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Nonresonant Raman spectrum in infinite and finite single-wall carbon nanotubes
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We use the spectral moments method in the framework of the bond-polarization theory to calculate polarized
nonresonant Raman spectra of chiral and achiral single-wall carbon nanotubes as a function of their diameter
and length. In a previous approach, an investigation of finite-size effects was limited to a narrow length range
~below 50 Å!. The present work extends the analysis to a larger range of finite lengths~from 20 to 850 Å! as
well as to achiral and chiral tubes of different diameters.
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I. INTRODUCTION

Resonant Raman spectroscopy has provided a pow
tool for the observation of diameter-selective phonon mo
of single-wall carbon nanotubes~SWNT’s!. The Raman
spectrum of SWNT’s is dominated byA(A1g) radial breath-
ing modes ~RBM! below 400 cm21, and by tangential
modes ~TM! in the high-frequency region
(1400–1600 cm21). The latter consist of twoA, two E1 and
two E2 phonon modes for chiral nanotubes, and oneA1g ,
one E1g , and oneE2g mode for achiral~armchair and zig-
zag! nanotubes.1 It was found that the RBM frequenc
closely depends on the diameter of the tubes, regardles
their chirality.2 The TM shape, however, depends strongly
whether the tube is metallic or semiconducting. More p
cisely, TM Raman scattering from metallic SWNT’s shows
broad component, whose envelope is well described b
Breit-Wigner-Fano line shape.3–5 By contrast to the tremen
dous number of Raman studies in the RBM- and T
frequency range, studies on the intermediate-frequency ra
(600–1300 cm21) have been restricted to a fe
experimental6,7 and theoretical8 works. A nonzero intensity
was predicted for nanotubes with a finite length only, a
experimentally the Raman intensity is weak in this frequen
range. However, one can resolve several peaks whose a
ment is still a matter of controversy. Recently, distinct ch
acteristic spectra were identified in the intermedia
frequency range, with each spectrum featured by a coupl
lines composed of one first-order mode and one subtrac
combination band, both exhibiting a strong excitation dep
dence. The origin of such a behavior remains an o
question.9

Polarized Raman spectroscopy on aligned SWNT’s w
only recently reported.10–14 Most experimental studies sho
a simple intensity dependence of the signal: both the R
and TM intensities peak at a maximum when the light
polarized along the tube axis, and are significantly redu
when the light~either incident or scattered! is polarized per-
pendicular to the tube axis.10–12 By contrast, a symmetry
selection was reported in polarized Raman spectroscop
aligned multiwalled carbon nanotubes13 ~MWNT’s! and
semiconducting SWNT’s bundles.14 Close agreement be
tween nonresonant-theory-based calculations and experim
tal observations was obtained for TM intensities in MWNT
0163-1829/2002/66~12!/125404~9!/$20.00 66 1254
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which exhibit a minimum foru555° in parallel/parallel con-
figuration (u denotes the angle between the polarization a
the tube axis!.13 For SWNT’s bundles, the TM bunch of tan
gential modes was separated into four intrinsic compone
with the following symmetry assignment:14 1549 cm21

@E2(E2g)#, 1567 cm21 @A(A1g)#1E1(E1g)], 1590 cm21

@A(A1g)#1E1(E1g)] and 1607 cm21 E2(E2g). In the latter
study, the relative intensity of the different modes was s
cessfully explained by symmetry-based considerations o
~10,10! nanotube.2 In order to gain more insight into thes
questions, we calculated the dependence of the nonreso
polarized Raman spectrum of achiral and chiral single-w
carbon nanotubes as a function of the diameter and lengt
the tubes. Raman spectra were calculated using the spe
moments method.

