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Origin of the Breit-Wigner-Fano lineshape of the tangential G-band feature
of metallic carbon nanotubes
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A detailed line-shape analysis of the tangen@aband feature attributable to metallic single-walled carbon
nanotubes is presented. Only two components are needed to account for th&dyatird feature for metallic
nanotubes. The higher-frequency component has a Lorentzian line shape, and the lower one has a Breit-
Wigner-Fano(BWF) line shape. Through comparisons of the Raman tange@tladnd spectra from three
different diameter distributions of carbon nanotubes, we find that both the frequency and linewidth of the BWF
component are diameter dependent and show functional forms consistent with theory. The nanotube curvature
is responsible for both the frequency differences between the two components of the characteristic metallic
G-band spectrum and the BWF coupling of the lower-frequency component. Surface-enhanced Raman spec-
troscopy studies provide supporting evidence that the phonon BWF coupling is to an electronic continuum.
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I. INTRODUCTION constant versus circumferentiallylower force constant
and (2) an additional downshifting and broadening of the
One method for distinguishing betweemetallic and  lower-frequency peak due to coupling of the discrete
semiconductingingle-walled carbon nanotubé8WNTs in ~ phonons to an electronic continuum, resulting in the BWF
any given sample? is based on the distinct differences in the line shape.

line shape of the tangenti@-band (~1600 cm 1) feature The asymmetric BWF line shafiejescribed by
in their Raman spectra. Tl&-band of semiconducting nano- )
tubes has been extensively studied, and is well accounted for ()= [1+ (0~ wpwp)/dl’] @

using Lorentzian oscillators to describe the six Raman-active
modes'? recently identified by polarization studies of the
symmetries of the various line-shape componéi@sme re-  (where 1¢ is a measure of the interaction of the phonon with
searchers previously fitted the Raman line shape for metallig continuum of states, andg is the BWF peak frequency
SWNTs using Lorentziad$ while others used a at maximum intensityly), has previously been used to fit
Breit-Wigner-Fan8’ (BWF) line shape to fit the lower- some of the Raman bands of the metallic forms of various
frequency component of th6-band spectrum. There has, sp® carbons, such as the 1540 cm ! feature of metallic
however, been no explanation of the mechanism responsibBWNTs®’ the tangentialG-band feature of alkali-metal
for the downshift and broadening of the tangenBaband of ~ doped SWNTS, the feature near 1600 cm of carbon
metallic SWNTSs relative to semiconducting SWNTSs. aerogel®® and alkali-metal graphite intercalation
The analysis presented here confirms that only two Racompounds; as well as the-270 cm * featuré? of metallic
man components are needed to fit the tange@ibbnd for  K3Cg. In contrast, the Raman bands of tsemiconducting
metallic SWNTS' with a Lorentzian line shape describing forms ofsp? carbongundoped G, and K;Cgo,** and semi-
the higher-frequency feature and a BWF line describing theonducting SWNT4Ref. 3] exhibit Lorentzianline shapes.
lower-frequency feature. Both components are found to ex- The inset to Fig. 1 shows the Stokes Raman siginam
hibit predominantlyA (A,4) symmetry. The differences in 900 to 2000 cm 1) from a sample of SWNTs with diameters
their peak frequencies are attributed (g a difference in  d;=1.49-0.20 nm, for laser excitation energiesser
force constant for vibrations along the tube akiglher force =1.58 and 2.41 eV. The lower-frequency tail of the broad

1+ [(0— wgwp)/TT2
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Lsev Stokes Anfi—-Stokes TABLE I. Detailed line-shape analysis of the Stokes and anti-
| 2.19 eV ) 2.19 eV Stokes spectra from both metallic and semiconducting SWNTSs with
HEYR 9 d=1.490.2 nm, shown in Fig. 1 foE ¢~ 1.58 and 2.19 eV.

