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a third body is needed to stabilize the reaction complex. 
In this instance the Ar buffer gas would serve as a third 
body to remove excess energy from the newly formed 
transient product. Although our present data do not give 
positive proof that a third body is needed for stabilization, 
in view of the discrepancy between the present results and 
those obtained in ref 4, it may be likely. Further, the 
results of Tiee et al. are in closer agreement with the results 
of this study, and it is apparent that total pressure dif- 
ferences lead to different rate constants. To resolve this 
conflict, reaction rate experiments may be carried out 
utilizing other buffer gases. It is known that different 
buffer gases lead to different atom and free-radical re- 
combination rate constants. These same effects should 
occur for termolecular moleculemolecule reactions as well. 

Conclusion 
The overall vibrational relaxation rate constant in the 

bending manifold for CFCl in Ar was found to be k, = (6.8 
f 0.7) X cm3 molecule-l s-l. This rate constant may 
prove to be useful in the correlation of vibrational relax- 
ation studies. However, state-to-state relaxation studies 
should be performed to determine the exact mechanism 
for this relatively fast relaxation. Finally, it is hoped that 
the rates of reaction of CFCl with the nitrogen-oxygen 
compounds will aid in the formulation of more accurate 
models for stratospheric chemistry. 
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When a thick layer of Raman active molecules is deposited on a rough metal surface, on metal colloid particles, 
or on a metal island film, in a surface enhanced Raman scattering (SERS) experiment, the dielectric properties 
of the molecular layer should affect the observed scattering. This effect is expected to be large for resonance 
Raman scattering, where the dielectric function of the molecular layer is appreciably different from unity. This 
effect is studied within the coated-sphere model. A rich structure is predicted for the frequency dependence 
of the enhancement ratio in the resonant case. In addition, the coverage dependence of SERS is predicted 
to be substantially different in the resonant and nonresonant cases. 

Introduction 
The discovery of surface enhanced Raman scattering 

(SERS)' and the realization that a t  least part of the effect 
is due to intensified local electromagnetic field experienced 
by the adsorbed molecules2 have led several workers to 
consider surface effects on other electromagnetic phe- 
nomena involving adsorbed molecules. The effect of 
smooth metal surfaces on the lifetime of excited adsorbed 
molecules (shortening of lifetime due to energy transfer 
to surface plasmons) has been known for some time,3 and 
recent theoretical work has considered similar effects on 
the lifetime of molecules adsorbed on dielectric  particle^.^ 
Enhanced adsorption and luminescence by molecules ad- 
sorbed on metal island films have been recently reportedw 
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and theoretically in~est igated.~#~ Nonlinear optical pro- 
cesses are also expected to be enhanced on appropriate 
surfaces, and, indeed, enhanced second harmonic genera- 
tion has been recently observed.'O Finally, it has been 
suggested that enhanced photochemistry may be observed 
under appropriate conditions.ll 

It has been pointed out11J2 that important differences 
exist between processes like SERS, which are nonresonant 
as far as the adsorbed molecule is concerned, and processes 
in which the incident radiation is in resonance with the 
molecule, e.g., adsorption and consecutive processes in- 
volving the excited molecule. One such difference arises 
from the role played by the adsorbed molecules in modi- 
fying the dielectric environment of the substrate. In 
nonresonant processes this modification is small and only 
weakly frequency dependent, and therefore the molecular 
layer covering the substrate behaves approximately as an 
inert dielectric; in fact, the dielectric properties are de- 
termined mostly by the solvent (e.g., water or rare gas 
solid). Indeed, all theories of SERS disregard the con- 
tribution of the optically active adsorbate to the dielectric 
function of the medium surrounding the substrate. 
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Figure 1. Coated-sphere model. 

When the incident radiation is close to resonance with 
the molecular transition, this contribution can no longer 
be disregarded, unless adsorbate concentration is very 
small. Indeed, it has been demonstrated both theoretically 
and experimental196 that the spectral behavior of dye- 
coated metal particles is profoundly different from that 
of the free metal particles. 

