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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.

[. INTRODUCTION mental results, Fig. 2 is useful for explaining the Raman
spectra reported in this paper.

The second-order Raman spectra of single-wall carbon The two dominant features in the first-order Raman spec-
nanotubes are unique relative to other crystalline systems itfa for single-wall carbon nanotubgsee Fig. 1 are the ra-
exhibiting features associated with resonant enhancemesfial breathing modeglocated in the 150—200-cnt range
phenomena arising from the unique one-dimensiqaa))  and the tangential mode#ocated in the 1530—1610-cm
density of electronic states for carbon nanotubes. Thesgnge. Both of these features in the first-order Raman spec-
second-order spectra are therefore selective of specific caj@ are resonantly enhanced when the laser excitation energy
bon nanotubes, just as it occurs for the first-order spéctra. (Eiased IS €qual to the energy separation between a singular-
This paper focuses on the unique behavior of overtones arlly I the 1D electron density of states in the valence and
combination modes in the second-order Raman spectra assgpnduction bands, such as the energy separationébe-
ciated with the dominant features in the first-order spectra,
which exhibit strong resonant coupling to the 1D density of 1581
electronic states. Other features in the second-order spectra,
not associated with the 1D resonant Raman scattering pro-
cess, are briefly summarized here but are reported in detalil
elsewheré.

Figure 1 shows the first-order and second-order features
in the Raman spectra for single-wall carbon nanotubes over a
broad range of phonon frequencies for three laser excitation
energiesEse- Since the relative intensities of the various
features in Fig. 1 are dependent on the laser excitation en-
ergy, resonant Raman effects are as important in the analysis
of the second-order spectra as they are for interpreting the
first-order spectra.

The origin of the unique behavior of the second-order JL
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resonant Raman processes follows from the well-established 135 N 241
features in the_ f|rst-ord§r spectrum of single-wall cqrbon 100 600 1100 1600 3100 2600 3100
nanotubes, which are directly related to the 1D density of . 1

Raman shift (cm™)

electronic states shown in Fig. 2 fo=3.0 eV} wherey,

is the nearest neighbor carbon-carbon overlap e_n%ﬁjyce_ FIG. 1. First- and second-order Raman spectra for carbon nano-
prior plots of the energies for the van Hove singularities tubes over the broad phonon frequency range 100—3700 dan
were made at much too low a value ¢§ to fit our experi-  E,=1.96, 2.19, and 2.41 eV.
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FIG. 2. Electronic 1D density of statéBOS) calculated with a FIG. 3. Calculation of the energy separatiah&= E;;(d,) for

tight binding model for(8,8), (9,9, (10,10, (11,13, and (12,12  nanotubes with allif,m) indices(Ref. 16 as a function of nano-
armchair nanotubes and (4,0, (15,0, (16,0, (17,0, and(18,0  tube diameter in the range 8<8,< 3.0 nm[based on prior work of
zigzag nanotubegRef. 5 Wave-vector conserving optical transi- Kataura et al. (Ref. 7)]. The calculation is based on the tight-
tions can occur between mirror image singularities in the 1D denpinding model withy,=2.90 eV ands=0, wheres is the tight-

sity of electronic states of the valence and conduction bands, i.epinding overlap integral. The semiconducting and metallic nano-
v1—C; andv,—Cy, etc. These optical transitions, which are given types are indicated by crosses and open circles, respectively. The
in the figure in units of eV and are denoted in the textHy.E2,,  filled squares denote the zigzag tubes. The inset shows the experi-
etc., are responsible for the resonant Raman effect. The 1D densilyfental range 0F e, Which is resonant with metallic nanotubes of

of electronic states for chiral nanotubesf)) tends to be similarto  gjametersd,=1.49+0.20 nm (square pointsand d,=1.37+0.18
the results shown here for the zigzag nanotubes. Metallic nanotubgfim (solid curve (Ref. 2.

