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A resonant Raman study of single-wall carbon nanotubes (SWNT) using several laser
lines between 0.94 and 3.05 eV is presented. A detailed lineshape analysis shows that
the bands associated with the nanotube radial breathing mode are composed of a sum
of individual peaks whose relative intensities depend strongly on the laser energy, in
agreement with prior work. On the other hand, the shape of the Raman bands associated
with the tangential C—C stretching motions in the 1500—1600'crange does not

depend significantly on the laser energy for laser excitation energies in the ranges
0.94-1.59 eV and 2.41-3.05 eV. However, new C—C stretching modes are observed in
the spectra collected using laser excitations with energies close to 1.9 eV. The new results
are discussed in terms of the difference between the 1D electronic density of states for
the semiconducting and metallic carbon nanotubes.

I. INTRODUCTION different. Within each category, there are singularities in
Since the discovery of carbon nanotubes in the earlf1€ 1D density of states, and the separation between

1990s! theoretical work has shown that various physical he singularities increases with decreasing tube diameter.
properties should be strongly dependent on the nanotufgrthermore, the phonon spectrum of the nanotubes,

diameter and chiralit§-* This dependence is ultimately Which is associated with the folding of the phonon

related to the way that the two-dimensional Brillouin diSPersion curves for a single graphene sheet, is also
dependent on the tube diameter and chirdlity.

zone of the graphene sheet is folded into the one* , o L
dimensional Brillouin zone of the carbon nanotubes.  1he experimental verification of these predictions
‘was recently facilitated by the development of a method

Due to the large length-to-diameter ratio for the nano . s :
tubes, the electron motion is normally confined to thefor the synthesis and purification of bundles of single-

tube axis, and therefore, for small diameter nanotubedVall carbon nanotube’s’ Raman spectroscopy is one of
the one-dimensional (1D) density of electronic stateéhe tephnlques that has_ strongly contrlbute_d to the under-
exhibits sharp singularities below and above the Fermptanding of the one-dimensional properties of carbon
level E,- as shown in Fig. 1. The carbon nanotube can b&1@notubes, since it can probe both the phonon spec-
metallic or semiconducting, depending on the magnitud&’ym and theoelectronlc structure through the resonant
and direction of its chiral vector. As shown in Fig. 1, the Raman effect” A recent Raman investigation of single-
structures of the electronic density of states (DOS) fotVall carbon nanotubes (SWNT®) confirmed earlier

semiconducting and metallic nanotubes are significantijl’€cretical predictions conceming the one-dimensional
character of the electronic structure and the density of

states. The most striking result reported in this wérk
dpermanent address: Departamento de Fisica, Universidade Fed/as the dependence of the position and shape Of'Sp6CIfIC
eral de Minas Gerais, Belo Horizonte, 30123-970 Brazil. e-mail; Raman ba_nds on the exciting |a_3er energy, an_d this effect
mpimenta@fisica.ufmg.br was explained in terms of a diameter-selective Raman

2396 J. Mater. Res., Vol. 13, No. 9, Sep 1998 [0 1998 Materials Research Society


http://www.mrs.org/publications/jmr/comments.html
https://doi.org/10.1017/S0884291400045696

https://doi.org/10.1017/50884291400045696 Published online by Cambridge University Press

M.A. Pimenta et al.: Resonant Raman effect in single-wall carbon nanotubes

\ high frequency Raman band associated with the C-C
0.0 — A T A S . stretching modes in the range 1500-1600 ¢mob-
40 30 -20 "é’n e?;o /1-0 20 30 40  {ained with a number of different laser excitation fre-
Yo guencies between 0.94 eV and 3.05 eV. Experimental
FIG. 1. Electronic 1D density of states per unit cell of a 2D graphenefesults are compared with the resonant behavior of the
sheet for twaln, 0) zigzag nanotubes: (a) The (10,0) nanotube whichradial breathing mode and are related to the theoretical
has sgmicondgcting behavior,.and (l_)) the.(9,0) nano_tube which haﬁredictions that have been made for the phonon spec-
Q‘;ﬁ”;g&:‘;‘]’f;‘h@:ﬁ) é@%"gg |2utr%i)fllgure Is the density of states fory ) and the electronic density of states for the carbon
nanotubes. Specifically, we find the appearance of new

