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Abgtract

The interactions between point defects of a uni-univalent
ionic salt have heen reviewed, as also have the phenomena of polariz-
gtion and thermoelectric power in these salts.,

The conductivity of pure KCl, and KCl doped with SrCly up
to 120 x 10~5 mole ratio, has been thoroughly investigated over the
temperature range 7009 to 80°C., This has enabled determination of
the entbalpy and entropy of creation and migration of the Schottky
defects and also the free energy of association,‘g s of the divalent
cation~cation vacancy complex., From this study it was found that a
portion, ¢!, of the total concentration, c, of the added imﬁurity
did not contribute to the formation of cation vacancies. This is
thought to be due to two factors, First, OH ions, which are always
present in small amounts in KC1, will tend to complex with some of
the S©**, Second, 5i0,® " ions, which may be introduced during the
growing stage, will also tend to form complexes with the sP2t ions,
thus decreasing the nmumber of cation vacancies foﬁned. It is not
possible to distinguish between these two mechanisms with the data
available,

The s.c, polarization of pure and doped KCl has been
investigated and it has been concluded that the polarization capacity
ig due to the blocking of both negative and positive charge carriers
at the boundary electrodes. It has been shown that the experimental
results agree very well with the theoretical values of the capacity

calculated from the theory for this type of blocking. The high



temperature polarization due to the application of a static d.c. field
to the crystal has been investigated. This is again interpreted as
the blocking of both ionic charge carriers; the residual current is
electronic in nztare.

Current-voltage curves, at various temperatures, have been
obtained over a wide voltage range. Using this data, an attempt has
been made to elucidate the nature of the electrode processes.

Thermoelectric power measurcments have been completed over
a wide temperature range, from which it has been possible to calculate
the heats of transport of the migrating defect species. A new and
more general theory of the heterogeneous thermoelectric power, has

been developed.
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1. Introduction

1.1. The nature of lattice defects

Ionic orystals are composed of a well-defined geometrical
array of ions which gives rise to the appropriafe crystal lattice. When
the Curies (1889) applied an electric field to a rock salt crystal,
they were able to show that the crystal acted as a comductor of electr-
icity, But the drift of ions through an ionic crystal is inconceivable
if the crystal is perfect, for the transport of charge would only be
possible if there were & direct exchange between cations and anions.

In XC1 and AgCl, for example, the energy which would have to be supplied
to facilitate this exchange would be of the order of 15 eV, so that the
probability of its ever occurring would be extremely small, Hence,
Frenkel (1926) and Schottky (1935) postulated the idea of point defects.
Frenkel supposed that, under the influence of thermal vibrations, some
ions receive’enough energy to leave their normal lattice positiéns

and find new positions of low energy at the interstices in the lattice.
Ther, under the influence of an electric field, the interstitial ions
move from one interstitial position to another. Positive interstitial
ions in an electric field will jump more frequently in the direction

of the field (i.e., towards the cathode) than against the field, so

that an electric current flows,

Schottky envisaged a model in which both catioﬁ and anion
vacancies exist, but no interstitial ions are present, This means in
effect that a new layer of ions must be built up on the surface of

the crystal so that it can accommodate the vacant sites. Whether



the disorder in any crystal is of Frenkel or Schottky type depends
upon the relative magnitudes of the free energies of formation of
the respective defects, as will be shown in section 1.2, As potass-
ium chloride has been the subject of the present investigation, it
is appropriate to point out now that potassium chloride contains
Schottky defects, Further discussion will be limited to Schottky
disorder and to cationic Frenkel disorder, since thesc predominate
in the alkali and silver halides,

1.2, Statistical theory of point defects

Wagner and Schottky (1931) have developed a statistical

theory of point defects which is applicable to ionic crystals., A
thorough analysis of the problem was given by Allnatt and Jacobs
(1961,b). Let M+, X~ denote lattice cations and anions and the sub-
scripts +, - and i indicate cation vacancies, anion vacancies amd
interstitial ions respectively. The Gibbs' free energy of a real
crystael relative to the infinitely dilute gaseous ions, G(NM+, NX“’
N}, N, Ni) can then be written down apd the chemical potentials
of the individual species obtained by partial differentiation.
Further, the equilibrium condition for a2 closed system

1.2.1, (dG)T,P = 0,
subject to the constraints of electroneutrality and stoichiometry
yields the following relations between the chemical potentials:

1.2.2, Byt = B R

1.2.3. O = u + p’ .



It was pointed out by Allnatt and Jacobs (1961p)that these relations
are in accord with the quasi-chemical processes for the formation of
Frenkel and Schottky defects, namely,

lattice cation interstitial
cation ’vacancy cation

and

lattice lattice cation + anion surface surface
cation anion vacancy vacancy cation anion

since the sum Byt t bg- is clearly the same for surface and bulk ion
pairs.

Howard and Lidiard (1957a) [ and also Howard {1957),
Lidiard (1957)} deduced an expression for the chemical potential
of a cation in the erystal MX by equating it to the change in free
energy when M+ is taken from infinity to the interior of the crystal
at constant temperature and pressure. This ion may be placed either
in an interstitial site or in a cation vacancy. The change in free
energy is thus equal to that resulting from the creation of an.M+
interstitial or the destruction of a cation vacancy. Therefore

1.2.4. Byt = =B = p; .

Expressions for B, and B, were obtained in the usual way from the

equilibrium condition. The analogous expression to equn,i.2.4 for

anions is
Bx- = -~ R
so that
1.2.5. p.+ + ]J.‘. = —('.M.I. + ”X_) = “%\JIX

where &rx is the Gibbs' free energy change on adding an ion pair to



the crystal. The Howard and Lidiard expressions (cf, also Haga, 1958,
1959) for the chemical potentials of vacancies differ essentially
from fhose of Allnatt and Jacobs in baving for the constant term gf,
g% in place of g,» 8_ where g_is the change in the Gibbs' free
energy on taking a cation from a normal lattice site to the surface
of the crystal and gﬁ’the corresponding change when the ion is
removed to Qo .

The discrepancies between the two treatments are however,
more apparent than real. Howard and Lidiard's procedure corresponds
to the choice of Nf, N?, N+, N_and Ni as independent variables,
where Nf, N% are, respectively, the numﬁer of cation and anion sites
in the crystal, This alternative choice is available in view of the
requirements:

Nf"NM*J'NJf

N§=NX._+N_.

Both equilibrium expression 1.2,3 and 1.2.5 yield, on
substituting for the p's, the same relation between the numbers of
defects, namely

1.2.6, NN = W exp(-gs/kT)

where g = &, + g

= w

- &t e® + gy

is the Gibbs' free energy change on forming a Schottky defect pair,
Similarly, for Frenkel defects, from 1.2.2 or 1.2.4, one has

1.2.7. NN, = 2M® exp(-gy/kT)



where
and T}(NM+ + Ny + N + N‘) is the total number of inter-
stitial cation sites. For a f.c.c., lattice clearly M =1 An
economical notation introduced by Lidiard (1957) will now be adopted.
This is to use the subscript 1 for cation vacancies and the sub~
scfipt 2 to denote anion vacancies or interstitial cations., In
addition the molar fraction of species r will be denoted by

X, = Nr/N since N’§>Nr. Equations 1.2.6 and 1.2.7 then become

#

1.2.8, %% = aexp(-g/kl) = x% K,

where o = 1 or 2 for Schottky or Frenkel disorder respectively and
Xg is the equilibrium mmber of defects (1 or 2) in the pure crystal,

1.3, Theoxry of ionic conductivity

The frequency of exchange between a vacancy and an adjacent
ion, or alternatively the probability per unit time that an inter-
stitial ion will have enough energy to pass over the energy barrier
separating two equilibrium interstitial positions, is given by
(Wert, 1950, Lidiard, 1957):

1.3.7. w o= NJexp(-Ag/kT).
In this expression Ag is the energy reguired to move the ion from
its equilibrium position to the col of the energy barrier, at qonstant
T and P, and %2 is the frequency of vibration of the ion at its
equilibrium position.

In the presence of g uniform field F along the x axis,

the potential energy of an ion at a point x along this axis is



raised by ~eFx, If a is the distance between two neighbouring
equilibrium sites then the jump probability for motion in the

direction of the field is

Mw = “exp f-(Ag - geaF)/kT:i - "V exp [-(Ag + gear)/kce]

= %) ginh (eaF/2kT) ,

On using the approximation valid for low fields, this becomes
A = weaF/kT (eaF <& kT) .
The electric current dengity will thus be

j = neafw = nea2wR/kT .
Hence the specific conductance, &, and mobility, u, are given by

T = 3j/F = ne?a?w/kT = neu,
1.3.2,

u = a?ew/kT.
When there are more than one type of migrating species
(e.g. cation vacancies and anion vacancies) the transport number ts
for the species s is defined by
b, o= a;ﬁr

where

g = ZE:G’ = e ZE:.n u .,
s 8 s S8

Extensive transport number measurements have been made by Tubant
(1932). He showed that in the alkali halides, cation migration
predominates except at very high temperatures. If the conduction is

due to one type of carrier, then from egum. 1.3.1, 1.3.2 and 1,2.8,

1.3.3. & = of exp(-g/2kT) ~ exp(-Ag/kT)e? a2 /KT

1.
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and hence

1.3.4. ﬂ»(a%frﬁ‘l - . (y+in) B
2 (1/T S — .

where Ah and h are, respectively, the enthalpy of activation for

w

nigration and the enthalpy of formation of the defect,
It is found experimentally that plots of log(c-T) against

1/T can usually be represented by two straight lines. For the high
temperature part,

1.3.5.  log(c"?) = log 4 - B /kT
and for the low temperature region,

1.3.6. log(sT) = log A, - E,/kT.
The high temperature part is reproducible from crystal +o crystél
and corresponds to defects in thermodynamic eguilibrium. The low=~
temperature line varies from crystal to crystal, depenmding upon the
purity and history of the crystal. Koch and Wagner (1937) first
suggested that electrical conduction in this region is due to defects
generated by the presence of unavoidable impurities of a different
valency to that of the ions of the host crystal. In this temperature
region the number of defects depends therefore pureiy on the amount

of impurity, which is constant in any one crystal, and so

1.3.7. -k 2 log(o?)/2(1/T) = Mn = E.

1
The study of ionic conductivity as a function of impurity

content thus allows a direct determination of x, and u separately,
although this is not possible from measurements of cr-as a function

of T alone. In the high temperature (or intrinsic) region, both



anion and cation vacancies may contribute to the conductance, so that
1.3.8. o = Ney + New = xNew (1 +4)

where ¢ is the mobility ratio, ub/%&. In the structure-sensitive
(or low temperature) region

1.3.9. o = cNey
where ¢ denotes the number fraction of divalent impurity cations
added to a 1:1 crystal. Thus, knowing ¢, uy, may be found from
equn, 1.3.9 and hence, if ¢ is known (or may be neglected) x, can
be obtained from equn. 1.3.8., It will be shown later (section 3.1,)
that 4 may also be determined from the high~-temperature conductance
data.

1.4. Interaction between defects

Defects may be formed in crystals by the accidental
presence or intentional addition of impurities. If every added
impurity ion of the type M®* is compensated for by the formation
of a cation vacancy, then electroneutrality requires

141, X = c + X5 .
Two extremes of this equation are possible, At high temperatures
Xo » ¢ for a pure crystal therefore

X} = X = %, (intrinsic region)
while at low temperatures c X,

x, = ¢ (structure sensitive region).

In the notation of section 1.2., for intrinsic defects
1.4.2. X, = ¥ = K .,

0
Cation vacancies and bivalent metal impurities carry opposite

13:
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(virtual) charges and thus tend to combine to form neutral complexes
consisting of a cation vacancy and an impurity ion on adjacent lattice
sites, If all but the nearest neighbour interactions are neglected
the equilibrium between complexes of number fraction Xyes impurity

cations and free cation vacancies is given by

1.4.3. T
— = K = z, exp(¥/kT)
% (c-x)
where - g’is the free energy of association and 2y the number of
distinct orientations of the complex. In deducing equn., 1.4.3. the
effect of possible coulombic interactions between unassociated defects
was neglected, This effect was considered by Lidiard (1954). If

fn is the activity coefficient of species n, then equn, 1.4.2, and

1.4.3. become

Tedede xmXHL, = K

1e4.5, X
nlo-x) - =Ry
where the subscript j refers to unassociated impurity ions. The
expressions for the activity coefficients adopted by Lidiard are
analogous to those in the DebyeéHﬁckel theory of ionic interactions
in solution:

PP S
log £ log f = log £, 2€kT (1 + KW

in which
8'Itx1q2
K = w0

q being the virtual charge (e.g. +1 for wt impurity ions), v the



volume per ion pair and & the permittivity. However, as a first
approximation, the activity coefficients may be set equal to unity,
s0 that only nearest-neighbour interactions are being considered. On
eliminating X from equn. 1.4.2 and 1.4.3. and applying equn. 1.3.8,

Stasiw and Teltow (1947) obtained
Xq (y2“1)(1+¢)(1+X0K2Y>

£ - =
s o,

o P+ d

104.6.

where ¢, is the conductance of the pure crystal, y = xi/&b and
¢ = u,/u . At all but the highest temperatures in the alkali halides,

¥ 3 1> ¢ and equn. 1.4.6. reduces to

2
1.4.7. ¢ %o )Xo
3‘:=§;(1+¢{)+ ;;(1-1—;2{) KO .
In the absence of association, X, = 0, the cﬂ:’ igotherms are

linear and parallel to the ¢ axis, as

%o
C
104080 = E—O— (1 + ﬁ)

ql

or
1.4.9. ¢ “’%W/”ﬁfa
t: being the cation transport number in the pure crystal. It should
be noted that ¢ in equn., 1.4.7. is the concentration of added impurity
that is effective in creating an equivalent number of cation vacancies
and that this is not equal to the concentration of added impurity if
precipitation occurs, or if the pure crystal already contains unavoid-

able impurity of amount c¢,. Thus the l.h.s. of equn. 1.4.9. should,

in general, read ¢ + ¢4,

15,



If association is not negligible, but d << 1, equn. 1.4.7.

becomes
¢+ o\ _
1.4.10. 1( ) = Tt ark
oy G
where o = 1/1\Teu1 = 235/%&e, a being the anion-cation nearest-

neighbour distance., ¢y can be estimated graphically by extrapolation
of the plot of « against ¢ to o = 0, and the final plots of
(c + ¢o)/o against o should then be linear of slope oy 2K, .

Lidiard (1957) has also allowed for the effect of coulombic
interactions between non-nearest neighbours on the defect mobilities,
when it appears that plots of (¢ + ¢y )/ G against o ehould
show a recognizable curvaturc towards the ¢ axis at low values of
¢, instead of being straight lines as in the Stasiw-Teltow theory.

The mobility U of a species s is related to its self diffusion
coefficient Ds by the Nernst-Einstein relationship:

us/DS = es/k’I'
or G;/bs = Nse%/kT
where NS is the number of particles per unit volume, DS is related
to the tracer diffusion coefficient DTs by
DTs - sts
where fs is the correlation factor which allows for the distinguish-
ability of the tracer ions (see Bardeen and Herring, 1951) and

depends on the jump mechanism and lattice geometry. Hence, for

gingly charged ions,

16.
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Ne

Ss . L
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DTs

s

Lidiard (1957) has reviewed this method of distinguishing the details
of the jump mechanism, This approach is important for testing the
association theory, as the complexes make no contribution to the

electrical conductivity but do contribute to the diffusion of cation

vacancies,

1.5. Previous experimental work

Among the earliest measurements of the conductivity of
alkali halide single crystals are those performed by Phipps and
Partridge (1929), Lehfeldt (1933) and Brennecke (1940). They were able
to establish that the plot of the logarithm of the conductivity versus
the reciprocal temperature consisted essentially of two linear regions
in accordance with the equation

1.5.1. o = A exp(-B /kT) + A, exp(-E,/xT)

where E ~ 2E, and Ae/'A1 ~10~5, Strictly, as shown by the theory
presented in section 1.3,, ome should plot log(« T) against T/T; in
practice, plots of log ¢ against 1/T are also linear though the
values of B, and B, may be slightly altered., Allnatt and Jacobs
(1962J9have made a thorough investigation of the KCl + SrCl, system
and established the numericsl values for the various parameters.
Grindig (1960) investigated the structure-sensitive region of the
conductance curve using zone-refined KCl and thus obtained what

should be a reliable value for E,. Zone-refined KCl has also been



studied in the temperature range 2-450°C by Kanzeki, Kido and Ninomiya
(1962). They obtained E, = 0.7 eV for the least mpure part of the
zone-refined crystal and 1.4 eV for the purest part, This high value
is undoubtedly due to an extension of the intrinsic region to lower
temperatures as the purity of the crystal increased, although Kanzaki
et al. apparently failed to notice this complication. Values of the
parameters Ay, Ay, B and E, in equn. 1.5.7 obtained from conductivity
meagsurements are presented in table 1. The values of these parameters

have been further reviewed by Dreyfus and Nowick (1962).

Table 1

Experimental data for conductance of XCl crystals

A E Ay B
(kcal mole—t) (kcal mole—t)
Phipps and Partridge (1929) 1 x 106 46.6 0.04 22,8
Lehfeldt (1933) 2 x 108 47.5 20.5
Bremmecke (1940) 45.8
Kelting and Witt (1949% 18,2
(+Call,
Kelting and Witt (19493 19.8
(+5rCl,
Kelting and Witt (1949) ‘ 21.7
(+BaCl, )
Wagner and Hantelmann (1950) 18.0
(+srC1, )
Grundig (1960) 18.4

Allnatt and Jacobs (1962p) 4.82 x 10-5 44.9 4 x 10™ 16,4
Kanzaki et al. (1962) 16.1

18.



Witt (1953) measured the diffusion coefficient of the X  ion
and found it to be 2.4 times that expected from the Nernst-Einstein
equation. However, Aachner (1954) and Arnilear and Chemla (1951)
have also studied cation diffusion in KCl and found the Nernst-
Einstein relationship valid, Similarly, Mapother, Crookes and
Maurer (1950),studying the self diffusion of Na+ in NaCl and NaBr,
found the Nernst-Einstein equation valid if allowance is made for
anion diffusion. Thus it seems to be established that, with experi-
mental error, for Nall, NaBr and KC1 at least, the Nernst-Einstain
equation is valid.

Wagner and Hantelmamnn (1950), using pellets of KC1 + SrCl,
in the temperature range 600-725°C, calculated from their conductance
data the number of Schottky defects assuming no association, The
values of x, determined, were based on the transport number data of
Tubant, Reinhold and Liebold (1931) which is not in agreement with
the later work of Kerkoff (1951). In fact, the transport mumber data
appear to be quite structure sensitive (see section 3.1.). Moreover,
their values of x; must be suspect as Phipps and Partridge (1929)
showed that the conductivity of pressed pellets differs from that
for gingle crystals by being 4% higher at 700°C and 60% higher at
600°¢C,

The first quantitative test of the Stasiw-Teltow association
theory was made by Etzel and Maurer (1950) on the NaCl + CdCl,
system. The impurity had s maximum concentration of 68,5 x 10=5

mole fraction, the conductivity being studied between 2500¢ and 4000C.

19¢



Their conductivity isotherms were parabolic and fitted the equation

(cf. equn. 1.4.7)

105020 ¢ = Lag? + P

where L and F are constant. From the numerical values of ﬁ and F,
Ky and thus ¥, (-9 is the free energy of association), were
obtained. ¥ was found to be 0,23 - 0,25 eV, Lidiard (1954) has
re-analysed the isotherms of Etzel and Maurer using his coulombic-
interactions theory and found ¥ = 0.34 eV.

The results for the NaCl + CaCl, system (Bean, 1952), have
been analysed according to the Stasiw-Teltow theory., Conductivity
isotherms were linear up to concentrations of ¢ = 250 x 10=5, Bean
thus concluded that f-('0.0B eV, but his conductivity values were
half those of Nall + CdCl, at the same temperature and concentration,
which apparently indicates a higher degree of association, Thé
NaCl + CaCl, system was further studied by Thomson (1956) who found
that the isotherms weré in fact parabolic but with curvature opposgite
to that expected from the association theory. A further anomaly is
that the mobility of cation wvacancies found by Bean (1952) and
Thomson (1956) was half of that found by Etzel and Maurer (1950).

