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Raman bands of double-wall carbon nanotubes:
comparison with single- and triple-wall carbon
nanotubes, and influence of annealing and electron

irradiation
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2 CIRIMAT-LCMIE, UMR-CNRS 5085, Université Paul Sabatier, 118 Route de Narbonne, 31077 Toulouse cedex 4, France
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We compare the G and G’;p bands of single-, double- and triple-wall carbon nanotubes (CNTs). We
observe that the band shape is sensitive to the number of walls of the CNTs. For single-wall carbon
nanotubes (SWCNTs), the G band is composed of two distinct contributions G+ and G—, while the G
band for double-wall nanotubes is composed of one band with two main contributions from the inner and
the outer tube. The G’;p band can be fitted with one Lorentzian for single-wall tubes, while two distinct
contributions are observed for double-wall carbon nanotubes (DWCNTSs). Considerable variations of the
G/’;p band are found with similar first order Raman spectra. Annealing influences the D- and RBM-band
intensities. Electron irradiation has the effect of decreasing the G- and D-band wavenumbers but does
not enhance the D-band intensity considerably. The down-shifts of the G- and D-band wavenumbers
are correlated and are the same for two excitation wavelengths. This is consistent with the scattering of

phonons around the K-point.
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INTRODUCTION

Carbon nanotubes (CNTs) continue to attract much attention
owing to the large number of their potential applications such
as in electronic circuits, polymer composites for electrostatic
charge dissipation and mechanical reinforcement.! The
Raman signals from single-wall carbon nanotubes (SWCNTs)
have been studied in great detail. The Raman spectrum of
CNT consists of bands at low energy range, due to the
radial breathing modes (RBM) sensitive to the diameter and
chirality/helicity for small diameter tubes.>? The RBM bands
are particularly sensitive to the excitation wavelength with
narrow resonance profiles (<100 meV)** and with a small
broadening and energy shift when in bundles.> Raman as
well as photoluminescence studies show that it is possible
to determine the tube chirality/helicity by varying the
excitation wavelength and locating the resonances that are
directly related to electronic transition energies characteristic
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for each chirality /helicity for suspended tubes embedded in
surfactants in aqueous solution.® The dispersive D band
has been shown to be related to defect-induced double
resonant scattering processes that involve elastic scattering
of electrons by structural defects and is often used to assess
the quality of CNTs.”® The G mode in SWCNTs, near the
position of the G mode in graphite, consists of two bands
at 1590 cm~! (G+) and at around 1572 cm™! (G—) for tubes
with a diameter of 1.4 nm. The position of the G+ mode is
not sensitive to the tube diameter. The precise position of
the G band depends on the diameter (C/d?, C: a constant
depending on the semiconducting or metallic behaviour; d:
the diameter).” Coupling with valence electrons in metallic
CNTs has a strong influence on the band shape and the
intensity of the G bands.!® For multi-wall carbon nanotubes
(MWCNTs), the number of walls and the presence of faceted
graphitic particles complicate the G-band intensity and band
shape. RBMs are only rarely observed, but the D band is
often present and is broadened. On the higher wavenumber
side of the G band, a shoulder due to the so-called D’ band is
sometimes observed.!!



Double-wall carbon nanotubes (DWCNT) are the simplest
form of MWCNT. Two synthesis routes have been reported.
The conversion of SWCNTs filled with Cg molecules
(peapods), which can be transformed into DWCNTs, leads to
a narrow distribution of the internal and external diameters
of the tubes.!? Catalytic hemical vapour deposition (CCVD)
is the second method to grow DWCNTs with a larger distri-
bution of diameters.”® Inter-layer coupling between the two
walls in DWCNTs has been investigated for RBMs using
resonant Raman scattering.'* Hydrostatic pressure experi-
ments on DWCNT’s!>1® show that the G band splits with
pressure. The wavenumber at zero pressure of the inner
tube is close to 1582 cm™! while the wavenumber of the
outer tube is close to 1592 cm~!. The wavenumbers of both
the inner and outer tubes have been estimated earlier using
doped DWCNTSs.!” While the G-band shape from DWCNTs
obtained with peapods changes with the excitation energy,
DWCNTs grown by the CCVD method are less sensitive to
the excitation energy.®

