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ABSTRACT

The infrared optical properties of hematite, 
magnetite, olivine, almadine, and amorphous quartz are 
studied in both bulk and small particle states. A Kramers - 
Kronig analysis of near-normal incidence reflectance data 
is used to obtain bulk optical constants. These optical 
constants are used in theoretical calculations of the small . 
particle extinction cross sections. These cross sections 
are compared to actual measurements of small particle ex
tinction. The results of this comparison indicate that bulk 
optical constants may be used to gain a qualitative under
standing of the optical properties of small solid particles 
in the infrared but additional work is necessary to quanti- 
tatively explain areas of disagreement between the calcu- 
lated and the observed extinction. Surface mode absorption 
was found to play an important role in determihing the small 
particle extinction for all materials except magnetite. 
Several possible explanations of the observed experimental 
broadening are discussed.

x



CHAPTER 1

INTRODUCTION

Physicists have long studied the infrared optical 
properties of solids in the lattice: vibrational region as a 
means of understanding the basic structure of solids. Most 
of these studies have been aimed at studying the bulk 
properties of rather large samples.

Recent theoretical and experimental work, however, 
has indicated that small particles of various materials may 
have quite unique optical properties. In particular Ruppin 
and Englman have stressed the importance of surface vibra
tional modes in the interpretation of small particle absorp
tion spectra.

Although this work will attempt to emphasize the 
physics involved, the justification for this study is tied, 
in part, to its applications in astronomy and atmospheric 
physics.

It is widely believed that emission and extinction 
features near 1.0u and 2Op observed in some astronomical data 
are due to interstellar silicate grains. Silicates have 
been proposed to explain some of the features in visible 
and uv astronomical extinction curves. The lack of measured

1



optical constants for silicates in the infrared, has been a 
serious drawback to astronomers doing calculations relating 
to properties of circumstellar shells and Interstellar 
grains. For this reason, several silicates were Chosen for 
study, namely olivine [(Mg,Fe)^510^], almandine 
[AlgFe3(SiO^)3], and amorphous quartz (Si02) . Of these 
three silicates, olivine is perhaps the most important 
astronomically. Not only, has olivine been found in meteor
ites and on the moon, but theoretical calculations indicate 
it should be one of the. first high temperature materials to 
condense out of oxygen-rich stellar atmospheres. Almandine 
which is optically isotropic, was chosen as a typical 
silicate with complex vibrational structure to test all 
the techniques to be used in this study without the compli
cation of using polarized light. Amorphous quartz was 
chosen primarily because nearly spherical small particles 
could be formed easily, facilitating a direct comparison 
between experiment and theory.

Since the main absorption features of the silicates 
corresponds rather closely to the main infrared windows 
in the earth’s atmosphere, silicates may be of concern to 
atmospheric scientists, trying to determine the effect of 
particulates on the earth’s heat balance, as well as to 
astronomers.
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liti addition to silicates, the oxides of iron have 

optical properties which may. be of interest to people work-
2 ' 2ing in astronomy and atmospheric.physics. It has been 

suggested that iron compounds may be responsible for the 
"diffuse bands" in the astronomical extinction curve. Iron 
oxides may offer a possible explanation of the observed 
wavelength dependence of both linear and circular polariza
tion as observed in some astronomical data. Iron oxides 
have been identified as significant components of some 
meteorites. The oxides of iron have long been recognized 
as a common industrial pollutant; however, only recently has 
it been shown that iron oxides, primarily hematite, may be 
responsible for the majority of the absorption of visible . 
radiation by particulates in the atmosphere in a non-

4industrial region of the world. For these reasons, two 
oxides of iron were included in this investigation, hematite 
(a-Fe20 3) and magnetite (Fe3CK). Unlike the other solids 
in this study, magnetite has appreciable d .c^ conductivity 
at room temperature.

A fundamental question that this study will try to 
answer is the. following: Can optical constants determined
from bulk solids be used in scattering theory to predict the 
correct (actual) optical properties of very small particles 
of the same solid?
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The approach of this study will be to determine 

experimentally the infrared optical constants of bulk sam- •. 
pies. Absorption spectra of fine powders and smokes are 
experimentally measured and compared to theoretical calcula
tions of small particle absorption. A discussion of the 
results in terms of the theory, is presented. Comments on 
the relevance of this work to areas of astronomy, atmo- 
spheric physics, and optical measurements on small particles 
are made. ■ •

The theory used in this paper is developed in the 
next chapter.



CHAPTER 2

- THEORY 

Introduction
This chapter will serve to define the notation and 

develop the theories which will be used in subsequent dis
cussions of the infrared Optical properties of the solids 
in this study.

In general, the.optical properties of solids deals 
with the interaction of electromagnetic radiation with solid 
matter. While this work deals specifically with the infra
red region of the electromagnetic spectrum, most of the 
discussion of the macroscopic theory will be valid for the
entire spectrum from long-wave radio waves to soft X rays.

5See for example the discussion by Ziman, Chapter 8 .

Macroscopic Theory 
Electromagnetic waves are solutions of Maxwell’s 

equations,

5



in Gaussian units. For most materials, u is essentially 
one at infrared frequencies, and the magnetic field, H , may 
be eliminated in the usual way to yield a wave equation

n2~ e 3 2E . 47ra 3E
v E = + ^  3E •

A solution to this equation for a wave propogating 
in the z direction and polarized in the x direction has the 
form

E = E exp [i (K • z - ajt) ] ,
provided

K . S (, . i .

The fact that the propogation constant K is complex, implies 
that the wave is dissipated or absorbed as it propogates 
through the medium. By anology with a wave in a transparent
medium, for which K = wN/c, a complex index of refraction
can be defined, so that
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_  03 N _
c

w
c

or
N = e + :

The real part of the complex refractive index is the usual 
index of refraction, which occurs when there is no absorp
tion, the imaginary part, k, is called the extinction co
efficient and is related directly to the absorption of the 
medium. The relationship between n and k and the original 
electrical constants e and a are

of refraction, N, becomes real. N 2 is often defined to be 
a complex dielectric function, in which case it bears the 
following relationship to n and k:

n 2 - k 2 = c
and

nk Ztto
0)

If the conductivity, a, is zero, the complex index

N 2 = e = e1 + ic 2

e (2)
and

e2 = 2nk.



The entire theory of the optical properties as observed 
macroscopically can be expressed in terms of the wavelength 
dependence of n and k, or alternatively el and e2. In order 
to determine the attenuation of the intensity of our wave as 
it propogates in the z direction, we need to calculate the 
time average of the Poynting vector

< s > = = < E X m = A e  H ) e - ( (2cokz)/c] .z 4tt 4ttv o x  o y v

The absorption coefficient is defined as the fraction of 
energy absorbed in passing through unit thickness of the 
absorber. In terms of the average Poynting vector in the 
direction of propogation

37 < Sz> = - “< Sz> ,

so that the absorption coefficient, in terms of k, becomes

2wk _ 4irk 
a c X *

The two basic measurements used in experimental 
optical studies of bulk materials are reflectance and trans
mission measurements. Here we consider only the case of 
normal incidence. When a wave, , is incident on a bound
ary between two media with different optical constants, part 
of the wave will be reflected, Ê ., and part will be trans
mitted, Et , so that
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Et = Ei + V

A similar expression results for the magnetic fields

-NEt = Er - Ei .

Here we have assumed that the incident medium is a vacuum 
The resulting ratio of the amplitudes is

r =
Ei

1-N
1+N

1-n-ik 
1+n+ik *

which corresponds to a reflection coefficient

R = I f I 2 = 1-N
1+N

(n-1)2 + k 2 
(n+1)2 + k2 (3)

This equation is the usual Fresnel equation of physical 
optics .

The complex amplitude, r, is often expressed in 
complex polar form*

f (X) = | r(X) | ei6(X) = n(X) + k(X) - 1 
n (x) + k (X) + 1 (4)

By equating the real and imaginary parts of Eq. (4), we get

*Here we have used the complex reflective amplitude 
for the magnetic fields to be consistent with the notation 
often found in the literature.
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n(X) 1 - r2CX) (5)1+r2 (X) - 2r(X)cos 0(X) *

and

k(X) 2r(X) sin 8(X) (6)1+rz(X) - 2r(X)cos 0(X) '

where
r(X) = /R(X)

For samples that are reasonably transparent, trans
mission measurements can be made. A detailed derivation for 
the transmission through a sample is straight forward, but 
requires extensive algebra. The end result of such a calcu-

and d is the thickness of the sample. The term,
2R cos 2 (4> + \Ij) , gives the variation of the transmission due 
to interference effects. It can be avoided for a given 
thickness of sample by using a sufficiently broad band of 
radiation, or by introducing a slight tilt between the front

lation^ for monochromatic light is

I (1-R) 2 + 4R sin2 'b (7)
ead+R2e"ad-2R cos 2(*+v)

where
<t> = 4'irnd

X ’
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and back surfaces of the sample. In addition, for most 
cases, for which transmission can be measured;,, k << 1 , and

If in addition ad > 1, the expression for trans
mission is simplified to

We now turn to a discussion of dispersion effects 
and absorption.

Dispersion and Absorption

Classical Dispersion Theory
This section is devoted to a phenomenological 

discussion of the lattice vibrational spectrum of crystals.
7It follows closely the work of Stern. A crystal with N 

atoms per primative cell will have a vibrational spectrum, 
which contains 3N branches, 3 of which correspond at long 
wavelength to sound waves in the crystal and are called the 
acoustical branches. The remaining 3N - 3 branches are 
called optical branches.

In ionic crystals some of these optical modes 
produce strong polarization effects and interact strongly

i|) is essentially zero, so Eq. (7) becomes

I C8)

I
I Cl - k V c " ,d0
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with electromagnetic radiation (transverse modes) and with 
charged particles (longitudinal modes). When these modes
are quantized, they are often called phonon modes in analogy
: ■ ■ . . . ‘ ■ " ' ■■ ■" ' - with quantized electromagnetic waves (photons). -

Both energy and momentum-must be conserved in
phonon-photon interactions„ For single phonon processes
these conditions can only be satisfied for phonons near the
center of the Brillioun zone where the phonon momentum is
approximately zero. Multiphonon processes which involve the
interaction of two or more phonohs with a photon are much
weaker by comparison and will not be discussed here.

To simplify the discussion we begin by considering
an ionic crystal with one ionic pair per primative cel l .
The polarization in this case is given by

‘ P = NQs + bEeff

where N is the number of ionic pairs per unit volume, Q is 
an effective charge, s >  (u+ - u_) is the relative displace
ment of the positive ions with respect to the negative ions, 
b is a constant describing the combined polarizability of
the two ions, and Ee££ is the effective field. It can be 

8shown for isotropic materials that

E , -  = E + P/3, (10)Jeff
so that

P = (NQs + bE) / (1 - ib) .
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At high frequencies, the displacement of the ions 

is small and the polarization is given in terms of the high 
frequency dielectric constant, e0, by

so that
P = E ,4 tt 1  - 75"b

E ,

where
P = NQ s

Q' =

r + c.sa.4TT

1 + IZtt

(11)

The equation of motion for s has the form

M d2?
r 3"t" = - Ks + QE eff

where M is the reduced ion mass and K is the ’’force con- r
stant.” In general, K is a tensor quantity, but for the 
present discussion we will avoid this complication by assum
ing our crystal to be isotropic. If we introduce a phenome
nological damping constant, y, and define

we get

d 2?
3t^

M^w2 = K

yds
dt 0)2S
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Assuming that s and E both have an e 1GOt time dependence, we 
find that

s =
Mr

2 2 Wy - 0) -1

By substituting this into Eq. (11), and comparing it to

P = (e - 1)E ,

we finally get an expression for the complex dielectric 
constant

47tNQ/2 e 1

If we make the following three substitutions:

Y Ya)T ,

and
v = CO

2 tt *

COr

T 2tt *

we get

e = e + 2(2tt) NQ 2 e 1
2 ttzM  " * ( v ^ - v z - i Y W T ) ' (13)

where is called the transverse optical mode frequency,
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and it is related to the longitudinal mode frequency, ,
by the Lyddane-Sachs-Teller relation

EsVL

where es is the static dielectric constant. 
If we now define a strength,

NQ' 2

(14)

P = ( 27T) 2 vT2Mr *

and generalize Eq. (13) to the case of more than one ionic 
pair per primative cell, we get

41TP.V?
e = £ 0 + I vT^vr-TYvv7  • (15)

Separation of Eq. (15) into real and imaginary parts yields

ei = Go
v?(v?-v2)

+ I 4lfpi (v?-v2)2+y ?v2v| ' (16a)

and
yvv.

62 = I4lTpivi ' (16b)

In this case each ionic pair is approximated by an oscilla 
tor with a strength, p ̂ , a width, y^ , and a frequency, 
Traditionally one determines these parameters by a method
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of successive trials and adjustments of the parameters 
while trying to fit a measured reflectance curve.

The preceding derivation has been entirely classi
cal. Fortunately, a quantum mechanical expression for the 
dielectric function.

o r ,2 w. - 0) -1 1 . wh i i

may be derived in a straightforward manner using perturba
tion theory. The similarity of this expression to Eq. (15) 
is striking but the meaning of the various parameters are 
slightly different. For example, (0|Hi|i> is the matrix 
element of the transition between initial and final states 
written in the usual Dirac notation, or is the frequency of 
the transition to the ith state rather than the natural 
oscillator frequency, and I\ is the damping parameter.

The classical dispersion method has been success
fully applied to the rather complex spectra of Si02 by

qSpitzer and Kleinman in the 5u to 35u region of the infra
red. The process was rather laborious and required good 
initial guesses of the parameters. In addition, for solids 
with a free carrier absorption such as magnetite (FegOi,), 
additional terms must be added to the model. For these 
reasons, we will introduce the general Kramers-Kronig 
dispersion analysis in the next section.
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Kramers-Kronig Dispersion 
Relations

As mentioned above, the entire story about the
macroscopic optical properties of matter can be interpreted
in terms of the wavelength variation of n and k. However, n
and k are not quite independent of one another. They are
linked by dispersion relations. These dispersion relations
are often called Kramers-Kronig relations after Kramers"^

11and Kronig who first introduced them in 1928 and 1926,
The power of . the Kramers-Kronig relations is that

they are completely general. They do not depend on an 
artificial model for justification. The assumptions used 
in their derivation are:
1. There exists a complex linear response function, a, 

which relates two amplitudes such as E % = a 0 E 2. In 
general, a is a function of frequency.

2. The function, a, is causal.
3. The function, a, is analytic in the upper half of the

complex w plane.
The essential steps in the derivation of the general

Kramers-Kronig dispersion relations have been outlined by
7 1Stern, The results of such a derivation are
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(18a)

and

a 2 (18b)

where ai is the real part of d, a2 is the imaginary part of
d, and a 0 is the limit of d as w It can be shown that
a 0 is real. The P in the equations means to take the
Cauchy principle value of the integral.

The complex reflectance coefficient, f(w), is a
suitable response function which satisfies the conditions

12listed above. In addition, it can be shown that f(w) can 
have no zeros in the upper half complex frequency plane. 
Hence, (w)] is also a suitable response function where

W ( w )  = &%r (w) + i6 (a)) .

A valid dispersion relation is

If there is no laser action, k must be positive, which 
implies

9 ( g o ) 7T (19)
o

6 ( g o ) + 2imr ^ 0 (20)



7In addition, Stern has shown that 0 ^ 9 ^ tt . We can 
transform Eq. (19) into a form which does not require us to 
calculate a Cauchy principle value integral.

0 (w) = - 2to p 
TT

doV
to  “ to

+ p
TT

2 to 
TT

” Ircr (a/ ) - ^[r (go) ] j / ---- —r-Z--- ~2-- Qto ,to “ to (21)

where the second term on the right is zero. Eq. (21) is in
an extremely useful form for numerical calculations.

To put Eq. (21) into the form used in this work, we
make the substitution to = (2ttc/X) , so that

9(X) = ^ ,C° £rzr ( Az ) - 07ZT ( X) j A / 
 X"^ A*  dA *o

(2 2)

In practice it is only possible to measure the
reflectance over a finite wavelength range, A . ^ A £ A .& m m  max
It is necessary to develop some reasonable extrapolation for 
the data beyond this range to determine the correct value of 
the phase. Let us break Eq. (22) up into three parts

e(A) = eI(x) + 9i i (a) + en i (A) ,

so that
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0l(X) 2X
TT

^min to (Xz ) - ^r(X) tt-z— -— r-2— '—  aA ,

and
9in(x) 2X_

IT

m m

max

X7 2

& n r ( X z )

- X 2

- (bnr (X)

y

dx' ,x z 2 - X z

4mr(X') -,■/ % - t o ( X )A Z dX' .

