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The calculation of the nonresonant Raman spectrum of double-walled carbon nanotubessDWCNT’sd is
performed in the framework of the bond polarization theory, using the spectral moment method. The calcula-
tion of the Raman spectrum of DWCNT’s as a function of the diameter and chirality of the inner and outer
tubes allows us to derive the diameter dependence of the frequencies of the breathing-like modessBLM’s d and
tangential-like modessTLM’s d in a large diameter range. In particular, the diameter dependence of the fre-
quencies of the two radial breathing-like modessRBLM’sd resulting from the in-phase and counterphase
coupled motions of the totally symmetric radial breathing modesthe so-called RBMd of the inner and outer
tubes is discussed. The Raman spectrum of a bundle of identical DWCNT’s is also calculated. The dependence
of the spectrum with the size of the bundle is analyzed. Additional breathing-like modes are predicted in
DWCNT bundles of finite size. The majority of these peaks rapidly vanish when the tube length increases,
except a totally symmetric mode that subsists in the DWCNT crystal.
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I. INTRODUCTION

Recently, double-wall carbon nanotubessDWCNT’sd,
which consist of two concentric cylindrical graphene layers,
have been successfully synthesized by catalytic chemical va-
por deposition1–3 and by the thermal conversion of C60 en-
capsulated in single-wall carbon nanotubessSWCNT’sd.4
Double-wall carbon nanotubes are the subject of intense
studies due to their promising applications. In particular, the
DWCNT with a metallic inner tube and an insulating outer
tube is a model system for a molecular conductive wire cov-
ered by an insulator.

Raman scattering is a useful technique to study the one-
dimensional properties of carbon nanotubes, since it can
probe both the phonon spectrum and the electronic
structure.5 In past years, Raman scattering investigations
mostly focused on SWCNT’ssfor a review on Raman results
in bundled and isolated SWCNT’s, see Refs. 6–8d. To derive
this information, the Raman data have to be correlated to
theoretical predictions, and different approaches have been
developed.8–12 Recently, we used the spectral moment
method in the framework of the bond-polarization theory to
calculate polarized nonresonant Raman spectra of chiral and
achiral SWCNT’s as a function of their diameter and
length.13

Recently, Raman experiments on DWCNT’s have been
performed. The data were mostly analyzed on the basis of
the theoretical predictions stated for SWCNT’s. A detailed
Raman investigation of DWCNT’s prepared from thermal
conversion of C60 encapsulated in SWCNT’s has been re-
cently reported.4,14 The Raman spectra have been measured
using 488.0, 514.5, 647.1, and 1064 nm excitation wave-
lengths. These authors use the linear relation between the
frequency of the totally symmetric radial breathing model
sthe so-called RBMd and the inverse of the diameter, found
in SWCNT’s,

vRBM = A/D, s1d

to assign the different pairs of inner and outer tubes present
in their samples. In this attribution, the diameterD of
the previous expression isDinner for the inner tube andDouter
for the outer tube withDouter=Dinner+2d, where d is the
distance between the inner and outer tubes. It is fixed at
<3.4 Å in agreement with the interlayer spacing of graphite
s3.4 Åd. In SWCNT’s, the prefactorA is known to be
model dependent and the following values have been
predicted:A=223 cm−1 nm,8 234 cm−1 nm,10 236 cm−1 nm,11

227 cm−1 nm,12 and 225 cm−1 nm.13 In their assignment,
neglecting the tube-tube interaction, these authors take the
average value forA, namelyA=234 cm−1 nm.

The Raman spectra measured on samples prepared by the
catalytic chemical vapor depositionsCCVDd method have
been recently reported.15 In this study also, the linear relation
between the RBM frequency and the inverse of diameter is
assumed to be relevant. The difference between experimental
and predicted RBM frequencies is understood in terms of the
reduced interlayer distance between the inner and the outer
tubes due to the tube-tube interactionsd is assumed to range
from 2.97 to 3.4 Åd.

More recently, DWCNT’s prepared by the floating
catalyst CVD method were studied by Raman scattering.16

The assignment of the inner tube and outer tube is done
according to the following assumptions:sid the interlayer
spacing between the inner and the outer tubes increases
as the tube diameter decreases—the smaller the diameter,
the larger the interlayer spacing, following the equation
2d=0.688+0.2 exps−Dinner/2d, sii d the diameters of the
tubes are derived from the experimental frequencies of the
totally symmetric breathing mode by using the equation
vRBM=238/D0.93, which was found to relate the RBM fre-
quency and the tube diameter in the SWCNT bundlesthis
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latter expression takes into account the tube-tube
interactiond.17 A reasonable agreement between experimental
and calculated frequencies is found, which allows authors to
assign the chirality pairs of inner and outer tubes of different
DWCNT’s.

