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Measurements have been made of the absorption of far-infrared radiation by Pd small parti-

cles randomly embedded in KCl. The small particle specimens had Pd volume fractions between

0.001 and 0.1. At volume fractions hf 0.03 and below, the absorption coefficient was propor-

tional to the Pd concentration. The frequency dependence of the absorption coefficient was typ-

ically quadratic below 30 cm ' with a slower dependence above 30 cm '. The absorption

coefficients were about a factor of 10 larger than those calculated from a theory based on elec-

tric and magnetic dipole absorption.

I. INTRODUCTION
In this paper we describe far-infrsred measure-

ments on a model small-particle composite material
and compare the results of these measurements with
calculations. Our samples consisted of - jk-p, m-ra-
dius Pd particles randomly embedded in KC1 at low
concentration. These samples differed from those
studied previously by Tanner, Sievers, and Buhrman'
and by Granqvist, Buhrman, Wyns, and Sievers' in
two significant ways. First, the particles used in the
previous investigations had radii of —100 A while
our particles are a factor of 100 larger. (in very small
particles, size quantization of the electron energies
should cause the dielectric functian of the particle to
differ from that of bulk material, ' while in larger par-
ticles the bulk dielectric function shou1d give a

'

good description of the properties of the particle. )
Second, the earlier studies were done on unsupported
pounder of the small particles; no insulating matrix
was used so that every particle was in contact with at
least one other particle in the powder. In our sam-
ples the particles are supported by the KCl host. A

preliminary account of our work hss appeared else-
where. 4

The proper theoretical description of randomly in-

homogeneous materials has been the subject of con-
siderable discussion in recent years, both because of
the intrinsic interest of random noncrystalline sys-
tems and also because of passible technological appli-
cations of these materials. ' Three lengths character-
ize the optical properties of randomly inhomogeneous
materials: the wavelength of the light, A. , the classical
skin depth of the metal, 5, snd the particle radius, u.
At far-infrared frequencies our samples are in the re-
gime where A. && 8& a. In this long-wavelength lim-

it, and at low concentrations, the far-infrared radia-
tion induces oscillating electric snd magnetic dipoles
on the small metal particles. The electric dipole mo-
ment arises from the polarization of a particle in s
uniform electric field, while the magnetic dipole mo-

ment arises from eddy currents induced by a time-
varying, uniform magnetic field. According to classi-
cal electromagnetic theory, the imaginary part of
these induced dipole moments determine the sbsorp-

tion of radiation. The electric dipole absorption
governs the color of small-particle dispersions in the
visible part of the spectrum, but it is the magnetic di-

pole or eddy-current absorption which dominates the
theoretical far-infrared absorption.

Previous studies" of the fsr-infrsred absorption in

small metal particles found that the classical theory,
while predicting the correct quadratic frequency
dependence, predicted a magnitude only 0.001 to 0.1

as great as that actually observed for the absorption
coefficient. In our samples, the measured absorption
is about s factor af 10 larger than predicted.

Three suggestions have been advanced to account
for this large discrepancy between theory and experi-
ment. Tanner, Sievers, and Buhrmsn' proposed that
quantization of the electron energy levels in small
particles could change the dielectric function enough
to accaunt for the measured values; however, a sub-
sequent reexamination of this idea by Grsnqvist
et al. ,

' and Granqvist concluded that this mechanism
would not account for the large measured absorption.

Simanek' has proposed that the oxide coating on
the Al small particles studied in Ref. 2 could be the
absorbing medium. In his model, which has been ex-
tended by Ruppin, ' the oxide-coated metal particles
are aggregated into long cylinders, which enhance the
absorption. (Eiectron microscopy of gas evaporated
particles frequently shows that the particles have
clustered into iong chains. 9) Both authors assume a
value for the imaginary part of the dielectric function
of the oxide coating that is relatively large. Simanek
obtained a far-infrared absorption about a factor of 2

smaller than that observed by Grsnqvist et al. ' Rup-
pin obtained similar results but also estimated an ab-
sorption that exceeded the experimental results of
Tanner, Sievers, and Buhrman. ' In this second case,
however, the frequency dependence of the theoretical
absorption was stronger than that observed experi-
mentally.

