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Detailed measurements of the photochemical and photophysical properties of an adsorbate on
discontinuous metal-island films are used to explore the unusual electrodynamics near rough
metal surfaces. Several aspects of the properties have been measured: the magnitude, the temporal
decay of the fluorescence, the shape and temporal evolution of the fluorescence spectrum, and the
effects on the spectrum of a photochemical hole-burning process. Dramatic increases in the
fluorescent decay rate and decreases in the photochemical reaction rate as well as systematic
spectral shifts of the emission of molecules experiencing the different electrodynamic
environments on the island film are observed. These results reveal the strong effects of the
coupling between the adsorbate and the plasma resonances localized on the islands of the film. We
model our results using the electrodynamic picture which has successfully described many
aspects of surface-enhanced Raman scattering and other optical processes on island films. The
excellent agreement between this model and our results suggests that an important feature of the
electrodynamics at these rough metal surfaces is the dipolar character of the couplings between

the surface, the adsorbate, and the optical fields.

I. INTRODUCTION

The observation of surface-enhanced Raman scattering
(SERS)' has stimulated considerable interest and effort in
the investigation of the optical properties of molecules ad-
sorbed to rough metal surfaces. In addition to the large in-
crease in the Raman scattering cross section, profound sur-
face-induced effects on the adsorbates are also observed for
absorption,® resonance Raman scattering,* fluores-
cence,”® photochemical reaction rates,”'® and a variety of
nonlinear optical effects.’'~!* There remains some contro-
versy over the detailed contributions of a variety of mecha-
nisms which lead to these surface-induced optical effects.
Nevertheless, there is a general consensus that electrody-
namic interactions among the optical fields, the vibrational
and electronic states of the adsorbate, and the plasma reson-
ances of the rough surface play a major, and often dominant,
role in the origin of these phenomena. A generalized model
based on these interactions'*!® has been used to obtain a
unified account of the observed enhancements of normal Ra-
man scattering, resonance Raman scattering and fluores-
cence,” the excitation profile of Raman scattering, '® fluores-
cent lifetimes,” and photochemical reaction rates.’

In this paper, we describe detailed measurements of the
photochemical and photophysical properties of an adsorbate
on discontinuous metal-island films. We focus on “delayed”
processes, those occurring after dephasing and thermaliza-
tion of the excited state of the adsorbate. Our goal is to pre-
sent a comprehensive set of experimental results comple-
mented by a unified analysis of all our observations. We
measure the temporal decay of the fluorescent emission, the
rate of the photochemically induced degradation of the ad-
sorbate, as well as the shape of the fluorescent emission (a) on
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different types of island films, (b) before and after photo-
chemical degradation, and (c) as a function of time after
pulsed excitation. We use the same adsorbate, Ruthenium
tris-bipyridine (RuTBP), in all our measurements. Our sur-
faces are island films which are optically well character-
ized.'® The discontinuous structure of these films creates an
inherent variation in distances between adsorbates and
roughness features of the surface. We exploit this structure
to probe the distance dependence of the electrodynamic in-
teractions. Our measurements show that molecules nearest
islands on the film have emission properties most severely
altered compared to their properties in an electromagneti-
cally inert environment. Their emission rate is dramatically
increased; their photochemical degradation rate is dramati-
cally decreased; and their spectra are significantly shifted.
The observation of these changes allows us to probe the spa-
tial dependence of the electrodynamic couplings and thus
the inhomogeneities in the environment of the island films.
The temporal and spectral behavior complement each other
in probing the spatial dependence. All these results are inter-
preted in a consistent fashion within the framework of the
electrodynamic couplings with the details of the molecular
resonance and the relaxed emission process included. Thus,
they provide a detailed picture of the consequences of the
electrodynamic interactions on the delayed emission and
photochemistry of the adsorbates. Particularly intriguing
are the spectral shifts of the emission from molecules most
strongly coupled to islands. These shifts originate from the
strong interaction between the island and the vibronic struc-
ture of the electronic state manifolds of the adsorbed mole-
cules.

In the next section, we describe the experimental proce-
dures, while in Sec. I1I, we discuss the results and interpret
them within the electrodynamic framework. The final sec-
tion summarizes our work, and the Appendix presents the
detailed derivation of our expressions for the temporal decay
of fluorescence of molecules on island films.
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Il. EXERIMENTAL PROCEDURES

Silver-island films are produced on silica and thermally
oxidized aluminum by evaporation of silver at a base pres-
sure of 107° Torr. The silver is deposited at ~1 A/s to a
mass thickness of 50 A. The substrate temperature is main-
tained at 150 °C during the evaporation.'” As shown by elec-
tron microscopy, the films are composed of roughly circular
islands ~ 200 A in diameter and separated by distances com-
parable to their diameter. This island morphology leads to
an optical absorption resonance peaking at ~435 nm and
with a full width at half-maximum of ~ 140 nm. This ab-
sorption behavior is characteristic of the plasma resonances
occurring on these films.'® Normal Raman scattering from
adsorbates on these films is enhanced by about 10°, and the
excitation profile for the Raman scattering is described by
the electrodynamic model for SERS.'® Reflectivity studies
show that the plasma resonance remains for island films on
the aluminum substrates. Gold-island films are made in a
similar fashion and have qualitatively similar structure and
characteristics except that the absorption resonance of the
films is shifted to ~ 560 nm with a full width at half-maxi-
mum of ~ 160 nm.

Submonolayer coverages of RuTBP are applied by a
dipping technique which produces approximately equal mo-
lecular coverages independent of the substrate.'” RuTBP in
solution has a broad absorption profile in the visible which is
roughly coincident with the absorption resonance of the sil-
ver-island film. The emission spectrum in solution is also
broad with a peak at ~630 nm?® and the quantum yield in
some solvents approaches 10%.*' Coverages of RuTBP on
all substrates is low enough that the absorption spectra of the
coated island films indicate that the electromagnetic reson-
ances of the film are not measurably altered by the coating.”
Surface coverages are also low enough that concentration
quenching of fluorescence due to surface dimer formation is
not present.'”

All emission spectra are measured using 457.9 or 488.0
nm excitation with low power density (~0.1 W/cm?) and a
spinning sample. These precautions prevent photochemical
degradation of the sample during the aquisition of spectra.
Photodegradation of the sample is induced by increasing the
laser power by a factor of 10 and stopping the spinning of the
sample.

