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Second-order resonant Raman spectra of single-walled carbon nanotubes
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An analysis of the second-order resonant Raman spectra of single-walled carbon nanotubes using different
laser energies in the range 1.58–2.71 eV is presented. Major emphasis is given to the overtones and combi-
nation modes associated with the two dominant features of the first-order spectra, the radial breathing mode
and the tangential mode. Both of these modes, as well as their second-order counterparts, are associated with
resonant enhancement phenomena arising from electron-phonon coupling to the unique one-dimensional den-
sity of electronic states for the single-wall carbon nanotubes.
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I. INTRODUCTION

The second-order Raman spectra of single-wall car
nanotubes are unique relative to other crystalline system
exhibiting features associated with resonant enhancem
phenomena arising from the unique one-dimensional~1D!
density of electronic states for carbon nanotubes. Th
second-order spectra are therefore selective of specific
bon nanotubes, just as it occurs for the first-order spectra1–3

This paper focuses on the unique behavior of overtones
combination modes in the second-order Raman spectra a
ciated with the dominant features in the first-order spec
which exhibit strong resonant coupling to the 1D density
electronic states. Other features in the second-order spe
not associated with the 1D resonant Raman scattering
cess, are briefly summarized here but are reported in d
elsewhere.4

Figure 1 shows the first-order and second-order featu
in the Raman spectra for single-wall carbon nanotubes ov
broad range of phonon frequencies for three laser excita
energiesElaser. Since the relative intensities of the variou
features in Fig. 1 are dependent on the laser excitation
ergy, resonant Raman effects are as important in the ana
of the second-order spectra as they are for interpreting
first-order spectra.

The origin of the unique behavior of the second-ord
resonant Raman processes follows from the well-establis
features in the first-order spectrum of single-wall carb
nanotubes, which are directly related to the 1D density
electronic states shown in Fig. 2 forg053.0 eV,1 whereg0

is the nearest neighbor carbon-carbon overlap energy.6 Since
prior plots of the energies for the van Hove singularitie1

were made at much too low a value ofg0 to fit our experi-
PRB 610163-1829/2000/61~11!/7734~9!/$15.00
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mental results, Fig. 2 is useful for explaining the Ram
spectra reported in this paper.

The two dominant features in the first-order Raman sp
tra for single-wall carbon nanotubes~see Fig. 1! are the ra-
dial breathing modes~located in the 150– 200-cm21 range!
and the tangential modes~located in the 1530– 1610-cm21

range!. Both of these features in the first-order Raman sp
tra are resonantly enhanced when the laser excitation en
(Elaser) is equal to the energy separation between a singu
ity in the 1D electron density of states in the valence a
conduction bands, such as theEii energy separations~be-

FIG. 1. First- and second-order Raman spectra for carbon n
tubes over the broad phonon frequency range 100–3700 cm21 for
Elaser51.96, 2.19, and 2.41 eV.
7734 ©2000 The American Physical Society



n

ta
h
on

r
er
-

th
o

an

lo

r-

fo

.

d-
ere-
ited
be

nd-
trate
rder
in all
the
ho-
xes
nt
the
the

ing
on

, a

s

Ra-

dial
ith
nd-

the
ects

i-
en
i.

en

ns

ub
l-

t-

no-
The

peri-
of

PRB 61 7735SECOND-ORDER RESONANT RAMAN SPECTRA OF . . .
tween thei th conduction band singularity and thei th valence
band singularity!, Eii 5E11,E22, . . . , shown in Fig. 2. A
summary of all theEii energy separations for all (n,m)
nanotubes up to a nanotube diameter of 3.0 nm is give
Fig. 3. A similar figure was first published by Katauraet al.7

for g052.75 eV, but the plot presented here is forg0
52.90 eV,8 which provides a better fit to our Raman da
Resonant enhancement occurs not only for the incident p
ton but also for the scattered photon, so that the conditi
for resonant Raman scattering includeElaser5Eii and Elaser
5Eii 1\vphonon for the Stokes process. The window fo
resonance Raman scattering for the incident and scatt
light is shown in Fig. 3 for the 1.4960.20 mn diameter nano
tubes used in the present measurements.