It was found that the linear relation between the RBM
frequency and the inverse of diameter requires a correction
in SWCNT bundles17–20 as well as in multiwalled carbon
nanotubes.21 The main reason is that the tube-tube interac-
tions cannot be neglected in these nanostructures. In
DWCNT the in-phase and counterphase coupling between
the breathing modes of the inner and outer tubes leads to
collective breathing-like modessBLM’s d.21,22 Obviously, the
van der Waals interaction between the tubes has to be taken
into account to describe these modes.

In this paper we present calculations of the nonresonant
Raman spectrum of DWCNT’s in the breathing-like mode
sBLM d and tangential-like modesTLM d ranges. These calcu-
lations have been performed in the framework of the non-
resonant bond-polarization theory using the spectral moment
methodsSMMd.13,23 It is obvious that the Raman intensity
calculated by this nonresonant method cannot match the ex-
perimental spectra, which display a strong resonant character
in carbon nanotubes. Nevertheless, the SMM predictions
concerning the number and frequencies of Raman active
lines as a function of diameter, length, and chirality do not
depend on the resonant process of Raman scattering. In con-
sequence, the SMM predictions can help to interpret the fre-
quencies of the Raman active modes. After a brief descrip-
tion of the method used to compute the Raman spectra, we
present the results obtained on isolated DWCNT’s of infinite
and finite lengths, and on DWCNT bundles of different sizes.

II. COMPUTATIONAL METHOD

In the DWCNT’s under consideration, the inner and outer
tubes are assumed to be at a distanced close to 3.4 Å±10%,
and the relation between the diameters of the innersDinnerd
and outersDouterd tubes isDouter=Dinner+2d. On the other
hand, the diameter of asn,md carbon nanotube is given by
D=af3sm2+mn+n2dg1/2/p, with a=1.42 Å. The previous re-
lations allow us to derive all the possiblesk, ld outer tubes for
a specific sn,md inner tube, which lead tosn,md@sk, ld
DWCNT’s. For instance, thesn,nd@sn+5,n+5d DWCNT’s
satisfy the previous conditions.

In order to form a homogeneous bundle, the DWCNT’s
are placed parallel to each other on a finite-size hexagonal
array of cell parametera0=Dout+dt−t, with the DWCNT-
DWCNT spacing dt−t fixed to 3.2 Å. The number of
DWCNT’s per bundle isNt. Except for the dimersNt=2d, the
number of tubes is such that the DWCNT’s form complete
concentric shellssin consequence,Nt is 7,19,37d.

The C-C intratube interactions are described by using
the same force constant set as the one used in our calculation
of the Raman spectrum of isolated single-wall carbon
nanotubes.13 A Lennard-Jones potential,ULJ=4efss /Rd12

−ss /Rd6g, is used to describe the van der Waals intertube
interactions between inner and outer tubes in DWCNT’s as
well as between the DWCNT’s in bundle. The values of the

Lennard-Jones parameters are kept fixed ate=2.964 meV
ands=3.407 Å.13

We calculate the Raman spectra for isolated DWCNT’s
and DWCNT bundles of finite and infinite lengths using the
SMM.23 For SWCNT’s, the SMM method is described in
detail in Ref. 13 and the same approach is used in this work.
The polarizability Raman tensor of each vibrational mode is
calculated in the framework of the nonresonant bond-
polarizability model.24 The frequencies of the Raman-active
modes are derived from the position of the peaks in the cal-
culated Raman spectrasthe linewidth of each peak was fixed
at 1.7 cm−1d. The intensity of the Raman spectrum is normal-
ized with respect to the number of carbon in the sample
under consideration. In our calculations, the common axis of
the inner and outer tubes is along theZ axis, and a carbon
atom of each tube is along theX axis of the DWCNT refer-
ence frame. The laser beam is kept along they axis of the
reference frame. The polarizedZZ, ZX, andXY Raman spec-
tra on one hand, and theVV spectrumsboth the incident and
scattered polarizations along thez axisd corresponding to an
isotropic distribution of the DWCNT orientationspowder
sampled on the other hand, are calculated.