. : The frequenciesd¢) and FWHM (") are listed for the Lorentzian

e features, while additionally the (q) value is given for the BWF

features. The fitting parameters were obtained from the smallest
root-mean-square error of the fitting procedure.
® (em™) T (em™) o (em™?) T (em™?)
1500 1600 1700 1.58 eV (Stokes 1/qg 219eV  (Stokes 1/q
Stokes . Anti-Stokes
15458 56 -0.23
1552° 18 1553 19
1565° 14 1569 14
15772 24
1590° 17 1592° 15
1608° 26 1607° 26
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FIG. 1. lllustrative Stokes and anti-Stokes Raman spectra for the 1565° 23
SWNT sample S1 witld;=1.49+0.2 nm taken aE;,=1.58 and 15752 38
2.19 eV. Fitting parameters are listed in Table I. The inset presents 1591P 18
Raman spectra in the spectral range from 900 to 2000'cshow- 1606° 30

ing results obtained from the same sample S1 using the laser exci-
tation energies: 2.41 eVlower curve and 1.58 eM(upper curvé a\etallic nanotubes.

bSemiconducting nanotubes.
tangentialG band, obtained using,,.—= 1.58 eV excitation,
comes from metallic SWNTs and exhibits a slow decay back . : . .
to the spectral baselinesuggesting use of an asymrr){etric using a 1 at.% Niand 1 at. % Fe catalyst mixture, resultlpg
BWEF line-shape analysisThis is in contrast to the flat base- 'ggtR: 1.35¢ 0.'20 lﬂn Surfacef-enhzijnced Ramlan833catt((ajrmg
line from E ...~ 2.41 eV in the inset to Fig. 1, for which the (SERS experiments” were performed on sample S3 under
spectrum is associated with semiconducting SWNTs, and€Sonance Raman scattering conditi¢BERRS, where the
Lorentzian line shapes describe the spectra well. Raman signal of the adsorbed nanotubes was strongly en-

tangentialG-band feature in both the Stokes and anti-Stokessilver colloidal particles>*/

resonant Raman spectra for metallic SWNTs with different The Raman experiments were performed under ambient
diameter distributions and differeif ., values. We here conditions, using a backscattering configuration. For laser
emphasize the coupling associated with the BWF line shap&xcitation radiation, we used the 514.5-(&h41 eV} line
compare theoretical predictions of the BWF parameters witfrom an Ar* laser; the 632.8-nn{1.96 eV} line from an
experiment, describe the important role of SWNT curvatureair-cooled He-Ne laser; the 568-n(2.19 eV} line from a

in the coupling process and, by analyzing the effect ofkr* laser; the 782.0-nm(1.58 eV} line of a solid state
surface-enhanced resonant Raman spectroS@BPRRS on  Al-doped GaAs laser; and the 830-nih.49 eV} line of a

the Raman bands of SWNTs, we gain insight into theTij:sapphire laser.

electron-phonon coupling mechanism responsible for the

BWEF line shape in metallic SWNTSs.

Ill. RESULTS

II. EXPERIMENT Comparison fits to the tangenti@-band featureqob-

Three different diameter distributions of SWNTs were tained using ase= 1.58 and 2.19 e)/are shown in Fig. 1 for
used in this study, all synthesized through the arc dischargeoth the Stokes and anti-Stokes spectra taken from sample
method using different synthesis conditions. Carbolex IncS1, using fitting parameters listed in Table I. Both the Stokes
used a 4:1 ratio of a Ni'Y catalyst mixture to produceand anti-Stokes Raman spectra obtained fBj,ger
SWNTs withd;=1.49+0.20 nm(sample SL The second =2.19 eV(where only semiconducting nanotubes are reso-
sample(S2 used a 2.6 at. % Ni, 0.7 at. % Fe and 0.7 at. %nant in sample Slshow line shapes that are best fit by four
Co catalyst mixture along with 0.75 at. % FeS, resulting inLorentzian oscillatorslocated at~1607, 1592, 1569, and
SWNTSs with a broad distribution of diameteimean diam- 1553 cm ®. These fits are based on polarization studies of
eter ofdy=1.85 nm)*3The third sampléS3 was produced the line shapé,with the anti-Stokes spectra requiring the
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FIG. 3. Detailed line-shape analysis of the tangenBaband
feature in the Stokes spectra from samples of nanotubes with a
broad distribution of diameters centereddgt=1.85 nm, collected
usingE ,ce=2.54 and 1.92 eV. The inset shows the modest changes
in the tangentialG-band feature for this sample of SWNTs with

