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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 A). The present work extends the analysis to a larger range of finite letigihs 20 to 850 A as
well as to achiral and chiral tubes of different diameters.
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I. INTRODUCTION which exhibit a minimum fo®w=55° in parallel/parallel con-
figuration (¢ denotes the angle between the polarization and
Resonant Raman spectroscopy has provided a powerftie tube axis'® For SWNT’s bundles, the TM bunch of tan-
tool for the observation of diameter-selective phonon modegential modes was separated into four intrinsic components
of single-wall carbon nanotube¢SWNT’s). The Raman With the following symmetry assignmeht: 1549 cni'?
spectrum of SWNT's is dominated bY(A,,) radial breath- [Ea(Ezg)], 1567 cm* [A(Ayg)]+Ei(Eyg)], 1590 e
ing modes (RBM) below 400 ci?, and by tangential [A(Aig)]+E;(Esg)] and 1607 cmit Ex(E,g). In the latter
modes  (TM) in the high-frequency region study, the relative intensity of the different modes was suc-
(1400-1600 cm?). The latter consist of twd, two E; and  cessfully explained by symmetry-based considerations of a
two E, phonon modes for chiral nanotubes, and @ng, (10,1(_) nanotubé. In order to gain more insight into these
oneE;4, and oneE,, mode for achirallarmchair and zig- questions, we calculated the dependence of the nonresonant
zag nanotube$. It was found that the RBM frequency Polarized Raman spectrum of achiral and chiral single-wall
closely depends on the diameter of the tubes, regardless 6&rbon nanotubes as a function of the diameter and length of
their chirality? The TM shape, however, depends strongly onthe tubes. Raman spectra were calculated using the spectral
whether the tube is metallic or semiconducting. More pre-moments method.
cisely, TM Raman scattering from metallic SWNT’s shows a
brogd component, _vvhose er_1ve|ope is well described by a Il. COMPUTATIONAL METHOD
Breit-Wigner-Fano line shape® By contrast to the tremen-
dous number of Raman studies in the RBM- and TM- The moments method was initially developed by different
frequency range, studies on the intermediate-frequency rangaithors for studying electronic properties in solid-state
(600-1300 cm') have been restricted to a few physicsi®®A few years ago, the spectral moments method
experiment&’ and theoreticdlworks. A nonzero intensity (SMM) was shown to be a powerful tool for determining
was predicted for nanotubes with a finite length only, andnfrared absorption, Raman scattering, and inelastic neutron-
experimentally the Raman intensity is weak in this frequencyscattering spectra of harmonic systetis’ This method can
range. However, one can resolve several peaks whose asslge applied to very large systems, whatever the type of atomic
ment is still a matter of controversy. Recently, distinct char-forces, the spatial dimension, and structure of the material.
acteristic spectra were identified in the intermediate-This method was previously used to study the dynamical
frequency range, with each spectrum featured by a couple gfroperties of different disordered systems having more than
lines composed of one first-order mode and one subtractive®® degrees of freedom, as is the case for Sierpinski
combination band, both exhibiting a strong excitation depengaskets? diffusion-limited cluster-cluster aggregatgsand
dence. The origin of such a behavior remains an opesilica aerogel$°
question’ The time-averaged power flux of the Raman-scattered
Polarized Raman spectroscopy on aligned SWNT’s wadight in a given direction, with a frequency between and
only recently reported®~1* Most experimental studies show w¢+dw; in a solid angledQ), is related to the differential
a simple intensity dependence of the signal: both the RBMscattering cross section,
and TM intensities peak at a maximum when the light is

polarized along the tube axis, and are significantly reduced e

when the light(either incident or scattergds polarized per- — = ———wlw[B(w)+ 1]k

pendicular to the tube axt§-'2 By contrast, a symmetry dQdws  gr2c?