: : ._high-frequency modes in the spectra obtained with laser
scattering process, which can be understood by referrlngnergiesElaser ~ 1.9 eV, which were not present in the

to Fig. 2 which shows the frequency dependence of th . . . )
various Raman-allowed modes for armchair nanotube pectra obtained with hllgher and Iowgr laser energies.
hese modes are ascribed to metallic nanotubes, and

as a function of nanotube diameter. X e
their enhancements are due to the resonance of the inci-

This diameter-selective Raman scattetirig partic- dent phot ith the | . lectronic fransii
ularly important for the Raman band at about 180 ém ent photon wi € lowest enérgy electronic transition
for the metallic nanotubes, which occurs at approxi-

which is associated with the radial breathing mode

(RBM) of the carbon nanotube. According to theoretical™ately 1.9 eVin the case of the SWNT's present in our
predictions2312 the frequency of the RBM is inversely sample. This result gives, for the first time, experimental

proportional to the tube diameter and independent o?"‘def?ce for diffe_rences k_)etween the phonon spectra for
chirality. In a sample containing tubes with a distribution metallic and semiconducting nanotubes and the influence

of different diameters, the RBM Raman band arounoOf the conduction electrons on the phonon frequencies

180 cm! is, in fact, composed of a superposition of of the metallic tubes.

single peaks associated with individual nanotubes. The

intensity of each one of these peaks is enhanced when the EXPERIMENTAL DETAILS

photon energy of the excitation laser is in resonance with  The SWNT’s have been synthesized by the laser va-
an allowed optical transition between singularities in theporization of a carbon target containing 1 to 2 atom % of
1D density of electronic staté3Since the energy differ- Ni/Co in a furnace at 1200C 3! The resultant material
ence between singularities in the valence and conductioils composed of a mat of carbon ropes, and a typical rope

(a) (n,m)=(10,0) ] [
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— 1.0 — FIG. 2. The armchair inder versus mode frequency for the Raman-
e active modes of single-wall armchdir, n) carbon nanotube:é. For
§_ armchair nanotubes, the diameter is givendhy= 1.38 X n A.
o
o bands depends on the nanotube diameter and chirality,
9 each laser line preferentially probes specific nanotubes.
2 05 - ] Therefore, the frequency and the shape of the RBM band
3 in a multicomponent sample change when the sample is
g probed with different laser lines.
B, In this work we will focus on the analysis of the
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O
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is seen in the transmission electron microscope (TEM) asolled-up nanotube cylindér.The number of carbon
a bundle of SWNT’s 10 to 20 nm in diameter and 10 toatoms in the 1D unit cell (2N) depends on the tube di-
100 um in length!! The nanotube diameter distribution ameter and on the chiral anglg which is also deter-
obtained from the TEM contrast image for our samplemined by the values af andm.> However, the number
exhibits a peak at about 1.24 nm, and is very close to thef Raman-active modes does not depend on the tube
diameter of the armchair (9,9) nanotube. The width ofdiameter, but only on the type of nanotube. According
the distribution is consistent with the range of diameterdo Table I, 16 Raman-active modes are expected for all
between 1.0 and 1.6 nm. However, the mean diametaarmchair (n,n) nanotubes whem is even, and 15
was also determined by x-ray diffraction and was neaRaman-active modes are expected for all the other
that of a (10,10) nanotulfe'! Recent results suggest that nanotube type$®
the tube diameter distribution is sensitive to the oven In the present work, we discuss the laser excitation
temperature used in the synthe$is. frequency dependence of the radial breathing mode
Raman scattering experiments were performed afRBM) near 180 cm' and the Raman-active modes
ambient conditions using a backscattering geometry fobetween 1500 and 1600 chassociated with the tan-
the following laser excitation lines: krypton 647.1 nm gential displacement C—C bond stretching motions of
and 406.7 nm (1.92 eV and 3.05 eV); argon 514.5 nmthe nanotube (see Fig. 2). The radial breathing mode
488 nm, and 457.9 nm (2.41 eV, 2.54 eV, and 2.71 eVbelongs to the identity representatiaf;{ or A;) and,
respectively); He—Ne 632.8 nm (1.96 eV); Nd:YAG according to theoretical predictions, its frequency is
1320 nm and 1064 nm (0.94 eV and 1.17 eV); and annversely proportional to the tube diameter, without any
AlGaAs diode 780 nm (1.59 eV). The spectral resolutionchirality dependencé® Theoretical calculations show

