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Extended mean-field molecular theory for the smectic-C to smectic-A orientational transitions

Liangbin Hu1 and Ruibao Tao2,1

1Department of Physics, Fudan University, Shanghai 200433, People’s Republic of China
2Center for Theoretical Physics, Chinese Center of Advanced Science and Technology (World Laboratory), P.O. Box 8730

Beijing 100080, People’s Republic of China
~Received 9 July 1998!

An extended mean-field molecular theory for the smectic-C to smectic-A orientational transitions is proposed
by extending Lennard-Jones and Devonshire~LJD’s! mean-field treatment of isotropic liquids to the case of
anisotropic liquid crystals. Unlike the previous mean-field molecular theories for the smectic-C to smectic-A
orientational transitions, this extended mean-field theory can include both orientational and spatial correlation
effects of molecules, and both orientational and spatial thermal fluctuations of molecules are taken into account
in a self-consistent way. A set of mean-field parameters are introduced and the corresponding self-consistency
equations are derived. The numerical results show that this type of mean-field theory can describe the basic
features of the smectic-C to smectic-A orientational transitions.@S1063-651X~98!01212-4#

PACS number~s!: 61.30.2v, 64.70.Md
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I. INTRODUCTION

Smectic liquid crystals have stratified structures and a
riety of molecular arrangements are possible within e
stratification@1#. The smectic-A phase is the least ordered
all the smectic mesophases. In the smectic-A phase the mol-
ecules are upright in each layer with their centers irregula
spaced in a liquidlike fashion. The thickness of the laye
the order of the length of the free molecules. The interla
attractions are weak as compared with the lateral forces
tween molecules. The main difference between the struct
of the smectic-C and smectic-A mesophases is that the m
lecular long axis tilts over with respect to the plane norma
the smectic-C mesophase. This widely accepted picture
the smectic-C mesophase as the tilted form of the smecticA
is consistent with most experimental observations, it p
vides at least a very good approximation to physical rea
@1#. For many smectic-C mesophases, the tilt angle is tem
perature dependent; the tilt angle with respect to the pl
normal will decrease as the temperature increases, and a
sition from the smectic-C to smectic-A will occur at a certain
temperatureTCA .

Several molecular theories for the smectic-C to smectic-A
orientational transitions have been proposed based on
microscopic interparticle interactions of molecules@2–5#, for
example, the electric dipole model of Ref.@2#, the steric
model of Ref. @3#, and the tentative model of Ref.@4#.
Though there have been several molecular theories for
smectic-C to smectic-A orientational transitions, none o
them is consistent with all the experimental observatio
some controversial issues still remain between different
oretical investigations and also between some theoretica
sults and experimental observations. For example, the
lecular theories of Refs.@2# and @3# both predict a large
anisotropy in the orientations of the transverse molecu
axes when the tilt angle in the smectic-C phase become
large; the biaxial order parameterD in the molecular orien-
tational order is predicted to be on the order of 1021. This
theoretical result contradicts a series of experimental ob
vations that have established that the anisotropy in the or
PRE 581063-651X/98/58~6!/7435~7!/$15.00
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tations of the transverse molecular axes is quite small and
biaxial order parameterD is of the order of 1022 instead of
1021 @6–10#. In addition, the molecular theories of Ref
@2–5# all predict that the smectic-C to smectic-A orienta-
tional transition is of second order~the tilt angle of the di-
rector will decrease continuously to zero as temperature
creasing to the transition pointTCA!; this also contradicts
with experimental observations that have established
both second-order@11–14# and first-order@15# smectic-C to
smectic-A orientational transitions can occur.

These controversial issues show that the smectic-C to
smectic-A orientational transition is far from being com
pletely understood based on the microscopic interparticle
teractions between molecules. In this paper, we propose
extended mean-field molecular theory that is somewhat
ferent from the previous mean-filed molecular theories
the smectic-C to smectic-A orientational transitions. Unlike
the previous mean-field molecular theories that based on
Maier-Saupe~MS! type of mean-field approximation@17#,
this extended mean-field theory is established by extend
Lennard-Jones and Devonshire~LJD’s! mean-field treatmen
of isotropic liquids@18,19# to the case of anisotropic liquid
crystals. In this extended mean-field theory, both orien
tional and spatial correlation effects of molecules are ta
into account.

