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The far-infrared (FIR) absorption of small particles has been studied for a variety of sizes of
aluminum small particles. The particle size dependence of the FIR absorption coefficient was ob-
tained. In addition, the FIR absorption coefficients of clustered samples and nonclustered random
samples were measured. The small-particle composite samples were characterized with scanning-
transmission electron microscope analyses. Our data suggest that individual small particles are re-
sponsible for the anomalous FIR absorption. Also, we found a particle size dependence of the FIR
absorption coefficient which differs from the predictions made by classical theory. These discrepan-
cies imply that the Drude model may not be an adequate description of FIR dielectric function of

small metal particles.

I. INTRODUCTION

The anomalous far-infrared (FIR) absorption by 'small
metal particles! ~® has been a puzzling problem for more
than a decade. Although classical theories (such as Mie
theory and Maxwell-Garnett theory) give a correct
description of the scattering and absorption of light by
small particles in the visible frequency region,’ they pre-
dict far too small a FIR absorption.

Many theoretical models have been proposed to ex-
plain this peculiar FIR phenomenon in small particle sys-
tems, including quantum size effects,'® 12 direct coupling
of external electric fields to phonons through the un-
screened surface ions in the small particle,13 nonlocal
effects,'* and absorption in poorly conducting oxide coat-
ings.”81516 Recently, many workers'®~2° have demon-
strated that calculated FIR absorption can be enhanced
to be close to the experimental results if particles are
clustered or clumped together. In this latter case the ab-
sorption is attributed to either large electric dipole ab-
sorption caused by poor effective dc conductivity of indi-
vidual clusters of small particles or to the magnetic di-
pole absorption of fused clusters, which provide a large
eddy current loop. Because there was no convincing
direct experimental evidence of the randomness of the
dispersed small particles in the insulating medium, the as-
sumption of clustering of individual small particles was a
plausible explanation of the FIR absorption.

In the experiments in question,! ~® small particles typi-
cally are prepared by evaporation in an inert-gas atmo-
sphere.* A small amount of oxygen is normally intro-
duced to guarantee electrical isolation between particles
by forming a metal oxide layer on the surfaces of the par-
ticles. These small particles are dispersed in a FIR trans-
parent insulating medium at a given volume fraction for
transmission measurements. For small volume fraction,
the measured FIR absorption coefficient has the approxi-
mately quadratic frequency dependence and the linear
metal-particle volume-fraction dependence of theory for
small volume fraction but is orders of magnitude larger
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than theory. The only case where a nonlinear depen-
dence on metal volume fraction was observed was the
measurements of Carr et al.’ on aluminum particles em-
bedded in KCl. Recently, Devaty and Sievers® reported
an experiment on a different small-particle system, order
of 100-A Ag particles embedded in a gelatin matrix, in
which they were able to control the dispersion of the par-
ticles. They found that a clustered sample had a much
larger FIR absorption coefficient than a well-dispersed
sample. But there the nonclustered Ag particle sample
still showed a factor of 100 times larger absorption than
theory. In addition, Lee ef al.” and Noh et al.® studied
the FIR absorption for fairly large Ag particles (radius
a >500 A) embedded in a Teflon matrix, finding that the
FIR absorption of well-isolated Ag particles is close to
the classical predictions if the contribution of the poorly
conducting oxide coating is included.

In this paper, we describe measurements of the FIR ab-
sorption coefficient of aluminum small particles embed-
ded in an insulating host, KCl. Very small volume frac-
tions (0.001 = f =0.032) were employed so that the sam-
ples were well below the critical concentration for per-
colation (f,=0.18). We systematically studied the parti-
cle size and concentration dependence of the FIR absorp-
tion. In addition, we investigated the effect of clustering
on the FIR absorption coefficiently by deliberately pre-
paring clustered small-particle—~KCl composites. Char-
acterization of the small-particle composites was done us-
ing scanning transmission electron microscopy (STEM)
for both clustered and nonclustered samples.

II. EXPERIMENT

Small particles were prepared by the gas-evaporation
technique.?’ Pure aluminum (about 200 mg) was eva-
porated under an inert-gas atmosphere. Helium or argon
gas at pressure of 1-10 Torr was used, with the size of
particles determined by the atomic mass and pressure of
the inert gas used.

For the infrared measurements, aluminum small parti-
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cles were mixed with an insulating dielectric medium
(KCl in this work) to obtain the chosen metallic volume
fraction. The volume fraction f was calculated from the
weight of the two constituents, assuming bulk densities.
In order to improve the homogeneity of the small-particle
composite, the powder was mixed in a “freezer mill”
operating at 77 K, compressed in an evacuated die into a
2-in.-diam pellet, reground, and recompressed. Before
each compression, the ground Al-KCl powders were
baked for several hours under vacuum at 150 °C to reduce
their moisture content. The compression took place at
130000 psi (9 kbar) pressure, yielding a density (f =0
sample) equal to that of single crystalline KCl. This
pressing-regrinding-pressing process was repeated four to
six times.

