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Surface effects on spinodal decomposition in binary mixtures:
The case with long-ranged surface fields
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We present detailed numerical results for phase-separation kinetics of critical binary mixtures in the vicinity
of a surface that exerts a long-ranged attractive force on one of the components of the mixture. We consider
surface potentials of the formV(Z);Z2n, whereZ is the distance from the surface andn51,2,3. In particular,
we investigate the interplay of the surface wetting layer with the dynamics of domain growth. We find that the
wetting layer at the surface exhibits power-law growth with an exponent that depends onn, in contrast to the
case with a short-ranged surface potential, where the growth is presumably logarithmic. From correlation
functions, we identify characteristic length scales in directions parallel and perpendicular to the surface. We
observe a regime of accelerated growth in the parallel direction and critically examine some possible expla-
nations for this.@S1063-651X~97!02212-5#

PACS number~s!: 68.10.2m, 68.45.Gd, 64.75.1g
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I. INTRODUCTION

There has been much experimental and theoretical inte
in the phase separation kinetics of binary (AB) mixtures in
the presence of a surface with a preferential attraction for
of the components of the mixture@1–3#. Typically, the sur-
face is completely or partially wetted by the preferred co
ponent and becomes the origin of anisotropic spinodal
composition waves, which propagate into the bu
perpendicular to the surface. This phenomenon has bee
ferred to as ‘‘surface-directed spinodal decomposition’’@4#.
The morphology of these waves depends critically on
relative strengths of the surface field, theAB interfacial ten-
sion, and thermal noise, which determine whether the sur
is completely or partially wetted by the preferred compone

In recent work we formulated a phenomenological mo
@5,6# for surface-directed spinodal decomposition in the pr
ence of surfaces that exert a short-ranged (d-function! poten-
tial on the preferred component. Our modeling was based
a master-equation formulation of an appropriate microsco
model, viz., the semi-infinite Ising model with Kawasa
spin-exchange kinetics. We have used this phenomenolog
model to obtain extensive numerical results@6# for this prob-
lem in the limit where the surface field leads to a compl
wetting of the surface by the preferred component. Our
sults can be briefly summarized as follows. First, our mo
was able to replicate the experimentally observed morp
ogy @4# of surface-directed spinodal decomposition wav
Second, we found that the growth of the wetting layer d
not appreciably interfere with domain growth because of
extremely slow kinetics of wetting. Nevertheless, there wa
marked anisotropy of coarsening domains in the vicinity
the surface. These domains were characterized by ti
dependent length scales perpendicular and parallel to the
face, which we refer to asL'(t) and L i(t), respectively,
wheret is the time. We observed that bothL'(t) andL i(t)
obeyed the Lifshitz-Slyozov~LS! growth law L(t);t1/3,
561063-651X/97/56~6!/6991~10!/$10.00
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thoughL'(t),L i(t) because of the preferred orientation
direction due to the layered structure at the surface.

In our earlier work, we cautioned that the case with
d-function surface potential is experimentally somewhat u
realistic because surfaces generally exert long-ranged po
law potentials. In this paper, we extend our previous work
investigate the kinetics of phase separation near surfaces
exert long-ranged forces on the preferred component. Ag
we focus on the case of ‘‘strong’’ surface fields@1#, where
the surface is completely wetted by the preferred compon
in equilibrium.

The problem of surface-directed spinodal decomposit
has also been investigated numerically by a number of o
authors@7–9# for cases with both short-ranged and lon
ranged surface fields. These studies focus on the oppo
limit from ours, viz., the surface field is weak compared
thermal noise and the interfacial tension, so that the surf
is only partially wetted by the preferred component. In th
situation, a strong universality characterizes domain gro
and results for this limit are summarized in Ref.@1#. The
results we present here are complementary to those in R
@7–9#.

This paper is organized as follows. In Sec. II, we descr
our model. Section III presents details of our numeric
simulations and results therefrom. We end this paper wit
summary and discussion of our results in Sec. IV.

II. DETAILS OF MODELING

In our earlier study of surface-directed spinodal decom
sition with short-ranged surface forces@6#, the appropriate
phenomenological model consisted of the Cahn-Hillia
~CH! equation, which is widely used to model phase sepa
tion in the bulk @3#, supplemented by two boundary cond
tions at the surface. The surface field only appeared in
model through the boundary conditions because of its sh
ranged nature.

