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We report G-band resonance Raman spectra of single-wall carbon nano{@bIT9 at the single-
nanotube level. By measuring 62 different isolated SWNTs resonant with the incident laser, and having
diameterdd, ranging between 0.95 nm and 2.62 nm, we have conclusively determined the dependence of the
two most intenseG-band features on the nanotube structure. The higher-frequency peak is not diameter
dependent ¢;=1591 cm'), while the lower-frequency peak is given ly; = wg—C/d?, with C being
different for metallic and semiconducting SWNTS(>C). The peak frequencies do not depend on nanotube
chiral angle. The intensity ratio between the two most intense features is in the raﬁgqoé)llwé<0.3 for
most of the isolated SWNTs+90%). Unusually high or Iowwé /Iw(+3 ratios are observed for a few spectra
coming from SWNTs under special resonance conditions, i.e., SWNTs for which the incident photons are in
resonance with th&3, interband transition and scattered photons are in resonanceEgjthSince theE;;
values depend sensitively on both nanotube diameter and chiralityn th SWNTSs that should exhibit such
a specialG-band spectra can be predicted by resonance Raman theory. The agreement between theoretical
predictions and experimental observations about these sjggtiahd phenomena gives additional support for
the (n,m) assignment from resonance Raman spectroscopy.

DOI: 10.1103/PhysRevB.65.155412 PACS nunider78.30.Na, 78.20.Bh, 63.22m

I. INTRODUCTION Breit-Wigner-Fano(BWF) line shapée?®*8indicating cou-
pling with an electronic continuum spectf&This difference
The resonant Raman-scattering technique has been shownline shape makes it possible to study separately the metal-
to provide a powerful tool for studying and characterizinglic and semiconducting SWNTs contained in a SWNT
single-wall carbon nanotubéSWNTS,* for which the radial  bundle, using different laser excitation energigg.,. "
breathing modgRBM) and the tangential mode vibrations ~ The general polarization behavior of aligned SWNTs is
(forming the so-calleds band are the two main features in determined by the “depolarizatiofi” (or “antenna’) effect,
the Raman spectra, with the resonant Raman spectra of té1€reby light scattering is suppressed for light polarized per-
RBMs providing an easy and quick determination of the tubd’€ndicular to the tube axé§: Symmetry assignments of
diameter distribution present in SWNT bundfésThe g the different phonon modes emiconductinggWNTs were
band is a more complex spectral feature. Due to the foldingge"em“ned by polarized Raman experiments perfqrmed ona
of the graphite Brillouin zone into the SWNT zone, and due undle of aligned SWNTsd;=1.85+0.25 nm) using an

. . _ 9 i .
to the symmetry-breaking effects associated with the nano?(;(rc'tzté?:iéii%;igﬁ;gﬁ'gs\j\f/_l\ﬁisl iﬁv' tgge GS\?\?Q_?_ prt?l?:l%le
tube curvature, thé,, peak in the Raman specira of graph- was deconvolved into four intrinsic SWNT components

ite splits into several modes with different symmetries in theWith the followina svmmetry assianmentsw= ~ 1549

Raman spectra of SWNTs. Six modes[two A(Ayg), two L 9 4 y ° 9 E,

E1(E1g), and twoE,(Eyg)] are both predicted and observed €M~ [Ea(Ezg)], we~1567 cm ™ [A(Aig) +Ea(Eag)],

to be Raman active in th& band of SWNTS 14 w&~1590 emt [A(Ag) +Ey(Eqg)], and wE2~1607
Experimental results show that th@-band profile for ¢m1 [Ez(Ezg)]-g For metallic SWNTSs, the two features ex-

semiconductingWNTs in the SWNT bundle is composed of hibit mostly A symmetry*8

basically four (sometimes five are observyed.orentzian Although there have been a considerable number of stud-

components. The Raman spectra fanetallic nanotubes in  jes on theG-band feature regarding the difference in behav-