of the Raman systems was better than 2 tm that the high frequency Raman-active modes associated
with the tangential C—C bond stretching motions have
ll. SYMMETRY ANALYSIS Ayg, Eyg, andE,, (@armchair and zigzag) [of,, E;, and

The symmetry of a carbon nanotube is given by i'[sgf2 F(;;':T']raama?{/i\%m;zg; gztiv;r:gufsngéeznzng6gg£2krfr
chiral vectorna; + ma,, or (n, m), wherea; anda, are

the unit vectors in the two-dimensional (2D) hexagonalder)end on the diameter qnd chirality of the nanotube,
honeycomb lattice of a graphene sheet, andnd m and for the case of armchdit, n) nanotubes, on whether

are integer$?® Three types of nanotubes are possible,n is even or odd. Therefore, _sgveral different mod_es are
depending on the value 6f, m): the armchair nanotubes expected in a sam_plg containing nanotubes of different
wheren = m, zig-zag nanotubes where = 0, and chi- types. However, within each type of nanotube, the three
ral nanotubes where # m # 0. A nanotube is metallic highest frequency modes between 1560 and 1600‘.cm

whenn — m is divisible by 3; otherwise it is semicon- are expected to be very weakly dependent on the dl.ame-
ducting. All armchair nanotubes are metallic, while theter of the nanotube, by perhaps an order of magnitude

zig-zag and chiral nanotubes can be metallic or semilcSs than for the case of the diameter dependence of

conducting. The armchair and zig-zag nanotubes belonﬁle radial breathing mode. In addition, the tangential

to the centro-symmetri®,,, andD,,; groups, depending odes near 1530 crh with E,, or E>, (Ei O o)
on whethern is even or odd, respectively. The chiral symmetry are expected to show a diameter dependence

nanotubes belong to the, nonsymmorphic group. of their mode frequencies that is mtermedlate between
The diameter of the nanotube is related to (hen) that for the rrlti)des near 180 chand in the range
values by 15(_50—1600 cmt, as can, for exa_mple, be seen in Fig. 2
which shows the calculated diameter dependence of
d=avn? + m? + nm/7, (1) the Raman-active modes for armchair nanotffethe
same kind of diameter dependence of the Raman-active
where the lattice constant on a graphene shegtaken RBM and the modes in the 1500-1600 ¢mrange
to be 2.46A on a flat graphite sheet and 2.49on a  occurs for zigzag and chiral nanotulSes.

TABLE I. Number and symmetries of Raman-active modes for different types of carbon nanotubes.

Nanotube structure Point group Raman-active modes IR-active modes
Armchair (n, n) n even D, 4A1, + 4E1, + 8Ey, Ay, + TE,
Armchair (n, n) n odd D, 3Ai, + 6E, + 6Ey, 245, + 5E1,

Zigzag (n,O) n even D, 3A1g + 6E1g + 6E2g 2A,, + S5Ey,
Zigzag(n,0) n odd D,y 3A;, + 6E1, + 6E;, 24A,, + 5Eq,

Chiral (n,m) n* m%*0 Cy 4A + 5E| + 6E; 4A + S5E,
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IV. RESULTS

Figure 3 shows the high frequency Raman banc
associated with the tangential C—C stretching modes ¢
the SWNT’s, obtained with different laser lines from
0.94 < Ej,: < 3.05 eV. Note that the spectra obtained
for E.s: in the ranges 0.94—-1.59 eV and 2.41-3.05 eV
are quite similar, whereas the spectrum obtained witt
Ense:r = 1.92 eV is completely different, as previously
reported by Racet all?

