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ACOUSTIC SOLITARY WAVE FOLARON M O T I O N  I N  
FOLYDIACETYLENE CRYSTALS 

C;. J. Donovan, F. D. Freeman and E. G. Wilson 
Physics Department, Dueen Mary College, London E l .  
England 

Abstract  This  paper descr ibes experiments on t h e  
motion o f  an e x t r a  e l e c t r o n  ( o r  h o l e )  on p e r f e c t  
s t r a i g h t  polymer chains. The m o b i l i t y  i s  found t o  
be u l t r a  high, g rea te r  than f o r  any convent ional  
semi-conductor, and y e t  t h e  d r i f t  v e l o c i t y  i s  found 
t o  s a t ~ i r a t e  a t  a low value, c l o s e  t o  t h e  v e l o c i t y  
of  sound. This  new form o f  motion i s  t h a t  expected 
t h e o r e t i c a l l y  f o r  an acous t i c  po laron i n  one 
dimension. 

INTRODUCTION 

Pulse photoconduction experiments on t h e  mot ion o f  an 
e x t r a  e l e c t r o n  ( o r  h o l e )  on p e r f e c t  s t r a i g h t  polymer 
chains are described. The low f i e l d  m o b i l i t y  i s  found t o  
b e  u l t r a  h iqh,  ,q.::. 20 m2s-l V - ’ ,  g rea te r  than f o r  any 
convent ional  semi-conductor. The d r i f t  v e l o c i t y  i s  found 
t o  sa tu ra te  a t  a low va lue o f  2.2 x 
t h e  v e l o c i t y  of sound o f  3 . 6 ~  l o 3  m 5-1 . 
decades of f i e l d  t h e  d r i f t  v e l o c i t y  i s  e s s e n t i a l l y  
independent o f  t h e  f i e l d .  

Th is  new form o f  motion i s  t h a t  expected 
t h e o r e t i c a l l y  f o r  an acous t i c  po la ron  i n  one dimension. 
Such a polaron c rea tes  a l o c a l  d e n s i t y  v a r i a t i o n  which 
cannot t r a v e l  f a s t e r  than t h e  sound v e l o c i t y .  The o n l y  
energy d i s s i p a t i o n  i s  weak and due t o  ambient acous t i c  
phonons bouncing o f f  t h e  po la ron  w i t h  a Doppler s h i f t .  
The polymer chains a re  t h e  backbone of t h e  
po lyd iace ty lenes  ( PDA ) o f  repeat  u n i t  (=CR-C=C-CR=) 
obtained by s o l i d  s t a t e  po l ymer i sa t i on  as s i n g l e  
c r y s t a l s  i n  which t h e  chains a r e  s t r a i g h t  and p a r a l l e l  
f o r  macroscopic distances. 

103 m 5 - 1 ,  Close t o  
Thus over many 
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3% K. J. DONOVAN, P. D. FREEMAN AND E. G. WILSON 

Experiments have been performed on TS and DCH i n  which 

R = - (CH2)-O-(S0 )-(C H )-CH (TS) 

R = -(CH2)-N-(C H ) (DCH) 

2 6 5  3 

12 8 
which both y i e l d  good c rys ta ls .  

FIGURE 1 Fhotocurrent I p . i n  a r b i t r a r y  u n i t s  as a 
funct ion of appl ied e l e c t r i c  f i e l d  E i n  PDATS and 
PDADCH. The i n s e r t s  show the time dependence of the 
photocurrent i n  response t o  a 10 n s durat ion N2 
1 aser pulse. 
FIGURE 2 Q,,, i n  a r b i t r a r y  u n i t s  a5 a func t ion  of  
appl ied f i e l d  E i n  PDhTS and PDF\DCH. The i n s e r t s  
show the t ime evo lu t ion  of  Qm i n  response t o  one 
laser  pulse; t he  steady growth of  R, is due t o  the  
sample dark current.  