SWNT bundles exhibit only two strong peaks'® The jor between metallic and semiconducting nanotuiSe€and

higher-frequency moden; has a Lorentzian line shape, regarding the dependence of teband spectra on polariza-

while the lower-frequency mode; exhibits an asymmetric tion scattering geometri€$>-2"to our best knowledge, very
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little is known about the dependence of tBeband spectra be spent on scanning the laser spot over the sample before
on nanotube structure, i.e., diametgrand chiral angled.  finding a Raman signal frorany SWNT that is in resonance
Studies of the diameter dependence of thdand mode with the laser excitation energd,.ce, The Raman spectra
frequencies were previously performed for bothfrom 62 different isolated SWNTSs, resonant with the incident
semiconductinf and metalli¢® SWNTs contained in laser light, were obtained in the present study. We tentatively
bundles. However, since the SWNT bundles exhibit a distri-assign the 62 SWNTs as 46 semiconducting and 16 metallic
bution of tube diametersmore than 10% and very few SWNTs. Three laser lines were used to obtain the Raman
different bundles were measurddnly three samples of spectra from both metallic and semiconducting SWNTs over
SWNT bundles with different diameter distributiotS'the  the diameter range present in the sample <@i9
results were not definitive. Chirality information is obviously <3.0 nm). It is important to mention that we also have Ra-
not provided by bundle measurements. man spectra from more than 50 additional isolated SWNTSs.
The present paper is devoted to a study of@band in  These additional spectra were either obtained with a high-
the resonance Raman spectraisaflated SWNTs. We mea- density samplémore than 1 SWNT.m?) or do not exhibit
sured 62 different metallic and semiconducting SWNTs. Thehe RBM featurg(which means that the resonance for the
nanotube diameters can be obtained by the RBM frequendyand is with the scattered phofoiThese additional spectra
(d;=248lwggy),?® and a detailed study of the diameter de- are not directly considered in the present paper, but they are
pendence of thés band can be performed at the single- used to check the consistency of the present results.
nanotube levet? Considering the two most intense features  Isolated SWNTs were prepared by a chemical vapor
in the G-band spectra, we show that the highest-frequencyleposition (CVD) method on a slightly oxidized Si/SiO
peak wg does not depend on the nanotube diameter, whilsubstrate containing nanometer-size iron catalyst parfitles.
the other intense featureg appears at a lower frequency This procedure is more reliable than previously reported
and its frequency increases with increasing tube diametefethods of sample preparation for single-nanotube
showing a 1d? dependence, and extrapolatingag asd,  SPectroscopy;?°since only isolated tubes are grown and no
— . The splitting between theg and wg features is dif- SWNT bundles are formetf. The nanotubes present on the

ferent for metallic and semiconducting SWNTs of the same>//SIO; Substrate were characterized by atomic force micros-
diameter. copy (AFM) and have diametergd() ranging from 1 to 3

Making use of the tentativen(m) assignment obtained ™M and lengths rgnging from a few hundred nanometers up
by analysis of the RBM featur®, a detailed study of the {0 =2 wum. AFM images show that the sample has a very
chirality dependence of th® band can also be performed at 10W nanotube density, containing only 40 isolated nano-
the single-nanotube level. The tentativerf)) assignment of tubes in a 100um? area. -
the 62 SWNTs shows that neither; nor wg depends on The Raman spectra from isolated SWNTs on the S§SIO

nanotube chirality. Furthermore, regarding the intensity offUPstrate were obtained using two Raman systems: a single
the wg and wg features, unusually high or low, /1, monochromator Renishaw 1000B spectrometer equipped
Ll wG wG

. , with a cooled charge coupled device detector and notch fil-
ratios are observed for a few spectra under special resonanggs and a Kaiser optical system, Hololab 5000R: a modular
conditions. This observation is closely related to the eleCiosearch micro-Raman spectrograph. The Raman spectra
tronic _transition valuesE;; of these particular resonant \yere collected in a backscattering configuration by a micro-
SWNTs, and these speciil; values are sensitively depen- scope using a 100 objective (laser spot~1 um). The

dent on diameter and chiral angle. Ther) SWNTs that 5745 nm(2.41 eV} and the 488.0 nni2.54 eV} lines from
should exhibit such a speci&@-band spectra can be pre- an Ar-jon laser, and the 785 n(@.58 eV} line from a Ti:sap-

dicted by resonance Raman theory, and the agreement bgnire |aser were used to obtain the Raman spectra. The laser
tween theoretical predictions and experimental observa\tlonﬁOWer impinging on the substrate wasl0 mW.

