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ABSTRACT

The present research has been divided into two separate
investigations: firstly, an examination of the parameters of
ionic motion in pure, single crystals of sodium chloride and their
dependence upon the line and surface defects in the orystals
secondly, an examination of the state of aggregation of divalent
manganese in sodium chloride.

The initial investigation has shown that intrinsic conductivity
ip sensitive to the presence of grain and sub-grain boundaries and
rossibly dislocations. The parameters of ionic motion concerning
the cation vacancy bear a close similarity to the values obtained
for similar ionic motion in potassium chloride.  The resolution
of the aggregated phase of manganese was studied as a function of
temperature using the techniques of ionic conductivity, dielectric
absorption and relaxation and iocnic thermocurrent measurement.

The ionic thermocurrent technique has been used as a powerful tool
for studying the dielectric relaxation processes in ionic materials;
for the particular case of impurity-vacancy dipole relaxation, the
technique was found to be superior to that of dielectric absorption
in both resolution and sensitivity. Having obtained the impurity
in solution by = suitable heat treatment, the different forms and

. asgoolated states of the impurity ion were investigated using the
above mentioned techniques and the parameters concerned with the
asspociation and aggregation reactions derived.



GLOSSARY OF SYMBOLS USED IN PART I

Qit Q-r_-;
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oCq , P2
My, My
Ma, M2

¢

N

M, P
,,D,
g hus

Aﬂd ’ Ah.ﬂ,
As,

DY, Dy,
bs,
Yy, D,

Ve, Wi

Apparent slopes of conductivity plot.

Cation and anion vacancy's contribution to ionic
conductivity.

Holar concentration of cation and anion vscancies,
Number of cation and anion vacancies/c.c.

Cation and anion wvacancy mobilities.

Mobility ratio, (¢ = pa/ma).

Number of anions or cations/c.c.

Molecular weight and density of sodium chloride.
Diffusivity of cation and anion wvacancy.

Gibbs free energy, enthalpy and entropy of
formation of Schottky pair.

Gibbs free energy, enthalpy and entropy of
motion of cation vacancy.

Gibbe free energy, enthalpy and entropy of
motion of anion vacancy.

Jump frequencies of cation and anion vacanoy.

Jump frequencies of ion in perfect lattice and
ion next to a point defect.

Divalent cation impurity content, mole fraction.
Background anion impurity content.



(1) The Scope and Aim of PART I

The aim of the introduction and discussion is not to present
a oomplete and critical literature survey of ionic conduction and
mgtter transport in non-metals, but rather to deal with the recent
advances in the field which are of any signifiocance or interest to
the present work. For a detailed aocount of earlier experimental
investigations, the reader is referred to the very extensive and
thorough treatises of Lidiard (1) Howard and Lidiard (2)
Friaug.(3)  Por the initial considerstions of point defects in
solide and the nature of substitutional and interstitial defeots,
the references of Schottky (4) and Frenkel (5) are supplied,

and

(11) Introduction and Survey of Literature

(1) Intrinsic Conduction

The study of point defects and their reactions in alkall halide
pingle crystals constitutes one of the more widely investignted
fields of solid state physics. The teohniques of ionic conductivity
end self diffusion have yialded valuable information about the
parameters of motion and formation of these defects. Ionic
conductivity has produced the widest divergence of results, probably
due to systematic errors appearing between different groups of
investigators,.

The Arrhenius plot of ionio conduotivity in Fig.(1.l), is the
normal method of presenting conductivity data and this shows the
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ENTHALPIES OF FFORMATION OF THE SCHOPTKY PAIR AND
MOTION OF THE CATION VACANCY ~ I'OR SODIUM CHLORIDE

Source heV 1| A hyeV. Technique
Taylor (163) 2.04 | 0.69 D.C.
Jain et 81.(110) 2,30 | 0.69 - Pulsed D.C.
0.75
Grahamt 129) 1,70 | 0.80 D.C.
2.4 | 0,79 A.C.
Dreyfus et al.(34) 2,12 | 0.79 DuCe
Dtzel ot al.(1o4) 2,02 | 0,85 | Puleed D.C.
Mapother et al.(sé) 2,12 | 0.77-0.83] Diffusion
Biernan (164) 2.19 | 0.74 D.Ce (Q 17)
0.85 D.C. Isotherms)
Funi et a1,(165) 212 | - Theoretical
" Boswarva et al.(162) 2.138 - Theoretical
Schamp et al.(%6) - | 0.86 Diffusion
Bean (106) - 0.78 A.C.
Leurent et al.(%%) - |o.60 Diffusion
Redfern ot al.¢1%0) - | 0.69 - D.Ce
0.72
Haven (57) - 0.72 A.C.
Kobayashi et 31'(166) - 0.74 A.C.
Itoh et al.(8%) - |o0.4 Noi.Re
Reif ot al.t%) - |o.66 HoMaRe
Gucoclione et al.(167) - 0.87 Theoretical




characteristic regions with their appropriate nomenclature.

Table (1.1) shows the enthalpies of formation of the Schottky pair
and of motion of the cation vacancy in sodium chloride, as determined
by earlier workers using different experimental techniques.

Lehfeldt (6) successfully resolved the intrinsic and extrinsic
regions of ionie conduction whilst working on single orystals of
the Li, Na, K, Rb halides, whilst Kooh and Wagner (1) showed that
the ma.gnitude of the extrinsic conductivity was sensitive to the
level of doping with a divalent cation impurity. Deneity studies
performed by Pick and Weber (8) on patessium chloride single orystals,
doped with calcium and strontium chlorides, indicated that the
divalent 1ons occupied substitutional positions on the cation
sub-lattice, while Kelting and Witt (9) used the knee temperature to
determine the divalent cati_on impurity contents,

It has often been assﬁmed that intrinsic conductivity is
solely due to the formation and motion of cation vacancies, the
anion mobility being negligible. This simple assumption is
questioned when the transport number determinations of Kerkhoff
and Tubandt (13) are compared with conduotivity data.  These
measurements werse performed upon pellets of potasslum chloride, hot
pressed from the powder, and they show a considerable contribution
appearing from the motion of the anion vacancy in the intrinsio
region of conduction, with a possible electironic contribution of
about 5% which appearsd to be independent of temperature. Tubandi's
work on sodium chlorida, prepared ‘n the same manner, also showed
a structure sensitive anion contribution to matier transport. The
mogt recent 'tra.rgsport number determinations are those of Haven .(14)

(12)



Using the classical method of weighing, he replaced the hot pressed
powders of the previous workers by three plates of single crystals
of modium or potassium chloride and used graphite electrodes.
Within the temperature range 690°C - 715°C, the cation transport
number %7 had & value of 0,86 for sodium chloride, with little
evidence of an electronic contribution. This anion contribution
was larger than the previous detei'minations and.‘beoause of the
single orysia.l nature of the specimens, is probably more
representative of matter transport through the bulk of the material.
The results also suggest s difference of 0,15eV. between the
enthalpies of motion of the anion and cation vaéancw.

The magnitude and source of a possible eleétronic Icontribution
to the bulk éonductivity has been a point of same dlsocussion in the
past.  The band gap in sodium chloride is approximately 10.0eV.(l5)
if excitin and other impurity levels are neglected. This precludes
any significant electronic conduction by thermal production of
eleotron-hoio pairs. Eleotrons may appesr in the conduction band
from alternative sources, namely uncompensated bonds present in
dislocation cores (16), impurity ions, F centres (17) formed at the
electrode-crystal interface or by possible deviations from
stolchiometry caused by variations of the partial brassure of one
Particular component in a surrounding atmosphere.(la) All these
factors will introduce donor levels of varying concentration between
the valence and conduction bands.

In contrast, the anion contribution to the intrinsic conduotion
ie a matter that has received considerable attention. Allnatt
and Jacobs () were the first to attribute a curvature of the: -



intrinsic region in potassium chloride to anion motion. Transport
numbers and mobility ratios determined from Allnatt's data, showed
fair agreement with the transport numbers of Kerkhoff (12) and
Aiffusion data of Leurent and Benard.(58) The earlier conductivity
data of TPhipps and Partridge (51) had aleo shown a curvature of the
intrinsic region, but this had been ignored and a straight line
drawn through the conductivity points. In contrast, Aschner's (62)
conductivity data for the sams material had a linear intrinsic reglon
up to. the melting point. T™g. (1.2)s  W¥hen Aschner's resultsn
are compared with Allnatt's, there is agreement as to the slope of
the high temperature end of intrinsic conductivity, although there
is a small systematic difference in its magnitude,  This agreement
disappears at the lower temperatures. Aschner's conduotivity
determinations were made upon well annealed single crystals, whilst
Allnatt's crystals probably contained many sub-grains and possibly
grain boundaries as a result of growing the crystals by the
Stockbarger technique and then annealing them in the conductivity
rig at high temperatures for long pericds of time. As a
congsequence of the design of the rig, the crystals experienced
considerable plastic deformation at those temperaturss. Beaumont
and Jaboba,(52) using the pame orystals and ocnductivity rig as
Allnatt et al., have suggested thet intrinsic conductivity is in fact
represented by a smooth curve up to the melting point. They have
managed to fit their data to a theoretical curve compounded from

the eight variables connected with the intrinsic, extrinsic and
association regions of ionic conduotivity. To do thie they used

a least squares minimligation routine written into a camputer
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programme. Their results are in good agreement with the
diffusion studies of Fuller, 93) who submitted his results to the

same form of analysis,. A feature neither worker discusses 1is
the large wvariation in the entropy of anion motlon which appears from
specimen to specimen. This variation is not reproduced in the

entropy of motion for the eation veocenoy. Thig could be
interpreted either as a true change in entropy for anion motion

in the bulk of the crystal, or a variable magnitude in the anion
vacancy's contribution to ionic conduction, both of which would appear
as a variation in & pre-exponential term.

The 4intrinsic conductivity of the sodium chlcride lattice has
not been so carefully investigated as that of potassium chloride.
Dreyfus and Nowick ¥4) have sttempted a compilation of the results
of variocus workers for the intrinsic and extrinsic regions of
conductivity for sodium chloride. Yot too much significance can
be attached to their conclusione because they have neglected to take
into account

(i) The experimental method of obtaining conductivity results

(D.C. measurements give consistently low values for Q1
compared with A.C. measurements).

(i1) 7The possible effects of an anion contribution steepening Qj.
Although a curvature of the intrinsic region hase never been
reported in sodium chloride, Jain (55) has suggested a value
of 1,926V, for Q1. Thie is very large, possibly due to
the effects of an anion contribution.

(111) The effects of association reactions steepening the slope
of the extrinsic regions to give high values for Q1.



11

(2) Diffusion

Mapother, Crooks and Maurer (56) were the first to measure
the diffusion of Na24 into single crystals of sodium bromide and
chloride and then to compare this with the ionic conductivity
using the Nernst-Einstein equation

() _ Nu?
4D3 T LT

The increased diffusion, over and above that calculated from the
conductivity, which ococurred below 500°C, was clted as evidence for
vacancy-pairs, or a possible correlation effect. Both these
suggestions were subsequently rejected as a correlation effect

would have depressed the diffusion below the conductivity and
vacancy-pairs would have required a larger anion diffusivity than

was observed, The effect was due to the diffusion of divalent
cation-vacancy pairs, which contribute to diffusion but not to
conductivity. Although the Nernst-Einstein equation was satisfied
in the intrinsic regions of conductivity, Haven, 51) performing

a similar comparison in pure sodium chloride, found the above
relationship was not wvalid, In many cases, the ratio between the
conductivity and diffusion was just that expected from a

consideration of correlation effects. A correlation effect appears
when the defect mechanisms of diffusion are considered, The
assumption that diffusion occurs by randon jumps is not correct for
either the vacancy or interstitialoy mechanisms. Suppose that an
ion has just made one jump by exchange with a vacancy. The possible
directions for the next jump are clearly not of an equal probability.



12

The vacanoy is more likely to- effect a movement by & reverse jump
of the fon. Similarly the probability is less than random that
the second jump will take place in the same direction as the first.
The effect of this is to introduce a correlation factor f into the
theoretical expression for D, caloulated on the assumption of a
random migration of ions, f depends upon the lattice geometry,
type of jump mechanism (interstitial or vacancy) and when two or
more species diffuse on ths same lattice, on their relative rates
of jumping.

Lgurent and Benard (58,59) made a study of the self diffusion
of both the cations and anions in single and polycrystals of the
alkali halides. Algo as a function of grain size over a
temperature rangs of 400°C to the melting point. In all the
crystals, except those based upon caesium, they found that the
activation energies of self diffusion appropriate to the anion or
cation were independent of grain size. Further, the magnitude
of the cation diffusion was not affected by grain size. This was
in marked contrast to the anion diffusion coefficient, which increased
in magnitude with decreasing grain size,. They correlated this
increase in anion diffusivity with the relative polarigation of the
ionss the greater the polarigation of the ion, the greaier the
influence of the grain and sub-grain boundaries upon its movement,
In the caesium salts, the cation diffusion was also enhanced by a
decreass in grain size. Their worl suffered in two respects:
firstly, no attempt was made to keep the grain boundaries free from
anion impurities. In particular (OH)  ions wers present in the
poly-crystals formed by sintering cold pressed powders; secondly, they

1
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used a method of analysis devised by Fisher and Whipple (é0,61)

which is only applicable to a egemi-infinite slab of hamogeneous,
crystalline material, . The Vhipple analysie does not account for
the diffusion processes occurring down grain boundaries.

Cabane (62) rectified these faults by preparing polycrystalline
spécimens from hot pressed powders which had been subjected to a
prolonged heat treatment at 400°C, to remove any moisture. This
treatment produced orystals that were transparent with polycrystalline
denslties near the theoreticel limit. To measure true grain boundary
diffusion, Cabane developesd an auto-radiograrhlo technique and modified
the Fisher-Whipple analysis to the situation of diffusion down a grain
boundary. In grain boundaries free of the (0H)™ ion the activation
energy for diffusion was similar to that for diffusion through the
bulk of the material.  When the ()™ ion was present in the
boundaries, the activation energy for diffusion was much lower.

Aschner (63)
crystals of pure and cadmium doped sodium chloride. .Good agreement
between conductivity and diffusion was observed in the doped crystal
when a degree of associction for the particular doping level and
temperature was introduced into the correlation factor. This work
showed a general feature of cation diffusion in crystals doped with
divalent cations in so far as diffusivities exceed the values
calculated from conductivity by the greatest amount, at the lowest
temperatures snd highest doping levels, the conditions under which
the impurity-vacancy dipole ooncentration is greatest. Lidiard (1)
has performed a critical analysis of Aschner's data and has obtained
. a correlation factor for tracer diffusion in the sodium chloride

measured conductivity and cation diffusion in



14

lattice in terms of the jump frequenclies of the associated impurity
ions and cation vacancies.

Anion diffusion studies in the mlkali halides were initiated by
Chemla,(64’65) who measured the diffusion of the isotope 0136 in
godium chloride over a limited range of temperatures. Laurent and
Bénard (58,59) repoated these measurements, extending the range of
{emperature investigated from 400°C to0 the melting point. ILittle
progress was made in extending the determination of anion diffusivities
to lower temperatures until the introduction of the radio-active gas
exchange technigue. This method involved the monitoring of the
rate of exchange of radio-active Cl36 (produced by neutron irradiation)
from the sold state into & surrounding atmosphere of chlorine gas.

