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Room-temperature reflectance measurements over frequencies between the far infrared and the
ultraviolet have been made on composites of silver small particles and potassium chloride grains.
The optical properties of these composites were obtained by Kramers-Kronig analysis. Comparison -
of the data with the Maxwell-Garnett theory and the effective-medium approximation showed that
the effective-medium approximation better described the data. A sum-rule analysis indicates that
the expected linear relationship between the volume fraction of metal and the integrated oscillator

strength is obeyed.

I. INTRODUCTION

This paper describes the optical properties of a three-
dimensional composite consisting of silver (Ag) and potas-
sium chloride (KCl) small particles. This composite
serves as a model system for the study of randomly inho-
mogeneous media. The strength of the inhomogeneity is
large because the electronic properties of the highly con-
ducting Ag particles and of the insulating KCl grains are
quite different. Depending on the amount of metal
present in the composite, the optical properties can
display either metallic or insulating behavior.

Relatively few attempts have been made to correlate the
optical properties of a composite with those of the constit-
uent parts, despite the importance of inhomogeneous ma-
terials. Four types of composite have been employed in
previous studies. First, a number of optical transmission
measurements have been made on dielectric substances
containing very small amounts of conducting particles.! ~°
In these cases, sample characterization was difficult be-
cause the metal particles were generally grown in situ.
Second, discontinuous films®~!# and granular metal films
(cermets)!*~2! have received a considerable amount of at-
tention. These systems have the advantage of being easy
to produce over wide ranges of metal concentration.
Their drawbacks are that the grains of these films are
correlated (as shown by the very high volume fraction of
metal necessary for percolation), that they are two dimen-
sional, and that the insulating component is often not well
characterized. Third, optical measurements on free-
standing metal particles produced by gas evaporation have
been made.”?~% Sample control and characterization in
this system is easily obtained and the samples can be made
sufficiently thick to be clearly three dimensional. Howev-
er, the particles are correlated (stuck together), and there-
fore do not represent a particularly random system.

The fourth type of sample—the composite system
chosen in this work—alleviates many of the problems dis-
cussed above. The volume fraction of metal in this sam-
ple can be varied from O to nearly 1. The small Ag parti-
cles can be made nearly uniform in size?®?’ and can be
embedded in the KCl to produce a three-dimensional sam-
ple that is more random than other types of systems.
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The next section of this paper describes sample prepara-
tion and optical techniques while the third section
presents our reflectance data and the results of a
Kramers-Kronig analysis. In the final section we discuss
comparisons of our data with theories of inhomogeneous
media and evaluate a number of sum rules.

II. EXPERIMENTAL TECHNIQUE

A. Ag-particle production

The Ag metal particles were made by evaporation in a
noble-gas—oxygen atmosphere. - This technique, which
has been used to produce “smokes” or blacks from such
metals as Au, Al, Ag, and Sn, produces single crystalline,
nearly spherical small particles with a relatively narrow
size distribution.?®?” We evaporated Ag metal from an
aluminum-oxide-coated molybdenum boat in an ordinary
evaporator through which a mixture of 75 vol % argon
and 25 vol % oxygen was flowed at a rate of approxi-
mately 35 cm®/min. The pressure in the bell jar was sta-
bilized to 1 Torr by adjusting the pumping speed. Both
the pressure and the temperature (current through the
boat) were kept constant until all of the Ag had been eva-
porated from the boat. The particles were collected on a
clean glass cylinder, placed around the boat, as black
smoke. In the evaporation process the Ag vapor loses en-
ergy to the noble-gas atoms, causing the Ag to cool and
coalesce into small particles. The oxygen was introduced
into the apparatus to produce a thin oxide coating on the
metal particles. This coating prevented the Ag particles
from cold-welding together during evaporation but ap-
parently was sufficiently thin to allow metal-to-metal con-
tact between the particles under sufficient pressure.?®
After the silver had been evaporated, the smoke was col-
lected from the glass and its resistance measured. Only
smokes with a resistance greater than 1 M{Q were used to
make the composite samples.

An electron micrograph of the smoke is shown in Fig.
1. The particles appear to be spherical with average ra-
dius of 120 A and follow a log-normal size distribution?®
with a geometric standard deviation of about 1.5. Using
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FIG. 1. Transmission electron micrograph of the Ag particles used in the samples. The average particle diameter is 250 A.

