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MIXED STACK COMPOUNDS, PHONONS AND SOLITONS 

BARUCH HOROVITZi 
Department of Physics ,  Ben-Gurion U n i v e r s i t y ,  Beer-Sheva 84105 
Israel 

A b s t r a c t  Phase t r a n s i t i o n s  i n  o r g a n i c  mixed-stack compounds, 
known as "neut ra l - ion ic"  t r a n s i t i o n s ,  are r e i n t e r p r e t e d  as t h e  
o n s e t  of bond d imer iza t ion .  The phase diagram i s  d e r i v e d  and 
t h e  e f f e c t s  of temperature ,  p r e s s u r e  and t h e  d i f f e r e n c e  of 
donor-acceptor p o t e n t i a l s  are c o r r e l a t e d .  E lec t ron-mul t i  
phonon coupl ings lead  t o  r e n o r m a l i z a t i o n  e f f e c t s  bo th  above and 
below t h e  t r a n s i t i o n .  A s o f t  mode a t  t h e  t r a n s i t i o n  i s  pre-  
d i c t e d .  Analysis  of t h e  phonon s p e c t r a  i s  an e f f i c i e n t  t es t  
f o r  any q u a n t i t a t i v e  theory  of t h e s e  compounds. S o l i t o n s  are 
p o s s i b l e  e x c i t a t i o n s  below t h e  t r a n s i t i o n  and may account  f o r  
conduct iv i ty  and ESR d a t a .  The i n c o m e n s u r a t e  s i t u a t i o n  is 
d e s c r i b e d  by a s o l i t o n  l a t t i ce .  

INTRODUCTION 

Most o r g a n i c  charge t r a n s f e r  s o l i d s  are composed of donor (D) and 

a c c e p t o r  (A) molecules which s t a c k  a l t e r n a t e l y  on t o p  of each 

o t h e r .  The over lap  between molecules  a long t h e  s t a c k  could  l e a d  t o  

c o n d u c t i v i t y ,  however i n  t h e  mixed s t a c k  c o n f i g u r a t i o n  t h e  DA p a i r  

forms a f i l l e d  band and t h e  system i s  a semiconductor. 

The d iscovery  of phase t r a n s i t i o n s  i n  many of t h e s e  com- 

pounds ( l S 2 )  h a s  s t i m u l a t e d  a renewed i n t e r e s t  i n  them. 

t i o n s  are induced by p r e s s u r e  and i n  some c a s e s  a l s o  by temperature;  

t h e  l a t te r  case corresponds t o  t h e  most s t u d i e d  compound 

The t r a n s i -  

TTF-CA. (Iq3) The t r a n s i t i o n s  are u s u a l l y  accompanied by a s t r o n g  

s h i f t  of t h e  a b s o r p t i o n  i n  t h e  3-5 e V  range.  Above t h e  t r a n s i -  

t i o n ,  t h i s  h igh  energy a b s o r p t i o n  i s  similar t o  t h a t  of D o , A o  

molecules i n  s o l u t i o n ,  w h i l e  below t h e  t r a n s i t i o n  i t  corresponds t o  

t h a t  of D'A- i n  s o l u t i o n .  The t r a n s i t i o n  was termed t h e r e f o r e  a 
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2 B. HOROVITZ 

" n e u t r a l  t o  ionic' '  t r a n s i t i o n .  (1'2) 

t i o n  are s t r o n g  changes i n  i n t e n s i t i e s  of Raman s c a t t e r i n g  and of 

some phonon absorp t ions ,  (2'3)  changes i n  l a t t i ce  parameters(2)  and 

sharp  changes i n  ESR and conduct iv i ty .  

