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ABSTRACT.

The ionic conductivity and Cst self-diffusion
have been measured in "pure", melt-grown and solution-
grown single crystals of CsI over the temperature range
150-60000. Conductivity measurements have been made on
aliovalent cation and anion doped single crystals, both
melt-grown and solution-grown. The Cs’ self-diffusion
has also been measured in aliovalent cation doped crystals.
The Cs' self-diffusion in both solution and melt-grown
"pure™ CsI crystals showed one diffusion region extending
over the temperature range 250-50000. This diffusion can

be represented bys; -

D = 2.25x10° exp. (-1.74eV/KT).
(cm2sec-l)
and this has been interpreted as due to movement of the
Cs' ion via intrinsic defects.

Conductivity studies on ™pure" crystals showed two
temperature ranges. A low temperature region ( £ 30000)
was not reproducible and depended on the history of the
specimen studied. Above 30000 the conductivity was
reproducible and was associated with an intrinsic property

of the crystal and this conductivity may be represented by

o = 8.48x10%

(ohm—lcm-l)

exp. (~1.37eV/kT) for melt-grown crystals

and O = 6.04:104

(ohm’lcm'l) crystals.

exp. (-1.379V/kT) for solution-grown



A comparison of the intrinsic conductivity and
total diffusion using the Nernst-Einstein relationship
was made and the results indicated that the conductivity
was ionic with Schottky defects predominating.

Conductivity measurements on aliovalent cation
impurity-doped crystals over the temperature range 150—60000
showed essentially the same features as "pure" crystals.
There was no appreciable variation in the low temperature
range with impurity content and the high temperature range
was the same as in "pure" crystals. The impurity seemed
to be relatively insoluble in the Cgl lattice.

High temperature annealing under vacuum produced an
increace in conductivity in "pure" crystals both in the
intrinsic and low temperature regions. This increase in
the intrinsic range did not seem to be due to a change
in the defect nature of the crystal since there was no
apparent change in activation energy. The change in the
magnitude of O is believed to be due to a surface area
change brought about by the annealing under vacuum.

Vacuum annealing produced marked changes in the ionic
conductivity of aliovalent cation doped crystals. The low
temperature conductivity was increased and in some cases
was prefaced by a region of very low activation energy.
Thie range is interpreted in terms of contributions from
ionic and electronic conductivity. A sharp change in the
slope of the conductivity/reciprocal temperature curve
occurred above the low temperature range and a region of
conductivity which was reproducible from sample to sample
was observed. This range which had a higher magnitude of
conductivity than the intrinsic range is interpreted in
terms of cation impurity dissolution in the crystal lattice,
the "average™ enthalpy of solution being 1l.3420.22V.



Immediately following the ™solubility" range
the conductivity/reciprocal temperature curve shows a
decrease in activation energy and in this region the
conductivity was impurity dependent. This region is
believed to be associated with the movement of free cation
vacancies created by the dissolved aliovalent impurity.

On this assumption U+, the activation energy for mobility
of a cation vacancy is approximately 0.90eV. Diffusion
regions corresponding to “solubility™ and impurity
vacancy movement have been observed in Cs’ self-diffusion
in aliovalent cation-doped melt-grown crystals.

If Schottky defects predominate in this system then
from the value of U+ and the Cs' diffusion activation
energy the heat of formation W has been estimated at
1.70eV and this is compared with theoretical estimates.

Conductivity measurements have also been made on
divalent anion doped Csl crystals between 150—600°C
and the results indicated the apparent insolubility of
this impurity even after quenching from high temperatures
to liquid N2

annealing. Possible reasons for the relatively easier

temperature, or after high temperature

solubility of aliovalent cations over anions have been

given in terms of polarisation effects.
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CHAPTER 1.
INTRODUCTION.




1.1 GENERAL INTRODUCTION.
The most stable state of a crystal at the absolute

zero of temperature is one in which there is complete
order. At temperatures above the absolute zero the crystal
structure still approaches closely a regular lattice, but
deviations from this complete order are possible. It is
the presence of these defects i.e. disorder, and their ability
to migrate which accounts for many of the physical and
chemical properties of solids.
Defects in pure crystalse can be considered to be of

three main types:

1. Thermal vibrationms.

2. Point or lattice defects.

3. Surface and line defects.
The most fundamental defect is associated with the
quantum excitation of vibrational modes within a real crystal.
The forces holding atoms in position in a crystal are not
strong enough to produce a rigid lattices the thermal energy
of the atoms is sufficient to cause them to be displaced from
equilibrium. On the assumption that the neighbours to a
given atom are fixed, the frequency of vibration can be
calculatede This is not however valid,for, in a real crystal,
the neighbouring atoms will also be in motion. Moreover
there will be interaction between different vibrational
planes which produces appreciable anharmonic components.
Thus when all possible motions of atoms or groups of atoms
are considered, a range of frequencies is found to exist.
Each separate mechanical oscillation at a given frequency
is known as a phonon. The displacement of an atom in a
solid is calculated by summing over all the phonons. These
thermal vibrations of atoms in a solid, though important in
themselves, do not seriously disturd the perfection of the

crystal since on the average the atom or ion is in its
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proper position. However the other types of lattice defect
involve the presence of physical lattice imperfections.

Point defects are associated with disorder involving
isolated lattice positions. They may exist as vacancies in
the lattice, i.e. lattice sites where atoms or ions are
missing, or alternatively atoms or ions may be displaced
from their normal lattice positions to interstitial positions.
The introduction of these point defects greatly increases
the entropy of the crystal and at high enough temperatures
this compensates to a large extent for the energy of
formation of the defect.

Surface and line defects, on the other hand, are
imperfections which involve the misalignment of relatively
large numbers of atoms or ions. Surface defects are of two
types, external and internal. The external type is simply
the disorder represented by the discontinuity at the surface
while the internal type occurs when the crystal lattice
changes from one orientation to another i.e. misorientation
of two adjacent crystal grains. The volume around the
junction of the two grains is associated with a high degree
of disorder. The line defects, as their name implies, have
an appreciable extension in one dimension. It is this latter
type of defect, generally referred to as a dislocation, which
is particularly important in determining the mechanical
properties of the solid.

A more detailed discussion of these defects, with special
reference to ionic crystals, is given in the following sections.

1.2, POINT DEFECTS IN IONIC CRYSTALS.

In 1926 Frenkell proposed that as a result of thermal
vibrations some ions receive sufficient energy to move from
their lattice positions to interstitial positions, therebdy
creating lattice vacancies, Fig.l. Under further thermal

excitation the interstitial ion can move from one interstitial

position to another until it eventually meets a vacancy and
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drops back into a normal lattice position. Frenkel
disorder is generally associated with the cation lattice
since, on the grounds of ionic size, formation of an
interstitial anion would be energetically unlikely.

Another method for the formation of lattice vacancies
was suggested by Schottky2. He proposed that equal numbers
of anions and cations could be removed from their lattice
positions to form additional ionic layers at internal or
external surfaces. The process would create equal numbere of
anion and cation vacancies in the lattice, Fig.2. It is also
possible that equal numbers of anion and cation vacancies
could be formed by the presence of equal numbers of interstitial
anions and cations. However this has not been found in ioniec
crystals since, for the reasons discussed above, the
formation of interstitial anions is unlikely.

The presence of point defects increases the
configurational entropy of the crystal to a large extent;
therefore, although their formation requires a considerable
amount of energy, at elevated temperatures the free energy
of the crystal may be reduced. The concentration of point
defects as a function of temperature can readily be
calculated from normal thermodynamic considerations. For
example, consider a crystal containing N anions and cations
and suppose there are n Schottky defects, i.e. n cation
vacancies and n anion vacancies, present at a particular
temperature T. The presence of these Schottky defects
increases the crystal's entropy, according to the Boltzmann
relationship, by an amount,

DS = k.1n [ N ] 2 (1)

¥-n)! n!

The increase in internal energy is nW, where W is the
energy to form a Schottky defect, and the change in free
energy is given by

AF = oW - A5 (2)
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and from (1)
AF = nW - kT.1ln [ N ] 2 (2&)

N-n)in!

Minimising AF with respect to n and by applying Stirling's

approximation, equation (2a) becomes,

(bmr) - w-kT.ln[p-_n]? N P £ )
dn by n

= - () )

Since the extent of Schottky disorder is usually small, i.e.

F-n 2 N, equation (4) reduces to

(3)2 - exp.(-_w_) (5)
N kT
or n = KX exp. (— _V__) (6)
T
A similar type of derivation for Frenkel disorder
gives,
ne (NNi)% exp. (- w_ (7)
T,

where Ny is the total number of interstitial positions
per unit volume.

The derivation is simplified since it has not taken
into account thermal expansion of the crystal or changes in
vibrational frequency of the ions due to the presence of the
defects. As the temperature rises thermal expansion leads to
a decrease in W and this can be writtens

Wp = Wy + AVoT (dw/av) (8)
where W, and V, are respectively the energy to form the
defects and the volume of the crystal at 0°¢ and ol is the
crystal thermal expansion coefficient.

The correction for differing vibrational frequencies
introduces a pre—exponential factor, X s which is given by,

Y- (%')1 (9)

where v is the normal lattice frequency at the particular

temperature, v' is the frequency of an ion adjacent to a
defect and X is the number of nearest neighbour ions around
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the defect.
The modified equation for the concentration of
Schottky defects is then,

n = §ENexp. (— g;i) ——memecee—e (10)

vhere B = exp. (-ok!a . 9V
Zx av

In jonic crystals the pre-exponential fa.ctor,x, can
lie between 10 and 104 for Schottky defects but is several
orders of magnitude smaller for Frenkel defects3'

It should be noted that under constant tempersture
conditions equation (10) can be represented by,

XX, = constant =X,2 S 4 § )

where X7 and X, are the mole fractions n of cation and
N

anion vacancies, which, in a pure crystal will be identical
and equal to X,.
CALCULATION OF POINT DEFECT FORMATION ENERGIES.

Although both Frenkel and Schottky defects will be
present in any ionic crystal, their energies of formation

(W) are usually sufficiently different in eny particular
crystal for one type of defect to predominate. Calculations
of defect formation energies are very detailed and in this
section the probler will be discussed qualitatively.

The calculation is based on the classical Born? theory
of ionic crystals, and in this approach the lattice energy
of an ionic crystal is given by,

¥, = Ae? (1-;) e (12)
ao n

where Ut is the lattice energy
A is the Madelung constant
e is the electronic charge
8g is the interionic distance
n is the Born exponent.

Since these calculations have been mostly applied to the
alkali halides no account is taken of Van der Waal's and
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and gero point energies.

Let us consider the energy involved in the formation
of a positive ion vacancy, W,. If the positive ion was
removed from the interior of the crystal to infinity, while
the charge distribution in the crystal is kept the same as it
was, then the energy involved in this step would be W, the
lattice energy. However the ion is only transferred to a
surface of the crystal (for a Schottky defect) so that in
bringing the ion back from infinity to the crystal surface
a gain in energy of é-ﬁi would result. Therefore the overall
energy involved in the formation of the positive ion vacancy
would be % Wi, and the energy required for the formation of the
Schottky defect would be Wp. In the alkali halides the lattice
energy varies between 6 and 1leV approximately and so the
formation of these defects would be energetically unfeasidle
except at very high temperatures i.e. near the melting point.

However Jost? was the first to point out the importance
of the polarisation of the lattice which results from the
formation of a vacancy or interstitial. The removal of a
positive ion, for example, will affect the neighbouring ions in
such a way that an adjustment takes place by which energy is
gained. The removel of the positive ion will have the net
effect of adding an extra negative charge at the lattice site.
Consequently the surrounding material will become polarised.
The polarisation consists in the formation of dipoles induced in
the ions by the Coulombic field of the missing ion and secondly
in a small ionic displacement of the surrounding ioms, Fig.3.
Because of the long range of Coulombic forces, the polarisation
effecte will be spread over large distances in the crystal and
hence the calculdion of the polarisation energy is complicated.
Jost D simplified the calculation by assuming that the vacant
lattice site could be treated as a spherical cavity (radius R)

in a continuous medium of dielectric comstant 6'. The gain
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in energy from polarisation is then given by

P-_;_z (1-%) (13)

Hence the energy of formation of a Schottky defect is

given Yy,
W=W -P -P_ (14)

The difficulty in this particular calculation is in
assigning values of R, and R_, the radii of positive ion and
negative ion vacancies. As a result of more accurate
calculation56 it has been suggested that for the alkali
halides,

R,= 0.625, R_=0.9a, (15)

It is possible from the above treatment to indicate
the crystal conditions which favour particular types of point
defects. An interstitial jon is generally much closer to its
neighbours than a normal ion and since the repulsive interactioms
between ions varies as r - (n varies from 5 to 12), the
repulsive forces will favour Schottky as opposed to Frenkel
defects. However where there is an appreciable difference in
size between cations and anions there will be more room for an
interstitial cation and there will aleo be a large gain in
polarisation energy from the incorporation of a small cation
in an interstitial positiom. From eguation (13) it is
apparent that in a medium of high dielectric constant the gain
in polarisation energy associated with Frenkel disorder can
offset the increase in repulsion energy. It is for these
reasons that Schottky defects predominate in the alkali halides
while in AgCl and AgBr Frenkel defects are important.

The above simplified trcatment of defect formation energies
6’7’8’9s1°°

has been refined in several ways. The continuum

model for the caloulation of polarisation energy is replaced
by a more detailed model based on the actual iomioc picture.
The electronic dipole moment and the poeitional displacement
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of the neighbouring ions are estimated and these values

are used in the calculation of the polarisation energy.

The repulsion energy term is also modified to take into
account these ionic displacements and non-nearest neighbour
interactions. The results of these calculations for the
energy of formation of a Schottky defect in the alkali halides
are in fairly good agreement with experimental determinationms,
Table 1.

Table 1
W(eV) Calc.6 W(eV) Exp.
2.02 11
NaCl 1086 2009 12
13
2.4
xc1 2.08 2.1 14
KBr 1.92 1.99 15

A detailed review of these types of calculation is to
be found in an article by Lidiara 16-

THE ROLE OF POINT DEFECTS IN IONIC MIGRATION.

The presence of point defects in an ionic lattice
provides a route for ion movement. In a crystal exhibiting
Schottky defects, the ions can move through the crystal via
the vacancies, Fig.4a. In crystals exhibiting Fremnkel defects
two mechanisms for ion movement are possible; an interstitial
ion can move from one interstitial position to another (Fig.
4b), or it may move through the crystal by pushing one of the
neighbouring ions into an interstitial position and itself
occupying the vacant lattice site, Fig.4c.

The most common experimental methods for the investigation
of ion movement involve the use of tracer methods to measure
diffusion, the random movement of ions through the crystal,
and in the measurement of ionic conductivity, which is, in
effect, diffusion under an applied electrioc field.

In a crystal containing Schottky defects the ionic
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conductivity, O, can be represented by
G =nyqp) + Bap, (16)

where ny and n,_, are the number of charge carriers per cn3 i.e.

2
ny and n, are respectively the numbesr of cation and anion

vacancies per cm3, q is charge on the ions and}al and Po are

respectively the cation and anion mobilities, i.e. the rate
of movement under unit field.

This relationship, equation (16), between the
conductivity and the number of vacancies has led to ioniec
conductivity studies being widely used in studies of the
defect nature of solids. Experimentally the total conductivity
of the ionic crystal can be measured but it 1s frequently
useful to determine the component contributions of the anion
and cation. Transport number de'cermi.na.‘tions]"7
that for a number of alkali halides, e.g. LiCl, NaCl and KC1,
the conductivity is almost exclusively cationic except at

have shown

temperatures near the melting point. In these cases equation
(16) may be approximated by

C = gy (17)
The equation may be expanded by introducing the expression
for the mobilityll,

p= (-/.2%) exp. ( -%'r) (18)

where Y/ is the vibrational frequency of the ion,

a is the distance between the ions
and C is a thermal expansion correction to the height of
the energy barrier for mobility (U).
Substitution of this expression of mobility and the expression

for vacancy ooncentration (eqn. (10)) in equation (17) gives

. '(xm‘k‘iuz 2 ) e,p.(- (u ;!wgz)) ------- - (19)

The corresponding expression for the diffusion coefficient
D, is given by
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D m XBC‘\/az exp. (— (U + W[2)) (20)

kT
It can be seen from equations (19) and (20) that if the
same type of defect is respomnsible for both ionic conduction
and diffusion, and tiis will generally be the case, then
g - 5’ (21)
D kT
The above equation ies known as the Nernst-Einstein

relationship.

In the systems under discussion e.ge. LiCl, NaCl and KCl
where the conductivity is essentially cationic, the self-
diffusion coefficient D is that of the cation. However in
systems where both anion and cation contribute to the
conductivity, equation (16) can be expanded in the same way
as we have shown for equation (17). The modified expressions
forC and D then contain the Lsun of two exponential terms. The
Nernst-Einstein equation is still valid but now D represents
the sum of the anion and cation self-diffusion.

Experimentally the self-diffusion coefficients are
determined using radiotracer technigques since these tracer ions
are distinguishable from the host ions of the crystal and
furthermore since they are generally employed in small
concentrations, statistical correlations between the
directions of successive jumps of the tracer ion may occur.
The Nernst-Einstein equation is modified to make allowance for
these correlation effects.

gz - ¥’ (22)

D kT
tracer

For vacancies in NaCl-type lattices £ is 0.7815 while for
CsCl-type lattices f is 0.655517,
THE ROLE OF LINE DEFECTS IN ION MIGRATIOR.

Line defects or dislocations are more complicated than

point defects in that they are not confined to any one lattice
point but are extensive in the crystal. Dislocations also
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contrast with point defects in that they are fundamentally
non-equilibrium states, although they may be formed under
near equilibrium conditions. There are two extreme types
of line defect, namely the screw dislocation and the edge
dislocation.

The screw dislocation consists of a line of atoms
(or ions) each of which has the correct number of atoms
co-ordinating it but the co-ordination polyhedron is
distorted. The dislocation may be thought of as being
produced by displacing one part of the crystal, usually
one atomic spacing, relative to the remainder of the crystal,
the displacement terminating within the crystals, Fig.5.
Atoms near the centre of the dislocation are in regions of
high distortion and this distortion decreases the further
they are away from the dislocation. The presence of the
screw dislocation transforms successive atom planes into
the surface of a helix and hence they are of extreme
importance in the growth of crystals from the vapour or solution;
the dislocation provides a "contimuous" step for deposition
of atoms.

The edge dislocation consists of a line of atoms,
each of which has one less atom co-ordinating it than is
required by the crystal structure. The dislocation is
formed by the slip of one crystal section one atomic distance
with respect to the other section of the crystal, Fig.6(a).
Al ternatively the dislocation may be regarded as being
formed by the insertion of an extra plane of atoms part way
into the crystal, Fig.6(b). The dislocation line, which is
the internal boundary of this extra plane of atoms, need not
be a straight line tut can jump to an adjacent slip plane;
the point at which the jump is made is called a "jog". In

ionic crystals the structure of the edge dislocations are

essentially governed by the condition of charge neutrality
in the crystal. In particular the jogs in edge dislocations

o

——
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0 and this determines to a large extent

may be charged2
the properties of the dislocation.

The presence of dislocations in ionic crystals
influences the ion mobility only to a very small extent
since the moving ions, becsuse of their large masse, are only
slightly scattered when they ﬁeet a dislocation. However
the dislocations can have a very important influence on the
concentrations of point defects.

The edge dislocations can move in the crystal in two
distinct ways. The first is movement in the slip plane and
is a relatively easy process. The second type of movement
involves the climbing of the dislocation from plane to plane
and will generally only occur at elevated temperature. In
metals the movement of dislocations generally increases the
concentrations of vacancies or interstitial stomszl. In
ionic crystals the charged nature of the dislocation Jogs
restricts the types of movement and to retain charge neutrality
a moving dislocation produces Schottky defects i.e. equal
numbers of anion and cation vacancies, in the crystal.

