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NEMATIC ORDERING I N  LYOTROPIC L I Q U I D  CRYSTALS 

B. D. LARSON AND J. D. LITSTER 
Department of Physics and Center  f o r  Materials Science 
and Engineering, Massachusetts I n s t i t u t e  of Technology, 
Cambridge, MA, 02139, USA 

Abstract  We r e p o r t  b i r e f r ingence  measurements of t h e  
nematic o rde r  parameter of t h e  l y o t r o p i c  l i q u i d  c r y s t a l  
formed by aqueous s o l u t i o n  of cesim per f luo ro -oc tanoa te  
(CsPFO). For a mole f r a c t i o n  x = 0.035 of CsPFO t h e  
f i r s t  o rde r  jump a t  t h e  nematic- isotropic  t r a n s i t i o n  i s  
about  twice t h a t  i n  a sample w i t h  x = 0.025. The results 
are analyzed us ing  a Landau-de Gennes model. 

occur a t  high Lyotropic  nematic l i q u i d  c r y s t a l s  

concen t r a t ion  of some s u r f a c t a n t  s o l u t  

teract  s t rong ly  enough w i t h  each o t h e r  

enough 

ons t h a t  mice l es  in- 

t o  cause long range 

order .  Seve ra l  examples of t hese  systems have been found and 

s t u d i e d ,  and appear t o  behave i n  many r e s p e c t s  l i k e  t h e i r  

thermotropic  counterpar ts .  On a microscopic scale, however, 

t h e s e  two types  of l i q u i d  c r y s t a l s  are q u i t e  d i f f e r e n t .  I n  

t h e  thermotropic  case, t h e  i n t e r a c t i o n  f o r c e s  of consequence 

are f o r  t h e  most p a r t  between molecules,  whereas i n  t h e  lyo- 

t r o p i c  s o l u t i o n s ,  t h e  i n t e r a c t i n g  u n i t s  can c o n s i s t  of hundreds 

of s u r f a c t a n t  molecules each. The i n t e r a c t i o n s  are mediated 

by a so lven t ,  o f t e n  i o n i c ,  and t h e  m i c e l l e s  are not  l i k e l y  

r i g i d  o r  of uniform s i z e  o r  shape. 

The i d e a s  of s ta t i s t ica l  mechanics p o s t u l a t e  t h a t  col- 

l e c t i v e  behavior should be a f u n c t i o n  of t h e  underlying sym- 

metry,  and not  s t rong ly  dependent upon microscopic d e t a i l s .  

These l y o t r o p i c  systems thus  give u s  a very s u i t a b l e  envir-  

onment i n  which t o  test t h e s e  ideas ,  by comparing t h e i r  be- 

h a v i o r  w i t h  thermotropic  l i q u i d  c r y s t a l s .  To t h e  e x t e n t  they 
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14 B. D.  LARSON AND J. D. LITSTER 

are t h e  same as the rmot rop ic  nemat ics ,  they  a l s o  pe rmi t  con- 

t r o l  of new v a r i a b l e s ,  such as c o n c e n t r a t i o n  of s u r f a c t a n t  

o r  e l e c t r o l y t e ,  which a f f e c t  t h e  b a s i c  i n t e r a c t i o n s  and pos- 

s i b l y  t h e  symmetry. 

I n  t h i s  paper,  t h e  nemat ic  ( N )  t o  i s o t r o p i c  ( I )  phase  

t r a n s i t i o n  i n  a b ina ry  m i x t u r e  of cesium per f luo ro -oc tanoa te  

(CsPFO), CgF17COOCs, and water h a s  been s t u d i e d  via  o p t i c a l  

b i r e f r i n g e n c e  techniques .  CsPFO i n  w a t e r  forms d i s k l i k e  mic- 

e l l e s  which tend  t o  l i n e  up w i t h  t h e i r  symmetry axes  a long  

a n  a p p l i e d  magnet ic  f i e l d l .  L iqu id  c r y s t a l l i n e  mesophases are 

formed ove r  q u i t e  a wide c o n c e n t r a t i o n  range ,  w i thou t  t h e  nec- 

e s s i t y  of adding  o t h e r  i n g r e d i e n t s .  The phase immediately 