II. COMPUTATIONAL METHOD

The moments method was initially developed by differe
authors for studying electronic properties in solid-sta
physics.15,16 A few years ago, the spectral moments meth
~SMM! was shown to be a powerful tool for determinin
infrared absorption, Raman scattering, and inelastic neut
scattering spectra of harmonic systems.17–20This method can
be applied to very large systems, whatever the type of ato
forces, the spatial dimension, and structure of the mate
This method was previously used to study the dynam
properties of different disordered systems having more t
106 degrees of freedom, as is the case for Sierpin
gaskets,18 diffusion-limited cluster-cluster aggregates19 and
silica aerogels.20

The time-averaged power flux of the Raman-scatte
light in a given direction, with a frequency betweenv f and
v f1dv f in a solid angledV, is related to the differentia
scattering cross section,

d2s

dVdv f
5

1

8p2c2
v f

3v i@B~v!11#\

3 (
abgl

vavbHagbl~v!wgwl , ~1!

where
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Hagbl~v!5(
j

aag* ~ j !abl~ j !
1

2v j
@d~v2v j !2d~v1v j !#,

~2!

with

aag~ j !5(
nd

pag,d
n

AMn

^dnu j &, ~3!

v i is the frequency of the incident light,vW and wW are the
polarization unit vectors for scattered and incident light
spectively,B(v) is the Bose factor,Mn the mass of thenth
atom,v j and^dnu j & are the frequency and (dn) component
of the j th mode. The coefficientspag,d

n connect the polariza
tion fluctuations to the atomic motions21 and they are ob-
tained by expanding the polarizability tensorp̃n in terms of
atom displacementsud

n , with

pag,d
n 5(

m
S ]pag

m

]ud
n D

0

, ~4!

A usual method to calculate the Raman spectrum invol
injecting in the previous expressions the values ofv j and
^dnu j & obtained by solving the equation

D̃u j &5v j
2u j &, ~5!

where D̃ is the dynamical matrix of the system, with th
elementDab(nm)5^anuD̃ubm&.

When the system contains a large number of atoms, as
long finite nanotubes, the dynamical matrixD̃ is very large
and its diagonalization fails or requires long computing tim
In contrast, the spectral moments method allows us to
rectly compute the Raman spectrum of very large harmo
systems without any diagonalization of the dynami
matrix.17 In order to test the spectral moments method, R
man spectra for different systems of limited sizes were c
culated by a direct diagonalization of the dynamical matr
and we have stated that these latter spectra and those
tained from the spectral moments method were exactly
same.18,22

Considering the symmetrical functionI (v) wherea( j ) is
given by Eq.~3!,

I ~v!5(
j

ua~ j !u2

2v j
@d~v2v j !1d~v1v j !#. ~6!

This function is identical~for v.0), apart from a con-
stant and the Bose factor, to a component of the Ram
scattering cross section,@Eq. ~1!#, for a given polarization of
the incident and scattered lights. The response of the sys
is given by the functionI (v), which can be further written
as

J~u!5(
j

ua~ j !u2d~u2l j !, ~7!

where,u5v2 andl j5v j
2 .
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J(u) can be directly carried out from the dynamical m
trix, D̃, and from the polarizability tensor, without any d
agonalization. Indeed, it is easy to show that

J~u!52~1/p! lim
e→01

Im@R~z!#, ~8!

wherez5u1 i e andR(z)5^qu(z Ĩ2D̃)21uq&.
The (dn) component of theuq& vector is given by the

expression

^dnuq&5
pag,d

n

AMn

, ~9!

which is supposedly known. The spectral moments met
consists of developingR(z) in a continued fraction

R~z!5
b0

z2a12b1 /z2a22b2 /z2a32b3 / . . .
, ~10!

Coefficients an and bn are obtained from iterations17

am115 n̄mm/nmm and bm115nm11m11 /nmm with b051,
and the generalized momentsnnn and n̄nn are given by

nmm5^qmuqm& and n̄mm5^qmuD̃uqm&

with uqm11&5~D̃2am11!uqm&2bmuqm21&,uq21&50

and uq0&5uq&.

Iterations enable the computation of expression~10! and then
the functionI (v).

Each element of the dynamical matrix,D̃, is given by

Dab~n,m!5
1

AMnMm

fab~n,m! ~11!

with fab(n,m) being the force constants betweenn and m
atoms. In our calculations, the interactions are restricted o
to the first-, second-, third- and fourth-nearest neighbors.
only four (333) force-constant matrices are required to ge
erate the dynamical matrix of SWNT.2 Using graphite force
constants,23 the force-constant matrix between then and m
carbon atoms is given by rotating the chemical bond fr
the two-dimensional plane of graphite to the thre
dimensional cylindrical coordinate system of a nanotub2

~see Fig. 1 in Ref. 2 for a definition of the rotations!. To take
the effect of curvature into account, the force-constant
rameters are scaled by formula~6! in Ref. 2.