the procedure described in the preceding paragraph, we B. Composite manufacture
were able consistently to convert 80% of the Ag into
smoke which had a mean diameter of 250 A and a mea- The composite samples were created by mixing the Ag

sured resistance greater than 1 MQQ. smoke with powdered KCl with use of a cyclical prepara-
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tion procedure. The total amount of KCl necessary for a
sample was weighed out and sufficient Ag powder was
added to this KCl to make the volume fraction f of Ag
0.01. The powders were mixed and then compressed (9
kbar) in an evacuated (1 mTorr) die to make a wafer-
shaped sample. The pressure was sufficient to fracture
the KCl particles and fuse them together, effectively fil-
ling the voids in the loosely packed mixture.?’” The wafer
was broken into small fragments to which more Ag was

added. This new mixture was ground at liquid-nitrogen
temperature in a SPEX Freezer/Mill and repressed under
vacuum into another wafer. This stepwise increase of
volume fraction allowed the Ag to mix uniformly with
the KCl. The volume fraction was increased in 0.01 steps
for 0 < f <0.05, in 0.05 steps until 0.05 below the desired
value, and in 0.01 steps to the final volume fraction. The
mixing process was completed by grinding and pressing
four more times. The wafer was ground a fifth time after

f=0.334 10004 |

FIG. 2. High magnification scanning electron micrograph of the Ag particles at the surface of a f=0.334 composite sample. The

particles are the round white objects in this photograph.
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which the powder was baked in a vacuum oven at 150°C
to remove water vapor, which the KCl had absorbed dur-
ing the mixing process. The final sample was made by re-
moving the powder from the oven and pressing a 0.6-cm-
diam. pellet approximately 0.3 cm thick.

To obtain accurate reflection measurements of the sam-
ples, the surface had to be smooth and flat. The pellet
was epoxied onto the end of a threaded rod, ground flat
with 600-grit emery paper, and polished using 5-, 1-, and
0.3-um alumina powders. The samples were wetted with

isopropanol throughout the polishing process. With the
use of this procedure most samples could be made flat and
quite shiny in appearance.

Despite this appearance the samples showed some ef-
fects of diffuse scattering, which increased as the sample
surfaces were attacked by atmospheric water vapor. Par-
ticularly at high frequencies, the rough surface caused the
reflectance to be smaller than it should have been. In an
attempt to compensate for this scattering, the samples
were coated with 3000 A of Au immediately after the re-

334 | |

f=

o

FIG. 3. Scanning electron micrograph of the sample surface at moderate magnification. The particles ar the sall white dots.
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flectance was measured. A comparison between the gold-
coated surface and the uncoated surface gave a correction
of the reflection spectrum for scattering.

C. Characterization in electron microscope

We used a JEOL JXA-35 electron probe x-ray mi-
croanalyzer (scanning electron microscope) for structural
and chemical characterization of the composite samples.
Figure 2 shows an example of the Ag particles at the sur-
face of a composite having f=0.334. Comparison with
Fig. 1 shows that the particles retain their spherical ap-
pearance during the pressing and grinding process. Figure
3 is a lower-magnification view, showing the distribution
of the Ag particles at the surface of the sample. The
small white dots are the Ag particles. Notice that the par-
ticles are not isolated into large islands but instead are dis-
tributed across the entire surface of the sample.?’

To determine quantitatively the amounts of the ele-
ments present in the samples, x-ray elemental analysis was
performed in the scanning electron microscope using an
EDAX 9100 system. X-rays, generated when the electron
beam strikes the sample, are energy analyzed; from the in-
tensity of the characteristic x-ray emission the atomic per-
cent of each element can be calculated. Quantitative
analysis was accomplished using a modified version of
FRAME-C, a National Bureau of Standards program
developed for energy-dispersive x-ray analysis, to correct
inter-elemental effects.

The analysis of the composites gave the atomic percent
of the major components (Ag, K, and Cl). However, the
analysis also indicated that many samples had sulfur (S)
contamination on the Ag particles. Ag tarnishes by react-
ing with atmospheric sulfur compounds to form Ag,S.
The Ag volume fraction (f) of each sample was calculated
* from the atomic percent concentration (N »,) by assuming
bulk densities for each constituent after correcting for the
S contamination by assuming that each S atom bonded to
2 Ag atoms and removed these “free” electrons from the
metallic part of the sample. The volume fraction is

_ (Nag—2Ns)M,,

f pAgV

) (1)

where Ng is the atomic concentration of sulfur, M,, is
the atomic mass of silver, pa, is the bulk density of Ag,
and V is the total sample volume. Ng/N,, varied from
nearly zero to 11%:; its average value was 5%.

Another element that existed in the composites was the
oxygen (O) introduced to produce the oxide coating on the
particles. The EDAX system is completely insensitive to
O, so that the x-ray analysis probably indicated more free
Ag metal then was truly present. Previous work?® with
Ag particles produced in an argon and oxygen atmosphere
indicates the oxide coating could be about 10 A thick.
This coating could reduce the volume fraction of free Ag
by about 20%. However, care was taken in the Ag parti-
cle manufacture consistently to produce similar amounts
of oxide on all particles. Note that whereas Ag tarnishes
while stored at room temperature, we would not expect it
to oxidize. In addition, sum-rule calculations, discussed
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in Sec. IV, indicate that for the majority of the samples
the oxide coating reduces f by only small amounts.

