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ABSTRACT 

The motion of stGge 1 and s t a g e  2 s i l v e r  i n  p a r t i a l l y  i n t e r c a l a t e d  TiS, 

c r y s t a l s  was s t u d i e d  by de te rmin ing  t h e  r e l a t i v e  amount of s i l v e r  i n  .TiS, 

- \ c r y s t a l s  a s  a f u n c t i o n  of p o s i t i o n ,  'using a  scanning e l e c t r o n  microscope 

with an x-ray f l uo re scence  attachment.  The s t a g e  1 s i l v e r  converted r a p i d l y  

i n t o  scage 2 s i l v e r  a t  room temperature.  The s t a g e  2 f r o n t  remained 
f 

s t a t i o n a r y  f o r  long  pe r lods  a t  room temperature  and s i l v e r  'was obsetved t o  

migra te  throughout t h e  TiS2 - c r y s t a l  a t  e l eva t ed  temperatures .  

Radioact ive t r a c e r  experiments  showed t h a t  when s i l v e r  atoms e n t e r  .. 

-5 p a r t i a l l y  i n t e r c a l a t e d  s t a g e  2 TiS2 c r y s t a l  most of t h e  newly 

g u e s t  atoms r e s i d e  near  t h e  c r y s t a l  edge. Add i t i ona l ly  i t  was foun 

when t h e  conversion of s t a g e  1 t o  s t a g e  2 occur red ,  most of t h e  s t a g e  1 

s i l v e r  remained n e a r  t h e  c r y s t a l  edge a f t e r '  conver t ing  i n t o  s t a g e  2.  The 

s t a g e  1 t o  s t a g e  2 can  be explained by Daumas and Hero ld ' s  

model whi le  t h e  c l a s s i c a l  mo&l f a i l s  t o  do so. An i s l a n d  s i z e  of about 

130 % was obtained f o r  t h e  s t a g e  2 r eg ion  us ing  t h e  x-ray f luorescence  - 

data .  The motion of s i l v e r  perpendicu la r  t o  t h e  l a y e r s  i n  t h e  TiS, l a t t i c e  
-15 2 

was no t  t room temperature  (D < 10 cm / s e c )  and t h e  es t imated  
.-I3 2 

d!f f u s i o n  coef f  i c h t  a t  200 OC .was - 10 cm / see .  

iii 
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Concentration d i s t r i b u t i o n  a t  various times i n  a 
s l a b  0 < x ( k with  zero  i n i t i a l  concentrat ion 
and a cons tant  su r face  concentrat ion a t T x  = 



1.1. Trans i t i on  metal  d icha lcogenides  - 
The t r a n s i t i o n  metal dichalcogenides have rece ived  cons iderable  

a t t e n t i o n  i n  r ecen t  yea r s  because t h e s e  m a t e r i a l s  a r e  p o t e n t i a l  candida tes  

f o r  cathodes i n  e l e c t r o i n t e r c a l a t i o n  b a t t e r i e s (  1 ) .    he l aye red  t r a n s i t i o n  

metal dichalcogenides (MXz) a r e  formed by combining t h e  t r a n s i t i o n  

metals(M) of groups 1 V  t o  V 1  of t h e  pe r iod ic  t a b l e  w i th  t h e  chalcogens(X), 

S,Se, and Te. These compounds c o n s i s t  of s t r o n g l y  bonded X-M-X sandwiches 

1 
' 

which a r e  s tacked upon each o t h e r  and he ld  toge the r  w i th  weak 'bonds. 

Fig. 1.1 shows t h e  gene ra l  form t h e s e  l a y e r  
f 

s t r u c t u r e s .  bas i c  

s t r u c t u r e  makes t h e s e  m a t e r i a l s  extremely a n i s o t r o p i c  i n  t h e i r  phys ica l  

i prope r t i e s .  
A- 

The coord ina t ion  u n i t  f o r  t h e  MX, s t u c t u r e  i s  found t o  t ake  e i t h e r  
\ 

t h e  t r i g o n a l  prism&ic o r  t h e  oc t ahedra l  form a s  shown i n  Fig.l.2. The 

c r y s t a l  u n i t  c e l l  c o n s i s t s  of one o r  more than one l a y e r  depending on t h e  

p a r t i c u l a r  compound. A f u l l ,  review and d e t a i l s  of t hese  compounds a r e  found 

i n  r e fe rences  (2) and (-3). 

1.2. I n t e r c a l a t i o n  

~ n t e r c a l a t i o n  r e f e r s  t o  t h e  i n s e r t i o n  of g u e s t  s p e c i e s  i n  between t h e  
t 

l a y e r s  of a h o s t  s t r u c t u r e .  I n  t r a n s i t i o n  meta l  dichalcogenides,  t h e  

i n t r a l a y e r  bonding i s  s t rong  and covalen t  while  t h e  i n t e r l a y e r  bonding i s  . 
-- - - 

of t h e  Van d e r  Waals type. This  weak booding between t h e  l a y e r s  permit$,i' 
11 

t h e  opFnTng up oT t h e  I a y e r s  and tFe, e n t r y  o f - t h e  gues t  spec ies .  Many 
q 

metals , .hydrogen,  ammonia and organic  molecules have been i n t e r c a l a t e d  i n t o  



t h e  l a y e r  compounds. I n  f a c t  i t  i s  gene ra l ly  obs rved t h a t  any spec i e s  t h a t  G 
is  a n  e l e c t r o n  donor can be i n t e r c a l a t e d  i n t o  the  l a y e r  compounds, and - - 

t h e r e  i s  evidence t h a t ,  t h e r e  i s  a  t r a n s f e r  of nega t ive  charge ("charge 

donat ion")  from t h e  i n t e r c a l a t e d  metal  t o  t he  h o s t  l a y e r s ( 4 ) .  I n s e r t i o n  of 

atoms i s  gene ra l ly  accompanied by a  small  r e v e r s i b l e  expansion of t h e  hos t  

l a t t i c e  i n  t h e  d i r e c t i o n  of c  a x i s ,  t y p i c a l l y -  5 t o  10 percent.  The hos t  

l a y e r  ' a '  spacing gene ra l ly  i n c r e a s e s  by only one percent  (5). The 

i n t e r c a l a t e d  atoms r e s i d e  i n  s i t e s  i n  t he  Van de r  Waals gaps which a r e  

e i t h e r  oc tahedra l ,  t e t r a h e d r a l  o r  t r i g o n a l  p r i sma t i c ,  depending on the  

s t ack ing  of t h e  hos t  l aye r s .  0 d e i n t e r c a l a t i o n  t h e  h o s t  l a t t i c e  gene ra l ly  /h 
r e t u r n s  t o  i t s  o r i g i n a l  s t r u c t u r e  (4) .  

The i n t e r c a l a t i o n  of , meta ls  i s  usualky accomplished e i t h e r  by 

electroin;er&plat ion o r  by i n t e r c a l a t i o n  from a  vapor a t  ' e leva ted  

temperatures.  I n  t h e  experiments which w i l l  be d iscussed  i n  t h i s  t h e s i s  t he  

e l e c t r o i n t e r c a l a t i o n  technique was used. 

1.3. Stag ing  -- and t h e  models - of s t a g i n g  
i t  

The s t r u c t u r e  de te rmina t ion  of t h e  i n t e r c a l a t e d  compounds has shown 

t h a t  i n t e r c a l a t i o n  gene ra l ly  occurs  i n  

compound i s  def ined  as t h e  r a t i o  of t h e  

number of gues t  l aye r s .  When a l l  t h e  gaps - 
by a n  i n t e r c a l a t e d  l a y e r ,  t h e  compound i s  

The s t a g e  

number of hos t  l a y e r s  t o  t h e  

between hose  l a y e r s  a r e  occupied 

s a i d  t o  be " f i r s t  s tage".  I n  a  . 

"second s t age"  compound every o the r  l a y e r  of t h e  hos t  l a t t i c e  i s  on average 

occupied by i n t e r c a l a t e d  atoms. I n  t h e  s a w  way one can d e f i n e  h igher  

s t a g e s  of a  compound. Some t h e o r e t i c a l  s t u d i e s  have attempted t o  exp la in  

t h e  process  of s t ag ing  considerin'g t h e  coulomb i n t e r a c t i o n  between 

intercalated innn and LIE strRin &cts in has t  lattice C7,8,9). 

however t h e  process  of s t ag ing  i s  not  g e t  p a r t i c u l a r l y  w e l l  understood. 



5 

P 
1.3; 1. - The c l a s s i c a l  model of s t a g i n g  -- 

The c l a s s i c a l  model f o r  t h e  arrangement of gues t  atoms i n  t h e  hos t  

< 
l a t t i c e  'bf d i f f e r e n t  s t a g e s  i s  shown i n  Fig. 1.3. I n  t h i s  model, some l a y e r s  

of t h e  hos t  c r y s t a l  a r e  e n t i r e l y  occupied and some l a y e r s  a r e  completely 

empty. Th i s  model has  d i f f i c u l t y  i n  expla in ing  t h e  formation of h igher  
I 

s t a g e s  by a rearrangement of t he  gues t  atoms i n  t h e  l a y e r s  of t h e  h o s t  

l a t t i c e .  For example, suppose . a  compound of t h i r d  s t a g e  i s  formed from . 
second s tage.  A compound of second s t a g e  would correspond t o  t h e  occupat ion I 

of gaps 1,3,5,7,9,11, .  . e t c  (Pig. 1.3). A t b r d  s t a g e  compound would 

correspond t o  t h e  oc.cupation of gaps 1,4,7,10,13,16 ,. . . e tc .  Therefore t h e  

formation of a compound of t h i r d  s t a g e  from second s t a g e  supposes t he  
%. 

evacuat ion  of a l l  gaps 3,5,9,11.. .etc and t h e  f i l l i n g  of a l l  gaps 

4,10,16,20,. . . e t c ,  

1.3.2. Daumas, - and 

To exp la in  

c r y s t a l ,  Daumas 

a process  which seems t o  be r a t h e r  improbable. 
-A 

Herold s model of s t ag ing :  t h e  i s l a n d  model --- - 
C 

t h e  rearrangements requi red  f o r  s t a g e  conversion i n  a 

and Herold (10) proposed a model which avoids t he  

topo log ica l  problems a s soc i a t ed  wi th  t h e  c l a s s i c a l  model. A schematic 

diagram f o r  Daumas and Herold 's  model i s  shown i n  Fig.l.4. I n  t h i s  model 

t h e  gues t  atoms a r e  found i n  a l l  t h e  l a y e r s  of t h e  h o s t  l a t t i c e  but t h e  

l a y e r s  a r e  only p a r t i a l l y  f i l l e d  and i s l a n d s  of gues t  atoms a r e  arranged i n  

a manner t o  form t h e  d i f f e r e n t  s tages.  I n  t h i s  model f o r  a c e r t a i n  s t a g e  

t h e  sequence of hos t  and i n t e r c a l a t e d  l a y e r s  i n  t h e  ' c '  d i r e c t i o n  i s  t h e  
-bF 

same a s  f o r  t h e  c l a s s i c a l  model. - 
Daunras and Herold 's  model provides a c o n v e n i e n t , i n t e r  e t a t i o n  f o r  

x-- P -- 

t rcr 
v a r i o u s  r e a c t i o n  m e ~ h a n ~ s m s .   he- passage from s t a g e  1 t o  s t a g e  2 o r  any 

o t h e r  h igher  s t a g e s  can  be simply explained by a n  appropia te  regrouping of 



t he  gues t  atoms wi th in  a  l a y e r  than  a  t o t a l  evacuat ion 

f a c t  i n  Daumas and Herold1s  Model, ( f o r  a  cons tan t  amount 

of some gaps. I n  

of i n t e r c a l a n t  i n  

the  c r y s t a l )  t h e  t o t a l  amount of i n t e r c a l a n t  i n  a  given l a y e r  remains 

cons tan t  -+@& any s t a g e  conversion. 

Daumas and ~ e r o 1 d " s  model has  not  undergone convincing v e r i f i c a t i o n .  

I n  t h i s  t h e s i s  some experimental  r e s u l t s  w i l l  be presented i n  chapter  5 i n  

support  of t h e  ~ a u &  and H e r o l d r s  model. 

1.4. Crys ta l  s t r u c t u r e  of TiS and Agx T i S r  - - 2 - 
Titanium d i su lph ide  i s  no t  a  n a t u r a l l y  occuring compound. S ing le  

of T.iSl c a n i b e  prepared by the  iod ine  vapour t rangpdr t  technique 

y i e l d i n g  p l a t e - l i k e  c r y s t a l s  t y p i c a l l y  10 t o  100 p t h i c k  =h-2 

t o  5 mi l l ime te r s  wide. TiS2 c r y s t a l s  a r e .go lden  i n  co lour  and t h e  s p e c i f i c  

g r a v i t y  i s  3.22. E l e c t r i c a l l y ,  TiS2 has  semimeta l l ic  p r o p e r t i e s  ( 3 ) .  

The TiSZ c r y s t a l  s t r u c t u r e  c o n s i s t s  of loose ly  coupled S-Ti-S atom 
f 

s h e e t  sandwiches a s  shown i n  Figf 1.1, where X = S and M = Ti. Each 

1 
sandwich , i s  made of a  close-packed l a y e r  of t i t an ium atoms between two 

close-packed l a y e r s  of su lphur  atoms. TiS2 has t h e  cadmium iod ide  s t r u c t u r e  

shown i n  Fig. 1.5 (14 , lS) .  The TiS2 r e fe r r ed  t o  h e r e  i s  commonly w r i t t e n  

a s  IT-TiS2 where t h e  1T i n d i c a t e s  t h a t  t h e r e  is  a one l a y e  s t ack ing  k 
sequence and t h a t  t h e  p r imi t ive  u n i t  c e l l  i s  t r i g o n a l .  

The s t r u c t u r e  of Ag 0.2 TI$'-'- and Ago.+ TiSp have been r ecen t ly  

determined(l6) .  The va lue  of 0.4 f o r  t h e  mole f r a c g i &  of A g  i n  TiS2 is  of 

. p a r t i c u l a r l y  i n t e r e s t  because i t  i s  t h e  maximum value  t h a t  i s  obtained when 

Ag i s  e lec t rochemica l ly  i n t e r c a l a t e d  i n t o  TiS2 (16).  Only s t a g e  1 and s t a g e  

2 have been observed f o r  Ag TiSl and the  mole f r a c t i o n s  0.4 and 0.2 

correspond t o  s t a g e  1 and s t a g e  2 r e s p e c t i v e l y ( l 6 ) .  I n  both Ago.qTiS2 and 

Ago.+ 
TiS2 , Ag i s  loca t ed  i n  oc tahedra l  s i t e s  i n  t he  Van d e r  Waals gap. I n  

., 



t he  Van de r  Waals gaps t h e r e  a r e  one oc tahedra l  s i t e  and two t e t r a h e d r a l  
- 

s i t e s  per  T i  atom. The u n i t  c e l l s  and t h e  l a t t i c e  cons t an t s  f o r  Ago.xTiS2 

and Ag TiS2 a r e  given i n  Frg. 1.6. 
0.4 - 

1.5. Di f fus ion  i n  s o l i d s  and i n  i n t e r c a l a t i o n  compounds - -- 

1.5.1. Di f fus ion  - i n  s o l i d s  

Dif fus ion  i s  a process  by which matter  i s  t r anspor t ed  from one p a r t  

of a  system t o  another  a s  a '  r e s u l t  of random atomic motions. The 

d i f f e r e n c e  i n  concen t r a t ion  of atoms i n  a  s o l i d  l e a d s  t o  a  f l u x  of t h e s e  

atoms through t h e  s o l i d  u n t i l  e q u i l i z a t i o n  of concen t r a t ion  is  obtained. 

For simple d i f f u s i o n  the  number of atoms of one spec i e s  passing per  u n i t  

. tTme perpendicular ly  through a  re ference  s u r f a c e  of u n i t  a r ea  is' 

propor t iona l  t o  t h e  concen t r a t ion  g rad ien t  of t he  same - s p e c i e s  measured 

normal t o  t h e  r e f e rence  su r f ace ,  and i s  given by, F i c k ' s  l aw ,  
C 

where, 

J = n e t  

c  = t h e  

x = t h e  

D = t h e  

number of atoms c ros s ing  u n i t  a r e a  i n  u n i t  t i m e ,  

concen t r a t ion  of t h e  d i f f u s i n g  atoms, 

space coord ina te  cho en  perpendicular  t o  t h e  r e f e rence  s u r f a c e  and 

d i f f u s i o n  c o e f f i c i e n t  - ti s o  c a l l e d  t h e  d i f  f u s i v i t y ) .  

