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We report a continuation of our investigation of surface-plasmon-induced enhancement of Bril-
louin scattering of thermal surface acoustic waves of thin silver films. The experiments were per-
formed in a Kretschmann attenuated-total-reflection configuration. In the backscattering mode, the
surface plasmons are resonantly involved both in the incident and scattered radiation. The scattered
radiation appears on the surface of a cone defined by the resonant interaction angle and contains
Brillouin couplets, which are analyzed by a five-pass Fabry-Perot interferometer. The enhancement

factor is determined from the ratio of the peak radiation on this cone to the Brillouin scattered radi-

ation in an external reflection configuration not involving surface plasmons. The theory and experi-
ment agree in that the double resonance gives a much larger enhancement than does the singly
resonant process, which was observed in our earlier investigation for the forward-scattering configu-
ration. The enhancement factor observed, 750 (+25%%uo), is very dependent on the imaginary part of
the dielectric constant of the Ag film, which is determined experimentally for our film as
—9.0+i 0.57. Finally, we contrast the results of our Brillouin scattering experiment with those of
Raman scattering from chemical adsorbates.

I. INTRODUCTION

Nonlinear-optical phenomena occurring at surfaces of
rr.etals such as Ag are greatly enhanced when surface
plasmons (SP's) are employed as intermediate agents in
the interaction. SP's may appear in the form of propaga-
ting polaritons on smooth surfaces or as localized reso-
nances on rough surfaces. In both cases, the enhancement
is due to the elevated electric fields associated with SP's,
which are peaked at the metal surface where the optical
interaction of interest is located. Large enhancements
have been observed in various surface phenomena, e.g.,
Raman scattering from monolayers of chemical adsor-
bates (known as surface-enhanced Raman scattering' or
SERS) and second-harmonic generation (SHG). There
may also be a contribution to the enhancement from
"chemical" effects' relating to the presence of adsorbed
chemical species. The latter are necessarily involved in
the case of SERS, and can be optionally involved for
SHG. Discrimination between the electromagnetic and
chemical contributions is difficult, and there does not ap-
pear to be a consensus on their relative magnitude.

Our interest in the present work, as in our earlier paper
(hereafter referred to as MRFB), is in the analysis of a sit-
uation where the enhancement is due purely to the SP's.
Such a situation is obtainable for Brillouin scattering
from the thermal acoustic waves of a thin Ag film depo-

sited on a glass substrate. The SP's serve as an intermedi-
ary in this interaction. In our experiments they are gen-
erated with the aid of the attenuated-total-reflection
(ATR) Kretschmann configuration. Here, light incident
on the glass prism side of a prism-metal film-air configu-
ration generates SP's on the metal-air interface. The Bril-
louin interaction occurs between the SP's, whose electric
fields are peaked at the Ag-air interface, and the ripples
generated on the same surface by the thermal acoustic
waves characteristic of the Ag film and the glass sub-
strate.

Brillouin scattering offers both a unique advantage and
a serious limitation in analyzing the role of SP's in the
enhancement of nonlinear optical phenomena. The ab-
sence of chemical effects in the interaction permits one to
isolate and determine the SP (electromagnetic) contribu-
tion to the enhancement. A limitation is that Brillouin
scattering studies are restricted to metal surfaces that are
sufficiently smooth so that the SP's appear only as propa-
gating modes with well-defined wave vector in the sur-
face. This property is a necessary condition for observing
well defined (sharp lin-e) Brillouin scattering spectra. As
discussed in MRFB, the latter cannot be obtained for the
case of "island" metal films or electrochemically
roughened surfaces, which involve localized SP's and
much large enhancements.

The Brillouin scattering interaction between propaga-
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ting SP's and thermal acoustic waves of the metal film
can take several different forms for which the magnitude
of the SP enhancement can vary greatly. In our previous
work (MRFB), we utilized a forward scattering configura-
tion, referred to as case (2), for which the Brillouin scat-
tered light appeared on the air side of the metal film. In
the present paper we deal with the backscattering configu-
ration [described as case (1) in MRFB], for which the
scattered light is analyzed after it passes back through the
glass prism. This case involves a double SP-resonant in-

teraction and gives a much stronger SP enhancement, but
it is much more difficult to carry out experimentally.
Both cases involve the emission or absorption of phonons
by the SP's, which eventually shows up as Brillouin shift-
ed couplets in the analysis of the scattered electromagnetic
radiation. A comparison of the two cases brings out some
interesting differences in the details of the phenomena ob-
served and of the experimental and analytical problems
encountered. From this comparison we are able to
demonstrate that the magnitude of the SP enhancement is
much greater in case (1), in agreement with theoretical
analysis. Finally, we compare our results with those of
Raman scattering for thin films and demonstrate why the
Brillouin scattering approach is better for analyzing the
SP enhancement.