A stationary dislocation can also affect the local
concentration of point defects in that they can act as a
source or sink for point defects. Sochottky or Frenkel defects
can be formed at surfaces, grain boundaries and at dislocation
jogs and since the energy of formation of the two oppositely
charged components of such & defect pair are unequal, the
thermal equilibrium concentrations will be unequa122’23. For
example in NaCl the sodium ion vacancies are more easily
formed than chlorine ion vacancies. Hence when the
temperature is raised from absolute gero the sodium ion
vacancies will be emitted into the crystal leaving a net
positive charge on the surface. This resulting space charge
discourages the emission of more sodium ion vacancies and

encourages the emission of chlorine ion vacancies into the

crystal. The net result is that there will be a space charge
layer associated with each edge dislocation arising from the
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excess of anion vacancies in the neighbourhood of the
dislocation and these are balanced by an excess of cation
vacancies penetrating some distance into the crystal. The
magnitude and width of the space charge layer will depend on
the temperature and on the difference in the formation
energies of anion and cation vacancies. For NaCl the width
of the space charge layer is estimated to be 2.2 x 10 %ca
at 600°K and 1.3 x 10 %cm at 900°k%2. It is therefore to be
expected that line defects could be of extreme significance in
ionic migration, particularly at low temperatures.
EXPERIMENTAL INVESTIGATIONS OF ION MIGRATION IN ALKALI HALIDES

OF THE SODIUM CHLORIDE-TYPE STRUCTURE.

Transport number measurementsl7 have shown that the

conduction in the lithium halides and sodium and potassium

chlorides is exclusively ionic and that cation transport is

the predominant contribution in conduction. Only at
temperatures near the melting point is there a significant
contribution from the chloride ion. The ionic conductivity
as a function of temperature should be given by equation
(19). A single range of conduction should be observed, the
activation energy being U + W/2.

In practice two main ranges of conduction are observed.
The high temperature range is an intrinsic property of the
crystal. The conduction in this range is explicable in terms
of the theory given in section 1l.4; +the conduction is due to
thermally created Schottky defects. The low temperature range
is not reproducible, the activation energy in this region is
smuch lower and the magnitude of the conductivity is critically
dependent on the higtory of the crystal specimen.

Three possible mechanisms have been suggested for the
low temperature conductivity; (a) froszen-in defect324 (v)
surface and grain boundary conductivity25 (c) effects of
aliovalent impurity ione in the crystal latticez6. It is this
latter effect which is of prime importance in the low

temperature conduction.
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Even the most "pure" crystals contain small
quantities of impurity and these impurities can have
significant effects if they are aliovalent, i.e. of
different valency to the host lattice, and if they are
substitutionally dissolved in the lattice. If, for example,
the NaCl crystal contains some Cd2+ ions substitutionally
incorporated in lattice positions then in order to retain
electroneutrality one cation vacancy must be formed for
each Cd2* present in the lattice. These impurity created
vacancies will be particularly important at low temperatures
where the concenirations of thermally created Schottky defects
will be low. Under these conditions the conductivity
equation will no longer contain an exponential factor for the
heat of formation of the defect and therefore the activation
energy for conduction will be U.

The earlier treatment of concduction (section 1.4) can
be modified to take into account impurity effects.

From equation (11)

XX, = constant = X 2

and suppose the concentration of divalent cation impurity

is c. Then for electroneutrality
X, =X +0 (23)

Eouation (11) then becomes
2
or X = g. 14+ (1+ 4ng/c2f%} (24)

This relationship shows the change from intrinsic conduction
at high temperatures where xo )) ¢, to impurity controlled
conduction at low temperatureswhereX «°- The validity of

this approach has beer shown by conductivity measurements on
alkali halides which have been deliberately doped with
divalent cation impurity e.g. CdCl, + vac1ll, CaCl, + Nac127
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SrCl2 + K0128. Divalent anions are relatively insoluble

in these lattices e.g. K O + K0129, K.SO0, + KCl3O.

2 2774

Comparison of cation self-diffusion and ioniec
conductivity in NaC1l? anda kC13! establishes the validity
of the Nernst-Einstein relationship in the high temperature
(intrinsic) region. In the low temperature range the
measured cation self-diffusion is always greater than that
calculated on the basis of ionic conductivity measurements.
Thisg difference between the calculated and measured diffusion
coefficients has been ascribed to the presence in the crystal
of essentially uncharged defects which can contribute to
diffusion but not to the ionic conduectivitye.

One possible neutral defect is known as the vacancy pair.
A cation vacancy has an effective negative charge and an anion
vacancy an effective positive charge. There will thus dbe an
electrostatic attraction between the two defects leading to
the formation of a double vacancy Fig.7(a). The concentration

of these vacancy pairs,JSﬁ in a sodium chloride type lattice

is given by32,

)Cp = 6 exp. (-g/kT) (25)

where g is the free energy of formation of a vacancy pair.

One important aspect of vacancy pairs is that their
concentration is dependent only on the product concentrations

of anion and cation vacancies i.eJ[l .)C2. Hence, at any

one temperature, the concentration of vacancy pairs is

unaffected by changes inJ(l andch brought about by the

presence of aliovalent impurities.
The significance of vacancy pairs in cation transport
in these crystals is doubtful. It had been supposed that
the uncharged nature of the defect would enable it to have
a high mobility in ionic crystals. However it has been shown
by theoretical calculation33 that the activation energy for
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ionic movement via vacancy pairs is greater than the
energy for movement via single cation vacancies. The
role of the vacancy pair in cation transport in these
crystals is of minor importance.

The discrepancy between the calculated and measured
diffusion coefficients is usually ascribed to the presence
of aliovalent impurity-vacancy complexes which contribute
to diffusion but not to conductivity. The association of
a divalent impurity cation with a cation vacancy, which
bears an effective negative charge, will result in the
formation of a neutral complex, Fig. Tbe If all but nearest
neighbour interactions are neglected the equilibrium between
the complexes (concentration{?&), impurity cations and free

cation vacancies is given by
Xe = %, exp. (Va[kT) (26)

X, (e-X%,)

vhere W, is the free energy of association (excluding

configurational entropy) and s, is the number of distinct
orientations of the complex. Hence these complexes will be
formed in appreciable concentrations at low temperatures.
Lidiard16 has given a theory of ionic conductivity taking
into acoount these impurity-vacancy complexes and good
agreement between theory angsexperiment is observed e.g.

CdCl2 + NaClll, SrCl2 + KC1°°. The energies of association,

s thus obtained are in good agreement with theoretical

estimatess’34. Other information on impurity-vacancy

Ve

complexes has been obtained from studies of dielectric

relaxation35 36
37

resonance .

s electron spin resonance” and nuclear magnetic

38

Conductivity measurements-” on NaCl over the temperature

range 20°C to the melting point actually show four ranges of
conduction, Fig.8. Ranges I and II are respectively the

intrinsic and the structure sensitive ranges which have been
discussed above. Range III is interpreted as being due to
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the impurity-vacancy association reaction and the activation

energy should be U + g-wg. These association complexes

are generally precursers to precipitation of the impurity
from the lattice and range IV is associated with this
precipitation phenomena.

The principal role of line defects in ionic conductivity
and cation self-diffusion in these crystals is in their
39,40

ability to act as centres for precipitation However

in chloride ion diffusion in NaCl-type crystals dislocations
are important particularly at low temperatures41. The space
charge on the dislocations will favour chloride ion diffusion
in these regions. The effect of divalent cation impurity

23

would be to reduce the space charge -~ and although the anion

diffusion is reduced in divalent cation doped crystals the
reduction is essentially independent of impurity content42.
It has been found that while at lower temperatures the anion
diffusion is undoubtedly dependent upon the dislocation
density in the crystals, within the temperature range 4500—
700°C diffusion is probably proceeding via single anion
vacancies and vacancy pairs 42’43’44.

Relatively few ionic conductivity and diffusion studies
in crystals of the bromides and iodides of sodium and
potassium have been made. In these crystals the anion
mobility is large enough at high temperatures to mske a
significant contribution to the conductivity. Rolfe45 has

made a detailed study of KBr doped with either Ca2+ or CO 2-

3

ions. The simple impurity-vacancy association theory was
adequate to describe the results for the Ca2+ —doped
crystals but the divalent anion was only soluble in the
lattice at high temperatures. These results will be

considered in more detail in the discussion.
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INVESTIGATIONS OF ION TRANSPORT IN ALKALI HALITE CRYSTALS

OF THE CAESIUM CHLORIDE-TYPE STRUCTURE.
Self-diffusion studies 407 4T» 48

crystals of the above structure, the anion ig the more mobile

have shown that in

species. However there is not the marked difference in

anion and cetion diffusion coefficient which was found in

the majority of the alkali halides. Both the anions and
cations in CsCl, CsBr and Csl make a significant contribution
to the ionic conductivity. The simple expression for the
conductivity, equation (19), is no longer adequate and the

conductivity must be calculated in terms of equation (16),
O =ngy + ngp,
= Bq Ogpy + Xp,)

Few detailed studies of ionic transport have been made
in the caesium halides. Ubbelohde et a149 have measured
the conductance of polycrystalline specimens and have
interpreted the conduction in terms of significant
electronic contri'butionsso. They propose that the presence
of dissolved oxide ions in the lattice produces excess anion
vacancies and also some caesium ions are present in the dival-

ent state. The electronic concduction arises from the process,
,,fQ 3—‘\\N
cet Cs2+

Rossel et sl L have investigated the conductance in zone-
refined Csl. They observed two ranges of conduction with
activation energies similar to those reported by Ubbelohde
et a149. However the low temperature range is interpreted
in terms of aliovalent impurity effects and in a more recent
publication52 they report only one range of conduction below
420°c.

The first detailed study of ignic transport in these

systems was carried out by Lynch’  who investigated

conductivity and self-diffusion in single crystals of
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CsBr and Csl. The results are interpreted in terms of
movement via Schottky defects and the approximate
satisfaction of the Nernst-Einstein relationship

indicates that conductivity is nearly completely iomic.

He has also postulated that there is possibly an additionsl
contribution to anion or cation movement by diffusion via

48

vacancy pairs. The same type of investigation’ in single
crystals of CsCl (low temperature form) has given results
41 but do not

indicate anion or cation movement via vacancy pairs. The

which compare favourably with those of Lynch

results of all the ionic transport investigations are
summarised in Tables 2 and 3.

Although the investigations of Lynch47

indiczte a
reasonable agreement between self-diffusion and ionie
conductivity in the higher tempgrature regions, there are

some anomalies at lower temperatures. The single crystals

of CsBr and Cel contained significant concentrations of
aliovalent impurities (approximately 1 x 1074 mole fraction),
and 2 low temperature, low activation energy (0.58 eV),
conduction range observed in many of the samples was
attributed to impurity created cation vacancies. A similar
conduction range was observed in a CsBr orystal supersaturated
with Ba2+. However in the self-diffusion studies there was

no evidence of cation diffusion via impurity created vacancies;
a single range of diffusion was observed. It has been suggest-
ed47 that the impurity controlled CsI oconductivity is
electronic in nature, yet the activation energy is very close
to thet for CsBr in which there is no evidence of electronic
conductivity. PFurther investigation of this low temperature

region is required.
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AIMS OF THE PRESENT INVESTIGATION.

It is proposed to investigate ionic transport in
single crystals of caesium iodide with particular
reference to the effects of divalent impurities. It is
intended to pursue this research along two main lines.

(a) The measurement of ionic conductivity in single crystals
of Csl doped with divalent impurities.

Investigations of conductivity in impurity-doped
systems in which both the anion and cation are significantly
mobile are few but they should be of considerable importance.
An analysis of the conductance results in such systems has
been proposed by Lidiard16 and the method of treatment is
outlined below.

The ionic conductance in this system is given by
equation (16),

0O = Nq (xlrl + beQ)
and in a crystal doped with ¢ mole fraction of divalent

cations from equation (24),

X = %{1 +(1+4 Ioz/cz)&}

Substitution of this in (16) gives,

%
O = Nax (p, + p,) E(-;?o) ‘4 1} - %x: . %:—%] - (27)

where ﬂf-xlza
M

The term NaX, 911 +}12) = O; will be the intrinsic

conductivity in an ideally pure crystal. Hence equation
(27) vecomes,

2 ¥ - . F-
(T R
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When ¢ )}X  the isotherm becomes linear,

-
T (29)

[+
1511 + 0)
When ¢ 403 the initial gradient of the isotherm is

A% /g,) = _(_Ezl- (30)
= 2x,(1 + #)

as ¢=0
This is positive for # € 1 and negative for & »1. There

will thus be a minimum in the @~ versus ¢ curve at

®nin ~ Xo“‘ i) (31a)
(£ - 2 (31b)
Go/min. 1 + ﬂ

This minimum will be of particular interest when # ) 1
which is the case in CsI where bI - Dcs+.

It was therefore proposed to measure the conductivity
of single crystals of CsI doped with divalent cation
impurity. The principal impurity cation chosen was Ba2+
since its ionic sige is the nearest of any divalent ion to
the Ce* ion (R(Cs') = 1.694, R (Ba2*) = 1.354%).
Anglysis of the results in terms of the above treatment should
give information on the relative ion mobilities, and on the
concentration of intrinsic defects, equations 3la and b.
It should also be possible to determine the activation
energy for mobility of a cation vacancy, U+, and to decide

whether the low temperature range previously observed47 is

due to these impurity created cation vacancies. Some

investigations of conductivity are also to be made in

divalent anion-doped crystals. The impurity ion chosen in

this case is the SO 2~ jon since esrlier work on 050148

4
indicated the solubility of this impurity ion in the CsCl-

type lattice.
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(b) The measurement of difiusion in single crystals
of Csl doped with divalent impurities.

The conductivity studies are to be supplemented by
investigations of cation self-diffusion in these crystals.
The diffusion measurements at low temperatures should be
useful in determining the role of impurity created cation
vacancies in the transport processes and in the possible
significance of vacancy pairs in the cation diffusion. It
is also thought necessary to determine the cation self-
diffusion at high temperatures since Ubbelohde et al?’
and Rossel et 3152 have observed a significant increase
in the activation energy for conduction at high temperatures.
The latter authors have interpreted the increase in terms
of thermally created cation vacancy contributions and this
would suggest a much higher activation energy for cation
self-diffusion than has been observed47.

It was also proposed to make some measurements on
anion diffusion in these crystals. Because of the short
half-life of the tracer 3 (t% = 8.05 days) and the long

diffusion times required at low temperatures, 0136

(tﬁ‘. 3.2 x 105 years) was used as the tracer ion. It is

unlikely that the magnitude and activation energy for chloride
ion diffusion will be substantially different from the

iodide ion 54
were intended only to investigate qualitatively the effects

of impurity-doping.

and moreover the anion diffusion results



CHAPTER 2.
EXPERIMENTAL TECHNIQIE.
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2.1. CRYSTALS.

The crystals used in these experiments were obtained
from several sources. Some of the crystals of pure
caesium iodide were supplied by Mervyn Instruments Limited
and by Lights Limited. The usual dimensions of these
crystals were 10 x 10 x 5 mm. and they were cut to the
required sige, generally 5 x 5 x 1 mm., and polished
before being used in the experiments. The doped crystals
and some of the pure crystals were grown in this laboratory.

2.1.(a) GROWPH FROM AQUEOUS SOLUTION. '

Several methods of crystal growth from solution were

attempted. Initially the crystals were grown by slow
cooling of a saturated solution of caesium iodide. The
solution was cooled from 70°C to room temperature over a
period of 72 hours. Although this mz;hod has been shown

to be effective for caesium chloride y the results

obtained for caesium iodide were, in general, unsatisfactory.
The corystals were usually too small for use in the experiments
and variations in the cooling rates, from hours to weeks, did
little to improve the size or the quality of the crystals.
Attempts to promote crystal growth by seeding the solution
with a small single crystal of caesium iodide were seldom
successful.

It was found that crystals of a reasonable size and
quality could be obtained by suspending a saturated solution
(~20 ml.) of caesium iodide in a petri-dish over a desiccant
in a desiccator. Initially the desiccant used was
concentrated sulphuric acid and good crystals were obtained
within a few days. The use of concentrated sulphuric acid
could possibly lead to the incorporation of small amounts of
bisulphate or sulphate ion in the crystals and so it was later
decided to use anhydrous calcium chloride as the desiccant.
The latter was not as efficient as sulphuric acid and it

required a period of at least two weeks of crystal growth
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before the specimens were large enough to be used in the
conductivity and diffusion studies. The crystals were
removed from the solution by filtering under vacuum and
they were then stored in desiccators over silica-gel until
regquired.
2.1.(b) THE GROWTH-HABIT OF THE SOLUTION-GROWN CRYSTALS.
The crystals, grown by the above methods, were

hexagonal in shape and exhibited marked growth patterns.
Their crystal structure was determined by X-ray diffraction.
The Debye-Soherrer55 powder method was used and the
diffraction pattern is shown in Plate 1., The results for
the lattice spacings determined by this method are compared
with the literature V81u9856 in Table 4.

Table 4.
X-ray powder photograph data and literature values.
o o 2 2 2 o
9_ d (4) h™ + k" +1 & Leas. (i) 8 53¢, (4)
13.75 325 2 4.59 4.57
19.75 2.28 4 4.56 4.58
28.50 1.62 8 4.57 4.58

These results show that the crystals have the normal
simple interpenetrating cubic structure.
The effect of impurities on the growth habit was

studieds The incorporation of Caz+, Sr2+

and Ba®* ions
in solution gave the same result as the “pure™ solution,
the crystals being hexagonal platelets. However incorporation

of sz+ ions resulted in the crystal showing typical cubic

symmetry.
2.1.(c) PRETREATMENT OF SOLUTION-GROWN CRYSTALS.
The infra-red spectra of these crystals showed peaks at

1600 and 3500 e}, These peskse are generally associated

with the occlusion of water in crysta1557. Two methods

were employed for its removal. The crystals were either
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heated for twelve hours at 150°C in an atmosphere of
dry nitrogen or were dried at 150°C in vacuum for two
hours. Subsequent results proved to be independent of
the method of pretreatment employed. Prior to the
conductivity and diffusion measurements the crystal faces
were polished in a small amount of absolute alcohol on
a ground glass plate.
GROWTH OF CRYSTALS FROM THE MELT.

The crystals were grown by a modified Stockbarger

58

technique; the apparatus is shown in Fig.9. 20g. samples
of caesium iodide were secaled under vacuum in the silica
vessel S. The vessel was suspended in the furnace, F,
whose dimensions were 6 inches internal diameter by 12 inches
in length. A temperature gradient was maintained in the
furnace, 640°C at the lower end and 600°C at the upper end.
The silica vessel, with the caesium iodide molten, was
raised through the furnace at a rate of 4 inches per hour.
After growth, the crystal was cooled slowly to room temperature
over a period of thirty hours.

In general the centre of the boule of caesium iodide
was polycrystalline but the outer portion, approximately
1 om. in thickness, was a single crystal. Specimens for
conductivity and diffusion were cut from this portion using
a clean, moist razor blade. These single crystal pieces
were then polished in absolute alcohol on a ground glass plate.
IMPURITY-DOPING OF CRYSTALS.

Doped crystals of caesium lodide were prepared from
both aqueous solutions and from the melt. The divalent
cation impurities, Ba2t, Mg?* and Ca’' were added to the
solution or melt in the form of the Analar reagent grade
chlorides, since it was not possible to obtain high purity

jodides. The divalent anion impurity was added in the form

of the Analar reagent grade potassium sulphate.

2.1.(f) ANNEALING STUDLES.