Kelting and Witt (1949) determined the conductivity of
KCl + SrCl,, CaCl, or BaCly as a function of concentration, Their
plots of log conductivity against 1/T definitely appear curved,
suggesting the presence of association, but unfortunately this data
has not been analysed. The most curious feature of their work is

the dependence of E, on the impurity ion present (table 1). Bassani

20.



and FPumi (1954) have attributed this to a dependence of the interactions
-between the impurity ions and vacancies at close distances on the
nature of the cation. The results of Allnatt and Jacobs (1962) on

XC1 + Si'Cl2 apparently favoured non-nearest neighbour interactions
though the authors considered that this feature of their conductivity
isotherms might be an artefact, due to uncertainties in the values of c,
A value of 0.3 I 0.1 eV was deduced for g’, the wide limits being due
to the curious and unexplained temperature-dependence found farfg.
Grundig (1960), in his study of KCl1 + CaCl,, also observed association
effects and determined a binding energy of the complex of 0.52 I 0.04
eV for KCL + CaCl, and 0.56 = 0,04 eV for KBr + CaCl,. Ninomiya

(1960) has measured the d.c. conductivity and dielectric loss of
quenched KCl crystals doped with CaCl,. He obtained evidence for
higher aggregates than simple complexes from the decay of conductivity
during annealing after quenching,

Despite all these investigations the evidence for the assoc-
igtion theory is not very extensive. Principal support comes from the
two systems NaCl + CdCl, (Etzel and Maurer, 1950) and AgBr + CdBr,
(Teltow, 1949, Lidiard, 1957) while the evidence for non-nearest
neighbour interactions is inconclusive. For the system NaCl + CdCl,
the work of Bean énd Thomson is conflicting, while for KC1 + SrCl,
the work of Allnatt and Jacobs (1962b)needs to be extended.

Since the impurity-vacancy complex is an electric dipole,
with the vacancy end negative and the impurity end positive, its

energy depends upon its orientation with respect to an applied electric

21.
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field. When an a.c. electric field is applied, the continual striving
of the complexes to readjust their orientations to an egquilibrium
value consistent with the instantaneous applied field, produces an
alternating current which lags in phase behind the field, This
phenomenon is conveniently measured as a dielectric loss, which is
expected to obey the Debye equations. The theory has been reviewed
by Lidiard (1954, 1957).

If the frequency of dipole reorientation by direct exchange
of the M@t ion and the vacancy is vy, and that by the vacancy jumping
from one nearest neighbour position to another is w,, tne contribu-
tion to the loss factor should be

8MaR 2 N.p W

1.543. (tan 6)0 -
3E kT 1+ w2
where ¥ = [2 (W:. + Vg )_’f-i and p is the degree of association.
Dryden and Meakins (1957) found Debye absorption curves as predicted
by equn. 1.5.3. The frequency of the absorption maximum, fm’ could
be expressed by an Arrhenius equation
f = A exp(-AE/XT) .

m
Results for XC1 were:-

AE, oV
KCl + CaCl, 0.64
KC1 + SrCl, 0.67
KC1 + BaCl, 0.70

AE is the activation energy corresponding to either w, or w,,

whichever is the smaller. Similar results have been found by
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Haven (1953, 1954) for NaCl containing Cd2+, Ce?* and Mn?+, by
Teltow and Wilke (1954) for AgBr + CdBr, and by Dryden and Meakins
(1957) for NaCl + CaCl,.

As the doping level is increased a second absorption pesk,
wider than the Debye peak, becomes prominent, AE is nearly the same
for both peaks in many alkali halide orystals (Dryden and Meakins,
1957). This second peask was ascribed to the precipitation of platelets
found by Miyake and Suzuki (1954) by X-ray studies, when the concen-
tration of Call, was greater than about 0.05 mole per cent. Such
crystals often appear turbid to the eye.

Upon the application of a static d.c., field, the complex
tends to become oriented in the direction of the field thereby producing
a polarization current which decreases with time., Dreyfus (1961)
studying NaCl + ca?* or Mn?t found below 00C a dominant 'fast polariz-
ation' in which the vacancy is in the nearest neighbour position
(except for NaCl + Mg®¥). He also observed a 'very fast polarization'
which was ascribed to next-nearest neighbour complexes, plus a 'slow
polarization' due to vacancies jumping between more distant sites.

The activation energies for the exchange of vacancies on nearest
neighbour sites with 0o and Mmf+ ions in a NaCl lattice were found
to be 0.702 T 0.010 eV and 0.680 ¥ 0,010 eV respectively.

The most direct study of impurity precipitation and complex
formation has been by electron spin resonance studies of paramagnetic
impurity ions such as MrE*, As the e.s.r. of paramnagnetic ions is

sensitive to their environment, the state around the paramagnetic



ions may be investigated by the structure of the resonance lines,
Watkins (1959), studying NaCl +-Mn?+, observed several types of
resonance spectrum with increasing temperature and classified the
spectra according to their appearance. Spectrum 1 is a broad single
line appearing before quenching, arising from Mn?+ ions in an
aggregated state., OSpectrum 2 consists of six lines appearing above
2009C., These arise from isolated Mn?+ ions free from any vacancy.
Spectrum 3 is complex but was successfully analysed by Watkins and
Walker (1956) and Morigaki, Fujimoto and Itoh (1958). It can be
further divided into two types, designated 3(a) and 3(b); one of
these comes from the Mr®” ioms with a positive ion vacancy at one
of the nearest neighbour cation sites, and the other with a vacancy
in the next-nearest neighbour cation site. Spectrum 3 was also
observed for M2 * in KC1 and LiCl single crystals by Watkins (1959)
and Pukuda, Uchida and Yoshimura (1958, 1960). Besides these spectra
Watkins observed spectrum 4, which had a lower intensity and larger
splitting. This spectrum arises from Mn?+ associated with divalent
anion impurities such as O®~. Trom the relative intensities Watkins
estimated the binding encrgies of the two sorts of complex corres-
ponding to 3(a) and 3(b). These experiments showed that the binding
energy for n.n.n and further separations may be strong enough for
such pairs to be regarded as associated. The theoretical binding
energies for nearest (B ) and next-nearest neighbour pairs (E,) are

also comparable in order of magnitude (table 2).
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Studies of e.s.r., dielectric loss and low temperature
polarization effects thus give a more solid foundation to the assoc-
iation theories than do the rather inconclusive conductivity measure-

ments .
Table 2

Association energy for complexes

Systenm E B ~-E Reference
eV eV
(1)  Theoretical

NaCl + CdCl, 0.38

NaCl + CaCl, 0.38 Theoretical values from
NaCl + SrCl, 0.45 0.02 Bassani and Pumi (1954)
KC1 + SrCl, 0.39 ~0.11 and Tosi and Airoldi
KCl + CaCl, 0.32 (1958).

KC1 + C€dCl,  0.32

(2) Experimental

NaCl + CdCl,  0.23 to Etzel and Maurer (1950)
0.25 .

NaCl + CdCl, 0.34 Lidiard (1954)

KCl + SrCl, 0.3 Camagini et al. (1954)

KOL 4 80, 0.3 b Allnatt and Jacobs (1962,b)

KC1 + MnCl, 0.39 Watkins (1959)

KC1 + CaCl, 0.52 Crindig (1960)

KBr + CaCl, 0.56 Grundig (1960)
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1.6, Polarization effects

1.6.1. D.c., polarization

In their early experiments, the Curies (1889), upon apply-
ing a constant electric field to a rock salt crystal, observed that
the current flowing through the crystal decayed with time. Jnffé and
Rbntgen (1913) were able to show that this current decay was due to
a build-up of a 'polarization voltage' in opposition to the applied
potential, They disconnected the crystal from the potential source
and short-circuited it, whereupon a current flowed in the direction
opposite to that in which it had passed through the crystal initially,
Bue to this current decay, two characteristic conductances of a crystal
may be defined, o7, measured at t = O for zerc polarization voltage,
and g; y the steady state conductivity calculated from the steady
state current %m and applied voltage, V. We shall adopt the
terminology of Parker (1954) for the d.c. polarization, whereby the
current at time t is I, Ip =1 - Iua is the polarigzation current gnd
Iop = IO - Im’the initial polarization current.,

V. Seelen (1924) and Gingold (1928) showed that charging
and discharging currents were the same and that the current-time
curves were similar. This suggested that the polarization is due to
the blocking of the charge carriers at the electrodes building up a
gpace~charge layer which tends to oppose the applied potential., The
charging current-time curves were analysed by V. Seelen (1924) and
Brennecke (1940) using the power law,

1.6.1.1. I = at™
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where n varied from 0,3 to 0,9, Bremmecke (1940) studying KC1 and
KBr found n to be unity at room temperature and that it decreased
with increasing temperature until the polarization completely dis~-
appeared at 2000C,

Parker and Schneider (1956), in their study of polarization
effects in KC1l, concluded that they were due to the blocking of
vacancies at mosaic boundaries some 2000 % apart. However, Okazaki
and Suita (1951), investigating XC1 + SrCl, in the same temperature
range, attributed polarization to the blocking of vacancies at the
surface of the orystal. As already noted (section 1.5) the polariz-
ation, observed by Dreyfus (1961) in doped crystals at low tempgratures
is due to the reorientation of complex pairs.

A fuller understanding of the polarization effects would
be possible if the distribution of the field inside the crystal were
known., Experiments to determine this are, however, quite difficult
to devise and have not been perfomed apart from some early measure-
ments by V. Seelen (1924).

1.6.2., Jaffé's polarization theory

Jaffé (1933) considered the movement of charged species
under an applied electric field and formulated a theory based on the
idea that at the boundaries of the medium (i.e. at the electrodes)
certain ions can discharge whereas others cannot, thereby producing
a space charge. This theory was later applied to semi-conductors
(1952a), and to liquids by modifying the boundary conditions to allow

for a finite rate of discharge (1952be, 1953).



For the case of plane-parallel electrodes the differential
equations for the actual concentrations of positive, p, and negative,

n, charge carriers are:

9 . oy 2B g Bp o, (R L)

2t P ?¥x P g2
1.6.2.1.
en _ , AGm) 221 e
o U, e+ D, . + ki(co - pn)

%g = 453 (p - n) .

The rate constants for formation and recombination of defects have

been caombined into the single constant k; (Friauf, 1954) by using

the eguilibrium condition and neglecting the small term kicz(cofN).

co is the concentration of either carrier (p or n) at eguilibrium,

The Einstein relationship ud = e/kT is assumed valid for both species.

For a static d,c. field the equations may be linearized by assuming

(a) that the field is homogeneous, E = Ey, and (b) that the forma-

tion and recombination terms can be neglected. Equations 1.6.2.1

will then become linear and independent of each other and the

current density of the positive charge carriers is given by (Jaffé,

1933)
1,6.2,2, j+ = e(uppEO - Dp%}% ) .

One of the bourdary conditions is always

L
me
-0

where the origin has been placed at the centre of the crystal of
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length 2L, Considering only the positive charge carriers, and

dropping the subscript p, the other boundary conditions are

1'602!30 ,j

[}

+ ~e¥[p(-L) - p°] , forx = -L

1.6.2.4, 3 e o) - pK] , for x = 4L

]

+
where py‘; 1s the equilibrium value at the electrode in the absence
of an applied ficld and ¥ is the rate conmstant for the discharge
of positive carriers. It is convenient to introduce dimensionless
parameters for the applied voltage V and for the discharge rate
constant

1.6.2.5. v = (W/D)B,2L = (@/D)V = eV/kT

P = €ou/p.
The solution to the linearized egquations 1.6.2.1, subject to the

above boundary conditions, is then (Jaffé and le May, 1953)

s 5]
{_ e} _rd
1.6.2.6, D B, * nﬁﬁ A exp( )mt)xm

where pm is the solution to the steady-state probiem,

1621, X = explw/in) oos () + {(p + 4v)/a, sinlu)]

and
1.6.2.8, % = & 2T, are the roots of
m m
1.6.2.9, tan z = Ef)z/[(jév)z + z° -Fa} .

The values of B\,m are given by

1.6.2.10. A = (B )R/ + e = 0/412) [ (Gv)e + 2]
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Jaffé and le May have shown that {for the initial conditioms P = cq

right up to the electrodes) if

exp (—Jz-v) <K 1

Cand (f>/§)2 <K 1
then
= ﬁ —
1.6.2.11. J-+ = eup Eo[P (/o.;, S Nl JLCO - p*v(,ﬂ-f V) 1} X
(Vo)
§=:1 exp(-,'«\,mt)cm

where C, is a complicated expression depending on v, £ » 2z and m,

Clearly when t = 0@ , the steady-state current is given by

1.6.2,12,

j_i_’w eup*’Eo £ ([)+ vt

in which expression'/3 = oy corresponds to an open electrode and

f7 = 0 to a completely blocked one. The main feature of equn.1.6.2,11
is that the polarization current should be capable of being represented
by a sum of exponential terms of the type A exp(-ut).

Extensions to this theory of Jaffé have been made by
Macdonald (1959) who has discussed the case of two blocking electrodes
and one mobile charge carrier able to combine with the fixed,
oppositely charged, carriers.,

The Jaffé theory has been applied %o the alkali halides by
Parker and Schneider (1954, 1956) and also by Allnatt (1959). Parker
and Schneider analysed their current-time curves for KC1 in the
temperaturc range 20-3000C by applying the cquation

1.6.2.13 Ip = A exp(-ot) + B exp(~Bt)
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where the second exponential predominates for long times. They were
thus able to compute values of o and B and found that:-
(1) « and B both increase with V; .
(2) OBP and O;a depend only on temperature for a given crystal
and can be represented by Arrhenius-type expressions

o = constant x exp(-E/kT) ;
(3) the results are independent of the electrode material.,
The Jaffé theory was tested by comparing equn. 1.6,2.13 with the
theoretical equation 1.6.2.11, as they concluded from their data
that qg represented a current flow by cation vacancies. Thus p =0
for the positive charge carriers and oo for the negative charge
carriers (cation vacancies)., Then from equn. 1.6,2.11, if all terms

above the second vanish,

1.6.2.14 o _  (eVAKTR + 4m
(eVAXTP + 97

Parker found o/B = 6.6.
© Secondly the voltage dependence of B was compared with

the theory which predicts

1.6.2.15 B = {(eVAKT) + m ] D(2L)®,
However, B was proportional to V rather than V. From equn, 1.6.2.15
Parker found
2L = 313,000 K for NaCl; 463,000 2 for KCl
2L = 1,980 R for NaCl; 2,000 & for XC1
depending on whether he assumed surface conduction or the blocking

of cation vacancies. They finally concluded that the blocking was



at mosaic boundaries, as the time to decay to a given fraction of I,
showed a regular variation with thickness at constant applied potential,
but not at constant field, which is inexplicable on the basis of
surface conduction. Jaffé and le May (1953) have pointed out that 2L
is to be regarded as the polarization layer thickness rather than the
distance between the electrodes. Hence Parker's use of equn, 1.6.2,15
in estimating the distance between mosaic boundaries (2000 %) is
suspect. This, however, does not affect the other conclusions drawn.

Allnatt (1959)\showed that there are two distinct regions of
d,c, polarization, occurring above 350°0C and below 170°C (the Parker
polarizatioﬁ). The high temperature polarization had apparently not
been observed before, This polarization, analysed in the manner of
Parker (1954), was attributed to the blocking of cation vacancies at
the eleétrodes .

1.6.3. A.c. polarization

When an a.c. field is applied to an ionic crystal the ions
will move back and forth in phase with the field and thus contribute
to the bulk conductivity. At the electrodes, however, if some of the
ionic gpecies are unable to discharge, they will constitute a space-
charge which will produce a polarization capacity, the value of which
should depend upon the frequency of the applied field. This a.c.
space charge has been studied in ionic crystals by Friauf (1954) and
Macdonald (1953). We shall consider the Friauf solution only, as
Macdonald's solutions of the differential equations are essentially

identical. Friauf linearized the differential equations 1.6.2.1 by
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making two approximations. He assumed that (a) since the applied
voltage may be expressed by
1.6.3.1. V(t) = V, +V, exp jwt ,
the dependent variables can be represented as
1.6.3.2. plx,t) = po(x) + p (x) exp jwot
and that (b) the d.c., solution for zero applied field is
1.6.3.3. po(x) = cg » ng(x) = ¢, and Eo{x) = 0.,
Using these assumptions, a set of linear, homogeneous equations is

obtained from equn. 1.6.2.1,

4E, &#p

Jwp = —upCO ; + Dp o2 -~ kico (pi + n!.)
10615040

. aBg d2ny

Jeony = u c - + D g;;— ~Koeolp + 1)

Ay AT

= T -w)

The general solutions (Friauf, 1954) are complex but these may be
given in a compact form for various special cases. The wvalues of

the blocking paraneters are conveniently given in parentheses

(F%, Pn). When both charge carricrs are blocked at the electrodes,

a condition referred to for brevity as (0, 0), the boundary conditions
are

1.6.3.5. ip(fL, t) = 0 and i (<L, ) = O,

f L

With these boundary conditions (and also j Edx = V), it is found
L

that

1.6.3.6, c o= co/ [1+ (mv)z]



and A(1/R) = 1/x‘1+ @102] Ry

where R, = 2L/i:e(up + un)cg] = 2L/o,
Co = Eafan/Z
T = RyC, and o = 4TePoy/E kT .

When the negative carriers are blocked, and positive carriers free,

(C’D’ 0), then 1 %
D +D\ [D

eu ¢
106'3070 '*A(JI/R) = (0 = no L% n -—-n

/212 2DP ; Y

Analagous expressions for the impurity region, where only cation
vacancies produced by impurity ions are present, have been derived by

Ninomiya and Sonoike (1958). They are

~A(1/R) = ©C = /kT)

z'\/élﬁ \ we2

X 1 *

Ay

The‘only detailed study of a.c. polarization in the alkali
halides is that of Allnatt and Jacobs (1961) who applied the Friauf
theory to their experimental results for XCl. From a comparison of
the experimental depemdence of capacity on frequency and temperature
with the theoretical values, they concluded that positive carriers
were blocked and the negative carriers frees, i.e. (0,). The
disturbing feature of their results was, however, that the observed
capacity was 108 to 10* times greater than the calculated values, A
similar discrepancy was observed in AgCl by Friauf (1954) who
"attributed it to the blocking of cation vacancies at internal bound-
aries. This explanation docs not apply to the work of Allnatt and

Jacobs (19614a), as they found that C varied as L™ where, for blocking

34.
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at internal boundaries, C should depend on L*,

1.6,4., Metal~crystal interfaces

The charge distribution in a medium is governed by the
bourdary conditions and the conditions within the medium, In table
% is presented a general classification of the typical possible charge
distributions. A given physical situation corresponds to the com~
bination of an entry in the left-hand column with one from the right-
hand column. A thorough review of the literature based on this
table has been made by Macdonald (1962). It is noteworthy that very
little work has been done on the two-carrier, non-zero current, space
charge problem with which we are concerned in connection with the
steady state d.c, polarization currents,

A thorough search of the literature indicated that the
current-voltage characteristics for the solid alkali halides had not
been determined over a large voltage range. (sészdr (1958) investi-
gated the current-voltage dependence in NaCl at 2500C using one plane
and one point electrode and observed rectification effects (fig.1).
It is apparent from fig.1 that the crystal containing F-centres shows
more rectification than the pure NaCl., No theoretical cxplanation
was offered. Ilschner (1958) using AgBr, AgCl and Agl was able %o
determine from the respective current-voltage curves the electronic
contribution to the conductivity. According to Wagner (1956) the
contributions of the conduction electrons and holes to the current

density are:
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i = (k1/2Le)a® [1 - exp(-cv/iT)]
1.6;4.1.

i, = (kT/zLe)o'i [exp(ev/kT) - 1]

where 6’2 ig the electronic conductivity of silver bromide in equil-
ibrium with silver, It is apparcnt from equn. 1.6.4.71 that with
increasing voltage V, the clectronic part of the current tends to
a saturation value (kT/QLe)G’i while the contribution from the holes
increases exponentially with V. Ilschner's results for AgBr (see
fig.2) show a saturation current from which he was able to find 6’3.
By this means it was established that AgBr exhibits electron conduc~
tion and Agl hole conduction. The results for AgCl were inconclusive.
The variations in potential energy at the interface betwsen
a metal and semiconductor are shown diagramatically in fig.3%a. At
equilibrium the electrons in impurity centres nearest to the metal
escape to the metal leaving a positive space charge in the semi-
conductor and producing an equal negative charge in the metal, This
space charge depresses the conduction levels in the semiconductor as
shown. There are now two possible ways in which an electron can
cross the potential barrier: (a) electrons near the bottom of the
conduction band may be able to penetrate the barrier by the quantum-
mechanical tunnel effect, or (b), if the potential barrier is too
wide for tummelling to occur, the current flow must be due to therm-
ally excited clectrons which have enough energy to pass over the

barrier.



