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CHAPTER 6 

INFLUENCE OF FLEXOELECTRICITY ON STATIC DISTORTIONS I N  

NEMATICS INDUCED BY AN EXTERNAL ELECTRIC FIELD 

6 .1  INTRODUCTION 

A s  discussed i n  the  in t roductory  chapter, nematic 

l i q u i d  c r ys ta l s ,  i n  general, have non-zero d i e l e c t r i c  and 

diamagnetic anisotropies.  Therefore an ex te rna l  e l e c t r i c  

o r  magnetic f i e l d  can be used t o  induce s t a t i c  d i s t o r t i o n s  

o f  the d i r e c t o r  f i e l d  i n  a uni formly a l igned  sample. When 

the d e s t a b i l i z i n g  f i e l d  i s  appl ied normal t o  the 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  deformation sets, i n  a t  a 

c r i t i c a l  value o f  the f i e l d  s t rength  i f  the  anchoring a t  

the wa l l s  i s  strong. This i s  known as the  Freedericksz 

t r a n s i t i o n  [I]. I n  nematics w i t h  p o s i t i v e  d i e l e c t r i c  o r  

diamagnetic anisotropy, the Freedericksz t r a n s i t i o n  can 

be convenient ly s tud ied i n  three geometries [2,31. I n  

geometry 1 the sample i s  a l igned homogeneously and t he  

d e s t a b i l i z i n g  f i e l d  i s  appl ied normal t o  the bounding 

glass p la tes  (Fig.  l a ) .  A t  the threshold o f  the  t r a n s i t i o n  

a splay d i s t o r t i o n  o f  the  d i r e c t o r  develops i n  the medium 

(F ig .  I b ) .  I f  the f i e l d  i s  increased beyond the c r i t i c a l  

value, 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  increases and 

i s  a combination o f  bend and splay. I n  geometry 2 the  

sample i s  again a l igned homogeneously and the f i e l d  i s  

app l ied normal t o  the und is to r ted  d i r e c t o r ,  p a r a l l e l  t o  



Fig.1. The three principal types of Freedericksz 
deformation. 



the  glass p la tes  (F ig .  I c ) .  A t w i s t  d i s t o r t i o n  develops i n  

the medium as the f i e l d  s t rength  i s  increased beyond the 

c r i t i c a l  value (F ig .  I d ) .  I n  geometry 3 t he  sample i s  

a l igned homeotropical ly and the f i e l d  i s  app l ied p a r a l l e l  

t o  the p la tes  (Fig.  l e ) .  A bend d i s t o r t i o n  i s  created i n  

the medium a t  the threshold (F ig .  I f ) .  Beyond the  

threshold there  i s  a combination o f  bend and splay.  An 

expression f o r  the c r i t i c a l  value of the f i e l d  can be 

obtained by equating the e l a s t i c  and the d i e l e c t r i c  o r  

diamagnetic torques. For an ex terna l  magnetic f i e l d  the 

threshold o r  c r i t i c a l  values i n  the three geometries 

are given by [2,3] 

1 2 3 
where H c ,  H c ,  HC are the c r i t i c a l  values i n  

geometries 1,2 and 3, respect ive ly ,  d i s  the  sample 

thickness, X,the volume diamagnetic anisotropy and Ki, K, 

and K, are the splay, t w i s t  and bend e l a s t i c  constants,  

respect ive ly .  The corresponding r e l a t i o n s  f o r  an app l ied 

e l e c t r i c  f i e l d  are [2.31 

where i s  the d i e l e c t r i c  anisotropy. I t i s  c l e a r  from 



the  above r e l a t i o n s  t h a t  i f  the  c r i t i c a l  values o f  the 

appl ied f i e l d  can be measured i n  the  three geometries the 

e l a s t i c  constants o f  a nematic can be determined. Thus 

Freedericksz t r a n s i t i o n  o f f e r s  a convenient method t o  

measure the e l a s t i c  constants o f  a nematic and i s  widely 

used f o r  t h i s  purpose. 