T The c a r r i e r s  are created w i th  quantum e f f i c i e n c y  
by absorption o f  N photons from a laser  pu lse o f  
durat ion T 
p a i r  avoiding geminate recombination i n  an appl ied f i e l d  
E, and thus con t r i bu t i ng  t o  t ransport ,  i s  dependent on 
the dimensionality. A t  1 w E i n  one dimension, there i s  
an abundance of  theor iesP2 3 and experiments4 5 ,  
supported by elegant computer s imulat ions6 , tha t  $(El  
i s  l i n e a r  i n  E. Thus the mobile charge Q created i s  

. The p r o b a b i l i t y  @(E)  of  the  e lec t ron  hole 
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ACOUSTIC SOLITARY WAVE POLARON MOTION 397 

L! = e(,# ) N ( 1 )  

and Q i s  l i n e a r  i n  E. The peal: photocurrent  I p  recorded 
a t  e lect rodes a t  t h e  end o f  t h e  l a s e r  p u l s e  is then 

I,, = 0 v /d  (2) 

where v is t h e  c a r r i e r  v e l o c i t y  and d i s  the e l e c t r o d e  
seperation. always p rov ided  t h a t  most o f  t h e  c a r r i e r s  
have no t  trapped i n  t h e  d u r a t i o n  T . 

Fig. 1 shows t h a t  1~ i s  l i n e a r  i n  E i n  bo th  DCH and 
TS. Moreover F i g .  1 a l s o  shows t h a t  a f t e r  t h e  d u r a t i o n  T 
mast of  t h e  c a r r i e r s  a r e  s t i l l  n o t  trapped. Th~is  t h e  
c a r r i e r  v e l o c i t y  v i s  independent o f  f i e l d ,  i e .  
saturated. For t h e  f i e l d  dependence o f  I p  i s  e n t i r e l y  
accounted f o r  by the  expected f i e l d  dependence o f  0. 

I 

FIGURE 3 CLI~S, of depth g r e a t e r  than t h e  o p t i c a l  
s k i n  depth, which s top  t h e  f l o w  of c a r r i e r s  a long 
t h e  polymer chains. The exper iments show t h a t  
c a r r i e r s  of  opposi te  s i g n  accumulat ing a t  oppos i te  
s ides  o f  a c u t  e v e n t u a l l y  recombine. 

F i g  1 d i s p l a y s  t h e  t r a p p i n g  o f  t h e  c a r r i e r s .  Th i s  
t y p i c a l l y  occurs i n  t imes o f  10 t o  100 ns, i s  sample 
dependent, and i s  t y p i c a l l y  f a s t e r  i n  DCH than TS. 
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398 K .  J .  DONOVAN, P. D. FREEMAN AND E. G. WILSON 

Fol lowing a succesion o f  t r a p p i n g  and re lease  events t h e  
c a r r i e r s  are expected t o  reach recombinat ion centres, 
having t r a v e l l e d  a d i s tance  <s>.. Thus t h e  charge 
eventual ly  recorded a t  t h e  e lect rodes,  a f t e r  t h e  
c a r r i e r s  have recombined, i s  R, and 

O m =  <5:> /d (3)  

Fig. 2 shows t h a t  i s  independent o f  f i e l d  E; f o r  t h e  
l i n e a r  f i e l d  v a r i a t i o n  o f  Dm i 5  e n t i r e l y  due t o  t h e  
+ i e l d  dependence o f  Q .  

in t roduce recombination cen t res  i n t o  t h e  sample and so 
reduce c T s P .  Th is  can be done by c u t t i n g  t h e  sample i n t o  
n p a r t s  a5 i n  F ig .  3. I n  t h i s  way (n-1) c u t s  c rea te  new 
recombination centres of a c o n t r o l  l e d  and known 
seperat ion s(n)=d/n.  The mean d i s tance  between 
recombination centres,  bo th  i n t r i n s i c  and in t roduced is 
then 

