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Effect of criticality on wetting layers: A Monte Carlo simulation study

Nigel B. Wilding
Department of Physics and Astronomy, The University of Edinburgh, Edinburgh EH9 3JZ, United Kingdom

Michael Krech
Institut für Theoretische Physik, RWTH Aachen, D-52056 Aachen, Germany

~Received 7 November 1997!

A solid substrate, when exposed to a vapor, can interact with it in such a way that sufficiently close to
liquid-vapor coexistence a macroscopically thick liquid wetting layer is formed on the substrate surface. If such
a wetting transition occurs for a binary fluid mixture in the vicinity of the critical end point of demixing
transitions, critical fluctuations lead to additional long-ranged interactions~Casimir forces! within the wetting
layer, changing its equilibrium thickness. We demonstrate this effect by Monte Carlo simulations of wetting
layers of a symmetrical Lennard-Jones binary fluid mixture near its critical end point. The results suggest that
the effect should also be detectable in corresponding wetting experiments.@S1063-651X~98!11105-4#

PACS number~s!: 05.70.Jk, 68.35.Rh, 61.20.2p, 64.60.Fr
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I. INTRODUCTION

Simple liquids or binary liquid mixtures in unbounde
space are homogeneous and isotropic systems. In the vic
of surfaces, however, these spatial symmetries are bro
and the fluid phase diagram exhibits new surface-indu
features. Principal among these are surface phase trans
such as wetting and drying, which can occur when a fl
comes into contact with a solid wall@1#. These transitions are
brought about by long-ranged dispersion~van der Waals!
interactions between the particles of the fluid and those c
prising the wall.

Long ranged interactions of a quite different origin occ
when acritical fluid is in contact with a wall@2,3#. Criticality
is characterized by a divergent correlation length and str
order parameter fluctuations. As a result of the long ra
correlations, the wall modifies the properties of the critic
fluid over considerable distances and this can dramatic
affect surface properties such as wetting behavior. Thus
example, a binary liquid mixture usually demixes close to
wall due to the preferential affinity of the wall material fo
one of the two components@4#. If the demixing transition
becomes critical, the adsorbed amount of the preferred c
ponent becomes macroscopic, a phenomenon known as
cal adsorption@5,6#.

If the system is constrained in more than one spatial
rection, e.g., by the introduction of a second wall, the criti
behavior of the fluid is modified again. When the correlati
length becomes comparable to the smallest linear exten
the system@7–9#, the size dependence of thermodynam
quantities is governed by universal finite-size scaling fu
tions. Such a finite geometry may be imposed, e.g., w
fluids are adsorbed in slits and pores, or generated spon
ously in the course of a wetting transition, e.g., in a bina
liquid mixture near its critical end point of demixing trans
tions @1,10#.

An important consequence of confinement in near-criti
fluids is the generation of long-ranged forces between
confining walls@11,12#. This phenomenon is a direct analo
of the well-known Casimir effect in electromagnetism@13#.
571063-651X/98/57~5!/5795~7!/$15.00
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Formally, the critical Casimir force arises as a result of t
boundary conditions placed on the spectrum of order par
eter fluctuations by the walls. This leads to a finite-size
pendence for the singular part of the critical free energy, a
hence a separation-dependent force between the w
@11,12#. Such critical Casimir forces are in addition to th
usual dispersion forces, which always exist in confined s
tems@14–19#. However, they differ from dispersion forces i
the major respect that they are governed byuniversalscaling
functions @9,11,12,20#. Precisely at the bulk critical poin
these scaling functions take universal values known as
simir amplitudes@9,11,20#.

Much theoretical work has been directed in recent ye
towards an understanding of the Casimir effect in critic
systems. For the Ising universality class~which contains the
critical demixing transition of binary liquid mixtures!, exact
results are available ind52 dimensions for a strip geometr
@21,22#. In higher dimensions, exact results are limited to t
Casimir force scaling function for the spherical model@23#.
For the experimentally relevant case of thed53 Ising uni-
versality class, only approximate results are available. Th
are based on real space renormalization@24#, the field theo-
retic renormalization group@11,20#, and Monte Carlo~MC!
simulations@20,25# for the film geometry. Other geometrie
have also been investigated with regard to the possibility
performing direct surface force measurements of the Cas
force using atomic force microscopy@26,27# ~see also Ref.
@17#!.

