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Fluctuations and Local Symmetry in Single-Molecule Rhodamine 6G Raman Scattering on
Silver Nanocrystal Aggregate$
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Surface enhanced Raman scattering (SERS) from Rhodamine 6G adsorbed on small, optically resolvable
aggregates of silver nanoparticles is detectable at the single-molecule level. The signal fluctuates on a second
time scale, presumably due to movement of the molecule in to and out of the SERS active “hot spots”. The
depolarization of the signal is found to be independent of the fluctuations, to vary from one spot to the next,
and to be highly dependent on the direction of the incident electric field. The “SERS continuum” dominates
the signal and is assumed to arise from electronic Raman processes in the metal that are triggered by
chemisorption of the molecule in the hot spot. The source of the Raman signal is therefore highly localized
around the hot spot. The local structure determines the depolarization properties and is often extremely
anisotropic. Conversely, the Rayleigh scattering does not depend on the molecule or the hot spot and is
delocalized over the whole aggregate, which is always found to be highly isotropic. The Rayleigh scattering
therefore does not fluctuate and is always highly polarized.

Introduction the experiments make it unlikely that there could be more than

From the early work on surface enhanced Raman scatteringone adsorbate per aggregate, and (2) an-afh blinking
(SERS), it is known that nanometer scale roughness is necessargehaVior indicative of single-molecule dynamics is found.
for a surface to exhibit SERSUntil recently, all studies eriods of several seconds can occur when there is no Raman
involved large (micrometer scale) surface areas, with many intensity, followed by long periods when the Raman intensity
adsorbed molecules in differing environments contributing to returns. This or-off cycling can continue for several minutes,
the signal. These experiments only probe a surface-averaged»fnt“ the signal finally bleaches out permanently from the intense
enhancement, which in the best situations reaches as high adields present. During the “on” periods, the SERS intensity
106 for the first monolayer, corresponding roughly to a cross fluctuates on a second time scale, with some fluctuation in the
sectiono of 1023 cn? per mode for a molecule without a spectral profile. The fluctuation rate increases linearly with laser
molecular electronic resonance effect. Within the past few years, Power? Thus, the fluctuations are not thermal, but driven by
however, experiments have been undertaken to probe thePhotophysical dynamics.
microscopic nature of enhancement for individual molecules.  The observed fluctuations form the basis of our experiments
These include NSOM experiments on extended fractal aggre-in which the intensities of the two orthogonal polarizations of
gates of silver particlésand far-field microscope experiments the Raman scattering are followed simultaneously. This repre-

on optically resolvable, supported stationary aggregatesd sents the first such measurement in the single-molecule Raman
dilute aqueous colloidsIn some cases, individual molecules field. The depolarization is found to be independent of the
are observed with appareatfar larger than 1023 cn¥. fluctuations, to vary from one hot spot to the next, and to depend

To date the largest reported occurs for Rhodamine 6G  strongly on the direction of the laser field with respect to the
(R6G) molecules adsorbed from aqueous solution onto small aggregate axes. The results are interpreted in terms of the motion
aggregates of50 nm silver nanocrystals. This reflects a SERS of the adsorbate and the optical anisotropy of the local site.
effect combined with a R6G molecular resonance Raman
enhancement. At 514.5 nm,= 2 x 10**cn?’ and at 532.0  Experiment
nm (near the peak of the molecular absorptiony; 1012 cn?.6
Here, the quoted is a net cross section for all Raman peaks  Our procedures, sample preparation, and inverted microscope
and underlying continuum in the SERS spectrum. Rayleigh (Nikon TE300) based apparatus have been described previously.
(plasmon) scattering spectra and direct AFM examination show Briefly, S-polarized laser light at grazing incidence (514.5 nm,
that these huge cross sections (“hot spots”) ocmiin single ~100 W cnt?, NA 0.004) illuminates the sample on a stage
nanocrystals, but in compact (nonfractal) aggregates of severalthat is capable of being rotated about the vertickboratory
individual ~50 nm silver nanocrystalsFor some time, it has  axis. The silver nanocrystal aggregates are stationary on the
been understood that especially large enhancements occur ircoverslip under ambient conditions. The scattered light is
junctions and internal cavities of aggregated silver particiés! collected through the coverslip along the vertical optical axis