Annealing of the crystals was carried out either under
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vacuum or under a pressure of dry nitrogen. The crystals
were sealed in pyrex cells and annezled at 550°c for
periods up to 400 hours. On cooling it was frequently
observed that the crystals were colouredes This colouration
was not homogeneous but consisted of blackened regions in
the crystals and was partiocularly marked in crystals
annealed under vacuum. In order to investigate this
effect further, several crystals were annealed in iodine
vapour. A Csl crystal and a small crystal of iodine were
placed in a pyrex cell and sealed under vacuum. The
annealing procedure was as above. A detailed discussion
of these observations will be given in a later section.
CORDUCTIVITY.

An a.c. bridge technique was used to measure the

conductivity of the single crystals of CsI over the
temperature range 20—58000.

THE BRIDGE.

The conductivity was measured at 1592 ¢/s on a
Wayne-Kerr B221 Universal bridge. The bridge is based
on the transformer ratio-—arm technique and reads out
directly the reciprocal resistance and capacitance. In
gome crystals, polarisation phenomena and dielectric loss
were investigated and for these measurements a Wayne-Kerr S121
audio signal generator and a Wayne-Kerr A321 waveform
analyser were incorporated in the circuit. This allowed
measurements to be made over the frequency range 20 ¢/s to
20 ko/s.
THE CONDUCTIVITY CELL.

A dlagram of the conductivity cell is shown in Fig.lO.
The electrodes (B) were rectangular platinum face plates,
0.30 x 0.50 inches, silver soldered through brass discs,
0.60 inches in diameter and 0.20 inches in height, to thick
copper wire leads (W). The latter provided the connection to
the Wayne-Kerr bridge. The electrodes were enclosed in a silica
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vessel (A) comprising a B24 cone and socket with two
capilliary bore tubes acting as electrode supports to
minimise electrode movement during the measurements.

The cell was clamped in position through a hole in a piece
of Sindanyo board(s), whose dimensions were 4 x 4 x 0.4
inches.

The silica vessel was fitted with two side-arms, ome
acting as an inlet for the supply of nitrogen ges (D) and
the other, situated level with the crystal position, acted
as an inlet for the thermocouple (G). The silica vessel
wes surrounded by a furnace (C). The latter consisted of
a cylindrical copper tube, 4 inches in height and 3 inches
in diameter, which was covered with layers of asbestos paper
and Nichrome wire (resistance 10 ohms per yard) wound
thereon giving a totsl resistangce of 90 ohms at room
temperature. The windinge were well lagged with asbestos
tape and asbestos string and finally with a coating of
thermal cement. The top of the furnace was carefully
lagged with asbestos sheeting to reduce temperature
fluctuations due to external draughts. Power to the furnace
was controlled by a variac (V).

The crystal temperature was measured by a platinum -
platinum - 13% rhodium thermocouple, the "hot" end being
as near to the crystal as possible and the "cold"™ end being
jmmersed in an ice bath in a Dewar flask (E). The
thermocouple potential was determined on a Doran thermocouple
potentiometer, type E4225, (H) and converted to degrees
centigrade by means of the standard calidration tab19359.
The thermocouple was frequently checked by comparing its
readings with those of another thermocouple or thermometer
placed in the crystal position. It is estimated that the
thermocouple temperature is within 2° of the actual crystal

temperature.



2.2.(c) PROCEDURE IURING CONDUCTIVITY RUN.

2.2.(4)

The platinum face plates and the upper and lower
faces of the crystal were coated with "DAG" electrode
peint. The "DAG" is a colloidal suspension of graphite in
alcohol and it was found to be much more satisfactory than
silver electrode paint. The latter wae satisfactory at low
temperatures but at temperatures above 400°C there was
considerable diffusion of the electrode coating into the
crystal. The "DAG"™ coating ensures good electrical
contact between the crystal and the electrodes.

The crystal was clamped between the electrodes, and

nitrogen, dried by passing through B.P.32804 and then

anhydrous CaClz, was continuously passed through the cell.
The temperature was then slowly raised until the reciprocal
resistance of the crystal was greater than 1 x 10-10 mhos,
the minimum conductance reading on the Wayne-Kerr bridge.
The temperature was allowed to stabilise and then the
reciprocal resistance and capacitance were measured by the
bridge and the thermocouple potential noted. The variac was
then adjusted to giw a rise in temperature in the furnace
of 10 - 200, the system again allowed to stabilise and
further readings of the reciprocal resistance, capacitance
and temperature takem. This procedure was continued up to
temperatures of approximately 600°¢C.

CALCULATION OF CONDUCTIVITY.

The resistance of a conductor varies directly as its
length (d cm) and inversely as its cross-sectional area
(A cmz). Hence

R = P% (32)

where (J is the specific resistance i.e. the resistance

between the opposite facee of a 1 cm. cube of the material.
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The specific conductivity, O , is defined as the
reciprocal of the specific resistance and from
equation (32),

G":%-%.% (33)

The factor %3 known as the cell comstant, was obtained

from the crystal dimensions. The thickness of the crystal,
d, was measured with a micrometer screw gauge calibrated

to thousandths of a centimetre. A, the cross-sectional

area, was determined by weighing the crystal, prior to

the electrode coating, and dividing the weight by the density
of CsI (4.51 gecm ) and thickness of the crystal.

- Weight
A = !2%353 density x d (34)
Thus by multiplying the bridge reading, i.e. 1/R, by the

cell constant d/A, the specific conductivity, in oha™1 cm-l,

was calculated.
MEASUREMENT OF DIFFUSION,.

The diffusion coefficients of Ce’ and €1~ in CsI
were measured over the temperature range 250 - 500°C using
the radioactive isotopes 08137 and 0136

There are three available methods for the determination

as tracers.

of diffusion coefficients using radioactive tracers,
(a) Sectioning or grinding technigques,
(b) Isotope exchange techniques
and (c) Surface decrease technique.
SECTIONING AND GRINDING TECHNIQUES.

In this method a thin layer of the salt, containing
the tracer, is evaporated on to one face of the corystal.
After allowing diffusion to take place the tracer will
have penetrated some depth into the crystal. The solution
of Fick's60 second law of diffusion for this particular
case is given by,

C = C, (Trnt)‘5 exp. (-x? /4Dt) (35)
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where C is the concentration of the tracer at a
penetration depthX , after a diffusion time, t. D is
the diffusion coefficient.

The concentration of the tracer as a function of
the penetration depth can be determined by measuring
the tracer activity in layers of the crystal which are
removed by either sectioning with a microtomelz’ 46, 54
or grinding6l.

THE ISOTOPE EXCHANGE METHOD.

This method depends upon the rate of exchange between
a radiotracer isotope incorporated in the crystal and a
corresponding inactive gas being determined by the rate
of the tracer diffusion in the crystal. It is particularly
suited to studies of chloride ion diffusion in alkali
metal chlorides where the diffusion coefficient at low
temperatures is very small.
The method was used by Harrison, Morrison and Rudhan62
in the determination of chloride ion diffusion in NaCl.
0136 was incorporated in the NaCl lattice and the rate of
exchange of the isotope between the solid and the surrounding
chlorine gas was measured. The solution of Fick's law63

in this case is given by,
2 2
n = (2Aco) Dt4r (36)

where n is the amount exchanged in a time t, and A is the

surface area of the specimen.

The advantage of this method is that diffusion
measurements over a series of ascending temperatures can be
made on the same crysta164. However it is restricted to
situations where the parent element of the ion can be
obtained in a gaseous form under reasonable temperature
conditions or to systems where solid-solution exchange
is possible e.g. AgI - AgN0365.
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THE SURFACE DECREASE METHOD.

The surface decrease (or absorption) method
involves the determination of the surface radioactivity
before and after diffusion. Diffusion of an o or B -
emitting isotope into the orystal will result in a
decrease in count rate at the surface because of the
absorption of the A or /3 particles by the intervening
crystal layers. The solution of the diffusion equation
for this situation is given hy66,

A/A, = {1 - erf ()1217’#)%} exp. (}1213‘6) —— (37)

where Ao and At are the surface count rates at gzero time
and after a time t,)xis the absorption coefficient of
the isotope radiation in the crystal and erf ( ) is the
error function67.

In this research it wa; decided to measure the
anion and cation diffusion by methods (a) and (c¢).
However method (a) has been subject to serious experimental
difficulties, which will be discussed in more detail in
gsection 2.3.(g). The majority of diffusion results
have therefore been obtained by method (c).

PREPARATION OF RADIOACTIVE MATERIAL.
l. Caesium - 137

cel37 15 a P~ emitter (0.52 MeV) and J emitter
(0.66 MeV) and has a half-life of 30 years.

The isotope was obtained from the Radiochemical
Centre at Amersham as 0813701 in 1N HClj; +the specific
activity was ~lc/gCs. This solution was neutralised
with 1N NaOH and some inactive CsIl added. The
resultant solution was then slowly evaporated to dryness
in a beaker in a fume cupboard. The resulting solid

was then placed in a large desiccator over silica-gel

until reguired.
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2, Chlorine - 36.

0136 15 o B~ (0.714MeV) emitter and has a half-life
of 3.2 x 105 years. The isotope was obtained from
Amersham as 3.55N H0136, specific activity S50uc/gCl,

and this solution was placed in a small beaker and

neutralised by the addition of the appropriate amount of
soliad 082003, thereby forming 030136 according to the
equation

2HC1 + Cs2CO3 = 2CsCl + H20 + 002

The solution was then slowly evaporated to dryness
in a fume cupboard and the resulting solid 030136
in a desiccator over silica-gel until required.
3. Method of Evaporation.

A large cell (Fig.ll),vwas designed consisting of a
B55 pyrex cone (A), the base of which had a small
protrusion (B) of diameter 0.50 inches and depth 0.50 inches.
The top half (C) of the cell was a B55 socket with two
side—~arms, one to air and the other to a rotary pump via a
liquid nitrogen cold trap (E). The total length of the

cell was 8.00 inches.

stored

The radioactive material was placed in the protrusion
in the base and the crystal holder inserted. This
consisted of a pyrex ring (F), 1.50 inches in diameter
and 0.50 inches high, and an aluminium disc (G) which
covered the ring. This disc had eight small holes, each
C.13 inches in diameter, drilled in it. A crystal was
then placed over each hole and the B55 joint greased with
Silicone high vacuum grease. The teaps on the side-arms
were greased with Apiezon N vacuum grease and the top and
bottom halves connected.

The rotary pump was switched on and the cold trap
inserted into a Dewar flask containing liquid nitrogen

and the tap to pump opened slowly. The system was left
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pumping for one hour and then the tap to pump closed.

The protrusion in the base contzining the radioactive

material was then heated gently witbh a small bunsen flame

until evaporation had tsken place. This usually took about
five minutes of gentle, uniform heating. Care was taken

not to heat the base too strongly. The system was then allowed
to cool under vacuum. After cooling the vacuum was released,
the cell opened and the crystals removed and counted. The
crystals were stored in a desiccator over silica-gel until
required.

A uniform deposit of 0.13 inches diameter was obtained
on each crystal, the surface activity being in the range of
500 - 3000 cpm.

COUNTING PROCEDURE,

Crystals were counted in a.G-M thin end window counter
of thickmess 3.75 mg.cn_a and working voltage 700 volts.

It is essential that the positioning of the crystals on the
counting set-up is reproducible and so a brass plate fitted
with an L-ghaped bracket in the centre was used as crystal
holder. The crystal was marked and placed in the bracket,
Fig.1l2.

In 0136 diffusion, the plate (P) containing the crystal
was placed in the second shelf of the lead castle (L) which
contained a small crucible of anhydrous calcium chloride (C)
as desiccant, Fig.l3.

A total count of 10000 was taken on each sample to ensure
a 1% statistical accuracy. A 03137 standard source specially
prepared on a brass plate of the same dimensions as that used
for counting the crystal, was then counted in order to enable
any correction for counter fluctuations to be made. The count
rates were corrected for dead-time losses and background
counting rate. This procedure was repeated after the diffusion
had taken place.

For the Csl37 diffusion the procedure was slightly different.
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The plate containing the crystal was again placed in the
second shelf of the counter castle and 10000 counts taken.
An aluminium absorber (98 mg.cl-z) cepable of cutting out
all the /3-radiation was then placed on the top shelf of
the castle and the count rate again measured. This enabled
the count rate due to the a/ radiation to be calculated.
The X'count rate was subtracted from the total enabling
the /3 count rate to be obtained. Corrections were again
applied for dead-time losses, background, and any change in
the 08137 standard. Also if any evaporation occurred during
diffusion this could be allowed for since there would be &
significant drop in the X’counting rate. This procedure
was repeated after diffusion had taken place.

2.3.(f) ABSORPTION COEFFICIENT CALCULATIONS FOR 0136 and 03137

IN CAESIUM IODIDE. )

In using the surface decrease method for diffusion it

was necesgsary to calculate the absorption coefficient,)n, for
each isotope in caesium iodide.
1. Calculation of;g for 0136 in Cel.

Since it was impossible to prepare thin enough sections

of Csl for this experiment, standard Aluminium absorbers were
uged and the corresponding absorption in Csl calculated Yy
comparison of the densities of Al and Cel.

A crystal of Csl was prepared with a deposit of

080136

measuring the activity witbh varying thicknesses of Al

on one face. The absorption was determined by

absorber between the crystal and the G-M counter in the
apparatus described in the previous section. The count

rates were corrected for dead-time losses, window thickness
(3.75 ng.cm'2), air absorption (1.27 mg.cm‘2) and background

counting rate. A plot of log activity (cpm) versus absorber
thickness (mg.cm_g) was drawn and the half-thickness ¢é

calculated from the curve. The half-thickness is that weight
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per square centimetre of absorber which would be required
to halve the counting rate. The curve and table of results
for this determination are shown in Fig. 14 and Table 5
respectively.

The abgorption coefficientjp is then calculated in the
following way. The absorption of radiation in matter is
given bysex

A

Iz‘ = exp.( 71(1) (38)

where Ao ig initial activity

A, is activity with absorber of thickness d mg.cn-z
d is absorber thickness in mg.cm_2

P is the absorption coefficient.

fl = 2030 O 108 _A__d_

d ry
(]

(39)

= 2.d0 . log 2
%

= 0.693 mg.cm'z Al
%

and converting to cm-1 in CsI (density of CsI = 4510 mg.cm-3)

= 0.693 x 4510 cm~l CsI.
P 0.693 x 4510
%

« 72,70 ca~t for 0136 radiation in CsI.
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TABLE 5.

Absorption coefficient data for Cl36 in Csel.

Corrected Activity (cpm.) Absorber Thickness (mg.cm-zl
3785 5.02
3353 11.62
3164 14.12
3085 17.52
2950 19.02
2858 20.92
2823 23.02
2644 25.12
2361 31.92
2281 36457
1936 v 43.72
1875 46.97
1467 57.82

The activity/a‘bsorber thickness relationship is shown in
Fig. 14. From this d; is found to be 43 mg.cn” > Al. This
leads to the velue of 72.7T0 el for the absorption
coefficient P for 0136 radiations in Csl.

2. Calculation of,p for 09137 in Csl.

The procedure here is similar to that used for 0136.
The curve this time contzins two distinct portions, Fig. 15.
The first portion is due to both p and X components and the
second portion to the J/ component only. The latter portion
is extrapolated to zero thickness of absorber and the
corresponding x-— activity subtracted from the total activity
for various thicknesses of absorber, thus giving the ﬂ -
activities. A graph of logf) activity versus absorber
thickness in mg.om > was plotted (Fig. 15), end the half-
thickness calculated. The results are shown in Table 6. The
absorption coefficient P which was calculated as in the

previous section, was found to be 211 on~1
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TABLE 6.
Absorption coefficient date for 05137 in Csl.
Total Corrected ‘JB - activity. Absorber thickness
Activity (cpm.) ggg.cm-a).

11,900 6400 502
9900 5300 10.12
9998 4900 11.62
8900 4450 14.12
8820 3850 17.52
8185 3600 19.02
7620 3350 20.92
7190 3130 23.02
6800 2800 25.12
5865 2175 31.92
5300 v 36.57
4410 43.72
4027 46.97
2912 57.82
2310 T4.12
1675 84.32
1399 103.02
1020 126.02
590 155.02

The absorption coefficient for 03137

found to be 211 cn-l.

radiation in Csl was



40.

2.3.(g) THE CRYSTAL MICROTOME.

The sccuracy of the sectioning method for the

determination of diffusion coefficients using a
microtome is critically dependent on the alignment of
the knife with the crystal face and on the collection
of 8ll the sectioned material in a reproducible pattern.
The error introduced in the diffusion coefficient due to
misalignment of the specimen can be estimated69.

In this research an MSE 9010 freezing microtome was
used. The crystal, after diffusion, was fixed to a wooden
block with Araldite adhesive and the block then clamped in
the microtome chucke The angular adjustment of the chuck
is limited and alignment of the crystal face with the knife,
which moves in an arc over the crystal face, was achieved by
inserting metal "“spacers" Sf appropriate thickness around
the wooden block. The minimum section thickness which can
be removed with this microtome is 5 x 1074 cm.

The collection of the sectioned material proved
extremely difficult. It is usually collected on an
adhesive tape but in this work it was found that small
amounts of material always adhered to the blade. This
error is not too significant when using large crystals
(~1 cm), but in these experiments the area of the crystal
face was usually less than 0.25 cuz. Several types of
adhesive tape have been used but in all cases the amount of
material left on the blade caused large errors in the
diffusion measurementg. Collection of the sectioned
material was considerably improved by embedding the crystsl
in paraffin wax but the wax was not a rigid support and
movement of the crystal occurred during the microtoming.

Some diffusion measurements have been possible using
this microtome when the tracer has a fairly emergetic

X" emission. In these cases the sectioned material is not



41.

collected and counted, but thex - activity remaining

in the crystal after each cut is determined by scintillation
counting. This necessitates the removal of the crystal

from the microtome for counting and so extreme care is
needed in repositioning the crystal in the microtome.

Since the extent of absorption of the X’-rays in the
diffusion length in the crystal is small, the difference

in crystal counts before and after sectioning can be

taken as the )’-activity of the section. Recently a
comparison57
method for Na’’ diffusion (Ey for Na’2 =1.27 MeV) in
NaCl has given diffusion coefficients which agree within

of this method with the surface decrease

a factor of two.

It has therefore been found in this experimental
work that the available microtome was not satisfactory for
the study of €13°
obtained for Cs 3! diffusion, but the absorption of Csi>! J-
radiation in Cs8l is sufficient to introduce significant

diffusion. Some results have been

errors in the determination. The diffusion coefficients
have consequently been measured mainly by the surface
decrease method.
2.3.(h) THE DIFFUSION FURNACE.
It is essential for accurate diffusion results that

good temperature control must be maintained over long
periods of time. It has been found in this work that this
can only be achieved by using a furnace with two heating
coils. In furnaces with a single set of windings the
switching off and on of the power at the desired temperature
causges considerable fluctuations in the temperature
stability. It was therefore necessary to use a furnace with
two sets of windings, one set supplying the major part of
the power to bring and maintain the temperature near the

desired value, anc¢ the second set, which supplies a much

smaller amount of power, acting as a "“fine control" for the
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temperature. The construction of this furnace is
described below.

A furnace core (A), Fig.1l6, of length 12.00 inches and
diameter 4.00 inches and thickness 0.38 inches was obtained
and wound with Nichrome resistance wire, of resistance 10 ohms
per yard to give a total resistance of 100 obms. This was
then well lagged with asbestos paper. Another length of
resistance wire was wound round to give a resistance of 300
ohms. This furnace was also well lagged with asbestos paper
and then asbestos string. The whole core was then placed in a
metal container (B) and lined with magnesia pipeclay lagging
(C).