Recently Lonberg and Meyer 143 reported a new type o f  

t r a n s i t i o n  i n  geometry 1, induced by a magnetic f i e l d  i n  a 

polymeric nematic. Un l ike  t he  c l ass i ca l  Greedericksz 

t r a n s i t i o n ,  the deformed s t a t e  i n  t h i s  case i s  

character ized by a per iod ic  splay - t w i s t  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 leads t o  the appearance o f  domains w i t h  

t h e i  r axes para1 l e l  t o  the undi s to r t ed  d i  r e c t o r  $, . They 

a lso  showed t h a t  such a d i s t o r t i o n  i s  p re fe r red  t o  a 

uni form splay d i s t o r t i o n  i f  the r a t i o  o f  the  t w i s t  and 

splay e l a s t i c  constants R = K 2  /K1 i s  l ess  than a c r i t i c a l  

value R, a 0.303. 

I t  was l a t e r  pointed ou t  by K i n i  151  and Oldano [ 6 ]  

t h a t  s t a t i c  per iod ic  d i s t o r t i o n s  should a l so  be observed 

i n  geometry 2 under a magnetic f i e l d .  The equations 

descr ib ing the  d i s t o r t e d  d i r e c t o r  f i e l d  i n  t h i s  case and 

i n  the case o f  geometry 1 are isomorphic under the 

t ransformat ion 153 



It there fo re  fo l l ows  t h a t  i n  geometry 2 the  s t a t i c  

per iod ic  d i s t o r t i o n  i s  p re fe r red  t o  the uni form t w i s t  

d i s t o r t i o n  i f  the r a t i o  R '  = KI /K, i s  l ess  than the 

c r i t i c a l  value R: s 0.303. 

S t a t i c  per iod ic  d i s t o r t i o n s  i n  a nematic i n  geometry 

1, induced by an ex terna l  e l e c t r i c  f i e l d  have been the 

subject  o f  many experimental [7 ]  and t h e o r e t i c a l  s tud ies  

[8,9]. The theory o f  Bobylev and P i k i n  181 exp la ins  these 

per iod ic  d i s t o r t i o n s  as a r i s i n g  from the f l e x o e l e c t r i c  

e f f e c t  [ l o ] .  Neglect ing the e l a s t i c  anisotropy they showed 

t h a t  these d i s t o r t i o n s  can be obtained i f  t he  d i e l e c t r i c  

anisotropy s a t i s f i e s  the i nequa l i t y  

where e, and e, are the  f l e x o e l e c t r i c  c o e f f i c i e n t s .  This 

model was l a t e r  extended by Bobylev e t  a l .  [Ill by 

inc lud ing  the e l a s t i c  anisotropy. I t may be noted here 

t h a t  the three dimensional ana lys is  presented i n  chapter 4 

reduces t o  the model o f  Bobylev e t  a l .  when the  wavevector 

A 
o f  the d i s t o r t i o n  i s  normal t o  no, i n  which case a1 1 

the hydrodynamic terms drop ou t  o f  the  problem. 



The f a c t  t h a t  the  s t a t i c  pe r i od i c  d i s t o r t i o n  observed 

under a magnetic f i e l d  fo l l ows  from the  model of Bobylev 

e t  a1, appears not  t o  have been appreciated i n  the recent  

l i t e r a t u r e .  We have there fore  ca lcu la ted  the th resho ld  

f i e l d  o f  the s t a t i c  d i s t o r t i o n s  i n  geometry 1 as a 

funct ion o f  the r a t i o  R  = K 2  /KI . When =0,  the  p e r i o d i c  

d i s t o r t i o n  i s  caused by f l e x o e l e c t r i c i t y  and can be 

observed f o r  any value o f  R .  When E, > 0 ,  the  p e r i o d i c  

d i s t o r t i o n  i s  obtained upto a c r i t i c a l  value Rc o f  R .  For 

R > R, , the c l ass i ca l  splay Freedericksz t r a n s i t i o n  i s  

obtained and the f l e x o e l e c t r i c  terms do no t  con t r i bu te  t o  

the so lu t ions.  As (el- e,( / E =  i s  decreased, the c r i t i c a l  

value R c  decreases and when [el- e3] / =O,  Rc = 0.303. 