III. RESULTS

In this section, we report the calculated Raman spectra for
infinite and finite isolated DWCNT’s and for DWCNT
bundles of different sizes. The dependence of the Raman
spectrum as a function of tube diameter and chirality is in-
vestigated. We calculate the Raman spectra of different
achiral@achiral, chiral@chiral, achiral@chiral, and
chiral@achiral DWCNT’s.

A. The Raman spectrum of isolated DWCNT’s

For different DWCNT’s the Lennard-Jones intertube in-
teraction energy was minimized with respect to the interlayer
separation, the relative angle of rotation of the layers around
the tube axis, and their relative translation along the tube
axis. The optimal intertube gap is found around 3.4 Å. Cal-
culations of the Raman spectra, before and after energy mini-
mization, do not show significative difference in the mode
frequencies. This result is in agreement with that of Popov
and Henrard,21 who found no significant differencies be-
tween the BLM and TLM frequencies of the optimized and
nonoptimized DWCNT’s in terms of relative angles of rota-
tion and relative translations of the inner and outer tubes. For
infinite DWCNT’s, calculations are performed by applying
periodic conditions on unit cells.

In a first part, we focus on the Raman spectra of
armchair@armchair DWCNT. These DWCNT’s are identi-
fied assn,nd@sn+5,n+5d. In order to illustrate our results,
the calculated Raman spectra ofs5,5d@s10,10d,
s7,7d@s12,12d, and s10,10d@s15,15d DWCNT’s are shown
in the BLM sFig. 1, topd and TLM sFig. 1, bottomd ranges,
respectively.

In the BLM range,VV Raman spectrum shows six modes
resulting from the in-phase and counterphase coupled mo-
tions of the breathing modes of the inner and outer tubes. In
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the ZZ, ZX, and XY polarized spectra, a pair of lines are
systematically calculated. The same behavior was found in
SWCNT’s where a singleA1g mode is observed in theZZ
spectrum, a singleE1g mode is active in theZX spectrum,
and a singleE2g mode in theXY spectrum.13 For simplicity,
we assign the BLM of DWCNT’s from the symmetry of the
breathing modes of SWCNT’s measured in the same polar-
ized spectrum. For example, in Fig. 1, the Raman spectrum
of the s7,7d@s12,12d DWCNT displays peaks located at 254
and 150 cm−1 sA1gd, 175 and 104 cm−1 sE1gd, and 524 and
309 cm−1sE2gd. The frequencies of the breathing modes in
isolated s7,7d and s12,12d armchair tubes are calculated at
235 and 137 cm−1 sA1gd, 166 and 98 cm−1 sE1gd, and 521
and 306 cm−1sE2gd. Then, our calculations state a systematic
upshift of the frequencies of the BLM’s with respect to the
frequencies of the breathing modes in SWCNT’s. Figure 2
displays the relation between the BLM frequencies and the
diameter of the outer tube,Douter, in sn,nd@sn+5,n+5d
DWCNT’s. A downshift of all the BLM’s is found when the
diameter increases.

We focus now on the dependence with the diameter of the
specific breathing-like modes that results from the in-phase
and counterphase coupled motions of the RBM’ssA1g sym-
metryd of the inner and outer tubes. These modes are called
RBLM’s in the following. For several DWCNT’s, the eigen-

vectors of modes were obtained from the direct diagonaliza-
tion of the dynamical matrixsinfinite DWCNT’sd. By using
these results, we found that the in-phase motion of both tubes
is associated with the low-frequency RBLM’s and the coun-
terphase motion of both tubes is related to the high-
frequency RBLM’s.

A few years ago, in the framework of the
bond-polarization theory, and using the spectral moment
method, we found, in agreement with different approaches,
that the diameter dependence of the RBM frequency in
isolated SWCNT’s was given by the relations1d, with
A<225 cm−1 nm.13 A different behavior is found for both
the RBLM’s in DWCNT’s. In the diameter range of inner
tubes, 0.6–2.4 nm, the frequency shift of the highest-
frequency RBLM’sscounterphase vibrations of both tubesd
with respect to the position of the RBM’s of the isolated
inner tube is found to depend linearly on the inner tube di-
ametersFig. 3d. In contrast, in the related diameter range of
the outer tubes: 1.2–3 nm, we found that the shift of the
low-frequency RBLM’s sin-phase motions of both tubesd
with respect to the RBM frequency of the isolated outer tube
is no longer linearsFig. 3d. For very small diameters, the
shift is linear.22 The change in the shift behavior occurs
around 1.7 nm. It is related to an increase of the interaction
between the tubes. Indeed, as discussed in Ref. 21, for the
small diameters, each of the two RBLM’s has the character-
istic features of the RBM of one of the tube. In contrast, for
large diametersabove 1.7 nm in our workd, the low- and
high-frequency RBLM’s are in-phase and counterphase col-
lective motions of both tubes, respectively. The dependencies
of the RBLM frequencies as a function of the diametersFigs.
2 and 3d are close to those found in recent and different
approachesssee, for instance, Fig. 4 in Ref. 21 and Fig. 3 in
Ref. 22d.

