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!of e l e c t r o n  and hole  small  polarons and t h e  o rde r ing  of d e f e c t  atoms a r e  d iscussed .  
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 h he i n t roduc t ion  of e i t h e r  i n t e r s t i t i a l  atoms, vacancies ,  e l e c t r o n i c  c i a r g e  carriers, 
!or  exc i tons  i n t o  a  s o l i d  i s  gene ra l ly  accompanied by a l t e r a t i o n s  of t h e  equ i l i b r ium 
/ p o s i t i o n s  of t h e  atoms of t h e  s o l i d .  These atomic displacements  become e s p e c i a l l y  ' 
; s i g n i f i c a n t  i f  t hey  exceed t h e  ampli tudes.of  t h e  zero-point motion of t h e  d i sp l aced  
latoms. This  paper i s  concerned w i t h  t h a t  i n t e r a c t i o n  between s t r o n g l y  coupled 1 1  
l ~ a r t i c l e s  ( o r  q u a s i p a r t i c l e s )  which r e s u l t s  from t h e i r  mutual i n t e r a c t i o n  wi th  t h e ,  
[atomic displacements of t h e  h o s t  ma te r i a l .  i 

/ 

/ i 

I 
!A system of : s t a t i c  e n t i t i e s  which i n t e r a c t  wi th  each o t h e r  and w i t h  t h e . . l a t t i c e  ! 
' con ta in ing  them i s  descr ibed  by a Hamiltonian which presumes a l i n e a r  i n t e r a c t i o n  1 
'between the  .added p a r t i c l e s  ( o r  q u a s i p a r t i c l e s )  and the  atoms of t h e  l a t t i c e ,  i n  1 
iaddi t i o n  t o  harmonic i n t e r a c t i o n s  between l a t t i c e  atoms. S p e c i f i c a l l y  , one has  I I 
I I 

i $ aAd E a r e ,  r e s p e c t i v e l y ,  t h e  number and Lnergy of each pareicle of type 
I3 E 

'i locat%d a t  a  s i t e  designated by the  p o s i t i o n  v e c t o r  8, and I J i y J I  i s  t h e  energy of 
N 15. ,g 

-4 a. idirect i n r e t a c t i o n  between a  p a l r  s r a c i c  p a r t i c l e s -  c r e a t i o n  and a n n i h i l a t i o n  : 
loperators f o r  phonons Of mode A,  wavevector q ,  and energy *lw a r e  denoted by b - 
I ¶.,A 
and b  , r e spec t ive ly . -  The i n t e r a c t i o n  between a  p a r t i c l e ' i j f  species  and a q , A  

q ¶A phones i s  c h i r a c  t e r i z e d  by vi I 
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For  any c o n f i g u r a t i o n  of  p a r t i c l e s  o,ne can  f i n d  t h e  p o s i t i o n s  of  t h e  l a t t i c e  atoms 
. . . .  

which minimize t h e  e n e r g y  of t h e  system. Then t h e  e n e r g y  of t h e  sys tem,  a p a r t  from 
t h a t  due t o  v i b r a t i o n a l  mot ion,  i s  found t o  be ' .  

= E i s o l a t e d  + E d i r e c t  ' Eb :, (2 )  ! '  

r e p r e s e n t  t h e  f i r s t  and second t e rms  o f  Eq. ( I ) ,  and E d i r e c t  where i s o l a t e d  
r e s p e c t i v e l y ,  and Eb i s  d e f i n e d  by 

I 

I f ,  f o r  example, t h e r e  were bu t  s o l i t a r y  p a r t i c l e  of t y p e  i l o c a t e d  i n  t h e  s o l i d , :  
'Eh s imply reduces  t o  t h e  smal l -polaron b i n d i n g  e n e r g y  of such  a  p a r t i c l e :  j 

' i ~owever  w i t h  two p a r t i c l e s  of t h e  same type  ( s ~ e c i e s i )  l o c a t e d  a t  s i t e s  go and g l \  
!one h a s  t h a t  

! . ,' 

Here t h e  second term r e p r e s e n t s  t h a t  p o r t i o n  of t h e  i n t e r a c t i o n  between t h e  two f 
p a r t i c l e s  which r e s u l t s  from t h e i r  mutual  i n t e r a c t i o n  g t h  t h e  d i s p l a c e m e n t s  of t h e  
atoms of t h e  l a t t i c e .  F i n a l l y ,  i f  t h e  p a r t i c l e  a t  s i t e s  go and gl a r e  of  d i f f e r e n t  
: t y p e s  ( i  and j , , r e s p e c t i v e l y )  t h e  e n e r g y  of t h e i r  i n d i r e c t  i n t e r a c t i o n  :is g i v e n  by : 

. . 
'. ! 

i 
I ,.' - 

I n  t h e  p r e s e n t  d i s c u s s i o n  t h e  p a r t i c l e - l a t t i c e  i n t e r a c t i o n  i s  t a k e n  t o  .be  of s h o r t  ! 
range.  That  i s ,  t h e  energy  of a  cha rge  c a r r i e r  on an a t o m i c  s i t e  depends on t h e  i 
prox imi ty  o f  t h e  nea res t -ne ighbor  a toms,  w h i l e  t h e  energy  of  a n  i n t e r s t i t i a l  i s  a i 
f u n c t i o n  of i t s  d i s t a n c e  from t h e  atoms immedia te ly  a d j a c e n t  to. i t .  I n  t h e s e  c a s e s  

v : , ~  h a s  a r a t h e r -  weak n o m o n o t o n i c  dependence o n  q  w i t h  maxima o c c u r r i n g  f a r  from 
rC . &-  

t h e  c e n t e r  of  t h e  B r i l l o u i n  zone. c o n c o m i t a n t l y ,  one f i n d s  t h a t  t h e  ' i n d i r e c t  i n t e i -  
p a r t i c l e  i n t e r a c t i o n  f a l l s  o f f  w i t h  s e p a r a t i o n  a s  t h e  o s c i l l a t o r y  t e rms  of  Eqs. (5) 
and ( 6 )  g i v e  r i s e  t o  i n c r e a s i n g l y  e f f i c i e n t  c a n c e l l a t i o n s  i n  t h e  q-summation. ." 