Doping influences the population of the electronic states
and leads to charge transfer. Electron acceptors such as
H,SO, (Ref.19), Br, (Ref.17) or CrOy (Ref.20) have been
used, and shifts to higher energies have been observed for all
the spectral bands. For H,SOy, Br, and CrO, the shift of the
G+ band is 16, 19 and 24 cm ™!, respectively, while the shift of
the G/,p band is 12 em ™! for H,SO,4 and 40 cm ™! for CrOy. Itis
observed that the intensity of the G',p band decreases when
CNTs are in contact with acceptors. For electron donors,
such as Ag (Ref.20), the down-shift can be as large as
—9 cm™! for the G+ band and —10 cm™! for the G'5p band.
For DWCNTs, doping effects have also been reported!”-?
and intensity transfer from the G band, associated with the
outer tube, to other spectral bands have been suggested.!>?!
The D band contains several spectral components related
to the double resonant process and the presence of Van
Hove singularities in CNTs.?> The second-order spectrum
of the D band, G'yp, has been used to probe the effects of
the environment on SWCNTs.%2* It has been suggested that
the two features contributing to the D band are due to the
inner and outer tubes,? leading, consequently, to a splitting
of the G'yp band. Its temperature and pressure dependence
are useful to extract information on the influence of the
tube environment. Although the intensity of the D band is
used to assess the quality of the sample, one has to keep
in mind that the ratio of the D- and G-band intensities is
strongly wavelength dependent. Furthermore, it has been
observed that the intensity of the D band is correlated to
the RBM intensity as long as the defect density is not too
high.?

In this paper, we first present experimental studies to
show how the shape of the G band changes with the number
of walls and discuss in detail the origin of these differences.
Then, we carry out a statistical analysis of the intrinsically
inhomogeneous system to draw general conclusions on
the Raman spectra of DWCNTs. The samples we studied

were composed of tubes with a large size distribution,
with diameters ranging from 0.5 to 3 nm. We recorded
the spectra from a large number of spots on the surface
dispersed sample and we carried out a statistical analysis
of the recorded spectral bands. We alo implanted defects
by electron irradiation to observe their influence on the D-
band wavenumber and intensity. Finally, we summarize the
evolution of the G and D band in DWCNTs as a function of
temperature and pressure and make a comparison with the
graphite.

EXPERIMENTAL

Arc-prepared SWCNT were supplied by NANOCARBLAB,
with a narrow diameter distribution centred at 1.4 nm. DWC-
NTs were prepared by CCVD."® High-resolution electron
microscopy images show the presence of individual and
small bundles of DWCNTs with radii ranging from 0.3
to 1.5nm. The tubes are single- (15%), double- (80%) or
triple-walled (5%). Small changes in the catalyst composition
(replacing Mo by W) lead to a sample with 50% tripled-
wall CNT (TWCNT), 35% DWCNTs and a few four-walled
CNTs.” In the following, this latter sample is referred to
as TDWCNTs. Thermal annealing in air at 450 °C results in
the removal of graphitic carbon on the CNTs and reduc-
tion of the D-band intensity. In order to distinguish CNTs
with this soft annealing, we denote the heated samples with
‘h’. Annealing of DWCNTSs (a-DWCNTs) to higher temper-
atures (600 °C)'8 leads to a strong reduction in intensity and
eventual disappearance of the D band. Oxidation of CNTs
reduces the sample weight substantially. DWCNTs have
been irradiated (i-DWCNT) by 2.5-MeV electrons at a dose of
0.74 C/cm?. Highly oriented pyrolytic graphite (HOPG) was
used as the reference. The first series of measurements was
carried out using a Renishaw spectrometer with low laser
power (3 uW/um? on the sample) to avoid heating using the
514.5-nm line of an argon ion laser. The measurements on
h-DWCNT, a-DWCNT and i-DWCNT were carried out with
a visible Dilor spectrometer using Ar or Kr ion lasers. All
the measurements were made at room temperature using
the backscattering geometry. Great care was taken to avoid
heating effects by the laser irradiation.