Figure 3 also shows that the electronic transition from
highest energy singularity in the valence band density
states to the lowest energy singularity in the conduction b
density of states for the metallic nanotubes~open circles! at
constant nanotube diameterE11

M (dt) has a width, and this
width is associated with trigonal warping effects8 arising
from the noncircular constant energy surfaces that deve
with increasing wave vector away from theK point in the
Brillouin zone. This trigonal warping effect is most impo
tant for zigzag nanotubes~see Fig. 2! and least important for
armchair tubes, for which a simple analytical expression
E11

M (dt) can be written as

E11
M~dt!56aC-Cg0 /dt , ~1!

whereaC-C is the nearest neighbor carbon-carbon distance
should be mentioned that Eq.~1! is only valid for chiral and
zigzag nanotubes in the limit of largedt .

FIG. 2. Electronic 1D density of states~DOS! calculated with a
tight binding model for~8,8!, ~9,9!, ~10,10!, ~11,11!, and ~12,12!
armchair nanotubes and for~14,0!, ~15,0!, ~16,0!, ~17,0!, and~18,0!
zigzag nanotubes.~Ref. 5! Wave-vector conserving optical trans
tions can occur between mirror image singularities in the 1D d
sity of electronic states of the valence and conduction bands,
v1→c1 andv2→c2, etc. These optical transitions, which are giv
in the figure in units of eV and are denoted in the text byE11,E22,
etc., are responsible for the resonant Raman effect. The 1D de
of electronic states for chiral nanotubes (n,m) tends to be similar to
the results shown here for the zigzag nanotubes. Metallic nanot
require that 2n1m53q, whereq is an integer. The DOS was ca
culated forg053.0 eV.
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Since the energy separationsEii (dt) in Figs. 2 and 3 are
strongly dependent on the diameterdt of the nanotubes, a
change in the energy of the incident laser beamElaser results
in the resonant Raman excitation ofdifferentnanotubes. Fur-
thermore,\vphonon can be as large as 0.4 eV for secon
order scattering processes for the tangential modes. Th
fore, the specific nanotubes in a given sample that are exc
in the first-order Raman scattering process are likely to
different from the nanotubes that participate in the seco
order scattering process. In this paper, we also demons
the importance of the scattered photon in the second-o
Raman spectra. Since the scattered photon propagates
directions, it is expected to couple resonantly to more of
randomly oriented carbon nanotubes than the incident p
ton, which couples most strongly to nanotubes whose a
are aligned along the optical electric field of the incide
beam. Thus the probability of an optical resonance with
scattered beam is expected to be higher than that for
incident beam.

Regarding the first-order spectrum, the radial breath
mode frequencyvRBM for an isolated nanotube depends
the nanotube diameterdt in accordance withvRBM}1/dt ,
independent of the chirality of the nanotube. Therefore
variation ofElaserresults in a variation of the observedvRBM
due to selective resonance withdifferent nanotubes, as ha
been studied extensively by many authors.1,3,9–15 Since the
radial breathing mode is observed in the second-order
man spectrum as both a harmonic~overtone! and as a com-
bination mode, the special resonant features of the ra
breathing mode in the first-order spectrum associated w
the 1D density of electronic states also affects the seco
order spectrum in important ways, as discussed below.

The characteristic features of the tangential modes of
first-order spectrum are also due to resonant Raman eff

-
e.,

ity

es

FIG. 3. Calculation of the energy separationsDE5Eii (dt) for
nanotubes with all (n,m) indices~Ref. 16! as a function of nano-
tube diameter in the range 0.7,dt,3.0 nm@based on prior work of
Kataura et al. ~Ref. 7!#. The calculation is based on the tigh
binding model withg052.90 eV ands50, wheres is the tight-
binding overlap integral. The semiconducting and metallic na
tubes are indicated by crosses and open circles, respectively.
filled squares denote the zigzag tubes. The inset shows the ex
mental range ofElaser, which is resonant with metallic nanotubes
diametersdt51.4960.20 nm ~square points! and dt51.3760.18
nm ~solid curve! ~Ref. 2!.
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associated with singularities in the 1D electron density
states, but the tangential mode spectra have character
that are different from those of the radial breathing mod
Results for the first-order resonant Raman spectra for
tangential modes for the sample used in the present s
~diameter distributiondt51.4960.20 nm! are presented in
Fig. 4 for nine different laser excitation energies. Since
tangential modes of single-wall carbon nanotubes have o
a very weak dependence on nanotube diameter,3,16 the char-
acteristic features of the Raman spectra for the tange
band over a wide range ofElaser in Fig. 4 (Elaser51.49 eV
and 2.19<Elaser<2.71 eV! are essentially independent o
Elaser.

