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Recently, some authors have employed a lattice-gas version of the coherent-potential approxima-

tion (LG-CPA) to describe the optical properties of composites formed by the suspension of Ag
grains in a gelatin host. %e sho~ here that a direct approach to structural disorder, based on Roth s

effective-medium approximation (EMA), yields results that are, at least, of comparable accuracy to
those of the LG-CPA. The dependence of the EMA dielectric function on the input parameters that
characterize metal-insulator suspensions is examined and found to be physically reasonable.

I. INTRODUCTION

Suspensions form an important class of disordered
composite materials. ' In these systems, one of the two
constituents exists in the form of isolated inclusions in a
matrix of the host component. The dielectric properties
of suspensions are of interest for a variety of reasons. One
is that composites made of metallic particles embedded in
an insulating matrix are especially efficient absorbers of
solar radiation. s The present paper is concerned with
metal-insulator suspensions. We confine ourselves to a
particularly simple class of materials, those in which the
(metallic) inclusions are spheres of a Axed radius. The in-

teresting features of this problem are related to the strong
scattering properties of the individual grains and the fact
that the grain density need not be small.

The simplest theoretical approach to the calculation of
the dielectric properties of suspensions is the average —t
matrix approximation (ATA). ' (The ATA is often re-
ferred to as the Maxwell Garnett approximation. i) The
utility of the ATA is limited by the fact that it includes
only the effects of dipole scattering by the inclusions and
does not contain any information (beyond the average
packing fraction) about their spatial distribution. Thus, it
is not surprising that the ATA does not describe properly
either the position or the width of the measured absorp-
tion peak in metal-insulator suspensions. Liebsch and co-
workers have recognized the need to improve upon the
ATA and have considered in some detail a Ag-gelatin
composite studied experimentally by Kreibig. Rather
than dealing directly with topological disorder, these au-
thors have proposed a lattice-gas (LG) model in which
structural disorder is replaced by substitutional disorder.
The suspension is modeled as a partially occupied lattice
of spheres (i.e., an alloy of inclusions and vacancies) and
its dielectric properties are calculated using an alloy ver-
sion of the coherent-potential approximation (CPA). The
results of their LG-CPA calculations are in significantly
better agreement with measured data than corresponding
ATA calculations.

In an earlier paper' we have applied Roth's effective-
medium approximation (EMA) to the dielectric response
of structurally disordered suspensions. The EMA pro-

vides a more complete description of correlations in the
arrangement of the inclusions and, therefore, a more accu-
rate description of the plasmon resonance in metal-
insulator composites. %'hile the EMA and LG-CPA
represent quite different approaches, it is of interest to
compare directly the results of calculations based on the
two methods. Such a comparison is made in Sec. II of
this paper. Interestingly, we find that, at least for the
Ag-gelatin suspension considered by Kreibig, the results
of these two approximation schemes are essentially identi-
cal. It is satisfying to see that qualitatively reasonable re-
sults can be obtained using a framework that attempts to
deal directly with structural disorder (i.e., without invok-
ing an ad hoc crystal lattice}.

In setting up an EMA calculation, ' four independent
parameters must be specified. These are (1) j,„, the
highest-order scattering multipole, (2) ri, the inclusion
packing fraction, (3) a, the radius of an individual in-
clusion, and (4) g(R}, the pair distribution function. In
Sec. III, the dependence of the EMA on these parameters
is explored for a slightly simplified model of Ag-gelatin
composites. The position and shape of the EMA absorp-
tion peak depend on these parameters in a way which is
consistent with the physical picture of a system of in-
teracting resonant levels.

II. COMPARISON BET%EEN THEORY
AND EXPERIMENT

Kreibig has measured the dielectric response of a
suspension of silver spheres (radius a=50 A} in gelatin
(eo——2.37}. His data show a well-defined plasinon reso-
nance peak in the absorption spectra. The structure of
this peak provides the basis for our comparison of alter-
nate theoretical approaches. To describe the Ag in-
clusions we use an experimental silver dielectric function, '
which has been modified, to take into account the re-
duced electron mean free path due to defects observed in
the silver. For spheres this small, the resonance is at
ka —=2ma/A, -0.1, which is well within the long-
wavelength regime. In Fig. 1(a) the measured absorption
(P(co) =(co/c)1m[v'e(co)]} is compared with the results of
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FIG. 1. In (a) the ATA, LG-CPA, and EMA (j =1) ab-

sorptions (P(co) =(co/c)1m[V e(co)]} are compared with experi-
mental results (Ref. 5) for 50-A-radius Ag spheres. In (b) the
EMA(j =1) and EMA(j „=2) absorptions are compared
with the same experimental data.

eV. This value of 1/v corresponds to a free-electron path
of about 100 A. Most of the calculations were done for
systems in which the sphere radius a=100 A. At wave-
lengths corresponding to 4.0 eV, the value of ka -0.2 and
we are again within the long-wavelength limit over the
frequency range of interest.

