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ABSTRACT

Absorption measurements were performed from „12ym to 
250pm, on small particles .of Al produced by the standard 
inert gas evaporation technique, These were done because 
experimental results of Granqvist et„al, revealed a 
discrepancy of over three orders of magnitude with the 
predictions of both the classical Drude theory for spherical 
particles and the. quantum mechanical Gor'kov Eliashberg 
theory. Our measurements serve to confirm the results of 
Granqvist et.al. in the far IR and to extend the data to 
the UV. In the present paper the "anomalous" absorption is 
explained with a model using the classical Drude theory by 
taking into account a distribution of ellipsoidal shapes and 
an amorphous oxide layer, which is found to cover the 
particles. In order to determine the optical constants of 
amorphous aluminum oxide required in the calculation, a new 
technique applicable to powdered materials was used. Our 
model with the shape distribution was found to give 
excellent agreement with the experimental results. Several 
models proposed by other authors to explain the "anomalous" 
far IR absorption were also considered, but did not agree as 
well with the data.



CHAPTER 1

INTRODUCTION

The absorption of light by several sizes of small 
aluminum particles was measured in the far infrared (from 3 

cm-1 to 150 cm"1) by Tanner, Sievers, and Buhrman (1975)„ 
For the smallest particle size they observed a multiple peak 
structure which they interpreted in terms of quantum size 
effects (QSE) predicted by the Gor'kov Eliashberg theory 
(1965)o Granqvist et„al= (1976) repeated the experiment 
using an improved sample fabrication technique that produced 
Smaller particles of a more uniform size„ The structure 
that was expected to occur due to QSE was not seen and the 
absorption they measured was three orders of magnitude 
higher than either the Gor'kov Eliashberg theory or the 
classical Drude theory predict (see Fig. 1.1). The failure 
to see structure caused by QSE is understandable since the 
size distribution of particles was not sharp enough 
(Granqvist et. al„ 1976, Granqvist 1978)„ In fact Devaty 
and Sievers (1980) point out that it is very unlikely that 
QSE can be seen With present particle preparation 
techniques. The anomalously high absorption is not as

1
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Fig. 1.1 Absorption Coefficient of Al.
The data of Granqvist et.al. (solid 
circles) and calculated absorption 
for spheres (dashed line).



easily explained, There have been many theories proposed to 
account for this, including the following.

1) The aluminum particles produced by Granqvist 
et.al. have an amorphous oxide coating on them (they 
purposely let in oxygen in the inert gas evaporation process 
to ensure electrical neutrality of the particles). It has 
been suggested by Simanek (1977) that the absorption occurs 
primarily in the oxide coating« His model requires the 
particles to aggregate into clusters so that in effect the 
sample consists of randomly oriented cylinders of aluminum 
oxide with aluminum particles embedded within.

2) Glick and Yorke (1978) suggest that a large part 
of the absorption in the far infrared should be due to 
phonon excitation. The Gor'kov Eliashberg theory and most 
of the others assume purely electronic absorption. They say 
the structure, of the lattice absorption should closely 
parallel the structure in the phonon density of states of 
crystalline aluminum and expect the electronic absorption to 
have no appreciable structure. The absorption they 
calculate is in better agreement with the data of Granqvist 
et.al. (as far as it extends) than either the Gor'kov 
Eliashberg theory or the Drude theory.

3) Another theory (Lushnikov, Maksimenko, and 
Simonov 1978, and Maksimenko, Simonov and Lushnikov 1977) 
says that when the particle size is close to or smaller than 
the mean free path of the material there are QSE due to



correlations between the one electron energy levels inside 
the particle (Coulomb interactions between conduction 
electrons). This theory produces some improvement but does 
not completely account for the three orders of magnitude 
difference that was observed experimentallye

4) Ruppin (1979) calculates the absorption due to 
agglomerated oxide coated A1 particles using the Bruggeman 
theory and the Maxwell-Garnett theory= For small particles

O(50 A in diameter) the agreement between his theory for 
elongated clusters and the experimental results of Granqvist
et.al. is not very good. For larger particles (375 A in
diameter), he gets good agreement with the experiment when 
he uses the Bruggeman treatment for elongated chainlike 
clusters (with the ratio of the long axis to the short axis 
equal to 30) or for disclike clusters„

5) In a later paper, Simanek (1980) proposes that 
the anomalously high absorption is due to Mott's (1970) a,c, 
conductivity mechanism. The reason for this new model is
that preliminary measurements by Sievers (1978) indicated 
that the absorption in the far infrared by pure amorphous
aluminum oxide was far too low. In this new calculation the
absorption is primarily due to defects (excess aluminum and 
oxygen vacancies) that occur at the interface between the 
aluminum and the oxide, Simanek again uses the model of
long oxide cylinders with spherical metal grains mixed in.
With the use of Mott's a,c. conductivity formulation he



5
calculates the absorption and claims to get good agreement 
with experimento

In this study we have extended the measurements of 
Tanner et.al. and Grangvist et.al. by measuring the 
absorption of small aluminum particles from the far infrared 
to the vacuum ultraviolet (,12 ym to 250 urn). In an attempt 
to resolve the discrepancy between the theory and the 
experimental results use is made of a simple treatment of 
nonspherical shapes (Huffman and Bohren 1980)„ Although the 
aluminum particles produced are known to be almost spherical 
(Grangvist and Buhrman 1976) they clump together to form 
chains and clusters which behave much like single particles 
of nonspherical shape.

Due to the oxide coating on the particles it was 
necessary to consider two layer particles in the shape 
distribution calculation. This reguires the optical 
constants of the amorphous oxide coating, In the infrared 
these were determined experimentally by doing absorption 
measurements and the results of Hagemann, Gudat, and Kunz 
(1974) were used in the ultraviolet.



CHAPTER 2

THEORY

When dealing with the optical properties of small 
particle systems it is important to understand how light 
interacts with bulk solids. This chapter begins by 
introducing the terminology used when dealing with optical 
properties of matter. In the next section we will begin the 
discussion of small particles by looking at the Mie theory 
for spheres and find the Rayleigh limit for the case of A1 
particles. We then discuss the Rayleigh theory for 
ellipsoids and generalize it to take into account a 
distribution of ellipsoidal shapes. Finally, this shape 
distribution is used to calculate the absorption of small 
particles of A120 3 and comparison is made with experimental 
results.

Optical Properties of Bulk Solids 
Maxwell's equations for the interaction of 

electromagnetic radiation with a nonmagnetic, isotropic 
material (in cgs units) are:

6
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where
E is the electric field vectorr 
H is the magnetic field vector, 
c is the speed of light in vacuo, 
e is the dielectric constant, and 
o is the electrical conductivity.

We can find a wave equation for E by taking the curl of 
and substituting (4) into the resulting expression.

(2)

(5)

For monochromatic light, of wavector q and frequency 
go, a single plane wave can be used to describe the electric 
field vector.

E •= Eq exp i(q°r-wt) (6)

Substituting this into (5) we find,

q2 =2 - £  <e+ i ^ >

We can define a complex index of refraction m, such that,

q = ^ mq = y (n+ik) q

(7)

(8)



where n is just the usual index of refraction, k is normally 
called the extinction coefficient, and q is a unit vector in 
the direction of q„ Substituting this in the wave equation 
(5), the expression for the electric field becomes,

E = [exp-( y k§°r )][exp i ( y n§°r-wt)] (9)

We see that k determines the extent to which the amplitude 
of the light wave is attenuated in the material, i.e. it is 
a measure of the absorption by the material. c/n is the 
speed of light in the material.