It is well known that the MS type of mean-field approx
mation takes into account the orientation correlation effe
of molecules but the short-range spatial correlation effect
molecules are usually neglected. While the orientation co
lations of molecules may play the dominant role in determ
ing the basic physical properties of liquid crystals, the sho
range spatial correlations of molecules may have so
physical effects in some aspects and cannot be negle
completely. To overcome this shortcoming of the MS type
mean-field approximation, in the nematic case, some aut
proposed an orientation-averaged spatial correlation the
to take into account the short-range spatial correlation effe
of molecules@20#. In the orientation-averaged spatial corr
lation theory, one assumes that the distribution function
molecules can be decoupled into a product of the orienta
7435 © 1998 The American Physical Society
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distribution function and the spatial distribution function
molecules, which depends only on the orientation coo
nates and spatial coordinates of molecules, respectively.
previous paper@21#, an extended mean-field approach th
can also include both orientational and spatial correlat
effects of molecules is proposed for the nematic liquid cr
tals. Unlike the orientation-averaged spatial correlat
theory, in this extended mean-field theory one need not
sort to the decoupling of the distribution functions of mo
ecules as was adopted in the orientation-averaged spatia
relation theory, so the spatial correlation effects of molecu
are included in a more self-consistent way in this exten
mean-field theory. It is found that the results of this extend
mean-field theory are in good agreement with experim
observations@21#. Recently, an extended Landau–de Gen
phenomenon theory of the nematic-isotropic phase trans
was also developed to include the coupling of the den
and order parameter and it is found that most of the exp
mental measurements can be reproduced reasonably
@22#. These studies show that the short-range spatial corr
tions of molecules may have some significant effects
some physical properties of liquid crystals and should
taken into account in some aspects. The extended mean
approach proposed in Ref.@21# can include both orientation
and spatial correlation effects of molecules, but the theo
ical formulation established in Ref.@21# is only suitable for
the nematic liquid crystals and cannot be applied to
smectic liquid crystals that have layered structures.

In this paper, we will generalize the extended mean-fi
approach developed in Ref.@21# to the case of the smecti
liquid crystals that have layered structures, and we will ap
this extended mean-field approach to study the smectic-C to
smectic-A orientational transitions. Our main purpose is
see whether the short-range spatial correlations of molec
may have some effects on the basic features of the smecC
to smectic-A orientational transitions. The paper will be o
ganized as follows: In Sec. II, we will first introduce briefl
the theoretical model and a simplified pairwise molecu
potential will be adopted. Based on the adopted model
tential, we will establish the basic formulas of the extend
mean-field theory. A set of mean-field parameters are in
duced and the corresponding self-consistency equations
derived. In Sec. III, we will apply the basic formulas esta
lished in Sec. II to study the smectic-C to smectic-A orien-
tational transitions.

II. MODEL AND EXTENDED MEAN-FIELD THEORY

In this paper, we assume that liquid crystals are compo
of axially symmetric elongated hard-rod-like organic mo
ecules, as is usually assumed in many other molecular t
ries of liquid crystals@1#. It has been powerfully argued tha
the most general form of the interparticle interaction pot
tial between a pair of such molecules at positionsrW i and rW j

with orientationsVW i and VW j is a function of five variables
@23–25#: r i j , VW i•rW i j , VW j•rW i j , VW i•VW j , andVW i3VW j•rW i j . The
pseudoscalarVW i3VW j•rW i j offers a selection between tw
signs, it gives rise to a chiral term. Assuming that the m
ecules are nonchiral, we need not consider the latter, so
can adopt the following pairwise potential:
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V~rW i ,VW i ,rW j ,VW j !5V0~r i j !1V1~r i j !P2~VW i•VW j !

1V2~r i j !@P2~VW i•rW i j !1P2~VW j•rW i j !#

1V3~r i j !P2~VW i•rW i j !P2~VW j•rW i j !, ~1!

where P2(x) denotes the Legendre polynomial of seco
order. The higher-order terms such asP4(VW i•VW j ),
P4(VW i•rW i j ), P4(VW j•rW i j ), etc., have been neglected in E
~1!. It has been argued such a pairwise potential is suita
for describing the interparticle interactions between a pair
axially symmetric hard-rod-like elongated molecules that
not have permanent dipole moments@23–25#.

