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Preface

Graphene, a single layer of graphite formed by a repetitive hexagonal lattice, has re-
cently raised extensive interest of the world-wide scientific community since it has
been obtained successfully in 2004. The graphene is of significant value for the funda-
mental studies of condensed matter and quantum physics. The main techniques of
graphene simulation based on density functional theory (DFT) and non-equilibrium
Green’s function techniques provides the accurate results of electronic structure and
transport. In this section, semi-empirical simulation as a necessary implement facili-
tates the larger-scale system simulation. However, an important aspect to address real
world problems is the limitation to rather small system sizes of typically a few hun-
dred atoms, which makes it necessary to combine them with the analysis of simulation
results based on molecular dynamics techniques. Recent developments of quantum
theory on graphene can assist in the exploration of Dirac fermion behavior, external
field interaction etc.

Dr. Jian Ru Gong,
National Center for Nanoscience and Technology
China (NCNST)
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DFT Calculation for Adatom
Adsorption on Graphene

Kengo Nakada and Akira Ishii
Department of Applied Mathematics and Physics
Tottori University, Tottori
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1. Introduction

Graphene is well-known to be two-dimensional material made of carbon atoms. Graphene
is the basic material to form nanotube, fullerene and graphite. Graphene is a substance that
attracts attention not only as parts of the nanocarbons but also for its own interesting
electronic and mechanic properties ( T. Ando, A. K. Geim et.al, K.S. Novoselov et.al). In the
last decade, the most significant problem is how to make wide and high quality graphene
itself. Nowadays, good quality graphene can be made in labolatories, for example, using
SiC(0001) surface. Thus, one of the next step of the research related to graphene is how to
make nano structures on graphene plane (V. M. Karphan et.al ).

Recently, H.Fujioka et al. has suceeded for the growth of GaN on graphite using PLD
(Pulsed Laser Deposition) method and they success to make light emission diode using GaN
on graphite (K. Ueno et.al, A. Kobayashi et.al 2006, A. Kobayashi et.al 2007, G. Li et.al, M.-H.
Kim et.al, H.Fujioka 2009 ). Since the graphite is made of the stacking of many graphene
plane, similar growth will be possible for graphene, if the graphene plane is supported
mechanically with the other certain material. Such growth is not limited to GaN, but many
other possibilities to form nano structures, nano devices or thin films on graphite plane. In
order to apply graphene for such purpose, however, we should first investigate deeply for
the interaction between adatoms and graphene plane ( A. Ishii. et.al 2008, K.Nakada et.al). In
experiments, the adatom adsroption on graphene is reported for some atomic species (L.
Zanella et.a, K. Kong et.al, K. Okazaki et.al, A. Lugo-Solis et.al, M. Wu et.al, H.Gao et.al, J.
Dai et.al ) , but not for all atomic species.

In this chapter, we introduce the adsorption mechanism, atomic structures, stabilty,
migration barriere energies and electronic properties of the adatom adsorption system on
graphene plane for most all atomic species using the density functional theory. First, we
review briefly the basic properties of graphene used in the following sections as remarks.
The band structure of graphene is shown in figure 1. Because of the in-plane hexagonal
symmetry, the px and py orbitals are degenerated. The s-orbital and the degenerated py and
py orbitals make sp? hybrid orbitals in the graphene plane as ¢ bonds. The p, orbitals are out
of the sp? hybrid orbitals and they form the pi bonds normal to the graphene plane. These p,
orbitals forms bonding orbital (1) and anti-bonding orbital (z*) below and above the Fermi
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energy level. These two band has no bandgap and they contact at one point in the
momentum space just at the Fermi energy.
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Fig. 1. (a) Local density of states projected to s, px, py, p- orbitals for graphene. (b) Total
local density of states for graphene. The LDOS projected to px and py are degenerated. (c)
Band structure of 1x1 graphene. The blue lines in the figure correspond to wave functions
of p, orbitals.

Near the point, the band is linear so that the effective mass of the electron of the bands are
zero. This point is known to be "Dirac point", because the band structure around the point is
similar to the massless Dirac particle as the solution of the Dirac equation of the relativistic
quantum mechanics. The Dirac point is very important in the physics of graphene. Because
of this feature, the mobility of electron in graphene is very large. The theoretical prediction
of the mobility is 1000 times larger than silicon and experimentally observed mobility is
more than 100 times, at least. This large electron mobility is one of the significant reason that
the graphene is expected to be the material of the future nano device. Using the large
mobility, we can expect a lot of application for graphene for small gate voltage for electrons
and holes of the device. Moreover, interesting features of graphene are large heat
conductivity, large Young's modulus and light weight because of carbon atoms. Because of
the two-dimensionality of graphene, adsorption of atoms or molecules on graphene affects
the electronic properties of graphene itself dominantly through the p.-orbitals. It means that
the doping effect for graphene is very interesting.

2. Calculation method

In this work, we used a first-principles band calculation technique based on density
functional theory. We used VASP (G.Kresse et.al 1993, G.Kresse 1993, G. Kresse et.al 1996,
G. Kresse et.al 1996 ) which is a first-principles calculation code with high precision using
the PAW method (G. Kresse and D. Joubert ). We adopted LDA ( P. Hohenberg and W.
Kohn, W. Kohn and L. J. Sham ) as the term exchange correlation with a cutoff energy of 500
eV and all calculations performed nonmagnetically. The unit cell for the graphene sheet
adopted a 3 x 3 structure. The lattice constant of the grapheme used the value optimized by
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Fig. 2. Adsorption sites of graphene of 3x3 supercell. (a) Bridge site (B-site) positioned at
the center of C-C bond. Number in the figure shows us the numbering of each carbon atoms
of the 3x3 supercell. (b) Hexagonal site (H-site) positioned at the center of the six
membered ring. (c) Ontop site or tetrahedoral site (T-site)

calculation. The distance between graphene sheets is about 14.7A and the distance between
adatoms is about 7.3A. The final potential is constructed self-consistently from eigenstates at
24 sampling k-points in the irreducible Brillouin zone (IBZ). For the calculation of adatoms
at certain sites, the position coordinate of the adatom parallel to the surface is fixed and the
coordinate normal to the surface is fully relaxed. One atom of the edge of the 3x3 structure
of the graphene sheet is fixed during the relaxation of the other carbon atoms of the sheet.
Using the coordinate which converged potential, we performed convergent calculation
using 240 k-sampling point in the IBZ. To obtain a final potential, we calculated a 3x3
graphene. Fig.3 is band structure and BZ of 3x3 graphene. Owing to the supercell used in
the calculations, the K point of the1x1 grapehen BZ in Fig.1(c) is folded into the I' point of
the supercell BZ. Similarly, the M point of the 1x1 graphene BZ is foled into the I of the
supercell BZ. We calculated supercell BZ with M-I'-K-M line to follow the dispersion of the
Dirac point. The calculation was carried out at three adsorption sites, H, B and T shown in
Fig. 1. We calculated the adsorption energy from the formula

Ebond = (Egraphene + Eadatom - Etotal)~ (1)

Ebond is the binding energy of the adsorbed atom to the graphene sheet. Egraphene is the total
energy of one sheet of the graphene and Eadatom is the total energy as an isolated atom of the
adatom. We treated almost all the elements of the periodic table except the lanthanoids and
noble gases as adatoms and carried out the calculation from H to Bi.

3. Result and discussion

3.1 Adsorption energy

The 3d transition metal is spin polarized at low temperature. In some groups (K. T. Chan
et.al, P. A. Khomyakov et.al), calculations considering spin polarization are performed for a
few adatoms. However, if the nonmagnetic state is one of the ground state, its calculation is
as important as the spin polarization calculation. In other words, the nonmagnetic state is in
the condition to take an average of the spin, and it is the starting point for discussion of the
ferromagnetic state and the discussion of high temperature. As the first step in the
discussion of the growth of a compound semiconductor on graphene, we discuss the
electronic state in the nonmagnetic state. Fig. 4 is the calculation result for the nonmagnetic
state. This figure shows the most stable adsorption site and bond energy when various
adatoms are adsorbed at three adsorption sites. In the figure, the most stable sites for each
adatom are indicated by colors. The green, red and yellow boxes mean that the most stable
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Fig. 3. The band structure and BZ of 3x3 graphene. The blue lines in the figure correspond
to wave functions of p,-orbitals.

site is the B-site, H-site or T-site respectively. The value in Fig. 4 shows the magnitude of the
adsorption energy when each adatom is adsorbed to the most stable adsorption site. This
result shows that for the transition metal elements the most commonly stable is the H-site.
For the nonmetallic elements, the B-site is most stable. For H, F, Cl, Br and I, where the
valence electron number of the adatom is 1, the T-site is the most stable adsorption site. In
addition, for transition metal elements, the magnitude of the adsorption energy of each
adatom is very large. The largest adsorption energy is shown for the adatoms of the
nonmetallic elements C, N, O. For the transition metal elements, the bond energy shows an
increasing tendency with an increasing number of d-electrons. Furthermore, it shows a
tendency for the bond energy to decrease when the number of d-electrons increases to more
than half occupancy, because the d-orbitals are shifted down. Therefore we find very large
bond energy for Mn, where the d-orbital is half occupied. The bond energy is a very large on
metal element adsorption, but this state is unstable because it is constructed from a localized
non-bonding band at the Fermi level and the number density of states at the Fermi level
(DOS(EF)) is very large. There is low bond energy for Cu, Ag, Au because all d-orbitals are
occupied. Furthermore, the bond energy becomes very small for Zn, Cd, and Hg, where the
s-orbital is close to the d-orbital. In addition, there is almost no difference in the adsorption
energy of the three adsorption sites when the adsorption energy of the adatom is small. In
contrast, the adsorption energy is large for the nonmetallic elements C, N, O and the
difference of adsorption energy between sites is also large (higher than 3.0 eV). This shows it
to be easy to adhere strongly to the B-site. However, there are a few differences between the
adsorption energy of the T-site and the B-site when the adatom is C. Fig. 5 is a table of the
bond distance between graphene and the adatom. ("The bond distance’” means the distance
between the average of the position of the graphene sheet and the adatom.) In the case that
the bond distance between the adatom and graphene is large, the binding energy tends to
reduce. In the case of a large bond distance, the adatom shows physical adsorption-like
bonding. When the bond distance is short, the bond energy tends to increase. In this case the
bonding feature is like chemical adsorption.
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Fig. 4. The most stable sites and bond energy when an adatom was adsorbed: green is B-site,
red is H-site and yellow is T-site.

In figure 6, typical examples for physical and chemical adsorption are shown. We show the
band structure, the amount of carbon p, character is indicated by a red of the bands. The
Fermi level is at zero energy. The adatom of model metal element is Fig.6(a) Na, (b) K, (c) Ru
and (d) Cs. The adatom of nonmetallic element is (e) C, (f) N (g) O and (h) F. The Dirac point
corresponds to the crossing of bands at I' with predominantly p, character, as is clearly
visibel for physisorbed Na, K, Ru and Cs on graphene. For chemisorbed C, N, O and F on
graphene, the Dirac point disappear and the bands have a mixed character. If the binding
energy is small, (if adsorbed Na,K,Ru or Cs), the characteristic conical points of band
structure at I' can still be clearly identified. In contrast, if the binding energy is large, (if
adsorbe C,N,O or F), the graphene bands are strongly perturbed. In particular, the
characteristic Dirac point of graphene at I' are destroyed because the graphene p, states
hybridize strongly with the adatom. However, a very wide hybridized orbital is constructed
between graphene and adatom. Furthermore, Fermi level shifts to upper on the C,N,O and F
atomic adsorption. In other words, it corresponds to an electronic dope. The tendency of the
adsorption is classifiable to two widely as had shown in typical example. The physical
adsorption and the chemical adsorption can discuss from the bond distance. We discuss on
tendency of the stability from adsorption energy and an adsorption distance. The long bond
distance between graphene and adatom shows physical adsorption, and the short bond
distance shows chemical adsorption.

Figure 7 shows local density of state and density of states when we adsorbed element of the
fourth period (K,Ca,Sc,Ti,V,Cr,Mn,Fe,Co,Ni,Cu,Zn,Ga,Ge,As and Se). We arranged model



8 Graphene Simulation

metal, transition metal and the calculation which adsorbed the nonmetallic element. The (a)-
(p) in fig.7 corresponds to K,Ca,Se,Ti,V,Cr,Mn,Fe,Co,Ni,Cu,Zn,Ga,Ge,As and Se adsorption.

He
less than 2.0A
Be more than 2.0A
W 2.93
Mg
222|321 2.04(2.03(2.09 [ 2.08 |2.56
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2.84(2.49 241)3.13(2.48(2.53]2.57

Fig. 5. Distance between the adatom and grapehen in the most stable adsorption site: a red
substrat shows distances less than 24, a white substrate shows distances more than 2A.
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Fig. 6. Typical example for physical and chemical adsorption. A red circles correspond to the
amount of adatom of p, charactor. The adatom is (a) Na, (b) K, (c) Ru, (d) Cs, (e) C, (f) N (g)
Oand (h) F.

The left axis of fig. 6 shows density of states (/eV), and the right axis shows local density of
state of adatom (/eV). It is performed a projection of a wave function of the adatom to s,p,d
orbital. The wave function character is calculated, either by projecting the orbitals onto
spherical harmonics that are non-zero within spheres of a radius. Each calculation is result
of the H-site adsorption. In a model metallic element and the transition metal element, H
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site adsorption is most stable. B-site adsorption is most stable in the metalloids such as
Ge,As and Br, but shows calculation result of the H-site adsorption for comparison. 18 C
atoms constituting graphene is included in the 3x3 unit cell. We change an axial
contraction scale of LDOS to compare LDOS of the adatom with the DOS of the total. As for
the K adatom adsorption on the graphene in figure 7(a), peak structure of the p-orbital
appears around 12eV. The 3p-orbital of the K atom is a closed shell, but it is necessary to
treat 3p-orbital as a valence electron because there is the orbital in a shallow rank. In other
words, we prepared for pseudopotential to treat 3p-orbital as a valence electron to treat it as
shallow core. Almost of 3p bands are lone status, but hybridization with the graphene is
slightly shown. The 3d-orbital is not occupied with an electron. Conduction band
constructed from 3d is fermi level upper 5eV. In the K and the Ca atomic adsorption, the 3d-
orbital is located in the conduction electron band of the Fermi surface upper part. However,
the valence band around the Fermi level is occupied by d-orbital of the adatom when we
adsorbed adatom from Sc to Cu. One of the reasons of strong energy when transition metal
was adsorbed is a hybridized orbital between 3d-orbital of adatom and p orbital of
graphene. The peak structure is located around the Fermi level. The peak structure around
the Fermi level is made from the wave function of adatom which does not hybridize orbital.

In figure 8, for typical example, we show a band structure of the Cr atomic adsorption on
the graphene with high adsorption energy. Fig. 8 shows a band structure close to the Fermi
level when a Cr atom adsorbed to the graphene B-site, H-site and T-site. The wave function
projected to p, orbital in the 8-site of C atom is plotted in blue color circle. The most stable
adsorption site is H-site. The @ bonding bands made from the p, orbital of the graphene is
broken by B-site adsorption and the T-site adsorption. However, the n bonding band is kept
when a Cr atom adsorbs on the H-site. The wave function projected to pz orbital in the 8-site
of C atom is plotted in blue color circle. The adatom was adsorbed each in (a) the B-site, (b)
the H-site and (c) the B site. We can understand from a surface structure (Fig. 9) of the
graphene after the Cr atomic adsorption. The Figure 9(a) is a side view of the graphene
structure when a Cr atom adsorbed on the B-site. When adatom adsorbed H-site, we
showed it in figure 9(b) and showed it to figure 9(c) when we adsorbed T-site. When adatom
adsorbs on the B-site and the T-site, a structure of the graphene after the adsorption is
warped. However, a structure of the graphene does not change when adatom adsorbs on
the H site.In other words a i bonding band of the p, orbital of the graphene functions
enough because symmetry of the graphene does not collapse when adatom adsorbs in the
H-site. Almost all H-site adsorption is most stable in the adsorption of the transition metal
in many cases. When adatom adsorbs on the H-site ( the center of the six-membered ring ), a
lot of adjacent bond between adatom and the C atom is made. However, when adatom
adsorbs on the B site and the T-site, bonding between the specific C atom and adatom
becomes strong, but bonding with the other C atom becomes weak. Besides, m bonding is
made weak when adatom adsorbs on the H-site and the T-site because a surface structure of
the graphene is broken. Figure 10 drew the wave function ( charge density map ) of the band
of around the Fermi level when a Cr atom adsorbed to the graphene. In fig. 10, A charge
density map when a Cr atom adsorbed to the graphene. (a-1) and (a-2) show a charge
density map made from around fermi the 39th band from the bottom. A shape of typical

d,. . -orbital is shown in the 39th band. We can understand that 39th band is very
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localized by comparing fig. 7(f) with fig.10(a). The p-d orbital hybridization of C atom and
the adatom begins with a band than 37th band below.

a b
1200 (@) (b)
> 800 f I
- 172]
8 19
a g
400 |
000
12.00
2 800 F 2
S w
8 Q
8 8
400
0.00
220
12.00
= 800 f =
» 2
%]
8 8
a 5
400
000 U ‘ L4 000
- 20 5 0 5
1200 (®) 400
Z 800 2
@» v
2 {1200 8
] g
400

0.00 0.00

Fig. 7. Density of states of the fourth period and local density of state. There is no spin
polarization. A black line is density of states, and the value is shown in a left axis. The local
density of state of the adatom is shown with axis of the right side. Local density of states
projected to s, p, d orbitals for graphene. A red line shows s orbital, a green line shows p
orbital, and blue line shows d-orbital component. (a)-(p) is the calculation result which
adsorbed K,Ca,Sc,Ti,V,Cr,Mn,Fe,Co,Ni,Cu,Zn,Ga,Ge,As and Se atom on graphene.

In Fig.7, we follow a band located very much just under the fermi level. In fig. 7, a band
structure of the Cr,Mn,Fe,Co and Ni atomic adsorption which is 3d transition metal element
is illustrated. These very localized around fermi level and the number of the density of
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status is very large. In addition, the T band of the graphene is divided by localized d-orbital.
The number of the very large status just under the fermi level shows that status is instability.

@ o ©

Energy (ev)

Fig. 8. A figure of band when Cr adatom adsorbed in each adsorption site in the graphene.
The wave function projected to p,-orbital in the 8-site of C atom is plotted in blue color
circle. The adatom was adsorbed each in (a) the B-site, () the H-site and (c) T-site.

(@) (b) (c)

Fig. 9. A surface structure when a Cr atom adsorbed in each adsorption site in the graphene.
(a) B-site, (b) H-site, (c) T-site.

(a-1)

Fig. 10. A charge density map when a Cr atom adsorbed to the graphene. (a-1) and (a-2)
show a charge density map made from the 39th band from the bottom. (b-1) and (b-2) is
made from 37th band. (c-1) and (c-2) is made from 35th band.
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We performed all nonmagnetic (we do not consider spin polarization) calculation. In other
words, this shows that status is stabilized by spin polarization. In figure 11, we show
calculation result in consideration of spin polarization of the 3d transition metal
Ti,V,Cr,Mn,Fe,Co and Ni. A left axis shows total density of states (/eV) in the figure, and the
right axis shows local density of state (/eV) of the adatom. The local density of state of the
graphene does not almost influence polarization. Only 3d electron of the adatom and C
atom around the Fermi surface cause polarization. We plotted only 5eV from -5eV around
the fermi level in fig. 11. In fig. 12, a calculation in consideration of spin polarization. A
black line is density of states, and the value is shown in a left axis. The local density of state
of the adatom is shown with axis of the right side. Local density of states projected to s, p, d
orbitals for graphene. A red line shows s orbital, a green line shows p orbital, and blue line
shows d-orbital component. (a)-(g) is the calculation result which adsorbed Ti,V,Cr,Mn,Fe,Co
and Ni atom on graphene.
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Fig. 11. Calculation in consideration of spin polarization. A black line is density of states,
and the value is shown in a left axis. The local density of state of the adatom is shown with
axis of the right side. Local density of states projected to s, p, d orbitals for graphene. A red
line shows s orbital, a green line shows p orbital, and blue line shows d orbital component.
(a)-(g) is the calculation result which adsorbed Ti,V,Cr,Mn,Fe,Co and Ni atom on graphene.

For the calculation in consideration of spin polarization, the case which the adsorption
energy shows most high value when a Ti atom adsorbed, Fe atom adsorbed shows the
second largest value. Migration energy is maximum the case which a Fe atom adsorbs, the
case which a Ti atom adsorbs shows the second largest migration energy. The stable
adsorption site is not different from spin polarization in calculation without the spin
polarization. The adsorption energy decreases in comparison with the result that does not
consider spin polarization widely generally. A tendency to decrease is seen in the
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adsorption energy in comparison with the result that does not consider spin polarization.
Most of the difference of the adsorption energy are because total energy (formula 1) of the
isolated atom is different by spin polarization. By the total energy of the 3d transition metal
isolated atom by spin polarization of number eV make a great difference. In other words,
originally the adsorption energy showed a slight overestimate for the calculation that did
not consider spin polarization. The large difference by the spin polarization is a change of
the migration energy. In other words, for the calculation in consideration of spin
polarization, the energy difference between adsorption sites decreases. When specially spin
polarization is large, we appear conspicuously. When spin polarization is large, it is
remarkable. When a Cr atom adsorbs, the exchange splitting with the spin is the largest ( 4
ps / adatom ). In this case the energy seems to profit by exchange splitting, but the
adsorption energy is small because most of the orbital hybridization with the graphene does
not exist. In the graphene adsorption of the Mn atom, similar discussion is possible.
However, except such a case, magnitude and the tendency of the adsorption energy in the
most stable adsorption site are about the same as a result of nonmagnetism. The difference
of the migration energy by the spin polarization needs attention in the 3d transition metal.

adatom migration B-site H-site T-site moment
Ti 0.78 1.76 2.55 1.77 1.65
\Y% 0.45 1.46 1.91 141 1.36
Cr 0.12 0.65 0.77 0.65 4.16
Mn 0.14 -0.01 0.26 0.12 0.78
Fe 1.06 1.20 2.31 1.25 1.86
Co 0.73 1.88 2.61 1.83 0.92
Ni 0.43 222 2.65 217 0.00

Table 1. A calculation result when the 3d transition metal adatom which considered spin
polarization adsorbed to the graphene. We show migration energy when we adsorbed to the
H site of the most stable adsorption site. When adatom adsorbed each to the B,H,T sites, we
show adsorption energy and magnetic moment. The magnetic moment shows magnetic
moment per adatom (/pB).

3.2 Migration energy

In the above section, we discuss the adsorption energy for adatoms on graphene plane. The
adsorption energy is the energy to remove the adatom from the graphene. Here, we discuss
the other important energy, migration energy. Migration energy or migration barrier energy
is the required energy for adatom on graphene to move from a site to other site. For the case
of large migration energy, adatom does not move at room temperature. For the case of
small migration energy, adatom can move easily on the graphene plane even at room
temperature.

In general, for making nano structures on a surface, the migration barrier energy for the
adatom on the surface is very significant to discuss the temperature dependence of the nano
structure. For adatom having small migration energy, the nano structure on the surface can
easily disappear because of the movement of the adatoms on the surface. For the growth of
thin films on surface using epitaxy technique, the choice of the growth temperature is very
important, because adatoms to form the thin film should move on the surface. Thus, the
growth temperature is a function of migration energy of the adatom on the surface.
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Fig. 12. A sketch of the migration energy. Migration energy or migration barrier energy is
the required energy for adatom on graphene to move from a site to other site.

In figure 13, we show the table of the calculated migration energies for various adatoms on
graphene. From the result, we found that adatom can be distinguished into two groups;
adatoms with fixed adsorption site and mobile adatoms. Roughly speaking, the two groups
are separeted at the migration energy value of 0.5 eV. Above 0.5eV, adatom does not move
at room temperature. Below 0.5eV, adatom is very mobile even at room temperature.

R=R,exp(-E / k,T)

The rate of hopping of adatom per second, R can be expressed with the above formula,
where E is the migration energy, T is temperature and kB is the Boltzmann constant. Ry is a
prefactor. The prefactor for Si adatom on Si(001) surface, the value is determined to be
1.25x10%0 (T.Kawamura et.al ). If we consider the grapnene plane having more than 1 million
atoms, the migration barrier energy 0.5eV corresponds to the hopping of at least one atom
within one second. For example, Ito and Shiraishi have reported a kMC simulation of MBE
which takes into account the electron counting model (T. Ito et.al, K.Shiraishi et.al ). They
have used parameters such as the hopping barrier energies obtained by first-principles
calculation. The migration barrier energy can be obtained by using the density functional
method where the barrier energy can be easily found by using the contour map of the total
energy of the adatom-graphene system as a function of the position of the adatom parallel to
the graphene plane. As a biginning Ito and Shiraishi, migration barrier energies of an
adatom on surface has been calculated by many researchers using the density functional
theory.

According to our calculation, the migration barrier energies of adatom on graphene can be
distinguished into two types; fixed adatom and mobile adatom. For some transition metals,
Ti, V, Cr, Mn, Fe, Co, Nb, Mo, Tc, Ru, Ta, W, Re, Os, the migration barrier energy at the most
stable site is very large so that these atoms adsorb on graphene strongly and do not move on
graphene plane. On the contrary, for many atoms, Be, B, Na, Mg, Si, Cl, K, Ca, Cu, Zn, Ga,
Ge, Br, Rb, Sr, Y, Pd, Ag, Cd, In, Sn, Sb, Te, I, Cs, Ba, Ir, Pt, Au, Hg, T, Pb, Bi, the migration
barrier energies are very small so that these adatoms can move even at room temperature.
The 3d transition metal is polarized with low temperature. Our calculation was carried out
without magnetism. However, the nonmagnetic calculation is the calculation that becomes
average about a spin. It is the starting point for the discussion of the ferromagnetic state and
the discussion of high temperature. For a typical example, by calculating the Ti adatom
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adsorption on graphene, a discussion of the metal-graphene junction is carried out [18-21],
because the Ti atom has a very large adsorption energy and large migration energy.
Furthermore, an important fact is that the Ti atom does not break the structure of graphene
on adsorption. Fig. 15 shows a structure of the graphene adsorption of the Ti atom using a
nonmagnetic calculation. The adatom disturbs the structure of graphene on adsorption at
the B-site and the T-site. However, there is no change of the graphene structure from H-site
adsorption. The H-site is the most stable adsorption site for Ti adsorption. It is important for
the growth of a compound semiconductor on graphene that the adatom does not disturb the
surface structure. In talbe 1, we performed a calculation including spin polarization for a
adatom of 3d transition metal. As a result, the structure does not change with the H-site
adsorption, just as for the nonmagnetic calculation. The adsorption energy decreases, but it
is energy very larger than physical adsorption. For our calculation, the adsorption energy is
2.55 eV when including the spin polarization. The migration energy is very high then with
0.78eV. When a Ti atom adsorbs on graphene, it is result almost same as nonmagnetism.
However, the migration energy is lower than nonmagnetic result in the 3d transition metal
adsorption. The adatom which is over threshold sill level 0.5eV of the migration energy at
the room temperature is only Ti,V,Fe and Co in the 3d transition metal. One of the reasons
which Ti atom is used for in metal-graphene junction is caused by migration energy and
adsorption energy.

H He
0.60 m more than 0.50 eV

Li | Be under 0.50 eV more than 0.30 eV B|C|N|O]| F |Ne
0.30 | 0.02 less than 0.30 eV 0.12 { 0.25 [ 1.00 | 1.02 | 0.45

Na | Mg Al | Si | P S | Cl|Ar
0.13 | 0.02 0.050.05|0.45 | 0.46 | 0.02

0.12 ( 0.07 | 0.34 | 0.61 | 1.05 | 1.45 [ 1.26 | 0.97 | 0.77 | 0.40 | 0.03 | 0.02 | 0.03 | 0.07 | 0.20 | 0.23 | 0.00

Rb| Sr| Y |Zr |[Nb(Mo| Tc [Ru |Rh | Pd [Ag |Cd | In | Sn | Sb | Te | I | Xe

0.09 ( 0.04 { 0.12 ] 0.39 | 0.83 | 1.47 [ 1.40 | 0.96 | 0.39 | 0.06 | 0.01 | 0.01 | 0.02 | 0.03 | 0.03 | 0.09 | 0.00

Cs|Ba|La|Hf | Ta|W |Re|[Os| Ir | Pt [Au|Hg| Tl | Pb | Bi

0.10 ( 0.05 | 0.18 | 0.23 | 0.60 | 1.17 { 1.23 | 0.75 | 0.15 | 0.19 | 0.03 | 0.01 | 0.00 | 0.01 | 0.00

Fig. 13. The most stable site of migration energy. A dark green color is more than 0.5 eV and
a light green color is under 0.5 eV but more than 0.3 eV.

3.3 Charge transfer

Charge density analysis are done using AIM method or Bader method (R. F. W. Bader, W.
Tang et.al, E. Sanville et.al, G. Henkelman et.al ). In contrast to the Mulliken method using
local basis, we use only spacial gradient of charge density to analyze charge density of each
atoms using Bader method. Since requiered data is only charge density, we can apply the
Bader method in the density functional calculation with the plane wave expansion like
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VASP. In fig.15, we show the results the adatom adsorption at the most stable site. The
values in the table are the difference of the number of valence electron and the calculated
results with Bader method for each adatoms. The value obtained with the Bader method
and that obitained with the Mulliken method is usually not equal. No one know which is
correct. Neverthless, we can discuss the charge transfer between adoms using the Bader
method calculation where we obtain elecron charge density in a certain volume around each
atoms. The boundary of each atoms are determined simly as the minimum point of the
electron charge density between each two atoms. Therefore, positive values in the table
mean that electron transfer from the adatom to the graphene. On the other hand, negative
values in the table mean that the electron transfer from the graphene to the adatom.
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Fig. 14. We showed the final structure for the calculation in the Ti adatom adsorbed the
graphene. The calculation that (a)-(b) does not consider spin polarization. The calculation
that (d)-(f) considered spin polarization. We show B-site, H-site, T-site adsorption each. The
adatom disturbs the structure of graphene with B-site and T-site adsorp tion. The structure
of graphene does not change with H-site adsorption.

The present calculation is the calculation of the charge transfer for the system of one adatom
on a graphene plane. Thus, the calculation is almost equal to the study of electronegativity
for each adatom on graphene. The feature of our calculation is similar to the general
discussion of the electronegativity for each atomic species. For example, non metal atomic
species collect electrons from graphene. On the contrary, metallic atom leaves electron to
graphene. For some metals, Cu, Ag, Au, or Z, Cd, Hg, we found no electron transfer.
Similarly, we found no electron transfer for Pt on graphene, also. These results can be
applied for doping to graphene. We show the calculated density of states and the local
density of states for non metal species, B, C, N and O adsorbed on graphene in fig.16 (a), (b),
(c) and (d). The most stable adsorption sites for the four adatoms are B-site. For Boron, the
adsorption energy is 1.8eV and the electrons transfers from B atom to graphene. For
Oxygen, the adsorption energy is 4.8eV and the electrons transfers from graphene to the
Oxygen adatom. We analyze the local density of states when adsorbed O and B on
graphene. We represent typical example of low bond energy at nonmetallic element, in fig.
16(a), adsorbed B. The value of the total density of state corresponds to the left axis. The
value of the local density of states of adatom. We plotted the total density of states and local
density of states when adsorbed adatom B. This result shows decrease of the local density
of state of the adatom in fig 16(a-1) and increase of the local density of states of the
graphene in fig. 16(a-2). This result means that charge is transferred to graphene
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H Electron transfer from graphene to adatom He

w| [

Li | Be Electron transfer from adatom to graphene | B | C

0.86 | 0.05 greater than 0.5 0.43 | 0.02

Na | Mg less than 0.5 Al | Si

0.62 | 0.10 0.81 | 0.72

063087 | 1.1 | 1.1 | 098 | 0.84 | 0.70 | 0.58 | 0.48 | 0.45 | 0.19 | 0.03 | 0.55 | 0.43

Rb | Sr Y Zr [Nb | Mo | Tc | Ru | Rh [ Pd [ Ag | Cd | In | Sn

0.60 | 0.82 | 1.04 | 1.16 | 0.97 | 0.72 | 0.53 | 0.37 | 0.24 | 0.17 | 0.10 | 0.03 | 0.57 | 0.43

Cs Ba La Hf Ta w Re Os Ir Pt Au | Hg Tl Pb

0.61 [ 0.86 | 1.23 | 0.82 [ 0.83 | 0.72 | 0.48 | 0.35 0.22-0.01 0.48 | 0.37

Fig. 15. Charge density analysis of Bader. The inserted figure represents the three adsorption sites
of graphene sheet, T,B and H. The pinkness signifies electron transfer from graphene to adatom.
The green and white signifies electron transfer from adatom to graphene. As for the green, an
electron number is larger than 0.5. As for the white, an electron number is less then 0.4.

from adatom when adsorbed B. As a result, the bonding orbitals between adatom and the
graphene decrease, because valence electron is transferred from adatom to graphene.
Furthermore, we show typical example of high bond energy at nonmetallic element, in fig
16(d), adsorbed O. The value of the total density of state corresponds to the left axis. The value
of the local density of states of adatom. This result shows increase of the local density of states
of the adatom in fig. 16(d-1) and decreasing of the local density of states of the graphene, in
fig16(d-2). The electron of the graphene is transferred to adatom by adsorbing O, as a result, it
is made a very wide hybridized orbital between things of graphene and adatom. The cause of
strong bond energy when adsorbed O on graphene is a wide hybridized orbital. By the result
of the Bader analysis in figure 15, 0.84 electrons per unit cell are transferred to adatom from
graphene in the O atomic adsorption, and 0.4 electrons transferred from adatom to graphene
in the B atomic adsorption. As well as result from analysis of the density of states, tendency of
the charge transfer when we adsorbed O and B was shown from result of the charge density
analysis of Bader. We performed Bader analysis about all adatom and the density of states
analysis about some atom. The transference of the charge is important to discussion of the
bonding of adatom and the graphene. For example, the quantity of charge transfer is
important as not only the discussion of the mechanism but also an indicator when it is decided
experimentally of the adatom. The results will be very helpful to plan the construction of nano
structures on graphene.

4. Application

4.1 Electrode

The metal-graphene junction attracts much attention for designs such as nano devices and
transistors using graphene. When the metal is used as an electrode on graphene, high
understand from these results that Ti and Zr bond well with graphene and could be useful as
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Fig. 16. The density of states and local density of state which adsorbed B,C,N and O. The value
of the total density of state corresponds to the left axis. The value of the local density of states
of adatom. : As for the black line, total density of states when adatom adsorbed to graphene. A
red line shows s-orbital, a green line shows p-orbital, and blue line shows d-orbital
component. Local density of states projected to s, p, d orbitals for graphene. (a-1) - (d-1) show
local density of state of the adatom. (a-2) - (d-2) shows local density of states of the graphene
(11th-site).

adsorption energy and a high migration energy are required, because an adatom is transferred
if the migration energy is low at room temperature. Therefore, high migration energy is
necessary for the electrode material. Before discussing the electric conduction properties or the
work function for varous graphene-metal junction to design the electrode material, however,
we should discuss the possibilities of electrode materials from the point of view of the
migration and adsorption energy as a first step towards that purpose in these studies. In
previous studies (K. T. Chan et.al, P.A. Khomyakov et.al, H. Sevincli et.al, Y. Scanchez-Paisal
et.al ), the bonding of Ti and Zr on graphene has been discussed. We can see why Ti and Zr
attract attention as electrode materials from our calculation, because both the adsorption
energy and migration energy are high and they do not disturb the surface structure on
adsorption. For our calculation, we found many adatoms with high adsorption energy and
high migration energy, similar to Ti and Zr. For example, Mn and Cr atom adsorption have
very high adsorption energy and migration energy. However, with the calculation including
spin polarization, the adsorption energy decreases in these atom. In Mn adatom adsorption,
the adsorption energy is 3.3 eV for the nonmagnetic calculation, but decreases to 0.3 eV when
considering spin polarization, because the state of the isolated atom is greatly stabilized by
including spin polarization. As regards the state of an isolated atom of a 3d metal, the
approximation of an average about spin is not appropriate at low temperature. However, for
the adsorption of Ti and Zr adatoms, the adsorption energy and migration energy are almost
the same as the nonmagnetic calculation. We found that Fe, Co and Ni adatom adsorption has
high adsorption energy and migration energy without depending on the spin polarization.
Adatoms such as Fe, Co or Ni may make good electrode materials. From this study, we can
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electrode materials. As a result of a similar calculation concerning transition metal element
adsorption such as Fe, Co, Ni, the possibility to make an electrode material was suggested.
High adsorption energy, high migration energy and the graphene surface structure are
important physical quantities for electrode materials with graphene.

4.2 Epitaxy

For the epitaxial growth, the migration barrier energy for supplied atom plays an important
role. Small migration barrier energy is significant for growing large-area graphene. However, in
the case of large migration energy, the epitaxially grown layers on graphene have small grain
size. Typically, the small migration energy of 0.03 eV for Cu makes the grain of the large size.
Using pulsed laser deposition technique, the growth of GaN on graphite has been succeeded
recently. The structure of the grown GalN on graphite is calculated using the density functional
theory(Ishii-Tatani-Asano-Nakada and Ishii-Tatani-Nakada ) and the obtained structure agrees
well with experiments. For the investigation, the adsorption site of nitrogen adatom on graphite
is very important and the adsorption is very similar to the adsorption of N on graphene. Thus,
the epitaxial growth on graphene or graphite is possible and will be interesting project in
near future.

5. Conclusion

In this research, we calculated the adsorption and migration energy systematically for each
adatom adsorbed using the band calculation with the PAW method at three adsorption sites
on 3 x 3 graphene. In the case of model metal and transition metal elements, the adatom
almost always adsorbed to the H-site and when it was a nonmetallic element we showed that
it was mainly adsorbed to the B-site. We showed a tendency to adsorb to the T-site when the
number of valence electrons of the adatom is 1, as is the case for H, F, Cl, Br, and I. The stable
site for atomic species of transition metals having a very large migration barrier energy
(Ti,V,Cr,Mn,Fe,Co,Nb,Mo,Tc,Ru,Ta,W,Re and Os) is H. In transition metal elements, we
showed the largest bond energy when the d-orbital is half occupied. The adsorption energy
showed a tendency to decrease when the d-orbital occupation exceeded a half. In addition, the
adsorption of nonmetallic elements such as C, N, O shows a very large bond energy and
adsorption at the B-site. When the d-orbital and s-orbital are occupied, as in Be, Mg, Ca, Sr, Ba,
Zn, Cd, Hg, Cu, Ag and Au, we show a very small adsorption energy. Furthermore, we
estimated the minimum limit of the migration energy of the adatom. The tendency for the
magnitude of the migration energy is similar to the tendency of the adsorption energy. In the
most stable adsorption site, the adatom does not break the structure of graphene. However, in
an adsorption site other than the most stable site, we showed that in many cases the adatom
breaks the surface structure of graphene. In the growth of a compound semiconductor on
graphene, or metal-graphene junctions, we show the importance of the adsorption energy and
migration energy. Because Ti and Zr showed good bonding on graphene, we showed that
these were useful as electrode materials. Our calculation will be very helpful for experimental
groups that are considering the use of atoms and molecules as building blocks, or graphene for
making new nano devices, such as nano wires and nano switches.
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1. Introduction

Since its discovery in 2004 (Nobel prize in 2010), graphene -a single sheet of carbon atoms
forming the thinnest free standing material to date- has attracted enormous interest due to
its potentially tunable and exotic structural and electronic properties (Castro Neto et al.,
2009; Geim & Novolselov, 2007; Katsnelson et al., 2006, 2007; Novoselov et al., 2004, 2007;
Ohta et al.,, 2006; Y. Zhang et al., 2005). The pristine graphene is characterized as a zero-
gap semiconductor with bonding n and antibonding n* bands touch in a single point at the
Fermi level (Eg) at the corner of the Brillouin zone, and close to this so-called Dirac point
the bands display a linear dispersion, leading to extremely high charge carriers mobility
at room temperature of approximately 15,000 cm2/V.s (Geim & Novolselov, 2007) which
is significantly higher than that of the widely-used semiconductor, namely silicon (Si), of
approximately 1400 cm?2/V.s. Like carbon nanotubes, measurements (Lee et al., 2008) have
shown that graphene is extremely strong and rigid compared to Si-based materials. These
incredibly fascinating properties alongside the high thermal conductivity suggest that
graphene is an excellent candidate for the applications in the circuits beyond the
conventional complementary metal-oxide semiconductor technology and many other
potential applications. Moreover and recently, the possibility of using graphene as a
highly-sensitive gas sensor has been reported as the good sensor properties of carbon
nanotubes are already known. It was shown that the increase of the concentration of
graphene charge carrier induced by adsorbed gas molecules can be used to make highly
sensitive sensors. These highly-sensitive properties of graphene can be attributed to the
fact that graphene is a low-dimensional structure with only a surface but no volume
which increase the chemical reaction of adsorbates and the surface atoms. Additionally,
the high conductivity of graphene even in low charge density is another reason for being a
highly-sensitive sensor.

Having established the importance of pristine graphene in many potential applications, the
adsorption of single atoms (Chan et al., 2008; Farjam & Rafii-Tabar, 2009; Han et al., 2007;
Hao et al., 2006; Li et al., 2008; Mao et al., 2008; Medeiros, 2010; Yang, 2009) and molecules
(Duplock et al., 2004; Elias et al., 2009; Giannozzi et al., 2003; Ito et al., 2008; Leenaerts et al.,
2008, 2009; Nakamura et al., 2008; Novoselov et al., 2004; Pinto et al., 2009; Sanyal et al.,
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2009; Schedin et al., 2007; Wehling et al., 2008; Y.-H. Zhang, 2010) on the bare graphene
surface has been the subject for different theoretical and experimental investigations due to
their promising applications in nanoscale electronics, bioelectronics, gas sensors, and
hydrogen storage devices. Among these adsorbates, hydrogen has been considered as one of
the most interesting and fantastic candidates. Recently, it has been experimentally reported,
using the transmission electron microscopy, that a graphene sheet can be chemically
converted into graphane through a hydrogenation process by reacting with atomic
hydrogen (Elias et al., 2009). This process, however, transforms the zero-gap semiconductor
graphene into a wide-gap semiconductor (insulator) graphane. Theoretically reported
studies (Boukhvalov et al., 2008; Sofo et al., 2007) using the density functional scheme, have
revealed that the chairlike configuration, with hydrogen atoms attached to the carbon atoms
in alternative manner, is the energetically most preferable structure for graphane. Sofo et al.
(Sofo et al., 2007) have found that the chairlike and boatlike conformers are semiconducting
with 3.5 eV and 3.7 eV, respectively. As has been claimed in many literatures (H. Ohno,
1998; Y. Ohno et al., 1999; Savchenko, 2009), future hydrogen-fuel technologies should make
use of graphane as hydrogen storage due to its very high hydrogen density. Moreover, this
extremely thin material with a finite band gap is also likely to find its use in many
technological and industrial applications. Overall, graphene surface could be successfully
used as a base for creating new promising and useful materials, and it would be of quite
interest to theoretically investigate the effects of incorporating various molecules into its
structure for different technological and industrial applications.

The adsorption of various molecules onto graphene has also been investigated. The
structural and electronic properties of oxygen-adsorbed graphene have been theoretically
studied by Nakamura et al. (Nakamura et al., 2008) and Ito ef al (Ito et al., 2008). Their
results have indicated that the adsorption of oxygen molecules onto graphene produces
epoxy and ether group phases which are almost bistable. Moreover, they have concluded
that the ether structure is the most energetically preferable for adsorption involving both
sides of the sheet, while the one-side adsorption structure appears only as a meta-stable
phase, with a finite energy gap at the K point emerges and its value increases as the number
of oxygen increases with respect to the number of carbon atoms. The key charge transfer
mechanisms upon adsorption of NH;, NO, and NO» onto graphene have been reported by
Leenaerts et al. (Leenaerts et al., 2008, 2009). Their theoretical results indicate that the NO»
adsorbates induce a relatively strong doping comparing to the NO molecule. Within the
framework of the local density approximation of the density functional theory, Pinto et al.
(Pinto et al, 2009) have investigated the chemisorption of tetrafluoro-
tetracyanoquinodimethane (F4-TCNQ) molecule on pristine graphene by means of the
electronic properties. It was reported that the F4-TCNQ molecule acts like a p-type dopant
for graphene with an approximately charge of 0.3 e/molecule being transferred from the
highest occupied molecular orbital (HOMO) of graphene to the lowest unoccupied
molecular orbital (LUMO) of the molecule. Zhang et al. (Y.-H. Zhang et al., 2010) have
recently investigated the binding of organic electron donor and acceptor molecules on
graphene sheets within the framework of the density functional theory. They found that the
adsorption of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and tetrathiafulvalene
(TTF) cause hybridizations between the molecular levels and the graphene valence bands.
These hybridizations transform the zero-gap semiconductor graphene into a metallic
graphene. Despite the available studies, there are no enough theoretical comparative study
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on the physics and chemistry of the adsorption of small molecules onto the surface of
pristine graphene.

In the present chapter, we aim to theoretically investigate the fundamental changes of the
structural and electronic properties of graphene upon the incorporation of hydrogen,
benzene, and naphthalene molecules. The first-principles calculations will be performed
using the density functional theory in its local density approximation scheme and the
pseudopotential method.

2. Calculation methodology

The present ab initio calculations have been performed using the density functional theory
(DFT) (Hohenberg & Kohn, 1964) with a plane wave basis set as implemented in the
QUANTUM ESPRESSO simulation package (Giannozzi et al., 2009). The electron-electron
interactions were expressed within the local density approximation (LDA) as parameterized
by Perdew and Zunger (Perdew & Zunger, 1981). The electron-ion interaction was treated
by using the ultrasoft pseudopotential for carbon and hydrogen (Vanderbilt, 1990). We
expanded the single-particle Kohn-Sham (Kohn & Sham, 1965) wave functions using a
linear combination of plane-wave basis sets with a kinetic energy cutoff of 45 Ry. The Kohn-
Sham equations were Self consistently solved by employing a 14x14x1 k points Monkhorst-
Pack set (Monkhorst & Pack, 1976) within the hexagonal Brillouin zone. The repeated
supercell technique was used to model the studied graphene-based structures. In each
surface structure of pristine and molecule-adsorbed graphene we considered a 6x6x1 unit
cell containing 72 carbon atoms. We have used our calculated in-plane lattice parameter for
graphene of 2.45 A which is in good agreement with the previously reported theoretical (Ito
et al., 2008; Schabel & Martins, 1992; Yin & Cohen, 1984) and experimental values for bulk
graphite (D. Mckie & C. Mckie, 1986). To minimize the interactions between the graphene
sheet and its periodic image, we considered a vertical separation of 14.65 A (six times the
lattice parameter) along the surface normal direction. These parameters have been carefully
chosen after several calculations to obtain well-converged results. Relaxed atomic positions
for carbon and hydrogen atoms were obtained by using the total-energy and force
minimization methods following the Hellmann-Feynman approach. The equilibrium atomic
positions were determined by relaxing all atoms in the cell except the carbon atom at the
origin which was kept in its bulk position.

3. Results and discussion

In the following subsections we will present, based on ab initio calculations, a comparative
study of the structural and electronic properties of pristine graphene, hydrogen-adsorbed
graphene (graphane), benzene-adsorbed graphene, and naphthalene-adsorbed graphene.
To establish well-defined comparative study we have performed the calculations using unit
cells of similar sizes and parameters.

3.1 Pristine graphene

It is rather important for our present comparative study to start with the structural and
electronic properties of the pristine graphene. Figure 1 shows a schematic view of the
fully-relaxed structure of the pristine graphene, indicating the basic structural parameters.
It is well-known that each carbon atom has two 2s and two 2p electrons in its valence
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state. These four electrons lead to various sp-hybridized orbitals. For graphene, each
carbon atom is bonded to three other carbon atoms according to an sp? hybridization. In
the present calculations the C-C bonds are found to be 1.41 A which are smaller than the
C-C bond lengths of diamond of 1.52 A. The C-C-C angle is measured to be 120° which is
slightly larger than the prospective value of 109.5° in its diamond structure. These values
suggest that, unlike the ideal sp? diamond structural phase, graphene has a significant sp?
nature as stated above. This feature, therefore, leads to the considerable rigidity of
graphene materials comparing with the normal semiconducting materials, such as Si.

The electronic band structure of the clean graphene sheet is plotted in Fig. 2 along the
principal directions of the hexagonal Brillouin zone. It is clearly shown that the band
structure of pristine graphene has a zero-gap semiconducting nature. It is important to
note the folding of the bands due to the used supercell. In this plot, the top of the valence
state and the bottom of the conduction state degenerate at the I' point (Dirac point)
instead of the K point of the hexagonal Brillouin zone. These two bands obey a linear in-
plane dispersion relation near the Fermi energy at the I' point of the Brillouin zone
resulting in zero effective mass for electrons and holes and high mobility of charge
carriers.

Fig. 1. Schematic top view of the optimized structure of pristine graphene. The inset shows
the structural parameters of the hexagonal ring. The bond lengths are measured in angstrom
(A) and angles are measured in angles (°).

In a previous report (AlZahrani & Srivastava, 2009) we have studied the in-plane dispersion
curves, at the I' point, slightly above and slightly below the Fermi energy to extract the
velocities of electron and hole carriers. These velocities were estimated to be 1.11x106 m/s
and 1.04x106 m/s. The partial charge density plots of these two states at the K point confirm
the bonding © and antibonding n* orbital nature of the HOMO and LUMO states of pristine
graphene, as clearly shown in Fig. 3.
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Fig. 2. Electronic band structure of the pristine graphene along the principal directions of the
hexagonal Brillouin zone. The Fermi level is set at the zero.

(b)

J

Fig. 3. Partial charge density plot, at the K point, of the (a) highest occupied state and (b)
lowest unoccupied state.

3.2 Hydrogen-adsorbed graphene

The chemical adsorption of hydrogen atoms on pristine graphene has gained great interest
due to the immense changes in the electronic properties of graphene. These changes lead to
a new wide-gap semiconducting material which has the name of graphane. Subsequently,
graphane has been experimentally synthesized and reported that it obeys a reversible
hydrogenation-dehydrogenation process (Elias et al., 2009). This material, therefore, could
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open the gate for enormous technological and industrial applications, such as
hydrogenstorage and two-dimensional nanoelectronics. Our purpose in this section is to
find the energetically most stable geometry of graphane and then to compare its structural
and electronic properties with those of pristine graphene. To model such a material, we have
initially considered four different preliminary configurations depending on the adsorption
sites of hydrogen atoms above and/or below the graphene sheet. These structures are
chairlike, boatlike (Sofo et al., 2007), tablelike, and stirrup configurations as schematically
shown in Fig. 4. The key building block of these structures is the number and orientation (up
or down) of the attached hydrogen atoms in each hexagonal cell of graphene. The chairlike
conformer consists of hydrogen atoms which are alternatively attached to the carbon atoms on
both sides of the sheet. The hydrogen atoms in the boatlike conformer are alternatively
attached in pairs to the carbon atoms on both sides. In the tablelike configuration the hydrogen
atoms are attached to every carbon atom from one side of the sheet. Finally, the stirrup
structure has three hydrogen atoms attached to the carbon atoms from the upper side of the
sheet and also three others attached to the carbon atoms from the bottom side. Our self-
consistent calculations indicate that the chairlike configuration is the energetically most stable
structure (minimum energy structure) with an energy gain of approximately 0.129 eV, 0.131
eV, and 0.655 eV comparing with the boatlike, stirrup, and tablelike configurations,
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Fig. 4. Schematic view of the optimized structures of the possible structures of hydrogen-
adsorbed graphene (graphane) with (a) boatlike, (b) chairlike, (c) tablelike, and (d) stirrup.
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respectively. These findings for chair and boatlike structures are very comparable with the
previously reported results obtained by Sofo et al. (Sofo et al., 2007). We note that boatlike and
stirrup configurations are almost meta-stable structures and can be found in H-rich
environment. In the following lines, we will focus our discussion on the structural and
electronic properties of the ground state structure of graphane (chairlike conformer).

We have started our calculations for chairlike geometry of graphane with a flat sheet of
graphene and hydrogen atoms at 1.0 A above carbon species. Minimization of this structure
leads to a fully-relaxed configuration as schematically depicted in Fig. 5. From this figure we
have found that the C-C bond length is approximately 1.49 A, which is larger than the C-C
bond length in the ideal graphene (1.42 A). However, this value is almost comparable with
the C-C bond length obtained for graphite (1.47 A) and diamond (1.52 A) using similar
computational parameters. Moreover, the calculated graphane C-C bond length is in
excellent agreement with the bond length of 1.48 A obtained by Igami et al. (Igami et al.
2001). Upon the H adsorption, the basis carbon atoms in the cell are found to experience a
vertical buckling (perpendicular distance between the two carbon sublattices) of
approximately 0.46 A, which is in excellent agreement with the theoretical values obtained
by Boukhvalov et al. (Boukhvalov et al., 2008) and Sahin et al. (Sahin et al., 2010) and the
experimental value extracted by Elias ef al (Elias et al., 2009). Having this amount of
buckling, the lattice constant of graphene increases from 2.45 A to 2.50 A. This amount of
buckling leads not only to a structural variation but also to a significant change in the
electronic properties of graphene.

Fig. 5. The optimized atomic structure of the chairlike configuration along with the key-
structural parameters. The bond lengths and angles are measured angstrom and degrees,
respectively.

Consistent with previously reported results (Boukhvalov et al., 2008; Sahin et al., 2010; Sofo
et al., 2007), the C-H bond length is measured to be 1.12 A, which is identical to the typical
bond length of the hydrocarbon compounds. While the angle between two adjacent C-C
bonds (C-C-C angle) is found to be 102°, the angle between C-H and C-C bonds (C-C-H
angle) is determined to be 108°. The average value of these angles is slightly smaller than
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the tetrahedral angle of diamond of 109.5°. These values are in mild agreement with the
previous theoretical results (Boukhvalov et al.,, 2008; Sahin et al., 2010). However, this
suggests that the nature of C-C and C-H bonds is not entirely sp3 but sp3-like. Overall, these
findings for calculated bond lengths and angles clearly indicate that the bonding in
graphane is sp3-like.
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Fig. 6. Surface electronic band structure of the most stable structure of graphane (chairlike)
along the principal directions of the hexagonal Brillouin zone. The Fermi level is set at the
zero.

The electronic band structure of chairlike graphane is calculated along the principal
directions of the hexagonal Brillouin zone as shown in Fig. 6. It is clearly noted that the
bonding n and antibonding n* states of clean graphene are now removed. Since graphane is
an sp3-like saturated structure with every C atoms being bounded to three adjacent C atoms
and a single H atom, the system is found to be non-magnetic semiconducting with a direct
LDA band gap of 3.9 eV, with HOMO at Er -3.4 eV and LUMO at Er +2.5 eV.

This value of band gap is slightly larger than the reported value of 3.5 eV (Sofo et al., 2007).
It is rather important to indicate that due to the well-known deficiency of the LDA in
dealing with semiconducting systems, the underestimated band gap of 3.9 eV is corrected
by GWy approximation to become 5.97 eV (Lebérgue et al., 2009). From Fig. 6, we clearly
note that the uppermost occupied band is doubly degenerate at approximately 7 eV below
the Fermi level at the zone edge, namely K point. This degeneracy has also been observed for
pristine graphene but with energetic shift due to the charge transfer from H atoms towards
the graphene. We also find a double degeneracy of the top of valence band at about 3 eV
below the Fermi level. Such degeneracy suggests that these bands have a symmetrical
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orbital nature but with different effective masses. Above the Fermi level, we can identify
band degeneracy at the zone edges K and M with eigenvalues of 8 eV and 5 eV, respectively.
These features can be directly related to the graphene sheet as we have noted in Fig. 2 but
with significant change in their energies. Inspection of the partial charge density, at the K
point, of both HOMO and LUMO states reveals that the © bonding orbital in C-C bonds of
graphene is broken and a new sp, orbital is created between H and the upper C atom (i.e. the
carbon atom that was tilted upwards) upon hydrogenation process. Moreover, the
antibonding n* orbital in graphene is removed and replaced by the antibonding state which
is a hybridization of the H s and C p orbitals. These plots are shown in Fig. 7.

(a)

Fig. 7. Partial charge density plot, at the K point, of the (a) highest occupied state and (b)
lowest unoccupied state of chairlike graphane.

It is quite important for the device engineering and manufacturing to figure out the bonding
nature of C-C and C-H bonds. To perform such an examination, we performed total charge
density calculations in a plane and along the C-C and C-H bonds. Figure 8(a) shows a
contour map of the total charge density in [010]/[001] plane. It clearly indicates that the
charge distribution around the C-C bond is supportive of that in tetrahedrally coordinated
diamond as shown in Fig. 8(b). Our results indicate that the C-C and C-H bonds have a
noticeable degree of covalency, as shown in panels (c) and (d) of Fig. 8. A considerable
amount of charge is uniformly localized around the carbon atoms. It is interesting to note
that the double-hump feature of the charge density along the neighboring C atoms (Fig. 8(c))
is typical of the diamond structure, which is not an artifact of the pseudopotential method.
Moreover, we have clearly observed that a little amount of charge being transferred from
the hydrogen towards the carbon atoms. Quantitatively, we have used the Léwdin
population analysis scheme (Lowdin, 1950) to obtain numeral information about the atomic
charges. Employing this scheme, the wave functions are projected onto linear combinations
of atomic orbitals; we find that a charge of 0.2¢ has been transferred from the hydrogen
atoms to the carbon atoms for each unit cell. Our calculated value is in good match with the
result obtained by Sofo et al (Sofo et al., 2007).

3.3 Benzene-adsorbed graphene

Rather than hydrogen, it has been reported that the adsorption of organic molecules on
graphene leads to significant changes in the fundamental atomic and electronic properties of
the substrate. To examine the reliability of these changes we will study the mechanism of
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the chemisorption of small molecules (benzene and naphthalene) on a clean sheet of
graphene. This subsection will be designed to study the benzene-adsorbed graphene
structure whereas the next subsection will detail the naphthalene-adsorbed graphene
system. To investigate the basic properties of graphene upon the adsorption of benzene, we
firstly check different possible adsorption sites of the molecule onto the substrate.

(b)
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Fig. 8. Total charge density contour plots of (a) graphane and (b) diamond in a plane passing
though H-C-C-H and C-C-C-C lines, respectively. Total charge density plot along the (c) C-C
and (d) C-H bonds in graphane. The charge density is measured in e/a.u3.

Neglecting the unfavorable substitutional sites, we have considered two configurations for
the adsorption of benzene on pristine graphene. In these we have attempted a hollow and a
stack adsorption sites, as schematically shown in Fig. 9. Therefore, to evaluate the
energetically most preferable configuration between them, we compare their surface
formation energies according to the formula:

AE=Ey.—E;—Ej. @

The symbols Eg; , E; and Ej indicate the total energies of the optimized structures of the
benzene-adsorbed graphene, pristine graphene, and isolated benzene molecule, respectively. It
is important to state that these total energies are calculated within similar unit cells and
computational parameters. Using the above equation we find that the adsorption energies of
hollow and stack structures are approximately -0.25 eV and -0.30 eV, respectively. These
values suggest that the stack configuration represent the ground-state structure of the
benzene-graphene system with energy gain of about 0.05 eV comparing with the hollow
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phase. Therefore we will focus our theoretical investigation on the stack configuration to
determine the structural and electronic properties of benzene/graphene structure. The starting
point towards the structural optimization of the present system is the initial position of benzene
molecule above the graphene sheet. The molecular atoms (benzene molecule) are initially placed
at 1.5 A above the carbon atoms of the graphene. After several iterations of relaxation process, the
benzene molecule adopts a planar geometry at 3.52 A above the graphene sheet. While this value
is consistent with the experimental value of 3.6 A that is estimated from binding energy curves
performed by Chakarova-Kack et al. (Chakarova-Kack et al., 2006), it is slightly larger than the
value of 317 A obtained by Zhang et al (Y.-H. Zhang et al., 2010). This inconsistency is due to the
quite low energy cutoff used in their calculations. Subsequently we have found that the C-C and
C-H bond lengths of benzene on the top of graphene are measured to be 1.39 A and 1.10 A,
respectively. These values are identical to those of the hydrocarbons compounds of 1.40 A and
1.10 A for C-C and C-H bonds, respectively. Since the calculated C-C-C and C-C-H angles of
the molecule are identical and equal to 120°, we conclude that benzene reorients itself in a
planar manner above the graphene. This orientation has also been noted for F4-TCNQ
(Pinto et al., 2009) which indicates similar adsorption mechanism for organic molecules on
graphene. Adsorbed-graphene sheet, on the other side, has been found to have a C-C bond
length of 1.41 A and a C-C-C angle of 120°. These suggest that, even though benzene is
being adsorbed, graphene preserves its basic structural behaviour.

Fig. 9. Schematic view of the minimum-energy structures of the (a) hollow and (b) stack
configurations of benzene-adsorbed graphene. (c) Top view of the relaxed benzene molecule
with its structural parameters. The grey solid spheres represent C atoms from the graphene
while dashed spheres indicate C atoms from the molecule.
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Further, we have performed surface electronic band structure for the benzene-adsorbed
graphene configuration along the high-symmetry directions, K—I" and I'=M, as shown in Fig.
10. Setting the Fermi level at the zero-energetic position, we clearly note that the Dirac point of
the systems is coincided with the Fermi level, indicating a zero-gap nature. This indicates that,
for low-energy states, the adsorption of benzene leads to unchanged electronic structure
regarding to pristine graphene. Accordingly, this suggests that charge transfer is not expected
to occur between the graphene and the molecule. Such an observation can be understood if we
believe that only the states very far below/above the Dirac point of graphene are perturbed by
the molecular adsorption. However, this conclusion is supportive of the result obtained by
Zhang et al. (Y.-H. Zhang et al., 2010). In their study they found that the adsorption of benzene
on pristine graphene results in insignificant amount of electronic charge being transferred
from the molecule to the graphene sheet.

E-E, (eV)

Wave number

Fig. 10. Electronic band structure of the benzene-adsorbed graphene system with the
molecule on a stack adsorption site. The zero-energy position indicates the Fermi level.

3.4 Naphthalene-adsorbed graphene

As has been performed for benzene-adsorbed graphene structure, we have tested at least
two adsorption sites for naphthalene molecule onto graphene. Between hollow and stack
configurations we have found that the latter represents the minimum-energy structure of
naphthalene-adsorbed graphene, as shown in Fig. 11. Our calculations indicates that the
adsorption energy of stack and hollow phases are approximately —0.47 eV and -0.39 eV,
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respectively. The molecule is found to be relaxed 3.15 A above the sheet suggesting no bond
formation between the molecule fragments and the carbon atoms of the graphene. Looking
at the C-H bond length of the molecule we have identified no appreciable change and its
typical value of 1.10 A. Comparing the naphthalene-adsorbed system with the benzene-
adsorbed system, we have clearly noted considerable alterations in the C-C bond lengths of
the molecule. These bond lengths are categorized into three groups: 1.37 A, 1.40 A, and 1.43
A. These values are in the acceptable range of the typical bond lengths of an isolated
naphthalene molecule (1.36-1.42 A). The C-C-C and C-C-H angles vary in the interval 121-
122° and 118-120°, respectively. These results suggest a very tiny amount of vertical tilt in
the carbon planes. However, the substrate keeps its original structure as also seen for
benzene-adsorbed structure.

Fig. 11. The minimum-energy structures of the (a) hollow and (b) stack configurations of
naphthalene-adsorbed graphene. (c) Top view of the fully relaxed molecule.

In Fig. 12, we have depicted the electronic band structure of the naphthalene/graphene
system. Despite that the band structure for the benzene/ graphene system looks very similar
to the pristine graphene in the low-energy region (+2.0 eV with respect to Fermi level Ep),
the energy bands for the naphthalene/graphene system performs little changes below the
Fermi level. From the figure we clearly identify a new flat (non-dispersive) band at energy
of Er —1.3 eV. This band is believed to be originated from the molecule states. Overall, the
system has an entire zero-gap behaviour with indication that no charge being transferred
from/to the graphene substrate.
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Fig. 12. Electronic band structure of the naphthalene/graphene system with the molecule on
a stack adsorption site. The Fermi level is located at the zero-energy position.

4. Conclusion

Within the framework of local density approximation of the density functional theory and
pseudopotential theory we have presented a comparative ab initio study for the adsorption
of molecules on a pristine graphene. The sp? structure and zero-gap behaviour are found to
the fundamental characteristics of clean graphene with degenerate bonding m and
antibonding n* states at the K point. Upon the adsorption of hydrogen atoms on pristine
graphene, a chairlike configuration is found to be the energetically most stable structure for
the system (graphane). As the four valence electrons of carbon atoms participate in the
formation of the covalent bonzds with hydrogen atoms the © bands are removed from the
band structure of graphane. The absence of these bands leads graphane to be a
semiconducting with wide direct gap at the I point. Moreover, the structural transformation
of carbon bonds from sp? to sp3-like hybridization results in an increase in the bond length
from 1.41 A to 1.49 A. Unlike the hydrogen-adsorbed graphene, benzene and naphthalene-
adsorbed structures are found to only stabilize the graphene sheet with no significant
change in its low-energy electronic properties.
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1. Introduction

Graphene is a single layer of carbon atoms arranged in a chicken-wire-like hexagonal lattice
and in spite of its recent availability for experimental investigations (Novoselov et al., 2004)
it is an object of great interest for many researchers (Elias et al., 2009; Sofo et al., 2007; Luo et
al., 2009; Teweldebrhan and Balandin, 2009; Ilyin et al., 2009) because of amazingly wide
field of its potential applicability: electronics, sensors, materials science, biology etc. In
particular, graphene and few layer graphene fragments as well as carbon nanotubes can be
used in production of composites, based on metal, ceramic, polymer matrices, filled with
graphene’s or few layer graphene fragments as elements of reinforcement. Obviously, the
main goal of using graphene or nanotubes in making composites is using their extremely
high mechanical characteristics in combination with low weight. It should be noticed, that
many difficulties concerning graphene’s applications originate from its surface chemical
inertness. In other words, the sp? electron structure of ideal graphene often results in very
low binding energy between graphene’s surface and atoms of many elements. It is one of the
obstacles for modifying and applications of graphene in production of electronic devices,
when controllable electronic properties are needed. Besides, it results in poor interfacial
bonding of the graphene fragments with matrices in composite materials and with sliding
between few layer graphene sheets under stressed state. The noticeable success in this
direction has been recently achieved in the work (Elias et al.,, 2009), in which the
hydrogenation of graphene was performed by using an ion-plasma technique. It should be
noticed, that composite of graphene and hydrogen, associated with graphene’s surface was
theoretically predicted few years ago in the paper (Sofo et al., 2007) and named as graphane.
Unfortunately, this success up to now can be surely referred only to graphene-hydrogen
composition. But today’s technologies especially in the field of materials science need much
more wide area of possible compositions and special materials. It was reasonable to
suppose, that radiation defects may essentially improve binding ability of graphene with
atoms of other elements due to production of additional chemical bonds (Ilyin, 2010; Ilyin &
Beall, 2010). It is especially important for application of graphene species in R&D of
composites. Moreover defects in such structures may improve mechanical properties by
linking reinforcing carbon nanoelements to each other and by increasing the strength and
stiffness of the composite (Ilyin et al.,2010). Unfortunately, it is not yet well understood
which kinds of stable radiation defects and their complexes can exist in graphene and its
derivatives. Obviously, it is not easy to create definite types of radiation defects and
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perform direct studies of them in nanoobjects in direct laboratory experiments. In this
situation computer simulation of radiation defects in graphene- and relative nanostructures
becomes of great importance (Ilyin et al., 2011). In this paper we have submitted some
results of computer simulation and calculations of some possible kinds of stable radiation
defects in graphene, and more complex configurations, involving atoms of light metals: Be
and Al, which are linking with radiation defects. In other words, we consider possible effect
of radiation defects on production and modification of graphene - metal composites and
calculate energetic and structural properties for some mostly possible configurations.
Computer simulation and calculations were performed by the use well known molecular
dynamics, extended Hiickel technique and density functional theory.

2. Simulation and calculations

The first model which we consider in this chapter is a simple configuration, which consists
of a graphene sheet and a carbon atom adsorbed with it. We imply, that in this case no
chemical bond between graphene and C atom exists. This kind of interaction refers to well
known van der Waals forces. These interactions are weak and insignificant in our common
life, but their role increases dramatically among the nano-scaled objects. One of the
important features of them - the additivity i.e. every particle of the system makes its
contribution into the total interaction energy. Therefore, they can be relatively large for
nanosystems, involving 102 - 103 atoms or molecules. But van der Waals interactions are not
accounted by the use widespread computer techniques like molecular orbital linear
combination of atomic orbitals by self consistent field (MO LCAO SCF) or density functional
theory (DFT). Therefore, in this problem the method of molecular dynamics (MD), which is
recognized as the effective tool for similar systems, was chosen. A graphene sheet for MD
simulation of single- and diatomic defects on the undamaged structure was built of 78
atoms. Van der Waals interaction between adsorbed atoms and graphene was described by
well known Lennard-Johns potential in the usual form.

Fig. 1. Configuration of a single adsorbed atom on a graphene structure

Presented in Figure 1 is one of investigated defect configurations which is actually a single
carbon atom, adsorbed on the surface of the undamaged graphene sheet. The maximum
value of the binding energy for the single adsorbed atom E = - 0.18 eV at a distance Z = 0.25
nm from the graphene plane. One important characteristic is also the energy of carbon atom
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in the center point of graphene’s hexagon (Z = 0). This position was found to be very
unstable with the positive energy equals to Eg =11.4 eV. It means also, that the graphene
sheet is impermeable for displaced carbon atoms with energies lower than E.

Fig. 2. Configuration of a dumbbell defect on a graphene (N=78) structure

Figure 2 presents a configuration of a more complicated, two-atom defect which is like a
dumbbell with a symmetrical configuration of the atoms d1 and d2 normal to the graphene
sheet. Calculations of this defect were performed by MD, using the L] potential.

To begin, in all cases the minimum energy lateral position of the atoms adsorbed, had been
found out at the normal axis of symmetry of hexagon (Z-axis). Further we performed
calculations with movement of atoms along the Z-axis. Results of calculations of the binding
energies for these defects as a function of a distance Z over the center of hexagon are
presented in Figure 3. It can be seen, that there is an interval between approximately 2 and 3
angstroms that exhibits a trough with a negative energies, which is evidence of the existence
of stable binding states. Low values of bonding energies testify of the vdW nature of the
interaction.
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Fig. 3. The binding energy for the single atom and the dumbbell defect as a function of a
distance Z over the center of hexagon. The black marks - the single atom configuration (see
Figure 1), the light marks - the dumbbell configuration (see Figure 2)
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a)

Fig. 4. The electron charge distribution for the dumbbell presented in Fig.2. Density of
electron charge equals: a) 0.02 el / As, b)05el/ As.

Figure 4 illustrates the results of calculations of electron charge distribution for the
dumbbell presented in Figure 2, performed by MO LCAO method. These calculations were
performed in order to check our assumption about vdW interaction between atoms
adsorbed and graphene. One can see some overlapping of electron charge only by very low
level of electron density (Figure 4,a). And, obviously, there are no signs of overlapping of
electron charge at high level of electron density, which could be responsible for some kind
of bonding between graphene and atoms adsorbed. One can see well distinguished electron
charge clouds, obviously closed on graphene and d1 and d2 atoms with a gap between
them. At the same time graphene’s structure is linked with dense electron clouds, which
provided strong bonding. It proves that weak bonding interaction for the defects presented
above is controlled by vdW forces. It is unlikely, that such defects can be useful for essential
modifying of mechanical properties of composite materials.

2.1 Vacancies in graphene

Irradiation of graphene-based electronic devices by fast electrons or ions will be always
accompanied by creation of atom vacancies. Therefore, it is very important to know about
changes in electronic properties of graphene fragments which should be expected under
irradiation and about how they depend on defect concentration. For such estimation we
have used large enough graphene’s fragment (N=208).

CH

Fig. 5. Graphene for calculations with edge-bonds shut by H-atoms

In order to avoid end-effects by calculations, free end-bonds of carbon atoms were shut
with hydrogen atoms. Afterwards, in order to take into account the possible effect of a
larger size of a real graphene sheet, which can restrict the atoms neighboring to the vacancy,
all edge atoms of graphene were fixed at their initial positions. After that we simulated and
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calculated one-, two- and three —vacancy configurations with using in all cases a procedure
of energy minimization.

It was revealed, that in all cases, after energy optimization the vacancy zone increased so
that all the three two-coordinated atoms, neighboring the vacancy, were shifted nearly
symmetrically: all three distances between surrounding atoms 1-2 , 2-3, 3-1 ( figure 6)
become as large as 2.76 A instead of 2.46 A in the initial state.

Fig. 6. Vacancy zone in graphene after the optimization procedure

Figure 7 presents a configuration of a graphene with 3 single vacancies displayed by the
electron charge distribution.
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Fig. 7. Graphene with 3 single separated vacancies in the structure

Calculations of HOMO and LUMO were also performed in all cases. Figure 8 presents
dependence of Eg = HOMO - LUMO for graphene -208 with different numbers of vacancies.
There were one-, two-, and three vacancies in aligned configuration.
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Fig. 8. The value of Eg = HOMO - LUMO as a function of concentration of vacancies in a
graphene-208 fragment.
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Obviously, data for Eg presented in Figure 8 illustrate the effect of limited size of graphene
fragment (so called size-effect), because the infinite graphene (the initial state with N =0) is
intrinsically semi-metal with Eg =0. But these and similar effects should be taken into
account when physicists and technologists will design devices based on real graphene
fragments of limited sizes.

2.2 Radiation defects with strong bonding

As the next step we simulated and calculated energetic and structural characteristics of 3D
defect configuration presented in Figure 9. This type of radiation defect, which involves two
carbon atoms arranged symmetrically over a vacancy can be named “dumbbell”, like to
configuration presented in Figure 2.

Fig. 9. The complex radiation defect, involving a vacancy and a dumbbell configuration.

But in this case the two carbon atoms (d1,d2) of the dumbbell are chemically bonded with
free bonds of atoms, neighboring at the vacancy. One can see from the graph in Figure 10,
that there is a strong bonding.
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Fig. 10. The binding energy for the dumbbell placed over a vacancy as a function of the
distance Z over the graphene sheet

Obviously, the elastic properties of composite materials and their uniformity are of great
importance in using composite materials. The E, - Z curve in Figure 10 can be used for
estimation of elastic characteristics of the C-C dumbbell defect along the graphene sheet
(under shear stress). One can see, that the maximum slope of the curve is near the point Z =
1.3 A. The numerical estimation by using AE/AZ at this point with small segments gives the
value 0.5 TPa. The maximum binding energy of the dumbbell over the relaxed vacancy was
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obtained as large as -10.0 eV and the corresponding distance between the graphene’s plate
and atoms equals 0.7 A. The electron charge distribution presented in Figures 11 and 12
proves that there is fast chemical bond between dumbbell and graphene sheet.

d2

Fig. 11. The electron charge distribution for the graphene-dumbbell configuration at
density of the charge equal to 1.0 el/ As.

Fig. 12. The electron distribution for a graphene with two separated dumbbells

Calculation of electronic properties of dumbbell configurations presented in Figures 11 and
12 for graphene-208 were also performed. Eg = HOMO - LUMO was as large as 0.05 eV for
a case with one- and two dumbbels. Figure 12 displayed no signs of noticed non-uniformity
between two dumbbells in the graphene structure. So that, effect of radiation defects like
dumbbells can be considered as insignificant by their concentrations about 1%. The large
value of the binding energy for the dumbbell defects and the electron charge distribution
calculated for these defect configurations obviously demonstrate, that there is significant
interaction between the dumbbell and a graphene, as well as between atoms of the dumbbell
itself.

The ability of graphene’s vacancy to bind atoms of other elements by the chemical way
were firstly checked by simulation and calculation of the vacancy - hydrogen complex
defect, which was performed in the hydrogenated graphene (“chair”- graphane) structure
(Figure 13). Our calculations proved that a vacancy zone can serve as a site with a high
concentration of hydrogen. In this case the vacancy zone has non- symmetrical mode of
deformation: distances between atoms: C1-C2 = C2-C3 = 2.72 A, C1-C3 = 2.55 A

The results of calculations of binding energy of H atoms, bonding at the vacancy are
presented in Fig. 14. These data witness, that the value of binding energy depends on the
total number of H atoms, placed at the vacancy. One can see, that the binding energy has
well defined minimum at N = 3.
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Fig. 13. The atomic structure of vacancy with 6 hydrogen atoms bonding
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Fig. 14. The dependence of hydrogen - vacancy binding energy on the total number N of
hydrogen atoms linking with the vacancy

2.3 Bridge-like radiation defects in graphene

It is known very well that two layer graphene is being one of main components by
production of graphene’s materials by many technologies. Therefore, it can play a
significant role in some applications, using graphene materials. At least, it is reasonable to
study properties of two layer graphene, keeping in mind its future applications. In
particular, two layer graphene fragments can be used in production of lightweight
composite materials with high stiffness and strength. Therefore, calculations were made also
for bilayer graphene fragment. The usual AB graphite-like configuration, which is the most
common for graphite -like materials, was chosen for calculations (see Figure 15). The Figure
16 illustrates that interaction between undamaged graphene sheets has van der Waals
nature, without any signs of electron charge overlapping. The coupled atom pair which
were removed by creating the vacancy pair is marked by black. The interstitial C-atom,
knocked from the structure was placed between graphene layers. After that relaxation
procedure was used to obtain a minimum of the total energy of the defect volume. The edge
atoms of graphenes were fixed in order accounting the size effect.

In Figure 16 one can see the typical picture of the electron charge distribution for
undamaged bilayer graphene, controlled by van-der-Waals interactions. There is no electron
charge overlapping, between different graphene sheets.

In Figure 17 one can see the much more complex defect configuration with vacancies, faced
each other, which were produced in both of graphene sheets and interstitial carbon atom (i),
caught between them. This type of radiation defects can be called as a bridge-like defect. The
essential feature of the defect is that the two graphene sheets are linked with fast covalent
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bond based on the interstitial atom and as one can see, neighboring atoms 1-2 and 3-4
facilitating the rising two additional bonds, because of pulling in the gap between
graphenes. The distribution of the electron charge presented in Figure 18 proves existing of
three covalent bonds, originated between graphene layers.
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Fig. 15. Graphene AB two layer used for building complex interior defect

Fig. 16. The distribution of the electron charge for undamaged bilayer graphene (the
density equals 0.4 el / A3).

Fig. 17. A complex bridge-like radiation defect bonding together sheets of bilayer graphene
after relaxation

The total binding energy for this complex defect configuration was calculated as large as -
11.3 eV. We have supposed, that ends of two- or few layer graphene fragments may also
serve as sites of bridge-like defects, linking graphene’s sheets together. A typical
configuration of end-bridge-like bonding of a carbon atom is presented in Figure 19.

Fig. 18. The distribution of the electron charge (the density equals 1.4el / A3)
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Fig. 19. The bridge-like defect based on an interstitial atom i at the edge of bilayer
graphene.

2.4 Graphene-metal composition induced by radiation

It is known very well, that graphene and few layer graphene fragments, like to carbon
nanotubes can be used as elements of reinforcement in production of composites, based on
various matrices. Moreover, many important physical properties of material (particularly,
electric and heat conduction, magnetic characteristics and so on) can be modified and
improved by using graphene and few layer graphene fragments as filler. As was mentioned
above, many difficulties concerning graphene’s applications originate from its sp? electron
structure. In other words, the electron structure of ideal graphene often results in very low
binding energy between graphene’s surface and atoms of many metals. It is one of the
obstacles for modifying and applications of graphene in production of composite materials.
In our recent papers we suggested using of radiation modification of composite materials
with carbon nanostructures due irradiation by fast electrons or ions. Production of special
kind of bridge-like defects may be considered as an effective technological tool of essential
modification of physical-mechanical properties of composite materials, filled with carbon
nanostructures (Ilyin & Beall, 2010).

Beryllium, aluminum and their alloys are being very important materials for designing new
composites, especially for fields where combination of light weight with high strength is
needed, for example - transportation systems and air-space technologies. Therefore, in this
paper we focused on study of possible production composite materials based on Be and Al
matrices, with using graphene fragments as reinforcement elements. We suppose, that
radiation defects may essentially improve binding ability of graphene with atoms of light
metals due to production of additional chemical bonds. Unfortunately, direct experimental
study of such nanosystems with atomic scale defects and operations with them can be
hardly performed today even in laboratories with high level equipment. Figure 20 presents
some typical possible positions of metallic atoms (Be, Al) arranged on graphene surface in
high symmetry sites. Calculations performed for all of these positions gave values of the
binding energy of metal atoms on the graphene surface nearly zero.

ﬁ ﬁ
a) b)

Fig. 20. Some of calculated symmetrical configurations of metal atoms (Be and Al) on
graphene surface with nearly zero binding energies: a) over the center of a hexagon; b) over
the center of the C-C bond; c) over a C atom.
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2.4.1 Be — graphene composition
Figure 22 presents a scheme of estimation elastic characteristics of defect involving Be
dumbbell at vacancy by techniques like above for C-C dumbbell. The value of elastic
modulus for direction “to right” in the Figure 21 was calculated as large as 0.05 TPa and 0.02
TPa in the perpendicular direction.

Fig. 21. Configurations of Be atoms bonded with a vacancy: a) a stable position of the single
Be atom in the graphene sheet. The binding energy E;, equals 2.6 eV; b) Configuration of
“Be - dumbbell” over a vacancy with binding energy 4.1 eV.

Fig. 23. a) A configuration of an initially flat Be-cluster over vacancy after optimization. The
binding energy of the cluster with graphene was obtained as large as 7.2 eV; b) the electron
charge il&istribution in the area of the metal cluster - vacancy with a density of charge
02el/ A3,
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2.4.2 Al — graphene composition

A stable configuration with a minimum of total energy was provided by Al atom placed in
the plate of graphene sheet within the vacancy. One can see in figure 24 that the vacancy
zone essentially and symmetrically increased with all three lengths of bonds equal 1.7 A.
Figure 25 presents configuration of Al - dumbbell placed at the vacancy. The equilibrium
distance between Al atoms equals 2.5 A, the binding energy is as large as 2.9 eV.

Very interesting and important result for technological applications by production of
composite materials based on Al or Al -alloys matrix with graphene filler shows
computational model in Figure 27. One can see, that Al atoms can be chemically attached to
a bridge-like defect in vacancy’s zones. One also can see a significant deformation of
graphene sheets around the defect zone. The binding energy of the interstitial carbon atom
i at this configuration was equal to -9.3 eV.

Fig. 24. Configuration of a single Al-atom bonded with a vacancy.

Al

Al

Fig. 25. Configuration of Al - dumbbell bonded with a vacancy.

Af

Af

Fig. 26. The distribution of the electron charge (the density equals 1.4 el / A3) for the Al-
dumbbell bonded with a vacancy in graphene
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Fig. 27. Complex defect: a bridge-like defect in two- layer graphene with Al atoms attached
on both graphene sheets.

Al Af
b)

Fig. 28. Edge bonds of graphene fragments with Al atoms caught with binding energy Ey, as
large as 4.2 eV (a) and 3.5 eV (b).

Figure 28 illustrates one more possible way of creation additional chemical bonds between
Al atoms and graphene fragments. Free end bonds can serve as additional sites of linking Al
atoms providing better adhesion between metal matrix and graphene filler with binding
energy as large as 4.2 eV in the case of “arm-chair” edge and 3.5 eV for “zig-zag” edge.

3.Conclusion

Some stable radiation defect configurations, involving single adsorbed carbon atom, 3D C-
dumbbell defect and a vacancy-like defect in graphene sheet, associated with a dumbbell of
adsorbed atoms as well as complex interior defects : bridge-like radiation defects, which
can originate under fast electron or ions irradiation and attach metal atoms, were simulated.
The binding energy, structure characteristics and some electron characteristics of defects
have been determined by using molecular dynamics, MO LCAO and DFT. Our calculations
show, that electronic properties of graphene fragments are rather stable to radiation damage
in the form of vacancies and dumbbells. Results of simulations and calculations also show,
that special kind of radiation defects, namely bridge-like radiation defects produced by
irradiation with fast electrons or ions can become an effective technological tool by
production of composite materials, based on light metal matrices with carbon
nanostructures, in particular, graphene’s fragments, as reinforcement elements.
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1. Introduction

Hydrogenation of carbon materials has been attracting a wide range of interests as an
application of hydrogen storage materials in hydrogen-powered automobile as well as a
methodology to manipulate the electric properties of carbon materials. Graphene with
unique electronic, thermal and mechanical properties has been investigated as one of the
most promising candidates for the next generation of electronic materials (Geim, 2009).
However, several major challenges have to be tackled before the widespread application of
graphene. For example, the absence of a band gap in the electronic spectrum of intrinsic
graphene and the Klein paradox as a consequence of the Dirac-type nature of the charge
carriers (Novoselov et al., 2004; Rao et al., 2009). The most efficient way to overcome these
problems is hydrogenation of graphene (Luo et al., 2009). The graphane (Sofo et al., 2007), a
fully hydrogenated single layer of graphene, was suggested to possess the promising
semiconductor properties with a band gap of around 3.5 eV theoretically. Very recently,
Elias et al. (Elias et al, 2009) experimentally demonstrated the formation of graphane
through the exposure of a graphene membrane to hydrogen plasma. Subsequently, the rate
of hydrogenation process of multilayer graphene was found to strongly depend on the
number of layers (Luo et al., 2009; Ryu et al., 2008). These discoveries open important
perspectives for the application of graphene-based devices because the electronic gap in
those graphanes could be controlled by the degree of hydrogenation (Elias et al., 2009; Zhou
etal., 2009).

The hydrogenation process of graphene in above experiments occurs through the exposure
of graphene to the hydrogen plasma, which contains H*, H3*, H atoms and H» molecules
(Elias et al., 2009; Luo et al., 2009). One generally assumes that H atoms form covalent bonds
with the carbon atoms in the graphene (Luo et al., 2009). In this chapter, alternative
approaches to hydrogenate graphene will be proposed theoretically based on density
functional theory (DFT) calculations. It suggests that the hydrogenation process can be
realized through the exposure of graphene to molecular hydrogen gas in the presence of a
strong perpendicular electric field. It has been demonstrated that an electric field can modify
the chemical activity of materials (Liu et al., 2009). For example, the dissociation activation
energy of molecular oxygen on Pt (111) is tunable by an applied electric field (Hyman et al.,
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2005). To understand the mechanism of graphene hydrogenation with molecular hydrogen,
the pathway of the dissociation of a H, molecule and the subsequent atomic adsorption on
graphene in the presence of an electric field will be investigated.