below t h e  nemat ic  phase  i n  t empera tu re  i s  t h e  lamellar, o r  

n e a t  soap  (NS)  phase,  which i s  ana logous  t o  a the rmot rop ic  

Smect ic  A phase. The CsPFO w a s  p repared  as d e s c r i b e d  by 

R o s e n b l a t t  e t  a1.2 and mixed w i t h  water by molar  c o n c e n t r a t i o n  

x of CsPFO. The s u r f a c e  e f f e c t  of f l a t  p a r a l l e l  g l a s s  p l a t e s  

w i t h  0.lmm s p a c i n g  w a s  s u f f i c i e n t  t o  induce  r e l i a b l y  homeo- 

t r o p i c  a l ignment ,  i n  which t h e  d i r e c t o r  i s  pe rpend icu la r  t o  

t h e  p l a t e s ,  when t h e  sample w a s  annea led  i n  t h e  nemat ic  o r  

neat soap  phase. The samples were hea ted  s lowly  from t h e  

n e a t  soap phase  through t h e  nemat ic  and i n t o  t h e  i s o t r o p i c  

phase ,  where t h e  o p t i c a l  b i r e f r i n g e n c e  went t o  zero.  The scans  

were r e p e a t e d  t o  r u l e  o u t  e r r o r  from p o s s i b l e  d r i f t i n g  of t h e  

t r a n s i t i o n  t empera tu res  due t o  w a t e r  l o s s  from t h e  sample. 

The tendency of t h e  l y o t r o p i c  t o  a l i g n  h o m o t r o p i c a l l y  

a l o n g  a f l a t  g l a s s  s u r f a c e  e n a b l e s  one t o  measure bo th  i n d i c e s  

of r e f r a c t i o n  d i r e c t l y  3 u s i n g  a n  Abbe Kefractometer.  Our 

results are g iven  i n  F i g u r e  1 . We s e e  t h a t  t h e  average  

index  of r e f r a c t i o n  is  very  c l o s e  t o  t h a t  of pu re  water, and 

t h a t  t h e  t o t a l  b i r e f r i n g e n c e  w e l l  below t h e  o rde r -d i so rde r  
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NEMATIC ORDERING IN LYOTROPIC LIQUID CRYSTALS 15 
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t r a n s i t i o n  i s  less than  0.004, a lmost  two o r d e r s  of magni- 

t ude  smaller t h a n  t y p i c a l  thermotropic  o p t i c a l  b i r e f r ingences .  

1.341 
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b-l 

W z 
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FIGURE 1. Ref rac t ive  i n d i c e s  f o r  an  aqueous s o l u t i o n  
of CsPFO, x = 0.036, as measured on a n  
Abbe Kefractometer.  

T h i s  r e l a t i v e l y  small b i r e f r i n g e n c e  i n  l y o t r o p i c  l i q u i d  

c r y s t a l  mix tures  allows u s  t o  make t h e  convenient approxima- 

t i o n  t h a t  t h e  b i r e f r i n g e n c e  i s  l i n e a r  i n  t h e  nematic o rde r  

parameter S. 

nll - n l  - S 

where S = 1 /2  <3cos2(9)  - I> 
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16 B. D. LARSON AND J .  D. LITSTER 

As i s  e v i d e n t  from t h i s  d a t a ,  a more s e n s i t i v e  technique  

i s  r e q u i r e d  i f  one wants  t o  do d e t a i l e d  s t u d i e s  of t h e  cr i t -  

i c a l  behavior  via  t h e  b i r e f r ingence .  T h i s  i s  accomplished by 

p l a c i n g  a n  a l i g n e d  sample and a p h o t o e l a s t i c  modulator between 

c r o s s e d  p o l a r o i d s  and u s i n g  a phase s e n s i t i v e  d e t e c t o r  t o  ex- 

t r a c t  a passed laser s i g n a l  a t  t h e  modulator d r i v i n g  frequency. 

