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NONLINEARITY AND HYSTERESIS I N  TTF-TCNQ 

A. BJELIS and S. B A R I S I C *  
I n s t i t u t e  o f  Physics o f  t he  Un ive rs i t y ,  
POB 304, 41 001 Zagreb, Croat ia ,  Y ugosl av i  a 

Received f o r  pub1 i c a t i o n  November 2, 1981 

We show t h a t  the  Landau theory f o r  t h e  t ransverse s l i -  
d ing  i n  TTF-TCNQ reduces t o  two coupled non l i nea r  d i f -  
f e r e n t i a l  equations f o r  t h e  f i e l d s  represent ing t h e  
modulation and the  phase o f  t he  order ing.  The problem 
i s  nonintegrable and, beside the  e r r a t i c  so lu t i ons ,  
possesses a l so  bands o f  p e r i o d i c  so lu t ions .  The band 
o f  most i n t e r e s t i n g  so lu t i ons  can be d i v ided  by sepa- 
r a t r i c e s  i n t o  subbands o f  t o p o l o g i c a l l y  compatible so- 
l u t i ons .  We argue t h a t  these separa t r i ces  are  topolo-  
g i c a l  b a r r i e r s  which cannot be crossed, so t h a t  t he  
system i s  conf ined t o  the  subband o f  con f igu ra t i ons  
bounded by two separat r ices.  This i s  t he  bas is  f o r  t h e  
explanat ion o f  the  hys teres is  observed i n  t h e  s l i d i n g  
temperature range. 

INTRODUCTION 

TTF-TCNQ i s  a well-known example o f  a p e r i o d i c a l l y  o r -  
dered system w i t h  temperature v a r i a t i o n  i n  the  p e r i o d i c i t y  
o f  t h e  two observed superst ructures.  These superst ructures 
appear below 49 K, as t h e  so-ca l led  " 2 k ~ ' I  and " 4 k ~ ' l  Bragg 
s p o t 5  The c s r r e  ponding wave rec to rs  a re  ?j&=(q,Zk~,O) 

two order ings are co r re la ted  a t  low temperatures. Here, we 
s t a r t  from t h e  assumption which agrees w i t h  the  experimen- 
t a l  data, namely t h a t  t he  2kF-ordering i s  dominant, and 
concentrate on l y  on i t s  temperature behavior. I t s  t ransver-  
se component, q(T), var ies  from a*/2 towards a*/4 as T 

* and Department of Physics, Facul ty  o f  Natura l  Sciences, 

and q4kF f 2q2kF 'i . The l a s t  connection i nd i ca tes  t h a t  t h e  

Un ive rs i t y  o f  Zagreb 

[ 1541]/15 1 

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

1:
57

 2
1 

Fe
br

ua
ry

 2
01

3 



l W [  15421 A. BJELIS and S. BARFgIC 

decreases from 49 K, and f i n a l 1  
comnensurat value below 38 K1 sj. The neutron s c a t t e r i n g  

ordering, sketched on Fig. 1: 

gets pinned a t  t h e  l a t t e r  

experiments z showed an add i t i ona l  p e c u l i a r  f ea tu re  o f  t h i s  

1 1 I I I 1  

38 42 46 T (K)  

FIGURE 1. The hys teres is  i n  the l i d i n g  temperature range 
(Based on data by El lenson e t  a1 3 ) 

the  heat ing and coo l i ng  q(T) curves are  separated by about 
1,5 K. By changing the  d i r e c t i o n  o f  t h e  temperature var ia -  
t i o n  one always goes a long the  ho r i zon ta l  b r i dge  q = const 
between the  two l i nes ,  as i nd i ca ted  on the  f i gu re .  

I n  t h i s  work we s h a l l  i n t e r p r e t  t h i s  unusual hystere- 
s i s  as r e l a t e d  t o  t h e  p a r t i c u l a r  domain pa t te rn  which f o l -  
lows from the  Landau mod 1 f o r  t h e  comnensurate-incomensu- 
r a t e  t r a n s i t i o n  a t  38 K.? The corresponding wave vec tor  
s t a r  has f o u r  po in ts  (kq, *ZkF, 0) and two legs 

