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ELEMENTARY EXCITATIONS AND ENERGY DISPERSION I N  TTF-TCNQ 

A. ISIHARA and Y.  NAKANE 
S t a t i s t i c a l  Physics  Laboratory,  Department o f  P h y s i c s ,  S t a t e  
Univers i ty  o f  New York a t  B u f f a l o ,  Buffa lo ,  New York, 14260, 
US A 

Abstract  In a one-dimensional conductor  such as TTF-TCNQ, 
boson-l ike e x c i t a t i o n s  r e p r e s e n t  plasmons due t o  s t r a n d -  
s t r a n d  i n t e r a c t i o n s .  The plasmon d i s p e r s i o n  r e l a t i o n  may be  
dipped due t o  polarons.  This polaron  e f f e c t  may be impor tan t  
s i n c e  both  one- and two-band models of W i l l i a m s  and Bloch 
show some d e v i a t i o n s  from t h e  d a t a  o f  Ri tsko e t  a l .  

INTRODUCTION 

A t  a conference on quasi-one-dimensional systems,  Krivnov and 

Obchinnikov r e p o r t e d  a Feynman-type r e l a t i o n  f o r  t h e  e x c i t a t i o n  

energy o f  a n e a r l y  i d e a l  one-dimensional Fermi system. 
1 

It i s  t h e  purpose o f  t h e  p r e s e n t  a r t i c l e  t o  show f i r s t  t h a t  

a similar s t r u c t u r e  factor-energy r e l a t i o n  can be d e r i v e d  f o r  a 

one-dimensional e l e c t r o n  system wi thout  u s i n g  a v a r i a t i o n a l  method. 

We s h a l l  then  d i s c u s s  t h e  plasmon d i s p e r s i o n  r e l a t i o n  i n  TTF-TCNQ 

obta ined  exper imenta l ly  by high-energy i n e l a s t i c  e l e c t r o n  s c a t t e r i n g  

by Ritsko e t  a1.* 

t h e  cha in  d i r e c t i o n .  

They observed a n e g a t i v e  plasmon d i s p e r s i o n  i n  

POLARON EFFECT 

I n  t h e  long  wavelength l i m i t ,  t h e  chain-diagram c o n t r i b u t i o n  t o  t h e  

s t r u c t u r e  f a c t o r  S ( q )  i s  given by 
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86 A. ISIHARA AND Y. NAKANE 

where u ( q )  i s  t h e  Coulomb p o t e n t i a l ,  B = l / k T ,  n i s  t h e  e l e c t r o n  

d e n s i t y ,  and t h e  X a r e  t h e  e igenvalues  o f  t h e  e f f e c t i v e  propagator  

r e p r e s e n t i n g  t h e  u n i t  o f  t h e  cha ins  which can be given e x a c t l y .  
j 

For small q, t h e  e igenvalues  can be expanded i n  a 

series. In t roducing  t h e  r e s u l t  i n t o  Eq. (l), we o b t a i n  
n 

Taylor 

where f ( f )  = l/Ceeh-l] and 

E ( q )  = 9. fbpFU(q) + 
J;; 

The appearance of t h e  Bose d i s t r i b u t i o n  i n  Eq. ( 2 )  i s  n a t u r a l .  

t h a t  it r e p r e s e n t s  q u a s i  bosons without  mass. For a b s o l u t e  zero ,  

Eq. (2) reduces i t s e l f  t o  what Krivnov and Obchinnikov r e p o r t e d .  

The e x c i t a t i o n  energy given by Eq. ( 3 )  can be plasmon-like i f  
2 t h e  i n t e r a c t i o n  p o t e n t i a l  u(q) i s  i n v e r s e l y  p r o p o r t i o n a l  t o  q . 

This  p o s s i b i l i t y  can be expected f o r  TTF-TCNQ through s t r a n d - s t r a n d  

i n t e r a c t i o n s .  

The negat ive  d i s p e r s i o n  r e l a t i o n  observed exper imenta l ly  may 

n o t  be expla ined  i f  t h e  e l e c t r o n s  a r e  completely f r e e .  One poss i -  

b i l i t y  f o r  caus ing  such a n e g a t i v e  d i s p e r s i o n  i s  t h e  electron-phonon 

i n t e r a c t i o n .  