The simplist extrapolation is to assume that the 
reflectance is constant over the unmeasured portions of the 
spectrum. For most of the materials in this study, this 
assumption is justified for 8^, since the electronic pro
cesses are sufficiently isolated from the lattice vibra
tional region, they have little effect on the phase calcu
lated at infrared wavelengths. If we assume R(X) = 
for X < the integral for 9  ̂ can be performed
explicitly,

- —  Q/n TT

r (X)
rX

#71 ^min X
r(X) X . + m m X

For the long wavelength extrapolation, we derive an 
expression based on the classical dispersion theory. Con
sider what happens to the reflectance in the limit that
v << \k  . In this limit e2 ^ 0, k 0,_and
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r - /c7 ~ 1 
/e7 + 1

Equation (16a) can be rewritten so that

e1 = en +
^4Trpi [l - (v/Vĵ ) 2]

Writing this in terms of the wavelength, X = c/v, and assum
ing y < 1.0, and X^/X << 1.0, we get

4irpiei ~ e° +  ̂r^lxTTTF

™ e0 + I4TTpi + p- I 4irpiX? + . . .

« A + D/X2 ,

where A = e 0 + £ 4np^ is the static dielectric constant and
D =  ̂ 4ttp^X^2 . In this limit, the following expression for
r can be derived

/X - 1 
/A + 1

B
2(Ai/2 + A) J

We now make the following definitions
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and

R = SK - 1
i/X + 1

cX" =
T 2(AV 2  + A)

so that

r = Rs + c (23)

then

0I H  (A) 2_A
7T

t o (A7 ) e dX 
to (X) Xv 2 - X

max

— - —  Q/n

cX^

R
irrxyj 

2

^max  ̂
^max + ^

ttR XXmax
^max ^
Xmax + X

The constant, X^, serves as an effective oscillator wave
length and may be varied with little consequence to the 
calculation, unless X^ is set equal to zero, in which case 
we have a constant reflectance extrapolation. The con
stants Rg and c are determined for a given X^ by matching 
the slope -and magnitude of the reflectance near Xmax
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With the problem of the "extrapolation satisfied, it 

should be emphasized that it is still necessary to make an 
accurate determination of the reflectance over the accessi
ble region because an error, even at a single wavelength, 
affects the value of the phase at all wavelengths. The most 
troublesome region experimentally is the region near the low 
reflectance minimum, where R can drop well below 10 3. This 
problem and its resolution will be discussed in Chapter 3.

Crystal Symmetry and Selection 
Rules

Up to this point we have treated our complex 
dielectric function as if it were a scaler. In fact, it 
can only be treated as a scaler for isotropic materials
(i.e., amorphous materials or crystals with cubic symmetry).

• 13In general, e is a complex symmetric tensor of rank 2.
We wish to diagonalize such a tensor to reduce the

number of elements which need to be measured experimentally.
In general, it is not possible to diagonalize both the real

13and imaginary parts of this tensor simultaneously. Since
ejj must have the same symmetry as the material it repre- 
sents, it will be possible to make use of the crystal sym
metry to find a coordinate system which will bring e.. 
into diagonal form for the materials in this study.
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For example, for amorphous materials and crystals 

with cubic symmetry such as amorphous quartz, almandine, 
and magnetite, it can be shown that the dielectric tensor 
can be diagonalized with all three diagonal elements having 
the same value, that is

fe 0 0]

[0 0 ez

For such materials there is no optically distinguishable 
coordinate system, so measurements may be made with un
polarized light.

For crystals with rhombohedral symmetry such as 
hematite where there is a direction with threefold rota
tional symmetry, it can be shown that the diagonal form of 
the dielectric matrix is

V o 0

U j  ■ 0 eX 0 •

0 0 eil

In this case, measurements require that the light be
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polarized x or II to the axis of 3 fold symmetry to determine 
the elements of the tensor.

Orthorhombic crystals such as olivine have three 
non-equivalent symmetry axes which requires that the di
electric m a t r i x  have three different, values along the 
diagonal,

g:* 0 , 0

0 g 2 0

0 0 g 3

Measurements must thus be made with light polarized along 
each of the three symmetry directions to determine the 
values of e 1, e2 , and e 3.

The symmetry of the crystal will also determine the 
number of normal modes of vibration which will be infrared 
active for a given crystal.. At the end of this section we 
will present a table for each crystal in this study indi
cating the total number of normal modes of vibration, the 
symmetry type, and which of the modes are infrared active.

First we give a simple explanation of how symmetry 
can determine selection rules for possible transitions. In 
order to have any absorption, one must have a non-zero 
matrix element .
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|^f> / 0 .

In particular, the symmetry of the system under considera
tion can play a helpful role. As an example, consider the 
following one-dimensional problem. ip x and ip2 are general 
wave functions which are restricted only to be even func
tions of x, that is

and
t i  Ox) = <0 (x) ,

^2C-x) = î 2(x) .

Suppose H 1(-x) = -H(x), as is the case for a dipole transi 
tion, then the matrix element

<i|j1|H1|^2> = (x)H1 (x)^2(x)dx

r o ijj1 (x)H1 (x)t/;2 (x)dx + (x)H1 (x)^2Cx)dx
o

r o
(-x)H1 (-x)^2 (-x)dx + -̂ 1 (x)H1 (x)t2(x)dx

J o

(x)H1 (x)^2 (x)dx + ij;1(x)H1(x)i|;2(x)dx
0 0

= 0 .

Hence the symmetry of the wave functions plus the symmetry
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of the interaction operator allows one to predict a 
transition from i|;1 ip2 is not allowed under the: inter
action described by H .

In crystal systems, one must consider the effect 
of all the symmetry operations of the crystal group on the 
wave functions and the interaction Operator to determine if 
a given transition is allowed < ̂  x | H 11 ifĵ) 0 or forbidden
<>x iH i = 0 ’ In crystal systems of high symmetry, this 
can become quite complicated and is best handled with the
techniques of group theory. Two recent works by Turrell^^

15and Fateley et al. deal extensively with infrared and 
Raman selection rules. In particular, the correlation 
method introduced by Hornig^ and by Winston and Half or d"1"̂ 
and described in detail by Fateley et al. has been used to 
derive the selection rules appropriate to the solids in this 
study.

The calculations were limited to determining the
selection rules for only the fundamental lattice vibrations.
The species which are infrared or Raman active are indicated
in the table below. For details of the method of calcula-

15tion, the interested reader is referred to Fateley et al.
The notation in the table and the symmetry determination

18were taken from Wyckoff and from Deer, Howie, and 
19Zussman. In the event of a difference in convention, the

18notation of Wyckoff has been preserved.



Table I. Summary of Group Theoretical Considerations

Crystal Space
Group Species Acoustic 

Mode .
Modes at k = 0
IRActive Raman

Active
Selection 
Rule (IR 

active only)
Hematite D
a -F e 2°3
Hexagonal
a=5.01 ± 0„01A 
c=13.49 ± 0.47A 
3N = 30

3d

Olivine D
(orthopyroxene) 
(Mg»Fe)2Si04 
Orthorhombic 
3N = 84 
a=10.2±d.100A 
b=5.981+0„0 56A 
c=4.773+0.063A

16
2h

" 2 A 
3 A 
5 E
2 A
3 A 

. .5- E

lg
2g

lu
2u
u

1
1

30 modes total 
11 A
7 B 

11 B 
7 B 

10 A 
14 B 
10 B 
14 B

g
lg
2g
3g

lu
2u
3u

1
1
1

84 total

2
4

13
9

13

11
7

11
7

(E II c) 
(E l C)

(E || c) 
(E II b) 
(E II a)



Table I, Continued

Crystal Space
Group Species Acoustic

Mode,
Modes at k = 0
IR

Active
Raman
Active

Selection 
Rule (IR 

active only)
Almandine 3 AlgFe3Al2 (Si04)3 5 A2g

8 E ■ g14 F,lg
Cubic 14 P2g

A lua = 11.514 ± 0.020A 5
3N = 240 5 A 2u

10 Eu
18 Flu
16 F2„

240 total

8 .

14

17 Isotropic
Absorption

IX)to



Table I, Continued

Crystal Space
Group Species Acoustic

Mode
Modes at k = 0
IR

Active
Raman
Active

Selection 
Rule (IR 

active only)
Magnetite
Fe3°4

o:

Cubic spinel Structure 
a = 8.357 ± 0, Q39A 
3N = 3 x 14 = 42

1
A i 8

1
1 F lg3 F 2g
2 A 2 u
2 Eu
5 F l„
2 F 2U

1
1

Isotropic
Absorption

42 total



Light Scattering by Small Particles
31

Introduction
We wish to consider the scattering and absorption, of 

electromagnetic radiation from a collection of finite parti
cles. We will limit the discussion to the case where the 
photon is:

' V  '  ̂ ' - V " "  ‘ '' ' ■ -  " ■  '' : /  ; : • ■ . ■- •1. elastically scattered,
2. undergoes only a single scatter, and
3„ the particles are assumed to scatter.the photons 

independently.
In particularj phase coherence is not considered. Thus, 
multiple scattering and cooperative effects of the collec
tion of particles are not treated. Under these conditions 
it is only necessary to consider the scattering from a 
Single particle.

If we consider a beam of light incident on an 
absorbing particle, see Fig. 1, the beam will be attenuated 
by both the scattering and the absorption of the particle.
We will call this attenuation the extinction of the particle. 
The definition for extinction that will be used in this work 
is

Extinction = Absorption + Scattering



Fig.
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r  t  e
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1. Attenuation of beam by scattering and absorption.

UlK)
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Although it is possible to calculate the angular dependence 
of the scattering for some ideal systems, we will limit our 
consideration to the total cross section for extinction 
Cabsorption plus scattering).

factors introduced by van de Hulst„ Most pafticles have a 
more or less well defined geometrical cross section, A.
If <7-^ is the absorption cross section of the particle, 
then

is the absorption efficiency. Similar expressions may be 
defined for the scattering efficiency, Q \> and the ex-SC3.
tinetion efficiency, Qext>'

In our discussion we will make use of the efficiency

asea
A

and
aext

A
where

^ext ^abs + ^sca



Spherical Particles
Later we will consider possible effects due to 

non-spherical particles but for simplicity we will limit 
the present discussion to the scattering of light by 
spherical particles.

If we consider an isotropic particle which is much 
smaller than the wavelength of light, the well-known results 
of Rayleigh scattering are easily obtained. The scattered 
intensity as a function of the scattering angle, 9, is

T _ (1 + cos 29 )  ( 2 tt/  A) ** 1 d  1 2 t 
2r 2

where d is the dielectric polarizability for the particle.
21It can be shown (see Jackson, for example), for a sphere 

with dielectric constant, e, that

e + 2

in the quasi-static or small particle limit. The total 
scattering cross section is found by integrating the scat
tered intensity over all directions and dividing by I0. The
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2 0It can be shown that the absorption cross section is 

given by

a i = 47ra2 Im   —abs e + 2

If we generalize a to consider the case of a parti
cle embedded in a non-absorbing matrix with dielectric con
stant, em , the equation for d becomes

a =
g + 2em

J2- a 3 (24)

Using this new definition of d and writing £ = £ x + ie2, 
the expressions for the scattering and absorption cross sec 
tions become

and

sea T 7ra2
Zira -  V  + 4

(£ i + 2Em j 2 + £

aabs =
Zira 4e2 em

(Ei + 2emJ" + £2

(25)

(26)

The first thing to notice is that for very small 
particles, the extinction is dominated by the absorption, 
but as the particle gets larger the scattering begins to 
play an increasingly more important role in the extinction 
due to the particle.
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The second thing to notice is both, a and cr ,0 sea abs

have resonant denominators and the extinction cross section
is greatly enhanced whenever s% + 2c^ = 0, provided that e2
is reasonably small. Is this condition ever satisfied for
real solids? The answer is. yes! The e, = >2e conditiony . 1 m
can be met for materials with a strong coherent resonance of 
the electrons in the bulk material usually in the ultra
violet region of the spectrum and gives rise to the so- 
called "surface plasmon" mode in small particles. For ionic 
materials which have strong lattice absorption, this reso
nance condition may be satisfied in the infrared region and
gives rise to the so-called "Frbhlich mode" which was first

77predicted by Frbhlich in 1949. The significance is that 
this mode does not fall at the transverse optic mode fre
quency of the bulk solid but occurs at a frequency, tOp, be
tween the transverse mode frequency and the longitudinal 
optic mode frequency,

WL > WF > “T ’
]_It can be shown to be just the first of a whole series of

"surface modes" of the sphere. For this proof a more
general theory of light scattering from a sphere is needed.

Such a theory was introduced nearly simultaneously
by M i e ^  in 1908 and D e b y e i n  1909. It has been shown by

1Ruppin and Englman that Mie theory is equivalent to the
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: rigorous quantum mechanical treatment of the interaction of 
electromagnetic radiation with a spherical particle of 
arbitrary size„

The various modes for a solid have been classified 
by Ruppin and Englman : 1) Radiative modes which have solu
tions which oscillate outside the solid, and 2) Nonradiative 
modes which have solutions which decay outside the solid. 
Only radiative modes may be excited by an incident photon. 
For a spherical particle, all modes are radiative but they 
can be further classified as follows: 1) Bulk modes which
have solutions which oscillate inside the solid, or 2) Sur
face modes which have solutions which decay with increasing 
distance from the surface. The ratio of the number of bulk 
modes to the number of surface modes is of the order of the 
volume to surface ratio.

The surface modes are confined to the region between 
the longitudinal and transverse optical mode frequencies in 
the general region where ej is negative. There are two 
types of bulk modes. Those modes which fall above the 
longitudinal optic frequency are called high frequency bulk 
modes and those modes which fall below the transverse optic 
frequency are called low frequency bulk modes. The high 
frequency bulk modes are generally important only for a slab 
geometry.



For the size particles of interest in this study, 
the first order surface mode will generally be the most 
important. For magnetite, however, c % is not negative in 
the infrared so only low frequency bulk modes will be 
important.

20Van de Hulst has shown that the general Mie 
extinction and scattering efficiencies are given by

Qext = 2(x)2 I (2n + 1) Re (an + V  ' (Z?)n— 1

and

Qsca = 2(x)2 I (2n + 1)[|aR |2 + |b^|2] , (28)
n= 1

where

v'(y)^n(*) " mV (y)^'(x) 
an ' ^a (y)5n (x ) " m'l'n (y)5n (x) ’ (29)

mili'Cy)* (x) - * (y)i|-'(x) 
bn ~ m>l,a (y) 5n (x) " 1'n̂ y)5n(x) ’

m = /e 

x = 2Tra/X , 

y = mx ,

a is the radius of the sphere, and ip and £ arer > rn ^n
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Riccati-Bessel functions in the notation introduced by 

24Debye in 1909 . and £n are related to the normal spher
ical Bessel functions j and li byJ n n J

^n (z) = zjn (z) ,
and

Cn (z) = zh(n 2) (z) .

Ruppin and Englman^ have shown that the denominators 
of an and b^ vanish at the frequencies of the magnetic and 
electric eigenmodes of the sphere, respectively, and that 
these frequencies must be complex. For real optical fre
quencies the denominators of a^ and b^ will never be exactly 
equal to zero so each mode contributes a Lorentzian peak to 
the cross section.

In the limit that a/X << 1 and, for n = 1, the
denominator for b yields the resonance condition derivedn
earlier for Rayleigh scattering, namely

e i = * (31)

It should be pointed out that this mode is not strictly a 
surface mode in that it has a solution with uniform polar
ization inside the sphere. However, it is confined to the 
region between and a)rp and it is the lowest order mode 
(n=l) of a whole series of modes, the higher order modes of 
which are confined more and more closely to the surface of 
the sphere.
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Size and Shape Effects

As can be seen from Eqs. (29) and (30), the reso
nance condition depends on the size of the particle. The
first order shift in the resonance condition with size for

2 5Rayleigh spheres has been determined by Gilra to be

e i = "2em " 4
2-Tra 2

£m

Thus, two particles of the same material but of different 
size will have in general resonance conditions satisfied at 
slightly different frequencies. Experimentally, one gener
ally has a distribution of particle sizes which can lead to 
considerable broadening of experimental absorption featues. 
It will be necessary to know the experimental size distribu
tion to make a quantitative comparison of measured absorp
tion widths with theory.

Deviations of particle shape from sphericity are not 
so easily handled. Ward^ has developed a theory of elec
tromagnetic scattering from a homogeneous object of arbi
trary shape in which the scattered field is expanded in 
vector spherical harmonics. The number of partial waves 
needed in the expansion for a given degree of accuracy is 
determined by the size and shape of the particle. Generally 
speaking, the larger the particle is or the more irregular 
the particle shape is , the greater is the number of partial 
waves needed for an accurate approximation to the exact



41
solution. An exact solution results from including all 
partial waves to infinite order. The expansion coefficients 
are determined not only by the size and shape of the parti
cle but also its orientation with respect to the incident 
field.

The effect of having a non-spherical particle is 
that modes may be excited at various frequencies depending 
on the degree of complexity of the shape and orientation of 
the particle. We can still classify these as surface or 
bulk modes, however, depending on whether or not they fall 
between the longitudinal and transverse optic modes or not, 
but one can no longer think of these modes in terms of the 
normal modes of the sphere.

