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CHAPTEL 1
SELF DIFFUSION IN IMPURE SODIUM CHLORIDE
A, _Introduction

Because of the simpiicity of their crystallographic
structure, the alkali halides occupy a prominent position in
the field of solid state physics. Xeray diffraction experiments
and all supplementary evidence indicate that an alkalil halide
such as sodium chloride has a cubic structure with sodium and
chlorine ions so arranged that each sodium has six nearest
neighbor chlorine ions and vice versa. A two dimensional
representation of such a lattice is shown in Figure 1lA.

The electrical conductivity of the alkali halides has

been investigated by many workers, the pioneer work having been

done by Lohfeldt(l) and Tubandto‘z) The latter also established

+la &
VT a

act that the conductivity in alkali halides is ionic in

nature. The observed conductiviiy can be explained by assuming

the presence of imperfections in the lattice. This was shown
by the theoretical investigationa of Frenkel,(3, Wagner,(a)
Schottky,‘s) Jostg(é) and loter Mott and Littletono(7) Frenkel(3)
proposed a defect in which a number of lons have been removed
from their normal sites and displaced to interstitial positions

in the lattice. This is shown in Figure 1B. Conduction can

then take place by the motion of vacancies created when an ion is

removed to an interstitial position,'by the mction of interstitial

ions, or by both., A different type of defect, illustrated in

(5)

Figure 10, has bzen proposed by Schottky. It consists of
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vacancies created in the lattice by the removal of an equal
number of positive and negative ions from the interior to the
surface of the crystal. Conduction in this case can t ake place
either by the motion of positive or negative ion vacancies or

(7)
both. The work of Schottky,(s) Josz,‘6) and Mott and Littleton

has shown that the predominant defect in the alkali halides is
of the Schottky type.

Beth Frenkel and Schottky defects can be caused by
thermal agitation, by the presence of impurity ions in the lattice,
or by departure from exact stoichiometric proportions. Theoretical
expressions for the concentration of these defects can be derived
by minimizing the free energyo(s)

It was further observed by Lehfeldt,(l) and later by
“och and Wagner,(g) that when small amounts of a divalent salt
were addeda to a monovalent alkali halide lattice the conductivity
increased considerably. The mechanism causing this increase can
be explained approximately in the following way. If a solid

solution is formed in which a divalent positive ion replaces a

monovalent positive ion in the lattice, then a second monovalent
ion must leave the lattice to preserve electrical neutrality.
Thus a positive ion vacancy is created for each divalent iom
introduced subatitutionally into the lattice. This situation is
llustrated in Figure 1D, In recent years extensive studies of
conductivity as a function of impurity content have been madé
(10) (11)

by Etzel and Maurer and by Bean and Maurer.

Another process occurring in alkali hailides which is




due to the presence of vacancies is that of d:ffusion. The
ions in the crystal can diffuse from one part of the crystal to
another by Jjumping into a vacancy, in turn leaving a vacancy

behind. Self-diffusion of the cation has be2n measured by

(12) (13)

Mapother. Crooks, and Maurer for NaCl and NaBr and by Witt
for KC1.

In view of the fact that the same mechanism is
responsible for both conduction and diffusion, a relationship
between the two exists. Thils was first derived bty Einstein(lh)

(see also appendix 1), and can be stated as

fon
™

J%_ = 1e (1)

]

where

g = conductivity

D = diffusicn coefficient

n = density of carriers

e = charge of carriers

k = Boltzmann constant

T = absolute temperature.

This equation, however, is valid only if both conductivity
and diffusion are brought about by exactly the same process, be
it motion of the icns or motion of ths vacancies. It should be
pointed out that there are processes whereby diffusion can take
place without the transrort of electric charge, thus invalidating
the Einstein relation. Such processes include the formation of

positive ion vacancy-negative ion vacancy pairs (Figure 1E) and

o R e b
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divalent ion-vacancy complexes (Figurs 1F). The reason such
pairs and complexes invalidate the Einstein relation is due to
the fact that they form neutral entities in the lattice. Thus
the positive ion vacancy in each case will not contribute to
the conductivity, but may contribute to the diffusion. (The
contribution of the negative ion vacancy can usually be neglected,
since its mobility is small compared ta that of the positive ion
vacancy)e

The validity of the Einsteln relation has been tested

for NaCl and NaBr crystals by the work of Mapother, Crooks, and

(12)

Maurer. These investigators found the relation to be valid

in the high temperature or intrinsic region (above approximately
500°C), but noticed a distinct deviation in the low temperature

or structure sensitive region. The latter behavior they attributed
to the existence of complexes, involving impurity ions present,

even in so-called ' pure® crystals. In the intrinsic region,

on the other hand, the thermally generated vacancies outnumber
those introduced by impurities. Hence in this region the complexes
become rather unimportant cowmpared to the total number of
vacancies, and the Einstein relation is satisfied.

The work of Etzel and Maurer(t°

previocusly referred
to also is concerned with these complexes. It was found that

the addition of Cd** ions to the NaCl lattice increased the
conductivity, but not quite proportionately to the amount of Cd
added. This was attributed tc a larger number of complexes being

formed per Cd*t ions added as the concentration is increased.

From their results, Etzel and Maurer could obtain values for the

e e
-




number of complexes formed per Cd** ions added (cr, as it is
commonly referred to, the degree of association) for varioue
concentrations and tenperatures,

The purpose of the present experiment is to obtain a
further check on the degree of association in the system NaCl
NaCl + CdClz° This is achieved by measuring not only the
conductivities of this system for various concentrations of Ca*'
ions (and incidentalily also over a wider temperature range than
previous data), but also the self-diffusion coefficients of the
Na* ion, using a radioactive tracer technique. The conductivity
and the diffusion coefficients can then be compared by means of
the Einstein relation. Any deviation should therefore yield
airect information about the degree of association at that
particular temperature and concentration. These results can
then be compared with the theorv,

B:. Theory

In order to account quantitatively for the failure of
the Einstein relation in some alkali halides with added divalent
impurities, it is essential to know the number of complexes
present as a function of temperature and impurity content, i.e.
the degree of association. In addition, the binding energy of
a complex must be obtained. We shall briefly derive the degree
of association, using first a very simple approach and then a
somewhat more detailed one. Then we shall show how the binding
energy can be arrived at,

The basis of the calculations of the degree of

L o8 A et s G —-— |
.
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association is the mass action law. This approach was first
used by Stasiw and Teltow,(15) later by Teltow,(lé) Etzel and
MAurer,(lo) and recently by Lidiardo(l7) The last two papers
are of special interest in connection with the present work
because they deal with the same system used here, i.e.
NaCl + CdCl2° we will follow in the main the paper by Lidiard,
since it contains no% only the relatively simple approach of
the previous papers, but also considers the problem without
some of the simplifying assumptions made by the earlier workers,
Let us take an alkali halide lattice containing N_
solvent cations and Ni divalent impurity ions. At any given
temperature let there be n complexes present, and hence Ni-n

unassociated vacancies and Ni-n unassociated impurity ions,

Then from the equilibrium condition i

unassociated impurity ion + unassociated

vacaney TT—""7 complex (2)
S

the mass action law gives
N+n

(Ni - n)?

= K(T), (3)

It is to be noted that K(T) is independent of Ny, which
has the significance of neglecting the mutual interactions between
the unassociated vacancies and impurity ions. The effect of
taking these interactions into acecunt will be treated later,

An explicit form of K(T) is obtained by minimizing
the free energy Fqo with respect to n, Again neglecting the inter-

actions of the unassociated charges, the free energy is given by




T -
.

