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HIGH VOLTAGE BIREFRINGENCE MEASUREMENTS OF ELASTIC 
CONSTANTS 

D.A.  BALZARINI*, D.A.  DUNMUR and P. PRLFFY-MUIiORAY* 
Department of C h e m i s t r y ,  
The U n i v e r s i t y ,  
Shef f ie Id , 
S3 7HF, U.K. 

(Received for Publication January 25, 1984) 

ABSTRACT 

It is shown that the b i r e f r i n g e n c e  change associated 
w i t h  a n  electric f ie ld- induced  p l a n a r  to  homeotropic 
F r e e d e r i c k s z  t r a n s i t i o n  c a n  be l i n e a r l y  related t o  the 
applied voltage for large director deformat ions .  Values  
€or the bend:sp lay  elastic c o n s t a n t  ratio can  be 
o b t a i n e d  from a l i n e a r  f i t  of voltage to  i n v e r s e  
b i r e f r i n g e n c e ,  Experimental  r e s u l t s  are p r e s e n t e d  for 
5CB which are i n  r e a s o n a b l e  agreement w i t h  v a l u e s  
o b t a i n e d  by o t h e r  t e c h n i q u e s .  

_I--- 

INTRODUCTION 

T o r s i o n a l  elasticity is the most characteristic property 
of nematic  l i q u i d  crystals, and the p r i n c i p a l  elastic 
c o n s t a n t s  can  be related to  the a n i s o t r o p i c  i n t e r m o l e c u l a r  
p o t e n t i a l  r e s p o n s i b l e  for the format ion  of the o r i e n t a t -  
i o n a l l y  ordered phase, The same elastic c o n s t a n t s  are 
p a r a m e t e r s  of t h e  Frank-Oseen continuum t h e o r y  of nemat ics ,  
and de termine  the response  of l i q u i d  crystals t o  e x t e r n a l  
f ields and hence t h e  o p e r a t i o n  of l i q u i d  crystal display 
d e v i c e s .  U n f o r t u n a t e l y  the measurement of t o r s i o n a l  elastic 
c o n s t a n t s  is a delicate matter and g r e a t  care is n e c e s s a r y  t o  
o b t a i n  reliable r e s u l t s .  Two main methods have been  adopted 
t o  measure elastic c o n s t a n t s :  one u s e s  the a n a l y s i s  of 
Freedericksz t r a n s i t i o n s 3 ,  w h i l e  t h e  o t h e r  relies on the 
i n f o r m a t i o n  c o n t a i n e d  i n  the l i g h t  scattered by director 
f l u c t u a t i o n s .  

Elastic c o n s t a n t s  may be o b t a i n e d  f r o m  e l e c t r i c / m a g n e t i c  
F r e e d e r i c k s z  t r a n s i t i o n s  by measuring t h e  t h r e s h o l d  voltage/ 

*permanent address: Department of P h y s i c s ,  U n i v e r s i t y  of 
B r i t i s h  Columbia, Vancouver, Canada. 
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36 D. A. BALZARINI. D. A. DUNMUR and P. PALFFY-MUHORAY 

f i e ld  or by f i t t i n g  t h e  optical or c a p a c i t a t i v e  response of 
the cell  above th re sho ld  t o  t h e  continuum equat ions .  There 
are d i f f i c u l t i e s  associated w i t h  both these approaches: 
threshold  f ields for bend and t w i s t  elastic cons tan t s  are 
d i f f i c u l t  t o  determine p r e c i s e l y ,  w h i l e  numerical f i t t i n g  of 
t h e  cell response is a very  s e n s i t i v e  procedure and may 
in t roduce  unsuspected sys temat ic  errors. ’ For small field- 
induced d i s t o r t i o n s  of the director it is possible to  expand 
the continuum equat ions  t o  g ive  a l i n e a r  dependence of the 
b i r e f r ingence  or capac i tance  change on applied field 
s t r e n g t h e ,  where t h e  slope is a funct ion  of the elastic 
cons tan t s  and s u s c e p t i b i l i t y  (electric or magnetic) aniso- 
tropy. However, t h e  range over which the l i n e a r  
approximation is v a l i d  is very l imited8,  and r e s u l t s  us ing  
the l i n e a r  approximation can be m i ~ l e a d i n q . ~  

