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AN INVESTIGATION OF THE CLUSTERING OF

DIVALENT CATIONS IN POTASSIUM BROMIDE
I. 1INTRODUCTION

The light absorption spectrum of potassium bromide
consists of electronic absorptions for wavelengths less
than ~200 nm, and vibrational absorptions for wave-
lengths greater than ~20 ym. Between ~200 nm and ~20 um,
KBr is nominally transparent. The causes and character
of light transmission losses in this wavelength regime
is the subject of this thesis.

Transmission losses are caused by either scattering
or absorption. Impurity absorption is discussed in
chapter VII, and an interesting optical bleaching effect
in Pb2+ doped samples is presented. The bulk of this
thesis, however, is devoted to scattering losses.

The phenomenon of light scattering has been exten-
sively studied for many years. Rayleigh (1871) gave the
first complete description of light scattering from
small particles. Rayleigh correctly attributed the blue
color of the sky to an inverse fourth power dependence
of the scattering intensity on wavelength. In 1908 Mie
developed an exact mathematical treatment for the

scattering from arbitrarily sized spherical particles.



For larger particles, Rayleigh's inverse fourth power
law was shown to be invalid. Among others, books by

Van de Hulst (1957), Fabelinski (1968), and Kerker (1969)
are useful references on particle scattering; the rudi-
ments of the theories are discussed in chapter III of
this thesis.

Inelastic scattering processes were discovered
during the 1920's. An inelastic scattering process
involves an energy transfer between the incident light
and the scattering material; this results in a frequency
shift in the scattered light. Mandel'shtam (1924) and
Brillouin (1922) predicted inelastic scattering from
acoustic waves in fluids and solids. The Mandel'shtam-
Brillouin (MB) scattering was observed in 1930 by Gross.

The frequency shifts associated with MB scattering
in solids can yield accurate values for elastic con-
stants. Benedek and Fritsch (1966) give a detailed
discussion of the angular dependence of the MB shift and
of the methodology for determining elastic constants in
cubic crystals. Four MB spectral studies have been
performed on KBr: Matsura and Miyazawa (1973), Kaplan
et al. (1970), Braul and Plint (1981), and Cummins and
Schoen (1972). Some useful reviews of MB scattering are
given by Cummins and Schoen (1972), Vacher and Boyer

(1972), and Fabelinski and Chistyi (1976).



In addition to the MB scattering in KBr, there is
also a very small amount of intrinsic elastic scattering.
The relative magnitudes of these two intrinsic scatter-
ing mechanisms is discussed in chapter III. 1In real
crystals, however, nearly all elastic scattering is from
extrinsic sources (i.e., impurities and defects).

Figure 1.1 shows a two-dimensional view of a KBr
lattice with some common defects and a substituted
divalent cation. The point defects shown are cation and
anion vacancies (a Schottky defect). These are the most
common defects in alkali-halides. Also shown is a line
dislocation; this defect extends in a line above and
below the plane of the paper.

Vacancy defects and substituted divalent ions have
an excess charge relative to the expected charge at that
site; cation vacancies have an excess negative charge,
and anion vacancies and divalent cations have an excess
positive charge. 1In order to maintain charge neutrality
in the crystal, the number of excess positively charged
species must equal the number of excess negatively
charged species. This means that for every substitu-
tional divalent cation, a charge-compensating cation
vacancy must be formed. Further, the charged nature of
these species causes positive and negative species to
attract one another, resulting in the formation of impur-

ity vacancy complexes. Larger numbers of impurities and
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vacancies can form larger clusters and precipitate as
separate phases within the lattice.

The extrinsic scattering in alkali-halides has been
studied since the early 1950's. In these early studies,
the extrinsic scattering was about 40 times greater than
the intrinsic scattering in nominally pure alkali-
halides. Humphreys-Owen (1954) explained these results
in terms of an intrinsic mosaic dislocation network.
Theimer and Plint (1958) performed detailed calculations
of the scattering power of dislocation lines and point
defects. Theimer and Plint conjectured that point
defects were not homogeneously distributed, but were
located -preferentially along, or near, dislocation lines.
These ideas were further examined by Plint et al. (1958)
and Theimer et al. (1960). Bansiger and Schneider
(1962) performed scattering studies on NaCl and KC1
doped with divalent cations; they also reached the
conclusion that a semi-organized dislocation network
existed in the crystals, and that divalent cation impur-
ities tended to lie along these dislocation lines.

Plint and Sibley (1965) also studied doped NaCl and KC1
crystals. They investigated the anisotropic character
of scattering centers by analyzing depolarization ratios
of the scattered light. Their results indicated that

2+

Pb ions tended to lie along dislocation lines, while
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Ca2+ and Sr2+ ions tended to form spherical precipitate
particles.

In most of these early studies, commercially grown
crystals were used; when crystals were locally grown,
no special purification was performed. In the present
investigation, special purification and growth proce-
cures were used to produce the crystals. Thus a
scattering intensity closer to the intrinsic level
could be attained.

In previous studies of extrinsic scattering, the
scattered light has not been spectrally resolved. 1In
studies of MB scattering, the MB peak intensities and
frequency shifts have been extensively investigated,
but the extrinsic elastic scattering has largely been
ignored. 1In the present study, the MB scattering has
been resolved, and the ratio of the elastic scattering
to the MB scattering has been calculated. The MB
scattering provides an internal intensity standard for

the determination of the elastic scattering intensity.



II. CRYSTAL GROWTH AND SAMPLE PREPARATION

A. Materials Preparation

Both pure KBr cyrstals and KBr crystals intention-
ally doped with divalent cation impurities were grown
for this study. In this thesis, the term dopant will
refer to an intentionally added impurity; the term
impurity will refer to an unintentional contamination
of the KBr.

The divalent cation dopants were Ca2+, Cd2+, and
Pb2T. All of these were added as the dibromide salt.
The CdBr, and CaBr, salts were produced from Mallinck-

? rodt S.L. grade CdCO3 and CaCO3. The carbonates were
added to aqueous HBr which was produced from gaéeous
HBr and 16 M-ohm deionized water. The slightly acidic

i solution was then evaporated to dryness in a teflon

| coated vacuum oven. The resulting cadmium salt was

1 recrystallized from water.

‘ The highly deliquescent nature of CaBr, resulted.
in the production of a hydrated form. From Ca atomic
emission analysis, the hydration formula after vacuum
drying at ~120°C was CaBr2f3.7 HZO‘

The PbBr, used was BDH® 98% PbBr, which was recrys-

tallized three times from ~0.01M HBr. The PbBrz was



then dried in the teflon-coated vacuum oven.

The KBr used for these crystals was Baker Analyzed®
For the doped crystals, no special purification of the
KBr was performed. The KBr used in the pure crystals
was purified using selective ion filters to -remove alio-
valent cation and anion impurities. This procedure is

discussed by Fredericks (1978).

B. Crystal Growth

The KBr crystals were pulled from the melt using
the Czochralski method. The growth apparatus is
described by Fredericks (1977). The essential features
are shown in Figure 2.1.

The KBr was contained in a quartz crucible 6% cm
in diameter and 8 cm in height. The crucible rested
on a quartz stand inside a large quartz tube 8 cm in
diameter and 45 cm in height. The top of the quartz
tube was fitted with a monel cap which was sealed to
the quartz tube with a Viton® O-ring. The quartz tube
.was seated in a carbon-element resistance furnace with
the top ~17 cm of the tube extending out of the furnace.
The quartz tube was sealed to the furnace case with an
external Viton® O-ring to allow evacuation of the
heating-element chamber. The furnace housing was water

cooled as was the monel cap on the quartz tube.
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A water-cooled cold finger passed through the cap
on the quartz tube. A Kal-Rez® O-ring which was lubri-
cated with Krytox® fluorinated grease allowed rotation
and vértical motion of the cold finger. The rotation
and vertical motion was controlled with two d. c. motor
controllers. The cold finger was fabricated of nickel
and plated with rhodium. A seed crystal was attached
to the cold finger with a rhodium-plated screw.

The rhodium-plated monel cap on the quartz tube was
fitted with two ports. One port was connected via poly-
ethylene tubing to a Pyrex® manifold with greaseless
valves through which various gasses could be added to
the growth chamber. The other port was connected to a
second manifold through which the growth chamber could
be evacuated. This arrangement allowed the treatment of
the KBr with reactive gasses and the evacuation of any
volatile contaminants without contamination of the gas-
adding manifold.

The crystal growth procedure was similar for all
crystals used in the present investigation. The growth
tube was loaded with the KBr and assembled to the<fur-
nace. Any dopants were mixed with the KBr at this time.
The growth tube was evacuated and heated at ~150°C for
~12 hours to remove any adsorbed water from the KBr.

The temperature was then slowly increased, and the growth

tube was flushed with argon. When the temperature
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reached ~250°C, electronic-grade HBr was introduced to
the growth tube. As the temperature was increased to
the melting point of the KBr (734°C), the HBr was
removed and replaced with fresh HBr a minimum of nine
times. After the KBr had melted, at least three addi-
tional HBr exchanges were performed. The HBr treatments
remove hydroxide ion impurities from the KBr by forming
H,0 and Br .

The HBr treatment sequence was interrupted at var-
ious times to add C12 or O2 to the growth tube. The C12
and O2 treatment sequences varied for each set of crys-
tals and is given explicitly in Table 2.1. In general,
the use of an oxidizing gas removes organic impurities
from the KBr.

After the three final HBr exchanges were made on
the molten salt, the melt was placed under vacuum for
~45 min at ~30°C above the melting point to remove any
dissolved HBr. Then ~% atm of argon was introduced to
the growth tube.

The crystal was seeded by lowering the seed into
the KBr while the cold finger rotated at ~6 RPM. When
the seed had partially melted, pulling was begun. The
pull rate was maintained at ~1 cm/hour for the duration
of the growth period. The furnace temperature was
lowered to increase the diameter of the crystal to

~3 cm, and minor temperature adjustments were made



Table 2.1 Crystal Growth Parameters.

Niﬁgér Dopant Mg?z%ﬁpé;) Reactive Gas Treatment ‘ngg%&gg) Comments

408 Pure - 284~-9HBr-M-3HBr -Ar 0.5

413 Pure - 342-7HBr-M-5HBr-Ar 0.5

451 Pure -——— 342-9HBr-M-3HBr-Ar 0.5 Frozen in melt

751 Pure -——- 266~9HBr-M-2012-3HBr—Ar 1 Frozen in melt

834 Pure --—- 275-9HBr-M-2012—3HBr-Ar

841 Pure --—- 290—9HBr-M-2012-3HBr—Ar 23

232-79 ¥ ¥ 275-202~6HBr—202-2012-M-&HBr—2012-3HBr-Ar 1.5 Reseeded once

235-79 ¥ * 212~6HBr-302-AClz-&HBr-M~3HBr—Ar 12 Frozen in melt

224-80 Pure ——-- 253-3HBr-30, - 8HBr -M-3HBr -Ar 1

34-82 ca*tt 1934 257-9HBr-3C1,-M-3HBr-Ar 18

37-82 catt 893 257-8HBr-4CL,-M-4HBr-Ar 7.5

316-81 cd'’ 316 235-8HBr-3C1,-M-Cl,-3HBr-Ar 18.5

342-81 ca'’ 1065 264-THBr-4C1L,-M-Cl,-4HBr -AT 19 Poorly seeded

365-81  cd'’ 342 264-6HBr -4C1, - 3HBr -M- 3HBr -AT 19

116-82 catt 1034 254-8HBr-3C1,-M-4HBr-Ar 19

123-82 ca*? 1604 260-8HBr-3C1,-M-4HBT -AT 20

247-80  Pb'' 20 235-4HBr-4C1 - SHBY -M-4HBY -Ar 14.5

281-80 pb*? 106 238-3HBr-3Cl,- 7HBr -M-3HBr-Ar 17

291-80 pb*? 7.6 242-G4HBr-3C1, - 8HBr -M-3HBr-Ar 9

304-80 pb*? 200 256-4HBr-4C1, - 5HBr -M-4HBr-Ar 17

228-81 pbtt 5230 252-4HBr-3Cl,-6HBr -M-2HBr-Ar 17

127-82  pb'" 2711 256-8HBr-3Cl,-M-5HBr-Ar 17

* Fg2+was added to the melt in these crystals, but a flame atomic absorption analysis of the crystals b
yielded no detectable level of iron. The detection limit of the analysis places an upper limit of no

0.7 mppm on the iron concentration.
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throughout the growth process to maintain this diameter.
Typical crystals were from 6 — 9 cm in height, requir-
ing ~4 — 7 hours of growth time.

