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I t  i s  shown tha t  a t  low temperatures a novel conduc- 
t i o n  mechanism, phonon ass is ted  hopping between s o l i -  
ton bound s ta tes  ( i n t e r s o l i t o n  hopping), may be the  
dominant conduction process i n  l i g h t l y  doped po ly -  
acetylene. The theory i s  developed from a more - 
era1 phenomenological viewpoint than prev ious ly ,  
and the model independent aspects o f  the t ranspor t  
are stressed. I t  i s  found t h a t  the theory success- 
f u l l y  accounts f o r  experiments i n  po lyacety lene which 
simultaneously show the ha1 lmarks o f  s o l i t o n s  (e.g. 
no increase i n  the number o f  sp ins upon doping, a 
h igh l y  one-dimensional sp in  m o b i l i t y ,  a q u a l i t a t i v e  
dependence on c i s  t o  t rans isomer izat ion)  and the 
c h a r a c t e r i s t i c s  o f  hopping t ranspor t  (e.g. a s t rong ly  
frequency and e l e c t r i c  f i e l d  dependent c o n d u c t i v i t y ) .  
I t  i s  f u r t h e r  suggested tha t ,  s ince  the t h e o r e t i c a l  
cons iderat ions tha t  lead t o  the conclus ion t h a t  i n t e r -  
s o l i t o n  hopping i s  important i n  po lyacety lene are  
q u i t e  general,  the same basic  t ranspor t  process may be 
important i n  many quasi-one dimensional semiconductors. 

I . I NTRODUCT I ON 

In  t h i s  paper we discuss the  theory o f  i n t e r s o l i t o n  
hopping (ISH) conduction i n  quasi-one-dimensional P e i e r l s  
systems. The theory has been discussed’ p rev ious ly  i n  con- 
s iderab le  d e t a i l  f o r  an e x p l i c i t  microscopic model o f  
t rans-polyacety lene (CH), which i s  a th ree  dimensional gen- 
e r a l i z a t i o n  o f  the model o f  Su, S c h r i e f f e r  and Heeger2 
(SSH) .  I n  the present paper we s h a l l  discuss the  theory 
from a more general,  hence phenomenological v iewpoint .  We 
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66 S. KIVELSON 

w i l l  focus our a t t e n t i o n  on the q u a l i t a t i v e  features o f  
the theory w i t h  a view toward understanding: 
1) What are the general,  model independent features o f  

2) 
I SH? 
What are the bas ic  assumptions t h a t  go i n t o  the theory 
and under what circumstances do we expect them t o  be 
Val i d ?  
What exper imenta l ly  access ib le  features d i s t i n g u i s h  
I S H  from o ther  hopping processes? 

3)  

From the phenomenological v iewpoint  o f  t h i s  paper, the the- 
o ry  can p o t e n t i a l l y  be appl ied t o  a wide c lass  o f  quasi- 
one dimensional P e i e r l s  systems inc lud ing  ma te r ia l s  o ther  
than (CH), w i t h  commensurabi 1 i t y  2 and systems w i t h  o ther  
cornmensurabil it ies such as perhaps TTF-TCNQ under pressure. 
With some changes, the  theory a l s o  can be adapted t o  apply 
t o  systems w i t h  s l i g h t l y  non-degenerate ground s ta tes ,  such 
as cis-(CH),. 
s o l i t o n - a n t i s o l i t o n  p a i r s  (one dimensional l a rge  polarons) .  
The d iscuss ion i n  t h i s  paper w i l l  be p r i m a r i l y  d i rec ted  a t  
trans-(CH)x, bu t  an attempt w i l l  be made t o  i nd i ca te  any 
r e s u l t s  tha t  are pecu l i a r  t o  (CH), and t o  i nd i ca te  how they 
would d i f f e r  i n  o ther ,  re la ted  s o l i d s .  

Here, the  hopping i s  between weakly bound 

1 1 .  THE SOLITON MODEL 

For the purpose o f  the  present d iscuss ion,  a few gen- 
e r a l  features o f  the s o l i t o n  model a re  important. A t  the 
conceptual core o f  t h i s  d iscuss ion l i e s  the Born-Oppen- 
heimer approximation which a l lows us t o  t a l k  about the 
e l e c t r o n i c  s ta tes  associated w i t h  some spec i f i ed  p a t t e r n  o f  
ion displacements. This approximation should be v a l i d  a t  
l eas t  so long as the e l e c t r o n i c  energy gap, 2A0, i s  much 
grea ter  than the t y p i c a l  phonon frequency, h0. 

An n - f o l d  commensurate e lec t ron - ion  system has a 
s t rong P e i e r l ' s  i n s t a b i l i t y  toward n-merization. There a re  
n degenerate ground s t a t e  l a t t i c e  conf igura t ions  associated 
w i t h  the d i f f e r e n t  poss ib le  senses o f  t h i s  n-mer izat ion.  
The s o l i t o n  i s  a domain w a l l  between regions o f  two d i f f e r -  
en t  ground s t a t e  conf igura t ions .  Associated w i t h  each s o l -  
i t o n  i s  a l oca l i zed  e l e c t r o n i c  s t a t e  which l i e s  i n  the  band 
gap between the valence and conduction bands. For n=2, 
t h i s  bound s t a t e  must l i e  a t  mid-gap so long as the model 
has e lec t ron-ho le  symmetry. For o ther  commensurabi l i t ies, 
the bound s t a t e  can l i e  anywhere, i n  the gap, depending on 
the shape o f  the so l i ton . '  The gap s t a t e  can be unoccupied 
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ELECTRON HOPPING CONDUCTION 67 