When a magnetic f i e l d  i s  used t o  induce the  d i s t o r t i o n  the  

f l e x o e l e c t r i c  terms are n a t u r a l l y  absent and as found by 

Lonberg and Meyer 141, R, = 0.303. 

I n  t h i s  chapter the in f luence o f  f l e x o e l e c t r i c i t y  on 

the s t a t i c  d i s t o r t i o n s  induced by an e l e c t r i c  f i e l d  i n  

geometry 2 i s  a l so  calculated.  I n  t h i s  geometry the  

f l e x e l e c t r i c  terms are found t o  decrease the c r i t i c a l  

value R; o f  R ' =  Ki / K 2  upto which pe r i od i c  d i s t o r t i o n s  are 

observed. For a l l  values o f  R '  > R l  a new type o f  t r a n s i t -  

i on  i s  favoured which has a lower thresho ld  than the t w i s t  

Freedericksz t r a n s i t i o n .  This t r a n s i t i o n  i s  caused by the  



f l e x o e l e c t r i c  terms and t he  d i s t o r t e d  s t a t e  which i s  non- 

pe r i od i c  i s  character ized by a non-pl anar deformation o f  

the  d i r e c t o r  f i e l d ,  described by two po la r  angles 8 and a. 

I n  geometry 3 f l e x o e l e c t r i c i t y  does n o t  lead t o  any 

l i n e a r  terms i n  the  equations descr ib ing the  system. Hence 

the  c l a s s i c a l  bend Freedericksz t r a n s i t i o n  i s  obta ined i n  

t h i s  case. 

6 .2  ANALYSIS OF GEOMETRY 1 

Taking along the X-axis and t he  app l ied  e l e c t r i c  

f i e l d  along Z, Bobylev e t  a1 . [ I l l  ob ta in  the  f o l l o w i n g  

equations, which descr ibe the  response o f  the  system t o  

an ex terna l  DC e l e c t r i c  f i e l d .  A s  mentioned e a r l i e r ,  these 

equations can be obtained from the  electrohydrodynamic 

equations o f  chapter 4 by s e t t i n g  a = n/2. 

where 8 i s  the  angle made by fi w i t h  t h e  XY plane and 

A 
t he  angle between t he  X-axis and the  p r o j e c t i o n  o f  n on 



the  XY plane. Assuming 

the cond i t i on  f o r  the existence o f  n o n- t r i v i a l  so lu t i ons  

leads t o  the f o l l ow ing  polynomial i n  S = qz /q, . 

The boundary cond i t ions are: 

As discussed i n  d e t a i l  i n  chapter 4 , these boundary 

cond i t ions lead t o  a boundary value determinant. I t i s  

given by 

Dij = 0 y i 9 j  = 1 , 4  ( 9 )  

The elements o f  the determinant are: 

Dlj = cos(Sj5),  DZ j  = s i n (S j6 ) ,  DSj = BjDLj and D,j = B j D z j o  

Where S are the roo ts  of Eq. (7). 6 = q y d / 2  and 



Eqs.(7) and ( 9 )  form a c h a r a c t e r i s t i c  value problem and 

the  method o f  s o l u t i o n  i s  s i m i l a r  t o  t h a t  described i n  

chapter 4. 

The threshold vo l tage V,, and the wavevector qy of the 

d i s t o r t i o n  are shown i n  Fig.2, f o r  d i f f e r e n t  values o f  E,. 

The standard MBBA values o f  the o ther  mate r ia l  parameters 

were used i n  the ca lcu la t ions .  The dashed l i n e s  i n  the  

f i g u r e  correspond t o  the  uni form splay Freedericksz 

t r a n s i t i o n ,  the dot ted l i n e s  t o  the pe r i od i c  d i s t o r t i o n  

obtained i n  the absence o f  the f l e x o e l e c t r i c  terms and the  

continuous l i n e s  t o  the  pe r i od i c  d i s t o r t i o n  obtained when 

the f l e x o e l e c t r i c  terms are taken i n t o  account. I t i s  

c l ea r  from the f i g u r e  t h a t  when E ,  = 0, the p e r i o d i c  

d i s t o r t i o n  i s  caused by f l e x o e l e c t r i c i t y  and i s  obtained 

f o r  a l l  values o f  R.  When > 0, the  pe r i od i c  d i s t o r t i o n  

i s  found upto a c r i t i c a l  value R, o f  R.  For R > R, t he  

c l a s s i c a l  splay Freedericksz t r a n s i t i o n  i s  obtained. 

