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CHAPTER 2 

ELECTRWYDRODYNAMIC INSTABIL IT IES I N  NEMATICS 

2.1 INTRODUCTION 

Hydrodynamic i n s t a b i l i t i e s  i n  i s o t r o p i c  l i q u i d s  are 

wel l  known [I]. The c l a s s i c  example i s  the Rayleigh-Benard 

i n s t a b i l i t y  i n  t h i n  l i q u i d  layers  subjected t o  an adverse 

temperature gradient .  Above a c r i t i c a l  value o f  the 

temperature gradient  the system becomes unstable and 

breaks up i n t o  a  se t  o f  convect ive r o l l s  whose s i z e  and 

shape depend on the d e t a i l s  o f  the boundary cond i t ions.  

S imi la r  i n s t a b i l i t i e s  are a lso  found i n  nematics [2]. I n  

add i t i on  they a lso  e x h i b i t  convective i n s t a b i l i t i e s  under 

the ac t ion o f  an ex terna l  e l e c t r i c  f i e l d  [2-41. These 

s lecLrocan~ec t i ve  or electrohydrodynamic (EHD) i n s t a b i t i t i -  

es were f i r s t  observed i n  the 1930's [5]. However, a  

de ta i led  study o f  these were taken up on ly  i n  the  60 's  

a f t e r  the technological  importance o f  the e lec t ro- op t i c  

proper t ies  of nematics was recognized. Most o f  the s tud ies  

have been on mate r ia l s  w i t h  negative o r  weakly p o s i t i v e  

d i e l e c t r i c  anisotropy and p o s i t i v e  conduc t i v i t y  anisotropy 

The mechanism f o r  the EHD i n s t a b i l i t i e s  i n  these mate r ia l s  

i s  now wel l  understood. A major p a r t  o f  the work reported 

i n  t h i s  t hes i s  i s  on t h i s  c lass o f  nematics. Hence the 

re levant  experimental and t heo re t i ca l  s tud ies  on EHD 

i n s t a b i l i t i e s  i n  these mate r ia l s  i s  summarized below. 



2.2 WILLIAMS DOMAIN INSTABILITY 

The Wil l iams domain i n s t a b i l i t y  i s  observed i n  

homogeneously a l igned t h i n  layers o f  a nematic w i t h  

negat ive o r  weakly p o s i t i v e  d i e l e c t r i c  anisotropy (E,) and 

p o s i t i v e  conduc t i v i t y  anisotropy ( aa  ) ,  under the a c t i o n  

o f  an external  DC o r  low-frequency AC e l e c t r i c  f i e l d .  It 

was independently discovered by Wil l iams 161 and Zvereva 

and Kapustin 173. A t y p i c a l  experimental se t  up t o  study 

t h i s  i n s t a b i l i t y  i s  shown i n  Fig.1 . A t h i n  layer  o f  a 

nematic i s  sandwiched between two t ransparent  conducting 

glass p la tes  w i t h  the d i r e c t o r  p a r a l l e l  t o  them. The 

thickness o f  the layer  i s  usua l ly  o f  the order o f  tens o f  

micrometres. When a s u f f i c i e n t l y  la rge e l e c t r i c  f i e l d  i s  

appl ied between the two g lass  p la tes  the medium gives r i s e  

t o  an o p t i c a l  pa t t e rn  cons is t ing  o f  a s e t  o f  b r i g h t  

s t r i a t i o n s  ca l l ed  Wi l l iams domains (F ig .2) .  I f  the f i e l d  

i s  increased f u r t h e r ,  t h e  system becomes tu rbu len t  and 

sca t t e r s  l i g h t  s t rong ly .  This i s  c a l l e d  t h e  dynamic 

sca t t e r i ng  mode [8]. 

There have been a la rge  number o f  experimental 

i nves t iga t ions  on the Wil l iams domain i n s t a b i l i t y  

[3,9,10]. The important f a c t s  establ ished by these 

s tud ies  are summari zed below. 

-The i n s t a b i l i t y  i s  observed under DC and low-frequency AC 
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Fig.1. Experimental arrangement for observing Williams 
domains. 



Fig.2. Williams domains observed in MBBA. (7.5 V, 64  Hz). 
(from Ref. 3). 



e l e c t r i c  f i e l d s .  

-It i s  charac ter ized by a  th resho ld  vo l tage,  i e ,  

the  vo l tage a t  which t h e  system becomes uns tab le  

i s  independent of t he  th ickness o f  the sample. 

-The w id th  of the  domains i s  approximately equal t o  the  

th ickness  of the  sample. 

-When viewed i n  l i n e a r l y  po la r i zed  l i g h t ,  t he  o p t i c a l  

p a t t e r n  disappears i f  t he  plane o f  p o l a r i z a t i o n  i s  normal 

A 

t o  n,, t he  i n i t i a l  o r i e n t a t i o n  o f  t h e  d i r e c t o r ,  

i n d i c a t i n g  t h a t  the  d i s t o r t i o n  o f  the  d i r e c t o r  f i e l d  i s  
2 

conf ined t o  the  plane con ta in ing  i, and E. 

-The appearance o f  the  domain pa t t e rn  i s  accompanied by 

the  onset o f  c e l l u l a r  f l o w  i n  the  medium. Observat ions on 

the  motion o f  t r a c e r  p a r t i c l e s  c l e a r l y  show t h a t  ad jacent  

c e l l s  have opposi te  v o r t i c i t y .  

-Two s e t s  o f  o p t i c a l  p a t t e r n s  are seen, one above and the  

o the r  below the  plane o f  t h e  sample. 

The s i t u a t i o n  can be schemat ica l ly  i l l u s t r a t e d  as 

shown i n  F ig ,3 .  A t  t he  onset  o f  the  i n s t a b i l i t y  the  medium 

breaks up i n t o  a  s e t  o f  hydrodynamic r o l l s .  Because o f  the  

coup l ing  between f l ow  and t h e  o r i e n t a t i o n  o f  t h e  d i r e c t o r ,  

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

o f  t he  d i r e c t o r  f i e l d .  Since the  mate r ia l  i s  b i r e f r i n g e n t  

t h e  sample now behaves l i k e  an ar ray  o f  a l t e r n a t i n g  convex 

and concave c y l i n d r i c a l  lenses, c rea t i ng  a  s e t  o f  r e a l  
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Fig.3. (a) Flow and (b) director orientation patterns in 
Williams domains. The periodic orientation pattern and 
the consequent refractive index variation gives rise 
to the bright domain lines (indicated by the stars) 
above and below the sample. (from Ref. lo). 



images o f  the l i g h t  source above and a  s e t  o f  v i r t u a l  

images below the plane o f  the  sample. 

I n  appearance the Wi l l iams domain i n s t a b i l i t y  i s  very 

s i m i l a r  t o  the Rayleigh-Benard i n s t a b i l i t y  w i t h  

two-dimensional r o l l s .  However, wh i le  the d i r e c t i o n  o f  the 

r o l l s  i n  the l a t t e r  case i s  determined by the boundary 

condi t ions,  i n  the former case, i t  i s  determined by the 

i n i t i a l  o r i e n t a t i o n  of the  d i r e c t o r  which ac ts  as an 

i n te rna l  cons t ra in t .  

2 .3  THE CARR - HELFRICH MECHANISM 

A mechanism f o r  the Wil l iams domain i n s t a b i l i t y  was 

proposed by H e l f r i c h  [ I 1 1  based on the suggestion by Carr 

[I21 t h a t  the  conduc t i v i t y  anisotropy could lead t o  the 

formation o f  space charges i n  a nematic w i t h  a  s u i t a b l e  

type o f  deformation o f  t he  d i r e c t o r  f i e l d .  

