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ABSTRACT.

The io n ic  c o n d u c tiv i ty  and Cs+ s e l f - d i f f u s io n  
have been m easured in  "p u re" , m elt-grow n and s o lu t io n -  

grown s in g le  c r y s t a l s  o f Csl over th e  te m p e ra tu re  range  
150-600°C . C o n d u c tiv ity  m easurem ents have been made on 
a l io v a le n t  c a t io n  and an ion  doped s in g le  c r y s t a l s ,  bo th  

m elt-grow n and so lu tio n -g ro w n . The Cs+ s e l f - d i f f u s i o n  

h as a lso  been m easured in  a l io v a le n t  c a t io n  doped c r y s t a l s .

The Cs+ s e l f - d i f f u s i o n  in  b o th  s o lu t io n  and m elt-g row n 

"p u re"  C sl c r y s t a l s  showed one d i f f u s io n  re g io n  e x ten d in g  

over th e  te m p e ra tu re  range  250-500°C. T h is  d i f f u s io n  can 
be re p re s e n te d  by;

D -  2 .25*102 exp . (-1 .7 4 eV /k T ).
i 2 - lx  (cm sec  )

and t h i s  has been in te r p r e te d  as  due to  movement o f  th e  

Cs+ io n  v ia  i n t r i n s i c  d e f e c ts .
C o n d u c tiv ity  s tu d ie s  on "p u re"  c r y s t a l s  showed two 

te m p e ra tu re  ra n g e s . A low te m p e ra tu re  re g io n  ( < 300°C) 

was n o t re p ro d u c ib le  and depended on th e  h i s to r y  o f th e  

specim en s tu d ie d .  Above 300°C th e  c o n d u c tiv ity  was 

re p ro d u c ib le  and was a s s o c ia te d  w ith  an i n t r i n s i c  p ro p e r ty  

o f  th e  c r y s ta l  and t h i s  c o n d u c tiv ity  may be re p re s e n te d  by

0” * 8.48x10^ exp. (-1 .37eV /kT ) f o r  m elt-grow n c r y s t a l s

(ohm-1  cm"’1 )

and CT * 6.04x10^ exp. (-1 .37eV /kT ) f o r  so lu tio n -g ro w n

(ohm"1 cm” 1 ) c r y s t a l s .



A com parison o f th e  i n t r i n s i c  c o n d u c tiv i ty  and 
t o t a l  d i f f u s io n  u s in g  th e  N e rn s t -E in s te in  r e la t io n s h ip  

was made and th e  r e s u l t s  in d ic a te d  th a t  th e  c o n d u c tiv ity  

was io n ic  w ith  S ch o ttk y  d e fe c ts  p red o m in a tin g .

C o n d u c tiv ity  m easurem ents on a l io v a le n t  c a t io n  

im p u rity -d o p ed  c r y s t a l s  over th e  tem p e ra tu re  range  150-600°C 

showed e s s e n t i a l l y  th e  same f e a tu r e s  as  "p u re"  c r y s t a l s .  

There was no a p p re c ia b le  v a r i a t io n  in  th e  low te m p e ra tu re  

range w ith  im p u rity  c o n te n t and th e  h ig h  te m p e ra tu re  range 

was th e  same as in  "p u re"  c r y s t a l s .  The im p u rity  seemed 
to  be r e l a t i v e l y  in s o lu b le  in  th e  Csl l a t t i c e .

High te m p e ra tu re  a n n e a lin g  u n d er vacuum produced an 

in c re a s e  in  c o n d u c tiv i ty  in  "p u re"  c r y s t a l s  b o th  in  th e  
i n t r i n s i c  and low te m p e ra tu re  r e g io n s .  T h is  in c re a s e  in  

th e  i n t r i n s i c  range  d id  n o t seem to  be due to  a change 
in  th e  d e fe c t  n a tu re  o f  th e  c r y s ta l  s in c e  th e re  was no 

ap p a ren t change in  a c t i v a t io n  en ergy . The change in  th e  

m agnitude o f  CT i s  b e lie v e d  to  be due to  a s u r fa c e  a re a  
change b rough t about by th e  a n n ea lin g  u n d e r vacuum.

Vacuum a n n e a lin g  produced marked changes in  th e  io n ic  

c o n d u c tiv i ty  o f  a l io v a le n t  c a t io n  doped c r y s t a l s .  The low 

te m p e ra tu re  c o n d u c tiv i ty  was in c re a s e d  and in  some case s  

was p re fa c e d  by a re g io n  o f v e ry  low a c t iv a t io n  en erg y .

T h is  range  i s  i n t e r p r e te d  in  te rm s o f  c o n tr ib u t io n s  from 
io n ic  and e l e c t r o n i c  c o n d u c tiv i ty .  A sharp  change in  th e  

s lo p e  o f  th e  c o n d u c t iv i ty / r e c ip r o c a l  tem p e ra tu re  curve 

o c cu rred  above th e  low te m p e ra tu re  range and a re g io n  o f  

c o n d u c tiv i ty  which was re p ro d u c ib le  from sample to  sample 

was o b serv ed . T h is  range which had a h ig h e r  m agnitude o f 

c o n d u c tiv i ty  th a n  th e  i n t r i n s i c  range i s  i n t e r p r e te d  in  

te rm s o f c a t io n  im p u rity  d is s o lu t io n  in  th e  c r y s t a l  l a t t i c e ,  
th e  "av e rag e"  e n th a lp y  o f  s o lu t io n  b e in g  1.34^0.22eV .



Im m ediately  fo llo w in g  th e  " s o l u b i l i t y "  range 

th e  c o n d u c t iv i ty / r e c ip r o c a l  te m p e ra tu re  curve shows a 
r 'e c rea se  in  a c t i v a t io n  energy  and in  t h i s  re g io n  th e  

c o n d u c tiv i ty  was im p u rity  d ep enden t. T h is  re g io n  i s  

b e lie v e d  to  be a s s o c ia te d  w ith  th e  movement o f  f r e e  c a t io n  

v a c a n c ie s  c re a te d  by th e  d is so lv e d  a l io v a le n t  im p u r ity .

On t h i s  assum ption  U , th e  a c t i v a t io n  energy f o r  m o b il i ty  

o f  a c a t io n  vacancy i s  ap p ro x im a te ly  0.90eV . D iffu s io n  

re g io n s  c o rre sp o n d in g  to  " s o l u b i l i t y "  and im p u rity  

vacancy movement have been o bserved  in  Cs+ s e l f - d i f f u s i o n  

in  a l io v a le n t  c a tio n -d o p ed  m elt-grow n c r y s t a l s .

I f  S cho ttky  d e fe c ts  p redom inate  in  t h i s  system  th e n  

from th e  v a lu e  o f  U+ and th e  Cs+ d i f f u s io n  a c t iv a t io n  
energy  th e  h e a t o f  fo rm a tio n  ¥  h as been e s tim a te d  a t  

1.70eV and t h i s  i s  compared w ith  t h e o r e t i c a l  e s t im a te s .
C o n d u c tiv ity  m easurem ents have a ls o  been made on 

d iv a le n t  an io n  doped C sl c r y s t a l s  betw een 150-600°C 
and th e  r e s u l t s  in d ic a te d  th e  ap p aren t i n s o l u b i l i t y  o f 

t h i s  im p u rity  even a f t e r  quenching  from h ig h  te m p e ra tu re s  

to  l iq u id  te m p e ra tu re , o r a f t e r  h ig h  te m p e ra tu re  
a n n e a lin g . P o s s ib le  re a so n s  fo r  th e  r e l a t i v e l y  e a s i e r  

s o l u b i l i t y  o f a l io v a le n t  c a t io n s  over an io n s  have been 

g iv en  in  te rm s o f p o l a r i s a t i o n  e f f e c t s .



CONTENTS,

Page Number.

CHAPTER 1 . INTRODUCTION,

1 .1 , G eneral In t r o d u c t io n . 1 - 2
1 .2 . P d in t D e fec ts  in  Io n ic  C ry s ta ls . 2 - 5
1 .3 . C a lc u la t io n  o f P o in t D efect 

F orm ation  E n e rg ie s . 5 - 8
1 .4 . The Role o f P o in t D e fec ts  in  

Io n ic  M ig ra tio n . 8 - 10

1 .5 . The Role o f  L ine D e fec ts  in  
Io n ic  M ig ra tio n . 10 - 13

1 .6 . E x perim en ta l I n v e s t ig a t io n s  o f  
Io n ic  M ig ra tio n  in  A lk a li-H a lid e s  
o f  th e  Spdium C hloride-T ype 
S t r u c tu r e . 13 - 17

1 .7 . I n v e s t ig a t io n s  o f  Io n  T ran sp o rt 
i n  A lk a li-H a lid e  C ry s ta ls  o f 
th e  Caesium C hloride-T ype 
S t r u c tu r e . 18 - 21

1 .8 . Aims o f  th e  P re s e n t I n v e s t ig a t io n . 22 - 24

CHAPTER 2. EXPERIMENTAL TECHNIQUE.

2 .1 . C r y s ta ls . 25 - 28
2 . 1 . (a ) Growth from Aqueous S o lu t io n . 25 - 26
2 .1 .  (h ) The G row th-H ahit o f  th e  S o lu t io n -  

Grown C r y s ta ls . 26
2 . 1 . (c ) P re tre a tm e n t o f  Solution-G row n 

C r y s ta l s . 26 - 27
2 . 1 . (d ) Growth o f C ry s ta ls  from th e  M elt. 27
2 . 1 . (e ) Im purity -D op ing  o f  C r y s ta ls . 27 -
2 . 1 . ( f ) A nnealing  S tu d ie s . 27 - 28



Page Number.

2 .2 . C onductiv ity* 28 - 31
2 . 2 . (a ) The Bridge* 28
2 . 2 . (b ) The C o n d u c tiv ity  C e l l . 28 - 29
2 .2 .( o ) P ro ced u re  D uring C o n d u c tiv ity  Run* 30
2 .2 .( d ) C a lc u la t io n  o f C o n d u c tiv ity . 30 - 31
2 .3 . M easurement o f D if fu s io n . 31 - 44
2 . 3 . (a ) S e c tio n in g  and G rind ing  T echn iques, 31 - 32

2 .3 .( b ) The Is o to p e  Exchange Method. 32
2 .3 . ( c ) The S u rfa ce  D ecrease Method. 33
2 .3 .( d ) P re p a ra t io n  o f  R ad io ac tiv e  M a te r ia l .

(1 ) Caesium -  137*

(2) C h lo rin e  -  36.

33 -

33

34

35

(3) Method o f  E v a p o ra tio n . 34 - 35
2 .3 . ( e ) C ounting P ro ced u re . 35 - 36

2 .3 . ( f ) A b so rp tio n  C o e f f ic ie n t  C a lc u la tio n s  
f o r  Cl -  36 and Cs -  137* 36 - 39

( l )  C a lc u la t io n  o f  p  f o r  0 1 - 3 6  
in  C s l. 36 - 38

(2) C a lc u la t io n  o f  p  f o r  Cs -  137 
in  C sl. 38 - 39

2 .3 . ( g ) The C ry s ta l  M icrotom e. 40 - 41

2 . 3 . (h ) The D if fu s io n  F u rn ace . 41 - 42

2 . 3 . ( i ) D if fu s io n  C e l ls . 42 - 44

2 .4 . A n a ly s is . 44 - 46

2 . 4 . (a ) A n a ly tic a l  Methods Used. 44 - 46
( l )  S p e c tro p h o to m e tric  T i t r a t i o n . 44 - 45
(2 ) Flame P ho tom etry . 45
(3 ) Atomic A b so rp tio n  S p ec tro 

ph o to m etry . 46

( 4 ) S p e c tro g ra p h ic  A n a ly s is . 46

A



Page Number.

CHAPTER 3. RESULTS SECTION.

3 .1 . C o n d u c tiv ity . 47 - 88
3 . 1 . (a ) Summary o f O b se rv a tio n s . 47
3 . 1 . (b) Method o f  P r e s e n ta t io n . 47 - 48
3 . 1 . (c ) The C o n d u c tiv ity  R e s u lts . 48 - 88
3 .2 . D if fu s io n . 89 - 99
3 .2 . ( a ) Cs -  137 D if fu s io n . 89 - 98
3 .2 .C b) Cl -  36 D if fu s io n . 98a - 99

CHAPTER 4 . DISCUSSION.

4 .1 . C o n d u c tiv ity  in  Pure  C ry s ta ls . 100 - 103
4 .2 . D iffu s io n  in  Pure  C r y s ta ls . 103 - 104
4 . 2 . (a ) Cs+ D if fu s io n  in  Pure Annealed 

Mervyn C r y s ta ls . 105

4 -3 . Comparison o f  0* and D in  Pure 
C r y s ta l s . 105 - 108

4 .4 . C o n d u c tiv ity  in  Doped C ry s ta ls . 108 - 123
4 * 4 .(a ) U n tre a te d  C ry s ta ls  Grown Over

HoS0, a s  D e s ic c a n t.2 4 108 - 109

4 . 4 . (b ) Annealed C ry s ta ls . 109 - 111
4* 4* ( c) C ry s ta ls  Grown over CaCl^ as  

D e s ic c a n t. 111 - 112
4 .4 . ( d ) C ry s ta ls  Grown by th e  S to ck b arg e r 

T echn ique. 112 -

4*4*(©) C o n d u c tiv ity  in  Range I  (a ) 
(A ll C r y s ta l s ) . 112 - 115

4 . 4 . ( f ) C o n d u c tiv ity  in  Range I  (b ) 115 “ 118

4 .4 .  (g ) C o n d u c tiv ity  in  Range I . 118 - 123

4 .5 . D iffu s io n  o f Cs+ in  U nannealed 
Doped C r y s ta ls . 123 - 124

4 .6 . C o nclusions from th e  R e s u lts . 124 - 129



Page Number.

S u g g estio n s  fo r  F u r th e r  Work. 129 - 130

APPENDIX. 130 - 146

REFERENCES. 146 - 150



CHAPTER 1 . 

INTRODUCTIOH.



1

1*1 GENERAL INTRODUCTION.

The most s ta b le  s t a t e  o f  a  c z j s t a l  a t  th e  a b so lu te  
zero  o f  te m p e ra tu re  i s  one in  which th e re  i s  com plete 

o rd e r .  At te m p e ra tu re s  above th e  a b so lu te  ze ro  th e  c r y s t a l  

s t r u c tu r e  s t i l l  app roaches c lo s e ly  a r e g u la r  l a t t i c e , b u t 
d e v ia t io n s  from t h i s  com plete o rd e r  a re  p o s s ib le .  I t  i s  

th e  p re se n c e  o f  th e se  d e fe c ts  i . e .  d is o rd e r , and t h e i r  a b i l i t y  
to  m ig ra te  which acco u n ts  f o r  many o f  th e  p h y s ic a l  and 
chem ical p r o p e r t i e s  o f  s o l id s .

D e fec ts  in  p u re  c z y s ta l s  can be c o n s id e red  to  be o f  
th re e  main ty p e ss

1 . Thermal v ib r a t io n s .

2. P o in t  o r  l a t t i c e  d e f e c t s .

3* S u rface  and l i n e  d e f e c ts .
The most fundam ental d e fe o t i s  a s s o c ia te d  w ith  th e  

quantum e x c i t a t io n  o f  v ib r a t io n a l  modes w ith in  a r e a l  c r y s t a l .  

The fo r c e s  h o ld in g  atoms in  p o s i t io n  in  a c r y s t a l  a re  n o t 

s t ro n g  enough to  produce a r i g i d  l a t t i c e s  th e  the rm al energy  

o f  th e  atom s i s  s u f f i c i e n t  to  cause them to  be d is p la c e d  from 

e q u il ib r iu m . On th e  assum ption  th a t  th e  n e ig h b o u rs  to  a 

g iv e n  atom a re  f ix e d ,  th e  freq u en cy  o f  v ib r a t io n  can be 

c a lc u la te d .  T h is  i s  n o t however v a l i d , f o r ,  in  a  r e a l  c r y s t a l ,  
th e  n e ig h b o u rin g  atoms w i l l  a ls o  be i n  m o tion . M oreover 
th e r e  w i l l  be i n t e r a c t io n  betw een d i f f e r e n t  v ib r a t io n a l  

p la n e s  which p ro d u ces  a p p re c ia b le  anharm onic com ponents.
Thus when a l l  p o s s ib le  m otions o f  atoms o r  g roups o f  atoms 
a re  c o n s id e r e d ^  ran g e  o f  f r e q u e n c ie s  i s  found to  e x i s t .
Each s e p a ra te  m echan ical o s c i l l a t i o n  a t  a  g iv e n  freq u en cy  

i s  known a s  a  phonon. The d isp lacem en t o f  an atom in  a 
s o l id  i s  c a lc u la te d  by summing o v e r a l l  th e  phonons. These 

th e rm a l v ib r a t io n s  o f  atom s in  a  s o l id ,  though im p o rtan t in  

th e m se lv e s , do n o t s e r io u s ly  d i s tu r b  th e  p e r f e c t io n  o f  th e  

c r y s ta l  s in c e  on th e  av erage  th e  atom o r  io n  i s  in  i t s



p ro p e r  p o s i t io n .  However th e  o th e r  ty p e s  o f  l a t t i c e  d e fe c t  

in v o lv e  th e  p re sen c e  o f  p h y s ic a l  l a t t i c e  im p e r fe c t io n s .

P o in t d e fe c ts  a re  a s s o c ia te d  w ith  d is o rd e r  in v o lv in g  

i s o l a t e d  l a t t i c e  p o s i t io n s .  They may e x i s t  a s  v a c a n c ie s  in  

th e  l a t t i c e *  i . e .  l a t t i c e  s i t e s  where atoms o r  io n s  a re  

m issing* o r  a l t e r n a t i v e l y  atoms o r  io n s  may he d is p la c e d  

from t h e i r  norm al l a t t i c e  p o s i t io n s  to  i n t e r s t i t i a l  p o s i t i o n s .  
The in t r o d u c t io n  o f  th e se  p o in t  d e fe c ts  g r e a t ly  in c re a s e s  

th e  e n tro p y  o f  th e  o r y s ta l  and a t  h ig h  enough te m p e ra tu re s  
t h i s  com pensates to  a la rg e  e x te n t  f o r  th e  energy  o f  
fo rm a tio n  o f  th e  d e f e c t .

S u rface  and l i n e  d e fec ts*  on th e  o th e r  hand* a re  

im p e rfe c tio n s  which in v o lv e  th e  m isa lignm ent o f  r e l a t i v e l y  

l a r g e  numbers o f  atom s o r  io n s .  S u rface  d e fe c ts  a re  o f  two 

types*  e x te r n a l  and i n t e r n a l .  The e x te r n a l  ty p e  i s  sim ply  

th e  d is o rd e r  re p re s e n te d  by th e  d is c o n t in u i ty  a t  th e  s u r fa c e  

w h ile  th e  i n t e r n a l  ty p e  o ccu rs  when th e  c r y s t a l  l a t t i c e  

changes from one o r i e n ta t io n  to  a n o th e r  i . e .  m is o r ie n ta t io n  

o f  two a d ja c e n t c r y s ta l  g r a in s .  The volume around th e  

ju n c t io n  o f  th e  two g ra in s  i s  a s s o c ia te d  w ith  a h ig h  degree  

o f  d is o r d e r .  The l i n e  d e fe c ts*  a s  t h e i r  name im p lies*  have 

an a p p re c ia b le  e x te n s io n  in  one d im ension . I t  i s  t h i s  l a t t e r  
ty p e  o f  d e f e c t ,  g e n e r a l ly  r e f e r r e d  to  a s  a d is lo c a tio n *  which 

i s  p a r t i c u l a r l y  im p o rtan t in  d e te rm in in g  th e  m echanical 

p r o p e r t i e s  o f  th e  s o l i d .
A more d e ta i l e d  d is c u s s io n  o f  th e s e  d e fe c ts*  w ith  s p e c ia l  

r e f e re n c e  to  io n ic  c ry s ta ls *  i s  g iv en  i n  th e  fo llo w in g  s e c t io n s .  
POINT DEFECTS IN IONIC CRYSTALS.

In  1926 F re n k e l1 p roposed  th a t  a s  a r e s u l t  o f  th e rm al 

v ib r a t io n s  some io n s  r e c e iv e  s u f f i c i e n t  energy  to  move from 

t h e i r  l a t t i c e  p o s i t io n s  to  i n t e r s t i t i a l  p o s it io n s *  th e re b y  

c r e a t in g  l a t t i c e  v acanc ies*  F i g . l .  Under f u r th e r  th e rm a l 

e x c i t a t i o n  th e  i n t e r s t i t i a l  io n  can move from one i n t e r s t i t i a l  

p o s i t i o n  to  a n o th e r  u n t i l  i t  e v e n tu a lly  m eets a vacancy and
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3.
dro p s back  in to  a norm al l a t t i c e  p o s i t i o n .  F ren k e l 

d is o rd e r  i s  g e n e r a l ly  a s s o c ia te d  w ith  th e  c a t io n  l a t t i c e  
s in c e ,  on th e  grounds o f  io n ic  s iz e ,  fo rm a tio n  o f  an 

i n t e r s t i t i a l  an io n  would be e n e r g e t ic a l ly  u n l ik e ly .

A nother method f o r  th e  fo rm a tio n  o f  l a t t i c e  v a c a n c ie s
p

was su g g es te d  by S ch o ttk y  • He p ro posed  t h a t  eq u a l numbers 

o f  an io n s  and c a t io n s  cou ld  be removed from t h e i r  l a t t i c e  

p o s i t io n s  to  form a d d i t io n a l  io n ic  l a y e r s  a t  i n t e r n a l  o r  

e x te r n a l  s u r f a c e s .  The p ro c e ss  would c r e a te  eq u al numbers o f  

an io n  and c a t io n  v a c a n c ie s  in  th e  l a t t i c e ,  F i g .2. I t  i s  a ls o  

p o s s ib le  t h a t  eq u a l numbers o f  an io n  and c a t io n  v a c a n c ie s  

cou ld  be form ed by th e  p re sen o e  o f  eq u a l numbers o f  i n t e r s t i t i a l  
an io n s  and c a t io n s .  However t h i s  h as  n o t been found in  io n ic  

c r y s t a l s  s in c e ,  f o r  th e  re a so n s  d is c u s se d  above, th e  

fo rm a tio n  o f  i n t e r s t i t i a l  an io n s  i s  u n l ik e ly .
The p re sen c e  o f  p o in t  d e fe c ts  in c re a s e s  th e  

c o n f ig u ra t io n a l  e n tro p y  o f  th e  c r y s ta l  to  a la r g e  e x te n t ;  

th e r e f o r e ,  a lth o u g h  t h e i r  fo rm a tio n  r e q u i r e s  a c o n s id e ra b le  

amount o f  en erg y , a t  e le v a te d  te m p e ra tu re s  th e  f r e e  energy  

o f  th e  c r y s t a l  may be red u ced . The c o n c e n tra t io n  o f  p o in t  
d e f e c ts  a s  a  fu n c tio n  o f  te m p e ra tu re  can r e a d i ly  be 

c a lc u la te d  from norm al thermodynamic c o n s id e ra t io n s .  For 

exam ple, c o n s id e r  a c r y s t a l  c o n ta in in g  H a n io n s  and c a t io n s  

and suppose th e re  a re  n  S ch o ttk y  d e f e c ts ,  i . e .  n c a t io n  

v a c a n c ie s  and n an io n  v a c a n c ie s , p re s e n t  a t  a p a r t i c u l a r  

te m p e ra tu re  T. The p re sen c e  o f  th e se  S ch o ttk y  d e fe c ts  

in c re a s e s  th e  c r y s ta l* s  e n tro p y , a cc o rd in g  to  th e  Boltzmann 

r e l a t i o n s h ip ,  by an amount,
A s  . k.ln f  HI 1  2 ------------------------ ( 1 )

[ (H-n)j n.' J
The in c re a s e  in  i n t e r n a l  energy  i s  nV, where V i s  th e  

energy  to  form a S ch o ttk y  d e fe c t ,  and th e  change in  f r e e  

energy  i s  g iv e n  by

A F  « n¥  -  T£$  ^
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and from (1)
AF « n¥ - kT.ln f  Ni ”1

L(»-n)JnJ J
M inim ising  AF w ith  r e s p e c t  to  n and by a p p ly in g  S t i r l i n g ' s  

ap p ro x im a tio n , e q u a tio n  (2 a ) becomes,

/ i l A Z l )  -  W -  k T .ln  f~H-n~[ 2 - 0 ------------------- (3 )
\  <» / i  L n J

t e f  ■ ( h ) - - - - - - - - - - - - - - 141
Sinoe th e  e x te n t  o f  S ch o ttk y  d is o rd e r  i s  u s u a l ly  sm a ll, i . e .  

K - n » H ,  e q u a tio n  (4 ) re d u c es  to

© 2 - - ' • ( - & ) --------------------- ( w

o r  n ■ H exp . ( -  W j------------------ ---------------------- (6 )
V 2kT /

A s im i la r  ty p e  o f  d e r iv a t io n  f o r  F ren k e l d is o rd e r  

g iv e s ,
n  -  (1 % )*  exp . ( -  W _ ) ------------------------- (7 )

\  2M y
where i s  th e  t o t a l  number o f  i n t e r s t i t i a l  p o s i t io n s  

p e r  u n i t  volum e.

The d e r iv a t io n  i s  s im p l i f ie d  s in c e  i t  h as  n o t ta k en  
in to  accoun t th e rm al exp an sio n  o f  th e  c r y s t a l  o r  changes in

v ib r a t i o n a l  freq u en cy  o f  th e  io n s  due to  th e  p re sen o e  o f  th e
d e f e c t s .  As th e  te m p e ra tu re  r i s e s  th e rm a l expansion  le a d s  to  

a d e c re a se  in  V and t h i s  can be w r i t te n s
Wp -  w0 + o(V0T (dW/dV)----------------------------------------------- (8 )

where V0 and Y0 a re  r e s p e c t iv e ly  th e  energy  to  form th e  

d e f e c ts  and th e  volume o f  th e  c r y s t a l  a t  0°K and e l i s  th e  

c r y s t a l  th e rm a l ex p an sio n  c o e f f i c i e n t .

The c o r r e c t io n  f o r  d i f f e r in g  v ib r a t io n a l  f r e q u e n c ie s  

in tro d u c e s  a p re -e x p o n e n t ia l  f a c to r ,  , which i s  g iv en  by,

jr -  ( f . f  - - - - - - - - - - - - (9)
where v i s  th e  norm al l a t t i c e  freq u en cy  a t  th e  p a r t i c u l a r  

te m p e ra tu re , v* i s  th e  freq u en cy  o f  an io n  a d ja c e n t to  a 
d e fe c t  and X  i s  th e  number o f  n e a r e s t  n e ig h b o u r io n s  around



th e  d e f e c t .

The m od ified  e q u a tio n  f o r  th e  c o n c e n tra t io n  o f

S ch o ttk y  d e fe c ts  i s  th e n ,
n -  $ENexp. ( -  W \   (10)

\  2kT j
where B « exp• I - cLvQ • dW ]

\ 2k dV /

In  io n ic  c r y s t a l s  th e  p re -e x p o n e n t ia l  f a c to r ,  , can

l i e  betw een 10 and 10^ f o r  S ch o ttk y  d e fe c ts  hu t i s  s e v e ra l

o rd e rs  o f  m agnitude s m a lle r  f o r  F ren k e l d e fe c ts^ *

I t  shou ld  he n o ted  th a t  u n d e r c o n s ta n t te m p e ra tu re  

c o n d it io n s  e q u a tio n  (10) can he re p re s e n te d  by,
X jX g  •  c o n s ta n t mXQ  ̂  —  (11)

w h ere  a n d x 2 a re  th e  mole f r a c t i o n s  n  o f  c a t io n  and

an io n  v a c a n c ie s , w hich, in  a p u re  c r y s ta l  w i l l  he id e n t i c a l  

and eq u a l t o X Q.

CALCULATION OF POINT DEFECT FORMATION ENERGIES.

A lthough bo th  F ren k e l and S ch o ttk y  d e fe c ts  w i l l  he 

p re s e n t  in  any io n ic  c r y s t a l ,  t h e i r  e n e rg ie s  o f  fo rm atio n  
(W) a re  u s u a l ly  s u f f i c i e n t l y  d i f f e r e n t  in  any p a r t i c u l a r  

c r y s t a l  f o r  one ty p e  o f  d e fe c t  to  p red o m in a te . C a lc u la t io n s  

o f  d e fe c t  fo rm a tio n  e n e rg ie s  a re  v e ry  d e ta i l e d  and in  t h i s  

s e c t io n  th e  problem  w i l l  he d is c u s se d  q u a l i t a t i v e l y .

The c a lc u la t io n  i s  based  on th e  c l a s s i c a l  Bora^ th e o ry  

o f  io n ic  c r y s t a l s ,  and in  t h i s  approach  th e  l a t t i c e  energy  

o f  an io n io  c r y s t a l  i s  g iv en  by,

where i s  th e  l a t t i c e  energy

A i s  th e  Madelung c o n s ta n t 

e i s  th e  e l e c t r o n i c  charge 

Aq i s  th e  i n t e r i o n i c  d is ta n c e  
n i s  th e  Bom exp o n en t.

S ince  th e s e  c a lc u la t io n s  have been m o stly  a p p lie d  to  th e  
a l k a l i  h a l id e s  no acco u n t i s  ta k en  o f  Van d e r  W aal's  and

( 12)
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and ze ro  p o in t  e n e rg ie s*

L e t u s  c o n s id e r  th e  energy  in v o lv e d  in  th e  fo rm a tio n  
o f  a p o s i t i v e  io n  vacancy , K,.. I f  th e  p o s i t iv e  io n  was 

removed from th e  i n t e r i o r  o f  th e  c r y s ta l  to  i n f i n i t y ,  w h ile  

th e  charge  d i s t r i b u t i o n  in  th e  c r y s t a l  i s  k e p t th e  same a s  i t  

was, th e n  th e  energy  in v o lv ed  in  t h i s  s te p  would be W ,̂ th e  

l a t t i c e  en e rg y . However th e  io n  i s  o n ly  t r a n s f e r r e d  to  a 

s u r fa c e  o f  th e  c r y s t a l  ( f o r  a S ch o ttk y  d e fe c t)  so t h a t  in  

b r in g in g  th e  io n  back  from i n f i n i t y  to  th e  c r y s ta l  s u r fa c e  

a  g a in  in  energy  o f  -J- would r e s u l t .  T h e re fo re  th e  o v e r a l l  

energy  in v o lv e d  in  th e  fo rm a tio n  o f  th e  p o s i t i v e  io n  vacancy 

would be and th e  energy  re q u ire d  f o r  th e  fo rm a tio n  o f  th e

S ch o ttk y  d e fe c t  would be Wi,. In  th e  a l k a l i  h a l id e s  th e  l a t t i c e  
energy  v a r i e s  betw een 6 and l le V  ap p ro x im a te ly  and so th e  

fo rm a tio n  o f  th e s e  d e f e c ts  would be e n e r g e t ic a l ly  u n f e a s ib le  

ex cep t a t  v e ry  h ig h  te m p e ra tu re s  i . e .  n e a r  th e  m e ltin g  p o in t .
However J o s t5  was th e  f i r s t  to  p o in t  ou t th e  im portance  

o f  th e  p o l a r i s a t i o n  o f  th e  l a t t i c e  which r e s u l t s  from th e  

fo rm a tio n  o f  a vacancy o r  i n t e r s t i t i a l .  The rem oval o f  a 

p o s i t i v e  io n , f o r  exam ple, w i l l  a f f e c t  th e  n e ig h b o u rin g  io n s  in  
such a way th a t  an ad ju stm en t ta k e s  p la c e  by which energy  i s  

g a in e d . The rem oval o f  th e  p o s i t iv e  io n  w i l l  have th e  n e t  

e f f e c t  o f  add ing  an e x t r a  n e g a tiv e  charge  a t  th e  l a t t i c e  s i t e .  

C onsequen tly  th e  su rro u n d in g  m a te r ia l  w i l l  become p o la r i s e d .

The p o la r i s a t i o n  c o n s is t s  in  th e  fo rm a tio n  o f  d ip o le s  induced  in  

th e  io n s  by th e  Coulombic f i e l d  o f  th e  m iss in g  io n  and second ly  

in  a  sm all io n ic  d isp lacem en t o f  th e  su rro u n d in g  io n s ,  F i g .3* 

Because o f  th e  lo n g  range  o f  Coulombic fo r c e s ,  th e  p o l a r i s a t i o n  

e f f e c t s  w i l l  be sp read  ov er l a r g e  d is ta n c e s  in  th e  c r y s t a l  and 

hence th e  calcukfcion o f  th e  p o l a r i s a t i o n  energy  i s  c o m p lica ted . 

J o s t  5 s im p l i f ie d  th e  c a lc u la t io n  by assum ing th a t  th e  v a ca n t 

l a t t i c e  s i t e  co u ld  be t r e a t e d  a s  a  s p h e r ic a l  c a v ity  ( r a d iu s  R) 

in  a  co n tin u o u s  medium o f  d i e l e c t r i c  c o n s ta n t £  • The g a in
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in  energy  from p o la r i s a t i o n  i s  th e n  g iv en  hy

(13)

Hence th e  energy  o f  fo rm a tio n  o f  a S cho ttky  d e fe c t  i s  

g iv en  by,

(14)

The d i f f i c u l t y  in  t h i s  p a r t i c u l a r  c a lc u la t io n  i s  in  

a s s ig n in g  v a lu e s  o f  R+ and R_, th e  r a d i i  o f  p o s i t iv e  io n  and 

n e g a tiv e  io n  v acan c ies*  As a r e s u l t  o f more a c c u ra te  

c a lc u la t io n s ^  i t  h as  heen su g g es ted  t h a t  f o r  th e  a l k a l i  

h a l id e s ,

I t  i s  p o s s ib le  from th e  above tre a tm e n t to  in d ic a te  

th e  c r y s t a l  c o n d itio n s  which fa v o u r p a r t i c u l a r  ty p e s  o f  p o in t  

d e fe c ts*  An i n t e r s t i t i a l  io n  i s  g e n e r a l ly  much c lo s e r  to  i t s  

n e ig h b o u rs  th a n  a norm al io n  and s in c e  th e  r e p u ls iv e  i n t e r a c t io n s

r e p u ls iv e  fo r c e s  w i l l  fav o u r S ch o ttk y  a s  opposed to  F ren k e l 

d e fe c ts*  However vhere  th e r e  i s  an a p p re c ia b le  d i f f e r e n c e  in  

s i s e  betw een c a t io n s  and a n io n s  th e re  w i l l  be more room f o r  an 

i n t e r s t i t i a l  c a t io n  and th e re  w i l l  a ls o  be a la r g e  g a in  in  

p o l a r i s a t i o n  energy  from th e  in c o rp o ra t io n  o f  a  sm all c a t io n  

i n  an i n t e r s t i t i a l  p o s i t io n *  From e q u a tio n  (13) i t  i s  

a p p a re n t t h a t  in  a  medium o f  h ig h  d i e l e c t r i c  c o n s ta n t th e  g a in  
i n  p o l a r i s a t i o n  energy  a s s o c ia te d  w ith  F ren k e l d is o rd e r  can 

o f f s e t  th e  in c re a s e  i n  r e p u ls io n  energy* I t  i s  f o r  th e se  

re a so n s  t h a t  S ch o ttk y  d e f e c ts  p redom inate  i n  th e  a l k a l i  h a l id e s  
w h ile  in  AgCl and AgBr F ren k e l d e fe c ts  a re  im portan t*

The above s im p l i f ie d  tre a tm e n t o f  d e fe c t  fo rm a tio n  e n e rg ie s  
h a s  been  r e f in e d  in  s e v e ra l  w a y s .^ > ® ’ 9>10* continuum

model f o r  th e  c a lc u la t io n  o f  p o l a r i s a t i o n  energy  i s  re p la c e d  

by a more d e ta i l e d  model based  on th e  a c tu a l  io n io  p ic tu re *

The e l e c t r o n i c  d ip o le  moment and th e  p o s i t io n a l  d isp lacem en t

R+ ” 0*6eq, Rb ” 0»9sq  (15)

betw een io n s  v a r i e s  a s  r~ n (n  v a r i e s  from 5 to  1 2 ) , th e
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o f  th e  n e ig h b o u rin g  io n s  a re  e s tim a te d  and th e s e  v a lu e s  

a re  u se d  in  th e  c a lc u la t io n  o f  th e  p o l a r i s a t i o n  energy*
The r e p u ls io n  energy  term  i s  a ls o  m o d ified  to  ta k e  in to  

accoun t th e s e  io n ic  d isp la ce m e n ts  and n o n -n e a re s t  n e ig h b o u r 

in te r a c t io n s *  The r e s u l t s  o f  th e s e  c a lc u la t io n s  f o r  th e  

energy  o f  fo rm a tio n  o f  a S ch o ttk y  d e fe c t  in  th e  a l k a l i  h a l id e s  

a re  in  f a i r l y  good agreem ent w ith  e x p e rim en ta l d e te rm in a tio n s , 

T ab le  1 .

T ab le  1

W(eV) C a lc .6 W(eV) Exp.

