending 
on the steric interactions (Fig. 4.). Several concentration ratios of benzoquinone : MWCNT-
SH were tested to obtain the optimum flexibility of the mat produced. Tensile strength 
measurements indicated that the optimum concentration of benzoquinone : MWCNT-SH 
was 5:1 and the SEM images inferred the that there was sufficient cross-linking (Fig. 5A)  
The 10:1 composite produced a brittle mat confirming the link between the increasing 
strength of the mat and the degree of cross-linking.  
The surface of the 5:1 nanotube film also contained unreacted thiol groups that were used to 
attach nanocrystals to enhance the functionality. As a demonstration of this principle, we 
attached 5.7 ± 0.3 nm gold particles to the surface (Fig 5B). 
 

 
Fig. 5. A) The SEM images of a cross-linked bundle of nanotubes and B) a nanotube mat 
decorated with 5.7 ± 0.3 nm gold particles. 
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Once the film was produced we wanted to see if we could create a die-cast composite using 
a 10:1 ratio of benzoquinone : MWCNT-SH. During this procedure, we injected a predrilled 
cast, in the letters “FSU”, with the cross-linking mixture of benzoquinone and MWCNT-SH 
and placed the cast on a hotplate heated to 75 C. We periodically injected more of the 
mixture as the liquid level dropped until the cast was full, and left the cast at 75 C for 9 
hours before cooling to room temperature (Fig. 6A). The cross-linked FSU blocks were 
removed with the aid of a scalpel in smaller blocks (Fig. 6B). 
 

 
Fig. 6. A photograph of A) the letters FSU cast into a stainless steel container with a 10:1 
mixture of benzoquinone : MWCNT-SH injected into the cast. B) The cross-linked composite 
removed from the cast after heating. 

Although the removal of the composite from the cast was difficult, it was primarily due to 
the design of the cast. We plan to explore the use of bismaleimide groups to generate similar 
composites. We are also exploring alternative methods to modify the carbon nanotubes. One 
method that we find intriguing is the use of a mechano-chemical approach. This is a novel 
method in the field of CNTs and provides an alternative route to attach functional groups to 
the surface of CNTs by ball-milling the tubes in the presence of a reactive gas. The milling 
creates defects on the tubes which react with the gas forming covalent attachments (Konya 
et al., 2002). 
For cross-linking, it is preferential to have a fairly uniform CNT size and distribution of 
functional groups on the surface. Both of these requirements were addressed in research 
into the mechano-chemical functionalization of CNTs with a ball mill, for the generation of 
surface thiols, chlorides, acyl chlorides, amines and amides.  
The process involved placing purified CNTs into a ball-mill and degassing in a heated N2 

environment or in a vacuum. The reactant gas was then pumped through the chamber untill 
the milling process was complete. The excess reactant is removed by the evacuation of the 
chamber, and the tubes are subsequently washed with ethanol. The research noted that 
extended periods of milling resulted in the generation of amorphous carbon and lattice 
fragments with a 30-35% amorphous content formed after a period of 2 weeks. The milling 
process shortened the tubes and this was also carefully controlled by the cumulative milling 
time. 
The results inferred that the CNTs obtained had a high degree functional groups around the 
surface as indicated by IR and XPS, and the process can be scaled up depending on the size 
of the mill.   
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2.4 MWCNT-Titania films 
There are many theoretical ways to improve the photocatalytic efficiency of titania (TiO2) 
including increasing the surface area of TiO2 or creating methods to promote charge 
separation, but there needs to be a better way of promoting electron transport. Therefore, 
the development of new materials that are capable of increasing the efficiency of electron 
mobility are required. CNTs are known to be a good candidate for use with TiO2 because of 
the semiconducting and metallic behavior depending on the diameter of the tubes and 
helicity. Enhancing the photocatalytic properties of titania is extremely important, especially 
when it is considered as a potential for the photocatalytic reduction of CO2 with H2O (Xia et 
al., 2007). Titania itself exhibits good photostability properties; however the photocatalytic 
reaction with CO2 is insufficient for applications. This problem was reduced significantly by 
the application of carbon nanotubes as a mediator of electron transfer and MWCNTs have 
been investigated for their charge transfer properties with titania, but a suitable composite 
needs to be constructed.  
We have constructed a nanotube film which uses aminated titania particles as a cross-linker 
for CNT films (Fig. 7.). In a departure from the standard cross-linking theory, we wanted to 
examine the potential for these beads to act as cross-linkers in CNT films. In addition to the 
formation of amide bonds, the nature of interaction allows for the potential of electron 
transfer from TiO2 to the carbon nanotubes.  
 

