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Microscopic structure of molecularly thin confined liquid-crystal films

Thomas Gruhn* and Martin Schoen†

Institut für Theoretische Physik, Sekretariat PN 7-1, Technische Universita¨t Berlin, Hardenbergstrasse 36, D-10623 Berlin, Germany
~Received 19 September 1996!

The microscopic structure of a molecularly thin liquid-crystal film confined between two plane parallel
surfaces~i.e., walls! composed of rigidly fixed atoms is investigated in grand canonical ensemble Monte Carlo
simulations in which the temperatureT, the chemical potentialm, and the wall separationsz are the relevant
thermodynamic state variables. These conditions correspond to those encountered in related experiments em-
ploying thesurface forces apparatus~SFA!. Wall atoms are distributed according to the~100! configuration of
a face-centered cubic~fcc! lattice. Film molecules interact with each other via the Gay-Berne potential which
may be viewed as a Lennard-Jones~12,6! potential modified to account for the anisotropy of the interaction
between two ellipsoidal film molecules. Parameters governing the film-wall interaction are chosen such that
molecules tend to arrange their symmetry axes parallel with the plane of a wall~i.e., thex-y plane!. The
thermodynamic state of a bulk phase in equilibrium with the confined film pertains to the isotropic phase of the
Gay-Berne fluid, so that preferred orientations in the film are unambiguously ascribed to confinement~i.e., to
the presence of the walls!. In general, film structure is characterized by stratification, that is, the tendency of
film molecules to arrange their centers of mass in individual strata parallel with the walls. The strata are more
diffuse than in films composed of ‘‘simple’’ molecules without rotational degrees of freedom due to a larger
geometric incompatibility between film and wall structure and to orientability of film molecules in the present
model. Assz is increased at fixedT andm, molecularly thin liquid-crystal films undergo complex structural
changes resulting from a competition between wall-induced orientation and lack of space. These effects are
analyzed in depth by density-alignment histograms and correlated with variations of the normal stressTzz
exerted by the film on the walls. The normal stress, which is in principle accessible in SFA experiments,
depends strongly onsz even in rather thick films, indicating the importance of cooperative wall-induced
phenomena for materials properties of confined liquid-crystal films.@S1063-651X~97!04702-8#

PACS number~s!: 61.30.Cz, 68.45.2v, 61.20.Ja, 82.65.Dp
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I. INTRODUCTION

If condensed phases like, for instance, liquid crystals
confined to a volumeV of some container, two differen
spatial regions are discernible providedV is macroscopic. At
points $r% sufficiently far removed from any container wa
the microscopic structure of the liquid crystal is solely d
tated by the thermodynamic state. This so-defined bulk
gion may be anisotropic or isotropic depending on whet
or not a preferred molecular orientation exists. Orientabi
of liquid-crystal molecules gives rise to nematic or smec
~bulk! mesophases in addition to an isotropic phase typica
‘‘simple’’ bulk fluids without rotational degrees of freedom
If, on the other hand, one approaches a container wall s
ciently closely, the symmetry of the liquid crystal is dictat
by the wall which represents a permanent solid interface
from a more abstract perspective, may be viewed as an
ternal field to which liquid-crystal molecules are exposed.
other words, in the immediate neighborhood of a wall a t
~vicinal! film exists whose microscopic structure is not co
pletely determined by the thermodynamic state but also
some extent by the nature of the wall. For an isotropic b
phase the thickness of a liquid-crystal film is related to
range of the potential characterizing the interaction betw
film molecules and the wall and is therefore microscopic
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size, not exceeding a few molecular ‘‘diameters.’’ Then, t
very different extent of bulk region and vicinal film permi
one to safely ignore the impact of the latter on the form
under the tacit proviso of a macroscopicV.

However,V does not have to be macroscopic under
circumstances. On the contrary, it can be quite tiny to
extent that the distance between the walls in one or m
dimensions becomes comparable to the range of the fl
wall potential so that a bulk phase in the above sense
absent. Intuitively one would then expect properties o
liquid-crystal vicinal film to differ markedly from those of a
corresponding bulk liquid crystal under identical thermod
namic conditions. The physics of a microscopically thin co
fined liquid crystal is, however, not just an arcane acade
playground but of technological importance. For instan
spatial and orientational structures of liquid-crystal films b
tween solid interfaces are relevant for the developmen
new optimized displays@1#. In mechanical engineering, o
the other hand, one is frequently confronted with frictio
between movable machine parts and wear. The impac
these ultimately destructive phenomena can be reduced
lubricants. In many cases it is commercially desirable
miniaturize certain machine parts so that the lubricant
comes a molecularly thin confined film@2#. In this regard
liquid-crystal films are of great interest because they exh
a much lower frictional resistance under high loads than c
ventional lubricants@3#.

