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Raman spectra were obtained from thin bundles containing just a few single-wall carbon nanotubes (SWNTS).
These spectra exhibit new characteristics absent in the ensemble Raman measurements. A large variation in
the radial breathing mode (RBM) Stokes to anti-Stokes Raman intensity ratio was observed for different
metallic tubes and can be understood with a simple resonant Raman analysisnstfuctural assignment

for many tubes at 632 nm laser excitation was tentatively achieved on the basis of the RBM frequency and
the Stokes to anti-Stokes Raman ratio. The (9, 9) armchair tube fits the simple model poorly. The varying
relative intensities of different components observed in the tangential G-band Raman modes provide convincing
evidence for a recently predicted chirality dependence of Raman scattering. A new Raman feature at 1417
cm ! was assigned to achiral tubes.

Introduction maximum splitting, while no splitting is expected for armchair
) nanotubes or semiconducting nanotubEBor example, in the
Single-wall carbon nanotubes (SWNTSs) have been the focus(lgl 0) zigzag tube (diametek = 1.4 nm), the first interband
of intense researéR since their discovery in 199%4 Raman transition energyEl(dy) is predicted to be split by 0.18 eV.

scattering has been proven to be valuable as a remote, contactlespis peak splitting should create interesting interference in the
method of sample characterization and as a method for studyingresonance Raman scatteritfgs

the one-dimensional (1D) electronic and vibrational properties Early Raman studi€dé17focused on ensemble samples, in
of SWNTs> Raman spectroscopy of ensembles exhibits the \hich the measured Raman spectra were averaged over many
radial breathing mode (RBM) at200 cn1™* and the tangential  gjfferent structures. Raman measurements on single thick
C~—C stretching G-band modes near 1600 ¢MRBM proper- bundles of perhaps 2GWNTs were performed recenfy#19

ties have been well established; the frequency depends sensipt the data did not differ very much from the ensemble data.
tively on the diameter of a nanotube but not on its chirdlity. pgoth Duesberg et & and Jorio et at! have recently obtained
The G-band Raman spectra are complicated and severelyspectra from single thin bundles and tubes. Jorio &tassigned
compromised by ensemble averaging. In ensembles, perhapgne , m) structure for the observed RBM Raman peaks between
50 dlffer_ent 6, m) structural types are S|m_ultaneously present. 144 and 174 cmt (diameter~ 1.43-1.72 nm) on the basis of
Three different symmetry G-band vibrational modes, B, the measured RBM Stokes Raman intensity from one tube to
and B, are involved. For a general chiral tube, each symmetry the next. The SWNTs were laid down on a substrate, which
mode splits into a transverse optical mode (TO) vibration and ¢yeated strong background scattering, hindering the observation
a longitudinal optical mode (LO) vibration because of the zone- 4 \weak Raman features and the precise metallic Fano Raman
folding and curvature effects; their frequencies are predicted to | shape analysis.

be less diameter-sensiti¥é.Moreover, the G-band scattering We use a simple method to measure Raman scattering with
f_rom metallic tubes shows an asymmetrically br_oadened Fano|ow background from suspending thin bundles of SWNTs with
line shape at-1540 cm .57 Very recently, a polarized Raman  smajler diameters 1.2 nm). Our results provide strong
study was performed on aligned SWNTs, and the symmetry experimental evidence for the importance of trigonal warking
properties of the G-band modes in semiconducting tubes 5ng chirality-1° in Raman scattering and also help interpret
were determined accordingfyThe relative Raman intensities  the complex Raman specitra of ensemble samples. In addition,
of the different components in the G-band are predicted t0 g gpproximater(, m) structural assignment in metallic tubes

depend on the chirality of a tufel® Experimentally, how- i achieved on the basis of the relative Stokes to anti-Stokes
ever, little evidenc¥ has been reported for this chirality ~Rrpnm Raman intensities, with the aid of a simplified resonance
dependence. Raman calculation.

Raman scattering in SWNTSs is, both theoreticdlland
experimentally’, resonantly enhanced at the sharp, molecular- Experimental Section
electronic-state-like interband transitions between the van Hove Raman scattering measurements were performed on Suspend_
singularities (vHs) in the 1D electronic density of states ing individual SWNT bundles in the backscattering configura-
(DOS)**2 A trigonal warping effect in the energy dispersion  tion using an inverted optical microscope® The SWNT
relations splits the vHs into two peaks for metallic nanotuies, material (Tubes@Rice, diameter distributior1.05-1.5 nm,
depending on chirality. Metallic zigzag nanotubes exhibit a peaked at 1.2 nm) dispersed in aqueous surfaéuams filtered
through a membrane filter, leaving a mat of SWNTs (bucky-
* E-mail: brus@chem.columbia.edu. paper) on the membrane. The buckypaper was removed and

10.1021/jp010853t CCC: $20.00 © 2001 American Chemical Society
Published on Web 06/29/2001




6832 J. Phys. Chem. B, Vol. 105, No. 29, 2001 Yu and Brus

@ T s ture2:23 Also, in our measurements, the thin bundle Raman
L Thick bundle 632 nm signal is typically 16-100 times weaker than the prior thick
bundle Raman signaf:1°® As a thick bundle contains a few

= hundred individual tube¥, only a few tubes are present in the
S ‘ +1 thin bundles.

