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ANOMALOUS OPTICAL F R E E D E R I C K S Z  T R A N S I T I O N  I N  A N  
A B S O R B I N G  L I Q U I D  CRYSTAL 

I. J A N O S S Y  
C e n t r a l  R e s e a r c h  I n s t i t u t e  f o r  P h y s i c s ;  H -1525  
B u d a p e s t ,  P . O . B o x  4 9 ,  H U N G A R Y  

A . D .  LLOYD a n d  B . S .  W H E R R E T T  
H e r i o t - W a t t  U n i v e r s i t y ,  E d i n b u r g h ,  EH14 4AS, 
U . K .  

A b s t r a c t  L a s e r - i n d u c e d  r e o r i e n t a t i o n  was 
s t u d i e d  i n  a b s o r b i n g  n e m a t i c  f i l m s .  The o p t i c a l  
F r e e d e r i c k s z  t h r e s h o l d  o c c u r e d  a t  an i n t e n s i t y  
l e v e l  o f  5 0  W/cmZ i n  c o n t r a s t  t o  t h e  n o r m a l l y  
o b s e r v e d  f e w  kW/cm2 v a l u e  for t r a n s p a r e n t  
l a y e r s .  T h e r m o m e c h a n i c a l  c o u p l i n g  i s  c o n s i d e r e d  
a s  a p o s s i b l e  e x p l a n a t i o n  o f  t h e  o b s e r v e d  
a n o m a l y .  

i .  INTRODUCTION 

I n  t h e  l a s t  d e c a d e  t h e  o p t i c a l  f i e l d  i n d u c e d  

F r e e d . e r i c k s z  t r a n s i t i o n  i n  n e m a t i c s  h a s  b e e n  

w i d e l y  s t u d i e d  b o t h  t h e o r e t i c a l l y  a n d  e x p e r i m e n -  

t a l l y  The b a s i c  m e c h a n i s m  o f  t h i s  t r a n s i t i o n  i n  

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

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

q u a s i s t a t i c  e l e c t r i c  o n e s .  The i n t e r a c t i o n  b e t w e e n  

t h e  e l e c t r i c  f i e l d  a n d  t h e  i n d u c e d  e l e c t r i c  p o l a r -  

i z a t i o n  y i e l d s  a t o r q u e  w i t h  n o n - z e r o  t i m e  a v e r -  

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

t h e  n 'e rna t i c  d i r e c t o r .  The t h r e s h o l d  l i g h t  power  

f o r  r e o r i e n t a t i o n  i n  t h e  c a s e  o f  n o r m a l  i n c i d e n c e  
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7 I .  J A N O S S Y ,  A . U .  L L O Y D  A N U  B . S .  W H E R R E T T  

c a n  b e  r e a d i l y  c a l c u l a t e d  t a k i n g  i n t o  a c c o u n t  t h i s  

m e c h a n i s m .  T h e  r e s u l t  o f  s u c h  c a l c u l a t i o n s  a r e  i n  

s a t i s f a c t o r y  a g r e e m e n t  w i t h  e x p e r i m e n t a l  d a t a  . 2 

I n  t h i s  p a p e r  we r e p o r t  on  l i g h t - i n d u c e d  r e o r i -  
e n t a t i o n  o b s e r v e d  i n  a h o m e o t r o p i c  a b s o r b i n g  
n e m a t i c  l a y e r .  P r e l i m i n a r y  i n v e s t i g a t i o n s  were 
p u b l i s h e d  e a r l  i e r 3 ,  h e r e  we p r e s e n t  a m o r e  c o m p r c -  
h e n s i v e  s t u d y  o n  t h e  s u b j e c t .  I n  5 2  a n d  3 we p r e -  
s e n t  t h e  e x p e r i m e n t a l  d e t a i l s .  As d e s c r i b e d  t h e r e  

