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ORDER ELECTRICITY AND THE NEMATIC, S M E C T I C  A, S M E C T I C  C 
PHASE TRANSIT IONS 

G. B A R B E R O ~ , ~ ,  G. DURAND 
Labora to i  r e  de Physique des Sol i d e s  
U n i v e r s i t e  de Paris-Sud, B2t.510 
91405 ORSAY CEDEX (France)  

A b s t r a c t  Smectic l i q u i d  c r y s t a l  a re  quadrupo lar  
o r i e n t e d  systems, w i t h  a s p a t i a l  modu la t ion  across 
l a y e r s .  Th is  modu la t ion  c rea tes  an o rde r  e l e c t r i c  
a n t i f e r r o e l e c t r i c  po l  a r i z a t i o n .  The assoc ia ted  
d i e l e c t r i c  d e p o l a r i z a t i o n  energy, o r i g i n a t i n g  f r o m  l o n g  
range f o r c e s ,  c rea tes  a new non a n a l y t i c  term,  which 
must be added t o  t h e  usual  Landau-de Gennes expansion. 
T h i s  new te rm can p h y s i c a l l y  e x p l a i n  t h e  molecu la r  t i l t  
i n s i d e  t h e  l a y e r s  and t h e  smect ic  A-Nematic reen t rance .  
The t i l t  appears as an i n t r i n s i c  p r o p e r t y  o f  w e l l  
o rdered quadrupol a r  1 ayered systems. 

Smectic l i q u i d  c r y s t a l s  a re  l aye red  systems, 

c o n s t i t u t e d  o f  one dimensional p i l i n g  o f  two d imensional  

l i q u i d s " ) .  I n  each l a y e r ,  t h e  r o d  l i k e  molecules are  

a l i g n e d  normal t o  t h e  l a y e r s  (smect ic  A o r  A), o r  t i l t e d  

( smec t i c  C o r  C ) .  The t r a n s i t i o n  between A and C can be 

cont inuous" ) ,  a l though d i r e c t  f i r s t  o rde r  t r a n s i t i o n s  f r o m  

t h e  ordered l i q u i d  (nemat ic  o r  N )  t o  t h e  C phase a re  a l s o  

o b s e r ~ e d ' ~ ) .  The t i l t i n g  (A --C) t r a n s i t i o n  i s  a l s o  observed 

i n  most l a m e l l a r  system, l i k e  l y o t r o p e  soaps and 

membranes ( 4 9 5 )  so t h a t  i t  was a cha l l enge  t o  e x p l a i n  i t s  

p h y s i c a l  o r i g i n .  Of course, phenomenological Landau model 

have been bu i  I d  t o  desc r ibe  t h e  t i  1 t i n g  t r a n s i t i o n  ( 6 - 9 )  
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58 G .  BARBERO, G. DURAND 

But ,  as u s u a l  i n  t h i s  approach, t h e  f r e e  energy  

expans ion  i n  t e r m  of t i l t  and s m e c t i c  o r d e r  parameter  was 

c o n s t r u c t e d  w i t h  “ad hoc”  te rms wh ich  c o u l d  h a r d l y  e x p l a i n  

t h e  p h y s i c s  of  t h e  t r a n s i t i o n .  >lore p h y s i c a l  m o l e c u l a r  

models have been proposed, based on e l e c t r i c  d i p o l a r ,  

quadrupo l  a r  o r  s t e r i c  i n t e r a c t i o n s  ( 1 0 - 1 4 ) .  Reviews and 

c r i t i c i s m  o f  t h e s e  models a r e  g i v e n  i n  r e f .  15,16. Some 

models seem u n p h y s i c a l  , assuming f o r  i n s t a n c e  f r o z e n  

r o t a t i o n s  around t h e  l o n g  m o l e c u l a r  a x i s ‘ ” ) .  Other  models 

seem t o  p r e d i c t  r e s u l t s  i n c o n s i s t e n t  w i t h  t h e  assumed 

hypotheses‘  , o r  1 ack e s s e n t i  a1 f e a t u r e s  1 i k e  p a c k i n g  

e n t r o p y ( 1 3 ) .  F i n a l l y  a v e r y  r e c e n t  model ( 1 7 )  o f  t h e  A --C 
t r a n s i t i o n  based on quadrupo l  a r  i n t e r a c t i o n s  seems a1 so t o  

have problems,  p r e d i c t i n g  t h a t  t h e  t i l t  i s  i d e n t i c a l l y  z e r o  

f o r  a p e r f e c t l y  o r d e r e d  A phase. R e c e n t l y ,  o r d e r  e l e c t r i c i t y  