require that 2+ m=3q, whereq is an integer. The DOS was cal-
culated fory,=3.0 eV. Since the energy separatiokg(d,) in Figs. 2 and 3 are
strongly dependent on the diamewr of the nanotubes, a
tween tha th conduction band singularity and thia valence  change in the energy of the incident laser beagg,, results
band singularity, E;;=E;;,E»,, ..., shown in Fig. 2. A in the resonant Raman excitationdifferentnanotubes. Fur-
summary of all theE;; energy separations for alln(m) thermore, % wpnonon CanN be as large as 0.4 eV for second-
nanotubes up to a nanotube diameter of 3.0 nm is given inrder scattering processes for the tangential modes. There-
Fig. 3. A similar figure was first published by Katawtal.!  fore, the specific nanotubes in a given sample that are excited
for y,=2.75 eV, but the plot presented here is fgg in the first-order Raman scattering process are likely to be
=2.90 eV® which provides a better fit to our Raman data. different from the nanotubes that participate in the second-
Resonant enhancement occurs not only for the incident pharder scattering process. In this paper, we also demonstrate
ton but also for the scattered photon, so that the conditionthe importance of the scattered photon in the second-order
for resonant Raman scattering incluBg.=E;; andE,s,  Raman spectra. Since the scattered photon propagates in all
= Ej; + % @phonon fOr the Stokes process. The window for directions, it is expected to couple resonantly to more of the
resonance Raman scattering for the incident and scatteré@ndomly oriented carbon nanotubes than the incident pho-
light is shown in Fig. 3 for the 1.490.20 mn diameter nano- ton, which couples most strongly to nanotubes whose axes
tubes used in the present measurements. are aligned along the optical electric field of the incident
Figure 3 also shows that the electronic transition from thédeam. Thus the probability of an optical resonance with the
highest energy singularity in the valence band density ofcattered beam is expected to be higher than that for the
states to the lowest energy singularity in the conduction banthcident beam.
density of states for the metallic nanotulfepen circles at Regarding the first-order spectrum, the radial breathing
constant nanotube diamet&’(d,) has a width, and this mode frequencyvggy for an isolated nanotube depends on
width is associated with trigonal warping effeéttarising the nanotube diameted; in accordance withwggy>1/d,
from the noncircular constant energy surfaces that develofndependent of the chirality of the nanotube. Therefore, a
with increasing wave vector away from teé point in the  variation ofE s results in a variation of the observegkgy
Brillouin zone. This trigonal warping effect is most impor- due to selective resonance withfferent nanotubes, as has
tant for zigzag nanotubdsee Fig. 2and least important for been studied extensively by many authb?s*° Since the
armchair tubes, for which a simple analytical expression foradial breathing mode is observed in the second-order Ra-

EM(d,) can be written as man spectrum as both a _harmomm/ertone) and as a com-
bination mode, the special resonant features of the radial
EN(d)=6accyo/d;, (1 breathing mode in the first-order spectrum associated with

the 1D density of electronic states also affects the second-
whereac._c is the nearest neighbor carbon-carbon distance. lbrder spectrum in important ways, as discussed below.
should be mentioned that E(L) is only valid for chiral and The characteristic features of the tangential modes of the
zigzag nanotubes in the limit of largk. first-order spectrum are also due to resonant Raman effects
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TABLE I. A summary of the peak frequencies and linewidths
(in cm™1) of the main components of the tangential modeg, ()
(see Fig. 4 and their overtones (@) (see Fig. 6 of the single-
1.49 eV wall carbon nanotubes, for selected value€gt,,.
E jaser 1.96 eV 2.19 eV 241 eV 2.71 eV
1.58 Line 1) b ® y ) y ® y
:: 1.83 @iang
&
g 1.96 no. 2 1540 44 — — —
3 * no. 3 1564 27 1567 33 1567 18 1567 21
= no.4 1581 18 — — —
g 241 no.5 1591 16 1592 9 1592 9 1592 11
5 no. 6 1601 36 1599 22 1599 18 1599 20
2.54 20iang
271 no. 1 3082 8§ — — — — _
PR S E— L no. 2 3122 55 3119 B — — —
1250 1350 1450 1550 1650 1750 no.3 3153 49 3150 49 3141 32 3153 32
Raman shift (cm™) no.4 3178 40 3172 45 3166 47 3181 38
5 3203 34 3201 38 3195 54 3216 51

