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Abstract Two nematic l i q u i d  c r y s t a l s  a r e  s tudied 
i n  a t o r s i o n a l  shear flow apparatus. The nematics a re  MBBA 
(neg.diel .anisotropy) and 5CB (pos .diel .anisotropy).  The 
d i r ec to r  a l i g n  i n  t h e  shear a t  a c e r t a i n  angle 0 t o  t h e  
normal t o  t h e  flow d i r ec t ion ,  except a t  two bounrdary lay- 
e r s  near t h e  surfaces .  The influence of an e l e c t r i c  f i e l d  
on t h e  flow alignment angle and on t h e  s i z e  of t h e  boundary 
l aye r s  i s  s tudied both t h e o r e t i c a l l y  and experimentally. 

I - INTRODUCTION 

The d i r e c t o r  o r i en ta t ion  i n  a nematic i s  s t rongly dependent 
on e.g. applied e l e c t r i c  o r  magnetic f i e l d s ,  treatment of t h e  
boundaring surfaces  o r  flows i n  t h e  l i q u i d .  The nematic i s  
o r i en ta t iona l ly  ” so f t ” ,  s ince t h e  e l a s t i c i t y  associated with de- 
formations i n  t h e  d i r e c t o r  f i e l d  i s  very weak. In flow experiments 
t h i s  sof tness  makes flow alignment of t h e  d i r ec to r  occur even at 
extremely low flow r a t e s .  

In simple flow geometries, l i k e  t h e  shear flow studied i n  
t h i s  paper, a s t a t iona ry  d i r e c t o r  configuration i n  t h e  nematic can 
e x i s t  as a r e s u l t  of t h e  balance between two counteracting viscous 
torques on t h e  d i r ec to r .  Far  from t h e  w a l l s  and a t  s u f f i c i e n t l y  
high shear r a t e s  (so t h a t  we can neglect boundary and e l a s t i c  
e f f e c t s )  t h e  angle between t h e  normal t o  t h e  shear d i r ec t ion  and 
t h e  d i r e c t o r  0, , is  given by t h e  simple expression ( i n  t h e  ab- 
sence of an e l e c t r i c  f i e l d ) ’  

t an2 on = a2 /a 3 

where a2 and a3 a re  two v i scos i ty  constants t o  be discussed l a t e r .  
The fenomenon of flow alignment has been observed i n  d i f f e r e n t  
s i t u a t i o n s  (simple shear flow, Pouseuille flow, Couette flow) and 
for d i f f e r e n t  l i q u i d  
close t o  90 degrees, and t o  decrease with increasing temperature. 

The angle Qn i s  found t o  be 
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76 K. SKARP and T. CARLSSON 

We assume i n  t h i s  work t h a t  t h e  v i s c o s i t i e s  a2 and a3 a r e  
negative. In  t h i s  case we have a s t a b l e  flow alignment of t h e  
d i r ec to r  up t o  a c e r t a i n  shear r a t e ,  where d i sc l ina t ions  start 
t o  form from t h e  walls. We work i n  a d i c l i n a t i o n  f r e e  flow 
s i t u a t i o n ,  and apply an e l e c t r i c  a .c .  f i e l d  simultanously with 
t h e  shear flow. A s t a b l e  flow alignment i s  observed a l s o  i n  
t h i s  case. The flow alignment angle w i l l  depend on t h e  s t rength 
of t h e  e l e c t r i c  f i e l d  and on t h e  shear r a t e .  We study i n  par- 
t i c u l a r  t h e  flow alignment angle as a function of applied 
e l e c t r i c  f i e l d  i n  t h e  l i m i t  of small f i e l d s .  In  t h i s  l i m i t  we 
can measure t h e  v i scos i ty  constants a2 and a3 experimentally. 

The use of  an a .c .  e l e c t r i c  f i e l d  i s  of experimental i m -  
portance. A d.c. f i e l d  may cause i n j e c t i o n  of charges i n t o  t h e  
sample, and a voltage drop w i l l  occur i n  t h e  l i q u i d  c rys t a l -  
g l a s s  p l a t e  i n t e r f ace  which we know very l i t t l e  about. It i s  
a l so  well  known t h a t  d.c. f i e l d s  and a.c. f i e l d s  of low f r e -  
quency may cause i n s t a b i l i t i e s  i n  t h e  sample and give r i s e  t o  
an e n t i r e l y  new s i t u a t i o n .  Liquid c r y s t a l s  with negative and 
pos i t i ve  d i e l e c t r i c  anisotropy (MBBA and 5CB respect ively)  a r e  
used i n  t h e  experiments. 

