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We report a study of second-order combination and overtone modes in highly ordered pyrolytic graphite
(HOPG), in single-wall carbon nanotubh&WNT) bundles and in isolated SWNTs. We found both dispersive
and nondispersive Raman bands in the range 1650—2106,camd we show that the appearance and fre-
quency versus laser ener@y,s., behavior of these features are in agreement with predictions from double-
resonance Raman theory. In the case of SWNTSs, these second-order bands depend on the one-dimensional
structure of SWNTSs, and at the single nanotube level, the spectra vary from tube to tube, depending on tube
diameter and chirality and on the energy of the van Hove singularity relatitg,49.
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[. INTRODUCTION branches in graphite, as predicted by double-resonance
theory?

Carbon materials are very important for science and tech- In particular, we consider here a multi-featured band at
nology, appearing in many different forms, such as highlyabout 1750 cml. This band was previously observed, but
ordered pyrolytic graphitéHOPG), activated carbons, car- until now unassigned, in HOPE,in irradiated graphité?
bon fibers, and other forms important to our industrialand it is also observed in SWNT bundles, where it was ten-
society! The recently discovered carbon nanotubes show relatively assigned as a combination mode of théand and
markable signs of applicability for a number of future, tech-the radial breathing mod&BM).™ We assign this feature in
nological applications including artificial musclgéscanning the present work to an overtone of the infrared-active out-of-

71 . .
probes® and electron field emittefsThey are also unique as P'an€(0TO) mode at 867 cm” in graphite. The 0TO mode

; ; ; been observed in Raman spectra taken along the broken
a prototype for modeling one-dimensional systems, the eleéﬁ-Ias . .
tronic and vibrational properties varying from tube to tube Onedges of HOPGRef. 19 and in SWNTS(Ref. 1§. In addi-

the basis of their diameters and chiralities. tion, we report a very highly dispersive mode at higher fre-

Raman spectroscopy has already proved to be a Owerfqluencies(around 1950 cm?) that has previously been re-
: P by \ay proved to P Borted for SWNT bundie¥ and we tentatively identify this
technique to study carbon materidlincluding single-wall

. . mode as a combination of the in-plane transverse ¢fii@)
carbon nanotubesSWNT9 through the diameter-selective and longitudinal acoustiLA) modes: namely(iTO+LA).

resonance Raman effectit has been known for some tihe e reyits for both features around 1750 ¢rand the fea-
th.at graph|te—rellated materials exhibit a rich Raman _spectrqure around 1950 cit provide experimental evidence for
with several first- and second-order features, disorderhe predictions of double-resonance Raman theory for over-
induced bands, some of them being dependent on laser exghnes and combinations of mod¥sin the case of isolated
tation energyE s However, many of these features re- SWNTs, the multifeatured band at 1750 chshows a richer
mained unexplained for a long time. It is only recently thatbehavior than in HOPGand is more complicated than tBe

the appearance of these features and their dependence g&nd and th&’ band in isolated SWNT&Refs. 17 and 1§,
Elaser Were explained as due to a double-resonance proces@rying from tube to tube, thus suggesting a strong depen-

that enhances the scattering of light by certain modes in th@ence on the one-dimensional structure of SWNTS.
interior of the Brillouin zone §+#0) of graphite-related

H -11
materials’ Il. EXPERIMENTAL DETAILS
In the present work we study weak Raman features ob-
served in the frequency range 1650—-2100 érim graphite- Raman spectra for HOPG and isolated SWNTs were

related materialgi.e., HOPG, SWNT bundles, and isolated acquired under ambient conditions, using a single-
SWNTS9, and we show that these features are related to ovemonochromator Renishaw 1000B spectrometer equipped
tones and combination modes of the several phonomwith a cooled charge-coupled-devig€CD) detector and
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notch filters, in a backscattering configuration. The excitation 1754

laser line Ep,se=2.41 €V from an Ar laser was used for 1779 HOPG
HOPG and for the isolated SWNTs. Data from SWNT
bundles @;=1.49+0.20 nm determined from transmission
electron microscope measuremgnibtained with the laser | 1755
excitation energyE, ;= 1.58, 1.96, 2.41, and 2.71 eV by
Brown et al1* were used in our analysis to study the depen-
dence of the various features &fge,-

Isolated SWNTs were prepared by a chemical vapor depo-
sition (CVD) method on a Si/Si® substrate containing
nanometer-size iron catalyst particfé$° Atomic force mi-
croscopy(AFM) was used to characterize the isolated SWNT 1744
sample, showing that the SWNTSs ranged in diameter from 1 1766

to 3 nm and had lengths ranging from a few hundred nm up | ) L avg. of
to 2 um. The AFM images showed a very low SWNT den- Opay=155¢M™ 51 SWNT
sity (~40 nanotubes/10@m?) and showed that most of the

SWNTSs did not touch one anqther. We measured the Rarr_1an 700 1800 1900 2000 2100

spectra from more than 100 isolated SWNTs resonant with Frequency (cm™)

Elasem=514.5 nm(2.41 e\j. Of all the spectra taken, the

spectra from only 51 tubes were used to conduct this study, FIG. 1. Raman spectra from HOPG, SWNT bundles, an isolated
since the~1750 cmi ! Raman feature was not observed in SWNT, and an average over 51 isolated SWNTs where the average
many of the spectra. Of these 51, not all tubes were used ii# taken by summing the 51 spectra, all normalized to a common
each part of the study, since the spectra from some tubes dfgature in the Raman spectrum of the silicon substrate. All of these
not show an observable RBM feature, which we used for théPectra were excited at laser enefys.~2.41 eV. The frequen-
nanotube diameter determinatiofusing the relationd,  cies of theM peaks are indicated in ¢, and wggy denotes the

= 248lwrgy) and for the tentativer(,m) assignments based average radial breathing mode frequency for the SWNT bundle and
on Ref. 20. for the sum of the 51 spectra for isolated SWNTSs.