P JL Varying relative Stokes to anti-Stokes RBM Raman intensities
2 ‘ ] were observed for different tubes. The bundlén Figure 1b

2 [®) . Anti-Stokes Stokes shows the two extreme cases. Th&99 cn1! mode appears

significantly in the Stokes Raman scattering, while the 184'cm
L« (16,1) (13, 4) mode has higher anti-Stokes Raman intensity than the corre-
”J/\,\“‘:S 184 199 sponding Stokes Raman intensity. This large variation in the
RBM Stokes to anti-Stokes Raman intensity ratio is a conse-
‘ quence of the resonance enhancemerfthese asymmetric
() 9. 9)197 Stokes and anti-Stokes RBM profiles have been obséheetd
an ensemble sample with a broad diameter distribution, but not

B on the ensemble sample used in the present study, which has a
narrow diameter distribution. We often observed such spectra

in thin bundles, demonstrating that we were indeed probing only
{ S 45 a few individual tubes.
@ — To obtain the relative enhancement between the RBM Stokes

L and anti-Stokes Raman lines, we divided the measured ratio

(1118,58) | S/I as by25

- N Oas= [ — 0@, + o) N0y + 1n(wy) (1)
Wﬂ‘

wherew, andwp, are the incident laser frequency and phonon
frequency, respectively, amfw,) is the Bose-Einstein thermal
factor

-240 -200 -160 160 200 240
Raman Shift (cm)

Figure 1. Radial breathing mode Stokes (shown as positive Raman

shift) and anti-Stokes (shown as negative Raman shift) Raman spectra n(w..) = Llexpto -1 2

of a thick bundle (a) and three thin bundles of SWNTs-@)p. The ( ph) [exp: ph/kBT) ] 2)
excitation wavelength is 632 nm. The corresponding G-band Raman . . .
spectra for the thin bundles are shown in Figure 5a, b, and e, The local temperatur€ is estimated from the peak position of

respectively. Also shown are the (m) structural assignments for the  the sharp~1590 cnm! semiconducting featutein the G-band
thin bundle RBM peaks. Raman spectra. This feature downshifts with increasing tem-
perature with a rate 0£0.043 cnt/K.27 In our results, this
heated in flowing Ar at 400C to drive off adsorbed species feature, if present, shows up atl586 cnr! in some of the
that otherwise affect the Fano line shap&¥.After pulling and thin bundle 632 nm Raman spectra. Thus, in our case, the local
tearing the buckypaper, suspended thick single bundles weretemperature is~360 K, just slightly above room temperature.
observed to protrude from the buckypaper edge with dark field The corrected ratiok/l s which vary because of the resonance
illumination. Nearly invisible thin bundles exist at the end of effect, for 27 different RBM peaks observed in 18 thin bundles
the protruding thick bundles; they can be located by focusing a are plotted in Figure 2a. A wide range from0.2 to ~5 is
laser beam beyond the bundle end and observing weak Rayleighobserved.
scattering light in the microscope by eye. This Rayleigh  The 632 nm light mostly excites metallic tub¥s? The
scattering was constantly monitored and the sample positiontrigonal warping effect splits the first interband optical transi-
adjusted relative to the laser focus spot to compensate fortion, in resonance with 632 nm, into two pedksThe values
thermal drift during data acquisition overl h. Laser excitation  of the split peaks are adopted from Saito et al.’s calculétion
at 457 and 442 nm, polarized along the bundle axis, was usedand are plotted in Figure 2b for metallic tubes with diameters
to resonantly select the semiconducting tubes. Randomly between 1.14 and 1.53 nm. Within this electronic structure
polarized 632 nm laser light was used to mainly excite the model, the RBM Raman intensity is calculated using two
metallic tubes in the bundle. Both RBM Stokes and anti-Stokes simplified models. In general the Raman scattering cross sec-
Raman scattering could be measured simultaneously with 632tion is proportional to the squared modulus of the Raman

nm excitation; typical excitation intensity is100-200 kW/ tensot1-28
cne.
. . p;pi{]:ji
Results and Discussion RY = (3)
RBM Raman Scattering. Figure 1 displays Stokes and anti- T (o — wig)(ws - a’jg)
Stokes RBM Raman spectra from three thin bundieg, and
y, with 632 nm excitation (Figure thd) along with a typical The wig are the energies of the resonant electronic transitions
spectrum from a thick bundle (Figure 1a). The thick bundle with g, i, andj labeling the ground and intermediate electronic
RBM spectrum shows a broad peak-at99 cnt?, with a line states.pgj denotes the electron momentum matrix elements,

