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Résumé - Nous présentons des mesures de conductivité continue et microonde et 
de constante diélectrique sur des échantillons de (C,H.) dopés avec FeCl,. 
Nous montrons que pour les systèmes faiblement dopés le modèle de conduc­
tion par saut entre soliton de Kivelson, modifié et appliqué aux polarons et 
bipolarons décrit bien l'expérience. Pour les forts dopages la conduction 
par saut semble dominer et des valeurs raisonnables des paramètres de Mott 
sont déduites. 

Abstract - D.c. and microwave conductivity and dielectric constant measure­
ments on FeCl -doped (C H ) are reported. It is shown that in lightly doped 
samples Kivelson's intersoliton hopping conduction model as modified and 
applied to polaron and bipolaron states fits well. In heavily doped samples 
variable range hopping seems to dominate and reasonable values for Mott's 
parameters are found. 

Many physical properties of doped poly(p-phenylene) (PPP) are very similar to those 
of polyacetylene (PA) which is the most studied electrically conducting polymer. 
Especially the very low Pauli susceptibility in well conducting materials as well as 
the strong doping dependence of the conductivity are common features in both poly­
mers . Many unusual optical, magnetic and electrical properties of PA have been ac­
counted for by the presence of soliton defects. For instance the T-, pressure and 
frequency dependence of the conductivity in lightly doped trans-PA have been nicely 
explained by Kivelson's intersoliton hopping model /I,2/. PPP does not possess a 
degenerate ground state and is therefore not expected to accomodate single solitons. 
Bredas et al. /3/ have shown, however, that soliton-antisoliton pairs could be sta­
ble in doped PPP and this could be one of the reasons for the similarity between the 
properties of PA and PPP. 

The electrical transport properties of heavily doped PPP have previously been stud­
ied by several investigators /4/. In this paper we present the results of dc and 
microwave conductivity (o , a ) measurements in lightly and heavily FeCl -doped 
PPP and test the applicability of various models for the electrical transport. 

I - EXPERIMENTAL PROCEDURE AND RESULTS 

Powder of PPP was polymerized from benzene using the method of Kovacic et al. /5/. 
The powder was doped with Feci as described by Pron et al. /6/ and then pressed 
into pellets. 0 measurements were made using the ordinary four point method except 
for at sample resistances >10 I) where a two point method was utilized. The evapo­
rated gold contacts were ohmic in the temperature range studied, a and the dielec­
tric permeability e were measured at 24 GHz (K-band) using the cavity perturbation 
technique /!/. 
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The doping l e v e l s ,  a and i t s  a c t i v a t i o n  energy A a t  300K, concen t ra t ion  N of 
Cur i e  law s p i n s  and ? a t  24 GHz a r e  l i s t e d  i n  Table I f o r  t h e  s t u d i e d  sampaes. 

TABLE I. Samples s t u d i e d  i n  t h e  c o n d u c t i v i t y  measurements 

Sample Doping a (300K) 
d c  

A(300K) 
Ns 

E 
r 

(mol % )  (a-I cm-I ( e v )  (g-I ) 

The T-dep ence of  0 i s  shown i n  F ig .1 .  A l i n e a r  behaviour  on t h e  s c a l e  l g ( f i c i d c )  
u s .  (I/T)"' is  founi: e s p e c i a l l y  i n  t h e  h i g h e s t  c o n d u c t i v i t y  samples.  The s t r o n g  
f requency dependence o f a i s  shown i n  Fig .  2  f o r  t h e  l i g h t l y  doped samples 2 and 3. 
I n  h i g h l y  conduct ing samples t h e  c a v i t y  p e r t u r b a t i o n  method could  n o t  b e  used due t o  
t h e  smal l  s k i n  dep th .  

Fig .  I  - Dc-conductivity l g ( O f i )  vs .  
( l / T ) I I 4  i n  samples 2 .3 .4  and 5. 

