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We report a study of the disorder-inducBdband in the resonance Raman spectra of isolated single-wall
carbon nanotube$SWNTS9. We show that thé-band frequencyw depends directly on the nanotube diam-
eter d, and also on the magnitude of the wave vector for the quantized atesvhere the van Hove
singularities in the density of states occur. These two effects are manifestedDabtiied frequency through
the wD=w3+C/dt functional form, but with C negative (positive for the spring-constant{double-
resonanceg-dependent processes, thereby indicating that the spring constant softens and the double resonance
stiffens theD-band frequencies. In the case of the spring constant eﬁc{-’pu’,s the frequency observed in
two-dimensional graphite. The outcome of the softening versus stiffening competition depends on the nanotube
diameter range. When plotted over a widlerange, the diameter dependencewgf (C<0) arises from the
softening of the spring constants due to the nanotube curvature, but within a single interband tr&gsition
whereby thed, variation is small, theD-band stiffening C>0) due to the double-resonance condition be-
comes the dominant effect.

DOI: 10.1103/PhysRevB.67.035427 PACS nuniger78.30.Na
[. INTRODUCTION means to experimentally determine their, i) structural
indices®’
Single-walled carbon nanotubéSWNTS have attracted Associated with a double-resonance prodes&ihe dis-

much attention owing to their very special physical proper-persive disorder-induceld mode in SWNTs is also very im-
ties, which are related to their one-dimensiofldD) charac-  portant for characterizing SWNTSs, because its properties, in-
ter, making them ideal materials for studying physical phecluding its frequency, intensity, and linewidth, carry
nomena in one-dimensional soliti8.Among the various information about SWNT electronic properties, their com-
experimental techniques that have been employed to studyressive or tensile strain, and the degree of structural disor-
SWNTs in bundles or ropes and in composites, Raman speder of the SWNT. Such information turns out to be decisive
troscopy has become established as a dominant characteriZer achieving high mechanical performance, thereby allow-
tion technique for determining the SWNT diametkr(since  ing use of this mode for characterizing and also monitoring
the radial breathing mode frequency exhibits a nanotube dithe purification process of SWNTs. The observation of the
ameter dependenceggy>1/d;) for the small subset of second-ordef’ band(a D-band overtongis not defect de-
SWNTSs that are in resonance wiH),., based on the so- pendent, but its frequency is strongly dependent on compres-
called diameter-selective resonance Raman scatteringive and tensile strain, with observed pressure coefficients
effect3* for the G’-band frequency in SWNT bundles of

A new research field in SWNTs was opened up by observ--23 cni Y/GPa (under compressignand —13 cm 1/GPa
ing Raman spectra from just one isolated single-wall carborfunder tension* 2 and these properties can be used to
nanotub€. The observation of Raman spectra from just onecharacterize nanotubes, making Raman spectroscopy a sen-
nanotube is possible because of the very large density ditive technique for verifying either compressive or tensile
electronic states close to the van Hove singularities in thetrain effects in SWNTs. Gaining an understanding of the
joint density of electronic statdgdDOS (Ref. 6 of this 1D  mechanisms responsible for this behavior for both semicon-
structure. By combining the resonant process with severalucting and metallic tubes is one of the goals of the present
new physical phenomena related to the dependence of thgaper.
SWNT electronic structure on the nanotube diameter and Previous studies of isolated SWNTs have shown that the
chirality 6, the phonon spectra have been successfully useB-band frequencywp depends on the nanotube diameter,
for the structural characterization of isolated SWNTSs, whichwith wp, increasing as the nanotube diameter incre¥seke
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use of a high-nanotube-density sampte10 SWNTsfm? (@ D band

or per laser spotdid not allow us(Ref. 14 to perform a ¢ ' ! ' '
guantitative detailed study of the diameter dependence of the 1353 -~ 2D graphite ¢ 1
D-band features. A more detailed study later revealed the » e O

role of the quantized wave vectokg (wherek; «1/d; and ”'; 1348 + oE.S A ) e
k;; is the wave vector corresponding to the singularity in the & o Esss Py D,
joint density of electronic statpén determining theD-band $ qaa3l | AES gﬂ |
frequencie® owing to the double-resonance phenomenon | 0E22M ¢ O O

that strongly couples phonons and electrdr8 Two effects =

sensitively modifywp , the first coming from the softening
of the spring constants due to the nanotube curvature and the
second coming from the double-resonance effect. Both of
these phenomena affect the functional form of hand
frequency wp= w3+ C/d,, whereC is negative(positive

for the spring constar{dlouble resonangel, dependence. In
the case of the spring constant effee} is the frequency
observed in 2D graphite. The goal of this paper is to clarify
the roles of these two competitigpftening versus stiffening
behaviors in controlling the magnitude @f, . A comparison
with wp for SWNT bundles is also obtained by appropriately
averaging thewp data for the isolated SWNTSs.