It is not necessary to invoke the general theory of
7 AWard to gain a qualitative appreciation of the effect of

particle shape variation. Consider a homogeneous ellipsoid
with a complex dielectric constant, e, to be embedded in a
non-absorbing medium, . For simplicity, consider the
incident field to be applied along one of the main axes of
the ellipsoid (j = 1,2,3). The resulting polarizability,

2 5ou , is a tensor and is written"

aj = 47 Lj ("e - emj + ' (32)
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where V is the volume of the ellipsoid and the ly ’s depend 
only on the ratios of the semiaxes of the ellipsoid, and 
satisfy the condition L + L + L = 1 .  For an arbitrary 
ratio of the semiaxes a, b, and c we have

L i = _______a b c d s __________
o 2(s + a2) 3̂ 2(s+b2)^(s+c2)^

In analogy with the case of a Rayleigh sphere, we
2 5can write down scattering and absorption cross sections

j _ Sir3 V 2________~ £m^ * £2
sea - 3 r=" [LjS, + em (.l - L.)l* +— ( I V ^ > ('33)

and

 ̂ j _ 2tt v eme2
abs - T  V [Lje j + ̂ ( 1  * Lj jji" '+

One obtains a resonance, if

Ei = -em d / L j - 1) (35)

provided e2 is small.
The resonance condition thus depends on L^ which 

itself depends on the ratios of the semiaxes of the ellip
soid or, alternatively, the shape of the ellipsoid. For a
sphere, Lj = L2 = L 3 = 1/3 so the normal resonance condition
is obtained.
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In addition, the resonances are confined, to the 

general region where e1 is negative (i.e. , between and 
Urp) . Thus for a mixture of particle shapes , one would ex
pect to find absorption throughout the negative region.

Approximate Treatment of 
Anisotropic Particles.

The simple approach outlined here allows for rapid 
calculation and ease of Comparison with experimental mea
surements in cases where the samples may be optically 
anisotropic. First we assume that experimentally our par
ticles are randomly oriented. We further assume that the. 
average value of Qoxt measured will be a simple average of 
the value of for particles aligned along each of the
three orthogonal symmetry directions of the crystal so that

Q = iCQi + Qz * Q3) - 

For isotropic crystals,

Q = Q 1 = Q 2 = Q-3 -

For rhombphedral crystals.

Q i = Qz = Qx >

and

Qs = Q||



For orthorombic crystals,; .

Q > * :' B U  > 

m ^Elb ’
and -

Q 3 = Q E li e •

While this is a rather simplistic approach, it seems to 
give results which make the interpretation of measured 
extinction curves straightforward. In the case of olivine 
we will see it gives surprisingly good agreement with the 
measurements.



CHAPTER 3

EXPERIMENTAL. TECHNIQUE

General Considerations 
There are four methods, or variations thereof, 

commonly employed to experimentally determine: optical con
stants in the infrared,.
1. Polarimetric reflectance techniques measuring R /Rj

for light relfected obliquely from the sample surface
27at two angles of incidence.

2. Reflectance at two angles of incidence using the
general (oblique angle) form of Fresnel’s Law and

28Snell’s Law (see Simon ).
3. Measurement of R and T in normal incidence with

an analysis using Eq. (3) and Eq. (8) ...
4. Measurement of R over a wide range of frequency,

with a Kramers-Kronig or classical dispersion 
analysis.

Of these methods, 1 and 2 require measurements of 
reflectance at oblique angles. The area of samp1e presented 
to the beam is proportional to the cosine of the angle of 
incidence. For regions of low beam intensity, the size of
the sample must be increased as the angle is increased to

45
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have an acceptable signal to noise ratio. The samples of 
this study were quite small compared to the beam area of 
typical infrared instruments. In addition the normal beam 
divergence in such instruments makes an accurate determina
tion of the angle of incidence difficult. For these rea
sons j, it was decided to use a combination of methods 3 and 4.

The Kramers-Kronig analysis of the reflectance was 
chosen over a classical dispersion analysis because of its 
general applicability. As was mentioned in Chapter 2, 
accurate reflectance measurements must be made at all wave
lengths . The full scale accuracy of the reflectance mea
surements is estimated to be better than 1% at the short 
wavelengths and decreasing to about 2i at the longer wave
lengths . The scattered light level of our particular 
instrument was of the order of 0.5%, which introduced an 
insignificant error in the reflectance in most regions of 
the spectrum. However, in the region of the first low 
reflectance minimum, the reflectance was found to drop well 
below the scattered light level. Hence, it was not possible 
to measure the reflectance with sufficient accuracy with
the instruments available for this work.

29It has been pointed out that significant errors 
will result in a Kramers-Kronig analysis unless this low 
reflectance can be determined in some way. Wu and
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Andermann have proposed a method of synthesizing the low.
reflectance data in cases where it is too low to measure.

In this study, we have synthesized the low reflec
tance data by doing a classical dispersion theory fit to the 
high reflectance regions and then using the calculated low 
reflectance in place of the unmeasurable data. This pro
cedure was followed only in regions where the reflectance 
was too low to measure by other means.

9It has been noted by Spitzer and Kleinman that a 
Kramers-Kronig analysis does not give reliable values of k, 
when k << 0.1. . In such regions it is possible to do trans
mission measurements ̂ so method 3 was used to correct the 
values of k obtained by the Kramers-Kronig method whenever 
possible.

Sample Preparation
Natural samples of olivine, hematite, magnetite, and 

almandine as well as a commercially available sample of 
fused quartz (Vitreosil ) were selected for reflectance 
measurements. Since olivine and hematite are both aniso
tropic , they were oriented by x-ray diffraction (Laue) tech
niques. The samples were cut with a diamond saw to provide 
a flat surface. These freshly cut surfaces were carefully 
polished by the standard optical polishing techniques using 
diamond grit. In order that scattering from surface
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irregularities would be reduced, various sizes of diamond 
were used down to .

Once the samples were polished, they were carefully 
cleaned in an ultrasonic cleaner'followed by rinses in dis
tilled water, alcohol, and acetone. Following this cleaning, 
the samples were mounted on a specially designed sample sup
port which allowed the samples to be held firmly in place in 
the reflectometer by a magnet attached to the back of the 
support (see Fig. 2a).

Samples for transmission measurements were prepared 
in a similar manner. In addition, however, these samples 
were thinned by grinding and polishing to a thickness that 
varied from sample to samp1e . A typical thickness was 100u. 
These samples were polished on both the front and back sur
faces . After cleaning, these samples were mounted on metal 
masks for transmission measurements.

Small particle samples were prepared in a number of 
ways. Powder samples were prepared by carefully grinding 
small pieces of the crystal samples in an agate mortar and 
pestal. This powder 'was dispersed by the usual infrared

30sampling techniques in KBr (for measurements with X < 29y) 
or polyethylene (for measurements with X > 15y).
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Fig. 2. Reflectometer.
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Some of the powder samples were dispersed in alcohol 

and applied to the surface of a transparent substrate (KC1) 
one drop at a time. The alcohol was allowed to evaporate 
before the next drop was applied, This was continued until 
a sufficient.amount of the powder was collected on the sub
strate to give a good infrared spectrum.

' Very small particles in the. form of smoke: samples 
for all solids except almandine were successfully made. 
Amorphous quartz smoke was produced by striking an arc be
tween two 99.99% pure silicon electrodes. The particles 
were collected on either a transparent substrate (KC1 or 
AgCl) or a reflective substrate (Pt) , Quartz smoke parti
cles were also collected in a smoke chamber, designed and 
constructed by K. L. Day, for measurements on smoke par
ticles suspended in air.

For the smokes of iron oxide, an arc was struck 
between two iron electrodes (purity unknown). The resulting 
smoke came off mainly in the form of Y-Ee20 3:. These parti
cles were collected on a platinum substrate for measurement 
by the reflective substrate technique described in the next 
section. To convert the y-Fe203 to a-Fe20 3 (hematite) the 
substrate and sample were heated in air to 750°C for one 
hour. For conversion to Fe30 4 (magnetite) it was necessary 
to reduce the Y-Fe20 3 by heating the sample to 350°C in a
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hydrogen atmosphere for one hour. The reaction followed 
the equation

200 °C3 Y-Fe20 3 + H 2 -> . H 20 + 2Fe „

The sample was then cooled to 300C before exposing it to the 
atmosphere.

Olivine smoke particles were made by processing some 
of the natural olivine in an electric arc. Several pieces 
of olivine (approximately one cubic millimeter in size) were 
placed in a hollowed out carbon electrode. An arc was 
struck between this electrode and another carbon electrode. 
The electrodes were oxidized to C02 . The resultant smoke 
was collected on a transparent substrate and is believed to 
be reasonably "pure” olivine smoke (see Table II).

Particle size distributions were determined by 
electron or optical microscopy. In the case of the smoke 
samples it was possible to collect the particles directly 
on standard copper electron microscope grids. For the pow
der samples, the particles sizes were generally large enough 
for an optical microscope to be used. Samples were prepared 
by spreading the powder on a regular glass microscope slide.

In order to better characterize our natural samples, 
crystal d-spacings were determined for both powder and smoke 
samples by using the usual x-ray powder camera technique.
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Table II. Characterization 

, of Natural Samples
X-ray d-spacings

Hematite
Density

pmeas V 5> 235 S/Cm3 Pcalc = 5.48 g/cm> :

hkl d^ki (Powder) A dhkl CSmoke) A

012 3.664 3.66
104 2.67 2.67
110 2.49 2.49
113 2.20 2.20
024 1.82 1.83
116 1.688 1.68
214 1.478 1.478
300 1.447 1.447
119 - 1.309 1.309

J
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Table II, Characterization,

Continued

Magnetite
Density

,pmeas = 5 -13 8/cm3 Pcalc. = 5.31 g/cm3

hkl dhkl (Powder) A dhkl (Smoke) A

111 . 4.80 *
220 2.95 2.96
311 2.52 2.51
222 2.39 (weak)
400 2.099 2 i 09
--- 2.015—
422 1.71 1.70

333,511 1.61 1.61
440 1.483 1.483
533 1.279 1.279
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Table II, Characterization,

Continued

Olivine
Density

pmeas 3 ’30 pcalc = 3.24 g/cm3
hkl dhkl (Powder) A d„ (Smoke) A nkl

200 5.10 ■- *
210 3.86 3.86
201 3.48 3.48

. 020 3.02 3.02
301 2.75 2.75
311 2.51 2.52
121 2.457 2.45

221 or 401 2.25 2.26
202,112 2.16 2.17

-  -- 2.10 +
' 222 1.748 1.75
331 1.62 1.62
040 1.499 1.495
620 1.478 1.48

701,332 1.399 1.398
223 1.35 1.36
341 1.317 1.317
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Table II, Characterization,

Continued

Almahdine
Density

pmeas = 4.27 g/cm= Pcalc - 4.36 g/cm3

hkl -hkl CPowder) A Jhkl (Smoke) A

220
400 N 00 C

O

420 2.57
332 2.45 '
422 2.348
510 2.25
521 2.10
440 2.04 (weak)
611 1.87
444 1.66
640 1.597
642 1.54
800 1.442
840 1.289
842 1.257
664 1.229

*Line masked by diffuse ring. 
^Unidentified line.
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The.results of this determination are summarized in Table 
IT. The d-spacings obtained agree with previous determina
tions^^ for each of the mineral samples within the experi
mental error of 1%. \

The density of each of the crystal samples was 
determined using a differential weighing technique.^  This 
information is also contained in Table II. These values are 
accurate to 0.5%. Theoretical densities were calculated for 
the samples using lattice constants determined from the 
x-ray measurements. 'These are listed in Table II for com
parison with the measured densities.

Instrumentation and Measurements 
Three commercially available instruments were used 

to perform the infrared reflectance, transmission, and small 
particle extinction measurements: a Perkin Elmer model 337 .
infrared spectrophotometer (2.5y to 25u), a Beckman model 
IR-12 spectrophotometer (2.5y to 50y), and a modified Beck
man model IR-11 spectrophotometer with a liquid helium 
cooled detector (25y to 300y). While the Beckman instru
ments offered a greater range of operating parameters, high
er resolution, and slightly better photometric accuracy, 
the Perkin Elmer instrument offered sufficient accuracy and 
resolution (particularly in the 2.5y to 20y region) to make 
many of the short wavelength transmission and small particle



57
extinction measurements. The reflectance measurements were 
performed exclusively on the Beckman instruments.

A reflectometer was designed with the aid of James 
Stapp which modified the normal optical path in the spectro
photometer so that near normal incidence reflectance mea
surements could be made. A diagram of the optical path for 
the reflectometer can be found in Fig. 2b. The materials 
for construction of this reflectometer were bought for a 
small fraction.of the cost of even the least expensive com
mercially available reflectance attachment. Some of the 
advantages of this design are listed below. The design 
incorporates a 3:1 reduction in beam size so that small 
samples could be measured without undue reduction in beam 
intensity. In addition to the focus at the sample position 
the beams come to a focus at two other positions in the 
sample compartment. These two additional foci may be used 
as positions for polarizers or filters. The reduced size 
of the beam at these foci allows smaller polarizers and 
filters to be used at reduced cost. Each mirror as well 
as the sample holder has three degrees of freedom to facili
tate the initial alignment of the components. In order to 
minimize the off^axis aberrations of the spherical mirrors, 
the reflectometer employs a crossed beam design which in
sures a minimum off-axis condition for these mirrors. The
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average angle of incidence is approximately 8°. Previous 
investigators have indicated that the assumption of normal 
incidence even for angles up to 15° will not introduce sig- 
nificant errors in the subsequent data analysis.

The absolute reflectance for a given sample was 
determined by the following equation:

R - R0
R m  ‘ R.r.y- RT raj(X! ■ t361

where is the measured sample signal,: R g is the signal 
without a sample in place, Ri0 0 ̂  is the measured signal for 
an evaporated aluminum reference mirror, and R^(A) is the 
absolute reflectance for an■evaporated aluminum mirror ac
cording to Bennett, Bennett, and Ashley.^ Experimentally, 
it was possible to set R 0 = 0  by adjusting the bias on the 
detector output circuit.

Transmission measurements were performed by the 
sample-in, sample-out technique. Suitable masks were neces- 
sary to prevent light from reaching the detector which did 
not pass through the small samples. Sample thicknesses were 
determined directly with the aid of a micrometer and indi- . 
rectly by monitoring known absorption bands as a function of 
thickness. The uncertainties in this thickness measurement 
are estimated to be less than 5% of the measured thickness.



This uncertainty was the major source of error in the deter
mination of k by the transmission technique using Eq. (.8) .

For the small particle extinction samples, back
ground absorption and reflectance losses were accounted for 
by taking the difference in measurements using clear sub
strates and those carrying the sample. Measurements were 
made in percent transmission and converted to optical den
sity to make them directly comparable to the calculated 
cross sections.

A smoke chamber was used to make extinction measure
ments on Si02 smoke suspended in air. In this technique, a 
small (10 cm long) chamber was filled with SiO smoke. The 
transmission of the chamber and smoke were determined. To 
make sure that the extinction measured was indeed due to 
particles suspended in air and not due to particles that may 
have collected on the windows of the chamber, transmission 
measurements were repeated after the smoke was allowed to 
escape from the chamber. This method was abandoned for the 
other materials since it was found that the results were not 
significantly different from the measurements made with the 
samples collected on substrates.

A reflecting substrate technique was used to deter
mine the extinction of some of the smoke samples. This 
technique has not been described in the literature
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previously so some space will be allotted here to describe 
it in detail, We have used this technique exclusively for 
smoke particles which are quite small„ a «  1.Op. For the 
wavelengths we are using, typically lOy., the scattering due 
to the particles is negligible. For all practical: purposes, 
the measured extinction is due entirely to the absorption of 
the particles . Consider a collection of particles with an 
optical density, tv If this collection of particles is 
placed in a beam of light, one would measure on a single 
pass

'lott = log 10 l u

If a mirror with reflectance, R, is placed on the right side 
of this collection, the optical density measured on a second 
pass should also be t,

T = loS:« n f

(see Fig. 3). If the reflectance of the mirror is measured, 
the optical density of the collection of particles can be 
determined by

t = % 1°?1» T V  + l°Sio rt;  ̂ -r -y- • (37)RI

Experimentally, the particles are collected directly on the 
mirror substrate where I0R is just the measured reflected



Incident Beam $ ^ Transmitted Beam

~  “  0  9  <3 "
O

Measured Beam y  Reflected Beam

Mirror

Fig. 3. Schematic of reflective substrate technique.
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signal from a substrate without a sample and I2 is the 
signal from a substrate containing a samp1e. It is,.there
fore, not necessary to know the absolute reflectance of the 
mirror. In fact, any material may be used as a substrate . 
but materials which have a high infrared reflectance will 
give the largest signal. Most metals satisfy the condition 
of high infrared reflectance. For our study we chose plati
num because it does not tend to oxidize when heated. This 
technique was particularly useful for the hematite and mag
netite samples which required a heat treatment as part of 
their preparation. A comparison of the results of this 
technique with the results of measurements using a trans
parent substrate showed the two techniques gave comparable 
results. The reflective substrate has the added advantage 
that only one-half the amount of samples need be used to 
obtain a given amount of extinction.

