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Résumé - Nous avons simulé les spectres de RPE de sblitons immobiles dans 
le polyacétylène en utilisant les densités de spins théoriques et l'inter
action hyperfine anisotrope des électrons n . Les résultats sont consis
tants avec les spectres observés sur les échantillons riches en cis quand 
les densités de spins sont dérivées pour des énergies de Coulomb finies 
sur les sites. 

Abstract - ESR spectra of immobile solitons in undoped polyacetylene were 
computer simulated using theoretical spin densities and the anisotropic 
hyperfine interaction of ir-electron. Simulated results were consistent 
with observed spectra of cis-rich sample when the spin densities derived 
for finite on-site Coulomb energy were used. 

As for the microscopic origin of the ESR center in undoped (CH)X, the soliton model 
/1-3/ has been the only one proposed so far. Its validity is still the subject of 
debate. Due to the model the ESR center should be a ir-electron which has a delocal-
ized spin density around the kink (Fig. 1). The form of the spin density distribu
tion is one of the important quantities predicted by the model. The Tr-electron 
character of the ESR center has been recently confirmed by the study of the aniso-
tropy of ESR and ENDOR spectra in stretch oriented samples /4-6/. This justifies 
the use of the theory of Tr-electron in the analysis of magnetic resonance spectra. 

For the given form of the spin density, it is possible to simulate the ESR spectrum 
of immobile solitons. The immobile ESR center in cis-rich sample is known to arise 
from the trans portion of the sample /2/. Thus the comparison of the spectrum of 
cis-rich sample with simulated one tests the theory, provided that the ESR center in 
cis-rich sample has the same origin as that of trans sample but is immobile in small 
length of trans polymer locked in by regions of cis polymer. 

Such a simulation was originally studied by Weinberger et al. /2/, however, their 
calculation ignored the anisotropic part of hyperfine coupling and is not quantita
tively correct. Our present purpose is to make the calculation using correct aniso
tropic hyperfine tensor of Tr-electron /7/. Also the modified spin density derived 
for the finite on-site Coulomb energy /8/ is studied by spectrum simulation. 
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Fig. 1 - Spin density distribution in the bond alternation kink in trans polymer. 
p(n) is the spin density at the n-th monomer unit away from the center of the kink. 
Coordinate axes used are also shown, z-axis is normal to the paper and y-axis is 
parallel to the polymer axis. 
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1  - ESR SPECTRUM SIKULATION OF IMMOBILE SOLITONS 

The s p i n  d e n s i t y  a t  t h e  n - t h  monomer u n i t  f rom t h e  c e n t e r  o f  t h e  s o l i t o n ,  p (n ) ,  i s  
g i ven  as f o l l o w s  /3/ ,  

N  i s  t h e  s o l i t o n  h a l f  w i d t h  i n  l a t t i c e  cons tan t  a. The ESk spectrum o f  randomly 
o r i e n t e d  immobi le s o l i t o n s  i s  c a l c u l a t e d  i n  t h e  f o l l o w i n g  manner. Fo r  t h e  s o l i t o n  
a t  t h e  p a r t i c u l a r  o r i e n t a t i o n  t o  t h e  e x t e r n a l  magnet ic f i e l d ,  which i s  denoted by 
t h e  p o l a r  ang les  o f  8  and $, t h e  h y p e r f i n e  s p l i t t i n g  f r om t h e  p r o t o n  o f  n - t h  monomer 
becomes p(n)A(8  ,+). Here 

Axx e t c .  a r e  h y p e r f i n e  t enso r  components t h a t  a r e  d iagona l  i n  t h e  axes g i ven  i n  
f i g u r e  1  /7/ .  They a r e  approx imate ly  g i ven  as:  Axx = - ( l - a )A ,  Ayy = - ( l+a)A,  
AzZ = -A. A  rep resen ts  t h e  magnitude o f  i s o t r o p i c  c o u p l i n g  and takes a  va lue  
between 20 and 30 gauss. a  i s  i n t roduced  here  t o  rep resen t  t h e  r e l a t i v e  magnitude 
o f  t h e  a n i s o t r o p i c  coup l i ng .  I t s  va lue  i s  u s u a l l y  0.5 t o  0.6 i n  a c t u a l  T - e l e c t r o n  
r a d i c a l s .  Then t h e  summation o v e r  n  and ang les  (8,@) g i v e s  t h e  spectrum o f  randomly 
o r i e n t e d  s o l i t o n s .  