The minus s i g n  i n d i c a t e s  t h a t  the  d i f f u s i o n  occurs  away from t h e  region of 

high concent r a t  ion. 

The d i f f u s i o n  c o e f f i c i e n t  i n c r e a s e s  wi th  temperature according t o  t h e  
L 

-- 

r e l a t i o n ,  

D = Do exp ( - E / ~ ~ T  ) 



where, 

E = a c t i v a t i o n  energy f o r  t h e  process ,  

T = abso lu t e  temperature and 

kg= Boltzmann's cons tan t .  

To move an  atom through i n t e r s t i t i a l  s i t e s  i n  a l a t t i c e ,  t h e  atom 
r 

must surmount the  p o t e n t i a l  energy b a r r i e r  c r ea t ed  by i t s  neighboring 

citoms. The atoms w i t h  s u f f i c i e n t l y  h igh  thermal energy can pass  over t he  

energy b a r r i e r .  The p r o b a b i l i t y  p, f o r  a n  atom t o  jump over t h e  energy 

b a r r i e r  i s  given by 1171,  

where, b 

3 = c h a r a c t e r i s t i c  atomic v i b r a t i o n a l  frequency, 
1 

E = he igh t  of t h e  energy b a r r i e r  o r  t h e  a c t i v a t i o n  energy f o r  t he  process. 
P 

p i s  o f t e n  c a l l e d  t h e  jump frequency. 
. <" 

t 
when t h e  d i f f u s i o n  occurs  between two s i t e s  separa ted  by a d i s t a n c e  

'a', the. d i f f u s i o n  c o e f f i c i e n t  can  b e  w r i t t e n  a s ,  

2 

'I 
D = va exp ( -E/%T ) 

.'If t h e  d i f f u s i n g  atoms a r e  charged the- i o n i c  mob i l i t y  ( can be - 

found from t h e  d i f f u s i v i t y  b y .  us ing  t h e  E i n s t e i n  r e l a t i o n  kB Tp = qD.' Then 

t h e  i o n i c  mobi l i ty  i s  given by, 



where, 
9 

q = charge of t h e  mobile ion. 
t 

1.5.2. Di f fus ion  - i n  i n t e r c a l a t e d  compounds - 

High d i f f u s i v i t y  of gues t  - ion; through layered  s t r u c t u r e s  i s  des i red  

f o r  f a s t  d i scharge  r a t e s  i n  i n t e r c a l a t i o n  b a t t e r l e s ( 1 )  and a  h igh  a l k a l i  

i on  d i f f u s i v i t y  i n  t h e  Van d e r  ,Waals gaps of var ious  . l aye red  compounds has 

been repor ted(P ,4) .  Since t h e  gues t  atoms most l i k e l y  r e s i d e  i n  t h e  - s i t e s  

. i n  t h e  Van d e r  w a i l s  gaps a s  p o s i t i v e l y  charged ions  (1 ,4)  t h e  

e l e c t r o i s t a t i c  r e p u l s i v e  f o r c e s  tend t o  keep them apa r t .  A s  a  r e s u l t  t he  

he ight  of t h e  energy b a r r i e r  w i l l  be decreased r e l a t i v e  t o  t he  s i t u a t i o n  

f o r  uncharged &ores r e s u l t i n g  i n  a n  i n c r e a s e  of -&if fbs iv i ty  of i o n s  i n  t h e  

l a t t i c e .  - a 

Since Ag ions  r e s i d e  i n  oc t ahedra l  s i t e s  i n  t h e  Van d e r  Waals gaps 

of t h e  TiSz c r y s t a l s  t h e  d i f f u s i o n  i n  Ag ions  involve  jumps between' t h e  

oc tahedra l  s i t e s  v i a  a  t e t r a h e d r a l  s i t e  (Fig.1.7 ( a ) ) .  Since t h e  
I 

t e t r a h e d r a l  s i t e s  a r e  sma l l e r  t han  t h e  oc tahedra l  s i t e s  ( 4 ) ,  t h e  expected 

energy p r o f i l e  f o r  t h e  mobile i o n s  i n  TiS is expected t o  be s i m i l a r  t o  G"- 
t h a t  shown i n  Fig. 1.7 (b) .  

Some f a c t o r s  t h a t  may a f f e c t  t he  d i f f u s i o n  of gues t  atoms i n  t he  Van 

d e r  Waals gap a r e  mentioned i n  r e f e rence  (4) .  For exaniple, t h e  i nc rease  in.  

c l a t t i c e  parameter on i n t e r c a l a t i o n  inc reases  t h e  s i z e  of t h e  oc tahedra l  

and t e t r a h e d r a l  sites through which t h e  ions  move, but  it i s  not c l e a r  

t h a t  t h i s  i nc rease  i n  t h e  s i z e  of t he  s i t e s  w i l l  r e s u l t  i n  an  inc rease  i n  

t h e  mob i l i t y  of t he  gues t  atoms i n  t h e  hos t  l a t t i c e .  This  i s  because , t h e  . = 

degree of i o n i z a t i o n  of t h e  gues t  atoms may decrease  w i t h  t h e  inc rease  i n .  

t h e  gues t  i on  content  ( 4 )  i n  t h e  hos t  l a t t i c e  which may inc rease  t h e  

e f f e c t i v e  i o n i c  s i z e  of gues t  atoms. A s  a  r e s u l t  t h e  r e l a t i v e  s i z e  df t he  



gues t  i o n  t o  s i t e  may not be changed s i g n i f i c a n t l y .  I n  a l a t t i c e  w i th  high 

i o n i c i t y  t h e  p o t e n t i a l  v a r i a t i o n  t h a t  t he  gues t  i on  s e e s  w i l l  be g r e a t e r  

than  i n  a ,  more covalen t  l a t t i c e .  Therefore t h e  i o n i c i t y  of t he  l a t t i c e  is  

expected t o  lower t h e  mob i l i t y  of ions.  The degree of f i l l i n g  of the  

l a t t i c e  may a l s o  govern t h e  d i f f u s i o n :  i f  t h e  number of a v a i l a b l e  empty 

s i t e s  around t h e  gues t  i ons  i s  l a r g e ,  t he  p r o b a b i l i t y  of a n  i o n  jumping 
* 

i n t o  a new s i t e  i s  a l s o  higher.  D i f fus ion  may be hindered ' i n  a 

nonstochiometr ic  l a t t i c e  w i th  excess  amount of t r a n s i s t i o n  metal ,  where t h e  
I * 

excess  meral probably occupies  t h e  s i t e s  a v a i l a b l e  f o r  gues t  atoms. 

1.6 Cont r ibut ions  of t h i s  t h e s i s  I - -- 
Although a l k a l i  meta ls  such a s  Li and Na a r e  t h e  most i n t e r k t i n g  

gues t  spec i e s  f o r  i n t e r c a l a t i o n  b a t t e r i e s  because of t h e i r  high mobi l i ty  
b P 

and h igh  f r e e  energy of formation ( 1 , 4 ) ,  from a n  experimental  viewpoint t h e  

high r e a c t i v i t y  and the  need f o r  water-free e l e c t r o l y t e s  makes i t  vety 

inconvenient 'co use  a l k a l i  meta ls  i n  many experiments. I n  add i t i on ,  t h e  

X-ray f luorescence  technique is  not  s u i t e d  % t o  t he  observa t ion  of 

i n t e r c a l a n t s  wi th  atomic weights  a s  low a s  L i  and Na. Therefore 

pseudo-alkali  meta ls  such a s  s i l v e r  and copper have been used i n  much 

i n t e r c a l a t i o n  r e sea rch  work. 

I n  t h i s  t h e s i s  a n  i n v e s t i g a t i o n  of t he  motion and , d i s t r i b u t i o n  of 

s i l v e r  ( g u e s t )  i n  t i t a n i u m  d i su lph ide  ( h o s t )  i s  presented.  The d i s t r i b u t i o n  ' 

of t h e  i n t e r c a l a n t  ( s i l v e r )  i s  s tud ied  by determining t h e  s i l v e r  ( ~ g )  

concent ra t ion  a s  a func t ion  of p o s i t i o n  i n  t h e  t i t an ium d i s u l p h i d e  (TiS 2 ) 

c r y s t a l .  I n  some experiments presented ,  a scanning - e l e c t r o n  microscope wi th  

a n  X-ray f luorescence  attachment was used t o  determine - t h e  s i l v e r  

d i s t r i b u t i o n .  I n  o t h e r  experiments,  r a d i o a c t i v e  and nonradioac t ive  s i l v e r  
i * 

-" were used a s  t h e  i n t e r c a l a n t  and t h e  c r y s t a l  a c t i v i t y  was measured t o  



/ 
determine t h e  Ag d i s t r i b u t i o n  i n  t h e  c r y s t a l .  

Chapter 2 g i v e s  a  b r i e f  i n t roduc t ion  - t o  t h e  scanning e l e c t r o n  

microscope and t h e  X-ray f luo rescence  tecknique CXRF). 

I n  chapter  3 a s tudy of motion of both s t a g e  1 and s t a g e  2 s i l v e r  i n  

t h e  TiSz i s  discussed.  Some experiments were done a t  e l eva t ed  temperatures.  

This s tudy i s  only concerned wi th  t h e  motion w$thin t h e  Van d e r  Waals 

layers .  

A r ad ioac t ive  t r a c e r  experiment,  presented i n  chap te r  4 ,  was done t o  

i n v e s t i g a t e  t h e  migra t ion  of Ag atoms i n  T iSZ  . Stage 2 s i l v e r  was s tudied  

t o  observe t h e  f iS€ion  of s i l v e r  whi le  t h e  c r y s t a l  was being i n t e r c a l a t e d  

and t h e  motion of s t a g e  1 s i l v e r  was s tud ied  a f t e r  i n t e r c a l a t i o n  ceased. 

I n  chapter  5 t he  o r  E a t \  e r  magnitude of t h e  s t a g e  2 s i l v e r  i s l a n d  

width i s  est imated assuming t h e  i s l a n d  model con f igu ra t ion  and us ing  XRF 

d a t a  obtained i n  chap te r  3.  

A study of t h e  motion of Ag along t h e  c a x i s  of t h e  TiSe l a t t i c e  i s  

debcribed '  i n  chap te r  6 .  A d i scuss ion  i s  given a t  t he  end of each chapter  

and t h e  conclusion i s  given i n  chapter  7 .  



F i g .  1.1. The sandwich  

( c r o s s  s e c t i o n )  

X - c h a l c o g e n  

M - t r a n s i t i o n  m e t a l  

s t r u c t u r e  rof MX2 compounds 
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Fig.  1 . 2 .  The c o o r d i n a t i o n  around t h e  meta l  i o n s  

( a )  Oc t ahed ra l  s t r u c t u r e  

(b) T r i g o n a l  p r i s m a t i c  s t r u c t u r e  

- t r a n s i t i o n  me ta l  

0 - chalcogen 

lla 
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F i g .  1.2 



Fig. 1.3. D i f f e r e n t  s t a g e s  i n  t h e  c l a s s i c a l  model of 

s t a g i n g  

- MX h o s t  l a y e r  
& 2 

0 .  gues t  atoms 



. . . . . . . .  
Stage 3 . . . . . . . .  

Fig. 7.3 



Fig.  1 . 4 .  D a s  and Heroldf  s model of s t a g i n g  

-+ MX2 h o s t  layer 

. . g u e s t  atoms 
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Fig.  . 1 . 6 .  . 

( a )    he atomic s t r u c t u r e  of TiS2. 

The p r e f i x  1T r e fe r s ,  t o  t h e  1 l a y e r  p i t - c e l l  

w i th  t r i g o n a l  (T) symmetry. 

( b )  The ( 1 1 2 0 )  d i agona l  c r o s s  s e c t i o n  of t h e  TiS2 

u n i t  c e l l  (from r e f .  16) 

The ( 1 1 2 0 )  d iagona l  c r o s s  s e c t i o n  of t h e  u n i t  c e l l s  

of A g  TiS2 and Ago. 2TiS.2. 
0.4 

( a )  Ago. 4TiS2 

(b) Ago. 2TiS2 
(from r e f .  16) 



1 (a) . I T-TiS2 

Fig. 1.5 

Fig. I. 6 

14b 
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Fig.  1 . 7 .  ( a )  The zig-zag l i n e  shows t h e  p a t h  of  an i o n  from 

o c t a h e d r a l  - t e t r a h e d r a l  -oc tahedra l  

s i t e s  ( 3 )  . 

(b) Expected energy p r o f i l e  of  mobile ions ' (3) .  
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11. The e l e c t r o n  microscope and x-ray fluorescence 

2.1 The scanning e l e c t r o n  microscope. -- 
The scanning e l e c t r o n  microscope (SEM) i s  a  powerful instrument f o r  

t he  examination and a n a l y s i s  o f '  s o l i d s  on a  micrometer s ca l e .    he primary . 

reason f o r  t h e  SEM's u se fu lnes s  i s  t h e  high r e s o l u t i o n  which is  t y p i c a l l y  
0 

i n  t h e  range 50 t o  200 A. Another important f e a t u r e  of t h e  SEM i s  the  

t h r e e  dimensional appearance of t he  images. Attachments sucli a s  x-ray 

f luorescence  (XRF)  make t h e  SEM s p e c i a l l y  u s e f u l  f o r  s o l i d  s t a t e  s tud ie s .  

The bas i c  components of t h e  SEM a r e  t h e  e l e c t r o n  gun, l e n s  system, 

e l e c t r o n  c o l l e c t o r ,  v i s u a l  and recording cathode ray  tubes and the 

e l e c t r o n i c s  a s soc i a t ed  wi th  them (Fig. 2.1 ). I n  t h e  e l e c t r o n  gun, 

thermionica l ly  emi t ted  e l e c t r o n s  a r e  Scce l e ra t ed  by p o t e n t i a l s  of up t o  30 

t o  40 kV. The condenser and t h e  ob jec t ive  l e n s  systems a r e  used t o  

demagnify t h e  e l e c t r o n  beam t o  t h e  f i n a l  spot  s i z e  on t h e  sample. These 

l e n s e s  a r e  gene ra l ly  electromagnet ic  l e n s e s  and the  shape and t h e  s t r e n g t h  

of t h e  magnetic f i e l d  determine t h e  f o c a l  l eng th  of t h e  l ens .  

The a r e a  t o  be examined i s  i r r a d i a t e d  wikh a  f i n e l y  focussed e l e c t r o n  
4 

beam, which i s  swept i n  a  r a s t e r  ac ros s  t he  ,-surface of t h e  specimen. When 

\ .  1 
t h e  e l e c t r o n  beam impinges on t h e  specimeh su r f ace  d i f f e r e n t  types of 

4v 
s i g n a l s  a r e  emit ted inc luding  c h a r a c t e r i s t i c  x-rays,  secondary e l e c t r o n s  

and back s c a t t e r e d  e l e c t r o n s  of va r ious  energies .  These s i g n a l s  a r e  used t o  

measure c h a r a c t e r i s t i c s  of t h e  specimen such a s  composition, surf,ace 
- 

topography, c rys t a l log raphy ,  e t c .  A d e t a i l e d  d e s c r i p t i o n  o f ,  t h e  e l e c t r o n  

microscope i s  given f n r e f e rence  f 18). 



I n  experiments d iscussed  i n  t h i s  t h e s i s  a n  ETEC model Autoscan 

Scanning E lec t ron  Microscope was used. I n  t h i s  microscope a  yximum 
0 

r e s o l u t i o n  of about 150 A can be obtained a t  an a c c e l e r a t i n g  vo l t age  30 

kV. The a c c e l e r a t i n g  p o t e n t i a l  can  be k e l e c t e d  ;e have any 'of t h e  values 

2.5, 5 ,  10,  20 and 30 kV. I n  our  experiments,  an  a r e a  of about 2 square 

micrometers of t h e  specimen s u r f a c e  was scanned a t  a  time and t h e  vo l t ages  

of e i t h e r  10 kV o r  20 kV were used. \ 

t .  

