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a subject grouping and will provide the reader with a more 

detailed background than that discussed in the Literature 

surveys. 



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 crystal; 

secondly, an examination of the state of aggregation of divalent 

manganese in sodium chloride. 
The initial investigation has shown that intrinsic conductivity 

is sensitive to the presence of grain and sub—grain boundaries and 

possibly 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 ionic 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 avacaney 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 a suitable heat treatment, the different forms and 

associated states of the impurity ion were investigated using the 

above mentioned techniques and the parameters concerned with the 

association and aggregation reactions derived. 
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Apparent slopes of conductivity plot. 

Cation and anion vacancy's contribution to ionic 
conductivity. 

Molar concentration of cation and anion vacancies. 

Number of cation and anion vacancies/c.c. 

Cation and anion vacancy mobilities. 
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Gibbs free energy, enthalpy and entropy of 
formation of Schottky pair. 

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

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

Jump frequencies of cation and anion vacancy. 

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

Divalent cation impurity content, mole fraction. 

Background anion impurity content. 
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(i) The Scope and Aim of PART I  

The aim of the introduction and discussion is not to present 

a complete and critical literature survey of ionic conduction and 

matter transport in non-metals, but rather to deal with the recent 

advances in the field which are of any significance or interest to 
the present work. 	For a detailed account of earlier experimental 

investigations, the reader is referred to the 

thorough treatises of Lidiard (1)  Howard and 

Friauf. (3) 	For the initial considerations 

very extensive and 

Lidiard (2)  and 

of point defects in 

solids and the nature of substitutional and interstitial defects, 

the references of Schottky (4)  and Frenkel (5)  are supplied. 

(ii) Introduction and Survey of Literature  

(1) Intrinsic Conduction  

The study of point defects and their reactions in alkali halide 

single crystals constitutes one of the more widely investigated 

fields of solid state physics. 	The techniques of ionic conductivity 

and self diffOsion have yielded valuable information about the 

parameters of motion and formation of these defects. 	Ionic 

condl,ctiVity has produced the widest divergence of results, probably 

due to systematic errors appearing between different groups of 

investigators. 

The Amhenius plot of ionic conductivity in Fig.(1.1), is the 

normal method of presenting conductivity data and this shows the 
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conductivity plot. 



ENTHALPIES OF FORMATION OF THE SCHOTTKY PAIR AND  

MOTION OF THE CATION VACANCY - FOR SODIUM CHLORIDE  

Source heV 	I A h1eV.  Technique 

Taylor (163) 2.04 0.69 D.C. 
Jain et al.(110)  2.30 0.69 - Pulsed D.C. 

0.75 
Oraham(129)  1.70 0.80 D.C. 

2.14 0.79 A.C. 
Dreyfus et al.(54)  2.12 0.79 D.C. 
Etzel et al.(1)  2.02 0.85 	, Pulsed D.C. 
Mapother et ali(56)  2.12 0.77-0.83 Diffusion 
Bierman (164)  2.19 0.74 D.C. (Q II) 

0.85 D.C. Isotherms) 
Rani, et al. (165)  2.12 - Theoretical 

:Boswarva et ai.(162)  2.138 - Theoretical 
Schamp et al,(66)  - 0.86 Diffusion 

(106) Bean 0.78 A.C. 
Laurent et al.(58)  - 0.60 Diffusion 
Redfern et al.(100) - 0.69 - D.C. 

0.72 
Haven (57)  - 0.72 A.C. 
Kobayashi et a1.(166)  - 

0,74 A.G. 
Itoh et al.(85)  0.74 N.M.B. 
Reif et al.(91)  - 0.66 N.M.R. 
auccione et al.(167)  - 0.87 Theoretical . 

. . 
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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 ionic conduction whilst working on single crystals of 

the Li, Na, K, Rb halides, whilst Koch and Wagner (7)  showed that 

the magnitude of the extrinsic conductivity was sensitive to the 

level of doping with a divalent cation impurity. 	Density studies 
performed by Pick and Weber (8)  on potassium chloride single crystals, 

doped with calcium and strontium chlorides, indicated that the 

divalent ions occupied substitutional positions on the cation 

sub—lattice, while Kelting and Witt (9) used the knee temperature to 

determine the divalent cation impurity contents. 

It has often been assumed 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 (12)  
and TUbandt (13)  are compared with conductivity data. 	These 

measurements were performed upon pellets of potassium chloride, hot 

pressed from the powder, and they show a considerable contribution 

appearing from the motion of the anion vacancy in the intrinsic 

region of conduction, with a possible electronic contribution of 

about 5% which appeared to be independent of temperature. Tubandtis 

work on sodium chloride, prepared in the same manner, also showed 

a structure sensitive anion contribution to matter transport. The 

most recent transport number determinations are those of Haven.(14) 
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Using the classical method of weighing, he replaced the hot pressed 

powders of the previous workers by three plates of single crystals 

of sodium or potassium chloride and used graphite electrodes. 

Within the temperature range 690°C — 715°C, the cation transport 

number t1 had a value of 0.86 for sodium chloride, with little 

evidence of an electronic contribution. 	This anion contribution 
was larger than the previous determinations and because of the 

single crystal nature of the specimens, is probably more 

representative of matter transport through the bulk of the material. 

The results also suggest a difference of 0.15eV. between the 

enthalpies of motion of the anion and cation vacancy. 

The magnitude and source of a possible electronic contribution 

to the bulk conductivity has been a point of some discussion in the 

past. 	The band gap in sodium chloride is approximately 10.0eVs(15)  
if excitan and other impurity levels are neglected. 	This precludes 

any significant electronic conduction by thermal production of 

electron—hole pairs. 	Electrons may appear 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 

stoichiometry caused by variations of the partial pressure of one 

particular component in a surrounding atmosphere.(18) All these 

factors will introduce donor levels of varying concentration between 

the valence and conduction bands. 
In contrast, the anion contribution to the intrinsic conduction 

is a matter that has received considerable attention. 	Allnatt 
(50) and Jacobs 	were the first to attribute a curvature of the 
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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 
diffUsica data of Laurent and Benard.(58)  The earlier conductivity 
data at Phipps and Partridge (51)  had also shown a curvature of the 
intrinsic region, but thin had been ignored and a straight line 
drawn through the conductivity points. 	In contrast, Aschner's (62)  
conduCtivity data for the same material had a linear intrinsic region 
up to. the melting point. rig. (1.2). 	When Aschner's resultts 
are compared with Allnatt's, there is agreement an 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 conductivity 
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 periods of time. As a 
consequence of the design of the rig, the crystals experienced 
considerable plastic deformation at these temperatures. 	Beaumont 
and Jacobs,(52)  using the name crystals and conductivity rig as 
Allnatt et al., have suggested that 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 conductivity. 	To do this they used 
a least squares minimization routine written into a computer 
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programme. 	Their results are in good agreement with the 
diffusion studies of Fuller, (53)  who submitted his results to the 
same form of analysis. 	A feature neither worker discusses is 

the large variation in the entropy of anion motion which appears from 
specimen to specimen. 	This variation is not reproduced in the 
entropy (emotion for the cation vacancy. 	This 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 a pre—exponential term. 

The intrinsic conductivity of the sodium chloride lattice has 
not been so carefully investigated as that of potassium chloride. 

Dreyfus and Nowick (54) have attempted a compilation of the results 

of various workers for the intrinsic and extrinsic regions of 

conductivity for sodium chloride. Not too much significance can 

be attached to their conclusions because they have neglected to take 

into account 
(i) The experimental method of obtaining conductivity results 

(D.C. measurements give consistently low values for Qi 

compared with A.C. measurements). 

(ii) The possible effects of an anion contribution steepening Ql. 

Although a curvature of the intrinsic region has never been 
reported in sodium chloride, Jain (55)  has suggested a value 
of 1.92e. for Qi. 	This is very large, possibly due to 

the effects of an anion contribution. 

(iii) The effects of association reactions steepening the slope 

of the extrinsic regions to give high values for Qui. 
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(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 ovation 

N.,22  
/ 	=  
.)>/ 	La' 

The increased diffusion, over and above that calculated from the 

conductivity, which occurred below 500°C, was cited 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,(57)  performing 

a similar comparison in pure sodium chloride, found the above 
relationship was not valid. 	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 random jumps is not correct for 

either the vacancy or interstitialcy 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. 
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The vacancy is more likely to effect a movement by a reverse jump 

of the ion. 	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, calculated 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 the same lattice, on their relative rates 

of jumping. 

Laurent 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. 	Also as a function of grain size over a 

temperature range 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 polarization of the 

ions: the greater the polarization of the ion, the greater the 

influence of the grain and sub—grain boundaries upon its movement, 

In the caesium salts, the cation diffusion was also enhanced by a 

decrease in grain size. 	Their work suffered in two respects: 

firstly, no attempt was made to keep the grain boundaries free from 

anion impurities. 	In particular (OH)—  ions were present in the 

poly—crystals formed by sintering cold pressed powders; secondly, they 
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used a method of analysis devised by Fisher and Whipple (60,61) 

Which is only applicable to a semi-infinite slab of homogeneous, 
crystalline material. 	The Whipple analysis does not account for 

the diffusion processes occurring down grain boundaries. 
Cabane (62) rectified these faults by preparing polycrystalline 

specimens from hot pressed powders which had been subjected to a 

prolonged heat treatment at 400°C, to remove any moisture. This 
treatment produced crystals that were transparent with polycrystalline 

densities near the theoretical limit. 	To measure true grain boundary 
diffusion, Cabane developed an auto-radiographic technique and modified 
the Fisher-4 hipPle analysis to the situation of diffusion down a grain 

boundary. 	In grain boundaries free of the (CI)-  ion the activation 

energy for diffusion wan similar to that for diffusion through the 

bulk of the material. 	When the (OW-  ion was present in the 

boundaries, the activation energy for diffusion was much lower. 
Aschner (63)  measured conductivity and cation diffusion in 

crystals of pure and cadmium doped sodium chloride. 	.Good agreement 

between conductivity and diffusion was observed in the doped crystal 

when a degree of association 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 and highest doping levels, the conditions under which 

the impurity-vacancy dipole concentration is greatest. 	Lidiard (1)  

has performed a critical analysis of Asehner's data and has obtained 

a correlation factor for tracer diffusion in the sodium chloride 
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lattice in terms of the jump frequencies of the associated impurity 

ions and cation vacancies. 

Anion diffusion studies in the alkali halides were initiated by 

Chemla, (64,65)  who measured the diffusion of the isotope 0136  in 

sodium chloride over a limited range of temperatures. Laurent and 

Benard (58,59)  repeated those measurements, extending the range of 

temperature investigated from 400°C to the melting point. Little 

progress was made in extending the determination of anion diffusivities 

to lower temperatures until the introduction of the radio-active gas 

exchange technique. 	This method involved the monitoring of the 

rate of exchange of radio-active 0136 (produced by neutron irradiation) 

from the mad state into a surrounding atmosphere of chlorine gas. 

It enabled the measurement ofdifflutioncoefficients several orders of 

magnitude smaller than that obtainable with the usual sectioning 

techniques. 	Harrison, Morrison and Rudham, (69)  using this technique, 

observed that the chlorine ion diffusion in sodium chloride presented 
a knee at 500°C, similar to that of ionic conductivity and cation 

diffusivity. 	They suggested that divalent anion impurities caused 

the anion vacancy concentration to become fixed at this temperature, 

similar to the extrinsic regions of ionic conductivity. 	Lidiard (70)  

pointed out that this was a contradiction of the 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 

diffusion. 	These conclusions were subsequently verified by 

Morrison and Rudham, (71)  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, indicating that 

vacancy pair diffusion was occurring in doped crystals. Laurance (72)  

measured anion diffusion in pure sodium chloride and crystals doped 

with varying amounts of calcium over the temperature range 520°C to 

740°C, and found that anion diffusion in pure crystals occurred with 
an energy of 2.12eV. 	The diffusion coefficient in crystals 

containing calcium was smaller than that of pure crystals by a factor 

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 similar to that of the free anion vacancy. 	By using a 

theoretical value of 0.6eV. for the pair- 	(73) binding energy 	he 

deduced 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, Morrison and 

Schroeder (74) measured 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 

D2 m 1.1 exp (1.92/kT) om2/seo. 

D m 363 exp (2.37/1) cm2/sec. 

This is to be compared with Laurancels 
(72)  pair diffusion of 

D 	1,280 exp — (2.49/W) 0m2/00c. 
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Although the energy for pair-diffusion was in good agreement with that 

of Laurance's results for doped crystals, there was a discrepancy in 

the magnitude of Do  both for pair and free anion vacancy diffusion. 

It was suggested that a precipitated phase of CaC12  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 

magnitude of th6 anion diffusivity is present in all the data of the 

previous workers. 	The summary of their quantitative results is 

presented in Table (1.2) and for a fixed temperature, the large 

variations in the values of 772 can only suggest that the anion 

diffusion is structure sensitive. 	Barr et al also found that the 

magnitude of the anion diffusion coefficient was sensitive to the 

previous thermal history of the crystal. 	Barr, Heedless, Horrison 
and Rudham (75) have observed that a reduction in the diffusivity 

and change in activation energy, which occurred below the intrinsic 

regions, could be correlated with a decrease in dislocation density, 

as determined by etching techniques. 

Puller (53)  has recently measured the anion diffusion in 

potassium chloride and has produced essentially the same features 

observed in sodium chloride. Quantitatively his results were: 

D2 v. 36.5 exp (2.10A T) amt/sec. 

Dp  . 8.56 exp (2.65AT) cm2/sec. 

with values of 0.95eV. for 1 h2  and 2.31eV. for h. 
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ACTIVATION ENERGIES FOR ANION VACANCY DIFFUSION  
IN SODIUM CHLORIDE  

D = Do exp - gikT an2/sec. 

Q 
eV 

Do  
cm2/c 

Temperature 

range °C 

Interpretation Reference and Authors 

2.23 110 600 - 730 Free vacancy (589 59) 

Laurent et al. 

2.49 1,230 585 - 730 Free vacancy 

and pair motion 

in doped crystals 

(72) 

Laurance 

2.70 3,000 650 — 760 Free vacancy (64, 65) 	Chemla 

2.12 56 520.- 745 Free vacancy (72). 

Land pair motion Laurance 

In pure crystals 

2.3 Pair and free (75) 

2.6 
vacancy Barr et al. 

2.29 490 450 - 690 Free vacancy (69) Harrison et al. 

1.92 1.1 Free vacancy (74) 

500 
2.37 363 Vacancy pair Barr et al. 
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Additional evidence 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.Cr) 

Sastry et al. observed a dielectric absorption in the temperature 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 

divalent cation impurity is known to affect the free anion and cation 

vacancy concentration, so the observation would suggest that the 

dipolar loss was caused by the vacancy pair. 	Unfortunately, the 

concentration of vacancy pairs derived from the loss data was 
unreasonably large. 	At 700°C, 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 observed in specific heat determinations at 

elevated temperatures.(80) 	Theoretical refinements to the predicted 

equilibrium concentration of vacancy pairs made by Boswarva and 

Franklin (81)  have ehown that the vacancy pair concentration could 

never exceed 3; of the total lattice sites. 	The discrepancy between 

theory and experiment still exists. 	Sack et al. (77) measured the 

dielectric losses of NaC1, 1C1, AgC1 and AgBr at a fixed frequency 

of 24 kilomegacycles/sec., over a temperature range from room 

temperature to just below the melting point. 	The dielectric) 

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) Extrinsic Conductivity 

From a knowledge of Q1  and QII, the entha4y of formation of a 

Schottky pair and the enthalpy of motion of the cation vacancy may 

be calculated. 	Figures quoted for A hi, Table (1.1), obtained 

from region II, have a wide scatter and are often dependent on the 

divalent, cation impurity present in the crystal; in contrast to 

theory, which predicts that Q11  should be independent of the impurity 

ion added. 	The divergence of results is due to the combined effects 

of the association reaction and a prolonged changeover from extrinsic 

to intrinsic conduction, both of which make extrinsic conductivity 

an ill defined region of the Arrhenius plot. 

Whilst the addition of divalent cation impurities enhances ionic_ 

conduction, divalent anion additions are seen to depress it: Rolfe (99)  

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 anion (CO3

)-- 	Enthalpies of motion 

of 4 hi  = 0.665, 11 h2 m 0.87, for,the anion and cation vacancies were 

obtained. 	Anion additions may act as either substitutional defects 

or complexing centres. 	The anions (CO
3
)--
' 
(S0
4 	

are divalent 

in nature and play a substitutional role similar to that of the 

divalent cation impurities Cd4"4", Ca++. 	Redfern and Pratt (100) 

doped sodium chloride with 0--  and (SO
4
)--  ions. 	These suppressed 

the magnitude of the extrinsic conductivity, but the apparent slope 

n 	remained the same as that of the pure crystal, showing that the 

cation vacancy 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 Luty (101) have doped crystals of 

potassium chloride with (011)—  ions, and then studied their properties 

using the techniques of bulk density measurements, ionic 

conductivity and optical absorption. 	The absorption measurements 

were made at 2.04mp. and 2.8i,L. 	It was found that the (OH)—  ion 

occupies a substitutional position and complexes with divalent cations. 

It is the latter reaction which probably reduces the number of free 

cation vacancies. 	The (OH)—  ion does not produce any charge 

anomaly, as compared with (SO
4
)--  and 0 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 (H20) molecule has a profound effect upon the 

precipitation reactions of divalent cations 7++ (102)  

Etzel and 7aurer studied the extrinsic and association 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 
(105) Nowick 	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 Q11  (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 extrinsic 

conduction. 	The data had to be corrected for the annealing out of 

these non-equilibrium 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 

as possible paths of enhanced diffusion. 	Pratt (112)  first pointed 

out that dislocations in an ionic crystal could become charged by 

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 associated with the space-charge and its interactions 

was made by Eshelby, 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 temperature, where the 

charge on the dislocation core is zero. 	This "temperature" arises 

from the cation concentration being controlled by the divalent, cation 

content, the isoelectric temperature occurring when the cation and 

anion vacancy concentrations became equal. 	Below the isoelectric 

temperature, the dislocation 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)  chow the 
existence of the space charge cylinder and an isoelectrio point in 
pure sodium chloride. liany observations of isoelectric temperatures 

have been made in ionic crystals subjected to flexural vibrations and 

bending experiments.(115, 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 may also act as a path of high diffusivity. 
Enhanced diffusion along grain boundaries has been observed many times 

in polycrystalline metals.(123, 124) 

Conductivity studies of dislocation cores in lithium fluoride 

by Tucker and Laskar (125)  have shown that cations (Na) mar diffuse 

down 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 misorientations from 4°20' to 
53
0  30'. 	The activation enerey of 0.32eV. for the sodium ion 

diffusion down the grain boundary was found to be independent of the 

boundary's degree of misorientation, over a temperature range of 

225°C to 325°C. 