G and G’;p band shapes and influence of the
surrounding medium

We first consider the G and G,p bands and study the
influence of methanol on the vibrational bands of the
different types of CNTs. Figure 1 shows the G band and the
G/op band of SWCNTs, DWCNTs, TDWCNTs and graphite.
The spectra of the tubes in air are drawn in bold lines and
those of the tubes in methanol with a thin line. Low laser
power was used to prevent the movement of the sample in
methanol due to laser heating. We first discuss the spectra
in air. For the SWCNT spectrum, we find the usual G+
band at 1590 cm™! and the G-band at 1570 cm~'. Using
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Figure 1. Typical Raman spectra of several species in the G- and G’op-band range in air (bold line) and in methanol (thin line) with

very low laser power at 514.5 nm.

the 514.5nm laser excitation, the photon energy falls in
the range of the Ey4°C transition for semiconducting tubes.®
Both wavenumbers are in agreement with previous reports.®
For the DWCNT spectrum, we find a single broader G
band. This can be explained using the observations of the
G band under hydrostatic pressure, which reveal a G band
for the inner tube at 1582 cm™' and a band for the outer
tube at 1592 cm™!. The shape of the G band is in agreement
with previous reports®=? but differs slightly from that of
the DWCNTs obtained using the peapod method.* The G
bands of the inner and outer walls in DWCNTs are close in
wavenumber and are difficult to separate at normal pressure.
The full width at half-maximum for each peak, considering
contributions from the inner and outer tubes, is the same
when compared to SWCNTs (14-16 cm™!). It is interesting
to note that the line shape is asymmetric towards the low
wavenumber side. For the TDWCNT sample, the G band is
larger and more asymmetric. For HOPG, a single Lorentzian
band is located at 1582 cm~!. From these observations, we
conclude that distinct differences exist between SWCNTSs
and DWCNTs. With increasing number of walls (MWCNTs)
the differences are reduced! and the G band shows a line
shape that is intermediate between those of DWCNTs and
graphite. The G band corresponding to the outer walls is
located towards higher wavenumbers. The external wall is
particularly sensitive to doping and the reported G-band
shift is high for SWCNTSs, while a change in line shape
is observed for DWCNTs. We discuss here the results in
methanol, which is a medium with no doping effect. In
Fig. 1(b), we report the Raman spectra associated with the
G/;p band. For SWCNTSs, we observe a single peak, whereas
for graphite the same band has a clear shoulder and is
up-shifted in energy. A single sheet of graphene gives

a Lorenzian line shape. The wavenumber dependence vs
the wavelength (100 cm™'/eV) and diameter of the G'op
band has been reported earlier3! The DWCNT spectrum
also shows a shoulder. The TDWCNT spectrum shows
one broad G’5p band. All the observed G’,p bands fall in
the 2630-2700 cm ™! interval. Two contributions to the G'op
band have been reported,®> as well as contributions from
inner and outer tubes located at different wavenumbers
for the D band.?? The broad TDWCNT spectrum is close
to that found for MWCNT.!! G-band shape changes are
reported while doping,'? applying pressure?! and changing
the surrounding medium.” The influence of the environment
on the G band might be unexpected at first. But all carbon
atoms of SWCNTs are on the surface and, as a result, the G
band is sensitive to the environment. Large shifts (20 cm™?)
of the G';p band in SWCNTs have been reported in the
literature.”® We compare spectra of CNTs in methanol and
air when using a low laser power (Fig. 1). We observe that the
band positions change slightly. No significant charge transfer
is expected for methanol. The G',p band shift has been used
by several authors to sense the modification of the tube
environment.?*~% For SWCNTs, the bundles are believed to
be compact owing to their narrow diameter distribution and,
consequently, the medium does not penetrate the bundle.
For DWCNTs, no effect is observed due to the medium.
The presence of the inner tube reduces the influence of the
observed spectral lines on the surrounding medium. We
note that we use here a very low laser power to prevent
any heating. CNTs absorb light polarised along the tube
axis. A higher temperature increases the interaction with the
medium and this can explain the discrepancy in the results
reported here and by Wood et al.?
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Figure 2. Spectra from two different locations within the same
annealed sample of DWCNT (a-DWCNT) and a reference
spectrum of h-DWCNT.