SWNT
bundles

Bpey=160 cm™

®neu=163 cm™

Raman Intensity

Isolated
SWNT

tion of Raman spectra taken from 51 isolated SWihgan
diameter= 1.6 nm, and we can fit the resulting asymmetric
line shape with two Lorentzian peaks. The asymmetric line
A. General results shape in Fig. 1 for SWNT bundles is likewise fit to two

The top three traces in Fig. 1 show Raman spectra pd=orentzian peaks. All four examples of tHié band in Fig. 1

tween 1650 le and 2100 Cn'_]l from HOPG. SWNT exhibit a similar Spllttlng of~20 Cm_l at E|aser: 2.41 eV,
bundles, and an isolated SWNT, usiBig..~2.41 ,eV. This but the averagél-band frequencies are somewhat upshifted

laser line excites semiconducting SWNTs predominantly(Cr downshifted from each other, probably due to the pres-

considering the SWNT diameters and diameter distribution€Nce Or absence of bundle interactions and curvature effects.
contained in the various samples. TBeband feature(not However, the agreement between the frequencies of the two

shown) is used as a signature to distinguish whether thd/-Pand features from the SWNT bundle and the isolated
nanotubes are semiconducting or metallic for the variou$15:7) SWNT suggests a weak contribution from the inter-
sample€! HOPG shows a single Lorentzia6 line at tube interaction. A summary of this analysis is given in Table
1582 cni't, while SWNTs show severdb-band peaks due ! for the upper @1\7) and Iowe+r @) frequency components
to their cylindrical structure and to zone folding effeéhe  and for the splittingA wy = wy —wy . For all nanotubes in
main difference in theG-band spectra between SWNT - - )
bundles and isolated SWNTs is in the linewidihg, which TABLEJ- Frequenciesoy andwy , frequency differenca wy,
are smaller for isolated SWNTSs than for SWNT bundes.  Petweenwy andwy and the(averagegidiametersl, for the spectra
very weak(or nondetectableD-band intensity for most of ~Shown in Fig. 1.
the observed nanotubes indicates a high degree of crystallin-
ity of the probed samples.

All the spectra in Fig. 1 show the presence of a multi-

IIl. RESULTS AND DISCUSSION

HOPG SWNTs
Bundle (15,7 avg. SWNTS

featured band at about 1750 chwhose origin has not yet oy 1754 1732 1731 1744
been assigned in the literatuf&Ve here call this band the & 1775 1755 1751 1766
band reflecting the two-peak visual shape of this banbis Awy 21 23 20 22
M band in HOPG and for the isolat¢tl5,7 SWNT (second 4 o 159 152 16

trace from the bottom in Fig. 1 and with a diametyr _.

=1.52 nm) clearly shows two components. We thereforéaverage over 51 isolated SWNTsee text

conclude that a singlen(m) nanotube can give rise to the PDenotes the averaged diameter distribution of the SWNTs resonant
two-peak structure also observed in HOPG. The lowest tracewith E,..=2.41 eV, deduced from the RBM feature in the SWNT
in Fig. 1 shows the average of this feature in the summa-  bundle sampléRef. 14.
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1736 1749 1864 frequency w,, is basically independent OE,ee.>°> The
higher-frequency iTOLA mode is highly dispersive and up-
shifts from 1864 cm? to 2000 cm ! as E ., varies from
1.58 eV to 2.71 eV.

Well-known frequency dispersive modes in graphite-
related materials are the disorder-indudedband and its
second-order overtone, ti@’ band. Their appearance and
dispersive behavior were recently explained as due to a
double-resonance processSaito et all® subsequently ap-
plied the double-resonance theory developed for D&’
bands to all the phonon branches of graphite and showed that
many low-intensity dispersive and nondispersive features are
expected to appear in the Raman spectra of graphite-related
1800 1900 2000 2100 materials, reflecting the vibrational and electronic structure

Frequency (cm™) of the material. Although they only applied the double-
resonance theory to one-phonon processes explicitly, the cor-

FIG. 2. Lorentzian fits of the Raman spectra take_n at S_everallesponding mechanisms can be applied to two-phonon pro-
Eiaser values for theM feature near 1750 cnt and the highly dis- o cseg giving rise to combination modes and overtones, like
persive iTOLA feature observed at 1950 chin SWNT bundles, the G/ ’bandg’loAs we discuss below, we propose here t,hat
taken from Brownet a_I. (Ref. 14. Peak frequencies (cm) and the features; observed between 16,50 and 2100%care
Biaservalues(eV) are displayed. overtones and combination modes related to graphite, as pre-

_ ) _ ) dicted by double-resonance thed?yMore specifically, the
Table 1, d, |s_determ|ned'from the radial breathing mode v features near 1750 ¢ (M band are attributed to
frequency, using the relationggy= 2484 *%and averaged oyertones of the out-of-plar@TO), infrared-active mode at
values are given for SWNT bundles and for the summatiorgg7 cnit in graphite!> and the feature at-1950 cnit
spectrum from the 51 isolated SWNTs. _ (iTOLA band is attributed to a combination of one phonon

Previously, thisM feature was tentatively assigned to aom the in-plane transverse optical bran@fO) plus one

combinatign mode of th& band and RBM featuresals  phonon from the longitudinal acoustitA) branch, iTO
+ wgrgy) .~ However, as can be seen in Fig. 1, the presence | A

of this feature in HOPG, which has no RBM, indicates thata Figyre 3a) shows the phonon dispersion curves for

different explanation for this feature is needed. graphite from thel' point to the K point of the two-

Another very weak feature can also be seen in the speGimensional2D) graphite Brillouin zone from Ref. 10. Also
trum in Fig. 1 for HOPG and SWNT bundles above pioited in Fig. 3a) are the predicted dispersion relations for
1950 cni . We will call this (iTO + LA) feature iTOLA, as the second-order overtone of the out-of-plane optiodO)
explained below. Previously, this feature was tentatively asp,gde (related to theM* band$ and for the second-order
signed as a combination moded+ 2wgey)-* Once again,  combination mode corresponding to tHFO + LA) or
a different explanation is needed, since this feature is oo A band. The experimental points are plotted in Fitg)3
served also in HOPG. Furthermore, as shown in Ref. 14, thigs 3 function of phonon wave vectgraccording to double-
feature is strongly dispersive, in disagreement with e ( resonance theor,as discussed in the next paragraphs. Note
+2wggy) tentative assignment in Ref. 14, as we discusspat the agreement between the experimental and theoretical
below. frequencies for the overton@®l) and combination(iTOLA)
bands is very good.