It enabled the measurement of diffuslon coefficients several orders of
magnitude smaller than that obtainable with the usual sectioning
techniques. Harrison, Horrison and Rudham, (69) using this technique,
observed that the chlorine ion diffusion in sodium chloride presented

& knee at 50000, similar to that of ionic conductivity and cation
diffusivity. They suggested that divalent enion impurities caused
the anion vacancy concentration to become fixed at this temperature,
similar to the extrinsio regions of ionic conductivity.  Liddard 1)
pointed out that this was a contradiction of tho Law of Mass Action

and suggested that the diffusion might be occurring via vacancy pairs.
If this were true, the presence of divalent impurities would decrease
the free anion vacancy diffusion, but not affect the vacancy pair
diffusione These conclusions were subsequently verified by

Horrigon and Rudham, (72) who showed that above a certain doping level,
the anion diffusion coefficient of potassium chloride was
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insensitive to the presence of divalent cations, indiceating that
vacancy pair diffusion was ocourring in doped crystals. Laurance
measured anion diffusion in pure sodium chloride and crystals doped
with varying amounts of calclum over the temperature range 520°C to
74000, and found that anion diffusion in pure orystale occurred with
an energy of 2.12eV. The diffusion coefficient in crystals
containing calcium was smaller than that of pure crystels by a factor

(72)

of 5 to 10 and had an activation energy of 2.5eV. The results were
explained upon the basis of diffusion occurring by free anion
vacancies and vacancy pairs, the energy of migration of the vacancy
pair being simllar to that of the free anion vacanoy. By using a
theoretical value of 0,6eV. for the pailr-binding energy (73) he
deduoed a value of 1.07eV. for its enthalpy of migration. This value
would suggest that there is no pair contribution to cation diffusion,
because the motional energy of the vacancy pair is significantly
larger than that of the cation vacancy. Barr, Horrison and
Schroeder (74) meesured anion diffusion in sodium chloride between
300%C and 700°C and then found the concentration of the divalent,
cation impurity by measuring the ionic conductivity of the specimens.
They managed to resolve their diffusion plots into a sum of two
exponential processes, representing a free anion vacancy and a pair
contribution, which were of the form

D, = 1.1 exp — (1.92/kT) axu/sec.

2

Dp = 363 exp = (2.37/kT) cm2/sec.

This is to be compared with Laurance's (12) pair diffusion of

Dp = 1,280 exp - (2.49/kT) cmz/sec.
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Although the emergy for pair-diffusion was in good agreement with that
of Laurance's results for doped crystals, there was a discrepancy in
the magnitude of D0 both for pair and free anlon vacancy diffusion.
It was suggested that a precipitated phase of CaCl2 was producing
considerable strains in the lattice, resulting in the formation of
dislocations in the bulk of the crystal, these offering paths of easy
diffusion for the anions or vacancy pairs. This variation in the
nagnitude of the anion diffusivity is present in all the data of the
previous workers, The summary of their quantitative resulis is
presented in Table (1.2) znd for = fixed temperature, the large
variations in the values of D2 can only suggest that the anion
diffusion is structure sensitive. Barr et al also found thet the
magnitude of the anion diffusion coefficient was sensitive to the
previous thermal history of the crystal. Barr, Hoodless, llorrison
and Rudham (75) have observed that a reduction in the diffusivity
and change in activation energy, which occurred below the intrineic
regions, could be correlated with a decrease in dislocation density,
ag determined by etching techniques.

Tuller (53 has recently measured the anion diffusion in
potagsium chloride and has produced essentinlly the same features
obgerved in sodium chloride. Quantitatively his results were:

D, = 36,5 exp - (2.10/KkT) au’/sec.

2

Dp = 84,56 exp - (2.65/kT) cm%/sec.

with values of 0.95eV, for O h2 and 2.31eV., for h.

i
H



TABLE (1.2)

D=2, exp-—Q/KI' cmz/sec.

ACTIVATION ENERGIES FOR ANIGN VACANCY DIFFUSION
IN SODIUM CHLORIDE

17

Q Do Temperature |[Interpretation Reference and Authors
P o]
eV /s | range °C
2,23 |110 600 -~ T30 Free vacancy (58, 59)
Laurent et al.
2,49 1,280 | 585 ~ T30 Free vacancy (72)
and pair motion Laurance
in doped crysitals
2.70 3,000 | 650 ~ 760 Trec vaconcy (64, 65) Cliemla
2.12 56 520 - T45 Tree vaéancy (72).
and pzir motion Laurance
in pure crystgls
2.3 - 400 Pair and free (75)
2:6 vacancy Barr et al,
(69} : !
2.29 }¥90 450 -~ 690 Tree vacancy Harrison et ale
1,92 L.l Free vacancy (74)
500
2.37 RG62 Vacaney pair Barr et z2l.
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Additional ovidence for the existence of the vacancy pair appears
in the dielectric absorptions observed in the megacycle range of
frequencies by Sastry and Srinivasan (76) and Sack and Smith.(77)
Sastry et al. observed a dielectric absorption in the tempsrature range
of 600°C to the melting point in potassium chloride. They also
observed that the dipolar contribution to the dielectric loss was
unaffected by additions of strontium chloride, The addition of
divaelent cation impurity is knowm to affeot the free anion and cation
vacangy concentration, so the observation would sugsest that the
dipolar loss was caused by the vacancy pair. Unfortunately, the
concentration of vacancy pairs derived from the loss data wes
unreasonably large. At TOOOC, the calculated concentration of
vacancy pairs was 25 of the total concentration of ion pairs.

The large concentrations of point defects required to explain these
effects have never been obsgerved in specific heat determinations at
clevated temperatures.(so) Theoretical refinements to the predicted
equilibrium concentration of vacancy paire made by Boswarve and
Franklin (81) have chovm that the vecancy pair concentration could
never exceed 37 of the total lattice sites. The discrepancy between
theory and experiment still exists. Sack et al. (77 measured the
dielectric losses of NaCl, KCl, AgCl and AgBr at a fixed freguency

of 24 kilcmegacycles/sec.; ovor a temperature range from room
temperature to just below the melting point. The dielectrio

losses were fitted to two components, one representing the tail of

a reststrahlen absorption peak, and the other resulting from the

reorientation of vacancy pairs.
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(3) [Extrineic Conductivity

From a lkmowledge of QI and QII’ the enthalpy of formation of a
Schottky pair and theenthalpy of motion of the cation vacancy may
be calculated.  Figures quoted for A hy, Table (1.1), obtained
from region II, have a wide scatter and are ofton dependent on the
divalent, cation impurity present in the crystal; in contrast to
‘theory, which predicts that QII should be independent of the impurity
ion added. The divergence of results is due to the combined effects
of the aspociation reaction and a prolonged changeover from extrinsio
to intrinsic conduction, both of which meke extrinsic conductivity
an 1ll defined region of the Arrhenius plot.

Whilst the addition of divalent cation impurities enhances ionie
conduction, divalent anion additions are seen to depress it: Rolfe»(gg)
has attempted to suppress the cation impurity concentration, so that
anion conduction becomes the predominant process. This was achieved
by doping potassium bromide with potassium carbonate, the carbonate
radical acting as a divalent enion (co3)". Enthalpies of motion
of Ahy = 0.665, Ah, = 0.87, for.the anion and cation vacancies were
obtained. Anion additions nay act 25 either substitutional defects
or complexing centres. The anions (003)-", (804)_* are divalent
in neture and play a substitutional role similar to that of the
divalont cetion impurities €&, Ca*'.  Rodfern and Pratt (190)
doped sodium chloride with O and (504)-" ions. These suppressed
the magnitude of the extrinsic conductivity, but the apparent slope
QII remained the same as that of the pure crystal, showlng that the
cation vecancy was still the predominant charge carrying defect,
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although their concentration had been greatly reduced by the addition
of the anions. Anger, Fritz and ILuty (101) have doped orystals of
potassium chloride with (OH)- ions, and then studied their properties
using the techniques of bulk density measurements, ionic

conductivity and optical zbsorption. The absorption measurements
were made at 2,04mp and 2,8y . It was found that the (CiH)™ ion
ocouplies a substitutional position and complexes with divalent cations.
It is the latter reaction vwhich probably reduces the number of free
cation vacancies. The (CH)™ ion does not produce any charge
anomaly, as compared with (504)'" and O and will not reduce the
cation vacancy concentration through the condition of charge

neutrality. It is interesting to note that the (CH)™ ion or
possibly the (H?O) molecule has a profound effect upon the
precipitation reactions of divalent cations utt (102).

Ttzel and llaurer studied the extrinsic and assoclation regions'
of ionic conductivity in cadmium doped sodium chloride. Their
enthalpy of cation motion 0.85eV., although rather high, was obtained
by a critical analysis of the conductivity isotherms, Dreyfus and
Howick (105) made an extensive study of the D.C. conductivity in
the extrinsic and low temperature association and precipitation regions
of sodium chloride doped with different divalent cations. Although
having a large scatter in the values of Q (0.70 - 0.83eV.) their
results did not show any systematic dependence upon the radius of the
impurity ion. An independent estimate of the enthalpy of motion of
the cation vacancy of 0.791 0.02eV. was also obtained by quenching
pure and doped crystals from 100°C to -60°C and then measuring the
enhanced conductivity as a function of temperature, during a heating
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of the crystal. This method assumed that the cation vacancy
concentration, frozen in by the heat treatment, remained essentially
constant below room temperatures, the conditions for true extrineic
conduction, The data had to be corrected for the annealing out of
thees non-equilibriun vacancies.

(4) Paths of Enhanced Conductivity and Diffusion

Dislocations in ionic crystals can affect the conductivity
by modifying the distribution of free cation vacancies and by acting
ag possible paths of enhanced diffusion. Pratt (112)
out that dislocatlone in an ionic crystal could become charged by

first pointed

having an excess of jogs of one sign lying on the dislocation core
with a sheath or charge cloud of vacancies of predominantly opposite
sign surrounding it. The first attempt to determine the form of
the potential agsociated with the space-charge and‘its interactions
was made by Ishelby, Newey, Pratt and Lidiard (113), who also tried
to correlate their findings with the temperature dependence of the
yield stress in pure sodium chloride. They argued for the
existence of an impurity controlled isoelectric itemperature, where the
charge on ths dislocation core is zero, This "temperature" arises
Trom the cation concentration being controlled by the divalent, cation
contént, the isoelectric temperature occurring when the cation and
anion vacancy concentrations became equal. Below the isoelectriec
temperature, the dislocntion core has an excess of negative Jogs
(sodium ion vacancies on dislocation cores) with a positive charge
cloud surrounding it. Above this temperature, the situation is
reversed. There is considerable experimental evidence for the
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existence of this space charge cloud, in particular the light
scattering experiments of Plint, Theimer and Sibley (114) show the
existence of the space chargs cylinder and an isoelectric point in
pure sodium chloride. Ilany observations of isoclectric temperatures
have been made in iomic crystals subjected to flexural vibrations and
bending expariments.(lls’ 116)
As well as modifying the defect distribution, dislocations may
act as paths of enhanced diffusion. If a grain or sub-grain
boundary is considered to be made up of an array of dislocations, then
the grain boundaries mny also act as a path of high diffusivity.
Tnhanced diffusion along grain boundaries has been observed many times
in polycrystalline metals.(123’ 124)
Conductivity studies of disloecation cores in lithium fluoride
by Tucker and Laskar (125) have shown that cations (Ula*) may diffuse

dowvn both edge and screw dislocations with an activation energy of

0.3eV, This work was extended by iloment and Gordon (126) to
sub=grain and grain boundaries with migsorientations from 4020' to
53%0¢, The activation energy of 0.32eV. for the sodium ion

diffusion dovn the grain boundary was found to be independent of the
boundary's degres of misorientation, over a temperature range of
225% to 325°%.

An investigation of the dependence of ionic conductivity upon
grain gige in polycrystalline sodium chloride has been made by
Graham,(lzg) uging both A.C. and D.C. methods. IHis work may be
summarizod in the following manner:—

(i) The contribution of the chlorine ion vacancy to the total

conductivity is significant in the intrinsic regione of

conductivity, even for single crystals,
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(11) The chlorine ion vacancy's contribution to conductivity
‘ is reciprocally dependent upon grain size.
(1i1) The sodium ion vacancy conduction is nearly independent
of grain size.
(iv) The layer thicknesc providing the enhanced conductivity
is approximately 0.1 microns thick at 350°C.

(5) The Effect of Deformation upon Ionic Conductivity

The measured conductivity of alkali halide single crystals is
knovm to change vhen the crystal is subjected to homogeneous plastic
deformation. Temporary increases in conductivity are observed
during deformation, followed by & decay in the conductivity vhen
the deformation ceases, This is the so-called Gyulai-Hartly (130)
effect and its explanation is based upon isolated vacancies, generated
by plestic deformation, producing the excess conductivity. This
then dies away as the vacancies are annealed out by migration to .
dislocetions, surfaces and grain boundaries, or by clustering into
vecancy platelets. The situation occourring during plastic
deformation is made complex by the presence of a charge flow
associated with dislocation movement, this being indepsndent of the
applicd eleetric field. This causes s potential to be developed
across the crystal during the course of deformation. llany authors
have dealt with the various aspects of this charge flow, in
(132) 4oa1 in
detail with the charges appecring upon the edze and screw dislocations,

particular the papers of hitworth (131> and Davidge

which are forced to move by various nodes of deformation.
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Few attempts have been made to correlate the excess conductivity
with the details of plastic deformation. Caffyn and Goodfellow (130)
studied the increase of conductivity in crystals deformed by loads of
increasing magnitude. The excess conductivity was found to be
proportional to the increments of applied stress. Taylor and Pratt (139)
cmphasized that squat specimens chowed a sizeable conductivity
increase only when considerable strains were achieved, whereas thin
tall specimens did not display extra conduction even at high levels
of deformation. This showed that inter-penetration of the differznt
slip systems must occur before substantial vacancy production becomes
possible. .

Camagni and llanara (141) extended this study by observing the
excess conductivity of alkali halide single crystals during homogeneous
deformation at low and constant strain rates. Using potassium
chloride and bromide crystals they found that a cteady state enhancement
of conductivity only occurred vhen deformation into the plastic region
wan performed, and this enhancement disappeared rapidly as soon
as the plastic deformation was interrupted. By studying the
dependence of this conductivity enhancement upon temperature, a
nigrational cnergy of less than 0.35eV. was obtained for the excess
carriers in both salts. The suggested carriers were either an anion
interstitial or a dislocation charge cloud wvacancy having a low

nigrational energy.
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(1i1) The Basic Theoretical Equations Concerning Ionic Conduction

(1) Intrinsic Conduction

At high temperatures in a pure erystal the conduction is
intrinsic and the vacancy concentration is a consequence of the themmal
statisliics of the lattice only and independent of impuriiy doping
level. The eguations governing this intrinsic conduction ares—

G =G, + 0, e (1)

X, = exp -g/kT = Xo

Pooo- 431252”1 RN
T = Fe (yx +M, ) (3)
Fron (1), (2) and (3)
- = ﬂi_gﬁ () exp = (8, + &/,)/K) + (3, exp = (rzg§+8/2)/ld‘)
4

Vihere Agl,2 =Ahl,2 - TAsl,2

€ = h - Tp
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IfCTl>> 0"2’

the specific conductiviiy is given by

2
G = ﬂg'_e._zl)l exp (Asl + 8/2)/1@. exXp = (Ahl + h/2)/kT

kT

the conductivity plot presents a lineer region of which

with g slope of (4h, + n/2)k. If there is an appreciable anion
contribution,c'lz (’—2
might appear in the intrinsic region, as defined by equation (4). This

may explain the large variation in activation energies, QCL’ quoted for

and & curvature or breakaway to an increased slope

sodium and potassium chlorides.

(2) Extrinsic Conduckion

At lower temperatures, the conductivity becomes extrinsic, the
vacancy concentration being equal to the net concentration of divelent
impurities present in the crystal. 1In the extrinsic range of
conduction, anion motion ie insighificant and

G = Toep/UP e (5)

(6)

G = Ax a6, e}:pASl/l:. exp -Ahl/kT

Anplying the condition of charge neutrelity to equations (2) and (3),

(1)

I{1=c+x2

we find that at constant temperature

when o> xo.