Electron micrographs were obtained of the smoke 
samples using a 200 kv Hitachi electron microscope operating 
in transmission mode. Particle size distributions and par
ticle shapes were determined from observation of these 
micrographs. Microscopic observations of the powder samples 
were made using a Ernst Leitz Gmbh Wetzlar optical 
microscope.

The results of all experimental measurements are 
presented in the next chapter.



CHAPTER 4

DISCUSSION AND RESULTS

Solid State Effects

Bulk Crystal Measurements
The following few .pages contain a series of figures. 

For each solid, the measured reflectance will be presented 
in graphical form (Figs. 4-11). Tables of optical constants 
which resulted from the Kramers-Kronig analysis of the re
flectance data corrected by the transmission measurements 
mentioned in the previous chapter can be found in Appendix 
A. For olivine and hematite, each polarization will be 
handled separately. A notation on the page will indicate 
the orientation of the incident E vector. For example, E II 
a means that the E vector was polarized along the a-axis of 
the crystal (see Table I). If no notation is found, it can 
be assumed that the measurement was made with unpolarized 
light.

It is interesting to compare the number of observed
lattice bands to the number predicted by group theory (see' ■ - . • ' , /
Table I). The number of observed bands is determined by 
counting the number of peaks in the imaginary, part of the

63
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dielectric constant as a function of wavelength. The
wavelengths of these peaks will serve to give an estimate
of the wavelength of the corresponding lattice band.

For hematite there are a total of six bands •
predicted by group theory, four i c-axis and two parallel to
it. The observed bands j. c were found at 19.3 ± 2y,
23.2 ± 0.2p, 34.4 ± 0.3p, and 43.0 ± 0.4p, while the bands
parallel to the c-axis were found at 18.8 ± 0.2p and
33 .6 ± 0,2y . Previous work on a bulk single crystal had

35only been able to resolve 5 of the 6 bands.
For magnetite, group theory predicts four lattice

bands. Only two distinct bands were observed (17.7 ± 0.2y
and 28.5 -± 3y). There is reason to believe that the other
two bands should be much w e a k e r a n d , therefore, much more
difficult to observe. The e2 curve seems to indicate the
possibility of a very weak feature, a 30.5 ± 0.3y. The
fourth band does not appear as a distinct feature in the e2
curve. We will defer further comment on this point until we.
discuss the small particle absorption spectrum of magnetite
in the next section.

The, reflectance spectrum for our natural sample of
olivine is qualitatively similar to a previously measured

37reflectance spectrum of a synthetic olivine. However, 
only 26 of the predicted 35 bands where observed. Bands
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parallel to the a-axis were found, at 10 .2 ± 0.1p, 11.5 ±
O.lp, 12.0 ± O.lu, 19.2 ± 0.2u, 22.4 ± 0.2p, 24.6 ± 0.2p,
25 .8 ± 0.2p, 29.0 ± 0.3y, and 36.0 ± 0 „4y. Bands parallel 
to the b-axis were found at 11.5 ± O.ly, 20.1 ± 0.2y,
21.1 ± 0. 2y, 24.2 ± 0. 2y, 27.7 ± 0.3y, and 35.5 ±Q:.4y.
Bands parallel to the c-axis were found at 10.35 ± O.ly,
10.55 ± O.ly, 11.3 ± O.ly, 16.7 ± O.ly, 18.4 ± 0.2y, 20.1 ±
0.2y, 25.0 ± 0.2y, 27.0 ± 0.3y, 30.6 ± . 0.3y, and 34.4 ± 0.4y.
No evidence could be found for any additional strong bands
and it is felt that the missing bands are probably too weak

38to significantly affect the resulting discussion.
The almandine reflectance spectrum is in good

agreement, with a previously reported single crystal reflec-
39tance spectrum. Of the 17 theoretically predicted infra- 

red active lattice modes, only 14 were observed (10.6, ± O.ly,.
11.2 ± O.ly, 11.5 ± O.ly, 15.9 ± O.ly, 17.8 ± O.ly, 19.1 ±
0.2y, 21.5 ± 0.2y, 22.5 ± 0.2y, 26.8 ± 0.2y, 29.1 ± 0.3y,
32.0 ± 0.3y, 42.0 ± 0,5y, 50.0 ± l.Oy, and 72.0 ± 2.Oy). No 
evidence for any other strong modes was found in measure
ments out to 250y.

. Because of the absence of long range order in 
amorphous materials, the same type of predictions cannot be 
made for amorphous quartz. However, the reflectance mea
sured is in good quantitative agreement with previously

40reported measurements of reflectance.



The optical constants found in Appendix A are used 
in the following section for theoretical Mie calculations 
of the small particle absorption spectra of the solids in 
this study. Since these calculations are sensitive to small 
changes in the optical constants, a word about their accu
racy may be in order.

We have mentioned some of the possible sources of 
error in the preceding sections. However, no general error 
analysis of the Kramers-Kronig technique.has been made 
because the results depend on the accuracy of the measured 
reflectance over the entire range of the measurement. When 
independent methods are used to determine optical constants 
on well characterized solids, variations of 10 to 20% are 
commonly found in the literature. For this reason, it would 
be a mistake to trust any determination of this kind to 
better than 10%. The accuracy of the values of k determined 
by the transmission technique is limited by how. accurately 
the thickness of the sample can be determined. The values 
of k (<< 0.1) can be assumed to be accurate to better than



Small Particle Powder 
Measurements

In this section we discuss the small particle 
absorption measurements and compare them to calculations 
based on measured bulk optical constants.

We begin our discussion with magnetite. It is the 
only material in our study which has appreciable d.c. con
ductivity. The complex dielectric constant for magnetite 
is plotted as a function of wavelength in Fig, 12. These 
values are in qualitative agreement With previous work in
the 1 .Op to 15.Oy region, but the quantitative agreement is

40 41 .poor. ’ However, the magnitude of the optical constants
41 ■ 42seems to vary from sample to sample ’ and may be associ

ated with the variation of the free carrier conductivity. 
Since e1 is never negative in the region of the lattice 
modes, one should not expect to observe surface modes in 
small particles of magnetite. Consequently calculated ex
tinction cross sections for magnetite should show no depen
dence on the surrounding dielectric medium.

In Fig. 13 we have plotted the results of experi
mental measurements of the extinction of magnetite powder 
dispersed in O r  and polyethylene, as well as a theoretical 
calculation of the small particle extinction for both O.ly 
particles and 1 .0y particles. The extinction spectrum for 
magnetite smoke particles which is not shown here is quite
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similar to the powder measurements with one exception. In 
the smoke measurements a shoulder appeared near 18.Zp.

As ..mentioned earlier, one expects to find four 
infrared active modes in magnetite. The calculated extinc
tion for 0 .Ip particles based on the measured bulk optical 
constants clearly shows four modes (16.4p, 23.5p, 30,5p,
and 36.Op). These are in approximate agreement with the

; 3dtheoretical calculations of Waldron. The bands near 33.Op, 
and 36.Op have not been reported before. Indeed these bands 
were so weak that it required several repetitions of the 
measurement with dense samples beford their existence could 
be confirmed above the instrumental noise. With the excep
tion of these two weak bands, our measurements are in agree
ment with the measurements made by Waldron"^ (15 to 4Op) but
are at odds with reported magnetite absorption measurements

4 3made by Grimes and Collett (15 to 5Op). In fact the spec-
43trum measured by Grimes and Collett looks surprisingly 

like our hematite spectrum and it is tempting to speculate 
that perhaps they have misidentified their sample.

Since magnetite has absorption due to both "free 
carriers" as well as lattice vibrations, one might expect to 
observe an antiresonance in the small particle extinction

44spectrum due to this coupled system. Such an antireso
nance has been observed in the polar semiconductor CdO by



■■■ 7945Rieder, Ishigame, and Genzel. Calculations (not shown 
here) using the optical constants determined in this study 
indicate that the small particle spectrum should have an 
antiresonance near 17.Sy. The shoulder shown in Fig. 13 
(near 18.2y of the 1 .Oy Calculated curve) is.just to the 
long wavelength side of the predicted antiresonance posi
tion. The experimental curves show little evidence of this 
predicted antiresonance other than the slightly nonsymmetric 
shape of the measured extinction feature.

Attempts to vary the sample preparation to enhance 
the possibility of observing the 17.5y antiresonance have 
thus far been unsuccessful. Gerson and Bryan^ have had 
similar problems in experimentally detecting an anti
resonance in the infrared for a Si02-Si system for which an

4.7antiresonance has been theoretically predicted.
On the basis of inelastic neutron scattering,^ 

optical magnon modes (q = 0) are expected at 21.35y$ 18 ̂ 77y, 
and 15.4y. Since these modes are generally excited by elec
tromagnetic waves directly via a magnetic dipole transition, 
or indirectly by a phonon-magnon interaction, these modes

49are expected to be quite weak compared to the phonon modes 
which are excited predominately by electric dipole transi
tions . It is not at all clear that one should be able to 
observe optical absorption due to magnon modes, in powder



spectra. However, it is tempting to speculate that the weak
broad structure near 22.Oy in the experimental measurements
may be associated in some way with;the 21.35y magnon mode.
Characterization of this feature as a magnon mode would re-

49quire an extensive study pf its temperature dependence.
This question is further complicated by the structural phase 
transition, which occurs in magnetite at 1199K „

The results of extinction measurements and calcula
tion for hematite powder dispersed in polyethylene are shown 
in Fig. 14. These curves are arbitrarily scaled so nothing 
quantitative should be inferred from the absolute magnitudes 
of the curves. The peak positions are summarized in Table 
III. Figures 15 and 16 provide plots of the dielectric con
stants for hematite'i c and II c, respectively. A search 
for the e 1 = -2e;m condition predicts four wavelengths where 
one would expect to observe lowest order surface modes.
These are summarized in Table III. It should be noted that 
the four strongest observed peaks (Fig. 14) are significant
ly shifted from the corresponding bulk mode wavelengths (see 
Table III) and they are generally found in a region where £% 
is negative for either the'± c polarization (Fig. 15) or the 
II c polarization (Fig. 16) . This is offered as evidence 
that the observed absorption features are due to surface 
mode absorption. The features near 23.5y and 35.6y, which
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Table III. Hematite: A Summary of Bulk and Surface
Mode Wavelengths

All wavelengths are reported in units of microns (wavelengths are accurate to ± 1.0%)

Bulk Modes Modes in KBr . Modes in Air
Peaks in e2 E q . (31) Theory ■ • ■ Exp. • • Eq. (31) ...Theory Exp.

E JL c 19,3 ± 0.2 17.3 17.8 18.4 16,2 16.4 16.2
23.2 ± 0.2 20.5 20.8 21.4 20.4 20.4 - 20,5
34.4 ±0. 3 28.0 28.1 29.8 27.7 27,7
43.0 ± 0.4 -

E II c 18.8 ± 0.2 16.8 17.8 16.4 16.05 16,4 16.2
33.6 ± 0.2 26.0 26.5 26.7 . . 25.2 . 2* 5- o *4** ■ i * 25.5

00ts>
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appear in the theoretical calculations are due to the low 
frequency bulk modes mentioned in Chapter 2.

A comparison of the experimental curve with the 
calculated curve drawn in Fig. 14 reveals three areas of 
disagreement. First, the position of each of the experi
mental features is slightly to the long wavelength side of 
its calculated position. Secondly, the experimental feature 
near 29.Op appears relatively more intense than its theoret
ical counterpart. Thirdly, there is considerable experi
mental broadening which is not predicted by the calculation. 
Since these discrepencies seem to be common to all of our 
powder measurements, we will defer any discussion on these 
matters until after we present the results for olivine, 
almandine, and amorphous quartz powders.

Before turning to the other solids in this study we 
mention the possibility of magnon modes in hematite. In
elastic neutron scattering'^ shows that an optical magnon 
mode (q = 0) should be found in hematite at 12.77p„ This 
fact may explain the observation of a weak and very broad 
(half width 0„9p) feature centered near 13.8p. While it is 
tempting to call this feature a magnon absorption, the tem
perature dependence of this feature needs to be studied be
fore such an assignment is made.^®
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In the following few pages the experimental powder 

results for olivine, almandine, and amorphous quartz are 
compared graphically with appropriate Mie calculations in 
exactly the same way as we have done for hematite. Most of 
the comments made in the discussion of the hematite results 
also apply to these solids so they will not be repeated 
here. As with hematite, we will present a summary of bulk 
and surface mode wavelengths in tabular form [Tables IV - 
VI). Graphs of the dielectric constants are provided for 
the location of the ey = -2em condition.

For each of the solids, the absorption is dominated 
by surface mode absorption which is significantly shifted 
from the associated transverse mode wavelength. The excel
lent agreement between theory and experiment for olivine, 
shown in Fig. 17, is offered as partial justification for 
the approximate method used in this study for calculating 
the extinction of anisotropic solids. Dielectric constants 
for olivine can be found in Figs. 18 - 20. Similar results . 
for almandine are found in Figs. 21 and 22. .

The amorphous quartz measurements (Fig. 23) are
displayed on a wave number scale rather than a wavelength

51scale. They have appeared in a previous publication and 
are included here for the sake of completeness. The dielec
tric constants for amorphous quartz are displayed in Fig. 24.



Table IV. Olivine: A Summary of Bulk and Surface
Mode Wavelengths

Wavelengths are reported in microns and are accurate to 1.0%

Bulk Modes Modes in KBr ...... Modes in Air
Peaks in e2 Eq. (31) Theory Exp.- ■ ■ Eq * (31). Theory . Exp.

E || a 10.2 10.15 10.05 10.2 9.9
11.5 11.15 11.2 11.2 10,9 10.9 10.9
12.0 11.9 11.8 -  — 11.8 11.8
19.2 18.9 19.1 19.1 18.45 18.3 18.2
22.4 22.0 21.8 21.2 21.6 21.4 22.0
24.6 23.7 23.6 23.4 23.35 23.3 22.0

E || b 11.5 11.0 11.2 11.2 10.7 10.7 10.9
20.1 19.1 19.1 19.1 18.5 18.3 18.2
21.1 21.1 21.2
24.2 22.8 22.8 22.5 22.55 22.3 22.0

E || c 10.35 10.05 10.15 10.05 9.8 9.8
. 9 ’910.55 10.5 . 10.45

11.3 11.2 11.2
16.7 . 16.4 16.35 16.2 16.1 16.0 16.0
18.4 , ---- - ----

20.1 19,7 19.1 19.1 19.2 19.0 18.2
. 25.0 .. ; 22.85 2 2.8 2 2 e 5  . . . . . . \̂ 4* * o ' 4* • . 22. 3 ... . . 22.0
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Table V. Almandine: A Summary of
Bulk and Surface Mode Wavelengths

Wavelengths are reported in microns and are 
accurate to 1.0%.

Bulk Modes Modes in KBr
Peaks in e2 Eq. (31) Theory Exp.

10.6 10.4 10.4 10.5
11.2 11.1 11.1 11.22
11.5 -11.4 11.4 11.55
15.85 15.85 15.8
17.8 17.6 17.6 17.75
19.1 ;— • 19.2 19.2
21.5 20.2 20.3 21.2
22.5 21.75 21.9 22.2
26.8 26.05 26.0 26.4



Table V I . Amorphous Quartz: A Summary of Bulk and
Surface Mode Wavelengths

All Frequencies are reported in units of cm 1

Bulk Modes Modes in KB.r Modes in Air
Peaks 
in e2

Thin film 
measurements Eq. (31) Theory Exp, Eq. (31) Theory Exp,

1070+5 1081a 1111±5 1110±5 109512 113515 113515 113012
800+5 79 7a: 800±5 800+2 - 815+5 81312
455 + 2 472 + 2 . 475+2 475+2. 48.4+2 488 + 2 . .. 488+2

aEitel.52

00to
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Microscopic observation of the powder samples 

revealed that the various samples had several things in 
common. The particle size ranged from below the resolving 
power of the microscope (~ 1.Op) to an occasional particle 
of the order of 12.Op in diameter. There was a large ten
dency for the individual particles to agglomerate into clus
ters of quite irregular shape. This tendency persisted even 
after the powders were dispersed in a KBr or polyethylene 
matrix. The individual particles themselves had an extreme
ly non-uniform shape which is not surprising since each of 
the samples were prepared by grinding with a mortar and 
pestle.

Because of the large distribution of sizes and 
shapes of the individual particles as well as their tendency
to agglomerate into clusters, it was not possible to dis-

■ ' ' 1 ' ■tinguish between the possible sources of discrepency between 
the calculations and the experiment. The most commonly 
cited reasons in the literature are the particle size and 
shape effects mentioned in Chapter 2. Recent experimen- 
t a l ^  an(̂  -theoretical^’^  works have established, that
closely packed particles tend to interact in such a way that 
the surface mode frequencies are shifted to longer wave
lengths .

Each of these effects could and possibly do contrib
ute to the broadening, wavelength shift, and distortion of
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the observed spectrum. In an attempt to limit the number of 
possibilities, we turn to measurements made on the arc- 
produced smoke particles in the next section.