An investigation of the dependence of ionic conductivity upon 

grain size in polycrystalline sodium chloride has been made by 

Graham,(129)  using both A.C. and D.C. methods. His work may be 

summarized in the following manner:— 
(i) The contribution of the chlorine ion vacancy to the total 

conductivity is significant in the intrinsic regions of 

conductivity, even for single crystals. 
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(ii) The chlorine ion vacancy's contribution to conductivity 

is reciprocally dependent upon grain size. 

(iii) The sodium ion vacancy conduction is nearly independent 

of grain size. 

(iv) The layer thickness 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 

known to change when the crystal is subjected to homogeneous plastic 

deformation. 	Temporary increases in conductivity are observed 

during deformation, followed by a decay in the conductivity when 

the deformation ceases. This is the so—called gyulai—Hartly (130) 

effect and its explanation is based upon isolated vacancies, generated 

by plastic deformation, producing the excess conductivity. 	This  

then dies away as the vacancies are annealed out by migration to -L 

dislocations, surfaces and grain boundaries, or by clustering into 

vacancy platelets. 	The situation occurring during plastic 

deformation is made complex by the presence of a charge flow 

associated with dislocation movement, this being independent of the 

applied electric field. 	This causes a potential to be developed 

across the crystal during the course of deformation. Many authors 

have dealt with the various aspects of this charge flow, in 

particular the papers of Whitworth (131)  and Davidge (132)  deal in 

detail with the charges appearing upon the edge and screw dislocations, 

which are forced to move by various modes 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 (138)  

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)  
emphasized that squat specimens showed 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 different 

slip systems must occur before substantial vacancy production becomes 

possible. 

Camagni and nanara (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 steady state enhancement 

of conductivity only occurred When deformation into the plastic region 

wan performed, and this enhancement disappeared rapidly as soon 

as the plastic deformation was interrupted. 	Ey studying the 

dependence of this conductivity enhancement upon temperature, a 

migrational enercy 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 vacancy having a low 

migrational energy. 
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(iii) The Basic Theoretical Equations Concerning Ionic Conduction  

(1) Intrinsic Conduction  

At high temporaturos in a pure crystal the conduction is 
intrinsic and the vacancy concentration is a consequence of the thermal 
statistics of the lattice only and independent of impurity doping 

level. 	The equations governing this intrinsic conduction are:— 

G- 	cl  + G- 2 

, zix2  + exp —g/kT fs Ao 

4a2e21/1 

	

P4 1 	kT 	exP  -66•glilfe 

4a2e2  
t-L  2 kT exP g2/kT 

	

Q- 	= re (p 1x1 4./4-1-2 X2)  

Fran (1), (2) and (3) 

Q7  
4Na22  

(1- exp Cagl g/2)/kT) ("02  exP (41g2+8/20) = kT 
-------- (4) 

Where g1,2 --"Vh112 — TAB:112 

(1)  

(2)  

(3)  
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Ifer1 G7-2 the conductivity plot presents a linear region of which ,  

the specific conductivity is given by 

4Na
2
e
2.
1)1  

Cr == 	kT exp (01  + 6/2)/kT. exp — Ohl  + h/2)/kT 

with a slope of Ohl  t 4/2)k. 	If there is an appreciable anion 

contribution,C2z C-2  and a curvature or breakaway to an increased elope 

mightappear in the intrinsic region, as defined by equation (4). This 

may explain the large variation in activation energies, Q1, quoted for 

sodium and potassium chlorides. 

(2) Extrinsic Conduction 

At lower temperatures, the conductivity becomes extrinsic, the 

vacancy concentration being equal to the net concentration of divalent 

impurities present in the crystal. In the extrinsic range of 

conduction, anion motion is insignificant and 

	

CT' = floe/41E?   (5) 

2 2 Alixla e 0-  = 	 el"434Slik• exp —A hl/kT 	 (6) 
kT 

ADplying the condition of charge neutrality to equations (2) and (3), 

= c 	x2    (7) 

we find that at constant temperature 

when cs. > xo• 
G- 

37Tri• ) ( 9 ) 
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For any constant temperature, a plot ofT versus c should be linear 

for extrinsic conduction. 

(3) DiffUsiont  the Nernst—Einstein Equation and Correlation Corrections  

Matter transport in ionic crystals may be studied by diffusion or 
conductivity. 	If the same microscopic species is producing the 

conductivity and diffusion by essentially the same process, then 

conductivity and diffusivity are related by the Nernst—Einstein 

equation 

i 
P. 

2 
eri. 
kT 

For sodium chloride, where anion and cation vacancies may contribute 

to conduction 

Ne2 

T—T (D1 D2)  

A correlation factor of 0.7815, appropiate to the f. c.c. lattice of 

sodium chloride, will be used when utilizing the Nernst—Einstein 

equation in the present work. It is not necessary to consider 

correlation effeots as contributing to the expressions for conductivity, 

because the applied electric field removes the randomness associated 

with the individual jumps. Using the correlation factor, the correct 

form of the Nernst—Einstein equation becomes 

1.2aNe2 

" 



(4) Debye-Suckel Corrections  

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

in dilute solutions (150),  each ion is surrounded by an atmosphere of 

oppositely charged ions, whose net charge is on average opposite to 

that of the central ion. 	Mien these ions have no external force 

applied to them, the atmosphere is spherically symmetric about the 
ion. 	7:hen an external electric field is applied, the ions are set 

in motion and changes in the ionic atmosphere arise, which results in 

a decrease in the velocity of the ions. Debye and Huckel first 

pointed out that these effects are two-fold, namely:- 

(i) A relaxation of the ions surrounding atmosphere. Because of 
the difference in sign between an ion and its compensating 
cloud, an electric field will tend to move the central ion in 

ono direction and the atmosphere In the oeposite one. In 

this state, the force exerted by the atmosphere is no longer 

uniform in all directions, but is greater behind the ion 

than in front of it. Consequently the ion is slowed down. 

These retarding effects are much smaller in solid than in 

liquid solutions, principally because the vacancy 

concentration in tho solid phase is much smaller than the 

ion concentrations appearing in solvents. 

(ii) An electrophoretic effect arises from the interactions between 
a positive ion, moving towards the cathode, and the high 

density of negative ions moving in the opposite direction. 

This does not apply to cation and anion vacancies in ionic 

crystals. 

28 
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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 

X1,X2 . exp. - (g/kT - e2i212 kT + DJ) 
where S H.  is the characteristic radius of the Debys-Huckel 

atmosphere surrounding each vacancy, and is given by 

Zi being the number of compensating charges per cation vacancy, 
This effect is very small, producing a change of approximately 
0.033eV. in the measured free energy (g) for sodium chloride, near 

the melting point, 
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(iv) The presentation of results  

(1) Intrinsic data  

The conductivity plot of a pure, single crystal of sodium 

chloride is presented in Fig. (1.3). The data points were obtained 
from conductivity determinations performed upon four different 

specimens cleaved from the same transverse platelet of a pure crystal 

boule, the crystal specimens being unannealed after cleavage. 

xcept for the data obtained at the highest temperatures, which were 

sensitive to previous thermal treatment, there is excellent 

reproduceablity. 	Consistent results were obtained without performing 

a high temperature anneal of the crystal electrode interface. 	By 

using a variable loading electrode, coated with graphite and of 

sufficient cross sectional area to avoid edge corrections, deformation 

of the specimen was avoided. 	This is far more satisfactory than 

having changes in the crystal's dimensions of up to 10' occurring 

during conductivity determinations, a situation present in some 

workers' determinations of conductivity.(52) 	The intrinsic 

conductivity should be reproduceable between different investigations 

on any particular alkali halide: the intrinsic data of other workers 

is included in Fig. (1.3) and shows that this is apparently not true. 

It is interesting to see the close agreement between Jain (55) and

Etzel and laurer,(104) who obtained data using a pulsed electric 

field technique, and the present work's agreement with the results 

of Bean,
(106) which were obtained using an A.C. technique. A.C. 

results consistently give higher results than D.C. methods at 
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elevated temperatures. 

The intrinsic region of conductivity, Stage I, shows a definite 

curvature towards an increased slope at the higher temperatures, 

stage P. 	c the slope of the tangent drawn through the low 

temperature region of intrinsic conduction, has a slope of 

1.78t 0.06eV. 	The values of Q1  were reproduceable to within 	the 

limits of experimental error. 	Table (1.3). Because 	the values 

obtained from experiments (4, 5 and 6) produce longer regions of this 

linear intrinsic conduction (assumed to be purely cationic motion) 

the best value of Q1  is not necessarily the average value. The most 

accurate determination of Qi  would appear to be 1.83 :1; 0.01eV., 
which is high when compared with values previously obtained in sodium 

chloride, and is probably due to the elimination of space charge 

polarization effects by the use of A.G. measuring techniques. 

QII' the extrinsic conductivity's slope in the pure crystal, 

is steepened by the onset of the association reaction between the 

divalent cations and cation vacancies. 	The conductivity plot 

starts curving downwards so soon after the commencament of extrinsic 

conduction that the background impurities must be highly associated. 

This is reasonable from a consideration of the Law of :ass Action, 

and is in agreement with the cation diffusion studios of Mapother, 

Crooks and :aurer,(56)  in which the onset of impurity controlled 

diffusion occurred as soon as intrinsic conduction was finished. 

A line of minimum slope of 0.69 ±0.03eV.  could be drawn through the 
extrinsic data. 	This should represent the best value for the 

enthalpy of motion of the cation. vacancy obtainable from the 

conductivity data of the pure crystal. 



TABLE (1.3). 

THE VAILTES OF Q1  OBTAINED FROM DIFFERENT EXPERIMENTS 

EXPT. CRYSTAL STATE QieV. 

1.  Pure (C.), undeformed 1.78 ± 0.06eV. 

2.  Pure (c) 1.83 ± 0.010V. 

Diffusion doped with 

(OH)- 

3.  Volume doped with 1.83 ± 0.01eV. 

4.  Pure (C.) 1.88 ± 0,04eV. 

Deformed 	35 

5, 6. Pure D. 

Controlled deformation 

and annealing for 

1.84 ± 0.01eV. 

24 hours at 700°C 

33 
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The knee temperature of 493t 2°C indicated an effective divalent 
impurity content of 2.3 t 0.1 p.p.m.  (expressed as site fraction). 
This is to be compared with the total divalent impurity content of 

about 28 p.p.m., as determined by spectrographic analysis. Even 

allowing for the large systematic errors normally present in the 
spectrographic analysis, this observation would suggest the presence 

of small amounts of anion impurities which are complexing with some 
of the background, divalent, cation impurities. 

rig. (1.4) presents the conductivity of a pure, a manganese, 

and a manganese plus (011) doped crystal of sodium chloride. The 

manganese doped crystal shows the additional feature of Stage IV, 

the precipitation region attributed to the resolution of aggregated 

manganese with increasing temperature of the crystal. 	Stage 

the high temperature association region, was found to be curved in 

all except the most heavily doped crystals. 	This makes the 

estimation of an enthalpy of association from the slope QUI a  
hazardous process. 	The presence of (OR) in the manganese doped 
crystals reduced the conductivity plot to a gentle curve up to the 

linear intrinsic region. 	At low temperatures the conductivity of 

this crystal was greater than that of the manganese doped crystals, 

whilst at elevated temperatures the reverse occurred, the crystal 

behaving, in the extrinsic regions, as if it possessed an effective 

divalent, cation doping of 36 m.p.p.m. of Mn". This is presumably 
evidence for some manganese — (001r complex which is unstable at low 
temperatures. The fact that the conductivity plot for this crystal 

presents a continuous curve would indicate that a whole range of 

associated (M14*  — (010 ) aggregates or complexes are present. If 
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there were only one particular species with a well defined structure 

and binding energy, an irregularity in the curve in the form of a 

subsidiary knee temperature might be expected, 

The association region in the pure crystal gave a value of 

1.17 ±0.005eV.  for III. 	Assuming that all the divalent impurity 

is in solution, a valid assumption for the concentrations and 

temperatures considered, we may calculate an enthalpy of association 

from the following relation 

QIII 
	+ ha/2  

Usinz the value of 0.68 ±0.02eV for hl  

ha = 0.96 = .03eV. 
This value is far higher than that obtained from any isothermal 

analysis of sodium chloride intentionally doped with calcium chloride 

(calcium being the chief background impurity), which yields values 

to 0.31eV. from 0.38eV (151-2) 	(153) 	This discrepancy probably 

arises from the presence of divalent impurities other.than calcium, 

each with its own association reaction increasing the slope of the 

association region. 	The slope QUI  of this particular pure crystal 

is in fair agreement with the values determined by other workers.
(154) 

The absence of any precipitation region in the pure crystals would 

tend to contradict the recent work of Chang,(155)  who calculated 

the enthalpy of formation of the Schottky pair by observing the 

limits of the precipitation region in pure crystals subjected to 

linear heating rates. 	There is no evidence for precipitation 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 m.141704 
(156)

0m• 	At elevated temperatures in the doped 

crystals, intrinsic conduction is never achieved, the conductivity 

plot being extrinsic to the melting point. 

To obtain better resolution of the curvature of the intrinsic 
conductivity, which occurred at temperatures in excess of 650°C, a 
longer region of cation conduction was required. As the chief divalent 

impurity in sodium chloride is calcium, which has a rejection ratio of 

1, the knee temperature could not be reduced by.zone refining. Stage 

I vas extended by the addition of (CH)—  ions after the manner of 

Anger, Fritz and Luty.(loi) 	To control the concentration of 

(OH)—  in the crystal, attempts were made to diffusion dope the 

crystals by annealing specimens at 700°C in atmospheres of steam for 

periods of 120 hours, (F4xpt.2). 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—I  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 specimen 

suffered during its preparation. 	Because it wan so soft, the 

crystal could not be cleaved, and had to be cut by a chemical saw and 

then water polished. 	It was not given an annealing treatment 	and 
therefore presumably contained much 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 ion diffusion data. 	The anion vacancy 

contribution to diffusion, as derived by Barr et al, (74) was used 

for the comparison, this not having been corrected for the effects 

of vacancy pairs. 	The calculation shows, Fig. (1.6), that the 

computed conductivity is effectively a straight line up to 20°  or 

30°C below the melting point. 	The agreement between conductivity 

and diffusion at the lower temperatures is well within the limits of 

experimental error. This is in direct contrast to the studies 

of Mapother, Crooks and Maurer, (56)  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 700°C, and then 

slowly cooled over a period of thirty—six hours. The crystal 

dimensions were approximately 4.0 x 4.0 x 8.0 m.m. with deformation 
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in compression being performed along the length axis, making the 

mode of deformation less unambiguous. 	After being deformed by 
1:= and Azat, Fig. (1.7), the high temperature conductivity was 
measured, Fig. (1.8). 	It was observed that the deformation 
considerably enhanced the high temperature conductivity, a much 
larger enhanoement appearing in the crystal suffering the smaller 

deformation. 	When these crystals had been removed from the 
conductivity jig and then annealed for pariods of twenty-four hours 

at /pee ± 1000, 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 
91 « 1.34 I 0.01eV. being in good. agreement with that determined for 

the (OW 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. 	Resolution of Polyvalent Impurity  

It is possible that some impurity is present in the crystal 
which only becomes soluble at elevated temperatures. This could 

explain the enhancement, but would not explain the variation of 

temperature at which this enhancement amours and its subsequent 

disappearance after annealing. 	The possible change of valence 

state of the impurities would not explain the effects of annealing 
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treatment. 

2. Surface Conduction  

Any impurity present in the crystal will tend to segregate near 

the surface, and when the crystal is held at elevated temperatures 
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 expected to increase with 
periods of annealing. 

3. A Transition Region  

Because the transition from extrinsic to intrinsic 

conductivity may occur aver an ill defined temperature region, Stage 

may be a transition region from extrinsic conduction to true intrinsic 
conduction as represented by Stage I'. 	Given an explicit 

expression for both intrinsic and extrinsic conduction, a temperature 
at which the effects of extrinsic conductivity becomes negligible 

may be calculated. 	Neglecting any anion contribution, 

INTRINSIC: 

O-T • 4Na202)1  
kT 

exp (1181/k + '72k). exp (4  hi + h/2)/hT 

EXTRINSIC: 
G"ET is 4Nca2e21)1 exp A el/k• exp ••• hi/W.,  

k 111101.1111011 

When
TE/17  2.5% extrinsic conduction should not affect the intrinsic 

datal le:- 
1 

E// 
 
c1 	c. exp sin  exp. + hizez 	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 11409K is obtained for Tk„ a 
temperature above the melting point. 	Although this calculation 
should not be taken too literally, it does show the difficulty of 
assigning particular regions of the conductivity plot unambiguously 
to any one process. 	Only by the agreement in the values of Qi  
for the pure crystals and the (OH)—  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 ray that it does. 

4. 	Change in Energies  

It has been assumed that the entropies and enthalpies of 

formation and motion of the vacancies are independent of temperature. 

The energy measured upon the Arrhenius plot is given by the relation 
d,(10.u. tT) 

Q k 

T2 	d A al + A h — d A h1 1 dT 	dT 
utilizing ail 1. dUi PdV T 0

1 
at constant temperature and 

volume, and 

and, hence 

T. dAsi  
dT 

A hi  

dAhi  

dT 

d (1/T) 

Assuming that A el  and ishl  are possibly temperature dependent, and 

substituting the expression for 0.-- T given by equation (16) into the 
above, one finds:. 
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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 near the melting point, the lattice 

structure may become loose, 	The vacancy may perform a double or 

uknock—on jump", the momentum of the initial hump carrying it onto 

the next vacancy position. 	This effect would result in an 

enhanced mobility, but would not explain the effects of annealing 

treatment. 	The possibility of Debye4hickel corrections are also 

ruled out from the previous argument, because a decrease in Q1  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°C to 100°C, 

with the annealing out of the cation vacancy proceeding with a 

reaction involving first order kinetics.(105) Because the energies 

of motion of the interstitials are considerably.sdialler (113), thanIthose 
of the,vacancies, the 'interstitials would not be expected to remain 

stable at temperatures in excess of 100°C. 	The only possible 

mechanisms which would seem to explain these large unstable 

enhancements of intrinsic conductivity is the motion of anion or cation 

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 Q1 
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to QI". 
Having clearly resolved the energy and magnitude of the cation's 

contribution to intrinsic conductivity, the anion contribution may 

be obtained 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 In the data of Beaumont et al.,(52) whose 

intrinsic region was a continuous 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 

creep. 	In the present experiments, care wan taken to ensure that 

the electrodes did not increase the dislocation density during the 

course of the experiment. 	The anion conductivity, when plotted 

against reciprocal temperature, yielded an activation energy of 

2.70 t 0.10eV.  rig. (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 that this 

activation energy is compounded of enthalpies of formation and motion 

in the usual manner, 

°anion = h/2 + A h2 
with 

h 	2.30 t 0.02eV. 
an enthalpy of motion (A h2) of 1,50 ± 0.20eV,  is obtained, again too 
high a value 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 
classically (13)  with those derived from diffusion data and the 

present conductivity studies. 	This may be done by using the 

following equation, 

= 	-FG;) 
assuming that the conductivity and difDasion processes 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 anion contribution to 

conductivity occurring over the temperature ranges where 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 I being purely cationic appears valid. 

