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FLEXOELECTRICITY I N  NEMATICS : CONTINUOUS DISTORTIONS 
AND INSTABILITIES 

Georges DURAND 
Laboratoire  de Physique des Sol ides*,  B2t.  510, Univer- 
s i t 6  de Paris-Sud, 91405 ORSAY CEDEX (France) 

Abstract  We review r e c e n t  experiments mostly pe r fo r -  
med by the Orsay Group, which allow the independent 
measurement of t he  bulk f l e x o e l e c t r i c  and e l e c t r i c  qua- 
drupolar  cons t an t s  f o r  nematic l i q u i d  c r y s t a l s .  Most 
of them use the  hybr id  a l i g n  geometry, where a sp l ay  
bend d i s t o r t e d  nematic behaves as  a l i q u i d  f e r r o e l e c -  
t r i c  domain. 

In t h i s  review, w e  give a survey of r ecen t  work done essen- 

t i a l l y  i n  Orsay i n  the  f i e l d  of f l e x o e l e c t r i c i t y  of nematic 

l i q u i d  c r y s t a l s .  For t h e  sake of completeness, we f i r s t  

r e c a l l  a few elementary p o i n t s  about f l e x o e l e c t r i c i t y ;  we 

then p resen t  r e s u l t s  on continuous t e x t u r e  d i s t o r t i o n s ,  and 

our  more r e c e n t  unpublished work on f l e x o e l e c t r i c a l l y  in- 

duced t e x t u r e  i n s t a b i l i t i e s  i n  nematics . 

A - WHAT I S  FLEXOELECTRICITY I N  NEMATTCS ? 

It  i s  known f o r  a long time t h a t  an uniformly o r i en ted  

nematic t e x t u r e  possesses  inve r s ion  symmetry, i . e .  i s  no t  

f e r r o e l e c t r i c .  A s  shown by Meyerl, one can break t h i s  i n -  

ve r s ion  symmetry by imposing t o  the mean molecular o r i e n t a -  

t i o n  ( t h e  u n i t a r y  d i r e c t o r  n) a sp l ay  o r  bend curvature  

d i s t o r t i o n .  Per  u n i t  volume, one expects  an e l e c t r i c  pola- 

0 

+ 
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238 G. DURAND 

+ + i + + -f -f 
r i z a t i o n  P t o  occur ,  equa l  t o  : P= e l  n ( d i v  n ) +  e 3  c u r l  n x n .  

The two c o e f f i c i e n t s ,  e l  and e 3  , of the  o r d e r  of a molecu- 

l a r  p o l a r i z a t i o n  c g s )  d iv ided  by m2 (molecular  dimen- 

tP  f 

4 s i o n )  a r e  of t h e  o r d e r  of 10-18/10-'4 Q 10- 

p o l a r i z a t i o n  i s  the  nematic e q u i v a l e n t  of t h e  p i e z o e l e c t r i c  

p o l a r i z a t i o n  observed i n  s t r a i n e d  s o l i d s .  

The i n t e r e s t  of  f l e x o e l e c t r i c i t y  i s  t o  provide  a l i n e a r  cou- 

p l i n g  wi th  an e x t e r n a l  e l e c t r i c  f i e l d  E i n  the  form - E .  P ,  

where P can be p r o p o r t i o n a l  t o  some imposed d i s t o r t i o n .  By 

comparison, when P = XE i s  induced by E ,  one o b t a i n s  a qua- 

d r a t i c  coupl ing  - x E 2 .  The f i r s t  exper iment ,  d i scussed  by 

H e l f r i c h 2  and many o t h e r s ,  t o  demonstrate t h e  i n v e r s e  f l e x o  

e f f e c t ,  c o n s i s t e d  t o  induce (F ig .2)  a bend d i s t o r t i o n  i n  an 