o r  doubly  occupied, i n  which case t h e  s o l i t o n  i s  s p i n l e s s ,  
o r  i t  can be s i n g l y  occupied, i n  which case t h e  s o l i t o n  has 
s p i n  1/2. For n=2, t he  s i n g l y  occupied s o l i t o n  i s  n e u t r a l ,  
and i n  t h e  o t h e r  two cases i t  i s  charged. For o t h e r  com- 
m e n s u r a b i l i t i e s  t h e  charge r e l a t i o n s  a r e  more comp l i ca ted .  
l n t e r s o l i t o n  hopping I S H  i n v o l v e s  an e l e c t r o n  hopping f rom 
t h e  gap s t a t e  of one s o l i t o n  t o  t h e  gap s t a t e  o f  ano the r .  

The l a r g e  po la rons  found i n  systems w i t h  i n e q u i v a l e n t  
ground s t a t e s  have3 s i m i l a r  gap s t a t e  s t r u c t u r e  as s o l i -  
tons,  except  assoc ia ted  w i t h  t h e  p o l a r o n  a r e  two bound 
s t a t e s  i n  t h e  gap. None-the- less,  under c e r t a i n  c i rcum- 
stances, i n t e r p o l a r o n  hopping may be q u i t e  s i m i l a r  t o  
i n t e r s o l  i t o n  hopping. 

F i n a l l y ,  we no te  t h a t  e l e c t r o n - e l e c t r o n  i n t e r a c t i o n s ,  
and, f o r  t h e  most p a r t ,  s o l i t o n - s o l i t o n  i n t e r a c t i o n s  a r e  
ignored i n  the f o l l o w i n g  d i s c u s s i o n .  The e f f e c t s  o f  these 
i n t e r a c t i o n s  a r e  c u r r e n t l y  be ing  i n v e s t i g a t e d  by t h e  
au tho r .  

I l l .  WHY DO WE NEED INTERSOLITON HOPPING? 

From t h e  p o i n t  o f  v iew o f  t r a n s p o r t ,  one o f  t h e  most 
impor tan t  d i s t i n c t i o n s  between s o l i t o n s  and more conven- 
t i o n a l  charged e x c i t a t i o n s  i s  t h e i r  ex t reme ly  one dimen- 
s i o n a l  c h a r a c t e r . 6  
quasi-one d imensional  meta l  may be q u i t e  a n i s o t r o p i c  due 
t o  t h e  narrowness o f  t h e  t ransve rse  band, i n  an i d e a l  a r -  
ray o f  i n f i n i t e  chains s o l i t o n s  a r e  t o p o l o g i c a l l y  c o n f i n e d  
t o  one cha in .  Thus, no t ransve rse  conduc t ion  can occur  i n  
an i d e a l  s o l i t o n  system. The extreme one d i m e n s i o n a l i t y  
a l s o  i m p l i e s  t h a t  s o l i t o n s  a r e  p a r t i c u l a r l y  s t r o n g l y  a f -  
f e c t e d  by d i s o r d e r .  Th i s  f o l l o w s  f rom t h e  f a c t  t h a t  s o l i -  
tons cannot a v o i d  d e f e c t s  such as i m p u r i t i e s  o r  c h a i n  
breaks. Any d i s o r d e r  w i l l  l o c a l i z e  t h e  s o l i t o n s .  

We a r e  thus d r i v e n  immediately t o  t h e  e x p e c t a t i o n  t h a t  
s o l i t o n  t r a n s p o r t  i s  a ve ry  i n e f f i c i e n t  process. T h i s  con- 
c l u s i o n  i s  s t rengthened by t h e  o b s e r v a t i o n  t h a t ,  a l t hough  
t h e  s o l i t o n s  a r e  l i g h t  compared t o  t h e  i ons ,  t hey  tend t o  
be h e a v i e r  than band e l e c t r o n s .  ( T h i s  i s  c e r t a i n l y  t r u e  
i n  (CH), where t h e  s o l i t o n  mass, ms s 6me, w h i l e  t h e  band 
edge e f f e c t i v e  mass, mf:=Ao(h/2toa)' ( 1 / 7 ) m e . )  Thus, 
s o l i t o n s  tend to  be r a t h e r  deeply  t rapped  by d e f e c t s  such 
as charged i m p u r i t i e s .  

d e v i a t i o n  f rom commensurabi 1 i t y  (as produced, f o r  i ns tance ,  

A l though t h e  m o b i l i t y  o f  an e l e c t r a n i n a  

I f  s o l i t o n s  a r e  p resen t  i n  a system due t o  a s l i g h t  
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68 S. KIVELSON 