about this particulaG-band effect gives additional support

for the (h,m) assignment from resonant Raman spectros- ll. G-BAND FREQUENCY DEPENDENCE ON SWNT

copy- DIAMETER

A. Experimental results

Il. EXPERIMENT .
Figure 1 shows the RBM and ti&-band Raman spectra

In this work we only discuss isolated SWNTs resonantfor three isolatedsemiconductingWNTs with different di-
with theincidentlight. In this case, the RBM, th€ band and ametersl,, at three different light spots on the substrate. The
theD andG’ bands are all present in the spectra and we caobservedG-band spectra in Fig. 1 are typical of semicon-
use the tentativen(m) assignment from the RBMp-band,  ducting SWNTs in bundleSexcept that the spectra for iso-
andG'-band Raman features to analyze tBédand spectra lated nanotubes exhibit much smaller linewidths (9 ém
systematically®°3! The use of a very dilute sample compared to 20 cm in SWNT bundle! as shown in Fig.
(~0.4 SWNT/um?) is important to be sure that when we 1. The spectra here are displayed, from the top to the bottom,
observe, for example, the RBM feature and @band in the  according to increasing RBM frequency4gy) [or decreas-
same laser spot, both of these features come from the sanmg  SWNT  diameter ¢;)]. Tentative fi,m)
SWNT. The probability of finding more than one resonantassignment§=°3!are used to label the data sets. The line-
tube in the same light spot is very small, and much time mustvidth for the RBMs has been found in this work to be diam-
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FIG. 2. The RBM ands-band Raman spectra for three isolated

FIG. 1. The RBM and>-band Raman spectra for three isolated metallic SWNTs resonant Witk e, that is, E;,e= 1.58 eV for
semiconducting SWNTs resonant WitB.se, that is, Easer  the spectrum labele€l9,1), andE ..~ 2.41 eV for the other two
=2.41 eV for the spectrum in the top, label€t7,7), andEjaser  spectra labeled18,9 and (11,2. The spectra are taken at three
=2.54 eV for the other two spectra, labelé,3 and(15,2. The  different spots on the substrate. The frequendiaswidths of the
spectra are taken at three different spots on the substrate. The frgeaks are displayed in cmh. The shoulder at 225 cnt and the
quencieglinewidths of the principal peaks for the RBMyg , and  peak at 303 cm' both come from the Si substrate.
w¢ features are displayed in ¢th The shoulder observed to the
right side of the RBM spectral feature comes from the Si substrate. In Fig. 3 we plot with filled circles the frequency vsdl/
for the two most intens&-band featuresdg andwg) from
eter dependent, decreasing with decreasingThe G-band the 46 isolated semlconductlrjg SWNTs studied in t_he present
. ) L . work. The upper frequencyw; does not show a diameter-
linewidth, h(?wever, does not exhibit any diameter depen'dependent behavior, but always appears at about 1591 cm
dence for thisd, range. - i , for the SWNT diameter range of the SWNTs in our sample.

The G-band spectra in Fig. 2 for isolatedetallic SWNTS - 1js s in agreement with several different resonance Raman
are similar to the spectra observed for metallic SWNTS i easurements on SWNT bundfeEhe lower-frequencysg
bundles, but the spectra at the single-nanotube level alsGnode, however, is diameter dependent and seems to extrapo-
show some differences in behavior. Figure 2 shows the RBMate tg 1591 crmil for 1/d,—0. The frequency of this mode
and theG-band Raman spectra for three isolat@@tallic .5 pe very well fit with a simple equatiomg = w;

SWNTs resonant with the laser at three different light spots Csldtz, with the constant€=47.7 cnt*n? and wg;

on the sample. The spectra in Fig. 2 are displayed, from the. 1591 ¢py 2. The deviation of the experimental points for
top to the bottom, according to increasinggy [or decreas- wg from this curve(and from 1591 cm! in the case of
ing SWNT diameter @;)]. The spectra in Fig. 2 are labeled wl) is less thant4 cm L. These results confirm that we

by their tentatively assignech(m) indices?®*%*!The obser- observe the RBM and thé band from the same SWNTS in
vation of a BWF peak for isolated SWNTs indicates that thisip;g very dilute isolated SWNT sample. Théess than

line is an intrinsic feature of individual SWNTs. The BWF 4 Cm—l) deviations of the experimental points from the
frequency decreases and the full width at half maximum Ny =1591 et or wg = 1591— 47-7ﬂt2 plots are probably

tensity increases with decreasidg. Furthermore, a lower  gye to nonintrinsic nanotube characteristics, such as bending
BWF intensity is observed for tubes with large (upper  of the tubes, roughness of the substrate surface, or the pres-
spectrum in Fig. 2 i.e., smaller curvature. These results con-ence of defects or impurities. For SWNTs with diameters
firm the general dependence of the BWF line shape, previclose to one another, we plottddot shown the G-band
ously reported for SWNT bundles containing SWNTs of dif- mode frequencies vs chiral anglas tentatively determined
ferent diameter ranged. The wggy=260 cm'! in the by analyzing the RBMD-band, and3’-band spectrg?®30:3
lowest spectrum in Fig. 2labeled (11,2)] comes from a and no dependence eff andwg on chirality was observed,
relatively small diameter tubed(=248/wggy=0.95 nm), in agreement with calculations using the tight-binding
and this spectrum is quite similar to previously reportedmolecular-dynamics methdd:*2