F igu re  2 shows t h e  e f f e c t  o f  a n i s o t r o p i c  t e rm  on t h e  s imu la ted  l i neshape  f o r  s o l i t o n  
h a l f  w i d t h  of f i v e  l a t t i c e  constants  (N = 5) .  30.0 gauss and 0.5 a r e  assumed f o r  A  
and a  r e s p e c t i v e l y .  The n a t u r a l  w i d t h  i s  taken t o  be 0.8 gauss t o  i l l u s t r a t e  t h e  
e f f e c t  o f  a n i s o t r o p i c  term. F igu re  2 (a )  shows t h e  r e s u l t s  f o r  t h e  i s o t r o p i c  coup l -  
i n g  o n l y .  Th i s  i s  q u i t e  c o n s i s t e n t  w i t h  f i g u r e  5 o f  r e fe rence  2. I n t r o d u c t i o n  of  
t h e  a n i s o t r o p i c  te rm tends t o  wash o u t  t h e  s t r u c t u r e  as i n  f i g u r e  2 (b ) .  

F igu re  3  shows t h e  dependence o f  t h e  s imu la ted  l i n e w i d t h  on t h e  s o l i t o n  h a l f  w i d t h  
N  f o r  A  = 30.0 gauss and a = 0.5. The n a t u r a l  w i d t h  i s  assumed t o  be 2.0 gauss 
which w i l l  be exp la ined  l a t e r .  Upper c l osed  c i r c l e s  a r e  r e s u l t s  f o r  (CH), whereas 
lower  c l osed  c i r c l e s  a r e  those f o r  (CD),. The s i m u l a t i o n  o f  t h e  spec t ra  i n  (CD)x 
can be performed i n  t h e  s i m i l a r  way as i n  (CH)x cons ide r i ng  t h e  gyromagnet ic r a t i o  
and s p i n  quantum number o f  deuteron. 

Upper s o l i d  l i n e  rep resen ts  observed peak t o  peak l i n e w i d t h  f o r  c i s - r i c h  (CH), a t  
4.2 K (10.4 gauss) and lower  one i s  t h a t  f o r  c i s - r i c h  (CD)x (3.7 gauss).  Even when 
t h e  l a r g e s t  p o s s i b l e  va lue o f  30.0 gauss i s  used f o r  A  and f a i r l y  l a r g e  n a t u r a l  
w i d t h  o f  2.0 gauss i s  assumed, s p i n  d e n s i t y  f o r  p r e d i c t e d  s o l i t o n  h a l f  w i d t h  ( N  = 7)  
g i v e s  sma l l e r  l i n e w i d t h  than obse rva t i on .  Observed l i n e w i d t h s  a r e  c l o s e  t o  those 
f o r  N = 5. However, t h e  l i neshape  i s  dev ia ted  f rom obse rva t i on  as i s  known by com- 
p a r i n g  f i g u r e  2(b)  and observed cu rve  i n  f i g u r e  4. Thus i t  i s  concluded t h a t  t h e  

F ig .  2  - E f f e c t  o f  a n i s o t r o p i c  te rm o f  h y p e r f i n e  c o u p l i n g  on s imu la ted  ESR s p e c t r a  
o f  randomly o r i e n t e d  immobi le s o l i t o n s .  Curve ( a )  i s  t h e  r e s u l t  f o r  t h e  i s o t r o p i c  
c o u p l i n g  o n l y .  Curve ( b )  i s  t h a t  i n c l u d i n g  an i so t ropy .  A n i s o t r o p i c  t e rm  tends t o  
wash o u t  t h e  s t r u c t u r e  o f  t h e  curve ( a ) .  Parameter values f o r  A  and a a r e  30 gauss 
and 0.5 r e s p e c t i v e l y .  Na tu ra l  w i d t h  o f  0.8 gauss i s  assumed. 



t h e o r e t i c a l  s p i n  d e n s i t y  o f  equat ion  (1 )  does n o t  reproduce t h e  observed r e s u l t  
q u a n t i t a t i v e l y .  

S t r i c t l y  speaking, t h e r e  i s  another  e f f e c t  which must be i n c l u d e d  i n  t h e  c a l c u l a t i o n .  
Th i s  i s  t h e  so c a l l e d  second o rde r  e f f e c t  i n  t h e  h y p e r f i n e  s t r u c t u r e  which b r i n g s  
t h e  appearance o f  so c a l l e d  f o rb idden  t r a n s i t i o n  /9/ .  Our p resen t  c a l c u l a t i o n  a l s o  
i n c l u d e  t h i s  e f f e c t  though i t s  c o n t r i b u t i o n  i s  r e l a t i v e l y  minor .  