Consider an i n f i n i t e s i m a l  bend f l u c t u a t i o n  o f  the  

d i r e c t o r  f i e l d  i n  a  homogeneously a l igned nematic layer  

w i t h  a  negat ive d i e l e c t r i c  anisotropy subjected t o  a  DC 

e l e c t r i c  f i e l d  (F ig .4 ) .  The cur ren t  c a r r i e r s  i n  a  

nematic are the impur i ty  ions and since a,, > a, , i t  i s  

easier  f o r  the  ions t o  move along the d i r e c t o r  than normal 

t o  it. As a  r e s u l t  space charges are formed i n  the medium, 



Fig.4. Space charge formation in an applied electric field 
EZ caused by a bend fluctuation of the director in a 
nematic with positive conductivity anisotropy. The 
resulting transverse field is Ex. (from Ref.11). 



which i n  t u r n  g ive  r i s e  t o  an i n t e r n a l  e l e c t r i c  f i e l d  

normal t o  the  appl i e d  f i e l d  c. The f o r ce  on the  space 
A 

charges due t o  E tends t o  s e t  them i n  motion c rea t i ng  a  

macroscopic f l ow  when t h e  f i e l d  i s  s u f f i c i e n t l y  la rge.  

While t he  d i e l e c t r i c  torque on the  d i r e c t o r  due t o  i s  

s t a b i l i z i n g ,  the  hydrodynamic torque due t o  t h e  f l ow  and 

the  d i e l e c t r i c  torque due t o  the  i n t e r n a l  e l e c t r i c  f i e l d  
A 

are both d e s t a b i l i z i n g .  Hence i f  E i s  s u f f i c i e n t l y  

la rge,  an i n f i n i t e s i m a l  bend d i s t o r t i o n  o f  t h e  d i r e c t o r  

f i e l d  gets amp l i f i ed  and t h e  system becomes unstable and 

breaks up i n t o  hydrodynamic c e l l s .  The c e l l u l a r  f l ow  leads 

t o  a  s t a t i c  pe r i od i c  d i s t o r t i o n  o f  the  d i r e c t o r  f i e l d  and 

g ives r i s e  t o  the  o p t i c a l  domain pa t te rn .  A l i n e a r  

s t a b i l i t y  ana lys is  of the  DC EHD i n s t a b i l i t y  i n  nernatics 

based on the  above mechanism was worked ou t  by H e l f r i c h  

[ I l l  and i t  i s  discussed below. 

The H e l f r i c h  Model 

Consider a  nematic l a y e r  o f  th ickness d, l y i n g  i n  t he  
-5 

XY plane and subjected t o  a  DC e l e c t r i c  f i e l d  E, along Z 

(F i g .4 ) .  Le t  the  d i r e c t o r  Go i n  t he  unperturbed s t a t e  

be along the  X-axis. The medium i s  assumed t o  be i n f i n i t e  

i n  ex ten t  i n  the  XY plane so t h a t  t h e  l a t e r a l  boundary 

cond i t i ons  are neglected. Consider a  bend f l u c t u a t i o n  o f  

the  d i r e c t o r  f i e l d  w i t h  i n  the X Z  plane,making a smal l  



angle 8 w i t h  the X-axis. This creates a space charge 

densi ty  Q i n  the  medium. The ac t ion  o f  E, on Q i n  t u r n  

g ives r 'ae t o  a f l ow i n  the medium, described by the  

4 
v e l o c i t y  f i e l d  v, above the threshold o f  the  

i n s t a b i l i t y .  I n  t h i s  model the boundary cond i t ions a t  the 

two surfaces o f  the nematic layer  are neglected and hence 

the var iab les  i n  the problem depend on ly  on X .  Fur ther ,  

because o f  t h i s  s i m p l i f i c a t i o n ,  only the Z-component o f  

the ve loc i t y  appears i n  the equations descr ib ing t he  

system. Retaining on ly  the  l i n e a r  terms, the d i r e c t o r  i n  

the d i s to r t ed  s t a t e  i s  given by ;=( 1 ,0,8).  The system i s  

described by the f o l l o w i n g  equations. 

1 )  The Poisson equat ion 
A 

divD = 4r Q ,  
-L, A 

where D i s  the displacement vector.  Subs t i t u t i ng  f o r  D 

(see Eq.6, chapter 1)  we get  

where E x  i s  the  transverse f i e l d  i n  the  medium due t o  

the  space charge formation. 

2 )  The charge conservat ion equation 

( a Q / a t )  + d i v ?  = o , 

where 3 i s  the cu r ren t  densi ty .  The t ime dependence can 

be neglected as we are .cons ider ing s ta t ionary  convect ion 



under DC e x c i t a t i o n .  Using Eq.8, Chapter 1, We ge t  

a,, (dEx/dX) + aa E a  (de/dX) 0 

3) the equation o f  motion 1131 

~ ( d < / d t )  + d i v  ( p  $$) = d i v  (z  + 8 ' )  + Q , 

- 
where % and 5' are the e l a s t i c  and viscous torques 

respect ive ly .  Conf in ing our a t t e n t i o n  t o  s ta t i ona ry  

so lu t ions  and r e t a i n i n g  only the l i n e a r  terms the 

fo l low ing  equation i s  obtained 

where 7 = +(a+ +a5 -a2 ) . 
4 )  The torque balance equation 

2 A d  r h y  = r + F C  , 

where the three terms represent the torque exerted by the 

d i r e c t o r  on the f low,  the e l a s t i c  torque and the 

d i e l e c t r i c  torque due t o  the t o t a l  e l e c t r i c  f i e l d  on the  

d i r e c t o r ,  respect ive ly .  This leads t o  



E l i m i n a t i n g  Ex , vz and Q i n  terms o f  8  f rom Eqs.1-4, we 

g e t  
2 2 2 

K, ( d  e/dX 1 - [ a , ~ ~ ~ / ( 4 n r 7  )I( CJ,/U,, - €a/€II )EL 8 
a 

+ [ E ~ c I / ( ~ x  u , , ) ]  E l  8 = 0 (5) 

I n  t h i s  model t h e  r o l l s  a re  assumed t o  be formed w i t h  

A 

t h e i r  wavevector a long no. Taking 8  = eOcos(q  X ) ,  we g e t  

Th is  expression g i ves  t h e  th resho ld  f i e l d  o f  t h e  i n s t a b i l i -  

t y  as a f u n c t i o n  o f  t h e  wave vec tor  o f  the  d i s t o r t i o n .  As 

the  above a n a l y s i s  does n o t  take i n t o  account the  boundary 

cond i t i ons  i t  cannot p r e d i c t  t he  va lue of q t h a t  t h e  

system e x h i b i t s  a t  t h e  threshold.  Since t h e  d i s t o r t i o n  

energy i s  l a r g e r  f o r  l a r g e r  q wh i l e  t h e  d i s s i p a t i o n  due t o  

the  t ransverse f l o w  i s  l a r g e r  f o r  smal le r  q, we can assume 

t h a t  t h e  w id th  o f  t h e  domains must be comparable t o  t h e  

th ickness  o f  t he  nematic l aye r .  P u t t i n g  q = n /d ,  d  be ing  

t h e  th ickness ,  we g e t  a vo l tage  th resho ld  g i ven  by 

Th is  expresion i s  found t o  be i n  q u a l i t a t i v e  agreement 

w i t h  the  experiments 131. 