spectra for small diameter metallic tubes in SWNT In Fig. 3 we plot with open circles the frequency vsi1/
bundles'® for the higher-frequency Lorentzian peak; and for the
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+ pared to modes with vibrations in the circumferential direc-
1600 o g o tion. G-band mode calculations using the bond-polarization
1580 = E T WW : model, considering atomic interactions up to fourth-nearest
‘e "\@\gw\“k‘: o neighbors, show that the orthogonal eigenvectors can be
e 1560 R e taken either along the tube axis or perpendicular to it, inde-
& B Sse pendent of SWNT chiral angfé:?
L 510 S g \\ The two peaks observed experimentally in the resonant
g i N G-band spectra from thmetallic nanotubes that are present
i 1520 metallic in SWNT bundles have also been interpreted in terms of
. N circumferential and axial vibratior’§.The higher-frequency
semiconducting . N . . -
1500 < wg peak for metallic SWNTs has a Lorentzian line shape,
0 0.2 0.4 0.6 0.8 1 but it is generally broader than the 1591 chpeak in semi-
1/d, (1/nm) conducting tubes and it appears at the graphite frequency

1582 cmt in SWNT bundles. The lower-frequencyg
FIG. 3. wg andwg for semiconductindfilled circles and me-  peak for metallic SWNTs is much broader, and exhibits an
tallic (open circles SWNTs are plotted as a function ofdl/ The  asymmetric BWF line shap&;1®*poth at the single SWNT
flat solid line showsws=1591 cm * independent ofl;, 6, and  |evel and in SWNT bundles. The line shagiequency,
Eiaserr The curves are given by the functiang=1591-C/df,  width, intensity, and asymmetrpf the BWF line in SWNT
where C=Cg=47.7 cm *nn? is for semiconducting SWNTs  pyndles depends on the strength of the coupling of the dis-
(long-dashed curyeand C=Cy=79.5 cm *nn? for metallic  ¢rote phonomwg to an electronic continuum, and the line
SWNTSs (short-dashed Ef r\)eAIso_pIotted (open _square)sa_re the shape was shown to depend on nanotube diartfeTérere-
data for the~1580 cm - Lorentzian peak that is sometimes ob- fore, the coupling between the lower-frequency phongs
served in metallic SWNTSs. - . . . - y_ phoneh
for displacements in the circumferential direction and the
N ) ] electronic continuum for metallic SWNTSs increases with de-
BWF Eeaka from the 16 |.solated metallic SWNTSs. Note creasingd,, i.e., with increasing tube curvature.
that wg does not show a diameter-dependent behavior, but |nsight into the dispersive/nondispersive nature relative to
always appears at about 1591 chrfor the SWNT diameter the diameter dependence of th@/wg peaks in the band
range observed, just as for semiconducting tubes. The BWE hoth metallic and semiconducting SWNTs can be obtained
peakwg is more dispersive than the corresponding lower-phy considering the circumferential vs axial displacements of
frequency w; peak for isolated semiconducting SWNTSs. the G-band mode$?*? The force constants for theg
Also wg for metallic SWNTs seems to extrapolate to modes with atomic vibrations along the circumferential di-
1591 cm ! for 1/d,—0, just as for semiconducting SWNTSs. rection are strongly dependent on nanotube curvature, while
The frequency of thevg feature for metallic SWNTs can the force constants for the; modes, where the atomic vi-
also be very well fit with the simple equationg=wg brations occur along the tube axis direction, do not depend
—CM/dtz, but with a different value for the constant, ond,. As stated above, the extra downshift of the BWF peak
namely, Cy,=79.5 cn ! nn?. Furthermore, some metallic in metallic SWNTs compared to semiconducting SWNTs is
SWNTs exhibit another peak at about 1580 ¢mindepen-  attributed to the phonon-plasmon coupling in the metallic
dent ofd,, and these data points are indicated in Fig. 3 bySWNTs!® Comparing the observed dispersion witrfor the
open squares. BWF wg peak for the isolated SWNTs reported here with
the previously reportedgyr dispersion withd, for SWNT
bundlest® we see that the less accurate determination of the
BWF frequency dispersion witl; previously reported for
To our best knowledge, the first work about tBeband ~ SWNT bundle¥’ was underestimated.
frequency dependence on SWNT diameter was published by A surprising result is the observation that for large tube
Kasuyaet al,'® and they reported an increase in the splitingdiameters, the BWF mode frequencies for isolated SWNTs
of the G-band modes with decreasing nanotube diamdter ~extrapolate to 1591 cit, and not to 1582 cm', the
They compared their measurements on SWNT bundles hagraphite valué. A possible explanation for this result is the
ing different diameter distributions with the splittings ex- interaction between adjacent graphene layers in three dimen-
pected for theE;(E;4) andE,(E,g) modes due to zone fold- sional (3D) graphite that might be responsible for a
ing of the graphite Brillouin zone into the nanotube Brillouin ~ 9 cm* downshift in the frequency of the Raman-active
zone, and they showed good qualitative agreement betwedangential mode from 1591 cm for the 2D graphene sheet
experiment and theory. However, the zone folding scheme to 1582 cm! for 3D graphite. However, it is important to
cannot alone explain the splitting observed for fEA,,) comment on the presence of two peaks in the uggbéand
symmetry G-band modes in nanotubes, since these moder isolated metallic SWNTs, one at about 1591 Cnand
come from the center of the graphite Brillouin zdrfe. another at around 1580 crh(see Fig. 2 The frequency for
In previous work® we proposed that the curvature of the the ~1580 cm ! Lorentzian peak is also plotted in Fig. 3
nanotubes leads to different force constants @band  with open squares. The-1580 cmi! peak is not always
modes with atomic vibrations along the tube axis as compresent in the Raman spectra for isolated SWisEe Fig.