The temporal decay of the intensity of fluorescent emis-
sion as well as the temporal development of the emission
spectrum are measured by photon correlation methods.*
Briefly, the times of arrival of the laser pulse at a fast photo-
diode and of the first photon emitted from the sample at the
photomultiplier of the spectrometer are marked by timing
pulses generated by constant fraction discriminators. These
pulses form a start and stop pulse pair for a time-to-ampli-
tude (TAC) converter which generates a pulse whose ampli-
tude is proportional to the time difference. A pulse height
analyzer then forms a histogram of the number of these
pulses vs time between start/stop pulse pairs. This histo-
gram represents the fluorescent decay curve of the sample.
These decay curves are obtained at a fixed wavelength of the
emission monochromator. The laser pulses were generated
by a mode-locked, cavity-dumped Ar* laser and were ~ 200

ps full width at half-maximum. However, the temporal reso-
lution of the experiments was limited by the spread in transit
times of the photoelectrons of the phototube giving the appa-
ratus a response to delta function excitation of 600 ps full
width at half-maximum. Thus, times shorter than 1 ns can-
not be resolved.

Temporally resolved spectra are measured using a vari-
ation of a technique which has been suggested for fluores-
cence rejection for Raman spectroscopy.*® The apparatus is
essentially the same as that used to measure lifetimes. How-
ever, the output of the TAC is now fed into a single channel
analyzer (SCA) which generates a pulse only if the TAC out-
put is between two preset amplitude levels. Thus, the count
rate of the SCA represents the number of photons per second
emitted from the sample in a specific time interval after laser
excitation. If the monochromator of the spectrometer is now
scanned with the SCA settings fixed, a spectrum of the emis-
sion at a fixed delay after excitation is generated. The spec-
trum may then be generated at different delay times.

(ll. RESULTS AND DISCUSSION

The details of the electrodynamic interactions between
the adsorbates and the electronic plasma resonances of a
metal spheroid are by now well known*'*'> and will not be
presented here. Instead, in Sec. III A, we present a brief
overview of the essential physics of these interactions.
Further details of the electrodynamic model as applied to
delayed optical processes on island films are presented in the
Appendix of this paper.

In the experiments discussed in this paper, the fluores-
cent emission from adsorbates on island films is used as a
direct probe of the delicate balance of the various surface-
induced electrodynamic processes. In particular, the experi-
ments focus on the dependence of the balance on the distance
of the adsorbate from the island. As discussed in Sec. III B,
the measurements of the intensities and lifetimes of fluores-
cence and the photochemical reaction rates provide an ex-
plicit demonstration of the shortening of the decay times of
excited states of the adsorbate on the film. The measure-
ments of the full temporal decay of the fluorescence are used
to examine the dependence of decay rates on molecule-island
separation. This is described in Sec. III C. Finally, in Sec.
III D, we describe some important consequences of the elec-
trodynamic interactions by probing the systematic varia-
tions in the shape of the fluorescent emission spectrum {a} of
different types of island films, (b) before and after
photochemical degradation, and (c) as a function of time
after pulsed excitation.

A. Overview of electrodynamics

The electrodyamic coupling among the optical fields,
the electronic and vibrational states of the adsorbate, and the
localized plasma resonances of the metal islands of the film
are modeled using semiclassical radiation theory. The is-
lands are considered to be spheroidal; and since they are
much smaller than the optical wavelengths, their response is
assumed to be dominantly dipolar. The dipolar character of
the response of the island is the essential feature of the elec-
trodynamics which leads to the observed optical effects.
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The local fields in and around the islands are enhanced
due to coupling between plasma resonances in the island and
the incoming optical wave. We can represent the local field
enhancement by a complex valued function

Aon=1+2 (1)

r}

where w is the frequency of the incoming plane wave and r is
the separation between the molecule and the center of the
island. B (w) is the effective polarizability of the island which
becomes large at the frequency of the plasma resonance.
(The precise functional form of 4 and other quantities dis-
cussed in the section depend on molecular orientation. The
details of this dependence may be found in the Appendix.)

In addition to the enhancement of local fields, the elec-
trodynamic coupling also causes the oscillating dipole of the
excited molecule to induce a response in the island. The
emission dipole of the coupled system is larger than the mo-
lecular dipole by the same amplification factor 4 (&',7), which
accounts for local field amplification except the factor is now
evaluated at the emission frequency »'. The radiative decay
rate, which is proportional to the square of the emission di-
pole, is therefore increased by the electrodynamic coupling.
The out-of-phase component of the induced dipole leads to
damping of the energy of the system. This out-of-phase dipo-
lar component as well as higher order multipolar compo-
nents lead to new nonradative decay pathways further de-
creasing the lifetime of the adsorbate excited state. The
nonradiative decay will in fact dominate in the limit of adsor-
bates so close to the island surface that the surface is effec-
tively flat. Here, the decay modes of the adsorbate approach
those of a2 molecnle near a flat surface where radiation is
completely quenched.”® The total decay rate of the excited
state of the system may now be written

2|us
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where ¥, , ¥;.. ¥; are the nonradiative, photochemical, and
radiative decay rates of the free molecule, respectively and
M4 18 its transition moment. Primed quantities are evaluated
at w’ while unprimed quantities are evaluated at @. The third
term in Eq. (2) is the surface-induced increase of the radiative
decay rate; while the fourth term is the additional nonradia-
tive decay channel open to the molecule due to the out-of-
plane dipolar response of the island.

These two effects produced by the electrodynamic cou-
plings lead to the changes observed in the optical processes
of molecules adsorbed near an island. The enhancement of
the local incoming field leads to increased pumping rates of
any optical process; while the increased decay rate leads to
broadening of the excitation level of the molecular manifold
of states and therefore a mitigation of the increased pumping
rate. Thus the probability of absorption of a photon by the
system (P ) is

Further, for any “delayed” optical process, the relative rates
of the surface-induced radiative and nonradiative decays of
the excited state can alter the emission and photochemical

(P)~

yield of the adsorbed specie compared to its yield in an elec-
tromagnetically “inert” environment. Thus, the radiative
yield of the state becomes
7 10

e T
while the photochemical yield is reduced by the increased
decay rate of the excited state
Yo =T (5

The essential physics of the electrodynamic interac-
tions described for an isolated island remains even for the
highly complex electromagnetic environment of the entire
island film. In our modeling, we use the effective polarizabil-
ity /3 (w) to account for the effects of this complicated situa-
tion. The proximity of many neighboring islands, each with
somewhat different shape, causes a substantial electromag-
netic interaction among the electronic plasma resonances of
the individual islands. This has the effect of broadening and
shifting the resonance to lower energy than that of an isolat-
ed spheroid. Despite this complexity of the electrodynamics
of the surface, the absorption spectrum E (w) of the surface
has proven to be an excellent characterization of the plasma
resonances since it directly reflects the strength of electro-
magnetic fields within the islands of the film. The frequency
dependence of 8 and E are then related (using the appropri-
ate boundary conditions)

B o) ~LELE@)
we;,

4)

(6)

where € = €, + i€, is the dielectric constant of the metal in
the island. This characterization has led to prediction of the
SERS excitation profile on an istand film from the absorp-
tion of the film."'® Since for silver and gold |¢|” is a function
which rises steeply with decreasing w, |8 |* shows resonant
behavior similar to the absorption of the island film but with
slower decrease at longer wavelengths.