In s o l i d s  one  i s  o f t e n  concerned wiCh t h e  s t r a i n  f i e l d s  s u r r o u n d i n g  d e f e c t s .  Here 
t h e  d i sp lacements  about  n e u t r a l  i n t e r s t i t i a l s  a r e  c o n s i d e r e d .  Presuming a  n e g l i -  
g i b l e  d i r e c t  i n t e r a c t i o n  between t h e s e  i n t e r s t i t i a l s ,  t h e  n e t  i n t e r a c t i o n  energy  
is  imply - E ~ .  AG t h e  s i m p l ~ + s t  example c o n s i d e r  i n t e r s t i t i a l s  p laced a .mona t0m- j~  

l i n e a r  cha in .  ~ i n i m i m i z i n g  t h e  energy ,  Eq. (11 ,  y i e l d s  t h e  d i sp lacement  p a t t e r n s  . 

d e p i c t e d  i n  F ig .  1. Namely, each  i n t e r s t i t i a l  o c c u p i e s  a  space  ( i n  t h i s  c a s e ,  a  
l i n e a r  dimension) e q u a l  t o  A/k, where A i s  t h e  ( c o n s t a n t )  r e p u l s i v e  f o r c e  e x e r t e d  

- . . . . . . . . . . . . .  . . . . . .  -. . . . .  . . . . . . .  -. - - 
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Fig.  1 One a n d , t h r e e  i n t e r s t i t i a l s  added t o  a monatomic c h a i n .  
T h e . s t r a i n e d  bonds a r e  shown w i t h  dashed l i n e s .  I i 

I .  f 

between t h e ' i n t e r s t i t i a l  and each of t h e  ,two a d j o i n i n g  atoms, and k i s i t h e  s t i f f n e s s  
c o n s t a n t  of t h e  monatomic l a t t i c e .  T h i s  c o n s t i t u t e s  a one-dimensional~microscopici  

' d e r i v a t i o n  of Vegard's  theorem of e l a s t i c i t y  t h e o r y :  a n  e l a s t i c  m a t e r i a l  expands / 
by a n  amount e q u a l  t o  t h e  e x t r a  volume of a n  i n c l u s i o n .  1 

1 I I n  sys tems i n  which t h e  added p a r t i c l e  i n t e r a c t s  w i t h  b o t h  o p t i c a l  a n d j a c o u s t i c  I ' 
modes  of t h e  s o l i d  t h e  s i t u a t i o n  becomes more complex. A common s i t u a t i o n  i s  t h a t  
I i n  which l i g h t  atoms form cages  abou t  r e l a t i v e l y  heavy atoms. A one-dimensional i : analogue of such  a  s t r u c t u r e  i s  t h a t  of a  backbone of heavy masses  t o  which l i g h t  i 
:masses  a r e  a t t a c h e d .  I n  essence  t h e  mot ions  of t h e  heavy atoms a r e  a s s o c i a t e d  w i t h  

' . a c o u s t i c  v i b r a t i o n a l  modes and t h e  movements of t h e  l i g h t  masses r e l a t i v e  t o  t h e  j .  
heavy masses i n v o l v e  t h e  o p t i c a l  modes. A s  i l l u s t r a t e d  i n  F ig .  2,  i f  t h e  i n t e r -  ! 
a c t i o n  of an  i n t e r s t i t i a l  i s  mainly wi th  t h e  l i g h t  atoms ( o p t i c a l  modes)., a l o c a l  "j 

: type of de format ion  p a t t e r n  i s  produced which does  n o t  ex tend  f a r  from. t h e  i n t e r -  i 
- s t i t i a l .  Fur thennore ,  w i t h  a  c o l l e c t i o n  of t h r e e  a d j a c e n t  i n t e r s t i t i a l s  t h e  a s s o - ;  

. - 

-Jr Ar 
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~ i g .  2. I n t e r s t i t i a l s  i n  a  d ia tomic  sys tem* The o p t i c a l - t y p e  d e f o r m a t i o n s  w i t h  
one and t h r e e  i n t e r s t i t i a l s  a r e  shown i n  t h e  top  two l i n e s .  The respec-  
t i v e  acous t i c - type  deformat ions  a r e  shown i n  t h e  bottom t w o  lines f o r  a 
d i a t o m i s  chain. Dashes i n d i c a t e  c t r a i n c d  Looris. 



- .  . . .  . . 

c i a t e d  deformat ion  p a t t e r n s  t end  t o  c a n c e l .  However, i f  t h e  i n t e r a c t i o n  of t h e  
i n t e r s t i t i a l  i s  mainly w i t h  t h e  heavy a toms,  a c o u s t i c  modes predominate and a long-  

, 
, r a n g e  d i sp lacement  p a t t e r n  i s  e s t a b l i s h e d ,  .Here Vegard 's  theorem may b e  a p p l i e d .  