From (7), we see that a complex dielectric constant 
can be defined,

2 2
q 2'= E = (e'+ie") • (10)

where e 1 and e" are the real and imaginary parts of e,
respectively. e 1 is just the old e from Maxwell's
equations, and e"=4iTa/a). By squaring (8 ) and comparing to
(1 0 ) we can find the relationships between the complex 
dielectric constant and the complex index of refraction,

£' = n 2- k 2
(11)e" = 2nk

Either of these two sets of quantities ( e 1 , £11) or (n,k) , 
characterize the optical properties of the material. In 
discussions of optical properties of small particles we
usually use the dielectric constant, £.



Introduction to Small Particles 
and the Mie Theory'

When light is incident on a system of small
particles it can either be scattered or absorbed. The sum
is called extinction, i,e,„

extinction=scattering+absorption.
The amount of light transmitted through a collection of n
spherical particles, with path length 1 can be written,

T = exp (-NQextira2) 1 " (12)

where
N is the number of particles per unit volume=n/V and
a is the radius of the particle,

Qext is called the efficiency factor for extinction, and is 
equal to the sum of the absorption efficiency (Qa^g) and the 
scattering efficiency (Qscat )° These quantities will be 
discussed later in more detail. It is more convenient to
write (1 2 ) in terms of the mass per unit area of particles,
o , where

a =  m / A  =  m l / V  =  ( n 4 / 3 7 r a 3 p )  1 / V

Here p is the bulk density of the material. Therefore, the 
transmission equation (1 2 ) becomes,

T = exp (-3/4 ^ext c)
p aor

T = exp (-ac/p) (13)
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where a=3Qext/4a is the extinction cross section per unit 
volume of material,

In 1908 Gustav Mie developed a theory to calculate
V

Qext and Qscat for arbitrarily sized spherical particles. 
The derivation is given many places (see for example van de 
Hulst 1957); we will just quote the results, The 
extinction cross section for a sphere (where cext= ira2Qext  ̂
is t

00

cext - ^  I <2n+1> Re <an+bn> (14)

and the scattering cross section (cscat=1Ta2Qscat^ *s
2 oo

Cscat = ^  I (2n+l) ( |an |a+|bn |M (15)2ira‘

i
where x is the size parameter and is related to the 
wavelength of light (X) through„

x = 2ira/X (16)

The Mie coefficients an and are complex (and complicated) 
expressions involving spherical Bessel and Hankel functions 
and their derivatives„

It turns out that (14) and (15) can be greatly 
simplified if the following two conditions hold,

i) x< <1 ,
ii) |m|x< <lo

The first condition requires that the size of the particle 
be small compared to the wavelength of light and the second
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condition requires the phase shift of light within the 
particle to be negligible. We can see the simplification by 
looking at Fig. 2.1 where Cext/v°l (a) for Al vs. particle 
radius (a) has been plotted on a log-log scale, using the 
Mie theory, for several different wavelengths of light. For 
each of the wavelengths there is a flat region, where the 
extinction is almost independent of the size of the

Oparticle. Such a flat region occurs for a<100A. This
region is where the above two conditions are fulfilled and
is due primarily to the ai term in the Mie theory. It is
generally called the Rayleigh region, after Lord Rayleigh,
who solved the problem for very small particles many years
before the Mie theory. The large bump for the three curves
with X > lyim is primarily due to the b x term in the Mie
theory. Physically, it is caused by eddy current losses.
Eddy currents are important when the diameter of the
particle is close to, but less than, the skin depth of the
particle material. For X =.1 m the skin depth is less than

0the radius (for a=100A) so that the interior of the particle 
is shielded from the external electric field. In this case, 
the eddy currents are confined to the surface so that the 
volume of material able to absorb energy is reduced.

We will, in general, assume x<<1 and |m|x< <1 so that 
eddy current losses and other higher order modes can be 
ignored, and therefore, Rayleigh theory can be used.
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It can be shown that the absorption and scattering 

cross sections calculated in the Rayleigh limit are 
equivalent to considering the particle as an electric dipole 
in a uniform electric field (see, for example, van de Hulst 
1957) „ The electric polarizability (a), for a sphere 
embedded in a medium of dielectric constant em , is (see
Jackson 1962)

“ = i S r -  I")m
where e is the complex dielectric constant of the particle, 
and a is the radius of the particle. c SCat an<̂  Cabs are 
related to the polarizability through the relations (van de 
Hulst 1957),

Cscat = ^  k'lal2 (18)877 | a 1 2

%
Cabs = 47rk Im a (19)

where k= 2Tr/X. By substituting (17) into (18) and (19) we 
get,

8 , . (20)Csoat " 3 ^  x
e+2£m
£ - £

Cabs = 4ira2x  —  (2 1 )E + 2 £m
In (20) we see the familiar result that the scattering is 
proportional to 1/X4 (since x= 2na/X), provided e and em 
are slowly varying.
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Rayleigh Theory for Ellipsoids 

So far in our discussion of small particles we have 
been dealing with spherical particles. Real particles, 
however, are not usually spherical. The Mie theory is
useful for calculations for spheres but is quite cumbersome 
and not easily generalized to other shapes of particles 
(except infinite cylinders)„ As discussed in the previous
sectionf an approximate expression for the absorption and
scattering cross sections can be found by solving the
electrostatic boundary value problem to obtain the 
polarizability.

We can generalize this to other shapes of particles, 
specifically to ellipsoids, by solving the boundary value 
problem in ellipsoidal coordinates. This derivation is 
given in Stratton (1941). The expression for the 
polarizability of an ellipsoid with semi-axes a,b,c, with 
the field parallel to the jth axis, is,

where •
j=lf2p3 and
V is the volume of the ellipsoid, V= 4/3-rrabc.

The Lj's are called depolarization factors and are related 
to the semi-axes of the ellipsoid. L3, for example, is 
given by.
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L =
3

abc da
(a2+ q ) ^ ( b 2+ q ) ^ ( c + q ) ^

They are normalized such that, Li+L2 +L3 =1. Using (18) and
(19) we can get expressions for Cscat and C ^ g  for a single
ellipsoid with arbitrary L.,3

scat
8-E,m

em+Lj (e_era)

'abs = kV Im <
e-em

£m+Lj (e"£m )

(23)

(24)

where the superscript j means the light polarization is 
parallel to the jth axis.

For most of the spectrum, when the size of the 
particle is small enough the extinction is almost entirely 
due to absorption. We can see this by taking the ratio of

^scat to ^abs'
^scat
Cabs

V j, 3 (e1 ~e") +e" 2
6tt (25)

£m £
where the real and imaginary parts of e are explicitly 
shown. Values of this ratio are given in Table 1 using the 
dielectric constants of Al, with £='1.0,

Since (25) does not depend on the shape of the
particle (i.e., there is no L- dependence), we have assumed3— Oa spherical particle with a radius of 50A. From the table 
we see that it isn't until well into the UV that the 
scattering becomes important and, therefore, in general, 
scattering may be neglected.
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Table 1. Ratio of Scattering to Absorption 

for Al in the Rayleigh Limit«

Wavelength (ym) Frequency (cm- 1) Cscat//Cabs
100 102 10~7
10 103 iniOH

1

-d"ot—1 1OH

.33 3x10" 10-2

.10 10s .3

For a collection of randomly oriented identical 
ellipsoids we can find the average absorption cross section 
by summing (24) over j and dividing by three,

' e e"
< C > = Y. k ^-------  7—  (26)

abs 3 Z-, L, {[£*+£„ (l/L.-D ] 2 + e"2}
j=l 3 m J

which is now written in real notation. It should be noted 
that we are assuming single particle absorption, i.e. the 
particle separation is sufficient that the field seen by one 
particle is unaffected by the presence of neighboring 
particles. We expect the absorption to be large whenever 
the denominator of this expression is close to zero. There 
will be a resonance whenever the term in square brackets is 
equal to zero, the strength of the resonance depending on 
the size of e"„ Setting the term in square brackets equal 
to zero and solving for e 1, we get,
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e ' - “em (1/Lj-l) (27)

as the condition for resonance„
For a sphere all of the Lj's are equal, and 

therefore have the value 1/3, so there will be a maximum in 
the absorption whenever„

For a distribution of identical, noninteracting, ellipsoids 
with arbitrary Lj * s there will be three peaks in the 
absorption, corresponding to the three values of Lj » 
Furthermore, we see that for a system of particles which 
contains all shapes of ellipsoids (so that Lj can take on 
any value from 0 to 1 ) there should be absorption over the 
entire region where e ' is negative.