S ~ [+] .
o %, (1+3) = (9)
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For any constant temperature, a plot of ¢ wversus ¢ should be linear
for extrinsic conduction,

(3) Diffusion, the Nernst-Linstein Equation and Correlation Corrections

Matter transport in ionic crystals may be studied by diffusion or
conductivity. If the same microscopic specles is producing the ..-
conductivity and diffusion by essentially the same process, then
conductivity and diffusivity are releted by the Nernst-Einstein

equation
Ci o« Heri
D, "D
3

For sodium chioride, where anicn and cation vacancies may contribute

+0 conduotion
2

T 3F ey

A correlation factor of 0,7915, appropiate 4o the f. c.c. lattice of
sodium chloride, will be used when utiliging the Hernst-Einstein
equation in the present work. It is not necessary to consider
correlation effects as coniributing to the expressione for conductivity,
because the applied eleciric field removes the randomness associated
with the individual jumps. Using the correlation factor, the correct
form of the Nernst=Einstein equation becomes

G _ 1.2&N02

(5;+7,) kT
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(4) Debye-Huckel Corrections

According to the Debye-lluckel theory of inter-ionic attraction

(150)

in dilute solutions s each ion is surrounded by an atmosphere of
oppoaitely charged ions, vihose net charge is on average opposite 1o
that of the central ion. ‘hen thece ions have no external force
aPplied to them, the atmospherc is spherically symmetric about the
ion. When an external clectric field is applied, the ions are set
in motion and chenges in the ionic atmosphere ariso, which results in
a decrease in the velocity of the ions, Debye znd Huckel first
pointed out that thesce effeclts are two-fold, namely:-

(1) A relaxetion of the ions surrounding atmosphere. Because of

the difference in sign betwcen an ion and its compensating

cloud, an electric ficld will tend to move the ceniral ion in

one direction and the ztmospherc in the opposite one. In
this state, the force cxerted by the aimosphere is no longer
uniform in all dircctions, but is greater behind the lon
than in front of it, Conscquently the ion is slowed downe
These retarding effccts are much smaller in solid than in
liquid solutions, principally because the vacancy .
concentration in ithe solid phase is much smaller than the

ion conceatrations appearing in solvenss.

(ii) An electrophoretic effect arisocs from the interactions between

a positive ion, moving towardis the czthode, and the high
dencity of negative ions moving in the opposite direction.
This does not apply %o cation and anion vacancies in ionie

crystalz,



29

The inclusion of these Debye-Huckel corrections to vacancy production
in the solid state is to fractionally increase the production of
vacancies, Equation (2) becomes

Kyeky = oxpe = (&KI = o%%/2 KT+ D)

whers T, ,, is the characteristic radius of the Debye-Huckel
atmosphere surrounding each vacancy, and is given by

Zi being the number of compensating charges per cation vacanocy.
This effect is very small, producing a changs of approximately
0.033eV. in the measured free energy (g) for sodium chloride, near
the melting point.
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(iv) fThe presentation of resulis

(1) Intrinsic data

The eonductivity plot of 2 pure, single crystzl of sodium
chloride is prescnted in Fige (le3). Tho data points were obtained
Irom conductivity determinations performed upon four different
specimens cleaved Irom the same iransverse platelet of a pure crystal
boule, the crystal specimens being unannealed after cleavage.

Cxcept Jor the data obtained at the highest temperatures, which were
sensitive to previous thermal treatment, there is ¢xcellent
reproduceatlity. Consistent resulbs were obtained without performing
a high temperature anneal of the crystal electrode interface, By
using a varizble lozding electrode, coated with graphite and of
sufficient cross sectional area to gvoid edge corrections, deformation
of the specimen was avoided. This is far more satisfactory than
having changss in the crystal's dimensions of up to 10 occurring
during conductivity determinations, a situation present in some

(52)

conductivity should be reproduceable between differcnt investigations

workers' determinations of conductivity. The intrinsic

on any particular alkali halide:  the intrinsic data of other workers
ie included in Fig. (1.3) and shows that this is spparently not true.
It is interesting to see the close agreecment between Jain (55 and
Dtzel and Haurer,(lo4 who obtained data using a pulsed electric
field technique, and the present work's agreement with the results

of Bean,(los) which were obtained using an A.Ce. technigue. A.Ce
results consistently give higher results than D.C. methods at
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elevated tempsratures.

The intrinsie region of conductivity, Stage I, shows a definite
curvature towards an increased slope at the higher tempsratures,
Stage 1, QI’ the slope of the tangent drawn through the low
tenperature region of intrinsic conduction, has a slope of
1,785 0,06eV, The values of Qp were reproduceable to within the

limits of expserimental error. Table (1e3)s Because _ the values

cbtained from experiments (4, 5 and 6) produce longer regions of this
linear intrinsic conduction (assumed to be purely cationic motion)
the best value of QI is not necessarily the average value. The most
accurate determination of QI would appear to be 1.83 t 0.01leV.,

which is high when compared with values previously obiained in sodium
chloride, and is probably due to the elimination of space charge
polarization effects by the usé of A.C. measuring techniques.

QiI’ the extrinsic conductivity's slope in the pure crystal,
is steepened by the onset of the association reaction between ihe
divalent cations and cation vacancies. The conductivity plot
starte curving doﬁnwards g0 soon after the commencement of exirinsic
conduction that the background impurities must be highly associated.
This is reasonable from a consideration of the law of llass fction,
and is in agreement with the cation diffusion studios of Hapother,
Crocks and Haurer,(56) in vwhich the onset of impurity controlled
diffusion occurred as soon as intrinsic conduction was finished.
A line of minimum slops of 0.69 b 0,03eV. could be drawn through the
extrinsic datae This should represent the best value for the
enthalpy of motion of the cation vacancy cbtainable from the

conductivity data of the pure crystal.



THE VALUES OF Ql OBTAINED FROM DIFFERENT EXPERIMENTS

EXPT, CRYSTAL STATE Q16V.

1. Pure (G), undeformed 1.78 £ 0.06¢v.

4 Pure (C) 1.83 ¥ 0,010v.
Diffusion doped with
(o)~

3. Volume doped with 1.83 ¥ 0,01V,
(o™

4e Pure (C.) 1,88 ¥ 0.04ev.
Deformed 3%

5, 6. Ture D. 1.84 % 0.016v,

Controlled deformation
and annealing for
24 hours at 700°C

33
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The knee temperature of 493% 2°C indicated an effective divalent
impurity content of 2.3 % 0.1 p.p.m. (expressed as site fraction).

This is to be compared with the total divalent impurity content of
about 28 p.pe.m., as determined by spectrographic enalysis. ILven
allowing for the large systematic errors normzlly presont in the
spectrographic analysis, this obeervation would suggest the presence
of small amounts of anion impurities which are complexing with come
of the background, divalent, catlon inpurities.

Fig. {1.4) presents the conductivity of a pure, a manganose,
and a manganese plus (O1)” doped crystal of sodiwm chloride. The
manganese doped crystal chows the additional featurc of Stage IV,
the precipitation region attributed to the resolution of aggregated
manganese with increasing temperaturc of the crysial. Stage 111,
the high temperature association region, was found to be curved in
all except the most heavily doped crystals. This makes the
estimation of an enthalypy of association from the slope QIII 8
hazardous process. The presence of ((H)~ in the manganese doped
crystals reduced the ceonductivity »lot to g gentle curve up to the
linear intrinsic reglon. At low temperatures the conductivity of
this crystal was greater than that of the manganese doped crystals,
vhilst at elevated temperatures the reverse occurred, the crystal
behaving, in the extrinsic regions, as if it pocsessed an effective
divalent, cation doping of 36 mep.pe.m. of Mntt,  This is presumably
evidence for some manganesc - (OI)” complex which is unstable at low
temperatures. The fact that the conductivity plot for thie crysial
presents a2 continuocus curve would indicate that a whole range of

associated (In™* - (0M)7) agzgregates or complexes are present. If
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there were only one particular species with a well defined siruoture
and binding energy, an irregulcrity in the curve in the fomm of a
subsidiary knee temperature might be expected,

The assoclation region in the pure crystal gave a value of
1.17 2 0.005eV. for Q.- Assuming that all the divalent impurity
igs in solution, a valid agsumption for the concontrations and

tenmperatures considered, wo may calculate an enthalpy of ascociation

from the following relation

Qpp = Aby + Be/,

Usinz the value of 0,68 % 0,02V for & h1

bha_= 0,96 = .03eV.
This value is far higher than thai obtained from any isothermal

analysis of sodium chloride inlentionally doped with caloium chloride
(calcium being the chief background impurity), which yields valuss
from Qe38eV (151-2)

arises from the pressnce of divalent impurities othear than calcium,

to C.316eV, (153 This discrepancy probably

each with its own association reaction increasing the slope of the

mssociation region. The slcpe QIII of this particular pure cry?;gz)
is in fair agresment with fthe values determined by other workers.
The absence of any precipitation region in the pure crystals would
tend to conitradict the recent work of Chang,(lss)
the enthalpy of formation of the Scholtky pair by observing the

limits of the precipitation region in pure orystals subjected to

who calculated

linear heating rates. There is no evidence for preoipitation or
re-aggregation of the divalent chloride, in crystals with the doping
levels present in pure crystals, precipitation of calcium chloride
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in the platelet form only appearing with doping levels in excess
of 2000 msPeDeme (156) At elevated temperatures in the doped
crystals, intrinsic conduotion is never achieved, the conductivity
plot being extrinsic to the melting point.

To obtain better resolution of the curvature of the intrinsic
conductivity, which ocourred at temperatures in excess of 650°C, a
longer region of ecation conduction was required, As the chief divalent
impurity in sodium chloride is calcium, which has a rejeotion ratio of
1, the knee temperature oould not be reduced by zone refining. Stage
I was extended by the addition of (OH)™ ions after the manner of
Anger, Fritz and Luty.(ml) To control the concentration of
()™ in the crystal, attempts were made to diffusion dope the
crystals by annealing speoimens at 700°C in atmospheres of steam for
periods of 120 hours, (Expt.2)s This had no apparent effect upon
the knee temperature. Crystals were then volume doped by adding
controlled amounts of sodium hydroxide to the crystal melt. This
reduced the knee temperature to 457°C (Expt.3), with an effective
divalent impurity content of 8.9 x 10™* p.p.m. (site fraction)

Fig. (1.5)¢ The high temperature enhancement was much greater in
this specimen than for the other pure crystals, and from the data
presented so far it is not clear whether this enhancement was

brought about by the anion addition or by the deformation the apecimen
suffered during ite preparation. Because it wam so soft, the
orystal could not be cleaved, ami had to be cut by a chemical saw and
then water polished. It was not glven an annealing treatment and
therefore presumably contained muoh mechanical damage.

To gain insight into the mechanisms of the high temperature
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enhancement, a conductivity curve was computed from the anion and
cation diffusion data, using the Nernst-Einstein equation with an
appropriate correlation factor of 1.28. The cation diffusion data
of Laurent and Benard was chosen as being representative of the
sodium ion diffusion, There is much scatter, in both magnitude
and energy, in the chlorine icn diffusion datsa. The anion vacancy
contribution to diffusion, as derived dy Barr et gl, (74) wasg used
for the camparison, this not having been corrected for the effects
of vacancy pairs. The caloulation shows, Fig. (1.6), that the
computed conductivity is effectively s straight line up to 20° or
30°C below the melting point.  The agreement between conductivity
and diffusion at the lower temparaturecis well within the limits of
experimental error, This is in direct contrast to the studies

of Mapother, Crooks and Maurer, $95) who found agreement between
conductivity and diffusion without the use of a correlation factor.
At the higher temperatures, there is a considerable enhancement of
conductivity above that expected from cation and anion motion
through the bulk of the lattice. From this we may conclude that if
the enhancement is brought about by anion motion, it is unlikely
that the anions are moving through the bulk of the material, but
possibly down paths of easy diffusion.

As pointed out in the literature survey, the defect structure
may play an important part in the enhancement of intrinsic conduction.
With this in mind, two crystals of nominal purity were chosen. Both
of these were annealed for twenty-four hours, at 70000, and then
slowly cooled over a period of thirty-six hours. The crystal
dimensions were approximately 4.0 x 4.0 x 8.0 mem, with deformation
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in compression being performed along the length axis, making the
mode of deformation less unambigucus. After being deformed by
1,587 and 4.824, Fig. (1.7), the high temperature conduotivity was
measured, Fig. (1.8). - It was observed that the deformation
considerably enhanced the high temperature conductivity, a much
larger enhancemont appearing in the crystal suffering the smaller
deformation,. When these crystals had been removed from the
conductivity jig and then amnealed for psriods of twenty-four hours
at 7oo°c A 10°C, with a subsequent slow cooling, the enhancement of
the conductivity was greatly reduced. The region of intrinsic
conduction, assumed to be due to cation motion, was insensitive to
the defect state of the crystal, the slope of this region
Qr.= 1.34 £ 0,016V, being in good agreement with that determined for
the (CH)™ volume doped crystal.  Also, the agreement in magnitude
between the different conductivity determinations of this region
preclude the possibility of any systematic errors causing the
enhancement,

It would be appropriate at this stage to discuss the various
mechanisms by which this enhancement of conductivity might occur.

1, DResolution of Polyvalent Impurity

It is possible that some impurity is present in the crystal
which only becames soluble at elevated temperatures. This could
explain the enhancement, but would not explain the variation of
temperature at which this enhancement oocurs and its subsequent
disappearance after annealing. The possible change of wvalence
state of the impurities would not explain the effects of annealing



Deformation characteristics of mono-crystals of sodium chloride. | Fige 1.7.
T T T T T ) I j I T T ! T T | I v T T
425
Dimensions
4180 mms _ 7]
4.620mms ~ (O) !
7.750 m.ms |~ screw siip bard 4 2?
Load
Stage I, o
~(101) k.gms
- . .2 slip systems _
- 15
} \' " Deformed 4.82°% ]
AN
e -110
Deformed 1.58% /_,./"
Stage I 15
easy. glide, 1slip system
Elastic y3 p— - -
] 1 1 1 1 1 ] . 1 1 1 1 1 1 ] 1 | | ! 1
04 08 12 16 .20 .24 28 32 .36 40 -
AV

Compression mms ———



L O IS B B

The effects of deformation

upon_intrinsic conduction.
R\ \
A\

N\

N

- Pure crystal (D)

' |

I ]
+ Deforimed 158%

. Deformed 482%

© Annedled, (1) .

aAnnedled, (2) -

|

~O
w |1©
‘ 43
(2)
Fig. 1.8.
10"

.08

102 106

T

LogaT
Mho.crﬁ]. K

1072

3
101000%

TK



44

treatment.

2+ Surfage Conduction

Any impurity present in the crystal will tend to segregate near
the surface, and when the crystal is held at elevated temperaturaes
the impurity will diffuse out to the surface, where it may form paths
of lower resistance, This process is unlikely in that its effects
would be expected to be random and would be axpected to inorease with
periods of annealing.

3, A Transition Region

Because the transition from extrinsic $o intrinsic
oonductivity may occcur over an ill defined temperature region, Stage I
may be a transition region from extrinsic conduction to true intrinsioc
conduction as represented by Stage I*, Oiven an explicit
expression for both intrinsic and extrinsic conduction, a temperature
at whioch the effects of extrinsic conductivity becomes negligible
may be calculated. Negleoting any anion contribution,

INTRINSICs
;T = ga;aazl)l exp (© 81/1: + E'/2l\:)‘ exp - (4 hy + b/,)/k?

EXTRINSICs
G.T w g_lgoazea’)l exp A s, /k. exp =Ah /KT,
B o ) (e X

< 2,54 extrinsic conduction should not affect the intrineic

1
Yhen E/C'I

&E/G'I = G OXD - s/QK exp. + h/m Z 2.5%
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Utilizing the values of h and s derived later and assuming a value
of 2.3 p.p.m for o, a value of 1MO°K is obtained for rl‘k, a
temperature above the melting point. Although this ocaloulation
should not be taken too literally, it does show the difficulty of
aesigning particular regions of the conductivity plot unambiguously
to any one procese. Only by the agreement in the values of Ql
for the pure crystals and the (CH)™ doped crystals are we forced to
drop the conclusion that Stage I is a transition region. It is
difficult to see how the length of a transition region could depend
upon the annealing treatment in the way that it does.

4. Change in Tnergies
It has been assumed that the entropies and enthalyples of

formation and motion of the vecancies are independent of temperature.

The energy measured upon the Arrhenius plot is given by the relation
9 = k d(-l-“ei» S 1)

a (*/1)

Assuming that A 8 and A hl are possibly temperature dependent, and

substituting the expression for U'T given by equation (16) into the

abové, one findsse

2
aT a7
utiliging Aﬂl - t:lU1 + PV + TA 8, at constant temperature and
volume, and

T. d[\sl ) dAhl
atr

and, hence
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This shows that even if the entropy term is variable, any changes in

Q would only be indicative of enthalpy changes. It is possible that at
the elevated temperatures nesr the melting point, the lattice

structure may become loose, The vacancy may perform e double ar
Ylnoeck-on jump", the momentum of the initial hump carrying it onto

the next vacancy position. This effect would result in an

enhanced mobility, but wouid not explain the effects of annealing
treatment. The possibility of Debye-Huckel corrections are also
ruled out from the previous argument, because a decrease in QI would be
expected, rather than an increase.