' S e v e r a l  comments a r e  now i n  o r d e r .  F i r s t ,  s i n c e  Vegard's  theorem i s  a n  outgrowth ' 

of e l a s t i c i t y  t h e o r y  (which i n v o l v e s  o n l y  long-wavelength a c o u s t i c  phonons) i t s  i n -  
a p p l i c a b i l i t y  t o  sone i n s t a n c e s  where optical-mode d i sp lacements  p l a y  a r o l e  d o e s  . 

n o t  pose a  c o n t r a d i c t i o n  f o r  t h e  macroscopic  theory .  Second, i t  i s  b o t h  o b v i o u s ,  : 
and w e l l  known t h a t  i n  sys temsof  h i g h e r  d i m e n s i o n a l i t y  t h e  d i sp lacement  p a t t e r n s  
a t  long range a r e  a l t e r e d  s o  as' t o  reduce t h e  magni tude of t h e  d i s p l a c e m e n t s  of i n -  
d i v i d u a l  atoms a t  t h e  expense of i n v o l v i n g  a g r e a t e r  number of atoms. T h i r d ,  dimen- 
s i o n a l i t y  p l a y s  a major  r o l e  i n  t h e  e n e r g e t i c s  o f  c l u s t e r i n g  of added p a r t i c l e s .  : 
For example, i t  can  be seen  from t h e  optical-mode p o r t i o n  of Fig.  2 t h a t  i t  i s  e n e r -  
g e t i c a l l y  u n f a v o r a b l e  f o r  i n t e r s t i t i a l s  t o  c l u s t e r .  However i n  three-dimensional  i 
models i n v o l v i n g  o p t i c a l - t y p e  d i s p l a c e m e n t s  c l u s t e r i n g  c a n  b e  e n e r g e t i c a l l y  favor - :  

, a b l e .  S i m i l a r l y ,  three-dimensional .  s t r a i n  f i e l d s  a s s o c i a t e d  w i t h  a c o u s t i c - t y p e  I 
, d i s p l a c e m e n t s  f a v o r  c l u s t e r i n g .  - -._ _ . - 

Although t h e  precedirig d i s c u s s i o n  c o n s i d e r e d  o n l y  n e u t r a l  i n t e r s t i t i a l s ,  a n a l o g o u s '  
. r e s u l t s  a p p l y  t o  t h e  s t r a i n  f i e l d s  and c l u s t e r i n g  of e x c i t o n s ,  and  ( w i t h  t h e  addi-i  
; t i o n  of t h e  coulomb i n t e r a c t i o n )  excess ,  charges .  Indeed,  i t  i s  t h e  p o s s i b i l i t y  
t h a t  t h e  atomic-displacement-induced tendency o f  l i k e  c h a r g e s  t o  c l u s t e r  may over- / .,..,'o 

'come t h e i r  coulombic r e p u l s i o n  t h a t  h a s  l e d  t o  t h e  c o n s i d e r a t i o n  of b i p o l a r o n  f o r :  
mation i n  bo th  s o l i d s . a n d  l i q u i d s .  ! 

I 
I i 

I ELECTRON-HOLE INTERACTIONS : 1 
! 
i i   he l a t t i c e - m e d i a t e d  i n t e r a c t i o n  of e l e c t r o n  and ho le  s m a l l  p o l a r o n s  c a n  be  o f  i 

, c r i t i c a l  importance i n  t h e i r  d i r e c t  recombinat ion.  For  t h e  i d e a l  monatomic sys tem:  
i l l u s t r a t e d  i n  Fig.  3a t h e  de format ion  ( h e r e  a  c o n t r a c t i o n )  abou t  a n  e l e c t r o n  h a s  i 

' a n  o p p o s i t e  s e n s e  t o  t h a t  abou t  a  h o l e  ( h e r e  an  expans ion) .  For i l l u s t r a t i o n  t h e  i 
d i s t o r t i o n s  a r e  t aken  t'o be  l o c a l  a s  w i t h  l i g h t  masses h a r m o n i c a l l y  coupled t o  a 
r i g i d  frame. The c e n t r a l  p o i n t  i s  t h a t  when t h e  e l e c t r o n - h o l e  s e p a r a t i o n  i s  re- ..j 
duced s u f f i c i e n t l y  so t h a t  t h e  two d i s t o r t i o n  p a t t e r n s  o v e r l a p  s u b s t a n t i a l l y  t h e . "  / 

' binding energy a s s o c i a t e d  w i t h  each  s m a l l  p o l a r o n  i s  reduced.  I n  o t h e r  w o r d s , . a s  i 
shown by t h e  curve  l a b e l e d  s m a l l  po la ron  i n  Fig.  3b ,  t i le  l a t t i c e - m e d i a t e d  i n t e r -  i 
a c t i o n  p rov ides  a r e p u l s i v e  coiaponent t o  t h e  i n t e r a c t i o n  between a n  e l e c t r o n  and a :  
ho le  smal l  polaron.  Fur thermore,  a s  shown i n  Fig.  3b,  wi th  s u f f i c i e n t l y  s t r o n g  i 
p o l a r o n i c  binding t h e  combinat ion of t h e  smal l -polaron and coulombic terms y i e l d s  I 
a  n e t  energy which c o n t a i n s  a  r e p u l s i v e  b a r r i e r  t o  recombinat ion.  T h i s  i n  e f f e c t  i 

. s ireens  ouL Lilt! s t r o n g  p o r t i o n  o i  t h e  coulombic a t t r a c t i o n .  

Thc luminescence a s s u c i a t e d  w i t h  recombinat ion i n  such a p o l a r o n i c  s o l i d  h a s  been : 

d e s c r i b e d e l s e w l ~ r r e . ~  Hence i t  w i l l  o n l y  be noted t h a t  such  a  sys tem ( p o t e n t i a l l y )  
e x h i b i t s  t h r e e  luminescence p rocesses :  t h e  recombina t ion  of e x c i  tons  p r i o r  t o  la t -  
t i c e  de format ion ,  of s e l f - t r a p p e d  e x c i t o n s ,  and of' p a i r s  of s e p a r a t e d  s m a l l  pola- 
rons .  These p rocesses  a r e  a s s o c i a t e d  w i t h  t h e  p o s i t i o n s  l a b e l e d  a s  E, .  STE, and GS 
i n  Fig. 3b. 