The Raman intensity is calculated within the nonreson
bond-polarization theory in which bond-polarization para
eters are used.24 In this approach, the derivativespab,g

n are
given by

pab,g
n 5(

m

1

3
~2ap81a l8!dab r̂ g1~a l82ap8!S r̂ a r̂ b2

1

3
dabD

3 r̂ g1
~a l2ap!

r
~dag r̂ b1dbg r̂ a22r̂ a r̂ b r̂ g!, ~12!
4-2



d
, a
de

d

ctr
d
T
he
e
h
e
om
a

no
e

e

on

ir
s
es
n
ca
lc
ix
po

ar
av
in

n
s.
a

nd

ac
y
es

t:

e

re-
of
lated

Ra-

ities
of
re-

for
nt
e
m-

pro-
elp

n

NONRESONANT RAMAN SPECTRUM IN INFINITE AND . . . PHYSICAL REVIEW B66, 125404 ~2002!
wherer̂ is the unit vector along vectorr that connects then
and m atoms linked by the bond,a l85(]a l /]r )0 and ap8
5(]ap /]r )0.

Parametersa l andap correspond to the longitudinal an
perpendicular bond polarizability, respectively. In SWNT’s
single type of bond occurs and the bond polarizability mo
is completely defined by three parameters:a52ap81a l8 ,b
5a l82ap8 , andg5a l2ap . The empirical parameters use
in this study area54.7 Å2,b54.0 Å2, and g50.04 Å3

~Ref. 2!.

III. RESULTS AND DISCUSSION

Here we report calculations for polarized Raman spe
of achiral and chiral SWNT’s of different diameters an
lengths performed using the spectral moments method.
mode frequency is directly obtained from the position of t
peak in the calculated Raman spectrum. The line shap
each peak is assumed to be Lorentzian and the linewidt
fixed at 1.7 cm21. For each SWNT, the intensities of th
different polarized spectra are normalized and can be c
pared. For clarity, the peaks with an intensity of less th
1023 times the intensity of theA(A1g) tangential mode were
not displayed in the figures. In all our calculations, the na
tube axis is along theZ axis and a carbon atom is along th
X axis of the nanotube reference frame. Forux anduy50°
~see text!, the Z nanotube axis is along thez axis and theX
nanotube axis is along thex axis of the laboratory referenc
frame. The laser beam is kept along they axis. In theVV
configuration, both the incident and scattered polarizati
are along thez axis and, for theVH configuration, the inci-
dent and scattered polarizations are along thez and x axes
respectively.

A. Polarized Raman spectra of infinite crystals of SWNT’s

First, we calculated polarized Raman spectra for ach
~armchair and zigzag! and chiral infinite crystal of nanotube
with different diameters. For the infinite crystal of nanotub
calculations are performed by applying periodic conditio
on unit cells. For infinite tubes, we can compare spectra
culated by the spectral moments method with those ca
lated by the direct diagonalization of the dynamical matr
We state that both approaches lead to exactly the same
tion and intensity for the different peaks.

~i! Polarized Raman spectra have been obtained in a l
diameter range: 0.7–2.5 nm. Obviously, the different beh
iors of Raman modes with diameter and chirality, as for
stance the dependence of theA(A1g) RBM with the inverse
of the diameter which was established by differe
approaches,2,25–27were well reproduced in our calculation
In Fig. 1, an illustration of the dependence of polarized R
man spectra with the chirality is given. TheZZ,ZX andYX
Raman spectra of the infinite~10,10!, ~17,0!, and ~14,7!
SWNT’s ~tubes with diameters of 1.37 nm, 1.35 nm, a
1.47 nm, respectively! are displayed in the RBM and TM
regions. As expected from symmetry considerations,2 the TM
bunch in the chiral tube spectra shows two peaks for e
symmetry as compared to one peak for each symmetr
achiral SWNT’s. The vicinity of the calculated frequenci
12540
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of A(A1g) andE1(E1g) tangential modes can be pointed ou
A1g , 1582 cm21 andE1g , 1580 cm21 for ~10,10! SWNT’s;
A1g , 1586 cm21 and E1g , 1582 cm21 for ~17,0! SWNTs;
and A, 1582 cm21, 1584 cm21 and E1 , 1580 cm21,
1583 cm21 for ~14,7! SWNT’s. These results highlight th
difficulty of experimentally resolvingA(A1g) and E1(E1g)
modes, as discussed in Ref.14.