The transport numbers calculated from the conductivity data suggest 

that the charge contribution carried by the anion vacancy is far 

greater than would be expected from diffusion studies or the 

classical determinations of tl. 	This would suggest that the 

enhanced motion of anion vacancies is occurring, possibly down 

dislocations or grain boundaries. 	The transport numbers all 

converge to 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 behaviour of dislocations and 

grain boundaries at elevated temperatures in seeking an explanation 

for the observed effects. 	All crystals, no matter how carefully 

they are prepared, 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.W. Davidge.(157) 

A deformed crystal is a non—equilibrium structure and will return to 

its former state at elevated temperatures. 	The photographs show 
the dislocation arrangements in specimens deformed 10% and then 

annealed for one hour at 400°C, (a), 500°C, (b), 600°C, (c) and 
700°C (d). 	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 observable 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 walls is 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 — 500°C during an 

annealing period of one hour, with a subsequent growth of grain and 

sub—grain boundaries. 	The high temperature conductivity 

measurements and subsequent annealing treatment of the conductivity 

specimens produced the same formation of a grain—like structure, 

Fig. (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. (1.12c). 	The annealing 

treatment of twenty—four hours at 700°C resulted in the growth of a 

grain and sub—grain structure Pig. (1.12d). 	It is quite feasible 

that the enhanced conductivity observed is caused by the motion of 
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Dislocation arrangements in specimens deformed 
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anion vacancies down the grain and sub—gain boundaries, formed by the 

mechanical and subsequent heat treatment of the crystals. The effect 

of the prolonged annealing at 700°C is that the individual grains of 

the structure increase in size, 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 little enhancement in well annealed crystals, 
where this form of grain structure is absent and the growth in 

dislocation density is low (e:106/cm3), Fig. (1.12a), adds further 

weight to this argument. 

With a knowledge of the anion and cation contributions to 

conductivity the mobility ratio may be determined as a function 

of temperature, Fig. (1.13). 	The curvature present in these 

mobility plots could be attributed to an annealing out of paths of 

enhanced conduction, especially as the limiting slopes of these 

curves at the lower temperatures all possess the same value. 	The 

possible reduction, by annealing, of the high temperature points is 

also present in Fig. (1.9), the former appearing as a reduction in 

the value of Q for the crystals showing the greatest enhancement. 

The mobility plot is apparently more sensitive to these small changes 

of anion conductivity. 	From the slope of these plots and a 

knowledge of IN sl  and A 121, the corresponding enthalpy and entropy 
of the,anion vacancy may be calculated Table (1.4). 	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 s2  could be interpreted as 

a varying magnitude in the anion contribution to conductivity. 	The 
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TABLE (1.4). 

THE ENTHALFT AND ENTROPIES OF ANION MOTION AS DER=  

FROM ENHANCED CONDUCTIVITY AND MOBILITY RATIO  

A h2eV, 
-1 	, 

A o2 z 1.0 -'eVoi I: 

2.00 10.40 1.53 From mobility 
2.00. 0.40 1.62 	‘ )- 

plots 
1.98 ± 0.40 1.58 	) 

1.60 t 0.30 - , 'Iran enhanced conduction 
(average value) 

PARATIETERS OP MOTION Or 	CATION VACANCIES  - TABLE (1.5). 

Debye Frequency 1)2.0 = 4.61 x 1012  sec.-1  

Crystal Specimen 

„ 

A h eV. 
... 1 V1  sec A sieV.A. 

.... 

686 m.p.p.m. Mn 
325 m.p.p.m. Mn 
166 m.p.p.m. Mn 
90 m.p.p.m. Mn 
760 m.p.p.m. Mn, (011)-  
Puxe C 

+ 0.67- 0.02 
0.68 1 0.02 
0.67 :1.-  0.02 
0.67 ± 0.02 
0.73 i 0.01 
0.69 I 0,03 
0.67 .1 0.01 

4.70 x 10-13 

4.66 x 10-13  
3.20 x 10-13  
3.48 x 1013  

- 
1 	.. 

4.34 x 10 13  

+  0.2 - 0.05 
+ 0.2 - 0.05 

0.17 ± 0.05 
0.17 ± 0.05 

- 

- 
0.19 ± 0.05 Mobility Plot 
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possibility 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 

delpression of the knee temperature. 	The resulting errors would 

not cover the discrepancy between A h2, measured by diffusion, and 

the values obtained from conductivity studies. 	It 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 dislocation 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 

possible anion contribution to conductivity. (126)  

(2) Extrinsic data 

The enthalpy and entropy of motion of the cation vacancy 

(A hv il el) may be obtained from Q11, the slope of extrinsic region, 

or from an Arrhenius 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 temperatures and is never sharply 

defined for any particular doping level, and secondly, the onset 
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of the association reaction between divalent impurity ions and 

cation vacancies produces a gentle change of slope in the conductivity 
plot at lower temperatures. 	The association reaction is only marked 

by a sharp change of slope in heavily doped crystals. To overcome 

these problems, the extrinsic regions of conductivity were extended 

by doping with manganese chloride, Fig. (1.14). 	The limits of 

extrinsic conductivity were then determined by plotting the isotherms 

of 0-  versus o at temperature intervals of 1000/T sit 0.025 Fig. (1.15). 

For extrinsic conduction, equation (9) requires that the isotherms 

be linear. 	This condition is only fulfilled within the temperature 
range 5070C — 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), 
so that the third shell is half way between 8 and 18, a factor which 
accounts for its marked stability. 	It is interesting that when 
the extrinsic conductivity isotherms are extrapolated to the origin, 
they yield a non—zero concentration of impurity. 	This is 

presumably evidence for a fixed concentration of anion impurity co, which 

ties up 50 m.p.p.m. of manganese, so that the effective divalent 
manganese concentration is (C — C0). m.p.p.m. 	As the crystals were 
free of (OH)".  and (Cy—, inferred from the absence of any bands in 
their optical absorption at 2.8p. and in the ultra violet, the most 
likely anion impurity was oxygen, this being introduced by the method 

of growing crystals in air. 	Watkins (159)  has ,:also observed a 
constant concentration of manganese ions 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 as representingA h1. 	The values of Lihi  
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 (CH)—  ions in the Ian, (CH)` doped crystals increased 

the value of Q11  to 0.73 ± 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. rig. (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 s1 obtained, Table (1.5), are in good agreement with the previous 
calculations. 	Over the temperature range of 316°C to 650°C, the 
enthalpy of cation motion seems to be independent of temperature. 

These measurements were made over a much wider temperature range than 

those of E 	(104)tzel and Maurer 	and are in contrast to Bean's data, 
which shows a distinct curvature. This curvature probably arose 

from the assumption that extrinsic conditions existed down to low 

temperatures. 	A temperature dependence is predicted on theoretical 

grounds for the enthalpy of motion of the cation vacancy in sodium 

chloride in a recent paper by.Rice, (160) who related the enthalpy 

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). This is not a disturbing feature when it is realized 
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that few systematic attempts to determine the limits of extrinsic 
conductivity have been made in previous studies. 	Beaumont's value 

of 0.709eV. forAhl  in potassium chloride is also low by comparison 

with previous data, and was obtained by the objective use ,of a 
computer programme. The value of 0.68 ± 0.02eV.  for A hl  is in good 
agreement with that obtained from N.M.R. line width broadening, and 
spin—lattice relaxation time determinations, where the association 

reaction does not affect the migrational enthalpy obtained. 

From a determination of the pre—exponential frequency factor )) 1, 

the entropy of motion A sl  was calculated using the following relation, 

Table (1.5). 
1)1  = 1)1o exp t1 svk  

It is difficult to know which value to use for 1)1°. 	One may 

use the Debye ,  temperature (13>  ) of 2814°K with an associated Debye 
frequency of '5)1°  • 4.61 x 1012  sec-1  or the frequency derived from 
infrarTed absorption measurements in sodium chloride, (161) 

1) o  . 4.90 x 1012  sec-1. 1 	A comparison of the frequency factors 1'1  

determined by other workers and the value obtained in the present study 

is made in Table (1.6). 	The present value of )) 1  suggests that the 

cation vacancy will perform 35 jumps/sec. at a temperature of 300°C. 

Using the value of 0.68 ± 0.02  for Li h1  and 1.83 ± 0.01eV.  for 
Q/, the enthalpy of formation of the Schottky pair was calculated 

using the following relation 

QT 	h/2 " hi 

This yielded a value of 2.30 ± 0.02eV.,  which is high compared with 
previous theoretical (1621 and experimental values, a consequence of 

the larger value for Q1, obtained by eliminating space charge 
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TABLE (1.6). 

A COMPARISON OF THE FREQUENCY FACTOR ))1 

DERIVED BY PREVIOUS WORKERS  

Reference x 1014 sec.-1  

Ltzol L Eaurer (104) 2.00 

Bierman (164) 1.50 

Dreyfus & ilowick (105) 0.70 

Read c?, 	(28) 1:atz 2.10 (1) 

Haven (88) 0.96 

Present work 0.434 (2) 

(106) Bean 1.40 

(1) Prom Hall effect measurements. 

(2) Calculated from Arrhenius mobility plot. 
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polarization effects and the low 
recent theoretical estimation of 

smaller by about 0.18eV. 	This 

values obtained for A h1. 
Q1  made by lloswartra et al. 
situation appears to exist 

The most 
(162) is  

for most 
of the alkali halides, when a comparison is made of the most recent 
experimental and theoretical results. 	An, independent estimate of 
the enthalpy of formation of the Schottky pair, was obtained from 
the extrinsic conductivity data. 	This was achieved by determining 
the knee temperatures from the extrapolated extrinsic and cationic 

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 

as a function of temperature, Pig. (1.17), and the enthalpy and 

entropy associated with the formation of a vacancy pair derived, 

2.32 2: 0.02eV.  . 0.52 x 10-3eV./411c 

An empirical exprassion for intrinsic vacancy production was also 

calculated and found to be of the form 

ni  2. 4.57 x 1023  x exp — (1.16 ± 0.02eV)AT vacancies/co. 

The corresponding empirical expression for the cation mobility was 

= 1,590. exp K (0.67 ± 0.01)ealla om2.°4/voltesecs 

The above two results when combined produce& an expression for the 

intrinsic ionic conductivity due to cation vacancy motion and 
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formation of 

0-1  T sig 1.168 x 10
8 x exp - (1.83 ± 0.03)0/kW1ho.am 

This when compared with the expression obtained directly from experiment 

01T 
 I' (5.5 ± 3.2) x 108  x exp (1.83 1.  0.01)evikT.Mho.cM-1.4.4k 

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

From the entropy term 3 the ratio.14 . 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 1 el  and A s2' 
calculated by assuming a constant 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 centre. This will lower the effective lattice vibration 
frequency and raise the entropy factors. 

By observing the concentration of cation vacancies at the melting 

point, the fractional concentration of vacantlattice sites was found 
to be 

This figure 
Nowt& (54) 
of a number 

ni(Tm) = 3.95 x 10'4  
N 

compares well with the value deduced by Dreyfus and 
(2.80 x let from the extrapolated specific conductivities 
of different workers, but is much lower than the estimates 
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obtained from specific heat determinations (11)  and dielectric 
absorption measurements.(76) 

(v) Conclusions and suggestions for future work. 

A high temperature enhancement 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 to provide 
paths of enhanced conduction for anion vacancies at elevated 

temperatures. 	The annealing behaviour and the effects of deformation 

upon the intrinsic conduction were consistent with this model. As 
a result of this, care should be exercised in the interpretation of 

intrinsic conductivity data, especially if the crystal growth and 

method of specimen preparation produces considerable mechanical damage. 

The parameters of motion of this anion vacancy, obtained from 

the analysis of this enhancement, are not representative of ionic 

motion through the bulk of the crystal. Both the enthalpy and entropy 

of motion are too high. (A h2  = 1.60eV, As2 = 1.57 x 10
-3e7ek), 

when compared with those obtained from diffusion 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 should yield accurate values for 

the parameters of anion motion down grain and sub-grain boundaries 

which could be compared with the values obtained from the present study. 

An investigation of the conductivity of polycrystalline sodium chloride, 

with particular emphasis 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. 

Evidence of an anion contribution to the conductivity in 
undeformed crystals appears in the slight curvature of the intrinsic 
region. Tho data of Fig. (1.3) (a pure, undeformed crystal of 
sodium chloride) when fitted to a theoretical curve involving the 
eight variables associated with the intrinsic, extrinsic and 
association regions of ionic conductivity produced the following 
values: A h2  0 0.890V., L1 s2  a 4.33 x 10 401/°k. 	The computer 
fitting involved a standard. I.D.M. least squares minimization routine. 
Those values are in good agreement with the data of Darr et al.(74) 

and they suggest that in the present work, two distinct types of 
intrinsic ionic motion have boon observed — one associated with anion 
vacancy motion through perfect regions of the crystal lattice and 
the other with motion along dislocations and sub—grain boundaries. 
These nreeent experiments go come ray in explaining the differing 
behaviour of the intrinsic conductivity of potassium chloride, as 
observed by previous workers and schematically presented in Fig. (1.2). 

The extrinsic data of the impure crystals is believed to be the 
first thorough investigation using manganese as a dopant. It was 
found to behave as a typical divalent cation impurity occupying a 
substitutional position in the cation sub—lattice. The value of 
0.68 t 0.02eV for the enthalpy of motion of the cation vacancy is 
considerably lower than values quoted by previous worizors. The reasons 
for accepting this value, in preference, are tro—fold; firstly, it 
was obtained from the slopes of the extrinsic conductivity plot in 
which linear icotherms showed the absence of any effects of the 
association reaction, and secondly, an isothermal analysis of the 
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association regions of the doped crystals when combined with the 

extrinsic data of crystals of known manganese impurity levels also 

produced a mobility whose temperature dependence gave a similar value. 

The lowering of the value of 0 111  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 obtained as a function of temperatUre. 

The study of the doped crystals has shown the presence of a 
significant quantity of anion impurities (possibly 0 or (0E)—), 

which fortunately maintained a fixed background level for the crystals 

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 ions 

with differing valence states were used as dopants. Valence 

changes could then be monitored by observing the conductivity. 
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cmcSAIIT Cdr STUI3OL USED. 

ccw  'Solar concentration of impurity vacancy dipoloc. 

-rta.  Number of impurity vacancy dipoles/cc. 

Number of impurity-vacancy dipoles/cc orientated 1111. by an applied electric field. 

cza,(,.), Jump freauencies of cation vacancy and impurity 
ion when bound together into a dipole form. 

-p(T) Electric dipole moment/cc. as a function of 
temperature. 

rt(To Dipole relaxation time as a function of 
' temperature. 

21-)k. Gibbs free energy, enthalpy and entropy of 
association. 

ho.,Ak.Gibbe free energy, enthalpy and entropy of 
Aso  reorientation of impurity-vacancy complex. 

Tr., 	Temperature nt which I.T.C. peak occurs. 
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(i) 	sque and Aims of Part II  

When a divalent, substitutional cation impurity is cis colved 

into an ionic crystal it will form a compensating cation vacancy 

through the condition of charge neutrality. Because of the 

Coulombic attraction between these oppositely charged defects there 
will be a tendency to form an I.V. (impurity—vacancy) dipole, a 
defect which possesses an electrical dipole moment. It is this 

dipole moment which makes a quantitative study of the associated 

defect possible through the techniques of dielectric absorption 

and relaxation. The concentration of these dipoles will, to an 
approximation, depend upon temperature according to a Law of Has 

Action reaction. 	If the crystal is rapidly cooled from an elevated 

temperature, these I.V. dipoles will be quenched into the crystal in 

a non—equilibrium manner. 	During the subsequent ageing of the 

crystal, the impurity ions and dipoles will tend to revert to an 

aggregated or precipitated state. 

These dipolar complexes are of considerable importance in 

explaining the rapid hardening nroduced in ionic solids containing a 
divalent impurity. 	It is believed that the complex produces a 

tetragonal elastic strain field in the crystal lattice,(1)  which 

increases the hardness of the crystal through elastic interactions 

with moving dislocations on appropriate slip planes. To obtain 

a quantitative study of the hardening mechanism, it is essential 

that a detailed analysis of the parameters describing those dipolar 

complexes should be resolved; this, when coupled with a knowledge of 

the state of dispersion of the divalent impurity, as a function of 
temperature, should lead to an unambiguous interpretation of the 
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mechanical properties. It was for the former reasons that the present 

investigation of the system Mn++/aC1 was performed using the 

techniques of ionic conductivity, dielectric absorption and relaxation 

and I.T.C. (ionic thermocurrents) measurements. The latter technique 

is relatively new and can be considered as the D.C. equivalent of 

dielectric absorption. 

(ii) Introduction and Survey of Literature  

The association and state of aggregation of the divalent 

impurities in ionic crystals has been the subject of many investiga-
tions, using a wide range of physical techniques. These are 
briefly reviewed. 

(1) X-ray Diffraction 

NO direct x-ray diffraction studies have been performed upon 

sodium chloride doped with manganese. The system Ce'/NaC1 has 

been extensively investigated by Suzuki.(2) It is also observed 

that cadmium and manganese have similar electronic configurations 

(Mn, 2.8.13.2., Cd, 2.8.18.18.2), phase diagrams(79)  and produce a 

hardening behaviour in which the volume fractions vary in a similar 
manner with concentration. With these similarities, it is suggested 
that the aggregated forms of manganese and cadmium in single crystals 

of sodium chloride are similar. 

Suzuki  (2) found that by suitably heat treating the crystals, 

rearrangement of the basic aggregate unit cells could be made to 

occur. He also observed that three phases may co-exist at low 

concentrations, namely: (i) The 0( phase, which is a solid solution 
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of cadmium in the sodium chloride lattice. (ii) An aggregate phase 

of CdC12.2ffaC1, which has a unique structure different from that of 

the divalent chloride. (iii) The Suzuki phase, CdC12.61aC1, which 

is an intermediate structure to that of NaCl and CdC12. 	These last 

two phases may co—exist at room temperatures within a concentration 
range of 2 — 20 mole 	For the concentrations studied in the 

present work, the Suzuki phase will be of prime importance when 

considering aggregation reactions. 
The Suzuki phase is not a true chemical compound like CdC12, but 

is an intimate conglomeration of cadmium, chlorine, sodium ions and 

cation vacancies arranged in the manner of Fig. (2.1). 

It is interesting that the number of cadmium ions and cation 

vacancies are equal, the phase remaining electrically neutral. Any 

formation of this phase would not be observable by density or 

conductivity studies, as the overall concentration of cation vacancies 

in the crystal would remain the same. By slowly cooling the crystal 

from 500°C, this aggregate abase was found to have an f.c.c. structure, 

with a lattice constant twice that of the matrix. 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 t100 planes. 	This 

presumably represents the initial stages of aggregation of the divalent 

impurity radium and possibly manganese. 

