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Polarization effects are studied in surface-enhanced resonant Raman scd8&RRS3 experiments on
single-wall carbon nanotub€éSWNT’s) in contact with silver colloidal clusters. For metallic SWNT's the very
low depolarization ratio of th& band observed in normal resonant Raman scattéRRS is nearly com-
pletely preserved in SERRS, and this is ascribed to the strong antenna effect of metallic carbon nanotubes. For
semiconducting SWNT'’s, the depolarization ratio is a factor of 2 larger in SERRS compared to RRS. This is
attributed to a lowering of symmetry for the resonant Raman scattering properties of the SWNT’s arising from
the very large field gradients on the metal colloidal clusters. The polarization directions of the local optical
fields, as seen by the SWNT’s on metallic clusters, are preserved.
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The Raman scattering signal of single-wall carbon nanoaligned carbon nanotubes provide a probe for the polariza-
tubes(SWNT’s) can be enhanced by many orders of magni-tion directions of the local optical fields in the vicinity of the
tude when the nanotubes are in contact with silver or goldnetallic nanostructures at the position of the nanotube. In
nanostructures in surface-enhanced Raman scatterirtgis way, experiments performed on “a few” aligned tubes
(SERS experiments™* Effective SERS cross sections on allow us to separate effects related to possible changes in the
silver colloidal clusters can reach 1¥ cn?, allowing Ra-  polarization direction of the local fields. A “corruption of
man measurements from a small number of nanotubes anfield polarizations” on metal colloidal clusters had been pre-
very likely, from only one nanotubkThe sharp electronic viously proposed as a possible explanation for the increase in
transitions associated with the van Hove singularities in thelepolarization ratios measured in SIRRS experiment$*-1’
one-dimensional(1D) electronic DOS make SWNT's a Our experiment here shows that such an effect is not essen-
unique system for studying resonance Raman scattering phtal and other effects must be responsible for the large depo-
nomena. By exploiting this sharp resonance effect, metallitarization ratios measured in SERS.
and semiconducting SWNT’s can be selectively probed in SWNT'’s (d;=1.49+0.20 nm) were synthesized using the
the Stokes and anti-Stokes spectralhe extremely favor- electric arc technique and a catalyst with a 4:1 Ni:Y atomic
able resonance Raman conditions related to 1D systems, toatio. SERS samples consist of silver colloidal clusters in
gether with the highigeometrig density of molecular bonds sizes between hundreds of nanometers up to a few microns,
in the macromolecule, contributing to the same Ramamwhich are in contact with the SWNT’sRaman experiments
mode, can result in “normal” resonant Raman cross sectionsvere performed using a microscope-{ um spot sizg
for SWNT’s on the order of 10°° cn?, which also is shown with incident and scattered light polarized either perpendicu-
to be adequate to perform Raman measurements on one idar (VH) or parallel (VV) to one another. There was also an
lated SWNT® option to turn theVV polarization relative to the sample.

Polarized Raman measurements provide information oi$pectra were measured at the Stokes and anti-Stokes sides of
the symmetry assignment of the phonon modes. Recent stuthe 830 nm(1.49 e\) laser excitation.
ies of the polarization behavior of the Raman scattéfint Figure 1 shows the Stokes and anti-Stokes resonance Ra-
of SWNT'’s together with theoretical calculatidié have  man scatterindRRS spectra from a sample of martgon-
shown that the two principal first-order Raman features ofaligned SWNT'’s, measured for th¥V and VH scattering
SWNT'’s, the radial breathing mod&BM) and theG-band  configurations. Using 830 nm laser light excitation on this
tangential  modes,  exhibit,  respectively, A(A;y) sample, Stokes and anti-Stokes resonant Raman scattering
symmetry,’*?and a superposition of twA(A,), two dou-  selectively probe semiconducting and metallic SWNT’s,
bly degenerat&,(E;4), and two doubly degeneras (E,,) respectively: The G-band peaks coming from semiconduct-
constituents: ing SWNT'’s were fit with Lorentzian linegsee peak assign-

