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Cluster Studies of Correlation Effects on the 
Excited States of Polyenes 

E.J. Mele and G. Hayden 
Uepartment of Physics and 
Laboratory for Research on the Structure of Platter 
University of Pennsylvania 
Philadelphia, PA 191il4-3859 USA 

Abstract The hubbard-Peierls Hamiltonian is used 
to investigate the competing effects of electron 
phonon and electron electron interactions in the 
excited state spectrum for six electrons propaga- 
ting on a six membered ring. With increasing U we 
find that the character of the lowest lying sing- 
let excitation changes discontinuously from a 
polar state ( U  < Uc) which drives a structural 
relaxation analogous to soliton creation on the 
ring to an "excitonic" state (U > Uc) which favors 
polaron creation in the ring. Implications of the 
results for the excited state spectrum of (CU), 
are discussed. 

introduction 

Current theoretical models used to study photoex- 
citations in (Cti). and the related finite polyenes may 
be divided into two general classes. In one class are 
the models exemplified by the electron phonon model 
proposed by Su, Schrieffer, and Heeger ( S S t l )  (1). 
These models describe the coupling of electron bond 
orders to C-C bond lengths on the polymer backbone, and 
are commonly used to demonstrate, for example, that the 
equilibrium molecular structure in the ground electron- 
ic state is a dimerized (bond alternating) configura- 
tion. Parameterizations of this model have been found 
to yield a consistent semi-quantitative description of 
the magnitude of the bond alternation, the condensation 
energy and the phonon frequencies on the ground state 
surface (1,2). For long chains, models in this cate- 
gory predict an interesting symmetry breaking relaxa- 
tion in the lowest electronic state, first analyzed in 
detail by Su and Schrieffer ( 3 ) .  This relaxation can 
be described as the formation and dissociation of two 
oppositely charged solitons in the bond alternation 
amplitude, which thus separate the excited carriers. 
Following this suggestion there have been a number of 
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20 E. 1. MELE AND G. HAYDEN 

experimental studies undertaken to examine the applica- 
biiity of this description to photoexcitations in (CH), 
( 4 , 5 ) .  

The second class of models have been studied ex- 
tensively in the chemical community and emphasize the 
essential role of Coulomb correlations for a descrip- 
tion of'the excited states of these systems. Examples 
in this category are the configuration interaction 
studies on the Pariser-Parr-Pople (PPP) Hamiltonian by 
Schulten et a1 (6), Hudson (7) and more recently Soos 
and coworkers (8). These studies have emphasized that 
for finite polyenes, correlation modifies the rigid 
lattice excitation spectrum 70 that the lowest lying 
electronic state is not the 8, state anticipated in 
the uncorrelated limit, but instead a state w ich has 
the same spatial symmetry as the ground state ( A ) and 
which is dominated by two particle and higher in8epen- 
dent particle excitations. This state is therefore not 
directly optically excited from the ground state, 
though there has been considerable evidence cited to 
implicate this state as a metastable state to which the 
photoexcited polyene may relax nonradiatively (9,10). 
In this theoretical work the effect of structural re- 
laxation on the excited states is normally estimated by 
;omparing bond orders in the ground and excited states: 
a self -consistent geometry optimization is convention- 
ally not undertaken. 

9 

These two classes of models yield contrasting 
descriptions of the excited states of long polyenes. 
From experiments on finite polyenes, it is found that 
the width of the vibronic structure in optical excita- 
t'on ( -  0.5 eV) is typically of the same order as the 
2 A - 'BU splitting ( -  1.0 eV) obtained in the PPP 
rnodzls, which suggests that structural relaxation ef- 
fects and correlation effects are of comparable impor- 
tance. To obtain a better description of photoexcita- 
tions in (CH)x it is therefore desirable to examine 
models containlng features of both classes. 