The pho toconduc t iv i ty  of a  s m a l l  p o l a r o n i c  s o l i d  i s  p r o p o r t i o n a l  t o  t h e  average  
m o b i l i t y  of t h e  photogenerated c a r r i e r s  and t h e i r  l i f e t i m e .  S i n c e  a  f i n i t e  t ime 
i s  r e q u i r e d  b e f o r e  an o p t i c a l l y  g e n e r a t e d  charge  forms a  s m a l l  p o l a r o n ,  e a c h  ca r -  
r i e r ' s  m o b i l i t y  i s  a n  average of i t s  nonpola ron ic  ( p r e c u r s o r )  m o b i l i t y  o r  ; e h' 
and i t s  s e l f - t r a p p e d  m o b i l i t y ,  !le o r  p , weighted by t h a t  f r a c t i o n  of t h e  l i f e t i m e  

h  
each  e x i s t s  i n  ~ h e  PreCuSSl'lr s t a t e ,  f and f h. The a v e r  age photoconduct ive  mo- 
b i l i  ty i s  [&f, + p e ( l  - f ,) 1 + [zhf + p h ( l  - f h) 1. S i n c e  of t e n  >> p t h e  obser-  



I 
1 
! 

i F ig .  3. The de format ion  p a t t e r n s  f o r  a n  e l e c t r o n  and a h o l e  i n  a donatomic  i 
; l a t t i c e  a r e  shown f o r  t h r e e  s e p a r a t i o n s  i n  ( a ) .  I n  ( b )  t h e  n e t  i 
: energy  o f  t h e  system a s  w e l l  a s  t h e  coulombic and d i s t o r t i o n a l  i 

: ( s m a l l  p o l a r o n )  components of t h e  energy  a r e  p l o t t e d  a g a i n s t  t h e  I 
i 

: s e p a r a t i o n ,  r ,  measured i n  u n i t s  of t h e  l a t t i c e  c o n s t a n t . !  I .  
I 

. v a t i o n  of a ' l o w  pho toconduc t ive  m o b i l i t y  r e q u i r e s  t h a t  f  , f  < < 1. . I 
e h  i 
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: F o r  d i r e c t  i e c m b i n a t i o n  of low-mobi l i ty  c h a r g e  c a r r i e r s  i t  h a s  g e n e r a l l y  been as-: 
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sumed t h a t  t h e  room-temperature recombina t ion  i s  d i f f u s i o n  l i m i t e d . 3  Tha t  i s ,  
e l e c t r o n s  and h o l e s  hop t o g e t h e r  s p a t i a l l y  and t h e n  recombine.  S p e c i f i c a l l y ,  the ,  . 1  

. p r o b a b i l i t y  t h a t ,  once  w i t h i n  t h e i r  mutual  coulomb c a p t u r e  r a d i u s ,  a  p a i r  w i l l  .: ; 
s e p a r a t e  r a t h e r  t h a n  recombine h a s  been assumed t o  be  i n s i g n i f i c a n t .  N o n e t h e l e s s , ;  
t h e r e  a r e  p r e v i o u s l y  unexpla ined s i t u a t i o n s  i11 which t h e  pho toconduc t ing  c a r r i e r s  
have v e r y  low (hopping)  m o b i l i t i e s ' f o r  which t h e  recombina t ion  c o e f f i c i e n t  d o e s  n o t  

. d i s p l a y  t h e  t empera tu re  dependence c h a r a c t e r i s t i c  of d i f f u s i o n  c o n t r o l l e d  recom- i 

0 2 3 r 
-3 

a 1 
b . 

b i n a t i 0 n . l  T h e  p resence  of a r e p u l s i v e  b a r r i e r  p r o v i d e s  a mechanism t d  ' r e s o l v e  
t h i s  dilemma. Namely, t h e  b a r r i e r  keeps  t h e  c a r r i e r s  a p a r t  and t h e r e b y  r e d u c e s  i . . 
t h e i r  o v e r l a p  and recombina t ion  r a t e .  I n  a d d i t i o n ,  by s h i e l d i n g  t h e  c a r r i e r s  from 
t h e  s t e e p e s t  p o r t i o n  of t ' h e i r  a t t r a c t i v e  coulomb p o t e n t i a l ,  t h e  p r o b a b i l i t y  of  
t h e i r  s e p a r a t i o n  i s  enhanced. Thus such  a  b a r r i e r  t o  t h e  recombina t ion  of  s m a l l  : 
p o l a r o n s  may b e  s i g n i f i c a n t  i n  unders tand ing  t h e  photoconduct ing p r o p e r t i e s  o f  j 

' i n s u l a t i n g  and semiconduct ing g l a s s e s  and c r y s t a l s  i n  which t h e  cha.rges form s m a l l  
po la rons  . 
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'ABSTRACT 
- --. 

:when a  l i g h t  p a r t i c l e  i n  a  s o l i d  composed~of  r e l a t i v e l y  heavy a toms i s  : a s s o c i a t e d  1 
;wi th  s u b s t a n t i a l  d i s p l a c e m e n t s  of t h e  e q u i l i b r i u m  p o s i t i o n s  of t h e  atorqs immediate ly  
l surrounding i t ,  t h e  composi te  e n t i t y  may b e  regarded  a s  be ing  s m a l l  p o l a r o n i c .  Man* 
; i n s t a n c e s  of  s e l f - t r a p p i n g  of  e l e c t r o n i c  c h a r g e  c a r r i e r s ,  e x c i t o n s  and r l i g h t  atoms I 
( s u c h '  a s  hydiogen a r e  known. A s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  i n t e r a c t ' i o n  between I 
]such p a r t i c l e s  r e s u l t s  from i n t e r f e r e n c e  between t h e i r  a t o m i c  d i sp lacement  p a t t e r n d .  
!As  a  r e s u l t  o p p o s i t e l y  charged  s m a l l  p o l a r o n s  may e x p e r i e n c e  an i n t e r m e d i a t e - r a n g e  f 
/ r e p u l s i o n ,  whi le  bo th  l i k e - s i g n e d  and n e u t r a l  e n t i t i e s  may have a tendency t o  c l u s -  
j t e r .  These : e f f e c t s  can be  v e r y  impor tan t :  A s  examples ,  t h e  recombina t ion  k i n e t i c s  
:of  e l e c t r o n  and ho le  smal l  po la rons  and t h e  o r d e r i n g  o f  d e f e c t  atoms a r e  d iscussed. :  
i i I I 