The evidence for single-molecule detection rests on two (~90° scattering geometry, air objective, NA 0.60) and focused
observations: (1) the low adsorbate-to-particle ratios used in onto a beam displacing prism (Melles Griot 03PPD312) at the

* Part of the special issue “John C. Tully Festschrift” side port of the microscope. The prism displaces the S-polarized

*To whom correspondence should be addressed. E-mail: brus@ light relative to the P-polarized light, producing separate images
chem.columbia.edu. of the scattering center for each polarization. The intermediate
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Figure 2. Angle dependence of the polarization parametdor a

representative SERS-active aggregate. The data are collected under the
same conditions described in Figure 1. Ten integrations are taken at
each angle, with 30increments. A polarization parameter equal to 1
indicates that the scattering is completely polarized addindicates

that it is completely depolarized. The error bars represeu,.
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incident light. The strong correlations between the S- and
P-polarized scattering intensities, as seen in Figure 1, are
reflected in small standard deviationgsfor p, which are found
to be between about 0.05 and 0.15. Rayleigh scattering at 514.5
nm is similarly investigated by removing the notch filter and
lowering the integration time. As previously reported, the
Rayleigh scattered light does not show any fluctuations. In
images are relayed through a notch filter (to reject the Rayleigh contrast to the SERS scattering, we find the Rayleigh scatter is
scatter) and focused onto a liquid nitrogen cooled CCD detector, always highly polarization preserving (i.e., S-polarized).
allowing the two polarizations to be monitored simultaneously.  To explore SERS structural symmetry by scattering de-
The microscope is also equipped with a dark-field condenser polarization, we rotate the aggregate in xghorizontal plane.
for imaging. Typically, the intensity of the Raman scattered light Following normal theory, we interpret our data usingr oAe,
from a single “hot spot” is followed throlgl s integrations ~ Wherep is the radiating dipole aneis the incident laser electric
taken & 2 s intervals. field. If p has the same direction &s then the scattering is
polarized. oA is the polarizability tensor (not rotationally
averaged), where. is a scalar and\ is a second-rank tensor.
(The polarizability tensor has been split up this way to conform
In all we studied a dozen or so intense R6G SERS signals. with the experimental results.) There are different polarizability
Figure 1 shows the intensity of the S- and P-polarized Raman tensorsxA for SERS and Rayleigh scattering. Strictly speaking,
scatter for a sequence of about thirty integrations from three this model applies to a scattering center that is much smaller
separate, representative particles. The incident field is arbitrarily than the wavelength of the incident light and that is reradiating
oriented with respect to the aggregate axes in the plane of theat a single frequency, neither of which is the case Refighe
coverslip. Intensity fluctuations on the second time scale are model can, however, be used to qualitatively understand these
clearly seen in all of these plots. Moreover, in the second plot results. The fluctuating intensity of the Raman scattering is
an interval (18-21) with essentially zero intensity is present, contained withina, whereas the nonfluctuating polarization
corresponding to an “off” period in the above-mentioned-on  properties are determined By Depolarization, i.e., the presence
off blinking behavior. The blinking behavior, and more generally of P-polarized scatter, indicates thahas nonzero off-diagonal
the fluctuations, indicates that the signal is from a single matrix elements. Specifically, with the incident field polarized
molecule. It is clearly seen from these plots that the S- and in the x direction and the scattered light being collected in the
P-polarized scatter fluctuate together; that is, their intensities z direction, Ay is responsible for polarized scatter afg for
are strongly correlated. For some particles the S-polarized scattedepolarized scatter. Rotation of the scattering center about the
is stronger than the P-polarized scatter (first and second plots),z axis will mix the Ax, Ay, Ay, andAy, elements.
but for others the P-polarized scatter is stronger (third plot). We rotate the stage aboamtand bring the aggregate back
Finally, for some of the particles, such as that in the third plot, onto the optical axis of the collection lens using the stage
in addition to the random fluctuations there is also a consistent motions while following the aggregate under dark-field illumi-
bleaching with time. The polarization state is parametrized by nation. Figure 2 shows the polarization parameteneasured
p = (Iss— Isp/(Isst+ Isp), wherelssandlspare the intensities  for a sequence of angles of rotation, with ten integrations taken
of the S- and P-polarized Raman scatter, given S-polarizedat each angle. We observe thatis independent of the

