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REGIME OF NEMATIC L I Q U I D  CRYSTALS 

R.W.H. KOZLOWSKI and E.F. CARR 
Department of Phys ics ,  Un ive r s i ty  of Maine 
Orono, Maine 04469 USA 
Submitted f o r  pub l i ca t ion :  March 2 ,  1981 

Abst rac t :  Re f l ec t ion  of a laser beam from t h e  f r e e  s u r f a c e  
of a nematic l i q u i d  c r y s t a l  shows t h a t  t h e  s u r f a c e  is  per- 
i o d i c a l l y  deformed when a h igh  electric f i e l d  (conduction 
regime) i s  cont inuously appl ied .  Walls which appear t o  be 
of t h e  al ignment- inversion type  have a l s o  been observed 
f o r  t hese  f i e l d s .  These r e s u l t s  a r e  a s soc ia t ed  wi th  flow 
ce l l s  t h a t  were d iscussed  earlier. 

A model' (reproduced i n  F ig .  1) was proposed t o  exp la in  
molecular  alignment and material f low due t o  app l i ed  e lec t r ic  
f i e l d s .  Much of t h e  ev idence1I2 in  support  of t h i s  model in-  
volved measurements t h a t  w e r e  made s h o r t l y  a f t e r  an  e lec t r ic  
f i e l d  (conduction regime) had been appl ied  t o  a nematic mater- 
i a l  t h a t  w a s  i n i t i a l l y  w e l l  a l igned .  The work presented  h e r e  
suppor ts  t h e  model €or  h igh  e l e c t r i c  f i e l d s  cont inuously 
app l i ed  t o  bulk  samples e x h i b i t i n g  nega t ive  d i e l e c t r i c  and 
p o s i t i v e  conduct iv i ty  an i so t rop ie s .  

f requency = 200 Hz) i n  t he  presence of a 5000 V/cm dc  e l e c t r i c  
f i e l d  is  shown i n  Fig.  2a. Walls (de fec t s )  can be  seen  extend- 
ing  ou t  from t h e  e l ec t rodes  t o  more than one-half t h e  d i s t a n c e  
between them. The w a l l s  appear t o  b e  similar t o  t h e  alignment- 
i nve r s ion  w a l l s  d i scussed  by He l f r i ch?  The d i r e c t i o n  of maxi- 
mun f low v e l o c i t y  and t h e  f low c e l l  width are i n d i c a t e d  i n  F ig .  
2b. Because of t h e  d i f f i c u l t i e s  i n  photographing w a l l s  only a 
few are shown i n  F ig .  2a. These w a l l s  can be  observed wi th  t h e  
naked eye and they appear t o  be reasonably w e l l  spaced over t h e  
s u r f a c e  of t h e  sample. Even though w a l l s  are being destroyed 
and crea ted  they appear q u i t e  s t a b l e .  Photographs '.nvolving a 
t i m e  exposure of s e v e r a l  seconds shows evidence of w a l l s  even 
though t h e  maximun flow v e l o c i t y  is  g r e a t e r  than  1 cmlsec. This 
impl ies  that  an element of volume of the sample could make many 
r o t a t i o n s  i n  t h e  flow c e l l  whi le  t h e  photograph w a s  being 
taken. While t h e  w a l l s  appear s t a t i o n a r y  t h e  m a t e r i a l  making up 

A photograph of t h e  s u r f a c e  of a sample of MBBA (cu tof f  
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300 R. W. H. KOZLOWSKI and E. F. CARR 