Small Particle Smoke 
Measurements

One of the chief advantages of the smoke samples is 
revealed by electron microscopy of the samples. The parti
cles are quite small. The exact details of the size dis
tribution varied considerably from sample to sample.
However, some general features appeared to be common to all 
the arc-generated smoke samples of this study. First, the 
average size of the particles is quite small (100-400A) for 
all samples. Secondly, the particles generally ranged from 
under 50A to about 1000A in size. There were very few par
ticles of the 1000A size compared to the smaller particles, 
and no particles were found which were significantly larger 
than 1000A in radius. These particles are so small compared 
to the wavelengths of interest (typically 10p to 30y) , that 
it was found that no reasonable variation of the size dis
tribution used for the theoretical calculations could pro - 

, duce significant changes in the calculated spectra.
A second advantage of the smoke samples is that the 

smoke particles have a more uniform shape than the corre
sponding powder particles. The iron oxide particles have a
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slight tendency to a hexagonal shape while the olivine and 
amorphous quartz smoke particles were both found to be ex-

' g ̂tremely spherical in shape„ In a previous paper it was 
established that the slight deviation from sphericity 
observed for amorphous quartz could produce no significant 
change in the calculated curve. It is assumed that the same 
would hold true for olivine.

One disadvantage with the arc-produced smoke samples 
is that the particles tend to form rather complicated chain
like structures. This chain formation is common to all of 
our smoke samples.

The comparison of the hematite smoke measurements to 
the Mie calculations shown in Fig. 2 5 i s .quite disturbing. 
Although each of the four predicted surface mode features 
are apparent in the experimental curve (16.2p, 20.6p, 25.4p, 
and 28.Op), there is a great deal of structure not found in 
the calculated curve (19.2p, 22.5p, and 34.Op). In fact, 
the largest observed feature (at 34.Op) is not even pre
dicted by the theory. In addition, we continue to observe 
experimental broadening which is not predicted by the cal
culations. We will return to the question of broadening at 
the end of this section.

Because of the tendency of the smoke particles to
form into chain-like structures, randomly oriented cylinder 

55calculations were attempted to approximate the chain-like
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geometry of the hematite smoke samples.^  The results of 
this calculation are presented in Fig. 26. It can be seen 
that the strong feature at 34p is apparently due to the 
chain-like formations of the smoke particles. Additional 
features appear at 23.2p, 19.Op, and 15.8u which help to 
explain the appearance of the 22.5p and 19.2p features on 
the experimental curve. It appears that a combination of 
spheres and cylinders is needed to explain the observed fea
tures in the spectrum. We will return to this point later.

In Fig. 27, we present the experimental measurements 
for olivine smoke. The smoke absorption features are seen 
to be narrower than the results obtained for olivine powder. 
This is because the smoke particles are much smaller than 
and more uniform in shape than the powder particles. How
ever, the calculations indicate that the spectrum features 
should be much narrower than observed. No size distribution 
which is consistent with the sizes observed by electron 
microscopy will explain this large degree of experimental 
broadening. Electron diffraction patterns obtained from the 
smoke samples indicate that the smoke particles are single 
crystals even though the particle shape was found to be 
essentially spherical. Because of this essentially spheri
cal shape, shape effects are not thought to be the cause of 
the experimental broadening.
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The chain-like formations mentioned for hematite are 

also apparent in the electron micrographs of olivine smoke. 
The addition of cylinder calculations to the Mie calculation 
tends to fill in the area on the long wavelength side of the 
observed features, but they tend to introduce separate and 
distinct features which are not apparent in the experimental 
curve. For this reason no cylinder calculations are pre
sented here „

One possible explanation for the disagreement 
between the calculation and the experiment is that the smoke 
particles may not have exactly the same composition as the 
original bulk material. Recall that the calculations used 
optical constants determined from bulk single crystals.
Since the smoke was formed by processing this bulk material 
in an electric arc, it is quite possible that some chemical 
or structural changes may have resulted from this processing. 
The x-ray d-spacings for both the original material (powder 
sample) and the processed material (smoke sample) were pre
sented in Chapter 3 (Table II). There are some slight dif
ferences in the d-spacings between the two samples. These 
differences are not considered to be significant because 
they are only slightly larger than the 1% uncertainty of the 
determination. There is, however, one unidentified line 
which appears only for the smoke sample. It has a d-spacing 
of 2.10A. It is speculated that this line may have resulted
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from some iron oxide contamination of the olivine smoke.
Iron oxide might also explain some of the broad background 
absorption observed in the experimental curve in the 15 
to 20 micron region although the lack of intensity of the 
observed 2.10A line would tend to indicate only insignifi
cant contamination.

The Si02 smoke samples offer an alternative with 
fewer potential sources to contaminate the sample. Previous 
studies indicate Si02 smoke is produced in an amorphous

r r q
state. In addition it has been established that S102
smoke forms into almost perfect spheres'^ ^  which tend to 
form chain-like structures of a few to many particles in 
length.

In Fig. 28 we have plotted three curves. The first 
is the average of transmission measurements made on several 
samples deposited on a transparent substrate. This curve is 
labeled (I) in the figure. The second curve labeled (II) is 
the result of scaling curve I to facilitate a comparison of 
the relative heights with the theoretical curve labeled III. 
The theoretical curve is the result of a calculation for a 
spherical geometry. These results have been discussed in a 
previous paper.^  Much of that discussion is revelant to 
the work at hand so it will largely be repeated in the next 
few pages._
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A qualitative comparison between, the theoretical 

curve (curve III) and the scaled curve (curve II) shows the 
Mie theory predicts peak positions within the estimated 
uncertainties (see Table VI). In addition, the relative 
peaks heights are in very good agreement between theory and 
experiment. A quantitative comparison with the theoretical , 
curve (curve III) must be made with the unsealed experimen
tal curve (curve I), The peak absorption cross section per 
unit mass at the 1130 cm 1 feature was experimentally found 
to be 11,300 ± 200 cm2/g. The corresponding theoretical 
peak was found to be a factor of 2.2 ± 0.2 larger. A simi
lar ratio was found for the 488 cm 1 feature. The agreement 
at the 800 cm bulk mode peak is slightly better. In addi
tion to the disagreement in the absolute peak heights, the 
experimental surface mode bands (1130 cm 1 and 488 cm 1) are 
broader than the calculated bands. The total areas under 
the two curves (I and III) agree to within 20%. It is esti
mated that a systematic error of 2% in the photometric ac
curacy would account for this discrepency. This is one of 
the first reported investigations of a quantitative compari
son of calculation vs. theory for all three areas of inter
est: peak position, peak width, and integrated strength.

The reason for the observed broadening is not imme
diately clear. It is a common feature in measurements of 
this type'*' ’ 53 ,54,56,61 63 an(j recognized to be the
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63major disagreement between theory and experiment. Most 

of the past e x p e r i m e n t s ^ ^ ^  have been carried 
out on nonspherical particles with a large variation in 
size„ Several authors have proposed that variations in 
size and shape are responsible for the observed broaden
ing ̂ 44,53$54,56,61 63 while these two broadening mechanisms
may be significant for our powder samples, our smoke samples 
were found to have size distributions so narrow that no 
broadening could be attributed to experimental variations in 
size. While some of the broadening in the hematite smoke 
spectrum may be attributed to the hexagonal shape of the in
dividual particles, the olivine and Si02 smoke particles

51were essentially spherical. In a previous paper we showed 
that the slight deviations from sphericity that were ob
served for amorphous quartz smoke produced no significant 
broadening of the calculated curves. At this time there is 
no reason to believe that the shape of the individual SiO 
smoke particles or of the olivine smoke particles played a 
significant role in the observed broadening of these experi
mental curves. Martin has also concluded that particle 
shape was not an important factor in determining the degree
of experimental broadening in a study of small KBr

.... 64particles.
At this point we should mention that all of our 

calculations have assumed that the particles were
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independent„ That is, the particles were assumed to be 
separated from one another by a distance large enough so 
that they would not interact. The fact of the matter is 
that this condition has not been satisfied experimentally.
As mentioned above, the powder samples tend to agglomerate 
together and the smoke samples tended to form chain-like 
structures. This flocculation of the smoke particles is 
believed to occur in the vicinity of the a r c ^  which may 
explain why measurements made on Si02 smoke particles sus
pended in air showed the same degree of broadening as smoke

44samples collected on substrates. Genzel and Martin have
reported similar results for MgO smoke. MgO smoke also has
a tendency to form into chains even though it was formed
by burning Mg in air rather than the electric arc technique
we have used in our work.

Attempts to approximate the chain-like formations of
the smoke particles by cylinder calculations has been par-

|—
tially successful for NiO and hematite but was found to be 
unsuccessful for both amorphous quartz^ and olivine. One 
may be tempted to ask, why does this approximation work in 
some cases but not in others?

56First, in the cases where it worked (NiO and 
hematite) it was only successful in providing a qualitative 
explanation of the appearance of additional structure (bulk 
modes) not predicted by the Mie calculations. In view of
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the crudeness of the approximation, it is perhaps surprising 
that it has been successful at all.

Secondly, in the cases where it has been successful 
the bulk and surface modes were greatly separated in wave- 
length so that two distinct features were observed. This is 
in contrast to olivine and amorphous quartz where the sur
face modes are found to.be closer (in wavelength) to the 
bulk modes, and two distinction features were not observed, 
possibly because of the observed broadening of the surface : 
modes themselves.

' - x)

Finally, in the two cases where cylinder calcula
tions were successful, the individual particle shape had

56a tendency to haye "flat surfaces” (cubic shape for NiO 
and hexagonal shape for iron oxide). The flat surfaces 
allow for intimate contact of the individual particles over 
a large surface area of the particle and possibly to a 
better coupling to the bulk modes of the solid. This is 
contrasted to the olivine and amorphous quartz particles, 
which were essentially spherical, thus allowing for intimate" 
contact between particles over only a small surface area.

It has been suggested that the observed broadening 
in small particle spectra may be explained by increasing the 
frequency dependent damping function for a solid as the size 
of the particle becomes smaller.^ ’^3 The argument goes, as 
the crystal becomes smaller the translational periodicity of
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the lattice is destroyed and hence, processes which do not 
conserve k vectors may be allowed to take place, thus lead-

A A ■ r 'T
ing to increased damping. Genzel and Martin 5 have found 
that by increasing the magnitude of the frequency dependent 
damping function for MgO they can produce considerable 
broadening in their calculated curves of small particle 
absorption but more work appears necessary to establish this . 
as fact.44,53

If this idea is shown to be true it means that bulk 
optical constants can not be used to calculate quantitative 
optical properties of small particles. A comparison of the 
’’relative broadening" (amount of broadening observed com
pared to the amount calculated for the appropriate size dis
tribution for a sample) observed for our small particle 
smoke measurement to the corresponding relative broadening 
for powder measurements indicates that the smaller smoke 
particles tend to have more relative broadening than the 
larger powder particles. This is just the effect one would 
expect from the arguments presented above. However, it will 
be necessary to eliminate the experimental violation of the 
independent particle assumption to make a definitive state
ment on this possible broadening mechanism.

There is apparently no lack of possible broadening 
mechanisms. An experiment on an isolated sphere of known 
optical properties may be needed to firmly tie down all the
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possibilities. However, it appears that on the basis of 
firm experimental observation and theoretical calculation 
that size and shape effects should broaden the features in 
our powder measurements and the violation of the assumption 
of independence or size dependent changes in the; optical 
constants may be the most significant broadening mechanism 
for the smoke samples.

We now turn to the question of mechanisms which may 
shift the position of the resonance peak. Few measurements 
have given exact agreement between small particle calcula
tions and experiment on the wavelength of the absorption

56maximum (or resonance peak). It has been emphasized that 
accurate optical constants must be known because only slight 
changes in the optical constants may significantly shift the 
resonance position. The difficulty of accurately measuring 
optical constants in regions where they vary rapidly with 
wavelength adds considerably to this problem. While at
tempts have been made to reduce this problem in this study, 
it can not be entirely ruled out as a potential source of 
error.

Particle size and shape effects can also signifi
cantly shift the position of the resonance maximum. The 
shift observed for olivine smoke and SiO smoke are perhaps 
the least significant of those observed in this study.
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These two samples are also the ones which are the most
nearly ideal (i„ei, small spherical particles)„

Agglomeration of the particles and the chain
formation of the smoke particles both tend to affect the
position of the resonance condition.

. Small layers of surface contamination have been
shown to significantly affect calculated small particle

47 "extinction curves. The two most possible forms of con
tamination are a water layer or an amorphous layer on the 
outside of the particles. At present no good technique has 
been found to check these two possibilities.

We now turn to a brief discussion of some of the 
applications of this study.

Discussion of Applications 
We have now provided accurate optical constants for 

some solids of interest in astronomy and atmospheric physics. 
These values will allow astronomers and atmospheric scien
tists to do quantitative calculations and predictions that 
were not possible before. The importance of having accurate 
optical constants to determine mass absorption coefficients
that are unaffected by saturation effects has been recently

' 6 5stressed by Day, Steyer and Huffman.
The lack of sharp structure in the lOp and 20p 

features in interstellar extinction and circumstellar
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emission data has been a source of puzzlement to astrono
mers .^  Broadening due to shape effects can be handled sat
isfactorily by Rayleigh scattering from arbitrarily shaped 
ellipsoids provided accurate optical constants are available 
but some structure seems to persist for most silicates in 
this region even when this broadening effect is taken into 
consideration.

For the astronomer, it may be even more important 
to have determinations of optical constants over a wide 
temperature range since interstellar and circumstellar en
vironments may vary from a few degrees Kelvin to over 500°K. 
Since most solids show drastic changes in their optical con
stants with temperature, particularly in the region of lat- .. 
tice vibrations , some of the observed ''astronomical, broaden
ing" may be the result of temperature variations of the 
interstellar and circumstellar dust particles. Martin^ has 
shown experimentally that the surface mode frequencies for 
NaCl shift significantly with temperature.

The introduction of disorder into the crystal struc
ture of a solid has the effect of broadening structure and 
reducing intensities. Additional work in this area may help 
explain the lack of structure in the astronomical infrared 
data

The results reported in this work are just the be
ginnings of what needs to be done to help clarify the
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optical properties of the small particles around and between 
the stars of the universe. Before concluding this work, it 
seems appropriate to comment on recent attempts to determine 
optical constants of particulate matter of interest to 
atmospheric scientists.^  ^  It should be obvious by now 
that for solids which have surface modes, the small particle 
absorption spectra will depend on the size and shape of the 
individual particles. Attempts to use these spectra to 
deduce quantitative values for k for these materials will 
result in values, that are clearly wrong.

As an example of the errors that would result from
such a determination, we have used the technique suggested
by V o l z ^ 51̂  to determine values of k for LiF dispersed in a
KBr pellet, These values of k are compared to the correct 

71values of k in Fig. 29. Not only is the true maximum 
value of k nearly 3 times larger than that determined by the 
KBr technique, but the position of the peak is in error by 
nearly 13%. Using the reflectance of pres s e d ^ ’^  pellets 
of powdered samples of these solids to determine the true 
values of n is likewise suspect.
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CHAPTER 5 '

SUMMARY AND CONCLUSIONS

In conclusion, we have provided optical constants in 
the infrared region of the spectrum for the following solids 
which are of interest to workers in the areas of astronomy 
and atmospheric physics: hematite, magnetite, olivine,
almandine, and amorphous quartz. With the exception of mag
netite, it was found that the small particle infrared opti
cal properties of these solids were generally dominated by
surface- modes absorption of the type discussed by Rupp in 

1and Englman.
We have shown that accurate bulk optical constants 

can be used to gain an understanding of small particle opti
cal properties provided care is taken to consider the ef
fects of particle size and shape. Additional work appears 
necessary to improve the quantitative understanding of small 
particle optical properties. In particular, the question of 
increased damping in small particles has not been resolved.

The areas of largest disagreement between the 
calculations and the experiment are the exact position of 
the observed resonances and the width of the observed reso
nances. While it was not possible to determine a unique
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cause for this disagreement the following potential causes 
have been mentioned:
1. Errors in the optical constants used for the 

calculations.
2. Size and shape effects for the powder measurements.
3. Violation of the assumption of independent particles.

a. Agglomeration of the powder particles.
b. Chain-like formation of the smoke particles.

4. Changes in the optical constants from bulk values for 
small particles.

5. Surface layer contamination on the small particles.

It is hoped that future work will continue the trend 
for,increasingly more quantitative work. In addition, it is 
hoped that attempts will be made to do measurements on a 
single isolated particle. All of this work will depend on 
the development of improved sample preparation techniques. 
The samples will need to be well characterized with respect 
to their structure, shape, size, and bulk optical constants.

Depending on the success of this proposed work, new 
theories may need to be developed to handle collections of 
interacting non-spherical particles. The development of new 
quantum mechanical theories for particles which are small 
compared to "bulk material" but large compared to atomic 
dimensions may be potentially a very interesting and fruit
ful area of future physics research.