( i . e .  t h e  e l e c t r i c  p o l a r i z a t i o n  connected  w i t h  a g r a d i e n t  o f  

t h e  o r i e n t a t i o n a l  N o r d e r  p a r a m e t e r )  was i n t r o d u c e d  . 
The d i e l e c t r i c  energy  a s s o c i a t e d  w i t h  t h i s  p o l a r i z a t i o n ,  

o r i g i n a t i n g  f r o m  e l e c t r i c  macroscopic  l o n g  range f o r c e s ,  

g i v e s  a n o n - a n a l y t i c  t e r m  ( 1 9 )  wh ich  must be added t o  t h e  

u s u a l  Landau-de Gennes f r e e  energy .  T h i s  p rocedure  i s  

s tandard ,  when d e a l i n g  w i t h  e l e c t r i c  f o r c e s  i n  e l a s t i c  

p r o b l e m s ( 2 0 ) .  T h i s  new n o n - a n a l y t i c  t e r m  can f o r c e  a 

m o l e c u l a r  t i l t  a t  a N - i s o t r o p i c  ( I )  i n t e r f a c e .  I n  t h i s  

l e t t e r ,  we g e n e r a l i z e  t h i s  i d e a  t o  l a y e r e d  systems, by 

c o n s i d e r i n g  t h e  l a y e r s  as a p i l i n g  o f  i n t e r f a c e s ,  w i t h  

i n t e r n a l  o r i e n t a t i o n a l  g r a d i e n t  o f  o r d e r .  The t i l t i n g  

t r a n s i t i o n  appears t h e n  as a g e n e r a l  p r o p e r t y  o f  q u a d r u p o l a r  

1 ayered systems. 

( 1 8 )  

L e t  us assume t h e  e x i s t e n c e  o f  a nemat ic  m a t e r i a l  o f  
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O R D E R  E L E C T R I C I T Y  A N D  PHASE TRANSITIONS 59 

d i r e c t o r  fi ( f i2 = l ) ,  i n s i d e  w h i c h  ex te rna l  f o r c e s  impose a 
macroscopic modulation of order in  form of a layered 
texture, of wave number k .  The size of the “ l a y e r s ”  i s  
assumed much l a r g e r  than a molecular s i z e  m, i . e .  km<l.  The 
amplitude of the l aye r  modulatjon can be def ined by a 
normalized parameter ‘V ( 0  < Ivl< l ) ,  i . e .  i s  assumed 
proport ional  t o  exp(  i k r 1.  

CI 

S ( 3 / 2 )  (i? 17 - 1/31 i s  the usual o r i e n t a t i o n a l  N order 
parameter f o r  our non-polar (<f i  7 = 0 )  o r i e n t e d  system, o f  

modulus S ( 0 c  S < 1 ) .  e ,  of the o rde r  o f  q m 2 / m 3  = q / m  ( q  

e l e c t r i c  charge)  i s  the usual f l e x o - e l e c t r i c  c o e f f i c i e n t  of 
nematics.  I n  the presence of the layered o rde r ing  the 
d e n s i t y  Q i s  modulated across  the l a y e r s .  As a r e s u l t ,  there 
appears in  t h e  l a y e r s  a g rad ien t  of the quadrupolar 
moment giving r i se  t o  an e l e c t r i c  p o l a r i z a t i o n :  

ct 

+ 
P i s  the o rde r  e l e c t r i c  p o l a r i z a t i o n  a s soc ia t ed  with the 
l a y e r  o rde r ing .  Each l aye r  must present an a n t i f e r r o e l e c t r i c  
o rde r ing .  I n  an a r b i t r a r y  1 ayered system, the quadrupol a r  
d e n s i t y  Q ( z )  across  t h e  l a y e r s  i s  

u 

where i (2.i = 1 )  i s  the coord ina te  normal t o  t h e  l a y e r s .  7 
CI 0 

i s  t h e  uniform p a r t .  b Q ( z )  i s  a pe r iod ic  funct ion of z ,  
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60 G .  BARBERO, G.  DURAND 