In this paper we study polarization effects in surface-ments in Fig. 1. Comparing the results in Fig. 1 with previ-
enhanced resonant Raman spectrosc@BERRS from  ous polarization Raman studies in semiconducting
SWNT's on silver colloidal clusters. We use SWNT's as aSWNT's!" we see that the higher frequen&j(E,,) TO
model molecule to understand the increase of the depolarizanodé is too weak to be seen in the present spectra. This
tion ratios® measured in many SERS experiments comparedesult could be explained if the resonant Raman scattering in
to “normal” (resonantRaman scatterintf~1"In particular,  Fig. 1 comes mostly from low chiral angle SWNT’s, which
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FIG. 1. RRS spectra from a nonoriented SWNT sample ( Frequency (cm™)

=1.49+0.20 nn usingE,; =830 nm(1.49 e\) laser excitation. The
frequenciegwidths) of the Raman peaks are displayed in'¢m FIG. 2. SERRS spectra from a nonoriented SWNT samg]e (

=1.49+0.20 nm usingE,; =830 nm(1.49 eV} laser excitation. The
is consistent with the low iLrétegrated area for the Raman peaftequenciegwidths) of the Raman peaks are displayed incm
. —1 TO ;

Z:ea #(???hfng(oA Cr;TFl(A)\LgOYEFT’g)rese;istf;Eelgzebg;s;ed RRS experiment, indicating that many SWNT's are.con_trib—
Raman feature coming from m'etalllic SWN;r’s was fit using uting to thg SERRS spectra. The Stokes spectra in Fig. 2,
one Lorentzian and one Breit-Wigner-Fa(@WF) peak®'° however, yield scattering power rali@erpd S) =0.69 for

; . ; . . all Lorentzian components within th& band of semicon-
(see peak assignments in Fig). IFor semiconducting

. g ducting SWNT'’s. Thus the depolarization ratio measured in
SWNT’s, we obtained a scattering power ratiiyg{S) : ; e
— |y /lyy=0.36 for all the Lorentzian components of the SERRS spectra from many semiconducting SWNT's is

band. i d twith ) iméhed about a factor of 2 larger than that measured in R&t®ilar
and, In good agreement with previous expermenssd as  , yq regyit for the Lorentzian peak in metallic SWNT’s

expected from nonresonant bond-polarization theory for a Ei
. , igure 3 shows th&/V and VH Stokes Raman spectra
random ensemble of many SWNT%For metallic SWNT’s from a highly diluted sampl&® The Raman signals show

measured in the antl—Stokgs spectrum, th‘?fe are only WOnaller linewidths(see Fig. 3 compared to the spectra in
components, and we obtained the scattering power rati

.Oﬁig. 2, consistent with a reduction in inhomogeneous line
Orrg BWF)=0.04 for the BWF peak, andigrdL)=0.08 broadening, due to a reduction in the number of nanotubes

o e et oo, Tnese valies e echonwiuting o the speca. Scaterng_power s
P y Oserrd S)=0.6620.10 were observed at all selected sample

zggbg?nngiol:ng%smﬁgr;n tfénzasbg;rtht?ona;l;%nga'sesﬁgr?t .'Snspots, in agreement with SERRS results on the “high den-
ubes, W ph Ission | esity” sample (Fig. 2.