The position of the high-frequency RBLM,vHF, is well
fitted by the analytical expression

FIG. 1. The calculated Raman spectra of infinites5,5d@s10,10d,
s7,7d@s12,12d, and s10,10d@s15,15d DWCNT’s in the BLM stopd
and TLM sbottomd regions.

FIG. 2. Diameter dependence of the Raman-active mode fre-
quencies for sn,nd@sn+5,n+5d DWCNT’s. Low-frequency
RBLM’s ssolid circled and high-frequency RBLM’ssopen circled.
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vHFscm−1d =
Ai

Dinner
+ BiDinner + Ci s2d

with parameters close to Ai =225 cm−1 nm,
Bi =20.6 cm−1 nm−1, Ci =−2.4 cm−1. On the other hand, the
dependence of the position of the RBLM’s of lowest fre-
quency,vLF, is well fitted by the relation

vLFscm−1d =
Ao

Douter
2 +

Bo

Douter
+ Co s3d

with parameters close to Ao=−88.8 cm−1 nm2,
Bo=324.1 cm−1 nm, Co=−14.7 cm−1.

It must be emphasized that these previous expressions
only have a useful interest to relate the diameter of tubes and
the experimental RBLM frequencies. No physical meaning is
attached to the values of the different parameters of the fit.

Focusing now on the TLM range ofsn,nd@sn+5,n+5d
DWCNT’s, we find that the Raman spectrum displays six
modes associated with the in-phase and counterphase
coupled motions of the tangential modessTM’sd of the inner
and outer tubes. As previously, we identify the TLM’s from
the symmetry of the parent TM’s of the inner and outer
tubes. For example, the calculated Raman spectrum of the
s7,7d@s12,12d DWCNT’s displays TLM’s at 1580 and
1583 cm−1 sA1gd, 1575 and 1581 cm−1 sE1gd, 1587 and
1586 cm−1 sE2gd, resulting from the coupling of theA1g, E1g,
andE2g modes of thes7,7d inner tube ands12,12d outer tube,
respectively. The position of the TLM as a function of the
diameter of the outer tube,Douter, is plotted in Fig. 2. When
the tube diameter increases, an upshift of theA1g and E1g
TLM’s and a slight downshift of theE2g TLM’s are pre-
dicted. In consequence, an unresolved broad TLM band is
expected around 1582 cm−1 in the calculated Raman spec-
trum of DWCNT’s of large diameter.

The Raman spectrum of zigzag@zigzag DWCNT’s
have also been calculated. With the tube-tube separation
being assumed to be close to 3.4 Å, we found that
the sn,0d@sn+9,0d DWCNT satisfies this condition
sd<3.55 Åd. Note that this separation distance is slightly
larger than that in the sn,nd@sn+5,n+5d DWCNT
sd<3.4 Åd. Finally, for DWCNT’s containing a chiral tube,
we consider all the combinations with a tube-tube distance
located in the 3.4–3.55 Å range.

For tubes of close diameters, we found that the BLM
regions of the Raman spectra of armchair@armchair,
zigzag@zigzag, armchair@chiral, and zigzag@chiral
DWCNT’s are similar. This means that, as in SWCNT, the
BLM’s are not significantly dependent on the chirality of the
tube. By contrast, the Raman spectrum in the TLM region is
very sensitive to the chirality of the tubes. To illustrate these
results, we report in Fig. 4 the Raman spectra in the BLM
and TLM regions calculated for different kinds of DWCNT’s
with close diameters:Dinner<0.7 nm for the inner tube and
Douter<1.4 nm for the outer tube. The similarity of the spec-
tra in the BLM region can be pointed out. By contrast, it can
be emphasized that the number of modes in the TLM range
is very sensitive to the chirality of the tubes. This leads to a
chirality dependence of the profile and average frequency of
the TLM bunch.

FIG. 3. Dependence of the gap between RBLM and RBM as a
function of the tube diameter forsn,nd@sn+5,n+5d DWCNT’s.
High-frequency RBLM’sssolid squared and low-frequency RBLM’s
ssolid circled.