Calcu la t ions I nc lud ing  The Boundary Condit ions 

An extension o f  the H e l f r i c h  model i nc l ud ing  the  

boundary cond i t ions was developed by Penz and Ford [ I 4 1  

and P i k i n  [ 1 5 ] .  The treatment o f  Ref.14 i s  discussed 

below. The ana lys is  now becomes two dimensional w i t h  a l l  

the  var iab les  depending both on X and 2 .  I n  a d d i t i o n  t o  

the  Z-component the re  i s  also an X-component o f  the 

ve loc i t y .  Assumming the medium t o  be incompressible these 

two are re l a ted  by t he  con t i nu i t y  equation d i v  ? = 0. 

Taking so lu t ions o f  the form 

2 A 2 a 
8 = 8, exp( iq . r )  , E x  Eo exp( iq . r )  , 

- 2 A A -L 

vZ - vo exp( i q . r )  , vx = -S V, exp( iq . r )  , 
A A 

and p = po exp( iq . r )  , where S = q / q x ,  
7. 

f o r  the var iables,  the  system i s  described by the 

f o l l ow ing  equations. 

1 )  The charge conservat ion equation, 

2 )  The X-component o f  the equation o f  motion 



where T2= + ( a ,  +a+ +a, ) and 7 = + ( a 3  +a4 +2a5 +a6 1 
3 

3)  The Z-component of the equation o f  motion 

where, 7 ) = f ( a + + a 5 - a 2 )  and 7 + = + ( a t -  a  + a 5 ) .  
I 4 

4 )  The Y-component o f  the torque balance equat ion 

Equations 8-1 1 are a  se t  o f  1 inear homogeneous 

equations i n  the amp1 i tudes p  , vo , E, and 8, . For t he  

existence o f  n o n - t r i v i a l  so lu t ions  the determinant o f  t he  

coe f f i c ien ts  should vanish. This cond i t i on  leads t o  t h e  

fo l lowing r e l a t i o n  between S and E,/qs . 

2 
Eq.(12) i s  a  f o u r t h  order a lgebra ic  equation i n  S . 

Therefore the 8  roo ts  Sj come i n  f pa i r s .  There are also 8 

boundary c o n d i t i o n s . t o  be s a t i s f i e d  a t  the e lectrodes.  



The boundary cond i t i on  on 8 leads t o  t h e  equat ion 

where B j  are a r b i t r a r y  c o e f f i c i e n t s  t o  be determined by 

the boundary cond i t i on  and b = q d/2. The o ther  boundary 
X 

condi t ions a lso  lead t o  s i m i l a r  equations. Thus we ob ta in  

a s e t  o f  l i n e a r  homogeneous equations and the  boundary 

value determina'nt (BVD) associated w i t h  these equations 

must be zero f o r  a s o l u t i o n  t o  e x i s t .  The symmetry o f  the 

boundary cond i t ions a t  Z=+d/2 and the  symmetry o f  the S 

values coming i n  + p a i r s  a l lows a reduct ion o f  the s e t  of 

8 equations t o  two independent se ts  o f  4 equations. The 

BVD w i l l  vanish i f  e i t h e r  o f  the two 4x4 determinants i s  

zero. One of the two determinants i s  reproduced below. 

The elements o f  the determinant are: 

where 
Nj  

= ( 0, S; + aa ) / a L  and 



The o ther  determinant i s  obtained by interchanging sines 

and cosines i n  the one g iven above. 

Eqs.(12) and (13 )  together  form a c h a r a c t e r i s t i c  value 

problem. The ca lcu la t ions  are made numerical ly f o r  a given 

s e t  o f  values o f  the mate r ia l  parameters. Choosing the 

app l ied vol tage V, and 6, the roots  S j  o f  Eq. (12) are 

f i r s t  found. These are then subst i tu ted i n  the B V D  and i t s  

value i s  determined. I n  general the B V D  w i l l  no t  be zero 

f o r  an a r b i t r a r y  choice o f  V, and 6. Keeping V, f i x e d  a 

new value o f  6 i s  chosen and the process i s  repeated t i l l  

the BVD becomes zero. The ca lcu la t ions  are then repeated 

f o r  a d i f f e r e n t  value o f  V, . The lowest value o f  V, 

s a t i s f y i n g  Eqs.( l2)  and (13) i s  the thresho ld  vol tage 

and the corresponding value o f  6 gives the wavevector o f  

the r o l l s  a t  the onset o f  the i ns tab i  1 i t y .  V, as a 

f unc t i on  o f  6 obtained using the mater ia l  parameters o f  

MBBA i s  shown Fig.5. The threshold vol tage i s  found t o  be 

about 6 v o l t s  i n  good agreement w i t h  experiments. Fur ther ,  

the  wid th  o f  the domains a t  the threshold,  obtained 

from the ca lcu la t ions  i s  comparable t o  the sample 

thickness. 



Fig.5. The wavevectors of various normal modes for MBBA as 
a function of the applied DC voltage, obtained from 
computer calculations. Note that no solutions exist 
below about 6.9 Volts. (from Ref.14). 



2.4 EXTENSION TO AC EXCITATION 

Two d i f f e r e n t  types o f  EHD i n s t a b i l i t i e s  are observed 

i n  a nematic w i t h  negat ive E, under AC e l e c t r i c  f i e l d s ,  

respect ive ly  below and above a c e r t a i n  cu t- o f f  frequency 

f . For f<fc we get  the  Wil l iams domain i n s t a b i l i t y .  I t  

i s  a lso  known as the conduction regime. 

For f > f  , the d i e l e c t r i c  regime i s  observed which i s  

character ized by a f i e l d  threshold.  The o p t i c a l  p a t t e r n  

observed a t  the threshold cons is ts  o f  a se t  o f  p a r a l l e l  

s t r i a t i o n s  normal t o  t he  i n i t i a l  o r i e n t a t i o n  o f  the 

d i r e c t o r .  The separat ion between the l i n e s  i s  much smal ler  

than the  thickness o f  t he  sample. When the  f i e l d  i s  

s l i g h t l y  increased above the threshold value, these 

s t r i a t i o n s  bend and move t o  g ive  r i s e  t o  the  'chevron' 

pa t t e rn  (F ig .6) .  The d i e l e c t r i c  regime was f i r s t  detected 

by Hei lmeir  and H e l f r i c h  [17],  and studied i n  d e t a i l  by 

the Orsay group [9,18]. 

The v a r i a t i o n  o f  the threshold vol tage w i t h  frequency 

i s  shown i n  Fig.7. The cut- of f  frequency fc i s  t y p i c a l l y  

o f  the order o f  10 - 100 Hz and i s  found t o  increase w i t h  

the conduc t i v i t y  o f  the sample. 

These two regimes o f  EHD i n s t a b i l i t y  i n  nematics can 



Fig.6. The chevron pattern observed slightly above the 
threshold in the dielectric regime. (from Ref.16). 



Fig.7. The threshold voltage of the AC instabilities in 
MBBA as a function of the frequency of the applied 
field. Regions I and I1 correspond to the conduction 
regime and the dielectric regime, respectively. (from 
Ref. 18). 



be in te rp re ted  i n  terms o f  the Carr-Hel f r ich mechanism, 

su i t ab l y  extended t o  cover t ime dependent phenomena. A one- 

dimensional 1  inear ana lys is  f o r  AC e x c i t a t i o n  was f i r s t  . . 

worked out  by Dubois-Violette e t  a1 1131 f o r  s inuso ida l  

exc i t a t i on .  A s i m p l i f i e d  treatment f o r  square-wave 

e x c i t a t i o n  was l a t e r  developed by Smith e t  a1 [ 1 9 1 .  We 

s h a l l  b r i e f l y  discuss the l a t t e r  model, con f i n i ng  our 

a t t e n t i o n  t o  the s ta tes  o f  marginal s tab i  1  i t y  o f  the 

system. 