2 However, in the range of 1.58<Elaser<1.96 eV, ad-
ditional features in the first-order resonant Raman spectra
the tangential band are observed. In addition, the Ram
spectra for the range 1.58<Elaser<1.96 eV show extensive
broadening. We attribute these additional features and
line broadening effects to laser-induced electronic re
nances involvingmetallic nanotubes and to the coupling b
tween phonons and conduction electrons in meta
nanotubes.2 For the particular nanotube sample used in
present work, the diameter distribution is determined to
dt51.4960.20 nm based on the proportionality constant c
culated using the results of transmission electron microsc
~TEM! and Raman spectroscopy (vRBM for the radial breath-
ing mode! measurements made at manyElaser values in the
present study on the nanotubes used in Ref. 2 (dt51.37
60.18 nm!. Therefore, we infer that the nanotubes used
this study are;9% larger. Consequently, the resonant en
gies for the metallic window for the 1.49-nm diamet
sample are lowered with respect to that for the 1.37-nm
ameter sample, as can be seen from the inset to Fig. 3, w
gives a comparison between the metallic windows for

FIG. 4. First-order Raman spectra for the tangential mo
~1500–1650 cm21) taken for nine laser excitation energies. A
lower frequencies~1300–1350 cm21) the D-band feature is ob-
served, and at higher frequencies near 1750 cm21 a combination
mode is seen for some values ofElaser.
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two samples, plotted in terms of the normalized intensity
the dominant Lorentzian component for the metallic nan
tubesĨ 1540 vs Elaser discussed below. In both cases the fit
the metallic window of the nanotubes yielded a value ofg0
52.9560.05 eV, which is consistent with the values ofg0
used in the calculations by Charlier5 for Fig. 2 ~3.0 eV! and
by Saito8 for Fig. 3 ~2.9 eV!. Therefore, the first-order reso
nant Raman spectra associated with the tangential mode
the 1.49-nm nanotube sample are somewhat different in
tail from the spectra shown in Ref. 2 for the 1.37-nm nan
tube sample. The first-order spectra presented in Fig. 4 a
be compared with the second-order spectra for the s
sample, which are presented below.

A line-shape analysis of the spectra in Fig. 4 is repor
here and a summary of the peak frequencies and linewi
of the main components of the first-order tangential band
given in Table I for fourElaser values. The results show tha
the same dominant Lorentzian components are found in
spectra taken at 2.19, 2.41, 2.54~not shown in Table I!, and
2.71 eV, showing similar peak frequencies, linewidths, a
relative intensities. Also, three additional, intense bro
components are found in the spectra forElaser
51.58,1.83,1.92, and 1.96 eV~see Table I for the additiona
spectral components atElaser51.96 eV!. The broad features
at 1515 cm21 and 1540 cm21 and the narrower feature a
1581 cm21 are identified with metallic nanotubes.2 For the
1.49-nm diameter sample, the normalized intensity of
feature at 1540 cm21 associated with metallic nanotubes is
maximum forElaser;1.8 eV ~see inset to Fig. 3!, and here
the normalization ofĨ 1540 is done with respect to the inten
sity of the 1592-cm21 feature, which is the most intens
Lorentzian oscillator associated with semiconducting na
tubes.

Figure 4 also shows the presence of a Raman band
1330 cm21, which occurs at about the same frequency as
D band in disordered and small crystallite sizesp2 carbons.

TABLE I. A summary of the peak frequencies and linewidt
~in cm21) of the main components of the tangential modes (v tang)
~see Fig. 4! and their overtones (2v tang) ~see Fig. 6! of the single-
wall carbon nanotubes, for selected values ofElaser.