II. SP GENERATION AND THE ACOUSTIC PHONON
INTERACTION; COMPARISON OF CASES 1 AND 2

ponent of the wave vector of the incident light inside the
glass hemisphere with refractive index n. Thus at reso-
nance,

~i ~sp and nk =ksp

Without the increase in k; by the factor n & 1 of the glass,
the incident light line could be, at most (for grazing in-
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As in our previous work, the Brillouin scattering stud-
ies were carried out with "smooth, " thin Ag films, vacu-
um evaporated onto the flat, polished face of a Pyrex
hemisphere (refractive index n=1.47), as illustrated in
Fig. 1(a). The film thickness in the present experiments
was 437 A, chosen for optimum SP generation efficiency.
A computer-stabilized, five-pass Fabry-Perot interferome-
ter was used to analyze the scattered electromagnetic radi-
ation and extract the Brillouin spectra. For further exper-
imental details, we refer to MRFB.

The SP-phonon scattering interaction of case (1) is illus-
trated in Fig. 1. We analyze the sequential steps of the
generation of SP's by the ATR Kretschmann method,
their scattering by phonons of the Ag film, and finally
their reemission through the glass as light.

(1) An Ar+-ion-laser beam I; at 4880 A is incident
through the glass hemisphere and focused at the glass-Ag
interface. At incident angles greater than that for total
internal reflection, the evanescent fields of the light
penetrate through the Ag film to the metal-air face. Cou-
pling between these fields and SP's on the Ag-air interface
occurs when the light is incident at the resonant angle Osp.
The resonance corresponds to the condition for the con-
servation of energy and of surface components of the
wave vectors in the conversion from incident light to SP's.
This condition is represented in Fig. 1(b) by the crossing
of the light line in the prism with the dispersion curve Q)sp

versus ksp for the SP's on the metal-air interface. The
wave vector of the SP's, ksp, lies in the surface of the
metal and is well defined. The light line in glass
represents co versus nk for some fixed angle of incidence;
~ is the frequency, and nk =nk;sinO; is the surface corn-

(b)
Light Line
in Air
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Light Line
in Glass
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FIG. 1. (a) Kretschmann configuration used to generate the
SP's, and the wave-vector diagram illustrating the scattering of
an initially generated SP (ksp) through an angle P into a second
SP (ksp). Scattering by a thermal distribution of surface acous-
tic waves leads to randomization of the SP wave vectors, and
Brillouin signals that exit the glass hemisphere on the shell of a
cone as indicated in the figure. (b) Dispersion curve for SP's at
a metal-air interface illustrating the need for an increase in wave

vector by a factor of n (refractive index of the hemisphere) to
permit coupling of light to the SP's.
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cidence), only parallel to the base of the SP dispersion
curve and the light could not couple to the SP's.

The resonant generation of SP's at the Ag-air interface
occurs at the expense of the intensity of the reflected light
beam I„which undergoes a sharp decrease from almost
100% to —S%%uo. The resonant angle Osp, is determined
by the real part of the wavelength-dependent dielectric
constant of the Ag film and the half-width of the reso-
nance by the imaginary part. A further important point is
that the electric fields of the SP's lie in the plane perpen-
dicular to the surface of excitation, and thus SP's can only
be generated by p-polarized light. The fact that the effi-
ciency of the SP generation process can be controlled by
varying the polarization of the incident light proved to be
very useful as shall be demonstrated.

(2) When a SP is scattered by an acoustic phonon of the
film, through an angle P, the scattered SP wave vector
ksp is related to the original SP wave vector ksp, and the
phonon wave vector q, by the relation,

&sp=&sp—+q .

The corresponding frequencies are related by the equation,

~sp=~sp—+~(9)

where co(q), the frequency of the acoustic phonons, is
much less than cusp. The frequency shifts of the scattered
SP's ultimately form the Brillouin couplets. The three
wave vectors involved in the scattering process lie in the

plane of the Ag-air boundary. Since the scattering is by a
thermal equilibrium distribution of phonons, the scattered
SP's have wave vectors which are randomized. As illus-
trated in Fig. 1(a), they must lie on a circle of constant k,
since the energy gain (loss) in the phonon absorption
(emission) processes is negligible.

(3) Because the magnitude of the SP wave vectors is un-
changed, the randomly scattered SP's can all couple back
as light passing through the glass at the same resonant an-
gle Osp. As a result, the electromagnetic radiation that
emanates through the glass hemisphere lies on the shell of
a cone of angle Osp, as shown by the shading in Fig. 1(a).
It can be observed to project as a sharp circle of light on a
screen held above the hemisphere. In Fig. 2, we show
photographs of such projections, with front and side
views, taken from a screen with two holes punched
through it to transmit the much more intense incident and
reflected laser beams. The glass hemisphere and silver
film are also visible in the photographs. The circle of
light is direct evidence of the randomization of the gen-
erated SP's before they couple out. However, the intensity
of the projected circle of light is much too great to be due
to the SP scattering by the phonons alone. Most of it is
elastic Rayleigh scattering due to the inherent defects or
roughness of the Ag film. Such an experimental arrange-
ment has been used before ' for analyzing the Fourier
components of the surface roughness. Our interest, how-
ever, is limited to the phonon-induced contribution to the
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FIG. 2. Photographs with front and side views of the experimental configuration showing the ring of light projected on a screen;
the ring is due to SP wave-vector randomization by scattering in the Ag film and subsequent reradiation through the glass via prism
coupling.
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scattered light. To extract this information the light on
any portion of the circle must be analyzed with a Fabry-
Perot interferometer.