homeotropic sample.  Balanc ing  

cgs .  The f l exo-  

-f + 

+ +  + 

e l e c t r i c  an mechanic terms i n  

the  f r e e  energy ,  r e s u l t s  i n  

, where K i s  the  K 

d 2  
cu rva tu re  e l a s t i c  c o n s t a n t ,  

d t h e  sample t h i c k n e s s ,  0 t he  

s u r f a c e  a n g l e .  This  r e s u l t s  

i n  0 Q E -. I n  t h i s  desc r ip -  

t i o n ,  we have neg lec t ed  the  s u r f a c e  anchor ing  energy ,  assu- 

ming t h e  anchor ing  i n f i n i t e l y  weak. When the  anchor ing  i s  

s t r o n g  (molecular  o r i e n t a t i o n  f i x e d  a t  the  s u r f a c e )  , t h e r e  

i s  an exac t  compensation i n  the  e l e c t r i c  energy -p.E be t -  

ween the  two d i f f e r e n t l y  curved p a r t s  o f  molecular  l i n e s  

e d  
K 

F ig .  2 

__ 
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FLEXOELECTRIC DISTORTIONS AND INSTABILITIES 239 

( F i g . 3 )  and t h e  s o l u t i o n  i s  

8 = 0 .  One sees e a s e l y  why : 

a )  assume e l  = e 3  = e .  P can 

b e  w r i t t e n  as P = e d i v ( n n ) ,  

i 

-f - 
F i g .  3 

i . e .  t h e  d i v e r g e n c e  of t h e  

e l e c t r i c  q u a d r u p o l a r  momentum 

d e n s i t y  Q = -e (n ;).The e l e c t r i c  energy  d e n s i t y  can  b e  w r i t -  

t e n  as : 

When i n t e g r a t e d  i n  t h e  volume, t h e  f i r s t  term g i v e s  a s u r -  

f a c e  term which i s  z e r o  f o r  s t r o n g  a n c h o r i n g ,  and one i s  

l e f t  with a pure  q u a d r u p o l a r  e f f e c t ,  c o u p l i n g  of  0 w i t h  t h e  

f i e l d  g r a d i e n t ,  as shown by P r o s t  and Marcerou3 . For uni -  

form E f i e l d  t h i s  t e r m  v a n i s h e s  a l s o  and t h e r e  i s  no volume 

f l e x o e l e c t r i c  e f f e c t .  

b )  assume e l #  e 3 .  For  small d i s t o r t i o n s ,  P remains  a d i v e r -  

gence and can  always be i n t e g r a t e d  o u t "  . The q u a d r u p o l a r  

e f f e c t  i s  now p r o p o r t i o n n a l  t o  e l  + e 3 .  For  l a r g e  d i s t o r -  

t i o n s  o n l y ,  one e x p e c t s  t o  o b s e r v e  w i t h  s t r o n g  a n c h o r i n g  

a p u r e  volume f l e x o e l e c t r i c  e f f e c t ,  p r o p o r t i o n n a l  t o  

e = e l  - e 3 .  

To c o n c l u d e ,  w i t h  s t r o n g  a n c h o r i n g ,  t h e  " f l e x o e l e c t r i c "  

p o l a r i z a t i o n  g i v e s  r ise  t o  two k i n d s  of  e f f e c t s  : 

- -- - - -  - -E.P = - [ v . E ( ~  n ) -  e n n :V E]. 

- 
+ 

+ 

% 

- a pure  volume f l e x o e l e c t r i c  e f f e c t ,  w i t h  a n  e f f e c t i v e  

p o l a r i z a t i o n  P 

w i t h  $. 

i *+ + 
= e n ( d i v  n ) ,  ( e Y  = e l  - e 3 )  which c o u p l e s  e f f  

- a p u r e  volume q u a d r u p o l a r  e f f e c t ,  where t h e  e l e c t r i c  qua- 

d r u p o l e  d e n s i t y  Q = - ( e l  + e 3 )  ( n  n )  c o u p l e s  w i t h  t h e  f i e l d  

g r a d i e n t  0 2. 