The third theoretical treatment of this subject wss

by Stroud and Pan, ' who included the effects of in-

duced magnetic dipoies (eddy currents) and higher-

order multipoles on the absorption. Although their
theory predicted the correct frequency dependence of
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the absorption, it predicted a magnitude about a fac-
tor of 10 smaller than that actually observed.

II. EXPERIMENTAL PROCEDURES
Our samples consisted of Pd particles randomly

supported in a KC1 matrix. Four factors motivated
our choice of Pd and KCl: (i) The metal particles
were large enough (-I-p, m radius) so that their elec-
tromagnetic properties could be described by a bulk
dielectric function (e.g. , quantum size effects could
be neglected). (ii) Palladium metal does not oxidize
readily. (iii) By embedding the particles in an (al-
most transparent) KCl matrix, a more nearly random
arrangement of metal could be obtained than possible
in a powder. (iv) The volume fraction of metal in
the composites could be accurately controlled.

A. Sample preparation and characterization

A composite mixture of Pd and KC1 was employed
in our experiments. The palladium powder, obtained
from a commercial source, " was made by a chemical
process with particular care taken to eliminate mag-
netic impurities. Electron microscopy of the powder
showed the particles to be approximately spherical
with very smooth surfaces. The average particle ra-
dius was 0.9 p, m with deviations on each side of this
size of about a factor of 2. A sinter made from the
material" had a residual resistivity ratio of about 100,
from which we infer a mean free path of about 1 p, m.

The volume fraction of metal in each specimen was
determined by separately weighing the metal and
finely ground KCl powder (about 20 p, m or smaller)
before mixing. This mixture was poured into an
evacuable die, of the type long familiar to infrared
spectroscopists as the "KBr pellet press, " pumped to
a pressure below 10 Torr, and compressed into a
soliddisk-shaped pellet with a hydraulic press. The
samples were then reground and repressed about five
times toensure a more random mixture. The size of
these pellets was 1.4 cm in diameter and approxi-
mately 0.1 cm in thickness. (The exact thickness of a

sample was chosen to give adequate transmission at
the particular Pd concentration and frequency range
being investigated. ) Density measurements of the
composite samples served as an independent check of
the volume fraction of metal in the composite. Pel-
lets pressed from pure KC1 powder were clear, with a
density within 0.5% that of a single crystal of KCl.

Several of the specimens were examined with a
scanning electron microscope which incorporated an
x-ray microprobe for elemental analysis. The x-ray
technique indicated that the Pd was well distributed
throughout each specimen, except for an occasional
accumulation of the 0.9-p, m particles into irregular
blobs with typical dimension 5 p, m. No evidence
coul/ be found for the long chains of particles which
are known to be present in gas evaporated smokes.

B. Far-infrared techniques

Two far-infrared Fourier transform spectrometers
were used to make measurements between 4 cm '

(tr«=0. 5 meV) and 70 cm ' (tr«=9 meV). A
lamellar grating interferometer" covered 4 cm ' to 35
cm ' while a Michelson interferometer' was used
between 25 and 70 cm '. At the measurement tem-
perature of 4.2 K, the compressed KC1 pellets were
transparent below 70 cm ' but absorbed quite strong-
ly at larger wave numbers.

The far-infrared radiation traveled from the inter-
ferometer to the sample through a 1.27-crn diameter
brass light pipe. The transmitted radiation was col-
lected just below the sample and followed a light pipe
through a vacuum window to a gallium-doped ger-
manium bolometer detector operated at 1.2 K. Tl I'ee
composite samples and a pure KCI sample could be
rotated independently into the gap between the two
sections of light pipe. A fifth hole on the rotator disk
was left open to measure the incident intensity.