1 
i 

i INTRODUCTION I 
I I I 
! i ! 
 he i n t r o d u c t i o n  of e i t h e r  i n t e r s t i t i a l  a toms,  v a c a n c i e s ,  e l e c t r o n i c  c d a r g e  c a r r i e r s ,  
! o r  e x c i t o n s  i n t o  a  s o l i d  i s  g e n e r a l l y  accompanied by a l t e r a t i o n s  of t h e  e q u i l i b r i u m  
j p o s i t i o n s  of t h e  atoms of  t h e  s o l i d .  These a tomic  d i s p l a c e m e n t s  become e s p e c i a l l y  i 
; s i g n i f i c a n t  i f  t h e y  exceed t h e  a m p l i t u d e s . o f  t h e  ze ro -po in t  mot ion of  t h e  d i s p l a c e d  . - 

ia'toms. T h i s  paper  i s  concerned w i t h  t h a t . i n t e r a c t i o n  between s t r o n g l y . c o u p l e d  / 

l p r t i c l e s  (or q u a s i p a r t i c l e s )  which r e s u l t s  from t h e i r  mutual  i n t e r a c t i o n  w i t h  t h e  
j a ton lc  d i s p l a c q e n t s  of t h e  h o s t  m a t e r i a l .  

/ 

i 
/ 

i I / 

'.. APPROACH I 1 
i 

I I I' 

I 
! sys tem bi  : s t a t i c  e n t i t i e s  which i n t e r a c t  w i t h  e a c h  o t h e r  and w i t h  t h . 1 a t t i c e  : 

/ c o n t a i n i n g  them i s  d e s c r i b e d  by a  Hamil tonian which presumes a  l i n e a r  i n t e r a c t i o n  
\between t h e . a d d e d  p a r t i c l e s  ( o r  q u a s i p a r t i c l e s )  and t h e  atoms of t h e  l a t t i c e ,  i n  1 
! a d d i t i o n  t o  harmonic i n t e r a c t i o n s  between l a t t i c e  atoms. s p e c i f i c a l l y ,  one h a s  . 1 

. 1 

i , /' , ! 
/ I ! 

! i 
'where ni and E a r e ,  r e s p e c t i v e l y ,  t h e  number and energy  of each  p a r t i c l e  o f  type . 

g g 
ii locatTd a t  a  ? i t e  d e s i g n a t e d  by ' t h e  p o s i t i o n  v e c t o r  8 ,  and ili" i s  the  .[,ergy of 
i - 
I . d i r e c t  i n t e r a c t i o n  between a  p a i r  o ' f  s t a t i c  p a r t i c l e s .  C r e a t i o n  - 8 , g '  - and a n n i h i l a t i o n  ; 
i opera to r s  f o r  phonons o f  mode A ,  wavevector  q, and energy *W a r e  denoted by b -. 9,X 
i s,? 
and b , r e s p e c t i v e l y - '  The inters-ction between a  p a r t i c l e  a f  i, and a ; 

q ,A . . phones i s  c h a r a c t e r i z e d  
.;. I 
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For  any c o n f i g u r a t i o n  of  p a r t i c l e s  one can f i n d  t h e  p o s i t i o n s  o f  t h e  l a t t i c e  atoms . . . .  
which minimize t h e  e n e r g y  of t h e  system. Then t h e  e n e r g y  of t h e  s y s t e m ,  a p a r t  from 
t h a t  due t o  v i b r a t i o n a l -  mot ion,  i s  found t o  be  

r e p r e s e n t  t h e  f i r s t  and second terms of Eq. (11,  where i s o l a t e d  and E d i r e c t  
r e s p e c t i v e l y ,  and Eb i s  d e f i n e d  by 

i* - i q . ( g - g l )  , 
~ b  'cZ z c ( v ~ , ~  V : , X / ~ C ~ , ~ )  z z ng ngl  e ,  -, 

h q i j  - N - - N g  N g' :- - 
I f ,  f o r  example, t h e r e  were bu t  a  s o l i t a r y  p a r t i c l e  of  t y p e  i l o c a t e d  i n  t h e  s o l i d , :  
.Eb s imply  r e d u c e s  t o  t h e  smal l -polaron b i n d i n g  e n e r g y  of s u c h  a  p a r t i c l e :  j 

I 

;However w i t h  two p a r t i c l e s  of t h e  same type  ( s p e c i e s i )  l o c a t e d  a t  s i t e s  go and g l  i 
ione h a s  t h a t  

1 
1 1 '  
I 

I Here t h e  second term r e p r e s e n t s  t h a t  p o r t i o n  of t h e  i n t e r a c t i o n  betweed t h e  two 
p a r t i c l e s  which r e s u l t s  from t h e i r  mutual  i n t e r a c t i o n  w i t h  t h e  d i s p l a c e m e n t s  of t h e  
atoms of t h e  l a t t i c e .  F i n a l l y ,  i f  t h e  p a r t i c l e  a t  s i t e s  go and gl a r e  of  d i f f e r e n t  
: t y p e s  ( i  and j , , r e s p e c t i v e l y )  t h e  e n e r g y  of t h e i r  i n d i r e c t  i n t e r a c t i o n  ]is g i v e n  by 

. 