Generally, a t  a r b r i t r a r y  shear r a t e s  and s t rengths  of t he  
applied e l e c t r i c  f i e l d ,  t h e  d i r e c t o r  o r i en ta t ion  i n  t h e  nematic 
i s  very hard t o  get from t h e  theory. However, f o r  high enough 
shear r a t e s  we have a simple d i r e c t o r  configuration i n  t h e  bulk 
of t h e  nematic and t h e  influence of t h e  boundaries can be t r e a t e d  
as a small pertubation i n  t h e  theory. It i s  work i n  t h i s  regime 
we present i n  t h i s  paper. 

I1 - EXPERIMENTAL 

The experimental method of t o r s i o n a l  shear flow w a s  intro-  
duced by Wahl and Fischer6.  The nematic i s  held between two c i r -  
cu la r  g l a s s  p l a t e s  (diameter 50 mm), t h e  lower of which r e s t s  on 
a tube ro t a t ab le  around a v e r t i c a l  axes and connected t o  a ten- 
step-gear synchronous motor. Typical dis tances  between t h e  p l a t e s  
a r e  a few hundred pm. The angular ve loc i ty  w of t h e  lower p l a t e  
r e l a t i v e  t h e  upper, f i x ,  can be var ied between 2x10-5 s-l and 
2 ~ 1 0 - ~  s-’.  Because of t h i s  r a t h e r  low angular ve loc i ty  we can 
consider t h e  flow as a simple shear flow. A t  a given radius r we 
then have a l i n e a r  shear ve loc i ty  of v = w r .  

Through t h e  tube holding t h e  lower g l a s s  p l a t e  an expanded, 
p a r a l l e l ,  He-Ne l a s e r  beam (wavelength 632.8 nm) i s  incident from 
below. The l i q u i d  c r y s t a l  f i lm  i s  observed between crossed pol- 
a r i z e r s .  The experimental s e t  up i s  shown schematically i n  f i g .  
la. When t h e  l a s e r  beam has passed t h e  l i q u i d  c r y s t a l  f i lm  and 
t h e  lower p l a t e  i s  r o t a t i n g ,  an in t e r f e rence  pa t t e rn  consis t ing 
of dark r ings  i s  observed, corresponding t o  the  geometrical fea- 
t u r e  t h a t  t h e  shear ve loc i ty  increa.ses r a d i a l l y  outwards 
from t h e  center .  This p a t t e r n  i s  recorded d i r e c t l y  on a photo- 
graphic f i l m .  Example of an in t e r f e rence  p a t t e r n  i s  shown i n  
f i g .  Ib. A s  can be seen from t h i s  f i e r e  it i s  very d i f f i c u l t  t o  
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SHEAR OF NEMATICS IN ELECTRIC FIELDS 77 

Liquid crys  t a1 

P o l a r i z e r  

FIGURE l a  A schematic pic-  FIGURE lb  In t e r f e rence  
t u r e  of  t h e  experimental s e t  
up. A beam expander i s  placed 
a f te r  t h e  l aser .  

p a t t e r n  of flowing 5CB. 

o p t i c a l l y  reso lve  t h e  dark r i n g s  i n  t h e  c e n t r a l  reg ion ,  and it  i s  
t h e r e f o r e  not poss ib l e  t o  a s s ign  t h e  c o r r e c t  r i n g  number t o  t h e  
ou te r  r i n g s  t h a t  a c t u a l l y  can be reso lved  and whose r a d i i  are mea- 
sured.  To overcome t h i s  d i f f i c u l t y  we p l ace  a pho toce l l  o u t s i d e  
t h e  l a r g e s t  r i n g ,  and s t o p  t h e  motor. Then t h e  r i n g s  on t h e i r  out-  
ward motion pass  t h e  pho toce l l  as t h e  d i r e c t o r  l i n e s  up normal t o  
t h e  g l a s s  p l a t e s  sub jec t  only t o  t h e  boundary condi t ions ,  and t h e  
r i n g  numbers can be  counted by recording t h e  photocurrent6.  