To illustrate these three cases we have plotted the 
absorption/vol for A1 particles in air, so that £^=1.0. 
(see Fig. 2.2). We have also plotted e * vs. frequency on 
the same frequency scale below. For the spheres curve there 
is a large peak in the absorption at the frequency for which 
e ,=-2. Physically, this corresponds to collective 
oscillations of the free electron plasma within the 
boundaries of the spherical particles. The dashed curve is 
for ellipsoids with L 1 =.01, L2 = .3, and L 3 =.69„ As expected, 
there are three peaks. A discussion of how the remaining 
curve was obtained is left for the next section.



20

v 16

SPHERE

Ll
Ixl
O 8

' ; ELLIPSOID

CDE

i— -----1 — . _ -
o 2 6 84 10 . 12

FREQUENCY ( xIO* cm"')

-10

-20

€' -30

-40

-50

Fig. 2.2 Calculated Absorption for Al in the
Rayleigh Approximation.
Top figure: Calculated Absorption for

spheres (dot dash), a single ellipsoid 
with L i = . 01, Ii2= • 3 , and L 3= . 69; and for 
a continuous distribution of ellipsoids 
(solid line).

Bottom figure: e 1 vs. frequency; the cross 
marks the point where c'=-2.
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The Shape Distribution

The average absorption cross section for a
collection of randomly oriented, identical ellipsoids is 
given by (26). Let us assume that the small particle system 
under consideration consists of a variety of shapes of 
ellipsoids. How do we handle this situation? If a 
mathematical expression for the distribution of shapes is 
known, then (26) could be integrated over that shape 
distribution function, i,e,,

where P is the shape distribution function. The «  >>
denotes the double averaging that is being done, i,e„, over 
orientation and shapes, Because of the restriction that 
Li+L2+L 3=1 , we can choose L 3 to be fixed by the condition 
L 3=1-L1_L 2 y so that P is a function only of L 1 and L 2,

distribution function (i ,e,, P(L 1,L2)=a constant)„ In other 
words, all shapes of ellipsoids are taken as equally 
probable. The result of this integration is.

In the log term the principal value must be used, i,e»,
| e | >0 , -ir <0 < TT,

(28)

The evaluation of this integral is given by Huffman
and Bohren (1980), They assumed a uniform shape

log(e/em ) (29)
m
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Let's return to Fig, 2,2, The curve labeled CDE 
(which stands for continuous distribution of ellipsoids) was 
found by evaluating (29), There is absorption ranging from 
zero frequency (v=0 ) , where e ' =  to v= 1,2xio5 cm” 1

where s 1 crosses the zero axis. The maximum absorption for 
the CDE curve is approximately an order of magnitude smaller 
than the maximum for spheres. The CDE curve has a broader 
absorption band though, so that away from the peak it has a 
larger absorption. To make this point clearer we have 
replotted this graph on a log-log scale (Fig, 2,3), At 
1 0 ym (1000 cm” 1), for example, the absorption calculated 
using the shape distribution is approximately three orders 
of magnitude higher than for spheres, The significance of 
this observation will become clearer in Chapter 4,

An Example using the 
Shape Distribution

In this section we will calculate the absorption for 
aAl20 3 (corundum crystal structure) particles using the 
continuous shape distribution and compare it to experimental 
results, The aAl20 3 used was obtained from the Buehler Co, 
(alpha micropolish), the particle size given by them is 
,3ym„ Measurements were done using the standard KBr pellet 
technique (see Chapter 3) in the region of the infrared 
absorption band. The result of these measurements is shown 
in Fig, 2,4, For comparison we have also plotted the 
calculated absorption/vol for spheres and for a distribution
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of ellipsoids using the optical constants of Barker (1963). 
If we compare the experimental results to the absorption/vol 
calculated for spheres, the agreement is very poor„ The 
locations, strengths, and widths of the peaks differ 
substantially. There is much better agreement between the 
experimental results and the CDE curve. The widths of the 
calculated and experimental bands are very close and the 
measured peak magnitude is only about 50% higher than the 
CDE curve. The experimental curve also exhibits more 
structure than the CDE curve. Possible reasons for the 
differences in these two curves are uncertainties in the 
optical constants used to find the CDE curve and the fact 
that the actual particle shapes may not correspond exactly 
to a uniform continuous distribution of ellipsoids. The 
good agreement between the CDE results and the experimental 
results gives us reason to believe that small particle 
systems of other materials may best be described by using a 
shape distribution.



CHAPTER 3

EXPERIMENT

To measure the extinction by small aluminum 
particles two slightly different sample preparation methods 
and four measuring instruments are used. In this chapter we 
will discuss how the Al and Al 20 3 samples are made and 
measured. First we will describe the small particle 
production, followed by a description of how the particles 
are suspended so that the transmission through them can be 
measured. In order to determine the extinction from 
transmission measurements it is necessary to find a, the 
mass per unit area of particles. We will describe how a is 
determined. Then the instruments which are used to measure 
the transmission will be discussed. Finally, we will 
discuss the final step in the • sample preparation for far 
infrared measurements.

Particle Production 
One of the easiest ways to make very small particles 

. is by using the technique of inert gas evaporation (Kimoto 
et.al. 1963 and Yatsuya, Kasukabe, and Uyeda 1973). The 
size of particles that is produced depends on several

24
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factors s the atomic weight of the gas, the pressure of the 
gas, the evaporation rate of the materialt and the distance 
above the source the particle are collected at. In general, 
the smallest particles are made by using a low pressure of 
helium gas at a slow evaporation rate with the collection 
plate as close as possible to the source.

The procedure for making the small aluminum 
particles is as follows. First the chamber is evacuated to 
2 x 10“ 5 torr using an oil diffusion pump. Purified 
aluminum, obtained from the Matheson, Coleman, and Bell Co,, 
is heated in a tungsten wire filament until melted. After 
the filament has cooled, the system is purged with helium to 
reduce the partial pressure of oxygen, and then reevacuated. 
Now the valve between the pump and the bell jar is closed 
and one torr of helium gas, as measured by a thermocouple 
gauge, is introduced into the chamber. The current through 
the filament is slowly raised until - the smoke of small 
aluminum particles begins to be produced, A metal plate 
with either glass slides, polyethylene or LiF substrates 
attached to it is positioned 1 0cm above the filament to 
collect the particles. When the desired density of 
particles is achieved, the current through the filament is 
turned off„ After the filament is allowed to cool, air is 
let into the system and the substrates are removed from the 
metal plate,
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The particles were produced under the same 

conditions for every sample so that ideally the particle 
size should be the same for all samples. Extensive studies 
on the formation of A1 particles produced by inert gas 
evaporation in He have been done by Yatsuya, Kasukabe, and 
Uyeda (1973). They determined that the particles are almost 
spherical and measured how the particle size depends on the 
pressure of the gas (for a given filament temperature and 
distance from the source to collection plate). By 
extrapolating their results to the pressure used in our 
experiment we determined the particle diameter to be

Oapproximately 50A. However, the spherical particles clump 
together to form chains and clusters which changes their 
effective size (and shape). . For this reason we do not 
believe it would be useful to do accurate measurements of 
particle sizes on an electron microscope.

