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Using a general formulation we show that by using surface electromagnetic waves in an
attenuated-total-reflection prism configuration it should be possible to enhance the inten-
sity of Raman scattering by a thin overlayer on a Ag surface by two orders of magnitude
and that the use of surface electromagnetic waves may in fact make it possible to ob-
serve coherent anti-Stokes Raman scattering by the overlayer.

There is a continuing interest in the possibility
of observing the Raman spectra of adsorbed lay-
ers on metal surfaces. ' ' Greenler and Slager'
have recently reported the observation of well-
defined, albeit weak, Raman scattering by a 50-
A overlayer of benzoic acid on an evaporated Ag
film using the 4880-A line of an argon-ion laser
in an external-multiple-reflection scattering con-
figuration. They suggest that, in the case of a
strong scatterer such as benzoic acid, one should
be able to observe the Rarnan spectrum of over-
layers of the order of 10 A in thickness. In this
Letter we show that by using surface electromag-
netic (SEM) waves as the incident and scattered
electromagnetic radiation in an attenuated-total-
reflection (ATR) prism scattering configuration
it should be possible to enhance appreciably the
intensity of Raman scattering by a thin overlayer
on a metal over that in an external reflection (ER)
scattering configuration. We show furthermore
that, by using SEM waves, it may, in fact, be
possible to observe coherent anti-Stokes Raman
(CAR) scattering' by the overlayer.

In an ATR prism configuration, and specifically
the Kretschmann (prism-metal-film-vacuum) con-
figuration, ' with an overlayer at the metal-vacuum
interface, the dispersion curve of the SEM modes,
which differs only slightly from that in the ab-
sence of the overlayer, ' has two branches. As
one sweeps the angle of incidence, at fixed fre-
quency, of a TM-polarized volume electromag-
netic (&EM) wave in the prism one observes a
minimum in the intensity of the reflected wave
(R g, which is associated with a peak in the
electromagnetic field (E „) in the overlayer, ' at
an angle designated as 8 ATR(~). At this angle
there is a strong linear coupling of the VEM wave
with SEM modes of the upper branch of the dis-
persion curve which is associated with the metal-
film-overlayer interface. When the overlayer is
very thin 8»R(cu), R (&u), and E „(~) do not
differ appreciably from their values in the ab-

sence of the overlayer. ' The magnitude of 8„TR(co),
{&), and E,„{~)depend on the thickness d

and complex dielectric constant (e =e'+is") of
the metal film. As shown by Otto, ' the largest
E „and the smallest R ~ occur at an optimum
thickness d, at which the "dielectric loss" in the
metal and the "radiation loss" are equal.

In order to make a direct comparison of the Ra-
man scattering by an adsorbed layer on a metal
surface in the ER and in the ATR prism scatter-
ing configuration, we make use of a formulation
which encompasses both scattering configura-
tions. In the ER scattering configuration (Fig. 1)
TM-polarized VEM radiation is incident at an an-
gle 0;, with respect to the normal to the metal
surface, and scattered TM-polarized VEM radia-
tion is collected at an angle 8, (not necessarily
collinear with 8,), both angles being selected to
yield a maximum scattering cross section. In
the ATR prism scattering configuration, the "in-
cident" SEM radiation is generated by linear
coupling with TM-polarized VEM radiation in the
prism propagating at an angle 8& =8~rR(, ) and
the scattered SEM radiation (not necessarily col-
linear with the incident SEM radiation) in turn
generates TM-polarized VEM radiation in the
prism, at an angle 8, = 8~TR(&up. It should be not-
ed that when we refer to "incident" SEM radiation
and "scattered" SEM radiation we are referring
to EM modes which are predominately SEM mode
in character. Such modes occur when VEM modes
are incident at angle 8, =8A~R(u&) and are in turn
detected when VEM waves are collected at 0,=
8AT&(~g. One could have, of course, pure inci-
dent or scattered SEM modes in a two-prism con-
figuration, but the latter is not practical at visi-
ble frequencies where the propagation length of
the SEM waves is very small (microns) ~

The expression for the differential Raman scat-
tering cross section of a thin overlayer on a met-
al surface, which is applicable to both the ER and
ATR prism scattering configurations, can be
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FIG. 1. Curves of JI'& se&(2 and (G&z~s/e&[~cos8 for the ER configuration and of fI'&„~e&(2= (F,&
+0(2 and

+/&&[2 cos8, = )G~,~o/&&)2cos0~ for the ATR prism configuration versus kII/ko for a thin overlayer on silver,
based on X& = X, = 6471 A. , do = 580 A, ca& =- 19.6+i 0.59, and e~ =2.25.