Table 3
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Clagsification of charge distribution types

Current conditions

I. Zero current

II., Non~zero current; steady

state
(1) d.c.
(2) a.c.

IIT. Transients

1.

2,

Charging

a) Zero final current

b) Non-zero current
Discharging

a) One or both elec~
trodes blocked

b) Blectrodes not or
partly blocked

Internal conditions

A, Mobile charges of one sign
only,

B, Mobile charges of one sign
plus fixed recombination
centres present,

(a) Zero recombination

(b) Non-zero recombination

C, Mobile charges of both signs
present

1s

Intrinsic

a) Zero recombination
b) Non-zerc recombination

Extrinsic

a) Zero recombination

b) Non-zero recombination
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It is found theoretically that, if tunnelling were to ocecur,
rectification would be in the opposite direction to that observed
experimentaliy. Thus the theory predicted a low resistance when the
electrons flow from the metal to the semiconductor, for excess
conductors, and in the opposite direction for a deficit conductor,
e.g. Cu, 0. The direction of casy flow should, on this model, be
from the metal to semiconductor as the number of electrons availablé
is virtuallyi?&mited.

If tunnelling does not ocecur, in order to flow from the
metal to the semiconductor, the electrons must receive thermal energy
equivalent to ¢ -0 (see fig.3). Therefore the layer of‘the semi-
conductor immediately in contact with the metal will contain a rather
low density of electrons., Upon applying a field to pull electrons
from the metal to the semicorductor (fig. 3b), there is no rapid rise
in the current., But when a field is applied in the other direction
(fig.3¢c), the magnitude of the potential barrier is decreased thus
giving a rapid rise in the current density.

Mott and Gurney (1948) have discussed this model in detail,
It leads to the prediction that, for fields such that

eV > kT,

the current density is

1.6.4.2, j = eungF [1~ exp(eV/kT)]

where u is the slectron mobility in the conduction band of the semi-

conductor and

38,
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1.6.4.3. ng, = 2 -—;-“'? exp {~(4 -~ % )/kT
4

ig the density of electrons in the conduction band at the metal-
semiconductor interface (i.e. at X = 0). It must be emphasised
that this treatment is only applicable to perfectly clean and plane
surfaces, A comprehensive étudy of metal-semiconductor contacts of

all types is given by Henisch (1957).

1.7, Thermoelectric power of ionic solids

When a temperature gradient is imposed across a crystal
containing lattice defects there will be an increased def'ect concen-~
tration and increase in the jump frequency at the hot end, thus giving
rise to a flow of defects, Since, in an ionic crystal there are at
least two kinds of oppositely charged defects with different mobili-
ties, the effect of the temperature gradient will be to cause a
separation of charges. This separation is only incipient since the
formation of a space charge immediately affects the flow of defects
in such a way as to restore electroneutrality. The steady state is
characterized by the existence of an electric field which is just
sufficient to make the net electric current zero, The ratio of the
difference in potential, AV, between the ends of a crystal to the
temperature gradient, AT, is the homogeneous thermoelectric power,

ghom’ of that particular crystal at a specified mean temperature.

Although ionic crystals are favourable subjects for the

study of thermal diffusion, very little work appears to have been done.

Reinhold and his cé—workers (1928, 1930, 1933a,b, 1937, 1938, 1939)

39‘
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have measured the thermoelectric power and Soret effect of silver and
cuprous salts, using electrodes with a cation common to the salt. The
thermopower of lead ard thallium salts was investigated by Thiele
(1925) who also noted the existence of a potential difference across
the orystal at room temperature in the absence of any temperature
gradient, Modern work has been confined to KC1 and the silver halides.
Patrick and Lawson (1954) repeated the work of Reinhold and Blachny
(1933) with the object of obtaining information about the heat of
transport of the Agﬁ interstitials and vacancies in silver bromide in
contact with silver electrodes., The measured power will be the sum
of the homogeneous thermoelectric power and the heterogeneous power
caused by the temperature-dependence of AgBr/Ag contact potential.
They therefore subtracted from their ‘total measured thermoelectric
power the value of the heterogeneous power estimated by Reinhold and
Blachny to be 140 micr0volts/deg. This estimate was based on an
earlier analysis by Wagner (1929), who assumed that
T
M

g = CiM)dI1lnT
i 0 p(L )

Sy ¢,(ux) & In T

ut [ o
Patrick and Lawson (1954) found that their results for pure AgBr

could be analysed on the basis of the equation
#o; +ing) - (o, +30p)

hom Te(d + 1)

107010 “‘g



where ¢ is the mobility ratio, w /u_, e the charge on the proton, hy
the heat of formation of a Frenkel defect pair and a5 4, are the
heats of transport for interstitials and vacancies respectively. Using
the Teltow (1949) values for 4 and hy, Patrick and Lawson found q, =
0,017 eV for the heat of transport of interstitial Ag+ ions and qv =
-0,385 eV for the cation vacancies., For AgBr doped with CdBr, the

data was analysed using the equation

1.7.2. -27a ghom = (qd + qv)

where q; is the heat of transport of the ca®T ion. In the doped
crystals T Qhom was constant below 207°C, where the number of thermally
produced defects ié negligible,

Howard and Lidiard (1957a,b) considered theoretically the
thermoelectric power of a crystal MX fitted with electrodes of metal
M, as exemplified by AgBr and AgCl with Ag electrodes. They also
congidered the effect of doping with foreign ions, e.g. Cd2+. In
an isothermal system, the equation for the flux of defect r, with a

virtual charge €. is

RO eran
1-7.3- Jr = Dr "5;—' + X7 .

Trreversible thermodynamics shows that for an anisothermal systen

(a7/dx 4 O0) equn. 1.7.3 must be replaced by

7 =D _ an,, erer _ 4y oT
T T

+

10 .eO e
[ Jx kT KTe ax/

where qr is the heat of transport of species r. For a system contain-

. . <. +
ing two types of intrinsic defects of charge -e, we have
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Applying the electroneutrality and steady state conditions, my = nyj

e(Jé - Ji) = O, the homogeneous thermoelectric power is found to be
#(ap +4b) $-(a + k)

) Te(d + 1)

1.7.6. ‘ ghom =

which is essentiaglly the same formula as that used by Patrick and

Lawson for pure AgBr (see equn. 1.7.1).

In the impurity-controlled region (for doped AgBr) the
flux of free cation vacancies is the same as that given by equu.
1.7.5 while that of impurity ions is equal to the flux of impurity-
vacancy pairs,

o, (O Esn,_kaw)
1.7.7. Je = D | - - s

where nk is the number of complexes per unit volume and qk the heat

of transport of a complex. As n, and ny are connected through the

equation for the number of complexes,

1’405:» ;1:%{“ = 12 exp (t{))/kT),

a relation between 2 nk/') x and 3n1/9 x can be established., The

steady state conditions Jk = 0, J; = 0, together with this relation,
£
1 ™ 3 2m % 9T

(= - —— o—

nk ?’X B E‘ ax kTQ 9}[ ’

yield the expression

42,
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- -4
1.7.8 Teghom Q

~>C is the heat of éssociation of the complex.

The difference between the thermoelectric power of
pure AgBr and that of the doped crystals was also discussed by
Howard and Lidiard. The heterogeneous contribution to the total
power was first fourd by equating the electrochemical potentials
of an M+ ion in M and MX and differentiating with respect to T.
On subtraction of the two expressions for the total power, they

obtained

1.7.9. ofy) - e(1) = N9 = (# - 1) ¢ Q —Elny
@ +d)\er(g+1) °

where y is the ratio of the concentration of vacancies in the

doped crystal to that in the pure {y = 1) and Q = q; +a, + b,
Additional data on the system AgBr + CdBr, have been obtained by
Christy et al. (1959). Pitting their results to equn. 1.7.9, they
evaluated a, +q, as ~0.57 eV at 1759C and -0.69 eV at 2500C.
These numbers are not in agreement with those found by Patrick
and Lawson. Christy (1961) also found, for the same system, that
Q = 4y + qv + hF is strongly temperature dependent; similar
conclugsions were drawn by Susuki et al. (1959). Objections may,
however, be raised to this conclusion: (a) kinetic models do

not suggest any physical basis for a temperature dependence of

q; and q_; (b) there may be uncertainties attached to the deriv-
ation of the formula for the heterogeneous part of the thermo-

electric power,
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Haga (1958, 1959) has also considered theoretically the
system AgBr + CdBr, and has essentially reproduced the work of Howard
and Lidiard. A comprehensive review of the work to date on AgBr has
recently been prepared by Lawson (1962). ILawson has reconsidered the
heterogeneous thermoelectric power by defining the electrode reactions
as

by -5 >0 < (] - ke + ae,

1.7.10, - .
AgM - e ->Ags -Agv

where AgM ig & gilver atom in the metal, Agé a normal lattice cation,
and Ag; a cation vacancy, the signs indicating the virtual charges.
Let AGiO and AGVP be the free energy changes for the formation of
one mole of Agz and Ag;, and (o + ASiO) and {a - ASVQ) be the assoc~
iated entropy changes. o way be considered as the difference in
vibrational energy between a normal silver atom in the metal and in
AgBr and may be estimated from the heat capacity difference of the

two media. Lawson then shows that
LT -8 e = by 24e,/5T) + (3 /3T) + AGi,(?ti_/a T) + AGV(atv/aT).

For pure AgBr it can be seen that Ghet'is dependent on
AG, AG_ and 24/3T and is thus temperature dependent., For doped
AgBr, assuming no association, equn., 1.7.11 reduces to

- = 0 .
1.7.12, thet o+ ASV k 1ln ¢

where ¢ is the impurity concentration. Lawson believes that the

temperature dependence of 9 for pure but not doped AgBr, may

het
account for the apparent temperature dependence of q, fournd by
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Christy. Again assuming no association, equn., 1,7.8 reduces to

1.7.13. Teb = q,

hom
so that (as 6,4 18 temperature independent (equn, 1.7.12) q, may be
found from the slope of 6 against T, Using the data of Patrick and
Lawson (1954), Lawson finds q, = -0.35 eV by this procedure. As he
remarks, however, it is rather mysterious that the thermopower data
should apparently be fitted so well by assuming that there is no
association between €827 and cation vacancies,

In contrast to systems with a cation common to the electrode
and the crystal, systems with no common ion show somewhat poorer
reproducibility. Murin and Nikitinskaya (1955) found a detectable
thermopower in NaCl above 500°C, but 'reproducible' results could
only be obtained after prolonged heating. Despite the large experi-
mental scatter, they evaluated © as -0.9 mv/deg at 5400 and 670°0C
for NaCl. For KCl, 6 was found to be -1.2 mv/deg at 6000C, the
experimental scatter being somewhat less. The most intriguing
feature of thelr experiments was the observation of a potential
difference in the absence of a temperature gradient, similar o
effects observed by Thiele (1925). Curien and Mihailovic (1959),
however, make no mention of this difficulty in their measuremonts
of the thermoelectric power of lithium fluoride with silver electrodes
in the temperature range 365 to 605°C.

A rigorous treatment of the homogeneous thermoelectric
power of & crystal MX in contact with electrode material M' has

been developed by Allnatt and Jacobs (1961b), in which the vacancies



46,

are treated as separate thermody amic species of zero charge and
mass, To develop the theory expressions for the chemical potentials
of the ions and defects are required and these were obtained as
described in section 1.2,

As there is no common ion in the gystem under consideration,
the only species common to both phases is the electron. It was
further assuned that there are a mumber of electron traps presont
in the alkali halide and for simplicity, these were identified as
F-centres arising from non-stoichiometry. Using a treatment based
on irreversaible thermodynamics, it was found that, for Schottky

disorder,
1704, o = [(—%M+ +40)t, - (-4 - +-ghs)t_} [em

where %M*’ g .. are the heats of transport of the cation and anion
X

respectively, t , t_ the respective transport numbers and hs is

+
the heat of formation of a Schottky defect./ The heterogeneous

thermopower was determined by eguating the electrochemical potential
of the electrons in the salt to those in the metal. Assuming the
source of the electrons in the conduction band of the salt to be

P~centres, @ was found to be given by

het

1.7.15- -eghet == [S:EE! + (HF — %hs)/T + k in IIB]

o

Where np is the number of electrons per unit volume in the conduc-
1
tion band, ég the (negligible) entropy of the electrons in the

metal M' and H; is the enhalpy change on taking an electron from

F

an F-centre to the conduciion band of the salt. Combining equm.

1.7.14 and 1.7.15 gives tre total power for a pure crystal, &(1):



47.

1.7.16. mTee(1) = ( t+(hs - %n+) + t_gx_ ~Hp - kT In nB(1?],

In the doped crystal, if the electrons still distribute themselves
between F-centres and the conduction band, egqun, 1.7.15 remains
unaltered and the total power is given by
1.7.17. Te@(y) = l”-yzQM+ - 5(‘Qx- * hy)
L > o+ 1 I~

The difference between the thermoelectric power of a pure and a

-H 4+ h -k 1n nB(y){

doped crystal is thus

1.7.18, 40 = ofy) - 6(1) = i23—3~i% (-Qpe - Q- + b))

¥ o+ 1 (d + 1)el
- (x/e)in nB(y)
ng(1)

Allnatt and Jacobs (1962a), have applied these equations
to their experimental results for pure KCl and KCl doped with 107
x 10-% mole ratio of SrCl,, with platinum electrodes in the tempera-
ture range 560 to 6950C. Using temperature gradients up to 15 deg/cm
a thermoelectric power of -1,85 : 0.05 mv/aeg was obtained. Although
the graphs of potential difference against temperaiure gradient were
good straight lines, there was some scatter when the values for the
thermoelectric power were plotted against the temperature. A
potential difference for zero temperature gradient was again
observed and it was suggested that this potential difference may be
due to plastic deformation of the crystal arising from the mild

pressure applied to the electrodes. Fischbach and Nowick (1958) had



observed that plastic deformation of Nall crystals produced a charge
filow of 1042 coulomb for 1 Kg em™ stress gradient. The heat of
transport of the cation was found to be 0.99 eV and that of the
anion 2.1 eV in the temperature range studied, with no temperature
dependence. Calculations showed nB(y) to be of the order of 104
electrons/cmﬁ and nB(1) of the order of 108 electrons/cmﬁ. Support
for the theory was also shown by the correct temperature dependence
of nB(y) and nB(1).

1.8, Heats of transport

An estimate of the wvalue of heat of transport of an ion
in a s0lid can be obtained by considering the processes by which an
ion receives sufficient energy to move t0 a new egquilibrium position.
Wirtz (1943) considered the movement of an interstitial ion by the
direct mechanism, and argued that each jump of the ion involved the
co-operative movement of a number of ions. Firstly a certain amount
of free encrgy Ag, must be given to the interstitial ion so as to
move it in the direction of its final position, OSecondly, energy
Ag, must be given to the lattice ions situated between the initial
and final positions to separate them sufficiently to allow the
interstitial ion through, Finally, energy dgg is required to
produce a hole to accommodate the moving interstitial, The sum of

these energies is the total activation energy Ag

1.8.1. Ag = Ag + Agy o+ Bg .

The important point behind Wirtz's kinetic argument is that the

three energy terme are supplied at different temperatuees, Thus,

48,



if we consider a one-dimensional flow, and divide the lattice up
perpendicular to the diffusion direction, we see that whereas Ag
may be supplied at temperature T, Ag, will be supplied at T + 56T
and Agy; at T + 8T, where the ratio of 8T to the jump distance is
equal to the thermal gradient., Writing down the expression for
the net flow of interstitials across the dividing plane by using

an expanded form of equn. 1.3.1.,

1.8.2, w = ~vexp(-Ag /kT)x exp {—Agjk(T + %GT)} x exp -0g,/k(T+ &7) ,
equn 1.7.5 is obtained where

1.8.3. Q= Any - Ay (interstitial mechanism),
Ah, and Ah, are the enthalpy terms belonging to the free energies
Agy and Agz. For vacancy motion, if Ag is the energy supplied to
the ion which jumps into the wvacancy, then

1.8.4. %W* = Any - My (vacancy mechanism) .
(Note that QM*’ which refers to the ion, has the opposite sign to
Howard and Lidiard's q or qv). A1l the heats Ah , Ab, and Ah,
will be positive and thug the magnitudes of Qi and %ﬂ+ must be
less than the corresponding heats of activation, Ah, However,
Wirtz's result is not substantiated by experimental evidence, The
error seems to lie in a wrong interpretation of the heat of trans-
port, which igs defined as the energy which must be donated to the
region of the origin of the flux of atoms in order to maintain it
in an isothermal state. Le Claire (1954) assumed that the jump
frequency and vacancy density depend only upon the local state of

the lattice, particularly the temperature. By calculation of the



net flux of vacancies as the difference between the fluxes with and
against the temperature gradient, he concluded that the heat of

transport is Jjust the activation energy for motion.

Allnatt and Rice (1960), by using a random-walk model,
concluded that the heat of transport is'exactly equal to the activa-
tion energy for motion and is always positive, The random-walk
model implies that an atom forgets all about its origin before
making another jump and also that the excess energy required to
produce a Jjump is dissipated at the final site occupied by the atom.
An alternative explanation of the heat of transport by Haga (1960)
takes into account the variation of the vibrational frequency of
the lattice ions due to the presence of defects.

1.9. Conclusion

From the foregone summary of the literature it is apparent
that more work is necessary on doped crystals to try and evaluate
the relative importance of nearest neighbour and next-nearest
neighbour interactions in the phenomenon of association, This was
therefore made one of the objectives of the present research.

Other objectives were:-

(a) +to present a more detailed picture of the a.c. and d.c.
polarization phenomena in the 1ight of the Friauf and Jaffé theories;
(b) to extend the therméelectric power measurements of Allnatt
(19@,8)over a wide temporature range; and

(c) to investigate the current-voltage relationship with the

object of gaining an insight into the electrode reactions in solid

alkali halides,
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2. Experimental

2.1. Preparation of single crystals

The two methods used were those of Kyropoulos (1926) and
Stockbarger (1936).
2.1.1, The furnace

The same furnace was used for both technigues. The furnace
core was a silica tube, 2.8 inches in outside diameter surrounded by
firebricks (Morgan type F.P.). The windings were arranged in three
sections, The two end sections, 3 inches long, were wound with
21 gauge 'Kanthal' A.1. wire at 10 turns per inch. The centre section
of 10 inches congigted of 80 turns of the same wire., The three
sections were connected in series and the current through each was
controlled by a parallel resistor. The total voltage supplied to
the windings was controlled by a 'Variac'. Temperature control was
effected by an electronic controller of the type described by Roberts
(1951), using a platinum resistance thermometer made from 1.5 metres
of 0,01 om diameter platinum wire wound into a single helix and
inserted in a twin-bore pure alumina tube (0.6 om external diameter,
twin 2 mm bore) such that the helices were in opposite sense., The
temperature was measured by means of a chromel-alumel thermocouple;

2.1.2. The Kyropoulos method

The Kyropoulos apparatus was similar to that described by
Allnatt (1959). The water cooled chuck was made from a nickel tube
13} inches long and § inch external diesmeter, A groove 36" wide

and 5/16”_deep in the bottom accommodated the seed crystal, A
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piece of asbestos paper was placed between the crystal and chuck to
prevent cracking due to thermal stresses., The crystal was held in
position by means of a small screw, The chuck was guided by a small
nickel guide held firmly about 2 inches above the furnace and
entered the furnace through a block of syndano sheet.