strongly suppressed for light polarized perpendicular to th
nanotube axis. The Raman signal from a small bundle or a 150
single tube of metallic nanotubes is strongly suppressed vv 1(5}33
when the light is polarized perpendicular to the nanotuhe.
similar result was obtained for a fiber of aligned metallic
SWNT’s, which were partially aligne¢ithin 30°).22 VH Vv 1589
Figure 2 shows Stokes and anti-Stokes SERRS spectra 50 s
when the tubes are in contact with silver fractal colloidal
clusters. The anti-Stokes spectra coming from metallic
SWNT’s show a frequency down-shift for the BWF feature,
indicating that the SERS effect is operathEor SERRS, we
obtained the scattering power ratiéscrrd BWF)=0.04 for
the BWF peak, andsgrrd L) =0.17 for the Lorentzian com-
ponent. Thus, thé value is preserved for the BWF compo-
nent in Fig. 2, but for the Lorentzian componedtis about
a factor of 2 larger than that measured in RRS. In general,
the very small depolarization ratio of the metallic nanotubes
is preserved in SERRS. This is a new finding for SERS spec-
tra from an ensemble of molecules. SERS typically tends to
increase the depolarization ratio substantially relative to nor- F|G. 3. SERRS Stokes spectra from four different spots where
mal Raman scatterin’d. Raman signal from “invisible” SWNT’s is observed. The frequen-
The line shape for the SERRS spectra from semiconductkies (widths) for the most intense Raman peaks in each spectrum
ing SWNT's (Stokes sidgis basically the same as in the are displayed in cm?.

100

0
150
1591

100 a7 1591
vv vv —f\U®

Intensity (arb. units)

50 VH VH

0
1450 1550 1650 1450 1550 1650
Frequency (cm™)

081401-2



RAPID COMMUNICATIONS

POLARIZATION EFFECTS IN SURFACE-ENHANCED . . . PHYSICAL REVIEW B3 081401R)
(@) (b) ization directions parallel and perpendicular to thelit.

a The 90° period in the SERRS signal in Figas very

1589 1592 likely reflects polarization directiongnearly parallel and

perpendicular to the nanotube axis. From thédoand ex-
perimental observations on aligned bundles of carbon
nanotubek-?® the strongest signal should be related to the
polarization direction parallel to the nanotube ax@sdirec-
tion). The strong polarization dependence indicates that we
are measuring SERRS spectra in Figg)4rom mostly par-
1289 allel aligned nanotubes. The observed ratio between the
G-band signals measured for field polarization directions
perpendicular and parallel to the nanotube &sée Fig. 4a)]
iS 14490/l y=0.24. This value is in very good agreement
with theoretical estimaté$ of 1yx/lzz=14:90:/1 4=0.25,
and with experimental results for RRS for SWNTRef. 11)
| | ¢+90°" . and MWNT’s? This strong dependence of the SERRS spec-
1150 1350 1550 1150 1350 1550 tra of aligned semiconducting nanotubes on the polarization
Frequency (cnt h direction of the fields, and particularly the good quantitative
agreement between thg, g0/l , ratios in RRS and SERRS

FIG. 4. (8 SERRS spectra from an “invisible” bundle of of aligned nanotubes provides a strong argument against any
aligned semiconducting SWNT's, for twgV polarization direc-  corruption of field polarization directions in the SERRS ex-
tions separated by 90°, whegedenotes a relative maximum of the periment.
scattering power(b) Similar RRS measurements performed on a Interestingly, the effect shown in Fig.(a is “washed
sample containing many unaligned SWNTs. The frequencies for thg,+* \when we do not use an analyzer, indicating that a rela-
D balnd and the most intensg band Raman peak are displayed in tively strong crossed ZX and XZ) scattering exists in
cm = SERRS, comparable in magnitude to the scattering. This