In the last several years there have been a number 
of studies analyzing the simultaneous effects of elec- 
tron phonon coupling and electron electron repulsion on 
the ground state properties of long polyenes (11-14). 
These studies have demonstrated the persistence of 
dimerization in the presence of moderately strong re- 
pulsion and an interesting enhancement of dimerization 
for the weakly correlated ground state (12-13). As 
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CLUSTER STUDIES OF CORRELATION EFFECTS ... 21 

noted above, the effects of correlation on the excited 
state spectrum are considerably more pronounced, and 
the situation is further complicated by the observation 
that the ordering of the excited states is sensitive to 
the variational freedom allowed for the many particle 
excited state wavefunction ( 6 ) .  

liere we examine the effects of lattice relaxation 
on the excited states of bond alternating structures in 
the presence of correlation for various strengths of 
the repulsion integrals. We confine our attention to 
finite systems which are sufficiently small to allow a 
rapid exact diagonalization of a Hubbard-Peierls Hamil- 
tonian for the nelectrons; in fact we limit our 
discussion to the case of six spin 1/2 particles propa- 
gating on a six membered ring. The motivation is to 
extract an intuitive picture of correlation effects 
from exact calculations on small systems which will 
both provide a qualitative description of phenomena 
occuring in longer systems a n d  suggest an accurate 
approximate theory €or longer systems. We are finding 
these calculations for N = 6  helpful in both respects. 
In the following we outline our computational procedure 
and principal results, and close with some speculations 
about the behavior of larger correlated systems. 

Computational Methods 

For the calculations described below we adopt the 
Hubbard-Peie r 1 s Ham i 1 tonian 

where ai’ creates an electron with spin 1/2 on the ith 
site of an N-membered ring, to is the nearest neighbor 
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22 E. J .  MELE AND G.  HAYDEN 

h o p p i n g  a m p l i t u d e  i n  a n  e q u a l  bond l e n g t h  r e f e r e n c e  
s t r u c t u r e ,  J is  the d e r i v a t i v e  of t h i s  a m p l i t u d e  w i t h  
respect t o  the bond l e n g t h  f l u c t u a t i o n s  (x i ) ,  U is  an 
on s i t e  t w o  body r e p u l s i v e  i n t e r a c t i o n  and  K i s  a 
harmonic s p r i n g  c o n s t a n t  f a v o r i n g  t h e  e q u a l  bond l e n g t h  
s t r u c t u r e .  W e  app ly  t h i s  Hami l ton ian  t o  the case N=6;  
h e r e  924  sp in-space  f u n c t i o n s  span t h e  6 p a r t i c l e  H i l -  
b e r t  space,  175 of which are s i n g l e t s .  We g e n e r a t e  175 
or thonormal  b a s i s  f u n c t i o n s  t o  span the s i n g l e t  space 
f o l l o w i n g  t h e  Serber c o u p l i n g  scheme (15) .  A computer  
c o d e  t o  e x t r a c t  m a t r i x  e l e m e n t s  o f  H b e t w e e n  t hese  
b a s i s  s ta tes  w a s  c o n s t r u c t e d  and t e s t e d  by r ep roduc ing  
known s p e c t r a  i n  t h e  U = W and l a r g e  U l i m i t s  (16). I n  
t h e  l a t t e r  c a s e  t h e  l o w  l y i n g  spec t rum o f  (1) i s  des-  
c r i b e d  by an e f f e c t i v e  Heisenberg  s p i n  Hami l ton ian ,  and 
w e  have v e r i f i e d  t h a t  o u r  l o w  l y i n g  n e u t r a l  e igen func -  
t i o n s  r e p r o d u c e  t h e  B o n n e r - F i s h e r  r e s u l t s  €o r  
c S , ( i ) S , ( i + j ) >  i n  t h i s  l i m i t  ( 1 7 ) .  