5. Annealing Out of Point Defects Induced by Deformation
The point defects induced by deformation are those of the anion
and cation vacancies and possibly the corresponding interstitials,

if the deformation is particularly severe. The former defects are
found to anneal out rapidly in the temperature range 0% to 10000,
with the amnealing ocut of the cation vacancy proceeding with a
reaction involving first order kinetics.(lo5) Because the energies

of motion of the interstitials ace considerably.staller (143). thanithose
of the;vacancies,. the interstitials would not be expected to remain
stable at temperatures in excess of 10000. The only possible
mechanisms which would seem to explain these‘large unstable

enhancements of intrinsic conductivity is the motion of anion or ecation
vacancies along paths of easy conduction. As the cation diffusion
does not appear sensitive to the defect state or the presence of grain
boundaries,(58) the analysis will be continued on the assumption that

enhanced anion motion is the cause of the increase in the slope of QI
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to Q.'.

IHawing clearly resolved the energy and magnitude of the cation's
contribution to intrinsic conductivity, the anion contribution may
be obteined by extrapolation. The form of the present enhancement
is that of a sharp increase in the slope of the intrinsic conduction
similar to that observed by Allnatt et al. (50) in potassium chloride,
This is in contrast to the data of Beaumont et 81.,(52) whose
intrinsic region was a continuocus curve. It should be added that
these workers' crystals were subjected to a constant stress from the
spring loaded electrodes, which resulted in a prolonged form of
creepd, In the present experiments, care was taken to ensure that
the electrodes did not increase the dielocation density during the
course of the experiment. The anion conductivity, when plotted
against reciprocal temperature, ylelded an activation energy of
2.70 £ 0,10ev. Fig. (1.9), with a variable magnitude for the
enhancement, This energy is high, when compared with values
obtained from anion diffusion, Table (1.2), the disagreement
increasing when the activation energies obtained from diffusion have
been corrected for pair motion. If it is assumed thet this
activation energy is compounded of enthalpies of formation snd motlion

in the usuzl manner,

Ynion = Bp + 21y
with

h = 2,30 £ 0.02eV,
an enthalpy of motion (A hz) of 1,50 & 0,206V, is Obtained, again too
bigh a valus when compared with the equivalent results from diffusion
studies, Table (1.2). '
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It is of interest to compare transport numbers determined
classtoally (33) with thoss derived from diffusion data and the
present conductivity studies. This may be done by using the
following squation,

k, = Gal(c; +03) = D“/(Dz*ls)
sasuning that the conductivity and diffusion proceeses are identical
a nd in Fig. (1.10) this comparison is made for the crystals showing
the enhancement. The transport numbers calculated from diffusion
studies suggest that there is an appreciable anlon contribution to
conductivity occurring over the temperature ranges vwhere we have
considered it to be negligible. It is only when the transport
numbers are corrected for the contribution from vacancy pairs that
the assumption about Region T being purely cationic appears valid,
The trensport numbers calculated from the conductivity data suggest
that the charge contribution carried by the anion vecancy is far
groater than would be cxpected from diffusion studies or the
classical determinations of tl' Thie would scuggest that the
enhanced motion of anion vacancies is occurring, possibly down
dislocations or grain boundaries. The trensport numbers all
converge 4o a limit of 0,97 at the lower temperatures, suggesting
that there is a small but possibly electronic contribution to ionic
conduction.

It is worthwhile considering the bohaviour of dislocations and
grain boundaries at eleVated temperatures in seeking an explanation
for the observed effects. All cxrystals, no matter how carefully
they are prépared, will possess dislocations over and above the grown
in dislocation density and the way they behave at elevated
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temperatures is observable by standard etching techniques. To
illustrate this point, the following photographs, Fig,. (1.11}, are
reproduced with the kind permission of Dr. R.VW. Davidge. 1

A deformed crystal is a non-equilibrium structure and will return to
its former sitate at elevated temperatures. The rhotographs show
the dlslocation arrangements in specimens deformed 10% and then
annecaled for one hour at 400°C, (a), 500°C, (v), 600°C, (c) and
700°¢ (). These specimens were of about the same dimension as
those used in the initial deformation-conductivity experiment, and
were cleaved in half parallel to the . narrow faces, with the new
face being etched. Little change is obeervable in specimens
annealed below 400°C, and the specimens annealed at this temperature
show the dislocations arranged in roughly parallel dislocation walls.
The density of the walle ie greatly reduced in specimens annealing
at 500°C and annealing at higher temperatures produces the growth
of sub-grains., It is seen that the main recovery of dislocation
-density occurs over the temperature range 400°C - SOOOC during an
ammealing period of one hour, with = subsequent growth of grain and
sub-grain bhoundaries. The high temperature conductivity
measurements and subseguent annealing treatment of the conductivity
specimene produced the same formation of a grain-like structure,
Fige (1.12). The initial conductivity run on the deformed sample
transformed the random dislocation array Fig. (1.12b) to that of
parallel lines of dislocation walls Fig. (l.12c). The annealing
treatment of twenty-~four hours at)?OOOC resulted in the growth of a
grain and subegrain structure Fig. (1.126). It is quite feasible
that the enhanced conductivity observed is caused by the motion of
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'anion vacancies down the grain and subegrain boundaries, formed by the
mechanical and subsequent heat treatment of the crystals, The effect
cf the prolonged annealing at 700°C is that the individual gr=ins of
the structure increase in slze, with a decrease in total surface area
of grain and sub-grain surfaces. This would explain the subsequent
reduction of the enhanced conductivity after annealing treatment.
The fact that there is litile enhancement in well annealed crystals,
vwhere this form of grain siructure is gbsent end the growth in
dislocation density is low (~ 106/un3), Tige (1.12a), adds further
weight to this argument, ‘

With a kmowledge of the anion snd cation contributions to
conductivity the mobility ratio & may be determined as a function
of temperature, Fig. (1.13). The curvaturs present in these
mobility plots could be attributed to sn annealing out of paths of
enhonced conduction, especially as the limiting slopes of these
curves at the lower tempesratures all possess the same value,. The
possible reduction, by anne=ling, of the high temperature points is
alpo present in Fig. (1,9), the former appearing as a reduction in
the value of @ for the crystals showing the greatest enhancement.
The mobility plot 1s apparently more sensitive o0 these small changes
of anlon conductivity. Trom the slope of these plots and a
knowledge of & 8y and A hl’ the corresponding enthalpy and entropy
of the anion vacancy may be calculated Table (1l.4). It would be
a little naive to assume that these figures are representative of
motion through the bulk of the material, The enthalpy of motion is
far too high and the large variation in A 52 could be interpreted as
a varying magnitude in the anion contribution to conductivity. The
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THE ENTHALPY AND ENTROPIES OF ANICN MOTION AS DERIVED

TABLE Sl.&)-

5T

FROM ENHANCED CONDUCTIVITY AND MOBILITY RATIO

Ahgev‘

—
ABy X 10 “eV./OK

2,00 & 0.40
2,00 & 0440
1,98 £ 0.40

1.60 X 0.30

1.53
1.62 )"
1.58 )

plots

From mobility

. §* “rcm enhanced conduction

(average value).

PARAMIITERS OF IIOTICH OF THE CATION VACAECTES - TABLE (1.5).

Debye Frequency \310 = 4461 x 10%2 gec, 7t
o ‘ 2 -1 OIr
Crysiel Specimen AhleV. vlsec Aslev./ {e
686 meDeDems Mn 0,67 £ 0,02 | 4.70 x 1073 0.2 £ 0,05
325 m.p-PQm. lin 0.68 i 0,02 4.66 X 10-13 0.2 i 0005
166 mepepems M0 0.67 £ 0,02 | 3.20 x 10733 0,17 0,05

90 m.pspeine lin

760 mepepeme kn, (OH)™
Pure C
1obility PlOt mwe—eem—e

0.67 % 0,02
0,73 £ 0401
0469 £ 0,03
0.67 < 0.01

3.48 x 10713

4.34 X 10-13

0.17 £ 0.05

t+

0.19 £ 0,05




58

roseibility of a systematic error in the data is not ruled out,
although the weakest point in the analysis - the quantitative
description of the cation contribution - was eliminated by the
de:fpression of the knee temperaturs. The resulting errors would
not cover the diserepancy betwesn A hz’ megsured by diffusion, and
the values obtained from conductivity studies. I% may be concluded
that the enhancement observed in deformed specimens occurs by the
motion of a large number of not very mobile carriers and this large
density of carriers could be present at grain and sub-grain
boundaries formed by suitable mechanical and heat treatments of the
crystal. Charge flow experiments performed during deformation at
elevated temperatures suggest that there is an excess of chlorine
ion vacancies along the disloocation cores with a compensating
Debye-Huckel cloud of sodium ion vacancies surrounding them. The
sub-grains and grain boundaries would appear to be in the same '
condition with the high density of anion vacancies forming the

rossible anion contribution to conductivity. (126)

(2) Extrinsic data

The enthalpy and entropy of motion of the cation vacanoy
(a by, A sl) may be cbtained from Q.;, the slope of ertrinsic regiom,
or from an Arrheniug plot of the mobility of the cation carriers.
The extrinsic regions of conductivity are never clearly resolved
because firstly, the change—over from intrinsic to extrinsic
processes occurs over a range of temperantures and is never sharply
defined for any particular doping level, and secondly, the onset
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of the associstion reaction between divalent impurity ilons and

cation vacancies produces z gentle change of slops in the conductivity
plot at lower temperatures, The association reaction is only marked
by a sharp change of slope in heavily doped crysials. To overcome
these probleme, the extrinsic regions of conductivity were extended
by doping with mangenese chloride, Fig. (le14).  The limits of
extrinsic conductivity were then determined by plotting the isotherms
of O versus o at temperature intervals of 1000/T = 0.025 TFig. (1.15).
For extrinsic conduction, equation (9) requires that the isotherms

be linear, This condition is only fulfilled within the temperature
range 507°C - 607°C,  This would seem to confirm that manganese
occupies a substitutional position in the sodium sub-~ lattice with

an electronic configuration that gives it a divalent character, (159)
The manganese ions can have valence states from 1 to 7, except 5.

In the valence state of 2 the electronic configuration is 2.8 (2.6.5),
g0 that the third shell is half way between 8 and 18, a factor which
accounts for its marked stadility. I% ig 4nteresting tha% when
the extrinsic conductivity isotherms are extrapolated to the origin,
they yield a non-zero concentration of impurity, This is

presumably evidence for a fized concentration of anion impurity Sy which
ties up 50 m.P.pem. of manganese, so that the effective divalent
mangenese concentration is (C - C o)' MeDeDelle As the crystals were
fres of (OH)™ and (003)"", inferred from the absence of any bands in
their optical absorption at 2.8y and in the ultra violet, the most
likely anion impurity was oxygén, this being introduced by the method
of growing crystals in air. Watkins (159) has calso obgerved a
constant concentration of manganese ione next to divalent anion type
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impurity ions in crystals lightly doped with manganese. Having
resolved the limits of extrinsic conductivity, the slope QII of
these regions was taken ss representing A LI The values of Ahl
for the different doping levels are tabulated in Table (1.5) and

show that consistency is obtained in the values derived by this method.
The presence of (OH)” ions in the Im**,(CH)™ doped crystals increased
the value of QII to 0.73 pa 0.01eV, this energy not being
representative of A hl but probably involving an energy of
association between the manganese ions and the (CH)™ ions. By use
of equation (5), and an accurate knowledge of the effective divalent
cation concentration, the mobility of the cation vacancy was
calculated as a function of temperature. Fig, (1.16). This plot
also includes cation mobilities calculated from an analysis of.
conductivity in the association region, and the values of Ahl and

A s, obtained, Table (1.5), are in good agreement with the previous
calculations. Over the temperature range of 316°C to 65000, the
enthalpy of catlion motion seeme to be independent of temperature.
These measurements were made over a much wider temperature range than
those of Ltzel and !Mourer (104) and are in contrast to Bean's data,
which shows a distinct curvature. This curvature probably arose
from the assumption that extrineic conditions existed dowmn to low
temperatures. A temperature dependence is predicted on theoretical
grounds for the enthalyy of motion of the cation vacancy in sodium
(160) who related the enthalpy

chloride in a recent paper by Rice,
to the normal lattice vibrational modes, The value of 0.68 £ 0.02
obtained for A h1 is much lower than that quoted by other workers,

Table (1,1)s This is not a disturbing feature when it is realized
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that few systematic attempis to determine the limits of extrinsic
conductivity have been made in previous studies. Begumont's value
of 0.,70%9eV. forA hl in potassium chloride is also low by comparison
with previous data, and was ohteined by the objective use of a
computer programme. The value of 0.68 ¥ 0.02eV, for A h1 is in good
agreement with that obtained from N.M.R. line width broadening, end
spin-lattice relaxation time determinations, where the association
reaction does not affect the migrational enthalpy obtained.

From & determination of the pre-exponential frequency factor ¥ 1!
the entropy of motion A 5y. Was calculated using the following relation,
Table (1.5)

Yy o= Y, exp Dosyy

It is diffiocult to know whioh value to use for 7)10. One may
use the Debye. temperature (O ) of 281% with an associated Debye
frequency of ‘910 = 4,61 x 1072 ge
infra-red absorption measurements in sodium chloride,
7510 = 4,90 x 10:12 sec'l. A comparison of the frequency factors » 1
determined by other workers and the value obtained in the present study
is made in Table (1.6). The present value of 91 suggests that the
cation vacancy will perform 35 jumps/sec. at a temperature of 300°¢.

Using the value of 0,68 % 0,02 for A hy and 1.83 £ 0.0leV. for
Qps the enthalpy of formation of the Schottky pair was calculated
uging the following reslation

Q = bfp + 4B
This yielded a value g 5.30 ¥ 0.026V,, which is high compared with

oL or the frequency derived from
(161)

previous theoretical and experimental values, s consequence of

the larger value for Q’I’ obtained by eliminating space charge



TABLE (1.6).

A COMPARISON OF THE FREQUENCY EAcra31{1 t

DERIVED BY PREVIOUS WORKERS

Relerence

))l % 1014 sec.“1

(104)

svzel & llaurer

Bierman (164)

(105)

Dreyfus & Iiowick

(28)

Read & Hotg

(88)

Hoven
Fresent work

(106)

Bean

200
1.50
0.70
2,10 (1)
0.96
(2)

0.434

1.40

(1) From Hall effect measurements,

(2) Calculated from Arrhenius mobility plot.
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polarization effects and the low values obtained for A hl' (ggg)most
recent theoreticzl estimation of QI made by Boewarva et al. is
smaller by about 0,18eV. This situation appears to exist for most
of the alkald hnlides, when a comparison is made of the most recent
experimental and theoretical results. An independent estimate of
the enthalpy of formmation of the Schottky pair, was obtained from

the extrinsic conductivity datz. This was achieved by determining
the knee temperatures from the extrapolated extrinsic and ecationic
intrinsic regions, and assuming that at these temperatures the effective
divalent impurity content was equal to the intrinsic cation vacancy
concentration. Hence the cation vacancy concentration was determined
es a function of temperature, Fig. (1.17), and the enthalpy and
entropy associated with the formation of o vacancy pair derived,

h = 2.32 % 0.02v. s = 0.52 x 10™ev./%

An empirical expression for intrinsic vacancy production was also
calculated end found to be of the form

n, = 4.57x 1023 ¢ exp - (1.16 ¥ 0,02eV)/kT vadanoieq/cc.

The corresponding empirical expression for the cation mobility was

PLT = 1,590, exp x (0.67 £ 0.01)eV/ks cn’. %/ voltasecs

The above two results when combined produced an expression for the
intrinsic ionic conductivity due to cation vacancy motion and
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formation of

G,? = 1.168 x 10% x exp - (1.83 £ 0,03)eV/kT.Iho,cn™ "%

This when compared with the expression obtained directly from experiment

Gy = (5.5%3.2) x 10° x exp = (1.83  0.01)ev/klMho.cm>,%

shows that there is an' element of consistency throughout the
experimental data.