a r e o r i e n t a t i o r i  e f f e c t  w a s  f o u n d  w i t h  a t h r e s h o l d  
p o w e r  a l m o s t  t w o  o r d e r s  o f  m a g n i t u d e  s m a l l e r  t h a n  
e x p e c t e d  f o r  t h e  u : ,ua l  o p t i c a l  F r e e d e r i c k s z  t r a n -  
s i t i o n .  T h e  d e c i s i v e  r o l e  o f  a b s o r p t i o n  i n  t h e  

o b s e r v e d  r e o r i e n t a t i o n  p r o c e s s  b e c a m e  e v i d e n t  a l s o  

f r o m  t h e  f a c t  t h a t  n o  e f f e c t  c o u l d  b e  d e t e c t e d  i n  
c o r r e s p o n d i n g  r i o n - a b s o r b i n g  s z m p l e s .  T h e r e f o r e  t h e  

i n t e r p r e t a t i o n  o f  t h e  e x p e r i m e n t a l  f j n d i n g s  r e -  
q u i r e s  a m e c h a n i s m  w h i c h  i s  e f f e c t i v e  o n l y  i n  t h e  
p r e s e n c e  o f  a b s o r p t i o n .  

I n  $4 we d i s c u s s  u n e  p o s s i b i l i t y :  t h e r m a l l y  i n -  
d u c e d  r e o r i e n t a t i o n  o r i g i n a t i n g  f r o m  t h e  c o u p l i n g  
b e t w e e n  t h e  t e m p e r a t u r e  f i e l d  a n d  t h e  d i r e c t o r  

d e f o r m a t i o n .  T h e  r e l e v a n t  c o u p l i n g  c o n s t a n t  i s  

e s t i m a t e d  f r o m  t h e  e x p e r i m e n t a l  d a t a  a n d  i s  com- 
p a r e d  w i t h  t h e o r e t i c a l  p r e d i c t i o n s .  

_ _  .~ 

2 .  E X P E R I M E N T A L  

T h e  l i q u i d  c r y s t a l  i n v e s t i g a t e d  w a s  t h e  c o m m e r c i a l  
n e m a t i c  m i x t u r e  O H 2 t 6 j  d e v e l o p e d  a t  B U H  f o r  u s e  Ln 
g u e s t - h o s t  c e l l s .  T h i s  m i x t u r e  i s  a s o l u t i o n  o f  a 
b l u e  d i c h r o i c  a n t r a q u i n o n e  d y e  i n  t h e  c y a n o -  
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ANOMALOUS OPTICAL F R E E D E R I C K S Z  T R A N S I T I O N  3 

b i p h e n y l  h o s t  E 6 3 .  T h i s  d y e  p r o v i d e s  a s t r o n g  

a b s o r p t i o n  a t  633  nm; f o r  t h e  o r d i n a r y  r a y  a t  r o o m  

t e m p e r a t u r e  we m e a s u r e d  @ = 1 7 0  c m - l .  The 

c l e a r i n g  p o i n t  o f  t h e  m i x t u r e  was f o u n d  t o  b e  

83OC. T h i s  v a l u e  i s  4.5OC l o w e r  t h a n  t h e  d a t e  

g i v e n  b y  BDH f o r  p u r e  E 6 3 .  

The l i q u i d  c r y s t a l  was s a n d w i c h e d  b e t w e e n  t w o  

g l a s s  s u b s t r a t e s  c o a t e d  w i t h  t r a n s p a r e n t  e l e c -  

t r o d e s .  H o m e o t r o p i c  a l i g n m e n t  was e n s u r e d  b y  

t r e a t i n g  t h e  s u r f a c e s  w i t h  o c t a d e c y l d i m e t h y l -  

( 3 - t r i m e t h o x y s i l y l - p r o p i 1 ) a m m o n i u m  c l o r i d e .  The 

t h i c k n e s s  o f  t h e  n e m a t i c  f i l m s  v a r i e d  b E t w e e n  2 0  

and 4 0  p m  for d i f f e r e n t  s a m p l e s .  