To halt crystal growth, the crystal was manually
raised from the melt and the furnace temperature was
lowered to room temperature. The rate of the tempera-
ture reduction varied and is given in Table 2.1 for

each crystal.

C. Dopant Concentrations

The initial dopant concentration in the melt is
given in Table 2.1 for each of the crystals grown in
this investigation. This concentration was calculated
from the potassium bromide and dopant masses. The
dopant concentrations in the crystals were consistently
much lower than the calculated melt concentrations,
indicating that the solid-liquid distribution coeffi-
cient is less than one for Ca2+, Cd2+, and Pb2+ in KBr.

When a distribution coefficient, D, is less than
one, the dopant concentration will increase in the crys-
tal as it grows. The concentration of dopant in the

crystal is given by
C.(X) = DCm(X) , (2.1)

where C,(X) is the concentration of dopant in the crys-

tal at a position X cm from the top, and Ch(¥X) is the



14
concentration of dopant in the melt after X cm of crys-
tal has grown. If D is much less than one, then Cm(X)
is given by

M_(0)

C (X) = C_(0) ; (2.2)
m m
M (0) - M_(X)

where Mm(O) is the mass of the melt when X is zero, and
M.(X) is the mass of the crystal after X cm of crystal

has grown. If the cross-sectional area of the crystal,
A, is nearly constant, then MC(X) = ApX, where p is the
density of the crystal. Thus, from equation (2.2),

equation (2.1) may be rewritten as

Cm((.)) 1 ApX
= - ) (2.3)
C.(X) D DMm(O)

Dopant concentratioﬁ profiles are shown in Figures
2.2 through 2.4 for calcium, cadmium, and lead doped
crystals. The numerical data are listed in Appendix I.
Lead and cadmium concentrations were determined by
atomic absorption on a Perkin Elmer model 403 spectro-
photometer with a 4-inch air-acetylene burner. The
calcium concentrations were determined by atomic emis-
sion using the same instrument.

The analysis was performed by comparison of ~10%

KBr sample solutions with two sets of reference
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standards prepared with KBr from the pure crystals.
The two sets of reference standards were prepared with
KBr concentrations of ~11% and ~67%. By interpolation
between the analyte concentrations determined from
these two sets of standards, an accurate analyte concen-
tration could be determined in the sample solutions.

It is very important in this type of analysis that
the reference solution used to prepare the standards be
free of any analyte species. For the lead analysis, the
absence of a characteristic ultraviolet absorption band
in the crystalline KBr ensured a lead concentration well
below the detection limit of atomic absorption. For the
calcium analysis, the absence of a calcium emission line
from the pure reference solutions ensured a negligible
calcium concentration. At the wavelength of the cadmium
absorption line the background absorption from KBr is
negligible. Thus, the absence of cadmium absorption in
the pure reference solution could be determined directly.

The data in Figures 2.2 through 2.4 have been fit to
equation 2.3 using a least-squares procedure. From
these plots, using values for Cm(O) from Table 2.1, the
distribution coefficients may be calculated. These are
listed in Table 2.2.

Distribution coefficients determined in this manner
are only approximate. While heating the KBr, sublima-

tion and evaporation occur. Unless the KBr and dopant



Table 2.2 Approximate Distribution Coefficients.

Calcium in KBr

Xtal I.D. D
37-82 > 0.14
34-82 > 0.12

Average > 0.13

Lead in KBr

Cadmium in KBr
Xtal I.D. D
123-82 > .0029
365-81 > .0020
316-81 > .0028
116-82 > .0022
Average > .0025

Xtal I.D. D
228-81 > .0177
127-82 > .0193

Average > .0185

=
\O
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sublime and evaporate congruently, Cm(O) will be altered.

CdBr2 and PbBr2 melt at 567°C and 373°C, respectively

(Handbook of Chemistry and Physics, 1976). Thus Cm(O)
will be lower than calculated prior to heating, and the
distribution coefficients in Table 2.2 for,Pb2+ and cd?t
are, consequently, minimum values. The melting point of

CaBr2 is 740°C (Handbook of Chemistry and Physics, 1976),

which is nearly the same as the KBr melting point.

D. Sample Preparation

The crystals were cleaved into approximately one-
centimeter cubes for study. Dopant concentrations in
the samples were determined as described in part C of
this chapter. With the aid of the position versus
dopant-concentration plots, concentration gradients in
the samples were also determined.

To determine the effect of thermal history on the
optical properties of the doped samples, they were given

various thermal treatments. The samples were placed in

. . . 1
_quartz tubes which were evacuated and filled with ~3% atm

of dry argon. The tubes were then sealed and placed
into a furnace for treatment.

A set of quenched samples and a set of annealed
samples were prepared from the calcium and cadmium doped
crystals. In the quenching process, the samples were

heated to ~550°C for ~1 hour. The sample tubes were
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then quickly removed from the furnace and immediately
placed into an ice-water bath. They became cool to the
touch within ~15 seconds. In the annealing process, the
samples were also heated to ~550°C, but the temperature
was then slowly lowered to room temperature. A time
versus temperature plot for these annealed samples is
shown in Figure 2.5.

The lead doped samples were also either quenched or
annealed. However, three sets of quenched samples were
prepared: one set quenched from ~550°C, one set
quenched from ~350°C, and one set quenched from ~200°C.
The set of annealed lead doped samples was prepared
similarly to the calcium and cadmium doped annealed
samples, but the annealing time was somewhat longer. A
time versus temperature plot for the lead doped anneal-

ing process is also shown in Figure 2.5.
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III. LIGHT SCATTERING THEORY

A. Mandel'shtam-Brillouin-Gross Scattering

Many investigators during the early part of the
twentieth century contributed to the development of our
present understanding of light scattering, and the
reader is referred to a historical review by Young
(1982) . The elementary theory is briefly outlined here.

In a perfect, pure cyrstal, light is elastically
scattered by dielectric inhomogeneities produced by
thermally induced entropy fluctuations. The scattering
of light by this process is termed Gross scattering
(Gross, 1930).! Light is inelastically scattered by
thermally induced phonon oscillations.

There are 3S normal mode dispersion curves for an
ionic crystal, where S is the number of atoms per unit
cell (S = 2 for KBr). These dispersion curves can, in
principle, be obtained from harmonic solutions to the
equations of motion for the atoms in the crystal. The

branches (modes) of the dispersion curves for which the

! In the previous literature, Gross scattering has often

been termed Rayleigh scattering. Here the term Rayleigh
scattering will be reserved for scattering from small
particles. This follows the terminology proposed by

A. T. Young (1982).
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angular frequency, w, remains finite while the wave
vector, a, goes to zero are considered the optical
phonon branches. These oscillations correspond to the
atoms within a unit cell moving in opposite directions
to one another and are responsible for Raman scattering
in a crystal (observed by C. V. Raman in 1928). There
are 3(S - 1) of these branches. 1In the three remaining
branches, w goes to zero as a goes to zero. These are
the acoustic phonon branches responsible for MB scatter-
ing. 1In the acoustic branches, the atoms within a unit
cell move in unison and are equivalent to macroscopic
sound waves. The dispersion relation for acoustic
phonons depends on both the magnitude and direction of
a (as does the sound velocity).

The interaction of light with acoustic phonons must
necessarily involve only phonons with a of comparable
magnitude to the wave vector of the incident photon, K.
The resulting scattered wave, ES(;,t), is given by

(Cummins, 1969)
Es(r,t) o exp(i(ks-r - (“b * uh)t))

[ exp(i(k, = q - k) - £dv’' (3.1)
v

-

where E, is the electric field vector of the scattered
wave, T is the position vector to the point of observa-

tion, V is the scattering volume, t is time, and the
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subscripts o, s, and q designate the incident photon,
the scattered photon, and the scattering phonon, respec-
tively. This photon-phonon interaction expression thus

imposes the requirements that

kK =k 3 (3.2)

S (o]

I+

and

W = w ot w . (3.3)

Since phonon frequencies are much smaller than
light frequencies, uh must be much smaller than w -
Thus the magnitude of ﬁs must be equal to the magnitude
of ﬁo’ and a is then completely determined by the

scattering geometry:
lq| = 2n]kofsin(6/2) . (3.4)

Here 6 is the angle between Ko and Ks' and n is the
index of refraction of the medium. The direction of
a is along the bisector of 6. For acoustic modes of

a crystal, “q and a are related by

w
v = 9

4 (3.5)
lq]

where v is the speed of sound in the direction of ¢
(i.e., the slope of the dispersion curve at §). Com-

bining equations (3.3), (3.4), and (3.5) yields
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W - w_ =+ 2vn Iﬁ sin (0/2) . (3.6)

ol

This relation can also be derived by considering that
the light is scattered from a moving wave train of
phonons. The scattered light is then doppler-shifted
as given by equation (3.6).

The sound velocity in a crystal, and hence the MB
frequency shift, can be related to the elastic tensor
of the crystal by plane-wave solutions to the equations
of motion for atom displacements within the crystal.

The components of the elastic tensor are the proportion-
ality constants between the strain and stress tensors

of a crystal. In a one-dimensional crystal, this would
simply be the Hooke's law force-constant between the
atoms. In a three-dimensional crystal, the strain and
stress are described by second-rank tensors. Therefore,
the elastic tensor is of fourth rank, with elements

Ciklm' The equations of motion are of the form

. _ m

Here p is the density of the crystal, u; is the atom
displacement in the i" direction (i = 1, 2, 3), and
Ty and r, are components of the position vector r.

In this notation, the Einstein summation convention 1is
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implied (Nye, p. 7, 1957), and the double dots refer to
the second time derivative. As discussed above, the
equations of motion will depend on the direction of a,
and so they must be solved for the particular direction
of a which will be observed experimentally.

Since the stress and strain tensors of a crystal
are symmetric, the 8l-element elastic tensor only con-
tains 36 distinct elements. These are generally given
as the components of a sixth-order square matrix. For
KBr, which is a cubic crystal, the 36 elements are
reduced to 12 non-zero components, of which only three

are distinct (Nye, 1957, p. 120). These are

C11 = €32 = C33 (3.8)
Cig = Cg1 = Cy3 = C37 = Cyg = Cyy (3.9
Chy = Css = Cpp - (3.10)

In the experimental scattering geometry of this
investigation, 6 is 90°, Eo propagates along [1,0,0]
with [0,0,1] polarization, and Es propagates along
[0,1,0] (no analyzer). For this scattering geometry,
a will be along [1,1,0], and the solutions to the
equations of motion are (Cummins and Schoen, 1972)

Cqq + Cq, + 2C N _
pv2 = 11 12 44 u = (1,1,0)/Y2  (3.11)

2
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pvt = 11 . 12 = (1,-1,0)//7 (3.12)
pvl = C 4= (0,0,1) (3.13)
A ,0, . .

An incident photon is optically coupled to ther-
mal phonons by the elasto-optic effect. The thermal
phonons induce a strain which generates a proportional
change in the reciprocal dielectric tensor. The pro-
portionality constants form the elasto-optic tensor.
The amplitude of the phonon oscillations (i.e., the
magnitude of the strain) will depend on the temperature
of the material. From these considerations, the
scattering goefficient for MB scattering, Ryp, is given

by (Cummins and Schoen, 1972)

kTaé 9
Ryg = [es « M - eo] . (3.14)

321r2c4pv2

Here k is Boltzmann's constant, T is the temperature,
¢ is the velocity of light, ey and ey are unit vectors
along the polarization directions of the scattered and
incident photons, and M is a matrix which will be dis-
cussed below. The scattering coefficient relates the

incident and scattered light intensities by

0 (3.15)
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where V is the scattering volume, r is the distance to
the point of observation, and IO and Is are the inci-
dent and scattered light intensities, respectively. A
scattering coefficient is thus a measure of the effi-
ciency of scattering independent of the experimental
arrangement. The matrix, M, in equation (3.16) 1is
unique for each phonon mode. It is derived by consider-
ing the tensorial relations between stress and the
reciprocal dielectric constant (see Cummins and Schoen,
1972, for a detailed description of this process).