B. Discussion
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3), and it is generally of much smaller intensity than the £ 5 The RBM ands-band Raman spectra for three isolated
~1591 cm* peak. In the case of metallic SWNTs in a semiconducting SWNTs with similar diameteds€1.60 nm) that
bundle, the strongest Lorentzian line in t@eband Raman  are resonant with the laseE{.=2.41 eV) at three different spots
spectra is generally much broader, with a peak appearing @h the sample. The frequenci@imewidths of the intense peaks are
1582 cm*. More experimental work is necessary to clarify displayed in cm?. The shoulder observed to the right side of the
the presence of this-1580 cm ! peak that is found for RBM spectral feature comes from the Si substrate. The tentative
some metallic SWNTSs, but not for others. (n,m) indices and respective chiral anglésre also displayed for
each nanotube.

IV. G-BAND INTENSITY DEPENDENCE ON spots on the sample. These three tubes all exhibit similar
POLARIZATION SCATTERING GEOMETRY, DIAMETER, diameters ¢;~1.60 nm), and ther(,m) indices for each
AND CHIRALITY nanotube were tentatively determined on the basis of their
RBM spectrd® to yield the diameter and chiral angle for
A. Experimental results each tube. For all three nanotubes in Fig. 5, the incident laser

Regarding the integrated intensitib@a and Log for the is_ resonant with th&3, ele_:ctrqnic trg_nsition. The spectra in
two most intenseG-band features, important and relevant 19 5 show that the relative intensities between diand

experimental results come from polarization measurements'® wg modes are quite different from one spectrum to an-
on isolated SWNTs. Figure(d) plots theG-band spectra as a Other: L , _
function of the anglep between the polarization direction of ~ HOWever, it is important to mention that we did not
the incident light and the nanotube axis. The scattered lighgh00Se three spectra with~1.60 nm by chance. Only a
was not analyzed. The gene@tband intensity behavior is €W SWNTS(corresponding to about 10% of the spectra that
dictated by the antenna effect, whereby the optical absorperé taken and specially those wittd; in the ranged;
tion is strongly suppressed when the light is polarized per==1.60+0.05 nm, exhibitG-band spectra with either unusu-
pendicular to the nanotube axXfs:?® The same is valid for ally high or unusually low intensities for the; peak in
the RBM feature observed at 152 th However, itis clear comparison to the intensity of the; peak. In general, for
from Fig. 4@) that the integrated intensity fatihu(;“wg most of the semiconductin@-band spectra that we have

- . . . studied in this work(and also for most of the spectra for
f:?;gi;;gﬂg'g?gg fltzairgltjgrgéqu:zltr;zle({ ?It d:ff\/esrfbnt Set]nogﬁs which we have with no associated RBM featyrdhe ratio
. e s ’

inq that for liaht polarized al the ub i h h Iwgllwg is in the range 0.1 to 0.3, and the spectral profile

ing that for light polarized along the tube axis, where the 4

resonance effect is strongéy,- is larger than ,+, while for looks like the G-b.and fea.ture usually seen for SWNT
G G bundled when semiconducting tubes are resonantly contrib-

light polarized perpendicular to the nanotube axis, éh¢  uting to the Raman spectra, such as for(th& 4 tube in Fig.