Assuming that thé/ band is an overtone of the band near
) ) o o woto=867 cm ! in graphite, if we change the laser excita-

To help with the identification of the origin of the features {jg, energy Ej.se), We should be able to reproduce the pho-
near 1750 cm* (M) and near 1950 cm' (iTOLA) in Fig.  non dispersion relations of graphite, as described by Saito
1, an analysis of the dependence of the spectr&Qa-was et a1 The two allowed double-resonance processes in Ref.
carried out to determine the dispersion of these spectral feay correspond tdq|=0 and|qg|=2|k|, wherek andq de-
tures ask|ger is varied. Such information can be deducedpote, respectively, the electron wave vector measured from
from the spectra in Ref. 14 on SWNT bundles. Figure 2he K point and the phonon wave vector measured from ei-
shows that thévl feature near_1750 cnt can be analyzed in ther theT (intravalley processor K (intervalley process
terms of two components with frequencieg, and w,,. A point. The wave vectorsq|=0 do not depend OIE e,
Lorentzian fit was therefore made of the Raman features olyhile the wave vectorgq|=2|k| vary significantly with
served from 1650 to 2100 cm from SWNT bundles, using g,__. in order to satisfy the double-resonance conditfn.
different E ;s €xcitation lines. This figure shows that the From the known dispersion relations for graphitéq) [see
lower-frequency mode», exhibits a weakly dispersive be- Fig. 3(@)], we see that the phonon branch oTO, which is
havior (frequencyw,, shifting down by~30 cm * asE, e responsible for thev feature, decreases in frequency @s
is varied from 1.58 eV to 2.71 ey while the upper feature moves away from thd" point. We should therefore expect

Raman Intensity

1700

B. Mode assignments
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2400 | function of E;uee, (lower scalg, using () for oy, and (A)

for wy, . Using the upper scale in Fig(l3, we plot the|q|
=2|k| values for theM ~ and iTOLA banddthe upper scale
does not apply tawy,, whereq=0), corresponding to a
given E,,c; (see Ref. 1 The connection between the two
scales in Fig. @) (lower E,s; and upperg) follows from
the linear relation betweerE s and g, namely E g
=(\/§/2)y0aq, which in turn comes from the electron dis-
persion relation around th€ point and the double-resonance
condition|q|=2|k|. For comparison, we plot the frequencies
(solid lineg according to predictions from double-resonance
theory for the twow,, branches. The theoretical curves for
wy, and wy, in Fig. 3(b) are upshifted by 20 cm', as dis-
cussed below, to match the experimental observations,pf
for SWNT bundles. Note that, except for the 20 chton-
stant upshift of the theoreticayl = dispersion curves, the
agreement between theoretical predictions dgf and wy),
and the experimental observations is very good. Both experi-
mental and theoretical values exhibit the same dispersion for
the M~ feature and the same magnitude of theo),
~20 cm ! splitting (for Ej,se=2.41 eV) that is observed for
all samples in Fig. Isee Table)l Also plotted in Fig. 8b)
are the points observed fow, for HOPG at E.e
=2.41 eV (denoted by a solid square and a solid triahgle
which are seen to be upshifted by 20 cinfrom the wy,
observed for the SWNT bundles. However, the splitting

FIG. 3. (@ The phonon dispersion curves for graphite from the 2@u Detweenwy, andwy, is the same for SWNT bundles,
I' point to theK point from Ref. 10. Also plotted are the predicted HOPG, and in the theory.
dispersion relations and experimental points for the second-order 1he calculatedoy andwy, as a function OE s in Fig.
overtone of the out-of-plane optica@TO) mode(related to thev * 3(b) show that Awy=wy—oy=20cm ! for Ee
band$ and for the second-order combination iFQA of the in- =2.41 eV, in good agreement with experiment, but Fidp) 3
plane transverse opticaliTO) and longitudinal acoustidLA)  also predicts thatAwy should increase with increasing
modes(related to the iTOLA band (b) wy @y and wiroia fre-  Ep.... Raman spectra for irradiated graphiteising Ejpser
quencies Vs, (lower scalg for the M bands and the iTOLA =5 0 eV(248 nm show two features in the frequency range
band. This figure corresponds to an expanded scaldaforThe  of the M band, with an estimated splitting oA w,,
CﬁrreSpondindlgtl:Zlkl Va'“eslfoé'v'f a”? iTOlLAt amloneg;n ~70 cm L. Using published force constant mod&ls?
the upper scaléthe upper scale does not a 0 mode. _ _ ; ;
The e&%erimental resrl)fl)ts from SWNT bundlgg %/aken from Fig. 2 areiAan at Iiaser_ 5'0_?\/ @=0.5X) can be estimated, yield-

_ 4 . _ g Awy~148 cm - for the force constants used in Ref. 10,

represented bywy (A),oy (L), and iTOLA (©). The solid \ich qoes not include double-resonance Raman data, and

curves represent the predicted frequencies Bivs E e, upshifted Awyy~96 e ! for the force constants used in Ref. 11

by 20 cm %, and the dark solid curve shows the predicted frequens .
Cies of o a VS Ejneer (Unshifted. The dashed lines show all the based on double-resonance Raman data, but does not include

other possible predicted combination and overtone modes in graprg-ata for the Ramam/ bands in the force constant fitting
ite associated with th& point, while the long-dashed lines repre- PVQCedure- At present th? force constant models are not suf-
ficiently accurate to predick wy, for such largeg values(or
El.ser Values as large as 5.0 gVThe two force constant
models(Refs. 10 and 1§l which are based on fitting two
rather different sets of experimental data, show large differ-
ences in their predictions chwy, at 5.0 eV. Further im-

rovements in the force constant mod@lsrhaps including

\w)y data for fitting inputs are needed to fit thd w,, dis-
persion at larges ¢, Values.