A lamellar grating interferometer’? was used over fre-
quencies between 2 and 60 cm ! and a Michelson inter-
ferometer?® covered frequencies between 10 and 100
cm~!. Sample temperatures were 1.2 or 4.2 K; no tem-
perature dependence was observed. The FIR absorption
coefficient was calculated from measured transmittance,
using the following formula:

a —(1/d)InT+(2/d)In(1—R)) . (1

expt =

Here, a.,, is the absorption coefficient, d is the thickness
of the sample (typically 0.5-5.0 mm), T is the measured
transmittance, and R is the reflectance of the sample.
Typically, the reflectance of a composite sample with
f <0.03 is close to that of pure KCI and essentially fre-
quency independent in the frequency range of interest.?*
Therefore, the reflectance of pure KCl was used in the
data analysis.

One remark about the FIR measurements of small-
particle composites is that an interference pattern in the
transmission spectrum, which is due to multiple internal
reflections within the finite thickness of sample, is inevit-
able. These fringes occur at a frequency spacing of
Av=(2nd)”!, where v is the frequency in cm !, n is the
refractive index, and d is the sample thickness. The in-
terference pattern may be removed from the absorption
spectrum by making measurements at reduced spectral
resolution. A method applied in this work to eliminate
the interference pattern is to make the effective thickness
of the sample be large enough that the fringe spacing is
much smaller than the resolution by adding an extra lay-
er of KCI to the AI-KCl composite sample. So long as
the difference between the refractive indices of the com-
posite and pure KCIl layer is negligible, this method
works well.

In cases where the extra KCl layer was not used, infor-
mation about the dielectric constant of the composites
can be determined from the interference fringes. This
analysis is most easily done by Fourier transforming the
absorption coefficient, after removing the overall quadra-
tic frequency dependence. The Fourier-transformed re-
sult shows a Lorentzian-shape power spectrum peaked at
x =2nd because the amplitude of the interference fringes
decays as the frequency increases due to absorption. The
dielectric constant is then €;,=n?2.

After the FIR measurements were finished, each sam-
ple was cut into a 3-mm-diam pellet, ground down to
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100-um thickness, and then dimpled until the thickness
of the thinnest portion became about 10 um. An ion mill
or chemical polisher was then used to make a pinhole in
the dimpled specimen. The STEM pictures were taken in
the vicinity of the pinhole where electrons can be
transmitted. About ten to fifteen different areas were ex-
amined for each sample.

III. RESULTS

Typical STEM results of well-dispersed small-particle
composites are shown in Figs. 1(a) and 1(b) for two
different samples. Figure 1(a) shows a sample with a rela-
tively high volume fraction, f =0.032, whereas Fig. 1(b)

-shows one with a low volume fraction, f =0.001. In each

case individual particles embedded in KCI matrix can be
seen in the STEM pictures. (The particles are the black
spots in the picture; the grey ripples are associated with
the KCl.)

Figure 2 shows a direct comparison of the clustered
samples prepared without using the freezer mill and non-
clustered samples prepared by using the freezer mill. The
nonclustered samples [Figs. 2(a) and 2(b)] were made
after four pressing-regrinding-pressing cycles; only a sin-
gle mixing compression was used for the clustered sam-
ples [Figs. 2(c) and 2(d)]. Note that individual particles
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FIG. 1. Transmission electron micrographs of Al-KCl com-
posites: (a) chemically polished f=0.032 Al (a =85 A) sampole
(reground six times); (b) ion milled f=0.001 Al (a=399 A)
sample (reground four times).
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FIG. 2. Transmission electron micrographs of clustered and nonclustered Al-KCl composites: (a) f=0.001 Al (a =399 A) sam-
ple; (b) £=0.001 Al (a =103 A) sample; (c) £ =0.001 clustered Al (a =399 A) sample; (d) f=0.001 clustered Al (a =103 A) sample.
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FIG. 3. FIR absorption coefficients of Al (a =183 A) small-
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FIG. 4. FIR experimental results for f=0.008 clustered and

nonclustered Al (a=103 A) composites with the results of the
classical calculation (a =103 A, f=0.008).
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are readily discerned in Figs. 2(a) and 2(b) whereas clus-
ters of particles can be seen in Figs. 2(c) and 2(d).

, Figure 3 shows representative FIR data, here for 183-
A average-radius aluminum-particle~-KCl composites at
four different volume fractions. The data can be shown
to fit the following formula:

aexpt:Kexpth2+a0 ’ (2)

where K, is the proportionality constant in cm, v is the
frequency in cm ™!, and « is the absorption of the dielec-
tric medium. The proportionality constant K, can be a
function of a number of variables, including

KexptzK(em’ei)a,f) > (3)

where €, (€;) is the dielectric constant of the metal (insu-
lator), a is the radius of the particle, and f is the volume
fraction. Notice that the volume-fraction dependence of
the absorption coefficient is close to linear. In other
words, K, is not a function of f, consistent with the re-
sults of previous FIR experiments for different metal par-
ticles. The nonlinear dependence in f in the earlier re-
sults® could be due to the effect of interparticle tunneling
within clusters of particles.