For each e l e c t r o n i c  s ta te  w e  s t r u c t u r a l l y  e q u i l i b -  
r a t e  o u r  model by computing t h e  Hellmann-Feynman f o r c e s  
and combining these w i t h  t h e  e l a s t i c  f o r c e s  from the 
l a s t  t e r m  i n  (1) t o  i d e n t i f y  t h e  n e t  f o r c e  on each  s i t e  
on the r i n g .  A g r a d i e n t  d e s c e n t  p rocedure  is t h e n  used 
t o  i d e n t i f y  t h e  p o t e n t i a l  energy  minima i n  t h e  ground 
and e x c i t e d  e l e c t r o n i c  states. T o  a l l o w  broken sym- 
met ry  s o l u t i o n s  w e  f i n d  it u s e f u l  t o  manual ly  displace 
t h e  sys tem from i t s  h i g h l y  symmetr ic  c o n f i g u r a t i o n  a t  
v a r i o u s  s t a g e s  o f  t he  c a l c u l a t i o n .  A l t h o u g h  w e  
s ea rched  t h e  f u l l  s i x  d imens iona l  s t r u c t u r a l  space  t h e  
t w o  m o s t  i n t e r e s t i n g  d i s t o r t i o n s  i n v o l v e  a r e l a x a t i o n  
f r o m  t h e  s i x f o l d  s y m m e t r i c  s t r u c t u r e  t o  a t h r e e f o l d  
d i m e r i z e d  p a t t e r n  ( labe l led  by a d i s t o r t i o n  ud)  and a 
r e l a x a t i o n  from t h e  s i x f o l d  s t r u c t u r e  towards  a twofo ld  
bond a l t e r n a t i n g  s t r u c t u r e  i n  which the bond a l t e r n a -  
t i o n  p a t t e r n  s l i p s  a t  t w o  s i t e s  on opposite v e r t i c e s  o f  
t h e  r i n g  ( l a b e l l e d  by a d i s t o r t i o n  Us). Only d i s t o r -  
t i o n s  p r e s e r v i n g  t h e  c i r c u m f e r e n c e  o f  t h e  r i n g  w e r e  
cons ide red  (1.e. t h e  r i n g  i s  no t  p e r m i t t e d  t o  breathe). 

F o r  N = 6  e v e n  i n  t h e  f u l l y  s y m m e t r i c  r e f e r e n c e  
s t r u c t u r e ,  q u a n t i z a t i o n  due t o  t h e  f i n i t e  sys tem s i z e  
opens a gap  i n  t h e  U-0 one e l e c t r o n  spec t rum.  Conse- 
q u e n t l y  t h e  r i n g  i s  d i m e r i z e d  i n  t h e  ground e l e c t r o n i c  
s t a t e  o n l y  when the d i  e n s i o n l e s s  e l e c t r o n  phonon coup- 
l i n g  c o n s t a n t  A =  6 / K t o  e x c e e d s  a c r i t i c a l  v a l u e .  F 
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CLUSTER STUDIES OF CORRELATION EFFECTS 23 

F i g .  1 t i round s t a t e  d i m e r i z a t i o n  a m p l i t u d e  as  a 
f u n c t i o n  o f  u / t 0  f o r  v a r i o u s  c o u p l i n g  
s t r e n g t h s  