The inner core leads were connected to the mains viag a

Variac (D) and the outer core leads to the mains via a Jumo
GKT 15-0 thermoregulator (E) and a Jumo MS6.62 Mercury Relay
Switch (F). The relay switch was contained in the top of the
furnace which was covered with a thick Sindanyo board 1id (G).
The inner core furnace was taken up to within twenty degrees
of the required temperature and the thermoregulator in
conjunction with the pre-set relay switch provided the
additional heating. The furnace was allowed to stabilise out
for a day before using. Temperature conirol of ¥ 2% was
obtained over long periods.

DIFFUSION CELLS.

All the diffusion experiments were carried out in dry
nitrogen atmospheres. For long diffusion times i.e. > 14
hours the large furnace already described was used. The
diffusion cell and crystal holder which were made of pyrex
glass are shown in Fig.l7. The crystals, after counting, were
placed on esmall triangular trays in the crystal holder and
the holder placed in the cell. A O - 540°C thermometer,
previously calibrated against s platinum-platinum - 13%
rhodium thermocouple, was placed in the cell beside the stand.
The B 29 joint was greased with Silicone high vacuum grease
and the taps with Apiezon N vacuum grease and the cell

closed. The cell was then evacuated to a pressure of
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lx 10"2 cmn Hg using a simple vacuum system incorporating
a meroury manometer; Fig. 18. Tap A was then closed and
tap B opened and dry nitrogen allowed in to flush out the
system. Tap B was then closed and tap A opened and the
system was again evacuateds Tap A was closed again and
tap B opened, and dry nitrogen was allowed into the
system until the required pressure was reached (76 cm of
N2 at the temperature of the experiment). The cell was
then placed in a copper block which had a hole bored in it
of diameter and depth convenient to take the diffusion cell
and this system then transferred to the furnace which was
pre-heated to the desired diffusion temperature. Usually
the diffusion cell had attained the required temperature
within twenty minutes after placing it im the furmace.

For diffusion times of less than 14 hours another
smaller cell was designed, Fige 19. This was used when
a constant observation of the temperature was able to be
maintained. A small furnace, (A), as in the conductivity
experiments, was used and this was again connected to a
variac. The temperature was measured using a platinum-
platinum - 13% rhodium thermocouple (B) in the crystals®
position. A constant flow of dry nitrogen was maintained
through the cell during the experiment. The top of the
furnace was covered with pieces of asbestos sheeting.

The crystals were contained in a pyrex cell (C)
comprising a B 29 cone and socket, with a side-arm (D)
for entry of nitrogen, and an inner tube of 0.25 inches
pyrex tubing with a pyrex plate of diameter 1,00 inches at
the top. A small hole of diameter 0.25 inches and length
0.25 inches was made for accommodation of the thermocouple.
The whole cell was clamped through a plece of Sindanyo board
(E) of dimensions 4.00 x 4.00 x 0.40 inches with a hole
in the centre through which the cell could just pass. The

crystal holder (F) consisted of a pyrex plate of diameter
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1.00 inches connected to a glass stopper by a length

of 0.25 inches pyrex tubing. The crystals were placed
in this tray and inserted into the cell in the furnace.
About five minutes were required for the crystals to
attain the experiment temperature. A temperature control
of ¥ 2°¢C vas again obtained during the time of the
experiment.

ANALYSIS,

In any research project involving conductivity and
diffusion experiments on both pure and impurity-doped
specimens it is necessary that a reasonably accurate method
of analysis of the specimens is available. It is obvious
that a quantitative treatment of the results of such
measurements is only possible where analytical data on
the specimens used can bevobtained. In this research
several standard methods of analysis were attempted, and
they are described in the following section.

ANALYTICAL METHODS USED.

1. Spectrophotometric Titration.

Analyses of traces of alkaline-earth elements

present in a large excess of an alkali-halide have been
performed successfully using the large absorbance in the
ultra-violet at 222 =N of EDTA (ethylenediaminetetra-acetioc
aoid)7o. This involves a spectrophotometric titration of a
buffered solution of the sample under examination with
EDTA. Initially the change in absorbance at 222 m is small
due to the preliminary formation of the alkaline~earth
EDTA complex. However, once all the alkaline-earth ion
has been complexed, there is a marked rise due to the large
absorbance of the alkali-EDTA complex. Extrapolation of
the two linear portions of the absorbance/ml.EDTA graph
gives the end point of the titration.

This method of analysis was found to be admirable

for the alkali chlorides of the NaCl-type structurel©
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and also for CsCl” . However this was not suitable

for traces of alkaline-earth metals in Csl since there

ie a large masking absorbance in the u.v. due to I™, over
the wavelength used for the titration.

A preliminary removal of the alkaline—earth metal
ions using a cation-exchange resin was attempted. This
would have eliminated the problem of I absorption.
However the experimental technique involved too many
sources of error for accurate quotations of analyses
figures.

2. Flame Photometry.

11

A flame photometric technique = for the determination
of Barium was investigated. This involved the

precipitation of the Ba2+ in a CsI crystal as BaSO4

from an acidic solution. The resultant precipitate of

BaS0, was then dissolved in a solution of ammonium

4
ethylenediaminetetra-acetate. An E.E.L. flame photometer,
model A, was set to the zero using ammonium ethylenediamine-
tetra-acetate solution, and to full-scale deflection using

a golution containing a known concentration of BaSO

4
digsolved in the ammonium - EDTA complex. The unknown
sample was then analysed.

This method required the use of large samples i.e.
large amounts of Csl. The crystals used in our
investigations weighed approximately 0.15 - 0.50 g.,
and for successful operation of this method a number of
crystals had to be analysed together, which, of course,
was not of any use since the impurity content of each
individual crystal was required. The alternative to this
was the addition of known amounts of Ba?* to the crystal

solution prior to preoipitation as BaSO4. However this

did not give consistent results.
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3. Atomic Absorption Spectrophotometiry.

Trials using standard solutions of alkaline-earth
doped Csl employing a Unicam SP 90 atomic absorption
spectrophotometer, showed that solutions containing
large amounts of CsI caused blocking of the burner. As
a result of this, very dilute solutione (~ 5¢) had to be
used. The limits of accuracy for Cel were thuss 500 ppm
Ba, 20 ppm Sr and 10 ppm Ca. Since in this research the
main impurity dopant was Ba,obviously atomic absorption
spectrophotometry was not really accurate enough.

4. Spectrographic Analysis.

A preliminary complete spectrograsphic analysis of a
solution-grown crystal of Csl by Messrs Johnson, Matthey
& Co., Limited showed that there were traces of iron and
copper in addition to alk;line-earth metal ions in the
crystal. It was decided therefore as a result of this,
and also due to the lack of success with the three methods
of analysis described above, to have complete spectrographic
analyses done on the crystals by Johnson, Matthey & Co.,
Limited.

The analysis results for each crystal analysed are
given in mole-fraction divalent impurity in the summary
of results accompanying each conductivity/temperature
relationship (Results Section). It was found that those
crystals, grown from a solution of B.D.H. Limited CsI,
showed the largest concentrations of impurity other than
alkaline-earth metals. The acouracy quoted by Johnson,
Matthey is X 30¢.
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3.1.(a)

3.1.(1)

CONDUCTIVITY,
From equation (19) already discussed,
G - 0, exp. (-E/kT) (40)

where (° is the specific conductivity in oban~Lom™t

is a constant (ohn_lcm_l)

is the activation energy for the process (eV).

is the Boltzmann Constant.

hm oW m o9

is the abeolute temperature (OA),

and so a graph of log O versus 1/T should be a straight
line of slope -E/k, and intercept Q.. The conductivity
results have been analysed in terms of equation (40).
SUMMARY OF OBSERVATIONS.

Several ranges of conduction have been observed
depending on the pretreatment of the crystal. It was
decided to designate the regions of conductivity as Ranges
I to III, and it will be proposed in the discussion that
Range I is associated with ionic and electronic contributions
to the conduction; Range I (a) is due to catiomn impurity
dissolution in the lattice; Range I (b) is associated with
conduction due to free cation vacancies with possible
contritutions from dissociation of complexes; Range II is
controlled by the movement of thermally created anion
vacancies in the crystal and Range III possibly arises from
the increasing significance of the thermally created cation
defect at high temperatures.

NETHOD OF PRESENTATION.

The conductivity results are presented in the form of

graphs of log O versus 10°/T(°a), with a tabulated

summary of the salient features of each graph on the
succeeding page. The graphs are presented in the following

order,
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Untreated “Pure" CsI, Figs. 20-24.

Vacuum annealed ‘'Pure" Csl, Figs. 25-26.

Untreated cation-impurity doped CsI, Figs.27-37.

Vacuum annealed cation-impurity doped CsI, Figs. 38-47.
Other treatments on "Pure"™ and doped crystals Figs. 48-53.
Magnified Range 1(b) and 1(a), Fig.54.

Divalent anion doped Csl, Figs. 55-56.

Polarisation effects and dielectric loss have been
investigated at temperatures below 300°C in annealed and
untreated crystals of CsI. It has been pointed out that
the presence of divalent impurities in alkali-halide crysta1372
can cause appreciable polarisation effects. These effects
are indicated by changes in capacitance with frequency -
the capacitance rises with decreasing frequency, the charge
carriers causing "blocking® at the electrodes. This
effect would be expected to be most significant in samples
doped with aliovalent impurities72. Also dielectric loss
experiments have been used widely in the investigation of
association of impurity-vacancy complexes and anion-cation

35,73, 74,

vacancy pairs Thus investigations were made of
these effects in Range I, the lowest temperature range,
where the impurity effectas should be most pronounced. The
results of the investigations on two annealed and
unannealed crystals of CsI are summarised in a grsph of
the dielectric loss, tan & , versus frequency in cycles/sec,
Fig. 57, and tables of capacitance, frequency and tan d ,
tables (43) - (46).

3.1.(¢c) THE CONDUCTIVITY RESULTS.
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49.

TABLE 7 (Fig.20)

Pure CsIl, melt-grown, from Mervyn Instruments Limited.
Pretreatment:- Crystals (a) and (b) were untreated, crystal
(o) was quenched from 400°C in liquid N

20
Hea{ing.
Crystal (a) Crystal (b) Crystal (c)
Range I (OC) . - - 215-256
E,(eV) - - 1.04
0.0 r.T.U. (obn™on™) - - 1.7x107
Range II (°C) 235-497  265-479 256-520
E,(eV) i 1.37 1.37 1.36
014 R.T.U.(ohm.lcm-l) 2.1x107°  2.1x107° 1.5x10"°

Impurity Content of Mervyn Crystals.

<2.3 xlO-5 m.f. Fe.
Z 5 110-6 m.f. alkaline-earth metal.
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TABLE 8 (Fig. 21)

Pure CsI, melt-grown, from Lights Limited.

Pretreatment:- Crystals (a) and (b) were untreated.

Crystal.(o) was chilled from room temperature in liquid

Heating.

Crystal (a) Crystal (b) Crystal (c)

N,
Range I (°C) 217-344
E,(eV) 1.01
05.0 R.T.U.(Ohm_lm-l) 5.3x107
Temperature Range (°C) -  217-344
EA(eV) 1.01
-1 -1 -7
‘7[.7 g.r.p.lopm e ) 1.85x10
Renge II (°C) 344-514
-1 -1 -5
C,.4 ..y, lobn “om 1.4x10

Impurity Content of Lights Crystals.

¢ 2.05 x 10°° m.f. Cu.

182-298
0.50

2.4:10-8
296344
1.00

1.85x10°"

344-402
1.33

$1.0 x 10-5 m.f. alkaline-earth metal.

~1.4310"

173-302

immeasurable

8

302-344
1.00

1.85x10""

344-485
1.30

1.3x107°
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TABLE 9 (PFig.22)

Pure CsIl, melt-grown by Stockbarger Method.
Pretreatment:-
dry N, for 15 hours at 500°C before the second run.

Heating.

Untreated for first run, then annealed in

First Run. Seoond Run.

Range I (°C) 162-315 158-295
EA(eV) 0.7T1 0.56
S,0 R.T.U.(ohm.lcm-l) 1.95x1073 2,6x10~°

Range II (°C) 315-560 295-560
E,(eV) 1.36 1 .32
., R.T.U.(ohm-lcm-l) 2.6x10"° 2.9x10°

Impurity Content.

2,00 x 10-4 m.f. Cu.

5 x 10-6 m.f. alkaline-earth metal.
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TAPLE 10 (Fig. 23).

52.

Pure CsI, solution-grown. (HQSO4 as desiccant).
Pretreatments- Untreated, apart from vacuum drying.
Heating.

Crystal (a).

Crystal (b). Crystal(ec).

Range I (°C) 217-283
EA(eV) 1.13

-1 -1 -
O,.0 r.p.p.lobm em ) 2.4x10 I

E, (eV) 1.37
-1 =1 -5
(5;.4 g.p.y, o em ) 1.55x10

Impurity Content.

(2) Hopkins and Williams CsI.
< 2x1072 n.f. Ca

(b) and (¢) B.D.H. Limited CsI.

245-289 -
1.13 -

- -

289-419 227-496
1.37 1.37

1.55x107° 1.55x10°°

1—3110-'4 m.f. alkaline-earth metals (Sr and Ba).

4

0.1-1x10 " m.f. Fe and Cu.
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53.

TABLE 11 (Fig.24 )

Pure CsI, solution-grown (CaCl2 as desiccant).

Pretreatments- Untreated, apart from vacuum drying.
Heating.

Crystal (a) Crystal (b) Crystal (c)

Range I (°C) 248-352 242-315 248-308
EA(eV) 1.18 1.18 1.18
-1 -1 -9 -9 -9
O.0 p.r.p,ohm om 2.0x10 2.0x10 1.5x10
Range II (°C) 352-484 315-398 308-560
EA(QV) 1.40 1.41 1.41
O%.4 R.T.U.(ohm_lcm-l) 1.3x10"° - 1.3x1077

Impurity Content of (a), (b) and (¢) grown from B.D.H. Ltd. CsI.

1-3 x 1074 m.f. alkaline-earth metal (Ba and Sr).
0.1-1 x 10~4 m.£. Cu and Pe.
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TABLE 12 (Fig.25)

Pure CsI, melt-grown, from Mervyn Instruments Limited.
Pretreatments-~ Annealed under vacuum at 500°C for 384 hours.

First Run - Heating.

Range I (°c) 203 - 253
E,(eV) immeasurable
C%.0 r.T.U. (obn™ ca™) ~4.0 x 1072

Range II (OC) 253 - 500
E,(eV) 1.40
o-io4 R.T.U. (Ohm-lcl-l) 3'2 X 10-5

Impurity Content.

¢5x 10"6 m.f. alkaline-earth.
l (203 X 10-5 m.f. Fe.



2-3

2:|

| [oAMTcMl.
-

312 Hot
9

" FOR 3!

b —F—— oo




TABLE 13 (Fig.26)

Pure CsI, solution-grown (H2804 as desiccant).

Pretreatments-

Crystals (a) and (b) were annealed for

312 and 384 hours respectively, under vacuum at 500°C.

Range I (°C)
EA(eV)

C.

-1 -1
2.0 R.7.p.lobm em )

Range II (°C) -
EA(eV)

-1 -1
O,.4 r.r.y,(oba en )

Impurity Content of Crystals grown from B.D.H. Ltd. CsI.

Heating
Crystal (a) Crystal (b)
199-302 199-300
0.86 0.90
6.0x10> 2.8x107
302-550 300-441
1.37 1.37
2.9x10™2 2.9x10™

1 - 3x10% n.f. alkaline-earth (Ba and Sr).
0.1 -1x 104 m.f. Cu and Fe.
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56.

TABLE 14 (Fige. 27)

Baz+-doped Csl, melt-grown by Stockbarger Method.
Specimen (A).

Pretrecatments~ No pretreatment for first run, but left for

15 hours at 400°C in dry nitrogen atmosphere before second

™une.
First Run Second Pun Third Run
(Heating) (Cooling) (Heating)
Range I (°C) 162-253  162-262 183-283
2.0 R.T U.(°hm-1°m'1) 9.0110'9 4.6x10'8 2.0x10~0
Temperature Range (°C) - 262 -333  283-394
E, (eV) - 0.81 1.12
C).q R.T.U.(Ohm-lcm—l - 5.8x10°1  3.3x10°1
Range I (a) (°C) 253-333 - -
E,(eV) 1.31 - -
1.7 R.T.U.(ohm-lcm_l) 3.9x107 - -
Range I (b) (°C) 333389  333-400 -
EA(eV) 1.00 1.00 -
cri 55 R.T.U (ohm“lcm'l) 3.1::10’6 3.1110'6 -
Range II (°C) 389-533 - 394-533
E,(eV) 1.35 - 1.35
Gi.4 rorou. (omtanly o 431075 - 2.1x10"2

Impurity Content of Crystal from same boule.

7.6 x 105 m.f. Ba.
4.8 x 10”2 m.f. Ca.
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57.
TABLE 15 (Fig, 28)
Ba2+-doped Csl, melt-grown by Stockbarger Method.
Specimen (B).
Pretreatments- No pretreatment for first run, but left
for 15 hours at 400°C in dry nitrogen before second run.
First Run Second Fun Third Run
(Heating) (Cooling) (Heating)
Range I (°C) 147-256 295-213 < 256
EA(eV) 0.42 0.85 -

-1 -1 -8 -8 -8
c5;.0 rop.y,(obm cm ) 1.0x10 1.9x10 1.0x10
Range I (a) (°C) 256-368 376-295 256-368
EA(eV) 1.38 1.26 1.38
Cy.q R.T‘U.(ohm—lcm—l 3.5x107 7 5.0x10™ 1 3.5x10°7
Range I (b) (°C) 368-421 457-376 368-467
EA(eV) 0.99 1.01 0.99

-1 -1 -6 -6 -6
cri.ss R.T.U.(ohm cm ) 4.8x10 4.8x10 4.2x10
Range II (°C) - - 467-515
EA(SV) - - 1042

-1 -1 -5
(53.4 R.p.y, opm cm ) - - 2.4x10

Impurity Content.

5.7 x 10‘5 m.f. Ba.
2.0 b 4 10-4 mcfo Cu.
l.4 x 10”2 m.f. Fe.
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TABLE 16 (Fig.29 )

Baz+-d0ped CsI, solution-grown (H2SO4 as desiccant).

Pretreatments- First run untreated; second run, cooling

after anneal in dry N2 for 15 hours at 43500.

First Run Second Run Third Run

(Heatigg!. QCoolingz QHeating[

Range I (°C) - - 222-298
EA(ev) - - 1000
' -9
G 2.0 R.T.U.(Ohm—lcm—l) ) ) >+0x10
Temperature Range (°G) - 253-435 -
EA(eV) - 1.15 -
-1 =1 -5
0.4 r.r.y,lobm “om - 1.3x10 -
Range (II) (°C) 253-496 - 298-431
E,(eV) 1.34 - 1.36
-1 -1 -5 -5
(71.4 R.T.U.(Ohn em ) 2.1x10 - 2.7x10

The second run on this crystal may be in error due to
oxidation of the electrode paint during the anneal prior to

the run.

Impurity Content (Grown from Hopkins and Williams CsI).

1.95 X 10-5 m.f. Ba.
4.6 b ¢ 10—5 m.f. Fe.
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TABLE 17 (Fig.30)

59.

Ba2+-d0ped CsI, solution-grown (H2804 as desiccant).

PRETREATMENT 3~ Untreated apart from vacuum drying.

Range I (OC)
EA(eV)

o

1y
2.0 R.T.U.

(ohm-lcm_
o
Range II ( C)
EA(eV)

-1 -1
O1.4 r.r.y.lobm e ™)

Impurity Content - Unknown.

First Run - Heating.

205-253
0.79

1.8110_9

253-457
1.40

1.55::10’5
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60.