Elaser 1.96 eV 2.19 eV 2.41 eV 2.71 eV
Line v g v g v g v g

v tang

no. 1 1515 50 — — —
no. 2 1540 44 — — —
no. 3 1564 27 1567 33 1567 18 1567 21
no. 4 1581 18 — — —
no. 5 1591 16 1592 9 1592 9 1592 11
no. 6 1601 36 1599 22 1599 18 1599 20

2v tang

no. 1 3082 87 — — — — —
no. 2 3122 55 3119 55 — — —
no. 3 3153 49 3150 49 3141 32 3153 32
no. 4 3178 40 3172 45 3166 47 3181 38
no. 5 3203 34 3201 38 3195 54 3216 51

e
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The D band in single-wall carbon nanotubes has a large
persion in peak frequency as a function ofElaser, as well as a
strong dependence of its intensity onElaser. All sp2 carbons
~including both 2D and 3D structures! also exhibit a resonan
second-order Raman band that is strongly dependent onElaser
and dominates the second-order spectrum.17 The physical
origin of this resonant second-order Raman band, also ca
the G8 band, has recently been explained insp2 carbons in
terms of a strong coupling between electrons and phon
with the same wave vector in the vicinity of theK point of
the 2D Brillouin zone, where the electronic energy ban
exhibit unique lineark-dependent phonon and electron d
persion relations.17 Although the frequency of theG8 band
occurs at twice the frequency of the disorder-inducedD
band, theG8 band is also observed with approximately equ
intensity for highly crystalline graphite, which has no firs
orderD-band intensity.

Analogous resonant Raman phenomena occur for ca
nanotubes, giving rise to the most intense feature in
second-order Raman spectra in Fig. 1. This figure shows
relative intensity of theG8 band feature to be very sensitiv
to Elaser for single-wall carbon nanotubes. All the nanotub
in the sample contribute resonantly to theG8-band feature at
a givenElaser, thereby accounting for its high intensity. Th
laser excitation energy (Elaser51.96 eV! in Fig. 1 where the
intensity of theG8 band is the largest is also theElaservalue
where theD-band intensity is the largest. A detailed discu
sion of the special characteristics of theG8 band and theD
band in single-wall carbon nanotubes is presen
elsewhere.4

II. EXPERIMENTAL DETAILS

The single-walled carbon nanotubes of the present st
were synthesized by Carbolex Inc. of Lexington, Kentuc
using a modified electric arc technique. A catalyst with a
Ni:Y atomic ratio was used in the nanotube synthes
Second-order spectra were taken on several different Ca
lex single-wall carbon nanotube samples, and results con
tent with those reported here were obtained for each sam
batch. The diameter distribution of these samples is 1
60.20 nm.

Raman spectroscopy experiments were performed u
ambient conditions in a backscattering configuration us
several laser excitation lines. These lines include the ar
lines at 457.9 nm~2.71 eV!, 488 nm~2.54 eV! and 514.5 nm
~2.41 eV!; the krypton lines at 568.2 nm~2.19 eV!, 647.1 nm
~1.92 eV! and 676.4 nm~1.83 eV!; the He-Ne line at 632.8
nm ~1.96 eV!; and a diode laser at 785 nm~1.58 eV!. The
spectral resolution of the different Raman systems
phonons was better than 2 cm21. A Ti:sapphire laser at 830
nm ~1.49 eV! was also used, where the spectral resolution
this system was;8 cm21.

III. EXPERIMENTAL RESULTS

We discuss below the various features in the second-o
spectrum associated with the harmonics~overtones! and
combination modes of the two dominant features of the fi
order spectrum.
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A. Overtones

In Fig. 5, we see spectral features identified with the s
ond harmonic ~overtone! of the radial breathing mode
2vRBM at two different laser excitation energies. For e
ample, atElaser51.58 eV~785 nm!, the first-order spectrum
gives resonantly enhanced radial breathing modes at
cm21 and 162 cm21, with linewidths @full width at half
maximum~FWHM!# of 14 cm21 and 11 cm21, respectively,
to be compared with the second-order lines which occu
301 cm21 and 330 cm21 and have relatively narrow line
widths ~21 cm21). A change inElaser excites different nano-
tubes, so that forElaser52.54 eV ~488 nm!, the first-order
Raman spectrum shows a radial breathing mode at 159 c21

and a small shoulder at 176 cm21. The second harmonic o
this first-order band shows a weak second-order featur
320 cm21 ~see Fig. 5!. Similar trends are observed at oth
values ofElaser. The intensity of the overtone of the radia
breathing mode is especially strong forElaser values where
contributions from metallic nanotubes dominate the spe
for the tangential band~see Fig. 4!. A summary of our ob-
servations of the overtones of the radial breathing mod
given in Table II.