I n  t h e  p r e s e l l ~  d i s c u ~ s i o n  che p a r t i c l e - l a t t i c e  i n t e r a c t i o n  i s  t a k e n  t o  be  of s h o r t .  
range.  That  i s ,  t h e  energy  of a  cha rge  carrier on a n  a t o m i c  s i t e  depends on t h e  i 
prox imi ty  o f  t h e  nea res t -ne ighbor  atoms, w h i l e  t h e  e n e r g y  o f  a n  i n t e r s t i t i a l  i s  a  

, f u n c t i o n  of  i t s  d i s t a n c e  from t h e  atoms immedia te ly  a d j a c e n t  t o  i t .  I n  t h e s e  c a s e s  

VI h a s  a  r a t h e r "  ?eak n o m o n o t o n i c  dependence o n  q w i t h  maxima o c c u r r i n g  f a r  from 
q,X h .  

' - 
' t h e  c e n t e r  of  t h e  B r i l l o u i n  zone. c o n c o m i t a n t l y ,  one  f i n d s  t h a t  t h e ' i n d i r e c t  i n t e r -  
p a r t i c l e  i n t e r a c t i o n  f a l l s  o f f  w i t h  s e p a r a t i o n  a s  t h e  o s c i l l a t o r y  t e rms  of  Eqs. ( 5 )  
and ( 6 )  g i v e  r i s e  t o  i n c r e a s i n g l y  e f f i c i e n t  c a n c e l l a t i o n s  i n  the  q-summation. 

N 

I n  s o l i d s  one  i s  o f t e n  concerned w i t h  t h e  s t r a i t 1  f i e l d s  s u r r o u n d i n g  d e f e c t s .  Here 
t h e  d i sp lacements  about  n e u t r a l  in ters t1 t .d .a l . s  a r e  c o n s i d e r e d .  Presuming a  n e g l i -  
g i b l e  d i r e c t  i n t e r a c t i o n  between t h e s e  i n t e r s t i t i a l s ,  t h e  n e t  i n t e r a c t i o n  energy  
i s  simply - E ~ .  AS t h e  s i m p l e s t  example c o n s i d e r  i n L e r s c i t i a l s  p l a c e d  i n  a monatomic 

l i n e a r  cha in .  ~ i n i m i m i z i n g  t h e  energy ,  Eq.  ( 1 1 ,  y i e l d s  t h e  d i sp lacement  p a t t e r n s  
. d e p i c t e d  i n  F ig .  1. Namely, e a c h  i n t e r s t i t i a l  o c c u p i e s  a  s p a c e  ( i n  t h i s  c a s e ,  a  
l inear d imens ion)  e q u a l  t o  A/k,  where A i s  t h e  ( c o n s t a n t )  r e p u l s i v e  f o r c e  e x e r t e d  
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Fig.  1 One and . . th ree  i n t e r s t i t i a l s  added t o  a  monatomic c h a i n .  
T h e w s t r a i n e d  bonds a r e  shown w i t h  dashed l i n e s .  1 

j i 
:between t h e ' i n t e r s t i t i a l  and each of t h e  ,two a d j o i n i n g  atoms, and k i s i t h e  s t i f f n e s s  
c o n s t a n t  of t h e  monatomic l a t t i c e .  T h i s  c o n s t i t u t e s  a  one-dimensional 'rnicroscopici 
d e r i v a t i o n  of Vegard' s theorem of e l a s t i c i t y  t h e o r y :  a n  e l a s t i c  m a t e r i a l  expands 1 
by a n  amount e q u a l  t o  t h e  e x t r a  volume of an  i n c l u s i o n .  I 

I 
I I n  sys tems i n  which t h e  added p a r t i c l e  i n t e r a c t s  w i t h  b o t h  o p t i c a l  a n d j a c o u s t i c  I 

1 I 
:modes of t h &  s o l i d  t h e  s i t u a t i o n  becomes more complex. A common s i t u i i t i o n  i s  t h a t  
, i n  which l i g h t  atoms form cages  abou t  r e l a t i v e l y  heavy atoms. A one-dimensional i 
ana logue  of such  a  s t r u c t u r e  i s  t h a t  of a backbone o f  heavy masses  t o  which l i g h t  i 

: m a s s e s  a r e  a t t a c h e d .  I n  e s s e n c e  t h e  mot ions  of t h e  heavy atoms a r e  a s s o c i a t e d  w i t h  
a c o u s t i c  v i b r a t i o n a l  modes and t h e  movements of t h e  l i g h t  masses r e l a t i v e  t o  t h e  i 

j 
heavy masses i n v o l v e  t h e  o p t i c a l  modes. A s  i l l u s t r a t e d  i n  F ig .  2,  i f  t h e  i n t e r -  I 

a c t i o n  of an  i n t e r s t i t i a l  i s  mainly wi th  t h e  l i g h t  atoms ( o p t i c a l  modes), a  l o c a l ' '  
type of de format ion  p a t t e r n  i s  produced which does  n o t  ex tend  f a r  from, t h e  i n t e r -  i 

. s t i t i a l .  Fur thennore ,  w i t h  a c o l l e c t i o n  of t h r e e  a d j a c e n t  i n t e r s t i t i a l s  t h e  a s s o - ,  

Fig .  2. I n t e r s t i t i a l s  in a d ia tomic  sys tem* The o p t i c a l - t y p e  d e f o r m a t i o n s  w i t h  
one and t h r e e  i n t e r s t i t i a l s ' a r e  shown i n  t h e  top  two l i n e s .  The rcspec-  
t i v e  acous t i c - type  deformat ions  a r e  shown i n  t h e  bottom two l i n e s  f o r  a 
dia tomic  chain .  Dashes indicate s t r a i n e d  bonds. 

. . . . . . . . .  ..... - .... . . 