The normal incidence transmittance of a plane
parallel disk. of thickness d and index of refraction
N =n+i~ is given by

Here R is the reflectance of either surface, given by
R = [(n —I) +n ]/[(n+ I) +n ]. The last term in
the denominator of this equation gives interference
oscillations, with the separation of adjacent maxima
or minima given by

(2)

The refractive index of the specimen can be deter-
mined from the interference pattern. When the mea-
surernents are done with high enough resolution, this
interference is clearly observed at frequencies where
the absorption is low. When the absorption increases,
however, the interference is washed out because of
the attenuation of multiple internal reflections.
The interference pattern can be eliminated by mak-

r= (I —R)' exp[ —(2r«/c) nd]
[I —R exp[ —(2'/c) Kd]]'+ 4R exp[ —(2r«/c) Kd] sin'[(r«/c) nd]

I

ing low-resolution measurements. In Fourier
transform spectroscopy these measurements are done
by reducing the number of points in the interfero-
gram. In this case, Eq. (1) becomes

(1 —R)'e
(3)

5«) = 2m(c/nd) g 2&-2ad

where a is the absorption coefficient of the specimen,
given by

u=- n= Im(ep, ) ~' .
2QJ 2' 12 (4)

C C

In Eq. (4), e is the complex dielectric function and p,
the complex permeability of the sample. Equation
(3) may be further simplified by noting that
R e (~ 1, so that the absorption coefficient ulti-
mately reduces to
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FIG. 1. Far-infrared absorption coefficient of 1-p,m-radius
Pd particles in KCl at a volume fraction of 0.01. The fre-
quency resolution is 0.5 cm '. Error bars are attached to
representative points.

III. EXPERIMENTAL RESULTS

The absorption coefficient of a Pd-KCl composite
having a volume fraction, f =0.01 is plotted in Fig. 1

with a frequency resolution of 0.5 cm '. Below 20
cm ' the absorption coefficient is small with a strong
interference pattern, while above 30 cm ' the in-
terference oscillations are absent. 'From Eq. (2), the
index of refraction of this composite is n = 2.13
+0.01, a value which is slightly larger than the re-
fractive index of the compressed KCl:
n = 2.11 + 0.01. The absorption coefficient is sub-
stantially larger at all frequencies than that reported
in previous investigations" for similar values of the
metal concentration. At high frequencies the absorp-
tion coefficient tends toward saturation.

In Fig. 2 the far-infrared absorption coefficient is
shown for six samples. Five were composite speci-
mens, with Pd concentrations of 0.001, 0.003, and
0.01, 0.03, and 0.1, while the sixth was a compressed
KCl specimen. The data in this figure are shown in
low resolution (Ace —1.5 cm ') so that the interfer-
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FIG. 2. Far-infrared absorption coefficient of 1-p, m-radius

Pd particles in KCl. Data are sho~n for Pd volume fractions
of 0.001, 0.003, 0.01, 0.03, and 0, 1, as well as for KCl itself.
The frequency resolution is 1.5 cm '.
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FIG. 3. Far-infrared absorption coefficient of i-p, m-radius
Pd particles in KCI, shown on a log-log scale. Data are
shown for Pd volume fractions of 0.001, 0.003, 0.01, 0.03,
and 0.1.
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FIG. 4. Far-infrared absorption coefficient divided by the
volume fraction for Pd particles in KC1, Data are shown for
Pd volume fractions of 0.001, 0.003, 0.01, 0.03, and 0.1.

ence patterns are not evident. Two sets, of points are
shown between 25 and 35 cm ' showing the overlap
between the two interferometers.

It is clear from the data that the addition of even a
very small amount of Pd to the KC1 substantially in-
creases the absorption. For all samples except that
having f =0.1, the absorption coefficient increases as
e —co' at low frequencies and then tends to level off.
The absorption coefficient of the f =0.1 sample in-
creases very rapidly at low frequencies. The power-
law dependence of the absorption coefficient can be
best seen in Fig. 3, in which the data are plotted log-
arithmically; Some caution should be used in inter-
preting these data because of their sensitivity to the
choice of ao in Eq. (6). Nevertheless three of the
samples, f =0.003, 0.01, and 0.03, show a —cu'

below about 30 cm '. The f =0.1 specimen, on the
other hand, has n —co over the range 3 to 20 cm '.