In contrast, the second harmonic of the tangential ba
2v tang, which occurs in the range 3100–3250 cm21 ~see

FIG. 5. The Raman spectra for the radial breathing mode b
and its second harmonic at two laser excitation energies 1.58
~785 nm! and 2.54 eV~488 nm!.
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Fig. 6!, has very different characteristics from the seco
harmonic of the radial breathing mode 2vRBM shown in Fig.
5. We see in Fig. 6 the evolution withElaser of the second
harmonic of the tangential band for five laser energies in
range 1.96–2.71 eV. The central frequency and linewidth
this second-order band are relatively weakly dependen
Elaser for 2.19,Elaser<2.71 eV, where the semiconductin
nanotubes dominate the first-order spectra for this sam
However, forElaser51.96 eV, where the dominant contribu
tion to the first-order spectrum in Fig. 4 comes from meta
nanotubes, the second-order spectrum is downshifted
much broader than for the higherElaser values, consisten
with the behavior of the first-order tangential band shown
Fig. 4.

The feature in the second-order Raman spectrum
graphite near 3240 cm21 is strongly affected by the mod
frequency dispersion of the phonon dispersion curves.18,19

This mode frequency dispersion in graphite gives rise t
peak in the phonon density of states near 1620 cm21, asso-
ciated with non-zone-center phonons. This peak in the p
non density of states is responsible for the feature in
second-order spectrum of graphite near 3240 cm21. This fre-
quency is upshifted by 76 cm21 from twice the zone-cente
phonon mode in graphite at 1582 cm21. Since there is no
corresponding peak in the density of states away from
Brillouin zone center in carbon nanotubes, we expect
mode frequency of the second-order tangential band to
close to twice that for the first-order tangential band, con
tent with experiment.

Even though the tangential band for carbon nanotu
contains modes with different symmetry types, the sec
harmonic of any irreducible representation always conta
the completely symmetric irreducible representationAg in
the direct product ofG i ^ G i . Thus second harmonics o
modes that are not Raman-active in the first-order spect
could become Raman-active in the second-order spec

TABLE II. Summary of the peak frequencies and linewidths~in
cm21) of the Lorentzian components for the radial breathing mo
(vRBM) and their overtones (2vRBM) for the indicatedElaservalues
~see Fig. 5!.

Elaser 1.58 eV 2.19 eV 2.41 eV 2.54 eV
Line v g v g v g v g

vRBM

no. 1 — — — — 142 10 — —
no. 2 150 14 — — 155 10 — —
no. 3 162 11 158 10 — — 159 11
no. 4 — — 171 10 170 10 — —
no. 5 — — — — 178 10 176 9
no. 6 — — — — 188 10 — —

2vRBM

no. 1 301 20 — — — — — —
no. 2 — — 311 30 — — — —
no. 3 — — — — — — 320 15
no. 4 330 20 — — — — — —
d
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through this direct product argument. However, the intens
of such new modes in the second-order spectra is expecte
be low.

A Lorentzian line-shape analysis of the second-or
spectrum associated with the second harmonic of the tan
tial band has been carried out for the spectra shown in Fig
and the results are presented in Table I. Two examples of
line-shape analysis are shown in Fig. 7. Here we present
line-shape analysis for the first-order and second-order
tures taken forElaser at 2.71 eV, where the semiconductin
nanotubes mainly contribute, and at 1.96 eV, where the
tallic nanotubes mainly contribute.2 The dominant feature in
the 2.71-eV second-order spectrum at 3181 cm21 is close to
twice the frequency of the dominant mode in the first-ord
spectrum 2~1592!53184 cm21, and the second-order featur
is only slightly broader than twice the FWHM linewidth o
the first-order feature. The frequencies of the two wea
features in the second-order spectrum at 2.71 eV corresp
approximately to twice the frequencies of the first-order fe
tures. AsElaser decreases from 2.71 eV, the peak frequen
of the entire second-order band~see Fig. 6! downshifts, es-
pecially for the lowest value ofElaser, because new tangen
tial peaks associated with metallic nanotubes are resona
enhanced. For example, the second-order peaks in
2.19-eV and 2.41-eV spectra are at 3171 cm21 and 3166
cm21 ~see Table I!, both downshifted relative to 231592
53184 cm21. The second-order spectrum atElaser51.96 eV
in Fig. 6 shows a broad, asymmetric band with more scat
ing intensity at low phonon frequencies. Analysis of the lin
shape of this Raman band in Fig. 7 shows a feature at 3
cm21, which is close to 231540 cm21, thereby providing

s

FIG. 6. Raman spectra for the second harmonic of the tange
mode, collected at five laser excitation energies. The correspon
first-order spectra are displayed in Fig. 4.
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support for the interpretation that metallic nanotubes are c
tributing to this second-order Raman band atElaser51.96 eV.