The salt (50 g) was placed in a platinum crucible resting
on firebrick slightly above the centre of the furmace. Before use
the platinum crucible was cleaned by (1 + 1) hydrochloric acid,
fused sodium carbomate, (1 + 1) hydrochloric acid, 2N hydrochloric
acid and distilled water. The salt was melted over a period of
4 hours and allowed to come to thermal equilibrium at 8200C, The
chuck was lowered into position with 80 ml of water flowing through
it per minute. The sced was then lowered the final cm until it
just touched the meniscus of the melt. Any crystal that formed
immediately was melted off by raising the temperature. The temper-
ature was then lowered slowly until a single crysfal grew from the
seed to about 3 mm from the side of the crucible, when the tempera-
ture was held steady and the new crystal pulled from the melt at
a rate of 2 mm per hour. When about § of the melt had crystallized
the temperature was lowered sufficiently to freeze the remaining
melt, after which the crystal was shaken back into the crucible,
The temperature was lowered to 6009C and the crystal left to
annegl for 12 hours. It was then cooled to room temperature over

a period of 12 hours.
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2.1.3., The Stockbarger method

The salt used was again of Analar quality, A quartz
container 3.0 cm diameter and 8.0 cm long with a 2 cm long projection
of 2 mm bore at the base, was just filled with 40 g of the salt.
This was treated with a stream of hydrogen chloride + nitrogen for
an hour at 100°, 200°, 300° and 500°C and evacuated to a pressure
of 1076 mm of Hg after cach treatment. The container was then
sealed off under vacuum.

The furnace was the same one as that used for the
Kyropoulcs method, with current passing fhrough the middle and top
sections only. The middle section was shunted by a 300 ohms resist-
ance. With this arrangement a temperature gradient of 45° per inch
waé obtained.

The container was then supported in a silica tube and
placed in the furnace such that the bottom of the basal projection
was just above the centre of the furnace, The silica tube was
attached to the drive from a gear box situated directly below the
furnace. The temperature of the furnace was raised until it was
steady at T70°C at the centre of the furmace. After about two
hours the container was lowered through the furnace at a rate of
2 rm per hour until the top of the crystal was an inch below the
centre of the furnace, The freshly grown crystal was then annealed
for 12 hours at 7000C with the current flowing through all sections
of the furnace. All the doped crystals were grown by this

technique.



2.1.4., Additively coloured crystals

It was found by heating potassium chloride crystals
obtained from different sources in a vapour of potassium that the
comnercially available Harshaw crystals colour more readily than
those grown by either the Stockbarger or Kyropoulos techniques.
A1l the orystals coloured were thercfore those obtained from the
Harshaw Chemical Company. Additive coloration was effected by
heating the crystal in the presence of potagsium vapour using a
new technique described by van Doorn (1961),

The apparatus, shown in fig.4, consisted of a nickel tube
(length 25 cm, diameter 2 cm) open at one end. The open end was
closed by a 1id ground to fit exactly into the top of the tube, It
was found that a little Aplezon grease was all that was necessary
to make the seal gas tight. The nickel gauze container for the
crystal was attached to the 1id by nickel wire. The apparatus
could he evacuated via s nickel tube attached to the 1lid, The
crystal was placed in the container, a small piece of potassium
added, and then the tube evacuated., Tne required pressure of dry
nitrogen was then admitted, and the tube placed in a furnace, the
temperature of which was steady at TOCC, After allowing 3 min for
warning up, heating was continued for a further 10 min to allow
equilibrium between the crystal amd the potassium vapour to be
established. Nitrogen was then admitted up to a pressure of one
atmosphere, the tube opened and the crystal quenched in carbon

tetrachlcride,
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The principle of this apparatus is that of a c¢irculation of
vapour similar to that in a vapour diffusion pump, When the pot-
assium metal is heated in the tube the vapour rises and finally
condenses on the cool upper part of the tube., The 1iquid metal
then runs down the walls until it vaporizes again so that a steady
circulation of metal will be established. This circulation zone
separates pure metal vapour in the lower part from nitrogen in the
upper part., Due to the existing pressure equilibrium, the pressures
of nitrogen and metal must be equal, thus giving a method of
regulating the latter independently of the temperature.‘ This
apparatus has two advantages. First the pressure of the vapour
is regulated directly and not by the temperature of the liquid metal
as in other methods. Second, the 1id is kept cool by the water
cooling jacket, enabling the tube to be opened quickly and hence
a rapid quenching of the crystal to be performed.

2.1.5. Preparation of specimens

Specimens were cleaved by means of a razor blade into
regular parallelopipeds. The specimens used were 2 to 5 mm thick
with faces 10 mm x 10 mm. The dimensions were measured with a
micrometer screw gauge both before and after each experiment.

A few crystals had silver films deposited onto two faces
by vacuum evaporating for one hour from a piece of silver wire
attached to a chromel filament. A mica mask protected all but the
upper face of the crystal from the vapour during deposition. The
crystal lay (gbout 2 cm below the filament) at the bottom of the

tube,
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2.2, Analysis of crystals

Conductance messurements were made on crystals containing
10 x 105 to 100 x 10-5 mole ratio of strontium chloride. Due to
the concentration gradient in the doped crystals, it was essential
to analyse the specimen rather than adjacent cleaves. Similarly
the actual specimen used in the additively coloured crystals was
analysed.

2.2.1. Xwray fluorescence snalysis of the doped crystals

Crystal cleaves used in the conductivity measurements were
ground to a powder in an agate mortar and analysed using a Phillips
X-ray Diffractometer, type PW1051, using a sodium chloride amlysing
crystal, Standards of known strontium content, which had been
prepared by Allnatt (1959), were used to establish the calibration
graph shown in fig.5. The powdered sample was spread on the Mylar
window, 2Ax 2 em square, to a depth of about 2 mm. The fluorescence
of the strontium Ka line (26 = 15,099 ) was recorded for ten success~
ive one-minute counts. The excitation was produced by a tungsten
target tube run at 40 kV and 25 mA. A background count was recorded
both before and after completion of the standardisation.

Similar measurements were made on the powdered crystals,
and again the background counts established., After each 10 minute
counting period & new Mylar window was fitted to reduce the
possibility of contaminating successive crystals.

The mean of each set of ten counts for the standards were

corrected for background counts and a calibration curve of mean
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counts per minute against concehtration of strontium drawn., The
strontium content of the unknowns was determined from this graph.
Table 4 recordsithe mean counts for the doped crystals used in
conductivity measurements, The reproducibility of the mean counts
was tB% over the whole concentration range.

Table 4. Determination of Sr++ concentration in
KCl + SrCl, mixed crystals

Mean Mole ratio of SrCl, Mole ratio
Crystal counts/ﬁin in the crystal, in melt,
x 105 x 1078
Pure 1571 0 0
X1 , 1759 14.4 20
X2 2148 31.0 50
X3 2403 41.8 50
X4 4008 94,0 100
X5 4608 119.8 200

2.3, The conductivity cell

The crystal under investigation was mounted between
circular (2 cm diam,) platinum electrodes with a platinum-13%
platinum-rhodium themocouple spot-welded to the centre of each
electrode and insulated from it by a mica disc. EKach electrode
pressed against a recrystallized alumina disc with a radial groove
to accommodate the thermocouple., The specific conductance of
these discs is 1008 omm™ cm~t at 3000C and 109-1040 ohm™ cm—2
at 6500C,

The supporting framework for the crystal and electrodes

is shown in fig.6, Only the crystal, alumina discs A, quartz
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plates P and quartz tubing T were in the hot part of the furnace,
The nickel head N never attained a temperature in excess of 500¢C,
The screw S used to clamp the crystal electrodes anmd alumina
insulators was adjusted to finger tightness. The crystal holder
was suspended by two nickel rods in a quartz tube which was fitted
to the cell head by a BS5 joint. Picien was used on this joint
and proved very satisfactory as the tube above the furnace was
cooled by a continuous flow of cold water. The thermocouple wires
entered the cell through soda glass seals., Shielded coaxial leads
were soldered to the platinum wires just above the seals in order
to make the resistance’measurements. When resistance measurements
were made the two spare thermocouple leads could be lifted out of
mercury cups close to the cell head and were allowed to hang freely
in air thus giving meximum possible insulation,

The cell could be evacuated to 10™ mm Hg on the vacuum
line which consisted essentially of a vapour diffusion pump and a
rotary oil pump., Nitrogen, purified by passing through a drying
column of silica gel, over freshly reduced hot copper turnings to
remove any oxygen, and then through two traps cooled in a methanol-
cardice mixture to remove traces of water vapour, was passed in at
D and out through a bubbler containing dinonyl phthalate at E
(see fig.6). It has been reported by Barr et al., (1962) that sodium
chloride crystals in contact with a nitrogen atmosphere at these
high temperatures (700°C) undergo no chemical or mechanical change.

Thus we are confident that the potassium chloride crystal was



similarly unaffected. A pressure of inert gas in the conductance
cell was necessary to prevent evaporation of the crystal.

The furnace was wound in threc sections, each of 10 om
long, on a silica tube 70 mm diameter. The resistance of the end
sections was 18 ochisand that of the centre section, 14 ohme, all
three being wound with 4 ohme per yd nichrome V wire. The thres
sections were connected in series and the current through each
section was controlled by parallel resistors. The total current
was controlled by a 'Variac' and the temperature regulated by the
same type of controller as that described in section 2,1.

The outside of the furnace was covered with aluminium
foil and the foil, the cooling coils and the nickel shield separat-
ing the fumacc and cell were all earthed to eliminate 50 cycle
'pick-up! by the a.c. bridge.

2.4, The a.c. bridge

The bridge was used to measure resistances from 108 to
107 ohms with an accuracy of 0.1% and frequency dependent capacities
over a range of 108 to 10t pF. The bridge used was a simple Wheat-
stone bridge incorporating a Wagner-earth to remove the effect of
stray capacitances, The circuit and components are shown in fig.7.
The input transformer T was used to minimise any asymmetry from
the oscillator., The ratio amm resistors and Wagner-ecarth resistors
were placed on perspex sheet in an earthed metal box. The switches
5, and S, were ceramic base Yaxley switches mounted on the face of

the box, The air condensers Cf and CC are nmamufactured so that the
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Component values -~ fig.7

All resistances were precision Sullivan non-inductively wound.

R,  Sullivan decade box (111, 111 ohms)

R, 1K Ry, 100 K
R, 10K Rq 1K
Rg Pye decéde box (11, 111 ohms)

R, 10K Rg 1%
Ry, 100 ohms

Sy, S Yaxley switches (ceramic base)

0 Advance oscillator (J1)

A Amplifier

F Filter (parallel-T)

T Sullivan balanced and screened transformer
¢, Sulliven air condemser (C 859/S), 33 pF

¢ Sullivan air condenser (C 855/S), 300 pF
C, Sullivan decade condenser (€ 2099) 1 F

C, Sullivan air condenser (C 500 D.) 1300 pF



casing is at the potential of the low potential (fixed vane) terminal.
These temminals were comnected to the ratio arms, The condensers
stood on perspex and were mounted in a 3'' thick perspex panel. Two
additional capacity boxes C, and G could be placed in parallel with
either arm of the bridge. All commections were made with coaxial
cable. The output of the bridge was connected to a C.R.O0, via a
parallel=T filter and a three-stage transistor amplifier.

In use the bridge was balanced by R, and C; and the Wagner-
earth was then balanced against the arms containing the unknown,

This procedure was repeated until switching to the Wagner—earth
gave no difference in the output displayed on the oscilloscope.

The bridge was checked using standard resistors and capac-
itors, Tor resistances of 105, 10% and 10° ohis the resistance was
correct to 0,05% from 0.25 to 10 kc on the 1:1 and 1:10 ratios.

Prom 10 to 50 ke, the accuracy was to 0.1% for 108, 10 and 105 ohms
on the 1:1 and 1:10 ratios. For higher resistances, on the 10:1
ratio the accuracy was 0.1% below 1 kc, but between 1 and 50 kc on
the 100:1 ratio the accuracy decreased. For example, when a resist-
ance of 107 ohms was measured at 10 k¢ on the 100:1 ratio, the value
found was 10% low, In practice, however, the 100:1 ratio was

never required other than for measurcments at 1 kc. The woltages
used for all resistance meagurements were as follows: 100 mv below
10¢ ohms, 800 mv for resitances up to 10% ohms and 1200 mv for higher

resistances,
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As the length of unshielded wire in the cell was considerable,
the measured capacity will not be the true crystal capacity. More-
over the bridge itself was not designed to yield absolute capacity
values as only the incremental capacity of the condensers is known
from the calibration supplied by the makers, However, it was found
that the polarization capacity at 50 kc was negligible compared with
that at lower frequencies (see fig.17), hence this value was always
subtracted from the capacity measured at lower frequencies to give
the polarization capacity.

Using standard capacitors, the measured capacity (at
constant resistance) was found to be constant to 0.2 pF in the
range 0.25 to 50 ke on the 1:1 ratio for the full range of Cc’
except for resistances below 5 x 1% ohms for which the deviation
is about 1 pF. On the 10:1 range, for resistances greater than 5
x 1% olms the measured capacity is independent of frequency to
0,05 p¥ from 1 to 50 ke and to 0.1 pF from 0.25 to 1 ke, Subtraction
of the 50 kc value is thus justified if the capacity to be analysed
is greater thén 10 pF.

E The accuracy attained was thus slightly greater than that
of Allnatt (1959) with the same bridge, due probably to the intro-
duction of the parallel~T filter giving a clearer signal from the
amplifier and fhus enabling a more precise defermination of the

null point to be made,
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2,5. D.C. measurements

2.5.1. The d.c, amplifier

The amplifier used was based upon one developed by Jacobs

(1953) and proved particularly suitable for studying the long
polarization times encountered., The amplifier circuit is shown in
fig.8. The Ferranti BDM 20 double electrometer valve and other
conponents were housed in an airtight box containing silica gel to
reduce the humidity. The valve was run at the recommended potentials
so that the grid current was less than 1025 amp., This type of valve
was used due to the two halves being exceptionally well-matched. When
checking the valve performance, the anode loads were equalized

(Ryy = Ryq = 50K, Ryg = Ryg = 1 K, By, = Ryg = 2 K), and the galva-
nometer geroed., The galvanometer deflection was measured as a
function of heater voltage with equal anode currents, This process
was repeated for various combinations of Ry and Ry, and the family
of curves obtained in s typical test are shown in fig.9. By choosing
the right combination of Ry, and Ry, the parabolic curve can be
adjusted until it is as flat as possible with its latus rectum
parallel to the heater voltage axis. Drift due to heater fluctuation
will then be at a minimum, The only further adjustment needed was
.to the galvanometer-zero control, R,j5, which required adjustment to
neutralise a drift of about 2 mm per day in the galvanometer-zero.

It was found necessary to check and adjust the grid, screen, ancde
and heater voltages of the BIM 20 about once every six months. Apart

from this, very rarely was any other adjustment necessary. To
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Component values - fig,8

R, 50 ohms w.w. variable R, 25 ohms w.,w. variable
Ry 25 ohms w.w, variable Ry 10 ohms w.w. variable
Ry 750 ohms w.w. R 25 ohms w,w, variable
R, 1 M. H.S, Ry 1 M. H.S,
Rg 250 K H.S, R, 100 K H.S,

- 106, 107, 108, 109, 1010, 101 ohms Welwyn high stability
16

Riw 6 x 10¢ ohms w.w, Rig 107 olms H.S.

Ryg 2 x 108 ohms H.S, Ryp 2.5 x 10% ohms w.w,
R,y 10 M H,S. Ry, 1M H.S.

Ry, 100 K H.S. Ryy 5 K w.w. variable
Bps 1 K w.w. variable Ryg 50 K w.w,

Ry 50 X w,w, R,g 500 ohms #.w,

Ryg w.w. (see text) Rsy 60 obms w.w.

Ryy 10* olms w.w, Ryn 5 x 10° ohms w,w.

S5y = Sg Yaxley switches
1 -9 Pye plugs (polythene insulation)
A, B, ¢, D, E. Belling terminals

G Pye Scalamp galvanometer (1400 ohms)
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facilitate these adjustments, provision for connecting a vacuum tube
voltmeter at BC was included in the circuit.,

The amplifier was operated from a separately housed power
supply unit such that the resistance chain DF of the amplifier was
connected in series with the filaments of the amplifier section of
the stabilizer across the output of the stabilizer, the correct
filament current being obtained by setting a 1500 ohm wire wound
series resistor; The output from this stabiliger across the terminals
DF of the d,c, amplifier was 25 volts,

The voltage applied across the crystal was derived from a
separate power pack supplying 230 volts d.c. comstant to 0.1% over
2 hours., The circuit for this supply was based on that described
by Solomon (1950). Four voltages (1.4, 7, 47 and 233 volts) could

- be applied through the potentiometer composed of the high stability
resistors Ry, to Ryy, By, and By,. These were calibrated on the
8., bridge with an accuracy of better than 0.1%. The method for
resistance measurement was the following., With S, open and 8 and 9
shorted, the galvanometer was zeroed by Hys. S, was then closed,

Ss comnected to Rin and a voltage $ applied from a Tinsley potentiow
meter connected to AE so that no deflection was obtained on the
galvanometer. The cell was connected acrcss 8 and 9, the voltage
selected by S5 and the galvanometer rezeroed by a voltage u from

the potentiometer. The resistance R is then given by

8 -1
u

2. .1.1 R = R
2 g

where s = § x p. p is a numerical factor calculated from the known



values of By, ~ By Rey and Rsp. Rg is the appropriate value of the
grid leak used. Since the sensitivity was 0.30 mv per mm and the
scale cbuld be read to ¥ 0.01 cm a sensitivity of 0.1 mv was attained.
Por resistances up to 10t% ohms using s = 1.2 volts the sensitivity
was therefore 0.1%, This was maintained for resistances between 1041
and 103 ohms by using higher applied voltages. When (R + Rg) is

less than or equal to 100 times greater than Ry », as will be so when
Rg = 108, 107 ohms, then a shunting effect will occur. The resistance
must then be calculated by successive approximations. The first

approximation is found from equn. 2.5.1.1 and the second from

R = R
g u

b
R +R
g

-1
where s' = a(1 + ), where a and b are constants calculated

from the known calibrations of the resistances when p = 1 (see
appendix I).

The 108 and 107 ohms grid resistors were calibrated on the a.c.
Wheatstone bridge against 0.1% Sullivan resistors with an accuracy
of better than 0.1%. The 108 ohms grid leak was found in terms of
the 107 ohms one by measuring an unknown high stability resistor
(107 ohms) using both grid leads. A 100 ohms high stability resistor
was used to complete the internal calibration of the 108 to 10t ohms
grid leaks.

The value of p was calculated in the following way (see fig.9b).
Let ﬁ be the calibrating voltage, and S that used in the measurement

where § = pg.



Then

— =

T+ I
and r
V r.,+1r, = 85,
i
Therefore I o+
S _ r 5 i
Ff r. +r° T b
i
so that Ty + T
‘p =
.+
r; T

vhere ry = Rgp, Tp = Ryy» T = Hyqyy 5 = Rig and vy = Rig, By or RByy.
Both with regard to stability'and sensitivity, the amplifier

performed very well indeed., The one unexplained point about its

operation was that the first calibration reading $ of the day was

invariably slightly different to successive ones, Thus % was always

checked several times when the first measurement of the day was

being made.

2.5.2, Measurement of "Low resistances and thermoelectric potentials

When making d.c, conductivity measurements at high temper-
atures, resistances of the order of 10% to 105 ohms were encountered.
To 1limit the current passed, potentials of the order of 50 mv were
supplied from a vernier potentiometer and the potential drop measured
by a sensitive galvanometer. The circuit is shown in fig.10. All
connecting wires were of shielded polythene-insulated cable, The
cell was plugged in via polythene-insulated coaxial comnectors
mounted on a perspex block. The galvanometer semsitivity (6.504 x

10~? amp/cm) and internal resistance (518 ohms) were determined
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using a Sullivan resistance box (accurate to 0.02%) in place of the
cell., Knowing the sensitivity and the applied voltage the resistance
of the crystal could be calculated. The accuracy was about 5%,
Initially, the thermoelectric power was measured with this
same circuit, by determining the e.m.f. required to bhalance that
from the crystal, but at lower temperatures the crystal resistance
became too great for accuracy to be maintained. In order to extend
these measurements over as wide a temperature range as possible, the
thermoelectric e.m.f., was fed directly into the d.c. amplifier and
the current through Rg backed off with the Tinsley potentiometer,
This procedure worked well above 550°C but below this temperature the
impedance of the crystal became too high. Hence a secondary amplifier
(fig.1%) consisting of an ECC 8% double triode and/a cathode follower
was built, In this amplifier, the anode currents were equalized
(using A) and arift from heater fluctuations checked by the same
method as used for the electrometer. Any day-to-day adjustments of
the galvanometer zero setting were made by adjusting R, The amplifier
filaments were heated by connecting D.D.', in series with the fila-
ment of the stabilizer valves, to the stabilized H.T. which also
constituted the anode supply. This second amplifier gave an additional
gain of 30. It was then found that feeding the thermoelegtric e.m,f,
into the original amplifier and the resulting signal into the second

amplifier emabled thermopower measurements to be made down to 100°¢C.
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2.,5.3. Current-voltage and capacity-voltage measurements

When studying the current-voltage dependence the circuit
shown in fig.10 was used. Outside the range of the potentiometer
and galvanometer the voltage was supplied from 120 volt dry batteries
and the current measured using a microammeter. The voltage supplied
was measured with an Avometer, as shown in fig.12, that across the
cell being found by correcting for the iR drop across the microammeter.
For measurements of the capacitance of the crystal under
the influence of a d.c, field, the experimental arrangement shown in
fig.11 was employed. Agein the d.c. source was either a potentiometer
or dry batteries as required.