Figure 4 shows the frequency dependence of the
absorption coefficient divided by volume fraction,
n/f. Despite the scatter at the extremes of frequen-
cy, the specimens with f =0.001, 0.003, 0.01, and
0.03 follow the same curve while the f =0.1 sample
is again qualitatively different. At 15 cm ', u/f for
the f =0.1 sample is twice. as large as it is for the
other specimens. The absorption coefficient of the
KC1 has been subtracted from the absorption coeffi-
cient of the samples before the normalization, a

correction important only in the lowest-concentration
sample. The similarity of the data for the lower-
concentration composites suggests that the absorption
coefficient is proportional to concentration for
f & 0.03.

IV. THEORY

According to Eq. (4), the absorption coefficient
which we have measured depends on the effective
dielectric constant e and the effective magnetic
permeability p, of the composite. The calculation of
the effective properties of a composite system has
been the subject of theoretical interest ' ' over
many years. This calculation is done in two steps.
First, the response of a single isolated particle to elec-
tromagnetic fields is found, and then an average over
the behavior of a random mixture of particles is per-
formed. Because the wavelength of the far-infrared
radiation, ) «100 p, m, is much larger than the radius
of the particle, —1 p, m, the fields appear to be spa-

tially uniform at the particle so that only dipole
modes enter the problem (at least at low concentra-
tions'3 24). In the following paragraphs we discuss
some of the factors which determine the dielectric
function and magnetic permeability of the composite.

A. Dielectric function.

4 particle is characterized by a complex frequen-
cy-dependent dielectric function, a(ao), which we

write in terms of its real and imaginary parts as
e = a~+ (4ni/cu) rr~, with a~(co) the real dielectric
function and o ~ (a&) the frequency-dependent conduc-
tivity. If the particle is metallic, the dielectric func-
tion has a frequency-dependent conductivity at the
lowest frequencies that is nearly equal to the dc con-
ductivity. The imaginary part of the dielectric func-
tion is much larger than the real part. On the other
hand, the dielectric function of an insulating particle
has a real part which is larger than its imaginary part
over most frequencies and which at the lowest fre-
quencies is nearly equal to the static dielectric con-
stant. In a uniform, time-dependent electric field
F. = Foe '"', the interior of a spherical particle will be
uniformly polarized, while the fields outside the par-

ticle are those of an oscillating dipole.
The random mixture of particles of different prop-

erties has a dielectric function which depends on po-
sition, i.e., a = a(r, co). Although the inhomogeneous
system is completely characterized by a(r, ra), this
characterization is not very useful because the in-

teresting property is the average response of the sys-
tem to applied fields rather than the local response.
So long as the scale over which the measurement is

done (the wavelength) is large compared to the dis-
tance over which a(r, ao) fluctuates (the particle
size), the medium should behave as if it were homo-

geneous, with an effective dielectric function which
depends on 'the dielectric functions and concentra-
tions of each constituent but not on their particular



636 N. E. RUSSELL, J. C. GARLAND, AND D. B. TANNER 23

&m

'(1 —f)p +(2+f)., (6)

where ~; is the dielectric function of the insulating
host and e the dielectric function of the metallic in-

clusions. The properties of this dielectric function
will be discussed, ' after we have described the EMA
approach.

In the EMA, the dielectric function of the compos-
ite e~ is defined to be equal to that of a self-
consistent effective medium. The self-consistency
condition is that the electric field (and, therefore, the
current and polarization) in the effective medium
equal the average field (and current and polarization)
in the inhomogeneous medium. The EMA treats
each constituent of the mixture on an equal basis. A

particular grain is chosen for consideration and out-
side this grain the material is assumed to have a
homogeneous dielectric function, ~&. Volume
averaging the fields then gives a quadratic equation
for e~..

Em + 2Eg EI + 2Eg

Of the two solutions to Eq. (7) the one with a posi-
tive imaginary part is physically significant.

