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REAL TIME DYNAMICS I N  POLYACETYLENE 

w. P. s u  
Department of  Phys ic s  
U n i v e r s i t y  of C a l i f o r n i a ,  S a n t a  Barba ra  

Received f o r  p u b l i c a t i o n  September 2 2 ,  1 9  8 1  

Dynamical s o l u t i o n s  t o  a one-dimensional 
coupled electron-phonon model of  po ly -  
a c e t y l e n e  are exp lo red  numer i ca l ly .  The 
r e s u l t s  i n d i c a t e  t h a t  i n t e r e s t i n g  o b j e c t s  
i n  po lyace ty l ene  such as n e u t r a l  s p i n -  
c a r r y i n g  s o l i t o n s ,  charged s p i n l e s s  
s o l i t o n s ,  po la rons  and b r e a t h e r s  c a n  be  
dynamica l ly  g e n e r a t e d  by s i n g l e  e l e c t r o n  
and e l e c t r o n  p a i r  t u n n e l i n g ,  p h o t o a b s o r p t i o n ,  
and c h a i n  b reak ing  

I.  INTRODUCTION 

W e  now have a good unde r s t and ing  o f  t h e  
ground s ta te  p r o p e r t i e s  of bo th  p r i s t i n e  and 
doped t r ans -po lyace ty l ene  based  on t h e  P e i e r l s  
d i s t o r t i o n  and domain w a l l s  ( k i n k s )  s e p a r a t i n g  
two senses  of  d i m e r i z a t i o n  ( t h e  A phase and B 
phase i n  F ig .  1.). Thus, n e u t r a l  k i n k s  can 
account  f o r  t h e  ESR observed i n  pure samples ,  
w h i l e  charged s p i n l e s s  k i n k  fo rma t ion  upon doping 
e x p l a i n s  t h e  anomaly i n  Cur i e  s u s c e p t i b i 1 i t y . l  
T h e o r e t i c a l  e f f o r t  h a s  so  f a r  been mos t ly  l i m i t e d  
t o  s t a t i c  p r o p e r t i e s .  I t  i s  t h e  purpose of t h i s  
paper  t o  i n t r o d u c e  a s imple  methoda t o  s t u d y  
dynamical phenomena and i l l u s t r a t e  t h e  r e s u l t s  
w i t h  a few i n t e r e s t i n g  examples. 
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266 w. P. su 

A 

FIGURE 1 
i l l u s t r a t i n g  the  p a t t e r n  of displacement coor- 
d ina t e s  {u,] i n  t h e  A (Upper) and B (Lower) 
phases. 

S t r u c t u r e  of t h e  (CH)x cha in ,  

11. METHOD 

A s impl i f i ed  model of t rans-polyacetylene 
c o n s i s t s  of a harmonic l a t t i c e  (CH groups of mass 
M connected by sp r ings  of s t i f f n e s s  cons tan t  K)  
wi th  II e l e c t r o n s  t h a t  hop from one s i t e  t o  i t s  
nearest neighbors,  wi th  an amplitude depending 
l i n e a r l y  on t h e  i n t e r s i t e  spacing. I f  we  denote 
by un the  displacement of t h e  n-th group from i ts  
equi l ibr ium p o s i t i o n  then t h e  Hamiltonian is 

M 2 2 

2 n  n n 
H = -  c fin + 5 C(un-un+l) + A C(un-un+l) 

- c [to+”(un-un+l) 1 (cn++l, sen, + ‘n,s + c  n + l , s  1 
n , s  

(1) 
where Cn a n n i h i l a t e s  an e l e c t r o n  on s i t e  n wi th  

,s 
sp in  s. The l i n e a r  term i n  t h e  e l a s t i c  energy i s  
needed t o  keep t h e  chain s t a b l e  with respect t o  a 
un i  f o m  compression . 
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REAL TIME DYNAMICS IN POLYACETYLENE 267 

By t r e a t i n g  t h e  phonon f i e l d  u c lass ical ly ,  
A - t h e  e l e c t r o n  hopping matrix T ,  where Tn,n+l - 

Tn+l ,  n = -[to+a(un-un+l) ] can  be d i a g o n a l i z e d  
numer i ca l ly  t o  get  t h e  e l e c t r o n i c  l e v e l s  c 