7
n
n )
\N 2N 28 )
Fo = "kT ln S?L
i
e | 2
(N+ A(Niwn) )v = —-—--ne (A‘v)
W, i (Hy-n)t (Ny-n ) Erg

The first term ig ths entropy term, z being the number

of distinguishable orientatiors of a complex. (For the cas:z of

NeCl, the wacancy can be in 12 different nearest neighbor pesiticas
in the cation sublattice. Hence 2 = 12,) The second term
represents the energy of assuciationg € being the static dielectric
constant of pure NaCl, and r, the nearest neighbor distance. (For
the case of NaCl, r, =2 a, vhere a is the anion-cation separation,
and & = 5,02},
Minimizing F  with respect to n, we get
E:E:fl__w = Z eXp (_..._93'__}'. o (5)
(Ni-n}z EI'OL’.T

The degree of associaticr is defined by

p = 1’:}; (6)

and can be obtained frem (5). We thus find, using z = 12,

p=1-3 (-1 + {1 -2y (7)
y
where
y = exp Eg + 1n{240) (8)
2
- (9)
To = srCE
and
¢ N2 . {10)

I

SR & ’

Y i
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T, as defined by (9) is the binding energy of a complex in units
of Boltzmann's constant.

Vie next take into account the Coulomb interactions of
the unassociated charges. This can be done by treating these
charges as being equivalent to a sclution of a binary electrolyte
in a medium of dielectric constant €, OSuch systems can then be
handled by the Debye-~Hueckel thecry of electrolytes. This approach
is legitimate even though the charges in question are in fixed
lattice positions, rather than freely moving as in a true solution,
since the average distance between these charges is much larger
than the lattice spacing., Care must be taken, however, not to let
unassociated vacancies and impurity ions approach closer than the
next nearest neighbor distancz. If they approached any closer
they would then of course be classified as complexes,

The main effect of applying the Deby-Hueckel theory to
the problem at hand is to introduce an additional term to the free
energy, which must be taken iato consideration when minimizing with
respect to n, The details of this term as well as the new form
that eqo (5) takes are contained in Lidiard's paper and will not
be repeated here. We will merely quote the result for the NaCl
type lattice with impurities, from which the degree of association

can be calcuvlated, It is

fp = exp [_'1_:30_, + ln(lZC.) ’
_ 2(2n~\r2,’)l’2=iTQ/T)3/2 {(-p)e ]1/2 s (11)
{reamiE/* {(1-pley/rH/2)

This equation czn be solved for p by successive approximations.

{See Lidiarc’'s paper For details. )

-..__,_L
.
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Before we can apply equations {7) and (ll, to compute the

degree of association for specific impurity concentrations and

temperatures, however, we still must determine T09 i.e. the binding

energy of a complex. There are at least three ways of doing this.
Probably the simplest way is to take the Coulomb potential energy
of two charges of opposite sign separated by a2 distance f?a, in

<

a medium of dielectric constant €, This gives
V 2 o e (12)

from which we find T, = 700C°K, or a binding energy of .60 eV.
In arriving at this value, however, we have completely neglected
all interactions except the Coulomb interaction at the nearest
neighber distance, It will be shown below that these other inter-
actions are by no means negligible,

A second way of finding To is due to Etzel and Maurero(lo)
By vwriting the conductivity as

= .g_ez \" e-U/kT
akT

c(l-p) (13)

where V¥ is the jump frequency of a vacancy and U the activation

energy for such a jump, we find, substituting for p from {7), that

o/

¢ = ag” + 12e O (aa')2 (14)
where o
a
o =262y o-U/KT (15)

Etzel and Maurer then fitted their data of ¢ vs. ¢ to a parabola

¢ = Fae + La° . (16)
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By comparing (14) with (16), it is found thav

To/ T 2
e

= L/F (17)

from which T° can be found, To turns out to be 3780°K, corres=-

12

ponding to a binding energy for the coxplex of .33 eV,

There are, however, some shortcomings in this method.,
First of all, we have neglected the effect of the atmosphere of
unassociated impurity ions on the motion of the vacancies under the
influence of a field. This effect will be a hindrance of the
motion, thus ¢~ must be multipl ' ~d by a factecr (1-f), where f<1.
An expression for f has been given by Pitts.‘ls) When applied to

an NaCl type lattice, it results in the following equation for ¢- :

2. -U/XT {
_ 2e7y - &
0 = S © c(l-p) Ll

Y, Vo N\ 159
2 (27VZ) LC,V"‘ (1—p) (TO/T)

372+ D1+ 4 Cr VYo % (-pyh (T ) ST ramVE) e (- ()]

Secondly, in the previous method, the interaction between the

unassoc iated charges have been neglected. This can be corrected
by substituting into (18) the exprcssion for p derived from (11).
However, we then no longer find a simple relationship of the form
(14). Specifically, a plot of &% vs. ¢* gives a curve instead of a

straight line, Thus the simple comparison between (14) and (16)

can nc longer be made,
: S (17)

The procedure now outlined was devised by Lidiard to
obzair a value for To without having to resort to the comparison
menticned above, From experimental data of conductivities measured

+C

as functions of impurity contert and temperasure <

2 is plotted
q

P
-
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against ¢ for various temperatures. Here ¢, is the background
impurity content, which is present even in the " pure"™ crystals.
It must be added to ¢ to avoid errcneous results for cases where

c > o does not hold. For each temperature selected, a smocoth

C"‘Co
o
these isotherms the values of ¢ for certain selected values of

curve is then drawn through the plot of Vs, 0" , and from

c+e, are taken. Since both Ty and V e~U/KT are unknown, the latter

is eliminated by tzking ratios.{;%?iggtggnggg§§2€§i§i°“ for all
isotherms. The fixed concentration is the same for all these
ratios, and the same selected concentrations are used for each
isotherm. The only unknown in these ratios will be T/T,. We thus
can chtain sets of values T/T, for each concentration, each value
correspor.ding to one temperature. We next average T/Toofor each
set, ending up with a value T/’l‘o ror each temperature chosen., From
this last set a mean value for To is then found., Using the data

of Etzel and Maurery(10> including a background impurity content

of Co = o5 x ;O°5, ccrresponding to 1017 vzcancies/cc, Lidiard

obtained a value of 3900°K for T This corresponds to a binding

oo

energy of .34 eV, very close to the value found by Etzel and Maursr.

We are now finally ir a position to compute the degree of
association, p, as a function of both the temperature and the
concnatrations of impurity ions used in the present experiment.
This is shown in Figures 6,7,8, and 9. Here p has been calculated
on the basis of eq. (7) (dashed lines) and eq. (11) (full lines),
It is shown that p falls off more rapidly with T when the Coulomb
interactions are taken into account. This effect is the more pro-

ncurced the higher the impurity content. For the lowest impurity
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content used the two curves of p virtually coincide. It should
also be pointed out that while for very low temperatures p is
unity, i.e. all vacancies are associated, this is well outside the
regicn of experimentation, which extends from about 250°C to 700°C§

or from T/T, = .13 to T/Ty = .25,

C., Experimental Procedure:

The crystals used in this experiment were grown by means
of tre Kyropoulosg(lg) technique. A platinum crucible of about
80 cm3 capacity was filliied with NaCl to which the proper amount of
CdCl,°2 1/2 Hy0 had been added. Both reagants were of the purest
Baker and Adamson grade available. 7The crucible was then placed
into a one kilowatt open ended Hoskins furnace and heated slightly
past the melting point of Nall (800G°C). After all the salt had
melted, a double-walled platinum tube with a small (about 3 mm x
3mm x 1 cm) NaCl seed crystal attached to its end was inserted

and then withdrawn until the lower

a few second

[O]

end of the seed crystal was just beginning to pull on the meniscus
of thke melt, As a result of this dipping procedure a layer of
frozen salt was formed around the junction of the seed crystal and
the platinum tude. This in turn provided both firm mechanical
support and good thermal contact.