On the other hand, it is believed that graphene nanoribbons (GNRs) offer the possibility to
achieve tunable electronic properties. This is because their properties are highly dependent
on their width and also the orientation of edges, for example, the GNRs can be turned from
semiconducting to metallic by manipulating the structural parameters (Han et al., 2010; Jiao
et al., 2010). Unfortunately, to manipulate the edge structure and width of freestanding
GNRs is a very challenging experimental task (Han et al., 2010; Jiao et al., 2010). Both
experimental data and the corresponding ab initio calculations demonstrated that the zigzag
edge is metastable in vacuum due to a planar reconstruction to lower the energy of the
system (Koskinen et al., 2009). Alternatively the high quality GNRs can be fabricated by
selectively hydrogenating the graphene or by carving GNRs on a graphane sheet (Balog et
al.,, 2010; Sessi et al., 2009; Singh et al., 2009). A bandgap opening in graphene, induced by
the patterned absorption of atomic hydrogen, was recently found experimentally (Koskinen
et al., 2009). Meanwhile, the hybrid graphene/graphane nanoribbons (GGNRs) were also
studied by ab initio calculations (Hernandez-Nieves et al., 2010; Lu et al., 2009; Singh et al.,
2010). It was shown that the bandgap of GGNRs is dominated by the graphene rather than
the graphane (Hernandez-Nieves et al., 2010; Lu et al., 2009; Singh et al., 2009). Its electronic
and magnetic properties strongly depend on the degree of hydrogenation of the interface
(Hernédndez-Nieves et al., 2010). However, the hydrogen diffusion associated with high
mobility of the isolated H atoms on graphene has a strong influence on the stability of the
graphene/graphane interface.

In this chapter, in order to enhance the hydrogen storage capacity in graphene and also to
manipulate the electronic properties of graphene, the hydrogenation of graphene with and
without an applied electric field, as well as the stability of the graphene/graphane interface
in the hybrid nanoribbons are studied through DFT calculations. The energy barriers for the
hydrogenation reaction and the diffusion of H atoms located at the graphene/graphane
interface are simulated using DFT. All the possible reaction and diffusion pathways are
analyzed to find the minimum reaction and diffusion barriers.

2. Hydrogenation of graphene

2.1 Hydrogenation of pristine graphene

In the simulation, all DFT calculations are implemented in the DMOL3 code (Delley, 2000).
The local density approximation (LDA) with the PWC functional is employed as the
exchange-correlation functional (Perdew & Wang, 1992). A double numerical plus
polarization (DNP) is employed as the basis set. The convergence tolerance of energy is
taken 105 Ha (1 Ha = 27.21 eV), and the maximum allowed force and displacement are 0.002
Ha and 0.005 A, respectively. To investigate the minimum energy pathway for the hydrogen
dissociative adsorption on graphene, linear synchronous transition/quadratic synchronous
transit (LST/QST) (Halgren & Lipscomb, 1977) and nudged elastic band (NBE) (Henkelman
& Jonsson, 2000) tools in DMOL3 code are used, which have been well validated to find the
structure of the transition state (TS) and the minimum energy pathway. In the simulation,
three-dimensional periodic boundary conditions are taken. The computer simulation cell
consists of a 2x2 graphene supercell with a vacuum width of 18 A to minimize the interlayer
interaction. The k-point is set to 20x20x1, and all atoms are allowed to relax.
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The adsorption energy of a molecular H» on a pristine graphene layer Ep.2 is defined as,

Eb-HZ = EHZ-graphene_(Egraphene+EH2) (1a)

where Ex graphenes Egraphene, En2 denote the energy of the system with a H, molecule adsorbed
on graphene, the energy of the graphene layer and a H, molecule, respectively. For the case
of atomic H chemically bonded on pristine graphene, the binding energy Ep.1 is defined as,

Eb-H = [E2H+graphene—(Egraphene+2EH)]/2 (1b)

where Enti+graphene is the energy of the system with 2 H atoms bound on the graphene layer,
Egraphene is the energy of the graphene layer, and Ep is the energy of a free H atom in the
same slab lattice.

(a) (b)

&

Fig. 1. The initial (panel a) and final (panel b) structures for a H> molecule dissociative
adsorption on graphene. In this figure, a 2x2 supercell is shown where the gray and white
balls are carbon and hydrogen atoms, respectively. The direction of the electric field is
indicated by the arrow. (Reproduced with permission from Ref. (Ao & Peeters, 2010a).
Copyright 2010, AIP)

For the case of molecular hydrogen adsorbed on graphene, previous DFT reports showed
that the H, molecule is weakly physisorbed at the hollow site of graphene as shown in Fig.
1(a) (Ao et al., 2009, Arellano et al., 2000). The distance between the H> molecule and the
graphene layer dmo-graphene is 2.612 A with adsorption energy Evm = -0.153 eV, which are
consistent with other simulation results of dii.graphene = 2.635 A and Epip = -0.159 eV (Ao et
al., 2009), and d2-graphene = 2.8 A and Ep12 = -0.133 eV (Okamoto et al., 2001). For the case of
atomic hydrogen adsorption on graphene, the favorable configuration is two H atoms
adsorbed on two face-by-face carbon atoms in the same hexagon as shown in Fig. 1(b),
which is consistent with the reported DFT result (Miura et al., 2003). The C-H bond length
lenis 1125 A with binding energy Ep1 = -2.184 eV, which agrees with another DFT result Ic.
1 =113 A (Miura et al., 2003). In addition, the C atoms bonded with the two H atoms move
up towards the H atoms with about 0 32 A and the C-C bond length Ic.c is 1.493 A. ThlS is
similar to the sp3 bond length of 1.53 A in diamond while it is much longer than 1.420 A for
the sp2 carbon length. The reconstruction of the graphene layer was also reported by the
others, in which the C atoms bonded with the H atoms move out of the graphene plane by
0.35 A (Miura et al., 2003). In this case, the carbon hexagon becomes more chemically active
as it turns from sp2 bonding to sp? like bonding (Miura et al., 2003). Based on the calculation
of the band structure for the structure shown in Fig. 1(b), this hydrogenated graphene has a
band gap of 3.4 eV, which is consistent with that of 3.5 eV for fully hydrogenated
graphene — graphane (Sofo et al., 2007).
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Fig. 2. The reaction pathway of a H, molecule that undergoes a dissociative adsorption on
graphene for different electric field. IS, TS, FS, 1 and 2 represent initial structure, transition
structure, final structure, energy minimum state 1 and 2, respectively. Their atomic
structures are given by the inserts. The energy of FS is taken to be zero. The unit of F, Epar
and Eg are a.u. and eV, respectively, where Ey. is the energy barrier and Er is the reaction
energy. (Reproduced with permission from Ref. (Ao & Peeters, 2010a). Copyright 2010, AIP)

The energy minimum pathway for a H» molecule dissociative adsorption on graphene is
from the structure depicted in Fig. 1(a) to the structure in Fig. 1(b), which agrees with the
reported minimum pathway (Miura et al., 2003). Here, this dissociative adsorption pathway
is shown in Fig. 2(a). From Fig. 2(a), the dissociative adsorption reaction barrier Epq, is 2.734
eV, which is smaller than 3.3 eV as reported (Miura et al., 2003). Regarding the transition
state (TS), the H> molecule is dissociated into 2 free H atoms without any binding with the C
atoms. After TS, these 2 H atoms bind with the C atoms and move to the exact top sites of
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the C atoms shown as the final structure (FS) in Fig. 2(a). Thus, this is a two-step reaction.
Step one is that the H, molecule is dissociated into 2 free H atoms. Subsequently, the 2 H
atoms are bound to the two C atoms. Step one needs an energy of 2.7 eV to overcome the
potential barrier and the second step releases an energy of 1.9 eV. So totally the reaction
energy is about 0.8 eV for the H» dissociative adsorption on graphene. The dissociation of Ha
is the rate-limiting step because a large energy is required.

Next the effect of an electric field F on this dissociative adsorption process is investigated,
our numerical results are shown in Fig. 2. From the figure, in general Ey.r increases with
increasing F, and the reaction energy Er increases as the absolute value of F increases.
However, there is an abnormal energy barrier value Ep, = 3.020 eV at F = -0.005 a.u., which
is larger than those for F = -0.01 a.u. and F = 0 (1 a.u. = 5.14x1011 V/m). The physical
interpretation of this abnormal Ep, value for F = -0.005 a.u. will be given later. Thus, such a
negative electric field can act as a catalyst to significantly facilitate the hydrogenation
process of graphene. However, Er increases as Epar decreases with increasing absolute value
of the negative electric field. In order to confirm the occurrence of hydrogenation reaction,
the change of the Gibbs free energy AG = AH -TAS is considered where AH, T and AS are the
change of enthalpy, the reaction temperature and the change of entropy, respectively. From
Fig. 2, one can see that the energies of the product are higher than those of reactant. So this
hydrogenation process is an endothermic reaction, i.e. AH > 0. On the other hand, molecular
H; is dissociated into two H atoms, this step leads to an increase of entropy, e.g. AS > 0.
Thus, if sufficient energy is available, which is the case at high temperature, AG can become
negative and the reaction will go smoothly and efficiently.

The pathways for this reaction under different electric fields are given in Fig. 2. The energy
minimum atomic structures of both reactant and product change in the presence of an
electric field (Ao et al., 2008b). As shown in Fig. 2(b) at F = 0.01 a.u., the reactant was
geometry optimized from the initial structure (IS) to the energy minimum state - State 1,
where the physisorbed H, molecule moves towards the carbon layer while a negative electric
field pushes the H> molecules upwards as shown in Figs. 2(c)-2(e). Under F = -0.02 a.u. as
shown in Fig. 2(f), the H> molecule in the reactant is dissociated into two free H atoms as
indicated by State 1. On the other hand, the energies of FS in Figs. 2(e) and 2(f) are not minimal
after the TS. Thus the reaction will be terminated at State 2 in both Figs. 2(e) and 2(f) if there is
not sufficient energy available. At State 2 in Figs. 2(e) and 2(f), the H, molecule is already
dissociated. The free H atoms are considered to automatically bind with the C atoms once the
applied electric field is removed since there is no potential barrier after H, dissociation at TS as
shown in Fig. 2(a). In addition, experiments have indicated that the graphene layer can be
automatically hydrogenated by free H atoms (Elias et al., 2009; Luo et al., 2009). Notice that a
negative Epar -0.222 eV is found when F = -0.02 a.u.. In the other words, the reaction from IS to
State 2 can automatically progress when F = -0.02 a.u., and subsequently we remove the
electric field in order that the H atoms bind to the C atoms. In addition, in case of Fig. 2(c) there
is an extra energy barrier before reaching the transition state of the whole reaction TS2, which
may be the reason behind the appearance of abnormal Ey.: value.

The origin of the changes in Ep,r with F can be understood through the analysis of the partial
density of states (PDOS). Fig. 3 shows the PDOS of hydrogen and the p orbital of the carbon
atoms at which the H» molecule is dissociated and the H atoms are adsorbed. It is noted that
the PDOS for both C and H atoms are changed. In general, the weight of the bands
corresponding to the H atoms below the Fermi level increases as -F increases, while those of
the C atoms decreases. These changes are induced by the electron transfer between the H
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and the C atoms. In the presence of a negative electric field, electrons flow from the C atoms
at the bottom to H atoms at the top, and more charge is transferred as -F increases. The
strength of the interaction and the trend in Ep. can be explained by considering the
positions and weights of the interaction between the bands of carbon and hydrogen. Based
on the position of the bands, it is possible to identify the character of the C-H bands. The
lowest C-H band around -8 ~ -10 eV are due to the interaction of the H oy state and the C P,
state (Zhang & Cho, et al., 2007). The second lowest C-H band around -3 ~ -5 eV is most
likely related to the bonding interaction of H oy and C P, states as they are above the H oy
state. The H o, and the antibonding C P, states above the Fermi level result in the highest C-
H band, which determines the strength of the interaction and thus determines the energy
barrier heights of the transition states (Arellano et al., 2000). As one can see from Figs. 3(e)
and 3(f), the PDOS of the highest C-H bands are depressed and the lowest and the second
lowest C-H bands are strongly enhanced. This agrees with the result in Fig. 2 that the barrier
decreases to 1.226 eV at F = -0.015 a.u. and a negative Ep.r -0.222 eV is found at F = -0.02 a.u.
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Fig. 3. Partial density of states (PDOS) of the hydrogen and the carbon atoms which are
bond with hydrogen in the presences of different electric fields. The black and blue curves
are the PDOS of the two H atoms and p orbit of the two C atoms at the transition states. The
vertical lines indicate the Fermi level. (Reproduced with permission from Ref. (Ao &
Peeters, 2010a). Copyright 2010, AIP)
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2.2 Hydrogenation of N-doped graphene

As shown in the last section, the process of hydrogenation in pristine graphene is divided
into two steps: molecular hydrogen dissociation under the electric field and the formation of
covalent bonds between the dissociated H atoms and C atoms after removing the electric
field. This two-step hydrogenation process prevents the efficiency of graphene
hydrogenation, and it is desirable to propose a direct hydrogenation approach, i.e. to find a
way to reduce both the reaction barrier and reaction energy.

Doping of graphene is usually used to functionalize graphene (Rao et al., 2009). For
example, Al-doped graphene was theoretically found to significantly enhance CO
adsorption, where CO is found to be chemically adsorbed on the doped Al atom (Ao et al.,
2008a). The gas adsorption properties of graphene with other elements, such as N, B and S,
were systemically investigated using density functional theory (Dai et al., 2009). Recently, an
ab initio study of hydrogen interaction with N-doped carbon nanotubes (CNTs) showed that
CNTs with nitrogen reduced the energy barrier of hydrogen dissociation from 1.3 eV to 0.9
eV (Zhang & Cho, 2007). In addition, N-doped graphene has been prepared by carrying out
arc discharge in the presence of Hy and pyridine or H, and ammonia. Transformation of
nanodiamond in the presence of pyridine also yields N-doped graphene (Panchakarla et al.,
2009). N-doped graphene can also be synthesized by the chemical vapor deposition method
(Wei et al., 2009) and through electrothermal reaction with ammonia (Wang et al., 2009).
Therefore, in this section, the pathway for H» molecular dissociative adsorption on N-doped
graphene under electric field through DFT calculations is investigated.

All DFT calculations are performed with the DMOL3 code (Delley, 1990; 2000), and have the
same settings as in section 2.1. The binding energy of an N atom on the graphene layer Epx
is defined as,

Eb-N = EN—graphene_(Ev-graphene+ EN) (1C)

where EN_graphenes Ev-graphene and En are the energy of the system with an N atom doped into
the graphene layer, the energy of a pristine graphene layer with a vacancy defect and the
energy of a free N atom in the slab, respectively.

2.2.1 The adsorption of hydrogen on N-doped graphene

As reported, the H, molecule is weakly adsorbed on pristine graphene, which is the reason
why many people paid a lot of attention to modify graphene through doping or using the
other methods to enhance the interaction between hydrogen and graphene (Ao et al., 2009;
2010a; Ataca et al., 2009). The energetic favorable adsorption configurations of one H»
molecule and two H atoms on pristine graphene surface are given in Fig. 1, and the
corresponding discussion on the structure changes before and after hydrogenation are also
shown in section 2.1. The band structures of pristine graphene, the system of a H, molecule
physi-adsorbed on graphene, and the system of graphene with 2 H atoms chemically
adsorbed are shown in Figs. 4(a), 4(b) and 4(c), respectively. One can clearly see that pristine
graphene has a zero band gap as expected (Elias et al., 2009; Rao et al., 2009; Shevlin & Guo,
2009; Sofo et al., 2007). After H, molecular adsorption, there is almost no change in the band
structure and the zero band gap remains. In fact, it is a simple combination of the band
structure of pristine graphene and the H, molecule. However, for the band structure of 2 H
atoms chemically adsorbed on graphene, the significant changes are found near the Fermi
level. It has an indirect band gap of 3.4 eV where the top of the valence band is located at the
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M point and the bottom of the conductive band is at the I point. The band gap is consistent
with that of 3.5 eV for fully hydrogenated graphene —graphane (Sofo et al., 2007). Note that
all C atoms are fully bonded and there are no unpaired electrons. Therefore, no net spin
extists in this system. For half-hydrogenated graphene as shown in Fig. 3(a) of the Ref.
(Zhou et al., 2009b), strong c-bonds are formed between C and H atoms and the n-bonding
network formed by p orbitals of the carbon ring is broken, leaving the electrons in the
unhydrogenated C atoms localized and unpaired where spins come out. These spins
decrease the band gap energy to 0.43 eV significantly (Zhou et al., 2009a, 2009b). In our case,
the two H atoms are dissociative adsorbed on two face-by-face C atoms where all electrons
in this system are paired without spins, similar to the status of fully hydrogenated
graphene-graphane. The accuracy of such a LDA of the system used here has been verified
by many other studies (Yao et al., 2007).
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Fig. 4. The band structure of pristine graphene (a), the system with a H, molecule adsorbed
on pristine graphene (b), the system with 2 H atoms chemically adsorbed on pristine
graphene (c), N-doped graphene (d), the system with a H, molecule adsorbed on the N-
doped graphene (e), and the system with 2 H atoms chemically adsorbed on the N-doped
graphene (f). In the figure, a 2x2 supercell of graphene is taken, and the dash lines are the
position of the Fermi level. (Reproduced with permission from Ref. (Ao & Peeters, 2010b).
Copyright 2010, ACS)
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Fig. 5. The atomic structure of the N-doped graphene (a), a H> molecule adsorbed on the N-
doped graphene (b) and 2 H atoms dissociative adsorbed on N-doped graphene (c). The
blue sphere is an N atom. (Reproduced with permission from Ref. (Ao & Peeters, 2010b).
Copyright 2010, ACS)

Doping graphene by both electrons and holes changes its electronic structure significantly
(Rao et al., 2009). Recently, the nitrogen doped graphene was prepared by arc discharge of
graphite electrodes in the presence of Hy, He, and NHj; (Panchakarala et al., 2009), chemical
vapor deposition (Wei et al., 2009), or through the electrothermal reaction with ammonia
(Wang et al., 2009). Furthermore, using ab initio calculations, N-doped CNTs was reported to
reduce the energy barrier of hydrogen molecule dissociative adsorption (Zhang & Cho,
2007). Therefore, the effect of N doping on the dissociative adsorption of a H, molecule is
considered. In the experiment, N atoms substitute the C atoms in graphene. The doping
concentration can be controlled by adjusting the experimental parameters, such as the ratio
among H», He; and NHj; (Panchakarla et al., 2009). In this simulation, a 2x2 supercell for
graphene is taken, one of the C atoms is replaced by a N atom, which leads to the ratio of
N:C =1:7. After geometry optimization, the N-doped graphene still keeps the planar feature
with a small shrinkage of C-N bond length Icx = 1.41 A, which lc.c = 1.42 A in pristine
graphene. This is consistent with the other simulation results (Dai et al., 2009). The structure
with N doping is shown in Fig. 5(a).

In the arc discharge doping process, the vacancy defects in graphene were induced, thus
allowing the N atoms from NHj3 to adsorb at the vacancies and forming the covalent bonds
with C atoms (Panchakarla et al., 2009). In this case, the binding energy E,x between N and
graphene layer can be determined by Eq. (1c). It was found that E,x is as strong as -12.65
eV/atom. For graphite the C-C binding energy was reported to be -9.55 eV /atom (Sofo et
al., 2007). Therefore, it is favorable to form N-C bonds in the presence of a N atom, although
there is an energy barrier for the reaction, which can be overcome through decalescence or
by arc discharge technique in the experiment.

The favorable atomic structure of a H> molecule physi-adsorbed on the N-doped graphene
is shown in Fig. 5(b). The result shows that the planar structure remains and the adsorbed
H> molecule is located on the hollow site of the carbon hexagon. The distance di-graphene and
adsorption energy Ep.m2 are respectively 2.615 A and -0.159 eV, which are similar to the
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results above for a H, molecule physi-adsorption on pristine graphene. In the other words,
doping N into graphene has only little effect on H physisorption.

Different from the aforementioned physic-adsorbed Hp, the favorable atomic structure of 2
H atoms chemically bonded on the C atoms is given in Fig. 5(c). Similar results for the case
of pristine graphene are obtained, where the average binding energy for the C-H bonds Ep.1
is -2.028 eV and the C atoms binding with the H atoms move upwards by about 0.35 A.
However, the bond lengths for the two C-H bonds Ici.is and Icsns are different; they are
1.122 and 1.132 A, respectively. Meanwhile, the doped N atom moves downwards with
about 0.1 A. Note that the 2 H atoms were adsorbed at two C atoms that are asymmetric. H5
was adsorbed onto C1, but H6 was adsorbed on C4 not C3 which is symmetric with C1 as
shown in Fig. 5(c). To investigate the effect of cell size on the adsorption sites of H atoms on
graphene, the cell size is increased to a 4 x 4 supercell. It was found that the two H atoms
still prefer to take the sites of the C atoms near to the N atom.

Fig. 6 shows a H, molecule dissociative adsorption pathway on the N-doped graphene.
Following the reaction coordinate, the reaction energy barrier is 2.522 eV, which is a little
smaller than 2.734 eV for the H» molecule dissociative adsorption on pristine graphene. The
result is consistent with the report that N doping into CNTs would reduce the energy
barrier of molecular hydrogen dissociative adsorption (Zhang & Cho, 2007). Besides the
initial and final structures of the reaction, the atomic structure with the minimum energy
state, State 1, and the transition state are also given in Fig. 6. For State 1, the H> molecule
diffuses from the hollow site of the carbon hexagon to a site near the doped N atom before
the transition state. For the transition state, the H, molecule is already dissociated into 2 H
atoms but only H5 is adsorbed on C1 and H6 is a free atom near C4. Subsequently, H6 is
also adsorbed as shown in the final structure. Such a reaction pathway explains why the two
H atoms are not adsorbed onto two C atoms with symmetry, since the adsorption of the two
H atoms does not occur at the same time. The adsorption of the first H atom would change
the electronic distribution and also the chemical reactivity of each C atom.
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Fig. 6. The reaction pathway of a H» molecule dissociative adsorbed on a N-doped graphene
layer. (Reproduced with permission from Ref. (Ao & Peeters, 2010b). Copyright 2010, ACS)
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The band structures of N-doped graphene, the system with a H, molecule physi-adsorbed
on N-doped graphene, and the system with 2 H atoms chemically adsorbed on N-doped
graphene are given in Figs. 4(d), 4(e) and 4(f), respectively. It is clearly shown in Fig. 4(d)
that there is an energy gap between the valence and conduction bands at the K point with N
doping. The direct band gap is about 0.7 eV. As clarified by the others (Martine et al., 2007),
the doping atoms enter into the lattice of graphene, form covalent bonds with the C atoms
and change the atomic structure of graphene. This would largely modify the electronic
structure of graphene and suppress the density of states near the Fermi level, thus a gap is
opened between the valence and conduction bands. After a H, molecule is adsorbed, the
band structure of the system is not fundamentally changed. However, for the system of 2 H
atoms adsorbed on N-doped graphene, the band structure changes a lot and an indirect
band gap of around 3 eV is found. The top of the valence band is located at the K point and
the bottom of the conduction band is at the I' point. Therefore, doping N into graphene has
no significant effect for the H, molecule physisorption and only slightly reduces the
dissociation energy barrier. However, for the band structure of graphene, doping N would
induce a band gap energy of ~0.7 eV. Thus, similar to the N-doped CNTs (Zhou et al., 2006),
N-doped graphene exhibits semiconductor behavior, which leads to a decreased
conductivity, an improved on/ off ratio and a Schottky barrier when electrodes are added.

2.2.2 The effect of an applied electric field on the dissociative adsorption

As a perpendicular electric field F will lead to a polarization of the charge density, it will
have an effect on the dissociative adsorption of hydrogen. To investigate the effect of the
electric field on the hydrogen dissociation desorption on N-doped graphene, a
perpendicular electric field is applied on the N-doped graphene system. The energies of the
initial structures, transition structures, final structures, reaction barriers and reaction
energies of a H, molecule dissociative adsorbed on N-doped graphene under different
electric fields are given in Table 1. It is found that the positive electric field reduces the
barrier significantly in the N-doped graphene system. When increasing the electric field to F
=0.009 a.u. (1 a.u. = 5.14x1011 V/m), no barrier is found, the reaction occurs automatically.
Note that for F > 0.005 a.u., the reaction energy is negative in the N-doped system and it
decreases as F increases. A negative electric field is also applied in this system, the negative
electric field leads to an increase of the energy barrier. It is understandable that reversing the
electric field has an opposite effect on the energy barrier for hydrogen dissociative
adsorption due to the polarization effect of the electric field. Therefore, Table 2 gives the
atomic charges of the two H atoms and the two C atoms which are bound to the two H
atoms, at the transition state in the presence of different electric fields in N-doped graphene.
As shown in the table, electrons move towards the H atoms with increasing F, while the
opposite behavior is found for the two C atoms and the N atom. Thus a positive electric field
leads to a transfer of electrons from the bottom atoms to the top atoms and a negative
electric field has the opposite effect.

It is interesting to notice that the reaction barrier is negative, i.e. -0.895 eV, for a H, molecule
dissociative adsorbed on N-doped graphene under a 0.009 a.u. electric field. Therefore, this
reaction pathway is shown in Fig. 7. As shown in this figure, there are two transition states
TS1 and TS2, and two minimum energy states: State 1 and State 2. For State 1 and State 2,
the two dissociative H atoms bond on C1 and C4, which are closest to the doped N atom.
For TS1 and TS2, the H, molecule is dissociated and only one H atom is bonded with C1,
which is closest to the doped N atom. Another H atom is free. However, the positions of the
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free H atom are different for the two transition states. The configurations of the two
transition states are similar to that in the N-doped graphene system without electric field,
where there is also one H atom bonded on C1 and another is free.

Energy of Energy of

. Transition Dissociation Reaction
reactant production

(a.u) state (Ha)  barrier (eV) energy (eV)

(Ha) (Ha)
Pristine -303.482 303452 -303.382 2.734 0.828
graphene
0 -320.010 319966  -319.918 2522 1.205
N-doped 0005  -319.924 319941  -319.891 0.878 -0.480
graphene (0009  -319.940 320022 -319.973 -0.895 2.241
20.005  -319.903 319.828  -319.791 3.033 2.046

Table 1. The energies of reactants, productions, transition state, dissociation barriers and
reaction energies for the reaction of a H, molecule with pristine graphene or with N-doped
graphene and 2 H atoms bond on pristine graphene or on N-doped graphene in the
presence of different electric fields.

Atom F=-0.005 F=0 F=0.005 F=0.01
H5 0.287 0.126 20.024 20115
N-doped H6 0.226 -0.031 -0.291 -0.402
1 20.293 0.206 0113 0.071
graphene C4 0.264 -0.104 0.008 0.102
N 0414 0378 0368 10346

Table 2. Atomic charge of the two H atoms and the two C atoms which are bonded with the
two H atoms, at the transition state under different electric field in N-doped graphene. The
different atoms are numbered which are given in Fig. 5. The units of the charge and electric
filed are |e| and a.u., respectively.

The reaction barrier -0.895 eV is the energy difference between IS and TS2. In this reaction
process, there are two barriers that should be overcome, State 1 to TS1 with a barrier of 0.966
eV, and State 2 to TS2 with a barrier of 0.801 eV. However, the energy from the exothermic
process of IS to State 1 is sufficient to support the endothermic process from State 1 to TS2.
In the other words, the dissociative adsorption reaction can occur automatically if the
energy created from IS to State 1 can be used to provide the energy needed from State 1 to
TS2. Further increasing the electric field beyond 0.009 a.u., no transition state is found and
the final structure can be obtained directly even by the geometry optimization method.
Therefore, the electric field can induce molecular hydrogen dissociative adsorption in the N-
doped graphene system, and the process changes from an endothermic to an exothermic
reaction. It means that the electric field and N doping act as the catalyses of H, dissociation.

The origin of the differences in the energy barrier of hydrogen dissociative adsorption on
graphene can be understood through the analysis of the partial density of states (PDOS).
Fig. 8 shows the PDOS of the hydrogen and carbon atoms which the H, molecule dissociates
and is adsorbed on for different electric field. The interaction between the hydrogen and
graphene atoms is mainly determined by the bonding and antibonding interactions between
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Fig. 7. The reaction pathway of a H> molecule dissociative adsorption on N-doped graphene
in the presence of an electric field F = 0.009 a.u. (1 a.u. = 5.14x101 V/m). In this figure, there
are 2 transition states TS1 and TS2. (Reproduced with permission from Ref. (Ao & Peeters,
2010b). Copyright 2010, ACS)

the 5 and o, states of hydrogen and the p state of the carbon atoms directed perpendicular
to graphene (p,) which bond with the hydrogen atoms. The C p,-band, which participates
strongly in bonding with hydrogen, can be identified between the Fermi level and ~-2 eV in
the PDOS of C atoms of isolated graphene. These bands almost disappear in the plots of the
PDOS of the C atoms with interaction with H atoms in the 2H/graphene system. Therefore,
the strength of the interaction and the trends in the dissociative adsorption energy barriers can
be explained by considering the positions and weights of the bonding and antibonding states
between the C p, and hydrogen bands. At the position of the C-H bands, there are distinctive
differences in the PDOS of the C atoms with and without H interaction. At the other positions,
their PDOS are almost identical. Based on the positions of the bands of C and H atoms, the
character of the C-H bands can be easily assigned. The lowest C-H band around -8 eV are
obviously due to the interaction of the H o, state and C p, state. The second lowest C-H band
around -4 eV is mostly due to the bonding interaction of H o, and C p, states since they are
above the H oy state. The highest C-H bands are due to a combination of the interaction
between the C p, and H o, states, and between the H o, and the antibonding C p, states above
the Fermi level. The position and weight of the highest C-H bands determine the strength of
the interaction and thus determine the energy barrier heights of the transition states (Zhang &
Cho, 2007). As one can see from Figs. 8(a) and 8(b), the third C-H bands correspond to the high
energy barrier as shown in Table 1. In Fig. 8(d), the weight of the third C-H band is smallest
and this case has the lowest energy barrier while the weight of the third C-H band is the
largest in Fig. 8(a) and it has the highest barrier, which agrees with the result in Table 1. When
comparing Figs. 8(a) and 8(b), N doping induces a weight increase of the two lowest C-H
bands and a weight decrease of the highest C-H band slightly. On the other hand, the presence
of an electric field leads to a weight increase of the two lowest C-H bands and a weight
decrease of the highest C-H band for the hydrogen dissociative adsorption in the N-doped
graphene system. These confirm that N doping and a positive electric field have catalytic
effects on hydrogen dissociative adsorption.
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The hydrogenated graphene, i.e. graphane, was first synthesized in 2009 by exposing
graphene to a hydrogen plasma (Elias et al., 2009). Here, a new promising approach is
proposed to hydrogenate graphene. With this technique, the hydrogenation can be realized
automatically. The hydrogenated N-doped graphene has two very attractive properties for
applications. It has a very high volumetric and gravimetric hydrogen density if fully
hydrogenated, and has a band gap around 3 eV. The gravimetric capacity of 7.5 wt%
hydrogen is higher than the 6 wt% hydrogen target indicated by the Department of Energy
U.S. (DOE), and the volumetric hydrogen capacity of 0.12 kg H/L is higher than the DOE
target of 0.081 kg H»/L. Alternatively, the band gap of N-doped graphene is increased to 3
eV after 2 H atoms are adsorbed, i.e. in the range of UV light. This is comparable to TiO,,
graphitic C3Ny materials and porous graphene, which have shown the potential applications
in photocatalyzed splitting of water into hydrogen (Du et al., 2010; Sum et al., 2002; Wang et
al., 2008). These results suggest that the hydrogenated N-doped graphene may solve the
band gap problem of graphene for nanoelectronic applications and display photocatalytic
activity.
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Fig. 8. Partial density of states (PDOS) of the hydrogen and the carbon atoms which are
bonded with hydrogen without and with N doping of graphene in the presence of different
electric fields. (a) Hz dissociation over pristine graphene without electrical field. (b) H>
dissociation over N-doped graphene without electrical field. (c) H» dissociation over N-
doped graphene with F = 0.005 a.u.. (d) H; dissociation over N-doped graphene with F =
0.009 a.u.. The black and blue curves are the PDOS of the two H atoms and the two C atoms
at the transition states, the red curves are the PDOS of the same C atoms in graphene
without H, with graphene fixed at the same positions as in the transition states. The vertical
lines indicate the Fermi level. (Reproduced with permission from Ref. (Ao & Peeters, 2010b).
Copyright 2010, ACS)
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3. Diffusion of hydrogen on graphene/graphane interface

As aforementioned, manipulating the edge structure and width of GNR is a way to tuning
the electronic properties of graphene, such as opening its band gap. High quality GNRs can
be fabricated by selectively hydrogenating graphene or by carving GNRs on a graphane
sheet. However, the hydrogen diffusion has a strong influence on the stability of the
graphene/graphane interface and such a phenomenon needs to be clarified.

Similar to the studies above, the hydrogen diffusion behavior on the graphene/graphane
interface is investigated with DFT calculation and all the DFT calculations were performed
using the DMOLS3 code (Delley, 2000). The generalized gradient approximation (GGA) with
revised Perdew-Burke-Ernzerhof (RPBE) functional was employed as the exchange-
correlation functional (Hammer et al., 1999). A double numerical plus polarization (DNP)
was used as the basis set, while the DFT semicore pseudopotentials (DSPP) core treatment
was employed for relativistic effects that replaces core electrons by a single effective
potential. Spin polarization was included in all our calculations. The convergence tolerance
of energy was set to 105 Ha (1 Ha = 27.21 eV), and the maximum allowed force and
displacement were 0.02 Ha and 0.005 A, respectively. To investigate the diffusion pathways
of hydrogen atoms at the graphene/graphane interface, linear synchronous
transition/quadratic synchronous transit (LST/QST)(Halgren & Lipscomb, 2000) and
nudged elastic band (NEB) (Henkelman & Jonsson, 2000) tools in DMOL3 code were used,
which have been well validated in order to search for the structure of the transition state
(TS) and the minimum energy pathway. In the simulations, three-dimensional periodic
boundary conditions were imposed, and all the atoms are allowed to relax.

The supercells used for the zigzag and armchair graphene/graphane nanoribbons are
shown in Figs. 9(a) and 9(b), respectively. The interlayer interaction was minimized by
allowing a vacuum width of 12 A normal to the layer. For both type of nanoribbons, the C
atoms are displaced from the C plane by about 0.29 A due to the bonded H atoms. This
value is similar to the shift of 0.32 A that C atoms experience when a H, molecule is
dissociative adsorption on graphene (Ao & Peeters, 2010a). In both cases, this is a
consequence of the change in the hybridization of the C atoms from sp2in graphene to sp3 in
graphane. In addition, for the zigzag GGNR both the graphene and the graphane
nanoribbons are flat [see Fig. 9(a)]. However, the graphene and graphane layers are not in
the same plane, they are connected with an angle of about 162° at the interface, which is
consistent with previous reports (Hernandez-Nieves et al., 2010; Lu & Feng, 2009). For the
armchair GGNR [Fig. 9(b)], the graphene and graphane regions are almost in the same
plane, while there is little curvature in the graphene nanoribbon.

Now the stability of the two types of interfaces is analysed by calculating the diffusion
barriers for hydrogen atoms. For the case of a zigzag interface, there are two different types
of C and H atoms, which are indicated in Fig. 9(a) as sites A and B. For the diffusion of the H
atom bonded to the C atom at site A, there are two possible diffusion paths labeled as 1 and
2 in Fig. 9(a). At the site B, there are three possible diffusion pathways for the H atom that
we label as 3, 4 and 5. In the case of an armchair interface, all the C atoms at the interface are
equivalent from a diffusion point of view. So there are five different diffusions pathways
that are labeled as 6-10 in Fig. 9(b). When analysing the diffusion paths, it is found that all
the diffusions are along linear pathways, and also that the H atom is free without directly
binding to any C atom at the transition state.
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Fig. 9. Atomic structure of graphene/graphane nanoribbons with (a) zigzag and (b)
armchair interfaces after relaxation. The arrows indicate the different diffusion pathways
considered. The gray and white spheres are C and H atoms, respectively. (Reproduced with
permission from Ref. (Ao et al, 2010c). Copyright 2010, AIP)

The diffusion barriers for the different paths and for both types of graphene/graphane
interfaces are summarized in Table 3. For the zigzag interface, it is found that the barriers
are 3.83, 4.48, 2.86, 3.64 and 3.86 eV for the pathways 1-5, respectively. Thus, the minimum
diffusion barrier for the zigzag GGNRs involves H diffusion from the carbon atom at site B
along the C-C bond to its nearest carbon atom with an energy barrier of 2.86 eV. For the
armchair interface, energy barriers for pathways 6-8 and 10 are 3.17, 4.07, 4.20 and 4.05 eV,
respectively. The pathway number 9 involves H diffusion to the nearest C atom at site P.
However, it is found that this diffusion cannot occur because during the geometry
optimization, the H atom at site P diffuses back to the C atom at site I. Thus, the energy
barrier for H diffusion in armchair interfaces can be minimized to 3.17 eV to the second
nearest C atom along Path 6.

Recently, it was reported that the diffusion barrier for a single hydrogen atom on pristine
graphene layer is about 0.3 eV, which was obtained by DFT calculation using a similar
method to this work (Boukhvalov, 2010). Furthermore, the diffusion barriers of transition-
metal (TM) atoms on graphene were reported in the range of 0.2-0.8 eV (Krasheninnikov et
al., 2009). If the TM adatoms are coupled to a vacancy, the diffusion barrier would increase
substantially, reaching to the range of 2.1-3.1 eV. Thus, it was claimed that adatoms with the
barrier in such a magnitude are stable at room temperature (Krasheninnikov et al., 2009),
supporting the notion that the stability of H atoms at GGNRs interfaces are enhanced
greatly and rather stable at room temperature.
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Diffusion Diffusion

pathway Er-E1 (eV) barrier (eV)
Zigzag 1 1.77 3.83
interface 2 3.92 4.48

3 1.90 2.86

4 1.47 3.64

5 1.17 3.86
Armchair 6 1.39 3.17
interface 7 2.48 4.07

8 1.58 4.20

Oa

10 1.09 4.05

a]tis found that this diffusion path cannot occur.

Table 3. Diffusion barriers for several diffusion paths and energy differences between the
states after and before the diffusion (E-Ei) in graphene/graphane nanoribbons.

From above analysis, one can see that the minimum diffusion barriers for both of armchair
and zigzag interfaces are about one order of magnitude larger than the energy barrier for H
diffusion on pristine graphene. From Table 3, one can also see that all the aforementioned H
diffusion processes imply increases of several electronic Volts in the energy of the system.
At the same time, this indicates that after the diffusion the energy needed for recovering the
system back to the initial perfect thermodynamic state is always lower than the energy
needed for distorting the interfaces. The barriers for backward diffusion are defined as the
difference of energy between the final and the transition states (Er-Er), and can be obtained
from Table 3 as the difference between the values of Er-E; and the diffusion barrier (Er-Ej).
These demonstrate that the graphene/graphane interfaces are rather stable in both types of
hybrid nanoribbons.

Such stability enhancement can be understood by calculating the binding energy of the H
atoms in the different conditions, which is proportional to the strength of the C-H bonds.
The binding energies (Ep) were calculated by Ey=E;-(E¢+En), where E; is the initial energy of
the system, E is the energy of the system after removing the H atom, and Ey is the energy of
an isolated H atom. For the zigzag interface, we found that the binding energy of the C-H
bond at sites A and B are -4.59 and -2.80 eV, respectively. While for an H atom at site I of the
armchair interface, the binding energy is -3.35 eV. All these values are larger than the
binding energy of an isolated H atom on a graphene supercell containing 32 C atoms that is
equal to -0.88 eV. This indicates the stability enhancement of the H atoms at
graphene/graphane interfaces. The results of the binding energies also explains why for the
zigzag interface it is easier to move the H atoms from site B (E,=-2.80 eV) than from site A
(Ev=-4.59 eV). This explanation is also applicable for us to understand why moving the
atoms at site B (E,=-2.80eV) in the zigzag interface is easier than moving the H atoms at site I
(Ev=-3.35eV) in the armchair interface. In addition, the C-H bond length at site A (1.108 A) is
smaller than that at site B (1.112 A). It is believed that if one bond breaks, the remaining
coordinated ones would become shorter and stronger (Sun et al., 2009; Zhang et al., 2009).
As shown in Fig. 9(a), the C atom at site F binds with other three C atoms, while the C atoms
at both sites A and B are bonded with three C atoms and one H atom. Therefore, E;, of C-C
bond between sites B and F is greater than that between sites A and B. Such a strong C-C
bond weakens the others bonding at site B including the C-H bond (Aizawa et al., 1990).
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Hence, the C-H bond at site B is weaker than that at site A. The same explanation can be
applicable to the case of armchair GGNR. On the other hand, C-C bond between sites R and
I in Fig. 9(b) is weaker than that between sites A and B due to the effect from both C-C
bonds between R and M as well as I and P. Thus, the E, of C-H bond at site I is between
those at sites A and B, which is consistent with the DFT result above. Therefore, the H atom
at site B can diffuse easier and the GGNR with the armchair interface is more stable than the
one with the zigzag interface.

To further understand the mechanism behind of the higher stability of the H atom at site A,
the atomic charges are analysed through the Mulliken method. Table 4 gives the atomic
charges of atoms near the interfaces. One can see that atoms at both interfaces (i.e. at sites A,
B, and I) are more charged than other atoms. At the interface, C atoms are more negative
and the corresponding H atoms are more positive. Furthermore, it also shows that the both
interfaces mainly affect the charge distribution of the first row of atoms at interfaces, while
there is slight effect on the atoms of the second row at the armchair interface. This result
agrees with the fact that an interface influences mainly the atoms of the first two rows (Sun,
2007). It is known that the atomic charge is mostly affected by the atoms belonging to the
same carbon ring, especially the nearest atoms. For the carbon and hydrogen atoms at the
site A, they have similar nearest atoms as the sites in graphane region far apart from the
interface, where the three nearest C atoms are bonded by sp? orbitals. For the C and H atoms
at site B, only two nearest C atoms are bonded by sp? orbitals, the other one on its right hand
side at site F is bonded by sp2 orbitals. Therefore, the effect of the interface on site B is

Atom Site C atom H atom
Zigzag interface A -0.045 0.045
B -0.086 0.057
C -0.031 0.033
D -0.030 0.033
E -0.030 0.031
F 0.009
G 0.019
H 0.009
Armchair I -0.087 0.063
interface ] -0.042 0.038
K -0.028 0.033
L -0.029 0.031
M 0.021
N 0.005
(@) 0.004
P 0.021
Q 0.021

Table 4. Charges of C and H atoms at different sites on the graphene-graphane nanoribbons with
different interfaces. The location of the sites is shown in Fig, 9, and the unit of charge is || .
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stronger than that on the site A. On the other hand, for both sites A and B, there are three C
atoms bonded by sp? orbitals in the carbon ring. Thus, the charge distribution of the atoms
on the both sites is affected by the interface. A similar explanation can be applied to the
charge difference on the atoms at sites I and | at the armchair interface. Therefore, the C
atom at site B (-0.086 | e|) is more chemically active than the one at site A (-0.045 |e|) because
it has more electrons.

4. Conclusion

In summary, the reaction pathways of a H> molecule dissociative adsorption on the pristine
graphene and the N-doped graphene layer were investigated under a perpendicular applied
electric field using DFT calculations. The corresponding atomic and electronic structures of
the reactants, productions and transition states were analysed. The results show that the N
doping and electric field facilitate the hydrogen dissociative adsorption. The energy barrier
for hydrogen dissociative adsorption on N-doped graphene is suppressed by a positive
electric field normal to the graphene surface, and the reaction can automatically occur when
the electric field is increased above 0.005 a.u.. The origin of the differences in the energy
barrier can be understood through the analysis of PDOS. N doping and the applied electric
field are considered to diminish the third interaction band between C and H, which mainly
determines the barrier height. Based these results, a promising approach to hydrogenate
graphene is proposed. It can be used to enhance the hydrogen storage capacity, and also to
manipulate the physical properties of graphene for the applications of nanoelectronic
devices. Such an exotic phenomenon is associated with its photocatalytic activity due to the
band gap opening caused by the applied electric field and doping effects.

On the other hand, the stability of graphene/graphane nanoribbons with both zigzag and
armchair interfaces is studied by calculating the diffusion barriers of H atoms using DFT
method. It is found that the H atoms can be firmly stabilized by the graphene/graphane
interfaces effects. This is resulted by the increase of the C-H bond strength at the
graphene/graphane interfaces. The results demonstrate that both zigzag and armchair
graphene/graphane interfaces in hybrid nanoribbons are rather stable, thus increasing the
feasibility for future technological applications of these systems.
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1. Introduction

Since it was first identified (Scheele, 1777), gas adsorption process had been investigated for
more than two hundred years. Among the large number of phenomena nowadays
recognized involved in adsorption, the attention of the scientific community was focused on
two main issues. First, from the applied point of view, characterization of solid surfaces
through the observed behavior of the adsorbed phase was pursued. Second, and from the
more basic science perspective, elucidation of the nature and magnitude of the interaction
forces for different experimental conditions and systems.

Taking into account that the behavior of adsorbed molecules depends on the properties of
both the solid surface and the adsorbate itself, and for somehow exploring basic aspect of
the problem, we focused our attention only in a set of basic carbonaceous substrates and a
small groups of simple adsorbates.

We have organized this review in several sections, starting in Section 2 with a brief
discussion of some carbonaceous surfaces associated to graphitic structures when they are
considered at different scales. This section also deals with different carbon materials and
their properties as well as how description of several basic structural units and orientation
degrees emerge (Bandosz et al., 2003). In Section 3.1 the adsorption of different gases such as
nitrogen, carbon dioxide, argon and methane are described, with special emphasis in the last
one due to its environmental relevance (Beaver & Sircar, 2010; Wagner, 1996; Wuebbles,
2000). Three approach to study gas adsorption on graphite surfaces that tackle the problem
from different points of view where discussed (Albesa & Vicente, 2008): i) semi empirical
quantum mechanical (SQM) model for gas - graphite interaction; ii) Grand Canonical
Monte Carlo (GCMC) simulations (D. Do & H. Do, 2005; Sabzyan & Babajani, 2005); and
Mean-Field Approximation (MFA) of the lattice model. To emulate by GCMC simulations
the interaction gas - surface several models are compared (Albesa et al., 2008), and then a
unified description is utilized for the adsorption mechanism that therefore was not only
merely based on the three above three mentioned theoretical tools, but also on experimental
data. The results reveal changes occurred the adsorbed species, and also can be used to
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evaluate interaction energy between the gas and the graphite surface as the coverage
increases; these allow elucidating somehow the role played by the substrate in adsorption
process at different pressures and temperatures (Llanos et al., 2003; Steele, 1974). Section 3.2
is devoted to study the adsorption of simple gases using graphitic curved surfaces, for this
end we used abs initio density functional theory (DFT) calculations for graphene sheets
whose surfaces had different curvature, and discuss the relation between these model
systems and experimental data for adsorption on single wall carbon nanotubes (Albesa et
al., 2009; Albesa et al. 2010). In section 4, Gas Separation, we present simulated adsorption
isotherms obtained for two characteristic carbonaceous structures, graphite and single wall
carbon nanotubes.

2. Relation between different carbon and graphitic surfaces

The great interest in graphitic surfaces stems from their high surface activity, associated
with strong adsorbate-surface forces and large surface area. From the commercial point of
view, such structures are generally cheap to produce, and can be prepared with different
special characteristics. As a result of the strong covalent sp? bonding in graphite, the
distance C - C in graphite (0.142 nm) becomes shorter than the van der Waals radius of
carbon (0.335 nm) giving a surface density of 38.2 atoms/nm?2.

The need to improve this activity, in order to have greater adsorption capacity and
selectivity in mixture separation, has motivated the development of new carbon structures,
related direct or indirectly to the graphitic ones. In few years the studies that began
changing simple graphitic surfaces, rapidly grow beyond the broad word of fullerenes
(Harris, 2003) and reach new and more exotic structures like nanotubes and nanohorns
(Dresselhaus et al., 1996).

The two most common allotropes of carbon that occur naturally are graphite and diamond.
Graphite is assembled from parallel sheets of hexagonal carbon atoms arrays, each atom
being linked to three other sp2? hybridized carbon atoms by sigma bonds or length 0.1415
nm. The value of the in-plane lattice constant is 0.2456 nm. The parallel sheets, or graphene
layers, or basal planes, are held in place by the delocalized p electrons and are 0.3354 nm
apart. Diamond is assembled forming a tree - dimensional tetragonal network where each
carbon atom is linked to four other sp? hybridized atoms.

The Can fullerenes are shell-like molecules consisting of n three-coordinated carbon atoms
arranged as 12 pentagons and %2 (n - 20) hexagons where n is even, and greater than 20
except 22. In spite of great a number of these molecules have been detected experimentally,
only a few high-purity fullerenes are produced in macroscopic quantities. Fullerene
molecules are essentially polyhedral rather than spherical and, increasing the number of
carbon atoms, each fullerene can exist as one of several different isomers.

Just like in order to obtain a fullerene one has to lose the original sheet constituted by
hexagonal carbon rings (incorporating pentagonal rings to the atoms arrange), the single
walled nanotube (SWNT) is other kind of structure where this not happen and graphene
configuration is preserved. In other words, the unit cell of a SWNT is constructed from a
portion of graphene sheet defined by the chiral vector Cj, and the translation vector T. If a
and b are the basis vectors, the chiral vector, C; = na + mb, connects two equivalent sites on
the graphene sheet at an angle defined by the so-called Hamada indices (n,m). The unit cell
of a carbon nanotube is obtained by rolling up the graphene sheet (T, C;) and joining the
edges perpendicular to Cj, to form a cylinder. There are three classes of nanotubes, i.e., zig -



Description of Adsorbed Phases on Carbon
Surfaces: A ComparativeStudy of Several Graphene Models 77

zag, armchair and, chiral, corresponding to n #m =0, n =m #0 and, n #m # 0 respectively.
From the Hamada indices one can define the diameter 4 = C/r and the length [ = 18 C/dg of
the nanotube unit cell, where C = a (m2 + mn + n2)%, a = 0.246 nm. , and dr the greatest
common divisor of 2m +n and 2n+m. Multi wall nanotubes (MWNT) are constructed from a
number of concentric SWNT. Carbon nanotubes are easier to manufacture than fullerenes
and present higher stability; these properties together with their interesting physicochemical
behavior, have prompted a great deal of interest reflected in the extensive experimental and
theoretical studies published in the last years.

Like in the case of fullerenes, the graphenic membranes can take a conical shape only
adopting arranges that are not purely formed by hexagonal carbon rings. The apex has to be
defined by one or more ring atom removed in order to reach a conical hat that lead to the
form of fivefold (or smaller) rings (Yudasaka et al., 2008). One class of such conical
structures with a particularly sharp apical angle are the single-wall carbon nanohorns
(SWNH). Conical graphenic structures with wider opening angles (corresponding to fewer
pentagons at the apex) sometimes form multilayer structures). The diameter of an
individual SWNH ranges from 2 to 4 nm, and the length is 40 to 50 nm. About 2000 of them
assemble to form a spherical aggregate with a diameter of about 100 nm. Three types of
spherical aggregates are known and, are called dahlia, bud and seed because of their
appearances. The dahlia aggregate has long cone - shaped tips sticking through its surface,
while the bud aggregate does not. The seed aggregates have lower graphitization that the
dahlia and bud aggregates, and their tubules are corrugates (Azami et al., 2008).

In so far as increase the complexity of the carbonaceous structure the long range order of the
graphene sheet is lost, because of the curvature, the presence of apexes, etc. Considering,
according to the vast amount of experimental data, the hierarchical structure of the activated
carbons (Bandosz et al., 2003), they would constitute perhaps a greater example of the
previous mentioned loss. The first level of the hierarchy are the so-called basic structural
units (BSU) that consist of a few roughly aligned polyaromatic-like molecules or “layers”
that generally not preserve the graphite order between them, and due to the presence of
functional groups, interlayer spacing are generally greater than that of graphite. The BSUs
are assembled to form regions of local molecular orientation (the second level of the
hierarchy) which are in turn assembled in space to yield the complex structure of activated
carbons.

3. Adsorption on carbon surfaces

3.1 Simple gas adsorption on open graphite surfaces

The literature offers numerous experimental and theoretical studies of the gas adsorption on
open graphite surfaces, considering the case of spherical molecules, e.g., rare gases (Cheng
& Steele, 1990; Nicholson & Parsonage, 1982), simple molecules, e.g., nitrogen, oxygen,
carbon dioxide and, methane (Bottani & Bakaev, 1994; Kowalczyk et al., 2005), and more
complexes like ethylene or phenol (Bertoncini et al., 2000; Bottani, 1999). However, from a
technological point of view, most of these studies restrict their descriptions to special
conditions, i.e., low pressures or temperatures, soft surfaces, weak interactions, etc. In spite
the powerful theoretical tools developed in the last decades, from semi empirical and DFT
calculations to canonical (CMC) and grand canonical (GCMC) Monte Carlo simulations,
nowadays two significant constrains limit computer performances to deal with the
adsorption on graphite. One is the number of molecules considered in the calculations, and
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this frontier moves as fast as new computer facilities are developed. The other problem
comes from the approximations adopted in each model. The structure of different
adsorbates on the basal plane of graphite has been extensively studied using Monte Carlo
and molecular dynamics, however, the validity of these results depend on the interaction
potentials adopted. The interaction potentials used in almost all computer simulations are
composed of two parts: fluid-fluid and fluid-surface interactions. Some years ago the
proposal (Steele, 1974) of an approximate interaction potential between a spherical molecule
and a graphite surface (averaged over carbon atoms) reduced and became accessible the
expensive computation time. On the other hand many systems and/or conditions require
the knowledge of the real potential beyond how well the adsorbate-adsorbate interactions
are described. As in example, the variation of the entropy of adsorption with the coverage in
the basal plane of graphite determines the shape of the adsorption isotherm (variation of the
chemical potential), because in the submonolayer region of this homogeneous surface the
adsorption energy varies slightly due to the adsorbate-adsorbate interaction and the main
contribution to the change on the chemical potential comes from the entropy of adsorption.
Different corrections were proposed to improve the approximate gas-surface interaction
potential, considering two dimensional Fourier series expansions (Kim & Steele, 1992) or
simply introducing adjusting prefactors.3? In spite it was argue, according to different
reasons (Bottani & Bakaev, 1994; Kowalczyk et al.,, 2005), that neglecting the energetic
inhomogeneity of the surface along the graphite plane is not expected to affect the results
significantly. However, considering all kind of results that are possible to be obtained from
homogeneous surface potentials, one can hardly agree with this affirmation, at least at low
temperatures. It's because energetic homogeneity assumption means all sites on the surface
are equivalent then, during the simulations, the probability that a molecule remains in one
site or another is the same. On the contrary, considering energetic inhomogeneity, a
molecule adsorbed on a site of the surface can reach other more favorable site later, during
the simulation steps, in order to reach equilibrium that means inhomogeneity requires more
trials to obtain each simulated point, even at low coverage. Of course, while the differences
can be considered negligible at very low coverage, as the pressure increase they become
significant, i.e. all sites are not equivalent on the surface and there will be fewer molecules
adsorbed in the monolayer, and so on.

Among the simple gases that can adsorb on graphite, now we concentrate our study on the
case of methane. Different reasons have leading the interest in the adsorption of methane on
carbonaceous surfaces in general and, on graphite in particular. Practical reasons come from
the fact that natural gas, which is composed mostly of methane, provides an alternative to
traditional liquid petroleum fuels because their environmental advantages and natural
abundance. From the theoretical point of view, next to the numerous and complete
descriptions about rare gases adsorption process, the interaction between methane
molecules and graphite surfaces remain with many unknown subjects to study.

According to the previous arguments, all description of the adsorption process, even on a
simple graphite surface, requires a previous microscopic knowledge of the interactions
between gas molecules and the substrate and between adsorbed molecules, as well as the
different configurations of these molecules on the surface. But describing the interaction
potential between methane molecules and graphene surface by using classical quantum
mechanical methods, for real systems (i.e. many molecules involved), becomes a task
beyond regular computational costs. On the other hand we are interested more than
absolute values of the adsorption energies on each site of the surface, about the relative
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differences between one site and another and, most of all how the presence of neighboring
adsorbed molecules modified the adsorbed system geometrically and energetically. To
tackle these problems we performed PM3 semi-empirical and density functional theory
(DFT) calculations of increasing numbers of adsorbed methane molecules on a graphite
surface. To mimic the graphene plane we have chosen a planar polyaromatic molecule
which has chemical characteristic similar to graphite sheet in many aspects, as is shown in
Fig. 1. The interaction energy, AE, of n (n = 1,..., 4) adsorbed methane molecules, has been
calculated by employing PM3 semiempirical methods as:

AE = E(G-nCH,) - [ E(G) + E,(nCH,) | 1)

where E(G-n CHy), E(G) and E, (n CHy) are energies of the graphite-methane complex, the
isolated graphite sheet and the methane molecules corresponding to the same configuration
but without the graphite surface respectively (Albesa & Vicente, 2008). The results obtained
at PM3 level were subjected to further geometry optimizations using DFT calculations (Parr
& Yang, 1989; Wang & Perdew, 1991) keeping the graphene structure fixed. In order to
consider the interaction energy when different numbers of methane molecules approach the
surface, we begin optimizing the geometry of the first methane molecule from various
relative orientations with respect to the reference plane of graphite.
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Fig. 1. Optimized geometry of three and four methane molecules on a planar polyaromatic

molecule that mimics a graphene surface (top view) (Adapted from Albesa & Vicente, 2008)
Copyright 2008 Argentine Chemical Society

The interaction energy between methane and the graphite surface, at low coverage, is
almost the same from one adsorption site to another. Although it seems to indicate that
graphene structure does not play an important role in methane adsorption, one has to
take into account that this result tell us only what happened at very low coverage, but
says nothing about the consequences of neighboring adsorbed molecules, in other words,
when the coverage increases how near the first adsorbed molecule next molecules can be
placed?.

The interaction energy, corresponding to the most favorable configuration, between one,
two, and three methane molecules adsorbed on a graphene surface, is almost the same (4E =
- 2.9 KJ/mol). The distance of the adsorbed molecules to the surface diminishes from 4.2 A
for one molecule to 3.8 A in the case of four from DFT results and 3.89 A from PM3.
Furthermore, the first three molecules form arrangements compatible with substrate
hexagonal configuration of 4.5 A sides, at almost the same distance of 3.95 A from the
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surface, this means that, with low coverage, the adsorbed phase follow graphene
symmetry(see Fig 1a).

By increasing the coverage (i.e. four methane molecules), the structure is modified, the
distance between methane molecules changes to 3.95 A and between methane and graphene
3.80 A, the interaction energy becomes AE ( - 3.77 KJ/mol, and the hexagonal configuration
move to a square one with the same average side of 4.5 A (see Fig 1b). According to the
previous quantum mechanical description of the interactions between gas molecules and the
substrate and between adsorbed molecules, we conclude that, when equilibrium is reached,
although at very low coverage a molecule has the same chance to adsorb on each site of the
surface, letter as the coverage increase and some sites are already occupy, the probability
that a molecule adsorbs in one site or another is not the same. In other words adsorption
process can be approximated correctly considering energetic homogeneity of the surface at
very low coverage, but when this condition is not fulfilled energetic inhomogeneity must be
taken into account.

Computer Monte Carlo simulations (MCS) with the grand canonical ensemble (Albesa et al.,
2008) is one of the more useful techniques that gives microscopic descriptions without
expensive computational cost and allowing to over comes the quantum mechanical
limitation of have to consider only a few adsorbed molecules. MCS offers not only the
possibility of studying the adsorption phenomena at molecular scales but also making direct
comparisons with experimental results. From the theoretical point of view MCS allow to
compare how homogenous or non homogenous surface potential can be affect the results.
We performed this comparison for the basal plane of graphite by taking the fluid-surface
interaction (¢¥) first, for the inhomogeneous case, as considering a two parameters 12-6
Lennard-Jones intermolecular potential between each atom of the adsorbate molecule (for
methane we consider the spherical molecule approximation) as a site that interacts with
each carbon atom of the solid, then the pair wise summation is carried over all atoms
belonging to the solid that are located at a distance less than the cut off apart from the
adsorbate mass center, and call this assumption atomistic model. Secondly, as an example of
homogenous case we take the classical uniform Steele’s 10 - 4 - 3 analytical potential (Steele,
1973)
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where z is the distance between a fluid molecule and the substrate surface and A4 is the
separation between lattice planes, the energy parameter ¢, si given by

0w =4 7 ps & (o¥)? 3)

being p; = 0.382 A-2 the carbon atoms density on the graphite slab surface, and the
interaction parameters osf and esf are calculated using Lorentz - Berthelot combination rules.
This approximation will be called analytical model. Then we compare the calculation by
MCS with the grand canonical ensemble obtained from both models and with experimental
results at different temperatures and pressures ranges.

At low pressures there is a good agreement between experimental and simulated isotherms
for both models. In this pressure ranges, when the temperature changes, the curves exhibit
different shapes. At temperatures lower than 113 K isotherms shows two clear horizontal
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steps located at relative pressures of 13/40 and 29/40, respectively (see Fig. 2a), due to the
completion of the first and second layers, that confirms an adsorption mechanism layer by
layer (Hamilton & Goodstein, 1983). As the temperature increases, this kind of ordered
adsorption is less significant, the steps are absent (see Fig. 2b) and all layers are available to
be filled.
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Fig. 2. Isotherms Circles are obtained from experimental results, and simulations are
represented by dashed black lines for the analytic model and solid gray lines for the
atomistic model. (a) 80.2K (b) 113K (Adapted from Albesa et al., 2008) Copyright 2008
American Chemical Society

In Figure 3 the density profile p*, as a function of the distance to the surface and the degree
of coverage 6 (adsorbed volume divided the monolayer volume), showed a series of peaks
that allow to rationalized the mentioned layer-by-layer adsorption mechanism on one
hand, and on the other hand exhibits differences between the results obtained from both
models, because, the analytic model gives a denser (approximately 30%) phase that the
atomistic model (see Figure 3). It is due to the fact that in the analytical approximation the
surface is completely flat and smooth and methane molecules packing is more effective than
in the atomistic model, which means that surface inhomogeneity becomes important. The
difference becomes evident as pressure increase, because homogeneous approximation
predicts condensation in advance after the third monolayer is formed (see Fig. 2a) instead of
follow the real behavior, which is better fit by the atomistic model. In Fig. 3 one can also
note that for the analytic model the layer equilibrium distances (mean density value) are
closer to the surface than the corresponding to the atomistic model.

Among the thermodynamic aspects of gas adsorption on carbonaceous surfaces, enthalpy of
adsorption study gives interesting and useful information about the process being accessible
to experimental and theoretical explorations. From the experimental side both: direct
methods like adsorption (Gravelle, 1978), flow (Groszek, 1998), differential scanning (Baudu
et al, 1993), and immersion calorimetry (Zettlemoyer & Narayan, 1966); and indirect
methods as inverse gas chromatography and adsorption isotherm have been widely
employed last years. When the adsorbed phase is a rare gas, nitrogen, carbon dioxide or,
methane on simple surfaces (graphene, single walled nanotubes, or nanocones), the use of
adsorption isotherm measurements to determine the variation of adsorbed amount with
temperature gives enough results to obtain accurate and reliable values of the heat of
adsorption Qs (Do, 1998).
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Fig. 3. Density profiles p* as a function of the distance to the surface in angstroms and the
degree of coverage 0 at 80.2 K when the isotherm is completed. Solid lines represent the
results from the analytical model, and broken lines represent the atomistic model at 6 = 3.0.
(Adapted from Albesa et al., 2008) Copyright 2008 American Chemical Society

From two isotherms determined at similar but different temperatures, T; and T>, a classical
thermodynamic calculation gives:

_ _RT P

¢ l"[p,J ®
where R is the gas constant, p; and p; are the equilibrium pressures at temperatures T; and
T3, respectively, when the adsorbed volume is constant and T is the corresponding mean
temperature.
From the theoretical side the Computer Monte Carlo simulations (MCS) with the grand
canonical ensemble not only gives the average number of molecules in the simulation box
but also yields information about the isosteric heat, discriminating the two contributions, i.e.
the solid-fluid interaction, and the fluid-fluid interaction. The isosteric heat of adsorption, -
AHY, is defined as the difference between the molar enthalpy of adsorbate in the vapor
phase, h, and the partial molar enthalpy of the adsorbed phase (h,=(0H,/éN,)

p.T )
(Pascual et al., 2003).
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The square-bracketed term in eq. 5 is the contribution of the fluid-fluid interaction to the
isosteric heat of adsorption, whereas the last term is the contribution from the fluid-solid
interaction. The isosteric heat of adsorption Qs as a function of the coverage 6, for the
system methane - graphite at lower temperatures was obtained from simulations by using
equation 8 and is shown in Figure 4. We note, from both models, two clear peaks
corresponding to the first and second layer completion. The Qs values resulting from the
atomistic and analytic models were 12.6 KJ/mol and 13.5 KJ/mol respectively, in good
agreement with others values reported by Do and Do (D. Do & H. Do, 2005) (12.6 KJ/mol),
and Piper and Morrison (Piper & Morrison, 1984) (13.4 KJ/mol). We can also see agreement
between the analytic and atomistic models over the whole range of coverage except near the
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firs monolayer completion, where the isosteric heat of adsorption given by the analytic
model is 3 KJ/mol greater than the atomistic model value. In this region, there is a better
agreement with the experimental results for the analytic model. The difference between both
models is due to the fluid-solid contribution because the fluid-fluid contribution is the same
in both models. To explain this one can take into account that the effective packing, obtained
from the analytic model, gives a very well defined distance of the first layer to the surface
(see. Fig. 3), as a consequence at very low coverage all molecules lay almost at the same
distance from the surface, with a well defined fluid-solid interaction value. On the contrary
the constrains of atomistic model determines greater dispersion of the first layer distance to
the surface (see Fig. 3), and taking into account that there is a minimum distance that a
molecule can approach to the surface, the layer becomes pushed away from the surface and
the fluid-solid interaction, as well as the isosteric heat value, becomes lower.
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Fig. 4. Isosteric heat of adsorption as a function of the degree of coverage 6 at 103 K. Circles
are obtained from experimental results, and simulations are represented by dashed black
lines for the analytical model and solid gray lines for the atomistic model. (Adapted from
Albesa et al., 2008) Copyright 2008 American Chemical Society)

To describe the adsorbed system, aside quantum mechanical calculations, that gives
answers at atomic level, where only a few molecules are analyzed; and Monte Carlo
simulations (MCS) with the grand canonical ensemble, which explore at molecular level,
where a more representative number of molecules is taken into account; the mean-field
approximation (MFA) of the lattice model (De Oliveira & Griffiths, 1978) is other theoretical
tool that that tell, at mesoscopic level, the behavior of adsorption isotherms of several layer
of rare or simple gases adsorbed on graphite. According to the differences in the molecular
density of the first layer obtain with the two mentioned models employed in MCS, the MFA
could elucidate about this controversy. The mesoscopic level, where MFA operates, gives a
global description of both the surface and the gas, but ignores what happens on the
molecular level, and also assumes, a priori, a layer by layer adsorption process, being each
layer constitutes by molecules adsorbed on a fixed lattice. These three mentioned
techniques, in their respective ranges, give complementary information of the same
phenomena.

Following the description of methane - graphite system, in the MFA one assumes, as in the
lattice gas model (Burley, 1972), that the region above the substrate accessible to methane
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molecules can be divided into cells whose centers forma a regular lattice. No more that one
molecule is permitted in a cell, and each par of gas molecules in adjacent cells contributes an
amount - to the potential energy. All molecules in the jth layer experience an additional
potential energy -v; due to the substrate, with

Vj=€|:§j,D+(1_iﬂ)C:| (6)

J

The occupation number, nj, corresponding to the kth cell in the jth layer, take the values 0 or
1 if the cell is empty or occupied, respectively, then i is 1 when k = j and 0 otherwise. C and
D are proportional to the minimum energies for the interaction of a methane molecule with
the semi - infinite continuous slab (9 - 3 potential) (Steele, 1974) and to the potential
summation over different surfaces sites, respectively.

For each configuration { n;x }, the Gibbs - Boltzmann probability has to be proportional to
exp(-pH), where

=—€ D My =D (MY Dy 7)
G0GH) J k

B= (k;T)", k, the Boltzmann constant, T the absolute temperature, x# the gas chemical
potential, apart from a temperature-dependent constant, and (j,k ) denotes nearest neighbor
pair of cells.

Calling p; the average value of nj in the jth layer, the grand potential can be obtained,
according to the MFA (Burley, 1972), by minimizing £, as a function of py, p, . . ., where

1
QP =k, Ty {p,np; +(-p)In(1-p)} - Z(u+v]-)pj—e[§a2pj +prjpj+1} ®)

L2 is the number of cells in a single layer, and each cell has a number a of nearest neighbors
in the same layer (related with the density of the layer), and b nearest neighbors just above
it. At a minimum of (2, the coupled set of equations

1 1
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is satisfied for j=1,2,....Here,mj=2 p -1 (mp=-1)and Adu= u+ € (a + 2 b)/2 is the
chemical potential minus the resulting value for an adsorbed layer of infinite thickness.

To compute adsorption isotherms, eq. (9) is truncated at j = 20 (my; = m,,), where m., is the
negative solution of

mx=tanh{éﬂ{ﬂy+ée(a +2b)mm}=2px—1 (10)

The equation can be solved numerically for different values of 4, b that are appropriate for
each lattice configurations. For each value of fand Ay, the solutions that minimize eq. (7)
are used.

Figures 5a and 5b show the results obtained taking C = 12 and D = 20, for the temperatures
T =103 Kand T = 171 K, respectively. It is noted that at low temperatures the isotherms
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show greater dependence on the density of the condensed phase (associated with a and b
values), and the better approach to the experimental results correspond to a = 6, and b = 3,
corresponding to a triangular arrange compatible with results obtained with mechanical
quantum calculation with three methane molecules. In addition the density associated with
a=6,and b = 3, fits experimental isotherms better than other values corresponding to
higher densities (see Fig. 5a). When the temperature increases and approaches the critical
value, this dependence disappears as is shown in Fig. 5b with different values of a and b.
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Fig. 5. Experimental and lattice gas model isotherms at (a)103 K.(b) Experimental and lattice
gas model isotherms at 171 K. (Adapted from Albesa et al., 2008) Copyright 2008 American
Chemical Society

3.2 Simple gas adsorption on graphitic curved surfaces

Carbon nanotubes and in general microporous carbonaceous materials offer interesting
properties from the technological point of view, as a mean to store hydrogen and methane
(Bhatia & Myers, 2006), that are energy sources environmentally favorable, or as sieves to
gas separations like oxygen and nitrogen (Arora & Sandler). Adsorptive properties of
nanotubes and fullerenes differ from other graphitic carbons because of their carbon surface
curvature (C-C-C bonding angles). Carbon atoms have to adopt quasi sp2 hybridization due
to their highly curved structure. The level of curvature of valence orbital depends on the
material radius: great radius lead to hybridization near sp? pure, while small radius leads to
sp® (Niyogi, 2002).

To describe phenomena that occur at molecular level one employs simulations, Monte Carlo
grand canonical (Albesa et al., 2008) to study adsorption at equilibrium, or Molecular
Dynamics (Cheng et al., 2005) when one is interested transport properties far from the
equilibrium. However, the accuracy of these descriptions depend on the potential models
adopted, choosing generally the 12-6 Lennard Jones potential, or the Crowell - Brown
potential that don’t take into account the surface curvature (Wang & Johnson, 1999). A
correct potential has to identify the equilibrium position and to give a good approximation
in its neighborhood, at least up to the curve inflexion point. To reach this it is necessary to
have with a well description of the molecular bonds, because the approximations would
neglect the effect of the hybridization differences of the carbon atomic orbitals, induced by
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the curvature of the surface. To solve this problem force fields were derived (Kostov et al.,
2002) where the curvature effect was taking into account, however, the parameters
calculated for these fields overestimate the interaction of the nanotubes of smaller radius,
because they are considered as a model molecule with free radicals.

In order to describe the potential energy that suffer a molecule near the surface of different
nanotubes, theoretical calculations at DFT level were performed (Albesa et al., 2009) for
hydrogen, nitrogen and methane, were the surface was mimicked by deforming a coronene
molecule (see Fig 6). The nanotube diameters d can be described by the Hammada's indices
(m,n), as d = a/m (m2 + mn + n2)” and, a = 0.246 nm, employing “armchair” type (n = m), taking
into account the independence of quirality for simple gases adsorption (Vilaplana, 2005).

Fig. 6. Cluster carbon atoms employed in the calculations

The exploration involves diameters according to experimental values, that means, d = 0.407,
0.949, and 2.034 nm, corresponding in the Hammada’s notation to (3,3), (7,7), and (15,15)
respectively. In spite of that results obtained from DFT (see Fig. 7), as almost all Generalized
Gradient Approximation calculations, give energy values lesser that those obtained
experimentally, i.e., 3.3 KJ/mol for hydrogen (Okamoto & Miyamoto, 2001), and 10.5 K]/mol
for methane (Talapatra & Migone, 2002), it is interesting to explore the relative values and
their deviation when nanotubes diameter change. The interest on DFT results is because,
beyond this approach gives lesser energy values than those experimentally obtained and a
bad description very far from the surface, it allow to describe very well the relative energy
potential behavior near the equilibrium point. As is shown in Figure 7a, the interaction
energy of hydrogen as a function of the distance to the surface, resulting from DFT
calculation, determines very low values on the nanotube external face, which tell as that
storage this gas on closed nanotubes is rather difficult. We can also see that the values
corresponding to the two smaller nanotubes are almost equal. In case of methane, showed in
Figure 7b, one can see that the nanotube of the intermediate diameter has a fewer attractive
potential with regard to the other two kind of nanotubes. If the curves are fitted with the
classical 12-6 Lennard-Jones potential, the values obtained for the position of the potential
minimum (o) is almost the same for different nanotubes, around 0.37 nm, for hydrogen; and
0.402 nm, for methane, being 0.32 nm, and 0.36 nm the values corresponding to the
adsorption on graphite; and the deep potential well (¢) is, as the nanotube diameter
increases, 7.4, 12.6, and 9.36 K-1, for hydrogen; and 14.7, 12.6, and 14.9 K-1, for methane.
From these results one can conclude that the potential energy obtained doesn’t show an
important dependence on the curvature of the nanotubes, at least in the explored range.

The experimental isotherms for the adsorption of methane, measured at 77.3 K, unlike the
case of the adsorption on graphite that has only one step in the monolayer regime (0.2 kPa),
have one sub step below this pressure and other one above it (Albesa et al., 2010). As in the
case of graphite when the temperature increases, this stepwise adsorption behavior is less
pronounced, and above 103 K the substeps disappear.
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Fig. 8. Smaller simulation cluster, showing adsorption sites: the grooves (G) between two
tubes; on nanotube surface (S); in interstitial channels (IC); and in the interior of a nanotube

(T), for open tubes. (Adapted from Albesa et al., 2010) Copyright 2010 American Chemical
Society

To explain this behavior, beyond the theoretical interest to explore the adsorption of simple
molecules on the curved surface, that mimic the external environment of a nanotube, these
kind of carbonaceous structures don’t appear alone but forming different bundles of
numerous tubes. These kind of arrange generate new potential adsorption sites, besides the
mentioned sites on curved graphene, corresponding to sites on the external phase of the
bundle external tubes. For single walled nanotubes (SWNT) four different adsorption sites
has been identified (see Fig. 8), i.e. the previous mentioned convex external walls or outer
surface sites (S), the interstitial channels (ICs), the grooves between two adjacent outer
nanotubes of the bundle (G), and, in case of SWNTSs open at the ends, the inner sites (T).

To describe the adsorption process, in closed SWNT, it has been proposed (Bienfait et al.,
2004; Kuznetsova et al., 2000) that it starts as linear chains at the strongest binding energy
sites: grooves on the outside surface of the bundles and some larger, accessible, defect -
induced interstitial channels. After these sites are filled, adsorption proceeds on the external
surface of the bundles. The 2D adsorbate structure on the external bundle surface initially
builds up adjacent to the occupied grooves until the entire external surface is covered by a
single monolayer. The binding energies for this latter stage of adsorption are comparable
but somewhat smaller than for adsorption on the basal plane of graphite, whereas the
binding energy on the preferential adsorption sites (G, IC) populated during the initial stage
of adsorption is considerably larger that tat on the planar graphite. In order to elucidate
between the more attractive sites like groove (G) and interstitial channels (ICs), which one
begins to fill up first, it has been performed Ab Initio and Molecular Mechanical
Calculations, for the case of methane. In order to mimic different sites (S, IC, G, and T) of
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the substrate, a triangular array consisting of three identical tubes was used, this is the
minimum bundle configuration that exhibits the four (S, IC, G) characteristic sites (see Fig.
8). The distance between the tubes or van der Waals gap always is taken equal to 0.34 nm.
Three different nanotube diameters were explored, ie. 0.949, 1.628, and 2.034 nm, or
Hamada indices (7,7), (12,12), and (15,15) respectively. Although the last diameter (2.034
nm) is not realistic, it's enough large that the IC sites are able to accommodate a molecule
and can mimic a general intertube channel that can appear in general tube bundles. In other
words, the two first diameters were employed to analyze G, S and T (in case of open
nanotubes) sites, and the last one to IC sites. As the molecular dynamics simulations, using
MM+ force field, as the calculation employing ab initio density functional theory (DFT)
(Albesa et al., 2010), tell that IC sites begin to fill before the G sites.

A complementary picture at molecular level, can be performed by Monte Carlo simulations
(MCS) with the grand canonical ensemble, in order to take into account the behavior of a
representative number of molecules in the adsorbed phase. Results showed in Figure 9, for
tubes with a diameter of 2.034 nm, confirm the sequence of filling of different sites in the
bundles (is spite of not being realistic, this diameter allows adsorption in IC sites, and the
other sites follow the same steps, independent of the kind of nanotubes employed).

The isotherms of nanotubes of 1.628 nm of diameter at different temperatures (83, 93, and
113 K) are compared between closed and opened end in Figures 10 and 11. Unlike the closed
end (Fig. 10), the opened end tube (Fig. 11) shows a knee when a monolayer starts forming
on the inside surface of the nanotubes, and also when this interior layer is completed (Tasca
et al,, 2002), and a new high energy site appears in the axial phase (see Fig. 12). It can also
mentioned the isotherms corresponding to smaller tubes (0.949 nm of diameter) exhibits
only the first knee because there is no possibility of an inner axial phase.

Fig. 9. Upper view of filling evolution corresponding to isotherm at 113 K and pressures of
0.0113, 5.09, 22.6, 50.9, 226, and 409 Pa for opened end tubes of 2.034 nm, (15,15) SWNT.
(Adapted from Albesa et al., 2010) Copyright 2010 American Chemical Society

This dependence, of the adsorption process, on the nanotube diameter, suggests that it
would be useful to classify the bundles according to the diameter of the tubes involved,
analogous to the method used for porous substrates classification employing porous
sizes.

Comparing simulated isotherms with the adsorption on graphite we note that the
monolayer on graphite is completed at a pressure below that corresponding to the
nanotubes, and that the isosteric heat of adsorption is greater for graphite. This is due to the
greater gas - solid interaction for the graphite case, because the nanotubes are single -
walled, while graphite is formed by several graphene layers. The gas - gas interaction on the
nanotubes is weaker than on graphite, because the curvature of the nanotubes reduces the
number of neighboring adsorbate molecules in this case, relative to those present in the
graphite case.
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Fig. 10. Simulated isotherm at 83, 93, and 113 K for closed end tubes of diameter 9.52nm (7,7)
SWNT. (Adapted from Albesa et al., 2010) Copyright 2010 American Chemical Society
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Fig. 11. Simulated isotherm at 83, 93, and 113 K for closed end tubes of diameter 1.628 nm
(12,12) SWNT (Adapted from Albesa et al., 2010) Copyright 2010 American Chemical Society

Fig. 12. Upper view of filling evolution corresponding to isotherm at 113 K and pressures of
1.38, 6.27, 56.3 Pa for opened end tubes of 1.628 nm, (12,12) SWNT. (Adapted from Albesa et
al., 2010) Copyright 2010 American Chemical Society

4. Gas separation of nitrogen-oxygen and ethane-ethylene mixtures

Most commercial processes used in air separation employed synthetic zeolites. These
materials are selective with respect to nitrogen, that is, they are able to adsorb more nitrogen
than oxygen in a rate 4:1, due to the interaction between nitrogen molecule and oxygen
cation to compensate charges. However find some kind of adsorbent that prefer oxygen is
also interesting, because to reach the same separation than zeolites will only require a
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quarter of work (Jayaraman & Yang, 2005). Among different substrates that have greater
affinity with oxygen, carbonaceous materials are promising options (Arora & Sandler, 2007),
being their principal use as selective sieves. Beside the isotherms, and the isosteric heat of
adsorption, selectivity is other quantity of interest, selectivity of specie 1 respect to specie 2
is defined as:

S12=(01/62)/ (p1/P2) (14)

where 6;, and p;, (i = 1, 2) are the relative coverage and partial pressure respectively, and,
when there is no interaction between adsorbed species, it only depends on temperature , T,
otherwise it is function of 64, 82 and T. In previous sections it was mention that adsorption
explorations at molecular levels, i.e. by MCS, imply to select a model, and in case of gas
mixtures, choose one approach enough simply to reduce computing time, but preserving the
essential characteristics, becomes critical. One possibility is consider the molecules as
pseudo spheres, that is only one Lennard - Jones interaction site per molecule (1CLJ), and a
more realistic one would be consider molecules as composed by two interaction sites (2CLJ).
We make a comparison of these two models for the adsorption of oxygen and nitrogen mix
similar to the air composition, i.e. 80% and 20 % respectively. A remarkable difference
appears in selectivity (Fig.13) because 1CL] approximation gives fewer adsorption of
nitrogen than oxygen, although the difference between adsorbed quantities is not high,
reflects an important increase of the 1CL] model selectivity. In Figure 14 we also note that
the adsorption for 2CL] model begins a lesser pressures than in the case of 1CL] model. The
density profiles (Figs. 15 and 16) show that the increase of pressure in 1CL] model moves
some molecules from the first layer to the second layer, so for nitrogen as for oxygen. In
2CL]J approximation this moving occurs basically with oxygen, while the density of the
nitrogen first layer increase, this behavior, opposite to what one would hope from the
entropic point of view according to the molecules size, is due to temperature considered,
because greater temperatures favor nitrogen adsorption

Given that carbon nanotubes have internal sites that, after activation, are available for
adsorption, and these have a narrow pore size distribution, these materials are presented as
a promising alternative as adsorbents capable of achieving a good separation between N>
and Os.
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Fig. 13. Simulated selectivity at 100 K of air on graphite for 1CL]J (black) and 2CL]J (white)
models. Total: squares, oxygen: triangles, and nitrogen: circles
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Fig. 14. Simulated adsorption isotherm at 100 K of air on graphite for 1CL]J (black) and 2CL]
(white) models. Total: squares, oxygen: triangles, and nitrogen: circles
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Fig. 15. Density profiles p as a function of the distance to the surface for 1CLJ model. Solid lines
represent the results at 5866.1680 Pa and dotted lines at 45462 Pa (a)Nitrogen (b) Oxygen

By comparing the results obtained by Monte Carlo simulations in nanotubes (Fig. 17 a-c)
with those obtained in graphite is observed that both materials show similar trends: there is
a maximum degree of separation every time a monolayer is completed. As the nanotubes
can complete an inner and outer monolayer, there are two peaks in the separation.
Nanotubes with greater separation power are the (10,10), diameter 1.356 nm. As shown in
the figures, the separation process takes place inside the nanotubes.

The degree of separation on the outer surface is negligible. From this arises the importance
of obtaining good methods of activation, since the presence of interstitial defects (which are
the size of the order of the nanotubes (7,7), diameter 0.949 nm) decreases significantly the
separation of these mixtures.

Olefin - paraffin separation represents one of the most important separations in chemical
and petrochemical industries. The production of plastics, rubbers, films, and other chemicals
from olefins such as ethylene, requires high purity olefins (> 99%). Ethylene is generally
produced by cracking or thermal decomposition of ethane, and during these processes the
gas is an ethane and ethylene mix. The conventional cryogenic distillation is as efficient and
reliable, and continues being the leading technology for ethane/ethylene separation;
however, it is also energetic expensive due to the similar volatility of ethane and ethylene. In
a typical ethylene plant, the cracking apparatus represent approximately 25% of the unit
const, while the other 75% is due to compression, calefaction, dehydration, recovering and
refrigeration systems (Anson et al., 2008).
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An effective separation method that produces raw materials with highly ethylene
enrichment without using cryodistillation would reduce the energetic and equipment costs
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associated with paraffin/olefin separation. Therefore exist interest to develop new
separation techniques (Fuentes & Mendez, 2002). Many alternative separations have been
investigated, including chemical, extractive distillation, physical adsorption, and separation
of the base membrane (Eldridge, 1993). Adsorption is one alternative to separation, which is
till under develop. Adsorbent materials are generally incorporated joined to transition
metals (copper or silver), and as a result the preferential adsorption of olefin is obtained.
This selective adsorption is due to the strong interaction between non saturated olefins
bonds and the metal ion on the surface, forming a m complex. Because of the preferential
way in which olefin is adsorbed (Anson et al., 2010) by these substance it is possible to
obtain paraffin pure. However, when paraffin selective adsorbed, olefin pure can be
obtained, which becomes adsorption as efficient alternative. Unfortunately there are few
materials able to reach this separation (Herdes et al., 2007). This preferential adsorption is
due fundamentally to the interaction between methyl sites of the adsorbent and the adsorbat
(Kroon & Vega, 2009).
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Fig. 18. Selectivity for ethane/ethylene in graphite as a function of the number of adsorbed
molecules

It is well known that for only one component, the adsorption on carbonaceous materials is
greater for ethane that ethylene. That is why these materials are studying when one is
looking for a highly pure ethylene.

The simulation results show that the selectivity (Fig. 18), as a function of the number of
adsorbed molecules, reaches a maximum when the monolayer is completed, as it happen
with nitrogen - oxygen mixtures.