2.6, Experimemtal procedure

Any deviations from the following general procedure arc
noted in the presentation of the results., The freshly cleaved and
measured crystal was placed in the cell and the electrode assembly
screwed to finger tightness. The cell was pumped down to 10~ mm Hg
and then a gentle stream of purified nitrogen was passed through it.
The cell was heated to 600°C during 5 hours and the crystal left to
anneal at this temperature overnight. The temperature was raised
to 6900~7000¢ for two hours and a,c. conductance measufements
commenced. The resistance was measured at 1 kc at 10° intervals and
capacity-frequency measurements made at 200 - 250 intervals. For the
'pure! crystals the temperature was then raised to 680°C and d.c.

measurements made using the potentiometer method.



Voltages used with the amplifier were 0.24 volts for Rg = 1086
and 107 ohms and 1.4 volts for Rg = 108 - 100 omms; 7, 43 and 233
volits were used for resistances grester than 5 x 1000 ohms which were
measured with Rg = 100 ohms., The crystal was again measured at the
end of a run when it was found that the geometric factor (1ength/£rea)
was generally about 19 different from its initial value.

In several rung, thermopower measurements were made before
the d.c. conductance measurements, For each point on the graph of
e.n,f, against temperature gradient, the following measurements were
made. The temperature of each electrode was measured alternately
four times in rapid succession, Then the thermopower was measured
four times and finally the electrode temperatures again recorded
alternately four times in succession. The mean of each set of readings
was taken for the appropriate point on the graph of e.m.f. against
AT, Owing to the large series resistance Rg of the amplifier, the
possibility of the crystal becoming polarized by its thermal e.m.f.
was eliminated.

The current-voltage measurements were always the last set
to be made on any one crystal due to the possibility of electrolysis

occurring.

68,
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3. Results

3,1. A.c. conductance of pure KCl

Plots of log & T against 1/T (where ¢ is the specific
conductance and T the sbsolute temperature) can usually be represented
by two straight lines corresponding to the intrinsic (high temperature)
and structure sensitive (low temperature) regions. Thus ‘

ST = A oxp(-B /kT) + &, exp(-E,/aT)
where E, and E, are the appropriate activation energies for the intrinsic
and structure sensitive conductance,

Using the a.c. bridge method, the highest resistance which could be
measured was 108 ohms, which is just about the limit of the intrinsic
region. Thus all a.c. conductance data refer essentislly to the intrin-

sic region, and conseguently

1.3.4, k9log(esT)/3(1/1) = B = An +1ih
if the conductance is purely cationic., The plot of log T against
105/T for the Kyropoulos crystal grown from recrystallized KCl is shown
in fig.14., It is evident that there are distinct deviations from
1inearity at the higher temperatures. This departure from linearity
is a result of the onset of anion conduction at these high températures.
A straight line can be drawn through the points below 870K, and the
upward curvature at higher temperatures ié then clearly apparent. The
equation to the straight line was fourd and this was taken to.represent
the cationic contribution to the conductance. From this equation, and
the actual pgints at the higher temperatures, values for the cationic

transport number, t,, and the mobility ratio, ¢, were determined. The
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transport numbers so computed for a series of different pure KC1l crystals
are shown graphically in fig.15. Runs 3 and 3A refer to the same cleave
of a Stockbarger crystal with a ten week ameal @uring thermoelectric
power measurements) between the two runs. Very good agreement is
observed between the two sets of data, despite this long anneal. A
curious feature of these curves is that the Stockbarger and Harshaw
crystals show a far greater degree of cation conduction than the Kyro-
poulos crystals. This effect may be due to impurities (e.g. Si03= or
other divalent anions). From t, , the mobility ratio ﬁ = uz/%& can be
calculated, if we assume that in the intrinsic region, Ny = N;. The

specific conductance is

31,1, 6" = Neuw + Nyeu ,

and thus t, /4 = (N /N )¢ . From the theory presented in section

(1.3), it is evident that

3.1.2. d = exp {(Asa - bsy )/k} exp{»(Ahz ~ &by )/kT} ;
since

3.1.3. u = 4aRew/kT
and

1.3.%. w = ~exp(-Ag/kT) .

The factor 4 in equn. 3.1.3. arises because, in a f.,c.c, lattice, there
are four equivalent ions which can exchange places with a vacancy.

On plotting log ¢ against1cﬁ/T, straight lines are obtained in agreement
with equn. 3.1.2., but the conoordance between the heat and entropy
terms for the different crystals is rather poor, as might have been

anticipated from fig.15.
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The activation energies and log A factors obtained by apprlying
equn. 1.,3.5, are given in table 5., The derived enthalpy and entropy
data, obtained by employing equn., 1.3.4 and 3.1.2, are given in

table 6,

Table 5

Platinum Electrodes

Run Source B log Ay
eV
1 Stockbarger 1.87 8.375
24 Stockbarger 1.90 8.350
19 Kyropoulos 1.90 8.693
20 Kyropoulos 1.91 8,771
(recrystallized)
5 Harshaw 1.76 7.83%6
10 Harshaw 1.76 7.816
3 Stockbarger 1.75 7.301
13 soj“ doped 1.74 7.550
14 SOZ‘ doped 1.81 7.670

Rhodium Electrodes
2 Stockbarger 1.68 7.018

Silver Electrodes

The intrinsic conductance comprises two linear regions.,

E! E" Change

Temp,
eV eV oQ
7 HBarshaw 1.82 1.69 575
Harshaw 1.93 1.67 580

Harshaw 1.85 1.63 570



Run

Table 6

Conductance parameters for pure KC1

Source

Platinum Electrodes

1
3A
19
20

5
10

3
13
14

Stockbarger
Stockbarger
Kyropoulos

Kyropoulos
(recrystallized)

Harshaw
Harshaw
Stockbarger

soi‘ doped

SOZ’ doped

Rhodium Electrodes

2

Stockbarger

eV

1.87
1.90
1,90
1.91

1.76
1.76
1.75

1.74

1.81

1,68

10"5eV/deg

0.330
0.329
0.343
0.346

0.309

0.309
0,288

0.297

)
)

0.302 )

0.276

Ahz - Ahi ASz - A51

eV

1.905
1.760
1.849
1.103

10™8eV/deg

1.874
1.746
1.794
1.10

no anion conductance
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3.2, A.c, conductance of doped KC1

In fig.16 the conductance of five crystals doped with
strontium chloride is compared with that of a pure corystal. All six
crystals were grown from the same batch of XC1 by the Stockbarger
nethod. The experimental procedure was exactly the same for the
doped crystals ag for the pure. Thus the points were recorded with
descending temperature., When put into the conductivity cell, several
of the crystals werc turbid, thus indicating a precipitated phase, but
with the usual heat treatment it was found that the results were
reproducible on thermal cycling, Hence we were confident that the
S:r-2+ went into solution under the heat treatment. Table T gives a
selection of experimentally measured conductivities for the five
crystals at the indicated temperatures.

As is evident from fig.16 the conductivity lines show a small
amount of curvature., At the higher temperatures where the curve is
linear, the slope was measured. This activation energy, An , is the
activation energy for cation vacancy mobility and collected values
found from both the a.c. data on the doped crystals and the d.c. data on

the pure crystals are presented in table 8.
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Table 7
Conductivity of pure and doped XC1, interpolated st the
given values of 103 /T
o x 108, omt cm-t

108 /T Eiie ?il X1 X2 X3 X 4 X5
1.110 6,50 19,23  75.34 104.7  241.2  306.2
1.120  5.01 17.74  69.82  97.05 223,4  281.8
1,130 4.10 16,37  65.77  89.74 205.6  261.2
1.140  3.31 15.14 59,77  82.60 189.7  239.3
1.160  2.21 12,94 50,58  70.47 161.,8  202.3
1.170  1.74 11.8% 46,56  65.16 148.9  185.8
1,180  1.40 10.99  43.05  59.98 137.4  172.6
1,190  1.14 10.14  39.63  55.59 127.1  158.9
1,200 0.92 9.%397 36,52 51,17 116.9  145.9
1,210  0.746 8,670 33.73  47.32 107.9  134.3
1.230  0.490 7.379 28.71 40,27  91.62 113.0
1.240  0.3%90 6.653 26.49  37.24  84.72 104.2
1.300  0.117 4.159 16,37 23,01  52.00 62,52
1.350  0.,0389 2,77% 10,72 14,96  33.88  41.11
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Table 8

Numerical values of the activation cnergy An, for

cation vacancy mobility found from d.c. and s.cC.

weagurenents

Crystal Method Ah (eV)
Stockbarger, run 3 d.c. 0.793
Harshaw, run 5 d.c, 0,752
Stockbarger X 1 B.Ca 0.764

Xxe BeCe 0.784
X 3 8.C, 0.772
X 4 BeC, 0.782
X5 a.c. 0.863

3.3. A.c. polarimation measurements

Measurements of capacity as a function of frequency were
made simultaneously with the a.c. conductivity measurements recorded
in section 3.1. A typical example of the variation of capacity with
frequency is shown in fig.17. The capacity at 50 kc/s was taken as
representing the residual capacity of the leads, etec., This value was
subtracted from the measured capacities and the resultant capacity, C,
taken as the polarization capacity; typical plots of log C wversus
log £ are shown in fig,18. These plots were always good straight lines;

their slopes (termed frequency slopes) are recorded in table 3(a,b).



Run

3A

19

20

Table 9

Frequency dependence of pure KC1

Crystal

Stockbarger

Stockbarger

Stockbarger

3tockbarger

Harshaw

Kyropoulos

Kyropouleos
(recrystallized)

Freguency slope at stated
temperature in deg C

692,50
1.60

6670
1.50
6690
1.56
6650
1,84
6720
1,65
6880
1.68
6909
1,67

680°
1.61

6340
1,50

6520
1-57

6310

1.50

6580
1.65

6650 6510 6260
1,65 1.61 1,66

6070
1.48

6360 6250
1.52 1.50

6090
1.68

6370 6190
1.65 1.65

overall mean

6150
1.66

=

Mean
slope

1.63

1.49




Table b

Prequency dependence of 527 doped KC1

mole ratio Frequency slope at stated

Run SrCl, temperature in deg C
11 119.8 x 105 6790 6590 6220 5690 5740 5450¢C
1.74 1,76 1,70 1.8 1.76 1.74
17  94.0 x 1075 6810
1.85
16 41.8 x 1075 6660
1.88.
15  31.0 x 10-5 6770
1.89
12 14.4 x 10-5 6730
1.80

Mean frequency slope = 1,84

The plots of log C (measured at 300 c/s) versus 1/T were always linear

within experimental error for pure KCl, a typical example being shown
in fig.19. A truer represent tion in terms of the theory may be
obtained by plotting log CTBQ versus 1/@ and again good straight lines
were obtained., The slopes of these lines are given in table 10,
together with the temperature range in which measurements were made,
For the impure crystals the frequency-dependence of capacity
showed the same general behaviour as that for the pure crystals. How-

ever, the plots of log C versus 1/T showed a distinct curveture: this

L



shows up quite well in figs 20 and 21, Values of the capacity were
reproducible for those crystals which had to be left overnight. In
the mogt heavily doped crystal, X 5, the data was recorded in a single
day thus decreasing the possibility of a capacity increase as found
by Allnatt (1959) in his most heavily doped crystal.

A careful search for polarization resistance was made in all
the crystals studied, but none was detected. However, in the most
heavily doped crystal at 679°C there was a 10% decrease in the resist-
ance over the frequency range 300 c/ s to 3 kc/s. This was not a
reproducible feature, and a probable explanation is that this decrease
was not in fact polarization resistance, but was due to the non-

equilibrium distribution of the 5rﬁ+ in the crystal lattice.
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Table 10

Temperature dependence of capacity in pure KC1

Bun E(kca1l/mole) E(eV) Temp.ogange,
1 9.1 3.63 693-615
i 82.0 3.57 667-607
’ 76.3 3,31 669-625
> 73.2 3,18 683617
19 73.2 3.18 676-615
20 70.5 3,12 690587

3
Temperature dependence of log CC["é in pure KC1

Run E(kcal/mole}  E(eV) Temp.ogange,
1 85.6 3.71 693-615
2 85.09 3.69 667-607
3 79.09 3.43 669-625
5 T4.95 3.25 683-617
19 74.95 3.25 678-615

20 74.0 3,21 690-587



250r )
o\ 672°C
658
200
w
3\ ;
N
> | . ;
hat 637 |
()
2 %
g o0 \
O \}\
50 F
= 2 a2 9 oM
too Soo 1000 5,000 10,000

frequency, c/s

50 000

Old

L]



/1L

R.0

I.O

Stockbarger K€l run |

FIG. 18

A= 122\ cm?

2L=0.1761ecm

692.5°

A

651°

\O\ ‘
\
s
\‘j\

2.4

2.5 2,

log f



FIG. 19

CAPACITY OF KCI AT "300c¢/s

run |

spF)

log C (
o

2.0 |

l.o§

lo‘/T 1.10

11§




FIG. 20

CAPACITY OF CRYSTAL X2

o experimental

P theoretical at 3OOC/S
3.0—=
s AN
S
2
S
QO
o
20+

0 \

.O .2 | 4
\O/T



FIG. 21

all at 300c¢/s

5.0
r

L.O

/I/AF/C m‘)

IogC(

w
O
T

2.0 |-

X1

1.O

1.2

/T




2.4, D.,c, neasurements

After the a,c, conductivity measurements in the pure KC1
crystals, the temperature was raised to 660°C and d.c. measurements
made. Fig.22 shows o, as a function of temperature for run 3,
together with the a.c. conductivity, ©5,. Above 6409C the current
éssumed a steady~state value in about one minute, for an applied
potential of 30 mV, & obeyed Ohm's law at 5830C using applied
potentials up fto 180 mV, and again at 570°C a further check showed
that Ohm's law was obeyed (fig.23). The reproducibility of the
current decay curves, fig.24, was quite poor at the higher tempera-
tures due to the rapid decay but with the longer polarization times
recorded at the lower temperatures, the reproducibility of the d.c.

" polarization curves inproved. The crystal was always short-circuited
between readings when a current flowed in the opposite direction.

At temperstures above 5009C the charging and decay times were similar
but below this temperature the decay time became much longer.

The charging curves down to 4809-5000C were plotted in the
form log Ip versus t, where Ip = It - ;9 is the polarization current.
Fig.25 shows a typical example from run 3 at 5240C, The theory of
Jaffé (section1.6,2) suggests that Ip should be represented by a sum
of exponential terms. Writing

Ip = A exp(-at) + B exp(-pt) ,

if the second term on the right hand side dominates for large walues
~of t, B and B may be found from the (linear) plot of log Ip versus t

at long times by extrapolating this linear portion of the curve of



log Ip versus t, we can find Ip - B exp(—et) for small wvalues of 1,
where the first term dominates. Plots of log [Ip - B exp(-ﬁt)_]
versus t were accurately linear, and & typical example, for run 3 at
5249C is shown in fig.26. In table 11 are collected values of B and
a/B down to 500°C, At the lower temperatures the current decay
sometimes appeared to change in a step-wise fashion instead of show
ing the usual smooth exponential decrease and thus no wvalues of B
could be found below 480°C in the pure crystals,

Measurements of o were continued down to 100°C and the complete
conductance curve for run 3 is shown in fig.27. The high temperature
polarization generally finished at 370 ¥ 300¢, and a second polariza-
tion region was observed below 180°C, This polarization was not
studied quantitatively, in view of the previous detailed study by
Parker (1954), Measurements of ch at high temperatures were again
made (run 34) on Stockbarger cleaves from run 3, after a 10 weék
anneal, during which thermoelectric power measurements were made.
There is a distinct difference in the two curves for q5 , that after
the ameal being markedly higher than o  before the amneal (fig.28).
The two activation energies are also different.

Measurenents were also made on the most heavily doped
scerystal after a.c. measurements had been made. The decay curves
obtained were analysed in the same way as for the pure crystals,

and values of § and a/B are collected in table 12, The plot of

log c;} versus 1/T for the doped crystal is given in fig.29.
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FIG. 24
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FIG. 27
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Table 11

Analysis of high temperature polarization in pure KC1

Run 2

B x 105,

sec—t o/B Temp.
4.08 7.03 617
4.00 6,37 603
2,50 - 587
3.50 4.97 565
3.20 8.59 534
3.13 8,20 518
3,00 7.78 506
2,50 9.56 473
2,80 8.43 460
1,90 - 430

Poor graph of log I_ versus
log (Ip - Be”ﬁt) versus t.
Between A and B the crystal

temperature.

5.14 5.06 647
4.4 5.41 602
4.52 5.98 579
3.70 8.27 582
5.03 7.67 583
3.66 6.75 583
3.54 5.85 583
3.50 6,57 564
2,60 7.15 545
2.18 1.3 524
2.40 16.68 519
1.82 23.35 501
1,48 16.9 ATT
1.60 - 464

3,68 6.68 570

potl, diff,

oC (volts)
0.04
0.04
0.03
0.10
C.30
0.40
0.50
0.60
0.60
1.0

R T S W L N R T L Sl N

t; impossible to get

was cooled t0 room

0.03
0.04
0.05
0.08
0.10
0.15
0.18
0.20
0.40
0.40
0,50
0.70
0.80
1.0

0.25
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Run 3A

B x 108,
sec-t
5.3
6.0
5.5
7.8
5.7
5.2
4.6
5.1
4,0
3.8
2.3

34.0
25.3
14.5
11.3
14.3
8.3
T.7
7.0
5.0
4.8

Table 11 (continued)

o/p

9.1
6.2

6.4

Te3
6.7
6.2
5.4
4.7
6.4

5.1
4.6
5.3
7.5
5.4
6.7
7.3
6.3
7.2
6.2

Temp.OC

631
616
606
597
583
561
550
532
523
506
487

688
666
641
628
609
585
579
570
552
537

potl. diff,
(volts)
0.04
0.05
0.06
0.09
0,08
0.09
0.10
0.12
0.15
0.22
0.35

0.01
0.02
0.025
0.03%
0.035
0.05
0.06
0.07
0.09
0.09

83.



Analysis of high temperature polsrization of the doped crystal,

Table 12

Bx 108,
sec=t

9.8
7.04
5.9
4.4
3.8
3.8
3.6
3.5
3.4
2.8
2.3
1.8
1.9
1.6
1.4

mole ratio SrCl, = 119.8 x 10-5

af/B

7.69
7.77
7.71
9.3
7.5
7.9
7.2
8.28
7.39
6.6
8.7
9.4
9.4
8.7
8.5

Temp.©C

601
562
531
495
477
477
ATT
aTv
459
440
421
399
388
361
326

potl, diff,
(volts)

0,02
0.03
0.05
0.07
0.09
0.10
0.12
0.15
0.20
0,30
0,35
0.35
0.40
0.45
0.55
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3.5. Current-voltage dependence

The current-voltage characteristics were examined in run §
for a pure Harshaw cleave of KCl, A diagramatic current-voltage
curve is shown in fig.?0., These curves exhibit three distinct
regions, The linear region at low applied potentials obeys Ohm's
law and the slope of this line corresponds to q; . This then under-
goes & smooth non-ohmie transition to a second linear region, where
Ohm's law is again obeyed, which then changes over to the final linear
region at higher field. The slope of this last linear region
corresponds to ¢4, or the a.c. conductivity. These meagurements
were repeated at 6600, 6480, 6269, 5970, 5749 and 559°C and at all
these temperatures they showed the same general behaviour, namely
a transition from 6% to o7, as the volfage was increased. At 6600
and 597°C the variation of the capacity at 300 c/s with the d.c.
field was measured, The result is shown in fig.31.