In the present study, we consider a surface located
6991 © 1997 The American Physical Society
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6992 56SANJAY PURI, KURT BINDER, AND HARRY L. FRISCH
Z50, which exerts a long-ranged~power-law! potential on
the preferred component of the mixture, i.e.,

V~Z!5H 2h1 , Z,1

2
h1

Zn
, Z>1,

~1!

whereh1 measures the strength of the potential andn speci-
fies its range. The potential is set to be constant forZ,1 so
as to control the divergence of the power-law form atZ50.
We arbitrarily consider the potential to be nondifferentiab
at Z51 ~in dimensionless units@6#!. Clearly, the precise lo-
cation of the point of nondifferentiability is irrelevant be
cause all length scales diverge with time. Then our phen
enological model for surface-directed spinod
decomposition with the surface potentialV(Z) as in Eq.~1!
has the form~in dimensionless units@6#!

]f~RW ,Z,t!

]t
52¹2Ff~RW ,Z,t!2f~RW ,Z,t!3

1
1

2
¹2f~RW ,Z,t!2V~Z!G , ~2!

in conjunction with the boundary conditions
le

-
m-
l

]f~RW ,0,t!

]t
5h11gf~RW ,0,t!1g

]f~RW ,Z,t!

]Z
U

Z50

, ~3!

05
]

]ZFf~RW ,Z,t!2f~RW ,Z,t!3

1
1

2
¹2f~RW ,Z,t!2V~Z!GU

Z50

. ~4!

In Eqs.~2!–~4!, f(RW ,Z,t) is the rescaled order parameter
a function of dimensionless space (RW ,Z) and timet @6#. The
coordinateZ measures the distance from the surface and
coordinatesRW lie in the plane parallel to the surface. Equ
tion ~2! is the usual CH equation for phase separation in
bulk, with an additional term in the chemical potential due
the surface potentialV(Z). The boundary condition in Eq
~3! rapidly drives the order parameter at the surface to
equilibrium value and is identical to that for the short-rang
case@6#. The phenomenological parametersg and g in Eq.
~3! are related to the bulk correlation length, as explained
Ref. @6#. Finally, the boundary condition in Eq.~4! is the
usual no-flux condition, which enforces conservation of t
order parameter at the surface.
s

ete wetting
a zero

th
FIG. 1. Evolution pictures from a two-dimensional Euler-discretized version of our model in Eqs.~2!–~4! for spinodal decomposition in
the presence of surfaces that exert a long-ranged attractive force on one of the components of a binary mixture. The lattice size waNX3NZ

(NX5400,NZ5300) and the discretization mesh sizes wereDt50.03 andDX51.0. The surface is located atZ50 and was modeled by the
boundary conditions in Eqs.~3! and ~4!. Flat boundary conditions were applied at the other end in theZ direction and periodic boundary
conditions were applied in theX direction. The parameter values wereh158, g524, andg54 and the potential was specified byn53,
corresponding to nonretarded van der Waals interactions. The static equilibrium for these parameter values corresponds to compl
of the surface. The initial condition for this evolution consisted of uniformly distributed small-amplitude random fluctuations about
background, i.e., a critical quench. Regions with positive order parameterf.0 ~say, A rich! are marked in black, whereas those wi
negative order parameterf,0 ~say,B rich! are not marked. The dimensionless evolution times are specified above each frame.
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56 6993SURFACE EFFECTS ON SPINODAL DECOMPOSITION . . .
The bulk CH equation has proven analytically intracta
as yet because of its strong nonlinearity, in conjunction w
the constraint of order-parameter conservation. Theref
studies of bulk phase separation in the asymptotic reg
have relied upon numerical simulations of this equation
equivalent coarse-grained models@10#. The introduction of a

FIG. 2. Laterally averaged order parameter profilesfav(Z,t) vs
Z for the evolution depicted in Fig. 1. These were obtained
averaging the order parameter function in theX direction for a
typical run and then averaging over 200 independent runs. F
this picture, one can verify that the system evolves towards c
plete wetting of the surface: note the two-step relaxation of
order parameter profile. The decay starts from a surface value
siderably larger than the bulk order parameter value~which isf51
in our dimensionless units!. The profile then stays at the bulk valu
of f.1 over some distance and finally decays fromf.1 to
f.21, corresponding to the interfacial profile between coexist
A-rich andB-rich phases.
h
e,
e
r

surface makes the problem considerably more complica
and we will again rely on numerical simulations of Eqs.~2!–
~4! to obtain late-stage results.