Fur ther ,  as l e t -  e31/ea i s  decreased the  c r i t i c a l  value R, 

decreases and when [e, - e , ] / ~ &  = 0, R, = 0.303. 

I n  order t o  c l e a r l y  understand the in f luence o f  

f l e x o e l e c t r i c i t y  i n  t h i s  geometry, l e t  us consider the  



Fig.2. Variation of the threshold voltage and the 
wavevector of the distortion at the threshold,with the 
ratio R = K,/K, in geometry 1.The curves labeled (a), 
(b) and (c) correspond to E a  = 0, 0.1 and 0.5, 
respectively. Dashed lines: uniform splay Freederiksz 
transition. Dotted lines: periodic distortion in the 
absence of flexoelectricity. Solid lines: periodic 
distortion with flexoelectricity. Note that when the 
flexoelectric terms are neglected, q, goes to zero at 
R, 0.303 for all positive values of E , .  



f l e x o e l e c t r i c  energy dens i ty  given by 

Here we have neglected t he  surface terms as the  anchoring 

o f  t he  d i r e c t o r  a t  the two surfaces i s  assumed t o  be 

strong. I t  i s  c l ea r  from Eq. (10) t h a t  f l e x o e l e c t r i c i t y  

favours a per iod ic  d i s t o r t i o n  o f  t he  d i r e c t o r .  Fur ther  
fl 

f i s  minimized i f  e ( y )  and 9 ( y )  are 90' ou t  o f  phase w i t h  

each other .  I n  the absence o f  the f l e x o e l e c t r i c  terms the 

pe r i od i c  d i s t o r t i o n  i s  obtained on ly  i f  R i s  less  than 

about 0.303. Since the f l e x o e l e c t r i c  terms a lso  favour 

such a d i s t o r t i o n ,  the c r i t i c a l  value R, increases when 

they are taken i n t o  account. 

6.3 ANALYSIS OF GEOMETRY 2 

Taking 6 ,  along the  X-axis and the  app l ied f i e l d  
2 

E along Y ,  the l i nea r i zed  torque balance equations are: 



Note t h a t  E q s . ( l l )  and (12)  and Eqs.(4) and ( 5 )  are no t  
2 

isomorphic under the t ransformat ion (3) w i t h  E instead 
a 

o f  H, due t o  the presence of the  f l e x o e l e c t r i c  terms. 

However, these two sets  o f  equations are isomorphic under 

the t ransformat ion 

I n  order t o  c l e a r l y  understand the  in f luence  o f  

f l e x o e l e c t r i c i t y  i n  t h i s  geometry, l e t  us s i m p l i f y  the 

problem by tak ing  E, = 0. Assuming the so lu t ions  

0 8, e x p [ i ( q  z Z + q y Y ) l  and 0 = @, exp[ i (qzZ + qyY) ] ,  

we get  the f o l l ow ing  r e l a t i o n  between the e l e c t r i c  f i e l d  

and the wavevector: 

I t  i s  c l ea r  from t h i s  equation t h a t  E, i s  minimized f o r  

Y 
= 0. Thus i n  t h i s  geometry f l e x o e l e c t r i c i t y  does no t  

lead t o  a 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  when 

E, = 0,  bu t  gives r i s e  t o  a uni form d i s t o r t i o n  a t  a 

c r i t i c a l  value o f  the f i e l d .  However, u n l i k e  the uni form 

t w i s t  Freedericksz t r a n s i t i o n  t h i s  new t r a n s i t i o n  i s  



characterized by both 8 and @ distortion angles in the 

director field. Neglecting the Y dependence in Eqs.(ll) 

and (12) the following solutions can be obtained. 

l/2 
9 = a (K, / K t  ) sin(2nZ/d) 