J 
- 

The s p a t i a l  con f igu ra t ' on  of t he  &-? beam i n s i d e  a  specimen from 

? 
t h e  c e n t r e  of impact depends on the  e l e c t r o n  bean energy and t h e  elements 

i n  t h e  specimen. T h i s  i s  schemat ica l ly  i nd ica t ed  i n  Fig.2.2. 

* 

2.2 X-ray f luorescence  s p e c t r a  - 
X-ray f luorescence  spectrometry i s  a  very u s e f u l  method f o r  chemical 

a n a l y s i s  of many d i f f e r e n t  types  of samples. When a  sample i s  bombarded by 

s u f f i c i e n t l y  e n e r g e t i c  e l e c t r o n s ,  x-rays a r e  emi t ted  a s  n o n c h a r a c t e r i s t i c  

continuous s p e c t r a  and a s  l i n e  o r  band s p e c t r a  having wave l eng ths  

c h a r a c t e r i s t i c  of t h e  emi t t i ng  element. X-ray f luorescence  (XRF) s p e c t r a  

a r e  produced by secondary f luorescence  when c h a r a c t e r i s t i c  x-rays o r  

continuous x-rays i n t e r a c t  w i th  t h e  i n n e r  s h e l l  e l e c t r o n s  of t h e  atoms i n  

t h e  sample. Radia t ion  of s u f f i c i e n t l y  h igh  energy can remove a n  inne r  s h e l l  

e l e c t r o n  of a n  atom leaving  t h e  atom i n  an  exc i t ed  s t a t e .  Then t h e  atom 

r e t u r n s  t o  a  s t a b l e  s t a t e  by t h e  t r a n s i t i o n  of a n  o u t e r  e l e c t r o n  i n t o  t h e  

vacancy i n  t h e  i n n e r  s h e l l ,  emi t t ing  a n  x-ray photon. The energy of 

f l uo rescen t  x-rays i d e n t i f i e s  t h e  emi t t i ng  element,  and t h e  i n t e n s i t y  i s  

r e l a t e d  t o  t h e  weight concen t r a t ion  of t he  element w i t h i n  t h e  analysed 

volume. The s p a t i a l  con f igu ra t ion  f o r  f l uo rescen t  x-rays i s  shown i n  
. - 

&g.2.iA (b ) .  A d e t a i l e d  d e s c r i p t i o n  of x-ray spectrometry a n a l y s i s  i s  given 



I I n  ou r  experiments a n  energy d i s p e r s i v e  x-ray d e t e c t o r  ( ~ i / ~ i  

d e t e c t o r  sy#m) a t t ached  t o  t h e  SEM was used t o  d e t e c t  t he  XRF spectra .  

The  x-ray s i g n a l  from t h e  sample i s  passed through t h e  high resef t l t ion  

( A  E eW 150 eV) s o l i d  s t a t e  d e t e c t o r  ( ~ i / ~ i )  and t h e  ampl i f ied  output  s i g n a l  

which is  p ropor t iona l  t o  t h e  x-ray energy was passed t o  a  mult ichannel  

analyzer .  I n  t h e  mult ichannel  ana lyzer  e l e c t r o n i c  p u l s e s  a r e  so r t ed  s o  t h a t  

t he  f i n a l  ou tput  g ives  t he  i n t e n s i t y  of x-rays a s  a func t ion  of energy. 

With X@ s p e c t r a  a sample can be anlyzed e i t h e r  q u a l i t a t i v e l y  o r  

q u a n t i t a t i v e l y .  For a q u a n t i t a t i v e  a n a l y s i s  t h e  r e l a t i v e  x-ray i n t e n s i t i e s  

of t he  specimen t o  a  s tandard  a r e  measured i n  o rde r  t o  cance l  out  

u n c e r t a i n  terms, such a s  t h e  a b s o l u t e  d e t e c t o r  e f f i c i e n c y  and ins t rumenta l  

d r i f t .  To o b t a i n  a n  abso lu t e  concen t r a t ion  f o r  a n  element i n  t h e  sample, 

the  measured i n t e n s i t y  r a t i o  f o r  t h a t  element should be ad jus t ed  by s e v e r a l  

o t h e r  c o r r e c t i o n s  such a s  background, atomic number and abso rp t ion  (20).  

For t h e  experiments i n  t h i s  t h e s i s  our  main i n t e r e s t  was t o  f i n d  the  

r e l a t i v e  d i s t r i b i t i o n  of s i l v e r  i n  TiS c r y s t a l s  a s  a  f u n c t i o n  of pos i t ion .  

Since t h e  a b s o l u t e  concen t r a t ion  of s i l v e r  i n  t h e  sample was not  r e p i r e d  

t h e  c o r r e c t i o n  f a c t o r s  mentioned above were not  necessary. The d a t a  

obtained were co r r ec t ed  f o r  t h e  background and t h e  r a t i o  of the  x-ray 

i n t e n s i t i e s  of Ag t o  T i  was measured t o  avoid t h e  e r r o r s  due & t o  

ins t rumenta l  d r i f t .  

2  - 3  X-ray f  Iuorescence s p e c t r a  from Ag TiS9 - 4 
Typical XRE s p e c t r a  f o r  Ag,.+TiS2 , Ago.2TiSe and TiSz a r e  shown i n  

Fig.2.3. The s p e c t r a  were obtained a t  20 kV and peaks correspond t o  t h e  S  

K q  l i n e  a t  2.308 keV, t h e  Ag L K  l i n e  a t  2.984 keV and T i  Kg l i n e  a t  

4.510 keV. The a r e a  under a  peak i s  r e l a t e d  t o  t he  abundance of t he  

corres@irtg e l ew~t  i n  t h e  sample. In our  experiments t h e  x-ray 



i n t e n s i t i e s  f o r  t h e  Ag L M  and T i  K K  peaks were measured us ing  a  window 
Q 

of width 0.30 keV a s  i nd ica t ed  i n  Fig.2.3. 

2.4 The depth of o r i g i n  of d e t e c t a b l e  f l u o r e s c e n t  x-rays in p u r e  TiS, at -- - - 
10 kV and 20 kV ----- % 

When studying a s p e c i f i c  system, i t  i s  important  t o  know the  maximum 

depth of o r i g i n  of d e t e c t a b l e  f l u o r e s c e n t  x-rays.' An experiment w a s  done t o  

f i n d  t h i s  depth i n  pure TiS . Obviously t h e  depth of o r i g i n  of 

f l u o r e s c e n t  x-rays depends on the  pene t r a t ion  depth  of t he  e l e c t r o n  beam 

( o r  t h e  inc iden t  energy of t he  e l e c t r o n  beam). 

A t h i n  l a y e r  of Ag was evaporated onto p i eces  of  cover g l a s s  and on 

each of them a  small  a r ea  was scra tched  off .  Thin T i S 2  c r y s t a l s  wi th  

th icknesses  ranging from 0.5 t o  2.5 pm were prepared ( s e c t i o n  3.2, chap te r  

3 )  . and mounted 'on t h e  s i l v e r  evaporated cover  g l a s s  p i eces  s o  t h a t ,  a  p a r t  

of t h e  c r y s t a l  was i n  contac t  w i th  the  s i l v e r  l a y e r  and t h e  o the r  p a r t  of 

t h e  c r y s t a l  was l y i n g  on bare  g l a s s .  XRF s p e c t r a  from d i f f e r e n t  reg ions  of 

t h e  c r y s t a l  were obtained. I f  t h e  e l e c t r o n  beam penet ra ted  through t h e  

c r y s t a l  a  peak f o r  s i l v e r  was observed i n  XRF spectrum from t h e  c r y s t a l  

reg ion  l y i n g  on the - -depos i t ed  l a y e r  of s i l v e r .  A peak f o r  s i l v e r  was of 

course  not  observed i n  t h e  XRF spectrum from t h e  reg ion  l y i n g  on bare 

3 g la s s .  

I t  was found t h a t  when a  c r y s t a l  of th ickness  1.2 pm was examiried 

wi th  a  10 kV e l e c t r o n  beam, t h e  f luo rescen t  x-ray peak obtained from s i l v e r  ' 

was weak, and no s i l v e r  peak was observed when a  1.5 p thick c r y s t a l  was 

used. S imi l a r ly  a t  20 kV, a  weak peak from t h e  s i l v e r  was obtained when 

t h e  c r y s t a l  th ickness  was 1.8 p and f o r  a  c r y s t a l  of th ickness  2 pa t h e  

f l uo rescen t  x-rays from the s i l v e r  was not  observed. a 



Therefore in pure TiS2 the maximm depth of the origin of the 

detectable fluorescent x-rays is in between 1.2 and 1 . S  pm at fO kV an& %t 

8 
is in between 1.8 and 2 at 20 kV. For AgxTiS2. this depth is expected 

to be less due to a reduced penetration of the electron beam and increased 

x-ray absorption. 





Second condenser lens 

,- Energy dispersive x - ray /---- 
Final ( o bjec five ) lens 

 cathode ray tube - photomultiplier tube 

de tec ter 

~ e c o n d o r ~  electron detector 

Specimen holder 

Fig. 2.7 



Fig.  2 .2 .  ( a )  The v a r i a t i o n  o f  e l e c t r o n  s c a t t e r i n g  wi th  

v o l t a g e  and a tomic number( l3 ) .  

( b )  Diagram i n d i c a t i n g  t h e  t y p i c a l  s p a t i a l  d i s t r i -  

bu t ion  f o r  e l e c t r o n s  and x-rays w i t h i n  t h e  

s ample ( l3 ) .  

The s c a l e , w i t h i n  t h e  sample depends on t h e  

sample e lements  and t h e  i n c i d e n t  e l e c t r o n  

beam energy.  
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Fig.  2.3. T y p i c a l  x-ray f l u o r e s c e n c e  s p e c t r a  f o r  
8- 

( a )  A g o .  4TiS2 

(b) A g o .  2TiS2 

( c )  TiS2 

These d a t a  were t a k e n  by P.  Joenson.  
* 



Fig. 2.3 
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111. Study of s t a g e  1 and s t a g e  2 s i l v e r  i n  T i S Z  us ing  t h e  scanning 

e l e c t r o n  microscope and x-ray f luorescence  

3.1 In t roduc t ion  - 
The i n t e r c a l a t i o n  of s i l v e r  i n t o  c r y s t a l s  i n  a n  e l e c t r o l y t e  of 0.1' M 

s o l u t i o n  of AgN03 i n  water  o r  g l y c e r o l  occurs  i n  two s t a g e s  (21). I n  a  

p a r t i a l l y  i n t e r c a l a t e d  T i S 2  c r y s t a l  t h e r e  a r e  t h r e e  d i s t i n c t  reg ions  

namely, s t a g e  1, s t a g e  2 and' empty c r y s t a l  (Fig.3.I ( a )  and (b ) ) .  The 

reg ion  near  t h e  edge of t h e  c r y s t a l  is  s t a g e  1 and i t  has an atomic 

composition of x  = 0.42 +/- 0.02 (16)  which tends tb be cons tan t  a s  t he  

c r y s t a l  i n t e r c a l a t e s .  Fu r the r  i n  from t h e  edge, and next  t o  s t a g e  1  a  

s t a g e  2 region i s  found where t h e  x  va lue  drops t o  ha l f  of t h e  s t a g e  1  

value. Beyond t h e  s t a g e  2 reg ion  t h e  c i y s t a l  i s  empty of s i l v e r  and x = 0. 

These s t a g e s  can be observed o p t i c a l l y  i n  e i t h e r  t ransmiss  on o r  a 
r e f l e c t i o n .  The o p t i c a l  r e f l e c t i o n  decreases  when t h e  c r y s t a l  i s  

i n t e r c a l a t e d  and t h e  s t a g e  1 reg ion  appears  darker  o r  l e s s  r e f l e c t i n g  than  . 
t h e  s t a g e  2 region,  and t h e  s t a g e  2 reg ion  appears  darker  than  t h e  empty 

c r y s t a l .  Conversely, t h e  use  of t r a n s d t t e d  l i g h t  f o r  t h i n  t r anspa ren t  

c r y s t a l s  shows t h e  oppos i t e  obse rva t ion  (21).  The p o s i t i o n  of t he  f r o n t s  

observed i n  r e f l e c t i o n  a r e  r e a d i l y  i d e n t i f i e d  (Fig.3.1 ( b ) )  and t h i s  work 

shows t h a t  t h e  f r o n t s  have t h e  same l o c a t i o n s  a s  those  observed us ing  XRF 

microprobe f o r  c r y s t a l s  i n  t h e  1  t o  2  )~m range. 

I n  t h i s  chap te r  a  s tudy of t h e  d i s t r i b u t i o n  ( o r  motion) o f  t he  s t a g e  

1  and s t a g e  2 phases of s i l v e r  i n  p a r t i a l l y  i n t e r c a l a t e d  TiS2 c r y s t a l s  i s  

presented.  The r e l a t i v e  amount of s i l v e r  i n  t h e  c r y s t a l  was determined a s  a  

func t ion  of p o s i t i o n  us ing  a  scanning e l e c t r o n  microscope and x-ray 



f luorescence  attachment.  The work inc ludes  a  s tudy of motion of both s t a g e  

, 1  and s t a g e  2 s i l v e r  i n  T iS2  a t  room temperature and a l s o  ' t h e  motion of 

i t a g e  2 s i l v e r  a t  e leva ted  temperatures.  

3.2 Sample p repa ra t ion  and i n t e r c a l a t i o n  - --- 

3.2.1 Sample p r e p a r a t i o n  - 
Q 

The th ickness  of TiS2 c r y s t a l s  t h a t  were used i n  t he  experiments 

were i n  t h e  range 1 t o  2 pm. The l a t e r a l  dimensions of t h e  c r y s t a l s  were 

usua l ly  l e s s  t han  1000 p. The pure TiS2 c r y s t a l s  were .p repared  by t h e  

" iod ine  vapor t r a n s p o r t "  method and were typical1.y more than  10 p, so t h a t  - 
t h e  c r y s t a l s  used f o r  i n t e r c a l a t i o n  were obtained by c leaving  t h e  as-grown 

c r y s t a l s .  

To c leave  TiS2 c r y s t a l s  t o  micrometer th icknesses  a  t h i n  l a y e r  of 

epoxy was spread onto a  microscope s l i d e  and a few as-grown c r y s t a l s  were 

l a i d  f l a t  on t h e  epoxy. Thin c y s t a l s  were 'peeled from t h e  t h i c k  c r y s t a l s  

us ing  s t i c k y  tape. The peeled t h i n  c r y s t a l s  he re  removed from t h e  t ape  by 

d i s so lv ing  t h e  g lue  on the  tape  i n  t r i ch lo roe thy lene .  Using f i n e  forceps  o r  

a n  eye dropper t he  c r y s t a l s  were removed from the  t r i ch lo roe thy lene  and 
- 

piaced on a  p i ece  of microscope cover g lass .  The th icknesses  of t he  
1 

c r y s t a l s  were determined t o  an  accuracy of +/- 0.07 pm us ing  a Wild M 20 

microscope wi th  a n  i n t e r f e r e n c e  attachment.  The s t e p s  used i n  sample 

p repa ra t ion  a r e  shown" i n  Fig.3.2. A graph i t e .  block was f ixed  wi th  some 
, 

g r a p h i t e  dag t o  a  SEM sample holder  and t h e  p i ece  of cover g l a s s  wi th  t h e  

c r y s t a l  was placed on top of t he  g r a p h i t e  block (Fig.3.2 ( a ) ,  ( b ) ,  ( c ) ) .  