APPENDIX A : TABULATION OF THE OPTICAL
CONSTANTS FOR THE MATERIALS 

IN THIS STUDY
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Table A-I. Optical Constants
for Hematite, E x c

Wavelength
(microns)

4.00 2.67 6.7 x 10
5.00 2.65 5.3 x 10"
6.00 2.62 0.0012
7.00 . 2,56 . 0.0019
8.00 2.47 0.0017
9.00 2.37 0.0070

10.00 2.24 0.0100
11.00 2.07 0.0175
12.00 1.87 0.0260
13.00 1.65 0.0492
14.00 1.21 . 0.0612
14.50 1.02 0.0837
15.00 0.56 0.2910
15.20 0 .46 0.4183
15.40 0.27 0.5622
15.60 0.23 0.7739
15.80 0.20 0.9 262
16.00 0.16 1.1043
16.20 0.15 1.2616
16 .40 0.14 1.4293
16.60 0.15 1.5822
16.80 0.15 1.7414
17.00 0.16 1.8963
17.20 0.16 2.06 24
17.40 0.18 2.2328
17.60 0.19 2.4268
17.80 0.21 2.6453
18.00 0.27 2.8872
18.20 0.39 3.1739 .
18.40 0.59 3.4294
18.60 0.92 3.7176
18.80 1.31 3.8259
19.00 1.89 3.8633
19.20 2.29 3.5180
19.40 2.69 3.0460
19.60 2,58 2.495 0
19.80 2.43 1.9465
20.00 1.97 1.6994
20.40 1.18 1.9968
20.80 0.53 2.7765



Table A-I. Hematite, E ± c ,
Continued

Wavelength
(microns)

21.20 0.47 3.4582
21.60 0.52 4.16 76
22.00 0.71 5.0405
22.40 1.28 6.2109
22.80 2.94 7.4373
23.20 5.82 6.6913
23.80 6.97 3.1343
24.00 6.54 2.4307
24.20 6.18 1.67 24
24.40 5.57 1.3607
24.60 . 5.08 1.0130
24.80 4.64 1.0218
25.00 4.53 0.9630
25 .20 4.20 0.864 5

- 25.40 3.93 0.7259
26.00 3.10 0.6816
27.00 1.79 0.7534
27.40 1.25 1.2302
27.80 0.67 1.980 2
28.00 0.58 2.2636
28.40 0.53 2.7891
29.00 0.43 3.5222
29.40 0.40 4.023 8
29.80 0.42 4.5248
30.00 0.43 4.7691
30.20 0.43 5.0420
30.80 0.48 5.9107
31.40 0.57 6.9705
32.40 1.18 9.8013
32.80 2.07 11.3507
33.00 2.57 . 12.3794
33.20 3.92 13.2946
33.60 6.56 14.3269
34.00 11.07 14.4405
34.40 14.40 11.5956
34.80 16.20 6.7219
35.20 14.4.6 3.8322

. 35.60 13.08 1.7460
36.00 11.63 1.2053
36.40 10.57 0.559 8
36.80 9.77 0.5461



Table A-I. Hematite, E x  c
Continued

Wavelength
(microns) n k

37 „ 20 9.15 0.3113
37.60 8.56 0.433 2
38.00 8.19 0.4326
38.40 7.96 0.5362
38.80 7 .66 0.5366
39.20 7.54 0.6635
39.60 7.49 0.7063
40.00 7.46 0.7139 .
41.20 7.25 0.4558
42.00 6.52 0.3731
43.00 7.67 2.9805
43.50 8.68 1.653 5
44.00 8.33 0.8000
45.00 7.60 0.6000
46.00 7.13 0.4500
47.00 6.82 0.3600
48.00 6.52 0.3000
49.00 6.42 0.2500
50.00 6.32 0.2200
55.00 5.83 0.1400
60.00 5.51 0.1000
70.00 5.22 0.0850
80.00 5.01 0.0700
90.00 4.87 0.0600

100.00 4.77 0.0548
110.00 4.70 0.0515
120.00 4.62 0.0483
130.00 4.56 0.04 76
140.00 4.51 0.0458
150.00 4.48 0.0417
160.00 4.44 0.0400
170.00 4.42 0.0390
180.00 4.41 0.0385
190.00 4.40 0.0366
200.00 4.38 0.0343
225.00 4.37 0.0339
250.00 4.37 0.0317



Table A-II. Optical Constants
for Hematite» E II c-

Wavelength
(microns)

4.00 2.47 1.3 10
5.00 2.44 2.5, 10"
6.00 2.40 3.5 10"
7.00 2.35 3.0 10"
8.00 2.29 1.3 10"
9.00 2.21 .0.001

10.00 2.11 0.0090
11.00 1.97 0.0150
12.00 1.82 0.0260
13.00 1.61 0.0450
14.00 1.28 . 0.1010
14.50 1.05 0.1279
15.00 0.70 0.2717
15.20 0.45 0.4088
15.40 0.28 0.66 20
15.60 0.23 0.9491
15.80 0.24 1.1771
16.00 0.26 1.3836
16.20 0.29 1.5787
16 .40 0.31 1.7713
16.60 0.33 1.9744
16.80 0.37 2.1930
17.00 0.42 - 2.4248
17.20 0.50 2.6780
17.40 0.62 2.9512
17.60 0.76 3.2452
17.80 0.95 3.5670
18.00 1.24 3.9485
18.20 1.65 4.3582
18.40 2.44 4.6478
18.60 3.23 4.6641
18.80 4.25 4.1513
19.00 4.76 3.5501
19.20 5.05 2.4787
19.40 4.84 1.9030
19.60 4.64 1.2960
19.80 4.29 1.0338
20.00 4.03 0.7750
20.40 . 3.54 0.6367
20.80 3.19 0.4234



Table A- II. Hematite, E || c
Continued

Wavelength
(microns)

21.20 
21.60 
22.00
22.40 
22.80
23.20
23.80
24.00
24.20
24.40
24.60
24.80 
25 .00
25.20 

' 25.40
26.00
27.00
27.40
27.80 
28.10
28.40 

. 29.00
29.40
29.80
30.00
30.20
30.80
31.40
32.40
32.80
33.20
33.60
34.00
34.40
34.80
35.20
35.60
36.00
36.40
36.80
37.20

2,.90
2,.64
2,.41
2,.22
2,.05
1,.86
1,.43
1..22
1,.05
"O'..92
0,.67
0,.51
0..35
0,.30
0,.24
.0,.31
0,.39
0,.42
0..44
0..45
0,.45
0..53
0,.57
0..65
0,.70
0..79
1..09
1..57
4..04
6..05
.7,.77
9 ..38

10.,55
11.,11
10..39
10.,09
9..44
8.,97
9 ..55
8.,38
7..99

0.4265 
0.3448 
0.3966 
0.3772 
0.4260 
0.3700 
0.3387 
0.3466 
0.4424 
0.5979 
0.7488 
1.0073 
1.1919 
1.4349 
1.6417 
2.165 8 
2.8652 
3.1366 
3.4000 
3.6247 
3.8563 
4.3708 
4.7685 
5.1991 
5.4475 
5.7049
6.5480 
7.6161 

10.0407 
10.4157 
9.4254 
8.4214 
7.3585 
4.9298 
3.6831 
2.6917 
2.1803 
1.7702 
1.4296 
0.5072 
0.5730



Table A-II. Hematite, E II c
Continued

Wavelength
(microns) n ■ k

37.60 7.72 0.4393
38.00 7.48 0.4058
38.40 7.28 0.3500
38.80 7.08 0.3200
39.20 6.92 0,3000
39.60 6.7 5 0.2800
40.00 6.63 0.2600
41.00 6.27 0.2300
42.00 6.10 0.2040
43.00 5,91 0.1770
43.50 5.83 0.1650
44.00 5.75 0.1570
45.00 5.62 0.1400
46.00 5.51 0.1270

- 47.00 5.39 0.1180
48.00 5.30 0.1060
49.00 5.22 . 0.1000
50,00 5.15 0.0900
55.00 4.84 0.0770
60.00 4.62 0.0650
70.00 4.33 0.0550
80.00 4.21 0.0483
90.00 4.15 0.0320

100.00 4.08 0.0 280
110.00 . 4.04 0.0096
120.00 4.02 0.0085
130.00 4.01 0.0076
140.00 4.00 0.0066
150.00 3.99 0.00 56
160.00 3.99 0.0 047
170.00 3.99 0.0041
180.00 3.98 0.0039
190.00 3.98 0.0038
200.00 3.98 0.0036
225.00 3.97 0 .0034
250.00 3.97 0.0032
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Table A-III.' Optical Constants

for Magnetite

Wavelength
(microns) n k

1.00 2.32 0.4129
1.10 2.30 0.5401
1.25 2.37 0.7073
1.40 2.48 0.9303
1.70 2.71 1.0570
2.00 2.92 1.2688
2.50 ,3,24 ; 1.2850
3.00 3.45 1.3308
3.50 3.56 . 1.2762
4.00 3.70 1.3262
4.50 3.79 1.2772
5.00 3.86 1.2810
5.50 3.92 1.26 29
6.00 3.96 1.2689
6.50 4 .00 1.2626
7.00 4.02 1.2660
7.50 4.03 1.2739
8.00 4.03 1.2995
8.50 4.09 1.3406
9.00 4.09 1.3447
9.50 4.10 1.3670

10.00 4.13 1.3993
10.50 4.05 1.3909
11.00 4.08 1.5009
11.50 4.09 1.5331
12.00 . 4.09 1.5825
12.50 4.08 1.6223
13.00 4.07 1.6930
13.50 4.06 1.7483
14.00 4.04 1.8465
14.50 4.04 1.9311
15.00 4.04 2.0663
15.50 4.03 . 2.1528
16.00 3.91 2.2781
16.20 3.89 2.4168
16.40 3.82 2.5232
16.60 3.84 2.7370
16.80 3.85 3.0606
17.00 4.01 3.2773
17.20 4.04 3.6322



Table A-III. Magnetite,
Continued,

Wavelength
(microns)

17.30 4.20 3.9139
17.40 4.36 . 4.1928
17.50 4.88 4,6042
17.60 5.39 4.4052
17,80 6.01 4.0231
18.00 6.50 3.3966
18.20 6.46 2.7552
18.40 6.21 2.0977
18.60 5.86 1.9539
18.80 5.73 1.8488
19.00 5.54 1.7927
19.20 5.38 1.7385
19.60 5.15 1.7933
20.00 5.02 1.8337
20,50 4.92 1.9216
21.00 4,84 1.9939
21.50 4.78 2.0763
22.00 4.71 2.1687
22.50 4.67 2.2691
23.00 4.59 2.3721
23.50 4.57 2.5399
24.00 4.60 2.8403
24.50 4.69 2.9358
25.00 4.70 3.0833
25.50 4.74 3.2159
26.00 4.66 3.4208
26 .50 4.94 3.9491
27.00 5.11 4.1842
27.50 5.55 4.5945
28.00 6.03 5.0280
28.20 6.38 5.1324
28.40 ' 6.75 5.1735
28.50 7.02 5.2011
28.60 7.25 . 5.0484
28.80 7.61 4.8397
29.00 7.97 4.55 27
29.50 8.13 3.5626
30.00 7,42 2.4449
30.50 7.27 2.59 70
31.00 7.2 2 2.5491



Table A-III. Magnetite,
Continued

Wavelength
(microns)

31.50 7.20 2.5005
32.00 7.24 2.412 5
32.50 7.16 2.2813
33.00 7.16 2.1645
33.50 7.02 2.0432
34 6 00 6.84 1.9145
34.50 6.69 1.9578
35.00 6.64 2.0260
36.00 6.61 2.1043
37.00 . 6.62 2.1643
38.00 6.63 2.1819
39.00 6.64 2.2017
40.00 6.66 2.2106
45.00 6.73 2.2572
50.00 6.89 2.2974
60.00 7.03 2.3379
70.00 7.26 2.5002
80.00 7.54 2.6425
90.00 7.89 2.7325

100.00 8.25 2.7205



Table A-IV. Optical Constants
for Olivine, E II a

Wavelength
(microns) . n k

3.00 1.62 0.0001
4.00 1.59 0.0002
5.00 1.56 0.0005
6.00 1.51 0.0010
7.0 0 1.44 0.0020
8.00 1.32 0.0042
8.50 1.25 0.0064
8.70 1.21 0.0080 .
8.80 1.18 0.0090
8.90 1.16 0.0095
9.00 1.13 0.0110
9.10 1.11 0.0120
9.20 1.07 0.0140
9.30 1.04 0.0160

" 9.40 1.00 0.0190
9.50 0.96 0.0240
9.60 0.92 0.0300
9.70 0.88 0.0400
9.80 0.84 0.0500
9.85 0.81 0.0809
9.90 0.76 0.0702
9.95 0.68 0.1092

10.00 0.65 0.1219
10.05 0.57 0.1649
10.10 0.34 0.2813
10.15 0.41 0.4843
10.20 0.57 0.6483
10.25 0.79 0.4027
10.30 0.79 0.2602
10.35 0.63 0.2695
10.40 0.53 0.2316
10.45 0.33 0.3179
10.50 0.14 0.4124
10.55 0.10 0.5821
10.60 0.10 0.7051
10.65 0.08 0.8290
10.70 0.08 0.9446
10.80 0.08 1.1746
10.90 0.09 xl.411711.00 0.11 1.6872



Table A-IV. Olivine, E II a,
Continued

Wavelength
(microns)

11 .10 0 .17 2.0227
11 .20 0 .27 2.4419
11 .30 0 .47 3.0829
11 .40 1 .19 4 .1441
11 .50 3 .27 4.2188
11 i 60 4 .14 1.3065
11 .70 2.89 0.7610
11 .80 2.28 0.6326
12 .00 3 .01 1.5170
12 .20 3.00 0.6016
12 .40 2.69 0.1555
12 .60 2.33 0 .0  778
12 .8 0 2.11 0.0578
13 .20 1.85 0.0260
13 .60 1; 6 4 0.0200
14 .00 1 .50 0.0557
14 .40 1 .4 5 0.0898
14 .60 1.40 0.1066
14 .80 1.38 . 0 .1192
15 .00 1 .35 0.1301
15 .2 0 1 .30 0.1389
15 .40 1.27 0.1595
15 .60 1.24 0.1772
15 .80 1 .21 0 .1840
16 .00 1 .18 0.1897
16 .10 1 .15 0.1922
16 .20 1 .13 0.1833
16 .30 1 .10 0.1864
16 .40 1 .06 0.1799
16 .50 1 .03 0.1911
16.60 0 .99 0.1997
16 .70 0.95 0,2193
16 .80 0.90 0.2524
16.90 0 .88 0.2736
17 .00 0.83 0.2745
17 .20 0 .72 0.3711
17 .40 0 .66 0.4645
17 .60 0 .56 0.5249
17.80 0 .4 4 0.6862
18.00 0 .3 9 0.8596



Table A-IV. Olivine, E || a,
Continued

Wavelength
(microns)

18 .10 0 .31 1.0067
18 .20 0 .32 1.1275
18 .30 0.33 1.2631
18 .40 0 .35 1.3944
18 .50 0 .39 1 .5 40 4
18.60 0 .45 1.698 2
18 .70 0 .53 1.8718
18 .80 0 .68 2.0715
18.90 0 .91 2.2238
19 .00 1 .22 2.4766
19.10 1 .71 2.23 73
19 .20 2 .13 1.9678
19.30 2 .07 1.4147
19.40 1 .97 1.109 3
19 .50 1 .79 1.0279
19 .60 1 .65 0.9333
19 .70 1.57 1.0168
19 .80 1 .5 1 1.0934
19.90 1 .59 1.2457
20 .00 1 .69 1.1213
20.10 1 .72 1.0608
20 .20 1 .74 0.9047
20.40 1 .54 0.6364
20 .60 1 .27 0 .5728
20 .80 1 .04 0.6908
21 .00 0 .82 0.8645
21.20 0 .70 1.1355
21 .40 0 .66 1.3945
21 .60 0 .75 1.6314
21.80 0 .88 1.8606
22.00 1 .10 2.0531
22 .20 1.49 2.0804
22 .40 1.83 1.8439
22 .60 1.86 1.2247
22 .80 1 .52 1.1246
23 .00 1 .19 1.1268
23 .20 0.87 1.2917
23.30 0 .75 1.5256
23 . 40 0.64 1.698 7
23 .50 :' 0 .66 1.8789



Table A-IV. Olivine, E || a.
Continued

Wavelength
(microns) n k

23.60 0.64 2.0242
23.70 0.63 2.2489
-23.80 0.68 2.4386
23.90 0.76 2.6526
24.00 0.89 2.8583
24.20 1.27 3.2658
24.40 2.00 3.7337
24.50 2.57 . 3.4344
24.60 3.10 3.0778
24.80 2.97. 1.9060
"25.00 2.40 1.7270
25.20 2.27 1.9554
25.40 2.23 2.3171
25.60 2.62 2.6070
25.80 3.20 2.3154
26.00 3.06 1.6229
26.20 2.92 1.2492
26.40 2.56 1.0803
26.60 2.31 0.9830
26.80 2.01 1.0076
27.00 1.77 1.1484
27.20 1.66 1.4435
27.40 1.47 1.8601
27.60 1.57 2.1932
27.80 1.63 • 2.4724
28.00 1.82 2.7470
28.20 2.00 3.0504
28.40 2.38 3.3529
28.60 2.89 3.5392
29.00 4.01 3.2470
29.40 4.85 2.0501
29.80 4.58 0.9886
30.20 3.61 0.1841
30.60 3.01 0.3090
31.00 2.73 0.3367
31.50 2.37 0.4845
32.00 2.16 0.6120
32.40 2.01 .0.7468
32.80 1.84 0.8961
33.00 1.77 1.0081
33.20 1.65 1.1199
33.40 1.58 1.3171