While the contemporary theoretical understanding of
Casimir effect in critical fluids is rather advanced, the expe
mental situation is not so satisfactory. Ideally, one sho
like to have experimental estimates of Casimir amplitud
and scaling functions to compare with theoretical estima
and to fill the gaps where no theoretical results are availa
To date, however, no direct experimental demonstration
the Casimir effect in critical fluid systems have been
ported. This state of affairs seems to be attributable to
difficulties of performing high resolution surface force me
surements within the extremely tight constraints of reduc
temperature and pressure necessary to maintain criticality
5795 © 1998 The American Physical Society
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5796 57NIGEL B. WILDING AND MICHAEL KRECH
view of this, other more indirect routes to investigating t
Casimir force have been sought. Perhaps the most prom
of these is the effect of the Casimir force on wetting layers
a binary fluid mixture, as first considered by Nightingale a
Indekeu in Ref.@10#. If the vapor of a binary fluid is expose
to a solid substrate which strongly attracts the fluid partic
a thick liquid wetting layer will form on the substrate fo
state points sufficiently close to liquid-vapor coexistence.
in addition, the temperature is chosen close to the critical
point ~CEP! temperature~at which the line of critical demix-
ing transitions intersects the liquid-vapor coexistence cur!,
the presence of Casimir forces within the wetting layer w
change its equilibrium thickness compared to a noncrit
state point of the same undersaturation@10,11#. Since highly
accurate measurements of wetting film thicknesses are
sible using modern ellipsometry techniques, this would
pear a rather promising approach to probing the Cas
force experimentally. As yet, however, there have been
clear reports of such an effect in experimental wetting st
ies of binary fluid mixtures@28#.

In view of the dearth of empirical results for the critic
Casimir force, we have undertaken a computer simula
investigation of wetting behavior close to the CEP of a
nary fluid mixture. The aim of our study was twofold: on th
one hand to investigate the theoretical predictions of R
@10,11#, and on the other to try to make contact with re
systems by working with as realistic a simulation model
feasible. Most previous simulation work on critical pheno
ena in confined geometry has taken the form of MC stud
of lattice gas models, favored for reasons of their compu
tional tractability@29,30#. Such simulations are usually pe
formed using short-ranged surface fields to mimic the eff
of walls. In this work, however, we have employed an o
lattice Lennard-Jones~LJ! symmetrical binary fluid model a
a planar solid wall, and have incorporated the effects of lo
ranged dispersion interactions between the fluid and the w
To our knowledge the wetting behavior of such a system
only been previously studied for temperatures well below
consolute critical temperature@31#. Hitherto, no attempts
have been made to investigate directly the effect of critica
on the formation of wetting layers either in lattice or co
tinuum fluid models.

Our paper is organized as follows. Section II is devoted
providing some brief background material concerning
bulk phase diagram of symmetrical binary mixtures and
theory of the effect of criticality on wetting layers. In Se
III A we introduce our symmetrical binary fluid model an
the MC simulation technique. We then detail our simulati
results for the wetting behavior of the mixture, and the infl
ence of the critical point. Finally, in Sec. IV we summari
and discuss our results.

II. BACKGROUND

A. Bulk phase behavior of symmetrical binary mixtures

The simplest model for a binary fluid mixture is a sym
metrical mixture in which the pure components are identic
and only the interactions between unlike particle species
fer. Such a model can exhibit a variety of phase diagr
topologies depending on the relative strengths of the
types of interactions. In this work, we shall be concern
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with symmetrical mixtures exhibiting a critical end poin
The liquid-vapor phase diagram of such a system in
density-temperature (r-T) plane is shown schematically i
Fig. 1. At high liquid densities there exists a ‘‘l ’’ line of
consolute critical points. Above this line the liquid is mixe
while below the line it is demixed. As the liquid density
decreased, the demixing transition temperature moves
lower temperatures. At some point, however, the liqu
phase becomes unstable with respect to the vapor. The i
section between thel line and the liquid-gas coexistenc
curve marks the critical end point, which is unique as be
the only point at which a critical liquid coexists with a non
critical gas.

