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Coupling between a first-order gas-liquid phase transition and a second-order orientational
transition in Langmuir monolayers
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The Ginzburg-Landau theory is developed to investigate coupling between a gas-liquid first-order phase
transition ~FOPT! and an orientational second-order phase transition~SOPT! in Langmuir monolayers. It is
found that the coupled SOPT and FOPT takes place simultaneously if the uncoupled FOPT occurs prior to the
SOPT with compression, and that in the opposite case, the coupling makes the FOPT take place at a lower
pressure, but still behind the SOPT. Gas-liquid phase separation always leads to a decrease in the averaged
order parameter of the orientational phase transition, which is qualitatively consistent with experimental data.
@S1063-651X~99!08411-1#

PACS number~s!: 64.70.Md, 68.18.1p, 68.15.1e, 68.35.Rh
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I. INTRODUCTION

Coupled phase transitions have drawn a consider
amount of attention, in particular the coupling between
first-order phase transition~FOPT! and a second-order phas
transition ~SOPT!. Such a coupling exists widely in man
phase transitions accompanied with phase separation ten
cies. For example, in oxygen-doped La2CuO41z , a low con-
centration of holes as well as excess interstitial oxygen at
may drive a macroscopic phase separation into a met
superconducting hole-rich (z.0.055) and an insulating anti
ferromagnetic hole-poor (z.0.012) phases@1#. The FOPT
with the phase separation is evidently coupled with
SOPT, such as the superconducting phase transition in
hole-rich region or the magnetic phase transition in the ho
poor region. Manganese oxides are another example. B
experimental measurements and theoretical calculations
revealed a rich phase diagram in which there exist vari
magnetic, orbital, and charge orders. The phase separ
tendency not only leads to a charge inhomogeneity, but
affects greatly competitions between ferromagnetism, a
ferromagnetism, and paramagnetism@2#. As a result, it is
highly desirable to understand fully coupled effects betwe
a FOPT and a SOPT.

A Langmuir monolayer@3#, which is composed of in-
soluble rodlike polymer molecules at an air-water interfa
provides an ideal and simple model system for studying
coupled effects between a FOPT and a SOPT. In a mo
layer of polar molecules there are two kinds of phase tra
tions. One is two-dimentional gas-liquid or liquid-solid tra
sition, which is determined by the spatial distribution
hydrophilic heads of the molecules on the air-water interfa
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The other is the orientational phase transition of the rodl
molecules. An applied lateral pressure compressing mole
lar area can lead to a FOPT from a gaseous state to a li
state. This compression can also result in a SOPT of mole
lar orientation from an isotropic phase into a polar pha
with preferential alignment@4,5#.

These phase transitions in the Langmuir monolayer h
been studied for a long time by measurements of surf
pressure-area isotherms@6#. By using a Maxwell displace-
ment current-measured technique@7#, Iwamotoet al. @8# re-
cently observed the positional and orientational phase tra
tions in Langmuir films of liquid-crystal 4-cyano-4’-5-alkyl
biphenyl ~5CB!, 7CB, 8CB, and 10CB. Theoretica
calculations@4# of considering the orientational phase tran
tion alone predicted that, as soon as the SOPT occurs
polar order parameter increases rapidly with decreasing
molecular area. The increasing rate predicted is found m
greater than that observed by experiments@8#. This disparity
may stem from the fact that the coupled effects of the g
liquid phase transition on the orientational phase transit
was not taken into account there.

Recently, we developed a Ginzburg-Landau theory
study the coupling between a FOPT and a SOPT and
tained a qualitative agreement between theory and exp
ment @5#. In that theory, however, there was an artificial a
sumption that the uncoupled FOPT and SOPT take plac
the same pressure. Besides, in that calculation, the prefa
of the free-energy density for the FOPT was assumed to
much greater than that of the SOPT term as well as
coupling term, i.e., only unilateral influence of the FOPT
the SOPT was considered. In this paper, we consider
different cases in which the uncoupled FOPT occurs prio
and behind the uncoupled SOPT, respectively. They are
doubtedly the most general and reasonable starting po
Besides, the prefactors of the free-energy densities for
6951 © 1999 The American Physical Society
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FOPT, SOTP, and their coupling are assumed to have
same order of magnitude, so that the two phase transit
can affect each other. It is found that the coupling may m
the two phase transitions take place simultaneously if
uncoupled FOPT occurs prior to the uncoupled SOPT w
compression. In the opposite case, the coupling will m
the FOPT take place at a lower pressure, even still behind
SOPT. In both cases, the gas-liquid phase separation alw
leads to a decrease in the averaged order parameter o
orientational phase transition. The theoretical result in
former case is qualitatively consistent with experimen
data.