by l i g h t l y  doping (CH),, one expects them t o  be predomi- 
nan t l y  o f  one type w i t h  a l oca l i zed  gap s t a t e  e i t h e r  doubly 
occupied o r  unoccupied (depending on the  s ign  o f  the dev i -  
a t i on ) .  Such a system i s  expected t o  be q u i t e  i nsu la t i ng .  
However, the presence o f  a small concentrat ion o f  s o l i t o n s  
o f  a d i f f e r e n t  charge (i.e.', neu t ra l  s o l i t o n s  i n  (CHI,) 
might be expected t o  increase the  conduc t i v i t y  i n  two pos- 
s i b l e  ways. F i r s t l y ,  two u n l i k e  charged s o l i t o n s  could 
b ind  t o  form a charged polaron. The polaron i s  not  topo- 
l o g i c a l l y  confined t o  a s i n g l e  chain. Thus, th ree  dimen- 
s iona l  la rge  polaron hopping might con t r i bu te  t o  the con- 
d u c t i v i t y .  However, the genera l l y  l a rge  a c t i v a t i o n  energy 
f o r  polaron hopping makes i t  u n l i k e l y  t h a t  t h i s  process 
w i l l  make 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  the conduc t i v i t y .  
Secondly, the addi t iona1,so l i tons ac t  t o  "dope" the mid-gap 
band o f  l oca l i zed  e l e c t r o n i c  s ta tes .  Thus i n t e r s o l  i ton 
hopping becomes poss ib le .  
along th ree  dimensional pathways and, as we w i l l  see ex- 
p l i c i t l y  f o r  the  case o f  (CH),, can have ra the r  small a c t i -  
va t i on  energies, the hopping conduc t i v i t y  can be moder- 
a t e l y  la rge  even f o r  very low c a r r i e r  concentrat ions.  

6 

Because the hopping can proceed 

I V .  A BRIEF  DESCRIPTION OF INTERSOLITON HOPPING I N  (CH), 

To be concrete, l e t  us f i r s t  consider a simple phe- 
nomenological model o f  s o l i t o n s  i n  (CH)x. We imagine a 
p e r f e c t l y  c r y s t a l l i n e  ar ray  o f  (CH)x chains. D i s t r i b u t e d  
a t  random throughout the sample i s  a concentrat ion per u n i t  
volume, c im,  o f  impur i t i es  o r  p inn ing  centers o f  some s o r t .  
We a l s o  imagine a concentrat ion per carbon atom Yn and ych 
o f  neut ra l  and p o s i t i v e l y  charged s o l i t o n s  respec t ive ly .  
O f  course, i f  we associate the  p inn ing  centers  w i t h  nega- 
t i v e l y  charged acceptor impur i t i es ,  charge n e u t r a l i t y  re-  
qu i res  tha t  the numbers o f  p inn ing  centers  and o f  charged 
s o l i t o n s  be equal. However, i t  i s  convenient t o  consider 
c i m  and Ych as independent var iab les ,  both f o r  conceptual 
c l a r i t y ,  and a l s o  so as t o  inc lude the p o s s i b i l i t y  o f  o the r  
types o f  p inn ing  centers. For now, we w i l l  f u r t h e r  assume 
t h a t  a l l  the p inn ing  centers  are equiva lent .  For instance, 
the b ind ing  energy o f  a charged s o l i t o n  t o  one of these 
centers, Eb, i s  assumed t o  be the same as t o  any o ther .  
F i n a l l y ,  we imagine tha t  we can adequately descr ibe a so l -  
i t o n  by a s i n g l e  t r a n s l a t i o n a l  coord inate and by the  occu- 
pancy o f  the  midgap e l e c t r o n i c  s ta te .  To understand I S H ,  
f i r s t  p i c t u r e  a charged s o l i t o n  bound t o  an impur i t y  a t  t he  
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ELECTRON HOPPING CONDUCTION 69 

o r i g i n .  (See F ig.  1) I f  kT << Eb, l i t t l e  charge t rans-  
p o r t  can be associated w i t h  s o l i t o n  t r a n s l a t i o n .  Now ex- 
and the p i c t u r e  t o  inc lude a neu t ra l  s o l i t o n  a d is tance ! from the o r i g i n .  Since there w i l l  i n  general be a non- 

zero over lap between the e l e c t r o n i c  s ta tes  associated w i t h  
the two s o l i t o n s ,  i t  i s  poss ib le  f o r  the e l e c t r o n  t o  make 
a phonon ass is ted  hop from one loca l i zed  s t a t e  t o  another. 
I n  the i n i t i a l  s t a t e  (before the hop) there i s  a charged 
s o l i t o n  a t  the p inn ing  center  a t  the o r i g i n  w h i l e  i n  the 
f i n a l  s ta te  there i s  a neu t ra l .  hus, we expect t h i s  pro- 
cess t o  be h i g h l y  ac t i va ted  s ince the b ind ing  energy o f  a 
neu t ra l  s o l i t o n  t o  an impur i ty  i s  genera l l y  much less  than 
t h a t  o f  a charged s o l i t o n .  (To f r s t  order  i n  the  impur- 
i t y  p o t e n t i a l ,  the b ind ing energy o f  a neut ra l  s o l i t o n  i s  
zero .1  
near R, as shown i n  Fig. 1 ,  the a c t i v a t i o n  energy f o r  hop- 
p ing  can be a r b i t r a r i l y  smal 1 .  