readily shown to have the form'

d2I ~s 4

Z I Z G.s( „k. )& 6((,, ~l, )r(,(;,k, )E;„i 21 o 8„d+s CR C ct ggv

where oI, p, $, v represents x, y, s with the normal to the metal film along'; uI„uI„and uI,. =&a,. —&u„
and k~ 11, k, 11, and q, 11

=k&
11
—ks11 are the frequencies and the components of the wave vector parallel to the

surface of the incident radiation, scattered radiation, and vibration modes of the overlayer, respective-
ly; 5c is the nonlinear dielectric tensor of the overlayer whose form determines the polarization selec-
tion rules; G and ~ are the Fresnel transfer functions for the scattered and incident radiation, respec-
tively; S is a kinematic "scattering length" which arises from integration over z and which is deter-
mined by the z dependence of the modes participating in the nonlinear interaction and by the thickness
of the nonlinear medium; and only k11 is conserved in the scattering process. In the case of very thin
adsorbed layers, with which we are concerned here, n reduces simply to &l, the thickness of the lay-
er. I" relates the amplitudes of the electric field of the exciting radiation in the overlayer to the elec-
tric field E& of the incident VEM wave either in the vacuum in the case of ER configuration, or in the
prism (medium c) in the case of ATR prism configuration. G relates the electric field of the scattered
VEM radiation, either in the vacuum in the ER configuration, or in the prism in the ATB configura-
tion, to the electric field of the scattered radiation in the overlayer.

The components of the Fresnel transfer functions for TM radiation in the ATH prism configuration
(Fig. i) take relatively simple forms, as follows:

p 4 t P . pr„„„=E,„ /E, „=r„„„o;r„,„=E„/E, „=r„,„o/, ,;

P S/ S~ P P Sj S~ Po,~fcctx Ec ~Efx bc' t fcnx Ecg I Efg ~f~bcug

T„T., exp(ik „'d), ,4k „k„e,(e,s,)'"exp(ik. ,'d)

T„T„exp(ik„'d), , 4k„k„e,(e,e,)' ' exp(ik„'d)

D =(e,k„+e,k„)(s,k„+e,k„)—(s,k„-s,k„)(s,k„-e,k„)exp(2ik„d),

1208



VOLUME 36) NUMBER 20 PHYSICAL REVIEW LETTERS &7 M~~ &976

where the subscripts a, b, c, and f represent
metal film, vacuum, prism, and overlayer, re-
spectively; e, is the dielectric constant of the
medium a, etc; k.,=k„'+ik„"=l.e,(~/c)' —kb']'"
is the component of the wave vector of the EM
waves normal to the interface in medium a; I'„0
and G„o are Fresnel transfer functions in the ab-
sence of the overlayer, which relate the electric
field of the incident and scattered radiation in
medium b at the a-b interface to the correspond-
ing fields in medium c; T„=2k„(c,eb)'"(e, k„
+ebko ) and Rbb (~b kbg eakbg)/(ebkab+ gek gb)

are the Fresnel transmission and reflection co-
efficients, respectively, at the a-& interface,
etc. ; y„(8;) and g„8(8$ are simple angular fac-
tors; and D =0 is the dispersion relation of the
SEM modes in the ATR prism configuration.

At a given &, l, t, p and t"&, p both exhibit peaks
at k ~~(~) =k, sin8~(~) which lies very close to kb
=k, sin8ATR(~). ' For metals such as Ag, with
e,"« Ie, 'I in the visible, the thickness of the met-
al film d, at which lr„o(8,) I' and IGb."(8~)I'
have their largest values, namely d, =lnlR„
xR„Ie /2k. ,", is appreciably larger than the
skin depth of the metal 5&M = 1/2k„".

The components of the Fresnel transfer func-
tions for the ER scattering configuration take the
following form:

rbf.. =(1 Rb.)r:-(8~);

r„,„z=(1+R,.)&„(8,)/e„.

Gfb„„z=(l -R„)g (8$;

Gfb„,z = ef(1+R„)g„,(8$.

