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A b s t r a c t . -  A f o r m a l i s m  i s  d e v e l o p e d  f o r  t h e  c o u p l i n g  o f  
e x c e s s  e l e c t r o n s  t o  phonons  i n  p o l a r  c r y s t a l s  whose l a t t i c e  
d y n a m i c s  a r e  d e s c r i b a b l e  i n  t e r m s  o f  a  s h e l l  m o d ~ l .  Phonon 
d i s p e r s i o n  and  c o u p l i n g  t o  o t h e r  t h a n  t h e  u s u a l  q = 0,LO 
phonons  a r e  i n c l u d e d .  N u m e r i c a l  r e s u l t s  f o r  p o l a r o n s  i n  
1 1 1 - V  and  1 1 - V 1  compounds a r e  r e p o r t e d .  

The i n t e r a c t i o n  o f  an e l e c t r o n  ( o r  h o l e )  w i t h  phonons  i n  a  p o l a r  

s e m i c o n d u c t o r  i s  u s u a l l y  d e s c r i b e d  b y  F r G h l i c h J s  H a m i l t o n i a n ' .  T h i s  

a n s a t z  i s  v e r y  f r u i t f u l  f o r  t h e  u n d e r s t a n d i n g  o f  v a r i o u s  p r o b l e m s  o f  

t h e  s o l i d  s t a t e  and  leads ,  f o r  example, t o  t h e  c o n c e p t  o f  t h e  L a r g e  

p o l a r o n .  As a n  e s s e n t i a l  a s s u m p t i o n ,  t h e  F r o h l i c h  H a m i l t o n i a n  de-  

s c r i b e s  t h e  l a t t i c e  v i b r a t i o n s  b y  a  c o n t i n u u m  m o d e l .  I n  t h i s  p a p e r  we 

d e v e l o p  a  t h e o r y  f o r  t h e  e l e c t r o n - p h o n o n  i n t e r a c t i o n  w i t h  t h e  f u l l  

L a t t i c e  H a m i l t o n i a n ,  where  t h e  phonons  a r e  t r e a t e d  i n  t h e  h a r m o n i c  

a p p r o x i m a t i o n  and  a r e  d e s c r i b e d  i n  t e r m s  o f  a  s h e l l  

We s t a r t  f r o m  t h e  H a m i l t o n i a n  f o r  t h e  e l e c t r o n - p h o n o n  c o u p l i n g  

g i v e n  b y  

H e l - p h o n  = { ~ ( ? , d ( l , b ) )  - ~ ( ? , x ~ ( L , b ) ) }  , ( 1 )  
1,b 

where  X(1,b) d e n o t e s  t h e  p o s i t i o n  o f  t h e  b - t h  i o n  i n  t h e  L - t h  c e l l  and  

d (1,b) i t s  e q u i l i b r i u m  p o s i t i o n ,  and ? i s  t h e  p o s i t i o n  o f  t h e  e l e c -  0  
t r o n .  We assume t h a t  t h e  i o n s  have  t h e  c h a r g e  Z e  and t h e  e l e c t r o n i c  

b  
p o l a r i z a t i o n  $ b [ 3 ( l , b ) l ,  w h i c h  i s  a  f u n c t i o n  o f  t h e  d i s p l a c e m e n t s  
+ 
u(1,b) = d(1,b) - d o ( l , b ) .  The p o t e n t i a l  e n e r g y  i s  t h e n  g i v e n  b y  

-S 

I n  t h e  c o n t i n u u m  a p p r o x i m a t i o n  Pb can  b e  w r i t t e n  i n  t e r m s  o f  t h e  

m a c r o s c p p i c  c o n s t a n t s  E- and c O .  T h i s  l e a d s  t o  t h e  w e l l - k n o w n  F r o h l i c h  

H a m i l t o n i a n .  A f u l l y  m i c r o s c o p i c  g e n e r a l i z a t i o n  o f  F r o h l i c h ' s  t r e a t -  

ment  i s  d i f f i c u l t ,  s i n c e  t h e  f u l l  d i e l e c t r i c  t e n s o r  mus t  b e  u s e d  i n  
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o r d e r  t o  a c c o u n t  f o r  l o c a l  f i e l d  e f f e c t s .  I t  i s  t h e r e f o r e  c o n v e n i e n t  

t o  d e s c r i b e  t h e  p o l a r i z a t i o n  f i e l d  i n  t e r m s  o f  t h e  s h e l l  mode l .  We g e t  

where  Ybe i s  t h e  c h a r g e  o f  t h e  s h e l l  o f  a tom b  and 3(1,b) t h e  d i s -  

p l a c e m e n t  o f  t h e  s h e l l .  