For the experimental scattering geometry given

above, the matrix elements in equation (3.14) are

(Cummins .and Schoen, 1972)

4

[eg = M = egl? = %P2, U= (1,1,0)//2 (3.16)

leg = My - e 1 =0 3= (1,-1,0)/v2 (3.17)
2 _ P
[eS . MT . eo] = ——— u= (0,0,1) . (3.18)
2 2

Here ¢ is the dielectric constant, and the Pij's are
elements of the elasto-optic tensor (these elements are
commonly called Pockel's constants). L designates the
longitudinal mode matrix, and T, and T, designate the

transverse modes.
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The elastically scattered peak (Gross peak) in the
MBG spectrum arises from thermal entropy fluctuations.
For non-viscous liquids, the intensity of these non-
propagating fluctuations can be related to the intensity

of phonon oscillations by the simple relation (Fabelin-

ski, 1968)
RG 9a§T
= = M1p . (3.19)
ZRMB p Cp ﬁs

Here R, is the scattering coefficient for the Gross
scattering, RMB is the scattering coefficient for the
MB scattering (one peak of the doublet), Cp is the
constant pressure heat capacity, Bs is the adiabatic

compressibility, o, is the linear thermal expansion

L
coefficient, and Myp is the Landau-Placzek ratio
(Landau and Placzek, 1934). The adiabatic compressi-
bility is a function of the sound velocity: ﬁs = l/pv2
(Fabelinski, 1968). 1In the present investigation, pv2
is given by equation (3.11) (the transverse velocity
contributes negligibly to nLP)' Equation (3.19) thus
becomes

9a§T

C
2p p

For solids, the thermodynamic arguments used to

arrive at equation (3.20) must be modified. 1In
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particular, Fabelinski (1956) pointed out that the
direct dependence of the dielectric constant on tempera-
ture had been ignored. Also, the large shear stresses
possible in solids enable the direct coupling of light
to entropy fluctuatioms. "Wehner and Klein (1972) have
included these effects in a microscopic theory of fluc-
tuations in phonon occupation numbers. They arrive at

the result
n'p = 1. 5(1 - 1) (3.21)
LP LP ’ :
where r is given by

)

C 57T P

r = 11 P+ Lo . (3.22)
Cip * 2Cyy ag£7P, 12

The constants in equations (3.20) and (3.22) are
only mildly dependent on impurity concentration. Thus
it should be possible to obtain niP for a perfect pure
crystal from measurements performed on only moderately
pure materials. Values of the constants in equations
(3.20) and (3.22) are listed in Table 3.1 for KBr. Many
of the values for these constants differ between inves-
tigators. Fredericks et al. (1984) have calculated nﬁP
for various combinations of the disparate values,

yielding
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Table 3.1 Various Material Constants of KBr.

Quantity Value Reference
o 38.4 x 107% k"1 Landolt-Bornstein (1973)
n 1.572 A.I.P. Handbook (1963)
0 - -
{5%} ~12.2 x 1072 g1 Havinga and Bosman (1965)
P
0F - -
{55} -12.8 x 107> k™1 A.I.P. Handbook (1963)
P
p 2.753 g-cm > Landolt-Bornstein (1969)
Cp O.4398J—g-1—K_l Janaf Therm. Tables (1971)
Cll(GP) ClZ(GP) C44(GP) Reference
34.6 5.61 5.15 Landolt-Bornstein (1966)
34.5 5.5 5.10 Landolt-Bornstein (1979)
35.1 6.1 5.1 Braul and Plint (1981)
33.7 6.1 5.1 Matsura and Miyazawa (1973)
Pll P12 P44 Reference
0.198 0.154 -0.023 Landolt-Bornstein (1966)
0.212 0.165 -0.022 Landolt-Bornstein (1979)

0.220 0.171 -0.019 Braul and Plint (1981)
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0.056 < nﬁP < 0.11 . (3.23)

B. Particle Scattering

When impurities and defects are present, the elas-
tically séattered light will be increased but thé MB
scattering will remain nearly constant (Fredericks, et
al., 1984). The experimental scattering ratio, Moo
will then be

R, +
np = ———GZR icE (3.24)
MB
where Ry is the scattering coefficient for impurity
and defect scattering. The difference between Mo and
npp will thus give a measure of the purity and perfec-
tion of the crystal. The measurement of np also
provides a convenient means of measuring the scattering
coefficient of the elastically scattered light; the MB
peaks provide an internal standard for the measurement.
Scattering from an impurity is caused by an inhomo-
geneity in the dielectric constant at the site of the
impurity due to the difference in polarizability of the
impurity relative to the host. The theoretical descrip-
tion of scattering from small particles was originally

1A

given by Rayleigh (1871). The degree of ''smallness"
required for the Rayleigh theory to be valid is approxi-

mately a < .05\X (Pangonis et al., 1960), where a is the
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radius of the scatterer and A is the wavelength of the
light. For spherical scatterers, the scattering

coefficient for 90° scattering is -

- 2
16N1r4a6 n2 -1 1
RR = , (3.25)

k4 n2 + 2

where N is the number of particles per unit volume.
This expression is for light polarized perpendicular to
the scattering plane, and the scattered light will also
be perpendicularly polarized. ©No light of parallel
polarization is scattered by small spheres. Equation
(3.25) can be expressed in terms of the polarizability
of the particle, o, as

16Nw4a2

R = , (3.26)
R v

For nonspherical particles, o is no longer iso-
tropic. When the particle is a spheroid, o may be
characterized by a polarizability along the singular
axis, a'l and a polarizability along the two equal axes,
a'’. The Rayleigh ratios for random orientation of the
particles and 90° scattering are

].6N1r'4'L

Ryy = — —— (3(0t')2 + 4a'a’’ + 8(@")2) , (3.27)
1504
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16N1r4

(@M% - 2a'a’" + @')%) | (3.28)

1504

where the first subscript on R indicates the polariza-
tion of the incident light (vertical or horizontal
relative to the scattering plane), and the second
subscript indicates the polarization of the scattered

light. For the limiting cases of rods and discs, the

polarizabilities are given by

V@t - 1) V@t - 1)
(rods) a' = ;o' = (3.29)
b or (n? + 1)
V(n? - 1) v(n? - 1)
(dises) a' = ; oa'l = , (3.30)
' 4ﬂn2 o

where V is the volume of the particle.

The theoretical description of scattering from
large particles was developed by Mie (1908). For
spherical particles, the scattering coefficients are
given by

A2

1sl|2 (3.31)

R
VvV
4#2
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xz
2
Ryg = ; BN (3.32)
4o
Ryg = Rgy = 0 (3.33)

where S, and S, are amplitude functions given by

o ——

o 23 + 1
S =2 ——— | A.Il, (cosf) +B.7.(cosb) (3.34)
1 .. G+ 1D J ] J ]

j=1 _

oo 25 + 1
82 =y ———— Ajrj(cose)~+BjHj(cose) , (3.35)

521 3G+ D

Pj(l)(cose)

with II. (cosf) =
J sin @

dP.(l)(cose)
J . (3.36)

and 7. (cos ) =
J de

Here Pj(l) is the jth associated Legendre polynomial
of degree one, and Aj and Bj are functions given by
v, v - nV¥. v
5 (R () - ¥ () V(%)

A - , (3.37)
R PO HCORER A N COICY

n@.(x)wj(Y) - W.(y)@f(x)
B, - ] J ] ] (3.38)
n&G Y@ - Y S

2ma
A

with x = and y = nx . (3.39)
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The functions 43 and fj are given by

%

% 2 | d@a(x)
¥ (x) = ; I 5 W) = ™ (3.40)
dfj (%)
(3 = ¥+ 1e,(x) 5 () = = (3.41)
. X :
with @, (x) = - ; PO N (3.42)

where 1 1is v-1 , and Jj+% and N. are the half
2

jt%
integral order Bessel and Neumann functions,
respectively.

Thus, through an iterative process on standard
mathematical functions (albeit complex), the exact
light scattering intensities from a spherical particle
can be determined. Unfortunately, the scattering from
non-spherical large particles tremendously increases
the complexity of the Mie equations. Asano and Sato
(1980) have derived exact solutions for spheroids, and
have demonstrated the solutions graphically so as to
give an idea of the variations relative to spheres.

The general effects of particle size and shape on
the polarization properties of scattering can be eluci-

dated by a few simple symmetry laws. It is useful to

use a scattering matrix in discussing these laws. The
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full scattering matrix consists of a fourth order square
matrix which relates the four Stokes parameters of the
incident light to the Stokes parameters of the scattered
light. Perrin (1942) has shown that for scattering par-
ticles which are not birefringent, the matrix elements

S13- 814> Sp3» Spy» S37. S39, Sy, and S, are zero.
Krishnan (1938) has shown that S12 = 821 and S34 = -843.
The lower right (2 x 2) portion of the full scattering
matrix deals only with the phase relations of .the scat-
tering (degree of circular polarization). No circular
polarization effects were measured in the present inves-
tigation, so these components will not be examined.
What is left is a second order square matrix with ele-
ments Sll’ 822, 812’ and 821 (= 812)‘

Neglecting phase relations, the Stokes parameters,

I and Q, are given by

I = IV + IH and Q = I, - I (3.43)

VY H

where the subscripts V and H indicate light polarized
perpendicular and parallel to the scattering plane. The

scattering equation is then

S S

11 12 Iy I
_ (3.44)

5 22 Qo Qs

12 S

In terms of these matrix elements, the four scattering
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coefficients are

Ryy = 812 * S - 259 (3.45)
Ryp = S11 = S99 (3.46)
Ryy = S11 7 S22 (3.47)
Ruu = 11 F Spp - 251 (3.48)
When the scattering is from spherical scatterers,
Sll = 822 (equations (3.32) through (3.34)), and
Ryy = 2(8y7 - S19) (3.49)
Ryg = Rgy = O (3.50)
Ry = 2(511 * S¢9) (3.51)
When the scattering particles are small (but not neces-

sarily spherical), 822 =

(3.29)),

Ryv

Ryn

For pure

S S

11 ~

Ryy

Ry

22

—812 (equations (3.28) and

and
= 57 + 3S,, (3.52)
= Ryy = Rgg = S11 - So2 (3.53)

Rayleigh scattering from spherical particles,

= -812, and
= 4811 (3.54)
= RHV = RHH =0 (3.55)
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IV. SCATTERING INSTRUMENTATION

A. Mandel'shtam-Brillouin Spectrometer

The apparatus used in these MB scattering measure-
ments was assembled by D. F. Edwards of Los Alamos
National Laboratory (LANL). The measurements reported
here were made by the author at LANL. A diagram of the
apparatus is shown in Figure 4.1 and is described below.

The light source was a Spectra Physics Model 165-8
argon laser. An intracavity etalon in the laser cavity
was required to produce a stable single mode line at
488.0 nm, with a line width of about 2 x 107> nm and an
output power of about 100 mW. A polarization rotator
(Spectra Physics Model 310-21) was affixed to the front

of the laser. The laser beam was passed through lens L1

- to provide a narrow concentrated beam in the scattering

sample cell. The scattered light was viewed at 90°
through a pinhole into the light-tight box. To elimi-
nate room light, interference filter F passed only the
488 nm light. Lens L2 was focused on the scattering
volume (f.1. = 60 cm), and thus a parallel beam entered
the Fabry-Perot interferometer.

The interferometer was a Burleigh Instruments
triple-pass type (corner mirror reflectors providing

the triple-pass operation). The interference cavity
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Figure 4.1 Mandel'shtam-Brillouin spectrometer.
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consisted of two mirrors with 98.5% reflectance, and a
flatness of A/200. One mirror was moved relative to the
other by the action of three piezoelectric crystals.
The piezoelectric scanning action was controlled by a
Burleigh Instruments D.A.S. 1 controller which applied
a voltage ramp to the piezoelectric elements. In addi-
tion, the D.A.S. 1 maintained a high degree of parallel-
ism between the mirrors by varying the bias voltages on
the elements in small increments so as to obtain maxi-
mum peak intensities.