The ampl i tude  of t h a t  frequency component i s  p r o p o r t i o n a l  t o  

t h e  s i n e  of t h e  phase s h i f t .  With homeotropic a l ignment ,  i t  

was necessary  t o  tilt t h e  sample cel l ,  s o  t h a t  bo th  t h e  ord- 

i n a r y  and e x t r a o r d i n a r y  axes  were probed. For  t h e s e  measure- 

ments,  t h e  sample w a s  loaded i n t o  a commercial spec t rophotometer  

c e l l  w i t h  0.lmm p a t h  l e n g t h  and f l a t  qua r t z  windows, s e a l e d  

t o  p reven t  water l o s s ,  and p l aced  i n  a tempera ture  c o n t r o l l e d  

oven w i t h  r e s o l u t i o n  and s t a b i l i t y  of 1 mK. Since  t h e  maxi- 

mum phase  s h i f t  f o r  t h e s e  measurments was less than  n / 2  rad- 

i a n s ,  a compensator was needed t o  normalize t h e  ou tpu t  s i g n a l  

t o  2 1 b e f o r e  t a k i n g  t h e  arc s ine  t o  conve r t  i t  i n t o  an opt- 

i c a l  phase  s h i f t .  T h i s  phase s h i f t  i s  l i n e a r  w i t h  t h e  b i r e -  

f r i n g e n c e  and hence, w i t h  t h e  o r d e r  parameter S as  w e l l .  

Our high r e s o l u t i o n  results of b i r e f r i n g e n c e  vs. t empera ture  

f o r  two d i f f e r e n t  mix tu res  are shown i n  F i g u r e  2. The lower 

cu rve  i s  from a sample having x = 0.025 and Tk = 31.266"C, 

w i t h  t h e  upper one being more concen t r a t ed  w i t h  x = 0.035 and 

Tk i~ 44.925"C.  

measured phase  s h i f t ,  t h e  sample tilt angle ,  t h i c k n e s s  and 

average  r e f r a c t i v e  index. The a b s o l u t e  va lue  i s  q u i t e  sen- 

s i t i v e  t o  t h e  tilt angle. A t  an  e x t e r n a l  t ilt  ang le  of 4 5 " ,  

i t  changes by 13% p e r  degree  of t i l t ,  thus ,  e r r o r  i n  measur- 

i n g  t h i s  ang le  can e a s i l y  account  f o r  any d iscrepancy  between 

F igure  1 and F i g u r e  2,  as well as a f f e c t  t h e  r e l a t i v e  amp- 

l i t u d e s  i n  F i g u r e  2. Key f e a t u r e s  inc lude  what appears  t o  

The b i r e f r i n g e n c e  i s  c a l c u l a t e d  from t h e  
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NEMATIC ORDERING IN LYOTROPIC LIQUID CRYSTALS 

be power l a w  behavior throughout most of t he  nemat 

as w e l l  as a l i n e a r  decrease a t  t h e  N-I t r a n s i t i o n  

bump ( b u t  no d i s c o n t i n u i t y )  a t  t h e  nematic t o  n e a t  

s i t i o n .  

17 

c phase, 

and a m a l l  

soap t ran-  

T - T, r O C . 1  

FIGURE 2 .  High r e s o l u t i o n  b i r e f r ingence  d a t a  f o r  CsPFO. 
The molar concen t r a t ions  and t r a n s i t i o n  tem- 
p e r a t u r e s  are x = 0.035, Tk = 44.925 f o r  t h e  
upper curve, and x = 0.025, Tk f( 31.266 f o r  
t h e  lwer curve. The i n s e t  shows an expanded 
view nea r  Tk f o r  t h e  x = 0.025 sample. 

The i n s e t  i n  F igu re  2 shows an expanded v i e w  of t h e  N-I 
t r a n s i t i o n  f o r  t h e  x = 0.025 curve. Here w e  can see more 

c l e a r l y  t h e  f ea tu res .  The phase diagram of CsPFO h a s  been 

mapped ou t  by Boden e t  al.1 us ing  microscopy and deuter iun NMR 

spectroscopy. The nematic- isotropic  t r a n s i t i o n  i s  found t o  

be f i r s t  o rde r  everywhere and d i s p l a y s  a f i n i t e  width coexis- 

t ence  region, much l i k e  an impuri ty  induced coexis tence region 

i n  thermotropic  compounds. T h i s  can be understood as follows: 
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18 B. D. LARSON AND J .  D. LITSTER 

a w e l l  annealed nematic system of uniform concen t r a t ion  should, 

as i t  i s  heated, remain i n t a c t  u n t i l  i t  reaches t h a t  temper- 