Table A-IV. Olivine, E II. a.
Continued

Wavelength
(microns)

33.60 1.44 1.6943
33.80 1.54 1.9317
34.00 1.56 2.1592
34.20 1.69 2.4704
34.40 1.85 2.6896
34.70 2.22 2.9540
35.00 2.61 3.1701
35.50 3.36 3.1573
36.00 4.06 2.8507
36,50 4.40 2.3371
37.00 . 4.62 1.7899
37.50 4.62 1.3752
38.00 4.51 0.9076
38.50 4.26 0.6958
39.00 4.07 0.5056
39.50 3.94 0.4570
40.00 3.81 0.3000
41.00 3.61 0.2530
42.00 3.51 0.2000
43.00 3.38 0.1773
44.00 3.31 0.1566
45.00 3.27 0.1300
46.00 3.23 0.1200
47.00 3.19 0.1000
48.00 3.16 0.0800
49.00 ' 3.13 0.0750
50.00 3.11 0.0500
5 5.00 3.06 0.0450
60 . 00 2.96 0.043 5
65.00 2.94 0.0400
70.00 2.92 0.0360
75.00 2.89 0.0320
80.00 2.87 0.0270
90.00 2.84 0.0220

100.00 2,83 0.0212
110.00 2.81 0.0200
120.00 2.80 0.0195
130.00 2.79 0.0193
140,00 2.79 0.0190
150.00 2.79 0.0185



Table A-IV. Olivine, E II a.
Continued

Wavelength
(microns) n k

160.00 2.78 0.0180
170,00 2.78 0.0160
180,00 2.78 0.0150
190.00 2.77 0.0140
200.00 2.77 0.0130
225.00 2.77 0.0120
250.00 2.77 0.0100



Table A - W  Optical Constants
for Olivine, E II b

Wavelength
(microns)

3.00 1.62 0.00012
4 .00 1.60 0.0003
5.00 1.56 0.0008

: 6.00 1.51 0.0016
7.00 1.43 0.0034
8.00 1.30 0.0079
8.50 1.20 0.0130
8.70 1.15 0.0160
8.80 1.12 0.0180
8.90 1.09 0.0210
9.00 1.06 0.0220
9.10 1.01 0.0 253
9.20 0.99 0.0291
9.30 0.95 0.0481
9.40 0.88 0.0511
9.50 0.83 0.0759
9.60 0.76 0.0779
9.70 . 0.69 0.1218
9.80 0.62 0.1180
9.85 0.55 0.1351
9.90 0.47 0.1494
9.95 0.42 0.196 2

10.00 0.33 0.2140
10.05 " 0.22 0.3165
10.10 0.17 0.4019
10.15 0.14 0.5072
10.20 0.12 0.5922
10.25 0.11 0.6835
10.30 0.10 0.7648
10.35 0.10 0.8491
10.40 0.09 0.9280
10.45 0.09 1.0100
10.50 0.09 1.0896
10.55 0.10 .1.1728
10.60 0.10 1.2561
10.65 0.11 ' 1.3413
10.70 0.11 1.4281
10.80 0.13 1.6173
10.90 0.16 1.8309
11.00 0.19 2.0827
11.10 0.25 2.3944



Table A-V. Olivine, E II b.
Continued

Wavelength
(microns)

11.20 0.37 2.8126
11.30 0.61 3.3829
11.40 1.46 4.3187
11.50 2.77 3.0589
11.60 3.04 2.6156
11.80 3.08 1.8832
12.00 3.15 1.3126
12.20 3.06 1.0033
12.40 2.96 06542
12.60 2.83 0.4810
12.80 2.69 0.2829
13.20 2.36 0.1515
13.60 2.11 . 0.0175
14.00 1.93 0.0345
14.40 1.76 0.0330
14.60 1.70 0.0300
14.80 1.62 0.0270
15.00 1.54 0.0230
15.20 1.46 0.0299
15.40 1.41 0.06 50
15.60 1.36 0.0816
15.80 1.29 0.1171
16.00 1.24 0.1379
16.10 1.21 . 0.1534
16.20 1.18 0.1656
16.30 1.15 0.1804
16.40 1.13 0.1903
16.50 1.10 0.1982
16.60 1.06 0.1973
16.70 1.02 0.20 20
16.80 0.97 0.2157
16.90 0.92 0.2250
17.00 0.82 0.3004
17.20 0.75 0.3589
17.40 0.66 0.4269
17.60 0.51 0.5420
17.80 0.39 0.6948
18.00 0.27 0.9072
18.10 0.24 1.0391
18.20 0.24 1.1489
18.30 0.24 .1.2609



Table A-V. Olivine., B II b.
Continued

Wavelength
(microns)

18.40 0.24 1.3639
18.50 0.26 1.4713
18.60 0.26 1.5750
18.70 0.27 1.6904
18.80 0.29 1.80 22
18.90 0 .30 1.9 266
19.00 0.32 2.0571
19.10 0.35 2.2055
19.20 0.38 2.3681
19.30 0.44 2.5550
19.40 0.53 2.7651
19.50 0.65 3.0034
19.60 0.91 3.2483
19.70 1.19 3.3901
19.80 1.55 3.5528
19.90 1.92 3.6037
20.00 , 2.45 . 3.6061
20.10 2.88 3.3705
20.20 3.35 2.8833
20.40 3.46 1.7774
20.60 2,96 1.3066
20.80 2.38 1.2399
21.-00 2.41 1.6021
21.20 2.97 1.5251
21.40 2.61 0.8479
21.60 2.19 0.6770
21.80 1.93 0.7394
22.00 1.57 0.6910
22.20 1.20 0.9500
22.40 0.9 7 1.3968
22.60 0.76 1.8344
22.80 0.79 2.3110
23.00 0.96 2.7658
23.20 1.17 3.2177
23.30 1.31 . 3.4810
23.40 1.49 3.7523
23.50 1.74 4.0209
23.60 2.05 4.2936
23.70 2.45 4.5497
23.80 2.98 4.7428
23.90 . 3.54 4.8188
24.00 4.23 4.8787



Table A-V. Olivine, E II b,
Continued

Wavelength
(microns) n k

24.20 5.76 4.2161
24.40 6.99 2.4571
24.50 6.88 1.3892
24.60 5.85 0.3660
24.80 5.01 0.0600
25.00 4.29 0.0400
25.20 4.00 0.0350
25.40 3.65 0 .0300
25.60 3.44 0.0330
25.80 3.21 0.0390
26.00 • 3.04 0.0637
26.20 2.92 0.0808
26.40 2.76 0.1674
26,60 2.67 0.2318
26.80 2.59 0.3215
27.00 2.52 0.4080
27.20 2.57 0.5124
27.40 2.61 0.5900
27.60 2.68 0.6095
27.80 2.72 0.6009
28.00 2.72 0.5703
28.20 2.73 0.5463
28.40 V 2.72 0.5204
28.60 2.70 0.4836
29.00 2.64 0.4531
29 .40 2.57 0.3913
29.80 2.45 0.3851
30.20 2.37 0.3574
30.6 0 2.21 0.3751
31.00 2.07 0.3896
31.50 1.83 0.489 2
32.00 1.66 0.6549
32.40 1.60 . 0.8634
32.80 1.44 . 1.1564
33.00 1.42 1.3489
33.20 1.36 1.4696
33.40 1.35 1.7837
33.60 1.34 2.0100
33. 80 1.43 2.3055
34.00 1.51 2.6086
34.20 1.77 2.8634
34.40 2.02 3.0914
34.70 2.55 3.3647
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Table A-V. Olivine, E || b,

• . Continued

Wavelength
(microns) n k

35.00 3.20 3.4538
35.50 4.11 3.0176
36.00 4.67 2.1093
36.50 4.50 1.4652
37.00 4.38 1.0219
37.50 4.24 0.8287
38.00 4.12 0.6118
38.50 4.01 0.5070
39 .00 3.90 0.37 29

, 39.50 3.81 0.3146
40.00 3.71 0.2426
41.00 3.59 0.1997 .
42.00 3.49 0.1700
43.00 3.40 0.1400
44.00 3.33 0.1225
45.00 ' 3.26 0.1100
46.00 3.17 0.1000
47.00 3.0 7 0.0950
48.00 3.04 0.0900
49.00 3 .02 0.0800
50.00 2.98 0.0750
55.00 2.89 0.0630
60.00 2 .83 0.0500
65.00 2.80 0.0400
70.00 2.77 0.0265
75.00 2.74 0.0220
80.00 2.73 0.0182
90.00 2.70 0.0170

100.00 2.69 0.0155
110.00 2.67 0.0145
120.00 2.66 " 0.0112
130.00 2.65 0.0090
140.00 2.65 0.0060
150.00 2.65 0.0050
160.00 2.65 . 0.0040
170.00 2.64 0.0030
180.00 2.64 0.0019
190.0 0 2.64 0.0011
200.00 2.63 0.0008
225.00 2.63 0.0005
250.00 2.62 0.0003



Table A-VI. Optical Constants
for Olivine, E II c

Wavelength
(microns)

3.00 1.64 0.0002
4.00 1.61 0.0004
5.00 1.57 0.0009
6.00 1.51 0.0019
7.00 1.42 0.0043
8.00 1.25 0.0110
8.50 1.10 0.0 2 00
8.70 1.01 0.0342
8.80 0.96 0.0437
8.90 0.90 0.0659
9.00 0.81 0.0566
9.10 0.68 0.1224
9.20 . 0.59 0.1308
9.30 0.33 0.30 20
9.40 0.16 0.4900
9.50 0.16 . 0.7363
9.60 0.16 0.9440
9.70 0.18 1.1641
9.80 0.21 1.39 85
9.85 0.24 1.5317
9.90 0 .29 1.6746
9.95 0.35 1.8210

10.00 0.43 1.9902
10.05 0.54 2.1558
10.10 0.73 2.3152
10.15 0.90 2.45 21
10.20 1.16 2.5850
10.25 1.42 2.6714
10.30 1.81 2.7135
10.35 2,17 2.5785
10.40 . 2.44 1.9013
10.45 2.15 1.6732
10.50 • 2.05 2.3043
10.55 2.61 2.4236
10.60 3.02 1.7786
10.65 2.91 1.4346
10.70 2.90 1.2006
10.80 2.69 0.827 2
10.90 2.52 0.758311.00 2.43 0.6251
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Table A -VI. Olivine, 

Continued
E II c,

Wave!ength 
(microns) n k

11.10 2.33 0.5715
11.20 2.20 0.4765
11.30 2.13 0.4969
11.40 2.11 0.4918
11.50 2.05, 0.4749
11.60 2.03 0.4778
11.80 2.00 0.4696
12.00 1.98 0.4275
12.20 1.95 0.4031
12.40 1.93 0.3608
12.60 1.89 0.3280
12.80 1.85 0.2770
13.20 1.69 0.2591
13.60 1.58 0.2367
14.00 1.45 0.2636
14.40 1.35 0.27 62
14.60 1.29 0.2930
14.80 . 1.24 0.3077
15.00 1.15 0.3051
15.20 ' 1.02 . 0.3032
15.40 0.75 - 0.40 52
15.60 0.60 0.7238
15.80 0.57 0.9593
16.00 0.53 1.3780
16.10 0.61 1.5791
16.20 0.72 1.7632
16.30 0.87 1.9467
16.40 1.08 2.1266
16.50 1.34 2.2923
16.60 1.76 2.4322
16.70 2.21 2.2527
16.80 2.58 1.7789
16.90 2.67 1.4962

.17.00 2.69 1.0389
17.20 2.31 0.5641
17.40 1.99 0.4324
17.60 1.70 0.3891
17.80 1.47 .0.4625
18.00 1.33 0.5442
18.10 1.25 0.5698
18.20 1.16 0.693 8
18.30 1.18 0.8569



Table A-VI. Olivine, E II c,
Continued

Wavelength
(microns) n k

18.40 1.22 0.8555
18.50 1.19 0.7828
18.60 1.09 0.7783
18.70 1.01 0.8610
18.80 0.87 0.9708
18.90 0.81 1.1463
19.00 0.69 1:3566
19.10 0.77 1.5368
19.20 0.85 1.6579
19.30 0.93 1.7861
19.40 1.01 1.8927
19.50 1.10 2.0078
19.60 1.21 2.1165
19.70 1.35 2.219 7
19.80 1.51 2.3249
19.90 1.71 2.4368
20.00 2.03 2.4358
20.10 2.31 2.3867
20.20 2.62 2.0805
20.40 2.80 1.5519
20.60 2.68 0.9337
20.80 2.26 . 0.7034
21.00 1.98 0.6390
21.20 1.72 0.63 54
21.40 1.54 0.6860
21.60 1.38 0.7067
21.80 1.17 0.7071
22.00 0.86 0.8072
2-2.20 0.59 1.1832
2 2.40 0.48 1.5423
22.60 0.44 1.8182
22.80 0.46 2.1134
23.00 0.49 . 2.3772
23.20 0.53 2.6512
23.30 0.54 2.8100
23.40 0 .57 2.9656
23.50 ' 0.62 3.1303
23.60 0.66 3.3011
23.70 . 0.72 3.4876
23.80 0.81 3.6740
23.90 0.90 3.8660
24.00 1.01 4.0732



Table A-VI. Olivine, E || c.
Continued

Wavelength
(microns) n k

24.20 1.28 4.5467
24.40 1.73 5.0844
24.50 2.05 5.3548
24.60 2.49 5.6505
24.80 3.74 5.9129
25.00 5.11 -5.5540
25.20 5.96 4.4544
25.40 6.64 2.8809
25.60 5.32 1.6968
25.80 4.80 1.3579
26.00 4.30 1.3654
26.20 3.88 1.3476
26.40 3.64 1.6497

• 26.60 3.79 2.5294
26.80 4.69 3.0140
27.00 5.51 2,6745
27 .20 6.03 1.8860
27.40 5.68 0.8228
27.60 5.29 0.5237
27.80 4.92 0.2155
28.00 4.61 0.1945
28.20 4.44 0.1126
28.40 4.27 0.1055
28.60 4.11 0.0660
29.00 3.87 0.1225
29.40 3.72 0.0962
29.80 3.61 0.1137
30.20 3.43 0.1027
30.60 3.40 0.1497
31.00 3.31 0.1404
31.50 3.20 0.1941
32.00 3.16 0.2249
32.40 3.11 0.2618
32.80 3.09 0.29 21
33.00 3.08 0.3077
33.20 3.06 0.3195
33.40 3.04 0.3361
33.60 3.01 0.3504
33.80 2.95 0.4054
34.00 2.96 0.5013
34.20 3.06 0.5666
34.40 3.17 0.6180
34.70 ; 3.27 0.5621



Table A-VI. Olivine, ,E II c.
Continued

Wavelength
(microns) n k

35.00 3.32 0.5120
35.50 3.38 0.4185
36.00 3.36 0.3221
36.50 3.33 0.2729
37.00 . 3.31 0.2228
37.50 3.29 . 0.1859
38 .00 3.25 0.1419
38.50 3.22 0.1256
39.00 3.19 0.1023
39.50 3.17 ,0.0984
40.00 3.16 0.0852
41.00 3.12 0.0617
42.00 3.08 0.0581
43.00 3.04 0.0546
44.00 3.00 0.0527
45.00 2.96 0.0491
46.00 2.94 0.0476
47.00 2.93 0.0442
48.00 2.91 0.0428
49.00 2.90 0.0395
50.00 2.88 0.0369
55.00 2.82 0.0335
60.00 2.77 0.0300
65.00 2.75 0.0275
70.00 2.74 0.0250
75.00 2.72 0.0235
80.00 2.71 0.0230
90.00 2.68 0.0219

100.00 ■ 2.67 0.0212
110.00 2.66 0.0208
120.00 2.66 0.0 204
130.00 2.65 0.0196
140.00 2.64 0.0192
150.00 2.64 0.0185
160.00 2.64 0.0180
170.00 2.63 0.0162
180.00 2.63 0.0155
190.00 2.63 0.0140
200.00 2.63 0.0131
225.00 2.62 0.0128
250.00 2.62 0.0117
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Table A-■VII. Optical 
for Almandine

Constants

Wavelength
(microns) n k

3.00 1.74 0.0007
4.00 1.70 0.0006
5.00 1.65 0.0013
6.00 1.58 0.0043
7.00 1.48 0.0034
8.00 1.32 0.0092
9.00 1.04 0.0300
9.10 1.01 0.0416
9.30 0.91 0.0535
9.50 0.73 0.0645
9.70 0.34 0.3269
9.80 0.24 0.4922