_ _  
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240 G .  DURAND 

B - CONTINUOUS DISTORTIONS 

One can measure independently e l + e 3  and e l +  e 3  , by obser- 

v ing  t h e  t e x t u r e  d i s t o r t i o n s  induced i n  a nemat ic  l i q u i d  

c r y s t a l  by an e l e c t r i c  f i e l d  g r a d i e n t ,  o r  a f i e l d  a l o n e .  

I) Quadrupolar e f f e c t  

P r o s t  and Marcerou5 have observed by l i g h t  s c a t t e r i n g  t h e  

d i s t o r t i o n  induced by t h e  coupl ing  of a E f i e l d  g r a d i e n t  

i n  an uniform homeotropic a l i g n e d  sample. This geometry has 

been r e c e n t l y  resumed by Dozov e t  a16 , who wanted t o  mea- 

s u r e  the  quadrupolar  c o e f f i c i e n t  e l  + e 3  and i t s  s i g n  i n  

b 5 B A .  The c e l l  geometry i s  
r h -  -w- )v sketched  on Fig .4 .  The e l e c -  

t r i c  t o rque  d e n s i t y ,  on one 

c e n t r a l  molecule,  i s  e s t ima t -  -r ed  as q e , where q i s  the  

d! @ 
m 3  --- assumed end charge g i v i n g  

\ 1 , +  
F i g .  4 - e - e a  
r ise  t o  0 ,  and m is a molecular  dimension. E i t s e l f  i s  a 

pure g r a d i e n t ,  and can be w r i t t e n  as E = VE.  m .  The r e s u l -  

t i n g  to rque  d e n s i t y  i s  now VE = VE Q , t o  be  compensa- 

t e d  by the  e l a s t i c  t o rque  d e n s i t y  K8/d2 where 8 i s  the  small 

induced t i l t .  VE i s  of t h e  o rde r  of V/dR , where V i s  t h e  

v o l t a g e  d i f f e r e n c e  between t h e  e l e c t r o d e s ,  d the  sample 

t h i c k n e s s  and R t h e  e l e c t r o d e  sepa ra t ion ,The  r e s u l t i n g  t i l t  

2 

m3 

i s :  e = -  - . For MBBA, t he  conoscopic obse rva t ion  of  
K R  

a g ives  : e l  + e 3  = - 1  10-4 c g s ,  a very  s t r a n g e  r e s u l t ,  

f o r  i t s  s i g n ,  opposed t o  what i s  known4 i n  BBMBA and t o  

the  prev ious  estimate of Der jhanski7  e t  a l ,  and f o r  i t s  ab- 

s o l u t e  v a l u e ,  7 times smaller than  measured3 by P r o s t  and 

Marcerou. Screening  e f f e c t  may be  invoqued t o  e x p l a i n  t h i s  

d i screpancy .  
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FLEXOELECTRIC DISTORTIONS AND INSTABILITIES 24 1 

11) F l e x o e l e c t r i c  e f f e c t  

3 
The e x i s t e n c e  of P 

u s i n g  a h y b r i d  a l i g n e d  c e l l  (HAC) t o  o b t a i n  t h e  l a r g e  d i s -  

t o r t i o n  ( r o t a t i o n  of n/2, see  F ig .5 )  necessa ry  t o  t h e  e x i s -  

has  been demonst ra ted  by Dozov e t  a l e  
e f f  

t e n c e  of  t h e  pu re  volume fle- 

&$ x o e l e c t r i c  e f f e c t . A  DC f i e l d  

E i s  a p p l i e d  pe rpend icu la r  t o  

t h e  s p l a y  bend t e x t u r e .  The dl ' r e s u l t i n g  to rque  d e n s i t y  
-t 