width (fwhm) of ~18 cnil. The thin bundle spectra show andZ; refers to the electronphonon matrix elements. If we
narrower RBM features at various peak positions, with a assume the electron momentum and elect@monon matrix
typical line width (fwhm) of 9 cm?, comparable to the re- elements are the same for the two components produced by
ported natural line widths of 510 cnt! at room tempera-  trigonal splitting and assume a line widthindependent of
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RBM Frequency (cm'1) (a) Discrete model (b) Continuum model
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20} 197ev o ©O ® ] and anti-Stokes (dashed line) Raman scattering and the Raman intensity
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o where JDOSY) is the joint density of states for metallic tubes

2 and is approximated by the sum of a pair of inverse square root

2 functiong6:30

o | 4

€ 15,3

p= = 142150 fw) = 3 w

G 19,8 TdB, 2 2

g 18,0 - o w°—wit+c

14 12,9 .

175 14,5 16,1 126 134 . . . .
% 15,6164 o = = 107 Hereag is the C-C distance (0.144 nm}} is the diameter of
TN 13,7,40,10 - a tube, angby is the C-C nearest neighbor interaction energy
naw el N L 1 L . L.
070 075 0.80 0.85 (taken as 2.90 eV)w; is the energy position of the van Hove
spikes in the DOS. The constants included to prevent the
1/d, (1/nm) divergence of the functiof(w) at w = w; and is determined

Figure 2. (a) Experimental RBM Stokes to anti-Stokes Raman intensity according to the numerical results for the D©ghereafter
ratios |41, for 27 observed RBM peaksy( O) and calculated RBM referred to as the continuum model).

Raman ratiodJ/l,sfor 19 different , m) tubes at incidence excitation We find thatldlasis very sensitive tg in the discrete model.
energy 1.97 eV £). O indicates intense Raman signals. The star y = 20 me\B! has been obtained previously from fitting the

representddl,s for a thick bundle. Ther{ m) assignments for the ; ; ot ;
observed RBM peaks are indicated by the dashed rectangles. (b)expenmental ensemble metallic tube Raman excitation profile

Splitting of the first interband transition v c1 for metallic tubes at_ 23 °C% and is consistent with the scanning tunneling
with diameters from 1.14 to 1.53 nm. The upper and lower transitions Microscopy and spectroscopy (STM/STS) measurements on
are denoted by> and®, respectively, and the nonsplitting peaks for ~ single tubes at 5 K3 If we takey to be 20 meV, the calculated
armchair tubes are denoted by the half filled circles. The solid and |4/l,shas a maximum (minimum) of10 (~0.1), which is far
dashed horizontal lines represdfifser = 1.96 eV andE = 1.97 eV above (below) the experimentifl ;s maximum (minimum) of
used for the theoreticdl/l,s data points in part a, respectively. (c) g (~0.2). Fory = 43 meV, the calculatetyl s extremes are
Calculated RBM Stokes Raman intensitie€Eater= 1.97 eV for the | to th . tal val Y 43 Vi
tubes in part b using the discrete model. close to In€ experimental values. We adpp_t mev in our
calculation; in the resonant Raman calculation of Richter étal.,

energy, eq 3 can be simplified?f ay value of 100 meV was assumed. By contrast, the continuum
model calculation depends very weakly on thealue.
R = pnan( 1 4 1 : ) The excitation profiles fots andl,s were calculated for all
o —o, Yy o —w;—1ly tubes. An example [tube (13, 4)] is shown in Figure 3 for both
1 1 models. The positions of the two trigonal transitions are marked.
(wS —w,— iy w— w, — iy) 4) In the discrete modelg/lasshows an asymmetric shape, varying

from ~0.2 to ~5, depending on the incident laser excitation
Here, two discrete trigonal resonant transitions u (upper) and | €nergy relative to the van Hove resonances. The calculgted
(lower) are assumed for each metallic tube (hereafter referred!asatEaser=1.97 €V is shown in Figure 2a for each tube, where
to as the discrete model). We have also replacgdwith I, II wrem is calculated from diameted; by>*
(parallel = 1I), because polarized Raman measurements show 1 1
that scattering is strongest fdt, (1).81° Alternatively, if all of wgew(d) = 223.75 cm™-nm/d; + 16 cm (6)
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The discrete model reproduces the observed large variation in