Effect of annealing on RBM, G and G’;p band

Thermal annealing modifies the Raman spectra of CNTs. We
compare here the modifications observed in the spectral
bands of DWCNTs after annealing. Figure 2 shows one
spectra after a thermal annealing at lower temperature
(450°C, h-DWCNT) and at a higher temperature (600°C,
a-DWCNTs). All spectra in Fig. 2 were recorded using the
647-nm excitation. The two a-DWCNT spectra in Fig. 2
have been acquired on the same sample at two different
locations. The disappearance of the D band after annealing
proves that defective regions are oxidized by annealing.”
The observation of RBMs with similar intensities shows that
the diameter distribution probed at 647 nm has not changed.
Comparing this with h-DWCNTs, we observe that annealing
at a higher temperature increases the intensity of the RBMs
of smaller diameter tubes (>250 cm~!) and that the G-band
asymmetry at the low wavenumber side is reduced. From
this, we would expect an intense G';p band. Although the
RBM and G bands are similar, we observe a clear difference
in the G'yp band for the two locations on the sample. This
demonstrates that one has to be cautious about drawing
conclusions from the G;p-band intensity and shows that
statistical analysis of a larger number of spectra might be
useful to draw conclusions about heterogeneous samples. In
hydrostatic pressure experiments, it is observed that the G',p
band disappears at a relatively low pressure (3 GPa). The G'»p
band has two components using 633-nm excitation, a band
located at 2600 cm™! that shifts with pressure by roughly
half the amount of the band located (P Puech, W Bacsa, H
Huebel, A Sapelkin and D] Dunstan, Private communication)
at 2650 cm™!. This is in agreement with the assignment of
one band to the inner tube and the other to the outer tube.
Assignments to the inner and outer tube have also been
reported for the D band.?® Using spectroscopic mapping, we
can probe whole regions and treat the spectra numerically for

statistical data analysis. This strategy, however, is not simple
to implement with the G',p band, and the correlation with
the intensity of D is not simple. We believe that resonance
effect is at the origin of the observed variation of the G';p-
band intensity. Two components are believed to contribute.
For DWCNTs, the wavenumber can vary between the two
limits given by the wavenumber corresponding to the inner
tube and the outer tube.

The effect of electron irradiation on the D band

Electron irradiation creates point defects in the sp?-bonded
CNT walls. The D band is often used to characterize the
defect density in CNTs and graphite. The ratio of the D-band
intensity to that of the Gband or G';p band is often used* as a
relative measure of the defect density. For a highly defective
sample, this approach gives satisfactory qualitative results,
whereas when using a high-quality sample this relation is
less clear. The D band can be in resonance, and as a result the
G band intensity depends on the excitation wavelength. The
D-band intensity is also found to be sensitive to doping,?
which also influences the intensity ratio. Probing a large
diameter distribution and resonance conditions depending
on diameter and using spectroscopic mapping, we can
have better insight into the effect of electron irradiation
on the creation of defects and their influence on the D-band
intensity. The defect-induced Raman process responsible
for the D band consists of four steps: excitation of an
electron-hole pair, inelastic scattering of the electron (or
hole) by phonons at the zone boundary, elastic scattering
of an electron (or hole) by a defect and recombination
of the excited electron and hole.” For CNTs, the D band
is sensitive to Van Hove singularities.”?> Sato et al.® have
shown for graphitic materials that the D/G intensity ratio
decreases with increasing energy of the exciting radiation.
Figure 3 shows two spectra of i-DWCNTs obtained with
the 568-nm excitation. The spectra shown are from two
different locations on the DWNT sample. To simplify the
fitting process and the discussion, we fitted the band with
a single Lorentzian. The linewidth of both D and G bands
remains the same, but we observe a clear down-shift with
irradiation on some spots on the sample. One can notice
that the intensity of the D band does not become higher
even though the down-shift is large. To follow the variation
of the D-band intensity as a function of the down-shift of
the D band, we have plotted in the same figure the Ip/Ig
intensity ratio vs the D-band wavenumber and incorporated
the results obtained on h-DWCNT. The small intensity of the
D band for the a-DWCNTs cannot be fitted by a Lorenzian
and is not considered in the following. Interestingly, no
correlations exist between the down-shift and the intensity.
The defects introduced by high-energy electrons (2.5 MeV)
are not efficient in scattering the excited electrons as needed
in the double-resonance process. For nanotubes of very
small diameter embedded in a zeolite PO, matrix and
graphitic nano-particles, a strong D-band resonance can
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Figure 3. The spectra from two different locations with the

same heterogeneous sample of i-DWCNT (a) and mapping of
Ip/lg intensity ratio as a function of the wavenumber wp (b).