(a)

iTOLA
2000 |

g 20TO
1600 iTO |
LO

1200 ¢ LA

oTO

Frequency (cm™')

800 f

400 + iTA
oTA

0

K/4 3K/4

(b)

2050
1950 po---7 7

1850

Frequency (cm™)

1750 £

1650

1.96

1.58

E,..(eV)

sent predicted combination and overtone modes fromlthpint,
according to double-resonance thedRef. 10.

that the M band would have two components: a lower-
frequency componenb,,, which is associated with thig|
=2|k| double-resonance process and which decreases in fr
guency with increasind,,ce;, and a higher-frequency com-

ponent wy,, which is associated with thfg|=0 double-
resonance process, andy, is independent OfE ., in
agreement with the experimental observations dg and
wy, in Fig. 2.

In Fig. 3(b) we also plot the frequencies for the combina-

tion of the in-plane transverse optical mo@d&0) and the

longitudinal acoustic modé€LA), as predicted by double-
resonance theorgdark solid line for |q|=2|k|. To compare

In Fig. 3(b) we plot the experimental results of Fig. 2 for these predicted values for the iTQA frequencies, we plot

the feature observed near 1750 ¢hin SWNT bundles as a

in Fig. 3b) the highly dispersive iTOLA mode frequencies
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1742 -, -1778
1741,

WW

1731 7\ —1751

1781 L1750 1983

1752 —
1738 ~ 1768

1300 1500 1700 1900
Frequency (cm‘1)

(©) observed in Fig. 2 between 1864 and 2000 ¢mWe
see that the agreement between this observed highly disper- | ®=280 (77.2) F,=23%
sive iTOLA mode frequency and the theoretical predictions
for iTO+LA is very good(thus explaining the choice of the
name iTOLA for this mode Note that for this combination
mode we do not expect to observe the double-resonance fea-
ture related to|q|=0, since w o=0 and wiTo= W,

=1582 cm'! for |q|=0.

Although theM features observed in SWNT bundles and
in HOPG forE, .= 2.41 eV are similar, there is an upshift ©ny=160 (157) E, =251
of about 20 cm? in the experimentally observed,, for
HOPG compared with SWNT bundles. We attribute this dif-
ference in the observad,, between HOPG and SWNTs to a Ony=130 (22,3) E,=2.33 JL
diameter-dependent curvature effect in the cylindrical
SWNTSs. A related effect is observed in teband, leading
to a downshift inwg , corresponding to circumferential vi-
brational displacements, relative &, which corresponds
to displacements along the SWNT axf€> A related effect FIG. 4. Raman spectra taken will,..=2.41 eV from several
is also observed in measurements on Ekeand G'-band  isolated SWNTs which clearly show tié band. For each tube the
frequencies in SWNTs, for which a downshift in these modetentatively assignedn(m) indices, the observedggy and wy,
frequencies is found to be proportional tall”°?and this  frequencies (cm') are also displayed. The unusu@lband ob-
effect is discussed further below, in Sec. 11l C, in connectionserved for the upper trace (11,2) is related to the very sthalbw
with the M* bands. 1.0 nm tube diametefsee Refs. 22 and 25

Also plotted in Fig. 8b) are all the other possible over-

tones and combination modes for two phonons associateghq chirality-dependent Raman featute&252%rom Fig. 4
with the I' point (long-dashed lingsand with theK point e see that even though the saBg,,is used for all spectra
(dashed linesaccording to double-resonance thetfhne (Ence=2.41 V), the details of the spectra of tieband at

can see that the solid curveM!(, M, and iTOLA) repre- ) o
. ’ ' . the single-nanotube level vary significantly from o
sent the best mode assignments for the experimental featur%s 9 ¥ si9 y mert)

While the double-resonance theory accounts well for the be'arlz/(l);rj\beo;(:haenr?g;irt.ubes show two clear feature), but
havior of the mode frequencies fB,s,<3.0 eV, itis inter- y Wl

esting to note that the intensity of the double-resonance RaoMe tubes show only one.well-defmed fe:iltlure. In Fig. 4 we
man bands remains an open issue. observe two tubes, both wittaggyy=180 cm *, one show-

. 71 -
Figure 3a) thus gives us a more complete picture thaning & strongM band at 1741 cm, while the second one has

was previously available for phonon dispersion in graphite broadeM band at 1753 cm with a very dn‘feren_t Ime_z
P y P P grap hape. Atwggy~130 cm !, we see two tubes again with

like materials which can be used to interpret experimentaF.

second-order Raman spectra taken with different laser exciiMiiar @rsw values, and while the second has two well-