However, i f  there happens t o  be another impur i t y  

Let us consider, schemat ica l ly ,  the  var ious fac to rs  
which go i n t o  determining the p r i m i t i v e  hopping r a t e  between 
such a p a i r  o f  so l i t ons .  
s o l i t o n s  i n  some i n i t i a l  s t a t e  w i t h  energy E i ,  and we c a l -  
cu la te  the phonon ass is ted_e lec t ron ic  t r a n s i t i o n  r a t e  from 
one s o l i t o n  t o  the o ther ,  v(R;Ei-Ef),  where E f  i s  the 

F i r s t  we p i c t u r e  f reez ing  the 
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70 S. KIVELSON 

-b 
energy o f  the f i n a l  s o l i t o n  s ta te .  
p r i n c i p l e ,  be ca lcu la ted  from Fermi's Golden Rule. I t  i s  
p ropor t iona l  t o  the square o f  the overlap, S ( x ) ,  between 
the e l e c t r o n i c  bound s ta tes  on the  two s o l i t o n s  and in -  
cludes both t r a n s i t i o n s  i nvo l v ing  the emission o r  absorp- 
t i o n  o f  one phonon, as w e l l  as multi-phonon processes. A 
symmetry between absorpt ion and emission processes i s  i n -  
sured by the cond i t i on  o f  d e t a i l e d  balance 

s ( X , I E ~ )  = e - k I / k t  3 (X, -14) 

v(R,Ei-Ef) can, i n  

( l a )  

To s i m p l i f y  f u t u r e  d iscuss ion,  i t  i s  convenient t o  r e w r i t e  
3 i n  terms o f  an e f f e c t i v e  electron-phonon coup1 ing  func- 
t i o n ,  g(E): 

c ( X , E )  = s2(X) g ([el) ( e l - ~ / k t  f o r  E>O 
f o r  E<O 

( l b )  

+ 
I n  order  t o  f i n d  the ac tua l  hopping r a t e  ?(R) we must aver- 
age 3 over i n i t i a l  and f i n a l  s o l i t o n  s ta tes  

where p i s  a j o i n t  dens i ty  o f  i n i t i a l  and f i n a l  s o l i t o n  
s ta tes  normalized by a p a r t i t i o n  func t ion ,  Z(T) 

( 3 )  - €  i /kT Z(T) = dEidef P ( E ~ , E ~ )  e 

There are  two p o t e n t i a l l y  small f ac to rs  which en te r  
Eq. (2) f o r  the hopping rate.  The f i r s t  i s  the p r o b a b i l i t y  
t h a t  a neu t ra l  s o l i t o n  i s  near an impur i ty  (which en ters  
imp1 i c i  t l y  through the  f a c t o r  P(Ei ,&f)/Z(T) i n  Eq. ( 2 ) ) .  
I f  the i n t e r a c t i o n  between the neu t ra l  and the impur i ty  i s  
ignored, t h i s  p r o b a b i l i t y  i s  j u s  p ropor t i ona l  t o  yn. The 

I 

second i s  the over lap  f a c t o r .  S (  i ) ,  between the  e l e c t r o n i  
yave funct ions.  This f a c t o r . f a l l s . o f f  exponent ia l l y  w i t h  
R, and f a l l s  o f f  less r a p i d l y  i n  the i n  chain ( 1 1 )  d i r e c -  
&ion than i n  the  ou t  o f  chain (L) d i r e c t i o n .  To model t h  
R dependence we adopt the ansatz 

S 

where 61 ,  and 6 are respec t i ve l y  the in -cha in  and out -of -  
chain wave func t i on  decay lengths (51 1>51). Th is  
ansatz i s  appropr ia te f o r  a continuous medium w i t h  an an i -  
so t rop i c  e f f e c t i v e  mass. 

I 

The r e s u l t i n g  expression f o r  the t r a n s i t i o n  r a t e  can 
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ELECTRON HOPPING CONDUCTION 

be w r i t t e n  

71 

where y(T)  i s  a complicated thermal average o f  the  e lec t ron -  
phonon coupl ing func t i on  g(E). I t  depends on ly  on the type 
o f  impur i ty  centers  invo lved but no t  on thed is tance  between 
them nor on the concentrat ion o f  s o l i t o n s .  

Once the p r i m i t i v e  hop r a t e  has been determined, i t  
remains on ly  t o  determine the nature o f  the  conduction path- 
ways. The f i r s t  quest ion we ask concerns the d imens iona l i t y  
o f  the  conduction pathways. I n  Ref. 1 i t  i s  determined t h a t  
so long as 

i t  i s  more l i k e l y  tha t  an e lec t ron  a t  an a r b i t r a r y  impur i t y  
s i t e  w i l l  hop t o  an impur i ty  s i t e  on a d i f f e r e n t  chain than 
one on the same chain. Here b i s  the i n te r - cha in  l a t t i c e  
spacing. This r e s u l t  a t  f i r s t  may seem s u r p r i s i n g  s ince 
the la rger  in-chain wave func t i on  decay length would seem 
t o  imply t h a t  i n t racha in  hopping dominates i n te rcha in  hop- 
ping. This  would be t r u e  i f  the impur i t i es  were arranged on 
a super - l a t t i ce ,  w i t h  comparable spacings between near 
neighbor impur i t i es  on the same chain and on d i f f e r e n t  
chains. However, because the impur i t i es  are arranged a t  
random, the t y p i c a l  separat ion between impur i ty  s i t e s  on a 
given chain % [ c i m  b2 ] - '  wh i l e  i f  we do not  con f ine  our-  
selves t o  a s i n g l e  chain, the  spacing between impur i t i es  

I t  i s  c l ea r  t h a t  a t  low impur i ty  concentra- 
t i o n s  the phase space fac to rs  dominate and the conduction 
pathways are pure ly  three dimensional. Thus, i f  we rescale 
!engths i n  the in-and out -of -chain d i r e c t i o n s ,  
R 1 1  = R 1 I / 5 l l 9  R I  = RL/S , the rescaled problem i s  equiva- 
l e n t  t o  the much s tud ie tR-pe rcoa l  i t i o n  p r ~ b l e m . ~  
immediately deduce tha t  the average DC conduc t i v i t y  

[ ~ i ~ ] - l / ~ .  