o, (cm_l)

Il. EXPERIMENT FIG. 1. (a) D-band frequencies as a function of reciprocal diam-

. . eter for individual SWNTs usindE .= 2.41 eV laser excitation.
The details of the sample preparation are reportethe gata are classified in terms of thg interband transition with

6 .

elsewheré. Raman spectra from each isolated SWNT wereyich the resonance occurs, including both metalis and semi-
obtained by scanning the sample in steps ofﬁ_)rﬁ .under &  conducting(S SWNTs. (b) Plot of [wp(E;)], denoting the ob-
controlled microscope stage. The spectral excitation was prasgryedp-band frequencies averaged over all tubes resonant with a
vided by an Ar ion laser, using the 514.5 nm laser ligetl
eV) and with a power dens_'_ty of 1 _MW/CmZ on the Sam_ple the reciprocal diameter of the tubes. Data are showrEfgy,, in
surface. We also used a Ti:sapphire 1ade8 eV} to excite  resonance with thes;, ES,, ES,, andED, interband transitions in
the Raman spectra. The scattered light was analyzed with @@ jpoS. The line is a fit to the data, showing that Eréand

Renishaw spectrometer 1000B and a Kaiser optical spegrequencies extrapolaten averaggto the graphené2D graphite

trograph Hololab 5000R, equipped with a cooled chargey e when id,—0. The solid triangles irib) denote theD-band

coupled device CCD) detectors. frequencies for three different SWNT bundles with different aver-
age diametergRefs. 19-21

given interband transitiog;; vs 1/(Tt, the corresponding average of

lll. RESULTS AND DISCUSSION _ _ _ _ o
Fig. 1(a) is associated with the chirality dependelaaf the

A. D-band diameter dependence ki states as a consequence of the trigonal warping &ffect
Figure 1a) shows datdfor both semiconductingS) and ~ and the double-resonance procss.

metallic (M) tubes probed WithE e=2.41 eV] for the What we mean by the chirality dependence for SWNTSs is
D-band frequencywp for isolated SWNTs plotted versus that different nanotubes with differedf and 6 values will be
1/d, for different interband electronic transitiors; , coin-  resonant at the santg,se, value, thus giving rise to a range
ciding with singularities in the JDOS. Although these dataof wp values, whereas fasp? carbons and graphite, there is
are all taken with the same laser excitation energy, the data singlewp for a givenEj,se.. The same situation applies to
points do not show a definitive pattern. We can, however, sethe G’ band. In Ref. 15 we reported thai, has a depen-
thatwp, for isolated SWNTs has lower values thag for 2D dence on chiral anglé for nanotubes with a similar diam-
graphite (1355 cm! taken from Ref. 17, as shown by the eter, whereasggy and wg do not show any significant de-
solid diamond point in Fig. 1 The data points in Fig.(#  pendence om.’ The detailed dependence f, on chirality
seem to extrapolate roughly to the 2D grapHitealue when for the E3; and Ej, transitions and their relation with the
d;—o, ie., (1H8;)—0, consistent with a previous quantized wave vectork; are discussed in our previous
investigation® where this behavior was reported qualita- paper®
tively. However, the experimental measurements for the de- In order to compare the results at the single-nanotube
pendence ofv on the diameted, (see Fig. 1do not deliver  level with those for SWNT bundles and to gain an under-
a clear message when taken by themselves at the singlstanding of the mechanisms behind thedependence of the
nanotube level, but as we will further see, these data are veiy-band frequency, we average over the chirality-dependent
useful for understanding the corresponding effect in SWNTwp data for the isolated SWNTs shown in Figal for a
bundles. As we show below, the spread in the data points igiven interband transitiorkg;;, over which thed; values
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show only a small variation. We denote the resulting aver- 1320 . T
ages of the diameter arigtband frequencies bgl(E;;) and 2D graphite
wp(E;), respectively, and we plot these pairs of numbers in 1310‘-/ _
Fig. 1(b) for i=3,4,5 for semiconducting and for=2 for ©=1309 - 18.9/d,
metallic SWNTSs, using the same symbols as in Fig).IThe 1300
metallic tubes are distinguished from semiconducting tubes £ 1300
by the Breit-Wigner-FandBWF) line shape for the lower- e
3 A SWNT bundles
frequency component of th&-band spectradenoted by 1290 5 g™ i
G).?2 To distinguish between metallic and semiconducting "
SWNTs for larger-diameter tubes for which the BWF line
: ; : 1280 . ‘
shape is often not clearly evident for metallic tubes, we also 0.0 0.4 0.8
use the magnitude of the splittingws= wg+— wg-, Which 1/d [nm’]
is known to be quite different for metallic and semiconduct- '
ing tubes’ and Awg for metallic tube# is given by the FIG. 2. Plot of the averagB-band frequencies as a function of
reIationAwG=C/dt2, whereC is 79.5 cm * nn?. reciprocal average diameter for Raman spectra taken B,
The results of this analysis in Fig. 1 give a simple linear=1.58 eV. The solid square data point is obtained by averaging
dependence abp, on 14, i.e., over wp and 14, for 14 individual metallic SWNTS in resonance
with the E7; interband transition. The solid triangles denbtdand
;D: 1354.8- 16.5H, (1) frequencies for three different SWNT bundles with different aver-