Critical end points have been the subject of some inte
in recent years on account of the singularities they induce
the first-order coexistence phase boundary~in this case the
liquid-gas boundary!. These singularities have been studi
both theoretically@32# and by simulation@33#. One is mani-
fest as a bulge in the liquid branch density at the CEP,
shown in Fig. 1. Another is found in the coexistence chem
cal potential. In the present work, however, we shall be c
cerned with the influence of the CEP on the wetting prop
ties at the liquid-gas boundary and how it manifests
Casimir effect. In the following subsection we review exis
ing theoretical predictions for the Casimir effect in wettin
layers of a binary fluid mixture.

B. Wetting layer thickness and criticality

To analyze theoretically the wetting behavior of the sy
metrical binary fluid in the vicinity of the CEP, it is exped
ent to consider the phase diagram in the chemical potent
temperature (m-T) plane, as shown schematically in Fig.
Indicated on this diagram are the liquid-vapor coexisten
line mcx(T), thel line, and the CEP.

Consider now the thermodynamic path labeledS in Fig.
2, which is given by the expression

mS~T!5mcx~T!2dm, ~2.1!

where dm.0 is a constant. This path runs parallel to t
liquid-vapor coexistence curve and passes the critical

FIG. 1. Schematic representation of the phase diagram of a s
metrical binary fluid mixture in the density-temperature plane. T
full curve is the liquid-gas coexistence envelope. The dashed c
is thel line of critical demixing transitions. The two curves inte
sect at the critical end point. The singularity in the liquid branch
the CEP is also shown@33#.
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57 5797EFFECT OF CRITICALITY ON WETTING LAYERS: A . . .
point on the vapor side. In the presence of a sufficien
attractive wall ~complete wetting regime!, and for suffi-
ciently small undersaturations~i.e., dm small!, a thick liquid
wetting layer will form at the wall for all points onS. An
expression for the thickness of such a wetting layer is obt
able by considering the layer free energy per unit area~ef-
fective interface potential! as a function of its thicknessl . In
the limit of an infinite wall, this is given by@10,11#

v~ l !5 l ~r l2rv!dm1swl1s lv1dv~ l !. ~2.2!

Here the first term on the right-hand side represents the f
energy penalty of building up a liquid layer when the vap
is the stable bulk phase. The surface tension termsswl and
s lv contain the effects of short ranged interactions at
wall-liquid and liquid-vapor interfaces, respectively, and a
independent ofl . The fourth term,dv( l ), is a finite-size
term incorporating both the long ranged dispersion for
and any critical finite-size effects.

Precisely at criticality, and for an infinite wall,dv( l )
takes the form@10,11#

dv~ l !.
W

l 2
1

kBTD

l 2
. ~2.3!

In this expression, the first term on the right-hand side r
resents the finite-size dependence of the~nonretarded! dis-
persion forces@34#, whose amplitude is given by the Ha
maker constantW. The second term represents the critic
finite-size contribution to the free energy@35# in three di-
mensions, controlled by a universal Casimir amplitudeD,
the magnitude and sign of which depend on the nature of
boundary conditions on the wetting layer. ForD positive, the
Casimir force is repulsive, leading to a layer thickenin
while for D negative, it is attractive, resulting in thinning o
the layer. The. in Eq. ~2.3! indicates that we neglect an
density gradient in the liquid layer that may come abo
because of the attractive wall potential. A density gradi
implies that not all the liquid layer is precisely at criticalit
However, this is expected to result in relatively small corre
tions to Eq.~2.3!.

