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Symmetric polymer blend confined into a film with antisymmetric surfaces:
Interplay between wetting behavior and the phase diagram

M. Müller,1,2,* E. V. Albano,2 and K. Binder1
1Institut für Physik, WA 331, Johannes Gutenberg Universita¨t, D-55099 Mainz, Germany

2INIFTA, Universidad de La Plata, C.C. 16 Sus. 4, 1900 La Plata, Argentina
~Received 22 March 2000!

We study the phase behavior of a symmetric binary polymer blend that is confined in a thin film. The film
surfaces interact with the monomers via short-range potentials. We calculate the phase behavior within the
self-consistent field theory of Gaussian chains. Over a wide range of parameters we find strong first-order
wetting transitions for the semi-infinite system, and the interplay between the wetting/prewetting behavior and
the phase diagram in confined geometry is investigated. Antisymmetric boundaries, where one surface attracts
the A component with the same strength as the opposite surface attracts theB component, are applied. The
phase transition does not occur close to the bulk critical temperature but in the vicinity of the wetting transition.
For very thin films or weak surface fields one finds a single critical point atfc5

1
2 . For thicker films or

stronger surface fields the phase diagram exhibits two critical points and two concomitant coexistence regions.
Only below a triple point there is a single two-phase coexistence region. When we increase the film thickness
the two coexistence regions become the prewetting lines of the semi-infinite system, while the triple tempera-
ture converges toward the wetting transition temperature from above. The behavior close to the tricritical point,
which separates phase diagrams with one and two critical points, is studied in the framework of a Ginzburg-
Landau ansatz. Two-dimensional profiles of the interface between the laterally coexisting phases are calcu-
lated, and the interfacial and line tensions analyzed. The effect of fluctuations and corrections to the self-
consistent field theory are discussed.

PACS number~s!: 68.45.Gd, 05.70.2a, 83.80.Es
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I. INTRODUCTION

The phase behavior of fluid mixtures in confined geo
etry has attracted abiding interest over many decades@1,2#.
The preferential interactions at the surfaces give rise to
enrichment of one component at the surface. In a se
infinite system at phase coexistence, the thickness of
enrichment layer diverges at the wetting transition@3–7#.
Upon approaching the wetting transition temperature fr
below, the thickness of the enrichment layer might incre
continuously~second-order wetting! or jump from a micro-
scopically thin layer to a macroscopic layer at the~first-
order! transition. This latter case is by far the most comm
experimentally. If the transition is of first order, a continu
tion of the singularity persists also slightly above the wett
transition temperature. At a chemical potential~partial pres-
sure! of the preferred species, which is smaller than the
existence value~undersaturation!, a thin and a thick enrich-
ment layer coexist. Upon following this coexistence li
~prewetting! to higher temperatures we decrease the diff
ence in the enrichment layers of the coexisting phases
encounter a prewetting critical point.

If a symmetric binary mixture is confined into a film wit
antisymmetric boundaries, i.e., the upper surface attracts
species with exactly the same strength as the lower sur
attracts the other species, no phase transition will occur c
to the bulk critical point. Upon decreasing the temperat
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the enrichment layers at both surfaces gradually develop
stabilize anAB interface in the center of the film~‘‘soft-
mode’’ phase!. It is only close to the wetting transition tem
perature that the symmetry is spontaneously broken and
AB interface is localized close to one surface. This interfa
localization-delocalization transition@8–13# and the anoma-
lous fluctuations of the delocalizedAB interface in the ‘‘soft-
mode’’ phase have attracted recent interest@11,14–16# and
experimental realizations in terms of polymeric systems h
been investigated@14,15,17#.

The application of experimental techniques~e.g., nuclear
reaction analysis or neutron reflectometry! is facilitated by
the large length scale of the enrichment layers, which is
termined by the molecule’s end-to-end distanceRe . The
macromolecular architecture also allows a successful c
parison to the results of the mean-field theory. The free
ergy cost of anAB interfacesRe

2 on the length scaleRe

increases with chain length; a fact that reduces the effec
interface fluctuation on the phase diagram for very lo
chains. The extended fractal shape of the polymers leads
strong interdigitation of different molecules. The large nu
ber of neighbors with which a molecule interacts strong
suppresses composition fluctuations and imparts mean-
behavior to the phase diagram except for the ultimate vic
ity of the critical point.

In the following, we consider a symmetric binary polym
mixture confined into a thin film with antisymmetric bound
aries and study how the wetting transition in the semi-infin
geometry affects the phase stability in a film. We empl
self-consistent field calculations@18–22# to calculate the
5281 ©2000 The American Physical Society
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5282 PRE 62M. MÜLLER, E. V. ALBANO, AND K. BINDER
phase diagram as a function of the incompatibility, the sh
range surface interactions, and the film thickness. Our pa
is arranged as follows: In the next section we describe
self-consistent field technique@21,22#. Then we present the
phase behavior in a thin film with antisymmetric boundari
For thick films or strong surface fields the phase diagr
contains two critical points, corresponding to the prewett
critical points of each surface. Interfacial profiles betwe
the coexisting, laterally segregated phases are discussed
the interfacial and line tensions are analyzed. The pa
closes with a summary and a discussion of fluctuation
fects.

II. SELF-CONSISTENT FIELD CALCULATIONS „SCF…

We consider a binary polymer blend in a volumeV0

5D03L3L. The film containsn polymers.D0 denotes the
film thickness, whileL is the lateral extension of the film. Le
r be the monomer number density in the middle of the fil
The density at the film surfaces deviates from the densit
the middle and it is useful to introduce the thickness~vol-
ume! D(V) of an equivalent film with constant monome
densityD[nN/rL2.

The two surfaces of the film are impenetrable and hard
a boundary region of widthDw , the total monomer density
drops to zero at both walls. In our calculations, we assu
the monomer density profilerF0 to take the form@21,22#
r

c
w
o

h

se
w
n
c

d

t-
er
e

.

g
n
and
er
f-

.
in

n

e

F0~x!55
12cosS px

Dw
D

2
for 0<x<Dw

1 for Dw<x<D02Dw

12cosS p~D02x!

Dw
D

2
for D02Dw<x<D0.

~1!

A film with the same number of monomers but uniform de
sity would have the thicknessD5D02Dw . We assume the
width of the boundary region to be small compared to
characteristic length scale of the composition profile, i
Dw /Re!1. In accordance with previous studies@21–24# we
chooseDw50.15Re . This particular choice of the densit
profile is employed for computational convenience. If w
chose a smaller value of the ratioDw /Re the results would
remain~almost! unaltered but the computational effort@i.e.,
the required number of basis functions~see below!# would
increase substantially.

Both polymer species of the blend—denotedA and
B—contain the same number of monomeric unitsN and are
of the same architecture. We model them as Gaussian ch
of end-to-end distanceRe . There is a short-range repulsio
between the two monomer species that can be paramete
by the Flory-Huggins parameterx. The reduction of the tota
monomer density imparts also a lower segregation to
boundary regions~‘‘missing neighbor’’ effect!.

Both walls interact with the monomer species via a sho
range potential. The monomer wall interactionH in units of
the thermal energykBT is modeled as@21,22#
H~x!

kBT
55

4L1Re

Dw
H 11cosS px

Dw
D J for D0<x<Dw ,

0 for Dw<x<D02Dw ,

4L2Re

Dw
H 11cosS p~D02x!

Dw
D J for D02Dw<x<D0.

~2!
er.

nd
A positive value@H(x).0# corresponds to an attraction fo
theA monomers and a repulsion for theB species. The range
of the monomer-wall interaction is assumed to be mu
smaller than the chain extension and, for convenience,
employ the same numerical value as we do for the width
the boundary region in the monomer density profile. T
normalization of the surface fieldsL1 andL2 , which act on
the monomers close to the left and the right wall, is cho
such that the integrated interaction energy between the
and the monomers is independent of the width of the bou
ary regionDw . In the following we consider antisymmetri
surface fields, i.e.,L[L152L2 .

