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ELECTROOPTICS OF A NEMATIC LIQUID CRYSTAL 
IN A SPATIALLY NONUNIFORM FIELD 

VLADIMIR CHIGRINOV 
Organic  I n t e r m e d i a t e s  i3 Dyes I n s t i t u t e ,  
Moscow, USSR 

A b s t r a c t  The pape r  p r e s e n t s  an o r i g i n a l  t h e -  
o r e t i c d  approach to  e l e c t m o p t i c a l  e f f e c t s  
i n  a s p a t i a l l y  nonuniform f i e l d .  Var ious  t y p e s  
o f  i n i t i a l  o r i e n t a t i o n  o f  LC - p l a n a r ,  homeo- 
t r o p i c  an6 twist - as w e l l  as d i f f e r e n t  forms 
of a s p a t i a l l y  nonuniform f i e l d ,  i n c l u d i n g  a 
harmonic f i e l d ,  a f l a t  c a p a c i t o r  edge f i e l d ,  
a p o i n t  p o t e n t i a l  f i e l d  e t c .  are i n v e s t i g a t e d .  
The Lc lwer s e n s i t i v i t y  and r e s o l u t i o n  are 
shown t o  be s i g n i f i c a n t l y  determined by t h e  
LC mater ia l  phys i ca l  parameters .  The o b t a i n e d  
results cou ld  be u s e f i l  in designing v a r i o u s  
e l e c t r o o p t i c a l  d e v i c e s  i n  which Lc: o p t i c a l  
p r o p e r t i e s  vary i n  accordance with the s p a t i -  
ally nonuniform d i s t r i b u t i o n  o f  t h e  e x c i t i n g  
e l e c t r i c  f i e l d  

I NTRO DUCT 10 N 

For many c a s e s  of p r a c t i c a l  importance the o p t i -  
c a l  r e sponse  o f  a nemat ic  L iqu id  C r y s t a l  (LC) de- 

pends o n  t h e  d i s t r i b u t i o n  o f  a s p a t i a l l y  nonuni- 
form e l e c t r i c  f i e l d .  For i n s t a n c e ,  e l e c t r o o p t i c a l  
e f fec ts  i n  a s p a t i a l l y  nonuniform f i e l d  o c c u r  in 
Photoconductor-Liquid C r y s t d l  (PC-LC) s t m c -  
t u r e s ,  pymelec t r i c -LC structures: ,  5 m a t r i x - L C  
modul a to ra -con t  roll ed t r anspa renc  i e  s6 as we11 

as i n  LC f l a w  d e t e c t i o n  o f  I C  d i e l e c t r i c  l a y e r s  
and v i s u a l i z a t i o n  o f  c o n t a c t  windows i n  d i e l e c t -  
r i c  f i lmsB9’  and SO on. By ana lys ing  an LC e l e c t -  

71 

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:
42

 1
9 

Fe
br

ua
ry

 2
01

3 



72 V.G. C H I G R I N O V  

r o o p t i c a l  behav iour  i n  a nonuniform f i e l d  one can  
es t imate  d i f f e r e n t  c h a r a c t e r i s t i c s  of  t h e  L C  lay- 
er., i n  p a r t i c u l a r ,  s e n s i t i v i t y  ( i . e .  t h e  in tens i -  
t y  of  o p t i c a l  r e sponse  at a g i v e n  v o l t a g e ) ,  spa-  
t i a l  r e s o l u t i o n  ( t h e  o p t i c  image c a p a b i l i t y  t o  
d i s t i n g u i s h  d e l i c a t e  d e t a i l s  of a s p a t i a l l y  non- 
uni form e l e c t r i c  d i s t r i b u t i o n )  e t c .  

T i l l  r e c e n t l y  t h e r e  have been  a c t u a l l y  no 
works on  i n v e s t i g a t i o n s  o f  Lc: e l e c t m o p t i c a l  pro- 
p e r t i e s  i n  a s p a t i a l l y  nonuniform f i e l d  due t o  
cumbersome c a l c u l a t i o n s  i n v o l v e d  and t h e i r  expe- 
r i m e n t a l  v e r i f i c a t i o n  d i f f i c u l t i e s ,  Now a grow- 
ing i n t e r e s t  of  expe r imen to r s  towards t h i s  
problem i s  obse rved ;  anyhow t h e o r e t i c d  i n v e a t i -  
g a t i o n s  are p r a c t i c a l l y  absen t .  