Because of advances in technology, properties of t
confined films are not only within experimental reach but c
2861 © 1997 The American Physical Society
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2862 55THOMAS GRUHN AND MARTIN SCHOEN
nowadays be measured almost routinely on a molec
scale. A particularly prominent experiment in this regard
volves the so-calledsurface forces apparatus~SFA! by
which rheological properties of confined molecularly th
films can be measured@4#. The films consist of rather differ
ent molecules, ranging from long-chain~e.g., hexadecane! or
spheroidal @e.g., octamethylcyclotetrasiloxane~OMCTS!#
hydrocarbons @5# to liquid crystals @e.g., 4-cyano-
48-octylbiphenyl~8CB!# @6#. In the SFA a thin film is con-
fined between the surfaces of two cylinders which are
ranged such that their axes are at right angles. The surf
are traditionally covered with thin mica sheets which perm
measurements of surface separation by optical techniq
@4#. Cylinder radii are macroscopic so that the surfaces m
be taken as parallel on a molecular length scale. In addit
they may be perceived as planar since mica can be prep
with atomic smoothness over molecularly large areas. T
setup is immersed in a bulk reservoir of the same fluid
which the film consists. Thus at thermodynamic equilibriu
temperatureT and chemical potentialm are equal in both
subsystems~i.e., film and bulk reservoir!. By exerting an
external stress in the direction normal to the surfaces,
film’s thickness can be altered by either expelling molecu
from it or by imbibing them from the reservoir until thermo
dynamic and mechanical equilibrium is reestablished, tha
until the stress exerted by the film on the surfaces equals
applied normal stress. If one displays this normal stressTzz
as a function of surface separationsz , a damped oscillatory
curve obtains in many cases~see, for instance, Fig. 1 in@5#!.
The oscillations, which are detected only if the molecu
structure of film molecules matches the crystallograp
structure of the surfaces to a minimum extent, are attribu
to stratification, that is, the tendency of film molecules
arrange themselves in individual strata parallel with the s
faces. As a phenomenon occurring on a microscopic len
scale, stratification to date cannot be observed directly
SFA experiments but has been established by comp
simulations of SFA models involving films of ‘‘simple’’ flu-
ids consisting of spherical particles~see@7#, and references
therein!. A quantitative measure of stratification in the
simulations is the local density which is a damped oscillat
function of position with respect to the walls. Its peak
which in a ‘‘simple’’-fluid film at microscopically smallsz
are quite narrow and tall, represent well-localized individu
strata of film molecules. Stratification is caused by mere c
finement, is unique in the sense that it is largely independ
of the precise form of the film-wall interaction@8#, and is
accompanied by subtle order-disorder phase transitions a
as simple fluids are concerned@9,10#. If, on the other hand,
complex fluids like liquid crystals are employed, aspects o
confined film’s structure on a mesoscopic scale rang
from, say, nanometers to micrometers are now access
experimentally by a modification of theclassicSFA which
combines the stress-measurement capability of the latter
x-ray diffraction @11#. In this so-called XSFA high-energ
synchrotron radiation has recently been utilized to determ
the orientation of a confined smectic liquid-crystalline fil
and its dependence on the ‘‘softness’’ of the confining s
faces@12#.

From a theoretical perspective, several approaches
available to describe liquid-crystalline fluids in the presen
ar
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of surfaces. A simple one, restricted to the nematic liqu
crystal phase, describes the preferred local molecular or
tation by a director field. After spatial discretization the eq
librium director field can be obtained for any given bounda
condition in the presence of external fields by solving a
laxation equation@13# or by minimizing the Frank free en
ergy @14#. However, this approach disregards spatial var
tions of the density. A lattice model was also used
Dadmun and Muthukumar@15# to simulate a confined semi
flexible liquid-crystal film. They report a strong dependen
of the isotropic-nematic phase transition on the adsorp
strength of the surface@15#. A more realistic microscopic
picture of liquid crystals is achieved through models
which molecules are permitted to translate and rotate fre
Because of their complexity these models can only be s
ied in computer simulations. Examples include ellipsoid
@16,17#, cylindrical @16#, or needle-shaped particles@18# with
either ‘‘soft’’ or ‘‘hard’’ interaction potentials. A realistic
but still sufficiently simple description of the liquid-crysta
intermolecular interaction is provided by the Gay-Ber
model which is based on a Lennard-Jones potential modi
for ellipsoidal particles@19#. For a certain set of potentia
parameters its bulk phase diagram is completely known
includes an isotropic and a nematic phase as well as s
smectic-B-like phases@20#. In the nematic region the mode
was used to determine the temperature dependence o
elastic coefficients, including surface coefficients@21#. For a
Gay-Berne film between plane parallel structureless~i.e.,
smooth! surfaces a wall-induced smectic-A structure was re-
ported in @22,23# where temperatureT and densityn are
chosen such that a corresponding bulk fluid is nematic. T
fluid-wall interaction was chosen to be homeotropic.