lead®¥ to a D/G ratio of higher than 1. Clearly, the D
band is not in resonance in the spectra shown in Fig. 3.
We have observed previously that the D-band intensity
increases after a pressure cycle.® This suggests that defects
are created by applying a high pressure, and are active in
the scattering process related to the D band, while the point
defects created by irradiation are inefficient in the scattering
process. It has been reported® earlier that defects created by
electron irradiation can form bridges to coalesce the CNTs.
We observe that the i-DWCNT samples do not disperse using
sonication after the electron irradiation. The small D band
results in a D/G intensity ratio of smaller than 0.2 with 647-
nm excitation and 0.3 with 568-nm excitation. The created
defects down-shift the wavenumber of both the D and the G
band.

In Fig. 4 we show the correlation of the G and D band
positions for a set of spectra recorded at different locations
of the sample, as well as data for h-DWCNTs, for fixing
the limit in the higher wavenumber range. The G-band
position is as low as 1577 cm~! and is the same for the two
different excitation wavelengths. The slope, which shows
the correlations for the two bands, is the same within
experimental error. Again we used external laser powers
below 1 mW (<0.1 mW on the sample) to exclude any
heating effects. We note that both the excitation wavelengths
used here are not strongly absorbed.?® A decrease of
10 cm™! would correspond to a heating of approximately
500°C. But we do not observe any broadening, which
should be present if heating does occur. We estimate a
broadening of 15-23 cm™' for a temperature increase of
500°C. Although the presence of defects might reduce the
thermal conductivity, we conclude that heating effects are
not important here. The wavenumber decrease is associated
with a phonon softening of the pristine sp?-bonded lattice.
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Figure 4. Mapping of wp and wg wavenumbers of i-DWCNT

probed at two wavelengths.

The wavenumber of the G band and the wavenumber of
the phonons in the K-M phonon branch involved in the
double resonant process have the effect of down-shifting the
D band and our experimental observation gives a value of
0.5 when comparing the down-shifts of the D and G bands.
The lack of a strong resonance shows clearly that not all
defects scatter in the same way. It is not clear at this point
which type of defects is efficient in the double-resonance
Raman process. We find no correlation between the down-
shift of the wavenumbers and the intensity of the D band. We
conclude that it is not sufficient to use the D/G intensity ratio.
Our experimental results show that the defects created by
high energetic electrons down-shift the wavenumber without
strongly increasing the D-band intensity.

Summary of pressure- and temperature-induced
effects of the D and G bands in DWCNTs

We compare the results found here with those reported in the
literature. The results are summarized in Table 1. We notice
that the reported literature values are spread considerably.
The spread can be attributed to the various synthesis methods
used and the different experimental conditions. It appears
that the data for DWCNTs are spread less; the tube diameters
fall in the same range. DWNTs obtained through peapods
conversion have a mean outer tube diameter of 1.4 nm, while
using the CCVD method the mean outer tube diameter is
around 2 nm. The coupling of the tubes can be observed* in
RBMs, where very narrow peaks can appear above 300 cm™.
Interestingly, the RBM intensity does correlate with that
of the D band, showing similarity in the resonant process
for the two types of bands. The G band in DWCNTs is
composed of at least three bands.*! Hydrostatic pressure is
useful to study the composition of the G band. The two
components behave differently when applying pressure. Br,
doping is another way to observe the contributions from
inner and outer tubes. The signal from the outer tube is
considerably reduced for the G band and for the RBMs.!”