V n S  
f o r  any n u c l e a r  c o n f i g u r a t i o n  {u,}. I n  t h e  Born- 
Oppenheimer approximation, t h e  occupa t ion  numbers 
n remain c o n s t a n t  d u r i n g  a dynamical process, 
e x c l u d i n g  i n t e r a c t i o n s  w i t h  e x t e r n a l  f i e lds ,  such 
as t h e  e l e c t r o m a g n e t i c  f i e ld .  Spontaneous e m i s -  
s i o n  of  a photon w i l l  induce  t r a n s i t i o n s  between 
l e v e l s  i n  a t i m e  o f  o r d e r  of  10-8 sec, a r a t h e r  
l ong  t i m e  i n  comparison t o  t h e  i n t e r e s t i n g  times 
f o r  changes of t h e  phonon f i e ld  - 10-13 sec, as 
we s h a l l  see la te r .  Wi th in  t h i s  approximat ion ,  
t h e  t o t a l  energy  of t h e  system can be w r i t t e n  as 

V ,  S 

= ; c un - 2  + V ( I U n 3 )  

n H e f f  

where t h e  e f f e c t i v e  p o t e n t i a l  ene rgy  is 

( 3 )  
depends o n l y  on un and un s o  we  can  imme- He f f  

d i a t e l y  w r i t e  down t h e  e q u a t i o n s  of motion 

There  i s  no simple a n a l y t i c a l  e x p r e s s i o n  o f  V i n  
terms of  un ,  b u t  - can  be e v a l u a t e d  numer i ca l ly .  

Given any i n i t i a l  c o n d i t i o n s  u (o), i n ( o )  and t h e  
occupat ion  numbers n , e q u a t i o n  (4) can  be 

i n t e g r a t e d  by f i n i t e  d i f f e r e n c e  methods. 

t r ea t  a f i n i t e  c h a i n  of 30 40 sites. The 
coup l ing  c o n s t a n t  a i n  (1) i s  chosen s o  t h a t  t h e  
coherence l e n g t h  i s  2.7a, compared t o  7a i n  a c t u a l  
po lyace ty l ene .  T h i s  i m p l i e s  a uniform dimeriza- 
t i o n  ampl i tude  u = 0 .1  A i n  an  i n f i n i t e  c h a i n  and 

6u n 
n 

V # S  

I n  o r d e r  t o  f a c i l i t a t e  t h e  c a l c u l a t i o n ,  we 
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268 w. P. su 
an  energy  g a p  2A = 4.0 e V  i n  t h e  e l e c t r o n i c  spec-  
trum. With t h e  w i s d o m  of h i n d s i g h t  l e t  us a l s o  
in t roduce  t h e  normalized staggered o r d e r  parameter  .. 

U vn = (qn + ( 5 )  

111. RESULTS 

W e  w i l l  i l l u s t r a t e  t h e  r i c h n e s s .  of t h e  non- 
l i n e a r  dynamics by a few examples co r re spond ing  
t o  d i s t i n c t  i n i t i a l  c o n d i t i o n s .  

Example 1: End-Kink Genera t ion .  The i n i t i a l  
c o n d i t i o n s  are i n ( 0 )  = 1, i n ( 0 )  = 0 ,  n = 0,1, . . . 
30. A t o t a l  of 31 e l e c t r o n s  f i l l  doubly  occupy 
t h e  lowes t  p o s s i b l e  s ta tes  w i t h  t h e  h i g h e s t  ene rgy  
f i l l e d  s ta te  b e i n g  occupied  by one e l e c t r o n .  The 
e v o l u t i o n  of t h e  system is shown i n  F i g u r e  2 ( l e f t ) .  
A n e u t r a l  k ink  i s  g e n e r a t e d  from t h e  r i g h t  end i n  
less than  sec, sweeping a c r o s s  t h e  c h a i n  
u n t i l  it bounces back from t h e  l e f t  end. The 
c e n t e r  of  t h e  k i n k  moves w i t h  a n  a lmos t  uniform 
v e l o c i t y  1 . 3 ~ 1 0 ~  cm/sec [Fig .  2 (R igh t )  3 .  
f a c t  t h a t  t h e  k i n k  canno t  t r a v e l  f a s t e r  t h a n  t h e  
speed of sound i m p l i e s  t h a t  t h e  f a s t  n e u t r a l  s i n  

t i m e s  s lower  t h a n  e l e c t r o n s  i n  metals. The s p i n  
d i f f u s i o n  c o n s t a n t  ob ta ined  by Nechschein e t  al.' 

cm /sec i n  a p r i s t i n e  sample i s  c o n s i s t e n t l y  
2 smaller t h a n  t h e  1017 c m  /sec o b t a i n e d  i n  a 

h e a v i l y  doped sample where t h e  s p i n  carrier i s  
probably  t h e  conven t iona l  e l e c t r o n  o r  h o l e .  