/ R 1/q=—0.15 24/ S changes irE -
1400 1500 1600 1700 1400 1500 1600 1700
Raman shift (cm™) Raman shift (cm™) =1.35+0.20 nm), collected usingE;,cc=1.49 eV. This

choice of laser excitation energy also allowed us to collect

FIG. 2. Deconvolved spectiigaken on sample §3f the anti-  the tangentialG-band feature from only metallic SWNTs
Stokes and Stokes tangenttaband obtained withe,se=1.49 and  from  this sample @o=1.35 nm), since semiconducting
1.96 eV for normal resonant Raman spectrosc®RS and for nanotubes in sample S3 are not resonant atEhig, value.
Kehe tangentiaG-band feature for sample S3 was also best fit
using only two components, with a Lorentzian line shape at
1580 cm!, while the BWF component was located at a
same oscillator frequencies but larger full width at half maxi-lower value of Raman shift1543 cm'1) than was found for
mum (FWHM) linewidth values than the Stokes spectrum. Asample S1, with j=-0.27. Fits to the tangenti& band
fit of these features to a BWF line shape yielded only veryfor this sample(S3) for other E, ¢, values yielded a fre-
small 1h values (1/q/<0.07), showing that the same set of quency range for the BWF componei539-1543 cm?),
Lorentzian oscillators (ff=0) are sufficient to fit both the with 1/q values in the range 0.%81/q|<0.27. The line
Stokes and anti-Stokes spectra for semiconducting SWNTshape of the Stokes tangenti@l band of sample S2d(
We found this to be the case for the semiconducting nano=1.85 nm) forE,..=2.54 eV is typical of semiconducting
tube Raman spectra for all three samples. SWNTSs, and only modest changes of the tange@iand

Figure 1 also shows both the Stokes and anti-Stokes Rdeature were observed with decreaskg, (see the inset to
man spectra fronk .= 1.58 eV. We chose this value of Fig. 3). As resonance with metallic nanotubes is established
laser excitation energy since, for thanti-StokesRaman  upon loweringE, s. below 2.54 eV, a small BWF peak near
spectrum, resonant contributions from only the metallic1557 cm® develops, with I ranging from —0.12 to
SWNTs of sample S1d;=1.49+0.20 nm) contribute to the —0.25 (FWHM=40 cm 1). This contribution from metal-
Raman tangentiaG-band featuré® The anti-Stokes spec- lic nanotubes to the Raman spectra for sample S2 is present
trum is best fit using a BWF line shape for the 1546 ¢m in the tangentialG-band feature down t@ ,c.=1.58 eV
feature (1g=—0.21) and a Lorentzian line for the 1575 (see Fig. 3. However, for these large diameter nanotubes, no
cm ! feature. In contrast, thBtokesspectrum of sample S1 clearly resolved metallic components develop, as was the
from Epee=1.58 €V, however, requires contributions from case for samples S1 and S3. Additionally, Kataataal®
both metallic and semiconducting SWNTs, as explained inshowed Raman spectra from SWNTs with 0.68 sady
Ref. 18, to fit the entire tangenti@-band spectrunisee <1.0 nm, and the lower-frequen¢@WF) component was
Table | and Fig. 1 Fits to the tangentialG band from located at 1530 cmt (1/q=—0.25).
sample S1 for other values of laser excitation energy, where We also present the results of the SERRSIrface-
metallic SWNTs are resonantly enhanced in the Stokes ognhancedesonanceRaman spectroscopgxperiments per-
anti-Stokes spectra (1.5 8V <2.1 eV), similarly formed on SWNT sample S3, where the sample was ad-
gave only two components for the Raman features of metalsorbed on silver colloidal clustet3,and where there is an
lic nanotubes, with negative values of theylihteraction electronic resonance process operative along with the
parameter (0.14|1/q|<0.26) for the lower frequency BWF SERRS process. Figuregal and 2b), respectively, show
feature @gwr=1544-1548 cm?l). the resonant Raman spectroscd®RS and SERRS anti-