10.00 0.16 0.9233
10.20 0.21 1.4254
10.30 0.29 1.7519
10.40 0.55 2.2098
10.50 1.23 2.4310
10.60 2.25 1.7220
10.70 1.45 0.7109
10.80 1.06 1.0518
10.90 0.91 1.4583
11.00 0.78 1.8170
11.10 0.93 2.3127
11.20 1.49 2.6067
11.30 . 1.86 2.2352
11.40 1.83 2.8871
11.50 2.81 3.20 70
11.60 3.53 1.9925
11.80 3.49 1.2129
12.00 3.20 0.5193
12.50 2.42 0.2163
13.00 2.18 0.07 71
14.00 1.75 0.0895
15.00 1.30 0.0568
15.50 1.09 0.1170
15.85 1.19 0.4670
16.20 1.04 0.1374
16.40 0.94 0.2295
16.80 0.63 0.5795
17.00 0.40 0.8298
17.20 0.46 1.157 7



Table A-VII. Almandine,
Continued

Wavelength
(microns) n k

17.40 0.62 1.5425
17.50 0.80 1.7399
17.60 1.11 1.9552
17.70 1.60 2.0689
17.80 2.35 1.460 7
17.90 1.90 0.7149
18.00 1.67 0.4892
18.20 1.28 0.4351
18.50 0.90 • 0.4834
18.70 .0.60 0.7109
19.00 0.55 1.0334
19.30 0.44 1.1800
19.50 0.35 1.3665
19.60 0.32 1.4765
19.80 0.27 1.6855
20.00 0.25 1.9267
20.20 0.28 2.1676
20.40 0.32 2.4214
20.60 0.39 2.7019
20.80 0.49 3.0347
21.00 0.68 3.4741
21.20 1.23 3.8194
21.30 1.63 3.9201
21.40 1.97 3.8136
21.50 2.42 3.6532
21.60 2.40 2.8172
21.70 2.08 2.80 52
21.80 1.88 2.92 73
21.90 1.49 3.3845
22.00 1.62 3.8203
22.20 2.19 4.6685
22.40 3.68 4.8064
2 2.50 4.50 4.4933
22.70 5.22 3.1243
22.90 5.06 1.9368
23.00 4.62 1.6216
23.55 3.62 1.0748
24.00 3.27 0.7932
25.00 2.27 0.7523
25.20 1.99 0.7934
25.40 1.75 1.0280
25.60 1.58 1.2990



Table A-VII. Almandine,
Continued

Wave1engtH 
(microns) n k

25.70 1.50 1.5125
2 5.80 1.33 1.8322
25.90 1.37 2.1496
26,00 . 1.35 2.4170
26.20 1.53 3.0742
26.40 2.07 3.8020
26.50 2.50 4.1148
26 .60 3.06 4.4596
26.70 3.83 4.4347 .
26.80 4.69 4.1839
26.90 5.24 3.5677
27.00 5.52 2.6549
27.20 5.26 1.5822
27.40 4.82 0.9599
27.60 4.39 0.8041
28.10 3.61 0,7290
28.60 3.11 0.7 510
29.10 3.82 1.1252
29.60 3.82 0.5597
30.00 3.41 0.3214
31.00 2.57 0.6533

' 31.50 3.13 . 1.2396
32.00 3.79 1.4792
33.00 3.76 O’. 623 5
34.00 3.61 0.2128
35.00 3.27 0.1052
36.00 3.06 0.0 284
37.00 2.90 0.0677
38.00 2.81 0.0496
39.00 ; 2.6 2 0.1142
40.00 .2.37 0.2044
41.00 2.40 0.4244
42.00 3.01 0.8104
43.00 3.01 0.37 79
44.00 2.88 0.0734
46.00 2.25 0.0709
47.00 1.83 0.2753
48.00 1.72 0.8827
50.00 3.37 . 2.1605
52.00 2.90 0.5444



Table A-VII. Almandine,
Continued

Wavelength
(microns) n k

54.00 2.53 0.4117
57.00 2.41 0.6336
60.00 2.40 0.8923
65.00 2.75 1.3128
70.00 3.14 2.1479
72,00 3.98 2.8552
74.00 6.02 3.4497
76.00 7.53 0.2585
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Table A-VIII. Optical Constants

for Amorphous Quartz

Wavelength
(microns) n k

1.00 1.45 3.0 x 10
2.00 1.43 5.0 x 10
3.00 1.42 3.4 x 10
4.00 1.40 5.6 X  l o :
5.00 1.35 0.0038
6.00 1.28 0.0045
7.00 1.08 0.0086
7.15 1.04 0.0126
7.30 1.00 0.0159
7.62 0.88 0.0483
7.75 0.80 0.0514
8.00 0.48 0.1859
8.20 0.38 0.5574
8.40 0.46 0.8040
8.70 0.41 1.1880
8.78 0.38 1.3832
8.85 0.35 1.6095
8.93 0.44 1.9426
9.01 0.67 2.3454
9.09 1.17 2.5037
9.17 1.73 2.5633
9.26 2.16 2.3183
9.35 2.59 2.0648
9.52 2.95 1.3726
9.62 2.93 1.0408
9.71 2.85 0.6795
9.85 2.74 0.2370
9,90 2.61 0.1810

10.00 2.42 0.1450
10.42 2.03 0.0880
10.64 1.90 0.0500
11.10 1.77 0.0234
11.50 1.69 0 .0290
11.70 1.67 0.1000
11.90 1.64 0.2000
12.10 1.63 0.2603
12.30 1.67 0.3227
12.50 . 1.7 7 0.3435
12.70 1.83 0.2746
12.90 1.84 0.1700



Table A-VIII. Amorphous Quartz,
Continued

Wavelength
(microns) n . k

13.50 1.70 0.0650
14.00 1.66 0.0450
15:00 1.54 0.0320
16.00 1.46 0.0350
17.00 1.41 0.0500
17.80 1.29 0.0700
18.60 ' 1.13 0.1300
19.00 1.01 0.2400
19.20 0.91 0.3512
19.40 0.84 0.4567
19.60 0.80 0.5619
19.80 0.77 0.6261
20.00 0.67 0.7506
20.10 0.61 0.8347
20.20 0.60 0.9286
20.30 0.51 1.0513
20.40 . 0 .54 1.1966
20.50 0.55 1.3210
20.60 0.59 1.4553
20.70 0.64 1.5862
20.80 0.72 1.7132-
20.90 0.80 1.8318
21.00 0.90 1.9522
21.10 1.02 2.07 24
21.20 , 1.16 2.1736
21.30 1.35 2.2498
21.40 1.52 2.2855
21.50 1.71 ' 2.3076
21.60 1.87 2.2906
21.70 2.05 2.2557
21.80 2.20 2.2204
21.90 2.37 2.1704
22.00 2.51 2.1007
22.10 2.68 1.9730
22.20 2.74 1.8275
22.40 2.89 1.588 5
22.50 • 2.95 1.4643
22.60 2.98 1.3498
22.70 2.99 1.1930
23.40 2.81 0.6500



Table A-VIII. Amorphous Quartz,
Continued

Wavelength
(microns) n k

23.70 2.78 0.5300
24.10 . 2.65 0.4000
24.50 2.61 0.3000
25.00 2.53 0.2000
25.50 2.44 0.1100
26 .50 2.32 0.0850
27.50 2.26 0.0635
28.50 2.21 0.0500
29.50 2.17 0.0400
30.50 2.14 0.0350
31.50 2.12 0.0300
32.50 2.10 0.0280
35.00 2.07 0.0190
37.50 2.07 0.0160
40.00 2.05 0.0130
42.00 2.05 0.0127
44.00 2.04 0.012 5
46.00 2.03 0.0124
48.00 2.0 2 0.0122
50.00 2.02 0.0120



LIST OF REFERENCES

1. R. Ruppin and R. Englman, Rept. Progr. Phys„ 33, 149 
(1970) .

2. Donald R. Huffman and James L. Stapp, Interstellar Dust 
and Related Topics, eds., J. M. Greenberg and H. C . van 
de Hulst. Boston: D, Reidel Publishing Co., 1973,
p..297.

3. Christian E. Junge, Air Chemistry and Radioactivity.
New York: Academic Press, 1963.

4. K. Ya. Kondratyev, 0. B. Vassilyev, V. S. Grishechkin, 
and L. S. Ivlev, Appl. Opt. T3, 478 (1974).

5= J. M. Ziman, Principles of the Theory of.Solids. 
Cambridge: Cambridge University Press, 1969.

6. H. Y. Fan, Rept. Progr . Phys. 19_,. 107 (1956).
7. Frank Stern, Solid State Physics, Vol. 15, eds.-, F.

Seitz and D. Turnbull. New York: Academic Press, 1963,
p. 299.

8. Wolfgang K. H. Panofsky and Melba Phillips, Classical 
Electricity and Magnetism. Reading, Massachusetts: 
Addison-Wesley, 1962, p. 33ff.

9. W. G. Spitzer and D. A. Kleinman, Phys. Rev. 121, 1324 
(1961) .

10. H. A. Kramers, Atti del Congresso Internazionale dei 
Fisici, Vol. 2, 11-20 Settembre 1927, Como-Pavia-Roma. 
Bologna: Nicola Zanichelli, 1928, p. 545.

11. R. de L. Kronig, J. Opt. Soc. Am. 12̂ , 547 (19 26).
12. L. D. Landau and E . M'» Lifshitz, Statistical Physics. 

London: Pergamon Press, 1958, p. 294.
13. Arnold Sommerfeld, Optics, translated by Otto Laporte 

and Peter A. Moldauer. New York: Academic Press, 1954, 
Chapter IV.

153



154
14. George Turrell, Infrared and Raman Spectra of Crystals. 

New York: Academic Press, 19 72.
15. William G. Fateley, Francis R. Dollish, Neil T .

McDevitt $ and Freeman F . Bentley ,. Infrared and Raman 
Selection Rules for Molecular and Lattice Vibrations:
The Correlation Method. New York: Wiley-Interscience,

■ 1 9 7 2 .
16. D. F .. Hornigj, J. Chem. Phys. 16, 1063 (1948) .
17. H. Winston and R.. S. Halford, J. Chem. Phys. 17, 607

(1949). ~
18. Ralph W. G. Wyckoff, Crystal Structures, Vols. 2, 3, 

and 4, 2nd edition. New York: Wiley, 1964.
19. W. A. Deer, R. A. Howie, and J. Zussman, Rock-Forming

Minerals, Vols. 1 and 5. London: Longmans, 1962.
20. H. C. van de HuIst, Light Scattering by Small Particles. 

New York: Wiley, 1957.
21. John David Jackson, Classical Electrodynamics. New

York: Wiley, 1962.
22. H. Frdhlich, Theory of Dielectrics. London: Oxford

Press, 1949.
23. G. Mie, Ann. Phys. 25, 377 (1908).
24. P. Debye, Ann. Phys. 30, 59 (1909).
25. D . P. Gilra, "Scientific Results from the Orbiting

Astronomical Observatory (0A0-2)," ed., A. D . Code,
NASA Sp-310 (1972).

26. Gray Ward, Proc. Southeast Conf. IEEE, April 29-May 1,
1974. New York: IEEE, 1974, p. 160.

27. A. Vasicek, J. Opt. Soc. Am. 37, 145 and 623, (1947).
28. I, Simon, J. Opt. Soc. Am. £1, 336 (1951) .
29. Che-Kuang Wu and G . Andermann, J . Opt. Soc. Am. 58,

519 (1968) .
30. Nelson L . Alpert, William E . Reiser, and Herman A.

Szymanski, IR: Theory and Practice of Infrared
Spectroscopy. New York: Plenum Press, 1970,

. pp. 329-342.



155
31. Joint Committee.on Chemical Analysis by Powder 

Diffractions Methods, X-Ray Powder Data File, Special 
Technical Publication No. 48-J . Philadelphia:

' American Society for Testing Materials, 1960.
32. Edward Salisbury Dana and William E. Ford, A Textbook

of Mineralogy. . New York: John Wiley § Sons, Inc.,
1932, p. 218.

33. David L. Greenaway and Gunther Barbeke, Optical 
Properties and Band Structure of Semiconductors.
London: Pergamon Press, 1968, p. 25.

34. H. E. Bennett, Jean M. Bennett, and E. J. Ashley, J . 
Opt. Soc. Am. 52̂ , 1245 (1962) . ,

35. S. I. Popova, T. S. Tolstykh, and L. S. Ivlev, Opt. 
Spectrosc. 35_, 551 (1973) .

36 . R. D . Waldron, Phys. Rev. 99., 1727 (1955) .
37. J. L. Servoin and B . Piriou, Phys. Stat. Solidi (B)

55, 677 (1973) .
38. 0. Oehler and Hs. H. Gunthard, J . Chem. Phys. 51, 4719 

(1969).
39. Anne-Marie Vergnoux and Rene Brunei, C.-R. Acad. Sc. 

Paris, t. 265, (B) 1097 (1967) .
40. C. H. Perry and J . D . Wrigley, Jr., Appl. Opt. 6, 586 

(1967).
41. A. A. Samokhvalov, N . M. Tutikov, and G. P. Skornyakov, 

Sov. Phys.-Solid State 10_, 2172 (1969).
42. U . Buchenau and I. Muller, Solid State Commun. 11, 1291 

(1972), ~
43. N . W. Grimes and A. J . Collett, Nat. Phys. Sci. 230,

158 (19 71).
44. L. Genzel and T. P. Martin, Surface Sci. 34, 33 (1973) .
45. K. H. Rieder, M. Ishigame, and L. Genzel, Phys. Rev. B 

6, 3804 (1972).
46. R. Gerson and D. Bryan, personal communication, 

Department of Physics, University of Missouri - Rolla, 
Rolla, Missouri.



156
47. J. H. Weaver, R. W. Alexander, L . Teng, R. A. Mann, and

R. J. Bell, Phys. Stat. Solidi (A) 20, 321 (1973).
48. • H. Bourdonnay, A.. Bousquet, J. P. Cotton, D. Cribier, B .

Farnoux, R. Feuillatre, B. Hennion, J. Jacquier, G. 
Jannink, R. Kahn, D . Mons, J. Mons, G. Parette, G.
Perpy, L. Rouleau, J. P. Trotin, and Mrs. Moussa, J. de 
Phys. 32_, Cl-1182 (1971) .

49. Kenneth A. Wickersheim, Magnetism, Vol. 1, eds., George
T. Rado and Harry Suhl. New York and London: Academic
Press, 1963, p. 269 .

50. E. J. Samuelsen and G. Shirane, Phys. Stat. Solidi 42,
241 (1970).

51. T. R. Steyer, Kenrick L. Day, and Donald R. Huffman,
Appl. Opt. 13, 1586 (1974).

52. W. Eitel, Silicate Science, Vol. 5. New York and
London: Academic Press, 1966, pp. 265-266.

53. L. Genzel and T. P. Martin, Stat. Solidi (B) 51, 91
(1972) .

54. V. V. Bryksin, Yu. M. Gerbshtein, and D. N. Mirlin,
Soviet Phys.-Solid State 13, 1342 (1971).

55. A. C. Lind and J. M. Greenberg, J. Appl Phys. 37, 3195
(1966) .

56. . Arlon J . Hunt, T. R. Steyer, and Donald R. Huffman,
Surface Sci. 36, 454 (1973).

57. J. D. Holmgren, J. 0. Gidson, and C. Sheer, Ultrafine
Particles, ed., W. E. Kuhn. New York: Wiley, 1963,
p. 129. ,

58. J. Amick and J. Turkevick, Ultrafine Particles, ed.,
W. E. Kuhn. New York: Wiley , 1963, p. 146.

59. K. A. Loftman, Ultrafine Particles, ed,, W. E . Kuhn.
New York: Wiley, 1963, p. 196.

60; J. Lefevre, Astron.. Astrophys . _5, 37 (1970) .



61.
62.

63.

64.

65.

66 .

67.

68 .

69.

70.

71.

157
J. T. Luxon, D . J . Montgomery, and R. Summitt, Phys.
Rev. 188_, 1345 (1969) .
T. P. Martin, Phys. Rev. 177 , 1349 (1969) .
R. Ruppin. Surface Sci. S4, 20 (1973) .
I. P. Martin, Solid State Commun. 9_, 623 (1971).
K. L. Day, T. R. Steyer, and D . R. Huffman, Astrophys.
J. 191, 415 (1974).
Richard Treffers and Martin Cohen, Astrophys. J . 188, 
545 (1974).
T. P. Martin, Phys. Rev. Bl, 3480 (1970).
Frederic E. Volz, J. Geophysical Research 77, 1017 
(1972). —
Frederic E . Volz, Appl. Opt. 11, 755 (1972).
Frederic E. Volz, Appl. Opt. H , 564 (1973).
J . R. Jasperse, A. Kahan, J . N. Plendl, and S. S.
Mitra, Phys. Rev. 146, 526 (1966).



08 80*,0y