It is generally problematic to match the experimental
sults with the SMM predictions obtained in the framework
a nonresonance Raman theory. For instance, the calcu
intensity of A(A1g),E1(E1g), and E2(E2g) TM modes are
close~Fig. 1!, contrary to the experimental Raman data1,3–7!.
In resonance Raman spectroscopy, enhancement of the
man intensity depends on the phonon symmetries28 and thus
we do not use the nonresonant predicted relative intens
between the different phonon symmetries in our analysis
the experimental spectra. Nevertheless, these predicted
sults can be used to interpret the change in intensity
modes with the same symmetry but with differe
chiralities.29 Finally, the SMM predictions concerning th
number and frequency of Raman lines as a function of dia
eter, length, and chirality do not depend on the resonant
cess of Raman scattering and the SMM predictions can h
to interpret the experimental data.

In the (600–1300 cm21) intermediate-frequency regio
~not shown!, only a weakE2g mode at 865 cm21, a very
weakE1g mode at 868 cm21, and two very weakE1 andE2

FIG. 1. Polarized Raman spectra of infinite crystals of~10,10!
~top!, ~17,0! ~middle!, and~14.7! ~bottom! SWNT’s.
4-3
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FIG. 2. Raman intensities as
function of the sample orientation
for infinite crystals of ~10,10!
~top!, ~17,0! ~middle!, and ~14,7!
~bottom! SWNT’s.
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modes at 865 cm21 and 869 cm21, were calculated for
~10,10!, ~17,0!, and~14,7! nanotubes, respectively. In agre
ment with these results, a mode around 869 cm21 was ob-
served in a large number of Raman spectra.6,9 By contrast,
these calculations do not predict the presence of the o
peaks observed experimentally in the intermediate-freque
range, e.g., the well-defined first-order Raman peaks
750 cm21 and 780 cm21 that were measured in the Rama
spectra of several SWNT samples excited at 2.41 eV.9

~ii ! The sample orientation dependence of the Ram
spectrum was calculated for~10,10!, ~17,0!, and ~14,7!
SWNT’s ~Fig. 2!. ux anduy are rotation angles of the nano
tube around thex andy axes of the laboratory frame, respe
tively. These results supplement those of Saitoet al. ~Fig. 6
in Ref. 2!. From an experimental point of view, the best w
to obtain information about the symmetry modes is to p
form Raman experiments on aligned isolated tubes
aligned bundles in backscattering configuration~see the In-
troduction!. Note that in these latter experiments only t
12540
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dependence of the Raman intensity withuy can be measured
Consequently, in the following, we mainly discuss theVV
andVH uy dependence of the Raman spectrum. For theVV
configuration, theA(A1g) andE1(E1g) tangential modes ex
hibit distinct behaviors with respect to the rotation angle. F
all chiralities, theA(A1g) mode has a minimum value atuy
'55° while theE1(E1g) mode peaks atuy'50°. Then, and
despite the vicinity of their mode frequencies, the measu
ments in theVV configuration for the dependence of th
Raman intensity withuy seem to be an efficient method t
separateA(A1g) andE1(E1g) modes in the TM bunch. In the
VH configuration, theuy dependence of theE1(E1g) inten-
sity peaks at a maximum atuy50° anduy590° and van-
ishes atuy545°. TheA(A1g) and E2(E2g) modes have an
inverse behavior. These dependences represent an
method to separate theA(A1g) and E1(E1g) modes in the
TM bunch. Finally, theE2(E2g) modes present a significan
intensity for uy590° in the VV configuration and can be
preferentially measured in this configuration. The assignm
4-4