From this point on the procedure was to provide the proper
thermal gradien® to initiate and continue proper growth of the
crystal. This was accomplished by means of passing compressed air
through the platinum tube and slowly lowering the temperature of
the furnace., Cace growth had been initiated it was continued at

an average rate of .15 mm/min. After about 3 mm were grown the
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crystal was raised until its lowsr edge was again pulling on the
meniscus., This procedure was repeated until a total length of 3
to 4 cm had been grown. Then the crystal was lifted clear out of
the melt and allowed to cool dowa very slowly to room temperature.

The crystals so produced weighed from about 50 to 60 grams
and used up about half the melt, It was also found empirically
that the crystals tended to reject the ca*¥ ions present in the
melt. The ratic of the Cd added originally to the amount found in
the crystal was about 8 to 1. Tais ratio was fairly constant
throughout the entire range of concentrations used.

The diffusion measuremen:s were performed in essentially
the same manner as described by Mapother, Crooks, and Maurero(lz)
The crysvals grown as described above were annealed and then
cleaved into specimens about 1 c¢ca x 1 em x 1/2 em. A piece weighing
about .1 gram, cleaved from the same crystal whose diffusion
coefficlent. was to be measurad. was hombarded by neutrons in the
pile at the Argonne National Laboratory for about 24 hours. During
this time the Na?3 in the saunple was activated to give Nazk {half-
life 14.9 hours) to a sufficient extent to permit diffusion experin.
ments to be carried on. Upon arrival at Urbana, the activity of
the unshielded sample was generally found to be of the order of
10 mr/hr at 7 ft. By evaporation in high vacuum, a thin layer
(5= 8x10~4 cm) of radiocactive NaCl was made to form on one surface
of each specimen., JIn the earlier runs the specimens were then
sealed off, two at a time, in evacuated pyrex capsules, For
temperaturss above 5500 C the specimens wers first inserted into a

stainless steel container, to nrevent the pyrex from collapsing




ke
upon them., Later on this procedure was somewhat modified, as
i1llustrated in Figure 2., The specimens (A) were first enclosed,
again two at a time, in platinum capsules (B). The surfaces bear-
ing the evaporated layer (C) of activated NaCl were set facing
each other, kept separate by a thin platinuam spacer (D). The
platinum capsules were subsequently sealea off in vycor tubes (E)
filled with helium gas, The helium for this purpose was passed
through a liquid nitrogen trap before use. This served to freeze
out most extraneous gases, the presence of which might contaminate
the specimens. The pressure of the helim was such that at the
diffusion temperature it would be approximately atmospheric. As a
further precantion against contemination, the inside walls of the
vycor tubes had been coated with a thin laysr of NaCl (F). Such a
layer was prepared by filling the tubes with chunks of NaCl and
heating them to about 600°C under high vacuum, then cooling to room
temperature.

From this point on, the procedure was the same regardless of
whether the samples were enclosed in pyrex or vycor capsules. The
capsule was placed in a stainless steel tube (Figure 2, (G) )
which could be closed off at the bottom, ‘e temperature could be
measured by means of a chromel-alumel thermocouple (H). A correction
of the order of 1°C proved nzcessary in the temperature reading
since the thermocouple was not located inside the capsule. This
correction was obtained by means of a dummy vycor capsule which was
identical to the one shown in Figure 2, excent that the specimens
were not radioactive and had embedded in them a Pt-Pt Rh (lC)?&)

thermocauple,
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For the actual diffusion runs, the whole assembly shown in
Figure 2 was placed in the center of a fused quartz tube running
through a Hoskins furnace, The temperature of the furnace was
controlled by means of a ¥ Tag"® celectray controller to within ﬁ.hoﬂo
The diffusion times were adjusted so that the product of the dif-
fusion coefficient and the diffusion time was approximately 10'5 cmzh
However, no times shorter than 30 minutes were used, because the
finite rise time and decay time of the temperature would then be
too large a fraction of the total diffusion time. In order to
make this fraction as small as possible, the sample was first put
into a preheating furnace set at a much higher temperature for all
diffusion runs undecr 2 hours. Af” -r reaching the desired diffusion
temperature, the sample was then quickly transferred to the reguiar
furnace. With a2 preheating furnace set at 1200°C the samples could
be heated from room temperature to 700°C within 90 seconds. In
addition to this lower limit on the diffusion time, an upper limit
was imposed by the short halflife of the radioactive tracer. Thus
it was found that no worthwhile diffusion measurements could be
made for diffusion times exceedingz 5 days, by wﬁich time the activ-
ity has decayed to 1/300 of its original value.

The slicing and counting procedure was identical to that
Jescribed by Mapcther, Crooks, and Maurer,(lz) including use of the
same microtome, The slices taken were 2 scale divisions (about
Lo8l x 10°% cm) thick and were collected on scotch tape., Most of
the slices were counted until at least 10,000 counts had heen
recordad, so that the error due to the distribution of counts was

reld bzlow 17, . A number of corrections had to be applied, which
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are listed as follows:

a) Dead time of counter (negligible below 40000 counts/min).

b) Background (17-19; counts/min).

c) Decay during the counting of one slice (negligible foi

counts less than 15 minutes in duration).

d) Decay during the counting of all the slices.

The corrected number of counts for each slice in a specimen
was then plotted semilogarithmicaliy against the square of the
depth x., Unfortunately, the advance of the knife assembly down-
ward was not uniform, 30 tha®t x could not be taken as n times the
thickness of one slice, where n is an integer. Through calibration
with the interferometer mounted in the knife assembly of the micro-
tome the exact depth at each slice was determined. Thus x was
ctill taken as n times the thickness of one slice (set arbitrarily
at L.84 x 10™% em for all slices) buc n now was no longer a set of
integers, but depended on the vertical position of the knife. A
typical ~emilogarithmic plot of counts I va3, n<
From the slope of such 2 plot as well as a knowledge of the

diffusion time the diffusion coefficient can be determined. The

equation {derived in appendix II) is as fcllows

D - 1. Dalemp® 42 (19)
4t Inly-lni,
where
% = time of diffusion in seconds
I, = activity in counts/min at point a
Iy = acvivity in countis/min at point b
n, = depth in crystal at point a in units of one slice
thickness
P o

is shown in Figure 3.
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n, = depth in crystal at point b in units of one slice
tnickness

X = thickness of one slice in em

D = diffusion coefficient in cmz/

The errors involved in the diffusion coefficient arise
from the following sources:
a) Errors in diffusion time. These errors are appreciable

only for very short times and negiigible for times longer than a

few hours.

bj Errors in the slope, i.e, __a~lp . In most cases,
lnIb-ln Ia

these errors are only a few percent, However, for diffusion
coefficients in the range of 10712 ¢ 10713 cmz/sec, where only a
few countable slices can be taken, these errors become very large.

