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W i t h i n  the framework of Su, Schrieffer  and Heeger 
model of polyacetylene, a so l i ton  i n  motion couples 
t o  the opt ical  phonon; the  so l i ton  veloci ty  i s  
decreased by the Bremstrahlung of the opt ical  phonon. 
The charac te r i s t ic  relaxation time T ( V )  is  calculated 
as  function o f  v the so l i ton  velocity.  

the acoust ic  phonon veloci ty  and v F  is the Fermi 
velocity,  this damping mechanism i s  e f f i c i e n t ,  while 
for  so l i tons  w i t h  v < vc the opt ical  phonon cannot 
slow down the sol i ton.  Making use of ~ ( v )  t h u s  
obtained the diffusion constant D i s  obtained a s  

For so l i tons  
w i t h  veloci ty  v > vc where vc  - l .2(c0vF) 35 and co i s  

where Do - 0.04 cm 2 sec’l, Tris the temperature, EF 

i s  the Fermi energy and c i s  a constant of the  order 
of low3. 
observed sp in  diffusion constant D// , both the magni- 
tude and the  temperature dependence of pristine poly- 
acetyl ene quite well . 

The above expression appears t o  descr ibe the 
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278 K. MAKI 

1. INTRODUCTION 

The concept o f  s o l i t o n s  introduced by Su, S c h r i e f f e r  and 
Heeger ( S S H ) l  and o thers2s3 appears t o  be cen t ra l  t o  
i n t e r p r e t e  a v a r i e t y  o f  physical  p roper t ies  o f  p r i s t i n e  and 
1 i g h t l y  doped trans-polyacetylene. One o f  remarkable 
 observation^^'^ i s  t h a t  t h e  s o l i t o n s  i n  p r i s t i n e  polyace- 
ty lene are  q u i t e  mobi le along t h e  (CH), cha in  a t  l e a s t  a t  
t he  room temperature. I n  t h i s  paper we sha l l  study theore- 
t i c a l l y  t he  s o l i t o n  d i f f u s i o n  w i t h i n  t h e  continuum 
version3s6 o f  t he  SSH model. We be l i eve  t h a t  i n  t h e  high 
temperature reg ion  where t h e  thermal v e l o c i t y  o f  t h e  s o l i -  
tons i s  much l a r g e r  than t h e  sound ve loc i t y ,  t he  s o l i t o n s  
are  most e f f i c i e n t l y  damped by t h e  Bremstrahlung o f  t h e  
o p t i c a l  phonons. The pred ic ted  d i f f u s i o n  constant agrees 
w i t h  the  experimental resu l  t s 4 s 5  around t h e  room temper- 
ature. 

2. MODEL HAMILTONIAN 

I n  the  continuum 
acetylene i s  recas t  as; 

t he  SSH Hamiltonian f o r  poly-  

dx{ h 2 ( x )  + A2(x) 1 "c = T I  
29 

where o2 = 4K/M, A(x) = g(a/M)" Y(x) (2 )  Q 
and Yn = (-)'yn is t he  staggered l a t t i c e  displacement. 
Here a dot on A(x) imp l ies  t h e  t ime  de r i va t i ve ,  ui's a re  
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SOLITON DIFFUSION IN POLYACETYLENE 219 

the  Pau l i  spin matrices, and Ys(x) =('S('))is t h e  spinor 
f i e l d  cons is t ing  w i t h  the  r igh t -go ing  e lec t ron  u,(x) and 
the  l e f t - g o i n g  e lec t ron  vs(x). 
t i o n  t o  the  un i fo rmly  dimerized s ta tes  w i t h  A(x) = f A, 

the above Hamiltonian al lows a s o l i t o n  s t a t e  w i t h l S 3  

V,(X) 

It i s  known t h a t  i n  addi- 

A,(x) = f A tanh (x/S) (3) 
2 w i t h  the s o l i t o n  energy Es = F A ,  where 2A i s  t he  Pe ie r l s  

energy gap and 5 = vF/A. 

s o l u t i o n  given by 
I n  the  fo l l ow ing  we sha l l  consider a time-dependent 