F o r  s m a l l  d e v i a t i o n s  f r o m  t h e  e q u i l i b r i u m ,  we can  expand  t h e  

p o t e n t i a l  and  u s e  t h e  h a r m o n i c  a p p r o x i m a t i o n .  We t h e n  w r i t e  t h e  d i s -  

p l a c e m e n t s  <( l ,b)  i n  t e r m s  o f  n o r m a l  c o o r d i n a t e s  

( 4 )  
+ u(1,b) = +E J7 ( :c(b\aj)  eia.dO'l'b) a+ + h.c.1 . 

q, j 2N M o (a) q j 
b  j 

A s i m i l a r  f o r m u l a  h o l d s  f o r  t h e  s h e l l  d i s p l a c e m e n t s  G(1,b) w i t h  

e s ( b l < j )  r e p l a c i n g  z c ( b l < j ) .  

A f t e r  an e x p a n s i o n  i n t o  a  F o u r i e r  s e r i e s  and  t h e  e v a l u a t i o n  o f  

t h e  sum o v e r  t h e  l a t t i c e  c e l l s  we g e t  as  a  f i n a l  r e s u l t  f o r  t h e  

g e n e r a l i z a t i o n  o f  t h e  F r o h l i c h  o p e r a t o r  

w i t h  

H e r e  2 i s  a  r e c i p r o c a l  l a t t i c e  v e c t o r ,  Xbe and  Y e  a r e  t h e  c h a r g e s  o f  b  
t h e  c o r e  and  t h e  s h e l l  o f  i o n  b, r e s p e c t i v e l y ,  Mb i s  t h e  mass o f  i o n  b, 

Q. i s  t h e  v o l u m e  o f  t h e  u n i t  ceL1,and N i s  t h e  number o f  u n i t  c e l l s .  

I f  t h e  L a t t i c e  d y n a m i c s  o f  a  c r y s t a l  i s  known i n  t e r m s  o f  t h e  

s h e l l  model, t h e  sums i n  ( 6 )  c a n  b e  e v a l u a t e d .  S i n c e  t h e  H a m i l t o n i a n  

c o n t a i n s  t h e  i n t e r a c t i o n  w i t h  a l l  phonons  i t  a l s o  i n c l u d e s  t h e  p i e z o -  

e l e c t r i c  c o u p l i n g  i n  c r y s t a l s  w i t h o u t  i n v e r s i o n  symmet ry .  

As a  s i m p l e  a p p l i c a t i o n ,  we i n v e s t i g a t e  t h e  c a s e  o f  t h e  f r e e  

p o l a r o n  i n  s e m i c o n d u c t o r s .  Here  t h e  H a m i l t o n i a n  i s  g i v e n  b y  

2 
H = + + t nu.(;) a:. a+ 

3 q ]  q j  ' H e l - p h o n  ' 
q ,  j 

I n  t h e  i n t e r m e d i a t e - c o u p l i n g  c a s e  t h e  method  o f  Lee, Low and  P i n e s  
4 

can  e a s i l y  b e  e x t e n d e d  t o  t h i s  H a m i l t . o n i a n .  F o r  t h e  e n e r g y  we g e t  
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the result 
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Numerical results for A and C are given in Figs. 1 and 2 for some 

111-V and 11-V1 compounds. The continuum approximation yields a for 

both constants. 

Rfd - - 
00 

Figs. 1 and 2: The self-energy A and t h e  mass correction C 
a s  a function of t h e  polaron radius Rpol. 
a. is the lattice constant. 

Since t h e  polaron radii for electrons and holes range from 1.7 a. 

(holes in ZnS) t o  16 a. (electrons in InSb) the self-energy is con- 

siderably affected, but the polaron mass is only slightly different 

from that in the continuum approximation. A detailed anaLysis and a n  

application t o  more polar crystals will be given in a forthcoming 

paper. 
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