selection was reported in polarized %gman spectroscopy on

aligned multiwalled carbon nanotubgs(MWNT’s) and X E v.vH (@)W W 1)
semiconducting SWNT’s bundié8.Close agreement be- dop - F ey 7

tween nonresonant-theory-based calculations and experimen-
tal observations was obtained for TM intensities in MWNT’s where
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_2 . . 1 J(u) can be directly carried out from the dynamical ma-
Haypr(@)= J- aaV(J)aﬁ"(J)z_wj[a(w_wJ)_ Ao+ o], trix, D, and from the polarizability tensor, without any di-
(2)  agonalization. Indeed, it is easy to show that

with J(u)=—(Um) lim Im[R(2)], )

e—0,
A 7Tr(1”y,5 . . - =Ny —1
aa7(1)=2 (onlj)y, (3  wherez=u+ie andR(z)={(q|(z1—-D) *|q).
no Mp The (6n) component of thgq) vector is given by the

w; is the frequency of the incident light; andw are the =~ SXPression

polarization unit vectors for scattered and incident light re- n

spectively,B(w) is the Bose factorM,, the mass of theth (snlq)= 7701%5’ 9

atom,w; and(én|j) are the frequency andsf)) component VM,

of the jth mode. The coefficients},,, 5 connect the polariza-
tion fluctuations to the atomic motiofisand they are ob-
tained by expanding the polarizability tensaf in terms of

atom displacementsy;, with b

R(z)= z—a;—by/z—a,—by/z—az—bs/ ...

which is supposedly known. The spectral moments method
consists of developin®(z) in a continued fraction

, (10

' (4) Coefficientsa, and b,, are obtained from iteratiohs
Am+1= Ymm/ Vmm and by, = Vm+1m+_l/me with by=1,
A usual method to calculate the Raman spectrum involveand the generalized moments,, and v, are given by
injecting in the previous expressions the valueswgfand

(6n|j) obtained by solving the equation V= (Gl Gm) - @NA V= (el D)
5|]>:w12|1>1 (5 with |qm+1>:(5_am+1)|qm>_bm|qm—1>1|q—1>:0
where D is the dynamical matrix of the system, with the and [qo)=|q).

elementD ,5(nm) =(an|D|Bm).

When the system contains a large number of atoms, as f
long finite nanotubes, the dynamical matbxis very large
and its diagonalization fails or requires long computing time.
In contrast, the spectral moments method allows us to di-
rectly compute the Raman spectrum of very large harmonic _
systems without any diagonalization of the dynamical Das(n:m) \/Man%B(n'm)
matrix1’ In order to test the spectral moments method, Ra- )
man spectra for different systems of limited sizes were calWith ¢.g(n,m) being the force constants betwesrand m
culated by a direct diagonalization of the dynamical matrix,atoms- 'In our caIcuIatlons, the interactions are resjncted only
and we have stated that these latter spectra and those d-the first-, second-, third- and fourth-nearest neighbors. So
tained from the spectral moments method were exactly th@nly four (3x3) force-constant matrices are required to gen-

Iterations enable the computation of expresgitl) and then
%e functionl (w).

Each element of the dynamical matri®, is given by

11)

sameté22 erate the gynamical matrix of SWNTUsing graphite force
Considering the symmetrical functiofio) wherea(j) is constant$? the .forc_e—constant matrlx betweer_1 theand m
given by Eq.(3), carbon atoms is given by rotating the chemical bond from

the two-dimensional plane of graphite to the three-
la(j)|? dimensional cylindrical coordinate system of a nanofube
5y Lo@—w)+doto)]. (6)  (see Fig. 1 in Ref. 2 for a definition of the rotation$o take
J the effect of curvature into account, the force-constant pa-
rameters are scaled by formul@) in Ref. 2.
The Raman intensity is calculated within the nonresonant
nd-polarization theory in which bond-polarization param-
glers are usetf. In this approach, the derivativesgﬁyy are

|<w)=;