Shown in Fig. 8 is an increase in linewidth, measured
the full width at half maximum intensity~FWHM!, of the
entire second-order band with decreasingElaser. In this figure
the increase in linewidth for the entire second-order ban
compared with that for the first-order band as a function
Elaser. The large linewidth below;2.0 eV in the first-order
spectra in Fig. 8~a! is associated with the large contributio
to the spectral intensity from metallic nanotubes~see Fig.
4!.2 We note in Fig. 8~b! that the onset of the broadening
the second-order features extends to much higher value
Elaser, so that atElaser52.2 eV ~where the scattered photon
are still within the metallic window for the second-ord
spectrum! the linewidth is;17 cm21 broader than atElaser
52.71 eV.

The resonant enhancement in the phonon modes for
tallic nanotubes occurs when the energy of either the incid

FIG. 7. A line-shape analysis of the spectral features in
first-order spectra~left! and in the second-order spectra~right! for
the tangential bands taken forElaser51.96 eV~632.8 nm! and 2.71
eV ~457.9 nm!.
n-

s
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or the scattered photon is in resonance with the first e
tronic transitionE11

M for the metallic nanotubes in the samp
~see Figs. 2, 3, and 4!. WhenElaser51.92 eV and 1.96 eV,
both the incident and scattered photons are in the reson
window for metallic nanotubes, so that the overtone band
expected to broaden considerably, and this is observed
perimentally in Fig. 8~b!. For 2.19 eV<Elaser<2.41 eV, even
though the incident photon is higher than the resonance
ergy windowElaser for metallic nanotubes in the first-orde
spectrum~see Fig. 4!, the energy of the scattered photon fa
within the interval of resonant enhancement for meta
nanotubes, because the phonon frequency of 3200 cm21 in
the Stokes process corresponds to a large energy up
~;0.4 eV!. This is evident by a broadening@Fig. 8~b!# and a
downshift of the 3200-cm21 band for Elaser52.19 eV and
2.41 eV~see Fig. 6 and Table I!. Because of the large valu
for \vphonon, the specific nanotubes contributing to the firs
order spectrum may be different from the nanotubes cont
uting to the second-order spectra atElaser52.19 eV and 2.41
eV.

B. Combination Modes

Resonant Raman effects associated with the 1D elec
density of states singularities also give rise to resonant
fects in the combination modes. One clear example of a c
bination mode occurs at the sum frequency between a
gential and a radial breathing modev tang1vRBM , as shown
in the spectra in Fig. 9 taken atElaser51.58 eV, 1.96 eV, 2.14
eV, and 2.71 eV. Since the radial breathing mode (vRBM)
spectra atElaser51.58 eV consist of two lines at 150 cm21

and 162 cm21 ~see Fig. 5!, then using the most intense line
1591 cm21 for the tangential bandv tangyields a sum of 1741
cm21 and 1753 cm21, in good agreement with the dominan
peak at 1742 cm21 and in fair agreement with the wea
feature at 1761 cm21, obtained from a line-shape analysis
the combination mode feature shown in Fig. 9.

In Table III the mode frequencies and linewidths of t
combination modes for the 1740-cm21 band associated with
the combination modev tang1vRBM are listed. The relative
intensities of this combination mode at various values
Elaserare displayed in Fig. 4 where it is seen that this feat
is most prominent near;1.8 eV where the metallic tube
contribution is dominant for single-wall nanotubes for whi
dt;1.49 nm. Since the tangential mode frequencyv tang is
expected to be almost independent ofElaser, while the radial
breathing mode frequency varies asvRBM}1/dt , the shifts in

e

d
r-
FIG. 8. Linewidth~FWHM! as a function of
Elaser ~a! for the entire first-order tangential ban
and ~b! for the corresponding entire second ha
monic of the tangential band.
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the peaks of the 1740-cm21 band for variousElaser lines are
expected to reflect the variation invRBM as Elaser is varied,
since different nanotubes are resonantly excited at each v
of Elaser. Since\vphonon;0.2 eV for this combination mode
it is also possible that at a given value ofElaser different
nanotubes within the sample are resonantly enhanced in
first-order spectrum as compared with the second-order s
trum.