a t u r e  Tk a t  which i s o t r o p i c  phase f i r s t  appears. The i so t rop -  

i c  phase which i s  i n  e q u i l i b r i m  w i t h  t h e  nematic w i l l  con ta in  

a higher  f r a c t i o n  of water; water thus  l e a v e s  t h e  nematic 

phase, r a i s i n g  t h e  t r a n s i t i o n  temperature f o r  t h e  remaining 

nematic  t o  become i so t rop ic .  Th i s  process  w i l l  cont inue i f  

t h e  temperature i s  r a i s e d  slowly enough t o  allow mass t r ans -  

p o r t ,  u n t i l  f i n a l l y  a completely homogeneous i s o t r o p i c  phase 

forms. 

d i f f e r e n t  by t h e  coex i s t ence  range, as seen from t h e  i s o t r o p i c  

and t h e  nematic phases. 

Tc*-Tt, should be approximately equal ,  however. 

t h e  d a t a  t h a t  t h e  coexis tence range changes wi th  concentra- 

t i o n  of CsPFO, being about  900 mK f o r  x = .035, and 150 mK 

f o r  x = .025. We take t h e  n o t i c e a b l e  kink i n  t h e  b i r e f r i n -  

gence curve t o  be t h e  N-I t r a n s i t i o n  temperature Tk. For t h e  

purposes of analyzing d a t a  i n  t h e  nematic phase, we may ignore  

any d a t a  i n  t h e  coexis tence region beyond tha t .  

The parameter TC*, d e f i n e d  i n  Equat ion ( 3 ) ,  i s  thus 

The r e l a t i v e  d i f f e r e n c e s ,  Tc*-Tk and 

We no te  from 

To analyze t h e  da t a ,  i t  i s  n a t u r a l  t o  t r y  a Landau- 

d e  Gennes model4. De ta i l ed  d i scuss ions  are a v a i l a b l e  i n  t h e  

l i t e r a t u r e  5-6, so only t h e  key p o i n t s  w i l l  be covered here. 

It i s  p a r t i c u l a r l y  reasonable ,  s i n c e  mean f i e l d  theory has 

been shown t o  work f o r  t h e  p r e t r a n s i t i o n a l  behavior i n  t h e  iso- 

t r o p i c  phase 2. 

Landau expansion. S ince  t h e  o rde r  parameter takes on a f i n i t e  

and i n c r e a s i n g  value,  one might expect t h a t  higher  o rde r  terms 

i n  a f r e e  energy expansion would be necessary t o  d e s c r i b e  t h e  

behavior  on t h e  nematic s i d e  of t h e  t r a n s i t i o n .  Also, s i n c e  

t h e  N - I  t r a n s i t i o n  i s  necessa r i ly  f i r s t  order ,  t h e r e  i s  a 

l i m i t  on how c l o s e  t o  t h e  ex t r apo la t ed  second o rde r  t r a n s i t i o n  

temperature  one can probe. 

There are p o t e n t i a l  d i f f i c u l t i e s  w i t h  t h e  
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NEMATIC ORDERING IN LYOTROPIC LIQUID CRYSTALS 19 

We expand t h e  f r e e  energy nea r  t h e  t r a n s i t i o n  as a Landau- 

type  power series i n  t h e  order  parameter s. The cubic  term 

i s  required by symmetry, and a t  least one h ighe r  order  term 

is required f o r  s t a b i l i t y .  

3 2 1 3 9  4 9  5 9 6  
Q ( S ) = @ , + g A S  + y B S  +-CS + -  D S + - E S  ( 3 )  16 40 16 

* where A = a(T-Tc ) ,  Tc* being t h e  v i r t u a l  second o rde r  t r a n s i -  

t i o n  temperature f o r  p r e t r a n s i t i o n a l  f l u c t u a t i o n s  i n  t h e  i so -  

t r o p i c .  

I n  t h e  s imples t  case,  we t ake  up through t h e  q u a r t i c  

term. The result of t h i s  approximation i s  t o  give us  a nem- 

a t i c  phase o rde r  parameter which i s  a cons t an t  p lus  a para- 

bo la  

Note t h a t  t h e  presence of t h e  cubic  term g ives  us a background 

o rde r  parameter term, S t .  

i n  t h e  context  of mean f i e l d  theo ry ,  t h e  po in t  beyond which 

t h e  nematic phase cannot be superheated. The a c t u a l  f i r s t  

o r d e r  t r a n s i t i o n  temperature i s  l abe led  Tk, and f a l l s  between 

T,* and T t .  