@ = f a { cos(2~Z/d) - 1 ) 

where a is an arbitrary constant., The relative signs of 8 

and @ depend on the signs of (el- 0 , )  and E,. The critical 

value of the field is given by 

When # 0 the problem can be solved numerically as in 

the previous section. The variation of the threshold field 

and the wavevector qy at the threshold obtained from the 

calculations are shown in Figs.3 and 4, for a few values 

of . The standard MBBA values of all the other 

parameters were used in the calculations. In the absence 

of flexoelectricity, as found by Kini [5] and Oldano [ 6 1  

for the analogous magnetic case, a periodic distortion is 

favoured for R'< 0.303 for any positive value of E, . For 
R'> 0.303 the uniform twist Freedericksz transition 

occurs. When the flexoelectric terms are included the 

critical value R: of R' up to which the periodic 



Fig. 3. The product Eye . d as a function of R '  K /Kz in 
geometry 2. (a) E, = -0.1 , (b) E, = 0, (c) E, = 0.1 
and (d) E, = 0.5. In the last two cases the dotted 
lines correspond to the periodic distortion and the 
dashed lines to the twist Freedericksz transition in 
the absence of flexoelectricity. The solid lines are 
obtained from calculations including the flexoelectric 
terms. 



d i s t o r t i o n  i s  favoured decreases, the decrease being 

greater  f o r  l a rger  values of lei- e,l / . Further ,  f o r  

R ' >  R; . a uniform d i s t o r t i o n  w i t h  both po la r  angles 0 and 

@ i s  found t o  have a lower thresho ld  than the  uniform 

t w i s t  d i s t o r t i o n .  When E, = 0 ,  we ge t  the  new type of 

t r a n s i t i o n  f o r  a l l  values o f  R ' .  As shown l a t e r ,  it can 

a lso  be obtained f o r  small negat ive values o f  E, less  

than a c r i t i c a l  value. 

I n  almost a1 1 nematics the r a t i o  R '  i s  l a r g e r  than 1 

and there fo re  i n  p r a c t i c a l  s i t u a t i o n s  we can neg lec t  the Y 

dependence i n  E q s . ( l l )  and (12) .  They can then be solved 

a n a l y t i c a l l y  f o r  any value o f  t o  ob ta in  the  f o l l o w i n g  

so lu t ions:  

w i t h  the  cond i t ion  t h a t  tan  x = - N,x/(MiMn) ( 18 )  

2 
where N, E E /(4n K2); Mi = (el- e3)E,/Ki , i = 1,2; a Y 

L = ( N  + M M )%, r = Ld/2 and R = (1- cos L d ) / s i n  Ld. 
2 1 2  

The cond i t i on  (18) gives the  f o l l ow ing  expression f o r  the  



Fig.4. Variation of q, with R'. The dashed line is 
obtained when the flexoelectric terms are neglected 
and the solid lines are obtained when they are 
included. (c) E,=0.1 and (d) E, 0.5. Note that 
q,+O at some R'. 

Fig.5. Variation of tan x / x with x. 



threshold f i e l d :  

where x, i s  t he  lowest non-zero value o f  x  s a t i s f y i n g  

E q . ( 1 8 ) .  x, can be e a s i l y  read o f f  a p l o t  o f  tanx /x  

(F ig.5) .  From Eq.(18) we see t h a t  when E , +  m, x,- n/2 

and Eq. ( 1  9 ) reduces t o  

Comparing Eqs.(20) and ( 2 )  i t  i s  c l ea r  t h a t  even i n  the 

l i m i t  o f  m, the new type o f  t r a n s i t i o n  has a s l i g h t l y  

lower threshold due t o  the presence o f  the f l e x o e l e c t r i c  

terms. From Eq. ( lg )  we f i n d  t h a t  i f  E, i s  negat ive t he  

f l e x o e l e c t r i c  t r a n s i t i o n  can be observed only i f  

Fig.6 shows the 8 and 9 p r o f i l e s  i n  the c e l l  j u s t  

above the thresho ld  ca lcu la ted f o r  the standard MBBA 

values o f  the  mater ia l  parameters. When E,= 0, the  

amplitudes o f  9 and 4) are comparable and when E, = 5, the  

amplitude o f  4) i s  much la rger  than t h a t  o f  8 s ince  the  

d i e l e c t r i c  torque s t rong ly  favours the  @ d i s t o r t i o n .  