IJ/las The continuum model gives a more symmetric profile with 457 nm
extremes of only~0.5 to ~1.5. We return to this point in a =
later section. s} 1
On the basis of the observedrgm and IJlas we can %
tentatively assign am( m) index to the observed RBM peaks gt 442 nm
21

using the discrete model. In our experiment, the tubes resonantly
excited by 632 nm light may have a different number of
surrounding tubes in different thin bundles. This must cause
some variation invgrem for a same1f, m) tube in different thin © 257 om] [(f) 242 7
bundles. [In Jorio et al.’s measureméhgvery tube has a similar
environment, and they observed more unifofmey values.]
Using eq 64; corresponding to the observegkgy frequencies
in Figure 2a can be estimated to bd.17—1.42 nm (1d; ~
0.85-0.71). This is consistent with the predicted resonant 1400 1600 1800 1400 1600 1800

transition energies in Figure 2b. Also, there is a structdral Raman Shift (cm™)

gap between 1.26 and 1.31 nmdit 0.79-0.76), which should Figure 4. Raman spectra of semiconducting SWNTSs in six different
lead to a gap between 187 and 193énn wrewm. Figure 2a thin bundles (af) in the range 13061800 cnT!. The excitation
does show a gap between 189 and 194%rfihe constant term wa;e;len_g;h is _457 nm for parts a, c, an?anEV?//gnzl nm for parts b, e,
of 16 cm *in a6 i adopted insteal of 14 ito match the 21 1 Wl bples exciatr, ensiy o 50 mpser o part 2
predicted and the observed gap. We assign the high-frequency
RBM peaks ranging from 194 to 205 ctin Figure 2a to the
small diameter tubes (from (10, 7) to (12, 6)) in Figure 2b and

the low-frequency REM peaks from 172 to 189 Thto the simple tight binding modél® We suggest that “solvatiof? in

large d|ameter tubes (from (16, 1) to (18, 0)). ~__ differing small bundles lowers symmetry and splits these bands,
Our assignments are represented by the rectangles in Figurgyiying a wide range ofd/l,s values.

II

unique as two different circumferentid eigenstates yield
superimposed 1D energy bands along the tube axis, within the

2a. On the basis @brem andldlas the 184 cm* peak in bundle The discrete model, which ignores Raman from continuum
o.in Figure 1b is assigned to a (16, 1) tube, the 199'ci@ature transitions above the ¢t v1 van Hove band edge, works well,
is assigned to a (13, 4) tube, and the 185 trieature from indicating that the resonant window and the van Hove singu-
bundley in Figure 1d is assigned to the (11, 8) structure. In the |5yities are quite narrow. Within resonant Raman theory, this
series (14, 5), (15, 3), and (16, 1ylas varies from~2.0 to suggests that the continuum transitions have a much larger

~0.25 as the upper resonance crosses the laser energy. In thga, the band edge transitions that give discrete states. A recent
series (13, 4), (14, 2), (15, 0), and (10, HJ)as varies from ensemble photoelectron dynamics measuretfishows that the
~4.510~0.5 as the lower resonance crosses the laser energyjitetime of excited electrons decreases significantly with energy;
The relative llntensny between different peaks is consistent with ;45 pand edges were not observed. In bulk semicondutors,
the calculation. For example, tubes (16, 1) and (13, 4) are gnq glso in semiconductor nanocryséla,similar phenomenon
predicted to have similar Stokes Raman intensities, in agreementycyrs: resonant Raman intensity is far stronger at the band
with experiment. The (15, 3), (14, 2), and (15, 0) tubes should edge threshold because of a longer lifetime.
show relatively high Raman intensity, consistent with the  The 43 meVy value is model dependent, and probably larger
observation of intense Raman signals for RBM features assignedian the true value, as the discrete model ignores continuum
to these tubes. Because the calculation result.gf = 1.97 resonance Raman scattering. A more general model might
eV better reproduce the experimental results (actUaliy, = involve an energy dependepin the continuum model. Higher
1.96 eV), the whole energy levels in Figure 2b, for which a ., yajyes may be present in our acid processed nanotubes than
carbon-carbon nearest neighbor interaction engfigyf 2.90 in as-grown CVD nanotubes, as acid processing with sonication
eV was used? should be lowered by 0.01 eV. That j& = creates some sidewall damage. The photoelectron dynamics
2.89 eV for best fit. measurement on SWNTs gaveyavalue on the order of 10
However, (9, 9) does not fit this simple model. A (9, 9) tube meV 36
does not show trigonal splitting and should give by far the  Tangential G-Band Mode. Most thin bundle Raman data
strongest Raman intensity, locatechdt97 cnrl. Several strong show both a semiconducting line shape at 457 or 442 nm
lines are indeed observed, however wih.s ~ 2.0 instead of  excitation and a metallic line shape at 632 nm excitation. Thus,
the predicted value of 0.5. The broadened ensemble Ramarg typical thin bundle contains a few of both type tubes.
signal at~198 cnr! exhibits IJlas = 1.3 and should be A. Semiconducting Tubeth Figure 4 we show the G-band
dominated by (9, 9) tubes. On the basis of intensity @Rgh, spectra of six different thin bundles for blue excitation. While
(9, 9) is tentatively assigned to the data points around the the G-band Raman spectra of thick bundles always reproduce
ensemble one in Figure 2a, including the 196 &meak in the ensemble spectra, quite different G-band spectra were
bundlef in Figure 1c. observed in thin bundles. The spectra exhibit varying relative
The calculation shows high sensitivity to the exact transition intensities of the 1565 cm peak to the 1590 cn component.
energy relative tdeserfor tubes (9, 9), (14, 2), and (15, 0). If  Spectrum c is similar to that obtained from an ensemble sample.
Enseris above (below) an energy level, the model predicts a From spectrum a to spectrum f, the 1565 ¢meak intensity
Raman ratio greater (less) than 1. A large variation in Raman increases relative to the 1590 chpeak. In spectrum a only
intensity and ratio is expected for a small energy shift in these the 1590 cm? peak shows up, while in spectrum f both 1565
tubes. Near resonance, our i) structural assignment is limited ~ and 1590 cm! components have identical intensities.
by the accuracy of the calculated transition energies and by the Group theory predicts that six Raman-active modes can be
assumption that all tubes have the samé&he (9, 9) tube is present in the G-band for a general chiral SWNT: twd(A;g),
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two E; (Eig), and two B (Eog) modest-® For each symmetry @)
mode, the atomic vibrations can be along the tube axis (LO) or
along the circumferential direction (T®)° For zigzag and
armchair tubes (both are achiral, symmorphic groups), only three
modes are Raman active in the G-bandy, &4, and Bg. The
resonant spectra are dominated by (A1) modes, in both
simple theory! and polarized Raman measuremeén@ur 457