. . .  . . . .  
c i a  ted  de format ion  p a t t e r n s  t end  t o  c a n c e l .  ~ o i e v e r  , i f  t h e .  i n t e r a c t i o n  of t h e  

0 ; .  

b 
i n t e r s t i t i a l  i s  mainly  w i t h  t h e  heavy a toms ,  a c o u s t i c  modes predominate and a long-  

, r a n g e  d i sp lacement  p a t t e r n  i s  e s t a b l i s h e d .  .Here Vegard 's  theorem may b e  a p p l i e d .  

S e v e r a l  comments a r e  now i n  o r d e r .  F i r s t ,  s i n c e  Vegard 's  theorem i s  a n  outgrowth . :  

of e l a s t i c i t y  t h e o r y  (which i n v o l v e s  o n l y  long-wave leng th  a c o u s t i c  phonons) i ts  i n -  
a p p l i c a b i l i t y  t o  some i n s t a n c e s  where optical-mode d i sp lacements  p lay  a r o l e  d o e s  
n o t  pose a  c o n t r a d i c t i o n  f o r  t h e  macroscopic  theory .  Second, i t  i s  b o t h  obv ious  : 
and w e l l  known t h a t  i n  sys temsof  h i g h e r  d i m e n s i o n a l i t y  t h e  d i sp lacement  p a t t e r n s  
a t  long range a r e  a l t e r e d  so  a s  t o  reduce t h e  magni tude of t h e  d i s p l a c e m e n t s  of i n -  
d i v i d u a l  atoms a t  t h e  expense of i n v o l v i n g  a g r e a t e r  number of atoms. T h i r d ,  dimen- 

. s i o n a l i t y  p l a y s  a major  r o l e  i n  t h e  e n e r g e t i c s  o f  c l u s t e r i n g  of added p a r t i c l e s .  : 
For example, i t  c a n  be seen  from t h e  optical-mode p o r t i o n  o f  Fig.  2 t h a t  i t  i s  e n e r -  
g e  t i c a l l y  u n f a v o r a b l e  f o r  i n t e r s t i t i a l s  t o  c l u s t e r .  However i n  three-dimensional  i 
models i n v o l v i n g  o p t i c a l - t y p e  d i sp lacements  c l u s t e r i n g  c a n  be e n e r g e t i c a l l y  f a v o r - ;  
a b l e .  S i m i l a r l y ,  th ree -d imens iona l  s t r a i n  f i e l d s  a s s o c i a t e d  w i t h  a c o u s t i c - t y p e  j 
disp lacements  f a v o r  c l u s t e r i n g .  ! - -... . . 

Although t h e  p reced ing  d i s c u s s i o n  c o n s i d e r e d  o n l y  n e u t r a l  i n t e r s t i t i a l i ,  a n a l o g o u s '  
' r e s u l t s  a p p l y  t o  t h e  s t r a i n  f i e l d s  and c l u s t e r i n g  of e x c i t o n s ,  and  ( w i t h  t h e  addi-l  
i t i o n  of t h e  coulomb i n t e r a c t i o n )  e x c e s s  charges .  Indeed,  i t  i s  t h e  p o s s i b i l i t y  
t h a t  t h e  atomic-displacement-induced tendency o f  l i k e  c h a r g e s  t o  c l u s t e r  may over-,.,/'.- 

.come t h e i r  coulombic r e p u l s i o n  t h a t  h a s  l e d  t o  t h e  c o n s i d e r a t i o n  of b i p o l a r o n  f o r - "  
mat ion i n  bo th  s o l i d s  and l i q u i d s .  ! 

', 
I 

' ELECTRON-HOLE INTERACTIONS : j 
t 

i \   he l a t t i c e - m e d i a t e d  i n t e r a c t i o n .  of e l e c t r o n  and h o l e  s m a l l  p o l a r o n s  c a n  b e  o f  
, c r i t i c a l  importance i n  t h e i r  d i r e c t  recombinat ion.  For  t h e  i d e a l  monatomic s y s t e m :  
i l l u s t r a t e d  i n  Fig.  3a t h e  de format ion  ( h e r e  a  c o n t r a c t i o n )  abou t  a n  e l e c t r o n  h a s  ; 

' a n  o p p o s i t e  s e n s e  t o  tHa t  about  a  h o l e  ( h e r e  an  expansion) .  For  i l l u s t r a t i o n  t h e  j 
' d i s t o r t i o n s  a r e  t aken  t o  be l o c a l  a s  w i t h  l i g h t  masses  h a r m o n i c a l l y  coupled t o  a i 
r i g i d  frame. The c e n t r a l  p o i n t  i s  t h a t  when t h e  e l e c t r o n - h o l e  s e p a r a t i o n  i s  re -  .: 
duced s u f f i c i e n t l y  so  t h a t  t h e  two d i s t o r t i o n  p a t t e r n s  o v e r l a p  s u b s t a n t i a l l y  t h e . "  j 
binding energy a s s o c i a t e d  w i t h  each  s m a l l  p o l a r o n  i s  reduced.  I n  o t h e r  words ,  .as i 
shown by t h e  c u r v e  l a b e l e d  smal l  polaron i n  Fig.  3b ,  t h e  l a t t i c e - m e d i a t e d  i n t e r -  i 
acLion p rov ides  a  r e p u l s i v e  component t o  t h e  i n t e r a c t i o n  between a n  e l e c t r o n  and a :  
h o l e  smal l  polaron.  Fur thermore,  as shown i n  Fig .  3b,  w i t h  s u f f i c i e n t l y  s t r o n g  ! 
p o l a r o n i c  binding t h e  combinat ion of t h e  smal l -po la ron  and coulombic terms y i e l d s  ; 
a n e t  energy which c o n t a i n s  a  r e p u l s i v e  b a r r i e r  t o  recombinat ion.  Th is  i n  e f f e c t  1 

: s c r e e n s  o u t  t h e  s t r o n g  p o r t i n n  nf the coulombic a t t r a c l i u ~ i .  