D. Evidence for randomness

We believe that the location of the metal grains in our
sample is reasonably random. . There are three reasons for
this belief. First, the electron microscope, both in its im-
aging and in its x-ray mapping mode, showed no large-
scale (> 1 um) clumping of the Ag grains in the samples
prepared as described above. In the case of samples which
were pressed only once the x-ray mapping did show re-
gions of high Ag concentration, but after the fifth press
no clumping could be discerned. Second, the samples un-
dergo a percolation transition at a critical concentration
which is very close to the expected value’®3! of
0.16—0.18. Previous dielectric constant measurements,?’
which used the mass of the Ag powder to determine the
concentration, found f'=0.20+0.01. Our electron-
microscope characterization showed that the concentra-
tion is systematically overestimated when the mass is
used, so that a corrected value of f, is f,=0.17£0.01, in
very good agreement with theory. Third, a detailed study
of the stepwise sample manufacturing process finds>? that
the electrical resistance of a sample is initially increased
when the sample is ground up and repressed (without add-
ing more Ag!). After five to six cycles of grinding and
pressing, the resistance increase stops. Similarly, the
dielectric constant of low-concentration samples increased
during the first few cycles but stabilized by the fifth step
in the process. Our interpretation of this experiment is
that initially the Ag particles, which at r=120 A are
smaller than the approximately 1-um-size KCl grains, are
not randomly located but instead fill the gaps between
KCl. Upon regrinding, the KCl fractures along new
planes, leaving some Ag in .the interior of the grains.
With the cyclical procedure the Ag eventually has an op-
portunity to be located anywhere within the composite. If
this behavior did not occur, the resistance should not be
affected by the grinding and pressing cycle.

E. Reflectance measurements

A Michelson interferometer and 1-K bolometer detec-
tor were used to measure the reflectance in the 10-to-
700—cm~! (1-t0-90—meV) region.’*3* With beam-
splitters of 2.5 and 12 um thickness the reflectance was
examined with a resolution of Aw/w=10"2

A vacuum spectrometer, built around a Perkin-Elmer
model 16 U grating monochromator,** was used to mea-
sure the reflectance in the 500-to-45000—cm ™! (0.06-to-
5.6—eV) region. Three sources, four gratings, and three
detectors were used to cover the infrared, visible, and ul-
traviolet regions with moderate resolution, Aw /w=1072.

III. EXPERIMENTAL RESULTS

A. Reflectance

Figure 4 shows the reflectance of several samples. No-
tice that the low-frequency reflectance increases with in-
creasing volume fraction of Ag and that the plasma
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FIG. 4. Reflectance between 10 and 45000 cm™! (1 meV to

5.6 eV) of room-temperature Ag-KCl composites for several
volume fractions.

minimum of Ag (at 31500 cm~! or 3.9 eV) is apparent in
all the samples. The sharp rise in the reflectance after the
plasma minimum is due to interband transitions of elec-

_ trons in Ag.3® The Ag film that was used for the f=0.987
sample has structure at 29 500 cm~! (3.7 eV). The struc-
ture has been identified as a surface plasmon which was
excited in the Ag film.3® Figure 5 shows the low-
frequency behavior of several samples. The structure at
150 cm~! (10 meV) is due to optic phonons in KC1.>’
This structure disappears as the volume fraction of Ag is
increased.

B. Kramers-Kronig transformation

Because the reflectance measurements covered an ex-
tremely large frequency range (10—45000 cm~!), a
Kramers-Kronig analysis of the reflectance provides accu-
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FIG. 5. Reflectance data showing low-frequency (10—1000
cm~! or 1—125 meV) detail. Structure at 150 cm~! (10 meV) is
from the transverse-optic mode of KCl.
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rate values for the optical constants. The Kramers-
Kronig integral determines the phase shift on reflection.*®
With the measured reflectance and the phase shift known,
any optical function can be calculated.

Conventional extrapolation procedures were used in the
Kramers-Kronig analysis. Samples having low dc con-
ductivity were assumed to have a constant reflectance be-
tween zero frequency and 10 cm~!. This approximation
assumes the lowest data points are a good estimate of the
dc value of the reflectance. The reflectance of samples
with large dc conductivities was assumed to follow at low
frequencies the Hagen-Reubens relation,*

R(w)=1—Ax'?, (2)

where R is the reflectance as a function of frequency and
A was chosen to make the relation fit the first few data
points, This approximation is valid for the low-frequency
reflectance of metals so long as the dc conductivity (in esu
units) is much greater than the frequency. For Ag the dc
conductivity is approximately 10° times larger than the
lowest frequency, making this approximation valid for
our conducting samples.

A second extrapolation was done for frequencies be-
tween the last data point (45000 cm™! or 5.6 eV) and
400000 cm™! (50 eV). Here, the reflectance was extrapo-
lated as o ~°, with the exponent chosen to be s=0.8, a
value consistent with the behavior*® of bulk Ag between
50000 and 400000 cm~'. Above 400000 cm~! the re-
flectance was assumed to follow a  ~* form, as appropri-
ate for free-electron behavior.

