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Abstract—The Raman spectra of single-walled carbon nanotubes at temperatures up to 730 K and pressures
up to 7 GPa have been measured. The behavior of phonon modes and the interaction between nanotubes in
bundles have been studied. It has been found that the temperature shift of the vibrational G mode is com-
pletely reversible, whereas the temperature shift of radial breathing modes is partially irreversible and the soft-
ening of the modes and narrowing of phonon bands are observed. The temperature shift and softening of
radial breathing modes are also observed when samples are irradiated by laser radiation with a power density
of 6.5 kW/mm?. The dependence of the relative frequency Q/Q, for Gt and G~ phonon modes on the relative
change A,/A in the triangular lattice constant of bundles of nanotubes calculated using the thermal expansion
coefficient and compressibility coefficient of nanotube bundles shows that the temperature shift of the G
mode is determined by the softening of the C—C bond in nanotubes. An increase in the equilibrium distances
between nanotubes at the breaking of random covalent C—C bonds between nanotubes in bundles of nano-

tubes is in my opinion the main reason for the softening of the radial breathing modes.

DOI: 10.1134/S1063776112130079

1. INTRODUCTION

The effect of high temperatures and pressures on
the structure and phonon spectrum of single-walled
carbon nanotube bundles were studied using X-ray dif-
fraction analysis and Raman spectroscopy [1—7]. The
expansion of the triangular lattice of bungles of single-
walled carbon nanotubes at temperatures up to 950 K,
which is due to the anharmonicity of the van der Waals
interaction, as well as the radial expansion of nano-
tubes, was examined by the X-ray diffraction method
[1]. The radial thermal expansion coefficient is very
small, og = (—0.15 = 0.20) x 10> K~!, whereas the
thermal expansion coefficient of the triangular lattice
constant of bundles is relatively large, o; = (0.75 %
0.25) x 10~ K~'. The radial thermal expansion of mul-
tiwalled carbon nanotubes and graphite in the direc-
tion along the graphene layers is very small [1]. At the
same time, the temperature dependence of the dis-
tance between the walls of neighboring nanotubes is
determined by the coefficient o, = 4.2 x 107> K™,
which is larger than the thermal expansion coefficient
of graphite in the direction perpendicular to the
graphene layers, o, = 2.6 x 1075 K~' [1]. These fea-
tures of the temperature behavior are due both to the
strong covalent bond between carbon atoms in
graphene layers and shells of nanotubes and to the
weak van der Waals interaction between nanotubes in
bundles and graphene layers in graphite [1].
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Adsorbents, in particular, atmospheric gases play
an important role in the temperature behavior of sin-
gle-walled carbon nanotube bundles. The solution of
molecular oxygen and nitrogen in channels between
nanotubes in single-walled carbon nanotube bundles
leads to a slight increase in the lattice constant of sin-
gle-walled carbon nanotube bundles [8]. The temper-
ature dependences of the lattice constant of single-
walled carbon nanotube bundles at heating in vacuum
are different for heating and cooling cycles: after the
completion of the first temperature cycle, the lattice
constant decreases [2]. In the subsequent cycles, the
temperature dependences coincide, but the repetition
of the experiment after the aging of samples in the
atmosphere leads to the recovery of the dependence
characteristic of the first cycle. This is due to the des-
orption of atmospheric gases dissolved in single-
walled carbon nanotube bundles: molecular oxygen
and nitrogen at heating in vacuum that are dissolved in
the channels between nanotubes are removed, but sin-
gle-walled carbon nanotube bundles are again satu-
rated with gases at the subsequent aging of the samples
in the atmosphere [2].

The temperature shift of phonon bands for radial
breathing modes and the G mode caused by the vibra-
tions of carbon atoms along a C—C bond was studied
by the Raman scattering method at temperatures up to
800 K in single- [3, 5] and double-walled [4] carbon
nanotubes. The measurements reported in [3, 5] and
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molecular dynamics calculations for single-walled
carbon nanotubes [3] indicate a negative temperature
shift of phonon modes, which is due to the weakening
of both the C—C bond in nanotubes and the interac-
tion between nanotubes in the single-walled carbon
nanotube bundles because of the anharmonicity of the
van der Waals interaction. The same temperature
dependence of phonon modes was obtained for double-
walled carbon nanotubes [4]. The calculations reported
in [3] also indicate that the thermal expansion of nano-
tubes in the radial direction is insignificant and does not
contribute to the shift of phonon bands in agreement
with the X-ray diffraction results [1].