Table 1. Pressure and thermal phonon parameters

%U—PG (cm~!/GPa)

350_PD (cm~!/GPa)

6 (em1/K) %P (em1/K)

SWCNT 4-8% 0.5%06.26 ~0.02341 to —0.04%2 ~0.019%
DWCNT inner = 3.1516 outer = 5.6 - ~0.022%% to —0.026'% —0.014'8
MWCNT 43% _6.6% - —0.028% —0.0184
Graphite 4.8% - —0.028% —0.019%

For the D band, it was shown that the band is diameter-
sensitive, and in the case of DWCNs one can expect a
contribution from both inner and outer tubes, located at
different wavenumbers. Unfortunately, the splitting at lower
pressures cannot be followed with a diamond pressure cell
because of the Raman signal from diamond and the fact that
the D band disappears® at around 3 GPa. In the DWCNT
samples used here, the large diameter distribution leads to a
contribution that can be fitted with a single Lorentzian, while
with DWCNTs obtained from peapods, the D-band shape is
due to a double contribution.?? To have an accurate value
of the temperature dependence, we immersed the DWCNTSs
in methanol and then placed the cell filled with methanol
in a cryostat. Methanol is a liquid between —97 and 65°C
and we have obtained a linear variation in this temperature
range. The fitting procedure is not trivial when there are too
many contributions within a single band. We have fitted our
data for the temperature dependence of the G band with
two contributions and found the same results for the inner
and outer tubes. The variation of the splitting between the
wavenumber of the inner and the outer tube is small within
the investigated temperature range. As a consequence, we
report the average value in Table 1. For the D band, the values
reported are not fully satisfactory, as the band from a sample
with fewer defects has low intensity and consequently the
accumulation time needed to obtain a low-noise spectrum
is long. On average, the down-shift of the D band due to
heating is —0.013 cm~!/K, which can be compared with the
value for the G band of about —0.024 cm~!/K. This value
is very close to the values for graphite. For SWCNTs and
for MWCNTs, similar values have been reported. We can
conclude that the thermal expansion of sp*-bonded carbon
is similar.

High-pressure results on SWNTSs have been summarized
by Loa.”* Fewer high-pressure reports appeared** on MWC-
NTs probably because of their similarity with graphite. The
large diversity of reported data for SWCNTSs can be attributed
to differences in their syntheses. If the bundle is compact,
faceting can occur,*® which is metastable.* Theory shows that
elliptical deformation is energetically favourable. Flattening
of the tubes is a transition observed for a large diameter
range® and is predicted® to vary as 1/d°. For DWCNTs!>16
several calculations have shown a small reinforcement of the
tube and a transition to the elliptical shape as is observed for
SWCNTs (Table 1). Several reports consider ordered layers
of the medium on the CNT surface to explain the presence

of plateaus or the slope vs the pressure curve.?>! In a recent
work, we have used argon, methanol-ethanol mixture and
oxygen as the pressure transmitting medium. Oxygen has
a clear doping effect, leading to an increase of the G-band
wavenumber by 4 cm™! for the outer tube and 2 cm™! for
the inner tube. This can be explained by the finite-size effect
of the atom/molecule of the pressure medium and the for-
mation of ordered layers. These effects are new, and more
investigations are needed to discriminate all the influencing
factors. Finally, we note that the D-band intensity is only
partially reversible after a pressure cycle. This indicates an

incomplete reversibility of the flattening.3

CONCLUSIONS

The line shape of the G band of DWCNTs is different from
that of SWCNTs and is composed of at least two contri-

butions, one attributed to the inner tube around 1582 cm™

and the other to the outer tube at a higher wavenumber
from 1590 to 1594 cm~! depending on the DWCNT sample.
A broad contribution at the lower wavenumber side of the
G band is also observed. We find that the shape of the G
band is an indication of the nanotube type and the inter-
action of the outer tube with the surrounding molecules,
which can be used to probe the species in contact and to
observe doping effects. To explore the D-band intensity, we
created defects by electron irradiation. We observed clear
down-shifts of both the D and the G bands but no increase
in the D-band intensity. Furthermore, we find that defects
created by pressure cycles enhance the D-band intensity. We
conclude that the D band is related to a particular type of
defect. While the temperature variation of Raman bands in
CNTs is similar to that observed in graphite, the pressure
variation of the Raman bands for CNTs is different to that
in graphite owing to their cylindrical structure. Future cal-
culations of the phonon deformation potential of the K-M
phonon branch would be useful for comparisons with the

experimental observations shown here.
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