$+ =P+ exp ( i e + ) ,  - -  - 
so tha  the  on ly  poss ib le  f o u r t h  o rder  Umklapp term i s  g i -  
ven by 5 
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NONLINEARITY AND HYSTERESIS IN TTF-TCNQ [ 1543]/ 153 

where a i s  the  i n te rcha in  l a t t i c e  constant. I t s  a c t i v a t i o n  
below 38 K (q  = a*/4) leads t o  the  s tab le  homogeneous con- 
f i g u r a t i o n  w i t h  pt=y- (ampli tude modulat ion) and t h e  f i x e d  
value o f  t h e  r e l a t i v e  phase e+t0 - .  On the  contrary ,  t he  ho- 
mogeneous conf igura t ions  f o r  incommensurate values o f  q ha- 
ve o n l y  one o r  another l e g  ac t i va ted  ( P +  =O o r  p -  =0) which 
corresponds t o  the  phase modulation. Being degenerate, the- 
se two conf igura t ions  are expected t o  form domains w i t h  the  
domain wa l ls  i n  which the  r e l a t i v e  weight  o f  two legs  i .e .  
the  modulation and the  r e l a t i v e  phase change cont inuously .  
The Umklapp term ( 1 )  again cont r ibu tes  t o  the  f r e e  energy, 
bu t  now on ly  l o c a l l y  w i t h i n  domain wa l ls .  Thus the  consi- 
dera t ion  o f  domain pa t te rns  i n  the  s l i d i n g  temperature ran- 
ge reduces t o  the  determinat ion o f  (meta)stable conf igura-  
t i o n s  f o r  the  f i e l d s  non - l i nea r l y  coupled i n  the  expression 
( 1  1. 

MODEL 

The f u l l  f r e e  energy func t iona l  f o l l ows  s t r a i g h t f o r -  
wardly from the  i n i t i a l  Landau expansion f o r  TTF-TCNQ chain 
s t ruc tu re .  A f t e r  concentrat ing on the  t ransverse d i r e c t i o n  
i n  which TCNQ and TTF chains a l t e r n a t e  (which corresponds 
t o  the  wave number q(T)  from eq. l ) ,  and approximating t h i s  
sca le by the  continuous one (na 4 x )  a f t e r  r e t a i n i n g  t h e  
Umklapp term ( l ) ,  t he  f r e e  energy has the  form 

The two f i e l d  var iab les  in t roduced here represent j u s t  t he  
r e l a t i v e  phase 

B = 46x t 2 ( %  t e - )  - T l  , 

tan + = , o < $ < z T .  

and the  modulation 

The two o the r  f i e l d s  are 
1 2 2  2 T(et - e-) and R =pt t p - . 

The f i r s t  one i s  minimized out  from t h e  f r e e  energy (2 ) ,  
whi 1 e R, the  temperature dependent absol u t e  amp1 i tude, can 
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1 5 4 4  15441 A. BJELIS and S. BARISIC 

be taken as approximately space independent. The convenient 
space scale chosen i n  eq.2, 

X 
2 R m  
X d E  Y =  

i s  tempe a t u r  de endent due t o  t h e  presence o f  parameters 
R and Xr=4CG5/BRj, where 6 =q-a*/4, and C and B a re  con- 
s tan t  parameters from the  Landau expansion. The remaining 
parameter A i s  def ined as 

where b i s  the r a t i o  o f  t h e  i n te rcha in  and i n t r a c h a i n  
anharmonic coup1 i n g  parameters. The existence o f  t he  f i r s t -  
order t r a n s i t i o n  a t  38 K i s  consistent on l y  w i t h  b>O3~4. 

2 A = A  /4 - b , 

ANALOGY WITH CLASSICAL MECHANICS 

The thermodynamical problem (2)  has a very d i r e c t  c las-  
s i c a l  mechanical analogue. With y i n t e r p r e t e d  as a t ime va- 
r i a b l e ,  F i s  j u s t  t he  ac t i on  i n t e g r a l  f o r  a p a r t i c l e  moving 
on the  spher ical  surface, w i t h  /3 and 4 represent ing two an- 
gu la r  coordinates. Since the  "Lagrangian" i n  eq. (1 )  does 
n o t  depend e x p l i c i t l y  on y, there  i s  obviously one "con- 
s t a n t  o f  motion", which represents t h e  energy i n  the  mecha- 
n i c a l  sense, bu t  has no d i r e c t  thermodynamic meaning. We 
could no t  f i n d  the  o the r  "constant o f  motion", i n  agreement 
w i t h  the  numerical ca l cu la t i ons  which i n d i c a t e  t h a t  i t  does 
no t  ex i s t .  The system o f  Hamilton-Jacobi equations which 
corresponds t o  eq. ( 2 )  thus appears t o  be nonintegrable. 