f i v e  minutes ,  d i s c l i n a t i o n  l i n e s  start  t o  form from t h e  walls as 
poin ted  out  by Wahl and Fischer .  The l i n e s  are c i r c u l a r  and begin  
t o  form i n  t h e  o u t e r  region o f  t h e  p l a t e s ,  where t h e  v e l o c i t y  i s  
g r e a t e s t ,  and spread  inwards. Since w e  want t o  s tudy  d i s c l i n a t i o n -  
f ree  f low,  we  must do t h e  experiments be fo re  t h e  d i s c l i n a t i o n s  
have formed. When they  have been c rea t ed  by t h e  flow, t h e  motor 
i s  s toppedandwe w a i t  u n t i l  t hey  have disappered.  For t h e  biphenyl  
t h e  t i m e  u n t i l  we again have a nematic " s ing le  c r y s t a l "  could be 
reduced by applying an e l e c t r i c  a . c .  f i e l d  over t h e  p l a t e s .  Even 
with an appl ied  f i e l d  t h e  wa i t ing  t i m e  w a s  about h a l f  an hour. 

If w e  r o t a t e  t h e  lower p l a t e  f o r  a longer  time than  about 

I11 - THEORETICAL STUDY OF THE FLOW ALIGNiENT ANGLE AND THE 
BOUNDARY LAYER I N  THE PRESENCE OF AN ELECTRIC FIELD 

I n  paragraph I1 t h e  experiment i s  descr ibed.  Here we s h a l l  
s tudy t h e  theory  behind it. I n  I I Ia  and I I I b  expressions f o r  t h e  
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78 

f low alignment angle and t h e  boundary l aye r  i n  t h e  presence of 
an e l e c t r i c  f i e l d  w i l l  be derived. I n  I I I c  we w i l l  expand these 
t o  l i n e a r  order i n  E~ 

s c r ibes  t h e  motion of t h e  d i r ec to r .  This i s  given by t h e  Leslie- 
Ericksen - Parodi theory as 

K. SKARP and T. CARLSSON 

r ' The equation which we w i l l  study i s  t h e  equation t h a t  de- 

I Dt Dt n i  = gi + a j  X j i  (1)  

The quant i ty  I i s  t h e  moment of i n e r t i a  of t h e  molecules, g i  in- 
cludes electromagnetic and other  e f f e c t s  and TIji i s  a s t r e s s  
tensor .  If we now seek s t a t iona ry  solut ions t o  our problem, t h e  
d i r e c t o r  equation ( 1 )  can be r ewr i t t en  as follows7 ( a l l  deriv- 
a t i v e s  a r e  with respect t o  2 ) .  

2 
O"(K11sin20 + K33cos20) + 0' ( K 1 1  - K33)sinOcosO + 

( 2 )  

(3)  

+ 3 i i t ( - y 1  + y2cos20) - EaErcosOsinO 2 = 0 

Here K11 and K33 a r e  t h e  Frank e l a s t i c  constants and 

Y1 = a2 - a3 Y 2  = -(a2 + " 3 )  

where a2 and a3 a r e  t h e  Les l i e  coe f f i c i en t s  of v i scos i ty  and 
E~ = E,,- 
We now do t h e  one-constant approximation s e t t i n g  K11 = K33 = K, 
and eq. ( 2 )  then s impl i f i e s  t o  

i s  t h e  d i e l e c t r i c  anisotropy of t h e  molecules. 

KO" - $ U1yl + U ' Y ~ C O S ~ O  - E a E sin20 = o ( 4 )  

I I Ia  - Study of t h e  flow alignment angle 

L e t  us consider f i rs t  t h e  so lu t ion  of eq. ( 4 )  far from t h e  
w a l l s ,  A t  a s u f f i c i e n t l y  high shear r a t e  u t  we can s e t  0" = 0 
and t h i s  together  with t h e  r e l a t i o n s  

1 - tan20 2tanO 
1 + tan2@ cos2O = sin20 = , + t a n ~ O  

w i l l  make it possible  t o  r ewr i t e  eq. ( 4 )  as 

( 5 )  

which has t h e  solut ion 
t 

We s h a l l  now argue t h a t  it is  t h e  upper s ign i n  eq. (7 )  which 
gives t h e  correct  solut ion.  Se t t i ng  Er = 0 i n  eq. (7 )  we g e t  
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SHEAR NEMATICS IN ELECTRIC FIELDS 79 

I f  w e  compare t h i s  expression with t h e  known so lu t ion  t o  t h e  
shear flow problem with Er = ol, we confirm our choice of t h e  
+ sign i n  eq. (7). 

