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The frequency dependent conductivity of added charge 
(e.g. so l i t ons )  t o  a dimerized Peieres condensate with 
N coupled phonons is studied. The electron-phonon 
system, with electron-electron in t e rac t ions  and pin- 
ning e f f e c t s ,  yields  i n  the ad iaba t i c  and continuum 
l i m i t s  an in f r a red  absorption whose s t r u c t u r e  is inde- 
pendent of the charge configuration. The k i n e t i c  mass 
of the charge a f f e c t s  only the  pinning parameter and 
the over-all  magnitude of t he  absorption. This mass 
i s  estimated from experimental da t a  and compared with 
theo re t i ca l  s o l i t o n  and polaron masses. 

The doping process of polyacetylene and the nature of 
the charge t r a n s f e r  are of considerable interest . ’  
cu l a r  Fincher e t  a l .  have shown t h a t  l i g h t l y  doped (<O.l%) 
polyacetylene (CH)x with a va r i e ty  of acceptors o r  donors 
leads t o  the appearance of new infra-red ( I R )  a c t i v e  modes 
a t  900 c m - l  (width of Q400 c m - l )  and a t  1370 cm-l (width of 
Q50 cm-l). 
type and is  therefore  evidence t h a t  charge has been t rans-  
f e r r ed  t o  the  polyacetylene chain and its coupling with the  

I n  p a r t i -  

This I R  a c t i v i t y  is  independent of the dopant 

*Supported i n  p a r t  by the National Science Foundation, under 
Grant No. PHy77-27084. 
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286 B. HOROVITZ 

polyacetylene vibrat ional  normal modes causes the  I R  acti- 
vi ty .  
where three l i n e s  appear with N a  d ~ p i n g . ~  

2A0 = 1.4 eV.' 
the new I R  modes are within the  gap, a t  frequencies w<<Ao. 

s o l i t o n  configuration i n  polyacetylene. *-11 
t h i s  unusual behaviour is  a universal  r e s u l t  of t he  trans- 
l a t i o n  degree of freedom of the added charge, independent of 
i t s  configuration. The center  of mass coordinate i s  consi- 
dered as  a t i m e  dependent f i e l d  $(t) ;  it i s  a l i n e a r  combi- 
nation of t he  l a t t i c e  normal modes which couple t o  the  elec- 
trons.  By solving the coupled set  of equations of motion the 
I R  frequencies 4 (n=1,2,. . . , N )  are obtained as  function of 
the bare phonon frequencies uo and the  dimensionless electron- n phonon coupling constants A . 

Of addi t ional  i n t e r e s t  is the I R  data  of (CD)3-5 
X 

Undoped polyacetylene is a semiconductor with a gap of 
This gap is maintained upon doping, so t h a t  

This behaviour is  considered as an evidence 4 ,7  for t he  
Here I show t h a t  

Two assumptions are ma8e i n  the derivation: 
a) A l l  phonon frequencies are small compared with i n t e r -  

nal  e l ec t ron ic  t r a n s i t i o n  frequencies. 
order A and the conditions (w:/A0I2 << 1 are va l id  f o r  poly- 
acetylege. 
e l ec t ron ic  t r a n s i t i o n  frequencies i n  this p o t e n t i a l  are a l s o  
assumed t o  be l a rge  compared with the phonon frequencies. 

b) La t t i ce  discreteness  is  neglected,  i .e .  t he  excess 
charge is delocalized over a dis tance much longer than the  
lat t ice constant a. This assumption is consis tent  with the  
metal l ic  behaviour above 1% doping6 and with the  r e s u l t s  
below. 

The in f r a red  conductivity of N local ized modes is 
derived. 
infrared ac t ive  s ince  t r a n s l a t i o n  invariance is broken. 
However, t he  contribution of extended modes both a t  the zone 
center and fu r the r  than 5-l from the  zone center  a r e  both 
vanishing. Thus f o r  [>>a t h i s  contribution i s  very small, 
as indeed shown by the numerical l a t t i ce  calculat ion.  