peak is strongly suppressed,_ being smaller thas,, ;. 5. In Sec. IV B, we discuss why the sped@band spectra in
The relative intensity of the dominamig and o’ fea-  Fig. 5 only occur under very special situations.

tures was also observed to vary from one spectrum to another ) )

(see Fig. 5, and Refs. 11 and)33Ve show in Fig. 5 the B. Discussion

RBM and the G-band spectra for three different isolated From Fig. 4, it is clear that different relative intensities

semiconducting SWNTs coming from three different light between theG-band modes are related to the polarization
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FIG. 6. (a) Plot of the electronic transitiors;; for SWNTs with diameters between 688,<3 nm as a function of diameter, obtained
from tight-binding calculationgRef. 6) with y,=2.90 eV. Crosses give tHEﬁ values for semiconducting SWNTs and circles gi#
values for metallic SWNTs. The inset shows an enlargement of the region where the crosses correspoiiidtant€s, electronic
transitions for the three SWNTs shown in Fig. 5. The vertical lines indicate the incident photon &qpgggy2.409 eV, and the scattered
photon energies for thed (Ejaser Epn=2.211 eV) andwg (Ejaser Epn=2.214 €V) scattering processéb) and (c) show schematic
figures for the two possible scattering processes for SWNTSs ayithl.60+=0.05 nm[vertical dashed lines ifa)], where resonance can
occur with either(b) the incident photon, ofc) the scattered photorE(,ee— Epn~2.41-0.20=2.21 eV).

2.7

scattering geometry. However, in the last section we showedervation of different Iwéllwé ratios for different
that the special-band spectra observed in this work only g\wNTst1233However considering the top spectra in Fig.

occur under very special situations. For semiconducting5 the G-band peaks at 1557 cm (E, symmetry and
SWNTSs resonant witht .= 2.41 eV, speciaz-band spec- 1576 cmt (A+E, symmetry (Ref. 9 are both enhanced,

tra are observed only for tubes with diameters in the rangg, disagreement with predictions from the bond-polarization
d;=1.60+0.05 nm. We analyze here the case for Sem'confheory.ll'lz The fact that unusual, /I, + intensity ratios
“c “c

ducting SWNTs recorded witk,;c=2.41 eV because we )

have by far the most complete data set for tubes resonaif€re® observed only for tubes witld;=1.60=0.05 nm

with this Ej.. (35 of the 46 semiconducting SWNTs are (Eiase=2-41 €V) cannot be explained by bond-polarization

resonant WithE uee=2.41 eV). theory. Furthermore, the polarization dependencg shown in
Bond-polarization theory for the Raman tensor predicts 9 4 Strongly suggests that the unusually stropg inten-

that the matrix elements for the differess, E;, and sity for this SWNT is related to theesonant natureof the

E, G-band modes depend on chiral an§ié?and this non- Raman-scattering process, via the antenna etfetAs we

resonant theory provided a tentative explanation for the obdiscuss below, the present study on 62 isolated SWNTs
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TABLE I. Mode frequencies (cm')/energy(eV) for the scat-  brings the electron from the virtual state to an actual
tered photons for the differer-band features observed for the conduction-band statES, and the electron then lowers its
three SWNTs shown in Fig. 5. We use hdfg..~2.409 eV to ener S . v

: gy byE3; to the original stateEj (resonant procegs
;ifﬁgtez'asef_ (ECP%;QISO ;r;zpla%/r]e: 3re t(r:ﬁn)o bszrvi(;ez?e'\g;re- emitting the scattered photon. Both processes shown in Figs.
RBM ’ t ’ . .
2484, (cm ), and ES (eV) [i=3,4] values for each of the 6(b) and Gc) are single first-order resonant processes that are

SWNTs. Here we see th&s; for (20,0 is closer towg and we,, energetically possible for SWNTs with diameters in the

while ES; for (19,2 is closer towg (see boldface numbers range d;=1.60£0.05 nm that are excited WithEpser
=2.41 eV. The two processes can occur independently in

(n,m) (20,0 (19,2 (18,4 the same nanotube, and sinEg., and E,, are each the
same in the two processes, the scattered phBtu—Epy,

dy 1.59 1.59 161 will have the same energgame Stokes frequengyand the

0 0.0 4.9 9.8 total intensity of the Raman signal will be given by the sum

2‘;8”15 156.2 155.6 153.9 of the two resonant contributiors.