B. Radiative yields and decay rates

A series of fluorescence emission spectra from RuTBP
on different surfaces is shown in Fig. 1. While the spectra
have been normalized to emphasize their spectral shifts,
both intensity and spectral information reveal characteris-
tics of the electrodynamics. On silver-island films on silica
(Ag/Si0,), the fluorescent intensity is enhanced by a factor
of 1.7 over the intensity of the same molecular coverage on
bare silica (SiO,). This enhancement is intermediate between
that measured for a molecule with a very high free quantum
efficiency (Rhodamine 6G) and a molecule with a very low
free quantum efficiency {basic Fuchsin).* On silver-island
films on aluminum substrates (Ag/Al), the flat metal sub-
strate quenches emission from all molecules between the is-
lands; and RuTBP on thjs substrate shows an even lower
fiuorescent intensity. Since Ag/SiO, surfaces are about 40%
silver and 60% silica, the emission from these films arises
both from molecules near islands as well as from molecules
in between islands. On Ag/Al, emission from molecules on
the flat metal between islands is quenched and the observed
emission arises only from molecules near islands; while on
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FIG. 1. Normalized fluorescence spectrum from RuTBP on {(—) Ag/SiO,;
(- -) Ag/AL () SiO,.

Si0O,, the emission is representative of that from molecules
effectively separated large distances from any island. As seen
in Fig. 1, the emission spectrum from molecules in these
different spatial regions of the film show systematic shifts:
emission from molecules near islands (i.e., emission from
Ag/Al)is shifted to higher energy than emission from mole-
cules far from islands (i.e., emission from SiQ,). Since cover-
ages on all substrates are sufficiently low that no aggregation
of RuTBP molecules is present, the observed spectral shifts
do not arise from simple surface induced increases in the
quantum yield of molecular aggregates (which have spectra
shifted from that of the monomer) as has been previously
observed.> "’

Our measurements of the fluorescence decay time and
photochemical reaction rate on island films provide direct
evidence of the increased decay rate of the excited state of a
molecule near an island on the films. As seen in Fig. 2, the
fluorescent decay measurements on RuTBP exhibit similar
behavior to that found for the fluorescent decay of a rare
earth chelate on silver-island films.” The exponential decay
of RuTBP in solution { ~ 200 ns) has been replaced by a non-
exponential decay which occurs on a much shorter time
scale when the molecule is on a silver-island film. The en-
hancement of the total intensity for the molecule on the is-
land film clearly indicates that this increased decay rate is at
least in part due to an enhanced radiative rate as opposed to
an increase only in the nonradiative rate as would occur on a
flat metal surface. As has been observed for another adsor-
bate,’ the photochemical reaction rate of RuTBP is slower
on Ag/SiO, than on SiO,. This is another direct measure-
ment of the surface-induced increase in the decay rates from
the excited states of the adsorbate. Finally, the previously
observed* enhancement of the fluorescence from a molecule
such as basic Fuchsin where emission in the free state is
quenched by very rapid (~ 10 ps) nonradiative processes
shows that coupling to the plasma resonance can increase
radiative decay rates even to the extent that they can success-
fully compete with these ultrafast molecular processes.

C. Temporal decay of fluorescence

While the shortening of the time scale of the decay is
direct evidence of the surface-induced increase in the total

Log Intensity (Arbitrary Units)

i 1 i e A i 1 1 1 l 1

1 Log Time (nsec) 10

FIG. 2. Temporal decay of fluorescence of RuTBP (I silver-island film with
excitation at 488.0 nm. (II) Gold-island film with excitation at 457.9 nm.
Emission detected at 600.0 nm. (—) theory for each case.

decay rate, the nonexponential behavior seen in Fig. 2 results
from the contributions of molecules at many distances from
the islands and reflects the spatial variation in the coupling
strength to the electronic plasma resonances. In order to
probe the dependence of the shape of the decay curve on the
tuning of the molecular state and the film plasma resonance,
the decay measurements were made on different island films.
Curve I of Fig. 2 shows the decay for molecules on Ag/SiO,
using an excitation wavelength of 488.0 nm and an emission
wavelength of 600.0 nm. Curve II on Fig. 2 shows the decay
for molecules on a gold-island film using excitation and
emission wavelengths of 457.9 and 600.0 nm, respectively.

The temporal decay of the fluorescence from RuTBP
on island films (Fig. 2} can be quantitatively described by the
model of the electrodynamic coupling. (The details of this
model may be found in the Appendix.} Assuming exponen-
tial decay for the fluorescence of a molecule a fixed distance
from an island, the time resolved emission is

ﬂ o ’ |A (w,r”z
dt "r
The total signal from all molecules on the film is mo-

deled by integrating the fluorescence of each molecule over a
layer uniformly distributed in a disk about the spheroid

A (@', r)[Pe™ " {7)

o dP
F(z):Nf —Lq?, (8)
b dt

where N is the number of molecules per unit area and the
lower limit of integration is the edge of the spheroid r = 4. In
the spirit of mean field models of island films, we assume that
the molecules are dominated by the electrodynamic interac-
tions with the nearest island with the effects of other islands
accounted for by the polarizability 3 (w) of the nearest island.
Thus, the upper limit on the integral in Eq. (8) should be
approximately one-half the distance between islands.