Let us first discuss these high frequency Ramar
bands obtained with the laser excitation in the range:
0.94-1.59 eV and 2.41-3.05 eV. We note that thes:
spectra are not sensitive to the laser excitation energ
El.s:- Figure 4 shows the fitting of one of these typical
bands(E.s.. = 2.41 eV) by a sum of Lorentzian lines.
At least six different peaks are necessary to give ¢
good fit to the experimental data, and their frequencie:
are 1522, 1547, 1563, 1570, 1591, and 1600 cnAll
the other high frequency Raman bands obtained in th
laser energy ranges 0.94-1.59 eV and 2.41-3.05 €
are similar and have been fitted using the same set ¢
frequencies (with small variations of2 cm™?). The
fitting parameters obtained from the analysis are givel
in Table Il. We tentatively identify Raman lines #6,

3-05 eV /QO'\-‘:.-. ‘0..‘.‘\
2.71eV 4/\;& \ |
2.41eV jf\f ¥_
1.92 eV

1.59 eV

1.17 eV N |
0.94 eV /. ."\_‘__

| | 1l 1 |

1450 1500 1550 1600 1650

Raman shift (cm™)

E

1 i ] 1 L]

1600 1650 1700

1400 1450 1500 1550

Raman shift (cm'1)

FIG. 4. Raman band associated with the C—C stretching modes
of single-wall carbon nanotubes obtained using the laser excitation
energy 2.41 eV. The dotted curves represent the individual Lorentzian
components, and the solid curve represents the fit to the experimental
data. The values of the fitting parameters are given in Table II.

7, and 9 which have relatively small linewidths with
the calculated modes between 1560 and 1600'¢m
which theory predicts to have very little dependence
on nanotube diameter as shown in Fig. 2 for the arm-
chair nanotubes. The broader lines at 1522 trand
1547 cm'! are identified with modes which are expected
to exhibit an intermediate diameter dependence in their
mode frequencies, as shown in Fig. 2. We do not at
present have a clear explanation for the larger linewidth
of Raman line #10 at 1600 cm, which may be due to

a superposition of unresolved Raman lines.

Figure 3 shows that the high frequency Raman
band obtained with the 1.92 eV laser excitation is
completely different from all the other spectra. The
spectrum obtained with laser excitation at 1.96 eV, and
not shown in Fig. 3, is very similar to that obtained with
Ensee = 1.92 eV. Itis clear that new components appear
in the spectrum using the 1.92 eV laser excitation. The
anomalously shaped Raman band in Fig. 3 has also
been fitted by means of a sum of Lorentzian peaks
and the procedure adopted was the following. First, we
found that the six lines used to fit the Raman spectra

FIG. 3. Raman spectra of the tangential C—C stretching modes ofor the 0.94—1.59 eV and 2.41-3.05 eV laser excitation

single-wall carbon nanotubes obtained with different laser lines.

J. Mater. Res., Vol. 13

energies were also present in the 1.92 eV laser excitation
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TABLE Il. Frequencies ) and full-width at half-maximum intensityy() of the Lorentzian curves used to fit the bands associated with the
C—-C stretching modes of carbon nanotubes, obtained with different laser excitation energies. The units arfe in cm

Laser excitation 0.94 eV 117 eV 159 eV 1.92 eV 1.96 eV 241 eV 2.54 eV 2.71 eV 3.05 eV

o Y w Y w Y o Y w Y w Y o Y o Y w Y

Line #1 B 1515 42 1513 32

Line #2 1522 24 1523 24 1519 24 1522 24 1522 24 1522 24 1522 16 1522 24 1522 24
Line #3 1540 32 1537 30 e e e