The spectra in Fig. 9 show the feature that we ten
tively assign to the combination modev tang1vRBM
(;1740 cm21) has a similar peak position and linewid
for Elaser51.58 eV and 1.96 eV in the metallic regime. W
note that the linewidth of this mode increases with increas
Elaser above 2.4 eV. The broad line observed forElaser
52.41 eV could in part be attributed to the excitation
many nanotubes for this value ofElaser, as suggested by th
radial breathing mode spectrum at 2.41 eV~see Table II!.
However, the Raman spectra taken at 2.54 eV~not shown!
and at 2.71 eV~see Fig. 9! show further broadening of thi
combination mode, a decrease in mode intensity, and
development of a doublet structure. ForElaser52.54 eV,
there are relatively few radial breathing mode peaks in
first-order spectrum. The analysis in Table III shows that
frequency of the two components of thev tang1vRBM feature
both downshift asElaser increases, though the downshift
larger for the lower frequency component than it is for t
upper frequency component. At this time, we have no go
explanation for the mode splitting or for the downshifts
the mode frequencies of thev tang1vRBM feature forElaser
>2.41 eV.

In Fig. 9 we see another feature at higher frequencies
we tentatively assign to a second combination band, this
associated withv tang12vRBM . As shown in Fig. 9, this fea-
ture has a curious dependence onElaser. While the combina-
tion band is located near 1870 cm21 for Elaser;1.58 eV~785
nm!, the feature upshifts to;1925 cm21 for 1.83,Elaser
,2.19 eV, and then upshifts again to;2000 cm21 for
2.41,Elaser,2.71 eV~see Fig. 9 and Table II!. If we assume

FIG. 9. Spectral features tentatively associated with comb
tion bands forv tang1vRBM andv tang12vRBM in the second-order
Raman spectra of carbon nanotubes atElaser51.58 eV ~785 nm!,
1.96 eV~632.8 nm!, 2.41 eV~514.5 nm!, and 2.71 eV~457.9 nm!.
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v tang51590 cm21 andvRBM5165 cm21, then we getv tang
12vRBM51920 cm21, which accounts for the frequency o
the observed features for 1.83<Elaser,2.19 eV. Weak fea-
tures in the range 1900–1920 cm21 can be observed also i
the spectra at 2.41 eV and 2.71 eV. If we now assume
mostly metallic nanotubes dominate the spectrum forElaser
51.58 eV, thenv tang51540 cm21 becomes a dominant fea
ture in the first-order spectrum~see Fig. 7!, leading tov tang
12vRBM51870 cm21, which accounts nicely for the obse
vations atElaser51.58 eV. ForElaser.2.4 eV where the in-
tensity of this spectral feature becomes low, a new featur
the frequency range 1990–2010 cm21 appears, as shown in
Fig. 9. We have no further explanation for the dispers
effect that occurs for this feature with increasingElaserabove
2.41 eV.

C. 2D resonance phenomena

The most intense feature in the second-order spect
~see Fig. 1! is the peak located at;2680 cm21 and this
feature has an especially strong intensity nearElaser51.96 eV
~Fig. 1!. This feature, which is closely related to theG8
feature insp2 carbons, shows a strong upshift in frequen
as Elaser increases~see Fig. 10!, which is more explicitly
demonstrated in the plot of the peak frequencies versusElaser
given in the inset to Fig. 10. The large dispersion forsp2

carbons is explained by resonance with electronic interb
transitions near theK point in the 2D Brillouin zone, but for
carbon nanotubes we have only a few allowed wave vec
in the circumferential direction of the nanotube. For all fr
quencies shown in the figure, the line-shape is fitted b
single Lorentzian component, with a linewidth that has
very weak dependence onElaser. Assuming that the fre-
quency of theG8 band depends linearly onElaser, consistent
with the behavior of theG8 band in othersp2 carbons, the
experimentalG8-band frequencies for the sample in th
present work extrapolate to 2429 cm21 at Elaser50, and this
phonon frequency is approximately twice theK-point pho-
non frequency in the 2D Brillouin zone ofsp2 carbons. This
extrapolation agrees quite well with the direct measurem
of this same phonon frequency~2440–2445 cm21), shown
in Fig. 11.