To permit comparison with dc properties, we have
calculated from the Kramers-Kronig analysis the
frequency-dependent conductivity o (@) and the real part
of the dielectric function €;(w). Together these quantities
determine the complex dielectric function:

e(w)=el(w)+%al(w) . 3)
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FIG. 6. Real part of the dielectric function obtained by
Kramers-Kronig analysis of the reflectance of Ag-KCl compos-
ites.
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Kramers-Kronig analysis of the reflectance of Ag-KCl compos-
ites.

C. Dielectric function

Figure 6 shows the real part of the dielectric function,
€1, as determined by the Kramers-Kronig analysis. Notice
that the low-frequency values of €; are positive for low-
volume fractions and negative for higher-volume frac-
tions. The change in low-frequency behavior is caused by
the insulator to metal (percolation) transition in our sys-
tem. The sharp decrease at low frequencies is from the
free electrons which give Ag metal a high reflectivity and
conductivity in the infrared. Measurements?’ of the static
dielectric constant indicate the percolation transition
occurs at a volume fraction very close to that of the
f=0.192 sample. The structure in €; at 32000 cm~! is
from the electrons of the d 1states,35 which lie 4 eV below
the Fermi surface in Ag.

D. Conductivity

Figure 7 shows the Kramers-Kronig result for the
frequency-dependent conductivity, o(w). There is a
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FIG. 8. Frequency-dependent conductivity showing low-
frequency detail. ‘

K. D. CUMMINGS, J. C. GARLAND, AND D. B. TANNER ' 30

minimum in the conductivity just above 3000 cm~! (4 eV)
followed by a sharp rise in the conductivity at the onset of
the interband transitions. Notice the large change in the
low-frequency values of the conductivity as the volume
fraction of Ag increases. Figure 8 shows the low-
frequency conductivity for three low-concentration sam-
ples in detail. (Note that for samples with f>0.3, the
conductivity in this frequency range is off scale.) The
peak at 140 cm™~! is from the transverse-optic phonon®’ of
KCIl. The strength of this peak actually increases with in-
creasing volume fraction of metal. As we shall see, this
effect is predicted by the theories of composite materi-
als.*! At higher concentrations (f >0.3) we no longer see
the optic phonon.

IV. DISCUSSION

A. The effective dielectric function

In our samples, where the scale over which spatial fluc-
tuations occur (particle size) is small compared to the
wavelength of the incident electromagnetic fields, the in-
homogeneous medium may be viewed as being uniform in
its response to external fields. The optical properties*?—>
of this medium are described by an effective homogeneous
dielectric function, which depends on the dielectric func-
tion of Ag, the dielectric function of KCl, the volume
fraction of metal (f), the particle size, and the particle
shape. We will assume a spherical shape for the particles
in our treatment. There exist two different theories for
the effective dielectric function,?> the Maxwell-Garnett
theory (MGT) and the effective-medium approximation
(EMA).

According to the MGT,* isolated grains of dielectric
function €y are embedded in a host material with dielec-
tric function €. No contact between the grains is permit-
ted in this theory. These assumptions, which correspond
to low-volume fraction f, lead to the MGT dielectric
function:

B ey fleg—ey) @
MOT=€H ¥ (1 f)(eq—en)+3en

Note that Eq. (4) is inherently asymmetric in the treat-
ment of the two constituents, giving different answers for
the case of metal grains embedded in an insulating back-
ground and for insulating grains in a metal background,
even if the volume fraction of metal is the same in both
cases. In addition, eygr varies smoothly from the host
value at =0 to the grain value at f =1; i.e., there is no
percolation transition.**~*7 Such a transition is specifical-
ly excluded by the assumption that the metal grains make
no contact. Despite these shortcomings, the MGT has
been applied to numerous metal-insulator composite sys-
temns®®10:11,14,15,18,24,48,54,55 354 is generally accepted as a
good description of dilute inhomogeneous mixtures.

According to the EMA,* individual grains, either met-
al or insulator, are considered to be embedded in a back-
ground (the “effective medium”), which has the average
properties of the mixture. A self-consistent choice for the
properties of the effective medium leads to a quadratic
equation for the dielectric function of the medium egpa,
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€M —E€EM —EEMA
€y +2€Ma T f) €1+2€EMA 0 ¢
Equation (5) displays the symmetrical treatment of the
materials within the EMA, remaining unchanged if the
insulating and metallic grains are interchanged while
keeping the volume fraction of metal the same (i.e.,
f—1—f). The EMA allows for a percolation transi-
tion,*6:39=52 at a critical volume fraction f, =+ for spher-
ical particles. Like the MGT, the EMA has been applied
to numerous systems and has been generahzed to optical
frequencies by many mvestlgators 6,51—54

It has been pointed out that in addition to the electric
dipole effects which lead to Eqgs. (4) and (5), small metal
particles also interact with the magnetic part of the exter-
nal field.*®3—5% We have incorporated this eddy-current
effect in our calculations, but find that it is not very im-
portant at the concentrations and frequencies which we
have studied.