 
Fig. 7. Reaction scheme of the acylation of CNTs followed by the cross-linking of an 
aminated titania bead. 
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MWCNT-COOH (1 g, 50-80 nm OD, Nanostructured & Amorphous Materials Inc.) were 
converted to MWCNT-COCl by heating the nanotubes under reflux for 3 days in THF with 
thionyl chloride. The MWCNT-COCl were washed with excess THF under vacuum and the 
tubes were dried over a period of 24 h. The MWCNT-COCl (100 mg) were sonicated for 10 
minutes whilst TiO2-NH2 (25 mg/ml, Corpuscular Inc.) 100 nm particles (Fig. 8A) were 
added. The mixture was further heated under reflux and slowly vacuum filtered whilst hot 
to produce a thick film. The films were brittle but the SEM images indicated a sufficient 
dispersion throughout the composite. The particles are amorphous but can be easily 
converted to anatase or rutile by heating, making the film a good candidate for 
photocatalytic activity. 
Using particles and nanocrystals as cross-linking agents is of great interest for increasing the 
surface area for reactivity. Examples can found in literature of the use of such constructs in 
the formation of photoreactive composites of CNTs and titania (Yao et al., 2008) and Pt 
nanoclusters/titanium dioxide nanotube composites (Dong et al., 2010).  In order to increase 
the utility of these composites, they would need to be processed into films to fully take 
advantage of their unique properties. 
 

 
Fig. 8. SEM images of A) aminated titania particles B) low magnification image of the film C) 
a high magnification section of the film surface D) A highly cross-linked fiber at the edge of 
the film. 
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2.5 De-fluorination 
The ultimate goal of cross-linking carbon nanotubes is to find a way of incorporating the 
effectiveness of the electron beam techniques with a chemical approach. This concept was 
highlighted by the work demonstrating the production of binder free cross-linked carbon 
nanotube composites (Sato et al., 2008). The problem addressed in their research focused on 
an additional issue with CNT chemistry. CNTs with smaller diameters are typically more 
reactive than larger MWCNTs because the strain energy is inversely proportional to the 
diameter of a tube. The surface of larger MWCNTs act like a graphite sheet making surface 
modifications extremely difficult. One solution to this was the fluorination of CNTs, and this 
was achieved by reacting purified MWCNTs with a mixture of 20% F2 and 80% N2 at 523 K 
for a period of 2 hours followed by thermal annealing at 523 K for 6 hours under N2 (Sato et 
al., 2008). The cross-linking of the CNTs was achieved by using a spark plasma sintering 
system that produces a significant amount of sp3 carbons, which connect the tubes when 
operated for 10 minutes below 80 MPa. Fig. 9A shows a picture of the defunctionalized 
block. The size and dimensions can be tailored depending on the vessel used to cast the block. 
 

 
Fig. 9. A) The photograph of a defunctionalized MWCNT block and B) a TEM image of a 
cross-linked composite showing bamboo-like structures, at the white arrow positions. 
Adapted from (Sato et al., 2008) 

Fig. 9B shows a characteristic high magnification image of the block. The bamboo-like 
structures have been seen in nitrogen doped carbon nanotubes, however in this case they 
are the result of the CVD process and beneficial for exploiting defect sites.   
The spark plasma sintering solidification process also more accurately relies on the 
liberation of carbon fluorine gases which generate defects and vacancies on the MWCNT 
surface, effectively increasing the reactivity. The comparison of the block with commercially 
available graphite (Table 2.) shows a greater percentage porosity which may indicate a 
future avenue to tailoring the material for applications such as hydrogen storage. The 
Vickers Hardness has a value of 46.9 MPa which is much higher than that of graphite at 16.8 
MPa, but lower than the minimum value for carbon steel calculated to be approximately 
539.4 MPa. It is surprising that the conductivity is slightly more than that of graphite given 
the increase in sp3 character, but this may be a result of the bulk properties of the composite 
rather than the dominance of individual tubes. The process is still highly destructive for the 
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outer layer of MWCNTs and detrimental to that of SWCNTs, which means the fluorination 
process would have to be carefully controlled to prevent extensive damage. Future work on 
this type of cross-linking may require the relationship between the fluorination time and de-
fluorinated cross-linking ability to be established. 
 

