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EFFECTS OF DOPING INDUCED DISORDER IN POLYACETYLENE 

M. KABBAJ, J.P. ALBERT and C .  JOUANIN 
Groupe d'Etudes des Semi-conducteurs 
Universitg des Sciences e t  Techniques du Languedoc 
34060 Montpellier, France. 

Abstract In th i s  paper, the effects  of disorder on the elec- 
tronic structure o f  doped trans-polyacetylene are evaluated. 
I n  e f fec t ,  a t  the high doping levels currently obtained on 
( C H ) x ,  i t  i s  not r ea l i s t i c  t o  consider the dopant moleculesas 
isolated impurities. Therefore we have examinated in th i s  work 
how a random distribution of d o p a n t  molecules broadens the 
impurity levels lying within the band gap.  We consider a model 
where the molecules form covalent bonds with the neighbouring 
T orbi ta ls .  Making use o f  the SSH model for  ( C H ) ,  chain, the 
electronic density o f  s ta tes  i s  obtained by averaging the 
Green's function over the random distribution of dopants along 
the l ines  of a c luster  CPA.  From our resul ts ,  we discuss the 
formation of impurity bands in the gap and the i r  dependence 
on both the doping concentration and the chemical nature of 
the doping molecules. 

INTRODUCTION 

In recent years,  many theoretical works have been devoted t o  the 
study of polyacetylene since the hamil tonian considered by S u ,  
Schrieffer and Heeger ( S S H ) l  has been able t o  provide a successful1 
description of many of i t s  unusual properties. Generally, these 
theoretical studies assume tha t  the effects  of impurities introdu- 
ced by doping i s  only t o  t ransfer  charges of the ( C H ) x  chains. Re- 
cently, some attention has been devoted t o  the e f fec ts  of the do- 
p a n t  potentia12-4 on the electronic structure and  on the impurity 
s ta tes  which appear in the gap. A further complication comes from 
the fact  that  a t  the high doping levels currently attained in po- 
lyacetylene, the impurities can no more be considered as isolated 
units.  Our intent  in th i s  work i s  t o  study the e f fec ts  on the elec- 
tronic density of s ta tes  of the disorder introduced by a random 
distribution of such impurities. 

ISOLATED IMPURITY 

We will f i r s t  recall here the main resul ts  obtained when conside- 
r i n g  an isolated impurity interacting w i t h  a (CH)x chain. Moredetails 
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can be found in Ref. 4.  The interaction of the impurity with the 
chain will be modeled by the following hamiltonian 

H = H + ( l i >  41) + V ( l i >  <01 + h.c.) e o  
Ho i s  the electronic p a r t  of the SSH hamiltonian, EI i s  the se l f  
energy of the extra level introduced by the impurity and V models 
the hybridization of th i s  level w i t h  the chain. 

The bound s ta tes  of the system are then given as solutions of: 
2 0 

E - - V Re ( G o o ( € ) )  = 0 

where G:o(~)  i s  the diagonal element o f  the Green's function of 
the chain a t  the s i t e  directly coupled with the impurity. 

FORMATION OF IMPURITY BANDS 
The interaction between a (CH) ,  chain and an isolated impurity i s  
a limiting case corresponding t o  weak dopant concentration. Howe- 
ver, as the concentration of impurities increases, the i r  interac- 
tion increases and the impurity level,  i f  i t  l i e s  inside the gap 
brodens into a band. We will f i r s t  describe the model used to  cal-  
culate the density of s ta tes  of the system in the case of a random 
distribution of dopants. 

interacting with a regular reparti t ion of impurities, one impurity 
being incorporated with two ( C H )  groups i n  each u n i t  cell  o f  the 
la t t ice .  The resulting system can be described by a hamiltonian 
partitionned into homomorphic subunits5 as shown in Fig. 1 .a .  

Let us consider, for  this  purpose, a perfectly dimerized chain 

H = C I c>hc<CI  

FIGURE 1 Different parti t ions quoted in the text  
( a )  Undoped cluster ( b )  Type A c luster  ( c )  Type B cluster  

where Ic> denotes a s e t  of basis orbi ta ls  spanning the individual 
u n i t  and  hc  i s  the corresponding matrix hamiltonian. I n  our case 
hc can be chosen as 
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where t and tl a r e  t h e  t r a n s f e r  i n t e g r a l  f o r  t h e  p e r f e c t l y  d i m e r i -  
zed cha in .  The doped p o l y a c e t y l e n e  c h a i n  can then  be cons ide red  as 
a b i n a r y  a l l o y  whose elements a r e  these homomorphic c l u s t e r s  o f  t h e  
two types A and B as shown i n  F i g .  1.b and c .  