B. Properties of Ag and KCl

We have used semiclassical models for the dielectric
response of KCl and Ag in the MGT and EMA. KClisa
diatomic crystal with a fundamental lattice vibration in
the far infrared. We choose a Lorentz oscillator model*®
to represent this transverse-optic-phonon mode®’ in the
dielectric function of KCl (excy)

oL
exal®) =€pt—3 5 - (6)
(OTO—G) —i Yo
In Eq. (6), €;=2.1 is the high-frequency value of the
dielectric function for KC1; wpo=141 cm™! is the reso-
nance frequency of the vibrational mode of the ions;>® w?
describes the oscillator strength for the phonon; and y =5
cm™! is the full width at half maximum for the oscillator.
The oscillator strength w? was calculated by the relation®

2 2 2 ’
ar =eopt(wLO_wT0) ’ (7)

where w =200 cm~! is the longitudinal polariton fre-
quency, defined to be the zero of the real part of dielectric
function. This relation gives w; =206 cm™1.

Ag is a metal with d bands beginning 4 eV below the
Fermi energy.’® Therefore below 4 eV only intraband
transitions of electrons occur, whereas above 4 eV inter-
band transitions also occur. The dielectric function of Ag
(eag) can be represented as a combination of a free-
electron Drude model*® 3 for low-frequency behavior and
tabular data*® for the higher-frequency bound-particle
behavior:

@
o’ +io/r
Here, €,(@) describes the interband and core electron con-
tributions to the dielectric function of bulk Ag, taken
from Ref. 40. The other quantities in Eq. (8) are
®,=73100 cm™!, the unscreened plasma frequency>® for
the conduction electrons, and 7, the electronic relaxatlon
time. Because the Ag particles are small (r=125 A), the
relaxation time is dominated by surface collisions even at

(8)

€rglw)=¢€p(w)—
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FIG. 9. Reflectance of Ag-KCl composites as calculated by
the effective-medium approximation.

room temperature. To account for this scattering, we add
a term to the relations rate (1/7=vg/I) that assumes elec-
trons, traveling at the Fermi velocity (vg) in a particle of
radius r, scatter diffusely from the particle surface,

1/7=1/Tag+Vp /7 . )

Using the scattering rate®® of bulk Ag (for which /=300
A), we calculate 1/7=740 cm ™! for our 120- A-radxus Ag
particles. (Note that in converting from sec™! to cm™/,
one divides by 27c.)

C. Band structure of small particles

As mentioned above, Ag is a metal with d bands lying
approximately 4 eV (32000 cm™!) below the Fermi ener-
gy.3® Figures 4 and 7 show d interband transitions in our
composites; both the reflectance and conductivity rise
above 30000 cm~!. The appearance of these interband
transitions at the same energy as in the bulk metal shows
that the electronic structure of our small (120-A-radius)
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FIG. 10. Reflectance of Ag-KCl composites as calculated by
the Maxwell-Garnett theory.
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FIG. 11. Conductivity of Ag-KCl composites as calculated
by the effective-medium approximation.

particles is similar to the bulk.

Ideally the magnitude of o(w) above 4 eV should
change systematically with f. This is the case over
30000—37 000 cm ™!, except for the £f=0.656 sample. We
attribute this failure to an imperfect correction for the
diffuse scattering from our samples.

D. Comparison between data and theories

Figures 9 and 10 show the calculated reflectance with
use of the EMA and MGT. To obtain reasonable results
from the MGT, samples with f <0.5 were assumed to
consist of Ag particles in a KCl host, whereas those with
f>0.5 had KCl grains in an Ag host. This switch from
an insulating host to a conducting host artificially pro-
duces a percolation transition at f=0.5 in the MGT cal-
culations. In contrast, the percolation transition occurs
automatically in the EMA when f=+. A comparison of
Fig. 4 with Figs. 9 and 10 shows that the EMA correctly
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FIG. 12. Conductivity of Ag-KCl composites as calculated
by the Maxwell-Garnett theory.
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FIG. 13. Effective-medium—approximation calculation of
the reflectance showing low-frequency detail.

predicts the rising low-frequency reflectance and the in-
creasing sharpness of the 3.9-eV plasma minimum with
increasing volume fraction of Ag, whereas the MGT
predicts a sharp resonance at 3.1 eV (KCl host) and 3.7 eV
(Ag host) that is not seen in our data.

The frequency-dependent conductivity also supports the
conclusion that the EMA better describes our samples. A
comparison of the calculated conductivity, Figs. 11 and
12, with the data, Fig. 7, shows that the EMA correctly
predicts a broad peak in the conductivity with a max-
imum value of ~1000 Q~!cm™!. The sharp peaks
predicted by the MGT at 3.1 eV (KCl host) or 3.7 eV (Ag
host) are not seen in our data.

