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The aim of the present paper is to identify the main infrared vibrational features of carbon nanotubes. In this
goal, infrared experiments have been performed on different well-characterized single-walled carbon nanotubes 共SWCNTs兲 and double-walled carbon nanotubes 共DWCNTs兲 as well as graphite and carbon aerogel. The
comparison between the experimental spectra measured on these different samples allows us to identify the
infrared-active modes of carbon nanotubes. In SWCNTs, the tangential modes are located around 1590 cm−1
and the radial mode around 860 cm−1. This latter mode vanishes in the infrared spectrum of DWCNTs. Finally,
in the infrared spectra of all the carbon nanotubes investigated, a band around 1200 cm−1 is evidenced and
assigned to the D-band 共disorder-induced band兲.
DOI: 10.1103/PhysRevB.74.195425

I. INTRODUCTION

Since the discovery of carbon nanotubes,1 much attention
has been devoted to the investigation of their vibrational
properties, experimentally as well as theoretically. Resonant
Raman scattering technique has been shown to provide a
powerful tool for studying the phonon dynamic of singlewalled carbon nanotubes 共SWCNTs兲.2,3 By contrast, the
infrared-active modes of SWCNTs are very difficult to detect. Indeed, SWCNTs do not support a static dipole moment
and the infrared 共ir兲 activity is related to a dynamic dipole
moment that is weak. Nevertheless, infrared spectroscopy
has shown significant promise for the study of SWCNT
chemistry.4 Obviously, the use of ir spectroscopy to study the
SWCNT chemistry implies the knowledge of the ir intrinsic
vibrational modes of SWCNTs. The aim of the present investigation is to identify the intrinsic infrared features of carbon nanotubes.
Only few experiments have been devoted to the measurement of the infrared-active vibrational modes of SWCNTs.5–9
Most of the observations and conclusions of these previous
studies are sometimes opposite. For instance, two modes located around 873 and 1597 cm−1 have been reported in Ref.
6. These modes are upshifted with respect to the A2u
共868 cm−1兲 and E1u 共1590 cm−1兲 ir-active modes of
graphite.6,10 By contrast, in other investigations performed
on functionalized SWCNTs7 or industrially produced
SWCNTs,8 both ir-bands are downshifted by comparison to
the related infrared-active modes in graphite. In Ref. 8, these
bands are located around 820 and 1535 cm−1, respectively.
Very recently, an ir investigation was performed on thin films
of SWCNT bundles. The sample used in this latter experiment was purifed 共from successive oxydation processes兲 and

PACS number共s兲: 78.67.Ch, 78.30.Na

vacuum annealed at 1400 ° C.4 The resulting sample was ultrasonicated in 2-propanol and several drops of the solution
were deposited from solution onto ZnSe substrates for the ir
experiments. By contrast with all the previous studies, a
larger number of lines was observed in this latter investigation. The sharp lines in the ir spectra of these purified and
annealed SWCNTs were assigned to one- and two-phonons
modes.9 Especially, eight distinct groups of lines located between 680 and 1600 cm−1 were assigned to first order ir
modes belonging along A2 and E1 symmetry 共see Table 1 in
Ref. 9兲. In summary, a large disagreement is found in the
literature concerning the assignment of the ir-active modes of
SWCNTs. On the other hand, the infrared-active phonon
modes of SWCNTs have been calculated from different
methods: zone folding model,11–13 tight binding approach,14
force constant model,15–18 and ab initio calculations.19 Concerning the diameter dependence of the ir active modes these
predictions are sometimes opposite.
The main aim of the present paper is to identify unambiguously the ir features of carbon nanotubes. In this goal,
infrared experiments have been performed on different wellcharacterized single-walled 共SWCNTs兲 and double-walled
共DWCNTs兲 carbon nanotubes.
II. EXPERIMENT

Infrared experiments have been performed on graphite
共sample 1兲, SWCNTs 共samples 2–6兲, carbon aerogel 共sample
7兲, and DWCNTs 共sample 8兲. The SWCNT samples were
prepared by the electric arc method20 and laser ablation.21
These samples were first characterized by x-ray diffraction.
We have selected parts of the different samples that showed
a strong intensity of the 共10兲 Bragg peak. In consequence,