In Fig. 2, two limiting cases of our model are compared
with the measured fluorescent decay of RuTBP on silver-
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and gold-island films. In the first case, we assume that both
the excitation and emission frequencies are within the plas-
ma resonance of the film, and therefore, the effective polariz-
ability |8 |* takes on equal and large values at both frequen-
cies. In the second case, we assume that only the emission
frequency is within the plasma resonance; and therefore, the
polarizability is much smaller at the excitation frequency
than at the emission frequency. Our measurements of the
absorption of the films and the excitation profile for SERS'®
suggest that the plasma resonance of the silver-island film
does overlap both the excitation (488.0 nm) and emission
(600.0 nm) wavelengths used in the experimental data in
curve I of Fig. 2. Thus, this data should correspond to our
model in the limit of large polarizability at both frequencies.
In contrast, the plasma resonance of the gold-island film
overlaps the emission frequency (600.0 nm) but not the exci-
tation frequency (457.9 nm) used in the experimental data in
curve II of Fig. 2. Thus, this data should correspond to our
model in the limit of large polarizability at the emission fre-
quency.

As shown in Fig. 2, we obtain excellent agreement
between the modeled curves and the data from the two types
of island films. Agreement between the model and the data is
determined by using a least squares minimization of devia-
tions with respect to the two adjustable parameters in the
equations derived in our model [i.e., Eq. (A50) for the case of
large polarizability at both frequencies and Eq. (A49) for the
case of large polarizability at only the emission frequency].
These adjustable parameters represent scaling factors along
the intensity and time axes. By varying these parameters, we
find the best fit of both limiting cases of our model for each
data set; the limiting case most appropriate to each data set is
selected based on the smaller y ? (sum of the square of the
deviations). For each data set y ? is reduced by roughly a
factor of 2 by choosing the proper limiting case of the model.
The shape of the lifetime for RuTBP on silver films is fit
much better by the limit where both the excitation and emis-
sion frequencies match the island film resonance; while the
shape of the lifetime on the gold film is fit much better by the
other limit where only the emission frequency matches the
island film resonance.

The time axis scaling factor is a function of the intrinsic
properties of the metal and adsorbate as well as the structure
of the film. For a sphere the scaling factor is

, 97:[ 1 <C)3]
2'=""11+—e(—]) 1, 9
& +2€2ba)' ®)

where c is the speed of light. Electron micrographs show that
the islands on the gold and silver films are roughly circular in
cross section and the same size. Thus, using the bulk dielec-
tric constants of the metals,*® we can predict a ratio for the
scaling factors for our two experiments

”—j‘g =0.61. (10)

Au
Our fitting procedure for the experiment yields a ratio of
0.42. This excellent agreement gives further credence to our
modeling of these two limiting cases and provides strong

evidence that the essential character of the electrodynamics

of rough metal surface can be modeled by including only
dipolar components of the response of the islands. This is in
contrast to the nature of the electrodynamics at smooth met-
al or dielectric surfaces where higher order terms are essen-
tial.2*

The lifetime of molecules nearest islands is dominated
by the extremely rapid decay of the plasmon excitation of the
film. 2 ~!is an upper limit on the shortest decay time of the
molecules on the film. Our data analysis gives 5.6 X 107 '°
and 3.5X 107! s for £2 ~! on the silver and gold films, re-
spectively, and represents an increase of about 500 over the
free lifetime of the RuTBP. Estimates of the lifetime of the
plasmon justify this extreme increase in the decay rate of the
molecule via coupling to the islands. The plasmon lifetime
has been calculated to be on the order of 2 10~ ' s for an
isolated spheroid.'® Furthermore, if the localized plasmon is
considered as a two-level system, the inverse of the homo-
geneous absorption width should correspond to the lifetime.
We have observed that isolated clusters of islands as small as
five islands show absorption resonances similar to those of
complete films. Thus the observed absorption resonance of
the film may be considered nearly homogeneous. The in-
verse of the 140 nm line width of our silver-island films is on
the order of 7xX 107 !% 5. These estimates indicate that the
plasmon decay is indeed very rapid and justify the observed
increase in the emission rate of RuTBP on these films.

D. Spectral shifts

As we have seen, the nonexponential decay of the flu-
orescence of RuTBP on the island films is a reflection of the
distance dependence of the electromagnetic coupling
between the molecules and the islands. To account for the
shape of the decay, we must integrate over the spatial distri-
bution of the molecules on the film. We can probe this spatial
distribution, as well as the consequences of the variation in
the coupling strength, more directly by taking advantage of
the slightly different emission spectra observed in Fig. 1 for
the molecules at different positions on the film. The combi-
nation of observations that molecules at different positions
on the film (a) have different decay times and (b) show differ-
ent emission spectra suggests that the shape of the fluores-
cent emission as a function of time after pulsed excitation
also be studied.

The temporal development of the emission spectrum of
RuTBP on Ag/8i0, is shown in Fig. 3. Due to the temporal
resolution limitations of our measurement system, short
time spectra cannot be independently resolved and early
time curves represent contributions over an interval from
zero time delay to some fixed time. For longer time, an ex-
plicit time interval is established for each spectrum. As the
delay after pulsed excitation is increased, the ratio of reso-
nance Raman scattered intensity (the sharp feature at 520
nm arises from a series of Raman lines unresolved by the
spectrometer) to fluorescence decreases. Also the fluores-
cence spectrum shifts to longer wavelength as the spectrum
develops. As seen in Fig. 4(a), the emission spectrum at short
times after pulsed excitation is similar to the emission of
molecules near islands under continuous excitation, i.e.,
emission from Ag/Al. Similarly, as seen in Fig. 4(b), the
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FIG. 3. Temporal evolution of normalized spectrum of RuTBP on silver-
island film. Times marked on each curve represent the temporal window
after pulsed excitation during which fluorescence is collected.

Fy

B

c

I

£

o

[

N

©

E

)

z

L L I
500 600 700
Wavelength (nm)

>t

‘@

c

St

£

8

(0]

N

®

EL

<]

2

i 1 i L
500 600 700
Wavelength (nm)

FIG. 4. (a) Normalized fluorescence spectrum from RuTBP: (—) 0-1.5 ns
after pulsed excitation on Ag/SiO,; (- - -) cw excitation on Ag/Al; () cw
excitation after photochemical degradation on Ag/Si0O,. (b} Normalized
fluorescence spectrum from RuTBP: (—) 6.4 ns after pulsed excitation on

Ag/Si0;; (- - -) removed by photochemical degradation on Ag/SiO;; (-) cw
excitation on bare Si0,.

emission spectrum at longer times after pulsed excitation is
similar to the emission of molecules unaffected by coupling
to islands under continuous excitation, i.e., emission from
bare Si0O,.