The g r a p h i t e  block was used t o  keep t h e  SEM sample holder  away from t h e  

e l e c t r o l y t e  because o therwise  t h e  aluminium of t h e  sample holder  might have 



i n t e r c a l a t e d  i n t o  t h e  c r y s t a l .  Also, t h e  g r a p h i t e  block e l imina ted  XRF 

peaks from t h e  a luHnium and i m p u r i t i e s  i n  t h e  'sample holder.  Next t he  

corners  of t h e  cover  g l a s s  and t h e  c r y s t a l  were glued down wi th  some RTV 

s i l i c o n e  rubber (Fig.3.2 ( d ) ) .  A narrow l a y e r  of g r a p h i t e  dag was appl ied  

from a  s i d e  of t h e  c r y s t a l  t o  t h e  g r a p h i t e  block t o  make e l e c t r i c a l  

contac t  between t h e  c r y s t a l  and t h e  sample 'ho lder .  (The g r a p h i t e  d a d  

(Elec t rodag  154 from Acheson Col lo ids ,  Ontar io)  used i n  t h e s e  experimfpts 
/ 

i s  high p u r i t y  f i n e  g r a p h i t e  p a r t i c l e s  i n  suspension i n  i sopropyl  a l c o h o l ; )  

The g r a p h i t e  l a y e r  was then  covered w i t h  RTV s i l i c o n e  rubber  t o  prevent i t  

from being washed away by t h e  e l e c t r o l y t e  (Fig.3.2 ( e ) ) .  The c rys - t a l s  were 

allowed t o -  i n t e r c a l a t e  only from one edge by covering t h e  o the r  edges wi th  

RTV. F i n a l l y ,  a l l  t h e  RTV. and g l a s s  were covered wi th  g r a p h i t e  dag s i n c e  

nonconducting m a t e r i a l s  tend t o  charge up w h e n k h e y  a r e  exposed t o  t h e  

e l e c t r o n  beam of t h e  SEM. The sample p repa ra t ion  fgom Fig.3.2 ( d )  ' t o  ( f  ) 

was done under a  low power o p t i c a l  microscope. 

3.2.2 I n t e r c a l a t i o n  - of 2 TiS - w i t h  s i l v e r  

A 0.1 M s o l u t i o n  of AgN03 i n  g lyce ro l  was used a s  t he  e l e c t r o l y t e .  
a/ 

It was found t h a t  when water  was used as  the  so lven t ,  a  cons iderable  

amount of cracking. occurs  a t  t he  c r y s t a l  edge whereas w i th  g lyce ro l  t h e  

i n t e r c a l a t i o n  r a t e  was slower and only a  few o r  no c racks  i n  t h e  c r y s t a l s  

were observed.   he samples were i n t e r c a l a t e d  e lec t rochemica l ly  a s  shown i n  

Fig.3.3. The microscope s l i d e  wi th  t h e  sample and t h e  e l e c t r o l y f e  were . 
placed on a n  o p t i c a l  microscope, s o  t h a t  t he  process  of i n t e r c a l a t i o n  could 

be, observed. Since t h e  i n t e r c a l a t i o n  r a t e  i s  th i ckness  dependent (211, t h e  

per iod  of i n t e r c a l a t i o n  v a r i e s  from c r y s t a l  t o  c r y s t a l .  The c r y s t a l s  which 

s@ t 
were used i n  t h i s  experiment were usua l ly  i n t e r c a l a t e d  f o r  about 4 t o  5  

h r s  r e s u l t i n g  i n  a  p a r t i a l l y  i n t e r c a l a t e d  c r y s t a l  a s  shown - in ~ i & 3 . l . ' ( b ) .  



e 
The p a r t i a l l y  i n t e r c a l a t e d  sample was removed from t h e  e l e c t r o l y t e ,  washed 

we l l  i n  ace tone  t o  remove a l l  e l e c t r o l y t e  and then  taken  t o  t h e  SEM a s  

soon a s  poss ib le .  Scanning of t h e  sample was s t a r t e d  geqe ra l l y  w i t h i n  30 t o  

40 minutes  a f t e r  t h e  i n t e r c a l a t i o n  stopped. 

3.3 Room temperature  X-ray f l uo re scence  study of s t a g e  1 and s t a g e  2 TiS, -- - --  

i n t e r c a l a t e d  w i t h  s i l v e r  

The r e l a t i v e  i n t e r c a l a t e d  s i l v e r  conten t  a s  a  f u n c t i o n  of d i s t a n c e  i n  

from t h e  c r y s t a l  edge was determined by XRF scans along a  l i n e  

perpendicu la r  t o  t h e  edge of t h e  c r y s t a l .  I t  was determined by XRF t h a t  

t h e  concen t r a t i on  of s i l v e r  a long  a  l i n e  p a r a l l e l  t o  t h e  c r y s t a l  edge,  was 
3 

e s s e n t i a l l y  cons tan t .  The scans  were po in t  measurements t aken  about 5 t o  20 

pm a p a r t  and t h e  spo t  s i z e  sampled was t y p i c a l l y  about  2 pm across .  The 

count ing t i m e  pe r  po in t  was t y p i c a l l y  about 3  minutes. An XRF scan took 

t y p i c a l l y  about  2.5 t o  3 hrs.  I t  i s  very important  t o  choose a  c ry . s ta l  

r eg ion  f o r  XRF scanning t h a t  i s  f r e e  of p i n  ho l e s ,  c racks  o r  s t e p s  because 

such d e f e c t s  a l low i n t e r c a l a t i o n  from reg ions  o t h e r  than  t h e  c r y s t a l  edge 
- 

of i n t e r e s t .  Using sample photographs and t h e  corners  of t h e  c r y s t a l s  a s  

r e f e r ence  p o i n t s ,  i t  was p o s s i b l e  t o  scan  from t h e  same p l ace  on t h e  

c r y s t a l  edge r epea t ed ly ,  w i th  a n  accuracy of 1 t o  2 pm. 

The r e l a t i v e  on t en t  of s i l v e r  p l o t t e d  a g a i n s t  t h e  d i s t a n c e  from t h e  

edge f o r  a  t y p i c a l  f a r t i a l l y  i n t e r c a l a t e d  c r y s t a l  (sample ill) 0.9 pm t h i c k  

i s  shown i n  Fig.3.4. To s tudy t h e  motion of t h e  s i l v e r  a f t e r  p a r t i a l  

i n t e r c a l a t i o n ,  repea ted  XRF scans  were c a r r i e d  ou t  and Fig.3.5 shows a  

s e r i e s  of scans  t aken  on sample #1 a t  room temperatures .  I t  i s  seen t h a t  

t h e  s t a g e  1 reg ion  is  reduced i n  s i z e  and t h e  s t a g e  2 r eg ion  i s  increased  

i n  s i z e .  Af t e r  a  s u f f i c i e n t  t i m e ,  on ly  s t a g e  2 s i l v e r  was found i n  t h e  

c r y s t a l .  



I n  sample #1 no subsequent motion of #s i lver  s t  was observed over + 

a period of 2 months. This  was a l s o  observed i n  s e v e r a l  o t h e r  samples f o r  ' 

per iods  up t o  2 1 / 2  months. 

Some samples w i t h  both s t a g e s  were l e f t  i n  l i q u i d  n i t r o g e n  f o r  about 

a day and t h e .  p o s i t i o n  of t h e  ' f ron t s  were observed o p t i c a l l y  before  and 

a f t e r  l eav ing  t h e  sample i n  t he  l i q u i d  ni t rogen.  T t  was found t h a t  s i l v e r  

i n  both s t a g e s  remained s t a t i o n a r y .  

- -- -- -- 3.4 Study of t h e  motion of t h e  s t a g e  2 s i l v e r  f r o n t  i n  TiS? at e l eva ted  
- 

temperatures  
rS 

Since no motion of t h e  s t a g e  2 f r o n t  was observed a t  room temperature , 

( t h a t  is  the  s i l v e r  d i s t r i b u t i o n  i n  s t a g e  2 remained c o n s t a n t ) ,  some 

samples were.  heated i n  a n  atgon atmosphere and t h e  d i s t r i b u t i o n  of s i l v e r  

was determined a f t e r  each hea t ing  by XRF a t  room temperature.  A sample (%2,  

th ickness  = 1.2 p) was i n i t i a l l y  kep t  a t  100 OC' f o r  one day. I t  was 
i 
observed t h a t  t h e  s i l v e r  d i s t r i b u t i o n  o r  the' s t a g e  2 f r o n t  had moved a few 

microns ( 10 )~m) ' i n to  t he  empty c r y s t a l  but  t h e r e  was no change a f t e r  

i u r t h e r  hea t ing  f o r  3 days a t  100 OC. I t  was a l s o  found t h a t  when the  

sample was l e f t  a t  room temperature f o r  about a week a f t e r  t h i s  hea t ing ,  

' t he  s t a g e  2 f r o n t  moved back t o  t h e  p o s i t i o n  p r i o r  t o  heat ing.  Another 

sample ( #  3 , th ickness  = 2 pm ) was heated a t  150 OC f o r  1 day and i t  was 
4 

observed t h a t  t h e  s t a g e  2 f r o n t  had moved about 10 pm. The same sample was 

heated a t  150 OC f o r  another  8 days and t h e  d i s t r i b u t i o n  of s i l v e r  was 

determined each day. I n  t h i s  per iod the  s t age  2. f r o n t  moved about 1 2  p m  

bu t  t h e  shape of t h e  f r o n t  was e s s e n t i a l l y  unchanged. Since no motion was 

observed even a f t e r  hea t ing  t h e  sample # 3 conttuuously a t  150 OC f o r  

ana the r  10 days; t h e  temperature was increased  in i n t e r v a l s  of 10 degrees 

up t o  200 OC ; the  sample being he ld  a t  each temperature f o r  1 day. A s  t h e  



temperature was increased  t h e  concen t r a t ion  decreased s l i g h t l y  i n  t h e  whole 

s t a g e  2 reg ion  and a f t e r  t h e  hea t ing  a t  200 'C no s t a g e  2 f r o n t  was 

observed and t h e  s i l v e r  w a s  d i s t r i b u t e d  throughout t h e  c r y s t a l .  .Another 

sample ( # 4 ,  sickness = 1.2 P m  ) was heated a t  va r ious  temperatures  from 

0 0 
100 C t o  325 C, keeping the  hea t ing  time a t  each temperature a t  two hours. 

0 

The temperature was increased  i n  10 C i n t e r v a l s  and a f t e r  every hea t ing  t h e  

sample was scanned t o  determine t h e  s i l v e r  d i s t r i b u t i o n .  Some of t hese  

d i s t r i b u t i p n  curves a r e  shown i n  Fig.3.6. Graph (b) shows t h e  d i s t r i b u t i o n  
5 

of s t a g e  2 s i l v e r  a t  room temperature.  As the  temperature increased  t h e  a 
I 

s t a g e  2 f r o n t  moved i n t o  t h e  c r y s t a l  and t h e  s teepness  of t h e  f r s n t  

decreased. I n  t h i s  sample t h e  s i l v e r  was d i s t r i b u t e d  throughout t he  c r y s t a l  

0 
a f t e r  hea t ing  a t  325 C fo r  two hours. 

A s  shown i n  Fig.3.6 ( f ) ,  ( g )  and ( h )  t h e  s i l v e r  concent ra t ion  i n  a 

reg ion  about\ 15 pm from t h e  c q s t a l  edge i s  lower than  the  o t h e r  reg ion  of 

t h e  same graph. The edge was scanned t o  f i n d  out  whether any s i l v e r  had 

come ou t  of t he  c r y s t a l  whi le  hea t ing .  No si1ve.r was found on the  edge of 

t h e  c r y s t a l .  

3.5 Discussion of t h e  r e s u l t s  - -- 
The XRF technique c l e a r l y  demonstrates t h e  s t ag ing  of s i l v e r  

i n t e r c a l a t e d  i n  TIS; and t h e  motion of t he  s t a g e  1 and s t a g e  2 f ron t s .  

The s e r i e s  of graphs i n  Fig.3.5 shows t h e  room temperature disappearance of 

. s t a g e  1 s i l v e r  wi th  time. I t  i s  c l e a r  from the  a r e a s  under thg s t a g e  1 and 
- I  

s t a g e  2 curves t h e  s t a g e  1 s i l v e r  becomes s t a g e  2 s i l v e r .  The [areas under 

t h e  i n i t i a l  and f i n a l  graphs d i f f e r  only by 1% from each o ther .  Though t h e  

d e p l e t i o n  of t h e  s t a g e  c r e g i o n  occurred w i t h i n  hours a t  room temperature,  

h s t a g e  1 f r o n t  r m i n e d  s t a t i m r y  a t  l i q u i d  n i t r o g e n  temperature.  When 

s t a g e  1 was not  present  i n  t h e  c r y s t a l  t h e  motion of t h e . s t a g e  2 f r o n t  was 



found only a t  temperatures  h igher  t han  room temperature.  From a l l  t hese  

r e s u l t s  i t  i s  c l e a r  t h a t  movement of s i l v e r  atoms i n  t h e  TiS2 l a t t i c e  i s  

. very temperature dependent. 
* v ,  

Since t h e  conversion from s t a g e  1 t o  s t a g e  2 occurs  very rap id ly  a t  

roDm temperature,  t h i s  process  must be d r iven  by s t r o n g  r epu l s ive  fo rces ,  

presumably Coulomb f o r c e s  between charged s i l v e r  -Ions. I n  s t a g e  1 (x = 

0 0 
0.4 , t h e  Ag-Ag d i s t a n c e  i s  about 5.9 A i n  t he  l a y e r s  and about 6.4 A - 

, = 
ac ros s  t h e  l a y e r s ,  s o  t h a t  s i g n i f i c a n t  Coulomb repu l s ion  can  be expected 

from both i n t r a l a y e r  and i n t e r l a y e r  i n t e r a c t i o n s  f.or s t a g e  1. For s t a g e  2 . 
t he  i on  sepa ra t ion  w i t h i n  a  l a y e r  i s  t h e  same a s  f o r  s t a g e  1 ,  however t h e  

sepa ra t ion  of t he  ions  i n  ad jacent  l a y e r s  i s  about twice  t h e  sepa ra t ion  i n  

s t a g e  1. T h s  i t  appears  t h a t  t he  main d r i v i n g  f o r c e  i n  t h e  s t a g e  1 t o  2 

conversion i s  t h e  Coulomb repu l s ion  between ions  i n  d i f f e r e n t  l aye r s .  

0 
The f a c t  t h a t  t h e  s t a g e  1 ' f r on t  remains s t a t i o n a r y  a t  77 K i n d i c a t e s  

t h a t  some thermal a c t i v a t i o n  of the  s i l v e r  atoms i s  a l s o  required f o r  

s i l v e r  motion along wi th  the  r epu l s ive  d r i v i n g  forces .  Assuming t h e  i s l a n d  

model, Fig. l .4  shows t h a t  t h e  conversion from s t a g e  1 t o  s t a g e  2 involves 

t h e  gene ra t ion  of bends i n  t h e  hos t  l a y e r s  (Fig.l.4). These bends c o s t  some 

e l a s t i c  energy. I n  s p i t e  of t h i s ,  t he  observa t ion  of s t a g e  1 t o  s t a g e  2 

conversion i n d i c a t e s  t h a t  t h e  decrease  i n  Coulomb energy i s  g r e a t e r  than 

t h e  e l a s t i c  energy expended i n  forming s t a g e  2. 

The graphs obtained f o r  sample 114 i n  Fig.3.6 show t h a t ,  a s  the  

temperature i n c r e a s e s  t h e  e n t i r e  s t a g e  2 reg ion  from t h e  c r y s t a l  edge t o  

t he  i n t e r c a l a t i o n  f r o n t  l o s e s  some s i l v e r ,  i n d i c a t i n g  t h i s  i s  not simple 

d i f fus ion .  For s imple d i f f u s i o n  one would expect  t o  s e e  a  drop i n  s i l v e r  

conten t  near  t h e  i n t e r c a l a t i o n  f r o n t  as ind ica t ed  i n  Fig. 3 .7  f 22). The most 

l i k e l y  reason f o r  t he  decrease  i n  s i l v e r  

t h a t  on hea t ing ,  t h e  sample conver t s  t o  a 

$ 

30 

i n  t h e  whole s t a g e  2 reg ion  i s  

mix of s t a g e  2 and d i l u t e  s t a g e  



1. ( Di lu t e  s t a g e  1 i n  Fig.3.8 i s  s i m i l a r  t o  pure s t a g e  1 except t h e  atoms 

a r e  r e l a t i v e l y  f a r  a p a r t . )  I n  t h i s  c a s e  t h e  concen t r a t ion  of s i l v e r  i n  a 

g iven  a r e a  can  be lower than  t h a t  of s t a g e  2. The d i l u t e  s t a g e  1 phase 

r e q u i r e s  t h e  breakup of t h e  s t a g e  2 i s l a n d s  (assuming.Herold ls  model 1 and 

more bending i n  t h e  hos t  l aye r s .  The s t a g e  2 t o  a mix of s t a g e  2 and 

d i l u t e  s t a g e  1 t ransformat ion  i s  l i k e l y  d r iven  by i n t r a l a y e r  Coulomb 

repu l s ion  wi th  thermal a c t i v a t i o n .  