LIQUID CRYSTAL PLANAR O R I E N T A T I O N .  PHASE CONTIIAST 

O p t i c a l  c h a r a c t e r i s t i c s  o f  a p l a n a r  o r i e n t e d  ne- 
ma t i c  LC i n  a nonuniform e l e c t r i c  f i e l d  are d i s -  
cussed  in'"' I ,  The nonuniform e l e c t r i c  f i e l d  

i n  t h i s  c a s e  o c c u r s  i n  t h e  v i c i n i t y  o f  one o f  the 
LC c e l l  subs t ra tes :  

U/& = UOW, ( 2 )  

U&,-=r3 ( 3  1 

whi le  on m o t h e r  s u b s t r a t e  n zero p o t e n t i d .  i s  
maintained: 

Suppose t h e  d i r e c t o r  b i a s  from the i n i t i a l  pla- 
nar o r i e n t a t i o n  along x-axis, 
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ELECTROOFTICS OF A NEMATIC LIQUID CRYSTAL 77 

i s  stnal~,/kf'/,/B/4~4, Then a nonunifom p o t e n t i a l ,  
u(x,z), i n s i d e  the IC l a y e r  (OCzLL)  s a t i s f i e s  
the Laplace equation: 

with the  b undary conditions of (2)  , (31, where 
x ' . ( E L / E # # ~  f o r  the case (a)  and x'= s/L f o r  
the  case (b), z'= e/L, €11 and being Ix: dielec-  
t r i c  constants (Figure 1). 

- 1///1/1/1/11111/1/1/111/111/ 
==' ;&) =p 

,/ ,,,, / .ff,,,,, /,/,//,/,,/CL 
X Z=O X Z=O 

(a> (b) 
FIGURE 1. Two possible  planar d i rec to r  o r i -  

en ta t ions  i n  a nonunifom f i e l d  

Several  solutions of  (T), (21, ( 3 )  f o r  va- 
rious p o t e n t i a l  values, %(i), a re  sumarized 
i n  Table 1, 
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73 V.G. CHIGRINUV 
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ELECTROWTICS OF  A mru'pIc LIQUID CRYSTAL 75 

The LC-director b ias  from the  i n i t i a l  p l a n e r  
o r i e n t a t i o n  i n  a nonuniform f i e l d  leads  t o  inten- 
s i t y  modulation, I ,  (OT the amplitude con t r a s t )  o f  
the l i g h t  passed through an LC: c e l l  i n  crossed 

1 p o l a r o i d s  i n  the f0.m o f  

whex 1, is the i n t e n s i t y  o f  the l i n e a r l y  pola-  
r i zed  l i g h t  inc ident  on the LC c e l l ,  % is  an 
angle between the po la r i za t ion  vector o f  the in- 
c ident  l i g h t  and the LC-director. 

i s  phase difference (phase cont ras t )  between an 
ordinary beam with the birefringence value o f  nl 
and an extraordinary one with the birefr ingence 
value o f  nil: - r/2 a = I& ( ~ , / L s I ~ ,  2 8  t dw5!! . 

= vd .J-t n - q d t  (11) 

i s  birefr ingence,  1~ i s  the IG l aye r  thickness. 
Subs t i t u t ing  @(x: z )  i n t o  (1 1) and in t eg ra t ing  
over  z-coordinate, we ob ta in  d i s t r ibu t ion  of 
phase contrast ,oqb(x ' ) ,  (10) and i n t e n s i t y  o f  the 
l i g h t  passed through I ( x 1 ) ( 9 )  i n  the region o f  
the f i e l d  nonuniformity variat ion.  We note t h a t  
i n  approximation o f  the LC-director small defor- 
mations (/8/41) the  phase contrast  according t o  
(10)-(11) w i l l  be 

< @+ = q2 J Lo+(;clz)d2 
i s  an average square of' d i r ec to r  b i a s  angle along 
the  LC layer ' .  
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76 V.G. CHIGRII JUV 
Let us cons ide r  v a r i a t i o n  of amplitude I ( x l )  

and phase b ( x f  1 c o n t r a s t  f o r  var ious  types of s p e  
t i a l l y  nonuniform f i e l d .  F o r  t he  harmonic poten- 
t i a l  
c t i o n  xf w i t h  a per iod of  Tg% (Figuye 2 ) .  The 
$-I m e  cori t ras t  curve,  6 (XI 1, dur ing  one s p a t i a l  
vo l tage  per iod ,  uo(xf), has two maxima corres -  

t i v e ,  and two m i n i m a  i n  which 
"he phase c o n t r a s t  amplitude i n c r e a s e s  as ,p decreases  and t h e  ex te rna l  f i e l d ,  6/cvo, 
grows. Such a l a w  i s  c h a r a c t e r i s t i c  o f  an Lc d i -  
e l e c t r i c  d e s t a b i l i z a t i o n .  Dependence o f  phase 
c o n t r a s t  o n  s p a t i a l  frequency, us, will be d i s -  

cussed 1 R t  el-. 

t h e  phase c o n t r a s t ,  6 ,  i s  a p e r i o d i c a l  fun- 

ponding t o  t h e  m a x i m a l  v d u e  

4 E// 

f 5  t 
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ELECTROOPTICS OF A NEMATIC L I Q U I D  CRYSTAL 77 

The phase c o n t r a s t  shown i n  F i g u r e  2 a l s o  in- 
c r e a s e s  wi th  modula t ion  dep th  (m> of  the d r i v i n g  
v o l t a g e  ( 6 ) .  