Inc lud ing  the temporal dependence o f  a l l  the  va r iab les  

and neglect ing the i n e r t i a l  term, a  nematic subjected t o  

an AC e l e c t r i c  f i e l d  i s  described by the f o l l o w i n g  two 

1  i near i  zed equations i n  the  curvature = ae/ ax  and the  

space charge dens i ty  Q [ 1 3 ] .  

where 1/2 = 4~ta,, /E,, i s  the  re l axa t i on  ra te  o f  the  space 

2 2 charges, 1/T = [ K,qx - E ~ E ~ E ~  / ( 4 n  E ~ , ) I  /(-(17p) i s  the  

re l axa t i on  r a t e  o f  the  d i r e c t o r  f i e l d ,  

1 = -.I,[E~/E,~ + a2 /7 I 1, a,, = ~ I I ( ~ L / ~ I I  - u ~ / u ~ ~  ,I, 
1 

V i =  +(a+  +a 5 -a 2 I and 7 =  + ( a 3  +a4 +a6 
2 - a : / f l .  



For a  square wave, 

+E f o r  0 < t < 1 / ( 2 f )  

E,(t) - - 
-E f o r  1 / ( 2 f )  < t < l / f  

and the c o e f f i c i e n t s  i n  t he  above equations are constants 

w i t h i n  each ha l f- cyc le .  Assuming so lu t ions  of the form 

y =  C, exp( X t / z )  and Q = C2 e x p ( h t / P ) ,  

the general so lu t ions  are: 

where, 
2 2  i / z  -+ ( 1  + r r )  [ f ( 1  r + S  ( r r - r , z ) l ,  (17) 

= 1 , r0 =7tK3q: / ( <yz )  , s2= O , Z / ( 7 A )  and 

A = - € €  
a 1 7 ,  / ( 4  n E ~ ~ ) ; ~ ~  

A 

It i s  c l ea r  from Eqs.(14) and (15) t h a t  when E, 

changes s ign a f t e r  every ha l f- cyc le ,   either^ o r  Q should 

reverse i t s  s ign. Depending on which one o f  these two 



var iab les  o s c i l l a t e s  w i t h  the f i e l d ,  we have two d i s t i n c t  

physical  s i t ua t i ons .  

1)  Q o s c i l l a t e s  w i t h  the f i e l d  but  y does not ,  i e ,  

Q ( t+ l / 2 f )  = -Q( t )  and y ( t + l / 2 f )  = I+J ( t )  (18) 

This can be rea l i zed  i f  we have a  s t a t i c  d i s t o r t i o n  

accompanied by the f low o f  space charges. Hence t h i s  

regime i s  c a l l e d  t he  conduction regime. 

2 )  y o s c i l l a t e s  w i t h  the  f i e l d  bu t  Q does not ,  i s ,  

y ( t + 1 / 2 f )  = - y ( t )  and Q( t+ l / 2 f )  = Q ( t )  ( 1 9 )  

I n  other  words, the  curvature i n  t he  d i r e c t o r  f i e l d  

o s c i l l a t e s  w i t h  the f i e l d  and the space charges main ta in  

t h e i r  s ign. This i s  c a l l e d  the  d i e l e c t r i c  regime. 

Subs t i tu t ing  the general s o l u t i o n  i n  Eq.(18) we ge t  the  

f o l l ow ing  threshold cond i t i on  f o r  the conduction regime. 

( I + A,) tanh( A1/4 f  Z) = ( 1 + h ) tanh( A2/4f Z) 
2 

(20) 

S i m i l a r l y  f o r  t he  d i e l e c t r i c  regime, we get  



Subs t i tu t ing  f o r  'hiand X,in Eqs.(2O) and (211, we f i n d  

t h a t  i n  the conduction regime 

and i n  the d i e l e c t r i c  regime 

where A =  [ ( I - r~ ) '  + 4 E ~ ~ c A ] % .  It i s  c l e a r  from 

Eqs.(22) and (23) t h a t  t he  cond i t i on  T = s p l i t s  the 

problem n a t u r a l l y  i n t o  two par ts .  For T > 2  there  i s  no 

s o l u t i o n  t o  Eq. (23)  and consequently no d i e l e c t r i c  

regime. For T < 2  the re  i s  no so lu t i on  t o  Eq.(21) and hence 

no conduction regime. 

I n  order t o  so lve the problem i t  i s  necessary t o  f i n d  

a p a i r  of eigenvalues A,and A, which s a t i s f y  Eq.(17) and 

e i t h e r  Eq.(20) o r  Eq.(21). For each frequency those 

values of E are t o  be found which g ive  such p a i r s  o f  

eigenvalues. These E values def ine the s ta tes  o f  marginal 

s t a b i l i t y  of the system. The s t a b i l i t y  diagram g i v i n g  the  

threshold vol tage as a func t ion  o f  frequency i s  shown i n  

Fig.8 . Along branch (a )  the  system becomes unstable w i t h  

respect t o  the conduction regime and along the branch ( c )  



Fig.8. The variation of the threshold field with the 
frequency of the applied electric field, obtained from 
numerical calculations. The curves labelled a,b and c 
correspond to the onset of the conduction regime, the 
restabilization branch and the onset of the dielectric 
regime, respectively. (from Ref.19). 



w i t h  respect t o  the d i e l e c t r i c  regime. Along branch (.b) 

the system again becomes s tab le  w i t h  respect t o  the  

conduction regime. Thus t he  conduction regime i s  conf ined 

t o  a closed region i n  t he  (E ,  f )  plane. The c u t - o f f  

frequency o f  the conduction regime i s  given by f ,~ ,  1 / 2 1 r ~ .  

As mentioned e a r l i e r ,  the conduction regime can e x i s t  on ly  

i f  the d i r e c t o r  r e l axa t i on  t ime T i s  la rger  than the  

charge re laxa t ion  t ime Z , so t h a t  space charges can 

develop i n  the medium. T decreases w i t h  increase i n  E 

(see Eq.15) and along the r e s t a b i l i z a t i o n  branch (b )  T 

becomes comparable t o  7 . Above t h i s  branch Tc Z and t h e  

conduction regime does no t  e x i s t .  On the  other  hand, the  

cond i t i on  f o r  the exis tence o f  the d i e l e c t r i c  regime i s  

t h a t  T < Z  . This can always be achieved by increasing 
A 

E as i s  negat ive. Hence so lu t ions  corresponding t o  

the  d i e l e c t r i c  regime e x i s t  f o r  a l l  frequencies. 

The d i e l e c t r i c  and r e s t a b i l i z a t i o n  branches are  

character ized by f i e l d  thresholds whereas the conduction 

regime sets  i n  a t  a thresho ld  vol tage. Consequently, as 

the thickness d o f  the  nematic layer  i s  decreased, the  

r e s t a b i l i z a t i o n  branch approaches the conduction branch 

and a t  some value o f  d they become equal. The conduction 

regime cannot be observed i f  d i s  below t h i s  minimum value 

given by 



The above ana lys is  being one-dimensional, cannot 

p r e d i c t  a nonzero value o f  the wavevector o f  the r o l l s  i n  

the conduction regime. As i n  the H e l f r i c h  modal we have t o  

assume t h a t  q = ~ / d  a t  the  threshold. On the o ther  hand, 

the theory p red i c t s  the wavevector o f  the r o l l s  i n  the 

d i e l e c t r i c  regime. For low-frequencies i t  i s  given by 

A l l  t he  above mentioned p red ic t ions  o f  the theory have 

been found t o  be i n  good q u a l i t a t i v e  agreement w i t h  the  

experiments [ 3 ] .  