T t ,  wi th  i t s  corresponding S t ,  i s ,  

I f ,  however, one drops t h e  4 t h  o rde r  term and u s e s  the  

6 t h  o rde r  term, one f i n d s  a similar form w i t h  an exponent of 

.25  (when t h e  c o e f f i c i e n t  of t h e  cubic  term i s  small) .  This  

i s  t h e  s tandard t r i c r i t i ca l  p o i n t  value of t h e  exponent. I n  

g e n e r a l ,  one might expect t h a t  t h e  behavior could be approx- 

imated by a simple power l a w  of t he  form: 
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20 B. D. LARSON AND I. D. LITSTER 

Poggi e t  al. 7 r e p o r t  consistency with mean f i e l d  theory 

p = 0.5 f o r  t h e  thermotropic compounds MBBA and HBN, and 

whereas Keyes 8 has shown t h e  same d a t a  t o  be c o n s i s t e n t  w i t h  

a power l a w  of 0.25. The d a t a  are inconclusive,  although o t h e r  

experiments on o the r  compounds 9-10 tend t o  r u l e  out t h e  

c r i t i c a l  value f3 = 0.5 result f o r  thermotropics i n  favor  of 

t h e  t r i c r i t i c a l  value. 

The CsPFO system i s  a novel one i n  the  sense t h a t  t h e  N - I  

t r a n s i t i o n  i s  even more near ly  second o rde r  than i n  o t h e r  l i q -  

u i d  c r y s t a l s ,  as determined from l i g h t  s c a t t e r i n g  l1 and mag- 

n e t i c  b i r e f r ingence  measurements 2 i n  t h e  i s o t r o p i c  phase, a s  

w e l l  a s  t he  d a t a  presented here. 

t o  be a s  l o w  as 20mK f o r  t he  p r e t r a n s i t i o n a l  nematic f luc tua -  

t i o n s  i n  t h e  i s o t r o p i c  phase 2. 

h e r e n t  d i f f i c u l t y  i n  measuring p i s  due t o  t he  i n a b i l i t y  t o  

probe t h e  region c l o s e  t o  T t ,  t h i s  i s  a very important fea- 

ture .  Also, by changing t h e  concentrat ion,  we are a b l e  t o  

vary t h e  f r e e  energy c o e f f i c i e n t s .  

(Tk - T,*) h a s  been shown 

Since a l a r g e  p a r t  of t h e  in- 

While w e  are unable t o  s t a t e  an abso lu te  value of t h e  

o r d e r  parameter from our ueasurements, s i n c e  our samples never 

r each  S = l ,  we can make reasonable  estimates. From lower tem- 

p e r a t u r e  measurements on t h e  x = 0.035 sample, t h e  ex t r apo la t ed  

b i r e f r i n g e n c e  appears t o  s a t u r a t e  i n  the  v i c i n i t y  of 0.0032 

on t h e  scale of the  f igure.  The N-NS va lue  i s  about 0.0023, 

g i v i n g  SN-NS = 0.7, which i s  i n  t h e  same range as expected 

f o r  many thermotropics. A t  t h e  kink of t h e  N - N I  t r a n s i t i o n ,  

t h e r e  i s  a b i r e f r ingence  of about 0.00095, t hus  Sk < 0.3, 

which i s  s l i g h t l y  less  than i n  most thermotropics. 

For t h e  o t h e r  sample, x = 0.025, l i m i t s  on cooling t h e  

sample prevent ex t r apo la t ing  t o  a s a t u r a t i o n  value. However, 

i f  we a l s o  take t h e  value of SN-NS = 0.7, we f i n d  t h a t  

sk = 0.17, which i s  even c l o s e r  t o  a second o rde r  t r ans i t i on .  
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NEMATIC ORDERING IN LYOTROPIC LIQUID CRYSTALS 21 

We analyze our d a t a  i n  t h e  context of t h e  above discuss-  

i o n  by f i t t i n g  them t o  a simple power l a w  p lus  a background 

term. The method is a non-linear l ea s t - squa res  algorithm. 