The microscopicA monomer densityF̂A can be expresse
h
e
f

e

n
all
d-

as a functional of the polymer conformations$ra(t)%:

F̂A~r !5
N

r (
a50

nA E
0

1

dt d„r2ra~t!…, ~3!

where the sum runs over allnA A polymers in the system and
0<t<1 parametrizes the contour of the Gaussian polym

A similar expression holds forF̂B(r ). With this definition
the semigrandcanonical partition function of a binary ble
takes the form
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Z; (
nA51

n
exp~1DmnA/2kBT!

nA!

exp~2DmnB/2kBT!

nB! E DA@r #PA@r #E DB@r #PB@r #

3expS 2rE dr$xF̂AF̂B2H~r !@F̂A~r !2F̂B~r !#% D d„F0~r !2F̂A~r !2F̂B~r !…, ~4!
ia
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wheren5nA1nB andDm represents the exchange potent
betweenA andB polymers. The functional integralD sums
over all chain conformations of the Gaussian polymers a

P@r #;expS 2
3

2Re
2E

0

1

dtS dr

dt D 2D
denotes the statistical weight of a noninteracting Gaus
polymer. This simple model neglects the coupling betwe
the interaction energy and the chain conformations,@25# and
a finite stiffness of the polymers. Hence, the chain extens
parallel to the walls remain always unperturbed. The Bo
mann factor in the partition function incorporates the therm
repulsion between unlike monomers and the interactions
tween the monomers and the walls. The last factor repres
the incompressibility of the melt in the center of the film a
enforces the monomer density to decay according to Eq~1!
at the walls. A finite compressibility of the polymeric fluid
which results in a reduction of the monomer density at anAB
interface, is neglected.

Introducing auxiliary fieldsWA , WB , FA , FB , and J,
we rewrite the partition function of the multichain system
terms of the partition function of a single chain

Z;E DWADWBDFADFBDJ

3expS 2
G@WA ,WB ,FA ,FB ,J#

kBT D . ~5!

The free-energy functional has the form

G@WA ,WB ,FA ,FB ,J#

nkBT

[1 ln
n

V0
2 ln$exp~Dm/2kBT!QA@WA#

1exp~2Dm/2kBT!QB@WB#%

1
1

V E dr xNFA~r !FB~r !2
1

V E dr H~r !N$FA~r !

2FB~r !%2
1

V E dr $WA~r !FA~r !1WB~r !FB~r !%

2
1

V E dr J~r !$F0~r !2FA~r !2FB~r !%, ~6!

whereQA denotes the single chain partition in the extern
field WA :
l

n
n

s
-
l
e-
nts

l

QA@WA#5
1

V0
E D1@r #P1@r #expS 2E

0

1

dt WA„r ~t!…D ,

~7!

and a similar expression holds forQB .
The functional integration in Eq.~5! cannot be carried ou

explicitly. Therefore we employ a saddle-point approxim
tion, which replaces the integral by the largest value of
integrand. This maximum occurs at values of the fields a
densities determined by extremizingG with respect to each
of its five arguments. These values are denoted by lower-c
letters and satisfy the self-consistent set of equations

wA~r !5xNfB2H~r !N1j~r !,

wB~r !5xNfA1H~r !N1j~r !,

fA~r !52
V

Q
DQ
DwA

5
V exp~Dm/2kBT!

V0Q E D1P1

3E
0

1

dt d„r2r ~t!…expS 2E
0

1

dt wA„r ~t!…D ,

~8!

and a similar expression forfB . The abbreviationQ denotes
the semigrandcanonical single chain partition function

Q5exp~Dm/2kBT!QA1exp~2Dm/2kBT!QB . ~9!

At this stage, fluctuations around the most probable c
figuration are ignored. Most notably, theAB interfaces in the
self-consistent~SCF! field calculations are ideally flat an
there is no broadening by fluctuations of the local position
the AB interface~capillary waves!.

To calculate the monomer density it is useful to define
end segment distributionqA(r ,t):

qA~r ,t !5E
0

t

D1@r #P1@r #d„r2r ~ t !…expS 2E
0

t

dt wa„r ~t!…D ,

~10!

and a similar equation holds forqB(r ,t). The end segmen
distribution satisfies the diffusion equation

]qA~r ,t !

]t
5

Re
2

6
DqA~r ,t !2wAqA . ~11!

The A monomer density can be expressed via the end s
ment distribution
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fA~r !5
V exp~Dm/2kBT!

V0Q E
0

1

dt qA~r ,t !qA~r ,12t !,

~12!

and the single chain partition function is given by

QA5
1

V0
E dr qA~r ,1!. ~13!

Substituting the saddlepoint values of the densities and fi
into the free-energy functional~6! we calculate the free en
ergy of the different phases:

G

nkBT
52 ln Q2

xN

V E dr fAfB2
1

V E dr jF0 . ~14!

The free energy and the monomer densities are invariant
der a changej(r )→j(r )1c. Hence, we adjust the constantc
such that the last term in the equation above vanishes. Fo
homogeneous bulk~i.e., D0→`!, we obtain from Eq.~8!:

Dm

kBT
5 ln

fA

12fA
2xN~2fA21!, ~15!
th
n
s

co
la
b

u

t
’s
s

ds

n-

an

and Eq.~14! yields

G

nkBT
5 ln

n

V0
2 ln 2 coshH xN

2
~2fA21!1

Dm

2kBTJ
2xNfA~12fA!1

xN

2
. ~16!

The Helmholtz free-energyF in the canonical ensemble i
related toG via the Legendre transformation

F5G1
Dm

2
~nA2nB!, ~17!

and for the homogeneous bulk systemF takes the Flory-
Huggins form

F

nkBT
5 ln

n

V0
1fA ln fA1~12fA!ln~12fA!

1xNfA~12fA!. ~18!

In inhomogeneous systems we expand the spatial de
dence of the densities and fields in a set of orthonormal fu
tions:
f kl~x!5H& sin~pkx/D0! for l 50, k51,2, . . . ,

& sin~pkx/D0!& cos~2p ly /L ! for l .0, k51,2, . . . .
~19!
rk

s,
cts

CF

by
ex-

two
fixed

is

a
nt,

ed
This procedure results in a set of nonlinear equations
are solved by a Newton-Raphson-like method. For the o
dimensional profiles~l 50, k51, . . .! we use up to 120 basi
functions and achieve a relative accuracy 1024 in the free
energy.

In order to investigate the interface between laterally
existing phases, we employ two-dimensional SCF calcu
tions in the canonical ensemble. In the canonical ensem
the relation between the fieldswA andwB and the densities is
still given by Eq.~8!, but the densities are obtained via

fA~r !52f̄A

V

QA

DQA

DwA
5

Vf̄A

V0QA
E

0

1

dt qA~r ,t !qA~r ,12t !;

~20!

f̄A denotes the average composition of the system. We
320 basis functions for film thicknessD050.9Re . The
Helmholtz free energy takes the form

F

nkBT
5f̄A ln f̄A1~12f̄A!ln~12f̄A!2f̄A ln QA

2~12f̄A!ln QB2
xN

V E dr fAfB , ~21!

where we have used*dr jF050.
The temperature scale in the SCF calculations is set by

incompatibilityxN, the length scale is set by the molecule
end-to-end distanceRe , and the strength of the surface field
at
e-

-
-
le

se

he

appears only in the combinationL1N andL2N. Moreover,
we employ the reduced chain lengthN̄5(rRe

3/N)2 to mea-
sure the degree of mutual interdigitation. In the framewo
of the SCFT, systems with the same values ofxN andRe but
different N̄ exhibit identical behavior. As we shall discus
the mean-field approximation is appropriate in many aspe
in the limit N̄→`, whereas there are corrections to the S
calculations for finiteN̄. A different interesting behavior
emerges at strong segregationxN→` ~SSL!. In this regime,
many properties of the SCF calculations are describable
simple analytical expressions, and we shall denote these
pressions by SSL in the following.