Unfortunately, none of these investigations are direc
applicable to XSFA experiments because the confined film
treated as a thermodynamically closed system with a fi
number of molecules whereas in the XSFA the film is op
to the bulk reservoir, capable of exchanging matter with
Exchange of matter between the confined film and the b
reservoir, on the other hand, has important consequence
phase transitions particularly in cases of severe confinem
~i.e., in very thin films! @24#. This observation and our inter
est in structure and materials properties of thin confin
liquid-crystalline films under conditions encountered in t
XSFA tempted us to employ the grand canonical ensem
Monte Carlo~GCEMC! method in this work. Since we wish
to concentrate on the impact of confinement on the mic
scopic structure, we deliberately selected thermodyna
states for which a bulk liquid crystal is isotropic. Any pre
ferred orientation of molecules in the confined film can th
be attributed unambiguously to confinement effects. Res
of our study are presented in Sec. IV. Section III is devo
to a derivation of molecular expressions for thermophysi
properties of interest. We begin, however, in Sec. II with
description of our model system.

II. THE MODEL

We consider a film composed ofN ellipsoidal molecules
confined between two planar walls. Each wall is compos
of an array ofNs spherically symmetric atoms distribute
across the plane of the wall according to the~100! configu-
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55 2863MICROSCOPIC STRUCTURE OF MOLECULARLY THIN . . .
ration of the face-centered cubic~fcc! lattice. The walls are
in registry, that is, they are aligned such that correspond
atoms in the two walls are always exactly opposite e
other. Coordinates of a given atom~2! in the upper wall
(z5sz) are related to those of its counterpart~1! in the lower
wall (z50) by

x25x1 ,

y25y1 , ~1!

z25z11sz5sz .

Assuming pairwise additivity of all interactions, the tot
configurational energyU can be written as

U5UFF1 (
k51

2

UFW
~k!

5
1

2(i51

N

(
jÞ i

N

uf f1 (
k51

2

(
i51

N F (
j51

Ns

ufw
~k!1uhw~zi !G , ~2!

whereUFF andUFW
(k) denote film-film and film-wall contri-

butions, respectively;uf f andufw
(k) are the associated intera

tion potentials, and superscriptk refers to lower (k51) and
upper (k52) wall. A hard-wall background

uhw~zi !5H 0, 0,zi,sz

`, zi<0, zi>sz
~3!

is formally imposed to define the distance between the w
rigorously despite their otherwise discrete~i.e., atomic! na-
ture. However, wall atoms are so densely packed that du
the course of a simulation film molecules never interact w
the hard wall due to the finite range of the repulsive part
ufw
(k) @see Eq.~9! below#.
We employ the Gay-Berne potential@19# for uf f which

provides a reasonably realistic description of the interac
between liquid-crystal molecules. It is based on an ans
suggested by Berne and Pechukas@25#, who realized that the
anisotropy of the interaction of two rodlike molecules can
approximated by the convolution of two ellipsoidal Gaus
ians. Mathematically the convolution yields another Gau
ian characterized by a standard deviations f f( r̂ i j ,ûi ,ûj )
where r̂ i j is a unit vector in the direction of the center-o
mass distance vectorr i j andûi , ûj are unit vectors~so-called
microscopic directors! specifying the orientation of film mol-
ecules with respect to a space-fixed coordinate system. U
s f f( r̂ i j ,ûi ,ûj ) Gay and Berne@19# proposed a modified
Lennard-Jones~12,6! potential for ellipsoids of revolution:

uf f~r i j ,ûi ,ûj !54e f f~ r̂ i j ,ûi ,ûj !

3F S s f f
s

r i j2s f f~ r̂ i j ,ûi ,ûj !1s f f
s D 12

2S s f f
s

r i j2s f f~ r̂ i j ,ûi ,ûj !1s f f
s D 6G , ~4!

where
g
h

ls

g
h
f

n
tz

e
-
-

ng

s f f~ r̂ i j ,ûi ,ûj !5s f f
s H 12

x

2 F ~ r̂ i j •ûi1 r̂ i j •ûj !
2

11xûi•ûj

1
~ r̂ i j •ûi2 r̂ i j •ûj !