The approach t o  intra-gap I R  a c t i v i t y ,  presented below, 
generalizes two known examples. The f i r s t  one is the  motion 
of an incommensurate charge densi ty  wave12,13. The ion 
displacement a t  t h e  m - t h  s i t e  is u(m)=u cos(q ma+$) where 
u 
pgase var iable  @ is the  center  of m%s coordinate mentioned 
above. The second example i s  the  I R  a c t i v i t y  of charged 
so l i t ons  i n  polyacetylene .7 

qo=n/a so t h a t  u(m) = (-1 mu ; thus $ is not coupled t o  the  
ion displacement and therg are no I R  modes (except a t  high 

The la t te r  are of 

I n  the presence of a pinning p o t e n t i a l  , the  

I n  p r inc ip l e  a l l  modes i n  the B r i l l o u i n  zone are 

is the displacement amplitude, q a/nOirrat?onal and the 

I n  a dimerized Peierls condensate, such as polyacetylene, 
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INFRARED ABSORPTION OF DOPED POLYACETYLENE 287 

14 frequencies  ) .  The add i t ion  of  charge, e.g. by doping, 
r e s t o r e s  the I R  a c t i v i t y  a s soc ia t ed  wi th  t h e  t r a n s l a t i o n  
mode, a s  shown next. 

The displacement p a t t e r n  along t h e  chain axis has  t h e  
form u (m)=(-ImA (ma)/4an, where n=1,2,..  . ,N are t h e  normal 
modes and t h e i r  couplings t o  t h e  e l e c t r o n s  a s  def ined  i n  
Ref. (8). The neglec t  of t h e  l a t t i c e  d i sc re t eness  l eads  t o  
a continuum model f o r  An(x) .'-I1 
t h e  Hamiltonian is  

n I? 

The An dependent p a r t  of 

+ A(x)C(x)) (1) 
2 

where v is t h e  Fermi v e l o c i t y ,  An = 4ana/(nv K ) with  K 
F F n  n 

t h e  sp r ing  cons tan ts  f o r  d i s t o r t i n g  t h e  undimerized system , 
A t h e  canonical  momenta, A(x) = CA ( X I  and Ctx) involves  
e fec t ron  opera tors  desc r ib ing  b a c k c a t t e r i n g  of e l e c t r o n s  
across the F e d  sea. The t o t a l  Hamiltonian involves  a l s o  
the  e l ec t ron  k i n e t i c  energy and direct e lec t ron-e lec t ron  
i n t e r a c t i o n s .  Here only t h e  phonon equat ions of motion are 
r e l evan t ,  and Eq.  (1) y i e l d s  

8 

n 

( 2 )  
2 

A n ( X , t ) + A n ( X , t ) / U ;  = -VvFXnC(X,t) . 
.. 

The ground state of  t h e  dimerized system is uniform 
The add i t ion  of  charge leads t o  an x dependent A(x)=Ao. 

s o l u t i o n  

where X E EX . Consider now a s o l u t i o n  of t h e  form 
A(x-$( t ) )  ,"i?e. t h e  s ta t ic  s o l u t i o n  wi th  t i m e  dependent 
c e n t e r  of mass. Each normal mode has  i ts  own c e n t e r  o f  

mass va r i ab le  $,(t) s a t i s f y i n g  A(x-$) = C A  ( ~ - 9 ~ ) .  
t o  f i r s t  o rder  i n  $n y i e l d s  $(t) = g $ n ( t ) X n / A .  

