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THE PEIERLS INSTABILITY I N  P I N N I N G  POTENTIALS 
FROM COUNTERIONS 

LARS KAI HANSEN and K I M  CARNEIRO 
Physics  Laboratory I ,  U n i v e r s i t y  of  Copenhagen 
U n i v e r s i t e t s p a r k e n  5 ,  DK-2100 Copenhagen 8 ,  Denmark 

A b s t r a c t  
n a t u r e  of t h e  P e i e r l s  t r a n s i t i o n  and t h e  dynamics of t h e  
Charge Densi ty  Wave are a f f e c t e d .  We argue  t h a t  t h e  p e r i o -  
d i c  p o t e n t i a l  s t a b i l i z e s  phase s o l i t o n s ,  whi le  ampli tude 
s o l i t o n s  c a n  be polarons  o r  b ipolarons .  For t h e s e  e x c i t a -  
t i o n s  we g i v e  both t h e  e x t e n s i o n  a l o n g  t h e  c h a i n  as w e l l  
as the  e n e r g i e s  of formation.  We only d i s c u s s  t h e  case of 
a p e r i o d i c  p inning  p o t e n t i a l  as a r i s i n g  from a c o u n t e r i o n  
l a t t i c e ;  n e g l e c t i n g  randomness from i m p u r i t i e s .  

In  t h e  presence of a p inning  p o t e n t i a l  bo th  t h e  

INTRODUCTION 

In  one-dimensional molecular  c r y s t a l s ,  o r d e r i n g  of the c o u n t e r i o n s  
w i l l  g ive  rise t o  a p e r i o d i c  e l e c t r o s t a t i c  p o t e n t i a l  on t h e  conduc- 
t i n g  cha ins .  I n  s e v e r a l  cases’’%t i s  expected t h a t  t h e  p e r i o d  w i l l  
be the  same as t h e  per iod  of t h e  Charge Densi ty  Wave (CDW) formed 
under t h e  P e i e r l s  t r a n s i t i o n  (some examples are g iven  i n  F i g . 1 ) .  
This  p o t e n t i a l  i s  known as  a pinning  p o t e n t i a l ,  and s e v e r a l  a u t h o r s  
have cons idered  t h e  dynamics of t h e  CDW i n  t h i s  

Recent ly  we poin ted  o u t  t h a t  t h e  p inning  p o t e n t i a l  can have a 
s t r o n g  e f f e c t  on t h e  P e i e r l s  t r a n s i t i o n  i t s e l f . ’  I n  t h i s  paper  we 
ex tend  t h e s e  r e s u l t s  emphasizing t h e  e s t a b l i s h e d  connec t ion  between 
t h e  n a t u r e  of t h e  t r a n s i t i o n  and t h e  CDW dynamics. F u r t h e r  we cha-  
r a c t e r i z e  t h e  p o s s i b l e  s o l i t a r y  wave e x c i t a t i o n s ,  compris ing phase 
s o l i t o n s  as well as polaron  and b i p o l a r o n  ampli tude s o l i t o n s .  

The p o s s i b i l i t y  of phase s o l i t o n s  i n  genera l  p e r i o d i c  poten- 
t i a l s  (from commensurability) were considered by Rice e t  al.’ and 
by Artemenko and Volkov.’ Thomas” used these  r e s u l t s  t o  e x p l a i n  t h e  
decrease  of t h e  ( c o n d u c t i v i t y )  a c t i v a t i o n  energy i n  
*Br0 .30*3.2H20 a t  low tempera tures .  

K 1  [Pt(CN)s 1 

MEAN F I E L D  THEORY AND CDW DYNAMICS 

We cons ider  t h e  one-dimensional e lec t ron-phonon system exposed t o  a 
p e r i o d i c  p o t e n t i a l  VQ of wavenumber 2 k ~  : 
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412 L. K. HANSEN AND K. CARNEIRO 

: TMTSF 

A :ReO; 

M-OP: K (def 1 TCP : 

p 
1 "0 

" 1 0  

t :Pt { :Pt 

0: (M.6HzOI''  o:K' 
FIGURE 1 
counter ions i n  molecular conductors. I n  (TMTSF)2Re0i, 
the t e t r a h e d r a l ,  monovalent ReO~,-anions order  i n  one 
column pe r  conducting chain. I n  class A of 
Mo .~1,[Pt(C20i,)2] *6H2OY (M-OP's) , the  d i v a l e n t  (M-6H2O)- 
ca t ions  order  i n  two equiva len t  columns. 
K 1 . 7  5 [ P t  (CN)+] 1. 5H20 , K(def )TCP , monovalent K-ca t i o n s  
a r e  i n  two inequiva len t  columns! 