FIG. 4. First-order Raman spectra for the tangential modeno'
(1500-1650 cm?) taken for nine laser excitation energies. At
lower frequencieg1300-1350 cm?') the D-band feature is ob-
served, and at higher frequencies near 1750 tm combination  two samples, plotted in terms of the normalized intensity of
mode is seen for some values Bf,cq. the dominant Lorentzian component for the metallic nano-

tubesl 1540 VS Easer discussed below. In both cases the fit to

associated with singularities in the 1D electron density ofthe metallic window of the nanotubes yielded a valueygf
states, but the tangential mode spectra have characteristics2-95+0.05 eV, which is consistent with the values pf

that are different from those of the radial breathing modestsed in the calculations by Charfifor Fig. 2 (3.0 eV) and
Results for the first-order resonant Raman spectra for thBY Saitd for Fig. 3(2.9 eV). Therefore, the first-order reso-
tangential modes for the sample used in the present stud}ant Raman spectra associated with the tangen_tial modps for
(diameter distributiord,=1.49+0.20 nm are presented in t e 1.49-nm nanotube samp_le are somewhat different in de-
Fig. 4 for nine different laser excitation energies. Since thdail from the spectra shown in Ref. 2 for the 1.37-nm nano-
tangential modes of single-wall carbon nanotubes have onl{#be sample. The first-order spectra presented in Fig. 4 are to

a very weak dependence on nanotube diamiefethe char- e compared with the second-order spectra for the same
acteristic features of the Raman spectra for the tangentif@mple, which are presented below.
band over a wide range @& ,ce in Fig. 4 (Ejce= 1.49 €V A line-shape analysis of the spectra in Fig. 4 is reported

and 2.18<E,.,<2.71 eV} are essentially independent of here and a summary of the peal_< frequencies anq Iinewidt_hs
Ejaser.2 However, in the range of 1.58F,.<1.96 eV, ad- of the_maln components of the first-order tangential band is
ditional features in the first-order resonant Raman spectra fd#ven in Table | for fourk,,servalues. The results show that
the tangential band are observed. In addition, the Ramaf® same dominant Lorentzian components are found in the
spectra for the range 1.58,,.,<1.96 eV show extensive SPectra taken at 2.19, 2.41, 2.6¢bt shown in Table)l and
broadening. We attribute these additional features and thé-71 €V, showing similar peak frequencies, linewidths, and
line broadening effects to laser-induced electronic resolélative intensities. Also, th_ree additional, intense broad
nances involvingnetallic nanotubes and to the coupling be- components —are found in the spectra fOEjase
tween phonons and conduction electrons in metallic= 1.58,1.83,1.92, and 1.96 e'¢ee Table | for the additional
nanotubeg. For the particular nanotube sample used in theSPectral components &,se=1.96 €V). The broad features
present work, the diameter distribution is determined to bet 1515 cmi* and 1540 cm* and the narrower feature at
d,[: 1.49+0.20 nm based on the proportiona”ty constant Ca|_1581 Crﬁl are identified with metallic nanotubég;or the
culated using the results of transmission electron microscop}-49-nm diameter sample, the normalized intensity of the
(TEM) and Raman spectroscopy gy for the radial breath- ~ Teature at 1540 cmt associated with metallic nanotubes is a
ing mode measurements made at mal,, values in the ~maximum forE ..~ 1.8 eV (see inset to Fig.)3 and here
present study on the nanotubes used in Refdg=(.37 the normalization of 54 iSs done with respect to the inten-
+0.18 nn). Therefore, we infer that the nanotubes used insity of the 1592-cm* feature, which is the most intense
this study are~9% larger. Consequently, the resonant enerdLorentzian oscillator associated with semiconducting nano-
gies for the metallic window for the 1.49-nm diameter tubes.

sample are lowered with respect to that for the 1.37-nm di- Figure 4 also shows the presence of a Raman band near
ameter sample, as can be seen from the inset to Fig. 3, whick830 cni %, which occurs at about the same frequency as the
gives a comparison between the metallic windows for theD band in disordered and small crystallite s carbons.
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The D band in single-wall carbon nanotubes has a large dis-
persion in peak frequency as a functiontgf,,, as well as a
strong dependence of its intensity B, All sp? carbons
(including both 2D and 3D structurealso exhibit a resonant
second-order Raman band that is strongly dependeB{.gn

and dominates the second-order specttrithe physical
origin of this resonant second-order Raman band, also called
the G’ band, has recently been explainedsip? carbons in
terms of a strong coupling between electrons and phonons
with the same wave vector in the vicinity of the point of

the 2D Brillouin zone, where the electronic energy bands
exhibit unique lineakk-dependent phonon and electron dis-
persion relations’ Although the frequency of th&’ band
occurs at twice the frequency of the disorder-indudad . 1 L L L
band, theG’ band is also observed with approximately equal 250 300 350
intensity for highly crystalline graphite, which has no first-
orderD-band intensity.