An additional probe of the spatial distribution of mole-
cules on the island films is provided by the photochemical
degradation experiments. As found for another absorbate,”
not only is the photochemical reaction rate of RuTBP on a
silver-island film slower than that for the molecule on a bare
silica substrate; but, as shown on Fig. 5, the emission spec-
trum shows a progressive shift to longer wavelength in the
following sequence: the spectrum after photochemical dgg-
radation to the spectrum before degradation to the spectrum
lost in the degradation process (equal to the spectrum before
minus the spectrum after degradation). This alteration of the
fluorescence spectrum by the spatially inhomogeneous, sur-
face-induced changes in the photochemical reaction rate is
analogous to the photochemical hole burning in crystalline
materials.”® As can be observed from Fig. 4(a), those mole-
cules which have faster photochemical reaction rates (i.e.,
those which stop fluorescing due to exposure to the intense
laser radiation) give emission spectra similar to those on bare
silica. These molecules are on the silica between the islands
on the film and exhibit a photochemical reaction rate rough-
ly equal to that on bare silica. The coupling between islands
and these molecules does not substantially change the photo-
chemical rate either through enhanced decay or enhanced
pumping of exicted states of the molecule. In contrast, as
shown in Fig. 5, some molecules on the film remain after
exposure to intense laser radiation and thus have a slower
photochemical degradation rate. As seen in Fig. 4(b), these
molecules give spectra similar to that for RuTBP on silver
1slands on aluminum where only molecules very near islands
can emit light. Here, despite the enhanced pumping of the
excited states of the molecule, surface-induced increases in
the radiative and nonradiative decay of the molecule domi-
nate over branching into the photochemical channel; and
thus, the degradation rate of these molecules is slower than
that for molecules between the islands. Measurements of the
enhancement of other optical processes on silver-island films
indicate quantitatively that for molecules near islands, the

~

L 0\ .
g 4
] Ly 4
cr A)
QQ
=
f=4 M -
© T
[ 1Y
N b 7Y 1
= .
© bry T
Er gt ]
o ~ Pl
Z L

L o AN " L 1

500 60 700

0
Waveiength (nm)

FIG. 5. Normalized fluorescence spectrum from RuTBP on Ag/SiO,: (—)
before photochemical degradation; (- - -) removed by photochemical degra-
dation; {---) after photochemical degradation.
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surface-induced increase in the nonradiative damping can
dominate other decay channels and can counterbalance the
enhancement in the pumping rate of the excited state.*®

The origin of the spectral shifts observed in the emission
of different subsets of molecules on island films is unclear.
Experiments*® and theory (Ref. 15 and the Appendix of this
paper) indicate that the emission of molecules in the first
layer directly on the surface of the islands is heavily damped
and does not contribute significantly to the fluorescent emis-
sion from adsorbate coated island films. Therefore, the ob-
served shifts are probably not due to simple differences in the
local chemical environment between molecules bonded to
the metal and silica surfaces of the film. Instead, the shifts
may be a direct consequence of the electrodynamic interac-
tions present on the film. In the increase in emission of a low
quantum yield molecule* and the decrease in the
photochemical degradation rate, we see evidence that the
rapid surface-induced decay channels can compete success-
fully with photochemical and nonradiative processes which
can depopulate thermally equilibrated vibrational states in
an excited electronic manifold. However, the spectral shifts
of molecules very near islands may indicate a successful
competition of the surface-induced decay with the molecular
processes (internal conversion) which produce this equilibri-
um of the population among these vibrational levels. This
could produce the higher energy or “hot” fluorescence ob-
served for the molecules very near islands.

Even if the strength of the coupling is insufficient to
compete successfully with the internal conversion processes
of the molecule, the frequency dependence of the surface-
induced processes could be responsible for the observed
shifts. The effective yield of each fluorescent transition con-
necting the thermalized lowest vibrational level of the excit-
ed electronic manifold to each vibrational level of the ground
electronic manifold will be altered by the electrodynamic
coupling at the frequency o' of the transition. The fluores-
cence yield [Eq. (4)] has a frequency dependence which is
related to the frequency dependence of the plasma resonance
of the film [through A4 (,7)] and the Frank-Condon factors
connecting pairs of emitting states of the free molecule
(through ¥7). Therefore, the observed shape of the emission
spectrum from the coated island film reflects both these fre-
quency dependences. Thus, for the molecules nearest the is-
lands, which experience the strongest coupling to the plasma
resonance, the relative weighting of the emission from differ-
ent pairs of states would be altered, changing the observed
emission spectrum. In contrast, the molecules far from the
islands, which experience weaker coupling, would exhibit a
spectrum more reflective of the emission spectrum of the
molecule in an electromagnetically inert environment. This
explanation for the origin of the spectral shifts is supported
by the result that the emission spectrum of RuTBP on gold-
island films is shifted compared to the spectrum on silver-
island films. Here the plasma resonance of the gold-island
film is at lower energy than the free molecule absorption and
emisison bands, and the emission spectrum of the coated
film is shifted to lower energy than the spectrum on bare
Si0,. Therefore, the emission is weighted toward the film
resonance whether it is at higher energy (silver-island films)

or at lower energy (gold-island films) than the free molecular
emission.

IV. SUMMARY

In this paper, we have described studies of delayed pho-
tophysical and photochemical processes of adsorbed mole-
cules on island films. Our experiments have taken a unified
approach to various aspects of the delayed optical processes.
All measurements are made using a single adsorbate at
roughly equal coverages on a number of substrates. Several
aspects of the fluorescence of the molecule have been used to
monitor the flow of electromagnetic energy during the opti-
cal processes experienced by adsorbates on rough metal sur-
faces. These aspects include: the magnitude and temporal
decay of the intensity of the emission, the shape and tempo-
ral evolution of the spectrum of the emission, and the effects
on the spectrum of a photochemical hole-burning process.
The fluorescent intensity of RuTBP is increased on a silver-
island film compared to that from the molecule on a silica
surface; and the decay of that intensity becomes much more
rapid and nonexponential. The photochemical degradation
rate is also slowed. Systematic shifts in the emission spec-
trum are observed in three cases: (a) for the molecules on
substrates designed to emphasize emission from different
portions of the island film, (b) as the spectrum develops tem-
porally after pulsed excitation, and (c) after photochemical
degradation due to exposure to intense laser radiation. These
shifts not only appear in each of the three cases but there are
distinct resemblances between spectra produced when the
different methods are used to explore similar electrodynam-
ic regimes.