E. Low-frequency properties

Figure 13 shows the EMA calculation of low-frequency
reflectance, showing the disappearance of the transverse-
optic phonon of KCl with increased volume fraction of
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FIG. 14. Effective-medium—approximation calculation of
the conductivity showing low-frequency detail.
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FIG. 15. Absorption coefficient obtained by Kramers-Kronig
analysis of the room-temperature reflectance. 1 um~! equals
10000 cm™—!.

ABSORPTION COEFFICIENT (pm™')

O
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metal. Note that as in the experimental results (Fig. 5) the
phonon mode disappears just above the percolation transi-
tion (f~0.2 in our samples and f =+ in the EMA). In
the EMA calculation of o(w) at low frequency shown in
Fig. 14, the transverse-optic mode of KCl is seen to be
enhanced with increasing volume fraction. The magni-
tude of the phonon peak is in reasonable agreement with
experiment (Fig. 8) for f < f,~0.2. Thus, the EMA and
experiment agree well in the low-frequency region so long
as both are either above or below their critical volume
fractions. Note that at these frequencies the KCl-host
MGT is similar to the EMA for f <+, whereas the Ag-
host MGT is similar to the EMA for > 5.

F. Absorption coefficient

Figure 15 shows the absorption coefficient for some of
our samples. Previous work*® 3% has shown that the ab-
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FIG. 16. The partial oscillator strength versus frequency,
determined by integration of the Kramers-Kronig derived con-
ductivity.
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sorption coefficient a(w) of an inhomogeneous medium to
be

alw)=(2w/c)Im(eppp)'’?, (10)

where c is the speed of light, €,, is the dielectric function
of the medium, and pu,, is its permeability. At low fre-

quencies and small volume fraction a(w) can be written
48,59
as?®

alw)=Kfof : (11)

where K depends, according to theory,*® upon the particle
radius and dc conductivity. At low values of f and o,
B=2. As f and o are increased, B is expected to decrease
to a value less than 1. This qualitative behavior is seen in
our data.

G. Sum rules

Stroud® has derived several sum rules for composite
systems. Using our model for Ag and neglecting any
small contributions from the KCIl, we are able to rewrite
the optical conductivity sum rule as a partial sum rule for
the Ag-KCl composites:

(2m /mne?) fomcal(m)da;:fNem/m* . (12)

where m is the free-electron mass, e the electronic charge,
n the atomic number density for Ag, N, the number of
conduction electrons per Ag atom, o, the real part of the
conductivity, @ the angular frequency, o, the cutoff fre-
quency for the partial sum, and N,m /m* is the oscillator
strength. From the free-electron model for Ag we expect
N,m/m* to rise rapidly at low frequencies and saturate
at a value near 1, the number of valence-conduction elec-
trons per Ag atom. Thus, the left-hand side of Eq. (12)
should equal f. Figure 16 shows the result of evaluating

f (m/m*) N, FROM CONDUCTIVITY

0 0.5 1.0
VOLUME FRACTION OF Ag

FIG. 17. Intraband oscillator strength vs volume fraction
from conductivity data. The line is the expected result for our
system.
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Eq. (12) for our samples. For Ag, f=0.987, there is a
broad plateau between the regions of free-electron
behavior and interband transitions. For the other sam-
ples, the saturation occurs at higher frequencies and at
lower values of the oscillator strengths.

To enable comparison of all our samples, we evaluated
the partial sum rule at the plasma minimum of bulk Ag
(w,=31500 cm™! or 3.9 eV) and assumed that the oscilla-
tor strength of bulk Ag at this frequency was
N,m/m*=1. Equation (12) predicts a linear relationship
between the volume fraction and oscillator strength. Fig-
ure 17 shows the calculated oscillator strength versus
volume fraction; the line is the expected result. Notice
that the simple assumptions of this model are not quite
correct. The value for bulk Ag is slightly higher than
one.’” This increased oscillator strength probably comes
from a small interband contribution at .. Many of the
samples give values that fit the expected results very well.
-Three higher-concentration samples, however, are much
lower than expected. This discrepancy probably occurs
because the surfaces of these samples were not polished
sufficiently well.

We may write two more sum rules that relate optical
response functions to the oscillator strength of the com-
posites. They are

(me /2m*ne?) fowc alw)do=fN,m/m* , (13)

—(m /27ne?) ,fowc olm[1/e(®)ldo=fN,m/m*, (14)

where a is the absorption coefficient, —Im(1/€) is the loss
function,®® and c is the speed of light. Figures 18 and 19
give, tespectively, the evaluation of Egs. (13) and (14)
versus volume fraction; the lines are the expected result
scaled by the value**-for bulk Ag. The absorption coeffi-
cient sum rule is satisfied rather well. In contrast, the loss

o
o

o
i

o
N

f (m/m") N FROM ABSORPTION COEFFICIENT
o

o

0.5 1.0
VOLUME FRACTION OF Ag

FIG. 18. Intraband oscillator strength vs volume fraction
from absorption coefficient data. The line is the expected result
for our system.
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FIG. 19. Intraband oscillator strength vs volume fraction
from loss function data. The line is the expected result for our
system.

function sum rule [Eq. (14)] fails to describe’ our data.
This failure occurs mainly because of the very low values
of the loss function sum rule. We expect the data would
fit the predicted results better if the integration could be
carried to much higher frequencies.