age diameters, but in the range where resonance with metallic tubes
is highly favorable(Ref. 19,20. The line is a fit to the data, show-

. - — ing that theD-band frequencies extrapolaten averagg to the
also obtain very good agreement in Flgb)lbetwgen thevp graphene(2D graphite value when 1d,—0. wp for 2D graphite

results for isolated tubes and t.he correspondirtgresulFs was taken by extrapolating the data from Ref. 28 By
for SWNT bundles measured with the safgs,. The solid -1 53 ev.

triangles in Fig. 1b) denote the averaga_)D for SWNT
bundles with different average SWNT reciprocal dlametersOne van Hove singulariti;; to another singularitg; ;. , the

1/d;, as given in Refs. 19-21. The results of Figo)lshow  gpring constant mechanism becomes dominant in the deter-
thatwp(E;;) for isolated SWNTs andp for SWNT bundles  mination of wp .
both increase whed, increases, and both data sets yield the The results shown in Fig. 1 also suggest that metallic and

same functional form. The linear downshift ef, as a func- ~Semiconducting tubes have the same diameter-dependent

tion of l/d_t- shown in Fig. 1), is attributed to the softening behavior. In order to de_Ive deeper into this issue, we now
of the spring constants for the vibrations associated with th@nalyze the correspond[nngesults for metallic tubes for the
D band due to the nanotube curvature. This assertion is basetY/NTS in resonance witk;;. The same analysis for me-
on calculations of the eigenvectors for tBeband® which tallic tubes is more difficult because tEé{' electronic tran-
show that the atomic displacements have some componeng§ions are well separated in energy, and to measure both the
along the nanotube circumference, which soften the modeg1; andE3} transitions with the same laser line, a very broad
due to some contributions from out-of-plane force constantsdiameter distribution of isolated tubes is needed. Thus, the
Contributions from out-of-plane force constants also are reuse of the laser line 1.58 eV on our isolated SWNT sample
sponsible for thed,-dependent lowering obs-, the lower-  probes only the resonance wiY}, while the laser line 2.41
frequency circumferential component of tBeband?*2° eV probes only SWNTs in resonance wit}, as shown in
However, when we investigate the behaviowgf vsd; at  Fig. 1.

S —
Ejq, for example—thed-band frequencybp has a tendency 1/d, for the EY} electronic transition for 14 different isolated

to increasewhen the diameter decreas@shecauseE;; is SWNTs (solid squarg and SWNT bundlegsolid triangles

proportional tok; , WhiCh in turn is prpportional t_o i, usingE ;= 1.58 eV. The values fod; were found by ana-
except for perturbations due to the trigonal warping effecty ,ing the radial breathing mode frequencies. Similar to the

which complicate this simple dependence and give rise to ehavior shgwn in Fig. 1 foE ...~ 2.41 eV, a diameter de-

spread in the data poinfsee Fig. 18)].X The net result of the . B o
effect due to the formation d;; subbands in this 1D system _penden_ce Olop IS observed fOE.'asef._ 1.58 eV n Fig. 2 that
is consistent with the results in Fig. 1 and with the values