III. RESULTS

A. Bulk phase diagram and wetting behavior

Coexistence between different phases occurs if the
phases have the same semigrandcanonical energy at
temperature 1/xN and exchange potentialDm. Since the
bulk is symmetric with respect to exchangingA
B, phase
coexistence occurs atDmcoex50 and the phase diagram
given implicitly by Eq. ~15!. The critical temperature is
given by 1/xcN51/2. Of course, the SCF theory yields
parabolic shape of the binodal close to the critical poi
because it is a mean-field theory.

The location of the wetting transition can be determin
via the Young equation@26#. The A component wets the
surface, ifsWB2sWA.sAB , wheresAB denotes theAB in-
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terface tension between the coexisting bulk phases, andsWA
andsWB denote the excess surface free energies per unit
of a surface in contact with theA-rich or B-rich phase, re-
spectively. In the strong segregation limit~SSL!, i.e., xN
@2, theAB interface tension takes the form@27#

sABRe
2

kBT
5AN̄AxN/6S 12

4 ln 2

xN
1¯ D ~SSL!. ~22!

The excess surface free energy of a surface in contact
the A-rich phase has two contributions. On the one hand
polymer conformations are restricted due to the presenc
the surface and the decay of the density profile in the vicin
of the wall. Since theA andB polymers have identical archi
tecture, this conformational entropy contribution to the e
cess surface free energy is, however, the same for the
species and does not enter into the differencesWB2sWA
@28#. On the other hand, the surface fieldsL1 and L2 give
rise to a contribution to the excess surface free energy. If
surface is completely covered by theA component, this con-
tribution amounts to

Ew

L2kBT
5rE

0

D0/2

dx H~x!F0~x!5rReL. ~23!

The contribution of a surface covered by theB component
has the opposite sign.

If the wetting transition occurs at high incompatibility
will be of first order. In this case the enrichment layer in t
nonwet state is negligibly small. Monte Carlo simulatio
show that this is a good approximation@28#. The Young
equation@28# yields for the strength of the surface field at t
wetting transition

LwetN'AxwetN/24S 12
4 ln 2

xwetN
1¯ D

~SSL, first-order wetting!. ~24!

If the integrated monomer-wall interactionLRe;LAN,
which is the experimentally relevant quantity, does not
pend on the chain lengthN, the left-hand side of the equatio
will be large and the wetting transition in the binary polym
blend will occur in the strong segregation limit, i.e.,xwet
;(LRe)

2@1/N. This is in contrast to the behavior of mix
tures of small molecules, where the Cahn argument@3# sug-
gests that the wetting transition occurs close to the crit
point.

If the wetting transition is first order, a prewetting lin
emanates from the coexistence curve above the wetting
sition temperature. Along this line, a thin and a thick enric
ment layer coexist at undersaturation. For short-range fo
the prewetting line approaches the bulk coexistence cu
linearly Dmprewet;(T2Twet)/ ln(T2Twet) @29#. Upon increas-
ing the temperature, the difference in the thickness of
enrichment layers decreases and the prewetting line ends
prewetting critical point. This prewetting behavior is per
nent to the phase behavior in thin films.

Only for very weak surface fields the wetting transitio
occurs close to the critical point. In this limit, polymers e
hibit a behavior similar to small molecules and the wetti
ea

ith
e
of
y

-
o

e

-

l

n-
-
es
e

e
n a

behavior has been studied within the square-gradient
proximation @30,31#. The latter assumes that the concent
tion varies slowly on the length scaleRe . In this approxima-
tion the dependence of the bare surface free energy on
composition at the wall plays a central role. In our mod
both the surface fields and the ‘‘missing neighbor’’ effe
due to the decay of the monomer density at the wall give
to a composition dependence of the bare surface free ene

f wall
bare~fAs!5

DF

rL2kBT
52m1fAs2

1

2
g1fAs

a

5E
0

Dw
dz$~fA2fB!H1xfAfB%2xfAsfBs

Dw

2

52~fAs2fBs!ReL2 1
8 DwxfAsfBs , ~25!

wherefAs5 limz→0 fA(z)/F0(z) denotes the composition a
the surface. Other contributions to the bare surface free
ergy ~e.g., terms proportional to the gradient of the comp
sition at the surface! are omitted. From this we identify the
coefficientsm152LRe1xDw/8 andg152xDw/4. One cen-
tral result of the square-gradient theory is that wetting tr
sitions close to the critical point are of second order a
occur atm152g1(12fA

bulk) ~a detailed derivation of this
equation in the framework of the square-gradient approxim
tion can be found in Ref.@30#!. Using the parameters of ou
model we rewrite this result in the form

LwetN'
1

16
xwetN

Dw

Re
~122fA

bulk!,

~WSL, second-order wetting!. ~26!

For arbitrary strength of the surface fields we expect
variableLwetN to be a function ofxwetN and the above equa
tions describe the limitsxN→` andxN→2.

B. Interface localization-delocalization transition

Rather than focusing on the detailed composition pro
across the enrichment layers at the surface, much qualita
insight into the wetting behavior and the interfa
localization-delocalization transition can be gained fro
characterizing the profile only by the distancel between the
wall and theAB interface. The dependence of the free ene
per unit area—the effectiveAB interface potentialgwall( l )
5F( l )/L25rkBTD f /N—on the distancel determines the
wetting behavior. The short-range surface fields distort
profile in the vicinity of the wall and give rise to an effectiv
interaction that decays exponentially with the distancel be-
tween the wall and theAB interface. Qualitatively, the effec
tive interface potentialgwall( l ) in the semi-infinite system
can be expanded in the form@4#

gwall~ l !5a~xN!exp~2l l !2b exp~22l l !1c exp~23l l !.
~27!

This expression retains only the lowest powers
exp(2ll), which are necessary to bring about the salient f
tures of the wetting behavior. We neglect the temperat
dependence of the coefficientsb andc. l denotes the inverse
length scale of the interaction between the surface and
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FIG. 1. ~a! Schematical illustration of the Ginzburg-Landau free energy for the case of the two critical points (r 51.0) and for a single
second-order transition (r 521,0) ~inset!. The values of the temperaturelike variablet are given in the key. Coexisting values and critic
points are marked by points, while straight lines present Maxwell constructions connecting the two coexisting phases.~b! free energy in the
canonical ensemble as a function ofxN and f for D050.9 andLN50.5. The temperatures correspond to a supercritical isotherm
critical isotherm, a temperature betweenTt andTc, the triple temperature, and an even lower temperature.
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AB interface~see below!. In principle, the numerical value
of the coefficients can be obtained from fitting the results
our SCF calculation to the equation above, but we can
offer analytical expression for the coefficients in the fram
work of the SCFT. In the following, we discuss the qualit
tive behavior that arises from an effective interface poten
of type ~27!.

If the coefficientb is negative, the wetting transition is o
second order and occurs when the coefficienta changes its
sign. Following Parry and Evans@2,9# we obtain the effec-
tive interface potentialg( l ) in a thin film by superimposing
the interactions originating from each individual wall;g( l )
5gwall( l )1gwall(D2 l ). The qualitative form of the potentia
is shown in the inset of Fig. 1~a!, where the parameterm
;l2D/2 is proportional to the distance of the interface fro
the center of the film. The values oft correspond to various
temperatures. A second-order wetting transition gives ris
a second-order interface localization-delocalization tran
tion. Above the transition, a singleAB interface parallel to
the surfaces is stable, the system is in the one-phase re
Below the transition, the system phase separates late
into phases where theAB interface is located close to th
right or the left surface, respectively. The transition is
second order, i.e., the composition difference between
coexisting phases increases continously. The transition t
perature approaches rapidly the wetting transition temp
ture of the semi-infinite system from below as we increa
the film thickness.

If the coefficientb is positive, the form ofgwall( l ) leads to
a first-order wetting transition in the semi-infinite syste
where a thin layer of thicknessl 251/l ln(2c/b) coexists
with a macroscopically thick enrichment layer atawet
5b2/4c. The prewetting critical point is located atapwc
516awet/9 andl pwc51/l ln(9c/2b). The superposition of in-
teractions between theAB interface and the opposing wal
yields the effective interface potential in a thin film. Th
qualitative shape of the potential is shown in Fig. 1~a! sche-
matically, while panel 1~b! presents the results of the SC
calculations forD050.9Re andLN50.5.