Above d iscrepancy between t h e  t h e o r y  and t h e  obse rva t i on  i s  p o s s i b l y  removed by 
us ing  t h e  m o d i f i e d  s p i n  d e n s i t y  /8/ .  Subbaswamy and Grabowski c a l c u l a t e d  t h e  e f f e c t  
o f  f i n i t e  o n - s i t e  Coulomb energy U which was neg lec ted  i n  t h e  o r i g i n a l  c a l c u l a t i o n  
by Su e t  a l .  For f i n i t e  va lues o f  U t hey  showed t h a t  nega t i ve  s p i n  d e n s i t y  appears 
on odd s i t e s  ( n  = +I. +3 ..) where t h e  o r i g i n a l  s p i n  d e n s i t y  was zero  as i n  equat ion  
(1  ) .  To cancel  those excess nega t i ve  s p i n  d e n s i t i e s ,  p o s i t i v e  d e n s i t i e s  a t  even 
s i t e s  a l s o  grow and t h e  n e t  s p i n  d e n s i t y  remains u n i t y .  Th i s  e f f e c t  appa ren t l y  i n -  
creases t h e  s imu la ted  l i n e w i d t h  because o n l y  t h e  abso lu te  s p i n  d e n s i t y  a f f e c t s  t h e  
h y p e r f i n e  s p l i t t i n g .  Fo r  odd s i t e s  x- and z-components o f  hype r f i ne  t enso r  a r e  
approx imate ly  in terchanged compared w i t h  even s i t e s  due t o  t h e  e f f e c t  o f  l a r g e r  
p o s i t i v e  d e n s i t i e s  o f  ad jacen t  even s i t e s  /9/ .  

The s imu la ted  w id ths  a r e  a l s o  shown i n  f i g u r e  3  by open c i r c l e s  f o r  U = 0.5 eV and 
open squares f o r  U  = 3.0 eV f o r  t h e  same parameter va lues used i n  t h e  c a l c u l a t i o n  by 
equa t i on  ( I ) .  It i s  p l o t t e d  f o r  N  = 6 because t h e  p r e d i c t e d  s o l i t o n  h a l f  w i d t h  i s  
n e a r l y  t h i s  values i n  t h i s  case. I t  i s  seen t h a t  t h e  s imu la ted  r e s u l t s  f o r  U = . 5  
eV agree w i t h  observed r e s u l t s  q u i t e  w e l l .  Th i s  i s  why t h e  n a t u r a l  w i d t h  was 
assumed t o  be 2.0 gauss. I n  p r i n c i p l e  s i m i l a r  agreement i s  expected f o r  U = 3.0 eV 
w i t h  sma l l e r  va lue  o f  A. However, i t  was then d i f f i c u l t  t o  f i n d  t h e  s imultaneous 
agreement f o r  (CH)x and (CD)x f o r  adequate n a t u r a l  w id th .  

The comparison between s imu la ted  and observed l ineshapes i s  shown i n  f i g u r e  4. 
Th ick  s o l i d  l i n e  i s  t h e  observed r e s u l t  o f  c i s - r i c h  (CH)x a t  4.2 K. Th in  s o l i d  l i n e  
i s  s imu la ted  r e s u l t  f o r  U = 0.5 eV by t h e  s p i n  d e n s i t y  o f  r e fe rence  8 and d o t t e d  
l i n e  i s  t h a t  f o r  N = 7 o f  equa t i on  ( 1 ) .  It i s  seen t h a t  t h e  s imu la ted  l i neshape  f o r  

'a 1 I I I I I 1 

5 7 9 1 1  13 15 
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F ig .  3  ( l e f t )  - Dependence o f  s imu la ted  peak t o  peak l i n e w i d t h  on t h e  s o l i t o n  h a l f  
w i d t h  N. Closed c i r c l e s  a re  r e s u l t s  ob ta ined  by t h e o r e t i c a l  s p i n  d e n s i t y  o f e q u a t i o n  
(1).  Upper c i r c l e s  a r e  f o r  (CH)x and l ower  ones a r e  f o r  (CD)x. Two s o l i d  l i n e s  a r e  
observed w i d t h  i n  undoped c i s - r i c h  sample a t  4.2 K f o r  (CH), (upper l i n e )  and f o r  
(C0jx ( l ower  l i n e ) .  Open c i r c l e s  a r e  s imu la ted  r e s u l t s  o f  s p i n  d e n s i t y  d e r i v e d  i n  
re fe rence  8 f o r  U = 0.5 eV. Open squares a r e  those f o r  U = 3.0 eV. For a l l  ca l cu -  
l a t i o n s ,  30.0 gauss, 2.0 gauss and 0.5 were assumed f o r  A, n a t u r a l  w id th ,  and a 
r e s p e c t i v e l y .  