S i g n i f i c a n t  motion of s i l v e r  i n  s t a g e  2 w a s  observed only a t  e leva ted  

temperatures.  The graphs i n  Fig.3.6 show a f a i r l y  sha rp  s t a g e  2 f r o n t  up 

t o  about 250 OC. The s teepness  of t h e  f r o n t  s t a r t e d  t o  decrease  above 

275 OC, and near  325 OC t he  s i l v e r  was d i s t r i b u t e d  throughout t h e  c r y s t a l .  

I n  sample # 3 the  s t a g e  2 s iF%r  was d i s t r i b u t e d  throughout t h e  c r y s t a l  a t  

0 
a lower temperature (200 C) poss ib ly  because t h e  hea t ing  time f o r  sample f 3 .  

was longe r  ( 1 .  day) t han  t h e  hea t ing  time f o r  sample #4  ( 2  hours)  . 
% peaks a i d  t h e  v a l l e y s  f i n a l l y  obtained i n  t h e  graph (h )  a t  

325 OC, showing c o l l e c t i o n  of s i l v e r  i n  some reg ions ,  sugges ts  a s epa ra t ion  

of phases i n t o  perhaps the  s t a g e  2 and d i l u t e  s t a g e  1 phases. 
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Fig .  3 . 2 .  TiSZ sample mounting and p r e p a r a t i o n  f o r  Ag 

i n t e r c a l a t i o n  and SEM/XRF s t u d i e s .  
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F i g .  3 . 3 .  E l e c t r o i n t e r c a l a t i o n  of a  c r y s t a l .  
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I V .  I n t e r c a l a t i o n  of T iSZ  r i t h  Ag and Ag"' . 

Some experiments were done w i t h  r a d i o a c t i v e  s i l v e r  (Ag 'lo ) t o  c l a r i f y  

how t h e  motion of s i l v e r  occurs  i n  TiS2 f o r  both s t a g e  1 and s t a g e  2 a t  

room temperature.  

4.1 Study of migra t ion  of 4 i n  s t a g e  2 when a  c r y s t a l  i s  i n t e r c a l a t e d  - - - - --- - 
A rad ioac t ive  t r a c e r  experiment was done t o  s tudy  t h e  migra t ion  of 

s i l v e r  atoms i n  s t a g e  2 when a c r y s t a l  is' i n t e r c a l a t e d .  When a c r y s t a l  

i n t e r c a l a t e s  a s t a g e  2 f r o n t  i s  observed ( o p t i c a l l y )  t o  s t a r t  f i r s t ,  
0 

followed by a  s t a g e  1 f ron t .  I f  t h e  concen t r a t ion  of t h e  - e l e c t r o l y t e  i s  

decreased a  s t a g e  1 f r o n t  is  not  observed. Thus i t  i s  p o s s i b l e  t o  o b t a i n  

only a  s t a g e  2 r eg ion  i n  a  c r y s t a l ,  &xcept perhaps r i g h t  a t  t h e  c r y s t a l  

edge, by l i m i t i n g  t h e  i n t e r c a l a t i o n  r a t e  us ing  a  low e l e c t r o l y t e  

concentrat ion.  I n  t h e  experiment i n  t h i s  s e c t i o n ,  t h e  c r y s t a l s  were 

p a r t i a l l y  i n t e r c a l a t e d  such t h a t  only s t a g e  2 was obtained.  

The ques t ion  t o  be answered {by t h e  t r a c e r  experiment was: Where do 

t h e  s i l v e r  atoms go a f t e r  t h e y ,  e n t e r  a p a r t i a l l y  i n t e r c a l a t e d  s t a g e  2 

c r y s t a l ?  Three p o s s i b i l i t i e s  a r e  shown i n  F i g 1  f o r  t h e  c l a s s i c a l  

i n t e r c a l a t i o n  model. 

For Fig.4.1: 

( a )  The newly i n t e r c a l a t e d  s i l v e r  atoms push t h e  p r e i n t e r c a l a t e d  s i l v e r  

atoms f u r t h e r  i n t o  t h e  c r y s t a l  and remain near  t h e  edge of t h e  c r y s t a  + 
(b) The newly i n t e r c a l a t e d  s i l v e r  atoms advance t o  t h e  s t a g e  2 f r o n t  by 

moving p a s t  s t a t i o n a r y  p r e i n t e r c a l a t e d  s i l v e r  atoms ( t h e  new atoms a r e  not  
9 

n e c e s s a r i l y  i n  t h e  same l a y e r s  as t h e  p r e i n t e r c a l a t e d  atoms). 

( c )  As i n  ( a )  w i t h  t h e  p r e i n t e r c a l a t e d  atoms and t h e  new atoms mixed 

toge the r  near  t h e  i n t e r f a c e .  

40 



110 
I n  our  experiments,  r ad ioac t ive  Ag was used t o  l a b e l  t h e  new 

s i l v e r  atoms. A c r y s t a l  was f i r s t  i n t e r c a l a t e d  wi th  nonact ive Ag'08 a n d  

then  was i n t e r c a l a t e d  wi th  a c t i v e  Ag " O  . I n t e r c a l a t i o n  was done s o  t h a t  
& 

only s t a g e  2 was formed, l eav ing  t h e  inne r  p a r t  of t h e  c r y s t a l  empty. 

A f t e r  i n t e r c a l a t i o n  t h e  t o t a l  ac t iv i ' t y  of t he  c r y s t a l  was measured. Then 

t h e  edges of t h e  c r y s t a l  were cu t  and t h e  a c t i v i t i e s  of a l l  edges and t h e  

i n n e r  p a r t  of t he  c r y s t a l  were measured sepa ra t e ly .  

Ag 'I0 emits  a  wide spectrum of gamma r a d i a t i o n ,  95% of which i s  657 

keV gamma rays  (23).  To measure the  c r y s t a l  a c t i v i t y ,  t h e  whole gamma 

spectrum (E ), 100 keV) was de tec ted  wi th  a NaI well-type s c i n t i l l a t i o n  

spectrometer  (Fig.  4.2)  i n  t h e  Department of Chemistry, S.F.U. 

*/- -- 
4.1 .lo Sample p r e p a r a t i o n  and i n t e r c a l a t i o n :  motion of s t a g e  - 2 s i l v e r  

Since t h e  amount of s i l v e r  i n t e r c a l a t e d  and hence the  a c t i v i t y  

i nc reases  wi th  th i ckness  i t  i s  advantageous t o  use  t h e  t h i c k e s t  c r y s t a l s  

a v a i l a b l e  i n  counting experiments. However t h i c k  c r y s t a l s  tend t o  crack 

whi le  they  a r e  being i n t e r c a l a t e d .  I t  was found by t r i a l  and e r r o r  c r y s t a l s  - 

i n  t h e  th ickness  range 3 t o  6 d i d  not  crack severe ly  and gave 

reasonable  counting s t a t i s t i c s .  

A s  descr ibed  i n  s e c t i o n  3.2 c r y s t a l s  were peeled from grown TiS2 

c r y s t a l s  and placed on cover g l a s s e s  where t h e  th icknesses  were measured. 

% I n  our  experiments i t  was very important  t o  u se  c r y s t a l s  without  cracks,  

p i n  ho le s ,  s t e p s ,  s c r a t c h e s  o r  any o the r  macroscopic de fec t .  I t  was 

p o s s i b l e  t o  observe i n t e r c a l a t i o n  due t o  such d e f e c t s  on the  upper su r f ace ,  

however t h e  lower su r f ace  could not  be obs2rved a f t e r  mounting. t h e  c r y s t a l .  

Therefore be fo re  mounting t h e  c r y s t a l  a  t h i n  l a y e r  of RTV ( s i l i c o n e  rubber )  

prevent  any p o s s i b l e  i n t e r c a l a t i o n  a t  defec ts .  P r i o r  t o  i n t e r c a l a t i o n  any 



small d e f e c t s  on t h e  upper s u r f a c e  were c a r e f u l l y  covered w i t h  t i n y  d o t s  of 

RTV. The next  s t e p s  i n  sample p repa ra t i on  a r e  .shown i n  Fig.4.3. A p i ece  of 

cover  g l a s s  w i th  a c r y s t a l  was placed on a  sample ho lde r  a s  %shown i n  

Fig.4.3 (a), (A SEM sample ho lde r  was used only f o r  convenience. ) The 

corners  of t h e  c r y s t a l  were he ld  t o  t h e  g l a s s  by RTV (Fig.4.3 (b ) ) , and  a  

very, small p i e c e  of s i l v e r  was f i x e d  t o  t h e  c r y s t a l  w i t h  some s i l v e r  dag 

(Elec t rodag  415 from Acheson Col lo ids ) .  This  s i l v e r  dag was then  covered 

wi th  RTV t o  ensure  a  con tac t  k i t h -  t h e  c r y s t a l  was maintained. F i n a l l y  an  

e l e c t r o l y t e  c o n t a i n e r  was made us ing  a small  rubber  '0 '  r i n g  (Fig.4.3 ( c ) ) .  

Since a  r a d i o a c t i v e  e l e c t r o l y t e  was used a minimum amount o f  t h e  

e l e c t r o l y t e  was d e s i r a b l e ,  The i d e a  of us ing  a  small  '0 '  r i n g  was t o ,  make 

a  very  smal l  w e l l  t o  hold t h e  e l e c t r o l y t e .  The top  cover  g l a s s  was placed 
9 

on t h e  '0 '  r i n g  t o  prevent  evapora t ion  of t h e  e l e c t r o l y t e .  The sample 

p repa ra t i on  was done under a n  o p t i c a l  microscope. Bas ica l ly , .  t h e  s e t  up 

shown i n  Fig.4.3 ( d )  i s  s i m i l a r  t o  Fig.3.3. The i n t e r c a l a t i o n  process  was 

observed i n  r e f l e c t e d  l i g h t  w i t h  an  o p t i c a l  microscope, keeping t h e  sample 

.holder upr igh t .  

1 1 0  
The e l e c t r o l y t e  was prepared from a  s o l u t i o n  of 0.1 .M Ag i n  0.5 M 

HN03 i n  water ,  purchased from New England Nuclear of Canada. The 

r a d i o n u c l i d i c  p u r i t y  and t h e  radiochemical  p u r i t y  of t h e  o r i g i n a l  s o l u t i o n  

was abou t -  99%. I n  our  experiment a  s o l u t i o n  of 0.001 M A ~ " O  i n  0.05 M HN03 

i n  water  w a s  used a s  t h e  a c t i v e  e l e c t r o l y t e .  The nonac t ive  e l e c t r o l y t e  

was made up w i t h  t h e  i d e n t i c a l  mo la r i t y  and s o l v e n t  a s  t h e  a c t i v e  one. The 

volume of t h e  e l e c t r o l y t e  i n  a c e l l  w a s  about  55 m i c r o l i t e r s  and t h e  

a c t i v i t y  of t h i s  amount of e l e c t r o l y t e  was about  0.01 pCi. 

I t  was mentioned i n  s e c t i o n  3.2 .2  that a cons ide rab l e  amount ef 
/ 

cracking  was observed a t  t h e  c r y s t a l  edge when a n  aqueous e l e c t r o l y t e  was 
d 

used f o r  i n t e r c a l a t i o n .  Hmever ,  i n  t h e  t r a c e r  experiment where aqueous 



e I e c t r o l y t e s  were used few cracks  were observed i n  th,e c r y s t a l  edge s i n c e  - 
t h e  i n t e r c a l a t i o n  r a t e  was slow due t o  t he  low concent ra t ion  of t he  

e l e c t r o l y t e s .  . I n  t h e  r a d i o a c t i v e  t r a c e r  experiment t h e  c r y s t a l s  were 
% 

i n t e r c a l a t e d  a t  a l l  of the  edges a s  follows. A c r y s t a l  was f i r s t  
2 

i n t e r c a l a t e d  wi th  nonac t ive  s i l v e r  u n t i l  t h e  s t a g e  2 f r o n t  moved a  d i s t a n c e  

x ,  t y p i c a l l y  about  60 t o  100 from t h e  c r y s t a l  edges (Fig.4.4 ( a ) ) .  Then 

t h e  c r y s t a l  was photographed and washed wi th  ace tone  t o  remove t h e  

e l e c t r o l y t e .  - Next t h e  c r y s t a l  was aga in  i n t e r c a l a t e d  , w i t h  the  a c t i v e  

e l e c t r o l y t e  u n t i l  t h e  s t a g e  2 f r o n t  progressed a  f u r t h e r  d i s t a n c e  z ,  

t y p i c a l l y  about 30 t o  40 i n t o  t h e  c r y s t a l  g iv ing  a  t o t a l  s t a g e  2 width 

of y  (Fig.4.4 ( b ) ) .  With phdtograph$ i t  was poss ib l e  t o  measure t h e  widths 

x and y  of t h e  s t a g e  2 r eg ion  a s  i nd ica t ed  i n  Pig.4.4. Since t h e  boundary 

of t h e  a c t i v e  and nonact ive reg ions  cou-ld not be observed o p t i c a l l y ,  z was 

c a l c u l a t e d  from t h e  va lues  x  and y. The c r y s t a l s  were always i n t e r c a l a t e d  

such t h a t  x  > (y - x) = z .  Then y > 22  and t h e r e f o r e  i t  was poss ib l e  t o  

c u t  t h e  edges of t h e  c r y s t a l  such t h a t  t he  widths of both t h e  cu t  s e c t i o n s  

and of t h e  remaining s t a g e  2 r eg ion  i n  t h e  m i d d e  p a r t  was g r e a t e r  t h i n  z 
jb- 

? ~ i ~ . 4 . 5  ( b ) ) .  The reason f o r  doing t h i s  w i l l  be explained l a t e r  i n  

Fig.4.6. Af te r  i n t e r c a l a t i n g  t h e  c r y s t a l  w i th  a c t i v e  s i l v e r ,  t h e  

e l e c t r o l y t e  was washed away and t h e  c r y s t a l  was removed from t h e  sample 

holder .  This  was done unde r ' a  microscope wi th  f i n e  too l s .  Then t h e  c r y s t a l  

was aga in  washed thoroughly wi th  acetone t o  g e t  r i d  of any remaining 

e l e c t r o l y t e  on t h e  s u r f a c e s  and taken t o  t h e  counter  t o  measure t h e  c r y s t a l  

a c t i v i t y .  The background r a d i a t i o n  was counted f o r  one hour and the  

counting f o r  t he  c r y s t a l s  was 20 minutes. The procedure used t o  monitor t h e  

l o c a t i o n  of a c t i v e  s i l v e r  i n  a  c r y s t a l  was a s  follows. The t o t a l  c r y s t a l  

a c t i v i t y  was f i r s ;  measured and then  t h e  narrow sec t ion$  of t he  c r y s t a l  , 

edges were cu t  w i th  a  r azo r  blade a s  shown i n  Fig.4.5 (b) .  Using a  



microscope, i t  was p o s s i b l e  t o  make c u t s  wi th  a n  accuracy of about +/- 10 

pm. A f t e r  c u t t i n g ,  a l l  t h e  c u t  s e c t i o n s  were c o l l e c t e d  c a r e f u l l y  wi th  f i n e  

forceps  and t h e  t o t a l  a c t i v i t y  of a l l  t h e  s e c t i o n s  was determined. The 

a c t i v i t y  of t h e  remaining middle p a r t  of t h e  c r y s t a l  was a l s o  measured. 