¢) Errors in depth measurement. Such errors are due to
the fact that n\ does not represent exactly the depth of a slice.
This is because of errors in the calibration and a slight change
in calibration of the downward movement of the knife assembly when
it moves through the same vertical range again. These errors are
estimated to be about 2%, but will contribute a 4 ¥, error to D,
because the depth appears as the square in eq.(19).

d) Errors arising from approximations made involving
solution of the diffusion equation. This is discussed more fully
in appendix II. At this point it may be stated, however, that
these errors are mainly due to not using the exact solution of the
diffusion equation and not taking into account the finite thickness
of a slice. These errers are aouite small for nigh diffusion

coefficients but increase very repidly for low ones.
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e) Frrors in temperature. It is believed that the tempera-
ture is known to within 1°C. This causes an error in D ranging
from about 1% in the high temperature region to 49, at the
lowest temperatures used in this experiment,

£) All other errars. They are believed not to exceed 1‘7 :

Since some of the erraors depend directly or indirectly on
the magnitude cf the diffusioa coefficient, we will list these

errorcs in table I for various values of D.

Table 1

D(cmz/sec) Source of error in D{ % ) Total ﬁifor
in D( BJ
Time Slope Depth Soln.of Temp. All other

diffusion

equation
10~8 5 2 L 3 1 1 16
10-9 2 2 4 3 1 1 13
1010 - =3 i 3 1 1 1z
10-12 < 3 4 7 2 1 17
10~1% - 15 4 12 3 1 35
1013 - 30 L 25 L 1 64

T

In general, then, we can say that the errors in the measured
diffusion coefficient are about 15 % for all but very low values of
D, and that for these values the accuracy of D diminishes very fast.

The conductivity was measured by a method similar to that

I
used by Bean, +1)

A sample was prepared by first cleaving a plate
about 1 mm thick from a diffusion specimen prior to diffusion,
Then both sides were painted with a suspension of graphite in

alcohol, after which the actual sample (about 2 mm x 2mm) was

=
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cleaved out. The sample was then placed between the two electrodes
of a crystal holder. The original holder used 'in this experiment
was identical to the one described by Bean, its main feature con-
sisting of two 1 mil platinum elecirodes spot-welded onto nickel
buttons at the end of a thin-walled stainless steel tube. During
the course of the experiment it was decided to modify this slightly
Lo avceld possible contamination of the crystal due to the presence
of nickel and stainless steel at high temperatures. The improved
holder is shown in Figure 3. It consists of two solid platinum
electrodes (A), one attached to the end of vycor tube (B), the other
one moving freely inside another vycor tube {(C), but held in place
by 3 platinum wires {(only 2 of which are shown in the Figure) and
springs (D) in the cold temperature region. A Pt-Pt Rh(109% )
thermocouple (E) is led in through two small Stupakoff seals. The
platinum wires holding the lower electrode constitute the ground
lead. The high lead consists of a platinum wire (F) running inside
the inner vycor tube and being led out of the assembly by means of
another Stupakoff seal (C) and an amphenol socket (H).

After a sample (TI) had been put into place, the whole
assembly was inserted into a vacuum tight quartz tube running
through a Hoskins furnace aad helium continuously circulated througa
the tube. The furnace temperature was regulated by a "™ Tag*
celectray controller to within % ,29C. Care was taken during each
conductivity run to adhere as closely as possible to the Same

thermal cycle. This consisted c¢f taking readings about 25 minutes

apart at specified temperature intervals between 2
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taking readings at the same t ime and temperature intervals while
the temperature was lowered cgain,

To measure the conductivity, an A.C. bridge technioue was
used. The circuit is illustrated schematically in Figure 4. The
sample hoider (C) is connected into one arm of a General Radio
716~C bridge. The generator is a Hewlett~Packard audio-oscillator
(A), she null-meter a General Radio 736-A wave analyser (D). In
addition, a General Radio 722=-D precision condenser (E) has been
put into the circuit for bal:ncing purposes. resistances from
1010 ohms down to 10° ohms were measured by a substitution method,
balancing Cc ana CD with and without the sample in the circuit,

The frequercies used ranged from 100 cycles/sec for the highest
resistances to 10000 cycles/cec or the iowest ones, most of the
readings being taken either ¢t 1 kc or 10 kc. The accuracy of the
resist;ance measurenments is gtout A,36 , including a l'% error in
the frequency. For resistances lower than 105 ohms; an enual
bridge arm technique was usec. In this arraengement the upper arms
of the bridge were adjusted to be equal and a Shalleross precision
resistance box placed in parcellel with the external balancing
condenser, The value of the resistance needed for balance gives
directly the parallel resistence of the sample and its holder,

The recsistance box was calibrated and found to be accurate to better
than . %

In computing the totiel errors in the conductivity, we must
take into zecount two other sources of error in addition to the
ones nenticned above. One of “hese is the uncertainty in the
temperature, which causes errors in the eonductivity ranging from

C

L e at 25CC0 1o I(Z at 700°. “he other scurce is a slight change
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in the dime nions of the :anple at high temperatures due to
evaporation, This contriltites at most a 2 Y% error, and can be
neglected at low temperatures. We thus can state that the total
error in *he conductivity r nges from about 8 % at low temperatures
(high resistances) down to » % at high temperatures., The con-
ductivities are therefore krown with much greater precision than

the ciffusion coefficients,
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D, Results:

Pour crystals of NaC. with varying concentrations of CdCl,
were used in the conductivit: and diffusion measurements, Various
sections of these crystals vere analyzed polarographically’ (20) for
Cd content, In table II, tl: minimum, maximum and averag: molar
ratios %% are listed for the.2 crystals. It should be po:nted out
that since some sections of t.e crystals were used more tlan once,
both for conductivity and difiusion measurements, the aveiage is
weighted to reflect not only tie concentration of each section but

also the number of times i: wza: used.

Tat.e 11
crystal minimum g% % 10°  raxisum %% x 107 average %% x 10°
A 26 33 30
B 11 X e 1.
¢ 3 5 L
B ai{. os 95

The accuracy of the polaro;zaphic analysis ranges from about qué
for the lowest concentration to 59, for the highest,

Figure 1C shows the result >f the conductivity me:surements
on the four crystals containing Cd {(curves A, B, C, and D ', and
also, for comparison, the conductivity of a typical ™ pure? NaCl
crystal (curve £). These cata in each case represent an verage
taken from 4 to 6 different runs, dome cof which were taker on
different sections of the crystal and some repeated on the same
section. Dach rur was taken throupgh the same thermal cycle, as

S W

outlined in the preceding section., A significant decreasc¢ has beea

o i = i Sams - .
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observed in the conductivity of crystals A, B, C, and D during the

second half of the cycle. This decrease is the more pronounced the

higher the concentration, ranging from avout 8‘75 for the lowest o
40 9, for the highest. No such decrease has been observei for

7 pure” [INaCl crystals or crystals containing ca‘ll) instead of Cd.
Similar observations have also been made by Etzel and Maurer. (10 .
The evidence based on their as well as the recent, work is far from
conclusive. Hewever, it appears that both a volume and ai elec-
trode-crystal interface effect are present. In the forme:r, Cd**
ions are somehow remnved from the volume of the crystal, serhecps

to form larger aggregates. This would effectively cut down the

number of vacancies and hence the conductivity. As far as the
second effect 1is concerned,; it is believed that some form of a high-

resistance layer is forumed at the interface between the c:'ystal and

the graphite electrode. I% is nct clear why this should occur when

Cd** ions are present and not when we are dealing with tho same
experimental arrangement but with ca** ions preseat or eluve no

deliberately added impuritv. The whole problem needs to he investi-

gated in greater detail. It can be stated, however, that on the

basis of the present evidence it appears that the volume «ffect
outweighs any other effect.

Figures 11, 12, 13, and 14 show the diffusion coefficients

measured by means of radioactive tracer methods. On the same plot

the diffusion coefficients calculated from the measured ccnduc-

tivities by means of the Einstein relation are shown (full lines).