result is different from RRS scattering in aligned semicon-

For a selected spot on the SERS target where the linejucting SWNT's, where yx/1,,=1yx,/1,,~0.20. The ex-
width (12 cnmt) of the tangentials band of the semicon- perimental observation that in SERRS more scattering power
ducting tubes was close to the value attributed to the homayees into the perpendicular polarized field than in RRS can
geneous linewidth€9 cm™!),*® it is likely that only “a  be understood by a lowering of the symmetry of the “scat-
few” nanotubes(of relatively uniform diameter and maybe tering properties” of nanotubes when they are attached to
also alignedi contribute to the spectrunv.V SERRS spectra  silver colloidal clusters. The very lardeeld gradients pre-
from this spot were measured while turning the field polar-dicted for colloidal clusterd may provide a rationale for
ization directions by 90° steps relative to the SERS sampl@uch an effect. The changed symmetry for the “Raman scat-
starting from a relative maximum in théV signal. The scat- tering properties” of SWNT’s by RRS does not necessarily
tered signals from th& and theD bands(predominantlyA  mean that the symmetry of the molecule, or the nanotube
symmetry*-?* follow the same dependence on turning thechanges. Rather, the scattering tensor in the case of RRS for
VV polarization direction by several subsequent 90° stepsSWNT’s can be changed by inducing changes in the elec-
with large changes in scattering power between the spectigonic system, which couples strongly to the phonon system,
taken from adjacent 90° steps. Figut@4shows two spectra but generally leaves the symmetry of the phonons un-
in the region of theD- and G-band modes measured in sub- changed. Changes in the electronic system in SERRS result
sequent 90° steps. For comparison, Fifh)4hows the re- in stronger scattering, due in part to contributions from off-
sults of the same polarization turning experiment, performediiagonal elements in the Raman tensor. This effect also ex-
in “normal” Raman scattering from many nonaligned semi- plains the increase in the depolarization ratio measured in
conducting nanotubes, showing that such a strong 90° de&SERRS from samples containing many semiconducting
pendence does not exist in this case. nanotubes.

To quantify the effect which appears by 90° turning of the  In summary, polarization effects in the Raman spectra of
parallel field polarizations relative to the sample orientationmetallic SWNT’s are always, in both RRS and SERRS, de-
in SERS and “normal” RRS experiments, we compare thetermined by the strong antenna effect which favors, in all
average value for the difference between the signals meaptical effects, field polarization directions parallel to the
sured at turning angleg and ¢+ 90° normalized to the sum nanotube axis. Fosemiconductingnanotubes our experi-
of both signals. This value is 0.69 in the SERRS experimentments show that the larger depolarization ratio measured in
compared to 0.19 for RRS measurements on a sample WitBERRS is not related to changes of the field polarization
many tubes. Raman spectra from many randomly alignedirections by the metal particles themselves, but rather is due
tubes should not show any dependence of the scattering changes in the symmetry of the resonant Raman scattering
power on turning the field polarizations relative to thetensor of the nanotubes arising from the large field gradients
sample. The observed difference as shown in Fi@) 4e-  on a silver(or gold cluster surface. This finding implies that
flects the different throughput of the spectrograph for polarresonant SERS experimenSERRS, do not probe the in-
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trinsic resonance Raman tensor of a “free” semiconductinghant SERS experiments of “small” molecules, such as py-
nanotube measured in the absence of metal colloidal clusterddine, might be related to a lowering of the vibrational sym-

This situation may be altered for nonresonant SERS, whiclmetry of the molecule geometry, as modified by adsorption
should probe the intrinsic nonresonant Raman tensor of & the metal’

molecule, essentially independent of changes in the elec-
tronic levels due to interaction with the silver colloids. ~ The measurements were performed at the George R. Har-
The changed resonant “Raman scattering properties” ofiSOn Spectroscopy Laboratory at MIT supported by the NIH
the molecule in contact with metal colloidal clusters, arisingGrant No. P41-RR02594 and NSF Grant No. CHE9708265.
from Changes in the electronic system, very ||ke|y also exK.K. would like to thank Professor M.S. Feld and Dr. R.R.
plains the increase of depolarization ratios in SERRS experiPasari for stimulating discussions. A.J. acknowledges finan-
ments on dye moleculés:'® The experimental observation cial support from CNPg-Brazil. R.S. acknowledges a Grant-
that a strong increase in depolarization ratios is not observeith-Aid (No. 11165216 from the Ministry of Education, Ja-
for isolated or less aggregated silver colloidal partié® pan. The MIT authors acknowledge NSF support under
can be understood in terms of their lower field gradients. IlDMR 98-04734 and No. INT 98-15744.
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