Three p o s s i b l e  d i s t r i b u t i o n s  f o r  t h e  new gues t  atoms corresponding t o  

t he  s i l v e r  l o c a t i o n  of Fig.4.1 a r e  shown i n  Fig.4.6. I n  ou r  experiment t h e  

new gues t  atoms a r e  a c t i v e  A ~ ' "  atoms and th; p r e i n t q r c a l a t e d  atoms a r e  

nonact ive A ~ ' ~ ~  atoms. From t h e  measured a c t i v i t i e s  one can ~ b t a i n  

information on t h e  d i s t r i b u t i o n  of A ~ " O  i n  t h e % c r y s t a l .  If Fig.4.6 ( a )  i s  

t h e  case ,  t h e  a c t i v e  s i l v e r  w i l l  r e s i d e  near  t h e  c r y s t a l  edge and t h e  

a c t i v i t y  of t h e  whole c r y s t a l  should be t h e  same a s  t h e  t o t a l  a c t i v i t y  of 

t 
t h e  c u t  s ec t ions .  I f  what i s  shown i n  Fig.4.6 ( b )  happens, t h e  a c t i v i t y  of 

t h e  middle p a r t  of th$ c G s t a l  should be the  same as- .  t he  t o t a l  c r y s t a l  

a c t i v i t y .  For t h e  case  i n  Fig.4.6 ( c >  most of t h e  t o t a l  c r y s t a l  a c t i v i t y  

should be found i n  t he  c u t  s e c t i o n s  and t h e  middle $a r t  of t h e  c r y s t a l  

w i l l  a l s o  show some low a c t i v i t y .  

4.1.2 Resul t s  of migra t ion  of s t a g e .  2 s i l v e r  - - - 
Resul t s  f o r  two samples s tud ied  a r e  shown i n  Table 4.1. The va lues  

* -  
given i n  t he  t a b l e  a r e  t h e  counts  a f t e r  t he  background bf 9.30 +/- 0.05 

cps was subt rac ted .  Note t h a t  t h e  sum of counts  from t h e  c u t  s e c t i o h s  and 

t h e  middle reg ion  i s  c l o s e  t o  t h e  counts from t h e  o r i g i n a l  c r y s t a l  

i n d i c a t i n g  t h a t  no s e c t i o n s  wire l o s t  during t h e  c u t t i n g  procedure. I t  i s  

c l e a r  from t h e  resuits t h a t  most of t h e  a c t i v e  s i l v e r  atoms r e s i d e  i n  t h e  F - 
c u t  s e c t i o n s  of t h e  c r y s t a l .  A low but not n e g l i g i b l e  a c t i v i t y  was found 

i n  t h e  middle p a r t ,  so t h e r e  i s  no sharp  boundary between t h e  a c t i v e  and 

nonact ive regions,  , 



4.2 Study of conversion of  s t a g e  I s i l v e r  i n t o  w a g e  2 - - - - 

A s  presented i n  chapter  3 i t  was observed t h a t  when i n t e r c a l a t i o n  of 

>ally i n t e r c a l a t e d  c r y s t a l  i s  stopped the  s t a g e  1  s i l v e r  reg ion  a  pa r  

r ap id ly  d isappears  w i t h  t h e  i n t e r c a l a t e d  reg ion  convert ing i n t o  s t a g e  2. I t  

i s  of i n t e r e s t  t o  know how t h i s  s t a g e  1  t o  s t a g e  2  conversion occurs.  That 

i s ,  how do t h e  s i l v e r  atoms r e d i s t r i b u t e  dur ing  t h e  s t a g e  conversion? The 

most l i k e l y  s i t u a t i o n s  a r e  given Fig.4.7. I n  s t a g e  1 ,  a l l  t he  l a y e r s  of 

t he  h o s t  l a t t i c e  a r e  f i l l e d  wi th  s i l v e r  whi le  i n  s t a g e  2 reg ion  every 

o t h e r  l a y e r  i s  f i l l e d .  One p o s s i b i l i t y  i s  t h a t  t h e  excess  s i l v e r  i n  t h e  

s t a g e  1  region advances t o  t h e  s t a g e  2 f r o n t  a s  i n  Fig.4.7 ( b ) .  I n  t h i s  

case  t h e  e x i s t i n g  s t a g e  2 s i l v e r  i s  s t a t i o n a r y  whi le  t he  s i l v e r  from s t a g e  

1 moves through it.  I n  Fig.4.7 (c)  t h e  s i l v e r  i n  s t a g e  1 pushes t h e  

e x i s t i n g  s t a g e  2  s i l v e r  i n t o  t h e  empty region of t h e  c r y s t a l  and remains 

near  t he  c r y s t a l  edge. Fig.4.7 ( d )  i s  s i m i l a r  t o  Fig.4.7 ( c )  except  t h e  

s i l v e r  from both a r e  mixed toge ther  near  t h e  s t a g e  1 - s t a g e  2 
, 

boundary. d 

I n  t h e  fo l lwing  s e c t i o n s ,  a  r a d i o a c t i v e  t r a c e r  experiment i s  

descri-bed which a l lows  the  s i l v e r  motion t o  be follwed. I n  t h i s  experiment 

Ag was uses ' , to  l a b e l  t h e  s i l v e r  i n  t h e  s t a g e  1  region. 

4.2.1 Sample r e  a r a  i on  and i n t e r c a l a t i o n :  motion of s t a g e  1 s i l v e r  P-EtC- - - 

f The p repa ra t  on of p a r t i a l l y  i n t e r c a l a t e d  samples was e s s e n t i a l l y  t h e  

same a s  descr ibed i n  s e c t i o n  4.1.1. The nonact ive e l c t r o l y t e  used was a  

s o l u t i o n  of 0.01 M AgNO in 0.05 M HN03 acid. The a c t i v e  e l e c t r o l y t e  was a  3 
mixture of A ~ " O  and ~ ~ 1 0 8  wi th  a  molar i ty  0.01 M i n  -0.05 M HN03 ac id .  Some 

nonact ive A g l 0 8  s o l u t i o n  was mixed 'with t h e  a c t i v e  s o l u t i o n  

h igh  a c t i v i t y .  
Tce the 0 .  



I n  t h i s  experiment i t  was necessary t o  i n t e r c a l a t e  t&e sample i n  both 

s t a g e s  such t h a t  q > 2 p  (Fig.4.7 ( a ) ) .  A wide band of s t a g e  2 ~g"' was 

needed so  t h a t  a  c r y s t a l  was f i r s t  i n t e r c a l a t e d  w i t h  nonact ive s i l v e r  u n t i l  

both s t a g e  1 and s t a g e  2 were obtained;  i n t e r c a l a t i o n  was stopped and t h e  

c y s t a l  was l e f t  u n t i l  t he  s t a g e  1 s i l v e r  was converted i n t o  s t a g e  2 ,  

g iv ing  a  f i n a l  t o t a l  s t a g e  2 width t y p i c a l l y  about  100 t o  130 p. A f t e r  
--a 

obta in ing  a  wide r eg ion  of s t a g e  2 &lo' t h e  c r y s t a l  was' photographed and 

aga in  in te rca laz!  d  w i t h  ~~l~~ u n t i l  t h e  st.age 1  f r o n t  was j u s t  observed a t  P 
t h e  edge. Then t h e  e l e c t r o l y t e  was quickly changed t o  t h e  a c t i v e  A ~ " O "  

so lu t ion .  This Rro&dure ensured t h a t  ~ g ' "  atoms were i n t e r c a l a t e d  only i n  

t h e  s t a g e  1 region. I n t e r c a l a t i o n  wi th  As f ' '  was continued u n t i l  t h e  s t a g e  

f f r o n t  was observed t o  be a d i s t a n c e  p  wide ( t y p i c a l l y  30 t o  50 pm). 

A f t e r  i n t e r c a l a t i o n  ' t h e  c r y s t a l  was aga in  photographed and the  e l e c t r o l y t e  

was washed away. The c r y s t a l  then  was removed from t h e  sample holder ,  

b 
washed a g a i n  and l e f t  f o r  about a  d2y t o  al low t h e  s t a g e  1 A ~ ' "  t o  convert  

i n t o  s t a g e  2 A ~ " *  . . 
Af te r  t he  s t a g e  1 was converted t o  s t a g e  2 t he  t o t a l  c r y s t a l  a c t i v i t y  

was counted and c r y s t a l  s e c t i o n s  were cu t  wi th  a  r azo r  blade a t  a  d i s t a n c e  

a  l i t t l e  more than  2p from t h e  c r y s t a l  ,edges. The a c t i v i t y  i n  t he  c u t  

s e c t i o n s  and the  remaining p a r t  of t h e  c r y s t a l  was measured sepa ra t e ly .  The 

r e s u l t s  showed t h a t  most of t h e  a c t i v e  atoms,were loca t ed  i n  a  reg ion  2p 

from t h e  c r y s t a l  

s e c t i o n  4.1 some 

s t r i p s  ( t y p i c a l l y  

a c t i v i t y  i n  t h e s e  

edges. A s  w a s  observed i n  t h e  experiment descr ibed  i n  

a c t i v i t y  w a s  measured i n  t he  remaining c r y s t a l  so  t h a t  

30 t o  40 -p) were aga in  cu t  from t h e  c r y s t a l  and. t h e  

s t r i p s  and remaining c r y s t a l  were measured. , 

To conf i n n  t h e  r e s u l t s  of t h i s ,  experiment ano the r  experiment was done 

by r ep l ac ing  t h e  nonac t ive  e l e c t r o l y t e  w i t h  the  a c t i v e  e l e c t r o l y t e  and v i c e  

versa.  



4.2.2 Resul t s  - of migra t ion  of 1 s i l v e r  i n t o  s t a g e  2 - - - - 
The w s u l t s  of migra t ion  0 4  s t a g e  1 s i l v e r  f o r  two samples a r e  given 

6 Table 4.2 and Table 4.3. The va lues  given i n  t h e  t a b l e s  a r e  counts  

a f t e r  t h e  background i s  subt rac ted .  I t  can be seen  t h a t  a f t e r  t h e  motion 

of s t a g e  1 s i l v e r  most of t he  a c t i v e  s i l v e r  atoms were found near the  edge 

of t h e  c r y s t a l  and no s i g n i f i c a h t  a c t i v i t y  was measured i n  the  remaining 

p a r t  a f t e r  the  second cut.  -pa 

When t h e  e l e c t r o l y t e s  were interchanged,  t h a t  i s  when s t a g e  2 was 

obtained wi th  A ~ " '  ?qd the  s t a g e  1 with A ~ ' O *  t h e  converse r e s u l t  was found 

(Table 4.4). That i s ,  most of the a c t i v e  A ~ " O  was found near  t h e  f i n a l  

s t a g e  2 f r o n t  and t h e r e  was no s i g n i f i c a n t  a c t i v i t y  i n  t h e  s e c t i o n s  c u t  

o f f  by t h e  f i r s t  cut .  A s l i g h t  a c t i v i t y  was f o h d  i n  c u t  o f f  s e c t t o n s  of 

t h e  second c u t  showing the  consis tency of t h e  r e s u l t s  given i n  Tables  4.2, 
dE 

4.3 and 4.4. 

4.3 Discussion of t h e  r e s u l t s  - -- 
The t r a c e r  r e s u l t s  from s e c t i o n  4.1.2 where t h e  migra t ion  of s t a g e  2 

s i l v e r  was s tud ied  show thac when s i l v e r  atoms e n t e r  a  p a r t i a l l y  

i n t e r c a l a t e d  s t a g e  2 TiS2 c r y s t a l  t h e  p r e i n t e r c a l a t e d  atoms &are  e f f e c t i v e l y  

pushed f u r t h e r  i n t o  t h e  c r y s t a l  by t h e  en t e r ing  s i l v e r  atoms. That i s ,  a l l  

t h e  s i l v e r  i n  s t a g e  2 moves when 

2n phapter  3 show t h a t ,  a f t e r  

remains s t a t i o n a r y -  when s t a g e  1 

when a  c r y s t a l  i n t e r c a l a t e s ,  t h e  

der ived  from a very narrow region 

t h e  c r y s t a l  i n t e r e a l a t e s .  The XRF r e s u l t s  

i n t e r c a l a t i o n  ceases ,  s i l v e r  i n  s t a g e  2 

i s  not  present  i n  t h e  c r y s t a l .  So t h a t  

o v e r a l l  d r i v i n g  energy f o r  s t a g e  2 may be 
I 

of s t a g e  1 a t  t h e  edge of t h e  c r y s t a l .  

The t r a c e r  r e s u l t s  i n  s e c t i o n  4.2.2 where t h e  motion of s t a g e  1 

s i l v z r  was s tud ied  show t h a t  t m e ~  i n t e r c a l a t i o n  of a  p a r t i a l l y  - i n t e r c a l a t e d  



c r y s t a l  i s  s topp  e  s i l v e r  i n  s t a g e  s t a g e  2 s i l v e r  i n t o  the  

c r y s t a l  and s t a y s  near  t h e  edge g iv ing  a  d '  t r i b u t i o n  of s i l v e r  s i m i l a r  t o  

Fig.4.7 (d) .  
P 

4. 
Fig.4.8 shows the  d i s t r i b u t i o n  of A ~ " * '  i n  t h e  samples #3 and #4 

a f t e r  s t a g e  1 Ag"' has  moved. These graphs were p l o t t e d  by equat ing t h e  

r a t i o  of measured a c t i v i t i e s  i n  cu t  s e c t i o n s  t o  t h e  r a t i o  of t he  a r eas  

under t h e  CUNeS i n  the  corresponding regions.  Since t h e  width of the  

1 1 0  i n i t i a l  s t a g e  1 &"O f r o n t  was p, we assumed t h a t  only Ag i s  found 

w i t h i n  a  d i s t a n c e  p from t h e  c r y s t a l  edge and Ag"' may o r  may not mix wi th  

A ~ ' ~ ~  beyond p. S ince  the  Ag"' i n  t h e  d i s t r i b u t i o n  was i n i t i a l l y  i n  t he  

s t a g e  1 region of width p t h e  conserva t ion  of Ag 'I0 i n  t h e  c r y s t a l  

taken i n t o  account. To s a t i s f y  a l l  these  cond i t i ons ,  t h e  widths of 

i n i t i a l  s t a g e  1 f r o n t s  ( p )  and t h e  cu t  s e c t i o n s  of t h e  c r y s t a l s  

changed wi th in  t h e  experimental  e r r o r s  i n  some cases.  I n  sample #3 

width of t he  s t a g e  1 region used was 45 pm and t h e  width used f o r  

was 

the  

were 

t h e  

t h e  

f i r s t  c u t  was 95 p. I n  sample #4 the 'w id th  used f o r  t h e  f i r s t  c u t  was 95 

p m  and .the width of t h e  second c u t  was 40 p. Addi t iona l ly ,  t h e  a c t i v i t i e s  

were changed s l i g h t l y  w i t h i n  t h e  experimental  e r r o r s .  

Some a c t i v i t y  was found beyond the  expected reg ion  (2p) which i s  

c o n s i s t e n t  wi th  Fig.4.7 (d ) .  This  observa t ion  a l s o  ag rees  w i th  XRF r e s u l t s  

where i t  was observed t h a t  i n t e r c a l a t i o n  f r o n t s  a r e  not abso lu t e ly  sharp  

and t h a t  t he  s t a g e  2 f r o n t  becomes wider a f t e r  t h e  conversion of s t a g e  1 

s i l v e r  i n t o  s t a g e  2 s i l v e r  (Fig.3.5 and Fig. 3.6). 

The r e s u l t s  obtained - i n  t h i s  chapter  support  Daumas and Herold 's  

model of s t ag ing  ( chap te r  1). The type of motion of s t a g e  1 s i l v e r  i n t o  

s t a g e  2 s i l v e r  requi red  by t h e  t r a c e r  r e s u l t s  can be explained w i t h  i s l a n d s  
1 

of atoms i n  hos t  layers .  The c l a s s i c a l  model of s t ag ing  and Daumas and 

Herofd's model o f  staging are - smn i n  Fig. 1 . 3  and Fig.  1.4 r e spec t ive ly .  