In order to characterize the structures of the smectic liq
crystals, one must introduce some order parameters. In
smectic liquid crystals, there are two kinds of orders, one
the orientation order of molecules, the other is the posit
order of molecules due to the layered structure. To cha
terize the orientation order of molecules, one usually defi
the orientation order parameters̄ as s̄5^P2(VW •nW )&, where
the unit vectorVW denotes the orientations of the molecul
long axis, and the unit vectornW denotes the director of mol
ecules, i.e., the averaged orientation of the molecular l
axis. The symbol̂¯& denotes the statistical averaged valu
In the smectic-A phase, the directornW is parallel to thez-axis,
i.e., the normal of the layer plane. In the smectic-C phase,
the directornW tilts over with respect to the normal of th
layer plane. In the following, we will denote the tilt angle o
the directornW as ū ~its azimuthal angle is taken to be zero!.

Strictly speaking, in addition to the orientation order p
rameters̄, one needs to introduce another orientation or
parameter for the smectic-C mesophase to characterize th
anisotropy in the orientations of the transverse molecu
axes, i.e., the biaxial order parameterD. But experimental
observations have shown that the biaxial order parameteD
in the smectic-C mesophase is rather small~the magnitude of
D is the order of 1022!; for simplicity, we will neglect the
small biaxiality of the smectic-C mesophase in this pape
This negligence will not change the basic features of
present theory. The effects of the small biaxiality of t
smectic-C mesophase will be discussed elsewhere. In or
to characterize the stratified structures of the smectic
sophases, one usually defines a position order paramet̄
@1#. As usual, we definet̄ ast̄5^cos(2pz/d)&, whered is the
thickness of the layers. Using the two order parameterss̄, t̄

and the tilt angleū of the directornW of molecules, the me-
sophases of the system can be divided into four as
lows: ~1! s̄5 t̄5 ū50, no order characteristic of the isotro
pic liquid phase;~2! s̄Þ0,t̄5 ū50, orientational order only
characteristic of the nematic phase;~3! s̄Þ0,t̄Þ0,ū50, both
orientational and positional order, and the director is norm
to the layer plane; this is characteristic of the smecticA

phase.~4! s̄Þ0,t̄Þ0,ūÞ0, both orientational and positiona
order, and the director tilts over with respect to the norma
the layer plane; this is characteristic of the smectic-C phase.

To establish the extended mean-field theory based on
adopted model potential~1!, unlike the traditional MS type
of mean-field approximation, we will follow the approach
Lennard-Jones and Devonshire@18–19#. In LJD’s mean-field
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treatment of isotropic liquids, they assume that the sys
consists ofN particles moving in a volumeV, which is di-
vided in some regular way intoN equal cells each of volume
v* , and each particle is confined to one of these cells. E
particle will be moving in the field of the others, which wi
vary with time, and to obtain the partition function for th
individual particle one can replace this field by some suita
average. The simplest assumption one can make is tha
average field in which one molecule moves is that due to
immediate neighbors. This procedure has been followed
some detail by LJD@18–19#. Following their approach, we
generalize LJD’s calculation to the case of the stratifi
smectic liquid crystals with the anisotropic interparticle i
teraction potential of Eq.~1!. Considering the stratified struc
tures of the smectic-A and -C mesophases, we assume th
each molecule moves in an upright cylindrical cell who
radius is1

2 a and length is1
2 d, wherea is the averaged sepa

ration distance between two intralayer nearest-neighbo
molecules andd is the averaged separation distances betw
two interlayer nearest-neighboring molecules~equal to the
thickness of the layer!. The centers of the upright cylindrica
cells that belong to the same layer will sit on the same pl
perpendicular to thez-axis ~i.e., the normal of the laye
plane!. According to this assumption, each of the molecu
have two types of immediate neighbors, namely, that
intralayer and interlayer immediate neighbors. In the follo
ing, we will establish a set of local Cartesian coordinate a
at each celli with the origin of the coordinates being th
centers of the cells. The position vectorrW i of the mass cente
of moleculei can be specified by a local position vectorjW i :
rW i5RW i1jW i , whereRW i is the position vector of the center o
cell i and jW i5(xi ,yi ,zi) is the local position vector o
the mass center of moleculei relative to the center of celli.
We further perform a coordinate transformation:xi
5ar isinaicosbi , yi5ar isinaisinbi , zi5dr icosai , where
0<r i<

1
2 , 0<a i<p, 0<b i<2p.