We note the significance of the fact that we do observe
sharp-line Brillouin couplets for the light scattered out ei-
ther on the air side (see MRFB) or on the cone through
the glass analyzed here. These signals must have originat-
ed from phonon interactions with the well-oriented, origi-
nally generated SP's and not the randomized SP's. The
latter would give rise to a continuum rather than a sharp-
line Brillouin spectrum. This indicates the dominance of
the well-oriented SP's over the randomized SP's and we
can conclude that the rate of SP randomization by pho-
nons and roughness is weak compared to the rate of SP
attenuation by all other processes. A similar conclusion
could have been drawn from a comparison of the weak in-
tegrated intensity on the ring (-0.1%) (Ref. 9) to the in-
cident intensity.

The analysis of the Brillouin spectrum in this configu-
ration turned out to be more difficult than anticipated.
The complication is due to undesired Brillouin scattering
contributions arising from the bulk phonons of the glass.
These contributions originate in the focused volume of the
beam at the glass-Ag interface. Two separate Brillouin
couplets are generated there, one from the incident and
another from the reflected beam. These contributions
have nothing to do with the SP's and are not restricted to
the surface of the cone of light emanating from the glass
hemisphere. How we identified and eliminated these un-
desired contributions will be described in Sec. III.

With the help of Fig. 3 we next contrast the back-
scattering of case (1) and the forward scattering of case
(2). The generation of SP's is identical; it occurs when the
incident light line in the glass crosses the SP dispersion
curve in Fig. 3. If the subsequent interaction with pho-
nons generates a SP with wave vector terminating on the
circle of constant ksp, then we have case (1), i.e. , the
scattering of one SP to another which can ultimately con-
vert to light which is emitted on the shell of a cone
through the glass hemisphere. However, the scattered
wave vector can also terminate at any point within the cir-
cle, as illustrated in Fig. 3. In that case, it lies on some
light line in air, and it can appear as "forward" scattered
light within the half-solid angle on the air side of the film.
Here, the phonon scattering process has aided in the cou-
pling out of the SP as light. The equations for conserva-
tion of energy and of wave vector in the surface, govern-
ing the last case are given by

co cosp+cd(q) a"d k =ksp+q

where now co' and k' refer to the scattered photon in air,
which takes on whatever wave vector component perpen-
dicular to the surface k,', necessary to satisfy the relation-
ship,

(co') =c [(k'), +(k')„],
where c is the velocity of light in air. The inelastic Bril-
louin components are again obscured by a much stronger
elastic contribution from surface defects, and the two
must be separated by the Fabry-Perot interferometer.

I (cone) " Is(air side)
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I; (in glass)

Surf
Disp
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FIG. 3. Dispersion curve of SP's illustrating the two possible
Brillouin scattering processes for a SP generated by light in-
cident through the hemisphere. The interaction with a surface
acoustic wave can scatter the SP either directly into light on the
air side [case (2)] or into a second SP which can then radiate out
as light on the cone on the glass side [case (1)].

A phonon-assisted coupling of SP s into light, similar
to that discussed in case (2) above, can also take place on
the glass side of the Ag film. However, the light generat-
ed in this process would have to pass nonresonantly from
the Ag-air interface through the Ag film to the glass side
and it would be very greatly attenuated in the process.

In comparing the scattered light observed in cases (1)
and (2), we have to keep in mind that: (a) different pho-
nons in the Ag film are involved, and (b) the filling of the
collection lens by the scattered light will be very different.
In case (2) the scattered light can fill the whole collection
lens, whereas in case (1) it is restricted to a very thin strip,
a segment from the ring. Taking this difference into ac-
count is very important in comparing the SP enhancement
factor for the two cases (see Sec. IV).

III. EXPERIMENTAL RESULTS

A. Analysis of the Brillouin spectra

The analysis of the Brillouin spectrum for the light
scattered on the ring requires that we distinguish the SP-
enhanced signals of the metal-film from the undesired
bulk phonon couplets generated in the glass. The frequen-
cy shifts associated with the latter (22 and 31 GHz), are
much larger than those arising from the metal film (e.g. ,
6.4 GHz at /=120'). In a tandem Fabry-Perot inter-
ferometer such very different frequencies would appear
well separated and distinguishable. However, in the ab-
sence of the tandem feature in our five-pass interferome-
ter, the orders overlap, and it can be difficult to identify
the different spectral contributions. The problem was
solved in the following manner.