CI 

r e l a t e d  t o  t h e  l a y e r  o r d e r i n g  V , and p r o p o r t i o n a l  t o  Q o ,  
as : 

which i s  t h e  f i r s t  F o u r i e r  component of t h e  quadrupole 

modu la t ion  a t  k .  Using ( 2 1 ,  t h e  modulated p o l a r i z a t i o n  

w r i t e s  as: 

+ 
P = e S ( 3 / 2 )  i k [ ( ? . t i )  ti - ( 1 / 3 )  2 1  V exp (i k z )  , ( 5 )  

4 

where we assume ii un i fo rm.  Using DZ = 0 = E ~ ~ E ~  + 4 n P z  ( E ,  
D e l e c t r i c  and d isp lacement  f i e l d s ) ,  t h e  new d i e l e c t r i c  

+ ( 1 3 ) .  energy assoc ia ted  w i t h  P w r i t e s  as . 

+ 

i s  t h e  zz 'component o f  2 where r2  = (3ke /2 )  (2n/ E ~ ~ ) .  E~~ 

t h e  d i e l e c t r i c  t enso r ,  and 8 = ( t i ,  2 )  t h e  t i l t  angle.  

t e rm cannot  be 

reduced t o  t h e  cor respond ing  Landau t e r n  P2.  Eq.6 shows t h a t  

ii w i l l  t end  t o  o r i e n t  a t  t h e  "magic" angle, cos2 0 = 1/3 ( 8  
2 54") t o  suppress t h i s  d i e l e c t r i c  c o n t r i b u t i o n .  

Note t h a t  t h i s  non -ana ly t i c  P: 

To app ly  these c o n s i d e r a t i o n s  t o  a r e a l  smect ic  phase, 

f o r  which k m - Z n ,  we must be c a r e f u l .  

\rJe can e m p i r i c a l l y  d e f i n e  now t h e  e l e c t r i c  monopoles, 

d i p o l e s ,  and quadrupoles on a bond sca le  a, r a t h e r  them a 

molecu la r  sca le  m. As i n  t h e  mic roscop ic  model of P r i e s t  

( 1 4 ) ,  we r e s t r i c t  t o  t h e  s p e c i a l  case of p u r e l y  quadrupo lar  
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O R D E R  E L E C T R I C I T Y  A N D  PHASE TRANSITIONS 61 

systems, w h i  t h o u t  dipoles. 
Practically, th i s  means t h a t  the systems contains only  

isotropic e lec t r ic  quadrupoles (most o f  the electron clouds 
around C or H atoms) or anisotropic quadrupoles a long  t?, 

from say double bonds. We also assume s te r ic  forces t o  have 
a shorter range t h a n  m, as practially most thermotropic 
smectics molecules present f lexible end chains. We c a l l  now 
"macroscopic" any observable on the whole system, w h i c h  
can be measumed on a size much larger t h a n  a ,  then on the 
layer m, since m > a .  Of course, the use of localized 
quantities P(z), d Q ( z )  i s  no t  correct,  i n  t h i s  macroscopic 
description. Only the Fourier components o f  these quantities 
are observabl es ,  corresponding t o  thermodynamical averages 
over the whole sistem. 

as the 
Fourier component o f  the smecti c modul a t i  on o f  electron 
density p ( z )  ( 1 y 2 1 )  i . e .  the smectic order parameter. There 
exist  now modulations of ak) and F(k) w h i t h  Fourier 
components proportional t o  p ( k ) / ( i k )  and p ( k ) / k 2 .  As p ( k )  
i t s e l f ,  2 k )  and 6 Q ( k )  are p ropor t iona l  t o  W .  E q .  6 remains 
Val i d  i n  term of Fourier components. 