FIGURE 1. Model f o r  molecular  alignment and material f low due 
t o  a n  e x t e r n a l  e lec t r ic  f i e l d .  Charges accumulate 
a t  t h e  w a l l s  ( de fec t s )  which are perpendicular  t o  t h e  
e l ec t rodes  and t h e  p l ane  of t h e  paper.  Forces  due t o  
t h e  i n t e r a c t i o n  of t h e  e lec t r ic  f i e l d  wi th  t h e  space 
charge a t  t h e  w a l l s  ( de fec t s )  tend t o  shea r  t h e  
sample. Because of shea r  flow, t h e  d i r e c t o r  assoc i -  
a t e d  wi th  t h e  sample between t h e  w a l l s  i s  turned to- 
ward t h e  e l e c t r i c  f i e l d  g iv ing  rise t o  t h e  "flow 
alignment-angle" 0 .  Although t h e  w a l l s  should appear 
t o  b e  s t a t i o n a r y ,  the material making up t h e  w a l l s  is  
cons t an t ly  changing. For f u r t h e r  dLscussion see 
re fe rence  1. 

t h e  w a l l  is  cons t an t ly  changing and moving wi th  t h e  m a x i m u m  
f l u i d  v e l o c i t y .  The m a t e r i a l  making up t h e  w a l l  moves i n t o  t h e  
w a l l  a s  i t  leaves t h e  e l e c t r o d e  and l eaves  t h e  w a l l  as i t  ap- 
proaches t h e  oppos i t e  e l ec t rode .  

F igu re  3 shows p a t t e r n s  obta ined  from t h e  r e f l e c t i o n  of a 
laser beam (0.5 mw) making an  ang le  of 1 4 O  wi th  r e s p e c t  t o  the  
s u r f a c e  of a sample of MBBA. A l a r g e  sample was necessary t o  
avoid any cu rva tu re  of t h e  menicus a t  t h e  c e n t e r  of t h e  sample 
t h a t  would g i v e  r ise  t o  magnif icat ion.  This a l s o  meant t h a t  t h e  
sample holder  had t o  be  l e v e l  and con ta in  t h e  c o r r e c t  amount of 
sample. 

t i o n  from t h e  f l a t  s u r f a c e  of t h e  sample wi th  no appl ied  f i e l d .  
F igure  3c is  a photograph of a p a t t e r n  wi th  an  app l i ed  dc  f i e l d  
of 3300 V/cm. Approximately f i v e  f low ce l l s  were r e spons ib l e  

F igu re  3b is a photograph of t h e  l a s e r  beam a f t e r  r e f l e c -  
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SURFACE DEFORMATION AND WALLS 301 

FIGURE 2. (a )  Walls due t o  a cont inuously app l i ed  5000 V / c m  
electric f i e l d  a t  t h e  f r e e  s u r f a c e  of MBBA. (b) 
Schematic diagram f o r  t h e  material flow. 

FIGURE 3 .  D i f f r a c t i o n  p a t t e r n s  due t o  t h e  r e f l e r t i o n  of a 
l a s e r  beam from t h e  f r e e  s u r f a c e  of MBBA: (a )  
Schematic diagram of t he  experimental  s e tup ,  
( sc reen  is  150 c m  from t h e  sample),  (b) E l e c t r i c  
F i e l d  E=O, (c)  E=3300 V / c m ,  (d)  E=5000 V/cm. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

3:
29

 2
3 

Fe
br

ua
ry

 2
01

3 



302 R. W. H. KOZLOWSKI and E. F. CARR 

f o r  t h i s  pa t t e rn .  This  p a t t e r n  i s  caused by t h e  r e f l e c t i o n  from 
the  s u r f a c e  of t h e  sample which is  no longer  f l a t  (Bernoul l i  
E f fec t )  due t o  the  v a r i a t i o n  of t h e  v e l o c i t y  ac ross  t h e  flow 
cell .  S ince  t h e  v e l o c i t y  can vary  by as much as 1 cm/sec, a 
v a r i a t i o n  i n  he igh t  of a few microns i s  expected. I f  t h i s  
p a t t e r n  is  a d i f f r a c t i o n  p a t t e r n ,  i t  should become l a r g e r  and 
con ta in  more maxima and minima i f  t he  f i e l d  i s  increased ,  and 
Fig .  3d shows t h i s  t o  be the  case. Previous work'had ind ica t ed  
t h a t  t h e  flow v e l o c i t y  v a r i e d  approximately as t h e  square  of 
t h e  electric f i e l d  i n t e n s i t y .  S ince  F igs .  3c and d are d i f f r a c -  
t i o n  p a t t e r n s ,  s m a l l  f l u c t u a t i o n s  i n  t h e  flow ce l l s  produce 
d r a s t i c  changes i n  these  p a t t e r n s .  Hence, t hese  p a t t e r n s  a r e  
not  a s  s t a b l e  as those  shown i n  F ig .  2 a l though t h e  c o n t r a s t  i s  
much b e t t e r  which f a c i l i t a t e s  photography. 