PERIODIC SOLUTIONS 

Among t h e  so lu t ions  o f  the  Hamilton-Jacobi equations, 
l e t  us f i r s t  mention the "equ i l i b r i um points",  i .e. the con- 
f i g u r a t i o n s  which are  homogeneous i n  y. These are (i) 4 = r, 
6 =0, and ( i i )  4 =O o r  2 n, B a r b i t r a r y .  The f i r s t  s o l u t i o n  i s  
s tab le  f o r  A 4 ,  and represents the  commensurate o rder ing  
below 38 K. Further, there are pe r iod i c  domain so lu t i ons  i n  
which 4 o s c i l l a t e s  around n 4 ( m a / 2 ) = n  ,%-per iod ic i ty ,  m=O, 
1, 2, ...I, w i t h  B being equa F t o  2mnn (n=O, 1.2 ...) a t  
these points.  Numerically, such t r a j e c t o r i e s  are obtained 
on ly  f o r  two p a r t i c u l a r  continuous sets o f  p a i r s  o f  i n i t i a l  
slopes d+/dy\Y=o, dB/dyIyVO. The two bands which correspond 
t o  these sets contain t r a j e c t o r i e s  w i t h  even and odd values 
o f  n. For p a i r s  o f  i n i t i a l  cond i t ions  c lose  t o  the  above 
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NONLINEARITY AND HYSTERESIS IN TTF-TCNQ [ 1545]/1% 

sets  the  t r a j e c t o r i e s  appear t o  be e r r a t i c .  The presence 
o f  t he  e r r a t i c  so lu t i ons  i s  r e l a t e d  t o  t h e  n o n i n t e g r a b i l i -  
t y  o f  t he  Hamilton-Jacobi equations. 

The f r e e  energy o f  t h e  e r r a t i c  so lu t i ons  averaged per  
u n i t  l eng th  i s  much l a r g e r  than t h a t  o f  t he  nearby per io -  
d i c  so lu t ions  which have t h e  f r e e  energies comparable t.o 
those o f  t h e  homogeneous so lu t ions .  Some o t h e r  bands o f  pe- 
r i o d i c  so lu t i ons  are a l so  poss ib le ,  b u t  t h e i r  f r e e  energ i -  
es are considerably  higher. We thus conclude t h a t  t he  two 
bands o f  p e r i o d i c  so lu t i ons  are t h e  best  candidates f o r  me- 
tas tab le  s tates.  They a lso  s u i t  we l l  t h e  i n t u i t i v e  p i c t u r e  
o f  t h e  domain pa t te rns  i n  t h e  s l i d i n g  temperature range 
mentioned before. 

The c lose r  examination o f  t he  two bands shows t h a t  
t he  continuous change i n  t h e  i n i t i a l  cond i t ions  w i t h i n  t h e  
given s e t  (band) i s  associated w i t h  t h e  continuous var ia -  
t i o n  i n  the  p e r i o d i c i t y  t and the  corresponding value o f  
f r e e  energy. However, p rov id ing  t h a t 5  

each band o f  so lu t i ons  i s  d i v ided  i n  subbands by separa- 
t r i c e s .  From one subband t o  another n changes by two (e.g. 
from 0 t o  2, e tc .  o r  from 1 t o  3 e t c )  together  w i t h  i n -  
c res ing  e .  The separa t r i ces  by themselves are t r a j e c t o r i e s  
i n  which 4 " ro ta tes "  g(t /2)=2rr ,  4 ( a ) = 3 n ,  e t c  ; they  cannot 
be r e a l i z e d  phys i ca l l y ,  due t o  the  r e s t r i c t i o n  on 4 i n  
eq.(4). When t h e  cond i t ion  ( 7 )  i s  no t  f u l f i l l e d ,  t h e  bands 
conta in  on l y  n=O and n = l  so lu t i ons  respec t ive ly .  

be e a s i l y  f u l f i l l e d  i n  TTF-TCNQ above 38 K. We thus meet 
an i n t e r e s t i n g  question: how do t h e  separat r ices appearing 
i n  t h e  band o f  p e r i o d i c  con f igu ra t i ons  i n f l uence  t h e  i n -  
comnens u ra te  t ransverse order  i n g? 