F ig .  2  - Dc-(00) and mw ( A A )  -conduc- 
t i v i t i e s  v s .  1/T i n  samples 2  and 3. 

I1 - DISCUSSION 

I1 .I Heavily doped PPP 

AS shown i n  Fig .  1 t h e  law 0  (T)=  0  e x p k ( ~  / T ) l I 4 ]  f o r  t h e  v a r i a b l e  rang& hopping 
( V R g )  is  w e l l  obeyed ig heavaEy dope8 Bamp+gs. M o t t ' s  parameter  T  =2.2x10 (3.9 
x10 )K and 0  f i = 1  .6x10 ( 4 . 4 ~ 1 0 ~ )  &a- cm can be e s t ima ted  f o r  :ample 5  ( 4 ) .  
F u r t h e r  one 8 e t s  t h e  q e n s i t y  of l o c a l i z e d  s t a t e s  N(E ) a t  t h e  Fermi l e v e l  Ef and t h e  
wavefunction decay a- /8/. 

f  

21-22 -3ev-1 
These equa t ions  g i v e  r easonab le  va lues  N(E )=I 

f  116 -1 
and a-'=3-5 i n  sam- 

p l e s  4  and 5 u s i n g  a  jump r a t e  p r e f a c t o r  v =I0  s t y p i c a l  of d i s o r d e r e d  semicon- 
d u c t o r s  /9/ .  The o r i g i n  of t h e  l o c a l i z e d  s ? a t e s  where t h e  hopping conduct ion occur s  



remains open. VRH i n  a  b ipo la ron  band o r  between m e t a l l i c  i s l a n d s  due t o  inhomoge- 
nous doping a r e  both  p o s s i b l e .  However, from o p t i c a l  r e f l e c t i v i t y  measurements we 
have g o t  some evidence f o r  h igh ly  conduct ing r eg ions  sepa ra t ed  by t h i n  p o t e n t i a l  
b a r r i e r s  i n  ou r  heav i ly  doped samples. The o p t i c a l  conduc t iv i ty  is more than  two 
o r d e r s  of magnitude l a r g e r  than  d  (300K). F u r t h e r  evidence f o r  t h e  b a r r i e r s  i n  

dc  
sample 6 i s  obta ined a t  low temperatures  from F ig .  3. Sheng 's  t unne l ing  model / l o /  
w i th  b a r r i e r  modulation by thermal  f l u c t u a t i o n s .  odc=ooexpl-TI / (T+To) l ,  is  f i t t e d  
wi th  parameters  T =24.2K and T =330 K .  

1  

11.2 L igh t ly  doped PPP 

When t h e  v a l u e s  T and o fi ob ta ined  from Fig .  1  a r e  i n s e r t e d  i n t o  eqs .  (1 ) and ( 2 )  
one g e t s  f o r  t h e  f ightlyOdoped samples 2 and 3  q u i t e  unreasonable  va lues  f o r  N(E ) 

f .  
and/or a- f o r  any va lue  of v . Hence we have app l i ed  Kive l son ' s  i n t e r s o l i t o n  hopplng 
model / I /  s l i g h t l y  modif ied  ?o polaron and b ipo la ron  s t a t e s  i n  doped PPP. F u r t h e r  
i n d i c a t i o n s  f o r  t h e s e  s t  t e s  we have ob ta ined  from IR-measurements i . e .  a  p o s s i b l e  - Q 
qu ino id  mode a t  1280 cm was found i n  FeCl -doped samples b u t  n o t  i n  undoped ones .  
I n  F ig .  4  l g  o  v s .  l g  T is  p l o t t e d  and t h e  ?aw O - T ~  p r e d i c t e d  by Kive l son ' s  model/l/ 

0  50 100 
Temperature I K 

F ig .  3  - Low t mperature c o n d u c t i v i t y  -7 Fig .  4  - d c  c o n d u c t i v i t y  l g  o  v s .  
- [ l n ( o / o R T ) l  v s .  T i n  sample 5. l g  T i n  samples 2 , 3  and 5. 