The light from the interferometer was collected by
lens L3 (f£.1. = 25 cm) which was focused on pinhole P
(diameter = 1.0 mm). Lens L4 (£.1. = 5.5 cm) formed an
image of the pinhole on the photomultiplier. The photo-
multiplier was an I.T.T. Model FW130 which was cooled
with a thermo-electric refrigerator to -30°C. The out-
put from the photomultiplier passed through a peak
height analyzer and photon counter.

The D.A.S. 1 made repetitive scans of two (some-
times three) spectral orders of the scattered light, and
accumulated the photon counts in a 1024 channel multi-
channel analyzer. The instrumental noise could be
reduced to a minimal lével by allowing ~30 min of accum-
ulation time per spectrum. For intense scatterers,
~30,000 scans at 0.05 ms/channel were required. For

less intense scatterers, the scan rate was slowed to a
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minimum of 10 ms/channel. At this rate, ~150 scans were
required for a clean spectrum. The accumulation time
(~30 min) is the same in these two. extreme cases. The
MB peaks are of nearly the same intensity in all samples
and thus require comparable times for their resolution.
The scan rate was varied to accomodate the large differ-
ences in the Rayleigh component of the different samples;
less intense scatterers required slower scans to facili-
tate lock-in of the D.A.S. 1 to the scattering peak.

To reduce surface scattering, it was necessary to
immerse the sample in an index matching fluid. This
required the addition of a new sample cell (Figure 4.2)
to the MB Spectrometer. The laser beam entered the cell
through a quartz window, passed through the cell, and
exited through another quartz window. The scattered
light was viewed through a quartz window at 90°, with
the fourth window providing a 'black" background for the
observation. Bromobenzene was employed as the index
matching fluid for most spectra (n = 1.56 as compared to
n = 1.57 for KBr). In some early measurements, benzene
was used (n = 1.50). Both fluids eliminated most 6f the
surface scattering; the switch to bromobenzene was made
mainly for health reasons.

In order to accurately measure phonon velocities,
it was necessary to calibrate the free spectral range

(FSR) of the instrument. The FSR is the wavelength
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shift between spectral orders of the interferometer.
The FSR was determined by using the high-resolution
atomic line structure of a mercury lamp. The details
of this determination are given in Appendix II; the

result is:

FSR = 0.0390 * 0.0004 nm . (4.1)

B. Scattering Polarization Spectrometer

The wavelength dependence of the polarization com-
ponents of the scattered light was measured with the
apparatus shown in Figure 4.3. This apparatus was orig-
inally constructed for fluorescence measurements by the
biophysics group headed by I. Isenberg at Oregon State
University (described in detail by Ayres et al. (1973)).

Light from a Cary Instruments Model 450-W xenon
lamp, S, passed through two Jarrell-Ash 0.25-m Ebert
monochromators in series, M1 and M2. The monochromatic
beam passed through a rotatable Glan-Thompson prism
polarizer, Pl, and was focused onto the sample by lens
Ll. The scattered light was viewed on both sides of
the sample at 90°. Each scattered beam passed through
a Glan-Thompson prism analyzer; analyzer Al transmitted
light polarized perpendicular to the scattering plane,
and analyzer A2 transmitted light polarized parallel to

the scattering plane. These two polarized beams then
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passed through Jarrell-Ash 0.25-m monochromators, E and
B, respectively. The light intensities were detected
by EMI 9524B photomultipliers, PMl and PM2.

Scanning of the monochromators was performed by
stepping motors controlled by a Digital Equipment PDP8/E
mini-computer. The computer also provided a digital
readout of the four intensities IVV’ IVH’ IHV’ and IHH'
Since the transmission characteristics of the E and B
light paths were slightly different, a method for com-
parison of the two was necessary. From equations (3.45)
through (3.48) it can be seen that, even for non-spheri-
cal scatterers, I is equal to I

HV VH”
ratio of the experimental quantities, IVH(exp)/IHV(exp),

Consequently, the

yields the ratio of the transmission factors of the two
light paths. The experimental values for IHH and IHV
were then multiplied by this ratio to yield numbers

compatible with the experimental I and IV intensities.

VA% H
Since the difference in transmission characteristics of
the two paths included differences.in the surface quality
of the two faces of the crystal, the ratios were computed
individually for each spectrum.

Because of the small size of the sample space in
this instrument, the samples could not be immersed in

index matching fluids to reduce surface scattering.

Careful baffling of the sample area blocked much of the




48
surface scattering; however, accurate measurements were

still limited to the more intense scatterers.
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V. SCATTERING MEASUREMENTS ON PURE SAMPLES

A. Results

A trace of a typical pure KBr spectrum is shown in
Figure 5.1. The ratio of the FSR to the width of the
peaks at half-maximum (FWHM) is about 50. This quantity,
called the finesse, gives a measure of the resolution of
the instrument; values of 40-60 are typical for appa-
ratus of this type (Fabelinski and Chistyi, 1976). Two
spectral orders of the spectrum are shown. The
unshifted elastically scattered peaks are at 254 and 762
channels. The large shifted peaks at 117, 388, 632, and
891 channels are attributable to the longitudinal phonon
mode given by equation (3.11). The smaller peaks at
192, 313, 704, and 820 channels are from the T2 trans-
verse mode given by equation (3.13). The T, transverse
mode given by equation (3.12) is not observed at this
scattering geometry. This is predicted by the zero
value of the optical coupling matrix element for this
mode given in equation (3.17).

The frequency shifts for the undoped samples are
listed individually in Appendix III. The average

values are

ftv; = 14.0 + 0.2 GHz (5.1)
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bvp = 6.2 + 0.10 GHz ) (5.2)

2

From equation (3.6), the sound velocity associated with

each mode, v, is given by

v =2y , (5.3)
nv2 ,

Using values for the index of refraction and density of
KBr from Table 3.1, equations (5.1) through (5.3), and
equations (3.11) and (3.13), yield

2 _ . _
pvy = z(Cll + C12 + 2C44) =26.0 £+ 0.7 GPa (5.4)

2
PVT2

C44 = 5.1 + 0.3 GPa . ’ ‘ (5-5)

The errors in these measurements arise mainly from
the error in the FSR calibration. About one-half of
the FSR calibration error comes from discrepancies in
the published values of the Hg atomic lines (see Appen-
dix II). Published values of pvi and pv%2 are listed
in Table 5.1. The present values agree within experi-
mental error with all published values except the Pvi
value of Kaplan et al.

Only Cummins and Schoen (1972) have observed the
transverse mode at 6 = 90°. The other values for Pv%2

were calculated from values of the elastic constants

obtained at other angles (for which the T2 mode is
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Table 5.1 Published Values of Hyper-

sonic Elastic Constants.

Pvi (GPa) pv%2 (GPa) Reference

25.3+0.2 5.1 + 0.1 Braul and Plint, 1980
23.2+0.6 4.7 + 0.4 Kaplan et al., 1970
25.0+0.3 5.1 £0.2 Matsura and Miyazawa, 1973
25.4 5.08 Cummins and Schoen, 1972

actually a mixed mode). The ability to observe the pure
transverse mode requires pure, perfect crystals and an
instrument with a large finesse.

As discussed in chapter III, the scattering ratio,
Ny, 1s the ratio of the elastic scattering intensity to
the MB scattering intensity. The values of N for the
pure crystals measured in this investigation are listed
in Table 5.2. These values are averages of a number of
measurements at different points in each crystal; the
errors are the standard deviations of these averages.
The number of measurements is also given in Table 5.2.
From equation (3.23), these scattering ratios range
from ~6 to ~200 times the theoretical scattering ratio

for a perfect pure crystal, n{p.
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Table 5.2 Scattering from Pure Crystals.

CE?;Fal Mggggingits M RE(]“O_7 Cm_l)
408 4 2.1 + 0.4 6.1 + 1.1
413 3 4.0 + 1.8 11 + 3
451 5 5.8 £ 1.6 17 = 5
751 10 1.0 £ 0.2 2.9 £ 0.6
834 5 1.4 + 0.2 4.1 £ 0.6
841 6 11 + 2 32 £ 6

232-79 5 13 =+ 4 38 + 12

.235-79 A5 11 £ 5 32 + 14

224-80 3 0.6 + 0.2 1.5 £ 0.6

The MB scattering coefficient, RMB’ may be calcu-
lated from equation (3.14) using the constants from

Table 3.1; the result is

-1

R.. = 1.45 x 10”7 cm

MB (5.6)

From equation (3.24), the scattering coefficient for

extrinsic scattering, R is given by

E H

Rg = 2Ryg (Mg =~ M{p) - (5.7)

RE has been calculated for these pure crystals using

equation (5.7) with values for RMB and nﬁP from
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equations (5.6) and (3.23), respectively. These values
are also listed in Table 5.2. The uncertainty in the
value of "iP has little effect on the calculated values
for Ry since np is considerably larger than nﬁP in all

these samples.
B. Discussion

Arora et al. (1982) has expanded on work by Mills
(1980) and has calculated theoretical scattering cross
sections for vacancies and various impurity-vacancy
complexes in alkali halides. 1In general, a scattering

cross section, o0, is related to a scattering coefficient

at 90°, R, by (Kerker, 1968)

3
lé6nw

R = ( ) No , (5.8)
where N is the number of scattering centers per cubic
centimeter. Using equation (5.8), R has been calculated
for various possible scattering centers in KBr from
values of ¢ given by Arora (1982). These are listed

in Table 5.3.

The impurity concentrations in KBr crystals grown
in this laboratory by methods similar to the present
study were analyzed by induced neutron activation analy-
sis. All impurity levels were in the parts-per-billion

2+

+
range except for Fe and Rb which were measured at



55

Table 5.3 Scattering Coefficients for Various

ol

Scattering Centers in KBr.

Center R/N (10—28 cmz)
Cation Vacancy 1.0
Anion Vacancy 158
Pb2* - Cation Vacancy ' 105
ca?t - Cation Vacancy 39.2
Fel' - Cation Vacancy 88.6
BAZY - Cation Vacancy 1.4
sr?t - Cation Vacancy 15.9
Cd2+ - Cation Vacancy 10.0
Rb " 8.0

With the exception of the Cd? center, values
were calculated from ¢ values given by Arora

et al. (1981) with corrections for A at 488.0

nm. The value for the Cd? center was calculated
using the method of Arora et al. (1981l) with a
Cd?* polarizability of 1.8 (Tessman et al.,
1953), and a Cd?* ionic radius of 0.97A (Handbook
of Chemistry and Physics, 1976).
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0.04 + 0.01 ppm and 4.9 + 0.8 ppm, respectively (Fred-
ericks et al., 1984). From the values for R/N given in
Table 5.3, the scattering coefficients for Fe2+ and Rb"

at these concentration levels are 1.1 x lO-ll cm_l and

7.6 x lO_ll cm_l, respectively. Clearly, the scattering
from these types of impurity centers is insignificant in
comparison to the extrinsic scattering measured in this
study.

The number of Schottky defects in a pure KBr crys-

tal follows a thermodynamic equilibrium expression

(Lidiard, 1956)

- -8
NcNa = exp ( /kT) , (5.9)

wher’e'NC and Na are the concentration of cation and
anion vacancies, respectively, and g is the free energy
of formation of a Schottky defect. If no aliovalent
ions are present, then NC is equal to Na'

As a crystal grows, vacancy pairs are grown into
it at concentration levels associated with a temperature
near the melting point. As the crystal is then cooled
to room temperature, equation (5.9) dictates that the
number of vacancy pairs must decrease. This occurs by
either migration of the defects to the crystal surface
or by the precipitation of defect clusters within the
crystal. The latter process is generally believed to

predominate in ionic crystals (Lidiard, 1956). Models
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have been proposed for the precipitation process in terms
of dislocation jog formation (Eshelby et al., 1958) and
simple dislocation core binding (Lifshitz and Geguzin,
1965). The process is reviewed by Whitworth (1973). Of
greatest importance here, the vacancies do not .exit the
crystal, and hence will still contribute to light
scattering.