Current-voltage curves for the doped crystals X 5 and X 4 were
also determined. These curves were of the same general form as those
observed for the pure crystal, again showing the transition from q;
to 07, with increasing veltage but without the intermediate linear
region. At 6020C, with crystal X 5, the current produced from the
applied voltage of 4,0 wlts was initially 120 pA., This rapidly
increased until a steady value of 6000 pA was reached after 10
minutes, The crystal was then short-circuited, but a period of 18

hours was required for the charge to deoay.
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At 5830C a d.c., field was superimposed on a 300 ¢/s 8.C.
field and the variation of capacity with increasing d.c. field
observed, At an applied potential of 8,0 V both the resistance and
capacity of the crystal dropped to zero, Upon removing the d.c.
field the resistance ard capacity returned to their normal values
after a period of 10-30 secs. The crystal was short-circuited for
30 minutes, and a potential difference of 6.0 V applied. Again both
the resistance and capacity decreased to zero; Yut on switching the
leads it was found that the resistance was higher than normal. After
removing the crystal from the conductivity cell, a blue coloration
near one face was clearly apparent while there was an overall yellow
coloration,

This unusual behaviour was found again in crystal X 4, where at
a temperature of 5489C with an applied d.c. voltage of 12 volts, i,
increased rapidly from 800 pA to 7000 pA. On disconnecting the
crystal, and connecting the positive terminal of an Avometer to the
positive side of the crystal, the resistance was found to be very
small (a few ohms). Switching the Avometer leads revealed again the
presence of a high resistance (the order of 1040) in the opposite
direction., After short-circuiting the crystal for 30-60 minites, a
potential of 48 volts was applied., This resulted in the same general
behaviour, The field was then removed, and d.c., voltages applied in
alternate directions, giving the current-voltage characteristics shown

in fig.32.
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3.6, Thermoelectric power measurements

Thermoelectric power measurements have been made on three
cleaves of a Stockbarger-grown pure KC1 crystal and on one cleave of
the twice recrystallized Kyropoulos crystal. Platinum electrodes
were used in all but run 2, when rhodium foil was used. In runs 1
and 2 thermopower measurements were the first measurements of any
kind made on the crystal, and conductance measurements were only
nade after these had been completed. In these two runs the crystal
was heated, over a period of five hours, to a temperature of 600°C
and annealed overnight at this temperature. In mun 1 with a tempera-
ture of 660°C and temperature gradient of 20C an e.m.f. of 80 mV was
found, After lowering the temperature to 600°C and annealing over-
night and then raising the temperatufe to 6500C, an e.m.f. of 75 mV
was found with a temperature gradient of 8°C, This e.m.f, decayed
over & pericd of 3 hours to 11.3 mV which is the right order of
magnitude for a thermoelectric e.m.f. After a further overnight
anneal the e.m.f. was found to be constant at 11.00 mV for a gradient
of 89C corresponding to a thermoelectric power of 1.37 mV/deg.
Thermopower measurements were then made, using the low resistance
circuit, every 20° until this method proved impractical due to the
high impedance of the crystal at the lower temperatures. Great care
was always taken to avoid any polarisation effects. Thermal gradients
of up to 20% per cm were used. Fig.33 shows a typical plot of
potential difference against temperature gradient, The thermoelectric

power of the crystal at a particular temperature is the slope of this

87.



line, Values for run 1 are given in table 13, In all measurements

the hot electrode was negative so that, on the comvention adopted,

€ is negative. Similarly in run 2, when rhodium electrodes were used,
a large potential, which eventually decayed with time during ammealing,
wag initially observed. By using the low resistance circuit, ©
meagsurenents down to 4500C were accomplished after which the conduct-
ance measurements were contimved down to 8PC, Using the two amplifiers
(run 24) © measurements werc commenced again at 13000 and continued up
to 190°C where, with a temperature gradient of 19C, an e.m,f. of 3%68
nV was obtained. Over a period of 20 hours this only decayed to 247 mV,
The temperature was then gradually raised to 600°C, checking the
potential difference across the crystal at various intervals. The
result 1s shown in fig,34. The crystal was then left to anneal over-
night at 600°C, and it was then found to have a normal thermopower,

Due to an electrical failure, the crystal was effectively quenched
from 540°C to room temperature, but after reheating to this temperature
the thermopower behaved normally.

In runs 3 and 20, a.c. conductance measurements were completed
before thermopower measurements were made using the amplifier technique
even at high temperatures. No spurious potentials were observed. All
measurenents were made with decreasing temperature, although several
times when the temperature was cycled good reproducibility was obtained.
The dependence of € on reciprocal temperature for run 3 is shown in
fig.35. The most striking features are the inverted 'lambda-point’

in the region of 670°K and the rise in the value of © at low

88.
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temperatures. The temperature dependence of © was similar for all the
pure crystals,

Thermopower measurements were also carried out on a strontiume
doped crystal, containing 19,8 x 10~5 mole ratio of Sx®+, The graphs
of e.n.f, against temperature gradient were again accurately linear,
but the graph of O against 1/TOK showed no lambda-point (cf. fig.35)
and the sudden increase in 8 occurred at a very much higher temperature,
7500 as compared with 4500K.

An attenpt was made to measure the thermopower of an additively
coloured Harshaw crystal, containing initislly 1.8 x 1016 F-centres per
c®, at high temperatures. Unfortunately, the potassium evaporated
from the crystal as shown by a deposit of potassium on the cool outlet
tube from the cell. To overcome this difficulty, an attempt was made
to measure 8 at low temperatures but the d.c. conductivity of the
crystal was not constant (at a fixed temperature) due probably to the
lack of equilibrium, This experiment was, therefore, reluctantly
abandoned,

To introduce additional electrons into the crystal a film of
silver was evaporated on to the two large faces of the crystal, which
was then annealed at TOOPC for 3 days, after which time the resistance
was constant., The a.c. conductivity was then measured and from this
it was inferred that the following reaction had taken place to some

®

extent:

o+
Agsnng .Agl + e .



Thermopower measurements were then made and the graph of € against T
is shown in fig.36. Prom the graphs of e.m.f. against AT it was
observed that, for zerc AT, there was a considerable e.m.f, which
varied with temperature in the manner shown in fig.37.

A& coﬁplete summary of measurements of @ as a function of
tenperature is given in tables 13 to 18, The electrodes were platinum,

unlegs otherwise stated.

Table 13
Run 1. Pure Stockbarger KC1
0K -8(nV/deg) oK -0(nV/deg)
933 1.66 803% 1.26
908 1.60 797 1.50
878 1,68 778 1.48
848 1,60 773 1,61
823% 1.56 768 1.65
803 1.40 133 1,64
803 1,40 723 1,68
Table 14
Run 2. Pure Stockbarger KC1, rhodium electrodes
oK -0(mV/deg) TOx -6(nV/deg)
924 1,30 806 1.10
962 1.35 799 1.18
891 1.34 787 1,30
863 1.3%0 785 1.24
835 1.27 755 1.35
820 1.18 720 1.36

807 1,10
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Run 2A,

TOK .

903
885
865
841
837
8%2
823
820

0K

400
422
436
706
726
760
179
789
792
805

Teblo 14

Anplifier technique

XC1

-e(nV/deg) TOK
1,37 795
1433 784
1.36 733
1.32 679
1.35 593
0.825 461
0.96 450
1.18 435

Table 10
Pure Stockbarger

-6(mv/deg) oK
5.25 810
4475 830
2.20 832
2,04 844
2.22 864
2,02 865
2,07 897
1.82 899
1.83 909
1.89 931

-6 (mV/deg)

1.34
1.35
1.35
1.34
1.36
1.95
2,36
4.50

-6(mV/dee)

1.90
1.90
1.94
1.92
1.94
1.92
1,92
1.96
1.84
1.46
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0K

924
N3
904
888
880
870
859
847
840
825

Result doubtful

K

930
913
897
879
863
842
813

Table 16

Ag film
-6{mV/deg) oK
3,8 810
1.9 791
2,1 782
5:8 759
2.0 738
2.0 701
2.1 657
1.9 937
2,0 930
2.05 947
935
959

Table 17

-Q(mV/deg)

2.0
2.1
2,0
2.0
2.0
2.0
2.04
3.4
2.2
3.6
2.6
5.0

KCl + SrCl, (mole ratio 119.8 x 10-5)

-9(nV/deg)

1.36
1.42
1.41
1.40
1.41
1.40
1.39

TOK
804
793
766
756
730
930

-0(nV/deg)

1.38
1.39
1.46
1,60
2,60
1.40

92,



Run 20,

oK

958
928
943
910
888
873
860
85)
838
823
808
798
787

The data are recorded in the order in which

Table 18

Twice recrystallized Kyropoulos KC1

-6 (mv/deg)

1.45
1.50
1.47
1.50
1.52
1.52
1.55
1.56
1.53
1,38
1.37
1,41
1.47

TO0K

755
875
922
830
820
780
770
725
675
610
525
430
400

meagurements were taken.

-6{nv/deg)

1.68
1.53
1.49
1.46
1.28
1.55
1.60
1.70
1.77
1.88
2.05
2433
4,0

93‘



4, Discusgion

4.1, Properties of defects from a.c. conductance

The agreement between the conductivity slopes (i1%) for the
pure crystals is, as would be expected, guite good. The disturbing
feature however is that the Harshaw crystals and the run 3 Stockbarger
crystal show a very much smaller slope (table 5). It is anticipated
that this may be due to the unavoidable presence of impurities
introduced intc the Harshaw crystals during manufacture. The Stock-
barger crystal of run 3 gave an activation energy of 1.75 eV, whereas
the same crystal after an anneal of 10 weeks gave an activation energy
of 1.90 eV, run 3A. This difference in slope, after the long anneal,
is thought to be due to the precipitation of the original impurities
thus leaving a relatively pure crystal. The mean value of 1.89 eV
agrees quite well with the values obtained by Allnatt and Jacobs
(1962,b) and Phipps and Partridge (1929).

In principle, there is a contribution to the curvature of the
plots of loge T against 1/T at high temperatures from the thermal
expansion of the crystal., Assuming a crystal of thickness £ and
cross sectional area a with equal sides 4, then

4'1'1. & = o e

whence

4.1.2 21n(1/R) _ slng , Z21n(s L) .
hese 3 (1/T 2(1/T) S (/T

If the coefficient of linear expansion is o, then
L= Ey(1 + am)
d = do(1 + ol)

and @ d§(1 + 20T + +..) .
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As ,dg
4.1.3, 1n(R/l) = 1“(%) + ln(?,“) ’

4.1.4, o 1n(d/a®) .. :
3%1%5 = -aFE

and it is apparent that

401050 3 1n{1 R ‘3 ln\'T'

3 a/0 " a(i/my T o .

The second term supplies a contribution to the curvature as the
temperature is raised, but this effect is negligible in comparison
to the observed curvature which we attribute to the onset of anion
conduction,

The disturbing feature about the calculated transport numbers
is the wide discrepancy between the results for the Kyropoulos and
Stockbarger orystals, A possible explanation is that the Stockbarger
orystal was grown in a silica vessel and may thus be unintentionally
doped with Sif~ ioms. If this is so, the Si0f~ ions may trap anion
vacancies by electrostatic attraction in the uswal way, or even by
"bridging' two anion sites, thus reducing the anionic contribution to
the conduction.

A further interesting feature of the transport number data
is that the limiting value of 1, does not appear to be unity. This
discrepancy is not due to experimental error as Kerkhoff (1951) has
shown that a limiting value of 0,96 for t, may be raised to 0.99
(in the temperature range 430 - 590°C) in crystals doped with 20 x
107% mole ratio CaCl,. The conclusion to be drawn (Allnatt and

Jacobs, 1962,b) is that there must be a small but finite electronic
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contribution to the conductivity, As shown in section 3, there is
general agreement between the transport number determinations for
different crystals, but the absolute agreement is very poor.

From equations 1.4.2, 3.1.1 and 3.71.3, the cation conductance
is given by

4.1.6, &, T = (482N /k)exp [(Asi + %s)/k} exp[-(Ahl + %h)/kT] .

Numerical values of these parameters are given in table 19. Thesec
were calculated from the slopes and intercepts of the linear portions
of the plots of logo T against 1/T, using the values

N = 1,615 x 10BR cm™®

and ~ = 4,51 x 102 gec ,
Table 19
Source (run) Ah, +3h As, +1is
oV 10~3 eV/deg
Stockbarger (1) 1.87 0.330
Stockbarger (34) 1.90 0.329
Kyropoulos (19) 1.90 0.343
Kyrepoulos (20) 1,91 0.346
'recrystallised!
Harshaw (5) | 1,76 0.3%09
Harshaw (10) 1.76 0.309
Stockbarger (3) 1.75 0.288
Stockbarger (13) 1.74 0.293
(s0R ™ doped)
Stockbarger (14) 1.87 0.295

(S0 “doped )
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In an attempt to increase the anion conductivity, a crystai containing
200 x 10™° mole ratio of K, 80, was grown by the Stockbarger method. How-
ever, as is seen from fig.38 the intrinsic conductivity exhibits no curva-
ture at all, thus indicating that the anion contribution has been supressed
rather than increased. This crystal, whioeh was beautifully clear, showed
the infra-red absorption pesks attributed by Coker et al., (1961) to the
Soi‘ ion dissolved in the KC1 lattice (see fig.39). We thus concluded that
Soi" ions were present in the crystal, If the scﬁ“ ions had been substit-
uted into the C1  sub lattice then for every scﬁ‘ ion incorporated one
extra anion vacancy would have been formed; this could not have been the
case since the a.c, conductivity showed a suppressed anion contribution
with a conductivity equal to that of the pure Harshaw crystals. We thus
conclude that the SOZ" ion either 'bridges! two anion sites or binds the
extra anion vacancy very tightly indeed. +Since the anion contribution to
the total conductivity of a pure crystal is in any case small, the overall
conductivity of the SOZ— ~doped crystals is comparable to that of a pure
crystal. The structure-sensitive conductivity for this doped crystal was
lower than that for the Harshaw crystals, as would be expected if the
SOﬁ' 'pair' with the normal utt impurity ions. A similar effect in the
structure~sensitive region has been observed by Gruzensky and Scott (1961).
They however observed a conductivity hysteresis, which was not found in
the present work. It is possible that this effect was caused by their
use of evaporated silver electrodes and also applied d.c. voltages

between 1.6 and 9350 V (see section 3.,4).
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The curvature of the log &T versus1/T plots for the s
doped crystals suggests that association effects are occurring. It is
noticeable on thg large-scale version of fig.16 that, at the highest
temperatures, the curvature disappears indicating that association is
no longer present. The conductivity-concentration isotherms for the
five impure crystals should be smooth curves (slightly concave towards
the concentration axis) if association is occurring but, as is evident
from fig.40, these isotherms exhibit a 'kink' at the lowest impurity
concentrations. We thus conclude that a portion c¢' of the added impurity
concentration ¢ does not produce the equivalent number of mobile cation
vecancies. Hence the active concentration of strontium ions is ¢ - ¢!,
The calculated quantity c' (found, as indicated in fig.40, by the lateral
displacement of the experimental points from the isotherms) is shown as
‘a function of T (o constant) and ¢ (T constant) in figs.471 and 42
respectively. That part of the added st which is effective in
producing additional cation vacancies, ¢ - ¢', is also shown as a function
of concentration and temperature in figs. 43 and 44 respectively, The
significance of acknowledging the presence of a non-contributory c' is
important in the application of the association theory, although the
origin of c¢' is rather obscure. The one definite fact about c¢' is that
it is related to urnavoidable impurities present in the crystal. Etzel
and Patferson (1958), have shown that any OH  present in an alkaeli
halide crystal will form complexes with some of the added st ions.
This effect would be expected to be small in the present situation as

we went to great pains to remove any OH during the preparation of the
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crystals and no OH band was found at 204 mp in the u.v. spectrum,

(All Harshaw crystals, for exanmple, show a pronounced u.v. absorption
band due té OH ions.) However, the u.v. spectra of the most heavily
doped crystal, after being subjected to a very high d.c. ficld at a
high temperature showed a very large absorption pesk for OH at 204 mp.
We are thus forced to concludé that some OH must have been initially
present and then combined with the SI?+. The effect of the field was
such as to regenerate the OH ions., Luty (private communication) upon
doping KC1 crystals with KOH has also found evidence of an interaction

between OH and Ca?+ impurities present by the strong suppression of

the structure-sensitive conductance.

As the crystals were grown in silica vessels it is inevitable
that some SiC§" must have diffused into the melt with the consequent
possibility of precipitating out some of the Srg+. This effect would
be expected to be most appérent in the least heavily doped crystals,
as was observed. It is not possgible fo decide between the two alterna-
tives on the basis of the present results.

From the data in fig.16, using the Lidiard-Stasiw-Teltow
association theory, it is possible to calculate (1) the fractional
number x, of defects in the pure orystal, (2) the cation vacancy mobility
u , and (3) the free energy of association,f .

First the values of the parameter y(c,T) = x /X, of equation

1,4.6, were calculated from the equation

ATy g e e de e Eaa ),

0

for y>» 1 using values of the conductance interpolated from a large
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scale graph of fig.16 and values of ¢ for the Stockbarger crystal
(run 34) interpolated from eguation 3.1,.1. using the data in table 6,
From equation 1.4.3.,and an

XYy -X = C - xk one finds that

4.1.8, /ly = 1fy) = x,(1 + Kxyy) .

At the lower concentrations y < 10, 1/& may not be neglected., Plots
of ¢ - o'y - 1/y) against y are shom in fig.45. It is evident that,
at the lower temperatures, these plots are linear. The intercept is x,
ard the slope Kyxy®. By plotting y - 1/& against ¢, it is possible to
find the c¢' values, these values being more accurate than those found
from the ¢ versus ¢ curves (since the anion conductivity is now accounted
for), Using these new, and more accurate ¢ - ¢! values it was found that
all the plots of ¢ - ¢'/(y ~ 1/y) against y were straight lines. Table
20 presents the comparison between the two sets of ¢ - ¢' values, Thus
the downward dip at the highest temperature in fig.45 is an artefact
and not evidence for Debye-Hickel interactions.

Upon plotting the logarithm of the calculated values of x,
(obtained from cquation 4,1.8 and the plots of ¢ - ¢'/(y = 1/y) versus
y) against Tﬁl, a good siraight line was obtained. The equation to

this line was found to be

4.1.9. logx, = 1.75% - (5.78 x 108)/T .
As x5 = exp(-g/kT), the enthalpy and vibrational entropy changes on
forming a Schottky defect pair may be found: these are h = 2,29 eV

and 5 = 0,696 x 107° eV/deg,
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As the vibrational entropy change on forming a pair of vacancies
is
4.1,10 s = 2zk In(v/v'),
we find {(w/~0') = 1.959. Thus the vibrational frequency of an ion
next to a vacancy, in the direction of the vacancy, is nearly halved,
These values agree very well with those found by Allnatt and
Jacobs (1962,b) and the predicted value of 2 for (~/~7') by Mott and
Gurney (1948) although Etzel and Maurer (1950) found (~v/~') = 1,32 for

godium chleoride. These are the only values presently available,

Table 20

Comparison of ¢ - ¢! values obtained by the two different methods

A. From v - 1/y versus ¢ B. From 0" versus c
108 /TOK  Crystals X1 X2 X3 X1 X2 X3

1.10 6.0 29,0 40.5 3,5 26,7 38,7
1.12 6.5 29.3 41,0 5.2 27,3  39.2
1.14 6.8 29.5 41.0 5.9 28,0 39.5
1.16 7.5 29,3 40.8 6.3 29.1 40,9
1.18 7.3 29.4 41.0 7.3 28,3 40,0
1.20 7.6 29,2 41.0 7.0 28.4 40,5
1.22 7.5 29,3 41.0 6,7 29.4 41.0
1.24 7.5 29.3 41.8 T4 29.4  40.7

For crystal X 4, ¢! is negligible at all temperatures,
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From equation 3.1.0 it follows that

4.1.11 0" = Newx,(y + g/v) .
Using the calculated values of y, ng and Xgs W can be calculated and
log(u, T) plotted against T, This gave a good straight line of equation

4.1,12 log(u T) = 3.275 - (3.90 x 103)/T
Using equations 3.1.2 and 3.1.3 we find that Al = 0.774 eV and As; =
0.131 x 107° eV/deg. Using the values, found for a Stockbarger cleave
(34), of An, - Ah; and As, - A8y, we find that Ahy = 2.5 eV and As, =
1.88 x 107° eV/deg.