With the mirror spacing of the interferometer adjusted
for large free spectral range (FSR), we could identify and
measure the higher frequency Brillouin signals from the
glass hemisphere itself. For this FSR, the low-frequency
signals from the phonons of the Ag film were hidden
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within the very strong Rayleigh peaks. We then attempt-
ed to reduce the FSR to a value which was both con-
venient for looking at the -6-CxHz signal from the Ag
film, and also was close to submultiplets of both of the
higher frequency bulk Brillouin couplets. The objective
was to hide the bulk phonon signals from the spectrum by
burying them in the Rayleigh peaks. We could achieve
this occasionally, but in general it is difficult to bury both
phonon couplets. However, it was fairly easy to bury one
of the couplets, and we preferentially selected the one
from the incident laser beam. We could then dispose of
the remaining couplet from the reflected beam by exploit-

(a)

x!

22 GHz

x I

ing the special dependence of the reflectivity on the polar-
ization of the incident light. This technique is illustrated
in the interferometer spectra in Fig. 4. Here, the bulk
phonon peaks due to the incident light are already buried
in the Rayleigh peak. With s-polarized light incident
through the hemisphere at t9sp, SP's are not generated, and
there is no signal in Fig. 4(a) from the phonons of the Ag
film. The one observable couplet represents the Brillouin
scattering of the reflected beam by bulk phonons in the
glass. Figure 4(b) demonstrates the effect of rotating the
polarizer in the incident beam partially towards p polari-
zation. A film signal now appears at 6.4 GHz, ' it is
stronger than the bulk phonon signal which has weakened
appreciably. Finally, in Fig. 4(c), for pure p-polarized
light, the bulk phonon signal from the glass has disap-
peared completely, leaving only a very strong film signal.
Note that the data in Fig. 4(a) and 4(b) were multiplied by
a factor of 10. The controlled onset of the SP-enhanced
signal from the phonons of the Ag film represents the
dependence of SP generation on the degree of p polariza-
tion of the incident light. The disappearance of the bulk
phonon peaks is due to the decrease in the reflected light
intensity which is associated with the optimization of the
generation of SP's. It can be seen that the film signal be-
comes much stronger than the bulk phonon peak for s-
polarized light. Thus, the usual dominance of bulk
scattering (with its larger interaction volume) over surface
scattering has been reversed here for the case of resonant
SP generation.

B. Experimental determination of the enhancement factor

6 GHz

(c)

I

1=
l5.6 6Hz

FIG. 4. Fabry-Perot interferometer spectra of light collected
from the ring and its vicinity for three different incident light
polarizations. Two orders appear in each spectrum; the large
truncated peaks are due to the elastically scattered light. The
light was incident in each case at Osp, but its polarization was
varied as follows. In (a), it was s polarized and we obtained
only the bulk phonon couplet at +22 GHz. In (b), the polariza-
tion was rotated 20' from s polarized. The bulk phonon peaks
are partially suppressed and are in fact exceeded by the surface
phonon couplet at +6 GHz. In (c), where the light is p polar-
ized, the bulk phonon contribution is completely suppressed and
the surface phonon peaks rise to their maximum intensity.

To establish the magnitude of the SP-enhancement fac-
tor we need to compare the peak intensity of Brillouin
scattered light on the ring with that obtained in a configu-
ration in which SP's are not involved. Our objective is to
determine the enhancement due solely to the involvement
of the SP's. We tested a number of configurations for
comparing the resonant and nonresonant signals. It is dif-
ficult to find a configuration in which nothing changes
except the SP involvement. For each option we con-
sidered, there were several other factors which could also
affect the measurements. In this section we identify these
factors and discuss the experimental difficulties encoun-
tered for each option. For the option which we finally
adopted, we analyze the specific corrections that need to
be made for the extraneous factors in obtaining our mea-
sured value for the SP enhancement.

(a) SP generation can be controlled by varying the po-
larization of the incident light. Without any change in
the optical configuration for collection and analysis of the
Brillouin scattered light, we can compare the scattered
light intensities for p- and s-polarized incident light. The
advantage of this method is that the incident and scat-
tered angles are unchanged, and there is no need to realign
the optics. The disadvantages are that the nonresonant
scattering intensity is due to the phonon ripples on the
glass-Ag interface instead of the Ag-air interface, and the
polarization of the incident light is different. However,
before analyzing the effect of these factors we gave up on
this approach because of some practical difficulties. With
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the incident s-polarized light, there was a very weak resi-
dual "ring" of light radiating from the hemisphere, indi-
cating that SP involvement was not completely eliminat-
ed. In spite of this residual effect the Brillouin signals
were difficult to discern and analyze; they were superim-
posed on a large background, possibly from fluorescence
in the glass.

(b) A second approach to controlling the SP involve-
ment is based on tuning both the incident and scattered
angles from on- to off-resonance values. The unenhanced
Brillouin signals thus obtained again originate predom-
inantly from the ripples on the glass-Ag interface. Exper-
imentally implementing this approach also proved to be
too difficult. As in (a), the off-resonant signals could be
barely discerned against a large background. This per-
vasive difficulty led us to conclude that it was inadvisable
to measure the off-resonant signal on the glass side, and
forced us to adopt option (c).