II. MODEL

We first consider the gas-liquid phase transition on
Langmuir monolayer. Such a FOPT can be described b
position-dependent order parameter:C(x);@A(x)
2Ag#/Ag , whereA(x) is the area occupied by a molecule
x and Ag is the averaged area of the gas molecules in
gas-liquid coexistence. The~Gibbs! free-energy density for
the FOPT is given by@5,9#

f c@$C~x!%#5
1

2
k1@¹C~x!#21 f 1FhC~x!1

1

4
C2~x!

1
1

2
C3~x!1

1

4
C4~x!G . ~1!

Here f 1 andk1 are positive constants.h5(P2P0)/P0 with
P0 the pressure of the two-phase coexistence. The grad
term provides a positive energy at interfaces between gas
liquid phases, and so it is unfavorable to a phase separa
In the absence of the gradient term, the free energyf c given
in Eq. ~1! exhibits two minima atC50 andC521 at h
50, respectively, corresponding to the gaseous phase
liquid phase. In this case, as soon as the gas-molecule ar
decreased toAg by compression, the liquid nucleus wou
begin to form inside the gaseous phase. Ifh is nonzero, the
locations of the minima are shifted and there is no lon
degeneracy in the free energy. Forh,0(P,P0), the free
energy forC.0(A.Ag) is lower and so only the gaseou
phase is stable, while forh.0(P.P0), only the liquid
phase is stable.

Second, we consider the orientational phase transitio
the rodlike molecules on the Langmuir monolayer. The lo
coarse-grained order parameter is given byS(x)5cosu,
whereu is the tilt angle of the rodlike dipolar molecules atx
away from the normal direction of the monolayer. The fre
energy density of this SOPT alone is expressed as

f s@$S~x!%#5
1

2
k2@¹S~x!#21 f 2@r sS

2~x!1bS4~x!#. ~2!

Here f 2 ,k2, andb are also positive constants, andr s5(Ps
2P)/P0, wherePs is the pressure at the SOPT point. F
P,Ps (r s.0), all the molecules lie on the water surface
that the polar order parameter always equals zero. FoP
.Ps , (r s,0), we haveS5A2r s/2b, indicating that the
molecular orientation has a component in the normal dir
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tion of the water surface. Unlike in Ref.@5# wherePs5P0
was assumed, in this work we will study the most gene
cases ofPs.P0 andPs,P0.

The next step is to model the coupling between the FO
and SOPT. The simplest coupling complying with symme
requirements gives the following free-energy density

f cs@$C~x!%,$S~x!%#5 f 2gC~x!S2~x!, ~3!

whereg is the coupling constant. In the liquid phase whe
C(x)521, high molecular density and steric repulsive i
teractions among molecules@4# make the rodlike molecules
tilt up along the normal direction of the monolayer, yieldin
S(x).0, while in the gaseous phase whereC(x)50, the
steric repulsive interactions can be neglected for low mole
lar density so thatS(x)50. In order to describe this physica
phenomenon,g must be taken positive so that the coupl
free-energy is lower for the collocation ofC(x)521 with
S(x)51. Evidently, a negativeg would yield an unphysical
result.

We employ the Langevin equations to calculate equil
rium distributions ofC and S. As C is assumed to be con
served andS to be nonconserved, the Langevin equations
C andS are given by@5,9,10#

]C

]t
5D¹2

dF~$C%,$S%!

dC
, ~4!

]S

]t
52l

dF~$C%,$S%!

dS
, ~5!

where F5*( f c@$C(x)%#1 f s@$S(x)%#
1 f cs@$C(x)%,$S(x)%#)dx is the total free energy. Consider
two-dimensional lattice of 50350 with periodic boundary
conditions. We solve numerically Eqs.~4! and~5! by using a
finite-difference scheme in both time and space, and simu
spatial equilibrium distributions of the two order paramete
C and S. The liquid nucleus is assumed to form first at t
center of the lattice. It has been checked that the choic
the initial condition does not affect the present numeri
results.

