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ABSTRACT 

The reflectance in the infrared and visible (0.08 eV to 3.2 eV) 
has been measured for aluminum small particles compacted into potas- 
sium chloride. The aluminum particles were prepared by evaporation 

o o 
in inert gas atmosphere and had mean diameters of 200A and 600A. 
The volume fraction, f ,  of metal in the samples studied was between 
f = 0.03 and f - 1. For f - 0.15 the specimens exhibited f i n i t e  dc 
conductivity. The main feature of the data is a decreasing reflec- 
tance with increasing frequency. The magnitude of the reflectance 
increases with metal concentration. Comparison of experiment with 
simple theories shows that the self consistent theory predicts the 
general form of the reflectance i f  the low concentration for f i r s t  
achieving conduction is taken into consideration. Kramers-Kronig 
inversion of the reflectances yield frequency dependent conductivi- 
t ies which are not l ike those of a simple metal. 

INTRODUCTION 

There has been some disagreement in the l i terature recently 
over the dielectric function appropriate to describe the optical 
properties of composite systems. In particular Stroud I has pro- 
posed that the effective medium approximation 2 (EMA) should be used 
while Gittleman and Abeles 3 have advocated use of the Maxwell- 
Garnett theory 4 (MGT). 

EXPERIMENT 

We have measured the reflectance in the visible and infrared of 
composite systems formed by compacting together small particles of 
aluminum and KCI. The particles were made by the smoke method: 
evaporating aluminum in an argon atmosphere. Argon pressure was 

o 
about 0.2 Torr to produce d - 200A particles and 0.5 Torr giving 

d - 600~ particles. 
The particles were thoroughly mixed with KCI powder, 40 ~M < d 

< IO0~M, pressed into a disk shaped pellet and mounted into a grat- 
ing spectrometer for reflectance measurements. Four gratings were 

used to cover 600 cm -I to 26000 cm - i  (0.075 eV to 3.25 eV) with 
thermocouple, lead sulfide and photomultiplier detectors as appro- 
priate. 

Figure 1 shows the reflectance of d - 200~ aluminum particles, 
of volume fraction f = 0.03, f = 0.18 and f = 0.30 metal. The low 
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concentration shows a o 
rather f l a t  reflectance, o8 
The two higher concen- 
trat ions show a high low 
frequency reflectance 
which fa l l s  rapidly as 06 
the frequency is in- 
creased. The general 
shape of the reflectance 

E is characterist ic of a o 
poor conductor. This is G 04 
consistent with the ob- 
servation that both of 
these samples were con- 

ducting, with o ~ lfl - I  o2 
cm - I  

Figure 2 shows the 
reflectance of compos- 

i tes made from d ~ 600~ o 
Al part icles in KCl with o 
f - 0.03, f = 0.50, 
f = 0.75 and f = 1. The 
f ~ 1 sample was pre- 
pared in the same way as 
the others except that 
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Fig. 1. Reflectance of three concen- 
trat ions of aluminum particles in KCI. 
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no KCI was used. The o81 , ~ . ~ . 
concentration is not [ 
known very accurately. 

! AI The sample looks l ike o 

rather old aluminum fo i l  | 600A 
and is quite b r i t t l e .  0 6 [ ~  
The shapes of the re- 
flectances are similar 
to those in Figure 1 
while the magnitudes are ~ o4 
somewhat lower. Because ® 
the pellets used in 
these measurements were ~ 
reground and repressed o2 
f ive to ten times, these 
samples were more thor- 
oughly mixed than those 
whose reflectance is 
shown in Figure 1. 01. ' 
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Fig. 2. Reflectance of four aluminum 
small pa r t i c l e  composites. 
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from the solution of a quadratic equation which, assuming spherical 
particles, is: 

f ~EMA - EA CEMA - CB 
2~EMA + ~A + (1- f) 2-~EMA~ B = 0 (I)  

where ~A is the dielectric function of one of the components, say 

the metal, of volume fraction f ,  and ~B is the dielectric function 

of the insulator, of volume fraction (1 - f ) .  The EMA has the ap- 
pealing feature of treating both the A and B particles on an equiv- 
alent basis. I t  predicts a metal-insulator transition at metal 
volume fraction f = 1/3. (The observed transitions occur between 
f = 0.15 and f = 0.6) 

The MGT dielectric function for spherical particles is 

3f(~ A - ~B) 
CMGT = CB + ~B (1 - f)~A + (2 + f)~B (2) 

with the definitions given above. The MGT treats the type A (metal, 
usually) particles as being embedded in a uniform background of type 
B. There is no metal-insulator transition below f = 1, although 
some authors interchange the A and B particles as the metal concen- 
tration increases. 