Examples of Z k ~ - p o t e n t i a l s  formed by ordered 

I n  

+ 
Ck0 , b+ are c r e a t i o n  ope ra to r s  €or  e l e c t r o n s  of energy E~ and 
sp in  a ', and phonons of  frequency uo r e spec t ive ly .  g i s  the  
electron-phonon coupling cons tan t  whi?e N is the  number of hos t  
l a t t i c e  si tes,  we consider  N t o  be incommensurate wi th  N, , the  
number of e l ec t rons  on a chain. 

f i x e s  
the  phase of the  gap parameter 
and that 

In  mean f i e l d  theory we f ind7  t h a t  the  presence of VQ 
A (and thereby the  CDW p o s i t i o n ) ,  

IA(T)1 obeys the  modified gap equat ion  

where h is  the  dimensionless electron-phonon coupl ing cons tan t .  
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THE PEIERLS INSTABILITY IN PINNING POTENTIALS 413 

In t h e  presence of VQ 
quency i n  t h e  long wavelength l i m i t  (corresponding t o  t h e  f i n i t e  
p o t e n t i a l  a g a i n s t  a uniform t r a n s l a t i o n ) .  I n  t h e  a d i a b a t i c  l i m i t  
(hwo << A,) 

t h e  CDW phase mode a c q u i r e s  a f i n i t e  f r e -  

we f i n d  a t  z e r o  temperature:  
2 k F  

The t h r e s h o l d  e l e c t r i c  f i e l d  Eo , necessary  t o  depin t h e  CDW 
of t h e  pinning p o t e n t i a l ,  is g iven  by6 9 '  

2A;m 

0 eFikFh vQ (4 1 E =L 

m being the  e l e c t r o n i c  band mass. 

dynamics and t h e  n a t u r e  of t h e  P e i e r l s  t r a n s i t i o n  i n  t h e  presence  of 
In conclus ion  eqs .  (2-4) e s t a b l i s h  a connect ion between t h e  CDW 

a pinning p o t e n t i a l .  

SOLITON EXCITATIONS 

Phase s o l i t o n s  

It is r e a d i l y  v e r y f i e d  t h a t  t h e  
commensurability p o t e n t i a l .  and 

e x t e r n a l  p o t e n t i a l  ac t s  as a M = l  
- -  by n e g l e c t i n g  the  e l e c t r i c  f i e l d  

a s s o c i a t e d  wi th  t h e  r e d i s t r i b u t i o n  of charge, '9'  a s t a t i c  s i n e -  
Gordon equat ion  f o r  the  phase x 
e s t a b 1  i shed 

of t h e  gap parameter  can  be 

n 

where 5 = vF/Ao i s  the  z e r o  temperature  coherence l e n g t h .  Taking 
t h e  e l e c t r i c  f i e l d  i n t o  c o n s i d e r a t i o n ,  t h e  l e n g t h  of t h e  s o l i t o n  
L 
o f  i m p u r i t i e s  o r  o t h e r  d e f e c t s  t h a t  g i v e s  rise t o  a f i n i t e  d e n s i t y  
of states i n  t h e  P e i e r l s  gap. I n  t h e  d i r t y  l i m i t ,  6 i s  r e p l a c e d  by 
t h e  mean f r e e  pa th  of t h e  normal metal.' 

d i v e r g e s  a t  T = 0.' The d ivergence  is suppressed by t h e  presence  

Amplitude S o l i t o n s  

I n  the  g e n e r a l  incommensurate case (absence of 

presence of VQ the  cont inuous ly  degenera te  ground s ta te  becomes 
non-degenerate and we o b t a i n  a s t r u c t u r e  t h a t  resembles  c i s -poly-  
a c e t y l e n e ? '  9 l 2  
(kink-ant ikink p a i r )  becomes p o s s i b l e  t o g e t h e r  with minor modif i -  
c a t i o n s  of the  polaron .  The characteristics of p o l a r o n s  and b i p o l a -  
rons  are summarized i n  F igure  2 a )  t o g e t h e r  w i t h  t h e  e x t e n s i o n  v s .  
the parameter I n  Fig.2b we show t h e  format ion  energy asso-  

bound s ta te  e n e r g i e s  as a f u n c t i o n  of 
gy wi th  cis-polyacetylene."  s l '  

V ) a number of am- 
p l i t u d e  s o l i t o n s  are possible:"  n e u t r a l  k i n k s  a n  8 p o l a r o n s .  I n  the 

Neut ra l  k inks  are excluded w h i l e  t h e  b i p o l a r o n  

and the d i s t a n c e  from t h e  gap c e n t e r  of  t h e  
V Q / A  , t a k i n g  a s imple  ana lo-  
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474 L. K. HANSEN AND K. CARNEIRO 

1 

FIGURE 2 C h a r a c t e r i s t i c s  of ampli tude s o l i t o n s  i n  a n  
incommensurate system exposed t o  a p inning  p o t e n t i a l  
VQ = v * A  
tylene!ll!li a )  The l eng th  of t h e  s o l i t o n  v s .  s t r e n g t h  
of the  p o t e n t i a l .  I n  t h e  i n s e t  i s  shown the  charge /sp in  
r e l a t i o n  toge ther  wi th  the  occupancy a f  the  a s soc ia t ed  
bound states. b)  The energy of formation,  E ,  and the  
bound s t a t e  energy,  E, measured from mid gap. 

tak ing  a simple analogy wi th  c i s -polyace-  
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