Analogous resonant Raman phenomena occur for carbon
nanotubes, giving rise to the most intense feature in the
second-order Raman spectra in Fig. 1. This figure shows the
relative intensity of the5’ band feature to be very sensitive
to Ejaser fOr single-wall carbon nanotubes. All the nanotubes
in the sample contribute resonantly to Bé-band feature at
a givenE, .., thereby accounting for its high intensity. The
laser excitation energyH,s.= 1.96 €V} in Fig. 1 where the
intensity of theG' band is the largest is also tlig,.., value
where theD-band intensity is the largest. A detailed discus-
sion of the special characteristics of 8¢ band and thé
band in single-wall carbon nanotubes is presented | ) 1 L |

elsewheré. 150 200 250 300 350
Raman Shift (cm™)

FIG. 5. The Raman spectra for the radial breathing mode band
The single-walled carbon nanotubes of the present studgnd its second harmonic at two laser excitation energies 1.58 eV
were synthesized by Carbolex Inc. of Lexington, Kentucky(785 nm and 2.54 eV(488 nn).
using a modified electric arc technique. A catalyst with a 4:1
Ni:Y atomic ratio was used in the nanotube synthesis. A. Overtones
Second-order spectra were taken on several different Carbo- |, Fig. 5, we see spectral features identified with the sec-
lex single-wall carbon nanotube samples, and results consE
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Il. EXPERIMENTAL DETAILS

tent with th ted h btained f h nd harmonic (overtong of the radial breathing mode
ent wi 0S€ reported here were obtained for each samp wrew at two different laser excitation energies. For ex-

batch. The diameter distribution of these samples is 1.4 mple, atE ...~ 1.58 eV(785 nm), the first-order spectrum

tOI.?ZO nm. ; . i f d und ives resonantly enhanced radial breathing modes at 150
aman Speclroscopy experiments were performed Undhy-1 and 162 ‘cm?, with linewidths [full width at half

ambient conditions in a backscattering configuration usm%aximum(FWHM)] of 14 e L and 11 e, respectively

several laser excitation lines. These lines include the argop) . . _
; be compared with the second-order lines which occur at
lines at 457.9 nnf2.71 eV), 488 nm(2.54 eV and 514.5 nm 301 cmt gnd 330 cm! and have relatively narrow line-

(2.41 eV); the krypton lines at 568.2 nif2.19 eV}, 647.1 nm X . . . 4
) ) . widths (21 cmi 7). A change inE s excites different nano-
(1.92 eV) and 676.4 nn(1.83 e\); the He-Ne line at 632.8 tubes, 0 that foE,,~2.54 eV (488 nm), the first-order

nm (1.96 eV}, and a diode laser at 785 n(.58 eV). The IRaman spectrum shows a radial breathing mode at 159 cm

spectral resolution of the different Raman systems fo _ :
phonons was better than 2 ci A Ti:sapphire laser at 830 and a small shoulder at 176 crh The second harmonic of

: his first-order band shows a weak second-order feature at
nm (1.49 e\) was also Ufed, where the spectral resolution fo%20 cntt (see Fig. 5 Similar trends are observed at other

this system was-8 cm = values ofE s, The intensity of the overtone of the radial
breathing mode is especially strong ff,e, values where
contributions from metallic nanotubes dominate the spectra
for the tangential ban@see Fig. 4. A summary of our ob-
We discuss below the various features in the second-ordeservations of the overtones of the radial breathing mode is
spectrum associated with the harmoni@sertoney and  given in Table II.
combination modes of the two dominant features of the first- In contrast, the second harmonic of the tangential band
order spectrum. 2wiang, Which occurs in the range 3100-3250 th(see

Ill. EXPERIMENTAL RESULTS
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TABLE Il. Summary of the peak frequencies and linewid(ims
cm™1) of the Lorentzian components for the radial breathing modes
(wrgm) and their overtones (@ggy) for the indicatedE 5., values
(see Fig. 5.
Ejaser 1.58 eV 2.19 eV 241 eV 2.54 eV
Line 0} y ) y 0} y 1) y
©ORrEM 1.96 eV
-
.1 - — — — 142 10 — — 3
no.2 150 14 — — 155 10 — @ — ; 219
no. 3 162 11 158 10 — — 159 11 ‘gx
no. 4 — — 171 10 170 10 — — g
no. 5 — — — — 178 10 176 9 :
no. 6 — - —  — 1838 10 - = s 241
g
szBM m
no. 1 301 20 — — — — — — 2.54
no. 2 — — 311 30 — — — —
no. 3 — - = = = — 320 15
no. 4 330 20 — — — — — — 2.71
i t 1 1 1
3000 3050 3100 3150 3200 3250
Fig. 6), has very different characteristics from the second Raman Shift (cm™)
harmonic of the radial breathing modeggy shown in Fig.
5. We see in Fig. 6 the evolution with,., of the second FIG. 6. Raman spectra for the second harmonic of the tangential