III. NUMERICAL RESULTS

We have simulated Euler-discretized versions of E
~2!–~4! on two-dimensional lattices of sizeNX3NZ , with
NX5400 andNZ5300. The surface was located atZ50 and
is modeled by the boundary conditions in Eqs.~3! and ~4!.
Flat boundary conditions were applied at the other end in
Z direction and periodic boundary conditions were applied
the X direction. In this fashion, we attempt to model sem
infinite systems, with one free surface atZ50, while bulk
behavior is approached for largeZ. The discretization mesh
sizes used wereDt50.03 andDX51.0, which were some-
what finer than those used in our earlier studies, i
Dt50.05 andDX51.5 @6#.

The initial conditions for each run consisted of the fieldf
being uniformly distributed with small-amplitude fluctua
tions about a zero background, mimicking the homogene
system before the quench. We only consider the case
‘‘critical quenches,’’ i.e., a symmetric binary mixture at crit
cal concentration. All statistical quantities presented h
were obtained as averages over 200 independent runs.

The fixed parameter values in our simulations we
g524 andg54. ~See Ref.@6# for a discussion that moti-
vates this choice.! We used the long-ranged potentialV(Z)
in Eq. ~1! with field strengthsh152, 8, and 12 and expo
nentsn51, 2, and 3. The potential withn53 corresponds
to the usual case of~nonretarded! van der Waals interaction
between the surface and the preferred component. The c
n51,2 are not common, but could possibly be engineered
appropriate experimental situations. In the results prese
subsequently, we will specify only the values ofh1 andn, as

y

m
-

e
n-

g
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c

FIG. 3. Analogous to Fig. 1,
but for parameter valuesh158
and n5` ~corresponding to a
d-function surface potential!.
These parameter values also co
respond to a completely wet stati
equilibrium.
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6994 56SANJAY PURI, KURT BINDER, AND HARRY L. FRISCH
g andg were not varied in our simulations.
Figure 1 shows the temporal evolution of a disorde

initial condition for the caseh158 andn53, which corre-
sponds to an equilibrium situation in which the surface
completely wetted by the preferred component. In the fram
of Fig. 1, regions with a positive order parameter~say, A
rich! are marked in black and those with a negative or
parameter~say,B rich! are not marked. The surface rapid
develops anA-rich layer that is followed by aB-rich layer
and these layers grow with time. In the early stages (t<30),
there is a secondA-rich layer following aB-rich layer, but it
breaks up in the later stages. Because of the ongoing ac
tion of the componentA on the surface layer, the region i
the vicinity of the surface is depleted inA and the domain
morphology is dropletlike rather than bicontinuous, as in
bulk. This is particularly evident at later times, e.g.,t59000.
Thus, in the late stages, the morphology in order of incre
ing Z is as follows:~a! an A-rich layer at the surface,~b! a
B-rich layer,~c! A droplet ~off-critical! morphology withA
as the majority phase, and~d! a bicontinuous morphology
associated with spinodal decomposition in the bulk.

Figure 2 shows the laterally averaged order-param
profiles fav(Z,t) vs Z corresponding to the evolution de
picted in Fig. 1. These profiles are obtained by averaging
order parameter along theX direction for a typical run and
subsequently averaging over 200 independent runs. For
ity, we only show the region withZ<80. In the bulk, spin-
odal decomposition waves are isotropic and randomly
ented. Therefore, the averaging procedure specified ab
gives rise to a ‘‘flat’’ profilefav(Z,t);0. However, near the
surface, this procedure gives rise to the systematic pro
seen in Fig. 2 because of the anisotropic surface-dire
spinodal decomposition waves@4#.

It is seen that the hallmark of surface-directed spino
decomposition, viz., a profile that oscillates with a charac
d
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istic wavelength~which is 2p in our units!, is present at
early and intermediate times but not at late times. In the
stages, the growing wetting layer at the surface and the s
sequent depletion region replace the oscillatory structure
is interesting to note that subsequent to the depletion reg
there is another region of an enhanced order parameter
approximately the same thickness as the depletion layer.
is a consequence of coarsening in the bulk, where the sys
tends to minimize the interfacial energy and thus forms dr
lets of theA-rich phase between theB-rich layer and the
bicontinuous morphology, as seen in Fig. 1.