We can 

U dc = Ae2 KT r ( T )  (t] e-2BRo/' 

where A and B are dimensionless numbers which can be de ter -  
w i t h  a f a i r  degree o f  accuracy, 

i s  the d imensional ly  averaged decay length, 

RO 
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12 S. KIVELSON 

i s  the t y p i c a l  separat ion between impur i t i es ,  and 

Here, the fac to r  Ynych/(yn+ych)2 i s  needed t o  t u r n  a quantum 
mechanical t r a n s i t i o n  r a t e  i n t o  a net  t r a n s i t i o n  ra te .  
Since the  on ly  an isot ropy i n  the conduc t i v i t y  a r i ses  from 
the d i f ferences i n  length  scales i n  the 1 1  and I d i r e c t i o n s ,  
i t  i s  easy t o  show t h a t  

("1 l/u*) = (61 1/5,)2. (8) 
A t  h igher  concentrat ions approaching the l i m i t  i n  eq. ( 6 ) ,  
the pe rco la t i on  pathway becomes more complicated. 
simply deduced e f f e c t  o f  h igher  impur i t y  concentrat ions how- 
ever, i s  t o  increase the conduc t i v i t y  an iso t ropy  from i t s  
low concentrat ion value. 

Eq. (7) conta ins i m p l i c i t l y  the  assumptions t h a t  a l l  
impur i ty  s i t e s  are equ iva len t ;  the  on ly  d isorder  inc luded i n  
the c a l c u l a t i o n  i s  t he  random loca t i on  o f  the impur i ty  s i t es .  
This assumption r e f l e c t s  i t s e l f  i n  the  f a c t  t h a t  V ,  and 
hence u fac to rs  i n t o  a temperature dependent and a concen- 
t r a t i o n  dependent p a r t .  
a r i ses  from the  d i f f e rence  i n  energy between the  i n i t i a l  
and f i n a l  s o l i t o n  s ta tes  and hence r e f l e c t s  the  dynamical 
nature o f  the s ta tes  between which the e l e c t r o n  hops. I n  
general, t h i s  temperature dependence can be q u i t e  compli- 
cated. However, s ince  i t  i s  poss ib le  t o  f i n d  i n i t i a l  and 
f i n a l  s o l i t o n  s ta tes  t h a t  a re  degenerate i n  energy, we ex- 
pect  t h a t  the apparent a c t i v a t i o n  energy f o r  hopping, 
-kT2 d I n  a/dT, tends t o  zero as T M .  

p ing  between in -equ iva len t  s i t e s ,  which r e s u l t s  i n  va r iab le -  
range hopping (VRH). I n  t h a t  case, as the  temperature i s  
lowered, the t y p i c a l  hop length increases so as t o  reduce 
the t y p i c a l  a c t i v a t i o n  energy. This  a l s o  leads t o  a tem- 
perature dependent a c t i v a t i o n  energy which vanishes as T-tO. 
However, the physics i s  fundamentally d i f f e r e n t  i n  the case 
o f  VRH. For I S H  between equ iva len t  s i t e s ,  there  i s  no 
change i n  the t y p i c a l  hopping d is tance as a func t i on  of the  
temperature. This d i f f e r e n c e  is r e f l e c t e d  i n  the f a c t  t h a t  
the  conduc t i v i t y  does no t  f a c t o r  i n  the case o f  VRH; the 
temperature and concent ra t ion  dependences are i n t i m a t e l y  
l inked.  I n  t h i s  sense, I S H  i s  much more ak in  t o  small po- 
la ron  hopping, O f  course, i n  any rea l  system, there  w i l l  
be some inequivalence between s i t e s .  Thus, a t  low enough 
temperatures we always expect t o  see VRH. For p r a c t i c a l  

One 

The temperature dependence o f  y(T) 

This behavior should be compared w i t h  the  case o f  hop- 
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ELECTRON HOPPING CONDUCTION 73 

purposes, however, the s t a t i c  d isorder  can be ignored so 
long as the dynamical d isorder  assoc iated w i t h  the  s o l i t o n  
motion i s  l a rge r .  

We conclude t h i s  sec t ion  w i t h  a p a r t i a l  l i s t  of r e s u l t s  
from Ref. 1 f o r  o ther  t ranspor t  c o e f f i c i e n t s .  We want t o  
s t ress  t h a t  the r e s u l t s  are q u i t e  genera l l y  app l i cab le ,  w i t h  
a l l  the  mater ia l  dependent in fo rmat ion  contained i n  the de- 
cay length, 5 ,  and i n  the electron-phonon coup l ing  func t ion ,  
g(E) (and hence i n  such fac to rs  as y (T ) ) .  

The thermopower i s 
S = k {q + In(Y" )  + u [ l n ( T ) ]  1 

e Ych 
(9) 

i s  the average energy t ranspor ted per hop. The h i g h  f re -  
quency AC conduc t i v i t y  can a l s o  be found ra the r  e a s i l y  
w i t h i n  the p a i r  approximation: 

x %w[ l r1(2w/ I ' (T) ) ]~  . ( 1 1 )  

Since r ( T )  conta ins the f u l l  temperature dependence o f  Udc, 
the r e s u l t i n g  AC conduc t i v i t y  i s  s t rong ly  temperature de- 
pendent although less s t rong ly  temperature dependent than 
the DC conduc t i v i t y .  