At low temperature, we find phase coexistence betw
two laterally segregated phases. Upon increasing the t
f
ot
-

l
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on.
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perature, we encounter a triple point at which these t
phases, where theAB interface is located close to the right o
the left surface, respectively, coexist with a third pha
where theAB interface is delocalized at the center of th
film. The location of the triple point~l triple andatriple! is given
by the conditionsg( l t)5g(D/2) and]g/] l u l t

50. For large

film thickness this yields atriple2awet5b exp(2lD/2)
1O„exp(2lD)…; i.e., as the film thickness is increased, t
triple temperature converges exponentially fast to the te
perature of the first-order wetting transition of the sem
infinite system from above. Above this triple point there a
two coexistence regions that each correspond to the pre
ting coexistence of the semi-infinite system. AtDm,0 we
find the coexistence of a thick and a thin enrichment laye
the A species at theA-attracting surface and atDm.0 a
similar coexistence at the opposite surface. The two coex
ence regions end in critical points close to the prewett
critical temperature of the semi-infinite system. This fir
order interface localization-delocalization behavior is t
analogon of the first-order wetting behavior of the sem
infinite system.

The different coexisting phases and their semigrand
nonical free-energyG are presented in Fig. 2 forD0
50.9Re andLN50.5. Below the triple point 1/xN,0.108,
the phases are well-segregated. The monomer density
files of theA component are depicted on the left side. Up
following the coexistence curve to higher temperaturesG
decreases. At the triple temperature, these two phases co
with a third phase in which the interface is delocalized in t
middle of the film. From there onward, there are two coe
istence regions at positive and negative values of the
change potentialDm. Profiles of the two phases of theA-poor
coexisting region are presented on the right side. They c
sist of a thin~upper right inset of Fig. 2! and a thick~lower
right inset! enrichment layer of theA component at the sur
face that favorsA.

For our strictly antisymmetric system, the concentrati
corresponding to the triple point always is exactly 1/2 due
the symmetry. This has an interesting consequence if
cools a mixture atf51/2: while in the bulk this mixture
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would undergo a second-order phase separation~critical un-
mixing at x5xcrit52/N, f5fcrit51/2!, one finds a single
first-order unmixing transition atx5x triple . For asymmetric
compositions, however, enrichment layers form gradually
a wall close to the bulk critical temperature. This stabiliz
an AB interface, which runs parallel to the surfaces. T
interface is located close to one surface; its position is gi
by the composition of the system. Close to the prewett
critical point, the enrichment layer may phase separate la
ally into a thick and a thin enrichment layer. Upon furth
cooling, we encounter a second phase transition where
thickness of the thick enrichment layer becomes compar
to the film thickness, i.e., two almost completely segrega
phases coexist.

Previous Monte Carlo simulations@28# yield evidence
that the interaction range 1/l in Eq. ~27! is determined by the
bulk correlation lengthj for large distances between theAB
interface and the surface. This is in accordance with the
pectation that theAB interface profile in the outer wing is
characterized by the length scalej, which measures the de
cay of composition fluctuations in the bulk, rather thanw/2,
which characterizes the slope of theAB interface profile at
the center of the interface. This is further corroborated by
SCF calculations. For two temperaturesxN55 and 8 above
the critical temperature we have measured the free-en
densityf as a function of the compositionf for various film
thicknesses. Aroundf5 1

2 , the free-energy density can b
expanded in the formf 5 f 11 f 2(f2 1

2 )2. This yields for the
effective AB interface potentialg( l )5rkBTD f /N;const
1f2(l2D/2)2/D. Above the critical temperature, we can e
timate the effective range 1/l of the interaction according to
g( l );exp(2lD/2); f 2 /D. In Fig. 3, we plot f 2 /D vs the
film thicknessD. For large film thicknesses the data exhib
an exponential dependence on the film thickness. Upon
creasing the temperature, the interaction increases as the
faces repel theAB interface more strongly. For largeD the
interaction range is compatible with 1/l5j'Re /A18,
where we have used the behavior of the correlation lengt

FIG. 2. Semi-grand-canonical free-energyG of the coexisting
phases atLN50.5 and D050.9Re . For Dmcoex[0 and T,Tt

50.108 anA-rich phase coexists with aB-rich phase, while for
Dmcoex,0 andT.Tt both coexisting phases areB-rich and differ
in the thickness of theA layer at the surface. ForT.Tt , there exists
another coexistence region withDmcoex.0 that is related to one
displayed by exchangingA vs B. The insets show theA density
profiles across the film for the coexisting phases atxN510 ~left!
andxN58.7 ~right!.
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strong segregation. For smallD, i.e., distances between th
AB interface and the surface that are not very much lar
than the interfacial widthw, the interaction decays somewh
faster:w,1/l,j. At these intermediate distances a rath
complicated interaction has been predicted@27#.

Upon varying the sign of the coefficientb we alter the
order of the interface localization-delocalization transitio
At the tricritical point the order of the transition changes. F
small values ofb we make a phenomenological Ginzbur
Landau ansatz for the effective interface potentialg(m) in
terms of the~not normalized! order parameterm;f2 1

2 ; l
2D/2. For antisymmetric surface fields, the effective inte
face potential is invariant under the transformationsA
B
and must be an even function ofm. We assume the simples
ansatz that allows for three-phase coexistence:

g~m!5m2~m22r !21tm2. ~28!

The coefficients of this Landau expansion~28! can be de-
rived from an effective interface Hamiltonian~27!: r
5215g4 /g6 and t5360g2 /g62225g4

2/g6
2, where gn

[]ngwall /] l nuD/2 denotes thenth derivative of the wall-
interface potential at the center of the film.

This effective interface potential is depicted in Fig. 1~a!.
For r ,0 ~inset! the coefficient in front of the fourth-orde
term m4 is positive and we find a single second-order pha
transition attc52r 2, mc50, andmc50. The caser .0 cor-
responds to a first-order interface localization-delocalizat
transition. Fort50, there is a three-phase coexistence,
which the order parameter of the coexisting phases takes
values 0 and6Ar . Of course, the Landau expansion is on
appropriate for smallr. The parametert characterizes the
temperature difference to this triple point. Above the trip
temperature, we find two coexistence regions and, eve
ally, we encounter two critical points attc57r 2/5 and order
parametersmc56A2r /5. The critical chemical potentia
mc5] f /]muc is given by 64&r 5/2/25A5. r 50 marks the
tricritical transition; the three coexisting phases collapse t
single one with order parameterm50. The critical and triple
temperature coincide likewise. The fourth-order coefficie
in the Ginzburg-Landau ansatz vanishes and the bino
close to the critical temperature open likem;6(2t)b with
b tri5

1
4 rather than withb5 1

2 ~in mean-field approximation!.

FIG. 3. Curvature of the interface potential at the center of
film. Symbols represent SCF calculations forxN55 and 8, and
LN50.5. Solid lines correspond tog; f 2 /D;exp(2lD/2) with
1/l5j, while dashed lines depict the behavior for 1/l5w/2.
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FIG. 4. Phase diagrams in a thin film (D050.9Re) with antisymmetric surface fields. The values of the surface fieldsLN are indicated
in the key. ForLN<0.1425 we find a single critical point, while we find two critical points for larger surface fields.~a! displays the phase
diagram in the temperature-composition plane, while~b! presents the coexistence curvesDmcoex(xN). @For LN50.15 the two critical points
are indistinguishable on the scale of panel~b!#.
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The qualitative features of this scenario are confirmed
the SCF calculations. Results for film thicknessD050.9Re
are presented in Fig. 4. Panel~a! presents the phase diagra
for various strengths of the surface fields as a function
temperature and composition. For weak surface fieldsLN
the interface localization-delocalization transition is of se
ond order and we obtain phase diagrams with one crit
point atfc5 1

2 . Upon increasing the strength of the surfa
fields, the critical point shifts to lower temperatures. Arou
LN50.1425 the binodal become flatter and are compat
with an exponentb tri5

1
4 . In accordance with the Ginzburg

Landau ansatz this marks the tricritical transition. At stron
surface fields we obtain phase diagrams with two criti
points, which correspond to the prewetting critical points
the first-order wetting transition in the semi-infinite syste
When we increaseLN further, the two critical points, which
are located symmetrically aroundf5 1

2 , gradually move to
lower temperatures, and higher or lowerA concentration, re-
spectively. Moreover, the temperature distance between
critical points and the triple point increases.~See Table I.!