The luminescence a s s o c i a t e d  w i t h  recombina t ion  i n  such  a p o l a r o n i c  s o l i d  h a s  been 

d e s c r i b e d  e lsewhere .  He~lce i t  wil.1. o n l y  be  noted t h a t  such  n sys tem ( p o t c n t i s l l y )  
e x h i b i t s  t h r e e  luminescence p rocesses :  t h e  recombina t ion  of e x c i t o n s  p r i o r  t o  l a t -  
t i c e  de format ion ,  of s e l f - t r a p p e d  e x c i t o n s ,  and of p a i r s  of s e p a r a t e d  s m a l l  pola- 
rons .  These p rocesses  a r e  a s s o c i a t e d  w i t h  t h e  p o s i t i o n s  l a b e l e d  a s  E,.STE, and GS 
i n  Fig.  3b. 

T ~ P .  pho toconduc t i v i  ty of a s m a l l  p o l a r o n i c  s o l i d  i s  p r o p o r t i o n a l  t o  the  average  
m o b i l i t y  of t h e  photogenerated c a r r i e r s  and t h e i r  l i f e t i m e .  S ince  a  f i n i t e  t ime 
i s  r e q u i r e d  b e f o r e  an o p t i c a l l y  g e n e r a t e d  charge  forms a s m a l l  p o l a r o n ,  e a c h  c a r -  
r i e r ' s  m o b i l i t y  i s  an average of i t s  nonpola ron ic  ( p r e c u r s o r )  m o b i l i t y .  p o r  r'j? 

e h' 
and i t s  s e l f - t r a p p e d  m o b i l i t y ,  ye  o r  , weighted by t h a t  f r a c t i o n  of t h e  l i f e t i m e  

each  e x i s t s  i n  t h e  Precussnr  s t a t e ,  f e  and fh.  The average p h o t o c o n d u c t i v e  mo- 
b i l i t y  i s  [ z e f e  + pe( l  - f e ) l  + [Ehf + p h ( l  - f  h) 1. Since  of t e n  >> p t h e  obser -  

. . . . .  . . . . . .  . . -. - - - . . . . . . .  -- .- ....- . . . . . . . .  
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! : Fig .  3. ' The de format ion  p a t t e r n s  f o r  a n  e l e c t r o n  and a h o l e  i n  a  m'onatomic 

; l a t t i c e  a r e  shown f o r  t h r e e  s e p a r a t i o n s  i n  ( a ) .  I n  ( b )  t h e  n e t  
: energy  o f  t h e  system a s  w e l l  a s  t h e  coulombic and d i s t o r t i o n a l  j 

: ( s m a l l  po la ron)  components of t h e  e n e r g y  a r e  p l o t t e d  a g a i n s t  t h e  ! i 
r s e p a r a t i o n ,  r ,  measured i n  u n i t s  of t h e  l a t t i c e  c o n s t a n t . !  i 

I ! 
- v a t i o n  of a ' l o w  pho toconduc t ive  m o b i l i t y  r e q u i r e s  t h a t  f  , f  < c: 1. 

e h  i 

For d i r e c t  i ecombina t ion  of low-mobi l i ty  c h a r g e  c a r r i e r s  i t  h a s  g e n e r a l l y  been  as- 
! 

sumed t h a t  t h e  room-temperature recombina t ion  i s  d i f f u s i o n  l i m i ~ e d . ~  That  i s ,  
e l e c t r o n s  a d  h o l e s  hop t o g e t h e r  s p a t i a l l y  and t h e n  recombine.  S p e c i f i c a l l y ,  the ,  '':I 
p r o b a b i l i t y  t h a t ,  once w i t h i n  t h e i r  mutual  coul.omb c a p t u r e  r a d i u s ,  a p a i r  w i l l  : 
s e p a r a t e  r a t h e r  t h a n  recombine h a s  been assumed t o  b e  i n s i g n i f i c a n t .  None the less ,  
t h e r e  a r e  p r e v i o u s l y  unexpla ined s i t u a t i o n s  i n  which t h e  pho toconduc t ing  c a r r i e r s  
have v e r y  low (hopping)  m o b i l i t i e s ' f o r  which t h e  r e c o m b i n a t i o n  c o e f f i c i e n t  d o e s  n o t  
d i s p l a y  t h e  t empera tu re  dependence c h a r a c t e r i s t i c  of d i f f u s i o n  c o n t r o l l e d  recom- : 

b i n a t i ~ n . ~  The p resence  of r e p u l s i v e  b a r r i e r  p r o v i d e s  a mechanism te ' r e s o l v e  
t h i s  dilemma. Namely, t h e  b a r r i e r  keeps  t h e  c a r r i e r s  a p a r t  and t h e r e b y  r e d u c e s  ! 

' t h e i r  o v e r l a p  and recombina t ion  r a t e .  I n  a d d i t i o n ,  by o h i e l c l i ~ ~ g  the  c a r r i e r s  'from 
t h e  ~ t c e p e s t  p u r r i o n  o r  t h e i r  a t t r a c t i v e  coulomb p o t e n t i a l ,  t h e  p r o b a b i l i t y  o f  
t h e i r  s e p a r a t i o n  i s  enhanced. Thus s1lc.h a b a r r i e r  t o  t h e  r e c o m b i n a t i o n  of  s m a l l  : 
p o l a r o n s  may b e  s i g n i f i c a n t  i n  unders tand ing  t h e  ~ h o t o c o n d u c t i n g  p r o p e r t i e s  o f  

' i n s u l a t i n g  and semiconducti.ng g l a s s e s  and c r y s k a l s  i n  which tile c h a r g e s  £om s m a l l  
po la rons .  
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