FIG. 4. The calculated Raman spectra ofs9,0d@s18,0d,
s9,0d@s16,3d, s7,3d@s17,1d, and s5,5d@s15,4d DWCNT’s in the
BLM stopd and TLM sbottomd regions.
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The behavior of the Raman spectrum with the length of
the tube has also been analyzed. For DWCNT lengths
smaller than 40 nm, a large number of additional peaks are
observed in the Raman spectrum, especially in the BLM
range. The intensity of these peaks rapidly decreases when
the length of the tube increases. For a length of about 40 nm
the position and intensity of the peaks are very close to those
calculated for DWCNT’s of infinite length. In consequence,
the effect of the tube length on the Raman spectrum could be
only observed experimentally on very small tubes. Because
in the majority of the experiments, DWCNT’s are longer
than 40 nm, our calculations for the infinite tubes can be
used to interpret the Raman experiments on DWCNT
samples.

B. The Raman spectrum of DWCNT bundle

The Raman spectra of crystals of armchair@armchair
fsn,nd@sn+5,n+5dg DWCNT’s sbundle of infinite sized
have been calculated. The dependence of the frequencies of
Raman modes with the diameter of the outer tube is dis-
played in Fig. 5. Comparison between the Raman spectra of
isolated DWCNT and DWCNT crystals shows no significant
difference in the TLM region, except a slight upshift of the
TLM in the DWCNT crystal. By contrast, in the BLM range,
new modes appear in the DWCNT crystal. In order to iden-
tify some of these specific modes, we focus on the polarized
ZZ Raman spectrum of the DWCNT crystal. Indeed, it was
previously found in SWCNT’s that the intensity of the
A1gsA1d RBM’s in the ZZ spectrum is weak but not equal to
zero, in contrast with those of the breathing modes of
E1gsE1d andE2gsE2d symmetries, which are nonactive in this
polarized spectrum. Three Raman modes dominate theZZ
spectrum, the two expected RBLM’s and an additional mode

located between the two RBLM’s, labeled BBLMsfor
bundle breathing-like moded in the following. The intensity
of this latter mode increases with increasing diameter of the
tubes. In order to illustrate this result, the calculated polar-
ized ZZ Raman spectrum of a crystal ofs7,7d@s12,12d
DWCNT is displayed in Fig. 6stop curved. The RBLM of the
lowest frequency is upshifted by about 12 cm−1 with respect
to its position for isolated DWCNT’ssFig. 6, bottom curved.
By contrast, the RBLM of the highest frequency is at the
same position in isolated DWCNT’s and DWCNT crystals.
The additional BBLM is located at 211 cm−1. As in isolated
DWCNT’s, the diameter dependence of the frequencies
of these modessFig. 5d can be approximated by different
expressions. Because the RBLM of the highest frequency
is not affected by DWCNT-DWCNT interactions, its
frequency, vHF, is given by the same expression than
for isolated tubefexpressions2dg. On the other hand, the
diameter dependence of the RBLM of the lowest frequency,
vLF, is given by expressions3d with parameters close to
Ao=−117 cm−1 nm2, Bo=407 cm−1 nm, Co=−44.5 cm−1.
Also, the diameter dependence of the BBLM is well de-
scribed by the relation:

vBBLMscm−1d =
ABM

Douter
− CBM s4d

with ABBLM=378 cm−1 nm andCBBLM=16.5 cm−1. It must be
remembered that these different expressions only have a use-
ful interest to relate the diameter of tubes and the experimen-
tal frequency in the BLM range.

Finally, we are interested with the dependence of the Ra-
man spectrum on the number of tubes in the bundle. By
contrast with the significant dependence of the spectrum in
the low-frequency range to the size of the bundle, we found

FIG. 5. Diameter dependence of the Raman-active mode fre-
quencies forsn,nd@sn+5,n+5d DWCNT crystals. Low-frequency
RBLM’s ssolid circled, high-frequency RBLM’s sopen circled,
BBLM’s ssolid triangled.