is to introduce an opposite dependencewf on d; when . . ) .
- ; previously measured in SWNT bundles with different aver-
compared to the averaged result shown in F{g).1Since for age diametet€? (see triangles in Fig. )2 The different in-

a given interband transitiok;; the relevant tube diameter . o R
range is not so large, the frequency of fheband, wp , is tercepts ofwp in the limit 1/d,—0 in Figs. 1 and 2 reflect the

mainly determined by the magnitude of tkg states-> and doubIe-resoniance dispersion gegeg 0bwp / IE aser
this effect is dominant over the curvature effect throughout=50-53 cm */eV for 2D graphite:>*"**The slope in the
the small diameter range where contributions from resonancdependence ofvp on 1d; (18.9 cmi *nm) for SWNTs in
within a singleE;; subband dominate. When we jump from resonance WitrEg"l is, within the fitting error, the same as

where 16, is the average of @if, as shown in Fig. (b). We
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that determined for SWNTs in resonance Wlﬂ%, E§3, TABLE |. Diameter dependence of the most intense features
EZ, and E§5 at Ejpse= 2.41 €V. This result suggests that the observed in the Raman spe_ctra of i_solated SWNTs. kdgréenotes

D-band diameter dependence for both semiconducting an@e mode frequency associated with 2D graphite, whose value de-
metallic SWNTs is similar, showing that the effect of the pends on the laser excitation energy. Frequencies are in units of

. i cm 1, andd, is in units of nm. The coefficients for tH, M, and
SOfte”'”Q qf the SP“”Q constants @, seer_ns to be_ the G’ bands and for the RBM were obtained by using data measured
same, within our experimental error, for semiconducting andyjih g,___~2.41 eVv(1.58 eV.
metallic tubes. If we consider only the data for the average

of the 14 isolated tubesolid square in Fig. R the value for

— n

the average slope for the isolated tubes resonant Ejfthin w= oot Clck
Fig. 2 is even closer (15.0 cinm) to the value Mode Frequency Exponent Diameter coefficient
16.5 cm 'nm determined for the isolated tubes in Fig. 1. o n c
The spread in the data points for bundles might be due Qem o 1 ag?
several effects, such as different heating effects or differe 0 0 6.5
SWNT intertube interactions in the different bundle samples.” . “D '
These phenomena in SWNT bundles containing differen?i 1591 0 .
numbers of SWNTSs affect the measui@éand frequencies, 1591 2 (-45.7-79.5)
and metallic tubes should be more susceptible to these el @y 1 —18.0
fects than semiconducting tubes. M- oy 1 —16.7

We have previously discussed the roles of the doubleG’ wg 1 —35.4

resonance effects versus the softening of the spring constants

for explaining the experimental results presented above fOE‘Reference 5. _ _ _

the D-band frequencies for isolated SWNTs. Further evi- 'his value was obtained using thig,s.~2.41 eV. By using the
dence for corroborating the interplay between these two ef-data obtained witl ,se~1.58 eV a—18.9 value was obtained.
fects is also suggested by other experiments on SWN-T—The coefficientC for the G~ component is, respectively; 45.7
bundles and on graphiﬂé:13'29TheG’—band frequency under and —79.5 cm ! nn? for semiconducting and metallic SWNTs
compressive strain shows a large variation (23 &GPa) and 1.58, 2.41, and 2.54 eV laser lines were used to obtain the
in comparison, for example, with 8.8 crWGPa for the tan- G-band experimental results used in the fitting procedRed. 22)
gential modes G-band.*® The large value ofwg /P can

be attributed to the sum of two effects. First, the compressiv

- . —1.31
strain increases the spring constant values, resulting in a'HtertUbe interactions, has been evaluated as 14 chr

UpShitof the -oand fequencies. Second, he compressve, 7 W0 | are summarized e expermenialy detrhined
strain also upshifts the enerdy; of the quantized states, P P

which turns out to increase the magnitude of thewave ?noddeesbgr?jeéXE%i;nm%\é\/eN;rr eRl?gac?eseﬁgttrgb Egihd;heen%Bol\ﬂ
vectors, thus contributing to an additional increase in thenanotube chirality but ratherﬂave frequencies that ar% related
G’-band frequency! Y q

From the above discussion, we have determined the diarﬁ[0 the nanotube diameter. The RBM frequency obeys the

eter dependence @f,. We are now in a position to discuss relation of Eq.(2) and the proportionality coefficiert is