V a r i a t i o n  of  phase c o n t r a s t  ,?In, from maximum 

p o t e n t i a l  o f  t h e  ( 7 )  type induced by a semi-infj.- 
n i t e  f l a t  c a p a c i t o r  edge and w,m compared w i t h  
t h e  expe r imen ta l  one for two d i f f e r e n t  LC layer 
t h i c k n e s s e s ,  namely: L = 20 and L = 4 4 d 0  (Pigu- 

~ ~ ~ j ~ = l  t o  6 =O w a s  numer i ca l ly  c a l c u l a t e d  f o r  t h e  

/r 

fiJI i i o l l y  

FIGURE 3 .  Phase c o n t r a s t  d i s t r i b u t i o n  n e a r  t h e  
''flat c a p a c i t o r  edge" for two d i f f e r e n t  p l a -  
na r  LC o r i e n t a t i o n s  Tio:&// JC b c r p e n d i c u l m  t o  
t he  c a p a c i t o r  edge)  and &/I$ 
t h e  c a p a c i t o r  edge) .  The s o l i d  lines i n d i c a t e  
the  c a l c u l a t e d  curves  ; ( 0  >, ( X I  denote  e x p e r i -  
mental d a t a  f o r  L=44 
The c a l c u l a t e d  parameters  o f l o  are as f o l l o w s :  
tl/=31 t i=9 .26 ,  Kll=0.765~10 -6 K22=1.05010-6y 

K33=1 .51 lom6, n,=l ,509, n,,=l .654 CGSE units. 

( p a r a l l e l  t o  

and 'L=20j'.i, r e s p e c t i v e l y .  I 0  r D
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78 V. G. CHIGRINOV 

The LC l a y e r  was s e l ec t ed  such as t o  provide m i -  
nimum i n t e n s i t y  o f  the transmitted l i g h t  a t  zero 

I n  t h i s  case one could consider I=Io*sin26/2 
and r e l a t e  phase con t r a s t  va r i a t ion  d i r e c t l y  w i t h ,  
i n t e n s i t y  vaxiat ion I( Ibl/n=~ ) = I ~ ,  I( 6 =o>=o. 
Phase cont ras t  wcas numerically c d c u l a t e d  l o  
LC planar  o r i e n t a t i o n  both perpendicularr (4a)  and 
p a r a l l e l  ( 4 b )  t o  the f l a t  capac i tor  edge. MaxL- 
ma1 deviat ions o f  the numerically calculated 
phase cont ras t  curve f r o m  the experimental one 
a t  the l eng th  L = 4 4 p d i d  not exceed l % *  A s  the 
length decreased t o  Lc20)4, the  deviat ion incre-  
ased. This f a c t  can be explained by l imi ted  a p p l i -  
c a b i l i t y  o f  LC small deformations m d e 1  used. The 
smaller the LC l aye r  thickness i s ,  the l a rge r  di-  
r ec to r  b i a s  sulgles must be i n  order  t o  achieve a 
f ixed  value O f  the phase con t r a s t ,  

Figure 3 demonstrates spa t i a l  dependences o f  
the phase cont ras t  i n  the t r ans i en t  region for two 
ca,ses of the d i r e c t o r  p l a n a r  o r i en ta t ion  r e l a t i v e  
t o  the voltage va r i a t ion  axis (x-axis). It can be 
seen t h a t  i n  case o f  the TIC o r i e n t a t i o n  along y- 
axis (F~~ l ly )  the tr,wsienl; region w i d t h  i s  s igni-  
f i c a n t l y  smaller  than i n  case of the LC or ienta-  
t i on  a1.0n.g the po ten t i a l  axis x (? io lJx).  Thus the  
phase contrast  var ia t ion  i n  the t r ans i en t  region 
(near the  f l a t  capaci tor  edge)  i n  case o f  IX: p l a -  
na,r o r i e n t a t i o n  along x-axis (perpendicular t o  the 
capaci tor  edge) i n  f a c t  determines a s p a t i a l  seso- 
l u t i o n  o f  the given LC s t ruc tu re .  A s  can be seen 

f o r  

/4!= 1, 
f l  
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ELECTRUOPTICS OF A NE?vUTIC L I Q U I D  CRYSTAL 79 

f rom Figure 3 ,  f o r  x -o r i en la t ion  o f  LC-director 
the phase contrast  va r i a t ion  region extends t o  
the distance o f  zl-O.l under the electrode and t o  
the distance of f;,-o,5 f r o m  the electrode edge, 
Thus, according t o  ( 7 ) the  t r ans i en t  region 
width, 
the LC layer. 