We also analyzed the tangenti@-band feature for Stokes G-band spectra K s.=1.49 eV) collected from
SWNTSs with peak diameters smallesample SBand larger sample S3. Both of these anti-Stokesand spectra were fit
(sample S2than those of sample S1. FiguréaRshows the  with similar (metallic) line shapes, although the SERRS fea-
anti-Stokes tangentiaG-band feature for sample S3d( tures are broader anddlis decreased slightly relative to the

associated with metallic nanotubes are listed in Table II.
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corresponding RRS features. However, the integrated interthan the LO phonons for the modes wiy (E;q) andE,
sity ratio | S0/ 1 1950 is much larger for SERR$2.21) than  (E,,) symmetry. As mentioned above, zone folding does not
for RRS (0.795. A much smaller enhancement of the 1580 affect the modes witlA symmetry, since they are at the
cm ! feature by the chemical SERRS effect is seen by norpoint. However, the curvature effect causes &€ mode
malizing the fits of the j25, peak atEe—1.96 eV toli2,  (displacements along the SWNT axis have a higher fre-
for the corresponding 1592 c¢m Lorentzian oscillator for quency than thé\™ mode (displacements perpendicular to
sample S3see Figs. &) and 2d)], where the intensity ratio the SWNT axi$ due to the reduction in the force constants
12641 1262 is seen to increase only slightly from 0OBRS to  because of the tube curvature. Saitaal. calculated the fre-
1.1 (SERRS, but the same normalization gives a muchquencies of the six modes comprising the tange@idland
larger intensity change for the 1540 cMBWF feature, with  region for a general chiral SWNT, and they are ordered, from
| 2540/ | 1552 increasing from RR$3.5) to SERRS(7.2). lowest to highest frequency, to BE;°<E;°<ATO<E[°
<A9<EJ®.? Thus the component of the tangential
G-band Raman spectra for semiconducting SWNTSs has been
IV. DISCUSSION very well explained. However, in this paper we show that

Group theory predicts that there are six Raman-activéidditional considerations must be given to explain the tan-
modes within the tangentialG-band spectral region 9entialG-band Raman spectra for metallic SWNTs.
(~1600 cnl) for general chiral SWNTgtwo each of The six modesE;°, E;°, AT, E{°, A9, E]°) are also
modes with A (A;g), E; (Eyy), and E, (Eyy) expected to appear in the Raman spectra for general chiral
symmetny.>1°=21 The symmetry assignments of the four metallic SWNTs. However, fits to the anti-Stokes Raman
Lorentzian feature€l553, 1569, 1592, and 1607 cf) used  spectra from samples S1 and $&here only the Raman
to fit the semiconducting nanotulé@band feature also have tangentialG band for metallic SWNTs are presgmdicate
been reported.The Lorentzian components located at 1553that we need only two components to account for@leand
and 1607 cm! have been assigned to mode vibrations withfeature (1540 and~1580 cm ). The “antenna” effect,
E, (Epg) symmetry; with the contributions to the observed where there is preferential absorption and emission of light
intensity coming mostly from small and high chiral angle polarized parallel to the tube axitaken to be thez direc-
SWNTS, respectively**?![We note that=0° corresponds  tjon), is expected to be strong for metallic SWNFZ32*
to zigzag(smallest chiral angle nanotubesind 6=30° to  pyeshergel all’ confirmed the dominance of this antenna
armchair_(llargest chiral angle nanotubelsThe feature at  gffect for metallic SWNTS, since, for polarized Raman mea-
1592 cm * has been assigned to unresove@A, ) andE; g rements on a single bundle of SWNTSs, they found that the
(Eag) Symme”y mode _rﬁwbratlons_ from_ low chiral angle Raman signal from the tangenti@-band feature, attributed
tubes, while the 1569 ¢ f.eature. is attributed té\ (Ag) to metallic SWNTSs, disappeared when the incident and scat-
andE, (E,,) modes from high chiral angle tbes. The two tered light were polarized perpendicular to the tube &%f.
E; and E, modes come from zone folding of the phonon Similar results have been obtained for a fiber of partially