III. CASE OF P0<PS

We first discuss the case where in the absence of coup
between the two phase transitions, the FOPT occurs prio
the SOPT with compressing molecular area. In reality,
coupled effects play an important role in the two phase tr
sitions. In the total free-energy density, the prefactor of te
S2(x) can be written as

r s8~x!5gC~x!1d2h, ~6!

where we have replacedr s by d2h with d5(Ps2P0)/P0,
introduced to indicate the difference between the phase t
sition points of FOPT and SOPT. In a pure gaseous st
C(x)50 and sor s85r s . As soon as the gas-liquid phas
transition occurs ath50, C(x) at the liquid nucleus change
from 0 to 21, where there will be a reverse in sign ofr s8
providedd,g. As a result, as long as the difference betwe
Ps andP0 is not big, the coupling between FOPT and SOP
will make the two phase transitions take place simul
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neously. This conclusion is consistent with the real phys
process. In the liquid phase, the molecular density is h
and strong steric repulsive interactions among molecules
ways lead toS(x).0 @4#. As a result, as soon as the FOP
occurs due to compression, finite orientational order par
eters appear, the coupling making the orientational ph
transition take place in advance.

Figure 1 shows calculated results for the spatial aver
of S(x) as a function of the averaged molecular area
several differentd and g. Here we takef 152 f 2520, k1
5k255, andl5D51. Since f 1 and f 2 are taken of the
same order of magnitude, the FOPT and SOPT have eff
on each other. Owing to the coupling~nonzerog), ^S& ex-
hibits approximately linear dependence on^A&, as shown by
the lower three curves in Fig. 1. They are quite differe
from the upmost curve for̂S& versus^A&. The latter corre-
sponds to an orientational phase transition taking place in
pendently atA5Ag , with g50 andd50 taken. The differ-
ence between them can be understood by the follow
argument. After the gas-liquid phase transition occurs,
orientational order parametersSl in the liquid phase andSg
in the gaseous phase remain unchanged. SinceSg50, the
increase of̂ S& depends mainly on the increase of the a
fraction of the liquid phase with compression, i.e.,

^S&5ySl1~12y!Sg , ~7!

wherey is the area fraction of the liquid phase and govern
by the usual lever rule. On the other hand, the averaged
per molecule is given by

^A&5yAl1~12y!Ag , ~8!

where Al is the molecular area of the liquid phase in t
gas-liquid coexistence. Combining Eqs.~7! and~8!, one gets
linear dependence of^S& on ^A&. In reality, the mean area o
the gaseous molecules is rather large compared with tha
the liquid molecules (Ag@Al) and Sg50, so that ^A&
5Sl(12^A&/Ag). Replacingr s in Eq. ~2! by r s8 given in Eq.
~6!, we have

S2~x!5
h2gC~x!2d

2b
. ~9!

FIG. 1. ^S& as a function of̂ A&/Ag for several values ofg and
C0: ~a! g50 and d50, ~b! g51 and d50.25, ~c! g51 and d
50.5; ~d! g50.5 andd50.25.
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SinceC(x) is negative in the liquid region, a biggerg or a
smallerd yields a larger value ofSl , resulting in a larger
slope of thê S& versus^A& line.

It is also shown in Fig. 1 that the common phas
transition point of the FOPT and SOPT is always atA
slightly lower thanAg . It arises from the existence of th
gradient term that provides a positive interfacial energy a
so is unfavorable to the spatial phase separation. AsA is
decreased toAg , the liquid nucleus cannot form until a de
crease in energy due to gas-liquid phase separation exc
an increase of the interfacial energy. As a result, the g
liquid transition is shifted down toA,Ag , at which the area
fraction of the liquid phase will have a small uncontinuo
jump. However, this effect is size dependent, decreasing w
increasing the size of the system. In the thermodyna
limit, where the system size goes to infinity, the interfac
effect can be neglected and the shift in the phase trans
vanishes. On the other hand, the coupled free energy give
Eq. ~3! is favorable to the formation of the liquid nucleu
because it can provide a negative free energy forC(x)5
21. Thus, a larger value ofg will lead to a bigger right-shift
of the phase-transition point. On the other hand, as soo
the liquid nucleus is formed,C(x)521 at it gives rise to a
finite Sl according to Eq.~9!. It follows from Eq.~7! that the
jump in ^S& at the phase-transition point comes from a su
den appearance of nonzeroSl and y. The greaterg and the
lessd, the greaterSl becomes,̂S& exhibiting a bigger jump.
All the arguments above are suitable to the case ofd,g and
consistent with the calculated results shown in Fig. 1. Ifd is
larger thanguC(x)u in the liquid region, according to Eq.~9!,
Sl is still equal to zero after the gas-liquid phase transit
has taken place. In this case,f cs is always equal to zero an
the coupling has little effect on the orientational phase tr
sition.