X-ray diffraction investigations of single-walled
carbon nanotube bundles at pressures up to 13 GPa
show that the triangular lattice in single-walled carbon
nanotube bundles exists at least up to a pressure of
10 GPa, the pressure dependence of the lattice con-
stant is reversible, and the initial parameters are recov-
ered with a decrease in the pressure [6]. The pressure
dependence of the parameter A4 of the two-dimen-
sional triangular lattice of single-walled carbon nano-
tube bundles is described by the one-dimensional ana-

log of the equation
-1/g'
+ 1) , (D)

A _ (E P

Ay Bo
where 3, = 43 = 4 GPa is the bulk modulus and ' =
33 + 3 is its derivative with respect to the pressure [6].
These values are close to the respective values ab initio
calculated for the bulk compression modulus of sin-
gle-walled carbon nanotube bundles [7].

An important feature of carbon nanotubes is their
capability of forming bundles where the coupling
between individual nanotubes is so strong that their
separation requires special solvents with surfactants
and activation of the solution process by ultrasound
[9]. The numerical calculations show that the van der
Waals interaction between nanotubes is several times
stronger than a similar interaction between fullerene
molecules recalculated to the equivalent length of a
nanotube [10]. The total interaction between them is
strong because of their large length, which leads to the
formation of bundles of nanotubes closely packed in a
hexagonal lattice.

Another possible reason for the strong coupling
between nanotubes in bundles can be random covalent
C—C bonds between neighboring nanotubes [11].
These bonds appear owing to a large number of unsat-
urated double C=C bonds in nanotubes as this occurs
in Cq, fullerene crystals under the action of light or at
thermobaric treatment [12—14]. The ab initio numer-
ical calculations predict the possibility of the forma-
tion of one- and two-dimensional structures, where
neighboring nanotubes are coupled with each other by
covalent bonds; some of these structures are more sta-
ble than the two-dimensional hexagonal Ilattice
formed by nanotubes in single-walled carbon nano-
tube bundles [15]. The formation of such structures
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implies the deformation of nanotubes in the cross sec-
tion and requires the application of high pressure [15].

The experiments show that, at certain parameters
of thermobaric treatment, irreversible changes occur
in the Raman spectra and the structure of single-
walled carbon nanotube bundles, which can be attrib-
uted to the formation of covalent bonds between nan-
otubes and carbon atoms with sp® coordination [16].
The formation of random covalent bonds between
nanotubes in single-walled carbon nanotube bundles
is also possible under the action of light as this occurs
at the photopolymerization of Cg, fullerene. It is
known that the thermal treatment of polymers of Cg,
fullerene at a temperature of about 550 K leads to the
destruction of polymer bonds and irreversible changes
in the crystal structure and Raman spectra of the
material [17, 18]. Similar effects can also be expected
at the high-temperature annealing of single-walled
carbon nanotube bundles if random covalent bonds
between nanotubes are indeed formed.

In this work, the Raman spectra of carbon nano-
tubes were measured at temperatures up to 730 K,
pressures up to 7 GPa, and intense laser irradiation in
order to examine the phonon spectrum and the inter-
action between nanotubes, as well as possible transfor-
mations in single-walled carbon nanotube bundles. It
is found that the temperature and pressure shifts of the
G vibrational mode are completely reversible, whereas
the temperature shift of the radial breathing modes is
partially irreversible and cooling is accompanied by
the softening of the modes and narrowing of phonon
bands. A similar effect is observed with an increase in
the laser radiation power density up to 6.5 kW/mm?.
The dependence of the relative frequency /), for the
G and G~ phonon modes on the relative change in the
triangular lattice constant A,/A4 of single-walled car-
bon nanotube bundles is determined under the com-
pression and expansion of the lattice and shows that
the softening of the covalent bond in nanotubes makes
the overwhelming contribution to the temperature
shift of the G mode.

