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The results of recent experiments which indicate that surface-enhanced Raman scattering from molecules adsorbed en
coldly evaporated stiver films is associated with cavity sites is interpreted as an electromagnetic field enhancement in re-
gions enclosed by several silver grains, No such enhancement is obtained for a wedge geometry. Cavity sites are seen to be
also strong enhancement centers for resonance optical phenomena such as fluorescence and photochemical yield.

1. Introduction

The role of electromagnetic effects in surface -
enhanced Raman scattering (SERS) and other surface-
enhanced electromagnetic processes is now well estab-
lished [1]. It is also generally believed that these elec-
tromagnetic effects cannot account for all the observa-
tions made on SERS and that some (12 orders of
magnitude) of the observed enhancement may be due
to chemical effects (i.e. electronic interactions between
the substrate and adsorbate) like those suggested by
the adatom model [2}. Recent SERS experiments on
coldly deposited silver films [3,4] indicate that mole-
cules which give the stronges SERS signal are located
ot on top of protrusions or within large scale grating
structures (which are the favorite models of the elec-
tromagnetic theory of SERS) and also not on top of
adatoms but rather in pores or crevices which were
shown to exist on such coldly deposited films. In ref.
[3] these pores are envisioned as narrow crevices 10—
30 A wide and ~150 A deep. However, the direct
implication of these experiments is only that the most
Raman active molecules are located as sites which are
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hidden to surface probes such as UPS and are also
not accessible to the adsorbate in direct low-temper-
ature (10—15 K) deposition. These sites are occupied
at higher temperature (120 K for pyridine) due to
surface migration of the adsorbate, leading to a sub-
stantial increase in the SERS signal.

While chemical interactions are expected to be
stronger on some special sites such as kinks, steps or
adatoms, it is hard to see their special role in such
cavity sites. On the other hand, the local electromag-
netic field intensity is strongly dependent on the local
morphology and it is of interest to examine this inten-
sity in different forms of cavity sites in comparison to
flat surface and to protrusion sites. Recent calcula-
tions by Albano et al. [3] on surface plasmons in short
period sinusoidal grating and by Wirgin and Lopez-Rios
on electromagnetic resonances in a metallic surface
with a periodic array of deep narrow one-dimensional
grooves {5] indicate that the field in the deep channels
of these periodic structures may indeed be very strong.
It is unclear however to what extent the periodicity of
the structure studied is essential for the existence of
this behavior.

In this paper we examine two models of a “cavity
site” in order to elucidate the role that may be played
by such sites in SERS and other surface optical phe-
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Fig. 1. Different configurations considered in the text. In (a)
the cavity site is identified as the bottom of a conical wedge
while in {b)}-(d) it is taken to be a site which is partly enclosed
by several grains.

nomena. The first model consists of a wedge (fig. 1a)
which may be thought of as an approximation to the
cavitey site suggested by Albano et al. {3]. The second
model is a cluster of touching or neatly touching
spheres (figs. 1b—1d) where the “cavities” are identified
with regions partly enclosed by these spheres. In the
calculations described below we invoke the electro-
static approximation implying that the electromag-
netic field wavelength is much longer than the dimen-
sion of the structure studied. We find that the wedge
structure generally leads to reduction of the field
intensity relative to the incident field while in a cluster
of spheres there are **hidden locations™ where the field
intensity may be considerably larger (by up to two
orders of magnitude) than that in the outside regions
which itself is strongly enhanced, near the dielectric
resonance frequency, relative to the incident field.

2. The conical wedge

We consider the system displayed in fig. 1a where
medium 2 is a metal and medium 1 is usually vacuum,
air or water.

We seek solutions to the Laplace equation

V=0, (1)
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which satisfy the boundary conditions implied by fig,
la and for simplicity we limit ourselves to solutions
which are invariant to rotations about the Z axis.
Inserting

P=R()T(O) (2)

into eq. (1) written in the form

13 3 ) | a( 3 )
_—_ 22 + — { — =
;2 ar(’ ar ) e\ ®)=0 G

The equation becomes separable. The equation for R
is solved by

R=rv (r=0) (4)

and the corresponding equation for T is the Legendre
equation

& (-G e =0, (5)
where

X=cosb. (6)
The solution of eq. (5) is

Tx)=Fw +1,-v,1,7), (N
with

n=3(1 - Ix0), (8)

where F(a, b, ¢, 2} is the hypergeometric function.
Denoting

y=cosf, 9)

the sclutions of (1) take the form

d=rvFrv+1,-v,1,5(1 — x)), fory<x<l;
=OYF+1,-v, 1,501 +x)), for -1 <x<7.
(10)