(c) To obtain a signal free of SP involvement we resort-
ed to the external reflection (ER) configuration, in which
the light is both incident and scattered on the air side in
the plane of the incident and reflected light as in MRFB.
This technique has several advantages. The signal is ob-
served from the phonons on the Ag-air interface, as in the
resonant case. Also, well-defined Brillouin signals can be
seen without any of the experimental problems described
in (a) or (b). However, this approach is not without
several drawbacks. These will be identified below in con-
junction with the presentation of the data.

In Fig. 5 we compare Fabry-Perot interferometer scans
for a SP-enhanced spectrum obtained from a segment of
the ring [Fig. 5(a)] with an unenhanced spectrum obtained
in the ER configuration [Fig. 5(b)]. The same collection
lens (1-cm diameter, focal length 2.5 cm) was used for
both of these cases. The resonant scattering was measured
for SP's scattered through an angle /= 120', and emerging
on the ring with Osp ——46.3'. The ER measurement was
performed with incident angle L9; =69' and scattered angle
8, =23', as in Fig. 2(b) of MRFB. After correction for
the different laser intensities used in obtaining the two
scans, the Brillouin signal in the ring case is —55 times
stronger than in the ER case. The power that could be
used in the resonant case is limited because the Ag film is
susceptible to damage by the intense SP generation.

It is important to note that the ratio of fifty-five is not
yet a valid measure of the enhancement; it requires several
further corrections. An essential correction to the "raw"
data must be made for the different spatial distribution of
the scattered light in the two measurements. In the ER
case, as in any nonresonant measurement, the Brillouin
scattered light uniformly fills the collection lens, whereas
in the ring case the Brillouin signal of interest is contained
only in the very narrow segment of the ring falling on a
similar collection lens. This difference makes the SP
enhancement factor dependent on the size of the collec-
tion aperture used. It is meaningless to define the
enhancement except in terms of the peak intensity within
the width of the ring itself. This is the definition em-
ployed in the theoretical analyses which will be discussed
in the next section. To measure this peak intensity experi-
mentally we used a narrow slit in the resonant case to re-

(a)

xI

IO.9 GHz

FIG. 5. Fabry-Perot interferometer spectra showing (a)
enhanced Brillouin scattering for light on the ring and (b)
unenhanced scattering in the ER configuration. The spectra
were taken with the same size collection apertures and have
been normalized for the different powers used in each case. The
relevant frequency shifts of the Brillouin peaks are indicated in

the figure. Note that in (a) the Brillouin peaks are overlapped in

the spectrum.

strict the light as nearly as possible to the most intense
portion of the ring.

We scanned the ring width with a variety of slits and
found that the narrowest feasible slit size we could use
was 0.25&2 mm. At smaller slit widths the signal de-
creases disproportionately. We attributed this effect to
the increase in the divergence of the scattered light beam
because of diffraction at the slit. Fabry-Perot interferom-
eter operation, particularly in the five-pass mode, is very
sensitive to angular divergence of the input light. To ob-
tain a signal of reasonable magnitude for the much weak-
er scattered light in the ER configuration, we used a
much larger (circular) aperture of 4-mm diameter.

With the apertures indicated we repeated the Brillouin
scattering measurements eight times, going back and forth
between the two configurations. We obtained a value of
15 (+25%%uo) for the ratio of the resonant to nonresonant
signals. Correcting this measured ratio for the area
difference of -25 in the collection apertures raises the
enhancement factor to 375 (+25%). The large fluctua-
tion in these measurements indicates the difficulty of
reproducibly aligning the optics and the interferometer.
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A further correction is required to take into account the
different phonon frequencies involved in the resonant and
nonresonant measurements. It is not feasible in the ER
case to observe scattering from the same phonons as are
used in the ring case. The phonon frequency in the
resonant case is larger because of the factor of n=1.47
(refractive index) increase in the wave vector of the in-
cident and scattered light on the glass side. From the
spectra of Fig. 5, the phonon frequencies for the resonant
and ER signals are 6.4 and 4.5 GHz, respectively. Note
that in these spectra the resonant signals are overlapped
but the nonresonant signals are not. The Brillouin scat-
tered intensity is proportional to the square of the ripple
amplitude, and for a thermal distribution of phonons, the
ripple amplitude will be inversely proportional to the fre-
quency. Therefore, a further correction for the phonon
frequency difference of a factor of 6.4 /4. 5 =2 is neces-
sary, which raises the enhancement factor to 750 (+25%).

Finally, we caution that this value of the enhancement
factor applies only for the specific scattering angles at
which the unenhanced ER and enhanced ring measure-
ments were carried out. Both of the measurements may
be dependent on their respective scattering angles. How-
ever, it was not feasible for us to study the angular depen-
dence of light scattering on the ring because of the diffi-
culty in reproducibly realigning the optics for each
scattering angle.