I n  a t y p i c a l  e x p e r i m e n t  t h e  beam f r o m  a He-Ne 

l a s e r  c a p a b l e  o f  30  mW was f o c u s s e d  o n t o  t h e  

s a m p l e  a t  n o r m a l  i n c i d e n c e .  The i l l u m i n a t e d  r e g i o n  

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

m i c r o s c o p e  o b j e c t i v e s .  C a r e  was t a k e n  t o  o b t a i n  

t h e  r e a l  i m a g e  o f  t h e  l i q u i d  c r y s t a l  l a y e r  o n  t h e  

s c r e e n .  T h i s  w a s  c o n f i r m e d  b y  o b s e r v i n g  t h e  e d g e  

o f  t h e  s p a c e r ,  d u s t  p a r t i c l e s  or o r i e n t a t i o n a l  

d e f e c t s .  I n  some e x p e r i m e n t s  a weak p r o b e  beam was 

u s e d  t o  t e s t  t h e  c h a n g e s  w i t h i n  t h e  i l l u m i n a t e d  

a r e a .  The p r o b e  beam was o b s e r v e d  b y  b l o c k i n g  t h e  

m a i n  beam for a s h o r t  i n t e r v a l .  

3 .  RESULTS 

On i n c r e a s i n g  t h e  i n p u t  l a s e r  p o w e r  r e o r i e n t a t i o n  

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

t h r e s h o l d .  T h i s  r e o r i e n t a t i o n  was b e s t  s e e n  w i t h  

t h e  h e l p  o f  t h e  p r o b e  beam p o l a r i z e d  a t .  45' w i t h  

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:
43

 1
9 

Fe
br

ua
ry

 2
01

3 



1 I .  JAtdOSSY, A . D .  LLOYD A N D  B . S .  W H E R R E T T  

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

b e t w e e n  t h e  s a m p l e  a n d  t h e  s c r e e n .  B e l o w  t h e  

t h r e s h o l d  n o  l i g h t  f r o m  t h e  p r o b e  beam p a s s e d  

t h r o u g h  t h e  a n a l y s e r .  A t  t h e  t h r e s h o l d  ( t y p i c a l l y  

1 . 5  m W >  a b r i g h t  s p o t  a p p e a r e d  a t  t h e  c e n t r e  o f  

t h e  i m a g e  w h i c h  d e v e l o p e d  i n t o  a s y s t e m  o f  c o n c e n -  

t r i c  b r i g h t  r i n g s  a s  t h e  i n p u t  p o w e r  i n c r e a s e d .  A 
s i g n i f i c a n t l y  s m a l l e r  c o n t r a s t  o f  t h e  r i n g  s y s t e m  

was o b s e r v e d  when t h e  p o l a r i z a t i o n  o f  t h e  p r o b e  

beam was p a r a l l e l  o r  p e r p e n d i c u l a r  t o  t h a t  o f  t h e  

m a  i n beam.  

The a b o v e  p a t t e r n  c a n  b e  i n t e r p r e t e d  a s  a 

F r e e d E r i c k s z  t y p e  o f  d e f o r m a t i o n  i n  t h e  l a y e r .  The  

m o l e c u l e s  a r e  r o t a t e d  w i t h i n  ( o r  c l o s e l y  t o )  t h e  

p o l a r i z a t i o n  p l a n e  of  t h e  l i g h t  beam.  The d i r e c t o r  

t i l t  is maximum a t  t h e  c e n t r e  o f  t h e  beam a n d  

d e c r e a s e s  g r a d u a l l y  w i t h  i n c r e a s i n g  r a d i a l  d i s -  

t a n c e .  The i n t e n s i t y  m a x i m a  c o r r e s p o n d  t o  r a d i a l  

d i s t a n c e s  a t  w h i c h  t h e  p h a s e  d i f f e r e n c e  b e t w e e n  

t h e  o r d i n a r y  a n d  e x t r a o r d i n a r y  r a y  is a h a l f -  

i n t e g e r  m u l t i p l e  o f  " .  
F u r t h e r  o b s e r v a t i o n s  c o n n e c t e d  t o  t h i s  r e o r i e n -  

t a t i o n  p r o c e z s  w e r e  t h e  f o l l o w i n g .  