From the entropy term S the ratio>*/>. was determined. This
yielded a ratio of 1.655. The fact that this ratio is significantly
different from 1.00 would suggest that the values of A 5 and A 8o
celeulated by assuming a constent Debye frequency, are incorrect. The
effect of the vacancy will be present not only in the nearest atoms
surrounding the vacancy, but also in positions distant from the
vacancy oentre. This will lower the effective lattice vibration
frequency and raise the entropy factors.

By observing the ooncentration of cation vacancies at the melting
point, the fractional concentration of vacant lattice sites was found
to be

ny(Tm) = 3.95x 107
N
This figure compares well with the value deduced by Dreyfus and
Nowick (54) (2.80 x 10"4) from the extrapolated specific conductivities
of a number of different workers, but is much lower than the estimaies
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obtained from specific hfat)determinations (11) and dielectric
16

ebsorption measurements.

(v) Conclusions and suggestions for future work.

A high temperature enhencement of the intrinsic conductivity
that occurred in deformed single crystals of nominally pure sodium
chloride was explicable in terms of the annealing of dislocations
into grain and sub-grain boundaries. These were believed 1o provide
paths of enhanced conduction for anion vacancies at elevated
tomperatures, The amnealing behaviour and the effects of deformation
upon the intrinsic conduction were consistent with this model. 4s
a result of this;, care should be exercised in the interpretation of
intrinsic conductivity data, especially if the crystal growth and
method of specimen prepnration produces considerable mechanical damage.
The parameters of motion of this anion vacancy, obtained from
the analysis of this enhancement, are not representative of ionie
motion through the bulk of the crystal. Both the enthalpy and entropy
of motion are too high. (A b, = 1.608eY, As, = 15T = 10'361/°k),
vhen comparcd with those obtained froem diffucion studies. A logical
extension of the present work would be an investigation of the
conducting properties of individual dislocations and grain boundaries
in higher purity material. This chould yield accurate walues for
the parameters of anion motion dowmn grain and sub-grain boundaries
which could be comparcd with the valucs obtained from the present study.
An investigation of the conductivity of polycrystalline sodium chloride,
with particular emrhasis being placed upon the grain size dependence and
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annealing characteristics, could also provide confirmatory evidence
about ionic motion at boundaries in crystalline materials.

Ividence of an anion contribution to the conductivity in
undeformed orystale appears In the slight curvature of the intrinsic
region. Tho data of Fige (1.3) (a pure, undefommod crystal of
codium chloride) vhen Titted to z theoretiocsl curve involving the
oicht voriables associated with the intrinsic, extrincle and
associotion regions of ionic conductivity produced the following
values: A h2 = 0.8%eVe, A Sy = 4.33 x 10'46‘1/ %. The compater
Litting involved = standard T.B.1. least squares minimization routine,
These valuass are in good agrecnent with the data of Darr et al.(M)
and they suggest that in the present work, two distinct types of
intrineic imic motion have been observed ~ one assoclated with anion
vacancy motion through perfeet regionz of the crystal lattice and
the other with motion aleng dislocations and sub-grain boundaries,
These present experiments go scome way in explaining the differing
bechaviour of the intrincic conductivity of potassium chleride, as
observed by previous workers nnd schematieally presented in Pig. (1.2).

The extrinsic data of the impure crystals is belioved to be the
first thorough investigntion using manganese ac a dopant. It was
found to behave as 2 typical divalent cation impurity ocoupying a
rubstitutional position in the cation sub-lattice. The waluc of
0.68 X 0,026V for the cnthalpy of motion of the cation vacancy is
considerably lower than vonlues quoted by previous workers. The roasons
for zcecepting this value, in preference, arc two-fold; <fLirstly, it
wags ohtained from the slopes of the extrinsic conductivity plot in
which linenr isotherms showed the abeence of ony offects of the
agsociaticn reaction, and secondly, an isothermal enclysis of the
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assoclation regions of the doped crystals when combined with the
extrinsic data of crystals of lmown manganeee impurity levels also
produced a mobility whose temperature dependence gave & similar value,

The lowering of the value of A h1 automatically results in a
higher estimate for h, the enthalpy of formation of the Schottky pair.
But the value of 2,30 ¥ 0,02eV for h is confirmed by an analysis of
the extrinsic data which allowed the equilibrium concentration of
cation vacancies to be obltained as a function of temperature.

The study of the doped crystals has showvm the rresence of a
significant quantity of anion impurities (possibly O~ or (CH) ),
which fortunately maintained a fixed background level for the crystels
investigated. If further progress is to be made, crystals of a
lower background impurity level would be desirable. As the
behaviour of the divalent manganese ion has been explored in the
present work, it would be interesting to extend the measurements of
ionic conductivity to cover crystals in which transition metal ilons
with differing valence states were used as dopanis. Valence
changes could then be monitored by observing the conductivity.
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CLOSSARY OF SYRIBOLS USID.

o, lolar concentration cf impurity-vacancy dipolecs.
M,  Number of impurity-vacancy dipcles/cc.

Nv,  Humber of impurity-vacency dipoles/ce orientatad
by an applied electric field.

ey, W, Jump freauencies of ention vecancy snd impurity
ion when bound together into a dipole form,

P(r) Electric dipole moment/ce. am a function of
temperature.

.—t{T) Dipole relazation time am a function of
' temperature.

Yorha  Gibbe free energy, enthalpy and entropy of
Sa association.

Aq.0h, Gibbe free energy, enthalpy end entropy of
As reorientation of impurity-vacancy complex.

T, Temperature nt vhich I1.T.C. peak océurs.
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(1) The Scope and Adms of Part IT

When a divalent, cubstitutional cation impurity is digsolved
into an ionic erystel it will form g compsnesating cation vacancy
through the condition of charge neutrality, Becnusé of the
Coulombic attraction betwecn these oppositely charged defects there
wiil be a tendency to form an I.V. (impurit&-vacancy) dipole, a
defect vhich possegses zn elecirical dipole moment. It is this
dipole moment which nakes 2 quantitative study of the assbciated
defect poegible through the techniques of dielectric cbsorption
and relaxstion. The concentration of these dipoles will, to an
approxingtion, depend upon temperature acpording to a Law of liass
Action reaction. If the crystal is rapidly cooled from an elevated
teaperature, these IT.Va. dipoles will be quenched into the crystal in
o non~cquilibrium manner. During the subsequent ageing of the
crystal, the impuriiy ione and dipoles will fend to revert to an
argreceted or precipiltated state.

These dipelur complexes are of considerable importance in
explaining the rapid hardening rroduced in ionic golides contnining s
divalent impurity. It ic helieved that the complex produces g
tetragonal elastic stragin field in the crystal 1attice,(1) which
increases the hardness of the erystal through elecstic interactions
with moving dislocations on appropriste slip planes. To obtain
g quantitative study of the hardening mechanism, it is essential
that a detailed analysis of the parameters describing these dipolar
complexes should be recolved; this, when coupled with a lmowledge of
the state of dispersion of the divalent impurity, as a function of
temperature, should lend to zn unambiguons interpretz=tion of the
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mechanicael properties. It was for the former reasons that the present
investigation of the system Mn''/NaCl was performed using the
techniques of ionic conductivity, dielectric sbsorption and relaxation
and I.T.C. {lonic thermocurrents) measurcrients. The latter technique
iz relatively new and can be considered as the D.Ce equivalent of

dieclectric absorption. .

{(ii) Introduction and Survey of Iiteraturc

The association and statc of aggregation of the divalent
impurities in ionic crystols has been the subject of many investiga-
tions, using a wide range of physical techniquese. These are
briefly reviewed.

(1) X-ray Diffraction

No direct x~ray diffraction studies have been ferformed upon
sedium chloride doped with mangancse. The system ca**/N301 has
(2)

been extensively investigated by Suzuki. It is also observed
thot cadmium and monpganese have cimilar electronic confipgurations
(tin, 2.8.13424, Cd, 2.8418,18.2), phase diagrams'’?) and produce a
hardening behaviour in which the volume fractions vary in a similar
momner with concentration, Vith these similsrities, it is suggested
thot the aggregeted forms of manganese and cadmium in single crystals
of sodium chloride are similare.

Suzuki(Z) found that by suitably heat treating the crystals,
rearrengement of the basic aggregate unit cells could be made to
occur, He also observed that threc phases moy co-exist at low

concentrations, namely: (i) The o4 phase, vhich is a solid solution
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of cadmium in the sodium chloride lattice. (ii) Arn aggregate phase
of 05012.2H301, which has a unique structure different from thot of
the divelent chloride. (4iii) The Suzuki phace, Cdcla.éﬁaCI, which
is an intermediate siructure to that of NaCl and Cd012 These last
two phases may co-sxist at room temperztures within a concentration
range of 2 -~ 20 mole % For the concentrations studied in the
present work, the Suzukd phase will be of prime importance when
considering aggregation reactions,

The Suguki phase is not a true chemical compound like CdClz, but
is an intimate conglomeration of cadmium, chlorine; sodium ions and
cotion vacancies arranged in the manner of Fige (2.1).

It is interesting that the rmumber of cadmium ions and cation
vacancies are equal, the phace remaining electricnlly neutral. Any
formation of this phase would not be obgervable by density or
conductivity studies, ae the overall concentration of cation vacancies
in the crystal would remain the same. 3By slowly cooling the erystal
from 500°C, this aggregate phase was found 40 have an L.c.c. otructure,
with a lattice constant twice that of the matriz, If the crystal
were quenched from elevated temperatures, sufficient to put most of
the impurity into a dipole form, and then subsequently aged at 200°C,
the Suzuki phase formed thin platelets on {100 planes. This
rresunably represents the initial stages of apgregntion of the divalent
impurity cadium and possibly manganese.

The Suguki phase is not a true equilibrium structure. If the
concentration of the impurity is increased, the phasc bacomes
metagtable with {the CdClz.EHaCI structure being the sinble aggregato.
This has & ~rhombohedral structure with a unit cell of dimension
9.924° and « =118%187,
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The "Suzuki phase"”
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Toman (3) extended the work of Sugud snd faund that for
crystale. containing 0.30 mole 5 CdCl, the rise of the Suzuki phase
aggregetes depended upon the rate of ccoling from elevated
tomperatures. Rapidly cooled samples produced regions of 2009A
in size, whilst slowly cooled sanples presented agaregated phases
up to IOOOOA in sipe. The smaller forms appeared coherent with
the lattice of the solid solution whilst the larger agsregates were
incoherent, ‘ .

X-roy studiec were performed by Suzuki (4,5) on crystals of
egodium chloride heavily doped with calcium, The aggregated forms
of calcium were found t0 exist on 11l and 310 planos of the
natrixz. Of theee two foxms, the 310 platelets were stable at
elevated tcmperatures.

2}  L.P.R. Studies

By investigating the e.psr. specira of paramagnetic inpurities
in diamegnetic crystals, considerdde information concerning the
electronic states of the paramagnetic stom or icn may bs chiained.
Because the electronic states depend strongly upon the crystzlline
electric fiold, the state of the surrounding crystal environment
can be obtained by analyzing the resonance lines. The manganese
(im**) spin resonance spectrum has been dimcussed in considerable
detzil by Bleaney and Ing;ram.(s) Briefly, the !m'" ion's ground
state is 635/2 and is only slightly affected by its enviromment.
Because of this, in ionic solids its g value is close to 2.,0023, the
free electron value. {(Vatkins (14) reports a value 6f
2.0016 ¥ 0.0006 for isclated manganese ions in sodium chloride),
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Crystalline field splittings are relatively small and relexation
times long, M again indicating a rather isolated manganese ion.
The isotope Mn°” has a muclesr spin 5/2 and as a result, each
electronic tranaition is £plit into oix hyperfine lines.

Impurity vacancy dipole formation can be induced by suitabdbly
hent trentment of the doped crystal, From the resulting c.De.Te
epectra the relative positions between the impurity ione, vacancies
end the erystal field produced by the vaeancy con be observed, es
well as the relative concentrations of impurity ions in the different
environments, ,

Schneider and Caffyn () inveetipated the a.p.r. spectrun of
single erystals of sodium chloride doped with divnlent manzanese,
and found that the spectrum presented a broad sinple line in the
aped ptate, and a series of fine lines vhen the crystal was quenched
from elevated temperaturcs. The broad line was conaidered as
arising Trom the normal Van Vleok (9) broadening (dipole-dipole
interactions) between the individuel ™ fons in the egerepated
state. The fine line structure was attributed to isolated I.V.
dipolesn, this spectrum arising from the effects of ths teiragonal
electric field of the I.V. dipole being superimpo:sea upon the
crystalline lattice cubic field.  Sctmetder (%) later discunsed
this fine line structure in some detail and concluded that the
temperature dependent resolution of the mangansse occurred to form
complexes with eation vacnncies, with the impurity occupying
subastitutional positions in tho szodium sub=lattice. His CePeXe
spectra for the nped crystals cuggosted that resolution and
subsequent asgregntion procesded via a dislocation system from and
to the ngrregates. This work was extended by Morigaki, Fujimoto



and Ttch (™) and vatkine and valker, (12)

dnvestigated specifically the esp.r. spectrum attributed to mangznese

These workers

ions esssociated with & cation vacancy, in quenched crystzls and
observed that thissbate of manganese was inherently unstable, the
complexes diffusing through the lattice te form sggregates or
clugters of mangenoce iona.

(14) is the most comprchensive investigrtion

The work of latkins
of the ceDere spoctra of the difforent environmenis of manganese in
ionic crystals. Having considored manganese dopad crystals of
cgodiun, potassium and lithium chlorides, the following different
spectra were observed for the manganess lon in sodium chloride.

(1) A broad peak:— mangonese ions in an aggregated or

rrecipituted state.

(II) A six line spectrum, predominant et temperatures in
excens of 400°C, and attributed to isolnted manganese
ione occupying substitutional positions,

(III & A complex specirum attributed to impurity vacancy

IHl) complexes, with the cation vacancy in the nearest and
next nesrest-neighbour pesitions, ~

(IV) A complex spectrum attributed to  divalent charged
anion impurity cccupying a nearest-neighbour chlorine
site.

The binding energles of the n.n. and nen.n. inpurity-vacancy complexes
were found to be very similar AE = 0.034eV.) and the thormal
disassociation of the complexes was found to obey 2 simple Law of
Mace Action relation, with o Gibbs frec energy of O.4oV.

The detailed ageing cheracteristics of mangenesc in sodium

chloride were determined by Symmons and Kamp.(ls) Liter a
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Preconditioning heat treatmont at 450°c and then air quenching, nearly
all the manganese impurity was found to be present in an I.V. dipole
form. The ageing behaviocur was consistont with the formation of a
4rimer, s collection of three dipoles, The process was found to

be described by & third order kinetie reaction with an energy of

0.80 £ 0,05V, for dipole diffusion.  The date further showed that
the aggresation process continued after the formation of the trimer,
with the producticn of relatively larpge aggregates. The exact
mechanism for this further aggregetion process was not clear.

Algzetta, Crippa and Santucci (1) observed the effects of plastic
deformation upon the @.1.rs spoctrum of mangancese precont in sodium
chloride. Thelr aped crystals presented a single brozad line due
to the mggregated stato in a orystal containing 600 m.p.pe.nm. of m*t,
ATter deformation of the crystal, eix hyperfine lines of the 1t i
occupgying eubstitutional sites were apparent. The concentration
of mibatitutional pmenpanese derived from the intensities of the
hyperfine lines was found to be proportional to the percentzge of
vlagtic deformation, The rosults were explained by the partial
disassociation of the defect clusters of manganese by moving
dislocationn.

The composition of the aggregated forms of manganese in sodium
chloride has never been determined directly. It ip unlikely to be
manganese chloride since Schneider (19) found no correlation between
the profile of the brozd line s.p.r. spsctrum of manzanesse in aged
crystals and crystals of manganese chloride. This conclusion is
supported by Ouin, (20 who observed no density change in cryetale
of sodium chloride doped with manganese and cadmium, after quenching
from elevated temperaturen. This latter work agein confirms that
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the precipitzteu form contzins zn equal number of manganese ions and
cution vacencies, mn impossible eituation if the precipitate wae

compoced solely of the divaient metzilic chloride.