At low concentrations of metal embedded in insu-
lator (f ( 0.01), the MGT and EMA give identical
results for the far-infrared absorption in an inhomo-
geneous medium. Setting the dielectric function e
of the metal to have the Drude form,

p («)) =1 —rp~/(co'+i rp/r) (8)
(co~ is the plasma frequency of the metal and v is the
lifetime of the conduction electrons) and setting
e; = 1, the MGT dielectric function e~ then reduces
to the Lorentzian formj rpp

eg =1+
2 2

Crap Ca)
—I Cd t

where the MGT resonance frequency is
rpp=rp~v'(1 —f)/3. The far-infrared absorption due to

geometric arrangements.
Historically, '5 two different theoretical approaches

have been made to this problem. The first, known as
Maxwell-Garnett theory (MGT), was a molecular-
field model due originally to Clausius and Mosotti
and applied to optical properties by Garnett. ' The
second was a self-consistent embedding technique
developed by Bruggeman" and studied quantitatively
by Landauer. " The first application of this effective
medium approximation (EMA) to the optical proper-
ties of inhomogeneous media was done by Stroud. "

In the MGT, the metal particles are considered to
be randomly embedded in the insulating medium. It
is further assumed that the particles do not make
contact so that the theory is restricted to very dilute
systems. The MGT dielectric function, e&, is defined
as the ratio of volume-averaged displacement to the
volume-averaged electric field and is given by

the electric dipole polarization in small metallic parti-
cles arises from the low-frequency tail of this reso-
nance.

As the concentration of metal increases, the EMA
predicts a metal-insulator transition at a critical
volume fraction f, = 3. (This transition does not ap-

pear in the MGT expression. ) Actual random com-
posites generally tend to show critical volume frac-
tions" in the range 0.15 ~ f, ~0.20 lower than
predicted by the EMA. As the conduction threshold
is approached, the EMA also predicts an increased
absorption of electromagnetic radiation. Physically,
this absorption results from the formation of con-
nected clusters of metal particles which occur near
the percolation threshold. It is the currents driven in
these clusters by the infrared electric field which give
rise to the increased absorption.

B. Magnetic permeability

A conducting particle in an alternating magnetic
field H =Hpe '"' has an additional mechanism for
electromagnetic absorption because of induced eddy
currents. These currents circulate around the mag-
netic field direction and give the particle a net mag-
netization

M=y Hp
where y, the magnetic polarizability per unit
volume, is

(10)

3 jq(ka)
8m jp(ka)

where k = (co/c) Je is the wave vector of radiation
inside the particle, and

jp(x) = (sinx)/x
and

(12)

(13)

(14)

j&(x) = (3 sinx —3x cosx —x' sinx)/x'
are spherical Bessel functions. Even though the field
inside the sphere is not uniform, the field outside is
exactly that of a uniformly magnetized sphere whose
permeability p, is

1+—,~y
Pm= 4

~

1 —3m'
This permeability is complex to allow for losses in the
particle.

The MGT and EMA expressions for the dielectric
constant of an inhomogeneous medium carry over
exactly to expressions for the permeability. In the
MGT the average permeability is

Pm

(1 f)p, +2+f-
whereas the EMA expression for p, & is given by the
solution with positive imaginary part to

~
Pm Ps +(1 f) Pe

()
p'm + 2jxg

''
1 + 2pg

In these equations p, is the permeability of the met-
al particles, while the permeability of the insulator is
unity. Although the actual permeability of both me-
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tallic and insulating materials is very close to unity,
the permeability of the composite can be quite dif-
ferent from unity because of induced eddy currents.