The conversion from s t a g e  1 t o  s t a g e  2 in t h e  c l a s s i c a l  model i s  shown i n  

Fig.4.9. The motion shown i n  Fig.4.9 i s  only p o s s i b l e  i f  t h e r e  ii migrat ion 

of s i l v e r  atoms perpendLcular t o  t h e  l aye r s .  Since i t  was found t h a t  t h e  
= 3 

motion of s i l v e r  atoms perpen c u l a r  t o  t he  l a y e r s  i s  n e g l i g i b l e  a t  room P 
temperature ( chap te r  6 ) ,  t h e  c l a s s i c a l  model cannot exp la in  t h e  t r a c e r  

r e s u l t s .  The i s l a n d  model i n  Fig.4.10 exp la ins  c l e a r l y  how s i l v e r '  atoms i n  

s t a g e  1 remain near  t he  c r y s t a l  edge in t h e  s t a g e  1 t o  s t a g e  2 conversion. 
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Fig. 4.2. A schematic diagram of NaI well-type 

scintillation detector. 
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Fig.  4.4:Stage 2 reg ion  : I n t e r c a l a t e d ,  w i t h  Ag lo8  and 

x = Width o f  s t a g e  2 reg ion  of  Ag 108 

y = Width of  s t a g e  2 reg ion  of Ag 110 + Ag108 

F ig ,  4.5. C u t t i n g  of t h e  edges  o f  t h e  c r y s t a l .  



Fig.  4 . 4  

Fig. 4 . 5  



Fig.  4 .6 .  Three p o s s i b l e  d i s t r i b u t i o n s  f o r  t h e  new g u e s t  

atoms ( ~ g l l ' )  f o r  s t a g e  2 i n t e r c a l a t i o n .  

( a )  The new g u e s t  atoms (Ag l o )  r e s i d e  n e a r  t h e  

c r y s t a l  edge. I ' 
\ 

(b )  The new g u e s t  atoms (Ag l o )  advance t o  t h e  

i n t e r c a l a t i o n  f r o n t .  

( c )  A s  i n  ( a )  w i th  t h e  g u e s t  atoms ~ g l l '  and t h e  

p r e i n t e r c a l a t e d  atoms A~~~~ mixed a t  t h e  

boundary. S 



- Radioactive Ag 110 ' 



Fig .  4 .7 .  P o s s i b l e  Ag motion i n  t h e  s t a g e  1 t o  s t a g e  2 

c o n v e r s i o n  i n  a p a r t i a l l y  i n t e r c a l a t e d  TiS2.  

( a )  C r y s t a l  w i t h  s t a g e  1 and 2 

( b )  F i n a l  s t a g e  2  w i t h  A g  from s t a g e  1 a t  c r y s t a l  

edge  and s t a g e  2 f r o n t  

(c)  F i n a p  stage 2 w i t h  A g  from s t a g e  1 o n l y  a t  edge 

r e g i o n  
\ 

/ 
(dl A s  i n  ( c f  w i t h  Ag from b o t h  s t a g e s  a r e  mixed 

t o g e t h e r  n e a r  t h e  s t a g e  1 - s t a g e  2 boundary \ 
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Fig .  4 . 8 .  

Cr 

r 
Cons t ruc t ion  

c r y s t a l .  

d i s t r i b u t i o n  o f  

A f t e r  s t a g e  1  A g  ' l o  conver ted i n t o  
r 

Using d a t a  f r o m  Tables  4 . 2  and 4 . 3  

110 s t a g e  2 Ag . 
r e s p e c t i v e l y .  
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Fig. 4 . 9 .  T h e  s t a g e  conversion from s t age  1 t o  s t a g e  2 

i n  c l a s s i c a l  model. 





Fig .  4.10. I n t e ~ r e t a t i o n  o f  r e s u l t s  o f  t h e  t r a c e r  

e x p e r i m e n t  i n  t e r m s  of t h e  Daumas and H e r o l d ' s  

") 
model. 
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V. The i s l a n d  model con f igu ra t ion  f o r  i n t e r c a l a t i o l ~  

L 

5.1 In t roduc t ion  - 
Daurnas and Herold 's  model o r  t h e  i s l a n d  model g ives  a convenient  

i n t e p r e t a t i o n  f o r  va r ious  mechanisms t h a t  a r e  seen  i n  i n t e r c a l a t i o n  

compounds. A s  descr ibed  i n  chap te r  1 t h e  conversion from a lower s t a g e .  t o  

a h ighe r  i s  only reasonably desc r ibed  by the  i s l a n d  model. The t r a c e r  

r e s u l t s  ob ta ined  i n  chap te r  4 were explained wi th  t h i s  model without  any 

d i f f i c u l t y  while  t h e  c l a s s i c a l  model f a i l e d  t o  do so. I n  t h e  i s l a n d  model 

i t  is  assumed t h a t  the  i n t e r c a l a t e d  gues t  atoms a r e  arranged i n  two 

dimensional i s l a n d s  w i t h i n  t h e  Van d e r  Waals gaps. Such i s l a n d s  have never 

'i - 
been convincingly observed f o r  any i n t e r c a l a t i o n  system. One can suggest  

d i f f e r e n t  shapes f o r  t h e s e  i s l a n d s  i n  t he  x-y plane such a s  hexagons, 
, . 

c i r c l e s ,  t r i a n g l e s  o r  s t r i p e s .  When looking a t  a pure s t a g e  ?2 region 

(Fig.5.1) from above, t h e  i s l a n d s  in two adjacent  Van .de r  Waals gaps should 

f i l l  t h e  space without  any empty regions. This  i s  not s a t i s f i e d  by 

hexagonal o r  c i r c u l a r  shaped i s l ands .  (Hexagonal i s l a n d s  can  be i d e a l l y  I 

arranged i n  s t a g e  3.) Tr iangles  can  "be stacked i n  a pure s t a g e  2 bu t  t he  

h igh  energy a s soc i a t ed  w i t h  sharp  corners  would make them unl ike ly .  The 

s t r i p e d  i s l a n d s  shown i n  Fig. 5.2da)  appears  t o  be a reasonable p o s s i b i l i t y  

f o r  s t a g e  2.  Domains of Roman track-shaped i s l a n d s  shown i n  Fig.5.1 ( b )  a r e  

where i n  a r e a l  c r y s t a l  t he  domain s i z e  may be 

determined hos t  s t ack ing  f a u l t s .  I t  i s  assumed t h a t  t h e  i s l a n d s  f o r  

s t a g e  2 s i l v e r  i n  TiS have a conf igu ra t ion  something l i k e  t h a t  i n  Fig. 
- - - -- - - 

5.2 ( a )  o r  ( b )  and t h a t  t h e  i n t e r c a l a t i o n  f r o n t s  a r e  l i k e  Fig.5.1, t h e  

magnitude of t h e  s i l v e r  i s l a n d  width can be es t imated  us ing  t h e  XRF da ta  



from chapter  3. 
- 

A number d graphs sirtri lar te Fig.  L5 (+) a d  &> k&e--b- &Me& 

f o r  d i f f e r e n t  samples u s ing  t h e  XRF microprobe, showing t h a t  t he  

i n t e r f i l a t i o n  f r o n t s  a r e  not  sharp. When t h e  f i n a l  s t a g e  2 f r o n t  r e s u l t i n g  

from t h e  s t a g e  1 t o  s t a g e  2 conversion was s t a b i l i z e d ,  t h e  width of t h e  

f r o n t  was found t o  be approximately twice t h e  wid ths  of t h e  s t a g e  I and 

i n i t i a l  s t a g e  2 f ron t s .  This  can be i n t e r p r e t e d  us ing  t h e  i s l a n d  model of 

Eig.5.1. The k inks  i n  t h e  l a y e r s  i n  Fig.5.1 a r e  exaggerated s i n c e  x-ray 

r e s u l t s  showed t h a t  t h e  i n c r e a s e  i n  t h e  c r y s t a l  t h i ckness  i s  about 6.5 % 

f o r  s t a g e  2 and 13 3. f o r  s t a g e  1 (16).  Fig.5.1 ( a )  shows t h e  upper ha l f  of 

a p a r t i a l l y  i n t e r c a l a t e d  c r y s t a l  and t h e  lowest  l a y e r  r e p r e s e n t s  t h e  l a y e r  

a t  t h e  middle of t h e  c r y s t a l .  > n  t h e  complete c r y s t a l  t h e  i s l a n d s  a r e  

arranged i n .  such a way t h a t  t h e  f r o n t s  a r e  V-shaped. I n  Fig.5.1 ( a )  both 

t h e  s t a g e  1 and s t a g e  2 i n t e r c a l a t e d  f r o n t s  have t h e  same width. The f r o n t  

width doubles a s  t h e  s t a g e  1 conver t s  t o  s t a g e  2 a s e  shown i n  Fig.5.1 (b ) .  . . 
An important r e s u l t  ob ta ined  from t h e s e  diagrams i s  . r e l a t i b n s h i p  

between t h e  t o t a l  number of l a y e r s  i n  t h e  c r y s t a l  and t h e  width of t he  J 
i s l ands .  I t  i s  c l e a r  i n  t h e s e  diagrams t h a t  t h e  i s l a n d s  a t  t he  

i n t e r c a l a t i o n  f r o n t s  a r e  arranged i n  s teps .  Using t h e  widths of t h e  s t a g e  1 

o r  2 f r o n t  obtained from t h e  XRF d a t a  t h e  width of a n  i s l a n d  i s  given by, 

where, 

f o r  l a r g e  N ,  
9 L  

n P = t h e  width of t h e  s t a g e  1 i n t e r c a l a t i o n  f r o n t  and 
/ I .  

N = number of hos t  l a y e r s  i n  t h e  c r y s t a l .  

Using t h e  width of t h e  s t a g e  2 i n t e r c a l a t i o n  f r o n t  i n  Fig.5.3 ( b ) ,  



where, 

r. = t h e  width of t h e  s tagk  2 f ron t .  

N can be c a l c u l a t e d  f o r  a n  o r i g i n a l  c i y s t a l  of known th i ckness ,  us ing  

c, , t he  c  l a t t i c e  parameter  of pure '  TiS (Fig.l .5 (b)). 4 .  

5.2 Width of i n t e r c a l a t i o n  f r o n t s  and c a l c u l a t i o n  of i s l a n d  width - --- - - 
From a number of graphs similar t o  Fig.3.5 ( a )  and ( e ) ,  da t a  f o r  p,q 

and r i n  Fig.5.3 were obtained and t h e  i s l a n d  width L was ca l cu la t ed .  The 
- 

r e s u l t s  a r e  presented i n  Table 5.1. The wid ths  of t h e  f r o n t s  were* 

determined by f i t t i  t h e  d a t a  p o i n t s  a t  t he  f r o n t  t o  a s t r a i g h t  l i n e .  2" 
5.3 Discussion - 

The d a t a  f o r  f r o n t  widths p,q and r obtained w i t h  t h e  XRF microprobe . 
.given i n  Table ,5.1 a r e  c o n s i s t e n t  w i th  the  diagrams g iven  i n  Fig. 5.3 and 

Fig.5.1, i . e , t h e  f r o n t  widths i n c r e a s e  wi th  t i m e  and r i s  app'roximately 

twice p, Since a  f i n i t e  time was taken ( 2  112 t o  3 h r s  ) t o  complete a  

scan  a c r o s s  t h e  sample, p  and q could not  be obtained a t  t h e  same time. 

Since t h e  s i l v e r  i n  t h e  s t a g e  1 reg ion  was moving dur ing  t h i s  per iod t h e  
2 

value  f o r  q could be expected t o  be.  a l i t t l e  h ighe r  , than p. This  e f f e c t  i s  

seen  i n  Table 5.1 and a s  a z s u l t  t h e  va lues  f o r  L a r e  h ighe r  than  L o r  e P 

The average s h e  f o r  L am3 Lr from Table 5.a are- L3-5 &d 113@ w i r k  P 
all of rhe values QFng nirhin 29 % of t h e s e  valses. rt should be pointed 

/7 
ou t  he re  t h a t  a  change i n  t h e  wfdth of t h e  f r o n t  of a 3 t o  4' pm can  change 



0 .  - 
rP 

". ' \ 
I 

L 
0 - - - - - - - - - 

the L value by 30 to  40 A and that f i t t i n g  the data points a t  t h e - f  ront to- 

5 . 1  is  quite consis tent ,  s o  that within the constraints of th; model the 

island width for stage appears t o  be of -- ... 
" 
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Fig .  5 . 2 .  P o s s i b l e  shapes  o f  t h e  i s l a n d s  i n  s t a g e  2. 

(Looking a long  t h e  c a x i s )  

( a )  S t r i p e d  i s l a n d s  

(b) A domain o f  Roman t rack-shaped i s l a n d s  

f - i s l a n d s  i n  an upper l a y e r  

1 - i s l a n d s  i n  n e x t  lower l a y e r  

L = t h e  i s l a n d  width  

A c ros s - sec t ion  o f  ( a )  o r ,  (-b) . i s  same a s  t h e  

s t a g e  2 r eg ion  given i n  Fig .  5.1. 
f J '  e, 



( b )  

Fig. 5.2 



Fig .  5.3. Expected XRF p l o t s  f o r  a  p a r t i a l l y  i n t e r c a l a t e d  

c r y s t a l  based on t h e  Ag d i s t r i b u t i o n  f o r  F ig .  

5 .1  (a)  and (b) . 

( a )  S t a g e  1 and 

( b )  S t a g e  2 o n l y  
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V I .  Study of t h e  migra t ion  of s i l v e r  perpendicular  t o  the l a y e r s  of TiS2 

6.1 In t roduc t ion  - 
The d i f f u s i o n  of i n t e r c a l a t e d  atoms' i n  layered  s t r u c t u r e s  i s  expected 

t o  be h ighly  a n i s o t r o p i c  (4) .  For example a s tudy of d i f f u s i o n  of copper 

i n t o  t h e  layered  compound B i 2  Te has shown t h a t  t he  d i f f u s i v i t y  i n  t he  
b a 3 

, p a r a l l e l  planes i s  about e i g h t  o rde r s  of magnitude g r e a t e r  than  the  

d i f f p i v i t y  i n  t h e  d i r e c t i o n  perpendicular  t o  t h e  l a y e r s  (24). 

I n  t h i s  chap te r  a s tudy  of t h e  motion of A g  perpendicular  t o -  t he  

l a y e r s  of TiS2 l a t t i c e  i s  presented.  I n  t h i s  experiment,  TiS2 c r y s t a l s  

wi th  t h i n  s t e p s  were used and only t h e  base p a r t  of t h e  c r y s t a l  s t e p s  were 

i n t e r c y l a t e d  wi th  Ag,  supplying a good source of Ag t o  t he  s tep .  The 

s i l v e r  concen t r a t ion  i n  the,  s t e p  was determined i n  t h e  s'ame way a s  i n  

chap te r  3 using t h e  scanning e l e c t r o n  microscope wi th  t h e  x-ray 

f luorescence  attachment.  

6 . 2 .  Sample p r e p a r a t i o n  and.  i n t e r c a l a t i o n  f o r  s tudy  of motion of s i l v e r  - - - - - 
pe rpend icu la r  t o  t h e  l a y e r s  -- 

As-grown TiS2 c r y s t a l s  w i t h  t h i n  s t e p s  were s e l e c t e d  so  t h a t  i n  a 

c r y s t a l  t h e  heigh't of t h e  s t e p  was much sma l l e r  than t h e  he ight  of t h e  

base c r y s t a l .  The th icknesses  of t h e  s t e p s  and t h e  base c r y s t a l s  were 

measured2 a s  ou t l i ned  i n  chap te r  3 and t h e  th icknesses  ranged from 24 t o  50 

pm f o r  t h e  base ' c r y s t a l  and 2.5 t o  10 pm f o r  t h e  s t eps .  The c r y s t a l  

mounting was t h e  same a s  i n  Fig.3.1 ( a )  t o  (e). Then a l l  t h e  edges of t h e  
- - 

& 

s t e p  were covered wi th  a t h i n  l a y e r  o f -  RTV t o  keep s i l v e r  from e n t e r i n g  

t h e  s t e p  from i t s  edges. F i n a l l y  t h e  RTV a t  t h e  corners  of t h e  c r y s t a l  was 



f 
covered with g r a p h i t e  .dag t o  avoid charging e f f e c t s  i n  t he  e l e c t r o n  

microscope. Fig. 6.1 shows a  prepared c r y s t a l .  