TABLE 18 (Fig. 31)

Ba2+-doped Csl, solution-grown (H2804 as desiccant).

Pretreatments~ Untreated, apart from being vacuum dried.

First Run - Heating.

Range I (°C) 253-402
EA(OV) 1009
Cs.0 R.'r.u.(°h’"-1“‘-1) 1.20107

Range II (°0C) 402-508
E,(eV) ) 1.34
fo (obn~tea™d) 2.5x1077

104- R.T.U.

Impurity Content - Unknown.
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TABLE 19 (Fig.32 )

Baz+-doped Csl, solution-grown (H2304 as desiccant).

Pretreatments— Untreated,apart from being vacuum dried.

First Run - Heating.

Range II (°C) 222-442
E,(eV) 1.36
014 aop.y, (omn rea™ 1.7x107°
Range III (°C) 442-521
E,(eV) 1.56
C1.25 R.T.U.(°hm-1?'-l) 2.321074

Impurity Content (Grown from Hopkines and Williams CsI).
4

5.7 x 10~
1095 X 10-5 m.f. Cu.

m.f. Ba.

61.
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62.

TABLE 20 (Fig. 33)

Baz+-doped Csl, solution-grown (H2804 as desiccant).

Pretreatment:- Untreated, apart from being vacuum dried.

First Run - Heating.

Range 1I (°C) 248-45T7

E,(eV) 1.33
-1 -1 -5

Cfi.4 R.T.U.(Ohm cm ‘1.5110
Range III (°C) 457-582

E,(eV) 1.57
o (ohm~tom™1) 2.1x10™4

1.25 R.T.U.

Impurity Content (Grown from Hopkins and Williams Csl).
4

1.9 x 10 ' m.f. Ba.
6.5 x 10-5 m.f. Ca.
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TABLE 21 (Fig.34)

Ba2+-doped Csl, solution-grown (H2804 as desiccant).

Pretreatments- Untreated, apart from being vacuum dried.

Firgt Run - Heating.

Range 11 (°C) 253-473
B, (eV) 1.35
Gl R.T.U.(Ohm.lcnfl 1.3x107°

Range III (°C) 473-560
E, (eV) 1.55
Ci.25 R.T.U.(Oth{ ) 1.65x107%

Impurity Content (Grown from Hopkins and Williams Cel).

1.9 x 10™> m.£. Ba.
3.3 x 10~2 m.f. Ca.

63.
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64.

TABLE 22 (F4g.35 )

Ba2+-doped CsI, solution-grown (CaCl2 as desiccant).

Pretreatments- Untreated, apart from being vacuum dried.

First Run - Heating.

Range I (OC) 203-256
E, (V) 0.78
Cré.o R.T.U.(Ohm-1°n-1) 1.1.::10"8
Renge I (a) (°C) 256-299
E,(eV) » 1.28
1.7 R.T.U.(°hm-1°“-1) 5.6x10 1
estimated.
Range I (b) (°C) 299376
EA(eV) 0.89
L oar -6
C1.55 g.r.u., (BB toah) 2.0x10
Range II (OC) 376_496
1.4 R.T.U.(Ohm_lcm—l) 2.2110™7

Impurity Content (Grown from B.D.H. Ltd. CsI).
4
4

1.9 x 10~
5.94 x 10~

m.f. Ba.

m.f. Sr.
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TABLE 23 (Fig.36 )

Ba2+-doped CsI, solution-grown (CaClz as desiccant).

Pretreatments— Untreated, apart from being vacuum dried.

First Run - Heating.

Range I (°C) 232-315
E,(eV) 1.06
-1 A1 9
6;.0 .7y, (om ca ) 8.8x10

There was & maximum in the conductivity/temperature graph
at 341°c.
The value of (3~ at the maximum wass

c = 4.5%x 10~7 ohateml.

maXxe.

Impurity Content (Grown from B.D.H. Ltd. CsI).

1.9 x 10°4 m.f. Ba.

2.97 x 10°4 m.f. sr.

65.
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TABLE 24 (Fig. 37)

Ba2+-doped Csl, soclution-grown (CaCl2 as desiccant).

Pretreatments- Untreated, apart from being vacuum dried.
First Run Second Run
(Heating) sﬂeatiggz.
Range I (°C) - 203-265
E,(eV) - 0.52
Cz.0 nop.y.(om a) - 3.1x107
Range I (a) (°C) 229-308 -
EA(eV) 1.18 -
S R.T.U.(°h”-19m-l) 4.0110”" -
Range I (b) (°C) 308-394 -
EA(eV) 0.88 -
O1.55 R.T.U.(Ohm_lcm-l 1.55x10~ -
Temperature Range (°c) - 265-4917
E,(eV) - 1.05
C1.55 R.T.U.(°h"‘_1°"'-1) - 2.9x107°
Range II (°C) 394-502 -
E,(eV) 1.40 -
Cl.4 R.T.U.(ohm_lcm—l) 1.4x107° -

Impurity Content (Grown from B.D.H. Ltd. Csl).

1.9 x 1074 n.f. Ba.
2.97 x 10°% n.2. sr.
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TABLE 25 (Fig. 38 )

Ba®*—doped CsI, melt-grown by Stockbarger Method.

Specimen (C).

PRETREATMENT:~  Annealed for 24 hours at 500°C in ¥,.

Range I (°C)
EA(eV)

0.0 R.T.U.(Ohm-lcm-l)
Range I (a) (OC)
EA(eV)

-1 -1
C1.1 g.7.y.(opa ca )

Range I (b) (°C)
EA(eV)
C1.55 R.T.U.(Ohm.lcm_l)
Range II (°C)
EA(OV)
C1.4 R.T.U.(Ohm—lc'-l)
Range III (°C)
EA(eV)

o

-1 -1
1.25 R.7.u, (OB Tem )

Impurity Content.
4

1.9 x 10 ' m.f. Ba.
6.5 x 107 m.f. Ca.
2.0 x 104 m.f. cu.
9.2 x 10”2 m.f. Fe.

First Run - Heating.

168-265
0.80

1.0110-8

265-326
1.34

4.3110‘7

326376
0.90

2.4::10'6

376-496
1.26

1.9x10"°

496-560
1.73

2.2x10~4
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TATLE 26 (Fige. 39)

Baz+—doped Csl, solution-grown (H_SO, as desiccant).

2 4
Pretreatment s—- Annesaled under vacuum for 312 hours at
500°C.
First Run - Heating.
Range I (°C) 160-315
EA(eV) curved
-1 -1 -8
<S§.0 R.T.U.(ohm em ) 5.0x10
Range I (a) (°C) 315-344
E,(eV) 1.28
Ci.q R.T.U.(°h':;°“.1) 5.7x10""
Range I (b) (°C) 344-398
EA(eV) 0.92
g3 55 R.T U'(ohm-lcm-l) 3.9110_6
Range II (°C) 398-514
EA(eV) 1.34
-5
2.8x10

-1 -1
<51.4,R.T.U.(°hm ca )

Impurity Content (Grown from Hopkins and Williams CsI).
3.8 x 1074 n.f. Ba.
6.5 x 1072 m.f. Ca.
8 x 10°° m.2. Cu.

7.0 X 10-5 m.f. Fe.
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TABLE 27 (Fig.40 )

Baz+-doped Csl, solution-grown (32804 as desicoant).

Pretreatment s— Annealed under vacuum for 312 hours at
500°C.

First Run - Heating.

Range I (°C) 203-280
=1 -1 -8

C%.0 p.p.u.lobm o) 5 5x10
Temperature Range (°C) 280-326

EA(eV) : 0.64
- -1

-1 -1 608!10

O.7 pop.y,(obm em )

Temperature Range (°c) 326-372
EA(eV) curved
Range II (°C) 372-473
EA( eV) 1.33

-5
-]l =1 300!10
O,.4 g.r.u.lobm “om )

Impurity Content (Grown from Hopkins and Williams Csl).

5.2 x 10”2 m.f. Ca.
2.05 x 10”2 m.f. Cu.
4.65 £ 10”2 m.f. Fe.
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TABLE 28 (Fig. 41 )

Ba2+-doped CsI, solution-grown (32804 as desiccant)

Pretreatments- Annealed under vacuum for 384 hours at

500°C.
First Run Second Run, 40 days later.
SHeatingz SHeatigg[
Temperature Range (OC) 177-224 —_
EA(eV) 0.33 —
G,.o R.T.U.(Ohm-lcm-l) 8.5x10" T
Range I (°C) 224-315 179-319
EA(eV) 0.93 0.93
G0 nur 5. (obmea™) 2.4x1078 2,1x10°0
Range I (a) (°C) 315-398 319-394
E, (eV) 1.30 1.32
-1 -1 -7 -1
cy1.7 R.T.U.(ohm ca 6.0x10 5,0x10
Range I (b) (°C) 398-514 394-496
c- (onn~Yem™d) 7.5x107° 6.0x10~°

1.55 R.T.U.

Impurity Content (Grown from B.D.H. Ltd. CsI).

1.9 x 1074 m.f. Ba.
5.94 x 1074 m.f£. sr.
2.0 x10™° m.f. Ca.
4.1 x 10”2 m.f. Cu.

4'65 b o 10-5 n.f, Fe.
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TABLE 29 (Fig.42).

Baz*-doped Csl, solution-grown.

T1.

(H2SO4 as desiccant).

Pretreatments- Annealed in vacuum for 312 hours at 500°C.

Range I (°C)
EA(eV)

-1
C5.0. r.r.U.(0D®

Tempersture Range (OC)

EA(eV)
cyi.? ReTeU.

v

Range I (a) (°C)
EA(eV)

C73.7 R.T.U.

Range I (b) (°C)
EA(eV)

(53.55 R.T.U.

Range II (°C)
EA(eV)

03.04 R.

(ohm-lcm-

(ohm-lcm-l)

(ohm-lcm-l)

0.0 (ohn-lcm_l)

First Run Second Run, 70 days
gHeatin52 later gHeatingz.
<305 208-283
curved 0.7

- 1.35110—8

- 283-457

- 1.18

- 2.8x1071
305-360 -

1.33 -
5.5210™ 1 -
360-436 -

0096 -
5.3:10'6 -
436-508 457-533

1.32 1.41
2.6x107° 1.5x107°

Impurity Content (Grown from Hopking and Williams Csl).

1.9 x 1074

m.f. Ba.

1.95 x 1072 n.f. Ca.
401 X 10-5 m.f. Cu.
9.3 X 10.5 m.f. Fe.
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TABLE 30 (Pige.43)

Ba2+-d0ped Csl, solution-grown (H2804 as desiccant).

Pretreatments- Annealed under vacuum for 312 hours at 500°C.

First Run - Heating.

Range I (°C) : 222-315
E,(eV) 0.85

O 0.0 BT U.(ohm-lcm-l) 1.1571070

Range II (°C) 315-462
EA(eV) 1.43

o4 4 R.T.U (ohm'lcm’l) 2.8x107°

Impurity Content (Grown from Hopkins and Williams CsI).

5.2 x 10~2 m.f. Ca.
2.05 x 10~° m.f. Cu.
1.86 X 10-4 m.fo Feo
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TABLE 31 (Fig. 44 )

Ba2+-doped CsI, solution-grown (H2SO4 as desiccant).

Pretreatments- Annealed under vacuum for 312 hours at
500°C.

First Run - Heating.

Range I (°C) 208-259
o (ohm—lcm-l) 8.9110“9
2.0 R.T.U.
Range II (°C) 259-508
EA(eV) . 1.35
-1 -1 -5
C71.4 R.T.U.(ohm cm ) 3.0x10

Impurity Content (Grown from Hopkins and Williams CsI).

>1 x 10~> m.f. Ba.

73.
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TABLE 32

(P4

ge 45)

Ba?*-doped Csl, solution-grown (H,80, as desicoant).

Pretreatments-
500°¢.

Range I (°C)
EA(eV)

o

-1 -1
2.0 R.T.U.(0Dm “cm )

Temperature Range (°c)
EA(eV)

0_107 R.T.U.

1

~

(obm™tem™t)
Range I (a) (°C)
EA(eV)

<1 -1
CY1.7 r.r.y, (0B cm )

estimated.

Range I (b) (°C)
EA(eV)

Cr}.;g g.T.U.(°h‘-1°“‘l)
estiméfed.

Annealed under vacuum for 384 hours at

14.

First Run Second Run, 24 hours
(Heating) later. (Heating).
177-360 162-240
curved 0.70
-7 -8
7.0x10 1.35x10
- 240-333
- 1.07
- 4.2x1077
360-4117 333-417
1.34 1.39
5.5x107 1 3.8x1077
- A17-496
- 0.86
- 8.0:10‘6

A third run on this crystal gave the same conduction as

the second heating.

Impurity Content (Grown from

B.D.H. Ltd. CSI) .

9.5 x 1074 m.f.
5.94 x 104 m.f.
1.3 x 10~ m.f.
1.2 x 10~ m.f.
2.3 x 1072 m.f.

Ba.
Sre.

Ca.

Fe.
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TABLE 33 (Fig. 46)

Ba?*—doped CsI, solution-grown (E,S0, as desiccant).

Pretreatments- Annealed under vacuum for 384 hours at 50000.

First Run - Heating.

Range I (°c) 253-302
E,(eV) 0.75 .
G0 R.T.U.(°hm-1°‘-l) 2.6x10
estimated.

Range I (a) (°C) 302-394
EA(eV) . 1.38
O1.q R.T.u.(°hm—1°“-1) 4.9x107"
Range I (b) (°C) 394-497
E,(eV) 1.04
O1.55 R.T.U.(°h‘-1°‘“l) 6.5x107°

estimated.

Impurity Content (Grown from B.D.H. Ltd. CsI).

5.7 X 10‘4 m.f. Ba.

8.91 x 1074 n.f. sr.
1.9 x 107 m.f. Ca.
4.1 x 10" m.f. Cu.
4.65 x 107

m.f. Fe.
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TABLE 34 (Fig.47)

Ca2+—doped CsI, solution-grown (CaCl2 as desiccant).

Pretreatment s- Annealed under vacuum for 336 hours at
500°C.

First Run - Cooling.

Range I (°C) 242-315
EA(eV) 0.93
o—é 0 R.T U.(°hm—1°m-1) 1.65x10"8

Range I (a) (°C) 315-400
EA(eV) 1.44
Oi.1 R.T.U.(ohm-¥, ) 4.4x2077

Range I (b) (°C) 400-496
E,(eV) 0.92

1 6

-1 -1 _
01.55 p.r.u.(om® 0@ ) 8.0x10

estimated.
A second run was done on this crystal but not enough
observations were made to justify quotation of activation
energies. However, the conductivity showed a significant

decrease from the first run.

Impurity Content (Grown from B.D.H. Ltd. Csl).

4
4

1.9 x 10
5.94 x 10~

m.f. Bae.

m.f. Sr.

76,
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TABLE 35(Fig.48)

Pure Csl, melt-grown, from Mervyn Instruments Limited.
Pretreatment s- Annealed in air at 500°C for 336 hours.

Free iodine was evident in the crystal after the anneal.

First Run - Heating.

Tempereture Range (OC) 30 - 118
EA(eV) 0 .35
CTB 0 R.T.U. (ohn’lom-l) 8.0 x 10-9

Temperature Range (°C) 118 - 227
EA(eV) Fall in C
o, (obnte™t) 9.0 x 10~°
Cain (obm™ca"1) 1.9 x 1070

Range I (°C) 227 - 292

-1 -1 o -9
Cf;.o R,y lopm ca ) 6.0 x 10

Range II (°C) 292 - 560

E,(eV) 1.34
-1 -1 -5
07 .4 r.r.u,lobn Tem ") 1.7 x 10

Impurity Content.

¢ 5 x 10-'6 m.f. alkaline-earth metal.
¢2.3 110 m.f. Fe.
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TABLE 36(#ig.49)

Pure Csl, melt-grown, from Mervyn Instruments Limited.

Pretreatments- Annealed in I_, for 96 hours at 50000.

2

First Run - Heating.

Range II (°C) 227 - 560
E,(eV) 1.37
<’“1.4 R.T.U. (»9"‘-1“-1) 2.1 x 107

Impurity Content.

L5 x ZI.O-6 mn.f. alkaline-earth metal.

¢23 x 10"6 n.f. Fe.
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TABLE 37 (Fig. 50)

Pure CsI, melt-grown, from Lights Limited.
Pretreatments- Irradiated in the ultra-violet for 30

minutes.
Heating.
First Run Second Run
Range I (°C) 91-376 112-407
E,(eV) 0.62 0.62
2.0 BT U.(ohn-lcm-l) 1.33x1077 1.33x10° 7
Range II (°C) - 407-560
E,(eV) - 1.34
CT; 4 R.T.U (ohm'lcm_l) - 1.8x10"0

Impurity Content.

£ 1.0 x 10-5 m.f. alkaline-earth metal.
£ 2.05 £ 10”2 m.f. Cu.
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TABLE 38 (Fige. 51)

Ba2+-doped CsI, solution-grown (H as desiccant).

2804
Pretreatments-  Annealed in 12 for 96 hours at 50000,

Crystal (a) Crystal ‘b!

QHeating}. (Heatingz.
Temperature Range (°c) 173-203 -
EA(eV) 1.20 -

-1 =1 -9
0;02 R.T.UQ(Ohm cm ) 9'4110 -

Range I (°C) 203-394 -
E,(eV) 0.71 -
% o IM,.U.(omn'l..,cm'l) 8.5210™0 -

Range I (b) (°C) - 312-441
E,(ev) - 0.76
O1.55 pp.p,(omen ) - 6.5x10"°

Range II (°C) 394-560 -
EA(eV) 1.36 -
Clua R.T.U.(°h“'_1°"‘-1) 1.85x107 -

Impurity Content (Grown from B.D.H. Ltd. CsI).

ngstal gal ngstal gb[
5.7 x 10~ m.f. Ba. 1.9 x 10°4 m.f. Ba.

2.3 x 1o'5 m.f. Fe. 8.9 x 10~° m.f. Sr.
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TABLE 39 (Fig.52 )

Pure Csl, solution-grown (H2SO4 as desiccant).

Proetreatments- Quenched in liquid N, from 400°C.

2
First Run - Heating.

Temperature Range (°c) 103-212

E, (eV) 0.24
-1 -1 -9

02.3 R.7.y,(ohm om 1.15x10

Ey(eV) ; 0.88
-1 -1 -9

C%.0 r.7.u, (oha ca 4.3x10

Range II (°C) 289521

Ey(eV) 1.33
-1 -1 -5

1.4 »,1.0, (000 e ) 1.55x10

Impurity Content (Grown from B.D.H. Ltd. CsI).

1 -3x 10"'4 m.f. alkaline-earth metel (Ba and Sr).
0.1 -1 x 104 n.f. Fe and Cu.
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TABLE 40 (Fig.53)

B32+-d0ped Csl, solution-grown (HQSO desicocant).

4

Pretreatments- Quenched in liquid N, from 400°C,

2

Crystal §32 Crystal Sb!
gHeatiggl. SHeatingl.

Range I (°C) 200-265 203-302
E,(eV) 1.03 0.94
c’;.o R.T.U.(°h“-1°“.1) 2.4x1077 4.5x10°°

Range II (°C) 265-508 302-508
E,(eV) 1.33 1.4
=1 =1 -5 -5
Ci.4 .oy, (obm em ) 1.4x10 1.65x10

Impurity Content - Unknown.

82.
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TABLE 41 (Fig.55 )

S0 2-—d0ped Csl, solution-grown (H as desiccant).

4 2504

Pretreatments- Untreated, apart from being vacuum dried.

Crystel (a) Crystel (b) Crystal (c)
(Heating). (Heating). (Heating).