harmonic of the tangential band for five laser energies in thépode, collected at five Igser exci'Fatiqn energies. The corresponding
range 1.96-2.71 eV. The central frequency and linewidth ofirst-order spectra are displayed in Fig. 4.
this second-order band are relatively weakly dependent on
Ejaser fOr 2.19<E.=<2.71 eV, where the semiconducting through this direct product argument. However, the intensity
nanotubes dominate the first-order spectra for this samplef such new modes in the second-order spectra is expected to
However, forE .= 1.96 eV, where the dominant contribu- be low.
tion to the first-order spectrum in Fig. 4 comes from metallic A Lorentzian line-shape analysis of the second-order
nanotubes, the second-order spectrum is downshifted argpectrum associated with the second harmonic of the tangen-
much broader than for the highd,,.., values, consistent tial band has been carried out for the spectra shown in Fig. 6,
with the behavior of the first-order tangential band shown inand the results are presented in Table I. Two examples of this
Fig. 4. line-shape analysis are shown in Fig. 7. Here we present the
The feature in the second-order Raman spectrum foline-shape analysis for the first-order and second-order fea-
graphite near 3240 cit is strongly affected by the mode tures taken forE,mr at 2'.71 eV, where the semiconducting
frequency dispersion of the phonon dispersion cules. narjotubes mainly C_ontrlbute,_ and at 1.96 _eV, where the_ me-
This mode frequency dispersion in graphite gives rise to Jallic nanotubes mainly contributeThe dominant feature in

peck n the phonon densty f states near 1620 crasco- (167 1€ Secons ocer spectun ol 9L cose 0
ciated with non-zone-center phonons. This peak in the pho- trum 215923184 cni L, and the second-order feature

non density of states is responsible for the feature in thePeC . . ; .
second-order spectrum of graphite near 3240 &rithis fre- is only slightly broader than twice the FWHM linewidth of

) hifted by 76 ¢ f ice th the first-order feature. The frequencies of the two weaker
quency IS upshi ted by o cm from Ewme_t e zone-c_enter features in the second-order spectrum at 2.71 eV correspond
phonon mode in graphite at 1582 ch Since there is no

: b X approximately to twice the frequencies of the first-order fea-
corresponding peak in the density of states away from the es. ASE ..., decreases from 2.71 eV, the peak frequency
Brillouin zone center in carbon nanotubes, we expect thes the entire second-order batisee Fig. 6 downshifts, es-
mode frequency of the second-order tangential band to bgecially for the lowest value O, because new tangen-
close to twice that for the first-order tangential band, consistia| peaks associated with metallic nanotubes are resonantly
tent with experiment. enhanced. For example, the second-order peaks in the
Even though the tangential band for carbon nanotubeg.19-ev and 2.41-eV spectra are at 3171 énand 3166
contains modes with different symmetry types, the seconédm ! (see Table ), both downshifted relative to 21592
harmonic of any irreducible representation always contains=3184 cm 1. The second-order spectrumB}e.=1.96 eV
the completely symmetric irreducible representatnin  in Fig. 6 shows a broad, asymmetric band with more scatter-
the direct product of';®T’;. Thus second harmonics of ing intensity at low phonon frequencies. Analysis of the line-
modes that are not Raman-active in the first-order spectrurshape of this Raman band in Fig. 7 shows a feature at 3082
could become Raman-active in the second-order spectruem !, which is close to X1540 cm'!, thereby providing
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or the scattered photon is in resonance with the first elec-
tronic transitionE}; for the metallic nanotubes in the sample
(see Figs. 2, 3, and)4WhenE,,;c=1.92 eV and 1.96 eV,
both the incident and scattered photons are in the resonance
window for metallic nanotubes, so that the overtone band is
expected to broaden considerably, and this is observed ex-
perimentally in Fig. 8). For 2.19 e\KE,.,~2.41 eV, even
though the incident photon is higher than the resonance en-
ergy window E, ., for metallic nanotubes in the first-order
spectrum(see Fig. 4, the energy of the scattered photon falls
within the interval of resonant enhancement for metallic
nanotubes, because the phonon frequency of 3200'dm

the Stokes process corresponds to a large energy upshift

Raman Intensity (a.u.)