FIG. 2. Schematic phase diagram of a symmetrical binary flu
The full curve is the first order liquid-gas phase coexistence
mcx(T). The dashed curve is the critical (l) line of second order
transitions separating the mixed and demixed liquid phases.
two curves intersect at the critical end point. Also shown is a patS
parallel tomcx(T) on the gas side.
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Minimizing v( l ) with respect tol yields the equilibrium
layer thicknessLc at criticality:

Lc.S 2kBTD12W

dm~r l2rv! D 1/3

. ~2.4!

For points onS away from the CEP, however, the critica
finite-size term in Eq.~2.3! drops out. A useful quantity is
thus the ratio of the equilibrium thickness at criticalityLc to
its valueL0 away from criticality, for which one finds@12#

Lc

L0
.S 11kBTc

D

WD 1/3

, ~2.5!

to leading order indm. Here we have ignored any temper
ture dependence of the Hamaker constant.

This relationship expresses the change in thickness
wetting layer as it becomes critical, and relates it to the C
simir amplitudeD. As such it provides a potentially sensitiv
probe of the Casimir effect itself.

III. MONTE CARLO STUDIES

A. Model and simulation details

The system we have studied is a symmetrical binary flu
having interparticle interactions of the Lennard-Jones~LJ!
form:

u~r i j !54e i j F S s i j

r i j
D 12

2S s i j

r i j
D 6G . ~3.1!

The following choice of parameters was made:s115s22
5s125s51; e115e225e; e1250.7e i.e., the pure compo-
nents are identical, but the unlike interactions are weaken
In common with most previous simulations of LJ system
the interparticle potential was truncated at a distance ofRc
52.5s. No long-range correction or potential shift was a
plied.

The fluid was confined within a cuboidal simulation ce
having dimensionsPx3Py3D, in thex, y, andz coordinate
directions, respectively, withPx5Py[P. As in previous
work on LJ fluids@36#, the simulation cell was divided into
cubic subcells~of size the cutoffRc) in order to aid identi-
fication of particle interactions. ThusP5pRc and D
5dRc , with p and d both integers. To approximate a sl
geometry, periodic boundary conditions were applied in
x and y directions, while hard walls were applied in th
unique z direction atz50 and z5D. The hard wall atz
50 was made attractive, using a potential designed to mi
the long-ranged dispersion forces between the wall and
fluid @37#:

V~z!5ewF 2

15S sw

z D 9

2S sw

z D 3G . ~3.2!

Herez measures the perpendicular distance from the wall,ew
is a ‘‘well depth’’ controlling the interaction strength, an
we setsw51. No cutoff was employed and the wall pote
tial was made to actequallyon both particle species.

Monte Carlo simulations were performed using a M
tropolis algorithm within the grand canonical (m,V,T) en-

.
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5798 57NIGEL B. WILDING AND MICHAEL KRECH
semble@38,36#. Three types of Monte-Carlo moves were em
ployed:~1! Particle displacements,~2! particle insertions and
deletions,~3! particle identity swaps: 1→2 or 2→1.

By virtue of the symmetry of the system, the chemic
potentialsm1 andm2 of the two components were set equ
at all times. Thus only one free parameter,m5m15m2 ,
couples to the density. The other variables used to exp
the wetting phase diagram were the reduced well de
e/kBT and the reduced wall potentialew /kBT. During the
simulations, the principal observable monitored was the t
particle density profile:

r~z!5@N1~z!1N2~z!#/P2, ~3.3!

which was accumulated in the form of a histogram. HereN1
andN2 are the number of particles of the respective spec
Other observables monitored were the total interparticle
ergy and the wall interaction energy.

The wetting layer thickness was obtained from the den
profile as L5r l

21*r(z)dz where r l is the liquid density.
Although more sophisticated definitions of absolute la
thickness can be envisaged, this one is adequate for our
poses of detecting relative thickness changes arising f
Casimir forces.