magni f ica t ion .  This  is  t o  be expected because when looking i n  a 
d i r e c t i o n  perpendicular  t o  t h e  e l ec t rodes  the  crest of t he  d i s -  
t o r t i o n  should be level whereas t h e  trough of t h e  d i s t o r t i o n  
(where t h e  f l u i d  v e l o c i t y  is g r e a t e s t )  should be  concave. The 
model i n  Fig.  1 may imply t h a t  a l l  t h e  f low p a r a l l e l  t o  t h e  
e l ec t rodes  takes  p l ace  very  near  t h e  e l ec t rodes ,  bu t  observa- 
t i o n  of t h e  movement of dus t  p a r t i c l e s  i n d i c a t e s  t h a t  t h e  f l u i d  
v e l o c i t y  is g r e a t e s t  midway between t h e  e l ec t rodes .  This  con- 
cave shape would r e q u i r e  t h a t  t h e  r a y s  from t h e  laser c ross  
a f t e r  r e f l e c t i o n  from the  s u r f a c e  of t he  sample and i f  t he  
sc reen  is  f a r  enough away a magni f ica t ion  should r e s u l t .  By 
c u t t i n g  of f  p a r t  of t he  l a s e r  beam whi le  observing t h e  p a t t e r n  
w e  were a b l e  t o  show t h a t  t h i s  w a s  t h e  case. Since t h e  extremes 
of t h e  p a t t e r n s  (3c and d) are p r imar i ly  due t o  reg ions  i n  t h e  
flow c e l l  t h a t  were h igher  than the  trough we would expect  t h e  
observed narrowing of the  p a t t e r n .  

A d e t a i l e d  a n a l y s i s  of t h e  d i f f r a c t i o n  p a t t e r n  (Fig. 3) i s  
n o t  attemped a t  t h i s  t i m e  because of unce r t a in ty  a6 t o  t h e  
s u r f a c e ' s  contour. One might assume a s i n e  curve, b u t  t h e  model 
(Fig. 1) i n d i c a t e s  t h a t  some a r e a s  of t he  s u r f a c e  should have 
a parabola- l ike  na ture .  Also t h e  shape of t he  s u r f a c e  should 
vary  some as one moves from t h e  cen te r  of  t h e  sample towards 
t h e  e l ec t rodes .  It should a l s o  b e  noted t h a t  good p a t t e r n s  wi th  
d i f f e r e n t  numbers of maxima and minima were a l s o  obtained f o r  a 
given va lue  of t h e  f i e l d  i n t e n s i t y .  Var i a t ions  i n  flow v e l o c i t y  
and flow c e l l  width would be e f f e c t i v e  i n  br inging  about these  
changes. The most i n t e r e s t i n g  a spec t  of t hese  p a t t e r n s  is  no t  

The photographs i n  Figs .  3c and d show some h o r i z o n t a l  
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SURFACE DEFORMATION AND WALLS 303 

t h e  a n a l y s i s  of them, bu t  r a t h e r  t h e  f a c t  t h a t  t h e  mechanism 
involving molecular alignment and m a t e r i a l  flow is  such a w e l l  
behaved mechanism t h a t  p a t t e r n s  l i k e  those  i n  Fig. 3 are even 
p o s s i b l e  - 