dispersion bandawayfrom theT" point?°~??and so they are .. 5 .
expected to have different frequencies. The #vmodes are aligned SWNTS D_ue o this antenna _effect, modes wh
(E1g) symmetry will be suppressed in the Raman spectra,

associated with thE point, and are therefore not expected to * . e

show any zone-folding splitting. However, the curvature ofSINCe they can only be observed under cross-polarization of

the nanotubes results in lower force constants for vibration§ither  the |2C|d_en_t or scattered lightXg or zX

of the atoms in the circumferential direction as compared tgonfigurations™ Similarly, the antenna effect will result in

vibrations along the nanotube axis, and this results in the twé1€ suppression of modes wit, (E,;) symmetry, since

different frequencies of th& modes observed for the semi- they are only observed for both incidesitd scattered light

conducting nanotubed 569 and 1592 cmt).3 Furthermore,  Polarized perpendicular to the tube axiX configuration.®

polarized Raman experiments have also shown that it is thtlodes ofA (A;5) symmetry(observed for the&Z polariza-

two A (A;4) components that are dominant in the intensity oftion) are expected to dominate the Raman spectra for metal-

the G-band Raman spectra from semiconducting SWRITs. lic nanotubes. Furthermore, totally symmetric modes experi-
Calculations also show that the displacements of theence the greatest amount of enhancement in a RRS process

eigenvectors of th&-band phonons are always either paral-through a Franck-Condon mechaniétrfurther confirming

lel (LO) or perpendiculafTO) to the nanotube axis for the that the two components of the tangentaband for a gen-

two phonon modes for each irreducible representation, andral metallic chiral nanotube are most likely Afsymmetry.

this symmetry effect does not depend on chiral argf@?*  Experimentally, we have observed only two components in

Due to the directions of the atom displacements relative tdhe fits to the Raman spectra for metallic carbon nanotubes,

the nanotubes axis after zone folding, Sa@ital. have shown and so we attribute these two components to A& and

that zone folding of the LO vibrations of 2D graphite results A“° modes from the chiral metallic nanotubes.

in TO vibrations of the one-dimensiond D) SWNTs (and We now examine more closely the behavior of the two

vice versa for the E; and E, modes? (In this work, when  components of the tangenti@ band of the Raman spectra

we use the notation LO and TO, we are referring to modegor the metallic SWNTs. The higher-frequency component of

for the 1D SWNT9. As will be seen later, this results in the the G band is seen to show only a weak dependence on the

TO phonons for the 1D SWNTs having higher frequencySWNT diameter, as evidenced by its appearance at about the
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1565 TABLE Il. Fitting parametergobtained from the smallest root-
mean-square error of the fitting procedufer only the Raman
_ peaks ofmetallic SWNTs (dot-dashed curvéshown in Fig. 2 in
= the anti-Stokes K= 1.49 eV) and StokesHj;.—1.96 eV)
1555 7 spectra collected from SWNTsd(=1.35+0.2 nm) for normal
/,// RRS and SERR$SWNTs adsorbed on silver surfages
—A //
. 8 1505 | ) ‘/_é—‘* _ Ejase= 1.49 eV _
= e RRS (anti-Stoke$ SERRS(anti-Stoke$
sg /4—§—> o (ecmb T'(em?l) 1Ug o (cmy) T (eml) 1
/
1535 | // 1543 60  —027 1540 70 -0.20
/ 1580 38 1580 52
(—.-/L)
/ Elase=1.96 €V
1525 L : : : RRS (Stokes SERRS(Stokes
0.50 1.00 150 200 o (m?) T (em?Y) g o (emd T (em?) 1q
d, (nm)
1541 72 —-0.22 1540 76 —-0.15
FIG. 4. The BWF peak frequency vs the mean nanotube diami580 11 1580 13