This function is identicalfor ®>0), apart from a con-
stant and the Bose factor, to a component of the RamarB
scattering cross sectiofq. (1)], for a given polarization of 0
the incident and scattered lights. The response of the syste
is given by the functiori (@), which can be further written 9iven by
as

n 1 ’ ’ - ’ AV 1
Waﬁ,y:% §(2ap+a|)5a5r7+(a|—ap)(rar3—§5al;)
Jw=2 la(p?su—nx)), v
. ~ (al_ap)
Xr,+——

where,u=w? and\j= o’ . 4 r

(Sarf g+ 8 0= 21T gr,), (12
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wherer is the unit vector along vectarthat connects tha (10,10)
and m atoms linked by the bondg/ =(de;/dr), and a;
=(dapldr)o. /Ezqzz
Parametersy, and «, correspond to the longitudinal and

perpendicular bond polarizability, respectively. In SWNT's, a E.ﬁﬁ
single type of bond occurs and the bond polarizability model 118

is completely defined by three parametess: 2a,+ | ,8 A, 1582
=a/—ap, andy=a,—a,. The empirical parameters used A,185 ) -

in this study area=4.7 A2, 3=4.0 A2, and y=0.04 & '
(Ref. 2 (17,0)
. . Ezg1567
Eag375
/\ | ¥x
E,,1582

E, 367

YX|

21
/Eza

IIl. RESULTS AND DISCUSSION

Here we report calculations for polarized Raman spectra
of achiral and chiral SWNT's of different diameters and
lengths performed using the spectral moments method. The
mode frequency is directly obtained from the position of the
peak in the calculated Raman spectrum. The line shape of
each peak is assumed to be Lorentzian and the linewidth is
fixed at 1.7 cm®. For each SWNT, the intensities of the
different polarized spectra are normalized and can be com- E,19
pared. For clarity, the peaks with an intensity of less than
102 times the intensity of thé\(A,4) tangential mode were E 10 E,1580 | E,1583
not displayed in the figures. In all our calculations, the nano- N 2X
tube axis is along th& axis and a carbon atom is along the A,1582| A 1584
X axis of the nanotube reference frame. Bgrand 6,=0° At154 J}L 77
(see texk, the Z nanotube axis is along theaxis and theX 0 200 400 1560 1580 1600
nanotube axis is along theaxis of the laboratory reference |
frame. The laser beam is kept along thaxis. In theVV Wavenumber (cm’)
configuration, bo_th the incident and s_cattergd polar_iza_tions FIG. 1. Polarized Raman spectra of infinite crystald1J,10
are along the axis and, fpr the\/H configuration, the inci- (top), (17,0 (middle), and(14.7) (bottom) SWNT's.
dent and scattered polarizations are alongztend x axes
respectively. of A(A;4) andE; (E,,) tangential modes can be pointed out:

_ o , Ayg, 1582 cm* andE,q, 1580 cm'* for (10,10 SWNT's;
A. Polarized Raman spectra of infinite crystals of SWNT’s Alg, 1586 cni! and Elgy 1582 cm! for (17,0 SWNTs;

First, we calculated polarized Raman spectra for achirahnd A, 1582 cm'!, 1584 cm® and E,, 1580 cm !,
(armchair and zigzggand chiral infinite crystal of nanotubes 1583 cm! for (14,7 SWNT’s. These results highlight the
with different diameters. For the infinite crystal of nanotubes difficulty of experimentally resolvingA(A,q) and E;(E;g)
calculations are performed by applying periodic conditionsmodes, as discussed in Ref.14.
on unit cells. For infinite tubes, we can compare spectra cal- It is generally problematic to match the experimental re-
culated by the spectral moments method with those calcusults with the SMM predictions obtained in the framework of
lated by the direct diagonalization of the dynamical matrix.a nonresonance Raman theory. For instance, the calculated
We state that both approaches lead to exactly the same posntensity of A(A,4),E1(Eqg), and Ex(Epg) TM modes are
tion and intensity for the different peaks. close(Fig. 1), contrary to the experimental Raman daia).