- r e  x = ) ~ ( x , + ~ ~ ) L  i s  about double thickness of 

HOMEOTROPIC GRZENTATION O F  LIQUID CRYSTAL, THE 
ROLE OF FLEXOEIXCTRIC EPF’EC’P 

Nomally,when describing the LC behaviour i n  a 
nonuniform f i e l d  i t  is implied tha t  the d i r e c t o r  
r eo r i en ta t ion  takes place due t o  the e f f e c t  of a 
des t ab i l i z ing  moment proport ional  t o  bftJ& whe- 
re  fk= -$G) ( Ea-die lec t r ic  aniso tropy) is a cont- 
r ibu t ion  t o  t h e  f r ee  L C  energy.b Anyhow, the LC 

2. 

response t o  a s p a t i a l l y  nonuniform e l e c t r i c  f i e l d  
could be induced by a f l exoe lec t r i c  effect .”  In 
t h i s  case the des t ab i l i z ing  moment i s  p r o p o r t i o -  
n a l  t o  6&$.’, where f.= -(e,,X&vjE + e a [ w t E ~ k . . ~ )  is 
the corresponding contr ibut ion t o  the f r ee  ener- 
gy, e l ,  and e33 a r e  f l e x o e l e c t r i c  coef f ic ien ts .  

where q - is  a d i rec to r  deformation wave vector,  
the f l exoe lec t r i c  e f f e c t  f u l l y  determines d 1  the  
e l ec t roop t i ca l  cha rac t e r i s t i c s  of  ZX: i n  a nonuni- 
form f i e l d .  We inves t iga ted  a general  case o f  
f l e x o e l e c t r i c  and d i e l e c t r i c  des t ab i l i za t ion  o f  
a homeotropically oriented LC i n  a nonuniform 
f i e l d  varying according t o  a harmonic l a w  ( 6 ) .  311-13 
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80 V.G. CHIGRINOV 

I n  approximation o f  small d i r e c t o r  dev ia t ions  6 
from t he  homeotropic o r i e n t a t i o n  we have: 

K = ( ~ i * ,  QJ 0) US 0) ,- (s, 0, 1) I /@l id4  (14 
The equ i l ib r ium condi t ion  f o r  three torques - e l a s t i c  
d i e l e c t r i c  and f l e x o e l e c t r i c  - t a k e s  the form 

where 
K l l  and e l l  are LC e l a s t i c  end f lexoelectr ic  moduli, 
r e spec t ive ly .  On t h e  LC l a y e r  boundary at z = 0,L i t  
a l s o  necessary to  cons ide r  the s u r f a c e  p o l a r i z a t i o n ,  
m 

= (Ex, 0, E a )  i s  a nonuniform e l e c t r i c  f i e l d ,  

and t h e  substrate-LC anchoring energy, wo: P' 

{y:, 3 - E ~  I ej3 -A?&) Ke l2 =L, =gl. ( I  
d i  

I n12914  an average square o f  def0rtnation,(@~7, ob 
t a i n e d  from (15),(16) i s  taken  a s  an I;C layer d i f f r a c  
t i o n  modulation c h a r a c t e r i s t i c  (a f u n c t i o n  r e p r e s e n t i  
a r e l a t i v e  t ransmission e f f i c i e n c y  o f  var ious  image 
s p a t i d  f requencies  1. The LC l a y e r  r e s o l u t i o n  
and s e n s i t i v i t y  are cha rac t e r i zed  by t h e  magnitude of 
t he  s p a t i a l  f requency,  wma, f o r  which thc  value of<( 
i s  maximal and the  p r o p e r  value o f  t h i s  maximum is 
<&,, RCCO ?3t?.Qy, 

reduced LC-substrate anchorir,G encrg.y,q,= k/L 0. I t  can 

F i g u r e  4 demonstrates the dependences o f  the  R e l a  
t i v e  Modulation C h a r a c t e r i s t i c  (RMC) ir(Us)= <@%&on 

be seen t h a t  with rise o f  
smoother and i t s  maximum s h i f t s  towards l a r g e r  values 
oflS,. Note t h a t  for l o w  anchoring va lue  Q, I, 0.5 the  T; 

d e f o r m t i o n  amplitude,  (@'?+, drastically i n c r e a s e s  (F 
gure  4 ) ,  so the  l i n e a r  mode1 o f  the e f f e c t  we assumed 
i n  (I 5)  ,( 16)  becomes inve l id .  For anchoring ene rg ie s  

-4-4 

K3 3 t he  curve i ,(q) becomes 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:
42

 1
9 

Fe
br

ua
ry

 2
01

3 



ETECTROOPTICS OF A NEhlATIC LIQUID CRYSTAL 81 

~ ~ 7 - 5  the  curve has an i n f l e c t i o n  and. the shape 
o f  the il(u15 ) curve starts t o  undergo the oppo- 
s i t e  change (Figure 4 1. A t  &>-150 the RMC,i(b$ ), 

comes -to the sa tu ra t ion  p o i n t  and f i r t h e r  va r i e s  
no more. 