Xn Figure  1 the d i m e r i z a t i o n  a m p l i t u d e  i n  t h e  ground 
s t a t e  i s  p l o t t e d  a s  a f u n c t i o n  o f  U / t o  f o r  d i f f e r e n t  
v a l u e s  of %. . The smallest  v a l u e  of  c o r r e s p o n d s  t o  
t h e  c o u p l i n g  a d o p t e d  by lvlazumdar and  D i x i t  ( 1 2 )  f o r  
which t h e  d i m e r i z a t i o n  a m p l i t u d e  j u s t  v a n i s h e s  a t  U=GI 
b u t  i s  e n h a n c e d  to a n o n z e r o  v a l u e  o n l y  o n c e  U i s  
t u r n e d  on. LJoticc t h a t  f o r  l a r g e r  t h e  d i m e r i z a t i o n  
a m p l i t u d e  i s  l a r g e  and  w e a k l y  U d e p e n d e n t  € o r  s m a l l  
U / t o  and i s  f i n a l l y  s u p p r e s s e d  i n  t h e  l a r g e  U l i m i t .  
U i m e r i z a t i o n  i s  a lways  l o s t  above a c r i t i c a l  r e p u l s i o n  
s t r e n g t h ;  t h i s  is also a f i n i t e  s i z e  e f f e c t .  For  = 
u.67 f o r  w h i c h  more d e t a i l e d  r e s u l t s  a r e  g i v e n  i n  
S e c t i o n  111, t h e  r a t i o  o f  t h e  s t r o n g  t o  weak h o p p i n g  
a m p l i t u d e s  is t h r e e  i n  t h e  g r o u n d  s t a t e  e q u i l i b r i u m  
seomet ry  a t  U=O. The v i r t u e  of working i n  t h i s  s t r o n g  
coup l ing  reg ime i s  t h a t  h e r e  t h e  d=6 r i n g  m o s t  c l o s e l y  
a p p r o x i m a t e s  t h e  b e h a v i o r  o f  t h e  l o n g  c h a i n .  F o r  
example i n  t h e  s t r o n g  coup l ing  l i m i t  a t  U=U t h e  f i r s t  
e x c i t e d  e l e c t r o n i c  s t a t e  d r i v e s  a s y m m e t r y  b r e a k i n g .  
r e l a x a t i o n  which y i e l d s  a twofo ld  symmet r i c  bond a l t e r -  
n a t i o n  s a t t e r n  w i t h  t w o  "k inks"  a t  opposite v e r t i c e s  of 
t n e  r i n g .  F o r  w e a k e r  % t h e  w i d t h s  o f  t h e s e  d e f e c t s  
c j r o w  so that t h e  k i n k s  sp read ,  i n t e r a c t i n g  more s t r o n g -  
l y  and weakening t h e  d i m e r i z a t i o n  a m p l i t u d e  more uni -  
formly a r o u n d  t h e  r i n g .  Thus w e  b e l i e v e  t h a t  i n  t h e  
s t r o n g  coup l ing  reg ime w e  can e x t r a c t  b e h a v i o r  repre- 
s e n t a t i v e  of t h e  l a r g e r  sys t ems  from t h e s e  f i n i t e  c l u s -  
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24 E. J .  MELE AND G. HAYDEN 

t e r  c a l c u l a t i o n s .  'i'he p r i n c i p a l  and u n a v o i d a b l e  d i s n d -  
v a n t a ~ e  o f  t h e  s t r o n g  c o u p l i n g  l i m i t  i s  t h a t  y u a n t i t a -  
t i v e  c o m p a r i s o n  w i t h  t h e  a c c e p t e d  p a r a m e t e r i z a t i o n s  f o r  
(Cki). c a n n o t  be made. 

Kesul ts  

We examine  the e f f e c t s  of Coulomb c o r r e l a t i o n  and 
l a t t i c e  r e l a x a t i o n  o n  t h e  e x c i t e d  s t a t e  s p e c t r u m  b y  
t u r n i n g  t h e s e  i n t e r a c t i o n s  on  i n  t u r n .  

Vert ical  L x c i t a t i o n  s p e c t r u m  

Level d i a q r a m s  €or the s i x  p a r t i c l e  s i n s l e t  s ta tes  
are  g i v e n  i n  F i g u r e  2 f o r  t h r e e  r e p r e s e n t a t i v e  v a l u e s  
o f  t h e  r e p u l s i o n  i n t e s r a l  ( U / t o  = u.1,  1.d a n d  5 . u ) .  
i n  a l l  c a s e s  t h e  r i n g  h a s  b e e n  relaxed t o  t h e  ground 
s t a t e  e q u i l i b r i u m  g e o m e t r y  wh ich  i s  the t h r e e f o l d  (CjV) 
d i m e r i z e d  s t r u c t u r e  ( h e r e  % =  d.67). The g round  elec- 
t r o n i c  s t a t e  i s  t h e  f u l l y  s y m m e t r i c  t i l  s t a t e  i n  a l l  
cases .  F o r  U = w  t h e  f i r s t  e x c i t e d  s t a t e  i s  f o u r f o l d  
d e g e n e r a t e  separa ted  by  a s m a l l  y a p  f r o m  a s e c o n d  