Continuity of ® necar 8 = 8 requires that

C=Fw+1, v, 1,31 —y)FE+1, - 1,350 +~r))),
(11

while continuity of the 8 component of the displace-
ment field near & = §

[dF(+1, -v, 1,5(1 ~ x))/dx] .,

=eC[dFp+1, —v,1,3(1 +x))/dx]x=_~y (12




i volume 111, number 4.5

AT E LTS e

- (where € = €5/€) leads to

F@+1, 0, 1,41+ M FE+2,1 2,230 - 7))

CHEMICAL PHYSICS LETTERS

F(V+ l!“”: 11%(1 _7))F(V+291 - V,2,%(l + 7)),

(13)

. where we have used the relation

;—' dF(a, b,c, 2)/dz =(abjc)Fa+1,b+1,c+1,z}.

(14)

Eq. (13) may now be used to examine the behavior

of the electric field as a function of the distance from
- the wedge bottom. More specifically we look for values
- of the dielectric function e which can sustain solutions

with 0 << v < 1. Such solutions correspond to a diver-

| gence of the field at the wedge bottom, similar to that

obtained at the tip of a protruding cone.

In fig. 2 we show » obtained from (13) as a func-
tion of € for different vatues of y. We see that for
> 0(conical pore) the range of real € which corresponds
to a diverging fieid at the bottom does not overlap
the dielectric function of silver (Re € << —1 for fre-
quencies in the visible range). This is in contrast to
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Fig. 2. The radical exponent v (eq. (4)) as a function of the
(real) diclectric constant ¢ for different values of v = cosg
(8, the conical wedge angle; y < 0 corresponds to a conical
protrusion). The jines corresponding to conical pores: v =
0.2(—) v=0.5(-—-)and v = 0.9 (...) show that values
of ¢ that can support v in the range 0-1 are confined to the
fange -1 < e < 1. Only for conical protrasions: y = —-0.3
(—— - yand y = 0.9 (———-) does e < —1 correspond to
0<v<t

9 November 1984

the conical protrusion (y < 0) where conditions for
large field near the tip are easily satisfied by the bulk
dielectric functions of many metals. We conclude

that the geometry of fig. 1a cannot explain the results
of the experiments discussed above.

3. Cavity sites in cluster of spheres

In order to study the local fields in structures like
those displayed in figs. 1b—1d we use the formalism
presented by Liver, Nitzan and Freed [6] (based on
Bergman’s theory of electrostatic resonances in com-
posite dielectric systems) [7]. For a system of N — 1
grains characterized by dielectric functions € (w),
€5(w)...€y _y(w) imbedded in an infinite medium
with dielectric function €p(w) and subjected to the
influence of some charge density p(r) the potential
W(r)at any point r is obtained in the form

N-1
VO = e 4o (0t D 20 G, (19)
where
u, =1 —¢,fep, (16)
Y, (r)=4n fd3r' G(r|r) p(r). (7
G(riry=1an(r —r). (18)

¥, .(r) are the eigenfunctions of the vperator G,
defined by

Gy W)= [ @39,V Gr IV Ye) . (19

where 8, is a step function which vanishes outside
grain ¢ and is equal to 1 inside it. Thus

Ga‘ llbaa = sﬂa \baa )

For a spherical grain of radius r, the index a represents
the pair of integers (/,m) (=12 .,m = -/, .. 1) and

IJ'Jm!m('“) = (lra21+l)—1/2 ! Yu‘m(ﬂ) + rsorg,

= (!raZHl)*le (-"2“1/’“']}?»1(“) s

(20)

i

rargs

(21)
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Saim =121+ 1). (22)
Finally the expansion coeffieients C,  are given by
c=exta-a7 ! b, (23)

where C is the vector of C,, coefficients, Q is a matrix
whose elements are defined by

Guaitp =1, St [437 8, Vg (- V() (24)

and the elements of the vector D are given by

Dyo = [ 437 0,() V30 (n)- V0,0). (25)

Explicit expressions for Qppy, .3 ' and Dy, for spheri-
cal grains are provided in ref. [6]. Given these we
evaluate C,, from eq. (23) by truncating the infinite-
order multipole expansion at any desired order. The
potential (or its spatial derivative — the local field) at
any point 7 in the system is obtained from (15) using
truncation at the same order. The convergence of this
truncation procedure is discussed in ref. [6]. In the
present work we are interested in the response of the
system to a homogeneous incident field (representing
an electromagnetic field whose wavelength largely
exceeds the dimension of our system). This is simply
achieved by putting the charge distribution (taken to
be a point charge or a point dipole) very far from the
system. We then calculate enhancement ratios such
as

) =199y, (i=x,y,2).  (26)

In the calculations reported below we use spherical
silver particles for which we use the bulk dielectric
function of silver [8]. Simple corrections to the di-
electric function which take finite size effects into
account may be introduced but do not change the
conclusions reached here.