or 442 nm laser is polarized along the tube axis, and we expect
the observed peaks aremodes. The lower frequency 1565
cmlis assigned to circumferential vibration (with a lower force
constant); the 1590 cm peak is assigned to axial vibration
(with a higher force constant).

The relative intensities of the two peaks are predicted to
depend on chiralitf=1° The 1590 cm! feature comes from
low chiral angle tubes, while the 1565 chpeak is dominated
by high chiral angle tubes. Also, the singles/node vibration
in an armchair tube, along the circumferential direction, occurs
at 1565 cm?, while in a zigzag tube, this 4 axial mode is at
1590 cntl. (A zigzag tube has the smallest chiral angle &f 0
and an armchair tube has the largest chiral angle f) 3ur
data in Figure 4 strongly support the predicted chirality 1400 1600
dependence of G-pand Raman scattering in SWNTS, although Raman Shift (cm-!)
we do not have an independent chirality determination. Bundle _. i . 5

R Figure 5. Raman spectra of five different thin bundles of SWNTs
y in Figure 4a shows only the 1590 cipeak, as expected for = i7" ne" ange 13061650 cnm? with 632 nm excitation, The
zigzag tubes. From spectrum b to spectrum f the 1565'cm  gycitation intensities are 110 kW/@rfor parts a, and d and 220 KW/
peak increases relative to the 1590 ¢npeak, implying that  cn? for parts b, ¢, and e. The numbers in the figure indicate the fitted
high chiral angle tubes begin to be present with increasing peak positions (widths) in inverse centimeters.

degree. . .
The data in Figure 4 have not been observed in prior ensemblefrequency 1565 cm peak from armchair tubes with 457 or

) . : ) 442 nm excitation.
or single tube experiments. Odom et al. studied the chiral angle B. Metallic Tubesin Figure 5 are shown the G-band Raman
dli;[]rlbunon. of EUbeSI.'n th'pk bundlessa_ltllgﬁ)letct?fdktpn c?lundles spectra from five thin bundles with 632 nm excitation; similar
WIth scanning tunneting m|_croscopy( n thick bundies, changes in relative intensities occur as in Figure 4.
the chiral angle distribution is favored toward zigzag tubes, while The ensemble 632 nm spectra show complex feakasith
thin bundles exhibit a random distribution. This may explain

) 1519 X a broad Fano Raman lihat ~1540 cn1?! assigned by Brown
yvhy_the thick bundle Raman spec"ti{é always |.°°k like that et al. to the coupling of the 1565 crhA1ymode with continuum
in Figure 4c. They also found that if a bundle is perfectly and

losel ked. the tubes tend to h imilar chiralitv: Fi electronicst plasmon excitatiod.Brown et al. have observed
closely packed, the tubes tend to have a similar chirality, Figure simpler G-band Raman spectra from metallic tubes at the anti-