The main ing red ien t  i n  t h e  de r iva t ion  is  t h a t  t h e  elec- 
t r o n i c  p a r t ,  C ( x , t )  , fol lows a d i a b a t i c a l l y  the i o n  d isp lace-  
ment, which is  j u s t i f i e d  f o r  (u/A )2<<l. 
A(x-$) = -'rrvFXC(x,t) and t o  f i r s t  order i n  $(t) it y i e l d s  

A '  (x) 9 = mFA6C. 

y i e l d s  then 

Expanding n n  

Thus 
0 

Expansion of Eq. (2) t o  f i r s t  o rde r  i n  9, 
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288 B. HOROVITZ 

2 $n(t)+$n(t)/u; -$(t) = 0 . 
These equations correspond t o  t h e  Lagrangian 

(4 )  

where Nc is t h e  charge involved ( i n  units of e ) ,  

and M 
s ide r  a uniform motion with veloci ty  v, i .e. $n=@, +n=v 
so t h a t  L = f McNc$. 

Eq. (1) where hn(x-$) = ~ A ' ( x )  t o  f i r s t  order  i n  9; hence 

the k i n e t i c  mass per u n i t  charge. To see t h i s  con- 
C 

The mass Mc can be i d e n t i f i e d  from the k i n e t i c  term i n  

n 

M C = ~ A ' 2 ( x ) d x / ( ~ A v F f i ~ c )  . (7) 

For the s ing le  s o l i t o n  so lu t ion  A(x) = A tanh(xA /v ) 
0 O F  

Eq. (7) y i e lds  the known re su l t8 r l0  Ms = 4A~/(3~rAv$~).  

For the polaron solut ion 15 

( 8 )  
- -1 A ( x )  = A -A [l+cosh(JT x Ao/~F)/u '2]  . 

0 0  

Eq. (7) y i e lds  f o r  the r a t i o  of polaron t o  s o l i t o n  masses 

Mp/Ms = 2JY-3&(1+47) 0.18 . (9) 

I n  the incommensurate l i m i t  (i .e. high densi ty  of t he  s o l i t o n  
l a t t i ce16)  A(x) = Aoexp(i2k x)+H.C. where k is t h e  F e d  

wavevector. Eq. (7) now y i e l d s  the m a s s  Mc=% where 

of an incommensurate charge densi ty  wave 

current  j ( t )  = epa$/a t  where p=Nc/L, and L is the l e rg th  of 
the system. The charge is assumed t o  move r i g i d l y  with the  
center of  mass, which is again j u s t i f i e d  f o r  low frequencies 
( u / A ~ )  2<<1. AS an example, a l i n e a r  response analysis  f o r  

the s o l i t o n  s o l ~ t i o n ~ - ' ~  y i e lds  

j (w) = iepu$(w) [ 1 + ( 1 ~ ~ / 1 2 )  (w/Ao) +O(w/Ao) 4 1 .  

F F 

is j u s t  t h e  FrGhlich mass s / m  = 4A0/Afit, 2 and m = kF/vF. 
2 2  

i f  R,<<Ao. 1 7 , 1 8  

The motion of the center  of mass implies an electric 

2 
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INFRARED ABSORPTION OF DOPED POLYACETYLENE 289 

The Lagrangian (5) describes a f r i c t i o n l e s s  motion of t h e  
charge. The dopant ions however provide a pinning p o t e n t i a l  
f o r  the charge on the polyacetylene chain. To second order 
i n  9 t h i s  defines a pinning parameter a i n  the e f f e c t i v e  
Lagrangian 

2 - e N c A ( t ) $ ( t )  . 
and an ex te rna l  electromagnetic p o t e n t i a l  A ( t )  i s  a l s o  
included. The equations of motion f o r  $n(W) are now 

(11) (1-w 2 /wg2)$ , (w)- (1-a)$(w)  = -e 2 E ( w ) / ( M ~ Q ~ )  2 

where E(w)  is the  electric f i e l d .  Eq .  (11) is e a s i l y  solved 
f o r  the f i e l d  Q ( w )  and Eq. (8) y i e lds  the conductivity 