3) idelectric ibeorption and relexation

ZJecauce the 1.V, dipoie hue an effective electrical dipole
monent, it can be mzle to orientate unler zn applied A.C. or ...C
eiectric fieid. 3y a cuitzble choice of temperature and freguency

an applied 4.0. field (& 1 “L.Cepes. 2t 30°C for im . ca’t 1.V,

i

of
dipoles) an sbcorption nzy be obrerved, which sppears as s peuk in the
plot of Tané versus .o T, This form of absorption is not n true
reconant abrorption, there being no proper ifrequency acsociated with
the reorientution of the Jipoles, but rather an absorption due to

the relexing dipole syetem und is described by the ciasrical .ebye

(23)

dipole recrientatiun under the acticn of variable freguency eleciric

eaquations, iidiard hee performed a theoretical analysie of
ficide. He hor concidered the effects of nearest-neighbour and
next nezrect-neighbour 1.V, dipole-like complexes and has desceribed
their moticn in o rerier of rate eguations which are the starting
point for any dynamic theory of dipole orientstion. Lidiard's
anglycis shovs thut the complexes in the n.ne.n. positions on.y
produce & £.ight brozdening of the iebye peak, which is usuaglly
undetectable vithin the iiits of experimental error.

The first experimentzl attempt te obrerve dielectric zbzorntion
due t0 the reorientztion of 1.V. complexer was made by Zreckenridcse (24)
vho, by using an 4.C. field of fixed frequency (1 k.c.p.g.) obrerved
neuks in the plot of Tan & versus 1000/T. He attributcd these
peeks to the reorientsticn of 1.V. and vecuncy-pair dipolar complexes.

(23)

.art of this intervyretation was shcwn to be incorrect by Lidiard
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who pointed out that it would be more convenient to observe the
absorption at & fixed temperature with a variadble froquency applied
field.

Dryden and Hao (25) and Dryden and lMeakins
dielectric absorptions in lithium, sodium and potassium chlorides
doped with a wide range of divelent impurities,  The impurity was
rut into a dipole form by ammealing at elevated temperatures, to
force the impurity into solution and then rapidly cooled by air

(26) obhserved

quenching, Thelr sbeorption losses were always suparimposed upon
& background loss due to tho motion of free cation vacancies. All
the systems gtudied exhibited a similar behaviour with respect to
the ghape and form of tho abzorption peaks; all, thet is, except
caleiun vhich presenied two abeorption losses cloce together, the
hirh frequency loss being rmch smaller in megnitude ond only appearing
in heavily doped orystals. The lower frequency anbrorption was
ettributed to the eimple impurity-veceney dipole whilst the high
froquency loss wag atitributed to an absorption possibly precent in
the aprrepated state of the impurity. The worlks of Burstein, Davidson
and Scaler (27) and Jacobse (28) on the pystems Sr*+/KCI and Ca**/ﬂaﬁl
extended the obgervations of the I.V. absorption penls up %o
temperatures of 150°C and from the shift of the peak hoight as a
function of temperature a more accurate evoluation of the enthalples
of reorientation.

Coolt ond Tryden (29) neasured the intensity of tho absorption
(and I.V, dipole concentration) as a function of quenching tcmperature
and observed that for Ca*t/aCl, after rapidly cooling from certain
critical temporatures, practically 1007 of the impurity wes $o be
found in en I.V. dipole form. In contrast laven (30) found that
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in similarly doped crystals of sodium chloride, the sum of the
inpurity in I.V. dipocle form (zs determined by dielectric absorption)
end that os free ions in solid solution (as determined by
conductivity) accounted for cnly a fraction of ike total impurity
content at 100°C. The rest vas assumed %0 be in highor comploxes
or in an aggregate phasc. Coolk and Iryden (31) observed that for
srtt/ic1, pe*t/ucl, im™/laCl the subsequent ngeing and initial
reclustering of the I.V. dipoles procceded by a reaction involving
third order kinetics. it wos ogein suggested that the dipoles
ro~clustered into groups of three t¢ form trimers and then regrouped
into larger clusters during further ageing.

Dryden, Horimoto and Cook (33) investigated the relationship
between I.V. dipole concenbration ond the “hardnoes of the crystal",
e revealed by the coritical, rosolved shear stress. Their princlipal
obzorvations were, thot in divalent doped sodium chloride the
increase in the eritical, resolved shear stress wos proportional
to the dipole concenirstion Lo a 2/3 POVIET s Turther, there was no
increase in hardness as the L.V. dipoles aggregated into trimerse

The dielectric absorption measuremeonts described previously have
observed dipolar couplexes ot or neor roch temperziure, obtainsd
after suitably heat treeting the crystals VWatkins (34)
have nafe the only atiempt to observe these complexes at elevated

poens to

tenperatures. Dielectric absorption messurements ot radio freguencies
rovealed a Deby loss peal: at 300°%¢ in mongonese doped sodium chloride.
This was correlated with thc reorientationel motion of impurity vacancy
coaploxes in nene and n.nene. positions. in energy of 0,63 X 0u05eVs
was obiainced for the average enthalpy of rcorieniotion of nene and nenene

conploxos.



Dieleotric absorption measurements are solely concerned with
a resonance absorption of energy by the I.V. dipoles under A.C.
field conditions. Dislectric relaxation involves the measurement
of the diaplacement current produced when sn impurity dipole is
reorientated by & steady eleotric field., Measuremonts can only be
performed when the dipolar relaxation time is greater than 1 seos
for relaxation times less than this, the reorientation is achleved
too rapidly for a quantitative analysis of the dioplacenent current
to be made. Dreyfus (35) observed these relaxation currents for
2 wide range of divalent impurity dopants (Mg' ', Mn'*, ca'™, zn'™,
Sr*"') in sodium chloride. The dipolar reorientation s seen as
an oxpmential decay in the currenit-iime curve. 4 very fast
relaxation was attributed to the reorientation of n.ne.n, impurity
vacangy complexes, whilst a elow background deecay was probably caused
by the relaxations seen by Sutter and Nowick (36) in pure ionio
cryotale. The deminant jump mechaniems were inferred {ram the way
in whiock the relaxation time wvaried with the radius of the impurity
ion, for a fixed temperature. It was suggested that the decrease
in relaxation time with decressing radius of the impurity ion showed
a strong dependence of the jump rete of the impurity ion upon the
ionic radius,

Dreyfus and Laibowitz (37) extended this work by observing the
mechanical relaxation of I.,V. dipoles. This was performed by
observing the stress induced reorientation of I.V. dipoles in the
rystens Ca''/NaCl, ¥n'"/NaCl using the technique of internal friotion.
A meochanical loss pezk wes cobserved at 100°C for a vibrational
frequengy of 10 Ke.CePelBes Thie was attributed to the stress
reorientation of the complex,. Data obtained for longitudinal strain



along <100>and <111 dircctions gave information concorning the
mechanism of the relaxation modes. -

Logovoskil (38) end ranklin, Shorb and Vietchmon (39 have
poerformed n relaxation mode annlysis, using group theory, that
includos the "excited siates" of the I.V. dipole. For the binding
cnergios of each porticular excited state, Logovoskii chosge purely
Coulcabic values aricing frum the electrosiatic intoraciione between
point charges. He chowed that there could be four active relaxetion
nodes, of which the slowest oue viould be predominant. Under L.Ce
conditions, this would result in a close agrecment with g Debye
pbsorpiion peak characberized by o single relaxation tine. :n the
case of Dreyfus'! data (35) the fact and very fast reloxntions could
be described by the dominant mode and a superposition of the other
threc, The othor glow rclaxation must be atiributed to some

procecs not connected with I.V. dipole orientation.

4} ZIonic Conductivity

The primary effect of ithe anosoclation reaction belween inmpurity
ions and cation vacancies ic to reduce the free ceiion voceancy
concentration, throug: the fommation of electrically ncutral complexes
ond to gubsequontly stcepon the slope of the Arrhenius conductivity
plots It is often implicitly cosumed that the association reaction
is represeniod by a linear region of the conductivity plot, the
slope of vhich io rolated fto the onthalpy of formation of the complex

by the following rclationchip:~-
Ygz = Aby o+ Dhgp



U
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It can be shown that this assumption 1s only wvalid if all the impurity
is in solution and the crystal contains a relatively large doping
lovel, lore significant cotimates of the enthalpy of associantion
can be obinined from an isothormal analysis of the conductivity data.

The cquations and processes governing the ascociztion reactions
in ionic golids are very similar to the reactions occurring in
icnized solutions of sodium chloride. Thug the cesociation theories
of Stasiw and Teltow, (40) waich wersdeveloped for clectrolytic
solutions, can be transferred quite readily to the charged point
defects appearing in the solid state. This sinple ‘heory only
considers nearost neighbour intoractions and is scen to demcribe
well the behavieur of Cot¥, uitt, (41) 41\ sodium ahloride.
Jefincments to this simple model have been introduced by Lidiard (42)
and Allnatt and then.(43’ 44) Lidiard took intc account the
Coulombic interactions bebwoen the unassocizted point defecis by the
use of activity coefficicnis, as first introduced intoc the Debye-
Huckél (45) theory of ionic solutions. The principal result of
thic analysie was to introduce o curvature in the plot of
{¢ ~ co)/cr versus g, for cmzli values of concentrotion. The sinple
Stasivw-Teltor theory predictes o straight line rolationship. Allnatt
and Cohen (44) treated the distribution of impurity iong and point
defects by the cluster expansion nethods of Statisticnl liechanics, as
initially formulated by llayer for ionic golutions and [ound agreocument
with Lidiard at very sasll concentrations but elight differcnces at
finite concentrations. Tue to theoretical limitations the
predictions could not be cxtended to higher doping levels, which
would have boen useful {or comparison with the present work.

Itzel snd lourer (46) neasured the ionic conductivity of sodium
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chloride containing cadmium chloride as an added impurity. They
unalyzed their conductivity icotherms and deduced o value of

0.85¢V. for A h1 and 2,02e¢V. for h. They deduced an enthalpy of
essociation of 0.36V. for cach I.V. complexe Thelr worl was one

o tho Tiret aftenpis to dcrive confuctivity peramcters from g more
rigorous anelysis than thot of determining clopcs of conductivity
plote. Thilpt Etzel and lrurerts work showed cecuniderable evidence
for nesociation, Toon's (47) data for caleiwn doped rodiun chlordde
presented linear isotherme, normally sttributable te cxtrinsic
conductivity frec of accoclation, dom to temperatures of 161.000.
The results are ancmalcus in that diolectrice chsorption (26) and
mechanical (37) and dieloctric relaxation (35)
degree of segocintion in thess Catt doped crystels. ecently,

(48)

aboorption and ionic conductivity studied the associ~tion reaction

indicntc o large

“uing Redfern and Prott uning the techniques ol dieleciric
of the caleium ion in codium chloride, They disagreoed with Iean
in thet a conpsidersble curvature of the isotherms was observed vhich
yicléed o Uibbs Lree energy of nocociation of 0.306cV. Hangald,
ido and Tamura (49) ropanted the measuroments on catt doped sodium
chloride. At & tempornture of 300 C a curvaturc of the roduced
isothern0 versus ¢ was dctectod which wes atiributcd to tho presence
of higher order I.V. comployes. They obtained a freo energy of
aooclotion of 0,31 Y 0.0167. for %he nen, impurity vacancy compleXe
Rothman, Barr, Rowe end Hilwood (50 asurcd conductivity and
iffusion in the systen Zn /ﬁaCl. ™iey obscrved 2 froc ecnergy of
accociation of 0,476V, Tor tho I.Ve dipole al o tempeorature of 9769K,
This is much higher than that predicted on purely thcoretical grounds;
a lover frce energy vas obtained when n.nen. impurity dipoles were

m

[l

IS
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considered. The effocts of precipitation interfered with the
resulte st high temperatures nnd low zinc concentraticn, a heat of
solution of 0.97eV. being obtzined for the zinc ion in llaCl. The
binding of a small concontration of zinc ions with poseibly (CH)™
ione wes also observed.

Dreyfus and Howick 51) neacured the conductivity in the
association. reglons of ionic conduction for xg}+, Inf¢9 Cd++, Ga+*,
se**, Ba** dopants in sodium chloride. Their quoted enthalpies
of associestion wexe obtained from the "lincar! regions of the
cenductivity plot. In consequence, not too much significance can
be placed upon their muserical results,

Jdein and Dahake (41) investigated the conductivity of nicksl
doped sodium chloride and deduced a frec energy of gssociotion of
0.32¢V. for the nickel-vacancy dipele Irom the conductivity icotherms.
Table (2.1) presents thc enthalpies and frce energics of association
as deternined by other workers for differeni divalont dopants in
sodiunm chloride,.

The only systematic measurcments of ionic conductivity in the
tenperature regions concerncd with precipitetion znd low tomperature
asgociation are thozc of Droyfus ond Howick.(sl) Those vorkers
succescfglly related the markoed sieepening of the Arrhonius plot to
the acgregation or precipitation of the divalent impurity. Ereyfus,(5?)
in a later paper, showed that the precipitation phenonsna only cppeared
in crystale grown in air. He cuggested that the precence of (Oﬁ)-
or (H20) molecules viec necessary as necleating contrcs Jor the start

oi aggregation.



CIBBS TRET TRIVRGINS AITD TH

THALPIES OF ASSCOCIATICHT IOR DITFTTRINT

DIVALINT DOPANTS, AS DETEH

Dopant “*’ h; g% " Method and Author
eV, eV,
im, 0.80a° | 0.40 L 0.1 0.30 ¥ 0.1 Prescnt York
- 0.39 0eiet4) eupur
0432 - D, (5
Ca, 0.901° - 0.31 K, £.7,(49)
- 0.36 GoraDa 4E)
0.38 - 3.0 02)
0,36 - pur,(51)
Cdy 0497A° - 0.34 p.z, (46)
0.38 - 3,562 m,
0.42 - pa, (5L
mi, 0.692° | 0.32 - 7.0, (41)
Co, 0.722° |  0.30 - 7.0.470)
Zn, 0,744° - 0.47 R.BoReS i gp,
Ligy 0.65.° | 0436 - D1, (51)
Sry 1.238° | 0.5 - Beral62) o,
nay, 1.352° | 078 - p.x.(52)
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5)  Other Technigues

(2) Microscopy’??)

The technique of ultra nicroscopy has becon uscd by Bansigir

S<]

and Telmeider (22) to obsorve the aggregeted form of manganese 3n

sodium chloride. The agrsrezotes had dimoncsionr of » feowr hundred

e

-,

angstrom wnits and wore visible os diffraction imagss Trem the
broneh points of o somi-orgmnized network of dislocntions. As the
tenperature incrcaced, the concentration and relative sinme of the

ascresatern were reduced, due to the impurity entering into zolution,

(b) Bulk Density Studics

A a enbion wvacaney ean cffectively roduce the deoncity of the
sodiwn chloride lattice the monitoring of the bul: density presents
o nuantitative methed of obrerving changes in the cotion vacaney
concentration. ~uin (20) has ecompared the deneity of slovly cooled
mnd air quenched samples of manconese, calelun ~nd cadmium dopod
codiun chloride. Caly in erystals hoavily doped with coleiunm was
there ovidence for the precipitation of the divalent crtion chlordde,
Difforences btotween meocpured density changes +nd czlculated changes
with inereasing caleiun content vere interpreted in tcrms of lattice
relszations. (GI)T ions alro contributed to the chrerved density
chongen. As no density chonse wasn oboerved in the manronese doped
crystale, precipitadion would be expectcd to occur by tho impurity
ion talxding its chearge compenecting vecancy from colid solution into
the precipitate or agsregate phase.
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(c) Dlectron liiscroscopy

The normgal thin film technigues of electron miscroscopy are
not applicable to sodium chloride. Although the mntorinl may be
successfully thinned, the clectron bean induces so nuch radiation
damagze that the information obiained is nol representative of the
bulic 1at‘aico.<54 P0 overcone this, a replica techninue has boen
used by Iiha.n(55 ) wnich involves cleaving a crystal under vacuum and
then depesiting o thin layor of carbon or gold upon Lhs Troshly
cleaved surfaces This filo preseonts a replica of thic surflace and
whon renoved it can be cubjected Yo the normal mothoisn of electron
pleroscopy. Using this method, Fhan has obscrved the chape and
plancs of occupation of the asgregates of divalent dopanis I&g'H', ?;n”,
ca*t, ma*, ca® in sodium chloride. The agrregetes in well aged
cryctole possesced well defined geometrical formec. IP the crystal
was slowly cooled, as opposcd to air quenched, the agcrezates were

found te have varying dimnensions.
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(ii1) Thecretical Considerations (Equatione Used in Analysis
of Data

(1) The Association of Reaction

The simple theories of asscciantion between mobile, cpposite-
1y charged defects moving in p medium of uniform dielectrio
conntant have been thoroughly covered in the theories developed for
diluteionio solutions. 207 5% €0)  portnately many of the
cquations describing the Coulombic interactions between the dcfects
can be traneferred, with a few modifications, from solutions to
the golid state. The simplest empiricel descorintion of association
reactions oscurring in solid state sodium ohloride is that due %o
Stnsivw and Teltow, (40) which i3 an application of the Law of Lass
hetion to the following remctiont-

(Divalent cation“'}* + ention vaecancy - == Impurity vacancy complex
(¢ = =ew) + >ca = o
a“/(c.«o:.‘)a:a_ = By decprIefir = ka(T) (1)
vhere Eq ig the freo encrgy of asgociation and zl is the mumber of
Cistinet orientetions of thisc n.a. impurity vacancy dipole. This
o of renction produces an cxpresslon for the co-zduétivity of
OF = N+ (%]l{z 40.7:2”’ . docp (BSg+ Sez)f, « Socpe (Bhy+ harz) [T — (2)
which is derived by assuming that the anion vacancy concentration
peoctnes negligible at temperatures below inirinsio conduotion
Seam Com ) (3)

Ir a:ﬂ becomes independent of temperature the cssocietion reaction
will be represented by a lincar region of the Arrhenius plot whope
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slope ig given by

Qyr = Aby + hay

Thizc could hoppen 1f the deqrce of sopoclation were lorge and:ﬁk

(4)

beeams equal to c. The anpropriate cxprecsion for the conductivity

icothems in

g = AT+ R ————— (5)
vhere

A= (elas ), B o= (/o )1<.(T) S 3

Coulambic interactions between the unassocialbed point defects
will influence the degres of association and the cution vacancy
rzowilily. Both these foctors will influence ithe resuliing
conductivity, making it difiicult to analysze the data for the separate
cifecciss rortunately, the wvebye-iluckel (43) theory for non-ideal
ionic solutions has been applied to the present case.