eter (o), where error bars reflect both the spread in the BWF peak
frequency obtained from fits to th& band from differentE e,
excitations, and the diameter distribution of the carbon nanotubehe electronic structure as the source of the continuum for the
samples. The points are locateddat the center of the diameter coupling mechanism. Since surface-enhanced Raman scatter-
distribution. The square data point is taken from the litera(Bwe. ing (SERS provides a means for perturbing the electronic
6). The data points are fit using the functional fommwe=wo  structure of SWNTSs, we consider this technique to provide
*aldy, with values of the fitting parametets,=1580 cm = and  jnsjght into possible coupling mechanisms. We now tum to
a=-44 cm = nm. previously reported SERRS experimént€ on sample S3,
which are refit here using a BWF analysisee Fig. 2 and
same frequency 41580 cmil) as in graphite and by its Table Il). Even though the intensity of the tangent&band
Lorentzian line shape in the fits to the three different diam-from semiconducting SWNTSs is enhanced by 10-12 orders
eter distributions of SWNTgsee Figs. 1, 2, and)3The of magnitudé® in the SERRS experiment, the relative inten-
lower-frequency BWF component, on the other hand, shiftsities of the Lorentzian oscillators in a fit to ti&band of
monotonically to lower frequencies as the diameter of thesemiconducting tubes remain the same for the SERRS pro-
SWNTs gets smalletsee Fig. 4. For the large diameter cess relative to normal resonant Raman scattei®gS.°
SWNTs [dp=1.85 nm) of sample S2, the frequency sepa- However, for metallic SWNTs, not only is the intensity of
ration between the two components of the metaBiiband  the tangentialG band enhanced, but the integrated intensity
feature isA=1580-1557 cm'=23 cm *. This value of ratio I5¥;7/1125, (of the BWF component to the Lorentzian
A is the same as the frequency separation between the twsmponent is also changed due to the chemical SERRS
middle components of the semiconducting line shape ( effect’® The chemical mechanism of SERRS enhancement
=1592-1569 cm =23 cm!).®> For smaller diameter can be described as a resonant Raman effect involving elec-
SWNTSs, on the other hand, the frequency separation betronic levels of the SWNTs as modified by the adsorption of
tween the two components of the metalieband feature is nanotubes onto the metal particles of the substfatgTo-
much larger, increasing from=23 cmi ! for sample S2 tally symmetric phonon modes are most sensitively affected
(with dg=1.85 nm) toA=50 cm ! for SWNTs with d, by both the RRS process and by the chemical SERRS
=0.84 nm(taken from Ref. & The curvature effect is op- effect!* and thus the behavior of the two components of the
erative for the semiconducting SWNTs as well, but in that RamanG-band spectrum for metallic SWNTs is again con-
case the frequency separation of the two middle componentsstent withA (A;) symmetry'® Because the SERRS pro-
of the G band remains near 20 cmi ! for the small diam- cess greatly increases the BWF line intensity, we conclude
eter SWNTs. The much greater diameter dependence of that the coupling mechanism responsible for the BWF line
obtained for the metallic SWNTs cannot, therefore, be dueshape relates to phonons coupling to a continuum based on
solely to the difference in force constants for displacementgollective excitations of the electrons.
along the nanotube axis in comparison to displacements in The electronic density of states of metallic SWNTSs is
the circumferential directioA®?*We therefore turn to the constant at the Fermi level over a large energy range, and
influence of this BWF coupling on the resultant Raman featherefore we can neglect the contribution from the van Hove
ture in order to explain this greater frequency difference besingularities in the electronic density of states for energies
tween the twoA symmetry modes for metallic nanotubes. near Er. We assume that the coupling term between the
Since metallic and semiconducting SWNTs have similar electronic continuum and the discrete phonon line is propor-
multiphonon continua, we can rule out the phonon con+ional to the density of electronic states at the Fermi Iével
tinuum as the source of the BWF coupling. We then turn tounits of the number of states per eV per C atpand there-
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FIG. 5. The magnitude of the interaction parameteiq) Vs FIG. 6. The FWHM linewidth T) of the BWF peak plotted vs