B. Method and results

The bulk liquid-vapor coexistence curve properties of
symmetrical LJ fluid~with e1250.7e) have recently been
investigated by MC simulation@33#. This work employed
state-of-the-art simulation techniques to investigate the
ture of coexistence curve singularities induced by the crit
end point. In the course of the study, highly accurate e
mates were obtained for the location of the critical end po
Additionally, the locus of the liquid-gas coexistence cur
mcx(T) was measured to 5 significant figures in the neig
borhood of the CEP.

Armed with accurate estimates formcx(T), one is in a
position to perform detailed wetting studies very close
coexistence. Detailed knowledge ofmcx(T) is a prerequisite
for obtaining a thick wetting layer and detecting changes
its thickness due to Casimir forces. Below we discuss
procedure we have employed for detecting such change

Clearly for a liquid wetting layer to display critical behav
ior at the bulk CEP, it must be sufficiently thick to exhib
quasi-3D properties. But for a thick wetting layer to form
a wall at all, the attractive wall potential must be sufficien
strong that complete wetting occurs at coexistence. To
sure that the CEP lay well within the complete wetting
gime, a number of preliminary test runs were performed
which the temperature was set to its CEP value (Tcep
50.958) and the density profiler(z) monitored as coexist
ence was approached in a sequence of steps from the
side. To achieve this, the chemical potential was simply
creased towards its coexistence value in small incremen
sizeDm50.0025. The procedure was repeated for a num
of different values of the wall potentialew .

For small values ofew /kBT,1.7, it was found that the
film thickness grew as coexistence was approached, bu
ways remained finite@cf. Fig. 3~a!#. The presence of a thin
wetting layer right up to coexistence signals incomplete~par-
tial! wetting. For stronger wall potentials (ew /kBT.1.8),
-
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however, the film thickness became very large as coexiste
was approached and ultimately almost completely filled
system@cf. Fig. 3~b!#. This suggests that the wetting trans
tion lies in the range 1.7,ew /kBT,1.8. Nevertheless, to be
quite sure that the CEP lay well above the wetting transit
~i.e., well within the complete wetting regime!, all subse-
quent work employedew /kBT53.0 at the CEP.

We have studied the layer thicknessL„mS(T)… along the
pathmS(T)5mcx(T)2dm. Givenmcx(T), this path is speci-
fied solely by the value ofdm, which has to be chosen as
compromise between two competing factors. On the o
hand,dm must be sufficiently small that a thick wetting laye
forms. The thickness of this layer must be sufficiently lar
that quasi-3D critical behavior occurs, and that the liquid-g
interfacial properties are not unduly influenced by sho
ranged packing effect close to the attractive wall. On
other hand, one wishes to avoid having a layer that is v
thick, lest the computational expense get out of hand
minimum film thickness ofL510s was judged sufficiently
large for our purposes. However, since close to coexiste
the layer thickness is extremely sensitive to changes indm,
fine tuning was necessary. It turned out that obtaining
required minimum thickness necessitated use of an
tremely smalldm, namelydm50.002 ~corresponding to a
relative undersaturationdm/m;1023). At this undersatura-

FIG. 3. ~a! Density profilesr(z) on the approach to coexistenc
for ew51.7. The film thickness remains small right up to coexi
ence signifying incomplete wetting.~b! Density profiles forew

51.8. The film thickness grows very large as coexistence is
proached, signifying complete wetting.
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57 5799EFFECT OF CRITICALITY ON WETTING LAYERS: A . . .
tion, L was observed to fluctuate in the range 10s&L
&13s.

Another condition to be satisfied in the simulations is th
the largest fluctuation in the layer thickness be small co
pared to the linear extent of the system in thez direction, i.e.,
L!D. This latter condition ensures that the liquid gas int
face does not interact with the hard wall atz5D, which
might otherwise obscure the effects of criticality, or ev
lead to capillary condensation. Accordingly the choiceD
540s was made.