We must decide whac temperature range of d a t a  t o  f i t .  A 

wider range t o  be f i t  p u t s  a more s t r i n g e n t  t es t  upon t h e  

model ,  provided t h e  model i s  v a l i d  f a r  from t h e  t r a n s i t i o n .  

The h ighes t  temperature p o i n t s  of value are those j u s t  before  

t h e  Tk kink. Poggi e t  al. used a range of about 1 degree 

f o r  t h e i r  f i t s .  Others have used ranges from about  1 degree  

up t o  most o r  a l l  of t h e  nematic range. I n  our case, we used 

a range less than 3 o r  4 degrees ,  s i n c e  coupling t o  t h e  Smec- 

t i c  o rde r  becomes important near  t h e  N-NS t r a n s i t i o n ,  which 

f o r  our samples is  about 5 o r  6 degrees  below Tk. We have f i t  

bo th  sets of d a t a  t o  t h e  power l a w  form, ove r  both t h e  1 and 

3 degree ranges,  and w i t h  the  c r i t i ca l  exponent $ f i x e d  a t  

0.5, 0.25 and allowed t o  vary. Note t h a t  t hese  are 3 and 4 

parameter f i t s  t o  a modest curvature ,  so  t h a t  we mst care- 

f u l l y  assess t h e  meaningfulness of any such results, espec- 

i a l l y  s ince u n n o m l i z e d  chi-square va lues  are t h e  b a s i s  of 

comparison. 

I n  t h e  x = 0.035 sample, t h e  mean f i e l d  f3 value of 0.5 

was found t o  f i t  q u i t e  w e l l  over both t h e  1 and t h e  3 degree  

range f i t s .  Th i s  i s  shown i n  F igu re  3 .  The t r ic r i t i ca l  value 

of $ = 0.25 f i t  almost as w e l l  f o r  t h e  1 degree range, much 
t h e  same as Keyes demonstrated 8 f o r  t h e  d a t a  of Poggi e t  al. 7. 

T h i s  broad minimum i n  t h e  chi-square can be a t t r i b u t e d  t o  the  

high number of parameters f o r  such a smooth curve, as w e l l  as 

any randomness i n  t h e  experimental  d a t a  points.  We found t h e  

va lue  of S t  t o  be negat ive when $ = 0.25, however, and w e  

reject  t h e  f i t ,  s i n c e  negat ive S t  i s  non-physical. 

deg ree  range was f i t t e d  u s i n g  $ = 0.25, t h e  f i t  program did not  

converge w i t h i n  a reasonable  range of va lues ,  and St a g a i n  
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22 B.  D. LARSON AND J .  D. LITSTER 

tended t o  go negative.  A b e s t  f i t  t o  t h e  3 degree range 

a c t u a l l y  gave p = 0.57 t .06, however upon examining t h e  

d a t a  and f i t t e d  curves by eye, no  improvement w a s  evident ,  

sugges t ing  t h a t  a properly normalized chi-square would be 

less  than 1, and t h u s  t h e  mean f i e l d  value of 0.5 would aga in  

be c o r r e c t  w i t h i n  t h e  p r e c i s i o n  of our experiments. 

T - T, C"C.1 

FIGURE 3 .  The nematic d a t a  f o r  CsPFO. The upper 
curve,  x = 0.035, i s  shawn w i t h  a f i t  
w i t h  p = 0.50. The lower curve, x = 0.025, 
i s  p l o t t e d  w i t h  i t s  b e s t  f i t  of p = 0.40. 

For t h e  x = .025 sample, t h e  mean f i e l d  value of @ = 0.5 

i s  not q u i t e  as good, showing a ma l l  ht d i s t i n c t  sys t ema t i c  

e r r o r .  For both t h e  1 and 3 degree ranges, p = 0.25 gave a 

lower chi-square than @ = 0.5, b u t  again gave physical ly  

meaningless va lues  of S t  (nega t ive )  which should be dis-  

counted. The b e s t  f i t s  f o r  both ranges gave in t e rmed ia t e  

v a l u e s  of p,  wi th  @ = 0.40 (+.04, -.06) , g i v i n g  a chi-square 

one-tenth t h a t  f o r  @ = 0.5 i n  t h e  3 degree f i t .  T h i s  i s  shown 
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NEMATIC ORDERING IN LYOTROPIC LIQUID CRYSTALS 23 

i n  F igu re  3 .  T h i s  is  an i n d i c a t i o n  t h a t  higher  order  terms 

i n  t h e  f r e e  energy are important,  b u t  they do  not f u l l y  dom- 

i n a t e  t h e  q u a r t i c  term. 