IV. CASE OF P0>PS

We now discuss the opposite case in which the uncoup
SOPT occurs prior to the FOPT.d5(Ps2P0)/P0 still indi-
cates the distance between two uncoupled phase trans
points, butd,0 due toPs,P0. In the total free energy, the
renormalized prefactor ofC(x) is given by

h8~x!5h1agS2~x!5
P

P0
2@12agS2~x!#, ~10!

wherea5 f 2 / f 1. At the SOPT point whereP5Ps,P0 and
S50, h is always negative and the gas-liquid phase tr
stion is not able to take place. By decreasing the molec
area by compression,S in the uniform gaseous state increas
gradually. AsS is increased to a critical value,h8 can change
its sign from negative to positive and so the gas-liquid ph
transition occurs atP5P0(12agS2). In this case, the
FOPT point shifts belowP0 but abovePs .

Figure 2 shows the calculated result for^S& as a function
of ^A& for differentg andd, wheref 15 f 2520 (a51) and
the other constant parameters are the same as in Fig. 1
ease of comparison, the upmost curve is plotted correspo
ing to the uncoupled SOPT ofg50. It is found that as soon
as the FOPT takes place,^S& first exhibits a small drop and
then increases linearly with the decrease of^A&. From Eq.
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~10! as well as Fig. 2, one finds that the coupled effect of
SOPT on the FOPT is governed by the coupling streng
The largerag, the earlier the FOPT takes place. The line
dependence of̂S& on ^A& can be understood by Eqs.~7! and
~8! as well as the same argument as in the case ofP0,Ps . It
arises from the fact that botĥS& and^A& are proportional to
y. During the gas-liquid phase transition process, the or
parametersSl andSg remain unchanged, as shown in Fig.

Analogous to the jump in̂S& in Fig. 1, the drop in̂ S& in
Fig. 2 is also related to the presence of the gradient term
the free energy. A positive interfacial energy makes the c
cal pressure, at which the real FOPT takes place, higher
P0(12gS2). As soon as the FOPT occurs, there is a sud
increase iny, resulting in a sudden increase inAg and a
sudden decrease inSg . At this very moment, the change o
^S& is given by

D^S&5Dy~Sl2Sg!1DSg , ~11!

whereDSg is the difference between the orientational ord
parameters in the gaseous region after the gas-liquid p
transition takes place and in a pure gaseous state. It is fo
from Fig. 3 that the former is smaller than the latter, and
DSg is negative. Even thoughSl2Sg.DSg shown in Fig. 3,
a very smallDy may yield a negativeD^S& or a drop in^S&.

Another feature shown in Fig. 3 is thatCl,21 in the
liquid region andCg.0 in the gaseous region. It is quit
different from an uncoupled gas-liquid phase transition
P5P0, whereCl521 andCg50. In reality,Cl,21 indi-
cates that the molecular density in the liquid region is grea
than that ofCl521 andCg.0 indicates that the molecula
density in the gaseous region is less than that ofCg50. This
is because the coupling of the orientational phase trans
shifts the FOPT to a lower pressureP0(12gS2), at which
the mean area of the gas molecules must be larger thanAg .

FIG. 2. ^S& as a function of̂ A&/As (As being the molecular area
corresponding toPs, where the SOPT occurs! for several values of
g and d: ~a! g50, ~b! g51 and d520.5, ~c! g52 and d5
20.5.
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The present result can be understood by analogy with theP-
V phase diagram in a three-dimensional gas-liquid ph
transition, where the lower the pressure, the wider the g
liquid coexistent region, having a larger molecular volume
gas and a smaller mole volume of liquid. We wish to po
out that in the present case there are orientational order
rametersSl andSg in the liquid and gaseous regions, respe
tively, both of them having finite values (Sl.Sg.0). Such a
phase separation differs from that in the case ofP0,Ps ,
where there is only nonzeroSl in the liquid region andSg
50 in the gaseous region.

V. SUMMARY

In summary, as an example of coupled gas-liquid a
orientational phase transitions, we have studied the cou
effects between a FOPT and a SOPT. It is shown that if
FOPT occurs prior to the SOPT with compression, a stro
enough coupling (g.d) can make the two phase transition
occur at the same time. In the opposite case of the SO
occuring prior to the FOPT, the coupling shifts the FOPT
taking place at a lower pressure (P0.P.Ps). In both cases,
the coupling always results in a decrease of the avera
orientaional order parameter. The present theory has b
compared with experimental results for the orientational
der parameter in a Langmuir monolayer, a qualitative agr
ment between them being obtained in the case ofPs.P0 and
g.d.
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FIG. 3. Evolution ofC(x) andS(x) with the growth of a liquid
nucleus inside the gaseous phase, whereg51 andd520.5. This is
a cross section atY525 of a 50350 grid with ^A&/As taken to be
0.80, 0.77, 0.73, and 0.70, respectively. The horizontal lines de
uniform S andC just before the FOPT occurs.
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