III. RESULTS

The 450– 4000 cm−1 wave-number range of the ir transmission spectra measured on carbon aerogel 共amorphous carbon兲, a SWCNT sample, and graphite are compared in Fig. 1.
As expected, the intensities of the ir absorption bands are
weak. Only small features centered around 860 and
1590 cm−1 are evidenced in graphite and SWCNTs. An additional component around 1190 cm−1 is observed in all the
SWCNT samples 共Fig. 2兲. It is the most intense band of the
ir spectrum. No band in the stretching mode range of C v O
共between 1600 and 1800 cm−1兲, CH 共2800– 3000 cm−1兲, and
OH 共3000– 3600 cm−1兲 groups was observed. Consequently,
our SWCNT samples are free of usual functionalization. In
carbon aerogel, bands around 880 cm−1, 1590 cm−1, and a
very broad and complex feature centered around 1250 cm−1
are found.
In this paper, we focus on the identification of the main
infrared modes of SWCNTs. In Fig. 2共a兲 共curves 2–6兲 the
800– 900 cm−1 wave-number range of the ir spectra measured on five SWCNT samples are displayed. They are com-
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FIG. 1. The transmittance ir spectra of carbon aerogel 共top兲,
SWCNT sample 共middle兲, and graphite 共bottom兲. The spectra have
been shifted for clarity.

pared to the ir spectrum of graphite 关Fig. 2共a兲, curve 1兴 and
carbon aerogel 关Fig. 2共a兲, curve 7兴. In graphite, the weak
共0.02% transmittance兲 and narrow band centered at 868 cm−1
was assigned to the A2u out-of-plane vibration mode.10 For
all the SWCNT samples under consideration 共samples 2–6兲,
an ir band is systematically observed around 860 cm−1. This
band is assigned to the ir-active radial mode as predicted
from calculations.19 With respect to the position of the A2u
mode in graphite centered at 868 cm−1, this band shows a
downshift of 8 cm−1 in SWCNTs. Such a component is totally absent in the ir spectrum of the carbon aerogel in which
a band at 880 cm−1 is observed 关Fig. 2共a兲, curve 7兴. Such a
band was previously observed in amorphous carbon27 confirming that carbon aerogel is an amorphous carbon sample
as also revealed by x-ray diffraction 共see the experimental
section兲. A 880 cm−1 band is also found in the ir spectrum of
the sample 6 关Fig. 2共a兲, curve 6兴 in agreement with the large
amount of amorphous carbon present in this SWCNT sample
共see the experimental section兲. Finally, in the SWCNT
samples 共samples 2–5兲 that show a clear bundle organization,
the 880 cm−1 band is totally absent. Concerning the dependence of these radial modes with the tube diameters, in
agreement with our results, ab initio calculations predict an
upshift of the frequency of this mode with the diameter.19
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these parts contain a large amount of bundles 共samples
2–5兲.22 The main difference between the selected samples is
the size of the bundles. Typically, the average number of
tubes in a bundle is around 20 tubes in the SWCNT samples
prepared by the electric arc method and above 50 tubes for
the SWCNT samples prepared by laser ablation. On the other
hand, we have also selected a part of a SWCNT sample
prepared by the electric arc method that showed no 共10兲
Bragg peak in its x-ray diffraction pattern 共sample 6兲. By
contrast with the other SWCNT samples 共samples 2–4兲,
x-ray diffraction has also revealed that this latter sample contained a significant amount of amorphous carbon. In all the
samples, the tube diameters were estimated from the position
of their radial breathing modes measured by Raman spectroscopy. The diameter distribution is centered around
1.4 nm 共distribution width of about 0.2 nm兲. A DWCNT
sample was prepared by the method described in Ref. 23.
Transmission electronic microscopy 共TEM兲 observations
showed that DWCNTs are clean 共no amorphous deposit兲 and
generally isolated, or gathered into small-diameter bundles.24
The outer 共inner兲 diameters range from about 1.3 to 1.6 nm
共from about 0.7 to 1 nm兲.25 Carbon aerogels were prepared
from the sol-gel polymerization of resorcinol with formaldehyde followed by CO2 supercritical drying and carbonization
共the method is described in Ref. 26兲. X-ray diffraction experiments have revealed the amorphous carbon character of
this sample.
After outgassing and annealing all the samples at 230 ° C
for 24 h under dynamical vacuum, they were gently mixed
with potassium bromide 共KBr兲 and then pressed into pellets
for infrared experiments.
Fourier transform infrared 共FTIR兲 experiments was carried out on a Bruker IFS 113V spectrometer equipped with a
N2-cooled MCT 共mercury-cadnium telluride兲 detector.
Transmission ir spectra were recorded in the 400– 4000 cm−1
range. The spectral resolution was 2 cm−1 and 64 scans were
coadded for each spectrum.
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FIG. 2. Comparison between the transmittance ir spectra measured on several carbon materials. From top to bottom: graphite
共curve 1兲, SWCNTs 共curves 2–6兲, and carbon aerogel 共curve 7兲. 共a兲
The radial mode range, 共b兲 the 900– 1300 cm−1 range, and 共c兲 the
TM range. The spectra have been shifted for clarity.