The profile is the same for all the compositions studied. The decrease in the degree of
separation occurs because, once filled the monolayer, the adsorption of ethylene occurs
more rapidly than ethane (Fig. 19 a-c). At high concentrations of ethylene, the number of
molecules of ethane decreases, i.e., ethylene displaces ethane (Fig. 19 a). Here we see two
phenomena, the principle of selective adsorption of ethane is due to energetic effects. As
pressure increases the entropic effects are greater and that is why, because of their size,
increases the adsorption of ethylene

Isosteric heat of adsorption of the mix is quite similar to the corresponding values of pure
substances. It is also observed that there isn’t a great variation of isosteric heat of adsorption
with composition.(Fig 20 a-b)

A similar situation is observed in the adsorption of mixtures of nanotubes (7,7); where the
main adsorption takes place on the surface. Although in this case the coefficient of ethane-
ethylene separation (Fig 21) is less than in the case of graphite.
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In this substrate the displacement of ethane molecules by ethylene which is observed in
graphite is not present. The effect can be attributed to the curvature of this kind of
nanotubes; this is, the small diameter provokes a less compact arrangement of the
molecules, and therefore a less important effect of the entropic factors.

If we now consider nanotubes with larger diameters, so that adsorption occurs in the
interior of them, we note that, as in the case of mixtures of nitrogen and oxygen, the
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separation on the outside is very small, being slightly greater than one. Also note that the
degree of separation in nanotubes (10,10) and the (12,12) (diameters 1.356 nm and 1.628 nm
respectively) is practically the same (Figs. 22a and 22b). However, we can see that the
positions of the maxima occur at different pressures. In this way, having a size distribution
of nanotubes can enhance the range of pressures that are working.

Of particular interest is that the results obtained in systems nitrogen / oxygen and ethane /
ethylene for the case of graphite, show similar trends to those obtained from more complex
substrates, such as carbon nanotubes. This is why the above mentioned studies provide rich
information on new systems, because, thanks to its structural simplicity, experiments can be
carried out with great precision.

5. Conclusions

Experimental results of methane adsorption at low temperature, confirm a layer-by-layer
filling mechanism, where the first two layers are clearly defined, but above 113 K this
mechanism disappears and all layers are available to be filled. MCS confirm the necessity to
employ atomist models in order to describe the adsorption a higher pressures, beyond that
at very low pressures simple analytic models give good results with cheaper computational
cost. The production of changes on the arrangement of adsorbed molecules as surface
coverage increases is also corroborated, at microscopic level, by quantum mechanical
descriptions. Although the heat of adsorption constituted an experimental and theoretical
useful tool to explore thermodynamic aspects of the adsorption process, and from can be
easily determined from the experimental side, theoretical descriptions have to be considered
with some details. For instance if the models deal with isotherms associated to ideal
monolayer, with molecules laying in a plane at a fix distance of the surface, heat of
adsorptions values obtained are well defined, but by using other models, perhaps more
realistic, when molecules are not arranged on a plane but around a mean distance of the
surface, the number of molecules needed to have values with low dispersion is higher than
the usual employed in MCS. The comparison, between experimental results and those
obtained from MCS with different model approximations, confirms previous asseveration.
In addition, Mean Field Approximation confirms that lower density values, similar to those
derived from MCS by employing atomistic model, fit better experimental isotherms than the
higher densities obtained from other models.

By considering curved graphene surfaces one can explore the adsorption on other types of
graphitic structures (carbon nanotubes, nanocones, and others kinds of fullerenes). In spite
DFT calculations of the interaction energy between the curved graphene substrates and
simple molecules, reveals that surface potential energy is almost independent on the
curvature, at least when these curvatures range values corresponding to common
nanotubes; these kind of carbonaceous structures have many others adsorption sites that
have to be explored. As an example, single walled nanotubes (SWNT) form bundles of
various tubes, and then, besides the previous mentioned convex external wall sites (S),
where the adsorption is a two dimensional process, other kinds of sites can appear. One are
sites lying between two adjacent outer nanotubes of the bundle or groove sites (G),
associated to one dimensional adsorption, other sites are similar to those founded in
cylindrical pores, and emerge when tubes diameter are so higher that they left interstitial
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channels (IC) with enough space in order to accommodate adsorbed molecules in them; and
finally, and eventually they have inner sites (T) when there are SWNTs with their ends
open. Beyond DFT calculations, where the energy of each sites confirm the postulated
adsorption sequence: starts at the linear chains of G sites, and then in IC, if there are any one
with enough space to accommodate molecules inside them, and finally on S sites. In case of
open sites T sites have to be filled before G sites. MCS gives information about the shape of
the isotherms, for instance, in case of open tubes, on the curve emerge a knee when a
monolayer starts forming on the inside surface of the tubes, and also when this interior layer
is completed.

By comparing these results with adsorption on graphite, one observes two facts: the
monolayer of graphite is completed at a pressure below that corresponding to the
nanotubes, and the isosteric heat of adsorption is greater for graphite, the reason is because
the nanotubes considered are single walled (one graphene layer, rolled up) while graphite is
formed by several graphene layers.

Results obtained from the study of gas mixtures adsorption (nitrogen / oxygen and ethane /
ethylene) on different carbonaceous structures, show that graphite and more complex
surfaces (such as carbon nanotubes) present similar trends. In this way, the behavior above
described will provide valuable information on new systems.
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1. Introduction

Graphenes have attracted many physicists and/or chemists because of the beautiful
structure and tunable electronic states. One of the remarkable properties is the high carrier
mobility due to the famous Dirac point, in which the effective mass is theoretically zero
(Novoselov, et al., 2004, 2005). The motion of electrons is described by pseudo relativistic
effect, and new aspects on physics and chemistry of two-dimensional systems have been
developed as nano-scale technology. Nowadays, there has been increasing interest of
modified graphenes toward thin films, nano particles, adsorbance agents, and so on, as well
as possible micro-electronic devises.

On the other hand, magnetism of graphenes is another interesting theme, related to the early
studies on so-called graphene ribbons. That is, some graphene derivatives are promising
candidates for organic ferromagnets. The magnetic properties depend on topological
conditions such as edges, pores, and defects. Toward a new type of ferromagnets, chemical
modification of graphene is a highly challenging theme. Paramagnetism of graphitic
polymers itself has been theoretically predicted, relating to the edge states, pores, and
defects. However, it was not until band structures of modified graphenes revealed the
existence of flat bands at the frontier levels that robust ferromagnetism has been highly
expected from graphene-based skeletons. The edges, pores, and defects in these systems
should be ordered so as to cause completely flat bands in the Hiickel level. Hiickel analysis
on modified graphenes gives a good perspective toward the flat-band ferromagnetism. In
this chapter, graphene-based ferromagnetism is analyzed by crystal orbital method. Recent
advances in magnetic graphenes are reviewed in view of their electronic states.

2. Methylene-edged graphenes

It is well known that graphene ribbons with peculiar type of edges have polyradical
character, of which flat bands cause ferromagnetic interactions. Fig. 1 shows three types of
graphene ribbons. Fig. 1a is the famous graphene ribbons with two-sided acene (zigzag)
edges. The magnetic ordering has been predicted based on the band structures. The HOCO
(highest occupied crystal orbital) and LUCO (lowest unoccupied crystal orbital) contact and
become flat at the wavenumber region |k|>27/3 (Fujita et al., 1996). Thus, at least within
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the same edge, ferromagnetic interactions are expected. However, total magnetism in the
acene-edged graphene ribbons is probably small, because spin moments at both sides tend
to cancel each other. This is intuitively deduced from the conventional Heisenberg model.
To avoid the spin-cancellation, hydrogen, oxygen and fluorine passivations have been
suggested (Kusakabe & Maruyama, 2003; Maruyama & Kusakabe, 2004).

Instead, Klein suggested methylene-edged graphene ribbons shown in Fig. 1b (Klein, 1994;
Klein & Bytautas, 1999). Nowadays, these are called Klein edges. At least within the same
edge, the Klein-edged graphenes are also expected to show ferromagnetic interactions due
to the flatness of frontier bands at |k|<2r/3 (not |k|>27/3). In this case, however, spin
cancellation is also expected due to spin alternation in the bipartite lattice. While two-sided
Klein edges cause spin cancellation, one-sided Klein edges shown in Fig. 1c are expected to
show robust ferromagnetic interactions, because ferrimagnetic spin-polarized structures can
be drawn by classical valence-bond theory. Although some studies predicted the
antiferromagnetic states of the one-sided Klein edges with twisted or partially substituted
methylene groups (Maruyama & Kusakabe, 2004), conservation of the planarity probably
makes them ferromagnetic non-Kekulé polymers, and the electronic states are described by
Wannier functions rather than conventional Bloch functions (Hatanaka, 2010a). Then, there
appears one non-bonding band at the frontier level. The non-bonding band is completely
flat within the Hiickel approximation. Each Wannner function spans common atoms
between the adjacent cells. This is necessary and sufficient condition for ferromagnetic
interactions in conjugated & systems, similar to triplet biradicals. Non-cancelled spin
alignment and itinerant ferromagnetism are expected due to the flat band.

(@
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A |
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Fig. 1. Graphenes with (a) acene (zigzag)-, (b) two-sided Klein-, and (c) one-sided Klein
edges.

For simplicity, we first consider a small non-Kekulé polymer shown in Fig. 2. There are non-
bonding crystal orbitals (NBCOs) at the frontier level. They are completely degenerate
under Hiickel approximation. Each NBCO can be transformed into Wannier functions
localized around each cell, as formulated below.

We consider Bloch functions corresponding to the NBCO band:

cell

¢, = rz D, exp( ikp)C, (k) 7, (1)

where the wavenumber k runs from -7 to 7, y is the cell index, N is the number of cells, and
r is the index of atomic orbitals. Here we adopt the real part of C,(k):
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C' (k) = Lo i+ C ) f= 2o, + ¢ b)) @

This procedure minimizes the exchange integral of the system. The Wannier function
localized at the v-th call is expressed by Equations (3) and (4):

v.=Y 3 a -z, &)
a,(u=v) =5 [T ew fitu - vK)C, )k, @
72' T
where
T =V, )

Each Wannier coefficient is a function of the integer 7, which represents the difference from
the v-th cell. The Wannier functions should be normalized using a proper normalization
factor, because the linear combinations of Bloch coefficients in Equation (2) are not always
normalized to unity. Under Hiickel approximation, the normalization factor is:

1

X le f ' 6)

Wannier functions in the original paper are not normalized (Hatanaka, M. & Shiba, R., 2007;
Hatanaka, 2010a). In the present review, however, we adopt the renormalized Wannier
functions, and the exchange integrals are recalculated. Since each Wannier function
coefficient a,(1) localizes at one or a few unit cells around the v-th cell, a,(r) with |7|>2 can
be ignored. Then, the exchange integral Kj; between the i-th and j-th Wannier functions is
nontrivial only when |i-j| =1:

c'=

Ky = [[v. (v ()" (2 (2)dedr,

=2 2 2 2 a.(Da (a,(Da,(j)rslu)

{Igw{a,(O)z a,(-1)? }+ Z {a,_(O)2 a,(1)? }}(rr ‘rr) @)

r r

I3

i—th cell

2 ) e, (0)a, (1)}

P

8

where (rs | tu) denotes the electron-repulsion integrals, and only one-centered integrals were
taken into account in the approximation. The last expression results from Equation (2). From
Equation (7), the exchange integrals of non-bonding extended systems are deduced from the
amplitude pattern of their Wannier functions. The Bloch and Wannier functions can be
calculated by usual secular equations and numerical integrals (Hatanaka, M. & Shiba, R.,
2007).

The v-th Wannier function i, is schematically shown in Fig. 2. In general, Wannier functions
decay rapidly with increase in distance from the central cell. However, in this case, we see
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that the v-th and (v+1)-th Wannier functions span common atoms between the adjacent
region. Then, the two-electron wavefunction y,ip,+1 contains so-called ionic terms, in which
two electrons are accommodated to the same atomic orbitals. While simultaneous
occupation of two electrons with antiparallel spins is allowed in the same atomic orbital,
occupation of electrons with parallel spins is forbidden due to the Pauli principle. Thus, in
this system, high-spin state is preferred rather than low-spin state due to reduction of
Coulomb repulsion.

Klein-edged graphenes with n ladders are similarly analyzed as non-Kekulé polymers, as
shown in Fig. 3. In these systems, amplitudes of the Wannier functions are mainly spread at
upper and lower edges. When the number of ladders n increases, the amplitudes inside the
graphene plane become small, and highly localize at the edges. Nevertheless, even if the
number of ladders becomes infinite, each Wannier function spans common atoms between
the adjacent cells, and thus, the ferromagnetic interactions are always positive. This means
that the high-spin stabilities are attributed to itinerant character of edge states, which is
described by the Wannier functions. Nowadays, it has been theoretically shown that the
Wannier functions in such degenerate systems should be symmetric with respective to the
central cell, and minimize the exchange integral of the systems (Hatanaka, 2011). Then, the
exchange integral is calculated from square of the amplitude pattern of the two-electron
wavefunction y,,+1, as schematically shown in Fig. 4. The exchange integral K versus the
number of ladders n is shown in Fig. 5. The exchange integral is calculated from the
Wannier coefficients, taking count of one-centered integrals. The exchange integral
converges to a positive value, and thus, the system is expected to be ferromagnetic in the
balk order. For chemical stability, carbonyl edges isoelectonic with methylene groups are
promising.

-0.239 -0.577 _p239 -0.239 -0.577 -0.239
0139 (77 -0.139 -0.139 ;777 -0.139

wll wll+1

¢ ulﬁ vV+1

Fig. 2. Wannier functions of the simplest non-Kekulé polymer. This is a simple model for
Klein-edged graphenes.
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Fig. 3. Wannier functions of one-sided Klein edges with the number of ladders n=0, 1, 2, 3, 5,
and 10.
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Fig. 5. Exchange integral K of one-sided Klein-edges per unit versus the number of ladders #.

3. Porous graphenes

Fig. 6 shows porous graphene. This compound was synthesized as a two-dimensional
nanostructure (Bieri et al., 2009). They synthesized porous graphene by aryl-aryl coupling
reactions on Ag (111) surface, and observed STM (scanning tunneling microscope) image of
the honeycomb structures. In 2010, band structures of porous graphenes were investigated
by several workers (Du et al., 2010; Hatanaka, 2010b; Li et al., 2010). The Hiickel-level
dispersion and DOS (density of states) are shown in Figs. 6 and 7 (Hatanaka, 2010b). The
dispersion suggests semi-conductive band gaps, and the frontier bands are so flat as to be
available for ferromagnetism. It is interesting that both HOCO and LUCO become flat at all
the wavenumber region. Thus, this material is expected to show ferromagnetism when it is
oxidized or reduced by proper dopants.

E(a-g)/B))

Fig. 6. Porous graphene and the dispersion based on Hiickel level of theory.
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Fig. 7. DOS (density of states) of porous graphene based on Hiickel level of theory.

The flat bands result from nodal character of phenylene units. Fig. 8 shows amplitude
patterns of selected Hiickel molecular orbitals of cyclohexa-m-phenylene, which is
considered as a unit group in the porous graphene. We see that the HOMO and LUMO have
nodes at each phenylene unit. Orbital interactions between node-node linkages are zero
within the Hiickel approximation. Thus, both HOCO and LUCO in porous graphene
become flat at the frontier levels. It is interesting that eigenvalues ¢ of HOMO (a+0.618f) and
LUMO (a-0.618p) in cyclohexa-m-phenylene are identical to those of butadiene. Indeed,

Node Node

HOMO
£=a+0.6188

LUMO+11
e=a-1.6188

HOMO-11
e=a+1.6188

Fig. 8. Selected molecular orbitals of cyclohexa-m-phenylene. There are nodes at the
peripheral sites. a and f§ are Coulomb and resonance integral, respectively.
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apart from the normalization factors, amplitude patterns of butadiene’s HOMO and
LUMO spread between each phenylene unit. Moreover, eigenvalues of HOMO-11
(a+1.6188) and LUMO+11(a-1.618p) of cyclohexa-m-phenylene are identical to those of the
first and fourth orbitals in butadiene. These orbitals also cause flat bands in porous
graphene at eigenvelues (a+1.618f). In porous graphene, additional flat bands
coincidently appear at eigenvalues (a+1.0008). These bands come from nodal character of
e1g orbitals in each benzene fragment.

Porous graphene ribbons with various edges are also of interest, despite the coupling
directions are not unique and some defects of the coupling reactions may cause diversity of
molecular-weight distribution. Fortunately, it has been proved that the frontier non-bonding
level of any porous oligomer is invariant with respect to molecular weight and/or coupling
direction due to the zero-overlap interactions of the phenylene units. Thus, porous
graphenes including porous ribbons are promising precursors toward organic ferromagnets.
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Fig. 9. Porous graphene ribbons X, (1=1-5) with n ladders cut along the x axis. y is the lattice
vector.
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Porous structures including boron and/or nitrogen are also interesting in that the hetero
atoms serve as dopants, which increase or decrease the number of electrons in the frontier
levels.
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Fig. 10. Dispersions of X, (n=1-5) under Hiickel level of theory.

Fig. 9 shows porous graphene ribbons cut along the x axis. The systems are classified by the
number of porous ladders 1, as denoted as X;-Xs. The edges have bay areas consisting of
seven carbon atoms, and resemble acene edges of conventional graphene. Fig. 10 shows
dispersion of X1-X5. We see that the HOCOs and LUCOs are completely flat, similar to the
two-dimensional porous graphene. Flat bands at (a+1.618f) are also conserved due to the
nodal character of phenylene units. Interestingly, HOCOs and LUCOs in each system are n-
fold degenerate, respectively. That is, HOCO and LUCO in X; are single flat bands, and
HOCO and LUCO in X; are doubly degenerate. Similarly, three-, four-, and five-fold
degenerate HOCOs and LUCOs appear in X3, X4, Xs, respectively. These degeneracies come
from the systematic increase of the porous ladders. The resultant flat bands are also
available for possible ferromagnetic interactions.
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Fig. 11 shows porous graphene ribbons cut along the y axis. The systems are also classified
by the number of porous ladders 7, as denoted as Y1-Ys. The edges have bay areas consisting
of twelve carbon atoms, and resemble so-called phenanthrene edges of conventional
graphene. Fig. 12 shows dispersion of Y1-Ys. The HOCOs and LUCOs are completely flat,
similar to X;-Xs. Flat bands at (a+1.618p) also appear. HOCOs and LUCOs in each system
are also n-fold degenerate, respectively.

Fig. 11. Porous graphene ribbons Y, (1=1-5) with n ladders cut along the y axis. y is the
lattice vector.
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Fig. 12. Dispersions of Y, (n=1-5) under Hiickel level of theory.
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Fig. 13. DOS of X5 and Y5 under Hiickel level of theory.

Fig. 13 shows DOS of X5 and Ys. There are main peaks corresponding to the flat bands. The
largest peaks are due to the systematic degeneracies of HOCOs and LUCOs, and thus,
photoelectron spectroscopy experiments will give a major peak at ca. 9.1 eV. Theoretical
predictions on the magnetism of porous graphenes await experimental confirmations.

4. Defective graphenes

Recently, ferromagnetism of HOPG (highly oriented pyrolytic graphite) was found at room
temperature (Cervenka, et al.,, 2009; Esquinazi & Hohne, 2005, Mombr1 et al., 2005). HOPGs
often have defects, which form grain boundaries between the polycrystals. Laterally and
longitudinally slipped defects in acene-edged HOPGs are particularly interesting in that the
resultant defects are analyzable by graphene-based model (Hatanaka, 2010c). Fig. 14 shows
definition of defects, in which the lateral and longitudinal displacements are represented by
Ax and Az. Fig. 15 shows extended-Hiickel dispersion of acene-edged graphenes with
laterally and longitudinally slipped defects. The number of honeycomb ladders is fixed to be
19. The bold lines and dotted lines represent 7 and o bands, respectively. In laterally slipped
defects (Ax > 0), flatness of the frontier bands is lost with increase in the displacements, and
the resultant double occupation of electrons leads to antiferromagnetic ground state. On the
other hand, in longitudinally slipped defects (Az > 0), flatness of the frontier bands is
conserved even if the displacement becomes infinity, and the resultant electronic state
resembles that of polycarbene, in which 7 and o spins coexist with ferromagnetic
interactions.
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Here we consider simple models of defects by using graphene ribbons with 3 ladders. Fig.
16 shows change of orbital pattern for the laterally slipped graphenes. We note that the
effective displacement of lateral slip is smaller than the lattice period a. Frontier Bloch
functions (HOCO and LUCO at k= 7/a) of non-distorted graphene is localized at the edges
(Fig. 16a), and contact at k= sr/a. n-Frontier Bloch functions in laterally slipped graphene
are doubly degenerate and also contact at k= /a under all the displacements (Fig. 16b).
The amplitudes are localized inside the fault as well as at the acene edges. With increase
in the lateral displacement, there appears a peculiar o band, of which amplitude is shown
in Fig. 16c. We see that this band consists of weak interacted dangling bonds in the
slipped fault. The weak interaction causes crossing of frontier bands, as shown in the
middle of Fig. 15, and thus, the magnetism due to acene-edged graphenes is considered to
disappear.

Fig. 14. Laterally and longitudinally slipped defective graphenes.

(4x=A42=0.00) (4x=1.21A, A2=0.00) (A4x=0.00, 4z=1.20A)

Fig. 15. Dispersion of defective graphenes based on extended Hiickel level of theory. Er is
the Fermi levels.
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Fig. 16. Selected Bloch functions of acene-edged graphene with laterally slipped faults. (a)

Ax=0, HOCO and LUCO at k=r/4, (b) Ax=1.21A, HOCOs and LUCOs at k=r/a, and (c)

Ax=1.214A, dangling o crystal orbital at k=0.

Fig. 17 shows s-frontier Bloch functions of longitudinally slipped graphene. Contrary to the
laterally slipped graphene, amplitudes of the HOCO and LUCO always spread at the edges,
and thus, their dispersions contact at k= r/a (Fig. 17a). When the longitudinal displacement
becomes large, carbene-type ¢ bands also appear at the frontier level (Fig. 17b). These
orbitals accommodate magnetic electrons of the carbene sites, and thus, longitudinally
displacement causes another type of magnetism within the fault. This is considered to be the
reason why HOPGs often exhibit weak ferromagnetism. When the displacement is small, it
has been shown that energy cost for longitudinal slip is smaller than that of lateral slip
(Hatanaka, 2010c), and the energy cost is perhaps compensated by the high-spin stability.
Thus, as rough estimation, we guess that ferromagnetism observed in HOPGs is attributed
to longitudinally slipped defects, which form grain boundaries including multilayers of
graphene planes. Indeed, topographies corresponding to the longitudinally slipped defects
were recorded in HOPGs by AFM (atomic force microscope) and MFM (magnetic force
microscope) techniques (Cervenka et al., 2009).
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Fig. 17. Selected Bloch functions of acene-edged graphene with longitudinally slipped faults.
(a) Az=1.20A, HOCO and LUCO at k=r/a, and (b) Az—°, dangling ¢ crystal orbitals at
k=rn/a.

5. Conclusion

Some graphene-based ferromagnets were analyzed in view of their electronic states. There
appear flat bands at the frontier levels, in which the Wannier functions span common atoms
between the adjacent cells. If geometry conditions such as edges, pores, and defects are well
controlled by chemical modification, graphene-based ferromagnets will be realized through
the flat bands. Amplitudes of the Wannier functions have non-bonding character, and the
frontier electrons are itinerant around each central cell. The degeneracy of frontier flat bands
and the positive exchange integrals play key roles for ferromagnetic interactions of
graphene-based ferromagnets.
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Nonlinear Transport Through Ultra Narrow Zigzag
Graphene Naoribbons

Hosein Cheraghchi
Damghan University
Iran

1. Introduction

Graphene, a monolayer of a honeycomb lattice of carbon atoms has been attracted a great
amount of attention from both experimental and theoretical points of view Novoselov et al.
(2006). Flat structure of graphene makes its fabrication more straightforward than carbon
nanotubes. Moreover, dreams of carbon nanoelectronic approach to the reality based on
planar graphene structures. This structure overcomes some difficulties of nanoelectronics
based on carbon nanotubes, by using lithography, one-dimensional ribbon patterns on
graphene sheets Liu et al. (2009). Experiments in graphene-based devices Ozyilmaz et al.
(2007) have shown the possibility of controlling their electrical properties by the application
of an external gate voltage. For achieving realistic nanoelectronic applications based on
graphene nanoribbons (GNR), width of ribbon have to be narrow enough that a transport
gap is opened Han el al. (2007); Li et al. (2008); Wang et al. (2008). Using a chemical
process, sub-10 nm GNR field-effect-transistors with very smooth edges have been obtained
in Ref.[Lietal (2008); Wang etal. 2008)] and demonstrated to be semiconductors with band-gap
inversely proportional to the width and on/off ratio of current up to 10° at room temperature.
By connecting GNRs with different types of edges and widths, it is applicable to fabricate
electronic devices based on graphene nanoribbons.

The origin of transport gap which is opened in a gate voltage region of suppressed nonlinear
conductance is still not well understood Molitor et al. (2009); Son et al. (2006); Sols et al.
(2007). Two factors are responsible for transport gap: the edge disorder leading to localization
Mucciolo et al. (2009) and the confinement Nakada et al. (1996); Brey & Fertig-a (2006);
Bery&Fertig-b (2006); Zheng et al. (2007); Malysheva& Onipko (2008). However, in nonlinear
regime, transport gap is also opened by transition selection rules which originates from the
reflection symmetry Duan et al. (2008).

Based on the tight-binding approach, GNRs with armchair shaped edges are either metal or
Semiconductor Son et al. (2006); Nakada et al. (1996); Brey & Fertig-a (2006); Bery&Fertig-b
(2006); Zheng et al. (2007). Moreover, in this approach, zigzag edge ribbons are metal
regardless of their widths Malysheva& Onipko (2008). While ab initio calculations Son et al.
(2006) predict that regardless of the shape of the edges, GNRs are semiconductor. In zigzag
GNRs, the bands are partially flat around the Fermi energy, which means that the group
velocity of conduction electrons is close to zero. Their transport properties are dominated
by edge states.

Similar to carbon nanotubes, electronic transition through a ZGNRs follows from some
selection rules. The rotational symmetry of the incoming electron wave function with respect
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Fig. 1. Gated Zigzag graphene nanoribbon which is divided into three regions: left, right and
central region. Dotted rectangular is the unit cell which is used for finding the band structure
of graphene ribbons. Lower panel shows a field-effect transistor structure based on graphene
ribbons where the gate voltage is applied on the whole system.

to the tube axis is conserved while passing through nanotubes Farajian& Esfarjani& Kawazoe
(1999). Correspondingly, the transverse reflection symmetry of the incoming and outgoing
wave functions results in the parity conservation in ZGNRs with even number of zigzag
chains Duan et al. (2008); Cresti et al.-a (2008); Cresti et al.-b (2008); Akhmerov et al. (2008);
Nakabayashi et al. (2009); Wakabayashi& Aoki (2002); Wang et al. (2008). As a consequence
of the even-odd effect, a negative differential resistance (NDR) region appears in the I-V
characteristic curve of P-N even ZGNR junctions Wang et al. (2008). However, in experiment,
edges of graphene ribbons can simply absorb some chemical compounds Kobayashi et al.
(2006). Even any small asymmetry is enough to destroy the blocked transitions induced by
the parity conservation rule. Although there is no parity selection rules in armchair GNR'’s,
NDR also can be found in their I-V characteristic curves. Such NDR originates from the
interaction between the narrow density of states of the doped leads and the discrete states
in the scattering region Ren et al. (2010). NDR has also been observed in GNR nanojunctions
which its NDR's origin is traced back to the electrostatic profile. Enhanced localization of the
HOMO and LUMO states induced by a charge depletion reduces overlap of states and current
Cheraghchi& Esfarjani (2008). A NDR behavior has been also reported in P-N nanotube
junctions Farajian& Esfarjani& Kawazoe (1999). Historically, NDR was first observed in the
degenerated N-P diode junctions Esaki (1958). Nowadays, NDR has been reported in many
other molecular devices Dragoman et al. (2007); Cheraghchi& Esfarjani (2008); Chera%hchl&
Esmailzadeh (2010). To shed light on the experimental work in Ref. [Lietal. (2008); Wang et al. (2008)]
and also introducing new origin of transport gap, in this chapter, we investigate nonlinear
transport through ZGNRs by using non-equilibrium Green’s function (NEGF) approach. The
on/off ratio of the current in the NDR region for gated even ZGNR’s reaches up to 10°. Tt
is also shown that a stable NDR against electrostatic interaction up to 10° is appeared in
ultra narrow odd ZGNRs around £1V in both positive and negative polarity. These NDRs
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are induced by transport gaps which are opened by two selection rules governing electron
transition through ZGNRs: (i) the parity conservation, and (ii) that allowed transition are
between connected bands Cresti et al.-a (2008); Cresti et al.-b (2008). Based on band structure
analyzing, we show that transport gap opened by the second selection rule is filled for ribbons
wider than 10nm. So, sub-10nm ribbons with long enough length provide experimental
manifestation of the NDR phenomenon in I-V curve of GNRs. On the other hand, the gate
voltage regulates the current flow by shifting the blocked energy regions with respect to the
Fermi level. Moreover, for gated even ZGNRs, on/off ratio of the current displays a power
law behavior as a function of ribbon length as M75. However, on-off current ratio for odd
ZGNRs increases exponentially with the ribbon length.

This NDR is still robust against edge impurities when the edges are doped by slightly
amount of impurity. These edge impurities can significantly affect the electronic structure
and transition selection rules of even ZGNRs. Edge states with energies about —0.1 to 0.2V
have been observed Kobayashi et al. (2006).

Our calculations show that the details of the electrostatic potential profile along the
ribbon can not affect the emergence of NDR. The same conclusion has been reported
by Ref.[Wangetal Q08)] byt they have not elaborated on the physical reason behind this
robustness. By following the self-consistent charge and potential profiles at different voltages,
we demonstrate that at low voltages, strong screening of the external potential at contacts
results in a flat electrostatic potential along the ribbon. Subsequently, the e-e interaction at a
mean field level, does not change the magnitude of I,,. However, for voltages higher than
the NDR threshold Vo, the transfer of charge along the edges, leads to more reduction in I g
which improves the switch performance.

This chapter is organized as follows: in section 2, we briefly explain transition selection rules
in symmetric and asymmetric ZGNRs which govern transport properties of GNRs. In section
3, we present Hamiltonian and a short review of NEGFE. The origin of NDR seen in the I-V
curve of even and odd ZGNRs is explained in section 4. We demonstrate in section 5 that the
e-e interaction does not have a significant effect on the phenomena of NDR in the I-V curve.
The last section concludes our results.

2. Transition rules

2.1 Transition selection rules in symmetric ZGNR

Presence of the reflection symmetry in the incoming and outgoing wave functions leads to the
transition selection rule which regulates the current flow through ZGNRs Duan et al. (2008);
Wang et al. (2008). However, there is no reflection symmetry in ZGNRs with odd zigzag
chains along the width while even ZGNRs have a mirror symmetric plate which bisects the
ribbon plane (Fig.(1)). By application of the symmetry operator on the wave function of even
ZGNRs, odd or even parity can be realized for each subband.

P, (0, y) = i (%, =) = 19, (X, ) (1)

where P is the parity operator and ¥, is the eigen function of n'" subband with the wave
vector ky along the longitudinal direction. The eigenvector contains two parts: a plane wave
(etkxx) along the longitudinal axis, and a constraint solution along the transverse direction
with free boundary condition. So the eigenvector can be shown as e**¢, (y) Rainis et al.
(2009). Eigenvalues of the parity operator are as 7 = (—1)"*1, where n = 1,2,...,2N counts
bands from the bottom to the top of the band structure, respectively. Eigenvalues of the parity
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operator are independent of the value of k. As an example, in even ZGNR, lower subband of
two central bands has negative parity and upper one has positive parity (Fig.2).

Using the tight-binding approximation, eigenvectors and eigenvalues of the ribbon is derived
by diagonalization of the following Hamiltonian Ezawa (2006):

o, (5,9) = E(1, k), (5,)
| | @
H=Hy+ V0,+1€lk"x + V(),,leilkxx
where Hj is the tight-binding Hamiltonian of the unit cell shown in Fig.(1.a). In the nearest
neighbor approximation, V1,V —1 are the overlap matrices between the marked unit cell
('0") and its left (-1") and right ('+1") unit cells. Having eigenvalues of this Hamiltonian
E(n, ky) results in the energy spectrum of graphene ribbons.
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Fig. 2. transmission (right panel) and band structure of right (center panel) and left (left
panel) electrodes for ZGNR with 6 unit cells in length and 4 zigzag chains. Applied bias is
considered to be a) V;q = 0 and b) V;q = 1.0V. Gate voltage is V; = 0.5V. Here, A and +y are
the energy separation of upper/lower group of bands from the central bands at the Dirac
point (ky = £27r/3a) and kyx = 0, respectively. Moreover, ¢ is the half-width of the central
bands at ky = 0.

As a consequence of Egs.(1,3), in even ZGNRs, we have [P,H] = 0. Therefore, parity
is conserved during coherent transport. Parity conservation in even ZGNRs results in the
blocked transition of the incoming wave function with positive parity into the outgoing wave
function with negative parity of the central subbands.

Electronic transition is controlled by two selection rules. First, the parity is conserved in
tunneling of electron through even-ZGNRs. Therefore, at zero source-drain voltage, one can
expect full transmission which is shown in Fig.(2.a). In this case, all bands with the same
parity are energetically aligned and there is no gap in the transmission curve. In Fig.(2.a),
the energy of transmission curve is shifted by the gate voltage (0.5V). Parity of each band is
indicated by plus/minus signs. In the range of 2A, there is one conducting channel which
results in unit transmission coefficient.

Fig.(2.b) represents band structures of electrodes which are shifted with respect to each other
due to the source-drain voltage Viq = 1.0V. The gap in the transmission curve of Fig.(2.b),
AB region, indicates that transport between bands of opposite parity is blocked. In the
energy regions in which back scattering of electrons increases due to the selection rules, it
is established that the transmission decays exponentially with the length as e~ 7*.
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The second selection rule which governs electron transport through ZGNRs, is that, electron
transition is allowed between connected bands. Figs.(2.a,b) show the band structure classified
in three different groups; namely, central, upper and lower bands which are indicated by solid,
dashed and dashed-dot-dot lines, respectively. The common feature of bands in each group is
that, they are connected at the zone boundary, while distinct groups are disconnected. When
one considers the electron transport, the longitudinal momentum ky, of electrons changes as
a result of applied V4. The precise form of this variation in ky, crucially depends on profile of
the superimposed longitudinal potential. These groups are disconnected from each other from
the point of longitudinal momentum. Variation of momentum of electron k, depends on the
shape of superimposed longitudinal potential. The transport properties for smoothly varying
Vsq, are significantly different from V.4 profiles with sharp spatial variations. The electronic
transition between an eigenstate (1, k) in the right electrode and an eigenstate (my, q) in the
left electrode is proportional to Fourier transform of longitudinal voltage and structure factor
Cresti et al.-a (2008); Cresti et al.-b (2008),

(P (k) | Vsa(x) | ¥m,(9)) = SVea(k = q), ®)

where structure factor of S is equal to [1 + (1)1 Pn] for even ZGNRs and parity of

band m is equal to P, = (—1)"*+1). Parity selection rule in even ZGNRs originates from
this structure factor. This parity selection rule is mesoscopic analogue of chirality factors
governing transport of Dirac electrons in planar graphene Ulloa& Kirczenow (1987).

If a constant gate voltage is applied on the whole system, since there is no longitudinal
potential variation, momentum of electron remains unaffected against the gate voltage.
However, linear variation of the applied source-drain bias (with the slope V q/L) changes
the electron momentum. So, smooth variation of the potential in longer ribbons results
in a small momentum variation of electron. Consequently, transition of electron between
disconnected bands is forbidden when the length of ribbon is so large that one can assume
V.a(k—q) — 6(k —q). Therefore, a smooth potential in the longitudinal direction can just
scatter the electron among the class of states belonging to the same group of connected energy
bands.

Now let us focus on the two transport gap regions: AB and CD in Fig.(2.b). The AB gap
is a consequence of parity selection rules, while the CD gap is due to blockage of transition
between disconnected groups. As can be seen in Fig.(2.b), the AB gap is proportional to the
source-drain voltage, V,;. Moreover, this gap is independent of the ribbon width. Of course,
in the wide ribbons, the upper and the lower band groups approach to the central group,
especially at the point ky = 0, where v in Fig.(2.a) tends to zero as log-normal.

When the ribbon width is increased, the separation y between the upper/lower and central
groups of bands, is reduced, which tends to loosen the second selection rule based on
band groups; hence filling in the gaps. However when we increase the ribbon length, our
classification of bands into connected groups is recovered. Therefore the AB gap is essentially
governed by the aspect ratio of ZGNR.

The CD gap is equal to A — 6 + V4, where A and J are the energy separation of upper/lower
group from the central bands at the Dirac point, and the half width of the central bands at
ky = 0, respectively. The dependence of A on width N is: A o (2.13 +0.02)N —(0.864:£0.003)
while § has a Log-Normal behavior which asymptotically approaches to the constant value
of 0.9738 £ 0.0002 as N goes up to 10. The conducting region BC in Fig.(2.b) can exist only,
when 6 — A < Vg < 6. From the dependence of A and 6 on N, the CD gap exists if N is
less than 30. Hence, NDR is estimated to be observable for ribbon width < 7nm. The lowest
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Fig. 3. Even asymmetric zigzag graphene nanoribbon considered as a central region attached
to two electrodes. Transverse zigzag carbon chains and unit cells inside the central region are
labeled by N and M. Darker edge atoms are absorbed atoms which make ribbon asymmetric
in respect to the X-axis.

achieved ribbon width is sub-10nm-wide (~ 2 + 0.5nm) Li et al. (2008); Wang et al. (2008) with
the length ~ 236nm. Such long ribbons with small width provide fascinating experimental
manifestation of the selection rules in transport properties.

One of the experimental requirements of the nanoribbon fabrication is the presence of some
absorbed edge impurities. So, reflection symmetry could be simply failed during designing of
electronic devices based on ZGNRs. Operation of an electronic device should not be affected
by small asymmetry. Recently Wang et al. (2008), based on even ZGNR substrate and also
the parity selection rule, an N-P diode junction was designed. This diode shows an NDR in
positive polarity of its I-V curve. According to the previous discussions, this device is strongly
sensitive to any asymmetry. Electronic devices designed by the transition rule arising from
disconnecting band groups is much reliable than those which are based on the symmetry. In
the next section, we introduce a nanoswitch which its operation is not so sensitive to the
asymmetry. Fig.(3) shows asymmetric zigzag graphene nanoribbon with even number of
zigzag chains in width (N).

2.2 Transition selection rules in asymmetric ZGNR

Those selection rules controlling the electron transition through even ZGNRs will be modified
when impurity absorption changes onsite energies of atoms located in one edge of the ribbon.
Application of the edge asymmetry influences the selection rules as the following;:

1) Transition between those subbands which have been already forbidden based on the parity
conservation, would be now allowed.

2) As shown in Fig.(4.b), in the spectrum of central bands of even ZGNRs, an energy gap is
induced by the edge impurity. The opening of the gap depends directly on the onsite energy
attributed to the edge impurity. As a result, in this case, the first conduction and the last
valance bands detach from each other so that they do not belong to the same band group.
Therefore, transition between these subbands is not allowed now.
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a) b) ..
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Fig. 4. Energy spectrum of the left and right electrodes of graphene ribbons with 4 zigzag
chains (M, N) = (12,4) under 0.5V applied bias a) without b) with the presence of the edge
impurity. In figure (b), it is supposed that the doping impurities adsorbed by one of the
ribbon edges can induce additional onsite energy on the edge atoms as ¢, = 0.1. To
investigate the selection rules, transmission also is plotted. Bands with solid and dashed
lines have positive and negative parity, respectively.

These two selection rules have two opposite operations so that depending on the system
length and edge impurity, they compete with each other. One of them increases transmission
and the other one decreases it. Fig.(4.b) shows the energy spectrum and transmission
through a ZGNR (with N = 4) at the applied bias of 0.5V. It is supposed that the edge
impurity changes onsite energy of the edge atoms as the value of ¢, = 0.1. The energy gap
induced by the edge impurities also keeps its trace in the transmission curve. Due to the
asymmetry-induced gap, transmission in the energy ranges of AB and also CD shown in
Fig.(4.b) is zero. However, one conducting channel is allowed in the energy range of DE. The
only allowed transition in this energy range is the transition from the first conduction band of
the right electrode to the same band of the left electrode. The same as symmetric case, at the
energy points corresponding to E and G, the flow of the current is blocked due to the transition
between two different band groups. By application of the edge impurity, it is interesting to
note that in the energy range of BC, one conducting channel is opened and contributes into the
transport. According to the parity selection rule, in this energy range, the electronic transition
even ZGNRs must be blocked. However, parity is not conserved in asymmetric even ZGNRs
and the transition is permissive. On the other hand, because of the asymmetry-induced
energy gap, from the viewpoint of longitudinal momentum, the upper band of central group
belonging to the left electrode is detached from the lower band of the central group belonging
to the right electrode. So, the electronic transition between detached bands is forbidden. As
it was explained in the previous section, if the ribbon length is long enough, the electron
transition between these two detached subbands is effectively blocked. However, if the system
length is considered to be very short (e.g. M=1), the transition between disconnecting bands
is permissive. In the ribbons shorter than a critical length, application of the asymmetric edge
impurity can not effectively destroy the parity conservation. As shown in Fig.(5.a), the parity
conservation however gradually fails when the ribbon length approaches the critical length.
Therefore, in the energy range of B — C, transmission increases with the ribbon length. On the
other hand, in a ribbon longer than the critical length (here M., = 12), transition of electrons
between the separated central bands belonging to the different electrodes is gradually blocked
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Fig. 5. Transmission through graphene ribbon with 4 zigzag chains in width for different
ribbon lengths: a) M < 12b) M > 12. Applied bias is considered to be 0.5V. Edge impurity
changes onsite energy of the edge atoms as ¢, = 0.1t.

and so transmission in Fig.(5.b) decreases with the length. Based on this competition between
two selection rules, one can explain non-linear transport through asymmetric even ZGNRs.

3. Hamiltonian and formalism

Fig.(1) shows schematic side view of graphene nanoribbon. In presence of source-drain
applied potential, ribbon is divided into three regions; left, right electrodes and also central
interacting region. Gate voltage is applied by means of substrate on the graphene plate. The
interacting Hamiltonian is written in the tight-binding approximation. This Hamiltonian is a
functional of charge density:

H{n} = ¥i(e; + [(x; — x0) /L — 0.5]Veg + ¥; Ujidn;])cle; @
+Xijs Hefej +cicl),
¢; shows onsite energy of i carbon atom and t represents the hopping integral between
nearest neighbor atoms. One 7t orbital is considered per each site for graphene system.
Without losing any generality, we set onsite energies (¢;) of all sites equal to zero. All energies
are in units of tc_c = 2.5eV. Application of a gate voltage is achieved by shifting atomic
onsite energies in all three regions. The applied source-drain potential, V54, and the gate
voltage, Vg, preserve transverse symmetry with respect to the ribbon axis (X direction in
Fig.(1)). Linear variation of the source-drain voltage along the ribbon is the solution of the
Laplace equation with Dirichlete boundary condition on the contacts. Uj; is the electrostatic

Green’s function and on; = n; — n? is the change in the self-consistent charge n; from its initial
equilibrium zero-bias value. This third term is the direct Coulomb interaction created by the
bias-induced charges at a mean field level which is the solution of Poisson equation. The
electrostatic Green’s function for a distribution of charges between two parallel conducting
planes located at x = 0, L which are held at zero potential Jackson (1975), has the following
form:
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U(P,7') =2 [; dkfo(ak) Sz )simhiki=z.)
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where Uy is the Hubbard parameter whose semi-empirical value for carbon Esfarjani&
Kawazoe (1998) is about 4tc_c. This parameter determines the strength of electron-electron
interaction. This electrostatic Green’s function is appropriate for the kernel of
Ohno-Klopmann model Ohnoé& Klopman (1964).
For self-containing, we present a very brief review of the NEGF formalism. Charge density in
non-equilibrium situation is calculated by [-iG<] as the occupation number in the presence
of the two electrodes with an applied source-drain bias Taylor et al. (2001).

—1 (Er—% r non—eq

where non-equilibrium part of charge can be calculated by the following integral,

_ 1 Bty
non—eq __ L~ B
" = f ) G (Bl @)

where within a one-particle theory ,

—iG< = G'(I'Lfy +Trfr)G" 8)

Here f;,r is the Fermi-Dirac distribution function of electrodes and G’/a is the
retarded /advanced Green'’s function defining as the following:

G/ = [(E )T — H{n} — 5/* 5] ©
and I is the escaping rate of electrons to the electrodes which is related to the self-energies as
Iy = i[Z, — ] with p = L/R Munoz (1998); Datta (1995); Taylor et al. (2001). Here 7 —
0. Solving equations 6 and 9 self-consistently results in a self consistent charge and Green’s

functions. Finally, the current passing through the molecule is calculated by the Landauer
formula for zero temperature Datta (1995) which is valid for coherent transport.

2¢ [EF+V/2

1(V) dET(E,V) (10)

T h Er—V/2

where T(E, V) are the bias dependent transmission coefficient.
T = Tr[G'TRGT,] (11)

4. Negative differential resistance

In this section, we will present our results about nonlinear transport properties which emerges
in current-voltage characteristic curves.
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Fig. 6. Current-voltage characteristic curve for different gate voltages when the ribbon size is
as (N, M) = (4,6). The effect of different parameters such as size effect, electrostatic
potential and also gate voltage is investigated on I-V curve. Hubbard parameter (Up) is on
site Coulomb repulsive.
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Fig. 7. Contour plot of transmission with respect to the energy and Vg4 for the system size
(N,M)=(4,6) and the applied gate voltage Vo = 0.5V . Darked Oblique lines shows the current
integration window. Points marked by A, B, C, D correspond to the horizontal lines with the
same name in Fig.(2). Lines of a,  are the trace of points with similar names in Fig.(6). Fermi
energy was fixed at zero Ep = 0.
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Fig. 8. Contour plot of the current in terms of V;; and V; for a zigzag graphene nanoribbon
with (N,M)=(4,6). Vertical dotted line corresponds to Vo = 0.5V. « and B are those points
which was shown in Figs(6,7).

4.1 NDR in gated-EVEN zigzag graphene nanoribbon

Fig.(6) shows current-voltage characteristic curve of a ZGNR with 4 zigzag chains and 6
unit cells in length. In the case of zero gate voltage, flow of current is blocked due to the
parity selection rule, while at a given V4, gate bias turns the current on. After a range of
Vsq in which the current remains unchanged, current begins to reduce with increasing V4.
NDR threshold voltage Von decreases with gate voltage for Vo < 0.6V. Dependence of NDR
threshold voltage on the gate voltage can also be seen in Fig.(8). This NDR also symmetrically
appears in the negative polarity of V4. The NDR threshold voltage and I, remain unchanged
in the presence of the electron-electron interaction (with a given Hubbard term U = 4tc_c¢).
However, reduction of the current in off state, I, is intensified when one takes electrostatic
potential into account.

To understand the origin of NDR, it is helpful to look at the 3D contour-plot of transmission
in plane of energy and V4 which is presented in Fig.(7). Blocked energy intervals AB and CD,
which are indicated in Fig.(7), correspond to those intervals shown in Fig.(2). For voltages
lower than the vertical line « (V < V), transmission is a nonzero constant for the whole region
of the conduction window represented in Eq.(10). As a result, current increases proportionally
to Vig. In the voltage interval [V,, V4], the blocked region AB, originating from the parity
selection rule, contributes to the current integration window of Eq.(10). However, nonzero
range of transmission remains unchanged along with V4 resulting in the fixed current in
the voltage range [Vy, Vg]. So, current remains unchanged in this range. For voltages V >
Vg, the CD gap contributes in the current integration window, and consequently the NDR
phenomenon emerges.

Regarding the importance of gate voltage in the current flow, let us investigate the effect of
the gate voltage on I — V4 curve by contour plotting of the current with respect to Vsq and
Vg in Fig.(7). For gate voltages |V,| < 0.1V, shift of transmission is not remarkable enough
to contribute to conducting channels in the current integration. So, current is blocked by the
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Fig. 9. a) On-off ratio of the current increases as a power law with the ribbon length for

N =4 and Vg = 0.5V. b) On-off ratio of the current decreases with the ribbon width (circle
and triangular points) while it is disappeared for edge impurity (diamond points) stronger
than 0.3tc_¢ (inset figure).

parity selection rule. In the range 0.1V < [V¢| < 0.6V, contribution of conducting region
BC in transport is accompanied with the blockage arising from AB and CD gaps in voltages
V > Von. As a consequence, current reduces after a threshold voltage. In this range, on/off
ratio of the current increases and V,, reduces with increasing the gate voltage.

As can be seen in I-V curves of Fig.(6), off current reduces for longer ribbons which
enables us to achieve high performance switches by increasing aspect ratio of the ribbon
length/width. The reason is connected to smooth variation of the applied potential along the
ribbon such that during transport, electrons are scattered among those states which belong to
continuous bands. As a consequence, blockage originating from electronic transition between
disconnected bands is intensified by increasing the ribbon length. In fact, when the length of
ribbon increases, transmission in the AB and CD gaps decreases exponentially.

Since off current is induced by contribution of the gaps in the current integration, I
efficiently decreases with increasing the ribbon length (M). Fig.(9.a) shows that Ion/Iog
displays a power law behavior as a function of the ribbon length for large M: Ion /Lo o< M
where 7 = 7.5061 £ 0.03505. As an example, for M = 50, on/off ratio goes up to 100
which suggests experimental fabrication of high performance switches based on the GNR
nanoelectronics.

Experimentally, it was observed in Ref.l 1 et al- (2008); Wang etal. (2008)] that the room-temperature
on/ off ratio induced by the gate voltage increases exponentially as the GNR width decreases.
They observed that Ion/ Iy is equal to 1,5,100 and > 10° for W = 50nm, 20nm, 10nm and
sub-10nm, respectively. Similarly, as shown in Fig.(9.b), on/off ratio calculated for the set
up considered in this paper, also decreases with the ribbon width, while reduction of on/off
ratio can be compensated by considering longer ribbons. However, NDR phenomenon is
disappeared for the ribbons wider than 7nm.
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Fig. 10. Current-voltage characteristic curve of an odd zigzag graphene nanoribbon with

N = 5 (zigzag chains). I-V curves are compared for two ribbon lengths; M = 5 and 10. For
the case of (M, N) = (5,5) and for comparison purpose, I-V curve is also plotted in the
presence of electron-electron interaction (U). NDR phenomena is preserved when one of the
ribbon edges is doped by slight impurity (as &4).

In ab initio calculations Son et al. (2006), by using hydrogen-termination of zigzag edges,
mirror-symmetry of ZGNRs and consequently parity conservation could be retained.
Correspondingly, by several repetition of the heat treatments and hydrogenation, it is also
possible to create well-ordered H-terminated edges in experiment Kobayashi et al. (2006).
However, the edge states with energies about —0.1 to 0.2 eV have been experimentally
observed Kobayashi et al. (2006) that emerge at hydrogen-terminated zigzag edges. To
simulate the edge states and the effect of symmetry breaking on NDR phenomenon, it is
assumed to dope one of the ZGNR edges by slight impurity. Edge impurity is considered
to apply as a change in the on-site energy of the edge atoms (e,) with respect to on-site energy
of the other atoms. In case of edge disorder, ¢, plays the role of the averaged on-site energy of
the edge atoms. Inset figure indicated in Fig.(9.b) shows that on/off switching reduces with
the edge impurity strength, however, NDR still emerges for e, < 0.3tc_c.

4.2 NDR in ODD zigzag graphene nanoribbon

Current-voltage characteristic curve of an odd ZGNR with 5 zigzag chains (N = 5) is shown in
Fig.(10). Lower than the external bias 1.2V, current increases linearly with the applied bias as
an Ohmic device. After a threshold voltage (1.2V), NDR occurs at both positive and negative
polarity.

The origin of NDR seen in odd ZGNRs is interpreted by analyzing their energy spectrum
accompanied to transmission curve.  Fig.(11) shows energy spectrum E(n,ky) and
transmission through 5 ZGNR at V = 1.4V.
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Fig. 11. Energy spectrum of the left and right electrodes and transmission through zigzag
graphene nanoribbon with (M, N) = (10, 5) at voltage (Vsp = 1.4V > V7). The band
structure is divided into three groups which are called by upper , centeral and lower band
groups. These groups are classified based on the bands which are connected in terms of k.
The bold hollow arrows show the current integration window which based on Eq. 10, is
proportional to Vsp. The Fermi level is set to be as E¢ = 0. The half-width of the central
bands at ky = 0is called as § which is equal to the threshold NDR voltage. A is energy
separation of the upper bands from the central bands at the Dirac points. Transport gaps AB
and CD are equal to A — 6 + Vsp.

In odd ZGNRs, parity has noncommutative relation with the Hamiltonian. Therefore, parity
has no conservation and consequently transmission is not blocked by the parity selection
rule, while parity conservation in even zigzag nanoribbons opens transmission gap around
Fermi level Cheraghchi& Esmailzadeh (2010). In the range of BC of Fig.(11), there exists one
conducting channel which results in the unity transmission around the Fermi level. So at low
biases, current increases linearly with bias. This single-channel transport around the Fermi
level remains unchanged even for high voltages. However, for voltages greater than the NDR
threshold voltage (V > Vr), blocked regions marked by the ranges of AB and CD comes into
the current integration window. The current integration window is proportional to Vsp and
is shown with the bold hollow arrows in Fig.(11). Therefore, when source-drain applied bias
increases, current begins to decrease.

Blocked regions (AB and CD) arise from a selection rule which increases back scattering in the
lengthy ribbons. According to this rule, the electronic transition between those bands which
are disconnected from the view point of longitudinal momentum, decreases exponentially
with the length.

Band structure analyzing demonstrates that the threshold voltage is equal to the half-width
of the central bands atky = 0as Vi = 6 = [E(N + 1,ky = 0) — E(N,ky = 0)]/2. As shown
in Fig.(11), A is energy separation of the upper bands from the central bands at the Dirac
points. There is a Log-Normal behavior of § versus number of zigzag chains (N) such that as
N — oo, the NDR threshold voltage asymptotically approaches to the value of 0.9738 + 0.0002.
So the NDR threshold voltage slightly decreases with the ribbon width. Analyzing transport
gaps appeared in the band structure shows that they are equal to A — § + Vsp where A «
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N~L. Since § approaches to a constant values when N — oo, in a given voltage, transport
gap is disappeared for N > 30 which is nearly equivalent to 10nm. The other effect which
enhances performance of this electronic switch, is the ribbon length. Fig.(10) shows an increase
of on/off ratio with the ribbon length. Moreover, NDR region (V, ff— Von) occurs in a more
extended range of the I-V curve. Exponential decay of transmission with the length in the gap
regions develops quality of switching. In odd ZGNRs, on/I,fs increases exponentially with
the ribbon length.

If one of the ribbon edges is doped by small impurity such as e, = 0.1t, because of a band gap
which is induced by the edge impurity in low biases, current decreases. Fig.(10) represents
that even with the presence of edge impurity, still the region containing NDR still exists.
However, asymmetry decreases on/off ratio of the current. Furthermore, asymmetric ZGNR
behaves as a semiconductor while symmetric ZGNRs behave as an Ohmic devices Ren et al.
(2010). The effect of asymmetry on NDR competes with the ribbon length. Since asymmetry
can not be ignored in experiment, longer ribbons are in favor of keeping NDR in the I-V curve.
On the other hand, additional to edge impurity, this asymmetry can be assigned to a sublattice
symmetry breaking induced by spontaneous ferromagnetic spin ordering of the electrons
localized at the zigzag edges Son et al. (2006). In fact, the border atoms at the two opposite
zigzag edges belong to different sublattices. So spin orientation along the edges induces
different magnetic potentials at the edges. As a result, a small band gap is opened around
Fermi level which depending on the ribbon width, is about 0.15 eV. The asymmetry which we
have considered is about 0.3 eV which is stronger than the gap opened by spin-polarization
of the edges. We can conclude that spin-polarization along the zigzag edges can not affect
emerging of this NDR phenomenon Ren et al. (2010).

5. Electrostatic potential and charging effect on NDR

Emerging phenomenon of negative differential resistance in I-V curve is not destroyed by the
e-e interaction and is independent of the details of electrostatic potential profile. However,
interaction reduces off-current as shown in the I-V curves of Fig.(6). In this section, we present
the reason for robustness of NDR against e-e interaction for the gated even ZGNR. The same
results can be extracted for odd ZGNRs.

To substantiate the above claim, comparison of transmission curves in the presence and
absence of the e-e interaction is useful. It is apparent from Fig.(12.a) that for voltages
less than Vo, transmission in conducting channels is robust against the e-e interaction
while transmission increases in the gaps with respect to the non-interacting case. But this
enhancement is slight enough which can not affect the emergence of NDR. However, for
voltages V > Vn, interaction lowers transmission coefficient in the conducting channels
(such as BC region) in which higher subbands participate in transport. Such behavior is
corroborated in Fig.(12.b) which indicates transmission at that voltage corresponding to the
off-current, V. Reduction in the transmission coefficient of the conducting channels results
in further reduction of the off-current. To explain the reason for such phenomenon, it is
necessary to study the potential and charge profiles. Electrostatic potential averaged on
each unit cell is represented in Fig.(13.a) in terms of the ribbon length. For voltages less
than Von, potential sharply drops only at the contact regions which connects the system to
electrodes. In such a case, external potential is strongly screened by redistributed electrons
and, electrostatic potential of the central atoms remains close to zero. Screening is performed
by discharging of electrons from the area connected to the source and their accumulation
around the drain electrode. These facts are obvious from transferred charge and electrostatic
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Fig. 12. Transmission curve of zigzag graphene nanoribbon with 4 zigzag chains in width for
voltages a) 0.75 volt b) 1.25 volt. Interacting and non-interacting curves are compared with
each other.

potential profiles represented in Fig.14. Since U(n — ng) determines electrostatic behavior
of the potential, discharging of electrons weakens the external potential penetrated from
the source electrode. Moreover, charge accumulation around the drain electrode prevents
potential drop in the central part of the system. So in the case of strong screening, potential
drops only at the contacts. However, when the applied bias goes beyond 1 volt, screening
is being weakened and external potential can penetrate inside the central region. The reason
as to why screening is weak, can be sought in charge distribution. Figure (13.b) illustrates
that for voltages less than 0.5 volt, in and out flow of charge are balanced with each other
such that the total transferred charge remains close to zero. However, around the voltage
Von and voltages above, the charge is mainly transferred from the edges of the ribbon, so
that the source electrode does not inject further charge to middle atoms of the ribbon. As a
consequence, by increasing the applied bias and so gradient of the potential along the central
region, charge depletion is mainly enhanced in the middle bar area of ZGNR. On the other
hand, since the only way for transporting electrons is the edge atoms, significant accumulation
of charge appears along the two edge lines of ZGNR.

In summary, at voltages less than Vyp, electrostatic potential is only dropped at the contacts
and therefore momentum of electrons is only varying in the area where the potential drops,
while longitudinal momentum of electron remains unchanged across the central portion. In
other words, potential steeply drops in the low-area district around the contacts which results
in violation of the blockage rule which governs on transition between disconnected energy
bands. Subsequently, transmission coefficient slightly increases in the blocked energy ranges.
In other words, in this case, an increase in gradient of the potential facilitates electronic
transport in the blocked energies. Note that interaction preserves transverse symmetry, so
the parity selection rule still governs electronic transport. Therefore, the AB gap induced by
the parity conservation still survives for voltages larger than V. For voltages V. > Von,
electrostatic potential gradually penetrates into the whole system so that the potential of the
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central region is not flat. In addition, because the edge transport of electrons dominates, the
transverse potential is deeper in the middle of ZGNR than its edges. Therefore, the band
structure of the interacting central region differs from the band structure of electrodes. As a
consequence, for voltages V > V,,, transmission of conducting channels and also off current
reduces.

Comparison of odd and even ZGNRs: There are some interesting differences between
results arising from odd ZGNRs with those results belonging to even ZGNRs Cheraghchi&
Esmailzadeh (2010) which is kind of odd-even effect. In odd ZGNRs, NDR appears in voltages
upper than 1V while in even ZGNR, NDR occurs for voltages lower than 1V. On/off ratio of
the current in gated even ZGNRs increases as a power law with the function of the ribbon
ribbon length while in odd ZGNRs, on/off increases exponentially. Screening of the external
bias by electrons of system in even ZGNRs is so stronger than screening effects in odd ZGNRs.
As a consequence, the effect of electrostatic interaction on increase of the on/off ratio in even
ZGNRs is much effective than in odd ZGNRs. Furthermore, transferred charge from/into the
central portion of graphene nanoribbon depends on odd or even zigzag chains in width.

6. Conclusion

As a conclusion, based on a model calculation and non-equilibrium Green’s function
formalism, we found that there exists a region of negative differential resistance in I-V curve
of ultra narrow (lower than 10nm) zigzag graphene nanoribbons with odd or even number of
zigzag chains in width. In this range of widths, two selection rules govern on the electronic
transition are: (i) the parity conservation, and (ii) the allowed transition between connected
bands. On/off ratio of the current increases up to 10° as a function of the ribbon length
which proposes possibility of manipulation of ZGNRs as high quality switch in nanoelectronic
based on graphene nanoribbons. Emergence of the NDR phenomenon is not sensitive to
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Fig. 14. Transferred charge and Electrostatic potential profiles for V4 = 1.25 volt and
Ve =05 volt in the weak screening case. Due to charge transfer through the ribbon edges,
screening is so weak that the external potential can penetrate inside the central portion.

details of the electrostatic potential profile. Because of strong screening in low voltages,
the major potential drop takes place at the contacts. However, in voltages larger than the
NDR threshold, due to charge transfer through the ribbon edges, screening is so weak that
the external potential can penetrate inside the central portion. As a consequence, off current
reduces in comparison to non-interacting ribbons.

In addition, e-e interaction enhances on-off ratio of the current which originates from a flat
electrostatic potential deep inside the ribbon due to screening of the external bias by electrons
close to the junctions. Furthermore, this NDR is not much sensitive to the edge asymmetry.
So emerging of this NDR is robust against spin orientation along the edges.
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1. Introduction

The 2D graphene sheet structure is promising for field emission of electrons, because the
carrier mobility and electron mass were reported to have exceptionally large and small
values, respectively, due to the quantum relativistic effect (Novoselov et al., 2005; Zhang et
al., 2005; Geim & Novoselov, 2007).

In this chapter, we overview the superior aspects of field emitter by using a multi layered
graphene nanosheet structure (GNS) and give quantitative description of the physics of
electron field emission from this GNS. Firstly (section 2&3), we briefly overview the
fabrication method, structure characterization, and field emission current characteristics of
GNS. Secondly (section 4), we describe the correlation between the emission current
fluctuation and molecular adsorption, because the emission current is affected both by the
adsorption and desorption of molecules and by the temperature of the emission sites onto
the graphene sheet. However, there is no quantitative discussion to describe the adsorption
process of field emission. Therefore, we construct a stochastic model based on the
physisorption of atoms and/or molecules onto the emission sites, which can be applied to
other types of field emitters. Here macroscale statistical discussion is shown to give insights
for microscale emission mechanism. Thirdly (section 5), we will proceed atomic level studies
by using a field emission microscopy, which gives fruitful information on the microscopic
origin of the emission from graphene. Symmetrical emission patterns such as two-fold, four-
fold, and ring patterns were observed. These symmetrical patterns are experimentally
correlated with the excitation mode of © conjugated bonds and are theoretically explained
from the excited modes of six membered ring in the graphene sheet. These results and
theoretical analyses give the solution to the mystery of FEM patterns obtained by other
types of carbon materials such as phthalocyanine argued for more than 60 years. After the
clarification of the fundamental aspects of GNS, we overview the application aspects of the
GNS field emitter (section 6). The high performance of the field emitter is presented by the
demonstration of a time resolved x-ray radiography system and a field emission scanning
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electron microscope (FE-SEM) system. We will also present our recent progress in miniature
sized x-ray tubes with GNS field emitter. The tube has both the lifetime more than 10,000
hours and the stability better than 1 %; therefore, we believe GNS is best suited for field
emitters. We will put the x-ray tube into practical use in coming years. Finally (section 7), we
will give our future prospects for the GNS field emitter.

2. Fabrication and nanostructure characterization

The GNS field emitters are fabricated by hydrogen plasma etching of a carbon rod in a
microwave (a frequency of 2.45 GHz) plasma chemical vapor deposition equipment as
shown in Fig. 1. Typical etching condition is as follows; a microwave power of 800 W, a gas
pressure of 1.3 kPa, a H» gas flow rate of 80 sccm, a substrate temperature of 600 °C, a
substrate bias of -200 V, and an etching time of 30 min (Matsumoto & Mimura, 2004;
Matsumoto & Mimura, 2005).

Gas Source —»— Bias
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— | Tuner
Variable Short == | — —rﬂ-u-u-l—
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Fig. 1. Schematic of a microwave plasma CVD equipment for hydrogen plasma etching.
(Reprinted with permission, Matsumoto & Mimura 2005, American Institute of Physics.)

A carbon rod with a diameter of 0.5 mm ¢ is mechanically sharpened at one end to less than
a 10 pm ¢ diameter as shown in Fig. 2 (a) before the plasma etching and then nanoneedles
are fabricated on the tip by the hydrogen plasma etching. An SEM image of a carbon rod
after hydrogen plasma etching is shown in Fig. 2 (b). A lot of nanoneedles are fabricated on
the spearhead region of the graphite rod. A transmission electron microscope (TEM) image
of one nanoneedle is shown in Fig. 2 (c). Typical aspect ratio of the nanoneedle is on the
order of 1000. The radius of curvature in the top region of the needle is less than 5 nm. This
small radius and the high aspect ratio make it suitable for a field electron emission cathode.
A high resolution TEM image of the nanoneedle is shown in Fig. 2 (d). A lattice fringe
pattern is clearly observed from the bottom to the top of the needle as shown in Fig. 2 (d).
Based on the lattice fringe and diffraction patterns (c axis) shown in Fig. 2 (d), the top region
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of the nanoneedle consists of a two-dimensional graphene sheet with an interplanar spacing
of 0.36 nm (Matsumoto et al., 2007; Matsumoto et al., 2008). This value is larger than that of
the hexagonal graphite structure (0.34 nm), which indicates that the c-axis lattice is relaxed.
Another diffraction pattern (a axis) whose direction is orthogonal to the interplanar
direction is observed. Based on the distance of a-axis diffraction patterns, we can determine
the atomic level of spacing, and this is 0.21 nm. This value corresponds to (010) plane
spacing of the six membered ring in the graphene sheet. Therefore, the interaction between
the graphene sheets is weakened due to the expansion of the interplanar lattice spacing, thus
the GNS possesses the two dimensional (2D) aspects compared to the three dimensional
graphite structure. As well as the weakened interplaner interaction, the 2D graphene sheet
structure with the lattice fringes from the bottom to the top direction is promising for field
emission, because the carrier mobility and electron mass are shown to have exceptionally
large (u= 15000 cm? V- s1) and small (0.007me, me: free electron mass) values in this 2D
system (Novoselov et al., 2005; Geim & Novoselov, 2007).

Fig. 2. SEM Image of a carbon rod: (a) before hydrogen plasma etching and (b) after
hydrogen plasma etching. (c) TEM image of a single GNS emitter. (d) High-resolution TEM
image. Inset shows the selected area electron diffraction pattern of a single GNS emitter.
(Reprinted with permission, Matsumoto et al. 2007, American Institute of Physics.)

3. Field emission characteristics

Fowler and Nordheim (FN) first derived a semiclassical theory of field emission currents
from cold metals in 1928 (Fowler & Nordheim, 1928). In this theory, the system is simplified
as a one-dimensional structure along the direction of the external field. The emission tip is
modeled as a semi-infinite quantum well. By employing the Wentzel-Kramers-Brillouin
approximation, following FN plot is given.

In (I/V2) oc-1/V @

where I is in amperes per square centimeter of emitting surface and V is the applied voltage.
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Fig. 3. Current-voltage characteristics for a mechanically sharpened carbon rod (open
circles) and a GNS cathode (solid circles). Inset shows the Fowler-Nordheim plots (In(I/V2)
vs 1/V) for the I-V characteristics of the GNS cathode. (Reprinted with permission,
Matsumoto et al. 2007, American Institute of Physics.)

The above FN theory should not be applied to nanometer sized emitters such as GNS and
CNT because the geometrical size of the tip is comparable to the electron wavelength. Much
sophisticated emission theory is developed by several authors (He et al,, 1991; Liang &
Chen, 2008; Forbes, 2001), and these theories will explain the difference between the straight
line obtained by the simple FN plot and the experimentally obtained slightly curved feature
(dotted line) in the inset of Fig. 3. For the precise fitting by using these sophisticated
theories, it is necessary to determine physical values such as a shape and a size as well as the
electronic properties; e.g. the defect density and work function of the tip. However, as
shown in Fig. 2, it is difficult to determine these values for our tip. Therefore, here we
estimate the field emission characteristics by using the FN plots.

Figure 3 shows typical logarithmic current-voltage (I-V) characteristic of the GNS field
emitter. The figure also shows I-V characteristic of a sharpened graphite rod without
nanostructure. The currents were collected on a 3 mm ¢ diameter aluminum anode, which
was located at 100 pum in front of the cathode. The measurements were carried out in a
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vacuum chamber with a residual pressure of 1 x 106 Pa. The mechanically sharpened
graphite rod without nanostructure showed little field emission current (open circles), while
the GNS emitter starts to emit electrons at an average electric field of about 3 V/um and the
emission current exceeds 2 mA at an applied electric field of 11 V/um (solid circles). The FN
plot of the emission current from the GNS emitter is shown in the inset of Fig. 3. Linear
dependence of the Fowler-Nordheim plot suggests that the electron emission is dominated
by the Fowler-Nordheim tunneling process as described in Eq. (1).

4. Emission current fluctuation and stochastic birth and death model

The electronic properties of nanomaterials are very sensitive to the adsorption of molecules
(Kong et al., 2000; Zhao et al., 2002; Grujicic et al., 2003; Andzelm et al., 2006). This
characteristic is clearly observed when measuring field emission-current fluctuations of
carbon nanostructures, where the emission current stability is easily lost under high residual
pressure and the stability is obtained by thermally desorbing adsorbed molecules onto the
emission sites. This phenomenon can be explained as the adsorption and desorption of
molecules onto emission sites of carbon nanostructures with the molecules adsorbing onto
the nanostructures affecting the electronic properties, such as charge transfer and tunneling
probability (Dyke & Dolan, 1956; Gadzuk & Plummer, 1973).

In this section, we show a model in which the field emission current fluctuation originates
from the adsorption and desorption of molecules onto the emission sites, which is well
described using a stochastic birth and death model (Feller, 1957). The emission current
fluctuation was analyzed as a cathode temperature using differential equations obtained
from the model. We derive the Poisson distribution for the deviation of the fluctuating
emission current and finally, we show the method of the determination of physisorption
energy of various molecules using the field emission current fluctuation.

Figure 4 shows the fluctuating emission current distribution measured in a 104 Pa H»
atmosphere at different temperatures. The current intensity distribution at 300 K shown in
Fig. 4 (solid circles) gives the current fluctuation deviation, AI/I, = 0.31, where Al is the full
width at half maximum (FWHM) of the fluctuation and I, is the peak value of the current.
The deviation can be reduced by heating the cathode: Al/I, = 0.21 at 700 K (solid triangles),
and AI/I, = 0.16 at 925 K (solid squares). This reduction in the deviation suggests that
heating is an effective way to stabilize the field emission current. Along with the reduction
of the deviation, the peak of the current distribution shifts to the lower current side with
increasing cathode temperature. Both the reduction of the deviation and the lower peak shift
of the current distribution can be interpreted qualitatively as the adsorption and desorption
of atoms or ions on or off surface of the emission sites (Hosoki et al., 1979; Yamamoto et al.,
1979).

Figure 5 illustrates the model in which the emission current fluctuation originates from the
adsorption and desorption of atoms and/or ions. The current fluctuation occurs due to the
occupation of the emission sites by the adsorbed atoms. Here, we postulate that the
magnitude of the current (I) is proportional to the number of occupied states (n); e.g.,
I(n)=Io+nn, where Iy is the emission current of un-occupied state, and # is the magnitude of
the current-hop due to the adsorption of single molecule, to explain both the reduction of
the deviation and the lower peak shift of the current distribution. For this model, we define
the transition probability of the number of adsorbed atoms from state E; to state E; as

Pij()=PX(s+0)=j[X(s)=10) @
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where X(s) is a random variable at time s. We postulate that the system changes only
through transitions from states to their nearest neighbors. If at time ¢, the system is in state
E;, the probability [Pi+1(h)] that between t and t+h the transition E;—~E;+ occurs equals
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Fig. 4. Histogram of the emission current intensity at 300 K (solid circles), 700 K (solid
triangles), and 925 K (solid squares) in a H, atmosphere; the solid lines are the theoretically
fitted curves. The inverse of the variance for each temperature obtained by the theoretical
fitting is shown as solid circles in the inset. The solid line in the inset is the fitted curve with
a physical adsorption energy of 45 meV. (Reprinted with permission, Matsumoto et al. 2008,
American Physical Society.)

Emission Current: I I+Al

Adsorbing atoms

.. 3 Emission Sites
Number of emission sites: N,

Number of adsorption sites: n

Fig. 5. Physical desorption model in which fluctuation of the emission current originates
from the adsorption and desorption of atoms and/or molecules onto the emission sites.
(Reprinted with permission, Matsumoto et al. 2008, American Physical Society.)
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Aiht+o(h), and the probability [Pji.1(h)] of E—E;1 equals ui+o(h). The probability that during (t,
t+h) more than one change occurs is o(h), where }; corresponds to the adsorption rate, u;
corresponds to the desorption rate, o(/1) denotes a small quantity of order of magnitude h,
and h is the subinterval of time duration h=1/N (N: total interval, and generally 1—0). That
is; the adsorption and desorption rates in state E; are equal to the sum of three distinct ways
as shown in Fig. 6 and they can be written as

Pii1(h) = Aih+o(h) 3)
Pii-1(h)=pih+o(h) (4)
Pii(h) =1— (Ai+ uiYh +o(h) )
Pi(h)y=o(h) (li—k[22) ©)
Pij(h)=5i @)

We consider that the adsorption and desorption processes shown in Fig. 5 can be described
quantitatively as time-homogeneous Markov processes satisfying the following Chapman-
Kolmogorov equation (Feller, 1957);

Pij (t+h) :Z Pik(t)ij (h) (8)
k

By taking k=j-1, j, j+1 for the summation in Eq. (8) and using Egs. (2) to (7), we obtain the
following differential equations:

dp;f O P ) £ A P (A )P (0 ®
t
dPio(t)
7:ﬂ]Pi](t)—ﬂOPi0(t)
dt (10)
h
| | | I
| ! ! I
s s+t s+Nh
Pi(s 1) 0
P60 !
J -_— Pij(s’ t+h)
Pij+] (s, 1) -1

Fig. 6. Time intervals used in the calculation of P (1) showing the three ways in which j
states are adsorbed in the period between s and s+t+h.
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To describe the adsorption and desorption processes shown in Fig. 5, we assume that the
rate J; is proportional to the number of unoccupied emission sites, while the rate y; is
proportional to the number of occupied sites. Defining Ny as the total number of emission
sites and j as the number of occupied sites, we set

Aj=a(No—)) (11)

ui=pj 12)

where a and B are constants, such that a depends linearly on both the current density and
the residual pressure and B depends on the temperature of the cathode. For example,
Bocexp[-Eqi/ksT], where E,q is the physical adsorption energy, T is the temperature, and kg is
the Boltzmann constant. Considering the stationary distribution for Egs. (9) to (12), the limits
limPj(t) = p;, t—w, exist and are independent of the initial conditions (Matsumoto et al.,
2008). Therefore, Egs. (9) to (12) can be combined to express the stationary distribution p, as
the following Poisson distribution:

§n
pn= ﬁexp(— f) (13)

where {=Noa/(a+p) and we assume the desorption ratio, £, is much larger than the
adsorption ratio, c.

The solid lines in Fig. 4 are the theoretically fitted curves given by Eq. (13), where the best
fits were obtained using the fitted values, {=2.76x10~ for 920 K (red line), { = 3.45x107 for
700 K (green line), and {=7.72x107 for 300 K (blue line). By fitting the histogram of the
current fluctuation at various cathode temperatures with Eq. (13), and then plotting these
theoretically determined values logarithmically [In(1/)] as a function of the inverse of the
temperature, 1/T,

In(1/&)oc—Ead-(1/ksT) (14)

we can determine the physical adsorption energy, E,i, from the slope, as shown in the inset
of Fig. 4. The solid line shown in the inset of Fig. 4 is the theoretical line computed with a
physisorption energy of E;;= 45 meV. The adsorption energies of H, molecules on graphite-
like surfaces show a wide range of binding energies from 20 to 80 meV (Jacobson et al., 2002;
Tran et al., 2002) because the adsorption energy of molecules on the carbon nanostructures
varies as the size (e.g., the tube diameter), coordinate sites, and the surface structure of the
carbon nanomaterials change. We cannot distinguish the adsorption sites of the H»
molecules onto the emission sites of the carbon nanostructures; however, the physisorption
energy of E,;= 45 meV is similar to the energy onto a graphite surface (Vidali et al., 1991).
The error obtained by this method is within 5 meV, which allows the determination of the
physisorption energy of various molecules to a high degree of accuracy. Figure 7 shows the
values of 1/¢ obtained by measuring the emission current fluctuations as a function of
various temperatures for CO (green circles), Ar (blue squares), and He molecules (red
triangles). The slope of the solid line shows the theoretically determined physical adsorption
energies, E;: 110 meV for CO molecules, 100 meV for Ar, and 15 meV for He. These
graphene nanoneedle physisorption energies are similar to the physisorption energies for
the graphite surface (Vidali et al., 1991).
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We cannot rule out the possibility that the current fluctuation occurs due to variations in the
adsorbate coverage on step edges and defects, where the enhancement of physisorption
energy occurs (Ulbricht et al., 2002; Ulbricht et al., 2006). However, polar adsorbates such as
CO molecules on the graphite nanostructure showed similar adsorption energy to those on
the graphite basal surface, and we did not observe enhancement of the binding energy due
to a dipole interaction between polar molecules and step edges or defects. Therefore, we
consider that the electron emission occurs not from the edge of the nanoneedle, but from the
basal plane of the graphene sheet. Next section, we will study the emission mechanism of
graphene nanoneedles from the point of view of the nanometer sized region by using field
emission and field ion microscopes.

1000

100

0 0.001 0002 0003 0.004
1T (K)

Fig. 7. Inverse of the variance, 1/§, for CO molecules (green circles), Ar molecules (blue
squares), and He molecules (red triangles) as a function of GNS cathode temperature. The
solid lines are the fitted curves with physical adsorption energies of 110 meV for CO
molecules, 100 meV for Ar, and 15 meV for He. (Reprinted with permission, Matsumoto et
al. 2008, American Physical Society.)

5. Microscope images of emission patterns and their quantum states

5.1 Field emission and field ion microscope images

In section 4, we simply measured the total current (the ensemble of the emission sites) and
discussed the statistical dynamics by using a stochastic differential equation. In this section,
the ensemble of the emission sites will be resolved into a number of single emission site by
using a field emission microscope (FEM) and a field ion microscope (FIM). We show that
each emission site of GNS creates many beautiful symmetrical patterns. These symmetrical
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patterns are known as cloverleaf patterns of organic molecules and the origin of the
cloverleaf patterns has been discussed more than 60 years; however, this is still open
question (Miiller, 1953; Ashworth, 1951; Dyke & Dolan, 1956; Becker, 1955; Wolf, 1955; Dean,
2002). In order to solve this difficult problem, we try to reproduce the same cloverleaf
patterns by using historically used organic molecules such as phthalocyanine and
pentacene. By considering phase information for the obtained symmetrical patterns, which
is a first attempt to explain these symmetrical patterns, and by applying the diffraction
analysis to the tunneling electron observed by FIM (near field wave function), we succeed in
explaining how the near field pattern obtained by FIM changes into the far field pattern
obtained by FEM. Our final conclusion for the cloverleaf pattern is that the electron emission
originates from anti-bonding states (lowest unoccupied molecular orbital) of n-conjugated
bonds (six-membered ring) in the graphene sheet (Neo et al., 2010).

Our ultra-high-vacuum experimental apparatus includes both FEM and FIM chambers. In
order to obtain the same information for FEM and FIM, FEM and FIM measurements were
successively performed through a load-lock and a preparation chamber in order to avoid
exposure to air. The base pressures in the FEM and FIM chambers are below 1 x 107 Pa and
2 x 10-8 Pa, respectively. The FEM apparatus consists of a field emission cathode mounted on
an x-y-z-manipulator, a phosphor screen, and an evaporation boat to adsorb organic
molecules onto a tungsten tip. A GNS structure and an electrically-polished tungsten (011)
tip were attached to 0.15 mm diameter tungsten filaments. It is possible to heat the cathode
by resistive-heating of a tungsten filament. A phosphor screen on an ITO glass substrate was
placed in front of the tip in the FEM chamber, with a 50 mm gap. The adsorption processes
of the organic molecules were monitored in-situ by observations of FEM images. The
adsorption conditions were easily controlled by adjusting the boat temperature and hence
its vapor pressure. The FIM chamber consists of a helium cryo-cold head and a micro-
channel plate (MCP). The MCP with a phosphor screen was placed 50 mm in front of the
cathode. The cathode was cooled by a cold head up to 9 K. Two variable-leak valves were
included in order to introduce helium and hydrogen gas molecules as imaging particles
under FIM operation. The FEM and FIM images were recorded using a charge-coupled
device (CCD) camera.

After flash-heating for a few minutes at around 1000 K, field emission could typically be
initiated in our FEM apparatus, even when low voltages of less than -2 kV were applied to
the cathode. Figure 8 (a) shows a phosphor screen image of the electrons emitted from a
GNS cathode, and it can be observed that each of the bright-spots shows symmetrical
patterns such as two-lobed, four-lobed, circle and ring patterns as shown in Fig. 8 (b). These
patterns exhibit some of the following tendencies; (i) each of the patterns could rotate
discontinuously and (ii) could change reversibly into another pattern. (iii) Interestingly, no
patterns with an odd number of lobes (e.g. three-lobed patterns) were observed. (iv) The
two parts of each two-lobed pattern and the four parts of each four-lobed pattern were
always symmetrical, had the same brightness, and vanished at the same time. These
behaviors of the cloverleaf patterns were similar to those observed for other types of organic
molecules such as phthalocyanine and pentacene, and we will show similar symmetrical
patterns obtained by these molecules in Fig. 10.

After the FEM investigations, the GNS emitter was transferred to the FIM chamber. The
emitter was cooled to 25 K, which was above the hydrogen triple point. Hydrogen up to a
pressure of 1 x 102 Pa was introduced into the FIM chamber as an imaging gas, and then
high positive voltages were applied to the GNS cathode. Figures 9 (a), (b) and (c) show the
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successive FIM images in a sequence in which the tip voltage was increased up to +10 kV. In
the high-voltage region (over +10 kV) bright lines due to reflected multi-layers structures
(Williams, 1968; Murr & Inal, 1971) were observed, as shown in Fig. 9 (c). However, in the
weak-field region, the cloverleaf patterns observed in the FEM images, were also appeared
in the FIM measurements. Figure 9 (d) shows a collection of the patterns such as those
observed in the weak region (around +5 kV). These patterns were almost the same as the
cloverleaf patterns obtained in the field emission regime. The same symmetrical patterns
obtained by both FEM and FIM are interesting because the FIM gives the near field images
such as the wave function of tunneling electron, while the FEM gives the far field images.

Fig. 8. (a) FEM images of a GNS cathode on a phosphor screen at 2.2 kV applied voltage, (b)
the four typical kinds of cloverleaf patterns observed with GNS; two-lobed, four-lobed, ring
and circle. (Reprinted with permission, Neo et al. 2010, American Institute of Physics.)

Fig. 9. A series of FIM images obtained with GNS in a sequence of increasing applied
voltages; (a) 4 kV, (b) 5 kV, (c) 10 kV. (d) Collection of typical FIM patterns. (Reprinted with
permission, Neo et al. 2010, American Institute of Physics.)
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5.2 Field emission and field ion microscope images of Cu-phthalocyanine (Cu-Pc) and
pentacene

We observed various symmetrical FEM and FIM patterns in GNS emitters such as two-
lobed, four-lobed, circle and ring patterns. The patterns observed in GNS are very similar to
those previously-observed in organic small molecules such as pentacene and Cu-Pc. Here
we reproduce the cloverleaf patterns by the evaporation of pentacene and Cu-Pc onto a
tungsten tip.

An electrically-polished tungsten (011) tip was mounted and an evaporation boat containing
small quantities of these molecules was equipped in the FEM chamber. After cleaning the
tungsten surface by heating to around 2200 K for 30 seconds, the evaporation boat was
heated electrically, and then the field emission occurred from the clean tungsten surface.
When several cloverleaf patterns appeared on the phosphor screen, the electrical heating of
the evaporation boat was stopped. Figures 10 (a) and (b) show the cloverleaf patterns of
FEM obtained in pentacene and Cu-Pc, respectively. The insets in the figure indicate the
typical patterns that were observed for each molecule. As was observed in GNS, the same
two-lobed, four-lobed, circle and ring patterns were observed in both organic molecules,
especially clearly observed in Cu-Pc (Miiller, 1953). The FEM images of these molecules,
representing far field pattern of electron wave, show the same symmetrical patterns as those
observed in GNS structures.

Fig. 10. FEM images with (a) pentacene and (b) Cu-Pc, respectively. The insets indicate the
molecular structures and the cloverleaf patterns typically observed in FEM. (Reprinted with
permission, Neo et al. 2010, American Institute of Physics.)