HaCl

KC1

KBr

2 .0 2
1*86 2.09

2 .4  :
2 .08 2 .1

1*92 1 .99

11
12
.3

14

15

A d e ta i l e d  rev iew  o f  th e s e  ty p e s  o f  c a lc u la t io n  i s  to  
be found in  an a r t i c l e  by L id ia rd  

1*4. THE HOLE OF POINT DEFECTS IN IONIC MIGRATION*

The p re sen o e  o f  p o in t  d e fe c ts  in  an io n ic  l a t t i c e

p ro v id e s  a  ro u te  f o r  io n  movement* In  a c r y s t a l  e x h ib i t in g

S ch o ttk y  d e f e c ts ,  th e  io n s  can move th ro u g h  th e  c r y s t a l  v ia  

th e  v a c a n c ie s , Fig*4a* In  c r y s t a l s  e x h ib i t in g  F ren k e l d e fe c ts  

two mechanisms f o r  io n  movement a re  p o s s ib le ;  an i n t e r s t i t i a l  

io n  can move from one i n t e r s t i t i a l  p o s i t io n  to  a n o th e r  (Fig* 

4 b ) , o r  i t  may move th ro u g h  th e  c r y s t a l  by p u sh in g  one o f  th e  

n e ig h b o u rin g  io n s  in to  an i n t e r s t i t i a l  p o s i t io n  and i t s e l f  
occupying  th e  v acan t l a t t i c e  s i t e ,  Fig*4c*

The most common e x p e rim en ta l m ethods f o r  th e  in v e s t ig a t io n  

o f  io n  movement in v o lv e  th e  u se  o f  t r a c e r  m ethods to  m easure 

d i f f u s io n ,  th e  random movement o f  io n s  th ro u g h  th e  c r y s t a l ,  

and in  th e  measurement o f  io n ic  c o n d u c t iv i ty ,  which i s ,  in  

e f f e c t ,  d i f f u s io n  u n d e r an a p p lie d  e l e c t r i o  f ie ld *

In  a c r y s ta l  c o n ta in in g  S ch o ttk y  d e f e c ts  th e  io n ic
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c o n d u c t iv i ty ,  (T > can be re p re s e n te d  by

CT -  + n 2qji2  (16)
3

where and n^ a re  th e  number o f  charge c a r r i e r s  p e r  cm i . e .  
n^ and a re  r e s p e c t iv e ly  th e  number o f  c a t io n  and an ion

v a c a n c ie s  p e r  cm^, q i s  charge on th e  io n s  a n d ^  and a re

r e s p e c t iv e ly  th e  c a t io n  and an io n  m o b i l i t i e s ,  i . e .  th e  r a t e
o f  movement u n d er u n i t  f i e l d .

T h is  r e l a t i o n s h ip ,  e q u a tio n  (1 6 ) , betw een th e

c o n d u c tiv i ty  and th e  number o f  v a c a n c ie s  h as  le d  to  io n ic

c o n d u c tiv i ty  s tu d ie s  b e in g  w idely  u sed  in  s tu d ie s  o f  th e

d e fe c t  n a tu re  o f  s o l i d s .  E x p e rim en ta lly  th e  t o t a l  c o n d u c tiv ity

o f  th e  io n ic  c r y s t a l  can be m easured bu t i t  i s  f r e q u e n t ly

u s e f u l  to  d e term ine  th e  component c o n tr ib u t io n s  o f  th e  an ion
17and c a t io n .  T ra n sp o rt number d e te rm in a tio n s  have shown 

th a t  f o r  a  number o f  a l k a l i  h a l id e s ,  e .g .  L iC l, HaCl and KC1, 

th e  c o n d u c tiv i ty  i s  a lm ost e x c lu s iv e ly  c a t io n ic  excep t a t  

te m p e ra tu re s  n e a r  th e  m e ltin g  p o in t .  In  th e s e  c a se s  e q u a tio n  

(16) may be approx im ated  by

CT -   (17)

The e q u a tio n  may be expanded by in tro d u c in g  th e  e x p re s s io n  

f o r  th e  m o b i l i t y ^ ,
 ( 18)

where t / i s  th e  v ib r a t io n a l  freq u en cy  o f  th e  io n , 

a  i s  th e  d is ta n c e  betw een th e  io n s  
and C i s  a  th e rm a l expansion  c o r r e c t io n  to  th e  h e ig h t o f  

th e  energy  b a r r i e r  f o r  m o b ili ty  (U ).

S u b s t i tu t io n  o f  t h i s  e x p re s s io n  o f  m o b il i ty  and th e  e x p re ss io n  

f o r  vacancy c o n c e n tra t io n  (eq n . (1 0 ))  i n  e q u a tio n  (17) g iv e s  

O ' . ^ f o c W a V  ^  exp . (0  ^ W /2 ) ^ -------------------- (19)

The co rre sp o n d in g  e x p re s s io n  f o r  th e  d i f f u s io n  c o e ff ic ie n t#

L, i s  g iv en  by
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(U + y / 2 ) )   (20)
kT /

I t  can be seen  from e q u a tio n s  (19) and (20) t h a t  i f  th e  

same ty p e  o f  d e fe c t  i s  r e s p o n s ib le  f o r  b o th  io n ic  co n d u ctio n  
and d i f f u s io n ,  and t h i s  w i l l  g e n e r a l ly  be th e  c a se , th e n

£T -  £ a 2  (21)
D kT

The above e q u a tio n  i s  known a s  th e  H e rn s t -E in s te in  

r e l a t i o n s h i p .

In  th e  system s u n d e r d is c u s s io n  e .g .  L iC l, NaCl and KC1 

where th e  c o n d u c tiv i ty  i s  e s s e n t i a l l y  c a t i o n ic ,  th e  s e l f 

d i f f u s io n  c o e f f i c i e n t  D i s  t h a t  o f  th e  c a t io n .  However in  

system s where b o th  an io n  and c a t io n  c o n tr ib u te  to  th e  
c o n d u c t iv i ty ,  e q u a tio n  (16) can be expanded in  th e  same way 

a s  we have shown f o r  e q u a tio n  (IT )*  The m o d ified  e x p re s s io n s  

forCTand 1) th e n  c o n ta in  th e  sum o f  two e x p o n e n tia l te rm s . The 
N e rn s t -E in s te in  e q u a tio n  i s  s t i l l  v a l id  b u t now D r e p r e s e n ts  

th e  sum o f  th e  an io n  and c a t io n  s e l f - d i f f u s i o n .

E x p e rim en ta lly  th e  s e l f - d i f f u s i o n  c o e f f i c i e n t s  a re  

de te rm in ed  u s in g  r a d io t r a c e r  te c h n iq u e s  s in c e  th e s e  t r a c e r  io n s  

a re  d is t in g u is h a b le  from  th e  h o s t io n s  o f  th e  c r y s ta l  and 

fu r th e rm o re  s in c e  th e y  a re  g e n e r a l ly  employed in  sm all 

c o n c e n tra t io n s ,  s t a t i s t i c a l  c o r r e l a t io n s  betw een th e  

d i r e c t io n s  o f  s u c c e s s iv e  jumps o f  th e  t r a c e r  io n  may o c cu r .

The H e r a s t - E in s te in  e q u a tio n  i s  m o d ified  to  make a llow ance f o r  

th e s e  c o r r e l a t io n  e f f e c t s .

o ~ f  .  H a f   (2 2 )
D. kTt r a c e r

F or v a c a n c ie s  in  H aC l-type l a t t i c e s  f  i s  0 .7815  w h ile  f o r  

C sC l-type  l a t t i c e s  f  i s  0 .6 5 5 5 ^ .

1.5* THE ROLE OF LIKE DEFECTS US IOH MIGRATIOH.
L ine d e f e c ts  o r  d i s lo c a t io n s  a re  more co m p lica ted  th a n  

p o in t  d e f e c ts  in  t h a t  th e y  a re  n o t co n fin e d  to  any one l a t t i c e  

p o in t  b u t a re  e x te n s iv e  in  th e  c r y s t a l .  D is lo c a tio n s  a lso

exp.
-



c o n t r a s t  w ith  p o in t  d e f e c ts  in  t h a t  th e y  a re  fu n d am en ta lly  

n o n -e q u ilib r iu m  s t a t e s ,  a lth o u g h  th ey  may be form ed u n d e r 

n e a r  e q u ilib r iu m  co n d itio n s*  There a re  tv o  extrem e ty p e s  

o f  l i n e  d e f e c t ,  namely th e  s c re v  d i s lo c a t io n  and th e  edge 

d is lo c a tio n *

The s c re v  d i s lo c a t io n  c o n s i s t s  o f  a  l i n e  o f  atoms 

(o r  io n s )  each  o f  v h ic h  h as  th e  c o r r e c t  number o f  atoms 

c o - o rd in a t in g  i t  b u t th e  c o -o rd in a t io n  po ly h ed ro n  i s  

d is to r te d *  The d i s lo c a t io n  may be th o u g h t o f  a s  b e in g  

produced  by d is p la c in g  one p a r t  o f  th e  c r y s t a l ,  u s u a l ly  

one atom ic  sp a c in g , r e l a t i v e  to  th e  rem ainder o f th e  c r y s t a l ,  

th e  d isp lacem en t te rm in a tin g  v i t h i n  th e  c r y s t a l s ,  F ig . 5*

Atoms n e a r  th e  c e n tr e  o f  th e  d is lo c a t io n  a re  in  re g io n s  o f  

h ig h  d i s t o r t i o n  and t h i s  d i s t o r t i o n  d e c re a se s  th e  f u r th e r  

th e y  a re  away from th e  d is lo c a tio n *  The p re se n c e  o f  th e  

s c re v  d i s lo c a t io n  tra n s fo rm s  s u c c e ss iv e  atom p la n e s  in to  

th e  s u r fa c e  o f a  h e l ix  and hence th e y  a re  o f  extrem e 

im portance  i n  th e  g ro v th  o f  c r y s t a l s  from  th e  vapour o r  s o lu tio n ;  

th e  d i s lo c a t io n  p ro v id e s  a "co n tin u o u s"  s te p  f o r  d e p o s it io n  

o f  atoms*
The edge d i s lo c a t io n  c o n s i s t s  o f  a l i n e  o f  atom s, 

each  o f  v h ich  h as  one l e s s  atom c o -o rd in a t in g  i t  th a n  i s  

r e q u ir e d  by th e  c r y s t a l  s t ru c tu re *  The d i s lo c a t io n  i s  

form ed "by th e  s l i p  o f  one c r y s t a l  s e c t io n  one a tom ic d is ta n c e  

v i t h  r e s p e c t  to  th e  o th e r  s e c t io n  o f  th e  c r y s t a l ,  F ig .6 (a )*  

A l te r n a t iv e ly  th e  d i s lo c a t io n  may be re g a rd ed  a s  b e in g  

form ed by th e  i n s e r t i o n  o f  an e x t r a  p la n e  o f  atoms p a r t  vay 

in to  th e  c r y s t a l ,  F ig .6 (b )*  The d i s lo c a t io n  l i n e ,  v h ich  i s  

th e  i n t e r n a l  boundary o f  t h i s  e x t r a  p la n e  o f  atom s, need  n o t 

be a  s t r a i g h t  l i n e  b u t can jump to  an a d ja c e n t s l i p  p la n e ;  

th e  p o in t  a t  v h ich  th e  jump i s  made i s  c a l l e d  a " jo g " . In  

io n ic  c r y s t a l s  th e  s t r u c tu r e  o f  th e  edge d i s lo c a t io n s  a re

e s s e n t i a l l y  governed  by th e  c o n d it io n  o f  charge  n e u t r a l i t y  
i n  th e  c ry s ta l*  In  p a r t i c u l a r  th e  jo g s  i n  edge d i s lo c a t io n s
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20may be charged  and t h i s  d e te rm in es  to  a la r g e  e x te n t  

th e  p r o p e r t i e s  o f  th e  d i s lo c a t io n .

The p re se n c e  o f  d is lo c a t io n s  i n  io n ic  c r y s t a l s  

in f lu e n c e s  th e  io n  m o b il i ty  o n ly  to  a v e ry  sm all e x te n t  

s in c e  th e  moving io n s ,  because o f  t h e i r  la rg e  m ass, a re  o n ly  

s l i g h t l y  s c a t t e r e d  when th ey  m eet a d i s lo c a t io n .  However 

th e  d i s lo c a t io n s  can have a v e ry  im p o rtan t in f lu e n c e  on th e  

c o n c e n tra t io n s  o f  p o in t  d e f e c t s .

The edge d i s lo c a t io n s  can move in  th e  c r y s ta l  in  two

d i s t i n c t  ways. The f i r s t  i s  movement in  th e  s l i p  p la n e  and

i s  a r e l a t i v e l y  easy  p ro c e s s .  The second ty p e  o f  movement

in v o lv e s  th e  c lim b in g  o f  th e  d i s lo c a t io n  from p la n e  to  p la n e

and w i l l  g e n e r a l ly  o n ly  o ccu r a t  e le v a te d  te m p e ra tu re . In

m e ta ls  th e  movement o f  d i s lo c a t io n s  g e n e r a l ly  in c re a s e s  th e
21c o n c e n tra t io n s  o f  v a c a n c ie s  o r  i n t e r s t i t i a l  atoms • In  

io n ic  c r y s t a l s  th e  charged  n a tu re  o f  th e  d i s lo c a t io n  jo g s  

r e s t r i c t s  th e  ty p e s  o f  movement and to  r e t a i n  charge n e u t r a l i t y  

a moving d i s lo c a t io n  p ro d u ces  S ch o ttk y  d e f e c ts  i . e .  equal 

numbers o f  an io n  and o a tio n  v a c a n c ie s , in  th e  c r y s t a l .
A s ta t io n a r y  d i s lo c a t io n  can a lso  a f f e c t  th e  lo c a l  

c o n c e n tra t io n  o f p o in t  d e f e c ts  i n  t h a t  th ey  can a c t  a s  a 

so u rce  o r  s in k  f o r  p o in t  d e f e c t s .  S oho ttky  o r  F ren k e l d e fe c ts  

can be form ed a t  s u r f a c e s ,  g r a in  b o u n d a rie s  and a t  d is lo c a t io n  

jo g s  and s in c e  th e  energy  o f  fo rm a tio n  o f  th e  two o p p o s ite ly

charged  components o f  such a d e fe c t  p a i r  a re  u n eq u a l, th e
22 23th e rm a l e q u ilib r iu m  c o n c e n tra t io n s  w i l l  be un eq u al ’ • For

example in  NaCl th e  sodium io n  v a c a n c ie s  a re  more e a s i ly  

form ed th a n  c h lo r in e  io n  v a c a n c ie s . Hence when th e  

te m p e ra tu re  i s  r a i s e d  from a b s o lu te  se ro  th e  sodium io n  

v a c a n c ie s  w i l l  be e m itte d  in to  th e  c r y s ta l  le a v in g  a n e t  

p o s i t i v e  charge  on th e  s u r f a c e .  T h is  r e s u l t i n g  space charge  

d is c o u ra g e s  th e  em iss io n  o f  more sodium io n  v a c a n c ie s  and 

en co u rag es  th e  em iss io n  o f  c h lo r in e  io n  v a c a n c ie s  in to  th e  

c r y s t a l .  The n e t  r e s u l t  i s  t h a t  th e r e  w i l l  be a  space charge  

l a y e r  a s s o c ia te d  w ith  each  edge d is lo c a t io n  a r i s in g  from th e
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e x ce ss  o f  an io n  v a c a n c ie s  in  th e  neighbourhood o f  th e

d is lo c a t io n  and th e s e  a re  b a lan ced  by an ex cess  o f  c a t io n

v a c a n c ie s  p e n e t r a t in g  some d is ta n c e  in to  th e  c ry s ta l*  The

m agnitude and v id th  o f  th e  space charge la y e r  w i l l  depend on

th e  te m p e ra tu re  and on th e  d if f e r e n c e  in  th e  fo rm a tio n
e n e rg ie s  o f  an io n  and c a t io n  v acan c ies*  For KaCl th e  w id th

- 5o f  th e  space charge  la y e r  i s  e s tim a te d  to  he 2*2 x 10 ^cm 

a t  600°K and 1 ,3  i  lCf^cm a t  900°K ^* I t  i s  th e r e f o r e  to  he 

e x p ec te d  t h a t  l i n e  d e f e c ts  cou ld  he o f  extrem e s ig n i f ic a n c e  in  

io n ic  m ig ra tio n , p a r t i c u l a r l y  a t  low tem p era tu res*

1 .6 .  EXPERIMENTAL INVESTIGATIONS OF ION Ml GHAT I  OK IN ALKALI HALIDES
OF THE SODIUM CHLORIDE-TYPE STRUCTURE.

17T ra n sp o rt number m easurem ents have shown th a t  th e  
co n d u c tio n  i n  th e  l i th iu m  h a l id e s  and sodium and p o ta ss iu m  

c h lo r id e s  i s  e x c lu s iv e ly  io n ic  and th a t  c a t io n  t r a n s p o r t  i s  

th e  p redom inan t c o n tr ib u t io n  in  conduction* Only a t  

te m p e ra tu re s  n e a r  th e  m e ltin g  p o in t  i s  th e r e  a  s i g n i f i c a n t  
c o n t r ib u t io n  from th e  c h lo r id e  ion* The io n ic  c o n d u c tiv i ty  

a s  a f u n c t io n  o f  te m p e ra tu re  shou ld  be g iv en  by e q u a tio n  

(1 9 ) . A s in g le  ran g e  o f  co n d u ctio n  sh o u ld  be o b serv ed , th e  
a c t i v a t io n  energy  b e in g  U + W/2*

In  p r a c t i c e  two main ra n g e s  o f  co n d u ctio n  a re  observed* 

The h ig h  te m p e ra tu re  ran g e  i s  an i n t r i n s i c  p ro p e r ty  o f  th e  

c ry s ta l*  The co n d u ctio n  i n  t h i s  ran g e  i s  e x p l ic a b le  i n  te rm s 

o f  th e  th e o ry  g iv en  i n  s e c t io n  1*4$ th e  co n d u ctio n  i s  due to  

th e rm a lly  c re a te d  S ch o ttk y  d e fe c ts*  The low  te m p e ra tu re  range  

i s  n o t re p ro d u c ib le , th e  a c t i v a t io n  energy  in  t h i s  re g io n  i s  

much low er and th e  m agnitude o f  th e  c o n d u c tiv i ty  i s  c r i t i c a l l y  

dependent on th e  h i s to r y  o f  th e  c r y s t a l  specimen*

Three p o s s ib le  mechanisms have been su g g es ted  f o r  th e

low  te m p e ra tu re  c o n d u c t iv i ty ;  (a )  f r o s e n - in  d e f e c t s ^  (b )
25

s u r fa c e  and g ra in  boundary c o n d u c tiv i ty  (c )  e f f e c t s  o f
26a l io v a le n t  im p u r ity  io n s  in  th e  c r y s t a l  l a t t i c e  • I t  i s  t h i s  

l a t t e r  e f f e c t  which i s  o f  prim e im portance  in  th e  low 

te m p e ra tu re  conduction*
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Even th e  most "p u re"  c r y s t a l s  c o n ta in  sm all

q u a n t i t i e s  o f  im p u r ity  and th e s e  im p u r i t ie s  can have

s i g n i f i c a n t  e f f e c t s  i f  th ey  a re  a l io v a le n t ,  i . e .  o f

d i f f e r e n t  v a len c y  to  th e  h o s t l a t t i c e ,  and i f  th e y  a re

s u h s t i t u t i o n a l l y  d is s o lv e d  in  th e  l a t t i c e .  I f ,  f o r  exam ple,
2+th e  NaCl c r y s ta l  c o n ta in s  some Cd io n s  s u h s t i t u t i o n a l l y

in c o rp o ra te d  in  l a t t i c e  p o s i t io n s  th e n  in  o rd e r  to  r e t a i n

e l e c t r o n e u t r a l i t y  one c a t io n  vacancy must he formed f o r  
2+each  Cd p re s e n t  in  th e  l a t t i c e .  These im p u rity  c r e a te d  

v a c a n c ie s  w i l l  he p a r t i c u l a r l y  im p o rtan t a t  low te m p e ra tu re s  

where th e  c o n c e n tra t io n s  o f  th e rm a lly  c re a te d  S ohotthy  d e fe c ts  
w i l l  he low . Under th e s e  c o n d it io n s  th e  c o n d u c tiv i ty  

e q u a tio n  w i l l  no lo n g e r  c o n ta in  an e x p o n e n tia l f a c to r  f o r  th e  

h e a t o f  fo rm a tio n  o f  th e  d e fe c t  and th e r e f o r e  th e  a c t i v a t io n  
energy  f o r  co n d u ctio n  w i l l  he U.

The e a r l i e r  tre a tm e n t o f  co n d u ctio n  ( s e c t io n  1 .4 )  can 

he m o d ified  to  ta k e  in to  accoun t inqpurity  e f f e c t s .
From e q u a tio n  (11)

* 1* 2 -  c o n s ta n t -  X
2

o

and suppose th e  c o n c e n tra t io n  o f  d iv a le n t  c a t io n  im p u rity  

i s  c . Then f o r  e l e c t r o n e u t r a l i t y

X 1 -  ^  + c  (23)

E q u a tio n  (11) th e n  becomes

V < L - c )  * Xo2
o r -  o ( l  + (1 + 4x / c2)^J  (24)

T h is  r e l a t io n s h ip  shows th e  change from i n t r i n s i c  con d u ctio n  

a t  h ig h  tem p era tu res  where XQ) )  c , to  im p u r ity  c o n tro l le d  
co n d u c tio n  a t  low tem p e ra tu re s  where X q4< c * ^ke v a l i d i t y  o f

t h i s  approach  h as  been shownhy c o n d u c tiv i ty  m easurem ents on 

a l k a l i  h a l id e s  which have heen d e l ib e r a t e ly  doped w ith  

d iv a le n t  c a t io n  im p u r ity  e .g .  CdCl^ + N a C l* \ CaCl^ + N a C l^ ,
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28S rC lg  + KC1 • D iv a len t an io n s  a re  r e l a t i v e l y  in s o lu b le  

in  th e s e  l a t t i c e s  e*g* K^O + K C l^ ,  ^ 2 ^ 4  +

Comparison o f c a t io n  s e l f - d i f f u s i o n  and io n ic  
12c o n d u c tiv i ty  in  NaCl and KC1 e s t a b l i s h e s  th e  v a l i d i t y  

o f  th e  N e m s t- E in s te in  r e la t io n s h ip  in  th e  h ig h  te m p e ra tu re  
( i n t r i n s i c )  reg ion*  In  th e  low te m p e ra tu re  ran g e  th e  

m easured c a t io n  s e l f - d i f f u s i o n  i s  alw ays g r e a t e r  th a n  th a t  

c a lc u la te d  on th e  b a s i s  o f io n ic  c o n d u c tiv i ty  measurem ents* 

T h is  d i f f e r e n c e  betw een th e  c a lc u la te d  and m easured d i f f u s io n  

c o e f f i c i e n t s  has been a s c r ib e d  to  th e  p re sen c e  in  th e  c r y s t a l  

o f  e s s e n t i a l l y  uncharged  d e fe c ts  which can c o n tr ib u te  to  

d i f f u s io n  b u t n o t to  th e  io n ic  c o n d u c tiv ity *

One p o s s ib le  n e u t r a l  d e fe c t  i s  known a s  th e  vacancy p a ir*  

A c a t io n  vacancy h as  an e f f e c t iv e  n e g a tiv e  charge  and an an ion  

vacancy an e f f e c t iv e  p o s i t iv e  charge* There w i l l  th u s  be an 

e l e c t r o s t a t i c  a t t r a c t i o n  betw een th e  two d e fe c ts  le a d in g  to  

th e  fo rm a tio n  o f  a  double vacancy P ig .7 ( a ) .  The c o n c e n tra t io n  

o f  th e s e  vacancy p a i r s ,  Xp> in  a sodium c h lo r id e  ty p e  l a t t i c e

i s  g iv en  b y ^ ,

X p -  6 exp . ( -g A T )   (25)

where g i s  th e  f r e e  energy  o f fo rm a tio n  o f a vacancy p a ir*

One im p o rta n t a sp e c t o f  vacancy p a i r s  i s  t h a t  t h e i r  
c o n c e n tra t io n  i s  dependent o n ly  on th e  p ro d u c t c o n c e n tra t io n s  

o f  an io n  and c a t io n  v a c a n c ie s  i . e  J t l  . X  . Hence, a t  any

one te m p e ra tu re , th e  c o n c e n tra t io n  o f  vacancy p a i r s  i s  

u n a f fe c te d  by changes in X ^  an d X ^  b rough t abou t by th e

p re se n c e  o f a l io v a le n t  im p u r itie s*

The s ig n i f ic a n c e  o f  vacancy p a i r s  in  c a t io n  t r a n s p o r t  

in  th e s e  c r y s t a l s  i s  d o u b tfu l*  I t  had been supposed th a t  

th e  uncharged  n a tu re  o f  th e  d e fe c t  would en ab le  i t  to  have 

a h ig h  m o b il i ty  in  io n ic  c ry s ta ls *  However i t  h as  been shown 

by t h e o r e t i c a l  c a l c u l a t i o n ^  th a t  th e  a c t i v a t io n  energy  f o r
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io n ic  movement v ia  vacancy p a i r s  i s  g r e a te r  th a n  th e

energy  fo r  movement v ia  s in g le  c a t io n  v a c a n c ie s .  The

r o le  o f  th e  vacancy p a i r  in  c a t io n  t r a n s p o r t  in  th e s e
c r y s t a l s  i s  o f m inor im p o rtan ce .

The d isc re p a n c y  betw een th e  c a lc u la te d  and m easured

d i f f u s io n  c o e f f i c i e n t s  i s  u s u a l ly  a s c r ib e d  to  th e  p re se n c e

o f  a l io v a le n t  in rp u rity -v acan ey  com plexes which c o n tr ib u te

to  d i f f u s io n  b u t n o t to  c o n d u c t iv i ty .  The a s s o c ia t io n  o f

a d iv a le n t  im p u r ity  c a t io n  w ith  a c a t io n  vacancy , which

b e a rs  an e f f e c t iv e  n e g a tiv e  ch arg e , w i l l  r e s u l t  i n  th e

fo rm a tio n  o f  a n e u t r a l  complex, F ig . 7b* I f  a l l  b u t n e a r e s t

n e ig h b o u r in t e r a c t io n s  a re  n e g le c te d  th e  e q u il ib r iu m  betw een

th e  com plexes ( c o n c e n t r a t io n X  ) ,  im p u rity  c a t io n s  and f r e e

c a t io n  v a c a n c ie s  i s  g iv en  by16
X o  -  *e exP* (V ./kT )  (26)

* 1 ^ * 0 )

where Va i s  th e  f r e e  energy  o f  a s s o c ia t io n  (e x c lu d in g  

c o n f ig u r a t io n a l  e n tro p y ) and z c i s  th e  number o f  d i s t i n c t  

o r i e n ta t io n s  o f  th e  com plex. Hence th e s e  com plexes w i l l  be 
form ed in  a p p re c ia b le  c o n c e n tra t io n s  a t  low te m p e ra tu re s . 

L i d i a r d ^  h a s  g iv en  a th e o ry  o f  io n ic  c o n d u c tiv i ty  ta k in g  

in to  acoount th e s e  im p u rity -v acan cy  com plexes and good 

agreem ent betw een th e o ry  and experim en t i s  observ ed  e .g .

CdClg + Ha Cl , S r& 2  + KC1 . The e n e rg ie s  o f  a s s o c ia t io n ,

th u s  o b ta in e d  a re  in  good agreem ent w ith  t h e o r e t i c a l  
8e s t im a te s  9 • O ther in fo rm a tio n  on im p u rity -v acan q y

com plexes h as  been o b ta in e d  from s tu d ie s  o f d i e l e c t r i c
■jc

r e la x a t io n  , e le c t r o n  sp in  re so n an ce  and n u c le a r  m agnetic  
37reso n an ce  •

C o n d u c tiv ity  m e asu re m e n ts^  on HaCl o v er th e  te m p e ra tu re  

ran g e  20°C to  th e  m e ltin g  p o in t  a c tu a l ly  show fo u r  ra n g e s  o f  
co n d u c tio n , F ig .8 . Ranges I  and I I  a re  r e s p e c t iv e ly  th e  

i n t r i n s i c  and th e  s t r u c tu r e  s e n s i t iv e  ra n g e s  which have been 
d is c u s s e d  above. Range I I I  i s  in t e r p r e t e d  a s  b e in g  due to
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FIG 8 . CONDUCTIVITY/TEMPERATURE
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th e  im p u rity -v a ca n c y  a s s o c ia t io n  r e a c t io n  and th e  a c t i v a t io n

energy  sho u ld  be U + -£- W • These a s s o c ia t io n  com plexes&
a re  g e n e r a l ly  p re c u r s o r s  to  p r e c i p i t a t i o n  o f  th e  im p u rity
from  th e  l a t t i c e  and range  IV i s  a s s o c ia te d  w ith  t h i s
p r e c i p i t a t i o n  phenomena*

The p r in c ip a l  r o le  o f l i n e  d e fe c ts  in  io n ic  c o n d u c tiv i ty
and c a t io n  s e l f - d i f f u s i o n  in  th e s e  c r y s t a l s  i s  in  t h e i r

a b i l i t y  to  a c t  a s  c e n tr e s  f o r  p r e c i p i t a t i o n ^ ’ However

in  c h lo r id e  io n  d i f f u s io n  in  N aC l-type c r y s t a l s  d i s lo c a t io n s

a re  im p o rtan t p a r t i c u l a r l y  a t  low te m p e ra tu re s ^ *  The space

charge  on th e  d i s lo c a t io n s  w i l l  fa v o u r c h lo r id e  io n  d i f f u s io n

i n  th e s e  reg io n s*  The e f f e c t  o f  d iv a le n t  c a t io n  im p u rity
23

would be to  red u ce  th e  space charge  and a lth o u g h  th e  an io n  

d i f f u s io n  i s  red u ced  i n  d iv a le n t  c a t io n  doped c r y s t a l s  th e  

r e d u c tio n  i s  e s s e n t i a l l y  in d ep en d en t o f  im p u rity  c o n t e n t ^ .

I t  h as  been found th a t  w h ile  a t  low er te m p e ra tu re s  th e  an io n  

d i f f u s io n  i s  u n d o u b ted ly  dependent upon th e  d i s lo c a t io n  

d e n s i ty  i n  th e  c r y s t a l s ,  w ith in  th e  te m p e ra tu re  ran g e  450° -

700° C d i f f u s io n  i s  p ro b a b ly  p ro c e ed in g  v ia  s in g le  an io n
 ̂ 4 2 ,4 3 ,4 4v a c a n c ie s  and vacancy p a i r s  ’ ’ .

R e la t iv e ly  few io n ic  c o n d u c tiv i ty  and d i f f u s io n  s tu d ie s

i n  c r y s t a l s  o f  th e  brom ides and io d id e s  o f  sodium and

p o ta ss iu m  have been made* In  th e s e  c r y s t a l s  th e  an io n

m o b il i ty  i s  la rg e  enough a t  h ig h  te m p e ra tu re s  to  make a
45s i g n i f i c a n t  c o n tr ib u t io n  to  th e  c o n d u c tiv ity *  R o lfe  has

2+  2-made a d e ta i l e d  s tu d y  o f  KBr doped w ith  e i t h e r  Ca o r  CO^

ions*  The sim ple  im p u rity -v acan cy  a s s o c ia t io n  th e o ry  was
2+ad eq u a te  to  d e sc r ib e  th e  r e s u l t s  f o r  th e  Ca -doped  

c r y s t a l s  b u t th e  d iv a le n t  an io n  was o n ly  s o lu b le  i n  th e  

l a t t i c e  a t  h ig h  tem p e ra tu res*  These r e s u l t s  w i l l  be 

c o n s id e re d  in  more d e t a i l  in  th e  d isc u ss io n *



INVESTIGATIONS OF ION THANSPORT IN ALKALI HALITE CRYSTALS

OF THE CAESIUM CHLORITE-TYPE STRUCTURE,

S e l f - d i f f u s io n  s tu d ie s  ^ 9 ^  have shown th a t  in

c r y s t a l s  o f  th e  above s t r u c tu r e ,  th e  an io n  i s  th e  more m obile 
sp ec ie s*  However th e r e  i s  n o t th e  marked d if f e r e n c e  in  
an io n  and c a t io n  d i f f u s io n  c o e f f i c i e n t  which was found in  

th e  m a jo r i ty  o f th e  a l k a l i  h a lid e s*  Both th e  an io n s  and 

c a t io n s  in  CsCl, CsBr and Csl make a s i g n i f i c a n t  c o n tr ib u t io n  

to  th e  io n ic  c o n d u c tiv ity *  The sim ple  e x p re ss io n  f o r  th e  

c o n d u c tiv i ty , e q u a tio n  ( 19 ) 9 i s  no lo n g e r  ad equate  and th e
c o n d u c tiv i ty  must be c a lc u la te d  in  te rm s o f  e q u a tio n  ( 16 ) ,

CT -  ♦ n 2y 2

.  Sq ( X ^  + Xf  2)

Few d e ta i le d  s tu d ie s  o f  io n ic  t r a n s p o r t  have been made
49in  th e  caesium  h a lid e s*  Ubbelohde e t  a l  have m easured

th e  conductance o f  p o ly c r y s ta l l in e  specim ens and have
in t e r p r e t e d  th e  co n d u ctio n  in  te rm s o f  s ig n i f i c a n t

50e le c t r o n i c  c o n tr ib u t io n s  • They p ro pose  t h a t  th e  p re sen c e  

o f  d is s o lv e d  ox ide  io n s  in  th e  l a t t i c e  p ro d u ces  ex cess  an ion  

v a c a n c ie s  and a ls o  some caesium  io n s  a re  p re s e n t  in  th e  d iv a l

e n t s ta te *  The e le c t r o n i c  co n d u ctio n  a r i s e s  from th e  p ro c e s s ,

Cs+ Cs2*
R osse l e t  a l 1̂ have in v e s t ig a te d  th e  conductance in  so n e-
r e f in e d  Csl* They observed  two ra n g e s  o f  co n d u ctio n  w ith

a c t i v a t io n  e n e rg ie s  s im i la r  to  th o se  re p o r te d  by Ubbelohde 
49e t  a l  • However th e  low te m p e ra tu re  ran g e  i s  i n t e r p r e te d

in  te rm s o f  a l io v a le n t  im p u rity  e f f e c t s  and i n  a  more re c e n t
52p u b l ic a t io n ^  th e y  r e p o r t  o n ly  one range  o f  co n d u ctio n  below  

420°C.
The f i r s t  d e ta i l e d  s tu d y  o f  io n ic  t r a n s p o r t  in  th e s e

47system s was c a r r ie d  o u t by Lynch who in v e s t ig a te d  

c o n d u c t iv i ty  and s e l f - d i f f u s i o n  in  s in g le  c r y s t a l s  o f
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CsBr and C s l. The r e s u l t s  a re  in t e r p r e t e d  in  te rm s o f

movement v ia  S ch o ttk y  d e fe c ts  and th e  approxim ate

s a t i s f a c t i o n  o f  th e  N e rn s t -E in s te in  r e l a t io n s h ip

in d ic a te s  t h a t  c o n d u c tiv i ty  i s  n e a r ly  co m p le te ly  io n ic .
He has a ls o  p o s tu la te d  th a t  th e re  i s  p o s s ib ly  an a d d i t io n a l
c o n tr ib u t io n  to  an io n  o r c a t io n  movement by d i f f u s io n  v ia

48vacancy p a i r s .  The same ty p e  o f  in v e s t ig a t io n  in  s in g le
c r y s t a l s  o f  CsCl (low  te m p e ra tu re  form) h as g iv en  r e s u l t s

47which compare fa v o u ra b ly  w ith  th o se  o f  Lynch bu t do n o t 
in d ic a te  an ion  o r  c a t io n  movement v ia  vacancy p a i r s .  The 

r e s u l t s  o f  a l l  th e  io n ic  t r a n s p o r t  in v e s t ig a t io n s  a re  
summarised in  T ab le s  2 and 3*

47A lthough th e  in v e s t ig a t io n s  o f  Lynch in d ic a te  a

re a so n a b le  agreem ent betw een s e l f - d i f f u s i o n  and io n ic

c o n d u c tiv i ty  in  th e  h ig h e r  te m p e ra tu re  r e g io n s ,  th e r e  a re

some an o m alies  a t  lo v e r  te m p e ra tu re s . The s in g le  c r y s t a l s

o f  CsBr and C sl c o n ta in e d  s i g n i f i c a n t  c o n c e n tra t io n s  o f

a l io v a le n t  im p u r i t ie s  (a p p ro x im a te ly  1 x 10” ^ mole f r a c t i o n ) ,

and a low te m p e ra tu re , low a c t i v a t io n  energy  (O.5 8  eV),

c o n d u c tio n  range o b serv ed  in  many o f  th e  sam ples was
a t t r i b u t e d  to  im p u rity  c re a te d  c a t io n  v a c a n c ie s . A s im i la r

co n d u ctio n  range  was o b serv ed  in  a CsBr c r y s t a l  s u p e r s a tu ra te d  
2+w ith  Ba • However in  th e  s e l f - d i f f U s io n  s tu d ie s  th e r e  was

no ev id en ce  o f  c a t io n  d i f f u s io n  v ia  im p u rity  c re a te d  v a c a n c ie s ;
a  s in g le  ran g e  o f  d i f f u s io n  was o b se rv ed . I t  has been su g g e s t-  

47ed th a t  th e  im p u rity  c o n t r o l le d  C sl c o n d u c tiv i ty  i s  
e l e c t r o n i c  in  n a tu r e ,  y e t  th e  a c t i v a t io n  energy  i s  v e ry  c lo se  

to  t h a t  f o r  CsBr in  which th e r e  i s  no ev id en ce  o f e l e c t r o n i c  

c o n d u c t iv i ty .  F u r th e r  in v e s t ig a t io n  o f  t h i s  low te m p e ra tu re  

re g io n  i s  r e q u ir e d .
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1 .8 .  AIMS OF THE PRESENT INVESTIGATIOK.

I t  i s  p ro p o sed  to  in v e s t ig a te  io n ic  t r a n s p o r t  in  

s in g le  c r y s t a l s  o f  caesium  io d id e  w ith  p a r t i c u l a r  
re fe re n c e  to  th e  e f f e c t s  o f d iv a le n t  im p u r i t i e s .  I t  i s  

in te n d e d  to  p u rsu e  t h i s  r e s e a rc h  a lo n g  two main l i n e s .

(a )  The m easurem ent o f  io n ic  c o n d u c tiv i ty  in  s in g le  c r y s t a l s  

o f  C sl doped w ith  d iv a le n t  im p u r i t i e s .

I n v e s t ig a t io n s  o f  c o n d u c tiv i ty  in  im p u rity -d o p ed  

system s in  which h o th  th e  an io n  and c a t io n  a re  s i g n i f i c a n t l y  

m obile  a re  few b u t th e y  sho u ld  be o f  c o n s id e ra b le  im p o rtan ce .