TABLE I. ir frequencies for our data and those given in the
literature; w, m, b, and s stand for weak, middle, broad, and strong
intensity, respectively.
Expt. 
共cm−1兲

Attribution

682 共w兲
806 共w兲
854 共w兲
820 共w兲
840 共w兲
860 共w兲
868 共w兲
873 共w兲
880 共w兲
1045
1090
1127
1168
1188
1190 共b,s兲
1250 共b,s兲
1262
1369
1535
1541
1555
1564
1580
1582 共m兲
1585
1587 共m兲
1587 共m兲
1590 共m兲
1597 共m兲

References

1st order A2
1st order A2
1st order E1

radial mode
A2u
1st order A2

D-band
1st order A2
1st order A2
1st order A2
1st order E1
Tangential mode
1st order E1
Tangential mode
E1u

9
9
9
7,8
7,8
This work
6,19
6
9
This work
This work
This work
This work
This work
This work
This work
9
9
8
9
8
7,9
This work
This work
9
This work
This work
6,19
6

Material
Purified SWCNT

Purified SWCNT
Purified SWCNT
SWCNT
Graphite
SWCNT
Purified SWCNT
Amorphous carbon
Amorphous carbon
Amorphous carbon
Amorphous carbon
Amorphous carbon
SWCNT
Amorphous carbon
Purified SWCNT
Purified SWCNT
Purified SWCNT
Purified SWCNT
Purified SWCNT
Purified SWCNT
DWCNT
Purified SWCNT
SWCNT
Amorphous carbon
Graphite
SWCNT

IV. DISCUSSION

These results question the assignments of the ir features
of a SWCNT previously proposed.6–8 Clearly, our data and
the ab initio calculations are opposite to the results of Kulh-
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The ir-active radial mode at 860 cm−1 does not show any
significant sample dependence. Because the SWCNT
samples under investigation mainly differ by the size of the
bundles, we conclude, in agreement with recent
calculations,16 that the position of this infrared active mode
does not significantly depend on the bundle size.
The wave-number range 900– 1300 cm−1 is shown in Fig.
2共b兲. A broadband located around 1190 cm−1 is found in the
ir spectrum of all the SWCNT samples 关Fig. 2共b兲, curves
2–6兴. This well-defined band is the most intense ir feature of
the spectrum 共Fig. 1兲. We come back on its attribution in the
following. A very broad feature is observed around
1250 cm−1 in carbon aerogel 关Fig. 2共b兲, curve 7兴. In sample
6, other weak features 共0.3% to 0.4 % transmittance兲 are
found around 1045 and 1090 cm−1 关Fig. 2共b兲, curve 6兴. Because these bands are also measured in carbon aerogel 关Fig.
2共b兲, curve 7兴, they clearly originate from the ir response of
the part of amorphous carbon present in sample 6. Additional
weak lines 共0.2% transmittance兲 are also observed around
1127, 1168 and 1188 cm−1 in carbon aerogel 关Fig. 2共b兲兴.
In the region of the tangential modes, the ir spectra of
samples 2–5 show a broad band located around 1587 cm−1
关Fig. 2共c兲, curves 2–6兴. In graphite, the E1u in-plane vibration
mode is located close of this same wave number 关Fig. 2共c兲,
curve 1兴. In sample 6, this band is slightly downshifted to
around 1582 cm−1 关Fig. 2共c兲, curve 6兴. Finally, in carbon
aerogel, a band is also observed around 1587 cm−1 关Fig. 2共c兲,
curve 7兴. This band displays a larger broadening than in
graphite and SWCNTs. These results show that the position
of the tangential mode does not significantly depend on the
curvature of the graphene sheet and on the long range order.
With regards to the large differencies between the structural
parameters of the SWCNT samples investigated 共bundles of
different sizes兲, we conclude that the position of this band is
not sensitive to the packing of the carbon nanotubes, in
agreement with recent calculations.16 With regards to the
large width of this band and its nonsymmetric profile, a precise measurement of the position of this peak is not easy. In
consequence, the wave number of this mode cannot be used
as an efficient experimental tool to characterize the structure
of SWCNT samples. Concerning the dependence of these
tangential modes with the tube diameters, ab initio calculations predict an upshift of the frequency of this mode with
the diameter. For diameter larger than 1.4 nm, the position of
this band was more or less constant and close to that of
graphene.19 These latter predictions are in complete agreement with our data 共see Table I兲.
In Fig. 3 are compared the ir spectra measured on
SWCNT and DWCNT samples. The most important result is
that the radial ir-mode located around 860 cm−1 in the
SWCNT samples is silent in the DWCNT sample 关Fig. 3共a兲兴.
In the region of the tangential modes, a well- defined band
located at 1580 cm−1 关Fig. 3共c兲兴 is observed. The position of
this band is located near those observed in the different carbon materials 共graphite, SWCNT, and carbon aerogel兲. This
observation agrees with our previous conclusion about the
slight sensitivity of this mode to the structural organization
of carbon nanotubes. Finally, a well-defined band at
1190 cm−1 is also found in the ir spectrum of this wellcharacterized DWCNT sample 关Fig. 2共b兲兴
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FIG. 3. Comparison between the transmittance ir spectra measured on a DWCNT sample 共top兲 and a SWCNT sample 共bottom兲.
共a兲 The radial mode range, 共b兲 the 900– 1300 cm−1 range, and 共c兲
the TM range. The spectra have been shifted for clarity.