Before we proceed, it would be appropriate to comp
these results with our earlier results, obtained in the con
of a d-function surface potential, corresponding ton5` in
Eq. ~1!. Figure 3 shows evolution pictures for the case w
h158 and n5`, also corresponding to a completely w

FIG. 4. Analogous to Fig. 2, but for parameter valuesh158 and
n5`.
t
o
t.
FIG. 5. Analogous to Fig. 1,
but with h158 and n51. This
form of the potential is somewha
unphysical, but may be possible t
engineer in a suitable experimen
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56 6995SURFACE EFFECTS ON SPINODAL DECOMPOSITION . . .
static equilibrium@6#. To facilitate a comparison, we hav
used the same initial condition for the evolutions depicted
Figs. 1 and 3. The final frames of these figures~at t59000)
differ up to a depth ofZ;70, giving a measure of the dif
ference between thed-function potential and the van de
Waals potential. We will quantify this difference shortl
Figure 4 shows the laterally averaged profiles correspond
to the evolution depicted in Fig. 3, plotted on the same sc
as Fig. 2.

For completeness, Fig. 5 shows evolution pictures for
caseh158 andn51. Of course, the interaction potential
this case is somewhat unphysical, but this example clar
the extent to which the effect of the surface can be ‘‘fe
inside the bulk. Again, the initial condition for the evolutio
is the same as that for Figs. 1 and 3. Figure 6 shows
laterally averaged order-parameter profiles correspondin
the evolution in Fig. 5.

A quantitative measure of the temporal evolution
surface-directed spinodal decomposition waves is the
zero crossingR1(t) of the profiles shown in Figs. 2, 4, an
6. This quantity is also a measure of the thickness of
growing wetting layer. Figure 7 is a log-log plot ofR1(t) vs
t for the field strengthh158 and the cases withn51, 2,
and 3. As observed earlier@6#, the case withn5` ~not de-
picted here! shows barely any growth of the surface lay
over the large time window considered. The data sets sho
reasonable power-law behavior over the time range con
ered. The solid lines superposed on the data sets corres
to the best linear fits. The corresponding best-fit expone
arex50.30, 0.21, and 0.16 forn51, 2, and 3, respectively
The error bars on these exponent values are60.01. As we
will see later, these growth exponents are universal acro
range of values forh1.

At this stage, we would like to make two relevant obs
vations. First, the dependence of the growth exponent on
nature of the surface potential is in contrast to the univer
ity observed by other authors@7–9#. These studies consid
ered the opposite limit of weak surface field and high int
facial tension and thermal noise, where the surfa
morphology is only partly wet and bothA- and B-rich do-
mains are in contact with the surface. In that case, one
serves thatR1(t) obeys the LS growth law, i.e.,R1(t);t1/3,
for a variety of surface potentials. This is a possible con

FIG. 6. Analogous to Fig. 2, but withh158 andn51.
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quence of the fact that the surface field and resultant wet
phenomena are deemphasized with respect to spinoda
composition, so one obtains LS growth laws for all quan
ties. Our second observation is that Lipowsky and Huse@11#
have analytically studied the growth of wetting layers in t
case of stable or metastable homogeneous binary mixt
and have formulated growth laws for various dimensiona
ties and values ofn. Their studies show that the thickness
the wetting layerR1(t);tx, with x51/4, 1/6, and 1/8 for
n51, 2, and 3, respectively. For the case with nonconser
order parameter, Lipowsky@12# predicted exponents twice a
large, viz.,x51/2, 1/3, and 1/4 forn51, 2, and 3, respec
tively. We emphasize that these exponents are obtaine
the context of systems that are in thermal equilibrium in
bulk, whereas we consider systems that are far from equ
rium in the bulk. As regards the growth of wetting layers
unstable binary mixtures, it has been claimed by other
thors that the LS growth law would characterize the grow
of the wetting layer@7#. Our results demonstrate that th
claim is not correct and is valid~at least numerically! only in
the limit of partially wet surface morphology. Clearly,
would be relevant to formulate general analytical princip
for the growth of wetting layers in phase-separating bin
mixtures.

We next consider the scaling behavior of real-space c
relation functions, which are useful in characterizing the d
namics of fluctuations. We defineZ-dependent correlation
functions parallel and perpendicular to the surface as@6#

Gi~X,Z,t!5^f~X1 ,Z,t!f~X11X,Z,t!&2^f~X1 ,Z,t!&

3^f~X11X,Z,t!&, ~5!