3 (~0.4 eV). This is evident by a broadenin§ig. 8b)] and a

8 downshift of the 3200-cm! band for E ,e=2.19 eV and

e 2.41 eV(see Fig. 6 and Table.IBecause of the large value
E for i wpnonon the specific nanotubes contributing to the first-
E order spectrum may be different from the nanotubes contrib-
g uting to the second-order spectrabgi,.~2.19 eV and 2.41
& eVv.

1400 1500 1600 17003000 3100 3200 3300 B. Combination Modes

Raman shift (cm 1) Raman shift (cm 1) Resonant Raman effects associated with the 1D electron

FIG. 7. A line-shape analysis of the spectral features in thedensi.ty of states sin_gularities also give rise to resonant ef-
first-order spectrdleft) and in the second-order spectraght) for fects in the combination modes. One clear example of a com-
the tangential bands taken f&f,..~1.96 eV(632.8 nm and 2.71  bination mode occurs at the sum frequency between a tan-
eV (457.9 nm. gential and a radial breathing modg,,4t+ wggm, as shown

in the spectra in Fig. 9 taken Bj,sc—=1.58 eV, 1.96 eV, 2.14
support for the interpretation that metallic nanotubes are coreV, and 2.71 eV. Since the radial breathing mode:gy)
tributing to this second-order Raman bandgt,~=1.96 eV.  spectra aE .~ 1.58 eV consist of two lines at 150 crh

Shown in Fig. 8 is an increase in linewidth, measured agind 162 cm* (see Fig. 5, then using the most intense line at
the full width at half maximum intensityFWHM), of the 1591 cm * for the tangential bane,,qyields a sum of 1741
entire second-order band with decreadifg,,. In this figure ~cm~* and 1753 cm?, in good agreement with the dominant
the increase in linewidth for the entire second-order band ipeak at 1742 cm' and in fair agreement with the weak
compared with that for the first-order band as a function offeature at 1761 cm', obtained from a line-shape analysis of
Ejaserr The large linewidth below-2.0 eV in the first-order the combination mode feature shown in Fig. 9.
spectra in Fig. &) is associated with the large contribution  In Table Il the mode frequencies and linewidths of the
to the spectral intensity from metallic nanotub@ge Fig. combination modes for the 1740-crhband associated with
4)2 We note in Fig. &) that the onset of the broadening of the combination Mod@ngt wrgw are listed. The relative
the second-order features extends to much higher values oftensities of this combination mode at various values of
Elaser SO that atE .= 2.2 eV (where the scattered photons E,.¢erare displayed in Fig. 4 where it is seen that this feature
are still within the metallic window for the second-order is most prominent near-1.8 eV where the metallic tube
spectrum the linewidth is~17 cm ! broader than aE,, contribution is dominant for single-wall nanotubes for which
=2.71 eV. di~1.49 nm. Since the tangential mode frequengy, is

The resonant enhancement in the phonon modes for me&xpected to be almost independentgi,,, while the radial
tallic nanotubes occurs when the energy of either the inciderttreathing mode frequency variesa@aggy = 1/d; , the shifts in

100

% ® | ol e (b)

80 .
g 100
S 60r FIG. 8. Linewidth(FWHM) as a function of
E E aser (8 for the entire first-order tangential band
2wl 80 - and (b) for the corresponding entire second har-

d monic of the tangential band.
L ] ® b
20 - ¢ 60 - ® o o
1 i 1 1 1 1 A ]

18 20 22 24 26 28 18 20 22 24 26 28
Laser energy (eV) Laser Energy (eV)
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FIG. 9. Spectral features tentatively associated with combina

tion bands forwngt wrem aNd wingt 2wrgy in the second-order
Raman spectra of carbon nanotubegt.~=1.58 eV (785 nn),
1.96 eV(632.8 nm, 2.41 eV(514.5 nm, and 2.71 eM457.9 nm.

the peaks of the 1740-cm band for variousE s, lines are
expected to reflect the variation ibggy as EjseriS varied,

S. D. M. BROWNet al.
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TABLE lll. Summary of the peak frequencies and linewid(ims
cm 1) of the Lorentzian components for the combination modes
tentatively identified Withwngt wrgm and wiangt 2wrgy for the
combination bands in the range 1700—2000 ¢mear 1900 cm?
in Fig. 10 for five values oE ¢