We have modeled our results with the electrodynamic
picture which has successfully described various aspects of
SERS and other optical processes on island films. Here, ac-
count of the molecular resonance and delayed nature of the
processes has been included. This electrodynamic model is
especially well suited to describe delayed processes on island
films where chemical effects should be negligible. While sim-
plified to make the problem tractable, our model highlights
the essential physics of the situation: the dominantly dipole—
dipole nature of the coupling between the adsorbate and the
plasma resonance of the islands. The model predicts en-
hanced pumping rates of the excited states of the adsorbate
and altered yields into various deexcitation channels due to
surface-induced decay mechanisms. In addition, the model
points out that an island film produces an inhomogeneous
electromagnetic environment for the molecules on the film.

The comparison between our experimental results and
the electrodynamic model indicates that this model provides
an excellent description of delayed optical processes of ad-
sorbates on island films. The temporal decay of the intensity
of the fluorescence quantitatively follows the predictions of
the model in two independent, limiting cases. From fitting of
the data, we find that the coupling of the surface plasmon to
the emitting state of the adsorbate can speed up the emission
by over a factor of 500. Observed changes in effective quan-
tum yield and photodegradation rate are then seen as a direct
reflection of the predicted, rapid, surface-induced decay
mechanisms.
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The results of our three spectral measurements give a
consistent picture of the distance dependence of the surface-
induced changes in delayed photophysical and photochemi-
cal processes and they support the prediction of the electro-
dynamic model. Excited molecules nearest islands do decay
most rapidly due to strong coupling to the ultrafast decay
processes of the plasma resonances of the islands. This subset
of molecules has a spectrum shifted to higher energy com-
pared to the spectrum of the more weakly coupled molecules
between islands. This systematic shift of emission spectra is
not only seen as each experimental method probes the differ-
ent subsets of molecules on the island film (Figs. 1, 3, and 5)
but also as different experimental method probe the same
subset of molecules (Fig. 4). There is a clear equivalence
between molecules near islands, those removed most rapidly
from the photochemical reactive state by surface-induced
decay channels, and those with most rapid decay from the
fluorescent emitting state. There is a similar equivalence
between molecules between islands, those remaining in the
photochemically reactive state longer, and those with slower
decay from the fluorescent emitting state.

In conclusion, we have presented a detailed study of the
consequences of the electrodynamic interactions with the
electronic plasma resonances of a rough metal surface on the
delayed photophysical and photochemical processes of ad-
sorbed molecules. We have shown these interactions can
have a profound effect: increasing the fluorescent emission
decay rate, changing the shape of the spectral emission, and
altering the rate of photochermical reactions on the surface.
All of these effects have been interpreted in a consistent fash-
ion by considering only the dipole—dipole coupling between
the adsorbate and the plasma resonances of the islands. This
essential dipolar character of the electrodynamics at rough
metal surfaces sets these surfaces apart from flat metal or
simple dielectric surfaces and is a fundamental contribution
to the many unusual optical properties of rough metal sur-
faces.

APPENDIX

In this Appendix we describe some of the details of the
electrodynamic model used to analyze our measurements of
the temporal decay of fluorescence. The physical system
consists of a set of metallic islands on a dielectric substrate
which are covered by adsorbed molecules. The following
idealized model is introduced in order to capture the essen-
tial physics of the problem. First, we consider one island
which will be modeled as an oblate spheroid whose symme-
try axis is perpendicular to the surface which is the xy plane.
The molecules will be assumed to be uniformly distributed in
the equatorial plane of the spheroid. The distance from the
center of the spheroid to its tip along the symmetry axis is a
and b is the radius of the equatorial circle. Since the spheroid
is oblate, @ < b. The incident laser field E, is taken to be in the
xy plane. We will treat the response of the spheroid as that of
a point dipole. Higher order multipoles are relatively unim-
portant except in describing the field very near the spheroid
surface, where theory*'® and experiments® show little of the
observed fluorescent intensity is produced. The dipole as-
sumption captures the essential character of the electrody-

namic coupling between the molecule and the spheriod.
Likewise, a given molecule will be treated as a point polariz-
able object. Let r denote the position of the molecule and let
the spheroid be centered at the origin. We are assuming that
the size of the spheroid-molecule system is small compared
with the wavelength of light, so that only electric dipole radi-
ation need be considered.

First we examine the decay channels open to a molecule
in an excited state due to coupling to the spheroid dipole.
The in-phase component of the dipole induced in the spher-
oid leads to an increase in the total emitting dipole of the
system and thus produces an increase radiative decay rate.
This decay rate is'’

4,
re=_21__, Al

R |Ali2
S o' B A2
T (A2)

for molecules oriented parallel and perpendicular to the ra-
dial vector joining the center of the spheroid and the mole-
cule. y, is the radiative rate of the free molecule. The en-
hancement factors are

2a(w) B (o)

A4 =1+ 5 ) (A3)

4, =1 - 2elfle) (A4
and

a, = telfle], (AS)

4, =d@Ble) (A6)

I

where a(w) is the frequency dependent polarizability of the
molecule {assumed isotropic for a free molecule) and £ (w) is
the frequency dependent effective polarizability of the spher-
oid (which is isotropic in the xy plane). Since the molecular
polarizability is always very small and—as we shall see—# is
never much greater than the spheroid volume, |4 | and |4, |
can be neglected for all » under consideration.

The oscillating dipole of the excited molecule also in-
duces an out-of-phase component in the dipolar response in
the spheroid. This component beats against the local field
and results in a surface-induced nonradiative dissipation of
energy. The nonradiative rates for this process are'’

e = %ﬁ?’z— Im g, (A8)
YR = _“tg—}z Im B, (A9)

where 1, is the molecular dipole. The total decay rate of any
state of the system can now be written. For the parallel orien-
tation,

Iy=v., +ITf+TC*"

5 2 2
il = 1 4 Al g

rb

(A10)

where y and y,,, are the total and nonradiative decay rates of
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the free molecular, respectively. (For simplicity in this Ap-
pendix, we neglect photochemical pathways available to the
molecule.) Similarly, for the perpendicular orientation,

2
11=7’+7,(IAll2—1)+|2“%lImﬁ. (A11)

The fluorescence process consists of absorption and
reradiation of a photon by the system. Reradiation occurs
after a rapid sequence of vibrational relaxation steps in the
excited electronic manifold which both break the coherence
between absorption and emission processes and shift the
photon frequency from w, the absorption frequency, to o’
the emission frequency. (Throughout the paper, frequency
dependent quantities evaluated at o’ will be denoted by
primes while those evaluated at » will be denoted without
primes.) After this rapid internal conversion within the ex-
cited electronic manifold, the system further relaxes to the
ground electronic state either radiatively or nonradiatively.
The quantum yield Y’ is the ratio of the radiative to total
decay rates for this relaxation to the ground state. Since the
emission dipole of the molecule p, is not in general aligned
on either the parallel or perpendicular directions, the mole-
cule will excite both parallel and perpendicular responses in
the spheroid. Thus, in writing the quantum yield, we use a
weighted average of the responses

Ry g 41 4 s R s l41 )

Y' =y , (A12)
r r;
where
R, =# {A13)
and
R =1—-# {A14)

are operators which project onto the parallel and perpendic-
ular directions, respectively, | is the identity operation, and
[t} is the unit vector along ;.