The electronic states of the emission sites (near field images) for pentacene and Cu-Pc were
also investigated using the FIM method. Figures 11 (a) and (b) show the collected FIM
patterns that were observed with pentacene and Cu-Pc, respectively. The observation of the
cloverleaf patterns were performed at low electric field region around +4 kV. This value was
much lower than that observed for the FIM images of tungsten surface (over +10 kV)
because the adsorbed molecules are easily desorbed by the high electrical field. For
pentacene, two-lobed patterns were mainly observed; on the other hand, two- and four-
lobed patterns were clearly observed for Cu-Pc. These results agree well with the tendencies
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that were observed in a series of FEM measurements. However, the agreement between the
near field FIM patterns and the far field FEM patterns is not obvious and contains
interesting information because the electron wave function tunneling through these
molecules will be distorted by diffraction. That is, the FIM probes the electronic states of the
near field emission region, while the FEM shows a far field pattern of the diffracted electron
wave function emitted from the nanometer sized region. It looks like a contradiction;
however, if we consider phase information for the symmetrical patterns, we show that this
agreement is physically natural when we consider the emission originating from the anti-
bonding states. Next, we will theoretically analyze the symmetrical patterns (wave function)
by adding the phase information. We will analyze the near field and the far field patterns
based both on the principle of least action and on the diffraction of the electron wave optics.

(a) (b)

Fig. 11. Collection of cloverleaf patterns observed at around +4 kV with (a) Cu-Pc and (b
pentacene. (Reprinted with permission, Neo et al. 2010, American Instltute of Physms.)

5.3 Diffraction of tunneling electron

Here electron wave optics is applied to analyze both the FEM and FIM patterns. The
theoretical description of electron wave optics is almost the same as that of electromagnetic
wave optics (Born & Wolf, 1999). The difference between the electron optics and optics is the
treatment of wavevector, and in the electron optics, wavenumber depends on the potential.
However, qualitatively, both the electron optics and optics give almost the same formalism
in spite of the difference of the phase (wavenumber) treatment. The key to understand
diffraction images is a popularly known Fourier transformation. The detail of the electron
wave optics was given in the following papers (Couley, 1995; Ximen, 1994) and here we
show final expression. The dffracted electron beam can be expressed by the convolution of
the near field wave function and the spherical wave as

zn e’
W(x2y2) = A(D, Z).”dedy1 ¥ (xi,y1) — - (15)
12 12
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where ¥ (x1, y1) is the electron wave function obtained by FIM pattern (near field image at x;
and y; with phase information), ¥ (x2, 12) is the electron wave function obtained by FEM
pattern (far field image at x, and y, with phase information), A(®z) is the amplitude
determined by Schrodinger equation with electron potential @, z1»/r12 is the obliquity factor
where ry; is the distance between (x2, y2, z2) and (x1, y1, z1), and zp= | zo-z1|, and eiS/ r1» is the
spherical wave of which phase 9 is determined by the motion of electron in a potential. By
applying the principle of least action, this phase can be expressed as a simple form like
9=kori2+¢(z) where ko = [2em®(z1)]1/2/h is a wavenumber of electron wave at z=z; and ¢(z)
can be treated as a constant value in this diffraction process. At Fraunhofer region as shown
in Fig. 12, Eq. (15) becomes a Fourier transform relation between the near field pattern and
the far field pattern as

ik
Yi(x2,y2) « ”dedy1 Y (x1,y1)exp [u (xix2 + yi1y2)] (16)

z12
Therefore, we can calculate the near field pattern from the far field pattern or vice versa
easily by using the Fourier transform relation obtained in Eq. (16).

Next we consider the phase of the wave function because the intensity measurements of
FEM and FIM do not contain phase information. If we consider the phase for the obtained
two-lobe patterns of FIM, we can consider two cases; each lobe has the same in-phase or
different anti-phase. Figure 13 shows theoretically computed results for two-lobe pattern of
(a) in-phase and (b) anti-phase. When the two-lobes have the same phase, calculated far
field image becomes an intense circular spot with side bands ringing. On the other hand,
when the two lobes have the anti-phase, interestingly, calculated far field image becomes
topologically the same as that of near field image. We also show the calculated results for
four-lobe patterns in Fig. 13 (c) in-phase and (d) anti-phase. The agreement between the near
field FIM patterns and the far field FEM patterns indicates that the electron wave function
tunneling through these molecules has the anti-symmetrical phase. Based on our series of
FIM and FEM measurements for various molecules including Cu-Pc and pentacene, ©
conjugated bonds are essential to form the symmetrical patterns. The anti-symmetry of =
conjugated bonds naturally suggests the conclusion that the symmetrical leaf pattern
originates from the lowest unoccupied molecular orbitals.

Many symmetrical patterns were observed in various organic molecules with © conjugated
bonds, such as six-lobed and ring patterns as well as the two- and four-lobed patterns. It is
interesting to consider these patterns by correlating with the n conjugated bonds of six
membered ring. By considering the confinement states in a cylindrical coordinate, that is, by
solving the Schrodinger equation in this boundary condition, we can obtain following wave
function described by Bessel function as

Yoam(r,0) « %Jn(fn,m-r/ro)exp(ing) (17)
JVI+1(§II,W!)

where coordinate is transformed from Cartesian coordinate to the cylindrical coordinate, n
is the mode number, m is the order number, J, (Enm) is the nth order Bessel function and &nm
is the mth value of the solution of J, (§um)=0. By solving Eq. (17), we can obtain wave
functions at the near field region. Figure 14 shows the experimentally observed symmetrical
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patterns, the solution of the wave function for lower quantum numbers, its intensity (square of
the wave function), and the calculated far field intensity obtained by Fourier transformation.
Almost all the patterns obtained by both FEM and FIM measurements were reproduced by
this computing analysis of Eq. (17). The difference of the observed patterns originates from the
difference of the energy level of n-electron at excited states (LUMO states).

(Xp Yoo Z1) (Xz’ Yo, Zz)
Y(x, ) Y (xy ¥,)
___________ > RS 4
--------- > T
---------------- > EEEEEEEEEEEEEEEES 3 L EEEEEEEEEE 2
Near Field Fresnel Region Fraunhofer Region

Fig. 12. Schematic image of the diffraction of electron wave and the change of the wave
function from near field to far field (Fraunhofer region).
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Fig. 13. Theoretically calculated near field and far field intensities for two-lobes and four-
lobes patterns. The phase of the wave function is introduced as in-phase [(a) and (c)] or anti-

phase [(b) and (d)].
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Quantitative discussion related with the magnitude of the energy difference for the different
quantum number is necessary to be clarified; however, qualitatively, adsorbed or desorbed
atoms on and off n conjugated ring cavity (emission sites) would change the energy level of
the cavity modes, thus the patterns rotate discontinuously and change reversibly.

We note here, the quantum number n is degenerated; however, when the degeneracy is
solved by the existence of a magnetic moment and/or a localized spin near the © conjugated
cylindrical cavity, we can expect topologically interesting patterns such as an entangled
pattern of electron wave function for FEM measurements (Miiller, 1953; Ashworth, 1951;
Dyke & Dolan, 1956; Becker, 1955).

The mystery of the same topological patterns between FIM and FEM were clearly solved by
considering the phase of the electron wave function for both FIM and FEM patterns, and
quantitatively analyzed by using the electron wave optics. The various emission patterns
observed in GNS have the same origin as those observed in organic molecules, where the
symmetrical patterns can be understood from the point of view of the excited states of the n
electron of six membered ring in a two dimensional graphene sheet. Therefore, the patterns
have the same brightness, and vanish at the same time. Furthermore, odd number of the
lobe-pattern is prohibited to be appeared due to the confinement of cylindrical cavity. The
change of the patterns can be understood from the point of view of the change of the energy
level by the adsorption of atoms or molecules on and off the six membered ring. Coherence
of the tunnelling electron from a two dimensional graphene sheet is regarded as high
because there is no inelastic scattering process. Thus, we consider that the graphene is a
promising candidate for a coherent electron source. Many new physics unfold before us
such as the superposition of coherent electron emission from a graphene sheet, opening a
way for making a plane wave and an amplification of electron beam.

(a) Two Lobes | (b)Four Lobes | (c) Six Lobes (d) Ring
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Patterns
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and quantum ® . ° . L o .
number
n=*1, m=1 n=+3 or -3, m=1

Intensity at
near field
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Fig. 14. Experimentally observed cloverleaf patterns and theoretically calculated wave
functions, near field intensity, and far field intensity.
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6. Applications

6.1 X-ray applications

Recently achieved electron emission from carbon nanotubes (CNT) and diamond films show
promising aspects due to their possible use in practical cold cathode for the applications
such as flat panel displays, x-ray tubes, and microwave amplifier. However, these emission
sources still have problems related to adherence of the interface between carbon layers and
its substrate. Furthermore, the advantage of a high gas storage capacity of CNT acts as
disadvantage for the fabrication of highly evacuated vacuum devices.

We overviewed superior aspects of field emission properties in GNS cold cathode.
Especially, unsaturated behavior of electron emission and stable emission in a high residual
pressure region of the order of 104 Pa (We will introduce the results of the emission stability
later in the FE-SEM section.) are distinguishing characteristics compared to other types of
carbon emitters. This is due to the fabrication of carbon nanostructure onto a carbon
substrate. Both the high current density and the stable emission characteristic are desirable
for high power operation of devices such as x-rays, electron microscopes, and microwave
generators. In this section, we show the performance of the GNS as a cold cathode was
demonstrated by various applications. Firstly, we show the results of high intensity and
short pulse x-ray generation and then introduce the demonstration of stop motion of x-ray
transmission images. Fast motions of the order of 10 ps are obtained by using GNS cathode
in a convenient manner. Secondly, we will introduce the fabrication of miniature sized x-ray
tubes with the GNS emitter. Long lifetime of the order of 10,000 hours and the stability
better than 1 % are emphasized. We believe that this x-ray tube is the first commercial base
application using a graphene technology. Lastly, we show the results of the stable emission
from GNS in a high residual pressure region, which is suitable for the construction of field
emission type scanning electron microscope with a convenient manner.

Figure 15 (a) shows a schematic of a triode-type field emission x-ray tube composed of a
GNS cathode, a metal grid (100-mesh placed 0.5 mm from the cathode), and a Cu metal
target. The x-ray tube was evacuated by a turbo-molecular pump to a base pressure of 104
Pa. For pulse x-ray generation, negative pulse voltage with a peak height of 1-10 kV and
pulse duration between 1 ms and 10 ps (repetition 1-100 Hz) was applied to the cathode. The
metal grid was grounded and a constant positive bias of about 20 kV was applied to the
anode. Figure 15 (b) shows the pulse voltage applied to the GNS cathode (pulse duration of
1 ms; dotted line) and generated x-ray pulses (solid line) detected by Gd»O,S:Eu phosphor
with a photomultiplier. High intensity x-ray pulse was obtained by applying a negative
pulse voltage to the cathode. A 1-ms-pulse duration for the applied voltage was used,
because the response of our detection system was limited by the phosphor decay, which was
about 500 ps. A much shorter x-ray pulse, on the order of 10 us, was generated and by using
this pulse we demonstrated in the following two applications that the GNS cold cathode can
be used for high speed x-ray radiography.

In the first application, Fig. 16 (a) shows single-shot x-ray transmission image of a rotating
chopper (7500 rpm) obtained by placing the chopper between the pulse x-ray emission
source and a cooling type charge coupled device camera (CCD) with a Gd»O,S:Eu phosphor.
The image was obtained at an applied anode bias of 25 kV (DC) and a cathode bias of -10
kV. Based on the angular velocity of the rotating chopper and the sharpness of the obtained
image, the generated x-ray pulse duration was estimated to be about 10 ps.

In the second application [Fig. 16 (b)], in situ image of a rotating drill and the process of
making a hole inside a wood plate were obtained using the same condition used in the first
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application. For this demonstration, we used a 2 mm-diameter drill (2600 rpm) and a 5-mm-
thick wood plate. Images were obtained of the rotating drill moving inside of the wood
plate, where this frame was detected by a single shot x-ray flush (10 ps duration). The
advantage of the single shot x-ray detection is that clear dynamical transmission images of a
fast motion can be obtained without the use of a sophisticated high-speed camera.
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Fig. 15. (a) Schematic of a triode-type field emission x-ray tube, and (b) generated x-ray
pulses. (Reprinted with permission, Matsumoto et al. 2004, American Institute of Physics.)

(b)

Fig. 16. Single shot x-ray transmission images of (a) rotating chopper (7500 rpm) and (b)
rotating drill (2600 rpm) moving inside of the wood plate. (Reprinted with permission,
Matsumoto et al. 2004, American Institute of Physics.)



Field Emission from Graphene Nanosheets 157

6.2 X-ray tube fabrications

Bright and stable field electron emission from GNS seems to be promising to construct an x-
ray vacuum tube from the point of view of a long longevity and a low power consumption
as well as a high spatial resolution and the high speed transmission images compared to a
conventionally used x-ray tube with thermal cathode (filament). In this section, we
introduce our recent progress in the fabrication of a miniature sized x-ray tube with the
GNS (Jyouzuka et al., 2010).

Figure 17 (a) shows a photograph of a fabricated miniature sized x-ray tube with GNS
cathode. The size of the x-ray tube was 2.4 cm ¢ x 7 cm long. X-ray radiation was obtained
through a Be window. The evacuation of the x-ray tube is important and this is performed
by a turbo-molecular pump to a base pressure of less than 10-7 Pa. The bakeout temperature
was above 300 °C. After the aging process, the x-ray tube was tipped off from the evacuation
system. Figure 17 (b) shows the current-voltage characteristics of a typical x-ray tube with a
GNS cathode. The GNS cathode was grounded and positive bias was applied to the Be
window (anode). The distance between the cathode and the anode is about 1 mm. The
emission current increased drastically at the applied voltage of 5 kV and the emission
current exceeds 1 mA at the applied voltage of 8.5 kV. A high current from GNS offers a
high power x-ray tube in a compact manner.
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Fig. 17. (a) Photograph of a miniature sized x-ray tube with GNS cathode. (b) Current-
voltage characteristics of an x-ray tube with GNS cathode. (Reprinted with permission,
Jyouzuka et al. 2010, American Institute of Physics.)

As described in section 4, the current stability depends on the degree of vacuum level. To
stabilize the emission current technically, we here employ a feedback system. The electric
feedback diagram of the power supply is shown in Fig. 18 (a). The electric circuit supplies a
negative high voltage to the GNS and the anode is grounded. The emission current from
GNS is monitored by the current monitor connected to the GNS cathode. In order to
stabilize the emission current, the feedback circuit receives the signal from the current
monitor and then controls the control gate voltage. We note here that the control gate
supplies a negative voltage which is possible to control the field enhancement factor of the
GNS cathode. Figure 18 (b) shows the time dependence of the emission current (-20 kV)
without (upper) and with (lower) the feedback control described above. Here we set an
emission current less than 100 pA in order to make a noisy state of the emission current. In
the measurement without the feedback control, the initial emission current was set at 50 pA.
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A large noise current was observed and the deviation is estimated to be 7.7 pA. By operating
the feedback control, we succeeded in reducing the noise current drastically, as shown in the
lower figure of 18 (b) where the same voltage of -20 kV was applied to GNS. The emission
current from GNS was set to be the same value of 50 pA. The large noise was significantly
reduced and the deviation becomes 0.54 pA. Furthermore, no current flowing into the
control gate was observed, implying that the control of the electric field (field enhancement
factor) offers a very promising (efficient and fast speed) feedback method to stabilize the
emission current in a simple manner.
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Fig. 18. (a) Feedback circuit to stabilize the emission current. (b) Time dependence of the
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Fig. 19. Lifetime testing of the x-ray tube at constant emission current mode of 500 pA.
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Lastly, we show the lifetime of the x-ray tube. Figure 19 shows the time dependence of the
applied voltage at the constant current condition of 500 nA. We observed no degradation in
the anode bias voltage to maintain the constant current and the lifetime of our x-ray tubes
exceeds 5,000 h. The lifetime testing of the x-ray tube is now successively undergoing and it
would exceed more than 10,000 h. Both the high emission current more than 1 mA, lifetime
more than 10,000 hours, and the stability better than 1 % show very promising aspects of
graphene emitters.

6.3 FE SEM applications

Intense electron emission at a high residual pressure of 104 Pa seems to be promising to
construct a high-resolution electron microscope system without the need for a massive
ultrahigh vacuum system. In this section, we show the performance of the GNS as a cold
cathode was demonstrated by the construction of a compact FE scanning electron
microscope (FE-SEM) system, where the brightness of the GNS cathode was determined to
be on the order of 1012 Asr-m-2 (Neo et al., 2006; Matsumoto et al, 2007).

A schematic of an SEM optical system equipped with a GNS cathode is shown in Fig. 20.
The SEM experiments were performed under a residual pressure of about 104 Pa. This
pressure was much higher than that of typical FE-SEM with a tungsten tip, which generally
requires a low residual pressure, below 107 Pa. Either GNS or a tungsten filament thermal
emission (TE) cathode was mounted on the SEM system. Electrode 1, shown in Fig. 20, was
used as a wehnelt for a TE cathode and as an extracting gate electrode (0.1-1 kV) for a FE
cathode. Other electrodes, such as a suppressor to focus the electron beam, were not
included in this SEM system. A single final objective lens was used to focus the crossover on
the target (sample holder), where the electron beam diameter and convergence angle were
measured. The objective lens was composed of a permanent magnet and assistant coil and
was designed to focus at 3.0 kV acceleration voltage. The aperture diameter was 0.3 mm-¢.
The spatial resolution was evaluated by obtaining the images of a 4 pm-wide copper mesh
located on the sample holder. In this lens configuration, the source size was reduced to 0.182
times at the sample target. In addition, a Faraday cup on the sample holder was used to
collect the probe current.

Figure 21 (a) shows the SEM image of the copper mesh obtained using the TE cathode to
compare both the resolution and brightness with those of the GNS cathode. The resolution
of the image obtained using the TE cathode was smeared because of its large source size.
The brightness B was calculated as

a1
dsdQ  mw’na’ (18)

where [ is the probe current, dS is the source size, d2is the solid angle, r is the radius of
the beam, and « is the open angle of the electron optics. For the TE cathode, the beam
diameter 2r was estimated at about 4 um and the measured I was about 0.6 pA. Therefore,
the brightness B of the TE cathode was estimated to be about 2x108 Am-2sr-l, which
coincides with the brightness reported for a tungsten filament TE cathode (Joy et al.,
1986). This B value of the TE cathode shows that this method is appropriate for estimating
B.
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Fig. 20. FE-SEM system equipped with a GNS cathode. (Reprinted with permission,
Matsumoto et al. 2007, American Institute of Physics.)

Figure 21 (b) shows the SEM image of the copper mesh obtained using the GNS cathode.
The spatial resolution was clearly improved compared to that obtained using the tungsten
filament TE cathode. This result shows that an SEM image was obtained using the GNS
cathode despite a high residual pressure on the order of 104 Pa. However, as shown in Fig.
21 (b), many horizontal noise lines were observed. This is because the electron beam
fluctuation occurred during the scanning of the electron beam to obtain SEM images, which
is due to ion bombardment and/or atom adsorption as was described in section 4.

The fluctuation of the emission current originates from the adsorption and desorption of
atoms and/or molecules onto emission sites of GNS cathode. To stabilize the emission
current, generally, an evacuation of the residual gas to the degree of ultrahigh vacuum (109
Pa) is performed, and this can be achieved with a massive and costly vacuum system. On
the other hand, in section 4, we showed that the number of adsorbed atoms per unit time
depends on the temperature of the cathode. Next, we show the reduction of the current
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fluctuation by heating the GNS cathode, and show clearer FE-SEM images compared to
those obtained with the FE-SEM without heating of GNS cathode at a residual pressure
above 103 Pa.

FE-SEM optical system equipped with a GNS-gun designed is the same as described in Fig.
20, where the GNS cathode was attached on the W-filament by using a graphite dispersion
in order to heat the cathode, where the temperature of the GNS cathode was measured by a
piro- or a radiation-thermometer.

Figure 22 (a) shows FE-SEM images obtained using the GNS cathode at 1200 K. The stability
of the emission current was improved compared to that of the GNS cathode without
heating, thus leading to acquire clearer images compared to those obtained using the GNS
cathode at room temperature. Especially, copper grains are clearly evident, which indicates
that the emission source size was reduced compared to TE cathode and that the heated GNS
cathode was stable during the acquisition of SEM image (60 s). Figure 22 (b) shows the
highest resolution image obtained by using the GNS cathode. Based on this result, the
maximum spatial resolution of this SEM optical system was analyzed by the distance
between Cu grains, and it was estimated to be 30 nm, which is indicated by the solid white
lines shown in Fig. 22 (b). Both the stability and the spatial resolution obtained by the GNS
cathode are promising to construct a compact and high resolution FE-SEM system, because
it is possible to obtain higher resolution images less than 1 nm by using a commonly used
200-power magnification lens at this high residual pressure region.

The source size was estimated to be 160 nm. The maximum emission current measured by
the Faraday cup was about 70 nA. Based on these experimentally determined parameters,
the brightness of the GNS cathode was estimated as 5x10'1 Asr-'m-2, which is similar to that
of CNTs (de Jonge et al., 2002). A higher brightness of the order of 103 Asr-'m2 should be
attainable if we apply higher extraction voltage to the cathode.

Fig. 21. SEM images of a copper mesh obtained using a (a) TE cathode and (b) GNS cathode.
(Reprinted with permission, Neo et al. 2006, American Institute of Physics.)
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(@) (b)

Fig. 22. (a) Copper mesh images obtained using the GNS cathode. (b) Highest resolution
image obtained by using the GNS cathode. (Reprinted with permission, Matsumoto et al.
2007, American Institute of Physics.)

7. Conclusion

We showed novel properties of field emission from graphene nanosheets and found that the
2D graphene sheet structure is promising for field emission of electrons owing to the
exceptionally large values of carrier mobility and small values of electron mass. From the
point of view of emission physics, the macroscale statistical analysis by using the birth and
death model gave the insight for the microscale emission mechanism. By proceeding into
the atomic level analysis using FEM and FIM, we clarified the emission mechanism both of
graphene sheets and of organic materials, where n electron plays an important role for the
emission. This new finding not only gives us the solution of the mystery of symmetrical
emission patterns discussed for more than 60 years but also paves a way toward a new
coherent source of electrons.

After the clarification of the fundamental aspects of GNS, we overviewed the application
aspects of the GNS field emitter. The recent progress in the miniature sized x-ray tube
clearly shows that GNS is best suited for field emitters. We believe electron emission from
graphene will open a new world for classical electron vacuum devices.

8. References

Andzelm, J; Govind, N. & Maiti, A. (2006). Nanotube-based gas sensors-role of structure
defects. Chemical Physics Letters, Vol. 421, pp. 58-62.

Ashworth, F. (1951). Field emission microscopy. Advances in Electronics, Vol. 3, pp. 1-42.

Becker, J. (1955). Adsorption on metal surfaces and its bearing on catalysis. Advances in
catalysis, Vol. 7, pp. 135-211.

Born, M. & Wolf, E. (1999). Principles of optics; electromagnetic theory of propergation,
interference and diffraction of light. Cambridge University Press. Seventh Edition.

Cowley, ]J. (1995). Diffraction Physics. North-Holland Personal Library, Third Revised
Edition.

Dean, K.; Chalamala, B. & Coll, B. et al. (2002). Carbon nanotube field emission electron
sources. New Diamond and Frontier Carbon Technology, Vol. 12, pp. 165-180.



Field Emission from Graphene Nanosheets 163

Dyke, W. & Dolan, W. (1956). Field emission. Advances in electronics and electron physics, Vol.
8, pp- 89-185.

Feller, W. (1957). An introduction to probability theory and its applications. John Wiley & Sons,
New York, Vol. 1, pp. 444-482.

Forbes, R. (2001). Low macroscopic-field electron emission from carbon films and other
electrically nanostructured heterogeneous materials: hypotheses about emission
mechanism. Solid State Electronics, Vol. 45, 779-808.

Fowler, R. & Nordheim, L. (1928). Electron emission in intense electric fields. Proceedings of
the Royal Society (London) A, Vol. 119, pp. 173-181.

Gadzuk, J. & Plummer, E. (1973). Field emission energy distribution. Review of modern
physics, Vol. 45, pp. 487-548.

Geim, A. & Novoselov, S. (2007). The rise of graphene. Nature Material, Vol. 6, pp. 183-191.

Grujicis, M.; Cao, G. & Singh, R. (2003). The effect of topological defects and oxygen
adsorption on the electronic transport properties of single-walled carbon-
nanotubes. Applied Surface Science, Vol. 211, pp. 166-183.

He, J.; Cutler, P. & Minkovsky, N. (1991). Generalization of Fowler-Nordheim field emission
theory for nonplanar metal emitters. Applied Physics Letters, Vol. 59, pp. 1644-1646.

Hosoki, S.; Yamamoto, S. & Futamoto, M. et al. (1979). Field emission characteristics of
carbon tips. Surface Science, Vol. 86, pp. 723-733.

Jacobson, N.; Tegner, B. & Schroder, E. et al. (2002). Hydrogen dynamics in magnesium and
graphite. Computational Materials Science, Vol. 24, pp. 273-277.

Joy, D.; Roming, Jr., A. & Goldstein, J. (1986). Principles of analytical electron microscopy. First
Edition, Plenum Press, New York.

Jyouzuka, A.; Nakamura, T. & Onizuka Y. et al. (2010). Emission characteristics and
application of graphite nanospine cathode. The Journal Vacuum Science & Technology
B, Vol. 28, pp. C2C31-C2C34.

Kong, J.; Franklin, N. & Zhou, C. et al. (2000). Nanotube molecular wires as chemical
sensors. Science, Vol. 287, pp. 622-625.

Liang, S. & Chen, L. (2008). Generalized Fowler-Nordheim theory of field emission of
carbon nanotubes. Physical Review Letters, Vol. 101, 027602-1-027602-3.

Matsumoto, T. & Mimura, H. (2004). Intense electron emission from graphite nanocraters
and their application to time-resolved x-ray radiography. Applied Physics Letters,
Vol. 84, pp. 1804-1806.

Matsumoto, T. & Mimura, H. (2005). High intensity pulse x-ray generation by using
graphite-nanocrater cold cathode. The Journal Vacuum Science & Technology B, Vol.
23, pp. 831-835.

Matsumoto, T.; Neo, Y. & Mimura, H. et al. (2007). Stabilization of electron emission from
nanoneedles with two dimensional graphene sheet structure in a high residual
pressure region. Applied Physics Letters, Vol. 90, pp. 103516-1-103516-3.

Matsumoto, T.; Neo, Y. & Mimura, H. et al. (2008). Determining the physisorption energies
of molecules on graphene nanostructures by measuring the stochastic emission-
current fluctuation. Physical Review E, Vol. 77, pp. 031611-1-031611-4.

Murr, L. & Inal, O. (1971). Field ion microscopy of graphite fibers. Journal of Applied Physics,
Vol. 42, pp. 3487-3493.

Miiller, E. (1953). Feldemission. Ergebnisse d. Exakt Naturwiss, Vol. XXVIL, pp. 290-360.



164 Graphene Simulation

Neo, Y; Matsumoto, T. & Tomita, M. et al. (2010). Revealing real images of cloverleaf pattern
emission sites by using field ion microscopy. The Journal Vacuum Science &
Technology B, Vol. 28, pp. C2A1-C2A4.

Neo,Y.; Mimura, H. & Matsumoto, T. (2006). Field emision characteristics of a graphite
nanoneedle cathode and its application to scanning electron microscopy. Applied
Physics Letters. Vol. 88, pp. 073511-1-073511-3.

Novoselov, S.; Geim, A., & Morozov, S., et al. (2005). Two-dimensional gas of massless Dirac
fermions in graphene. Nature, Vol. 438, pp. 197-200.

Tran, F.; Weber, J. & Wesolowski, T. et al. (2002). Physisorption of molecular hydrogen on
polycyclic aromatic hydrocarbons: A theoretical study. The Journal of Physical
Chemistry B. Vol. 106, pp. 8689-8696.

Ulbricht, H.; Gunnar, M. & Hertel, T. (2002). Physisorption of molecular oxygen on single-
wall carbon nanotube bundles and graphite. Physical Review B, Vol. 66, pp. 075404-
1-075404-7.

Ulbricht, H.; Zacharia, R. & Cindir, N. et al. (2006). Thermal desorption of gases and solvents
from graphite and carbon nanotube surfaces. Carbon, Vol. 44, pp. 2931-2942.

Vidali, G.; Ihm, G. & Kim, H. et al. (1991). Potentials of physical adsorption. Surface Science
Reports, Vol. 12, pp. 133-181.

Williams, W. (1968). Field ion-microscopy of graphite. Journal of Applied Physics, Vol. 39, pp.
2131-2132.

Wolf, P. (1954). Die abbildung molekularer objekte mit dem Feldelektronenmikroskop.
Zeitshrift fiir angewandte physik, Vol. 12, pp529-535.

Ximen, J. (1994). Fundamentals of electron optics. Advances in Optical and electron microscopy.
Vol. 13, pp. 243-301.

Yamamoto, S.; Hosoki, S. & Fukuhara, S. et al. (1979). Stability of carbon field emission
current. Surface Science, Vol. 86, pp. 734-742.

Zhang, Y.; Tan, Y. & Stormer, H. et al. (2005). Experimental observation of the quantum hall
effect and Berry’s phase in graphene. Nature, Vol. 438, pp. 201-204.

Zhao, ].; Buldum, A. & Han, J. et al. (2002). Gas molecule adsorption in carbon nanotubes
and nanotube bundles. Nanotechnology, Vol. 13, pp. 195-200.

de Jonge, N.; Lamy, Y. & Schoots, K. et al. (2002). High brightness electron beam from a
muti-walled carbon nanotube. Nature, Vol. 420, pp. 393-395.



Part 2

Molecular Dynamics Simulation






9

Theory of Defect Dynamics in Graphene

L.L. Bonilla! and A. Carpio?
WUniversidad Carlos I1I de Madrid
2Universidad Complutense de Madrid
Spain

1. Introduction

The experimental discovery of graphene (single monolayers of graphite) (Novoselov et al,
2004; 2005) and its extraordinary properties due to the Dirac-like spectrum of its
charge carriers have fostered an enormous literature reviewed by a number of authors
(Castro Neto et al., 2009; Geim & Novoselov, 2007, Geim, 2009; Vozmediano et al., 2010).
The electronic, chemical, thermal and mechanical properties of graphene are exceptionally
sensitive to lattice imperfections (Castro Neto et al., 2009; Geim & Novoselov, 2007). These
defects and even the ripples that always cover suspended graphene sheets (Fasolino et al.,
2007; Meyer et al., 2007) induce pseudo-magnetic gauge fields (Vozmediano et al., 2010) and
have given rise to the notion of strain engineering (Guinea et al., 2009). Thus the study of
defects and ripples in graphene is crucial and it has generated important experimental work
(Coleman et al., 2008; Gémez-Navarro et al., 2010; Meyer et al., 2008; Wang et al., 2008). Real
time observation of defect dynamics is possible using Transmission Electron Microscopes
(TEM) corrected for aberration that have single atom resolution (Meyer et al., 2008). In these
studies, defects are induced by irradiation and their evolution is observed in a time scale of
seconds (Meyer et al., 2008), much longer than sub-picosecond time scales typical of sound
propagation in a primitive cell.

The graphene lattice is hexagonal and defects appear in different forms: pentagon-heptagon
(5-7) pairs, Stone-Wales (SW) defects (two adjacent pentagon-heptagon pairs in which
the heptagons share one side, denoted in short as 5-7-7-5 defects) (Meyer et al., 2008),
pentagon-octagon-pentagon (5-8-5) divacancies (Coleman et al., 2008), asymmetric vacancies
(nonagon-pentagon or 9-5 pairs) and more complicated groupings such as 5-7-7-5 and 7-5-5-7
adjacent pairs or defects comprising three pentagons, three heptagons and one hexagon
(Meyer et al., 2008). In other two dimensional (two-dimensional) crystals such as Boron
Nitride (hBN) symmetric vacancies in which one atom is missing have been observed
(Meyer etal., 2009). On the long time scale of seconds and for unstressed graphene,
Stone-Wales defects are unstable: their two pentagon-heptagon pairs glide towards each other
and annihilate, and the same occurs to defects comprising three pentagons, three heptagons
and one hexagon, whereas 5-7-7-5 and 7-5-5-7 adjacent pairs remain stable (Meyer et al., 2008).
In stressed graphene oxide samples, SW defects split into their component 5-7 pairs which
then move apart (Gémez-Navarro et al., 2010). While most theoretical studies on the influence
of defects in electronic properties assume a given defect configuration and then proceed to
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analyze its effects (Castro Neto et al., 2009; Vozmediano et al., 2010), it is important to predict
defect stability and evolution.

In recent work, we have explained the observed long time defect dynamics in graphene
by considering defects as the core of edge dislocations or dislocation dipoles in a
planar two-dimensional hexagonal lattice (Carpio & Bonilla, 2008; Carpio et al., 2008). Our
theory is a computationally efficient alternative to ab initio approaches such as molecular
dynamics or density functional theory (Abedpour et al., 2007; Fasolino et al., 2007; Segall,
2002; Thompson-Flagg et al., 2009). Our top-down approach starts from linear elasticity.
We discretize continuum linear elasticity on a hexagonal lattice and replace differences
of vector displacements along primitive directions by periodic functions thereof which
are linear for small differences. Our periodized discrete elasticity allows dislocation gliding
along primitive directions and it reduces to continuum linear elasticity very far from
dislocation cores (Carpio & Bonilla, 2005). Introducing a large damping in the resulting
equations of motion and solving them numerically, we are able to predict the stable cores
corresponding to a given dislocation configuration. Using this theory, we have predicted the
stability of pentagon-heptagon defects (that are the cores of dislocations) (Carpio & Bonilla,
2008; Carpio et al., 2008). Similarly, a study of dislocation dipoles in unstressed samples
(Carpio & Bonilla, 2008; Carpio et al., 2008) predicts that SW are unstable whereas symmetric
vacancies, divacancies and 7-5-5-7 defects are stable. In stressed samples, our theory predicts
that Stone-Wales defects split into two 5-7 pairs that move apart (Carpio & Bonilla, 2008), as
confirmed later by experiments (Gémez-Navarro et al., 2010).

In this chapter, we first describe periodized discrete elasticity for a planar graphene sheet
and explain the evolution of several defects considered as cores of dislocations or dislocation
dipoles. We then explain how an extension of our theory may describe a suspended graphene
sheet in three dimensions, which is able to bend away from the planar configuration. We
also discuss how to incorporate a mechanism for the formation and evolution of ripples. The
rest of the chapter is as follows. Periodized discrete elasticity and its equations of motion
are explained in Section 2 for a planar graphene sheet. The stable cores corresponding to
the far field of a single edge dislocation and a single dislocation dipole are used in Section
3 to illustrate the way defects are constructed numerically. Our results are also compared to
available experiments in graphene and other two-dimensional crystals, in particular to those
by Meyer et al. (2008). Section 4 contains the extension to three space dimensions. We assume
that the suspended sheet has a trend to locally bend upwards or downwards represented
by an Ising spin. These spins are coupled to the carbon atoms in the sheet, are in contact
with a thermal bath and evolve stochastically according to Glauber dynamics. Damping
is caused by coupling to the bath and by Glauber dynamics. The formation of ripples in
suspended graphene sheet is explained as a phase transition from the planar sheet that
occurs below a certain critical temperature. Numerical solutions of the equations of motion
illustrate the theoretical results and in particular show ripples and curvature of the sheet near
a pentagon-heptagon defect. The last section is devoted to our conclusions.

2. Periodized discrete elasticity of planar graphene

In the continuum limit, small elastic deformations of graphene sheets have a free energy

Fg = g/(vzw)zdxdy + % /(Mtlzl + 2uuf) dxdy, @
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corresponding to a membrane (Nelson, 2002), in which u;, u = (uq,up) = (u(x,y),0(x,y)),
w(x,y), k, A = Cyp and p = Cgg are the in-plane linearized deformation tensor, the in-plane
displacement vector, the vertical deflection of the membrane, the bending stiffness (measured
in units of energy) and the Lamé coefficients (Landau & Lifshitz, 1986) of graphene (graphite
is isotropic in its basal plane so that C1; = A + 2p), respectively. We have used the convention
of sum over repeated indices. In (1), V2w = 2w + Biw is the two-dimensional laplacian and
the two-dimensional Lamé coefficients have units of energy per unit area. Dividing by the
distance between graphene planes in graphite, 0.335 nm, they can be converted to the usual
units for 3D graphite. The in-plane linearized deformation tensor is

1 .
Uy = 3 (O ttj + Oy Uy + Oy,woy,w), i,k=1,2, (2)

in which we have ignored the small in-plane nonlinear terms 9y, 10y, 1 + 0x,00x, V.

In this section, we shall consider that only in-plane deformations are possible so that w =
0. Then the equations of motion derived from (1)-(2) are the Navier equations of linear
elasticity for (1, v) (Landau & Lifshitz, 1986). If we add to these equations a phenomenological
damping with coefficient -y (to be fitted to experiments), we have

02071 + 7 g1 = (A +2p) Ot + g + (A + p) 029y0, (3)
02070+ 790 = p 30+ (A +24) 9v + (A + p) Axdyu, (4)

where p; is the two-dimensional mass density. The governing equations of our theory
are obtained from (3)-(4) in a three step process (Carpio & Bonilla, 2008): (i) discretize
the equations on the hexagonal graphene lattice, (ii) rewrite the discretized equations in
primitive coordinates, and (iii) replace finite differences appearing in the equations by
periodic functions thereof in such a way that the equations remain invariant if we displace
the atoms one step along any of the primitive directions. The last step allows dislocation
gliding.

2.1 Discrete elasticity

Let us assign the coordinates (x,y) to the atom A in sublattice 1 (see Figure 1). The origin of
coordinates, (0,0), is also an atom of sublattice 1 at the center of the graphene sheet. The three
nearest neighbors of A belong to sublattice 2 and their cartesian coordinates are 11, 1 and 13
below. Its six next-nearest neighbors belong to sublattice 1 and their cartesian coordinates are
I/li,i 24,...,91

n *(JC*E *L) n *(erg *L) n *(X +L)
1 2/]/ 2\/§ 7 Zry 2\/§ s 13 Y \/§ ’
(o, 0B B _av3 = (x—a,y)

ng=\x 2/y 2 , N5 = | X 2,}/ 2 ;e = (X a,y),

3 3
n7_(x+a,y),n8—<x;,y+m2[>,n9—<x+;,y+a\2[>. (5)

In Fig. 1, atoms 14 and ny are separated from A by the primitive vector +a and atoms 14 and
ng are separated from A by the primitive vector b. Instead of choosing the primitive vector
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Fig. 1. Neighbors of a given atom A in sublattice 1 (light colored atom:s).

£b, we could have selected the primitive direction ¢ along which atoms ng, A and ns lie.
Let us define the following operators acting on functions of the coordinates (x, y) of node A:

aZ
T = [u(m) = u(A)] + [u(ng) = u(A)] + [u(n3) —u(A)] ~ (Ru+u) (6

Hu = [u(ng) — u(A)] + [u(n7) — u(A)] ~ (93u) a?, @)
V3
2
V3

2

Diu = [u(ng) — u(A)] + [u(ng) — u(A)] ~ (All 2u + 0x 0yt + ZE)iu) a2, (8)

Dt = [u(5) ~ u(A)] + [u(ng) — u(A)] ~ (1 Ru— g+ ja§u> 2

as the lattice constant a tends to zero. Similar operators can be defined if we replace the point
A in sublattice 1 by a point belonging to the sublattice 2. Now we replace in (3) and (4),
Hu/a?, (4T — H)u/a? and (D — Dy)u/(y/3a?) instead of 02u, afu and 9,9yu, respectively,
with similar substitutions for the derivatives of v, thereby obtaining the following equations

at each point of the lattice:

A
0202071 + 7y dpu = 4y Tu+ (A + p) Hu + AtH (D1 — Do)y, (10)

V3

A
0202370 + 730 = 4(A +24) To — (A + u)Ho + 2“2 (D, — Dy)u. (1)

V3
These equations have two characteristics time scales, the time t; = \/ppa?/(A + 2p) it takes
a longitudinal sound wave to traverse a distance a, and the characteristic damping time,

ty = 7ya®/(A +2u). Using the known values of the Lamé coefficients (Lee et al., 2008;
Zakharchenko et al., 2009), ts ~ 10~ 5. Our simulations show that it takes 0.4t; a SW to
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disappear after it is created by irradiation which, compared with the measured time of 4 s
(Meyer et al., 2008), gives t; ~ 10 s. On a f; time scale, we can ignore inertia in (10)-(11).

2.2 Nondimensional equations in primitive coordinates

We now transform (10)-(11) to the nondimensional primitive coordinates u’, v’ taking u =
a(u' +9'/2), v = v/3av' /2, use the nondimensional time scale t' = t/t; and ignore inertia,
thereby obtaining

_ 4uTu’ A+ D1 —D; / Dy —D; /
o’ = 2 + At {(H — u + ( H+ — 5 2T | o' |, (12)
A

A
2
2,0 ==
ro 3

iz
+u Adu D1 — Dy ,
D D 4T —H . 1
}1(1 )’ + v+/\+2ﬂ( 3 % (13)

2.3 Periodized discrete elasticity

Equations (12) - (13) do not allow for the changes of neighbors involved in defect motion.
One way to achieve these changes is to update neighbors as a defect moves. Then (12) and
(13) would have the same appearance, but the neighbors 1; would be given by (5) only at the
start. At each time step, we keep track of the position of the different atoms and update the
coordinates of the n;. This is commonly done in Molecular Dynamics, as computations are
actually carried out with only a certain number of neighbors. Convenient as updating is, its
computational cost is high and analytical studies thereof are not easy.

In simple geometries, we can avoid updating by introducing a periodic function of
differences in the primitive directions that automatically describes link breakup and union
associated with defect motion. Besides greatly reducing computational cost, the resulting
periodized discrete elasticity models allow analytical studies of defect depinning and motion
(Carpio & Bonilla, 2003; 2005). Another advantage of periodized discrete elasticity is that
boundary conditions can be controlled efficiently to avoid spurious numerical reflections at
boundaries.

To restore crystal periodicity, we replace the linear operators T, H, D; and D; in (12) and (13)
by their periodic versions:

Tpu' = g(u'(n1) —u'(A)) + g(u' (n2) —u'(A)) + g(u' (n3) — u'(A)),

Hyu' = g(u'(ng) —u'(A)) + g(u' (n7) —u'(4)),

Dypu’ = g(u'(ng) — ' (A)) + g(u'(ng) — ' (A))

Dapu’ = g(u'(n5) — ' (A)) + g(u'(ng) — ' (A))
where g is a periodic function, with period one, and such that g(x) ~ x as x — 0. In this work,
g is a periodic piecewise linear continuous function:

19
ng , (14)

(15)

X, - <x<uw,
s = { ¥

o o
mX‘i’m,D{SXSl*(X.

The parameter a controls defect stability and mobility under applied stress. It should
be sufficiently large for elementary defects (dislocations, vacancies) to be stable at zero
applied stress, and sufficiently small for dislocations to move under reasonable applied stress
(Carpio & Bonilla, 2005). We use # = 0.4 to account for experimentally observed stability
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properties of the defects. For lower values, the stable defect described in section 4 loses
the Stone-Wales component. The periodic function g can be replaced by a different type of
periodic function to achieve a better fit to available experimental or numerical data.

3. Stable cores of dislocations and dislocation dipoles in planar graphene

3.1 Boundary and initial conditions for a single dislocation

We solve (12)-(13) with the periodic operators Ty, Hp, D1, and D, using as initial and
boundary conditions the far field of appropriate dislocations which are the stationary
solutions of the linear elasticity equations (Landau & Lifshitz, 1986). Since the latter are a
good approximation four spacings away from the core of SW defects in graphene, and our
model equations seamlessly reduce to linear elasticity in the far field, we use a relatively
small lattice with 19 x 19 spacings (2 x 18 x 18 carbon atoms) in our numerical simulations
(Carpio & Bonilla, 2008). Consider first the case of a single edge dislocation with Burgers
vector (4,0) and displacement vector u = (u(x,y), v(x,y))

- * -1(Y xy
"= on {tan (x) + 2(1 —v)(xz—l—yz)} ’
a 1-2v x? +y? e
=— |- 1 1
’ 27({ 4(1—v) n( a? )+2(1—v)(x2+y2)}' (16
where v = A/[2(A + )] is dimensionless; cf. page 114 of (Landau & Lifshitz, 1986). (16) has a
singularity o (x> 4 y?)~1/2 at the origin of coordinates and it satisfies |, cldx-V)u = —(a,0),
for any closed curve C encircling the origin. Using (16), we write u = (,v) in primitive
coordinates, U’ (1, m) = [u(x — xo,y — o) — v(x — X0,y — o)/ /3] /a, V' (I,m) = 2v(x — x,y —
v0)/(av/3), where x = (x' +y'/2)a, y = V/3ay' /2, x' =1,y = m (integers) and (xg,yo) #
(0,0) to avoid that the singularity in (16) be placed at a lattice point. To find defects, we

solve the periodized versions of the discrete elasticity equations (12)-(13) with the initial and
boundary conditions:

u'(I,m;0) =U'(I,m), and u'(l,m;t) =U'(I,m)+ F(m,0) atlattice boundaries. (17)

Here F is a dimensionless applied shear stress. For |F| < F, (Peierls stress), the solution
of the periodized version of (12)-(13) relaxes to a stable dislocation (u/(I,m),v'(I,m)) with
appropriate far field, which is (16) if F = 0.

Numerical simulations give us the location of carbon atoms at each time ¢. We represent atoms
by spheres of arbitrary size. As a guide to the eye and to visualize defects more easily, we
have attached fictitious bonds to these spheres (Carpio & Bonilla, 2008; Carpio et al., 2008).
Depending on the location of the singularity (xo,yo), there are two possible configurations
corresponding to the same edge dislocation in the continuum limit. If (xg,yg) is placed
between two atoms that form any non-vertical side of a given hexagon, the core of the
deformed lattice (I + u'(l,m), m +v'(l,m)) is a 5-7 (pentagon-heptagon) defect. If (xg,yo) is
placed in any other location different from a lattice point, the core of the singularity forms
an octagon having one atom with a dangling bond (Carpio & Bonilla, 2008; Carpio etal.,
2008). Stable 5-7 defects are commonly observed in experiments (Gémez-Navarro et al., 2010;
Meyer et al., 2008; 2009), whereas adsorbed atoms (not considered in our model) may attach
to a dangling bond thereby destroying the octagon configuration.
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Fig. 4. (a) Stable 7-5-5-7 defect. (b) Unstable 5-7-7-5 Stone Wales defect.
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Fig. 5. Defects corresponding to two dislocation dipoles: (a) Stable configuration comprising
a pair of 5-7-7-5 and 7-5-5-7 defects. (b) Metastable defect comprising three heptagons, three
pentagons and one hexagon.

3.2 Dislocation dipoles

A dislocation dipole is formed by two dislocations with opposite Burgers vectors, *+a.
Depending on how we place the origin of coordinates, different dipole configurations result.
Let U(x, y) be the displacement vector (16) of a single dislocation. We find the dipole cores by
selecting as zero stress initial and boundary conditions U(x — x; ,y —yd ) — U(x — x5,y — vy ),
with different (xgt,yoi). Leta, L =a/+/3, H=3L/2and h = L/2 be the lattice constant, the
hexagon side, the vertical distance between two nearest neighbor atoms belonging to the same
sublattice separated by one primitive vector b or ¢, and the vertical distance between nearest
neighbor atoms having different ordinate, respectively. We get:

® Vacancies: x; = —0.254, yg = —08h+ H/2and x,; = —0.25a, y, = —0.8h. This initial
configuration is the asymmetric vacancy (9-5 defect) of Fig. 2(b), which evolves to the
symmetric vacancy of Fig. 2(a) under overdamped dynamics.

* Stable divacancy: xj = —0.254, y§ = —0.8h + Hand x; = —0.254, y, = —0.8h. Fig. 3.

e Stable 7-5-5-7 defect: x; = —0.25a + 4, yaL = —08hand x, = —0.254,y, = —0.8h + H.
Fig. 4(a).

e Unstable Stone-Wales 5-7-7-5 defect: xa' = —0.25a +a, yg = —0.8h and x; = —0.25a,
Y9 = —08h. Fig. 4(b). For F = 0, this initial configuration corresponds to two

dislocations with opposite Burgers vectors that share the same glide line, and it evolves
to the undisturbed lattice when the dislocations move towards each other and annihilate.

3.3 Dislocation dipole pairs
We now study the evolution of configurations comprising two dislocation dipoles each. Fig.
5(a) depicts a stable defect consisting of a 5-7-7-5 SW defect adjacent to a rotated 7-5-5-7 defect:

Ulx =2,y =yg) = Ulx =xg,y =y ) + O = 55,57 - 9 ) = O(F — %, 5= 7)), (18)
xj =—03a,yj =—-07h+2H, x;, =-03a—a,y, =—0.7h+2H,
Xy =03a+a,jj =03h—H, X, =0.15a, jj = 0.5h. (19)
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Here U(x,y) is the edge dislocation (16) with origin of coordinates at a central atom of type
A in Figure 1 and Burgers vector a (in units of the lattice constant a). U(%,7) is an edge
dislocation with Burgers vector b. To obtain U(%,#) in (18), we consider the axes (,7)
rotated a 77/3 angle from the axes (x,y). Next we form a 7-5-5-7 defect by combining a
positive dislocation with Burgers vector (a,0) centered at (%, 7, ) and a negative dislocation
with Burgers vector (—a,0) centered at (%, 7, ). Then the result is rewritten in the original
coordinates (x,y). This is the same defect as reported in Figures 3(h) and (i) of Meyer
et al’s experiments (Meyer et al., 2008) and it remains stable under overdamped dynamics.
The 7-5-5-7 defect is stable (Carpio & Bonilla, 2008; Carpio et al., 2008), and this apparently
stabilizes our pair of dislocation dipoles for the selected initial configuration. Other nearby
configurations evolve to two octagons corresponding to a dipole comprising two edge
dislocations with opposite Burgers vectors. As explained before, adsorbed atoms may be
attached to the dangling bonds thereby eliminating these configurations and restoring the
undisturbed hexagonal lattice.

Let us consider now two dislocation dipoles all whose component dislocations have Burgers
vectors directed along the x axis according to the initial and boundary condition depicted in
Figure 5(b) (a defect comprising three pentagons and three heptagons):

U(x—xg,y=y5) = Ulx = x5,y =¥y ) + Ulx = 25,y =95 ) = U(x = 25,y — 7 ), (20)
xg =—03a+a, yj =—07h, x5 =—03a, y; =—07h,
£y =—03a—a, §j =—-07h—H, £, =—03a, §j = —0.7h— H. (21)

Starting from a negative dislocation centered at (x,,y, ) = (—0.3a, —0.7h), the first dipole
adds a positive dislocation shifted one lattice constant to the right. The second dipole consists
of a negative dislocation shifted vertically downwards a distance H = 3L/2 = v/3a/2 (1.5
times the hexagon side, or v/3/2 times the lattice constant) from (xa Yo ) and a positive
dislocation which shifts horizontally to the left the previous one a distance equal to one lattice
constant. Under overdamped dynamics, this defect disappears as the positive and negative
dislocations comprising each dipole glide towards each other.

3.4 Comparison with results of experiments

Carbon atoms and defects in graphene sheets are visualized by operating at low voltage (< 80
kV, to avoid irradiation damage to the sample) a transmission electron aberration-corrected
microscope (TEAM) with appropriate optics (Meyer et al., 2008). This microscope is capable
of sub-Angstrom resolution even at 80 kV and can produce real time images of carbon atoms
on a scale of seconds: each frame averages 1s of exposure and the frames themselves are
4 s apart (Girit et al., 2009; Meyer et al., 2008). The images obtained in experiments can be
used to determine the time evolution of defects in graphene created by irradiation or sample
treatment (Girit et al., 2009; Gémez-Navarro et al., 2010; Meyer et al., 2008; 2009).

As explained before, stable pentagon-heptagon defects but not isolated octagons with a
dangling bond are observed in experiments (Gémez-Navarro et al., 2010; Meyer et al., 2008;
2009). The octagon configuration is quite reactive and may be destroyed by attaching an
adsorbed carbon atom, which is not contemplated in our model. Our theory indicates that
symmetric vacancies are stable and asymmetric ones are unstable. In experiments, both
symmetric and asymmetric vacancies are observed in unstressed graphene (Meyer et al.,
2008), whereas in single layers of hexagonal Boron Nitride (hBN) only symmetric vacancies
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are observed (Meyer et al., 2009), as predicted by our theory. See Carpio & Bonilla (2008)
for a possible mechanism to produce stable asymmetric vacancies in graphene. Stable 5-8-5
divacancies are also observed (Coleman et al., 2008). The annihilation of the 5-7-7-5 SW defect
in 4(b) (the heptagons share one side) 4 s after its creation is seen in Figures 3(c) and (d) of
the paper by Meyer et al. (2008). Our model predicts that SW under sufficient strain split
in their two 5-7 pairs that move apart (cf Fig 6 in Carpio & Bonilla (2008)), which has been
observed very recently; cf Fig. 4(a) and (b) in Gémez-Navarro et al. (2010). Of the two pairs of
dislocation dipoles, the defect comprising four pentagons and four heptagons was observed
to be stable in Figures 3(h) and (i) in Meyer et al. (2008), whereas the defect comprising three
pentagons, three heptagons and one hexagon disappeared after a short time (Meyer et al,,
2008), as predicted by the numerical simulations of our model equations.

4. Ripples and defects in a three dimensional suspended graphene sheet

The first observations of suspended graphene sheets showed evidence of ripples: ondulations
of the sheet with characteristic amplitudes and wave lengths (Meyer et al., 2007). Monte
Carlo calculations also showed ripple formation (Fasolino etal., 2007) and explored the
possibility that the ripples are due to thermal fluctuations; see also Abedpour et al. (2007).
According to Thompson-Flagg et al. (2009), thermal fluctuations would produce much smaller
ripples than observed in experiments and therefore this explanation does not seem likely.
Thompson-Flagg et al. (2009) explain ripples as a consequence of adsorbed OH molecules on
random sites. More recent experiments on graphene sheets suspended on substrate trenches
have shown that ripples can be thermally induced and controlled by thermal cycling in a clean
atmosphere (Bao et al., 2009) which seems to preclude the explanation based on adsorbed OH
molecules (Thompson-Flagg et al., 2009). Bao et al. (2009) use the difference in the thermal
expansion coefficients of the graphene sheet (negative coefficient) and its pinning substrate
(positive coefficient) to vary the tension in the sheet which, in turn, governs the ripples
(Bao et al., 2009; Bunch et al., 2007).

In this section, we present a theory of ripples and defects in suspended graphene sheets based
on periodized discrete elasticity (Bonilla & Carpio, 2011). A suspended graphene sheet may
bend upwards or downwards and therefore it may be described by the free energy of the
membrane (1) with w # 0 in the continuum limit. Carbon atoms in the graphene sheet
have o bond orbitals constructed from sp? hybrid states oriented in the direction of the bond
that accommodate three electrons per atom. The remaining electrons go to p states oriented
perpendicularly to the sheet. These orbitals bind covalently with neighboring atoms and
form a narrow 7t band that is half-filled. The presence of bending and ripples in graphene
modifies its electronic structure (Castro Neto et al., 2009). Out-of-plane convex or concave
deformations of the sheet have in principle equal probability and transitions between these
deformations are associated with the bending energy of the sheet. A simple way to model
this situation to consider that out-of-plane deformations are described by the values of an
Ising spin associated to each carbon atom. Then the vertical coordinate of each atom in the
graphene sheet is coupled to an Ising spin ¢ = £1 in contact with a bath at temperature T and
that the spin system has an energy

Fo=—f [ olxy)wlx,y)dxdy, (22)
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in the continuum limit. f has units of force per unit area. The spins flip stochastically
according to Glauber dynamics at temperature 6 (measured in units of energy). Thus at any
time f, the system may experience a transition from (u, v, w, o) to (u, v, w, R(x/y)a) at a rate
given by

2
Weey (@ lu,v,w) = 5 1= By olon],  plxy) —tanh (L520), oy

(Glauber, 1963), where R, o is the configuration obtained from o = {¢(x,y)} (for all points
(x,y) on the hexagonal lattice) by flipping the spin at the lattice point (x, y). The parameter {
gives the characteristic attempt rate for the transitions in the Ising system. Since the bending
energy of the graphene sheet is x, the attempt rate should be proportional to an Arrhenius
factor:

K
g =7Coexp (75), (24)

where ( is a constant.

The total free energy,

A
F=F+F= / [g (V2w)? + Zu? + pud, — faw} dxdy, (25)

2
is obtained from (1) and (22) and it provides the equations of motion (Bonilla & Carpio, 2011):

(9xw)? + (ayw)2

0207u = A0y <8xu +9y0+ ) + 105 [205u + (9yw)?]

2
+ wy (Oyu + 9xv 4 dxwd,w) , (26)
9xw)2 + (dyw)?
02070 = Ady <8xu +0yv + M + p oy (20,0 + (ayw)2}
+ p0x (Oyu + 0x0 + dywdyw) , (27)

instead of (3)-(4) and

0207w = —x(V?)2w + A9y

0yw)? + (9,w)?
<8xu + ayv + W) axw:|

8,)? + (3yw)?
+ A9y Kaxuwyw W) dyw

+ pox {28xuaxw + (9yu + 0xv)dyw + [(9yw)? + (ayw)z}axw}
+ 1y { (yu +9:0)05w + 20,000 + [(35w) + Byw)2 oy} + fo,  (28)

for w. In this section, we omit the phenomenological friction (with coefficient 7) in the
equations of motion because the stochastic Glauber dynamics already provides an effective
friction for the spins which try to reach equilibrium at the bath temperature 6. The periodized
discrete elasticity corresponding to these equations is derived in the same fashion as for planar
graphene in Section 3, except that we need to add the new difference operators to those in
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(6)-09):

Apu = u(ny) —u(A) ~ (oxu)a, (29)
Aot = u(nz) — u(A) ~ (dyu) % (30)

4
Bw = [Tw(n) = Tw(A)] + [Tw(na) — Tw(A)] + [Tw(nz) — Tw(A)] ~ %(Vz)%, (31)
as a — 0. The discrete elasticity equations are now (Bonilla & Carpio, 2011):

A 4
020207 = 4 Tu + (A + p) Hu + i (D1 —Dy)v+ 7” Apw Tw

V3
A
+ _:V [Ayw Hw + Ayw (D1 — Dy)w], (32)
0202070 = 4(A +2p) To — (A + u)Ho + \’/Lg” (Dy — Do)u + A‘aﬁ()\ +2u) Apw Tw
A+u
+ Ayw (Dq — Dy)w — 3A,w Hw|, 33
3 [Ayw (D1 — D2) v ] (33)
2007w = AJ;2” {[Hqu B0 pry 4 2o “(Dy - Dz)w} Apw + [\/5(4T7H)U
3A,w +u AN w
4T - H)w| A 2R (Dy — Dy)un D;—D
T = ( )w} vw}+ . (D1 — Dy)ubyw + \/§a( 1 2)v
HAyw 2A,u
+ E2YZ(VB(4T — H)u + (Dy — Dy)v + V/3Ho] + = (AT + pH)w
2v/3A40 2 Ao
+ TU[Z)\TW-F ]4(4T— H)W} + 7” (Av + %) (D1 — Dz)w
2 2
1 B (B0 o) 7 4 by + 2 Tw(aT — Hyw — @Bw+fa o (34)
a a

We have periodized these equations after writing them in primitive coordinates, adopted the
nondimensional time scale ' = t/[t] as in (12)-(13) and solved them numerically. In our
simulations, we have used the numerical values of the isothermal elastic moduli at 300K
provided by Zakharchenko et al. (2009), A = 2.57 eV/A?, u = 9.95 eV/A?, which agree
well with experiments (Lee et al., 2008) and with the values for graphite at the basal plane
(Blakslee et al., 1970). The bending coefficient at 300 K is ¥ = 1.08 eV (Zakharchenko et al.,
2009). The time constant is [t] = ay/p/(A +2p) = 1.1033 x 10714 s because a = 2.461 A
and we get py = 2160 x 3.35 x 10710 = 7.236 x 10~7 kg/m? from the three-dimensional
mass density of graphite (the distance between graphene planes in graphite is 3.35 A). We use
f =0.378 meV and 1/ = 10 s (Bonilla & Carpio, 2011). 1/ is the characteristic time it takes
a spin to flip, i.e., the time it takes a portion of the graphene sheet to change its concavity. We
equal this time to f; = 10 s, the characteristic time for defect motion mentioned in Section
2; see also Carpio & Bonilla (2008). The ratio between [t] and the flipping time is very small
§ = {[t] = 1.1033 x 10~ 5. In our simulations, we have used a larger value of § which shortens
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Fig. 6. Suspended graphene sheet containing one pentagon-heptagon defect. (a) View from
above the sheet; (b) side view showing that the atoms forming the pentagon move above the
plane of the sheet; (c) farther side view showing that there are displaced atoms above the
sheet (pentagon) and below it (heptagon). (b) and (c) show that the height of the ripples is
smaller than the vertical displacement of the atoms near the defect.

the relaxation time it takes the graphene sheet to reach a stable configuration without changing
the latter.

We solve the equations of motion with the same boundary and initial conditions for the
in-plane displacement vector (u,v) corresponding to a single pentagon-heptagon defect as
explained in Section 3. We also impose that the vertical displacement w vanishes at the border
atoms and for fictitious border atoms whose displacements are required when solving the
equations of motion. Figure 6 shows a suspended graphene sheet with a pentagon-heptagon
defect. At 300 K, the graphene sheet is below its critical temperature and therefore a rippled
state is stable (Bonilla & Carpio, 2011). Thus ripples similar to those observed in experiments
(Meyer et al., 2007) coexist with a local curvature near the defect as shown in Figure 6.
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5. Conclusions

We have presented a theory of defects in suspended graphene sheets based on periodized
discrete elasticity. The equations of linear elasticity are discretized on a hexagonal lattice,
written in primitive coordinates and finite differences along primitive directions are replaced
for periodic functions thereof. The latter allow for gliding of dislocations along primitive
directions because spatial periodicity along them is restored in the equations of motion.
Ignoring vertical displacement, we solve these equations numerically assuming that the initial
and boundary conditions are given by the known linear elasticity expressions corresponding
to one or several dislocations. If the equations of motion include an appropriate damping
coefficient, we obtain the stable cores of the dislocations which are defects in the hexagonal
lattice. The damping coefficient is fitted to experiments. The stable cores predicted by our
theory have been observed in experiments.

We have also proposed a mechanism to explain ripples and curvature in suspended graphene
sheets. We assume that the local trend of the sheet to bend upward or downward is
represented by an Ising spin coupled to the carbon atoms. These spins are in contact with a
thermal bath at the lattice temperature and flip stochastically according to Glauber dynamics.
Our simulations show the appearance of ripples in the graphene sheet and the local curvature
that appears near a defect, for instance near a pentagon-heptagon defect which is the core of
an edge dislocation.

This work has been financed by the Spanish Ministry of Science and Innovation (MICINN)
under grants FIS2008-04921-C02-01 (LLB), FIS2008-04921-C02-02 and UCM/BSCH CM 910143
(AC).
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1. Introduction

Hexagon is one of the most beautiful substance structures in nature. From snowflakes to
honeycomb lattices, we can find the presence and stability of this delicate structure. The
two-dimensional hexagon had been investigated in graphite materials which has an evident
layered structure (Painter & Ellis, 1970) long before the discovery of graphene. Since the
successful fabrication of graphene (Berger et al., 2004; Novoselov et al., 2004), a monolayer of
carbon atoms tightly packed into a two-dimensional hexagonal lattice, its various properties
have been widely explored and have received increasing attention (Castro Neto et al., 2009;
Das et al., 2008; Ferrari et al., 2006; Gupta et al., 2006; Partoens & Peeters, 2006; 2007). Its
exotic electronic property has the potential for practical applications and provides a prospect
of theoretical invention. On the other hand, graphene is a basic structural element of many
carbon allotropes including graphite, charcoal, carbon nanotubes and fullerenes. It is also
of theoretical significance and practical guidance to study the physical properties such as
the lattice dynamics and electronic structures starting from graphene and extending to other
related systems.

It is well known that symmetry concept plays an important role in physics. Specifically, in
condensed matter physics, the microscopic symmetry of the structures of materials determines
the symmetry properties of macroscopic physical quantities. Group theory is not only a
powerful tool to classify the electronic and phonon spectra, but also essential to understand
the inherent physical meaning as well as their consequence. The symmetry group D, of
graphene is the basic building block of all carbon allotropes in a sense that either their
symmetry groups evolve from Dy, with a few symmetry operations lifted or added, or some
symmetry operations in Dy, are inherited in a certain forms. The study of symmetry provides
an effective way to find the common essence and differences among carbon allotropes. In this
chapter we will analyze the symmetry characteristics as well as symmetry induced constrains
to the lattice dynamics of graphene, multilayered graphene, and nanotubes.

Lattice dynamics studies the vibration of lattice, i.e. the phonons. Many exotic properties
of graphene, such as its very high strength and thermal conductivity are directly connected
to the phonon properties. Its extremely high electrical conductivity is also related to the
phonon dispersion and electron-phonon interactions. We will focus on the lattice dynamics
of the multilayered graphene systems, where graphene is the limit of one layer number,
and the nanotube systems with different radius and charity. In particular, the role of
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symmetry selection in optical activeness of phonon modes in multilayer graphene systems
and symmetry restriction in the phonon dispersion calculation of carbon nanotubes is
emphasized.

Multilayered graphene systems can be viewed as stacking a few number of graphene layers
along the direction perpendicular to planar sheets. Some symmetry operations existed in
graphene such as the space reflection ¢; or reflection with the plane ¢;, may lift depending on
the arrangement of layers and the layer number. The breaking of the symmetry operations
reduces the order of symmetry groups and causes the change of the optical activities of the
phonon branches. Quantitatively, the phonon modes will be softer or harder (red or blue shift)
as the number of layers changed. All these qualitative and quantitative properties will be
discussed in the next two sections and calculated results are compared with the experimental
measurements.

Carbon nanotubes had been discovered (lijima, 1991) before the fabrication of graphene. At
first sight, nanotubes and graphene belong to totally different symmetry groups and follow
the different symmetry restrictions on their physical properties. In virtue of the picture that
a single wall carbon nanotube can be viewed as a warped graphene stripe (Saito et al., 1998),
we still can ask what is the effect of the added periodic edge condition on the two sides of the
stripe, and what is the consequence of the three-fold rotational C3 symmetry on graphene. In
section 4, we will reveal a three-theta role, an universal triple chiral angle (36) dependence,
of nanotubes with different chiral angles, which is actually the heritage of the three-fold
rotational symmetry of graphene.

As usual, the enlargement of the primitive cell in real lattice space causes Brillouin zone
folding in reciprocal space. If the edge effects of stripes and the curvature effects of nanotubes
are neglected, the electronic dispersions in new small Brillouin zone can be obtained directly
by folding those of graphene. For phonons, the situation would be more complicated because
of their vector properties. Particularly, flexure modes (a kind of vibrational modes with
parabolic dispersions when surface exists (Mahan & Jeon, 2004)) can be obtained only when
a correct form of the potential energy satisfying the symmetry constrains is adopted. The
emergence of the twist mode is intimately connected with the geometrical structure of the
rod-like cylindrical systems.

The one-dimensional (1D) single wall carbon nanotubes belong to 1D line groups
(Damnjanovi¢ et al., 1999; 2000). For chiral nanotubes, the definition of the primary chiral
operation is not unique. This will result in different choice of primitive cells and the different
coordinates in description of the lattice structure of nanotubes. There are two commonly used
coordinates for nanotubes, thus two sets of good quantum numbers. One of them will be
called it Dresselhaus coordinate (Saito et al., 1998), which has the superiority in denoting
the optical transition properties at long wave length limit. The other is White coordinate
(Gunlycke et al., 2008; White et al., 1993), which has a clear relation with the symmetry
generators. Since the quantum numbers in Dresselhaus coordinate are related to an isogonal
group of the symmetry group of the nanotube, the relation between these two sets of quantum
numbers is not trivial and we will discuss it in detail in section 5. With this relation, it is easy
to transform electronic or phonon dispersions with one set of good quantum numbers to the
others. Finally, to illustrate the similarities and differences among carbon allotropes, the lattice
dynamics of single-wall carbon nanotubes is discussed in section 6.
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2. The symmetry consideration in graphene and multilayer graphene systems

Graphene is a monolayer carbon atoms with the hexagonal lattice configuration which is
characterized by the Dy, symmetry. There are two identical carbon atoms in one unit cell
as shown in Fig. 1, and the bond length between two nearest-neighbor atoms in the plane
is b = 1.42 A(Saito et al., 1998). The primitive lattice vectors can be set as 47 and 4, with
|d1| = |da| = 2.46 A. The lattice configuration of multilayer graphene systems (MLGS) is
constructed by stacking N graphene sheets along perpendicular direction, z axis. The distance
between two adjacent layers is about § = 3.35 A which is much larger than the in-plane bond
length (Manes et al., 2007). AA-stacked or AB-stacked MLGS can be obtained respectively
if all layers have the same configuration or shift alternately along one of the first-nearest
carbon-carbon bonds in horizontal plane as shown in Fig. 2. The three-dimensional (3D)
graphite is the limitation of AB-stacked MLGS with layer number N — oo.

Fig. 1. The sketch of the lattice configuration of graphene. The vectors shown in the figure
are the primitive lattice vectors 47 and ;.

(a) AB-stacked (b) AA-stacked

)
§
)
!
\

\
5\
N
\
|
i
\

Fig. 2. The sketch of the configurations of AB-stacked in (a) and AA-stacked in (b) for
multilayer graphene.
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There are twelve conjugacy classes in D¢, group and thus twelve irreducible representations.
For simplifying the discussion, Dy, can be expressed as the direct products of three subgroups,

D¢y = D3 @ {E, 03} ® {E, 07},
D; = {E,2C3,3G,} ,

where 8y, is the reflection with the plane, 6; the space reflection, C3 three-fold rotation around
the axis perpendicular to the graphene sheet, and C, two-fold rotation around axis parallel
to the sheet. There are three irreducible representations for D3 group, two one-dimensional
representations A and B and one two-dimensional representation E. The twelve irreducible
representations of Dgj, can be denoted by A, B, and E with the subscripts 1,2 and u, g, where
letters are for representations of D3, and the subscripts correspond to the parity under ¢; and
0; respectively. The symbol for the irreducible representations we used here is the notation
used in Ref. (Eyring et al., 1949) which is most commonly used in the treatment of molecules.
For AB-stacked MLGS, the symmetry operations 0, and 0; existed in graphene cannot coexist
anymore, and the point groups will depend on the layer number (Manes et al., 2007). For
AB-stacked even number MLGS (EMLGS), the space reflection ¢; exists with respect to the
middle point of pair atoms 2’ in the §-th layer and 1” in the & + 1-th layer as shown in
Fig. 2(a). But there is no planar reflection &;,. Same as that in graphene, the two C3 and three C,
operations exist. The three two-fold axes are perpendicular to z axis with angle 77/3 between
each other. All the symmetry operations constitute the point group D3y = D3 ® {E,6;}. In
AB-stacked odd number MLGS (OMLGS), the space reflection ¢; is lift instead of 67, in EMLGS.
The reference plane of 0y is set at the middle layer of OMLGS as shown in Fig. 2(b). All
operations of D3 also exist, but the three 2-fold axes are one to one perpendicular to those of
¢, in EMLGS. Consequently, the symmetry group of OMLGS is D3, = D3 ® {E, 7, }.

The point group of the 3D graphite is the non-symmorphic group D, with non-primitive
translation T = %E’ (Brillson et al., 1971). In addition to the in-plane translation symmetry,
there exists translation symmetry along z for the 3D graphite. The primitive vector along z is
set as ¢ which crosses the two adjacent layers. Thus there are four carbon atoms 1, 2, 1, and 2’
in one unit cell as represented in Fig. 2(a).

As described in Ref. (Jiang et al., 2008, a), the environment of an atom in graphite or
AB-stacked MLGS is more complicated than that in 2D graphene. The in-layer situation
is the same as that of graphene, ie. three nearest-neighbor carbon atoms and six
next-nearest-neighbors for any one of carbon atom. For the inter-layer atomic positions,
picking atom 2" in the middle layer of Fig. 2(a) as an example, there are two inter-layer
nearest-neighbor atoms 2 and 2” in each of the two adjacent layers with the distance c¢/2
respectively. Furthermore, there are three inter-layer next-nearest-neighbor atoms around
atom 2’ with distance /b2 + (c/2)? in one of the adjacent layer (such as atom 1 is one of
them). The adjacent environment of atom 1 is quite different from that of atom 2’. Because
the position 1’ in Fig. 2(a) has no atom, atom 1 has no inter-layer nearest-neighbors. Instead it
has six inter-layer next-nearest-neighbors in one of the adjacent layer with the same distance
Vb2 + (c/2)2.

In the AA-stacked MLGS as well as the AA-stacked 3D graphite, all layers have the same
configuration. So that all of them have the same point group Dy, as that in graphene whatever
the layer number is even or odd. Different from the graphite (AB-stacked 3D graphite),
there are only two atoms in the unit cell and the primitive translation along z axis is ¢/2
for AA-stacked 3D graphite. As shown in Fig. 2(b), the environment of a carbon atom in
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the AA-stacked MLGS is simpler than that in AB-stacked MLGS. For each atom, there are
one inter-layer nearest-neighbors in one of the adjacent layer with the distance c/2 and three
inter-layer second-nearest-neighbors with distance /b2 + (¢/2)2.

Taking the lattice displacements ii; (i runs over all atoms in one unit cell) as bases,
the dynamical representation %" can be expressed as the direct products of the vector
representation I'? and atomic permutation representation I'**" for a given group, I'V" =
[? @ [%°™ By applying the projection operator technique, the dynamical representation T%/"
is decomposed into the irreducible representations of the corresponding groups of graphene,
MLGS with N even and odd, and 3D graphite respectively. Referring to Ref. (Elliott & Dawber,
1979), the infra-red (Ir) active phonon modes should be compatible with the same decomposed
irreducible representations as the vector representation I'’, while the Raman active phonon
modes correspond to the same irreducible representations shown up in the decomposition of
a six-dimension representation with d-wave like bases: x> + y?, z%, x* — 42, xy, yz, and zx.
The three acoustic modes with zero frequency at the I point, which correspond to the vector
representation I'’, are excluded in the consideration of Ir and Raman active modes.

Group Ty rlr I
graphenea Degj A D BZg @D E D EZg / E2g
AB-stacked | D" N(A; @ Az D Eg D Eu) (N—=1)A &(N —-1)E, NA1g @ NEg

Ds? (N =1)A1; (N + 1) Az, NA, @ NE, (N—1)Ay,
SN +1)Eg ®(N - 1)E, ® NE; ®(N — 1)E,
Déhc 2(A2u &) BZg @© E1. © EZg) A @ E1y 2E2g

AA-stacked| Dg, |¥(A1g@® Az @ Bru®Bog BErw (5 —1) (A B Erw) Y (A1g D Erg B Eag)
(even) @ E1g @ Ezg @ Eau)

Dg, | N (A1 @ By @ E1g @ Eau) N (A @® E1) N1 (A1 @ Exg)
(odd) | @ N (Az, @ Bog @ E1y @ Eny) ® NHE,,
Dep Aoy D Bog D E1y D Eng / Exg

Table 1. The symmetry analysis of the phonon modes at the center point of Brillouin zone for
AA- or AB-stacked MLGS. Phonon modes are classified by the decomposition of T%" . The
irreducible representations of the Ir and Raman active modes are also listed.

2Reference (Saito et al., 1998); "Reference (Manes et al., 2007); “Reference (Mani et al., 1974).

We show in Table 1 the symmetry analysis (Jiang et al., 2008, a) of phonon modes and the
Raman active and Ir active modes for graphene, AB- and AA-stacked MLGS, and 3D graphite.
Two straightforward consequences can be find out for the Ir and Raman active modes in
AB-stacked MLGS. Firstly, in the EMLGS with Ds; point group, as well as in graphene and
3D graphite, phonon modes cannot be Ir and Raman active simultaneously. However, in
the OMLGS with Dy, point group, the N E; modes are both Ir and Raman active. This
is because there is no inversion center in the OMLGS. Secondly, an optical mode (denoted
as the inter-layer optical mode) belongs to the A;, representation with Raman active in the
EMLGS (D34) and Ay, Ir active in the OMLGS (Dj3;,). This mode can be further identified as
vibrational displacements perpendicular to the constituent layers, and oscillating with each
layer as a whole but alternatively from layer to layer. These properties can be used as criterion
to identify the layer number being even or odd for AB-stacked MLGS.

In the AA-stacked MLGS with N either even or odd, the symmetry group is Dy, which
includes both ¢; and ¢;,. Consequently, no phonon modes would be Ir and Raman active
simultaneously in AA-stacked MLGS. Interestingly, the inter-layer optical mode mentioned
above belongs to the different representations so that different active for even and odd layer
numbers. In detail, it belongs to Aj¢ Raman active in the EMLGS and Aj, Ir active in the
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OMLGS, which is the same as that in AB-stacked MLGS. Due to its vibration direction, the
inter-layer optical mode favors to take the maximum advantage of the inter-layer interactions.
From the next section, it is known that this optical mode would be the most sensitive mode to
the layer numbers in a few layer systems and becomes a useful candidate in experiments to
identify the even-oddness of the MLGS and the layer numbers.

3. Lattice dynamics of multilayer graphene systems

3.1 Vibrational potential energy

For providing a simple and straightforward method to relate the phonon modes with atomic
movement modality, we choose an semi-phenomenological model of vibrational potential
energy (Aizawa et al., 1990; Aizawa, 1991; Jiang et al., 2008, a) to study the lattice dynamics
of graphene and multilayer graphene systems (MLGS). The lattice vibration energy in this
model is expressed in quadratic terms of lattice displacements. So that it is easy to check term
by term the symmetric invariance, such as the translational invariance and rigid rotational
invariance, which are the essential restrictions to derive the correct phonon modes. Besides,
because the potential energy is one of the key aspects in determine the vibration properties, it
is possible to use the same potential terms of graphene into in-layer case of MLGS and even
to carbon nanotubes, which will be discussed in more detailed in section 6.

We begin from the one graphene layer, where the vibrational potential energy can be
described by five quadratic terms (Aizawa et al., 1990; Aizawa, 1991). They are the first
and second nearest-neighbor radical spring stretching, the in-plane bond angle variations,
the out-of-surface bond bending, and the bond twisting energies. The detailed expressions of
five terms, taking atom 1 in Fig. 1 as an example, are listed in the following.

(1) V; is the potential of the radical spring force between the nearest-neighbor atom pair,

ki o
Vi =5 Yl — i) &), M)
i=2

7hi

W.

(2) Vg is similar to the first term but between a pair of next nearest-neighbored atoms
illustrated as (1, 5...10) in Fig. 1,

where k; is the first-order force constant and Elu =

ksl f2 i o 42
Vo= Y [ — i) - €y 2
i=5

with kg; the second-order force constant.
(3) The potential energy for the in-plane bond bending Vpp is actually a term associated with
bond angle variations. Three atoms are involved:

k i — i Uy — i
Vg = ﬂz Z M.(Eg.{fcosﬁoel_)Jr h ! -(Ell.._—coseoé'li,()
4 B 7 tij; Ji Ji rijt Ji Ji
(i#ii)
kg / 2
= Z Z (cos 9].1_1-]-; —cosfp)” . (3)

i i
(ji#ji)
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Asiis 1 (or2),(j;, ]:) take the sites (2, 3), (3, 4), and (4, 2) (or (1, 5), (5, 6), and (6, 1)) respectively
as shown in Fig. 1. In Eq. (3), 6y = 120° stands for the equilibrium angle, while G;ﬂ.].; for angle
in vibration between the bonds 7;j, and ?i]'f' The expression in terms of if;, — ii; and i jt = il; is
exactly same as that of cos ¢’

(4) The potential of the out-of-plane bond bending V;. describes a kind of withdrawn energy
of atom i by its three nearest-neighbor atoms j;. It contains four atoms simultaneously,

k . N
Vie = %[(3”1‘ - Z”],) 'ez]zz (4)
Ji

Where i takes 1 or 2 with j; running over the three nearest neighbors of atom i. This potential
has the physical intuition as that responsible for the perpendicular optical mode and is trying
to keep the four atoms on the plane.

(5) The twist potential energy for bond 7y is

Viw = % [(if; — ity — (it — ily)) - &]%, ()
(i.j)

where (i, j) represents a pair of atoms nearest-neighbored with atom 1 while k the third of its
nearest neighbors. Pair (i, j') is for a pair of atoms nearest-neighbored with atom k. It has the
intuition that responsible for modes with twisted vibrations.
From the modality of atomic movements, we can classify the above in-plane vibrational
potential terms into three types and extend them to the inter-layer case (Jiang et al., 2008,
a). The first type is for radical stretching movements between the two atoms located in the
adjacent layers. The second describes the relative movement between the two pairs of atoms
with a common one as an apex. It is evolved from the above bond bending term and three
atoms form one bond in a layer and another connecting the two nearest layers. The third
type is new for simulating the twist force affected on the inter-layer “bond” as shown in the
sketch 3, which involves more than three atoms according to the specific bond configurations.
The whole of these terms is actually a generalized valence force model to including far away
atoms in response to the bond charge effect (Jeon and Mahan, 2005) in certain extent. Because
the inter-layer “bond” is much longer than the in-plane bond, it is resulted that all inter-layer
interactions are one or two orders less than their counterparts in layer, but they themselves
have comparable contributions. We give out the inter-layer terms for the AB-stacked MLGS
in the following and they can be similarly generalized to the AA-stacked MLGS.

Fig. 3. The sketch of the twist force for a “bond” connecting the two adjacent layers.
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(1) The inter-layer “bond” stretching energies V (or V, lm)):

Z%[(ﬁi — 1)) -, ©

ij

where ii;(ii;) is the displacement vector of the atom i(j) and & ij 1s the unit vector from atom
i to atom j. If the summation is taken over the nearest-neighbored inter-layer pair of atoms,
the corresponding force constant is denoted as k’;, while k’;; for the next nearest-neighbor
inter-layer pairs.

(2) For the three atoms 2, 2’ and i, where i is the in-plane nearest neighbor of atom 2 (atom 1 is
one of them as shown in Fig. 2), we found by practice that under a specific configuration with
atom i rather than atom 2 as an apex, a correlation term k', has the most sensitive contribution
to the layer dependence of the optical modes,

K L ~ -
Y (i — ) 8y — (i — i) - 2

Actually the two square terms in above modality have already been accounted in the in-plane
and inter-plane stretching terms respectively. Only the across term

Vir = —K rr Z Up — uz 12} [(uZ’ — i ) _i2’} @)

plays a real role, which weakens the interaction between the two adjacent layers. The positive
definite condition for getting real frequencies is k's; > k.

(3) The twisting potential for an inter-layer bond between atoms 2 and 2’ is coming from the
two sets of three nearest-neighbors of atoms 2 and 2’ respectively. It can be described as

Kt S L
Viw = 2w [Z(”i - ”2) E? - Z(u] - ”2’) : E]Q}Z/ (8)
i j
where }; and ) represent the summation over the three in-plane first-nearest-neighbors for

atoms 2 and 2’ respectively. E? = &, X E'lzl. is the tangential unit vector in the plane formed

by three nearest-neighbor atoms. The quadratic form as a whole ensures a proper definition
for the torsion angle. For pure rotations around the bond, this expression gives zero torsion
consistently. In contrast, the bond is most severely twisted when the three neighbors around
atom 2 and those of atom 2’ rotate reversely.

By comparing the k'y, term with Vj,_; term (Jeon and Mahan, 2005) originated from the
bond-charge model, a common point can be found that both terms have the same negative
cross term. In addition, from the calculation results shown in the next subsection, two quite
different frequency values in long wave length limit can be obtained to distinguish clearly the
in-plane vibration and vibration along z axis. These provide an evidence that the polarization
effect of graphitic materials (Saito et al., 1998) can be properly described by our vibration
potential model. It can also be checked one by one that all above nine vibrational potential
energy terms satisfy the rigid rotational symmetry constrain(Jiang et al., 2006; Mahan & Jeon,
2004; Popov et al., 2000) which guarantees the existence of the flexure modes with correct
parabolic dispersion in low-frequency limit in low-dimensional systems. Details will be
discussed in the next subsection.
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3.2 Results and discussions

Because the microscopic environment of a carbon atom is almost the same in graphene, the
in-layer of MLGS, and carbon nanotubes, the five intra-layer force constants we used in the
following are taken from Ref. (Jiang et al., 2008, b) as k; = 305 N m~1, kg = 6825 N
m L, kgg = 1.38 x 10~ 11 erg, ke = 148 N m !k = 624 N mL. They are originally
taken references from a force-constant model for monolayer graphite formed on surfaces
(Aizawa et al., 1990; Aizawa, 1991). The four inter-layer force constants are adjusted to fit
the experimental values of four modes in 3D graphite as shown in Table 2. The fitting error
for phonon modes is kept less than 7%. The inter-layer force constants are k’; = 0.77 Nm~!,
Ky =095Nm™, k=064 Nm~ LK) =09 Nm~L.

Reps Al Epq Aoy, Epg
Experiments 30° 407 868" 15867
Theory 30.2 42.7 869.9 1586.6

Table 2. Comparison of several mode frequencies (in the unit of cm 1) for the AB-stacked 3D
graphite between our calculating results and the experimental values: “Ref. (Nicklow et al.,
1972), URef. (Maultzsch et al., 2004).

The phonon dispersions for the AB-stacked graphite are calculated (Jiang et al., 2008, a)
according to the vibration potential energy discussed in the above subsection and shown in
Fig. 4. The theoretical calculations meet the experimental results not only in the low frequency
region (Nicklow et al., 1972), but also in the high frequency region (Maultzsch et al., 2004;
Mobhr et al., 2007). The good consistency with the experimental data shows that the vibrational
potential energies and parameters are reasonable and applicable. In the figure, I', K, M and
A points are the standard notations for the specific symmetric points in the Brillouin zone
hexagonal reciprocal lattice.
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(a) The low-frequency region (b) The high-frequency region

Fig. 4. Phonon dispersion for the 3D graphite for the low-frequency region (a), and the
high-frequency region (b). Solid dots are the experimental results of Ref. (Nicklow et al.,
1972) in (a), and Ref. (Maultzsch et al., 2004; Mohr et al., 2007) in (b). Lines are the theoretical
calculations. In Ref. (Maultzsch et al., 2004; Mohr et al., 2007), those phonon wave vectors,
which were not exactly along the I'-M or I'-K-M direction, were projected onto the closest
high-symmetry direction.
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The phonon dispersions of graphene and AA-stacked 3D graphite are further calculated as
shown in Fig. 5. Since the unit cell in both cases contains only two atoms in contrast to
that of the AB-stacked graphite, there are six branches of phonon dispersion. Focus on the
I' point, a long wave length limit, we would mainly discuss three kinds of optical modes
whose atomic movement modalities are sketched in Fig. 6. (1) The optical C-C in-plane
stretching modes shown in Fig. 6(a) exist at about 1580 cm ! for all three cases of graphene,
AB-, and AA-stacked 3D graphite. These modes are doubly degenerated and Raman active
with Ep, irreducible representation. Additional two degenerate optical in-plane modes very
near them, which are Infra-red active belonging to Ej,,, exist only in AB-stacked 3D graphite
because it has four atoms in the unit cell. (2) An out-of-plane optical mode shown in Fig. 6(b)
exists at about 860 cm ! for graphene and AA-stacked 3D graphite, as well as for AB-stacked
3D graphite but double degenerated. The obvious difference between 1580 cm~! mode and
860 cm 1 mode comes from the polarization effect of graphitic materials (Saito et al., 1998). (3)
Except graphene, there exists an inter-layer optical mode shown in Fig. 6(c) for layer number
equal to or greater than 2. Noticed that this mode exists at A point instead of I" point for
AA-stacked 3D graphite due to a phase factor difference of 7t needed between two adjacent
layers. Asymptotic frequency of inter-layer optical mode in large number N is 150 cm ! or
134 cm~! for AB- or AA-stacked MLGS, respectively.