_4supports this conclusion. Depolariza’gion oramennaeffect Stokes sidé} which empirically are fit by a Fano line shape
in carbon nanotubes may also explain the ensemble Ramanfunction at~1540 cntt and a Lorentzian function at1580

i i 0

spectra, as discussed by Saito et’al. cmL9 We observe similar simple spectra for thin bundles on

Bundley in Figure 4a shows a weak feature at 1417°¢m  the Stokes side, which also can be fit by a Fano line shape
This feature is not the disorder-induced D-band, which appearsfynction and a Lorentzian function, with varying relative
at~1370 cnr? for 457 nm excitation. Kasuya et%sug_gested intensities. The Fano peaks range from542 to~1553 cnr?;
that modes between 1300 and 1500 ¢€nare sensitive t0  the variation can be due to the temperature, gas adsorption
chirality. Theoretical calculations also show the presence of effect!819or different tube diametefsThe 1572 cm! peak in
1300-1500 cnt* modes only in achiral tube8.Such modes  Figure 5d is attributed to metallic tubes, similar to th&580
have not been reported. The 1417 ¢nfeature clearly shown ¢yt peak observed befof@ The sharper 1586 and 1587 tn
in Figure 4a, we believe, is one of these modes, and it supportspeaks are assigned to nonresonantly excited semiconducting

the existence of mainly zigzag semiconducting tubes in this types (see below). They are downshifted from 1590 tm
bundle y. On the basis of the strong Raman intensity, the pecause of the laser heating eff&tt.

632 nm 13(49) (b) 1542(44)

Raman Intensity

1400 1600

semiconducting tubes in bundle are assigned to (17, 0) The same chirality dependence of G-band Raman scattering
structures, which havEss® ~ 2.62 eV and &° ~ 2.77 eV}3 discussed above for semiconducting tubes, in principle, should
close toEjaser= 2.71 eV anEscaner= 2.51 €V. Another feature  apply to metallic tubes. Figure 5 indicates the evidence for this

for this specific thin bundle was observed-at015 cn™. As chirality dependence, although possibly more than one tube can

shown below, the 632 nm Raman scattering of burydtéows contribute to the spectra. The bundién Figure 5a shows only
weak metallic Raman intensity compared with the 457 nm the Fano peak and may contain only higher chiral angle metallic
Raman scattering. Also, a relatively strong semiconducting tybes. Figure 5d exhibits both a Fano peak and a stronger
feature at 1587 crt is observed in the 632 nm G-band Raman, | orentzian peak, suggesting the dominance of the lower chiral
suggesting the dominance of semiconducting tubes in bundleangle metallic tubes in the bundle. The characteristic Raman
7, consistent with the observation of strong 457 nm Raman features between 1300 and 1500 @énfior achiral tubes are
scattering. probably too weak to be observed on the long Fano peak tail in
Because all the armchair tubes are metallic and not resonantlyFigure 5a.

selected by 457 or 442 nm excitation, we would not expectto  However, the RBM features of bundéehave been assigned
observe a G-band Raman spectrum showing only the lowerto (16, 1) and (13, 4) tubes, neither of which are high chiral
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@) 1588(10) H(b) 1588(12) (n, m), on the basis of the relative G-band Raman intensity,

‘ RBM frequency, anddl,s This is especially important for
encapsulated (insulated) SWNTs, where the surface is not
available for local probe examination.

intensity

Acknowledgment. We thank Min Zhu and Lian Ouyang
; N for discussions and suggestions. We also thank M. Dresselhaus,
1400 1600 1400 1600 G. Dresselhaus, and R. Saito for informative correspondence

. y and preprints of refs 9, 10, and 21. We are very grateful to R.
Raman Shift (cm™) . S - .

Saito for providing the data used in Figure 2b. This work was
Figure 6. Raman spectra of two different thin bundles, | and Il, of supported by the DOE under Contract FG02-98ER14861 and
X 1 o

SWNTS in the range 13061650 cnm* with 632 nm excitation at 220 5" penefited from materials characterization facilities at

kWi/cm?. Note the strong, sharp peak at 1588 énThe frequencies .
(widths) are displayed. Columbia supported by MRSEC Grant DMR-98-09687.

angle metallic tubes, as inferred from the G-band Raman References and Notes

spectrum for this bundle. Thus, the chirality information for (1) Dresselhaus, M. S.; Dresselhaus, G.; Eklund, PS@ence of

tubes from the RBM Raman ratio seems inconsistent with that F“”‘(*g)a”g;g”%?%r&%';e'\l'ﬁggéugﬁi‘é‘;g‘éfhzﬁsf\b%i‘;‘é;%fé plegr?igé
from the G-band Raman spectrum. This implies that more than 4 carbon Nanotubedmperial College Press: London, 1998.

one (at least three) metallic tubes are present in the bundle (3) lijima, S.; Ichihashi, TNature 1993 363 603.