2. EXPERIMENTAL PROCEDURE

Carbon nanotubes were synthesized by the arc dis-
charge method in the helium atmosphere at a pressure
of 0.86 bar using the Ni/Y catalyst. The weight fraction
of single-walled carbon nanotubes in the purified
reaction product was approximately 90%; 2—4-um
graphite microparticles constituted the main impurity,
whereas the impurity of metals did not exceed 1.5%.
The final product was annealed for 5 h in vacuum at
900 K and was single-walled carbon nanotube bundles
in the form of flakes with sizes up to 100 pum.

Individual flakes of single-walled carbon nano-
tubes with the characteristic size from 50 to 100 pm
were used for the measurements. The Raman spectra
were measured with an Acton Spectra Pro-2500i spec-
trograph with a Pixis2K cooled detector. An Olympus
Vol. 115
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Fig. 1. Raman spectra of single-walled carbon nanotube bundles near the radial breathing modes and G mode: (a) initial single-
walled carbon nanotubes, (b) single-walled carbon nanotubes after annealing at 530 K, and (c) single-walled carbon nanotubes
after annealing at 630 K. The Raman spectra were measured at the same place of the sample under normal conditions with a laser

radiation power density of 0.4 kW/mmz.

microscope and a 50x objective with a working dis-
tance of 14 mm were used to focus laser radiation on
the sample. The cutoff of laser radiation was per-
formed using a notch filter with a suppression depth of
103 in the band with a width of 120 cm~' near A =
532 nm. The laser beam was focused into a spot with a
diameter of about 3 um on the sample and the laser
radiation power was approximately 5 mW.

The high-pressure measurements were performed
with a high-pressure Mao—Bell-type diamond anvil
cell. The 1 : 4 ethanol—methanol mixture was used as
a pressure-transfer medium. The pressure was cali-
brated using the R, luminescence line of ruby [19].
The high-temperature measurements were performed
with a homemade optical cell and a Termodat temper-
ature controller. The temperature on the working table
of the cell was maintained in the range of 50—500°C
with an accuracy of +2°C.

3. RESULTS AND DISCUSSION

The Raman spectra of single-walled carbon nano-
tube bundles in the regions of radial breathing modes
and the G vibrational mode under normal conditions
are shown in Fig. la. The D band whose intensity
increases with the defectiveness of the graphite and
carbon nanotube samples [20, 21] is not shown in the
spectrum. The intensity of the D band in our samples
was no more than 1% of the integral intensity of the G
band, which indicates a fairly high structural perfec-
tion of single-walled carbon nanotubes [22]. The
intense G band corresponds to the C—C vibrations of
carbon atoms in the directions perpendicular and par-
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allel to the axis of a nanotube (G~ and G* components
corresponding to the bands near 1568 and 1591 cm™!,
respectively). The shape of the G~ band is determined
by the electronic properties of the single-walled car-
bon nanotubes: a symmetric Lorentzian contour of the
G~ band indicates semiconducting nanotubes,
whereas an asymmetric Breit—Wigner—Fano contour
indicates metallic nanotubes [23]. The most intense
band in the low-frequency range with a frequency of
170 cm™~! corresponds to the radial breathing modes;
satellites at frequencies of about 179 and 160 cm™! are
located on both sides of this band. The frequency ®y of
phonons corresponding to the radial breathing modes
in single-walled carbon nanotube bundles is inversely
proportional to the diameter d, of the nanotube and is
described by the empirical formula [23]

d, [nm] = 234 nmcm™'/(og [em']-12cm™). (2)

According to Eq. (2), the main peak at 170 cm~! cor-
responds to nanotubes with a diameter of about
1.48 nm, whereas 160- and 179-cm™' satellites corre-
spond to nanotubes with diameters of about 1.58 and
1.40 nm, respectively. Figures 1b and 1c show the
Raman spectra under normal conditions after the
30-min annealing of single-walled carbon nanotubes
at temperatures of 530 and 630 K, respectively. After
annealing, the radial breathing modes are shifted
towards lower energies and are narrowed; the shift of
the bands is larger for nanotubes with a larger diame-
ter, which leads to a better resolution of the satellite
bands. The shift of the bands increases with the
annealing temperature and is maximal at 630 K. As
can be seen in Figs. 1b and 1c, the annealing of the
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Fig. 2. Raman spectra of single-walled carbon nanotube
bundles near the radial breathing modes under normal
conditions at the same place of the sample for the laser
radiation power densities of (a) 0.4, (b) 1.7,

(c) 6.5 kW/mm2, and (d) return to 0.4 kW/mm2.

samples does not lead to any changes in the G mode
and the frequencies of the G- and G* components
remain unchanged within the measurement accuracy.
It is noteworthy that these measurements were per-
formed at a relatively low laser radiation power density
of about 0.4 kW/mm?. An increase in the power den-
sity to 1 kW/mm? insignificantly affects the Raman
spectrum, but the subsequent increase leads to a
decrease in the phonon frequencies, which is particu-
larly pronounced at the maximum laser radiation
power density of 6.5 kW/mm?.