AA stacked graphite

I Graphene 1600
V 1400f V
14001 |
1200- | 12001 1
— 1000 {20
1 T
£ goof 5 500
S, B
ICA
3 6001 4 600
400} ] 400
2001 1 200"
T 1] K r A r M K r
(a) Graphene (b) AA-stacked 3D graphite

Fig. 5. The calculated phonon dispersions of graphene (a), and AA-stacked 3D graphite (b).

The phonon dispersions for AA- and AB-stacked MLGS with an arbitrary layer number N can
be calculated. In Fig. 7, the frequency of the intra-layer optical C-C stretching mode (Fig. 6(a))

L= 7 T
P A N A N

(@) ®@~1580 cm™ () ©~860cm” (¢) ©~134~150 cm™
Optical in-plane mode Out-of-plane optical mode Interlayer optical mode

Fig. 6. Modality of atomic movements for three kinds of optical phonon modes in
multilayered graphene systems.
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Fig. 7. The calculated frequency value for the optical C-C stretching mode vs the layer
number N. Lines are draw to guide eyes.

in long wave length limit is represented as layer number N for AA- and AB-stacked MLGS.
The layer number dependence of the frequency behaves a red shift as number increase which
is in agreement with the experimental measurements. The frequency for this mode is about
1588 cm ™! in the single graphene layer, decreases with N increase, and almost saturates at
about N = 10. The 3D limit is 1586.7 cm ! (1584.7 cm 1) for the AB- (AA-) stacked system.
The amount of red shift value in the theoretical calculation corresponds excellently with that
measured by experiments within the ranges 3 ~ 5,5 ~ 6, and 8 cm ! in Refs (Ferrari et al.,
2006), (Gupta et al., 2006), and (Das et al., 2008), respectively.

At T point, the out-of-plane optical mode (Fig. 6(b)) is Ir active in the AB-stacked MLGS for
both even and odd layer number (belong to Aj, irreducible representation). It is neither
Raman active nor Ir active in the AA-stacked MLGS irrespective of the even-oddness of
the layer number N. The optical activeness of the mode is useful in determining whether
the MLGS is of AB- or AA-stacking. The frequency of the mode as the function of layer
number N is shown in Fig. 8. In contrast to the C-C stretching optical mode, the frequency
of the out-of-plane mode raises from 864.8 cm~! to 872.6 cm~! and exhibits a blue shift as
layer number increase which could be identified with the development of the experimental
technique.

For the inter-layer optical mode, the layer number dependence of long wave length frequency
is shown in Fig. 9. This mode takes the greatest advantage of the inter-layer interaction and
is considerably dependent on the layer number N as well as the stack style. When N = 2,
this mode has the frequencies 106 cm~! and 94.5 cm~! for the AB- and AA-stacked MLGS
respectively. The frequencies increase with increasing N and almost saturate at about N = 10.
The 3D limit values are 149.8 cm ! and 133.6 cm~! for the AB- and AA-stacked MLGS
respectively. The frequency differences as well as the alternation of Raman and Ir active
of the mode might inspire considerably experimental interesting. For comparison, we plot
the low-frequency phonon dispersions of the AB-stacked 2-layer system and 3D AB-stacked
graphite in the same Fig. 10. The frequencies of the low-frequency optical modes in the 2-layer
graphene are much smaller than their counterparts in the 3D graphite. For three acoustic
modes shown in Fig. 10, because there is no C4 symmetry in the systems, two linear acoustic
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Fig. 8. The calculated frequency value for the out-of-plane optical mode vs the layer number
N. This mode is Ir active in the AB stacking while it is neither Ir nor Raman active in the AA
stacking. Lines are draw to guide eyes.
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Fig. 9. The frequencies of the inter-layer optical mode vs the layer number N. Datas for the
AB- and AA-stacked MLGS are designated by pentagrams and circles, respectively. The
Raman and Infra-red activities for this mode are displayed by the full and empty symbols,
respectively. The broken and dashed lines correspond to the frequencies of corresponding 3D
graphite, respectively.

modes have different dispersions. And the third one marked in Fig. 10 is the flexure modes
with quadratic dispersions near I" point.

4. The effect of three-fold rotation symmetry of graphene on nanotubes

As constrain imposed by three-fold rotation symmetry Cs, all the physical quantities of
graphene have the same symmetry property. Consequently, the physical quantities of a
single wall carbon nanotube (SWCNT), which can be viewed as wrapped graphene stripes,
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Fig. 10. In the low frequency region, there is significant difference between 3D AB-stacked
graphite and the 2-layer AB-stacked graphene.

should also reserve some kind of similar symmetry property. It will manifest itself as the
three-theta dependence for all physical quantities. In this section we will analysis this
universal three-theta role in detail.

We start with the definition of a chiral vector for SWCNT as R = 1) + no» on the graphene
lattice planer sheet, where 7; and @, are the primitive lattice vectors (see Fig. 1) and (n1,17) a
pair of integers (Saito et al., 1998). Equivalently, a nanotube can also be denoted by the radius
r and chiral angle 0 (z axis is set parallel to the tube axis). They have the relations as

7 3
r= ‘;;J m, 0 = arctanzn\l/_ij:iz . ©)

We may establish a mapping from the space of chiral vectors on the planar sheet to that of the
nanotube structure in a fixed way of wrapping

f : {chiral vector set} — {nanotube set} .

However this is not a one-to-one mapping. As mentioned in Ref. (Ye et al., 2006), a given
SWCNT can be equivalently composed by three chiral vectors Ry, R» and R, with chiral angles
as 0,0 +2m/3and 6 + 47 /3 respectively within the corresponding graphene sheet. Due to the
C6 = GG symmetry of the hexagonal graphene lattice sheet, there is another set of vectors
Ry, R3 and Rs with chiral angles as 6 + 71/3, 6 4 7t and 6 + 57/3 respectively on the graphene
sheet. These three chiral vectors correspond again to the same SWCNT which is actually
the nanotube by rotating the tube formed by Ry upside down, i.e. a C, operation. The net
result of the operation is an exchange of A and B carbon atoms in unit cells with the sign
of its chiral index v = mod{n; — 17,3} also changed. There is one another operation 0y,
connecting a pair of SWCNT which is the mirror reflection onto each other with respect to xz
plane. Correspondingly Ry in the sheet is changed into its countpart 1_% with & — —60 but v



196 Graphene Simulation

kept unchanged. These vectors, as shown in Fig. 11, have the explicit forms

Ro = n1dy + nado,

Ry = =(n1 4 n2)dy + nidz,

Ry = npdiy — (m1 +n2) iz,

Ry = —natly + (nq + na)da, (10)
R3 = —mydy — nyda,

Rs = (n1 + ny)dy — mi,

Ré = (n1 +np)dy — npiy .

Obviously, all these seven chiral vectors have the same radius.

FOCEOse beeees

Fig. 11. Illustration of hexagonal lattice. A set of chiral vectors are shown after the symmetric
operations on Ry.

As one of the direct consequences of the above observations, any physical quantity Q" (r,6) of
the SWCNT should be a periodical function of the chiral angle 6 with period %’T, ie, Q"(r,0)
can be expanded as (Ye et al., 2006)

Q'(r,0) = i a,, cos(3n6) + by, sin(3n0) . (11)

n=0

This is an universal triple chiral angle (30) dependence of the SWCNT, which is actually the
heritage of the three-fold rotational symmetry of graphene.

The permutation symmetry of the two carbon atoms in one unit cell would further give out the
symmetry constrain under the operation § — 6 + 71/3. That is any scalars S keep unchanged,
so do the radial components of the normal vectors, the azimuthal and axial components of the
normal vectors change signs under the 77/3 rotation in graphene plane (Jiang et al., 2008, a):

SUO+T)=5"(),
{m(e £ 3) = Cpd(0) (12)
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with CZXE, = &, CZXE¢ = —E}p, CZXEZ = —¢,. Here ?,, E}p and €, are unit vectors oriented
towards radial, azimuthal and axial directions upon the cylindrical surface respectively.

In addition, the symmetry operation 0y, emerged in SWCNT gives that any scalars or radial
and axial components of vectors are even functions of 6, while azimuthal components are odd,

§'(—0) =5"(0),
(13)
fﬂ(_g) = szz_)"/({))
with 0,8, = &, (AszE(p = —E}p, 0x€; = €,. Combined these symmetry restrictions Eqs (12) and

(13), the general expression Eq. (11) can be further reduced. Taking the physical quantities
of lattice dynamics as examples, we write the final expansions with all above symmetry
restrictions considered in the following (Jiang et al., 2008, a).

The frequency w of phonon is a scalar,

w*(0) = ag & a1 cos(30) + a3 cos(60) 4 a3 cos(96) +...;

(14)
w(8) = ag + as cos(60) + ... .
The three components of a vector can be expanded as
0 —(-)"
o (0) =) = la, cos3n0 = ag + va; cos30 + aycos60 + . ..,
n=0
R
02(6) = Z vz ]bn sin3n60 = by sin30 + vbysin6d + ... ,
n=0
R
ol(0) = Y vIT 7 Ja, cos3n6 = vag + ay cos 30 + vay cos 60 + . .. . (15)
n=0

Different from those physical quantities of normal vectors, the phonon polarization vector can
be measured up to a global phase factor as +1. Therefore, the corresponding transformation
properties with respect to the operations § — 6 4- 5 and 6 — —6 need to be generalized to

{v;(m)(g_’_ )= A<nz)(é2x)éwlgv<nz)(9), (16)

o (=0) = A (G2 )rat ™ (0),

respectively, where A(")(3) is a phase factor taking value either 1 or —1 depending on which
phonon mode m we considered among &, acoustic (AC), &y optical (OP) and & OP modes
(these three modes are non-zero frequency modes of SWCNT in long wave length limit which
will be discussed in the next section) and on what kind of the symmetry operations 6 is
applied, such as Gy and 0yz. In particular,

A@GAC) (&) = A@AO) (5 )= 1,

A@GOP) Gy ) = AEOP (o) = -1, 7)
A(E‘ZOP)(CZX) — _)\(&0P) (32) =—1.
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The detailed expressions of polarization vectors with A" (oy;) = —1, and A" (Cpy) = —1 are

1+(=D"

S b, 5in 316 = by sin36 + vby sin66 + ...

Q.‘
~=
—

fs
=

I
072
<.

3
Il
S

n

1-(-1)
vz }ancos3n9 =ag+vaycos30 +aycos60 + ...,

<
ESNS
—

>
~

|
gk

n=0
0V(0) = Y =T b, sin 316 = vb; sin30 + by sin 60 + ... . (18)
n=0
While for A" (o) =1, and A™(Cyy) = —1, the polarization vectors can be expressed as

1 (=)
= Zv[ " g, cos 310 = vag + ay cos 30 + vay cos6 + . .. ,

n=0
v s [L=CDh, . .
vg(8) = Y, vz by sin3n6 = vby sin36 + bysin66 + ...,
n=0
v ad [17(71)”]
vy (0) = Zv 2 la, cos3nb = ag + vay cos30 + ap cos60 + ... . (19)
n=0

Then for A" (0y;) = —1,and A" (Cyy) = 1, they are

-5 ]bn sin3n6 = vby sin36 + by sin60 + ... ,
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For the second rank tensor €, the helical symmetry of SWCNT results (Damnjanovi¢ et al.,
1999)

€xx = €yy,
€xx = —€yy,
€xz = €yz = €2x = €zy = 0. (21)

Similar to the analysis above, it is obtained (Ye et al., 2006) that

(v

ll

(1/

l

0+ 7/3) =€ (0),
(—0) =€l(0),

0+ 7/3) = —€ly " (6),
(

(=

ey

(v) _ (v

€xy (0+7/3) = exy '(6),

e (—0) = —l)(6), (22)



Symmetry and Lattice Dynamics 199

where i = x,y, z. By noticing that the diagonal term is unchanged when the tube is reversed
or reflected, and off-diagonal term vanishes, then

) = ag + aj cos(360) + az cos(66) + - - -,

1

e = ag + ap cos(60) + aq cos(1260) + - - -,

e =o0. (23)

The coefficients aj;s for different chirality have no direct relationships.

5. Coordinate systems in carbon nanotubes

As stated in the above section, an SWCNT can be identified by a chiral vector R= n1dy + nody
defined on the graphene lattice sheet with (11,71;) a pair of integers. A graphene stripe is
obtained by cutting the graphene sheet along the direction perpendicular to R, which ensures
the same edge structures of the two sides of the stripe. A nanotube is formed by wrapping the
stripe, or vice verse, the stripe is the unfold plane of the nanotube. Obviously, R corresponds
to the circumference of the tube and % (N = GCD(n1,n3)) corresponds to a pure rotational
symmetry operation Cy of the tube. Along the tube axis, i.e. z axis, a translational vector T
can be defined as T - R = 0 and its corresponding translation symmetry operation is T. In the
frame of (d1,d,), itis T = t1d@; + tod, with

21y + nq

t = , t
1 M 2

= 27[1#, (MIGCD(Zﬂz—f—ﬂl,Zlfll—l—l/lz)).
It can be further obtained that

R - _ ny(2ny 4 np) 4+ np(2ny + nq)
NM

|‘_il X Ez‘ = Nﬂﬁl X fiz|

Because Nt > 1, the set (%, T) cannot be used as the primitive lattice vectors in unfold plane.
The one-dimensional (1D) single wall carbon nanotubes belong to 1D line groups
(Damnjanovi¢ et al., 1999; 2000). For chiral nanotubes, the definition of the primary chiral
operation is not unique. Correspondingly, the different choices of primitive translational
vectors exist on the unfold plane. Any proper pair of vectors which can map all lattice points
on stripe can form the unit cell. In SWCNT, these two vectors correspond to two primitive
chiral operations. There are two commonly used coordinates (Saito et al., 1998; White et al.,
1993). The first one uses the rotational Cyy and helical $;(«, ) symmetry descriptions for
SWCNT(White et al., 1993), i.e. % and H as the primitive lattice vectors on unfold plane,
which will be called White coordinate hereafter. Another chooses translational T and helical

S5(ag, hy) symmetry descriptions with T and Q on unfold plane referred as Dresselhaus
coordinate (Saito et al., 1998). The unit cells on unfold plane for two coordinate systems are

shown in Fig. 12(a). Under the definition of \% x H| = |@; x @] or |T x Q| = |@; x @], some
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useful relations can be obtained (the arbitrariness of sign has be fixed),

R = \/n}+n3+niny |d,
(24)
T= ‘[,/nl—l—nz—l—nlnz |d1],

H = p1d1 + paito,

{ p1ay + paaz 25)
nipz —nap1 = N,

O = g1y + gaity,

{Q q1d1 + 28> 26)
q1(2n1 +n2) +q2(2n2 +11) = M.

The rotation angles a (xg) as well as translations along z axis /i () in helical symmetry
operations can be derived by projecting H (Q) to the directions of R and T respectively,

g. R R o @mitm)pr+ (2n+m)ps
R 2 (2n1 + n2)ny + (2np + ny)ny
. T
H-m=h=h= VaN |d1] (27)
~ R R M
- = —ng = kg =27
Q R 27 0 0 (21’[1 + 1’[2)7[1 + (21’[2 + I/ll)l/lz
LT _
BT =iy = V3(1192 — n241) @) . 28)

2,/n%+n%+n1n2

Before go to the reciprocal space and discuss the good quantum numbers within two
coordinate systems, we introduce four important integers and review their geometric
meanings.

T  n(2n1 +np) +np(2ng +nq)

S 2
Nt u MN , (29)
Np = NeN = 2T = my(2my +1a) + (22 +m1) (30)

[L%) M

_hy  mga —noq

N, = - N (31)
n o (2n1 +n2)p1 + (2ny +nq)p2

(OO=—=Np— = . 32
g Dorn M (32)

From above formulae, it shows that Nt is the number of White unit cells stacked along the
tube axis to form a minimum translation period; Np represents, in one side, the unit cell
numbers in tubular section with height T called as a “giant" cell, or in the other side, the times
of minimum rotation angle a( in one circle; Nj, describes the ratio of translations along tube
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(a) Unfold plane of nanotube (b) Reciprocal lattice on unfold plane

Fig. 12. The unfold plane (a) and reciprocal lattice (b) of the nanotube (4, 2). The unit cells
and primitive lattice vectors of White {R/N, H} < {Cy, $i(a,h)} and Dresselhaus

{T, 3} « {T, Sy(ag, hy)} coordinates are shown in (a). The Brillouin zones and quantum
numbers of White {n, x} and Dresselhaus {k;, n;} are shown in (b).

axis of the two helical symmetry operations; and Q) is the ratio of rotation angles of the two
helical operations, which can be proved to be relatively prime with N7.

The 1D group characters of symmetry operators in White and Dresselhaus coordinates can be
written respectively as:

{Cn, Si(a,h)} — {ei%”, ¢’*}  for White coordinate,
{T, Sy(ag, hp)} — {eNTRT, ei’(/} for Dresselhaus coordinate. (33)

The prefix Ny on the character e/NTk:T

coordinate systems. Using the periodical boundary conditions and notice that SAéV P(ag, hy) =
82(271, NyNT) = TNeN _y piNoK' — piNpNNrk:T i jg

is for taking the same length units for two

n=01...,N—-1, (34)
kK €[0,2m), (35)
k., € [0,27/NrT), (36)
x' = Npk,T + 12\]—7;;1,- , (37)
n;=0,1,...,Np—1. (38)

According to symmetry operators, the good quantum numbers in the two coordinate system
should be {n,x} and {k;, '} respectively. But as seen from Eq. (38), ' has a complicate form,
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it is commonly to use {k;, 1;} instead of {k;,«’} as “good quantum number” in Dresselhaus
coordinate. Since the nanotube has no CND symmetry, which is only an isogonal group of the
symmetry group of the nanotube, strictly speaking, #; is not a good angular quantum number
of the rotational symmetry as seemed to be.

For deducing the relations between two sets of quantum numbers, the following equivalence
is used:

N

2
T = SN (a, ) CLY,
Syl h) = S5 (ag, hy) (TY/Nr)~(ONo=1), (39)
Then from the characters of the operations, it is followed that

Zj 27

N n= W” i+ 21y,
Nrk,T = Nrx — Npna + 2125,
K =nn+ k. T+ 2173, (40)

where 7, 75, and 73 are arbitrary integers. The first two of Eq. (40) give the following relations
directly,

n=mn; (modN), or n;=n+ N] (Janinteger), (41)
2 —nu
k; = NTTFraC (NT o ) . (42)

The third of Eq. (40) contains fraction and integer parts of information. From its fraction part,

k; T+ njn
=2nF — . 4
x — 2Frac ( - ) 3)
From the integer part,
J O = Int [NT K=" _ Prac (NT - —n ﬂ (mod Nr). (44)

The equations (41), (42), (43), and (44) provide the complete relations between the two sets
of quantum numbers (Tang et al., 2009). The Brillouin zones and quantum numbers {n, «}
and {k;, n;} are shown in Fig. 12(b). Actually, Eq. (44) can uniquely determine the integer |
and shows the nontrivial relation between #n and n;. Interested readers can refer monographs
about number theory.

6. Lattice dynamics of single-wall carbon nanotubes

6.1 Vibrational potentials

We discuss the lattice dynamics of single-wall carbon nanotubes (SWCNT) within the White
coordinate system (White et al., 1993) which has been described detailed in the above section.
Setting the z axis along the tube axis and the x axis across the middle point of a C-C bond, any
unit cell in the (111, 1) or equivalently (, 6) tubule can be notated by a pair of integers (1m,1):

(45)

Z| =

Foug = mH+1



Symmetry and Lattice Dynamics 203

In other words, any unit cell on SWCNT can be covered by n screw operations $; (a, ) and !
rotations Cy successively (see the details in section 4).

Again, we use the idea of five distinctive terms (Aizawa et al., 1990) for the potential of
graphene sheet, and extend them to the nanotube cases. What we stress is that the satisfying
of the rigid translational and rotational invariance must be kept in the generalization, i.e.,
the potential energy must keep unchanged term by term when the tube is rigidly translated
or rotated around any axis. Introduce 7; as the equilibrium position of atom i and i;
as its displacement vector. 7;; = ¥; —7; is the vector from atom i to j in the nanotube
while the modulus r;; represents the length of C-C bond between atoms i and j. The
vector 7; is determined following the geometry of a warped graphene sheet. Unlike that in
graphene, the geometrical curvature results to that not only the three tridental bond lengths
nearest-neighbored with the atom i but also the angles between any of the two bonds are
not equal to each other even in equilibrium position, especially for thin tubes. We express
in the following a detailed expression of the vibrational potential for the SWCNT with the
curvature effect being carefully in-cooperated. It satisfies precisely the requirements of the
rigid translational and rotational invariance and realizes the corresponding general symmetry
sum rules in Ref. (Popov et al., 2000).

The five terms of potential energy are basically the same as those in graphene sheet with
rigorous modification of unit vectors in the present case (Jiang et al., 2006). We list them in the
following for completeness.

(1) V; is the potential of the spring force between the nearest-neighbor atom pair,

k& L
V= EI Y[t — i) - &), (46)
i=

where k; is the first-order force constant and E‘lli = ‘2’:‘. We’d like to point out that the
component of the displacement vectors perpendicular to E‘lli violates the rigid rotational
invariance and is forbidden.

(2) Vs is also the potential of the spring force but between the next nearest-neighbored atoms
illustrated as (1, 5...10) in Fig. 1,

[(il; — iTy) - &,]* (47)

with kg; the second-order force constant.
(3) The potential energy for the in-surface bond bending Vpp with three atoms involved is
more complicated than that in graphene planar sheet due to the curvature-resulted deviation
of an equilibrium angle from a constant.

- - 2

kgg wj =i 4 p— Wiy o
VBB = T Z Z/ ri]; . (El]; — COS Gjiij;eiji) + rij/ . (eiji — COS 6]1/1],31]:)
Ji Ji !
(i#ii)
kpp 2
= Y. ) (cos 9]'.1_1-]-; —cos 0;1)° . (48)
Ji i

(j1#41)
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Where i, j;, and j! take the same sites as those in graphene (see Eq. (3) and Fig. 1 in section 3).
The difference is here 0. for the equilibrium angle between the bonds 7;;, and ?i]}" which is
no more 120° in general. 9]’.1_1.].; is for the corresponding angle in vibration. The bond angles
are expressed in terms of if;, — if; and 1/_[]"( — ifj, which can be proved that the rigid rotational
invariance referred to an arbitrary axis is kept only when the differences among bond lengths
and bond angles be carefully accounted.

(4) Extending the out-of-surface bond bending V;. term into SWCN,

kre i v
Vie = (311 = i) - 8T, (49)
Ji
g _ _ il (50)
1

‘ Z], 7], ‘ ’
where i takes 1 or 2 with j; running over the three nearest neighbors of atom i. Different from
graphene, an unit vector e’° is introduced for keeping the rigid rotational invariance. We show
the difference between &} and radial unit vector &} in Fig. 13. When the radius of tube is large
enough, the vector € is close enough to the €]. However, we stress that the potential term V;.
with €7° substituted by &; would break the rotational symmetry.

1.000 —

[ )
° [ ]
[ )
0.996 -
°
0.992 -
= —
)
bt 0.988 |
)
0.984 -
[ )
0.980 . . . . . . . . . .
0 3 6 9 12 15

raduis [angstrom]

Fig. 13. The projection of &|° on &} for tubes (21, 1) with n € [1,15]. It shows that | only
deviates about 2% from &} even in the small radius (2, 1) tube.

(5) The twist potential energy for bond 7y is generalized as

k L o
Viw = "2 V(@ — ity — (i — 1)) - &2, 1)
(i)

where &}, is the unit vector along the radial direction of the middle point of 7y, (i, j) represents
a pair of atoms nearest-neighbored with atom 1 while k the third of its nearest neighbors (see
Fig. 1 for reference). Pair (i’,j') is the image of (i, j) referring to a C, rotation around the axis
inée,.

1k
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Obviously, it can be checked that all above five potential energy terms satisfy the translational
invariance (Jiang et al., 2006). When if; = if;, il; — ii; = 0 leads to

Vi=Vyg=Vggp=Vie=Viw=0.

For the rotational invariance, we have to consider the five potentials term by term separately
(Born & Huang, 1954; Madelung, 1978). When the tube rotates rigidly around an arbitrary
0@

axis for a small angle d& with its direction along the axis oG] each lattice site acquires a

displacement if; = 60 X 7j,
il —ilj = 6@ x (F; — ¥j) = 060 X Fjj . (52)
Substituting Eq. (52) into the first two potential terms (46) and (47), it is straightforward to
have (if; — if;) -E’li]. =1;j (6@ x E’ii].) -Ef]. = 0. Then
Vi=Vy=0.

Substituting Eq. (52) into the third potential term (48), a typical representative term in
summation becomes
k -
Vip ~ %[‘5‘*"(3’1 X3+ 83 x )P =0.
In which a fact has been used that r;; in the denominate is canceled by that in the numerator
when Eq. 52 is applied. Moreover, for each typical representative term in potentials (49) and
(51), we have

Vie ~ &[(5@ X (1_"12 + 713 +1714) . Erlc]Z =0,
Vi ~ 42 [660 % (Fag — Ts6) - 5]> = 0.

For further clarification, we show the phonon spectrum with all the bond lengths and bond
angles assumed to be equal to that of the graphene in Fig. 14(a) for SWCNT (5,2). It shows
clearly that the twisting mode (TW) at (x,n) = (0,0) is no longer a zero mode and there is a
finite gap with the order of 0.5 cm~!. Although it is a minute number and entirely negligible
in practice, it is of qualitative significance. When we take the proper bond lengths with about
—1.3%, —0.3% and 0.0% shorter than that of graphene 1.42 A respectively, the correct phonon
spectrum is calculated and shown in Fig. 14(b) for the same SWCNT.

204 (@) 204 (b)

00 5.0x10° 10x10* 00 5.0x10° 1.0x10°

Fig. 14. The effect of bond lengths on TW mode in tube (5, 2). (a) All bonds are assumed to be

the same. The frequency of TW mode at ¥ = 0 is nonzero. (b) The differences between bonds
are considered. The frequency of TW mode is precisely zero.
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As a one-dimensional system, SWCNT has a distinguished feature that the two degenerate
transversal acoustic (TA) modes shown up at (x, 1) = £(«,1) are flexure modes. Instead of
the conventional linear behaviors, the low frequency limits of their dispersions are parabolic
as w? = B?(x F «)*. We stress that the rigid rotational invariance around z axis itself is not
a sufficient condition for the existence of the flexure modes. It can be declared more clearly
by a counter example. By introducing a potential term Vy; = %i[(it, — if;) - )% with &f} =
E'{z X éilz, which satisfies V;; = 0 when the tube rotates around the z axis, there will be no
flexure mode in SWCNT (Dobardzi¢ et al., 2003). This is because that V; is not zero when the
tube rotates around any axis perpendicular to the z axis.

By tuning the calculated results to the experimental data (Rao et al., 1997) for the Raman
modes of (10, 10) tube (see Table 3), the corresponding force constants are fit as k; =
364.0 Nm~!, k;; = 62.0Nm~, kgp = 1.07 x 10~'! erg, kyc = 14.8 Nm~!, and k;, = 6.24 Nm~!
(Jiang et al., 2006). For chiral SWCNT, all tubes belong to the fifth 1D line group (Popov et al.,
2000) with two atoms in one unit cell and have six phonon modes at any point of reciprocal
space . Looking at three specific points (x,1) = (0,0), (x,n) = (¢,1), and (x,n) = (2a,2), 18
phonon modes are successfully identified (Alon, 2001; Jiang et al., 2006). They are (I) 3 zero
modes: two at (x, 1) = (0,0) as longitudinal acoustic (LA) and TW modes both belonging to
0A, representation (Reps), and one at (x, 1) = («,1) as the flexure mode; (I) 9 Raman active
modes: three at (x, ) = (0,0) belonging to g A; Reps as & acoustic (AC), & optical (OP) and
¢, OP, and six at (x,n) = (2&,2) belonging to the same ,,E; Reps; (III) 1 Ir active mode: at
(x,n) = (0,0) as the OP mode with A and B atoms oscillating out of surface in tubular radial
direction and belonging to A, Reps; (IV) 5 Raman and Ir active modes at (x,n) = (a,1)
assigned to o Eq Reps.

Reps 0Ag 0Ag wEy aEy 24Ey 2aE5 24E5 24E5
Theory 167 1588 105 1588 21 367 873 1584
Experiment (Rao et al., 1997)|186 1593 118 1567 / 377 / 1606

Table 3. Comparison between the calculated results and the experimental values for several
mode frequencies (in the unit of cm 1) of SWCNT (10,10).

6.2 Chiral angle and radius dependence of phonon properties

With the phenomenological vibration potential model described in above subsection, the
phonon frequencies, acoustic velocities, and eigenvectors are calculated as the functions of
radius and chiral angles, and further fitted following the three-fold symmetry expansion
discussed in section 4. Because we are interested in SWCNT with smaller radius which should
be quite different from those of graphene stripe, the fitting range is chosen as r € [4.0,10.0] A
and 0 € [—7%, 7] for frequencies and velocities, r € [2.0,10.0] A and 0 € [-%, %] for
polarization vectors. The relative errors in fitting are set less than 5 x 10~%. The expansions
of frequencies of Raman and Ir active modes, the velocities at (x,n) = (0,0) and flexure
parabolic at (x,1n) = («,1), and the polarization vectors of nonzero modes at (x,7) = (0,0)
are listed in Tables 4, 5, and 6 respectively (Jiang et al., 2006). In Table 4, data are represented
in three parts corresponding to (x,n) = (0,0), (¢, 1), and (2«, 2) respectively. From the fitting
results, we can see that the contributions of 6 dependence are notable comparing to those of r
dependence. The velocity of the twist mode (in Table 5) as well as the polarization vectors of
modes with gAj Reps (in Table 6) are typical examples shown up an evident 6 dependence.
It can be checked that all the numerically fitting expressions satisfy the symmetry
requirements of Eqs (12) and (13) in section 4, where the velocities (slopes of the dispersions)
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Reps Mode|w(0) fi(r)
oAl R| 2 AC, 1fo(r) folr) = 13386 _ TS
€ OP, 2| fo(r) + f1(r) cos60 | fo(r) = 1594.00 — 26§ 98 fi(r) = 88
2. OF, 3| folr) + fy(r) cos 66 |folr) = 1594.00 — 981 5 (r) = — 1388 5,y — _0ss
+f2(r) cos 126
0Ag Ir | 2 OP4|fo(r) + fi(r) cos60 |fo(r) = 864.81 + 2292 — IZ30 g () = 916
2E1 R1Ir 1| fo(r) + f1(r) cos 60 | fo(r) = 710 Io 45rO7 fi(r) = 1;& — 317'455
2| fo(r) + fi(r) cos66 | fo(r) = 160351 — 2O3L fy(r) = — 1
30 fo(r) + fu(r) cos 66 [fo(r) = 864.84 + 860 0 _ 17870 £ (r) = L3 _ 20652
v==%1,4{fo(r) & fi(r) cos 90 | fo(r) = 1594.13 — 315 57, fi(r) = 332
v=0,4\fo(r) + fi(r) cos60 |fo(r) = 1594.14 — 31848 ¢ (4) = % - 13#
+f2(r) cos 126 folr) = 270 + 060
5 fol(r) + fi(r) cos60 |fo(r) =1593.97 — 27745 filr) = =125
2E2 R 1|fo(r) + fi(r) cos66 | fo(r) = =5 73660 + 7
+f2(r) cos 120 f1(r) = 6r19 + 73 , falr) = —% + %
2 fO(T’) +f1(7‘) cos 60 fO(r) _ 1420 21 =+ 5452 124rg .29 f ( ) 20;13.34
3 fO(r) +f1(7‘) cos 60 fO(r) 253548 212665 fl(r) — 41223
4 fO(r) +f1 (1,) cos 60 f (1,) _ 864 80 + 486 71 4711 81 =+ 12425 61
9. 89 524 74
fl (1’) 77
5(fo(r) + f1(r) cos 66 |fo(r) = 159400 — 86419 I8
fl (1,) _ _le.d5 15 + 363 41
6| fo(r) + fi(r) cos60 |fo(r) = 1594.01 — Fns2 5130 15 4 Sdleze
— 788 _ 29788
fl (1’) - 2 Iz

Table 4. Frequencies (in the unit of cm ') of 15 Raman and Ir active modes as functions of r

(in A) and 6.
Velocity(0) fi(r)
Crw|fo(r) + fi(r) cos 60| fo = 13.5 — 13, f; = 238
CLA fO(r) +fl (1,) cos 60 fO = 21.0706 + 00055 06’260, 000091 001679
B |fo(r) + fi(r) cos 60| fo = 1.3767r — 0. 00142/2 - 5.8 x 1057 1= 0143 + Qa0

Table 5. Sound velocities (in kms 1) of the TW and LA modes, and B (in 10~6m?

flexure mode as functions of r (in A) and 6.

s~ 1) of the

and frequencies are scalars while polarizations are vectors. One of the 4E; modes in Table 4

manifests different parameter depende

nce for different chiral index v, i.e.

it has different

expressions for v = +1 and v = 0 respectively. This is still consistent with the general

constrains Eqgs (12) and (13).

In certain extent, the planar graphene can be viewed as the ¥ — oo limit of the SWCNT. As
pointed out in Ref. (Jiang et al., 2006), six modes at different (x, n) points in Table 4 evolve in
this limit to the two degenerate in-plane optical modes of the graphene with approximately
the same frequency limit 1594.0. While three modes with fy(r) — 864.8 approach the
out-of-plane optical mode of the graphene. Moreover as shown in Table 5, the sound velocities

of the two zero modes, i.e.

LA and TW modes belonging to ¢A,, have nonzero limits

with different values. Therefore, it is expected that these two modes would approach two
in-plane non-degenerate acoustic modes of the graphene sheet. The situation of flexure mode
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Vector(6) fi(r)
Ry (@ AC)ur(A) |fo(r) fo(r) = 07071 — 008
up(A)|f1(r)sin36 fi(r) = 00518 | 0.068
uz(A)| f1(r) cos 30 () = 00517 " 06:749
Ry (€ OP)|u;(A) | f1(r) sin36 fi(r) = 00r542 00r455
ug(A) fo(r) + f1(r) cos 126 fo(r) = 07056 + 209 £, (r) = 0.0015 — 208
uz(A) | f1(r) sin66 + fo(r) sin 126 f1 (r) = 0.0656 — 8% £ (r) = 0.0048 — 20412
R3 (€; OP)|ur(A)| f1(r) cos 30 fi(r) = 00447 0.0417
ugp(A)| f1(r) sin60 + f5(r) sin129| f1(r) = —0. 0656 + 00773 , fo(r) = —0.0048 + 00111
uz(A) | fo(r) + fi(r) cos 126 fo(r) = 0.7056 + 00019 , f1(r) = 0.0015 — 20933

Table 6. Polarization vectors ii = (ii(A),i(B)) at (x,1n) = (0,0) as functions of r (in A) and 6.
Where ii(A) and ii(B) indicate the displacement vectors of atoms A and B in the (0,0) unit
cell respectively. For the three modes in this table, u,(B) = u,(A), uyp(B) = —ugp(A),

uz(B) = —uz(A).

is complicated. The frequency of the ¢, AC mode in SWCNT (Table 4) tends towards zero
with its polarization vector perpendicular to the limiting sheet. This might be interpreted
as a kind of precursor of the flexure mode of graphene. However, at (x,n) = £(a,1) of
SWCNT, the dispersion of the two TA branch is quadratic in «. It should be noticed that the
parameterization for the coefficient 8 cannot be extrapolated to  — co. This is prohibited by a
kind of symmetry argument that the rod-like tube has two flexure modes with the cylindrical
symmetry while the plate-like graphene sheet breaks the symmetry so as to have only one
flexure mode. There is no way to cross continuously from the former to the latter.
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1. Introduction

The chemical bond strength describes the ability of a chemical bond holding two
constituting atoms together. Many physical and mechanical properties of a material, such as
melting point, activation energy of phase transition, tensile and shear strength, and
hardness, are closely related to the bond strength (Kittle, 2004). However, a universal
quantification of bond strength in crystal is hard to be performed due to the lack of effective
microscopic parameters to characterize the bond strength. Usually, different characteristic
parameters are chosen for different materials. For simple substances and covalent
compounds, bond strength is correlated to cohesive energy. For ionic crystals, breaking a
chemical bond means overcoming of the electrostatic interaction between anion and cation,
which is defined as lattice energy and used to characterize bond strength. Correspondingly,
several theoretical definitions of chemical bond strength have been proposed, such as
Pauling’s definition for ionic crystals (Pauling, 1929), orbital scaling for covalent crystals
(Hultgren, 1932), and two power-law expressions for a variety of materials (Brown &
Shannon, 1973; Gibbs et al., 2003). These definitions of bond strength are only valid for
some specific types of crystals, and a generalized model of bond strength has not been
reached.

In a crystal, bond strength is an intrinsic property of chemical bond, and is regulated by the
constitutional atoms as well as the crystal structure. From this viewpoint, bond strength is
directly determined by the bond length and the shared bonding electrons. Obviously,
greater bond strength would be expected with shorter bond length. The extent of electron
sharing, related to the electronegativity difference of bond-forming atoms, is determined by
the localized electron density in the binding region. It was found that the greater the
localized electron density, the more the effective bonding electrons, and the stronger the
bond strength (Gibbs et al., 2003). Most recently, we established a universal semi-empirical
quantitative scale to describe the strength of chemical bond in crystals (Guo et al., 2009). The
chemical bond strength is defined as the maximum force that a chemical bond can resist
under the uniaxial tension along the bond direction which is called tensile unbinding force.
We found that the bond strength only relies on two parameters, the bond length and
effectively bonded valence electron number of a chemical bond.
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In the following, the concept of effectively bonded valence electron number of chemical
bond is introduced and the universal quantification model of chemical bond strength is
established based on effectively bonded valence electron number and bond length
exclusively. The correlation between ideal tensile strength and chemical bond strength is
presented. This model allows a convenience determination of chemical bond strength for a
variety of materials, ranging from covalent crystals to ionic crystals as well as low
dimensional materials. Its application to low dimensional materials, such as graphene, h-BN
sheet, and SWNT, are also presented.

2. Methodology

As mentioned in the introduction, the shared bonding electrons in the binding region of two
bonded atoms plays a vital role in determining the bond strength. To establish an effective
quantification model of bond strength, we must find a practical way to estimate the
population of these electrons.

Considering two atoms, A and B, forming a bond in a crystal, the valence electrons are Z4
and Zp with coordination numbers of Na and N3, respectively. We first consider a simple
case where bonded atom pair possesses totally eight valence electrons. The nominal valence
electrons contributed to the A-B bond are n, =Z, /N, and ng =Z; /Ny from atom A and B,
respectively. Larger localized electron density in the binding region would result in stronger
bond. However, the bonded electrons localized in the binding region are basically smaller
than nx or np. The Mulliken overlap population of a bond from first-principles calculations
can provide a measurement of the bonded electrons (Mulliken, 1955). For example, the
calculated population is 0.75 for C-C bonds in diamond and 0.19 for Na-CI bonds in NaCl
crystal. While the determination of population greatly depends on the calculation
formalisms (Segall et al., 1996), it is more convenient to find a parameter, which can be
easily determined, to serve as an alternative population. Here we propose the effectively
bonded valence electron (EBVE) number, n,;, of A-B bond in terms of n4 and np as

Niplp
"AB= T 1)
ny +nB

The EBVE numbers of diamond (0.707) and NaCl (0.163) are in good agreement with the
Mulliken population. Some EBVE numbers of various covalent and ionic crystals are listed
in our previous publication (Guo et al., 2009) as well as in the following text.

The ideal A-B bond strength can essentially be defined as an unbinding force of chemical
bond, and the physical feature of bond strength for solids becomes more apparent and more
accessible than Pauling’s definition or other above-mentioned energy scales. Previously, the
power-law behavior of the bond length on bond strength are suggested (Brown & Shannon,
1973; Gibbs et al., 1998, 2003), and the exponential dependence of the resistance of a bond to
indenter on the population-related ionicity is emphasized (Gao et al., 2003; He et al., 2005; Li
et al., 2008; Simunek & Vackar, 2006). These studies have highlighted the role of the bond
length and valance electrons on the strength of a chemical bond. The chemical bond
strength, defined as the tensile unbinding force F4p, can then be described quantitatively in
terms of the bond length dap and EBVE number n4p with the formalism,
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Fap = Cd g exp(kn,p) @)

where constants C, m, and k can be deduced from first-principles calculations.

[

Fig. 1. Typical crystal structures of a) zincblende, b) wurtzite, and c) rock salt with the
weakest tensile directions marked.

As soon as the tensile unbinding force of a bond is known, the ideal tensile strength of a
crystal is easily accessible. For simple structural crystals shown in Figure 1, generally, the
weakest tensile directions, such as (111) of zincblende (ZB), (001) of wurtzite (WZ), and
(001) of rock salt (RS) structures, are parallel to the axes of the bonds to be broken. Thus,
the ideal tensile strength, o), of a crystal along the weakest (hkl) direction should be
correlated with Fap through

St = SwaFap = CSyad g exp(knzp) ®3)

where Sy, in the unit of m2 is the number of the broken bonds per unit area on the (7ikI)
plane, which has the lowest bond density.

Alternatively but more time-consumingly, the ideal tensile strength of a crystal can be
determined from first-principles calculations (Roundy et al., 1999). We acquired the ideal
tensile strength of a wide variety of covalent and ionic crystals with a single type of
chemical bond with ZB, WZ, or RS structures from first-principles calculations, for which
nap, dap and Sy are already known or can be calculated from the experimental values of the
lattice parameters (Guo et al., 2009). Three parameters, C, m, and k, in Eqn. 3 can be deduced
using the Levenberg-Marquardt method (Levenberg, 1944; Marquardt, 1963) by fitting Eqn.
3 with the crystal tensile strength values from first-principles calculations, leading to,

O (Pa) = 6.6 x 10784, 15 exp(3.71,15) )

and

Fileor(N) = 6.6 x1070 47152 exp(3.71,4) )

The square of correlation coefficient R? is 0.996 with the mean absolute fractional deviation
of ~7%, indicating that Eqn. 4 and 5 are accurate enough to estimate oy and Fap.

Up to now, we are considering two bonding atoms, A and B, with totally 8 valence electrons.
The simple formula for tensile unbinding force should be valid for complicate crystals, such
as f-SisNy, a-quartz, and a-Al;O3;, where the total valence electrons of two bonding atoms
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are more than 8. The chemical bonds in these crystals are typical two-electron bond. f-SizNy
and a-quartz follow the 8-N rule of structure, where N is the valence electron of an atom and
8-N is the corresponding coordination number. Since there are one pair of non-bonding
electrons for N in -SisNy and two pairs of non-bonding electrons for O in B-quartz, ny and
no are both equal to 1. In a-AlOs, The coordination number for Al and O are 6 and 4,
respectively, leading to na; of 0.5 and np of 1.5. It is then straight forward to calculate the
tensile unbinding force (bond strength) with Eqn. 5 for these crystals.

3. Results and discussions

In this section, we will start with the calculation of bond strength in chosen types of
materials to understand the relationship of bond strength and crystal structure as well as to
trace the relations between the macroscopic properties and bond strength. We will end this
section with the bond strength calculations for some low-dimensional materials, such as
graphene, h-BN sheet, and SWNT, to demonstrate the effectiveness of our semi-empirical
quantification model to these systems.

3.1 IV-A semiconductors

The IV-A semiconductors belong to the family of ANB$N semiconductors which have similar
structures under normal conditions and follow similar phase transition rules under high
pressure (Mujica et al., 2003). The procedure presented next can easily be applied to other
members of ANBSN semiconductors.The stable phases of the IV-A materials are graphite,
diamond structured Si, Ge, and Sn, and a huge variety of polytypic forms of SiC with
comparable energies such as 3C, 2H, 4H, and 6H. The phase transitions of these materials
have been itemized previously with fifteen types of crystal structures for IV-A materials
(Mujica et al., 2003). ZB, WZ, and RS structures are shown in Figure 1. The other 12
structures are summarized in Figure 2 with the coordination states of the atoms marked. ZB,
WZ, RS, graphite, and sh (simple hexagonal) are simple with the marked directions parallel
to the axes of broken bonds. Tensile strength can be calculated for materials crystallized in
these structures in addition to bond strength.

Several points need to be mentioned for these complicated structures before we discuss the
calculation results. Firstly, we give the hexagonal representation instead of the simple
rhombohedral representation for r8 structure to show the structure more clearly. Secondly,
Si atoms in Imma structure are eight-fold coordinated while Ge atoms in the same structure
of are six-fold coordinated (Figure 2f). Thirdly, there are two types of coordination states in
the most complicated structure Cmca, although these atoms are identical. We denote the
ten-fold coordinated atoms located at 8d sites with white spheres, and the eleven-fold
coordinated atoms at 8f sites with gray spheres, as shown in Figure 2g.

The lattice parameters and the calculated bond strengths are listed in Table I. Except the sh-
Si and sh-Ge, the arithmetic average of the bond length are given in Table I for structures
with different bond lengths. The bond strength of graphite, diamond, lonsdaleite, ZB-5i,
WZ-Si, ZB-Ge, ZB-Sn, and ZB-SiC can be referred to our recent publication (Guo et al., 2009).
The bond strength of the IV-A materials as a function of bond length is presented in Figure
3. The tensile unbinding forces are unambiguously grouped by distinct n4p values of 0.943,
0.707, 0.471, 0.354, 0.269, and 0.236, respectively (from top to bottom). As nap reflects the
coordination states, a lower value means a higher coordination number. Bond strength of
sequential structures appearing along the pressure induced phase transitions will leap from
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the higher line to the next higher one. For instance, the experimental phase transition
sequence of Si under compression is ZB-5Si (n143=0.707) — $-Sn (0.471) — (Imma—>sh) (0.354)
— Cmca (0.269) — (hcp—fec) (0.236). In Figure 3, the bond strength in the same line
decreases from left to right in the sequence of C-C, Si-C, Si-Si, Ge-Ge, and Sn-Sn except in
the line of 145=0.269 where the order for Si-Si and Ge-Ge is reversed. The bond strengths of
Si-Si and Ge-Ge on other lines are not as distinguishable as those of other bonds. Such an
anomaly can be explained by the experimental facts that the radii difference of Si and Ge is
not so significant as other elements (rc=0.062 A, r5=1.068 A, 1ce=1.090 A, rsx=1.240 A).
Alternatively, the high transition pressure makes the bond length of Ge comparable to that
of Si or even shorter, reminiscent of Cmca (143=0.269). Briefly, the bond strength of the
chemical bond in this type of materials is determined by the coordination number: the lower
the coordination number, the higher the bond strength.

d 1, H7.'|\T,e\‘lu| ",
T <jf\ TNy lvl ﬁﬁl"g";‘f/

Fig. 2. Crystal structures of IV-A compounds without those in Figure 1. a) Graphite, b) sh, c)
bc8, d) 18-h, e) B-Sn, f) Imma, g) Cmca, h) fcc, i) hep, j) st12, k) bee, and 1) bet.
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Bond Crystal (Szlr);i; a(d) b@A) @A) dA) ng nas Fap (nN)
Si-Si  bc8 3 6.636 2370 1 1 0707 289
Si-5i 18 R3 9125 5447 2319 1 1 0707 298
Si-5i  BSn  I4/amd 4.686 2585 2475 0667 0.667 0471 1.14
Si-6i  sh  P6/mmm 2.549 2383 2549 05 05 0354 071

2.383 0.5 05 0354 0.78
Si-Si  Imma Imma 4737 4502 255 2462 0.5 05 0354 074
Si-Si Cmca Cmca 8024 479 4776 2491 0.4 0.364 0.269 0.54

Si-Si fec Fm3m 3.34 2362 0333 0333 0.236 0.51
Si-Si hcp  P63/mmc 2404 4063 2437 0333 0333 0236 049
Ge-Ge  stl2 P4;2,2 593 698 2485 1 1 0707 272
Ge-Ge  bc8 a3 6.658 2.393 1 1 0707 285
Ge-Ge Imma Imma 4931 4913 2594 2562 0.667 0.667 0471 1.09
Ge-Ge pBSn I41/amd 4.959 2746 2631 0.667 0.667 0471 1.05
Ge-Ge sh  P6/mmm 2.657 2556  2.657 0.5 05 0354 0.67

2.556 0.5 05 0354 0.71
Ge-Ge Cmca Cmca 7886 4.656 4.667 2430 0.4 0364 0.269 0.55

Ge-Ge  hcp  P63/mmc 2.776 4573 2793 0333 0333 0236 041
Sn-Sn  pSn  I4i/amd 5.833 3182 3.076 0.667 0.667 0471 0.86
Sn-Sn bce Im3m  3.287 2.847 0.5 0.5 0354 0.61
Sn-Sn bet  4/mmm 3.7 337  3.112 0.5 0.5 0354 0.55
Si-C 4H P6smc  3.079 10.073 1.894 1 1 0707 3.89
Si-C RS Fm3m  4.001 2001 0.667 0.667 0471 1.51

Table 1. Lattice parameters and bond strength of IV-A semiconductors.
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Fig. 3. Bond strength Fapter vs. dap for IV-A compounds.
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3.2 A"B*" jonic crystals

Our simple model for chemical bond strength can easily be applied to ionic crystals, just like
the above considered pure covalent and polar covalent ANB$-N materials (Guo et al., 2009).
The elemental combinations of IA-VIIA, IB-VIIA, and IIA (except Be)-VIA tend to form ionic
crystals. The typical structures of ionic ANB$N materials are RS and CsCl. ZB and WZ
structures are also founded for some IB-VIIA crystals (Shindo et al., 1965). These four
structures have been presented in Figure 1 and 2. Other structures, such as R3m (H) (Hull
& Keen, 1994), P3m1 (Sakuma, 1988), P4/nmm (Liu, 1971), P21/m and Cmcm (Hull & Keen,
1999), can also be found in I-VIIA and IIA-VIA compounds and are shown in Figure 4. The
concrete coordination state of each atom in these five structures is clearly shown. The
distance between the two neighboring iodine atoms in P3ml-structured Cul is 4.353 A.
Consequently, this compound has a lamellar structure, significantly different from other
dense structures.

Fig. 4. Crystal structures of ionic AB compounds. a) P3m1, b) P4/nmm, c) P2;/m, d) Cmcm,
and e) R3m.

In our previous work, the bond strength and uniaxial tensile strength of ten types of rocksalt
structured compounds has been calculated (Guo et al., 2009). Crystal parameters and
calculated bond strength of other ionic AB compounds are shown in Table 2. For the high
pressure phases, the lattice parameters are given under compression. For the monoclinic
structures of P2;/m-structured AgCl, AgBr and Agl, B angles are 98.4°, 95.9°, and 98.4°,
respectively. The unbinding tensile force versus bond length for I-VIIA and IIA-VIA
compounds listed in Table 2 together with those given in previous work is shown in Figure
5. The bond strength of seventy six chemical bonds locates on seven parallel lines from top
to the bottom with decreasing n4p values.

3.3 llI-VI crystals
Next step is to treat complicate crystals of A,B, with our semi-empirical quantification
model of bond strength. We have discussed the most familiar compounds of p-SisNy, a-
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quartz, and a-AlOs in Section 2. The material members in this group are tremendous. Here
only typical materials with the chemical composition of A;B3 (IIIA-VIA) are chosen for a
demonstration. The crystal structures of the compounds as shown in Figure 6 are so
complicated that sometimes identical atoms in the same structure have different
coordination numbers. The nominal bonding valence electrons of atoms with lower
electronegativity are equal to the numbers of outmost electrons, while the determination of
the nominal bonding valence electrons of atoms with greater electronegativity is usually
challenging.

1 nAB
= 0.474
=
5
g
S 0.316
<
0.247
L 0.537
0.141
0.124
0.1 N 1 N 3 N 2 [ N 2 N 2 | N
2 3 4 5
d,, &

Fig. 5. Bond strength Faptr vs. dap for ionic AB compounds.

For B,O3 of P3;21 and B,S;3 of lamellar P2/, all B atoms are three-fold coordinated with O
(S) atoms which are bonded to two B atoms. Considering the sp hybridization character of O
atoms, the bonding valence electrons of O atoms are set to two. The situation differs from
the Cmc2-structured B,O3 where B atoms are four-fold coordinated (Prewitt & Shannon,
1968). In this structure, one third of the O atoms are two-fold coordinated and the other two
thirds are three-fold coordinated. For the three-fold coordinated O atoms, the nominal
bonding valence electrons number is set to four due to the sp2 hybridized orbital. While for
the two-fold coordinated O atoms, only two nominal valence electrons are considered in
bonding states and the other four stay at non-bonding states. In the case of AlS; with P6;
symmetry, one fourth of Al atoms are six-fold coordinated (Alyi) and other three fourths are
four-fold coordinated (Al), and all S atoms are three-fold coordinated with two Alyr atoms
and one Alyy atom (Krebs et al., 1993).

Next structure is C. for GaSe; where Ga atoms are four-fold coordinated, one-third of Se
atoms are two-fold coordinated and the other two thirds are three-fold coordinated with the
nominal bonding valence electrons of 2 and 4, respectively (Liibbers & Leute, 1982). For
In;O3 with R3c symmetry, the coordination number of In and O atoms are six and four,
respectively (Prewitt et al, 1969). The C2/m-structured Ga)O; is even more
complicated(Ahman et al.,, 1996). Half of the Ga atoms are four-fold coordinated (Gar)
while the others six-fold coordinated (Gavi). O atoms in this structure are rather
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complicated: one third of O atoms are four-fold coordinated to three Gay; atoms and one
Gayy atom, another one third are three-fold coordinated to two Gay; atoms and one Gary atom,
and the last one third are three-fold coordinated to one Gay atoms and two Gary atom.

The lattice parameters, bond lengths, and bond strength are listed in Table 3. Most of the
chemical bonds are two-electron bond. The bond strength versus bond length for these A;B;
and A3;B4 compounds are shown in Figure 7 together with the data for Al,Os, #-C3Ny and £
Si3Ny from the previous work (Guo et al., 2009). Bond strength of the sixteen chemical bonds
falls on seven parallel lines. Among all the two-electron bonds, the B-O bonds in P3;21-
structured B,Os exhibit the greatest unbinding tensile strength, even higher than that of C-C
bond in diamond.

Bond Crystal ;fjj; a(A) b@A) c@A) d@A)  m ng nas (IFI ﬁ)
CuF  ZB  F43m 4255 1842 025 175 0247 074
Cu-Cl  ZB  F43m 5406 2341 025 175 0247 054
Cu-Cl  WZ  P&3mc 3910 6420 2399 025 175 0247 052
Cu-Cl  scl6 Pa3 6310 2284 025 175 0247 055
Cu-Cl RS  FuBm 4929 2465 0167 1167 0165 037
CuBr ZBr  F43m 5691 2464 025 175 0247 050
CuBr WZ  P&mc 4.060 6660 2498 025 175 0247 049
CuBr scl6 Pa3 6738 2442 025 175 0247 051
CuBr RS  Fmdm 517 2585 0167 1167 0165 035
Cul  ZB  Fi3m 6.604 2860 025 175 0247 041
Cul  WZ  P63mc 4310 7090 2659 025 175 0247 045
Cul P3ml  P3ml 4279 717 2644 025 175 0247 046
Cul R3m  R3m 4155 2048 2648 025 175 0247 046
Cul RS  Fmdm 6121 3061 0167 1167 0165 028
AgF RS  Fm3m 4920 2460 0167 1167 0165 037
AgCl RS  FuBm 5546 2773 0167 1167 0165 032

Ag-Cl P2y/m P2;/m 3587 3992 5307 2700 0.167 1167 0.165 0.33
Ag-Cl Cmcm  Cmcm 3399 10.124 4.023 2.747 0.143 1 0.141 029

Ag-Br RS Fm3m  5.780 2890 0167 1167 0.165 0.30
Ag-Br P2;/m P2;/m 3821 398 5513 2798 0.167 1167 0.165 031
Ag-1 ZB F43m  6.499 2814 025 175 0247 042
Agl  WZ  P63mc 4.580 7494 2810 025 175 0247 042
Ag-l RS Fm3m  6.034 3017 0167 1167 0165 0.28
Agl P2/m  P2y/m 4056 4.057 5615 2927 0167 1167 0.165 0.29
Agl  CsCl  Pm3m 431 3733 0125 0875 0124 0.18
Li-Cl RS Fm3m 5130 2565 0167 1167 0165 035
Li-I RS Fm3m  6.031 3016 0167 1167 0.165 0.28
Li-1  NiAs P63/mmc 448 726 3160 0167 1167 0.165 027

K-F RS Fm3m  5.344 2672 0167 1.167 0.165 0.33
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K-Cl CsCl Pm3m  3.634 3147 0125 0.875 0124 023
K-Br RS Fm3m  6.585 3293 0167 1.167 0165 0.25
K-I RS Fm3m  7.049 3525 0167 1.167 0.165 0.23
K-I CsCl Pm3m  3.94 3412 0125 0875 0.124 0.21
Rb-F RS Em3m  5.73 2865 0.167 1.167 0.165 0.30
Rb-F CsCl Pm3m  3.29 2849 0125 0.875 0124 0.26
Rb-C1 CsCl Pm3m 3.82 3.308 0125 0.875 0124 0.22
Rb-Br RS Fm3m  6.855 3428 0167 1.167 0.165 0.24
Rb-Br  CsCl Pm3m 424 3672 0125 0.875 0124 0.19
Rb-I RS Fm3m  7.329 3.665 0167 1.167 0.165 0.22
Rb-I CsCl Pm3m 434 3759 0125 0875 0.124 0.18
Cs-F RS Fm3m  6.030 3.015 0167 1.167 0.165 0.28
Cs-F CsCl Pm3m  3.39 2936 0125 0.875 0124 025
Cs-Cl RS Fm3m  7.095 3548 0167 1.167 0165 0.23
Cs-Cl Cs Pm3m 4.115 3.564 0125 0.875 0.124 0.20
Cs-Br RS Fm3m  7.253 3.627 0167 1.167 0.165 0.22
Cs-Br  CsCl Pm3m  4.296 3720 0125 0.875 0124 0.18
Cs-1 RS Fm3m  7.631 3816 0167 1.167 0165 021
Cs-1 CsCl Pm3m  4.568 3956 0.125 0.875 0.124 017
Mg-Se RS Fm3m  5.463 2732 0.333 1 0.316  0.56
MgTe WZ  P63mc 453 735 275 05 15 0474 1.00
Ca-S RS Fm3m  5.689 2.845 0.333 1 0.316 0.54
Ca-Se RS Fm3m 5.916 2958 0.333 1 0.316 051
Ca-Te RS Fm3m  6.348 3174  0.333 1 0.316  0.46
Ca-Te CsCl Pm3m  3.387 2933  0.25 075 0.237 0.38
Sr-O RS Fm3m 5.134 2.567 0.333 1 0.316  0.61
Sr-S RS Fm3m  6.023 3.012 0.333 1 0.316 0.50
Sr-S CsCl Pm3m 3.372 2.920 0.25 0.75 0237 0.39
Sr-Se RS Fm3m  6.243 3122  0.333 1 0.316 047
Sr-Te RS Fm3m  6.659 3.330 0.333 1 0.316 0.44
Sr-Te CsCl Pm3m  3.708 3211 0.25 0.75 0237 034
Ba-O P4/nmm P4/nmm 4.397 3196 273 0.25 0.75 0.237 042
Ba-S RS Fm3m  6.387 3.194  0.333 1 0.316 046
Ba-Se RS Fm3m  6.593 3.297 0.333 1 0.316 0.44
Ba-Se  CsCl Pm3m  3.795 3287 0.25 0.75 0.237 033
Ba-Te Rs Fm3m  6.830 3415 0.333 1 0.316 0.42

Table 2. Lattice parameters and bond strength of AB ionic compounds.
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Fig. 6. Crystal structures of typical A2Bs and A3Bs compounds. White and gray spheres
correspond to elements with higher and lower electronegativity, respectively. a) P3,21, b)

Cmc2;, ¢) P2;/c, d) P61, €) C2/m, f) C,, g) P3, and h) R3c.

An extensive analysis of the ANB&N materials will give twenty-four n4p values, some of them
has been shown in this work. The highest two are 0.943 and 0.856 occurring for three-fold
coordinated C-C bond in graphite and three-fold coordinated B-N bond in h-BN,
respectively. The common feature of these two bonds is more than two nominal valence
electrons distributed on the bond, that is to say the bond order of them is higher than 1. The
high bonded valence electron number makes them the strongest bonds to resist tensile force
along the direction parallel to the axes of the bond. The next highest 145 of 0.707 is from the
four-fold coordinated two-electron bond where each atom contributes one valence electron
to the bond, following by 0.643, 0.589, 0.530, 0.474, 0.471 and so on in the sequence. The
lowest n4p value is 0.124 corresponds to the Ag-I bond in the Pm3m -structured Agl.

Generally, lower coordination number results in higher bonded valence electron number,
especially when the valence electron numbers of bonded atoms is the same. However, this
argument does not hold when the valence electron numbers are different. For example, the
Si atoms forming Si-Si bond in hep- and fec-structured Si are twelve-fold coordinated, which
is the highest among the chemical bonds discussed above. The bonded valence electron
number 743 of these Si-Si bonds are 0.236, higher than the six-fold coordinated I-VIIA bonds
(0.165), seven-fold coordinated I-VIIA bonds (0.141), and eight-fold coordinated I-VIIA
bonds (0.124). It should be emphasized that the lines denoted with the same 143 in different
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figures are the same line, for instance, 0.707 in Figure 3 and 7, 0.474 in Figure 5 and 7. As
long as the chemical bonds have the same n4p, they will lie on the same line, and bond
strength depends strictly on the bonded valence electron number n4p. The relation of
coordination number and nap therefore means that a lower coordination number
corresponds to higher bond strength.

Crystal Bond ;fj;; aAd) b@A) c@A) dA) ma mp s (i fl‘\’;)
B0  B-O  P3.21 4336 8340 1368 1 1 0707 597
B,Os B-Om Cmc2 7803 4613 4129 1508 075 1333 0.654 431
B-Oy 1373 075 1 06 400
BsSs  BS  P2/c 4039 10722 18620 1794 1 1 0707 418
ALS;  Al-S  P6; 6491 17169 2376 06 1333 0547 159
Al-S 2248 075 1333 0654 254
GaOs Gay-O C2/m 1221 3.037 2798 2040 05 15 0474 149
Gavi-Onn 1936 05 1333 0468 156
Gan-Ory 1863 075 15 0671 347
Ga-On 1833 075 1.333 0.654 333
GasSe; GaSem  Cc 6661 11652 6649 2364 075 1333 0.654 238
Ga-Seyy 2365 075 1 06 19
InO; IO R 5487 14510 2187 05 15 0474 136

Table 3. Crystal parameters, bond length, and bond strength of A;B; compounds.
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Fig. 7. Bond strength Fapther vs. dap for typical A2Bs and A3;Bs compounds
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3.4 Low dimensional systems

We now apply our semi-empirical model to evaluate the theoretical tensile strength of the
low dimensional systems, such as graphene, h-BN sheet, SWNT. As we mentioned before,
the highest effective bonded valence electron numbers of 0.943 and 0.856 occur for three-fold
coordinated C-C bond in graphite and three-fold coordinated B-N bond in h-BN,
respectively. This is consistent with the argument that the sp2 hybridized C-C bond in
graphite is the strongest chemical bond (Coulson, 1952). Recently, graphene, a single atomic
layer of graphite, has stirred enormous research interests owning to its exceptionally high
crystallinity and electronic quality, as well as a fertile ground for applications (Geim &
Novoselov, 2007). Experimentally, the mechanical properties of graphene have been
identified with atomic force microscope (AFM) nanoindentation, giving a tensile strength of
130 GPa (Lee et al., 2008). Here we predict the theoretical tensile strength &% of graphene
in <10> direction using the present model as follows

FCC
G%EM = SlOFcc = \/gd < SR (6)
cc

where R is the thickness of graphene taken as the interlayer separation 3.4 A of graphite. F
and d.. values are listed in Table 4 for graphene and other low dimensional systems. The
theoretical tensile strength obtained is 162.7 GPa in the <10> direction, 20% higher than the
experimental value.

Whilst graphene has a great application potential in microelectronics, hexagonal boron nitride
(h-BN) sheets can find uses as an effective insulator in graphene based electronics. The
mechanic properties of h-BN sheets have recently been investigated. With an elastic constant
(E2P) of 292 Nm!, a breaking strain of 0.22, and a thickness of 0.33 nm for a single atomic layer
of h-BN (Song et al., 2010), the tensile strength can be deduce to be 97 GPa with the procedure
suggested for graphene (Lee et al., 2008). Accordingly, the theoretical tensile strength of h-BN
in the <10> direction can be calculated with our semi-empirical model, giving a value of 117
GPa, which is in good agreement with the experimental deduced value.

Carbon nanotube (CNT), with the same covalent sp? bonds formed between individual
carbon atoms as graphen, is one of the strongest and stiffest materials. Direct tensile testing
of individual tubes is challenging due to their small size (10 nm or less in diameter). There
are several experimental efforts on the mechanical properties of CNT (Yu et al., 2000;
Demczyk et al., 2002; Ding et al., 2006; Barber et al., 2005). However, the reported failure
stress values display a large variance and are well below the theoretical predicted values in
most cases (Ozaki et al., 2000; Mielke et al., 2004), which are attributed to the large number
of defects presented on the nanotubes. Accurate measurements of tensile strength require
high-quality CNT with well-defined sample parameters, as well as the elimination of
measurement uncertainties. Notwithstanding, for zigzag single wall nanotube (SWNT), the
theoretical tensile strength along the axial direction can be predicted with our simple model as,

the_or _ ) _ nFAB 7
S axial = SaxlalFAB - Dep +OR 5 Dep SR 5 ( )
Al - ()]

where D,, is the diameter of selected nanotube and # is the first index of the chiral vector (1,
m) for nanotubes. The theoretical tensile strength of C (10, 0), SiC (10, 0), BN (10, 0), and AIN
(10, 0) SWNTs are listed in Table 4.
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. D ep Dag Faptheor Otheor
Bond Material (A) A) na N NAB (nN) (GPa)
C-C Graphene <01> - 1.419 1.333 1.333 0.943 13.6 162.7
B-N  h-BNsheet (01) — 1446 1 1667 087  9.65 117
C-C C (10,0) 791 142 1.333 1.333 0.943 13.6 161.0
Si-C SiC (10,0) 995 1.80 1.333 1.333 0.943 9.94 93.6
B-N BN (10,0) 811 145 1 1.667 0.857 9.65 111.4
Al-N AIN (10,0) 1033  1.83 1 1.667 0.857 7.10 64.3

Table 4. Parameters, calculated bond strength, and tensile strength for selected low
dimensional systems.

Before we end this section, there is one last point need to be mentioned regarding to the
dependence of the tensile strength on the direction of the applied tensile stress. A tensile
stress tilted away from the axis of a chemical bond would generate a shear component with
respect to the bond, and we cannot perform the tensile strength calculation with Eqn. 3
under this circumstance. However, if the shear unbinding strength can be expressed, the
ideal strength along any specific direction of a crystal will be accessible. Further studies are
therefore highly expected.

4. Conclusion

The bond strength of a variety of chemical bonds are analysized with our semi-empirical
unbinding tensile force model. This model proves to be valid for a wide selection of crystals,
as well as low-dimensional materials such as graphene and nanotubes. In this model, the
chemical bond strength, defined as the tensile unbinding force Fap, can be calculated
quantitatively in terms of the bond length dap and effective bonded valence electron number
nap. It is demonstrated that the bond strength relies strongly on the crystal structure of a
solid, in particular, the coordinated states of the bonded atoms. As a result, a chemcial bond
formed by identical atom pair would have distinct bond strength in different crystal
structures. For example, the the C-C bond strength in graphite is 2.67 times as high as that in
diamonds. The definition of unbinding tensile strength provides a more intuitive and
general representation of bond strength than those of cohensive energy for covalent crystals
and lattice anergy for ionic crystals.
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1. Introduction

The photoelectric effect is a quantum electronic phenomenon in which electrons are emitted
from matter after the absorption of energy from electromagnetic radiation. Frequency of
radiation must be above a threshold frequency, which is specific to the type of surface and
material. No electrons are emitted for radiation with a frequency below that of the threshold.
These emitted electrons are also known as photoelectrons in this context. The photoelectric
effect was theoretically explained by Einstein in his paper (Einstein, 1905), and the term "light
quanta" called "photons" was introduced by chemist G. N. Lewis, in 1926. Einstein writes:
In accordance with the assumption to be considered here, the energy of light ray spreading out from
point source is not continuously distributed over an increasing space but consists of a finite number of
energy quanta which are localized at points in space, which move without dividing, and which can only
be produced and absorbed as complete units.

There is a textbook proof that the free electron in vacuum cannot absorb photon. It follows
from the special theory of relativity. If pq, p, are the initial and final 4-momenta of electron
with rest mass m and k is the 4-momentum of photon, then after absorption of photon by
electron we write k + p; = p,, which gives when squared k? + 2kp; + p% = p3. Then, with
p? = p5 = —m? and k? = 0, we get for the rest electron with p; = 0 the elementary relation
mw =0, Q.E.D..

The linear dependence on the frequency was experimentally determined in 1915 when Robert
Andrews Millikan showed that Einstein formula

m02

was correct. Here fiw is the energy of the impinging photon, v is electron velocity measured
by the magnetic spectrometer and A is the work function of concrete material. The work
function for Aluminium is 4.3 eV, for Beryllium 5.0 eV, for Lead 4.3 eV, for Iron 4.5 eV, and so
on (Rohlf, 1994). The work function concerns the surface photoelectric effect where the photon
is absorbed by an electron in a band. The theoretical determination of the work function is the
problem of the solid state physics. On the other hand, there is the so called atomic photoeffect
(Amusia, 1987), where the ionization energy plays the role of the work function.
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The system of the ionization energies is involved in the tables of the solid state physics. The
work fuction of graphene, or, work fuction of the Wigner crystal in graphene was never
determined, and it is the one of the prestige problem of the contemporary experimental and
theoretical graphene physics.

In case of the volume photoeffect, the ionization work function is defined in many textbooks

on quantum mechanics. Or,
Y2 (dE
W= — | dx, 2
X1 (dx) g ( )

where E is the energy loss of moving electron.

The formula (1) is the law of conservation of energy. The classical analogue of the equation (1)
is the motion of the Robins ballistic pendulum in the resistive medium.

The Einstein ballistic principle is not valid inside of the blackbody. The Brownian motion of
electrons in this cavity is caused by the repeating Compton process vy 4+ e — 7 + e and not
by the ballistic collisions. The diffusion constant for electrons must be calculated from the
Compton process and not from the ballistic process. The same is valid for electrons immersed
into the cosmic relic photon sea.

The idea of the existence of the Compton effect is also involved in the Einstein article. He
writes (Einstein, 1905): The possibility should not be excluded, however, that electrons might receive
their energy only in part from the light quantum. However, Einstein was not sure, a priori, that his
idea of such process is realistic. Only Compton proved the reality of the Einstein statement.
The time lag between the incidence of radiation and the emission of a photoelectron is very
small, less than 10~ seconds.

At energies liw < W, the photoeffect is not realized. However, the photo-conductivity is the
real process for such energies. The photoeffect is realized only in medium and with low energy
photons, but with energies icw > W, which gives the Compton effect negligible. Compton
effect can be realized with electrons in medium and also with electrons in vacuum. For fiw >
W the photoeffect is negligible in comparison with the Compton effect. At the same time it
is necessary to say that the Feynman diagram of the Compton effect cannot be reduced to
the Feynman diagram for photoeffect. In case of the high energy gamma rays, it is possible
to consider the process called photoproduction of elementary particles on protons in LHC,
or photo-nuclear reactions in nuclear physics. Such processes are energetically far from the
photoelectric effect in solid state physics.

Eq. (1) represents so called one-photon photoelectric effect, which is valid for very weak
electromagnetic waves. At present time of the petawatt laser physics, where the high
electromagnetic intensity is possible, we know that so called multiphoton photoelectric effect
is possible. Then, instead of equation (1) we can write

mUZ

Tiwy + hwy + . hwy, = -t A. (3)
As na analogue of the equation (3), the multiphoton Compton effect is also possible: y1 + v +
..7n +e — v +e. To our knowledge the Compton process with the entangled photons was
still not discovered and elaborated. On the other hand, there is the deep inelastic Compton
effect in the high energy particle physics.
More than 70 years ago, Peierls (1934, 1935) and Landau (1937) performed a proof that the
2-dimensional crystal is not thermodynamically stable and cannot exist. They argued that the
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thermodynamical fluctuations of such crystal lead to such displacements of atoms that these
displacements are of the same size as the interatomic distances at the any finite temperature.
The argument was extended by Mermin (1968) and it seemed that many experimental
observations supported the Landau-Peierls-Mermin theory. So, the "impossibility" of the
existence of graphene was established.

In 2004, Andre Geim, Kostia Novoselov (Novoselov et al. 2004; 2005; Kane, 2005) and
co-workers at the University of Manchester in the UK by delicately cleaving a sample of
graphite with sticky tape produced something that was long considered impossible: a sheet
of crystalline carbon just one atom thick, known as graphene. Geim group was able to
isolate graphene, and was able to visualize the new crystal using a simple optical microscope.
Nevertheless, Landau-Peierls-Mermin proof is of the permanent historical and pedagogical
meaning.

At present time, there are novel methods how to create graphene sheet. For instance, Dato et
al. (2008) used the plasma reactor, where the graphene sheets were synthesized by passing
liquid ethanol droplets into an argon plasma.

Graphene is the benzene ring (Cg Hp) stripped out from their H-atoms. It is allotrope of carbon
because carbon can be in the crystalline form of graphite, diamond, fullerene (Cgp), carbon
nanotube and glassy carbon (also called vitreous carbon).

Graphene unique properties arise from the collective behaviour of electrons. The electrons in
graphene are governed by the Dirac equation. The Dirac equation in graphene physics is used
for the description of so called pseudoelectrons with pseudospins formed by the hexagonal
lattice.

The Dirac fermions in graphene carry one unit of electric charge and so can be manipulated
using electromagnetic fields. Strong interactions between the electrons and the honeycomb
lattice of carbon atoms mean that the dispersion relation is linear and given by E = vp, v is
called the Fermi-Dirac velocity, p is momentum of a pseudoelectron.

The linear dispersion relation follows from the relativistic energy relation for small mass
together with approximation that the Fermi velocity is approximately only about 300 times
less than the speed of light.

The pseudospin of the pseudoelectron is constructed in the graphene physics as follows.
The graphene is composed of the system of hexagonal cells and it geometrically means that
graphene is composed from the systems of two equalateral triangles. If the wave function of
the first triangle sublattice system is ¢; and the wave function of the second triangle sublattice
system is ¢, then the total wave function of the electron noving in the hexagonal system is
superposition i = c1¢q + c2¢2, where ¢; and are ¢y appropriate functions of coordinate x
and functions ¢1, ¢, are functions of wave vector k and coordinate x. The next crucial step
in the graphene physics is the definition of the new spinor function discussed by Lozovik et

al.(2008).
_J9
X = { (Pz} (4)

and it is possible to prove that this spinor function is solution of the Pauli equation in the
nonrelativistic situation and Dirac equation of the generalized case. The corresponding mass
of such effective electron is proved to be zero.

The introduction of the Dirac relativistic Hamiltonian in gaphene physics is the description of
the graphene physics by means of electron-hole medium. It is the analogue of the description
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of the electron-positron vacuum by the Dirac theory of quantum electrodynamics. The
pseudoelectron is not an electron of QED and pseudospin is not the spin of QED, because
QED is the quantum theory of the interaction of real electrons and photons where the mass
of electron is the mass defined by classical mechanics and not by collective behavior in
hexagonal sheet called graphene. The interaction of photons with pseudoelectrons was still
not published by Geim and Novoselov and others, however, there is an analogue with the
photodesintegration of deuteron being the bound state of neutron and proton. Or,

Y+D —=n+p, (5)

where dissociation energy D of the process is 2.225 MeV. We use this analogy in the
photoelectric effect in graphene and we must accept the idea that the initial process in the
photoelectric effect in graphene is the photodesintegration of pseudoelectron and then the
interaction of the photon with the real electron. So, we generalize the Einstein equation to the

novel form:

m02

2
where the desintegration energy necessary for the desintegration of pseudoelectron must be
determined experimentally. The today graphenic theory does not solve this problem and the
corresponding experiment was not performed. We suppose that this missing experiment is
crucial in the graphene physics.

After dissociation of pseudoelectron, we can use the Schrodinger equation in order to establish
the photoeffect in graphene in the magnetic field. Our calculation of the photoelectric effect is
applicable also for the Wigner crystal, being the crystalline phase of electrons first predicted
by Eugene Wigner (1934).

We derive here the differential probability of the photoelectric effect realized at the very low
temperature of graphene in the very strong magnetic field. So, the term magnetic photoeffect.
We deal also with graphene on the Riemann surfaces and consider the possibility of axion
detection by the graphene detectors.

hw = +A;+A, (6)

2. The quantum theory of the photoelectric effect in the 2D electron gas at zero
temperature and strong magnetic field

The photoelectric effect in graphene is presented here 100 years after the publication of
well known Einstein article (Einstein, 2005). While the experimental investigation of the
photoelectric effect was performed in past many times, the photoelectric effect in graphene,
is still the missing experiment in the graphene physics. Many discoveries in physics were
performed when the physical, or, chemical object was immersed into the magnetic field.

The photoelectric effect in semiconductor by onset of magnetic field is discussed by Kleinert
et al. (2008), where the Bloch functions in a magnetic field are considered as the adequate
for the solution of the problem. The calculation of photoeffect of graphene including both
electron-electron and electron-photon interactions on the same footing is performed for
instance by Park et al. (2010). The crucial object is the spectral function with the self-energy
which accounts for the many-body interactions going beyond the mean-field picture.
Ratnikov et al. (2008a) define graphene as a two-dimensional zero gap semiconductor with
zero conduction and valence band overlap to determine ground state of energy of current
carriers. Then he et al. calculate the transition of graphene on a substrate to a semi-metallic
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state (Ratnikov et al. 2008b). The Ratnikov at al. theory can be applied to graphene in
magnetic field and bilayer graphene in magnetic field. However, it is not immediately possible
to apply the Ratnikov et al. theory to calculate the photoeffect in magnetic field. So, we use
the Landau approach applied in Landau diamagnetism.

The rigorous theory of the photoeffect in the metallic thin films was given by Tamm and
Schubin (1931). However, graphene is the one-atom sheet and cannot be identified with the
thin film situation of Tamm and Schubin. In case of the thin metallic film, the light penetrates
to the distance 1000 - 10 000 atomic layers under the surface of the film, while graphene is the
thin film with only one atomic layer. So, the original idea is to consider the photoeffect on the
2D electron system immersed into the constant magnetic field and graphene enables to realize
this project.

The quantum mechanical description of the photoeffect is based on the appropriate S-matrix
element involving the interaction of atom with the impinging photon with the simultaneous
generation of the electron, the motion of which can be described approximately by the plane
wave

L
= ——¢ q-x/ =
qu \/V q
where p is the momentum of the ejected electron.

The standard approach consists in the definition of the cross-section by the quantum
mechanical equation

, (7)

=ts

d3p

2y (8)
where [ is the ionization energy of an atom and Ey is the the final energy of the emitted
electron, \Vﬁ| is the matrix element of the transition of electron from the initial bound state to
the final state. The matrix element follows from the perturbative theory and it involves the
first order term of the interaction between electron and photon. We use here the Davydov
elementary approach (Davydov, 1976).

We suppose here that magnetic field is applied locally to the carbon sheet, so, in a sufficient
distance from it the wave function is of the form of the plane wave (7). This situation has an
analog in the classical atomic effect discussed by Davydov (1976).

The probability of the emission of electron by the electromagnetic wave is of the well-known
form (Davydov, 1976):

27
do = 7|Vﬂ‘(5(—l+hw — Ef)

2 2

= % |/e’(k_q)'x(e V) yodxdydz| dQ = C|J|2dQ, (9)
where the interaction for absorption of the electromagnetic wave is normalized to one photon
in the unit volume, e is the polarization of the impinging photon, ¢ is the dielectric constant
of vacuum, ¢ is the basic state of and atom. We have denoted the integral in || by J and the
constant before || by C.

We consider the case with electrons in magnetic field as an analog of the Landau
diamagnetism. So, we take the basic function ¢y for one electron in the lowest Landau level,
as
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mwe\1/2 mw e|H
Yo = (27175) xp (7 4hc (x2 +y2)) r We= ‘n|10 ! (10)

which is solution of the Schrodinger equation in the magnetic field with potentials A =
(—=Hy/2,—Hx/2,0), Ag = 0 (Drukarev, 1988):

2 2 2
[m+'”y_m (9) (2 42)

2m ' 2m 2 \2 y=Ey. (11)

We have supposed that the motion in the z-direction is zero and it means that the wave
function exp[(i/h)p.z] = 1.
So, The main problem is to calculate the integral

J= /ei(K'x>(e -V podxdydz;, K=k-—q. (12)

with the basic Landau function ¢y given by the equation (10).
Operator (71/i)V is Hermitean and it means we can rewrite the last integrals as follows:

] = %e / {(?V) ei(K'x)] Podxdydz, (13)
which gives
J=ie-K /eii(K'x)tpodxdydz, (14)
The integral in eq. (14) can be transformed using the cylindrical coordinates with

dxdydz = ododedz, 0> = x> +1? (15)

which gives for vector K fixed on the axis z with K- x = Kz and with physical condition
e -k = 0, expressing the physical situation where polarization is perpendicular to the direction
of the wave propagation. So,

0o e 27 .
J=()e-q) [ ode [ dz [ dpe= ey, (16)
Using
- ). _ mwe\1/2 _ mw
o= dep (<B%); A= (T50) T B =T 17)

The integral (16) is then

| >
|

J= (-ri)g(erq) [ ez = (~mi) (e @) (2m)d(K). (18)

Then,

2
4P = C|J[2d0 = 4714%C(e - q)22(K)dO. (19)

Now, let be the angle ©® between direction k and direction q, and let be the angle ® between
planes (k, q) and (e, k). Then,
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(e-q)* = g% sin® @ cos® . (20)

So, the differential probability of the emission of photons from the graphene in the strong
magnetic field is as follows:

4e%p _ le|H

mc

dP = [qz cos? @ sin? @] S (K)AQ;  we (21)

Tegm2wew,
We can see that our result differs form the result for the original photoelectric effect which
involves the term

1

(1—2cos@)*
which means that the most intensity of the classical photoeffect is in the direction of the electric
vector of the electromagnetic wave (& = 71/2,0 = 0). While the non-relativistic solution
of the photoeffect in case of the Coulomb potential was performed by Stobbe (1930) and
the relativistic calculation by Sauter (1931), the general magnetic photoeffect (with electrons
moving in the magnetic field and forming atom) was not still performed in a such simple
form. The delta term 6 - 6 represents the conservation law |k — q| = 0 in our approximation.

(22)

3. Photoeffect with Volkov solution

It is valuable from the pedagogical point of view (Berestetzkii et al., 1989) to remember the
Volkov solution, where the motion of the Dirac electron is considered in the following four
potential

Ay=aup; @=kx; k=0 (23)
From equation (23), it follows that F,, = 0, Ay — dyAy = ayky, — ayk, = const., which means
that electron moves in the constant electromagnetic field with the components E and H. The
parameters 4 and k can be chosen in a such a way that E = 0. So, the motion of electron is
performed in the constant magnetic field.

The Volkov (1935) solution of the Dirac equation for an electron moving in a field of a plane
wave was derived in the form (Berestetzkii et al., 1989; Pardy, 2003; Pardy, 2004; Pardy, 2007):

_ u(p) [lJre('Yk)(z'zf:((P))} exp [(i/1)9] (24)

Yp = 200

and S is an classical action of an electron moving in the potential A(¢):

kx o e By

s=—pr— [ oy [(PA) —5(47] do. (25)

It was shown that for the potential (23) the Volkov wave function is (Berestetzkii et al., 1989):
u(p) [ (vk) (va) } ,

= 1+e exp [(i/h)S 26

with
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2

— P2 2 3
S= ekaqv +e 6kpq) px. (27)

Weusedc =17 =1.
However, the relativistic wave function can be obtained by solving the Dirac equation in
magnetic field. It was derived in the form (Sokolov et all. 1983).

Crun—1(n)
iCoun (1)
, 28
Cattn1 (1) )
iCqtin (1)
where € = %1 and the spinor components are given by the following formulas:

1 1 . .
¥(x,t) = I exp{—%eEt +ikpy + ikzz}p; =

2 _
wn() =\ Yo/ e 2y () (29)
with
e (AN
Hu(n) = (-1rer () e 7, (30)
1 =/27x+k/\/27; v =eH/2ch. (31)

The coefficients C; are defined in the Sokolov et al. monograph (Sokolov et al., 1983). So, our
approach can be generalized.

It is evident that the model which we have used is the one-pseudoelectron model of the
2D hexagon crystal. However the photoelectric effect should be considered in the many
pseudoelectron model which is substantially more complicated than the one-pseudoelectron
electron model. The investigation of such approach is not at present time published.

4. Green function in magnetic field for photoeffect

The electron propagator is a building stone in the mass operator from which can be computed
the energy shift, the power spectrum of the synchrotron radiation, the anomalous magnetic
moment and so on. It was intensively discussed for instance by Dittrich et al. and Schwinger
et al.. Here we will follow the Dittrich treatment in order to derive the special representation
of the Dirac propagator of a particle in a constant external magnetic field (Dittrich et al., 1985).
The application of the formalism to graphene physics is evident.