Figure 4~b! depicts the behavior in terms of temperatu
and chemical potential difference. For second-order interf
localization-delocalization transitions the coexistence che
cal potential isDmcoex50 by virtue of the symmetry with
respect to exchangingA
B. The same holds true for first
order transitions below the triple point. At the triple poin
however, the coexistence curve bifurcates into two sy
metrical branches, which correspond to the prewetting li
of the semi-infinite system. These lines end at critical poin
Upon increasing the strength of the surface fields, the
critical points move to lower temperatures and larger ab
lute values ofDm.

To make a closer connection to the Ginzburg-Landau
satz, we assume that the parameterr, which drives the tran-
sition between the two types of phase diagrams, varies
function of the surface fieldLN. Then the Ginzburg-Landau
ansatz predicts that the quantities (fc2 1

2 )2;ATc2Tt
;Dm2/5;r (LN). This is tested in Fig. 5. Indeed, our SC
calculations confirm that these quantities exhibit a very si
lar dependence on the surface field close to the transit
Moreover, we estimate the critical value of the surface fi
y
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to be LN'0.1425. The corresponding power laws for t
location of the critical points in the vicinity of tricriticality
are also displayed in the Figs. 4~a! and 4~b!. Additionally,
the inset of Fig. 5 shows that the binodals are character
by an exponentb tri5

1
4 at this tricritical value of the surface

field. This provides strong evidence that the Ginzbu
Landau ansatz captures the salient features of the tricri
transition.

Square-gradient calculations@10# and recent Monte Carlo
simulations@32# of the Ising model indicate that the interfac
localization-delocalization transition can be second orde
thin films (D0,D tri), even if the wetting transition is firs
order. Within our Ginzburg-Landau ansatz this finding c
be rationalized as follows: Close to the tricritical point th
coefficient r;g4 is small and the temperature of the trip
point is given by the condition 05t;g21O(r 2) or atriple
54b exp(2lD/2)29c exp(2lD)1O(r2). At the tricritical
film thicknessD tri the coefficientr (t50) changes its sign

FIG. 5. (fc2
1
2 )2, ATc2Tt, and Dmc

2/5 as a function of the
surface fieldLN. In agreement with the Ginzburg-Landau ansa
all quantities show the same dependence on the parameterr (LN).
The dashed line is only a guide to the eye. The location of
critical surface field is indicated.L1cN'0.1425. The inset display
the behavior of the binodals forLN50.1425'LcN. The curve
corresponds to the SCF calculations, while the dashed line indic
the f20.5;6uT2Tcub with b5

1
4 .
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Neglecting terms of orderO(r 2) we obtain

r ~ t50!;2a116b exp~2lD/2!281c exp~2lD!

'12b exp~2lD/2!272c exp~2lD!.

If the semi-infinite system exhibits a first-order wetting tra
sition, the coefficientsb andc are positive. Hence, for larg
D the coefficientr is positive and leads to a first-order inte
face localization-delocalization transition. If the film widthD
becomes comparable to the correlation length 1/l, however,
the second-term might drive the coefficientr negative upon
decreasing the film thickness.

This is further explored in our SCF calculations. In F
6~a! we present the phase diagrams as a function of the
thickness atLN50.5. For large film thicknessD052.6Re ,
we find a first-order interface localization-delocalizati

TABLE I. Properties of the antisymmetric system atD0

50.9Re . Phase diagrams with two critical points.

LN fc Dmc /kBT Tc51/xcN Tt51/x tN

0.5 0.2414 20.113 0.1190 0.10791
0.3 0.2667 20.0574 0.2033 0.19123
0.2 0.3249 20.0123 0.2770 0.27163

0.175 0.3584 20.00378 0.3011 0.29867
0.15 0.429 20.00014 0.32949 0.32927
-

m

transition. Upon decreasing the film thickness, the two cr
cal points move to lower temperatures and closer to the s
metry axis.D0'0.605 corresponds to the tricritical trans
tion: There is only a single critical point but the binodals a
describable by the exponentb tri5

1
4 . Upon further decreasing

D0 , the critical temperature increases and the binodals
sume parabolical shape. The corresponding coexiste
curves are shown in Fig. 6~b!.

The mechanism is most clearly visible in the effectiveAB
interface potentialg( l );D f , which is presented in Fig. 6~c!
for xN59 as a function of the distancel 5Df between the
surface and theAB interface. For the largest film thicknes
D052.6Reg( l ) is to a good approximation the effective po
tential of the nearest surfacegwall . xN59 corresponds to a
temperature above the wetting~triple! transition but below
the ~prewetting! critical temperature of the thick film. Eac
surface repels theAB interface and there is a shoulder in th
effective interaction aroundl prewet'0.22Re . Qualitatively,
the SCF calculations confirm thatg( l ) is the linear superpo-
sition of the interactions with each surface. When we d
crease the film thickness larger values ofl become unfavor-
able, because the more the interface moves away from
surface the more it experiences the repulsion from the op
site surface. This results in a minimum ofg( l ) close to each
surface. The shape ofg( l ) corresponds to a temperature b
low the triple point, i.e., the interface is localized at one
the other surfaces. This shows that the triple tempera
FIG. 6. ~a! Phase diagram forLN50.5 and various film thicknessesD0 . For D052.6Re and 0.9Re , the interface localization-
delocalization transition is first order,D050.605Re corresponds to a tricritical transition, while the transition is second order forD0

50.5Re . ~b! Phase diagram as a function of temperature and chemical potential for the same parameters than in~a!. ~c! Effective interface
potentialg( l );D f (f) at l 5Df as a function of the film thicknessD0 for xN59. ~d! Surface field~circles! and temperature~squares! of
the tricritical transition as a function of the film thicknessD0 .
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increases when we decrease the film thickness. The fi
order character of the transition is associated with the sh
der of gwall around l prewet. Obviously, this feature ofg( l )
disappears when the film thicknessD is of the order 2l pw and
we find second-order transitions for smaller film thickness

This thickness dependence implies that the valueL triN
50.57 obtained from the phase diagram of rather thin fil
D050.9Re is not a reliable approximation of the strength
the surface fields at which a tricritical wetting transition
the semi-infinite system occurs. We have attempted to lo
the strength of the surface fields at which the binodals
describable by the exponentb tri5

1
4 as a function of the film

thicknessD. The results of this procedure are collected
Fig. 6~d!. As we increaseD, the surface fields at which th
tricritical transition occurs decreases and the transition t
perature approaches the critical point. For film thickne
much larger than the range of interaction 1/l between the
surface and theAB interface we expect a thin film to behav
similar to a semi-infinite system. Close to the critical poi
however, the range of interaction 1/l;j between the surface
and theAB interface increases. Therefore we anticipate v
pronounced finite-size effects even for film thicknesses
exceed the end-to-end distanceRe by far. These difficulties
prevent us from reliably estimating the tricritical wettin
transition of the semi-infinite system or comparing our c
culations to the prediction~26! of the square-gradient ap
proximation @30,31#. From the behavior at film thicknes
D055Re we conclude that critical wetting transitions in th
semi-infinite systems occur only forLN,0.01 and xN
,2.04 in our model. Qualitatively, this is in agreement w
SCF calculations of Carmesin and Noolandi@33# and Monte
Carlo simulations@28# that find only first-order wetting tran
sitions, except for the ultimate vicinity of the critical poin
that has not been investigated.