Fig.6. The 8 and 9 profiles just above the threshold of 
the new type of deformation. Upper part: E, = 0 .  Lower 
part: E a  = 5.0. In the latter case 9/6 is shown in the 
figure to save space. 



The f l e x o e l e c t r i c  f r e e  energy dens i ty  due t o  an 

a r b i t r a r y  non-planar d i r e c t o r  d i s t o r t i o n  i n  geometry 2 i s  

given by 

It i s  c l ea r  from t h i s  expression t h a t  f l e x o e l e c t r i c i t y  

does no t  favour a  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 ,  but  a  uni form d i s t o r t i o n  character ized by a non- 

f 1 
planar deformation o f  the  d i r e c t o r .  f i s  minimized i f  

the 8 and @ d i s t o r t i o n s  are 90 '  ou t  o f  phase. However, 

s ince these var iab les  have t o  s a t i s f y  the boundary 

cond i t ions we get  the  p r o f i l e s  shown i n  Fig.6. The 

d i r e c t o r  d i s t r i b u t i o n  i n  the deformed s t a t e  i s  shown 

schematical ly as dashed l i n e s  i n  Fig.7. The dot ted l i n e  i s  

the p ro jec t i on  o f  the d i r e c t o r  pa t t e rn  on the  X Z  plane and 

the dashed and dot ted l i n e  the p ro jec t i on  on the XY plane. 

The v a r i a t i o n  o f  the  Y component o f  the f l e x o e l e c t r i c  
A 

p o l a r i z a t i o n  P i s  a l so  shown. 

Thus i t  i s  c l ea r  t h a t  i n  geometry 2 the f l e x o e l e c t r i c  

terms do not  favour a  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 .  Hence when they are taken i n t o  account, the 

c r i t i c a l  value R,' o f  R' up t o  which a pe r i od i c  d i s t o r t i o n  

i s  favoured decreases. For R ' > R l  , however, f l e x o e l e c t r i c -  



Fig.7. Schematic diagram of the director profile in the 
sample above the threshold of the new flexoelectric 
transition (dashed lines) and its projection on the XZ 
(dotted lines) and XY planes (dashed and dotted line). 
The undistorted director is along X. The variation of 
the Y-component of the flexoelectric polarization P 
across the sample thickness is also shown. 



i t y  gives r i s e  t o  a  new type of t r a n s i t i o n  t o  a  deformed 

s t a t e  w i t h  nonplanar 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  

character ized by two po la r  angles 8 and (3. 

We have detected the new type o f  t r a n s i t i o n  i n  

geometry 2 i n  a  nematic mixture w i t h  r 0, conta in ing 

CE-1700, CM-5115 and PCH-302 o f  Roche chemicals. Using a  

quarter  wave p l a t e  as compensator, we observe the onset o f  

the 8 d i s t o r t i o n  a t  a  c r i t i c a l  value o f  the app l ied 

e l e c t r i c  f i e l d .  A t  h igher f i e l d s  l ong i t ud ina l  domains are 

seen. Though such a  t rend  i s  suggested by Eq. ( 1 4 )  a  non- 

l i n e a r  analys is  i s  needed t o  c l a r i f y  t h i s  po in t .  As many 

of the re levant  mater ia l  parameters o f  t h i s  mixture are 

no t  known a comparison w i t h  the theory i s  no t  possib le.  

Thus we f i n d  t h a t  the in f luence o f  f l e x o e l e c t r i c i t y  on 

the s t a t i c  d i s t o r t i o n s  i n  geometries 1 and 2 i s  very 

d i f f e r e n t .  I n  geometry 2 i t  gives r i s e  t o  a  uni form non- 

planar d i r e c t o r  d i s t o r t i o n  described by two po la r  angles. 

This t r a n s i t i o n  has been exper imental ly  detected. 
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