(i) Polarized Raman spectra have been obtained in a larga resonance Raman spectroscopy, enhancement of the Ra-
diameter range: 0.7—2.5 nm. Obviously, the different behavman intensity depends on the phonon symméttiasd thus
iors of Raman modes with diameter and chirality, as for in-we do not use the nonresonant predicted relative intensities
stance the dependence of théA;;) RBM with the inverse between the different phonon symmetries in our analysis of
of the diameter which was established by differentthe experimental spectra. Nevertheless, these predicted re-
approache$?®~2"were well reproduced in our calculations. sults can be used to interpret the change in intensity for
In Fig. 1, an illustration of the dependence of polarized Ra-modes with the same symmetry but with different
man spectra with the chirality is given. TE&Z,ZX andYX  chiralities?® Finally, the SMM predictions concerning the
Raman spectra of the infinit€l0,10, (17,0, and (14,7 number and frequency of Raman lines as a function of diam-
SWNT’s (tubes with diameters of 1.37 nm, 1.35 nm, andeter, length, and chirality do not depend on the resonant pro-
1.47 nm, respectivejyare displayed in the RBM and TM cess of Raman scattering and the SMM predictions can help
regions. As expected from symmetry consideratfotiee TM  to interpret the experimental data.
bunch in the chiral tube spectra shows two peaks for each In the (600—1300 cm') intermediate-frequency region
symmetry as compared to one peak for each symmetry ifnot shown, only a weakE,, mode at 865 cm!, a very
achiral SWNT's. The vicinity of the calculated frequenciesweakE;4 mode at 868 cmt, and two very wealg; andE,

ZX|

A,1586
A4168 7z

7
T 7/ T T

(147 E,1586

E;344 E,1568

Raman Intensity (arb. units)
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modes at 865 cm' and 869 cm?, were calculated for dependence of the Raman intensity withcan be measured.
(10,10, (17,0, and(14,7) nanotubes, respectively. In agree- Consequently, in the following, we mainly discuss &
ment with these results, a mode around 869 trwas ob- andVH 6, dependence of the Raman spectrum. Fornihe
served in a large number of Raman speéft@y contrast, ~configuration, theA(A;g) andE;(E;4) tangential modes ex-
these calculations do not predict the presence of the othdbit distinct behaviors with respect to the rotation angle. For
peaks observed experimentally in the intermediate-frequencgll chiralities, theA(A;4) mode has a minimum value &
range, e.g., the well-defined first-order Raman peaks at55° while theE;(E;4) mode peaks afy,~50°. Then, and
750 cn ! and 780 cm! that were measured in the Raman despite the vicinity of their mode frequencies, the measure-
spectra of several SWNT samples excited at 2.4% eV. ments in theVV configuration for the dependence of the
(i) The sample orientation dependence of the Ramafaman intensity withy, seem to be an efficient method to
spectrum was calculated fof10,10, (17,0, and (14,7 separaté\(A;g) andE;(E;4) modes in the TM bunch. In the
SWNT's (Fig. 2). 6, and 6, are rotation angles of the nano- VH configuration, the, dependence of thE;(E,g) inten-
tube around the andy axes of the laboratory frame, respec- sity peaks at a maximum a&,=0° and ¢,=90° and van-
tively. These results supplement those of Saital. (Fig. 6 ishes at,=45°. TheA(A;y) andE,(E,g) modes have an
in Ref. 2. From an experimental point of view, the best way inverse behavior. These dependences represent another
to obtain information about the symmetry modes is to permethod to separate th&(A,4) and E;(E;5) modes in the
form Raman experiments on aligned isolated tubes offM bunch. Finally, theE,(E,;) modes present a significant
aligned bundles in backscattering configuratisee the In- intensity for 6,=90° in the VV configuration and can be
troduction. Note that in these latter experiments only the preferentially measured in this configuration. The assignment
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proposed by Joriet al 4 from experiments on aligned nano- 77 1582
tube bundles(see the Introduction is in agreement with th
these predictions. Since the 1549 chand 1607 cm? lines 6=30°

only appear in theirXX spectrum ¥V configuration and 0=20° Jin
6,=90°), they assign these peaksEg(E,;) symmetry'*