The enhancement by a factor of 750 for the back-
scattering geometry [case (1)] greatly exceeds the factor of
25 determined in MRFB for the forward scattering
geometry of case (2). This demonstrates that the enhance-
ment is much greater when the resonant SP interaction is
involved in both the incident and scattered beams. How-
ever, the stronger enhancement for case (1) is only fully
realizable for the peak scattered light near the center of
the width of the ring.

IV. THEORETICAL ANALYSIS
OF THE ENHANCEMENT FACTOR:
COMPARISON WITH EXPERIMENT

A. Introduction

We have discussed how the experimental means of
determining the SP-enhancement factor for case (1) were
limited by practical considerations. The available theoret-
ical analyses of SP-enhancement are also limited in their
scope. They have been formulated for scattering of light
in the plane defined by the incident and reflected beams.
For such in-plane scattering, the fully resonant scattering
case occurs only when the light is incident and scattered
at Osp. This corresponds to the backscattering of the SP's
generated in the Ag film [/=180' in Fig. 1(a)]. The
theory has not been developed for the case of scattering on
the ring at arbitrary angles P, including the angle / = 120'
case used in our experiment. Our discussion below is lim-
ited to in-plane scattering. In spite of this restriction the
existing theory is still very useful for revealing some in-
teresting features of resonant scattering.

The first theoretical analysis for in-plane Brillouin
scattering in the Kretschmann configuration was reported

by Fukui et a/. ' It applied to a thermal distribution of
both bulk and surface phonons in the Ag film. For our
purpose it was simpler and quite sufficient to calculate the
Brillouin scattering strength for surface ripples of arbi-
trary amplitude following an analysis of Marvin et al. "
This approach entails the solution of Maxwell's equations
with optical boundary conditions imposed at the two in-

terfaces of the Ag film which are taken to be rippled to
simulate the acoustic waves. The properties of the SP's
are determined by the dielectric constants of the Ag film
and the glass at the applicable wavelength of light. The
SP interaction with the rippled interfaces automatically
gives Brillouin scattering, including interference effects
between signals from the two surfaces. The intensity of
the Brillouin scattering is determined by the square of the
amplitude of the surface ripples due to the acoustic waves
and angular factors depending on the scattering direction.
The ripple amplitudes, which are arbitrary in this
analysis, need not be known since in the calculation of the
resonant enhancement factor the dependence on ripple
amplitude cancels out. In the analysis, the ripple ampli-
tudes on the Ag glass and Ag-air surfaces were taken to
be equal.

B. Application of the theory

Numerical calculations were used to determine the
enhancement factor and its dependence on the dielectric
constant and thickness of the Ag film. Our analysis
showed that there is a much greater enhancement for case
(1) than for case (2), in agreement with experiment. We
also analyzed some of the pitfalls in obtaining the theoret-
ical enhancement factor such as the interference effect be-
tween the Brillouin scattering contributions from the two
sides of the Ag film.

Several features of the resonant enhancement for the
backscattering configuration are demonstrated in Fig. 6,
where the scattering intensity is plotted as a function of
the incident angle 0;, with the condition 8; —0, =0 (i.e.,
for 180 backscattering of the light). The frequency of the
phonons probed changes as a function of the incident an-
gle. However, by arbitrarily keeping the ripple amplitudes
constant for all phonon frequencies in our calculation, we
eliminate this variable in the analysis of the resonant
enhancement factor.

The backscattered Brillouin intensity in Fig. 6(a) rises
to an enormous peak at 0; =Osp, this is associated with the
resonant generation and scattering of the SP's at the Ag-
air boundary. To observe the much weaker off-resonant
behavior, the data is replotted in Fig. 6(b) with the vertical
scale expanded by a factor of 100. For 0; far from Osp the
scattering strength is due predominantly to ripples at the
Ag-glass boundary and changes slowly and monotonical-
ly. The scattering contribution from the ripples at the
Ag-air interface is negligible because the light is greatly
attenuated in passing twice through the Ag film. Howev-
er, closer to the resonant condition, the contribution from
the Ag-air interface grows rapidly and begins to interfere
effectively with the Ag-glass contribution. The pro-
nounced minima in the Brillouin scattered intensity are
indicative of destructive interference on both sides of the
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(a)
If we define the enhancement factor as in approach (b),

described in Sec. III 8, it is obviously necessary to take the
interference effects into account in arriving at a value for
the enhancement factor. We should compare the peak at
resonance to the off-resonant plateau in Fig. 6(b). The
off-resonant value should be determined at an angle that
minimizes the interference effects, preferably at 0; (Osp
where the distorting effects of interference disappear more
rapidly than for 0; & Osp.

C. Calculation of enhancement factor
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resonance between the Brillouin signals originating from
the ripples at the two boundaries. To verify that the mini-
ma were indeed due to interference we repeated the calcu-
lation for the simulated condition of zero ripple amplitude
on the Ag-air interface. The result, as plotted in Fig. 6(c),
shows the disappearance of the minima and demonstrates
that they indeed originated from an interference effect.
The single minimum that now appears at Osp can be attri-
buted to channeling of the incident light into SP genera-
tion at the Ag-air surface. This kills the Brillouin scatter-
ing on the Ag-glass surface. However, this minimum can
be made to disappear if, instead of killing the ripple at the
Ag-air face, the film is made so thick that the generation
of SP's is suppressed.