C. Interfacial profiles

The effective interface potential also determines the co
position profiles across an interface between the laterally
existing phases. At low temperatures the coexisting pha
are almost completely segregated, i.e., the thickness of
enrichment layers of the minority components are small
this case the interface between the coexisting phases is
nar and makes an angleQ with the surface. The contac
angleQ is given by the Young equation

cosQ5
sWA2sWB

sAB
'

LN

AxN/24
~SSL!. ~29!

The widthw of the interface between the coexisting phase
given byw5D i cotQ, whereD i /2 denotes the distance of th
AB interface from the center of the film in each phase. A
second-order interface localization-delocalization transiti
the contact angle decreases linearly with the distance f
the transition temperaturet and the composition differenc
between the coexisting phases vanishes likeD i;utu1/2.
Hence, the width of the interface between the coexist
phases diverges likew;utu2y, wherey5 1

2 is the mean-field
exponent for the correlation length upon approaching
critical point.
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Close to a first-order interface localization-delocalizati
transition, the effective interface potential exhibits mo
structure and this will modify the shape of the interfac
Within the mean-field approximation, the shape of the int
face will minimize the effective interface free energy. A
proximating theAB interface profile as a sharp kink at th
position l, we obtain for the free energy the effective inte
face Hamiltonian@34#:

F@ l #

kBT
5E dydz$sAB@A11~dl/dy!221#1g~ l !%

'LE dyH sAB

2 S dl

dyD
2

1g~ l !J , ~30!

where we have assumed that the positionl of the AB inter-
face depends only on one lateral coordinatey. The last ap-
proximation is valid if the angle between the interface a
the surface is small. This is justified in the vicinity of th
wetting transition, but the approximation breaks down at l
temperature, where the interface runs almost perpendicul
the surfaces. This effective interface Hamiltonian yields
Euler-Lagrange equation

d2l

dy2 52
d

dl S 2
g~ l !

sAB
D ~31!

that can be interpreted as the trajectoryl of a particle in the
potential2g/sAB . To obtain a qualitative insight we extrac
the effective interface potential from the one-dimensio
SCF calculationsg( l )/sAB5kBTAN̄D f (fA)/sABRe

3 at l
5DfA .

Typical shapes of the interface between the coexist
phases for a film thicknessD050.9Re are presented in Fig
7. Far below the triple temperature, the interface is pla
and makes an angleQ with the surfaces. Slightly below the
triple temperature, however, the interfacial profile become
shaped, i.e., the angle between the interface and the su

FIG. 7. Shape of the interface between the coexistingA-rich and
B-rich phases below the triple point. The profiles have been
tained from the Eq.~31! using input from the one-dimensional SC
calculations.
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FIG. 8. Composition profiles of the interface between theA-rich andB-rich phase atxN513, 12, 10, 9.63, and 9.44 and film thickne
D050.9Re and lateral extensionL/255.25, 6 and 8.5Re . For clarity the aspect ratio of the figure has been decreased.
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is larger in the vicinity of the surface than at the center of
film. Note that the lateral interfacial width can exceed t
film thickness by far in the vicinity of the triple temperatur
The flatter portion in the center of the film is a conseque
of the metastability of the third phase with compositionf
5 1

2 or the additional local minima ing( l ), respectively.
Upon approaching the triple temperature, the interfac
width becomes larger and the central portion of the profi
becomes flatter and more extended. This central por
might be conceived as a microscopic layer of the metast
delocalized phase (f5 1

2 ), which completely wets the inter
face between theA-rich andB-rich phase at the triple point

In the semi-infinite system, the interfacial tension var
smoothly upon raising the temperature through the wet
transition temperature. The excess free energy of the in
face approaching the surface—the line tensiont—varies rap-
idly close the wetting transition. Employing an effective i
terface Hamiltonian of the form~30!, Indekeu @35# has
obtained a simple expression for the line tensiont :

t5A2sABE
l 1

`

dl$Adgwall~ l !2Adgwall~`!%, ~32!

wherel 1 is the position of the minimum ofgwall( l ) close to
the surface anddgwall5gwall( l )2gwall( l 1). This formula has
been applied to analyze recent experiments@36#. The behav-
ior of the line tension close to the wetting transition depen
on the order of the transition and the range of the monom
wall interaction. For short-range forces, the line tensiont
e

e

l
s
n
le

s
g
r-

s
r-

reaches a finite positive value at the wetting transition te
perature, while it is negative far below the wetting tempe
ture.

The effective interface Hamiltonian captures only t
qualitative behavior. Monte Carlo simulations and SCF c
culations have shown that the properties of theAB interface
depend on the distancel from the surface. This gives rise t
a position dependence of the tension@28# and width of the
AB interface@16#. A more detailed description of the inter
face is provided by the two-dimension composition profi
in Fig. 8. Due to the choice of basis functions, the profi
are periodic iny direction and only half the system is show
In qualitative agreement with the considerations above,
interface between theA-rich andB-rich phases runs straigh
across the film at low temperatures~xN513 and 12!. The
contact angle atxN512 is about 30°.

Upon increasing the temperature, the contact angle
tween the surface and the interface decreases and the
face becomes S shaped in the vicinity of the triple point. T
SCF calculations also reveal that the interface becom
broader when we increase the temperature. Moreover,
width of the interface is broader in the vicinity of the su
faces than in the middle of the film. This effect is due to t
reduction of the monomer density in the vicinity of the su
face, which imparts a reduced effective incompatibil
~‘‘missing neighbor effect’’! on the surface region. A simila
effect has been observed in confined systems containing
polymers@21,22#. This effect gives rise to a negative contr
bution to the line tension when the interface approaches
surface.
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We decompose the free energy of systems containing
interfaces between anA-rich and aB-rich phase into bulk,
surface, and line contributions:

F2Fbulk52~LDS12Lt! or

f 2 f bulk~D!5
2Re

L
S̃1

4Re
2

LD
t̃ with

S̃5
SRe

2

AN̄kBT
t̃5

tRe

AN̄kBT
. ~33!

Note that the surface fields and the entropy loss of the ch
at the surfaces give rise to a thickness dependence o
bulk free-energy densityf bulk . Varying bothL and D, we
have estimated the coefficients in our SCF calculations
the results are displayed in Fig. 9. Qualitatively similar to t
behavior at a first-order wetting transition, the line tens
changes its sign from negative to positive upon approach

the triple point temperature from below. The coefficientS̃
decreases as we approach the triple point. To a first appr
mation, one would expect a behavior of the formS
'sABQ.

The data are also compared to Indekeu’s formula~32!. In
order to apply the formula to thin films, we extend the in
gration only to the middle of the film and we shift the co
stant dgwall(`) accordingly todgwall(D/2). In the dimen-
sionless units of the SCF calculations we obtain

t̃'F 2S D

Re
D 3 sABRe

2

AN̄kBT
G 1/2

E
f1

1/2

df$Af ~f!2 f ~f1!

2Af ~ 1
2 !2 f ~f1!%. ~34!

This approximation for a thin film gives a reasonable e
mate for the temperature dependence and the order of m
nitude of the line tension; however, the value of the li
tension in a thin film is systematically underestimated. Wh

FIG. 9. Behavior of the line tensiont̂ upon approaching the
triple point. Squares denote the line tension as extracted from
dimensional SCF calculations, the dashed line corresponds to I
keu’s approximation applied to a thin film. The coefficientS̃ and
the AB interface tensionsAB are displayed as a circle and full line
respectively. The vertical lines mark the triple temperature.
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we apply the above approximation to thicker films, the va
of the line tension increases. If we use the film thickne
D052.6Re instead ofD050.9Re , the approximation yields
t̃520.016 instead oft̃520.032. Unfortunately, we are un
able to extend our SCF calculations to larger film thic
nesses.