Line #4 1547 23 1549 18 1545 24 1547 16 1549 15 1547 16 1549 16 1548 16 1546 20
Line #5 cee e 1558 20 1558 14 e,

Line #6 1564 12 1563 14 1564 12 1563 14 1563 12 1563 14 1563 12 1564 12 1564 14
Line #7 1570 10 1570 11 1570 8 1570 9 1570 8 1570 8 1571 8 1570 8 1571 8
Line #8 cee e 1581 17 1581 18 e e e

Line #9 1591 18 1592 15 1592 15 1591 13 1593 12 1591 12 1593 12 1593 11 1594 12

Line #10 1603 33 1600 28 1603 30 1600 25 1601 26 1600 24 1601 26 1599 19 1600 22

spectrum. Therefore, we kept this set of six Lorentziar
peaks using an average of the frequencies, linewidth E
and relative intensities for these six components fromn
Table Il. We then introduced the minimum number of
new Lorentzian peaks necessary to fit the high frequenc
Raman band for the 1.92 eV laser excitation spectrurr
Figure 5 shows the result for the best fit that was
obtained. The dot-dashed curve in Fig. 5 represent
the set of six peaks used to fit the bands obtained in th
ranges 0.94-1.59 eV and 2.41-3.05 eV (see Fig. 4
the dotted curves represent the four new Lorentzial
peaks, and the solid curve is the sum of all the
Lorentzians needed to fit the experimental data. Th
values of the Lorentzian parameters (frequencies an
FWHM's) used in the fitting are given in Table Il. The
frequencies of these four extra peaks are 1515, 154
1558, and 1581 cnt. We believe that it is significant
that each of the new peaks shows about the sarr
downshift in frequency with respect to a peak found
in the spectra at all other laser frequencies. Thus th
new peaks at 1515, 1540, 1558, and 1581 trare,
respectively, identified with peaks in the dot-dashec : ! L 1 .
curve at 1522, 1547, 1563, and 1591 ¢mWe return 1400 1450 1500 1550 1600 1650 1700
to the djscusgipn _of these frequency shifts and thei Raman shift (cm™)
relative intensities in Sec. V.

Figure 6 shows the Raman band associated with thEIG. 5. Raman band associated with the C-C stretching modes
radial breathing mode (RBM) of the SWNT'’s obtained of single-wall carbon nanotubes obtained using the laser excitation

- . . . energy 1.92 eV. The dot-dashed curve represents the set of six peaks
with different laser lines, ranging from 1.17 to 2.71 eV used to fit the bands obtained using laser excitation energies in

in energy. Note that, in contrast to the case of the highne ranges 0.94-1.59 eV and 2.41-3.05 eV (see Fig. 3), the dotted
frequency modes, the band shapes are completely diffeturves represent the four new Lorentzian peaks, and the solid curve is
ent from one laser line to another, as first pointed out byhe fitting of the experimental data. The values of the fitting parameters
Raoet al* This result is consistent with the fact that the are given in Table Il.

sample contains carbon nanotubes with different diame-

ters and that the frequency of the RBM depends stronglpy means of a sum of Lorentzian peaks, as shown by the
on the nanotube diameter. The shape of the RBM bandotted lines in Fig. 6. Obviously, there are different sets
depends on the relative populations of each nanotubef parameters that can fit the Raman bands equally well.
type that is in resonance at the particular excitation freWe therefore adopted some restrictions on the fitting pro-
guency. All the observed RBM bands have been fittedcedure in order to find the best set of parameters that is

=1.92 eV

faser
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Eyppo = 241 €V

E,..=159 eV

E,.. =192eV

140 160 180 200 220 140 160 180 200 220
Raman shift (cm™) Raman shift (cm™)