By removing t h e  k i n e t i c  energy  of t h e  i o n s  
we can g r a d u a l l y  b r i n g  t h e  system i n t o  i ts  ground 
s ta te  c o n f i g u r a t i o n ,  which w a s  found t o  be  w e l l  
r e p r e s e n t e d  by t h e  fo l lowing  t a n h  w a l l  e x c e p t  
nea r  bo th  ends,  

The 

carr iers  i n  po lyace ty l ene  shou ld  move abou t  10 5 

2 

- 15-11] = tanh(-- 
Sn 2 . 7  

I n  t h e  c h e m i s t ' s  language, t h i s  means t h a t  
an odd po lyace ty l ene  c h a i n  has  double  bonds on 
bo th  ends  and  a " m i s f i t "  i n  t h e  middle.3 
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REAL TIME DYNAMICS IN POLYACETYLENE 269 

t 

FIGURE 2 ( L e f t )  Time e v o l u t i o n  o f  Jln, i l l u s -  
t r a t i n g  an end-generated s o l i t o n  f o r  t i m e  t = O  10,  
40, 100, 226 and 400 i n  u n i t s  o f  T = 1 .25~10-15  
sec. (R igh t )  P o s i t i o n  of c e n t e r  of  s o l i t o n  i n  
u n i t s  of l a t t i c e  spac ing  vs .  t i m e  i n  u n i t s  of 
7 = 1 .25~10-15  sec. The graph  is  f o l d e d  i n  t h e  
t i m e  axis and i l l u s t r a t e s  t h e  u n i f o r m i t y  o f  t h e  
v e l o c i t y .  

Example 2 : E l e c t r o n  P a i r  Tunnel ing .  Suppose 
a t  t i m e  t = O  we p l a c e  two extra e l e c t r o n s  on t h e  
conduct ion  band of an even c h a i n  of 40 s i tes  
i n i t i a l l y  a t  rest, F,(o) = 1, Fn(o)  = 0, n=O, 1, 
..., 39. The e l e c t r o n s  f i l l  up t h e  lowes t  21 
states [Fig .  3 (a)  3 .  The e v o l u t i o n  d e p i c t e d  i n  
F ig .  4 shows t h a t  a p a i r  o f  k i n k s  i s  born  i n  - sec. Both k i n k s  are charged and t h e r e -  
f o r e  s p i n l e s s .  The d e p a r t i n g  k i n k s  t h u s  
g e n e r a t e d  e v e n t u a l l y  w i l l  bounce back from t h e  
c h a i n  ends and c o l l i d e  w i t h  each  o t h e r  aga in .  
F i g .  5 i s  an  example of  such c o l l i s i o n s .  The 
f i n a l  v e l o c i t y  i s  o n l y  about  2/3 of t h e  i n i t i a l  
v e l o c i t y .  T h i s  i s  because  phonons are g e n e r a t e d  
d u r i n g  t h e  c o l l i s i o n .  I f  we cool down t h e  sys tem,  
t h e  two k i n k s  w i l l  be found s e p a r a t e d  f r o m  each  
o t h e r  and from bo th  ends  cor responding  t o  s o l i t o n  
doping. 
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210 w. P. su 

-A €20 

FIGURE 3 I n i t i a l  e l e c t r o n i c  conf igura t ions  
corresponding t o  (a) e l e c t r o n  p a i r  tunnel ing ,  
(b)  photogeneration of k inks  and (c) e l e c t r o n  
i n j e c t i o n  . 

n 

- 
FIGURE 4 

sc r ib ing  the  genera t ion  of  a s o l i t o n - a n t i s o l i t o n  
p a i r  from a p a i r  of e l e c t r o n s  created a t  t = 0 
a t  t h e  band edge. 