Let us now turn our attention to the absorption process.
The local field at the spheroid is

E, =E,+ My, {A15)
and the local field at the molecule is

E,=E,+Mp, (Al6)
where M is the dipole operator

M= 2&'—;@- . (A17)
The molecular dipole is

p=aE,, (A18)
and the spheroid’s dipole is

p=pE,. (A19)

Even though o is assumed isotropic for the free molecule, we
shall see that it takes on different values in the parallel and
perpendicular directions near the spheroid. Solving Eqgs.
{A15)-{A19) yields
4R, )-EO :
1

‘1-4
The square of the molecular dipole moment is

(A20)

4

2= E*R ‘E
I 0 "HY "o I*A”

,2 ley

4,

+ E§-R,E, la,|?. (A21)

1
In deriving Eq. {A21), classical radiation theory has been
used. In quantum mechanics, the quantity |u|* is to be inter-
preted as a product of the square of the transition moment
|££0|* and the excitation probability P. Thus,

1

P=

2
Eg'H" .EO

A 2
|IA ’ |a“ |2
i
2

!allz'

Ho

4,

+ Eg'Rl g

(A22)

L
Note that the same amplification factors that were found
associated with enhanced radiative decay rates in Egs. {A1)
and (A2) also appear in the expression for the absorption
probability. Thus, the probability of absorbing a photon is
enhanced by the factor {4 /{1 — 4 }|* due to the enhanced
local field at the position of the molecule. As before, we will
neglect the 4 terms in the demoninators.

Further progress is made by introducing a microscopic
model for the molecular polarizabilities

2
=2 L (A23)
|
a)o—(L)—IT
2
o, = Ml L : (A24)
4 !
Wy — W — § ——
2

where @, is the molecular electronic resonance frequency
associated with the absorption process and i =+ — 1. The
width of the state I" is increased over the width of the free
molecule due to the surface-induced radiative and nonradia-
tive processes. In Egs. (A23) and (A24), we haveset # = 1 for
convenience. Equation (A22) may now be written as

2 A 2
P= 20| E*R | E, el
16 I
W — W — I —
A 2
+E*R,-E¥ = 7 (A25)
AL

Wy — @ — I ——
4]
2

In large molecules, an inhomogeneous distribution of
resonance energies exists due to the many vibrational and
rotational levels for a given excited electronic state. While
some of this distribution is due to site inhomogeneity, the
primary source is the high density of energy levels itself.
Thus P must be averaged over the inhomogeneous distribu-
tion F (w,). For simplicity’s sake, we take F {w,) tobe a Lorent-
zian function centered around a frequency w,, with a width
parameter 8. Thus,

1 (= s
P = — d P.
P = f_m “0 e — @, ) + (8727

If the inhomogenous width & is much larger than the homo-
geneous widths I'; and I', then Eq. {A26) reduces to

(A26)
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2 AP 4,2
(py = ol ge. [‘_l_!_Rl—}—] 1| R, | E.. (A27)

48 r, r,
Equation (A27) represents the probability for absorption of a
photon by the molecule.
The fluorescence probability is obtained by multiplying
the absorption probability by the emission yield. Then

P.=(P)Y’

:|#0I2 [I 15

| H'Z
E' H ‘E + —
ls 0}

E*RlE]

r, I,
A, o .,

X[ Fl AoRyifg +

2

|A |’| ~r* Ay
, 26 Ry | -
L I
(A28)

Now we consider the time-resolved emission instead of
the total emission. An exponential decay of the fluorescence
from the molecule/island system is expected, i.e., for the
perpendicular dipole to decay as exp( — I [t) and for the
parallel dipole to decay as exp( — I" [ #). Since

J dtexp(—I't)=T""", (A29)
(¢}

a normalization factor for each term in the quantum yield
must be used. The time-resolved fluorescence emission is
defined as

dPF |‘u,()|2 [|AJ.|2
= 4 E*R, ‘E;, +
dt 4 r, 0T

|4, |*

I

o

T PR Ry e ]
(A30)

Physically [(dP, /dt ) dt ] is the fluorescence signal appearing

x[l4:

o Ry e

per unit area. Since the density of molecules in our experi-
ments is so low, no concentration quenching is seen and we
can safely neglect intermolecular effects and only consider
the island-molecule interaction. Then the net fluorescence

signal is
dP
NJ £ dr. (A31)
Removing a prefactor which is independent of ¢ and r:
Fiey =18 o BT, (A3
46
where
© 27T
Te(tr)= f rdrf dé
(4]
A 2 A A
[ Ay ExR, E,+ 4. Eg-Rl-EO]
I, r,
X [147 205" Ry izg e~ "I+ |4 P05 R Age ]
(A33)

Equation (A33) still exhibits dependence on the relative
orientations of the molecular emission dipole p{, the applied
electric field E,, and the position vector r. Included in Eq.
{A33) are terms of the form

T, =E*R,-E, iR, o, (A34a)
T,=E#R, -E,p5 R, 1, (A34b)
Ty = B3R Eo 5 Ry, (A34c)
T, = E3-Ry Bt Ryt (A344)

Averaging these terms over all directions in the xy plane
gives

betweentirpestandt+dt. ‘ (T) =(T,) = § [1+ 2(- 20)2] ’ (A35a)
Equation {A30) represents the fluorescence signal from )
one molecule a distance r from the center of the spheroid. Let (1) =(T3) =4 [3 — 235 E o] (A35b)
us now assume that the xy plane has a density of V molecules Therefore,
1
© , A 2
F(zr)_EZ drr[|A1|2e”(‘ (| cos® ¥) + —— 4 “‘ (3-2 cos? ¢))
8 Us r,
PETI 4, |? 2 14 u|2
+ |47 e (3 —2cos’¢) + —— (1 + 2 cos’ ) (A36)
r, r,
—

where cos ¥ = 1}, -E‘o. For dye molecules, £, and E’O would
be correlated due to the fixed angular relation between the
absorption dipole and emission dipole of the thermalized
state of the molecule. As a simplifying assumption, let these
quantities be uncorrelated, then (cos®3) = L. (The subse-
quent deviation can be carried through without this assump-
tion with no change in the essential properties of the final
result.} Then