Amorphous aluminum oxide (aAl20 3) particles can be 
made using a similar technique. In this case, 10 torr of 
air and 50 torr of He were admitted into the system, and the 
smoke was made in the same manner as for Al„ A tantalum 
boat was used rather than a tungsten filament since tungsten 
oxidizes to produce W 0 3 particles. The aAl20 3 smoke was 
collected on a metal plate and then scraped off and stored 
in a small vial. An xray powder pattern was taken on the 
particles. There were two faint and indistinct lines 
located at the positions where the two brightest lines for
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crystalline yA120 3 occur suggesting that the material is 
mainly amorphous with perhaps some YAI2O 3 mixed in.

We also did measurements using commercially 
available AI2 O 3 powder obtained from the Linde Co.. The 
diameter of the particles is given as .05ym. This material 
appears to be primarily yAlgOs based on the analysis of the 
powder xray pattern and also since it has sharper structure 
in the IR than the smoke.

Suspension of Particles
In. order to measure the amount of light that is 

absorbed by a collection of particles they must be suspended 
in some manner. The easiest way is to. collect them on a 
transparent substrate. For measurements in the ultraviolet 
this method works well since the particles can be kept 
reasonably well isolated and there is still a measurable 
amount of absorption. We use this method for Al particles 
in the UV (.12ym-.45ym) with LiF as a substrate. Because 
the absorption is found to decrease with increasing 
wavelength for Al particles, the density of particles has to 
be increased. Since we wish to keep the particles isolated, 
the best way to do this is to stack layers of particles on 
top of each other with a transparent substrate between each 
layer. A convenient material to use for measurements in the 
visible to the far IR is polyethylene. The number of layers 
of polyethylene used depends on how strong the particle



28
absorption is. To keep the layers from falling apart, and 
to ensure that the Al particles are totally surrounded by
polyethylene, they are fused together by placing them

>

between microscope slides and applying gentle hand pressure 
while heating them on a hot plate.

For the A l 20 3 smoke and powder we use the standard 
KBr pellet technique (see, for example. Miller 1972) for 
measurements from the visible to the mid IR, A small amount 
(,2mg-,3mg) of the AlgOg is mixed with ,5gm of IR quality 
KBr in a small vial which has a steel ball bearing in it and 
is shaken for 5 minutes in a Crescent "Wig-L-Bug" dental 
amalgamator, The mixture is then pressed into a 13mm 
transparent pellet by using a special die and applying 12 

tons of force. For measurements on Al20 3 in the far IR the 
polyethylene powder method is used, The material is mixed 
with ,Igm of polythethylene and poured into the KBr die. 
The die is placed on a hot plate until the powder melts„ It 
is allowed to cool and then the polyethylene disc is 
carefully removed with the aid of a razor blade.

Mass Calibration 
The determination of the mass per unit area (a) for 

the Al particles is a difficult problem. Since a is very 
low (,5yg/cm2-5yg/cm2) it is not easy to measure directly 
using an analytical balance. To solve this problem we used 
the following method to determine the mass of a sample
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opticallyo A1 smoke was collected on 20 1"xl" pieces of 
glass microscope slides (generally with higher densities 
than will be used in the experiment)„ The transmission 
through each smoked slide was measured in the visible using 
a Cary 14 spectrophotometer» The slides were weighed with 
the smoke on and reweighed after the smoke had been removed, 
the difference is the mass of the Al„ Then the extinction 
cross section per unit volume is found, at some wavelength 
(we chose 5000A), by using the equation,

T = exp(-ac/p)

for each of the 20 slides.« Since the absorption depends 
somewhat on the mass per unit area,a vs„ a is plotted and a 
least squares fit is done. The slope was found to be 10,6 
cm-3/gm with a y-intercept of 2,8%103 cm~i Therefore, we 
find for the typical masses we will use in the experiment 
that a (5000A)=2,85xio5cm~1, Now that a is known at this 
wavelength, a can be determined for an arbitrary sample by 
measuring the transmission through it and inverting (13), 
This is the method used for the Al particles in both the 
polyethylene sheet method and the LiF method.

For the AI 2 O 3 samples the smoke or powder was 
weighed directly on an analytical microbalance.
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Measuring Instruments 

Four different measuring instruments were required 
to measure the absorption by A1 particles from ol2ym-250ym. 
The instrument used in each spectral region along with the 
type of sample used is summarized in Table 2,

In the far infrared (25ym-250ym) measurements were 
done on a Beckman IR 11 spectrophotometer„ It was modified 
to use a liquid He cooled doped germanium bolometer as a 
detector with the output sent to a PAR model 28 lock-in 
amplifier = The output from the lock-in was sent to a 
digital voltmeter or a chart recorder. Because there are 
reflectance losses at the polyethylene surfaces' a reference 
blank was made in the same manner as the samples using clean 
polyethylene. To determine the absorption by the Al 
particles, the ratio of the transmission through the sample 
to the transmission through the blank is found,

A Perkin Elmer 398 spectrophotometer is used in the 
mid IR region. It is a dual beam instrument? the sample is 
placed in the front beam and the reference blank is placed 
in the back beam. An optical attenuator, or comb, in the 
reference path moves to keep the intensities of the two 
beams equal. The position of the comb indicates the 
transmittance of the sample and is sent electrically to the 
recorder. This is useful since polyethylene exhibits 
several strong sharp absorption bands in this region of the 
spectrum and the machine can usually compensate for these.



Table 2» Spectral Region, Sample Type, and Instrument,

Region
Wavelength
(Frequency) Sample Type Instrument

Spectral
Resolution

Far IR 250 pm— 20 ym 
(40-500cm-1)

poly, stack Beckman IRll ~5cm

Mid IR 25ym-2,5ym 
(400-4000cm~1)

poly, stack Perkin Elmer 398 %5cm

Near IR 
to Vis,

2ym-,33ym 
(5000-3,3x104cm“ 1) poly, stack Cary 14 ~ 10A

Vis, to 
Far UV

o6ym-,1 2ym 
(2x1 0 ‘‘-8 x10 ̂ cm^1)

LiF substrate McPherson Seya- 
Namioka

'X/30A.



For the near IR to the visible region we used a Cary 
14 spectrophotometero It is also a dual beam instrument 
which automatically compensates for variations in the 
transmission.of the reference sample.

A McPherson model 235 Seya Namioka monochromater, 
with a Bausch and Lomb grating (radius=498.1mm,

OAbiaze5S1500A, 600 lines/mm) , was used for measurements in 
the UVt with a hydrogen discharge lamp as a light source. 
The lamp produces a continuum from 5000A to 1600A and a 
multiline spectrum below 1600A. The detector is a 
photomultiplier tube that had been coated with the
fluorescent material sodium salicylate, with the output
signal going to a picoammeter. To compensate for nonuniform
light levels produced by the hydrogen lamp, part of the 
light that exits from the monochromater is deflected to a 
second identical phototube. The voltage to both tubes is 
supplied by a single programmable high voltage power supply. 
A servomechanism keeps the current through the second 
phototube constant by controlling the voltage of the power
supply, thus normalizing the output of the first phototube.

The experimental apparatus was interfaced to an 
Imsai 8080 microcomputer by Ballart (1980) to facilitate 
data collection. The output from each phototube is sent to 
a separate picoammeter. The signals from the two 
picoammeters are sent through a multiplexer to an analog to 
digital converter and then to a parallel port of the
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microcomputer = When the wavelength is being scanned a pulse 
is sent from the McPherson to the computer every 5A so that 
the computer can keep track of the wavelength. To find the 
absorption by the aluminum particles alone, first the 
transmission vs, wavelength of a clean part of the LiP is 
measured, then we measure the transmission through the 
smoked part, and finally a zero level scan is done with the 
first phototube pushed aside so that the light does not hit 
it. The zero level scan is necessary because the signal 
from the picoammeter depends on the voltage across the 
phototube, which causes the zero level to change as the
wavelength is scanned. The computer stores the data from

, .»

each of these three runs and then performs the calculations 
to find the absorption. The results are then plotted on an 
X-Y recorder which was interfaced to the computer via two 
digital to analog converters. A block diagram of the 
McPherson electronics, is given in Fig. 3,1.