For crystals X 1 to X 3, when y° 3 1, equation 4.1.8 can be

approximated to

4,113 c-c'/x = 14+Kx .
Using known values of ¢ - ¢' and values of X calculated from Q‘/Neu1 s
values of K, were found as a function of temperature, Since

4.1.,14 K = % exp(~ ¥ /kT)
with Zy = 12, values of Y , the free energy change of the association
of the S cation vacancy complex may be calculated., The computéd
values of f are shown in fig.46 as a function of temperature. Fronm
fig.46 it is apparent that association does not occur above 6500K.
To check on this mysterious temperature-dependence for f s the conduct-
ivity line for crystal X 4 was calculated assuming association even to
the highest temperétures, i.e., using a constant value of 0.395 eV for
f « This line was curved over the whole temperature range, whereas the
observed conductivity lines exhibit a linear regi'ton at the highest

temperatures. Values of ¥ for X 4 and X 5 could not be calculated

-
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due to the sarly onset of the precipitation of Sr?+. The numerical
values of the parameters, h, s, Ah , Ahy, As; and As, are presented in
table 21, together with values found by other workers. The sclf-
consistency of the data is quite good: A + ih from table 5 gives
1.90 eV in excellent agreement with the data from table 21, Similarly
the As; + 4s values are in good agreement, The numerical parameters for
the 'recrystallised! Kyropoulos crystal should be the most accurate
since this is the purest crystal studied. All the calculated h and Ah,
values are acceptable, The activation energy Ah, for anion diffusion
for the Stockbarger crystal seems too high, The walue for the
"'recrystallised! Kyropoulos crystal agrees quite well with the yalue
determined by Ewles and Jain (1957) by diffusion studies in quenched
crystals (1.89 eV). Mizuno and Miyamoto (1961) studying the diffusion
of F-centres in KC1 found Ah, = 2.0 T o eV, Guocione et al. (1959)
have shown theoretically that the difference in Ah, and Ah, is basic-
ally a consequence of the difference in ionic radii (K+ 1.%33, €1~ 1,81 X).
It thus appears that the high value of Ah, found for the Stockbarger
crystals may be due to the higher impurity content. The only other
values available of s and As, are those of Allnatt and Jacobs (1962,b)
and Phipps and Partridge (1929). Agreement between the present values
and those of the former investigators is quite good.

The curious temperature dependence of ‘g seems inexplicable
gince the vibrational entropy contribution should be negligible, This
form of this dependence has been observed by Allnatt and Jacobs., We
can nevertheless ewaluate §’ as 0,3 t 0.1 eV for temperatures less

than 600°K, association being absent at higher temperatures.



Table 21

Nunerical values of conductance parameters for KC1

Source

This work

Allnatt and
Jacobs

(1962,1)

Kelting and
Witt (1949)

Wagner and
Hantelmann

(1950)

Tosi and
Fumi (1958)
Grimdig
(1960)

Aschner

(1954)

how
obtained

Stockbarger
crystals

Kyropoulos
Stockbarger
Kyropoulos
conductance

conductance
(pellets)

theoretical

conductance
(KC1 + CaCly )

conductance
+ diffusion

h
(eV)

2.29

2.28

2.30

2,40

2,08

2.20

A
()

0.774

0.77
0075

0.77

0.68

Ay
(eV)
2.51

1.87
2.45
.77

8 As, Asy
(1078 (105 (10~3
eV/deg) eV/deg) eV/deg)
0,696 0.131 1,88
0.43 0.131 0.97
0.69 0.114 1.75

1.10

104,
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4.2, Polarization studies

The a.c. polarization, menifested as a frequency dependent
capacity, was observed and recorded at the same time as the a.,c. conduct-
ivity data. The calculated polarization capacities have been analysed
using the Friauf (1954) theory. The notation (o, 0) is used to describe
the situation when both electrodes are blocking, (o0, o ) for positive
carriers blocked and negative ones free, and (W, o) for positive

carriers free and negative carriers blocked. Friauf (1954) has shown

that
CO
4.2010 C Lol st
1+ (TR

for the (o, o) case, where !
&% 1
T = RoCoy Bo = 2L/o" and G = e| g% = M(x, /T )
where M is a numerical factor equal to 0.1557 for XKC1 (assuming that
the permittivity £ does not wvary with temperature), and Xy is the
number fraction of Schottky defects present in the system, Since
T 1, equn, 4.2,1. reduces to

o 2
02 (21,)2M (x, /T)2

4.2.2- C =

For the (co, o) case, Allnatt and Jacobs (1961,a) showed that

t %
4.2'30 [ C = 0—?2 X n kT % X J‘%"
V2IR (2tp )% Ne2 o

where the t's are the respective transport numbers of the charge

carriers, (positive = p, negative = n), From equations 4.2.2, and

4.,2,3. it is apparent that the frequency slopes (i.e. the slopes of



plots of log C agarinst -loga) should be 2.0 and 1.5 respectively.

From table 9 we observe that the mean frequency slope is 1.62, which

is indicative of (&, o) or (o, o0) blocking although this is by no means
definite. A truer test of the frequency-dependence obtained by plotting
@ C against 1/co and 1/ %: for the (o0, o) case the former should be a
straight line and for (op,0) the latter., Using the available data it is
found that «C0C 1/e rather than 1 /ao%, thus indicating that both
charge carriers are blocked., Typical graphs to test the freguency
dependence are shown in fig.47. The theoretical slopes expected fof

the plots of 4« (C against 1/&;, calculated from equn. 4.2.2. are compared
with the experimental values in table 22. These calculated values,
based on the (o, o) model, are in excellent agreement with the experi-
mental slopes, the discrepancy being about 1.5 - 3,

Both models predict CCrC.(QL)"2 and this is well borne out by
the experimental results, as shown in fig.49., The theoretical line for
the (o, o) case has been included and the absolute agrecment may again
seem to be good. If the capacity is calculated assuming (&g, o), it is
found to be a factor of 10® smaller than the measured capacity, The
two lines drawn in fig.49 have a slope of -2, as predicted by the theory,

The Friauf theory also predicts that the slope of the graph
of log or% against 1/T should be §h + 2Ah, for pure KC1, Using the
values of h and Ay obtained from the conductivity data, this predicted
slope is 3.2 eV, Experimentally determined values are given in table
10 and the calculated intercepts, assuming (o, o), are compared with

the experimental intercepts in table 23, The date for the recrystallised
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Kyropoulos crystal is represented in fig,50.

Again, good agrecment

between theory and experiment is observed (see tables 10 and 23),

Run

20

19

15

Run

20

15

Table 22

Slopes of wC versus 1/Z> for pure KCl

Crystal type Calculated
Harshaw 8.71 x 104
Recrystallized 8.71 x 108
Kyropoulos

Analar Kyropoulos 1,39 x 104
(Harshaw seed)

Observed
1.50 x 10-3

1,13 x 10-3
3.4%3 x 104

7.6 x 10+

1/m

50, doped 2,67 x 1078

?able 23
Intercepts for log 0195 Versus

Crystal type Calculated

Stockbarger 13,03

Stockbarger 9.89

(Rh electrodes)

Stockbarger 12.32

Harshaw 10,27

Analar XC1, 11.32

Kyropoulos

Recrystallized  11,8%

XCl, Xyropoulos

S0, ~ doped 9.44

Observed
15.70
11.46

13, 61
13.25
12,31

11,78

13.93

The experimental data for the pure crystals definitely

shows that both electrodes are blocking, i.e. (o, o) in the Friauf

107.



FIG. 47a |
PURE "KCI, run 20, T=963°K
2L=0.35|cm

(3]
(V]
L7}
o~
'g
S
.
N
h "
‘o
x
8]
3
7. 6.0
Q
we
~
'E
5.0

QCxlds,/c/LF c

F
o

L5 2.0 3.0 3.5 *-0
10°/w | sec

FI1G.47b




F1G.48a
DOPEDKCI, X3 = T=933K

6

2L=0.565cm
3 2.5 L
NV‘
‘€
(S ]
L 2.0 L
N
[}
.5 L
x®
L
3
IO [ R 3 3 Y t
L5 2.0 2.5 3.0 3.5 k.o
10" | sec. |
FIG.48b
_'o
LY
w
'€
J
u— E)
R
W ~
'Q
X .5
)
3
1.Q 1 3 1 % 3
N 1.6 1.8 2.0 2.2

2, 1
10/, , sec 72



F1G.49
run numbers ,

e 2 &5 W w,so:' DOPED
o 3 ® 19 |
0 3A © 20 —--- THEORETICAL C FoRr(0,0)

2 \ \ =909°K

)

-
~

|og(§/)‘/‘Fc
o

1.6




FIG, 50

TEMPERATURE DEPENDENCE
OF CAPACITY

PURE KCI | run 20

.07 1.09 t.n 113 LIS 117



108,

notation, The principal objection to the possibilities of one carrier
being discharged, i.e. (0,00) or (e, o), is that on using the theoretical
equations (e.g. 4.2,3) to calculate the capacity, C is found to be a
factory of 105 smaller than the experimental capacity, whereas the
calculated capacity for (o, o) is only a factor of 1.5 - 3 to0o small.
Also the plots of w(C versus 1/&3% were always slightly curved whereas
those of ¢ C versus 1/e3 were found to be linear (figs. 47, 48). The
direct plots of wC versus w are of course more reliable than the
logarithmic plots used previously.

For the impurity region where only cation vacancies produced
by immobile divalent cation impuriti.s are present, Ninomiya and Sonoike

(1958) deduced that

%
4.2.4. wo = T2 (kT)% x — .

2212 | ez b2

Thus cwC should be proportional to 1Aa>%. This, however, is not borne
out by experiment (fig.48) which shows ¢3Coc 1/cy as for pure crystals,
Similar graphs were obtained at all temperatures at which a.c, measure-
ments could be made. We thus conclude that the Ninomiya and Sonoike
model is incorrect. There is nothing in the Friauf theory to preclude
its application to doped crystals provided x, is replaced by % where
% 1is the number fraction of cation vacancies present at a temperature
T. The frequency dependence of C certainly favours equn, 4.2.2. rather
than equn. 4.2.4.

Using the Ninomiya and Sonoike equation (4.2.4), the slopes

of the calculated curves of log C as a function of T agree quite well
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with experiment (cf, Allnatt and Jacobs, 1961,2) but the magnitude of
the capacity is 10°® to 10® too small. The experimental curves are
compared with those calculated from the Friauf formmula (equn., 4.2.2,
with %, replacing xo) in fig.20 and 21, The discrepancy between
experiment and theory is roughly a factor of 30, which, though less
satisfactory than the agreement for pure crystals, is still a good
deal better than that found using equn. 4.2.4.

For the impure crystals the plot of log C versus log ¢,
(fig.51), is a straight line of slope 1.30 compared with the expected
1.50. The values of the capacity C at 6360C and 300 c¢/s were corrected
to the values appropriate to a crystal of thickness 4 mm using the
square law which has been verified experimentally (fig.49). The theor=
etical line in fig.51 has been calculated from equn. 4.2.2, again with
the substitution of x; for x, for the doped crystals.

Purther evidence for the (o, o) model is that a plot of log C
against log x; gives an accurate straight line of slope 1.26 (theory
1,5)., Thus we find

C 0 W=
4.2.5. o (2n)-2
< x%

and we are therefore justified in using the adapted Friauf equation,
The Ninomiya and Sonoike equation (4.2.4) gives calculated capacities
which are far too small, as does the (00, 0) equation (4.2.3).

The Stockbarger crystal doped with 200 x 10=5 mole ratio of
K, 50, showed a polarization capacity comparable to that of the pure

crystals (£ig.49). At first sight this might appear illogical, since



we might have expected a large increase in the number of anion vacancies
and hence a preportional increase in the oapacity. However, the
conduotivity of this orystal showed a conductivity comparable to the
pure crystal in the intrinsic region, indioating that the anion
vaocanoies are not mobile, The capacity should therefore also be com-
parable to that of the pure crystals. The plot of log Cﬁﬁg versus
reoiprocal temperature gives a slope of 3.59 eV which is in fair agree-
ment with the oaloulated slope (3,2 eV).‘ This larger slope is respon-
g9ible for the large discrepancy in the interoepts (table 23).

4.3, D.o. steady-state oonductivity and d.c, polarization

The steady-state conduotivity, oalculated from the ourrent-
time plots, for two pure crysials is shown in fig.52. The surprising
feature of these plots is the wvariation of the magnitude of the oonduct-
ivity and the respective activation energies, given in table 24, The
sinilarity of the magnitude of the conduotance of the Sr?+ doped crystal
to that of the pure crystals is most interesting. In the temperature
range being covered the pure crystals are in the intrinsic region, and
the doped orystal will oontain a far greater nmumber of ocation defects
than these pure crystals, as shown by a.c., conduotance measurements.,
Hence if this steady-state conduotivity were commected with the number
of cation vacanoies, as is 0,, the conduotivity of the doped crystal
would be several crders of magnitude greater than that of the pure
crystals;y it may also be assumed that anion migration is negligibie.

We are thus led to believe that the conduotion prooesses in all these
cxyétals must be due to some species of comparable magnitude in each

crystal, namely the electron., The origin of thesc 'conduction'

110,
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electrons cannot be precisely defined, although they must be produced
from donor states of energy just below the conduction band., It is
thus not surpriéing that the conductivity of XCl from different sources
is so different since we would expect the number and depth of the donor
states (themselves due t0 random impurities) to vary considerably from
crystal to crystal., This is apparent for run 3 where after a long
anneal (8 weeks) run 34 exhibits a higher conductivity of lower actie
vation energy. The long ammeal thus removes, possibly by precipitation,
some of the electron traps or supplies, by solution, additional donor
states. The identification of the steady-state conduction with elec-
tronic conduction is in agreemeunt with conclusions drawn from the
2.C. polarization studies, namely that both of the ionic charge
carriers are completely blocked at the electrodes (in low fields).
The mumber of electrons per cm® in the conduction band has been calcul-
ated to the nearest order of magnitude over the temperature range
utilised and the results are given in table 25. Unfortunately no
values for the mobility of electrons in the alkali halides at thesc
temperatures are available, although Redfield (1954) found from Hall
effect measurements that the mobility of electrons in an additively
coloured KC1 crystal at 90 ¥ 109K was 100 ¥ 50 cm? /volt sec. The
mobility will decrease with increasing temperature and the values have
therefore been calculated on the basis of v, - 1 cm?/volt sec. The
numbers in the table are thus strictly n, x ue/cmz volt< sec,

The 'kink' in the conductivity curve is of no great signifi-

cance as it coincides with an increase in the voltage required to
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produce & measgsurable current. This increase in voltage, as secn from
section 3,4, produces deviations from Ohm's law due to the onset of
ionic plus electronic conduction and hence gives an apparent enhance-
ment in the conductivity.

The two regions for the Sr®+.doped crystal (fig.29) suggests
that there are two donor states of different energy participating in
the conduetion process. This behaviour is typical of an impurity
doped semiconductor in which traps of two different energy levels are
acting, and where the temperature-independent conductivity corresponds
to a saturation region due to the mmmber of eclectrons in the conduction
band being equal to the number of (fully ionized) donor states.

From the Jaffé theory of d.c. polarization we saw that the

current-time curves could be analysed by

4.3.1, Ip = A exp(~at) + B exp(~t)
where B is given by
4.3‘2’ 2
B n{@%) +m} p(21)®

Thus as V tends to zero, B = n2D (2L)™. We should thus expect B to

be proportional to VB, but in fact B is indepé%?yof v (£fig.53), and
similarly for d. For the pure crystals studied B is approximately
proportional to (21)™ and not (2L)™ as expected from the Jaffd theory.
This result is shown in fig.54. Upon plotting log B against nt
(£ig.55), we observe two distinct sets of straight lines depending

upon the thermal history of the crystal. For the crystals studied
immediately after a.c. measurements, we observe an activation amergyof

0.59 eV whereas the crystal studied after a long anneal (rum 34)
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Table 24
Activation energies for the steady-state conductivity of KC1
Crystal (run) E(eV) Temp, range (10%/T)
Stockbarger (2) 1.63 1.100 - 1,200
Rhodium electrodes
Stockbarger (3) 1.74 1,100 - 1.200
Stockbarger (34) 1.41 1,100 - 1,200
Harshaw (5) 1.39 1,100 - 1.220
Doped 119 x 107° mole ratio ( 1.05 1,100 -~ 1,130
5101, (11)
]0.46 1,400 - 1,700
Table 2

Calculated values for the number of electrons in the conduction

band per cu® if the mobility of the electron = 1 cm? /volt sec

108 /T
Run
3

3A

5
2

s doped (11)

1.10

103
10L3
10L3
1043

10L3

1.15

10t2
10t2
1013
1062
1013

These values are to the nearest power of 10,

shows an activation energy of 0.09 eV,

reached by Allnatt (1959).

directly proportional to the diffusion coefficient of the species,

Since, for small voltages, B should be

1.20

10L2
1002
1012
1062
1015

A sinilar conclusion was

113.
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this implies that we have two different activation energies of
diffusion dependent on thermal history. This is in accord with the
change in the activation energy for the steady-state conductivity on
armealing (run 3 and 3A) although the magnitude of the energies
involved is rather different,

The mumerouns inconsistencies found by the use of the Jaffé
theory lead us to conclude that this theory must be inapplicable to
the system under investigation despite its initial success in pre-
dicting a sun of exponential terms for Ip. This may be a result of
the numerous assumptions made. TFor this theory to be strictly
applicable, the electric field should be homogensous throughout the
medium; this however is extremely unlikely and has in fact been
shown by Kalm (1962) to be false, The Jaffé& theory was constructed
with the idea of ionic polarization leading to a residual ionic
current, whereas in the present situation we do have the build-up of
an ionic space charge but the final steady-state current is largeiy
electronic., As we are not able to distinguish between jionic and
electronic steady-state currents, the justification for this statement
stems from (a) the similarity in the order of magnitude of O 1in
pure and Sr -doped crystals, and (b) from the agreement between
the measured capacities and those calculated on the agsumption thet
both ionic carriers are completely blocked at the electrodes, (o, o).
This inevitably means that the electrode reactions must be an
important feature of the conductance process, They must clearly

involve the taking of an electron from the Fermi level of the metal
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electrode into the crystal at one electrode (the cathode) and wvice
versa at the anode, Since the valence band of potassium chloride is
9.4 eV below the conduction tand, an enormous amount of thermal energy
would be required to remove an eclectron from the valence band to the
conduction band. We are thus forced to the conclusion that there

must be donor states present whose ionization energy is small enough
to allow thermal excitation of the electrons into the conduction band.
The identity of these donor states is uncertain, although if the
crystal were slightly non-stoichiometric the excess electrons could

be trapped by anion vacancies to form F-centres of energy ~2.0 eV
below the conduction band., Since, from the a.c. conductivity data, we
know that there are always a certain number of divalent impurity ions
present, there exists also the possibility of the presence of z-centres,
particularly in the doped crystals. The relevant optical absorption
band is the z,~band which is thought to be due to a s?¥ ion rlus an
electron and a vacancy pair at temperatures above 1100C. These bands
have been investigated by Chiarotti et al, (1954) and shown to replace
the z; ~band which is due to an electron trapped at a SI?+ ion in KCl.
Thus if these centres are present they could act as donor states.
Unfortuna tely, no theory of electrode reactions between platinum and
potassium chloride has yet been given.

4.4, Current~voltage characteristics

As is readily seen from the diagrammatic representation of
the current-voltage curves (fig.}O), the combination of the various

conduction processes is extremely complex, It is thought that the
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electrode~salt reaction is a dominant feature.