A simple numerical procedure which a l lows a convenient 

and exact ca l cu la t i on  o f  the threshold curves and 

i n s t a b i l i t y  regions i n  the context o f  a one-dimensional 

model was developed by Sengupta and Saupe 1201. Taking 
A A 

= Eo c o s ( o t ) ,  Eqs. ( l4 )  and (15) form a system o f  

l i n e a r  d i f f e r e n t i a l  equations w i t h  pe r i od i c  c o e f f i c i e n t s .  

I t  fo l lows from the Floquet theory [ 2 1 ]  t h a t  t h e i r  

so lu t i ons  can be expressed i n  the form 



w i t h  n = +I, 22, e tc .  Here p i s  a  c h a r a c t e r i s t i c  exponent 

and i s  assumed t o  be r e a l .  The cond i t i on  Re p =O def ines 

the s ta tes  o f  marginal s t a b i l i t y  o f  the system. It can be 

d i r e c t l y  v e r i f i e d  t h a t  i f  8 ( t )  and Q ( t )  are so lu t ions ,  

then 8 ( t+1 /2 f )  and -Q( t+ l / 2 f )  o r  -8( t+1/2 f )  and Q ( t + l / 2 f )  

are a l so  so lu t ions,  f being the frequency o f  the app l ied 

f i e l d .  This ensures t h a t  the c o e f f i c i e n t s  a, and bn i n  

Eq.(24) s a t i s f y  the f o l l o w i n g  re l a t i ons :  

I n  the f i r s t  case, therefore,  8 ( t )  does no t  change 

s ign w i t h  the f i e l d  bu t  Q ( t )  does. These even modes 

correspond t o  the conduction regime. I n  the second case, 
2 

8 ( t )  changes s ign w i t h  E bu t  Q ( t )  does not .  These odd 

modes correspond t o  the d i e l e c t r i c  regime. 

Using the so lu t ions  ( 2 4 )  i n  Eqs. (14) and (15) ,  the  

f o l l ow ing  recurrency r e l a t i o n s  can be obtained. 



w i t h  M = T I T +  ( v +  ~ ~ W ) Z + M . , ~ - ~  
n," + M . , n + t  

M 
n , n + i  

= (e2 /2 ) [1  - 1 ( ~ ) ~ } / { 1  + V Z +  i ( n  2 l ) a ? t I ,  

2 
e2 = - z E~ el Eo / (  8 R ell 3b ) and 

2 
( w c W  = (ell / e a  111- El, 5 GI, + a2/73)  -1 

2 

and Tb = 5 - a2/  7% 

Eq.(26) can be solved using the method o f  continued 

f r ac t i ons .  Convergent so lu t i ons  e x i s t  only f o r  s u i t a b l e  

sets  o f  parameter values. Taking = 0, the  thresho ld  

f i e l d  i s  obtained i n  terms o f  w , w, and T / T .  

2 .5 OBLIQUE-ROLL INSTABILITY 

A1 1 the t heo re t i ca l  i nves t iga t ions  described above 

assume t h a t  the convect ion r o l l s  are normal t o  the 

undi s to r t ed  d i  r ec to r  ho . Recent1 y , however, the re  have 

been a few experimental observations o f  ob l ique r o l l s  
A 

whose wave vector makes an angle a w i t h  n, , both under 

DC and very low frequency AC e x c i t a t i o n  [22-241 (F ig .9) .  

Deta i led  experiments on t he  ob l i que- ro l l  i n s t a b i l i t y  were 

ca r r i ed  out  by R ibo t t a  e t  al. [ 2 4 ] .  They obtained s i m i l a r  

r e s u l t s  both w i t h  MBBA and a commercially ava i l ab le  

nematic mixture, v i z ,  Merck phase V .  Their  q u a n t i t a t i v e  

measurements which have been reported on ly  on Merck phase 

V are summarized below. 

- A t  low frequencies o f  e x c i t a t i o n  ob l ique r o l l s  are formed 



Fig.9. Oblique-rolls observed in a 6 Mrn thick sample of 
Merck phase5A. 5.39V, 50Hz. (from Ref.22). 



r i g h t  a t  t h e  th resho ld  o f  t he  i n s t a b i l i t y .  For example, 

a t  f=10 Hz they f i n d  a m 30'. 

-The ob l i que  r o l l s  a re  obta ined a t  t he  th resho ld  o n l y  upto 

a  c r i t i c a l  frequency f, (F ig .10) .  For t he  sample they 

s tud ied  the  c u t - o f f  frequency f, was 120 Hz and fo=40 Hz. 

-fa increases w i t h  the  c o n d u c t i v i t y  o f  the  sample. 

-fo decreases when a  s t a b i l i z i n g  magnetic f i e l d  i s  app l i ed  

A 

along no . 
-Tracer p a r t i c l e s  f l ow  a long open hel . ica l  t r a j e c t o r i e s  

w i t h i n  the  r o l l s .  The a x i a l  component o f  t he  p a r t i c l e  

v e l o c i t y  i n  adjacent r o l l s  has opposi te  d i r e c t i o n s .  

-Beyond f, normal r o l l s  a re  obtained a t  the  t h resho ld  i n  

the conduct ion regime. But  as the  f i e l d  i s  f u r t h e r  increa-  

sed they f i r s t  become undulatory and then ob l i que  

(F ig .  l o )  

The Hel f r ich-Orsay one-dimensional ana l ys i s  o f  the  

problem cannot account f o r  these ob l i que  r o l l s .  Th is  can 

be c l e a r l y  seen by extending the  H e l f r i c h  model f o r  DC 

h 
e x c i t a t i o n  t o  the  case o f  ob l i que  r o l l s .  Le t  n, be along 

the X-axis. On app ly ing  an e l e c t r i c  f i e l d  along Z ,  l e t  the  

r o l l s  be formed a long5,mak ing  an angle a w i t h  the  X-axis. 

I n  the  d i s t o r t e d  s t a t e  the  d i r e c t o r  o r i e n t a t i o n  i s  de f ined  

by the  p o l a r  angles 8 and @ (see F ig .11 ) .  The equat ions 

descr ib ing  t he  system are  



Fig.10. The stability diagram giving the variation of the 
threshold field with the frequency of the applied 
electric field. Below the triple point M oblique-rolls 
are obtained at the threshold. Beyond M, normal-rolls 
are obtained first and as the field strength is 
raised, they become undulatory and then change 
continuously into oblique-rolls. (from Ref.24). 



Fig.11. Illustration of the coordinate system and 
definitions of the angles used in the text. 



2 2 2 2 - where, M = K2s + K3c , L = KIs + K3c , uc - uA + o  cL , 
a 

1 
Ec = EL+ E C - 

a , u , = a a / o c  , E ~ - E ~ / E ~ ,  
2 

7, = f [a+ +(a5 -a2 )C  1, s = s i n  a and c  = cos a .  

Assuming s o l u t i o n s  o f  t h e  form 

A A A A 
8 = 8, cos(q. r )  and UJ = Qo s i n ( q . r ) ,  

cons is ten t  w i t h  t he  symmetry o f  t he  problem, we f i n d  f rom 

Eq.(28) t h a t  Q = 0 and hence a = 0.  