We have found i t  i s  p o s s i b l e  t o  e f f e c t i v e l y  

- 8  C 

a 
5E 6 
er 

5 

4 

3 

2 

1 

Y 

cr €7 

n -  

FIGURE 4 Dependence of Q (l)/Q (n) on n i n  PDATS 
and PDADCH. 

where s ( i )  i s  t h e  d i s tance  apar t  of t h e  i n t r i n s i c  
centres. Thus observat ion of  t h e  dependence o f  Q,on n 
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ACOUSTIC SOLITARY WAVE POLARON MOTION 399 

a5 c u t s  a re  made a l l ows  determinat ion o f  s ( i ) .  

a) t h a t  i n  PDATS, s ( i )  .:.:> d, 
b )  and i n  PDADCH, s ( i !  <:<:: cl( 
f o r  then Equs. 3 and 4 account f o r  t h e  observed 
dependence o f  Q m  on t h e  number of cuts.  Moreover, I p  
does n o t  depend on t h e  number o f  cu t5  i n  e i t h e r  case. 
This  i s  expected, f o l l o w i n g  ECJU. 2, prov ided t h e  
c a r r i e r s  do no t  t r a v e l  a d i s tance  s ( n )  i n  t h e  d u r a t i o n  
T, and prov ided t h e  c u t s  do n o t  damage t h e  sample. Thus 
recott ibination centres e x i s t  i n  PDADCH b u t  n o t  i n  PDATS. 

Given ( 5 : 2 r  t h e  abso lu te  magnitude o f  t h e  sa tu ra ted  
d r i f t  v e l o c i t y  then f o l l o w s  from t h e  r a t i o  o f  two 
observables i n  an uncut v i r g i n  sample:- 

The data o f  F ig .  4 shows:- 

= Ip /Omd i n  PDATS 

= I / Q s ( i !  i n  FDADCH 
~m 

I n  FDATS v = 2 . 2 x  103 m 5-1 . 
F'DADCH i n d i c a t e  t h a t  s ( i )  0.1 mm and v = ( .I _+ 2 !x 
103 m 5-1 . 
i s  l i n e a r  i n  t h e  f i e l d .  Presuming such a regime e x i s t s  
a t  low f i e l d  then a lower l i m i t  t o  t h e  m o b i l i t y  i s  t h e  
saturated d r i f t  v e l o c i t y  d i v i d e d  by t h e  smal lest  f i e l d  
of: observat ion.  This g i v e s  P'. 20 m2s-1 V - l i n  FDATS, a n d p  
:)I:). 07 m2 5-1 V-1 j. n F D ~ D C H .  

F'DATS has been g iven a l ready7  . The c u t s  e:-:periment 15 a 
new experiment which can on ly  be contemplated i n  a 
h i g h l y  a n i s o t r o p i c  m a t e r i a l .  Our o r i g i n a l  account was 
rec ieved w i t h  l e g i t i m a t e  scepticism.The da ta  here on 
PDADCH a re  new; a f u l l  account w i l l  be g i ven  elsewhere. 
However t h e  new data suppor t  t h e  o r i g i n a l  
i n t e r p r e t a t i o n .  Cuts, f o r  t h e  f i r s t  t ime, a re  seen t o  
be a minor c o n t r i b u t o r  t o  recombination; p r e v i o u s l y  they  
had been t h e  o n l y  t o n t r i b u t o r .  

F r e l i m i n a r y  r e s u l t s  on 

No regime has been seen i n  which t h e  d r i f t  v e l o c i t y  

A comprehensive account of  t h e  cLits experiment i n  

THEORY 

The ex i s tence  o f  such a h i g h  m o b i l i t y ,  and y e t  t h e  
s a t u r a t i o n  o f  t h e  d r i f t  v e l o c i t y  a t  such a low value, i s  
n o t  exp la inab le  by any convent ional  semiconductor 
t heor i es. 