In this paper we study the effect of the dielectric 
properties of the adsorbate layer on local field, absorption, 
and Raman scattering in this layer. We focus attention 
on the difference between resonant and nonresonant op- 
tical processes, and we demonstrate that the dielectric 
properties of the molecular coating may have a dramatic 
effect on surface enhanced resonance Raman scattering 
as well as on other resonance optical processes. 

Model and Analytical Solutions 
With the aim to demonstrate the effect of adsorbate 

dielectric properties on resonant electromagnetic phe- 
nomena in the simplest way, we chose the coated-sphere 
model (Figure 1) in the electrostatic (particle small relative 
to wavelength) limit. The same model, as well as its 
generalization, the coated-spheroid model, has been used 
by others to interpret the absorption spectrum of dye- 
coated silver  island^.^^^^^ In most calculations reported 
below, we use for the dielectric function of the sphere the 
bulk dielectric function of silver. The coating is repre- 
sented by the Clausius Mossotti function 

1 + (8n/3)Na 
(1) 

where N is the number density of the optically active 
adsorbate molecules and where a = a(w)  is the molecular 
dynamic polarizability, taken to be 

(2) 

a. is the static molecular polarizability, oo is the molecular 
resonance frequency, and r is the associated molecular 
damping rate. The use of eq 1 for the dielectric function 
of the molecular layer as well as the use of the bulk di- 
electric function of silver to represent a small silver sphere 
are obviously only very rough approximations. Conven- 
tionally introduced corrections-modifying the imaginary 
part of the dielectric function of the metal core to account 
for finite size effects and adding a constant to the right- 
hand side of eq 2-do not affect our qualitative conclu- 
sions. (More important is the anisotropy expected in the 
dielectric response of the thin molecular coating which is 
not accounted for in the model given by eq 1 and 2.) 

In the electrostatic approximation, the electromagnetic 
properties of this model are obtained by solving the La- 
place equation with the proper boundary conditions at the 

= 1 - (4a/3)Na 

= aowo2/(wo2 - o2 - iwr) 

two interfaces. Here, we present only the final relevant 
results. 

The local field within the dielectric shell averaged over 
the volume of the shell is given by 

where 

€2 - €3 

t2 + 2c3 (44  r = -  €1 - €2 

€1 + 2e, 
s = -  

and where 
q = (a + b ) / b  (4b) 

The same local field at the surface of the sphere aver- 
aged over this surface is given by 

The absorption cross section within the shell,13 per 
molecule, is given by 

where c is the speed of light. 
The result (6) may be compared to the absorption cross 

section per molecule of a small sphere characterized by the 
dielectric function c2 (eq 1). This is obtained from eq 6 
by replacing ( IE12)/IEo12 by the corresponding expression 
for a sphere, i.e., 13/(€, + 2)12. The result is 

which is the same as the absorption cross section of a single 
isolated molecule. 

Finally, we may use eq 1 and 2 to obtain the absorption 
cross section, per molecule, obtained from bulk measure- 
ment on the adsorbate medium. The result is (see, e.g., 
ref 14, eq 7.55) 

Next, we consider Raman and resonance Raman scat- 
tering. We consider a molecule located at a distance R,  
a < R a + b, from the center of the spherical core of 
Figure 1. The molecule is taken to have a scalar polariz- 
ability a (a is taken to be a scalar to be consistent with 
the use of eq 1 and 2 for t2(w)). We also assume that the 
Raman scattering process is incoherent; i.e., the total 
scattering intensity is assumed to be the sum of intensities 
associated with the individual molecules. In evaluating 
the latter, we take account of the fact that each molecule 
is imbedded in a medium of dielectric function €,(a). 

Even though the problem may be solved exactly within 
the classical theory in the electrostatic limit, we simplify 
things further by neglecting image terms arising from the 
interaction of the molecular dipole with the field associated 
with the polarization of the rest of the system by the same 
dipole. Image contribution to the SERS effect is usually 
quite small. The calculation then consists of first evalu- 

(13) Note that this is the absorption by the molecular coating only (not 
by the dielectric core), which may be followed in principle by monitoring 
the fluorescence excitation line shape. 