However, in other experimentS;!? the measured angular lo=15°
dependences of the TM intensity do not reflect the calculated
behaviors of the different mode symmetries. In a nonreso-

6=8°

Fas

nant theory, the calculatedV intensity of A(Ay,) radial m 1586
breathing modes increases with and peaks at a maximum 'E ' ' '
at 6,=90°, while theE,(E,;;) RBM peaks ate,~50°. 3 X \51 1580
These predictions contrast with the experimental behavior of o 0=30° ?
the RBM intensity, which reaches a maximum when the light @ J\k
is polarized along the tube axiZZ,VV configuration and S,  [6=20°
6,=0°), and issignificantly reduced when the ligliither "5 oe15° J\/L
incident or scatteredis polarized perpendicular to the tube g -
axis (XX,VV configuration and,=90°)."%*This confirms £ |es jt
that the polarization dependence of the Raman spectra is E E, ;1582
dominated by the resonant nature of the scattering process Q@ = . 1 y
that breaks the symmetry selection rules. The sensitivity to g YX E 1586
mode symmetry is present in the polarized Raman spectra 1 i )\ *
but it is of second order with respect to the resonant contri- 6=30
bution. However, the mode symmetry can be detected from a 0=20° A j\\
detailed study of the polarization dependence of the different
Raman bands that contribute to the TM bufi¢f? omtze N N

(iif) Finally, we investigated the chirality dependence of . Jk
the polarized Raman spectrum in tangential mode region 8=8 -
(Fig. 3). We calculated Raman spectra for five values of the 0=0° j\5%1567
chiral angle# (0°, 10°, 15°, 20° and 30 associated with 1550 1560 1570 1580 1590 1600
(17,0, (17,3, (14,9, (14,7, and(10,10 nanotubes, respec- Wavenumber (cm™)

tively. The TM mode frequencies are only slightly sensitive

to the tube diameter, except for the lowest-frequency mode FIG. 3. Dependence of polarized Raman spectra of infinite crys-
for which a higher sensitivity is revealed by an oscillatory tals of SWNT's in the TM range as a function of the chiral angle
frequency behavior. This latter behavior corresponds to

variations in the diameter of the selected tubes: 1.35 nnmolecular-dynamics methods and bond-polarization theory
(17,0, 1.48 nm(17,3, 1.35 nm(14,5, 1.47 nm(14,7, and  for the Raman tensdf. Recently, spectra of individual zig-
1.37 nm (10,10. Apart from that, the calculation results zag, chiral, and armchair SWNT’s were identified in the TM
mainly illustrate the chirality dependence of the Raman specregion(Fig. 5 in Ref. 29. The experimental chirality depen-
tra profile. For zigzag §=0°) and armchair §=30°) tubes, dence of the Raman profile is well described by the calcu-
each polarized spectrum is featured by a single peak assignésted ¢ dependence of th&(A,4) and E;(E;4) modes re-

to A4 (22),E14 (ZX), andE,q4 (Y X) tangential modes, re- ported in Fig. 3, and therefore the bands experimentally
spectively. For each symmetry, let us cal, and w, the  observed around 1575 and 1591 cmin Ref. 29 are as-
frequency of the zigzag and armchair TM mode, respecsigned to the superposition #(A;,) andE;(E;4) modes.
tively. For each polarization, the increase @ffrom 0° to  For the chiral tube of Fig. Bmiddle) in Ref. 29, a compari-
30° leads to the appearance of two peaks at frequencies closen between the experimental relative intensity of the two
to w, andw,. The intensity of these peaks shifts from the bands and the calculated offéig. 3 gives a chiral angl#