where 

The poles of Eq.  (12)  y i e l d  the I R  frequencies wn. 9 

w<02 (u, 0 is the  next pole of Eq. (12)). For a#O t r a n s l a t i o n  

determine the frequencies %. B For a<l,  wf<w i  and the re  is 

For a=O t he re  i s  a pole a t  ~ w ' = o  which corresponds t o  the  

FrbThlich type superconductivity16 Reu(w)  = 6 (0) ~ r p / M ,  f o r  

invariance i s  l o s t  and a l l  modes have a t r a n s l a t i o n  mode 
component with &#O; uf may be called the  "pinned mode", b u t  
it must be t r e a t e d  together with a l l  t he  o the r  modes. The 
function Do(w) is p lo t t ed  i n  Fig. 1 f o r  a 3 phonon system. 
Its in t e r sec t ions  with t h e  alue -l/(l-a) ( l i n e  a i n  Fig. 1) 

an addi t ional  solut ion i n  each i n t e r v a l  (o:,oo n+l) * For a>l 
the re  i s  a solut ion a t  04 instead of  t he  so lu t ion  a t  w<w0 1' There are always N solut ions,  i .e. t he  number of I R  modes, 
including the pinned mode, equals t h e  number o f  coupled ba re  
modes. 
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290 B. HOROVITZ 

w (cm- 
FIGURE 1 The function Do(W) (Eq. 13) with t h e  parameters 
of T a b l e  11. The in t e r sec t ions  with t h e  value -l/(l-a) = 
-1.26 ( l i n e  a) give the I R  frequencies W$, while t h e  i n t e r -  
sect ions with the value -1/(1-2A) = -1.62 !l ine b) give the 
Raman frequencies U:. 

Some propert ies  of t he  conductivity Eq. ( 1 2 )  are worth 
discussing. 
of t he  charge, i.e. i f  it is a s o l i t o n ,  a polaron15, a s o l i -  
ton l a t t i c e 1 6  o r  any o the r  configuration, is  contained i n  
the s ing le  parameter q. 
incommensurate l i m i t  ( o r  high s o l i t o n  density) has been 
~ a l c u l a t e d l ~ , ~ ~  and it coincides with Eq. (12) wheg 
(o/A0) 2<<1, p is the t o t a l  charge and M c = M ~  t h e  Frohlich 
mass. Thus the  I R  frequencies, as w e l l  as t h e i r  r e l a t i v e  
weights, are independent of the charge configuration, as 
long as (u$/A0) 2<<1. 
comparing the I R  i n t e n s i t i e s  with the  t o t a l  i n t e n s i t y  which 
includes e l ec t ron ic  interband t r a n s i t i o n s  For t h i s  compar- 
ison one needs the conductivity sum r u l e  

F i r s t  note that t h e  information on the nature 

I n  f a c t ,  the  conductivity i n  the 

The value of Mc can be derived by 

14 
03 

2 
Re(T(U) dw = e vF . (14) 

Another p o s s i b i l i t y  f o r  determining Mc is  by measuring 
the d i e l e c t r i c  constant 

(15) 
2 

E(O) = 1+41~pe~/(aM,fl,) . 
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INFRARED ABSORPTION OF DOPED POLYACETYLENE 29 1 

The t e r m  1 i n  Eq. (15) is d i f f e r e n t  i n  r e a l i t y  because 
of i n n e r  core  p o l a r i z a b i l i t y ,  however, t h e  t e r m  l i n e a r  w i th  

Another f e a t u r e  o f  E q .  ( 1 2 )  is a "product r u l e "  of t h e  
Th denominator i n  Eq.  (12 )  can be w r i t t e n  

should y i e l d  t h e  value o f  Mc. 

frequencie9 w t .  
as K(w2-w: /(w2-w: 1 . 
product  r u l e  is obtained 

5 BY comparing values  a t  U=O the 

n= l  

To de r ive  t h e  parameters wn,  A n ,  consider  next  t h e  0 

Ri 7whi ch 
Raman frequencies  of t h e  dimerized (undoped) sys  
correspond t o  amplitude o s c i l l a t i o n s  around A,. 