E3dEa 2.222.40 2.242.40 2.16/2.39 To understand the speci@tband spectra shown in Fig. 5,
it is important to consider that) the electronic transition

. “RBM 155 154 153 energyE;; is different for different SWNTs, depending on
“’ffl(E'aser* Epn) 15952.211 1598211  1589/2.212 their chirality due to the trigonal warping effety;(ii) the
g/ (Ejaser— Eph) 1576L.214  1571/2.214  1571/2.214

phonon energyE, is different for differentwg frequency
modes, such as wg (1591 cm'=198 meV) and
wg (1571 cmi'=195 meV), and thus the energ¥j.cer

shows that thé&-band spectra observed in Fig. 5 are strongly ~ Epn fOr the scattered photon will also be different for dif-
affected by the resonant nature of the Raman-scattering pré€rént G-band modes. Therefore, for different SWNTs ex-

cess in SWNTs and by the dependence of the resonance prgted with the sameE . and having almost the santg,
cess on chiral angle. different phonons may be enhanced differently by a reso-

SWNTs as a function of diameter. Thg,so=2.41 €V laser The inset to Fig. @) and Table | illustrate this picture, as we
excitation energy is shown by a horizontal line, as well as théliscuss below. . ’

energy for the Stokes-scattered lightjzse— Epn~2.41 From their RBM features and theiD-/G’-band
—0.20=2.21 eV. Note that the special situatiah=1.60 spectre®*%31we tentatively assign the tubes shown in Fig.
+0.05 nmlvertical dotted lines in Fig. @], for which the 9 from the top to the bottom &20,0, (19,2, and (18,4,
specialG-band modes in Fig. 5 are observed, corresponds t§"d this is summarized in Table I. Although the three SWNTs
a situation wher&S, satisfies the resonance condition for the@ve similar diameters, they exhibit different chiral angles

incident ohoton. whileES isfies the resonan nditi n(see Fig._5Z and therefore, due to the trigonal Warping effect,
cident photon, €3, satisfies the resonance conditio they exhibit differentE;; values[see Table | and the inset to

with the scattered photon. Therefore, since in this work we_. . .
consider only SWNTs in resonance with the incident Iighti:h'g' &) ;I'hde frect1tuen5|e?] fct)r the vanpl@rbandl pe?jI.(s ?nd di
we conclude that speci@-band spectra are observed in this € expected scatlered photon energies are aiso |spsaye n
first-order process when ttsgatteredphoton is also in reso- Table 1. In th(_a case of the20,0 and(lQ,Z_SWNTs, theEg
nance with a SWNT interband transition. values are withinr~10 meV of the energies of the scattered
Before continuing our analysis of th® bands, it is im- Photons Elgser_ Epn~2.21 eV), while for the (18,49
portant to make it clear that the process discussed here is ngtVNT, theEz; value is far from the scattered photon energy
a multiple resonance process. In a multiple resonance prd=50 meV). Although the tight-binding calculatidis not
cess, one photon is resonantly absorbed by the material, eccurate to meV precision, we can say that in the case of the
citing a real electronic transition, and an internal scattering20,0) SWNT,E3; is closer to the scattered photon energy
proces&es brings the electron to a different real state, andinvolving 0g (Ejaser— Eph=2.409-0.195=2.214 eV),
finally the electron decays back to the original state, resowhile in the case of th€19,2 SWNT, E§3 is closer to the
nantly emitting the scattered photdhin the case discussed scattered photon energy iNvolvingg (Ejaser Epn=2.409
here, resonances with the incident photon and with the scat-0.198=2.211 eV)[see inset to Fig. @)]. Note that the
tered photon are two independent processes represented|gwest-frequency mode at 1557 ¢ (E, symmetry
Figs. @b) and Gc). In the process in Fig.(6), one photonis  (Refs. 9 and 2Jrfor the (20,0 SWNT is also enhanced by the
absorbed by one electron in the valence b&fjd and the scattered photon resonance that is closeEfy, and the
electron is excited by an enerdsj, to the conduction band E,-symmetryG-band peak can be clearly obsenjsge the
Eg (resonant procegsa G-band phonon brings the electron G-band spectrum for thé20,0 SWNT in Fig. 5. The obser-
to a virtual state, and finally the electron decays to the origivations show higher relative enhancement égg for the
nal stateE, (nonresonant processemitting the scattered (20,0 SWNT, higher relative enhancement fo@ for the
photon. In the process in Fig(d, one photon is absorbed by (19,2 SWNT, and the usual line shape for 13,4 SWNT,
one electron in the valence bafd, the electron is excited consistent with predictions for the scattered photon reso-
to a virtual state(nonresonant processa G-band phonon nance based on the tentativie,ifn) assignments. Since the