X E induces  a t w i s t  (p 

of t h e  s p l a y  bend molecular  

l i n e s .  W r i t t i n g  P Q e'/d, 

w i th  t h e  same e l a s t i c  to rque  
e f f  

K4l e*  

d2 
d e n s i t y  - , one expec t s  : @ % dE. This i s  w e l l  v e r i f i e d  

e x p e r i m e n t a l l y .  The two s p l a y  bend domains r o t a t e  i n  oppo- 

s i t e  d i r e c t i o n ,  a s  expec ted  from t h e  s i g n  o f  P 4 i s  

found Q E ,  f o r  d = 100 urn, which r e s u l t s  i n  e* Q 10 cgs  

f o r  MBBA. The t w i s t  9 i s  o p t i c a l l y  observed  by t h e  r o t a t i o n  

of t h e  l i g h t  p o l a r i z a t i o n  p ropaga t ing  a c r o s s  t h e  HAC. Th i s  

method, a p p l i e d  t o  o t h e r  m a t e r i a l s ,  h a s  g iven  i n t e r e s t i n g  

r e s u l t s .  For i n s t a n c e ,  i n  8CB, e is found + 1.10 c g s ,  

a l though  i n  8 0 C B  which d i f f e r s  on ly  by t h e  e x i s t e n c e  of an  

oxygen, e' i s  -6 10 

e f f '  -4 

?% -4 

-4 c g s .  This change has  been i n t e r p r e t a -  

8c 0 ' O C g  F i g .  6 
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242 G .  DURAND 

t e d  as  " c o n f o r m a t i o n a l "  f l e x o e l e c t r i ~ i t y ~  . The s t r o n g  

d i p o l e s  of t h e  CN groups  seem t o  c a n c e l  e a c h  o t h e r ,  by some 

m o l e c u l a r  p a i r i n g .  I n  p r e s e n c e  of  a bend ,  such  a m o l e c u l a r  

p a i r  would see a p r e f e r e d  c o n f i g u r a t i o n  of  t h e  end c h a i n s  

which would t e n d  t o  a l i g n  t h e  oxygen d i p o l e s  toward t h e  

c e n t e r  of  c u r v a t u r e  ( s e e  F i g . 6 ) .  

C - FLEXOELECTRICALLY INDUCED INSTABILITIES 

We now r e p o r t  on two t e x t u r e  i n s t a b i l i t i e s ,  u s i n g  t h e  qua- 

d r u p o l a r  o r  t h e  f l e x o e l e c t r i c  c o u p l i n g ,  d i s c o v e r e d  r e c e n t l y  

i n  Orsay .  

I /  Uniform t w i s t  i n s t a b i l i t y  o f  t h e  HAC ( F l e x o e l e c t r i c  

coup1 i n g )  

We can  d e m o n s t r a t e  t h e  e x i s -  

t e n c e  of  P i n  a HAC,  by 

a p p l y i n g  a DC e l e c t r i c  f i e l d  

E opposed t o  P e f f '  Above a 

c e r t a i n  t h r e s h o l d  E t h ,  a t w i s t  

$ becomes u n s t a b l e ,  b e c a u s e  

P t e n d s  t o  a l i g n  a l o n g  E .  
E t h  i s  g i v e n  Td c l a s s i c a l l y  by t h e  e f f  b a l a n c e  of  t o r q u e s  e q u a t i o n :  

i 

e f f  

-f i 

4 
I 

V -f + 
F i g .  7 

We do observe ' '  such  an  i n s t a b i l i t y ,  f o r  d % 50 pm, a t  

E t h  2. 1 c g s ,  i . e .  f o r  t h e  e x p e c t e d  v a l u e  c a l c u l a t e d  w i t h  

e* d e t e r m i n e d  i n  t h e  c o n t i n u o u s  t e x t u r e  t w i s t  e x p e r i m e n t .  