If we write the Green function as

G (x,x) = (x|G4['), (32)

then, from the Green function equation for spin 1/2 particles

(YT +m)Gy (x,x") = 6(x — x) = (x[x) (33)

we have
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where

1
I, = py —eAy; pu= ?ay (35)
with simultaneous omitting the charge matrix g in egs. (34) and (35).

The equivalent form of G in eq. (34) is obviously given by relation

YII—m
Gt =+—5—5—, 36
T (2 —m? — e (36)
where
i
(711)% = —T1% — 50w [T1,,, 11, ] (37)
with
o =S et = g (38)
and
[T1#,11"] = ieFM, (39)
which gives
e
(9I1)% = —I1% + SO F. (40)
For the constant magnetic field chosen in the z-direction we have Fj; = —F,; = B = const and
(y11)? = —I1* — eBo'?, (41)
where we designated by 012 the following matrix:
3
12 o> 0
7= ( 00 ) -
1000
0-10 0 d 5
0010 7 (42)
000-1
where ¢ is 4 x 4 matrix. Using the last formulas, we write
m — Il
Gy = 55—, 43
TR k2 e (43)
where
12 L m? — eBo®. (44)
Space-time representation of the Green function with potential A is then
G (¥, 2"|4) = (| F T ), (45)

I12 — x2 —ie
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Now, we can evaluate the formula (45). We use the ansatz (Dittrich et al., 1985)

Gy (¥, x"A) = &(x,x") {m —qY (%8{, - eA{,(x’))] Ay (2, XA (46)
with
!/ / 1 / I\
)] = ~ TR =) ()
and
/ 1! . o " 1 nv / 1!
O(x',2") = exp ze/x// [ AF (x) + 5P () — )] (48)

where the integral is not dependent of the choice of the integration path because of vanishing
rot of the integrand. If we choose the integration path in the form of the straight line

o) = 1~ 1e<015, ()

we find that the second term of the integrand gives no contribution and we have instead of
eq. (48):

X/
O(x',x") = exp {ie/ dx,,A”(x)} (50)
B x//
and the derivatives are as follows:
oD (x!, x" .
7ng ) e[ A(x') — AL (] (K,2"), (51)

where after substitution of the ansatz (46) into eq. (33) we get

((%8' —eA? + K2> A (2, %" A) =6(x — %), (52)
where A’ is defined by eq. (47). After modification of eq. (52) we have
2
(—0% 4+ k% — ie — %xﬂsz‘va)A+(x|A’) =6(x) (53)
with
P2 = Fh e, (54)

We can solve the equation (53) by using the Fourier transform (with the notation (dk) = d*k)

dk
Ay (x|A)) = / ((Zn))4A+(k|A’), (55)
which gives
29 0
(k2 + % WFZHV W + Kz - 18) A+ (k|Al) =1 (56)

Using the ansatz
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A (x|A)) =i /0 * dseMUs) is(s?is) (57)

with
M(is) = k"X (is)kP + Y (is);  Xup = Xpa, (58)
we get from eq. (56)
) 62 . s
i/o ds {k [1 + er(is)FZX(is)] k— Etr [F2X] +x% — is} e MUs) p=is(—is) — q, (59)

or, in the equivalent form

i/ooo dsg(is)e’f(is) =1 (60)
which is equation for X and Y.
Let us try to put
glis) = f'(is). (61)
Then,
i/ooo dsg(is)e fU) = ¢ f(0) _ p=flico), (62)

From the comparison of eq. (62) with eq. (60) the requirement follows

£(0) =0; Re f(ico) = 0. (63)

The relation ¢ = f reads in our case

k [1 + eZX(z’s)FZX(iS)] k— étr [F2X(is)] = M (is). (64)

It enables to write after rotation of the integration path according to is — s, the following
equations:

1+ X(s)F(s) = X(s), (65)
e? -
— 5t [F2X(s)] = Y(s). (66)
The solution of eqs. (65) and (66) are
X(s) = (eF) ™! tan(eFs), (67)
Y(s) = %tr In cos(eFs). (68)

which can be verified by differentiation. At the same time it can be verified the first condition
in (63) is fulfilled because of X(0) = Y(0) = 0.
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To write X(s) and Y(s) in the explicit form, we use the advantage of the special form of the
strength tensor

0000
00 BO
wo_
F 0-B0O0 (69)
0000
with
0000
2 0100
(iF)* =B 0010 (69D)
0000
Then, we have:
X(is) = (eF) 'tan(ieFs) =
1000 0000
|loo000 0100 | tan(eBs)
“11 o000 |*|0010] (@eBs) | (70)
0001 0000
Now, let us introduce the notation for the specific vectors as follows
a2 (a°,0,0,0%); a, £ (0,al,420 71
H*a///a)/ aj_f(/a/a/)' ()
(ab)) L _ 00 + %3 (ab) | L 219! 1 212, (72)
Then, (X = X,/)
. . [,» , tan(eBs) ,
kX(is)k =is kH + ij_ . (73)
For Y (is) we get by the similar way
) 1 .
Y(is) = St Incos(ieFs) =
1000 0000
1 0000 0100
Elndet 0000l Tloo1o cos(eBs) =
0001 0000
In cos(eBs). (74)

At this stage we are prepared to compute exp(—f(io0)). Let us recall that

flis) = M(is) + is(x?> — is) = kX (is)k + Y (is) + is(k?> — is). (75)
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Then,
eif(loo) = lim eif(is)
S—00
s
» » tan(eBs) e~ is(~is) B
Sli>m exp{ is ( | TkL “Bs cos(eBs) 0. (76)
If we introduce
z = eBs, (77)

we get from egs. (55), (57), and (75)

A(x/,x//|A) — i‘/ooodscp(x/,x/ )/ (dk) k(x —x' ) X

n)4
t
o5z &P {fis ( T +K an(z }e_zs K —is) (78)
However, because of
’o o 1 mo_ [ 1y ,—isTI2 | a1\ —is(x%—is)

Ap(x',x \A)—<x|7H2+K2_is|x )y =1 ; ds{x'|e [x")e (79)

we get after comparison of eq. (79) with eq. (78)
<xl|efisH2|x//> — q)(x/, x//)/ (dk) eik(x’fx”) 1 e*lS(k‘z‘JrkZ hn(z)>. (80)

(2m)4 cosz

The formula (80) may be used as a starting point in derivation of the further formulas. For
instance, putting s — a s in eq. (80) we get

<x/|e7i5”inz ‘X”>

;o (dk) k(e —x) 1 o » tan(a,z)
d>(x,x)/ (27_[)48 COS(ﬂJ_ZeXP is H+k L ez a, p. (81)

Further, because of

<xl|67isalH2HV|X”> _ (ia// _ eA(x//))y<x/‘efisuiH2|x//> (82)

we get
(x| exp {—is (aOHOHO + a’TI5IT° + aLHi) } |x"y =
(x'|eii5"in2 exp {—is ((ao —a )ITIT° + (a® — aL)H3H3>} [x"y =
2 2
exp {—is (—(/10 —ay) (ia//o - eAO(x”)) + (@ —a)) (ia”3 - eA3(x”)) ) }

x (eI |y, (83)



242 Graphene Simulation

Using

a//}l@(x/,x//) — 71’3 (A‘u(x//) _ %F”V(xl _ x//)v) @(x//xll) (84)

and

exp {—is (—(ao —a,) (ia”°)2 +(a®—a)) (ia”3)2> } k(=)

exp {—is (—(uo —ay) <k0)2 +(a®—a)) (k3)2> } ek =x") (85)
we get from egs. (82) and (83)

(x| exp {—is <u0H0H0 + a®TI511° + aLHﬁ_> } I |x")y =

CI)(X/, x//) / ((;ZC)L eik(x’fx”) %

1 o 0p 0 343 » tan(ay )z
cos(a,2) exp{ is (a kok” + a’ksk® +a k7 0z . (86)

Similarly, we can derive

(x| exp {—is (aOHOHO + a’I15IT° + ﬂl“i) } [«"y =

(I)(X/, x//) / (dk) eik(x'—x”) 1 l:ky _ EHLSFw/kV tan(ulz) :| %

(2m)4 cos(a | z) a,z
exp {—is (aokoko +a%ksk® +a K %) } . (87)
1
From this equation and using
i .
YuF"ky tan(a z) = (71ky — 72k1)Btan(a, z) = mlg sin(a, z07) (7k) L (88)
and
(k) — esay (k) D) o Lt (g (59)
# a,z cos(a, z)

we get the following relations

(x'| exp {—is (aOHOHO + a®TI5IT + lUHi_> } (1,701_[0,73113, (’yH)L> |y =

1o (dk) ik(x'—x") 1
ol x )/ (27{)46 cos(eBsa, z)

exp {—is (aokoko + a%kak® + aLkiwki) } X
eBsa |
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1 .
07,0 3 —ieBsa, o® k 9
<1,7 K, vsk ' cos(eBsa ) (r )L)- (90)
For the propagator G, (x’, x”) which we write in the form
ron o m—Il "
Gy(x',x') = (x |m\x )
i/ dse™ 50 =15) (3! |~ (1 — o TT) |2"7), (91)
0
we get
dk - i
Gy (v, x) = q’(x,'xﬂ)/ ((ZH))4 MG (), (92)
where

G(k):i/ dsexp{—is(mz—is+kﬁ+tanzki>} x
0

zZ

elz e i’z
m— vk — vk, ). (93)

Ccos z Cos z

This representation of the Green function of electron in the constant magnetic field will be
used in calculation of the mass operator and the polarization tensor in the constant magnetic
field.

The mass operator tin the x-representation is usually denoted by the symbol M(x’, x”’) and in
the past literature as £(x', x”’). It is defined by the relation (Schvinger, 1988):

M, x") = iy Gy (x', ") Dy (x — x")yu + C.T., (94)
where D (x' — x"') is the photon propagator
(dk) eikx
D (x)= [ 2 ¢ 9
+(x) / (2m)% k2 —ie (95)
and G4 (x/,x"") is the electron propagator
61, =0, [ e 99

where @ (x/, x"") and G(p) are function which were specified.

The contact terms C.T. in eq. (94) can be determined by the physical normalization condition
such that for yIT — —m, both M and its first derivative with respect to yII are zero. The
motivation for such definition of the contact terms can be found in the monography of Dittrich
and Reuter (1985).

The considered formalism can be reduced to the two-dimensional situation which is the
situation of the graphene physics. The two-dimensional Green function applied to the
dynamical mass generation was elaborated by Shpagin (1996) and can be also applied to the
graphene physics.
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5. Axion detection by graphene

Axions were proposed as an extension to the Standard Model of particle physics to explain
why CP violation, it is charge-parity symmetry violation, is observed in weak but not strong
interactions - the so-called strong-CP problem.

The CP violation is measured in terms of a parameter denoted usually by symbol 6 in
QCD and also in Glashow-Weinberg-Salam electroweak model (GWS) and experimentally
is observed that

6] = [6gcp + Ocws| < 10)~° ~ 0, (97)

which means that the strong interactions are invariant with regard to the CP transformation.
The question is why 6 is so small?

One of the most striking consequences of CP-violation is the calculated neutron electric dipole
moment (EDM) to be ten orders of magnitude larger than its measured upper limit.

The total EDM is expected to receive contributions from both the TeV electroweak scale, via
the quark spin, and from the GeV QCD scale, via the spatial distribution of the quark wave
function within the neutron. It is difficult to understand how this two contributions could
cancel to such precision to produce a CP conserving QCD ground state without fine tuning of
parameters. Or, in other words, why A + B =0, if A and B have different physical origin.

The problem was solved by Peccei, Quinn, Weinberg and Wilczek by introducing a new scalar
field which rolls within its potential into a state of minimum action, a CP conserving QCD
vacuum state. Any imbalance between the contributions to the EDM of neutron from TeV and
GeV scales is absorbed by an axion. Axion is a postulated particle which is generated by the
Higgs mechanism.

The Higgs mechanism as the mechanism of the spontaneous broken symmetry can be
demonstrated easily by the Lagrangian for the scalar field ¢ (Kane, 1987):

—7_y=1! v (1 o5 1.4
L=T V—Zav(paq) (Zy(p +4/\(p weer (98)

where i, A are some constants.
The potential energy has its minimum for y? < 0 at points

2
Prin = ﬁ:\/—% = 4. (99)

We can write around the minimal point that

o(x) =v+n(x). (100)
Then after insertion of eq. (100) into the original Lagrangian (98) we get approximately
L 2 2 2 1 oo 1,4
L=~ Eavq)a ¢ — | AvTy” + Avg” + K + 1)\17 +.. . (101)

It is elementary to see that the mass term in the last Lagrangian is the mass term of the field #
and it is:

my = 2A0* = —2p% > 0. (102)
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In case of the axionic situation the mass which is generated by he so called Higgs mechanism
just described, is the mass of axion.
The interaction of axionic field a with the electromagnetic field is postulate in the literature as

Linter = 8“E -B, (103)

where g is some interaction constant of axionic field with the electric and magnetic field E, B.
In case of the interaction of axion with the electron via the Compton process, the interaction
Lagrangian is postulate as follows:

Lae = 2me (4”7”754’)3;4&- (104)

In case that the Compton process is considered in the external electromagnetic field, the
functions must be determined from the Dirac equation involving the external electromagnetic
field.

In case of the interaction of the axion with the graphene, the interaction is the
axion-pseudoelectron interaction via the Compton process, then the wave function 1 is the
wave function of the graphene pseudoelectron. Graphene is considered in the presence of no
external field, or in the presence of the external electromagnetic field. This process was still
not solved in graphene physics, or in the physics of elementary particles.

The candidate for source of axions is considered in the last years the Sun. A decade ago US
Brookhaven Laboratory first pointed an axion telescope at the Sun - a highly useful source of
weakly interacting particles for fundamental research.

Axions would be produced in the Sun through the scattering of photons from electric charges -
the Primakoff effect - and their numbers could equal those of solar neutrinos. The idea behind
the Brookhaven experiment, first proposed by Pierre Sikivie, was to put the Primakoff effect to
work in reverse, using a magnetic field to catalyze conversion of solar axions back into X-ray
photons of a few kilo-electronvolts.

The CERN Solar Axion Telescope, CAST, tries the detection of axions originating from the 15
million degree plasma in the Sun’s core.

There is also the alternative look on axion as an physical object existing only inside of a
medium and not as a free elementary particle. Then, the detection of free axion is not possible.
The analogue of this situation is for instance the Cooper pair which is present only inside of
superconductor and not outside of superconductor.

6. Photoeffect on graphene wrapped on the geometrical surface

Carbon hexagonal structures can be formed also on surfaces and not only on the Euclidean
sheet. We first determine the density of states of graphene from QFT. The density of states is
the imaginary part SG of the Green function integrated over all positions, in the limit x — x’
(Cortijo, et al., 2007a).

o(w) = / IG(w, x, x)dx. (105)

In terms of the Green function in momentum representation, ¢(w) can be written as:

dk  dk' 4 a4
o(w) =S / / anp (zn)Ze’k"e’k"G(w,k,k’)dx. (106)
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The integration over x gives delta function 477%6(k — k'), and ¢(w) then reads:

olw) = [ : Zd:)zsc(w, K K). (107)

Generalization to the curvature is possible by including the local curvature coupling of the
Dirac equation to a curved space. This approach was historically introduced to study the
electronic spectrum of closed fullerenes and has been used for fullerenes of different shapes.
In case of a two dimensional space in presence of a single cosmic string in polar coordinates,
the metric is (Cortijo et al., 2007a):

—ds? = —dt* +dr* + *r*de?, (108)

where the parameter c is a constant related to the deficit angleby c = 1 —b.
The dynamics of a massless Dirac spinor in a curved spacetime is governed by the Dirac
equation:

iV, = 0. (109)

The difference with the flat space lies in the definition of the y matrices that satisfy generalized
anti-commutation relations

{r "y = 28", (110)
where g is given by (108), and in the covariant derivative operator, defined as

Vy=09,-Ty, (111)
where I'y is the spin connection of the spinor field that can be calculated using the tetrad
formalism (Cortijo et al., 2007a).

From equation (109), we can write down the Dirac equation for the electron propagator,
Sp(x, x'):

1
i (x) 0y — Tp)Sk(x,x') = ——=8°(x — x'), (112)
where x = (t, x). The local density of states N(w, x) is obtained by Fourier transforming the
time component and taking the limit x — x':

N(w,x) = STrSp(w, x, x). (113)

The solution was performed considering the curvature induced by the defects as a
perturbation of the flat graphene layer. The details of the calculation is given elsewhere
(Cortijo et al., 2007b )

The ideas considered here can be extended to the general Riemann metric. However, the
Riemann metric is also the metric of general relativity. So, there is the analogy between metric
generated by deformation of the Euclidean surface and Einstein gravity, which is the Tartaglia
et al. (2009) and author idea (Pardy, 2005). The deformed graphene obviously leads to the
modification of the photoeffect in graphene and it can be used as the introduction to the
photoelectric effect influenced by the gravitational field.
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The generalization of our formalism to the Lobaccevskii geometry is also possible if we
consider the Lobacevskii geometry as the partial sum of the local pseudospheres, where
pseudosphere is the two dimensional manifold with the constant negative curvature. It was
proved by Beltrami (Mc Cleary, 1994), that the Lobacevskii geometry is the geometry of the
sphere with the imaginary radius (iR), where R is the radius of sphere.

7.Discussion

The article is in a some sense the preamble to the any conferences of ideas related to the
photoeffect on graphene, bi-layer graphite, n-layer graphite and on the Wigner crystals which
are spontaneously formed in graphite structures, or, in other structures. We have considered
the photoeffect on the planar crystal at zero temperature and in the very strong magnetic field.
We calculated only the process which can be approximated by the Schrodinger equation for
an electron orbiting in magnetic field.

At present time, the most attention in graphene physics is devoted to the conductivity of
a graphene with the goal to invent new MOSFETs and new transistors for new computers
forming the basis for the artificial intelligence. However, we do not know, a priori, how many
discoveries are involved in the investigation of he photo-electric effects in graphene.

An pseudoelectron in the graphene is considered as the particle with all attributes of electron
as an elementary particle and it is the consequence of the collective quantum motion of crystal
electrons described by the solid state physics.

The existence of the pseudoelectron in vacuum is not possible. The photoeffect on graphene
is the process where the photon interacts with the pseudoelectron and after some time the
pseudoelectron decays in such a way that the decay product is electron. At present time the
theory of such process was not elaborated. The new experiments are necessary in order to
verify the photoelectric equation in graphene.

The ballistic interaction of photon with electron is not possible in vacuum for point-like
electrons. The experiments in CERN, Hamburg, Orsay, (The L3 collaboration, CELLO
collaboration, ALEPH collaboration, ...) and other laboratories confirmed that there are no
excited states of electron in vacuum. In other words, ballistic process in vacuum with electrons
was not confirmed. It means that electron in the standard model of elementary particles is a
point particle. It seems that the ballistic process is possible only in a medium. However, not
only in the photoelectric media. We know, that electron accelerated in PASER by the ballistic
method is accelerated for instance in CO,. On the other hand, the photo-desintegrations of
nuclei involves the ballistic process (Levinger, 1960), or, the interaction of light with carbon
Cs0, C70, Cgo... involves also the ballistic process with photons. The interaction of photon with
pseudolectron in graphene is also the ballistic process.

The photoelectric effect at zero temperature can be realized only by very short laser pulses,
because in case of the continual laser irradiation the zero temperature state is not stable. Only
very short pulses can conserve the zero temperature 2D of the system. So, the experiment
needs the laser with very short laser pulses.

The interaction of axion with pseudoelectron is also considered here, however this process is
substantially new in the physics of elementary particles. The axion detection by graphene is
based on the interaction of axion with pseudoelectron.

The information on the photoelectric effect in graphene and also the elementary particle
interaction with graphene is necessary not only in the solid state physics, but also in the



248 Graphene Simulation

elementary particle physics in the big laboratories where graphene can form the substantial
components of the particle detectors. The graphene can be probably used as the appropriate
components in the solar elements, the cathode surface in the electron microscope, or, the
medium of the memory hard disks in the computers. We hope that these possibilities will
be consider in the physical laboratories.

The Volkov solution of the Dirac equation in the magnetic field was also mentioned. Such
solution was used by Ritus (1979), Nikishov (1979) and others. Author (Pardy, 2003, 2004,
2007), used it for the electron in the laser field, synchrotron radiation, or, in case of the massive
photons leading to the Riccati equation (Pardy, 2004).

We did not consider the photoeffect in LHC where the orbiting protons can be irradiated by
the laser gun if installed in the tube of LHC. The elaboration of such difficult problem needs
specific approach to the problem.

The graphene can be deformed in such a way that the metric of the deformed sheet is the
Riemann one (Cortijo, et al., 2007b). However, the Riemann metric of general relativity is the
metric of the deformed 4D sheet as was proposed by Tartaglia et al. (2009). So, in other words,
there is the analogy between deformation and Einstein gravity (Pardy, 2005). The deformed
graphene obviously leads to the modification of the photoeffect in graphene leading to the
theory of the photoelectric effect influenced by the gravitational field.

The monolithic structures can be also built into graphene by addition and re-arrangement of
carbon atoms (Lusk et al., 2008). The repeating patterns can be created to form new carbon
allotropes called haeckelites. The introducing such architectonic defects modifies mechanical,
electrical and chemical properties of graphene. The unconventional materials can be prepared
by such technique in order to do revolution in the solid state physics.

While the last century economy growth was based on the inventions in the Edison-Tesla
electricity, the economy growth in this century will be obviously based on the graphene
physics. We hope that these perspective ideas will be considered at the universities and in
the physical laboratories.
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1. Introduction

We study the electron propagator in two spatial dimensions in the presence of external
electromagnetic fields, this is, we focus in (2+1)-dimensional quantum electrodynamics
(QED), where a third spatial dimension is suppressed. This is not a mere theoretical
simplification, and we explain ourselves: back in time, some twenty years ago, it was shown
that the low-energy effective theory of graphene in a tight-binding approach is the theory of
two species of massless Dirac electrons in a (2+1)-dimensional Minkowski spacetime, each
on a different irreducible representation of the Clifford algebra. The isolation of graphene
samples in 2004 and 2005, has given rise to the new paradigm of relativistic condensed matter,
bringing a new boost, both theoretical and experimental, to the matching of common interests
of the condensed matter and high energy physics communities. Thus, the massless limit of our
findings is of direct relevance in this subject. We assume the electrons moving in a magnetic
field alone pointing perpendicularly to their plane of motion. We first develop the general case
and then, we present a couple of examples: the motion of electrons in a uniform magnetic field,
which is a canonical example to present the Ritus method and the case of a static magnetic field
which decays exponentially along the x-axis (Murguia et al, 2010; Raya & Reyes, 2010).

There are many problems relating electrons in non-uniform magnetic fields of relevance in
graphene. In particular, it has been established the possibility to confine quasiparticles in
magnetic barriers (De Martino et al, 2007; Ramezani et al, 2009). This could be feasible creating
spatially inhomogeneous, but constant in time, magnetic fields depositing ferromagnetic
layers over the substrate of a graphene sample layer (Reijniers et al, 2001). The physical
properties of graphene make it a promising novel material to control the transport properties
in nanodevices. It has been considered to be used in electronics and spintronics applications,
like in single-electron transistors (Ponomarenko et al, 2008; Wu et al, 2008), in the so
called magnetic edge states (Park & Sim, 2008), which may play an important role in
the spin-polarized currents along magnetic domains, and in quantum dots and antidots
magnetically confined. Moreover, the quantum Hall effect in graphene has been observed
at room temperature (Novoselov et al, 2007), evidence which confirms the great potential
of graphene as the material to be used in carbon-based electronic devices. The effects of
the exponentially decaying magnetic field can hardly be considered with other approaches,
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but it can be straightforwardly studied within the Ritus method, which consist in the
diagonalization of the electron propagator in external electromagnetic fields in the basis of
the operator (JI)? with IT# = p# — ¢A¥. Exploiting the Ritus formalism, we also derive
the exact Foldy-Wouthuysen (FW) transformation for Dirac fermions in a time independent
external electromagnetic field, where the transformation acquires a free form involving the
dynamical quantum numbers induced by the field (Murguia & Raya, 2010). This is related
with the fact that for some class of Hamiltonians of Dirac particles in presence of external
static electromagnetic fields, it is possible to show a supersymmetric character, in the quantum
mechanical sense, and in these cases the Ritus method provide a direct calculation of the exact
FW transformation in arbitrary dimensions. Powerful applications of FW transformation in
semiclassical calculations can be exploited in systems of other than (3+1) dimensions. The FW
transformation has proven to be a favorite way to obtain the nonrelativistic limit of the Dirac
equation, because it provides a block diagonal form representation of quantum operators
and hence of the Dirac Hamiltonian itself. It has been widely used in both, gravitational
and electromagnetic backgrounds, including the case of different stationary metrics. Going
further in the applications of the Ritus formalism, we also explore other kind of useful
transformations, like the Cini-Touschek transformation for the ultrarelativistic case.

2. Irreducible Dirac fermions

In order to describe planar Dirac electrons, let us start by defining the Dirac y#-matrices,
which satisfy the Clifford algebra

{#, 9"} = 28" ¢))
The lowest dimensional representation of these matrices is 2 x 2. We can choose, for instance
VW=, ol=id,  P=ic @

It is straightforward to verify that these matrices satisfy the relations

[V, 7"] = —2ie"Pyp,  and ol = gH —iet Py, ®)

This is the starting point to build up the planar Dirac theory. The free Dirac Lagrangian takes
the form of its 4D counterpart, namely

L=9ig-—my, )

where m is the mass of the electrons and we have used the y matrices given in Eq. (2). The
spectrum of solutions of the Dirac equation is

E+m

1 . .
PP (x) = < px—ipy ) e P =u(p)e ™7,

pxtipy

pN(x) = ( E¥m )ei"'?’ =o(p)e*P . 5)

1
These solutions verify the completeness relations

Y uii = p+m, and Y oo=p—m, (6)

and the positive energy solution (labeled by P), describes a particle with spin up, whereas
the negative energy one (labeled by N) describes an antiparticle with spin down (Anguiano
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Fig. 1. The particle spectrum of solutions to the Dirac equation in Eq. (5). Adapted from
Ref. (Herndndez Ortiz, 2011).

& Bashir, 2005), as shown in Fig. 1. This fact is better seen from the definition of the spin

operator
_r0_1710
Z3_2_2(0—1)' @)

Thus the Dirac particles have spin £1/2. These solutions, however, fail to incorporate
important features of the ordinary Dirac spectrum familiar in relativistic quantum mechanics.
For example, the solutions are not invariant under a Parity transformation P, which for
consistency with Lorentz symmetry in (2+1)-dimensions corresponds to the operation !

(tx,y) = (t,—x,y)7, ®)

nor under a time reversal transformation 7. This is due to the fact that under P, pp — —ip.
Furthermore, only one out of the two spin states of the physical electrons is present. A
point of caution has to be raised here, in Condensed Matter Physics spin plays the role of
flavor in High Energy Physics, thus one might be tempted to put by hand the spin factors
of 2 whenever it is required. However, one cannot simply push this argument to the fully
relativistic theory. The two spin states and symmetry features of the familiar spectrum of
solutions to the Dirac equation can be recovered owing to the fact that there exists a second
irreducible representation of the Dirac matrices. In graphene, the two representations describe
two different electron species in each of the two triangular sub-lattices of the honeycomb
lattice. The origin of the second irreducible representation is in direct connection with the
fact that there is no chiral symmetry to be defined in (2+1)-dimensions with an irreducible
representation of the Clifford algebra. Let 7y be the product of all Dirac matrices, i.e, the
would-be “y5” on the plane. From the properties of the ¢ matrices,

v ="719? = i, )
I being the 2 x 2 unit matrix. This allows us to define one of the matrices in terms of the other

two. For instance 42 = 4iy%9!. The second representation can then be chosen as

Y=, Al=id, P =-ic? (10)

1 Parity is an improper Lorentz transformation, which should have determinant -1. If the usual definition
of parity is employed, that would correspond to a rotation by an angle 7t of the plane.
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Fig. 2. The particle spectrum of solutions to the Dirac equation in Eq. (11). Adapted from
Ref. (Herndndez Ortiz, 2011).

with the property y#9" = g’ + ie"},. Representations (2) and (10) are inequivalent, and
hence correspond to physically different situations. This can be seen from the solutions of the
Dirac equation in representation (10), which expanded in the representation (2) are

P pxtipy . .
¥ = (F ) e = upre,

YN (x) = (m—lz'py ) P = o(p)e T, (11)

E+m

and correspond to particle spinor with spin down and antiparticle with spin up (Anguiano
& Bashir, 2005), as shown in Fig. 2. These solutions fulfill the completeness relations (6), but
present also only one spin state for electron and yield a P and 7 non-invariant Lagrangian.
Nevertheless, taking into account solutions for both representations, (2) and (10), labeled A
and B, respectively, we recover two spin states for the electrons and their corresponding
Lorentz conjugated positron states. The two “irreducible” fermion fields can be cast into
the following extended form of the free Dirac Lagrangian (Anguiano & Bashir, 2005; Shimizu,
1985) 2:

L=19p(ig—m)pa+¢p(igd +m)yp . (12)
As we noticed before, neither under P nor under 7T, the fields ¢4 and ¢p transform onto
themselves. In fact, under C, P and 7 transformations, these fields transform as

($a)C =" (Pa)", (¥8)° = 7" (gp)",
Wa)" =—i'e"(ys),  (¥p)” =—ir'e®(pa),
(pa)T =i’ " (@)’ (ys)" = ir%e P (a)" . (13)
where %;, ¢; and ¢;, i = 1,2 are constant phases. This shows that the extended Lagrangian

(12) is CPT invariant (Shimizu, 1985). There are two chiral symmetries which can be defined.
In infinitesimal form, these are

2 Notice that only one irreducible representation of the Dirac matrices, say (2) is used.
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Set 1
Ya = Ya=yataps, Y5 Y5 =yYp—apa, (14)
leading to the conserved current
i = a7 s = Pprpa- (15)
SetII
YA = Wa=yatiops, Y5 P =yp+iaPy, (16)
leading to the conserved current
ji1 = $ar ¥ + P Pa. 17)

The presence of two irreducible fermion fields in (12) naturally suggest that these can be
merged into one reducible four-component spinor and hence we can make use of the ordinary
4 x 4 Dirac matrices. Such an issue is discussed below.

3. Reducible Dirac fermions

Planar Dirac fermions can also be described with the ordinary 4 x 4 matrices. Nevertheless,
only three of them are required to describe the Dirac equation, for example {’yo, ’yl, ’yz},
which in Euclidean space can be represented as

i3 il 2
o_ (o 0 1 _ (10 0 2 _ [ 107 0
75*( 0 ia3)' 75*(0 fial)’ 75*(0 —ic? ) (18)

In such a case, we have two other ¢ matrices (from now onwards we omit de subscript
E for the Euclidean matrices) which commute with all the three matrices above, in such a
fashion that the corresponding massless Dirac Lagrangian is invariant under the chiral-like

transformations i — ei“Vsl/J ,and ¢ — ez‘ﬁ75¢ , that is, it is invariant under a global U(2)
symmetry with generators 1, 73, 7° and [7?,9°]. Here

)

This symmetry is broken by an ordinary mass term m.p. But there exists a second mass
term, referred to as Haldane mass term (Haldane, 1988), which is invariant under the “chiral”
transformations

Mol 7,7l = Moy, 20

and has to be included in the complete Lagrangian when parity is allowed to be broken. If we

write the 4-spinor as
_ 1PA) 21
v=(4) @
we observe that under P and 7, the components of spinors transform, up to a phase,
as (Jackiw & Templeton, 1981)

(alt,x, )" = lyst,—xy),  (We(txy)” — olpalt, —x,y),
Waltxy)” = Pps(—txy),  (Wstxy)T = Ppa(—txy). (22)
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«¢

Fig. 3. Light and heavy fermion species of Lagrangian 25. Adapted from Ref. (Herndndez
Ortiz, 2011).

Thus, the term m, 9Py is even under each of these transformations, but m, Pt is not, although
itis PT and thus CPT symmetric. The Euclidean space free reducible Dirac Lagrangian in this
case has the form
L=0>{d—me—m,T)P. (23)

Written in this form, neither m, nor m, represent “physical” masses for electrons. In order
to disentangle the species described by this Lagrangian, it is convenient to introduce the
chiral-like projectors

1
2
which verify (Kondo, 1996) )(zi_ = X+, X+X— = 0, x4+ + x- = I. The “right handed” ¢
and “left handed” i_ fermion fields in this case are given by ¢+ = x+¢. The x+ project the
upper and lower two component spinors, i.e, fermion species, out of the four-component .
In terms of the chiral fields, the Dirac Lagrangian acquires the form (see for instance (Jackiw
& Pi, 2007))

X+ (1+17), (24)

Lp =9 (ig—mp)pse +¢-(id—m_)p-, (25)
with m+ = m, + m,. This Lagrangian explicitly describes two fermion species of physical
masses m. and m_, respectively. For each species, the mass terms breaks chiral symmetry and
parity at the same time. Moreover, the effect of the parity-violating mass is seen to remove the
mass degeneracy between species. There is a light species and a heavy species, as illustrated
in Fig. 3. Below we introduce interactions of fermions with a classical electromagnetic field
within the Ritus formalism.

4. Propagator in magnetic fields
We start from the free Dirac equation derived from the Lagrangian (4)
(ig —m)p =0, (26)

and work with representation (2). The extension to other representations is straightforward.
In a background electromagnetic field, the Dirac equation takes the form

(J1—m)¥ =0, @7)
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where I1, = id, +eA, and A, is the electromagnetic potential defining the external field.
From now onwards, let us consider a magnetic field alone pointing perpendicularly to the
plane of motion of the electrons. Moreover, let us work in a Landau-like gauge by choosing
Al = (0,0, W(x)), where W(x) is some function for which, in the general case, its derivative
W/(x) = 9xW(x) defines the profile of the field. We are interested in finding the Green’s
function or propagator for this equation, namely, the function G(x, x") which satisfies

(F1—m) G(x,x") = 8(x — ). (28)

Since JI does not commute with the momentum operator, neither the wave function nor
G(x,x') can be expanded in plane-waves, and this does not allow to have a diagonal
propagator in momentum space. The scheme we choose to deal with the external fields
was developed by Ritus (Ritus, 1972; 1974; 1978). The crucial observation is that the Green’s
function above should be a combination of all scalar structures obtained by contracting
the y#-matrices, the canonical momentum IT;, and the electromagnetic field strength tensor
En = [I1,,IL,]/e = 9,A, — dyAy, which are compatible with Lorentz symmetry, gauge
invariance and charge conjugation, namely,

G(x,x') = G(J1, 0" Fy, (F'IL,)?), (29)

where 0y = i[yu,7y]/2 and F, = (1/2)€u0aF"™ is the dual field strength tensor, which in
(2+1)-dimensions is simply a vector. The key observation is that all the above structures
commute with (JI)?, and thus

[(7 “I1)2, G(x, x’)] —0. (30)

This fact allows us to expand the Green'’s function G(x, ) in the same basis of eigenfunctions
of (JT)2. Furthermore, if we perform a similarity transformation on (¥1)? in which it acquires a
diagonal form in momentum space, then the same transformation makes the Green’s function
diagonal too. Such a similarity transformation is

E, ' (M)’Ep = p°T, (31)
where [E, are the transformation matrices, I is the unit matrix and p? can be any real
number. Therefore, when we apply [E, functions to the propagator, it will become diagonal
in momentum space. It is important to notice that in the fermionic case, the spin operator is
realized in terms of the y#-matrices, and thus the [E, functions inherit its matrix form. For
different charged particles, the spin operator is realized in a different ways. For example, for
scalar particles, the [E, functions are simply scalars (Ginzburg, 1995), whereas in the case of
charged gauge bosons, the spin structure is embedded in a Lorentz tensor, and therefore the
[, functions also comply a Lorentz tensor structure (Elizalde et al, 2002). Our goal in this work
is to study the structure of the IE, matrices for the case of Dirac fermions in (2+1)-dimensions.
The similarity transformation (31) can be written as

(YI)ZIE;: = PZIEp ’ (32)

which is an eigenvalue equation for the matrices [E,, which are referred to as the Ritus
eigenfunctions in the specialized literature. Now,

(F? = 1P + 50" Fy 3)
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The only non-vanishing elements of the field strength tensor are Fj = —F; = W/(x), and
because 012 = g3, the E, functions satisfy
(H2 + ea3w’(x)) E, = p*E,. (34)
Moreover, because
[171/ Zat] = [yI/ *iay] = UZI/ H] =0, (35)
with
H=—JP2+113, (36)

the functions [E,, are eigenfunctions of these operators with eigenvalues

iEp = poEp, 0By = —pE,,  HE,=kE,, (37)
which label the solutions to the massless Dirac equation in the background field. Notice that
p2 = p(z) — k, and hence, the [E,, functions verify

(—n% — 11 +e¢T3W'(x)> E, = —kE,, . (38)

The first two terms of the operator on the Lh.s. of this equation act on the orbital degrees
of freedom of the eigenfunctions IE,, whereas the last term acts only in its spin degrees of
freedom. Hence we can make the ansatz

Ep=Epewe, (39)
where w is the matrix of eigenvectors of 03 with eigenvalues o = %1, respectively, and
Ep,v = Nneii(pﬂtipzy)ljk,pz,a ’ (40)

with N, being the corresponding normalization constant. Substituting the ansdtze (39)
and (40) into Eq. (38), we arrive at

2
(% — (=p2+eW(x))?+ eUW’(x)) Fippo = —KkFipyo - (41)
For the squared-integrability of the solutions, the eigenvalue k must be discrete. The above
expression has the form of the Pauli Hamiltonian with the constrained vector potential, mass
m = 1/2 and gyromagnetic factor g = 2, and turns out to be supersymmetric in the Quantum
Mechanical sense (SUSY-QM) (Cooper et al, 1995; 2001). From the solutions to the above
equation, we can construct the Ritus eigenfunctions [E;, as

_ (Epa(z) O
E, = ( pO Ep,—1(2)> , (42)

where the label p = (po, p2,k) and z = (t,x,y). Being a complete set, the eigenfunctions [E,
given in Eq. (42), satisfy

/ dp By (2)E,(z) = 18(z— 2, 43)
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with E,(z) = 'yOIE;(Z)'yO and I is the 2 x 2 unit matrix. Let us introduce the bar-momentum
Py = (po,0,Vk), which plays an important role in the method. Its definition involves the
dynamical quantum numbers py and k, but not pp, which merely fixes the origin of the x
coordinate. In other words, in the Ritus method the propagator is written only in terms of the
eigenvalues of the dynamical operators commuting with JI. Notice that the bar-momentum
verifies p? = p3 — k = p?, and it is defined through the relation

VIE, = E,p . (44)

This relation will become important in the discussion of unitary transformations of the Dirac
Hamiltonian. With the E, functions, we can consider the Green’s function method to obtain
the propagator in the presence of the field. From Eq. (28), we define the Green’s function in
momentum space as

Glz2) = [dpEp()Sr(p)Ey(2) - (45)

Here, the integral sign might as well represent a sum, depending upon the continuous or
discrete nature of the components of the momentum. Applying the Dirac operator (¥I — m)
to G(z,z'), we have that

= / dp B,y (2)E, (), (46)

where in the last step we have used the representation of the J-function in the IE, basis. Hence
we notice that, in this basis, the Ritus propagator takes the form of a free propagator, namely,

1

iy
with p,, defined through Eq. (44). On physical grounds, the [E, functions correspond to
the states of electrons with momentum p in the background of the external field under

consideration. With the help of these functions and the property (44), we can find the solutions
of the Dirac equation (27) in a straightforward manner. To this end, we propose

Se(p) (47)

Y = Epug, (48)
where 15 is a spinor of momentum p. Then
(Yl—m)]EpuﬁzlEp(ﬁ—m)uﬁzo, (49)

and thus we see that ug is simply a free spinor describing an electron with momentum
p. Notice that with this form of ¥, the information concerning the interaction with the
background magnetic field has been factorized into the [E, functions and throughout the
P dependence of up. Several relevant physical observables can then be found immediately,
such as the probability density, the transmission and reflection coefficients between magnetic
domains, and the density matrix, which are all useful, for example, in graphene applications
as those which were mentioned in the Introduction, we discuss below, where the Ritus method
plays useful.
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5. Examples

5.1 Uniform magnetic field

Consider in the first place the case of a uniform magnetic field (Khalilov, 1999). This
corresponds to the choice W(x) = Byx. To simplify the calculations, we rename the quantum
number k — 2|eBy |k in Eq. (37). In this case, Eq. (41) simplifies to

dZ
{W —(—p2+ eBox)? + aeBo} Fk,pz,g(x) = —2\3B0|ka,p2/g(x) . (50)

Letting 7 = +/2|eBy|[x — p2/ (eBp)], the above expression acquires the form

d2 o 2
{W +k+ Esgn(eBO) - UZ} Fepyo(n) =0, (51)

that is, the equation for a quantum harmonic oscillator, with center of oscillation in xg =
p2/ (eBp) and cyclotron frequency w, = 2eBy. Thus, the normalized functions E, ; acquire the
form

(7t]eBo|)'/*

— —ipot+ipay
Epr = S sz Di(n) .,

(eleBo|)'/*

- —ipot+i
Bt = gong— ot Pl 52)

where ,
Dy(x) = 272~ /4q, (x/\fz) (53)

is the parabolic cylinder function of order

n=k+ gsgn(eBo) (54)

5
and Hy(x) are the Hermite’s polynomials. Expectedly, the uniform magnetic field renders
the (n — 1)-th state with spin down with the same energy of the n-th state with spin up.
Inserting these functions into Eq. (42), we obtain the Ritus eigenfunctions which render the
propagator diagonal in momentum space. Alternative forms of this propagator were recently
reported (Rusin & Zawadzki, 2011).
Observe that physical observables like probability densities are linear combinations of |E, .
These functions have the profile shown Fig. 4. The dashed curve enveloping these solutions
corresponds to the potential

y=W2(x) - W'(x), (55)
where W = eW — p; is referred to as the superpotential in the SUSY-QM literature (Cooper et
al, 1995; 2001).

5.2 Exponential magnetic field

In this section we study the electron propagator in a background static magnetic field which
has an exponentially decaying spatial profile along one direction, described through the
function W(x) = —Bg[exp{—ax} — 1]/a. In this case, Eq. (41) simplifies to

2 2
{sz — <fp2 — %(exp{ﬂxx} — 1)) + oeBy exp{:xx}} Fipao(x) = —kFy p, o(x) . (56)
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E, (O
=

Fig. 4. The |E,|? function from Eq. (52) in arbitrary units along the dynamical direction for

various Landau levels. The dashed curve y = x? — 1 corresponds to the potential (55) for this
field configuration. The scale of the graphic is set by eBg = 1 and pp = 0.

Let ¢ = (2eBy/a®)exp{—ax} and s = —(p, — eB/«a)/«, then, the above expression is
equivalent to

e d 1\? o &k
27 _ [ — J— =
|:Q dQ2 + QdQ (S 2Q) + 2 Q + 0‘2 Fk,PZ,U(Q) 0. (57)
This equation has the normalized solutions E, - given as
1 2an!(s —n) Y i —n)y2(s—
ot = on (m) e~ imttinaye-e/2g(smm LR (g),

1 <21x(n —1)(s—n) ) 1/2 efipotJrisze*Q/zg(S*n)L2(57n) (0) (58)

E, 1=+ ’
P17 o I'(2s—n) n-1

where L!(x) are the associate Laguerre polynomials with

n:sf\/szJrsz. (59)
a

The quantum number # is the principal quantum number, whereas s a center of oscillation
weighted by the damping factor a. Fig. 5 we show |E, |? for various values of n at fixed s = 8.
Notice that in this case the potential (55) also envelops the squares of the solutions.

6. Non relativistic and ultrarelativistic forms of the Dirac equation

The study of semiclassical and nonrelativistic limits of the Dirac equation is a useful
method to understand some effects on fermions coupled to external fields. In
both, gravitational (Goncalves et al, 2007; Obukhov et al, 2009) and electromagnetic
backgrounds (Barducci et al, 2009; Silenko, 2008), the Foldy-Wouthuysen (FW)
transformation (Foldy & Wouthuysen, 1950) has proven to be a favorite way to obtain
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Fig. 5. The |E, | functions from Eq. (58) in arbitrary units along the dynamical direction for
various values of 7 at fixed s = 8. The dashed curve y = (8 — e~¥)2 + ¢~ corresponds to the
potential (55) for this field configuration. The scale of the graphic is setby eBy = a = 1.

the nonrelativistic limit of the Dirac equation, because it provides a block diagonal form
representation of quantum operators and hence of the Dirac Hamiltonian itself. Powerful
applications of FW transformation in semiclassical calculations can be exploited in systems
of other than (3+1) dimensions (Moreno & Méndez-Moreno, 1992) due to its relation with
the supersymmetric character, in the quantum mechanical sense (Cooper et al, 1995; 2001),
of some class of Hamiltonians, as well as in different stationary metrics (Buhl et al, 2008;
Heidenreich et al, 2006). In the non-relativistic domain, the components of the Dirac spinors
in either eq. (5) or eq. (11) are such that u; > uy and v; < vy, thus the Dirac equation reduces
to the Pauli equation, which is a first non-relativistic approximation of the Dirac equation for
an electron in an external electromagnetic field,

i%w = e®y + TV + By, (60)

/

where ¢/ = 909/, B = 99 and A* = (®,A). Now we write ¢ = (i,) and substitute it into
(60):

i—¢' = edP + (IT' —il12)x' + mg’,
i—t)(/ = ey’ + (IT! +i[1%)¢’ — my/. (61)

d
Writing
— ‘P) —imt
v=(9)e
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in order to subtract the relativistic rest energy, the coupled system of equations (61) now takes
the form:

i%(]) = ed¢ + (TT' — 1)y,

1%){ = edy + (11! +i12)¢p — 2my. (62)

In the weak external electromagnetic field, m > e® and m > e|A|, and so, from the second
equation in (62):

1
~ — (I +i1%) .
x5 (I0 +ill%)¢ (63)
Substituting the last expression into the first equation (62), we obtain
ii(p = ed¢ + L(H1 — i) (IT! +iT1%) . (64)
ot 2m

The second term on the r.h.s. of the last equation may be rewritten as
1 1 0A%  9A!
2 (12 4+ (1122 it 1121) = CeA2 o 22 92
5 (@2 (P2 4l 1)) = (P —eAP e ( 55 - 57 | |
and recalling that B = V x A, we reach at the well-known Pauli equation

_ 2
iip = ed¢p + %4) + ﬁ&l), (65)

which is a one component equation for an electron in an external electromagnetic field. We can
obtain the non-relativistic form of the Dirac equation through the FW transformation. Notice
that in the free Dirac equation,

oY

igp = (a-p+pm)¥, (66)
the large and small components of the Dirac spinor ¥, labeled by the momentum p, get
mixed by the odd operator « - p involving off-diagonal elements. The FW is a canonical
transformation which, by removing such an operator from the Dirac Hamiltonian,

Hpee = - p+ 5m, (67)

allows to decouple these large and small components of ¥. The free FW transformation,

Ut (p) = (P = cos |6 + TE sin|ple, (68)
with 0 given through
tan(2|p|6) = %, (69)

is exact, and renders the free Hamiltonian in the form

HEW = 90\/p? + m2. (70)
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In the presence of an external electromagnetic field, the FW transformation can be ordinarily
obtained through successive approximations as an expansion in powers of 1/m (Bjorken &
Drell, 1984). For example, at O(1/ m3),

S(IT) = —i (27:1)2 ([0, &+i0"), (71)

with
o' — 20,6 - & +i%9, (72)
£ =£+1 (2 - &) - 210,08 - ighal0,0l. 73)

In the expressions above, the even (diagonal) and odd (off-diagonal) operators correspond to
E=eband O = ,Yo,y I =11, respectively, and the dot represents the time derivative. To
this order, the FW transformation renders the Dirac Hamiltonian to its leading non-relativistic
form. For an external static inhomogeneous magnetic field the series can be written in closed

form as
HfY =0/ (1) + m2, (74)

where the transformation matrix for this case is

S(IT) = —i(~ - 11)6, (75)
with 0 given through
tan(2|11|9) = % (76)

Here, |I1| = /(7% - )2 plays the role of the momentum |p| in the free case and (I1)> = H
as it was defined by Eq. (36). With the decomposition (48) of the Dirac wave function, the
stationary Schrodinger form of the Dirac equation becomes

ED]Epuﬁ: ’YO(’Y'H‘Fm)]Epuﬁ (77)
which with the aid of property (44), simplifies to
EpEpup = Ep (v P+ m)ugp. (78)

In the above expressions Ep represent the eigenenergies of the Dirac equation. Moreover,
the Hamiltonian on the rh.s. of Eq. (78) acquires a free form involving p alone. Thus, it is
straightforward to convince oneself that the Ritus eigenfunctions map the FW transformation
in external fields to a free transformation which depends on p, namely

eiS(H)IEp — IEpeijrcc (E) . (79)

So, the [E, functions not only render the fermion propagator in external fields diagonal in
momentum space, with a free form involving the quantum numbers induced by the field.
These also allow to express the exact FW transformation in the presence of the fields in a free
form. To see the usefulness of Eq. (79), we first apply the Hamiltonian in Eq. (74) to the Ritus
eigenfunctions [E;,

HEE, = (/07 402 ), 80
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which has to be evaluated expanding the square-root operator in a power series of (I1/m)?2.
This procedure leads to an expression in terms of the eigenvalues k of the operator (IT)? given
through Egs. (31) and (37) with p2 = ﬁz. Since pg = Ep are the eigenvalues of Iy = id;, from
the Dirac equation p% = k + m?, thus vk correspond to the energy eigenvalues of a particle
on-shell. From Eq. (36), ?2 = p(z) — k, and it can be fulfilled with the choice of p* = (py,0, \/I;),
in accordance to our selection of gauge. Hence, Eq. (80) simplifies to

HVE, = E, (70\/5123 + m2) . (81)

On the other hand, notice that under the FW transformation, the Hamiltonian H = 4% (v - 5 +
m) on the rh.s. of Eq. (78) transforms in a free form, as in Eq. (70), but involving ﬁz alone.
Thus the FW transformed Hamiltonian (78) can be written directly:

Hi [, = Ep (70\/1:% + mz) : (82)

The rh.s. of this last equation precisely corresponds to the r.h.s. of Eq. (81). This last was
obtained transforming the Dirac Hamiltonian of Eq. (77) with a magnetic filed in the usual
way. As comparison, with the aid of Eq. (48), the corresponding FW transformed Hamiltonian
was obtained directly from a free one, Eq. (78), given in terms of the tri-momentum p* which
contains all the dynamics induced by the external magnetic field. It is then straightforward
to prove the relationship between the FW transformations S(IT) and Sg.e.(p) established
by Eq. (79) in terms of the Ritus eigenfunctions E,. The same idea can be generalized
to the case on which the Dirac Hamiltonian (66) is expressed in its ultra-relativistic form
through the Cini-Touschek (CT) transformation (Cini & Touschek, 1958). In the free case, the
parameter (69) for the CT transformation acquires the form

m

tan(2|p|0) = —— , (83)
Pl
and correspondingly the hamiltonian takes the form
/52 2
+m
HEL = yvp Tm o P, (84)
Il
which is precisely the ultra-relativistic form of the Dirac Hamiltonian.
7. Graphene hamiltonian in diagonal form
Let us consider the “free” Hamiltonian of graphene
Er
Hy = —~-p. (85)
el P

Now, the free Dirac hamiltanian can be written in its non-relativistic and ultrarelativistic forms
through the FW and CT transformations, respectively:

Upw (m, p) = cos (% arctan %) + ’y‘p|p sin (% arctan %) ,
1 Yp. (1
Ucr(m,p) = cos 3 arctanx | + Pl sin { 5 arctanx | , (86)
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with x = m/|p|. This means that graphene can be described through a CT-transformed Dirac
Hamiltonian,

Hg = Ucr(u, pr)HoUlr (1, PF) (87)
with p some mass parameter of the transformation. In the free case, the CT transformation is
exact, thus

Hp = U¢r(u, pr)HgUcr (1, pr) - (88)
Moreover, we know that
H{Y = 7°Ex = Upw (1, pe) HpUty (11, PF) (89)
with Ey = 1/ E2 + u2 = EF, therefore
Hew = Upw (1, pr)UEL (1, ) HeUcr (1, pE) Uty (1, PE) - (90)
Now, since
arctan (z) arctan (%) = sgn(z)% , (91)
we have that .
-
Upw (1, pE)UST (1, PF) = NG (1 +sgn(;¢)?|p> . (92)

Now, consider the Hamiltonian of graphene in a static magnetic field. We learnt that for the
FW and CT transformations
U(H)Ep = Epufree(?) ’ (93)
in such a manner that
Hg = Y Ep(p) (94)

in the Ritus basis, with Ep(u) = /p? + y2.

8. Concluding remarks

Summarizing, we studied the electron propagator in (2+1)-dimensions in the presence of
external electromagnetic fields under the Ritus formalism. We have seen that the Ritus method
offers an alternative way to study the electron propagator in the presence of external magnetic
fields. Within the framework of this method the electron propagator acquires a free form
involving only the dynamical quantum numbers induced by the external field when it is
spanned in the Ritus functions Ep, the eigenfunctions of the operator (v - I1)2. We have
also shown that the Ritus eigenfunctions provide a direct connection with the non-relativistic
and the ultra-relativistic limit of the Dirac equation. In the non-relativistic limit case we
showed that, in the Ritus basis, the exact Foldy-Wouthuysen (FW) transformation of the
Dirac Hamiltonian in presence of an external and time independent electromagnetic field
can be expressed in a closed form in terms of a free transformation which only depends on
the dynamical quantities induced by the field. In the ultra-relativistic limit, we have shown
that the Cini-Touschek (CT) transformed Dirac Hamiltonian leads into the corresponding for
graphene. We have shown the relationship between the Ritus eigenfunctions and the FW and
CT transformations which let us write down the solutions of the graphene Hamiltonian only
in terms of dynamical quantities induced by the external fields, namely, only on terms of p.
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Nonlinear Plasmonics Near the Dirac Point in
Negative-Zero-Positive Index Metamaterials

—Optical Simulations of Electron in Graphene

Ming Shen and Linxu Ruan
Physics Department, Shanghai University
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1. Introduction

In 2004, graphene, a single layer of carbon atoms arranged in a hexagonal lattice,
has been experimentally realized by A. K. Geim and K. S. Novoselov (Novoselov et al.,
2004). In graphene, the conduction and valence bands touch each other at Dirac point
(DP) with a double-cone structure (Novoselovetal, 2004). Near DP, the dispersion
of electron is linear with two branches (Novoselov etal.,, 2004). The valence electron
dynamics in such a truly two-dimensional (2D) material is governed by a massless Dirac
equation. So graphene exhibits many unique electronic properties (Beenakker, 2008;
Castro Neto et al., 2009), including half-integer and unconventional quantum Hall effect
(Zhang et al., 2005), observation of minimum conductivity (Novoselov et al., 2005), and Klein
tunneling (Katsnelson et al., 2006). The optical-like behaviors of electron waves in graphene
have also drawn considerable attention recently, such as focusing (Cheianov et al., 2007),
collimation (Park et al., 2008a), subwavelength optics (Darancet et al., 2009), Bragg reflection
(Ghosh et al., 2009), and Goos-Hanchen effect (Beenakker et al., 2009; Zhao et al., 2010). In
this regard, one of the recent work is to investigate the guided modes in monolayer graphene
waveguide, by analogy of optical waveguides (Zhang et al., 2009). The exotic properties of the
graphene waveguide are found in two different cases of classical motion and Klein tunneing
(Zhang et al., 2009). Similar behaviors also happened to the transmission of Dirac-like
electron in 2D monolayer graphene barrier at nonzero angle of incidence (Chen and Tao,
2009). The modulation of the transmission gap by the incidence angle, the height, and width
of potential barrier may lead to potential applications in graphene-based electronic devices
(Chen and Tao, 2009). The electronics waves in graphene can also be treated as the guided
waves in an optical fibre, i.e., graphene based electronic fibre (Wu, 2011). The graphene analog
of the optical device, the fibre optic, has also been demonstrated both experimentally and
numerically in a p — n junction (Williams et al., 2011).

On the other hand, the DP with double-cone structure in photonic crystals (PCs) for the
Bloch states is found from the similarity of the photonic bands of the 2D PCs with the
electronic bands of solids. Several novel optical transport properties near the DP have
been investigated, such as conical diffraction (Peleg et al., 2007), "pseudodiffusive" scaling
(Sepkhanov et al., 2007), photon’s Zitterbewegung (Zhang, 2008), and perfect Klein tunneling
(Bahat-Treidel et al., 2010a). Up to now, the dynamics of Dirac-like excitations in 2D PCs
(honeycomb lattices) have been well studied when the propagation equation is linear.
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However, the nonlinear dynamics has drawn little attention in the 2D PCs by present. The
first study of nonlinear dynamics in honeycomb lattices was conducted in (Peleg et al., 2007),
demonstrating gap solitons, which had no overlap with Bloch modes residing in the vicinity
of the Dirac points. Subsequently, the nonlinear version of the massless Dirac equation
in honeycomb lattices were studied with the Dirac approximation (Ablowitz et al., 2009;
Haddad et al., 2009). The nonlinear interactions can also break down the Dirac dynamics
in honeycomb photonic lattices (Bahat-Treidel et al., 2010b), open a gap between the first two
bands which can support a gap soliton (Bahat-Treidel et al., 2008).

In optical system, Wang et al. have shown that, the analogy phenomenon of Dirac point
with double-cone structure can be realized in the negative-zero-positive index metamaterial
(NZPIM) (Wang et al., 2009a). It is further found that the light field near DP possesses of
pseudodiffusive property obeying the 1/L scaling law (Wang et al., 2009a). Subsequently,
they study the Zitterbewegung of optical pulses near the Dirac point inside a NZPIM
(Wang et al., 2009b). The transmission gap, Bragg-like reflection, and Goos-Hanchen shifts
near the DP inside a NZPIM slab was further studied comprehensively by Chen et al.
(Chen et al., 2009). In addition, when the thermal emission frequency is close to the DP, the
spectral hemispherical power of thermal emission in layered structures containing NZPIM
is strongly suppressed and the emission can become a high directional source with large
spatial coherence (Wang et al., 2010). Shen et al. have studied the guided modes in NZPIM
waveguide (Shen et al., 2010a), in which the properties of the guided modes are analogous to
the propagation of electron waves in graphene waveguide (Zhang et al., 2009). These unique
results suggest that many exotic phenomena in graphene can be simulated by the relatively
simple optical NZPIM.

Recently, the nonlinear optical response of graphene has been another interesting subject.
It has been predicted that the graphene exhibits a strongly nonlinear optical behavior at
microwave and terahertz frequencies (Mikhailov, 2007). At higher, optical frequencies one can
also expect an enhanced optical nonlinearity as, due to graphene’s band structure, interband
optical transitions occur at all photon energies. Hendry et al. have performed the first
measurements of the coherent nonlinear optical response of single- and few-layer graphene
using four-wave mixing (Hendry etal.,, 2010). Their results demonstrate that graphene
exhibits a very strong nonlinear optical response in the near-infrared spectral region. All
the results will stimulate much research on the studies of the nonlinear optical response of
graphene. Based on the facts of optics-like phenomena of electron wave in graphene and the
similarly nonlinear optical dynamics of Dirac equation in 2D PCs, Shen et al. have studied
the nonlinear surface waves (Shen et al., 2010b) and the nonlinear guided modes (Shen et al.,
2011) near the DP in NZPIM. For the nonlinear NZPIM waveguide, when the nonlinearity is
self-focusing, there exists an asymmetric forbidden band near DP which can be modulated
by the strength of the nonlinearity. However, the self-defocusing nonlinearity can completely
eliminate the asymmetric band gap (Shen et al., 2011).

This chapter presents a review on the propagation of nonlinear plasmonics in NZPIM. The
chapter is organized as follow. In Sec. 2, the nonlinear surface wave is discussed at the
interface between a nonlinear conventional dielectric media and a linear NZPIM. By analogy
of electron wave in monolayer graphene waveguide, the guided modes in NZPIM waveguide
is studied in Sec. 3 by the graphic method. In Sec. 4, the nonlinear guided modes are
investigated in NZPIM waveguide with a nonlinear dielectric media substrate. Finally, we
make brief prospects of the research and conclusion of this chapter in Sec. 5 and 6, respectively.
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2. Nonlinear surface waves near the DP in NZPIM

Surface waves, which propagate along the interface between two media and decay in
transverse direction, were previously studied at the interface between metal and dielectric
medium (Kivshar, 2008). In such systems, the permittivity of the metal is negative and then
only the TM-mode surface waves can exist. The TM-mode surface waves can also exist in
nonlinear ferromagnetic and antiferromagnetic materials (Wang and Awai, 1998). Surface
waves can also propagate in negative refractive metamaterial with simultaneous negative
permittivity and negative permeability (Smith et al., 2000). Following the seminal work on
the linear TE- and TM-modes surface waves and the nonlinear surface modes in metamaterial
(Ruppin, 2000; Shadrivov et al., 2003; 2004), some very recent studies have illustrated that the
nonlinear surface wave becomes a more interesting topic from the physical point of view,
due to a host of new phenomena in comparison with the linear surface wave. For example,
Xu et. al. (Xuetal., 2009) have investigated the nonlinear surface polaritons in anisotropic
Kerr-type metamaterials. Very lately, we also discovered the bistable and negative lateral
shifts in Kretschmann configuration (Chen et al., 2010), where the nonlinear surface waves
can be excited at a Kerr nonlinear metamaterial-metal interface.

In this section, we present a comprehensive study of the properties of the nonlinear surface
waves at the interface between semi-infinite media of two types, nonlinear conventional
dielectric and linear NZPIM, and demonstrate a number of unique properties of surface waves
near the DP in a NZPIM.

2.1 Dispersion equation of the nonlinear surface waves

We consider an interface between the nonlinear conventional medium in the x > 0 region and
the linear NZPIM in the x < 0 region. The permittivity and permeability are e{\] L'and p; for
the nonlinear conventional medium and

2
wep

=1- 7 1
62(("}) w2+i'yew' ( )

2
w
S @)
w? 4+ iypw
for the NZPIM (Wang et al., 2009a; Ziolkowski, 2004), respectively. wgp and w%w are the
electronic and magnetic plasma frequencies, and 7, and 7,, are the damping rates relating
to the absorption of the material. Here we assume 7, = vy = 7 < w?,, w2, It is important

p2(w) =1

ep’s
that when wep = wem = wp and y = 0 (no loss), then €3(w) = pp(w) = 1 — w? /w?, which
indicates both €;(wp) and py(wp) may be zero simultaneously. wp is the frequency of the
optical DP (corresponding wavelength is Ap = 27tc/wp), where two bands touch each other
forming a double cone structure. In this case, the linear dispersion near the DP, w ~ wp, can

be written as 2 )
W — Wwp W — Wwp
K(w) = = , ®)
Up C

due to the fact that x(wp) ~ 0 and vp =~ c¢/2 at the DP, where c is the light speed in vacuum.
Near the DP, the light transport obeys the massless Dirac equation as follows (Wang et al.,

2009a):
0 il —ig) w—wp
22y o Y= (T) * @

ox ay D
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Fig. 1. (Color online). The transverse profile of the nonlinear surface waves: (a) yi» > 0 and
(b) iz < 0.

where ¥ = ( Ea(xy, @) ) are the eigenfunctions of the electric fields with the same k(w).
Ex(x,y,w)

We consider the TE-mode electric field in this paper, and the propagation of the surface waves
obey the following nonlinear differential equations

o Ey 2 2 NL _
52 (k= —xger “u1)Ey = 0,x >0, 5)
9’E
Y 2
a2 K5Ey = 0,x <0, (6)
where kg = w/c is the wave vector in vacuum, e{\’ L— e{“ +alEq]?, e{“ is the linear permittivity
and « is the nonlinear index of medium 1, x is the propagation constant of the nonlinear

surface wave, and K% =% — K%elLyl and K% = k% — [2(w — wp)/c]? are the decay constants

in nonlinear medium and NZPIM, respectively. We only consider a self-focusing nonlinearity
with &« > 0. It should be strengthened that for the self-defocusing nonlinearity a < 0, the
transverse electronic field will very different from the case of self-focusing nonlinearity. The
solution of Egs. (5) and (6) have the following form

_a /2 _
Eyy = Ko \/jmsech[’ﬁ(x xo)],x >0, @)

Epy = Exexp(xax),x < 0. (8)
Applying the continuity of wave function at the interface x = 0, we obtain two equations as
follow
K1 2
Ey, = — | ——sech(x1xg), 9
2= o\ o (r1x0) ©)
2
QEQ _o 2 tanh (x1x9) , (10)
U2 Hikog \ apq cosh(xixg)
which yields
tanh(x1xg) = #r (11)

4
HaKq
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Fig. 2. (Color online). Variation of Q) with ocE% /2, for three different value e{“ when (a)
lp2| > 1 (n2 < 0)and (b) 2| <1 (u2 > 0).

and the dispersion equation

N

212
K 1 2L, MyREy wp 2

- = uyer + —4pu(1——=)7|. (12)
SRR { S w

From Eq. (11), we know that the transverse profile of the nonlinear surface waves depend
on the sign of jp. The maximum of the dielectric fields amplitude are located at the interface
when i < 0 and located inside the nonlinear dielectric medium when y; > 0, as shown in
Fig. 1.

The power fluxes is described by the Poynting vector P = 1/2 [ (E x H*),dx = PNL 4 pL

with
pNL _ 11 (1 n #1’{2) (13)
#o#%’f%w“ por1 )’
2 2
pL — AT (”1"2) , (14)
2popy paKoKywa poKy

are the power fluxes in the nonlinear medium and NZPIM, respectively.

The dispersion equation Eq. (12) tells us that increasing aE3 will reduce or increase the
effective wave index «/xp. For the surface waves, the propagation constant should be larger
than wave vector in the nonlinear medium and NZPIM

2(w—wp)]?
Cc

= 43(1- 9Py, (15)

- > K%e%yl,xz > [ w

Define a parameter () = w/wp, and then the permittivity and the permeability of NZPIM are
&=ty =1-1/02 Eq. (12) also gives the following necessary conditions for the nonlinear
surface wave existence, since k2 / K% should be positive:

ZIXEZ w

et + P22 — iy (1= “2)2 <0, (] < pu), (16)
21XE2 w

el + 222 — iy (1= “2)2 > 0, (o] > ). (17)

In the next, we will study the nonlinear surface waves in NZPIM when |u3| < p1 and |pa| >
11, respectively.
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Fig. 3. (Color online). Dispersion relation of () versus normalized propagation constant, for
three different «E3/2 when (a) |p2| > 1 and (b) |p2| < 1.

2.2 Pass and stop bands, power fluxes, and group velocity of the nonlinear surface waves
Case A: |pp| < p1. From the Egs. (15) and (16), we obtain the following condition for the
surface propagation:
aE2
el <4(1- %)2 - 72
For simplicity, we assume that y; = 1 in this article. Since [ys| < 1, Q obeys v2/2 < Q < 1
or () > 1. We rewrite Eq. (18) as

(18)

AQ? +BQ+C >0, (19)
where A = 4 — (€1L + #), B=-8C=4anda = €1L + # > 1 for general dielectric
medium. The solution of Eq. (19) is

442
Q>%f,1<a<4. (20)

Case B: || > p1. From the Egs. (15) and (17), we obtain that

1 wE3

L 2 2

4(1— - . 21

er >4(1-37) 2 (1)

Since |pa| > 1, Q obeys 0 < Q < v/2/2. Similarly, we can get the solution of Eq. (21)
‘%Ef <0< —\éi,a > 1. (22)

From Egs. (20) and (22), we know that there is a forbidden band near the optical dirac point for
the nonliear surface waves. For v/2/2 < Q) < 2, the nonlinear surface wave do not exist. The
existence regions of the nonlinear surface waves also depend on the frequency properties and
the nonlinear value aE% /2, i.e., the passbands and stopbands, as shown in Fig. 2. It is shown
that when || > 1 (2 < 0) the passbands of the surface waves have a maximum frequency
limit v/2/2wp. The increase of the nonlinear part ocE% /2 reduces the lower frequency limit ()
and widens the passband, as shown in Fig. 2 (a). From Fig. 2 (b), we know that, the passbands
have a minimum frequency limit, and the increase of the nonlinear part «E3 /2 increases the
minimum frequency limit and reduces the passbands when |p3| < 1 (yp > 0). For that the
value of the nonlinear part «E3/2 can be modulated by increasing or decreasing the power, so
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Fig. 4. (Color online). Group velocity V, versus normalized frequency, for three different
«E2/2 when (a) [y2| > 1and (b) [p2] < 1.

it maybe have potential applications in optical devices and guided wave optics.

In Fig. 3, we plot the frequency dispersion of the nonlinear surface waves. We find that
the normalized propagation constants will increase when the normalized frequency increase
for both pp > 0 and pp < 0. The dispersion curves are always positive in the existence
regions which means the nonlinear surface waves are always forward with a positive power
fluxes. This is very different from the frequency dispersion in left-hand materials, whereas
the dispersion curves may be negative under some conditions (Shadrivov et al., 2004). Fig. 3
also shows that the dispersion curves have a maximum (minimum) limit for the parameter ()
when |p3] > 1 (Juz| < 1), which corresponding to the forbidden bands described in Fig. 2.
As to the case |jp| > 1 (negative index), we can see the upper limit for the parameter () is
Q=v2/2

Group velocity is an important parameter for the propagation of the surface waves. It can
describe the direction of the power fluxes. We rewrite dispersion relation Eq. (12) as

p p3aE3 w v
1 2 L, Ha%E; D2
K=K user + — 41 (1 ——=) , (23)
{y% — y% [ 271 2 w
which yields that

e _ x| K5 Moo g, HRAES WD \2

%—54‘%{(#%7#%)@2%"' 5 _4741(1—7) ]

H1 L 2 ! wp WD/
+ [(2er +aE)papy —8pua (1= —=)(1 = —=) ]}, (24)
pi— 3 w w
M\ 2mpapy ) n o3 ' 2 ~

where (ﬂ%_ly%) =— (}[%1_;%)22, Hy = 2w /w?’,and (1 — €2) = wp/w*. The group velocity can

be represented as
Ve = dw/dx = (dx/dw) . (25)

In Fig. 4, we plot the group velocity of the nonlinear surface wave in two different conditions
[u2] > 1 and |pp| < 1. We know that the group velocity of the nonlinear surface waves is
always positive which means the power fluxes is always positive and the surface waves are
always forward. When i, < 0, the group velocity will decrease when the frequency increase.
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Fig. 5. (Color online). Total power versus normalized frequency, for three different «E3 /2
when (a) [p2| > 1and (b) |p2| < 1.

It will reach zero at the point w = V/2/2wp, which means the nonlinear surface waves is
forbidden at this point. When w = /2/2wp, |pa| = p1 = 1 (2 = —1), we have x — oo and
the nonlinear surface wave stops. The group velocity will decrease when the nonlinear part
IXE% /2 increase. However, they will all stop at the point w = V/2/2wp, as shown in Fig. 4
(a). Fig. 4 (b) shows that the group velocity has a lower frequency limit for a given e} and
the nonlinear part «E3 /2 when |pp| < 1. This lower frequency limit imply a power threshold
of the surface waves. The lower frequency limit will increase when the linear permittivity
of e{“ or the nonlinear part aE% /2 increase. This result can also be obtained from Fig. 2 (b),
the passbands have a minimum frequency limit, and the increase of the nonlinear part «E2/2
increases the minimum frequency limit and reduces the passbands. We also find the group
velocity will increase firstly and then decrease when it reaches the maximum. The group
velocity is always positive when y, < 0 which means the nonlinear surface waves are always
forward with positive power fluxes.

We also plot the power fluxes of the nonlinear surface waves in Fig. 5 by calculating Egs.
(13) and (14). It is shown that the power flux will approximately linear decrease near the
Dirac point when pp < 0, as shown in Fig. 5 (a). And the power flux will be zero when
w = /2/2wp for that the nonlinear surface waves stops at this point. We also find that
increase the nonlinear part aE3/2 can effectively increase the power fluxes of the nonlinear
surface waves when the frequency is near the Dirac point. When py > 0, from Fig. 5 (b) we
can see that the power fluxes have a frequency threshold for a given e} and the nonlinear
part ocE% /2. This threshold will increase when the nonlinear part aE% /2 increase, and this
result also shown in Fig. 4 (b). The power flux will also increase when the frequency increase.
However, the power fluxes will decrease when the nonlinear part aE3 /2 increase for the same
frequency.

3. Guide modes in NZPIM waveguide

In 2009, Zhang et al. have investigated the guided modes in monolayer graphene waveguide,
by analogy of optical waveguides (Zhang et al., 2009). In this section, we will investigate
systemically the guided modes in NZPIM waveguide by using the graphic method. For the
fast wave guided modes, it is shown that the fundamental mode is absent when the angular
frequency is smaller than the DP. Whereas the NZPIM waveguide behaves like conventional
dielectric waveguide, when the angular frequency is larger than the DP. The unique properties
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of the guided modes are very similar as the propagation of electronic wave in graphene
waveguide, corresponding to the classical motion and the Klein tunneling Zhang et al. (2009).

Fig. 6. Schematic structure of negative-zero-positive index metamaterial (NZPIM)
waveguide, where the core is the air with the thickness is d and the cladding is the so-called
NZPIM.

3.1 Model and basic equation

We consider a waveguide structure of NZPIM, as shown in Fig. 6, where the core is the air
with the thickness is 4 and the cladding is the so-called NZPIM, the optical wave with angle 6
is incident upon the waveguide, the direction of the guide modes is z axis, and there are two
types of situations: (a) when the incident angle is less than the total internal reflection (TIR)
angle, the modes become radiation modes; (b) if the incident angle is more than the critical
angle, there will exist oscillating guided modes. What as follows we will focus on the latter
case. The TIR angle is defined by sin ; = k3 /1, where x; = w/c is the wavevector in the air,
and xp = (w — wp)/vp is the wave vector of the NZPIM near the DP (Wang et al., 2009a).
We consider the transverse electric (TE) guided modes [TM modes can be obtained in the same
way], the electric fields in the three regions can be written as

Ae*eiPy, o x <O,
Pa(x) = { [Beos(kyx) + Csin(kyx)] ¥, 0 < x < d, (26)
De—«(x—d)eify, x>d,

where x, = k1 cosf, B = kjsinf is the propagation constant of the guide modes, and & =

\/ B? — 15 is the decay constant in the cladding region.

Applying the continuity of wave function at the interface x = 0 and x = d, we obtain the
corresponding dispersion equation as follow:

201 Yo XKy
tan(xyd) = 5. (27)
* ;4%1(,2( — y%az

We make Eq. (27) in dimensionless form

2t ) (o) = (e = () o5
13 ()2 — p3[(k7d)2 — (1xd)? — (x2d)?]

F(xxd) =
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Fig. 7. (Color online). Graphical determination of x,d for fast wave guided modes when

w < wp. The solid and dashed curves correspond to tan (xxd) and F(kxd), respectively. The
initial parameters are wp = 27 X 10GHz, w = 0.8wp which means the total reflection angle
is 0. = 30°, the thickness of the core are (a) d = 10cm and (b) d = 1cm.

The dispersion Eq. (28) is a transcendental one and cannot be solved analytically, so we
propose a graphical method to determine the solution of xyd for the guided modes. We will
discuss the properties of the guided modes in two cases w < wp and w > wp, respectively.

3.2 Fast wave guided modes
Case 1: w < wp. The critical angle is defined as

0. = sin~! [2 (% - 1)] (29)

with the necessary condition %w p < w < wp (Chen et al., 2009).

As shown in Fig. 7 (a), we plot the dependencies of tan(xxd) and F(xxd) on xxd. The
intersections show the existence of the guided modes, as shown in Fig. 8 (a), (b), and (c),
corresponding to the TE;, TE3, and TE, modes, respectively. We find that for some waveguide
parameters, the lower-order mode TE; can not coexist with higher-order guided modes. So
we can not solve TE; mode in the same graph Fig 7 (a). This is because that the waveguide
parameters used in Fig. 7 (a) does not satisfy the dispersion relation of Eq. (30) when
m = 1. We can reduce the thickness of the waveguide to obtain the TE; mode in the NZPIM
waveguide, as shown in Fig. 8 (d), which corresponds to the dispersion relation graphic of
Fig 7 (b) with the waveguide thickness is d = 1cm.

Another interesting property of the guided modes is that the absence of fundamental TE,
mode for any parameters of the NZPIM waveguide, which is a novel property different from
that in conventional waveguide. The unique property is similar as the guide modes of electron
waves in graphene waveguide, where the fundamental mode is absent in the Klein tunneling
case (Zhang et al., 2009). For the TE modes, we can write the dispersion relation Eq. (27) as

kxd = mm+2¢,m=0,1,2,... (30)

where jha
=arctan (——), 31
¢ (1) @D

is negative (angular frequency is smaller than the Dirac point, yp < 0, corresponding
Klein tunneling in graphene), which represents the phase retardation upon the total internal
reflection at the interface between air and the NZPIM. From Eq. (30), we know that for the
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Fig. 8. (Color online) The wave function of guided modes as a function of distance of NZPIM

waveguide corresponding to the intersection in Fig. 7 when w < wp. (a) TEj: kxd = 3.41; (b)

TEs: kxd = 6.87; (c) TEy: xxd = 10.49; (d) TE;: xxd = 1.03.

fundamental mode (m = 0), it does not meet with the required dispersion relation. In fact, the
condition for the guided waves to exist in a slab waveguide, has a simple physical meaning;:
the round-trip accumulation of phase due to wave propagation across the layer, 2¢prop,
including the phase retardation upon the total internal reflection, 2¢,s;, should be equal to
a multiple of 27t (Shadrivov et al., 2005). When the angular frequency is smaller than the
Dirac point (the permittivity and the permeability are both negative, NZPIM can be treated as
left-handed material), the total phase change does not satisfy the required dispersion relation
of Eq. (30), and no fundamental guided modes exist (Shadrivov et al., 2003; 2005). This result
is also shown in Fig. (11), where we plot the propagation constant of the guided modes as
a function of incident frequency near the DP. It is obviously that the dispersion of TEy mode
only exist when w > wp.

Case 2: w > wp. The critical angle is defined as

.1 wp
0. = sin [2 (1 L )] (32)
with the necessary condition wp < w < 2wp (Chen et al., 2009). Similarly, we obtain the
guided modes of the NZPIM waveguide by using the graphical method, as shown in Fig.
9. It is shown that when w > wp, the properties of the NZPIM waveguide can be treated
as a conventional dielectric waveguide. From Fig. 10, we can see that the fundamental odd
and even guided modes can coexist with higher-order modes within the same waveguide for
general parameters, which is very different from the case when w < wp. Under this condition,
it corresponds to the guided modes in graphene waveguide in classical motion (Zhang et al.,
2009).
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w > wp. The solid and dashed curves correspond to tan (xyd) and F(kyd), respectively. The
initial parameters are wp = 27 X 10GHz, w = 4wp /3 which means the total reflection angle
is 6, = 30°, the thickness of the core is d = 10cm.
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Fig. 10. (Color online) The wave function of guided modes as a function of distance of
NZPIM waveguide corresponding to the intersection in Fig. 9 when w > wp. (a) TEy:
Ked = 3.03; (b) TE;: xxd = 6.06; (c) TEy: xxd = 9.07; (d) TEj: xxd = 12.07.

In order to show further the unique properties of guides modes near the DP in NZPIM
waveguides, we plot the dispersion of the guided modes when the incident frequency varies
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from w < wp to w > wp in Fig. 11. As discussed above, we can see that TE; mode only
exist when w > wp. In addition, another important and interesting property of the guided
modes is that there exists an asymmetric forbidden band for the dispersion. The band will also
become wider when the order of the guided modes increases with increasing the incidence
angle. The result indicates that the modes are not continuous near the DP. This behavior on
the forbidden band discussed here is very similar to the transmission gap in the NZPIM slab
(Chen et al., 2009). It seems that the guided modes near the DP are quite different from the
negative refractive index metamaterial waveguides discussed in Ref. (Shadrivov et al., 2003),
though one can divide NZPIM two parts with positive index and negative index respectively
by DP, which corresponds to w > wp and w < wp.
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Fig. 11. (Color online) The propagation constant B versus the incident frequency w near the
DP in the NZPIM waveguide.

3.3 Slow wave guided modes

We also find that when w < wp, the NZPIM waveguide can propagate surface guided
modes-slow wave. In this case, the function of the modes in core become sinh and cosh with
the imaginary transverse «y, and the electric fields in three regions can be written as

AevelPy, x <0,
Pa(x) = { [Bcosh(xyx) + Csinh(ryx)] €Y, 0 < x < d, (33)
De—(x=d),ify x>d,
where «, is the transverse decay constant in the core region, and B> = K% + «2 is the

propagation constant of the slow wave guided modes, and & = /B2 — K% is the decay constant
in the cladding region.
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Fig. 12. (Color online). The wave function of guided modes as a function of distance of
NZPIM waveguide. The initial parameters are wp = 271 X 10GHz, w = 0.69wp, and the
thickness of the core is d = 10cm.(a) TEy: kxd = 13.8109; (b) TEq: «xd = 13.8112.

Similarly, we obtain the corresponding dispersion equation of this system

27 oKy
tanh(kyd) = ——5 55— 34
Write Eq. (34) in dimensionless form as follow

_ 2pmpa(ed) /(1) + (1exd)? — (k2d)?
13 (kxd)? + 2] (k1d)? + (xd)? — (k2d)?]"

As discussed above, we also propose a graphical method to solve the surface guided modes.
We find that only fundamental odd and even surface guided modes can exist in the waveguide
for some parameters. As shown in Fig. 12, higher-order surface modes are forbidden except
the TEp and TE; surface guided modes. These results obtained here also predict the surface
mode of electrons and holes in graphene waveguide.

We emphasize that these results discussed here do extend the investigations (Shadrivov et al.,
2003; 2005) and applications (Tsakmakidis et al., 2007) of the waveguide containing only
left-handed material. On one hand, we can control the properties of guides modes for the
potential applications by adjusting the angular frequency with respect to the DP. On the other
hand, our work will also motivate the further work to simulate many exotic phenomena in
graphene with relatively simple optical benchtop experiments, based on the links between
Klein paradox and negative refraction (Giiney and Meyer, 2009).

F(kxd) = (35)

4. Tunable band gap near the Dirac point in nonlinear negative-zero-positive index
metamaterial waveguide

The optical-like behaviors of electron waves in graphene have also drawn considerable
attention recently, for example, graphene based electronic fibre and waveguide. In Sec.
3, we have studied the guided modes in NZPIM waveguide (Shen et al., 2010a), in which
the properties of the guided modes are analogous to the propagation of electron waves in
graphene waveguide (Zhang et al., 2009). However, the nonlinearity may affect the properties
of guided modes near the DP in a special manner. In this section, we investigate systemically
the guided modes in nonlinear NZPIM waveguide. When the nonlinearity is self-focusing,
there exists an asymmetric forbidden band near DP which can be modulated by the strength
of the nonlinearity. However, the self-defocusing nonlinearity can completely eliminate the
asymmetric band gap.
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Fig. 13. (Color online) Schematic structure of the NZPIM waveguide with a nonlinear
substrate, the core thickness is d.

4.1 Model and basic equation

Considering a nonlinear NZPIM waveguide structure, as shown in Fig. 13. The core of the
waveguide is conventional dielectric medium with the thickness d, the permittivity and the
permeability are €, and . The substrate is the nonlinear medium with the permittivity and
the permeability are ef’ L = el 4 a|E;|? and pq, where €l is the linear refractive index and « is
the nonlinear coefficient index, « > 0 (&« < 0) corresponding to self-focusing (self-defocusing)
nonlinearity. The cladding is NZPIM with the permittivity and the permeability are e3 = 3 =
1-— w%) Jw? (Shen et al., 2010a; Wang et al., 2009a).

We only consider the transverse electric (TE) nonlinear guided modes. When the substrate
has a self-focusing nonlinearity & > 0, the electric fields in three regions can be written as

kL /2 sech(ky (x — x0)], x <0,

ko \/ apy
P(x) = Aetke(x—d) L Be—ika(x=d) (0 <y < d, (36)
Cekalx—d), x>d,

where k} = p? — k3ebpy and K = B? — [2(w — wp)/c]? are the transverse decay indexes in
substrate and cladding, k3 = k3eppin — B2 is the transverse wave vector of the guided modes
in core and it is real, f is the propagation constant of the nonlinear fast wave guide modes.
For convenience, we assume the nonlinear substrate and the core are non-magnetic medium
with yq = pp = 1.

Applying the continuity of wave function at the interfaces x = 0 and x = d, we obtain the
corresponding dispersion equation as follow:

tan(kod) — Vlﬂzkzkg - V%ﬂe»hkz tanh(—k1x) (37)
H1psks + pskiks tanh(—kyxo)

where xp = — kl—lsech_1 {% \/ B (coskad + % sinkyd)C| is the position of the maximum of

the amplitude in nonlinear substrate, C being the amplitude of the electric field at the interface
x = d. In the whole paper, we make the assumption C = 1. Next, we will discuss the
properties of the nonlinear guided modes by using the graphic method (Shen et al., 2010a;
Zhang et al., 2009) near DP in two cases w < wp and w > wp, respectively.
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Fig. 14. (Color online) Guided modes in nonlinear NZPIM waveguide when

w = 0.8wp < wp, « = 0.003, elL =1.2and €y = 2. (a) TEq: xpd = 0.93864, d = 1cm; (b) TEy:
Kpd = 3.46529, d = 10cm; (c) TEs: «pd = 6.95257, d = 10cm; (d) TE4: xpd = 10.5005, d = 10cm.