A decrease in the power density to the initial value
of 0.4 kW/mm? leads to the recovery of the initial spec-
trum of phonons in the regions of the G- and G*
modes, but the frequencies of the radial breathing
modes are not recovered and decrease noticeably. The
Raman spectra for the single-walled carbon nanotubes
for laser radiation powers from 0.4 to 6.5 kW/mm? are
shown in Fig. 2, where the softening of the radial
breathing modes after a decrease in the laser power to
the initial value is seen. It is noteworthy that a change
in the spectrum is observed only inside the laser spot,
whereas changes in the neighboring dark regions are
absent. It can be assumed that the dependence of the
Raman spectra on the laser radiation power density is
attributed to the heating of the sample inside the laser
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Fig. 3. Temperature dependences of the frequencies of the
radial breathing modes for single-walled carbon nanotube
bundles under (open symbols) heating and (closed sym-
bols) cooling. The circles, squares, and triangles corre-
spond to the first (300—430 K), second (300—530 K), and
third (300—730 K) annealing circles, respectively.

spot and the observed effect is similar to the heating of
samples inside an optical cell.

The temperature dependences of the phonon fre-
quencies of the radial breathing modes obtained by the
Lorentzian approximation of the experimental con-
tours of the bands are shown in Fig. 3. The measure-
ments were performed at the same point of the sample
in three successive heating—cooling cycles; the respec-
tive results are shown by various symbols. The temper-
ature steps for heating and cooling were 25 and 50 K,
respectively. The results indicate the irreversibility of
the temperature dependence of phonon frequencies
and the residual softening of the radial breathing
modes after the cooling of the samples to the initial
temperature. The softening of the modes occurs in the
first temperature cycle (300—430 K, circles) and con-
tinues in the second temperature cycle (300—530 K,
squares); the softening of the modes is almost absent
only in the third temperature cycle (300—700 K, trian-
gles) and the temperature dependence becomes
reversible.

Figure 4 shows the temperature dependences of
phonon frequencies for the G mode in the same three
heating—cooling cycles. In contrast to the case of the
radial breathing modes, the temperature dependences
for the G mode are reversible within the measurement
accuracy. It is also noteworthy that the intensity of the
Vol. 115
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Fig. 4. Temperature dependences of the frequency of the G
mode for single-walled carbon nanotube bundles. The
notation is the same as in Fig. 3.

D band remains almost unchanged after the annealing
of samples at the maximum temperature of 730 K,
because the defectiveness of nanotubes does not
increase even after a fairly hard thermal treatment of
single-walled carbon nanotube bundles.

A decrease in the frequency of the radial breathing
modes after the annealing of single-walled carbon
nanotube bundles depends on the temperature. This
dependence was studied in a special series of measure-
ments with individual samples in each annealing cycle.
To this end, the Raman spectra were measured under
normal conditions at a fixed point of the samples
before and after their annealing. Annealing was per-
formed during 20 min at temperatures up to 730 K.
Softening was determined from the difference between
the frequencies of phonons in two spectra. Figure 5
shows the resulting dependences for nanotubes with
the diameters of 1.48 and 1.58 nm. The softening of
the radial breathing modes is small up to an annealing
temperature of 430 K, but increases rapidly with the
temperature and is saturated at 530 K. With a further
increase in the annealing temperature, the softening of
the modes increases insignificantly and the depen-
dence is of a quasi-threshold character with the
threshold in the temperature interval of 430—530 K. It
is also noteworthy that the samples after thermal treat-
ment are quite stable in air because the subsequent
measurements of the Raman spectra at room temper-
ature for a week did not reveal noticeable changes.
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Fig. 5. Softening of the radial breathing modes versus the
temperature of annealing of single-walled carbon nanotube
bundles with the diameters of (O) 1.48 and (®) 1.58 nm.
The sharp softening of the radial breathing modes is
observed in the shaded temperature interval.