C. Expansion at los f and low co

At low concentrations (f (&f, ) the EMA and
MGT give identical results, as was mentioned above.
In this limit we can expand our results at low fre-
quencies. Using a Drude dielectric function [Eq. (8)]
for the metal, a 1 for the insulator and assuming
that c««1/r « cop (i.e., the normal skin-effect
region) we find

(16)

The first term in parentheses arises from the induced
electric dipoles and is inversely proportional to the dc
conductivity o &(0)- a&p2r/4m, while the second term,
coming from the induced magnetic dipoles, is directly
proportion~1 to the conductivity. If the conductivity
is assumed to be independent of the particle radius
(i.e., no boundary scattering) then the first term is
independent of size while the second is proportional
to the radius squared, On the other hand, if the par-
ticle size limits the mean free path to I v~v a,
with vq the Fermi velocity, then the first term will be
inversely proportional to radius while the second pro-
portional to radius cubed. The contribution from the
two terms are equal when a —10c/ep2r (first case) or
a -3 Jcvp/re (second case). For typical metals hav-

ing co~ 5x104 cm ', cv~r —100, and vF -10'
cm/sec, both cases predict a crossover from electric
dipole to magnetic dipole absorption at a radius of
40-60 A. For particles of larger radius, the eddy-
current absorption would be expected to dominate
the electric dipole absorption.

In the derivation of Eq. (17) it was assumed impli-
citly that ~ka ~ &( 1. This condition is equivalent to
assuming that, for l-p, m particles,

cu « c /a cups = 1 cm ' (18)

For smaller particles, having a = 10' A, the condition
is that co&&10 cm '. Thus. for very small particles,
the low-frequency expansion will be valid throughout
the far infrared, while for larger particles the full ex-

sa I +3f +i. 9 «)
(15)

cop f'

J ~2r2a 2~2 fM Ta M
PG +I

10c' 10c'
In deriving these equations, we have retained terms
linear in,f and of lowest order in e. It is clear from
Eqs. (15) and (16) that the polarizability of the parti-
cles enhance the dielectric constant, whereas the eddy
currents give a diamagnetic susceptibility, as expected
from Lenz's law,

Substituting our expressions for eo and p, G into Eq.
(4), we obtain for the absorption coefficient

2' 22f(u 9c a ~pr
(Ip)

2 ~2~ 10cP

pressions for e and p, will produce a departure from
the quadratic frequency dependence predicted by Eq.
(17).

D. Calculated absorption coefficient

Figure 5 shows the far-infrared absorption coeffi-

cient calculated from Eqs. (4), (6), (11), (12), and

(13). The volume fraction of metal for all three

curves was f 0.01, the particle radius was r -1 p, m,

and the dielectric function of the insulator was

a, 4.8. A Drude dielectric function, Eq. (8), was

used to describe the Pd, with cop -6 eV (5 x 10"

cm '), a value that we have inferred from the mea-

surements of Weaver. ' The three curves correspond

to different values of the relaxation time v. For the

solid line, v was chosen to give a dc conductivity

equal to the room-temperature value for Pd

(o -8 x 10' 0 ' cm ', I/r 500 cm '). For the

dashed line the conductivity was 10 times the room-

temperature value (I/r 50 cm ') while for the dot-

ted line the conductivity was 100 times the room-

temperature value (I/r 5 cm ').
The shape of the calculated absorption coefficient

for o/opd I shown in Fig. 5 is qualitatively similar

to the experimental curve for f 0.01 in Fig. 2. In

each case, the absorption coefficient increases qua-

dratically with frequency at the lowest frequencies
and tends to level off at higher frequencies. The
saturation at high frequencies is a consequence of the

skin depth in the Pd particles becoming smaller than

the particle radius. In this skin-effect regime, the in-

terior of the particles is screened from the electro-

magnetic fields.
Although the shapes of the experimental and
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FIG. 5, Calculated far-infrared absorption coefficient {us-
ing either the EMA or the MGT). The calculations were

done for 1-p,m-radius particles in KCl at a volume fraction

of 0.01 using l3rude parameters appropriate to Pd. The
three curves shown are for three values of these parameters,
corresponding to dc conductivities equal to the room-
temperature value {solid line), 10 times {dashed line), and

100 times {dotted line) the room-temperature value.
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sample.

theoretical curves are in agreement, the magnitude of
the calculated absorption is smaller than the mea-
sured value by about a factor of 10. At co =70 cm ',
the theoretical absorption coefficient is u = 2.3 cm '

while the experimental coefficient is 0. =33 cm '.
The agreement is somewhat better at low frequencies.
For example, at co =20 cm ', the theory gives o, =1.2
cm ' while the experiment gives o. 3 cm '.