158eV 196eV 24leV 254eV 2.71eV
Baser @ v oo vy o vy o vy o vy

WangT WRBM

1737 32 1740 31 1733 30 1722 46 1710 39
1762 50 1761 57 1756 34 1753 45 1750 37

OiangT 20ReM

1871 31 1925 47 1990 52 2000 60 2011 62

Wtang= 1590 cm ' and wggy=165 cm !, then we getwyng
+2wrem=1920 cm !, which accounts for the frequency of
the observed features for 18F,,<2.19 eV. Weak fea-
tures in the range 1900—1920 cfncan be observed also in
the spectra at 2.41 eV and 2.71 eV. If we now assume that
mostly metallic nanotubes dominate the spectrumBEgQg.,
=1.58 eV, thenw = 1540 cm ! becomes a dominant fea-

ture in the first-order spectruiisee Fig. 7, leading towang

since different nanotubes are resonantly excited at each valugp,,...=1870 cn1?, which accounts nicely for the obser-

Of Ejaser- SINCEA wpponori~ 0.2 €V for this combination mode,

it is also possible that at a given value Bf,, different

vations atEj,s.=1.58 eV. FOrE e/~ 2.4 eV where the in-
tensity of this spectral feature becomes low, a new feature in

nanotubes within the sample are resonantly enhanced in thge frequency range 1990—2010 chappears, as shown in
first-order spectrum as compared with the second-order spegjg. 9. We have no further explanation for the dispersive

trum.

effect that occurs for this feature with increasigs.,above

The spectra in Fig. 9 show the feature that we tentas 41 ev.

tively assign to the combination modev gt wrewm

(~1740 cm?!) has a similar peak position and linewidth
for Ejase=1.58 eV and 1.96 eV in the metallic regime. We

C. 2D resonance phenomena

note that the linewidth of this mode increases with increasing The most intense feature in the second-order spectrum

Ejaser above 2.4 eV. The broad line observed fBf,qe

(see Fig. 1 is the peak located at2680 cm* and this

=2.41 eV could in part be attributed to the excitation of feature has an especially strong intensity rtegy.—= 1.96 eV
many nanotubes for this value Bf,.,, as suggested by the (Fig. 1). This feature, which is closely related to ti&

radial breathing mode spectrum at 2.41 &ée Table .
However, the Raman spectra taken at 2.54(abt shown

feature insp? carbons, shows a strong upshift in frequency
as E . increases(see Fig. 10 which is more explicitly

and at 2.71 eM(see Fig. 9 show further broadening of this demonstrated in the plot of the peak frequencies veEsys;
combination mode, a decrease in mode intensity, and thgiven in the inset to Fig. 10. The large dispersion $q@°

development of a doublet structure. FBf,s.=2.54 eV,

carbons is explained by resonance with electronic interband

there are relatively few radial breathing mode peaks in theéransitions near th& point in the 2D Brillouin zone, but for
first-order spectrum. The analysis in Table Il shows that thecarbon nanotubes we have only a few allowed wave vectors

frequency of the two components of the,,gt+ wrgy feature

in the circumferential direction of the nanotube. For all fre-

both downshift asE .., increases, though the downshift is quencies shown in the figure, the line-shape is fitted by a
larger for the lower frequency component than it is for thesingle Lorentzian component, with a linewidth that has a
upper frequency component. At this time, we have no goodery weak dependence OB, Assuming that the fre-
explanation for the mode splitting or for the downshifts in quency of theG’ band depends linearly df,s.,, consistent

the mode frequencies of th@gt+ wgrgy feature fork,,ge
=2.41 eV.

with the behavior of thes’ band in othersp? carbons, the
experimentalG'-band frequencies for the sample in the

In Fig. 9 we see another feature at higher frequencies thagresent work extrapolate to 2429 chat E;,se=0, and this
we tentatively assign to a second combination band, this onghonon frequency is approximately twice tKepoint pho-

associated Witho g+ 2wggy - As shown in Fig. 9, this fea-
ture has a curious dependencefg,,. While the combina-
tion band is located near 1870 chfor E e~ 1.58 eV(785
nm), the feature upshifts t6-1925 cm! for 1.83<Eaeer
<2.19 eV, and then upshifts again 2000 cm* for
2.41<E|,5<2.71 eV(see Fig. 9 and Table)llIf we assume

non frequency in the 2D Brillouin zone sf? carbons. This
extrapolation agrees quite well with the direct measurement
of this same phonon frequen¢g2440—2445 cm?), shown
in Fig. 11.