The weak feature that appears at 2440 cm21 in the
second-order Raman spectrum of 2D graphite and other

TABLE III. Summary of the peak frequencies and linewidths~in
cm21) of the Lorentzian components for the combination mod
tentatively identified withv tang1vRBM and v tang12vRBM for the
combination bands in the range 1700–2000 cm21 near 1900 cm21

in Fig. 10 for five values ofElaser.

1.58 eV 1.96 eV 2.41 eV 2.54 eV 2.71 eV
Elaser v g v g v g v g v g

v tang1vRBM

1737 32 1740 31 1733 30 1722 46 1710 3
1762 50 1761 57 1756 34 1753 45 1750 3

v tang12vRBM

1871 31 1925 47 1990 52 2000 60 2011 6

-
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ordered carbons has been attributed to the sum of
K-point phonons, which each have a frequency of;1220
cm21 based on analysis of the 2D resonant Raman effec
theD band insp2 carbons.17 The phonon density of states i
graphite shows a weak peak associated with theseK-point
phonons where an optical and an acoustic branch of the
non spectrum for 2D graphite are degenerate at the zone
K point. TheK-point feature that appears in the phonon sp
trum of graphite and disordered carbons is nonresonant,
cause the valence and conduction bands in the electr
structure are degenerate at theK point in the Brillouin zone
and the photon that would be necessary to be in reson
with this phonon therefore hasElaser.0.

For Elaser51.83 eV, 1.92 eV, and 1.96 eV, the spectra
Fig. 11 show that the peak frequency and linewidth of
second harmonic~overtone! of the K-point phonon band are
independent ofElaser, though at higher values ofElaser
52.41,2.54, and 2.71 eV, the peak downshifts, broadens,
becomes more asymmetric. Further insight into these ob
vations is provided by looking at the energies of thescat-
teredlight. For 1.83,Elaser,1.96 eV, the energy of the sca
tered photon is between 1.50 eV and 1.66 eV, using a va
of 2444 cm21 for the K-point phonon in Fig. 11. For scat
tered photons in the range 1.53 eV to 1.66 eV, Fig. 3 sho
that resonance with metallic nanotubes occurs. Howe
when Elaser>2.41 eV, the scattered phonons have ene
.2.11 eV, which Fig. 3 shows to be outside the meta
window, so that only semiconducting nanotubes are exci
Figure 11 shows that the anomalous downshift in theK-point
frequency occurs for laser energies that excite semicond
ing nanotube phonons resonantly. We have no explanatio
this time for the frequency downshift observed forElaser
>2.41 eV in Fig. 11. However, it should be mentioned th
the downshift of thev tang1vRBM combination band, the up
shift of thev tang12vRBM combination band, and the down

FIG. 10. The Raman spectra for the intenseG8 band for five
values ofElaser. The inset shows a plot of the peak Raman f
quency for theG8-band features vs laser excitation energyElaser.
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shift of the 2vK point band all occur forElaser.2.4 eV,
suggesting a possible coupling between the combina
bands and the overtone mode of theK-point phonons.

IV. CONCLUSIONS

Overtones and combination modes have been identifie
the second-order spectra for the two dominant features in
first-order spectra~the radial breathing mode and the tange
tial mode! that are associated with the resonant Raman
hancement process arising from the 1D electronic densit
states. Just as for the case of the first-order spectra, the
nant contributions to the second-order spectra also involv
different set of (n,m) nanotubes at each laser excitation e
ergy Elaser. A second-order analog is observed for the bro
spectral band identified with contributions from metal
nanotubes to the first-order tangential mode spectra.
unique feature of the second-order tangential overtone b
shows a largerElaserrange over which the metallic nanotube
contribute. This effect is attributed to the large (\vphonon
;0.4 eV! energy of these phonons and can be explain
within the framework of the energy dependence of the el
tronic 1D density of states. Combination modes associa
with (v tang1vRBM) and (v tang12vRBM) have been tenta
tively identified, and show behaviors as a function ofElaser
that are consistent with the behavior of their first-order co
stituents, namely, that different nanotubes contribute to
spectra at each value ofElaser.
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