As shown by Richter et at}a nanotube exhibits different RBM . \(/Agzgfggugey BDé )/Sé;r fr&?;%'rgi;é;a Vgrgzas,sl\gSS. d.; Gorman, G.; Savoy,
and G-band Raman excitation profiles. Thus, different tubes ™" 5\"r50" A" M. Richter, E.. Bandow, S.: Chase, B.; EKlund, P. C.:

might contribute to the RBM and G-band Raman scattering. A williams, K. A.; Fang, S.; Subbaswamy, K. R.; Menon, M.; Thess, A.;
Raman scattering measurement on the same tube is needed t8malley, R. E.; Dresselhaus, G.; Dresselhaus, MS&encel997, 275,

Al 187.
further address the problem of the chirality dependence of (6) Saito, R.; Takeya, T.. Kimura, T.: Dresselhaus, G.: Dresselhaus,

Raman Scattering from SWNTSs. M. S. Phys. Re. B 199§ 57, 4145.
All ~20 thin bundles studied show the broad Fano Raman (7) Kataura, H.; Kumazawa, Y.; Maniwa, Y.; Umezu, |.; Suzuki, S.;

i ~ 1 i itati Ohtsuka, Y.; Achiba, YSynth. Met1999 103 2555.
!I:]Z a“t inlSF‘;rO (;(TG W_Ilfn 632 nmbei?CItatltohn,tet)r(]CGF'):t bunges ! (8) Jorio, A.; Dresselhaus, G.; Dresselhaus, M. S.; Souza, M.; Dantas,
gqu - I'hus, we believe that tne Fano Raman \; s's.: pimenta, M. A.; Rao, A. M.; Saito, R.; Liu, C.; Cheng, H. M.

resonance is an intrinsic property of metallic tubes. In ensemble Phys. Re. Lett. 200Q 85, 2617. _
spectra with 632 nm excitation, a sharp feature-&590 cnr? (9) Brown, S. D. M.; Jorio, A.; Corio, P.; Dresselhaus, M. S.;

always occurs$? This peak has been assumed to come from Dr?igflgﬁ’ %;.SJ%':?O’ RA;-KS;ﬁZP R?yf;l Rf‘ie%ezro Oé 6|\3/’|, -ﬁiﬁ:? M.:

semiconducting tube¥,and it has been proven by measuring  McClure, T.; Gresselhaus, G.; Dresselhaus, MPBys. Re. B, submitted
an excitation profile on the ensemble samiSln thin bundles for publication.

1 ; (11) Richter, E.; Subbaswamy, K. Rhys. Re. Lett. 1997, 79, 2738.
I and Il, we observed a strong1588 cn! feature with 632 (12) Charlier, J. C.. Lambin, fPhys. Re. B 1098 57, R15037.

nm excitation, as shown in Figure 6. These spectra are similar  (13) saito, R.; Dresselhaus, G.: Dresselhaus, MI§/s. Re. B 200Q

to the typical semiconducting Raman spectra with 457 nm 61, 2981.

excitation shown in Figure 4c. The observation of only the Fano _ (14) Friedman, J.; Hochstraasser, R. @hem. Phys. Letl975 32,
peak in one bundle (Figure 5a) and mainly the strong 1588-cm (iS) Mortensen, O. S.; Hassing, S. Polarization and Interference
peak in another bundle (Figure 6), both with 632 nm excitation, Phenomena in Resonance Raman Scatteringdimnces in Infrared and
indicates that these lines do not belong to the same tube. TheRaman Spectroscop@lark, R. J. H., Hester, R. E., Eds.; Heyden: London,

e : 1980; Vol. 6.
spectra in Figures 5 and 6 are all simpler than the ensemble™ ;¢"c.0 A w1 Bandow, S.; Richter, E.; Eklund, P.Tin Solid Films

spectra. Thus, our results help interpret the complex ensembleigog 331, 141.
spectra. (17) Pimenta, M. A.; Marucci, A.; Brown, S. D. M.; Matthews, M. J.;
Rao, A. M.; Eklund, P. C.; Smalley, R. E.; Dresselhaus, G.; Dresselhaus,
Usi M. S.J. Mater. Res1998,13, 2396.
Conclusion (18) Yu, Z.; Brus, L. EJ. Phys. Chem. £000,104, 10995.
. . . (19) Yu, Z.; Brus, L.J. Phys. Chem. R001, 105, 1123.
_In summary, R_ar_nalj spectra obtained on single SWNTSs in (20) Duesberg, G. S.; Loa, |.; Burghard, M.; Syassen, K. RotRh§s.
thin bundles exhibit different and new features compared to Rev. Lett 200Q 85, 5436. _
those of the ensemble spectra. First, a large variation in the  (21) Jorio, A.; Saito, R.; Hafner, J.; Lieber, C. M.; Gresselhaus, G.;