'The i n f l u e n c e  o f  t h e  d i e l e c t r i c  a n i s o t r o p y  must anyway b e  

c o n s i d e r e d  f o r  a q u a n t i t a t i v e  f i t  of t h e  d a t a .  For  l a r g e r  

f i e l d s ,  e l e c t r o h y d r o d y n a m i c  i n s t a b i l i t i e s  c a n  d e v e l o p ,  as 

a l w a y s ,  and l i m i t  t h e  r a n g e  o f  o b s e r v a b l e  t w i s t .  
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FLEXOELECTRIC DISTORTIONS AND INSTABILITIES 243 

L I /  Non uni form t w i s t  i n s t a b i l i t y  o f  t h e  HAC (Ouadrupo- 

l a r  c o u p l i n g )  

We resume t h e  HAC geometry o f  F i g . 5  where w e  have  observed  

t h e  c o n t i n u o u s  t w i s t  of t h e  s p l a y  bend t e x t u r e  which behaves  

as a f e r r o e l e c t r i c  domain r o t a t i n g  under  t h e  a c t i o n  of a 

p e r p e n d i c u l a r  f i e l d .  We have  observed ' '  , superimposed t o  

t h e  a v e r a g e  t w i s t  4 a s h a r p l y  l o c a l i z e d  t w i s t  4 which appears 

between c r o s s e d  p o l a r i z e r s  as a " w a l l "  p a r a l l e l  t o  t h e  e l e c -  

t r o d e s , o f  l a t e r a l  e x t e n s i o n  comparable  t o  t h e  t h i c k n e s s  d .  

T h i s  w a l l  p r o p a g a t e s  from t h e  c a t h o d e  t o  t h e  anode ,  w i t h  

a v e l o c i t y  l i n e a r  i n  f i e l d  and a r e s u l t i n g  m o b i l i t y  i n  

t h e  10 cm/Vs range ,comparable  t o  t h e  one of  i o n s .  -4 

% ?p&+ 
1 3 

F i g .  8 

With b l o c k i n g  e l e c t r o d e s ,  w e  

check t h a t  t h e s e  wa l l s  can  

o n l y  e x i s t  i n  p r e s e n c e  of  DC 

c u r r e n t .  They s t o p  i f  w e  t u r n  

t h e  f i e l d  o f f ,  t h e y  s t a r t  

moving a g a i n  i f  we t u r n  t h e  

f i e l d  on .  They v a n i s h  when 

r e v e r s i n p  t h e  f i e l d .  We under-  

s t a n d  t h i s  wa l l  as a l o c a l i z e d  

charged  t w i s t  o f  t h e  t e x t u r e ,  

c r e a t e d  by t h e  f o l l o w i n g  mecha- 

n ism : 

a )  a l o c a l i z e d  f l u c t u a t i o n  4 

o f  t h e  t w i s t  4 b e c a u s e  of  
0 '  

t h e  a n i s o t r o p y  of  c o n d u c t i v i -  

t y  oa ,  g i v e s  r i s e  t o  a l o c a l i -  

zed s p a c e  c h a r g e  d e n s i t y  p .  

C a l l i n g  y t h e  Eo  f i e l d  o r i e n -  

t a t i o n  ( F i g . 8 ) ,  t h e  c u r r e n t  

+ 
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244 G.  DURAND 

cos 240 d e n s i t y  w r i t e s  a s  : j = oE - ci E which r e s u l t s  
Y o a 2  

i n  a s t a t i o n n a r y  space  charge  d e n s i t y  

" ( E  i s  the  assumed i so -  

t r o p i c  d i e l e c t r i c  c o n s t a n t ,  u t h e  i s o t r o p i c  c o n d u c t i v i t y )  

b)  t h e s e  l o c a l i z e d  space  charge  p g ives  r i s e  t o  an addi -  

t i o n n a l  f i e l d  E and an a d d i t i o n a l  f i e l d  g r a d i e n t  V E .  The 

a d d i t i o n n a l  E i s  c a l c u l a t e d  by : - dE - - 47ip which g ives  : 

E = -E 5 s i n  24, . because o i s  p o s i t i v e  f o r  most 

nemat ic  m a t e r i a l s ,  E i s  opposed t o  4 .  The a d d i t i o n n a l  f i e l d  

h a s  a s t a b i l i z i n g  e f f e c t ,  through t h e  f l e x o e l e c t r i c  coupl inE.  