Now we can derive the mean field experienced by o
molecule denoted as moleculei due to its immediate neigh
bors by generalizing the LJD calculation to two molecu
with the anisotropic interaction potential of Eq.~1!. The
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main point of our generalization is to allow moleculei’s
immediate neighbors~denoted as moleculej! also to deviate
from their respective equilibrium positions~the centers of the
cells!, and considering the cylindrical symmetry of the di
tributions of the mass centers of molecules in the cells,
can assume that the pairwise potentialV(rW i ,VW i ,rW j ,VW j ) can
be replaced equivalently by an effectively averaged pairw
potential Veff(ri ,ai ,Ui ,Fi ;rj ,aj ,Uj ,Fj), which is indepen-
dent of the azimuthal anglesb i andb j :

Veff~r i ,a i ,U i ,F i ,r j ,a j ,U j ,F j !

5
1

~2p!2 E db idb jV~rW i ,VW i ,rW j ,VW j !, ~2!

where (U i ,F i),(U j ,F j ) are the polar and azimuthal angle
of VW i and VW j relative to thez-axis, respectively, i.e.,VW
5(sinU cosF,sinU sinF,cosU). This effectively aver-
aged pairwise potentialVeff depends on the forms ofV0(r i j )
V1(r i j ), V2(r i j ), and V3(r i j ) @see Eq.~1!#. The accurate
forms of V0(r i j ), V1(r i j ), V2(r i j ), andV3(r i j ) are very dif-
ficult to determine. In order to simplify the calculations, th
Gaussian forms are usually adopted in the literature@25,26#.
As usual, we choose them to be the following Gauss
forms:

V~rW,VW i ,rW j ,VW j !5v0exp~2r i j
2 /r 0

2!@2d2P2~VW i•VW j !

1e1P2~VW i•rW i j !1e1P2~VW j•rW i j !#

2e2P2~VW i•rW i j !P2~VW j•rW i j !]. ~3!

For the above adopted forms of the pairwise potential,
integral in Eq.~2! cannot be carried out analytically. But w
note that the possibility for the mass center of moleculei ~or
j! to be sited at the center of the celli ~or j! is optimum; we
can expand the pairwise potentialV(rW i ,VW i ,rW j ,VW j ) into a se-
ries of the relative position vectorsjW i andjW j . If moleculesi
and j are the intralayer immediate neighbors, by this pro
dure we get
Veff~r i ,a i ,U i ,F i ;r j ,a j ,U j ,F i !5v0d@ l 1~r i
2,r i

4,r j
2,r j

4!2m1~r i
2,r j

2!q~cos2a i ,cos2a j !#1v0@ l 2~r i
2,r i

4,r j
2,r j

4!

2m2~r i
2,r j

2!q~cos2a i ,cos2a j !#P2~cosU i j !1v0e1@ l 3~r i
2,r i

4,r j
2,r j

4!

2m3~r i
2,r j

2!q~cos2a i ,cos2a j !#@P2~cosU i !1P2~cosU j !#

2v0e2@ l 4~r i
2,r i

4,r j
2,r j

4!2m4~r i
2,r j

2!q~cos2a i ,cos2a j !#P2~cosU i !P2~cosU j !,

~4!

where cosUij5VW i•VW j , cosUi5VW i•zW, cosUj5VW j•zW, zW is the unit vector along thez axis. The functionsl n(r i
2,r i

4,r j
2,r j

4) and

q(cos2ai ,cos2aj) are expressed as follows:

q~cos2a i ,cos2a j !5cos2a i1cos2a j23 cos2a i cos2a j , ~5!

l n~r i
2,r i

4,r j
2,r j

4!5an1bn~r i
21r j

2!1cnr i
2r j

21dn~r i
41r j

4! ~n51,2,3,4!, ~6!

mn~r i
2,r j

2!5enr i
2r j

2 ~n51,2,3,4!, ~7!
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in which an ,bn ,cn ,dn ,en (n51,2,3,4) are constant coefficients that depend only on the model parameters but are inde
of the orientational and spatial coordinates of molecules. The higher-order terms ofr4 have been neglected in Eqs.~4!–~7!. If
moleculej is the interlayer immediate neighbor of moleculei, the effectively averaged pairwise potential has a form simila
that of Eq. ~4! except that the coefficientsan ,bn ,cn ,dn ,en , (n51,2,3,4) are different. After obtaining this effective
averaged pairwise potentialVeff , the mean-field potentialVmf experienced by moleculei due to all its immediate neighbors ar
easily obtained by directly averaging over the coordinates of moleculej:

Vmf~r i ,a i ,U i ,F i !5(
j

8 ^Veff~r i ,a i ,U i ,F i ;r j ,a j ,U j ,F j !& j5(
j

8 v0d@^ l 1~r i
2,r i

4,r j
2,r j

4!& j

2^m1~r i
2,r j

2!q~cos2a i ,cos2a j !& j #1v0@^ l 2~r i
2,r i

4,r j
2,r j

4!& j

2^m2~r i
2,r j

2!q~cos2a i ,cos2a j !& j #^P2~cosU i j !& j1v0e1@^ l 3~r i
2,r i

4,r j
2,r j

4!& j

2^m3~r i
2,r j

2!q~cos2a i ,cos2a j !& j #@P2~cosQ i !1^P2~cosU j !& j #

2v0e2@^ l 4~r i
2,r i

4,r j
2,r j

4!& j2^m4~r i
2,r j

2!q~cos2a i ,cos2a j !& j #P2~cosU i !^P2~cosU j !& j , ~8!
-
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where the sum( j8$¯% includes only the immediate neigh
bors, and̂ ¯& j means that the quantities related to molec
j are replaced by their statistical averaged values. To c
out the statistical average over the orientation coordinate
molecule j, we assume that the orientation distributions

the molecular long axes~i.e., the orientation vectorsVW of
molecules! are rotational symmetrical around their averag
orientations~i.e., the directornW of molecules!; this assump-
tion should be a good approximation considering that
biaxiality of the smectic-C mesophase is rather small. With
this approximation, we have the following relations:

^P2~cosU j !& j5^P2~VW j•zW !& j5P2~zW•nW !^P2~VW j•nW !& j

5P2~cos ū !^P2~VW j•nW !& j , ~9!

^P2~cosU i j !& j5^P2~VW i•VW j !& j5P2~VW i•nW !^P2~VW j•nW !& j

5@P2~cos ū !P2~VW i•zW !

1 3
4 sin 2ū sin 2U icosF i

2 3
8 sin2 ū cos 2U icos 2F i

1 3
8 sin2ū cos 2F i #^P2~VW j•nW !& j . ~10!

In obtaining the above relations, we have used
following equation: Pn(cosUAB)5Pn(cosUA)Pn(cosUB)
1 2(m51

n $ @ (n2m) !# / @ (m1n) !# % Pn
m (cosUA) Pn

m (cosUB )
cosm(FA2FB

),whereUAB is the cross angle between vect

AW and vectorBW ; (UA ,FA) and (UB ,FB) are, respectively,
the polar and azimuthal angles of vectorAW and vectorBW
relative to the same reference axis. This equation is also u
in deriving Eq.~4!. Using Eqs.~9! and ~10!, and removing
the subscripti andj from the expressions due to translation
invariance, the mean-field potentialVmf can be expressed a
e
ry
of
f

d

e

e

ed

l

Vmf~r,a,U,F,$§̄ l%!5v0dg1~r,a,U,F,$§̄ l%!

1v0g2~r,a,U,F,$§̄ l%!

1v0e1g3~r,a,U,F,$§̄ l%!

1v0e2g4~r,a,U,F,$§̄ l%!, ~11!

where $§̄ l%[$s̄,ū,cos2 a,r2,r4%, in which §̄1[s̄
[^P2(VW j•nW )&, §̄2[ū,§̄3[cos2 aj[^cos2 aj&, §̄4[r j

2

[^r j
2&, §̄5[r j

4[r j
4. All these statistical averaged values a

assumed to be site independent due to translational inv
ance. The functionsg0(r,a,U,F,$§̄ l%), g1(r,a,U,F,$§̄ l%),
g2(r,a,U,F,$§̄ l%), and g3(r,a,U,F,$§̄ l%) are defined as
follows:

g1~r,a,U,F,$§̄ l%!5 l 11~r2,r4,r2,r4!

2m22~r2,r4,r2,r4!q~cos2a,cos2a!,

~12!

g2~r,a,U,F,$§̄ l%!5@ l 22~r2,r4,r2,r4!2m22~r2,r4,r2,r4!

3q~cos2a,cos2a!#

3s̄@P2~cos ū !P2~cosU!