Other f e a t u r e s  of t h i s  t r a n s i -  

( 4 )  

I n  t h e  n e u t r a l - i o n i c  approach t h e  amount of D t o  A charge 

t r a n s f e r  is considered as t h e  o r d e r  parameter  f o r  t h e  t r a n s i -  

t i o n .  (1'2) 

Theories f o r  t h e  n e u t r a l  i o n i c  t r a n s i t i o n  u s u a l l y  p r e d i c t  a f i r s t  

order  t r a n s i t i o n .  (1'5) 

t o  be continuous and none of t h e  d a t a  (1-4) shows h y s t e r e s i s .  

i s  i n  f a c t  a b a s i c  d i f f i c u l t y  -- change i n  t h e  charge t r a n s f e r  does 

n o t  change a symmetry and t h e r e f o r e  i t  cannot d e s c r i b e  a cont inuous 

phase t ransi t ion!6)  b) The second d i f f i c u l t y  is t h a t  some com- 

pounds undergo a similar t r a n s i t i o n  as seen  from ESR and phonon 

spectroscopy; however t h e  high energy a b s o r p t i o n s  are only weakly 

a f f e c t e d .  This  is demonstrated by e x t e n s i v e  e a r l y  s t u d i e s  on 

TMPD-CA(7) and by r e c e n t  spec t roscopic  s t u d i e s  on TTF-BA. (8) 

This approach l e a d s  t o  a number of d i f f i c u l t i e s :  a )  

Experimental ly  however t h e  t r a n s i t i o n  seems 

This  

I n  view of t h e s e  d i f f i c u l t i e s ,  we have proposed") t h a t  t h e  

order  parameter f o r  t h e s e  t r a n s i t i o n s  is bond d imer iza t ion ,  i .e .  

D-A t r a n s f e r  i n t e g r a l s  have a l t e r n a t i n g  v a l u e s  below the  t r a n s i -  

t i o n .  This  order  does n o t  change t r a n s l a t i o n  symmetry s i n c e  t h e  

u n i t  c e l l  conta ins  D-A p a i r s  i n  both phases .  I n s t e a d  i n v e r s i o n  

symmetry a t  the  c e n t e r  of a donor ( o r  acceptor )  molecule is broken. 

The e x i s t e n c e  of t h i s  i n v e r s i o n  above t h e  t r a n s i t i o n  guarantees  

equal  P A  t r a n s f e r  i n t e g r a l s .  

The p h y s i c a l  reasoning f o r  such a t r a n s i t i o n  is as fol lows:  

The e l e c t r o n s  from t h e  donor molecules see a d i f f e r e n c e  of 2a 

i n  t h e  D-A on s i t e  p o t e n t i a l .  This  l e a d s  t o  a charge d e n s i t y  

wave (CDW) centered  on the sites. Imagine now t h e  l i m i t  a = 0 -- 
t h i s  is t h e  polyace ty lene  (CH)Xtype problem (''I which i s  w e l l  

known t o  have bond d imer iza t ion ,  i .e. a CDW centered  on bonds. The 

d r i v i n g  f o r c e  f o r  bond d i m e r i z a t i o n  i n  (CH)X is  an  e l e c t r o n -  

phonon coupl ing h ; t h e  d i m e r i z a t i o n  opens a gap a t  t h e  e l e c t r o n  
b 
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MIXED STACK COMPOUNDS. PHONONS AND SOLITONS 3 

Fermi l e v e l  and t h e  g a i n  i n  e l e c t r o n i c  energy overcomes t h e  l o s s  i n  

e las t ic  (phonon) energy. This  so-ca l led  Peierls t r a n s i t i o n  i s  then  

a m e t a l - i n s u l a t o r  t r a n s i t i o n  and l e a d s  t o  a change i n  t r a n s l a t i o n  

symmetry. 

b u t  s m a l l  t h e  P e i e r l s  mechanism is s t i l l  v a l i d  j u s t  

by c o n t i n u i t y .  The c o n d i t i o n  i s  t h a t  a i s  small  and t h a t  A b  i s  

s u f f i c i e n t l y  s t r o n g .  The t r a n s i t i o n  is then a P e i e r l s  i n s u l a t o r  t o  

i n s u l a t o r  t r a n s i t i o n  and i n v e r s i o n  symmetry i s  broken,  

For a# 0 

The lo s s  of i n v e r s i o n  symmetry e x p l a i n s  n a t u r a l l y  why some 

normal modes are a c t i v e  both  i n  Raman s c a t t e r i n g  and i n  absorp- 

t ion .  (2'3)  

of i s o l a t e d  d i n e r s  -- w a s  used t o  e x p l a i n  t h e  s p e c t r o s c o p i c  d a t a .  