Range II (°C) 253-45T 237-45T 250-533
C1.4 R.T.U.(ohn-lcm-l) 1.652107°  2.4x10°°  1.65x107°

%

The SO e-

4 content of these crystals is unknown.
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TABLE 42 (Fig.%)

8042—-d0ped Csl, solution-grown (H2SO4 as desiccant).

Pretreatments- Crystal (a) was annealed under vacuum for
96 hours at 500°C. Crystal (b) was quenched from 400°C in
liquid Nz.

Crystal ga} Crystal !b}
§Heating!. sHeatingl.

Range I (°C) - 122-259
E,(eV) - 0.59
-1 -1 -8
0.0 p.p.p.lobm o) - 1.15x10
Temperature Range (°c) 253-421 259-421
EA(eV) Y 1.26 1.14
1 -1 -1 -1
0.7 gop.y,lobm en™")  2.2x10 2.9x10
Range II (°C) 421-575 421-500
EA(eV) 1.44 1.35
-1 -1 -5 -5
c71.4 R.T.U.(ohm ca 2.0x10 1.65x10
The SO,°~ impurity content of these crystals ies unknown.

4
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POLARISATION AND DIELECTRIC LOSS RESULTS.

Typical results of the above investigations are
shown for two vacuum annealed and two untreated B8.2+—d0ped
crystals.
TABLE 43 (Fig. 57)

Untreated Ba2+—doped solution-grown CsI, total cation

impurity content <1 x 10-'3 m.f.

Capacitance ('p.TpQ. tan d . Frequency (e¢/s).
8.4 0.415 200
8.6 0.278 300
9.4 0.195 400
8.7 0.176 500
9.2 0.140 600
9.1 v 0.120 700
9.0 0.113 800
9.0 0.100 900
8.8 0.092 1000
9.0 0.073 1200
8.9 0.062 1500
8.6 0.051 2000
8.5 | 0.039 3000
8.4 0.034 4000
8.2 0.031 5000
8.0 0.025 7000
T.4 0.020 10,000

The temperature at which the above observations were made
was 270%2°C.



TABLE 44 (Fig. 57).

Untreated Ba2+-doped solution-grown CgIl, impurity

content unknown.

Capacitance (}_{LF).
4.7
6.5
6.8
7.0
7.0
7.0
T.0
7.0
7.0
T.4
T.4
T.3
T.1
T.2
T.2
Te2
7.0
7.0
7.0
7.0
7.0

tand .
0.237
0.114
0.082
0.064
0.057
0.0487
0.0400
0.0379
0.0341
0.0287
0.0230
0.0175
0.0161
0.0132
0.0111
0.0091
0.0083
0.0075
0.0068
0.0063
0.0061

Frequency (c/s).

200
300
400
500
600
700
800
900

1000
1200
1500
2000
2500
3000
4000
5000
6000
7000
8000
9000

10, 000

The temperature at which these observations were made was

270%2%.

86.



TABLE 45 (Fig. 57).

87.

Vacuum annealed B32+-doped solution-grown CslI,

total cation impurity content = 8.1 x 10-4 m.f.

Capacitance (ppF).
6.8
6.8
6.6
6.7
6.6
6.6
6.6
6.5
6.4
6.5

tan d

0.0328
0.0187
0.0141
0.0113
0.0096
0.0080
0.0072
0.0073
0.0064
0.0054

Frequency (c¢/s).

1000
2000
3000
4000
5000
6000
7000
8000
9000

10, 000

The temperature at which these observations were made was

210t2%.



TABLE 46 (Fig. 57).

Vacuum annealed Ba.2+—doped solution-grown CsI, total

cation impurity content = 1.48 x 1073 m. £,

Capacitance (ppF). tand . Frequency (c/s).
9.0 0. 0530 500
8.8 0.0276 1000
8.6 Q0143 2000
8.5 0. 0091 3000
8.4 0,0074 4000
8.4 0, 0060 5000
8.3 0,0044 T000
8.3 0.0035 9000
8.3 : 0.0032 10, 000

The temperature at which these observations were made was
210%2%.
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3.2. DIFFUSION.
3.2.(a) Cs - 137 Diffusion.

The majority of the diffusion measurements have been

made on pure unannealed solution grown and Mervyn vacuum
grown crystals. The results for the latter crystale are
somewhat anomalous and it is intended, before presentation
of the results, to discuss in some detail the surface
decrease method for measurement of diffusion.

The surface decrease method is critically dependent
both on the reproducibility of the counting arrangement,
i.e. crystal position in recsard to the counter, and on the
decrease in activity at the surface only resulting from the
diffusion of the tracer into the crystal. Processes such as
evaporation of the tracer from the crystal surface will give
rise to large errors in the determination of the diffusion
coefficient. It is therefore an advantage in this method
to use a tracer which is both a F and X -emitter. The
absorption of the J’-rays in the crystal is very small for
short diffusion distances and hence the J' -count rate should
remain constant during the diffusion. Any significant drop
in J’-count rate would indicate that evaporation of the
active deposit had probably taken place.

In the diffusion measurements on the solution grown
crystals the X -count rate remained constant within the
experimentsal error and the diffusion coefficients have been
determined as previously described. The results are '
summarised in Table 47 and a plot of log D against the
reciprocal temperature is given in Fig. 58. The reproducibility
and the diffusion graph are reasonably satisfactory.
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Ce’ diffusion coefficients for pure, untreated,

solution-grown crystals of CsI (unpolished).

103/7(°a).
1.876
1.754
1.695
1.610
1.610
1.565
1.471
1.393
1.391
1.355
1.355
1.294

Activation energy for diffusion is 1.74:0.0897.

TABLE 47 (Fig. 58).

Dscmzsec-lz.
14
13

1.00 x 10~
1.30 x 10~
3.51 x 1013

1.90 x 10712

2.70 x 10712

6.32 x 10712
9.50 x 10711
2.93 x 10710
1.63 x 10710
2.68 x 10710
1.44 x 10710

1.27 x 10~

90.

Typical analyses for these crystals, grown from Hopkins
and Williams CsI were £ 2.0 x 10™° m.f. divalent cation

impurity (Ca

2+).
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In the measurements on the Mervyn vacuum grown
crystals the count rates increased after the diffusion
heating. The increase in j’-count rate varied between
5 and 20% depending on the crystal specimen. There was
no obvious correlation between the increase in count rate
and either the diffusion time or the diffusion temperaturs.
In other studies where a comparison of surface decrease and
microtome techniques have been made there is good
agreement between the diffusion coefficients determined
by the two methods75. In one case, however, (the diffusion
of Co - 60 in Ni-Al alloys) increases in/8 -count rate
have been sometimes observed after diffusion. It has been
founé that this is the result of /3 -scattering'®. The
/3-scattering produces 8 maximum in the absorption curve.
It ie unlikely,ahowever, that this is the explanation for
the increased count rates in these experiments. The
absorption curve has been determined on several occasions
and the results are reproducible, Fig. 15. There is no
evidence of any maximum in the absorption curve.

Furthermore the absorption measurements are in very

good agreement witb those of Harvey48

who used a similar
experimental arrangement to study the diffueion of Cs - 137
in single crystals of CsCl. The reproducibility in the
diffusion count rates and the diffusion coefficients in this
latter work were very satisfactory and no increased count
ratee were observed after diffusion. It is significant that
the CsCl specimens used in these experiments were unpolished,
solution-grown crystals. Satisfactory results have been
obtained in the present research with the solution-grown
crystale (Table 47) which were also unpolished. The Mervyn
vacuum grown crystals and all other melt-grown crystals

required polishing prior to use in the diffusion and
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conductivity experiments. It therefore seems that this
anomelous increase in count rate is associated with the
polishing of the crystal prior to the diffusion
measurements, and this is substantiated by the results for
the polished solution-grown crystals which also show increased
count rates after diffusion, Appendix(l).

It is suggested that this increase in count rate
is due to changes in the counting geometry. It is believed
that there is considerable movement of the active deposit
in the surface regions of the crystal during diffusion
and this results in changes in the counting geometry.
Polishing of crystal surfaces frequently produces

polycrystallinity in the surface regions77

and the heating
of the crystals during diffusion may produce sintering

in these region;. Alternatively the polishing of crystals
will certainly produce strain in the surface regions and
the release of this strain during heating could lead to
deformation of the crystal surface. This has, in fact,
been observed in some cases after annealing of polished
crystals. It should however be pointed out that the
observed increases in some cases are somewhat larger

than would be expected on the basis of changes in the
counting geometry.

The results for polished crystals have been analysed
on the assumption that changes do occur in the counting
geometry during diffusion. The efficiency of the counter
for /3— and X -rays should not change during diffusion
and consequently, if no diffusion occurred, the p/{
count ratio should be essentially independent of small
changes in the position of the active deposit with respect
to the counter. If diffusion occurred then the ﬁ/( count

ratio should decrease and this, in fact, is always observed.
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The diffusion coefficients for polished crystals have
therefore been calculated using equation 37 but, instead
of using only the /3 -count rate, the initial and final fg/a’
count ratios are used. The results are summarised i

Tables 48 - 51. '8/(

The results for the Cs - 137 diffusion in unannealed
Mervyn crystals are shown in Fig.59. The general situation
is that although these diffusion results cannot be used for
a quantitative argument, the diffusion coefficients for these
crystals do show the same qualitative behaviour as the
solution-grown crystals. In fact if the diffusion
coefficients for the Mervyn crystals are averaged at each
temperature then the resulting log D against reciprocal
temperature plot is in reasonable agreement with the line
for solution-grown crystals, Fig. 60. The resulte for the
polished solution-grown crystals could be taken as
justification for the modified method of calculation since the
resulting diffusion coefficients agree reasonably with the
results for unpolished solution-grown crystals; the
difference is less than a factor of two, Fig. 60. Further
justification for this method is obtained from the results
for three crystals using the microtoming technique described
in Chapter 2. The agreement is quite reasonable (microtome
results in Appendix(3)).
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TABLE 48 (Pig. 59).

Cs' diffusion coefficients calculated from ({3/ Y)

and (/?/X'

d

untreated

103/2(°4).
1.733
1.715
1.667
1.667
1.621
1.621
1.565
1.473
1.473
1.464
1.464
1.456
1.447
1.447
1.420

94.

gfsge

aiTr]

) for polished Mervyn Instruments Limited,

1738 E8En,

Cel crystals.
D(cnasecffl. 103/T(°A). D(cmzsec-i).
3.08x10 14 1.414 1.50x1020
1.30x10712 1.393 2.40x10 10
1.50x10 2 1.383 1.81x1071°
1.00x10713 1.383 7.00x1071°
8.10x10713 1.383 8.10x10°11
3.70x107 12 1.383 3.80x10711
3.00x10 12 1.368 4.10x10710
4.10x10 1t 1.1368 3.00x101°
7.10x10712 1.368 1.75x10 10
2.04x10~ 11 1.350 4.20x107 10
2.10x10~° 1.350 4.20x10°11
7.30x107 1t 1.332 6.50x10"1°
5.51x20 11 1.333 3.75x1071°
6.83x107 L1 1.333 1.20x10"7
5.80x10~11 1.290 5.00x10" 0

1.282 2.40x10‘9

Aversged results are shown in Fig. 60.

Typical analyses for Mervyn Instruments Limited crystals
showed { 5:10"6 m.f. slkaline-esrth impurity and < 2.3x10™°

m.f. Fe.
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TABLE 49 (Fig. 60).

ce' diffusion coefficients, calculated from

B
T bsgers, e (Pry )

for for pure, polished,

i?¥3§fon,

untreated solution-grown crystals of CsI.

103/2(°a). D(ca’sec”l).

1.667 1.70x10 2
1.522 2.40x10°11
1.414 1.50x10710
1.366 1.30x10710

Typical analyses for these crystals, grown from

Hopkins and Williams CsI were ¢ 2.0x10"° m.f. divalent

cation impurity (Ca2+).
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TABLE S0 (Fig. 61).

Cs* diffusion coefficients calculated from (p/K)

£
dif gs g:el
and (ﬂ/ X) fter TOT Vacuum annealed Mervyn Instruments
dif?usgon,

Limited, polished CsI crystals.

103/7(°4).  D(cmZsec”}).

1.905 9.50x1014
1.686 1.70x10°12
1.527 1.40x10° 11
1.527 3.80x10711
1.321 3.65x10710
1.321 4.25x1071°

Impurity content same as for other Mervyn crystals.






Cs+

TABLE 51 (Fig. 62).

diffusion

fter
di%fugion,

untreated melt-grown crystals of CsI.

97.

diffusion coefficients, calculated from

(P/X) before and (@/d/)

for B32+-doped, polished,

103/7(°4). D(cm®sect). 103/1(°A). D(cmsec™l).
1.905 9.93x10 14 1.527 3.90x10™11
1.720 4.26x10713 1.456 9.00x10 11
1.720 1.60x10712 1.433 1.28x10"1°
1.715 2.00x107+2 1.383 1.00x1071°
1.686 1.30x10°12 1.368 1.50x10710
1.613 6.13x10712 1.368 4.50x10™1°
1.613 1.48x10° 11 1.355 1.59x10"7
1.590 .2.70x10" 11 1.355 5.37x10 L0
1.565 3.00x10~ 11 1.320 1.70x1077
1.548 9.98x10™ 12 1.290 9.60::10‘10
Impurity Content.
103/T(°A). D(cmzsec-l). Impurity Content (m.f.) Metals.
1.686 1.30x10712 1.43x1074 Ba, Cu,
Fec
1.548 9.98x10712 2.10x10™4 Ba, Cu,
Fe.
-11 4
1.456 9.00x10 1.81710- Ba, Sr,
Fe, Cu.
-10 -4
1.368 4.50x10 1.35x10 Ba, Sr,
Fe, Cu.
-10 -4
1.383 1.00x10 2.10x10 Ba, Cu,

Fe.




TABLE 52 (Fig. 62).

Cst diffusion in unpolished, vacuum annealed,

Ba2+-doped solution-grown crystals of CsI.

103/7(°a). D(cm’sec™t).

1.869 3.62x107 14
1.869 4.79x10714
1.773 3.16x10713
1.773 5.21x10" 1>
1.773 7.42x10° 14
1.733 4.18x10713
1.733 1.85:10’13
1.621 2.58x10" 11
1.621 1.06x107 12

The impurity content of these crystals is unknown.




3.2.(b).

9880

Cl - 36 DIFFUSION.

There was also a large scatter in the
diffusion coefficient values in Cl - 36 diffusion.
Unfortunately this cannot be corrected for, since
Cl - 36 is only a fg -emitter. However, we have
auoted those results which were reasonably
reproducible (Table 53) and have compared them with
the interpolated 1.37 eV range observed by Lynch47,
Fig. 63. In cases where reproducibility is good

Do - # Di- (Lyneh).
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TABLE 53 (Fig. 63).

C1~ diffusion coefficients for polished, untreated

Mervyn Instruments Limited and Lights Limited CsI single

crystals.
103[TS°A!. Dgcm2sec_12.
1.672 1.85x10712
1.672 2.90x10"12
1.585 3.05x10711
1.560 2.70x10" 11
1.530 7.00x10” 11
1.530 1.00x10~°
1.495 5.40x10" 11
1,495 2.50x107 11
1.482 1.40x10"10
1.482 1.30x10710
1.447 1.90x10~10
1.447 3.351107 11
1.389 4.10x10710
1.389 3.95x10 10

Impurity content - same as for other Mervyn and Lights
crystals.




CHAPTER 4.
DISCUSSION.
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CONDUCTIVITY IN PURE CRYSTALS.
(a) Untreated Crystals.

Two ranges of conductivity have been observed in
undoped crystals over the temperature range 150-60000.
These two regions have been designatéd Ranges I and II.

Range I is the lower tempersture range, generally
occurring below 300°C. The conductivity in this range
was not reproducible and there is possibly some
contribution from impurity effects. A detailed
discucssion of this range will therefore be given in
the section on doped crystals. Range II showed good
reproducibility for crystals grown by the same technique
though there was a slight difference in the magnitude
of conductivity (~ 1.4 times) between crystals from
Mervyn Instruments Limited, and solution-grown crystals,

Table 54. However the activation energies were
identical. The conductivity equations for Mervyn
Instruments Limited, and solution-grown crystals are
summarised below.

1. Mervyn Crystals.

4

O = 8.48x10" exp. (-1.37 (eV)/kT) ——— (41)

(onm~tem=1)
2., Solution-Grown Crystals.

o, 6.04x10% exp. (-1.37 (eV)/kT) —-— (42)
(obm™*cm™1)

(b) Annealed Crystals.
The general effect of annealing the crystals under

vacuum wes to increase the conductivity in Range I
this will be discussed later. The activation energy
in Range II wes essentially unchanged though the
conductivity was raised slightly. The conductivity of
all samples in Range II was the same and the
conductivity equation can be represented by

c - 1.13110° exp. (-1.37(eV)/kT) —— (43)
(ohm™ cm'l)
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and a comparison of the results for annesled and
untreated crystals in the present research with

those of other workers is given in Tab1e155.

TABLE .
Conductivity parameters for "pure" Csl crystals
in Range II.
Temperature BE,(eV). 0T

Crystal Source. A i blts
1. Mervyn Instruments 235-497 1.37 4.50110-6
2. Mervyn Instruments 265-479 1.37 4.‘50:10-6
3. Lights 344-514 1.33 3.00x10~°
4. Lights 344502 1.33 3.00x10‘6
5. Stockbarger 315~560 1.36 5.00110-6

Techique
6. Solution-Grown 283-496 1.37 3.30:10"6
. n " 289-479 1.37 3.30m10°%
8. " " 227-496 1.37 3.30x1o'6

TAELE .

Conductivity parameters for CsI.

-1 =1
Reference. Crystal gemﬁzrature EA(eV). o, (ohm™"cm™ ).

Type.
Present
Work Mervyn Untreated ~300-600 1.37 8.48x104
" Annealed ~300-600 1.37 1.13x10°
Solution-grown
Untreated ~300-600 1.37 6.041104
Solution-grown
Annealed ~ 300-600 1.37 1.13x10°
Lynch?! Melt-grown ~ 350-480 1.25 1.38x10%
480-595 1.43 2.21x107
Ubbelohde
et a1%%  Polycrystalline  530-600 1.37 3.00x10%
Rossel et al’® Zone-Refined %400 1.49  ~1.00x10°
Rossel et al’? Zone-Refined  203-420 1.33 -

»420 1.60 -
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The results of the present research compare
favourably with those from previous work on Csl.
The activation energy for the conduction process in
Range II is in good agreement with that reported by
Rossel et 81”2 (1.33 eV), Ubbelohde et a1%’ (1.37 eV)
and Lynch47 (1.43 eV). The 1.37 eV range reported by
Ubbelohde et a149
conductivity. Lynch

was interpreted as being due to electronic
41 has discounted electronic conductivity
in this range, tut postulated that a range of activation
energy 1.25 eV between 350—480°C was in fact intrinsic
conductivity due to the movement of thermally created
defects. However above 480°C Lynch observed a conductivity
range of activation energy 1l.43 eV which was not discussed
in detail. The crystals of CsI used in Lynch's work contained
impurities of the order of 0.01% and it could be argued that
the conductivity in the range 350—48000 was in fact subject
to impurity effects. If this is the case the 1l.43eV range
would seem to be associated with an intrinsic property of
the crystal.

Rossel et a152 also observed a high temperature range
in addition to the 1.33 eV range already mentioned. This
second region of conductivity occurred above 420°C and had

47

an activation energy of approximately 1.60eV. Lynch'' and
also Ubbelohde ot al%? observed concavity in their O /
reciprocal temperature plots very near the melting point.