An a n a ly s is  o f  th e  conductance r e s u l t s  in  such system s has 

been p ro p o sed  by L i d i a r d ^  and th e  method o f  t re a tm e n t i s  

o u t l in e d  below .
The io n ic  conductance in  t h i s  system  i s  g iv en  by 

e q u a tio n  (1 6 ) ,
O ' -  Hq ( X ^  + X p 2)

and in  a c r y s t a l  doped w ith  c mole f r a c t i o n  o f  d iv a le n t  

c a t io n s  from e q u a tio n  (2 4 ) ,
X1 .  |  { l  + (1 + 4 Xo2/c 2)*}

S u b s t i tu t io n  o f t h i s  in  (16) g iv e s ,

cr - n * #(^  + f 2) + 1 )  *  ~ § £  • f r r
where 0  « £ 2

The term  HqXQ ^  •  0 ^  w i l l  be th e  i n t r i n s i c

c o n d u c tiv i ty  in  an i d e a l ly  p u re  c r y s t a l .  Hence e q u a tio n  

(27) becomes,

i  - [ f e r *  H  — i!#)

 (27)
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When c » * 0 th e  iso th e rm  becomes l i n e a r ,

------------------------------ (29)
XQ(1 + J0)

When c 4CX th e  i n i t i a l  g ra d ie n t  o f th e  iso th e rm  i s

K ,  -------------------------------- ( 30)
^ ------—  2 * 0 (1 ♦ 4 )

a s  c->0
T h is  i s  p o s i t i v e  f o r  /  ^  1 and n e g a tiv e  f o r  There

v i l l  th u s  he a minimum in  th e  0“ ver s u s  c curve a t

»min -  X ° {ft ~ 1}  (31a)

(
f iC \  * 2 0  -------------------------------- (31h)
^ o  /  min. 1 ♦ ft 
T h is  minimum w i l l  he o f  p a r t i c u l a r  i n t e r e s t  when ft }  1 

which i s  th e  case  in  C sl where ^  ®Cs+ *

I t  was th e r e f o r e  p roposed  to  m easure th e  c o n d u c tiv ity  

o f  s in g le  c r y s t a l s  o f  Csl doped w ith  d iv a le n t  c a t io n
2+im purity*  The p r in c ip a l  im p u rity  c a t io n  chosen was Ba 

s in c e  i t s  io n ic  s iz e  i s  th e  n e a r e s t  o f  any d iv a le n t  io n  to  

th e  Cs+ io n  (R(Cs+ ) -  1.69A, R (Ba2+) -  1*35A^3) .

A n a ly s is  o f  th e  r e s u l t s  in  te rm s o f th e  above tre a tm e n t shou ld  
g iv e  in fo rm a tio n  on th e  r e l a t i v e  io n  m o b i l i t i e s ,  and on th e  

c o n c e n tra t io n  o f  i n t r i n s i c  d e f e c ts ,  e q u a tio n s  31a and h*

I t  shou ld  a ls o  he p o s s ib le  to  d e term in e  th e  a c t i v a t io n  
energy  f o r  m o b il i ty  o f  a c a t io n  vacancy , U+ , and to  dec id e

47w hether th e  low te m p e ra tu re  ran g e  p re v io u s ly  observed  i s  

due to  th e s e  im p u rity  c re a te d  c a t io n  v acan c ies*  Some 

in v e s t ig a t io n s  o f  c o n d u c tiv ity  a re  a lso  to  be made in  

d iv a le n t  an ion-doped  c r y s t a l s .  The im p u rity  io n  chosen in
2 40

t h i s  case  i s  th e  SO* ”  io n  s in c e  e a r l i e r  work on CsCl4
in d ic a te d  th e  s o l u b i l i t y  o f t h i s  im p u rity  io n  in  th e  CsCl- 

ty p e  l a t t i c e .
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(b ) The measurement o f  d i f i u s io n  in  s in g le  c r y s t a l s

o f  Csl doped id .th  d iv a le n t  im p u r i t i e s .

The c o n d u c tiv i ty  s tu d ie s  a re  to  be supplem ented by

in v e s t ig a t io n s  o f  c a t io n  s e l f - d i f f u s i o n  in  th e s e  c r y s t a l s .
The d i f f u s io n  m easurem ents a t  low te m p e ra tu re s  sho u ld  be

u s e f u l  in  d e te rm in in g  th e  r o le  o f  im p u rity  c re a te d  c a t io n
v a c a n c ie s  in  th e  t r a n s p o r t  p ro c e s s e s  and in  th e  p o s s ib le

s ig n i f ic a n c e  o f  vacancy p a i r s  in  th e  c a t io n  d i f f u s io n .  I t

i s  a ls o  th o u g h t n e c e s sa ry  to  d e term ine  th e  c a t io n  s e l f -
49d i f f u s io n  a t  h ig h  te m p e ra tu re s  s in c e  Ubbelohde e t  a l

52and R o sse l e t  a l  have o bserved  a s ig n i f i c a n t  in c re a s e
i n  th e  a c t i v a t io n  energy  f o r  co n d u ctio n  a t  h ig h  te m p e ra tu re s .

The l a t t e r  a u th o rs  have i n t e r p r e t e d  th e  in c re a s e  in  te rm s

o f  th e rm a lly  c re a te d  c a t io n  vacanpy c o n tr ib u t io n s  and t h i s

would su g g es t a much h ig h e r  a c t i v a t io n  energy  f o r  c a t io n
47s e l f - d i f f u s i o n  th a n  h a s  been o b serv ed  •

I t  was a ls o  p ro p o sed  to  make some m easurem ents on 

an io n  d i f f u s io n  i n  th e s e  c r y s t a l s .  Because o f  th e  s h o r t  

h a l f - l i f e  o f  th e  t r a c e r  1 ^ ^  ( t ^  * 8 .0 5  days) and th e  lo n g

d i f f u s io n  tim e s  r e q u ire d  a t  low te m p e ra tu re s , C l ^
5

( t ^  -  3 .2  i  10 y e a r s )  was u sed  a s  th e  t r a c e r  io n .  I t  i s

u n l ik e ly  t h a t  th e  m agnitude and a c t i v a t io n  energy  f o r  c h lo r id e

io n  d i f f u s io n  w i l l  be s u b s t a n t i a l l y  d i f f e r e n t  from th e  
54io d id e  io n  and m oreover th e  an io n  d i f f u s io n  r e s u l t s  

were in te n d e d  o n ly  to  in v e s t ig a te  q u a l i t a t i v e l y  th e  e f f e c t s  

o f  im p u r ity -d o p in g .
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2 .1 .  CRYSTALS.

The c r y s t a l s  u se d  in  th e s e  ex p erim en ts  were o b ta in e d  
from s e v e ra l  so u rc e s . Some o f  th e  c r y s t a l s  o f  p u re  
caesium  io d id e  were s u p p lie d  by Mervyn In s tru m e n ts  L im ited  

and by L ig h ts  L im ite d . The u s u a l  d im ensions o f  th e se  

c r y s t a l s  were 10 x  10 x 5 bus. and th e y  were cu t to  th e  

r e q u ir e d  s i z e ,  g e n e r a l ly  5 ^ 5 x 1  mm., and p o l is h e d  
b e fo re  b e in g  u sed  in  th e  e x p e r im en ts . The doped c r y s t a l s  

and some o f  th e  p u re  c r y s t a l s  were grown in  t h i s  la b o r a to r y .
2 .1 . (a )  GROWTH FROM AqJEOUS SOLUTION.

S e v e ra l m ethods o f  c r y s t a l  grow th from s o lu t io n  were

a tte m p te d . I n i t i a l l y  th e  c r y s t a l s  were grown by slow
c o o lin g  o f  a s a tu r a te d  s o lu t io n  o f  caesium  io d id e .  The

s o lu t io n  was co o led  from 70°C to  room te m p e ra tu re  o v e r a

p e r io d  o f  72 h o u rs . A lthough t h i s  method h as been shown
48to  be e f f e c t iv e  f o r  caesium  c h lo r id e  , th e  r e s u l t s  

o b ta in e d  f o r  caesium  io d id e  w ere, i n  g e n e ra l ,  u n s a t i s f a c to r y .  

The c r y s t a l s  were u s u a l ly  to o  sm all f o r  u se  in  th e  ex p erim en ts  

and v a r i a t i o n s  in  th e  c o o lin g  r a t e s ,  from h o u rs  to  weeks, d id  

l i t t l e  to  im prove th e  s iz e  o r  th e  q u a l i ty  o f  th e  c r y s t a l s .  
A ttem pts to  prom ote c r y s t a l  grow th by see d in g  th e  s o lu t io n  
w ith  a sm all s in g le  c r y s t a l  o f  caesium  io d id e  were seldom 

s u c c e s s f u l .
I t  was found t h a t  c r y s t a l s  o f  a re a so n a b le  s iz e  and 

q u a l i ty  co u ld  be o b ta in e d  by su spend ing  a s a tu r a te d  s o lu t io n  

(^ -2 0  m l.)  o f  caesium  io d id e  i n  a p e t r i - d i s h  o v e r a d e s ic c a n t 

in  a d e s ic c a to r .  I n i t i a l l y  th e  d e s ic c a n t  u sed  was 
c o n c e n tra te d  s u lp h u r ic  a c id  and good c r y s t a l s  were o b ta in e d  

w ith in  a few d ay s. The u se  o f  c o n c e n tra te d  s u lp h u r ic  a c id  

co u ld  p o s s ib ly  le a d  to  th e  in c o rp o ra t io n  o f  sm all amounts o f  

b is u lp h a te  o r s u lp h a te  io n  in  th e  c r y s t a l s  and so i t  was l a t e r  

d ec id ed  to  u se  anhydrous calcium  c h lo r id e  a s  th e  d e s ic c a n t .

The l a t t e r  was n o t as  e f f i c i e n t  a s  s u lp h u r ic  a c id  and i t  

r e q u ire d  a p e r io d  o f  a t  l e a s t  two weeks o f c r y s t a l  grow th
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"before th e  specim ens were la r g e  enough to  he u sed  in  th e  

c o n d u c tiv i ty  and d i f f u s io n  s tu d ie s .  The c r y s t a l s  were 

removed from  th e  s o lu t io n  by f i l t e r i n g  u n d e r vacuum and 

th e y  were th e n  s to re d  in  d e s ic c a to r s  o v e r s i l i c a - g e l  u n t i l  
r e q u ir e d .

2 . 1 . (b ) THE GROWTH-HABIT OF THE SOLUTION-GROWN CRYSTALS.

The c r y s t a l s ,  grown by th e  above m ethods, were 
hexagonal in  shape and e x h ib i te d  marked grow th p a t t e r n s .

T h e ir  c r y s t a l  s t r u c tu r e  was de term in ed  by X -ray d i f f r a c t i o n .
55The D eb y e-S ch errer powder method was u sed  and th e

d i f f r a c t i o n  p a t t e r n  i s  shown in  P la t e  1 . The r e s u l t s  f o r

th e  l a t t i c e  sp ac in g s  d e te rm in ed  by t h i s  method a re  compared
56w ith  th e  l i t e r a t u r e  v a lu e s  in  T ab le  4«
T ab le  4 .

X -ray  powder p h o to g rap h  da$a and l i t e r a t u r e  v a lu e s .

0 ^
o K 

d (A) h 2 + k 2 + I 2 a m eas.
0

a  l i t .  1

1 3 .7 5 3 .2 5 2 4 .5 9 4.57
1 9 .7 5 2 .28 4 4 .5 6 4 .58
24.38 1 .8 7 6 4 .57 4 .56
28.50 1 .6 2 8 4 .57 4.58

These r e s u l t s  show th a t  th e  c r y s t a l s  have th e  norm al 

sim ple  in t e r p e n e t r a t in g  cu b ic  s t r u c t u r e .
The e f f e c t  o f im p u r i t ie s  on th e  grow th h a b i t  was

2+ 2+ 2+ s tu d ie d .  The in c o rp o ra t io n  o f  Ca , S r and Ba io n s

i n  s o lu t io n  gave th e  same r e s u l t  a s  th e  "p u re "  s o lu t io n ,
th e  c r y s t a l s  b e in g  hexagonal p l a t e l e t s .  However in c o rp o ra t io n  

2+o f  Pb io n s  r e s u l t e d  in  th e  c r y s ta l  showing ty p ic a l  cu b ic  

symmetry.

2 .1 . (c )  PRETREATMENT OF SOLUTION-GROWN CRYSTALS.

The in f r a - r e d  s p e c t r a  o f  th e s e  c r y s t a l s  showed p eak s a t  

1600 and 3500 cm” ^ .  These p eak s  a re  g e n e r a l ly  a s s o c ia te d  

w ith  th e  o c c lu s io n  o f  w a te r in  c r y s ta l s ^ ? .  Two m ethods 

w ere employed f o r  i t s  rem oval. The c r y s t a l s  were e i t h e r



_____________

PLAT'S 1



27.
h e a te d  f o r  tw e lv e  h o u rs  a t  150°C in  an atm osphere o f  

d ry  n i t r o g e n  o r  were d r ie d  a t  150°C in  vacuum f o r  two 

hours* Subsequent r e s u l t s  p roved  to  he in d ep en d en t o f 

th e  method o f  p re tre a tm e n t em ployed. P r io r  to  th e  

c o n d u c tiv i ty  and d i f f u s io n  m easurem ents th e  c r y s ta l  fa c e s  

were p o l is h e d  in  a sm all amount o f  a b so lu te  a lc o h o l on 

a ground g la s s  p la te *

2 . 1 . (d ) GROWTH OF CRYSTALS FROM THE MELT.
58The c r y s t a l s  were grown by a m o d ified  S to c k b a rg e r-^  

te c h n iq u e ; th e  a p p a ra tu s  i s  shown in  F ig .9 . 20g. sam ples
o f  caesium  io d id e  were s e a le d  u n d e r vacuum in  th e  s i l i c a  

v e s s e l  S. The v e s s e l  was suspended in  th e  fu rn a c e , F, 
whose d im ensions were 6 in c h e s  i n t e r n a l  d ia m e te r  hy 12 in c h e s  
in  le n g th .  A te m p e ra tu re  g ra d ie n t  was m a in ta in ed  in  th e  

fu rn a c e , 640°C a t  th e  low er endv and 600°C a t  th e  u p p e r end .

The s i l i c a  v e s s e l ,  w ith  th e  caesium  io d id e  m o lten , was 

r a i s e d  th ro u g h  th e  fu rn ac e  a t  a r a t e  o f  4 in c h e s  p e r  h o u r.

A f te r  g row th , th e  c r y s t a l  was co o led  slow ly  to  room te m p e ra tu re  

o v er a  p e r io d  o f  t h i r t y  h o u rs .

In  g e n e ra l  th e  c e n tr e  o f  th e  bou le  o f  caesium  io d id e  

was p o ly c r y s ta l l in e  b u t th e  o u te r  p o r t io n ,  ap p ro x im a te ly  

1 om. in  th ic k n e s s ,  was a  s in g le  c r y s t a l .  Specim ens fo r  

c o n d u c tiv i ty  and d i f f u s io n  were cu t from  t h i s  p o r t io n  u s in g  

a  c le a n , m o is t ra z o r  b la d e . These s in g le  c r y s t a l  p ie c e s  
were th e n  p o lis h e d  in  a b so lu te  a lc o h o l on a ground g la s s  p l a t e .

2 .1 . (e )  IMPURITY-POPING OF CRYSTALS.
Poped c r y s t a l s  o f  caesium  io d id e  were p re p a re d  from

b o th  aqueous s o lu t io n s  and from th e  m e lt .  The d iv a le n t
2+ 2+ 2+ c a t io n  im p u r i t ie s ,  Ba , Mg and Ca were added to  th e

s o lu t io n  o r  m elt in  th e  form o f  th e  A n a lar re a g e n t g rad e

c h lo r id e s ,  s in c e  i t  was n o t p o s s ib le  to  o b ta in  h ig h  p u r i t y

io d id e s .  The d iv a le n t  an io n  im p u r ity  was added in  th e  form

o f  th e  A n a la r re a g e n t g rad e  p o tass iu m  s u lp h a te .

2 . 1 . ( f )  ANNEALING STUP1ES.

A nnealing  o f  th e  c r y s t a l s  was c a r r ie d  ou t e i t h e r  u n d er
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vacuum o r  u n d e r a p re s s u re  o f  d ry  n i t r o g e n .  The c r y s t a l s  

were s e a le d  in  p y rex  c e l l s  and an n ea led  a t  550°C f o r  
p e r io d s  up to  400 h o u rs . On c o o lin g  i t  was f r e q u e n t ly  

o bserv ed  th a t  th e  c r y s t a l s  were c o lo u re d . T h is  c o lo u ra t io n  

was n o t homogeneous b u t c o n s is te d  o f  b lack en ed  re g io n s  in  

th e  c r y s t a l s  and was p a r t i c u l a r l y  marked in  c r y s t a l s  

a n n ea led  u n d e r vacuum. In  o rd e r  to  in v e s t ig a te  t h i s  
e f f e c t  f u r t h e r ,  s e v e ra l  c r y s t a l s  were an n ea led  in  io d in e  

v ap o u r. A C sl c r y s t a l  and a sm all c r y s t a l  o f  io d in e  were 

p la c e d  in  a p y rex  c e l l  and s e a le d  u n d e r vacuum. The 

a n n e a lin g  p ro ced u re  was as  above. A d e ta i le d  d is c u s s io n  

o f  th e s e  o b s e rv a tio n s  w i l l  be g iv en  in  a l a t e r  s e c t io n .

2 .2 .  COIHXJCTIVITY.

An a . c .  b r id g e  te c h n iq u e  was u sed  to  m easure th e  

c o n d u c tiv i ty  o f  th e  s in g le  c r y s t a l s  o f  C sl o v er th e  

te m p e ra tu re  range  20-580°C.

2 . 2 . (a )  THE BRIDGE.
The c o n d u c tiv i ty  was m easured a t  1592 c / s  on a 

Wayne-Kerr B221 U n iv e rsa l b r id g e .  The b r id g e  i s  based  
on th e  tra n s fo rm e r  r a t io -a rm  te ch n iq u e  and re a d s  ou t 
d i r e c t l y  th e  r e c ip r o c a l  r e s i s t a n c e  and c a p a c ita n c e . In  

some c r y s t a l s ,  p o l a r i s a t i o n  phenomena and d i e l e c t r i c  lo s s  
were in v e s t ig a te d  and f o r  th e s e  m easurem ents a  W ayne-Kerr S I21 

aud io  s ig n a l  g e n e ra to r  and a Wayne-Kerr A321 waveform 

a n a ly s e r  were in c o rp o ra te d  in  th e  c i r c u i t .  This a llow ed  

m easurem ents to  be made o v e r th e  freq u en cy  ran g e  20 c / s  to  

20 k o / s .
2 .2 . ( b )  THE C0H3XJCTIVITT CELL.

A diagram  o f  th e  c o n d u c t iv i ty  c e l l  i s  shown in  F ig .1 0 .

The e le c t r o d e s  (B) were r e c ta n g u la r  p la tin u m  fa c e  p l a t e s ,

0 .3 0  x 0 .5 0  in c h e s , s i l v e r  so ld e re d  th ro u g h  b ra s s  d i s c s ,

0 .6 0  in c h e s  in  d iam e te r and 0 .2 0  in c h e s  in  h e ig h t ,  to  th ic k  

copper w ire  le a d s  (W). The l a t t e r  p ro v id e d  th e  co n n ec tio n  to  
th e  Wayne-Kerr b r id g e .  The e le c t r o d e s  were e n c lo sed  in  a s i l i c a



TO BRIDGE

FIG. 10. CONDUCTIVITY APPARATUS



29.
v e s s e l  (A) co m prising  a B24 cone and so ck e t w ith  two 

c a p i l l i a r y  bore  tu b e s  a c t in g  as  e le c tro d e  su p p o rts  to  

m inim ise e le c t ro d e  movement d u rin g  th e  measurem ents*
The c e l l  was clamped in  p o s i t io n  th ro u g h  a h o le  in  a p ie c e  

o f  Sindanyo b o a rd ( s ) ,  whose d im ensions were 4 x 4 x 0*4 

inches*

The s i l i c a  v e s s e l  was f i t t e d  w ith  two s id e -a rm s , one 

a c t in g  as  an i n l e t  f o r  th e  supply  o f  n i t r o g e n  gas (D) and 

th e  o th e r ,  s i t u a t e d  le v e l  w ith  th e  c r y s ta l  p o s i t io n ,  a c te d  

a s  an i n l e t  f o r  th e  therm ocouple  (G)* The s i l i c a  v e s s e l  
was su rrounded  by a fu rn ac e  (C)* The l a t t e r  c o n s is te d  o f  

a c y l in d r i c a l  copper tu b e , 4 in c h e s  in  h e ig h t and 3 in c h e s  
in  d ia m e te r , which was covered  w ith  l a y e r s  o f  a sb e s to s  p a p e r 

and Nichrome w ire  ( r e s i s t a n c e  10 ohms p e r  y a rd )  wound 
th e re o n  g iv in g  a t o t a l  r e s i s t a n c e  o f  90 ohms a t  room 

tem p era tu re*  The w ind ings were w e ll lag g ed  w ith  a s b e s to s  
ta p e  and a s b e s to s  s t r i n g  and f i n a l l y  w ith  a c o a tin g  o f  

th e rm a l cement* The to p  o f th e  fu rn ac e  was c a r e f u l ly  

lag g ed  w ith  a sb e s to s  s h e e t in g  to  reduce  te m p e ra tu re  

f lu c tu a t io n s  due to  e x te r n a l  d raugh ts*  Power to  th e  fu rn ac e  
was c o n t r o l le d  by a v a r ia c  (V ).

The c r y s ta l  te m p e ra tu re  was m easured by a p la tin u m  -  

p la tin u m  -  13$  rhodium  therm ocoup le , th e  “h o t” end b e in g  

a s  n e a r  to  th e  c r y s ta l  a s  p o s s ib le  and th e  Mc o ld N end b e in g  

immersed in  an ic e  b a th  in  a Dewar f l a s k  (E ) . The 

therm ocouple  p o t e n t i a l  was de term ined  on a Doran therm ocouple 

p o te n tio m e te r ,  ty p e  E4225, (H) and co n v erted  to  d eg rees
59c e  n t ig r a d e  by means o f  th e  s ta n d a rd  c a l i b r a t i o n  t a b le s  •

The therm ocouple  was f r e q u e n t ly  checked by com paring i t s  

re a d in g s  w ith  th o se  o f  a n o th e r  therm ocouple  o r  therm om eter 

p la c e d  in  th e  c r y s ta l  p o s i t io n *  I t  i s  e s tim a te d  th a t  th e
o

therm ocouple  te m p e ra tu re  i s  w ith in  2 o f  th e  a c tu a l  c r y s ta l  

tem p era tu re*
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2 . 2 . (c )  PROCEDURE IURING CONDUCTIVITY RUN.

The p la tin u m  fa c e  p l a t e s  and th e  u p p e r and low er 
f a c e s  o f  th e  c r y s t a l  were co a ted  w ith  "DAG" e le c tro d e  

p a i n t .  The "DAG*1 i s  a c o l lo id a l  su sp en sio n  o f  g ra p h i te  in  

a lc o h o l and i t  was found to  he much more s a t i s f a c to r y  th a n  

s i l v e r  e le c t ro d e  p a i n t .  The l a t t e r  was s a t i s f a c to r y  a t  low 

te m p e ra tu re s  h u t a t  te m p e ra tu re s  ahove 400° C th e re  was 

c o n s id e ra b le  d i f f u s io n  o f  th e  e le c t r o d e  c o a tin g  in to  th e  

c r y s t a l .  The MDAGM c o a tin g  e n su re s  good e l e c t r i c a l  

c o n ta c t betw een th e  c r y s t a l  and th e  e le c t r o d e s .

The c r y s ta l  was clam ped betw een th e  e le c t r o d e s ,  and 
n i t r o g e n ,  d r ie d  by p a s s in g  th ro u g h  B.P.H^SO^ and th e n

anhydrous CaCl^, was c o n tin u o u s ly  p a sse d  th ro u g h  th e  c e l l .

The te m p e ra tu re  was th e n  s lo w ly  r a i s e d  u n t i l  th e  r e c ip r o c a l

r e s i s t a n c e  o f  th e  c r y s ta l  was g r e a te r  th a n  1 x 10” ^  mhos,

th e  minimum conductance re a d in g  on th e  Wayne-Kerr b r id g e .

The te m p e ra tu re  was a llow ed  to  s t a b i l i s e  and th e n  th e
r e c ip r o c a l  r e s i s ta n c e  and c a p a c ita n c e  were m easured by th e

b r id g e  and th e  therm ocouple  p o t e n t i a l  n o te d . The v a r ia c  was

th e n  a d ju s te d  to  g i mb a r i s e  in  te m p e ra tu re  in  th e  fU m ace

o f  10 -  20° ,  th e  system  a g a in  a llow ed  to  s t a b i l i s e  and

f u r th e r  re a d in g s  o f  th e  r e c ip r o c a l  r e s i s t a n c e ,  c a p a c ita n c e

and te m p e ra tu re  ta k e n . T h is  p ro ced u re  was co n tin u ed  up to
ote m p e ra tu re s  o f  ap p ro x im a te ly  600 C.

2 .2 .( d )  CALCULATION OF CONDUCTIVITY.

The r e s i s t a n c e  o f  a  co n d u cto r v a r i e s  d i r e c t l y  a s  i t s
le n g th  (d  cm) and in v e r s e ly  a s  i t s  c r o s s - s e c t io n a l  a re a

(A cm )•  Hence
R .  n  d  ( 32)

1 A

where P  i s  th e  s p e c i f i c  r e s i s t a n c e  i . e .  th e  r e s i s ta n c e  

betw een th e  o p p o s ite  fa c e s  o f  a 1 cm. cube o f th e  m a te r ia l .
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The s p e c i f i c  c o n d u c tiv i ty ,  CT , i s  d e fin e d  as  th e  

r e c ip r o c a l  o f th e  s p e c i f i c  r e s i s ta n c e  and from 

e q u a tio n  ( 32) ,

CT - i  -  I  • 4   (33)
P  R A

The f a c to r  known a s  th e  c e l l  c o n s ta n t ,  was o b ta in e d

from th e  c r y s t a l  d im en sio n s. The th ic k n e s s  o f th e  c r y s t a l ,  
d , was m easured w ith  a m icrom eter screw  gauge c a l ib r a t e d  

to  th o u san d th s  o f  a c e n tim e tre . A, th e  c r o s s - s e c t io n a l  
a r e a ,  was de term in ed  by w eighing  th e  c r y s t a l ,  p r i o r  to  

th e  e le c tro d e  c o a tin g , and d iv id in g  th e  w eight by th e  d e n s ity  

o f  C sl (4 .5 1  g .cm "^) and th ic k n e s s  o f  th e  c r y s t a l .

. Volume * Weight—  ----------------------- (34)
A ■ — j   d e n s i ty  x d

Thus by m u lt ip ly in g  th e  b r id g e  re a d in g , i . e .  l / S ,  by th e  

c e l l  c o n s ta n t d/A , th e  s p e c i f i c  c o n d u c tiv i ty ,  in  ohm" cm” , 

was c a lc u la te d .
2 .3 . MEASUREMENT OF DIFFUSION.

The d i f f u s io n  c o e f f i c i e n t s  o f  Cs+ and C l" in  Csl 

were m easured o v e r th e  te m p e ra tu re  range  250 -  500° C u s in g  

th e  r a d io a c t iv e  is o to p e s  Cs and Cl a s  t r a c e r s .

There a re  th r e e  a v a i la b le  m ethods f o r  th e  d e te rm in a tio n  

o f  d i f f u s io n  c o e f f i c i e n t s  u s in g  r a d io a c t iv e  t r a c e r s ,
(a )  S e c tio n in g  o r  g r in d in g  te c h n iq u e s ,

(b ) I s o to p e  exchange te c h n iq u e s  
and (c )  S u rface  d e c rea se  te c h n iq u e .

2 . 3 . (a )  SECTIONING AND GRINDING TECHNIQUES.

In  t h i s  method a t h in  l a y e r  o f  th e  s a l t ,  c o n ta in in g  
th e  t r a c e r ,  i s  e v ap o ra te d  on to  one fa c e  o f  th e  c r y s t a l .

A f te r  a llo w in g  d i f f u s io n  to  ta k e  p la c e  th e  t r a c e r  w i l l  

have p e n e tr a te d  some dep th  in to  th e  c r y s t a l .  The s o lu t io n  

o f  F i c k * s ^  second law  o f d i f f u s io n  f o r  t h i s  p a r t i c u l a r  

case  i s  g iv en  by,

0 * Co (TT'Dt)"'^ exp . ( - X 2 / 4 D t ) ---------------------- (35)
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where C i s  th e  c o n c e n tra t io n  o f th e  t r a c e r  a t  a 

p e n e t r a t io n  dep th  X  , a f t e r  a d i f f u s io n  tim e , t .  D i s  
th e  d i f f u s io n  c o e f f i c i e n t .

The c o n c e n tra t io n  o f  th e  t r a c e r  a s  a fu n c tio n  o f  

th e  p e n e t r a t io n  dep th  can he d e term ined  by m easuring' 

th e  t r a c e r  a c t i v i t y  in  l a y e r s  o f th e  c r y s t a l  which a re  
removed by e i t h e r  s e c t io n in g  w ith  a m icrotom e1 ^’ 46 ,54  

o r  g r in d in g 61.
2 .3 .( b )  THE ISOTOPE EXCHANGE METHOD.

T h is  method depends upon th e  r a t e  o f  exchange betw een 

a r a d io t r a c e r  is o to p e  in c o rp o ra te d  in  th e  c r y s ta l  and a 

c o rre sp o n d in g  in a c t iv e  gas b e in g  d e term ined  by th e  r a t e  

o f  th e  t r a c e r  d i f f u s io n  in  th e  c r y s t a l .  I t  i s  p a r t i c u l a r l y  

s u i te d  to  s tu d ie s  o f  c h lo r id e  io n  d i f f u s io n  in  a l k a l i  
m e ta l c h lo r id e s  where th e  d i f f u s io n  c o e f f i c i e n t  a t  low 

te m p e ra tu re s  i s  v e ry  s m a ll.
6 2The method was u sed  by H a rr iso n , M orrison  and Rudham 

in  th e  d e te rm in a tio n  o f  c h lo r id e  io n  d i f f u s io n  in  NaCl.

C l^6 was in c o rp o ra te d  in  th e  NaCl l a t t i c e  and th e  r a t e  o f  

exchange o f  th e  is o to p e  betw een th e  s o l id  and th e  su rro u n d in g  
c h lo r in e  gas  was m easured . The s o lu t io n  o f  F ic k 's  law 6^ 

in  t h i s  case  i s  g iv en  by,

n 2 .  ( 2Aoo ) 2 Dt ------------------------- ( 36)

where n i s  th e  amount exchanged in  a tim e t ,  and A i s  th e

s u r fa c e  a re a  o f  th e  specim en.

The advan tage  o f  t h i s  method i s  t h a t  d i f f u s io n

m easurem ents ov er a s e r i e s  o f  a scen d in g  te m p e ra tu re s  can be
64made on th e  same c r y s t a l  • However i t  i s  r e s t r i c t e d  to  

s i t u a t i o n s  where th e  p a re n t  elem ent o f  th e  io n  can be 

o b ta in e d  in  a gaseous form u n d er re a so n a b le  te m p e ra tu re

c o n d it io n s  o r  to  system s where s o l id - s o lu t io n  exchange
65i s  p o s s ib le  e .g .  Agl -  AgNO  ̂ .
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2 .3 .( o )  THE SURFACE DECREASE METHOD.

The s u rfa c e  d e c rea se  (o r  a b so rp tio n )  method 

in v o lv e s  th e  d e te rm in a tio n  o f  th e  s u r fa c e  r a d io a c t i v i t y  

b e fo re  and a f t e r  d i f f u s io n .  D iffu s io n  o f  an oC o r  -  

e m it t in g  is o to p e  in to  th e  c r y s t a l  w i l l  r e s u l t  in  a 

d e c rea se  in  count r a t e  a t  th e  s u r fa c e  because o f  th e  

a b so rp tio n  o f  th e  o r  f t  p a r t i c l e s  by th e  in te rv e n in g  

c r y s t a l  l a y e r s .  The s o lu t io n  o f  th e  d i f f u s io n  e q u a tio n  

fo r  t h i s  s i t u a t i o n  i s  g iv en  b y ^ >
At /Ao -  { l  -  e r f  (p 2D t) ^ ]  e r p .  ( ^ 2B t)  ( 37)

where A and A. a re  th e  s u r fa c e  count r a t e s  a t  zero  tim e o x
and a f t e r  a tim e t ,  y i i s  th e  a b so rp tio n  c o e f f i c i e n t  o f
th e  is o to p e  r a d i a t i o n  in  th e  c r y s t a l  and e r f  ( ) i s  th e  

67e r r o r  fu n c tio n  •

I n  t h i s  r e s e a rc h  i t  was d ec id ed  to  m easure th e  

an io n  and c a t io n  d i f f u s io n  by m ethods (a )  and ( c ) .

However method (a )  h as  been s u b je c t  to  s e r io u s  e x p e rim en ta l 

d i f f i c u l t i e s ,  which w i l l  be d is c u s se d  in  more d e t a i l  in  

s e c t io n  2 .3 * (g )«  The m a jo r i ty  o f d i f f u s io n  r e s u l t s  

have th e r e f o r e  been o b ta in e d  by method ( c ) .

2 . 3 . (d ) PREPARATION OF RADIOACTIVE MATERIAL.

1 . Caesium -  137
C s ^ ^  i s  a /3 e m i t te r  (0*52M eV) and e m it te r

( 0 .6 6  MeV) and h as  a  h a l f - l i f e  o f  30 y e a r s .
The is o to p e  was o b ta in e d  from th e  R adiochem ical

137C en tre  a t  Amersham a s  Cs Cl in  IN HClj th e  s p e c i f i c  
a c t i v i t y  was ^ lc /g C s .  T h is  s o lu t io n  was n e u t r a l i s e d  

w ith  IN NaOH and some in a c t iv e  C sl added. The 
r e s u l t a n t  s o lu t io n  was th e n  s lo w ly  e v ap o ra te d  to  d ry n ess  
i n  a b eak e r in  a  fume cupboard . The r e s u l t i n g  s o l id  

was th e n  p la c e d  in  a la r g e  d e s ic c a to r  o v er s i l i c a ^ g e l  

u n t i l  r e q u ir e d .
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2 . C h lo rin e  -  36+

Cl^ i s  a f&~ (0*734MeV) e m it te r  and h as a h a l f - l i f e  
5

o f  3 .2  x 10 y e a r s .  The is o to p e  was o b ta in e d  from 

Amersham as  3* 55N H C l^ , s p e c i f i c  a c t i v i t y  50uc/gC l, 

and t h i s  s o lu t io n  was p la c e d  in  a sm all b eak e r and 

n e u t r a l i s e d  by th e  a d d i t io n  o f th e  a p p ro p r ia te  amount o f  

s o l id  CSgCO^, th e r e ty  form ing C sC l^  acc o rd in g  to  th e  

e q u a tio n

2HC1 + CSgCO^ -  2CsCl + H20 + C0g

The s o lu t io n  was th e n  slow ly  ev ap o ra te d  to  d ry n ess  

in  a fume cupboard and th e  r e s u l t i n g  s o l id  C s C l^  s to re d  

i n  a d e s ic c a to r  o v e r s i l i c a - g e l  u n t i l  r e q u ir e d .

3* Method o f  E v a p o ra tio n .
A la rg e  c e l l  ( F i g . l l ) ,  vas d esig n ed  c o n s is t in g  o f  a 

£53 p y re z  cone (A ), th e  b ase  o f  which had a sm all 
p r o t r u s io n  (£ ) o f  d iam e te r 0 .5 0  in c h e s  and d ep th  0*50 in c h e s . 

The to p  h a l f  (C) o f  th e  c e l l  was a £55 so ck e t w ith  two 

s id e -a rm s , one to  a i r  and th e  o th e r  to  a r o ta r y  pump v ia  a 

l i q u i d  n i t r o g e n  co ld  t r a p  ( £ ) .  The t o t a l  le n g th  o f  th e  

c e l l  v as  8 .0 0  in c h e s .
The r a d io a c t iv e  m a te r ia l  was p la c e d  in  th e  p r o t r u s io n  

in  th e  base  and th e  c r y s ta l  h o ld e r  i n s e r t e d .  T h is  

c o n s is te d  o f  a p y re z  r in g  (F ) , 1 .5 0  in c h e s  in  d iam e te r 

and 0*50 in c h e s  h ig h , and an alum inium  d is c  (G) which 

covered  th e  r in g .  T h is  d is c  had e ig h t  sm all h o le s ,  each
0 .1 3  in c h e s  in  d ia m e te r , d r i l l e d  in  i t .  A c r y s ta l  was 

th e n  p la c e d  o v e r each  h o le  and th e  £55 j o i n t  g re a se d  w ith  
S i l ic o n e  h ig h  vacuum g re a s e .  The ta p s  on th e  s id e -a rm s  

were g re a se d  w ith  Apiezon N vacuum g re a se  and th e  top  and 

bottom  h a lv e s  co n n ec ted .

The r o ta r y  pump was sw itch ed  on and th e  co ld  t r a p  

in s e r t e d  in to  a Dewar f l a s k  c o n ta in in g  l i q u id  n i t r o g e n  

and th e  ta p  to  pump opened s lo w ly . The system  was l e f t
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pumping f o r  one hour and th e n  th e  ta p  to  pump closed*

The p r o t r u s io n  in  th e  “base c o n ta in in g  th e  r a d io a c t iv e  

m a te r ia l  was th en  h e a te d  g e n tly  w ith  a sm all bunsen flam e 

u n t i l  e v a p o ra tio n  had tak en  p lace*  T h is  u s u a l ly  to o k  about 

f iv e  m in u tes  o f  g e n t le ,  u n ifo rm  h ea tin g *  Care was tak en  

n o t to  h e a t th e  base  to o  s tro n g ly *  The system  was th e n  a llow ed  

to  coo l u n d e r vacuum* A fte r  c o o lin g  th e  vacuum was r e le a s e d ,  

th e  c e l l  opened and th e  c r y s t a l s  removed and counted* The 

c r y s t a l s  were s to re d  in  a d e s ic c a to r  over s i l i c a - g e l  u n t i l  

re q u ire d *
A un ifo rm  d e p o s it  o f  0*13 in c h e s  d iam e te r was o b ta in e d  

on each c r y s t a l ,  th e  s u r fa c e  a c t i v i t y  b e in g  in  th e  range o f  

500 -  3000 cpm.