The Suzuki phase is not a true equilibrium structure. if the 

concentration of the impurity is increased, the phase becomes 

metastable with the CdC12.2aaC1 structure being the stable aggregate. 
This has a rhodbohedral structure with a unit cell of dimension 

9.92A°  and a 418°181 
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The "Suzuki phase" 

1/8 th the unit cell of CdCI2 .6NaCI. 

Fig,. 2.1 
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woman (3) extended the work of Suzuki and found that for 

crystals containing 0.30 mole 4;: CdC12  the rise of the Suzuki phase 

aggregates depended upon the rate of cooling from elevated 

temperatures. Rapidly cooled samples produced regions of 200°A 
in size, whilst slowly cooled samples presented agaregated phases 

up to 1000°A in size. The smaller forms appeared coherent with 

the lattice of the solid solution whilst the larger aggregates were 

incoherent, 
1 X-ray studies were performed by Suzuki (451  oncrystals of 

sodium chloride heavily doped with calcium. 	The aggregated forms 

of calcium were found to exist on 111 and 310 planes of the 

matrix. 	Of these two forms, the 310 platelets were stable at 

elevated temperatures. 

2) E.P.R. Studies  

By investigating the e.p.r. spectra of paramagnetic impurities 

in diamagnetic crystals, considerdie information concerning the 

electronic states of the paramagnetic atom or ion may be obtained. 

Because the electronic states depend strongly upon the crystalline 

electric field, the state of the surrounding crystal environment 

can be obtained by analyzing the resonance lines. The manganese 

(En ++) spin resonance spectrum has been discussed in considerable 

detail by Bleaney and In, ram.(6) Briefly, the I.n" ion's ground 

state is 4.  .;5/2  and is only slightly affected by its environment. 

Because of this, in ionic solids its g value is close to 2.0023, the 

free electron value. (Watkins (14) reports a value of 

2.0016 t 0.0006 for isolated manganese ions in sodium chloride). 
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Crystalline field splittings are relatively small and relaxation 

times long, (7) again indicating a rather isolated manganese ion. 

The isotope 1%55  has a nuclear spin 5/2 and as a result, each 

electronic transition is split into six hyperfine lines. 

Impurity vacancy dipole formation can be induced by suitably 
heat treatment of the doped crystal. 	From the resulting 0.1).r, 

spectra the relative positions between the impurity ions, vacancies 

and the crystal field produced by the vacancy can be observed, as 

well as the relative concentrations of impurity ions in the different 

environments. 
(8) Schneider and Caffyn 	investigated the e.p.r. spectrum of 

single crystals of sodium chloride doped with divalent manganese, 

and found that the spectrum presented abroad single line in the 
aged state, and a series of fine lines when the crystal was quenched 

from elevated temperatures. 	The broad line was considered as 

arising prom the normal Van Vleck (9)  broadening (dipole-dipole 

interactions) between the individual Mx?"' ions in the aggregated 
state. 	The fine line structure was attributed to isolated I.V. 

dipoles, this spectrum arising from the effects of the tetragonal 
electric field of the I.V. dipole being superimposed upon the 

crystalline lattice cubic field. 	Schneider (1Q)  laterdiscussed 
this fine line structure in some detail and concluded that the 
temperature dependent resolution of the manganese occurred to form 
complexes with cation vacancies, with the impurity occupying 

substitutional positions in the sodium sub-lattice. His o.p.r. 

spectra for the aged crystals suggested that resolution and 

subsequent aggregation proceeded via a dislocation system from and 
to the aggregates. 	This work was extended by Morigaki, FUjimoto 
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and Itch (1/)  and Watkine and Walksr. (12! 	These workers 
investigated specifically the e.P.r. spectrum attributed to manganese 
ions assooiated with a cation vacancy, in quenched crystals and 
observed that this state of manganese was inherently unstable, the 
complexes diffusing through the lattice to form aggregates or 
clusters of manganoce ions. 

The work of ,.e.tldns (14)  is the most compeeheneive investigation 
of the e.p.r. spectra of the different environments of manganese in 
ionic crystals. Having considered manganese doped crystals of 
sodium, potassium and lithium chlorides, the following different 
spectra were observed for the manganese ion in sodium chloride. 

(1) 	A broad peak:— manganese ions in an aggregated or 
precipitated state. 

(II) 	A cis; line spectrum, predominant at temperatures in 
excess of 400°C, and attributed to isolated manganese 
ions occupying substitutional positions. 

(III & A complex spectrum attributed to impurity vacancy 
II1) complexes, with the cation vacancy in the nearest and 

next nearost—neighbour positions. 
(IV) 	A complex spectrum attributed to divalent charged 

anion impurity occupying a nearest neighbour chlorine 
site, 

The binding energies of the n.n. and n.n.n. impurity vacancy complexes 
were found to be very similar AE = 0.0340V.) and the thermal 
disassociation of the complexes was found to obey a simple Lew of 
Mies Action relation, with a Gibbe free energy of 0.401. 

The detailed ageing characteristics of manganese in sodium 
chloride were determined by Zymmons and Kemp.(16) After a 
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preconditioning heat treatment at 4500C and then air quenching, nearly 
all the manganese impurity wan found to be present in an I.V. dipole 
form. 	The ageing behaviour was consistent with the formation of 	a 
trimer, a collection of three dipoles. 	The process was found to 
be described by a third order kinetic reaction with an energy of 
0.80 t  0.05eV. for dipole diffusion. 	The data further showed that 
the aggregation process continued after the formation of the trimer, 
with the production of relatively large aggregates. The exact 
mechanism for this further aggregation process was not clear. 

Alzetta, Crippa and Santucci ( 7)  observed the effects of plastic 
deformation upon the e.p.r. spectrum of manganese present in sodium 
chloride. 	Their aged crystals presented a single broad line due 
to the aggregated state in a crystal containing 600 m.p.p.m. of Mn. 
After deformation of the crystal, six hyperfine lines of the Mn14  ion 
occupying substitutional sites were apparent. 	The concentration 

of substitutional manganese derived from the intensities of the 
hyperfine lines was found to be proportional to the percentage of 

plastic deformation. 	The results were explained by the partial 
disassociation of the defect clusters of manganese by moving 
dislocations. 

The composition of the aggregated forms of manganese in sodium 

Chloride has never been determined directly. 	It is unlikely to be 

manganese chloride since Schneider (/9)  found no correlation between 

the profile of the broad line e.p.r. spectrum of manganese in aged 

crystals and crystals of manganese chloride. 	This conclusion is 

supported by Quin, (20)  who observed no density change in crystals 

of sodium chloride doped with manganese and cadmium, after quenching 
from elevated temperatures. 	This latter work again confirms that 
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the precipitates form contains an equal number of manganese ions and 

catien vacancies, an impossible situation if the precipitate was 

compoeed solely of the divalent metallic chloride. 

3) 	Lielectric ebcorption and helaxation 

Because the I.V. dipole hes an effective electrical dipole 

moment, it can be made to orientate under an applied A.C. or e.0 

electric field. 	By a suitable choice of temperature and frequency 

of an applied A.C. field ("Lt 1 h.c.p.s. at 3000 for rn-" 	Ca4  I.V. 

dipoles) an absorption may be observed, which appears as a peak in the 

plot of Tan sversus Log f. This form of absorption is not a true 

resonant absorption, there being: no proper frequency associated with 

the reorientation of the dipoles, but rather an absorption due to 

the relaxing dipole system and ie described by the ciaseicai T,ebye 

ceuations. 	Lidiard (23) has performed a theoretical analysis of 

dipole reorientation under the action of variable frequency electric 

fields. 	He has considered the effects of nearest-neighbour and 

next nearest-neighbour I.V. dipole-like complexes and has described 

their motion in a series of rate equations which are the starting 

point for any dynamic theory of dipole orientation. 	Lidiard's 

analysis shows that the complexes in the n.n.n. positions oney 

produce a reight broadening of the eebye peak, which is usually 

undetectable eithin the lieits of experimental error. 

The first experimental attempt to observe dielectric absorption 

due to the reorientation of I.V. complexes vas made by Breckenridee (24) 

rho, by using an L.C. field of fixed frequency (1 k.c.p.e.) observed 

neeke in the plot of Tang versus 1000/T. 	He attributed these 

peaks to the reorientation of 1.V. and vacancy-pair dipolar complexes. 

.art of this interpretation etas sheen to be incorrect by Lidiard (23)  
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who pointed out that it would be more convenient to observe the 
absorption at a fixed temperature with a variable frequency applied 
field. 

Dryden and Rao (25)  and Dryden and. Reakeine (26) observed 
dielectric absorptions in lithium, sodium and potassium chlorides 
doped with a ride range of divalent impurities. 	The impurity vas 
put into a dipole form by annealing at elevated temperatures, to 
force the impurity into solution and than rapidly cooled by air 
quenching. 	Their absorption losses were always superimposed upon 
a background loss,due to the motion of free cation vacancies. All 
the systems etudied exhibited a similar behaviour with respect to 
the ehape and form of the absorption peaks; all, that is, except 
calcium which presented two absorption losses close together, the 

high frequency loss being much smaller in magnitude and only appearing 
in heavily doped crystals. 	The lower frequency absorption was 
attributed to the simple impurity-vacancy dipole whilst the high 
frequency loss was attributed to an absorption possibly present in 

the aggregated state of the impurity. 	The work of Burstein, Davidson 
and Scalar (27) and Jacobs (28) on the systems Sr744/KC1 and Ce+/NaC1 
extended the observations of the I.V. absorption peaks up to 
temperatures of 150°C and from the shift of the peak height as a 
fUnction of temperature a more accurate evaluation of the enthalpies 
of reorientation. 

Cook and Dryden (29)  measured the intensity of the absorption 
(and I.V. dipole concentration) as a function of quenching temperature 

and observed that for Ca44/Na01, after rapidly cooling from certain 

critical temperatures, practically 100;!- of the impurity was to be 
(30) found in an T.V. dipole form. In contrast Haven 	found that 
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in similarly doped crystals of sodium chloride, the sum of the 
impurity in I.V. dipole form (as detereined by dielectric absorption) 
and that as free ions in solid solution (as determined by 

conductivity) accounted for only a fraction of the total impurity 

content at 100°C. The rest wan assumed to be in higher complexes 
or in an aggregate phase. 	Cook and Dryden (31)  observed that for 
Sr+ 701, Bel-71:01, 1.4144/11-aC1 the subsequent ageing and initial 
roclustoring of the I.V. dipoles proceeded by a reaction involving 
third order kinetics. 	It was again suggested that the dipoles 
re-clustered into groups of three to form trimers and then regrouped 
into larger clusters during further ageing. 

Dryden, Lorimoto and Cook (33) investigated the relationship 
between I.V. dipole concentration and the "hardness of the crystal", 
as revealed by the critical, resolved shear stress. Their principal 
observations were, that in divalent doped sodium chloride the 
increase in the critical, resolved shear stress was proportional 
to the dipole concentratLon to a 2/3 power. 	rurther, there was no 
increase in hardness as the I.V. dipoles aggregated into trimers. 

The dielectric absorption measuremento described previously have 
observed dipolar coeTlexec at or near roes temperature, 

(34)
.ebtained 

after suitably heat treating the crystal. Watkins 	seems to 
have made the only attempt to observe these complexes at elevated 
temperatures. Dielectric absorption measurements at radio frequencies 
revealed a Deby loss peak at 300°C in manganese doped sodium ahloride. 
This was correlated with the reorientetional motion of impurity vacancy 
complexes in n.n. and n.n.n. positions. 	An energy of 0.63 t 0.05eV. 
was obtained for the average enthelpy of reorientation of n.n. and n.n.n. 
complexes. 



Dielectric absorption measurements are solely concerned with 

a resonance absorption of energy by the I.V. dipoles under A.C. 

field wand-Mena. 	Dielectric relaxation involves the measurement 

of the displacement current produced when an impurity dipole is 

reorientated by a steady electric field. Measurements can only be 
performed when the dipolar relaxation time is greater than 1 secs 

for relaxation times lees than this, the reorientation is achieved 

too rapidly for a quantitative analysis of the displacement current 

to be made. 	Dreyfus (35)  observed these relaxation currents for 

a wide range of divalent impurity dopants (M +, Mn*, H., Ca++, Zn 4, 

Sr ) in eedium chloride. 	The dipolar reorientation was seen as 

an exponential decay in the current-time curve. 	A very fast 

relaxation was attributed to the reorientation of non.n, impurity 

vacancy complexes, whilst a slow background decay was probably caused 

by the relaxations seen by Sutter and Nowidk (36)  in pure ionic 

crystals. 	The dominant jump mechanisms were inferred from the way 

in which the relaxation time varied with the radius: of the impurity 

ion, for a fixed temperature. 	It was suggested that the decrease 

in relaxation time with decreasing radius of the impurity ion showed 

a strong dependence of the jump rate of the impurity ion upon the 

ionic radius. 
Dreyfus and Leibowitz (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 

systems CliliNaC1, Mat+/NaC1 using the technique of internal friction. 

A mechanical loss peak was observed at 100°0 for a vibrational 

frequengy of 10 k.00.1:103• 	This was attributed to the stress 

reorientation of the complex. 	Data obtained for longitudinal strain` 
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along <100>and <111> directions gave information concerning the 

mechanism of the relaxation modes. 

Lozovoekii (38) and Franklin, Sherb and Watchman (39) have 

performed a relaxation mode analysis, using group theory, that 

includes the "excited states" of the I.V. dipOle. 	For the binding 
energies of each particular excited state, Lozovoskii chose purely 

Coulombic values arising :rem the electrostatic interactions between 

point charges. he chewed that there could be four active relaxation 

modes, of which the sloweet one would be predominant. Under A.C. 

conditions, this would result in a close agreement with a Debye 

absorption poak characterized by a eingle relaxation time. In the 
case of Dreyfus' data (35)  the fast and very fast relaxations could 

be described by the dominant mode and a superposition of the other 

three. 	The other slow relaxation must be attributed to some 

process not connected with I.V. dipole orientation. 

4) Ionic Conductivity  

The primary effect of the rxsociatnn reaction between impurity 

ions and cation vacancies is to reduce the free cation vacancy 

concentration, through, the formation of electrically neutral complemse 

and to subsociuontly steepen the slope of the Arrhenius conductivity 

plot. It is often implicitly assumed that the association reaction 

is represented by a linear region of the conductivity plot, the 

slope of which is related to the enthalw of formation of the complex 

by the following relationship:- 

hi + ha/2 



It can be shown that this asaumption is only valid if all the impurity 
is in solution and the crystal contains a relatively large doping 
level. More significant estimates or the enthalpy of association 
can be obtained from an isothormal analysis of the conductivity data. 

The equations and processes governing the association reactions 
in ionic solids are very similar to the reactions occurring in 
ionized solutions of sodiam,chloride. 	Thus the association theories 

of Staeiw and. Tahoe, (40) wJoh werodeveloped for electrolytic 

solutions, can be transferred quite readily to the charged point 

defects appearing in the solid state. 	This simple theory only 

considers nearest neighbour interactions and is seen to describe 
44- .4-1- well the behaviour of  Co, Li 	(41) in sodium chloride. 

2efinements to this simple model have been introduced by Lidiard (42)  

and Allnatt and Cdhen.(43 9  44) 	Lidiard took into account the 
Coulombic interactions between the unassociatod point defects by the 
use of activity coefficients, an first introduced into the Debye- 
Rucke (Ale) l `"' theory of ionic solutions. 	The principal result of 
this analysis vas to introduce a curvature in the plot of 
(c o)/(r vereunG", for small values of concentration. The simple 
Staeiw-Toltoa theory predicts a straight line relationship. Allnatt 
and Cohen (44) treated the distribution of impurity ions and point 
defects by the cluster expansion methods of Statistical Mechanics, as 
initially for. 	by Mayer for ionic solutions and found agreement 
with Lidiard at very mann concentrations but slight differences at 
finite concentrations. 	Duo to theoretical limitations the 
predictions could not be extended to higher doping levels, which 
would have been useful for comparison with the present work. 

(46) Etzel and ileum' 	measured the ionic conductivity of sodium 
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chloride containing cadmium chloride as an added impurity. They 
analyzed their conductivity isotherms and deduced a value of 
0.85a. for A h and 2,02C. for h. 	They deduced an enthalpy of 
association of 0.3eV. for each I.V. complex. Their work was one 
of the first attemots to derive conductivity Parameters from a more 
rigorous analysis than that of determining slopes of conductivity 

plots. allot Ltsel and :aurer's work showed considerable evidence 
for association, Bean's (7)  data for calcium doped sodium chloride 

presented linear isotherms, normally attributable to extrinsic 

conductivity free of association, down to temperatures of 161,0°C. 
(26) 

The results are anomalous in that dielectric absorption 	and 
(37) 	 (35) 	- mechanical 	and dielectric relaxation 	indicate a large 

degree of association in those Ca++  doped crystals. IZecently, 

,:luin„ Redfern and Pratt (48)  using the techniques o2 dielectric 
absorption and ionic conductivity studied the associ-tion reaction 

of the calcium ion in sodium chloride, They disagreed with Bean 

in that a considerable curvature of the isotherms was observed which 

yielded a Gibbs free energy of association of 0.360. 	Kanzaki, 

:ado and rfairatra (49)  repented the measurements on Ca++  doped sodium 
chloride. 	At a temperature of 300 C a curvature of the reduced 

isothermN- verous 0- was detected which was attributed to the presence 

of higher order I.V. complexes. 	They obtained a free energy of 

association of 0.31 'I' 0.01eV. for the n.n, impurity vacancy complex. 
(50) Rothman, Barr, lows and. Ulwood 	measured conductivity and 

diffusion in the system 744-11:Ta01. 	They observed a free energy of 

association of 0.47eV. for the £,V, dipole at a temperature of 976°K. 
This is much higher than that predicted on purely theoretical grounds; 

a lower free mercy vas obtained when n.n.n. impurity dipoles wore 
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considered. 	The effects of precipitation interfered with the 
results at high temperatures and low zinc concentration, a heat of 
solution of 0.97eV. being obtained for the zinc ion in reel. The 
binding of a small concentration of zinc Jane with possibly (OH)-
ions was also observed. 

Dray:Lem and liowick (51)  measured the conductivity in the 
association- regions of ionic conduction for ne+, 	Cd++, Ca +, 
Sz.ee Ba+4 dopants in sodium chloride. 	Their quoted enthalpies 
of association weruebtained from the "linear" regione of the 
conductivity plot. 	In consequence, not too much eienificance can 

be placed upon their numerical results. 

Jain and D 	( ahake 'A1)  investigated the conductivity of nickel 
doped -odium chloride and deduced a free energy of association of 
0.32eV. for the nickel-vacancy dipole from the conductivity isotherms. 

Table (2.1) presents the enthalpies and free energies of association 
as determined by other workers for different divalent dopants in 

sodium chloride. 