According to the molecular dynamics calculations
of the dynamics of single-walled carbon nanotube
bundles, the effect of the van der Waals interaction on
the phonon spectrum of nanotubes decreases with an
increase in the frequency of vibrations and becomes
negligibly small at frequencies above 500 cm~! [24].
This means that an increase in the distances between
nanotubes should lead to a more noticeable decrease
in the frequency of the radial breathing modes for nan-
otubes with a larger diameter, which have a relatively
low frequency of the radial breathing modes; this
behavior is observed in our experiments. At the same
time, the reversible temperature shift of the G mode is
comparable in absolute value with the shift of the
bands of the radial breathing modes, although the
contribution from the van der Waals interaction for
these phonons is negligibly small [24]. As will be
shown below, a decrease in the frequency of the G
mode is primarily due to the softening of C—C bonds
under the heating of nanotubes.

In order to understand the reason for the irrevers-
ible decrease in the frequencies of the radial breathing
modes under heating, we consider the possible mech-
anisms of this phenomenon. The softening of the
radial breathing modes at the annealing of single-
walled carbon nanotubes can be attributed to an
increase either in the diameters of the nanotubes or in
the triangular lattice constant. According to X-ray dif-
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Fig. 6. Frequency shift Q — Q, versus the (open symbols)
temperature and (closed symbols) laser radiation power
density for the (squares) G~ and (circles) G modes.

fraction studies, the diameter of the nanotubes is
almost independent of the temperature [1]. The irre-
versible increase in the diameters of the nanotubes was
observed only under special conditions: the heating of
single-walled carbon nanotube bundles to approxi-
mately 1800 K in the hydrogen atmosphere is accom-
panied by the joining of neighboring nanotubes with
the doubling of their diameter [25]. This is obviously
not the case in our experiments, where the annealing
temperature, as well as a change in the frequency of a
phonon (an “increase” in the diameter of the nano-
tube), is much smaller.

A change in the interaction between the nanotubes
can be due to the removal of N, and O, dissolved
atmospheric gases at the annealing of single-walled
carbon nanotube bundles in vacuum [2]. The triangu-
lar lattice constant 4 of single-walled carbon nanotube
bundles decreases irreversibly from 17.1to 16.9 A after
the first heating—cooling cycle where dissolved gases
are removed; the subsequent heating—cooling cycles
lead to a reversible change in the lattice constant [2].
This occurs in the temperature interval of 300—600 K,
i.e., approximately in the same temperature interval,
where we measured the Raman spectra. However, it is
noteworthy that a decrease in the lattice constant of
single-walled carbon nanotube bundles should lead to
the enhancement of the interaction between the nan-
otubes and to an increase in the frequencies of the
radial breathing modes, whereas a decrease in the fre-
quencies of the radial breathing modes can be attrib-
uted to the reverse process, i.e., to an increase in the
lattice constant. It can be hypothesized that molecules
dissolved in single-walled carbon nanotube bundles
can enhance the van der Waals interaction between the
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nanotubes and their removal leads to the weakening of
this interaction. However, it is senseless to discuss this,
because there are no calculations of the interaction for
this case.

The softening of the radial breathing modes can
also be attributed to an increase in the distances
between the nanotubes at the destruction of random
covalent C—C bonds between them. Such bonds can
appear in the process of growth of single-walled car-
bon nanotube bundles or at the irradiation of the sam-
ples by light as this occurs in Cg, fullerene molecules
[12—14] and they are quite easily destroyed at the
annealing of the samples [17, 18]. The quasi-threshold
character of the temperature dependence of the soft-
ening of the radial breathing modes can be due to the
breaking of such bonds in the temperature interval of
430—530 K if they indeed exist in single-walled carbon
nanotube bungles.