FIG. 6. Raman spectra of the radial breathing mode (RBM) of single-wall carbon nanotubes collected with six different laser lines:
Epnser = 1.17 €V, 1.59 eV, 1.92 eV, 2.41 eV, 2.54 eV, and 2.71 eV. The dotted curves represent the individual Lorentzian curves and the
solid curve represents the fit to the experimental data. All Lorentzian curves have the same linewidth, that is,=F @/ L.

compatible with the theoretical principles and also withhalf-maximum (FWHM) of the Lorentzians was taken
experimental results obtained from other techniquesto be 8.4 cm?, which is a typical value for the width

All Lorentzian components were given the same widthof phonons in crystals (where we note that the sample
(~8.4 cn’!) since the damping constant for the RBM is a bundle of SWNT’s arranged in a two-dimensional
is not expected to be strongly dependent on the nandriangular lattice).

tube diameted for 1.0 nm=< d < 1.6 nm. The second According to theoretical predictiorts;® the value
constraint in the fitting process was to find the mini-of the frequency of the RBM for SWNT's is inversely
mum number of phonon frequencies that fitted all theproportional to the nanotube diameter and independent
different Raman bands equally well. The frequencies obf chirality. Bandowet al!? calculated the RBM fre-
most of these individual peaks were obtained directlyquencies for all types of SWNT's, and found that all
from inspection of the maxima in each Raman band. Allfrequencies fall on the straight line(d) = 223.75/d,

six RBM Raman bands shown in Fig. 6 were then fit-where » is in units of cm* andd is in units of nm.

ted by fixing the positions of the individual peaks, all Considering that the observed peaks occur in the range
of which were given the same width. Table Il shows (155—-205 cm?), the application of the above expression
the frequencies of the peaks used to fit the six differenshows that the observed tubes have their diameters in
Raman spectra shown in Fig. 6. Note that these valthe range (1.09-1.44 nm) and that the center of the
ues can be grouped in a set of 12 different frequenciedistribution of the observed frequencies corresponds to
(with small variations of+1 cmt). The full-width at a mean diameter around 1.25 nm. These values are
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TABLE lIl. Frequencies (in cm?') of the Lorentzian curves used to fit the bands associated with the radial breathing mode (RBM) of carbon
nanotubes, obtained with different laser excitation enefyjies.

Laser excitation 1.17 eV 1.59 eV 1.92 eV 241 eV 2.54 eV 271 eV
Line #1 e 155
Line #2 158 158 e e
Line #3 164 164 e 164 164
Line #4 168 169 168 e 168 e
Line #5 172 172 172 172 e 173
Line #6 178 178 e 178 177 178
Line #7 182 182 183 182 182 182
Line #8 188 188 e 187 187 188
Line #10 195 194 194
Line #11 199 198
Line #12 205 205

a8The RBM bands obtained with the 0.94 eV and 3.05 eV laser lines were not analyzed because the signal was very faint and noisy.

compatible with the TEM resuftson this sample, which of states curves for armchair, zigzag, and chingttallic
show a range of diameters between 1.0 and 1.6 nm, aritAnotubes with approximately the same diameter are

the mean diameter for this sample is consistent with théimilar, with the smallest energy separatioffs,; —
(9,9) nanotube. E,) betweenE "> DOS singularities above and below

the Fermi level for metallic nanotubes between 1.1 and
1.6 nm occurring for energies between 2.3 and 1.6 eV,