0.00 40 esp 50 60
ANGLE (8;)

FIG. 6, Plot of the theoretically calculated Brillouin scattered
intensity as a function of incident angle. All calculations were
made with 0; —0, =0, i.e., 180' backscattering of light. (a)
Scattering intensity with equal ripple amplitudes on both inter-
faces. The large peak corresponds to the enhancement due to
the double involvement of SP's when 0;=0, =0sp. (b) Same
spectrum as (a) but with the scale expanded to show the struc-
ture of the weak off-resonant intensities. The minima represent
destructive interference of Brillouin signals from the two sides
of the Ag film. (c) With the ripple amplitude set equal to zero
on the metal-air interface the interference effect disappears.
The minimum at 0sp is due to SP generation (see text).

The data plotted in Fig. 6 were calculated for our ex-
perimental parameters: Ag film thickness equal to 437 A,
incident light at 4880 A, and dielectric constant
E'&g: —9.0 + i0.57. The latter was determined specifical-
ly for our film by fitting the angular dependence of the
resonance in the reflectivity as in MRFB. From the plot
we obtained a value for the enhancement factor of 415 for
approach (b). We compared resonant scattering from rip-
ples on the Ag-air interface with nonresonant scattering
on the Ag-glass interface. For this purpose it was obvi-
ously important to assume equal amplitudes for the rip-
ples at each interface which is an assumption justified in
MRFB. Here the nonresonant value was taken at
0; =0, =42 where the interference effects play a negligi-
ble role. We repeated this calculation with the parameters
used by Fukui et al. for dielectric constant
(e= —16.34+ i0 144), inc.ident wavelength (5145 A) and
film thickness (400 A). This gave an enhancement factor
of 7000. This order of magnitude increase illustrates the
sensitivity of the enhancement to the parameters chosen
for the Ag film, and emphasizes the need to determine eAg
experimentally for any valid comparison of theory and ex-
periment.

We found the imaginary part of the dielectric constant
to vary over a considerable range both in the literature
and in our own experiments with different films. The
surface quality of the film can vary widely depending on
the age of the film, the method of its production, and its
exposure to air. It is evident that there is no unique value
that can characterize the enhancement factor.

As indicated in the previous section, approach (b) was
not feasible experimentally. To more closely replicate the
conditions of the experiment we recalculated the enhance-
ment factor this time comparing the resonant peak value
to the nonresonant signal in the ER configuration [ap-
proach (c)]. In performing this calculation we used the
experimental values for the incident and scattering angles
in the ER case. However, we were restricted to using the
backscattering configuration (instead of the actual experi-
mental scattering of 120' on the ring) for the resonant
case. For arbitrarily equal ripple amplitudes for the dif-
ferent phonon frequencies in the two configurations, we
calculate an enhancement factor of 800. The increase
from the value of 415 calculated above is attributable to
the fact that one nonresonant scattering calculation is for
the Ag-glass interface and the other for the Ag-air inter-
face, involving different mismatching of the dielectric
constants. In addition, the incident and scattering angles
differed appreciably for the two calculations.
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The calculated enhancement value of 800 is in good
agreement with the value of 750 determined experimental-
ly, even though (i) the in-plane scattering condition of the
calculation does not match the out-of-plane condition of
the measurements, and (ii) the experimental determination
could not be made at the very peak intensity on the thin
ring of scattered light. We would expect that the experi-
mental value thus obtained should be less than its op-
timum.

As in the experimental comparison of enhancement for
cases (1) and (2), the theory gives a value much larger for
case (1) than for case (2), specifically, 800 and 25, respec-
tively. The greater enhancement is for the case where the
resonant interaction of SP's occurs twice, for both the in-
cident and scattered light.

V. COMPARISON WITH SP ENHANCED RAMAN
SCATTERING

We have reported here an enhancement by a factor of
the order of 1000 for Brillouin scattering on smooth Ag
films, with the enhancement determined purely by the in-
volvement of propagating SP's. The magnitude of the
enhancement is very sensitive to the value of the dielectric
constant of the Ag film. It is of interest to compare our
results with those available in the literature for Raman
scattering, which is the closest in concept of the various
enhanced nonlinear optical phenomena.

To maintain conditions for the comparison as identical
as possible, we should consider only the case of the
Kretschmann ATR configuration, with a monolayer of
chemical adsorbate on a smooth Ag film. Smooth films
ensure that the enhancement is due to propagating SP's,
as opposed to roughened surfaces where the SP's are local-
ized and enhancement factors may be much larger. How-
ever, we are not aware of any reports in the literature of
measurements of the enhancement of Raman scattering
for exactly the desired conditions. What has been report-
ed involves various subterfuges in order to obtain measur-
able signals for the unenhanced and/or enhanced Raman
signals. We consider two examples below.

