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OPTICAL PROPERTIES OF DOPED TRANS (CH)x 

J.P. ALBERT and C .  JOUANIN 
Groupe d 'Etudes des Semi-conducteurs 
U n i v e r s i t e  des Sciences e t  Techniques du Languedoc 
34060 M o n t p e l l i e r ,  France. 

A b s t r a c t  A new method o f  c a l c u l a t i o n  o f  t h e  imag ina ry  p a r t  o f  
t h e  d i e l e c t r i c  cons tan t  o f  a one d imensional  c r y s t a l  i s  p r e -  
sented. Th is  method i s  a p p l i e d  he re  t o  t h e  s t u d y  o f  s o l i t o n  
l a t t i c e s  i n  t r a n s  (CH)x. 

A g r e a t  number o f  t h e o r e t i c a l  s t u d i e s  have been done on t h e  o p t i c a l  
p r o p e r t i e s  o f  doped p o l y a c e t y l e n e l .  However, most o f  them make use 
o f  t h e  continuum approx ima t ion  which i s  o n l y  v a l i d  i n  t h e  l i g h t  do- 
p i n g  regime. We have r e c e n t l y  determined t h e  o p t i c a l  f r o p e r t i e s  o f  
doped (CH),, making use o f  t h e  d i s c r e t e  s o l i t o n  model . I n  t h a t  
work t h e  imag ina ry  p a r t  o f  t h e  d i e l e c t r i c  f u n c t i o n  E ~ ( w )  was c a l c u -  
l a t e d  by  t h e  s t a n d a r t  numer ica l  procedure,  where an h i s tog ram o f  
E ~ ( w )  i s  c o n s t r u c t e d  acco rd ing  t o  t h e  c l a s s i c  Gilat-Raubenheimer3 
method. However, i n  t h a t  procedure some d i f f i c u l t i e s  a r e  encounte- 
r e d  due t o  t h e  u n i d i m e n s i o n a l i t y  o f  t h e  problem. The i n v e r s e  square 
r o o t  s i n g u l a r i t y  a t  band edges r e q u i r e s  a h i g h  number o f  sampl ing 
p o i n t s  i n  k space i n  o r d e r  t o  o b t a i n  a good accuracy.  A g r e a t  num- 
b e r  o f  d i a g o n a l i s a t i o n  o f  t h e  h a m i l t o n i a n  m a t r i x  i s  t hus  needed, 
which can become p r o h i b i t i v e  i f  t h e i r  rank  i s  t o o  l a r g e  because o f  
t h e  l a r g e  number o f  bands i n  t h e  problem a t  hand. 

I n  t h i s  work we propose a new method t o  determine E ~ ( w )  which 
i s  f r e e  f rom these l i m i t a t i o n s .  The method w i l l  be a p p l i e d  he re  t o  
s o l i t o n  l a t t i c e s  i n  (CH) whe t h e  un i t  c e l l  may c o n t a i n  a number o f  
atoms as l a r g e  as 100. Tf i is  method wh ich  i s  based on a r e c u r s i v e  
procedure n e c e s s i t a t e s  o n l y  a m o d e l i s a t i o n  o f  t h e  Huckel t ype  f o r  
t h e  hami l t on ian .  It i s  thus f e l t  t h a t  i t  can be r e a d i l y  extended 
t o  o t h e r  polymers whose e l e c t r o n i c  p r o p e r t i e s  a r e  o f t e n  d e s c r i b e d  
by  such a Huckel p a r a m e t r i s a t i o n .  

MODEL - THE SOLITON LATTICE 

The h a m i l t o n i a n  d e s c r i b i n g  t h e  s o l i t o n  l a t t i c e  i s  w r i t t e n  as : 

H = C  
P 

( ( p > < p + l  1 t h.c) 
tP ,P+l 
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284 J. P. ALBERT AND C. JOUANIN 

i s  a func t i on  o f  t he  order pa- 
P Y P + l  

where the t rans fe r  i n t e g r a l  t 
rameter u 

P '  

tP ,P+l = to - (Up+1 - up) 

rrt 
and the invo lved parameters have t h e i r  usual meanings2. The u n i t  
c e l l  contains N = 2d (CH) u n i t s  and the concentrat ion o f  s o l i t o n s  
i s  C, = 2/N. The e l e c t r o n i c  s t ruc tu re  corresponding t o  t h i s  model 
consists i n  occupied valence bands, unoccupied conduction bands 
and two " s o l i t o n  bands" i n  the middle o f  the  gap which are f u l l  o r  
empty according t o  the n o r  p character o f  t he  doping. We w i l l  
consider f o r  s i m p l i c i t y  here the  case o f  n doping. 

METHOD 

In the d i p o l a r  approximation the  imaginary p a r t  o f  t he  d i e l e c t r i c  
f unc t i on  due t o  the  in te rband t r a n s i t i o n s  i s  given as : 

C occ u n  2 
w 1 f  

E 2 ( 4  = 7 5 zJdk I M i f ( k ) l  W f ( k )  - E i ( k )  - h .) ( 2 )  

where C i s  a constant o f  no importance f o r  us. 
However, f o r  our purpose i t  i s  convenient t o  reexpress E ~ ( w )  as : 