A poss ib le  exp lanat ion  f o r  the  ex is tence o f  ob l i que  

r o l l s  a t  very low f requencies i n  the  conduct ion regime was 

f i r s t  proposed by Zimmermann and Kramer [25],  who showed 

t h a t  the  ob l i que  r o l l s  can be obta ined i.f the  boundary 

cond i t i ons  are  taken i n t o  account. I n  order  t o  s i m p l i f y  

the  problem and t o  ge t  an a n a l y t i c a l  expression f o r  t h e  

th resho ld  vo l tage t he  boundary cond i t i ons  were assumed t o  

be s t r ess- f r ee  i n  t h e i r  ana lys i s .  The geometry considered 

A 
i s  shown i n  Fig.12a. no i s  along the  X-axis, t h e  

2 

ex te rna l  e l e c t r i c  f i e l d  i' = Eo cos(w t )  a long Z and a  



Fig.12. (a) The geometry considered. ( b )  The pitchfork 
bifurcation in the pc /q, - w r ,  plane for MBBA. (c.), 
(d) The dependence of the critical frequency w, on E, 
and a,,/ a, . (from Ref.25). 



2 

magnetic f i e l d  H = (H, ,H, ,Hz ) i s  app l ied i n  an 

a r b i t r a r y  d i r ec t i on .  The EHD equations descr ib ing the  

system al low the f o l l o w i n g  so lu t ions  [ 2 5 ]  : 

"x ,  Y = A s i n z  cos(qX + pY) 
1 7  = 

vZ = A 3  cosz sin(qX + pY) 

YJ = cosz sin(qX + pY) 
1 9 2  

8 = A6 cosz cos(qX + pY) 

0 = A, s inz  sin(qX + pY) 

where ; i s  the v e l o c i t y ,  9 and 0 are the po la r  angles 

descr ib ing the d i r e c t o r  o r i e n t a t i o n  and I+' = -% c o s ( w t )  + 

v, s i n ( w  t )  i s  the  e l e c t r i c  p o t e n t i a l .  Fur ther  all 

lengths are measured i n  u n i t s  o f  n/d. I t  i s  c l e a r  t h a t  

v, ,v, and 0 are n o t  zero a t  the boundaries and as 

mentioned e a r l i e r , t h e  boundary cond i t ions correspond t o  an 

u n r e a l i s t i c  s t ress- f ree surface. Using the above so lu t i ons  

an ana l y t i ca l  expression f o r  the thresho ld  vol tage can be 

obtained. 

2 1 2 0 
where, L, = K, p  + K, + K, q + d  xa~,,(HS - ti; 1 / n2, 

a i 
L, = K,  + K =  p  + K~ a' + d1x,~,( H~ - H :  1 / n z ,  

S  = q2q,/p+ P , D qz ~ , , / q  + P , P = 1+ P', z = Z o D / S  , 



Th is  model leads t o  the  f o l l o w i n g  r e s u l t s  : 

Though ob l ique r o l l s  a re  n o t  obta ined f o r  t he  s tandard 

values o f  the  ma te r i a l  parameters o f  MBBA, they can be 

obta ined by vary ing  s u i t a b l y  any one of the  parameters, 

keeping the o thers  f i x e d .  For example, a non-zero va lue o f  
A 

a can be obtained a t  w =0 and H =0 by t ak i ng  L -0.226 

ins tead  o f  the  standard MBBA value o f  -0.5. 

As t he  frequency f o f  t h e  app l ied  f i e l d  i s  increased, a 

decreases and goes t o  zero a t  a c r i t i c a l  frequency fo . 
Fig.12b shows the  v a r i a t i o n  o f  pc / qc ( =  tan  a )  w i t h  t h e  

frequency. Here, a non-zero value of a  i s  obta ined by 

t a k i n g  E, = -0.2. F igs .  12c and 12d show w z y  ( where = 

2rcfo and E~ / ( 4 n ~  ) ) as func t ions  o f  a,, /a, and E , , 
respec t i ve l y .  As mentioned e a r l i e r ,  q u a n t i t a t i v e  measurem- 

en t s  on the  ob l i que  r o l l  i n s t a b i l i t y  i n  MBBA are  n o t  

ava i l ab l e .  Also, n o t  a l l  ma te r ia l  parameters o f  Merck 

phase V are known. Hence i n  order  t o  compare t h e i r  t heo ry  



w i t h  experiments Zimmermann and Kramer c a l c u l a t e  fo by 

f i r s t  es t ima t ing  a, f rom f i t t i n g  the  t h e o r e t i c a l  c u t - o f f  

frequency fc t o  the  exper imental  va lue o f  R i b o t t a  e t  a l .  

[24 ] ,  t a k i n g  E, - 0.2 and standard MBBA va lues f o r  t h e  

o the r  parameters. They g e t  f, = 5.25 Hz whereas R i b o t t a  e t  

a1 . f i n d  f, a 40 Hz. Though the  above ana l ys i s  g ives  a  

p l a u s i b l e  exp la i na t i on  f o r  many experimental observat ions 

on the  o b l i q u e- r o l l  i n s t a b i l i t y  i n  nematics, i t  i s  n o t  

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

small  va lue o f  f, p red i c t ed  by it. The r e s u l t s  o f  t h e  

above ana lys i s  are i n  agreement w i t h  those o f  a  f u l l  

three-dimensional model f o r  DC e x c i t a t i o n  developed by us 

which takes i n t o  account t h e  r i g i d  boundary cond i t i ons  

1261. Th is  model i s  discussed i n  chapter 4 .  very  r e c e n t l y  

Bodenschatz e t  a l . [271 have a l so  made d e t a i l e d  c a l c u l a t -  

ions t a k i n g  i n t o  account t h e  r i g i d  boundary cond i t i ons ,  

f o r  bo th  DC and AC e x c i t a t i o n .  

Obl ique r o l l s  are a l s o  found i n  t he  d i e l e c t r i c  regime, 

though they are n o t  expected on the  bas is  o f  t he  Orsay 

model. The chevron p a t t e r n  [3,9] obtained j u s t  above t h e  

th resho ld  cons is t s  o f  ob l i que  r o l l s  whose wavevector makes 

a  l a r g e  angle (-30') w i t h  the d i r e c t i o n  o f  i n i t i a l  

o r i e n t a t i o n  o f  the d i r e c t o r  (F ig .6 ) .  



2.6 EHD INSTABILITIES I N  NEMATICS WITH NEGATIVE CONDUCT- 

IVITY ANISOTROPY 

Another experimental observat ion t h a t  cannot be accoun- 

ted  f o r  by the t h e o r e t i c a l  models described above i s  the 

occurrence o f  EHD i n s t a b i l i t i e s  i n  nematics w i t h  negat ive 

conduc t i v i t y  anisotropy. I n  some nematics, a t  temperatures 

c lose t o  the nematic - smectic t r a n s i t i o n  p o i n t  the  

conduc t i v i t y  anisotropy changes s ign due t o  the smectic - 
l i k e  sho r t  range order i n  the medium 1281 (Fig.13) .  It was 

shown by Dubois-Violette e t  a l . [13]  t h a t  the  Carr- Hel f r ich  

mechanism can operate on ly  i f  the parameter 

where 77 = +(a4 +a5 -a , i s  greater  than 1. I n  mate r ia l s  
1 2 

w i t h  a, > all and small enough negat ive E 
a '  

x2 < 1 and 

t h i s  mechanism can no t  operate. Nevertheless, homogeneous- 

l y  a l igned samples o f  ma te r i a l s  w i t h  ??< 1 e x h i b i t  two 

types o f  EHD i ns tab i  1 i t i e s  [29-311, below and above a 

c r i t i c a l  frequency fL . The mate r ia l s  used by Gosciansky 

[29] are n-(p-butoxybenzy1idene)-p-n-octylaniline (40.8) 

and 4-4' octyloxyazoxybenzene (C8) . The former compound 

e x h i b i t s  a S -N t r a n s i t i o n  whi le the l a t t e r  shows a S, -N 
A 

t r a n s i t i o n .  Bl inov e t  a l .  [31] used th ree  homologues o f  

40.8 i n  t h e i r  s tudies.  I n  a l l  these f i v e  mate r ia l s  a, i s  



----+ Temperature  (OC) 

Fig.13. Variation of the ratio R= u,, / in the nematic 
phase of 40.8. (from Ref.30). 



negat ive i n  a  temperature range TNs < T <  T* i n t h e  

nematic phase and s i m i l a r  observat ions a re  repor ted  i n  

a l l  o f  them, which a re  summarized below. 