F i g .  4  ( r i g h t )  - Comparison between t h e  observed f i r s t - d e r i v a t i v e  ESR spectrum of an 
uno r i en ted  c i s - r i c h  sample a t  4.2 K w i t h  s imu la ted  r e s u l t s .  Th i ck  s o l i d  l i n e  shows 
t h e  observed curve.  Th in  s o l i d  l i n e  i s  a  s imu la ted  r e s u l t  by t h e  s p i n  d e n s i t y  of 
r e fe rence  8  f o r  U = .5  eV. Clotted l i n e  i s  a  r e s u l t  u s i n g  s p i n  d e n s i t y  o f t h e s o l i t o n  
t heo ry  (N = 7 ) .  Parameter values a r e  s i m i l a r  as those o f  F i g .  3. 
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U = .5 eV i s  f a i r l y  c o n s i s t e n t  w i t h  obse rva t i on .  On t h e  o t h e r  hand o r i g i n a l  s p i n  
d e n s i t y  o f  N  = 7  g i ves  somewhat s m a l l e r  l i n e w i d t h s .  Parameter values a r e  s i m i l a r  
as i n  f i g u r e  3. 

2  - DISCUSSION 

Since t h e r e  a r e  a m b i g u i t i e s  i n  parameter va lues f o r  A  and U, i t  i s  d i f f i c u l t  t o  
determine t h e  s p i n  d e n s i t y  f rom ESR s tudy a lone.  Na tu ra l  w i d t h  may be ma in l y  
d i p o l a r  w i d t h  b u t  t h e  d e t a i l e d  d i scuss ion  i s  beyond t h e  scope o f  t h i s  work. I t 
shou ld  be p o i n t e d  o u t  a l s o  t h a t  even more d e l o c a l i z e d  s p i n  d e n s i t i e s  w i t h  more 
excess nega t i ve  d e n s i t i e s  may g i v e  s i m i l a r  s imu la ted  r e s u l t .  

I n  s o l i d s ,  e s p e c i a l l y  i n  s i n g l e  c r y s t a l s ,  d e t a i l e d  de te rm ina t i on  o f  s p i n  d e n s i t y  
d i s t r i b u t i o n  i s  u s u a l l y  achieved by ENDOR / l o / .  I n  t h e  case of  (CH)x, t h e  ENDOR 
de te rm ina t i on  i s  more d i f f i c u l t  than t h e  s i n g l e  c r y s t a l  case bacause powder spec t ra  
f rom a  s p a t i a l l y  d e l o c a l i z e d  s p i n  system shou ld  be analyzed. I n  a c t u a l  ENDOR 
spec t ra  i n  uno r i en ted  c i s - r i c h  sample t h e  s p i n  d e n s i t y  l a r g e r  than 0.1 i s  n o t  
observed c l e a r l y  /5,11/. On t h e  o t h e r  hand i f  t h e  t h e o r e t i c a l  s p i n  d e n s i t y  i s  
c o r r e c t ,  t h e  c e n t r a l  s p i n  d e n s i t y  p ( 0 )  w e l l  exceeds 0.1. 

There a r e  two p o s s i b i l i t i e s  f o r  t h i s  d iscrepancy.  One p o s s i b i l i t y  i s  t h a t  theo- 
r e t i c a l  s p i n  d e n s i t y  i s  a c t u a l l y  c o r r e c t  b u t  l a r g e r  s p i n  d e n s i t i e s  than 0.1 a r e  
n o t  observed i n  ENDOR presumably due t o  weaker i n t e n s i t y  f r om l a r g e r  a n i s o t r o p y  
and s h o r t e r  s p i n  l a t t i c e  r e l a x a t i o n  t imes.  The o t h e r  p o s s i b i l i t y  i s  t h a t  s p i n  
i s  a c t u a l l y  more d e l o c a l i z e d  than t h e o r e t i c a l  p r e d i c t i o n  which g i ves  s m a l l e r  p ( 0 ) .  
I t  i s  known t h a t  d iagona l  components o f  t h e  h y p e r f i n e  t e n s o r  can be determined 
from t h e  t u r n i n g  p o i n t s  o f  powder spec t ra  /12/. 

On t h i s  p o i n t  measurements i n  s t r e t c h  o r i e n t e d  samples may serve t o  t h e  unique 
assignment o f  such peaks. It shou ld  be emphasized t h a t  once t h e  s p i n  d e n s i t y  i s  
determined by ENDOR, i t  must reproduce t h e  observed ESR spec t ra .  The s p i n  d e n s i t y  
i n  undoped c i s - r i c h  po l yace ty lene  w i l l  be comp le te l y  determined by those s tud ies .  
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