-

r
te
so

r
h

e

a
ce

ct
tr
m
e

o
io

th

-
ve
od
ry
t

n

s
e

gn
-

ec

clo
e

c

h

n
t

e
en
ng

ory
-
M
-
cu-

ally

wo

ess
nt
icts
rall
e

lity

in
have

rys-

NONRESONANT RAMAN SPECTRUM IN INFINITE AND . . . PHYSICAL REVIEW B66, 125404 ~2002!
proposed by Jorioet al.14 from experiments on aligned nano
tube bundles~see the Introduction!, is in agreement with
these predictions. Since the 1549 cm21 and 1607 cm21 lines
only appear in theirXX spectrum (VV configuration and
uy590°), they assign these peaks toE2(E2g) symmetry.14

However, in other experiments,10–12 the measured angula
dependences of the TM intensity do not reflect the calcula
behaviors of the different mode symmetries. In a nonre
nant theory, the calculatedVV intensity of A(A1g) radial
breathing modes increases withuy and peaks at a maximum
at uy590°, while the E1(E1g) RBM peaks atuy'50°.
These predictions contrast with the experimental behavio
the RBM intensity, which reaches a maximum when the lig
is polarized along the tube axis (ZZ,VV configuration and
uy50°), and issignificantly reduced when the light~either
incident or scattered! is polarized perpendicular to the tub
axis (XX,VV configuration anduy590°).10–12This confirms
that the polarization dependence of the Raman spectr
dominated by the resonant nature of the scattering pro
that breaks the symmetry selection rules. The sensitivity
mode symmetry is present in the polarized Raman spe
but it is of second order with respect to the resonant con
bution. However, the mode symmetry can be detected fro
detailed study of the polarization dependence of the differ
Raman bands that contribute to the TM bunch.14,30

~iii ! Finally, we investigated the chirality dependence
the polarized Raman spectrum in tangential mode reg
~Fig. 3!. We calculated Raman spectra for five values of
chiral angleu ~0°, 10°, 15°, 20° and 30°!, associated with
~17,0!, ~17,3!, ~14,5!, ~14,7!, and~10,10! nanotubes, respec
tively. The TM mode frequencies are only slightly sensiti
to the tube diameter, except for the lowest-frequency m
for which a higher sensitivity is revealed by an oscillato
frequency behavior. This latter behavior corresponds
variations in the diameter of the selected tubes: 1.35
~17,0!, 1.48 nm~17,3!, 1.35 nm~14,5!, 1.47 nm~14,7!, and
1.37 nm ~10,10!. Apart from that, the calculation result
mainly illustrate the chirality dependence of the Raman sp
tra profile. For zigzag (u50°) and armchair (u530°) tubes,
each polarized spectrum is featured by a single peak assi
to A1g (ZZ),E1g (ZX), andE2g (YX) tangential modes, re
spectively. For each symmetry, let us callvz and va the
frequency of the zigzag and armchair TM mode, resp
tively. For each polarization, the increase ofu from 0° to
30° leads to the appearance of two peaks at frequencies
to vz and va . The intensity of these peaks shifts from th
one located aroundvz to that located aroundva when in-
creasingu. For the armchair tube (u530°), a single peak
located atva has nonzero intensity. In agreement with dire
calculations of TM frequencies,2,25,27 we found that the
lowest-frequency component hasE2g symmetry for ~17,0!
zigzag SWNT’s, while for~10,10! armchair SWNT’sE2g
symmetry is found to be the highest-frequency mode. T
separation of the twoE2g modes is around 20 cm21. In a
nonresonant model and for chiral SWNT’s, our calculatio
predict that six tangential modes have sufficient intensity
be detected in Raman experiments. All these results ar
close agreement with recent calculations of chirality dep
dences of TM frequency and intensity using tight-bindi
12540
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molecular-dynamics methods and bond-polarization the
for the Raman tensor.29 Recently, spectra of individual zig
zag, chiral, and armchair SWNT’s were identified in the T
region~Fig. 5 in Ref. 29!. The experimental chirality depen
dence of the Raman profile is well described by the cal
lated u dependence of theA(A1g) and E1(E1g) modes re-
ported in Fig. 3, and therefore the bands experiment
observed around 1575 and 1591 cm21 in Ref. 29 are as-
signed to the superposition ofA(A1g) and E1(E1g) modes.
For the chiral tube of Fig. 5~middle! in Ref. 29, a compari-
son between the experimental relative intensity of the t
bands and the calculated one~Fig. 3! gives a chiral angleu
of about 10°. Note, however that the resonance proc
mainly affects the relative intensity of the peaks of differe
symmetries. Indeed, contrary to our calculation that pred
close intensity of the two features for an average ove
chiral SWNT’s, it was experimentally found that th
1575 cm21 band is always weaker than the 1590 cm21 fea-
ture in a usual sample characterized by a large chira
dispersion.4,5,14