LiF was used as a substrate for measurements in the 
UV since it is transparent further into the UV than any 
other readily available material. Measurements were not 
possible below 1200A because the LiF became too absorbing.

Far IR Samples 
Thirty-six samples were produced by the polyethylene 

sheet method. The mass density per layer of the samples 
ranged from .5yg/cm2/layer to 4yg/cm2/layer. Transmission
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measurements were done on each sample from the visible to 
the mid IR (»4ym-25um)= We used (13) to calculate the 
absorption and plotted absorption vs frequency on a log-log 
scale. The curves were then compared to see which ones 
looked most alike. The reason for this is that there is 
some difference in the absorption depending on how densely 
the particles are packed onto the polyethylene„ They broke 
up into four groups (which we call I-IV), the samples with 
the lowest mass densities („5yg/cm2/layer to
1.2yg/cm-2/layer) generally fell into group I and those with 
the highest generally fell into group IV (2ug/cm2/layer to 
4yg/cm2/layer). The samples in group I were then fused 
together using heat and pressure to form sample I. The same 
thing was also done with groups II-IV. These samples now 
have a high enough mass density to produce appreciable 
absorption in the far infrared.



CHAPTER 4

RESULTS AND DISCUSSION 

Al Results
In Figo 4,1 we have plotted the result of the 

extinction measurements for sample I for the wavelength 
region o4ym-170ym and have compared it to the sphere theory 
and to the shape distribution calculation (CDE)„ This 
sample has an average mass/area/layer of »7yg/cm2/layer, 
Also plotted on this figure is the average extinction 
coefficient for five samples with mass densities ranging 
from lyg/cm2 to 5yg/cm2 in the wavelength region of 
o 12ym-„5ym<, The statistical uncertainty in the measurements 
is smaller than the size of the data points for 50ym<X<,12ym 
and increases in the far infrared as shown by the error 
bars. The large error in the far IR is caused by a 
relatively large electronic noise level. Also in this 
region the Al is becoming almost transparent so the
transmission through the sample is very close to the
transmission through the reference. The discontinuity in
the data at .5ym is due to the fact that for shorter 
wavelengths the dielectric constant of the medium is 1
rather than 2.3 (i.e. we switched from the polyethylene

36
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samples to the LiF substrate samples.) The agreement between 
the data and the CDE curve is quite good and is certainly 
much better than between the data and the sphere theory, 
particularly in the far IR where the sphere theory is 
approximately three orders of magnitude below the other two 
curves. The most obvious difference between the data and 
the CDE curve is the bump at 12yin. This is almost certainly 
due to an amorphous A I 2O 3 layer on the particles since 
aAlgOs has an absorption band in this region. It is well 
known that Al surfaces oxidize rapidly and several 
monolayers of oxide can form on a surface in a short period 
of time even in a fairly good vacuum.

Fig. 4.2 shows the measured extinction coefficient 
for sample IV, which has c =2.3ug/cm2/layer, in the 
wavelength range .33ym-280um, In general sample IV has a 
higher extinction coefficient than sample I. The reason for 
this may be that the density of particles is so high that 
the independent particle assumption is being violated, i.e., 
when a particle goes through resonance it affects , its 
neighbors. Another possible explanation is that since the 
particles are so packed together they effectively form 
particles of a larger size so the use of Rayleigh theory is 
no longer valid.

In future discussions in this work we will only 
consider sample I since it has the lowest particle density
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and, therefore, will be most likely to fulfill the Rayleigh 
conditions and the noninteracting particle assumption.

AI 2O 3 Results
The measured extinction cross section/volume for 

aAl20 3 is plotted in Fig. 4.3. For comparison we have also
plotted the measured extinction coefficient for yAl20 3 . The 
two curves are almost identical from .6 ym to 25ym and begin 
to differ in the far IR, with the amorphous material having 
a higher extinction than the yA120 3„ This is consistent 
with the results of Strom et.al. (1974)„ They observed 
that amorphous materials tend to have larger extinction in 
the far IR than their crystalline counterparts? even orders 
of magnitude larger. The extinction spectrum for aAl20 3 is 
a composite of measurements for several different samples. 
For the region of the IR absorption band of aAl203 
(10ym-25ym), measurements were done on three samples with 
masses ranging from .207mg-.345mg with KBr. as a medium. 
Since the extinction decreases significantly on both sides 
of this band it is necessary to use a higher mass of 
particles to produce a measurable amount of extinction. For 
measurements in the wavelength regions 25ym-160ym and 
.6ym-10ym we used two samples, both with 4.4mg of aAl20 3, in 
a polyethylene medium.

From Fig. 4.3 we see that the extinction has a 
minimum at approximately 4ym and increases for shorter 
wavelengths. Calculations of the absorption coefficient for
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aAl203 (for particles of any shape) show that the absorption 
should continue to decrease, so that the increase is 
probably attributable to scattering. From calculations of 
single particle scattering it is found that the scattering 
coefficient begins to increase at about Siam, but is several 
orders of magnitude lower than the measurements. This 
difference in magnitude may be due to multiple scattering 
since there is a fairly high concentration of particles 
(4.2% by mass). In the region of the minimum the total 
extinction is smaller than the uncertainty in the 
measurements, as shown by the error bars.

Two Layer Particles 
As discussed earlier, the major difference between 

the experimental results and the CDE curve is the oxide bump 
at 12um. Since it is not possible to avoid the oxide 
coating we have decided to take this into account in the 
shape distribution calculation. It should be noted that the 
absorption of a coated particle is not simply the sum of the 
absorptions by the core and the coating, since the electric 
field seen by the core is affected by the presence of the 
coating. Therefore, we consider the problem of a coated 
ellipsoid, i.e., an ellipsoid of material 1 surrounded by a 

^layer of material 2. The absorption cross section/volume 
for a collection of randomly oriented, noninteracting, 
identical ellipsoids is (Bohren and Huffman, to be



43
published)

3 (V £mHg2+(£re2M1~f)Lj3 + £E2(Er£?)
I 1-j=i

where
k is the wavenumber (k=2'nr/A) ,
e i is the complex dielectric constant of the inner
material„

s2 is the complex dielectric constant of the outer
material,

e is the dielectric constant of the medium, and
f is the volume fraction occupied by the inner 

ellipsoid.

To find the absorption coefficient for a collection 
of randomly shaped ellipsoids we follow the same procedure 
used in Chap. 2, i.e., we integrate (30) over a shape 
distribution function. Again it is assumed that the shape 
distribution function is a constant, and the integration is 
done over L % and L 2 (with L 3 f ixed by the condition 
L 3=1-L^-La)o Because of the complexity of (30) it was 
necessary to do the integration numerically. The domain of 
integration is shown in Fig. 4.4a. Although all shapes of 
ellipsoids are contained in any of the regions 1-6, for ease 
of computation we integrate over the whole triangle (with 
proper normalization). The double integral over L % and L 2 
is replaced by the double sum.

m
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L0

Fig. 4.4 Region of Integration.
a) All shapes of ellipsoids are 

contained in each of the 
six regions.

b) The shaded area is the domain 
of integration.



" 1 3N 3N
with increments of 1/N, where N is the number of steps that
Lj (or L 2 or L 3) is divided into.