one located around, to that located around, when in-  of about 10°. Note, however that the resonance process
creasingd. For the armchair tubed=30°), a single peak mainly affects the relative intensity of the peaks of different
located atw, has nonzero intensity. In agreement with directsymmetries. Indeed, contrary to our calculation that predicts
calculations of TM frequencies;>?’ we found that the close intensity of the two features for an average overall
lowest-frequency component h&sy symmetry for (17,0 chiral SWNT's, it was experimentally found that the
zigzag SWNT'’s, while for(10,10 armchair SWNT'sE,; 1575 cmi* band is always weaker than the 1590 chfea-
symmetry is found to be the highest-frequency mode. Theéure in a usual sample characterized by a large chirality
separation of the twd,, modes is around 20 cml. In a  dispersiorf:>'4

nonresonant model and for chiral SWNT’s, our calculations
predict that six tangential modes have sufficient intensity to
be detected in Raman experiments. All these results are in
close agreement with recent calculations of chirality depen- Carbon nanotubes of finite length are important items in
dences of TM frequency and intensity using tight-bindingnanotube physics. Moreover, as-prepared nanotubes have

B. Polarized Raman spectra of finite length SWNT'’s
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long but finite lengths on a micrometer scale, independentlplayed as a function of the nanotube lengttfor (10,10,
of the synthesis method. Moreover, cutting and opening of17,0, and (14,7 SWNT's. For all chiralities, we found an
the tubes, e.g., for gas storage devices, contributes to shortércrease in the number of Raman active modes when the
the tubes. The finite nature of the tube length was found to beube length decreases. Moreover, the relative intensities of
an important feature for using nanotubes in industrialthe different peaks are significantly length dependent. For
applications’® It is thus of great interest to investigate the short tubesA(A,y) additional modes are observed at low
vibrational properties of nanotubes with a finite length. Afrequency, and their frequencies significantly depend on the
few years ago, a theoretical study of finite-size effects on théube length(Fig. 4). A power lawwy<L ~* was found for the
Raman spectrum of10,10 SWNT'’s was performefl.With lowest-frequency mode. For short tubes, the profile of the
regard to the calculation method used in this previous apTM bunch is more complex than in infinite SWNT'’s, espe-
proach, the investigation of finite-size effects was limited tocially for the E;(E;g) and E;(Eyg) symmetries. We also
a narrow length rangéelow 50 A). The present work ex- found that theA(A;4) modes of armchair tube&igzag
tends this previous analysis to a larger length raffigen 20  slightly up-shift (down-shify when the length of the tubes
to 850 A), closer to reality, as well as to achiral and chiral increasegFig. 4).
tubes of different diameters. We calculate the Raman inten- Figure 5 summarizes the dependence of all the Raman-
sity of the finite length nanotube with open ends without anyactive mode frequencies with the tube len§itimly modes
terminations. with an intensity greater than 16 times the intensity of the