The only systematic measurements of ionic conductivity in the 

temperature regions concerned with precipitation and low temperature 

association are those of Dreyfus and Novick.(51) 	Those workers 

succesefully related the merked steepening of the Arrhenius plot to 
the aggregation or precipitation of the divalent impurity. Dreyfns,(52) 

in a later paper, showed that the precipitation picnouona only appeared 

in crystals grown in air. He sageested that the procence of (CH) 

or (1120) moleculoe wee necessary as necleating contree for the start 

of aegreg-tion. 



GIBBS FRE7 7717RGIES 	TETRATRIES OF ASSOOIATIM ran DIFF72711T  
DIVALENT DOPANTS. AS DETERUIRED Br OTHER WORKERS ...TABLE (2,1).  

Dopant 1-4-' 
, 

ha 
eV. 

ga 
eV. 

Method and Author 

1ln, 0.80A°  0.40 ± 0.1 0.30 ± 0.1 Present Work 

— 0.39 co.w.(14) 	e.p.r 

0.32 — D.11.(51)  

Cat  0.90A°  — 0.31 K.K.T.(49)  

— 0.36 Q.R,P.(48)  

0.38 .. D.F.(62) 	Th. 

0.36 — D.N.(51)  

Cd, 0.97A° 0.34 17,,,,  .........7 •(46)  

0.38 — ")01. n  0 (62)  4 	Th. 

0.42 — D.N. (51) 

Tit, 0.69A°  0.32 — J.D.(41)  

Co, 0.72A°  0.30 — J.D.(77)  

Znt  0.74A°  ,. 0.47 R.B.R.S.(5°)Diff. 

Lig, 0.65A°  0.36 — D.X.(51)  

Sr, 1.13A°  0.45 . B.F.(62) 	Th. 

Dal  1.35A°  0.78 — D.N.(51) 
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5) Other TechnieUen  

(a) ricroscoyj(53)  

The tedenique of ultra nicroncopy has been urea by BaneiGir 
and rehneider (22)  to obeerve the aegregated form of manganese in 
sodium chloride. 	The aggregates had dimeneione of e few hundred. 
angstrom units and were viciblo as diffraction imeme from the 
br-nch points of a ecmi-orgenized network of dislocetione. Ac the 
temperature increaeed, the concentration end relative eine of the 
ag-regetee were reduced, due to the impurity entering into solution. 

(b) Bulk Density Studios  

As a cation vneaecy can effectively reduce the deneity of the 
sodiu3n chloride lattice the monitoring of the bulk deneity nreeente 
a relantitattve methed of dbeervine dlanges in the cation vacancy" 
concentration. 	(20) her cemparod the deneity ef slowly cooled 
and air quenched nemplen of manennene, calcium rnct cadmium doped 
nodium chloride. 	Oel: in crystele heavily doped with calcium vas 
there evidence for the precipitation of the divalent cation chloride. 
Differences between me"cured deneity Chancre -eld calculated chan,les 
with increaeing calcium centent were interpreted in terms of lattice 
relaxatione. (CU) ions ear.° contributed to the obeervel density 
changes. 	As no density eeenee wee observed in the mengenene doped 
cry talc, precipitation would be ezpected to occur by the impurity 
ion taking its charge compeneatinc vacancy from solid solution into 
the precipitate or agcrecate phase. 



(c) Ilectron Miscroscuy  

The normal thin film techniques of electron miscrescopy are 

not applicable to sodium chloride. Although the material may be 

successfully thinned, the electron beam induces so much radiation 

damage that the information obtained is not represent-etive of the 

bulk lattice.(54) 	To overcome this, a replica technirlue has been 

used by aen(55)  which involves cleaving a crystal unler vacuum and 

then depositing a thin layer of carbon or gold upon 	freshly 

cleaved surface. This film presents a replica of this surface and 

when removed it can be subjected to the normal methods of electron 

microscopy. 	Using this method, Khan has observed Via shape and 

planes of occupation of the aggregates of divalent clopants ;ler, ?nom, 

ca++, Er1:14, ea++  in sodium chloride. 	The aggregates in well aged 

crystals possessed well defined geometrical forms. If the crystal 

was slowly cooled, as opposed to air quenched, the aggregates were 

found to have varying dimensions. 

101 
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(iii) Theoretical Considerations (Equations Used in Analysis  
of Data)  

(1) The Association of Reaction 

The simple theories of association between mobile, opposito.► 

ly charged defects moving in a medium of uniform dielectric 

constant have been thoroughly covered in the theories developed for 

dilyteionic solutions. (53, 59, 60} 	Fortunately many of the 

ecuatione describing the Coulombic interactions between the defeats 

can be transferred, with a few modifications, from solutions to 
the solid state. 	The simplest empirical description of association 

reactions occurring in solid state sodium chloride is that due to 

-;tasiw and Teltow,(40) which is an application of the Law of Mass 

Action to the following reaction:— 

(Divalent oation++)+  4. cation vacancy - 	Impurity vacancy complex 
(c - 	 k  

= 2a -a- 	 (1) 

villere Ca  is  the free energy of association and 71  is the number of 

distinct orientations of this n.n. impurity vacancy dipole. This 

:.'0=m of reaction Produces an expression for the eo-xluctivity of 

r\Le. =4'2 40,7-0.01  _A„4, ( 	,s‘,/2M 	CAk, I-ta /2) ikT 	 (2) 
21 	4. 	*4  

which is derived by assuming that the anion vacancy concentration 

becomes negligible at temperatures below intrinsic conduction 

Cc—nc.„) 

if a._ becomes independent of temperature the association reaction 
K 

Will be represented by a linear recion of the Arrhenius plot whose 



103 

slope is given by 

II à  131 	ha/2 	 -(4) 

This could happen if the de;-ice of nssociation rem large and:Xic  

bscano equal to c. 	Tho appropriate expression for the conductivity 

irotherms is 

/0- 	- 	+ e 	 11•••••••••••••••••=.11••••• ( 5) 

where 

13 = 	) 14,(T) 

Coulombic interactions between the unassociated point defects 

will influence the degree of association and the cation vacancy 

'Loth those factors will influence the resulting 

conductivity, making it difficult to analyze the data for the separate 

cficcts. fortunately, the rLebye-Huckel (4 ' '0 theory for non-ideal 

ionic solutions has been applied to the present case. 

Lidiard (63) has considered .ho Coulebbic interactions between 

;;lie impurity ion and the cation vacancy as defining olio free energy 

of association 

= J-2 	= LT. 	 (7) 

Usinc this cnerr7, he has included Debye4Tuckel corrections in a 

calculation of the decree of association as a function of concentration 

tmineraturo 

= s..ep 	.frcr-5)1/2C31/54312  [(1-hjejj6 

+ 	(1-43)16‘ f(1-')c T-firPi 

The principal effect of including those corrections is to increase 

( 6) 

(8) 
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the decay of p with increasing temperature and concentration. The 

corresponding expression for Gs  in 

Ve 3  
) [1.  _ 	(91T-13) 	( 	0)1/2 	) 3 

r24 	(1+2,4-a)(13 +3-1-(x) 

D)4-4)- = 4 ('1r5) 	"2  E 1.- /4 112 rriqa' ) I/1  

This does not boar a simplo parabolic relationshi'D between c. and 

the Stasiv=Teltew mcael predicts, but she= that the reduced 

isotherms (c/0-.1r. ) r.lhould bo curved, the curvature being more 

marked for small concentrat:ons of impurity. 	This curvature is 

7)rosont in the data of 7tzel and 77aurer, (42, 46)  who investigated 
Cd"PraCll  but is absent in ri++  and Co dopants. (41)  

(2) 
	

The Dielectric Absorption and. Relaxation of .the impurity  
Xnca---aSLPArkt 

(a) The Reorientation of Impurity-Vacancy Dipoles by the. 
lae °trio 'Field 

The relaxation of a n.n. impurity vacancy complex is 

considered; the ncmenclature appropriate to this model is presented 

in :Fig. (2.2). 	As the equations, describing such a relaxation 

process have been considered in detail by Lidiard (23) only the more 

important features will be presented. Because there arc four 

equivalent positions for the vacianqj in the c plane occupyingn.n. 

poeitions, the total number of dipoles 	is civen by 

11.a. = 4 O3 + 4 bi  b 4 t'4  

The jump frequencies w1, w2  represent the appropriate jump 

probabilities in the absence of an electric field. Assuming that a 

(9) 
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'ig.' 2.2 

a plane 

Aro 

0 Crsitc. 

0 Na+sitc. 

	 Na vacancy 

Mn++ion 

Model of n.n. dipoic (Impurity vacancy) 
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direct interchange of the impurity and the vacancy, and vacancy 
jump are restricted to the n.n. positions, the rates of change of 
the vacancy popUlation in the various positions are described by a 
series of rate cluationo, the solutions of which are:- 

Ma. = 	(1 __A_„_4—AE) 

N,, (20)  

- N + 	-A_L) 

= (11)  
= 	N csut C.= /1..rP (12)  

'ot. = 	N2N 

at any instant 
1-10 	,e.). No. - 4 Nc) 

and 

Le) 	0 24_2  Cf....51+4. 04 0,3 a <4.2 ) (13)  Lel" 
The reorientation of the immpurityvacancy complex is observed as an 
exnenentially decnyin!_r displacement current with a relaxation time 
!riven by 
rt 	= 	LAD, ) 

Tf non.n. dipoles are considered in addition to the nal, 

confiurations it can be shown that the current density is given by 

= 711-P1 	-4- X, -Pa 

,:Hord 

1"4, 	= -41101..  cs-2.1.2  E 	0 + 	— 	( 	i•J-.)  44 A.03) 

3 	T 	+"-'4/u33) 	 - 	2 + 4. (".13 

—P,. 	.4-rt.ct ct..2A2E [7t, (2 + 	— 	,-10)] 

and 	.3).T (D-1- Lock/Loa) 	-4- .4. t..0 3 test} 	Q 

71-1 
	by. 4 	 (-1.23 ) 4 4. 1...A..) 3 X43  

GJo 	— 	4- C-0 2) 

(14)  
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with w3  and w4  representing the jump probabilities for a vacancy 
to move from a n.n.n. to a n.n. configuration and vice vorsa. 

'.quation (14) suggests that if there is a considerable contribution 

from n.n.n. dipoles to the relaxation rrocess, the displacement 

current observed should be a cum of two erponentials. 

The n=bor of dipoles orientated by the electric field., hrri- 

le the =ace's present in conficoration c above that ef the field 

free concentration. 	The number orientated after the initial 

application of the electric field is given by 

314 rm 
Asrumins. that saturation of the system has occurred, E.;,>qs , the 

fraction of dipoles orientated it von by 
Lsni 	ct-L. E 

"ha. 40-.3 
314.27  

(b) 7esonance Absorption under Variable rreouency 7lectric Fields  

nen the impurity-vacancy dipole is subjected to a sinusoidally 

varying electric field of the form 

= ro emp jwt 

u , resulting current density duo to dipole reorientation is (23)- 
orwommentelarilogim (1b) 

assumina 

7 = 10,000 volts/cm. 

T = 2113°1% 

Lees than 1,7' of the impurity vacancy dipoles are effectively 

orientated by the applied electric field. 	However, this small 

number is implicitly related to total dipole content, applied 

electric field strength and temperature, by the °mations given. 



the appropriate loss angle being 

The pealcoheight occurring when 

co = ft —1-  _,.. 2 c e....a a  + C 	
9 

.0 2) 	rrCg'~"IMAY  

Lidiard (23)  has conoidered the effects of n.n.n. dipoles 

contributing to the absorption loss and has shoe that their only 

effect is to produce a slight, but usually undetectable broadening 

oo the -oebye plot. 

(3) ionic Thormocurrent Phenomena CI.T.C.) 

The ionic thermocurrent technique is based upon the alignment 

of impurity-vacaney dipoles, by using an electric field applied 

along a E100] direction. 	This alignment process is performed 

at a temperature where the relaxation time for reorientation of the 
dipole is of the order of seconds or more. 	In the system, studied, 

2n"t:aC1, the dipoles wore aliened at -30.0°C and then frozen into 

the crystal with a non-random distribution of orientations by 

rapidly cooling to liquid nitroson temperatures. After removal 
of the electric field, the crystal was warmed, using a linear 
beat ins rate (24041°C/min.). 	As the onerey for the reorientation 
of the dipoles from the non-random positions became available from 
the crystal lattice, the dipoles flipped and produced a displacement 
current which was measured. 	The collective effect of the dipoles 
reorientation was to produce a peak in the plot of crystal current 
versus temperature. 	By polarising the crystals at elevated 
temperatures and then slowly cooling them, all the relaxation processes 
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( 17 ) = "3-71-o-11_2 	[ cz 
1 e-'11 	.a21= 2  si 	1 4-,. 
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present in the crystal wore auenched in. 	Then, by careful choice of 

subsequent polarizing temperatureslindividual relaxation processes 

rere resolved and studied in detail. 	This technique has been used 

to study the space char7o pelaristions present in strontium doped 

p 	(56)otassium chloride, 	and dipole relaxations in the systems 

f.1./117aC1, 
Air the model used in thin analynis is that of a simple n.n. 

inparity-racaney dipole2  there being little evidence for impurity—
vacancy dipoles existing in the n.n.n. conficun'tion over the 
tr-Ternture range investigated (-500C to —100C), vith the heat 
treatment used. 	The ionic thermocurrent produced during the 
hentinr2 of the crystal is eubjoct to the folio-sing conditions 

CT) 	c1"(7)  _ 	 
at 	PE(T) 

!t le also assumed that the electric moment produced by the dipole 
relaxation at any temperature Obeys an equation of the form 

7'(r.r) = 	(T) Cd - 	- let  ] 

th 

= rt 	1-1° kT e) a9,„= At,. Tas,, 

 

(2o,21) 

 

7f te crystal is subjected to a Unser heating rate after the 

reorientstea dinolen have been quenched in, 

T = 	b t 	iz> 	 ( 22 9 23 ) 
at 

then it may be shorn that the direlacement current peak produced by 
the relaxation in given by 

LT) = a-344:2'n E 
3 1...rro irto•-e^4' Akeh,Tj "t1:0 -So  eto  ,A2. A 1-1 /1,9')6.T 	(24) 

This describes the ehape and magnitude of the I.T.C. peaks. The 

nrAncipal features of interest are 

(18)  

(19)  



(i.) Peak Maxima  

The peak maximum is defined by 
Ako. 6). 'ICUI7,4 

Hence Pm  is independent of the applied electric field and the 

temperature of tmlarination. 

(ii) 'Peak Tleirht as a TAmotion of Dipole Concentration  

nen T 	Tm 
= 14 	 "".•""'"".""....... (26) 

where ie(T.„)ropresents a constant and IPT4an interral, both of which 

are solely dependent upon :lip  for any riven impurity-vacancy dipole 

studied and k(71,L)reprosents a constant Which depends eolely upon the 

dipole concentration 	. 	Hence if T and E are fined and because 

T is independent of ltd, Tp and P the maximum currant density is 

proportional to the dipole concentration. 	Prom collation (4) 
cx2-0.1.14. 

	

3 k Tr r 	'd ir1.941-rr  
an absolute value for the dipole concentration maybo obtained from 

the area enclosed by the I.T.C. peak. 

(iii) 7atimation  or Aht, 

Prom eanation (18), 

r 	(119  
plotting Los e 	j or) a T/ j  V-03 	versus 000 hr  

ostisiates of A:eo aria Aso may be obtained. Alternatively, when T--'o 

bhe Los; temperature tail of the peak approzimates to 
-1 
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( 25) 

( 27 ) 

j t.T) 	c1-2-12-nct   E  [rt.. .4.4. AP./1,73 
and the tail of the I.T.C. peak, when plotted logarithmically, will 

yield an estimate of L he  

It has been assumed, in the previous discussion, that the 

(28) 



effective field determininc the relaxation Phenomena is the same 

ts the microscopic applied field F, and that no internal 
corrections are present. There are, however, two significant 
internal field effectn that should he included. These are the 

intcrections betw'en individual impurity-vacanoy dipoles and also 

tbe interaction between the effective charges on each vacancy 

and the polarized ions in its vicinity. 	norwarva end Franklin (68) 

hr.ve c - nnidered these effecte. They have anproached these 

problems by treating the internetions enonget the dipoles with a 
method using the Onseger approximation. 	In a crystal dielectric 
or the configuration studied, the local field is given by the 

1:ncrn Lorentz relationchin 
EL  E 4-r1-7 3  

lowing for the aforementioned interactions, Poewarva et al. 
founct that the deviations from the simple theory, which assumes 
r = ri , were only appreciable for nnien-cation vacancy pairs. 
rer impurity-vacancy complexen,in a n.n. configuration the 
differences between the more refined end steel° theory mere 
indistinguishable. It would appenr that for impurity-vacancy 

dipoles, the polarization term in the Lorentz expreerion for the 
local field is compensated, for by these interactions. 
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(iv) Presentation of tlesults  

(1) Conductivity Data 

The rocions of the 2.rrhenius plot attributed to the. 

precipitation and arsoci7,tion reactions are nresente in Pic. (2.3). 

recions arc clearly defined for the heavily doped specimens, 

but the conductivity alot for the licitly dopcd. specinens presents 

a continuous curve rather than a series of recmentcfl linear 1,c;cions. 

:.vidonce for association a:pearn fron the positive cur;rture of the 

isotherms in this rr_:cion Pic. (2.4). 	These plots also dhow a 

displsced oricin of 50 m.p.D.m. 	simil,71- to the 

isotherms, which mx-ccsts that the "erfectivon man:rneso content 

is still being reduced by s. fixed level of anion im:urity co. 

Yith this in mind, the effective impurity content of (c-c)m.p.p.m. 
.. 4+  -n 	will be Used in t:le subscuent analysis. 

usinc the valucs of the cation vacancy nobility, obtained 

in 'art 1, the decree of association of the impurity ions with 

tile cation vacancies was calculated as a function of tomoraturo. 

(2.5). 	This analysis if3 neri'ormed for the he-viest doped 

crystal and shows the decree of association to bo 1^r7-: at levi 

tenneratures, with considerable thermal disassociation occurring at 

the hichor temperatures. Fig. (2.5) only presents data above the 

precipitation regions. :he decree of association for this crystal 

does riot seem to be characterized by a constant Oibbs free enercy 

of association. 	This onorcy is calculated fran th,: data in 

Tic. (2.5), assuminc a simple 	of 7ass 	relationship, and 

produces a temperaturo dependence presented in ric:. (2.6). The sharp 
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1.16 

drop in the value of ga  could be attributed to the commencement of 

thermal disassociation, where the description of the association 

reaction by a simple Law of Lass Action breaks down, due to the 

presence of higher order complexes. 	Allnatt (69)  observed a much 

larger variation in the value of r for the association between la 
strontium ions and cation vacancies in potassium chloride. The 

large variation observed at lower te7noratures was Probably duo to 

the precipitation or aggregation of the divalent imeaurity. Repeating 
the analysis for crystals of different doping level; at fixed 

temperatures, the degree of association may be observed as a function 

of concentration Fig. (2.6). 	This analysis was performed for 

region A of Pig. (2.6), which shows a fairly constant free energy 

of association. It is difficult to make a comparison vi VI the 

theoretical predictions of Allnatt ct al.,(44)  as they were only 

able to calculate the degree of association up to concentrations of 

approximately 100 m.P.p.m. o2 	Thin is below the levels that 

arc considered in the present work. 