I f  -N(0)Ei(A) i s  t h e  i n t e r a c t i o n  energy of  forming a gap 

A =  ZA and N(0)=2/rVF, then t h e  e f f e c t i v e  Lagrangian is  n n  

E i ( A )  i s  independent of A s i n c e  t h e  dynamics a r e  dominated 
by t h e  phonon terms. This is t h e  same a d i a b a t i c  p r i n c i p l e  
used above which i s  va l id  f o r  w<<Ao. 

l a t i o n s  w i t h  amplitude 6,( t) s a t i s f y  
The ground state i s  A, = 2XEl(A ) while  small oscil- 

0 

where 6 = i 6 n .  
equat ion 

The eigenfrequencies  of Eq. (18) so lve  t h e  

.., 
D (d = -1/(1-2X) (19) 
0 

..a 

where D (w) w a s  def ined i n  Eq .  (13) and 1-2X = 2hEi(A0). 

phonon and e lec t ron-e lec t ron  i n t e r a c t i o n s .  
model (no e lec t ron-e lec t ron  i n t e r a c t i o n s )  

Ei (A)  
cutof f  energy. Thus A. = 2Ecexp(-1/2h) and i n  Eq.  (19) 
),=A. 
incommensurate l imi t13  except  t h a t  X is replaced by 2X. 

is replaced by 2X. 
Raman frequencies  wR; f o r  2X<1, wR<wo and t h e r e  i s  one 

0 
The i n t e r a c t i o n  energy E ~ ( A )  depends on both e l ec t ron -  

For t h e  P e i e r l s  

= + A 2  + + A2Ln(2Ec/A) where Ec i s  t h e  e l e c t r o n  

This coincides  wi th  t h e  Raman frequencies  i n  t h s  11 

Eq.  (19) i s - i d e n t i c a l  t o  t h e  equat ion f o r  00 except  a 
Therefoge it has  N so lu t ionsn fo r  t h e  

n 1 1  
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292 B. HOROVITZ 

0 0  addi t ional  solut ion i n  each i n t e r v a l  (w ,un 

quencies 0:: s a t i s f y  the product r u l e  

) (see Fig. 1) . 
Following the der ivat ion of Eq. (1&), $Ae Raman f r e -  

The r a t i o  of Eqs. (16) and (20) gives 

The s ignif icance of  t h i s  
involves measurable data  
tope independent s ince a 
perties . 

r e s u l t  is  t h a t  the l e f t  hand s i d e  
while t he  s i g h t  hand s ide  is iso- 
and X involve only e l ec t ron ic  pro- 

- 

It  should be emphasized t h a t  the product r u l e  Eq. (21 )  
as  w e l l  as the conductivity Eq. (12) are of general  v a l i d i t y  - the  e f f e c t s  of e lectronzelectron in t e rac t ions  are contained 
i n  the parameters M, and A. 

l e f t  hand s i d e  of Eq. (21) i s  0.61 f o r  (CH), and 0.55 f o r  
(CD),. I n  view of the experimental uncertainty (ul has a 
width of a00 cm-1) these numbers are consis tent  with each 
other. Considering the l a rge  frequency s h i f t s  between (CH), 
and (CD), and the change i n  the number N of modes the  r e s u l t  
t h a t  t he  product r u l e  remains unchanged-is q u i t e  remarkable. 

Consider now the Peierls model (X=h);  from data  on 
bo/2Ec, X is  obtained and the I R  and Raman frequencies y i e l d  
2N equation f o r  the 2N unknowns 4, Xn/A and a. For poly- 
acetylene 2Ec = 10 ev, A. = 0.7 e V  
Note a l s o  that i n  resonance Raman s c a t t e r i n g  the  i n t e n s i t y  
of phonons which are coupled t o  t h e  extended IT e lectrons i s  
strongly enhanced. 
while i n  (CD), t he re  are th ree  modes.20-22 
indeed two uo modes i n  (CH) , 
The three modes i n  (CD), appear, however, only upon doping 
w i t h  N a ,  Doping (CD), with AsF5 o r  I 2   show^^-^ only two 
modes, bu t  the higher frequency mode i s  much wider than w2 
of (CHI, and should therefore  be  considered as two over- 
lapping I R  modes. 

modes of (CDI, are those with N a  doping.5 Using X=O.19 t he  
values of & and Xn/X are obtained, as shown i n  the tables. 
Also shown are the weights Wi of t he  I R  modes r e l a t i v e  t o  

From the data on (CH), and (CD), (see T a b l e s  I, 11) t h e  

so t h a t  X = 0.19. 