Only t h e  bottom p a r t  of t he  c r y s t a l  was i n t e r c a l a t e d  wi th  s i l v e r  

us ing  a n  e i e c t r o l y t e  of 0.1 M A@03 i n  g lycero l .   h he sample holder  .was 

kept.  u p r i g h t  and a n  edge ' ( o r  two) of t h e .  base c r y s t a l  was wetted wi th .  a  

few drops of t h e  e l e c t r o l y t e  such t h a t  no p a r t  of t h e  s t e p  was touching 

t h e  e l e c t r o l y t e .  A small s t r i p  of s i l v e r  was placed i n t o  t h e  e l e c t r o l y t e  

and connected t o  t h e  g r a p h i t e  block making a  sho r t - c i r cu i t ed  c e l l .  The base 

c r y s t a l s  were i n t e r c a l a t e d  f o r  2 t o  5 days depending on t h e  c r y s t a l .  Af t e r  
> 

t h e  s t a g e  2 f r o n t  had disappeared underneath t h e  s t e p ,  t h e  base c r y s t a l  was 

f u r t h e r  i n t e r c a l a t e d  f o r  ano the r  1 t o  3 days g iv ing  s u f f i c i e n t  time f o r  

i n t e r c a l a t i o n  of t h e  whole base c r y s t a l .  The i n t e r c a l a t i o n  was stopped 

before  t h e  s t a g e  1 f r o n t  moved very c l o s e  t o  t h e  edge of t h e  s t e p  because 

some c r y s t a l s  cracked w i t h  the  progress  of t h e  s t a g e  1 f ron t .  Af te r  

observing t h e  motion of t h e  i n t e r c a l a t i o n  f r o u t s  we* assumed t h a t  t h e  whole 

base c r y s t a l  was i n t e r c a l a t e d  providing t h e  s t e p  wi th  a  good source of Ag. 

After  i n t e r c a l a t i o n  t h e  c r y s t a l  was washed wi th  acetone and taken t o  t h e  

SEM. -G 

6.3 Study of motion of s i l v e r  perpendicular  t o  t h e  l a y e r s  of E2 - - - -- 
A s  descr ibed  i n  s e c t i o n  3.3 the  c r y s t a l s  were scanned along a  l i n e  

perpendicular  t o  t h e  edge of t h e  c r y s t a l  and t h e  d i s t r i b u t i o n  of Ag was 

( .. determined by XRF f o r  both the  exposed base c r y s t a l  and t h e  s t e p  

, \  (Fig.6.1 ). A pure TiS c r y s t a l  was used a s  a  reference.  

A l o w  a c c e l e r a t i n g  vo l t age  (10 kV) was used t o  reduce the  maximum 
- - - 

p e n e t r a t i o n  depth  of t h e  e l e c t r o n  beam. (A h igh  energy e l e c t r o n  beam can 

p e n e t r a t e  through t h i n  s t e p s  (chapter  2 )  down t o  t h e  base c r y s t a l  and w i l l  

g ive  r i s e  t o  x-rays from t h e  s i l v e r  i n  t h e  base c r y s t a l . )  M 



Resul t s :  The s tudy of motion of 4 a t  room temperature - - - -- 
A l l - t h e  samples (8 i n  a l l )  were scanned arf ter  In te rcaIa t l Ion  was 

.%. 

stopped'  and i t  was found t h a t  s i l v e r  had not  moved i n t o  t h e  s t e p s  during 

t h e  , i n t e r c a l a t i o n  period ( 2  t o  5 days ). Observat ions dur ing  t h e  fol lowing 

two months a l s o  gave the  same r e s u l t .  

- 

6.4 Study of motion of s i l v e r  perpendicular  t o  t h e  l a y e r s  of TiS, at - - - - -  
I 

Since no motion of s i l v e r  p e ~ 9 e n d i c u l a r  t o  t h e - l a y e r s  was observed a t  

0 
room temperature,  a  sample was heated a t  200 C. f o r  one day and t h e  

d i s t r i b u t i o n  of s i l v e r  was determined. This was repeated s e v e r a l  .times f o r  

t h e  same sample a t  t h e  same temperature.  

\ 0 - 6.5 Resul t s  and c a l c u l a t i o n s :  The s tudy of motion of s i l v e r  a t  200 C - - - - --- 
Af te r  hea t ing  t h e  sample, s i l v e r  was found i n  t h e  s t e p  and t h e  amount 

of s i l v e r  increased  a s  the'  sample was f u r t h e r  heated a t  2 0 0 ' ~ .  The r e s u l t s  

a r e  presented i n  Fig.6.2. 

An es t i lna t ion  f o r  t h e  d i f f u s i o n  c o e f f i c i e n t  f o r  t h e  motion of s i l v e r  - -- -- 
pe rpend icu la r  -- t o  t h e  l a y e r s  of E2 

5 

The d i f f u s i o n  c o e f f i c i e n t  f o r  t h e  motion of s i l v e r  perpendicular  t o  . 
t h e  l a y e r s  of a  TiS2 c r y s t a l  a t  200 OC was est imated us ing  t h e  graphs i n  

Fig.6.2. The reg ion  ( 3 )  i n  Fig.6.2 shows t h e  d i s t r i b u t i o n  of s i l v e r  , -- i n  t h e  

s t e p  and t h e  reg ion  (1) g ives  t h e  d i s t r i b u t i o n  of s i l v e r  i n  t h e  base 
- - - -  

c r y s t a l .  I n i t i a l l y  t h e  concen t r a t ion  of s i l v e r  i n  t h e  s t e p  was zero  and i t  

increased  on heat ing.  The d i f f u s i o n  c o e f f i c i e n t  was est imated us ing  t h e  



solution (curves in Fig. 6.3 ) to the 1-dimensional diffusion equ tion, B 

where, 
G 

C = concentration at a distance x 

t = time, 

which was first solved by Carslaw and Jaeger (22) as a heat flow problem. 
r 

' The curves in Fig.6.3 are given for a solid with a region - 1 4 X ( +L , 

' 
with zero initial concentration and with the surfaces x = 2 1  kept at a 

constant concentration C, . This case is similar. to bur case where the 

region O ( X  < k is the step and the surface x = -kk 2s the top of 

the base crystal underneath the step. 

The concentration distribution at various times i n  the slab 

O L X ( - P .  is given in Fig.6.3. If it is assumed that the XRF data 

gives the silver concentration near x = 0 in Fig.6.3, C/C, can be obtained 

from the graphs from region (1) and (3) in Fig.6.2. Taking the average . C _  

readings from curves (b) to (f) in Fig.6.2 and neglecting the area near . 
the edge of the step of region (3), the following values for the diffusion 

-1 3 -13 
coefficient are obtained: 1.74 x , 0.90 x 1 0  , 0.66 x 10 , 0.52 

-13 
x and 0.42 x 10 cm2/sec for curves (b) to (f) respectively. 1; was 

assumed that the concentration of silver in the base crystal underneath the 

step was constant (Co = 0.640) during the heating. Taking a minimum 
a 

detectable vaiue for C/C, of about 0.06 (with t = 2 mbnths) the diffusion 
t -15 1 

coefficient at room temperature is estimated to be less than -10 cm 

in the step after the first heating is approximately seven times higher 

-. 

d 

7 4 



than  t h e  i n c r e a s e  of s i l v e r  shown i n  t h e  graphs ( c ) ,  ( d ) ,  ( e )  and ( f ) .  A 

p o s s i b l e  explana t ion  f o r  t h e  reduct  f on -he r a t e  of increas&of  &her i n  

t h e  s t e p  with f u r t h e r  hea t ing  i s  t h a t  t h e  c r y s t a l  under t h e  s t e p  is 

being depleted of s i l v e r  on ' heat ing.  t he  r e l a t i v e l y  high 

B 
d i f f u s i o n  along the  l a y e r s  a t  e leva ted  temperatures t he  reason f o r  t h i s  

s i l v e r  dep le t ion  is  ' not  c l e a r .  

6.6 Discussion - 
b 

.x, 

The room temperature s tudy  showed t h a t  ' t h e  motion of s i l v e r  atoms 

perpendicular  t o  t h e  l a y e r s  of TiS2_ is n e g l i g i b l e .  

0 e e .  

I n  t h e  s tudy  a t  200 C,  only one sample was examined because our  main . . - 

i n t e r e s t  was t o  i n v e s t i g a t e  t he  possibility of motio'n perpendicular  t o  t h e  

l a y e r s  a t  room temperature.  Although we do not  have d a t a  from many samples,  

we r epo r t  t h i s  da t a  he re  s i n c e  the  r e s u l t  may be u s e f u l  :or o t h e r  
t 

r e sea rche r s .  

The graphs i n  reg ion  (1 )  i n  Fig.6.2 g ive  t h e  s i l v e r  l e v e l s  i n  t h e  

exposed base c r y s t a l  region.  It was impossible t o  o b t a i n  d a t a  near  t h e  "edge 

of. t he  s t e p  s i n c e  t h a t  a r e a  ( r eg ion  ( 2 ) )  was covered wi th  RTV (Ng.6.1) .  
9 

The p l o t s  i n  reg ion  ( 3 )  show t h e  Ag d i s t r i b u t i o n  wi th in  about 1 pm of t h e  

s u r f a c e  of t q e  s t ep .  There i s  a dramatic  i n c r e a s e  i n  t h e  amount of s i l v e r  

0 
i n  t he  s t e p  a f t e r  t h e  f i r s t  hea t ing  a t  200 C and t h e  amount of s i l v e r  

increased  a s  t h e  sample w a s  heated f u r t h e r .  The concen t r a t ion  of Ag i n  t h e  

s t e p  decreases  s l i g h t l y  wi th  d i s t a n c e  i n  from t h e  edge of t h e  s t ep .  This 

may be due - to  an i n i t i a l  inhomogeneous concent ra t ion  of Ag i n  t h e  base 

c r y s t a l  underneath t h e  s t ep .  
- --- 

The graphs obtained f o r  t h e  base p a r t  of 

wel l  understood. These graphs show a C i n c r e a s e  

whereas a  decrease  a s soc i a t ed  wi th  rhe  f i l l i n g  

- - -  - - -  - -  - 

t h e  c r y s t a l  a r e  not  very 

of t h e  s t e p  was expected. 



5 

1 
Since a 10 kV e lec t ron  beam gives  the  information from a region of about 1 

.G 

That i s ,  the graphs gfven i n  region (1)  of Fig.6.2 show the  d i s t r i b u t i o n  

of s i l v e r  only i n  d t upper l aye r s  o f '  the  base c r y s t a l .  The excess. s i l v e r  

which i s  observed i n  t h e u u p p e r  l aye r s  of the  base c r y s t a l  could possibly 
. . 

have moved from t h e  lower l aye r s  of the  base c r y s t a l ,  however the  reason 

f o r  t h i s  s i lve?  r e d i s t r i b u t i o n  on heat ing i s  not ' c lear .  

The r e s u l t s  show t h a t  the  d i f fus ion  of s i l v e r  perpendicular  t o  the  
- 

l a y e r s  of the  TiS2 . c rys ta l  occurs " a t  a  s u f f i c i e n t l y  high 
s 

temperature. The estimated d i f f u s i o n  c o e f f i c i e n t  f o r  t h e  motion of s i l v e r  

0 -13 
perpendicular t o  the  l a y e r s  of T iS i  a t  200 C i s  - 10 cm2/sec and a t  

- -- -- - 

-15 2 
room temperature i t  i s  estimated t o  be l e s s  than -. 10 cm /sec. This is  

many orders of magnitude smaller  than estimated .room temperature d i f f u s i o n  
-10 2 

constants  of - 10 .cm /sec  f o r  s i l v e r  along the-  l a y e r s  i n  u l t r a  t h i n  TiS, 

\ c r y s t a l s  (21) and -lo-' cm2 /see  f o r  Li i n  TiSl ( 4 ) .  Such a high 

the  usual  assumption of two anisotropy i n  the  d i f f u s i o n  constant  

'dimensional motion f o r  Ag i n  TiSl . anisotropy i s  t o  be expected 

-other i n t e r c a l a t e d  l aye r  compounds. 



Fig. 6.1. A schematic diagram of a sample prepared for the 

study of the motion of silver perpendicular to 

* the layers of TiS2. - 



Fig. 6.7 
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F i g .  6 .3 .  C o n c e n t r a t i o n  d i s t r i b u t i o n  a t  v a r i o u s  t i m e s  i n  a  

slab O < x < .k w i t h  z e r o  i n i t i a l  c o n c e n t r a t i o n  

and a c o n s t a n t  s u r f a c e  c o n c e n t r a t i o n  a t  x =I!.. 

The numbers on t h e  c u r v e s  a r e  t h e  v a l u e s  o f  

w e 2  
d Where ; 

D = d i f f u s i o n  c o e f f i c i e n t  

t = t i m e  

Co = c o n s t a n t  s u f f a c e  c o n c e n t r a t i o n  a t  x = 1.  

(The s o l u t i o n  . to  t h e  h e a t  f low prob lem.wi th  t h e  

same boundary c o n d i t i o n s  'is g i v e n  i n  Cars law 

and J a e g e r ,  r e f .  2 2 . )  



Fig. 6 . 3  



VII. Conclusiqns 

The mot'on I? of s t a g e  

TiS c r y s t a l s  was s tud ied  

t h e  motion of t he  s t a g e  1 

process  is  l i k e l y  d r i v e n  by 

ions  - i n  t h e  s t a g e  1 region. 

When s t a g e  I w a s  not 

1 and s t a g e  2 s i l v e r  i n  p a r t i a l l y  i n t e r c a l a t e d  

us ing  x-ray f luorescence  and i t  was found t h a t  

f r o n t  occurs  r ap id ly  a t  room temperaure. This  

Coulomb repu l s ive  f o r c e s  between charged s i l v e r  

present  i n  t h e  c r y s t a l  t h e  motion of t h e  s t a g e  

0 

2 f r o n t  was not  observed a t  room temperataure.  I n  t h e  range 200 t o  350 C 

(depending on t 6 e  hea t ing  t ime)  motion of s t a g e  2 s i l v e r  does .occur, but 

s imple d i f f u s i o n  does not  appear  t o  t ake  place. 

A r ad ioac t ive  t r a c e r  experiment was done t o  i n v e s t i g a t e  t h e  migrat ion 

of both s t a g e  1 and s t a g e  2 s i l v e r  i n  t h e  TiS2 l a t t i c e  a t  room 

temperature. I t  was found t h a t  when silvw atoms entered  a  p a r t i a l l y  

i n t e r c a l a t e d  s t a g e  2 c r y s t a l  most of t he  newly i n t e r c a l a t e d  s i l v e r  atoms 

pushed t h e  p r e i n t e r c a l a t e d  s i l v e r  atoms f u r t h e r  i n t o  t h e  c r y s t a l  and 

remained near  t h e  c r y s t a l  edge. When t h e  conversion of s t a g e  1 t o  s t a g e  2 
4 

occurs  i n  a  p a r t i a l l y  i n t e r c a l a t e d  T iSZ  c r y s t a l  t h e  s t a g e  1 a c t s  a s  a  

source of s t a g e  2 i s l a n d s ,  and t h e s e  i s l a n d s  remain near  t h e  edge by 

pushing t h e  s t a g e  2 i s l a n d s  i n t o  t h e  i n t e r i o r  of t h e  c r y s t a l .  This  motion 

can  be explained by Qaumas and Herold 's  model of s t a g i n g  whi le  t h e  

c l a s s i c a l  model f a i l s  t o  do so. 

Using t h e  XRF da t a  and t h e  i s l a n d  model f o r  t h e  i n t e r c a l a t i o n  f r o n t s ,  
0 

t h e  width of t h e  i s l a n d s  i n  s t a g e  2 was est imated t o  be about  130 A. 

I t  was observed t h a t ,  a t  room temperature t h e  --- motion - of - s i l v e r  -- - 

0 
perpendicular  t o  t h e  l a y e r s  i s  neg l ig ib l e .  One sample was s tudied  a t  200 C 

-- - - - 

and migra t ion  of s i l v e r  w a s  observed. The est imated d i f f u s i o n  c o e f f i c i e n t  

f o r  motion of s i l v e r  perpendicular  t o  t h e  l a y e r s  i n  a  TiS2  c r y s t a l  a t  



-13 s 4 4. 
200 OC is -10 . cm /set. At room temperature the diffusion coefficieni is 

-15 2 
estimated to be less than - 10 cm /see. 
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