The conductivities used for this purpose are the ones shown in the

lower half of each cycle in Figure 10. {/e have also calculated

the diffusion coefficientis based on what the conductivities would

R
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be were there no association, The relation used was

T = (1-p) O

measured no association (20)

This is also shown in Figures 11, 12, 1%, and 1l4. The dotted lines
correspond to p calculated from (7), and the dashed lines to p
calculated from (1l). In Figure 14 these two lines are so close
together as to virtually coincide.

As expected, the curves based on J° lie
no association

higher than the ones based on O Further, since p

measured”’
determined from (7) is greater than p determined from (11), the
values of D calecnlated based on the simple theory of association are
larger than those based on the mare detailed theory. It can also

be noted from these Figures that the effect of taking p iato account
increases with concentration and decreases with temperaturce.

The failure or satisfaction of the Einstein relation and the
conclusions that can be drawn from it will be discussed ia the next
iimit ourselives at this point to some remarks on
the scattering of the measured diffusion coefficients. A3 already
pointed out in the preceding section, the diffusion coefficients
obtained by radioactive tracer techniques are subjcct to nuch
greater errors than the conductivity measurements. In addition to
these errors, the spread in concentration of impurity over a crystal,
in view of the relatively large size of the diffusion specimens,
causes errors of up to 209, which is of about the same order as all
the other errors combined. An attempt has been made to minimize
these additional errors by ecleaving the specimens from as small a
section of the arystal as possible, and by using them over again

two or three times at different temperatures. Nevertheless, in

3 - 5
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view of the larges errors and the small number of points involved,
as compared to conductivity measurements, an averaging process is
probably meaningless and has been omitted here. The scattering of
the measured diffusion coefficients shown in Figures 11, 12, 13,
and 1li is, with one or two exceptions, well within the range of
experimental error. 'Where measurements on two specimens at the same
temperature were made, the larger diffusion coefficients usually
corresponds to a specimen with a slightly higher Cd content. But
even here, in a few instances, the order is reversed, indicating
that the other errors, discussed in the previous section, are also
appreciable. It should be pointed out, however, that there is less
scattering of diffusion dsta in the present work than has been found
in the intrinsic region of " pure'’ salts, such as KCl,(13) NaCl,(lz

(12)

and NaBr, even though presumably there were n¢ concentration

gradients in these ' pure® c.ystals.

g .
E;, Discussion:

We first consider the conductivities shown in Figure 10,
In the low temperaturc region {below about 400°C) they fcllow more
or less straight and parallel lines., The slope is given by --U/k"l'3
where U is thes activation cnergy for the jump of a vacancy. The
value of U obtained from the present data is .85 eV, the same «s
was found by Etzel and Maurero(loi

This wvery uniform behavior of the conductivities in the low

temperature region can easily be explained by the fact that we are

entirely in the structure sensitive region. This means that almost

all of the vacancices contributing to the conductivity are those

introduced by imourities. Hence the energy of creation of a vacancy

)
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does not enter into the expression for the conductiviﬁy. Strictly
speaking, there is a temperature dependence in the pree-exponential

factor of the conductivity, i.e.

e & o U (21)

However, the change in O with T in the low temperatuie region is
almost entirely due to the exponent.

In the high.temperature region the conductivities curve
upward, as expecued, since now the thermally generated vacancies
begin to equal and eventually outnumber the impurity vacancies.
Thus we can write

ST @2)
where W is the energy necessary to create a vacancy pair. It is
further apparert from Figure 10 that the lower the impurity con-
centration, the lower the temperature at which the upward curving
of the conductivities begins.

This simple treatment. however., fails to explain why the
slopes are not constant uniil the thermal vacancies begin to con-

tribute. At temperatures well below the ones where thi: contri-

bution appears there is a distinet downward curving cf the conduc-
tivities, as can be seen from Figure 10, A pcssible explanation

of this phenomnenon has been suggested by Beana(ll)

According to
his theory, the jump frequency of a vacancy will be affected by the
vibrations of the two negative ions that stand in the way, since it
is easier for the vacancy to jump when the two negaiive ions are

moving away from each other. Thus the pre-exponentizl factor in

{(21) is changed. According to Bean, the result is
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T = %% e-U/kT (23)

The present data are indeed fitted better by (23) than by
(21), but the fi% is by no means perfect. A good fit would result
from Ts/2 in the denominator of (23) instead of T3. Thus other
factors must be operating in the system NaCl < CdCl, for which at
present there is no simple explanation.

Before passing to a compsrison of the measured and calcu-
lated diffusion coefficients shown in Figures 11, 12, 13, and 14,
let us first consider some of the assumptions involved. The first
assumption made is that the same volume effect which cauces a
decrease in the conductivity also causes a decrease in the diffusion.
Since both are based on a vacancy mechanism and since the net result
cf the volume effect is to cut down the number of vacancies, such
an assuwption secms rcasonable, It is for this reason that in come-

paring the mesasure
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helf of the conductivity in 2ach cycle was used. The prcbable
correctness of this assumption is further emphasized by the faszt
that using it the Einstein relation is satisfied in the high
temperature region, wherezs using the higher values of J° (upper

half of cycle)gDc lculateg Would lie well above D Now

a measured"”
there have been a number of mechanisms proposed which would cause
Dosloutated Y0 lie below Dpoqireqs but none that would rermit the
opposite. Indeed, previous work on self-diffusion in ™ pure®™ alkali
halides (12,13) has always either resulted in the Einstein relation
being satisfied or else some wechanism has been proposed which would
permit some vacaincies to contribute to diffusion but not to conduc-

tivity.
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The second assumption concerns the effect ¢f the atmosphere
of impurity ions in hindering the motion of vacancies (sce eq. (18)
If one fixes a point of reference inside a crystal, most of the
motion of the vacancies past this point under the influence of a
field would appear to be a random jumping rather than drift., In
the steady state, however, a definite displacement of the vacancies
with respect to the impurity ions will have occurred under the
influence of a fi=2ld, while it would not be reasonable to assume
that such a displacement occurs when ro field is present. Thus the
retardation effec: is present in the conductivity and not in the
diffusion. Therefor~ in applying the Einstein relation Dcalculated
should be correctad by the factor (1-f) while Dyggagureq S%:0uld not.
This has been neglected here, because the correction even for the
hishest impurity concentration would ornly be a few percent, and

quite negligible fror lower concentrations. For a much higher

1]
0
)
o
(%3
()

concentration of impurity, on the other hand, such as ¢an b
with Ca and perhaps other metals, though not Cd; this effect could
not be neglected.