FTGLJRE 4. Relat ive Modulation Charac t e r i s t i c  
( R M C ) ,  il (w,) Of L C  vs e l e c t r i c  f i e l d  s p a t i -  
a l  frequency, ws for d i f f e ren t  IC-substrate 
reduced anchoring energies  9~ . F o r  Curve 1 
the anchoring s t rength  coef f ic ien t  i s  C?w =0.133 
(w10-4erg/cm2): 2: C& =0,665 (W~5*10-4erg/cm 2 1; 
3 :  & = I  .33 (&10-3erg/cm 2 1; 4 : ~ ~ = 6 . 6 5  (%5* 
I ~ ' ~ e r g / c r n  2 ) ; 5: 4" =66.5 (&=5 *I  Om2ery=/cm 2 ) ;  

e e =m =2.8.10 -4 , E,=5.6, €,, =6.6 

6: &=133 (e0.1 erg/cm2). The JX: parameters 
are as fo l lows :  12 K1,=10 -6 , K33=1 -5.10 -6 , 

11 
CGSE un i t s ,  ?=28 3 vo=l v ,  mO.50 
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82 VeG.  C H I G R J W V  

The P l o t s  g iven  in the r igh t  top  c o r n e r  of 

<6?&laX Figure 4 show dependences o f  urn= and 
on lga,,,,, 

The modulation c h a r a c t e r i s t i c  depends on t h e  
LC d i e l e c t r i c  anis0 tropy, &=&&, The %so t rop ic"  
p o i n t ,  &=O, is  not  singular, as t h e  LC-director 
i n  the  nonuniform e l e c t r i c  f i e l d  r e o r i e n t s  due t o  
t h e  f l e x o e l e c t r i c  e f f e c t .  F o r  t he  p o s i t i v e  €a va- 
l u e s  t h e  d i e l e c t r i c  torque, induced by n. nonuniform 
f i e l d , i s  added t o  the f l e x o e l e c t r i c  one, t he  re- 
s u l t  being a growth o f  t h e  m a x i m , l  deformation, 
<&&ax With t h e  decrease o f  & t h e  RMC maximum, 

is s h i f t e d  towards the l a r g e r  values ,  i.e. 
t h e  s p a t i a l  r e s o l u t i o n  o f  the s t r u c t u r e  i n c r e a s e s  
a t  l o w  LC d i e l e c t r i c  an iso t rupy ,  &, values ,  

The LC sp lay  and bend e l a s t i c  moduli, X1, and 
K33, a l s o  p l ay  an important r o l e  i n  determinat ion 
of  an LC l a y e r  s e n s i t i v i t y  and r e s o l u t i o n  i n  a 
s p a t i a l l y  nonuniform e l e c t r i c  f i e l d .  The l o w e r  
t h e  e l a s t i c  moduli magnitudes, t h e  larger i s  t h e  
LC deformation amplitude at a given  Vo v o l t a g e  
(LC l a y e r  s e n s i t i v i t y ) .  T h i s  e f f e c t  i s  p a r t i c u l a r -  
l y  ev ident  f o r  l o w  X I ,  values.  The decrease o f  XI; 
l eads  t o  n marked improvement o f  t h e  LC lay'er spa- 
t i a l  r e so lu t ion .  On the  o t h e r  hand, i t  would be 
unreasonable t o  d r a s t i c a l l y  decrease  the K value, 
as in this case the  LC resolut ion,Wmax,  be come s 
worse , Consequently, we come t o  t h e  conclus ion ,  
t h a t  opt imal  s e n s i t i v i t y  m d  r e s o l u t i o n  o f  an LC 
l a y e r  w i t h  a homeotmpic alrifpment can be achieved 
a t  K 3 3 6 1 0 - 6  dyne and t h e  h ighes t  pos  s i b l e  e l a s t i c  
moduli ratio, K /K 

4Rax , 

3 3  

33 11' 
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EIBCTKOOPTICS OF A NEMATIC L I Q U I D  CRYSTAL 83 

A .V .Parfeno v ' 2 9  l 4  experimentally ve r i f i ed  the 
dominating inf luence O f  f l e x o e l e c t r i c  e f f e c t  on a 
homeo trop5.c L C  defomation i n  a s p a t i a l l y  nonuni- 
f o r m  harmonic e l e c t r i c  f ie ld .  Measurements were 
made i n  a photoconductor-LC s t r u c t u r e  using the 
holographic technique. The cont ro l l ing  l i gk t  sig- 
na l  w a s  formed by the in te r fc rometr ic  method and 
w a s  observed t o  undergo a s p a t i a l  harmonic change 
and t o  be transformed i n t o  a harmonic dr iving vo l -  
tage d i s t r i b u t i o n  on the LC layer. I n  the experi- 
ment a r e l a t i v e  i n t e n s i t y  I,/Io o f  the  reading-off 
l i g h t  first d i f f r a c t i o n  maximum on the deformed LC 
per iodic  s t r u c t u r e  was measured vs spa t ia l  frequ- 
ency, 0 5 ,  of the c o n t r o l l i r g  optoelectronic  s igna l ,  
The amplitude, Vo, and the modulation depth, m, o f  
the nonuniform e l e c t r i c  f i e l d  were chosen small t o  
provide the condition o f  low LC deformation ( t h e  
first order  d i f f r a c t i o n  i n t e n s i t y  d i d  not exceed 
t3-1@6 o f  the zero order  i n t e n s i t y ) .  The signdl spa- 
t k l  frequency var ia t ion  was performed using the 
Mic he l son  i n t  erfe  ro me t e  r. 