-y _1 . . .
and compare the general behavior of the Raman mode fr —QS'F'Ve (248 cm nm) fo_r |solateq SWNTs sitting on a
guencies as a function of diameter for the most importan '/S'C.)Z substrate, which is very different from the usually
features in the Raman spectra of SWNTSs, including the radiarpegatlve(? for th_e other Raman featureg,. Toe. frequeplcy
breathing modéRBM), the G band, the dispersiv® andG'’ Is essentially F"amet?f mdependent witly - = 15.91 cm =,
bands (see Sec. Il B’ for detai)si and some combination and an analysis considering only the two most intense modes
modes called thévl band (a doublet feature that has been revgaled that the lower frqueng)ﬁ compofr;.a.rgf shohws
assigned as arising from a double-resonance process invol@- diameter dependence @fd; with a coefficientC that
ing modes close to thE point, the out-of-plane brangh? depends on whether the SWNT is semiconducting or metal-

: ; )
All mode frequencies observed in SWNT Raman spectra ardlc: The constanC for metallic SWNTs (79.5 cm nne)

after performing the appropriate averages, related to the aJs  @bout —twice that for —semiconducting tubes

~1 22 ;
erage diameter through the general relation (45.7 cm ”mz) The results provided here fasg- are
obtained by fitting the frequency of the maximum intensity

_ _ of the G~ feature?” This feature can actually be decomposed
w(dy)=wo+Cldy, (2)  into up to three peaks with different symmetrig€ but their
detailed analysis(involving polarization studigsis not
wheren is an integer andv is the frequency observed for within the scope of this work.
2D graphite, i.e., when @/—0 for the double-resonance  The physics behind the diameter dependence for the lower
modes. It should be pointed out that for SWNT bundles, thes-band component is still an open issieand models for
general relation of Eq(2) has also been used to describethe phonon dispersion relations based on both spring
wggw- In the case of the RBMgw, is not related to 2D  constant&* andab initio® calculations predict a weakerd}/
graphite because the RBM is an intrinsic mode of SWNTsdependence than that observed experimerftaliery re-
with no counterpart in graphite, bui, rather involves the cently, Dubayet al2® reported, by using highly accuratd

éntertube interaction within the SWNT bundle and from this
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initio calculations, that th&s™ mode in metallic tubes is 2.01 . .
significantly softer than in semiconducting tubes due to a
Peierls-like mechanism, where a special electron-phonon
coupling induces the opening of a gap at #egoint. This 2.00 8
model is qualitatively in agreement with the experimental a ) ® o0
results by Joricet al? but the precise diameter dependence E /D graphite o foo
is still not well explained. & 1

The D, G’, and M modes, whose origin relies on the 1.9+ ES © 1
double-resonance process, exhibit a quite different behavior o
from the RBM andG-band modes. First, the modes associ- E°® E°
ated with the double-resonance process are dispersive with 1.98 .
regard to the laser excitation energy and exhibit a strong 0.0 04 0.8
chirality dependence. Since the double-resonance conditions 1/d [nm"]
in SWNTs are restricted by the 1D structure for both ) )
phonons and electrons, the diameter dependence emerges ad |G- 3- Plot of the average /wp ratio for Se‘.’eri‘/'l isolated
a clear picture only when appropriate averages over the chR"WNTS fgr which Ejase=2.41 eV is resonant withEz; (solid
ral angle are made. After performing such averages, th&Tcle9. Ess (0pen squargsandEg, (open circles The diamond
chirality-dependent double resonance effects are ef“fectivel9Olnt at 16,=0 is for 2D graphite(Ref. 28.
averaged out, and we then can evaluate the spring constant
effects that are expected to have4d, dependence witle g and 2wp in detail for 2D graphite. This is associated
<0; i.e., the frequency decreases as the diameter decreas®éth the fact that theD band has two peak&lepending on
This is indeed observed for tiizband, theG’ band, and the Whether the elastic or inelastic scattering event occurg first
combination M-band modes, each having slopes of 16.5.and theG’ band has two inelastic scattering processes.
35.4, and 17 cm*nm, respectively. The very different diam-  In Fig. 3 we show thewg: /wp ratio for several isolated
eter dependences of the RBM a@iband modes provide SWNTs as a function of @f. Similar to othersp” carbon-
strong evidence that a different mechanism dominates theased materials, th&’'-band frequencywg, in isolated
Raman scattering for these modes. Thealue for the RBM ~ SWNTs is not exactly centered at 2 times theband fre-
is high compared with modes, such as the G'-, and quencywp. However, in contrast to thB band in graphite,
M-band modes, whose origin comes from the doublethe D band in SWNTs is much narrower in linewidthine-
resonance process. widths down to 7 cm? were observed rather than