(14) J. D. Jackson, 'Classical Electrodynamics", Wiley, New York, 
1975. 
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ating, at the molecule position, the local field resulting from 
the incident field at frequency w. This local field gives rise 
to a dipole p = at  the molecule. Secondly, assuming 
that p oscillates with the emission frequency w', we cal- 
culate the total dipole ptot(w') induced by 1.1 in the coat- 
ed-sphere system. The light scattering associated with pbt 
is the desired Raman scattering intensity. 

The calculation described above is quite similar (though 
involving a somewhat different boundary value problem) 
to other calculations of the electromagnetic theory of 
SERS.2 The result of the total dipole induced in the 
system for a molecule located in region 2 on the z axis is 

where 

The enhancement ratio p associated with the total Ra- 
man scattering is obtained from p = l1.1"~1~/1aE~1~. Aver- 
aging over all directions, we get 
P(R) = 

I ~ ~ ( w ' ) / € ~ ( w ' ) ~ ~ ( ' / ~ I A ' ( w )  AL(w')I2 + 2/31A1'(w) Al1(w')l2) 
(11) 

p(R) is the enhancement ratio for a molecule located at a 
distance R (a < R < a + b) from the sphere center, aver- 
aged over all angular directions. The enhancement ratio 
averaged over the molecular shell is 

3 bdR R2p(R) 
P =  (12) 

(U + b)3 - a3 

Numerical Results and Discussion 
In the calculations reported in this section, we use a 

silver sphere of radius a and a spherical coating of thick- 
ness b, characterized by the density of optically active 
molecules N ,  and their static polarizability ao, resonance 
frequency wo, and resonance width r. Unless otherwise 
stated, we take N = 2 X 1021 ~ m - ~ ,  y = 0.003 eV (a rea- 
sonable homogeneous level width for a large molecule in 
condensed phases), and cyo = cm3. The dielectric 
function of silver is taken from the results of Johnson and 
Christy. l5 

In Figure 2 we display the surface average of the local 
field on the sphere surface for several coating thicknesses. 
In Figure 2A wo = 3.5 eV (which is the same as the fre- 
quency of the dipolar resonance of a small silver sphere) 
and in Figure 2B wo = 3.25 eV. The main points to notice 
are (a) the damping of the local field enhancement a t  w 
= 3.5 eV for increasing coating thickness in the resonance 
case (Figure 2A) and (b) the double-peak nature of the 
local field a t  the molecular resonance (most pronounced 
in Figure 2A), which is related to the splitting in the ab- 
sorption spectrum shown below. 

Figure 3 shows the absorption cross section (per mole- 
cule) for an isolated molecule, for a small dielectric sphere, 

(15) P. B. Johnson and R. W. Christy, Phys. Reu. B, 6, 4370 (1972). 
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Figure 2. Surface average of the local field on the sphere surface in 
the coated-sphere model. t, is taken as the bulk dielectric function 
of silver; t2 is calculated from eq 1 and 2 with the molecular param- 
eters given in the text. e3 = 1. Coating thickness: b = O.Ola (-): 
b = O.la (---): b = 0.4a (..e). A: wo = 3.5 eV. B: wo = 3.25 eV. 

for a dielectric bulk, and a dielectric shell (el = t3 = 1; b / a  
= 0.1). In all of these cases the dielectric medium is 
characterized by t = t2 (eq l ) ,  and wo = 3.5 eV. Figure 4 
depicts the absorption cross section (per molecule) of a 
molecular shell ( b / a  = 0.1; t2 given by eq 1) around the 
silver sphere, for two molecular concentrations. Note that 
the low concentration limit is equivalent to the calculation 
done for a single molecule near a sphere. 