mann et al. who assign the ir-active radial mode to the experimental line located around 874 cm−1 and the tangential
modes to the line located at 1600 cm−1. Both lines are upshifted with respect to the A2u mode and E1u infrared-active
modes in graphite centered at 868 and 1590 cm−1, respectively. In other investigations,7,8 significant downshifts of the
ir-active radial mode 共lines located around 820 and
840 cm−1兲 and tangential modes 共lines around 1535, 1555,
and 1564 cm−17兲 are found. The experimental downshift of
radial and tangential modes when the diameter increases8 is
opposite to the predictions of the ab initio calculations.19 It
must be emphasized that these latter investigations have been
performed on purified samples. Because functionalization of
the tubes usually occurs under purification treatments, a part
of the shift can be mainly assigned to the effect of the functionalization on the vibrational modes 共extrinsic effects兲 and
consequently they do not reflect the intrinsic phonon dynamics of SWCNTs.
Clearly, the radial ir-active mode observed around
860 cm−1 in a SWCNT is not observed in a DWCNT. The
possible balancing between the dynamic dipole moments on
the inner and outer nanotubes can lead to the vanishing of the
collective radial mode of both layers in a DWCNT. Ab initio
calculations of the ir spectrum of a DWCNT in the framework of the density functional theory are in progress to confirm this assumption.
The observation of a component around a 1190 cm−1 in
all the carbon nanotube samples investigated suggests that
this band is an infrared feature of carbon nanotubes. An iractive mode is predicted in this frequency range 共more precisely, in the 1200– 1250 cm−1 range in most of the modelizations兲. However, its intensity is expected to be weak with
regards to the intensity of the main infrared modes in
SWCNTs.16 On the other hand, in the Raman spectrum of the
same SWCNT samples, a D-band is observed. In Raman
scattering, the D-band is activated by the presence of defects
which lower the crystalline symmetry of the quasi-infinite
lattice. As expected in the framework of a double-resonance
process,28,29 the position of this band is excitation dependent.
With regards to the linear dependence of the position of the
D-band with the laser energy 共ELaser兲,30 its position is predicted around 1200 cm−1 at ELaser = 0. In consequence, considering the symmetry-breaking in SWCNTs containing
structural defects, such a D-band can be active in the ir spectrum, and its frequency is expected around 1200 cm−1. On
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the basis of this information, we assign the 1190 cm−1 feature observed in all the carbon nanotubes as resulting from
the overlap between a weak ir-active mode of a SWCNT and
a strong contribution of the D-band.
Finally, the observation of few ir-active modes in the
range 600– 1800 cm−1 is in complete disagreement with the
great number of weak and sharp ir modes reported in the
most recent ir investigation 共Figs. 1 and 2 and Table 1 in Ref.
9兲. It must be emphasized that to prepare the films used in
this latter experiment, successive oxydation processes,
vacuum annealing, and an ultrasonication process were
performed.9 Clearly, our ir spectra measured on different
well-characterized samples, with no chemical and sonication
treatments, are opposite to these observations. Some of the
lines attributed to first order ir modes in Ref. 9 could be
assigned to defect modes created by the successive treatments. Especially, because the sample was ultrasonicated after the purification treatment and before the ir experiments, it
is possible that a significant amount of short tubes was obtained during this latter operation leading to the observation
of a great number of lines as predicted by recent
calculations.16
V. CONCLUSION

In conclusion, the experimental infrared spectra measured
on well-characterized different samples allow us to identify
unambiguously the ir fingerprints of a SWCNT. The radial
mode and tangential modes are unambiguously identified
around 860 and 1587 cm−1, respectively. With regards to the
radial displacements of the carbon atoms involved in the
radial mode located around 860 cm−1 in a SWCNT, its frequency is sensitive on the curvature of the tubes and on the
interaction between tubes as revealed by its nonactivity in a
DWCNT. Comparisons with previous investigations suggest
that the frequencies of both modes depend on extrinsic effects 共for instance, the functionalization of the nanotube兲,
which affect the dynamics of the phonon. In all the carbon
nanotubes, a band located around 1200 cm−1 is evidenced. It
mainly origins from the contribution of the D-band to the ir
spectrum of SWCNTs with defects.
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