E-Eo 
t0 
- 

2 .o 

I .o 

F i g .  2 " R i g i d  l a t t i c e "  s i n s l e t  s t a t e s  o n  t h e  r i n g  
f o r  % =  u.67 a t  t h r e e  r e p r e s e n t a t i v e  v a l u e s  
of U / t o .  
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CLUSTER STUDIES OF CORRELATION EFFECTS 25 

f o u r f o l d  d e g e n e r a t e  e x c i t e d  s t a t e  m a n i f o l d .  I t  i s  
a p p a r e n t  t h a t  even a v e r y  weak U h a s  a p r o f o u n d  e f f e c t  
o n  t h e s e  e x c i t e d  s t a t e s .  A s  d e m o n s t r a t e d  i n  t h e  t w o  
r i g h t  hand p a n e l s ,  U l i f t s  t h e  e x c i t e d  s t a t e  d e g e n e r -  
a c y ,  and a second f u l l y  s y m m e t r i c  Al s t a t e  appears a t  
t h e  bo t tom o f  t h e  e x c i t e d  s t a t e  b a n d .  I n  C s V  t h e  E 
s t a t e s  are t h e  polar s t a t e s  d i p o l e  accessible f rom the 
A1 ground s t a t e :  t h e  l owes t  l y i n g  op t i ca l  e x c i t a t i o n  i s  
t h u s  i d e n t i f i e d  a s  t h e  t r a n s i t i o n  t o  t h e  second s i n g l e t  
e x c i t e d  s t a t e .  W e  b e l i e v e  t h a t  t h e  l o w  l y i n g  A s t a t e  
i s  t h e  r i n g  a n a l o g  of  t h e  2 A s t a t e  d i s c u s s e d  &or the 
f i n i t e  p o l y e n e s .  Even f o r  t h 8  s i m p l e  case o f  N = G  w e  
h a v e  n o t  y e t  b e e n  a b l e  t o  e x t r a c t  a s i m p l e  p h y s i c a l  
d e f i n i t i o n  o f  t h e  c h a r a c t e r  o f  t h i s  s t a t e ,  b u t  w i l l  
r e f e r  t o  it as  " e x c i t o n i c "  (16). L o m e  i m p o r t a n t  re- 
s u l t s  f rom t h e  Ld=6 s t u d y  which w e  b e l i e v e  t o  be repre- 
s e n t a t i v e  of l a r g e r  s y s t e m s  are:  

1. A s  U + Ij t h e  ground s t a t e  i s  w e l l  s e p a r a t e d  f rom 
t h e  l o w  l y i n g  e x c i t e d  s ta tes  by a sap. (For i d = 6  t h i s  
g a p  h a s  r o u g h l y  e q u a l  c o n t r i b u t i o n s  f r o m  t h e  f i n i t e  
s i z e  o f  t h e  r i n g  and  t h e  g r o u n d  s t a t e  d i m e r i z a t i o n ,  
c l e a r l y  o n l y  t h e  l a t t e r  c o n t r i b u t i o n  persists i n t o  t h e  
l a r g e  LJ l i m i t . )  'Thus f o r  s u f f i c i e n t l y  weak U t h e  
e f f e c t  o f  e l e c t r o n  r e p u l s i o n  o n  t h e  g r o u n d  s t a t e  
p r o p e r t i e s  s h o u l d  be accessible t h r o u g h  low o r d e r  per- 
t u r b a t i o n  t h e o r y .  