It is seen that (a) the enhancement of the absorption 
cross section observed for the isolated molecule near the 
silver particle is damped in the coated-sphere system, 
particularly in the resonant case, and (b) the splitting in 
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Flgure 3. Absorption cross Section (per molecule) for a small dielectric 
sphere (-), a dielectric hollow shell (. * .), and a dielectric bulk (- - -) 
made of these molecules. N = 2 X lo2' ~ m - ~ ,  ad = lo-' cm3, y = 
0.003 eV, wo = 3.5 e V .  

, 
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Figure 4. Absorption cross section (per molecule) of a rolecular shell 
(6 = 1 . h )  on a silver sphere: (-) wo = 3.5 eV and N = 1 X 10'' 
~ m - ~ ;  (---) oo = 3.25 e V  and N = 1 X 10'' cm-? ( . . e )  wo = 3.5 
e V  and N = 2 X lo2' ~ m - ~ ;  (-. -) wo = 3.25 e V  and N = 2 X lo2'. 

the absorption spectrum of dye-coated silver particles 
observed experimentally and theoretically in earlier 
 work^^!^^^ is a property of the shell geometry rather than 
of the molecular shell-metal sphere interaction.16 Indeed, 

(16) Professor M. Kerker has informed us of similar observations ob- 
tained in the coated-sphere and coated-spheroid models. It is interesting 
to note that in ref 9, where e ( w )  is taken to be linear in a ( w )  of eq 2, a 
double-peak absorption is obtained even for a sphere with L = e,(@) and 
is associated with two solutions to the equation e&) = -2 for the reso- 
nance frequency. If eq 1 is used for cz(w), the equation ep(w) = -2 has no 
solution. 
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Flgure 5. Raman enhancement ratio for a single molecule located at 
R = 1.02a under vacuum (e2 = e3 = 1) outside a silver sphere (-) 
and for the same molecule embedded In a dielectric shell (6 = O.la) 
(---), wo = 4.2 eV; w' = w - 0.125 eV. N = 2 X 10" ~ m - ~ .  

a closer examination of eq 3 reveals two poles in this ex- 
pression as a function of e2 even when c1 = c3 = 1. 

Turning our attention to the Raman scattering, we note 
that the enhancement factors A(@)  (eq 10a,b) become for 
t 2  = €3 

A L  = 1 + 2 4 ~ i a l - 3  (134 

These factors have the same form as in the case of a single 
molecule located at  a distance R from the sphere center 
(in the absence of a molecular coating). Note, however, 
that, when the coating is present, s is associated with the 
polarizability of the spherical core if this core is imbedded 
in an infinite medium made of the molecular dielectric. 
Another modification of the Raman enhancement ratio 
results from the second factor 

(14) 

which is related to the local field seen by the Raman active 
molecules (compare eq 3 and 5). Resonance effects asso- 
ciated with this factor are similar to those discussed above 
in relation to the field enhancement. It is seen, for exam- 
ple, that the factor r (which is essentially the molecular 
line shape) appears in the denominator of X and may thus 
lead to reduction in the scattering intensity if /2srl >> q3. 
It should be kept in mind, however, that the total mag- 
nitude of the ratio p results from several contributions. 
The resonance Raman scattering from a hollow molecular 
shell (without the metal core) already shows the peculiar 
features associated with the double-peaked field en- 
hancement ratio discussed above. This is the main con- 
tribution to the structure seen near 4.2 eV in the dashed 
line of Figure 5. When the molecule is close to resonance 
with the dipolar plasmon of the inner core, a rich structure 
is obtained as seen in the dashed line of Figure 6. 

Another interesting observation is related to the coverage 
dependence of SERS. When the calculation is done dis- 
regarding the, dielectric function of the molecular coating, 
the coverage dependence is determined by the distance 
dependence for a single molecule 85 given by eq 13. When 
the factor X is taken into account (eq 11 is proportional 

X 3q3/[(tz/t3 + 2)2 + (43 + 2sr)l 
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Figure 6. Same as Figure 5 for wo = 3.5 eV. 