B. Polarized Raman spectra of finite length SWNT’s

Carbon nanotubes of finite length are important items
nanotube physics. Moreover, as-prepared nanotubes

FIG. 3. Dependence of polarized Raman spectra of infinite c
tals of SWNT’s in the TM range as a function of the chiral angleu.
4-5
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FIG. 4. Dependence of the po
larized Raman spectrum as a fun
tion of the tube length: top,
~10,10!, middle~17,0!, and bottom
~14,7! SWNT’s.
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long but finite lengths on a micrometer scale, independe
of the synthesis method. Moreover, cutting and opening
the tubes, e.g., for gas storage devices, contributes to sh
the tubes. The finite nature of the tube length was found to
an important feature for using nanotubes in indust
applications.31 It is thus of great interest to investigate th
vibrational properties of nanotubes with a finite length.
few years ago, a theoretical study of finite-size effects on
Raman spectrum of~10,10! SWNT’s was performed.8 With
regard to the calculation method used in this previous
proach, the investigation of finite-size effects was limited
a narrow length range~below 50 Å!. The present work ex-
tends this previous analysis to a larger length range~from 20
to 850 Å!, closer to reality, as well as to achiral and chir
tubes of different diameters. We calculate the Raman in
sity of the finite length nanotube with open ends without a
terminations.

A first illustration of our results is shown in Fig. 4. Th
dependences ofA(A1g),E1(E1g), andE2(E2g) polarized Ra-
man spectra in the RBM and TM frequency range are d
12540
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played as a function of the nanotube lengthL for ~10,10!,
~17,0!, and ~14,7! SWNT’s. For all chiralities, we found an
increase in the number of Raman active modes when
tube length decreases. Moreover, the relative intensitie
the different peaks are significantly length dependent.
short tubes,A(A1g) additional modes are observed at lo
frequency, and their frequencies significantly depend on
tube length~Fig. 4!. A power lawv0}L21 was found for the
lowest-frequency mode. For short tubes, the profile of
TM bunch is more complex than in infinite SWNT’s, esp
cially for the E1(E1g) and E2(E2g) symmetries. We also
found that theA(A1g) modes of armchair tubes~zigzag!
slightly up-shift ~down-shift! when the length of the tube
increases~Fig. 4!.

Figure 5 summarizes the dependence of all the Ram
active mode frequencies with the tube length@only modes
with an intensity greater than 1023 times the intensity of the
A(A1g) TM are taken into account#. We observe that the
most significant effect of finite size occurs in the interme
ate range, 600–1100 cm21, where a large number of peak
4-6
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FIG. 5. Dependence o
Raman-active mode frequencie
as a function of the tube length fo
~10,10! ~top!, ~17,0! ~middle!, and
~14.7! ~bottom! SWNT’s.
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are predicted to be Raman active, especially forA(A1g) sym-
metry, and mainly for tube lengths below 200 Å. In th
1100–1300 cm21 range, and mainly for armchair tubes, a
ditional E2(E2g) modes are also calculated. Most of the
peaks vanish for lengths.500 Å.