(7) 2 A > 11 -11 

Rough estimates suggest t h a t  t h e  cond i t ion  ( 7 )  might 

SEPARATRICES - TOPOLOGICAL BARRIERS 

The d i r e c t  i n s i g h t  i n t o  t h e  form o f  t h e  s o l u t i o n s  i n  
the  r e a l  space shows t h a t  t w o  e n e r g e t i c a l l y  c lose  conf igu-  
ra t i ons  separated by a separa t r i x ,  are t o p o l o g i c a l l y  q u i t e  
d i f f e r e n t .  I n  o rder  t o  pass from one t o  another, one has t o  
s h i f t  l o c a l l y  ( i n  every second domain w a l l )  CDWs along 
chains by a f i n i t e  amount equal t o  t h e  h a l f  o f  P e i e r l s  wave- 
1 en g t  h ( n/2 k~ ). Presumably, the corres pondi ng i n t ermedi a te  
s ta tes  are t o o  h igh  i n  f r e e  energy t o  be at ta ined.  Thus, 
be ing once i n  a given subband, t h e  system i s  n o t  ab le t o  
leave i t  through the  separa t r i x  ends. 
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Regarding the  change o f  con f igura t ions  due t o  t h e  v a r i -  
a t i on  o f  temperature ( i .e .  o f  t h e  parameter X i n  eq.(2)), we 
note t h a t  every change o f  p e r i o d i c t y  ( o f  both, bas ic  CDW pe- 
r i o d i c i t y  and t h e  p e r i o d i c i t y  o f  domain w a l l s )  invo lves  t h e  
" f r i c t i o n "  t o  the  under ly ing  d i s c r e t e  l a t t i c e .  The system 
can avoid t h i s  f r i c t i o n  by proper ly  changing s ta tes  i n  i t s  
ene rge t i ca l l y  almost degenerate subband, as l ong  as i t  i s  
somewhere i n s i d e  the  subband. However, when i t  comes t o  one 
o f  t he  subband ends, i t  looses t h i s  freedom s ince  i t  cannot 
pass through the  separat r ix .  Instead, i t  continues by f o l -  
lowing the  separa t r i x  temperature va r ia t i on ,  and consequ- 
e n t l y  the  l a t t i c e  f r i c t i o n  e f f e c t s  appear. By revers ing  t h e  
temperature va r ia t i on ,  t he  system again keeps constant per io -  
d i c i t i e s  by going back i n s i d e  t h e  subband. 

CONCLUSION 

The above discussion has brought up a l l  t h e  elements 
f o r  t h e  explanation o f  t he  hys teres is  i n  TTF-TCNQ above 38K. 
We i d e n t i f y  heat ing and coo l i ng  curves o f  Fig.1, w i t h  t h e  
temperature v a r i a t i o n  o f  t h e  two extremal s ta tes  i n  some 
phys i ca l l y  preferable subband o f  metastable s tates.  The 
hor izon ta l  1 ines which appear by revers ing  t h e  temperature 
change, correspond t o  the  " f r i c t i o n l e s s "  change o f  s ta tes  
i n  t h i s  subband. 

Furthermore, t h e  above model may perhaps exp la in  t h e  
observed broadening o f  t h e  2kF-spots i n  the  a* -d i rec t ion  
w i th  t h e  increase 
hor izon ta l  q(T) curves. The broadening along t h e  s l i d i n g  
curves comes from t h e  decrease o f  t h e  separation between do- 
main w a l l s  due t o  t h e  increase o f  x ( i .e. temperature). Con- 
cern ing the  ho r i zon ta l  l i n e s ,  t h e  func t ions  @ and 8 change 
along these l i n e s  so t h a t  t he  w i d t h  o f  domain wa l l s  inc re-  
ases a t  the  expense o f  t he  domains. This leads again t o  
the broadening o f  t h e  Bragg spots. 

s l i d i n g  o f  t he  wave vec tor  occurs due t o  the  presence o f  
t he  separat r ices (i.e. t opo log i ca l  b a r r i e r s )  i n  t h e  s e t  o f  
t he  thermodynamically s tab le  conf igura t ions .  Otherwise t h e  
system would prefer  t o  keep t o  p e r i o d i c i t y  constant i n  or -  
der t o  avoid the  " f r i c t i o n "  w i t h  t h e  d i s c r e t e  l a t t i c e .  Th is  
p i c t u r e  cont r ibu tes  t o  a b e t t e r  understanding o f  t he  wave 
vector  s l i d ing .  

o f  temperature a long both, s l i d i n g  and 

Le t  us f i n a l l y  p o i n t  ou t  t h a t  i n  t h e  present model t h e  
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