From conductivity measurements on KBr (Chandra and
Rolfe, 1971), the number of Schottky vacancies at 730°C
is about 1 x lO18 cm-3. At this vacancy concentration,
the values of R/N given in Table 5.3 yield scattering
coefficients for cation and anion vacancies of
~1.0 x 10710 cn"! and ~0.16 x 1077 em™ L, respectively.

The anion vacancies are thus the major contributor
to the scattering by these calculations. However, the
calculated anion vacancy scattering is still only about
0.1 times the extrinsic scattering of the lowest scat-
téring sample measured (224-80).

A likely explanation for this discrepancy is the
precipitation of the grown-in defects into larger aggre-
gates in order that the number of free defects follow
equation (5.9). From equation (3.25), Rayleigh scat-
tering is proportional to the square of the particle
volume. Hence, for a given total volume of scattering
material the scattering will be directly proportional

to the average volume of the individual scattering units.
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With so few crystals, it is difficult to draw posi-
tive conclusions regarding the effects of the crystal
growth conditions on the scattering power. However, a
few tentative remarks are in order. Referring to
Tables 2.1 and 5.2, the crystals treated with oxidizing
gasses (Cl2 and/or 02) seem to have either very large or
very small scattering powers. Crystals 232-79 and 235-79
were grown from an iron-doped melt; and, although no iron
was detected in the crystal, the detection limit for AA
analysis of iron is quite high (~0.7 mppm). This could
well be the reason for the anomalously large scattering
power in these crystals. Additionally, crystal 232-79
was reseeded, which can increase grown-in dislocations.
Crystal 841 was cooled to room temperature over a 23-hour
period, and this allowed more time for defect aggregation.
The three crystals with the smallest scattering power
were all cooled quickly (751, 834, and 224-80). Crystals
413, 451, and 408 were also cooled quickly, but these
crystals were not treated with an oxidizing gas. An
oxidizing gas removes organic impurities by forming more

volatile compounds.
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VI. SCATTERING MEASUREMENTS ON DOPED SAMPLES

A. Theory of Scattering by Precipitate Phases

Scattering from a given number of scattering
particles is enhanced if those particles precipitate
into larger aggregates. When precipitation occurs, the
number of scattering particles is decreased; but since
the particle radius term in equation (3.25) is raised to
the sixth power, the scattering power of the new
collection is larger.

Equation (3.25) may be written in terms of the
average volume and number density of precipitate

particles, Vp and NP’ respectively, yielding
2
2 2
9w NPVP 2
R, = . (6.1)
A
. n~ + 2
i

Here xi is the wavelength of the light inside the sample
(i.e., A/1.572 in KBr), and n is the refractive index of
the particle relative to the refractive index of KBr.

If the average number of individual divalent cations mak-

ing up a precipitate particle is Nx’ the Vp is given by

Vp = VN, (6.2)

where VI is the volume associated with each divalent
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cation in the precipitate. From conservation of mass,
N, = ——— (6.3)

where N is the total number density of divalent cations
(i.e., the analytical concentration), and NO is the
solubility of the divalent cation. Combining equations

(6.2) and (6.3) yields

(N - NO)VI

Vp = : (6.4)

Np

Combining equations (6.4) and (6.1) yields

2 2
9n’ (N - N )V Vp 21
R, = } (6.5)
R 4 2
ki n~ + 2

Thus, for N > N, the scattering coefficient will be a
linear function of concentration if VI and VP are inde-
pendent of N.

In fact, the volume of the precipitate particles
probably increases somewhat with concentration. A
precipitation process consists of two stages: the
nucleation of precipitate particles, followed by Ostwald
ripening of those particles. If the nucleation process

is homogeneous, the number of nucleated particles is
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proportional to the concentration of the impurity
(Hughes, 1982). Thus, the number of precipitating
particles is proportional to N, whereas from equation
(6.4) NP must be proportional to (N - No) for VP to be
independent of N. When No is small (i.e., for very
insoluble precipitates), the scattering coefficient is
expected to be more nearly linear with respect to
concentration.

Despite this inherent inaccuracy, the assumption of
constant VP allows an estimation of the average particle
size within a precipitation region. The actual particle
size will be somewhat larger at high concentrations and
somewhat smaller at low concentrations.

N may be referenced to RMB in a similar manner to

that described in chapter V, yielding

9me(N - NV v, n - 1
np = . (6.6)

4 2
ZRMB ki n“ + 2

The constants in equation (6.6) yield

My = 4.594(C - CO)VIVP _— . (6.7)

Here VI and VP must have units of nm3, and C and Co are
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impurity concentrations in p-moles of impurity per mole

16

of KBr (N = C x 1.393 x 107" when N is in cm_3).

B. Results

Three regions of each sample were viewed with the
MB spectrometer. These regions were the top, center,
and bottom relative to the growth axis of the original
crystal. As discussed in chapter II, the dopant con-
centration increases from top to bottom in each crystal.
The dopant concentration at each sample point has been
calculated as described in chapter II. Details of the
heat treatments given the samples is also in chapter II.

Graphs of np versus concentration are shown in
Figures 6.1 through 6.3 for quenched and annealed

2+, Cd2+, and Pb2+ dopants. The

samples containing Ca
numerical data are listed in Appendix IV. The instru-
mental uncertainty in Mp at each sample point was insig-
nificant on the scale of these graphs. The error bars
have been calculated from variations in N occurring
between the three sample points described above. 1In
most cases, this variation is much 1arger‘than can be
accounted for by the small concentration gradient within
the samples, and thus yields a liberal value for the

uncertainty in M- All three sample points have been

included individually for completeness.
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The variation in n, within each sample is very
pronounced (particularly in the annealed samples). This
variation is not instrumental; the two spectral orders
observed in each spectrum yield nearly identical scatter-
ing ratios. This variation must be due to an inhomogen-
eous distribution of scattering centers.

Also demonstrated by these graphs is the markedly
decreased scattering in the quenched samples relative to
the annealed samples. This indicates the formation of
large impurity aggregates upon annealing. The formation
of these aggregates was observed to occur only above a
limiting solubility, CO, which is characteristic for the
specific impurity. For the lead data, the uncertainties
in the scattering ratio are so large that it is impos-
sible to determine a concentration functional dependence
from these data alone. From other scattering measure-
ments to be discussed below, lead also exhibits a
solubility limit for aggregate formation.

The three impurities éhow some distinct differences.
C, for the annealed cadmium doped samples is signifi-
cantly lower than for the lead or calcium doped samples.
Also, the concentration dependence of the scattering in
the cadmium doped samples is very much larger. 1In the
quenched cadmium doped samples, N is reduced, but not to

the level observed in the lead and calcium doped samples.
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As mentioned previously, the annealed lead doped
samples have large variations in Mo within each sample.
The greater variation in the lead samples is probably
due to the longer annealing time given them (see
Figure 2.5). The Ostwald ripening of a precipitate
consists of the growth of larger particles at the
expense of smaller ones. This process increases the
inhomogeneity of the impurity distribution (Jain and
Hughes, 1978).

Additional scattering information was obtained with
the scattering polarization (SP) spectrometer. Since
the SP instrument measures the total scattering from the
samples, no MB peak is available for internal standardi-
zation of the intensity. However, by plotting the
scattering ratio from the MB spectrometer versus the
intensity from the SP spectrometer, a calibration curve
for the SP measurements can be obtained. This plot is
shown in Figure 6.4. The straight line is a linear
least squares fit to the data with statistical weighting
of the points relative to the uncertainty in the Mo
values. The slope and intercept are listed on the
graph; the errors in these quantities are calculated
from statistical variations in the least squares fit.

The SP intensity data and the scattering ratios
calculated from them are listed in Appendix IV. Graphs

of ny versus concentration for cd?* and ppl? doped
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samples are shown in Figures 6.5 and 6.6. For samples
not measured with the SP spectrometer, nr has been
calculated from the MB data. These two sources are
designated as such on the graphs. The data for calcium
doped samples are not shown since there is little
difference between the SP data and that from the MB
spectrometer.

These new plots clearly demonstrate the validity
of the qualitative descriptions of the MB scattering
plots. In particular, the annealed lead doped samples
clearly yield a C, value above which aggregation of the
impurities greatly enhances the scattering.

The plots of the annealed samples and of the
quenched cadmium doped samples have been fitted with
two intersecting straight lines. The intersection point,

CO, was chosen to yield the best fit (minimum squared

deviations). The equations are
N = byC ; for C < C, (6.8)
and Mg = blC + b2(C - CO) ; for C > Co , (6.9)

where bl and b2 are the slopes in the two regions.

When C is less than C,, there appears to be little
aggregation of impurities. From conductivity studies
(Rolfe, 1964) it is expected that the impurities are
associated with a cation vacancy; but aggregation of

these impurity-vacancy pairs into precipitates does not
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seem to occur below Co' Thus from equation (3.25) the
scattering is expected to be linear with respect to
concentration.

When C is greater than Co’ precipitation must occur
to account for the large increase .in the concentration
dependence of the scattering. As discussed in section
A of this chapter, the scattering in the cluster region
is not expected to be exactly linear with respect to
concentration; but the slope, b2, will be useful for
order-of-magnitude estimates of precipitate particle
size and character.

The values of bl’ b2, and CO from the preceding

graphs are listed in Table 6.1. A more detailed

~description of the precipitate particles will be given

in the discussion section.

Plots of the scattering ratio versus concentration
for lead doped samples which have been quenched from
different temperatures are shown in Figure 6.7. The
samples quenched from 200°C more closely resemble the
annealed samples, while those quenched from 350°C more
closely resemble the samples quenched from 550°C. This
indicates that the solubility of lead increases with
temperature, as would be expected.

The wavelength dependence of the SP spectrometer
data is useful for observing the wavelength dependence

of ratios of the four polarization configurations



Table 6.1

Experimental Quantities from Scattering Ratio Versus Concentration Plots.

Dopant Heat Treatment bl(mppm)_1 bz(mppm)_1 Co(mppm) Instrument
calcium Annealed 10£10 160+15 360+30 MB
cadmium Annealed 0 4000+£500 0.720.7 MB
cadmium Annealed 0 4500+400 0.7+0.5 SP & MB
lead Annealed 0.7 £0.7 280+100 >11 MB

lead Annealed 30+6 640+20 86+5 SP & MB
calcium Quenched (550°C) 0.01+0.01 -- -- MB
cadmium Quenched (550°C) 40+15 600+200 >4.9 MB
cadmium Quenched (550°C) 45+20 700+200 6.5+2 | SP & MB
lead Quenched (550°C) 0.04+0.01 -- -- MB

lead Quenched (350°C)  0.03+0.02 2. 26550 MB

lead Quenched (200°C) 0.21+0.08 50+10 50+30 MB

~J
W
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(equations (3.45) through (3.48)). The wavelength
dependence of the absolute intensity could not be

measured accurately. In particular, equations (3.45)

through (3.48) yield

Ryv * Rgg - 2Ryy S99

= . (6.10)

RVV + RHH + ZRHV

This ratio is of interest since Syp is equal to S;4
when the scattering is from spherical particles (equa-

tions (3.32) through (3.34)). Another ratio of

interest 1is

Ry - Rygy Sgp + 519 -
_ . (6.11)
Ryv - Ryy Sy9 = 519

When the scattering is from small particles, 822 is
equal to -S12 (equations (3.28) and (3.29)), and this
ratio will be equal to zero.

These two ratios are shown in Figures 6.8 through
6.10 for two concentrations of each dopant (calcium,
cadmium, and lead). The discussion of these plots will

be left to the next section.
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sity ratios. Two extreme concentrations

of calcium in KBr crystals are shown.
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sity ratios. Two extreme concentrations

of cadmium in KBr crystals are shown.
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C. Discussion
1. Solubilities

The solubilities obtained from the light scattering
measurements (Table 6.1) follow the same general trend
among the dopants as the distribution coefficients given
in Table 2.2. The ionic (crystal) radii of the three
dopants are 0.99A for Ca2+, 0.97A for Cd2+, and 1.20A
for Pb2+; the ionic radius of K is 1.33& (Pauling,
1960). Thus, the relative stability of the solvated
ions is not a function of the ionic radius.