1 3
4 sin 2ū sin 2U cosF

2 3
8 sin2ū cos 2U cos 2F

1 3
8 sin2ū cos 2F#, ~13!

g3~r,a,U,F,$§̄ l%!5@ l 33~r2,r4,r2,r4!2m33~r2,r4,r2,r4!

3q~cos2a,cos2a!#@P2~cosU!

1s̄P2~cos ū !#, ~14!

g4~r,a,U,F,$§̄ l%!5@ l 44~r2,r4,r2,r4!2m44~r2,r4,r2,r4!

3q~cos2 a,cos2 a!#

3s̄P2~cos ū !P2~cosU!, ~15!



n
te

e

n

e

am-

PRE 58 7439EXTENDED MEAN-FIELD MOLECULAR THEORY FOR . . .
in which

l nn~r2,r4,r2,r4!5(
j

8 l n~r i
2,r i

4,r j
2,r j

4!, ~n51,2,3,4!,

~16!

mnn~r2,r2!5(
j

8 mn~r i
2,r j

2!, ~n51,2,3,4!, ~17!

where we have removed the subscriptsi andj in the left sides
of Eqs.~15! and~16! due to translational invariance. We ca
see that there are five unknown mean-field parame
s̄,ū,cos2 a,r2,r4 in the mean-field potentialVmf . The mean-
field parameterss̄,cos2 a,r2,r4 should be determined by th
following self-consistency equations:

s̄5^P2~VW •nW !&5E
0

1/2

r2drE
0

p

sin adaE
0

p

sin UdU

3E
0

2p

dF f ~r,a,U,F,$§̄ l%!@P2cos ū !P2~cosU!

1 3
4 sin 2ū sin2U cosF1 3

8 sin2ū cos 2F

2 3
8 sin2ū cos 2U cos 2F], ~18!

cos2 a5E
0

1/2

r2drE
0

p

sin adaE
0

p

sin UdU

3E
0

2p

dF cos2a f ~r,a,U,F,$§̄ l%!, ~19!

r25E
0

1/2

r2drE
0

p

sin adaE
0

p

sin UdU

3E
0

2p

dFr2f ~r,a,U,F,$§̄ l%!, ~20!

r45E
0

1/2

r2drE
0

p

sin adaE
0

p

sin UdU

3E
0

2p

dFr4f ~r,a,U,F,$§̄ l%!, ~21!

where

f ~r,a,U,F,$§̄ l%!5
1

N
exp@2bVmf~r,a,U,F,$§̄ l%!#,

~22!

N5E
0

1/2

r2drE
0

p

sin adaE
0

p

sin UdU

3E
0

2p

dF exp@2bVmf~r,a,U,F,$§̄ l%#. ~23!

The tilt angleū should be determined by the minimizatio
condition of the free energyF:
rs

]F/]ū50, ]2F/]ū2.0, ~24!

in which the free energyF can be calculated through th
following relations:

F5
1

2 (
i

^Vmf~r i ,a i ,U i ,F i ,$§̄ l%!&2TS, ~25!

FIG. 1. ~a! The temperature dependences of the order par
eters s̄ and t̄ for model parametersd/r 052.36, a/r 050.96, d
50.64,e150.042, ande250.016.~v0 is taken to be unity!. ~b! The

corresponding temperature dependence of the tilt angleū of the
director.
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i

^ ln f ~r i ,a i ,U i ,F i ,$§̄ l%!&. ~26!

Equations~18!–~21! and~24! constitute a set of complet
simultaneous equations. From these self-consistent e
tions, we can obtain the values of the unknown mean-fi
parameters$§̄ l%. After these mean-field parameters are o
tained, the mean-field potentialVmf can be determined, the
the order parameterss̄,t̄, the tilt angleū of the directornW ,
and the thermodynamic quantities such as the free ene
entropy, specific heat, etc., can be calculated.