Curves giving the dependence of I~&r„l' and
IG„/&fl cos8, onkb at A. , =X,=6471 A for an ER
configuration and for an ATR prism configuration
involving a thin overlayer on Ag are shown in
Fig. 1.' The curves were calculated using &,
= —19.6+i0.59, d =dp =530 A, and e, =2.25.'
nOte that in the ER COnfiguratiOn the Value Of k II

of the incident and scattered ra,diation ranges
from zero to k, =~/c, whereas in the ATR con-
figuration the value of I

II extends to &,'"kp.
The curves for the ER configuration are fairly

flat. The maximum values of Iefr»„ I2 and
IGfb /efI' cos8„which occur at different values
of k[~ (corresponding to 8«- 74' and 8bo- 52', re-
spectively), are 2 ~ 5 and 1.2, respectively. In the
ATH configuration on the other hand the curves
for I&fr f I' = Ir„„"I'and IGf„, /nfl' cos8,
= IG„„b/cf I' cos8, both exhibit very sharp peaks,
atk~~=&, k, sin(8& —

8ATR =43.6), having magni-

tudes of 250 and 4.0, respectively. (Both lr„„ol'
and IG„„'/&fl' cos8, fall. to very small values
when k

II
4 E," kp sin6I&, i.e., when ~; and ~, differ

from 8~.) The enhancement of the (zz) scattering
cross section of the overlayer resulting from the
use of SEM waves is effectively IGbb Or„ol'cos8~/
I Gbfzr fbzl' cos8 ~ = 340.

Since the magnitude of IGf, /nfl'cos8~ (-4.0) is
not much greater than IG» /nfl cos8~ (-1.2),
one can still achieve an appreciable enhancement
in the scattering cross section by using a mixed
ATR prism-EH configuration" in which the inci-
dent radiation is a SEM wave and the scattered
radiation is a VEM wave in the vacuum (medium
b) Th.e enhancement factor resulting from the use
of this mixed configuration, Ir,f (8~)Gfb (8~)l'/
lrbf (8&0)Gfb (8~)I', is approximately equal to 100.
Recent measurement of Raman scattering by liq-
uid benzene in a mixed ATR prism-EH scatter-
ing configuration, in which the benzene served as
the surface inactive medium adjacent to the Ag
film, indicated an enhancement in the scattering
efficiency of = 75."

The appreciable enhancement of the l,z in the
ATR prism configuration provides the possibility
of using CAR scattering spectroscopy to obtain
a further substantial increase in the Raman scat-
tering intensities. In CAR scattering which is
carried out using high-peak-power tunable laser
sources, a fixed-frequency VEM wave at ~, inter-
acts with a tunable VEM wave at ~„via a third-
order dielectric susceptibility, to generate a
scattered VEM wave at +, = 2w, —+, and k, = 2k,
-k, .' The scattering exhibits a resonance when
&o, —&02 =to~ and k, —k = ks, where mz and k„are
the frequency and wave vector of the scattering
modes. In using SEM waves in an ATR prism
configuration, only the parallel components of
the wave vector will be conserved. Furthermore,
since the dispersion of &k„/~~ for the SEM waves
is positive and relatively small, phase matching
is possible at a small angle between the planes
of incidence of the (d, and co, SEM waves. The
CAR scattering corresponds to four EM waves
mixing with three incident waves and one scat-
tered wave. The cross section for CAR scatter-
ing is therefore proportional to Ir(u&, )'r(e, )G(&u, )l'
&& coso, . The use of SEM waves in CAR scatter-
ing at 6471 A by an overlayer on Ag surface would
thus lead to an enhancement of the scattering in-
tensity of the order of -10' over that for VEM
waves. The major limitation to CAR scattering
in the ATR prism configuration is the need to
limit the peak power of the laser sources to avoid
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deterioration of the metal film.
Finally we note that our theoretical formulation

is directly applicable to SEM-wave-enhanced
light scattering by optical and acoustical phonons
in metals. " It is also applicable, with only mi-
nor variation, to the SEM-wave-enhanced sec-
ond-harmonic generation at an Ag-air interface
which was recently investigated by Simon, Mitch-
ell, and Watson" using a Kretschmann prism
configuration. With SEM waves as the incident
radiation at the fundamental frequency v„wave-
vector conservation [i.e., k~, (A@2) = 2kii ((u, )] re-
quires that the second-harmonic generated radia-
tion at v, = 2~, in the metal film be transferred
into the prism at an angle 8,(w, ) = sin '

[k~~ (co,)/
k,e,'~'] which differs appreciably from 8~(cv, ) be-
cause of the large dispersion between ~, and ~,.
As a consequence the enhancement in the second-
harmonic signal which results from the large
value of I',

&
o. at 8&(m, ) = 8~((u, ) is appreciably off-

set by the small values of G~ ' at 8, (&o,) away
from 8~(w, ). This accounts in part for the appar-
ent discrepancy between the observed enhance-
ment and the estimate of the enhancement, which
Simon, Mitchell, and Watson calculated solely
on the basis of the enhancement of the electric
fields at the metal-air interface alone.

We wish to acknowledge the valuable discus-
sions with Dr. J. J. Wynn regarding CAR scatter-
ing.
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