Figure 1. Time dependence of the intensities of the olid) and

P— (dotted) polarized Raman scattering from three different SERS-
active aggregates. The scattering is excited by 514.5 nm, S-polarized
light; all the Stokes (and anti-Stokes) shifted light contributes to the
signal. The integrations arl s long and taken continuously at 2 s
intervals.

Results and Discussion
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TABLE 1: Representative Forms of the Scattering Tensor
and Corresponding Angle Dependent Polarization

Parameters
A (0°) p(6)
isotropic Ax=Ay#=0 1
Ay=Ax=0
anisotropic (extreme) Ax= 0 cos 2
Ayy = Axy = Ayx =0 . i . . .
Figure 3. Schematic representation of the difference between Rayleigh
off-diagonal Ay=Ax*= -cos 4 and Raman scattering from SERS-active aggregates. The Rayleigh
symmetric Ax=Ay=0 scattering is delocalized over the whole aggregate, which, in this
asymmetric A0 cos D example, is isotropic due to the 4-fold axis of symmetry. (Formally,
y ! . .
(extreme) An=Ay=Ax=0 an axis of symmetry of order three or higher ensures that the tensor is

isotropic in the plane perpendicular to that axis.) Conversely, the Raman

) scattering is highly localized at one of the junctions, which is highly
fluctuations at all angles. The data clearly shows that strongly anisotropic.

depolarized Raman scattering £ —1) can be made highly

polarized p ~ 1) by rotating the aggregate. Note that the high processes), and indeed asymmetric forms are found that produce
NA of the objective used to collect scattered light affects the the observed angular dependencepofsee Table 1). This
maximum value op. In the small aperture limit, on which the  however requires extreme asymmetry, which cannot easily be
above analysis was based, only the projection of the radiating justified on physical grounds. It is more likely that the observed
dipole onto the plane of the coverslip is important. However, behavior is due to an extreme anisotropy. In summary, some
with a large aperture one can also “see” the out-of-plane of the particles show highly depolarized Raman scattering that
component of the radiating dipole. For a stationary scattering is consistent with an anisotropic scattering center; others show
center the out-of-plane component would have to be about 1.4more isotropic, polarized scatter. The Rayleigh scattering is
times the in-plane component to account for the observed always highly polarized, indicating that it is from an isotropic
extrema ofp ~ + 0.7, as calculated following Axelrod’'s  scattering center.

analysié3 with an NA of 0.6. Although this is possible, there Junction and Cavity Sites for Raman Depolarization.
could be other causes of the observed extrema as well. OneConsider the heuristic tutorial model in Figure 3. Four silver
possibility is that there are higher moments contributing to the nanocrystals form a symmetric squabay{symmetry) with four
signal (e.g. quadrupolar Raman), which would be described by junctions. Only one junction has an R6G molecule. We plausibly
different tensors. The wavelength dependence of the polariz- assume that the induced SERS radiating dipofeepresenting
ability tensor may also contribute and will be discussed more poth continuum and totally symmetric R6G vibrational modes)
below when we consider the dominant contributions to the g parallel to and scales with the local enhanced figld in
signal. Finally, it is also possible that there are dynamics this one junction. In this model thé part of the SERS
happening on a shorter time scale, leading to a diminighed  polarizability oA relates the magnitude and directioneg. in
For example, the molecule may be rapidly rotating about some just one junction to the direction of the incident S-polarized
axis. It is found that the scattering from any particle that shows |aser fielde. Calculation ofaA, based on the true structure of
depolarization can be made polarized by suitable rotations; an aggregate, could be done using numerical methods within
however, some particles do not show any significant depolar- Mie theory!4 or via the discrete dipole approximati&hFor the
ization regardless of the angle. Although intermediate cases weresimplest case of two spherical nanocrystals forming a dimer,
not found, the difficulty in collecting complete data sets (due gA is known from analytical solutions including retardation.
to irreversible bleaching of the signal) limits the size of the The dimer has a very strong transition dipole along the
sample that can be used to characterize all possible behaviorsinternuclear axis and a weak perpendicular dipole. The axial
The polarization of the Rayleigh scattering is similarly inves- transition dipole creates a huge axéglk for e polarized only
tigated. Itis found that the Rayleigh scattering is always highly along this axis® Using this result, we anticipate that éfis
polarized, regardless of the angle. This is true even for particlespolarized along in the aggregate, there will be intensg. in
that show strongly depolarized Raman scattering. junctions 1 and 3, and if polarized along intenseao in