2. As U -? c) t h e  l o w  l y i n g  e x c i t e d  s t a t e  s p e c t r u m  i s  
v e r y  d e n s e ;  t h i s  spec t ra l  r e g i o n  w i l l  be more c o n g e s t e d  
f o r  l a r g e  N which w i l l  p r o v i d e  a l a r g e  number o f  l o w  
l y i n g  s i n g l e  p a r t i c l e  e x c i t a t i o n s .  F o r  even  v e r y  weak 
U w e  e x p e c t  t h e s e  s ta tes  t o  be s t r o n g l y  mixed and t h e  
i n d e p e n d e n t  p a r t i c l e  d e g e n e r a c y  w i l l  be removed. 

3 .  The  l o w e s t  e x c i t e d  s i n g l e t  t o  e m e r g e  f r o m  t h e  
i n d e p e n d e n t  p a r t i c l e  "cont inuum" i s  t h e  f u l l y  s y m m e t r i c  
ill s t a t e .  i n  t h e  l i m i t  o f  v e r y  l a r g e  U t h i s  s t a t e  w i l l  
u l t i m a t e l y  describe a l o w  l y i n g  s p i n  wave i n  t h e  s y s -  
t e m ;  however ,  i n  t h e  parameter r a n g e  o f  i n t e r e s t  t h i s  
s t a t e  r e t a i n s  a l a r g e  a d m i x t u r e  o f  t h e  c h a r g e  t r a n s f e r  
( i o n i c )  c o n f i g u r a t i o n s .  

L a t t i c e  d c l a x a t i o n  E f f e c t s  

'i'he e f f e c t  o f  l a t t i c e  r e l a x a t i o n  on t h e  o r d e r i n g  
of t h e  l o w  l y i n g  e x c i t e d  s t a t e s  i s  d e m o n s t r a t e d  i n  
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26 E. J .  MELE AND G. HAYDEN 

Figure  3 and can be summarized i n  t h e  f o l l o w i n g  g e n e r a l  
obse rva t ions .  The r e l a x a t i o n  which produces  charged  
s o l i t o n  p a i r s  o c c u r s  on t h e  p o l a r ,  d i p o l e  access ib l e  
p o t e n t i a l  s u r f a c e  ( l a b e l l e d  E i n  t h e  g r o u n d  s t a t e  
g e o m e t r y ) ;  t h e  e n e r g y  g a i n e d  i n  t h i s  r e l a x a t i o n  i s  
governed by t h e  e l e c t r o n  phonon coup l ing  s t r e n g t h  h . 

- 7 -  

- 8 '  1 I I I I l l  

I MU, I 

-.8 -.4 0 .4 
Os* Od 

1 
I 
I 
1 

I 

4 d  - 
.4 .8 

F i g .  3 P o t e n t i a l  s u r f a c e s  f o r  t h e  l o w  l y i n g  s i n g l e t s  
on  t h e  r i n g  = Ll.67. Qd l a b e l s  a d i s t o r -  
t i o n  t o  a 3- fo ld  symmetr ic  bond a l t e r n a t i n g  
s t r u c t u r e .  us l a b e l s  a d i s t o r t i o n  t o  a 2 -  
f o l d  s y m m e t r i c  s t r u c t u r e  c o n t a i n i n g  bond 
a l t e r n a t i o n  d e f e c t s  a t  o p p o s i t e  v e r t i c e s  of  
t h e  r ing .  