The first issue we examine is the effect of higher-order
multipole interactions. We have already seen in Fig. 1(b)
that, for a system with g=0.21, the inclusion of quadru-
pole terms produces a slight shift in the position of the
absorption peak. To better illustrate this effect, Fig. 2
compares dipole and dipole-plus-quadrupole EMA results
for ri =0.10, 0.21, and 0.30. On physical grounds, one ex-
pects that the influence of the quadrupole terms should
become more significant for larger ri. This effect is clear-
ly evident in Fig. 2. (For r)=0.30, the quadrupole effect
is sufficiently strong that we might expect an additional
contribution from the octopole terms. } To summarize the
behavior of the EMA as a function of packing fraction,
Fig. 3 shows the position of the absorption peak as a func-
tion of the packing fraction for the ATA and the EMA
(j =2). This graph highlights the fact that the shift in
the resonance position is enhanced with increasing pack-
ing fraction.

The next issue we consider is the sphere size and the
role it plays in the calculation. The existence of the
plasmon resonance and its position are due to effects un-
related to the size of the spheres (as long as they are small
with respect to the wavelength}. In Fig. 4, calculations
with a=100 and 200 A are compared. (To avoid confus-
ing two separate effects, the same Ag dielectric function
was used in both calculations, even though the electron
mean free path for the a=200 A spheres is somewhat
longer than that for the a=100 A spheres. ) Similarly, to

ATA, LG-CPA, and (dipole) EMA calculations. As ex-
pected, '" the ATA peak is too narrow and is centered at a
noticably higher frequency than the experimental peak.
The LG-CPA and EMA results are clearly in better agree-
ment with experiment. In Figs. 1(b}, we consider the in-
fluence of quadrupole terms on the EMA absorption peak.
(We emphasize that the EMA is one of very few ap-
proaches which include higher-order multipole effects at
long wavelengths. } While such effects are not expected
to be very important for ri=0.21, the j,„=2 curve in
Fig. 1(b) shows that they are noticeable, and that they
shift the absorption curve toward somewhat better agree-
ment with experiment.

III. METAL SPHERES IN GELATIN

We turn now to a more general exploration of the EMA
predictions for metal-insulator suspensions. To be specif-
ic, we again study Ag inclusions in a gelatin host
(ec——2.37). For simphcity, we use a Drude representation
[e,(~)=eb ~~/(ro +ir0/r)] for the Ag spheres The.
Drude parameters are eb ——5.95, ~~ =9.2 eV, and 1/~=0. 1

FIG. 2. EMA absorption for Ag spheres {a=100 A) embed-
ded in gelatin with j =1 and j =2 are compared for three
packing fractions. (Note that the peak positions for g=0.21 are
at slightly lower frequencies than the corresponding positions in
Fig. I; this is a consequence of the fact that different parameters
were used to represent the dielectric function of the Ag spheres
in the two calculations. )
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FIG. 3. Position of the absorption peak for Ag spheres
(a =100 A) embedded in gelatin as a function of packing frac-
tion for the ATA and the EMA with j,„=2.

FIG. 5. Pair distribution functions used in this paper. The
molten Cu and Percus- Yevick distributions are obtained, respec-
tively, from experiment and calculation. "

keep the packing fraction constant in the two calculations,
g(R) was rescaled for the larger inclusions with the rela-
tion g (A)~g (2R). Note that the two sphere sizes lead to
absorption peaks that are quite similar. This result is due
to competition between two effects: (1) for isolated in-
clusions, larger sphere sizes correspond to broader dipole
resonances, and (2) the distance between the sphere centers
is greater (since rl is held constant) for the larger in-
clusions. Since the two effects scale, respectively, as a
and a, the degree of compensation seen in Fig. 4 is not
surprising. Also evident in this figure is a slight en-
hancement of the structure at the upper edge of the ab-
sorption peak for the suspension of 200-A spheres. We
believe that this is a consequence of the fact that the
length scales characterizing the wavelength and the sphere
diameter (or separation) are closer for the larger in-
clusions.

Finally, we consider the role of the pair distribution
function in multiple-scattering calculations. The calcula-
tions presented in Figs. 1—4 are based on the pair distri-

bution function that describes the arrangement of Cu
atoms in molten Cu at 1150'C.' " Liquid Cu is a typical
close-packed disordered system and the relevant diffrac-
tion data" indicate that its packing fraction is close to
that of the suspensions of interest here (i.e., rl=0.25).
This distribution function can easily be rescaled to treat
systems with other packing fractions. In Fig. 5, the mol-
ten Cu distribution function is compared with a Percus-
Yevick" hard-sphere distribution. We have found that
the EMA shows a physically reasonable dependence on
the choice of g (R). In Fig. 6 we compare the EMA ab-
sorption curves (computed with j,„=2) for the two pair
distributions shown in Fig. 5. The broadening of the reso-
nance in the Percus- Yevick case is due to the fact that this
distribution provides a wider range of nearest-neighbor
distances and is analogous to corresponding effects noted
in Ref. 10. Figure 6 illustrates that the pair distribution
function plays a significant role in the calculation, but the
overall trends of the solution are similar for different dis-
tributions.
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FIG. 4. EMA(j =2) absorption for Ag spheres embedded
in gelatin with q=0.21 for a=100 A compared with the same
for a=200 A.

FIG. 6. EMA (j,„=2, a=100 A) absorption curves calcu-
lated using the molten Cu and Percus-Yevick distribution func-
tions are compared.
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