Fig. 3 displays the enhancement ratio n, as a func-
tion of light frequency w for a system of two identic-
al spheres (x is the direction of both the incident field
and the line connecting the sphere centers). The
distance between the sphere centers is 2.2 in units of
the sphere radius. (These units are used in all follow-
ing discussion.) Here and in the following calculations
we truncate the multipole expansion after / = &.
Convergence at this / was tested and found to be very
good. We compare the enhancement ratios at two
locations (denoted a and b in the inset): one at exactly
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Fig. 3, The enhancement ratio ny as a function of the incident
frequency at twolocations (denoted by a (full line) and b (dashed
line) in the inset) near a cluster of two silver spheres. The
dash-dotted line gives similar results for a molecule in a sim-
ilar configuration near a single silver sphere.

the midpoint on the line connecting the two spheres
(essentially a cavity site) and the other on the same
bispherical axis, on the outer side at distance 0.1 from
the sphere surface. In fig. 4 we present similar results
for a system of four identical spheres. The sphere cen-
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Fig. 4. The enhancement ratio ny as a function of the incident
frequency at two locations (marked a and b in the inset) neas
a cluster of four silver spheres.
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Fig, 5. The enhancement ratio my in the configuration of fig.
4 as a function of the distance z along the line connecting the
center of sphere 4 with the center of the 123 face.

ters lie on the corners of a tetrahedron (see inset) of
side length 2.2. 0, iscalculated at the center (a) of the
123 face and at a point (b) lying outside the tetra-
hedron at a distance of 1.25 from the center of sphere
3 along the line connecting the center of sphere 3 with
the center of the 123 face. (This is also the distance
of point a from the sphere centers.) In fig. 5 the en-
hancement ratio 1, in the configuration of fig. 4 is
plotted as a function of distance along the line con-
necting the center of sphere 4 to the center of the 123
plane (z axis in the inset of fig. 4). In this figure the
origin is taken as the center of the 123 face (point a
of the inset of fig. 4) and the center of sphere 4 lies

in the —z direction.

I is seen that for these clustered sphere configura-
tions the local field is substantially higher in the space
confined between the spheres which is largely hidden
to normal surface probes and thus constitutes a cavity
site. Such an effect has already been reported for the
two-sphere systems by Aravind, Nitzan and Metiu [9].
This is in contrast to the conical wedge like geometry
discussed in section 2. It should be stressed that the
enhancement ratio (26) is defined for the field inten-

sity and that the enhancement of the Raman scattering

signal will be roughly the square of this quantity. The
electromagnetic cavity site enhancement is thus seen

to be related to the plasmon resonance of the clustered

grain system where the field is secn to be more focus-
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Fig. 6. Non-radiative decay rate of a molecule as a function
of the molecular frequency at different locations and ofien-
tations near a two-silver-sphere cluster. The different con-
figurations ate shown in the inset with the double arrows
denoting the position and orientation of the puint polar-
jzable particle representing the molecule, The sphere radii
are 100 A and the distance between their centers is 220 A.
The molecule is located at a distance of 10 A from the
surface of the nearest sphere along the line joining the sphere
centers.

sed and thus stronger in regions of near contact be-
tween these grains.

For many applications which involve resonance ex-
citation of the molecule {e.g. photochemistry [10]}
the net surface effect on the molecular response to an
incident radiation results from the balance between
the local field enhancement and the surface induced
damping of the molecular excitation. For this reason
it is of interest to compare also this damping rate at
different sites. Results of such calculations {based on
the procedure developed by Liver et al. 16]) are shown
in fig. 6. By comparing these results to those of fig. 3
it is seen that even though both the local field and the
damping rate are larger between the spheres than on
the outside, the enhancement of the local tield be-
tween the spheres is considerably stronger than that
of the damping rate. Cavity sites are thereforc expected
{0 be favorable also for enhancement of resonance
optical processes such as fluorescence and photochem-
istry.
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4. Conclusion

The stronger SERS signal suggested by recent ex-
periments to be associated with cavity sites in coldly
evaporated porous silver films is consistent with the
stronger local ficld enhancement obtained in the pres-
ent calculation for cavities enclosed by several touch-
ing or nearly touching small spheres. No such enhance-
ment is obtained for a wedge like geometry which is
adversely affected by an inverse lightning rod effect.
Such cavity sites were shown by the present calcula-
tion to give stronger enhancement of resonance op-
tical phenomena.
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