. . 71 .
tation energies, thereby giving more detailed informationd€fined peaks at 1738 cmh and 1768 cm*, the first tube

than in Ref. 10 about the various double-resonance RamaPntains only one well-defined peak at 1752 cmwith a

processes associated with tRepoint. In particular, Fig. @)  different line shape. In these cases, tubes with sinagagy
includes two additional dispersion curves, one for théea- values, but with differenM band features, were identified as

ture (identified as a second harmonic of the out-of-planelUPeS having differentr(;m) values. These assignments are

infrared-active mode in graphiteand a second for the supported by the analysis of other diameter- ansdzgchirality-
ITOLA feature which is a combinatiofiTO + LA) mode. ~dependent Raman features for these nanottés™ _
Whereas previous studies were predominantly focused on 1here are, however, other cases where tubes with approxi-
double-resonance effects associated with phonons ne#r theMately the samel, also show similaM bands, as, for ex-
point in the Brillouin zone(the D band andG’ band, the aMPple, the two nanotubes witbggy~160 cm * where both

. 1
present work focuses on double-resonance processes for ndignotubes contain a double-featutédband at 1731 cm

zone-center phonons connected with theoint. and ~1751 cm *. The tubes withwggy~160 cm * were
here tentatively assigned to the sanmen() values. The as-

signments in this case are also supported by the similarity of
other diameter- and chirality-dependent Raman features for
Figure 4 shows spectra in the 1300—2000 émange  these two nanotubé$®2>2°The small differences we ob-
taken from several isolated SWNTs. These spectra all shoserve comparing the two traces tentatively assigned as the
the M band as well as th& band, some cases weBkbands (15,7) SWNT in Fig. 4 are probably due to nanotube defects,
are also seen. For each spectrum in Fig. 4 the RBM featuras suggested by the different intensities for thebands
was observed and the RBM frequency is given in the figureshown by those spectra, and may also be due to differences
so that fi,m) indices could be tentatively assigned to eachin the polarization of the light with respect to the tube axis
tube, based on the RBM frequer€ynd on other diameter- (see Ref. 3

One=187 (10,9} E,=2.45

=180 (11.9) E,=2.37

gy

y

@pey=180 (/54) E,=2.51

Intensit

©py=163 (157) E, =251

0rey=132 (23,1) E, =236

C. Isolated SWNTs
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1800 - - SWNT spectrum, while the crossex ] indicate the lower-
frequency combination modeg + wrgy - Herewd andwg
1780 0 o 1 are the frequencies of th&-band peaks =0) at about
_ 0, G x 1591 cm! and 1570 cm?, respectively.?*? Figure 5
T 1760 { A%m% %E; ] shows that thevl and the RBM+G mode frequencies for
= I N &XA ] some SWNTs fall in the same frequency range, but not close
5 1740 oy A enough in general to explain the data points themselves.
;‘, 1720 | fﬁl 4 ] Considering the|g|=2|k| double-resonance condition, the
b # RBM+ G modes should also vary in frequency from tube to
1700 b . x - ] tube, as observed for thHd bands in Fig. 5, due to the dif-
x A ferent zone folding for different(,m) nanotubes.However,
1680 ol . the RBM+ G combination modes away frop=0 are pre-
0 c(’id) o™ ! dicted to appear at considerably higher frequencies due to the
1

positive dispersion of the acoustic branches.

FIG. 5. ExperimentaM-band frequency vs (df) data points There is one point in Fig. 5 that is far away from the
are shown as open symbols. THe are used forw;; when two  Others(at 16,~1.1 nm ). This point corresponds to the
features are observed ard are used for,, . The points denoted uppermost spectrum in Fig. 4 and is identified with ¢th&,2
by * indicate the frequency predicted for tlig=0 combination =~ SWNT. This SWNT is metallic and shows a stroklgband
modewg + wggy, While the predictedog + wgey at q=0 are de-  spectral feature. The apparent difference aiy for this
noted by X (see text The observedsy, and ), data points for  SWNT relative to all the others might be due to the fact that
H_OPG atEj,se=2.41 eV are denoted by a solid square and a solidihis SWNT exhibits a very small diameted,&1 nm),
triangle at (14,)=0. where phonons and plasmons interact strongly, thus generat-

ing an overdamped behavior, as shown by the high-intensity

It is interesting to note also that, at the single-nanotubddreit-Wigner-Fano component observed in thé band(see
level, theAwy~20 cm ! separation between thd* and  Fig. 4 and Refs. 22 and 25Further experimental study of
M~ features using s~ 2.41 eV does not hold exactly, as Such metallic tubes is needed.

can be seen in Fig. 4. For examplep,,=36 cm * for the From Figs. 4 and 5, we conclude that differemt,rf)
SWNT tentatively assigned as (10,98 wy =20 cmi? for SWNTs ,show very different bands,’lsslmllar to the case o_f
the (15,7) tube, and\wy =30 cm'! for the (22,3 tube. the D/G’ bands in isolated SWNTS:*® These results sug
However, the average value afw,, over the 51 SWNTs is €St that theV = features also have a strong, (n) depen-
Awy =22 cmi !, in good agreement with the results of Fig de_nce;(mclud_mg a dependence on both tube dl_ameter and
M ’ " chirality), as in the case of thB andG’ bands. This G, m)

, B T ) )
2 shOW|?gtAth—h23 CTh for Sth_\lT kt))ur;dles. This Itco][n . dependence comes from the fact that in 1D SWNTs the
panson TUrther sSnows the connection between resutts 1or Ny, p1e_resonance conditions=0 and|q|=2|k| are limited

dividual isolated SV.VNTS’ the average of isolated SV\”\”—S"oy the possiblay (andk) wave vectors that are available for

and the corresponding results for SWNT bundles. this 1D systen?,and the observation of the resonance Raman
The dispersive feature observed in the 1950-2000'cm offect from isolated SWNTs is further limited by tHBacer

range in SWNT bundles, as shown in Fig. 2, was rarely seen E; resonance conditioff. Unlike the situation in 2D

in isolated tubes due to the low intensity of this feature. Forgraphite, it is not generally possible to satisfy both the reso-

example, the spectrum assigned as (23,1) in Fig. 4 showgance Raman condition and the restrictedectors simulta-
this feature at 1983 cnt, consistent with the data for the neously in isolated SWNTs.