Furthermore, very  r e c e n t  x-ray d a t a  have d i r e c t l y  confirmed t h e  on- 

I n  f a c t  an extreme l i m i t  of t h e  dimerized c h a i n  -- t h a t  
(3)  

set of d i m e r i z a t i o n  a t  t h e  transition:") as indeed p r e v i o u s l y  

proposed. (9) 

The proposed (T,a) phase diagram is shown i n  Fig.1.  T is t e m -  

p e r a t u r e  and A. is  t h e  gap i n  t h e  a=O l i m i t  a t  T=O; i t  i s  an in-  

c r e a s i n g  f u n c t i o n  of X . b (A s p e c i f i c  model is  g i v e n  i n  S e c t i o n  11.)  

Under p r e s s u r e  do can i n c r e a s e  (by i n c r e a s i n g  X b  or  t h e  t r a n s -  

f e r  i n t e g r a l )  and t h e  phase t r a n s i t i o n  i s  induced as  shown by t h e  

arrow i n  Fig.  1. A s  a i n c r e a s e s  t h e  r e q u i r e d  p r e s s u r e  i s  expected 

t o  i n c r e a s e ,  i n  agreement w i t h  d a t a  on 10 compounds!') For compounds 

w i t h  low a t h e  t r a n s i t i o n  can a l s o  be  induced by lowering t h e  t e m -  
p e r a t u r e  a s  known f o r  TMPD-CA(7) (compound D) and TTF-CA ( 2 )  

(compound F) . 

11. THE PHASE TRANSITION 

I n  t h i s  s e c t i o n  t h e  g e n e r a l  theory f o r  mixed s t a c k  compounds i s  pre-  

s e n t e d .  Of p a r t i c u l a r  importance i s  t h e  coupl ing of e l e c t r o n s  t o  

many phonons. A weak coupl ing theory  i s  a l s o  p r e s e n t e d  as  a more 

s p e c i f i c  example. 

Two types  of phonons are important :  phonons which modulate 

:(-) CmCm; C, is an e l e c t r o n  m t  t t h e  o n - s i t e  p o t e n t i a l  a and couple  t o  
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D E F G  
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FIGURE 1 Phase diagram f o r  mixed s t a c k  compounds. Compounds 

A-Z a r e  def ined  i n  Table  I of Ref.1. They a r e  p laced  a t  t h e i r  

expected p o s i t i o n s  a t  room temperature .  A phase t r a n s i t i o n  i s  

induced by e i t h e r  temperature  change i n  compounds D (Ref.7) 

and F (Ref.2) o r  by p r e s s u r e  i n  compounds E-L, N and Q (Ref .1) .  

c r e a t i o n  o p e r a t o r  on s i te  m; s p i n  index  i s  i m p l i c i t .  The Hamilton- 

i a n  i s  symmetric under i n v e r s i o n  s o  t h a t  t h e s e  phonons must be  sym- 

metric.(Phonons h e r e  and below r e f e r  t o  those  a t  t h e  zone c e n t e r . )  

The second type of phonons modulate t h e  t r a n s f e r  i n t e g r a l  and al low 

f o r  bond d imer iza t ion ;  t h e s e  phonons couple  t o  E(-) C,,,C,C,~ + H.C. 