The weak feature that appears at 2440 émin the
second-order Raman spectrum of 2D graphite and other dis-
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s 1 L 1 \ L X ) o
2400 2500 2600 2700 Raman shift (cm™)
Raman shift (cm-l) FIG. 11. The weak nonresonant feature associated with the sec-

G. 10. Th for the inter@e band for f ond harmonidovertong of the K-point phonon in the 2D Brillouin
FIG. 10. The Raman spectra for the inte and 10r Ve ,5ne for six values 0E,.e- Dashed vertical lines are drawn at

values OfEjser. The inset shows a plot of the peak Raman fre- 2420 and 2440 cm' to illustrate the downshift of th&-point fea-
quency for theG'-band features vs laser excitation enekgyse,. ture with increasingg,
aser:

ordered carbons has been attributed to the sum of two
K-point phonons, which each have a frequency~af220  shift of the 2wy point band all occur folE s.>2.4 €V,

cm ! based on analysis of the 2D resonant Raman effect fosuggesting a possible coupling between the combination

the D band inspz carbonst’ The phonon density of states in pands and the overtone mode of tkepoint phonons.
graphite shows a weak peak associated with thégmint

phonons where an optical and an acoustic branch of the pho-

non spectrum for 2D graphite are degenerate at the zone edge IV. CONCLUSIONS
K point. TheK-point feature that appears in the phonon spec-
trum of graphite and disordered carbons is nonresonant, bTé

cause the valence and conduction bands in the electron t-ord tréth dial breathi q dthe t
structure are degenerate at tepoint in the Brillouin zone Irst-order spectralhe radial breathing mode and the tangen-
gl mode that are associated with the resonant Raman en-

and the photon that would be necessary to be in resonancg - . .
with this phonon therefore haj,.~0. ancement process arising from the 1D electronic density of

For Eppee=1.83 €V, 1.92 eV, and 1.96 eV, the spectra inStates. Just as for the case of the first-order spectra, the reso-

Fig. 11 show that the peak frequency and linewidth of thenant contributions to the second-order spectra also involve a

second harmonicovertong of the K-point phonon band are different set of ,m) nanotubes at gach laser excitation en-
. : ergy Ej.ser- A second-order analog is observed for the broad
independent OfE s, though at higher values OE,,c, . o ; o .

—2.41,2.54, and 2.71 eV, the peak downshifts, broadens, ans&)ectral band identified with contributions from metallic

becomes more asymmetric. Further insight into these obseF'-"i.nOtUbeS to the first-order tangential que spectra. The
vations is provided by looking at the energies of uat- unique feature of the second-order tangential overtone band

teredlight. For 1.83< E|,,<1.96 eV, the energy of the scat- shows a Iargel_z_,aserrang(_a over_which the metallic nanotubes
tered photon is between 1.50 eV and 1.66 eV, using a Valugontnbute. This effect is attributed to the Iargédpho“"”.

of 2444 cm! for the K-point phonon in Fig. 11. For scat- N.O'fl €\) energy of these phonons and can be explained
tered photons in the range 1.53 eV to 1.66 eV, Fig. 3 show |th_|n the framgwork of the energy dependence of the elec'
that resonance with metallic nanotubes occurs. However' oM¢ 1D density of states. Combination modes associated
when Ej,e=2.41 eV, the scattered phonons have energ ith (@iangt wrgm) and (@angt 20rew) have been tenta-

>2.11 eV, which Fig. 3 shows to be outside the metallic ively identified, and show behaviors as a functionEse,

window, so that only semiconducting nanotubes are excite hat are consistent with the behavior of their first-order con-

Figure 11 shows that the anomalous downshift inkhgoint stituents, namely, that different nanotubes contribute to the
frequency occurs for laser energies that excite semiconductPectra at each value Baser.
ing nanotube phonons resonantly. We have no explanation at
this time for the frequency downshift observed fBl,ge,
=2.41 eV in Fig. 11. However, it should be mentioned that
the downshift of thew,,g+ wrgy cOMbination band, the up- The authors are thankful to Professor R. Saito for discus-

shift of the wangt 2wrgym combination band, and the down- sions about dispersion relations for electrons and phonons

Overtones and combination modes have been identified in
e second-order spectra for the two dominant features in the
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