SWNT bundles? We do not have an explanation for our Furthermore, the physics involved in thé-band case
infrequent observation of the iTOLA feature in isolated seems to be more complicated than for handG’ bands.
SWNTs. In the case of thé® andG’ bands, it is clear which modes
Figure 5 plotswy (open squares and open triangles are involved in the process, probably because the scattering
against (1d,), as obtained from the radial breathing modeprocesses mediated by tfizband phonons exhibit a very
featured,= 248/wggy > for 36 of the isolated SWNTSs for  strong matrix element. In the case of the low-intensitand
which the Raman spectra contained bitbandandRBM  iTOLA features, many overtone and combination modes
features. The open square symbols are used for the highgkuch as the @+ RBM) combination modecan appear in
frequencyM * peak in theM band when two peaks are ob- the same frequency range, as shown in Fith) Dy the
served. The solid square and solid triangle corresponding tgashed curvegor in Fig. 5 by thex and X pointg, and they
(1/d;)=0 nm™! represent thewy, and w,, frequencies ob- can be resonantly enhanced differently for differentnf)
served in HOPG. No clear diameter dependence can be d8\WNTs.
duced from the data in Fig. 5, indicating that the frequencies To gain insight into whether two features or one feature
wy, for isolated SWNTs are very sensitive to chirality, thus occurs in the spectral band near 1750 ¢mwe plot in Fig.
supporting a double-resonance mechanism forMhigand. 6(a) the experimental frequencies,, against the energy of
The stars (*) in Fig. 5 indicate the frequency expected athe van Hove singularitf;; as calculated fromr(;m) values
gq=0 from the combination modevws+ wrgy for each assigned to each tube. We use fiesymbol for w,, when
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1800 : : : : (a) 2D k space is limited in 1D tdg; cutting lines due to the

circular boundary condition along the circumference of the
% SWNT? In Fig. 6b) we draw such an equienergy circle

1775 __g__"z_l - ] about theK point and two 1DE; cutting lines. The right box

A shows a 2D figure Ky ,k,), and the left box shows a 3D

! 1-3 Yy figure (energy, k,,k,). The cutting lines cross the circle,

|

|

|

|

|

|

|

|

|

|

|

rso 132y o &
ﬁ 2 a meaning that, for the specifim(m) SWNT represented in
4 A the figure,E;; (X indicates the correspondirig at the van
1 Hove singularity is smaller tharE s, The crossing points
of the 1D cutting lines with the circle represent the SWNT
electronic states that can be resonantly excitedERy,. To

1725

Frequency (cm '1)
T
-9
=3
>

1700 -
23 2.35

24 2_;45 2:5 have adoubleresonance process, a phonon must bring the
E.(eV) excited electronic state to another real electronic state. For
b the SWNT, only a few phonons can satisfy the double-
(b) resonance requirement and these phonons are explicitly indi-
cated in the figure. Starting from a resonantly excited elec-
tronic state indicated by “1,” phonorg;_, brings the
Y electron resonantly to the real state “2.” In the case of a
Stokes scattering process, state “2” actually corresponds to a
s a2 circle of smaller radius due to the smaller energy of the scat-
tered electron. As a first approximation, we can ignore the
small change in the radius of the constant energy contour in
going from state “1” to state “2,” and we consider both
states to be on the same circle in Figh)6 This q;_,, pho-

FIG. 6. () Frequencies fowy(A) andw;;(C]) observed with non satisfies the double-resonanc.e requirementqfel0.
El.se=2.41 €V vs the energy of the van Hove singularity in the The two phononsy; 3 andq; 4 brlng.the electron reso-
joint density of state&,; for isolated SWNTs. The solid curves are Nantly to the real states “3”and “4,” which both correspond
predictions for the frequencies expected from the modgbjn(b) 10 the double-resonance requiremjt=2|k].

B; B;

Schematic model to explain the observation of one or bivpeaks C?nsidering Ejase=2.41 eV and dwpy/IEjaser~ —25
in the Raman spectra for isolated SWNEge text cm“/eV, the difference betweeg,_.; andq;_, is about
1 cm %, which is too small to be resolved experimentally, so

two features are clearly observed in the spectra, and we uthalt we would expect to observe only one feature in the
y P ' aman spectra, which we have called . However,q;_,»

the A symbol forwy, . From 36 SWNTSs that exhibit botkl ¢ Eice=2.41 €V is about 20 ct higher thangy s 4,
and RBM features, we plot here data only for the 24 SWNTs}, ;5 allowing theM * peak to be distinguished from thé
for which we can make confidenih(m) assignments; for the peak experimentally. It is clear that &S approache€ e,
other 12 tubes, the quality of the other Raman featureghe state “1” approaches “2” and the state “3” approaches
(RBM, G and G’ band$ is sufficient to determinel;, but  «4” 5o that the q=0 double-resonance effect disappears

not good enough to obtain an unambiguousnf) assign-  when “1” = “2,” thus explaining the threshold aE;
ment. We see that for tubes haviig <2.41 eV, bothwy, = E s fOr the observation of thé1 ™ feature.
modes are usually observed. For tubes viih=2.41 eV, The solid curves in Fig. @) represent predicted frequen-