V. DISCUSSION respectivelyt* These calculations further show that the

We first focus our discussion on the resonant beseparations between the second pair of singularities
havior of the high frequency modes in the range 15004E., — E,,) are greater than 3 eV for these SWNT's,
1600 cn1!. Figure 3 shows that, with the exception of wherev andc refer to the valence and conduction bands.
the band obtained with laser excitation at 1.92 eV, thd-ikewise forsemiconductingigzag and chiral nanotubes
Raman spectra obtained with several different laser linesf similar diameter, the 1D density of states curves are
are quite similar. This kind of behavior is consistent withsimilar to each other but different from those for the
theoretical predictions concerning the weak dependenceetallic nanotubes (see Fig. 1). The calculations show
of the tangential C—C stretching mode frequencies bethat semiconducting SWNT’s with diameters between
tween 1560 and 1600 crh on the nanotube diameté?. 1.1 and 1.6 nm have an energy g&fl eV, and at least
We note that the Raman spectra for all laser lines ar¢hree singularities occur in the 1D density of states in the
dominated by the modes near 1590 ¢émThe mode Vvalence and conduction bands, whose energy separations
frequencies near 1540 cr which according to Fig. 2 E.; — E,; are smaller than 3 eV, so that several different
show more diameter dependence, are typically verpptical transitions with energies smaller than 3 eV are
weak except for the spectrum fék,,.. = 1.92 eV. The possible for each of the semiconducting SWNT's. Here
interesting result is the important change in the Ramaithe subscripts andj refer to the order of the singularities
intensity of the modes near 1540 chas the laser relative to the Fermi levelEr, so that(E., — E,)
excitation energy approaches 1.9 eV. corresponds to the lowest optical transition energy.

Although the origin of these new extra Raman peaks The theoretical predictions about the peaks in
is not yet well understood, we present here a proposethe electronic DOS have been recently confirmed by
explanation which accounts for most of our observationsscanning tunneling spectroscopy (STS) experiments in
We argue that these new peaks may be attributed to @WNT’s® Wildoer et al. showed that the semicon-
particular type of carbon nanotube, for which the Ramarducting SWNTSs with diameters in the range 1.2—-1.4 nm
spectrum is enhanced only by using exciting laser enerexhibit electronic gaps around 0.5-0.65 eV, whereas the
gies close to 1.9 eV. It is well known that the electronicmetallic SWNTs exhibit larger “gaps” of1.7-2.0 eV
density of states (DOS) for the semiconducting SWNT’scorresponding to the energy separatiGb,, — E,;)
has a larger number of singularities within 1.5 eV of between the first pair of DOS singularities in the valence
the Fermi level than for the metallic nanotutfe$his and conduction bands, as calculated by Charlier and
is illustrated in Fig. 1 for the case of zigzag nanotubesLambin** and by Saitd?
According to recent calculatiots**® it is shown that The resonant enhancement of the Raman modes
within about+1.2 eV of the Fermi level, the 1D density in SWNT's was examined theoretically by Richter and
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Subbaswamy?® who showed that enhancement occursdent on the photon energy of the exciting laser and on the
each time the incident or scattered photon is in resonand€lative populations of the various nanotube diameters.
with an allowed optical transition; — ¢, from singular-  The resonant behavior of the high frequency band in
ity j in the valence band density of states to singularitythe range 1500—1600 crhis quite different from that

i in the conduction band density of states. Thereforefor the low frequency band near 180 chn The Raman
the Raman spectrum of the semiconducting SWNT'sspectra for the high frequency band obtained with six
can be easily enhanced using different laser energidgser excitation energies in the ranges 0.94-1.59 eV
in the range 1-3 eV, since sevengl — c; transitions and 2.41-3.05 eV are quite similar, in agreement with
can occur in this energy range. On the other hand, ththe theoretical predictions concerning the weak diameter
resonant enhancement of the Raman cross section for tikependence of the tangential C—-C stretching modes.
metallic SWNT’s is more selective, and should occur forHowever, the high frequency spectra collected with
the nanotube diameters contained in our sample only fogxciting laser energies close to 1.9 eV are completely
thev, — ¢, transition, which corresponds, in the presentdifferent, and reveal an enhancement of the cross section
case, to energies close to 1.9 eV. According to Richtepf new Raman modes, not present in the spectra for the
and Subbaswamy, the resonant Raman enhancementother laser lines.