7rom the data obtained so far, it would aTpear unwise to 

analyze the results obtained in excess of 6900C in. terms of the 

simple taoiw—Teltow model of ionic association. Confining this 
method of analysis at present to the regions of 1000/T = 1.50 to 1.70 

(T = 58300 to 6670C), the simple FAaeiw—Teltow model for association 
predicts parabolic isotherms and linear "reduced" isotherms, 

eauations (5) and (6). 

By using a least sczuares method to fit the data to equation (5), 
tile parameters A and B may be determined. Alternatively, a plot of 

(c 	ooVG-  versus 0 should. yield a straight line of slOpe and 
intercept equal to A and B. 	The former method of analysis weights 
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the data points from the crystals containing larger impurity 
concentrations, whilst the latter analysis takes more account of the data 
points obtained from the smaller doping levels. 	Plots of 

(a - co)/ versus are presented in Figs. (2.7) - (2.9) for 
temperatures in the association and extrinsic regions of ionic 
conduction. 	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), as predicted by the simple 
Stasiw-Teltow model of association. The cation vacancy's mobility 
(j10') was determined from the slopes and intercepts and is presented 
as a function of temperature in Fig. (1.18). 	There is good agreement 

with the extrinsic data, an enthalpy of motion of 0.67 t 0.01eV. being 
obtained. 	The equilibrium constant's (K2(T)) temperature 
dependence Fig. (2.10) yields an enthalpy and entropy of association 
of 0.40 ±0.100. and 1.40 t 0.30x100" respectively. The 
corresponding Gibbs free energy of 0.30 =-0.10eV. at a temperature of 
660°C is in fair agreement with the values presented in region A of 
Fig. (2.6). 	The enthalpy obtained agrees, within the limits of 
experimental error, with the value determined from the slope of the 
linear region of Stage III, the emaciation region. 

	

Q111 	+ hi/2 	0.83 1: 0.01eV, 

0.68 =0.0IeV. 

	

ha 	0.30 ± 0.02eV. 

Values of X(T) were also derived by fitting the data to the 
parabolic relation defined by equation (5). This was performed for 

two temperatures and the values obtained are compared below, with 
the other method of analysis. 	There is a alight disagreement 
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between the two methods of analysie, presumably due to a systematic 
error in the data. 

- 
1000 PARABOLIC FITPIRO 

IC2(T) 1C,,kz(T) 

i 
.LIREAR ISOTHERMS 

".... 	........ 

1.5 00.m........ 1.165x103  "---""--Ria-s- 	1.445z103 
1.70 2.892x103  - 2.92x103  

As the temperature increased, the form of the reduced isotherms 
changed markedly. 	Within the temperature range of 1000/7 - 1.30 
to 1.45 (T • 690°K to 76950, a curvature appears which is caused by 
Cculombic interactions between the unassociated defects and the 
subsequent existence of higher order impurity-vacancy complexes. 

The onset of this curvature, 1000 - 1.425 to 1.45 correlates 
with the sharp decreaseln ga  that occurred in Fig. (2.6) and it 
would be pointless to analyze this higher temperature data in terms 
of the simple aesociation theory used previously. 	It may be 
concluded that the thermal disassociation proceeds via the break-up 
of the nearest neighbour impurity-vacancy dipole into higher order 
complexes, rather than the complete break-up of the simple complex 
into an isolated vacantly and impurity ion. 	It is very easy to 
attribute a curvature of the "reduced" isotherm to what is in effect 
a poor determination of impurity content. With this in mind, the 
data points for the lowest impurity concentrations have been omitted 
from all the reduced isotherms, as they have the largest error. 
The "reduced" isotherms over the temperature range 1000/T is 1.275 to 
1000/7 1.15 (T 765°K to 87050 present a series of lines which 
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are parallel to thetraxis, showing that association is absent in 
the extrinsic regions of ionic conduction. 

If it is assumed that regions IV of the Arrhenius plots are due 
to resolution of the aggregated or precipitated phases of manganese 
in sodium Chloride, a temperature' may be obtained from the 
extrapolation of regions III and IV, which represents the lowest 
temperature at which all the impurity of that particular concentration 
is in solution. By observing the variation of this temperature 

\ with different concentrations of impurity, the temperature limits for 
the onset and finish of resolution may be observed. From this, a 
crude form of solve curve may be drawn. Fig. (2.11). This 
reproduces a portion of the phase diagram for the system 2 e471401 
and is in qualitative agreement with the curve derived by 
Schneider. (19) 	This solvus curve represents the free vacancy 
solubility, the true solubility being somewhat higher; as a fraction 
of the impurity not in an aggregated state will be in an associated 
form with cation vacancies. 	Haven (70)  has determined the free 
vaoaney solubility for the same system and has shown that the 
solubility of divalent manganese is represented by an equation of 
the form 

a 	2 exp.,  0.44eV/k2 
with 

h 	0.88eV. 
This expression represented the solubility over ranges of 
concentration and temperature of 10 to 10,000 m.p.p.m. of Mn and 
100°C to 600°C. 	In the present work, the enthalpy of solution 
had a value of 0.88 ± 0.10eV, which is in fair agreement with a 
value of 0.77 t 0.10eV. derived by Kahn (71) from the observation 
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of the size of manganese precipitates as a function of temperature. 

With the present studies there was also a low temperature "kinetic 

level" which corresponded to a sharp increase in the slope of the 
A rrhenius plot at the onset of Stage /V. This kinetic level 

corresponded to a temperature region around 200 ± 1000 and was 
characterised by the Stage IV and Stage III'  conductivity plots 
diverging from and converging to a region near this temperature. 
Fig. (2.12). 

The kinetic level presumably represents a temperature above 
which the process of resolution is possible. It is interesting to 

compare the solves curve in Fig. (2.11) with the effect of quenching 
temperature upon the 0.1% proof stress in manganese doped crystals. 
Fig. (2.14). The sharp rise in proof stress which occurs between 
the temperature limits TA and T

B, for the particular doping level, 
corresponds well to the equivalent points in Fig. (2.11), confirming 
that resolution is occurring between these temperatures. The slopes 
(117  of the precipitation region were observed to increase with 
larger concentrations of divalent impurity, Table (2.2), indicating 

that the enthalpy of solution is possibly concentration dependent, 
if the following relation is true. 

QIV w 	ht12 
The rate of resolution should depend on the form taken by the , 
impurity once it entersaolution (e.g. dipoles, trimers, pentamers) 
and could thus be concentration dependent. 	This would explain the 
dependence of giv  upon concentration. 	Haven'® deiivition of free 

vacancy solubility incorrectly assumes that the precipitated phase of 
manganese is LtICI2. Over the range of concentrations studied, 
MnO12.6Na01 and Male22ia01. would represent the precipitate phases. 
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..Commencement of the resolution of aggregated Manganese  
1103  = 	 • 	I 

686 m.p.p.m Mn 

n. 

—a— 325 

.
.0, 10 . 	• 

• 
'. N. 	Stage 1:1 •,0N  

	

Log cYT - 	•,. 

Mho.cm1°K - '`o 	 Tk 
A. 	▪ . 

...A 	\ 

0oN, 	• N 
.N a. 

INa 
„...,5 

'-'" ... 

N......:::N •  \ . 
% 

	

- 	

. 	..„ 
% 	• 

*N 	 , • 

	

_ o  0 S. ' . 

	

	'• .. N..,  • 12,,,  

N  

* 0 .L1 	*%• 

200°C 
I 	i 	I  

®. Stage 

N 

• ,1c56  — 

1.9 	 2.0 	 2.1 	• 
1000 

2.2 	2.3 

    

'Fig. 2.12 T°K 

 



I 	1 1'1' 
THE LOW TEMPERATURE  

ASSOCIATION REGION.  a 

128 

N 10-9  

-10 
10 

168 

Stage III, 

O 

•
o  

• 
• • 

• • 
• 

• 

I

A 

Log oT 
- Mho cm1  °K 

10 

11, 

SS  

- -a- - 760 m.p.p.m.Mgent0H 
-12 Pure (C) 

71 m.p. p.m. M n++  
700 „ „ 
244 	 \\ 

I 	:1
66 	 S I 	 I 	I 	I 	I  ,  

2.5 	2.6 	27 	2.8 	29 	3.0 	 3.2 

	

Fig. 2.13. 	1000  



L 
mol fraction 

1,000 

100 

CaCI2 	MnCI2 

10 
CdC12  

10,000 

129 

Free vacancy solubility, 

After Haven"' 

2.5 20 2.5 1000/T°K 

Crystal doping 675mp.p.mMn" 
A 

1

2000 

0.1% Proof 
Stress 

.1500 

gm/mm2  

1000 

500 
100 200 300 400 500 600 

Quench Temperature °C 
Mechanical  properties of Manganese 

doped sodium chloride. 

After HarrisonC!4)  

Fig. 2.14. 



TABLE (2.2).  

Crystal' ( Iv  QV -End of Precipitation, °M 

-S86 t 10 m.p.p.m. Lzn 1.48 ± 0.01 303°K 
325 t 10 m.p.p.m. Ln 1.29 t 0.01 302°K 
130 110 m.p.p.m. Mn 1.16 ± 0.01 276°K 
90 	20 m.p.p.m. Mn 1.21 ± 0.01 229°K 

TABLE (2.3).  

Crystal Q1/1la° 

Pure 1.17 
71 1'20 m.p.m. Mn 1.22 
166 t 10 m.p.m. Mn 1.16 
244 t 10 m.p.m. Mn 1.15 
700 t 10 m.P.m. Mn 1.13 

130 
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It should be pointed out that all the conductivity data obtained 
in the present study were "equilibrium readings", that is, well aged 
crystals were taken from the dessicator and warmed up by steps of 
5°C and the conductivity allowed to reach an equilibrium value 
before the reading was taken. 	To obtain equilibrium in the 
lightly doped crystals, waiting periods in excess of twenty four 
hours were required. 

The regions of the conductivity plot attributed to the 
association reactions, occurring below the precipitation regions, 

are shown in Fig. (243). These presented an interesting feature, 
a decreasing slope Qiiii  with increased doping level. Table (2.3). 
If this region were solely due to a low temperature association 
reaction, the conductivity plots would be characterized by a well 
defined slope, independent of doping level. This concentration 
dependence of the activation energy appears in the data of Schneider 
and Caffyn. (8)  The only reasonable explanation would be that 
Partial resolution of the precipitated phase is occurring below the 
kinetic level of 200°C, and this resolution is temperature dependent. 

The magnitude of the conductivity at any fixed temperature also 
increased with doping level up to a saturation value. This is 
consistent with there being a solubility limit for the solid solution, 
above which the divalent impurity will go into the aggregated or 
precipitated phase. 

(2) Ionic Thermocurrent Results 

The complete I.T.C. spectra of a manganese doped crystal is 
presented in Fig. (2.15). 	This was obtained by holding the crystal 
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at a temperature of 98.5°C for a period of ono hour, polarizing 
the crystal with an electric field and then slowly cooling it to 
liquid nitrogen temperature in order to quench in all the 

relaxation processes. 	During the subsequent linear heating of 

the crystal, three peaks (It = and IV) were produced, with Peak II 
only appearing in the later experiments. 	The same experiment 
was repeated upon a pure crystal and produced the results of 

Fig. (2.16). 	As both crystals were subjected to the same 
polarizing times and temperatures, Peaks I, II and III could be 

attributed to the presence of the divalent, manganese impurity. 

All the I.T.C. discharge peaks were superimposed upon a 
background of a constant discharge current, which was related to the 
volume of the crystal. This discharge was not thermal noise but 
was attributed to the change of dielectric constant of the material 

with increasing temperature. 	Similar discharge currents have been 

observed by Mateonashvili (72)  in heated crystals of the alkali 

halides. 	By suitable choice of polarizing temperatures, the 
individual peaks could be isolated and investigated. 	For example, 

by polarizing the manganese doped crystals at about -30°C for more 

than five minutes and then cooling the crystals suddenly, Peak I 
could be observed, free from the effects of the other peaks. 

(a) Peak I 

It is feasible that Peak I was produced by the reorientation 

of impurity-vacaney dipoles, °epochally as the peak height- of this 

particular discharge occurred at a temperature where the impurity.. 
vacancy dipole had a relaxation time of greater than 1 sec. With 



Dimensions:- 1.262 x 3.36x0.72 mm. 

• 

• 

Tp  

TM aX 

•80 *120 +100 +60 

I.T.C. spectrum of Pure crystal. 

16 

14 

12 

I 
i(t) 	10 

10-14amps 
a 

6 

4 

2 

18 

0 
-40 	-20 	0 	+20 	*40 

T°C 

1 Fig. 2.16. 

• 

	• 

134 

TP  = 9644"°C 
VP  = 200volts. 
t = 60 secs 

• 



135 

this in mind, a manganese doped crystal was given a preliminary 

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

a 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 polarizing 

field strengths, Fig. (2.17). If different specimens of the same 
doping level had been used, the current density would have been 

observed in order to make a quantitative comparison. In Fig. ,(2.18), 

the maximum current density is plotted against the applied electric 

field strength, for two different specimens of the same manganese 
content. 	The linear relationship observed is in agreement with 

the predictions of equation (24), for constant dipole concentration 

and polarizing temperature Ty. 	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 0.70a. for the reorientational energy, a value of 

otog„„T = 1-31  is obtained at Tm. 	Dielectric relaxation experiments 

performed on the same crystals, Fig. (2.29) suggest a value of 

-/-65  , 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 using different 

heat treatments. 	Then, by plotting the current density/unit field 

strength as a function of temperature, the comparative effects of 

quenching temperature upon dipole concentration for different crystals 
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of the same doping level were observed. Fig. (2.19). Again the 

peak temperature of 53.2 t 0.9°C would appear to be independent of 

dipole concentration. 
An estimation of the enthalpy of reorientation was obtained 

by analysing the low temperature tails  using the method suggested 

in equation (28). 	This is performed in Fig. (2.20) and yields 

an energy of reorientation of 0,67 ± 0.01eV. An independent 
estimate was obtained by. analysing the whole peak in the manner 
suggested by equation (27). rig. (2.21). 	This analysis yields 

a relation for 	of the form 
(T) • 5.0 x 1012. exp (0.65 ± 0.04)eVikTosec. 

with 

A ha OP 0065 t 0.04eV 

 

Aso in 5.0 x 10401°K 

   

Having resolved variations in dipole concentration in a 
quantitative manners  a crystal platelet of a known manganese content 
was split up into a series of specimens of similar impurity content. 
These well aged crystals wore ait quenched after being subjected to 
different annealing temperatures for periods of time in excess of 

two hours, and their relative impurity—vacancy dipole content 

determined by the I.T.C. technique Fig. (2.22). 	This result shows 

a gradually increasing dipole content up to temperatures of about 
220 ± 10 Cs  where a sharp increase occurs, just above the kinetic 
levels  due to the onset of the resolution of the aggregated phase. 

The gradual increase in dipole concentration below this temperature 
is due to 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 decrease in dipole concentration at 



6 Fig. Effective peaks as a function of dipole concentration.  

Crystal S. I. Mn 4 
187 m.p.p.m. Mn 

Quench temperature 

139 	- 

t •:-300 secs 

o 300.06 °C 

o 407.48 *C 

-u 374.69 °C 

❑ 128.5 °C 

40.•• 

EU  
Ui 

E 
U 
U, 

E „A. 

O 

2 

•-; 

11••••11 4 

3 011=1111, 

AIM 

TM  53.2 ± 0•7°C 

-90 -60 	-70 	-60 	-50 	-40 	-30 	-20 	-10 



140 S' 
Quench temp. 

O 300.06°C 
E app 

5,263V1m. 

o 404.68°C . 
ami 

O 412.5°C 

4,545 

5,155 

0. 0 o Data points 

cVo' o' Points from curve 

0.7 

E 

0.6 
f 

21.  

0.5 

01 0.4 
0 
-J 

Mai 

E =0.67± 0-01ev 

Er: 0.67±0.01ev 
OMR 

10-15 	 
47 4.8 	4.9 	5.0 	5.1 	5.2 	5.3 	5 4 

1000/T °K 

ANALYSIS OF LOW TEMPERATURE TAILS OF CURVES 
Fig. 2.20. 



Relaxation time as a function of temperature, 

from I.T.C. peak. 

2.2 

2.0 

1.8 
Log

10
t 

io  l'T  j(T)dT1.6  

j(T) 
1.4 

sec-1  

1.2 

1.0 
4.4 

1000 
T°K 

4.5 

Fig. 2.21. 

141 

43 4.2 4.7 4.6 



N 
i-i 



143 

higher temperatures may be attributed to thermal disaseociation of 

the complexes. For temperatures in excess of 420°C the results 

were not reproduceable, probably because the cooling in air was 

not rapid enough to quench in the equilibrium dipole concentration. 

In order to obtain the drop in dipole concentration, attributed to 

thermal disassociation, the specimens had to be quenched from the 

annealing temperature to ..30°C in a period of less than five seconds. 

The specimens were less than 0.3mm thick and presumably followed the 

cooling chamber's rapid changes in temperature with little thermal 

lag. If thicker specimens, or a normal air quench were used, 

inconsistent results were obtained at the higher temperatures. The 
maximum dipole concentration would appear to be achieved at quenching 

temperatures of 320 1",  20°C, this concentration accounted for only 

42.5T of the total divalent impurity. 	The rest is presumably 

present as free ions or tied up with anions. 	This result is in 

contradiction to the results of Cook and Dryden, (29' /1)  who claim 

that after suitable heat treatments, 3.007", of the divalent impurity may 
appear in dipole form. If this were so, the air quendhed crystals 
would be expected to have intrinsic conductivity at the quenching 

temperature. 
Having observed the dipole concentration as a function of 

temperature, the conductivity of a similarly doped specimen was 

measured over the same temperature range. Fig. (2.23). Using the 

expression for the cation vacancy mobility, determined in Part I, the 
molar concentration of free vacancies'.  and hence the number of 
free impurity ions was determined. 	Then, by using the following 
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the molar concentration of the impurity in aggregated form was 

determined as a funotion of temperature Pig. (2.24). There appears 

to be considerable resolution of the precipitate occurring below the 

kinetic level. 	This resolution probably helps determine the slope 

of Stage IIIi. 