q n  vs. n f o r  t = 0, 6, 1 2 ,  20, 30, 50, 
60 and 130 i n  u n i t s  of T = 1 . 2 5 ~ 1 0  -15 sec, de- 
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REAL TIME DYNAMICS IN POLYACETYLENE 27 1 

0 10 

- 
FIGURE 5 + n  vs. n f o r  t = 0 ,  10 ,  30, 50, 76, 
100 and 130 i n  u n i t s  of T = 1 . 2 5 ~ 1 0 - ~ ~  Sec, 
descr ib ing  t h e  c o l l i s i o n  of a charged s o l i t o n -  
a n t i s o l i t o n  p a i r .  
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212 w. P. su 

Fig. 4 a c t u a l l y  allows another  i n t e r p r e t a -  
t ion= i f  we  consider  a s p i n l e s s  vers ion  of (1). 
There i s  one s p i n l e s s  charged p a r t i c l e  ( c a l l e d  S 
p a r t i c l e )  f o r  every two sites. By ha lv ing  t h e  M 
and K and dropping the  sp in  index s i n  ( 2 )  ( 3 )  
we are e s s e n t i a l l y  mul t ip ly ing  Heff by a f a c t o r  
of 3. Therefore the  equat ion of motion (4)  has 
t h e  same form and we conclude t h a t  i n j e c t i o n  of 
a n  S p a r t i c l e  leads  t o  i t s  breaking up i n t o  
f r a c t i o n a l l y  charged (-e/2) p a r t i c l e s  i n  10- 
sec.  This  should be con t r a s t ed  with the  s i n g l e  
p a r t i c l e  i n j e c t i o n  i n  polyacetylene , where a s  w i l l  
be seen  i n  Example 4 ,  only a polaron is  formed. 

Example 3 : Photogeneration of Kinks. 
Ins tead  of i n j e c t i n g  two e l e c t r o n s  a t  t = O ,  we 
could e x c i t e  our e lectron-hole  p a i r  by a photon 
of energy 211 [Fig. ( 3 ( b )  1. The i n i t i a l  evolu t ion  
i s  t h e  same as i n  Example 2 (Fig.  4) because 

The two 
l e v e l s  c20,  f move towards the  gap c e n t e r  as t h e  
kink p a i r  s t ag& t o  sepa ra t e .  They are t h e  bonding 
and antibonding s ta tes  formed from t h e  two 
loca l i zed  midgap s ta tes  a s soc ia t ed  wi th  t h e  t w o  
kinks.  From t h i s  it follows t h a t  t h e  kink p a i r  
generated i s  a superpos i t ion  of d i f f e r e n t  charge 
e i g e n s t a t e s .  It  i s  equa l ly  probable t o  f i n d  both 
kinks charged as  w e l l  a s  n e u t r a l .  The r ap id  
change i n  Tn and accordingly i n  ‘21 means t h a t  
t h e r e  i s  a s i g n i f i c a n t  broadening of t he  absorp- 
t i o n  edge due t o  nonadiabat ic  e f f e c t s .  

The above r e s u l t  opens up a very e f f i c i e n t  
way of genera t ing  s o l i t o n s .  Many p r o p e r t i e s  of 
the  system p e c u l i a r  t o  t h e  kink could the re fo re  
be photoinduced. Photoinduced midgap absorp t ion  
would be a good example. That we can create 
midgap states by photons seems t o  be an a t t r ac t ive  
idea  with poss ib le  f u t u r e  app l i ca t ions .  

Af te r  a c e r t a i n  per iod of  t i m e  t he  excited 
e l ec t ron  ho le  p a i r  w i l l  even tua l ly  recombine 
e i t h e r  through r a d i a t i v e  decay o r  breakdown of 
the  a d i a b a t i c  approximation. Once t h i s  happens 
the  dynamics s ta r t  t o  d i f f e r  from t h a t  of t h e  
previous example. Fig.  6 shows the  c o l l i s i o n  of 
two f a s t  incoming k inks  with a l l  t he  e l e c t r o n s  
i n  t h e  ground s ta te .  Unlike t h e  r epu l s ive  i n t e r -  