The r e s u l t i n g  torque  P X E  i s  sma l l e r  were $ i s  l a r g e r ,  e f f  
and v i c e  v e r s a .  On the  o t h e r  hand, t h e  a d d i t i o n n a l  f i e l d  

s i n  2$ 0 d y E o  
p = - 2 -  (J 

4 m  a 

dY 

o u 'a 0 '  

+ 3  

g r a d i e n t  VE may be d e s t a b i l i -  

z ing ,  through t h e  quadrupolar  

coup l ing ,  i f  e l  + e 3  > 0 ,  

( s e e  F ig .  9)  and an i n s t a b i -  

l i t y  occur s .  The t h r e s h o l d  

E f o r  t h e  w a l l  format ion  

can be  e s t ima ted  by the  f o l l o -  
Oth 

F i e .  9 

most ba lanced  : 

wing argument : j u s t  above 

t h r e s h o l d ,  t h e  e l a s t i c  and 

quadrupolar  to rques  a r e  a l -  

where E / d  s t a n d s  f o r  V E .  This r e l a t i o n s h i p  between 4 and E 

must be  compatible wi th  the  f i e l d  equa t ion  
0 

0 
c 2 s i n  24 E ~ $  + E = o 
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FLEXOELECTRIC DISTORTIONS AND INSTABILITIES 245 

El This  i s  poss ib l e  f o r  E % 

Oth s i n 2  240 

Remember now t h a t  the i n i t  

are a l r eady  r e l a t e d  by the  

E '  where $ 0  

Eo = cos6) 

a s  seen p rev ious ly  f o r  t he  

0.5 cgs.  

t w i s t  experiment.  A s  shown on 

p o s i t i v e  s ign  f o r  el  + e 3  i n  

a 1  t w i s t  4 and the  f i e l d  E 

equat ion : 

K 

e d  
E '  = ~ 

?& 

f l e x o e l e c t r i c  induced continuous 

Fig.10,  t he  wa l l  can only 

appear i n  a range of f i n i t e  

+ o  , wel l  above zero.  

The "wall" can be considered 

as a nega t ive ly  charged t w i s t -  

ed " so l i t on" .  Because of  

charge i n j e c t i o n ,  the t h r e s -  

hold i s  more probably e a s e l y  

reached c lose  t o  t h e  cathode,  

as  observed. The only d i s t u r -  

b ing  po in t  i s  the necessary 

MBBA. Fu r the r  c r i t i c a l  expe- 

riments a r e  necessary t o  be su re  of  t h i s  s i g n .  

D - CONCLUSION 

Assuming s t r o n g  anchoring t o  avoid su r face  e f f e c t s ,  we 

have demonstrated simple experiments which demonstrate 

independently the volume f l e x o e l e c t r i c  e f f e c t  and the  e l ec -  

t r i c  quadrupolar e f f e c t .  These experiments allow the  inde- 

pendent measurement of t he  two as soc ia t ed  cons t an t s  

er  = e l  - e 3  and e l  + e 3  , f o r  the same m a t e r i a l .  I n  p r in -  

c i p l e  the  b e s t  measurements a r e  obtained with the con t i -  

nuous t e x t u r e  d i s t o r t i o n  experiments,  but  screening 
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246 G.  DURAND 

e f f e c t s  may p e r t u r b  t h e  r e s u l t s ,  s p e c i a l l y  when c r e a t i n g  

a f i e l d  g r a d i e n t .  The new s o l i t o n - l i k e  c h a r g e d  t w i s t  w a l l  

i s  i n  i t s e l f  a i n t e r e s t i n g  s u b j e c t  o f  i n v e s t i g a t i o n .  The 

h y b r i d  a l i g n e d  c e l l  a p p e a r s  t o  b e  a n  i n t e r e s t i n g  s y s t e m  t o  

s t u d y  n e m a t i c  l i q u i d  c r y s t a l s .  

We thank t h e  members of  t h e  Orsay Group f o r  p a r t i a l  d i s c l a -  

s u r e  of t h e i r  work b e f o r e  p u b l i c a t i o n .  
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