For slow e l e c t r o n s ,  one can use t h e  polaron e f f e c t i v e  mass 

given by 

m* = m ( 1  + a / 6 )  (4) 

where a ,  t h e  coupl ing c o n s t a n t ,  i s  less  than 6. 
t h a t  i n  t h e  long  wave l e n g t h  l i m i t ,  t h e  d i s p e r s i o n  r e l a t i o n  i s  

One can then  show 

2 2 pFq 
w = w + 1-1 (1 - $ )  P 2m ( 5 )  

where w 

t h e  e l e c t r o n  d e n s i t y  and t h e  s t r e n g t h  c o n s t a n t  of  t h e  e f f e c t i v e  

i s  t h e  plasmon frequency ( e n e r g y )  which i s  determined by 
P 
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ELEMENTARY EXCITATIONS AND ENERGY DISPERSION IN TTF-TCNQ 87 

e l e c t r o n  i n t e r a c t i o n .  Therefore ,  i f  t h e  polaron coupl ing  c o n s t a n t  

a i s  s l i g h t l y  l a r g e r  than  3, t h e  d i s p e r s i o n  r e l a t i o n  can be n e g a t i v e .  

Although t h e  above approximation becomes poor f o r  such a v a l u e  o f  

t h e  coupl ing c o n s t a n t ,  t h e  polarons  seem t o  promote a n e g a t i v e  d i s -  

p e r s i o n  r e l a t i o n .  

DISCUSSIONS 

The n e g a t i v e  energy d i s p e r s i o n  w a s  p r e d i c t e d  by Williams and Bloch 

based on a s i n g l e  band t i g h t  b inding  model wi th  e n e r g i e s  given by 

W(l-cosqa)/2 where W i s  t h e  band width ,  a i s  t h e  u n i t  c e l l  dimension 

of o r d e r  1 . 5 A .  Later, t h e y  g e n e r a l i z e d  t h e  t r e a t m e n t  t o  two doubly 

degenera te  band model s u i t a b l e  t o  TTF-TCNQ. 

3 

3 ) . 8 r  I c 

0.51 1 1 I 7v2 a 7r.a 
MOMENTUM 

Energy Dispersion o f  TTF-TCNQ. 

We have r e c a l c u l a t e d  t h e  energy d i s p e r s i o n  curve of TTF-TCNQ t o  

confirm t h e i r  numerical  r e s u l t s .  We have found t h a t  e i t h e r  a s i n g l e  

band model w i t h  W = 0.3  eV o r  a two double-band model wi th  W 1 
and W2 = 0 .2  eV f i t s  t h e  d a t a  of  Ri t sko  e t  a1 f a i r l y  w e l l ,  i n  

agreement wi th  Williams and Bloch ( F i g u r e  1). 

band model reproduces t h e  s m a l l  momentum region  w e l l ,  whi le  t h e  

two band model f i t s  t h e  l a r g e r  momentum region b e t t e r .  Therefore ,  

it appears  as though a cross-over  between t h e s e  two models takes  

p l a c e  a t  momentum nl2a.  Together w i t h  t h e  p o s s i b i l i t y  o f  a polaron  

e f f e c t  and t h e  observa t ion  of t h e  a c o u s t i c  mode, f u r t h e r  i n v e s t i g a -  

t i o n s  of  t h e  d i s p e r s i o n  r e l a t i o n  seem t o  be necessary .  

FIGURE 1 

= 0.4 

However, t h e  s i n g l e  

Concerning t h e  p o s s i b l e  r o l e  played by p o l a r o n s ,  we remark 
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t h a t  t h e  ground s t a t e  of a l l  t rans-polya the ty lene  i s  degenera te  

and t o p o l o g i c a l  d e f e c t s  c a l l e d  s o l i t o n s  have been used  t o  e x p l a i n  

t h e  t r a n s p o r t  p r o p e r t i e s .  On t h e  o t h e r  hand, polyparaphenylene h a s  

a nondegenerate ground s ta te  so t h a t  it seems d i f f i c u l t  t o  a p p l y  t h e  

same s o l i t o n  model f o r  i t s  t r a n s p o r t  p r o p e r t i e s  even though t h e  

p r o p e r t i e s  a r e  s imi la r .  For t h i s  r e a s o n ,  Bredas,  Chance and S i l b e y  

proposed a polaron model f o r  t h e s e  polymers. The b inding  energy 

o f  a polaron i s  e s t i m a t e d  t o  be .05 e V  f o r  p o l y a t h e t y l e n e  and .03 

eV f o r  polyphenylene. 

4 
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