Ikeya (1974) has measured the distribution coeffi-
cient for a number of transition metal ions in KCl and
NaCl. A general trend of decreasing distribution
coefficient with increasing number of d electrons was
observed. The present results are in agreement with

these results for calcium and cadmium in KBr.
2. Particle Size

Using equation (6.7), the volume of a scattering
particle can be calculated only if the volume of an

individual particle component, VI’ and the relative
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refractive index of the particle, n, are known. Two
possible models for the composition of a scattering
particle are discussed below.

Model 1: The precipitate consists of the normal
divalent metal bromide. 1In ‘this case, the index of
refraction and unit cell volume of the divalent metal
bromide can be used in equation (6.7) for n and VI'
The values of these parameters are listed in Table 6.2

for several compounds.

Table 6.2 Index of Refraction and Unit

Cell Volume for Several Materials.

. Compound sziﬁmge%imgi). nI/nKBr(Z)
KB_ 0.0712 1.0
CaBr, 0.084 1.1 9
CdBr, 0.097 1.13
PbBr, 0.091 1.61
CaCl, —-- 1.05¢3)

(1) from Wyckoff (1963).

(2) KBr and PbBr2 values are from A.I.P. Handbook (1963),
and CdBr2 is from Matsumoto et al. (1977).

(3) estimated from measured values of molten CaCl,
(Marcoux, 1971).

(4) estimated from the wvalue for CaClZ,
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Model 2: The precipitate consists of clusters of
impurity-vacancy complexes. In this case, the unknown
quantities on the right-hand side of equation (6.7) can
be obtained from the value of the scattering coefficient,
R, for an individual complex. Values for R/N are listed
in Table 5.3. 1In the derivation of these values
(Arora et al., 1982), the volume of the complex was
assumed to be twice the unit cell volume of KBr. Accord-
ing to the present model, this is also the volume of an
individual complex in a cluster. A rearrangement of the
Rayleigh scattering equation yields

(R/N) xg
(6.12)

<
)
I

n“ + 2 91r2VI

The left-hand side of equation (6.13) is the required
unknown quantity in equation (6.7). The value of the
unit cell volume of KBr is listed in Table 6.2.
The values of Vp calculated from the two models for

the structure of a cluster are listed in Table 6.3.

Also listed in Table 6.3 are values for the radius of
the particles, assuming VP is spherical. Spherical
particles have been tacitly assumed throughout this

discussion.
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Table 6.3 Volumes and Radii of Scattering

Particles for Two Precipitate Models.

Model 1 Model 2
Dopant VP(lO4nm3) aP(nm) VP(lOSnm3) aP(nm)
cal? 9.6 28 4.2 46
cdé*t 130 67 120 140
Pplt 1.3 14 6.2 53

The particle sizes calculated from Model 2 are
larger since the structure is less densely packed. For
particles as large as these, a Model 2 structure would
certainly collapse to the Model 1 case. However, the
Model 2 structure allows for the possible inclusion of
K+ ions in the structure, with a volume increase propor-
tional to the K+ mole fraction. Separate phases of this
type with a 6:1 ratio of cd?* to Na' in NaCl were first
identified as a separate phase by Suzuki (1960). Since
that time, Suzuki phases have been identified for Mn?*
in NaCl (Kirk et al., 1975) and Pb2+ in KC1 (Bertoldi
et al., 1980). Although no Suzuki phases have been

reported for the present constituents, their formation

is a definite possibility.
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The barticle sizes calculated by either model are
large enough to be approaching the upper limit of wvalid-
ity for dipolar (Rayleigh) scattering. The Rayleigh
scattering theory is valid for particles with radii
less than approximately 0.05A. 1In Figures 6.8 through
6.10, the intensity ratio (S22 + 812) / (822 - 812)
gives a measure of the deviation from the Rayleigh
limit.

The spectra of the calcium doped samples show only
a marginal deviation from zero, indicating that the
calcium particle size is within or near the Rayleigh
limit.

The spectrum of KBr containing 9.5 mppm cadmium
shows a deviation from zero at shorter wavelengths.

This is to be expected, considering the large particle
size estimated by both clustering models. The spectrum
of KBr containing 4.6 mppm cadmium does not show any
deviation from zero, indicating that the presumption of
constant particle size at concentrations greater than
CO is not strictly wvalid.

Since the criterion for the Rayleigh limit is based
on particle size relative to the wavelength of the
incident light, the intensity ratio is expected to
increase at shorter wavelengths. This was observed in
the calcium- and cadmium-containing samples. In the

KBr +58 mppm lead spectrum, the lack of any significant



84
wavelength dependence in the intensity ratio is an
indication of a particle-shape effect. The slightly
negative intensity ratio for the more concentrated lead
sample is further evidence of an anisotropic particle

shape.
3. Particle Shape

The intensity ratio SZZ/Sll in Figures 6.8 through
6.10 gives a measure of the shape anisotropy of the
scattering particles. SZZ/Sll is equal to one (1) for
spherical particles.

The calcium and cadmium doped samples show some
deviation from sphericity; but because of the
sensitivity of this ratio to even moderate shape
changes, the particles are probably roughly spherical.
Asano and Sato (1980) calculated theoretical deviations
of roughly this magnitude for spheroids with axis ratios
as small as 2.

The lead doped samples demonstrate extreme devia-
tions from a spherical shape. It is possible that lead
tends to preferentially precipitate along dislocation
lines. This explanation was proposed by Plint and
Sibley (1965) to explain a similar anisotropy for lead

in sodium chloride.



85

VII. ABSORPTION SPECTRA

A. Historical Perspective

The electronic absorption spectra of impurity ions
in alkali halide crystals have been extensively studied
for many years. A complete literature review will not
be attempted here, and the reader is referred to reviews
by Jain (1971), Radhakrishna and Chowdari (1977), and
numerous other reviews and books on the subject. The
major issues will be discussed below, followed by a dis-
cussion of some specific investigations relevant to the
current study.

The absorption bands of well-dispersed impurities
have generally been well characterized for most of the
common impurities in KBr and other alkali halides. The
effects of thermal treatment and high-energy irradiation
on impurity centers has also been extensively studied;
however, the definitive reconciliation of absorption
bands with specific structural centers has often proved
an elusive goal.

Thermal treatment, particularly annealing at moder-
ate temperatures generally leads to aggregate impurity
centers. This is associated with a broadening of the
impurity bands. The aggregate bands are generally broad

and weak, making their discrimination from unknown
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sources difficult; many inconsistencies exist among
investigators.

Irradiation of alkali-halides with X-rays leads to
the formation of trapped electron and trapped hole-type
centers. The trapped electron centers include the
F-center and its associated decay products. The trapped-
hole centers include the V centers in pure cyrstals and
the D centers in crystals doped with divalent catioms.

2 configuration ions

The absorption spectrum of s
(Tl+, Sn2+, Pb2+, etc.) in alkali halides generally con-
sists of four bands designated by A, B, C, and D
(Fowler, 1968). The A-band is attributed to the spin-
orbit allowed lSO - 3Pl transition. The B~band is
attributed to a vibration-assisted lSO - 3P2 transition.
The C-band is attributed to the dipole-allowed lSO - lPl
transition; and the D-band is a perturbed exciton band.
Fukuda (1964) has observed an additional D ’'-band in Pb2*
doped KCl1 and NaCl. By observing the temperature depen-
dence of the peak areas and widths in lead doped KBr,
Chaney et al. (1974) have definitively matched these
transitions to the observed absorption banas. The A-band
is expected to be split into a doublet by the Jahn-Teller
effect. Tsuboi et al. (1975) have shown that the split-

ting constant for lead in KBr is very small, hence this

expected splitting is not observed.
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Jain and Radhakrishna (1968) have observed the
absorption spectrum of KBr containing ca?”. They found
room-temperature absorptions at 280 nm, 215 nm, and
202 nm. However, no baékground subtraction has been
indicated in this study; and it seems likely that their
202 nm peak is actually the Uhrbach tail of the exciton
absorption in KBr.

The V-centers in alkali halides have traditionally
been produced in three ways: by additive coloration
using Br2 vapor, by X- or y-irradiation, or by electro-
lytic injection. All three methods produce a complex
set of bands from 300 nm to 200 nm with differing
thermal stabilities. 1Ishii and Rolfe (1965) studied
the bands produced by all three methods in pure KBr and

a2+, and Sr2+. From an anal-

in KBr doped with Ca2+, B
ysis of the dichroism associated with the various
absorptions, they determined that the centers produced

by these three methods of coloration were different in
the pure crystals, but were similar in the alkaline-earth
doped crystals. 1Ishii and Rolfe (1965) identified the
trapped-hole centers in the alkaline-earth doped KBr as

D centers, with room-temperature absorption bands between
260 nm and 290 nm. The center proposed by Ishii and

Rolfe (1965) for the D-center was a Br3 ion surrounded

by three divalent cations and three cation vacancies.
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Jain et al. (1969) investigated the effects of
X-irradiation on Pb%? doped KBr. They found that the
irradiation decreased and broadened the characteristic

ppet

absorptions and that the presence of the lead
inhibited the formation of F-centers. Jain et al.
(1969) attributed these results to the capture of elec-
trons by Pb2+ cations.

It is clear from these studies (and others) that
V-centers are trapped-hole centers consisting of some
type of bromine aggregate. Further, the presence of
divalent cations can modify the observed V-bands, most
likely by association of the divalent cation with the
bromine aggregate. Finally, the trapped-hole centers-

are very sensitive to thermal treatment and can be

bleached by annealing at temperatures above 400°C.

B. Experimental

The instrument used to measure the absorption was
a Perkin Elmer model 450 spectrophotometer. A sample
cell constructed by W. J. Fredericks allowed spectra
to be observed at temperatures from -196°C to 150°C.
The cell consisted of a liquid dewar with a copper
thermal contact to an evacuated sample compartment. The
sample was held in contact with the copper by another
copper plate and four brass screws. A copper-constantan

thermocouple was soldered to the copper near the sample.
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Temperatures below room temperature were attained by
using various cooling mixtures in the dewar (e.g.,
liquid N2, ice-water, etc.). Temperatures above room
temperature were attained with oil in the dewar, warmed
by an immersion heater.

A Hanovia quartz mercury lamp was used to perform
optical treatments on the samples. Additional optical
treatments were performed with a xenon arc lamp.

The spectral data were entered into a PDP 11/23
microcomputer to allow background subtraction and peak
deconvolution. The background consists of reflection
and scattering losses from the crystal surfaces.

For perpendicular incidence, the reflection of light
is given by

n -1

P = _;—;—I_ , (7.1)

where p. is the fraction of the light reflected. The

transmittance through a sample, Tr is then

- 2
n -1 2
T = 1 - _ , (7.2)

L n+ 1

where reflection from both surfaces has been included.
The wavelength dependence of the refractive index is
given by the Sellmeier formula (Lowndes and Martin,

1969)
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€E_ - € e -1
2 lo) oo oo
-1-= + (7.3)
A\ 2 A\ 2
1 - o 1 - =
) A

where €  and €_ are the static and high-frequency
dielectric constants of the material, and ko and Ae

are the characteristic absorption wavelengths associated
with lattice vibration and electronic excitation,
respectively. The second term in equation (7.3) is more
accurately a sum of the many electronic excitations in

a solid; however, Lowndes and Martin (1969) have fit
experimental refractive indices in the alkali halides

to better than 0.02% using the single term given in
equation (7.3). The values obtained by Lowndes and
Martin (1969) for Ro, Re, €, and €_ in KBr were

87700 nm, 134.6 nm, 4.90, and 2.358, respectively.

The background corrections were performed on the
spectra in this investigation in the following manner.
The reflection loss was calculated at a wavelength
removed from any dopant absorptions, using equations
(7.2) and (7.3). The excess experimental transmission
loss at this wavelength was then used as a scattering
correction factor. The background correction was then
extended through the dopant absorption region using

this constant scattering factor and the wavelength-
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dependent reflection loss calculated from equation (7.2)
and (7.3). The scattering loss was generally only about
20% of the total background, so the assumption of wave-
length independence for this term did not lead to a
large error. In any case, most of the scattering is
from macroscopic surface imperfections and is not
expected to be very dependent on wavelength.