Characteristic 
De-F-MWCNT 

Blocks 
Commercial 

Graphite 

Bulk Density, 
(g/cm3) 

1.44 1.74 

Porosity (%) 36.2 23.0 

Young’s Modulus, 
Eb (GPa) 14.2–16.3 6.5–8.6 

Fracture Bending 
Strength, b (MPa) 

92.4–123.0 42.1–43.7 

Vickers Hardness, 
Hv(MPa) 46.9 16.8 

Conductivity,  (S/cm) 
(four-probe) 

2.1 X 102 6.0 X 102 

Table 2. The properties of the de-fluorinated MWCNT blocks in comparison to commercially 
available graphite. Adapted from (Sato et al., 2008). 

In general, the cross-linking by de-fluorination is possibly one of the best methods for 
producing strong-robust carbon materials. If the process can be further refined, it may also 
be possible to create thin films for filtration or flexible films for catalytic substrates. 

3. Applications of cross-linked CNTs 

CNTs have been linked to diverse fields from biomedical drug delivery vectors to nanoscale 
computing. This section highlights some of the applications envisaged for the tubes, 
focusing on the development of non-covalent and covalently intertwined architectures, and 
the importance of the techniques used for their assembly. 

3.1 Buckypaper 
One of the more promising avenues for carbon nanotubes is the development of 
buckypaper. This material is made from aggregates of carbon nanotubes and may be held 
together by a variety of methods. In the simplest case, buckypaper can be made by the acid 
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functionalization of the tubes and washing with deionised water. After drying, the tubes are 
suspended in a mixture of solvent and surfactant. A stable suspension is usually achieved 
after sonication and is then filtered and compressed. The advent of double-walled carbon 
nanotubes (DWCNTs) provided a means to create even stronger non cross-linked 
buckypaper due to the coaxial nature of the tubes, that is reflected in a higher stability when 
compared  to  SWCNTs. DWCNTs are in fact perfectly situated to provide the benefits of 
both SWCNTs and MWCNTs and this has been demonstrated by the production of strong 
flexible DWCNT buckypaper (Endo et al., 2005). In this case, buckypaper was produced by 
sonicating 15 mg of DWCNT in 100 ml of ethanol for 30 mins. The suspension was then 
carefully poured onto a polytetrafluroetylene (PTFE) filter and dried for a period of 24 hours 
before being peeled off. It is important to note that the paper was produced without the use 
of a surfactant in order to increase the purity of the paper, and a quick but significant 
mention of the careful pouring with filtration to form the paper was made. This research 
highlights an important issue for the processability of CNTs. Is the application of technique 
equally or more important than the chemistry of cross-linking? 