only one feature ¢,,) is usually observed experimentally. cies for the processes-12, 1—3, and 1-4 discussed
Two M features are observed for only three SWNTs withabove. The phonon wave vectars_.,, (;_.3, andq;_, as
E;i>2.41 eV, and in both cases, the observg frequen-  a function ofE;; are determined from the simple geometrical
cies satisfy the combination + wrgy expected according construction shown in Fig.(6). The predicted frequencies
to the wrgy and wg frequencies observed for these SWNTsare obtained from the phonon dispersion curves for
[see * in Fig. 6a)]. Therefore, the experimental results sug-graphité® as 2 times the oTO mode frequency for a given
gest that only one peakM ") is observed foIE;;=E e, phonon wave vector. The resulting predicted frequency is
while bothM ™ andM ~ are observed foE;; <Easer. further upshifted by 40 cm' to satisfy the experimental
Figure &b) presents a simple model to explain the phe-Points shown in Fig. @). Further refinements in the force
nomena reported in F|g(®' name|y, the existence of a constant modélare needed to account for this 40 _Chllp-
threshold E;; = E e, for the appearance of thsl* peak, shift in the theoretical curves.
which in 2D graphite corresponds to thg=0 double- Part of the experimentally observed upshift of the fre-
resonance condition. Neglecting the trigonal warping effect quencieswy, in graphite relative to SWNTs comes from the
on a 2D graphene sheet, the equienergy contour fodependence of these mode frequencies on nanotube diameter
electronic-hole states in the conduction-valence band, resek . However, a simple plot aby, vs 14, for each individual
nantly excited byE s, corresponds to a circle ik space, SWNT would not yield a clear picture of tttgy dependence
centered at th& point. In the case of SWNTs, the available of these mode frequencies, becausg at the single-
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1780 HOPG - - good agreement of these points with the least-squares fit in
i Fig. 7 is obtained. Similarly, the point labelés, denotes
averaged data for three isolated metallic SWNTs in reso-
nance withE},, and since there are not enough data points
available for obtaining a reliable average over chiral angles
for Ey, this point forwy, was not used in the least-squares
fitting procedure.
The decrease in the averagg; with decreasingl; shown
in Fig. 7 can be associated with an increase in nanotube
curvature and a resulting decrease in the vibrational force
constants with decreasirdj. However, for a clear identifi-
1730 s . . cation of the mode frequencies at the single-nanotube level,
0 02 i 04 06 08 it is necessary to consider in detail the dependenag,pbn
(nm-) chirality, due to the different zone folding effects for

FIG. 7. Plot of the experimental frequencie§, and wy, aver- ~ Phonons and electrons and to differencesEin—Ejase, for
aged over theE3; singularity and over th&3, singularity in the the individual SWNTs.
joint density of states of individual SWNTs vs their average, 1/
values. Also included are the corresponding experimental points for ~ D. Resonance issues of SWNTs: From isolated SWNTs
HOPG (18;—0). A least-squares fit of,, to these data points to SWNT bundles

yields oy =1775-18.08, and wy=1754-16.70,. The data It is also interesting to compare the behavior of isolated

points labeled “isolated” are for an average @f,; for 51 isolated SWNTs and SWNT bundles. We see that a rich frequency
- M -

nanotubegsee text The data poinE;; represents an average of 4, jntensity behavior is observed for the different isolated

w), for three metallic SWNTSs corresponding to tﬁgz singularity (n,m) SWNTs, due to the quantum confinement of electrons

(see text and phonons in this 1D system. However, when we average

over a large number of isolated SWN{&L SWNTSs in this

nanotube level not only depends on nanotube dianter . vYork), we observe results that are consistent with SWNT
but also depends on other variables, such as nanotube Chll’%

ity [expressed byr(,m)], E;;, and E;; — Ej;cerr We have,
however, found in analyzing similar effects at the single-
nanotube level for th®-band ands’-band feature<-?8that
when the mode frequencies are averaged over chirality,
averagingwp and wg: over a significant number>10) of
SWNTs which are each resonant with a particigrsingu-
larity, so that the SWNTs for eadh; have similar values of

d;, a clear picture emerges for the dependencegfand
wg on d;. The physics behind this averaging is that, byi%zzt}ubriia?i%%erirgd:ta;ffosame frequency as the (REY

considering a range of chiral 5!09'85' the trigo_nal_ warping The present work shows three new features that are ac-
effects associated with the specific nanotube chirality are av-

L counted for by the double-resonance process:MhgM —,
eraged out and a situation closer to the 2D graphene Sheetéﬁd iTOLA features. We further expect that other, yet unas-
obtained. Using the same approach as for thend G’ ) '

igned, R feat b i hitelik teri-
bands, we averaged the values«j, over all theM-band signed, Raman features observedsf graphitelike materi

) . ] 7 als should be assigned using the double-resonance process,
spectra we hgvej available for s singularity and simi- - considering one-, two-, or more-phonon scattering processes
larly for the E} singularity, and we then plotted in Fig. 7 the (see, for example, the spectra of Tahal®? on graphite

average values thus obtained fog; as a function of the whiskers and considering not simply the sum @0 pho-

average reciprocal diameterdl/ including thewy, values Nnon frequencies, but also difference frequencies in applying

for HOPG at 1d,=0. A least-squares fit to a linear depen- the double-resonance conditions. .
dencewy =Yy — B*/d, is then made for these three data Regarding the low-frequendpelow 1620 cm ) second-

ints forw= and for th ding three dat ints f order combination of modes, we know from the literatfire
POINES forwy an 0+or € corresponding three data points 1ol o q\wNT bundles exhibit two modes that have not yet been
w), , Where thewy, values are chosen as the measured val

i . assigned. Modes are observed Btw; =970 cnm ! and(2)
ues in HOPG for which H,—0. The results of the least- w,=750 cm L (for Ej.ee=2.41 eV), and they exhibit oppo-

squares fit to these values 3+/|el¢s+=}8.0 cm! nm and site frequency dispersionsw, /9E e~ + 130 cmi ! and

B~=16.7 cm ' nm for the wy and wy features, respec- 5., /4E. . ~—130 e L.16 These features have not been
tively. It is interesting that the values f@ obtained for these reported in HOPG and have only been seen in SWNT
two features are similar to one another, and also to the colyyndles. Considering all the branches in the Brillouin zone
responding value of 16.5 cm nm for thed; dependence of of 2D graphite, there is no second-order combination of
the D band?"?8In addition, we plot in Fig. 7 the averagg, = modes that come from either tfieor theK points that ex-

values for 51 SWNTSs, using the results from Table I, andplains this feature. However, if difference frequencies are