I I I b  - Study of t h e  boundary l aye r  

We now expand eq. (4) t o  l i n e a r  order i n  60 = 0 - On. F i r s t  
we get  t h e  r e l a t i o n s  

O " = ~ O ' ~  , sin20 sin20,+2cos20,60 , cos20, z cos20,-2sin20,60 ( 9 )  

Eq. ( 9 )  togethet  with eq. (4) now give 

1 1 - 3 uly l  + p u ' ~ ~ c o s 2 0 ,  - 7 E a ~ :  sin20, + K ~ O "  - 

- 6Qu'y2sin20n - ~ O E , E : C O S ~ O ~  = 0 (10)  

The sum of t h e  f i r s t  t h r e e  terms i n  eq. (10) equals zero according 
t o  eq. ( 4 )  and we can now wr i t e  eq. (10 )  as 

K60" = (u'y2sin20n + ~,E;cos20,)60 = Q6O 

which has t h e  so lu t ion  

60  = 60, e 

This t e l l s  us t h a t  t he  e f f e c t  of t h e  wall  w i l l  d i e  out Ln a d 
tance given by 5 which w i l l  be our boundary l aye r .  

I I I c  - Study of t h e  flow alignment angle and t h e  boundary l aye r  
f o r  small f i e l d s  

We see from eq. (7),( 11) and (12) t h a t  t h e  expressions f o r  On 
and 5 a r e  r a t h e r  complicated functions of E;. Here, we s h a l l  study 
how these functions s impl i f i e s  i n  t h e  l i m i t  of small f i e l d s .  Eq. 

I f  now E$ << 2 ~ 1  a9ag (14)  
Ical 

we can expand eq. (13) t o  l i n e a r  order i n  E; and we get  

The expression f o r  5 i n  t h e  same l i m i t  w i l l  a f t e r  some calculat ions 
t u r n  out t o  be 

)E; 1 (16) 
1 1 

+ + -+ a Z m / a 3  
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80 K. SKARP and T. CARLSSON 

I V  - MEASURING THE FLOW ALIGNMENT ANGLE AND THE BOUNDARY LAYER 

When you do a shear flow experiment you put a t h i n  (100-500 urn) 
sample of a normally or iented nematic between two p a r a l l e l  g l a s s  
p l a t e s .  If you move t h e  lower p l a t e  with a ve loc i ty  v r e l a t i v e  t h e  
upper one, you w i l l  introduce a shear flow with shear r a t e  u '  = v/d. 
Generally, a t  arbritrary shear r a t e s ,  t h e  angle between t h e  flow 
d i r ec t ion  and t h e  d i r e c t o r  i s  given as a function of z by t h e  theory 
as a second order,  non-linear d i f f e r e n t i a l  equation (our eq.4). A t  
t h e  high shear r a t e  we  use,  t h e  s i t u a t i o n  s impl i f i e s ,  and t h e  angle 
i s  very nearly constant throughout t h e  l i q u i d  c r y s t a l  l aye r  (along z 
except a t  t h e  boundaries. This i s  t h e  assumption used s e t t i n g  0" = 0 
when solving e q . ( 5 ) .  In  f igu re  2 i s  shown an ideal ized p i c tu re  of 
t h e  d i r e c t o r  f i e l d  i n  t h i s  case. 

l / l / f  / f  

low 
shear 
r a t e  

Y 
$ s 

r a t e  A 5 1  0 

high 
shear d 5 9 

8 

FIGURE 2 
l a rge  u'. 5 i s  t h e  boundary l a y e r  and 0, i s  t h e  flow al ign-  
ment angle. 
r i g h t .  