III. NUMERICAL RESULTS AND DISCUSSIONS

In Sec. II, we have established the basic formulas of
extended mean-field molecular theory. The main differe
between this extended mean-field molecular theory and
MS type of mean-field molecular theories is that both orie
tational and spatial correlation effects of molecules are ta
into account in this extended mean-field theory. This
tended mean-field approach is also significantly differ
from the orientation-averaged spatial correlation funct
method@20#. In this extended mean-field theory, to take in
account the spatial correlation effects of molecules one n
not resort to the decoupling of the distribution functions
molecules, so the spatial correlation effects of molecules
included in a more self-consistent way in this extend
mean-field theory. In order to see whether this type of me
field theory can describe the basic features of the smectC
to smectic-A orientational transitions, we have done som
numerical calculations. Due to the fact that there is mu
uncertainty in the choices of the model potential, includi
the model parameters, as well as to the fact that the m
purpose of this paper is only to see whether this type
mean-field theory can describe the basic features of
smectic-C to smectic-A orientational transitions, we will no
try to compare the numerical results with the experiment d
quantitatively; the detailed comparison between the theo
ical results of this extended mean-field theory and the exp
ment data will be moved too late. In this paper we will foc
on the main qualitative features of this extended mean-fi
theory. We have carried out the numerical calculations fo
number of model parameters, and we note that while
main features of this extended mean-field theory are sim
to that of the MS type of mean-field theories, this extend
mean-field theory does have some new features arising f
the spatial correlation effects of molecules.

In Figs. 1 and 2 we have plotted two typical calculat
temperature dependences of the tilt angle of the director
the order parameters in the vicinity of the smectic-C to
smectic-A orientational transition pointTCA . Like the previ-
ous mean-field molecular theories of Refs.@2–5#, this ex-
tended mean-field theory predicts that a second-o
smectic-C to smectic-A orientational transition may occur a
temperature increasing, as is shown in Fig. 1. From Fig
we can see that the tilt angleū of the director of molecules
decreases continuously to zero as temperature increas
the transition pointTCA . Correspondingly, the order param
eterss̄ and t̄ also vary continuously in the vicinity of the
transition point TCA . The calculated temperature depe
a-
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dences of the tilt angle and the order parameters are in q
tative agreement with the experimental results@11–14#. This
type of temperature behaviors of the order parameters
the tilt angle are characteristic of a second-order smectiC
to smectic-A orientational transition. But unlike the mean
field molecular theories of Refs.@2–5#, this extended mean
field theory also predicts that the discontinuous~first-order!

FIG. 2. ~a! The temperature dependences of the order par
eters s̄ and t̄ for model parametersd/r 052.28, a/r 050.92, d
50.60,e150.05, ande250.004.~v0 is taken to be unity!. ~b! The

corresponding temperature dependence of the tilt angleū of the
director.
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smectic-C to smectic-A orientational transitions may also oc
cur, as is shown in Fig. 2. This is in agreement with expe
mental observations that have established that both sec
order @11–14# and first-order@15# smectic-C to smectic-A
orientational transitions may occur. From Fig. 2, we can
that as the temperature increases, the tilt angle of the dire
of molecules decreases gradually, but it jumps to zero at
transition pointTCA . Correspondingly, the order paramete
s̄ and t̄ also vary discontinuously at the transition poi
TCA . This type of temperature behavior of the tilt angle a
the order parameters is characteristic of a first-or
smectic-C to smectic-A orientational transition. From Figs.
and 2, we can see that before the smectic-C to smectic-A
orientational transitions occurs, the orientation order para
eter s̄ increases as temperature increasing in the smectC
mesophase~i.e., in the temperature range ofT,TCA!, and
decreases as temperature increasing in the smectic-A me-
sophase~i.e., in the temperature range ofT.TCA!; this is
also in agreement with experimental observations@16# but in
contrast with the results of the mean-field molecular theo
of Refs. @2–5# which predicts that the order parameterss̄
decreases as temperature increasing in the both temper
ranges ofT,TCA and T.TCA . These results indicate tha
the spatial correlations of molecules may have some n
negligible effects on the basic features of the smectic-C to
.
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smectic-A orientational transitions and should not be n
glected completely.

In conclusion, we have established an extended me
field molecular theory for the smectic-C to smectic-A orien-
tational transitions. In this extended mean-field theory b
orientational and spatial correlation effects of molecules
taken into account, and the spatial thermal fluctuation effe
of molecules are included in a self-consistent way. While
orientation correlations effects of molecules may play
dominant role in determining the basic physical properties
liquid crystals, the short-range spatial correlations of m
ecules may have some effects in some aspects and shoul
be neglected completely. In these aspects, the exten
mean-field approximation method introduced in this pa
may be useful considering that it can include both orien
tional and spatial correlation effects of molecules. Of cour
the molecular model adopted in this paper is idealized,
further improvements, a more realistic molecular model m
be needed.
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