The i m p o r t a n t  r o l e  of f l exoe lec t r i c  e f f e c t  f o r  
LC deformations i n  a nonuniform e l e c t r i c  f i e l d  can 
be cxperimentaLly pmvcd as follows. 

t r i c  torque i s  zem, has no s p e c i f i c  fea tures .  The 
experiment wi th  an 1.C having G.0l2 gives the same 

q u a l i t a t i v e  modulation c h a r a c t e r i s t i c s  o f  i, (Us) as 
f o r  TJCs having &# 0. 

2, I n  an AC e l e c t r i c  field with the t i m e  f r e -  
quency, &It, a t  a low Vo amplitude vCdue the o p t i -  
c a l  s i g n a l  o f  I1/Io modulates with the frequency 

1 The l l isotropic ' l  point , &=O, where the dielec-  
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81 V.G. C H I G R I W V  

o f  2%) the  c o n s t a n t  signal component being absen t .  
This means t h a t  t h e  d i r e c t o r  b i a s  a x l e  i s  d i r e c t -  
7.y p r o p o r t i o n a l  t o  t h e  a p p l i e d  v o l t G e  and t h a t  i s  
c h a r a c t e r i s t i c  o f  a f l e x o e l e c t r i c  e f f e c t .  A s  the 
e l e c t r i c  f i e l d  ampl i tude  i n  o p t i c a l  modulation 
1 / I  i n c r e a s e s ,  t h e r e  a p p e a r s  a f r equency  compo- 

12 n e n t  o f  4dt ,  t y p i c a l  f o r  the P r e d e r i c k s  e f f e c t .  

type o f  a modula t ion  curve ,  i , ( U s ) ,  one can  e s t i -  
mate the anchor ing  energy o f  a homeotropic  M;C.  

Thus, a c c o r d i n g  t o  ou r  e v a l u a t i o n  the  anchor ing  
e n e r g y  o f  a homeotropic  N U  c o n t a i n i n g  about  1 % 

while i n  t h e  absence  of  l e c i t h i n  i t  amounts t o  

1 0  

F i n a l l y  w e  would l i k e  t o  p o i n t  o u t  t h a t  by the 

of  l e c i t h i n  amounts t o  approx ima te ly  5*10-4erg/cm 3 , 

about  1 0 - 4 e r g / C m 2 .  

FIGURE 5. Comparison o f  the  LC modula t ion  c u r v e s  
obt,ained by d i f f e ren t  procedures :  a) treating 
t h e  s u b s t r a t e  by l e c i t h i n ;  b )  spontaneous  ho- 
meo t r o p i c  o r i e n t a t i o n .  (x) i n d i c a t e  experimen- 
t a l  d a t a ,  s o l i d  l i n e s  r e p r e s e n t  the cRJ.culn- 
t e d  values.11 
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We assume 11=5p, Ey=5.47, &=5,35,,=0.02, 
the Qtiiclr LC parameters being the  same as i n  
Figure 4 , The anchoring energy values, v, = 

obtained by the LMS method (Figure 5). 
5*10'4erg/cm 2 (a) and erg/cm2 (b) are 

HOME'OTROFIC LC I N  A R A U I A L S Y b ~ I E T R I C A L  NONUIXIFOIU! 
E L E C T R I C  FIELD, O € T I C N ;  LC VISUALlZATTON OF SUR- 
FACE DEFECTS 

Let the  nonuniform e l e c t r i c  p o t e n t i a l  near an :LC 
s u b s t r a t e  be presented i n  a cy l ind r i ca l  coordinate 

9 

This type o f  a nonuniform e l e c t r i c  f i e l d  oc- 
curs ,  f o r  instance,  i n  those cases when the applied 
t o  the  JC f i e l d  i s  zem everywhere except f o r  a 
f i n i t e  c l r c l e  with a r a d i u s  o f  a. being a surface 
defec t , 899 

Figure 6 shows the averaged LC deformation 
p r o p o r t i o n a l  t o  the  r e l a t i v e  phase contrast  i n  the  
f i e l d  nonuniformity region.9 The deformation is 
seen t o  b e ~ z e r o  a t  the centre o f  the  defect and 
reaches i t s  maximum on i t s  edge,where the f i e l d  
nonuniformity i s  most evident. The m a x i m u m  m p l i -  
tude o f  t h e  phase cont ras t  at a given voltage i s  
pmpor t iona l  t o  the s e n s i t i v i t y  o f  the LC surface 
defec t  o p t i c a l  v i sua l i za t ion  method.*~9 At the 

same time the steepness of'  the phase contrast  
curve i n  the v i c i n i t y  o f  the defect defines the 
method reso lu t ion ,  i ,e.  i t s  capab i l i t y  t o  d i s t i n -  
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guish c lose ly  loca ted  defects .  A s  can be seen f-mm 
Figure 6 ,  the s e n s i t i v i t y  i s  maximal forJ '=K G /  33 
X, lE/ /  = I  
c r e m e  ofJ3', The magnitude o f  the deformation, 
< G ~ > ,  ( o r  s e n s i t i v i t y )  grows proport ional  t o  a 

i s  e n t i r e l y  determined by a f l e x o e l e c t r i c  e f f e c t  
i n  a nonuniform e l e c t r i c  f i e ld .  