#a0iard (63) has considored the Coulombic interactions between

tae dnpurity ion and the cation vacancy as delining the frec energy

¢i associntion
= ’-"2 - m
- Pea LT, (7)

Uming this cnersy, he has included DeYye-Fuckel corrcctions in g
cnleulntion of the desres of associntion ap o funetion of concentration

and temperature

[ 3, l,2
P2 [_o Ty el L0
(1-"’) T {1 + < (q”})‘z [(1-P)C JD/T] }

oo ()

The prineipal effect of including these corrcetions is $0 inorease
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the deeay of p with increaning temperature and concentration. The
corresponding expression for O ig

(9)

| } ) 3
= L _ _ S(Qmﬁ)ﬁc%(lqﬁa(ﬁyT)b]
a (%;3)C(ﬂ P)[i 3(‘5+1)(1+2H—a)(.f3 +2¥a)

2o = 4(’7‘?5)"2 o2 (1-p)"a (TOI@).,z
This does not baar g simplo parcholic relationchis botweon ¢ and

o vhich the Stasiw-Teltor model »redicts, but chomm that the reduced
inotherns (F/o.ar. o ) chould be curved, the curvature heing more
naizcd for cmrll concontratl cng of impurity. This curvaturec is
sresent in the dnta of RTizel and Maurer, (42, 46) vho investirated
ca*™ f1aCl, but i aboent in 1YY and Co™ domnts. (41

(2) The Diclectric Absorption and Relaxation of the Tmpurity
Vacangy Dipole

(a) The Reorientation of Impurity-Vacancy Dipoles by the

Application of a Stecady nleciric iield

The relaxation of g n.n. inmpurity vacancy complex is
conpideredy the namenclature appropriate to thin nodel is prescnted
in Fige (242)e Ap the equations describing such a relexation
process have besn considored in detail by Lidiard (23) only the nore
important features will be prosented. Becauce there are four
oquivalont positions for the vacancy in the ¢ plane occupying nens
positions, {the total number of dipolesny , is given by

N = 4(Ne s Ngs Ne) |
The jump frequencies Wy Wy raprosent ihe appropriate Jjump
probabilities in the absence of an electric fields Assuming that a
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Mode] of n.n. dipole  {(Impurity + vacancy).

O Clsite.

O Ndsite.

O] Nd" vacancy

7] Mn"fion -

d plancz

Fig. 2.2
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direct interchange of the impurity and the vacancy, and vacancy
Jjump zre restricted to the n.n. positions, the rates of change of
the vacancy population in the varlious positions arc deseribed by a
series of rate emuetlons, the solutions of vhich are:—
Na = N-7 (4 - uxp-2At) )
Ne = N .

(20)
Ne = N+ % (1 - wxp -AE)
oith A = DL eda 41_02)
M = NadE /LT

(11)

(12)
MYy = 12N
ot any instant
PE) = wa (4Na—-4Nc)
and
JlE) - Aot - peasa)t (13)

The reorientetion of the impurity-vacancy complex ia obeerved as an

ermronentinlly deenying dinplocement current vith 2 relaxation time
civen by

T_i = Dluog + wa)
T Nellente Adpolen ore comnidored in 2ddition to the NN,
confirurotions 1t can be ghom that the current dennity is given by

ALE) = NP, Bock Nk o+ Ny P taep-Nak

(14)
where '
b, = Amgernis [Rlwoswa)-Aa(2+ 22403 ] \
BT (D+ ‘-‘-"“*/._.33) Tlwe +t3g - 2e52)2 4 Gusz s ] a
P = A7Mda?E [ (1+ Coin) - Dot wa)]
and 2T (D+ ‘-"4/,_03) [(wo+coq ~2u03)? + awwzuwg ] o
7\3 m = (we +wos + D)t [lworiog —2w3)%s geo; qujln

[% 1Y = Cwa + c.O:z)
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with w3 and w# representing the jump probabllities for a wvacancy
t0 move from a nen.ne t0 2 nen. configuration and vice versa.
iguation (14) suggests that if there is a conslderable contribution
TTom NeneNe dipoles to the relaxmation procese, the displacemont
current obmerved should hz 2 sun of 4wo exponentisle,

The murber of dipoles oricntated by the clecetric field, Av
1r tho exeoss present in econfisurntion ¢ zbovo that of the field
Prece concontration, The number oricntated afteor the initial
splicntion of tho electric £ield iz siven by

Am = Moot (1 - tocpp~Efr)

BT
woruming thet caturation of the system has occurred, E>>7T , the

(15)

»

froction of dipoles orientnted ir dven by
T

[ Y 10_3
o 2T < *

~omaming

T = 10,000 volts/cn.

= 243%.
Lens thon 17 of the impurity vacancy dipoles are cffectively
orientoted by the applied cleciric ficld. However, this omnll
munber is implicitly related to total dipole contont, appliod

cloctric field aitrength and tomperaturs, by the cquotions given.

{3) DResgonance Abcorption vnder Varisble Tregquency Tlectric Pields

Then the impurity-vacancy dipole is subjocted to a sinusoidally
vorying elecotric fiecld of the form
I = To exp Jwt

the resulting current density due to dipole reoricntotion is (23)
ILlE) = Qo’.ﬂ-‘n&[ -G e £ 3
31T 1- %,j;o(494+cm7)
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the appropriate loes angle being

2
Moprl = BT ng AT ] ——e (17)
R£K'T 1 +wo2T?

The Peak height ococurring when

D= T chg_+w;) ” "]—MJH;” = S TaZi2rmd
&k T

Lidiard (23) hag cungidercd the oifects of nenene Gipvleos
contributing to the zgbsorpiion loss and has shown thal their onily
eilect ic to produce & slight, but usually undetogtzblie brosdening
o. the Lobye plot.

-y

Thormocurrent Thenonena I.T.C.)

(3 Zonic

Tue icnic thermocurrent btechnique is boced upon the alignnent

o impurity~-vaconcy dipoles, by using an electric ficld applicd

along a [100) direction. Yhic alignment proceco is performed

et o tomperature vhewc the relazaition time for reoricnitestion of the
dipole is of {the order of soconds or raore. In the system, studied,
et

:m jzall, the dipoles wers aligned ot —BO.OOC and then frozen into
whie erystel with a non-randon diétrihution of oriecanictions by
ropidly cooling to liguid nitrogzen temperatures. Alter removal

o the eleciric [ield, the crystnl was warmed, using a linear
Leating rato (2.041°C/min.). .o the onergy for the reoricntation
o thoe dipoles from the non-rondom positions became availsble from
the crystal lalitice, the dipolcs {lipped and produced o displacement
current which was measurcd. The collective effcct of the dipolos
recrientation was to produce o pezi in the plot of crystal current
versus tenperature. Zy pelarizing the crysiels ail clevated
temperatures and them slowly cooling them, all the relaxation processes
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prosent in the crystal were quenched in. Then, by careful choice of
subcequent polaryizing temperotures,individusl relexation processes
viers resolved and studled in detail, This technique hes been used
to study the space chorge polaripations prosent in strontium doped
potassiwn chloride, (56) mnd dipole relaxeticns in the syrtoms

ox™ fracy, et A1,

Arnin the nodsl used in thic analysis iz that of o simple nen.
inparvity-vacancy dipole, there being little cvidence Tor impurity-
voconey dipoles oxisting in the nen.on. configmr-tion over the
temperature Tange invesiigeted (=50°C %o ~209C), with the heat

trentnont used. The dcnice thormocurrent produced during the
henting of the crystal is cubject to the folloving conditions

JULT) = c;': ). -'?t;(?%) (18)
T4 in 2lno assumed that dho oleetric moment produced by the dipole
ralaxntion at any tcmperaturns obeys ~n egquation of the fomm

PUr) = B(T)[2 - docp-Elr ] (19)
with

T =Mo amp BbheT o Age = Ahe~T0S {20,21)

I8 the cryotal is subjected 4o o linenr heating rote after the
reopiontnted dipolos have beon quenched in,

T=bt , b=daT (22,23)

t:
then 1t may be ghom that the disvlacement current penlc produced by

thie reolaxntion ic piven by
T

o Tr) = %E ['toa,.q« bl—;e/,‘T] J (T, ..a_oqabha/,"")d‘l‘ — (24)

This describes the shape and macnitude of the I.7.,C, poaks. The

o
orincinnl features o’ intesrcet are



(1) Pesk lMaximg
The pack maxdmm is defined by

Ahs . . T(Tn) _
le T, 2 - 1 (25)
Tonece Tm in indevondent of %tho applicd clectrlc Tield and the
tenpernture of polarimntion,
(11} Pealz Teirht ns o NMnction of Dipole Concentration
Then T = T « o
m
GUTm) = 1€(Mg). K'{Twm). dxp T(TH) (26)

vhere I'(TL)represonts o eonsiont and I(T.)an integrzl, both of which
are nelely depondent upon Tm Per ony glven inpuridy-vocancy dipole
rtudicd and Ke) represents = conctont vhich depends colely upon the
dipole concentration mg . Henee 12 Tp an@ E are fixed and because

'3'.‘1_1 ig indepomdent of ﬂd’ Tp and T, the miximm current deneity ie

proportional to the dipole concentration. Trom cquation (4)
aatmd 2. a7
e ,Jo SiT).aT

cn ebrolute velue for the dipele coneentration mey be obtained from
the aren enclosed by the T.7.C. Dok,

(13i1) Totimntion of Ah,

Trom equation (18),

Ty = - LFj(7)aT
IuT)

o v . T, N oo/
by plotting Loz e {_Lj(T)dT/ j('r')} versus T
cotincten of AR o and Aso nay be obtainvd. Alternctively, when T—o0

(27)

tho low tempesrature tail ol the penk approximetes to _
. 2 -4
IT) v BLTSE [0 Ao ] (28)
BeTp

and the tail of the IaT.Ce poali, waon plotted logarithmically, will
yield an cstimate of A h . A
it has been assumed, in the provicus discussion, that the
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crfective field determining the relaxniion phenamena is the same
s the microscopic applied Ticld ¥, end that no internzl field
corrections are presont.  There are, however, two significent
internal field nffects thot ohould he inecluded. These zre the
intoractione between individual immurity-vneoney dipoles and also
She interactions batween the effectivo chorces on ench vacancy
~nd the polariged Aonme in ite vieinity. Rommmrva and Prankliin (68)
hrve o noidered these effcotn, Theavy have approached these
=robleoms by treating the interrctions amongoet the dipoles with =
rethod using the Onsarer approximation. In o cryntnl dielectric
of the confiruration studied, the loenl field in ziven by the
=211 Imom Lorents relationchip

E. = + a7y
flowing Por the aforementioned intormotions, Boswarva et al.
Teund thnt the devietions from the simple theory, vhich ascumes
e ﬂl’ ware only nprrceinble for snion-cotion vaconey pairs.
Tor immurity-imeancy complexes in o nen. confipuration the
difforonces betwoen the nmore refined nnd rimple theory were
indictincuisheble, It would snpenr that for immurdity-vacancy
dipcles, the polarization tem in the Lorents exprescion for the

locnl field is compenasated for by there intersctions.
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(iv) DPrescntation of Results

(1) Conductivity Dato

The roglong of the Arrheniuc plod atdrivutcd Lo the
precipitation and espociction renctions arc preccnsed in Tig. (2.3}.
Thense reglons are clenrly dofined for the henvily dopcd specimens,
bat the conductivity »lot Zor the 1ightly dopod cpcoimons prescnts
o conbinuocue curve rother thon o rerles of cegmented linenr xogionse

Tvidence for asmeciation npwears frert the positive curnvedture of $he

[REFES
irothorme in this rogion Tip. (2.4). TMhesc plote ~lso ghow n
. wo b .
Giocplrecd origin of 50 m.pedeine IM° o, cimilor to the cuobrincic
otherns, vhich mussents thot the Yeffective" mansrneso contant

."G:f C o

1o u5till being reduced by 7 Tixed leval of anicn imrur

© c
Vith this in mind, the offective inpurity content of (c—co)m.pep.m.
N

T will be used in the sulkociuont anslysis.

Tousing the veluer of “he eatien wvocancy nobility, obileined
in Paxt I, the derrco of conccintion of the impurity ions with
the eotion wacancies was cnlculated oo o function of tonperatarc.
™. (2.5). This annlysic ic perfommed Jor the henviest dopod
cryotel and shows the degrze of aosociatiom te be lrroz at lex
semperatures, with considernble thermal disassociation occuraing at

L]

the hig?er temperaturen. Tige (2.5) only presarde dnba above the

precipitation regions. Mo degree of sogocintion Zor this cryotal
icae not seoem to be choracterized by o constent Cibbe froe onerpy
of ccsociation. This enorgy in cnleuloted fron the dnta in

Tige (2.5), asouming o simple Iew of Mmoo ‘ction zel-tionship, and

produces s tcmperaturc dependence presented in Tiz. (2.6}« The charp
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drop in the value of B, conld bhe attributed to the commencement of
thermel disassociation, wherc the deseription of the associztion
reaction by a simple Low of lags Action breaks dovm, due to the
presence of higher order complexes, Allnatt (69) observed o much
larger variation in the value of Cq for the associntion between
strontium ions and cation vacancies in potascium chloride, The
large variation observed ot lower temperatures was probably duc to
the oDrecipitation or aggresntion of the divalent inmurity. Repcating
tne annlyeis for crystels of diffcrent doping levels ot fixed
temperatures, tho degree of apsrociation may be olgerved ag o function
of concentration Tig. (2.6). Thig onalysiz woas porfomed for
region 4 of Fige (2.6), vhich shors o Lairly constont Jree encrey

ol posocintion. Tt ien Aifficult to molke o comparison with the
theorctical prodictions of Allnatt ct al.,(44) ag they were only

able 1o caleulate the degrec of zsgociation up to conceontrations of
approximately 100 m.p.p.ﬁ. of ''n, This iz below the levels that
are considered in the prerent work,

“rom the data obiained so far, it would arzpenr wwiise to

anzlyze the rosults obtained in oxcess of 680°% in terme of the
cinple Staciv-Teltor model of ionic association. Confining this
nethod of znalysis at presont to the reglons of 1000/T = 1,50 to 1.70
(T = 588°C to 66700), the simple Stasiw-Teltow model Tor gecociation
predicts parabolic isotherms and linear "reduced" isotherms,

quations (5) and (6).
% squares nothed to £it the data to cquation (5),

0

By using a leo
the paramcters A and B nay be dotermined. AMtermatively, & plot of

(c - co)/G‘ vorsus O should yield a straicht line of clope and
intercept equal to A and B. The former method of onalysis weights
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the data points from the ocxrystals containing lerger impurity
concentrations, whilst the latter analysis takes more account of the data
points obtainad from the smaller doping levels. Plots of
(¢ = °o)/ versus are presented in Figs. (2.7) = (2.9) for
temperatures in the assooistion and extrinsic regions of ionic
conduotion.  Over the temperature range 1000/T = 1.50 to 1.70, the
reduced isotherms present a series of straight lines of differing
slopes and intercepts, Fig. (2.7), es predicted by the simple
Stesiw-Teltow model of assoeiation. The cation vecancy's mobllity
(/s T) was detcrmined from the slopes and intercepts and is ypresented
as o function of temperature in Fig. (1.18).  There is good agreement
with the extrinsic data, an enthalpy of motion of 0.67 £ 0,0leV. being
obtained, The equilibrium constant's (KQ(T)) temperature
dependence Fig. (2.10) yields an enthalpy and entrory of association
of 0,40 £ 0,106V, and 1.40 £ 0.30x10%eV/% respectively.,  The
corresponiing Cibbe free energy of 0.30 ¥ 0.10eV, at a temperature of
660°C 18 in fair agreement with the values presented in region A of
Fige (246) The enthalpy obtained agrees, within the limits of
experimental error, with the value determined from the slope of the
linear regidn of Stage III, the association region.