2 * 3 .(e )  COUNTING PROCEDURE*
C ry s ta ls  were counted  in  a.,G-M th in  end window c o u n te r

_2o f  th ic k n e s s  3*75 mg*cm and w orking v o lta g e  700 v o l t s .
I t  i s  e s s e n t i a l  t h a t  th e  p o s i t io n in g  o f  th e  c r y s t a l s  on th e  

c o u n tin g  s e t-u p  i s  re p ro d u c ib le  and so a b ra s s  p l a t e  f i t t e d  

w ith  an L -shaped  b ra c k e t in  th e  c e n tre  was u sed  a s  c r y s ta l  

h o ld er*  The c r y s t a l  was marked and p la c e d  in  th e  b ra c k e t ,

F ig .12*
In  C l ^  d i f f u s io n ,  th e  p l a t e  (P) c o n ta in in g  th e  c r y s ta l  

was p la c e d  in  th e  second s h e l f  o f  th e  le a d  c a s t l e  (L) which 

c o n ta in e d  a sm all c ru c ib le  o f  anhydrous oalcium  c h lo r id e  (C) 

a s  d e s ic c a n t ,  F ig .13*
A t o t a l  count o f 10000 was ta k e n  on each  sample to  en su re

137a Vf> s t a t i s t i c a l  accuracy* A Cs s ta n d a rd  so u rce  s p e c ia l ly  
p re p a re d  on a b ra s s  p l a t e  o f th e  same d im ensions as  t h a t  u sed  

f o r  c o u n tin g  th e  c r y s t a l ,  was th e n  counted  in  o rd e r  to  en ab le  

any c o r r e c t io n  f o r  c o u n te r  f lu c tu a t io n s  to  be made* The count 

r a t e s  were c o r re c te d  f o r  d ead -tim e lo s s e s  and background 

c o u n tin g  ra te *  T h is  p ro ced u re  was re p e a te d  a f t e r  th e  d i f f u s io n  

had ta k en  p lace*

For th e  Cs*37 d i f f u s io n  th e  p ro ced u re  was s l i g h t l y  d i f f e r e n t .
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The p l a t e  c o n ta in in g  th e  c r y s ta l  was ag a in  p la c e d  in  th e

second s h e l f  o f  th e  c o u n te r  c a s t l e  and 10000 co u n ts  ta k e n .

An alum inium  a b so rb e r  (96 mg. cm ) cap ab le  o f c u t t in g  ou t

a l l  th e  -  r a d ia t io n  was th e n  p la c e d  on th e  to p  s h e l f  o f

th e  c a s t l e  and th e  count r a t e  a g a in  m easured . T h is  en ab led

th e  count r a t e  due to  th e  % r a d ia t io n  to  be c a lc u la te d .

The y  count r a t e  was s u b tra c te d  from th e  t o t a l  e n a b lin g

th e  P> count r a t e  to  be o b ta in e d . C o rre c tio n s  were ag a in
a p p lie d  f o r  d ead -tim e lo s s e s ,  background, and any change in  

137th e  Cs s ta n d a rd . A lso i f  any e v a p o ra tio n  o c cu rred  d u rin g  
d i f f u s io n  t h i s  co u ld  be a llow ed  f o r  s in c e  th e r e  would be a 

s i g n i f i c a n t  drop in  th e  co u n tin g  r a t e .  T h is  p ro ced u re  
was re p e a te d  a f t e r  d i f f u s io n  had ta k e n  p la c e .

2 .3 . ( f )  ABSOBPTION COEFFICIENT CALCULATIONS FOR C l36 and Cs137 

IS  CAESIUM IODIDE.
In  u s in g  th e  s u r fa c e  d e c re a se  method f o r  d i f f u s io n  i t  

was n e c e s sa ry  to  c a lc u la te  th e  a b so rp tio n  c o e f f i c i e n t ,  jx $ f o r  

each  is o to p e  in  caesium  io d id e .

1 . C a lc u la t io n  o f  j i  f o r  C l ^  i n  C s l .

S ince  i t  was im p o ss ib le  to  p re p a re  t h in  enough s e c t io n s  

o f  C sl f o r  t h i s  ex p erim en t, s ta n d a rd  Aluminium a b so rb e rs  were 

u sed  and th e  co rre sp o n d in g  a b so rp tio n  in  Csl c a lc u la te d  by 

com parison o f  th e  d e n s i t i e s  o f  A1 and C s l.
A c r y s t a l  o f  C sl was p re p a re d  w ith  a  d e p o s it  o f  

C s C l^  on one f a c e .  The a b s o rp tio n  was d e term ined  ty  

m easu ring  th e  a c t i v i t y  w ith  v a ry in g  th ic k n e s s e s  o f  A1 

a b so rb e r  betw een th e  c r y s t a l  and th e  G-M c o u n te r  in  th e  
a p p a ra tu s  d e sc r ib e d  i n  th e  p re v io u s  s e c t io n .  The count

r a t e s  were c o r re c te d  f o r  d ead -tim e lo s s e s ,  window th ic k n e s s
■•2 9(3 .7 5  mg.cm" ) ,  a i r  a b so rp tio n  (1 .2 7  mg.cnT2) and background

c o u n tin g  r a t e .  A p lo t  of lo g  a c t i v i t y  (cpm) v e rs u s  a b so rb e r  

th ic k n e s s  (mg.cm" ) was drawn and th e  h a l f - th ic k n e s s  d^

c a lc u la te d  from th e  c u rv e . The h a l f - th i c k n e s s  i s  t h a t  w eigh t
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p e r  sq u are  c e n tim e tre  o f  a b so rb e r  which would be re q u ire d  

to  h a lv e  th e  co u n tin g  ra te *  The curve and t a b le  o f  r e s u l t s  

f o r  t h i s  d e te rm in a tio n  a re  shown in  Fig* 14 and T ab le  5 

r e s p e c t iv e ly .
The a b so rp tio n  c o e f f i c i e n t jx  i s  th e n  c a lc u la te d  in  th e

fo llo w in g  way. The a b so rp tio n  o f  r a d ia t io n  in  m a tte r  i s
■k 68 g iv en  by s

Ad
T “ -  e r p .  ( -p d )  ( 38)

o /

where A i s  i n i t i a l  a c t i v i t y  o
„2A. i s  a c t i v i t y  w ith  a b so rb e r  o f  th ic k n e s s  d mg.cm

- 2d i s  a b so rb e r  th ic k n e s s  in  mg.cm 
yu i s  th e  a b so rp tio n  c o e f f i c i e n t .

j*  -  . lo *  A, v -------------------------
a Ao

* 2*303 • lo g  2

%
_2

« 0 .6 9 3  mg.cm A1

d*
—1 —3and c o n v e r tin g  to  cm in  Csl (d e n s i ty  o f  C sl ■ 4510 mg.cm )

u. m 0 .6 9 3  x 4510 cm~l C s l.

%
m 72 .70  cm"’*' f o r  C l ^  r a d ia t io n  in  C s l.
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TABLE 5.

A b so rp tio n  c o e f f i c i e n t  d a ta  f o r  C l ^  in  C s l.
_2

C o rre c ted  A c t iv i ty  (com .) A bsorber T h ick n ess  (mg.cm )

3785 5 .02

3353 1 1 .6 2

3164 14 .1 2

3085 17 .5 2

2950 19 .02

2858 20.92

2823 23.02

2644 25.12

2361 31.92
2281 36.57
1936 43 .72

1875 46.97

1467 57.82

Tbe a c t iv i ty /a b s o r b e r  th ic k n e s s  r e la t io n s h ip  i s  shown in
_2P ig . 14# Prom t h i s  di i s  found to  be 43 ag.cm  A l. T h is

-1le a d s  to  th e  v a lu e  o f 72 .70  cm f o r  th e  a b so rp tio n

c o e f f i c i e n t  u  f o r  Cl r a d ia t io n s  in  C s l.
1372. C a lc u la t io n  o f  p. f o r  Cs in  C s l.

The p ro ced u re  h e re  i s  s im i la r  to  th a t  u sed  f o r  C l ^ .

The curve t h i s  tim e c o n ta in s  two d i s t i n c t  p o r t io n s ,  F ig . 15* 

The f i r s t  p o r t io n  i s  due to  b o th  and j f  components and th e  

second p o r t io n  to  th e  ^  component o n ly . The l a t t e r  p o r t io n  

i s  e x tr a p o la te d  to  ze ro  th ic k n e s s  o f  a b so rb e r and th e  

co rre sp o n d in g  f  -  a c t i v i t y  s u b tr a c te d  from th e  t o t a l  a c t i v i t y  

f o r  v a r io u s  th ic k n e s s e s  o f a b so rb e r , th u s  g iv in g  t h e -  

a c t i v i t i e s .  A g raph  o f a c t i v i t y  v e rsu s  a b so rb e r

th ic k n e s s  in  mg.cm” ^ was p lo t t e d  (P ig . 15)> and th e  h a l f 

th ic k n e s s  c a lc u la te d .  The r e s u l t s  a re  shown in  T ab le  6 . The 
a b so rp tio n  c o e f f i c i e n t  j i 9 which was c a lc u la te d  as  in  th e  

p re v io u s  s e c t io n ,  was found to  be 211 cm” ^ #
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TABLE 6 .
137A b so rp tio n  c o e f f i c i e n t  d a ta  fo r  Cs in  C s l.

T o ta l C o rre c ted  -  a c t i v i t y . A bsorber th ic k n e s s
_m 2

A c tiv i ty  (cpm .) (mg.cm ) .

10,900 6400 5.02
9900 5300 1 0 .1 2

9998 4900 11 .6 2

8900 4450 14 .1 2
8820 3850 17 .5 2
8185 3600 19 .02

7620 3350 20.92

7190 3130 23.02
6800 2800 25.12

5865 2175 31.92
5300 v 36.57
4410 43 .72

4027 46.97
2912 57.82

2310 74 .12

1675 84 .32

1399 103 .02
1020 126 .02

590 155 .02
137The a b so rp tio n  c o e f f i c i e n t  f o r  Cs r a d ia t io n  in  C sl was 

found to  be 211 cm
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2 . 3 . (g ) THE CRYSTAL MICROTOME.

The accu racy  o f  th e  s e c t io n in g  method f o r  th e  
d e te rm in a tio n  o f  d i f f u s io n  c o e f f i c i e n t s  u s in g  a 

m icrotom e i s  c r i t i c a l l y  dependent on th e  a lignm en t o f  

th e  k n if e  w ith  th e  c r y s ta l  fa c e  and on th e  c o l le c t io n  

o f  a l l  th e  s e c t io n e d  m a te r ia l  in  a re p ro d u c ib le  p a t t e r n .

The e r r o r  in tro d u c e d  in  th e  d i f f u s io n  c o e f f i c i e n t  due to  
m isa lignm en t o f  th e  specim en can he e s t i m a t e d ^ .

In  t h i s  r e s e a rc h  an MSE 9010 f r e e z in g  m icrotom e v as 

u se d . The c r y s t a l ,  a f t e r  d i f f u s io n ,  was f ix e d  to  a wooden 

b lo ck  w ith  A r a ld i te  ad h es iv e  and th e  b lo ck  th e n  clamped in  

th e  m icrotom e chuck. The a n g u la r  ad ju stm en t o f  th e  chuck 

i s  l im i te d  and a lignm en t o f  th e  c r y s t a l  fa c e  w ith  th e  k n i f e ,  

which moves in  an a rc  over th e  c r y s t a l  f a c e ,  was ach iev ed  by 

i n s e r t i n g  m eta l " sp a c e rs "  o f  a p p ro p r ia te  th ic k n e s s  around 

th e  wooden b lo c k . The minimum s e c t io n  th ic k n e s s  which can 

be removed w ith  t h i s  m icrotom e i s  5 x 10“ ^ cm.

The c o l le c t io n  o f  th e  s e c t io n e d  m a te r ia l  p roved
ex trem ely  d i f f i c u l t .  I t  i s  u s u a l ly  c o l le c te d  on an

a d h es iv e  ta p e  b u t in  t h i s  work i t  was found th a t  sm all

amounts o f  m a te r ia l  alw ays adhered  to  th e  b la d e . T h is

e r r o r  i s  n o t to o  s ig n i f i c a n t  when u s in g  la r g e  c r y s t a l s

(a *1 cm), b u t in  th e s e  ex p erim en ts  th e  a re a  o f  th e  c r y s ta l
2

fa c e  was u s u a l ly  l e s s  th a n  0 .2 3  cm • S e v e ra l ty p e s  o f  

a d h es iv e  ta p e  have been u sed  b u t in  a l l  c a se s  th e  amount o f  

m a te r ia l  l e f t  on th e  b lad e  caused  la rg e  e r r o r s  in  th e  

d i f f u s io n  m easurem ents. C o lle c t io n  o f  th e  s e c tio n e d  

m a te r ia l  v as  c o n s id e ra b ly  im proved by embedding th e  c r y s ta l  

i n  p a r a f f in  wax b u t th e  wax was n o t  a r i g i d  su p p o rt and 

movement o f  th e  c r y s t a l  o c cu rred  d u rin g  th e  m icro tom ing .

Some d if f u s io n  m easurem ents have been  p o s s ib le  u s in g  

t h i s  m icrotom e when th e  t r a c e r  h as  a f a i r l y  e n e r g e t ic

-  e m is s io n . In  th e s e  o ases  th e  s e c tio n e d  m a te r ia l  i s  n o t
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c o l le c te d  and coun ted , b u t th e  -  a c t i v i t y  rem ain in g

in  th e  c r y s t a l  a f t e r  each cu t i s  d e term ined  by s c i n t i l l a t i o n

c o u n tin g . T h is  n e c e s s i t a t e s  th e  rem oval o f  th e  c r y s t a l

from th e  m icrotom e f o r  c o u n tin g  and so ex trem e c a re  i s

needed in  r e p o s i t io n in g  th e  c r y s ta l  in  th e  m icrotom e.

S in ce  th e  e x te n t  o f  a b so rp tio n  o f  th e  ^  - r a y s  in  th e
d i f f u s io n  le n g th  in  th e  c r y s t a l  i s  sm a ll, th e  d if f e r e n c e

in  c r y s t a l  co u n ts  b e fo re  and a f t e r  s e c t io n in g  can be
ta k en  a s  th e  - a c t i v i t y  o f  th e  s e c t io n .  R ecen tly  a 

57com parison o f  t h i s  method w ith  th e  s u r fa c e  d e c rea se  

method f o r  N a ^  d i f f u s io n  (E ^  f o r  N a ^  * 1 .2 7  MeV) in  

JfaCl h as g iv en  d i f f u s io n  c o e f f i c i e n t s  which ag ree  w ith in  

a f a c to r  o f  tw o.

I t  h as th e r e f o r e  been found i n  t h i s  e x p e rim en ta l 

work t h a t  th e  a v a i la b le  m icrotom e was not s a t i s f a c t o r y  f o r  

th e  s tu d y  o f  Cl d i f f u s io n .  Some r e s u l t s  have been 

o b ta in e d  f o r  C s ^ ^  d i f f u s io n ,  b u t th e  a b so rp tio n  o f  C s ^ ^  Jf- 

r a d i a t i o n  in  Csl i s  s u f f i c i e n t  to  in tro d u c e  s ig n i f i c a n t  

e r r o r s  in  th e  d e te rm in a tio n . The d i f f u s io n  c o e f f i c i e n t s  

have co n seq u en tly  been m easured m ain ly  by th e  s u r fa c e  

d e c re a se  m ethod.

2 . 3 . (h ) THE DIFFUSION IflJRNACB.
I t  i s  e s s e n t i a l  f o r  a c c u ra te  d i f f u s io n  r e s u l t s  t h a t  

good te m p e ra tu re  c o n tro l  must be m a in ta in ed  o v er lo n g  
p e r io d s  o f  tim e . I t  h as  been found in  t h i s  work t h a t  t h i s  

can on ly  be ach iev ed  by u s in g  a fu rn a c e  w ith  two h e a t in g  
c o i l s .  In  fu rn a c e s  w ith  a s in g le  s e t  o f  w ind ings th e  

sw itc h in g  o f f  and on o f  th e  power a t  th e  d e s ir e d  te m p e ra tu re  

cau ses  c o n s id e ra b le  f lu c tu a t io n s  in  th e  te m p e ra tu re  

s t a b i l i t y .  I t  was th e r e f o r e  n e c e s sa ry  to  u se  a fu rn a c e  w ith  

two s e t s  o f  w in d in g s , one s e t  su p p ly in g  th e  m ajo r p a r t  o f  

th e  power to  b r in g  and m a in ta in  th e  te m p e ra tu re  n e a r  th e  

d e s i r e d  v a lu e , and th e  second s e t ,  which s u p p l ie s  a much 

s m a l le r  amount o f  pow er, a c t in g  a s  a " f in e  c o n tro l"  f o r  th e
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te m p e ra tu re . The c o n s tr u c t io n  o f  t h i s  fu rn a c e  i s  

d e sc r ib e d  below .
A fu rn a c e  co re  (A), F i g .16, o f  le n g th  1 2 .0 0  in c h e s  and 

d ia m e te r 4*00 in c h e s  and th ic k n e s s  0 .3 8  in c h e s  was o b ta in e d  

and wound w ith  Nichrome r e s i s ta n c e  w ire , o f  r e s i s t a n c e  10 ohms 
p e r  y a rd  to  g iv e  a t o t a l  r e s i s t a n c e  o f  100 ohms. T h is  was 
th e n  w e ll lag g ed  w ith  a sb e s to s  p a p e r . A nother le n g th  o f  

r e s i s t a n c e  w ire  vas wound round to  g iv e  a r e s i s t a n c e  o f  300 

ohms. T h is  fu rn ac e  v as a ls o  w e ll lag g ed  w ith  a sb e s to s  p a p e r 
and th e n  a sb e s to s  s t r i n g .  The whole co re  was th en  p la c e d  in  a 

m e ta l c o n ta in e r  (B) and l in e d  w ith  m agnesia p ip e c la y  la g g in g  

(C ).
The in n e r  co re  le a d s  were connected  to  th e  m ains v ia  a 

V ariac  (D) and th e  o u te r  co re  le a d s  to  th e  m ains v ia  a Jumo 

GKT 15-0  th e rm o re g u la to r  (E) and a Jumo NS6.62 M ercury Relay 

Sw itch  (F ) .  The r e la y  sw itch  was co n ta in ed  in  th e  to p  o f  th e  

fu rn a c e  which was covered  w ith  a  th ic k  Sindanyo b o ard  l i d  (G ). 

The in n e r  co re  fu rn a c e  was ta k e n  up to  w ith in  tw en ty  d eg rees  

o f  th e  r e q u ire d  te m p e ra tu re  and th e  th e rm o re g u la to r  in  

c o n ju n c tio n  w ith  th e  p r e - s e t  r e la y  sw itch  p ro v id e d  th e  

a d d i t io n a l  h e a t in g .  The fu rn a c e  was a llow ed  to  s t a b i l i s e  out 
f o r  a day b e fo re  u s in g .  Tem perature c o n tro l  o f  -  2°C was 

o b ta in e d  ov er lo n g  p e r io d s .

2 .3 .U )  DIFFUSION CELLS.
A ll th e  d i f f u s io n  exp erim en ts  were c a r r ie d  ou t in  dry  

n i t r o g e n  a tm o sp h eres . For lo n g  d i f f u s io n  tim e s  i . e .  ^  14
h o u rs  th e  la r g e  fu rn ac e  a lre a d y  d e sc r ib e d  was u se d . The 

d i f f u s io n  c e l l  and c r y s ta l  h o ld e r  which were made o f  pyrex  

g la s s  a re  shown in  F i g .17 . The c r y s t a l s ,  a f t e r  c o u n tin g , were 
p la c e d  on sm all t r i a n g u la r  t r a y s  in  th e  c r y s t a l  h o ld e r  and 

th e  h o ld e r  p la c e d  in  th e  c e l l .  A 0 — 540° C therm om eter, 

p re v io u s ly  c a l i b r a t e d  a g a in s t  a p la tin u m -p la tin u m  -  13$ 

rhodium  therm ocoup le , was p la c e d  in  th e  c e l l  b e s id e  th e  s ta n d . 

The B 29 jo in t  was g re a se d  w ith  S il ic o n e  h ig h  vacuum g re a se  

and th e  ta p s  w ith  Apiezon N vacuum g re a se  and th e  c e l l  

c lo s e d . The c e l l  was th en  ev acu a ted  to  a p r e s s u r e  o f
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1 x 10 cm Hg u s in g  a sim ple  vacuum system  in c o rp o ra t in g  

a m ercury manometer, Fig* 18* Tap A vas th e n  c lo se d  and 

ta p  B opened and dry  n i t r o g e n  a l lo v e d  in  to  f lu s h  o u t th e  

system . Tap B v as th e n  c lo se d  and ta p  A opened and th e  

system  vas ag a in  evacuated*  Tap A vas c lo se d  a g a in  and 

ta p  B opened, and d ry  n i t r o g e n  vas a llo v e d  in to  th e  

system  u n t i l  th e  r e q u ire d  p re s s u re  vas reach ed  (76 cm o f  
a t  th e  te m p e ra tu re  o f  th e  experim en t)*  The o e l l  vas 

th e n  p la c e d  in  a copper b lo ck  v h ich  had a h o le  bored  in  i t  

o f d ia m e te r  and dep th  co n v en ien t to  ta k e  th e  d i f f u s io n  c e l l  

and t h i s  system  th e n  t r a n s f e r r e d  to  th e  fu rn a c e  v h ich  vas 

p re -h e a te d  to  th e  d e s ir e d  d i f f u s io n  tem p era tu re*  U su a lly  

th e  d i f f u s io n  c e l l  had a t t a in e d  th e  re q u ire d  te m p e ra tu re  
v i t h i n  tw en ty  m in u tes  a f t e r  p la c in g  i t  i n  th e  fu rnace*

For d i f f u s io n  tim e s  o f  l e s s  th a n  14 h o u rs  a n o th e r  

s m a lle r  c e l l  v as d e s ig n e d , Fig* 19* T h is  v as u sed  vhen 

a c o n s ta n t o b s e rv a tio n  o f  th e  te m p e ra tu re  v as a b le  to  be 

m ain ta ined*  A sm all fu rn a c e , (A ), as  in  th e  c o n d u c tiv i ty  

e x p e rim en ts , v as u sed  and t h i s  v as a g a in  connec ted  to  a  

v a r i a c .  The te m p e ra tu re  v as m easured u s in g  a p la tin u m - 

p la tin u m  -  iyf> rhodium  therm ocouple  (B) in  th e  c r y s t a l s '  

p o s i t io n *  A c o n s ta n t f lo v  o f  d ry  n i t r o g e n  vas m a in ta in ed  
th ro u g h  th e  c e l l  d u rin g  th e  experim ent* The top  o f  th e  

fu rn a c e  v as  covered  v i t h  p ie c e s  o f  a sb e s to s  sh ee tin g *
The c r y s t a l s  v e re  c o n ta in ed  in  a  p y rex  c e l l  (C) 

co m p ris in g  a B 29 cone and so c k e t, v i t h  a s id e -a rm  (D)

f o r  e n try  o f  n itro g e n , and an in n e r  tu b e  o f  0*23 in c h e s

p y rex  tu b in g  v i th  a p y rex  p l a t e  o f  d ia m e te r  1*00 in c h e s  a t

th e  top* A sm all h o le  o f  d ia m e te r  0*23 in c h e s  and le n g th

0*23 in c h e s  vas made f o r  accommodation o f  th e  therm ocouple* 

The vh o le  c e l l  v as  clam ped th ro u g h  a p ie c e  o f  Sindanyo board  

(E) o f  d im ensions 4*00 x 4*00 x  0*40 in c h e s  v i t h  a h o le  

i n  th e  c e n tr e  th ro u g h  v h ic h  th e  c e l l  co u ld  j u s t  pass*  The 

c r y s t a l  h o ld e r  (F ) c o n s is te d  o f  a p y rex  p l a t e  o f  d iam e te r
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1*00 in c h e s  connec ted  to  a g la s s  s to p p e r  by a le n g th

o f  0 .2 5  in c h e s  p y rex  tub ing*  The c r y s t a l s  were p la c e d

in  t h i s  t r a y  and in s e r t e d  in to  th e  c e l l  in  th e  fu rnace*
About f iv e  m inu tes were re q u ire d  fo r  th e  c r y s t a l s  to

a t t a i n  th e  experim en t tem p era tu re*  A te m p e ra tu re  c o n tro l
o f  £ 2°C was a g a in  o b ta in e d  d u rin g  th e  tim e o f  th e

experim ent*

2*4. ANALYSIS,
In  any r e s e a rc h  p r o je c t  in v o lv in g  c o n d u c tiv i ty  and

d i f f u s io n  ex p erim en ts  on b o th  p u re  and im p u rity -d o p ed

specim ens i t  i s  n e c e s sa ry  t h a t  a re a so n a b ly  a c c u ra te  method
o f  a n a ly s is  o f  th e  specim ens i s  a v a ila b le *  I t  i s  obv ious
t h a t  a q u a n t i t a t iv e  tre a tm e n t o f  th e  r e s u l t s  o f  such

m easurem ents i s  o n ly  p o s s ib le  where a n a ly t i c a l  d a ta  on
th e  specim ens u sed  can be ob ta in ed *  In  t h i s  re s e a rc h

s e v e ra l  s ta n d a rd  m ethods o f  a n a ly s is  were a tte m p te d , and

th e y  a re  d e sc r ib e d  in  th e  fo llo w in g  sec tio n *

2*4*(a )  ANALYTICAL METHODS USED,

1* S p e c tro p h o to m e tric  T i t r a t i o n ,

A nalyses o f  t r a c e s  o f  a lk a l in e - e a r th  e lem en ts

p re s e n t  in  a la r g e  ex cess  o f  an a l k a l i - h a l i d e  have been

p erfo rm ed  s u c c e s s fu l ly  u s in g  th e  la r g e  absorbance  in  th e

u l t r a - v i o l e t  a t  222 mu o f  ELTA ( e th y le n e d ia m in e te t r a - a c e t lo  
TOa c id )  • T h is  in v o lv e s  a sp e c tro p h o to m e tr ic  t i t r a t i o n  o f  a 

b u f f e re d  s o lu t io n  o f  th e  sam ple u n d e r ex am in atio n  w ith  

ELTA* I n i t i a l l y  th e  change in  absorbance  a t  222 mp i s  sm all 
due to  th e  p re l im in a ry  fo rm a tio n  o f  th e  a lk a l in e - e a r th  
ELTA complex* However, once a l l  th e  a lk a l in e - e a r th  io n  

h as  been complexed, th e re  i s  a marked r i s e  due to  th e  la r g e  

abso rbance  o f  th e  a lkali-E L T A  complex* E x tra p o la t io n  o f  

th e  two l i n e a r  p o r t io n s  o f th e  absorbance/ml*ELTA graph  

g iv e s  th e  end p o in t  o f  th e  t i t r a t i o n *

T h is  method o f  a n a ly s is  was found to  be ad m irab le  

f o r  th e  a l k a l i  c h lo r id e s  o f  th e  N aC l-type s t r u c t u r e ^
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and a ls o  f o r  CsCl • However t h i s  was n o t s u i ta b le  

f o r  t r a c e s  o f  a lk a l in e - e a r th  m e ta ls  in  Csl s in c e  th e re  

i s  a  la r g e  m asking absorbance  in  th e  u .v .  due to  I*”, o v er 
th e  w aveleng th  u sed  f o r  th e  t i t r a t i o n .

A p re l im in a ry  rem oval o f  th e  a lk a l in e - e a r th  m eta l 
io n s  u s in g  a c a tio n -ex ch an g e  r e s in  was a tte m p te d . T h is  

would have e lim in a te d  th e  problem  o f  I~  a b s o rp tio n .

However th e  e x p e rim en ta l te ch n iq u e  in v o lv e d  to o  many 

so u rc e s  o f  e r r o r  f o r  a c c u ra te  q u o ta tio n s  o f  a n a ly se s  

f i g u r e s .
2 . Flame P ho tom etry .

71A flam e p h o to m e tr ic  te c h n iq u e  f o r  th e  d e te rm in a tio n
o f  Barium was in v e s t ig a te d .  T h is  in v o lv e d  th e

2+p r e c i p i t a t i o n  o f  th e  Ba in  a C sl c r y s t a l  a s  BaSO^

from an a c id ic  s o lu t io n .  The r e s u l t a n t  p r e c i p i t a t e  o f

BaSO. was th e n  d is s o lv e d  in  a s o lu t io n  o f  ammonium 4
e th y le n e d ia m in e te t r a - a c e ta te .  An E .E .L . flam e p h o to m ete r,

model A, was s e t  to  th e  zero  u s in g  ammonium e th y le n e d ia m in e -
t e t r a - a c e t a t e  s o lu t io n ,  and to  f u l l - s c a l e  d e f le c t io n  u s in g

a s o lu t io n  c o n ta in in g  a known c o n c e n tra t io n  o f  BaSO,
4

d is s o lv e d  in  th e  ammonium -  EDTA com plex. The unknown

sample was th e n  a n a ly se d .

T h is  method re q u ir e d  th e  u se  o f  la r g e  sam ples i . e .

la r g e  amounts o f  C s l. The c r y s t a l s  u sed  in  our

in v e s t ig a t io n s  w eighed ap p ro x im a te ly  0 .1 5  -  0*50 g . ,
and f o r  s u c c e s s fu l  o p e ra tio n  o f  t h i s  method a number o f

c r y s t a l s  had to  be a n a ly se d  to g e th e r ,  w hich, o f  c o u rse ,

was n o t o f any u se  s in c e  th e  im p u rity  c o n te n t o f  each

in d iv id u a l  c r y s ta l  was r e q u ir e d .  The a l t e r n a t i v e  to  t h i s

was th e  a d d i t io n  o f  known amounts o f  Ba^+ to  th e  c r y s ta l
s o lu t io n  p r i o r  to  p r e o ip i t a t i o n  a s  BaSO,. However t h i s

4
d id  n o t g iv e  c o n s is te n t  r e s u l t s .
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3* Atomic A b so rp tio n  S p ec tro p h o to m etry .
T r i a l s  u s in g  s ta n d a rd  s o lu t io n s  o f  a lk a l in e - e a r th  

doped C sl em ploying a Unicam SP 90 atom ic a b so rp tio n  

sp ec tro p h o to m e te r, shoved th a t  s o lu t io n s  c o n ta in in g  

la r g e  amounts o f  C sl caused  b lo c k in g  o f  th e  b u rn e r . As 

a r e s u l t  o f  t h i s ,  v e ry  d i lu t e  s o lu t io n s  (**-5$) bad to  be 
u s e d . The l i m i t s  o f accu racy  f o r  C sl were th u ss  300 ppm 
Ba, 20 ppm S r and 10 ppm Ca. S ince in  t h i s  re s e a rc h  th e  
main im p u rity  dopant was Bay o b v io u s ly  a tom ic a b so rp tio n  

sp ec tro p h o to m etry  was n o t r e a l l y  a c c u ra te  enough.

4 . S p e c tro g ra p h !c  A n a ly s is .
A p re l im in a ry  com plete s p e c tro g ra p h ic  a n a ly s is  o f  a 

so lu tio n -g ro w n  c r y s t a l  o f  C sl by M essrs Johnson, M atthey 

& C o., L im ited  showed t h a t  th e re  were t r a c e s  o f  i r o n  and 

copper in  a d d i t io n  to  a lk a l in e - e a r th  m eta l io n s  in  th e  

c r y s t a l .  I t  was d ec id ed  th e r e f o r e  a s  a r e s u l t  o f  t h i s ,  

and a ls o  due to  th e  la c k  o f  su cc e ss  w ith  th e  th r e e  m ethods 

o f  a n a ly s is  d e sc r ib e d  above, to  have com plete s p e c tro g ra p h ic  

a n a ly se s  done on th e  c r y s t a l s  by Johnson, M atthey & C o., 

L im ite d .
The a n a ly s is  r e s u l t s  f o r  each c r y s ta l  a n a ly se d  a re  

g iv en  in  m o le - f r a c t io n  d iv a le n t  im p u r ity  in  th e  summary 

o f  r e s u l t s  accompanying each c o n d u c tiv i ty / te m p e ra tu re  

r e l a t io n s h ip  (R e s u lts  S e c t io n ) .  I t  was found th a t  th o se  

c r y s t a l s ,  grown from  a s o lu t io n  o f  B.B.H. L im ited  C sl, 

showed th e  l a r g e s t  c o n c e n tra t io n s  o f  im p u rity  o th e r  th a n  

a lk a l in e - e a r th  m e ta ls .  The accu racy  quo ted  by Johnson, 

M atthey i s  -  30$.



CHAPTER 3. 

RESULTS SECTION.
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3 .1 . CONDUCTIVITY.

From e q u a tio n  (19) a lre a d y  d is c u s se d ,

OT -  CTq exp . (-E /kT )  (40)

where (X  i s  th e  s p e c i f i c  c o n d u c tiv ity  in  ohm~^cm” ^

CT i s  a  c o n s ta n t (ohn” *cm” ^)

E i s  th e  a c t i v a t io n  energy  f o r  th e  p ro c e ss  (eV ).
k  i s  th e  Boltzmann C o n sta n t.

T i s  th e  a b s o lu te  te m p e ra tu re  (°A ),
and so a g raph  o f  lo g  O* v e rs u s  l /T  sh o u ld  he a s t r a i g h t

l i n e  o f  s lo p e  -E /k , and in te r c e p t  OT. The c o n d u c tiv ity  
r e s u l t s  have been a n a ly se d  in  te rm s o f  e q u a tio n  (4 0 ) .

3 . 1 . (a )  SUMMARY OF OBSERVATIONS.
S e v e ra l ra n g e s  o f  co n d u c tio n  have been observed  

depending  on th e  p re tre a tm e n t o f  th e  c r y s t a l .  I t  was 

d ec id ed  to  d e s ig n a te  th e  r e g io n s  o f  c o n d u c tiv i ty  a s  Ranges 
I  to  I I I ,  and i t  w i l l  be p roposed  in  th e  d is c u s s io n  th a t  

Range I  i s  a s s o c ia te d  w ith  io n ic  and e l e c t r o n i c  c o n tr ib u t io n s  
to  th e  c o n d u c tio n ; Range I  (a )  i s  due to  c a t io n  im p u rity  

d i s s o lu t io n  in  th e  l a t t i c e ;  Range I  (b ) i s  a s s o c ia te d  w ith  

co n d u ctio n  due to  f r e e  c a t io n  v a c a n c ie s  w ith  p o s s ib le  

c o n tr ib u t io n s  from d is s o c ia t io n  o f  com plexes; Range I I  i s  

c o n tr o l le d  by th e  movement o f  th e rm a lly  c re a te d  an io n  

v a c a n c ie s  in  th e  c r y s ta l  and Range I I I  p o s s ib ly  a r i s e s  from 
th e  in c r e a s in g  s ig n if ic a n c e  o f  th e  th e rm a lly  c re a te d  c a t io n  

d e fe c t  a t  h ig h  te m p e ra tu re s .
3 . 1 . (b ) METHOD OF PRESENTATION.

The c o n d u c tiv i ty  r e s u l t s  a re  p re s e n te d  in  th e  form o f 

g rap h s  o f  lo g  QT v e rs u s  10^ /T (°A ), w ith  a ta b u la te d  

summary o f  th e  s a l i e n t  f e a tu r e s  o f  each g raph  on th e  

su cceed in g  p ag e . The g rap h s a re  p re s e n te d  in  th e  fo llo w in g  

o rd e r ,
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U n tre a te d  "P u re” C sl, P ig s . 20-24*
Vacuum an n ea led  "Pure" C sl, P ig s . 25-26.

U n tre a te d  c a t io n - im p u r ity  doped C sl, F i g s .27-37*
Vacuum an n ea led  c a t io n - im p u r i ty  doped C sl, F ig s . 38-47* 

O ther t re a tm e n ts  on "Pure" and doped c r y s t a l s  F ig s .  48-53* 

M agnified  Range 1 (b ) and 1 ( a ) ,  F i g .54*

D iv a le n t an io n  doped C sl, P ig s .  55-56.

P o la r i s a t io n  e f f e c t s  and d i e l e c t r i c  lo s s  have been 

in v e s t ig a te d  a t  te m p e ra tu re s  below 300°C in  an n ea led  and 

u n t r e a te d  c r y s t a l s  o f C s l. I t  has been p o in te d  ou t th a t
72th e  p re sen c e  o f  d iv a le n t  im p u r i t ie s  in  a lk a l i - h a l id e  c r y s t a l s

can cause a p p re c ia b le  p o l a r i s a t i o n  e f f e c t s .  These e f f e c t s
a re  in d ic a te d  by changes in  c a p a c ita n c e  w ith  freq u en cy  -

th e  c a p a c ita n c e  r i s e s  w ith  d e c re a s in g  freq u en cy , th e  charge

c a r r i e r s  c au s in g  "b lo c k in g "  a t  th e  e le c t r o d e s .  T h is
e f f e c t  would be ex p ec ted  to  be most s ig n i f i c a n t  in  sam ples

72doped w ith  a l io v a le n t  im p u r i t ie s  . Also d i e l e c t r i c  lo s s  

ex p erim en ts  have been u sed  w ide ly  in  th e  in v e s t ig a t io n  o f  

a s s o c ia t io n  o f  im p u rity -v acan cy  com plexes and a n io n -c a tio n
*>C *71

vacancy p a i r s  * * • Thus in v e s t ig a t io n s  were made o f

th e s e  e f f e c t s  in  Range I ,  th e  lo w est te m p e ra tu re  ran g e , 

where th e  im p u rity  e f f e c t s  should  be most p ronounced . The 

r e s u l t s  o f  th e  in v e s t ig a t io n s  on two annealed  and 

un an n ea led  c r y s t a l s  o f  C sl a re  sum m arised in  a g raph  o f  

th e  d i e l e c t r i c  l o s s ,  ta n  6  , v e rs u s  freq u en cy  in  c y c le s /s e c ,  

P ig . 57» and t a b le s  o f  c a p a c ita n c e , freq u en cy  and ta n  4  , 

t a b le s  (43) -  ( 46 )•
3 . 1 . (c )  THE CONDUCTIVITY RESULTS*
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TABLE 7 (F ig # 20)

Pure C sl, m elt-g row n, from Mervyn In s tru m e n ts  L im ited* 

P r e t r e a tm e n ts -  C ry s ta ls  (a )  and (b) were u n tr e a te d ,  c r y s ta l  

(o ) was quenched from 400°C in  l i q u i d  N0*
•H eating

Range I  (°C) 
EA(eV)

& 2 .0  R .T .U .