for the armchair nanotubes due to the— ¢, or v, — The experimental results are tentatively interpreted
¢, transitions is much smaller than that for the— ¢, in terms of the difference of the electronic density of
or v, — ¢, transitions. To interpret our experimental states (DOS) for the semiconducting and metallic carbon
results, we also assume that the Raman intensity for Banotubes. The DOS for the semiconducting nanotubes
given vibrational mode under resonance conditions igxhibits several singularities close to the Fermi level,

much greater than off-resonance. and, in principle, several different electronic transitions
Therefore, a tentative explanation for the differencein the energy range 0.94-3.05 eV can occur for a
between the Raman spectrum obtained with,, =  Semiconducting nanotube with a given diameter. More-

1.92 eV (and also theE ), = 1.96 eV spectrum) from OVer, the separation in energy for a given electronic
the spectra using lasers of different energies (see Fig. 3§ansition decreases with increasing diameter. Therefore,
is that the peaks that appear in all the Raman spectif @ sample containing a distribution of semiconducting
are mostly associated with resonant Raman effects jpanotubes with different diameters in the 1.0 to 1.6 nm
the semiconducting SWNT'’s, whereas the new Ramafiange, there is a high probability for each incident photon
peaks present in the 1.92 eV laser excitation spectruriN€rgy to be in resonance with allowed optical transitions
are mostly ascribed to the metallic SWNT's. In thefor several different semiconducting nanotubes, thus
Ener = 1.92 eV Raman spectrum, the dot-dashed con€nhancing the cross section of their Raman peaks. On
tribution (see Fig. 5) may be tentatively attributed tothe other hand, the DOS for a metallic nanotube exhibits
semiconducting nanotubes. The downshift of 7 ém only a few singularities close to the Fermi level. Recent
in the frequencies of the phonons associated with thécanning tunneling spectroscopy (STS) experinténts
metallic SWNT’s discussed in Sec. IV may be attributedShow that the lowest energy separations between singu-
to a coupling between the conduction electrons and thirities in the valence and conduction bands for metallic
phonons. The large linewidths associated with lines #SWNT's are between 1.7 and 2.0 eV, for nanotubes
and 3 are attributed to the tube diameter dependend@epared by the same basic techniuEherefore, the

of these mode frequencies, consistent with Fig. 2. Théesonant enhancement of the Raman peaks is much
reason why lines #1 and 3 have such large intensities fdflore Selective in the case of metallic nanotubes, and

the metallic nanotubes is not understood and remains afftould occur only for laser energies in approximately the
open question. same energy range for the nanotube diameters contained

in our samples. According to this interpretation, the
new Raman bands observed at 1515 &ni540 cm?,
VI. CONCLUSION 1558 cnt! and 1581 cm! using the 1.92 and 1.96 eV
In this work we presented a detailed analysis of thdaser excitation energy are mostly associated with the
Raman bands associated with tangential C—C stretchingetallic carbon nanotubes, whereas the other peaks in
modes in the range of 1500—-1600 chrand the radial this spectrum and for the spectra at other laser energies
breathing mode (RBM) near 180 ¢t of a sample may be attributed to semiconducting nanotubes. The
containing single-wall carbon nanotubes (SWNT) withlarge linewidth of the new Raman lines at 1515¢m
diameters between 1.0 and 1.6 nm using different lasesnd 1540 cm? is attributed to the dependence of these
lines between 0.94 eV and 3.05 eV. The RBM bands arenodes on nanotube diameter. Th&@ cm™* downshift of
quite broad and each one is clearly composed of sever#éhe new modes relative to modes found at other laser en-
different individual peaks with a FWHM linewidth of ergies (and associated with semiconducting nanotubes) is
~8 cm, whose relative intensities are strongly depen-attributed to a coupling between the conduction electrons
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and the phonons in the metallic nanotubes that give risREFERENCES

to a mode softening. 1
Finally, it should be mentioned that experiments on 5
SWNT samples with a smaller diameter distribution or
measurements on an individual SWNT will allow the
verification of the above interpretation concerning the 3-
difference in the Raman spectra of metallic and semi-
conducting nanotubes, as well as the association of each
RBM peak with a particulatn, m) carbon nanotube. 5,
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