a . ) T h e  a p p l i c a t i o n  o f  an e x t e r n a l  e l e c t r i c  f i e l d  

n o r m a l  t o  t h e  b o u n d a r i e s  i n c r e a s e d  t h e  t h r e s h -  

o l d  i n p u t  p o w e r  ( F i g .  1 . ) .  As i t  c a n  b e  s e e n  

f r o m  t h e  f i g u r e  t h e  t h r e s h o l d  i n c r e a s e d  p r n p o r -  

t i o n a l l y  t o  t h e  s q u a r e  o f  t h e  a p p l i e d .  f i e l d .  

T h i s  o b s e r v a t i o n  e x c l u d e s  t h e  p o s s i b i l i t y  t h a t  
t h e  r i n g  p a - t t e r n  w o u l d  a r i s e  f r o m  p u r e  thermal 
l e n s i n g  e f f e c t s  a s  t h i s  l a t t e r  e f f e c t  c a n n o t  b e  

s e n s i t i v e  t o  a s t a b i l i z i n g  e l e c t r i c  f i e l d .  
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ANOMALOUS O P T I C A L  F R E E D E R I C K S Z  T R A N S I T I O N  5 

P,,,(mW) t 
I 

3 i  

D82E63 

F I G U R E  1. Threshold power as a function of 
applied voltage. C e l l  thickness and laser spot 
radius 40 p m .  

b.)When the direction of the input polarization 
was rotated abruptly by 90' (taking care not to 
disp1,ace meanwhile the laser beam) the ring 
system first shrank then expanded again in a 
few seconds. N o  significant difference was 
found in the threshold f o r  vertically and hori- 
zontally polarized beams. In addition we 
checked that the reorientation processes were 
very similar -at least qualitatively- when the 
sample was set both vertical and horizontal. 
(Precise quantitative comparison of the thresh- 
o l d s  in the two cases has not yet been carried 
o u t ) .  These latter circumstances indicate that 
onset of thermal convection was not the primary 
cause of the reorientation (see $4). 
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6 I .  J A N D S S Y ,  A . D .  L L O Y D  AND B.S. W H E R R E T l  

c.)Iilumination by circularly polarized ljght 
generated self-oscillation in the polarization 
:state of the transmitted beam (Fig.2.) The 
frequency of this self-oscillation increased 
linearly with the input power (Fig.3.). As- 

suming that the reorientation threshold corre- 
sponded to zero frequency we found that the 
threshold f o r  circularly polarized ljght 
exceeded the threshold for linear polarization 
by a factor of 2.2 . 

t PTrraJJ.’ 

F I G U R E  2. Transmission oscillations generated 
by circularly polarized inputs. The signal was 
detected behind a 2 / 4  plate and a p o l a r i z e c .  
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ANOMALOUS OPTICAL FREEDERICKSZ T R A N S I T I O N  7 

, 

FIGURE 3 .  F r e q u e n c y  o f  o s c i l l a t i o n  a s  a f u n c -  

t i o n  o f  i n p u t  p o w e r .  

On i n c r e a s i n g  t h e  i n p u t  p o w e r  a b o v e  t h e  r e o r i -  

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

was o b s e r v e d  a t  a s e c o n d  t h r e s h o l d .  T h i s  l o o p  was 

b e s t  s e e n  i n  t h e  d i r e c t  i m a g e  c o m i n g  f r o m  t h e  m a i n  

beam,  w i t h o u t  u s i n g  a n a l y s e r .  The l o o p - t h r e s h o l d  

i n c r e a s e d  a l s o  w i t h  i n c r e a s i n g  a p p l i e d  f i e l d .  A t  

h i g h  f i e l d s  s a t u r a t i o n  o f  t h e  t h r e s h o l d  was f o u n d  

( F i g . 4 . ) .  We assume t h a t  t h i s  phenomenon was c o n -  

n e c t e d  t o  t h e  f o r m a t i o n  o f  a n  i s o t r o p i c  d r o p l e t  

w i t h i n  t h e  n e m a t i c  f i l m ;  t h e  l o o p  w a s  t h e  i m a g e  o f  
t h e  n e m a t i c - i s o t r o p i c  i n t e r f a c e .  