C ry s ta l  (a )  C ry s ta l  (b ) C ry s ta l  (c)

215-256
1 .0 4

Range I I  (°C) 
EA(eV)

1 .4  R .T.U .

235-497 265-479

1 .3 7  1 .3 7

(ohm"1 cm”1 ) 2*lxlO ~5 2 .1 x lO "5

-91*7x10

256-520
1*36

1*5x10- 5

Im p u rity  C ontent o f  Mervyn C r y s ta l s .

<2*3 xlO ^ m .f . Fe.
5 xlO” ^ m.f* a lk a l in e - e a r th  m e ta l.
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TABLE 8 ( F i g , 21)

Pur© C sl, m elt-g row n, from L ig h ts  L im ited ,

P r e t r e a tm e n t t -  C ry s ta ls  (a )  and (h ) were u n t r e a te d .

C ry s ta l  (c ) was c h i l l e d  from room tem p era tu re  in  l i q u i d

V 11 H e a tin g . ——— —

I i IC ry s ta l  (a )  C ry s ta l  (b ) C ry s ta l  (c )

Range I  (°C) 217-344 182-298 173-302

EA(eV) 1 .01 0 .5 0 im m easurable

% .0  R .T .U .(0ha" 1°“ ' 1) 5.3xlO ” 9 2.4xlO ” 8 ^ 1 .4 x lO “ 8

Tem perature Range ( 0 )  - 217-344 29&r344 302-344

EA(eV) 1 .01 1 .0 0 1 .0 0

O '  f ohm- ''' cm ) 
1 .7  R .T .U . '

1.85xlO ” 7 1 .85x lO "7 1 .85x10“ 7

Range I I  (°C) 344-514 344-402 344-485

EA(eV) 1 .3 3 1 .3 3 1 .3 0

° 1 . 4  R .T .0 .(oh" ' 1 °>“ 1 > 1.4x lO ” 5 - 1 .3x10” 5

Im p u rity  C ontent o f L ig h ts  C r y s ta l s .

< 2 .0 5  x 10” ^ m .f . Cu.
< 1 .0  x 10 J m .f . a lk a l in e - e a r th  m e ta l.



- * * * — ANNEALED i n  n

/0^ r  {°ft)



TABLE 9 ( F i g , 22)

P ure  C s l, m elt-grow n by S to ck b a rg e r Method. 

P re tre a tm e n t t -  U n tre a te d  f o r  f i r s t  ru n , th e n  an n ea led  in  

dry  Kg f o r  15 h o u rs  a t  500° C b e fo re  th e  second ru n .
•H eating.

F i r s t  Run. Seoond Run.

Range I  (°C)
EA(eV)

C 2 .0  H .T .U .( ° h" " lcB " 1)

Hang. I I  (°C)

EA(e v )

162-315 158-295
0 .71 0 .5 6

1.95x10” ® 2.6xlO ” (

315-560 295-560

1 .3 6 1 .3 2

2.6xlO ” 5 2.9x10” !

Im p u rity  C o n ten t.

-42 .00  x 10 m .f . Cu.
5 x 10” ** m .f . a lk a l in e - e a r th  m e ta l.





TABLE 10 ( F i g .  2 3 ) .

Pure C sl, so lu tio n -g ro w n . (H^SO^ as d e s ic c a n t ) .

P r e t r e a tm e n t i -  U n tre a te d , a p a r t  from vacuum d ry in g .

--------------- H e a tin g .------

C ry s ta l  ( a ) . C ry s ta l  (b ) . C r y s ta l ( c ) .

Range I  ( ° c )  217-283 245-289

EA(eV) 1 .1 3  1 .1 3

° 2 . 0  R .T .U .(ohm" l c " " 1) 2 .4 x l° _9

Range I I  (°C) 

EA(e v )

1 .4  R .T.U .

283-496 

1 .3 7

( ohm” * cm” * ) 1 .55*10

289-479

1 .37

227-496

1 .3 7

” 5 1 .55*10” 5 1 .5 5 * 1 0 "5

Im p u rity  C o n ten t.

(a )  H opkins and W illiam s C sl.

< 2x10” ^ m .f . Ca

(h ) and (c )  B.D.H. L im ited  C s l.

1-3x10” ^ m .f . a lk a l in e - e a r th  m e ta ls  (S r  and B a). 
-40 .1 -1 x 1 0  m .f . Pe and Cu.
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TABLE 11 ( F ig ,  24 )

P ure  C sl, so lu tio n -g ro w n  (CaCl^ as  d e s ic c a n t ) .  

P r e t r e a tm e n t i -  U n tre a te d , a p a r t  from vacuum d ry in g ,

---------------H e a tin g ,---------

C ry s ta l  (a )  C ry s ta l  (b ) C ry s ta l  (c )

Range I  (°C) 248-352 242-315 248-308

EA(eV) 1 .1 8 1 .1 8 1 .1 8

O  (ohm ^cm2 .0  R .T .U .V 2 .0 x l0 ~ 9 2 .0 x l0 ~ 9 1.5xlO ~9

Range I I  (°C) 352-484 315-398 308-560

EA(eV) 1 .4 0 1.41 1 .41

° 1 . 4  E .T .U .(0hB" l c " ' :i) 1 .3x lO ~5 - 1 .3x lO “ 5

Im p u rity  C ontent o f  ( a ) . (b ) and (c ) grown from B. D.H. L td . Csl
-4  / v1 -3  i  10 m .f , a lk a l in e - e a r th  m eta l (Ba and S r ) .
-40 ,1 -1  z  10 m .f ,  Cu and Fe.





TABLE 1 2 (F ig .2 5 )

P ure  C sl, m elt-g row n, from Mervyn In s tru m e n ts  L im ited , 

P re tre a tm e n t >- A nnealed u n d e r vacuum a t  500°C f o r  384 h o u rs .

F i r s t  Run -  H e a tin g .

Range I  (°C) 203 -  253

E^ieV) im m easurable

& 2 .0  R .T .O . ~ 4 .0  x 10-9

Range I I  (°C) 253 -  500

EAleV) 1 .4 0

G \ . A  R .T .U . 3 .2  x 1 0 "5

Im p u rity  C o n ten t.

O  i  10"”^ m .f . a lk a l in e - e a r th .  

< 2 .3  x 1 (T 5 m .f . F e .
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TABLE 13 ( F i g .26 )

P ure C sl, so lu tio n -g ro w n  (H2S°4  a s  d© s ic c a n t) .

P re tre a tm e n t 1-  C ry s ta l s  (a )  and (b ) were an n ea led  f o r  

312 and 384 ho u rs  r e s p e c t iv e ly ,  u n d e r vacuum a t  500°C.

1----------Heating*
n

C ry s ta l  (a )  C ry s ta l  (b)

Range I  (°0 )  199-302 199-300
E .(eV ) 0 .8 6  0 .9 0A

° 2 . 0  R .T .U .(oha ,-lo“” 1) 6 .0 x l0 ” 9 2 .8xlO -9

Range I I  (°C) - 302-550 300-441

EA(eV) 1 .3 7  1-37

- 1 „ - 1 \  o o - m - 5  -  o - m - 5

Im p u rity  C ontent o f C ry s ta ls  grown from B.D.H. L td . C s le

-4  /1 -  3 x 10 m .f . a lk a l in e - e a r th  (Ba and S r ) .
-40*1 -  1 1  10 m .f . Cu and Fe.
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2+

TABLE 14 (F ig*  2 7 )

Bac^-d o p ed  C sl, m elt-grow n By S to c k b a rg e r M ethod, 

Specimen (A),
P r e tr e a tm e n t»- No p re tre a tm e n t f o r  f i r s t  ru n , hu t l e f t  f o r  

15 h o u rs  a t  400°C i n  dry  n i t r o g e n  atm osphere B efore  second 

ru n .
F i r s t  Run Second Run T h ird  Run 
(H ea tin g ) (C oo ling ) (H eatin g )

Range I  (°C) 
EA(eV)

162-253 162-262 
0 .6 1  0 .6 1

< T 0 R . T . U . 9 . 0 x l 0 ”9 4 .6xlO "8

183-283
0 .6 4

2 . 0x10-8

Tem perature Range (^C) 

EA(eV)

O ” „  (ohm ^cm ^)1 .7  R .T.U . '

262 -333  
0.81

5. 8xlO"7

283-394
1.12

3.3x10'-7

Range I  (a )  (°C)

EA(eV)

1 .7  R .T .U .

253-333 

1 .31

(ohm~^cm~^) 3*9x10 ^

Range I  (B) (°C) 333-389 333-400
EA(eV) 1 .0 0  1 .0 0

C l . 55 R .T .U .(0hJB“ 1°“ " 1) 3 .1 I1 0 -6  3 .1 I1 0 - 6

Range XI (°C) 3^9-533

EA(eV) 1 .3 5

° 1 . 4  R .T .U .(0h“ _1““ " 1 ) 2 .4x10-5

394-533

1 .3 5

2.1x10-5

Im p u rity  C ontent o f  C ry s ta l  from same B ou le .

7 .6  x 10“ 5 m .f . Ba.
4 .8  x 10~5 m .f . Ca.



i
SECOND RUN AS CRV5TA1

E i i i i i n i i a u L v r i t f i t i t t w t i
FOR I5 HQiR S ^ fsH 'd , AT 1 0 0 ”

-THIKpKUIj

O H N C r t

m
9 ;

9
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TABLE 15 (F ig . 28 )
2+Ba -doped  C sl, m elt-grow n by S to ck b a rg e r Method, 

Specimen (B ) .

P re tre a tm e n t >- No p re tre a tm e n t f o r  f i r s t  ru n , b u t l e f t
o

f o r  15 h o u rs  a t  400 C in  dry  n i t r o g e n  b e fo re  second ru n .

F i r s t  Run Second Run T h ird  Run
(H ea tin g ) ( C ooling)

Range I  (°C) 147-256 295-213
E (eV) 0 .4 2  0 .8 5

CT2.o  R .T .U .(ohm” lcffl_1) 0110-8 1 .9x10” ®

(H eatin g ) 

< 256

1 . 0x10-8

Range I  (a )  (°C) 256-368
EA(eV) 1 .3 8

^ " l .7  R .T .U .(°hm” lcm~1 ) 3 .5x10”7 5 .0x10” f 3 .5x10

376-295 
1.26  

n-7

256-368

1 .3 8

*-7

Range I  (b ) (°C) 368-421 457-376

EA(eV) 0 .9 9  1 .01
A

G “i .5 5  R .T .U .(°hm" lcm" 1 ) 4 .8x lO “ 6 4 .8 x l0 "6

368-467

0 .99

4 . 2x l 0-6

Range I I  ( C)
EA(eV)

° 1 . 4  R .T .U .(0h" " lcm -1)

467-575
1.42

2. 4x l 0“ 5

Im p u rity  C o n ten t.
-55 .7  x 10 J m .f . Ba. 

2 .0  x 10"^ m.f* Cu. 
1 .4  x 10" 5 m .f . Fe.



1-2 1-5 17 19  2 1  J2 3
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TABLE 16 ( F i g . 29 )

2+Ba -doped  C sl, so lu tio n -g ro w n  (H^SO^ a s  d e s ic c a n t ) .

P re tre a tm e n t t -  F i r s t  run  u n t r e a te d ;  second ru n , c o o lin g  

a f t e r  an n ea l in  dry  f o r  15 hours a t  435°C.

F i r s t  Run Second Run T h ird  Run

(H e a tin g ). (C o o lin g ) (H eatin g )

Range I  ( C)

EA(e y )

^ * 2 .0  R .T .U .(0h“ ‘ lcm' 1)

Tem perature Range ( C) 

EA(e\r)

° 1 . 4 R . T . u / ohm“ lcm^ )

Range ( I I )  (°C)

EA(eV)

^ 1 . 4  H .T .U .lo l“ " lfl“ ,"1)

253-496

1 .3 4

2.1xlO ~5

253-435

1 .1 5

1.3x10'-5

222-298
1 .0 0

5.0x10-9

298-431
1 .3 6

2.7x10-5

The second ru n  on t h i s  c r y s ta l  may he in  e r r o r  due to  

o x id a tio n  o f  th e  e le c t ro d e  p a in t  d u rin g  th e  an n ea l p r i o r  to  

th e  ru n .

Im p u rity  C ontent (Grown from Hopkins and W illiam s C s l ) .

1 .9 5  x 10” ^ m .f . Ba.
4 .6  x 10” ^ m .f . Fe.



r .  i»i ^  »'Mw«ar.i ■ ii . .1 » . i  1 »v.' ■ i ii ■ i^ i^ « » ^ . hii i1 i i i i i i « h ' il j^  : ia  m m  
' i W U  >1 n ' M I  l * J  1 « * J  k  ' l i l l

m  i-9



TABLE 17 ( F i g ,30)

2+Ba -doped  C sl, so lu tio n -g ro w n  (H^SO^ a s  d e s ic c a n t ) .

PRETREATMENTt— U n tre a te d  a p a r t  from vacuum d ry in g .

F i r s t  Run -  H e a tin g . 
Range I  (°C) 205-253

EA(eV) 0 .79

^ 2 . 0  R .T .U .^0lUD cm  ̂ 1 .8x10 ^

Range I I  (°C) 253-457
EA(eV) 1 .4 0

° i . 4  R .T .u .(ohm“ 1°m" 1) 1 .5 5 I1 0 " 5

Im purity  Content -  Unknown.





TABLE 18 ( F ig .  31)
p ,

Ba -doped  C sl, so lu tio n -g ro w n  (H^SO^ as  d e s ic c a n t ) .  

P r e t r e a tm e n t i -  U n tre a te d , a p a r t  from b e in g  vacuum d rie d .

F i r s t  Run -  H ea tin g .

Range I  (°C) 253-402
EA(eV) 1 .09

° 2 . 0  R .T .O .(oh“ " Xc“ ‘ 1) 1 .2 I1 0 -8

Range I I  (°C) 402-508

BA(eV) 1 .3 4

° 1 . 4 .  H .T .0 .(oh“ ' l e " _1) 2 . 5xlO -5

Im purity  Content -  Unknown.
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TABLE 19 ( F i g .32 )

2+Ba -doped  C sl, so lu tio n -g ro w n  (H^SO^ as d e s ic c a n t ) .

P r e t r e a tm e n t : -  U n tr e a te d ,a p a r t  from b e in g  vacuum d r ie d .

F i r s t  Run -  H e a tin g .

Range I I  (°C) 222-442
EA(eV) 1 .3 6

° i . 4  R . T . 0 / oh" " 1°a‘“ 1 ) 1 - 7 l l ° " 5

Range I I I  (°C) 442-521

EA(eV) 1*56

^ 1 . 2 5  R .T .u ^ ohm' Xcm" 1) 2 .3 I1 0 -4

Im p u rity  C ontent (Grown from Hopkins and W illiam s C s l ) .

5*7 i  lC f4 m .f .  Ba.
1 .9 5  * 1 (T 5 m .f . Cu.



IC)3/ T (70
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TABLE 20 (F ig -  33)

2+Ba -doped  C sl, so lu tio n -g ro w n  (H^SO^ as d e s ic c a n t ) .

P r e tr e a tm e n ti -  U ntreated^  a p a r t  from b e in g  vacuum d r ie d .

F i r s t  Run -  H ea tin g .

Range I I  (°C) 248-457

EA(eV) 1 .3 3

° 1 . 4  E .T .U .tohm" 1°m" 1) 1 .5 x 1 0 -5

Range I I I  (°C) 457-582

®A(eV) 1 .5 7

° i . 2 5  R .T .U .(0*U* '1°“ " 1 ) 2 ' 1110-4

Im p u rity  C ontent (Grown from Hopkins and W illiam s C s l ) . 

-41*9 x 10 m .f . Ba.
6 .5  i  10 m .f . Ca.
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TABLE 21 (F ig .  34 )
2 *.

Ba -doped  C sl, so lu tio n -g ro w n  (H^SO^ as d e s ic c a n t ) .

P r e t r e a t m e n t U n tre a ted , a p a r t  from B eing vacuum d r ie d .

F i r s t  Run -  H ea tin g .

Range I I  l°C ) 253-473

EAleV) 1 .3 5

° 1 . 4  R .T .U .(ohm' 1°“ ' 1) 1 .3 x 1 0 -5

Range I I I  (°C) 473-560

E^ieV) 1*55

< n .2 5  R .T .O .^ot“ " lo “ " 1 ) 1 .6 9 * 0 - 4

Im p u rity  C ontent (Grown from Hopkins and W illiam s C s l ) .

1 .9  x 10“ 3 m .f . Ba.
-53*3 x 10 m .f . Ca.



1-3 1-5 17 1-9 l \  2/3
____________________________ / r m ____________________________________
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TABLE 22 (F ig .  35 )
Q i

Ba -doped C sl, so lu tio n -g ro w n  (CaCl^ as  d e s ic c a n t ) .

P re tre a tm e n t >- U n tre a te d , a p a r t  from b e in g  vacuum d r ie d .

F i r s t  Bun -  H ea tin g ,

Range I  (°C) 203-256
EA(eV) 0 .7 8

A

* 2 . 0  E .T .U .(oh“ " l c " -1 )  1 .1 .H 0 - 8

Range I  (a )  (°C) 256-299

EA(eV) 1 .2 8

° 1 . 7  R .T .U .(o to “ 1 °“ “1) 5 .6 i lO -7
e s tim a te d .

Range I  (b )  (°C) 299-376

EA(eV) 0 .8 9

C 'x .V  R .T .0 .(oh” ' l c “ ' 1) 2<0110-6

Range I I  (°C) 376-496

E .(eV ) 1 ,4 0
A

^ 1 . 4  R .T .0 .(0 l“ " lc n " 1) 2*2110" 5

Im p u rity  C ontent (Grown from B.D.H. L td . C s l ) .

-41*9 x 10 m .f . Ba.

5*94 i  10"4 m .f . S r .
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TABLE 23 ( F i g .36 )

2+Ba -doped  C sl, so lu tio n -g ro w n  (CaCl^ as  d e s ic c a n t ) .  

P r e t r e a tm e n t i -  U n tre a te d , a p a r t  from B eing vacuum d r ie d .

F i r s t  Bun -  H ea tin g .

Range I  (°C) 232-315

EA(eV) 1 .0 6

° 2 .0  8 .8x l< T 9

There was a maximum in  th e  c o n d u c tiv i ty / te m p e ra tu re  g raph  

a t  341°C.
The v a lu e  o f  (J~ a t  th e  maximum wass

-7  -1  -1-  4«5 i  10 ohm cm •
max.

Im p u rity  C ontent (Grown from B.D.H. L td . C s l ) .

1 .9  x 10~4 m .f . Ba.

2 .97  x 10” 4 m .f . S r .



13 15 1-7 1-9 11 1 3

_______________________ ® /t (% )____________________________________
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2+

TABLE 24 (F ig .  37)

B a ^ -d o p e d  C el, so lu tio n -g ro w n  (CaCl^ as  d e s ic c a n t ) .  

P r e t r e a tm e n t t -  U n tre a te d , a p a r t  from B eing vacuum d r ie d .

F i r s t  Run 

(H ea tin g )

Range I  (°C)

EA(eV)

° 2 . 0  R .T .O .(oh“ " lo “ -1 )

Range I  (a )  (°C)

ba ( . v)

229-308
1.18

,-7

.-6

Range I  (t>) (°C) 308-394
E .(eV ) 0 .8 8

A

° 1 .5 5

Tem perature Range ( C) -
EA(eV)

° 1 . 5 5  f i .T .u . (ohm" 1°m" 1 >

Range I I  (°C) 394-502
EA(eV) 1 .4 0

° 1 . 4  R.T.U^011”"10""1)

Second Run 

(H e a t in g ) .

203-265

0 .5 2

3.1x10-8

265-497
1 .0 5

2.9xlO “ 6

Im p u rity  C ontent (Grown from B.D.H. L td . C s l ) .

1 .9  i  10“ 4 m .f . Ba.

2 .97  x 10“ 4 m .f . S r .



iN w i

f i
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TABLE 25 (F ig . 38 ) 

ic
Specimen (C)

2+Ba -doped C sl, m elt-grow n by S to ck b a rg e r Method.

PRETREATMENT: -  A nnealed f o r  24 hours a t  500°C in

F i r s t  Run -  H e a tin g .

Range I  (°C) 168-265
EA(eV) 0 .8 0

<*2.0  R .T .U .(0hm" 1°m‘ 1) l .O ilO -8

Sang . I  (a )  (°C) 265-326
Ea («V) ' I .34

° 1 . 7  R .T .O .(o h -" l c “ " 1) 4 .3 x lO "7

Range I  ( t )  (°C) 326-376
E (eV) 0 .9 0

^ 1 . 5 5  R .T .U .(oh“ " l c , , r l )  2 .4 I1 0 -6

Range I I  (°C) 376-496
EA(eV) 1 .2 6

< ^ 1 .4  R . T . u / 011" ' 10" " 1 ) 1 .9 x lO -5

Range I I I  (°C) 496-560

EA(eV) 1 .7 3

^ 1 . 2 5  R .T .U .^0hm lcm 2.2x10 4

Im p u rity  C o n ten t.

-41*9 x 10 m .f . Ba.
6 .5  x 10~5 m .f . Ca.

-42 .0  x 10 m .f . Cu.

9 .2  x 10~^ m .f . F e .



a.
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TABLE 26 (F ig .  39)

2+Ba -doped  C sl, so lu tio n -g ro w n  (H^SO^ a s  d e s ic c a n t)

P r e t r e a t ment t -  A nnealed u n d er vacuum f o r  312 h o u rs  a t

F i r s t  Run -  H e a tin g .
500°C.

Range I  ( C) 160-315
E (eV) curved

i i

< ^ . 0  R.T .0 . ( ° h”" 1 °“ ' 1 ) 5- 0x10" 8

Range I  (a )  (°C) 31^-344

EA(eV) 1 .2 8

<Ji.7 R .T .U .(oh" ' lcm" 1) 5*7 l1 0 ' 7

Range 1 (* ) (°C) 344-398

EA(eV) 0 .9 2
A

-1  - lx

r 5

^ i . 5 5  R .T .U .(oh“ ‘  C,D"  } 3*9110'

Range I I  (°C) 398-514

EA(eV) 1*34

< r  .  „  (ohm-1^ - 1 ) 2*8 l l ° 'u 1 .4  R.T.U. '

Im p u rity  C ontent (Grown from Hopkins and W illiam s C s l ) .

3 .8  x 10"4 m .f . Ba*
6 .5  i  10~^ m .f . Ca.

8 x 10*"6 m .f . Cu.

7#0 x 10”*̂  m .f . F e .



1 1 - ■ . - -. > .— . 1 i , . ■ _   — 1 ! i . _ L . , j  i i I     . 1_

1-3 I S  1 7  1 9  21 2 3
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TABLE ?7 (F ig , 40 )
O.

Ba -doped C sl, solution-grown (H^SO  ̂ as d es icc a n t).

P retreatment»- Annealed under vacuum for 312 hours at

F i r s t  Run -  H e a tin g .

500°C

Range I  (°C)
EA(eV)

° " 2.0  R . T . u / 01̂ " 10”1" 1 )

Tem perature  Range ( C) 

EA(eV)

® 1 .7  R .T .0 .(oha" 1<Sm' 1)

T em perature  Range ( C) 

EA(eV)

Range I I  (°C)

EA(eV)

° 1 . 4  R .T .0 .(oh" ' lcm" 1)

203-280
0.90

-85.5x10

280-326
0 .6 4

6.8xlO ~7

326-372
curved

372-473
1 .3 3

3.0x10'-5

Im p u rity  C ontent (Grown from Hopkins and W illiam s C s l ) .

5 .2 X 10~5 m .f . Ca

2 .05 X 10~5 m .f . Cu

4 .6 5 X 10“ 5 m .f . Fe



UNDER MRCOPWANNEA1
HOURS AT 500°C

ScCOMO M O  DAYS

s

a M S
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TABLE 28 (F ig .  41 )

Ba^+-doped  C sl, so lu tio n -g ro w n  (H^SO^ as  d e s ic c a n t)  

P r e t r e a tm e n t»- A nnealed u n d er vacuum f o r  384 ho u rs  a t

500° C.
F i r s t  Run Second Run, 40 dayi

(H ea tin g ) (H eatin g )

Tem perature Range ( C) 177-224 ----

EA(eV) 0 .3 3 —

° 2 . 2  R .T .U .(ol“ " l a " ” 1)
8 . 5xl0” 9 ----

Range I  (°C) 224-315 179-319

EA(eV) 0 .9 3 0 .9 3

< ^ 2 .0  R .T .U .(0ha" lcO" 1) 2 .4 x l0 “ 8 2 .1x lO "8

Range I  (a )  (°C) 315-398 319-394
ea ( . v ) 1 .3 0 1 .3 2

° i . 7  R .T .U .<o to " 1® ~ 1 >
6 .0 x l0 “ 7 5 .0 x io ~ 7

Range I  (b ) (°C) 398-514 394-496

EA(eV) 1 .07 1 .0 6

o r . . «  . . . n l * ’ 1 " ' 1 ) 7 • 5xl0” 6 6 .0 x l0 ~ 6

Im p u rity  C ontent (Grown from B.D.H. L td . C s l ) . 
-41*9 x 10 m .f . Ba.

5*94 x 10"4 m .f . S r.

2 .0  i  10 m .f . Ca.

4*1 x 10 J m .f . Cu.

4 .6 5  x 10“ 5 m#f # pe#



i m mUNDER VWNEftLED
QO *C .■OR 312 HOURS AT 5

<5h n * 'c

i £ i l 3 i i a w j ] S H

5 ,

1*7
I 0 * / T ( ^
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TABLE 29 (P ig .  4 2 ) .

2+Ba -doped  C sl, so lu tio n -g r o w n , (H^SO^ as d e s ic c a n t ) ,

P re trea tm en t: -  A nnealed in  vacuum fo r  312 hours a t  500°C.

F i r s t  Run Second Run, 70 days

(H ea tin g ) l a t e r  (H e a t in g ) .

Range I  (°C) <305 208-283
E^(oV) curved  0 ,7 5

< ^ .0 .  E .T .U > h"r l c ""1) -  1.35X10'8

Tem perature Range ( C) —

EA(eV)

^ 1 , 7  R .T .U .^oba Cm ^
v

Range I  (a )  (°C) 305-360
E (eV) 1 .3 3

A

0 * 1 .7  R .T .u 3 o1ub' 1<» " 1 > 5 .5X 10 '7

Range I  (h ) (°C) 360-436

EA(eV) 0 .9 6

(T* (ohm ^cm 5*3x10 ^^ 1 . 5 5  R .T.U . '  J °

Range I I  (°C) 436-508

EA(eV) 1 .3 2

0 1 . 4  R .T .O /01” " 10" - 1 ) 2 -6 H O '5

283-457
1.18

2.8x10'-7

457-533

1 .41

1 .5x lO ~ 5

Im p u rity  C ontent (Grown from Hopkins and W illiam s C s l ) . 
-41 .9  x 10 m .f . Ba.

1 .9 5  x 10~5 m .f . Ca.

4 .1  i  10 m .f . Cu.

9*3 x 10"^ m .f . Fe.



3P1p
HOUP;
mm

1 1  1 9

,0 ^T(°A)
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TABLE 30 (P ig .  43 )
A,

Ba -doped  C sl, so lu tio n -g ro w n  (H^SO^ as  d e s ic c a n t ) .  

P r e tr e a tm e n t«- A nnealed u n d e r vacuum f o r  312 h o u rs  a t  500°C.

F i r s t  Bun -  H e a tin g .

Range I  (°C) 222-315
E ,(eV ) 0 .8 5

A

<7-2.0 R .T.U .<0h)B" l c “ " 1) 1.15X10"8

Range I I  (°C) 315-^462
EA(eV) 1 .4 3

-1  - I n o
< ^ . 4  R .T .0 .(oh“ '  °m‘  } 2*8 l l ° '

Im p u rity  C ontent (Grown from Hopkins and W illiam s C s l ) .

5 .2  x 10~^ m .f .  Ca.
-5

2 .0 5  i  10 m .f . Cu.

1 .8 6  x 10” 4 m .f . Fe.



F 0 R 3 a  HOURS flp‘500"c...
—  PUR£,ftNN£ALED N Wm

1-3 I S  1 7  1 9  I I  2 3

, o 3/ r h ) _________________________________
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TABLE 31 (F ig*  44 )

2+Ba -doped  C sl, so lu tio n -g ro w n  (H^SO^ a s  d e s ic c a n t) ,

P re tre a tm e n t x- A nnealed u n d e r vacuum f o r  312 ho u rs  a t  

500°C.

F i r s t  Run -  H e a tin g *

Range I  (°C) 208-259
EA(eV) 0 .4 3

0 -  ( ohm""* cm"*) 8 . 9x10"^
2 .0  R .T.U .

Range I I  (°C) 259-508

EA(eV) „ 1 .3 5

° 1 . 4  R.T.U.(oh,,,"lom' 1) 3.0X10"5

Im p u rity  C ontent (Grown from Hopkins and W illiam s C s l ) . 

> 1  x 10"3 m .f . Ba.



m a s 5 K 3 E E

HOURS TOR.
mm



74 .

TABLE 32 (F ig ,  43 )

Ba +-doped  C sl, so lu tio n -g ro w n  (H^SO^ as d e s ic c a n t ) .

P r e t r e a t m e n t A n n e a l e d  under vacuum fo r  384 hours a t

500°C.

Range I  (°C)
EA(eV)

O “2.o  R .T .U .(0h“ " l c " " 1)

Tem perature Range (°C) 

-1  -1
EA(eV)

° 1 . 7  }

Range I  (a )  (°C)
EA(eV)

^ 1 . 7  R .T .O .( ° hm" 1°,,‘ 1) 
e s tim ated *

Range I  (h ) (°C)
EA(eV)

(T  (oh* ^cm )
. . t h & i : * - 0*

F i r s t  Run Second Run, 24 ho u rs

(H ea tin g ) l a t e r *  (H e a tin g )*
177-360 162-240 
curved  0*70

7*0x10r l

360-417
1 .3 4

5*5x10r l

-81*35x10

240-333
1 .0 7

4 .2xlO “ 7

333-417
1 .39

3 .8x lO "7

417-496
0.86

8.0x10 -6

A t h i r d  ru n  on t h i s  c r y s ta l  gave th e  same con d u ctio n  as 

th e  second h ea tin g *

Im p u rity  C ontent (Grown from B.D.H. Ltd* C s l ) .

9*5 x 10” ^ m.f* Ba.

5*94 x 10” ^ m .f . S r .
1*3 x 10 m.f* Ca.

-51*2 1 10 m .f . Cu.

2 .3  x 10” 5 m .f . Fe.



13 15 17 1-9 2 1 23

l 0 ^ r (° A )_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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TABLE 33 (F ig ,  46 )

2+Ba -doped  C sl, so lu tio n -g ro w n  (H^SO^ as d e s ic c a n t ) .

P re trea tm en t>- A nnealed under vacuum fo r  384 Lours a t 500°C.

F i r s t  Run -  H e a tin g *

Range I  (°C)

EA(eV)

!.0 R .T .U .(ohm" l c " " 1) 
e s tim a ted *

253-302

0 .7 5
2*6x10-8

Range I  (a )  (°C)
EA(eV)

° 1 . 7  R .T .D .(ohm' 1 °0," 1)

Range I  (t>) (°C)

EA(eV)

® 1*55 R .T .U .^0htt ** ^
estim ated *

302-394
1*38

4 .9 x lO "7

394-497

1 .0 4

6* 5x10-6

Im p u rity  C ontent (Grown from B.D.H. L td . C s l ) *

5.7 X I 0 - 4 m . f . Ba

8*91 X 10~4 m . f * Sr

1 .9 X 1 0 "5 m . f . Ca

4 .1 X 10" 5 m . f . Cu

4 .6 5 X 10“ 5 m . f . Fe

i



O H M ',O vf
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TABLE 34 (P ig .  47 )

2+Ca -doped  C sl, so lu tio n -g ro w n  (CaCl^ as  d e s ic c a n t)

P r e tr e a tm en ti -  A nnealed under vacuum fo r  336 hours a t

F i r s t  Run -  C oo ling .
500°c

Range I  (°C) 242-315
EA(eV) 0 .9 3

O-2.0  R .T .U .(0hm" lcm" 1) 1 .65H O -8

Range I  (a )  (°C) 315-400
EA(eV) 1 .4 4

° 1 . 7  R .T .U .(oh" ' 1 °m" 1 ) 4 .4 H 0 " 7

Range I  (b ) (°C) 400-496
EA(eV) 0 .9 2

°1.55 R.T.0.(oh“"1<“ "1) 8.0X10-6
e stim ated *

A second ru n  was done on t h i s  c r y s ta l  b u t n o t enough 
o b s e rv a tio n s  were made to  j u s t i f y  q u o ta t io n  o f  a c t i v a t io n  
e n e r g ie s .  However, th e  c o n d u c tiv i ty  showed a s ig n i f i c a n t  

d e c rea se  from th e  f i r s t  ru n .

Im p u rity  C ontent (Grown from B.D.H. L td . C s l ) .

1 .9  x 10“ 4 m .f . Ba.
5 .94  x 10~4 m .f .  S r .
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TABLE 3 5 (K g .4 8 )

Pure C sl, m eIt-grow n, from Mervyn In stru m en ts L im ited .

P re trea tm en ti -  Annealed in  a ir  a t  500° C fo r  336 h ou rs.

F ree io d in e  was e v id e n t  in  th e  c r y s t a l  a f t e r  th e  a n n ea l.

F i r s t  Run -  H ea tin g .

T em perature Range (°C) 30 -  118

EA(eV) 0 .3 5

< ^3 .0  E .T .U . 8 .0  X 1 0 -9

Tem perature Range (°C) 118 -  227
EA(eV) F a l l  i n  CT

CJ~ (ohaf^cm - ^) 9*0 x 10max.
( J “ , (ohm~*cm” l )  7*9 x 10“ ^

HI D •

Range I  (°C ) 227 -  292

E (eV) 0 .8 2

° 2 . 0  H . T . 0 . l o t a “ X® " 1) - 6 . 0 x 1 0 - 9

Range I I  (°C) 292 -  560

Ea(.V ) 1 .3 4

° i . 4 R .T .a .{oim~lom~1) x ' 7 1  1 0 " 5

Im p u rity  C o n ten t.

< 5 x 10~6 m .f . a lk a l in e - e a r th  m e ta l. 

<■ 2 .3  x 10 5 m .f . Fe.
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TABLE 36(F ig , 49)

P ure C sl, m elt-g row n, from Mervyn In s tru m e n ts  L im ited . 

P r e tr e a tm e n ti -  A nnealed in  f o r  $6 h o u rs  a t  500°C.

F i r s t  Run -  H e a tin g .

Range I I  (°C) 227 -  560

EA(eV) 1 .3 7

^ * 1 .4  R .T.U . ^0hB ^   ̂ 2 .1  x 10

Im p u rity  C o n ten t.

4. 5 * 10"^ m .f . a lk a l in e - e a r th  m e ta l.

< 2 3  x 10~6 m .f . F e .







TABLE 37 (F ig .  30 )

Pure C s l, m e lt-g row a, from L ig h ts  L im ite d . 
P r e t r e a tm e n t i -  I r r a d i a t e d  in  th e  u l t r a - v i o l e t  f o r  30

m in u te s .
Heating<

 1
F i r s t  Run Second Run

Range I  (°C) 91-376 112-407
EA(eV) 0 .6 2  0 .6 2

° 2 . 0  R .T .0 .(oh>' l c “ ”1) 1-33X10"7 1.33X10-7

Range IX (°C) -  407—560

EA(eV) -  1 .3 4

° 1 . 4  R .T .O .(oh“ " 1 °,,," 1) -  1 .8 H O -5

Im p u rity  C o n ten t.
_5

< 1 .0  i  10 ra .f . a lk a l in e - e a r th  m e ta l.
< 2 .05  x 10“ ^ m .f . Cu.



® -  /)Nt4CflLE|> W l x  foft 9 iH o o « S  AT Sferffc. |Jt>)

13 15 1-7 1-9 21 2-3

IC^ 9 )____________________________________
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TABLE 38 (F ig .  51)

2+Ba -doped  C sl, so lu tio n -g ro w n  (H^SO^ as  d e s ic c a n t ) .

P r e tr e a tm e n t«- Annealed in  I 0 f o r  96 h o u rs  a t  500°Cf2

C ry s ta l  (a )  C ry s ta l  (b)

(H e a t in g ) . (H e a tin g ) .

T em perature Range (°C) 173-203 -

EA(eV) 1 .2 0

° 2 . 2  E .T .U .(0h“ "l c “_1 ) 9 .4 i 10‘ 9

Range I  (°C) 203-394
EA(eV) 0 .7 1

° 2 .0  R .T .U .(ohB" 1 °m' 1 ) 8 .5x10” ®

Range I  ( t )  (°0 )  -  372-441
E (eV) -  0 .7 6

a1.55 R.T.U.(oh“"lcm"1 ) -  6.5x10'6

Range I I  (°C) 394-560

EA(eV) 1 .3 6

° 1 . 4  R .T .U . ioba ' le a ~1 )  1 -85X10” 5

Im p u rity  C ontent (Grown from B.D.H. L td . C s l ) .