It should be mentioned that the term ''transmission
loss'" has been used in the above discussion so as not to
imply an energy absorption by the sample. However, it
is only the absorbance, log T, which can be treated as

an additive quantity.

C. Oscillator Strength

In a classical theory of impurity absorption in
solids, an oscillator strength, f, may be defined for
an electronic absorption (Dexter, 1958)

n

NE = 8.7 x 101° o b€ (7.4)
m? + 2)2

where N is the number density of the absorbing species,

o, 1is the absorption coefficient at the band maximum in

Cm-l, and A€ is the band width in eV at one-half the

maximum absorbance. Equation (7.4) assumes a Gaussian
band shape rather than the Lorentzian shape assumed in

the original derivation of Smakula (1930).
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Classically, an oscillator strength is simply the
number of electrons which are responsible for a given
absorption band. Quantum mechanically, the single
absorption predicted by a classical oscillator is split
into a number of bands corresponding to transitions to
discrete electronic states (Smith and Dexter, 1972).
For a single electron in a given state, the sum of the
oscillator strengths for all transitions from that state
is called the f-sum. Ignoring electronic interactions,
the f-sum would be equal to one. But, the Pauli exclu-
sion principle eliminates some classically allowed
transitions; and the f-sum will, in general, deviate
from its classical limit (Smith and Dexter, 1972).

. The oscillator strength is still a useful number
for the comparison of band strengths. If the valence
electronic state in an impurity atom is well separated
from any filled electronic state, the f-sum will still

be close to one (Smith and Dexter, 1972).
D. Results

Room temperature spectra of as-grown samples of
pure KBr, KBr doped with Pb2+, and KBr doped with ca?*
are shown in Figures 7.1 through 7.3. The pure KBr
spectrum is shown with and without background correction

to demonstrate the accuracy of the correction procedure.

The band edge for electronic absorption by the KBr host
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occurs at about 200 nm (6.2 éV) in these and following
spectra.

The band assignments for the spectrum of ppe? doped
KBr are given in Table 7.1. These assignments are based
-on the work by Chaney et al. (1973).  Here the peak posi-
tions have been determined by deconvolution of the spec-
trum into Gaussian absorptions. ~The C-band was fitted
with a single Gaussian, rather than the triplet used by
Chaney et al. (1973); the marginally better fit attained
using a triplet was not warranted by the data. The
deconvoluted spectrum is shown in Figure 7.4.

The cadmium absorptions observed by Jain and
Radhakrishna (1968) were also observed in this study,
with the exception of their 202 nm peak. These peak

positions are also given in Table 7.1.

Table 7.1 Absorption Peaks Observed in pb2*
and cd?* Doped Samples at Room

Temperature.
Pb2+ Doped KBr Cd2+ Doped KBr
Band Max (eV) Designation® Band Max (eV)
4.15 + .05 A-Band 5.0+ 0.1
5.1 + 0.1 B-Band 5.8 + 0.1
5.52 + .07 C-Band
5.79 + .05 D ’'-Band

ot

“Designations are from Chaney et al. (1973).
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Table 7.2 A-, B-, and C-band Parameters at Various Pb2+ Concentrations.
Conc. A-Band B-Band C-Band
(1016 cm™3 am(cm-l) AE (eV) am(cm—l) A€ (eV) am(cmnl) AE (eV)
22.1 26.6 0.151 - -—-- - -——--
21.2 25.6 0.150 - - m—— -——-
16.3 19.1 0.152 2.5 0.36 44 .6 0.43
11.9 14.6 0.148 0.77 0.64 33.5 0.49
6.9 8. 0.146 1.4 0.49 19.6 0.42
6.4 8.0 0.148 1.1 0.31 18.4 0.42
2.6 1.8 0.147 0.42 0.37 4.0 0.38

86
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The Ca2+

doped samples showed no observable absorp-
tions in the visible or untraviolet regions of the
spectrum.

Oscillator strengths for the A-, B-, and C-bands
in the lead doped samples were determined using a number
of as-grown samples with varying Pb%*concentrations.
Values of o Aé, and N for these samples are listed in
Table 7.2. Plots of (am X A€) versus N are shown in
Figure 7.5 for the three bands. Using the slope of
these plots and equation (7.4), values for the oscilla-
tor strengths were determined. The value of the
refraétive index in equation (7.4) was determined using
equation (7.3) and the wavelength of the band maximum.

The oscillator strengths and refractive indices for each

band are listed in Table 7.3.

Table 7.3 Oscillator Strengths for the A-,
B-, and C-bands in Pb2+ Doped KBr.

Band n (at band max.) f
A 1.644 0.12 = .01
B 1.720 0.04 = .01
C 1.766 0.77 =+ .02
f-sum 0.93 + .05

No oscillator strength values for these absorptions

were found in the literature. Sibley et al. (1964)
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calculated a value of 0.11 for the oscillator strength
of the A-band absorption in KC1.

Irradiation of the PbZ' doped samples with ultra-
violet light from the quartz mercury lamp created a new
band at about 4.5 eV, and the characteristic Pb2+
absorption bands were reduced in intensity. These
effects are demonstrated by the spectra shown in
Figure 7.6. This new band will be designated the D_-
band. The D -band could be bleached by warming the
sample to about 400°C for 15 minutes. A number of
experiments were performed to determine the thermal and
optical requirements for producing the DX-band, and to
estimate the activation energy for the thermal bleaching
process. The results of these experiments are given in
Table 7.4.

Irradiation of the Ca2+

doped samples produced two
very weak and very broad absorptions at about 2 eV and
about 4.8 eV.

Irradiation of the Cd’’ doped samples produced a

very weak and broad absorption at about 4.8 eV, and the

characteristic Cd2+ absorptions were slightly reduced.
E. Discussion

The oscillator strengths of the A-, B-, and C-bands

in the PbZ* doped samples yield an f-sum of 0.93.
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Table 7.4 Summary of Experiment on the
Production and Thermal Bleaching
of the Dx-band in Pb2+ Doped KBr.

A. Temperature Dependence of D -band Production

103

Irradiation Temp. Result

23°C , DX—band easily produced with
10-15 min. of irradiation

-77°C D, -band produced but at a
marginally reduced rate

-296°C No D_-band produced even at

long irradiation times.

B. Irradiation Wavelength Dependence of DX-band

Production
Transmitted wavelengths Result
through optical filter
>350 nm . No Dx-band produced
>210 nm No DX-band produced
C. Thermal Bleaching of D -band*
Temperature Result
23°C Slow bleaching measurable over
days
100°C Moderately fast bleaching

measurable over hours

150°C Fairly rapid bleaching

measurable over minutes

ol

"The activation energy for the bleaching process was
estimated to be ~0.6 + 0.3 eV from these results.
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Despite the theoretical limitations of an f-sum, the
fact that the f-sum for these absorptions is near one
lends evidence for the correctness of the band designa-
tions given by Chaney et al. (1973). All three absorp-
tions are presumed to occur due to transitions from the
same lSO ground electronic state. Since the f-sum for
these transitions is nearly one, they form a nearly
complete set of possible transitions as predicted.

The converse of the above argument lends evidence
that there is not a great deal of electron-electron

1 2+ electrons and the KBr

interaction between the SO Pb
host electrons. Since the oscillator-strength sum is
nearly one, the electronic excited states must be well
separated from the filled host electronic levels. Of
course, electron-electron interaction effects can produce
""canceling' positive and negative corrections to the
f-sum, so this conclusion is not definitive.

The effects of ultraviolet irradiation on the KBr
samples in this study are consistent with a low-effi-
ciency coloration process yielding trapped-hole and
trapped-electron centers. Smakula (1930) observed the
formation of F-centers in KBr upon similar irradiation
with a mercury lamp. The ultraviolet coloration process
has been studied more reéently by Etzel (1955), Parker
(1961), and Rolfe (1959).

From Table 7.4 (B), the D band is produced by
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irradiation at wavelengths less than 210 nm; this is con-
sistent with Smakula's (1930) findings for F-center
production. Rolfe (1959) showed that F-centers could
not be produced in very pure cyrstals by ultraviolet
irradiation; this was also found to be true in -the
present investigation.

The Dx band produced in the Pb2+ doped samples is
then presumably a trapped-hole center similar to the
D centers observed by Ishii and Rolfe (1965) in alkaline-
earth doped KBr; the weak bands at 2 eV and 4.8 eV

observed in irradiated Ca2+

doped samples are typical

F and D2 absorptions; and the 4.8 eV band observed in

irradiated cd?? doped samples is a trapped-hole center
similar to the Dx band, .

These presumptions are consistent with generally
accepted properties of the coloration process: alkaline-=
earth dopants enhance F-center production, while cadmium
and lead dopants retard F-center production but enhance
the production of trapped holes.

Since no F band is produced in Pb2t and cd?t doped
samples, the question arises as to where the electron
goes in forming the trapped-hole centers. The D band
is formed in the PbZ* doped samples, even at moderately
reduced temperatures (-77°C). This precludes any ionic

motion to form complex centers. Further, since the

characteristic Pb2? (and Cd2+) absorptions are reduced



S

upon irradiation, the missing electron quite possibly
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reduces the divalent cations to a +1 state. The higher
2nd ionization potential for lead and cadmium, compared
to calcium, then also explains the differing effects of
these dopants on the coloration process.

Lidiard (1956) has calculated the energy required

2+ in KC1 from lattice and

for reduction of Cd?" and Ca
ionization energies, yielding 5.9 eV for cd?* and
10.8 eV for Ca?*. Assuming similar values for these
values in KBr, the energy of the irradiation would be
sufficient to reduce the Cd?” but not to reduce the
ca?*. a similar energy would be expected for the

, + . . .
reduction of sz since lead and cadmium have similar

2nd ionization potentials.
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VIII. CONCLUSION

The investigation of the properties of alkali
halide crystals is such a mature field that a single
study cannot hope to answer every question. However,
some salient points have been brought out in this
thesis.

The distribution coefficients estimated here for

Ca2+, Cd2+

, and Pb2+ in KBr have not been previously
reported. The surprising lack of this information in
the literature warrants more precise future determina-
tions. As mentioned previously, the values reported in
this thesis can only be considered as lower limits.

In the best pure crystals studied here, the
extrinsic scattering was only of equal magnitude to the
intrinsic thermal MB scattering. Further, a sizable
amount of the extrinsic scattering can be attributed to
inherent thermal vacancies. Thus, the current best
crystals are approaching the limit for scattering
losses. In some of the pure crystals, the extrinsic
scattering was fairly large; the thermal history of the
crystal seems to be an important factor in these cases.

The scattering measurements on doped samples
clearly showed the marked precipitation of dopants which

occurs from a slow annealing process. Solubilities for
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Ca2+, Cd2+, and Pb2* were determined for a temperature
near room temperature. As pointed out by Chapman and
Lilley (1973), solubilities of divalent cations in
alkali halides are a combination of a free ion solubil-
ity, a divalent cation-vacancy pair solubility, and
other higher-order complex solubilities. Thus, many
of the reported enthalpies and entropies of solution
are only valid over narrow temperature ranges. An
investigation of solubility over a wide temperature
range using light-scattering techniques would be a
useful addition to the literature.

The very small cadmium solubility determined in
this study is difficult to explain; cd?* is in most

2% Ikeya (1974) showed that the

respects similar to Ca
distribution coefficient for transition metal ions in
KCl is an inverse function of the number of d electrons.
Ikeya attributed this to the greater stability of the
higher-d metal halides. A similar explanation for the
low Cd2+ solubility in KBr seems plausible.