The sum over ko i n  (3 )  extends over a l l  the rec ip roca l  wave vectors 
where the t r a n s i t i o n  E i  ( k )  +Ef(k)  i s  d i r e c t  i n  the reduced zone 
scheme and whose corresponding e n e r g y 3 T G r e n c e  Ef(k)  - E i ( k )  i s  
equal t o  h w . 
We now proceed t o  determine t h i s  sum. For t h i s  purpose, l e t  us de- 
velop the wave funct ions,  so lu t ions  o f  the Schroedinger equat ion 

on the TI o r b i t a l s  

Defining 6' (E) as 

Ip> : I $ > =  5 Cp(E) I p >  (4) 

P 
Cp(E) - 

Cp+lo 
- 

and using (4), ( 5 ) ,  
lowing recurs ive  r e  

6' ( E )  
P+ l  ,P 

t (5 )  

i t  i s  e a s i l y  found t h a t  the  6' v e r i f y  the  f o l -  
a t i o n  P D
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OPTICAL PROPERTIES OF DOPED TRANS (CH), 285 

t h e  supplementary boundary c o n d i t i o n  imposed by  B loch  theorem, 
66 ( E )  = 6 ; + ~  ( E )  i s  t hen  s u f f i c i e n t  t o  determine t h e  A P  by  a con- 
t i n u e d  f r a c t i o n  expansion. L e t  us now d e f i n e  

A(E) = CN(E)/Co(E) ; A can be c a l c u l a t e d  as 

A ( E )  = ( t o , l  'f * ' * " '  ( tN - l ,N  'i ( 7 )  

and i s  r e l a t e d  t o  t h e  wave v e c t o r  k by  t h e  B loch  theorem 

A(E) = eikNa, where a i s  t h e  d i s t a n c e  between two CH u n i t s .  
W r i t i n g  ( 7 )  f o r  ene rg ies  Ef and Ei = Ef  - hw we t h e n  o b t a i n  : 

A(Ef) A * ( E f -  hw) = e i (k-I()Na 

which i s  i n  genera l  a complex number. However i t  w i l l  be r e a l  and 
equal t o  one f o r  t h e  p r e c i s e  energ ies  Ef a t  which t h e  t r a n s i t i o n  
Ef - E i  i s  a d i r e c t  i n t e r b a n d  t r a n s i t i o n  c o n t r i b u t i n g  t o  E ~ ( w ) .  
Given a frequ-the sum on t h e  i n t e r b a n d  t r a n s i t i o n s  c o n t r i b u -  
t i n g  t o  ( 3 )  i s  thus reduced t o  a sum o v e r  t h e  f i n a l  s t a t e  ene rg ies  

v e r i f y i n g  : A(Ef) A* ( E f  - h w )  = 1 

Once these energ ies  a r e  determined, i t  i s  a s imp le  m a t t e r  t o  o b t a i n  
E 2 W  

- The d i p o l a r  m a t r i x  element Pif ( k o )  i s  g i v e n  as : 

where t h e  Cp a r e  determined by ( 5 )  and t h e  n o r m a l i z a t i o n  c o n d i t i o n  
o f  t h e  wave f u n c t i o n  

- The l a s t  f a c t o r  i n  ( 3 )  can be t r ans fo rmed  e a s i l y  as : 

where g(E) i s  t h e  d e n s i t y  o f  s t a t e s  and i s  d i r e c t l y  r e l a t e d  t o  t h e  
imag ina ry  p a r t  o f  t h e  Green's  f u n c t i o n  w h i c h  i s  o b t a i n e d  by  a r e -  
c u r s i v e  procedure. 

r e l a t i v e  c u r v a t u r e s  o f  t h e  two bands i n v o l v e d  i n  t h e  t r a n s i t i o n  
(+ s i g n  corresponds t h e  case o f  o p p o s i t e  c u r v a t u r e s  w h i l e  - s i g n  corresponds t o  c u r v a t u r e s  o f  t h e  same s i g n ) .  

The 1: s i g n  o c c u r i n g  i n  (8) i's t o  be chosen acco rd ing  t o  t h e  
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286 J.  P. ALBERT AND C. JOUAMN 

RESULTS 
The resulting E2(d) for  different  concentrations of soli tons i s  
shown i n  Fig. 1. I t  i s  found tha t  a great number of inverse square 
root s ingular i t ies  occuring a t  band edges i n  the combined density 
of s ta tes  are smeared out because o f  the dipolar matrix element. In 
fac t  the smallness of the dipolar matrix elements suppresses a greit 
number of direct  possible transit ions,  i n  particular the transitions 
involving symmetric bands w i t h  respect t o  the gap center. The two 
most important interband transit ions labelled 1 and 2 i n  Fig. 1 oc- 
cur between the soli ton band and the conduction band and the va- 
lence and the conduction bands. These two peaks dominate the opti- 
cal spectra, the weight of the t ransi t ion 1 increasing with increa- 
sing concentration of soli tons while tha t  of t ransi t ion 2 i s  decrea- 
sing w i t h  increasing concentrations. We found t h a t  t h i s  t ransi t ion 
practically disappears a t  a concentration of 8 % of sol i tons.  

C=2.5 X 

0.7 l* 
ENERGY (eV) 
=J E R G Y W I  

C Z l O ? .  

h 0 25 ENERGY k V )  

FIGURE 1 Evolution of E ~ ( w )  with the soli ton concentration 

CONCLUSION 
In this work we have presented a new method t o  determine theoreti-  
cally the optical constants of a one dimensional crystal .  This me- 
thod  has been applied t o  soli ton l a t t i ce s  i n  ( C H ) x  b u t  can be ex- 
tended easi ly  t o  t r ea t  others polymers. The resul ts  obtained are 
in quantitative agreement with previous calculations and i n  quali- 
t a t ive  agreement with the experimental data. 
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