A .  The low frequency regime: 

-The i n s t a b i l i t y  i s  charac ter ized by a  f i e l d  th resho ld  

(F i g .  1 4 ) .  

- A t  t he  th resho ld  convect ion r o l l s  appear w i t h  t h e i r  axes 

making a  smal l  angle w i t h  6, (F ig.15) .  Hence they are  

genera l l y  r e f e r r e d  t o  as l ong i t ud i na l  domains. 

-The w id th  o f  t he  r o l l s  i s  comparable t o  t h e  sample 

th ickness.  

-Tracer p a r t i c l e s  move along h e l i c a l  t r a j e c t o r i e s  w i t h i n  

the  r o l l s .  

- Analys is  o f  t he  t ime dependence o f  the  l i g h t  d i f f r a c t e d  

by the  domains i n d i c a t e  o s c i l l a t i o n s  o f  t h e  curva ture  o f  

the  d i r e c t o r  f i e l d .  

-The th resho ld  f i e l d  i s  no t  very s e n s i t i v e  t o  t he  

frequency a t  low f requencies,  b u t  increases sharp ly  as 

the  frequency approaches fL ,. 
-If the sample th ickness  i s  s u f f i c i e n t l y  smal l  t h i s  

i n s t a b i l i t y  has a lower th resho ld  than t he  Wi l l iams 

domains even i n  the  temperature range where oa > 0, a t  

low frequencies.  

- A t  very low f requencies (-10 Hz) the  th resho ld  f i e l d  i s  

p ropor t i ona l  t o  aYz, a be ing  the  mean c o n d u c t i v i t y  of 



- Temperature (OC) 

Fig.14. Variation of the threshold voltage for the 
longitudinal domains with temperature. Note that the 
threshold voltage increases almost linearly with the 
sample thickness. (from Ref.30). 



t he  sample. 

-The threshold f i e l d  i s  i nsens i t i ve  t o  small v a r i a t i o n s  i n  

oa and . 
B. The h igh frequency regime: 

-As i n  the low frequency regime the i n s t a b i l i t y  i s  

character ized by a  f i e l d  threshold. 

-Unl ike i n  the low frequency regime the  p e r i o d i c i t y  o f  the 

convective s t ruc tu re  i s  much less  than the  sample 

thickness. 

-While Bl inov e t  a l .  [31] f i n d  l i n e a r  domains d i r ec ted  

a r b i t r a r i l y  i n  the medium, Goscianski [29,30] r epo r t s  a  

square g r i d  pa t t e rn  a t  the onset o f  the i n s t a b i l i t y  

(Fig.16).  

-The threshold f i e l d  va r i es  l i n e a r l y  w i t h  fl" (Fig.17) .  

-Analysis o f  the d i f f r a c t e d  l i g h t  i nd ica tes  t h a t  the  

curvature o f  the d i r e c t o r  o s c i l l a t e s  w i t h  the  f i e l d .  

-As the temperature i s  ra ised the thresho ld  f i e l d  

gradual ly  decreases and does no t  show any d i s c o n t i n u i t y  

a t  T * ,  where aa changes s ign (Fig.18) .  However, a t  

T > T * ,  the pa t t e rn  corresponding t o  the d i e l e c t r i c  

regime i n  mate r ia l s  w i t h  a, > 0 i s  obtained. 

-The threshold f i e l d  i s  independent o f  the average 

conduc t i v i t y  o. It i s  a lso  no t  sens i t i ve  t o  small 

va r i a t i ons  i n  o, and E, . 



Fig.15. The low frequency 'longitudinal' domains observed 
in a 30 ~ u n  thick sample of C8 at T =115" C (T* =118" 
C). (from Ref.29). 

Fig.16. The bidimensional pattern observed at high 
frequencies in a 30 um thick sample of C8 at T = 115" 
C. (from Ref.29). 



Fig.17. Frequency dependence of the threshold voltages for 
a homogeneously aligned layer of 40.4 at T = 47°C 
(T* = 51°C) . d=30 wm. Electrical conductivity: 
8 x10-11 (I), 1.5 xl0-10 (2), 3 xl0-10 (3) and 
5 xlO-10 ohm-1 cm-1 (4). (from Ref.31). 



Fig.18. Temperature dependences of the threshold voltages 
of EHD instabilities in a homogeneously aligned layer 
of 40.7. 1,2,3: the low frequency longitudinal domains 
at d = 10, 30, 65 m, respectively and f < 20 Hz. 4: 
Williams domains at f <  20 Hz. 5: High frequency 
instability at f = 1 KHz and d = 30 um. (from Ref.31). 



Bl inov e t  a l .  [31] invoke the i s o t r o p i c  mechanism t o  

account f o r  these i n s t a b i l i t i e s .  Th is  mechanism i s  

discussed i n  the f o l l ow ing  sect ion. 

2 . 7  ALTERNATIVE MECHANISMS FOR EHD INSTABILITIES I N  

NEMATICS 

EHD i n s t a b i l i t i e s  are a lso  observed i n  weakly 

conducting i s o t r o p i c  l i q u i d s  both under DC and AC 

e x c i t a t i o n  [3] .  A mechanism f o r  the  DC, i n s t a b i l i t y  was 

proposed by F e l i c i  [32],based on un ipo la r  charge i n j e c t i o n  

from one o f  the e lectrodes.  Such charge i n j e c t i o n  leads t o  

a  non-uniform d i s t r i b u t i o n  o f  space charges along the  

f i e l d  d i r e c t i o n  (Fig.19) .  The fo rce  due t o  the ex te rna l  

f i e l d  on t h i s  space charge d i s t r i b u t i o n  i s  d e s t a b i l i z i n g  

and gives r i s e  t o  a  c e l l u l a r  f low i n  the medium when the  

f i e l d  i s  s u f f i c i e n t l y  large.  The F e l i c i  i n s t a b i l i t y  i s  

analogous t o  the Benard i n s t a b i l i t y  [I], where convect ion 

sets  i n  due t o  the ac t i on  o f  the g r a v i t a t i o n a l  f i e l d  on a  

v e r t i c a l  densi ty  gradient .  The F e l i c i  mechanism g ives a  

thresho ld  vol tage [3 ]  

"t h 
= T 4n 7 p / ~  

where 7 i s  the v i scos i t y ,  E the d i e l e c t r i c  cdnstant and p 

the  m o b i l i t y  o f  the charge c a r r i e r s .  The c o e f f i c i e n t  T was 

computed by At ten and Moreau 1331 t o  be 161. 



Fig.19. Schematic diagram illustrating the Felici 
mechanism. The instability is caused by the action of 
E on the non-uniform distribution of space charges 
in the fluid, arising from unipolar charge injection 
from one of the electrodes. 



This model has been extended t o  the case o f  DC 

i n s t a b i l i t y  i n  nematics by de Gennes [341. Assuming s t rong 

i n j e c t i o n  o f  charges he f i n d s  t h a t  the F e l i c i  threshold i s  

lowered by the add i t i ona l  space charge format ion due t o  

the conduc t i v i t y  anisotropy.  