As(x,t) = A tanh [(x-vt) /F]  

moving sol i t o n  has the  energy 193 

( 4 )  

which describes a s o l i t o n  w i t h  a uniform v e l o c i t y  v. This 

Es(v) = E, t !) v2 ( 5 )  
2 where E, = - A  and m i s  the  s o l i t o n  mass o f  t he  order o f  

t he  e lec t ron  mass. 
This moving s o l i t o n  now couples w i t h  the  o p t i c a l  

phonons (i.e. t he  f l uc tua t i ons  i n  A(x))  through the  f i r s t  
term i n  Eq(1). Subs t i t u t i ng  A(x) given by 

IT 

A(x) = As(x,t) + GA(x,t) ( 6 )  

i n t o  Eq( l ) ,  we f ind  the  i n t e r a c t i o n  H a m i l  ton ian  
HI = g -2 I d x  As(x,t) GA(x,t) 

( 7 )  2 x -v t  = -g'2v A t - '  Sdx sech (-)Gi(x,t) 5 

Note t h a t  the  coupl ing constant i s  proport ional  t o  the  
s o l i t o n  v e l o c i t y  v and vanishes f o r  v = 0. 

3. SOLITON RELAXATION 
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280 K. MAKI 

A moving s o l i t o n  can emi t  op t i ca l  phonons and slow down 
i t ' s  ve loc i ty .  The cha rac te r i s t i c  re laxa t i on  time T ( V )  i s  
evaluated as; 

where 

= r d x  eikx sech2(f) = 21~cn cosech(.rrrl) 
a 

and rl = % S k  

and on(k) i s  the op t i ca l  phonon frequency given by 7 

the op t i ca l  

(T(6A 

where wv = 

The k 

T(V) ' l  

I n  der iv ing Eq(8) use i s  made o f  the propagator f o r  
phonon 

(12) 2 w> (Wv,k) = 9 (5 + o;(k))-l 

2 ~ T v  the Matsubara frequency. 
ntegral i n  Eq(8) i s  eas i l y  done and we f ind;  
= 9'2(2~Avn cosech(m)) 2 wo(k ) ( l  - e -BW, ( k 1 ) -1 

(13) 
-1 a q k )  -1 

x 1 v - m  k - T l  1 
k=k(v) determined by 

k(v-(2m)"k) = o,(k) (14) 

and k (v )  i s  

which has two solut ions; 
vc 2 4 k+(v) s mv{ 1 * [l - (r) I 3 f o r  v > vc - 
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SOLITON DIFFUSION IN POLYACETYLENE 28 I 

and co i s  t h e  acous t ic  phonon v e l o c i t y .  

imp ly ing  t h a t  f o r  v < vc t h e  s o l i t o n  cannot emi t  o p t i c a l  
phonon. 

For v < vc we don ' t  have k which s a t i s f i e s  Eq(14), 

S u b s t i t u t i n g  k, thus found i n t o  Eq(13), we o b t a i n  - 

v: 4 where n, = + mcv (1 * (1 - -) 1 
V 2  

- 

Here we have neglected the  k dependence o f  wo(k) f o r  

s i m p l i c i t y .  
bracket  o f  Eq(16) i s  always n e g l i g i b l e  i n  comparison w i t h  

t h e  f i r s t  term and we w i l l  drop t h e  second term hereaf te r .  
W i th in  t h e  present approximation ~ ( v )  i s  rough ly  

p ropor t iona l  t o  v' l(1 - v;/v2)' f o r  v > vc which takes t h e  
maximum value a t  v = A? vc. 
present model g ives  T ( V )  = 0 3 ,  imp ly ing  t h a t  t h e  o p t i c a l  
phonon cannot decelerate these slow so l i tons .  
t he  r e l a x a t i o n  o f  these slow s o l i t o n s  should be due t o  
de fec ts  o r  o the r  e x t r i n s i c  mechanism i n  polyacetylene. 

Furthermore t h e  second term i n  t h e  l a s t  

For so l  i t o n s  w i t h  v < vc, t h e  

Therefore 

4. DIFFUSION CONSTANT 

The d i f f u s i o n  constant  o f  t h e  s o l i t o n  i n  t h e  p a r a l l e l  
d i r e c t i o n  t o  t h e  (CH)x cha in  i s  obta ined from 
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282 K. MAKI 

where t h e  bracket  means t h e  thermal average. 
More e x p l i c i t l y  i t  i s  g iven by 

D,,= 2 (!$'5rv2dv T ( V )  e- 7 Bv 
m 2  

vc 

where %)2 
(20) 