Ideally, in order to facilitate direct contact with real sy
tems and existing theoretical work, one should simulate
effectively semi-infinite system having lateral dimensionsP
@L. In this limit, the finite-size critical behavior of the sys
tem depends only on the ratioj/L of the correlation length to
the layer thickness, and not on the lateral dimensions of
simulation box@35#. Unfortunately, in this work we could
not approach the semi-infinite limit as closely as we wo
have liked because of the huge computational expense
tailed. In fact the largest lateral dimensions that we co
reach wereP512.5s, P515s, and P517.5s, containing
average particle numbers of approximatelyN51500, 1800,
and 3500, respectively. We postpone discussion of the
fects of the relative smallness ofP until later.

The limiting factor in the speed of the simulations a
~hence the attainable system sizes! was found to be the ex
treme slowness of the interfacial fluctuations, which re
dered it very difficult to accumulate accurate estimates of
average thickness. In an effort to ameliorate this proble
multihistogram reweighting techniques were employed@39#.
These allow one to combine data accumulated at individ
state points and, by extrapolation, obtain estimates for
servables at other not-too-distant state points. In our st
the computational complexity meant that it was feasible
accumulater(z) at just three points on the pathS for each
system size~see Fig. 2!. These simulation points were cho
sen to span the CEP temperature, namely,T50.946, 0.958,
0.97. Subsequently, the data from the individual simulatio
were combined self-consistently and extrapolated to y
estimates forr(z) along the whole path. The data were co
lected from runs comprising in total approximately 33109

Monte Carlo steps~MCS!, where we define a MCS as a
attempt to perform each of the three types of MC mov
particle displacement, insertion or deletion, and iden
swap~cf. Sec III A!.

In Fig. 4 we present our results for the layer thickne
L„mS(T)…, obtained by implementing this procedure. T
main feature of the results for each system sizeP is a peak in
the film thickness close to the CEP. For the largest sys
size, the thickness on either side of the peak is fairly c
stant, while for the smallest system size, the accessible ra
of temperature was not sufficient to encompass the wh
peak. For the smallest system size, the critical thickenin
*10%, while for the largest system size it is'5%. The
peak position is at higher temperatures than the bulk C
temperature and is closer to the CEP for the largest sys
size than for the smallest. The peak width also clearly n
rows with increasing system size. We should caution, ho
ever, that the statistical quality of our data is not particula
high due to the difficulties mentioned above in collecti
statistics. The smoothness of the temperature dependenc
t
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L„mS(T)… is to some extent an artifact of the histogram e
trapolation procedure and we are not particularly confid
of our estimates for the absolute film thickness. Nevert
less, weare confident of the ability of our procedure to iden
tify changesin the wetting layer thickness.

The results for the film thickening due to criticality can b
compared with theoretical predictions for the semi-infin
system. In this limit, the change in layer thickness is giv
by Eq.~2.5!. For our system, we calculate the Hamaker co
stant to beW'2.5 at the CEP. The value of the Casim
amplitudeD depends on the boundary conditions on the w
ting layer. In the present model, these are of the for
(1,0) in the notation of Ref.@12#. This notation denotes an
order parameter~concentration! that is pinned to a constan
value at the wall due to the high particle density there, a
which vanishes~on average! at the liquid-gas interface be
cause of the low gas density. The most recent field theor
cal and MC estimates@20# yield D(1,0)'0.2. Inserting this
into Eq. ~2.5! givesLc /L0'1.025. Clearly this is a smalle
thickening than we see, but the trend of our results is in
direction of this value and could lie close to the predicti
for sufficiently large system size.

In fact, it is possible to use finite-size scaling argume
to account for the direction of the observed trend in pe
height with increasingP. To this end, let us rewrite the
finite-size part of the critical effective interface potenti
~2.3!, taking account of the finite lateral extent of the syste

dv~ l !5
W

l 2
1

kBTcD~1,0!

l 2
1

2lDper

P3
. ~3.4!

Here we have simply added an additional scaling term
account for the finite system sizeP in the periodicx andy
directions. The alteration to the free energy is assumed
scale likel /P, so that the contribution tov( l ) ~free energy
per unit area! scales likel /P3. This new term can be inter
preted as a finite-size correction to the chemical potentia

Minimizing this expression as before gives the equil

FIG. 4. The thickness of the wetting layer as a function of te
perature along the thermodynamic pathS defined in the text. Data
are shown for each of the three system sizes studied. The re
were obtained from multihistogram extrapolation of simulation d
accumulated at three points on this line, corresponding to temp
turesT50.946, 0.958, 0.97.
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rium critical thicknessLc . The ratio of critical to noncritical
thickness then follows as

Lc

L0
5S 11

kBTcD~1,0!