T h i s  energy term i s  similar t o  one already 
t o  expl a i  n reentrance phenomena, w i t h  a new introduced 

angular dependence. The physical o r i g i n  o f  the p ( k ) ,  and 
then b 3 k ) ,  modulat ion can be naively related t o  the 
rod-like structure of molecules constituent of smectic 
phases. They possess generally a central r i g i d  core, w i t h  

h i g h  electron density and f lexible  alkylchains w i t h  low 
electron density. 

Fol lowing  de Gennes procedure, we consider now 

4-t 

( 2 2 )  
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62 G.  BARBERO, G. DURAND 

It i s  now a s imp le  m a t t e r  t o  d e s c r i b e  t h e  N -4 and 

A -4 t r a n s i t i o n s ,  combin ing a c l a s s i c a l  Landau model") f o r  

smect ic  o r d e r i n g  w i t h  ou r  o r d e r  e l e c t r i c  source o f  t i l t . The 

smect ic  f r e e  energy d e n s i t y  F, compared t o  t h e  N phase, 

developped f o r  smal l  1 V I  , i s  

T i s  t h e  temperature,  TC t h e  assumed N -C t r a n s i t i o n  

temperature i n  absence o f  o r d e r  e l e c t r i c i t y ,  b > 0,c > O .  
2 The t h i r d  t e r m  i n  I V I  S, w r i t t e n  as i n  re f .21 ,  i s  t h e  

usua l  s t a b i l i z i n g  t e r n  coming from t h e  snec t i c -nemat i c  

c o u p l i n g ,  which f o r c e s  t h e  molecules t o  a l i g n  normal t o  t h e  

l a y e r s .  U s u a l l y  i t  i s  w r i t t e n  as (1 /2 )B  8 ( l ) .  Here we 
(23 )  understand i t  as t h e  e q u i v a l e n t  of t h e  Rapin i -Papoul  a r  

2 i n t e r a c t i o n  a t  an i n t e r f a c e ,  which j u s t i f i e s  t h e  cos 0 
angu lar  dependence. The impor tan t  parameter i s  t h e  r a t i o  

S ( T ) r  /c  = S ( T )  0 o f  t h e  d e s t a b i l i z i n g  o r d e r  e l e c t r i c  energy 

compared t o  t h e  s t a b i l i z i n g  one. Whatever may be t h e  i n i t i a l  

va lue  o f  t h e  mo lecu la r  parameter B , t h e  inc rease  o f  nematic 

o r d e r i n g  S ( T ) ,  when c o o l i n g  down, w i l l  change t h e  balance 

between these two terms and w i l l  i nduce t h e  C phase. 

t h e  reduced temperature.  TNI i s  

t h e  N.1 t r a n s i t i o n  temperature.  We a l s o  no te  y =c/a.  By 
(24) 

m i n i m i z i n g  F compared t o  V and Q , we have c a l c u l a t e d  

t h e  UAC phase d iagram i n  t h e  ( t ,  13) p lane (F ig .11 ,  assuming 

f o r  S ( t )  a c l a s s i c a l  law S ( t ) = S o t .  The l i n e  aa '  rep resen ts  

t h e  s t a b i l i t y  domain o f  t h e  A phase, i n  t h e  absence o f  t i l t  

2 

1 /2 
We c a l l  t = (1-T/TrjI) 
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O R D E R  E L E C T R I C I T Y  A N D  PHASE TRANSITIONS 63 

2 2 2  ( a  F / b V 2 =  2 b v 20 for  e = O )  a '  would  give the t rans i t ion  
temperature of a reentrant N phase i f  0 were blocked t o  
zero. The reentrant phenomenon i s  due t o  the bui l t  u p  of the 
order e l ec t r i c  energy, which eventually suppresses the A 
ordering. The l ine  b b '  i s  the l ine  a l o n g  which a t i l t  0 , i f  
i t  has any meaning, decreases F 

The l ine  cc '  defines the s t a b i l i t y  domain of the C 
phase ( d 2 F / d w 2  = 2b  VI > O  for  the optimal t i l t  8 given 
by cos 8 = ( 1 / 3 ) t ( 1 / 2  I3 S ( t ) ) .  These three l ines  intersect  
a t  the  gathering point G .  The phase sequence i s  now easy t o  
descri be.  