(b) Peaks IIt 	and. IV 

The other I.T.C. peako were not subjeoted to such an intensive 

investigation as Peak I. Peak III was observed by polarizing at 

room temperature and then rapidly cooling to liquid nitrogen 

temperature. Fig. (2.25) presents the effect of increasing electric 

field strength, and shows that there is a linear relation between 

peak height and the polarizing electric field. Asuboidiary peak 

(Peak II) was attributed to partly orientated states of the impurity 

vacancy complex, produced during the rapid cooling process. It must 

be confessed that the position of this subsidiary peak does not 

occur at the normal temperature of the dipole peak, a fact which 

could argue against the above suggestion. No definite model can be 

suggested for the relaxation process producing Peak III. It is most 

unlikely that it is caused by a dipolar relaxation of an aggregated 

or precipitated phase, as the prior heat treatment of two hours at 

3500C was performed to remove any aggregated form of the impurity. 
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The possibility of polarization of the charge clouds around 
didocation cores might,be an interesting line to pursue. 

Peak IV was attributed to space charge polarization at the 
crystal-electrode interface. 	This form of relaxation had been the 
subject of an investigation by Duca and Rive, (56)  Who first used 
the I.T.C. technique to investigate space charge effects in ionic 
crystals. 

(3) Dielectric Absorption and Relaxation  

The techniques of dielectric absorption and relaxation are 
alternative methods of observing the reorientational motion of 
impurity-vacancy dipoles. The I.T.C. techniques suggests that 

in the crystals investigated the dipolar relaxation is accurately 

described by the relaxation of a n.n. impurity-vacancy complex. 

As these alternative techniques cover essentially the same 

temperature range of investigation, with perhaps different 

resolution of the higher order complexes, they were used to 

investigate crystals of the same doping level. Dipole 

reorientation under an applied steady state electric field is 
observed as a decay in current which is related exponentially to 

time by equation (13). Fig. (2.26) presents current decays for 
crystals at different temperatures. 	These show that there is a 

linear region of the current decay curve which may be attributed 

to the relaxation of the nearest neighbour impurity-vacancy dipole. 

These transient currents were obtained from crystals which had been 
air quenched fwou a temperature of 300°C, and were in marked 

contrast to those obtained from well aged crystals, Fig. (2.27), 
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which do not show a well defined relaxation time. The relaxation 

process in the well aged oryctals may be attributed to the 

polarization of the Suzuki phase, which, although electrically 

neutral, does contain divalent manganese ions with cation vacancies 

arranged to form ordered electrical dipolec Fig. (2.1). The 

"very fast" relaxations observed in the airi-venchod eryetalz were 

attributed, by Dreyfus, to the relaxation of the n.n.n. imparity-

vacaney complexes. Even though the current decay appeared to be 

a sum of two exponential processes, as suggested by equation (14) 

which takes into account the presence of n.n. and n.n.n. impurity-

vacancy complexes, there was no systematic relation between the 

temperature and relaxation time for this "very fast" relaxation. 

An effect similar to that of the very fast relaxation could be 

produced by'a poor response time of the current detecting system or 

failure to obtain complete resolution of the impurity. The 

temperature dependence of the n.n. relaxation is presented in 

Fig. (2.28) and shows that the relaxation time, rt , for this 

particular process obeys a relationship of the form 
14 't 	3.0 x 10- 	exp (0.71 t 0.01eV)/kT.see.4. 

The value of 0.71 ± .01eV.  for the enthalpy of reorientation is very 
similar to the enthalpy of motion of the cation vacancy (0.68eV). 

This would suggest that dipolar reorientation is occurring 

predominantly by vacancy motion, rather than direct impurity--vacancy 

exchange, and that this enthalpy of motion is not greatly affected 

by the close proximity of the manganese ion. From the pre-exponential 

terret., the entropy involved in, the vacancy making a jump may be 

derived, assuming that the vacancy movement is the predominant process. 

To  se J.. -14 exp Asoxasec. 
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In the above expression, A is the ionic vibrational frequeney, 

taken to be the Debye frequency and I is the number of similar jumps 
capable of producing the relaxation. 	The value of 3,00 x 10-4eV" 

for8 so is similar to the values obtained fort sl' the entropy of 
motion for the cation vacancy (1), si  - 1.70 to 2.00 x 10-40/4"). 
No attempt was made to measure relaxation times for temperatures in 
excess of -20°C, as the form of the current decay curve appeared to 
change markedly in the temperature range -20°C to -15°C. The 
exponential decay of current was replaced by a decay that was related 
to time by a power law of the form 

- (ee) 
	

Aot
-n  

No discussion of this rill be included, as a similar form of 
current decay hae been observed by Sutter and N 	(36) owiek 	in pure 
crystals of sodium Chloride. 

The dielectric absorption peak produced by manganese impurity- 
vaceney dipoles appears in Fig. (2.29). 	From the magnitude and 
position of the peak maxima, which is deoribed in the Debye 
absorption of equation (17), the peak obtained may be compared with 
that predicted for a Debt's lose characterised by a single relaxation 
time. 	The agreement between the two curves is well within the 
limits of experimental error and is in contrast to the rather.broad 
absorption peaks observed by Haven (73) in manganese doped sodium 
chloride. 	The absence of any appreciable broadening of the peak 
would rule out any large contribution to the loss from n.n.n. 

impurity-vacancy complexes. By observing the variation in the 
position of the peak maxima for different temperatures, the 
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Relaxation time as a function of temperature 
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temperature dependence of the relaxation time '9 may be obtained 

Fig. (2.30), Pig. (2.31) and an enthalpy and entropy of reorientation 

of 0.71 t 0.020. 0.116 x 10..3eV" obtained. 	The enthalpy value 

is in good agreement with those derived from the other techniques, 

but there does seem to be a difference in.tbe values deriVed forA.se 
This could be attributed to different systematic errors associated 

with each technique. 	The dipole concentration was obtained from 

the peak height and for the heat treatment used, tv hours at 300°C 

and then air quenched, about 45 '45  of the impurity was in dipole 
form. This value is in good agreement with.the value derived from 

the I.T.C. peaks of crystals of approximately the same doping level, 

although the error quoted on the present figure is probably larger, 

due to ageing of the dipoles during the course of the experiment. 

The values for the enthalpies of reorientation are almost identical 

to those obtained by Dryden and Meakens (26)  for calcium doped 

sodium chloride, 0.68eV. 	This is not unreasonable since the 

ionic radii of calcium and manganese are similar (Mn" 0.80), 

Ca++  0.998) and the relative interactions between the impurity 

ion and the vacancy would be expected to be similar. 
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(v) Conclusions and Suggestions for Future Cork 

The I.T.C. technique is a powerful tool for the study of 

impurity-vacancy dipoles in dielectric crystals and it could be 

usefully extended to investigate these defects in the alkaline 

earth fluorides (0aF2, SrF2, BaF2). 	The technique is an order of 

magnitude more sensitive to the concentration of dipoles than that 

of dielectric absorption and it is more selective in resolving 
the particular relaxation processes that may be occurring. Only 

when preliminary experiments are performed in conjunction with the 

I.T.C. measurements to define the mechanism of any particular 

relaxation peak can the technique be used to its full advantage. 

In the present study, an I.T.C. peak (Peak I) appearing at a 

temperature of —52.5 I 0.7°C was attributed unambiguously, with the 

aid of dielectric absorption and relaxation, to the reorientation 

of manganese ion—cation vacancy dipoles. 
The parameters associated with the reorientation of this 

defect ,(A ho  ,Aeo  ) were consistent with a n.n. model, in which the 

motion under an applied electric field, between —60 and 60°C, 

occurred by the movement of the cation vacancy aboUt the impurity 

ion. 	This is not an unreasonable conclusion, since the 

contribution to the relaxation process from a direct interchange of 

impurity ion and cation vacancy at these low temperatures should 

only be important when the radius of the impurity ion is significantly 

smaller than that of the alkali metal ion (Mn,t*  0,80A°; 	0.95A°). 

The consistency amongst the values ofAho ' Aso 1  as determined by the 

different techniques, show that quantitative estimates of the 

parameters obtained from I.T.C. measurements are reliable. 
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The exact mechanisms producing Peaks II and III have not 

been clearly resolved. 	There is the possibility that the latter 

peak could be attributed to the polarization and subsequent 

relaxation of the Lebye—Huckel vacancy clouds which surround the 

dislocation cores; if this were so, much useful information could 

be obtained by studying this peak as a function of the mechanical 

state and doping level of the crystal. 	Additional work, not 

included in this thesis, has indicated that the dielectric 

relaxations appearing above room temperature in these crystals are 

intimately connected with this peak.  

The I.T.C. technique itself could be developed in one or two 

interesting rays. 	The present work has shown that the degeneracy 

associated with the three possible orientations of the impurity—

vacancy complex can be removed by the application of an electric 

field. 	This produces three distinct energy states for dipole 

occupationl'the relative Population of these states being governed 

by a classical Boitzman distribution. 	It should be possible to 

use this technique in the study of 7, centres where the presence of 

a neighbouring F centre may produce changes in the relative 

population of these states when compared with that of I.V. dipoles 

in uncoloured crystal:. 

Alternatively, one could perform an I.T.C.Jaxperiment in 

which a mechanical stress is used to produce dipole reorientation, 

rather than an electrical stress.. The principal differences between 

mechanical and dielectric relaxation arise from the appropriate 

expressions for the relaxation rates beinL different. Further, 

the expressions for.the mechanical relaxation have different 
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forms for stresses applied along the 4:100> and 4111> in marked 

constrast to dielectric relaxation which does not show this 
orientational dependence. 	The application of a small mechanical 
stress below the onset of plastic deformation would result in a 

repopulation different to that produced by an electric field and 
would produce different decays in the displacement currents or 

I.T.C. peaks when the crystal wan allowed to relax. 

Tho present work has also helped to determine, in a quantitative 

mauler, the state of agcregation and dispersion of divalent 

manganese in sodium chloride as a function of temperature. This, 

coupled with previous work on the ageing characteristics of impurity- 
(32) vacancy dipoles for this sytem 	end the form of the aggregated 

phase,(5) has enabled a detailed picture of the behaviour of 

manganese in single crystals of sodium chloride to be drawn, 

Fig. (2.31). 	This will be useful in devising future experiments 

in which the role played by the impurity ion can significantly 

affect the physical properties of the crystal (mechanical properties, 
ionic conductivity and colour centre reactions). 

The conductivity studios of 7!n,fillaC1 over the temperature range 

20°C to 600C have provided estimates of ha 
and sa. 	They have also 

revealed that thermal dissociation of the min. manganese ion-vacancy 

dipole proceeds via the formation of intermediate higher order 

dipoles (noun.). 	Evidence for this appears in the curvature of 

the reduced isotherm cAr.es.G-  over the temperature range 416°C to 

496°C. 	The association reaction between 320°C and 393°C was 

described by a simple Staeiw-ITeltow model with an enthalpy and 

entropy of association of 0.40 ± 0.10eV. and 1.40 ± 0.30 x 101.4eV.". 

Fig. (2.31) also confirms that with the quenching temperatures used 
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TABLE (2.4) -.A SUMMARY OF NULERICAL RESULTS OBTAINED IN THE PRESEUT viCRIC  
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Units of enthalpy, eV. 	Unite of entropy, eV." 

h, 	Enthalpy of forlation of 
Schottky pair 2.30 .1-  0.02eV. 

s, 	Entropy of formation of Schottky 
pair 0.52 x 100V.PIC 

, 

A h1  .1 0.67 
2.  0.01a. 

= 0.69 ± 0.03eV. 
= 0.67 ± 0.02eV. 

Ls s 	0.18 z 10-'3eV./°K 

Th© enthalpy of motion of the cation 
vacancy. 	Obtained from three 
independent seta of data. 

Entropy of motion of cation vacancy. 

A h2  - 1.60 t 0.30eV. 
2.00 t.0.40eVe 

Lis
2 - 1.57 x 1003eV./aK 

Two independent estimates of the 
enthalpy of motion of the anion vacancy 
along sub-grain and grain boundaries. 

Entropy of motion of the anion vacancy' 
along sub-grain and grain boundaries. 

1)./v;..  a 	1.655 Ratio of jump frequencies of ion in 
the bulk and ion next to vacancy. 

PiT - 10590 x exp-(0.67 ± 0.02)/kT volt -14,sec-i.cm2. °,k. 
lill  = 	4,57 x 1023  x exp-(1.16 ± 0.02)/kT 	vacancies/c.c. 

+ ha 	. 	0.30 - 0.02eV. 	(7 III)  'III 
- 0.100V. 	Iaoth'ms ha 	am 	0,40 4- 

s 	ro 	1.40 x 10-40/ak 

Enthalpy and entropy of association 
for manianese ion and cation vacanCY 

Aho m 0.71 ± 0.01eV 	(D.R.) 
w 0.71 I 0.02eV. 	(D.A.) 
a 0.65 I 0.04eV. 	(I•T40 
a 0,67 t 0.01eV. 	(I.T.0.) 

Enthalpy and entropy of re-orientation of 
manganese ion-cation vacancy triplex 

Aso = 0.50 x 10730/°K 

hs 	= 0.88 t 0.100V. Enthalpy of solution of manganese ion 
into sodium chloride lattice. 



in the I.T.C. experiments ( 400°C), there was little chance of 
observing the presence of n.n.n. impurity vacancy dipoles. The 
isothermal analysis of the conductivity data suggests that their 
concentration only becomes appreciable in excess of 417°C. 
Extension of the I.T.C. studies to crystals quenched from these 
higher temperatures couldprovo interesting, although devising a 
reproduceable and consistent quenching technique could present 
come difficulty. 

The nature of the bonding and the physical properties of 
the aggregated Suzuki phase LnCl2.6UaCl present an interesting 
problem as yet unstudied. 	Isolation of this phase by careful 
control of impurity content, heat treatment and its subsequent 
detection by x—ray methods could lead to an unambiguous study. 
The e.p.r. results in the past have shorn that only limited 
information about its structure can be obtained from the broad 
resonance signal associated with this phaee. 	To confirm and 
investigate Suzuki's model the TUDOR technique would h%ve to be 
applied to such a spectrum. 

In conclusion, it may be said that a thorough investigation 
of ionic motion in sodium chloride and of the state of dispersion 
of divalent manganese in sodium chloride has been made over a 
temperature region from 20°C to 780°C and the principal numerical 
results to come from this investigation are finally summarized in 
Table (2.4). 
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PART III ExPrzturvilAL toraaDERATIoNs  

(i) Crystal Growth  

Both pure and doped single crystals of sodium chloride were 
grown from the molt, using a modified Kyropoulos teohnieuo.(1) 

It would appear that there are significant differences in the 
mechanical and electrical properties of crystals grown in air, 

and those grown in vacuum.(2) As previous work on mechanical 

properties had been concerned with crystals grown in air,(3) the 

advantage of correlating mechanical properties with information 

obtained from electrical properties would have been missed if 

vacuum—grown crystals had been introduced. 	The crystal growing 

rig is presented in Fig. (3.1). 	Analytical grade sodium chloride 
was contained in a Vitroosil silica beaker. Before crystal crowth, 
the powder was held at 400°C overnight to drive off any moisture. 

After the sodium chloride had boon melted, a single crystal seed 

was inserted into the melt. 	A "foot" was allowed to grow onto 

this seed, and when it had grown to a sufficient size was gradually 

palled from the melt by the rotating, water—cooled, nickel—plated 

chuck. 	The rotation evened out any temperature gradients in the 

melt and produced a crystal free of grain boundaries. Fig. (3.2) (4) 

To reduce the silicon content of the cryetale, any given melt was 

only used twice to produce crystals. If the molt was left in contact 

with the beaker for periods of days, the beaker surface was attacked 

and dissolved, producing crystals of high background impurity content. 

All doped crystals were produced by adding known amounts of analytical 

grade manganese chloride to the melt. 
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Two methods of impurity analysis were applied to the crystals. 
Spectrographic analysis determined, in a semi—quantitative manner, 
the total background impurities present in the crystal. This analysis 
was performed commercially, and from it the crystals possessing the 
smallest background impurity content were chosen. To determine 
the manganese content, a colorimetric method was used. 

( ii) Ajallair of 	 ese  Im, unity Content 

The quantitative estimation of manganese content in the 
crystals was based upon the use of formaldoxime as an indicator. 

Manganeee in alkaline solution gives a soluble, reddish brown 
colouring with formaldoxtine (H20 —MR). 	The coloured compound 

is said to be (0H2110)3  tin. with manganese present in the trivalent 

state.(5)  Indicator solutions were prepared by dissolving 10 ens. 
of paraformaldehyde and 23.5 gms of hydroxylmine in 75 c.c. of 
deionized rater, and boiling gently. 	The solution was allowed to 
cool and then made up to 100 c.c. with deionized water. Standard 
solutions were obtained by dissolving pure manganese in dilute nitric 
acid, and then boiling the solution to drive off oxides of nitrogen. 
The weight of the dissolved manganese was measured to cis significant 
figures, using a micro-balance. A known quantity of the sample 

solution was placed in a 100 c.o. standard flask. The solution was 

made alkaline by the addition of 5 o.c. of ammonia solution (S.G.0.88). 

1 c.c. of the indicator was added end the solution made up to 100 c.c. 

with deionized rater. 	The absorbance was then measured on a Perkin 

Elmer epeotrophotaneter at a wavelength of 448 m4.L. 	Beer's Law was 
obeyed over the range of concentrations used. Fig. (3.3). The 
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process was then repeated Using a known weight of the sodium chloride, 

in place of the pure manganese. 

The, presence of the anion impurity, (CH); vas detected by 

measuring the optical absorption in the infra—red at 2.8 	Only 

in one heavily doped manganese crystal was there any indication of 
(OH)—  not intentionally present. This crystal was rejected. 

The typical impurities present in the crystals arc shown in 

Table (3.1). 	In the pure crystals, calcium is the main impurity. 

This could not be removed by zone—refining, as the calcium ion has 

equal solubility in the molt and the solid phase of sodium chloride. 

(iii) Conductivity and Transient Current Instrumentation  

:Equipment for measuring conductivity at roam temperature and 
below was developed. This enabled the measurement of small currents 
of the order of 1 femtoamp (10-15 

 amps) upwards. A.th this a cell 
was constructed, which provided adequate electrical screening, high 
insulation resistance, constant temperature and an inert atmosphere 
surrounding the crystal. The need to have a current detecting 
system with a fast response time, posed an additional problem when 
measuring the transient currents produced by the dielectric 
relaxations. 

To obtain conductivity data at high temperatures (300°C to the 

melting point), equipment was designed and built to manure the 

crystal's capacity and conductance as a function of the frequency 

of an applied alternating electric field, for any fixed temperature. 
In tlis way space charge effects were eliminated at high temperatures 
by measuring the A.G. conductivity at a frequency greater than 1.5kcis. 