W D 1/3F11
2kBTcDper

dm~r l2rv!P3G21/3

.

~3.5!

The Casimir amplitude for periodic boundaries has be
estimated asDper'20.15 @25#. Thus the correction factor in
P is larger than unity and decreases towards unity asP in-
creases. If we take the liquid-gas density differencer l2rg
'0.5, one finds that the correction factor is approximat
1.06 for the P512.5s system size, reducing to approx
mately 1.02 for theP517.5s system size. This account
semi-quantitatively for the observed decrease in the siz
the critical thickening as we increaseP.

The influence of the periodic boundaries is presuma
also responsible for the the observed position of the pea
L„mS(T)…. For a semi-infinite system the finite-size scali
function for v(T) displays a peak forT,TCEP and thus the
peak inL„mS(T)… is also expected to occur forT,TCEP. In
our work, however, the peak inL„mS(T)… occurs for T
.TCEP. It seems reasonable, though, that were one to
ploy the finite-size scaling function for periodic bounda
conditions inv(T) then this could actually change the tem
perature dependence ofL„mS(T)… such that the maximum
appears at someT.TCEP, if P is not much greater thanL.
Unfortunately, the scaling function for a system with tw
periodic and one symmetry breaking boundary condition
presently not known to any approximation.

IV. CONCLUSIONS AND OUTLOOK

In summary we have performed extensive Monte Ca
simulations of wetting behavior near the critical end point
a symmetrical binary fluid in contact with an attractive ha
wall. The results demonstrate that critical fluctuations with
the wetting layer engender Casimir forces, leading to sm
but significant changes in the layer thickness. As such, t
constitute empirical evidence for the Casimir effect in a cr
cal system. Although an unambiguous determination of
limiting size of the critical thickening was hindered by larg
finite-size effects, the results are in order-of-magnitu
agreement with theoretical predictions for a semi-infin
system. Indeed, a theoretical analysis of finite-size cor
a

n

y

of

y
in

-

is

o
f

ll
y

-
e

e

c-

tions to this scaling limit yields estimated size effects co
parable to those observed in the simulations. Given the lik
magnitude of the thickening in the semi-infinite limit~which
we estimate to be;3%), it seems likely that the effec
should also be experimentally detectable in real~i.e., non-
symmetrical! absorbed binary fluids, many of which exhib
Hamaker constants of similar magnitude to the pres
model.

With regard to the computational issues raised by
study, our results testify to the capability of modern simu
tion techniques to identify small changes in the wetting b
havior of realistic fluid models. Indeed, simulation is like
to prove of increasing value in the study of wetting by cri
cal layers, since unlike field theoretical or density function
methods, it allows one both to tackle realistic systems an
deal properly with critical fluctuations. Nevertheless, alg
rithmic improvements are clearly desirable and necessar
one is to realize geometries that are effectively semi-infin
The chief problem experienced in this work was of e
tremely slow fluctuations of the liquid-gas interface. In vie
of this, it may well pay dividends in future work to employ
simulation algorithm that focuses more of the computatio
effort on the interfacial region itself, this being the bottl
neck for phase space evolution. Such algorithmic impro
ments are the matter of ongoing work.

Finally, looking ahead to future work, it would doubtles
be interesting to investigate the nature of the interfacial pr
erties between the critical liquid and noncritical gas phas
This matter has already been the subject of a numbe
detailed theoretical investigations aimed at elucidating
temperature dependence of the interfacial shape and su
tension on the approach to the CEP@40,41,32#. Given
present capabilities, a simulation study of interfacial prop
ties at the CEP would certainly seem feasible and wo
nicely complement existing experimental studies@42,43#.
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