An idea l i zed  p i c t u r e  of t h e  d i r e c t o r  f i e l d  f o r  

The s i t u a t i o n  f o r  low shear rate i s  shown t o  t h e  

I n  our experiment we have put t h e  sample between two c i r c u l a r  
glass  p l a t e s ,  t h e  lower one r o t a t i n g  with a constant angular ve- 
l o c i t y  w. We then get a d i r e c t o r  f i e l d  as a function of u1 = rw/d 
according t o  eq. (7 )  and (12) ( r  i s  t h e  radial dis tance t o  t h e  
center  of t h e  p l a t e s ) .  We then observe t h e  nematic between crossed 
p o l a r i z e r s ,  and now we see in t e r f e rence  p a t t e r n  consis t ing of con- 
c e n t r i c  dark r ings.  The condition f o r  r i n g  n w i l l  be6 

m e r e  0 = -  {?+ - 1) 

nL and nn are t h e  r e f r a c t i v e  indices  perpendicular and p a r a l l e l  t o  
t h e  molecule axes and X o  i s  t h e  wavelength of t h e  polar ized l i g h t .  

Doing two experiments with d i f f e r e n t  sample thicknesses dl  and 
d2 but with t h e  same shear r a t e  u1 and e l e c t r i c  f i e l d  Er you w i l l  
according t o  eq. (7),(11) and (12) get t h e  same flow alignment angll 
On and t h e  same boundary l aye r  5 .  If you c a l l  t h e  corresponding rini 
numbers nl  and n2 respect ively you get  from eq. (17) 

21~n = n ( d  - 25)  (1' 

( 7 1  
2nnL , 6 = 1 - $/$: X o  1 - 6sin On 
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SHEAR OF NEMATICS IN ELECTRIC FIELDS 81 

2anl = n ( d l  - 25) , 2nn2 = n(d2 - 25) (19) 
Solving eq .  (19)  f o r  6 and n g ives  

Combining eq. (18) and (20)  you ge t  

V - RESULTS AND DISCUSSION 

Our main r e s u l t  i s  eq. ( 1 5 ) .  It g ives  t h e  angle On as a func- 
t i o n  of  appl ied  e l e c t r i c  f i e l d  E 
f u l f i l l i n g  t h e  condi t ion  of  eq.  y 1 4 ) .  I n  eq. ( 1 5 )  we  see, t h a t  f o r  
zero app l i ed  f i e l d  t h e  angle i s  independent of t h e  shea r  rate and 
given by a rc t an  ia 

and shear  r a t e  u '  = v/d f o r  f i e l d s  

which i s  t h e  r e s u l t  found i n  t h e  l i t e r a t u r e .  

7.5 

5.0 

2.5 

A 5CB 

MBBA 0.0025 0.0050 0.0075 2 
EaU /(2vd) 

FIGURE 3 On as a func t ion  of  e l e c t r i c  f i e l d .  

In  figure 3 w e  show our experimental r e s u l t  for  On, as a func- 
t i o n  of appl ied  e l e c t r i c  f i e l d .  From t h e  s lope  of  t h e  curve a t  low 
vol tage  we can compute a3 from eq. ( 1 5 ) .  From t h e  i n t e r c e p t  wi th  
t h e  v e r t i c a l  axes we ge t  t h e  r a t i o  a2/a3,  and combining t h e s e  two 
va lues  we  g e t  a2  and a3 f o r  MBBA and 5CB. The experiments were done 
a t  20 O C  and w e  used t h e  fol lowing d a t a  for t h e  r e f r a c t i v e  i n d i c e s  
and t h e  d i e l e c t r i c  anisotropy8 9 '  : 

MBBA: nL = 1.555 n,, = 1.787 = - 0.7 
5CB: nL = 1.528 

With these  values  we ob ta in .  

MBBA: a2 = -93 cp 

= 1.713 = 12 n4 
a3 = -4 cp 5CB: a2 = -130 cp a3 = -5 cp 
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Existing data in the literature for MBBA is 132 = -78 cp and 
"3 = -1 cp*. 

Of course, the director configuration shown in figure 2 is 
only an approximation of the true one. Better values for 132 and 
03 would be obtained if one used a director configuration which 
corresponded to the full solution of eq. (4). Furtheron, doing the 
one-constant approximation influences the expression for 6 given 
by eq. (12). However as is seen when going from eq. (2) to eq. (6) 
this will not influence the value for On. Examination of our  method 
of measuring On in paragraph IV also shows that the values for a2 
and "3 does not suffer from the limitations of the one-constant 
approximation. 
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