F i ' n a l l y  we n o t e  t h a t  t h e  h o m e o t r o p i c  o r i e n -  

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

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

t h e  r e o r i e n t a t i o n  t h r e s h o l d  was e x c e e d e d  s i g n i f -  

i c a n t l y .  D u r i n g  t h e  m e a s u r e m e n t s  c a r e  was . t a k e n  t o  

a l w a y s  c h o o s e  w e l l - o r i e n t e d  p a r t s  i n  t h e  f i l m .  

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:
43

 1
9 

Fe
br

ua
ry

 2
01

3 



8 1. JANOSSY, A .  0. L L O Y D  A N D  B .  S. W H E R R E T T  

I P(mW’ 
D82E63 

7- 

6 8 10 12 U ( V )  

F I G U R E  4 .  T h r e s h o l d  p o w e r  f o r  m e l t i n g  a s  a 

f u n c t i o n  o f  a p p l i e d  v o l t a g e .  

4 .  DISCUSSION - ~ ~ - -  

The  r e o r i e n t a t i o n  e f f e c t  d e s c r i b e d  i n  t h e  p r e v i o u s  
p a r a g r a p h  s h o w s  Some c h a r a c t e r i s t i c  f e a t u r e s  o f  
t h e  o p t i c a l  F r e e d e r i c k s z  t r a n s i t i o n  s u c h  a s  

d e p e n d e n c e  o n  e x t e r n a l  f i e l d s 4  o r  s e l f - o s c i l l a t i o n  
a t  c i . r c u l a r l y  p o l a r i . z e d  i n p u t  . H o w e v e r  t h e  

m e a s u r e d  t h r e s h o l d  p o w e r  w a s  a n o m a l o u s l y  l o w  
c o m p a r e d  t o  t h e  v a l u e  e x p e c t e d  f o r  c o r r e s p o n d i n g  
n o n - a b s o r b i n g  s a m p l e s .  As s h o w n  i n 2  . f o r  a l a s e r  
s p o t  r a d i u s  c o m p a r a b l e  t o  t h e  f i l m  t h i c k n e s s  t h e  

n o r m a l  F r e e d e r i c k s z  t h r e s h o l d  i s  a r o u n d  1 0 0  mW 

w h i l e  i n  t h e  p r e s e n t  c a s e  we o b s e r v e d  v a l u e s  b e l o w  
2mW.  T h i s  a n o m a l y  w a s  d i r e c t l y  p r o v e d  by t h e  f a c t  
t h a t  no r e o r i e n t a t i o n  w a s  p r o d u c e d  i n  p u r e  E d 3  

s a m p l e s  e v e n  when t h e  h i g h e s t  a i v a b l e  p o w e r  w a s  
a p p l i e d .  

5 
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ANOMALOUS OPTICAL FREEDERICKSZ TRANSITION 9 

In view of the above fact one must search f o r  a 
mechanism in which absorption plays an essential 
role. One possibility could be the generation of a 
flow due t o  the temperature gradient present in 
the sample. However in the case of thermal con- 
vection the vertical direction should play a 
distinguished role. In particular, the flow 
generated by buoyancy forces is essentially 
vertical which would produce a director tilt 
within a vertical plane. In contrast to this 
expectation we observed that the director tilted 
within the plane of polarization of the laser 
beam. Hence we believe that the reorientation was 
not caused by the onset o f  thermal convection. 