3 

to IX(w) X(w')l), there is an additional contribution to the 
coverage dependence in the fadon q3. Far from resonance, 
q3 >> 2sr, these factors cancel. However, close to resonance, 
when q3 << %r, X is proportional to q3 which increases with 
coverage. This behavior is seen in Figure 7, where the 
enhancement ratio p as inferred from the total Raman 
scattering from the molecular shell (eq 12) is plotted' as 
a function of the shell thickness. For molecule resonant 
(yo = 3.5 eV) and nonresonant (wo = 4.2 eV) with the 
dipolar plasmon of the silver core, we compare the results 
obtained for two molecular concentrations: N = 1 X 10l8 
cm-3 and N = 2 X 1021 cmS. In the low-concentration case 
t2 N 1 in both the resonant and the nonresonant cases (so 
they are equivalent to the single molecule near a sphere 
model) and both lead to almost the same coverage de- 
pendence which is similar to that observed experimen- 
tally.17 In the high-concentration case, the nonresonant 
molecules behave similarly to those discussed above. 
However, for resonant molecules we predict an initial rise 
in the coverage dependence of p and a much slower re- 
duction in higher coverages. Note that the limiting value 
of p a t  (a + b ) / a  - m is not unity but a value which is 
related to the difference between the Raman scattering of 
an isolated molecule and that of a molecule imbedded in 
a medium with dielectric function t2. The predicted dif- 
ference between the coverage dependence of SERS in the 
resonant and nonresonant cases should be amenable to 
experimental verification. 

Conclusion 
Surface effects on Raman scattering by adsorbed mol- 

ecules are expected to be different for resonance Raman 
scattering compared to the usually studied regular Raman 
phenomenon. Our results indicate that part of the dif- 

(17) J. E. Rowe, C. V. Shank, D. A. Zwemer, and C. A. Murray, Phys. 
Reu. Lett., 44, 1770 (1980); D. A. Zwemer, C. V. Shank, and J. E. Rowe, 
Chem. Phys. Lett., 73,  201 (1981); C. A. Murray, D. L. Allara, and M. 
Rhinewine, Phys. Reu. Lett.,  46, 57 (1981). 
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Figure 7. Raman enhancement ratio p for a spherical shell of thick- 
ness b around a small silver sphere as a function of coating thickness: 
(-) wo = 3.5 eV and N = 1 X 10" cm-? (---) wo = 4.2 eV and 
N= 1 X 1018cm3; (.e.) o o = 3 . 5 e V a n d N = 2 X  102'cm3; (---) 
wo = 4.2 eV and N = 2 X lo*' ~ m - ~ .  Other molecular parameters 
are the same as in the former figures. The insert shows the high 
thickness behavior of the wo = 3.5 eV and N = 2 X 10" ~ m - ~  case. 
In all cases w = 3.5 eV and w' = w - 0.125 eV. 

ference between resonant and nonresonant electromagnetic 
phenomena involving adsorbed molecules may result from 
the influence of the adsorbate layer on the dielectric en- 
vironment of the substrate. The structured frequency 
dependence of the internal field in the adsorbate shell leads 
to a highly structured frequency dependence of the reso- 
nant Raman cross section. Large differences in the en- 
hancement ratio may be observed at slightly different 
frequencies. Furthermore, the coverage dependence of 
SERS is predicted to have a different qualitative behavior 
in resonance and nonresonance cases. 

The effects discussed here are not the only ones by 
which resonance and nonresonance SERS differ from each 
other. Other effects, related to surface induced damping 
of the molecular resonance, are discussed elsewhere."J2 

Note Added in Proof. Wang and Kerker (Phys. Rev. B 
(1982)) have very recently used a model similar to the one 
presented here (with some calculations done also on 
spheroidal shapes) to study the extinction cross section and 
the luminescence of small dye-coated metal particles. 
Similar models have been used in other contexts (H. Chew, 
M. Kerker, and P. J. McNulty, J. Opt. SOC. Am., 66,440 
(1976); M. Kerker, ibid., 65, 376 (1975)). Earlier works on 
concentric spheres is cited in these references. 
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