s o l i t a r y  wave polaron formed i n  a one dimensional 
We suggest t h e  mot ion i s  t h a t  o f  t h e  acous t i c  
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400 K .  J .  DONOVAN, P. D. FREEMAN AND E. G. WILSON 

system! The d i spe rs ion  curve o f  t h i s  polaron, and of  a 
band e lect ron,  a re  shown i n  F ig .  5. I t  i s  C h a r a c t e r i s t i c  
of  t h i s  po laron t h a t  w i t h  i nc reas ing  b: value t h e  
v e l o c i t y  sa tu ra tes  a t  t h e  v e l o c i t y  o f  sound S. A s  t h e  
e n e r g y  increases t h e  po la ron  s h r i n k s  i n  s i z e  b u t  
undergoes a greater  l a t t i c e  d i s t o r t i o n .  

Fig.  5 d i s p l a y s  t h e  c h a r a c t e r i s t i c  Cerenkov 
emission and absorpt ion o f  acoust ic  phonons by a band 
electron. This  process, which g i v e s  r i s e  t o  d i s s i p a t i o n  
by acoust ic phonons i n  convent ional  semiconductors, i s  
absent in t he  a c o ~ i s t i c  polaron. T h i s  i s  because t h e  
polaron i s a1 ways t r a v e l  1 i ng slower than t h e  sound 
ve loc i t y .  The d i s s i p a t i o n  i s  due t o  ambient phonons 
bouncing, w i t h  a Doppler s h i f t ,  o f f  t h e  moving polaron9 

FIGURE 5 Dispers ion curves o f  an acoust ic  phonon, 
a band e l e c t r o n  and an acous t i c  polaron.The band 
e l e c t r o n  i s  undergoing Cerenkov s c a t t e r i n g  by 
emission o f  a phonon q. The acous t i c  po laron i s  
undergoing Doppler s h i f t e d  phonon bouncing, t h e  
i n c i d e n t  phonon -q2  s c a t t e r i n g  a5 +q, 

Numerical est imates g i v e  t h e  po la ron  being many 
l a t t i c e  spacings large.  Thus o n l y  smal l  K phonons 
p a r t i c i p a t e  i n  t h e  s c a t t e r i n g .  Thus back sca t te r i ng ,  
which is dominant i n  t h e  Cerenkov case, i s  r a r e  i n  
po laron sca t te r i ng .  Thus, when cons ide r ing  such Doppler 
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ACOUSTlC SOLlTARY WAVE POLARON MOTlON 40 1 

s c a t t e r i n g  alone, t h e  weak d i s s i p a t i o n  and t h e  absence 
o f  back s c a t t e r i n g  means t h a t  i n  a very smal l  f i e l d  t h e  
polaron w i l l  both i nc rease  i t s  energy w i thou t  l i m i t  and 
remain on t h e  (say) p o s i t i v e  branch o f  t h e  d i spe rs ion  
curve. The v e l o c i t y  however sa tu ra tes  a t  t h e  sound 
v e l o c i t y  S. A study o f  t h e  Boltrmann Transport  Equat ion 
suggests t h e  low f i e l d  m o b i l i t y  is u l t r a  high, and i s  
no t  t he  re levan t  concept; r a t h e r  t h e  impor tant  idea is 
t he  t ime taken, as l i m i t e d  by s c a t t e r i n g ,  t o  aqu i re  t h e  
saturated d r i f t  v e l o c i t y 9  . 
decays i n t o  a f r e e  e l e c t r o n  and f r e e  phonons. This  i s  a 
m c i l t i  phonon process and thus  r a r e .  Nevertheless i t  may 
be the  dominant po la ron  energy d i s s i p a t i o n  mechanism. 

I t  i s  necessary t o  i n v e s t i g a t e  how a moving po la ron  

CONCLUSION. 

Experimental and t h e o r e t i c a l  reasons a re  g iven f o r  t h e  
acocist 1 c sol 1 t a r y  wave p o l  aron be1 nq t h e  dominant 
evcitation @f one c:arr ier i n  one dimension. The po la ron  
e s s e n t i a l l y  moves a t  Just  below t h e  sound v e l o c i t y  a t  
a l l  fields. 
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