Optical constants for the amorphous oxide coating
and the aluminum core are required for the computations,
For A 1 1 a Drude free electron model is fitted to
experimental data tabulated by Hagemann et,al, (1974), The
Drude expression for the complex dielectric constant is
(see, for example, Wooten 1972) ,

™ 2
e = 1- --- 2-- —  (32)
1 cD(a)+irb)

where and are the plasma frequency and the damping 
constant, respectively. We achieved a good fit to the 
measured reflectance of Al over a broad energy range from 0 
to 15 eV by choosing co^=15eV and r^= „ 6eV,

For the.aA.l2O 3 coating, the dielectric constants 
tabulated by Hagemann et,al, (1974) are used for 
wavelengths less than „3ym. Experimentally determined 
dielectric constants for aAl20 3 do not appear to be 
available in the infrared. Since bulk samples of aAlzO3 are 
not available for optical constants determinations by the 
usual techniques of reflection and/or transmission 
spectroscopy, we were forced to use the small particle 
samples described in Chap, 3, Details of how the optical 
constants were determined are given in Appendix A,
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We use these optical constants for aAlgOg and Al in 

(30) and (31) in order to do a numerical calculation for the
absorption by a shape distribution of coated ellipsoids,

>
with N and f as adjustable parameters„ In Fig» 4.5 we see
the effect changing N has on the calculated absorption for 
Al (f=lo0) 0 In general, the numerical result follows the 
analytic curve (Fig„ 4„5d) until some critical frequency
where the slope changes, so that the absorption is quadratic 
in the frequency rather than linear» Also plotted in this 
figure are the results of Granqvist et.al. (1976)= It is 
seen that their measured far IR extinction has quadratic 
frequency dependence» Initially, N is chosen large enough 
so that the cutoff occurs past the oxide absorption band, f 
is then varied until the best fit to our experimental 
results in the region of the oxide peak is obtained. In 
this way it was determined that f=.5, i.e., half of the 
total particle volume is occupied by aAlzOs„ Finally, N is 
adjusted until the numerical result closely fits our far IR 
data for oxide coated Al particles, and is found to be about 
800.

The limitation on the size of N that was used may 
have a physical interpretation. Since very small values of 
L are cut out (see Fig. 4.4b) this effectively eliminates
extremely elongated ellipsoids (as well as very large flat 
ellipsoids). In fact we can get an idea of the maximum
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length of ellipsoid that is possible. As a special case 
let’s consider a prolate spheroid with b=c a where a,br and 
c are the semi-axes of the ellipsoid. From van de Hulst 
(1957)? the expression for the depolarization factor, LI, is

L^ [-1+ ~  In (^|-) ] ; e 2 = l-(b/a)2.

For L : we will use the minimum value possible 1/2400, By 
trial and error we find a=100b. Therefore, the maximum 
length of ellipsoid possible in our model is one in which 
the longest axis is 100 times the smallest axis.

Fig, 4,6 shows the final fit of the distribution of 
coated ellipsoids to the experimental results. This is, in 
a sense, a comprehensive summary of this work from which wef-
can draw reasonable insights concerning the long standing 
problem of anomalous far IR absorption by A1 particles. The 
agreement between the data and the numerical fit is seen to 
be very good. The largest discrepancy occurs in the UV with 
a maximum relative error of about a factor of 2 (when 
•compared to the CDE curve with c^=l) , but at these short 
wavelengths we expect the assumptions of the Rayleigh 
approximation to be violated (Fig. 2.1) leading to an 
expected decrease of volume normalized extinction compared 
to the small particle limit (Huffman 1977). In addition the 
calculation ignores scattering which becomes important in 
the UV. This leads to an increase in the extinction. The 
combination of these two effects probably explains the
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absence of the predicted dip in the UV. In the middle IR 
the agreement is quite good. The far infrared anomaly is 
resolved without the need for anything other than a 
classical shape distribution calculation. There was no 
evidence of periodic structure in the far IR caused by 
quantum size effects. Of course we would expect any such 
structure to be masked by the large absorption due to shape 
effects.

Some objections can be raised to this simple 
explanation, however. After all, we have used a rather 
simplified model, i.e. real particles are not ideal 
ellipsoids. However, there is independent evidence that the 
absorption determined by integration over a wide range of 
ellipsoidal shapes closely approximates the absorption by a 
collection of irregularly shaped particles. The
measurements on A1 20 3 given in Chap. 2, as well as 
measurements on crystalline quartz (Huffman and Bohren 1980) 
agree well with the CDE model. Another possible shortcoming 
of our model is that we treat all possible shapes of 
ellipsoids as being equally likely. This works well for Al, 
otAlaOg, and Si02 > but it may be that a nonuniform shape 
distribution function will have to be used for some other 
materials.

One thing that has not been included in our model is 
the effect on the absorption due to a size limited mean free 
path, since the electron mean free path is larger than the
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size of the particle (see Kreibig 1974). This can be taken 
into account by replacing the bulk damping constant in
(32) by,

ro = rb+VF/(Lc) (33)

where vp is the Fermi velocity, c is the speed of light, and 
L is a geometrical factor proportional to the size of the 
particle (L=4/3a for a sphere of radius a). The complex 
dielectric constant now becomes,

(JO 2
ei (“ > = ^  M[u+i(rb+vp/(Le))] <34)

To find the effect of the size limited mean free path on the 
absorption we substitute (34) into (31) for ei„ To estimate 
the magnitude of this effect we assume a spherical particle 
of radius 25A. The Fermi velocity for Al is 2><108 cm/sec so 
that r0= 5rbo With this value of the absorption
coefficient at 1 0 0 ym is about a factor of 2 larger and 
decreases at shorter wavelengths» Since the original 
discrepancy is over 3 orders of magnitude, this factor can 
be ignored.

The mean free path limitation introduces a size 
dependence into the expression for the absorption. For 
spherical particles small enough to satisfy the Rayleigh 
criteria, Granqvist (1978) calculates that the size 
dependence of F leads to the absorption being inversely 
proportional to the size. In contrast, the absorption
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coefficient for pure Al particles calculated using the shape 
distribution is very insensitive to the size of r„ in 'fact 
changing r by a factor of 5 produces virtually no change in 
the absorption coefficient. It may be concluded that the 
absorption coefficient for a distribution of shapes is 
relatively size independent. This, of course, assumes that 
the particles are small enough that Rayleigh theory holds so 
that eddy current losses are negligible.

Other Explanations of "Anomalous" Absorption
As pointed out in Chap. 1 there have been a number 

of theories proposed to account for the anomalously high far 
IR absorption observed by Granqvist et.al. (1976). We will 
now discuss these in further detail to see how well they 
agree with the extension of the measurements to shorter 
wavelengths that we have done. Since the theories all 
assume the dielectric constant of the medium to be 1, we 
will compare their results to the experimental fit curve 
with £m=l (rather than 2.3).