G'~Z1 ,Z,t!5^f~X,Z,t!f~X,Z1Z1 ,t!&2^f~X,Z,t!&

3^f~X,Z1Z1 ,t!&. ~6!

FIG. 7. Time dependence of first zeroR1(t) of laterally aver-
aged order-parameter profiles for surface-directed spinodal dec
position. We present data on a log-log plot forn51, 2, and 3,
denoted by the specified line types. The solid lines denote the
linear fits to the various data sets and the numbers specified ar
corresponding best-fit exponents, denoted asx. The error bars on
the exponents are60.01.
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6996 56SANJAY PURI, KURT BINDER, AND HARRY L. FRISCH
In Eq. ~5!, the angular brackets refer to an averaging o
200 independent runs and also an integration overX1. Simi-
larly, in Eq. ~6! the angular brackets refer to an averagi
over initial conditions and an integration overX. We extract
length scales from the correlation functions as the distan
over which they decay to half their maximum values, whi
areGi(0,Z,t) andG'(0,Z,t), respectively. The characteris
tic length scales in the parallel and perpendicular directi
are denoted asL i(Z,t) andL'(Z,t), respectively.

Figures 8~a!–8~c! superpose data from different times f
the normalized correlation functionGi(X,Z,t)/Gi(0,Z,t) vs
X/L i(Z,t) for three different values ofZ. The parameter
values areh158 andn53. Figure 8~a! corresponds toZ54,
which lies well inside theA-rich layer at the surface. In ou
earlier work @6#, we had not considered the possibility
scaling inside the enriched layer. Figure 8~a! demonstrates
that there is a reasonable scaling of the data up toX/L i;2,
though the tail region is still drifting. For purposes of com
parison, the scaled bulk correlation function is also shown
Fig. 8~a! ~as a solid line!. The scaled correlation function fo
Z54 clearly differs considerably from the bulk correlatio
function. This is a consequence of the strongly off-critic
nature of the background atZ54. As a matter of fact, a
simple analysis of linear fluctuations for the one-dimensio
CH equation about such a background shows that the co
sponding normalized correlation function has approximat
the form

Gi~X,Z,t!

Gi~0,Z,t!
.S 12

X2

4at DexpS 2
X2

8at D , ~7!

where a53f0(Z)221, with f0(Z) being the background
value from the equilibrium profile. The above form is val
in the region where local equilibrium has been establis
and wheref0(Z) is large and does not vary rapidly withZ.
The length scale associated with these fluctuations
L i(Z,t);t1/2.

Figures 8~b! and 8~c! clarify the dynamical evolution of
the scaled correlation function more clearly. In Fig. 8~b!,
which corresponds toZ520, the scaled correlation functio
for t5840 is closest to the bulk form and evolves in tim
towards a form corresponding to an off-critical morpholog
as the wetting layer penetrates deeper into the bulk.
same trend is seen in Fig. 8~c!, which corresponds toZ524.
There is a sharp contrast between these results and our e
results for thed-function potential@6# in that we can clearly
observe the dynamical effects of growth of the wetting la
in the present case.

To stress this point further, Fig. 9~a! plots L i(Z,t) vs t
for Z520,24,28 and the bulk. We do not present results
Z,20 because the data are too ragged to discern any
tematic trend, in spite of the reasonable scaling forZ,20.
The length-scale data for different values ofZ follow the
bulk behavior initially and then cross over to a faster grow
as the effect of the wetting layer is felt. The crossover is la
for larger values ofZ and the results in this figure should b
correlated with the inward propagation of profiles in Fig.
Figure 9~b! plots the data of Fig. 9~a! on a log-log scale and
clarifies the crossover behavior. Subsequent to the cross
the accelerated growth seems to fit a faster growth
L i(Z,t);t1/2, though we do not have sufficiently extende
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FIG. 8. Scaled plots of depth-dependent real-space correla
functions in the direction parallel to the surface. The correlat
functions are obtained as described in the text. We superpose s
data for Gi(X,Z,t)/Gi(0,Z,t) vs X/L i(Z,t) from dimensionless
times 840, 1680, 2520, 3360, and 4200, denoted by the spec
symbols. The length scaleL i(Z,t) is defined as the distance ove
which the correlation function decays to half its maximum valu
For purposes of comparison, we also present the scaled bulk c
lation function as a solid line. Data are presented for~a! Z54, ~b!
Z520, and~c! Z524.
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56 6997SURFACE EFFECTS ON SPINODAL DECOMPOSITION . . .
data to make a conclusive statement in this context. As
had pointed out earlier, fluctuations about a highly o
critical background exhibit a growth law;t1/2. However,
we should emphasize that the background profile at the
ues ofZ considered in Fig. 9 is not strongly off critical at th
time of crossover~see Fig. 2!. Thus the data in the crossove
regime may be associated with the orientational effect of
layered structure at the surface. In that case, the data sh
exhibit the LS growth law, but with a larger prefactor than
the bulk. The deceptively larger exponent in Fig. 9~b! is a
possible consequence of attempting to fit crossover data
power-law form.