Thus i n  (CHI, t he re  are two coupled modes 
The I R  data  shows 

and th ree  u@ modes i n  (CD) x.5 

4 

Tables I and I1 summarize the  experimental data: the I R  
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INFRARED ABSORPTION OF DOPED POLYACETYLENE 293 

TABLE I 
b a r e  ((&) f requencies  i n  cm'l, coupl ing constants An,  
( A  = i A n  = 0.19) and r e l a t i v e  weight W 

(Eq.  1 4 )  i n  u n i t s  of p/M v 

Parameters of trans (CHIx: IR(un) 9 , Raman (w:) and 

i n  t h e  sum r u l e  n 

c F' 

R 
% 

0 

'n An/>( 'n 
Refs 2 ,5  Refs 20,21 

900 10 75 1210 .08 1.2 

1370 1470 2110 .92 0.5 

TABLE I1 Parameters of t r a n s  (CD)x.  Notat ions as i n  
T a b l e  I. 

R 
'% 

Ref 5 Refs 20,22 

0 

'n Xn/A W n 

760 850 890 -04 1.6 

1070 1200 1220 .007 2.0 

1240 1340 2040 .953 0.3 

t h e  conduct iv i ty  sum r u l e  (Eq. 1 4 )  i n  u n i t s  of  p/M v The 
i n t e n s i t y  r a t i o  i s  i n  reasonable  agreement wi th  experimental  
es t imate4 W1/w2 2 2 f o r  

coupl ing of a l l  h igher  frequency modes, and not  j u s t  by i t s  
own coupl ing An/X. 
whi le  i n  ( C D I x  t h e  mode wi th  A2/X = .007 has  t h e  s t r o n g e s t  
i n t e n s i t y .  Note a l s o  t h a t  although t h e  pinning fo rce  a i s  
i so tope  independent, t h e  pinned frequency i,.$ is  i so tope  
dependent as it i s  determined by t h e  balance of  all masses 
i n  t h e  system. 

C F' 

and W1/(W2+W3) = 0.7 f o r  (CD)x.  

The weight Wn of  a p a r t i c u l a r  mode i s  a f f e c t e d  by t h e  

Thus i n  (CH)xX,/X2 c- 0.1 b u t  W1/w2 = 2.2 

-1 The mean frequency of Eq. (6) is 52,=1960 c m  f o r  (a), 
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294 B. HOROVITZ 

and Q =1880 cm f o r  (CD) x. The corresponding s o l i t o n  
masses are Ms/%=2. 7; 2.9. 

bution PLa) of pinning parameters a; t he  observed absorption 
i s  then U ( w )  = 1 U(w)P(WdU. Assuming a Gaussian d i s t r i -  
bution with width of A*O.l t he  absorption for (CH), i s  
shown i n  Fig. 2. 2s r e s u l t  is  i n  good agreement with experimental 
data.  Note that the d i s t r i b u t i o n  ‘3 a f f e c t s  mainly the 
lowest frequency , i .e . t he  “pinned mode”. 

Mele and Rice7 claimed t h a t  t he re  is a t h i r d  mode i n  
(CH), w e l l  below 900 cm-l which is the  pinned mode. This 
cannot be th case s ince  there is on1 one mode below wf: and 
900 can-1 C 4 < 9 , i.e. t he  900 cm-I is the  pinned mode i n  
view of the Raman data.  The r e s u l t s  of  Mele and Rice7 may be 
understood i n  terms of la t t ice  discreteness  - a weak la t t ice  
pinning8 of a l i g h t  s o l i t o n  may l ead  t o  a r a the r  high pinning 
frequency. *.is e f f e c t  i s  i r r e l e v a n t  t o  the experiment s ince 
quantum and thermal f luctuat ions can e a s i l y  overcome the  low 
binding energy of Q16 crn-l. The relevant  pinning is due 
t o  the  dopants ions as considered above. 

mass M, from experiment. The pinning parameter cc determines 
Mc i f  t h e  pinning potential and t h e  charge d i s t r i b u t i o n  were 
known; however these functions are not r e l i a b l y  known. 