Thus, we expect the ou t  o f  chain component o f  the sp in  d i f -  
f us ion  constant t o  be re la ted  t o  the conduc t i v i t y  by an 
E ins te in  r e l a t i o n  

Associated w i t h  the e lec t ron  hopping i s  sp in  t ranspor t .  

2 5 = ( I / e  )(kT/Cim) 5 
I f ,  however, the neu t ra l  s o l i t o n  i s  somewhat mobile, the  
conduc t i v i t y  need no t  be r e l a t e d  t o  the in-chain component 
o f  the sp in  d i f f u s i o n  constant, a t  l eas t  a f i n i t e  frequen- 
c ies ,  

D l  
t h i s  cur ious 
s t r i k i n g  f o r  
i ng  s o l i t o n  

F i n a l l y  

decoupling o f  sp in  and charge would no t  be so 
o the r  commensurabi l i t ies, s ince the  sp in  bear- 
s a l s o  charged i n  those cases. 

s ince  the previous paper concerns, among o ther  
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74 S. KIVELSON 

th ings,  photoconduct iv i ty ,  measurements, a few specu la t i ve  
thoughts on the photoconduct iv i t y  might no t  be ou t  o f  
place. 
photogenerated e lec t ron  and hole r a p i d l y  become dressed t o  
form a s o l i t o n  a n t i s o l i t o n  p a i r .  It remains on ly  to  deter-  
mine how the presence o f  these photogenerated s o l i t o n s  aug- 
ments the conduct iv i t y .  We suggest t h a t  the predominant 
e f f e c t  could be due t o  the generation o f  neu t ra l  s o l i t o n s  
(opposi te ly  charged p a i r s  remaining bound-se photo- 
generated s o l i t o n s  then a c t  t o  f u r t h e r  dope the  s o l i t o n  band 
according t o  Eqs. (7a) and (7c). The photoconduct iv i t y  i s  
thus pred ic ted  t o  sca le  roughly w i t h  the  dark conduc t i v i t y .  
Since the conduction process i s  s t i l l  v i a  hopping, t ran -  
s ien t  photoconduct iv i t y  experiments would be expected t o  
show a h igh l y  d ispers ive  character .12 Moreover, due t o  the  
assumed equivalence o f  a l l  s i t e s ,  the d ispers ion  should be 
roughly temperature independent, due to  p o s i t i o n a l  d isorder  
alone. Although r i  orous bounds can be placed on the  ex ten t  
o f  t h i s  dispersion,” a t  low impur i ty  concentrat ions these 
bounds are n o t  severe. I n  broad o u t l i n e ,  a t  l eas t ,  these 
p red ic t i ons  seem t o  be i n  accordance w i t h  experiment i n  
(CH),. An important s ignature o f  t h i s  assumed mechanism of 
photot ranspor t  would be the  presence o f  a photoinduced ESR 
s igna l  which scales w i t h  the  photoconduct iv i ty .  E f f o r t s  t o  
see such a s igna l  a re  apparent ly  under way. 

I t  has been noted by Su and S c h r i e f f e r 3  t h a t  a 

1 4  

V. I NTERSOL I TON HOPP I NG I N (CH) x: M I  CROSCOP I C PARAMETERS 

In Ref. 1,  a s l i g h t l y  genera l ized vers ion  o f  the  SSH 
model of  (CH), was adopted i n  o rder  t o  p rov ide  a microscop- 
i c  bas is  f o r  c a l c u l a t i n g  the  re levant  p roper t i es  o f  the 
parameters 51 I ,  SL, G(E), and p(Ei  ,Ef) de f ined i n  the  pre- 
vious sect ion.  I t seems p o i n t l e s s  t o  reproduce those c a l -  
cu la t i ons  here. However, s ince the  present paper appears 
i n  a sec t ion  on (CH)x, i t  might be p r o f i t a b l e  t o  discuss 
b r i e f  1 y how these parameters a r e  determi ned. 

F i r s t ,  we consider the  b ind ing  energy, Eb, o f  a 
charged s o l i t o n  t o  a charged impur i ty .  This energy depends 
on the nature o f  the d i e l e c t r i c  screening,’ bu t  may be as 
la rge  as Eb 2, lev. Thus, f r e e  s o l i t o n  conduction i s  un- 
l i k e l y  t o  be important a t  room temperature o r  below. Eb 
a l so  determines the energy scale o f  v a r i a t i o n  o f  P(Ei ,E f ) .  
Since on ly  t h i s  sca le i s  important, i n  Ref. 1 i t  was found 
adequate t o  adopt a simple form 
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ELECTRON HOPPING CONDUCTION 75 

P(Ei ,Ef) = const. f o r  Eb<Ei, Ef<O 

subject  t o  the normal iza t ion  cond i t i on  

dEi dEf p(Ei,Ef) = N2 1 
where N = the a number o f  carbons per chain. 