Stroud® also derived a sum rule for the second moment
of the conductivity. Again using our model for the com-
posite his expression may be written as a partial sum rule

(3m2/2m*n%*) f:‘ o*ow)do=Ff(1—f), (15)

where f is the volume fraction of Ag. We now use Eq.
(15) and (12) to obtain additional information about the
broad peak in the data, shown in Fig. 7 at around 25000
cm~! (3 eV), and in the EMA, shown in Fig. 13 at ap-
proximately 20000 cm~! (2.5 eV). This peak arises from
absorption by standing-wave modes excited in the small
metal particles by the incident electromagnetic radiation
and is called the “impurity band” by Stroud. The square
of the center of gravity for the impurity band in the com-
posites can be calculated by dividing the integral in Eq.
(15) by the integral in Eq. (12) to give

a)fmp= [fowcwzal(w)dw]/ [ fomc al(co)dw] . (16)

The “center of gravity” of the band (wipp) is the location
the band would have if it had zero width. Note that
above percolation, the center of gravity is a weighted aver-
age of the “percolation mode” at zero frequency and the
impurity band. Figure 20 plots the ratio of the center fre-
quency of the impurity band to the plasma frequency,
Wimp/@p, versus the volume fraction of Ag. The line is
the expected result for spherically symmetric composites
below percolation as described by Stroud,®
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FIG. 20. Center frequency of the impurity band divided by
plasma frequency vs volume fraction. The line is the expected
result.
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172

= . (a7

3

Oimp=

The fit of the data to the theory is remarkably good. We
see that the impurity band decreases in frequency with in-
creasing volume fraction.

In summary, we have measured the optical properties
of an Ag-KCl composite system and compared these
properties with the theories for the effective dielectric
function of an inhomogeneous medium. Our system is in
qualitative agreement with most of the features of the
EMA. The optical sum rules are obeyed for most of our
samples. Finally, we have found that the “impurity
band” does exist in our system and the concentration
dependence of the band center agrees well with theory.

ACKNOWLEDGMENTS

We thank D. Stroud for numerous useful discussions
and S. Miller and B. Farrar for assistance with the elec-
tron microscopes. This work was supported by the U.S.
Department of Energy under Contract No. DE-AS02-
78ER04914.

*Present address: AT&T Bell Laboratories, Bell Telephone

. Laboratories, Incorporated, Murray Hill, NJ 07974.

Present address: Department of Physics, University of Flori-
da, Gainesville, FL 32611.

Iw. T. Doyle, Phys. Rev. 111, 1067 (1958).

2R. H. Doremus, J. Chem. Phys. 40, 2389 (1964).

3U. Kreibig and C. V. Fragstein, Z. Phys. 224, 307 (1969).

4S. C. Jain and N. D. Arora, Solid State Commun. 15, 433
(1974); 16, 421 (1975). '

5J. D. Ganiere, R. Rechsteiner, and M. S. Smithard, Solid State
Commun. 16, 113 (1975).

6R. S. Sennett and C. D. Scott, J. Opt. Soc. Am. 40, 203 (1950).

7G. Rassigini and P. Rouard, J. Opt. Soc. Am. 53, 604 (1963).

8R. H. Doremus, J. Appl. Phys. 37, 2775 (1966).

9J. P. Marton, J. Appl. Phys. 40, 5383 (1969).

10§, Yoshida, T. Yamaguchi, and A. Kinbara, J. Opt. Soc. Am.
61, 62 (1971).

R, W. Tokarsky and J. P. Marton, J. Appl. Phys. 45, 3051
(1974).

12R, E. Hetrick and J. Lambe, Phys. Rev. B 11, 1273 (1975).

BBy, V. Troung and G. D. Scott, J. Opt. Soc. Am. 66, 124
(1976).

143, Norrman, T. Andersson, C. G. Granqvist, and O. Hunderi,
Solid State Commun. 23, 261 (1977); Phys. Rev. B 18, 674
(1978).

I5R. W. Cohen, G. D. Cody, M. D. Coutts, and B. Abeles, Phys.
Rev. B 8, 3689 (1973).

I16E, B. Priestley, B. Abeles, and R. W. Cohen, Phys. Rev. B 12,
2121 (1975).

17B. Abeles, H. L. Pinch, and J. I. Gittleman, Phys. Rev. Lett.
35, 247 (1975).

188, Abeles and J. I. Gittleman, Appl. Opt. 15, 2328 (1976).

193, 1. Gittleman and B. Abeles, Phys. Rev. B 15, 3273 (1977).

20p, Sheng, Phys. Rev. Lett. 45, 60 (1980).

21G. A. N. Klasson, C. G. Granqvist, and O. Hunderi, Appl.