nanotube diameterd(). The data points are fit using the functional

] 1 the Raman peak frequency found from fits to the Stokes tangential
form 1[g=—1/(AX d;+B), with A~1.4 nm * andB~2.8.

G-band featurécollected using different values &f,s.) associated
with metallic nanotubes in samples %dircles, S2 (upward tri-
fore inversely proportional to the tube diametek)( The  angles, and SS(downwgrd triangles The squares are.data points
diameter dependence of the BWF peak frequency can bi@ken from Ref. 6. The inset shows the FWHM linewidth vs mean
expressed aggyr=wo+ a/d;, where g is the peak fre- nanotube diameterdg), where the error bars reflect contributions

quency in the absence of coupling to a continLﬁJFfiugure 4 from both the FWHM linewidth and the nanotube diameter distri-

shows a plot of the peak frequencwgye) of the BWF bution.
component vs the mean diametdy for the three SWNT ) ) _
samples studied in this work, along with a single data poinincreased coupling of the discrete phonon line to a con-
(for small diameter SWNTstaken from the literaturéRef.  tinuum, with the coupling increasing with decreasing diam-
6). Despite the various simplifications used in obtaining theeter of the SWNTs. . _
theoretical expression, the data points are fairly well fit with It is apparent that the conduction electrons at the Fermi
the parameters set atw,=1580 cmi'! and a= level play_ a crucial role in the appearance of the BWF
—44 cm tnm. Thus the peak frequency of the BWF com-coupled line shape for SWNTs, since only the metallic
ponent gwe), in the fits to the tangentiab-band feature, forms of _curved carbqn structures exhibit the BWF line
shifts to lower frequencies with decreasing diameter of theShape. It is also very interesting to note that the peak fre-
SWNTSs, and converges to th@-band frequency of 1580 duency of the BWF feature appears at higher frequencies for
cm™ 1 at very larged, . A more rigorous theoretical formula- the larger diameter SWNTsee Fig. 4, which have lower
tion will be necessary in the future to derive the functionalCurvature. Based on the negative sign of the ¢éupling
form of wgye, More accurately, taking the effect of nano- term in the BWF line shapt, we conclude from our RRS
tube curvature into account more completely. and SERRS expe.nments that the-band conduction-
The interaction parametbt/q is highly dependent on the €l€ctron plasmon is at an energy lower thampnonon
baseline of each Raman spectrum, so that it is difficult to=0-19 €V. The independently measured screened conduc-

obtain reliable experimental information ongl/However, tion electron plasma resonance frequency ig,=0.15 eV