The third assumption concerns the binding energy of a com=-
which we have taken to be .34 eV. This value was arrived at
by fixing both the binding energy of a complex and the magnitude
of the interactions at large distances. This is obviously a much
better value than the one obtained from eq. (12), i.e. .60 eV,
completely neglecting these long-range interactions. Furthermore,
using T, = 7000% in eq. {(7) or eq. (11) would give degre:s of
aesociation at or near 300 9% for most of the crystals uscd in the

present work, an cbviously abzurd conclusion. However, by taking

o35 &V as the rasl hinding encrgy of a scmplex, we underestimate

e
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somewhat the effect of the longerange interactions. This in turn
results in overestimating the degree of association calculated by
eq. (11). 1In order to apply the theory correctly it is necessary
to take into account the non-Coulombic interactions between the
vacancies and the impurity ions, boti: at nearest neighbor sepa=-
rations and at larger distances. These interactions are due to the
repulsive energy, distortion of the lattice around a defect, and
polarization due to dipoles created by displacement of ions and
electronic polarizability. They have been considered praviously
by Born and Meyer,(zl) Mott and Littleton,‘7) and Reitz and
Gammel.(zz) The latter obtained a binding energy for th2 Cd** ion-
vacancy complex in NaCl of .44 eV, which ie almost the egame as the
Coulomb interaction energy of an impurity ion and a vacancy in next
nearest neighbor positions (.43 eV). A Very recent compatation by
Bassani and Fumi(23, centaing some improvements over the work of

Reitz and Gammel. Their result for the binding energy of the comriex

myp
in question is .28 eV and may be considered to Lhe the b=st present
theoretical value. Bassaui and Fumi did conslder non~Coulombic
interactions as far oway as next nearest neighbor positiocns. New
Lidiard(l7) poirts out that it does not make much differcnce in
connection with our problem whether we take the limiting distance
differentiating tetween complexes and unassociated charges to be
twice the lattice constant or ten times the lattice constant. If
we can therefore assume that non-Coulombic terms are of little
importanice past the next-nearest neighbor separation, to apply thke
theory correctly we reed only use .38 eV instead of 34 2V for the
binding energy snd assume the limiting distance of association to

be the next~nearest reighbor distance. This would result in p




29
increasing slightly at any given temperature, regardless of whether
eq. (7} or eq. (11) is used. The only correction still necessary
to the theory of association would now be the non-Coulombic inter-
actipns at larger than next-nearest neighbor positions. These are
presumed to be quite small.

The main result of our assumption regarding the binding
energy is then that a small correction may be necessary which would

saift the curves of D q based on either eq. (7) or eq. (1)

calculate
slightly upward. It would not, however, materially affect any of
the conclusions reached a3 a result of this work.

We are now in a position to discuss the main part of the
present work, that is, the failure or satisfaction of the Einstein
relation as a function of concentration and temperature and the
conclusions that can be drawn there from regarding the degree of
association., From the results shown in Figures 11, 12, 13, and 14
it is apparent that the Einstein relation is satisfied for all cone
centrations in the high temperature region. However, zincs ths

degree of association even for the highest concentration is only

about 1&)95 at these temperatures, it is impossible to say, in view
of the large error in Dp..gureds Whether the Einstein relation holds

on the basis of Grumasured or T In the low

no assoclation’
temperature region, however, both crystals A and B show & signifi.-
cant deviation from the Einstein relation ir we use U peagured a8
a basis. This deviation 18 well outside the limit of experimental
error, This is believed to be definite evidence that there is a
considerable degree of association in these crystals in the low

temperature region. wWhen we compare D

measured against D

calculated

on the basis of =q. {7) and eq. (1l1), we find that for crystal a
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eq. (7) ropresents the degree of association somewhat better than
eq. {11). In crystal B the evidence is much less conclusive,

3 e ] n the basis

especially since the curves representing Dcalculated o a
of the two equations lie closer together. There the errors in
Dpeasured are of the same order as the difference between these two
curves. However there is no question that a significant degree of
association also is present in crystal B.

In crystals C and D no deviation from the Einstein relation
can be found. But here Dcalculated on the basis of a-maasured or
either form of O~

no association
error of Dpoooured: 50 this behavior is understandable. There is,

lies within the range of vrobable

however, a significant point that must be brought up here in this
connectiocn. The work of Mapother, Crooks, and Maurer(lz) has shown
that a significant deviation from tne Einstein relation occurs in

" pure™ NaCl and NaBr in the low temperature region. This deviation
correpsonds to a degree of association of about 509p. It is believed
that this very large degree of association 1s due to one or more

ypes of impurity ions in the background impurity comntent, which,

in contrast to Cd, are very highly assoclated. Spectrographic
analysis of " pure® NaCl shows at least 2) impurity elements present.
Of these Fe, Ma, Mg, As, 8a, Sb, Hg, Pb, Cu, Zn, Mi, Co, Ba, Ca,

Cr, Al, Zr, and Ti are possible candidates for such an effect. Let
us now on the other hand consider crystal D. The measured conduc-
tivity is about six times and the measured diffusion coefficient
three times that of lapother's " pure' NaCl crystals. In a crystal
containing 2Ny Cd ions we would thus have N3y of these highly

associated background impurity iong to obtain the same ratics for

mn

the diffusion coefficients. But while the 2N1 Cd 2t.oms would
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centribute equally tc the conductivity (the degree of association
being negligible) only half the N; background impurity ions would
con't.ribut;e, assur:ing a 50 °/° degree of association. Thus for crystal D
we would expect 32222252%_. = = 1. Hencep =1/6 or
16.6 % . This woufglggiggggly not causéxzsdeviation beyond the
limit of error in Dy .greq for the very low diffusion coefficients
in erystal D, and therefore it is not surprising that the effect of
the background impurities cannot be detected. This illrstration,
hovever, serves to show that for higher concentrations of Cd the
effact of the background impurities will be completely masked,

In summary, then, we may say that a deviation from the
Einstein relation can be detected in thogze crystals where it 1ia
large ez ough to be beyond the range of the experimental error in
Dpeasurede This deviation is approximately that expected on the
basis of tie theory of associatlion. Iiiowever, it is not possible
to state coanclusively whether the present: data are fitted btetter by
the simple tieory of asscciation (eq. (7) ) or by the more detailed
theory resulting in eq. (11).

In conclusion, it might be of value to suggest a few related

experiments which might shed further light on the subject of
association. This would also include improving the present experi-

ment by producing a more uniform Cd** ion concentration (higher

melt ratio) and if possible also crystals of higher Cd contert.

¢rystal
The former would cut down the error in Dpeasuyred, and the latter

would produce a greater degree of association, wkich might be
checked more quartitatively. [Next, a different divalent ion, like
Ca*™ or Sr**, and a different solvent salt, like KC1l, might be used,

Crystals of a molar ratio Ca/Na up to 25 x 10°% have been grown by

e o e s o o
.
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(23)

(11) the ¢z, Cd,

Bean. Since according to Bassani and Fumi

and Sr complexes in both NaCl and KCl have approximately the sanme
binding energy (all lie between .32 eV and .45 eV), we would expect
very large degrees of association for high impurity content. Thus,
it may be possible to decide quantitatively whether eq. (7) or eq.
(11) better describes the degree of association. In addition, the
system NaCl + CaCl, has the advantage of not having the annoying
decrease of conductivity with time. Going now to pure crystals,
the theory that highly associated background impurity ions are
respencible for the results of iiapother, Crooks, and Maurer,‘lz)
could be checked by producing **pure® crystals (possibly by zone
melting) that have one or two orders of magnitude less impurity
content than the usual ™ pure? crystals (1017 vacancies/co), There
should be much less association in such very pure crystals. The
disadvantage of having very low diffusion coefficients with a con-
sequently large probable error may make this experiment difficult,
however.

Finally, the diffusion coefficient of a divalent impurity
ion may be measured directly by using an isoctope of this ion as a
tracer. If a large degree of association exists, then such an ion,
having so to speak a built-in vacancy into which it can jump, should
have an exceedingly high difiusion cocefficient., The difficulty
here lies in activating the relatively few impurity ions in the
lattice to a sufficient extent to carry out the tracer technique.
Such an experiment has failed for this reason with the system
NaCl + CdClpo It may succeed with the system NaCl - CaCl,, since
10 times more Ca than Cd can be built substitutionally into the

lattice. 41lso, th» slow-nsutron cross-sectioa of Ca is considerably
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higher than that of Cd for the isotope suitable for a diffusion
experiment. OSuccass of such an experiment might be insured by
making use of a neutron flux higher than is now available either

at Oak Ridge or at the Argonne National Laboratory.