while the reso lu t ion  d e t e r i o r a k s  with de- 

square Of the c o e f f i c i e n t ,  & e d 3  and at vb< 
4 l  

FIGURE 6. liveraged Lu deformation,<@'>, i n  
the vicin5ty of the sur face  defec t  region 
with the  radius o f  ao, 9/ao i s  a r e l a t i v e  d i s -  
tance from the defect centre.  The numeric ca l -  
cu la t ions  were made f o r  the fol.lovJing LC para- 
meters: e l  =e33=1 0 -4 , K , l = 1 0 - 6  CGSE u n i t s ,  
~ , / L = o . o ~ ,  va=3 ' J .  Fur Curve I :  ~ 3 ' =  'S =9.6; 

w; L& 
2:J'=1; 3: p'=0.24. 
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E L E C T R O O P T I C S  OF A NEXATIC L I Q U I D  CRYSTAL 87 

LC TWIST STRUCTURE. OPTICAL ‘PHANSFER FUNCTION 
AND RE SO LU TI ON 

Calculations o f  LC twist s t r u c t u r e  r e so lu t ion  i n  
a nonuniform f i e l d  a r e  very cumbersome and f o r  
t h i s  reason have not been attempted t i l l  recent- 
ly.  The d i r e c t  minimization algorithm of  LC f r ee  
energy func t iona l  proposed by us together  with 
S.N,Levov e t  al, stimulated progress i n  the 
f i e l d . ’ ’  
( O T F )  o f  a twist structure c a n  be used i n  model- 
ling o f  l i n e a r  o p t i c a l  systems containing an LC 
t w i s t  c e l l  as a unit .  

The r e s u l t s  of  the  cdcula-bion o f  the t w i s t  
s t r u c t u r e  r e so lu t ion  depending on the M: physical  
parametp -; and layer thickness are summarized i n  
‘Lablc 2. 

The obtained Optical  Transfer Function 

TABLE 9 Resolution of  L(: twist structure,ll’. 

Item No. LC parameter Hesolu t i o n  
~ 

I .  Layer thickness, L ,  3 6 12 
V’ ( l i n e / m >  54 2 6  12 

2. Relative d i e l e c t r i c  
an is 0 t yo py , 0.1 0 .T 

kl (line/mm), L=3 65 54 
3. Optical  anisotropy, 0.1 0.2 0.3 

$ (line/mm>, L=6 27 26 24 
4. E l a s t i c  modxli  ratto, 1 1.5 2.5 

K33/K1 1 
vR (aine/mm>, L=3 54 52 48 

The f o l l o w i n g  average LC parameters a re  used in 
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8X 

t h e  c a l c u l a t i o n s  : K /K -1.26, KZ2/K1 l=o. 85 ,  
lkf'& =0,5 , n=0.2 . 
Table  2 r e v e a l s  t h a t  t h e  most impor t an t  para-  

33 11= 

meters a f f e c t i n g  s p a t i a l  r e s o l u t i o n  of  t h e  LC t w i s t  
s t r u c t u r e  prove  to  be  t h e  l a y e r  t h i c k n e s s ,  L, and 
the r e l a t i v e  d i e l e c t r i c  a n i s o t m p y ,  
c r e a s e  o f  L o r  
s o l u t i o n .  The r e s o l u t i o n  was shown t o  be p r a c t i -  
c a l l y  independent  o f  the e l a s t i c  moduli  r a t i o ,  

K2*/K1 
p i c a l  o f  LC materials. 

fadL. The de- 
gG/q c o n s i d e r a b l y  improves t h e  re- 

o n  t h e  range 0.55 K22/Klli 1 which i s  ty -  

z 

h,:, LL-F 
.1 I 

FIGURE 7. Experimentdl ( s o l i d  l i n e s )  and c a l -  
c u l a t e d  ( d o t t e d  l i n e s )  a b s o l u t e  va lues  o f  t h e  
t w i s t - s t r u c t u r e  Opti.ca1 Transfer Func t ions .  