wg,/(Ejaser— Eph) 15572.216
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energy difference between modes in éand is only afew CVD method on a Si/Si@ substrate. By using a very low-
meV (24 cm! is equivalent to 3 mey/the observation of density sample and choosing SWNTs resonant with the inci-
this resonance effect indicates that the resonance window ient laser, we succeeded in observing the RBM and@he
sharp (less than 10 me) in agreement with previous band from the same SWNT. Making use of the tentative
works >3 (n,m) assignments obtained by measuring the RBM
The polarization results shown in Fig. 4 confirm the iden'spectraz,s we identify the dependence of ti@band spectra
tification of the unusually high intensity for the; mode as  on diameter and chirality, thus giving detailed information on
a special resonance effect. The intensity of #Béband  theG-band Raman spectra at the single-nanotube level, sepa-
modes depends on the resonance condiffmw close the yately, for semiconducting and metallic SWNTs. The tenta-
|_nC|dent and scattered photons are to the electronic .transh-ve (n,m) assignment was performed on 16 different metal-
tions E;;), and depfnds on Ehe antenna effécf shown in ;- "anq 46 semiconducting SWNTs resonant with several
Fig. 4. From¢=90° to $=0°, I,,_ in Fig. 4 increases by @ iffarent electronic transitionk;, and these if,m) values
factor of 17, Whilelw(+3 increases by a factor of 8. The fact are used to label the spectra.
that the antenna effect is two times stronger for ¢he peak The G band exhibits two main features andwg . The
than for thewg peak is in agreement with our explanation wg peak always appears at around 1591~ énfor both
that two terms(incident and scattered photgrewe contrib- semiconducting and metallic SWNTSs, independent of diam-
uting to the observed Raman intensity of thg peak for eter. Thewg peak is diameter dispersive, and obeys the re-
this particular tube. Very few tubes are expected to exhibiiation wgzwg—C/dz, with C=Cg=47.7 cm'! nn? for
this effect, in agreement with the observation of 0.lsemiconducting SWNTs an@=C,,=79.5 cni* nn? for
<lug/1,;<0.3 for ~90% of the observed spectra on iso- metallic SWNTs. This diameter-dependent frequency behav-
lated SWNTSs. ior can be understood on the basis of the effect of tube cur-
By using an excitation laser energy Bf,sc—=1.58 eV, a vature and of the tangential vs circumferential character of
similar effect (incident and scattered photons are indepenthe vibrational modes. No dependence of Bdand fre-
dently resonant with different electronic transitia)mnould quencieSwg and wé on chiral ang|e was observed. Some
be observable only for tubes with very close to 2.5 NnM. metallic SWNTs exhibit an additional peak at around
However, it is very difficult to observe a clear RBM signal 15g0 cm L, which needs further study.
for tubes with such a large diameter. From the several spectra The relative intensities of th6-band features were found

acquired withE .= 1.58 eV, the few nanotubes that show to varv from one tube to another with- /I + Iving in the
special G-band spectra do not exhibit an associated RBM y n’e wg YING

peak, which means that the resonance occurs with the scd@nge 0.1-0.3 for most of the observed SW&isout 90%.
tered photon. Very few spectra of isolated SWNTs have beehlowever, when the resonance occurs with the scattered pho-
acquired so far withE,s=2.54 eV. Among those that have tons, the energy difference between the electronic transition
been acquired, none shows spe@aband spectra. From our Eji and the scattered photon energyse— Eyn will be dif-
model, specialG-band spectra should be seen for SWNTsferent for different frequency phonons§ andwg) associ-
with d;~1.48 nm andd;~2.50 nm using laser energy of ated with different i,m) SWNTs. If the van Hove singular-
2.54 eV. ity of a specific fi,m) SWNT happens to be very close to
Metallic SWNTs also show different relative intensities g, ,— E,n for one of theG-band modes, it will be this par-
between the different components of tGeband (see, for ticular phonon mode that will be strongly enhanced, giving
example, Fig. 5 in Ref. 33Although the differenEi'Y' sub- rise to specialz-band profiles.
bands are distant in energy by much more thanGHeand
phonon energiegsee Fig. €a)], metallic SWNTs exhibit a
van Hove singularity splitting due to the trigonal warping
effect®® and the dependence of th& band intensities on
chiral angle can in such cases also be seen. However, the
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