and must be  ant isymmetr ic .  The ampli tude of these phonons times 

t h e i r  electron-phonon coupl ing i s  denoted by Af; (n=1,2, .  . . , N )  f o r  

t h e  symmetric modes ( inducing s i t e  CDW) and A: (n=1,2, .  . . N ' )  f o r  

m t  
m 

t h e  ant isymmetr ic  modes ( inducing  bond CDW); N and N '  are 

ber  of corresponding normal modes. The e l e c t r o n s  respond 

combinations 

A s  = EAs 
n n  

b b A = mn 
n 

t h e  num- 

t o  t h e  

(1) 
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MIXED STACK COMPOUNDS, PHONONS AND SOLITONS 5 

The s i n g l e  assumption i n  t h e  fo l lowing  theory  i s  t h a t  of t h e  ad ia-  

so bo of t h e  s i t e  n y w n  b a t i c  l i m i t ,  i .e .  t h e  b a r e  phonon f r e q u e n c i e s  w 

and bond phonons are much smaller than t h e  gap i n  t h e  e l e c t r o n  

spectrum. T h i s  gap i s  - l e v  both  below and above t h e  t r a n s i -  

t i o n  (2 '7 )  w h i l e  t h e  phonon f r e q u e n c i e s  are 5 0.2eV. 

b a t i c  l i m i t  is j u s t i f i e d  i n  t h e s e  compounds. 

spond t o  t h e  ins tan taneous  v a l u e s  of 

f r e e  energy ( i n c l u d i n g  e l e c t r o n - e l e c t r o n  i n t e r a c t i o n s ! )  i s  of t h e  

form 

Thus t h e  a d i a -  

The e l e c t r o n s  t h e n  re- 

a+As and A b  and t h e i r  t o t a l  

(2)  
b < H e e  + Hee-ee + Hee-ph> = -N(0)Fi("+As,A I *  

Temperature is  an i m p l i c i t  v a r i a b l e  and N(O)=(ntoa)- l  (to is  t h e  

D-A t r a n s f e r  i n t e g r a l  and a i s  t h e  D-A d i s t a n c e )  i s  convenient  f o r  

d e f i n i n g  dimensionless  electron-phonon coupl ings  A , , A n .  

t ive  Lagrangian f o r  A , A  

s b  The e f f e c -  
s b  .b and t h e i r  t i m e  d e r i v a t i v e s  h: ,an n n  is 

The equat ion  of state is  obta ined  by minimizing ( 3 ) ,  

(4) 
AS=2As-% ( a t A , A  s b  ); A b =2h b a  b F i ( a + A , A  s b  ) 

a A  aa i 

s s  b b  b b  where A =ZAn and A 4 A n .  S ince  F i s  symmetric under A -t -A 

( i n v e r s i o n  symmetry) Eq.(4) has always a A #o s o l u r i o n .  

A f 0  s o l u t i o n  may appear below a temperature  Tc. 

Eq.(4) i n  g e n e r a l  does no t  have a As=O s o l u t i o n .  

n o t  break  a symmetry so that  As#o is induced a t  a l l  T. 

n i b  n 
A s t a b l e  

b 
On t h e  o t h e r  hand 

I n  f a c t  As does  

A s  a more e x p l i c i t  example c o n s i d e r  a weak coupl ing s i t u a t i o n  

where gap <<  bandwidth. Define C= L - n / 2 a  CtC k k+n/a so that Only 

s ta tes  w i t h  momentum near  k=+n/2a are impor tan t .  Hence 

2(a+As)Z(-) m ' f  CmCm+A b [Z(-) m t  C Cmfl+H.C.] N 2(a+AS+iA b )C+H.C. (5) D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
36

 2
0 

Fe
br

ua
ry

 2
01

3 



6 8. HOROVITZ 

The CDW amplitude and phase are then 

, 8 = t a n  ( 6 )  
b 2 1 /2 .  -1 b 

A - [(cx+A')~ + (A ) ] [ A  /(a+As)] 