1) In Simanek's (1977) first theory he proposed that 
the absorption was taking place mainly in the oxide coating 
of the particles. He modeled the particle system as a 
collection of long randomly oriented aAlaOg cylinders with 
spherical Al particles embedded within. For the absorption 
coefficient he finds.



where eMG is the complex dielectric constant of the 
composite using the Maxwell-Garnett theory. eMG is given 
by>

e. (l+2f) +2 (1-f)
£MG = £2 e (l-f)+e (2+f) (36)

1 2

where f is the fraction of the total volume of the cylinder 
occupied by the metallic cores. In the far infrared 
I £ 1 1 >:> I e2 | (ei is the complex dielectric constant of Al and e2 
the complex dielectric constant of aAlgOg) and e^G can be 
simplified,

£MG = e2 = £2R (37)

Because we do not want to limit the calculation to the far 
IR we do not make this assumption, but rather, use the full 
Maxwell-Garnett dielectric constant. For £2 the dielectric 
constants that were determined experimentally were used 
(Appendix A) instead of the approximate far IR dielectric 
constant used by Simanek,

e2 = 10+12X10"1 (38)

The result of this calculation is shown in Fig. 4=7. For
comparison we have also plotted the result of the numerical 
fit with £m=l. . In the far IR the agreement is good but for 
shorter wavelengths it is very poor. We can conclude that
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the oxide coating is not the major contributor to the 
absorptiono

2) Click and Yorke (1977) did a calculation to 
determine the lattice contribution to the absorption for 
small Al particles since they believed the electronic 
component to be small„ Their results showed that the 
lattice absorption should mirror the phonon density of 
states for Al» In Fig, 4.8a the density of states for Al
is plotted. We have plotted their calculated absorption (as 
far as it extends) in Fig. 4.8b and have compared it to our
experimental fit curve. Their result is about a factor of 6 
higher than the experimental data and does not have quite 
the same frequency dependence. They suggest that further 
measurements be done to see if there is a leveling off in 
the absorption that they predict since the data of Granqvist 
et.al. stops just short of this point. We have extended 
the measurements to shorter wavelengths and do not see a 
leveling off. Furthermore, it would seem that if Click and 
Yorke extended their calculations the absorption should 
begin to decrease significantly. This was also not observed 
experimentally (compare Figo 4.1). Due to this discrepancy 
it appears that the theory of Click and Yorke does not 
adequately represent the absorption by small Al particles.

There are some theoretical reasons to question Click 
and Yorke's result. For one thing they used the bulk 
density of states rather than the actual small particle mode
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density in their calculation, Simanek (1980) has pointed 
out that for very small particles there is another term in 
the vibrational mode density due to surface modes. He 
concludes that for particles with a diameter of 50A the 
surface term is five times as great as the volume term 
considered by Click and Yorke. Also this surface term is 
linear in frequency which implies a strong deviation from 
the quadratic dependence seen experimentally.

Another apparent problem with Click and Yorke's 
calculation is that they assumed the electric field 
penetrates only a few angstroms into the particle. This 
assumption is based on a paper by Rice, Schneider, and 
Strassler, They calculated the effect of ̂  reducing the 
particle size on the polarizability and found that reducing 
the size decreases the polarizability, thus allowing the 
electric , field to penetrate the particle. Their 
calculation, however, assumes a perfect conductor, 
Therefore, it is questionable whether the penetration depth 
calculated in this manner can be properly used for Al,

3) Lushnikov et, al, (1978) calculated the 
absorption by small particles of Al by taking into account 
the Coulomb interactions between conduction electrons. 
Their calculation gives quadratic frequency dependence of 
the absorption but is two orders of magnitude smaller than 
the experimental results. They admit that the model they 
use can not be expected to give good quantitative agreement
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with experimental data. They say that this is because their 
model assumes spherical pure Al particles of a definite 
size, whereas real particles have an oxide coating and tend 
to clump together into clusters and chains.

4) Ruppin (1979) extends the theory of Simanek
(1977) to various metal-oxide configurations by considering 
the particles to cluster in the shapes of prolate spheroids. 
Two models are used for. the topology. In the first, the 
metal particles are embedded in an amorphous oxide matrix 
(Maxwell-Garnett theory)„ The second model consists of 
metal and oxide particles forming clusters (Bruggeman 
theory). To calculate the absorption he uses (26), with

“abs “ <Cabs>/Vp

“abs " I Im£
j-1

ea-1
1+L.(£ -1)J =•

where £ has been taken to be 1. e is the complex m a
dielectric constant of the aggregate which for the

/

Maxwell-Garnett theory is equal to e and is given by (36). 
For the Bruggeman theory and is determined by the
equation,

M  . 3 (1-f)
2+e/ eb i+s2/zb ■

where, as usual, ei and e2 are the complex dielectric 
constants - of the metal and oxide respectively. Since the 
dielectic constants of aAl203 were not known, Ruppin used 
the approximate dielectric constant from Simanek (1977),
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given in (38) . He suggests, however, that this dielectric
constant is a possible source of error in his calculation=
The results of Ruppin's calculations are given in Fig, 4,9
(with the ratio of the major to the minor axis equal to 6)
where we have used the dielectric constants that we
determined experimentally for aAlzOg, For comparison the
experimental fit curve to our data with e =1,0 is alsom
given. In the far IR there is reasonable agreement but for 
shorter wavelengths both of his curves differ significantly 
from the experimental results. From this we conclude that 
the absorption calculated assuming a collection of identical 
ellipsoids modeled by either the Maxwell-Garnett or the 
Bruggeman theories does not adequately explain the 
experimental results,

5) In Simanek's second theory (1980) the absorption 
is calculated using Mott's (1970) a,c, conductivity 
formulation. He abandons his previous theory because 
preliminary measurements by Sievers (1978) suggest that the 
absorption by pure aAl20 3 particles is far too low. Our 
measurements show, however, that aAl20 3 particles have an 
absorption coefficient comparable to that of the oxide 
coated A1 particles in the far IR, In Simanek's new model 
the mechanism for absorption involves electrons which are 
localized at defects of the oxide coating. These defects 
are due to excess aluminum and oxygen vacancies which arise 
because of nonstoichiometry of the aAl20 3 at the metal-oxide
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interface. The absorption is caused by electrons executing 
resonant transfer between trap states localized at the 
defect sites. The a,c, conductivity for this mechanism has 
been found by Mott to be.

Re c(w) = SireVfi [N(Ep Hk)] 2cT5 [In(^2-) ] 4 (39)

where
1/a is the range of the electron wave function,
I0 is related to the overlap of localized electron wave 

functions,
N(EF ) is the density of trap states at the Fermi energy 

and is assumed to be constant.

The absorption coefficient is given by (35) , where 
for em g  we have used (37) which is valid for wavelengths 
less than 5ym„

a (w) = ^ R Im e [1+ -------------------------- ] , (40)
J 2 (R Re e +1)2+(lm e )2R 22 2

Simanek used (35) to calculate the far IR absorption with
I m £2 replaced by 4nc/w , and the following assumptions,

1) 1/a = 2A,
2) R=l,7, which corresponds to1f=,2,
3) (R Im £2 )2 in the denominator of the bracketed

expression is small and Re £2 is taken to be 10,
4) Io=10 eV,

He then determined N(Ep ) to be 2 xio2^ m -3eV“ 1 by requiring
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agreement with the data of Granqvist et.al. (1976)„ He
states that this value is typical for metal-oxide
interfaces, citing the work of Halbritter (1974) who
considered Nb-Nb20 5 interfaces«, We have found, however, 
that by using Simanek"s values 1)-4) that N(Ep ) should be 
3xio2 °cm~ 3eV- 1 to f it Granqvist"s data at lOOum,

To extend Simanek's (1980) theory to shorter 
wavelengths the Im e2 must include a term to account for the 
dielectric constant of the pure aAl20 3,e2^ure , i.e.,

Im e = Im ê >ure+4ircT/co,2 2

With this expression for Im e2 in (40) we calculated the 
absorption, which is plotted in Fig. 4.10. We took N(EF ) 
to be 3X102°cm“ 3eV” 1 and used our experimentally
determined dielectric constants for Re £2 and Im £2PUre, along 
with Simanek's values for 1/a and i0 and R. FOr comparison 
our experimental fit curve with c^=l is also shown. We see 
that there is reasonably good agreement, the primary 
difference being the location of the oxide bump. A more 
serious problem with this model is its strong dependence on 
the parameters 1/a, N(E_), and I , while Simanek gives noT O
real justification for the values he uses. Before more 
definite conclusions can be reached on this model, accurate 
determinations of these parameters must be made.
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CHAPTER 5
>

CONCLUSION

We have measured the extinction by small particles 
of Al from the far IR to the far UV, This was done because 
experimental results by Granqvist et,al„ (1976) disagreed
by over three orders of magnitude with both the quantum 
mechanical Gor’kov Eliashberg (1966) theory and the 
classical Drude theory. Our measurements served to confirm 
those of Granqvist et. al. in the far IR and extend the 
data to the UV. Several authors had proposed theories to 
account for Granqvist"s observed "anomalous" absorption. We 
have extended their calculations to shorter wavelengths to 
compare them to our data. Although these theories show 
reasonable agreement in the far IR, they differ markedly 
from our experimental data at shorter wavelengths. 
Simanek's (1980) second paper is a possible exception. It 
shows good agreement with the experimental data but depends 
crucially on several parameters which are not accurately 
known„

In this work we have performed a shape distribution 
calculation, which includes the effects of an oxide coating 
on the particles, in order to explain the experimental data.