It seemed likely that the observed increase in conductivity
observed by Lynch and Ubbelohde et al was due to pre-melting
phenomena. In the present research a high temperature range
was also observed, though this region was not in evidence in
pure crystals. This range (Rgynge III) will be discussed in

the section on doped crystals.
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The reproducibility in activation energy in Range II
for both annealed and unannealed crystals would suggest
that this was in fact the intrinsic range. At any one
temperature the difference in the magnitude of 0 Dbetween
annealed and unannealed crystals was less than a factor of 2.
This, however, was greater than the expected experimental
error. This change in conductivity upon annealing does not
seem to be associated with any change in the defect nature of
the crystal, since any additional conductivity mechanism
induced by the annealing process would be expected to manifest
itself by a change in activation energy. This was not in
fact observed. It should be pointed out that during
ennealing under vacuum at 50000, some evaporation did occur
from the crystal faces and it may well be that the reason
for the change in the magnitude of 0" is connected with a
change in surface area of the crystal, which would lead to
a change in conductivity magnitude, but not activation energy.
It is significant that annealing in “atmospheres other than
vacuum® e.g. I, - Fig. 49 and air - Fig. 48 produced no
increase in 0 i.e. Range II was the same as for untreated
crystals. For this reason, since our Ce? diffusion was carried
out in a nitrogen atmosphere and Lynch's I~ diffusion in a
helium atmosphere, the comparison of conductivity and
diffusion will be made with the untreated crystals.
DIFFUSION IN PURE CRYSTALS.

A single range of Cs-137 diffusion has been found in
solution-grown, untreated crystals of pure Csl over the
temperature-range 250-50000, Fig. 58. Although the results
for Mervyn unannealed crystals cannot be regarded as
conclusive, they do indicate the same diffusion range as the
solution-grown crystals Figs. 59-60. The diffusion can be
represented by

D = 2.25x10° exp. (-1.74(eV)/kT)
(cm2sec—1)

(44)
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The only previous diffusion measurements in this
system have been made by Lynch47 and the results of the
present work for Ce’ diffusion were in disagreement with
Lynch's reported data. The magnitude of the cet diffusion
in the present research was lower at low temperatures and
2 higher activation energy, 1l.74eV as opposed to 1.54 eV (Lynch)
wag obtained. However the magnitude of the diffusion
coefficient D was approximately the same in both cases at
500°C.

No measurements of I~ self-diffusion have been made,
but the few C1~ diffusion studies made were in reasonable
agreement with Lynch's results for I~ diffusion, Fig. 63.
Chemla54 observed little difference in diffusion between
Na' and other monovalent positive ions in NaCl. There
was also 1itt1evchange in diffusion from the value for
Cl~ when Br and I were examined in NaCl. This would be
in agreement with the observations in this research, i.e.
C1™ diffusion of the same magnitude as I  diffusion in
Csl reported by Lynch. It should be mentioned, however,
that in a recent publication by Mullen et all® on Rb
diffusion in NaCl, KCl1 and RbCl, that there were significant
changes in activation energy and diffusion magnitude between
Rb* and Na' in NaCl and Rb' and KV in KCl. The larger Rb'
ion showed a higher activation energy and slightly higher
diffusion coefficient than the Na' ion, for diffusion in
FaCl. Similar effects were observed in KCl. However,

Rp - < Ry-, and if one takes Chemla's work into account

it is unlikely that this change in ion should appreciably
affect the diffusion parameters. Certainly an order of
magnitude difference would not be expected and therefore we

may be justified in using D;- (Lynch) and Dp (present work)

for comparisons between the diffusion and the conductivity.
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Cs' DIFFUSION IN PURE, ANNEALED MERVYN CRYSTALS.

There appeared to be a slight lowering of activation

energy for cst diffusion in pure, Mervyn annealed crystals,
Fig. 61, and the diffusion coefficients were slightly

higher than in the pure untreated crystals. It is

difficult to say whether this increase is of any

significance in the light of the unreproducibility associated
with polished crystalss ©Even if this increase is in fact
genuine it is too small to account for the increase in 0

on annealing under vacuum because of the low DCs+/DI- ratio.

COMPARISON OF 0~ AND D IN PURE CRYSTALS.

If the conductivity in the intrinsic range is purely
ionic, and it is the same processes which are responsible
for diffusion and conductivity, then a comparison of the
results obtained by the two techniques can be made using the
Nernst~Einstein relationship (equation 22).

i.e. o = EEE
Dcs+ + DI- kT
However, as discussed in the introduction a correlation
factor (f) must be included where f = Dot + Dy-
D

and where Do- is the diffusion calculated from the

conductivity using the Nernst-Einstein equation. The
evaluation of £ can be used as a means of identifying the
ionic migration mechanism. For vacancy migration in a
CsI lattice £ = 0.6555,7
interstitials by direct jumps f =
It is therefore our intention to use our DCs* results

while for movement of

147,

along with the D_- results obtained by Lynch and to

I
compare these with the values of D calculated from the

conductivity results. We have assumed that the high

temperature range of I” 3iffusion ()'410°c) of
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activation energy l.37eV is in fact associated with
intringic behaviour, since below 410°C, where Lynch
observed a range of I~ diffusion of activation energy
1.28eV, there could be significant impurity effects: the
crystals used by Lynch contained ~ 0.01% impurity. Thus
the calculation of f has been based on the observed Cs'
diffusion in this work and the interpolated I~ diffusion
(1.37eV) observed by Lynch. However for comparison
purposes f derived from the actual I~ diffusion
(1,28 and 1.37eV) has been included. The results for
solution-grown and Mervyn melt-grown crystals are shown
in Tables 56 and 57.

TABLE 56.

Correlation factor f for solution-grown crystals.

3 /m(© :
10°/T("A). De (this work) Dot (this work) Dy~ £(1). £(2).

1.8
1.7
1.6
1.5
1.4
1.3

+ ?;— (actual)dl + D~ (1.37eV) gcm2seo—12
(1) (em’sec™d). (2) (cmPsec™l).

1.26x10712 8.72x10~ 5 8.60x10713 1.47 1.01
5.68x10"12 4.38x10°12 4.25210°12 1.34 1.03
2.68x10~ 11 2.23x10" 2t 2.10x10°11 1,28 1.07
1.20x10°10 1.13x1071° 1.10x1071% 1,09 1.03
5.95x10" 10 5.95x10~1° 5.72x10°° 1,04 1.04

3.20:10‘9 3.20:10‘9 2.85:10‘9 1.13 1.13
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TABLE _57.
Correlation factor f for Mervyn melt-grown crystals.

3{ (o )
107/TL A). Dtotal Dtotal DC’ £(1). £(2).

(chSec-El. (chSec‘I), (cm2sec-1).
12 13 12

1.8 1.26x10° 8.72x10~ 1.15x10° 1.10 0.76
1.7 5.68x10 -2 4.38x102  5.91x107%2  0.96  0.74
1.6 2.69x101  2.23x10711  3.00m0™r  0.89  0.74
1.5 1.20110°1°  1.130107°  1.5571071° 0.78  0.73
1.4 5.95¢10°  5.95:1071°  7.74x1071° 0.77  0.77
1.3 320210710 3.20m1070 46107 017 0.77

The variation in the values of f(1) compared with the

constancy of f(2) suggests that our assumption that D,-

(1.37eV) ie intrinsic is justified. The value of f£(2) lies
between the theoretical estimates for Schottky vacancy migration
and interstitial movement. However the fact that Dcs+ and

DI- are less than a factor of ten different in this temperature

range suggests that Schottky defects are responsible for ionic
migration. If Cs’ had been diffusing by an interstitial
mechanism it would be expected that there would be a greater

difference between the values of DCs+ and DI-79. The slightly

larger value of f£(2) could possibly be due to some diffusion
occurring via neutral defects such as anion-cation vacancy
pairs. This diffusion would not contribute to ionic
conductivity and so Dtotal/no‘ would certainly be larger.

Large correlation effects would be expected for diffusion by
the interstitialecy mechanism, which was not what was found in

this case.
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The variation in the f(2) value at 1.30 R.T.U. D&Y be

significant. The theoretical calculation of 0" from

Dtotal predicted an increase in activation energy above 420°¢C

for conductivity (Range III). This activation energy should
be about 1l.55eV, which would result in a 20% increase in O~
at SOOOC. This should certainly be observed using the
experimental system for conductivity already described.
However, the increase has not been observed in pure crystale
in this research, though the high temperature range observed
by Rossel et 3152, already mentioned, is in agreement with these
theoretical predictions. Range III, however, existed in
some cation-impurity doped specimens and these will be
discussed later.
4.4. CONDUCTIVITY IN ROPED CRYSTALS.
The original intention was to investigate crystals of

CsI doped with Ba2+. However, in orystals grown from solution
and also some melt-grown crystals there was an appreciable
amount of other alkaline-earth impurities (Sr2+, Ca2+).
The Csl reagent used for crystal growth was obtained from
Messrs. Hopkins and Williams Limited and Messrs. B.D.H.
Limited. High purity CsI was not obtainable at the time,
though recently OPTRAN high purity CsI has become available.
Although the marmfacturers' claimed the same source of Csl
for their reagents, (and on this besis no special decision
was made on the supplier), it has been found that the CsI
supplied by Hopkins and Williams Limited is much purer than
that of B.D.H. Limited.

4.4(a) UNTREATED CRYSTALS GROWN OVER H2804 AS DESICCANT.

Two conductivity regions were observed in these crystals
corresponding to Ranges I and II in pure crystale. Range I
was not reproducible from sample to sample and is discussed

in detail later. Range II showed constant values of EA

but there were slight changes in the magnitude of 0 varying
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between pure, solution-grown unannealed and Mervyn
unannealed crystals.

Three of the crystals showed 2 high temperature
conductivity range, corresponding to Range III already
mentioned, Figs. 32 - 34. This range occurred in these
specimens abtove 440°C, which is too low for this to be
associated with pre-melting phenomena. It is significant
that the activation energy shown in this range was
1.55 - 1.57 eV which is very near to that predicted by
the diffusion results and it would appear that this range
is associated with the incressing significance of the cation
defect at these temperatures. The untreated B32+-doped
crystale, as will be suggested later, contained very little
substitutionally dissolved impurity and may be considered
to be behaving as “pure"™ crystals in this range. However
it is strange that the pure crystals did not exhibit
Range III at all, though Rossel et al”2 working on very
pure crystals of Csl did observe this higher activation
energy above 42000. It is apparent that a closer
examination of the conductivity and diffusion in this
region is required.

4.4.(b) ANNEALED CRYSTALS.
The conductivity of the annealed doped crystals

showed significant differences from untreated specimens,
Figs. 38 - 47. There existed four ranges of conductivity,
Range I and II as before, and in addition Ranges I (a)
and I (b) both of which occurred between Ranges I and II.
In Range I (a) the conductivity was reproducible from
sample to sample and there was thermal hysteresis in the
conductivity on cooling . This behaviour is symptomatic
of a region in which impurity dissolution is taking place.

Conductivity parameters for this range are shown in Table 58.



TABLE 58.

Conductivity parameters in Range I (a).

Crystal Type.

Ba2+-d0ped solution-
grown
(H,S0, as desiccant)
2774
Ba®*_doped solution—
grown

(H2804 as desiccant)

Ba2+-doped solu&ion—
grown
(H2SO4 as desiccant)

Ba2+-doped solution=-
grown
(H2SO as desiccant)
4
Ba2+-doped solution-
grown
(H.S0, as desiccant)
2774
Ba2+-doped solution-
grown

(Ca012 as desiccant)

Unannealed Ba2+-doped
solution-grown
(Ca012 as desiccant)

Unannealed BaQ+-doped
solution-grown

(CaCl2 as desiccant)

Ba2+-doped melt-grown
(Unannealed)

Alkaline-earth

Content (m.f.). EA(eV).
4.45x1074 1.28
8.10x10~4 1.30
2.10m10°4 1.33
1.56x10'3 1.34
1.48x10°3 1.36
7.84x107%

«34x10 1.44
4.50x10™4 1.28
7.84x1074

.84x10 1.20

- 1.31

110.

o-i.z R.T.U.
sohm'lcm'll.

5.60x10" 1
5.90x10" 1
5.50x10" |
5.50x10 1
4.80x10"
4.70x10" 1

5.00x10™ !

4.00x10""

4.00x1077
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TABLE 58 (contd.)

Alkaline—earth B (o1). o 1.7 R.T.U.
Crystal Type. Content (m.f.) A Lohm-lcm-y).
2+
Ba " -doped melt-grown -5
(Unannealed) 5,70x10 1.38  3.60x10""
Ba2+-doped melt=-grown -4
(Annealed) 1.96x10 1.34  4.40x10°7

There was no correlation between the extent of the

"solubility" range and the Ba2+, Sr2+

or Ca2+ concentrations,
nor wes there any agreement between the extent of the range
and the Cu or Fe content. It would seem logical to assume
that the range is due to the alkaline-earth impurity since
there was no noticable effect of Fe or Cu in crystals
containing only those metals c.f. Mervyn and Stockbarger
pure crystals.

Range I (b), in the light of the above proposals,
would appear to be due to free cation vacancy movement or
to dissociation of cation impurity-vacancy complexes.

A more detailed analysis of this range will be given later.
Range II, the intrinsic range was in agreement with pure,
annealed crystals.

CRYSTALS GROWN COVER CaCl, AS DESICCANT.

The untreated Ba2+-doped crystals grown over Ca012

differed from those grown over H2804 in that they showed

Ranges I (a) and I (b) without annealing but the solubility

range showed an anomalously low break temperature.
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However, on annealing, the solubility range was
extended and agreed with the solubility range observed

in annealed crystals grown over H as desiccant, Table 58.

2504
4.4.(d) CRYSTALS GROWN BY THE STOCKBARGER TECHNIQUE.

These crystals showed the same behaviour as those

grown from solution over CaClz, in that a solubility range
with an anomalous break temperature was observed prior to
annealing, and this reverted to alignment with the
annealed solution-grown crystzls after a high temperature
anneal, Table 58.

4.4.(e) CONDUCTIVITY IN RANGE I (a) (ALL CRYSTALS).

The conductivity in this range was reproducible from

sample to sample and thermal hysteresis was observed on
cooling. These characteristics indicate that the conductivity
45

is due to impurity dissolution in the crystal lattice ~.
If this is the case then using the Lidiard motationl®

olo+3) = emp. (- ) 1T)  —— (45)

where ¢ is the cation impurity content in mole fractions (m.f.)

Ji is the cation vacancy concentration in m.f.

Ti is the free energy of solution.

Where ¢ )) ’Cl then,

R G £ R — — (46)
j.e. ¢ = exp. ( - r’1/2kT) ——————ee (47)

The free energy term can be split into an entropy and

enthalpy term in the usual fashion giving

c = exp. (le/2k) exp. (-11/21:1')-- (48)
“Yhere le is the enthalpy of solution and rll is the entropy
of solution.

i.e. ¢ = A exp. ( —7L1/2kT) --------- (49)
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The solubility range had a higher magnitude than the
intrinsic range which would suggest that there was an
appreciable concentration of impurity going into solution.
For small amounts of impurity the effect would be to
depress the thermal anion vacancy concentration which,

as has already been discussed, is the main contritution to
the conductivity at these temperatures. Therefore the
magznitude of the solubility range would tend to suggest
that ¢ >>x1. From equation (49) when c ))Xl a plot of
the solubility range break temperature (i.e. extent) versus
1/T should be a straight line of slope -F1/2k. The extent
of the solubility range has therefore been examined as a
function of mole-fraction alkaline-earth impurity and the
results are shown in Fig. 64. A least squares analysis

of the data gives a value for 711/2 of 0.6710.119V. The
heat of solution'?i would seem to be of the order 1l.35eV
and this must be taken as the average heat of solution for
alkaline—earth impurity. The 2.10x10"% m.f. alkaline-earth
crystal, which is the furthest from the least squares

line, seemed to be in error since other analyses on crystals
from the same batch gave alkaline-earth impurity contents of
the order 5.0110"'4 m.f., which would be much more
compatible with the other results. The average activation
energy in the solubility-range (1.34eV) will not, of course,
be equal to U+ €L1/2, since there will be contributions

from thermal anion vacancies in this range. Thus no value
of U+ could be estimated.

It ie unlikely that the incorporation of 8042- ions

from the desiccant would prevent the appearance of a
solubility range in untreated crystals grown over H2804, since
there was no effect on the conductivity by the deliberate

o —
additions of 304 (or 0032 ) even upon amnealing and
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quenching from high temperatures, Figs. 55 - 56.

Also there was no significant difference between the
conductivity and diffusion of “pure" crystals grown

over H2SO4 and CaCl2 as desiccants. The anomaly may be
associated with the rate of crystal growth. Generally

32504 produced faster growth than Ca012 = less than a

week for H2304 as opposed to weeks for CaClz. The
impurity, which is obviously very insoluble, will

probably be present as large "iglands" of precipitate in
crystals grown over H2804 and so long periods of annealing
are required to break up these "islands™ and so produce a

more uniform distribution of impurity. Crystals grown
over CaCl2 as desiccant will have a slightly more random
distribution of -impurity and so some can go into solution

more readily, but the larger "iglands" will still be

insoluble. The solubility range break temperature is

low because all of the impurity is not dissolved. The
crystal requires annealing to produce a completely uniform
distribution, and this was confirmed by the comparative
agreement between an annealed, doped crystal grown over
CaCl,_, and the other annealed, doped crystale grown over

2
H.SO ’ Figo 47,

? 4The anomalies in the unannealed, melt-grown, doped
crystals arise from the non-random distribution of
impurity due to the mechanical working and polishing
involved in their preparation. The strain introduced by
these treatments is removed during the high temperature
anneal and the conductivity falls into line with that
observed in the annealed crystals.

Further proof of the great insolubility of the cation
impurities was obtained by thermal cycling studies.
Although there was hysteresis on cooling the crystal from

temperatures above the solubility range, further heatings
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showed that the impurity had precipitated out at
low temperatures on cooling.
CONDUCTIVITY IN RANGE I (b).

Range I (a) has already been discussed in terms of
the dissolution of cation impurity in the crystal lattice.
However this solubility range occurred at only a slightly
higher magnitude of conductivity than the intrinsic range,

and we are therefore faced, in Range I (b), with the
experimental limitation of only a small temperature range
over which the conductivity can be examined, Fig. 54.
It has been suggested that association of impurity with
vacancies is a precursor to impurity-dissolution32.
Vacancy formation due to impurity must reduce the thermal
vacancy concentration, and since anion vacancies are the
predominant species in conductivity at these temperatures,
this would result in a considerable decrease in
conductivity due to thermal vacancies. If the impurity
vacancies are associated they would not contribute to the
conductivity and it would be expected that 0 would be
lower than O (intrinsic). We have observed & > O
(intrinsic) and so the degree of association must be small.
If this conductivity range is indeed due to free vacancies,
then the activation energy for the process should be U+, the
activation energy for mobility of a positive ion vacancy.
The activation energies observed in this range are shown
in Table 59.
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TABLE .
Activation energies for conductivity in Range I (b).

Alkaline-Earth

Impurity Content (m.f.). Crystal Type. Ey (eV).
11,.451:10—4 Solution-grown 0.92
8.10x10™4 " " 1.04
2.10x10™4 " n 0.96
1.56x10™3 " " 0.86
1.48x10> " " 1.07
7.84x10™4 n " 0.92
1.96x1074 Melt-grown 0.90

(Stockbarger)

It would seem that U+ is of the order of 0.90eV, which is
considerably higher than the value of 0.58eV proposed for
U + by Lynch47.
It should be possible to analyse the results in this
range in the manner proposed by Lidiardlé. In a system
where the mobility of the negative ion is greater than
that of the positive ion the relative conductivity
(6~ /0 o)/impurity content isotherms should show a
minimum at positive impurity concentrations. The minimum

relative conductivity is given by

(O /0 Jggn = 28F (31%)

o‘min
1+ ¢>

and the impurity content at the minimum by

¢, = Xo (&) e (31a)

F

The above equations and terms have already been discussed

in the introduction. The results have been analysed in
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this range at 1.55 R.T.U. and 1.50 R.T.U. and the
isotherms are shown in Figs. €5 and 66 respectively.