Elo 

c20 + ‘21’ + 2‘21 = 0 = ‘2 0 - - € 2 1 *  2‘20 - 
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REAL TIME DYNAMICS IN POLYACETYLENE 273 

a c t i o n  between two charged k i n k s ,  t h e  k i n k  p a i r  
h e r e  are t r a p p e d  and t h e  system undergoes a q u a s i  
p e z i o d i c  o s c i l l a t i o n  (wi th  a f requency  c l o s e  t o  
K 

,/E) 
phonons. T h i s  i s  ve ry  s imi l a r  t o  t h e  b r e a t h e r  
mode found i n  a numer ica l  s t u d y  of  (p4 theory .6  

s lowly  l o s e s  i t s  ene rgy  by  shaking  o f f  s o f t  

E 

10 M 29 
n 

- 
FIGURE 6 Qn vs .  n f o r  t = O ,  10, 24, 3 8 ,  58, 79, 
99, 119, 145, 165 and 185 i n  u n i t s  of ~ = 1 . 2 5 x 1 0 - ~ ~  
sec, d e s c r i b i n g  t h e  fo rma t ion  o f  a b r e a t h e r  from a 
s o l i t o n - a n t i s o l i t o n  c o l l i s i o n .  

By i n s p e c t i n g  t h e  average  k i n e t i c  ene rgy  of  
t h e  outgoing  phonons, we  get  a rough estimate o f  
t h e  l i f e t i m e  of  t h e  b r e a t h e r ,  t o  be - l o 3  o s c i l -  
l a t i o n s .  T h i s  mode might be d e t e c t e d  i n  Raman 
s c a t t e r i n g .  

Example 4: E l e c t r o n  I n j e c t i o n .  The i n i t i a l  
c o n d i t i o n  i s  t h e  same as i n  Example 2 ,  e x c e p t  we 
p u t  one i n s t e a d  of two e l e c t r o n s  i n  t h e  conduct ion  
band [Fig.  3 (c )  1. Fig .  7 shows how t h e  e l e c t r o n  
s e l f - c o n s i s t e n t l y  d i s t o r t s  t h e  l a t t i c e  and l o c a l i z e s  
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214 w. P. su 
i tsel f  i n  a s p l i t - o f f  state,  forming a s t rong  
polaron. There i s  n o t  enough energy t o  genera te  
a kink p a i r .  Fig.  8 shows t h e  ground s ta te  con- 
f i g u r a t i o n  of t h e  polaron. 
states are loca ted  a t  about 0.6A away from t h e  
gap cen te r .  The binding energy i s  about 0.3 e V ,  
a small number compared t o  A = 2.0 eV.  

The two s p l i t - o f f  

I r I 1 I 

0- 

2 

-I I I I I I 

O 10 20 30 39 
n 

- 
FIGURE 7 
116 i n  u n i t s  of 
in jec ted  a t  the  conduction band edge. 

q n  vs. n f o r  t = O ,  26, 50, 74, 96 and 
= 1.25~10-l~ sec for an e l e c t r o n  

I I I I 

I .o 

% 
0- - 

I I I I 
10 20 30 

n 

FIGURE 8 

e l e c t r o n  added t o  the  conduction band. 
vn vs. n f o r  t he  ground s t a t e  of one 
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REAL TIME DYNAMICS IN POLYACETYLENE 

The l ist  of examples cou ld  be ex tended  
i n d e f i n i t e l y .  Other ways of add ing  ene rgy  i n t o  
t h e  system might generate o t h e r  i n t e r e s t i n g  
o b j e c t s .  

21s 

I V  . CONCLUSION 

The real t i m e  dynamics i n  p o l y a c e t y l e n e  i s  
a promising f i e l d .  Easy and i n t e r e s t i n g  numer ica l  
c a l c u l a t i o n s  can  be performed, and l a te r ,  no 
doubt ,  some of  t h e  r e s u l t s  w i l l  f i n d  t h e i r  ana ly -  
t i c  e x p r e s s i o n s .  The r e s u l t s  p r e s e n t e d  h e r e  
should  d e s c r i b e  t h e  p r o p e r t i e s  of f a i r l y  s h o r t  
c h a i n s ,  q u i t e  independent of t h e  complex mor- 
phology of t h e  a c t u a l  po lyace ty l ene .  They shou ld  
c o n s t i t u t e  good t o p i c s  f o r  e x p e r i m e n t a l i s t s  t o  
pursue .  
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