: e . Dresselhaus, M. S2hys. Re. Lett. 2001, 86, 1118.
I/laswas observed. A simplified resonance Raman calculation (22) Rinzler, A. G. Liu, J.. Dai, H.. Nikolaev, P.; Huffman, C. B.:

reproduces the observed ratio well, with the exception of that rodriguez-Macias, F. J.; Boul, P. J.; Lu, A. H.; Heymann, D.; Colbert, D.
for (9, 9), thus supporting the existence of the trigonal warping J.; Lee, R. S; Fischer, J. E.; Rao, A. M.; Eklund, P. C.; Smalley, R. E.

splitting and the chirality dependence of the electronic structure Apgé?gjé?&gfa 87'329'Blau W. 3 Bvrne. H. J.- Muster. 3. Burahard
of SWNTs. Second, the observed variation of the G-band Ramany, -"roth, S.Che?ﬁ. Phys. Let1999 310, )é. T = EHrghare:

spectra from thin bundles provides strong evidence for the (24) Thess, A.; Lee, R.; Nikolaev, P.; Dai, H. J.; Petit, P.; Robert, J.;

chirality dependence of Raman scattering intensity in SWNTs. Xu.C.H. Lee, ¥. H. Kim, S. G.. Rinzler eAy- %-?Sgg'rﬁ’fgégé}g%%e”ar
Our results also help to explain the complex Raman spectra on™ ;5 tan 'p. H.: Tang, Y. Hu, C. Y.. Li, F.: Wei. Y. L. Cheng, H. M.

ensemble samples. We did not correlate the RBM Raman phys. Re. B 200Q 62, 5186.
scattering with the G-band Raman scattering for a same thin _ (26) Rafailov, P. M.; Jantoljak, H.; Thomsen, Ehys. Re. B 200Q

bundle. Further studies, both Raman measurement and chiralitfl'é%ﬂl_?'H D.. Yue, K. T.; Lian, Z. L.; Zhan, Y.; Zhou, L. X.: Zhang

determination on individual tubes, are needed to address thes, | : shi z. J.; Gu, Z. N.; Liu, B. B.; Yang, R. S.; Yang, H. B.: Zou, G.
chirality dependence and other properties of electronic structureT.; Zhang, Y.; lijima, SAppl. Phys. Lett200Q 76, 2053.

and vibrational modes in SWNTs (28) Hayes, W.; Loudon, RThe Scattering of Light by Crystaldohn
. . ) . . Wiley: New York, 1976.
It is promising that Raman scattering may provide an " (59) martin, R. M.; Falicov, L. M. Resonant Raman Scattering.itght

unambiguous, convenient, and noninvasive way to determine Scattering in SolidsCardona, M., Ed.; Springer-Verlag: New York, 1975.



Single-Wall Carbon Nanotube Raman Scattering

(30) Mintmire, J. W.; White, C. TPhys. Re. Lett. 1998 81, 2506.

(31) The definition of the line width parameter used in ref 28 differs
from ours by a factor of 2.

(32) Pimenta, M. A.; Marucci, A.; Empedocles, S. A.; Bawendi, M. G.;
Hanlon, E. B.; Rao, A. M.; Eklund, P. C.; Smalley, R. E.; Dresselhaus, G.;
Dresselhaus, M. fhys. Re. B 1998 58, R16016.

(33) wildeer, J. W. G.; Venema, L. C.; Rinzler, A. G.; Smalley, R. E;
Dekker, C.Nature 1998 391, 59.

(34) Venkateswaran, U. D.; Rao, A. M.; Richter, E.; Menon, M.; Rinzler,
A.; Smalley, R. E.; Eklund, P. (Phys. Re. B 1999 59, 10928.

(35) Kwon, Y.-K.; Saito, S.; Tormreek, D. Phys. Re. B 1998 58,
R13314.

J. Phys. Chem. B, Vol. 105, No. 29, 200837

(36) Hertel, T.; Moos, GChem. Phys. Let200Q 320, 359.

(37) Alivisatos, A. P.; Harris, T. D.; Carroll, P. J.; Steigerwald, M. L.;
Brus, L. E.J. Chem. Phys1989 90, 3463.

(38) Odom, T. W.; Huang, J. L.; Kim, P.; Lieber, C. Nl.Phys. Chem.
B 200Q 104, 2794.

(39) Kasuya, A.; Sasaki, Y.; Saito, Y.; Tohji, K.; Nishina, Rhys. Re.
Lett. 1997 78, 4434.

(40) Eklund, P. C.; Holden, J. M.; Jishi, R. arbon1995 33, 959.

(41) Brown, S. D. M.; Corio, P.; Marucci, A.; Dresselhaus, M. S.;
Pimenta, M. A.; Kneipp, KPhys. Re. B 200Q 61, R5137.