Opt. 20, 26 (1981).

221, Harris and J. K. Beasley, J. Opt. Soc. Am. 42, 134 (1952).

23D. R. McKenzie, J. Opt. Soc. Am. 66, 249 (1976).

24C. G. Grangqvist and O. Hunderi, Solid State Commun. 19,
939 (1976).

25C. G. Grangqyvist, N. Calander, and O. Hunderi, Solid State
Commun. 31, 249 (1979).

26C. G. Grangyvist and R. A. Buhrman, J. Appl. Phys. 47, 2200

(1976).

27D. M. Grannan, J. C. Garland, and D. B. Tanner, Phys. Rev.
Lett. 46, 375 (1981).

28Bvidence for this good contact comes from resistance studies
where ordinary metallic behavior (no thermal activation) was
seen from 300 to 0.002 K. See Ref. 27 and J. C. Garland, W.
J. Gully, and D. B. Tanner, Phys. Rev. B 22, 507 (1980).

29The darker area in Fig. 3 is where KCl has been dissolved
from the surface and redeposited in a thin film over the sam-
ple. Microprobe x-ray analysis shows that the Ag particles
have the same concentration in this region.

30H. Scher and R. Zallen, J. Chem. Phys. 53, 3759 (1980).

311, Webman, J. Jortner, and M. Cohen, Phys. Rev. B 11, 2885
(1975).

32B. Warner (unpublished).

33K. D. Cummings, D. B. Tanner, and J. S. Miller, Phys. Rev. B
24, 4142 (1981).

34R, B. Sanderson and H. E. Scott, Appl. Opt. 10, 1097 (1971).

35H. Ehrenreich and H. R. Philipp, Phys. Rev. 128, 1622 (1962).

36T. Huen, G. B. Irani, and F. Wooten, Appl. Opt. 10, 552
(1971).

37K. W. Johnson and E. E. Bell, Phys. Rev. 187, 1044 (1969).

38F. Wooten, Optical Properties of Solids (Academic, New York,
1972).

39C. Kittel, Introduction to Solid State Physics, 5th ed. (Wiley,
New York, 1976).

490H. J. Hagemann, W. Gudat, and C. Kunz, Deutsches



4182

Elektronen-Synchrotron, Hamburg, West Germany, Report
No. DESY SR-7417, 1974 (unpublished).

41E, Simanek, Phys. Rev. Lett. 38, 1161 (1977).

4“2For a review of the history of the field see R. Landauer, Elec-
trical Transport and Optical Properties of Inhomgeneous
Media, edited by J. C. Garland and D. B. Tanner (AIP, New
York, 1978), p. 1. '

43, C. M. Garnett, Phil. Trans. R. Soc. London, Ser. A 203, 385
(1904); 205, 237 (1906).

44y. K. S. Shante and S. Kirkpatrick, Adv. Phys. 20, 325 (1971).

45H. L. Scott, Jr., Am. J. Phys. 40, 1134 (1972).

46D. M. Wood and N. W. Ashcroft, Philos. Mag. 35, 269 (1977).

47D. J. Bergman, Phys. Rep. 43, 377 (1978).

48G. L. Carr, R. L. Henry, N. E. Russell, J. C. Garland, and D.
B. Tanner, Phys. Rev. B 24, 777 (1981).

49D. A. G. Bruggeman, Ann. Phys. (Leipzig) 24, 636 (1935).

K. D. CUMMINGS, J. C. GARLAND, AND D. B. TANNER 30

50R. Landauer, J. Appl. Phys. 23, 779 (1952).

51D, Stroud, Phys. Rev. B 12, 3368 (1975).

52], Webman, J. Jortner, and M. H. Cohen, Phys. Rev. B 15,
5712 (1977); 16, 2539 (1977).

53D. Stroud and F. P. Pan, Phys. Rev. B 17, 1602 (1978).

54N. E. Russell, J. C. Garland, and D. B. Tanner, Phys. Rev. B
23, 632 (1981).

55D. B. Tanner, A. J. Sievers, and R. A. Buhrman, Phys. Rev. B
11, 1330 (1975).

56H. J. Trodahl, Phys. Rev. B 19, 1316 (1979).

57L. Genzel and U. Kreibig, Z. Physik B 37, 93 (1980).

58P, N. Sen and D. B. Tanner, Phys. Rev. B 26, 3582 (1982).

59C. G. Granqyvist, R. A. Buhrman, J. Wyns, and A. J. Sievers,
Phys. Rev. Lett. 37, 625 (1976).

60D, Stroud, Phys. Rev. B 19, 1783 (1979).



FIG. 1. Transmission electron micrograph of the Ag particles used in the samples. The average particle diameter is 250 A.
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FIG. 2. High magnification scanning electron micrograph of the Ag particles at the surface of a f=0.334 composite sample. The
particles are the round white objects in this photograph.



FIG. 3. Scanning electron micrograph of the sample surface at moderate magnification. The particles
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are the small white dots.