When an external voltage V is applied to a two~electrode
system, a current flows and the total voltage is shared between the
two contact resistances and the bulk resistance of the salt, here-
after regarded as a n-type semiconductor. That part of the voltage
which appears across the barrier, the barrier voltage, will be
denoted by V_; eVB corresponds to the enérgy difference between
the bottom of the conduction band at x = O (the interface) and at
x 2 b which denotes the end of the barrier, Neglecting corrections
due to the image potential, the difference between the work function
g of the metal and the electron affinity X of the orystal, ¢ - %,
can be regarded as constant. The distortion of the barrier under
the applied voltage is shown in fig.56. eVC ig the amount by which
the conduction levels are lowered at the cathode when the field is
applied. The Fermi level of the metal is taken as the reference
level., With this convention, the height of the barrier as seen from
the semiconductor side increases when the applied voltage is positive
and diminishes when it is negative,

In the absence of an electrical field the electrons in the
metal are in dynamic equilibrium with those in the semiconductor.
The two horizontal arrows symbolizing the rates at which the barrier
is crossed are therefore drawn of equal size. When the semiconductor
is made positive with respect to the metal, the probability of an
electron transition from the metal to the semiconductor is still

governed by the factor exp(-(¢ - 50)/kT. On the other hand, the
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probability of an electron transition into the metal from the conduction
band is proportional to exp(-e(VC + VB)/kT). The equilibrium is thus
lost and a current flows. The current from crystal to metal is now

J = o exp(-eVy/kT);
that from the metal electrede to the crystal is still j,, so that
the net current into the crystal is

o= G {1 - (v Am ]

If the field can be considered uniform, VC = bF.

Similarly, at the anode, the conduction 1evelsvare raised
by an amount eVA as the semiconductor is negative with respect to the
metal, Thus the electron current from semiconductor to metal is

J = Jo eXp(evA/kT)
and the met current (in the same direction) is
i o= 3 {exp(eVA/kT) - 1}

~ g exp(eVA/kT) R
A gteady current in the external circuit will only be
observed when a particular carrier becomes unblocked at both electrodes.
Thus it should be possible to decide at which electrode the carriers
become unblocked last, from the applicability of either equn. 4.4.1
or 4.4.2, Vb and VA are unknown but they may be replaced by the
applied voltage, V.

In analysing the data with the use of eguations 4.4,1 and
4.4.2, the current j was obiained by subtracting from the actual

measured va lues, the electronic component of the current at that

applied voltage., This latter current, je, was found by an extrapola-



tion of the initial linear part of the i(V) curve., It was found that
the second curved portion of the i(V) curve could be fitted by equn.
4.4.1, and the curved section immecdiately following the Gaa line could
be fitted to equn., 4.4.2, Qualitatively, the entire current-voltage
curve for the pure XCl can thus be split up into five regions with
increasing applied voltage as the controlling factor. (1) At low
voltages both iomic charge carriers are blocked and the residual
current is electronic in mature. (2) This is succeeded by a voltage-
region in which the cations gradually become discharged. (3) In the
next (ohmic) region, anions are blocked and the éurrent ig limited by
the number and mobility of the cations giving a conductivity ' = jF.
(4) In the next curved region, discharge of anions commences,

(5) Pinally, both carriers are unblocked and the conductance becomes
equal to 073. On this basis we were able to calculate the barrier
thickness, b, for the two Harshaw crystals used in runs 5 and 10, The
values of these parameters are presenmbted in table 26, The quantity
6”, should represent the cationic contribution to the conductivity of
KCl; when log§; is plotted against 7 an activation cnergy of
1.86 ¢V was obtained. This is in good agreement withthe analysis

of the a.c, conductivity, from which we find that (Ah, + Lh) = 1,9 cV,
However, it was found that O, o } ¢y, which indicates that the
cationic transport number should be approximately 0.,5. This value

ig in poor agreement with the a.c. results since we have shown in
section 3,1, that t ~ 0,9, It must therefore be concluded that the

present theory is rather oversimplified and involwes too many
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Values of barrier thickness, calculated from

Table 26

equations 4.4.1 and 4,4.2

Run 5 ToC

575
636
653

Run 10
559

574
297
626

648

Run 10 ToC
559
574

597
626

648

approximations to be a complete solution to the problem of these

current-voltage curves.

anode
b(cm)

2,37 x 104
3,29 x 10-~3

4,41 x 102

9,42 x 104
9.58 x 10~
1.10 x 1078
2.2T x 108

1.02 x 10-2

Table 27
blcm)
6.77 = 104
8.26 x 104
8.88 x 10™¢
1.96 x 10™3

8.02 x 10-%

cathode
b' (cm)

4,07 = 104

4,78 x 103

-

1.47 x 105
1.98 x 10~
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In all the above calculations for b, we have always sub~
tracted the extrapolated electronic current, However, we have no
proof that with increasing voltage the electronic current increases
inearly. The other extreme would be to calculate values of b
neglecting the electronic contribution, This new set of §a1ues ig
presented in table 27. The difference between the two sets is not very
great, so it appears that inclusion or omission of je does not affect
the calculations too drastically. Unfortunately, we are left with
quite a clear qualitative picture of the phenomenon but the gquantitative
interpretation is so far very uncertain,

Fig.31, which shows the effect of an increasing d.c. applied
voltage upon the capacity of the crystal, is in agreement with the
above qualitative picture. As this graph indicates, at high voltages
the ionic space charges are negligible, in agreement with the intor-
pretation of the current-voltage curves,

The current-voltage curves measured for the two doped crystals
X 4 and X 5 can be broken up into three regions. (1) The first of
these corresponds, as in the pure crystal, to all ionic species blocked
at the electrodes, (2) Since very few anion vacancies are present, the
only curved region is due to the discharge of the catioms. (3) The
final linear region corresponds to O ,, for at these fields the cations
are completely free and their rate of discharge 2> their rate of
arrival at the electrode. The curved portions (2) were fitted to

equn, 4.4.2 giving values of b' presented in table 28,
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Teble 28

Calculated values of b' for the doped crystals

Run 11, Crystal X 5

TO( b!{enm)

550 1.62 x 109
583 3.28 x 104
602 1,68 x 104

Run 17, Crystal X 4

T0¢ | b' (om)

570 1.71 x 108
590 1.97 x 1079
603 1.44 x 10-8

Until the precise electronic contribution is known it seems impossible
to get a full understanding of the current-voltage curves., The dis-
tribution of the field within the crystal must also be known, since if
the voltage falls mainly over the blocking region the field to be used
in equations 4.4.1 and 4.4.2 must be ~105 volts/cm instead of the
~ 1R yolts/em used.

Unfortunately, no quantitative work has been done on this
problem although Csdszédr (1958) has observed rectifying effects,

similar to those reported in the present work, in sodium chloride.
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4,5, Thermoelectric powcr

In section 1.7 it was shown that Allnatt andi Jacobs (1961,b)
have derived an expression for the thermoeléctric power of an alkali
halide crystal in cpntact with metal elcectrodes containing no cation
in common with the salt., The heterogeneous thermoelectric power was
found by equating the chemical potential of the electron in the two
phases, assuming that the dominant source of clectrons in the salt
was the F~centre, Henceforth this theory will be referred to as the
Pecentre theory. For the impure crystals it was also assumed that
the F-centres were the main source of electrbns, although the presence
of other traps was suspected. Hence they established that the thermo-
electric power of an impure crystal can be expressed by

P - Al - 1) |

4.5.1, Te8(y) = i - (H,-h_) - kT 1n n (y).
i 2o+ N B F 8 g

%W* and QX“ are the heats of transport of the cation wt and anion X,
A is the ratic™ of the mobility of the anion and cation wvacancies,

y = n+/no = no/n where n, is the number of cation vacancies per unit

volume in the crystal, n_ the number of anion vacancies and n, the

value of n,=n_ in the pure crystal at the same temperature, nB(y)

is the number of electrons per unit volume in the conduction band and
HF is the enthalpy change on taking an electron from an F-centre to
the conduction band at constant temperature and pressure, hs is the

enthalpy of formation of a Schottky defect pair,

SR TR FR MR sm M MM T A mm T an SR em mm MR TR M e B B G W M AN BB MY s MR W % e

¥ In this section A is used to denote the mobility ratio so that
the symbol ¢ can be reserved for the electric potential,
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Since y » 1, for the impure crystal, we have

- 2 -
4.5.2, Te6 (y) QM+ +Hp - b, + kT In nB(y).
Assuming that %N¥if;independent of T it can then be shown from equn.
4,5.2 that
4,5,3, kT - Ted(y) -~ T % [~Te@(yi} /2 T =

%ﬂ+
The mean value of 2| Te6(y)] /4T found from the plot of Teo(y)
against T by the method of least mean squares, was 1,12 x 1073 eV/aeg
over the temperature range 780%K to 9300K, %W* was then calculated
from equn. 4.5.3 for each temperature, The results varied from 0.38
to 0,32 eV giving a meand® 0.36 eV with no obvious temperature-
dependence,

Using this value of QM+ and the expression for Te(1), QX"
was then calculated from the results for two Stockbarger crystals and
the Kyropoulos crystal used in run 20. The mean value of QX" wag
found to be 2,3 eV with no significant temperature dependence.

As a check on the theory we have calculated nB(y) and
nB(1). Tt was found that nB(y) wag of the order of 108 electrons/cm®
and nB(1) varied from crystal to crystal over the range 107 to 109
/electrons/om3. These results are of a reasonable order of magnitude.

A further check on the theory may be made by examining the

temperature dependence of Npy &8s

21n nB(Y>
——= = (b -H)/k
3 (1/1) s F
4-5-40 and 91 (1)
T (3n, - )/k

3(1/1)
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The graph of 1n nB(y) against T is a very good straight lime
of the correct slope. In the graph of 1n nB(1) against T the points
lie on straight lines although the slope is approximately half the
theoretical one given by equn, 4.5.4. However, this calculation
involves t+, t_and QX*’ hence the accuracy of the values of the
final quantity, nB(i) might be expected to be rather poor,

As a check on the sensitivity of the equations, two additional

bi 8
arbitrary values of 5%5 -Te@(y)] were used to calculate %m+ and
nB(y). As is evident from table 28, variations in j%f ~TeQ(y)J can

produce a marked change in %T* and nBCy). On a physical basis (e.g.
the theory of Wirtz) we would expect %ﬁ+ t0o be approximately 0.7 oV in

KCl and we can see from table 28 that the relevant value of
2.
aT
as found from d.c. conductivity data (assuning u, =1 cw? [volt sec),

[-Te@(yzj is quite reasonable, However, putting nB(y) = 10t3cn=3

we £ind %H* = =1.,5 ¢V which is impossible. A knowledge of the mobility
of the electron would help to clarify this situation.

4 disappointing feature of the calculated guantities lies in
the agreement with the only other existing data, that of Allnatt and
Jacobs (1962,a). They found a mean value of 0.99 eV for Qﬁ+ and 2.0 eV
for QX_. It appears that the value %M+ cannot be fixed too precisely
at present and the rather wide limits quoted on a value of 0,7 : 0.3 eV

“are probably realistic. It was suspected that these wide limits might
have been due to the extremely limited interpretation of the origin of
the electrons in the salt in the original theory., With this in mind,

a general approach has been adopted by considering the salt to be a



rather poor n-type semiconductor, 4= with the P-centre theory there
will be a heterogeneocus thermoelectric power at the electrode inter-
face due to the temperature-dependence of the contact potential, At
equilibrium ‘

4.5.5. R
p’e p’e

where the p's are the electro -chemical potentials of the electrons
in the two phases, electrode (M') and crystal (MX). The contact

potential @; is then given by

4.5.6. ep = e Moo ol -4

e e

where e is the charge on the proton. Hence

405‘70 eB@ - = MX M'
37T eghe‘t se = %

where 8 is the entropy of the electron in the respective phases.

\ .
The term séM is small and may be neglected, For a non-degenerate
semiconductor, Fowler and Guggenheim (1939), have shown that

4.5.8, p,eMX ~ KT InA_ = kT lnn/i_

where n is the electron concentration in the comduction band and
¥ - 2(2ﬂmekT)}%
c e ’
K
m, being the effective mass of the electron in the conduction band.
As pointed out by Rosenmberg (1960), this expression for LR ig walid

only when

T < o1
c

125,
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¢

% /o \ %
As N = 2,53 x 10t° <‘%6 2(-5—)2 o™

m
m being the free-electron mass, and 102< E§<(1O, N, lies between
about 8 x 10t6 and 4 x 10?1 in the temperature range 600 - 9000K, For
the electron concentrations expected in the alkali halides (at most

10t2 cm=® , from the d.c. conductivity data) the formula

MX n
B, = kT 1In Nc

is thus exact, At very high clectron concentrations C> ~ 0,1 NC) it
would be necessary to allow for the degeneracy of the electron gas
(Rosenberg, 1960), Thus

MX n
1 = Z %
4.5,.8. ue kT In No o

if our usual convention that the energy zero corresponds to an electron
at rest outside the crystal is adopted., On differentiating egun.
4,5.8.1 with respect to temperature, we have

Ey

4-5-9- MX - g — }E
8, -k 1n Nc ~ 57 + 5

since

NoNb 3
n = { -3 exp(—ED/ZkT)

for a single set of donor states, Nb in number, located at an energy

-ED below the bottom of/the conduction band provided
"ED kT
> N

We know EDr»r3—4 eV, from the d.c. conductivity results; therefore,
exp(-Ep/kT) ~107° at 1000°%, Only if E, is as small as 2 eV will
the approximation be in jeopardy and then only if Nb is as small as

102 em™, More likely, Nb will be about 106 or 1017 cm™, Thus

from equn. 4.5.7,
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. n .5 3
4,5.10. -Teehet +kT 1n NG+ 5 - 2kT
2 an . 5D e
and T[aT ("Teghet)] = kT In ) + 3 =%
80 that
3
4-5.111 “'Teghet L T['a‘li" (-Teghet)] = 0 *

. The form of this result is unaltered by doping with M2+, although N_,
E, may be changed. From the Allnatt and Jacobs (1961,b) theory we
have for the homogeneous contribution to the thermopower
-y = - - — 1
4.5.12,

Te6y () = Q4 -~ KR (210gn/9T) .

In this theory association of defects to form complexes was neglected,

To include association effects, we write

4,5.13, N, = eN(1 = p) ;3 1log n, = logec+ 10g(1 - p),

where p is the degree of association and X the enthalpy of association
of a complex. Therefore
glogny  glog(t -p) 1
JT 47T kK® 1+ 07p

F

and hence, from equn. 4.5.12,

- Xp
4-5014: ‘Teghom(y) QM+ - T+ p

and

*

[, o]] - e dML X atieo)

a7 ke (14 p)2

The total thermoelectric power will therefore be given by the sum
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of equn. 4.5.10 and 4.5.14,

. %D n_ -
4.5.15. MO(y) = Q=LY 4T In g 43R, - AT

= a -9
%W* + kT 1n X + $E) - ZkT

if association effects are small as was shown to be the case by the
a.c. conductivity measurements. If they are not negligible, the term

—76p/1 + p must be added to the r,h.s, Therefore, in the region where

association is small,

4.5.16, J Y+
~Teo(y) - T % {~ Teg(y)}] = QM+ T

In other words; since the temperature dependence of ghet is zero, the
temperatura dependence of 6(y) is due solely to that of %ﬁ+’ apart
from possible corrections due to association., Since experimentally

o(y) is practically constant, %M* must be independent of temperature,
as anticipated, and
|
A R Lo
QM+ ~Pe6(y) - T| 57 -TeO(y)J y P& 1
»>» 1.
This result is essentially the same as that obtained by the F-centre
theory, The total thermoelectric power of the pure crystal is
(from equn, 4.5.10 and 4.5,2) given by
. = - -1 - Eill
4.5.18. Teo(1) t+QM+ t_QX_ yh (t, - t_)+ kT mNc

+ 4B - 3T,

from which it can be shown that

4519, o (b, - QM+)[(t+t_/kT)(Ah_ - Ah+)+t_;[ - §h, - Teo(1 ) Ta[TeQﬁ)-J/aT
-

(¢ +t_/kT)(Ah._ ~8h) -t



which is the same as that found from the F-centre theory. Hence using
this semiconductor theory with the experimental data the calculated
values of Q + and Q _ are the same as those found earlier., However,
using the values of g% [—Te@(y)] we have calculated values of

nB(y) and found them to be impossibly high. If nB(y) is allowed to
have a reasonable value, 10'% cm=®, the calculated value of %W* is
then 1.8 eV and that of g%; [-Te@(yi] 3,0 x 1078 eV/deg. Both these
values are unacceptably high and we are forced to conclude that this
/theofy is not the correct solution to the present problem.(see table
29). We can summarize the applicability of the semiconductor theory
by remarking that whatever value is chosen for f%» [~Te@(yi] we do
not obtain reasonable values of nB(y). On the basis of the values of
np obtained and their temperature-dependence, the F-centre theory
must therefore be preferred.

Table 29

Summary of the applicability of the F-centre theory and the
semiconductor theory of the heterogencous thermoelectric power

3 :
3% [—Te@(yi] %w+ orde; %f)mggnltgge for
B\Y/ 1in o
eV/deg eV (semiconductor) (F-centre)
Least 4 45 ¢ 106 = +0.35 1020 108
mean
SQUAres 4 38 x 10-3 +0,13 1022 107
0.80 x 103 +0, 62 108 104
~ 2,9 x 10-% ~-1.5 1085 1043 =%
~ 3,0 x 107® +1,8 1008 = 102

¥ Experimental data: ng from the d,c. conductivity curves,

assuming u, = 1 om? [volt sec.
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The plot of @ against T-L, of which fig.35 is a typical
example, shows two remarkable features. The very sharp increase in ©
at T™* = 2,2 x 108 is very reproducible and it is believed that it
is due to the precipitation of impurities., The temperature at which
this occurs is the same as that at which precipitation is detected by
conductivity measurements. This is very well exhibited in the crystal
doped with 119.8 x 10™5 mole ratio of SrCly,. All crystals studied
showed a large potential difference across them, immediately after
raising the temperature to 5000C, After raising the temperature to
600°C and snnealing for 12 hours this potential decreased to the
normal thermopower. This behaviour has also been noted by Allnatt
and Jacobs (1962,a) and interpreted tentatively as being due to the
annealing out of dislocations.

The very pronounced 'lambda' point has not been observed
before, This feature was observed in all the pure crystals, but
was absent in the doped crystal. It has so far not proved possible’
to find an acceptable explanation for this effect, although it is
thought that it may be connected with a decrease in the number of
electrons over this temperature range. Weiss (1962), in the course
of thermopower measurements on a-Agl has observed a 'lambda' point
at 280°C, He has proposed that the Ag” and I~ ions exchange lattice
positions thereby producing the appropriate entropy changes. The
minimum of the 'lambdal ?oint he attributes to a complete dissocimtion
of the silver lattice., This idea would not be applicable to KCl

because the energy required for a cation and anion to interchange
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lgttice positions would be considerable,

From the thermopower measurements on the crystal with evap-
orated Ag electrodes it is apparent that the electron concentration
has not been increased much. However, the high values of © at the
highest temperatures may be due to excitation of electrons from

deep traps,



Voltage selection system

For the calibration voltage it is apparent from fig.57

/12 r1+R

When taking the voltage for conductivity measurements, we have (fig.58):

that

8
S

n{R+R
BS . a®+r) ot
S r, +R+R 2
g
ri(R+Rg)
= ! 4 (n +n' )R+ Rg)
and
R
o, &
PS R+R_°?
g
therefore
rlR
u
S T Ty +(R1 +r,)(R+4R ) *
Finally
_S_ . rirz, +(I'1 + I‘z')(R + Rg) .
u Ty Ty + Rg(rl + 1)
When R,Rg>> Ty Tp, Tp'
s R+ Rg n + Ié’ R + Rg
u Rg I’l + I'z Rg
s, v
HrnssTy 3 n + 1y’
T

Appendix 1

riRg

T Ty + Rg(:q + 1) .

+
7 (R Rg)

I'i +I'2 +Rg

Iy + 1y

-
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+ T
Therefore - T1 2
B . 1 ¥ Dy
8 Ty + Ty
pe _ Tt Eg
and vl Rg s glving Rg = ps ~u

I = rz' corresponds to the case p = 1. Thus, if Rg (the grid lead)

is known,
sy, + SR {1y + 1) ~uny ' ~uR (n + 1)
1Tz 1t T 1 T2 L 2
R - £ - =
u(y +2')
which gives
0 - (u-s)(rlrz)]+uR
g T, + I,
ps - u
When ry 1y <K Rg
uR uR




FIG. 57

FIG. 58
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