Information on the interaction between the nano-
tubes in bundles can also be obtained from the shift of
the G phonon mode, which was studied in the Raman
spectra measured with various laser radiation intensi-
ties, high temperature, and high pressure. Figure 6
shows the dependences of the frequency of the G mode
(Q — Q) on the temperature and laser radiation power
density. Here, Q, is the frequency of the G mode at
room temperature and a power density of 0.4 KkW/mm?
and Q is the frequency of this mode at various temper-
atures and the same laser radiation power density or at
room temperature and various laser radiation power
densities. It can be seen that all data are well approxi-
mated by a linear dependence. This means that an
increase in the power density leads to a noticeable
heating of the sample inside the illuminated spot and
the G* and G~ bands are shifted identically with the
variation of the temperature and power density. The
temperature shift coefficients dE/dT for the G- and
G* bands are —0.0230 = 0.0007 and —0.0229 =+
0.0002 cm~!/K, respectively, and coincide with each
other within the measurement accuracy. The parallel
shift of the bands means that the diameter of the nan-
otubes remains almost unchanged with the tempera-
ture, because the frequency of the G- band increases
with the diameter and approaches the frequency of the
G* band (in the limit of the planar graphene sheet, this
is one band corresponding to the doubly degenerate
E,, oscillation).

Figure 7 shows the pressure dependences of the fre-
quencies of the G* and G~ bands for the direct and
inverse pressure variations. These dependences are
completely reversible, exhibit linear segments up to a
pressure of 3 GPa, and become sublinear at higher
pressures. The pressure shift coefficients dE/dP in the
linear segments are 7.11 + 0.29 cm~!/GPa and 6.65 +
0.22 cm~!'/GPa for the G- and G* bands, respectively.
Thus, the bands “approach” each other with an
increase in the pressure and the accuracy of the math-
ematical separation of the bands decreases. It is note-
worthy that a decrease in the slopes of the pressure
Vol. 115
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Fig. 7. Pressure dependences of the frequencies of the G+

and G~ bands of nanotubes in bundles at room tempera-
ture at an (open symbols) increase and (closed symbols)
decrease in the pressure.

dependences of the frequencies of the G* and G~
bands near a pressure of 2 GPa was observed in early
works [26, 27], but more accurate measurements in a
wide pressure range up to 40 GPa provide smooth sub-
linear dependences throughout the entire measure-
ment interval [28].

The experimental compression modulus and ther-
mal expansion coefficient of the triangular lattice of
single-walled carbon nanotube bundles [1, 6] make it
possible to determine the dependences of the relative
frequency Q/Q, for the G~ and G* bands on the rela-
tive change of the triangular lattice constant 4,/A4. The
relative change of the triangular lattice constant 4,/4
under compression was calculated by Eq. (1) with the
data from [6] for the compression modulus , = 43 +
4 GPa and its derivative with respect to the pressure
B' = 33 £ 3. The expansion-induced change in the rel-
ative triangular lattice constant 4,/A was calculated
using the thermal expansion coefficient oo = (0.75 +
0.25) x 10° K~! [1]. The dependences for the expan-
sion of the lattice (heating) and for the compression of
the lattice (high pressure) are shown in the left lower
and right upper parts of Fig. 8, respectively. The
dependence of €2/Q, on A4,/A for the compression of
the lattice is superlinear, as should be expected at the
dominant contribution from the van der Waals inter-
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Fig. 8. Relative frequency /€ versus the relative triangu-
lar lattice constant 4,/A for the (squares) G~ and (circles)

G modes in nanotube bundles. The left lower segment
corresponds to the expansion of the lattice at high temper-
atures, whereas the right upper segment corresponds to the
compression of the lattice at high temperatures.

action between the nanotubes. The dependence of
Q/Q, on Ay/A for the expansion of the lattice is linear
in a relatively narrow range of the experimental data.
It is noteworthy that the dependence in the equivalent
range of the compression data can also be treated as
linear, but its slope is several times larger than that for
the compression of the lattice. This discrepancy indi-
cates a significant contribution of the softening of
covalent C—C bonds in nanotubes to the temperature
shift of the G mode, which is much larger than the
contribution from the anharmonicity of the van der
Waals interaction.

To summarize, the results indicate that the over-
whelming contribution to the temperature shift of the
G mode comes from the softening of covalent bonds in
nanotubes. The van der Waals interaction plays the
decisive role in the pressure shift of the G mode and in
the temperature shift of the radial breathing modes. In
my opinion, the softening of the radial breathing
modes after the annealing of the single-walled carbon
nanotube bundles is attributed to an increase in the
distances between nanotubes after the destruction of
random covalent bonds between them.
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