3+5). The h a l f w i d t h  G ( l i n e / m )  o f  the  curve  
i n d i c a t e s  t h e  IC s p a t i a l  r e s o l u t i o n .  

f o r  two Us: LC-1 and X-2. l 1 ' l 3  1,=20J4,3= 

F i g u r e  7 presents  cornparatlive r e s u l t s  o f  ex- 
p e r i m e n t a l  and c a l c u l a t e d  OTFs f o r  two  d i f f e r e n t  
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FLECTROOPTICS OF A IWMA!FIC L I Q U I D  CRYSTAL 89 

LCS : ' ' , I 3  LC-1 ( t he  mixture o f  azoxycompounds) 
and LC-2 ( the  mixture o f  tolanecotnpounds). I n  the 
experiment; the output s p a t i a l  i n t e n s i t y  va r i a t ion  
o f  the LC twist -s t ructure  (placed between p a r a l -  
l e l  polax-oids) w a s  measured as a function o f  x 
and y dis tances  f r o m  the edge o f  the transpasent 
clectrode,made i n  the form of a s e c t o r  (a  physi- 
c a l  equivalent of  the Hewiside f ~ n c t i o n ' ~ ) .  The 
subsequently obtained i n t e n s i t y  d i s t r i b u t i o n  w a s  
used f o r  ca lcu la t ion  o f  the twist-s t ructure  OTF. 
The experiment w a s  car r ied  out i n  the s p e c t r a l  
rCmge 3 -  3 t 5 . 5 y f o r  the LC l aye r  thickness 
L = 2 0 ~  It i s  evident , that  the s p a t i a l  r e so lu t ion  
o f  the 1X: twist s t ruc tu re  obtained in the  experi- 
ment equa1.s t o  4 t 6 line/mm, which i s  i n  a qua- 
l i t a t i v e  agreement with the theory. 

C ONCLUS I0 N 

A theory for ca lcu la t ion  O f  nematic l i q u i d  crys- 
t a l  o p t i c a l  cha rac t e r i s t i c s  i n  a s p a t i a l l y  non- 
un i fo rm e l e c t r i c  field is  presented. The LC lay- 
e r  s e n s i t i v i t y  nnd resolut ion are inves t iga ted  
depending on various types O f  a s p a t i a l l y  nonuni- 
f o r m  f i e l d ,  the LC physical parameters and i t s  
i n i t i a l  o r i en ta t ion ,  layer thickness and the E- 
subs t r a t e  anchoring energy. An important role o f  
f l e x o e l e c t r i c  e f f e c t  i n  LC e l ec t roop t i c s  i n  a 
s p a t i a l l y  nonuniform f i e l d  i s  demonstrated. 

10-14 The msn r e s u l t s  are  a s  follows: 
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1. I n  a s p a t i a l l y  nonuniform f i e l d  an LC i s  
first o f  all af€ected by the f i e l d  coordinate va- 
r i a t i o n  r a t h e r  tharr the  magnitude o f  the f i e l d  
i t s e l f  (F igure  2). 

f e c t  occurs and which determines the  r e so lu t ion  
o f  the homogeneously or iented LC layer is  m a x i -  
m a l  when the  d i r e c t o r  l i e s  i n  the f i e l d  nonuni- 
formity v w i a t i o n  p l a n e  and i s  about double LC 
l a y e r  thickness i n  s i ze  (Figure 3 ) .  

3 .  The f l e x o e l e c t r i c  e f f e c t  contr ibut ion t o  
the  LC l a y e r  deformation is  decisive,when the  LC 
d i e l e c t r i c  anisotropy, E l z ,  is  s u f f i c i e n t l y  l o w  (13h 

4 .  Vwiating the  LC-substrate anchoring ener- 
gy, V,, d i e l e c t r i c  anisotropy, ca, and e l a s t i c  

i t  i s  possible  t o  increase 33 ' moduli, K,, and K 
s e n s i t i v i t y  and r e so lu t ion  o f  the LC l a y e r  i n  a 
s p a t i a l l y  nonuniform f i e l d  (Figure 4 )  

5 .  J4axirna. l  s e n s i t i v i t y  and r e so lu t ion  of  the 
1,C mater ia l  used  f o r  vrisu,zfization o f  surface de- 
f e c t s  i n  an e l e c t r i c  f i e l d  a re  achieved a t  K / 
K q l  = 6/& =1 (Figure 61, 

6 ,  A nematic LC twist s t r u c t u r e  reso lu t ion  
can be improved by 'decreasing a d i e l e c t r i c  aniso-  
t r o P Y ,  &,* and an LC l ayer ,  L. The LC twist s t ruc-  
t u r e  reso lu t ion  i s  only weakly influenced e i t h e r  
by e l a s t i c  anisotropy, K33/K11, o r  by o p t i c a l  
anisotropy, A & ,  (Table  2 ). 

The t h e o r e t i c a l  results a re  i n  a good agree- 
ment with the experimental evidence and could be 
used  i n  s e l e c t i o n  o f  o p t i m a l  IX: materials i n  such 

2. The ex ten t  o f  the  region where the edge ef- 
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sy s t  ems as p ho t o  co nduc t o  r-LC and p yroe l e  c t  ri c-LC 
as we l l  as i n  LC f l a w  d e t e c t i o n  etc. 
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