3.2 Photovoltaic devices 
The addition of CNTs to organic photovoltaic (OPV) cells is of great interest due to the 
inherent properties of the tubes (Li et al., 2010).  Organic solar cells have garnered a lot of 
interest since the discovery of dye sensitized solar cells, and have been envisioned as a 
cheaper alternative to silicon based cells.  The main drive behind the current research is to 
create a robust, flexible cell capable of sustaining many cycles as well as an increase in light 
absorption. One of the hurdles that need to be overcome is the relatively low carrier 
mobility that is found even in thin film organic polymers.   
CNTs present and an attractive addition to thin film composites due to high charge mobility 
and extended conjugation and mechanical strength. SWCNTs provide an advantage to 
MWCNTs due to the diverse band gaps, which may be used to fine tune optical absorption, 
and reduce the effect of carrier scattering. Even with the advantages of SWCNTs in 
polymers, both SWCNTs and MWCNTs have been integrated into photovoltaic composites. 
These cells did improve the carrier mobility even when the doping level was low but the 
issue of solubility and processability still limits its potential efficiency. Another limitation is 
the combination of both the polymer donor and molecular acceptor in the same layers (bulk 
heterojunction design) which results in a highly disordered system with no clear phase 
boundaries (Yun et al., 2008). One way to circumvent these issues is to follow an in situ 
polymerization method for a series of SWCNTs–poly[(2-methoxy,5-octoxy)1,4-
phenylenevinylene] (MO-PPV) nanocomposites using different weight ratios. These are then 
cross-linked to acylated SWCNTs resulting in MO-PPV/SWCNTs nanocomposites with a 
defined interface (Fig. 10.). The result can be seen in the increase in electron mobility from 
the SWCNT to the polymer (Yun et al., 2008). 
Photoluminescence studies showed that there was significant quenching with the addition 
of SWCNTs, and further solid-state photoluminescence spectra of the thin films indicated 
that there was charge transfer from MO-PPV to SWCNTs. The MO-PPV/SWCNTs bulk 
molecular heterojunction solar cells produced exhibited an improvement in the efficiency 
which can be attributed to the nanophase separation which helps to not only enable carrier 
transport and exciton dissociation, but also reduce the recombination of photogenerated 
charge carriers in the thin films. 
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Fig. 10. Reaction scheme of the acylation of CNTs and the cross-linking of the tubes with 
MO-PPV. Figure adapted from (Yun et al., 2008). 

3.3 Artificial muscles 
In the list of potential applications for carbon nanotube films, the nature of biological 
interactions is far more curious, following trends more commonly attributed to science 
fiction. One such concept is that of artificial muscles. The research into using CNTs as 
muscles has been ongoing with various noteworthy achievements of the last few years 
(Vohrer et al., 2004).  The work by Ray Baughman at the University of Texas has shown that 
cross-linking vertically aligned CNTs can produce a material with intriguing properties. The 
films act as CNT actuators and are produced from aerogel sheets which are drawn from 
forests of aligned carbon nanotubes (Aliev et al., 2009). In this design, actuation, which is 
shown as a rapid spreading out of the width of the film after an insertion of charge, is 
followed by the contraction of the length of the film. The actuation across the length creates 
an isometric specific stress that can be up to 4.0 MPa cm3/g. Mammalian skeletal muscle can 
typically withstand a stress of 0.1 – 0.35 MPa (Madden et al., 2004), which in comparison to 
the isometric stress–generation capability of the sheet which was measured at 3.2 MPa, 
many times higher than the stress-generation capability of mammalian skeletal muscle. 
The film is also being explored in relation to the behavior of the strain in extreme 
temperatures, and the advantages of controlling the structural changes.  The research group 
highlight the possibility of tuning the density of the film for use in electrodes and light 
emitting displays.  
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4. Conclusion 

In this chapter, we have discussed some of the successful approaches to cross-linking CNTs. 
For the formation of highly cross-linked CNT composites, the de-fluorination process is 
clearly an advantage. The fluorination of CNTs produces C2F stoichiometries which 
translate across the surface of the tubes, and can be beneficial for further processing. The 
tubes can then be fully defunctionalized by thermal treatment producing volatile fluorinated 
carbonaceous molecules (CFx). The resulting CNTs have active sites all over the surface. 
For the formation of flexible thin films, the production of buckypaper or nanotubes mats 
from thiolated CNTs are possible and may serve to be good electrodes or sensors for future 
applications. 
Although the characterization of the composites formed needs to be extensive, it is possible 
to prove the nature of interactions between the tubes and the cross-linker. It is clear that the 
recent Nobel Prize for the work on graphene is helping to stimulate interest in the field, with 
many aspects envision for carbon nanotubes being translated to novel graphene 
architectures. It is expected that for the immediate future, the research into graphene and 
CNTs will take a synergistic approach especially in the area of cross-linking. There is 
already some promising research available that explores the nature of cross-linking between 
the related graphene oxide sheets (Park et al., 2009).  
The application of artificial muscles really emphasizes the potential for the future of carbon 
nanotube research, demonstrating our ability to unlock the skills required to control 
nanoscale assembly. 
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