A first illustration of our results is shown in Fig. 4. The A(A;4) TM are taken into accouhtWe observe that the
dependences @#(A4g),E1(E1g), andE,(E,g) polarized Ra-  most significant effect of finite size occurs in the intermedi-
man spectra in the RBM and TM frequency range are disate range, 600—1100 cmh, where a large number of peaks
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are predicted to be Raman active, especially¥oh,4) sym-  the RBM and TM experimental spectra can thus be inter-
metry, and mainly for tube lengths below 200 A. In the preted under an infinite length approximation.
1100-1300 cm! range, and mainly for armchair tubes, ad-  In the RBM range, independently of the tube length, the
ditional E,(E,4) modes are also calculated. Most of thesemost important difference betwe#&V andVH spectra is the
peaks vanish for lengths 500 A. complete disappearance of th¢A;;) RBM in the VH con-
Most VV and VH Raman experiments have been per-figuration. By contrast, theE;(E;q) and E,(E,;) RBM
formed on unoriented samplésTo make the comparison modes appear in both spectra. In the TM range, and for long
with the experimental results more realistic, we thus usedubes, threeA,4,E14,E55) modes for achiral tubes and six
average overall nanotube orientations in the Raman spect{@A;,2E,,2E,) modes for chiral tubes are present in both
calculations(Fig. 6). Calculations were performed for five VV andVH configurations. Their intensity ratio is close of
finite lengths, L~49, 98, 148, 197, 492 A for(10,10 0.8, i.e., significantly larger than the experimental value of
SWNT's,L~43, 85, 170, 213, 511 A for thed7,0 SWNT's,  about 0.42 The envelope of the TM is slightly dependent on
L~23, 56, 113, 226, 564 A fof14,7 SWNT’s, and for the tube length, except for the smallest lengthslow 200
infinite SWNT’s. The intermediate region is displayed in theA). In a nonresonant theory, the, (E,4) tangential modes
inset of Fig. 6. First, it must be emphasized that, for a lengttdominate the Raman spectrum in the TM range as well as in
greater than 500 Aabout 200 cells for an armchair tupe theVV configuration and in th¥H configuration. However,
each polarized spectrum is close to that of an infinite tubethe resonant nature of the Raman spectra of SWNT’s must
Then our calculations predict that the effects of the finite sizéboost up theA(A;4) modes intensity, which then becomes
of the tubes are only significant for short tubes. For rawthe most important contribution, especially in th&/ con-
SWNT’s, which generally have lengths greater than 500 Afiguration.
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Finally, in the intermediate-frequency region, and as prefeature, theG band, in graphit€3* and SWNT's>* we
viously discussed, the Raman activity strongly depends obelieve that the double-resonance theory, considering two-
the tube length. Very weak modes are observed arounghonon(subtractive processes, could also explain the be-
865 cni !, independently of the tube length. In addition, havior with respect to the excitation energy of Raman lines
weak lines also appear around~1210 cm® and o in the intermediate-frequency range.
~1340 cm! for armchair tubes and arounde
~1320 cm'! for chiral tubes. However, the intensity of
these modes decreases with the increase in the tube length,
and vanishes for lengths larger than 300 A. Even though this The spectral moments method was used to calculate the
theoretical study sheds more light on the intermediatepolarized nonresonant Raman spectra for achiral and chiral
frequency range, the calculated features of the Raman spesingle-wall carbon nanotubes in a large diameter and length
trum in this range do not explain the origin of the well- range. The chirality dependence of tangential modes was
defined peaks measured between 700 tand 850 cm® in clearly observed, and recent experimental results are in
the Raman spectrum of SWNTs. agreement with these predictiofisThe dependence of the

Recently, a double-resonance Raman theory was deveRaman spectrum on the tube length was also calculated. The
oped to explain the dependence on the excitation energy dinite-size effects are shown to be significant only for short
the disorder-induced band, tileband, and the second-order tubes (<300 A). The main effect of the length shortening

IV. CONCLUSION
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is the appearance of additional peaks in the intermediatehe different modes is not obviod&!? In order to improve
frequency range 600—-1300 crh However, the frequency the comparison between the calculations and experimental
and intensity of these additional peaks cannot explain théata, a numerical model accounting for both the symmetry of
experimental results in this rang&he calculations revealed the modes and the resonant nature of the scattering process is
that, for a relatively short length 6£500 A, the spectra are currently under development.

similar to those of infinite tubes. This explains why no size

effects have ever been clearly identifi_ed in Raman _experi- ACKNOWLEDGMENTS

ments on usual samples. The calculations also predict sym-

metry selection of the different modes in polarized Raman The computations were performed at CINHBontpel-
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the Raman spectrum of nanotubes, the symmetry selection by a CNRS-France/CNCPRST-Morocco agreement.
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