A f u r t h e r  check on t h e  above results i s  t o  compare f i t t e d  

v a l u e s  of S t  and T t  t o  t h e  va lues  expected from t h e  simple 

Landau theories .  These results are smmarized by Gramsbergen 

e t  al. 6 t o  be, i n  t h e  B = 0.5 mean f i e l d  approximation: 

The St v a l u e s  f o r  $ = 0.5 a l l  agree q u i t e  w e l l  w i t h  Equation 

( 6 )  and t h e  measured Sk. The temperature Tk i s  d i f f i c u l t  t o  

determine a c c u r a t e l y ,  b u t  w i t h i n  t h e  experimental  accuracy ( 7 ) ,  

p r e d i c t s  results c o n s i s t e n t  w i t h  magnetic b i r e f r ingence  meas- 
urements 2.  

What s t a t emen t s  can be made regarding t h e  r e l a t i v e  impor- 

t a n c e  of t h e  c o e f f i c i e n t s  i n  Equat ion ( 3 ) ?  The cub ic  coeff-  

i c i e n t  B is  negat ive,  s i n c e  t h e  nematic phase S i s  known t o  

be p o s i t i v e  l. 

d a t a  of Rosenb la t t  et al. 2 t h a t  t h e  f o u r t h  o rde r  cons t an t  C 

i s  p o s i t i v e  and nonzero. For t h e  x = 0.035 sample, t h e r e  is 

no need t o  consider  higher  terms t o  exp la in  t h e  data.  When 

x = 0.025, we see two e f f e c t s .  F i r s t ,  t h e  f i r s t  o rde r  discon- 

t i n u i t y  has decreased. This  suggests  t h a t  B decreased w i t h  

r e s p e c t  t o  C and t h e  higher  o rde r  c o e f f i c i e n t s .  The second 

obse rva t ion  i s  t h e  reduct ion of t h e  e f f e c t i v e  exponent p, 
sugges t ing  a n  increased importance of higher o rde r  term rela- 

t i v e  t o  t h e  qua r t i c .  

One may deduce from t h e  magnetic b i r e f r ingence  

In  conclusion, we have measured t h e  o p t i c a l  b i r e f r ingence  

behavior i n  t h e  l y o t r o p i c  l i q u i d  crystal  CsPFO and have rel- 

a t e d  i t  t o  t h e  nematic o rde r  parameter. The f i r s t  o rde r  d i s -  
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24 B. D. LARSON AND J .  D. LITSTER 

c o n t i n u i t y  c a n  be a l t e r e d  somewhat by v a r y i n g  t h e  water con- 

t e n t .  T h i s  allows us t o  o b t a i n  more s i g n i f i c a n t  estimates f o r  

t h e  e f f e c t i v e  exponent  p c l o s e  t o  t h e  N - I  t r a n s i t i o n  t h a n  

h a s  p r e v i o u s l y  been  p o s s i b l e  i n  the rmot rop ic  materials, and 

a l s o  allows u s  t o  watch  t h e  approach  t o  a p o s s i b l e  t r i c r i t i c a l  

p o i n t  on t h e  phase  diagram. The v a l u e s  of p s u g g e s t  agree-  

ment  w i t h  a Landau (mean f i e l d )  model, w i t h  h i g h e r  o r d e r  

terms becoming more impor t an t  as t h e  t r a n s i t i o n  becomes more 

second  order .  

We would l i k e  t o  thank N .  Boden f o r  h e l p f u l  d i s c u s s i o n s  

on  t h e  c o e x i s t e n c e  behav io r  of CsPFO. 

T h i s  work w a s  suppor t ed  by t h e  J o i n t  S e r v i c e s  E l e c t r o n i c s  

Program u n d e r  c o n t r a c t  DAAG 29-83-K-0003. 
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