I f  a metal dielectric function is used for type A: 

~p2 
E A = 1 m2+ im/T (3) 

the MGT predicts an absorption maximum at 

2+ f  ½ 
mo : mpl(1 +i-2-~ ~B ) (4) 

the so-called Maxwell-Garnett resonance frequency. For ~ > ~o the 

MGT dielectric function is characteristic of a metal while for 
< ~o' ~MGT is insulator-l ike. At low concentrations the EMA gives 

the same result as the MGT. As f increases the EMA predicts the 
absorption peak broadening and shift ing to lower frequencies, reach- 
ing ~ = o at f = 1/3. 

DISCUSSION 

Figure 3 shows the calculated reflectance of composite systems 
within both the EMA and MGT. This figure should be compared with 
the measurements shown in Figure 1. For the metal we have used a 
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Drude dielectric func- 
tion with parameters 
appropriate to aluminum o 
at 30OK. For the insu- o8| - 
lator we have used a 
frequency independent 
dielectric constant 
~i = 2.1. The dielec- o6 

t r i c  is taken to be the 
host in the MGT. For 
f = 0.03 the two theo- 
ries produce essen- 04 
t i a l l y  the same result 
at these frequencies: 
a constant low reflec- 
tance governed by the 
insulator dielectric 02 
constant. The reso- 
nance frequency of 
equation (4) is ~o = 

50000 cm -I  (6.3 eV). 
For the higher concen- 
trations the two theo- 
ries produced qualita- 
t ive ly different re- 
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Fig. 3. Calculated reflectance. 

sults. The MGT (dashed line) is small at low frequency and rises 
at high frequencies. The EMA is higher than the MGT at low fre- 
quency, produces a weak maximum in the infrared, and then decreases 
with increasing frequency. The maximum shifts to lower frequency 
and higher reflectance as the metal concentration increases, reach- 
ing zero frequency and unity at f = I/3 (the percolation transi- 
t ion). Since the samples shown in Figure 1 are conducting, the 
absence of a peak in the measured reflectance should not be sur- 
prising. Before any detailed comparison of experiment with theory 
can be attempted, a theory is needed which either (1) predicts the 
percolation transition correctly from the structure of the samples 
or (2) uses experimentally determined percolation parameters as 
input. 

No attempt has been made to f i t  the reflectance measurements 
shown in Figure 2. Instead a Kramers-Kronig s analysis of the re- 
flectance was performed. In calculating the integral the measured 
reflectance was extrapolated to zero frequency using a Hagen-Reubens 

form: R ~ 1 - A~ ½ with A chosen such that a smooth connection to 
experiment was m~de. At high frequencies a I /~ 2 followed by a 1/~ 4 
extrapolation was used. Figure 4 shows the frequency dependent con- 
duct iv i ty oi(~) = ~2(~)/4~, where ~2 is the imaginary part of the 

dielectric function, as determined by the Kramers-Kronig analysis. 
The important feature of a1(~), which is independent of the 
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extrapolation procedure, is 
the broad peak. The peak 
shifts to lower frequency 18oo ° 
and the magnitude of the 
conductivity increases with 
metal volume fraction. The 
shi f t  to lower frequency is 150o 
reminiscent of the EMA be- 
havior in Figure 3, but at 
high concentrations the MGT 'E 
resonance, equation (4), o 
also goes down in frequency. . r 
The zero frequency intercept v tooo 
of oi(~) is consistent in 
order of magnitude with .~ 
rather crude dc resistance 
measurements (o - I- i00 
~-1 cm-1 ) o 

• o 500 
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Fig. 4. Kramer-Kronig derived 
conductivities. 
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