phonon for SWNT$%2°
Saitoet al. have reported that th&'™ phonon has a maxi-
1/q= — 1/(Ad,+B), (20 ~mum Raman intensity for the polarization of light parallel to
the nanotube axi&, thereby benefiting from the antenna ef-
fect. The TO phonon vibrations involve atom displacements
and the experimental data appear to show a tendency for the the circumferential direction, which would be sensitive to
interaction parameter (4) to have larger absolute values for the nanotube diameter, and would account for the diameter
smaller diameter SWNT¢see Fig. 5. From a fit to the  dependence observed in the behavior of this lower-frequency
above functional form, we obtain the valuds-1.4 nm*  component wgywr(d;)] of the metallic tangentialG band.
andB~ 2.8 for the fitting parameters. The curvature of the SWNTs would allow the coupling of
The FWHM linewidth ") vs wgyy is plotted in Fig. 6, these TO vibrations with the 1B plasmons, resulting in the
where we see that as the BWF peak shifts to lower frequerBWF line shape. TheA:® symmetry mode(the higher-
cies, the feature broadens, consistent with a curvaturdrequency components expected to show little coupling to
induced downshifting of the lower frequen@y mode for the electrons, since its displacements along the nanotube axis
these chiral metallic SWNTSs, accompanied by a broadeningreproduces the situation in graphitehich shows no such
due to BWF coupling. The inset to Fig. 6 shows that theBWF coupling, and thus it exhibits a Lorentzian oscillator
BWF feature has a narrower linewidtkWHM) for larger  line shape. We find experimentally that the BWF effect in-
diameter SWNT samples. These results therefore indicate ammeases strongly with decreasing tube diamé&tee, for ex-
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ample, the inset to Fig.)pwhich supports the plasmon con- for the tangentialG band of metallic SWNTs, which sup-
tinuum as the electron coupling mechanism, since smallepresses modes with; (E;q) andE, (E,g) symmetry, thus
diameter nanotubes have larger curvature and hence strongsffectively resulting in only modes witA (A;5) symmetry
phonon-plasmon coupling. appearing in the Raman spectra of metallic SWNTs. The
The behavior of the Raman spectra of the metallic carborurvature of the SWNTs accounts for the difference in fre-
nanotubes can also be compared to the behavior of graphitquency of the twoA symmetry modes for semiconducting
alkali-metal intercalation compound&IC's), which show a SWNTs. However, for metallic SWNTSs, the curvature of the
BWEF line shape for the lower stage forms. For high stageSWNTs facilitates increased BWF coupling of the lower-
(n=3) alkali-metal GIC's (GM with x=36), whereM frequency metallicG-band component to a plasmon-based
=K, Cs, or Rb, the high-frequency structure~{600 electronic continuum, which results in a greater downshifting
cm 1) is a doublet, both components of which are well fit and broadening of this feature as the tube diameter decreases.
with Lorentzian line shape¥.Ohanaet al. showed that the We were able to fit the BWF frequencygye) fairly well
BWEF line shape which is observed for the high-frequencyusing a functional form involving the electronic density of
feature of the second-stage GIG,Rb was due to a discrete states at the Fermi level, and consistent results were obtained
phonon line coupling to an electronic continudmFor  for fits to the experimental interaction parametay i the-
E.se=1.83 €V, the high-frequency feature of the secondoretical predictions. The higher-frequency metalieband
stage GIC developed an asymmet@®WF) line shape (0.1 component 1580 cm!), which has a Lorentzian line
<|1/9|=<0.4), somewhat similar to thed.~#alues for metal- shape and exhibits a very weak dependence on the SWNT
lic SWNTs3? An extreme asymmetriBWF line shapgwas  diameter, is attributed to th&-° phonon which does not
observed for the high-frequency feature in the Raman specouple to the plasmon. The lower-frequency metalliiband
trum from first-stage (§M, M=K, Cs, and Rbalkali-metal component is attributed to th&™ phonon, which is ex-
GIC's, with much higher values of thedlinteraction param- pected to couple to the 1B plasmon, and whose circum-
eter (0.3<|l/g|<1.3) than is observed for metallic ferential atom displacements are most sensitively affected by
SWNTs!!3! The relatively large density of metallic donor the curvature of the SWNTSs. Experimental observations con-
atoms in GIC's results in a large increase in the carrier denfirm these theoretical predictions qualitatively. Further work
sity in the conduction band; electrons are transferred from will be necessary to explain the curvature-dependent proper-
the alkali-metal species to the graphene layers thereby givintles more quantitatively.
rise to stronger plasmon effects in low stage GIC’s. We also
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