It is also possible that theL i(Z,t);t1/2 behavior is a
transient regime, caused by the breakup of the bicontinu
morphology into elongated droplets, oriented parallel to
wall on the average. These droplets have a strong tend
to compactify subsequently. It is possible that this mec
nism leads to a transient regime of faster growth before
isolated droplets disappear again to ‘‘feed’’ the growing w
ting layer and the subsequent depletion layer, while new
lated droplets form farther inside somewhat later, etc.

FIG. 9. ~a! Time dependence of the length scale in the direct
parallel to the surface, viz.,L i(Z,t) vs t. We present data for
Z520, 24, and 28, denoted by the specified symbols. Data for
bulk length scale are denoted by the solid line.~b! A log-log plot of
the data in~a!. The dashed lines have slopes 1/3 and 1/2, resp
tively.
e
-

l-

e
uld

a

us
e
cy
-
e
-
o-

We next consider the dynamical behavior in the direct
perpendicular to the surface. Figure 10 plots the normali
correlation function G'(Z1 ,Z,t)/G'(0,Z,t) at Z50 vs
Z1 /L'(t) for dimensionless times t5840, 1680,
2520, 3360, and 4200. The correlation function exhib
reasonable scaling and clearly follows the functional form
the laterally averaged profiles in Fig. 2. This plot sugge
that the thickness of the growing wetting layer and that of
subsequent depletion layer are always of the same orde
magnitude. Figure 11~a! plotsL'(Z,t) vs t for Z520,24,28
and the bulk and should be correlated with Fig. 9~a!. Figure
11~b! is a plot of Fig. 11~a! on a log-log scale. The picture
that emerges is that both the perpendicular and para
length scales follow the LS growth law until they experien
the effect of the wetting layer. At that stage, the para
length scale shows accelerated growth, whereas the per
dicular length scale exhibits decelerated growth and can e
freeze. This ‘‘freezing’’ does not mean that there is no te
poral evolution; rather, the pointZ ‘‘leaves’’ the region of
bicontinuous morphology and becomes part of the drop
region and later the depletion region, whereasZ1Z1 still lies
in the region of bicontinuous morphology. This change
character of the correlation offsets the growth seen in
corresponding profiles in Fig. 2. This strong interplay of w
ting and phase separation was not seen in our simulation
the d-function potential, where the wetting layer moved to
slowly to have any discernible impact on spinodal decom
sition @6#. In the d-function case, we only observed the or
entational effects of the ordered structure at the surface.

We have also obtained similar results for the cases w
h158 and n51,2. Essentially, the main features are t
same as above, but all effects are more marked. In the in
est of brevity, we do not present these results here. We h
also obtained detailed results for other values ofh1. For
completeness, we will present some representative result
different values ofh1 here. Figure 12 compares evolutio

FIG. 10. Superposition of data for the normalized correlat
function in the perpendicular direction, i.e
G'(Z1 ,Z,t)/G'(0,Z,t) vs Z1 /L'(Z,t). We present data forZ50
and dimensionless timest5840, 1680, 2520, 3360, and 4200, d
noted by the specified symbols.
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FIG. 11. ~a! Analogous to Fig. 9~a!, but for the perpendicular
length scaleL'(Z,t). ~b! A log-log plot of data in~a!. The dashed
line has a slope of 1/3.
pictures for the cases withh152 andn53,̀ . ~To facilitate a
comparison with previous evolution pictures in Figs. 1,
and 5, we always use the same initial condition.! Results for
n5` are shown in the two upper frames~corresponding to
t5900 and 9000! and it is clear that these parameter valu
correspond to a partially wet morphology@6#, with both A-
and B-rich domains in contact with the surface. Results
the casen53 are shown in the two lower frames and corr
spond to a plated or layered morphology. Figure 13 is
log-log plot of R1(t) vs t for laterally averaged profiles in
the cases withh152 andn51, 2, 3, and̀ . The data for
the cases withn51, 2, and 3 again exhibit a reasonab
power-law behavior and the growth exponents are com
ible with those forh158 ~see Fig. 7!. However, in the case
with n5`, the growth ofR1(t) is appreciably larger than
before, though not systematic enough to be properly cha
terized. This behavior should be compared with earlier
sults for the growth of surface ‘‘layers’’ in the case wit
partially wet morphology@8,9#.