Assume a material with a small molecular quadrupole 
modulation ( k l ) .  I t  undergoes, when cooling down a second 
order N +A t ransi t ion across a ,  a t  TS > TC, then a 
continuous A -C t rans i t ion  across b .  For a larger I3 

parameter, the system undergoes a direct  N -4, trans i t ion  
across c .  Along the c l i ne ,  0 goes continuously from zero 

OP 
( a t  G )  u p  t o  t h e  magic angle for in f in i t e  I3 , a t  t = t s  
( T  = T s ) .  Along C ,  despite the f i n i t e  value of 8 the 
N -4 t ransi t ion remains continuous in our  simple model, 
since w goes continuously t o  zero. One can give a gradual  
f i r s t  order character across c ,  s ta r t ing  from G ,  by adding 
higher order terms in F, for  instance the one describing 
t h a t  the smectic wave number k minimizes F around k I t s  
shape i s  S ( k  - k,) w . I n  the rotation 8 inside the 
layers,  with rigid rod molecules, k would change, resul t ing 
in a S2 w4 tg48 term. These de t a i l s  ( 2 4 )  are i r re l  evant for  

2 
2 O P '  

O P  

O P  , 
2 

0 '  2 2  2 2  4 D
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6J G .  B A R B E R O ,  G .  DURAND 

I :  I 

-6 
a I c' ' 

F I G .  1 

P h a s e  d i a g r a m  o f  t h e  N A C e q u i l i b r i u m ,  f r o m  t h e  o r d e r  

e l e c t r i c  m e c h a n i s m . t ,  r e d u c e d  t e m p e r a t u r e ;  8 , r e d u c e d  o r d e r  

e l e c t r i c  p a r a m e t e r ,  y = 5 0 0 .  t = 0 c o r r e s p o n d s  t o  t h e  N - I  

t r a n s i t i o n .  

T h e  N - C  a n d  A - C  t r a n s i t i o n s  a r e  i n d u c e d  b y  t h e  i n c r e a s e  

i n  n e m a t i c  o r d e r i n g  u h e n  c o o l i n g  d o w n .  
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O R D E R  E L E C T R I C I T Y  A N D  PHASE TRANSITIONS 65 

our  present purpose. 
To understand what happens across the b '  l ine ,  we write 

2 the thermal fluctuations < I  QI 1 >th with the equiparti t ion 
theorem, as:  

2 2 Oy S ( T I  (cos 8 -cos2 8 - l ,  ( 8 )  
O P  

kBT/V being the Boltzmann f r ee  energy density.  0 i s  the 
assumed ii t i l t  inside the f luctuat ing layer w, a t  fixed 
I k /  = k o .  On the high temperature side o f  the b '  l i ne ,  
because cos 0 > 1 ,  the largest  f luctuations correspond t o  
8=0, i . e .  represent smectic A f luctuat ions.  When crossing 
b ' ,  the largest  < I w I > th corresponds t o  the real t i l t  

, i .e .  represents smectic C f luctuations.  These biaxial 
f luctuat ions,  f a r  from a n  eventual uniaxial -+ biaxial 
nematic t rans i t ion ,  cannot induce l o n g  range biaxial order.  
The phase remains N .  b '  i s  a disorder line"5), The l ine  c '  
has no physical meaning. G ,  a t  the  intersection o f  a ,  b and  
c ,  i s  the t r i c r i t i c a l  point of the N , A , C  equilibrium. Note 
t h a t  the  N -*A and the N +C l ines  are tangent in G ,  and 
t h a t  the  disorder l ine  b '  i s  j u s t  the extrapolation of the A 
-*C t rans i t ion  l ine .  Note f ina l ly  t h a t  G tends toward the 
maximum of the a a '  l ine  f o r  large y ,  i . e .  G.  tends toward 
the reentrant N - A - N p o i n t ,  as recently suggested ( 2 6 )  . 