These r e s u l t s  are a l s o  obvious from a s i te  CDW as f u n c t i o n  of 
space x (a+As)coe(nx/a) combined wi th  a bond CDW A s i n ( n x / a ) .  
Assume now t h a t  t h e  e l e c t r o n - e l e c t r o n  i n t e r a c t i o n  is  independent of 

8; t h i s  i s  v a l i d  i f  t h e  i n t e r a c t i o n  v a r i e s  s lowly i n  space o r  i f  

t h e  d e s c r i p t i o n  w i t h  s p i n l e s s  fermions i s  valid!5) 

t i o n  corresponds t o  no e l e c t r o n i c  umklap s c a t t e r i n g . )  

f r e e  energy i s  then  Fi=Fi(A) and Fi(A) d e s c r i b e s  a l s o  t h e  (CH)X 

type problem(l0) (PO). When a=O Ab=A s o l v e s  t h e  equat ion  

A=2X Fi'(A) w i t h  a s o l u t i o n  Ao(T) (assuming Xs=O f o r  s i m p l i c i t y ) .  
2 b  

Eq.(4) y i e l d s  A=(a +A b2 ) 

Ao(T>. 

a=Ao(Tc). For TTF-CA a 

t h a t  a and Ao(0) are comparable and t h a t  a d e l i c a t e  balance between 

them l e a d s  t o  a r a t h e r  low Tc. 

b 

(This  assump- 

The e l e c t r o n  

b 

= 2XbF;(A) and t h e r e f o r e  a +(A ( T ) l 2  = 
2 A t r a n s i t i o n  i s  p o s s i b l e  i f  a<Ao(0) and T c i s  determined by 

0 .5  e V  whi le  Tc=840K!1) This  impl ies  

Eqs.5,6 involve the  assumptions of weak coupl ing and no e lec-  

t r o n i c  umklapp. This  example s e r v e s  t o  a )  i l l u s t r a t e  t h e  poss i -  

b i l i t y  of t h e  phase t r a n s i t i o n ,  and b) provide  a q u a n t i t a t i v e  re- 

s u l t  which may b e  v a l i d  f o r  some compounds. 

111. PHONONS 

I n  t h i s  s e c t i o n  t h e  g e n e r a l  formula t ion  as def ined  by t h e  Lagran- 

g i a n  Eq.(3) 

of y. ( 4 ) .  

e l e c t r o n  system. 

i s  used t o  s tudy  t h e  o s c i l l a t i o n  around t h e  minimum 

The a n a l y s i s  l e a d s  t o  s i g n i f i c a n t  in format ion  on t h e  

The second order  d e r i v a t i v e s  of Fi d e f i n e  3 parameters :  

a * = ( ~ ? I ~ A ~ ) ' / ~ [ & - $  Fi(a+A s b  , A  )Imin D
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MIXED STACK COMPOUNDS. PHONONS AND SOLITONS 7 

The l i n e a r i z e d  equat ions  of motion f o r  Eq.(3) y i e l d  t h e  e q u a t i o n  

f o r  t h e  e igenf requencies  

(8) b b  * s  b 
[l+asD:(w)] [l+a Do(u)] = a Do(u)Do(w) 

s o  2- b 
where DS(w) = n(A:/As)/[(~/~n ) 1 3  and s i m i l a r l y  Do(d with 
b r e p l a c i n g  s. 

b 
Note f i r s t  t h a t  f o r  T>Tc (A =0) t h e  ? A b  symmetry de te rmines  

a*=O. Hence t h e  s i t e  and bond phonons i n  E q .  (8) decouple .  The 

Raman a c t i v e  modes then s a t i s f y  l+a Do(u)=O w h i l e  t h o s e  a c t i v e  i n  

I R  a b s o r p t i o n  s a t i s f y  l+a D (w)=O. The d a t a  was i n  f a c t  analyzed 

i n  t h i s  form w i t h  t h e  symmetric modes and a was determined by t h e  

i s o l a t e d  dimer model!3) However f o r  T<Tc Eq. (8) shows t h a t  t h e  

ant isymmetr ic  modes modify t h i s  a n a l y s i s .  

ab(Tc)=l  and w=O is a s o l u t i o n .  Thus t h e  ant isymmetr ic  mode w i t h  

t h e  lowest  f requency becomes a " s o f t  mode" w i t h  w-tO as T+Tc. 