64
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This calculation is based on the classical Drude theory and 
does not consider quantum size effects. The shape 
distribution in our model is a uniform continuous 
distribution of ellipsoids. This model shows excellent 
agreement with the experimental results over the entire 
wavelength region measured. In order to determine whether 
the enhanced absorption is due primarily to shape effects or 
to the oxide coating, measurements were done on pure aAlgOs, 
In the far IR these measurements were similar to those of 
the coated A1 particles? however, for wavelengths shorter 
than 10yni, the absorption by the pure aAl20 3 particles is 
orders of magnitude lower than for coated particles. This 
would imply that the enhancement is due to shape effects. 
On the other hand, it is possible that the Mott (1970) a.c. 
conductivity mechanism, which considers the effect of 
defects at the metal-oxide interface, enhances the 
absorption by an oxide coating as compared to pure aAl20 3 
particles. This is the basis for Simanek* s (1980) second 
paper. The measurements on A 1 20 3 and quartz (Huffman and 
Bohren 1980) indicate that shape effects as calculated in 
the CDE model are sufficient to account for the observed 
absorption. Our measurements suggest that shape effects are 
also the major contributing factor in the absorption by 
oxide coated Al particles, but further measurements should 
be done on non-oxidizing metals to ascertain the exact role 
played by the oxide coating.



APPENDIX A

DETERMINATION OF DIELECTRIC CONSTANTS 
FOR POWDERED MATERIALS

In Chap, 2 it was shown that the shape distribution
model (CDE) agrees well with the experimental results for 
oAlgOa, thus suggesting the validity of the CDE model, 
Assuming this model works equally well for other materials, 
we have developed a method (developed under Naval contract 
number N00019-78-C-0479) for determining IR dielectric 
constants of small particle systems by inverting the CDE 
calculation with the aid of the Lorentz oscillator theory. 
In our method we use (29),

along with the expression for the complex dielectric 
constant from the Lorentz theory.

N is the number of oscillators necessary to describe the 
system? usually it is equal to the number of peaks in the 
absorption spectrum, is the real part of the dielectric
constant at infinite energy, and normally can be taken to be

j = l
Mp1j , rj, and ay are fitting parameters in this method.
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the square of the handbook value for the index of refraction 
for visible light. To determine the dielectric constants 
for the material, the fitting parameters, w^, r^, and
are adjusted via an interactive computer program until the 
calculated absorption (acDE ) 9°°^ agreement with the
absorption measured experimentally (aeXp ).

This technique was used to determine the dielectric 
constants of amorphous A I 2O 3 (aAlzOa). For amorphous 
materials it is generally not obvious what value of N to use 
since the absorption peaks are not sharp but tend to be 
broad and unresolved. In this case, N is chosen large
enough to obtain a reasonable fit. For aAlgO3 we used N=2, 
Fig. A.l illustrates the fit to the data obtained with this 
method. The values of the fitting parameters are given
under the figure. The dielectric constants are found using 
(A.l) and are plotted in Fig. A.2.

Our method of determining dielectric constants for 
small particle systems is very similar to one of the 
standard methods for the determination of optical constants 
from reflectivity measurements on bulk solids. For this 
case, Fresnel1s equation is used rather than the CDE 
equation and is coupled with the Lorentz oscillator theory. 
Although the dielectric constants obtained by our method may
not be as accurate as those determined from reflectivity
measurements on bulk materials, it is the best method 
currently available for materials which are only available 
in powder form.
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r P2



D
IE

LE
C

TR
IC

 
C

O
N

S
T

A
N

T
S

69

3 0 aAUO

20

-10

6 0 0 8 0 04 0 0200
FREQUENCY (cm '1)

Fig. A.2 Dielectric Constants for aAl20 3.
Dielectric constants determined using 
the Lorentz oscillator theory coupled 
with the CDE theory.



LIST OF REFERENCES

Ballart, R,, PhD Dissertation, Dept„ of Physics, University 
of Arizona (1980)»

Barker, A, "S., Phys. Rev», 132, 1474 (1963). '
Bohren, C. F., and D. R. Huffman, Absorption and Scattering 

of Light by Small Particles, Wiley, New York (to be 
published).

Devaty, R. P., and A. J. Sievers, Phys. Rev. B, 22, 2123 
(1980). —

Click, A. J., and E. D. Yorke, Phys. Rev. B, lj), 2490 (1978).
Gor'kov, L. P., and G. M. Eliashberg, Sov. Phys. JETP, 21,

940 (1965) .
Granqvist, C. G., Z. Physik B, 30, 29 (1978).
Granqvist, C. G., and R. A. Buhrman, J. Appl. Phys., 47,

2200 (1976) .
Granqvist, C. G., R. A. Buhrman, J. Wyns, and A. J. Sievers, 

Phys. Rev. Lett., 21, 625 (1976).
Hagemann, H. J., W. Gudat, and C. Kunz, Deutsches Elektronen- 

Synchrotron DESY, SR-74/7 (1974).
Halbritter, J., Phys. Lett., 49A, 379 (1974).
Huffman, D. R., Adv. in Phys., 26, 129 (1977).
Huffman, D. R=, and C. F. Bohren, in Light Scattering by

Irregularly Shaped Particles, D. W. Schuerman Ed., 
Plenum Press, New York (1980).

van de Hulst, H. C ., Light Scattering by Small Particles, 
Wiley, London (1957).

Jackson, J. D., Classical Electrodynamics, Wiley, New York 
(1962). -

70



71
Kimoto, K., Y. Kamiya, M. Nonoyama and R. Uyeda, Jap. J. Appl. 

Phys., 2, 702 (1963).
Kreibig, U., J. Phys. F, 4, 999 (1974).
Lushnikov, A. A., V. V. Maksimenko, and A. J. Simonov, Sov.

Phys. Sol. St., 20, 292 (1978).
Maksimenko, V. V., A. J. Simonov, and A. A. Lushnikov, Phys.

Stat. Sol. B, 83, 377 (1977).
Miller, R. G ., Laboratory Methods in Infrared Spectroscopy, 

Heyden, London (197 2) .
Mott, N. F., Phil. Mag., 22, 7 (1970).
Rice, M. J., W. R. Schneider, and S. Strassler, Phys. Rev. B,

8, 474 (1973).
Ruppin, R., Phys. Rev. B, 19, 1318 (1979).
Sievers, A. J., Dept, of Physics, Cornell Univ., unpublished

(1978) .
Simanek, E., Phys. Rev. Lett., 38, 1161 (1977).
Simanek, E., in Topical Meeting on Optical Phenomena Peculiar

to Matter of Small Dimensions, Optical Society of 
America (1980).

Stratton, J. A., Electromagnetic Theory, McGraw-Hill, New York 
(1941).

Strom, U ., J. R. Hendrickson, R. J. Wagner and P. C. Taylor, 
Sol. St. Comm., 15, 1871 (1974).

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

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

Yatsuya, S., S. Kasukabe, and R. Uyeda, Jap. J. Appl. Phys.,
12, 1675 (1973) .