The threshold vol tage ca lcu la ted on the  bas is  o f  the  

F e l i c i  mechanism i s  much higher than the exper imental ly  

observed values. Turnbul l  [35] has reanalyzed the DC 

i n s t a b i l i t y  i n  i s o t r o p i c  l i q u i d s  by t ak ing  i n t o  account 

charge i n j e c t i o n  from both electrodes. This model leads t o  

a threshold f i e l d  131 

2 
E t h  = T 16 n27 a / e 2  1 

where a i s  the conduc t i v i t y .  The c o e f f i c i e n t  T depends on 

the r a t i o  o f  m o b i l i t i e s  o f  the two types o f  charge 

c a r r i e r s .  

As pointed ou t  by the Orsay group [9 ] ,  charge 

i n j e c t i o n  w i l l  be n e g l i g i b l e  a t  frequencies greater  than 

1 , tc dz /pV being the t r a n s i t  t ime o f  the charge 

c a r r i e r s  across the nematic layer  o f  th ickness d. For a 

20 pm t h i c k  sample o f  MBBA, t h i s  cu t- o f f  frequency f o r  

charge i n j e c t i o n  i s  about 10 Hz. However, Barnik e t  a l .  

[36] have extended the model o f  Turnbul l  t o  much higher 



frequencies. Here the  non-uniform charge d i s t r i b u t i o n  i s  

assumed t o  be caused by t he  e l e c t r o l y t i c  separat ion o f  the  

charges i n  the volume o f  the sample. I n  the absence o f  

i n s t a b i l i t y  and f o r  the case o f  a weak e l e c t r i c  cu r ren t  

the space charge d i s t r i b u t i o n  i s  given by 

dQ/dz = -r E, , 

r being the corresponding k i n e t i c  c o e f f i c i e n t .  The 

ac t i on  o f  E, on the space charges produces a d e s t a b i l i z i n g  

fo rce  leading t o  a convect ive f low i n  the  medium when E,is 

s u f f i c i e n t l y  large. Barnik e t  a l .  [36] obta in  q u a l i t a t i v e  

expressions f o r  the thresho ld  f i e l d  based on dimensional 

arguments. This model ind icates  two regimes of 

i n s t a b i l i t y :  a low frequency regime where 13,361 

and a h igh frequency regime where 

where fL = 1/2nTL and TL= E / ~ K ( J  i s  the re l axa t i on  t ime 

of the space charges. Note t h a t  the an isot rop ies  o f  t he  

physical  proper t ies  do n o t  p lay any r o l e  i n  t h i s  mechanism 

Hence i t  i s  known as the i s o t r o p i c  mechanism. 
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Thus, according t o  these models,the EHD i n s t a b i l i t y  i s  

caused by un ipo la r  o r  . b i p o l a r  charge i n j e c t i o n  a t  low 

frequencies and by the  e l e c t r o l y t i c  separa t ion  o f  t he  

charges a t  h i gh  f requencies.  A t  f requencies much g rea te r  

than t he  charge r e l a x a t i o n  frequency fL , i t  i s  c l e a r  

t h a t  t he  i n s t a b i l i t y  should be conf ined t o  reg ions  c lose  

t o  t he  e lec t rodes.  The i n s t a b i l i t y  pa t te rns  repor ted  by 

Kai e t  a l .  i n  MBBA [37] may be o f  t h i s  o r i g i n .  

Barn ik  e t  a l .  1361 have proposed t h e  i s o t r o p i c  

mechanism as an a l t e r n a t i v e  exp lanat ion  f o r  the  d i e l e c t r i c  

regime i n  nematics w i t h  a, > 0. However, t he  experiments 

o f  R i b o t t a  and Durand [38] c l e a r l y  i n d i c a t e  t h a t  t h i s  

mechanism i s  no t  respons ib le  f o r  the  d i e l e c t r i c  regime. I n  

t h i c k  samples they were ab le  t o  d i f f e r e n t i a t e  between the  

onset o f  an i r r e g u l a r  convect ive  f l ow  and a  r egu la r  f l ow  

accompanied by the  appearance o f  an o p t i c a l  domain 

pa t t e rn .  The th resho ld  f i e l d  corresponding t o  t he  

i r r e g u l a r  f l o w  i s  lower and does n o t  show any d i s c o n t i n u i -  

t y  a t  t he  N I  t r a n s i t i o n  p o i n t .  On the  o the r  hand, t he  

th resho ld  f i e l d  f o r  t he  domain fo rmat ion  d iverges as 

the  N I  t r a n s i t i o n  p o i n t  i s  approached (F ig.20) .  R i b o t t a  

and Durand a t t r i b u t e  the i r r e g u l a r  f l ow  t o  t he  i s o t r o p i c  

mechan i sm and the  domain fo rmat ion  accompanied 



i MBBA 
[ d=104y 
i fz200 Hz 

Fig.20. Variation of the threshold voltage for the pattern 
formation accompanied by regular cellular flow (0) and 
the threshold voltage for the onset of irregular flow 
( + )  with temperature. Tc is the nematic-isotropic 
transition temperature. (from Ref.38). 



by the  regular  convect ive f low t o  the Car r- He l f r i ch  

mechanism. 

As mentioned e a r l i e r  B l inov  e t  a l .  1311 i n t e r p r e t  the  

EHD i n s t a b i l i t i e s  i n  nematics w i t h  a=< 0 i n  terms o f  the  

i s o t r o p i c  mechanism. The observed dependence o f  Eth on a 

and f are i n  agreement w i t h  the theory both a t  very low 

frequencies ( f  < <  f, ) and a t  very h igh frequencies 

( f  > >  f, ) .  Nevertheless, t he  theory does n o t  p r e d i c t  the  

d i r e c t i o n  and magnitude o f  the wavevector o f  t he  

convect ive r o l l s .  Fur ther ,  the  q u a l i t a t i v e  nature o f  the  

theory makes a d i r e c t  comparison w i t h  the experimental 

r e s u l t s  impossible. 

I n  conclusion, we emphasize t h a t  the Carr- Hel f r ich  and 

the i s o t r o p i c  mechanisms do no t  o f f e r  a s a t i s f a c t o r y  

exp 1 anat i on f o r  the  fo l low ing  observations: 

1 ) Occurrence of ob l ique r o l l s  upto a frequency 

fo OC fc i n  the conduction regime. 

2 )  The la rge  tilt angle o f  the wavevector o f  the  

convect ive r o l l s  w i t h  respect t o  the und is to r ted  d i r e c t o r  

i n  the chevron pa t te rn  observed i n  the d i e l e c t r i c  regime. 

3 )  The magnitude and d i r e c t i o n  o f  the wavevector o f  t he  

convect ive r o l l s  i n  the EHD i n s t a b i l i t y  i n  nematics w i t h  

a, < 0 a t  low frequencies ( f  < <  f, ) .  



I n  t h i s  t hes i s  our main aim i s  t o  demonstrate t he  

inf luence of f l e x o e l e c t r i c i t y  1391 on the EHD 

i n s t a b i l i t i e s  i n  nematics. The 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  

a r i ses  from splay and bend d i s t o r t i o n s  o f  t he  d i r e c t o r  

f i e l d  i n  a  nematic and hence i s  c h a r a c t e r i s t i c  o f  t he  

o r i en ta t i ona l  order ing i n  the medium. We s h a l l  the re fo re  

conf ine our a t t e n t i o n  t o  the Carr -Hel f r ich  mechanism which 

i s  the only i n s t a b i l i t y  mechanism a r i s i n g  from the nematic 

ordering. The i s o t r o p i c  mechanism which,. as described by 

the Russian group, could be important i n  some spec ia l  

s i t u a t i o n s  i s  no t  discussed f u r t h e r .  
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