TF(t»’)=—72T-J; drr(ldife” " 4 lar)Pe T

x('ﬁiﬁrﬂ).
r, I

The shape of the curve describing the temporal decay of

(A37)

the fluorescent signal will depend on whether the excitation
and/or emission frequencies are within the resonance of the
spheroid. The conditions for resonance of the spheroid are
found by examining the polarizability of the spheroid'”

2 Eoll — €lw)] ,
3 €w)Q VPV (Eo) — PYEIC Y (6o)
(A38)

Blo) ==

where f= (a> —b?)"/? and £, = a/f, and P! and Q' are,
respectively, the associated Legendre functions of the first
and second kind, and P{"" and Q| are their derivatives with
respect to their arguments. e(w) = €, + ie, is the complex
dielectric constant of the material in the spheroid. For the
oblate case considered here, appropriate analytic continu-
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ation of Eq. (A38) must be made. The corresponding formula
for a sphere of radius b is

€w)—1,3
=————b". A39
B (@) @)+ 2 (A39)
The resonance condition for the spheroid is
Re €)@ (Eo)P V(o) — PVENQ " (E0) =0.  (A40)
At resonance, [ reduces to
03
3 @@
For a sphere, Eq. (A40) becomes
Re ¢lw) = — 2, (A42)
and Eq. (A41) becomes
3
f— — ,'_[EM ] (A43)

€,() .

First, we examine the case where the excitation is not
tuned to the spheroid resonance but the emission is. To mod-
el the off-resonance behavior, we assume the excitation fre-
quency is in the range where the imaginary part of the dielec-
tric constant of the metal spheroid is large due to the
excitation of theinterband transitions. Then (w)—b 3, where
b is a characteristic length of the spheroid, e.g., the radius for
an equivalent sphere. Since S is not resonant and large at the
absorption frequency, we assume that the absorption width
of the molecule ¥ is not substantially altered by the nonre-
sonant excitation of the spheroid. Then I, =1I') = y. To
model the on-resonance condition, we assume that the real
part of the dielectric constant of the spheroid satisfies Eq.
{(A40) and the damping of the resonance by the imaginary
part is quite small. Then 8’ is given by Eq. (A41) which may
be written in the general form B8’ = (ib *d /¢,), where d is a
dimensionless constant of order unity and depending on the
aspect ratio of the spheroid. Since ' at this frequency is
resonant and thus large, we assume that surface terms I’
dominate the molecular rate . (Experimentally we see di-
rect evidence that the surface-induced rate is considerably
faster than the free molecule decay rate.) Then

1 ’ ’ ’
Iij—— 418 >+ 2|u5 > Im B'), (A44)
, 1 ' , : ,
L= B+ ImBY) =4 I'f . (A45)
Thus, letting x = r/b, we obtain
T =1, [ E(2+2+3)
10X x> x
A —anL
Xle * +4e =1,
(A46)
where
2 =182+ |u*ImB’. (A47)

The constant {2 ' scales the time axis of the predicted fluores-

cence decay and T is a constant prefactor. For a sphere, 2’

simplifies to -

6l 9y,
s | " Y

Q' = .
4e,b® | &

(A48)
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FIG. 6. Prediction of model for temporal decay of fluorescence when only
the emission frequency is on resonance. Interisland spacing equal to: (A) 1.5
times the particle radius (B) three times the radius, and (C) five times the
radius.

The single particle expression [Eq. (A46)] must be ap-
plied to the situation of the sample which can be represented
as a collection of spheroids. In the spirit of a mean field
approximation, we assume that the electrodynamics of each
molecule is dominated by the nearest island with island—
island effects accounted for in B (w) of that nearest island.
Thus, an upper limit for the integral in Eq. (A46) should be
roughly one half the distance between islands or 7. If y = 1/
x5, then the temporal behavior of the fluorescence of the
sample is

1
dy
OF(T) = J;o y1/3

X(e~™ + e~ 7), (A49)

where 7 = {2 't and y, = b /r,. The quantity 8(7) is simply
proportional to T(t,7).

A graph of 8.(7) vs 7 is presented in Fig. 6. Several
values of the parameter r, are chosen. The profile is flat for
small times and falls off in a power law manner for long
times. The power law behavior arises because of the integral

[2+2p +5p]

2 T T T

o

Log Intensity

o

FIG. 7. Prediction of model for differential contribution to total fluores-
cence signal vs radius of annular ring of molecules. Curve (A), 7 = 0.1; (B}
7= 1;(C) r = 10; (D) 7 = 100; (E) 7 = 1000.

J. Chem. Phys., Vol. 81, No. 11, 1 December 1984

Downloaded 23 Apr 2004 to 128.103.60.225. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



5200 Garoff et al. . Electrodynamics at rough metal surfaces
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FIG. 8. Prediction of model for temporal decay of flucrescence for {A) both
excitation and emission wavelengths on resonance and (B) only the emission
frequency on resonance.

of exponential time decays over an inhomogeneous distribu-
tion of decay rates. Those molecules lying close to the island
decay quickly, while those molecules which are more distant
decay slowly. The effect of introducing a nonzero y, param-
eter is to put a limit on how far a molecule may be from the
island (the interisland spacing). Thus it tends to diminish the
long time behavior.

Figure 7 shows the differential contribution arising
from a given ring of molecules which lie a distance x ( = r/b )
from the origin. Curves are drawn for various values of the
scaled time 7. For small 7 the major contribution arises from
x=1, i.e,, for molecules near the island. As time increases
the peak contribution shifts towards larger » values. The
quantity that is actually plotted is the integrand of Eq. (A49).

If both the excitation and emission frequencies are
within the resonance of the spheroid, then the temporal de-
cay will have a different shape. In Eq. (A36) |4, |* and |4, |?
will then both vary as (b /r)® and in place of Eq. (A49) we find

1
Op(7) = J dy e ™ + 4o 7). (A50)
Yo

A plot of 8,(r) is presented in Fig. 8 for the case of y = 1/2

and is compared with a similar plot for &, for y, = 1/2. The
power law falloff is different in two cases.

' A recent review, see Surface Enhanced Raman Scattering, edited by R. K.
Chang and T. E. Furtak (Plenum, New York, 1982).
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