FIG. 6. Dependence of the RBLM range ofs7,7d@s12,12d
DWCNT’s as a function of the number of tubes in the bundle.
Nt=1, 2, 7, 19, infinity.
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that the TLM range slightly depends on the number of tubes
per bundle. Focusing on the low-frequency range, we state
that additional Raman modes appear in DWCNT bundles of
small sizes. The intensity of the majority of these lines rap-
idly decreases with increasing the size of the bundle, except
the BBLM, which subsists in the DWCNT crystal. The po-
sition of the low-frequency RBLM,vLF, monotonically up-
shifts when the number of tubes in the bundle increases. By
contrast, the position of the highest-frequency RBLM,vHF,
does not depend on the number of tubes in the bundle. Such
a dependence of the Raman spectrum is shown in Fig. 6 for
s7,7d@s12,12d bundles of different sizes. The number of
tubes,Nt, is 2, 7, and 19, respectively. The polarizedZZ
Raman spectra are compared with those calculated for iso-
lated DWCNT’s sFig. 6, bottomd and crystals of DWCNT
sFig. 6, topd. A first series of additional peaks appears on the
low-frequency side of the low-frequency RBLM’s. They are
pointed at 140, 145, 151 cm−1 for Nt=2. When the number
of tubes increases, these peaks shift, overlap, decrease in
intensity, and vanish in DWCNT crystals. ForNt.2, a sec-
ond series of additional peaks appears in the BM
range. These peaks are located at 196, 211, and 240 cm−1 for
Nt=7. The majority of these peaks disappear with increasing
Nt, and finally only the BBLM located at 211 cm−1 remains
for largeNt, and in DWCNT crystals.

IV. CONCLUSION

In Table I we compare the predictions of our model with
the experimental RBLM’s measured in Refs. 14, 15, and 25.
From the experimentalvHF we deriveDinner by using Eq.s2d.
Douter is given by the usual expressionDouter=Dinner+2d. By
using Eq.s3d we obtain a value ofd. This value gives the
best agreement between experimental and calculatedvLF. It
has to be reminded thatd must be close of 3.4 nm, and the
relatedDouter diameter must be compatible with the assumed
chirality of the outer tube.

General good agreement is found between predictions and
experimental valuessTable Id. Focusing on the data obtained

in our group,25 we found that the Raman spectrum is
dominated by six peaks around 150, 166, 175, 265, 313, and
330 cm−1. From our calculations, we assign these peaks to
three single DWCNT’s: 9.04–15.9 Å, 7.47–14.36 Å, and
6.97–13.73 Å. From these values, a possible attribution of
the DWCNT’s can be proposed, for instance,s9,4d@s18,4d,
s6,5d@s16,4d, and s7,3d@s17,1d DWCNT’s, respectively.
However, other DWCNT’s can be compatible with the
same experimental data. For instance, the calculations of
the RBLM frequencies ofs9,0d@s16,3d DWCNT’s also
predict peaks located around 173 and 330 cm−1, close to the
experimental data. In summary, the agreement between ex-
perimental and calculated RBLM frequenciessTable Id vali-
dates our approach and allows us to relate properly the
RBLM frequency and the innersouterd tube diameter in
DWCNT’s.

In conclusion, we have calculated the nonresonant Raman
spectrum of isolated DWCNT’s, and bundles of DWCNT’s.
The dependence of the spectrum with the diameter and the
chirality of the inner and outer tubes of isolated DWCNT
have been analyzed. Expressions are derived to describe the
dependence with the diameter of the RBLM’s in isolated
infinite DWCNT’s. These expressions can be used to experi-
mentally derive the inner and outer tube diameters from the
measurement of the RBLM frequencies. These expressions
are valid for tubes longer than 40 nm, and they can be used
to interpret the majority of the experiments on DWCNT’s.
For DWCNT bundles, we find that the low-frequency RBLM
is significantly upshifted with respect to its position for iso-
lated DWCNT’s. Finally, a specific breathing-like mode is
observed in DWCNT bundles.
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TABLE I. Estimated inner and outer diameterssin nmd and their corresponding frequenciessin cm−1d
calculated from Eqs.s2d and s3d svS is given from the linear relationshipvS=225.1/Dd. The experimental
frequencies,vexpt

in , are those given in Refs. 15, 14, and 25.

Excitation vexpt
in Din vout

cal Dout vout
expt vout

S vin
S

488 nma 302 7.81 166 14.59 167 154 288

488 nmb 304 7.75 166 14.53 162 155 290

384 6.02 184 12.81 182 176 374

514 nmb 267 8.97 155 15.78 150 143 251

321 7.30 171 14.09 172 160 308

385 6.00 185 12.79 185 176 375

488 nmc 265 9.05 155 15.84 150 142 249

313 7.50 169 14.29 166 158 300

330 7.08 173 13.87 175 162 318

aReference 15.
bReference 14.
cReference 25.
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