It  is  possible t o  s impl i fy  t h e  continuum equat ions  for 
h igh  f i e l d  s t r eng ths1  , and th i s  h a s  been proposed’ as a new 
method for determining elastic cons tan t s  f r o m  capaci tance/  
vo l t age  curves .  I n  t h i s  letter we d e r i v e  t h e  h igh  f i e ld  
continuum equat ions  that describe the change i n  b i r e f r ingence  
of an i n i t i a l l y  p l a n a r  a l igned  p o s i t i v e  nematic subjected t o  
an  electric f i e ld .  Experimental r e s u l t s  are reported for the 
h igh  f i e ld  b i r e f r ingence  of 44.11-pentylcyanobiphenyl (5CB), 
and the r e s u l t s  are analysed t o  provide  new va lues  for t h e  
elastic cons tan t s  of this  material. 

THEORY 

The equat ions  r e l a t i n g  t h e  change i n  b i r e f r ingence  ( 6 ) 
of a p lana r  cell  t o  applied vo l t age  ( V )  w e r e  given by Gruler ,  
Scheffer and Meier5 and Deuling6: 
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HIGH VOLTAGE BIREFRINGENCb: 3 7  

is t h e  m a x i m u m  deformation angle  of t h e  director i n  
t h e  c e n t r e  o f  t h e  cell ,  Vo is t h e  th re sho ld  vo l t age , f  is t h e  
cell  th ickness  and A is the wavelength o f  l i g h t  used t o  
measure t h e  b i r e f r ingence .  The material parameters t h a t  e n t e r  
t h e s e  equat ions  are Y = ( E , ,  - EA)/EL, K = (k33 -kll)/kll and 

= (n, - noz )/no2, w h e r e  E,, and eL are the components of 
the p e r m i t t i v i t y  t enso r ,  ne and no are t h e  ex t r ao rd ina ry  and 
ord inary  r e f r a c t i v e  i n d i c e s  and k,, and k l l  are t h e  bend and 
splay elastic cons t an t s .  The b i r e f r ingence  change 6 is 

where n ( z )  is the r e f r a c t i v e  index f o r  l i g h t  polarised i n  t h e  
p l ane  of t h e  d i r e c t o r  and t h e  electric f i e l d  at  a d i s t a n c e  z 
i n s i d e  t h e  l i q u i d  crystal f i lm.  

t o  n/2, 
bu t  the i n t e g r a l s  i n  eqs. ( 1 ) and ( 2 ) diverge  a t  t h i s  l i m i t .  
Making t h e  fol lowing s u b s t i t u t i o n :  

I n  the l i m i t  of h igh  electric fields + m  t ends  

it is possible t o  rear range  eq. ( 1) t o  g ive :  

n e i t h e r  side of which d ive rges  i n  the h igh  field l i m i t .  
Fu r the r  rearrangement of the L.H.S. of  eq. ( 5 )  g ives :  
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and using eq. ( 1) we obtain: 

The functions A(Qm) and B(4,,,) are defined by eqs. (6) 
( 7 ), and in the limit of @m = n/2, they become: 

(7) 

and 

where x = s i n  @ 

Thus at high voltages eq. (7) may be written as: 

and the voltage is a linear function of the inverse of the 
birefringence (d) . Unfortunately the material constants A 
and B cannot be expressed as elementary functions of K ,  Y and 
v ,  but comparison of experimental and calculated results for 
A and B will yield two of the parameters K ,  Y and v . Usually 
both v and Y are known independently and so experimental 
values for A and B will provide two independent measurements 
Of K .  

RESULTS AND DISCUSSION 

The change in birefringence during the Freedericksz 
transition was measured by placing the planar cell between 
crossed polariserswith the initial director axis at 45O to 
the polarisation axis. The intensity of transmitted light ( X  
= 633nm) was measured as a function of applied voltage, and 
from these measurements and knowing the thickness of the 
liquid crystal film, the birefringence change could be 
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HIGH VOLTAGE BIRErRINGENCE 39 

c a l c u l a t e d .  Increased precision w a s  achieved by chopping t h e  
i n c i d e n t  l i g h t  and us ing  a phase-sensitive d e t e c t o r .  The 
temperature o f  t h e  cell  w a s  con t ro l l ed  t o  better than  *o.l°C. 