The coloration of the crystals using ultraviolet
light closely resembled the effects caused by higher-
energy X- and v-ray irradiations performed by numerous
investigators. The use of this low-yield technique for

defect production is useful in that small defect concen-

trations can be produced with most of the pre-irradiation
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dopant-defect structures intact.
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APPENDIX I

CADMIUM DOPED CRTSTALS

CRYSTAL NUMBER 316-81

POSITION
{em)

1,30
2.90
4,40
5.00
5.90
6.50
7,40
8.40

CONCEN.
{mppm)

1,00
1.19
2,39
1.67
2,28
3.18
5.00
5.90

CRYSTAL NUMBER 365-81

POSITION
{cm)

0.80
2.10
S5.40
6.10
7.00

CONCEN,
{mppm)

0.79
0.88
2,01
3.16
744
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CALCIUM DOPED CRYSTALS

CRYSTAL NUMBER 34-82

POSITION CONCEN.,
{cm) (mppm)
0.20 223,
0.80 243,
0.85 285,
1,00 2302,
1.90 395,
2,55 356.
4,00 543,
4,70 647,

CRYSTAL NUMBER 37-382

POSITION CONCEN.
(¢m) {mppm)
0.60 135,
1.90 ‘ 160,
2.10 157,

3.40 193,
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LEAD DOPED CRYSTALS

CRYSTAL NUMBER 228-81

POSITION CONCEN.,
(cm) (mppm)
0.20 95,
0.85 102,
1.20 109,
2,50 123,
2.70 122,
3.35 140,
5.70 249.
6.35 268,

+ 25 385.

CRYSTAL NUMBER 127-82

POSITION CONCEN.
{cm) {mppm)
0.40 52,
1,90 65,
2+.10 7l
3.50 84,
3.70 77
5.20 105,
S5.40 110,

£.85 146,
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CADMIUM DOPED CRYSTALS

CRYSTAL NUMBER 116-82

POSITION CONCEN.,
(cm) {mppm)
1.05 2.77
2.35 3.38
2.65 - 3.62
3,995 4,35
4,295 4,72
5.59 6.63
5.85 7.+53
7.10 20.10

CRYSTAL NUMBER 123-82

POSITION CONCEN,

(cm) (mppm)

1.00 5.39

2.30 6.12

2:30 5.97

3.70 7,63

5.20 10,90

! 5.40 11,50
| 6.70 17,50

7.00 19.70
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APPENDIX II

The FSR of the MB instrument was measured from a
spectrum of the high ;esolution atomic line structure of
a mercury lampl The.observed peak positions-are listed
in the Table below in units of channel numbers. The
channel shifts are given in column two relative to the
peaks at 76, 451, and 821 channels. The wavelength
shift, AN, corresponding to these channel shifts is
given in columns three and four from two literature
sources.

Plots of AN versus channel shift for both sets of
literature values are shown in Figure AII.1. The slope

of these plots yields

(A.I.P.): 1.31 x 1073 + 0.01 x 1073 A/channel
. (ATI.1)

(Rank et al.): 1.32 x lO—3 + 0.01 x lO—3 A/channel.
(AIT.2)

The FSR, in channels, was obtained by averaging
the shift for one spectral order of each peak. The

average value was

FSR = 371.9 + 2.2 channels (AII.3)



Table AII.1 Spectral Lines of Mercury Lamp.

120

Peak (channels) A channels AK(A)(I) AK(A)(Z)
76 0 0 0
145 69 0.09393 0.09497
193 117 0.1521 0.1537
217 141 0.1849 0.1863
323 247 0.3184 0.3209
417 0 0 0
451 34 0.0457 0.0441
519 102 0.1396 0.1391
565 148 0.1978 0.1978
591 174 0.2306 0.2304
692 275 0.3641 0.3605
788 0 0 0
821 33 0.0457 0.0441
889 101 0.1396 0.1391

(1A 1.P. Handbook (1963).

(Z)Rank et al. (1960).
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Using the average of equations (AII.1l) and (AIIL.2) and

combining with equation (AII.3) yields
FSR = 0.488 = 0.004A @ 5461A (AI1.4)

The FSR of an interferometer changes with the
wavelength of the incident radiation according to

(Fabelinski and Chistyi, 1976)

FSR, = FSR, S _ (AII.5)

2 1 A

1

\

|

|

|

o\
\

|

\

Thus from equations (AII.4) and (AII.5), the FSR at

4880A 1is

FSR = 0.390 + 0.004A @ 4880A ) (AII.6)
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APPENDIX I1I

Crystal A)\L(X) A)\TZ(A)
408 0.111 = 0.001
413 0.111 = 0.001
451 0.111 + 0.001 _
751 0.111 = 0.001 0.0491 + 0.0005
834 0.111 + 0.001 0.0500 = 0.0005
751 0.111 = 0.001

232-79 0.111 = 0.001

235-79 0.111 + 0.001




APPENDIX IV

ANNEALED CALCIUM DOPED SAMPLES

Scattering data from MB spectrometer

Conc. (mppm)

579.0
543.0
514.,0
416.0
395.0
374.,0
312.0
300.0
288.0
255.0
249.0
243.0

Scat Ratio

0.336E+05
0.360E+05
0.291E+05
0.131E+05
0.860E+04
0.580E+04
0.,245E+04
0,260E+04
0.410E+04
0.,420E+04
0.180E+04
0.170E+04

Error in S.R.

0.400E+04
0.400E+04
0.400E+04
0.370E+04
00370E+04
0.370E+04
0.900E+03
0.900E+03
0.900E+03
0.140E+04
0.140E+04
0.,140E+04

QUENCHED CALCIUM DOPED SAMPLES

QUENCHING TEMPERATURE = 330C

Scattering data from MB spectrometer

Conc. (mppm)

255.0
249.0
243.0
312.0
300.0
288.0
416.0
3985.0
374.0
579.0
543.0
514.0

Scat Ratio

0,350E+01!
0.280E+01
0.270E+01
0.490E+01
0.580E+01
0.490E+01
0.460E+01
0.360E+01
0,200E+02
00119E+02
0.470E+01
0.330E+01

Error

0.6800E+00
0.600E+00
0.600E+00
0.,700E+00
0,700E+00
0.,700E+00
0.800E+0!
0.,800E+01
0.800E+0!
0.,400E+01
0,400E+0!
0.400E+01

in SR,
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ANNEALED CADMIUM DOPED SAMPLES

Scattering data from MB spectrometer

Conc. {mppm) Scat Ratio Error in S.RE.
0.8 0.1S8E+03 0.210E+02
0.8 0.,118E+03 0.210E+02
0.8 0.128E+03 0.210E+02
1.2 0.811E+03 00145E+03
1.2 0.964E+03 0.145E+03
1.2 00110E+O4 00145E+03
1.5 0.350E+04 09400E+03
1.4 00320E+04 00400E+03
1.3 0.390E+04 0.400E+03
2.5 0.670E+04 0.800E+03
2,3 0.610E+04 0.800E+083
2.1 0.520E+04 0.800E+03
5.0 0.117E+05 0.130E+04
4,6 0.109E+05 0.130E+04
4,2 0.920E+04 0.130E+0<
2.5 0.,174E+05 0.410E+04
3.0 0.136E+05 0.410E+04
246 0.920E+04 00410E+04

14,9 0.480E+05 0.100E+05
14,4 0.520E+05 0.100E+05
13.9 0.670E+05 00100E+05



QUENCHING TEMPERATURE = 350C

Scattering data from MB spectrometer

Conc. (mppm)

— . ’
WELENWOLDELEUNNN=-—— == —-00O0

e ® ® ® ® * * ® ® ® e ® e * + = s T s -

WEAOUNOCUNTNO—~WUWEANNNIDDD

Scat Ratio

0,380E+01
0.270E+01
0,860E+01
0.310E+01
0.370E+01
0.5S80E+01
0.,123E+02
0.910E+01
0.183E+02
0.806E+02
0.165E+02
0.,916E+02
0,341E+03
0,732E+02
0.200E+03
0.,369E+03
0.134E+03
0.113E4+03
0.770E+04
0.,450E+04
0.S80E+04

QUENCHED CADMIUM DOPED SAMPLES

Error in S5.R.,

0.300E+01
0.300E+01
0.300E+01
0.140E+01
0.140E+01
0.,140E+01
0.,470E+01
0.470E+01
0.470E+01
0.410E+02
0.410E+02
0.,410E+02

0,131E+03

0.,131E+03
0.131E+03
0.,142E+03
0.142E+03
0.,14ZE+03
0.!160E+04
0.160E+04
0.160E+04
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ANNEALED LEAD DOPED SAMPLES

Scattering data from ME spectrometer

Conc. (mpom) Scat Ratio Error in S.R.
0.3 0.,110E+01 0.300E+00Q
1.1 0.,300E+01 0.100E+01
507 00250E+01 00100E+01

14,0 0.360E+01 0.700E+0Q00
15:90 0,900E+01 0.300E+01
118.0 0.,215E+05 0.,170E+05
115.0 0.,240E+05 0,170E+05
112.0 0.,520E+05 0.170E+05
143.,0 0.,480E+05 0.,230E+405
137.0 0.1680E+05 0,230E+05
106 00470E+01 00600E+00

QUENCHED LEAD

QUENCHING TEMPERATURE = 35350C

Scattering data from MB spectrometer

Conc. (mppm) Scat Ratio Error in S.R.
003 D.820E+01 00200E+01
S.7 0.,360E+01 00140E+01
1.1 0.,800E+01 0.210E+01

15,0 0.900E+01 0.,21i0E+01
14,0 0.,910E+01 0.,410E+01
118.0 0.,155E+02 0.600E+01
115.0 0.540E+01 0.800E+01
112.0 00520E+01 00600E+01
143.0 0.,630E+01 0.600E+00
132,90 0.540E+01 0.,500E+00
310.0 00285E+02 00860E+01
287.0 0.138E+02 0.860E+0!
265. 0 0.135E+02 00860E+01
1.8 0,112E+0Z 0.E00E+0!

DOPED SAMPLES



QUENCHED

LEAD DOPED SAMPLES

QUENCHING TEMPERATURE = 3350C

Scattering data from MB spectrometer

Conc. {(mppm)

.- * * e v e -
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118,0
112,0
143,0
132,0
310.0
265.0

1.6

1,4

Scat Ratio

0.,180E+01
0.,290E+01
0,120E+01
0.140E+01
0.650E+01
0.,550E+01
0,290E+0!
0,260E+01
0,520E+01
0.440E+01
0.,420E+01
0,290E+01
0.310E+01
0.350E+01
0,103E+03
0.,730E+01
0,110E+02
0.820E+01

Error in S.R.

0.800E+00
0,800E+00
0.200E+00
0.200E+00
0.700E+00
0,700E+00
0.,200E+00
0,200E+00
0.,600E+00
0.600E+00
0,900E+00
0.900E+00
0,300E+00
0,300E+00
0.680E+02
0.680E+02
0,200E+01
0.200E+01
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QUENCHED LEAD

QUENCHING TEMPERATURE = 200C

Scattering data from MB spectrometer

Conc, {mppm)

—
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e v e e e w e -
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o

13,0
118.0
112.0
143.0
132.0
310.0
265.0
1.6
1.4

Scat Ratio

0.200E+01
0.210E+01

0.700E+00 -

0.100E+01
0.240E+01
0.190E+01
0.310E+01
0.340E+01
0.290E+01
0.270E+01
0.290E+04
0,270E+04
0,310E+04
0.,540E+04
0.,134E+03
0.770E+04
0.270E+01
0.,350E+01

DOPED SAMFLES

Error in S.R.

0.100E+00
0.,100E+00
0,200E+00
0.200E+00
0.400E+00
0.400E+00
0.,200E+00
0.200E+00
0.,100E+00
0.100E+00
0.,100E+03
0.100E+03
0.,150E+04
0.160E+04
0.400E+04
0.400E+04
0.600E+00
0.600E+00
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ANNEALED LEAD DOPED SAMPLES

Scattering data from SP spectrometer

Conc.: (mppm) Scat Ratio Error in S.R.
287.0 0.130E+06 0.,150E+05
140.0 0.410E+0S 00500E+04
115.0 0.130E+05 0,230E+04

30,0 0.430E+04 0.100E+04
58.0 0.,200E+04 0.,100E+04

ANNEALED CADMIUM DOPED SAMPLES

Scattering data from SP spectrometer

Conc. (mppm) Scat Ratio Error in 5.F,
905 004BOE+OS 00600E+04
73 0.320E+05 0.400E+04

QUENCHED CADMIUM DOPED SAMPLES

QUENCHING TEMPERATURE = 530C

Scattering data from SP spectrometer
Conc, (mppm) Scat Ratio Error in S5.R.

7.3 0.130E+04 0.100E+04
9.5 0.170E+04 0.100E+04

130