In addition to the finite film thickness there are other e
fects that might upset the comparison between the SCF
culations and the effective Hamiltonian description: It is u
clear how accurate the identification of the effective interfa
potential viag( l )5rkBTD f (f5 l /D)/N is. This identifica-
tion of the interface position via the absorbed amount i
good approximation for large distances between the sur
and theAB interface. In this case, the composition profi
across theAB interface is well described by the interfaci
profile between the coexisting bulk phases. If theAB inter-
face is close to the surface, however, the profile becom
strongly distorted~see Fig. 2! and the definition of the inter-
face positionl is somewhat ambiguous, but this is exactly t
region that gives the dominant contribution to the line te
sion. Moreover, there are nonlocal contributions to the f
energy, e.g., due to the conformational entropy. The po
mers change their conformations so as to fill the wed
shaped volume between the surface and theAB interface.
This differs from the behavior close to a surface or anAB
interface and gives rise to a contribution to the line tensi
which is only partially described by the effective interfa
Hamiltonian.

IV. SUMMARY AND DISCUSSION

We have calculated the phase diagram of a symme
polymer mixture confined to a thin film in mean-field a
proximation. The left surface attracts theA component with
the same strength as the right surface attracts theB compo-
nent of the mixture. The calculations reveal a rich interp
between the phase behavior in confined geometry and
wetting behavior of the semi-infinite system. If the wettin
transition of the semi-infinite system is second order, so
the interface localization-delocalization transition in a thi
film @9#.

At stronger surface fields, the wetting transition in t
semi-infinite system is first order and this gives rise to
first-order interface localization-delocalization transition in
thick film. The phase diagram in a thick film exhibits tw
critical points symmetric aroundf5 1

2 . These correspond to
the prewetting critical points of the semi-infinite system.
lower temperatures we encounter a triple point at which
A-rich phase, a phase where theAB interface is located in the
center of the film, and aB-rich phase coexist. This triple
temperature converges from above to the wetting temp
ture as we increase the film thickness. Below the triple te
perature there is a single coexistence region between
A-rich and aB-rich phase. The interplay between the prew
ting behavior and the phase diagram in a thin film has b
considered for symmetric surface fields~capillary condensa-
tion! @28,37,38#, but, to the best of our knowledge, pha
diagrams with two critical points far below the bulk critica
temperatures in films with antisymmetric surface fields ha
neither been discussed analytically@23,24# nor observed in
experiments or simulations. As we shall discuss below,
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do not expect corrections to the mean-field calculations
alter our conclusions qualitatively and we hope our pred
tions will be confirmed by experiments or simulations.

Qualitatively, the interplay between the prewetting beh
ior and the phase diagram in a film with antisymmet
boundaries is not specific to polymer blends but is rat
characteristic of all binary mixtures. Symmetric polym
mixtures might, however, be especially suitable model s
tems for exploring these effects experimentally and we h
our detailed calculations will provide some guidance.

The existence of the triple point also influences the sh
of the interface between the laterally segregated, coexis
phases. At low temperatures the interfaces run straight ac
the film and the angle between the interface and the sur
is given by the macroscopic contact angle. Upon approa
ing the triple point from below, however, the profiles becom
S-shaped with a flatter portion at the center of the film. T
signals the metastability of the third delocalized phase w
compositionf5 1

2 . At the triple point the delocalized phas
completely wets the interface between theA-rich andB-rich
phase. Upon approaching the triple temperature from be
the line tension changes sign from negative to positive. T
properties of the interface between the coexisting phases
in qualitative agreement with the results of an effect
Hamiltonian description.

In thin films the interface localization-delocalization tra
sition might be of second order even though the wett
transition is of first order. This has been predicted in
framework of a square-gradient approach by Swiftet al.
@10#, and is in accordance with simulations of the Isi
model@32#. A similar behavior is found in our self-consiste
field calculations for polymer blends. For our model, seco
order wetting transitions are restricted to the ultimate vicin
of the critical point of the bulk while second-order interfa
localization-delocalization transitions can be observed
below the bulk critical temperature for film thicknesses co
parable to the end-to-end distanceRe . This leads us to an
ticipate very strong finite film thickness effects close to
second-order wetting transition even for film thicknesses
exceedRe by far.

Of course, our self-consistent field calculations negl
fluctuations. In the vicinity of the critical point, we rathe
expect 2D Ising critical behavior with much flatter binoda
than the parabolic binodals of the mean-field universa
class. The Ginzburg criterion ensures, however, that th
composition fluctuations are only important in the ultima

vicinity of the critical pointu12xcN/xNu;1/AN̄, where the
reduced chain lengthN̄5(rRe

3/N)2 measures the degree o

interdigitation. As we increaseN̄, the relative temperature
distance from the critical point for which these compositi
fluctuations are important decreases. For small and inter
diate chain lengths an interesting interplay between me
field, 3D Ising and 2D Ising critical behavior is anticipate
In the limit of large interdigitation, however, we expect com
position fluctuations to be only of minor importance for mo
parts of the phase diagram.

Moreover, the interface profiles in the self-consistent fi
calculations are ideally flat, i.e., there are no capillary wa
of the interfaces. The importance of these fluctuations is
restricted to the vicinity of critical points. On the one han
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capillary waves lead to a broadening of profiles across
interface. The ‘‘internal’’AB interfaces run parallel to the
surfaces and the effective interaction between theAB inter-
face and the surface imparts a long wavelength cutoffj i to
the spectrum of capillary waves. Hence, the interfacial wi
does not grow unbound as we increase the lateral sys
size, but still the self-consistent field calculations might s
verely underestimate the width of the ‘‘internal’’AB inter-
faces@14–16#. Within a convolution approximation, the ap
parent widthwcap of the AB interface, which is observed in
experiments or simulations, is related to the intrinsic wid
wscf in the SCF calculations via

S wcap

wscf
D 2

'11
kBT

4sABwscf
2 lnS j i

B
D

'11
3A6

2

AxN

AN̄
lnS j i

B
D ~SSL!, ~35!

where we have used the temperature dependence of th
terfacial tension and width for strong segregation to obt
the last expression@18,27#. B is a short length cutoff for the
capillary wave spectrum. Analytical calculations and rec
Monte Carlo simulations show thatB tends topwscf @39# or
3.8wscf @40#, respectively, in the strong segregation lim
Even though the second term in the above equation is onl

the order 1/AN̄, the increase of the apparent interfacial wid
due to capillary waves typically is of the order of the intri
sic width for experimentally relevant chain length
@41,14,15#.

On the other hand, capillary waves renormalize the eff
tive interaction between the surface and theAB interface. For
instance, the effective interaction range 1/l is increased to
(11v/2)/l, where the capillary parameter@42,43#

v5
kBTl2

4psAB

5
1

4pAN̄
~lRe!

2
kBTAN̄

sABRe
2 ~36!

measures the strength of fluctuation effects and decre

like 1/AN̄.
At weak segregation (lRe)

2;(Re /j)2;(122/xN) and

kBTAN̄sABRe
2;(122/xN)23/2, and the capillary paramete

increases likev;@N̄(122xN)#21/2. In the ultimate vicinity
of the bulk critical point, the mean-field theory breaks dow
and we expect a crossover to a constant value@43#. The
divergence ofv upon approaching the critical point is cuto
around 12xcN/xN;1/N̄, in accordance with the Ginzbur
criterium for the crossover from mean-field to Ising critic
behavior. In the strong segregation limit, the correlati
length j approaches the temperature-independent li
Re /A18 and the capillary parameter scales li

9/@2pAxN/6AN̄#.
Conformational changes are incompletely described

our self-consistent field calculations. Within the Gauss
chain model the lateral extensionRi of a molecule parallel to
the surfaces remains always unperturbed, i.e., it is indep
dent of the local composition, the distance between the m
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ecules and the surface, and the film thickness. Experim
and Monte Carlo simulations, however, do reveal a dep
dence of the lateral chain extension on the parameters ab
Partially, some of these effects can be rationalized as
lows: If the film thickness is very thin, the lateral chain e
tensionRi has to increase so as to restore a constant mo
mer density. This increase of the lateral chain extensi

occurs ifrRi
2D,N or D/Re,1/AN̄. Under these conditions

the chains are quasi-two-dimensional and the density
monomers belonging to the same chain inside the coil v
ume is not small@44#. An A chain in aB-rich environment
shrinks as to exchange energetically unfavorable inter
lecular contacts with contacts along the same chain. By
ducing its size, it increases the density of its own monom
inside the coil volume. The energy gain upon shrinking
counterbalanced by the loss of conformational entropy. S
ing arguments, Monte Carlo simulations, and SCF calcu
tions @25# yield for the relative reduction of a minority chai

in the strong segregation limit:DR/R;xN/AN̄.
In the limit of infinite interdigitationN̄→`, the above

correction to the SCF calculations becomes small. Howe
even for experimentally relevant chain lengths, finiteN̄ ef-
fects might give rise to sizable corrections to the SCF ca
lations ~e.g., broadening of the apparent width ofAB inter-
faces by capillary waves!.