T h e  lower l y i n g  e x c i t e d  A1 s ta te  weakens t h e  d imer i ea -  
t i o n  b u t  does no t  f a v o r  k ink  fo rma t ion :  t he  s p l i t t i n g  
b e t w e e n  this  " e x c i t o n i c "  s t a t e  and  t h e  li s t a t e s  i n -  
c r e a s e s  w i t h  U. The l o w e s t  l y i n g  s i n g l e t  e x c i t e d  s t a t e  
i s  t h u s  de te rmined  by the c o m p e t i t i o n  between t h e  l a t -  
t i ce  r e l a x a t i o n  energy  on t h e  d i p o l e  accessible s u r f a c e  
and t h e  c o r r e l a t i o n  s t a b i l i z a t i o n  ene rgy  on t h e  lower 
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l y i n g  e x c i t o n i c  s t a t e .  'Two l i m i t i n g  b e h a v i o r s  a r e  
i d e n t i f i e d  i n  F i g u r e  3 f o r  U < U c  and  U > U c .  I n  
e i t h e r  case  t h e  ground s t a t e  is  c l e a r l y  d i n e r i z e d  ( t h e  
l e v e l  d iagrams of  F i g u r e  2 correspond t o  t h e  v e r t i c a l  
d a s h e d  c u t s  on t h i s  d i a g r a m ;  A =  W.67). F o r  U < b c  
t h e  e l e c t r o n  l a t t i c e  i n t e r a c t i o n  d o m i n a t e s  and  t h e  
s t r u c t u r a l  r e l a x a t i o n  i n  t h e  e x c i t e d  s ta te  i n v e r t s  t h e  
" v e r t i c a l "  s t a t e  o rde r ing .  I n  t h e  lowest e x c i t e d  s t a t e  
w e  o b t a i n  " k i n k s "  i n  t h e  d i m e r i z a t i o n  a m p l i t u d e  a t  
o p p o s i t e  c o r n e r s  o f  t h e  r i n g ,  a s  e x p e c t e d  i n  t h e  SSti 
i i a m i l t o n i a n .  F o r  U > U, t h e  s i t u a t i o n  c h a n g e s  
d r a m a t i c a l l y .  The minimum energy  c o n f i g u r a t i o n  i s  now 
on t h e  A1 s u r f a c e  i n  t h e  u n d i m e r i z e d  g e o m e t r y ;  t h e  
ana logous  behavior  f o r  a long sys tem would presumably 
cor respond t o  a l o c a l  r e d u c t i o n  o f  t h e  bond a l t e r n a t i o n  
ampl i tude ,  or polaron  format ion .  it i s  i n t e r e s t i n g  t o  
n o t e  t h a t  t h e s e  two k i n d s  o f  r e l a x a t i o n s  i n v o l v e  sepa r -  
a t e  p o t e n t i a l  s u r f a c e s ,  and t h e r e f o r e  a s  U i n c r e a s e s  
t h e r e  should  be a sudden t r a n s i t i o n  from t h e  conven- 
t i o n a l  SSH p ic tu re  t o  a new regime i n  which t h e  l o w e s t  
l y i n g  s i n g l e t  i s  t h e  s e l f - t r a p p e d  " e x c i t o n i c "  s t a t e .  
I f  a l o n g  r a n g e  r e p u l s i o n  i s  r e t a i n e d ,  t h e  c h a r g e d  
s o l i t o n s  a r e  presumably bound even f o r  U < iJ,, never-  
t h e l e s s  t h e r e  should be a d i s c o n t i n u o u s  change i n  t h e  
c h a r a c t e r  of t h e  lowes t  l y i n g  s i n g l e t  as t h e  p o t e n t i a l  
minima c r o s s .  For o u r  model t h e  t r a n s i t i o n  occur s  f o r  
U c / t ,  - 2 ,  however ,  t h i s  t h r e s h o l d  i s  b o t h  N and  A 
dependent .  