Conclusion: Previous work had supported the  model i n  Fig 1 and 
had ind ica t ed  t h a t  t h e  model a l s o  appl ied  t o  dynamic scatter- 
ing ,  b u t  t h e r e  w a s  no t  much evidence as t o  how t h e  w a l l s  w e r e  
being c rea t ed  o r  destroyed i n  t h e  presence of cont inuously 
appl ied  e l e c t r i c  f i e l d s .  The work discussed h e r e  shows t h a t  
t h e r e  are w a l l s  and they are q u i t e  s t a b l e .  The r e s u l t s  i n d i c a t e  
t h a t  t h e  material making up t h e  w a l l s  moves i n t o  t h e  w a l l  as i t  
leaves t h e  reg ion  near  t h e  e l ec t rode  and leaves t h e  w a l l  as i t  
approaches the  oppos i te  e lec t rode .  The s t r u c t u r e  of t he  wa l l s  
is no t  known, bu t  when a shee t  of Polaro id  is placed i n  f r o n t  
of t h e  microscope t h e  w a l l s  are clearer f o r  l i g h t  po la r i zed  
perpendicular  t o  t h e  e l ec t rodes .  This  impl ies  t h a t  t h e  w a l l s  
have a t w i s t  a s soc ia t ed  wi th  them as i n  t w i s t  w a l l s .  More work 
on t h e  s t a b i l i t y  of w a l l s  f o r  e l ec t rode  sepa ra t ions  less than 
0.5 cm is needed. I n  th inner  samples t h e  presence of o t h e r  
d e f e c t s  and t h e  s m a l l  flow c e l l  s i z e  make w a l l s  much more d i f -  
f i c u l t  t o  i d e n t i f y .  

t h e  e l ec t rodes  and the  su r face .  However, i n  t he  body of a sam- 
p l e  i n  which the  depth i s  much g r e a t e r  than t h e  e l ec t rode  sep- 
e r a t i o n ,  t h e  model only r e q u i r e s  t h e  w a l l s  t o  be perpendicular  
t o  t h e  e l ec t rodes .  I n  earlier work1 (depth w a s  two t i m e s  t h e  
p l a t e  s epe ra t ion ) ,  where the  i n i t i a l  condi t ions  were a w e l l  
ordered sample and observa t ions  were made s h o r t l y  a f t e r  tu rn ing  
on the  f i e l d ,  t he  r e s u l t s  i nd ica t ed  t h a t  t he  w a l l s  tend t o  
extend t o  t h e  bottom of t h e  sample. Resu l t s  are n o t  a v a i l a b l e  
f o r  w a l l  depths  when h igh  electric f i e l d s  are cont inuously 
appl ied .  

The model (F ig .  1) p r e d i c t s  t h a t  i n  a l a r g e  p o r t i o n  of t he  
sample, t h e  d i r e c t o r  should a l i g n  a t  a n  angle  of 0 with  r e s p e c t  
t o  t h e  electric f i e l d  and t h e  ang le  can be  r e l a t e d  t o  t h e  flow- 
alignment angle4.  This  ang le  w a s  observed by T a r r  and Carr5 i n  
MBBA us ing  NMR techniques. Although t h e r e  are small dev ia t ions  
due t o  d i e l e c t r i c  and conduct iv i ty  an i so t rop ie s ,  an ang le  
a s soc ia t ed  wi th  flow-alignment w a s  measured as a func t ion  of 
temperature. W e  b e l i e v e  t h a t  t hese  r e s u l t s  are a l s o  e x c e l l e n t  
evidence i n  suppor t  of t h e  model. 

A t  t h e  f r e e  s u r f a c e  t h e  w a l l s  are perpendicular  t o  both 
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304 R. W. H. KOZLOWSKI and E. F. CARR 

I t  now a pears t h a t  the pat terns ,  w h i c h  were used f o r  

of the e l e c t r i c  f i e l d  in tens i ty ,  were due t o  walls. Also the 
work of some other  invest igators  may be related t o  the work 
discussed here even though their experimental setups were qui te  
d i  f f e r e n t  . 

e a r l i e r  work E t o  determine the flow c e l l  w i d t h  a s  a function 
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