Aside from finite N̄ effects, there are other correction
that are not captured by the SCF calculations and that rem
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important even in the limit of infinite interdigitation. Th
finite compressibility of the polymeric fluid, for instance
gives rise to packing effects at the surfaces. The mono
density profile in the vicinity of the wall is determined by a
intricate interplay between equation of state effects, loss
conformational entropy, fluidlike packing effects, and su
face fields. These effects are not included in the SCF ca
lations of Gaussian chains, but require a detailed consi
ation of the molecular architecture and fluidlike packi
structure. However, we do not expect these effects to cha
our conclusions qualitatively.

Likewise, it is difficult to find an experimental realizatio
of a symmetric mixture confined into a film with antisym
metric boundaries. The effects of deviations from perfec
antisymmetric surfaces and the crossover between capi
condensation~for strictly symmetric boundary fields! to in-
terface localization-delocalization has been explored in
framework of our model.@24# This study shows that phas
diagrams with two critical points also occur for nearly an
symmetric surface fields. The stronger the order of the w
ting transition ~the more extended the prewetting line! the
more stable is the topology of the phase diagram aga
small deviations from perfect antisymmetry.

ACKNOWLEDGMENT

Financial support was provided by the DFG under Gr
No. Bi314/17, the VW Stiftung, and PROALAR2000.
J.

J.

J.

. E
@1# R. Evans, J. Phys.: Condens. Matter2, 8989~1990!.
@2# A. O. Parry, J. Phys.: Condens. Matter8, 10 761~1996!.
@3# J. W. Cahn, J. Chem. Phys.66, 3667~1977!.
@4# M. Schick,Liquids at Interfaces, Les Houches, Session XLV,

edited by J. Charvolin, J. F. Joanny, and J. Zinn-Jus
~Elsevier, Amsterdam, 1990!.

@5# S. Dietrich,Phase Transitions and Critical Phenomena, edited
by C. Domb and J. Lebowitz~Academic, London, 1988!, Vol.
12.

@6# D. E. Sullivan and M. M. Telo Da Gamma,Fluid Interfacial
Phenomena, edited by C. A. Croxton~Wiley, New York,
1986!.

@7# P. G. De Gennes, Rev. Mod. Phys.57, 827 ~1985!.
@8# F. Brochard-Wyart and P.-G. de Gennes, Acad. Sci., Paris297,

223 ~1983!.
@9# A. O. Parry and R. Evans, Phys. Rev. Lett.64, 439 ~1990!;

Physica A181, 250 ~1992!.
@10# M. R. Swift, A. L. Owczarek, and J. O. Indekeu, Europhy

Lett. 14, 475 ~1991!.
@11# K. Binder, D. P. Landau, and A. M. Ferrenberg, Phys. R

Lett. 74, 298 ~1995!; Phys. Rev. E51, 2823 ~1995!; E. V.
Albano, K. Binder, D. W. Heermann, and W. Paul, Surf. S
233, 151 ~1989!.

@12# J. O. Indekeu, A. L. Owczarek, and M. R. Swift, Phys. Re
Lett. 66, 2174~1991!; A. O. Parry and R. Evans,ibid. 66, 2175
~1991!.

@13# J. Rogiers and J. O. Indekeu, Europhys. Lett.24, 21 ~1993!; E.
Carlon and A. Drzewinski, Phys. Rev. Lett.79, 1591~1997!.

@14# T. Kerle, J. Klein, and K. Binder, Phys. Rev. Lett.77, 1318
n

.

.

.

~1996!; Eur. Phys. J. B7, 401 ~1999!.
@15# M. Sferrazza, M. Heppenstall-Butler, R. Cubitt, D. Bucknall,

Webster, and R. A. L. Jones, Phys. Rev. Lett.81, 5173~1998!;
M. Sferrazza, C. Xiao, R. A. L. Jones, G. D. Bucknall,
Webster, and J. Penfold,ibid. 78, 3693~1997!.

@16# A. Werner, F. Schmid, M. Mu¨ller, and K. Binder, J. Chem.
Phys.107, 8175~1997!.

@17# A. Budkowski, Adv. Polym. Sci.148, 1 ~1999!; K. Binder,
ibid. 138, 1 ~1999!.

@18# E. Helfand and Y. Tagami, J. Chem. Phys.56, 3592~1972!.
@19# J. Noolandi and K. M. Hong, Macromolecules14, 727~1981!.
@20# L. Schlangen, F. A. M. Leermakers, and L. K. Koopal,

Chem. Soc., Faraday Trans.92, 579 ~1996!.
@21# M. W. Matsen, J. Chem. Phys.106, 7781~1997!.
@22# T. Geisinger, M. Mu¨ller, and K. Binder, J. Chem. Phys.111,

5241 ~1999!; 111, 5251~1999!.
@23# M. Müller, K. Binder, and E. V. Albano, Physica A279, 188

~2000!.
@24# M. Müller, K. Binder, and E. V. Albano, Europhys. Lett.50,

724 ~2000!.
@25# M. Müller, Macromolecules31, 9044 ~1998!; Macromol.

Theory Simul.8, 343 ~1999!.
@26# T. Young, Philos. Trans. R. Soc. London5, 65 ~1805!.
@27# A. N. Semenov, J. Phys. II6, 1759~1996!.
@28# M. Müller and K. Binder, Macromolecules31, 8323~1998!.
@29# E. H. Hauge and M. Schick, Phys. Rev. B27, 4788~1983!.
@30# I. Schmidt and K. Binder, J. Phys.~France! 46, 1631~1985!.
@31# H. Nakanishi and P. Pincus, J. Chem. Phys.79, 997 ~1983!.
@32# A. M. Ferrenberg, D. P. Landau, and K. Binder, Phys. Rev

58, 3353~1998!.



.

es

ise

he

PRE 62 5295SYMMETRIC POLYMER BLEND CONFINED INTOA . . .
@33# I. Carmesin and J. Noolandi, Macromolecules22, 1689~1989!.
@34# D. A. Huse, W. van Saarloos, and J. D. Weeks, Phys. Rev

32, 233 ~1985!.
@35# J. O. Indekeu, Physica A183, 439~1992!; Int. J. Mod. Phys. B

8, 309 ~1994!.
@36# J. Y. Wang, S. Betelu, and B. M. Law, Phys. Rev. Lett.83,

3677 ~1999!.
@37# M. E. Fisher and H. Nakanishi, J. Chem. Phys.75, 5857

~1981!; H. Nakanishi and M. E. Fisher,ibid. 78, 3279~1983!.
@38# D. Nicolaides and R. Evans, Phys. Rev. B39, 9336~1989!. R.

Evans and U. Marini Bettolo Marconi, Phys. Rev. A32, 3817
~1985!.
B
@39# A. N. Semenov, Macromolecules26, 6617 ~1993!; 27, 2732

~1994!.
@40# A. Werner, F. Schmid, M. Mu¨ller, and K. Binder, Phys. Rev. E

59, 728 ~1999!.
@41# K. R. Shull, A. M. Mayes, and T. P. Russell, Macromolecul

26, 3939~1993!.
@42# D. S. Fisher and D. A. Huse, Phys. Rev. B32, 247 ~1985!.
@43# M. E. Fisher and H. Wen, Phys. Rev. Lett.68, 3654~1992!.
@44# However, a nonvanishing stiffness of the molecule gives r

to an additional change in the lateral extensionRi close to the
film surface. This orientation effect is not describable in t
Gaussian chain model and persists also for thick films.