The mass Mc can a l s o  be determined by t h e  dependence of 
E(0) on Eq. (15) .  However t h e  experiments are not con- 
c lusive 28:24 and it is a l s o  not clear how t o  relate E(O) 

-1 
0 

The d i s t r i b u t i o n  of t he  dopant ions leads t o  a d i s t r i -  

Final ly  I consider various methods f o r  determining the  

FIGURE 2 Absorption of doped (parameters from 
T a b l e  I) w i t h  a Gaussian d i s t r i b u t i o n  f o r  a w i t h  width 0.1 
around a ~ 0 . 2 .  
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INFRARED ABSORPTION OF DOPED POLYACETYLENE 295 

along the chain t o  the  measured bulk d i e l e c t r i c  constant.  

i n t e n s i t  r a t i o  Wn/WT where WT i s  t h e  t o t a l  band abso rp t i  n. 

f o r  (CH), and the r e s u l t  i n  Table I ,  I obtain Mc/%= 15-100. 
This is considerably larger than the  s o l i t o n  o r  polaron 
masses. 
and interchain coupling are needed to  account f o r  t he  experi- 
mental data.  

I n  conclusion, I have shown the following r e s u l t s ,  
within the adiabat ic  and continuum approximations: 

a) The I R  frequencies and the  r a t i o  of their i n t e n s i t i e s  
are independent of the charge configuration. 
claim* I t h a t  t he  charged s o l i t o n  configuration explains the 
I R  data  does not prove t h a t  so l i t ons  are indeed the charge 
carriers; the la t ter  can be t e s t ed  only i f  t he  e l e c t r o n i c  
s t ruc tu re  is  involved. 

f i n i t e  frequency i f  pinning is  present ,  e.g. due t o  Coulomb 
in t e rac t ion  with the dopant ion i n  doped polyacetylene. The 
number of I R  modes, includinp the  pinned mode, equals t h e  
number of Raman modes i n  the  undoped system, o r  t h e  nmber  
of bare coupled phonons. This confirms t h a t  t h e  pinned mode 
i n  polyacetylene i s  a t  900 cm- 2 ,  and not a t  a much lower 
frequency as claimed i n  Ref. 7. 

Eq. 2 1 ) .  
(CH), and (CD),. This remarkable r e s u l t  i n  f a c t  j u s t i f i e s  
t h e  neglect of l a t t i c e  discreteness .  

d) The r e s u l t s  (a-c) are va l id  even i f  a d i r e c t  
electron-electron in t e rac t ion  is  present.  I f ,  however, the 
l a t t e r  is neglected, t he  parameters %, An and the  pinning 
force can be determined, a s  summarized i n  Tables I ,  11. 
From t h e  r a t i o  of i n f r a red  t o  the  t o t a l  absorption i n t e n s i t y  
the mass Mc is estimated, and found t o  be considerably 
l a r g e r  than the  s o l i t o n  o r  polaron masses. 
the  importance of electron-electron in t e rac t ions  o r  i n t e r -  
chain coupling. 

The most  reliable method of determining Mc i s  from the  

Using212~ W2 = (2-3) 9 107 pa cm-2 and WT = (1-4) lo9 cm -3 

Possibly e f f e c t s  of electron-electron i n t e r a c t i o n s  

Thus t h e  

b)  The zero frequency t r ans l a t ion  mode acquires  a 

c) The product n(U$/U:) i s  isotope independent (see 
The producf r u l e  is  i n  good agreement with da t a  of 

0 

This suggests 
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