I(a) = /dnn 'Ic -1 [(r) 'Ic 2 - 1 ] 2 s i n h 2 ( ~ ) e - a ( c  

and 0 
= 7 1 mEvc - 5.5(co/vF) 4 

QC 

(21  1 1 2  -2 a = g mBvc = 0.18 c v v O F  T 
and vT = (om)'$ i s  t h e  thermal v e l o c i t y  o f  t h e  s o l i t o n .  
When u s 1, where our  expression f o r  D i s  ap l i cab le ,  I (a )  
i s  s i m p l i f i e d  as 

The temperature dependence o f  D i s  c o n t r o l l e d  main ly  
by two fac to rs  (l-e-BWo) and (mf3)-1e-4cl; t h e  f i r s t  f a c t o r  
increases r a p i d l y  as temperature decreases around Tlookel 
then saturates t o  a constant  value, w h i l e  t h e  second 
f a c t o r  g ives an over a l l  T dependence. 

Jus t  t a k i n g  t h e  f i r s t  term i n  Eq(22), Eq(19) i s  
simp1 i f i e d  as 

D,, = Do( l -e -BOo)( r )  'T 2 e -0.7 covF(vT)-' 
E 

and I 

(24) 1 2  -1 
Do = 9 (wove) E 2  = +o(VF/Vc)E2 

For po lyacety lene w i t h  X = 0.2, Eq(24) y i e l d s  
0.04 cm2sec-1 = 0.27 x 1015 a2sec-l, w i t h  a = 1.2 A' Do 
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SOLITON DIFFUSION IN POLYACETYLENE 283 

t he  l a t t i c e  constant. 

acety lene oo = 1700 K and a t  t h e  room temperature Eq(23) 
i s  approximated by 

Furthermore i n  t h e  case o f  po ly -  

E -3 F T -2.8 x 10 (T) 
EF 

DI,= D (-) e 

where we have made use o f  an estimated values o f  co = 
5 8 4 x 10 cm/sec and vF = 10 cm/sec. 

It appears t h a t  Eq(25) w i t h  t h e  estimated Do i s  
cons is ten t  w i t h  the  sp in  d i f f u s i o n  constant  measured by 

4 5 Nechtschein e t  a1 and Holczer e t  a1 f o r  p r i s t i n e  poly-  
acety lene a t  t h e  room temperature. 

p red ic t s  t h a t  D decreases w i t h  the  temperature, which 

appears a l so  t o  be cons is ten t  w i t h  t h e  observat ion . 
C e r t a i n l y  i t  i s  des i rab le  t o  have a more d e t a i l e d  measure- 

ment o f  D, so t h a t  t he  pred ic ted  temperature dependence o f  
D can be tested. On the  o the r  hand we don ' t  t h i n k  t h a t  our  
expression (25) w i l l  app ly  t o  t h e  low temperature reg ion,  

say T = 4K, where the  o the r  mechanism l i k e  t rapp ing  by 
defects w i l l  dominate the  s o l i t o n  r e l a x a t i o n  i n  these 
temperature regions. 

t r a t i o n  c i s  1 - 6%, t h e  polyacety lene i s  no t  m e t a l l i c  as 
t h e  polyacety l  ene does no t  e x h i b i t  t h e  Paul i suscept i  b i l  i- 

ty. Therefore i t  i s  poss ib le  t h a t  l a r g e  e l e c t r i c  conduc- 
t i v i t y  observed i n  t h i s  regime i s  due t o  t h e  mot ion o f  

charged so l i t ons .  Then t h e  p a r a l l e l  c o n d u c t i v i t y  a long 
t h e  (CH), cha in i s  r e l a t e d  t o  D by t h e  E i n s t e i n  r e l a t i o n  

Furthermore Eq(25) 

5 

I n  t h e  in termediate regime where t h e  dopant concen- 

EF as 
u = e2T-lD nc = e2n C D O F  E -l(l-e-BWO)e-G(i-) (26) 

where nC(- c )  i s  t h e  charged s o l i t o n  densi ty .  However, 
i t  should be borne i n  mind t h a t  t h e  mot ion o f  charged 
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284 K. MAKI 

s o l i t o n s  may be q u i t e  d i f f e r e n t  from t h a t  o f  neu t ra l  s o l i -  
tons due t o  t h e  f a c t  t h e  former s o l i t o n s  a re  sca t te red  by 
the  p o t e n t i a l s  in t roduced by t h e  dopants. I f  i t  i s  the  
case, t he  simple r e l a t i o n  w i l l  no longer  be v a l i d .  
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