Finally, we mention results for the caseh1512 and
n51, 2, 3, and̀ . Again, the thickness of the wetting laye
exhibits a power-law behavior with best-fit exponen
x50.31, 0.21, and 0.16 forn51, 2, and 3, respectively
These exponents are in agreement with those in Figs. 7
13. Furthermore, results for then5` case are similar to
those forh158 and do not exhibit a power-law behavior.

IV. SUMMARY AND DISCUSSION

Let us end this paper with a summary and discussion
our results. In previous work@6#, we have presented a mod
@and detailed numerical results for surface-directed spino
decomposition with a short-ranged surface potential. In R
,

d

-

ls
FIG. 12. Evolution pictures
similar to those shown in Fig. 1
but for the field strengthh152.
The two upper frames correspon
to n5` (d-function potential!
and the two lower frames corre
spond ton53. All other param-
eter values and simulation detai
are the same as in Fig. 1.
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6 we also formulated tools for the proper characterization
domain growth in the presence of a surface. The pres
paper is an extension of our previous work to the case o
surface that exerts long-ranged forces on the preferred c
ponent of a binary mixture. In particular, the present work
more relevant to experimental situations, where the surf
usually interacts with molecules of the binary mixture v
long-ranged van der Waals interactions. Our model in t
paper is a simple extension of our earlier model for the c
with a d-function potential@6# and we use similar tools to
characterize domain growth. However, we obtain a num
of different results that we would like to highlight below.

Our first relevant observation is that the thickness of
wetting layer, measured by the first zeroR1(t) of the later-
ally averaged order-parameter profiles, exhibits a power-
growth for potentials as in Eq.~1! with n51, 2, and 3. The
growth exponents are universal across a range of value
field strengthh1, but depend sensitively on the value ofn.
For the short-ranged case (n5`), the growth of the wetting
layer does not obey a power law. It appears to be logar
mic, but we do not have sufficient data to ascertain this c
clusively. These results are at variance with the claim@7# that

FIG. 13. Analogous to Fig. 7, but for the field strengthh152.
Furthermore, in this case, we also present data for the casen5`,
corresponding to ad-function surface potential. The dashed line h
a slope of 1/3. Again, the error bars on the specified exponentsx are
60.01.
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the wetting layer always exhibits LS growth when the bina
mixture in the bulk is undergoing spinodal decompositio
We believe that this claim is valid only in the limit of
partially wet surface morphology, with domains rich in bo
phases being in contact with the surface. These result
ours should be verifiable experimentally. Furthermore,
also hope that our numerical results will facilitate a gener
zation of the analytic treatment of Lipowsky and Huse@11#,
who considered the growth of wetting layers in stable
metastable homogeneous binary mixtures.

The second observation is that our present results cle
enable us to see the interplay between wetting and spin
decomposition. In our previous work@6#, the growth of the
wetting layer was so slow that it was not possible to see
dynamical effect of the wetting layer on phase separation
our present work, we can follow the emergent anisotropy
domain growth as the surface-directed spinodal decomp
tion waves penetrate into the bulk. In particular, we can tra
the evolution of the depth-dependent correlation funct
parallel to the surface from the ‘‘bulk’’ form at early times t
a form corresponding to an off-critical morphology at la
times. Simultaneously, we also observe the acceleration
deceleration of length scales parallel and perpendicular to
surface, respectively.

Finally, in the present study, we have also examined
scaling of fluctuations deep inside the wetting layer at
surface. It is somewhat surprising that the correlation fu
tion parallel to the surface inside the layer exhibits reas
able scaling even though the associated length scales s
fairly erratic behavior numerically.

The problem of surface-directed spinodal decomposit
has evolved as the result of a close interaction between
perimental studies and numerical simulations. We hope
the present set of numerical results will also prove amena
to experimental investigation.
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