TABLE (3.1)  

s22°t"Pa 	Pure 

and Doped "odium Chloride Crystale.*  

Imparity Pure (C) 	Pure (D) 
(NaC1) 	(NaC1) 

, 700 m.p.p.m.:n44  
(Doped Nei) 

Cam  
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, 4-4- 

	

' 	., 	Al 

44 

	

t, 	, 
1- 
fd +-I- 

++ - 

	

0.001 	0.0005% 

- 

- 	- 
.. 	 — 

- 	- 

Loss than 0.001;: in both 

	

0.0008% 	0.0005;!,  

- 	- 

- 	a 

0.0015  

- 

0.30, 

- 
I 

0.005% 	11 

- 

0.0005% 

a 

Nantitntive spectrographic analysis performed by 

American ,.',pectrographic Ioloratories, Inc., 
557, Minna, 

San Francisco. 
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(1) Low Temperature Conductivity and Dielectric relaxation  
measurements  

The conductivity probe used for measurements at low temperatures 

is shown in Fig. (3.4). 	Readings at room temperature end below 

were achieved by filling the large Dewar with siutable coolanto. 

Although thin particular probe possessed excellent thermal 

stability (tee over a period of one hour), its input capacity 

was large enough to make its response time too slow for the 

measurement of very fast relaxation currents. Temperature control 

ran achieved by using an anticipatory controller to regulate the 

power supplied to a nichrome wire, wound furnace. 	The insulation 

resistance was maintained in excess of 1015 Ohm cm."'1 by the use of 

carefully prepared silica glass supports for the electrodes and. 

P.T.F.E. mounting blocks for the electrometer valve and the 
connections. 

All other leads (high tension, thermocouple, power leads) were 

carefully screened by flexible copper sheathing, the screening being 

connected to a good earth point. The probe unit was enclosed by a 

gas—tight copper can. 	Into this a constant flow of high purity 

argon gas was maintained. It was essential that all traces of 

moisture were removed from this gas flow, as it would have condensed 

out upon the crystal's surface, when working below room temperature. 

The gas was dried by first passing it through drying tubes containing 

phosphorous pentoxide and then through a liquid nitrogen vapour trap. 

The electrodes were constructed from nickel blocks whose surfaces had 

been ground optically flat. 	This surface was painted with a colloidal 

graphite suspension to ensure good Cbmio contact between the electrode 



P.T.FE. 

electrometr 
valve 

.precision resistor 

potential 
lead 

0 0 n 	no o  	gas seal 

Low temperature conductivity probe. Fig. 3.4. 
delay relay (J-, 178 

   

ti 

dry •  .as 

current 
lead 

screened 
leads 

screening can 

electrode 
assembly 

heating 
coil 

coolant 

tj 

dewar 

If 

11 
11 
Ii 



shielding 
can 

(c) 
electrod 

crystal 
thermocouple— 

lead to 
electrometer 
valve 	• 

stainless 
steel 
former 

H.T. 

lead 

furnace 
winding 

(a) 

glass 
insulating rods 

(b) 

power leads 

stainless 
steel base 

Fig. 3.4. 

Low temperature probe 

gas tube 

179 



80 

surface and'the crystal. 	An electrometer valve was used in 
preference to a vibrating reed electrometer, because of its 
relative cheapness and fast response time.(6) 

	
Its disadvantages 

were its susceptibility to vibration and light, and a tendency to 
"scro drift" when subjected to thermal fluctuations. 	Those defects 
were minimized by enclosing the valve in a light tight box in the 

head of the probe unit. 

The current to be measured was fed through a precision resistor. 

The value of the resistors used, ranged from 106 Ohms to 1011  Ohms 

and were calibrated with respect to a Welwyn standard resistor. 

VJe voltage developed across this resistor was then applied to the 

grid of the electrometer valve, and because the input impedance of 

the valve is greater than 1016  Ohms, the signal was not shorted out, 
This variation in grid voltage produces a variation in the anode 
current; By choosing a linear region of the Vg(Ia  Characteristic, 
these variations aro directly related, Yid. (3.5). 	The variation 
in anode current a produces a variation in Viz and it is this voltage 
variation which monitors the successive stages of amplification, 
rig. (3.6). 	Differential negative feedback was applied from the 
amplifier output to the base of the grid resistor, The principal 
effect of feedback being'applicd to any D.C. amplifying element'  

is a reduction in gain and response time, with an increase in the 
length of linearity of its amplifying characteristics. Care must be 
=ercised when measuring small transient currents, as these could 
readily be produced by the transient response of the valve's input 
impedance; for this reason, when observing transient currents, the 
value of the input resistor was kept to a minimum value for the 
particular current being measured. 
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FUrther amplification was achieved by using a D.C. transistorized 

amplifier. A. D.C. amplifier should have a gain which is linear 

over the working range of input voltage plus a negligible zero drift. 

The transistor amplifier shown in rig. (3.7) was constructed and 

had the characteristics shown in rig. (3.8). The original design 

utilized germanium transistors. These were rejected because of 

the appearance of a large zero drift when the temperature of the 

transistors changed. 	A considerable reduction in zero drift was 

achieved, rig. (3.9), by the substitution of silicon transistors, 

which were less susceptible to thermal fluctuations, and by mounting 

these in a copper block to thermally isolate them. 	The output 

transient signals were recorded upon a Honeywell recorder and a 

Nampa_ Oscilloscope. 

To calibrate the equipment, a vernier potentiometer was inserted 

in the feedback line. 	For calibration, a zero position was chosen 

on the oscilloscope znd recorder, and any deflection rroduced by a 

steady state crystal current was annulled by varying the voltage 

in thy,  feedback line. This gave en accurate value for the voltage 

drop produced across the resistor by the crystal current. In a 

simil-x manner, calibration charts were obtained to analyze transient 

crystal currents. 

The electric fields applied to the crystal were produced by 

a commercial power pack supplying stabilized voltages up to 500 volts. 

"Z:.chmit" trigger circuit and thyratron valve used in conjunction 

with this power pack produced a well defined step voltage, with a 

rice time of less than 1 merles., rig. (3.10). 	This circuit also 

supplied the power to the relay situated on the probe head: the 

purpose of this relay was to short out the input circuitry for a period 
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of 10 mseec., thus discharging any spurious charges induced by the 
switching on or off of large electric fields. 	Power for both tho 
amplifier and electrometer valve was obtained from 12 volt, heavy 
duty. rellory cells. These were convenient in that they possessed 
long term stability and were small enough to be mounted in the 
inctrument cases, where they were free from the effects of pick-up. 

Temperatures wore measure& with a chromel-alumel thereto-couple, 
with a compensating lead immersed in an ice-water mixture at 0°C. 
All thereto-couples used were calibrated with a platinum - platinum 
rhodium standard thermo-couple. 	A source of possiblo error was the 
difference between the crystal temperature and that recorded by the 
therms-couple. To examine this error, an auxiliary thermo-couple 
was placed into a hole drilled in a sodium chloride specimen. The 
crystal's temperature was then monitored while the crystal 
environment was subjected to a sharp change in temperature, The 
heating curve Fig. (3.11) shows the need to maintain the crystal at 
its test temperature for at leant one hour, in order to achieve thermal 
ceuilibrium throughout the crystal. 	This effect presumably arises 
from the poor thermal conductivity of sodium chloride, end may be 
partly avoided by the use of thin specimens. 

As mentioned previously, the large input capacity of the 
conductivity probe made it unsuitable for the measurement of fast 
relaxation currents. 	To reduce the input capacity and hence the 
response time, the probe shown in Pig. (3.12) was constructed. 
This was an improvement in that the input capacity was only that of 
the electrometer valve's electrode leads (order of 3pP), resulting 
in an order of magnitude decrease in the response time. (600 m.cec. 
as compared with 5 secs.). 	The electrometer valve and calibrated 
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resistors were housed in a "mu" metal can and were thermally isolated 

from the cooling chamber by a L- inch thick slab of P.T.F.L. A piece 

of platinum foil soldered to the H.T. lead formed the lower electrode 

and the crystal was mounted onto this, using a colloidal silver 

suspension. 	The screen grid connection on the electrometer valve 

formed the upper electrode, it being held in place on the uppermost 

surface of the crystal with a droplet of the colloidal suspension. 

The cooling chamber consisted of a cylindrical copper enclosure 

surrounded by suitable constant temperature baths. 	Inside this 

enclosure a nichrome furnace was wound upon a cylindrical copper 

former which surrounded the crystal and its electrodes. The whole 

enclosure was gas tight, and was supplied with a dried, high purity 

argon atmosphere. 	Temperature control was achieved in the usual 

manner, an anticipatory controller regulating the D.C. power supplied 
to the furnace. 	The crystal temperature was measured using a 

chromel—alumel thermo—couple placed near the crystal. The same 

stages of amplification and detection were used on both the probes. 

( 2) A.G. Conc112211vit nents 

The conductivity cell and associated electronics used at high 

temperatures (> 300°C) is shownin Fig. (3.13). The insulation 

resistance of the cell was maintained by using Sintox discs and 
rocrystallised alumina tubes as electrode supports. Because the flow 

stress of sodium chloride is small at elevated temperatures, the rig 

was designed to provide a variable loading electrode. In this way 
the minimum load to maintain contact without deformation was used. 

The cell also possessed a small thermal capacity, allowing thermal 
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equilibrium to be quickly attained. A flow of high purity argon 

ens was maintained frcm the top and the bottom of the cell. This 

prevented oxidation of the colloidal graphite coating on the electrodes 

and of the stainless steel support rods. 	Nevertheless, come 

oxidation of the support rode did occur at high temperatures. To 

prevent this, the rode were subsequently enclosed in silica sheaths. 

This may appear an unnecessary precaution, but the presence of iron 

or iron oxide, possibly in the vapour phase, must be avoided in 

measurements made at high temperatures, as surface conduction, 

produced by contamination, could easily produce inconsistent results. 

Electrodes were constructed of platinum foil brazed onto flat nickel 

blocks, the blocks providing a coiid base for support of the crystal. 

The electrode and crystal surfaces wore coated with colloidal graphite 

to maintain good electrical contact. 	Platinum vireo welded onto the 
top and. the bottom electrodes were connected to co-axial sockets in 

the head of the probe. 	These sockets were the connecting points for 

the A.C. bridge. Temperatures were again measured with a calibrated 

chromel-alumel thermo-couple pleced near the crystal face. 

The electrode materials used most widely in the pact have 
been platinum, rhodium, nickel and stainless steel. For experiments 
conducted a t high temperatures, platinum foil vas found to be the 
most suitable, this material not combining chemically with the crystal 
during the course of the experiment. 	Any tendency for chemical 
combination, between the chlorine ions and the platinum metal was 
further inhibited by the graphite coating between the surfaces of the 
crystal and the electrodes. 	The electrode material also had to 
possess a high electron affinity, so that few electrons were introduced 
into the surface of the cryetal, to prevent the formation of P centres. 



Again platinum was deemed a suitable choice of material. 

After chocking that the single crystal specimens were,frce from 

damage and sub—grain boundaries, good electrical contact was made 

between the crystal and electrodes by painting both marfaces with a 

conducting medium. 	Different forms of contact media were used, 

the main features of which are tabled as follows:— 

COLLOIDAL GRAPHITE Suitable for use at high end low 

temperatures. ( 0°C to 7500C). 

Ideal for high temperature work.> 300°C. 

Suitable at temperatures less than 300°C. 

Above this temperature the silver film 

breaks up. 

COLLOIDAL PLATRIUM 

COLLOIDAL SILVER 

VLCUT7. DEMSTTED SILV7R 	Low temperature work only. Tends to 

GOLD 	flake off at high temperatures. 

The procedure adopted was to paint one of the specimen platelets on 

both sides with one of the abefo colloidal suspensions. After 

allowing the suspension to dry, a suitable specimen was cleaved from 
this platelet. 	This ensured that the sides of the platelet did not 
get accidentally painted. 	To ensure that proper contact had been 
made at low temperatures, Ohm's Law was tested at room temperature. 
Practically all crystals obey Ohm's Law (7) at low temperatures, up 
to field strengths of 5000 volts/cm. Any large deviatbne in 
linearity of the current/voltage plot were usually caused by poor. 

electrical contact between the crystal and the electrode. 

Some workers in the past (6)  have annealed their crystals in 
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contact with the electrode material. 	These annealing treatments 

hew) been conducted at elevated temperatures (600°C to 700°C) for 

p7xiode of ceveral days. 	The aim of the heat treatment was to 

produce consistency of results in the high taeperature intrinsic 

rooloa. 	This treatment was found to be unnecessary using the 

weighted electrode with graphite coatings described above. The 

initial measurements performed upon pure crystals wore found to be 

identical, within the limits of experimental error, to those obtained 

after Periods of twenty—four hours and forty—eight houre. 	The 

situation was not the same in doped crystale, where after leaving the 

crystal at elevated temperatures for long periods of time, 

inconsistencies and in some cases random results wore obtained. 

Upon examination underthe microocope, the manganese imeurity was 

observed to have diffused out from the surface and become oxidised, 

thus forming paths of low resistance across the edge of the crystal. 

;Toet of the conductivity data was obtained at a frequency of 

1592 c/o. (10,000 rads/c.), which was the frequency of the internal 

oscillator of the A.C. bridge. Only at temperatures near to the 

melting point in rex= and doped crystals did the conductivity show 

the frequency dependence associated with the formation of a space—charge 

reeion at the crystal—electrode interface. 	The effects of the 	space— 

charge of cation vacancies were eliminated by working at higher 

freeuencies ( 10 he/s.). ::pace—charge formetion also produced a 

large difference between the A,C.'and D.C. conductivity, the L.C. 

values being higher than those obtained with D.C. or pulsed electric 

ficldc. 
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(3) D.C. and Pulsed D.C. Field neasurements  

Conductivity measurements under steady and pulsed electric 
field conditions were obtained at elevated temperatures using the 
circuit configuration of Fig. (3.14). 	Potentials, of less than 

4 volts were applied to the crystal, and the crystal current 
observed by measuring the voltage drop it produced across a series 

of calibrated resistors. Both of these potentials wore measured 
with a vibrating reed electrometer. 	A ssuaro wave generator 

Pig. (3.15) gave varying magnitude pulses of repitition rates from 
10 to 1000 pulses/Sec. 	The transient response of the crystal 

current was observed with an oscilloscope possessing a fast rise 

time. The high temperature cell and furnace, Fig. (3.13a, b) used 

in the A.C. measurements was found to be' suitable for the measurements 

of D.C. conductivity at elevated temperatures. 

(iv) Ionic Thormocurrent Instrumentation. 

To obtain decent T.T.C. spectra, the equipment had to be able 

to measure crystal currents of 10-16 amps in magnitude, in a vacuum 

of less than 10-5  m.tn. of mercury. 	The vacuum limit was imposed 

by the level of background interference produced by the evacuated 
gar; molecules colliding with the electrometer head. The crystal was 

mounted in a stainless stool chamber, which was evacuated with a 
standard diffusion and rotary pump. 	The degree of vacuum was 

measured with a Penning gauge. 	A lead from the crystal was taken 

through a high insulation ceramic seal to the head of the commercially 
available reed electrometer. 	(E.I.L. Model No. 33C). The chamber, 
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being made completely of stainless steel, eliminated Aeotocurrents, 

spurious induced Charges and mains pick—up. 	To reduce any 

variations in background interference, brought about by variations 

in pumping speed, a cylindrical copper sheath enclosed the crystal 

mount and its heating chamber. The H.T. pelnrizin4; 23.01a u o.ppllad 

to the crystal current load by the use of a specially constructed, 

high insulation switch, mounted on the top of the chamber. 

The mount for the crystal had to provide a constant temperature 

surface, an ability to be rapidly cooled from room temperature to 

liquid nitrogen temperature and also an accurately linear heating  

rate for the aryetal. 	Tho device shown in Fig. (3.1G) provided 

these conditions. It consisted of a hollow, copper cylinder Whose 

thermal capacity was variable by the addition of lead shot to its 

interior. ' Liquid nitrogen or cooled air was carried through the 

chamber by cryogenic stainless steel tubes. Around the cylinder 

was wound a nichroso wire heating coil which in turn was coated with 

a layer of heat—proof cement. 	The cement was painted with several 

layers of a colloidal suspension of silver. 	This ehielded the 

heating coil from the electrometer input. 	All other electrical 

connections were made through ceramic vacuum scale mounted in the base 

plate. By vardring the thermal capacity o: the chamber, different 

heating rates were obtained. By the uze of a programmed controller 

regulating the power supplied to the heating coil, linear heating rates 

from lieuid nitrogen temperature to 200°C could be achieved. Fig. (3.17)* 

A transistorized power pack was built to provide the power for the 

heating coil, rig* (3.18). This did not possess the current decay 

normally aseociated with batteriee used over long periods of time, 

and was sufficiently stable to be free of mains interference. The 
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chamber could be rapidly cooled to liquid nitrogen temperature by the 
pumping of liquid nitrogen into its interior, the surface of the 
cryntel mount reaching. 770K within 5 seconds. The temperature was 
monitored by two thermo-couple; placed under the lip o the crystal 
mount's upper surface. Conrtent temperatures below room level were 
maintained by pumping suitable coolants into the chamber, 
Inceon compounds and other freezing mimturen. Hieher temperatures 
wereachioved by using the controller to regulate the power supplied to 
the heating coil. 

The crystals used were 0.3 m.m. to 0.6 m.m. thick. Cretale 
thicker than this produced inconsistent results, attributable to the 
lag in temperature between that of the crystal end the crystal mount Is 

surface. The crystal surfaces were coated with a saepension of 
colloidal graphite and then attached to the mount with the same 
suspension. 	A =ell lead of fine copper wire ran then joined to the 
top eurface of the crystal with the aid of a email droplet of colloidal 
graphite, When the eryetel mount was in place inside the vacuum 

chamber, the fine copper lead was soldered to the main current and 
H.T. load. 	The polarizing fields wore sufficiently large to require 

a voltage source operating at 1 kV, or more. 	An the current drain 

wan negligible, when polarizing the crystal, a system utilizing the 

principal of a Coekcroft-Walton voltage doubling circuit was used. 

Pik. (3.19). This circuit wan eceentially nn Fccice-Jordan multi- 
vibrator, oscillating at 1Kes. and linked to the voltnee doubling 

circuit by a step-up transformer with a -Wynn ratio of approximately 40:1. 
This provided stable voltages up to 1.5 kV. 

The ionic-thermocurrents produced by the crystal when it was heated 

were measured with the vibrating reed electrometer. The output from 
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this electrometer was fed into a neneywoll pon recorder so that 
the continuous spectrum of ionic thermocurrents was recorded in 
cart form. 	This made tho process of analysis that much more 
accurate. 

(v) Dielectric absoiTtion  

The dielectric absorption experiments yore performed using 
an experimental sot up similar to that presented in ric. (3,13c). 
In place of the high temperature conductivity cell, a commercially 

available 7ayne Kerr permitivity cell, with guard ring, was used. 

This had to be corrected for background losses (as a function of 
fremency) which wore always present. 	The cell wns pt:-cod inside 
a cabinet which maintained any given temperature from roun 
temperature to 50°C with a deviation of ±0.05°C, thus enabling the 

absorption peaks to be Observed as a function of temperature. For 

better resolution, the oscilloscope was replaced by n :jay  ne rerr 
harmonic analyser which gave a better determination of the null 

point for any given frenuoncy. 
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