4.2 Nonlinear fast wave guided modes

Case 1: w < wp, and €3 = 3 < 0. As shown in Fig. 14, we find that the fundamental TE,
mode is absent for any parameters of the nonlinear NZPIM waveguide. The unique property
is very different from the case of conventional nonlinear waveguide where the lowest-order
TE( guided mode is always exist (Stegeman et al., 1984). The lowest-order guided mode
of the nonlinear NZPIM waveguide is TE; mode, which can not coexist with higher-order
guided modes for some waveguide parameters. For the TEj guided modes, it should satisfy
the condition kod = 2¢. 711 + 2¢e 12 (Shadrivov et al., 2003; 2005; Shen et al., 2010a), where
2¢re11 and 2¢,. ¢ are the phase retardation upon the total internal reflection at the interface
between core and cladding and at the interface between core and substrate. In previous works
(Shadrivov et al., 2003; 2005; Shen et al., 2010a), both 2¢, /1 and 2¢,, s> are negative, then the
TE( mode does not exist. In a linear waveguide with left handed material cover, 2¢,,f/ is
negative but 2¢, s is positive, which may support the TEy mode with appropriate physical
parameters. However, the nonlinear physical mechanism in this work is different from the
linear dynamics (Wang et al., 2008). We emphasize that the nonlinear NZPIM waveguide can
not support the TEy mode due to the nonlinear dispersion when the angular frequency is
smaller than DP.

Case 2: w > wp, and €3 = pu3 > 0. In Fig. 15, we plot the nonlinear guided modes when the
angular frequency is larger than DP. It is shown that the properties of the nonlinear NZPIM
waveguide can be treated as a conventional nonlinear dielectric waveguide. From Fig. 15, we
can see that the nonlinear NZPIM can support the fundamental guided mode [Fig. 15 (a)],
though it can not coexist with higher-order modes within the same waveguide for general
parameters. This result is different from the case that the nonlinear NZPIM waveguide can not
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Fig. 15. (Color online) Guided modes in nonlinear NZPIM waveguide when
w =4/3wp > wp, « =0.003, elL = 1.2and ey = 2. (a) TEp: xpd = 0.960548, d = 0.4cm; (b)
TEq: kpd = 3.23447, d = 10cm; (c) TEy: xod = 6.47046, d = 10cm; (d) TE3: kpd = 9.70986,
d = 10cm.

support the fundamental mode when the angular frequency is smaller than DP. Although the
physical mechanism of nonlinear dispersion is different from the linear case, we can see that
the nonlinear guided modes can also be treated as electronic wave in graphene waveguide
(Zhang et al., 2009), corresponding to the Kelin tunneling (lack of fundamental mode) and
classical motion (support fundamental mode), respectively.

Since the maximum of the magnitude at the interface between a nonlinear media and a linear
media locates inside the nonlinear media (Shadrivov et al., 2004), the guided modes not only
have mode energy in the core, but also a peak mode energy in the nonlinear substrate region,
as shown in both Fig. 14 and Fig. 15. This result is identical with the conventional nonlinear
waveguide (Stegeman et al., 1984).

We further show the unique properties of nonlinear guides modes near DP in the nonlinear
NZPIM waveguide with the angular frequency varying from w < wp to w > wp in Fig. 16
when the nonlinearity is self-focusing [Fig. 16 (a) and (b)] and self-defocusing [Fig. 16 (c) and
(d)], respectively. When the nonlinearity is self-focusing, like the behaviors of light in linear
NZPIM (Chen et al., 2009; Shen et al., 2010a), there also exists an asymmetric forbidden band
for the dispersion [Fig. 16 (a)] which means the nonlinear guided modes are not continuous
near DP. The band will become narrower when the order of the guided modes increases which
is opposite to the case that the band will become wider when the order of the guided modes
increases in linear NZPIM waveguide (Shen et al., 2010a). Another important and interesting
phenomenon is that the bang gap can be modulated by the strength of the nonlinearity. It is
obviously that the band gap will become wider when the nonlinear index « increases [Fig.
16 (b)]. The band gap will also become wider with the increase of the wave intensity when
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the nonlinear index « is fixed (not shown). However, the self-defocusing nonlinearity can
eliminate the asymmetric band gap, leading to the continuation of the guided modes near
DP, as shown in Fig. 16 (c) and (d). The field in the core of the NZPIM waveguide with
self-defocusing nonlinearity is represented in the form of esch function, and its dispersion can
be obtained in the same way. The tunable gap may have potential application in electron wave
filters in nonlinear graphene fibre optics (Chen and Tao, 2009).
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Fig. 16. (Color online) The propagation constant B versus the incident frequency w near the
DP in the nonlinear NZPIM waveguide, the core thicknessis d = 0.1, e{“ =12, =2, and
the nonlinearity are (a) « = 0.0001, (b) « = 0.0008, (c) « = —0.0001, and (d) « = —0.0008.

4.3 Nonlinear surface guided modes

We also find that when w < wp, the nonlinear NZPIM waveguide can propagate nonlinear
surface guided modes-slow wave. In this case, the wave vectors in core, substrate and
cladding are all imaginary. The electric fields in three regions can be written as

%,/%msech[kl(x—xo)}, x <0,
#(x) = ¢ Acosh[ky(x — d)] + Bsinh[ky(x — d)], 0 < x < d, (38)
Cehslx=d), x>d,
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where k2 = B2 — k3eluq, k3 = B* — K3eapa, and k3 = % — [2(w — wp)/c]? are the transverse
decay wave vectors in the substrate, core, and cladding, B is the propagation constant of the
slow wave guided modes.

Similarly, we obtain the following dispersion relation

_ Mapokaks — popskiks tanh(—kqxo)

tanh (x,d) =
pap3ks — p3kiks tanh(—kqxo)

(39)

where xg = fkl—lsech_1 {% \/ 5 (coshkod + ﬁz—iz sinh kzd)C} is the position of the maximum

of the amplitude in nonlinear substrate, C being the amplitude of the electric field at the
interface x = d.
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Fig. 17. (Color online) Slow wave guided modes in nonlinear NZPIM waveguide when

w = 0.7wp < wp, the nonlinearity is « = 0.003, €& = 1.2, e; = 2. (a) TE: xod = 7.25054,

d = 0.5cm; (b) TEy: kpd = 7.8406, d = 1cm; (c) TEq: kpd = 3.36844, d = 1cm; (d) TEy:

Kod = 3.42543, d = 5cm.

We plot the nonlinear slow waves guided modes in Fig. 17. We find that only the lowest order
even (TEp) or odd (TE;) surface guided modes can exist in the nonlinear NZPIM waveguide
which crucially depend on the physical parameters. When the core thickness is smaller, the
waveguide can only support TEy mode surface wave [Fig. 17 (a)]. When the core thickness
getting bigger, the waveguide can support both the TEy mode and the TE; mode surface
waves [Fig. 17 (b) and (c)]. However, when the core thickness is larger, the waveguide
can only support the TE; mode surface wave[Fig. 17 (d)]. Recent research showed that
the optically discrete and surface solitons in honeycomb photonic lattices can be regarded
as an optical analog of graphene nanoribbons (Molina and Kivshar, 2010). Surface solitons
(Savin and Kivshar, 2010a) and vibrational Tamm states (Savin and Kivshar, 2010b) at the
edges of graphene nanoribbons have also been reported recently. We hope that our results
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obtained here may also predict the nonlinear surface mode of electrons and holes in nonlinear
graphene waveguide.

5. Further work on optical DP in NZPIM

In the recent years, graphene supperlatices with periodic potential structures has drawn
considerable attention due to the fact that superlattices are very successful in controlling
the electronic structures of many conventional semiconducting materials (Tsu, 2005). Many
theoretical (Park et al., 2008a;b) and experimental (Sutter et al., 2008) works have been focus
on the devices of graphene-based superlattices. Wang ef al. have presented the result on
a new DP which is exactly located at the energy which corresponds to the zero-averaged
wavenumber inside the one-dimensional (1D) periodic potentials (Wang and Zhu, 2010a;
Wang and Chen, 2011). The gap for the zero-averaged wavenumber is quite different from the
Bragg gap, which is analogous to the case of the one-dimensional PCs containing left-handed
and right-handed materials (Bliokh et al., 2009; Wang and Zhu, 2010b).

Based on the rapid developments in both theoretical and experimental works on
graphene-based superlattices, and the analogy phenomena between electron waves in
graphene and optics in NZPIM, the optical propagation in one-dimensional PCs containing
NZPIM will be an interesting and challenge task in the future. We will study the
transmission of optics through an one-dimensional PCs containing NZPIM, and predict
some novel properties, such as Goos-Héanchen shifts (Chen et al., 2009), zero-averaged index
gap (Wang and Zhu, 2010b), new Dirac gap, and Bragg gap etc. The propagation of
one-dimensional NZPIM PCs containing a nonlinear defect will be another significative
question as well.

6. Conclusion

In summary, we have investigated the nonlinear plasmonics in NZPIM and shown that the
dynamics of electron wave in graphene can be simulated by the analogy of optics in NZPIM.
The unique propagation of optics near the DP in NZPIM, such as frequency threshold of
nonlinear surface waves, and tunable band gap of the nonlinear guided modes, will lead to the
potential applications in guided wave optics, integral optics and optical-based devices. Our
results will also give the deeper understanding of several exotic phenomena in graphene. We
hope our work will motivate the further work to simulate and predict many exotic phenomena
in graphene with relatively simple optical experiments.
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1. Introduction

This chapter describes a somewhat mysterious phenomenon known in the literature under the
German name of “Zitterbewegung” (trembling motion). Both the phenomenon and its name
were conceived by Erwin Schrodinger who, in 1930, published the paper Ueber die kraeftefreie
Bewegung in der relativistischen Quantenmechanik in which he observed that in the Dirac
equation, describing relativistic electrons in a vacuum, the 4 x 4 operators corresponding to
components of relativistic velocity do not commute with the free-electron Hamiltonian (Barut
& Bracken, 1981; Schroedinger, 1930). In consequence, the electron velocity is not a constant
of the motion also in absence of external fields. Such an effect in a vacuum must be of a
quantum nature as it does not obey Newton’s first law of classical motion. Schrodinger
calculated the resulting time dependence of the electron velocity and position concluding that,
in addition to classical motion, they experience very fast periodic oscillations which he called
Zitterbewegung (ZB). Schrodinger’s idea stimulated numerous theoretical investigations but
no experiments since the predicted frequency hwy =~ 2mgc* ~ 1 MeV and the amplitude
of about A = f1/mc ~ 3.86 x 1073A are not accessible to current experimental techniques. It
was recognized that the ZB is due to an interference of states corresponding to the positive and
negative electron energies resulting from the Dirac equation (Bjorken & Drell, 1964; Greiner,
1994; Sakurai, 1997). Lock (1979) showed that, if an electron is represented by a wave packet,
its ZB has a transient character, i.e. it disappears with time.

It was conceived years later that the trembling electron motion should occur also in crystalline
solids if their band structure could be represented by a two-band model reminiscent of the
Dirac equation (Cannata et al., 1990; Lurie & Cremer, 1970; Vonsovskii et al., 1990; Zawadzki,
1997). An intense interest in ZB of electrons in semiconductors was launched only in 2005
(Schliemann et al., 2005; Zawadzki, 2005). There followed a wave of theoretical considerations
for various semiconductor and other systems. It was recognized that the phenomenon of ZB
occurs every time one deals with two or more interacting energy bands (Cserti & David, 2006;
Rusin & Zawadzki, 2007a; Winkler et al., 2007).

As mentioned above, in a vacuum the ZB characteristics are not favorable. In solids, the ZB
characteristics are much better but it is difficult to observe the motion of a single electron.
However, recently Gerritsma et al. (2010) simulated experimentally the Dirac equation and
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the resulting electron Zitterbewegung with the use of trapped ions and laser excitations. The
power of the simulation method is that one can adjust experimentally the essential parameters
of the Dirac equation: mc? and ¢, and thus achieve more favorable values of the ZB frequency
and amplitude. Interestingly, it turned out that analogues of ZB can occur also in classical
wave propagation phenomena. Several predictions were made, but in two systems, namely
macroscopic sonic crystals (Zhang & Liu, 2008), and photonic superlattices (Dreisow et al.,
2010), the ZB-like effects were actually observed.

2.ZB of electrons in graphene

Here we consider the ZB in three modern materials: monolayer graphene, bilayer graphene
and carbon nanotubes. Monolayer graphene is currently by far the most studied material
in the world (Novoselov et al., 2004). The description is based mostly on our theoretical
works (Rusin & Zawadzki, 2007b; 2008; 2009), but papers of other authors concerned with
ZB in graphene are also mentioned. It is emphasized that the trembling electrons should
emit electromagnetic radiation which would provide a direct evidence for the existence of
this phenomenon. We discuss the origin of ZB in crystalline solids not going into detailed
mathematical derivations. An exact formulation of the electron dynamics in monolayer
graphene in the presence of a magnetic field is presented in Appendix A. The electron classical
velocity and its mass for a linear energy band of monolayer graphene are considered in
Appendix B. It is hoped that our presentation will simulate experimental investigations of
the electron trembling motion in graphene.

2.1 Bilayer graphene

We begin our description considering bilayer graphene since the results can be obtained in
the analytical form, which allows one to see directly important features of the trembling
motion. Two-dimensional Hamiltonian for bilayer graphene in the K point of Brillouin zone
is (McCann & Fal’ko, 2006)

v 1 0 (px—ify)?
HB - 2m* ((ﬁX+lﬁy)2 0 ’ (1)

where m* = 0.054m. The energy spectrum is & = +Ey, where E, = h%k%/2m*, i.e. there is
no energy gap between the parabolic conduction and valence bands. The position operator in
the Heisenberg picture is a 2 x 2 matrix £(t) = exp(iHpt/h)% exp(—iHpt/h). One calculates

xn(t) = x(0) +% {1 — cos (%Zt)] . 2

where k* = k2 + kﬁ. The third term represents the Zitterbewegung with the frequency

hw, = 21%k?/2m*, corresponding to the energy difference between the upper and lower
energy branches for a given value of k. We want to calculate the ZB of a charge carrier
represented by a two-dimensional wave packet

¥(r,0) = %% / A2l 2R 38 (ky—hoy)? giker (é) . ®)
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The packet is centered at kg = (0, ko, ) and is characterized by a width d. The unit vector (1,0)
is a convenient choice, selecting the (11) component of £(t), see Eq. (2). An average of %11 (f)
is a two-dimensional integral which can be calculated analytically in the form

T (t) = (@(r)|2()[¢(r)) = X+ x2(8) @

where %c = (1/koy) |1 — exp(—d2k(2)y)], and

) 1 54d2k(2)y (52d4k5y
xz(t):@ exp BTy cos ot

_exp(_dzk(z)y)] ’ (5)

in which 6 = /fit/m* contains the time dependence. In Figure 1a we show the ZB of the
electron position ¥1; as given in Eqgs. (4) and (5).
Here are the main features of ZB following from Egs. (4) and (5). First, in order to have
ZB in the direction x one needs an initial transverse momentum hkoy. Second, the ZB
frequency depends only weakly on the packet width: wz = (hk%y Jm*)(d*/ (d* + 6*)), while
its amplitude is strongly dependent on the width d. Third, the ZB has a transient character
since it is attenuated by the exponential term. For small f the amplitude of %z (t) diminishes
as exp(—T%t?) with

fikoy
Iz=_~i (6)
Fourth, as t (or §) increases, the cosine term tends to unity and the first term in Eq. (5) cancels
out with the second term. After the oscillations disappear, the charge carrier is displaced by
the amount %, which is a “remnant” of ZB. Fifth, for very wide packets (d — o0) the exponent
in Eq. (5) tends to unity, the oscillatory term is cos(&zk(z)y) and the last term vanishes. In this

limit one recovers undamped ZB oscillations.

Next, we consider other quantities related to ZB, beginning by the current. The latter is
given by the velocity multiplied by charge. The velocity is simply @y = d%z/0t, where ¥z
is given by Eq. (5). The calculated current is plotted in Figure 1b, its oscillations are a direct
manifestation of ZB. The transient character of ZB is accompanied by a temporal spreading
of the wave packet. The question arises whether the attenuation of ZB is not simply caused
by the spreading of the packet. The calculated packet width AR is plotted versus time in
Figure 1c. It is seen that during the initial 80 femtoseconds the packet’s width increases
only twice compared to its initial value, while the ZB disappears almost completely. We
conclude that the spreading of the packet is not the main cause of the transient character of
ZB. Looking for physical reasons behind the transient character of ZB we decompose the total
wave function ¢(r, t) into the positive (p) and negative (1) components ¢? (r,t) and 9" (r, ).
We have

[p(6)) = e 7" 1y(0)) |
= BN plp(0)) p) + €/ (n]p(0)) 1), @
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Fig. 1. Zitterbewegung of a charge carrier in bilayer graphene versus time, calculated for a
gaussian wave packet width d = 300A and ko, = 3.5 X 108m~1: a) position, b) electric

current, c) dispersion AR(t). After the ZB disappears a constant shift of the position remains.
After Rusin & Zawadzki (2007b).

where |p) and |n) are the eigen-functions of the Hamiltonian (1) in k space corresponding to
positive and negative energies, respectively. Further

1 1 '

<k‘P> = ﬁ (ki/k2> 5(,‘:_"3 )/ (8)
1 1 /

i) = 5 (o e ) otk =), ©)

After some manipulations we obtain
/dzkef%dz(kiJr(kyfkoy)z)eikrefz‘Et/h %

1 d
YP(rt) = nx.
1
(ka/k2)' (10)

The function " (r, t) is given by the identical expression with the changed signs in front of E
and k% /k? terms. There is ¢(r,t) = P (r,t) + ¢"(r,t) and (¢"|¢*) = 0. Now, one can
calculate the average values of ¥ and ¥ using the positive and negative components in the
above sense. We have

*(5) = [ @7+ 97 x (" + )P, (11)
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so that one deals with four integrals. A direct calculation gives
/ [P [Pxd®r + / 9" Pxd*r = %, (12)

/ PxpPde + / WP dr = 55(1), (13)

where X, and Xz (t) have been defined in Eq. (4). Thus the integrals involving only the positive
and only the negative components give the constant shift due to ZB, while the mixed terms
lead to the ZB oscillations. All terms together reconstruct the result from Eq. (4). Next we
calculate the average value §. There is no symmetry between ¥ and i because the wave packet
is centered around ky = 0 and ky = ko,. The average value j is again given by four integrals.
However, now the mixed terms vanish, while the integrals involving the positive and negative
components give

fikg
P129,42m — Y
[ 1w Pydte = 20, (14
: hko
n2, 32, _ Y
[ 1w Pydte = 3, (15)

This means that the “positive” and “negative” subpackets move in the opposite directions
with the velocity v = fikg,t/2m*. The relative velocity is o'l = fikoyt/m*. Each of these
packets has the initial width d and it (slowly) spreads in time. After the time 1“21 =d/v"
the distance between the two packets equals 4, so the integrals in Eq. (12) are small, resulting
in the diminishing Zitterbewegung amplitude. This reasoning gives the decay constant I'y =
Tikoy /m*d, which is exactly what we determined above from the analytical results (see Eq. (6)).
Thus, the transient character of the ZB oscillations is due to the increasing spatial separation of the
subpackets corresponding to the positive and negative energy states. This confirms our previous
conclusion that it is not the packet’s slow spreading that is responsible for the attenuation.
The separation of subpackets with the resulting decay of ZB turns out to be a general feature of
this phenomenon.

2.2 Monolayer graphene
Now we consider monolayer graphene. The two-dimensional band Hamiltonian describing
its band structure at the K point of the Brillouin zone is (Semenoff, 1984; Slonczewski & Weiss,

1958; Wallace, 1947)
] 0 pe—ip )
Hy=ul( . | .. v, 16
= ("0 (16)
where u ~ 1 x 103¢cm/s. The resulting energy dispersion is linear in momentum: £ = +ufik,
where k = /k3 + k;. The quantum velocity in the Schrodinger picture is 9; = dHp/0p;,
it does not commute with the Hamiltonian (16). In the Heisenberg picture we have 9(t) =
exp(iHyt/h)0exp(—iHpt/h). Using Eq. (16) one obtains

oY = u% sin(2ukt). (17)
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Fig. 2. Oscillatory electric current in the x direction caused by the ZB in monolayer graphene
versus time, calculated for a gaussian wave packet with ko, = 1.2 x 10°m~! and various
packet widths d. Transient character of ZB is clearly seen. After Rusin & Zawadzki (2007b).

The above equation describes the trembling motion with the frequency w; = 2uk, determined
by the energy difference between the upper and lower energy branches for a given value of k.
As before, ZB in the direction x occurs only if there is a non-vanishing momentum #k,. One
calculates an average velocity (or current) taken over a two-dimensional wave packet with
nonzero initial momentum kg,. The results for the current fx = e0y are plotted in Figure 2 for
different realistic packet widths d. It is seen that the ZB frequency does not depend on d and
is nearly equal to wy given above for the plane wave. On the other hand, the amplitude of ZB
depends on d and we deal with decay times of the order of femtoseconds. For small d there are
almost no oscillations, for very large d the ZB oscillations are undamped. These conclusions
agree with the analytical results for bilayer graphene. The behavior of ZB depends quite
critically on the values of kg, and d, which is reminiscent of the damped harmonic oscillator.
In the limit d — oo the above results for the electric current resemble those of Katsnelson
(2006) for ZB in graphene obtained with the use of plane wave representation.

Maksimova et al. (2008) investigated dynamics of wave packets in monolayer graphene for
different pseudo-spin polarizations with the resulting ZB. For specific packet components
and their relative phases a “longitudinal ZB” can take place, but its intensity is weak.
Martinez et al. (2010) considered a creation of electron-hole pairs by a constant electric field
in the plane of a monolayer graphene sheet. They showed that, as the pairs undergo the
ZB in opposite directions, a Hall-like separation of the charge occurs giving a measurable
dipole moment. We note that it is not the time-dependent motion but the ZB shift at large
times which is responsible for the charge separation, see Eq. (2) and Figure 1. Englman &
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Vertesi (2008) calculated a ZB-related electron current in monolayer graphene in the adiabatic
approximation and related it to the Berry phase.

2.3 Carbon nanotubes

Finally we consider monolayer graphene sheets rolled into single semiconducting carbon
nanotubes (CNT) (Rusin & Zawadzki, 2007b; Zawadzki, 2006). The band Hamiltonian in the
vicinity of K point is (Ajiki & Ando, 1993)

. 0 Tkuy —ipy
Henr = u <hk,w +ip, 0 ' (18)

This Hamiltonian is similar to that given by Eq. (16) except that, because of the periodic
boundary conditions, the momentum py is quantized and takes discrete values hiky = fikyy,
where ky, = (2t/L)(n —v/3),n = 0,£1,..., v = %1, and L is the length of circumference
of CNT. As a result, the free electron motion can occur only in the direction y, parallel to the
tube axis. The geometry of CNT has important consequences. There exists an energy gap
E; = 2uh|kyy| and the effective mass at the band edge m§ = Ti|kyy|/u. For v = %1 there
always exists a non-vanishing value of the quantized momentum fik,,,. Finally, for each value
of ky,y there exists k_,,_, = —kyy resulting in the same subband energy £ = +E, where

E = huy /2, + K. (19)

The time dependent velocity 9, (t) and the displacement §(t) can be calculated for the plane
electron wave in the usual way and they exhibit the ZB oscillations [see Zawadzki (2006)]. For
small momenta k;, the ZB frequency is fiwy = Eg and the ZB length is Az ~ 1/|kyy|. We are
again interested in the displacement (¢) of a charge carrier represented by a one-dimensional
wave packet analogous to that described in Eq. (3) The average displacementis () = 7z(¢) —
Jsn, Where

Wik [ dky (E) e H (20)

120=7% )\ h
and 7y, = 1/2+/7td sgn(b)[1 — ®(|b|)] exp(b?), where b = ky,,d and ®(x) is the error function.
The ZB oscillations of j(t) are plotted in Figure 3. It is seen that, after the transient ZB
oscillations disappear, there remains a shift 7;;,. Thus the ZB separates spatially the charge
carriers that are degenerate in energy but characterized by n, v and —n, —v quantum numbers.
The current is proportional to @, = d%/dt, so that the currents related tov = land v = —1
cancel each other. To have a non-vanishing current one needs to break the above symmetry,
which can be achieved by applying an external magnetic field parallel to the tube axis.

It is seen from Figure 3 that the decay time of ZB in CNT is much larger than that in bilayer
and monolayer graphene. The oscillations decrease proportionally to t~1/2. The reason is
that we consider the situation with koy = 0, so that the ZB oscillations occur due to “built in”
momentum ky = kyy, arising from the tube’s topology. In other words, the long decay time is
due to the one-dimensionality of the system. If the circumference of a CNT is increased, the
energy gap (and, correspondingly, the ZB frequency) decreases, the amplitude of ZB is larger,
but the decay time remains almost unchanged.

One can show that we again deal here with two sub-packets which, however, for koy =0
do not run away from each other. Thus, the slow damping of ZB is due only to the slow
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Fig. 3. Zitterbewegung of two charge carriers in the ground subband of a single carbon
nanotube of L = 200 A versus time (logarithmic scale), calculated for gaussian wave packets
of two different widths d and ko, = 0. After the ZB disappears a constant shift remains. The
two carriers are described by different quantum numbers v. At higher times the amplitude of
ZB oscillations decays as t~1/2 After Rusin & Zawadzki (2007b).

broadening of the sub-packets. We emphasize the slow decay, as illustrated in Figure 3,
because it is confirmed experimentally, see Gerritsma et al. (2010). We add that for ko, # 0 the
sub-packets run away from each other and the decay time is much faster.

3.ZB in graphene in a magnetic field

The trembling motion of charge carriers in graphene and CNT has been described above for
no external potentials. Now we consider the trembling motion of electrons in the presence of
an external magnetic field (Rusin & Zawadzki, 2008). The magnetic field is known to cause no
interband electron transitions, so the essential features of ZB are expected not to be destroyed.
On the other hand, introduction of an external field provides an important parameter affecting
the ZB behavior. This case is special because the electron spectrum is fully quantized, so
we deal with discrete levels, not bands. We consider a graphene monolayer in an external
magnetic field parallel to the z axis. The Hamiltonian for electrons and holes at the K; point
of the Brillouin zone is (Slonczewski & Weiss, 1958; Wallace, 1947)

A-u(y 00 ), o)

frx + iRty
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where u = 1x108 cm/s is the characteristic velocity, # = p — gA is the generalized
momentum, in which A is the vector potential and g is the electron charge. Using the Landau
gauge, we take A= (—=By,0,0), and for an electron ¢ = —e with e > 0. We take the wave
function in the form ¥(x,y) = ¢**®(y). Introducing the magnetic radius L = +/fi/eB,
the variable { = y/L — kyL, and defining the standard raising and lowering operators for
the harmonic oscillator @ = (& +9/9¢)/v/2 and at = (& — 9/9¢)/+/2, the Hamiltonian is
rewritten in the form

. 0a
H:—ha(ﬁ+o), (22)

where the frequency is Q = \/2u/L. Next one determines the eigenstates and eigenenergies
of the Hamiltonian H. The energy is E;s = shQy/n. Heren = 0,1,..., and s = =+1
for the conduction and valence bands, respectively. The above energies were confirmed
experimentally. The complete wave function is

ey = €5 (sl
[n) = |nkys) = i ( 1) ) (23)

where |1) are the harmonic oscillator functions.
We want to calculate the velocity of a charge carrier described by a wave packet. We first
calculate matrix elements (f|n) between an arbitrary two-component function f = (f*, f!)

and eigenstates from Eq. (23). A straightforward manipulation gives (f|n) = —sF* | + F},
where
Fi(k) = <o [ gllkey)e ¥ H @)y, @
2LCy

in which
j 1 j iy
gkoy) = = [ Ployeiax 25)

The superscript j = u,! stands for the upper and lower components of the function f. The

Hamilton equations give the velocity components: 9;(0) = dH /9p;, with i = x,y. We want
to calculate averages of the time-dependent velocity operators 9;(t) in the Heisenberg picture
taken on the function f. The averages are

7i(t) = ) €M (f|n') (0 [0:(0) ) (n[ e TEnt/R, (26)
n,n’
where the energies and eigenstates are given in Eq. (23). The summation in Eq. (26) goes over

all the quantum numbers: n,1’,s,s', ky, ki. The only non-vanishing matrix elements of the
velocity components are for the states states n’ = n £ 1. One finally obtains

v,(t)= ud VI sin(wit)+ud V, sin(wit) +iud ) Al cos(wit) +iud | A, cos(wit), (27)
n=0 n=0 n=0 n=0

7.()=uY B cos(wit)+ud B, cos(wit)+iuy T, sin(wit)+iuy T, sin(wit), (28)
n=0 n=0 n=0 n=0
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p

where Vif, Tf, A} and B;f are given by combinations of Uy, integrals
Ui = [ P (ko FL Gkl 9)

The superscripts & and B refer to the upper and lower components, see Rusin & Zawadzki

(2008). In the above model the coefficients U,Lfﬁ, are real numbers, so that AF and T in
Egs. (27) and (28) vanish. The time dependent sine and cosine functions come from the
exponential terms in Eq. (26). The frequencies in Egs. (27) and (28) are w5 = Q(v/n+1—/n),
wf = Q(vn+1+ +/n), where Q is given in Eq. (22). The frequencies w, correspond to the
intraband energies while frequencies w7 correspond to the interband energies, see Figure 4.
The interband frequencies are characteristic of the Zitterbewegung. The intraband (cyclotron)
energies are due to the band quantization by the magnetic field and they do not appear for
non quantized spectra.

Final calculations are carried out for a two-dimensional Gaussian wave packet centered
around the wave vector kg = (koy,0) and having two non-vanishing components. In this

g

case one can obtain analytical expressions for U,;,. The main frequency of oscillations is
wp = Q, which can be interpreted either as w§ = Q(vn +1— /n) or w§ = Q(Vn+1+ /n)
for n = 0. Frequency w§, belongs to the intraband (cyclotron) set, while w§ belongs to the
interband set (see Figure 4). The striking feature is, that ZB is manifested by several frequencies
simultaneously. This is a consequence of the fact that in graphene the energy distances between
the Landau levels diminish with 71, which results in different values of frequencies w¢ and w#
for different n. It follows that it is the presence of an external quantizing magnetic field that
introduces various frequencies into ZB. It turns out that, after the ZB oscillations seemingly
die out, they actually reappear at higher times. Thus, for all ko, values (including ko, = 0), the
ZB oscillations have a permanent character, that is they do not disappear in time. This feature is
due to the discrete character of the electron spectrum caused by a magnetic field. The above
property is in sharp contrast to the no-field cases considered above, in which the spectrum
is not quantized and the ZB of a wave packet has a transient character. In mathematical
terms, due to the discrete character of the spectrum, averages of operator quantities taken
over a wave packet are sums and not integrals. The sums do not obey the Riemann-Lebesgues
theorem for integrals which guarantee the damping of ZB in time for a continuous spectrum
see Lock (1979).

Finally, one calculates the displacements %(¢) and 7(t) of the wave packet. To this end we
integrate Egs. (27) and (28) with respect to time using the initial conditions xp = %(0) = 0
and yg = 7(0) = kyL?. The results are plotted in Figure 5 in the form of x — y trajectories for
different initial wave vectors k.. The direction of movement is clockwise and the trajectories
span early times (1ps) after the creation of a wave packet.

All in all, the presence of a quantizing magnetic field has the following important effects on
the trembling motion. (1) For B # 0 the ZB oscillation are permanent, while for B = 0 they
are transient. The reason is that for B # 0 the electron spectrum is discrete. (2) For B # 0
many ZB frequencies appear, whereas for B = 0 only one ZB frequency exists. (3) For B # 0
both interband and intraband (cyclotron) frequencies appear in ZB; for B = 0 there are no
intraband frequencies. (4) Magnetic field intensity changes not only the ZB frequencies but
the entire character of ZB spectrum.
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Fig. 4. The energy dispersion E(k) and the Landau levels for monolayer graphene in a
magnetic field (schematically). Intraband (cyclotron) and interband (ZB) energies

for n’ = n 4 1 are indicated. The basic energy is #Q = /2hu/L. After Rusin & Zawadzki
(2008).

The Zitterbewegung should be accompanied by electromagnetic dipole radiation emitted by
the trembling electrons. The oscillations (r(t)) are related to the dipole moment —e(r(t)),
which couples to the electromagnetic radiation. One can calculate the emitted electric field
from the electron acceleration (#(t)) and takes its Fourier transform to determine the emitted
frequencies. In Figure 6 we plot the calculated intensities of various emitted lines. The
strong peak corresponds to oscillations with the basic frequency w = (). The peaks on
the high-frequency side correspond to the interband excitations and are characteristic of ZB.
The peaks on the lower frequency side correspond to the intraband (cyclotron) excitations.
In absence of ZB the emission spectrum would contain only the intraband (cyclotron)
frequencies. Thus the interband frequencies w? shown in Figure 6 are a direct signature
of the trembling motion. It can be seen that the w? peaks are not much weaker than the
central peak at w = (), which means that there exists a reasonable chance to observe them.
Generally speaking, the excitation of the system is due to the nonzero momentum fikg, given
to the electron. It can be provided by accelerating the electron in the band or by exciting
the electron with a nonzero momentum by light from the valence band to the conduction
band. The electron can emit light because the Gaussian wave packet is not an eigenstate of the
system described by the Hamiltonian (21). The energy of the emitted light is provided by the
initial kinetic energy related to the momentum fikg,. Once this energy is completely used, the
emission will cease.
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Fig. 5. Zitterbewegung trajectories of electron at the K point of the Brillouin zone in
monolayer graphene at B=20T during the first picosecond for various values of ko.
After Rusin & Zawadzki (2008).

Schliemann (2008) described time dependence of the cyclotron motion in monolayer graphene
in the presence of a magnetic field using the semiclassical approximation for high carrier
energies. He showed that the cyclotron motion is perturbed by interband ZB contributions
of higher frequencies. Krueckl & Kramer (2009) described time propagation of an initially
concentrated wave packet in monolayer graphene in a perpendicular magnetic field. A
collapse-revival pattern of ZB was investigated and an effect of impurities (disorder) on
the packet dynamics was analyzed. It turned out that ZB “survives” the perturbation by
impurities. Romera & de los Santos (2009) studied monolayer graphene in a magnetic field
concentrating on collapse-revival pattern of ZB oscillations.

4.7ZB probed by laser pulse

All the recent theoretical work on ZB assumed that initially the electrons are represented
by Gaussian wave packets. While this assumption represents a real progress compared to
the work that had treated electrons as plane waves, it is obviously an idealization since it
is not quite clear how to prepare an electron in this form. Here we calculate a reaction of
an electron in graphene excited by a laser pulse, not assuming anything about initial form
of the electron wave packet. In our description we take into account currently available
experimental possibilities.

The following conditions should be met for a successful observation of ZB: a) The ZB
frequency must be in the range of currently detectable regimes, i.e. of the order of wy ~1fs~1,
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Fig. 6. Intensity spectrum versus frequency during the first 20 ps of motion of an electron
described by a Gaussian wave packet having ko, = 0.035A~! in monolayer graphene.
After Rusin & Zawadzki (2008).

and the size of oscillations should be of the order of a few A; b) The ZB oscillations should be
persistent or slowly transient; c) Both positive and negative electron energies must be excited
with a sufficient probability; d) The wave packet should be created in a one-electron regime.
A system that fulfills the above criteria is p-type monolayer graphene in a constant magnetic
field. The wave packet should be created by an ultra short monocycle or sub-monocycle
laser pulse. Because of a very wide frequency spectrum of such a pulse, the resulting wave
packet will have both positive and negative energies. The electron oscillations give rise to
a time-dependent dipole moment which will be a source of electric field and it will emit or
absorb radiation in the far infrared range.

In the description we use the above results for the band structure of monolayer graphene in

a magnetic field. The Fermi level is assumed to coincide with the Landau level (LL) n = —2
and we consider the initial electron to be in the n = —1 state. The wavelength of the laser
light is assumed to be much larger that the size L of the n = —1 state, so we can neglect

spatial variation of the electric field in the laser pulse. The total Hamiltonian, including the
perturbation due to the laser light, is Hy = H + W(t), where H is given by Eq. (21) and the
perturbing potential due laser light is

W(t) = —eyEoe @MDE/T cos(wy t), (30)

in which e is the electron charge, 7 is the pulse duration (FWHM), w; = 27tc/Ay is the laser
frequency (being of the order of 3x10'°s71), and & is the amplitude of electric field. A
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Gaussian shape of the laser pulse is widely used in optical experiments and it parameterizes
effectively a profile of electric field in the laser beam.

As a result of a laser shot, the initial state of the system ®(t) = yre /" evolves into
the final state ¥y (t) = }; cj(t)lpke”’Eft/ ", which is a combination of the eigenstates of H
with suitably chosen coefficients c;(t). The resulting time-dependent dipole moment is
D(t) = e(¥i(t)|r[¥i(t)). The corresponding time-dependent wave functions are ¥ (t) =

e—th/hlfk(O), and the dipole moment is

D(t) = e(¥(0)e /M| |e~ 1t/ Ty, (0))
— (¥ (0)|7(£)[¥£(0)) = e(r(t)). (31)

Here r(t) is the electron position in the Heisenberg picture. Thus the dipole moment D(t) is
proportional to the time-dependent position averaged over the electron wave packet.
A time-dependent dipole moment is a source of electromagnetic radiation. We treat the
radiation classically (Bohm, 1952) and take the radiated transverse electric field to be (Jackson,
1975) )
D(t) sin(8)
Eulrt) = 4megc? R
where € is the vacuum permittivity, 6 is an angle between the direction of electron motion
and a position of the observer R. Since D(t) = e(#(t)), Eq. (32) relates the electric field of the
dipole with the average acceleration of the packet. If the electric field is measured directly by
an antenna, one measures the trembling motion of the wave packet. If the square of electric
field is measured in emission or absorption experiments, the signature of ZB is the existence of
peaks corresponding to interband frequencies and their dependence on packet’s parameters.
Accordingly, in the time resolved luminescence experiments it should be possible to detect
directly the motion of the packet with interband frequencies.
The electric field emitted by the trembling electron is calculated by the time-dependent
perturbation theory. The induced dipole moment and the corresponding electric field oscillate
with three frequencies. The frequency w(|1-),[24+)) = (v/2+4 1) Q corresponds to the
Zitterbewegung, i.e., to the motion of the packet with an interband frequency. Here |1-)
denotes the valence state n = 1 and |2+) the conduction state n = 2. The interband
frequency is characteristic of ZB because the trembling motion occurs due to an interference
of electron states related to positive and negative electron energies. The second frequency
w(|1-),12=)) = (v/2—1) Q describes the intraband cyclotron motion of the packet. The
third frequency w(|1—),|0)) = Q has both interband and intraband character (see Figure 4).
In zero-gap materials like graphene the interband ZB frequency is not much larger than the
cyclotron frequency.
In Figure 7 we plot the oscillating dipole moment within the first 1000 fs of motion after
the laser shot for two magnetic fields B = 1 T and B = 10 T, and two laser pulses. In
Figure 8 we plot the corresponding electric field for the same parameters during the first 250
fs of oscillations. We assume the laser intensity to be I = 1.0x 10° W/cm?, the emitted
electromagnetic wave detected at the angle § = 45°, and the distance R = 1 cm. All
the quantities in Figures 7 and 8 are calculated per one electron. Since the frequencies are
incommensurable, the electron trajectories r(t) are not closed and there is no repeated pattern
of oscillations. The motion of the wave packet is permanent in the time scale of femtoseconds

(32)
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Fig. 7. Oscillations of dipole moment during the first 1000 fs of electron motion after the laser
pulse. Experimental characteristics: pulse intensity 1x 10° W/cm?,a) T = 1.6 fs, B =10 T, b)
T =3.0fs, B =10 T. Dipole moments in a) are in 10728 [Cm] units, while in b) they are in
10731 [Cm] units. The above results refer to very narrow Landau levels, disregarding
broadening. After Rusin & Zawadzki (2009).
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Fig. 8. Electric field emitted by one electron during the first 250 fs of electron motion after the
laser pulse. Experimental characteristics: pulse intensity 1x 10° W/cm?,a) T = 1.6 fs, B = 10
T,b) T = 3.0 fs, B = 10 T. The above results refer to very narrow Landau levels, disregarding
broadening. After Rusin & Zawadzki (2009).

or picoseconds but there is damping of the motion due to the light emission in a long time
scale. The results shown in Figures 7 and 8 refer to very narrow Landau levels, disregarding
broadening.

We can draw the following qualitative conclusions from Figure 7 and 8. First, for small
magnetic fields B the period of oscillations is longer than for large fields, which is related
to the basic frequency ). Second, irrespective of the variation of () with B, for small fields
the oscillations are dominated by the low (cyclotron) frequency, while at stronger B the high
(ZB) frequency dominates. Finally, comparing the magnitudes of dipole moment or emitted
electric field for T = 1.6 fs with the corresponding values for T = 3.0 fs one observes that the
amplitude of oscillations depends very strongly on the duration 7 of the pulse.
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Fig. 9. Calculated electric fields Ex(t) and E;(f) emitted by one trembling electron during the
first 400 fs after the laser pulse. Pulse parameters: intensity 1x 10° W/em?, T = 1.6 fs,
magnetic field B = 1 T. Bold lines - electric fields for broadened Landau levels described by

Lorentzian line-shapes with experimental values of I';. Dotted lines - electric fields for
delta-like Landau levels. After Rusin & Zawadzki (2009).

The broadening of the Landau levels may strongly influence the trembling motion of
the wave packet. To analyze the overall impact of all the effects leading to the level
broadening: disorder, e-e interaction, electron-phonon scattering, etc., one assumes finite
widths of all energy levels, characterized by broadening parameters I';. These are treated
as phenomenological quantities determined experimentally and including all scattering
mechanisms existing in real samples. We approximate the broadening of the density of states
by a Lorentzian line-shape irrespective of the detailed scattering mechanism.

The electric field E(t) is calculated, as before, as a second time derivative of D(t). In Figure 9
we plot the electric field emitted by an oscillating electron within the first 400 fs of motion
after the laser shot of the width T = 1.6 fs in a magnetic field B = 1 T. The two bold lines
describe calculated electric fields Ex(t) and E;(t) for the Landau levels having the broadening
parameters I, indicated above. The two dotted lines show the electric fields calculated
without damping (I'y = 0). Within the first 50 fs of motion the electric fields emitted in
the two cases are similar, but later the damping of the emitted fields for broadened levels
is visible. After around 400 fs the trembling motion in real case disappears. It can be seen
that the maxima of oscillations for the damped ZB motion coincide with the undamped ones.
The general conclusion from Figure 9 is that the existence of disorder, many-body effects or
other scattering mechanisms changes the persistent ZB motion to a decaying one, within the
characteristic lifetimes for these processes: 7, = 1/I'; =~ 130 fs. Nevertheless, since the
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parameters I'; used in the calculations correspond to the measured lifetimes in real graphene
samples, it follows that the broadening of the Landau levels does not prevent the existence of
ZB. Clearly, a lower disorder in better samples will result in longer decay times for ZB.

Wang et al. (2009) carried out a study similar to the one described above, but for bilayer
graphene in a magnetic field. This system is somewhat different from monolayer graphene
since the Landau levels are nearly uniformly spaced due to quadratic dependence of positive
and negative energies on momentum, see Eq. (1). Also, the laser pulse was assumed to contain
only one frequency wy. The authors estimated that in high quality bilayer graphene samples
the stimulated ZB electric field can be of the order of volts per meter and the corresponding
coherence times of tens of femtoseconds.

5. Discussion and conclusions

In spite of the great interest in the phenomenon of ZB its physical origin remained mysterious.
As mentioned above, it was recognized that the ZB in a vacuum is due to an interference
of states corresponding to positive and negative electron energies. Since the ZB in solids
was treated by two-band Hamiltonians similar to the Dirac equation, its interpretation was
also similar. This did not explain its origin, it only provided a way to describe it. For
this reason we considered recently the fundamentals of electron propagation in a periodic
potential (Zawadzki & Rusin, 2010). The physical origin of ZB is essential because it resolves
the question of its observability. The second purpose was to decide whether the two-band k.p
model of the band structure, used to describe the ZB in solids, was adequate.

It is often stated that an electron moving in a periodic potential behaves like a free particle
characterized by an effective mass m*. The above picture suggests that, if there are no
external forces, the electron moves in a crystal with a constant velocity. This, however, is
clearly untrue because the electron velocity operator 9; = p;/my does not commute with
the Hamiltonian H = p2/2mg + V(r), so that 9; is not a constant of the motion. In reality,
as the electron moves in a periodic potential, it accelerates or slows down keeping its total
energy constant. This situation is analogous to that of a roller-coaster: as it goes down losing
its potential energy, its velocity (i.e. its kinetic energy) increases, and when it goes up its
velocity decreases. We first considered the trembling frequency wz. The latter is easy to
determine if we assume, in the first approximation, that the electron moves with a constant
average velocity 7 and the period of the potential is 4, so wz = 2719/a. Putting typical values
for GaAs: a = 5.66A, & = 2.3 x 107cm/s, one obtains hwy = 1.68eV, i.e. the interband
frequency since the energy gap is E¢ ~ 1.5eV. The interband frequency is in fact typical for
the ZB in solids. One can go further calculating classical velocity oscillations for a periodic
potential using a condition of the energy conservation: mv?/2 + eV(z) = E, which for a
periodic potential V(z) gives velocity oscillations. Finally, we used a quantum approach
employing the Kronig-Penney delta-like potential since it allows one to calculate explicitly
the eigenenergies and eigenfunctions (Kronig & Penney, 1931; Smith, 1961). The oscillations
of the packet velocity calculated directly from the periodic potential have many similarities to
those computed on the basis of the two-band k.p model. The question arises: does one deal
with the same phenomenon in the two cases? To answer this question we calculated ZB using
the two methods for the same periodic potential. It turned out that the two-band k.p model
gives an excellent description of ZB for instantaneous velocities. This agreement demonstrates
that the theories based on: (a) the periodic potential and (b) the band structure, describe the
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same trembling motion of the electron. The procedure based on the energy band structure
is more universal since it also includes cases which do not seem to have a direct classical
interpretation. The main conclusion is that the electron Zitterbewegung in crystalline solids
is the basic way of electron propagation in a periodic potential. The established nature of ZB
indicates that the latter should certainly be observable. Another important conclusion is that,
in spite of similarities between electron ZB in a vacuum and in crystalline solids, the origin of
the phenomenon in the two situations is completely different.

Recently there appeared many propositions to simulate the Dirac equation and the resulting
phenomena with the use of other systems. Since in narrow-gap semiconductors and in
graphene one deals with the Hamiltonians resembling the Dirac equation, one can apply
simulations also to electrons in these materials. Many simulations make use of trapped atoms
or ions interacting with laser light. There are two essential advantages of such methods. First,
it is possible to follow the interaction of laser light with few or even single atoms or ions.
Second, when simulating the Hamiltomians it is possible to modify their basic parameters in
order to make the ZB frequency much lower and its amplitude much larger. In consequence,
they become measurable with current experimental techniques. Simulations of important
Hamiltonians are carried out with the use of Jaynes-Cummings model (Johanning et al.,
2009; Lamata et al., 2007; Leibfried et al., 2003) known from quantum and atomic optics. In
particular, Gerritsma et al. (2010) simulated for the first time the 1+1 Dirac equation with the
resulting one-dimensional Zitterbewegung using “°Ca* trapped ions. The results agree very
well with the predictions of Zawadzki & Rusin (2010). The reason of this agreement is that
the theory of Zawadzki & Rusin (2010), while concerned with semiconductors, also uses an
effective Dirac equation. Gerritsma et al. (2010) showed that, if the wave packet does not
have the initial momentum, the decay time of ZB is much slower. This agrees with theoretical
results for carbon nanotubes, as shown in our Figure 3.

An important recognition won after the considerable effort of the last years is, that the
Zitterbewegung is not a marginal, obscure and probably unobservable effect, but a real and
universal phenomenon that often occurs in both quantum and non-quantum systems. Clearly,
the ZB in a vacuum proposed by Schroedinger (1930) stands out as an exception since it is
supposed to occur without any external force. However, in its original form it is probably
not directly observable for years to come and one has to recourse to its simulations. On the
other hand, manifestations of ZB in crystalline solids and other periodic systems turned out to
be quite common and they are certainly observable. A universal background underlying the
phenomenon of ZB in any system (including a vacuum) is an interference of states belonging
to positive and negative energies (in a generalized sense, see below). The positive and
negative energies belong usually to bands but they can also be discrete levels, as shown for
electrons in graphene in a magnetic field, see Figure 4.

A question arises: what should be called “Zitterbewegung”? It seems that the signature of ZB
phenomenon is its interband frequency, in which the term interband has the meaning “between
interacting bands”. An instructive example is provided by graphene in a magnetic field (see
Figure 4), where the electron motion contains both intraband and interband frequencies. We
believe that only the interband contributions should be called ZB, while the intraband ones
are simply the cyclotron components. It appears that the second signature of ZB is the actual
motion which, for instance, distinguishes it from the Rabi oscillations.

If an electron is prepared in the form of a wave packet, and if the electron spectrum is
not completely quantized, the ZB has a transient character, i.e. it decays in time. One can
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show that the decay time is inversely proportional to the momentum spread Ak of the wave
packet, see Eq. (6). Physically, the transient character of ZB comes about as a result of waning
interference of the two sub-packets belonging to positive and negative energies as they go
apart because of different speeds, see Egs. (14) and (15). The decay time is usually much longer
in one-dimensional systems, see Figure 3 and Rusin & Zawadzki (2007b). On the other hand, if
the electron spectrum is discrete, ZB persists in time, sometimes in the form of collapse-revival
patterns. In general, the wave packet should have a non-vanishing initial momentum in one
direction to exhibit the ZB in the perpendicular direction, but this is not always the case.

One should ask the question about possible observation of Zitterbewegung in graphene. Two
different ways were proposed to observe the trembling electrons. The first is to detect an ac
current related to the ZB velocity, see Figure 2. One needs a current meter sensitive to the ZB
frequency. Then, even if the electrons do not move in phase so that the net current averages
to zero, the meter should detect a clear increase of noise at the frequency wy. The second
possible way to observe the ZB is to detect electromagnetic radiation emitted by the trembling
electrons, see Figure 6 and Rusin & Zawadzki (2008). The emission is possible because, if the
electrons are prepared in form of wave packets or they respond to light wave packets, they are
not in their eigenstates. Castro Neto et al. (2009) describing electronic properties of graphene
considered possible manifestations of ZB in electron transport due to confinement of electron
motion. The proposed ZB should not be confused with the Bloch oscillations of charge carriers
in superlattices. The Bloch oscillations are basically a one-band phenomenon and they require
an external electric field driving electrons all the way to the Brillouin zone boundary. On the
other hand, the ZB needs at least two bands and it is a no-field phenomenon. Narrow gap
superlattices and graphene can provide a suitable system for its observation.

6. Appendix A

In this appendix we describe the time evolution of electrons in monolayer graphene in the
presence of a magnetic field using operator techniques rather than averages. The initial
Hamiltonian for the problem reads

H=uo Aty + uoy fty, (33)

where & = p — q A is the generalized momentum, g is the electron charge, o; are Pauli matrices.
Taking the magnetic field B||z we choose the vector potential A = (—By,0). For an electron
there is g = —e with e > 0. One can look for solutions of the Schrodinger equation in the form

¥(r) = " D(y), (34)

which gives an effective Hamiltonian H

H = ch [(ky — eBy/h)ox + (3/idy)0y ] . (35)

Introducing the magnetic radius L = v/%i/eB and ¢ = y/L — kyL one has y = &L + kyL?,
eB/h =1/L?% and 9/dy = (1/1)d/d¢. Defining the standard raising and lowering operators
for the harmonic oscillator

{ a = (E4+09/98)/V2, (36)
at = (-2/28)/V2,
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one has [2,47] = 1and & = (4 + 41)/+/2. The rewritten Hamiltonian H is

. 0 a

H::_mU(ﬁ+0>, (37)
with w = v/2¢/L. The frequency w is often used in our considerations.
Now we introduce an important two-component operator A = diag(4,4) and its adjoint

operator At = diag(a*,a"). Next we define the two-component position operators

(A+At), (38)
(A—4%), (39)

in analogy to the position operators 7 and £. We intend to calculate the time dependence of A
and A" and then the time dependence of Y and X.

To find the dynamics of A one calculates the first and second time derivatives of A using the
equation of motion: A; = dA/dt = (i/h)[H, A]. We have

A = iw (2 g) (40)

Ay = ﬂw(gé). (41)

The second time derivatives of A and A" are calculated following the trick proposed by
Schrodinger. We use two versions of this trick

2i i

Ay = (i/n)[H, A = ﬁHAt - ﬁ{H, A}, (42)

A= /MR, A) = ~ 2 Ay A+ T4, (43)

There is (i/h){H,A;} = w}/\ and (i/m){H, A} = —w?AT. In consequence we obtain
second order equations for A and A

Ay = (2i/h)HA; — W?A (44)

Al = —(2i/n)Af A - AT (45)

To solve the above equations one eliminates the terms with the first derivative using the
substitutions A = exp(+iHt/h)Band A* = B+ exp(—iHt/h), which gives

By = —(1/W*)A%B — w?B,. (46)

B = —(1/R?)BTE2 — Bt 47)



Zitterbewegung (Trembling Motion) of Electrons in Graphene 313

Finally
By = — (O +w?)B, (48)
B = —BT (O +?), (49)
where () = H/h. The solutions of the above equations are
B= E_thél + ethéz, (50)
Bt = Gfre M4 oM, (51)
where M = +v/02 + w? is the positive root of M? = 2 + w?. The operator M is an
important quantity in our considerations. Both C; and C; are time-independent operators.
Coming back to A(t) and A*(t) one has
A(t) = eif)te—thél +eiﬂte+thC2, (52)
/ﬁ(t) _ ClJreqLthefif)t + C;refi]\%tefif)t. (53)

In order to find the final forms of A(t) and A* () one has to use the initial conditions. They
are

A RN 1 A 144 1.
¢ = LMrtA0) + SMTIOA0) + S A(0), (54)
G = — LN A0) - L1040 + 14
b = 1(0) = 5 MIT1QA(0) + 5 A(0). (55)
Similarly
A i ~ 1. A A 1.
Cf = 3 A7 (M + S AT (0)OM ! + SAH(0), (56)
A i ~ 1. A~ 1.
G = JATOM T - SAT(OONM ! + S AT(0). (57)

One can see by inspection that the initial conditions for A(0) and A;(0) are satisfied. It is
convenient to express A; in terms of A and () using the equation of motion iA; = AQ — QA.
Then the first and second terms in Egs. (54) and (56) partially cancel out and the operator A(t)
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o1t —iNIt [A(O) 4 M*lA(o)()] , (58)

Ay(t) = SOt [A(0) — M1 A(0)O)]. (59)

Af (1) = % [A*(o) —I—QAJF(O)M’l} gHiMt =it (60)
Af (1) = % [A7(0) ~ QA+ (0)M "] - i¥itg-i0, 61)
Using Egs. (38) and (39) we obtain
Y(t) = \% (Ar(t) + Ao (t) + A (1) + AS (1)), (62)
. L . . . .
X(t) = 2 (Av(t) + Ax(t) = AT (1) = A (1)) - (63)

The above compact equations are final expressions for the time dependence of A(t) and A* (t)
operators and, by means of Egs. (62) and (63), for the time dependence of the position
operators Y(t) and X(t). These exact results are given in terms of operators () and M. To
finalize this description one needs to specify the physical sense of functions of these operators
appearing in Egs. (58)-(63).

As it will be seen below, operators Q) and M have the same eigenfunctions, so they
commute. Then the product of two exponential functions in Eqgs. (58)-(61) is given by the
exponential function with the sum of two exponents. In consequence, there appear two
sets of frequencies w* and w™ corresponding to the sum and the difference: w™ ~ M — Q),
and wt ~ M + Q, respectively. The first frequencies w™, being of the intraband type, lead
in the non-relativistic limit to the cyclotron frequency w.. The interband frequencies w™
correspond to the Zitterbewegung. The electron motion is a sum of different frequency
components. In absence of a magnetic field there are no intraband frequencies and only one
interband frequency. Each of the operators A(t) or A (t) contains both intraband and interband
terms. One could infer from Egs. (59) and (61) that the amplitudes of interband and intraband
terms are similar. However, when the explicit forms of the matrix elements of A(t) and A (t)
are calculated, it turns out that the ZB terms are much smaller than the cyclotron terms, except
at high magnetic fields. The operators ) and M do not commute with A or A*. In Eq. (59)
the operator A acts on the exponential terms from the right-hand side, while in Eq. (61) the
operator A* acts from the left-hand side.

Let us consider the operator M?> = O? + w?. Let Eyn/h and |n) be the eigenvalue and
eigenvector of (), respectively. Then

M?|n) = (O + w?)n) = hl—z (Erz1 +h2a)2) In). (64)
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Thus, every state |n) is also an eigenstate of the operator M? with the eigenvalue A2 =
EIZI/ 7% + w?. To find a more convenient form of An we must find an explicit form of Ej.
To do this we choose again the Landau gauge A = (—By,0). Then, the eigenstate |n)
is characterized by three quantum numbers: n,ky,s, where n is the harmonic oscillator
number, ky is the wave vector in x direction and s = =1 labels the positive and negative
energy branches. The state |n) in a magnetic field is

_eikxx —sln—1)
=5 (T ) )

The energies of electrons in graphene are E;s = shw+/n and the norm is N, = 4 forn > 0
and Ny = 27t. The harmonic oscillator states are

1
N 27t/ LCy,

where H, (&) are the Hermite polynomials and C, = /2"n!y/7t. Using the above forms for
|n) and E,s we obtain from Eq. (64)

(r|n) H,(g)e /%, (66)

M?|n) = w(n +1)n), (67)

ie. Ay = twvn+1 = +w, 1, where w, = w+/n. In further calculations we assume A, to
be positive. The operator M? is diagonal and its explicit form is M? = diag[a a+,a%a], see
Eq. (64). Because M? = 02 + W?, the eigenstates of M? do not depend on the energy branch
index s.

To calculate the functions of operators () and M we use the fact that, for every reasonable
function f of operators Q) or M? there is f(Q) = Y, f(swy)n)(n|, andf(M?) =
Yn f(A2)|n)(n], see e.g Feynmann (1972). Thus

o EIO _ Zeiistwn In)(n], (68)

M = (M) =vY " Auln)(n], (69)
M= (W22 = v Y fn) (), 70)
o LMt _ eiit(l\%z)l/zzzr;iiv:l/\nln> (n], (71)

n

where v = +1. Without loss of generality we take v = +1. The above formulas can be used in
calculating the matrix elements of A(t) and A*(t).

Taking the eigenvectors [n) = |n,ky,s) and [n') = |n/,k},s’) with ' = n + 1, we calculate
matrix elements An,n’ (t) using A(t) given in Egs. (58) and (59). The selection rules for An,n’ (0)
are ky = k., while there are no selection rules for s,s’. The matrix element of ]\71_114(0)()
appearing in Egs. (58) and (59) is

N 1A A 1 4 N
(n|M~A(0)O[n") = )TA(O)n,n’S/wn’ =5 A(0)n - (72)
n
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In the last equality we used w,y = wy,4+1 and A, = wv/n+ 1. Then

Ar(Bnu = 565 (14 ) AO) 73)
Aa(O)nr = 38T ) AO) 74)

Thus the matrix element of A(t)n,n’ =A; (B)np + A, (#)n,nv is a sum of two terms, of which the
first is nonzero for s’ = 41, while the second is nonzero for s’ = —1. One can show that the
matrix elements given in Egs. (73) and (74) are equal to the matrix elements of the Heisenberg
operator A(t)ny = (n|e®A(0)e " ¥|n’). For AT (£)yn = AT (1) n + A5 (£) n One obtains
in a similar way

A 1. _ A
A1+(t)n’,n _ Eez(+/\n swn)t(l +5/)A+(0)n’,n/ (75)
~ 1 5 o
A;(t)n’,n = Eel( A Swn)t(l - S/)A+(0)n’,n- (76)

Formulas (73)-(76) describe the time evolution of the matrix elements of A(t) and A™(f)
calculated between two eigenstates of (). The frequencies appearing in the exponents are
of the form +w,, ;1 £ wy. The intraband terms characterized by wy, = w; 1 — w, correspond
to the cyclotron motion, while the interband terms characterized by w% = Wy 41 + wy describe
ZB. Different values of s,s’ in the matrix elements of Al(t)n,n/,zﬁiz(t)n/,n,fil+ (t)n/,n,Az+ (B n
give contributions either to the cyclotron or to the ZB motion. The exact compact results given
in Egs. (73)-(76) indicate that our choice of A(t) and A" (t) operators for the description of
electrons in graphene in a magnetic field was appropriate.

To complete the operator considerations of ZB we calculate the matrix elements of A(t). We
take [n) = |n,ky, 1) and |n’) = |1 + 1, ky, s). The matrix elements of A(t)y, v for the cyclotron
and ZB components are

A(t)n,n’ = (\/m + \/ﬁ )eiw(ﬁ FVn+l )t, (77)

where the upper signs correspond to the cyclotron and the lower ones to the ZB motion,
respectively. For AT (t),, v there is

AT () = (Vn+1 £v/n Yeiw(VIFT Vi)t 78)

The above results describe exact dynamics of electrons in monolayer graphene in the presence
of an external magnetic field. This description is equivalent to the one given in the text but it
is more general since it is not related to a specific electron wave packet.

7. Appendix B

We briefly discuss here the classical electron velocity and mass for a linear energy band of
monolayer graphene, as they are often subjects of misunderstandings. Let us consider the
conduction band and take p > 0, where the pseudo-momentum is p = fik. Then the band
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dispersion is E = up and the classical velocity is

_BE_dEal_djﬂ_dEl

Top dpop dpp  dppitr 7

i
where J;; is the Kronecker delta function and we use the sum convention over the repeated
index j = 1, 2. The electron mass tensor # relating the velocity to pseudo-momentum is defined
by v = p. Then the inverse mass tensor (1/m) is defined by

1

g

Equating Eq. (79) with Eq. (80) we obtain

1 dE1
— | = —==d. (81)
<m>ij dpp’

Thus the inverse mass tensor is a scalar: 1/m = (dE/dp)(1/p). Using the initial band
dispersion one has dE/dp = u, so that m = p/u = E/u®. This equality can be seen in
two ways. First, it gives

E = mu?, (82)

which is analogous to the Einstein relation between the particle energy and mass. Second, the
formula

states that the mass vanishes at E = 0 (or p = 0), but is nonzero for E > 0 (or p > 0). These
relations hold also for a more general “semi-relativistic” case of narrow-gap semiconductors,
see Zawadzki (1997; 2006).

If a force F is applied to the electron, the relation

dp

i F (84)
is always valid. In our case the pseudo-momentum p = mu, where u is the constant velocity.
Thus the force does not accelerate the electron, it only changes its mass.

One should add that, if one defined the mass by the relation of the force to acceleration: Ma =
F, the inverse mass would be given by the second derivative of the energy with respect to
pseudo-momentum. For the linear band of graphene: E = up, the second derivative of E
vanishes, so that such a mass would be infinitely large for all energies. Thus, it is not a useful
quantity.
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1. Introduction

Besides its simple molecular structure, the magic of 2D graphene, a sheet of carbon graphite, is
essentially due to two fundamental electronic properties: First for its peculiar band structure
where valence and conducting bands intersect at two points Ky and K_ of the reciprocal
space of the 2D honeycomb making of graphene a zero gap semi-conductor. Second, for
the ultra relativistic behavior of the charge carriers near the Fermi level where the energy
dispersion relation E = E (p) behaves as a linear function in momenta; E (p) = v¢p + O (p?).
This typical property, which is valid for particles with velocity comparable to the speed of
light, was completely unexpected in material science and was never suspected before 2004;
the year where a sheet of 2D graphene has been experimentally isolated (Geim & Novoselov,
2007; Novoselov et al., 2004). From this viewpoint, graphene is then a new material with
exotic properties that could play a basic role in the engineering of electronic devices with
high performances; it also offers a unique opportunity to explore the interface between
condensed interface between condensed matter physics and relativistic Dirac theory where
basic properties like chirality can be tested; and where some specific features, such as
numerical simulation methods, can be mapped to 4D lattice gauge theory like lattice QCD
(Borigi, 2008; Capitani et al., 2010; Creutz, 2008). Although looking an unrealistic matter
system, interest into the physical properties of graphene has been manifested several decades
ago. The first model to analyze the band structure of graphite in absence of external fields
was developed by Wallace in 1947 (Wallace, 1947); see also (Slonczewski & Weiss, 1958).
Since then, several theoretical studies have been performed on graphene in the presence
of a magnetic field (Haldane, 1983)-(Goerbig et al., 2006). The link between the electronic
properties of graphene and (2 + 1)-dimensional Dirac theory was also considered in many
occasions; in particular by Semenoff, Fradkin and Haldane during the 80-th of the last century
(Castro-Neto et al., 2009; Haldane, 1988; Semenoff, 1984); see also (Jackiw & Pi, 2007; 2008) and
refs therein.

In this book chapter, we use the tight binding model as well as the SU (3) hidden symmetry
of 2D honeycomb to study some physical aspects of 2D graphene with a special focus on
the electronic properties. We also develop new tools to study some of graphene’s cousin
systems such as the 1D- poly-acetylene chain, cumulene, poly-yne, Kekulé cycles, the 3D
diamond and the 4D hyperdiamond models. As another application of the physics in higher
dimension, we also develop the relation between the so called four dimensional graphene first
studied in (Bedaque et al., 2008; Creutz, 2008; Drissi et al., 2011 a); and 4D lattice quantum
chromodynamics (QCD) model considered recently in the lattice quantum field theory (QFT)
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literature to deal with QCD numerical simulations (Capitani et al., 2009 a;b).

The presentation is as follows: In section 2, we review the main lines of the electronic properties
of 2D graphene and show, amongst others, that they are mainly captured by the SU(3)
symmetry of the 2D honeycomb. In section 3, we study higher dimensional graphene type
systems by using the power of the hidden symmetries of the underlying lattices. In section
4, we give four examples of graphene’s derivatives namely the 1D- poly-acetylene chain,
having a SU(2) invariance, as well as Kekulé cycles thought of as a particular 1D- system.
We also study the 3D diamond model which exhibits a SU (4) symmetry; the corresponding
2D model, with SU(3) invariance, is precisely the graphene considered in section 2. In section
5, we develop the four dimensional graphene model living on the 4D hyperdiamond lattice
with a SU(5) symmetry. In section 6, we study an application of this method in the framework
of 4D lattice QCD. Last section is devoted to conclusion and comments.

2. Two dimensional graphene

First, we give a brief review on the tight binding modeling the physics of 2D graphene; then
we study its electronic properties by using hidden symmetries. We show amongst others that
the 2D honeycomb is precisely the weight lattice of SU (3) (Drissi et al., 2010); and the two
Dirac points are given by the roots of SU (3). This study may be also viewed as a first step
towards building graphene type systems in diverse dimensions.

2.1 Tight binding model

Graphene is a two dimensional matter system of carbon atoms in the sp? hybridization
forming a 2D honeycomb lattice. This is a planar system made of two triangular sublattices
Aj and Bp; and constitutes the building block of the layered 3D carbon graphite. Since its
experimental evidence in 2004, the study of the electronic properties of graphene with and
without external fields has been a big subject of interest; some of its main physical aspects
were reviewed in (Castro-Neto et al., 2009) and refs therein. This big attention paid to the
2D graphene, its derivatives and its homologues is because they offer a real alternative for
silicon based technology and bring together issues from condensed matter and high energy
physics (Giuliani et al., 2010)-Chakrabarti et al. (2009) allowing a better understanding of the
electronic band structure as well as their special properties.

In this section, we focus on a less explored issue of 2D graphene by studying the link
between specific electronic properties and a class of hidden symmetries of the 2D honeycomb.
These symmetries allow to get more insight into the transport property of the electronic
wave modes and may be used to approach the defects and the boundaries introduced
in the graphene monolayer (Cortijo & Vozmediano, 2009). The existence of these hidden
symmetries; in particular the remarkable hidden SU (3) invariance considered in this study,
may be motivated from several views. For instance from the structure of the first nearest
carbon neighbors like for the typical (A-B1), (A¢-B2), (A¢-Bs) as depicted in triangle of
fig(1). These doublets Ap-By, Ag-By, A¢-Bs are basic patterns generating the three SU (2)
symmetries contained in the hidden SU (3) invariance of honeycomb. The A-B patterns
transform in the isospin % representations of SU (2) and describe the electronic wave doublets
¢ 11 = [2 (r),b (r)] interpreted as quasi-relativistic 2D spinors in the nearby of the Dirac points
(Castro-Neto et al., 2009). The SU (3) hidden symmetry of honeycomb is also encoded in the
second nearest neighbors ((Ap-A;)) and ((By-B;)),i = 1, ...,6 which capture data on its adjoint
representation where the six ((Ag-A;)) (and similarly for ((By-B;))) are precisely associated
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Fig. 1. Sublattices A and B of the honeycomb with unit cell given by dashed area. A-type
carbons are given by red balls and B-type atoms by blue ones. Each carbon has three first
nearest neighbors as shown by the triangle; and six second nearest ones.

with the six roots of SU (3) namely +aq, tap, tas; see below. In addition to above mentioned
properties, hidden symmetries of graphene are also present in the framework of the tight
binding model with hamiltonian,

A / + +
H= L ¥ anbliy, ' T (ar,.ar/_ n bribr/) the, @.1)

T n=

i, X

where t ~ 2.8eV is the hopping energy; and where the fermionic creation and annihilation
operators a, b, a*, bt are respectively associated to the pi-electrons of each atom of the
sublattices Ay and B,. The three relative vectors vy, vy, v3 define the first nearest neighbors,
see fig(2) for illustration. These 2D vectors are globally defined on the honeycomb and obey
the remarkable constraint equation

vi+vy+vy=0, (2.2)

which, a priori, encodes also information on the electronic properties of graphene.
Throughout this study, we show amongst others, that the three above mentioned SU (2)’s
are intimately related with these v,,’s which, as we will see, are nothing but the weight vectors
Ay of the SU (3) symmetry; i.e v, = ”H%”' The wave functions ¢, (r) of the delocalized

electrons are organized into a complex SU (3) triplet of waves as given below

A1)
A2) | =3, AM+A+A3=0. (2.3)
|A3)

The symbol 3 refers to the 3-dimensional representation of SU (3); say with dominant weight
A1. We also show that the mapping of the condition 22:1 An = 0 to the momentum space can
be interpreted as a condition on the conservation of total momenta at each site of honeycomb.
This connection with SU (3) representations opens a window for more insight into the study
of the electronic correlations in 2D graphene and its cousin systems by using symmetries.

The organization of this section is as follows: In subsection 2, we exhibit the SU (3) symmetry
of graphene. We also give a field theoretic interpretation of the geometric constraint equation
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v] + vy + v3 = 0 both in real and reciprocal honeycomb. We also use the simple roots and the
fundamental weights of hidden SU (3) symmetry to study aspects of the electronic properties
of 2D graphene. In subsection 3, we develop the relation between the energy dispersion relation
E (ky,ky) and the hidden SU (3) symmetry. Comments regarding the link between graphene
bilayers and symmetries are also given.

2.2 Symmetries and electronic properties

2.2.1 Hidden symmetries of graphene

In dealing with pristine 2D graphene, one immediately notices the existence of a hidden
SU (3) group symmetry underlying the crystallographic structure of the honeycomb lattice
and governing the hopping of the pi-electrons between the closed neighboring carbons. To
exhibit this hidden SU (3) symmetry, let us start by examining some remarkable features
on the graphene lattice and show how they are closely related to SU(3). Refereing to the
two sublattices of the graphene monolayer by the usual letters A, and B, generated by the
vectors a; = d(\/g,O), a = %(—\@,3); together with the three relative v; = %(\/3,1),
vy, = %(—\/5, 1), v3 = —v1 — v with carbon-carbon distance d ~ 1.42 A; and denoting by
¢4 (r;) and ¢y (r]-> the wave functions of the corresponding pi-electrons, one notes that the

interactions between the first nearest atoms involve two kinds of trivalent vertices capturing
data on SU (3) symmetry, see fig(2) for illustration. This hidden SU (3) invariance can be

—V1

A
atom B
; atom A

v

V3

i (@ ‘2 (b)

Fig. 2. (a) Nearest neighbors of a A- type atom. (b) Nearest neighbors of a B-type atom.
These two configurations are precisely the representations 3 and 3* of SU (3) .

made more explicit by remarking that the relative vectors vy, vy, v3 describing the three first
closed neighbors to a A- type carbon at site r; of the honeycomb, together with their opposites
—v,, for B-type carbons, are precisely the weight vectors of the 3-dimensional representations

of the SU (3) symmetry, v, = d \/g An. For readers not familiar with representation group

theory terminology, we give here below as well in the beginning of section 3.a summary on
the SU (N) symmetry.

some useful tools on SU(3)

Roughly, the SU (3) symmetry is the simplest extension of the SU (2) symmetry group behind
the spin of the electron. The basic relation v; + vy + v3 = 0 of the honeycomb, which

upon setting v, = d \/g}\n, reads also as A + Ay + A3 = 0. This constraint relation has an

interpretation in SU (3) representation theory; it should be put in one to one correspondence
with the well known SU (2) relation (% — %) = 0 of the spin % representation;

( §>:2, 3-3=0, (2.4)

| ‘-‘r
N‘»—n N4
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see also eq(3.3) for details. The basic properties of the SU (3) symmetry are encoded in the so
called Cartan matrix Kj; and its inverse Kl.;l which read as

W-(33) w3

These matrices can be also written as the intersection of 2D- vectors as Kj; = «; - &j, K;l =

w; - w;j where a1 and &, are the two simple roots of SU (3) and where wq and w; are the
corresponding two fundamental weights which related to the simple roots by the following
duality relation

o; =i, = Kjjw;. (2.6)

Using these tools, the honeycomb relatlon AM+Ar+ /\3 = 0is naturally solved in terms of the
fundamental weights as follows

M=w, My =wy —wi, Az =ws . (2.7)

We also have the following relations between the a; vectors and the v; ones: a; = (vi — v2),
a; = vy — vz and a3 = v3 — vy. Notice that the vectors +a;, +ap, +aj3 are, up to the scale

factor d/ 3, precisely the six roots of the SU (3) symmetry

a; = d\/gal, ay = d\/qu, az = fd\/g(al +ay), (2.8)

where we have also used the remarkable relation between roots and weights that follow from
egs (2.5-2.6).
n] = 2w — wy, &y = 2wy — wq (2.9)

2.2.2 Electronic properties

Quantum mechanically, there are two approaches to deal with the geometrical constraint
relation (2.2). The first one is to work in real space and think about it as the conservation
law of total space-time probability current densities at each site r; of the honeycomb. The
second approach relies on moving to the reciprocal space where this constraint relation
and the induced electronic properties get a remarkable interpretation in terms of SU (3)
representations.

1) conservation of total current density

In the real space, the way we interpret eq(2.2) is in terms of the relation between the time
variation of the probability density p (t,r;) = |¢ (,1;) |? of the electron at site r; and the sum
Y3 _1Jv, (t,x;) =J (,1;) of incoming and outgoing probability current densities along the v,-
directions. On one hand, because of the equiprobability in hopping from the carbon at r; to each
one of the three nearest carbons at r; + v;;, the norm of the Jy, - vector current densities should
be equal and so they should have the form

Jv, (bx) =j(tt) e, , n=1,23. (2.10)
These probability current densities together with the unit vectors e, = ¥ pointing in the
different v,- direction; but have the same non zero norm: ||Jv,|| = ||Jw,|l = [IJw:ll = ljl-

Substituting in the above relation, the total probability current density J (¢, r;) at the site r and
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time t takes then the factorized form

J(t1) = j(zr) <;An> . @.11)

2
On the other hand, by using the Schrodinger equation i7 % = (7 % V2 + V) ¢ describing the
interacting dynamics of the electronic wave at r, we have the usual conservation equation,

% g,r) rdiv] (1) =0 , (2.12)

with probability density p (t,r) as before and | = % (V™ — ¢p*V¢) with m the mass of the
electron and ¢ = ¢ (,r) its wave. Moreover, assuming % = 0 corresponding to stationary
electronic waves ¢ (t,1) = /!¢ (r), it follows that the space divergence of the total current
density vanishes identically; div] = 0. This constraint equation shows that generally J
should be a curl vector; but physical consideration indicates that we must have J (t,r) = 0, in
agreement with Gauss-Stokes theorem |[),div]J dV = [;,,J.do leading to the same conclusion.

Combining the property J (t,r) = 0 with its factorized expression / (¥, v,) given by eq(2.11)
together with j # 0, we end with the constraint relation ), v, = 0.

2) conservation of total phase

In the dual space of the electronic wave of graphene, the constraint relation (2.2) may be
interpreted in two different, but equivalent, ways; first in terms of the conservation of the
total relative phase Ag,,, = ) k.Ar of the electronic waves induced by the hopping to the
nearest neighbors. The second way is in terms of the conservation of the total momenta at
each site of the honeycomb.

Decomposing the wave function ¢ (r), associated with a A-type carbon at site r, in Fourier
modes as Y e2™%T ¢ (k); and similarly for the B-type neighboring ones ¢ (r+v,) =
i e ¢ (k) with k = (kg ky), we see that ¢ (k) and the three ¢, (k) are related as

¢, (k) = e g (k) , n=1,2,3, (2.13)

with relative phases 6, = k - v,. These electronic waves have the same module, |§,, (k) \2 =

|§ (k) |2; but in general non zero phases; 01 # 6, # 03. This means that in the hop of an
electron with momentum p = fik from a site r; to the nearest one at r; + vy, the electronic
wave acquires an extra phase of an amount 6,,; but the probability density at each site is
invariant. Demanding the total relative phase to obey the natural condition,

01 +0,+03=0, mod (27‘[) , (2.14)

one ends with the constraint eq(2.2). Let us study two remarkable consequences of this special
conservation law on the 0,, phases by help of the hidden SU (3) symmetry of graphene. Using
eq(2.7), which identifies the relatives v, vectors with the weight vectors w,, as well as the
duality relation «; - w; = 4;; (2.6), we can invert the three equations 6, = k- v, to get the
momenta p, =ik, of the electronic waves along the v;-directions. For the two first 8,s, that
is n = 1,2, the inverted relations are nicely obtained by decomposing the 2D wave vector k
along the a1 and &, directions; that is k = kja1 + kpap; and end with the following particular
solution,
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0 = kyd, 05 = (ko —ky)d, 03 = —kod . (2.15)

2.3 Band structure
We first study the case of graphene monolayer; then we extend the result to the case of
graphene bilayers by using the corresponding hidden symmetries.

2.3.1 Graphene monolayer
By considering a graphene sheet and restricting the tight binding hamiltonian (2.1) to the first
nearest neighbor interactions namely,

2
H=—tY Y agbl,, +hc (2.16)
i n=1
we can determine the energy dispersion relation and the delocalized electrons by using

the SU (3) symmetry of the 2D honeycomb. Indeed performing the Fourier transform of
the various wave functions, we end with the following expression of the hamiltonian in the

reciprocal space
0 ¢ a
_ + pt k k
H= -ty (ak,bk)(gk 0) (bk) : (2.17)

The diagonalization of this hamiltonian leads to the two eigenvalue E4+ = =%t |¢ | giving the

energy of the valence and conducting bands. In these relations, the complex number ¢ is an
oscillating wave vector dependent function given by g, = ¢/@Q1 4 ¢4Q 4 ¢~d(Q1+Q2) where
we have set Q; = k.A;. This relation, which is symmetric under permutation of the three Q;,
can be also rewritten by using the fundamental weights as follows,

& = (eid[k,wl] + eld[k.(w2—w1)] _'_e—id[k‘wz]) . (2.18)

Up on expanding the wave vector as k = kja; + kpap, this relation reads also as g, =

eikid 4 pilke—ki)d | p—ikad  Notice that from (2.18), we learn that ¢ is invariant under the
translations k — k+ 27” (N1a1 + Npwap) with Nj, Np arbitrary integers; thanks to the duality
relation ;.w; = Jj;.

Notice also that near the origin k = 0, we have ¢g = 3+ 0 (kZ), in agreement with non
relativistic quantum mechanics. The three terms which are linear terms in k cancel each
others due to the SU (3) symmetry. Notice moreover that the Hamiltonian (2.16) has Dirac
zeros located, up to lattice translations, at the following wave vectors

2 (1.0) , -
(k) = 25 (01), -3 0,1) @.19)
3—7; (1,1), 73—5 (1,1)

Notice that these six zero modes, which read also as

K = +27 2w — wy), Ky = +£%7 (—w; +2w;), K§ = +22 (w1 + ;) , (2.20)
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Fig. 3. On left the band structure of the graphene monolayer where one recognizes the Dirac
points. On right, it is shown the relativistic behavior near a Dirac point where conducting
and valence bands touch. On right the band structure in GGA approximation using QE
code.

are not completely independent; some of them are related under lattice translations. For
instance, the three Kl'" are related to each others as follows

K| + 2wy =Kj + Fw; =Kj . (2.21)

The same property is valid for the other three K; ’s; so one is left with the usual K Dirac
zeros of the first Brillouin zone,

27 27
Ki = iﬁ (w1 +wy) = j:y (a1 +ap). (2.22)

These two zeros are not related by lattice translations; but are related by a Z,; symmetry
mapping the fundamental weights and the simple roots to their opposites.

We end this section by noting that the group theoretical approach developed in this study
may be also used to deal with graphene multi-layers and cousin systems. Below, we describe
briefly the bilayers; the cousin systems are studied in next sections.

2.3.2 Bilayer graphene

Bilayer graphene was studied for the first time in McCann & Falko (2006). It was modeled
as two coupled hexagonal lattices including inequivalent sites in the two different layers that
are ranged in the Bernal stacking (the stacking fashion of graphite where the upper layer has its B
sublattice on top of sublattice A of the underlying layer) as showed in the figure (4). This leads

Fig. 4. On right bilayer graphene in the AB stacking allotrope with hop energy t |, between
the layers. On right bilayer graphene projection in the x-y plane.

to a break of the Dy, Bravais symmetry of the lattice with respect to the ¢ axis. Comparing
bilayer graphene to monolayer one, we notice that its unit cell contains four atoms. There
exist other arrangements such as the AA stacking, where the two lattices are directly above
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each other and bonds form between the same sublattices. The AB stacking arrangement
was experimentally verified in epitaxial graphene by Ohta et al. (Ohta etal., 2007) . The
tight-binding model describing bilayer graphene is an extension of the one corresponding to
the monolayer (2.1), by adding interlayer hopping elements H = H; 4+ Hy + H| where H; are
as in (2.1) and where

H =-t } i aq (1) b; (1) +ap (1)) b{ (r;) + hc, (2.23)

i n=1

with ¢, is the hOf energy of the pi-electrons between layers calculated to be t; ~ ﬁ
(Charlier et al., 1991). From the view of hidden symmetries, the bilayer graphene has a

symmetry type SU (3) x SU (2) x SU (3); each SU (3) factor is associated with a graphene
sheet; while the SU (2) corresponds to the transitions between the two layers and is associated
with propagation along the z-direction of the 3D-space.

Applying Fourier transform, the above hamiltonian can be rewritten in the following form:

0 & 0 5%\ /ay
¢
_ + o+ oy | &0 F O b
H= _t%(“m'bm'“zwbzk) Ok o 6 & o |7 (2.24)
Hooe o box

with gy is as in eq(2.18). The diagonalization of this hamiltonian leads to the following energy
dispersion relations,

Ef = j:%\/(tL —tef) (t, —tey), B = i%\/(tl +tef) (b +tex) , (2.25)

The corresponding band structure has two additional bands, 77 and 7* states havin
lower energy bands, that is consequence of the number of atoms per unit cell. Neutra

bilayer graphene is gapless McCann & Falko (2006) and exhibits a variety of second-order
effects. The studies on bilayer graphene show that it has many common physical properties

E(eV)

r K M r
Fig. 5. Band structure of the bilayer graphene
with the monolayer, such as the exceptionally high electron mobility and high mechanical
stability (Ohta et al., 2007)-Novoselov et al. (2006). The synthesis of bilayer graphene thin
films was realized by deposition on a silicon carbide (SiC) substrate (Ohta et al., 2006).
The measurements of their electronic band structure, using angle-resolved photo-emission
spectroscopy (ARPES), suggest the control of the gap at the K Point by applying Coulomb
potential between the two layers. This tuning of the band gap changed the biased bilayer
from a conductor to a semiconductor.
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3. Higher dimensional graphene systems

Motivated by the connection between 2D graphene and SU (3) symmetry, we study in this
section the extension of the physics of 2D graphene in diverse dimensions; that is 1D, 2D, 3D,
4D, and so on; the 2D case is obviously given by 2D graphene and its multi-layers considered
in previous section. The precited dimensions are not all of them realizable in condensed matter
physics; but their understanding may help to get more insight on the specific properties of 2D
graphene since the SU (3) is the second element of the SU (N) symmetries series.

First we develop our proposal regarding higher dimensional graphene systems that are based
on SU (N) symmetry including the particular 1D poly-acetylene chain which corresponds to
SU (2) symmetry. Then, we compute the energy dispersion relation of these kinds of lattice
quantum field theory (QFT). Explicit examples of such lattice fermionic models will be studied
in the next sections.

3.1 The SU (N) model

Higher dimensional graphene systems are abstract extensions of 2D graphene; the analogue of
the 2D honeycomb is given by a real N-dimensional lattice Ly, (). The quantum hamiltonian
describing these systems is a generalization of (2.1) and reads as follows,

N N
Hy = —tL < )y “fibjﬁv”) +the—t'L L (a”'“zﬁvnm + bffb:ﬁvnm) ! (3-1)
1 1

ri \n= i n<m=

where ay,, br,4v,, aIl,, b:{ +v, are fermionic annihilation and creation operators living on L, -
Moreover the vectors v, ..., v are, up to a global scale factor, the fundamental weights of the
N-dimensional representation of the SU (N) symmetry constrained by the typical property

vi+..+vy=0. (3.2)

The vectors Vy, = (v, — vy are, up to a scale factor, precisely the N (N — 1) roots of SU (N);
they obey as well the group property )V, = 0.

These particular features of Hy let understand that its physical properties are expected to be
completely encoded by the hidden SU (N) symmetry of the model. Below, we show that this
is indeed the case; but for simplicity we will focus on the first term of Hy; i.e working in the
limit ' — 0.

3.1.1 Useful tools on SU (N) symmetry

Since one of our objectives in this paper is to use the SU (N) symmetry of the crystals to
study higher dimensional graphene systems; and seen that readers might not be familiar with
these tools; we propose to give in this subsection some basic tools on SU (N) by using explicit
examples.

a) cases SU (2) and SU (3)

The SU (2) symmetry is very familiar in quantum mechanics; it is the symmetry that describes
the spin of the electrons and the quantum angular momentum states.