A typical plot of l i g h t  i n t e n s i t y  aga ins t  vo l t age  i n  t h e  
h igh  f i e l d  reg ion  is shown i n  f i g u r e  1, and i n  f i g u r e  2 plots 
o f  V/Vo against d- l  are given for three temperatures. The 
cont inuous  l i n e s  i n  f igure 2 are ca lcu la t ed  us ing  eq. (10) 
and phys ica l  parameters l isted i n  table 1. Values of Vo t h e  

- *-I VI voltsl  0 1 2 3 6 5 6 7  

FIGURE 1: I n t e n s i t y  plot FIGURE 2: V/Vo a g a i n s t  4 - 1  
a g a i n s t  vo l tage  

v and Y have been determined i n  separate experiments, k w a s  
measured t o  be 30.8fim, and t h e  K values correspond t o  a best 
f i t  t o  t h e  experimental  p o i n t s .  A l s o  listed i n  the table are 
measurements of elastic cons t an t s  for 5CB repor ted  by o t h e r  
workers. 

TABLE 1 - Phys ica l  P r o p e r t i e s  of  5CB 

t e m p .  "0 k l l  k3 3 
( O C )  1, Y K ( v o l t s )  ( l 0 - l 2 N )  ( 1 0 - l 2 N )  

28.5 0.2276 1.6143 0.232 0.698 4.94a 6.1a 
5.3ob 6.Eb 
5 .  65c 7 .2c 

31.5 0.2093 1.3946 0.093 0.665 4.07a 4.5a 
4.3ob 5.3b 
4. 6OC 5,6c 

34.6 0.1595 1.0563 - 0 . 8  0.600 2.74a 0.6a 
2.80C 3.2c 

a - t h i s  work; b - ref. ( 1 2 ) ;  c - r e f  ( 1 3 ) .  
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o u r  measurements away from the nematic t o  isotropic 
t r a n s i t i o n  are i n  reasonable  agreement w i t h  r e s u l t s  quoted by 
some other workers and the r e l a t i v e l y  s m a l l  d i f f e r e n c e s  noted 
can be p a r t l y  a t t r i b u t e d  t o  the use of d i f f e r e n t  va lues  of y .  

Close t o  the t r a n s i t i o n  (TNI = 35.2OC) w e  observed a 
divergence f r o m  the l i n e a r  response predicted by theory ,  and 
the f i t t ed  bend elastic cons tan t  is very  small. This 
behaviour is unexpected, and may be a t t r i b u t e d  to  either 
p r e t r a n s i t i o n a l  effects or a breakdown i n  the s t rong  
anchoring assumption. B o t h  c o e f f i c i e n t s  A and B i n  eq. (10) 
con ta in  information on the elastic cons tan t s  and are 
approximately l i n e a r l y  dependent on K ,  b u t  i n  practice the 
i n t e r c e p t  A is always small and subject t o  cons iderable  
error. One advantage of h igh  f i e ld  b i r e f r ingence  measurements 
over  the corresponding capac i tance  measurements is that the 
former can be made w i t h  g r e a t e r  p r e c i s i o n  over a l imi t ed  
range of h igh  vol tages ;  i t  is  on ly  i n  this  reg ion  that the 
l i n e a r  approximation can be used w i t h  confidence.  For 
example our  measurements encompassed a r e l a t i v e  b i r e f r ingence  
change of less than  14%. The determina t ion  of elastic 
cons t an t s  us ing  h igh  field measurements s t i l l  r e q u i r e s  some 
numerical ana lys i s ,  b u t  it is no t  as s e n s i t i v e  as f i t t i n g  the 
response curve above threshold. Although the technique i s  not  
a replacement for e x i s t i n g  methods, it does provide an 
independent check on o f t e n  d i sco rdan t  r e s u l t s .  
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