C ry s ta l  (a )  C ry s ta l  (t>)

5*7 x 10” ^ m .f . Ba. 1*9 x lO "^ m .f . Ba.

2*3 x 10” ^ m .f . P e . 8 .9  x 10"^ m .f . S r .



1 7 2 1 23

% V t )



TABLE 39 ( F i g . 52 )

Pure C sl, so lu tio n -g ro w n  (H^SO^ as d e s ic c a n t ) .

P r e tr e a tm e n ti -  Quenched in  l i q u id  from 400°C.

F i r s t  Run -  H e a tin g *

Tem perature Range (°C) 103-212

EA(eV) 0 .2 4

° 2 .3  E .T .U .(ohm" 1°a " 1) 1 .1 5 H O "9

Range I  (°C) 212-289
EA(eV) 0 .8 8

-1  - I n . 9
<*2.0 H .T .U .(oh“ ‘  > 4*3xl0‘

Range I I  (°C) 289-521

EA(eV) 1 .3 3

° 1 . 4  R ,* .0 . ( r t “ ” l e * "1) 1 .55xlO “ 5

Im p u rity  C ontent (Grown from B.D.H. Ltd* C s l ) .

1 -  3 x 10-4  m .f , a lk a l in e - e a r th  m eta l (Ba and S r ) .  

0 .1  -  1 x 10“ 4 m .f . Fe and Cu.





TABLE 40 ( F ig .  33)

2+Ba -doped  C sl, so lu tio n -g ro w n  (H^SO^ d e s ic o a n t) .

P r e t r e a t m e n t Quenched in  l i q u i d  from 400°C#

Range I  (°C)

EA(eV)

< ^2 .0  R .T .O .(oh" " l c “ " 1)

Rang* II (°C)
EA(eV)

° 1 . 4  R .T .U .(oh" " 1“Cm' 1)

C ry s ta l  (a ) C ry s ta l  (b )
(H e a tin g ) . (H e a t in g ) .

200-265 203-302
1 .0 3 0 .9 4

2.4xlO “ 9 4 . 5xlO"9

265-508 302-508

1 .3 3 1 .41

1 .4 x 1 0 "5 1.65x10“ 9

Im p u rity  C ontent -  Unknown.
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TABLE 41 CPIg.55 )

2 -SO^ -doped  C sl, so lu tio n -g ro w n  (HgSO^ as d e s ic c a n t ) .

P r e tr e a tm e n t»- U n tre a te d , a p a r t  from "being vacuum d r ie d .

C ry s ta l  (a )  C ry s ta l  ("b) C ry s ta l  (c )

(H e a t in g ) . (H e a t in g ) . (H e a t in g ) .

Range I I  (°C) 253-457 237-457 250-533
E (eV) 1 .4 2  1 .3 6  1 .4 2

0 " l . 4  R>T>u>(oha_1cm- 1 ) 1 .6 5 x 1 0 "5 2 .4xlO - 5  1 .6 5 ilO ~ 5

p_
The SO^ c o n te n t o f  th e s e  c r y s t a l s  i s  unknown.
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TABLE 42 (F ig .  56)
2 _

SO^ ""-doped C sl, so lu tio n -g ro w n  (H^SO^ as d e s ic c a n t) .

P r e t r e a tm e n t t -  C ry s ta l  (a )  was annea led  u n d er vacuum f o r  

96 hours a t  500°C. C ry s ta l  (b ) was quenched from 400°C in  

l i q u i d  Ng*

C ry s ta l  (a ) C ry s ta l  (b"
(H e a t in g )* (H e a tin g ) .

Range I  ( C) - 122-259
EA(eV) - 0 .59

^ 2 . 0  R .T .0 .(ol“ " l c " “ 1) - 1 . 15x10~8

Tem perature Range ( C) 253-421 259-421
EA(eV) 1 .2 6 1 .1 4

° 1 . 7  R .T .U .(oh” " 1 °”" 1) 2 .2x1O '7 2 .9 ilO “ 7

Range I I  (°C) 421-575 421-500

EA(eV) 1 .4 4 1 .3 5

P.fP.TT (°^® 0,1 ) 2 • O il O’” ̂ 1 .65xlO “ 5

2-
The SO  ̂ im p u rity  co n ten t o f  th e se  c r y s t a ls  i s  unknown*
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POLARISATION AND DIELECTRIC LOSS RESULTS. 

T y p ica l r e s u l t s  o f th e  above in v e s t ig a t io n s  a re
p.

shown f o r  two vacuum annea led  and two u n t r e a te d  Ba -doped  

c r y s t a l s .

TABLE 43 (F ig . 57)

2+U n tre a te d  Ba -doped  so lu tio n -g ro w n  C sl, t o t a l  c a t io n  
im p u rity  c o n ten t ^ 1  x 10 ^ m .f .

C ap ac itan ce  {w **)• ta n  cf . F requency ( c / s ) .
8 .4 0 .415 200
8 .6 0 .278 300

9 .4 0 .195 400

8 .7 0 .176 500

9 .2 0 .1 4 0 600

9 .1 0 .120 700
9 .0 0 .113 800

9 .0 0 .100 900
8 .8 0 .0 9 2 1000

9-0 0 .073 1200

8 .9 0 .062 1500
8 .6 0.051 2000

8 .5 0 .039 3000

8 .4 0 .0 3 4 4000

8 .2 0 .031 5000
8 .0 0 .025 7000

7 .4 0 .020 10 ,000

The te m p e ra tu re  a t  which th e  above o b s e rv a tio n s  were made 
was 270-2°C.



TABLE 44 (F ig .  3 7 ) .
2+Untreated Ba -doped solution-grown C sl, impurity

content unknown.

C ap ac itan ce  (ffiiF). t a n 6 . Frequency ( c / s ) .

4 .7  0 .237 200
6 .5  0 .114  300
6 .8  0 .082  400

7 .0  0 .0 6 4  500

7 .0  0 .057  600
7 .0  0 .0487 700
7 .0  0 .0400 800

7 .0  0 .0379 900
7 .0  0 .0341 1000

7 .4  0 .0287 1200

7 .4  0 .0230  1500

7 .3  0 .0175  2000
7 .1  0 .0161 2500
7 .2  0 .0132  3000
7 .2  0.0111  4000

7 .2  0 .0091 5000
7 .0  0 .0083  6000

7 .0  0 .0075  7000
7 .0  0 .0068  8000

7 .0  0 .0063  9000
7 .0  0.0061 10,000

The te m p e ra tu re  a t  which th e s e  o b s e rv a tio n s  were made was



TABLE 45 (F ig .  5 7 ) .

2+Vacuum an n ea led  Ba -doped  so lu tio n -g ro w n  C sl, 
t o t a l  c a t io n  im p u rity  c o n te n t » 8 .1  x 10 ^ m ,f .

C ap ac itan ce  {^pF ). ta n  6  « Frequency ( c / s ) .
6 .8 0.0328 1000
6 .8 0.0187 2000

6 .6 0.0141 3000

6 .7 0.0113 4000

6 .6 0.0096 5000

6 .6 0.0080 6000

6 .6 0.0072 7000

6 .5 0.0073 8000

6*4 0.0064 9000

6 .5 0.0054 10 ,000

The te m p e ra tu re  a t  whioh th e s e  o b s e rv a tio n s  were made was 
210£2°C.



TABLE 46 (F ig . 5 7 ).

2+Vacuum an n ea led  Ba -doped so lu tio n -g ro w n  C sl, t o t a l  

c a t io n  im p u rity  c o n te n t ■ I .48  x 10” ^ m .f .

C ap ac itan ce  (ppF) . ta n  . Frequency ( c / s ) .

9 . 0 0.0530 500
8.8 0.0276 1000
8.6 a  0143 2000

8.5 a  0091 3000
8 . 4 a  0074 4000

8 . 4 0.0060 5000
8.3 0 .0 0 4 4 7000

8.3 0.0035 9000
8.3 0.0032 10,000

The te m p e ra tu re  a t  which th e s e  o b s e rv a tio n s  were made was 
210±2°C.
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3 .2 . DIFFUSION.

3 . 2 . (a )  Cs -  137 D if fu s io n .

The m a jo r i ty  o f  th e  d i f f u s io n  m easurem ents have been 

made on p u re  unan n ea led  s o lu t io n  grown and Mervyn vacuum 

grown c r y s t a l s .  The r e s u l t s  f o r  th e  l a t t e r  c r y s t a l s  a re  

somewhat anomalous and i t  i s  in te n d e d , b e fo re  p re s e n ta t io n  
o f  th e  r e s u l t s ,  to  d is c u s s  in  some d e t a i l  th e  s u rfa c e  
d e c rea se  method f o r  m easurem ent o f  d i f f u s io n .

The s u r fa c e  d e c rea se  method i s  c r i t i c a l l y  dependent 
b o th  on th e  r e p r o d u c ib i l i ty  o f  th e  c o u n tin g  arrangem en t,

i . e .  c r y s ta l  p o s i t io n  in  re g a rd  to  th e  c o u n te r , and on th e  

d e c rea se  in  a c t i v i t y  a t  th e  s u r fa c e  on ly  r e s u l t i n g  from th e  

d i f f u s io n  o f th e  t r a c e r  in to  th e  c r y s t a l .  P ro c e s se s  such as  

e v a p o ra tio n  o f  th e  t r a c e r  from th e  c r y s ta l  s u r fa c e  w i l l  g iv e  

r i s e  to  la rg e  e r r o r s  in  th e  d e te rm in a tio n  o f  th e  d i f f u s io n  
c o e f f i c i e n t .  I t  i s  th e r e f o r e  an advan tage  in  t h i s  method 

to  u se  a t r a c e r  which i s  bo th  a and - e m i t t e r .  The 

a b so rp tio n  o f  th e  - r a y s  in  th e  c r y s ta l  i s  v e ry  sm all f o r  

s h o r t  d i f f u s io n  d is ta n c e s  and hence th e  jf  -c o u n t r a t e  should  

rem ain  c o n s ta n t d u rin g  th e  d i f f u s io n .  Any s ig n i f i c a n t  drop 

in  Jf -c o u n t r a t e  would in d ic a te  t h a t  e v a p o ra tio n  o f  th e  

a c t iv e  d e p o s it  had p ro b ab ly  tak en  p la c e .

In  th e  d i f f u s io n  m easurem ents on th e  s o lu t io n  grown 

c r y s t a l s  th e  -c o u n t r a t e  rem ained  c o n s ta n t w ith in  th e  
ex p e rim en ta l e r r o r  and th e  d i f f u s io n  c o e f f i c i e n t s  have been 

d e term ined  as  p re v io u s ly  d e s c r ib e d . The r e s u l t s  a re  
summarised in  T able  47 and a p lo t  o f  lo g  D a g a in s t  th e  

r e c ip r o c a l  te m p e ra tu re  i s  g iv en  in  F ig . 58. The r e p r o d u c ib i l i ty  

and th e  d i f f u s io n  g raph  a re  re a so n a b ly  s a t i s f a c t o r y .
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TABLE 47 ( F ig .  5 8 ) .

Cs  ̂d i f f u s io n  c o e f f i c i e n t s  f o r  p u re , u n tr e a te d ,  
so lu tio n -g ro w n  c r y s t a l s  o f  C sl (u n p o lish e d ) .

103/T (°A ). P (c a 2sec~1 ) .

1 .876 1 .0 0 z 1 0 -14

1 .7 5 4 1 .3 0 X 10"13

1 .6 9 5 3.51 X 10~13

1 .610 1 .9 0 X 10~12

1 .610 2 .70 X 10“ 12

1 .5 6 5 6 .32 X 10~12

1.471 9 .5 0 X io-11
1 .393 2 .93 X io-10
1.391 1 .6 3 X 10“ 10

1 .355 2 .68 X io-10
1 .355 1 .4 4 X 10“ 10

1 .294 1 .2 7 X io"9

A c tiv a t io n  energy  f o r  d i f f u s io n  i s  1 .74*0.08eV .

E p i c a l  a n a ly se s  f o r  th e se  c r y s t a l s ,  grown from Hopkins
—5and W illiam s C sl were < 2 .0  i  10 m .f . d iv a le n t  c a t io n  

2+im p u rity  (Ca )•
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In  th e  m easurem ents on th e  Mervyn vacuum grown
c r y s t a l s  th e  count r a t e s  in c re a s e d  a f t e r  th e  d i f f u s io n
h e a t in g .  The in c re a s e  in  Y -c o u n t r a t e  v a r ie d  betw een

5 and 205& depending  on th e  c r y s ta l  specim en. There was

no obvious c o r r e l a t io n  betw een th e  in c re a s e  in  count r a t e

and e i t h e r  th e  d i f f u s io n  tim e o r  th e  d i f f u s io n  te m p e ra tu re .
In  o th e r  s tu d ie s  where a com parison o f  su r fa c e  d e c rea se  and

m icrotom e te c h n iq u e s  have been made th e r e  i s  good

agreem ent betw een th e  d i f f u s io n  c o e f f i c i e n t s  de term ined
75by th e  two m ethods • In  one c a se , how ever, ( th e  d i f f u s io n  

o f  Co -  60 in  N i-A l a l lo y s )  in c re a s e s  in  -c o u n t r a t e  

have been som etim es o bserved  a f t e r  d i f f u s io n .  I t  has been 

found th a t  t h i s  i s  th e  r e s u l t  o f  ^ - s c a t t e r i n g  • The 

^ - s c a t t e r i n g  p ro d u ces  a maximum in  th e  a b so rp tio n  cu rv e .

I t  i s  u n l ik e ly ,  how ever, t h a t  t h i s  i s  th e  e x p la n a tio n  f o r  
th e  in c re a s e d  count r a t e s  in  th e se  ex p e rim en ts . The 

a b so rp tio n  curve has  been de term in ed  on s e v e ra l  o cca s io n s  
and th e  r e s u l t s  a re  r e p ro d u c ib le , F ig . 15* There i s  no 
ev idence  o f  any maximum in  th e  a b s o rp tio n  cu rv e .

F urtherm ore  th e  a b so rp tio n  m easurem ents a re  in  v e ry
48good agreem ent w ith  th o se  o f  Harvey who u sed  a s im i la r  

e x p e rim en ta l arrangem ent to  s tu d y  th e  d i f f u s io n  o f  Cs -  137 

in  s in g le  c r y s t a l s  o f  CsCl. The r e p r o d u c ib i l i ty  in  th e  

d i f f u s io n  count r a t e s  and th e  d i f f u s io n  c o e f f i c i e n t s  in  t h i s  
l a t t e r  work were v e iy  s a t i s f a c to r y  and no in c re a s e d  count 

r a t e s  were o bserved  a f t e r  d i f f u s io n .  I t  i s  s i g n i f i c a n t  th a t  
th e  CsCl specim ens u sed  in  th e s e  ex p erim en ts  were u n p o lish e d , 

so lu tio n -g ro w n  c r y s t a l s .  S a t i s f a c to r y  r e s u l t s  have been 
o b ta in e d  in  th e  p re s e n t  re s e a rc h  w ith  th e  so lu tio n -g ro w n  

c r y s t a l s  (T ab le  47) which were a ls o  u n p o lis h e d . The Mervyn 

vacuum grown c r y s t a l s  and a l l  o th e r  m elt-grow n c r y s t a l s  

r e q u ire d  p o l is h in g  p r i o r  to  u se  in  th e  d i f f u s io n  and
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c o n d u c tiv i ty  e x p e rim en ts . I t  th e r e f o r e  seems th a t  t h i s  

anom alous in c re a s e  in  count r a t e  i s  a s s o c ia te d  w ith  th e  

p o l i s h in g  o f  th e  c r y s t a l  p r i o r  to  th e  d i f f u s io n  

m easurem ents, and t h i s  i s  s u b s ta n t ia te d  by th e  r e s u l t s  f o r  

th e  p o lis h e d  so lu tio n -g ro w n  c r y s t a l s  which a ls o  show in c re a s e d  

count r a t e s  a f t e r  d i f f u s io n ,  Appendix(l).

I t  i s  su g g es te d  th a t  t h i s  in c re a s e  in  count r a t e

i s  due to  changes in  th e  co u n tin g  geom etry . I t  i s  b e lie v e d
th a t  th e re  i s  c o n s id e ra b le  movement o f  th e  a c t iv e  d e p o s it
in  th e  s u r fa c e  re g io n s  o f th e  c r y s ta l  d u rin g  d i f f u s io n

and t h i s  r e s u l t s  in  changes in  th e  co u n tin g  geom etry .

P o l i s h in g  o f  c r y s t a l  s u r fa c e s  f r e q u e n t ly  p ro d u ces
77p o l y c r y s t a l l i n i t y  in  th e  s u r fa c e  re g io n s  and th e  h e a tin g  

o f  th e  c r y s t a l s  d u rin g  d i f f u s io n  may p roduce s in te r in g  

in  th e s e  r e g io n s .  A l te r n a t iv e ly  th e  p o l is h in g  o f  c r y s t a l s  

w i l l  c e r t a in l y  p roduce s t r a i n  in  th e  s u r fa c e  re g io n s  and 

th e  r e le a s e  o f t h i s  s t r a i n  d u rin g  h e a tin g  cou ld  le a d  to  

d e fo rm a tio n  o f  th e  c r y s t a l  s u r f a c e .  T h is  h a s , in  f a c t ,  

been o bserved  in  some oases  a f t e r  a n n e a lin g  o f  p o lis h e d  

c r y s t a l s .  I t  sh o u ld  however be p o in te d  ou t t h a t  th e  

observed  in c r e a s e s  in  some c a se s  a re  somewhat l a r g e r  

th a n  would be ex p ec ted  on th e  b a s i s  o f  changes in  th e  

c o u n tin g  geom etry .

The r e s u l t s  f o r  p o lis h e d  c r y s t a l s  have been a n a ly se d  
on th e  assum ption  t h a t  changes do occu r in  th e  c o u n tin g  

geom etry d u rin g  d i f f u s io n .  The e f f ic ie n c y  o f  th e  c o u n te r  

f o r  f t -  and ^ f - r a y s  shou ld  n o t change d u rin g  d i f f u s io n

and co n se q u e n tly , i f  no d i f f u s io n  o c cu rred , th e  “IX 
count r a t i o  should  be e s s e n t i a l l y  in d ep en d en t o f  sm all 

changes in  th e  p o s i t io n  o f  th e  a c t iv e  d e p o s it  w ith  r e s p e c t

r a t i o  sh o u ld  d e c rea se  and t h i s ,  i n  f a c t ,  i s  alw ays o b se rv ed .

to  th e  c o u n te r . I f  d i f f u s io n  o c cu rred  th en count



The d i f f u s io n  c o e f f i c i e n t s  f o r  p o lis h e d  c r y s t a l s  have 
th e r e f o r e  been c a lc u la te d  u s in g  e q u a tio n  37 h u t ,  in s te a d

on ly  th e  f i -c o u n t r a t e ,  th e  i n i t i a l  and f i n a l  P / f  
count r a t i o s  a re  u se d . The r e s u l t s  a re  summarised in  

T ab les  4 8 - 5 1 .
The r e s u l t s  f o r  th e  Cs -  137 d i f f u s io n  in  u n an nea led  

Mervyn c r y s t a l s  a re  shown in  F i g .59* The g e n e ra l s i t u a t io n  
i s  th a t  a lth o u g h  th e s e  d i f f u s io n  r e s u l t s  canno t he u sed  f o r  

a q u a n t i t a t iv e  argum ent, th e  d i f f u s io n  c o e f f i c i e n t s  f o r  th e se  

c r y s t a l s  do show th e  same q u a l i t a t i v e  b eh av io u r a s  th e  
so lu tio n -g ro w n  c r y s t a l s .  In  f a c t  i f  th e  d i f f u s io n  

c o e f f i c i e n t s  f o r  th e  Mervyn c r y s t a l s  a re  averaged  a t  each 

te m p e ra tu re  th e n  th e  r e s u l t i n g  lo g  D a g a in s t  r e c ip r o c a l  

te m p e ra tu re  p lo t  i s  in  re a so n a b le  agreem ent w ith  th e  l i n e  

f o r  so lu tio n -g ro w n  c r y s t a l s ,  F ig .  60. The r e s u l t s  f o r  th e  

p o l is h e d  so lu tio n -g ro w n  c r y s t a l s  co u ld  be ta k en  as 

j u s t i f i c a t i o n  f o r  th e  m o d ified  method o f  c a lc u la t io n  s in c e  th e  
r e s u l t i n g  d i f f u s io n  c o e f f i c i e n t s  ag ree  re a so n a b ly  w ith  th e  

r e s u l t s  f o r  u n p o lish e d  so lu tio n -g ro w n  c r y s t a l s ;  th e  
d i f f e r e n c e  i s  l e s s  th a n  a f a c to r  o f  two, F ig . 60. F u r th e r  

j u s t i f i c a t i o n  f o r  t h i s  method i s  o b ta in e d  from th e  r e s u l t s  
f o r  th r e e  c r y s t a l s  u s in g  th e  m icrotom ing te ch n iq u e  d e sc r ib e d  

in  C hap ter 2 . The agreem ent i s  q u i te  re a so n a b le  (m icrotom e 
r e s u l t s  in  Appendix(3)) •
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TABLE 48 (F ig* 5 9 ) .

Cs

A
d if f u s io n  c o e f f i c i e n t s  c a lc u la te d  from

di'ffS ifgg®
and ( f  /  ^ )  f o r  p o l is h e d  Mervyn In s tru m e n ts  L im ited ,

d i f f u s io n ,

u n t r e a te d  C sl c r y s ta l s .

i o 3/ t ( ° a ) . w  2 - lx  D(cm sec  )• i o 3/ t ( ° a ) . w  2 - lvD( cm sec  )

1.733 3. 08x10~14 1.414 1 • 50x1 O'”10

1.715
-121.30x10 1.393 2. 40x l0~10

1.667
—121 . 50x10 1.383 1 .8 lx l0 " 10

1.667 l.OOxlO”13 1.383 7 .00x l0“10
1.621 8 .1 0 x l0 "13 1.383 8 .1 0 x l0 "1X

1.621 -123. 70x10 1.383 3.80X10’ 11

1.565
-123.00x10 1.368 4.10xl0“ 10

1.473 4.10x10"11 1.368 3.00xl0“10

1.473
-127.10x10 1.368 1.75xlO“ 10

1.464 2.04x1 O’"11 1.350 4 .2 0 x l0 "10

1.464 2.10xl0~10 1.350 4 .20x10”11

1.456 7.30X10"11 1.332 6 . 50x l0"10

1.447 5 . 5 ix io ~ n 1.333 3.75x1O-10

1.447 6.83X10'11 1.333 1 .20x l0“9
1.420 5. 80x10”11 1.290 5.00x1O” 10

1.282 2 .40xl0"9

Averaged r e s u l t s  a re  shown in  P ig . 60.

T y p ica l a n a ly se s  f o r  Mervyn In s tru m e n ts  L im ited  c r y s t a l s  

showed {  5xl0~^ m .f .  a lk a l in e - e a r th  im p u rity  and K 2.3xlO ~^ 

m .f .  F e .
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TABLE 49 (F ig . 6 0 ) .

Cs+ d i f f u s io n  c o e f f i c i e n t s ,  c a lc u la te d  from

( and ( a f t e r  f o r  p u re » p o l is h e d >d if f u s io n ,

u n t r e a te d  so lu tio n -g ro w n  c r y s t a l s  o f  C s l.

103/ t (°A ). D fc a ^ e c " 1 ) .

1 .667  1 .70x lO "12
1.522 2.40I10"11
1 .4 1 4  1 . 50x l 0“10
1 .3 6 6  1 . 30x l 0”10

T y p ica l a n a ly se s  f o r  th e se  c r y s t a l s ,  grown from

Hopkins and W illiam s C sl were <» 2 .0x10 m .f . d iv a le n t
2+c a t io n  im p u rity  (Ca )•





TABLE 50 (F ig .  6 1 ) .

Cs+ d i f f u s io n  c o e f f i c i e n t s  c a lc u la te d  from ( r / l f ) ,  «
diiJ8S?5S

and f o r  vacuum an n ea led  Mervyn In s tru m e n ts
d i f f u s io n ,

L im ited , p o lis h e d  C sl c r y s t a l s .

i o 3/ t ( ° a ) . _. / 2 - 1 .  D( cm sec  )

1 .9 0 5 9 . 50xlO“14
1 .686 —121 . 70x10

1.527 1.40X10”11

1.527 3.80X10"11
1.321 3 .6  5x10*”10

1 .321 4 .25x l0 " 10

Im p u rity  c o n te n t same a s  f o r  o th e r  Mervyn c r y s t a l s



- f t - Ba^

12 1-4. 14 18 1 0  Z l
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TABLE 51 (F ig . 6 2 ) .

Cs+ d i f f u s io n  c o e f f i c i e n t s ,  c a lc u la te d  from

b e fo re  and ( £ / / ) , .  f o r  ^ 2+-doped , p o lis h e d , 
d i f f u s io n  d i f f u s io n ,

u n t r e a te d  m elt-grow n c r y s t a l s  o f  C s l.

i o 3/ t ( ° a) . D(cm2sec"*^)• i o 3/ t ( ° a ) . 2 —1 D( cm sec*" ),

1 .9 0 5 9*93xlO“ 14 1.527 3.90x10*11
1 .720 4 .26x10 "1 3 1 .456 9 .00x10” 11
1 .720 1 .6 0 x l0 ~ 12 1 .433 1 • 28x10"10

1 .7 1 5 2.00x10” 1 2 1 .383 l.OOxlO’ 10
1 .686 1 .3 0 x l0 “ 12 1 .368 1 . 50x l 0“10

1 .6 1 3 6.13xlO "12 1 .368 4 . 50x l0“10
1 .6 1 3 1 • 48x10”11 1 .3 5 5 1.59xlO ” 9

1 .590 "2 . 70x1O-11 1 .355 5.37xlO “ 10

1 .5 6 5 3.00X10"11 1 .320 1 . 70xlO”9
1 .548 9.98xlO ” 12 1 .2 9 0 9 • 60xl0*"10

Im p u rity C o n ten t•
o 2

10 /T ( a) . I)(cm sec** ) . Im p u rity  C onten t ( m . f . )  M e ta ls .

1 .686 -1 21.30x10 1.43xlO “ 4 Ba, Cu 
Pe.

1 .548 9 .98x lO "12 2 .1 0 x l0 " 4 Ba, Cu 
P e.

1 .456 9.00x1 O'"11 1 .81x10-4 Ba, S r 
Pe, Cu

1 .368 4 . 50xlO“10 1.35xlO “ 4 Ba, Sr 
Pe, Cu

1 .383 l.OOxlO*"10 2.10x10-4 Ba, Cu 
P e.



TABLE 52 ( F ig .  6 2 ) .

Cs+ d i f f u s io n  in  u n p o lish e d , vacuum an n ea led
2+Ba -doped  so lu tio n -g ro w n  c r y s t a l s  o f  C sl.

1 0 3/ T ( ° A ) . w  2 - I n DC cm sec  ),

1 .8 6 9 3 .6 2 x lO “ 1 4

1 .8 6 9 4 .7 9 x lO " 1 4

1 .7 7 3 3 . l 6 x l O “ 1 3

1 .7 7 3 5 .2 1 x 1  ( T 1 3

1 .7 7 3 7 •4 2 x 1 0 " 1 4

1 .7 3 3 4 .1 8 x 1 0 ” 1 3

1 .7 3 3 1 .8 5 x lO ’ 1 3

1 .6 2 1 2 . 58X10- 1 1

1 .6 2 1 1 .0 6 X 1 0 *"11

The im p u r ity  c o n ten t o f  th e s e  c r y s t a l s  i s  unknown



98a

3 .2 . ( b ) .  Cl -  36 DIFFUSION.

There was a ls o  a la r g e  s c a t t e r  in  th e

d i f f u s io n  c o e f f i c i e n t  v a lu e s  in  Cl -  36 d i f f u s io n .
U n fo r tu n a te ly  t h i s  cannot he c o rre c te d  f o r ,  s in c e

Cl -  36 i s  on ly  a - e m i t t e r .  However, we have
quo ted  th o se  r e s u l t s  which were re a so n a b ly

re p ro d u c ib le  (T ab le  53) and have compared them w ith
47th e  i n te r p o la te d  1 .3 7  eV range  o bserved  Ijy Lynch , 

F ig . 63* In  c a se s  where r e p r o d u c ib i l i ty  i s  good 
2)C1-  f*  D j- (L ynch).





TABLE 53 ( F ig .  63) .

Cl” d i f f u s io n  c o e f f i c i e n t s  f o r  p o l is h e d , u n t r e a te d  

Mervyn In s tru m e n ts  L im ited  and L ig h ts  L im ited  C sl s in g le  

c r y s t a l s .

f—' 0 0

. w  2 - 1 \  D(cm sec  ).

1 .6 7 2 1.85xlO “ 12

1 .6 7 2 2 .90xlO "12

1 .585 3.05X10”11

1 .5 6 0 2.70X10”11

1 .530 7 .00x1O” 11

1 .530 1•00x10” 10

1 .4 9 5 5.40X10”11

1 .4 9 5 2 . 50x10”11

1 .482 1 .4 0 x l0 " 10

1 .4 8 2 1 • 30x l0”10

1 .447 1 . 90x l 0"10

1 .447 3* 35x10” 11

1.389 4 .1 0 x l0 ” 10

1.389 3.95x10“ 10

Im p u rity  c o n ten t -  same a s  f o r  o th e r  Mervyn and L ig h ts  

c r y s t a l s .



CHAPTER 4 
DISCUSSION



CONDUCTIVITY IK PURE CRYSTALS.

(a )  U n tre a te d  C r y s ta l s .
Two ra n g e s  o f c o n d u c tiv ity  have te e n  observed  in  

undoped c r y s t a l s  over th e  te m p e ra tu re  range  150-600°C. 

These two re g io n s  have been d e s ig n a te d  Ranges I  and II*  
Range I  i s  th e  low er te m p e ra tu re  ran g e , g e n e ra l ly  

o c c u r r in g  below 300°C. The c o n d u c tiv ity  in  t h i s  range 

was n o t re p ro d u c ib le  and th e re  i s  p o s s ib ly  some 

c o n tr ib u t io n  from im p u rity  e f f e c ts *  A d e ta i l e d  

d is c u s s io n  o f  t h i s  range  w i l l  th e r e f o r e  be g iv en  in  

th e  s e c t io n  on doped c ry s ta ls *  Range I I  showed good 

r e p r o d u c ib i l i ty  f o r  c r y s t a l s  grown by th e  same tech n iq u e  

though th e r e  was a s l i g h t  d i f f e r e n c e  in  th e  m agnitude 

o f  c o n d u c tiv i ty  (^ -  1*4 tim e s) betw een c r y s t a l s  from 

Mervyn In s tru m e n ts  L im ited , and so lu tio n -g ro w n  c r y s t a l s ,  

T ab le  54* However th e  a c t i v a t io n  e n e rg ie s  were 

i d e n t i c a l .  The c o n d u c tiv i ty  e q u a tio n s  fo r  Mervyn 

In s tru m e n ts  L im ited , and s o lu t io n —grown c r y s t a l s  a re  

summ arised below*

1 . Mervyn C r y s ta l s .

<r -  8 . 481IO4 exp . ( -1 .3 7  ( e V ) / k T )  ( 41)
( ohm" cm” 4-)

2 .  So lu tion-G row n C ry s ta ls*

cr -  6 .0 4 X 1 0 4 exp . ( - 1 . 3 7  (eV )/kT ) —  ( 4 2 )
(ohm cm” -1-)

(b ) A nnealed C r y s ta l s .

The g e n e ra l  e f f e c t  o f  a n n e a lin g  th e  c r y s t a l s  u n der 

vacuum was to  in c re a s e  th e  c o n d u c tiv i ty  in  Range I i  

t h i s  w i l l  be d is c u s se d  la te r *  The a c t i v a t io n  energy  

in  Range I I  was e s s e n t i a l l y  unchanged though th e  

c o n d u c tiv ity  was r a i s e d  s l ig h t ly *  The c o n d u c tiv ity  o f  

a l l  sam ples in  Range I I  was th e  same and th e  

c o n d u c tiv i ty  e q u a tio n  can be re p re se n te d  by

O' « 1 .1 3 x l0 5 exp . (-1 .3 7 (eV )/k T ) ------  (43)
( ohm~^cm- ^ )



and a com parison o f  th e  r e s u l t s  f o r  an n ea led  and 
u n tr e a te d  c r y s t a l s  in  th e  p re s e n t  re s e a rc h  w ith

th o se  o f  o th e r  w orkers i s  g iv en  in  Table 55.

TABLE 54.
C o n d u c tiv ity  p a ra m e te rs  f o r "p u re ” Csl c r y s t a l s

in  Range I I .

C ry s ta l  S o u rce .
Tem perature 
riange C°Ci .

EA(eV ). ° 1 .5  R .T.U .
( ohm” lcm“ l ) .

1 . Mervyn In s tru m e n ts 235-497 1 .3 7 4 .50x lO "6/
2. Mervyn In s tru m e n ts 265-479 1 .3 7 4* 50x10” £
3. L ig h ts 344-514 1 .3 3 3.00x10" ✓
4* L ig h t8 344-502 1 .3 3 3.00x10

5* S to ck b a rg e r 
Techique

315-560 1 .3 6 5 .0 0 x l0 "6

/
6 . Solution-G row n 283-496 1 .3 7 3 . 30x10"

7 . " " 289-479 1 .37 3 . 30xlO“ 6

8 . " " 227-496 

TABLE 55.

1 .37 3 .3 0 x l0 "6

C o n d u c tiv ity  p a ra m e te rs  f o r C s l.

R e fe ren c e . C ry s ta l  
Type.

T em perature 
Ran#e (°C ).

EA(eV) • <T ( ohm"^cm" 0 '

P re s e n t
Work Mervyn U n tr e a te d '**300-600 1 .3 7 8 .48x104

M A nnealed '*‘300-600 
S o lu tio n -g ro w n

U n tre a te d  ~ 300-600

1 .37

1 .37

1 .1 3 x l0 5

6 .0 4 i l0 4

S o lu t i  on-grown

A nnealed ~  300-600 1 .37 1 .1 3 x l0 5

Lynch4^ M elt-grow n ~  350-480 1 .2 5 1 .38x104

480-595 1 .4 3 2.21x105

)•

Ubbelohde
e t  a l 4^ P o ly c r y s ta l l in e  530-600 

R osse l e t  a l ^  Z one-R efined >400

R o sse l e t  a l - ^  Z one-R efined  203-420
>420

1 .3 7

1 .49

1 .3 3
1.60

3.00x10 

~ l . 00x10*



The r e s u l t s  o f  th e  p re s e n t  re s e a rc h  compare 
fa v o u ra b ly  w ith  th o se  from p re v io u s  work on C sl.

The a c t iv a t io n  energy  f o r  th e  co n d u ctio n  p ro c e ss  in  
Range I I  i s  in  good agreem ent w ith  th a t  re p o r te d  by 

R osse l e t  a l 52 (1 .3 3  eV), Ubbelohde e t  a l 49 (1 .3 7  eV)A 7
and Lynch (1*43 eV ). The 1*37 ©V range re p o r te d  by 

49Ubbelohde e t  a l  was i n t e r p r e te d  a s  b e in g  due to  e l e c t r o n i cA 7
c o n d u c t iv i ty .  Lynch h as d isc o u n te d  e le c t r o n i c  c o n d u c tiv ity  
in  t h i s  ra n g e , b u t p o s tu la te d  t h a t  a range o f  a c t i v a t io n  

energy  1 .2 5  ©V betw een 350-480°C was in  f a c t  i n t r i n s i c  
c o n d u c tiv i ty  due to  th e  movement o f  th e rm a lly  c re a te d  

d e f e c t s .  However above 480°C Lynch observ ed  a c o n d u c tiv ity  

range  o f  a c t i v a t io n  energy  1*43 eV which was n o t d is c u s se d  

in  d e t a i l .  The c r y s t a l s  o f  C sl u sed  i n  L y n ch 's  work c o n ta in ed  

im p u r i t ie s  o f  th e  o rd e r  o f  0 .0 1 ^  and i t  cou ld  be argued  th a t  

th e  c o n d u c tiv i ty  in  th e  range 350-480°C was in  f a c t  s u b je c t  

to  im p u r ity  e f f e c t s .  I f  t h i s  i s  th e  case  th e  1.43©V range  

would seem to  be a s s o c ia te d  w ith  an i n t r i n s i c  p ro p e r ty  o f  

th e  c r y s t a l .
52R ossel e t  a l  a ls o  o b serv ed  a h ig h  te m p e ra tu re  range

in  a d d i t io n  to  th e  1 .3 3  ©V ran g e  a lre a d y  m en tioned . T h is
second re g io n  o f  c o n d u c tiv ity  o c cu rred  above 420°C and had

. 47an a c t i v a t io n  energy  o f  ap p ro x im a te ly  1.60eV . Lynch and
49 __ ,a ls o  U bbelohde e t  a l  observ ed  c o n ca v ity  in  t h e i r  CT /

r e c ip r o c a l  te m p e ra tu re  p l o t s  v e ry  n e a r  th e  m e ltin g  p o in t .
I t  seemed l i k e l y  t h a t  th e  o bserved  in c re a s e  i n  c o n d u c tiv ity

observed  by Lynch and U bbelohde e t  a l  was due to  p re -m e lt in g

phenomena. In  th e  p re s e n t  r e s e a rc h  a h ig h  te m p e ra tu re  range

was a ls o  o b serv ed , though t h i s  re g io n  was n o t in  ev idence  in

p u re  c r y s t a l s .  T h is  range  (Range I I I )  w i l l  be d is c u s s e d  in

th e  s e c t io n  on doped c r y s t a l s .
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The r e p r o d u c ib i l i ty  in  a c t i v a t io n  energy  in  Range I I  

f o r  b o th  an n ea led  and u n an n ea led  c r y s t a l s  would su g g es t 

t h a t  t h i s  was in  f a c t  th e  i n t r i n s i c  ra n g e . At any one 

te m p e ra tu re  th e  d if f e r e n c e  in  th e  m agnitude o f  0“ betw een 

an n ea led  and u n an n ea led  c r y s t a l s  was l e s s  th an  a f a c to r  o f 2. 