is  w e l l  obeyed i n  t h e  l i g h t l y  doped samples 2  and 3  wi th  n=13.8 and 11 r e s p e c t i v e l y .  
The modified expres s ions  f o r  a  and ode, read  (having dropped o u t  t h e  f a c t o r  1/N, 
which i n  PA g i v e s  t h e  probabil?gy f o r  a  n e u t r a l  s o l i t o n  being c l o s e  t o  a  charged i m -  
p u r i t y ,  s i n c e  i n  PPP bo th  polarons  and b ipo la rons  a r e  charged and t h u s  bound t o  
dopant molecu les ) :  

Here A=0.45, B=1.39, y  and y  a r e  t h e  concen t ra t ions  of polarons  and b ipo la rons ,  
r e s p e c t i v e l y ,  R = (39477 c .  b71/3 is  t e  y  i c a l  s e p a r a t i o n  between i m p u r i t i e s  

Q 
whose concen t ra t ron  is c  :mP~i ( E , ,  'Iq is  t h e  average decay l e n g t h  of a  po- 
l a r o n  ( o r  b i p o l a r o n ) ,  C,, '%d EL being t h e  decay l e n g t h s  p a r a l l e l  and pe rpend icu la r  

2  
t o  t h e  polymer chai ;+?l rect ion,  r e s p e c t i v e l y ,  and r = y y  / ( y  t y  ) y ( T ) ,  where 
y  (T)  = y (T/300 K )  1s t h e  t r a n s i t i o n  r a t e  of a  ghargg k ~ r r i g r  &tween polaron 
and b ipo lz ron  s t a t e s .  
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Eqs. ( 3 )  and ( 4 )  a r e  fir5;!lto t h e  measured odc and o of sample 2 i n  F ig .  5. The 
W 

pre-f a c t o r  y = 7 . 6 ~  10 was determined from t h e  q\-dependence of o (TI and t h e  
o r d e r  of mag%tude of  o dc and a were f i t t e d  wi th  c .  . The o t h e r  pa r%ete r s  were 

mw 
E l ,  = 17 a ( 4  phenyl r i n g s  /3 / ,  5,. = b/2 where b = $?'Z A is t h e  i n t e r c h a i n  d i s t a n c e  
i n  PPP, yb = s p i n  d e n s i t y  (Table I )  and y = c .  The va lues  of c .  found i n  t h e  

mw bP 31mP' Imp 
f i t t i n g  were cdC = 0 . 2 6 ~ 1  o - ~  and c . = 1 - 2 ~ 1 0 -  . A s  an  i n t e r e s t i n g  f e a t u r e  , t h e  model 
accounts  w e l l  t?!? t h e  r a t h e r  stron&m!?-dependence of  o . The r a t i o  a /o is  shown 
i n  F ig .  6 .  The dec rease  i n  o /ode w i t h  i n c r e a s i n g  dotyng excludes  t?% m2Eal l ic  is- 
land model i n  l i g h t l y  doped ?$P s l n c e  t h e  model p r e d i c t s  t h e  o p p o s i t e  behaviour  /?I/ .  

Temperature ( K l  

- - 

Fig .  5 - Dc and mw c o n d u c t i v i t i e s  
vs .  T i n  sample 2. 

. (P-GHL), 0.12 % . 

Doping (%) 

5 - 
- 
'cl - - 
w -  
0)  
d 

X 
-5 - - .- 

> - .- - " 
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0 U - 

-10 - - 

200 300 LOO 

Fig. 6 - R a t i o  o /o vs .  doping 
concen t ra t ion .  ~ h % ~  d%ed l i n e  
showns t h e  r a t i o  a s  p r e d i c t e d  by 
t h e  m e t a l l i c  i s l a n d  model / l o / .  
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