We compare these results fpf@) with those calculated for  junctions 2 and 4. If the molecule is in junction 1, the resulting
representative forms & (see Table 1). For the isotropic case, SERS tensoA will be strongly anisotropic with only large.
p is independent of the angle of rotation, implying that the Rayleigh scattering represents the coherent optical polarization
scattering is always polarization preserving regardless of the of the metallic electrons in the aggregate. In general, the
angle. This is experimentally observed for all of the Rayleigh observed isotropic Rayleigh scattering is consistent with the
scattering and for some of the Raman. For the extreme previous observation that the aggregates are compact, three-
anisotropic caseg cycles in a sinusoidal fashion from 1 tel dimensional structures. In oDy, model, the Rayleigh tensor
and back to 1 with each 18@otation. A milder anisotropyAxx will be isotropic because of the 4-fold symmetry axis of the
= Ay = 0) leads top(6) not going all the way to-1 and not aggregate. Note that although we have not measured the
varying as a simple sinusoid. The symmetric off-diagonal case rotational variation of Rayleigh and SERS intensity, this model
leads to similar results as the extreme anisotropic one exceptpredicts that the Rayleigh intensity is independerd,ofhereas
with a 90 period. The experimental SERS polarization for most the SERS intensity varies strongly with This is consistent
spots investigated, including the one shown in Figure 2, is with the previously measured absence-of-correlation between
consistent with the extreme anisotropic form Af that is, p Rayleigh and Raman intensities for arbitrary direction§e
varies such as cos @2 Other forms ofA are investigated  found a few SERS signals to be strongly polarized for all angles,
numerically. No other symmetric form is found that fits the as might be the case for a molecule in the symmetrical center
observed data. Asymmetric forms should not be ruled out a cavity of Figure 3. Note that a tetrahedral aggregate such as
priori (they are found for example in normal resonant Raman considered by Liver et al also has a symmetrical central cavity
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as well as junction sites. The possible existence of single aggregate and does not depend on motion of the molecule.
molecule SERS from these sites needs to be more carefully Therefore, the polarization of the Raman scattering does not
investigated. fluctuate like the intensity does. The Rayleigh scattering, on

This single molecule SERS signal is dominated by the the other hand, does not depend on the hot spot or the
continuum underlying the sharp Raman lifg3ur depolariza- chemisorbed molecule. It is delocalized over the entire aggre-
tion results show that this continuum is generated by a local gate, which is always found to be isotropic. Hence, the Rayleigh
process not having the full symmetry of the aggregate. This scattering is always polarization preserving and does not
was also concluded earlier from the fact that the continuum and fluctuate.
Raman lines blink on and off together. We suggest that this
continuum is electronic Raman scattering of the local, coherently ~ Acknowledgment. In this specific work, as well as in many
driven metallic electrons at the junction, whose polarization other projects over the years, L.E.B. has greatly benefited from
direction is the same asq.. Electronic Raman scattering, discussions with John Tully, who pioneered our modern
creating excited electrons above the Fermi surface, is not aquantitative understanding of molecular dynamics on metallic
general property of silver crystals. In our experiment, only those surfaces. This work is supported by DOE under Contract No.
aggregates that show R6G Raman also show continuumFG02-98ER14861. We have also used MRSEC materials
scattering. In a simple Fermi gas with well-defined electronic characterization facilities supported by NSF DMR-98-09687.
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