One approach involved slight electrochemical roughen-
ing of the surface to obtain an initially measurable Raman
signal from adsorbed molecules in the ER configuration.
The additional enhancement that comes from using prop-
agating SP's in the Kretschmann ATR configuration can
then be determined by passing the light through the
prism. For the forward scattering configuration corre-
sponding to our case (2), additional enhancement factors
between 5 and 10 have been reported' ' This is appreci-
ably lower than our value of 25. Such a reduced enhance-
rnent factor is not surprising. For the roughened surfaces,
the reflectivity dip corresponding to SP resonance was re-
ported to be broadened, indicating a change in dielectric
constant, particularly an increase in the imaginary corn-
ponent.

A second approach employed a large volume of the Ra-
man active agent —instead of a monolayer —in contact
with the Ag film. The amplitude of the electric fields of
the SP's decay exponentially away from the surface of

plasmon generation and the enhanced Raman signal is due
to the large number of molecules within this decay length.
The unenhanced Raman signal is taken separately from a
bulk solution of the chemical species. The calculation of
the enhancement factor is then dependent on the estimat-
ed ratio of the scattering volumes for the two cases.
Ushioda and Sasaki' obtain a "rough estimate" for the
SP enhancement of 4)& 10 for the case of resonant
scattering on the prism side of the film, corresponding to
our case (1). Since the dielectric constant of the Ag film
was not measured in this experiment, the enhancement
factor cannot be compared with theory.

There also seems to be little consensus for theoretical
calculations of the enhancement factor for Raman scatter-
ing. Chen et al. ' obtained an enhancement of —100 for
forward scattering on the air side as in case (2), with an
additional enhancement of only 3 or 4 for backscattering
through the prism, as in case (1). A contrasting analysis
by Sakoda et al. ' stressed the double enhancement factor
in case (1). They obtained an enhancement factor of 150
for the resonant coupling of the incident light to SP's, and
an additional factor of 290 for the resonant coupling in
the Raman scattered light. The net enhancement for case
(1) is then about 4&(10 . The dielectric constant of the
Ag film assumed in this analysis is —10.79 + i0.33,
which should give a higher enhancement than we deter-
mined for case (1) for Brillouin scattering, but not enough
to give the factor-of-50 greater enhancement.

VI. CONCLUSION

In this paper, we have analyzed and quantitatively
determined the SP-induced enhancement of surface Bril-
louin scattering from phonons of a thin Ag film in a
Kretschmann ATR configuration. The emphasis in this
paper was on the backscattering configuration in which
the SP resonance is doubly involved, i.e., in both the in-
cident and scattered light. Previous theoretical analysis
predicted that the Brillouin cross section would be greatly
enhanced for such a scattering process. By considering
the conservation conditions governing the interaction be-
tween light and SP's, we have shown that the doubly
resonant Brillouin scattered light emerging back through
the prism is confined to the shell of a cone. The resulting
enhancement in the Brillouin scattering cross section was
measured by comparing the Brillouin scattered intensity
from light on the cone to that for the ER configuration in
which there is no SP participation. The measured
enhancement value of 750 was much greater than the
value of 25 determined previously for the single involve-
ment of SP's. To make a quantitative comparison with
theoretical predictions we adapted the theory of Marvin
et al. " to numerically calculate the enhancement factor.
For a configuration that resembled (but was not identical
to) that used experimentally, we calculated an enhance-
ment factor of 800, in good agreement with our measure-
ment. There were a number of factors and corrections
both in the measurement and in the calculation that have
to be carefully analyzed to obtain the quoted enhancement
values, and these were dealt with in detail in the paper.

To place our measurement of enhancement in context
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we reviewed the literature for similar attempts using Ra-
man scattering from adsorbates. Such experiments suf-
fered from the difficulty of measuring the weak Raman
signals from molecular monolayers, particularly for the
unenhanced case, and various subterfuges had to be em-
ployed. We can conclude that Brillouin scattering offers a
distinct advantage since both the enhanced and
unenhanced signals could be directly measured. In addi-
tion, the confinement of the ripples of the acoustic waves
to the surface meant that they were ideal candidates for
probing the peak fields of the SP's.

We have emphasized that the SP enhancement factor
depends strongly on the conditions under which the exper-
iment is performed. Our experiments demonstrate the
very different enhancement values obtained for the for-
ward and backward scattering configurations. In addi-
tion, the enhancement value is very sensitive to the imagi-
nary part of the dielectric constant which is, from our ex-
perience, strongly dependent on the surface quality of the
metal film. This sensitivity of the enhancement to the
material properties means that it is only possible to prop-

erly analyze data for which the dielectric constant of the
particular film is measured.

In terms of a practical technique for increasing surface
Brillouin scattering cross sections this method has a num-
ber of limitations. It is restricted to thin films and to ma-
terials that support SP's, notably the noble metals. The
thin-film restriction could be overcome by working in the
Otto' geometry. However, more importantly, our work
serves as a powerful adjunct to the numerous experiments
that have attempted to characterize the role of SP's in

enhancing surface optical processes.
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