Another way, other t h a n  t i l t  or A - N  reentrance t o  
escape the order e l ec t r i c  depolarizing energy, would  be fo r  
po la r  molecules t o  readjust the layer spacing t o  pa r t i a l ly  
overlap t o  decrease SQ, as in the A2+Ad t rans i t ion  fo r  

2 
O P  

2 

P 

+-+ 
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66 G .  B A R B E R O ,  G .  D U R A N D  

instance. Infac t ,  t h i s  point has already been discussed i n  

r e f .  2 1 .  An extension of t h i s  model t o  molecules possessing 
dipoles w i l l  be presented l a t e r  ( 2 4 )  . 

We can make a rapid check of our theory of the NAC 
t r ans i t i on .  I t  i s  well known f i r s t  t h a t  molecules with a 
large quadrupole modulation give r i s e  t o  a strong f i r s t  
order N 4 trans i t i on ,  with 8 2 5 0 "  as shown f o r  instance by 
the alkoxybenzoicacid s e r i e s ( 2 7 ) .  The fi--fi symmetry of the 

CL 

molecule in the layers tends t o  decrease b Q ( k ) ,  except when 
the quadrupole d is t r ibu t ion  i s  localized a t  the centre or a t  
the  ends of the molecule. Indeed, i t  i s  known ( 1 5 )  t h a t  
non-pol ar d i  a1 kyl azobenzenes have N and A phases o n l y ,  when 
the same a lkoxy compounds, with an outboard dipole moment 
and then a larger quadrupole m o d u l a t i o n ,  show a tendency t o  
the C phase. Note t h a t  in t h i s  case,  contrary t o  r e f .  10, 
the dipoles are used o n l y  t o  build quadrupoles, allowing fo r  
f r ee  molecular rotat ions.  

To conclude, nematic l iquid c rys ta l s  are uniform 
quadrupol  ar  oriented systems. Chol  e s te r ics  are a f i r s t  
example of a spati  a1 l y  modulated quadrupolar system, with 
constant modulus o f  the quadrupoles, b u t  a modulated 
or ientat ion.  Smectic l iquid c rys ta l s  could be considered as 
nematics w i t h  a fixed or ientat ion,  and a spatial  modulation 
of the quadrupolar modulus. The Fourier amplitude b Q ( k )  of 
t h i s  modulation can be considered a thermodynamical 
variable,  as the density m o d u l a t i o n  i t s e l f ,  since i t  i s  

obtained by an average on the whole system. This modulation 
of Q creates a modulated order e l ec t r i c  polarization, and a 
new d ie l ec t r i c  depolarizing energy, which must be added t o  
the usual Landau-de Gennes expansion. I t  i s  a geometrical 

+-. 
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O R D E R  E L E C T R I C I T Y  A N D  PHASE TRANSITIONS 67 

property of quadrupoles t h a t  a t i l t  a t  the magic angle 
suppresses t h i s  d i e l e c t r i c  energy, by aligning the dipoles 
normal t o  the order gradient.We have shown t h a t  t h i s  order 
e l e c t r i c  e f f ec t  can explain the physics of the N - C  or A - C  
t i l t  t r ans i t i on ,  and i f  the t i l t  i s  frozen the N-A 
reentrance.  This mechanism could also explain the  t i l t  o f  
any quadrupolar oriented lamellar system, l i k e  the one of 
the L g  and Pg , phases of lyotropic l iquid c rys t a l s  . Of 
course, other quasi-macroscopic models can also predict  the 
t i l t i n g  t r a n s i t i o n ,  using s t e r i c  quadrupoles, as recent ly ,  
demonstrated ( 2 8 y 2 9 ' 3 0 ) .  I t  will be important in the fu tu re  
t o  co r re l a t e  the observed t i l t  t r ans i t i on  in smectics with 
t h e i r  molecular s t ruc tu re ,  t o  understand which mechanism i s  
dominant . 

We acknowledge discussions with C.W. G A R L A N D ,  V.JANOVEC, 
W . H .  de JEU, J .  LASZEROIJICSZ, J .  PROST and E .  B R E Z I N .  

a )  Also Dipartimento di F is ica ,  Politecnico, C.so Duca degli  
Abruzzi, 24 - 10129 T O R I N O  ( I T A L Y )  

b )  Pa r t i a l ly  supported by Ministere de 1'Education 
Nationale, de l a  Recherche e des Sports de France. 
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