The dependence of the absorption coefficient on
particle radius is shown in Fig. 6, for a frequency of
70 cm '. The arrows on each curve indicate the
value of the classical skin depth 8 = c/Q2n o o~. As
the particle radius increases, the absorption is seen to
increase rapidly to a maximum value at a radius two
to five times larger than the skin depth. At larger ra-
dii, the absorption coefficient decreases because the
fields penetrate into the particle a progressively short-
er distance. The absorption maximum, o. =4.6 cm '

at r =0.3 p, m is still nearly a factor of 10 smaller than
the experimental value. It is not possible to improve
substantially the agreement by adjusting the assumed
conductivity of the metal particles.

V. DISCUSSION

In the work described above, we have investigated
the far-infrared absorption in random small particle
composites. The metal small particles were 100 times
larger in diameter than those studied previously";
furthermore, the metal particles in this study were
supported in an insulating host. These differences
mean that the metal could be described by its bulk
dielectric function (size effects being unimportant)
and that a random mixture of metal and insulator
could be obtained (as assumed by the theories).

There are two main areas of agreement between
our data and our calculations. First, the frequency
dependence of the theory is in good agreement
with experiment; the absorption coefficient is qua-
dratic in frequency at low frequencies, while at higher
frequencies the absorption coefficient tends to satu-
rate. This saturation is believed to result from the
skin-effect screening of the applied far-infrared radia-
tion at the surface of each metal particle.

The second area of agreement is the concentration
dependence of the absorption coefficient. Figure 7

shows the normalized absorption coefficient of our
samples versus metal volume fraction. This normal-
ized absorption coefficient is the ratio of the absorp-
tion coefficient at a particular frequency to the value
of the absorption coefficient of the f =0.01 sample at
that frequency. The two curves shown are calculated
from the EMA and the MGT. The MGT predicts a
linear increase in absorption coefficient with metal
volume fraction over the entire concentration range.
The EMA is linear at low concentrations but predicts
a faster increase in absorption at concentrations
between a few percent and the percolation transition.
This rise is a precursor of the very large absorption
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coefficient of conducting composites. Our data are in

reasonable accord with the EMA for all concentra-
tions.

Although successful in explaining the frequency
and concentration dependence of the absorption coef-
ficient, classical electromagnetic theory fails to ex-
plain the magnitude of the far-infrared absorption.
The magnitude of the absorption coefficient in our
samples is about ten times larger than can be calcu-
lated using reasonable values in the equation of Sec.
IV.

To explain the magnitude of the absorption in very
small Al particles, ' Simanek' has proposed that the
absorption occurs in an oxide coating on the surface
of the particles. The effect of oxide layers or ad-

sorbed molecules on the surface of our parti'cles

would be expected to be relatively small because their
large size (compared to those previously studied)
reduces their surface-to-volume ratio; If in

Simanek's theory we use particle radii of 1 p, m and
his assumed values for an oxide coating [thickness 30
A and dielectric function a 10+I'(3.8 x10 ')cu with

cu in cm '] we estimate a maximum absorption at 70
cm ' of o. 1.6 cm ', considerably smaller than ob-
served. Thus we cannot explain the magnitude of
the absorption in our samples by ascribing it to an

oxide coating.

We believe the magnitude of the absorption ano-
maly lies in the clustering of particles. It is well

known from percolation'theory that small clusters of
connected particles form in any randomly inhomo-
geneous system. The size of these clusters grows
with increasing metal volume fraction, eventually.
becoming infinite at the percolation transition. If
there are interactions among particles, either through
tunneling across an oxide barrier or through direct
electrical contact, and if these interactions are not
strong enough to screen the applied radiation from
the interior of the cluster, then the absorption would

be increased above the isolated-grain values calculat-
ed in Sec. II. The importance of clustering in

enhancing the absorption in oxide coatings was

stressed by Simanek' and by Ruppin. ' This clustering
effect will obviously be most important in random
composites as the percolation threshold is ap-
proached.
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