Next, the na ture  o f  the l oca l i zed  e l e c t r o n i c  s t a t e  can 
be ca lcu lated.  The in-chain wave func t i on  decay length,  as 
i n  SSH, was found t o  be 511 5 (2t0/A0) a where A. i s  the 
h a l f  band gap energy and 2 t 0  i s  the valence band width.  I t  
i s  a l s o  s t ra igh t fo rward  t o  show tha t  Q = b / l n  ( A o / t l )  f o r  
a s t a t e  a t  mid-gap so long as A, >> t l  where t i  i s  the  
i n t e  rcha i n resonance energy. 

F i n a l l y ,  we r e i t e r a t e  a p e c u l i a r i t y  o f  the SSH model, 
namely tha t  the energy o f  the  mid-gap s t a t e  i s  r i go rous l y  
0 i n  the absence o f  an impur i ty  p o t e n t i a l .  Thus, although 
i n  t y p i c a l  problems i n  phonon-assisted hopping, the  phonons 
are assumed t o  modulate the  energy o f  the l oca l i zed  e lec-  
t r o n i c  s ta te ,  no such electron-phonon coupl ing e x i s t s  i n  
the pure s o l i t o n  system. Although the impur i ty  p o t e n t i a l  
breaks the e lec t ron-ho le  symmetry which i s  responsib le  f o r  
the absence o f  coupling, the coupl ing i n  the presence o f  an 
impur i ty  i s  s t i l l  expected t o  be weak. SSH est imate t h a t  
the b ind ing  energy o f  a charged s o l i t o n  t o  an impur i t y  i s  
increased by less  than 10% due t o  the change i n  the  s o l i t o n  
vJidth produced by the i n t e r a c t i o n  w i t h  the impur i ty .  Th is  
change i n  energy i s  the "polaron b ind ing  energy" i n  the 
conventional sense. Since t h i s  energy i s  small i n  magni- 
tude compared t o  the scale o f  v a r i a t i o n  o f  p(Ei,Ef) i t  can 
be shown tha t  the  on ly  e f f e c t  o f  multiphonon processes i s  
t o  smooth ou t  any charge fea tures  i n  p(Ei,Ef) and G(E). 
We are  thus l e f t  w i t h  the problem o f  c a l c u l a t i n g  the  one- 
phonon t r a n s i t i o n  ra te .  

(Note as an aside tha t  i n  systems i n  which charge con- 
j uga t ion  symmetry does not  f o r b i d  t h i s  type o f  e lec t ron -  
phonon coupl ing,  the s i t u a t i o n  i s  very d i f f e r e n t .  Here the 
s o l i t o n  changes i t s  shape, and hence i t s  energy, d r a s t i -  
c a l l y  depending on i t s  occupancy. The r e s u l t i n g  "polaron 
b ind ing  energy" Ep w i l l  show up i n  the temperature depen- 
dence o f  y(T) .  A t  h igh  temperatures, a t  l eas t  we expect 
y (T ) -  yo exp [-Ep/2kT]. 
t i v i t y  a c t i v a t i o n  energy observed i n  TTF - TCNQ j u s t  o f f  
commensurabil ity n = 3 may be due t o  ISH o f  t h i s  s o r t . )  

A t  t h i s  p o i n t  the only  remaining task i s  t o  c a l c u l a t e  
g(E). To ca l cu la te  g(E) e x p l i c i t l y  we need t o  know the 
phonon wave func t ions  i n  the presence o f  a s o l i t o n .  While 
these can be found numer ica l ly  i n  the same way as the  

We can speculate t h a t  the  conduc- D
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76 S. KIVELSON 

phonon spectrum was computed by Me16 and Rice’ t h i s  i s  no t  
an easy task. Rather than embark on a lengthy computer 
ca l cu la t i on ,  the s t ra tegy  adopted i n  Ref. 1 was t o  f i n d  as 
many cons t ra in t s  on g(E) as could be der ived  w i thout  e x p l i -  
c i t  knowledge of the phonon wave func t ions ,  and then t o  
assume a smooth func t iona l  form f o r  g(E) which s a t i s f i e s  
those cons t ra in t s  and conta ins one f ree  parameter t o  be 
determined from experiment. The j u s t i f i c a t i o n  f o r  t h i s  
procedure, and i n  p a r t i c u l a r  f o r  the assumption o f  smooth- 
ness, i s  t h a t  a t  exper imenta l ly  re levant  temperatures, a 
subs tan t ia l  range o f  energies con t r i bu tes  t o  the i n t e g r a l  
i n  Eq. (2) .  Thus, any f i n e  s t r u c t u r e  o f  g(E) w i l l  tend t o  
be averaged out .  The r e s u l t s  o f  these ca l cu la t i ons ,  then, 
represent a one f ree parameter empi r i ca l  f i t  t o  experiment. 
This f i t  has been employed success fu l l y  by Epste in  e l  a l l 0  
t o  i n t e r p r e t  the AC conduc t i v i t y  and by Moses e t  a l ”  t o  
i n t e r p r e t  the thermopower and the  pressure dependence o f  
the DC conduc t i v i t y .  