Roughly speaking, the SU (2) symmetry is a 3-dimensional space generated by three matrices
which can be thought of as the usual traceless Pauli matrices

1
5 0 00 01

0— (2 o +_

?=(5%) = (10) - (o). o
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involving one diagonal matrix ¢*, giving the charge operator, and two nilpotent matrices o=

interpreted as the step operators or equivalently the creation and annihilation operators in the
language of quantum mechanics. These three matrices obey commutation relations [(70, aﬂ =
4207 that define the su (2) algebra. Observe also the traceless property of the charge operator
Tro® = % - % = 0, which should be related to the constraint relation (3.2) with N = 2.
The SU (3) symmetry group is 8-dimensional space generated by 8 matrices which can be
denoted as

hi,hy, e, e02 etlata) (3.4)

with hy, hy two diagonal matrices defining the charge operators and six step operators e**1,

e*%2, ¢=% playing the role of creation and annihilation operators. The e**’s are nilpotent and
are related as (e_”‘i)+ = e™%. An example of these matrices is given by the following 3 x 3

matrices
(m 0 0) (m 0 0)
h1= 0 Ho 0 , th 0 ]/llz 0 ,
0 0 ps 0 0 py

010 000 001 (35
et=1000], ef2=[001], e™=([000
000 000 000

with the traceless property of the charge operators which reads as follows

A1+A2+A3=0,Ai=<Z;’), (3.6)
1

and which should be compared with the case N = 3 in (3.2).

The vectors a1 and «; are the simple roots encountered in the previous section; their scalar
product a;.«; gives precisely the Cartan matrix K;; of eq(2.5).

b) case SU (N)

In the general case N > 2, the corresponding SU (N) symmetry is (N* — 1)-dimensional
space generated by (N2 — 1) matrices; N — 1 of them are diagonal

hl, thlr (3.7)

and are interpreted as the charge operators; and N (N — 1) step operators giving the creation
and annihilation operators et® e~% with w standing for generic roots containing the two
following:

(a) N-1 simple ones namely waq,ay,...,an_1 (together with their opposites) whose scalar
products «;.«4; give precisely the following (N —1) x (N — 1) Cartan matrix

2 -10--0 0
-1 2 -1 0 0
0 -1 2 0 0

K = ) ) .| (3.8)

o O
o O
o O
|
RN
o |
—_
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(b) non simple roots given by linear (positive and negative) combinations of the simple ones;
these roots are given by :I:,Bl-]- =4 (txi + ..+ lx]') withl <i<j< N-1L
Notice that the above Cartan matrix K and its inverse

N+1 N+1_ N+1 N+I N+1
N-1 2(N-1) 2(N=2) = 4 2
N+1 N+1 N+1
N—2 2(N-2) 3(N-2) 6 3
_ N+1 N+1 N1 N+1 N+1
K1_ | N¥ T + T T (3.9)
2 4 6 2(N-1) N-1
N+1 Nf1  Nf1 N+I N+I
1 2 3 N-1 N
N+1 +1 +1 N+1 N+1

capture many data on the SU (N) symmetry; they give in particular the expression of the
simple roots a1, &y, ...,y _1 in terms of the fundamental weights w1, ..., wxn_1 and vice versa;
that is a; = Y Kijw; and w; = Y Kl;llx]'. Recall that simple roots and fundamental weights
obey the duality property «;.w; = 4;;; we also have w;.w; = K;l

3.1.2 The lattice £,y

The lattice L, (y) is a real (N —1)- dimensional crystal with two superposed integral
sublattices Ay and B,; each site ry of these sublattices is generated by the SU (N) simple
roots wy,...,&nN_1,

I'm = Mi&1 + Moky + ..MN_1&N_1 , (310)
with m; integers; for illustration see the schema (a), (b), (c) of the figure (6) corresponding
respectively to N = 2,3,4; and which may be put in one to one with the spl, sp2 and sp3
hybridization of the carbon atom orbital 2s and 2p.

On each lattice site 1, of L, (y); say of A-type, lives a quantum state Ay, coupled to the

+— site type B

v "
4+— sitetype A —»

Vo

) b) @

Fig. 6. (a) 1A+2B lattice sites of L, (5); A-type in blue and B-type in red; the 2B form a su (2)
doublet. (b) 1A+3B sites of L, (3); the 3B form a su (3) triplet. (c) 1A+4B sites of L, 4) with
4B sites forming a regular tetrahedron.

nearest neighbor states; in particular the first nearest states By, v, and the second nearest
ones Arm+V,7-

Generally, generic sites in L, () have the following properties:

(1) N first nearest neighbors with relative position vectors v; constrained as

Vit...+vy=0. (3.11)
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These constraint relations are solved in terms of the SU (N) weight vectors A; (resp. —A;) of
the fundamental (anti-fundamental) representation as follows
_ — g A
vV, = {Z/\l' = dm ’ (312)

where d is the relative distance between the closest Ly, (y) sites. The A;’s which satisfy A; +
...+ AN = 0 can be nicely expressed in terms of the fundamental weights wy, ..., wxn_1 as
follows

M=w;, Ai=w;—wi_1, Ay = —wN_1 . (3.13)
From the QFT view, this means that the quantum states at r,,, 4+ v; sites are labeled by the A;
weights as By, +v; = By, (1) and so the multiplet

‘Al >
: = N, AM+...+An=0, (3.14)
|/\N >
transform in the fundamental representation of SU (N).
(2) N (N — 1) second nearest neighbors of A-type with relative position vectors V;; given by
v; — vj and obeying the constraint relation }; ; V;; = 0. This condition is naturally solved

by (3.11) and (3.12) showing that the relative vectors between second nearest neighbors are
proportional to SU (N) roots Bi; like

Vij = Ilﬂi]- ’ ﬁl] = Ai - A]/ (315)

and so the condition ) V;; = 0 turns to a SU (N) property on its adjoint representation labeled
by the roots.

3.2 Energy dispersion relation
Restricting the analysis to the first nearest neighbors described by eq(3.1) in the limit ¢’ — 0,
the hamiltonian Hy on L,y reduces to

N
Hy = —tY ( y a,,.bjﬁvn) +he, (3.16)
¥ \n=1

where now r; and v, are (N — 1)- dimensional vectors. By using the Fourier transform of the

field operators a;, and Brim +v, namely,

ik.t, , iK.(t+v;
x; ~ §€lkr I v br,, +v; ~ ;elk e )bk (3.17)

we can put the hamiltonian Hy as a sum over the wave vectors k in the following way;
0 ¢ a
— t ot k k
Hy = ; (i, bie) (gl*( 0 ) (bk) ’ (3.18)

with g = tY ;%4  This complex number can be also written as tY; elak-(wi—wi-1) with
w_1 = 0 = wy. The energy dispersion relation of the "valence" and "conducting" bands are
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obtained by diagonalizing the hamiltonian Hy; they are given by =+ |¢i | with,

le| _t$N+2 % cos [ak. (Ai—;\j)} . (3.19)

i<j=1

Notice that [e | depends remarkably in the difference of the weights A;—A;; which by help of
€q(3.13), can be completely expressed in terms of the fundamental weights.

To get the Fermi wave vectors kr for which the oscillating multi-variable function g =
Yy 7% yanish, we will proceed as follows: First, we work out an explicit example; then
we give the general result. To that purpose, we expand the wave vector k in the weight vector
basis as follows,

N-1
k= Z ini/ (Q1/~-'/ QN) € RN s (320)
i=1

and focus on working out the solution for the particular case where all the Q;’s are equal,
ie: Q1 = Q2 = ... = Qn-1 = Q. General solutions are obtained from this particular case
by performing lattice translations along the w;-directions; this leads to the new values Q; =
Q+ % with #; integers. Obviously, one may also expand the wave vector k like

N-1

k=Y kia;, (ki,...kn) € RN . (3.21)
=1

But this is equivalent to (3.20); the relation between the Q;’s and the k;’s is obtained by
substituting «; = Z]- Kjjwj into (3.21) and identifying it with (3.20). To compute the factors
e we express the vectors A; in terms of the simple roots as follows

/\1:(01, /\2:(0170&1,.../\N:wlfalf...flxNil, (3.22)
then we use the root/weight duality relation w;.«; = ¢;; as well as the simple choice
Qi = Q to put the scalar product k.A; into the following form (k.A;) = (kwy) —1Q,
I = 1,.,N — 1. Putting this expression back into ¢, and setting { = ¢"Q we obtain

gy = elrkw [1 + &+ ...+ N1 = 0 which is exactly solved by the N-th roots of unity namely

Q=+%7,s=1,..[§]. (3.23)

Therefore the Dirac points are, up to lattice translations, located at the wave vectors ks =
2 2
TN Liwi = £5N Lii

4. Leading models

In this section, we study the cases N = 2,4 as N = 3 corresponds precisely to the 2D graphene
before. The case N = 5 will be studied in the next section seen its remarkable relation with 4D
lattice QCD.

4.1 The su (2) model
In this case, the lattice £, ), which is depicted in the figure (7), is a one dimensional chain
with coordinate positions r,,, = ma where a is the site spacing and m an arbitrary integer.
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Az Ay Ay Az

L= =0C=C=0C—=0=C

B3 B3 B3 B3 Bs

Fig. 7. the lattice L, (5 given by the superposition of two sublattices A, ) (in blue) and
By (2) (inred). The atoms may be thought of as carbons in the sp' hybridization state.

Examples of carbon chains with delocalized electrons are given by one of the three following
molecules

chain molecule delocalized electrons
polyacetylene|... —-CH =CH—-CH =CH - CH — ... 1 (4.1
cumulene .=C=C=C=C=C=.. 2 ’
poly-yne .—C=C-C=C-C=C-.. 2

These molecules can be taken as the graphene bridge ultimately narrowed down to a few-
carbon atoms or a single-atom width (Giritet et al., 2009; Jun, 2008; Koskinen et al., 2008). Each
site of L, (2) has two first nearest neighbors forming an su (2) doublet; and two second nearest
ones that are associated with the two roots £« of su (2) in agreement with the generic result
summarized in the table,

nearest neighbors| SU (N)  |SU (2)|SU (3)|SU (4) SU (5)
first N 2 3 4 5 (4.2)
second N(N-1)|2 6 12 20

In the SU (2) lattice model, eqs(3.2) read as

VO+V1:0 /(a)

4.3
Vor =vo—vi, () 3
and are solved by the fundamental weights A1 = +%, Ay = —% of the SU (2) fundamental
representation; i.e the isodoublet.
1) polyacetylene

The hamiltonian of the polyacetylene, where each carbon has one delocalized electron, is given
by
Hy = =t} (ar, by 4, +ar,by, o) +he. (4.4)
m

Substituting N = 2 in (3.19), we get the following energy dispersion relation
lex| = t4/2 + 2 cos (2ak) (4.5)

which is also equal to 2t cos (ka) in agreement with the expression g = ¢ (ei”k + e_i“k) ; see
also figure (8). Moreover, the vanishing condition ¢ (k) = 0 is solved by the wave vectors
ke =+ mod (27).

2) cumulene and poly-yne

In the case of cumulene and poly-yne, the two delocalized electrons are described by two wave
functions cprl , 4’,2 . The tight binding hamiltonian modeling the hopping of these electrons is a
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Fig. 8. Energy dispersion relation of 1D poly-acetylene chain.

generalization of Hy. Letag, , ay, a = 1,2 (resp. by .., by &+, ) be the annihilation and creation
operators at the site 1y, (resp. 1y, i a), the hamiltonian reads as follows

2
Hyp ==Y Y, ( ay., Dt/Sbr o T Az, aﬁbftu) +he, (4.6)
m ,f=1

where f,5 and th p are hop energy matrices which are identical for cumulene (t,5 = th /3), but
different for poly-yne (t,5 # t,, ﬁ)' Mapping this hamiltonian to the reciprocal space, we get

0AO0 B\ [a"
A* 0 C* 0 bt
Hyp =—=2Y Y (a},b},a,b7) 0CO0D ko 4.7)
m ap=1 %
B* 0 D* 0 Bt
with
A (k) — tnezka th/ —ika
B (k) = tlzelk”—i-f/ —ika
C((k)) _ t21ezka+t/ —ika (48)
D (k) _ tzzelk” 4 tl —ika

Now, using the fact that the two delocalized electrons are indistinguishable, it is natural to
assume the following relations on the hop energies t11 = fy, tjp = tp1 and the same thing
for the tfx 8 matrix. This leads to the relations A = D, B = C and so the above hamiltonian

simplifies. In this case, the four energy eigenvalues are given by

E+ = +./(A*+B*)(A+B),
E. = +\/(A*—B*)(A-B),

4.9)

2ika _ _ ;éil
11

tap = t(’x B it follows that the zero modes are located as k = + % mod 27”

3) nanoruban

We end this paragraph noting that such analysis may be also extended to the particular case of

the periodic chain made by the junction of hexagonal cycles as depicted in the figure (9). This

chain, which can be also interpreted as the smallest graphene nanoruban, is very particular

. to o .
and the zeros modes are given by ¢ = — ﬁ Since in the case of cumulene we have



Graphene and Cousin Systems 337

Fig. 9. a periodic chain in 3D space with unit cells given by hexagonal cycles. Each cycle has
six delocalized electrons.

from several issues; first its unit cells can be taken as given by the hexagonal cycles; second
amongst the 6 carbons of the unit cycle, 4 of them have two first nearest neighbors and the 2
others have three first nearest ones. The third particularity is that the tight binding description
of this chain is somehow more complicated with respect to the previous examples. Below we
focus on the electronic properties of a given cycle by using the same approach we have been
considering in this study.

4.2 Kekulé cycles

Kekulé cycles are organic molecules named in honor to the German chemist Friedrich Kekulé
known for his works on tetravalent structure of carbon and the cyclic structure of benzene
CsHg. These molecules; in particular the family C,,H, with n > 3, may be thought of as one
dimensional cycles living in the 3D space; they involve carbon atoms (eventually other atoms
such as Nitrogen) arranged in a cyclic lattice with both - and 7r-bonds. All these carbon atoms
are in the sp? hybridization; they have 31 covalent c-bonds defining a quasi-planar skeleton;
and n delocalized 7r-bonds with Pi electron orbital expanding in the normal direction as shown
in the examples of fig(10). Our interest into Kekulé molecules, in particular to the ConyHon

Fig. 10. Six examples of Kekulé cycles type C, H,, withn = 3,4,5,6,7,8 . The cations C*t of
these molecules form a heavy skeleton represented by n-polygons. The orbitals in the normal
direction are associated with the delocalized Pi-electrons.

family, comes from the fact that they can be viewed as the 1D analogue of the 2D graphene
monolayer; they may be also obtained from the poly-acetylene chain by gluing the ends. It is
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then interesting to explore the electronic properties of this special class of systems by using
the tight binding model and symmetries. To illustrate the method, we focus on the benzene
CgHg thought of as the superposition of two C3H3 sub-molecules as depicted in figure (11).
From group theory view, the positions vy, vy, V3, V4, V5, v4 of the carbon atoms are given by

B4
A2 A

B2

Fig. 11. Kekulé molecules as the superposition of two sublattices. Sublattice A in blue and
sublattice B in red. Except the benzene, these molecules are generally are non planar.

the six roots of the SU (3) symmetry,; that is
Vi=aw;, V3 = —an;, (4.10)

where 1 = 1.39 A and where the three «;’s are as in section 2.

tight binding description

The electronic properties of the C¢ Hg are captured by the pi-electrons of the carbons. Denoting
by aIi, ar, (resp. in, by,;) the usual electronic creation and annihilation operators associated
with the A; (B)) atoms in the sublattice Ape;; (Bpesz), the tight binding hamiltonian of the
benzene, restricted to first nearest neighbors, reads as follows,

oo 3
Hpenz = -t 1 ¥ (

m=—oo]=1

2
];1 ar, bl m/) +he. (4.11)

In this relation, the position vectors 1, have two indices; I and m. The first one takes the
values I = 1,2,3; it indexes the three atoms in Aj,,,; and the three ones in By,,,. These
positions are as follows,

A _ A LA LA B _ B B B
r2171,m = s X3 Loy s r21,m = Yo Yo Yom - (4-12)

The second integer is an arbitrary number (m € Z); it captures the periodicity of the cycle and
encodes in some sense the rotational invariance with respect to the axis of the planar molecule.
To fix the ideas, think about 1, as the I-th electron in the sublattice A;,,,,; thatis r;,, = ré_l/m.
After a hop of this electron to the two first nearest carbons in By,,,,, the new position is

r1231,m =1tV j==*. (4.13)

where the vy;s are the relative positions of the first nearest neighbors.

Taking the Fourier transform of the creation and annihilation operators, cfn =Y ej“'k'r”clj(E
with c;(—L standing for alf, bf, we get an expression involving the product of three sums ) jc Y/
Y- Then, using the discrete rotational invariance with respect to the axis of the molecule,
we can eliminate the sum Y, in terms of a Dirac delta function 8, (k — k') and end, after
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integration with respect k/, with the following result,

0 T
Moo =% (o) (%) () @.14)
k k k
with ,
g = —t y (eik.v,, 4 eik-VI+) . (415)
=1

Notice that like in graphene, the above hamiltonian has two eigenvalues =+ |¢|. Moreover,
substituting the v;1’s by their explicit expressions in terms of the SU (3) roots «;, we obtain
the following dispersion relation together with a constraint relation capturing the planarity
property of the molecule

2 2
g = —2t Y cos (”E—ﬁk.oq) , Mk = L sin (%k.txl) =0. (4.16)
1=0 =0

Notice that the constraint equation 7, = 0 allows us to express the k, component of the wave
vector in terms of k1 and vice versa as depicted in fig(12). This relation plays a crucial role in
the determination of the wave vectors at the Fermi level.

SIS
SES
SIS

Fig. 12. the plot of the energy dispersion relation ¢, , and the constraint relation 17, ;=
sink; +sinky —sin (k; +kp) = 0 in the reciprocal space.

k

1

4.3 The diamond model

The diamond model lives on the lattice L, 4); this is a 3-dimensional crystal given by the
superposition of two isomorphic sublattices A4 and By along the same logic as in the case of
the 2D honeycomb. Each site ry, in Lg;,(4) has 4 first nearest neighbors at (r, + v;) forming the
vertices of a regular tetrahedron. A way to parameterize the relative positions v; with respect
to the central position at r;, is to embed the tetrahedron inside a cube; in this case we have:

d d
v —-1,-1,41) , vp —1,+1,—1
1 {15( ) Vf( ) 4.17)
va= 5 (+1,=1, 1), vo = 7= (+1,+1,+1)
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Clearly these vectors satisfy the constraint relation vo 4+ v; + vy + v3 = 0. Having these
expressions, we can also build the explicit positions of the 12 second nearest neighbors; these
are given by V;; = v; — v;; but are completely generated by the following basis vectors

R; = \/% (2,2,0) , Ry = % (0,-2,2) , Rz = % (—2,2,0) (4.18)

that are related to Vjj as R; = V(;_1);. We also have:

e the intersection matrix of the R; vectors

442
with
2 10 113
Kj={-12-1], Kl?l =12 %é % (4.20)
0 -12 % 414
e the special relation linking the R;’s and vy,
SRy + 3R+ IR3 =vy . (4.21)

Concerning the vector positions of the remaining 9 second neighbors, 3 of them are given by
—R1, —Rp, —R3 and the other 6 by the linear combinations Ry = Vip, R5 = Vi3, Rg = Vj3 with

Voo = R1 + Ry, Vi3 = Ry + R3, Vo3 = R1 + Ry + Rs. (4.22)

From this construction, it follows that generic positions 13 = rm and r5, in the A4 and B,
sublattices are given by
: =mR R R
A, fxén miRy +maRy +m3R3 (4.23)
B, it =tm+V ,
where m = (my,my,m3) is an integer vector and where the shift vector v = rf, — rZ is one of
v;’sin (4.17).
1) Energy dispersion relation
First notice that as far as the electronic properties are concerned, the figures (a), (b), (c) of (6)

are respectively associated with the sp', sp? and sp> hybridizations of the atom orbitals; i.e:

figures|hybridization |example of molecules
1
- 1
(6-a) sz acetylene (4.24)
(6-b) sp graphene
(6-c) S p3 diamond

In (6-a) and (6-b), the atoms have delocalized pi- electrons that capture the electronic
properties of the lattice atoms and have the following dispersion relation,

N-1

Exu(N) (k)‘ =t |N+2 Y cos [ak. (AifAj)} (4.25)
i<j=0

with N = 2,3. However, in the case of sp3, the atoms have no delocalized pi-electrons;
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they only have strongly correlated sigma- electrons which make the electronic properties of
systems based on Ly, (4) different from those based on L, 3) and Ly, ). Nevertheless, as
far as tight binding model idea is concerned, one may consider other applications; one of
which concerns the following toy model describing a system based on the lattice Ly, (4) with
dynamical vacancy sites.

Fig.13. the lattice L, (4) with sublattices Ay, (4) (inblue) and By, (4) (inred). Each atom has
4 first nearest neighbors, forming a tetrahedron, and 12 second nearest ones.

2) Toy model

This is a lattice QFT on the Ly, (4) with dynamical particles and vacancies. The initial state of
the system correspond to the configuration where the sites of the sublattice A4 are occupied
by particles and those of the sublattice B4 are unoccupied.

sublattice |initial configuration|quantum state
A, particles at 1y, A, (4.26)
B, vacancy at Iy, +v |By v

Then, the particles (vacancies) start to move towards the neighboring sites with movement
modeled by hops to first nearest neighbors. Let A, and B;, v, be the quantum states
describing the particle at r;;, and the vacancy at r; + v; respectively. Let also Arim and Brjfn +v, be
the corresponding creation and annihilation operators. The hamiltonian describing the hops

of the vacancy/particle to the first nearest neighbors is given by

3
H, = —t (Z AnBf L +hc> : (4.27)
i=0

By performing the Fourier transform of the wave functions A;, Brim +v,, we end with the
dispersion energy =+t |¢) | where

i<j

P \/4 + ZZcos (k.Vij> , (4.28)
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and Vj; are as in (4.21-4.22). The Dirac points are located at ks = + 5K Z?:l w; withs =1, 2.

5. Four dimensional graphene

The so called four dimensional graphene is a QFT model that lives on the 4D hyperdiamond;
it has links with lattice quantum chromodynamics (QCD) to be discussed in next section. In
this section, we first study the 4D hyperdiamond; then we use the results of previous section
to give some physical properties of 4D graphene.

5.1 Four dimensional hyperdiamond
Like in the case of 2D honeycomb, the 4D hyperdiamond may be defined by the superposition
of two sublattices A4 and B, with the following properties:

* sites in A4 and By are parameterized by the typical 4d- vectors rn, with n = (nq, 1,13, 14)
and n;’s arbitrary integers. These lattice vectors are expanded as follows

Ay ta=nja;+may+nzaz+ngay, By 1y =1 +es, (5.1)

where aj, aj, a3, a4 are primitive vectors generating these sublattices; and es is a shift
vector which we describe below.

¢ the vector e5 is a global vector taking the same value V n; it is a shift vector giving the
relative positions of the By sites with respect to the A4 ones, e5= rh —1n, V0

The a;’s and e5 vectors can be chosen as

aj=e;—e5, ay =€) —e5,a3 = €3 —e5, 2, = €4 — €5 (5.2)
with
ef =} (+v5,+V5,+V5,+1)
et =} (5 BB 41),
(5.3)
eg:%( V5, \f+\/—+1)
effzi( V5, +/5, - f+1)

and e5 = — 2?21 e;. Notice also that the 5 vectors eq, e, e3, e4, e5 define the first nearest
neighbors to (0,0,0,0) and satisfy the constraint relations,

e;.e; =1, e.e; =cost; = —%, i#j, (5.4)

showing that the e;’s are distributed in a symmetric way since all the angles satisfy cos ¢;; =

% ; see also figure (14) for illustration.

some specific properties

From the figure (14) representing the first nearest neighbors in the 4D hyperdiamond and
their analog in 2D graphene, we learn that each A4- type node at rn, with some attached wave
function Ay, has the following closed neighbors:
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®
® ]
€2
®y e €2 €
€q
R @
Y €3
.‘ €4 % €5
% @
[ ]

Fig. 14. Onleft the 5 first nearest neighbors in the pristine 4D hyperdiamond with the
properties |le;|| =1 and e; + e +e3 + e4 + e5 = 0. Onright, the 3 first nearest in pristine
2D graphene with ||e;|| =1 and e; + e, +e3 = 0.

* 5 first nearest neighbors belonging to B4 with wave functions B, . ge,; they are given by:

lattice position |attached wave
I +de; By, tde;
n + de2 Br tde,
n 5-5
In +des Brn+de3 (5.5)
In +dey By, +de,
Iy + des Brn+d85

Using this configuration, the typical tight binding hamiltonian describing the couplings
between the first nearest neighbors reads as

—tZZArn o de, The (5.6)

In j=

where £ is the hop energy and where d is the lattice parameter.
Notice that in the case where the wave functions at ry and r, + de; are rather given by two
component Weyl spinors

Al ) iy Bl
a0 ( n) gt Crevde | (.7)
I'n A%n rnt+de; (B12-n+dei
together with their adjoints A‘ and Bf idey @S in the example of 4D lattice QCD to be

described in next section, the Correspondmg tight binding model would be,

LR | (i )

I'n i=

+he. (5.8)

where the e”'s are as in (5.3); and where 0!, 02, 0> are the Pauli matrices and 0* = I, 4».

Notice moreover that the term Zl 1€ (A” o B” ) vanishes identically due to ZZ 1 IV =

'n” ad
0.
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e 20 second nearest neighbors belonging to the same A; with the wave functions
Ar,.+d(e,»7ej); they read as

tmntd(e;—ey), mEtd(eg—e3), rntd(eg—eq),

rmtd(e; —es), rn:I:d(ezfeg,) rmtd(ex—ey), (5.9)
rmtd(ey—es5), rnEtd(es—eyq), mtd(es—es), ’
rntd(eq —es).

V5

The 5 vectors eq, ey, e3, e4, e5 are, up to a normalization factor namely *5°, precisely the weight
vectors Ag, A1, Ap, Az, A4 of the 5-dimensional representation of SU (5); and the 20 vectors

(ei — ej> are, up to a scale factor f , their roots f;; = (/\i — Av). We show as well that the

particular property e;.e; = i, which is constant V e; and e, has a natural interpretation in
terms of the Cartan matrix of SU (5).

2D/4D Correspondence

First notice that a generic bond vector e; in the hyperdiamond links two sites in the same unit
cell of the 4D lattice as shown on the typical coupling term Ay, B:n +de;s This property is quite
similar to the action of the usual v* matrices on 4D (Euclidean) space time spinors which links
the components of spinors.

Mimicking the tight binding model of 2D graphene, it has been proposed in (Bedaque et al.,
2008) a graphene inspired model for 4D lattice QCD. There, the construction relies on the use
of the following;:

¢ the naive correspondence between the bond vectors e; and the 4! matrices
e ,i=1,.4, (5.10)

together with
—es=e t+et+e;t+e ,

5.11
Ts=m+7+tr13+74- G.11)

* as in the case of 2D graphene, A4-type sites are occupied by left ¢ and right (IJZ
2-component Weyl spinors. By-type sites are occupied by right Xy, ;, and left x7 ,, Weyl

. r+de;
spinors.
lattice 2D graphene 4D hyperdiamond
Ay-sites at 1, Ar 7, ot
: + ] a
By-sites at 1, + de; Br+de, Xrtder Xr+de, (5.12)
M a }‘ 5
ABT €; X:
couplings B r+je+ IV r7ai ride;
rtde; ei Xr+de,- aa ¢r

where the indices a = 1,2 and & = 1,2; and where summation over u is in the Euclidean
sense.

For later use, it is interesting to notice the two following:

(@) in 2D graphene, the wave functions A, and B, 4., describe polarized electrons in first
nearest sites of the 2D honeycomb. As the spin up and spin down components of the
electrons contribute equally, the effect of spin couplings in 2D graphene is ignored.
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(b) in the 4D hyperdiamond, we have 4+4 wave functions at each Ajy-type site or Bs-type
one. These wave functions are given by:

i ¢* = (‘Prn ¢r,,> and J)i = ((jb}”,(ﬁi) having respectively positive and negative 7°
chirality,

(ii) X?-Q—de,- = (X}-&-de,"xz-&-dei) and Xg-s-de,v = (X11"+de,-’X12"+de,-) having respectively negative
and positive 9 chirality.

By mimicking the 2D graphene study, we have the couplings

2 22
] Y] r Xr+de,-
1o 1 21 _no(.2 =2
€ 11 \Xr+de; Pr) o To5 \Xrtde; Px

(5.13)
building the hamiltonian

To describe 4D lattice fermions, one considers 4D space time Dirac spinors together with the
following " matrices realizations,

M=tlar, 2=t P=1t0d,
4_ .2 5_ .3 (5.14)
V=1L , Y=L,

where the T!’s are the Pauli matrices acting on the sublattice structure of the hyperdiamond

lattice,
01 0—i 10
Tl = , T2 = , T3 = ) (5.15)
10 i 0 0-1

The 2 x 2 matrices ¢ satisfy as well the Clifford algebra oo’ 4 o/o! = 2671, and act through
the coupling of left/right Weyl spinors at neighboring sites

a }l .y a=} zd o < —1 7 B
(Pl‘ aa Xr+d‘/5 Xraaa ¢ d%/\i - (qerVXrer\/Té/\i 7)(1'(7} ¢r7d%/\,‘) (516)

where ¥ = (0’ 02,03, +1[2) and d# = ((7 2,03 7112) For later use, it is interesting to set

ohel = \4/15‘714‘ (724—‘/750’34-%12,

(5.17)

2

6".@? = Tal + 2

usa .h&‘
Ql\-)

+

=5

N

|
.
S

and similar relations for the other c.e; and 7.e;.

Now extending the tight binding model of 2D graphene to the 4D hyperdiamond; and using
the weight vectors A; instead of e;, we can build a free fermion action on the 4D l_attice by
attaching a two-component left-handed spinor ¢“ (r) and right-handed spinor $% to each

Agnode r, and a right-handed spinor Xﬁ+d 5y and left-handed spinor 7( i, to every
T 5 A

By-node atr + d\/Tg/\i.
The hamiltonian, describing hopping to first nearest-neighbor sites with equal probabilities in
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all five directions A;, reads as follows:.

4
H4 = Z Z (‘Pra}[)_(rﬁ»d%/\,‘ - Xra'yérid%/\i) /\fl . (518)

T i—0

Expanding the various spinorial fields &, , in Fourier sums as [ (2'147]‘)4@_"1“ <e¥ kvg k) with k

standing for a generic wave vector in the reciprocal lattice, we can put the field action Hy into

the form
e - 0 —iD\ (¢
H4—z§(¢k,xk) (iD 0 )(X‘;) (5.19)

where we have set

4 4 4
D = Y Dt ¥kh =y o (Z A;*eld“f“l> , (5.20)
1=0 p=1 1=0
with .
AP A AL —iA?
D, = mﬂ:(g A A ALY (5.21)
;4;1 ! AL AT A —iA]

and py = kA =Y, k,l)\;i. Similarly we have

D =

=

4 4
Dre-d¥kA = Y g (Z Ai’e-ld“zskﬂf) : (5.22)

0 p=1 1=0

5.2 Energy dispersion and zero modes

To get the dispersion energy relations of the 4 waves components ¢, ¢%, X, x3 and their
corresponding 4 holes, one has to solve the eigenvalues of the Dirac operator (5.19). To that
purpose, we first write the 4-dimensional wave equation as follows,

0 —iD ¢k): (¢k)
(5 ) (@) +(8).

where ¢, = (qb}(,qbi), Xk = ()(11(, )(i) are Weyl spinors and where the 2 x 2 matrices D, D
are as in eqs(5.20,5.22). Then determine the eigenstates and eigenvalues of the 2 x 2 Dirac
operator matrix by solving the following characteristic equation,

—E 0 Dq1 Dip
0 —E Dy Dy | _
det| 5 5 F g | =0 (5.24)

Dy Dy 0 —E

from which one can learn the four dispersion energy eigenvalues E; (k), Ep (k), E3 (k), E4 (k)
and therefore their zeros.

1) computing the energy dispersion

An interesting way to do these calculations is to act on (5.23) once more by the Dirac operator
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to bring it to the following diagonal form

DD 0 ¢k) (‘Pk)
("0 ob) (2) =2 (% 629

Then solve separately the eigenvalues problem of the 2-dimensional equations DD¢,. = E%¢,
and DDy, = E%xy. To do so, it is useful to set

u(k) =0 +io?, v (k) = +i¢t (5.26)
with 9# =Y /\r exp(id @k.)\l). Notice that in the continuous limit, we have 9" — id ék”,

u (k) — id Y2 (KK +ik2), v (k) — id Y2 (k3 + ilc4) . (5.27)

Substituting (5.26) back into (5.20) and (5.22), we obtain the following expressions,

2 2 = 2 2 .
DD_<ul +lof? 2aw 2>,DD_<MI+IUI 20 ) 629)

2ut |ul|"+ o 2uv |ul"+ o

By solving the characteristic equations of these 2 x 2 matrix operators, we get the eigenstates
¢, x¥ with their corresponding eigenvalues EZ,

eigenstates eigenvalues
¢11(/ = \/z‘uuv“PkJr \/2‘ Hv\qbk E%— = |”‘2 + ‘0‘2 +2[ul o]
¢12(/ Z\HHU ‘Pk /2 H ¢k E2 = |”‘2 + ‘0‘2 = 2ul[v| (5.29)
X = et e B2 =l ol + 20 o
XX ==\ Xk /KR | E2 = lul® + [of? —2u] o]

By taking square roots of EZ, we obtain 2 positive and 2 negative dispersion energies; these

are
Ex = +/(Jul £ [0])? EL = =/ (lu| £ [o])? (5.30)

which correspond respectively to particles and the associated holes.

2) determining the zeros of E+ and E}.

From the above energy dispersion relations, one sees that the zero modes are of two kinds:
Ei =0,E2 = 0;and E2 = 0 but E2 = Ef_mm # 0. Let us consider the case E2 = E2 =0
in this situation the zero modes are given by those wave vectors Kr solving the constraint

relations u (Kp) = v (Kg) = 0. These constraints can be also put in the form
A(;)tgd%KF.AO +A§teid§KF.A1+
(5.31)
+/\geid§KF.A2 +Ageid§KF.A3 +/\Zeid¢73KF.A4 —0

for all values of u = 1,2,3,4, or equivalently like d\/Tng./\l = %”N + 27tN;. Notice that
setting k = Kf + q with small g = ||q|| and expanding D and D, eq(5.23) gets reduced to the
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following familiar wave equation in Dirac theory

4
d\/ﬁz 00")(4’1(): (4’k>
’ h=1qﬂ(‘7y 0 ) \ Xk Flau (5:32)

6. Graphene and lattice QCD

In this section, we would like to deepen the connection between 2D graphene and 4D
lattice QCD. This connection has been first noticed by M.Creutz (Creutz, 2008) and has been
developed by several authors seen its convenience for numerical simulations in QCD .

6.1 More on link graphene/lattice QCD

2D graphene has some remarkable properties that can be used to simulate 4D lattice QCD.
Besides chirality, one of the interesting properties is the existence of two Dirac points that can
be interpreted as the light quarks up and down. This follows from the study of the zero modes
of the 2 x 2 Dirac operator which corresponds also to solve the vanishing of the following
energy dispersion relation

l l
Z cosak; + i Z sinak; =0, 6.1)
=1 =1
which has two zeros as given by (2.22).

To make contact with lattice QCD, we start by recalling the usual 4D hamiltonian density of a
free Dirac fermion ¥ = (1/J1, 1/12, Xir )‘(2) living in a euclidian space time,

2/d4 (Z‘I’ ()+h> 6.2)

where 7/ are the usual 4 x 4 Dirac matrices given by (5.14). Then, we discretize this energy
density H by thinking about the spinorial waves ¥ (x!,..., x*) as ¥y, living at the r,-nodes of a

four dimensional lattice IL; and its space time gradient 3‘;;(;‘ ) Jike % (¥r,+au — ¥r,). The field
Yr,+ayp is the value of the Dirac spinor at the lattice position 1, + ap with the unit vectors p
giving the four relative positions of the first nearest neighbors of r,,. Putting this discretization

back into (6.2), we end with the free fermion model

4

H= 217 Z (Zl [q;rn'wq;rn-&-ay - "?r,,-k—ay’wq;r,,]) . (6.3)
Iy n=

The extra two term ¥, T¥, and (¥, 'Y, )" with [ = 3 Y 7" cancel each other because of
antisymmetry of the spinors. Clearly, this hamiltonian looks like the tight binding hamiltonian
describing the electronic properties of the 2D graphene; so one expects several similarities for
the two systems.
Mapping the hamiltonian (6.3) to the Fourier space, we get H = Y3 (Y3 D¥y) with Dirac
operator D = é Z _1 7"sin (ak,) where we have set k, = (k.u); giving the wave vector
component along the p-direction. The D- operator is a 4 X 4 matrix that depends on the wave
vector components (kq, ko, k3, k4) and has 2% zeros located as

k1=0

kp=0,%;ks=0,Z;ky=0, . (6.4)

rar ’(1’
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However, to apply these formalism to 4D lattice QCD, the number of the zero modes of the
Dirac operator should be two in order to interpret them as the light quarks up and down.
Following (Creutz, 2008), this objective can be achieved by modifying (6.3) so that the Dirac
operator takes the form

4 4
i i
D=_ H i z Uz .
p Y osin (aky) + . Y " cos (aky) (6.5)
u=1 u=1
where 7'# is some 4 X 4 matrix that is introduced in next subsection.
6.2 Borici-Creutz fermions
Following (Capitani et al., 2009 a;b) and using the 4-component Dirac spinors ¥ = (¢, )‘(f),

the Borigi-Creutz (BC) lattice action of free fermions reads in the position space, by dropping
mass term 1, as follows:

4 4 . _
HBC ~ i Z (leler’uFrJruy - 1\Ijr+ayY’“Pr> - % ZTIFTI (66)
T n= n= r

where, for simplicity, we have dropped out gauge interactions; and where Y# = ¥ + iy/F;
which is a kind of complexification of the Dirac matrices.
Moreover, the matrix I appearing in the last term is a 4 x 4 matrix linked to y#, 7'* as follows:

4
YH=T—ol, 20 =Y o, ol iyl =YH, yHy¥ +oVy =25, (6.7)
u=1

Mapping (6.6) to the reciprocal space, we have

Hpc ~ ;‘T’kDBC‘I’k (6.8)

where the massless Dirac operator Dy is given by

Dpc = +217 (Y —Yy,) cos (aky,)

Y . 6.9
4+ (Yu + Yy) sin (aky,) —2T . (69)
Upon using Y, + Y, = 2y, and Yy — Y, = 21'7;, we can put Dpc in the form
_ 2i
Dpc = Dy + Dy — ;F (6.10)

with
& _ /4
Dy =1 (Z 0 sinak,l> , D=1 <Z 7' cosaky> , (6.11)
u=1 u=1
where k;, = k.. In the next subsection, we will derive the explicit expression of these k;,s in
terms of the weight vectors A; of the 5-dimensional representation of the SU (5) symmetry as

well as useful relations.
The zero modes of Dy are points in the reciprocal space; they are obtained by solving Dpc =
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0; which leads to the following condition

4 4
Y o* (sinakK, — cosak,) —T (2 — ) cos aKV> =0. (6.12)
p=1 pu=1

This condition is a constraint relation on the wave vector components K; it is solved by the
two following wave vectors:

pOintKBC:K1:K2:K3:K4:0 ’ (613)
point K- : Kj =K, =K, =K} = %, )
that are interpreted in lattice QCD as associated with the light quarks up and down.
Notice that if giving up the 'y;,— terms in eqs(6.6-6.8); i.e 'y;, — 0, the remaining terms in Dp¢
namely Dy ~ 7*sinaK, have 16 zero modes given by the wave components K, = 0, 7. By
switching on the 'y;i-terms, 14 zeros are removed.

6.3 Hyperdiamond model

The hamiltonian Hp¢ is somehow very particular; it let suspecting to hide a more fundamental
property which can be explicitly exhibited by using hidden symmetries. To that purpose,
notice that the price to pay for getting a Dirac operator with two zero modes is the
involvement of the complexified Dirac matrices Y¥#, Y¥ as well as the particular matrix T.
Despite that it violates explicitly the SO (4) Lorentz symmetry since it can be written as

4
I=3Y v, v, = (6.14)
u=1

[ =
<

the matrix I plays an important role in studying the zero modes. The expression of the matrix
I' (6.7) should be thought of as associated precisely with the solution of the constraint relation
2T — Z‘;:l y# = 0 that is required by a hidden symmetry of the BC model. This invariance is
precisely the SU (5) symmetry of the 4D hyperdiamond to be identified below. Moreover, the
BC hamiltonian Hpc lives on a 4D lattice ]LffC generated by u = v, ; i.e the vectors

X X

A" V2 v A"
V% Vg Vg V§
vi=| L, vo=| 2|, va=| 3|, wu=]| % (6.15)
! . V3 V4
Vi v V3 vy

These p-vectors look somehow ambiguous to be interpreted both by using the analogy with
4D graphene prototype; and also from the SU (5) symmetry view. Indeed, to each site r € ]L}f =
there should be 5 first nearest neighbors that are rotated by SU (5) symmetry. But from the BC
hamiltonian we learn that the first nearest neighbors to each site r are:

r+avy
r+avyp
r— r+avs " (6.16)

r+avy
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The fifth missing one, namely r — r+avs may be interpreted in the BC fermions as associated
with the extra term involving the matrix I'. To take into account the five nearest neighbors, we
have to use the rigorous correspondence I'* — v, and I'® — v5 which can be also written in a
combined form as follows ' — vy with TM = (T#,I°) and vy = (v, v5) . Because of the
SU (5) symmetry properties, we also have to require the condition vi + vy + vz +v4 + v5 =
0 characterizing the 5 first nearest neighbors. To determine the explicit expressions of the
matrices Iy in terms of the usual Dirac ones, we modify the BC model (6.6) as follows

5 5
HI/SC ~ 2171 ( Z \IjrrMTr+avM - Z lIreraVA,IFA/hFr> s (6-17)
T M=1 M=1

exhibiting both SO (4) and SU (5) symmetries and leading to the following free Dirac operator

(T +T}) sin (aky,) + 5 (T's +T's) sin (aks)

)

I
N~
Mus

a

=
Il
-

(6.18)
(Ty —Ty) cos (aky) + 5= (I's — T's) cos (aks)

S
nglS

i
I

where kj; = k.vp; and where H?\/I:l (ei”kM) =1, Z?\/Izl kp = 0 expressing the conservation
of total momenta at each lattice site. Equating with (6.9-6.10-6.11), we get the identities

Y+ Yy =Ty 4T, Y =Y =T, — Ty, (6.19)

and
4 (Ts +Ts) sin (aks) + 4 (T's — T's) cos (aks) = — T . (6.20)
Eqs(6.19) are solved by T', = Y; thatis T, = o/ +i (T — o#) while

I's = —2iI for sin (aks) =0,
I's = —2I' forsin(aks) =1. 621)
where ks = — (ky + ko + k3 + ky). In this 5-dimensional approach, the ambiguity in dealing
with the p-vectors is overcome; and the underlying SO (4) and SU (5) symmetries of the
model in reciprocal space are explicitly exhibited.

7. Conclusion and comments

Being a simple lattice-carbon based structure with delocalized electrons, graphene has been
shown to exhibit several exotic physical properties and chemical reactions leading to the
synthesis of graphene type derivatives such as graphAne and graphOne. In this book chapter,
we have shown that graphene has also very remarkable hidden symmetries that capture basic
physical properties; one of these symmetries is the well known SU (2) invariance of the unit
cells that plays a crucial role in the study of the electronic properties using first principle
calculations. Another remarkable hidden invariance, which has been developed in this work,
is the SU(3) symmetry that captures both crystallographic and physical properties of the
graphene. For instance, first nearest neighbors form 3-dimensional representations of SU (3);
and the second nearest neighbor ones transform in its adjoint. Moreover, basic constraint
relations like v1 + vp + v3 = 0 is precisely a SU (3) group property; and its solutions are
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exactly given by group theory. Furthermore, the location of the Dirac zero modes of graphene
is also captured by SU (3) seen that these points are given by :I:%—’;al, :t%—gtxz, :I:%—’;ag, where
the a;’s are the SU (3) roots that generate the reciprocal space.

On the other hand, from SU (3) group theory’s point of view, graphene has cousin systems
with generic SU (N) symmetries where the integer N takes the values 2, 3,4, .... The leading
graphene cousin systems are linear molecules with hidden SU(2) invariance; this is precisely
the case of poly-acetylene, cumulene and poly-yne studied in section 4. The graphene
cousin systems with hidden SU(4) and SU(5) symmetries are given by 3D diamond; and
4D hyperdiamond which has an application in 4D- lattice QCD.

Finally, it is worth to mention that the peculiar and unique properties of graphene are expected
to open new areas of applications due to its important electronic, spintronic, mechanical
and optical properties. The challenge is find low-cost-processes for producing graphene and
graphene-based structures and to tune its properties to the targeted applications such as the
replacement of silicon in the field of new-type of semiconductors and new electronics, new
data-storage devices, new materials with exceptional mechanical properties and so on.
Various attempts are also made to incorporate other atoms within the structure of graphene
or combine the graphene-based structures with other materials in sandwich type structure or
in chemical way by binding it to various molecules with divers topologies and functionalities.
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1. Introduction

Graphene has become a subject of intense theoretical and experimental interest since it
was realized in laboratory in 2004 (Novoselov etal., 2004). As being considered as a
true two-dimensional (2D) material, researchers worldwide have focused their work on
studying its electronic properties and the promising technological applications in designing
nanoelectronic devices based on it (Castro Neto et al., 2009; Castro Neto, 2010; Peres, 2010).
In fact, such studies revealed that graphene is a zero-gap 2D semiconductor. Furthermore,
novel and intriguing effects concerning ballistic transport (Miao et al., 2007), the absence of
Anderson localization (Beenakker, 2008), the anomalous electron-electron (e-e) interaction
(Das Sarma et al., 2010), and so on, have also attracted much attention. Most of these effects
arise as a consequence of the graphene band structure, in which the energy presents pretty
linear dispersion relation around the Dirac point. As a direct consequence, the low-lying
excitations can be described, in the first place, by the 2D Dirac-Weyl Hamiltonian, and the
quasiparticles in graphene being described as massless fermions (Semenoff, 1984).

Also, it turned out to be very common to tune the carrier densities in graphene by
manipulating local gate voltages (Novoselov et al., 2004; Williams et al., 2007). This led to the
creation of tunable graphene-based microstructures. By the same token, it was not surprising
to see that, for a perpendicular incidence of flowing quasiparticles across the electrostatic
barrier, the absence of backscattering might led to a perfect transmission (Katsnelson et al.,
2006) through the barrier. Indeed, the localization of electron (or hole) states by electrostatic
quantum confinement in graphene turned out to be a challenging task by virtue of Klein
tunneling. But, recent experimental results (Williams et al., 2011) have shown the real
possibility of creating electronic waveguides by using electrostatic gates in graphene with
pretty much high efficiency. The waveguide is realized by controlling the charge density in the
sample through an external gate, which forms a p-n-p junction. In this quasi-one-dimensional
(Q1D) channel, the Fermi-energy mismatching across the junction serves as a refraction index
to quantify the guidance efficiency loss. Although the conductance along the wire is treated
as ballistic in this case, it has been mentioned that effects such as: (i) junction roughness
(Williams et al., 2011); (ii) the interaction between the graphene sheet and the underlying
substrate (Chiu et al., 2010) ; and (iii) the charge-charge correlation might affect the guidance
efficiency (Zhang & Fogler, 2008).
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As a matter of fact, the effects induced by the electron-electron (e-e) correlation in these doped
Q1D systems have been subject of intense theoretical study. (Zhang & Fogler, 2008) The
most fundamental quantity to study e-e correlation is the dielectric function, which should
provide us with the dynamical screening properties of the Fermionic system embedded in the
sample. In fact, such a quantity has been defined, within the random phase approximation
(RPA), at zero and non-zero temperature, and for doped and undoped samples with the
presence of the spin-orbit interaction and strain (Das Sarma et al., 2010)(Hwang & Das sarma,
2007)(Pellegrino et al., 2010)(Brey & Fertig, 2007).

Effects induced by the interaction between graphene sheet and the underlying substrate are
also an important issue which is being very addressed recently. There have been much
experimental concern about substrate induced effects on the graphene sheets. Anisotropic
effects have been observed (Yang et al., 2010)(Villegas et al., 2010) on the conductivity and
claimed to be induced by the interaction between the graphene sheet and the underlying
substrate.

This chapter focuses on the study of the electronic properties of confined electrons in bi-wires
based on graphene. We theoretically propose a model to describe two coupled waveguides
(quantum wires) based on graphene which has eventually been deposited over some sort of
substrate. The graphene-substrate interaction is considered here through a phenomenological
parameter which is taken into account in an ad-hoc manner. (Villegas et al., 2010) The first
section is devoted to review the main points on how to confine electrons in graphene
through electrostatic gate potentials. The second section presents our model and shows
the single particle spectra of graphene bi-wires, taking into account the graphene-substrate
interaction phenomenologically in the Dirac hamiltonian, whose solution is given by a
pseudo-spinor. Such an effect can be induced in the sample by considering the interaction
between the graphene sheet and the substrate such as boron nitrate (BN) (Giovannetti et al.,
2007). Furthermore, in order to control the pseudo-spinor components in the barrier region,
we theoretically explore and manage the interaction between the substrate and the graphene
sheet, considering it in order to keep a reasonable guiding efficiency. We then study, in Sec.
III, the dynamical screening properties of the Fermion gas which is eventually laid in the
structure. We calculate the dielectric response function within the RPA, which turned out
to be a good approximation describing e-e correlations in graphene even for small charge
densities (Hwang & Das sarma, 2007). The roots of this function provide us with the collective
excitations in the system. Our results show that the graphene-substrate interaction induced
effects play an important role in obtaining the bare Coulomb potential and the dielectric
function of the system. Such a role manifests itself in the dispersion relation of the optical
and acoustical plasmon modes. We found that the graphene-substrate interaction might
eventually increase the damping effects on these modes.

2. Electrostatic confinement of electrons in graphene

Nano-engineering serves to yield structures that are not found in natura anywhere. Indeed,
most of such structures have been realized as an essential feature of quantum mechanics,
i.e., they are a result of quantum confinement, which constitutes the basic building block of
electronic devices. Although in graphene the quantum confinement by electrostatic potentials
seems to be a difficult job by virtue of the absence of backscattering, which is a direct
consequence of pseudo-chiral behavior of quasiparticles, many theoretical (Pereira etal.,
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2007) and experimental (Williams et al., 2011) works have attemptedly proposed different
approaches to study and overcome this difficulty. In the following, we discuss the main points
regarding these proposals.

2.1 Etched structures

Etching the graphene leads to the formation of 1D quantum wires. These structures are
commonly mentioned in the literature as graphene nanoribbons (GNRs) (Brey & Fertig, 2006).
It is well known that the semiconducting gap in GNRs is strongly dependent on the ribbon
width, and also on the kind of the ribbon edge (Son & Cohen, 2006). The ribbon depends
on the kind of the edge termination, leading to different boundary conditions. Since the
graphene is a hexagonal bound of carbon atoms, two types of termination can be etched:
the armchair and the zig-zag terminations. It has been shown that the narrower the ribbon,
the bigger the semiconducting gap. Moreover, very narrow GNRs evidenced the existence
of surface states and miniband formation in the long wavelength limit k — 0. (Brey & Fertig,
2006) As a matter of fact, the combination between ribbon width and edge termination turned
out to be a crucial point in determining if the sample is metallic or semiconductor. Therefore,
etching these structures requires very sensible controlling of the edge termination, and do not
assure a standard technique in obtaining identical materials. This may be now-days the main
disadvantage in etching graphene structure to produce 1D quantum structures producing the
same kind of material.

2.2 Infinite mass boundary conditions

The infinite mass boundary condition approach was proposed by Berry and Mondragon
(Berry & Mondragon, 1987) in order to overcome the difficulty in confining neutrino
relativistic billiards. They considered the possibility of taking into account the neutrino
quasi-mass induced effects in theoretically treating the electrostatic gate potential V(x). The
neutrino mass term M(x) was considered to be x-coordinate dependent, so that the effective
gate potential might be written as Ve/f (x) — V(x) + M(x)c?0z, where c is the light velocity
and o, the z-direction Pauli matrix. The same approach can be used to study the gate
potential providing charge confinement in graphene (Peres et al., 2009). In principle, such
a gate potential should form a long stripe based on graphene. We schematically show V¢/f (x)
in Fig.1 and simply picture the different regions regarding the mass term M(x). To graphene,
one assumes the light velocity ¢ — vp = 1.1x10°m/s. In region II the mass term M(x) can be
considered zero by virtue of vanishing graphene-substrate interaction, while in regions I and
II it can assume finite values. Notice that in the case of neutrinos, the M(x) was considered
to be infinite (hard wall approach), since they theoretically sought for vanishing the Fermi
velocity outside the well. In this sense, it was claimed that this kind of technique might lead
to the confinement of charges to region II, because the effective potential should be strong
enough to enable wavefunction reflection at the interface of the potential (at x = +L/2). The
difference between this technique and the one presented above concerns to the ribbon (or
stripe) edge. Here, the edge termination does not play the same role as in the previous case,
and the boundary conditions are the same as in the standard quantum well (or finite mass)
confinement (Lin et al., 2008). We finally recall that the gate potential naturally imposes the
continuity of the wavefunction at the interfaces x = =L /2, but not of its derivative.
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Fig. 1. Schematic representation of the infinite mass confinement potential profile. The mass
M is zero in region II and infinite elsewhere.

2.3 Graphene-substrate interaction

Another usual technique improving confinement of electrons in graphene is to help opening
up a semiconducting gap in the energy spectrum. In particular, it was shown that the most
effective way to do that is to have the graphene, and its eventual substrate, embedded
in boron nitrate material (Giovannetti et al., 2007), provided it is also a hexagonal lattice.
The interaction between the different atoms in the whole sample causes then an anisotropy
associated to the different number of electrons in the sublattices A and B that form the
unit cell of the graphene honeycomb (Semenoff, 1984). That is responsible to open up the
gap. Experiments have shown that this induced gap can vary from 50 up to 260 meV
(Lu etal., 2007; Zhou et al., 2007). We mention that the effects of such asymmetry in the
sublattices can be theoretically incorporated into the Dirac Hamiltonian by considering a
sort of phenomenological (or quasi-mass) parameter Ao, in an ad-hoc manner. It is worth
to mention that this parameter Ao, has the same nature as those representing the Rashba
spin-orbit interaction in graphene (Kane & Mele, 2005; Min et al., 2006).

2.4 Tuning the Fermi level in p-n junctions

A recent theoretical proposal to improve and study the confinement of electrons in graphene
is based on the so-called Goos-Hanchen (GH) effect (Goos & Hanchen, 1947). The GH effect
has been shown for the first time back in the 40s and accounts for a universal shift that
a light beam, which is reflected from a given medium, can suffer. Such a shift can be
attributed to a sort of residual transmission into the medium which has the lower refractive
index, causing the evanescence of the electromagnetic wave. The electronic analogy of the
GH effect can also manifest itself in graphene p-n-p junctions (Beenakker et al., 2006). As it
was mentioned, electrostatic gates actually control the charge-type doping in the graphene
and eventually create a p-n junction. In such structures, the Fermi energy plays the role
of a refraction index, since it assumes different values as it crosses the junction. The main
advantage of this technique is that it enables one to easily control the carrier density in
the sample, providing the designing of electronic waveguide structures. As a mater of fact,
recent experiments have shown the possibility of creating waveguides in graphene p-n-p
junctions, leading to a variety of promising applications (Cheianov et al., 2007; Williams et al.,
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2011). Such a work also dealt with the direction-dependent transmission induced effects in
graphene (Pereira et al., 2007). In any case, it was shown that, by tuning the Fermi energy in
given p-n-p junctions, it was certainly possible to form electronic waveguides with reasonable
efficiency in graphene, leading to the promising fabrication of nanodevices based on electronic
confinement in graphene.

3. Single particle spectra in graphene quantum wires

In response to the points discussed above and motivated by the promising applications
of quantum confinement in graphene, we study below the single particle spectrum of
quasi-confined electrons in graphene p-n-p junctions. We consider an electrostatic gate
potential, whose some sort of arrangement can eventually be responsible for forming two
quantum wires (double p-n-p junctions) coupled by a barrier of width L; and height V},. Our
model also deals with a more generic situation where the interaction between the substrate
and graphene sheet is properly considered in both doped regions .

The low-energy band structure for a single valley! (K point) in graphene can be described by
the 2D Dirac-like Hamiltonian (Semenoff, 1984) in the form

Hap =y (kx f ik, . 0 Zky) + oz, (1)
where 07, is the Pauli matrix, ¢y = \@haot/ 2 is a parameter associated to the lattice constant
ap = 0.246 nm and to the nearest neighbor hopping energy t ~ 2.8 eV in graphene. As
mentioned before, the parameter B accounts for an asymmetry associated to different number
of electrons in sublattices A and B, that form the unit cell of the honeycomb. The values for
B might be strongly dependent on the substrate over which the graphene sheet is embedded.
The stronger is the interaction between graphene sheet and the substrate, the larger is the
B parameter which is responsible for opening an energy gap in the Dirac cone spectrum.
This is the parameter which will quantify here, in an ad-hoc manner, the graphene-substrate
interaction strength. In this way, one should be able to investigate such effects theoretically
by considering the parameter f # 0 in the Eq. (1). Therefore, the effects associated to the
mentioned parameter will be carefully studied here.

3.1 Triple barrier (Double well)

In order to study the electronic guidance in double coupled waveguides based on graphene,
one should be able to seek the effects of imposing a confinement potential U(x), as pictured
in Fig.(2), onto the Hamiltonian Hpp. This potential U(x), as generated by electrostatic
gates, leads to two transversal quantum wires along the y-direction with widths L; and L,
separated by a barrier of length L;,. The tunable barrier between the wires, the region 111
on Fig.(2), is assumed to be responsible for controlling the coupling between the two p-n
junctions. As mentioned above, the issue of weather the epitaxially-growth graphene can or
cannot be gated is not important here, because one can ad-hocly assigned the parameter
to other phenomenological effects as well, such as the spin-orbit interaction, the impurities
or imperfections in the sample, and so forth (Ziegler, 1996). Therefore, the eigenstates of

1 Tt should be pointed out that the two lattice points K and K’ decouple from each other in the graphene
Hamiltonian (1) only when the disorder generated by the potential is much smaller than the lattice
parameter (Ando & Nakanishi, 1998).
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Fig. 2. Schematic representation of the potential profile forming a biwaveguide based on
graphene. It shows two coupled channels of widths L; and L, separated by a barrier of
width Lj, and height Uy. Two different reflection angles 61 and 6, can be considered in the
regions II and IV, respectively, by virtue of different graphene-substrate interaction strength.

the Hamiltonian H = Hpp + U(x) can be written as a two-component spinor in the form
(Villegas & Tavares, 2010; Villegas et al., 2010)

p(ey) > ~ el ["A(") , @

xB(x)

where x4(x) and xp(x) are the pseudo-spin wavefunction components. Here we choose
expressions for x4(x) and xp(x) that naturally satisfies the secular equation H|¢(x,y) >
= E|¢(x,y) > and represent electronic states that are confined by the potential U(x). It
should be recalled at this point that the Fermi level in the sample should play the role of a
refraction index and, as consequence, the quasiparticles might undergo to internal reflections
as they eventually cross the potential interfaces, giving rise to the phenomena analogous to
the GH shift discussed above. Thus, the wavefunctions for the component x 4 (x) in different
regions, can be written in terms of stationary functions within the well regions and evanescent
functions within the barrier region, i.e.,

Crer* region I
Cyrsingrx 4+ Dypcosqpx  region 11
xa(x) ~ Cypreix + Dyppe*m*  region 111 (3)

Crysingryx + Dyy cosqyx region IV
Dy e "v¥ region V
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Fig. 3. (Color online) (a) Dispersion relations, Ej (ky), for a symmetric structure with

L; =Ly =14nm, L, = 4nm, and Uy = 150 meV. Here, B = 40 meV over all layers in the
structure. The dashed lines represent the edges of the regions where the confined state
branches lay down. (b) Probability density function p,, (x) for n =1, ..., 4, plotted in
arbitrary units, showing the spreading of states in the graphene wires. Thin vertical lines
indicate the position of the potential edges.

Here, the wavevector along the x-direction

- 2
K= (rky)2 + (B1)” — [E(ky) — Uo] @
fori =I,1I11,V and
-1 2 2 2
9 =7\ E(ky)2 = (k)2 (B7) 5)
for j = II,IV. Notice that the parameter § may assume a different value in each region

and this is a form to simulate different substrate interaction strengths or dopings. Due to
the perfect similarity between spin-orbit and Dirac Hamiltonians, such a parameter can be
linked, in an ad-hoc manner, to a spin-orbit interaction occurring in the samples without
gate. Finally, the set of coefficients {Cy, Cyj, Cr1, Crv} and {Dyy, Dyyj, Dy, Dy } indicate the
intensity of propagating and anti-propagating waves, respectively within each doped region.
This type of solution for x4 (x) in the Eq. (3) was considered before (Pereira et al., 2007)
where the component xp is also written straightforwardly, since H|¢p > = E|¢ > leads to
two coupled differential equations for the components x 4(x) and xp(x) which are solved
through the same anzatz(3). The energy dispersions Ej, (ky) in Egs. (4) and (5), are obtained by
imposing continuity conditions for both spinor components x 4 (x) and xp(x) at the edges of
the confining potential U(x). From these continuity conditions, one is able to write down a
set of equations in the matrix form

McT =o, (6)
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where M(En,ky) is the 8 x 8 matrix shown in the Appendix A and C is a 1 x 8 matrix
formed by the amplitude of propagating and anti-propagating waves in the sequence:
(Cr,Ci1, D11, Crr, Diir, Crv, Dy, Dy). - Notice that the dispersions Ej(k,) are obtained
through the non-trivial solutions of the Eq. (6) and implying that

det [M(Ey, k)] = 0. 7)

We use optimized numerical routines to find the n roots of Eq. (7) for a given value of the
wavevector ky.
At this point, we should define

6{1 = arctan(ky / q]n) (8)

as the reflection angles for the regions j = II and IV. These angles are schematically indicated
in Fig.(2) and represent the n possible angles of reflection in the regions j = II and IV
through which the guidance occurs. One can really read out from Eq. (5) that, in considering
Br1 # PBrv, a spatial-anisotropy induced effect should take place, as the effective depths of
each potential well in the regions j = Il and IV are different from each other.

3.1.1 Extended states

Let us first assume an unique value for the ad-hoc parameter f;—; = p = 40 meV, for all
layers shown in Fig.(2). Then we solve Eq. (7) for a given value of k, and determine a number
n of different roots. Figure 3(a) shows the first six solutions as a function of k; and these
energy dispersions, E; (ky,), map out the confined modes in the graphene double wire system
described by the lateral confining potential, U(x). Due to interwire tunneling, the pairs of
bound (symmetric) and antibound (antisymmetric) states with energy eigenvalues Eq and E;, E3
and Ey4, etc, show larger (smaller) energy separation for smaller (larger) values of wavevector
ky. These energy branches were found in a region limited by the dotted lines, which are
roughly given by the expressions

[(vky)? + B2 )

and
£ [(vky)? + B2 + Up. (10)

We stress that the inverse of the lifetime of any subband displayed in Fig. 3(a) is assumed
as being of the order of the numerical precision required to solve the Eq. (7) (Nguyen et al.,
2009). Although this may seem an approximation to the numerical solution, the high precision
required in our calculation produces very reliable results.

The effects associated to wide states can be better addressed when the probability density
function given by

ok, (x) = [xa(x) > + |x5(x)[*, (11)

is drawn for each subband 7 as a function of the wavevector k. Figure 3(b) shows py, (x),
plotted in arbitrary units, for the same lowest four states of Fig. 3(a), showing regions of
maximum and minimum intensities for localized and quasi-extended states in our potential
model. Clearly, the larger (smaller) is the wavefunction amplitude in regions I and V, the
weaker (stronger) is the evidence for localization effects on the structure. The states n =
1, 2, and 3 show stronger confinement to the well regions while state n = 4 display the
quasi-extended character with a large probability amplitude over the whole structure and a
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Fig. 4. (Color online) - The same energy dispersions and probability densities as in Fig. 2, but
without the substrate-graphene coupling term (8 = 0 in all layers) in the pseudo-relativistic
Hamiltonian.

long-range exponential decay for small values of ky, in the regions I and V. As the wavevector
|ky| increases, these extended states become more and more localized inside the well regions.
In Fig. 4 we are showing the same results as in Fig. 3, but with the parameter  being zero
in all regions. As noticed, the state 7 = 1 shows only a slightly larger spreading along the
wires for increasing values of ky and the state n = 2 increases the spreading along the wires
and into the lateral barrier regions. However, the amplitude probability for states 3 and 4
show very large extended character in all regions for small values of k. In other words, the
addition of a substrate-graphene coupling term to the Dirac-like Hamiltonian increases the
lateral localization character of the extended states.

3.1.2 Anisotropic values of j3 : effects on the conductance

With the choice of different values for the parameter B in each region, the system should
reveal interesting effects. In order to analyze these effects, we define auxiliary quantities such
as A = Br — B, Bir = Brv = 0, Br = By and Byj; = 10 meV. When A # 0, the interaction
between graphene sheet and substrate in regions I and III have different strength values.
Furthermore, one can also read out from Eq. (4) that the wavevector x; # xj;; when A # 0.
This situation mimics a spatial anisotropy as if the effective barrier heights in regions I and
I11 were different from each other. We predict that these spatial anisotropy induced by finite
A can be verified experimentally through a measure of the electrical conductance along the
y-direction. Very recently, this conductance, as a function of well width, has been investigated
theoretically in one dimensional channel formed by a single graphene p-n junction without the
interaction parameter B (Beenakker et al., 2006). It was shown that a minimum in the energy
dispersion E; (ky ) would generate a plateau in the conductance along the channel. In addition,
each minimum in the ground-state energy E;(k,) would contribute independently with an
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Fig. 5. (Color online) - Effects of substrate-graphene coupling strength on the shape of the
energy dispersion in a double wire system based on graphene sheet grown over a substrate.
Here, the double wire structure is symmetric with widths: Ly = L, = 9nm, L;, = 4 nm and
Up = 150 meV. The strength values, §;, are taken different in the layers according to:

A= B;— B B = Biv =0, B; = Bv and ;1 = 10 meV.

amount of ¢? /h per spin and per valley degrees of freedom to the conductance. Therefore, two
minima in our dispersion relation E; (k) should be responsible for a first step in the quantum
conductance at 8¢?/h. Tt is claimed by (Beenakker et al., 2006) that this result can identify
a novel pseudo-spin dependent scattering mechanism in graphene thus, it should manifest
itself as a 8¢ /h conductance step in a bipolar p-n junction. We are sure that in coupled double
wire graphene systems this conductance contribution would be simply enhanced by a factor
two with a plateau occurring near 16¢> /1 if the coupling between the wires is weak, which is
not the case here.

Nevertheless, these conclusions have motivated us to study the role of the spatial anisotropy
inducing modifications to the minimum found in the graphene double wire dispersion
relations. We have chosen to calculate the eigenvalues E; (ky) for narrower well layer systems
where the quantum mechanical regime becomes fully achieved. In Fig. 5 we are showing
only one side of the energy dispersion Ej (k) for states n = 1 (panel (a)) and n = 2 (panel
(b)) in a symmetric structure where L1 = Ly = 9nm, L, = 4 nm and Uy = 150 meV. At
this point we should recall that our theory can also be applied to graphene nanoribbons,
whose widths are typically of the order of 5 nm (Ritter & Lyding, 2009). As the parameter
A increases, from -10 to 30 meV in steps of 10 meV, we note minima in both energy branches
being systematically destroyed. Therefore, it is possible to claim that the physical mechanisms
leading to a plateau in the conductance near 16¢%/h will be destroyed for a finite value of A.
Furthermore, the dotted and dash-dotted lines limit the confined states region at given critical
ky value associated to an asymmetry induced by A. Both dotted lines are given by Eq. (10)
with the minus sign. These results evidence that, for a more general situation regarding the
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Fig. 6. (Color online) - Effects of increasing spatial anisotropy on the E; (k,) minima for
B = 0. Different indicate different values for the set of parameters Ly — L, — L, nm, and
where Uy = 150 meV.

graphene sheet and substrate interaction strength, the parameter B in the Egs. (9) and (10)
turns out to be equal to max (B, Brv) and min(By, Brrr), respectively. This informs us that the
dotted energy lines limiting the confined state region can be determined by an appropriated
choice of the parameter strength . As a final test to this graphene coupled double wire model,
we are showing in Fig. 6 the effects of increasing the spatial asymmetry on the ground-state
double minima occurring for the structure L1 = 4 nm, L, = 1 nm, L, = 4 nm (referred as
4 — 1 — 4) when we neglect any interaction between graphene sheet and the substrate in all
layers of Fig. 2. As can be noted, when L, decreases (dashed lines), the two degenerate minima
near ky = +0.30nm ! merge into a single one minimum at k, = 0. Therefore, in this lowest
channel mode the total amount added to the conductance plateau of 16¢? /1 for a symmetric
structure 4 — 1 — 4 will change back to the total amount 8¢? /1 in the asymmetric structures
shown in this figure.

3.1.3 Guidance efficiency

We show in Fig. 7(a) the dispersion relation E; of the confined (guided) states (modes) in a
symmetrical structure. An spatial anisotropy has been induced here by assuming ;7 = 0 and
Brv = 40 meV. The branches E; indicate the n different roots of the Eq. (7) for any given
wavevector ky. These branches were found numerically in a region limited by the long- and
short-dashed lines, which are roughly given by the expressions E = 7k, and E = +7k, +
Uy, respectively. Outside this region, the quasiparticle can be assumed to be free from the
effects of U(x). The intersections of these dashed lines with each branch # indicate the points
(ky, En) which determine, through the Eq. (8), the critical angles 6. (E; ). The guidance through
the y-direction in the whole structure is only allowed for those angles greater than 6.(E, ). The
two lowest energy branches, £y and Ej, get coupled strongly as the wavevector ky increases.
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Fig. 7. (Color online) (a) The energy dispersion relation E (ky) for an structure whose
parameters are L1 = Ly = 20nm, L;, = 10 nm and Uy = 100 meV. The six lowest subbands
(or modes) are shown. (b) The parameter A, as a function of the wavevector k;, for the 4
lowest energy modes.

The same effect occurs with the two subsequent branches E; and E3. Such sort of effect is not
present in the single waveguide case. Notice that, with such a spectrum, we thoroughly map
out the allowed coupled guided modes in our biwire system. Furthermore, it is interesting to
notice that the guided mode of the second order, n = 2, is the only one which is present in the
long wavelength limit k, — 0, with the energy E,—>(k, — 0) ~ Uj.

It is worth to mention that, for a given value of the wavevector ky, the reflection angles 6,111 and
01V assume different values when f;; # Bry.Indeed, the spatial anisotropy effect induced by
considering different graphene-substrate interaction strength in each waveguide moved us to
define and analyze the quantity

A= o e (12)

as a function of the wavevector ky. It serves as an auxiliary quantity showing how the
reflections in the two waveguides are actually taking place. When A, is identically equal
to zero, the reflections in the two waveguides are occurring strictly in phase. We plot A, in
Fig. 7(b) for n = 0, 1,2 and 3. All parameters are the same as in Fig. 7(a). We found maxima in
the Ay as a function of ky, for all the considered subbands 7. The corresponding wavevector
values of these maxima indicate the parallel momenta (or energy) for which the out-of-phase
reflections in the two wires lead to the most destructive effect.

We stress that all guided modes found in Fig. 7(a), i.e., the different n branches, can
be considered as of infinite lifetime since we are considering purely real energies only
(Nguyen et al., 2009).
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3.2 Double barrier (One well)

For the sake of completeness, we now show results for an single waveguide, of width 50 mn,
in the absence of any substrate interaction, i.e., /3]- = B = 0 for all regions. To produce a single
waveguide, we take the barrier width L, — 0 and the well width L; = L, = 25 nm. Itis
not difficult to realize that such parameters simply lead to the wavevector k, — v~ 1E, sin6,
where 6 is the reflection angle within the single waveguide defined in the Eq. (8). Therefore,
we solve Eq. (7) in order to find the n different roots E, for a given angle 6. In this way,
we plot in Fig. 8(a) the dispersion relation E;; of the confined (guided) states (modes) in this
single waveguide as a function of the reflection angle 6. As one can notice, there is much
evidence of the existence of guided modes up to the seventh order. These modes were found
in a region limited by dotted lines, which are given by vk, + Uy and Uy — 7ky. The electrons
whose energies are located outside this region are not allowed to be guided with any value for
f whatsoever. Intersections of the branches E;; with the dotted lines indicate the critical angle
for each mode 7. They are marked with circles in Fig. 8(a). Beyond these angles, the guidance
should take place in the structure. We finally plot in Fig.8(b) the probability density function
Pno(x) in terms of 6 (instead of k) for the four lowest guided modes. By showing them, we
completely mapped out the values of the reflection angle 6 for which the guidance takes place
with the most probability.
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Fig. 8. (Color online) (a) The energy dispersion E;, as a function of the reflection angle 0 for a
single waveguide of width 50 nm. Here, Uy = 100 meV. The red circles indicate the critical
angles: 0.(Eg) = 0.92 rad, 6.(E1) = 0.40 rad, 6.(E;) = 0.0 rad and 60.(E3) = 0.05 rad. (b) The
probability density function p,g(x) corresponding to the 4 lowest energy branches showed in
part (a).
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4. Collective excitations in graphene quantum wires

Collective excitations (plasmon modes) are the most elementary excitations due to Coulomb
interaction. These modes should be seen experimentally through the Raman inelastic
scattering spectra (Bostwick et al., 2007). Within the linear response theory, plasmon modes
can be theoretically modeled by finding out the poles of the dielectric function, which will be
written here within the RPA. Since we are dealing with two coupled graphene stripes, it shall
be worthy to develop below the fundamental expressions of interest in order to properly get
the dielectric function (Ehrenreich & Cohen, 1959).

4.1 Triple barrier in weak tunneling regime

For the sake of simplicity, we set the solutions for the pseudo-spinor ¢, (x) by assuming
an extremely weak tunneling regime between the wires. In such a regime, the system can
be considered as two independent waveguides. This procedure simplifies the model and
represents a very feasible experimental situation in which the gate voltage, as shown in Fig.2,
is increased to values up to 1 eV. The results shown in (Williams et al., 2011) supports such
an approach. The graphene based waveguides turn out to be of a high efficiency, which
suggests that the Klein tunneling through the barriers turn out be a less important effect.
Indeed, armchair edged GNRs are considered to be no longer a gapless semiconductor. In
such a regime, the pseudo-spinor components are considered to be identically zero outside
both wires, including the barrier region.

Thus, we neglect the coupling between higher subbands and assume charges (electrons)
occupying the lowest subband only, so that subband index # is treated here as waveguide
index. The proposed analytical solutions for the pseudo-spinor can assume the following
form (Villegas & Tavares, 2011):

_ Apsink) [x + (=1)"1L, /2]
Puk () = (Bnk2 coskd) [x+ (—=1)"*t1L; /2] — ksink§ [x + (—1)"*1L,/2] ) (13)
Here, the coefficients A, = +/2/L, and B, = —ivAu/[Ex+pB], with E,_1,(k) =

'y\/ k2 + (K9)2 + (By~1)? being the hyperbolic eigenvalues of H. Notice that kK = 77/L, is the
quantized wave-vector corresponding to the fundamental quantum state in both waveguides

4.2 Linear response approach
We then start writing out the usual screened Coulomb potential for the Fermions embedded
in our structure Jackson (1998),

soy— L [ p(r)
V) = e / arn (14)

where ¢ is the static background dielectric constant which depends on the substrate over

which the graphene sheet lies (Ando, 2006). Here, the RPA density-density correlation

function

o2

o(r,w) ==Y on(xy) Yuprq(X ) nn(k, 4, @) Vinn (k, ) (15)
Ly

m,n,k,q
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o [meV]

Fig. 9. The optical w4 (black branches) and acoustical w_ (red branches) plasmons for the
background values: (i) €9 = 1 (solid-line branches) and (ii) ¢y = 3.9 (dashed-line branches).
The Fermi wavevector kg = 0.7x10° cm~! and the sample parameters are L; = L, = 20 nm.
We keep = 0.

is written in terms of both the noninteracting polarizability function,

B FIEm(k)] = f[En(k+q)]
I (k, q,w) = gvgs Em(k) — En(k+q) — hew — idh’

(16)

with g, and gs being the valley and spin degeneracy, respectively, and the total Coulomb
potential V = V¢ + V$, where V¥ is the external potential. The wavevector 4 is the usual
transferred momentum due to Coulomb interaction and w is the external frequency. Since
the total potential Vyu, (k, q) in Eq. (15) is a function of two wave-vectors, one should Fourier
transform the potential V*(r), and take advantage from Eq. (15), to write
Vi (k,q,0) = — Wy (K4, w) %
Ly I ! /
m',n' kl,q

Umnm'n’' (k// kr ‘7) X Vm’n’ (k// ‘1/)/ (17)
where

202 N
O (kK ) = "0 [ d [ g} ()i () x

Ko [x = %' )@ 1o (o (). (18)
Here, K is the zero-order modified Bessel function of the second kind.
The 1D spatial confinement used here couples the motion in the x-direction to the motion
in the y-direction through the wavevector k, leading v,y to be dependent also on
the wavevectors k and k’. We mention that this turns out to be a difficulty, since it
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makes the dielectric function depends not only on the wave-vector g, but also on the
wavevectors k and k’(Brey & Fertig, 2007). As a matter of fact, for 1D semiconductor systems
(Wendler & Grigoryan, 1996; Xia & Hai, 2002) in the presence of perpendicular magnetic field,
this difficulty has been overcame by treating the k and the spatial dependencies separated
from each other, and expanding the wavefunction in a perturbation series in such a way
that the dielectric function could be projected into a finite submatrix, whose dimension is
the same as the perturbation order. In this work, we also overcome this difficulty by using
the same technique and further taking the advantage from the natural relation between the
pseudo-spinors components.

Notice first that the spinor component

_ iy
(ng(x) - [En(k) ¥ ‘3]

g A
T — kg (19)

can be written in terms of its counterpart qb;fk(x) by virtue of the symmetry of the Eq. 1 only.
This leads the Coulomb potential form factor to be written as

Um"m'”'(k’ k/’q) = 77A1<n;1m 'n’ + Afnzzm n’k/ + Afnzzm n’klz + AT(T’H’)IWL 'n'’ (20)
where
(K, q) = [(En(K') + B)(E(K +4) +B)] ",
and
Ame = aimmz,n, +a nm), k4 afﬂnm) n,kz with (4 =0,1,2, and 3).

Secondly, notice that the k’-dependence in Eq. (20) has been explicitly taken out. The
coefficients a'° ’”)(k q), a allt )(k q), and a% )(k q) for y = 0,1,2, and 3 are shown in the

ym 1ymn 1ymn
Appendix B and mvolves]the spatial 1nteg1]:als shown in Eq. (18). The summation of the terms
on k' appearing in the Eq. (20) does not arise as a consequence of any perturbative approach
on i, (x, y).It rather shows up directly due to the nature of the Dirac equation, leading to the
Eq. (19). At this point, and in order to get the exact dielectric constant as a function of 4 and
w only, we use the same technique as in Refs. (Li & Das Sarma, 1991; Rodriguez & Tejedor,

1994) and define
1
Ximn(q,w) = L—ZV,Zn(k,q,w), (21)
Y k

so that the dynamically dielectric function come out straightforwardly after the standard
procedure in obtaining the relation e(q, w) = V*/V.

Because of the weak tunneling condition and provided the system we are considering
in this paper is symmetric (L1 = L in Fig. 1), there are only two different elements
of v, ie, v (q,kK) = vxn(gkk) = Vi and vnn(qkk) = vaou(gkk) = Ve.
(Tavares & Hai, 2000) Furthermore, in this work we consider the same 1D charge density
Nip = 2kg/7 (with kg = 0.7 x 10°cm™1) for both waveguides, so that the polarizability
ITj; = Iy = Ily(k,g,w). The collective excitation spectra is then obtained through the
condition of vanishing determinant of the matrix (g, w). This condition leads to the equation
ere— = 0, where
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ex(q,w) = [1 =Y (Va+ Vo] . (22)
k. k'
The roots of e = 0 and e = 0 provide the in-phase optical and out-phase acoustic plasmon

modes, respectively. These modes can be observed via inelastic light scattering spectroscopy
experiments. The acoustic mode represents densities in the two wires fluctuating out of
phase, whereas the optical mode represents densities in two wires fluctuating in phase. In
the following, we analyze these modes carefully.

20

10

o [meV]

Fig. 10. The optical w4 (black branches) and acoustical w_ (red branches) plasmons for
different values of the parameter f : (i) B = 0 (solid-line branches) and (ii) B = 75meV
(dashed-line branches). The Fermi wavevector and the sample parameters are the same as in
the previous Figure. Here we keep €y = 3.9. The green [blue] continuum is the SPE region for
the case (i) [(ii)].

4.3 Results and discussions

Firstly, let us discuss the interesting effects that different choices for the background dielectric
constant €y have on the response functions ¢ and e_ and, as consequence, on the plasmon
dispersion relation. This dielectric constant accounts for the kind of material that serves as a
substrate over which the graphene sheet is eventually deposited. Here, we take two values
for it: (i) g = 1 and (ii) g = 3,9. The first one represents the most elementar case where the
graphene sheet is suspended, while the case (ii) represents SiO, as a substrate over which the
graphene sheet is deposited. The goal here is to show the effects of continuously changing ¢
on the plasmon modes and also on the single-particle excitations (SPE). For such a purpose, we
show in Fig.9 the dispersion relation of the acoustic w—(g) (red branches) and optical w+(q)
(black branches) plasmon modes, as a function of the transferred wavevector g, for the two
values of ey discussed above. The solid lines represent the results for ¢y = 1, while results
for ¢g = 3,9 are shown in dashed lines. The shadow area is the continua where SPE occurs.
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These excitations are defined by a continuum region in the w-g space where Im[I1y(q,w)] # 0
and are responsable for Landau damping the plasmon modes as they enter into (or approach
to) the shaded continuum. As ¢) increases, the plasmons get closer and closer to the SPE
continuum. These results then suggest that these modes should be experimentally seen more
easily for materials with less values of €, since they are far from the Landau damping region.
At this point we should briefly mention that, in the presence of effective tunneling between
the wells, the acoustic mode w_(q) in Fig.9 should present a non-zero value in the long
wavelength limit g — 0. The same behavior certainly occurs if g = 11, 68, which corresponds
to the background value for GaAs. Despite of it, the results presented here should not be much
different when an effective, but still weak, tunneling is considered. Moreover, these results
turn out be the first step in theoretically approaching tunneling effects, which is certainly
responsible for losing guidance efficiency in the ballistical waveguides. In Fig. 10, we choose
to show the same results as in Fig. 9, but now varying the parameter g and keep the dielectric
constant €y = 3.9. As the parameter p increases, the SPE continuum changes accordingly. Such
an effect on the SPE mimics an re-scaling of the Fermi surface as the parameter 3 increases.

5. Conclusion

In summary, we have studied single-particle properties of Dirac Fermions laterally confined to
coupled double wire graphene structures which are being embedded over different substrates,
and explored for 2D and 1D transport recently. We have added an ad-hoc term to the
pseudo-relativistic Dirac equation which controls the interaction between graphene sheets
and the substrate. Both the strength of this interaction as well as the spatial asymmetry
on the double wire structures can affect the extended and localized character of states and
the shape of the minima in the energy dispersion of the lowest subbands. We may claim
that these effects will manifest themselves on the quantum conductance of the system and,
eventually, changing the conductance plateau from 16¢®/h to 8¢?/h. We also have shown
the existence of guided modes up to the seventh order in single and double waveguides
based on graphene. Our results also show that different choices for g in both waveguides
induces spatial anisotropy effects on the guided modes, reflecting anomalous effects on their
probability density functions. We believe that these results are timely and may stimulate
further theoretical and experimental investigations on these graphene based structures.

We also have theoretically studied the acoustical and optical plasmon modes in coupled
graphene quantum wires in the extremely weak tunneling regime. In particular, attention
was devoted to the effects induced by the interaction between the graphene sheet and the
substrate. This interaction has been considered through an ad-hoc parameter B in the 2D
Dirac-like Hamiltonian modeling a more general diatomic system in which the graphene
lattice sites A and B might have different number of electrons. We have calculated the
Coulomb potential elements for this massless Fermion gas. We have shown that the parameter
B might be serving to screen the Coulomb interaction in the system. Such an effect manifests
itself in the dispersion relation of the optical and acoustical plasmon modes. We found that
the parameter  should eventually increase the damping effects on these modes.
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7. Appendix A
The 8 x 8 matrix M is given by

[ £ iﬁﬁg” myp M 0 0 0 0 0

0 Mmoo my3 Moy mas 0 0 0

0 0 0 Mg M35 M3 mzz 0

E L

0 0 0 0 0 Mg My f+<7€+75,'v) )

e % singr® —cosqr® 0 0 0 0 0

0 sinqio — cosqpo e K117 kiic 0 0 0

0 0 0 ek e~ Y —gingryo — cos qry o 0

L 0 0 0 0 0 —singryd —cosqyd e~ K19
where

mip = L(kysingif +qrrcosqpf),  miz = L(qrsingr0 — ky cos qr16),
my = L(kysingro +qrcosqo),  mps = L(qrrsingo — ky cos q110),
Moy = Ly 'g (E+ Byp)e "7, mas = Ly 'g 1 (E + Brp)eri?,
may = Ly~ 1g (E+ Bry)e "1, m3s = Ly 1g 1 (E + Brv)em?,
mze = L(qrv cosqryo —kysinqpyo), mze = —L(kycosqryo + qpv singryo),
e = L(qrv cos qrvd — kysinqryé), mze = —L(ky cosqrvd + qrv singryvé).

Here, we also define f+ = y(k, £ «7) / (E— U+ Br), g+ = v(ky £ x111) / (E—U+ Br11),0 =
2Ly + Ly)/2,0 = Ly /2, and & = (2L + L) /2.

8. Appendix B

The coefficients a'” )(k q), a (L ”)(k,q) and a'% ')(k q) for u = 0,..,3 are related to the

yymn 1]mn ymn
expansion of the Coulomb form factor and have the following form:

a

2 2 / / /
o ) = "0 [ [ axlgaie)pae) + 2P0l (09l () +
903,159 (DIK0 (T [x =¥ DGla ()8 0 () + 0031 (50 ().
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