65 cm ! which is observed in 2D graphft®. However, the

B. D band vs G’ band: Diameter dependence and double- fact that for isolated SWNTs thé’-band frequencyvg: is

resonance effect not twice wp for the D band suggests that th#& band simi-

In this section we describe th®' band properties and larly originates from two processéthe first scattering event
their relation to those of thB band. The same approach that IS €ither by a defect or by a phonras in graphite. How-
was applied to th® band in Sec. lll Ais now applied to the €Ver, for isolated SWNTS, a spread is observedvin and
second-orde6s’ band, which appears at a frequency of ap-@c’ measured with a single laser line, instead of a single
proximately 2o, . The fit to the experimental datanea- Value for wp and wg:, as occurs for graphite, and this

sured WithE .= 2.41 eV) leads to spread in isolated SWNTs seems to be related to the relative
position of Ej,se,With respect to the singularitids;; for each
;G, —2708.1 35_45t (3) SWNT, which implies different preresonance conditions and

that |Ese—Eii| has some effect on the spectral

in analogy to theD band for SWNTS[Eq. (1)]. Both the  frequencies®
frequency intercept at d{— 0 and the slope for th&’-band As can be observed in Fig. 3, theg /wp ratio at the
data are consistent with the correspondBypand behavior, single-nanotube level seems to exhibit a dependenaog; on
based on the approximate relatiaR,=2wp . Furthermore, but the most important results are that the values f/ wp
the G'-band frequency of 2D graphite is 2710 ci(taken  are spread out, changing from one tube to another tube, in
from Ref. 17 which is close to 2708.1 cnt, and the slope contrast to the situation in 2D graphite, whesg, / wp has a
of 35.4 cm nm in Eq.(3) is very close to twice th®-band  specific value of 1.99% Furthermore, the observed spread,
slope of 16.5 cmnm in Eq.(1). In principle, we also could Wwhich is due to the trigonal warping effect, thus arises from
do the sameG’-band analysis for the isolated nanotubesthe differentk;; values depending on them) or d; of each
probed withE ..~ 1.58 eV but a very strong luminescence tube, which is excited by a given laser enefgy,. As a
from the Si substrate in th&’-band region does not allow consequence of the detailed difference in the double reso-
one to get reliable data on this topic. nance requirements that depend on the 1D structure of the

The experimental observation in 2D graphite that thenanotube, eachn(m) nanotube exhibits differenD- and
G’-band frequencywg: does not exactly satisfy the relation G’-band properties. From Fig. 3, one can observe that the
wg =2wp remained an open issue for a long time. Recentlyaveragewg: / wp values forE§3 (1.992 and E§4 (1.998 ob-
Can@do et al?® successfully employed double resonancetained from Fig. 3 are very close to the value of 1.993 for 2D
theory to explain the small frequency difference betweergraphite. It is surprising that the average for metallic tubes
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wg lop=2.003 is so close to 2 and is greater thag / wp is different from the non-double resonance modes, such as
for the semiconducting tubes. The spreadwgf /wp from  the G band and the RBM feature. Theg, /wp ratio is not
the average for all th&;; subbands is-0.01. At present we exactly 2—nor is it exactly the same as in 2D graphite—but
have no explanation for the apparently different behavior beinstead of a single value for a given laser energy, the ratio
tween semiconducting and metallic tubes regardingwg:/wp varies from tube to tube due to the trigonal warping
wg lwp . The ratiowg: /wp should also depend on the dif- effect which modifies the double-resonance condition. The
ferent resonant conditions for tHe and G’ bands. To get averagewg:/wp ratio for semiconducting tubes is very close
further insights into this effect, an experiment with a tunableto that for graphite, but for metallic tubes the ratio appears to
laser is needed. This challenging experiment is currently unbe close to 2. We do not have an explanation for these ob-
der way. servations on thewg, /wp ratio and further study of these
phenomena are underway. Finally, a correlation between the
IV. SUMMARY spectral data for isolated SWNTs and for SWNT bundles was

. ] successfully made by performing appropriate averages of the
In summary, we have established the diameter depengsyits obtained from single nanotube spectra.
dence of the most important phonons observed in the Raman
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