A prediction of cmin cannot be made since J(o is

unknown. However (O /0~ o)min cen be calculated, as

it depends only on the value of 4b, the mobility

ratio }12411, which car be estimated from the self-
diffusion results since (P = P2411 = DI-/DCS+. The

values of @ at 1.55 and 1.50 R.T.U. are 5.33 and 4.50
respectively. These values lead to estimates of
(o /0_)0 min ¢ 1455 and 1.50 R.T.U. respectively, of

0,73 and 0.77 ohm-lcm—l. Figs. 65 and 66 show that

there is a definite minimum at each temperature, and
also the comparative agreement of the magnitude of the
minimum with that caslculated. It was difficult to

estimate with a high accuracy the value of cmin from the

graphs, since there were few results in the area of the
at 1.55 R.T.U. appears to be
4

minimum. However, ®nin
~1.00x10~4 m.f. and at 1.55 R.TuU. ~ 1.50x10"

It is to be stressed that these can only be regarded as

m.f.

estimates; however they are to be used in the calculation
of JCO, the concentration of intrinsic defects, at these
temperatures.
Substitution of ¢ . = 1.00x10
min -5
(31a) gave & value of 5.33x10 ° m.f. for X _ at 1.55 R.T.U.
A similar calculation gave X, 6 = 9.09x10~5 m.f. at

4 in equation

1.50 R.TesU. From these values ofJCo it was possible to
calculate the conductivity at different impurity contents
by substitution in equation (28)
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ie. O [0 = {(—2—;‘)2* 1}%- .S;O - p-1 - (28)

p+1

From an examination of the graphs it can be seen that
generally there is good agreement between calculated

and experimental values of 00 /0~ o? ‘though the result

at impurity content 1.4’,8:10"3 m.f. would seem to be in
error. These observations would indicate that there is
little or no association at these temperatureseo.

From the magnitude of the values of xo at 1.55
and 1.50 R.T.U. an estimate of XB, the pre-exponential
factor in the thermal vacancy concentration equation
(10), can de made. Calculations of §B have been made for
NaCl and K01]"j and they predict that for Schottky
vacancies ¥B 1is 102-103 - the value for Frenkel
defects is much smaller. Assuming that W the heat of
formation of a Schottky defect is 2.00eV, §B for
CsI is approximately 31103, which would seem to confirm
the existence of Schottky defects in this salt.

4.4(g) CONXDUCTIVITY IN RAKGE I.

The conductivity of cation impurity-doped crystals,
both annealed and unannealed, is summarised in Tabdles 60
and 61.
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TABLE _60.

Conductivity of untreated cation-impurity doped

crystals in Range I.

Crystal Type. Temperature Impurity Content o“2.0 R.T.U.

R Y OC . ofo Alk 1- - Gt - °

ange (°C) g:,rth : aline (ohn~Lcm 1). EA(eV)

Melt-grown
(Stockbarger) 162-253 - 9.00x1077 0.61
Melt-grown -5 8
(Sstockbarger) 147-256 5. T0x10 1.00x10" 0.42
Solution-grown 9
(sto4 desiccant)  205-253 - 1.80x10~ 0.79
Solution-grown 8
(H2so4 desiccant)  253-402 - 1.20x10" 1.09
Solution-grown -4 8
(CaCl2 desiccant)  203-256 7.84x10 1.10x10” 0.78
Solution-grown -4 9
(Ca012 desiccant)  232-315 4.87x10 8.80x10™ 1.06

The other untreated cation impurity doped crystals (see Results

section) did not show a significant range corresponding to Range 1.
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Conductivity of annealed cation impurity-doped

crystals in Range I.

Crystal Type.

Melt-grown
(Stockbarger)

Solutlon—grown
(H 4 desiccant)

8c1ut10n-grown
(H 4 desiccant).

Solutlon—grown
(H 04 desiccant)

bolutlon-grown
(H 0, desiccant)

Solution-grown
(H2SO4 desiccant)

Solutnon—grown
(H 4 desiccant)

Solution-grown
(H2$O4 desiccant)

Solutlon-grown
(H 0y desiccant)

Solution-grown
(Ca012 desiccant)

Temperature

Impurity Content

.T.U,

Rance (°C). (m.f. Alkaline- {ohm—*cm~ EA(eV)°
Earth E .

168-265 1.96:10"4 1.00110"8 0.80
-4 -8

160-315 4.45x10 5.00x10 curved
-5 _8

203-280 5.20x10 5. 50x10 0.90
-4 -8

224-315 8.10x10 2.40x10 0.93

4 305 2.10x10~4 - curved

222-315 54202102 1.1521070 0.85

208-259 1.0 x10™3 8.90x10™7  0.43

177-360 1.56x10"° 7.00x10"  ourved

253-302 1.48x1073 2.60:10’8 0.75

242-1315 7.84x104 1.65210~0 0.93

There was no evidence of any correlation between

the conductivity and any of the impurity contents.

Lynch

47

has postulated that the conductivity in this
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range is controlled by cation vacancies created by the
incorporation of aliovalent impurity in the CsI lattice,
the value of U+ being 0.58eV. However, there was no
evidence for this from his diffusion results in this
range. In certain cases a 0.60eV range has been observed
in this research in the low temperature range, but the
most marked example of this range was given by a Lights
crystal Fig. 50, which, according to the analysis figures,
vwas by far the purest crystal, containing, in fact, only
121078 m.£. of ca?*.

Polarisation effects were investigated in this
temperature range and no significant dependence of
capacitance upon frequency was found. However, the temper-
ature may be too low to expect polarisation, but if it had
been present this would have indicated ionic conductivityal.
Dielectric loss measurements in this range also showed no
evidence of any vacancy complexes, Fig.5T7.

There was no evidence that this range was due to
impurity-created snion vacancies and in any case divalent
cation and anion impurities cannot both be solublesz,
although in this case at different temperatures. The

results of the conductivity experiments on SO 2= doped

CsI (Figs. 55 - 56) showed that the impurity gad no
significant effect on the conductivity in this range.

The low temperature range was frequently prefaced by
a conductivity range of very low activation energy,
(particularly in annealed specimens) and it is thought that
this range may be associated with electronic conductivity.
It was significant that in cases where this pronounced
flat range existed that extrapolation and subtraction
of this range from Range I gave conductivities which lay

on the extension of the solubility range.
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The suggestion that the low temperature conductivity
is associated with electronic contributions stemmed
from the observation thet in certain of the cation
impurity-doped solution-grown crystals after annealing,
there was evidence of traces of free iodine (or possibly
0513)’ and the conductivity at low temperatures was
particularly high in these crystals. The colouration
disappeared at approximately 270°C but no iodine was
evolved from the crystals. It is possible that some of
the impurity remains in the crystal lattice, after the

2+, the larger M ion being

anneal, as M' rather than M
more favourable,from the ion size point of view, for the

Csl lattice.

i.e. 2MI, (in €sI) == 2MI(in CsI) + I N ')

2
This would give rise to electronic conduction by the
process

-7 S -
1 Bat—> Bat + I —»Ba®t 4+ I

~, >
It would certainly seem that the free iodine production

must be associated with the cation-impurity ions since

there was no colouration observed in the pure, annealed

crystals.
Annealing in I, should drive reation (A) to the left
and therefore it might be expected that in the doped

crystals subjected to this treatment, evidence of M2+

effects in the lattice might be observed. The results

of the anneals in iodine vapour did in fact show enhanced
conductivity in Range I, Fig. 51. It should be pointed

out that this enhancement could be the result of destruction

of OH  ions in the crystal during the anneal?,
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It is suggested that there is a significant
contritution from electronic conductivity at low
temperatures but there must also be some ionic contribution
since 0 (solubility) + 0" (proposed electronic) does
not account for the observed magnitude of O in all
cases. The electronic contribution does not arise from
the oxidation of Cs® proposed by Ubbelohde et a14? since
the conductivity in this range was usually the smallest in
pure Mervyn crystals, though a Mervyn crystal annealed
in air did show electronic conductivity at low temperatures,
Fig. 48. However, it could arise from small amounts of

cut -€>cu2* + e
or Fe2+"€>Fe3+ + e in the lattice.
The ionic contribution may be the result of the very small
amount of impurity which is soluble at these temperatures
or there may possibly be some contribution from boundary
effects though the latter should be small in CsI.

4.5. DIFFUSION OF Cs' IN UNANNEALED DOPED CRYSTALS, Fig.62.

The experiments were conducted on Ba2+-doped melt-grown
crystals, grown by the Stockbarger technique and also on
some vacuum-annealed Ba2+—doped solution-grown crystals.
The analysis figures for the melt-grown crystals indicate
similar alkaline-earth impurity contents -~ 4.8110"'5 m.f.
(within the limits of errors on analysis). The ce’ diffusion
results can be used in support of the conductivity results.
The scatter in the results did not allow the calculation of
activation energies but the results did show a high activation
energy range between 250°C and 360°C, which may correspond
to solubility Range I (a) observed in the conductivity

experiments. Above 360°C there was a decrease in activation

energy (c.f. Range I (b)) before the diffusion reached
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approximately the pure, intrinsic Cs* diffusion line

at 451°C. It is possible that these results could be
considered to lie on Lynch's cst aiffusion line, but
it is regarded as significent that comparison of

0" with D, for a section of crystel from the same
boule as the crystals used in the diffusion studies
showed close acreement. The crystal piece used in the

5

conductivity experiment contained 5.7x10 “ m.f.
alkzline-earth impurity and the solubility range extended
to 37200 and Range I (b) extended to 467°C, Fig. 28.

This is compared with 360°C and 451°C respectively for
the diffusion experiments. This agreement between the
conductivity and diffusion in these crystals suggested
that the "impurity regions" observed in the diffusion
measurements did in fact correspond to similar regions

in the conductivity experiments.

4.6, CONCLUSIONS FROM THE RESULTS.

The results are in general agreement with those of

47

Lynch’' regarding the ion migration mechanisms. It
would appear that Schottky defects are predominent,
with movement occurring via vacancies. Both ions make
significant contributions to the conductivity above
300°C though the contribution of the cation does not
appear to be as large as that predicted by the transport
number measurements on CsBr by Laurance83. However,
Laurance has pointed out that in cases where the transport
numbers are not nearly unity or zero, there will be
complications essociated with preferential growth
phenomena at the crystal or compact interfaces which
produce considerzble scatter in the results.

It is suggested that the values of anion and cation

migration activation energies are much higher than Lynch
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proposed. Lynch postulated that the low temperature
conductivity was associated with cation impurity-induced

vacancies with U+ = 0.58eV. He failed to substantiate

this with his diffusion measurements, and also in our

diffusion experiments there was no evidence of this low

temperature range. We have certainly observed an

activation energy of C.60eV, but there is no evidence

that this is associated with impurities; in fact the

most marked 0.60eV range occurred in a Lights crystal

which conteined practically no aliovalent cations, Fig. 50.
On the assumption that Range I (b) is associated

with the movement of free vacancies created by dissolved

cation impurity, the observed activation energies indicate

that the value  of U+ is approximately 0.90eV. 1In the

Cs+ self-diffusion the activation energy was l.74eV i.e.
U+ + W/Q,Which would lead to a value of W, +the heat
of formation of a Schottky defect, of about 1.70eV,
The values for W in the other caesium halides proposed
by Harvey48 for CsCl (1.96 eV) and Lynch47 for CsBr and
CsI (2.0eV and 1.90eV respectively) are much higher,

though these values rely on U+ being 0.58eV. No

theoretical cslculations have been made of W for CsCl-type
crystals. A simple calculation based on the Jost5

polarisation considerations is summarised below.

By = (- 1/) °%/2R (50)

where £ 1is the dielectric constant (5.65 for CsI)
R is the radius of the vacancy.

EPol is the polarisation energy.

W= - B, (51)
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where W is the heat of formetion of a Schottky defect
W, is the lattice energy (6.07eV84 for CsI).

o e EPo]_ - 62/2 (1 - 1/&)(1/R+ + l/R_) __________ (52)

34 and R are given by 0.9a and 0.6a respectively for

the alkali-halides6 and a is the cation-anion distance.

* -10,2 10° + 1o
.« . = (4.8029x10 ") ] ] ergs/Mmadl
"pol 2 5 65 .564 2.376
- (4.8029)% x 0.823 x 7.042 x 1073 ergs/mol.
Z
= 6.690x10722 x 6.2419x10%! ev.
« 4.17 oV.
W = (6.07 - 4.17) eV.
= 1.90 eV.

85

A similar calculation by Mullen is based on the
estimation of W in terms of the elastic and dielectric
constants. The solid is regarded as being made up of

ions attached to lattice points by harmonic springs.

W = Wi

vhere ERel is the change in energy upon relaxation.

+ ERel. (53)

For a positive ion vacancy the contribution from

electronic polarisabilities is given by

2
E . = I o+ sy ) -— (58)
Rel. QKroﬂ{ (r+/ro)4 (r_/r°)4 ]

2
- ?ﬁr_? 9.300(* + 13-34&_] —— (55)
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Summations of the type shown in equation (54) are given

by Jones and Ingham86.

oL . 3.34x10 %4cn3 )

o4 3 ) for C5187
A = 6.43x10 “Tem” )
r, = 3.96x10—80m (interionic distance)
K = 5.65.

There will also be a similar term for the negative ion
vacancy.
When the contribution from displacement dipoles is

included we have

- 2 2
-11.32e + + | 2e 1 -1/} - (56)
Pre1. = T kr 2 [0(" A~ (ks ) ( )]
where ks is the first order spring constant = 2r°c11
and ¢, (the elastic constant associated with longitudinal

vibration along a cube axis) is 2.451!10"11 dynes om ™2

(c.f. Vallin et a188) and k_ is 1.946::104 dynes en~L,

. . ERel. = —3.4359V

[ [ U = (6007 - 3.435) eV
= 2063 eV.

The results of these calculations are not in good
agreement with our experimental value for W, but more
accurate theoretical calculations of the Mott-Littleton6,
Bassani and Fum18 and Brauerlo type are required for
NaCl-type crystals before a rigorous comparison can be

made.



128.

The assumption that Lynch's 1.37 eV range in I~
diffusion was intrinsic leads to, using our W exp.,

a value of 0.52 eV for U_ ¢ agein this is much higher

than that predicted by Lynch. Divalent cation impurities
have proved to be very insoluble in the CsI lattice, the
"averase" enthalpy of solution'?1 being 1.34 % 0.22 ev.

It is interesting to compare this situation with Harvey's
results for Cs0148. In that system divalent anion
impurities, i.e. 8042- appeared to be more soluble than
130, 89
90

cation impurities, though as has been observed in KC
the so42‘
had previously suggested that anions might be more solubdle

in CsCl because of the larger polarisability of the cst ion.

ion appeared to occupy two anion sites. Haven

There would bé a larger gain in polarisation energy in
putting an impurity anion at an anion site than would
result for an impurity cation (polarisation energy usually
favours solubility). This theory is generally borme out
for other alkali-halides where the anion has a higher
polarisability, i.e. divalent anion impurity is relatively
insoluble. Similarly in CsI where the I is more
polarisable than the cation we would expect divalent

cation impurities to be more soluble. This is borne out
.
0

by the experimental observations that neither SO4

2—
CO3

r

appear to be solutle in the CsI lattice.

The activation energy for diffusion of Cs' in this
work was found to be 1l.74eV which is to be compared with
1.53eV observed by Lynch. There are only small differences
between the magnitude of Lynch's Cs* diffusion coefficiente
and those observed in the present research at higher
temperatures, the observed difference in E, only

A
becoming apparent at low temperatures. The major

difference between the crystals used by Lynch and those
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used in this work was the purity. Lynch's crystals
contained ~0.01% impurity, whereas the "pure™ crystals
used in the present research were much purer. Impurity
effects are expected to be more important at low
temperstures and this may account for the lower activation
energy observed by Lynch. It may be significant that

if a solubility range could be observed in the cst
diffusion it would have an activation energy of about
1.5TeV, i.e. U +F1/2 = 1.57. This value is very

close to that observed by Lynch, but there is no definite
evidence from Lynch's results of the existence of Range I
(b) although there may be a slight incresse in activation

energy above 500°C .

4.7. SUGGESTIONS FOR FUTURE WORK.

The main line of investigation in the present research
was directed toward the effects of cation impurities on the
conductivity and cation self-diffusion in CsI. It would be
of interest to have a detailed study of the effects of
anion impurities in this system. Certainly the effects of
S0,%” and to a lesser extent, C032-,uere investigated

4
qualitatively in this work, and the conductivity results
cshowed the apparent insolubility of either ion Fig. 55 - 56.

4T pas observed effects of S°~ doping at low

However, Lynch
temperatures in CsBr and it may be of interest to investigate

the effects of S°_, so42’ and co32' in more detail in CsI.

In Csl there are large differences between the individual
polarisabilities el+ being 3.34x10"%4¢n ana o being
6.43x10"%4cn3 and so it would be difficult to observe

any solubility of anion impurities9o. In CsBr there is

not alarge difference in polarisability between the host

ions (d+ (cs*) = 3.34x107%p3 and of _ (Br)

-2
4.16x10 4cm3) and so more information regarding the
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effects of anion solubility may be obtained from

this salt or from CsCl where the cation is the more
polarisable , and so a greater gain in polarisation
energy would result from substitution of an anion site.
Values to date of U_, the energy for mobility of a
negative ion vacancy, depend on estimates of W obtained
from self-diffusion studies and the conductivity of
cation~doped crystals in the impurity-range47. If it
were possible to substitutionally incorporate enough
divalent negative ions in the lattice, a region of
impurity-controlled conductivity, of activation energy
U_, should be observed. Values of U_ so obtained could

then be compared with U_ (Calc.) from diffusion measurements.

The problems associated with the surface decrease
method for diffusion have already been discussed in the
Results section. It was found that crystals which had been
polished caused movement of the radioactive deposit over
the surface of the crystal thus causing changes in the
counting geometry after diffusion. Calculations of
diffusion coefficients were made allowing for this, and
results for Cs' diffusion were obtained which compared
favourably with observations made on unpolished solution-
grown crystals. It would be of interest, however, to

have a comparison of the diffusion coefficients
calculated in this way with results obtained by other
methods such as microtoming or grinding techniques.

It should be stressed that whenever the surface decrease
method is used in diffusion, the radioactive tracer should
be evaporated on to a cleaved or freshly cut surface of

the crystal, in order to obtain the most accurate results.
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Cs-137 DIFFUSION RESULTS.

The count rates observed in the diffusion

experiments are given in the following forms

Column A - cpm without absorber, at least 10,000 counts taken.
B - cpm with absorber, at least 5,000 counts taken.

C - cpm background without absorber, 1,500 counts
taken.
D - cpm background with absorber, 1,500 counts taken.

E - cpm of standard source, 10,000 counts taken.

Two count rates are recorded in each column for each
experiment; the first reading is the count rate before
diffusion and. the second is the count rate after diffusion.
The count rates are uncorrected for background and dead-time
losses. The dead-time for the counting equipment was

500 P sec.

Cl1-36 DIFFUSION RESULTS.

The count rates observed in these diffusion experiments

are given in the following forms

Column A - total count rate (cpm), 10,000 counts taken.
B - background count rate (cpm), 1,500 counts taken.
C - standard source count rate (cpm), 10,000 counts
taken.

MICROTCMING RESULTS.

The results for the three Mervyn crystals studied
are given in the form of a graph of log activity (cpm)
versus x° gpz), Fig. 67.
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