Most VV and VH Raman experiments have been p
formed on unoriented samples.1 To make the comparison
with the experimental results more realistic, we thus u
average overall nanotube orientations in the Raman spe
calculations~Fig. 6!. Calculations were performed for fiv
finite lengths, L'49, 98, 148, 197, 492 Å for~10,10!
SWNT’s,L'43, 85, 170, 213, 511 Å for the~17,0! SWNT’s,
L'23, 56, 113, 226, 564 Å for~14,7! SWNT’s, and for
infinite SWNT’s. The intermediate region is displayed in t
inset of Fig. 6. First, it must be emphasized that, for a len
greater than 500 Å~about 200 cells for an armchair tube!,
each polarized spectrum is close to that of an infinite tu
Then our calculations predict that the effects of the finite s
of the tubes are only significant for short tubes. For r
SWNT’s, which generally have lengths greater than 500
12540
-

d
tra

h

e.
e

,

the RBM and TM experimental spectra can thus be int
preted under an infinite length approximation.

In the RBM range, independently of the tube length, t
most important difference betweenVV andVH spectra is the
complete disappearance of theA(A1g) RBM in theVH con-
figuration. By contrast, theE1(E1g) and E2(E2g) RBM
modes appear in both spectra. In the TM range, and for l
tubes, three (A1g ,E1g ,E2g) modes for achiral tubes and si
(2A1,2E1,2E2) modes for chiral tubes are present in bo
VV and VH configurations. Their intensity ratio is close o
0.8, i.e., significantly larger than the experimental value
about 0.4.32 The envelope of the TM is slightly dependent o
the tube length, except for the smallest lengths~below 200
Å!. In a nonresonant theory, theE1(E1g) tangential modes
dominate the Raman spectrum in the TM range as well a
theVV configuration and in theVH configuration. However,
the resonant nature of the Raman spectra of SWNT’s m
boost up theA(A1g) modes intensity, which then become
the most important contribution, especially in theVV con-
figuration.
4-7
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FIG. 6. TheVV ~left! andVH
~right! calculated Raman spectr
of unoriented samples of differen
lengths: ~10,10! ~top!, ~17,0!
~middle!, and ~14.7! ~bottom!
SWNT’s. In inset: the
intermediate-frequency range.
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Finally, in the intermediate-frequency region, and as p
viously discussed, the Raman activity strongly depends
the tube length. Very weak modes are observed aro
865 cm21, independently of the tube length. In additio
weak lines also appear aroundv'1210 cm21 and v
'1340 cm21 for armchair tubes and aroundv
'1320 cm21 for chiral tubes. However, the intensity o
these modes decreases with the increase in the tube le
and vanishes for lengths larger than 300 Å. Even though
theoretical study sheds more light on the intermedia
frequency range, the calculated features of the Raman s
trum in this range do not explain the origin of the we
defined peaks measured between 700 cm21 and 850 cm21 in
the Raman spectrum of SWNT’s.9

Recently, a double-resonance Raman theory was de
oped to explain the dependence on the excitation energ
the disorder-induced band, theD band, and the second-orde
12540
-
n
d

th,
is
-

ec-

el-
of

feature, theG band, in graphite33,34 and SWNT’s.35,36 We
believe that the double-resonance theory, considering t
phonon ~subtractive! processes, could also explain the b
havior with respect to the excitation energy of Raman lin
in the intermediate-frequency range.

IV. CONCLUSION

The spectral moments method was used to calculate
polarized nonresonant Raman spectra for achiral and ch
single-wall carbon nanotubes in a large diameter and len
range. The chirality dependence of tangential modes
clearly observed, and recent experimental results are
agreement with these predictions.29 The dependence of th
Raman spectrum on the tube length was also calculated.
finite-size effects are shown to be significant only for sh
tubes (L,300 Å). The main effect of the length shortenin
4-8
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is the appearance of additional peaks in the intermedi
frequency range 600–1300 cm21. However, the frequency
and intensity of these additional peaks cannot explain
experimental results in this range.9 The calculations reveale
that, for a relatively short length of'500 Å, the spectra are
similar to those of infinite tubes. This explains why no si
effects have ever been clearly identified in Raman exp
ments on usual samples. The calculations also predict s
metry selection of the different modes in polarized Ram
experiments. Experimentally, due to the resonant characte
the Raman spectrum of nanotubes, the symmetry selectio
se
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12540
e-

e

i-
m-
n
of
of

the different modes is not obvious.11,12 In order to improve
the comparison between the calculations and experime
data, a numerical model accounting for both the symmetry
the modes and the resonant nature of the scattering proce
currently under development.
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