Case A w i t h  €1 -f m and V= 0 corresponds t o  an i m p u r i t y  induced 
l e v e l  a r t i f i c i a l l y  p u t  a t  t m and decoupled f rom t h e  c h a i n  w h i l e  
case B corresponds t o  an e x t r a  l e v e l  a t  energy € 1  i n t e r a c t i n g  w i t h  
i t s  nea res t  ne ighbor  on t h e  cha in  v i a  t h e  p o t e n t i a l  V .  

Doping po lyace ty lene  thus amount, i n  t h i s  model t o  s u b s t i t u t e  
c l u s t e r s  A by c l u s t e r s  B. 

A random d i s t r i b u t i o n  o f  dopants w i t h  c o n c e n t r a t i o n  c i s  t hen  
s imu la ted  by an a l l o y  o f  c l u s t e r s  A and B w i t h  r e s p e c t i v e  concen- 
t r a t i o n  1-2c and 2c. The c o n f i g u r a t i o n  averaged d e n s i t y  o f  s t a t e s  
N ( E )  i s  d e f i n e d  i n  t h e  usual  manner 

where <G> denotes the  average o f  t h e  Green's  f u n c t i o n  o v e r  a l l  t h e  
a l l o y ' s  c o n f i g u r a t i o n s .  When u s i n g  t h e  homomorphic c l u s t e r  CPA me- 
thod,  t h e  average Green's  f u n c t i o n  G i s  ob ta ined  by i n t r o d u c i n g  

an e f f e c t i v e  p e r i o d i c  medium h a m i l t o n i a n  H e f f  = I c >  uc i c (  such 

t h a t  a c l u s t e r  embedded i n  t h i s  e f f e c t i v e  medium does n o t  produce 
any s c a t t e r i n g .  The Green's f u n c t i o n s  needed i n  t h i s  c l u s t e r  CPA 
c a l c u l a t i o n  were ob ta ined  by a r e c u r s i v e  procedure. I n  F i g u r e  2.a, 

we d i s p l a y  the  d e n s i t y  o f  s t a t e s  ob ta ined  f o r  a c o n c e n t r a t i o n  
c = 0.05 o f  i m p u r i t i e s  w i t h  E I  = 0.1 eV and V = 0 .1 eV. When i s o -  
l a t e d ,  t h i s  i m p u r i t y  i n t r o d u c e s  a l o c a l i z e d  l e v e l  a t  mid-gap. When 
t h e  i m p u r i t y  c o n c e n t r a t i o n  i nc reases ,  t h e  i n d i v i d u a l  i m p u r i t y  l e -  
v e l s  broaden and form an i m p u r i t y  band w h i l e  t h e  d i s c o n t i n u i t i e s  
a t  t h e  band-edges a r e  rounded. We a l s o  show i n  F igu re2b  t h e  d e n s i t y  

o f  s t a t e s  ob ta ined  i n  t h e  case o f  a more s t r o n g l y  i n t e r a c t i n g  
i m p u r i t y  w i t h  c o n c e n t r a t i o n  c = 0.025 and V = 0.8 eV ( f o r  compari- 
son t h e  mean va lue  o f  t h e  i n t r a c h a i n  i n t e r a c t i o n  i s  t o = 2 . 5  eV) and 
EI = 1 eV (donor  case) .  As i t  can be seen, t h e r e  i s  no more gap 
between t h e  i m p u r i t y  band and t h e  conduc t ion  band. As a consequen- 
c e  t h e  fundamental energy gap i s  reduced by an amount which i s  con- 
c e n t r a t i o n  dependent. S i m i l a r  e f f e c t  must occur  i n  t h e  accep to r  ca- 
se where t h e  i m p u r i t y  band l i e s n e a r  t h e  va lence band edge. These 
r e s u l t s  i n d i c a t e ,  however t h a t  moderate doping induced i s o r d e r  i s  
n o t  expected t o  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  even tua l  c l o s i n g  
o f  t h e  P e i r l s  gap. 
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FIGURE 2 Densi ty o f  s ta tes  vs energy near the  gap 
a) EI = 0.1 eV ; V = 0.1 eV ; c = 0.05 
b)  €1 = 1 eV ; V = 0.8 eV ; c = 0.025 

CONCLUSION 

I n  t h i s  work, we have s tud ied  the  e f f e c t s  o f  a disordered d i s t r i b u -  
t i o n  o f  covalent type i m p u r i t i e s  on the  e l e c t r o n i c  s t r u c t u r e  o f  a 
(CH), chain. Wi th in  a simple Huckel formalism and the  homomorphic 
c l u s t e r  version o f  the CPA, we have shown how the  d isorder  e f f e c t s  
can lead t o  the format ion o f  impur i t y  bands around the  l o c a l i z e d  
l e v e l  corresponding t o  an i s o l a t e d  impur i ty .  I n  some cases, over lap  
between the conduction o r  valence band and the  impur i t y  band may be 
expected. This should con t r i bu te  y e t  on l y  s l i g h t l y  t o  the c los ing  
o f  the gap. 
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