T h is , how ever, was g r e a te r  th a n  th e  ex p ec ted  e x p e rim en ta l 

e r r o r .  T h is  change in  c o n d u c tiv i ty  upon a n n e a lin g  does n o t 

seem to  be a s s o c ia te d  w ith  any change in  th e  d e fe c t  n a tu re  o f 

th e  c r y s t a l ,  s in c e  any a d d i t io n a l  c o n d u c tiv ity  mechanism 

induced  by th e  a n n e a lin g  p ro c e s s  would be ex p ec ted  to  m a n ife s t 

i t s e l f  by a change in  a c t i v a t io n  en erg y . T h is  was n o t in  

f a c t  o b se rv ed . I t  sh o u ld  be p o in te d  o u t t h a t  d u rin g  

a n n e a lin g  u n d er vacuum a t  500°C, some e v a p o ra tio n  d id  occu r 

from th e  c r y s t a l  f a c e s  and i t  may w e ll be t h a t  th e  re a so n  

f o r  th e  change in  th e  m agnitude o f  CT i s  connected  w ith  a 

change in  s u r fa c e  a re a  o f  th e  c r y s t a l ,  which would le a d  to  

a change i n  c o n d u c tiv i ty  m agnitude , bu t n o t a c t i v a t io n  en erg y . 

I t  i s  s i g n i f i c a n t  t h a t  a n n e a lin g  i n  "atm ospheres o th e r  th an  

vacuum" e .g .  I ^  -  F ig . 49 and a i r  -  F ig . 48 produced  no 
in c re a s e  in  (T i . e .  Range I I  was th e  same as  f o r  u n tr e a te d  

c r y s t a l s .  For t h i s  re a so n , s in c e  ou r Cs+ d i f f u s io n  was c a r r ie d  
o u t in  a n i t r o g e n  atm osphere and L y n ch 's  I  d i f f u s io n  in  a 

helium  atm osphere , th e  com parison o f  c o n d u c tiv i ty  and 

d i f f u s io n  w i l l  be made w ith  th e  u n tr e a te d  c r y s t a l s .

4 .2 .  DIFFUSION IN PURE CRYSTALS.
A s in g le  ran g e  o f  Cs-137 d i f f u s io n  has been found in  

so lu tio n -g ro w n , u n t r e a te d  c r y s t a l s  o f  p u re  C sl o v er th e  

te m p e ra tu re -ra n g e  250-500°C, F ig . 58 . A lthough th e  r e s u l t s  

f o r  Mervyn u n an n ea led  c r y s t a l s  cannot be re g a rd ed  as  

c o n c lu s iv e , th e y  do in d ic a te  th e  same d i f f u s io n  range as the 

s o lu t io n —grown c r y s t a l ^  F ig s .  59—60. The d i f f u s io n  can be 

re p re s e n te d  by
D .  2 .2 5 X 1 0 2 exp . (-1 .7 4 (e V )/k T )   ( 4 4 )

( cm^sec- ! )
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The on ly  p re v io u s  d i f f u s io n  m easurem ents in  t h i s
47system  have been made by Lynch and th e  r e s u l t s  o f  th e  

p re s e n t  work f o r  Cs+ d i f f u s io n  were in  d isag reem en t w ith  

Lynch*s re p o r te d  d a ta .  The m agnitude o f  th e  Cs* d i f f u s io n  
in  th e  p re s e n t  r e s e a rc h  was low er a t  low te m p e ra tu re s  and 

a h ig h e r  a c t i v a t io n  en erg y , 1.74eV a s  opposed to  1*54 eV (Ljnch) 

was o b ta in e d . However th e  m agnitude o f th e  d i f f u s io n  

c o e f f i c i e n t  D was ap p ro x im a te ly  th e  same in  b o th  c a se s  a t  

500°C.
No m easurem ents o f  i "  s e l f - d i f f u s i o n  have been made,

b u t th e  few C l" d i f f u s io n  s tu d ie s  made were in  re a so n a b le

agreem ent w ith  Lynch’ s r e s u l t s  f o r  i "  d i f f u s io n ,  F ig . 63«
54Chemla observed  l i t t l e  d i f f e r e n c e  i n  d i f f u s io n  betw een 

Na+ and o th e r  m onovalent p o s i t iv e  io n s  in  NaCl. There 

was a ls o  l i t t l e  change in  d i f f u s io n  from th e  v a lu e  f o r  

Cl” when Br”  and i ”  were examined in  NaCl. T h is  would be 
in  agreem ent w ith  th e  o b s e rv a tio n s  in  t h i s  r e s e a rc h , i . e .

C l" d i f f u s io n  o f  th e  same m agnitude a s  i ”  d i f f u s io n  in  

C sl r e p o r te d  by Lynch. I t  sh o u ld  be m entioned , however,
78 Xt h a t  in  a re c e n t  p u b l ic a t io n  by M ullen e t  a l  on Rb 

d i f f u s io n  in  NaCl, KC1 and RbCl, t h a t  th e re  were s ig n i f i c a n t  

changes in  a c t i v a t io n  energy  and d i f f u s io n  m agnitude betw een 

Rb+ and Na+ in  NaCl and Rb+ and K+ in  KC1. The l a r g e r  Rb+ 

io n  showed a h ig h e r  a c t i v a t io n  energy  and s l i g h t l y  h ig h e r  

d i f f u s io n  c o e f f i c i e n t  th a n  th e  Na+ io n , f o r  d i f f u s io n  in  

NaCl. S im ila r  e f f e c t s  were o bserved  in  KC1. However,
R ^ -  < R j- ,  and i f  one ta k e s  C hem la's work in to  account

i t  i s  u n l ik e ly  t h a t  t h i s  change in  io n  sh o u ld  a p p re c ia b ly  

a f f e c t  th e  d i f f u s io n  p a ra m e te rs . C e r ta in ly  an o rd e r  o f  

m agnitude d if f e r e n c e  would n o t be ex p ec ted  and th e r e f o r e  we 

may be j u s t i f i e d  in  u s in g  (Lynch) and (p re s e n t  work)

f o r  com parisons betw een th e  d i f f u s io n  and th e  c o n d u c tiv i ty .
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4 . 2 . (a )  Cs+ DIFFUSION IK PURE. ANNEALED MERVYN CRYSTALS.
There app eared  to  he a s l i g h t  lo w erin g  o f  a c t i v a t io n  

energy  f o r  Cs+ d i f f u s io n  in  p u re , Mervyn an n ea led  c r y s t a l s ,  

P ig . 61, and th e  d i f f u s io n  c o e f f i c i e n t s  were s l i g h t l y  

h ig h e r  th a n  in  th e  p u re  u n t r e a te d  c r y s t a l s .  I t  i s  

d i f f i c u l t  to  say w hether t h i s  in c re a s e  i s  o f  any 

s ig n if ic a n c e  in  th e  l i g h t  o f  th e  u n r e p r o d u c ib i l i ty  a s s o c ia te d  

w ith  p o lis h e d  c r y s t a l s .  Even i f  t h i s  in c re a s e  i s  in  f a c t  

g enu ine  i t  i s  to o  sm all to  accoun t f o r  th e  in c re a s e  in  CT 

on a n n e a lin g  under vacuum because  o f  th e  low Dgg+ /D j-  r a t i o .

4 .3 .  COMPARISON OF <T AND D IK PURE CRYSTALS.
I f  th e  c o n d u c tiv i ty  in  th e  i n t r i n s i c  range i s  p u re ly  

io n ic ,  and i t  i s  th e  same p ro c e s s e s  which a re  r e s p o n s ib le  

f o r  d i f f u s io n  and c o n d u c t iv i ty , th e n  a com parison o f  th e  

r e s u l t s  o b ta in e d  by th e  two te c h n iq u e s  can be made u s in g  th e  

N e m s t- E in s te in  r e l a t io n s h ip  (e q u a tio n  2 2 ).

i . e .  (T -  H ef

DCb+ + V  kT
However, a s  d is c u s s e d  in  th e  in t r o d u c t io n  a c o r r e la t io n  

f a c to r  ( f )  must be in c lu d e d  where f  * ®Cs+ +

and where D^- i s  th e  d i f f u s io n  c a lc u la te d  from th e  

c o n d u c tiv i ty  u s in g  th e  N e m s t- E in s te in  e q u a tio n . The 

e v a lu a t io n  o f f  can be u sed  a s  a means o f  id e n t i f y in g  th e

io n ic  m ig ra tio n  mechanism. F or vacancy m ig ra tio n  in  a
19Csl l a t t i c e  f  * 0.6555> w hile  f o r  movement o f

i*T
i n t e r s t i t i a l s  by d i r e c t  jumps f  ■ 1 •

I t  i s  th e r e f o r e  ou r in t e n t io n  to  u se  ou r ®qs+ r e s u l t s

a lo n g  w ith  th e  D j- r e s u l t s  o b ta in e d  by Lynch and to

compare th e s e  w ith  th e  v a lu e s  o f  D c a lc u la te d  from th e  

c o n d u c tiv i ty  r e s u l t s .  We have assumed th a t  th e  h ig h  

te m p e ra tu re  range o f 1“ d i f f u s io n  (>  410°C) o f
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a c t iv a t io n  energy  1.37©V i s  in  f a c t  a s s o c ia te d  w ith  

i n t r i n s i c  b e h av io u r , s in c e  below 410°C, where Lynch 

observed  a range o f  I  d i f f u s io n  o f  a c t i v a t io n  energy 

1.28eV , th e r e  co u ld  be s ig n i f i c a n t  im p u rity  e f f e c t s :  th e
c r y s t a l s  u sed  by Lynch c o n ta in ed  ^  0 .01$  im p u r ity . Thus 

th e  c a lc u la t io n  o f  f  has been based  on th e  o bserved  Cs+ 
d i f f u s io n  in  t h i s  work and th e  in te r p o la te d  I~  d i f f u s io n  

( l.3 7 eV ) o bserved  by Lynch. However fo r  com parison 

p u rp o se s  f  d e r iv e d  from th e  a c tu a l  I~  d i f f u s io n  

(1 .2 8  and 1.37®V) h as  been in c lu d e d . The r e s u l t s  f o r  

so lu tio n -g ro w n  and Mervyn m elt-grow n c r y s t a l s  a re  shown 

in  T ab les  56 and 57*

TABLE 56.

C o r re la t io n  f a c to r  f  f o r  so lu tio n -g ro w n  c r y s t a l s .

D„ + ( t h i s  work) us D- + ( t h i s  work) us dcr  
2 —1

f ( l ) . f ( 2 ) ,
+ D j- ( a c t u a l ) 47 + L j-  (1.37eV ) (cm sec  )

( l )  (cm2sec“ 1 ) . (2 ) ( c a 2sec ~ * ).

1 .8 1 .26x1 O*”1 2 8.72X10"13 8.60x1 O*"1 ^ 1 .4 7 1 .01

1 .7 5 .68xlO "12 4.38xlO “ 12 - 1 24.25x10 ^ 1 .3 4 1 .0 3
1 .6 2.68x10-11 2.23X10"11 2.10x10-11 1 .2 8 1 .0 7

1 .5 1 • 20x10"”10 1 .1 3 x l0 ~ 10 l . lO x lO '10 1 .09 1 .0 3

1 .4 5 .9  5*1 CT10 5.95xlO “ 10 5* 7 2x10“*10 1 .0 4 1 .0 4

1 .3 3 .20x l0~ 9 3.20x1O-9 2 .8  5x10*”9 1 .1 3 1 .1 3
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C o rre la t io n  f a c to r f  fo r  Mervyn m elt-grow n c r y s t a l s .

>3/T (°A ).
^ t o t a l ^ t o t a l V S i l l - f  ( 2 )

i l l M
( 2 - 1 \  (cm sec  ) . , 2 - 1 ,  (cm sec  )• / 2 -1* (cm sec  )•

1 . 8 1 .2 6 x lO “ 1 2 8 .7 2 x lO “ 1 3 - 1 21 .15x10 x^ 1 .1 0 O.76
1 .7 5 .6 8 x lO ~ 1 2 4 * 3 8 x 1 0*"1 2

-1 25* 91x 10 x ^ 0 .9 6 0 .7 4

1 . 6 2 .  6 9 x 1 0*”11 2 . 2 3 x lO “ n 3 .0 0 X 1 0 " 11 O.89 0 .7 4

1 . 5 1 .2 0 x 1  ( T 1 0 1 .1 3 x 1 0 ~ 1 0 1 .5 5 x lO “ 1 0 O.78 0 .7 3

1 . 4 5 .9 5 x 1 0 " 1 0 5 . 9 5 i l O " 1 0 7 .7 4 x lO " 1 0 0 .7 7 0 .7 7

1 . 3 3 . 2 0 x 1 0 ” 1 0 3 .2 0 x l 0 ~ 9 4.16x10“9 0 .7 7 0 .77

The v a r i a t io n  in  th e  v a lu e s  o f  f ( l )  compared w ith  th e  

constancy  o f  f ( 2 )  s u g g e s ts  t h a t  our assum ption  th a t  D^-

(l*37eV ) i s  i n t r i n s i c  i s  j u s t i f i e d .  The v a lu e  o f  f ( 2 )  l i e s

betw een th e  t h e o r e t i c a l  e s tim a te s  f o r  S cho ttky  vacancy m ig ra tio n
and i n t e r s t i t i a l  movement. However th e  f a c t  t h a t  + andCs

D j- a re  l e s s  th a n  a f a c to r  o f  te n  d i f f e r e n t  in  t h i s  te m p e ra tu re

range  s u g g e s ts  t h a t  S ch o ttk y  d e f e c ts  a re  r e s p o n s ib le  f o r  io n ic

m ig ra tio n . I f  Cs+ had been d i f f u s in g  by an i n t e r s t i t i a l
mechanism i t  would be ex p ec ted  th a t  th e re  would be a g r e a te r

79d if f e r e n c e  betw een th e  v a lu e s  o f  and T^ e s l i g h t l y

l a r g e r  v a lu e  o f  f ( 2 )  co u ld  p o s s ib ly  be due to  some d i f f u s io n  

o c c u r r in g  v ia  n e u t r a l  d e fe c ts  such  a s  a n io n -c a tio n  vacancy 

p a i r s .  T h is  d i f f u s io n  would n o t c o n tr ib u te  to  io n ic  

c o n d u c tiv ity  and so ^ o t a l ^ O *  would  c e r t a in l y  be l a r g e r .

Large c o r r e la t io n  e f f e c t s  would be ex p ec ted  f o r  d i f f u s io n  by 

th e  i n t e r s t i t i a l q y  mechanism, which was n o t what was found in  

t h i s  c a se .



1 08 .

The v a r i a t i o n  in  th e  f ( 2 )  v a lu e  a t  1 .3 0  „ TT may beR« T.U.
s i g n i f i c a n t .  The t h e o r e t i c a l  c a lc u la t io n  o f CT from 

I>totai  p r e d ic te d  an in c re a s e  in  a c t i v a t io n  energy  above 420°C

f o r  c o n d u c tiv i ty  (Range I I I ) .  T h is  a c t i v a t io n  energy  shou ld
be about 1.55eV , which would r e s u l t  i n  a 20$ in c re a s e  in  CT

a t  500°C. T h is  sho u ld  c e r t a in l y  be ob serv ed  u s in g  th e
ex p erim en ta l system  f o r  c o n d u c tiv i ty  a lre a d y  d e s c r ib e d .

However, th e  in c re a s e  has n o t been observed  in  p u re  c r y s t a l s

in  t h i s  r e s e a rc h ,  though th e  h ig h  te m p e ra tu re  range o bserved  
52by R ossel e t  a l  , a lre a d y  m entioned , i s  in  agreem ent w ith  th e se

t h e o r e t i c a l  p r e d ic t io n s .  Range I I I ,  however, e x is te d  in

some c a tio n - ir a p u r i ty  doped specim ens and th e s e  w i l l  be

d is c u s s e d  l a t e r .

4 .4 .  CONDUCTIVITY IN HOPED CRYSTALS.

The o r ig in a l  i n t e n t io n  was to  in v e s t ig a te  c r y s t a l s  o f 
2+C sl doped w ith  Ba • However, in  c r y s t a l s  grown from s o lu t io n

and a ls o  some m elt-grow n c r y s t a l s  th e r e  was an a p p re c ia b le
2+ 24-amount o f  o th e r  a lk a l in e - e a r th  im p u r i t ie s  (S r  , Ca ) .

The C sl re a g e n t u sed  f o r  c r y s t a l  grow th was o b ta in e d  from 

M essrs. Hopkins and W illiam s L im ited  and M essrs. B.D.H.
L im ite d . High p u r i t y  C sl was n o t o b ta in a b le  a t  th e  tim e , 

though r e c e n t ly  OPTRAN h ig h  p u r i t y  Csl has become a v a i l a b le .  

A lthough th e  m a n u fa c tu re rs ' c laim ed  th e  same so u rce  o f  Csl 

f o r  t h e i r  r e a g e n ts ,  (and  on t h i s  b a s is  no s p e c ia l  d e c is io n  
was made on th e  s u p p l i e r ) ,  i t  h as been found th a t  th e  C sl 

s u p p lie d  by Hopkins and W illiam s L im ited  i s  much p u re r  th an  

th a t  o f  B.D.H. L im ite d .

4 .4 (a )  UNTREATED CRYSTALS GROWN OVER H2S04 AS DESICCANT.

Two c o n d u c tiv i ty  re g io n s  were observed  in  th e se  c r y s t a l s  

c o rre sp o n d in g  to  Ranges I  and I I  in  p u re  c r y s t a l s .  Range I  

was n o t re p ro d u c ib le  from sample to  sam ple and i s  d is c u s s e d  

in  d e t a i l  l a t e r .  Range I I  showed c o n s ta n t v a lu e s  o f E^

b u t th e re  were s l i g h t  changes in  th e  m agnitude o f  CT v a ry in g
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betw een p u re , so lu tio n -g ro w n  unan n ea led  and Mervyn 

un an n ea led  c r y s t a l s .

Three o f th e  c r y s t a l s  showed a h ig h  te m p e ra tu re

c o n d u c tiv i ty  ra n g e , co rre sp o n d in g  to  Range I I I  a lre a d y

m entioned , F ig s .  32 -  34. T h is  range occu rred  in  th e se

specim ens above 440°C, which i s  to o  low f o r  t h i s  to  be

a s s o c ia te d  w ith  p re -m e lt in g  phenomena. I t  i s  s ig n i f i c a n t
th a t  th e  a c t i v a t io n  energy  shown in  t h i s  range was

1 .5 5  -  1*57 eV which i s  v e ry  n e a r  to  t h a t  p r e d ic te d  by
th e  d i f f u s io n  r e s u l t s  and i t  would appear t h a t  t h i s  range

i s  a s s o c ia te d  w ith  th e  in c r e a s in g  s ig n if ic a n c e  o f  th e  c a t io n
2+d e fe c t a t  th e s e  te m p e ra tu re s . The u n t r e a te d  Ba -doped

c r y s t a l s ,  a s  w i l l  be su g g es ted  l a t e r ,  c o n ta in e d  v ery  l i t t l e
s u b s t i t u t i o n a l l y  d is so lv e d  im p u rity  and may be co n s id e re d

to  be b ehav ing  a s  “p u re "  c r y s t a l s  in  t h i s  ra n g e . However

i t  i s  s tra n g e  th a t  th e  p u re  c r y s t a l s  d id  n o t e x h ib i t
52Range I I I  a t  a l l ,  though R osse l e t  a l  w orking on v ery  

p u re  c r y s t a l s  o f  C sl d id  o b serv e  t h i s  h ig h e r  a c t i v a t io n  

energy  above 420°C. I t  i s  ap p a ren t t h a t  a c lo s e r  

ex am in atio n  o f  th e  c o n d u c tiv i ty  and d i f f u s io n  in  t h i s  

re g io n  i s  r e q u ir e d .

4 .4 . ( b )  APPEALED CRYSTALS.

The c o n d u c tiv i ty  o f  th e  an n ea led  doped c r y s t a l s  

showed s ig n i f i c a n t  d i f f e r e n c e s  from u n t r e a te d  specim ens,

F ig s .  38 -  47* There e x is te d  fo u r  ran g es  o f  c o n d u c tiv i ty ,  
Range I  and I I  as  b e fo re , and in  a d d i t io n  Ranges I  (a )  
and I  (b ) b o th  o f  which o c cu rred  betw een Ranges I  and I I .

In  Range I  (a )  th e  c o n d u c tiv i ty  was re p ro d u c ib le  from 

sample to  sample and th e r e  was th e rm a l h y s te r e s i s  in  th e  

c o n d u c tiv i ty  on c o o lin g  • T h is  b eh av io u r i s  sym ptom atio 

o f  a re g io n  in  which im p u rity  d is s o lu t io n  i s  ta k in g  p la c e .  

C o n d u c tiv ity  p a ra m e te rs  f o r  t h i s  range a re  shown in  T able 58.



TABLE 58.

C o n d u c tiv ity  p a ra m e te rs  in  Range I  ( a ) .

A lk a l in e -e a r th  
C ry s ta l  Type. C ontent ( m . f . ) . *

2+Ba -doped  s o lu t io n -
grown _4

(H^SO^ as  d e s ic c a n t)  4*45*10

2+Ba -doped  s o lu t io n -  
grown

(H^SO^ a s  d e s ic c a n t)

2+Ba -doped  s o lu t io n -  
grown

as  d e s ic c a n t)  2.10x102 4 
2+Ba -doped  s o lu t io n -  

grown
(h2S°4 as  d e s ic c a n t)  1 .56x10

2+Ba -doped  s o lu t io n -  
grown

(H^SO^ as  d e s ic c a n t)  1 *48x10

2+Ba -doped  s o lu t io n -  
grown

(CaCl^ as  d e s ic c a n t)

2+U nannealed Ba -doped 
so lu tio n -g ro w n

(CaCl^ a s  d e s ic c a n t)  4 *50x10

p .
U nannealed Ba -doped  

so lu tio n -g ro w n  
(CaClg as  d e s ic c a n t)

2+Ba -doped  m elt-grow n 
(U nannealed)

-4

-3

-3

,-4

1 .2 8

8 .1 0 x l0 ~ 4 1 .3 0

1 .3 3

1 .3 4

1 .3 6

7 *84xlO"4 1 .4 4

1 .2 8

7 . 84x10“4 1 .2 0

1 .3 1

^* 1 .7  R.T.U 
(ohm~l cm~^-)

5 .6 0 x l0 “ 7

5*90x10” 7 

5. 50xlO“ 7 

5 . 50x l 0“7 

4 . 80x l 0~7 

4*70x10"7 

5*00x10” 7

4*00x10” 7 

4 .00x10 "7
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TABLE 56 ( c o n td .)

A lk a l in e -e a r th

C ry s ta l  Type. C ontent (m .f .)  ^  ( ohm"xcm" x ) .
E .(eV ). -----1»T R»T.U.

2+Ba -doped  m elt-g row n ^
(U nannealed) 5*70x10 1 .3 8  3*60x10

2+Ba -doped m elt-grow n .
(A nnealed) 1 .96x10“  1*34 4*40x10

There was no c o r r e l a t io n  betw een th e  e x te n t  o f th e
2+  2+ 2+" s o l u b i l i t y M range and th e  Ba , S r o r  Ca c o n c e n tra t io n s ,

n o r was th e r e  any agreem ent betw een th e  e x te n t  o f  th e  range

and th e  Cu o r  Fe c o n te n t .  I t  would seem lo g ic a l  to  assume

th a t  th e  range  i s  due to  th e  a lk a l in e - e a r th  im p u rity  s in c e

th e re  was no n o t ic a b le  e f f e c t  o f  Fe o r Cu in  c r y s t a l s

c o n ta in in g  on ly  th o se  m e ta ls  c . f .  Mervyn and S to ck b a rg e r

p u re  c r y s t a l s .
Range I  ( b ) ,  in  th e  l i g h t  o f  th e  above p ro p o s a ls ,

would ap p ear to  be due to  f r e e  c a t io n  vacancy movement o r

to  d i s s o c ia t io n  o f c a t io n  im p u rity -v acan cy  com plexes.

A more d e ta i l e d  a n a ly s is  o f  t h i s  ran g e  w i l l  be g iv en  l a t e r .

Range I I ,  th e  i n t r i n s i c  range was in  agreem ent w ith  p u re ,
an n ea led  c r y s t a l s .

4 . 4 . (c )  CRYSTALS GROWN OVER CaClg AS DESICCANT.

2+The u n t r e a te d  Ba -doped  c r y s t a l s  grown over CaCl^ 

d i f f e r e d  from th o se  grown ov er H^SO^ in  th a t  th e y  showed

Ranges I  (a )  and I  (b ) w ith o u t a n n ea lin g  b u t th e  s o l u b i l i t y  

range showed an anom alously low  b reak  te m p e ra tu re .
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However, on a n n e a lin g , th e  s o l u b i l i t y  range was
ex tended  and ag reed  w ith  th e  s o l u b i l i t y  ran g e  observed

in  an n ea led  c r y s t a l s  grown o v er as d e s ic c a n t ,  T ab le  $Q.

4 . 4 . (d ) CRYSTALS GROW BY THE STOCKBARGER TECHNIQUE.

These c r y s t a l s  showed th e  same b eh av io u r as  th o se  
grown from s o lu t io n  over CaCl^, in  t h a t  a s o l u b i l i t y  range 
w ith  an anom alous b reak  te m p e ra tu re  was observed  p r i o r  to  

a n n e a lin g , and t h i s  r e v e r te d  to  a lignm en t w ith  th e  
an n ea led  so lu tio n -g ro w n  c r y s t a l s  a f t e r  a h ig h  tem p e ra tu re  

a n n e a l, T ab le  5^.
4 . 4 . (e )  CONDUCTIVITY IK RANGE I  (a )  (ALL CRYSTALS).

The c o n d u c tiv i ty  in  t h i s  ran g e  was re p ro d u c ib le  from

sample to  sam ple and th e rm a l h y s te r e s i s  was observed  on

c o o lin g . These c h a r a c t e r i s t i c s  in d ic a te  th a t  th e  c o n d u c tiv ity
45i s  due to  im p u rity  d is s o lu t io n  in  th e  c r y s ta l  l a t t i c e  •

I f  t h i s  i s  th e  case  th e n  u s in g  th e  L id ia rd  n o t a t i o n ^

c (c  + 3 ^ )  * exp . ( -  f " l / f c T ) -------------------(45)

where c i s  th e  c a t io n  im p u rity  c o n te n t in  mole f r a c t i o n s  (m .f .)
^  i s  th e  c a t io n  vacancy c o n c e n tra t io n  in  m .f .

r x i s  th e  f r e e  energy  o f  s o lu t io n .

Where c ^  th e n ,

c a exp . ( -  I" lA T )  (46)

i . e .  c -  exp . ( -  r  1/zkT) -------------------(47)

The f r e e  energy  term  can be s p l i t  in to  an en tro p y  and 

e n th a lp y  term  in  th e  u s u a l fa s h io n  g iv in g

c * exp . ( f 1L/ac) exp.  ( - ^ 1 /Z k T ) ---------- (48)

Where i s  th e  e n th a lp y  o f  s o lu t io n  and i s  th e  en tro p y  

o f  s o lu t io n .

i . e .  c * A exp. ( - t l / Z k T )  ------------------- (49)
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The s o l u b i l i t y  range  had a h ig h e r  m agnitude th a n  th e

i n t r i n s i c  range which would su g g es t t h a t  th e re  was an

a p p re c ia b le  c o n c e n tra t io n  o f  im p u rity  go ing  in to  s o lu t io n .

For sm all amounts o f  im p u rity  th e  e f f e c t  would be to

d e p re ss  th e  th e rm a l an io n  vacancy c o n c e n tra tio n  which,

as has a lre a d y  been d is c u s s e d , i s  th e  main c o n tr ib u t io n  to

th e  c o n d u c tiv i ty  a t  th e s e  te m p e ra tu re s . T h e re fo re  th e
m agnitude o f th e  s o l u b i l i t y  range  would te n d  to  su g g es t

th a t  c » X 1 ‘ From e q u a tio n  (49) when c a p lo t  o f

th e  s o l u b i l i t y  range  b reak  te m p e ra tu re  ( i . e .  e x te n t)  v e rsu s

l / T  shou ld  be a s t r a i g h t  l i n e  o f s lo p e  - “t" l / 2 k .  The e x te n t

o f th e  s o l u b i l i t y  ran g e  has th e r e f o r e  been examined as a

fu n c tio n  o f m o le - f r a c t io n  a lk a l in e - e a r th  im p u rity  and th e

r e s u l t s  a re  shown i n  F ig . 64* A l e a s t  sq u a re s  a n a ly s is

o f  th e  d a ta  g iv e s  a v a lu e  f o r  ^ * l/2  o f  0 .6 7 -O .lle V . The
h e a t o f  s o lu tio n * ? ^  would seem to  be o f  th e  o rd e r  1.35eV

and t h i s  must be ta k e n  as  th e  average  h e a t o f  s o lu t io n  f o r

a lk a l in e - e a r th  im p u r i ty . The 2.10x10 ^ m .f . a lk a l in e - e a r th

c r y s t a l ,  which i s  th e  f u r t h e s t  from th e  l e a s t  sq u a res

l i n e ,  seemed to  be in  e r r o r  s in c e  o th e r  a n a ly se s  on c r y s t a l s

from th e  same b a tc h  gave a lk a l in e - e a r th  im p u rity  c o n te n ts  o f 
-4th e  o rd e r  5*0x10 m .f . ,  which would be much more

com patib le  w ith  th e  o th e r  r e s u l t s .  The av erage  a c t iv a t io n  

energy  in  th e  s o lu b i l i ty - r a n g e  (l.3 4 e V ) w i l l  n o t ,  o f  co u rse ,

from th e rm a l an io n  v a c a n c ie s  i n  t h i s  ra n g e . Thus no v a lu e  

o f  U cou ld  be e s tim a te d .

th e re  was no e f f e c t  on th e  c o n d u c tiv i ty  by th e  d e l ib e r a te

be eq u a l to  U+ + s in c e  th e re  w i l l  be c o n tr ib u t io n s

+
2-I t  i s  u n l ik e ly  t h a t  th e  in c o rp o ra t io n  o f  SO^ io n s

from th e  d e s ic c a n t  would p re v e n t th e  appearance  o f  a 

s o l u b i l i t y  range  in  u n tr e a te d  c r y s t a l s  grown o v e r H^SO^, s in c e

a d d i t io n s  o f  SO^ ( o r  C O ^ ) even upon a n n e a lin g  and
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quenching  from h ig h  te m p e ra tu re s , F ig s .  55 -  56.

A lso th e re  was no s ig n i f i c a n t  d if f e r e n c e  betw een th e  

c o n d u c tiv i ty  and d i f f u s io n  o f  "p u re"  c r y s t a l s  grown 

o v er and CaCl^ as  d e s ic c a n ts .  The anomaly may be

a s s o c ia te d  w ith  th e  r a t e  o f  c r y s ta l  g row th . G en era lly  

H^SO^ p roduced  f a s t e r  grow th th a n  CaCl^ -  l e s s  th a n  a 

week f o r  ^ 2 ^ 4  a s  °PPose(* "to weeks f o r  CaCl^. The 
im p u r ity , which i s  o b v io u sly  v e ry  in s o lu b le ,  w i l l  

p ro b ab ly  be p re s e n t  as  la rg e  " i s l a n d s " o f  p r e c i p i t a t e  in  

c r y s t a l s  grown over and so lo n g  p e r io d s  o f  a n n ea lin g

a re  r e q u ire d  to  b reak  up th e s e  " i s la n d s "  and so produoe a 
more un ifo rm  d i s t r i b u t i o n  o f  im p u r ity . C ry s ta ls  grown 

over CaCl^ a s  d e s ic c a n t  w i l l  have a s l i g h t l y  more random 
d i s t r i b u t i o n  o f- Im p u rity  and so some can go in to  s o lu t io n  

more r e a d i ly ,  b u t th e  l a r g e r  " is la n d s "  w i l l  s t i l l  be 

in s o lu b le .  The s o l u b i l i t y  ran g e  b reak  te m p e ra tu re  i s  
low because  a l l  o f th e  im p u rity  i s  n o t d is s o lv e d . The 

c r y s ta l  r e q u i r e s  a n n e a lin g  to  p roduce a co m p le te ly  un ifo rm  

d i s t r i b u t i o n ,  and t h i s  was confirm ed  by th e  com parative  
agreem ent betw een an an n ea led , doped c r y s t a l  grown over 

CaClg and th e  o th e r  a n n ea led , doped c r y s t a l s  grown over 

H2S04, F ig . 47,
The anom alies  in  th e  u n an n ea led , m elt-g row n, doped 

c r y s t a l s  a r i s e  from th e  non-random  d i s t r i b u t i o n  o f  

im p u rity  due to  th e  m echanical w orking and p o l is h in g  
in v o lv e d  in  t h e i r  p r e p a r a t io n .  The s t r a i n  in tro d u c e d  by 

th e s e  tre a tm e n ts  i s  removed d u rin g  th e  h ig h  te m p e ra tu re  

an n ea l and th e  c o n d u c tiv i ty  f a l l s  in to  l i n e  w ith  th a t  

o bserved  in  th e  an n ea led  c r y s t a l s .
F u r th e r  p ro o f  o f  th e  g r e a t  i n s o l u b i l i t y  o f  th e  c a t io n  

im p u r i t ie s  was o b ta in e d  by th e rm a l c y c lin g  s tu d ie s .  
A lthough th e re  was h y s te r e s i s  on c o o lin g  th e  c r y s ta l  from

te m p e ra tu re s  above th e  s o l u b i l i t y  ra n g e , f u r th e r  h e a tin g s
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showed th a t  th e  im p u rity  had p r e c ip i t a t e d  o u t a t  

low te m p e ra tu re s  on c o o lin g .

4 . 4 . ( f )  CONDUCTIVITY IK RANGE I  ( b ) .

Range I  (a )  has a lre a d y  been d isc u sse d  in  term s o f

th e  d i s s o lu t io n  o f  c a t io n  im p u r ity  in  th e  c r y s ta l  l a t t i c e .
However t h i s  s o l u b i l i t y  range o c cu rred  a t  on ly  a s l i g h t l y

h ig h e r  m agnitude o f  c o n d u c tiv ity  th a n  th e  i n t r i n s i c  ran g e ,
and we a re  th e r e f o r e  fa c e d , in  Range I  (b ) ,  w ith  th e

e x p e rim en ta l l i m i t a t i o n  o f on ly  a sm all te m p e ra tu re  range

over which th e  c o n d u c tiv ity  can be exam ined, F ig . 54*
I t  h as been su g g es te d  th a t  a s s o c ia t io n  o f  im p u rity  w ith

32v a c a n c ie s  i s  a p r e c u r s o r  to  im p u r i ty - d is s o lu t io n  •

Vacancy fo rm a tio n  due to  im p u rity  must reduce  th e  th e rm al 
vacancy c o n c e n tra t io n , and s in c e  an ion  v a c a n c ie s  a re  th e  

predom inant s p e c ie s  in  c o n d u c tiv i ty  a t  th e se  te m p e ra tu re s , 

t h i s  would r e s u l t  in  a c o n s id e ra b le  d e c rea se  in  
c o n d u c tiv i ty  due to  th e rm al v a c a n c ie s . I f  th e  im p u rity  

v a c a n c ie s  a re  a s s o c ia te d  th e y  would n o t c o n tr ib u te  to  th e  

c o n d u c tiv i ty  and i t  would be ex p ec ted  th a t  C“ would be 

low er th a n  CT ( i n t r i n s i c ) .  We have o bserved  (T ^  (7*

( i n t r i n s i c )  and so th e  degree  o f  a s s o c ia t io n  must be sm a ll. 

I f  t h i s  c o n d u c tiv ity  range i s  in d eed  due to  f r e e  v a c a n c ie s , 

th e n  th e  a c t i v a t io n  energy  f o r  th e  p ro c e ss  sho u ld  be U+ , th e  

a c t i v a t io n  energy  f o r  m o b il i ty  o f  a  p o s i t iv e  io n  vacancy .

The a c t i v a t io n  e n e rg ie s  ob serv ed  in  t h i s  ran g e  a re  shown 

in  T able  59*



TABLE 59.

A c tiv a t io n  e n e rg ie s  f o r  c o n d u c tiv ity  in  Range I  (b)

A lk a lin e -E a r th  
Im p u rity  C ontent ( m . f . ) .

4 .45^10
8.10x10

2.10x10

1.56x10

r4
,-4
1-4

,-3
-31 . 48x10 

7 . 8 4 x 1 0 “ 4  

1 . 9 6 x 1 0 - 4

C ry s ta l  Type. 

S o lu tio n -g ro w n

M elt-grow n
(S to ck b a rg e r)

Ea (eV ).

0.92
1 .0 4
0 .96

0.86
1 .07
0 .9 2

0 .9 0

I t  would seem th a t  U+ i s  o f  th e  o rd e r  o f  0.90eV , which i s  

c o n s id e ra b ly  h ig h e r  th an  th e  v a lu e  o f  0.58eV proposed  f o r  
U 6y L y n c h ^ .

I t  sh o u ld  be p o s s ib le  to  a n a ly se  th e  r e s u l t s  in  t h i s  
range in  th e  manner p ro posed  by L i d i a r d ^ .  In  a system  

where th e  m o b ili ty  o f  th e  n e g a tiv e  io n  i s  g r e a te r  th a n  

th a t  o f  th e  p o s i t iv e  io n  th e  r e l a t i v e  c o n d u c tiv ity  

(<T /<T  Q) / im p u r i ty  c o n te n t iso th e rm s  sho u ld  show a 
minimum a t  p o s i t iv e  im p u rity  c o n c e n tra t io n s .  The minimum 

r e l a t i v e  c o n d u c tiv i ty  i s  g iv en  by

(O ' ^  o^min -   (318)
1 + 4>

and th e  im p u rity  c o n te n t a t  th e  minimum by

* 0  (<ft-1)  (31a)min

The above e q u a tio n s  and term s have a lre a d y  been d is c u s se d  

in  th e  in t r o d u c t io n .  The r e s u l t s  have been a n a ly sed  in



t h i s  range a t  1 .5 5  R .T .U . and 1*50 R.T.U. and th e
iso th e rm s  a re  shown in  F ig s . 65 and 66 r e s p e c t iv e ly .