S
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CHAPTER II
SELF DIFFUSION IN PURE POTASSIUM CHLORIDE

A. Introduction:

While the work described in Chcpler I was in progress,

H. Witt of the University of Goettingen published data (13 on the
temperature dependence of the self diffusion coefficient of the
potassium ion in potassium chloride. In the neighborhood of 600°C,
where the vacancy content of the crystals should be uninfluenced
by Impurities, Witt found a deviation from the Einstein relation
between diffusion coefficient. and electrical conductivity. This
behavior of KCl is unlike that of NaCl and NaBr as determined by

(12)
the work of lapother, Crooks, and Maurer.‘lz'

As already indicated
in the previous chapter, at temperatures sufficiently high that the
accidzntal impurities had no effect upon the vacancy concentration,
these investigators found the Einstein relation to be satisfied in
NaCl and NaBr.

The present work was undertcken to check the data of Wittt
since his results had rather interesting implications. In par-
ticular, Witt's data fum ish evidence for the existence of pairs
of positive and negative ion vacancies in KCl. Such pairs are
illustrated in Figure 1F, The mechanism by which pairs may account
for failure of the Einstein relation has already been discussed
(see p.3).

‘There is some additional evidence suggesting although rnot
conclusively establishing the existence of pairs. Seitz(zb”ZS) has
proposed that pairs may be respoasible for the relatively rapid
migration of color centers in KCl, as observad by Estermann, Leivo,

and Sbern3f26) and for the enhanced darkening of X-ray colored KC1

%
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!
and NaCl with additive Ca012°‘27’28) Also, the formation of pairs

is favored by the fact, poinied out by Seitz,(25) that there is no
energy minimum for the configuration of vacancies of opposite uign
in next-nearest neighbor positions. This means that such vacancies
will automatically be drawn together to form a pair when they
approach as closely as the next-nearest neighbor distance.

In view of all these facts it was therefore deemed advis-
able to determine as accuratesly as possible whether pairs contribute
appreciably to the self diffusion coefficient of the cation in KCl.
While a negative answer would not rule out the existence of pairs,

an affirmative result would nake more plausible the explanation of

other phenomena in terms of the pair hypcthesis,

B. Experimental Piocedure:

With a few modifications, the experimental procedure for
KC1l was the same as that described for NaCl in the previous chapter.
No crystals were grown for this part of the experiment, however,
but instead large single crystals of KCl were obtained from the
Harshaw Chemnical Company, which were then annealed and cleaved much
like the NaCl crystals. Neutron irradiation was again performed at
the Argonne National Laborztory. However, since the relative
abundance of the potassium isotope which was activated, namely K"l2
is less than 7‘?0 {as compared o 1009, for Na23}, the activities
of tue activated KCl were ccnsiderably smaller than those for NaCl,
Upon arrival at Urbana; the average activity of the unshielded KC1l
was about 10 mr/hr at 4 feet. This fact and also the shorter half-
life of K42 (12.44 hours) placed an upper limit of about 3 days on

the diffusion time. As a consequence, no diffusion measurements
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could be made below 500°Co

The method for sealing off the diffusion specimens wes
identical to the modified procedure described in Chapter I (pp. 13
and 14) and illustrated in Figure 2. In contrast to NaCl, however,
it was found that at high temperatures the KCl crystals were
exceedingly sensitive to cont.amination. This effect was in the
form of a pink layer extending some distance into the crystal from
all sides., It was especiall:r pronounced in preliminary experiments
where stainless steel capsules were used, but could also be observed
when the specimens were mere.ly sealed in vycor which had not been
coated with KCl1 on the insid:. The KCl cocating, the heii@, and the
platinum capsules inhibit the reaction between the specimens used
and the vycor. with all these precautions, no coloring of the
crystals could be observed eren when left at high temperatures for
extended periods <f time. On the basis of these facts it is
believed that a metal diffus?s into the KC1 erystals at high temper..
atures., JIt has also been noted that the pink crystals exhibited
considerably higher self difusion coefficients than the clear ones.
This is expected if di-~ or ti*ji-vclent metallic impurity ions have
diffused into the lattice, liending further strength to the belief
that the pink color is due t> such inns,

5till another conseqience of the KCl coating of the vycor
is the fact that the samples retained the fresh, clear appearance
of newly cleaved surfaces. 3amples diffused without this coating
had grayish, dingy looking s x*faces, and in particular the evapo-
rated layer of KCl became gr:yish yellow in color. Possibly this

is due to some creganic matter adhering to the vycor, The liquid
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nitrogen trap also helps in his respect, perhaps freezing out
organic vapors present in the system,

The slicing of the K:’1 specimens was carried out in the
same manner as NaCl. Howeve:r, it was found that the softer KCl was
not removed as uniformly by “he micrctome knife as NaCl, leading to
considerable scattering of data on the log activity vs. (depth)2
curves, If the knife orientuation across the crystal surface was
along the 110 direction the 1ICl came off in long needies rather than
in powder form; and effectiv: slicing was almost impossible. But
even with the knife oriented in a different direction the slices

had to be zaken 50 percent tihicker than for NaCl. Otherwise there
was danger of the scotch tap: coatacting the knife,

The errors in the diTfusion coefficients are somewhat large:
than for the case of NaCl, tiie reason being primarily the increased
thickness of the slices. This has the effect that fewer 3lices can
be taken (hence larger error in slope) and greater approximations
have to be made when solving the diffusion equation. It is esti-
mated that the errors range “rom 20 % at 700°C to 40 % at 500°C.
However, these errors do not appear sufficient to account for the
scatter of the data shown in Fipure 18, It is not known at the
present Uime why KC1 data ar: inferior in precision to NaCl data
which are taken by the same »ersonnel using the same equipment.,

The conductivity als» was measuvred by the same methods
discussed in Chapter I. There was no chonge in conductivity in the
intrinsic region during any :ycling process, In the structure
sensitive region, however, U 1e conducclvity increased considerably

during the secund hal:l of a :ycle, This efTect is attrituted to
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contaminat ion of the sample. It was much reduced when the improved
sample holder shown in Figure 3 was put into operation. The pre=-
cision of the conductivity measurements is the same as for NaCl,.
However, since there was no volume effect and no concentraticn
gradient, successive measurements on different samples in the

intrinsic region were within a few per~ent of one another.

C. Results and lliscussion:

The conductivity measurements made on four different speci-
mens are shown in Figure 17. The specimens are not distiaguished
in this graph because of the uniformity of behavior, sligat devie
ations occurring only balow 4C0°C. The " knee' of the cirve is
located near 450C. This gives an indication of the purity of tha
crystals. The concentration of vacancies due to impurity ions is
of the order of 2 x 10Y%/cec. This number has heen obtainad by
taking the data of Kelting and 'slittizgi (who plotted the suncentratiem
of thermal vacancies vs. temperature) and by assuming chat at the
* knee® the concentration of thermzal vacancies 18 equal to the
concentration of impurity vacancies. Harshaw NaCl crystals used
in previous work have been found to contain an impurily vacancy
content of 1017/00, so that the crystals used in the pressnt work
are appreciably purer.