E x t r a p o l a t i o n  t o  Longer Systems 

W e  a r e  u l t i m a t e l y  i n t e r e s t e d  i n  u n d e r s t a n d i n s  
whether  (Cti), i s  b e t t e r  c h a r a c t e r i z e d  by t h e  U < Uc or 
t h e  U > Uc behav io r s  d e s c r i b e d  above. I t  i s  i n t e r e s t -  
i n g  t o  n o t e  t h a t  i n  t h e  conven t iona l  Pa r i se r -Pa r r -Pop le  
( P P P )  p a r a m e t e r i z a t i o n s  U e f , f / t o  - 1 . 5  w h i c h  s u g g e s t s  
t h a t  (Cti). i s  near  t h e  t r a n s i t i o n  regime;  t h i s  corrob- 
o r a t e s  o u r  o b s e r v a t i o n  i n  S e c t i o n  I t h a t  t h e  ex t r apo-  
l a t e d  v i b r o n i c  wid ths  and t h e  'A b ind ing  e n e r g i e s  are 
comparable. '1'0 i n v e s t i g a t e  t h i s  q u e s t i o n  f u r t t i e r  we 
have a p p l i e d  t h e  fo rma l i sm of S e c t i o n  I1 d i r e c t l y  t o  
the PPP Hamil tonian  f o r  C6He; h e r e  ou r  r e s u l t s  unfor -  
t u n a t e l y  w e r e  d o m i n a t e d  by t h e  l i m i t e d  s i z e  o f  t h e  
model. 

We suspect t h a t  t h e  g e n e r a l  p i c t u r e  of S e c t i o n  111 
i n  which t h e r e  i s  a c o m p e t i t i o n  between t w o  k i n d s  o f  
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2a E. J .  MELE AND G.  HAYDEN 

d i s c r e t e  many e l e c t r o n  s t a t e s  w i l l  p e r s i s t  i n t o  t h e  
l a r g e  13 regime. I t  i s  i n t e r e s t i n g  t o  s p e c u l a t e  t ha t  i f  
((31). is c l o s e  t o  such a t r a n s i t i o n  tha t  the unfavor-  
a b l e  s ta te  would remain  as a metastable e x c i t e d  c o n f i g -  
u r a t i o n .  Thus f o r  e x a m p l e  i f  s o l i t o n  f o r m a t i o n  i s  
f a v o r e d ,  a s  i n  t h e  S S H  p i c t u r e ,  r a p i d  n o n r a d i a t i v e  
c r o s s i n g  to  t h e  " e x c i t o n i c "  s ta te  cou ld  t rap a p o r t i o n  
o f  t h e  e x c i t e d  p o p u l a t i o n .  T h e  e x c i t a t i o n s  f r o m  and  
t h e  k i n e t i c s  of  t h e  decay of  such a s t a t e  would be of 
some i n t e r e s t .  A l t e r n a t i v e l y  i f  t h e  s e l f - l o c a l i z e d  
e x c i t o n  is  l o w e s t ,  r e l a x a t i o n  t o  t h i s  l e v e l  would s t i l l  
be l i m i t e d  by an i n t e r s u r f a c e  c r o s s i n g  d u r i n g  t h e  v e r y  
r a p i d  r e l a x a t i o n  e x p e c t e d  on  t h e  d i p o l e  access ib le  
s u r f a c e .  The a n o m a l o u s l y  b r o a d  a b s o r p t i o n  e d g e  i n  
t r a n s  ( C H ) ,  s u g g e s t s  t he  d o m i n a n c e  o f  a r a p i d  l a r g e  
ampl i tude  mult iphonon process i n  t h e  o p t i c a l l y  e x c i t e d  
s t a t e  which  i s  u n c h a r a c t e r i s t i c  of t h e  r e l a x a t i o n s  
found  i n  f i n i t e  p o l y e n e s ,  o r  i n  c i s  (CH),., S e v e r a l  
m o d e l s  a s s o c i a t i n g  t h i s  edge  w i t h  t h e  v i b r a t i o n a l  
broadening  due t o  s o l i t o n  f o r m a t i o n  have  been  developed  
(19-21) .  A more thorough unde r s t and ing  of  c o r r e l a t i o n  
e f f e c t s  i n  t h e  e x c i t e d  s ta tes  w i l l  a w a i t  an  e x t e n s i o n  
of  t h e  Hubbard-Peier l s  t h e o r y  t o  l o n g e r  sys tems.  
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