Qpp =Ab; + b/2 = 0.83 % 0.016V.

Ahy = 0.68 X 0,01ev,

h, = 0.30 ¥ 0,026V,

Values of K2('1‘) were also derived by fitting the data to the
parabolic relation defined by equation (5). This was performed for
4+wo temperatures and tho values obtained are compared below, with
the other method of analysis. There is a slight disagreement
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between the two methods of analysis, presumably due to z systematic
error in the data.

1000/ PARABOLIC FITTING 'LIKBAR ISOTHERMS

k(1) xz('r)
1.5 1.165x10° 1,445210°
1.70 2.892x10° | wmeemmeeee  2,92x10°

As the tem:.;orature inoreased, the form of the redunéd isotherms
changed markedly.  Within the temperature range of 1000/T = 1,30
to 1.45 (T = 690%K to 769%K), a curvature appears which is caused by
Coulambic interactions between the unassocinted defects and the
subsequent existence of higher order impurity-vacancy complexes.

The onset of this curvature, 1000/T = 1.425 %0 1.45 correlates
with the sharp dearesse in g, that ocourred in Fig. (246) and it
would be pointless to analyge thim higher teémperature data in terms
of the simple assoointion theory used previcusly. It may be
conoluded that the thermal disassoociation proceeds via the break-up
of the nearest neighbour impurity-vacancy dipole into highexr order
complexes, rather than the complete break-up of the simple complex
into an isolated vacancy and impurity ion. It is very easy to
attribute a curvature of the "reduced" isotherm ¢o what is in effect
a poor determination of impurity content. With this in mind, the
data points for the lowest impurity concentrations have been amitted
fran all the reduced isotherme, as they have the largest error,

The "reduced” isotherms over the temperature range 1000/T = 1.275 to
1000/T w 1,15 (T = 785% to 870%) present a series of 1lines which



are parallel to the U axis, showing that assoclatlon is sbsent in
the extrinsic regions of ionic conduction,

If it 15 assumed that regions IV of the Arrhenius plots are due
to resolution of the mggregated or precipitated phazes of manganese
in sodium chloride, a temperature may be obtained from the
extrapolation of regions IXI snd IV, which represenis the lowest
temperature at which all the impurity of that particular concentration
is in solutiom. By obeerving the variation of this temperature
with different oconcentrations of impurity, the temperature limits for
the onset and finish of resoclution may be observed. I'rom this, g
crude form of solvus curve msy be drawn. Fig. (2.11). This
reproduces a portion of the phase diagram for the system ln''/NaCl
end is in qualitative agreement with the curve derived by
Schneider. (19) This solvus curve represents the free vacancy
solubility, the true solubility being somewhat highe:é, as a fraction
of the impurity not in an ageregated state will be in an associated
form with cation vacancles.  Haven (1°) hag determined the free
vacancy solubility for the same system and has shown that the
solubility of divalent manganese is represented by an equation of
the form

¢ = 2 exp - 0.44eV/kT
with

h s " 0.88eV.
This expreasion reprosented the solubility over ranges of
concentration and tempsrature of 10 to 10,000 mep.psms ©f intt and
100% to 600°, In the pressnt work, the enthalyy of sclution
had & value of 0,88 X 0,10eV, which is in fair agreement with a
yalue of 0.77 £ 0.106V. derived by Kehn (7%) from the observation
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of the slze of manganese pracipitates as a function of temperature.
With the present studies thers was also a low temperaturs "kinetic
level" which corresponded to a sharp inorease in the slope of ths
A rrhenius plot at the onset of Stage IVe This kinetic level
corresponded to a temperature region around 200 % 10°¢ and was
characterizged by the Stage IV and Stage III]_ oonductivity plots
diverging from and converging ¢o a region near this temperature,
Fi&* (2:12)0

The kinetic level presumably represents a temperature above
wvhich the proocess of resolution is poseidble, It is interesting to
compare the solvus curve in Mg, (2.11) with the effect of quenching
temperature upon the 0,1% proof stress in manganese doped orystale,
Fige. (2.14), The sharp rise in proof stress which ocours between
the temperature limite 'I‘A and ‘I’B, for the particular doping level,
corresponds well to the equivalent points in Fig. (2.11), confirming
that resoclution is ocourring betwoen these teumperatures. The slopes
Q‘Iv of the precipitation rogion were observed to increase with
larger concentrations of divalent impurity, Teble (2.2), indicating
that the enthalpy of solution is possibly concentration dependent,
if the following relation is truc.

QIV - A'hl + ha/2

The rate of resolution should depend on the form taken by the
impurity once it enters solution (e.g. dipoles, trimers, pentamers)
and could thue be concentration dependent. This would explain the
dependence of Q. upon concentration. Haven's derivation of free
vacancy solubility incorrectly sssumes that the precipitated phase of
manganese is h-incl‘a. Over the range of concentrations studied,
Mnc.lz.&la.cl and Mn’clz.znaol. would represent the preocipitate phases.
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-3 Commencement of the resolution of aggregated Mangcnese‘
: ] T

IlO ' . T T T T T 3
- -=0-- 680 m.pp.m Mn -
- —o— 187 v )
-—A—— 325 " "
.—'o\
N
\. -

ToRnd RN _
- ‘A \ -
:\o \‘\‘ N, :
~ ]
- N\\ \A\Q\Stcge J\VA ]
Log OT | o\ A i
Mho.cril°K B e, LT -

) \A.‘A ) N N

O\ N o~

O
&)}
1 [llll
.‘/-1‘
., -
, )
>
’
s
y
lllllLl

Illll‘

i J'IIIIlI

T
. O )
/

S 1000
Fig. 2.12 T oK

Y

A
W



T I T I T I T ]
THE LOW TEMPERATURE 128

ASSOCIATION REGION.

“-10 s
10 F . .

I

Log oT
Mho el °K

10"

- -g—— 760mppmMmOH”
Blrue @
—a— 71 mp.pm. Mn
—°— 700 & .
—_—t—— 244 . “
D l1661 “ " | | .




1129.

10,000

mol frigction

y i Free vaccncx s?I}Jbility,
After Haven' '~
100 - ‘_
10 2
25 20 2.5 1000/T°K
Crystal doping 675mppmMn*
A ' 1 . 1 T T T T
2000 [~ ] /./—' [ J |
. « e i
0.1% Proof e
Stress '
1500 |- -
gm/mm? TA \
@
1000 |- o g §
T
500 I 1 B 1 1 1 i
100 200 300 400 500 600

Quench Temperature °C — .

Mechanical _properties _of Manganese

doped sodium__chloride.

(74)

After Harrison

Figo” 2'14 o"



- TABLE (242).

rystal Qoo oV End of Precipitation, °F
586 i 10 MesPePelle In 1.48 i 0.01 3030K

25 £ 10 mepepems Un 1.29 £ 0,01 302% -

30 £ 10 mepepem. Iin 1.16 £ 0,01 276%K

90 t 20 mePePeme Iin 1.21 i 0.01 22901';

TABLE (2.3).

Crystal QIII]_GV'
Pure 1.17
7L %20 mepeme ¥n 1422
166 £ 10 m.pem. In 1.16
244 L 10 mepen. Mn 1.15
700 £ 10 mepoms ¥n 1.13
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It should be pointed out that all the conduotivity data obtained

in the present study were "equilibrium readings", that ies, well aged
oryetals were taken from the dessicator and warmed up by steps of
5% and the conductivity allowed to reach an equilibrium value
before the reading was taken. To obtain equilibrium in the
lightly doped orystals, waiting periods in excess of twenty four
hours ware required. ‘

The regions of the conductivity plot attributed to the
apsociation reactions, occurring below the precipitation regions,
are shown in Fig. (2.13)s These presented an interesting feature,
a decreasing slope Qryy With inoreased doping level. Table (2.3).
If this region were molely dus to a low temperature asgociation
reaction, the conductivity plots would be characterized by a well
defined slops, independent of doping level. Thi= concentration
dependenice of the astivition energy appears in the data of Schneider
and Caffyn. (8)  The only reasonsble explanation would be that
partial resolution of the precipitated phase is ocourring below the
kinetic level of 20000, and this resolution is temperature dependent.
The magnitude of the conduoctivity at any fixed tomperature clsco
inoreased with doping level up to a saturation value, This is
coneistent with there being a solubility limit for the =solid solution,
above which the divalent impurity will go into the aggregated or
rrecipitated phace.

(2) Ionic Thermogurrent Hesults

The complete I.T.C. spectra of a manganese doped orystal is
. presented in Fig. (2.15)s This was obtained by holding the orystal
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at a temperature of 98,5°C for a period of ono hour, polarizing
the crystal with an slectric field =nd then slowly cooling it to
liquid nitrogen temperature in ordexr to guench in all the
relaxation processes. During the subsequent linear heating of
the orystal, three peaks (I,III and IV) were produced, with Peak II
only appearing in the later experiments. The same experiment
was repeated upon a pure orystal and produced the results of

Fige (2.16). As both crystals were subjeoted to the same
polarizing times and temperatures, Peaks I, II and III could be
attributed to the presence of the divalent, mangenese impurity.

All the I.7.Cs dimcharge peaks were superimpoeéd upon a
background of a constant discharge ocurrent, which was related to the
volume of the crystal. This discharge was not thermal noise but
wag attributed to the change of dielectric constant of the material
with incressing temperature. Similar discharge currents have been
obgerved by Matsonashvili (72) in heated orystals of the alkali
halides. _ By suitable choice of polarizing temperatures, the
individusl peaks could be isolated and investigated. For example,
by polariging the manganesse doped crystals at about -3o°c for more
then five minutes and then cooling the crystals suddenly, Feak I
could be obmerved, free from the effects of the other peaks.

(a) Peak I

It ie feasible that Peak I was produced by the reorientation
of impurity-vacancy dipoles, ospscially as the peak height of this
rarticuler discharge ocourred at a temperature where the lmpurity-
vacancy dipole had a relaxation time of greatsr than 1 seec. Vith
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this in mind, a manganese doped crystal was given a preliminary

heat treatment of two hours at 300°C and then air quenched onto

& block of asbestos. It was hoped that this treatment would put

a large proportion of the impurity into dipole form. The specimen
was then polarized at ~30°C for a period of 300 secs., quickly

cooled to liquid nitrogen temperature and the I.T.C. discharge
observed. This process was repeated for different polarigzing

field strengths, Fig. (2.17). If different specimens of the same
doping level had been used, the current density would have been
obgerved in order to make a quantitative comparison. In Fig. (2.18),
the maximum current density is plotted against the applied electric
field strensth, for two different specimens of the same manganese
content. The linear relationship observed is in agreement with
the predictions of equation (24), for oonstent dipcle concentration ,
and polarizing temperature T . Tie temperature at which the peak
height occurred (~52,5°C) was independent of the applied polarizing
field strength, as suggested by equation (25). Using this equation
a nd a value of 0,70eV. for the reorientational energy, a value of
oo, T =1-31 ig obtained at Tm. Dielectric relaxation experiments
performed on the same orystals, Fig. (2.29) suggest a value of

Loo. T =265 ,  The discrepancy between these values could
indicate some systematic lag between the temperature of the chamber
and the specimen,

By keeping the polarizing temperature and times constant, the
impurity-vacancy dipole concentration was varied by ueing different
heat treatments,  Then, by plotting the current density/unit field
ptrength as a funotion of temperature, the comparative effects of
quenching temperature upon dipole concentration for different orystals
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of the same doping level were cbmsrved. Fig. (2.19). Again the
peak temperature of 53.2 £ 0,9°C would appear to be indspendent of
dipole concentration.

An estimntion of the enthalpy of reorientation was obtained
by analysing the low temperature tail, using the method suggested
in equation (28).  This is performed in Figs (2.20) and yields
an energy of recrientation of 0.67 % 0.01eV. An independent
estimate was obtained by analysing the whole peak in the manner
suggested by equation (27)s Fige (2.21)s  This analysis yields
a reletion for of the fom .

T () = 5.0 x 2072, exp (0.65 £ 0.04)eV/kT. 800,
with

Abo = 0.65% 0,040V  As, = 5.0 x 106r/%

Having resolved varistions in dipole concentration in a
quantitative manner, a crystal platelet of a lmown manganess content
was Bplit up into a series of specimems of similar impurity content.
These well aged orystals were pir quenched after being subjected to
different a.méali.ng tenmperatures for periods of time in excems of
two hours, and their relative inpurity~vmcancy dipole content
determined by the I.7.C. tochnique Fig. (2.22)«  This result shows
o gradually increasing dipole content up to temperatures of about
220 + 10°, where a sharp incresse ocours, just above the kinetic
lovel, dus to the onset of the resolution of the sggregated phase.
The gradual increase in dipole concentration below this temperature
is due %o the partial resolution of the aggregated state., At a
temperature of 320 % 20°C, all the impurity would appear to be in
solution. The subsequent deorease in dipole concentration at
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higher temperatures may be attributed to thermal ‘disassgociation of
the complexes. For temperatures in excess of 420°C the results
were not reproduceabley probably because the cooling in air was
not rapid enough to quench in the equilibrium dipole concentratione.
In order to obiain ths drop in dipole conceniration, attributed to
thermal dissssoclation, the specimens had to be quenched from the
annealing temperature to «30% in a period of less than {ive seconds.
The specimens were less than O.3mm thick and presumsbly followed the
cooling chamber's rapid changes in temperature with litile thermal
lags If thicker specimens, or a normal alir quench wers used,
inoccnsistent results {vere obtained at the higher temperatures. The
meximum dipole concentration would appear to be schieved at quenching
temperatures of 320 pA ‘-go"c, this concentration accounted for only
42,5 of the total divalent impurity. The rest is presumably
pregent as free icns or tied up with anions. This result is in
contradiotion to the results of Cook and Dryden, (29, 31) who c¢laim
that after suitable heat treatments, 100) of the divalent impurity may
appear in dipole form. If this were so, the air quenched corystals
would be expected to have intrinsic conductivity at the quenching
temperature. »
Having obeerved the dipole concentration as a function of
tomperature, the conductivity of a eimilarly doped specimen was
measured over the same temperature rangze. Fige (2.23). Using the
expression for the cation vecancy mobility, determined in Part I, the
molar concentration of free vacancies ~‘X1 snd hence the numbser of
free impurity ions was determined, Then, by using the following
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relation,

Xo s . Xl + Xk * ¢ + xp
CHEMICAL IWIC T.TeCs EXTRINGIC
ANALYSIS CONDUCTIVITY COTDUCTIVIRY

the molar concentration of the impurity in aggregated form was
determine