F i n a l l y  f o r  T<Tc t h e  bond and s i te  phonons are coupled and each 

a c t i v e  i n  both  Raman s c a t t e r i n g  and I R  absorp t ion .  

6 s  

b b  

s 

A t  T=Tc t h e  r e s t o r i n g  f o r c e  i n  t h e  Ab d i r e c t i o n  vanishes ,  i .e .  

i s  

I V .  SOLITONS AND CONCLUSIONS 

The A degeneracy a l lows  f o r  s o l i t o n  e x c i t a t i o n s .  These cor re-  

spond t o  t h e  sequence D-A-*.D-A.*.D.*.A-D.**A-D where - and 

are s h o r t  and long bonds r e s p e c t i v e l y .  

b 

As an e x p l i c i t  model cons ider  t h e  weak coupl ing  theory  i n  t h e  

absence of e l e c t r o n - e l e c t r o n  i n t e r a c t i o n .  S o l i t o n s  i n  t h i s  model 

a r e  known (12'13) and were suggested t o  appear  i n  (AEi)x type  poly- 

mer s ( I3)  . The unusual  f e a t u r e  of t h e s e  s o l i t o n s  i s  t h e i r  i r r a t i o n a l  

charge.  Since t h e  ground states have phases  +-6 (Eq. ) t h e  count ing  

rule(14)  y i e l d s  f o r  t h e  s o l i t o n  charge k 2 @ / n  -- a n  i r r a t i o n a l  

number i n  g e n e r a l .  F i n a l l y ,  s o l i t o n  l a t t i c e  s o l u t i o n s  were found,  (9) 
These r e p r e s e n t  t h e  incommensurate system where a f i n i t e  charge 

d e n s i t y  P i s  added t o  t h e  system (e.g. by doping) .  

f e a t u r e  h e r e  i s  t h a t  t h e  s o l i t o n  l a t t i ce  e x i s t s  even i f  o A o ,  i .e. 
The i n t e r e s t i n g  
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8 B. HOROVITZ 

no phase t r a n s i t i o n  in t h e  p=O system ( s e e  Fig.1). 

I n  conclusion,  i t  was shown t h a t  phonon spectroscopy i s  an  e f -  

f e c t i v e  t o o l  f o r  o b t a i n i n g  informat ion  on an i n t e r a c t i n g  e l e c t r o n  

system a s  demonstrated by s t u d i e s  on (CH)X. (15) Here t h e  s i t u a t i o n  

i s  even more i n t e r e s t i n g  due t o  n o n t r i v i a l  changes of .‘,ab and a* 

(15) then y i e l d s  wi th  temperature. The a n a l y s i s ,  as done f o r  (CH) 

t h e  f u n c t i o n s  as (T) ,a  (T) and a*(T) which are a c r i t i ca l  test f o r  

any d e t a i l e d  theory of i n t e r a c t i n g  e l e c t r o n s .  

X’ b 

An a d d i t i o n a l  f a s c i n a t i o n  of t h e s e  compounds is t h e i r  unusual  

s o l i t o n s .  

thermally exc i ted  charged s o l i t o n s ,  whi le  t h e  s t r o n g  ESR signalc7’ 16) 

A r e c e n t  conduct iv i ty  experiment on TTF-CA(16) i n d i c a t e s  

may be r e l a t e d  t o  s p i n  c a r r y i n g  s o l i t o n  d e f e c t s .  
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