We consider here another possibility, namely 
the direct coupling between the nematic director 
and the temperature field generated by the laser 
beam. The existence of this coupling 
(thermomechanical effect) is well-known in 
cholesterics6 ' 7 .  It was shown theoretically 8 , 9  

that coupling between a'temperature gradient and a 
non-uniform director field might exist as well in 
the nematic phase. There can be both a static 
effect and a1s.o kinetic contributions arising from 
the heat flow. . I n  the following we make a rough 
estimation of the coupling constant supposing that 
the reorientation described above is due to the 
thermomechanical effect. 

The torque arising from the thermomechanical 
coupling includes ap.propriate linear combination 
of terms like 5 a n ; / a x j .  aT/ax, 

9 
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10 I. J A N O S S Y ,  A . D .  L L O Y D  A N D  B . S .  WHERRETT 

where is the director, 5 is a coupling coeffi- 
cient. Assuming that at threshold this torque is 
balanced by the elastic torque 

( K  is a Frank elastic constant) we can make the 
following estimation f o r  f . a q / a x ,  and 
d2fi;/dxjaxk are in the order of @ / L  and S / L 2  
resp. where 8 is the tilt angle, L is the sample 
thickness o r  laser spot size. i 3 T / i 3 x k  is in 
the order of D T / L  where AT is the maximum 
temperature rise in the film. The balance of 
torques yields 

s - KlAT+h 
AT+,, , i.e. the maximum temperature rise at 

the reorientation threshold can be estimated f o r  
our experimental circumstances in the following 
way. As shown in the experimental part 1 2  mW was 
needed to melt the film when the reorientation was 
supressed by an external field. This corresponded 
to a temperature rise of 63OC f o r  D82E63. Suppos- 

ing that the temperature rise in the homeotropic 
state is essentially proportional to the input 
power one obtains that at 1 . 6  mW (the threshold 
f o r  reorientation in the absence of field) 

-12 0 

According to the theoretical estimation by 
Akopyan and Zeldovich 5 w l O - l l N / o C .  From an 
alternative point of view it can be predicted that 

3 -aK/ i3T, which gives 10-13-10  N /  C. 

3 IV 1 0  N /  C 

- 1 2  0 

Hence o u r  estimated experimental value of the 
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ANOMALOUS OPTICAL F R E E D E R I C K S Z  T R A N S I T I O N  I 1  

c o u p l i n g  c o e f f i c i e n t  is m o r e  o r  l e s s  i n  a g r e e m e n t  

w i t h  t h e  t h e o r e t i c a l  c o n s i d e r a t i o n s .  On t h e  o t h e r  

h a n d  i t  i s  n o t  c l e a r  why t h e  p r e s u m e d  t h e r m o -  

m e c h a n i c a l  c o u p l i n g  s h o u l d  l e a d  t o  a F r e e d e r i c k s z  

t y p e  o f  d e f o r m a t i o n .  

I n  c o n c l u s i o n ,  we o b s e r v e d  i n  an a b s o r b i n g  

n e m a t i c  l a y e r  a new t y p e  o f  o p t i c a l  F r e e d e r i c k s z  

t r a n s i t i o n .  The e f f e c t  w a s  s y s t e m a t i c a l l y  f o u n d  

i n  a l l  s a m p l e s  i n v e s t i g a t e d .  T h e r m o m e c h a n i c a l  

c o u p l i n g  was s u g g e s t e d  a s  a p o s s i b l e  s o u r c e  o f  t h e  

r e o r i e n t a t i o n .  As f u r t h e r  p o s s i b i l i t i e s  o n e  may 

c o n s i d e r  c h a n g e s  i n  t h e  s u r f a c e  a n c h o r i n g  p r o p e r -  

t i e s  due t o  t h e  d e c o m p o s i t i o n  o f  t h e  d y e  u n d e r  t h e  

i n f l u e n c e  o f  i l l u m i n a t i . o n  o r  e f f e c t s  a r i s i n g  

f r o m  r a d i a t i o n  p r e s s u r e .  F u r t h e r  w o r k  i s  p l a n n e d  

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

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