A comparison of the FIR absorption coefficients of
clustered and nonclustered aluminum-particle—~KCl com-
posite samples is made in Fig. 4 for volume fraction
f=0.008. The results of the classical calculation for iso-
lated particles is shown. The curves are calculated from
the electric dipole and magnetic dipole contribution to
the absorption coefficient. According to the Maxwell-
Garnett theory for very low frequency and in the low-
volume-fraction limit,

a=(K,+K, ) fv? (4)

with K, =97ce’? /o and K,, =87°a’€"*0, /c. Here, K,
and K, are proportionality constants associated with the
electric and magnetic dipole absorption, respectively,
c=3X10'" cm/sec, € is the dielectric constant of KCl
(€;=4.84), and o is the real part of the dc conductivity
in esu units (sec”!) with the electron relaxation time
7=a /v (v denotes Fermi velocity).

Both samples showed approximately the same frequen-
cy dependence but the magnitude of the absorption of the
clustered one is about 7 times larger than that of the non-
clustered sample. Also note that the measured FIR ab-
sorption coefficient for the nonclustered sample is still
about 100 times larger than the theoretical prediction,
consistent with the result of silver small particles in a
gelatin matrix studied by Devaty and Sievers.®

The particle size dependence of the FIR absorption
strength, K, is shown in Fig. 5. Because the FIR ab-
sorption by the aluminum oxide coating is negligible,’ a
correction to the experimental FIR absorption strength
due to the oxide coating was made by taking into account
the true volume fraction of the metal. The true volume
fraction can be estimated as f. e =la/ (a—1)1*f,
where ¢ is the thickness of the oxide shell on the particle.
Then

Kcorrect:[a/(a—-t)]zKexpt (5)
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FIG. 5. K, (open circle) and Ko, (solid circle) vs parti-
cle size.

because we overestimated the metallic volume fraction.
Here, a is the overall particle radius measured through
the STEM analysis and ¢ is the thickness of the oxide
coating estimated by comparing the dark-field STEM pic-
ture with the corresponding bright-field picture. The
corrected results are shown as the solid circles in Fig. 5.
Theoretical results are shown in the small inset. The
curves in the inset are calculated by assuming (as is usual-
ly done) that the mean free path of the electrons in the
metal particle equals the particle radius. The disagree-
ment of the measured K, with K., is not only in the
magnitude of absorption but also in its functional form.?
However, the oxide coating-corrected data points follow
the electric dipole absorption curve even though the mag-
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FIG. 6. Dielectric constants of A1-KCl composites.
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nitude of the experimental data points is substantially
larger than that of the calculation. Such a remarkable
discrepancy suggests that the intrinsic electrical proper-
ties of a small particle could be different from what we
have believed to be correct (e.g., the concept of small
“Drude metal” particle and the surface scattering ap-
proximation, etc.).

The FIR dielectric constant, obtained from the Fourier
analyses of the interference fringes, is shown in Fig. 6.
The enhancement in the FIR dielectric constant of the
composites with increasing metal volume fraction agrees
with the audio frequency results of Grannan et al.?

IV. CONCLUSION

We have demonstrated that the anomalous FIR ab-
sorption by small particles is still observed in samples in
which direct STEM analyses do not show clustering of
particles. The measured absorption coefficients are still
about 2 orders of magnitude larger than the classical cal-
culation for order of 100-A aluminum particles, too large
to be interpreted as the FIR tail of the resonance due to
the surface plasmon predicted by the classical theory.

Also, the particle size dependence study suggests that
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whatever the FIR absorption mechanisms are, the anom-
alous FIR behavior of the small particles does not arise
from the small “Drude metal particle.” However, as the
size of the particle gets larger, we anticipate that the
small particle will recover its bulk metallic properties and
the FIR absorption strength K., will converge to the
classical value, dominated by the magnetic dipole absorp-
tion, which increases quadratically in particle radius [see
Eq. (4)]. In fact, this tendency has been observed by Lee
et al.” for fairly large silver particles (a > 500 A).

Therefore, by referring to all the evidence we have, we
conclude that the Drude description of a small particle
may not be adequate to explain the anomalous small-
particle properties in the FIR and that further systematic
study is necessary to have more detailed information
about the nature of the dielectric function of a small par-
ticle.
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FIG. 1. Transmission electron micrographs of Al-KCl com-
posites: (a) chemically polished f=0.032 Al (a =85 A) sample
(reground six times); (b) ion milled f=0.001 Al (a=399 A)
sample (reground four times).
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FIG. 2. Transmission elect{on micrographs of clustered and nonc]usteregl Al-KCI composites: (a) f=0.001 Al (a =39:) A) sam-
ple; (b) £=0.001 Al (a=103 A) sample; (c) f=0.001 clustered Al (a =399 A) sample; (d) f=0.001 clustered Al (a =103 A) sample.