PFigure 18 shows the results of eighteen diffusion experi-

ments covering the temperature range from 520°C to 660°C. The
solid curve represents the diffusicn coefflclient calculatad from

the conductivity Dy means of the Einstein relation. Sincz the

coritribution of “he chloride ion to the conductivity is appreciable

- o . (e
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in KC1 at high tcmperatures, the transference number data of

{
Kerkhoff‘Bo) were used to obtainr the contribution due to the

potassiun ion aloune. . -

In view
of this contribution of the chloride ion, we must use only the
sonductivity 0”* due to the K¥ ion in the Einstein relation. The

total conductivity O (shown in Figure 17} is related to 7, by

-T.':— (24)

where t, is the transference number of the K* ion. For temperatures
in excess of 6209 the calculated diffusion coefficient is reprew
sented by a dashed line since it was necessary to extrapclate
Kerkhoff's data above this temperature.

From the slope of the line in Figure 18 we ca. get the sum
of the activation energy, U, and the energy of formation, %g , of &
single positive ion vacancy. Unfortunately. neither U ner g are
known separately with great accuracy. Using the value of 1.20 eV

for W from Kelting and witt{?9) and 1.86 eV for U & § trom the

o

present work, we find U to be .68 eV.
In this coanection it might be of interest to mention

(31) wno obtained a theorstical

briefly a calculation by Dirnes,
value for the act:ivation energy for the jump of a pair in KC1.

In order that a neutral pair may diffuse it is necessary that ions
of both charges jump into the corresponding vacancies. JSince the
negative ion is nuch less wovile than the positive one, tae rate~

determining step nus% be the migration of the negative ioa. Now

the missing pocitive ion lowerg the barrier opposing the movement
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of the nagative ion vacancy, hence there is a drop in activation
energy of a pair as compared to that of a single negative icn

1)

. 2
vacancy. Using the nethod of Born and ﬁayer( as modified by

Mot and Littleton,(7) Dienes arrived at an activation energy for

the pair of .375 eV. This value may be somewhat in error, but

it seems likely that the activation cenergy does not exceec .5 ev.

It is thus considerably below that for a single positive ion vacancye.
It therefore appears that pairs may have rather lerge

ivies. lHowever, the results presented in Figure 18 show that

the Einstein relation is satisfied for KCl in the temperature range

covered by these experiments. Thus even if the mobility of the

pairs s! suld be large, their concentration is probably not sufficient

tc enable them to contribute appreciably to the diffusion.

The data of Witt(1¥) are aiso shown in Figure 18. The
present data do not agree with those of Witt. e beliave Jitt's
results to be affected by an unknown constant error,

In conclusion we may say that the present data lerd no
support to the tiiecory that vacancy pairs exist in KCl in the
intrinsic region. While the existence of such pairs is not ruled
out, either their mobility or more probably their concentration
(or both)are too small to influence the self diffusion coerficient

cf the potassium ion,

i o e
.
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APPENDIX I
THE EINSTEIN RELATION

We shall derive the Einstein relation first by a general

thermodynamic argument and then from an atomistic point of view

with special reference to diffusion and conduction as they are

supposed to occur in alkali halide crystals. OSince the experimen-

tally measured diffusion and conduction are essentially one-

dimensional, we shall limit our derivations to the one~dimensional
case.

Let us suppose we have particles of charge e in an electric

field E = - %;l; . Then the density of particles at a point x is
given by Boltzmann's equation as

nix) = const eaew/kT . (25)

The current density of charged particles under the influence of
¥ &

the field can be expressed by

1 = neuE = -neu %% (26)

where u is the mobility. This current flow will create a concen-

tration gradient, and thus give rise to a diffusion current opposing

the bulldup of this concentration gradient. The diffusion current

density is Zgiven by
i+-epdn (27)
where D is the diffusion coefficient. In the stationary state no

current is flowing, and we have

- oo N = {
neu 22 -e D & 0 (28)

24
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By integrating (28) we obtain immediately :
n = const ef&%& " (29)
Comparing (25) and (29), we arrive at
= e (30)
5= #r

which is the form the Einstein relation is often given. To obtain
the form used in the present work, we substitute ¢ = neu in (30),

We thus obtain

2
(31)
ne

which is identical to (1).

Next let ue consider a more detailed model consisting of an
atomic lattice in which the atoms are separated from their nearest
neighbors by a distance a. The atoms in their equilibrium positions
lie in energy troughs of height U. The probability per second of ar
atom making a jump into a neighbcring position in the absence of a

£ -
A

ieid 1s given by

p=_‘L.r.!‘.’.e-U/kT
n

3 : (32)
In this expression e"’U/krr is the probability that the atom has
enougn energy to overcome the barrier, v is the vibration frequency
of the atom, % is the probability that the atoms will be vibrating
in the x direction, and A/ gives the probability that the adjoining
lattice site will be vacgnt° Here n, is the density of vacancies
and n the dengity of atoms.

Now let us assume that a concentration gradient exists (e.g.
some of the atoms are radioactive)., The flux P of such ¥ tagged™

atoms across a plane A normal to the x direction and midway between
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two atomic planes is given by the flux of such atoms jumping across n
iz from one direction minus the flux of such atoms jumping the
opposite way. Each flux is given by the number of tagged atoms
per cm2 on the atomic plane adjoining the fictitious plane A times

the jump probability per seccnd across the plane. Hence

- * - *
P~ any* pyy = any™ pyy (33)

where nl* and n2* are the densities uof tagged atoms on either side
of plane A, and P12 and Py are the respective jump probabilities
per second, In the absence of a field, Pi; = Py T P However, due
to the concentration gradient nl* # ny*. Substituting (32) in (33)

we obtain
*opn ¥ q ~U/kT =U/kT
p<a2m¥mat ny v VAT 2 iy v T gy
a n 3 n
Using the definition of the diffusion coefficient 1
P = - grad n* (35)
we get :
D=a?ly 4 U/ (36)
n 3 :

The conductivity may be derived in a similar manner. A
Suppose a uniform field E exists in the x direction. The current

density across plane A can now be written as

i=¢eP = eaqf Py, - eany* Ppy o (37)

We are no longer concerned with tagged atoms, since both tagged

and untagged atoms have the same charge e. Thus ny* = n,* =n,

n
2
However, the field E clters the height of the barrier, increasing
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it by 2? in one direction and decreasing it by the same amount in
the oppbsite direction. Hence Pis # Poy- The new jump probabilities

per second will be

~(U/KT - eEa )
and
ny v «{U/T + eEa)
£21 ’_n! 'é' e KT (39)
Substituting (38) and (39) into (37), we obtain
~U/kT
i=-ean, % Zsinhg%e (40)

Under normal laboratory conditions eEa ¢« skT, so the hyperbolic sine

may be replaced by its argument. We then have

; = e?an, - oU/KT o

(41)
3kT
Using the definition for conductivity
i=0F (42) z
we thus get
- e?a?n,, J e..U/kT (43)

3kT

Comparing (36) and (43), we again arrive at (31).
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APPENDIX II
THE DIFFUSION EQUATION AND ITS SOLUTION
The basic law for one-dimensional diffusion of particies is

known as Fick's first law and can be stated as

_ _ D &I
P=-"22. (44)

P is the flux of particles (number crossing unit area perpendicular
to the x direction per unit time), D is the diffusion coefficient,
and I is the density of particles. (We choose the symbol I because
it represents the radiocactivity which is our measure of the density
of the particles as it applies to this experiment.)

Equation (44) holds for the stationary state. From it we
can derive another law which will apply to the non-stationary state,
Let us consider two planes of unit area at positions x and x«dx and
perpendicular to the concentration gradient %% o We can write the
accumulation of particles between the planes as F- P +%§ dx or
~(%£)dx. As a result, the concentration increases, and we can also

write the accumulation between the two planes as ( )dXo Equating

)

the two, we get
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