S
Isolated P E.,

—_
~
o
(3,1

»

Frequency (cm™)

undles, and these results are basically similar to the results
observed in the parent material, graphite. From the results
presented in Sec. Il C, we see that the assignment oMthe
bband in SWNTSs to a combination of the RBM: bands is
Mot correct, although many average reslilts., vy~ wgrgm
+wg and the splitting Awy~(wg+—wg-) at Ejzser
=2.41 eV are in good agreement with this assignment. Also
for a few of the isolated SWNTs that we measured, the
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also considered, an assignment can be made as follows. Raman spectra taken with different laser excitation energies,
this context, we tentatively assign tlg feature in Ref. 16 thereby giving more detailed information than in Ref. 10

to the combination of two modes. The first phonon is tenta-about the various double-resonance Raman processes associ-
tively assigned as iTA at thE point (|q|=2|k|, emission,  ated with thel' point. We expect that other Raman features
and the second phonon is assigned to iTA atKhgoint (0  observed insp? graphitelike materials will in the future be
=0, emission For the featurev, in Ref. 16, we tentatively identified in terms of the double-resonance process, consid-
assign the first phonon to iTA at the point (|g|=2[k|,  ering one-, two-, or more-phonon scattering processes and
absorption and the second phonon to oTA at thepoint  jncjuding combinations of both sums and differences of pho-
(q=0, emissioh. Alvarez et all® actually give a different non mode frequencies.

assignment to the», and w, modes, withw, coming from From another point of view, the results presented here
two emission processes amgl coming from one emission  ghqy that we can use resonance Raman spectroscopy mea-
and one absorption process based on the observed tfempegﬁ'rements to determine the phonon dispersion relations of
ture dependence aé; andw,. In making our mode assign- graphite and graphite-related materials associated with com-

ments forw,; andw, we argue that, in modeling the tempera- bination modes and overtones of tise? carbon phonon
ture dependence @f; andw,, the Boltzmann factor cannot . :
modes with non-zone-center or zone edge wave vectors in

be strictly considered since the Raman scattering process I‘;ie Brillouin zone of graphite. In this work thd * .M ~, and

self is a source of phonons. As we see below, the assignme . . ]
P g 4TOLA features are identified and can be used to fit phonon

we give here predicts quite well the frequency behavior of . ;
thegl and o, ﬁmdes a quency dispersion curves in the futufé.
Using the set of force constants from @eiset al.we In the case of SWNTs, these second-order overtones and

calculated the expected; and w, as well asdw; /JE ser compination bands are found to vary from tube to tube, sug-
and dw,/JE ey At Epse= 2.41 €V, according to double- 9esting a dependence of these spectral features, at the single-
resonance theory. Since the second phonon is not dispersi@notube level, on tube diameter, chirality, ad values
(q=0), the dispersion for botw; and w, is given by the associated with the one-dimensional SWNT electronic and
slope of the iTA mode, which is opposite for absorption andphonon dispersion relations. Furthermore, the experimental
emission, so thaldwira /JE e} =127 cm eV, and the results indicate that the resonance condition—i.e., the energy
double-resonance process gives dwq/IE 5o/ position of E e, With respect taE;;—is also important in the
+127 cm eV anddw,/ IE o= — 127 cm Y/eV, in good  double-resonance process in 1D systems. For example, the
agreement with observationsFrom Ref. 11, the expected M™ feature is only observed for SWNTs With; <E,sser,
frequencies for Eje=2.41 eV are wia(T',|q|=0.2K) and on the basis of the possible phonon scattering processes,
=305 cm Y, w,ra(K,q=0)=577 cm %, and wj;a(K,q=0)  we propose a qualitative model to explain this result. Fur-
=1054 cm*, which gives us ;=882 cm ' and w,  thermore, we observed modes that can be assigned as the
=749 cmi *. Thus,w, is in excellent agreement with experi- coupling betweer - andK-point phonons. The zone folding
ment, butw, is downshifted by 90 cm’. This may be due of the 2D graphene Brillouin zone into the 1D SWNT Bril-

to an inaccuracy in the lower-frequency modes nearkhe |ouin zone makes it possible to observe the combination of
point in the force constant model. For example, Raman angyany other phonon features in the interior of the 2D graphite
mfrarggdg‘ldata are plotted for the oTO mode near e pyilouin zone. The crossing of the possible wave vectmprs
point= _1Accord|ng to these data, woro(K,a=0)  anqk with cutting lines of allowed discrete 16 andk val-
—635cm . If we use the oTO instead of the 0TA mode o5 for SWNTs needs to be taken into account. Detailed
value _?t theK point, we getw,=940 cm -, which iS¢0 lations are needed to fully understand these results.

30 cm '°.Wef. than thg observ_ed exp(_anmentall vatbiéwr- It is also shown that when we average over a large num-
ther investigation of this tentative assignment is needed. ber of isolated SWNTs we observe results that are consistent

lt. 'S Interesting tp npte that & comblnatlon of modes """ \with SWNT bundles. These results are also basically similar
volving both the emission and absorption of phonons is com-

monly observed in molecules such as,S®% It is impor- to the results observed in the parent material, graphite, and

tant to stress that, in both cases, the combination modetQe frequencr:]y dlsperspdn can Ee expljl_lned py a} dout;}l_e—
tentatively assigned to account for the two features observeSonance theory considering the two-dimensional graphite

by Alvarez et al ® involve one phonon from close to tHe ~ Structure.
point and one from close to th€ point. Due to momentum
conservation, this combination is not possible in graphite,
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