A p r e d ic t io n  o f  C . cannot be made s in c e  X  i s  * mm o
unknown. However (d* /CT ) . can be c a lc u la te d ,  as' o min 7

i t  depends on ly  on th e  v a lu e  o f 0 , th e  m o b ility  

r a t i o  which can be e s tim a te d  from th e  s e l f 

d i f f u s io n  r e s u l t s  s in c e  (f) « “ ^ l ” /^C s+ *

v a lu e s  o f  (J) a t  1*55 and 1*50 R.T.U . a re  5*33 and 4*50 

r e s p e c t iv e ly .  These v a lu e s  le a d  to  e s t im a te s  o f 
(O ' / O ') q a t  1 .5 5  and 1 .5 0  R .T.U . r e s p e c t iv e ly ,  o f

O .7 3  and 0 .7 7  ohm""^cm"^. F ig s .  65 and 66 show th a t
th e re  i s  a d e f in i t e  minimum a t  each te m p e ra tu re , and

a lso  th e  com parative  agreem ent o f  th e  m agnitude o f th e
minimum w ith  t h a t  c a lc u la te d .  I t  was d i f f i c u l t  to

e s tim a te  w ith  a h ig h  accu racy  th e  v a lu e  of c . from th emin

g ra p h s , s in c e  th e re  were few r e s u l t s  in  th e  a re a  o f  th e  

minimum. However, em̂ n a t  1*55 R .T.U . ap p ea rs  to  be

^ 1 . 0 0 x l 0 “ 4 m .f . and a t  1 .5 5  R .T.U . ^  1 . 50xl0~4 m .f .

I t  i s  to  be s t r e s s e d  th a t  th e se  can on ly  be re g a rd e d  as

e s t im a te s ;  however th ey  a re  to  be u sed  in  th e  c a lc u la t io n

o f  X  , th e  c o n c e n tra t io n  o f  i n t r i n s i c  d e f e c ts ,  a t  th e se  o
te m p e ra tu re s .

-4S u b s t i tu t io n  o f  c . » 1 .00x10 in  e q u a tio nmin _
(31a) gave a v a lu e  o f  5*33*10 m .f . f o r  X Q a t  1 .5 5  R .T.U .

A s im i la r  c a lc u la t io n  gave X  * 9*09xl0~5 m .f . a to
1 .5 0  R .T .U . From th e s e  v a lu e s  o f X Q i t  was p o s s ib le  to  

c a lc u la te  th e  c o n d u c tiv ity  a t  d i f f e r e n t  im p u rity  c o n te n ts  

hy s u b s t i t u t i o n  in  e q u a tio n  ( 28)
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i . e .  <r / < r 0 -  + 1 ] i -  —  ( 28)

Prom an ex am in atio n  o f  th e  g rap h s  i t  can he seen  th a t  
g e n e r a l ly  th e re  i s  good agreem ent between c a lc u la te d  

and ex p e rim en ta l v a lu e s  o f  (T /< r  though th e  r e s u l t

a t  im p u rity  c o n te n t 1 . 48x10 ^ m .f . would seem to  be in

e r r o r .  These o b s e rv a tio n s  would in d ic a te  th a t  th e re  i s
go

l i t t l e  o r  no a s s o c ia t io n  a t  th e se  te m p e ra tu re s  •

From th e  m agnitude o f  th e  v a lu e s  o f -X a t  1*55

and 1 .5 0  R .T.U . an e s tim a te  o f  th e  p re -e x p o n e n t ia l
f a c to r  in  th e  th e rm a l vacancy c o n c e n tra t io n  e q u a tio n

(1 0 ) , can be made. C a lc u la t io n s  o f  KB have been made f o r  
15NaCl and KC1 J and th ey  p r e d ic t  th a t  fo r  S cho ttky  

v a c a n c ie s  i s  10^-10^ -  th e  v a lu e  f o r  F ren k e l
d e f e c ts  i s  much s m a l le r .  Assuming th a t  W th e  h e a t o f 

fo rm a tio n  o f  a S ch o ttk y  d e fe c t  i s  2.00eV, 5 6  f o r  

Csl i s  ap p ro x im a te ly  3x10^, which would seem to  confirm  

th e  e x is te n c e  o f S cho ttky  d e fe c ts  in  t h i s  s a l t .

4 .4 (g )  CONDUCTIVITY IN RANGE I .

The c o n d u c tiv i ty  o f  c a t io n  in rp u rity -d o p ed  c r y s t a l s ,  

bo th  an n ea led  and u n an n ea led , i s  summarised in  T ab les  60 
and 61.



TABLE 60.

C o n d u c tiv ity  o f u n t r e a te d  c a t io n - im p u rity  doped
c r y s ta l s in  Range I .

C ry s ta l  Type. T em perature Im p u rity  C ontent ^ 2 . 0  R.T.U.
Range (*C ). (m .f . A lk a lin e - (ohm“ ^cm*“̂ ) . EA(eV)

E a r th ) •

M elt-grow n
(S to ck h a rg e r) 162-253 _ 9 .00x10"9 0.61
M elt-grow n
(S to ck h a rg e r) 147-256 5. 70x10"5 l.OOxlO"8 0 .4 2
Solu t i  on-grown 
(H^SO^ d e s ic c a n t) 205-253 _ 1 • 80x l 0~9 0 .79
S o lu tio n -g ro w n
(HoS0 . d e s ic c a n t)  

2 4
253-402 — 1 .20x10” 8 1 .09

S o lu tio n -g ro w n  
(CaCl^ d e s ic c a n t) 203-256 7 . 84xlO“ 4 l .lO x lO " 8 O.78
S o lu tio n -g ro w n  
(C aC l- d e s ic c a n t) 232-315 4.87x 10“4 8 .80x10*”9 1 .0 6

The o th e r  u n tr e a te d  c a t io n  im p u rity  doped c r y s t a l s  (s e e  R e s u lts  

s e c t io n )  d id  n o t show a s ig n i f i c a n t  ran g e  co rre sp o n d in g  to  Range I .



TABLE 61.

C o n d u c tiv ity  o f  annea led  c a tio n  im p u rity -d o p ed  

c r y s t a l s  in  Range I .

C ry s ta l  Type.

M elt-grow n
(S to ck h a rg e r)

S o lu t i  on-grown 
(H^SO^ d e s ic c a n t)

S o lu t i  on-grown 
(H^SO^ d e s ic c a n t) .

S o lu tio n -g ro w n  
(HgSO^ d e s ic c a n t)

S o lu tio n -g ro w n  
(H2S04 de s ic c a n t)

S o lu tio n -g ro w n  
(H SO. d e s ic c a n t)

2 4
S o lu tio n -g ro w n  
(H^SO^ d e s ic c a n t)

S o lu tio n -g ro w n  
(H^SO^ d e s ic c a n t)

S o lu t i  on-grown
(H J30. d e s ic c a n t)  

2 4
S o lu t i  on-grown 
(CaClp d e s ic c a n t)

Tem perature 
Range (° C ) .

168-265

160-315

203-280

224-315

< 305

222-315

208-259

177-360

253-302

242-315

Im p u rity  C ontent 
(m. f . A lk a lin e -  
E a r th ) .

1.96x10'-4

-44.45*10

5.20x10"^ 

8 .10x10~4

2.10x10r 4

5.20x10-5

1 .0  xlO

1.56x10'-3

-31.48x10

7 .84x10 "4

2 . 0 S . T . U .  „  // *  _ r  —1\ E .(eV ) (ohm xcm x ) . A 1

1.00x10 -8

5.ooxio '-8

5 . 50x io -8

2.40x10-8

1 . 15*10'-8

7.00x10'-7

2 . 60x10'-8

1.65x10'-8

0 .8 0

curved

0.90

0 .9 3

curved

O.85

8.90x10~9 0. 43

curved

0 .7 5

0 .9 3

There was no ev id en ce  o f  any c o r r e la t io n  betw een

th e  c o n d u c tiv ity  and any o f  th e  im p u rity  c o n te n ts .
47Lynch has p o s tu la te d  t h a t  th e  c o n d u c tiv ity  in  t h i s



12 1 .

ran g e  i s  c o n tr o l le d  by c a t io n  v a c a n c ie s  c re a te d  by th e  

in c o rp o ra t io n  o f  a l io v a le n t  im p u rity  in  th e  Csl l a t t i c e ,  
th e  v a lu e  o f  U+ b e in g  0.58eV . However, th e re  was no 

ev idence  f o r  t h i s  from h is  d i f f u s io n  r e s u l t s  in  t h i s  

ra n g e . In  c e r t a in  c a se s  a 0.60eV range  has been observed  

in  t h i s  r e s e a rc h  in  th e  low te m p e ra tu re  ran g e , b u t th e  

most marked example o f  t h i s  range  was g iv en  by a L ig h ts  

c r y s ta l  F ig . 50> w hich, a cc o rd in g  to  th e  a n a ly s is  f ig u r e s ,  

was by f a r  th e  p u re s t  c r y s t a l ,  c o n ta in in g , in  f a c t ,  on ly  

l x l 0 “ 6 m .f . o f  Ca2+.
P o la r i s a t io n  e f f e c t s  were in v e s t ig a te d  in  t h i s  

te m p e ra tu re  range and no s ig n i f i c a n t  dependence o f 

c a p a c ita n c e  upon freq u en cy  was found . However, th e  tem per
a tu re  may be to o  low to  ex p ec t p o l a r i s a t i o n ,  bu t i f  i t  had

On
been p re s e n t  t h i s  would have in d ic a te d  io n ic  c o n d u c tiv ity  •
D ie le c t r i c  lo s s  m easurem ents in  t h i s  ran g e  a lso  showed no

ev idence  o f  any vacancy com plexes, F i g . 57*
There was no ev idence  th a t  t h i s  range  was due to

im p u r i ty -c re a te d  an io n  v a c a n c ie s  and in  any case  d iv a le n t
82c a t io n  and an ion  im p u r i t ie s  cannot b o th  be s o lu b le  ,

a lth o u g h  in  t h i s  case  a t  d i f f e r e n t  te m p e ra tu re s . The
2-r e s u l t s  o f  th e  c o n d u c tiv i ty  ex p erim en ts  on SO^ doped 

C sl (F ig s .  55 -  56) showed th a t  th e  im p u rity  had no 

s ig n i f i c a n t  e f f e c t  on th e  c o n d u c tiv ity  in  t h i s  ra n g e .

The low te m p e ra tu re  range  was fre q u e n tly  p re fa c e d  by 

a c o n d u c tiv i ty  ran g e  o f v e ry  low a c t i v a t io n  en ergy , 

( p a r t i c u l a r l y  in  an n ea led  specim ens) and i t  i s  th o u g h t th a t  

t h i s  range  may be a s s o c ia te d  w ith  e l e c t r o n i c  c o n d u c tiv i ty . 

I t  was s ig n i f i c a n t  th a t  in  c a se s  where t h i s  pronounced 

f l a t  range  e x is te d  t h a t  e x t r a p o la t io n  and s u b tr a c t io n  

o f  t h i s  range  from Range I  gave c o n d u c t iv i t ie s  which la y  

on th e  e x te n s io n  o f  th e  s o l u b i l i t y  ra n g e .



The su g g e s tio n  th a t  th e  low te m p e ra tu re  c o n d u c tiv ity  
i s  a s s o c ia te d  w ith  e l e c t r o n i c  c o n tr ib u t io n s  stemmed 

from th e  o b s e rv a tio n  th a t  in  c e r t a in  o f th e  c a t io n  

im p u rity -d o p ed  so lu tio n -g ro w n  c r y s t a l s  a f t e r  a n n e a lin g , 

th e re  was ev idence  o f t r a c e s  o f  f r e e  io d in e  (o r  p o s s ib ly  
C s l^ ) , and th e  c o n d u c tiv i ty  a t  low te m p e ra tu re s  was 

p a r t i c u l a r l y  h ig h  in  th e se  c r y s t a l s .  The c o lo u ra t io n  
d isap p e a re d  a t  ap p ro x im a te ly  270° C b u t no io d in e  was 

evo lved  from th e  c r y s t a l s .  I t  i s  p o s s ib le  th a t  some o f

th e  im p u rity  rem ains in  th e  c r y s ta l  l a t t i c e ,  a f t e r  th e
+ 2+ + a n n ea l, a s  M r a th e r  th a n  M , th e  l a r g e r  M io n  b e in g

more fa v o u ra b le , from th e  io n  s iz e  p o in t  o f  view , f o r  th e

Csl l a t t i c e .

i . e .  2MI„ ( i n  G sl) 2M I(in C sl) + I £ -------------------(A)

T h is  would g iv e  r i s e  to  e l e c t r o n i c  co n d u ctio n  by th e  

p ro c e ss
I -  ^  " ''*B a2+ —> Ba+ + X —>Ba2+ + I -

V e ^

I t  would c e r t a in l y  seem th a t  th e  f r e e  io d in e  p ro d u c tio n  

must be a s s o c ia te d  w ith  th e  c a t io n - im p u r i ty  io n s  s in c e  

th e re  was no c o lo u ra t io n  o bserved  in  th e  p u re , an n ea led  

c r y s t a l s .
A nnealing  in  I ^  shou ld  d r iv e  r e a t io n  (A) to  th e  l e f t

and th e r e f o r e  i t  m ight be ex p ec ted  th a t  in  th e  doped
2+c r y s t a l s  su b je c te d  to  t h i s  t r e a tm e n t,  ev id en ce  o f M

e f f e c t s  in  th e  l a t t i c e  m ight be o b serv ed . The r e s u l t s
o f  th e  a n n e a ls  in  io d in e  vapour d id  in  f a c t  show enhanced

c o n d u c tiv i ty  in  Range I ,  F ig . 51* I t  shou ld  be p o in te d

out t h a t  t h i s  enhancem ent cou ld  be th e  r e s u l t  o f  d e s t r u c t io n
45o f OH io n s  in  th e  c r y s ta l  d u rin g  th e  an n ea l •



I t  i s  su g g es ted  th a t  th e re  i s  a s ig n i f i c a n t  

c o n tr ib u t io n  from e le c t r o n i c  c o n d u c tiv ity  a t  low 

te m p e ra tu re s  b u t th e re  must a ls o  be some io n ic  c o n tr ib u t io n  

s in c e  CT ( s o l u b i l i t y )  + CP (p ro p o sed  e le c t r o n ic )  does 

n o t account f o r  th e  observed  m agnitude o f 0“ in  a l l

c a s e s . The e le c t r o n i c  c o n tr ib u t io n  does n o t a r i s e  from
+ 49th e  o x id a tio n  o f Cs p roposed  by Ubbelohde e t  a l  s in c e

th e  c o n d u c tiv i ty  in  t h i s  range was u s u a l ly  th e  s m a lle s t  in  
p u re  Mervyn c r y s t a l s ,  though a Mervyn c r y s t a l  an n ea led  

in  a i r  d id  show e le c t r o n i c  c o n d u c tiv ity  a t  low te m p e ra tu re s , 
F ig . 48* However, i t  cou ld  a r i s e  from sm all amounts o f

Cu+ — Cu^+ + e
2+ -v Vo r Fe T F e  + e in  th e  l a t t i c e .

The io n ic  c o n tr ib u t io n  may be th e  r e s u l t  o f th e  v e ry  sm all
amount o f  im p u rity  which i s  s o lu b le  a t  th e se  te m p e ra tu re s  

o r  th e re  may p o s s ib ly  be some c o n tr ib u t io n  from boundary 

e f f e c t s  though th e  l a t t e r  shou ld  be sm all in  C sl.

DIFFUSION OF Cs* IN UKANNEALED DOPED CRYSTALS  ̂ F i g .62 .
2+The ex p erim en ts  were conducted  on Ba -doped  m elt-grow n

c r y s t a l s ,  grown by th e  S to c k h a rg e r te ch n iq u e  and a ls o  on
2+some vacuum -annealed Ba -doped  so lu tio n -g ro w n  c r y s t a l s .

The a n a ly s is  f ig u r e s  f o r  th e  m elt-grow n c r y s t a l s  in d ic a te  
s im i la r  a lk a l in e - e a r th  im p u rity  c o n te n ts  4*8x10 J m .f .

(w ith in  th e  l i m i t s  o f  e r r o r s  on a n a ly s i s ) .  The Cs+ d i f f u s io n  
r e s u l t s  can be u sed  in  su p p o rt o f  th e  c o n d u c tiv i ty  r e s u l t s .

The s c a t t e r  in  th e  r e s u l t s  d id  n o t a llo w  th e  c a lc u la t io n  o f  
a c t i v a t io n  e n e rg ie s  b u t th e  r e s u l t s  d id  show a h ig h  a c t iv a t io n  

energy  range  Between 250°c and 360°C, which may co rresp o n d  

to  s o l u b i l i t y  Range I  (a )  o bserved  in  th e  c o n d u c tiv ity  

e x p e rim en ts . Above 360°C th e re  was a d e c rea se  in  a c t i v a t io n  

energy  ( c . f .  Range I  ( b) )  b e fo re  th e  d i f f u s io n  reach ed
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ap p ro x im a te ly  th e  p u re , i n t r i n s i c  Cs+ d i f f u s io n  l i n e

a t  451°C. I t  i s  p o s s ib le  t h a t  th e se  r e s u l t s  could  be
c o n sid e red  to  l i e  on Lynch*s Cs+ d i f f u s io n  l i n e ,  bu t

i t  i s  reg a rd ed  as s ig n i f i c a n t  th a t  com parison o f

(T  w ith  D, f o r  a s e c t io n  o f  c r y s ta l  from th e  same

bou le  as th e  c r y s t a l s  u sed  in  th e  d i f f u s io n  s tu d ie s

showed c lo se  agreem ent* The c r y s ta l  p ie c e  u sed  in  th e
-5

c o n d u c tiv ity  experim ent c o n ta in e d  5*7x10 m .f . 

a lk a l in e - e a r th  im p u rity  and th e  s o l u b i l i t y  range ex tended  

to  372°C and Range I  (b ) ex tended  to  467°C, Fig* 28*
T h is  i s  compared w ith  360°C and 451°C r e s p e c t iv e ly  f o r  

th e  d i f f u s io n  ex p e rim en ts . T h is  agreem ent between th e  
c o n d u c tiv i ty  and d i f f u s io n  in  th e se  c r y s t a l s  su g g ested  
th a t  th e  " im p u rity  r e g io n s ” observed  in  th e  d if f u s io n  
m easurem ents d id  in  f a c t  co rre sp o n d  to  s im i la r  re g io n s  

in  th e  c o n d u c tiv i ty  ex p e rim en ts .

4 .6 .  CONCLUSIONS FROM THE RESULTS.

The r e s u l t s  a re  in  g e n e ra l agreem ent w ith  th o se  o fA 7
Lynch re g a rd in g  th e  io n  m ig ra tio n  m echanism s. I t  

would ap p ear t h a t  S ch o ttk y  d e fe c ts  a re  p redom inan t, 

w ith  movement o c c u r r in g  v ia  v a c a n c ie s . Both io n s  make 

s ig n i f i c a n t  c o n tr ib u t io n s  to  th e  c o n d u c tiv i ty  above 

300°C though th e  c o n tr ib u t io n  o f  th e  c a t io n  does n o t 
ap p ear to  be a s  la r g e  a s  th a t  p r e d ic te d  by th e  t r a n s p o r t  

number m easurem ents on CsBr by Laurance . However, 
Laurance has p o in te d  o u t t h a t  in  c a se s  where th e  t r a n s p o r t  

numbers a re  n o t n e a r ly  u n i ty  o r  z e ro , th e r e  w i l l  be 

c o m p lic a tio n s  a s s o c ia te d  w ith  p r e f e r e n t i a l  grow th 

phenomena a t  th e  c r y s t a l  o r  compact i n t e r f a c e s  which 

produce c o n s id e ra b le  s c a t t e r  in  th e  r e s u l t s .
I t  i s  su g g es ted  th a t  th e  v a lu e s  o f  an ion  and c a t io n  

m ig ra tio n  a c t iv a t io n  e n e rg ie s  a re  much h ig h e r  th an  Lynch
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p ro p o sed . Lynch p o s tu la te d  th a t  th e  low te m p e ra tu re  
c o n d u c tiv ity  was a s s o c ia te d  w ith  c a t io n  im p u rity -in d u c e d

t h i s  w ith  h i s  d i f f u s io n  m easurem ents, and a lso  in  our 

d i f f u s io n  ex p erim en ts  th e re  was no ev idence  o f  t h i s  low 
te m p e ra tu re  ra n g e . We have c e r t a in l y  observed  an 

a c t iv a t io n  energy  o f  C.60eV, b u t th e re  i s  no ev idence  
th a t  t h i s  i s  a s s o c ia te d  w ith  im p u r i t ie s ;  in  f a c t  th e  

most marked 0.60eV range o ccu rred  in  a L ig h ts  c r y s ta l  

which co n ta in ed  p r a c t i c a l l y  no a l io v a le n t  c a t io n s ,  F ig . 50* 

On th e  assum ption  th a t  Range I  o o  i s  a s s o c ia te d  
w ith  th e  movement o f  f r e e  v a c a n c ie s  c re a te d  by d is so lv e d  

c a t io n  im p u r ity , th e  observed  a c t iv a t io n  e n e rg ie s  in d ic a te  

th a t  th e  v a lu e  o f  U+ i s  ap p ro x im a te ly  0.90eV . In  th e

Cs+ s e l f - d i f f u s i o n  th e  a c t i v a t io n  energy  was 1.74eV i . e .

U+ + w/2, which would le a d  to  a v a lu e  o f  W, th e  h e a t

o f fo rm a tio n  o f a S ch o ttk y  d e f e c t ,  o f about l.TOeV.

The v a lu e s  f o r  W in  th e  o th e r  caesium  h a l id e s  p roposed  
by H a rv e y ^  f o r  CsCl (1*96 eV) and L y n c h ^  f o r  CsBr and 

Csl (2 .0eV  and 1.90eV re s p e c t iv  e l y )  a re  much h ig h e r , 

though th e s e  v a lu e s  r e ly  on U+ b e in g  O .58eV. No

th e o r e t i c a l  c a lc u la t io n s  have been made o f W f o r  C sC l-type
5

c r y s t a l s .  A sim ple  c a lc u la t io n  based  on th e  J o s t  

p o l a r i s a t i o n  c o n s id e ra t io n s  i s  sum m arised below .

v a c a n c ie s  w ith  U+ * 0*58eV. He f a i l e d  to  s u b s ta n t ia te

where £  i s  th e  d i e l e c t r i c  c o n s ta n t (5*65 f o r  C sl) 
R i s  th e  r a d iu s  o f  th e  vacancy .

E-, .. i s  th e  p o l a r i s a t i o n  en erg y .

( 50)

W - *1, " h o i (51)
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where W i s  th e  h e a t o f fo rm a tio n  o f a S cho ttky  d e fe c t
ft/i

WT i s  th e  l a t t i c e  energy  (6.07eV  f o r  C s l) .1j

. ’ . Epo l -  e2/ 2  (1 -  1 /e . ) ( 1 /R + + l / R j  -------------------(52)

R+ and R a re  g iv en  hy 0 .9 a  and 0 .6 a  r e s p e c t iv e ly  fo r  

th e  a lk a l i - h a l id e s ^  and a i s  th e  c a tio n -a n io n  d is ta n c e .

. . EL . -  (4 .8 0 2 9 x l0 “ 10 ) 2 T l  -   ----- "1 — T| ergs/fccL^ ol ---------2 L 5.65JL3-564 2.376J

*  ( 4 . 8 0 2 9 ) 2 x 0 .8 2 3  x 7 .0 4 2  x 10~13 e rg s /m o l.
2

« 6 . 6 9 0 x l0 “ 1 2  x 6 .2 4 1 9 X 1 0 4*11  eV.

« 4 .1 7  eV.
W = ( 6 . 0 7  -  4 . 1 7 )  eV.

•  #

-  1 . 9 0  eV.
85A s im i la r  c a lc u la t io n  by M ullen i s  based  on th e  

e s t im a tio n  o f W in  te rm s o f th e  e l a s t i c  and d i e l e c t r i c  

c o n s ta n ts .  The s o l id  i s  re g a rd ed  a s  b e in g  made up o f  

io n s  a t ta c h e d  to  l a t t i c e  p o in t s  by harm onic s p r in g s .

*  -  \  + ER el.   (5 3 >

where i s  th e  change in  energy  upon r e la x a t io n .

For a p o s i t iv e  io n  vacancy th e  c o n tr ib u t io n  from 

e le c t r o n i c  p o l a r i s a b i l i t i e s  i s  g iv en  by

e .  -*2 ,\jd+ + y  — i  —  (54)

■ 3 ^ 7  t"  *55)



Summations o f  th e  type  shown in  e q u a tio n  (54) a re  g iv en  
by Jones and In g h a m ^ .

6L , 3.34xlO "24cm3
) f o r  Csl®7 
)

+
6 .43x lO "24cm3-

r  a 0
—83.96x10 cm ( i n t e r i o n i c  d is ta n c e )

K 5 .6 5 .

There w i l l  a lso  be a s im i la r  term  f o r  th e  n e g a tiv e  io n  
vacancy .

When th e  c o n tr ib u t io n  from d isp lacem en t d ip o le s  i s  

in c lu d e d  we have

[«<* V -  * ( £ )  (  * -  ' * ) ]  -

where k  i s  th e  f i r s t  o rd e r  s p r in g  c o n s ta n t * 2 r c . .s o 11

and c11 ( th e  e l a s t i c  c o n s ta n t a s s o c ia te d  w ith  lo n g i tu d in a l

—11 —2v ib r a t io n  a lo n g  a cube a x is )  i s  2.457*10 dynes cm
88 A —1( c . f .  V a ll in  e t  a l  ) and k  i s  1*946x10 dynes cm” •

8

-  -3 .435eV

. ’ . ¥  -  (6 .0 7  -  3 .435) eV

-  2 .63  eV.

The r e s u l t s  o f th e s e  c a lc u la t io n s  a re  n o t in  good 

agreem ent w ith  our e x p e rim en ta l v a lu e  f o r  W, b u t more

a c c u ra te  t h e o r e t i c a l  c a lc u la t io n s  o f  th e  M o tt - L i t t le to n ^ ,
8 10 B assan i and Fumi and B rauer ty p e  a re  re q u ire d  f o r

N aC l-type c r y s t a l s  b e fo re  a r ig o ro u s  com parison can be

made.
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The assum ption  th a t  Lynch’ s 1*37 eV range in  I  

d i f f u s io n  was i n t r i n s i c  le a d s  to ,  u s in g  our W e x p ., 
a v a lu e  o f  0*52 eV f o r  U s a g a in  t h i s  i s  much h ig h e r

th an  th a t  p re d ic te d  by ly n c h . D iv a len t c a t io n  im p u r i t ie s
have proved  to  be v e ry  in s o lu b le  in  th e  Csl l a t t i c e ,  th e

’’a v e ra g e ” en th a lp y  o f  s o l u t i o n ^  b e in g  1*34 -  0 .2 2  eV.

I t  i s  i n t e r e s t i n g  to  compare t h i s  s i t u a t i o n  w ith  H arvey’s 
48r e s u l t s  f o r  CsCl . In  th a t  system  d iv a le n t  an ion

2-
im p u r i t ie s ,  i . e .  SO^ appeared  to  be more so lu b le  th an

c a t io n  im p u r i t ie s ,  though as  has been observ ed  in  K C l^ ’ ^
2- 90th e  SO^ io n  appeared  to  occupy two an io n  s i t e s .  Haven

had p re v io u s ly  su g g es te d  th a t  an io n s  m ight be more so lu b le
in  CsCl because o f  th e  l a r g e r  p o l a r i s a b i l i t y  o f  th e  Cs+ io n .

There would be a l a r g e r  g a in  in  p o l a r i s a t i o n  energy  in

p u t t in g  an im p u rity  an io n  a t  an an io n  s i t e  th an  would

r e s u l t  f o r  an im p u rity  c a t io n  ( p o la r i s a t io n  energy  u s u a l ly

fa v o u rs  s o l u b i l i t y ) .  T h is  th e o ry  i s  g e n e ra l ly  borne ou t

f o r  o th e r  a l k a l i - h a l i d e s  where th e  an ion  has a h ig h e r

p o l a r i s a b i l i t y ,  i . e .  d iv a le n t  an io n  im p u rity  i s  r e l a t i v e l y
in s o lu b le .  S im ila r ly  in  Csl where th e  i ”  i s  more

p o la r i s a b l e  th a n  th e  c a t io n  we would ex p ec t d iv a le n t

c a t io n  im p u r i t ie s  to  be more s o lu b le .  T h is  i s  borne ou t
2-tsy th e  e x p e rim en ta l o b s e rv a tio n s  th a t  n e i th e r  SO. o r 

2-CO  ̂ ap p ear to  be so lu b le  in  th e  Csl l a t t i c e .

The a c t iv a t io n  energy  fo r  d i f f u s io n  o f  Cs+ in  t h i s  
work was found to  be 1.74eV which i s  to  be compared w ith  

1.53eV o bserved  by Lynch. There a re  on ly  sm all d i f f e r e n c e s  

betw een th e  m agnitude o f  L y n ch 's  Cs+ d i f f u s io n  c o e f f i c i e n t s  

and th o se  observed  in  th e  p re s e n t  r e s e a rc h  a t  h ig h e r  

te m p e ra tu re s , th e  o bserved  d if f e r e n c e  in  E^ on ly  

becoming a p p a ren t a t  low te m p e ra tu re s . The m ajor 

d if f e r e n c e  betw een th e  c r y s t a l s  used  by Lynch and th o se



u sed  in  t h i s  work was th e  p u r i t y .  Lynch’s c r y s t a l s  

co n ta in ed  '" 'O .O l^  im p u r ity , w hereas th e  ’’p u re ” c r y s t a l s  
u sed  in  th e  p re s e n t  re s e a rc h  were much p u r e r .  Im p u rity  

e f f e c t s  a re  ex p ec ted  to  he more im p o rtan t a t  low 

te m p e ra tu re s  and t h i s  may accoun t fo r  th e  low er a c t i v a t io n  
energy  o bserved  by Lynch. I t  may be s ig n i f i c a n t  th a t  

i f  a s o l u b i l i t y  range  cou ld  be observed  in  th e  Cs+ 

d if f u s io n  i t  would have an a c t iv a t io n  energy  o f about

1.57eV , i . e .  U+ + *?*l/2 * 1*57* T h is  v a lu e  i s  v e ry

c lo se  to  t h a t  observed  by Lynch, b u t th e re  i s  no d e f in i t e  

ev idence  from Lynch’s r e s u l t s  o f th e  e x is te n c e  o f Range I  
(b ) a lth o u g h  th e re  may be a  s l i g h t  in c re a s e  in  a c t i v a t io n  

energy  above 500°  C.

SUGGESTIONS FOR FUTURE WORK.

The main l i n e  o f  in v e s t ig a t io n  in  th e  p re s e n t  re s e a rc h  

was d i r e c te d  tow ard th e  e f f e c t s  o f  c a t io n  im p u r i t ie s  on th e

c o n d u c tiv ity  and c a t io n  s e l f - d i f f u s i o n  in  C sl. I t  would be

o f i n t e r e s t  to  have a d e ta i l e d  s tu d y  o f th e  e f f e c t s  o f

an ion  im p u r i t ie s  in  t h i s  system . C e r ta in ly  th e  e f f e c t s  o f
2-  2-SO. and to  a l e s s e r  e x te n t ,  CO. , were in v e s t ig a te d  

4 3
q u a l i t a t i v e l y  in  t h i s  work, and th e  c o n d u c tiv ity  r e s u l t s

showed th e  a p p a ren t i n s o l u b i l i t y  o f  e i t h e r  io n  P ig . 55 -  56*
47 2-However, Lynch h as  observed  e f f e c t s  o f  S doping a t  low

te m p e ra tu re s  in  CsBr and i t  may be o f i n t e r e s t  to  in v e s t ig a te
2-  2-  2-  th e  e f f e c t s  o f S , SO. and CO- in  more d e t a i l  in  C s l.4 3

In  Csl th e re  a re  la r g e  d i f f e r e n c e s  betw een th e  in d iv id u a l
% ^  p i

p o l a r i s a b i l i t i e s  o^+ b e in g  3.34x10" cm and oL b e in g

6 .4 3 x lO "^cm ^ and so i t  would be d i f f i c u l t  to  observe
90any s o l u b i l i t y  o f an io n  im p u r i t ie s  • In  CsBr th e re  i s  

n o t a la rg e  d if f e r e n c e  in  p o l a r i s a b i l i t y  betw een th e  h o s t

io n s  ( r f + (Cs+ ) = J O ^ l O - ^ c m 3 and ( Br~) .
—24 3 ~

4 .16x10 cm ) and so more in fo rm a tio n  re g a rd in g  th e



e f f e c t s  o f an ion  s o l u b i l i t y  may be o b ta in e d  from
t h i s  s a l t  o r from CsCl where th e  c a t io n  i s  th e  more
p o la r i s a b le  , and so a g r e a te r  g a in  in  p o l a r i s a t i o n

energy would r e s u l t  from s u b s t i t u t i o n  o f an an ion  s i t e .
V alues to  d a te  o f U , th e  energy  f o r  m o b ili ty  o f a
n e g a tiv e  io n  vacancy , depend on e s t im a te s  o f ¥ o b ta in e d

from s e l f - d i f f u s i o n  s tu d ie s  and th e  c o n d u c tiv ity  o f
47ca tio n -d o p ed  c r y s t a l s  in  th e  im p u r ity -ra n g e  . I f  i t  

were p o s s ib le  to  s u b s t i t u t i o n a l l y  in c o rp o ra te  enough 

d iv a le n t  n e g a tiv e  io n s  in  th e  l a t t i c e ,  a re g io n  o f 

im p u r i ty -c o n tro l le d  c o n d u c tiv i ty ,  o f  a c t i v a t io n  energy 

U , shou ld  be o b se rv ed . V alues o f U so o b ta in e d  cou ld  

th e n  be compared w ith  U (C a lc .)  from d i f f u s io n  m easurem ents

The problem s a s s o c ia te d  w ith  th e  su r fa c e  d ecrease  

method fo r  d i f f u s io n  have a lre a d y  been d is c u s se d  in  th e  

R e s u lts  s e c t io n .  I t  was found th a t  c r y s t a l s  which had been 

p o lis h e d  caused  movement o f th e  r a d io a c t iv e  d e p o s it  over 

th e  s u r fa c e  o f  th e  c r y s ta l  th u s  c au s in g  changes in  th e  
c o u n tin g  geom etry a f t e r  d i f f u s io n .  C a lc u la t io n s  o f 

d i f f u s io n  c o e f f i c i e n t s  were made a llo w in g  f o r  t h i s ,  and 
r e s u l t s  f o r  Cs+ d i f f u s io n  were o b ta in e d  which compared 

fa v o u ra b ly  w ith  o b s e rv a tio n s  made on u n p o lish e d  s o lu t io n -  
grown c r y s t a l s .  I t  would be o f  i n t e r e s t ,  however, to  

have a com parison o f  th e  d i f f u s io n  c o e f f i c i e n t s  

c a lc u la te d  in  t h i s  way w ith  r e s u l t s  o b ta in e d  by o th e r  

m ethods such as  m icrotom ing o r  g r in d in g  te c h n iq u e s .

I t  sh o u ld  be s t r e s s e d  th a t  whenever th e  s u r fa c e  d e c rea se  

method i s  u sed  in  d i f f u s io n ,  th e  r a d io a c t iv e  t r a c e r  shou ld  

be ev ap o ra ted  on to  a c leav ed  o r  f r e s h ly  cu t s u r fa c e  o f  

th e  c r y s t a l ,  in  o rd e r  to  o b ta in  th e  most a c c u ra te  r e s u l t s .



APPENDIX.



Cs-137 DIFFUSION RESULTS.

The count r a t e s  observ ed  in  th e  d i f f u s io n  

exp erim en ts  a re  g iv en  in  th e  fo llo w in g  form*

Column A -  cpm w ith o u t a b so rb e r , a t  l e a s t  10 ,000  co u n ts  taken* 
B -  cpm w ith  a b so rb e r , a t  l e a s t  5>000 co u n ts  ta k e n .

C -  cpm background w ith o u t a b so rb e r , 1 ,500  co u n ts  

ta k e n .

I) -  cpm background w ith  a b so rb e r , 1 ,500  co u n ts  ta k e n .

E -  cpm o f  s ta n d a rd  so u rc e , 10 ,000 co u n ts  ta k e n .

Two count r a t e s  a re  re c o rd ed  in  each  column f o r  each 

ex p erim en t; th e  f i r s t  re a d in g  i s  th e  count r a t e  b e fo re  
d i f f u s io n  and th e  second i s  th e  count r a t e  a f t e r  d i f f u s io n .

The count r a t e s  a re  u n c o rre c te d  f o r  background and dead-tim e 

lo s s e s .  The dead -tim e  fo r  th e  c o u n tin g  equipm ent was 

500 p  s e c .

C l-36 DIFFUSION RESULTS.

The count r a t e s  observed  in  th e s e  d i f f u s io n  exp erim en ts  

a re  g iv en  in  th e  fo llo w in g  forms

Column A -  t o t a l  count r a t e  (cpm ), 10 ,000 coun ts  ta k e n .

B -  background count r a t e  (cpm ), 1 ,500  co u n ts  ta k e n .

C -  s ta n d a rd  sou rce  count r a t e  (cpm ), 10,000 co u n ts  

ta k e n .

MICROTOMING RESULTS.

The r e s u l t s  f o r  th e  th re e  Mervyn c r y s t a l s  s tu d ie d

a re  g iv en  in  th e  form o f  a g raph  o f  lo g  a c t i v i t y  (cpm)
2 2v e rsu s  x (p  ) ,  F ig . 67.
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