present paper, we w i l l  no t  consider the d e t a i l s  o f  t h i s  
f i t t i n g  procedure. Rather we s h a l l  ask on general grounds 
what we expect f o t  the temperature dependence of y(T)  and 
€(T I .  F i r s t ,  we note t h a t  the e lec t rons  are most s t r o n g l y  
coupled t o  the zone center  o p t i c a l  phonons o f  energy 
.hwox0.15eV which modulate the d imer iza t ion .  
temperatures small compared t o  %wo, we expect y(T) t o  be 
r a p i d l y  f a l l i n g  func t i on  o f  T. 
were narrow, as i n  a molecular c r y s t a l ,  we would expect t o  
f i n d  y(T)  % yo exp (-hwo/kT). Since the  phonon band i n  
(CH), i s  moderately wide, and includes an acous t ic  band 
which extends t o  q u i t e  h igh  energies (-0.05eV), and since, 
moreover, there  are var ious fac to rs  mentioned prev ious ly  
which tend t o  smooth ou t  the  i n t e g r a l  i n  Eq. (21 ,  we do no t  
expect y(T)  t o  have a w e l l  defined a c t i v a t i o n  energy i n  
(CHI,. 
energy i s  determined by kT, so y(T)  % T and E(T) % A kT. 
O f  course, A and x w i l l  a t  best be constants over l i m i t e d  
range o f  temperatures. Nonetheless, a subact ivated conduc- 
t i v i  t y  and a weakly temperature dependent thermopower are 
c l e a r l y  t o  be expected. 

I n  keeping w i t h  the phenomenological approach o f  the 

Thus, f o r  

I n  f a c t ,  i f  the  phonon band 

We ra the r  expect t h a t  the  c h a r a i t e r i s t i c  hopping 

V I .  CONCLUSIONS: ESSENTIAL EXPERIMENTAL SIGNATURES OF I S H  

We have now surveyed the phenomenology o f  I S H .  The 

I n  t h i s  
theory has proven remarkably successful i n  exp la in ing  a 
la rge  number o f  t ranspor t  experiments i n  (CH),. 
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ELECTRON HOPPING CONDUCTION I1 

f i n a l  sect ion,  we would l i k e  t o  focus on those experimen- 
t a l l y  access ib le  q u a l i t a t i v e  p red ic t i ons  o f  the  theory 
which are c h a r a c t e r i s t i c  s ignatures o f  I S H  and a re  no t  t e r -  
r i b l y  sens i t i ve  t o  the complicated, model dependent micro- 
scopic ca l cu la t i ons  requ i red  t o  ob ta in  q u a n t i t a t i v e  pre- 
d i c t  ions. 

r e l i e s  on the presence o f  both charged and neu t ra l  s o l i t o n s  
i v  the v i c i n i t y  o f  the impur i t y  centers .  Thus, on isomer- 
i z i n g  from c i s  t o  t rans (CH),, we expect t o  see q u a l i t a t i v e  
changes i n  the t ranspor t  c o e f f i c i e n t s  although the  gross 
e l e c t r o n i c  s t r u c t u r e  does no t  change much. 
paper, evidence i s  presented t h a t  such a change does indeed 
occur. More than any o the r  p iece o f  evidence, the  s t rong 
dependence on isomer izat ion supports t h e  conten t ion  t h a t  
s o l i t o n s  p lay  an important r o l e  i n  the conduction process. 

Next, and equa l ly  cen t ra l ,  we expect t o  see the  charac- 
t e r i s t i c s  o f  hopping t ranspor t ;  a s t rong ly  frequency and 
e l e c t r i c  f i e l d  dependent e l e c t r i c a l  conduc t i v i t y ,  d i spe rs i ve  
t ranspor t ,  e t c .  I n  add i t ion ,  we expect t o  see an extremely 
rap id  r i s e  i n  the  conduc t i v i t y  w i t h  impur i t y  concentrat ion,  
s ince  u depends exponent ia l l y  on c;,,,-’/~. This  t e l l s  us 
tha t  the hopping centers a re  i n  some way associated w i t h  
impur i ty  s i t es .  A l l  o f  these features have been observed 
i n  t rans  (CH),. 

Las t l y ,  there  are the several p red ic t i ons  t h a t  r e f l e c t  
the f a c t  t h a t  the  a c t i v a t i o n  energy f o r  hopping i s  predomi- 
nan t l y  a r e s u l t  o f  dynamical, as opposed t o  s t a t i c ,  d i s -  
order .  Among the consequence o f  t h i s  are:  the f a c t  t h a t  
the conduc t i v i t y  i n  Eq. (7a) fac to rs  i n t o  a temperature de- 
pendent and a concentrat ion (and/or pressure) dependent par t ,  
the f a c t  t h a t  the  same fac to r ,  r ( T ) ,  determines t h e  tempera- 
t u r e  dependence o f  the DC-and AC conduc t i v i t i es ,  the  fac t  
t h a t  the heat t ranspor t ,  d k T ,  i s  independent o f  impur i t y  
concentrat ion,  and the fac t  t h a t  the d ispers ion  i n  the  t ran -  
s i e n t  photoconduct iv i t y  i s  temperature independent. With 
vary ing  degrees o f  uncer ta in ty ,  a l l  o f  these p red ic t i ons  
have been confirmed as we l l .  

the dominant conduction process i n  trans-(CH),, a t  l e a s t  a t  
dopant concentrat ions below a few tenths o f  a percent ,  i s  
i n t e r s o l i t o n  hopping. 
duc t ion  process may be expected t o  be important i n  o the r  
mater ia ls  which have s i m i l a r  s o l i t o n - l i k e  charge e x c i t a -  
t i ons .  

The f i r s t  and foremost c h a r a c t e r i s t i c  o f  I S H  i s  t h a t  i t  

I n  the  f o l l o w i n g  

We thus conclude t h a t  i t  seems increas ing ly  l i k e l y  t h a t  

We fu r the r  suggest t h a t  t he  same con- 
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