2

12xûi•ûj
G J 21/2

, ~5!

x:5
~s f f

e /s f f
s !221

~s f f
e /s f f

s !211
5

k f f
2 21

k f f
2 11

, ~6!

ands f f
e ands f f

s are the zeros ofuf f for end-end configura-

tions ~i.e., r̂ i j i ûi i ûj ) and side-side configuration
( r̂ i j'ûi i ûj ) of two ellipsoidal molecules. The function
e f f( r̂ i j ,ûi ,ûj ) is defined in a similar fashion as

e f f~ r̂ i j ,ûi ,ûj !5e f f
s H 12

x8

2 F ~ r̂ i j •ûi1 r̂ i j •ûj !
2

11x8ûi•ûj

1
~ r̂ i j •ûi2 r̂ i j •ûj !

2

12x8ûi•ûj
G J 2

@12x2~ ûi•ûj !
2#21/2,

~7!

where

x8:5
Ae f f

s /e f f
e 21

Ae f f
s /e f f

e 11
5

Ak f f8 21

Ak f f8 11
~8!

and k f f8 5e f f
s /e f f

e denotes the ratio of the potential we
depths for side-side and end-end configurations. The va
s f f
s ande f f

s are used to express all quantities in the custo
ary dimensionless~starred! units @26#.

The interaction between ellipsoidal film molecules a
spherical wall atoms is modeled by analogy with the Ga
Berne potential as

ufw
~k!54e fw~ r̂ i j

~k! ,ûj !F S s fw
s

r i j
~k!2s fw~ r̂ i j

~k! ,ûj !1s fw
s D 12

2S s fw
s

r i j
~k!2s fw~ r̂ i j

~k! ,ûj !1s fw
s D 6G , ~9!

where r̂ i j
(k) is a unit vector in the direction of the distanc

vector r i j
(k) between an atom in wallk and the center of

mass of a film molecule andr i j
(k)5ir i j

(k)i . In Eq. ~9!

s fw( r̂ i j
(k) ,ûj ) is the standard deviation of a Gaussian obtain

from a similar convolution of a spherical and an ellipsoid
Gaussian which can be written explicitly as

s fw~ r̂ i j
~k! ,ûj !5s fw

s @12a~ r̂ i j
~k!
•ûj !

2#21/2, ~10a!

with

a:512~k fw!22512S s fw
e

s fw
s D 22

, ~10b!

where s fw
s and s fw

e are the zeros ofufw for r̂ i j
(k)'ûj and

r̂ i j
(k)i ûj , respectively. To obtain an expression f
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2864 55THOMAS GRUHN AND MARTIN SCHOEN
e fw( r̂ i j
(k) ,ûj ) one notes the similarity between its counterp

e f f( r̂ i j ,ûi ,ûj ) in Eq. ~7! ands f f( r̂ i j ,ûi ,ûj ) in Eq. ~5!. The
main difference between the latter two concerns a fac
}ûi•ûj in Eq. ~7! which has no equivalent ine fw( r̂ i j

(k) ,ûj )
because wall atoms are spherical. Under this proviso an
analogy with Eqs.~5! and ~7! we have from Eq.~10a!

e fw~ r̂ i j ,ûj !5e fw
s @12a8~ r̂ i j

~k!
•ûj !

2#2, ~11a!

where

a8:512~k fw8 !21/2512S e fw
s

e fw
e D 21/2

~11b!

ande fw
e , e fw

s denote the depths of potential wells for sphe
end and sphere-side configurations, respectively. At
point the set of parameters$s fw

e ,s fw
s ,e fw

e ,e fw
s % governing

the fluid-wall interaction potential is yet undetermined.
particular choice of values employed in this work will b
rationalized subsequently in Sec. III B where we emphas
technical aspects of our GCEMC simulation.

III. THEORETICAL BACKGROUND

A. Statistical-physical description
of confined liquid-crystal films

For a film confined between discrete walls and open t
bulk fluid reservoir in the thermodynamic sense, it w
shown in@27# that the exact differential of the grand pote
tial, which governs infinitesimal, reversible transformatio
in an open system, can be written as

dV52SdT2Ndm1g8dA1TzzAdsz , ~12!

where$T,m,A,sz% is the set of natural variables. The expre
sion in Eq.~12! explicitly assumes that the walls are in re
istry @cf. Eq. ~1!# and that the film is not sheared. In Eq.~12!
S denotes entropy,g8 is a film-wall interfacial tension,A is
the area of film-wall contact, andTzz is the average stres
applied normally toA. By convention,Tzz is negative if the
force exerted by the film on the wall points outward. Fro
Eq. ~12! it immediately follows that

ATzz5S ]V

]sz
D
T,m,A

, ~13!

which is of interest here because this stress tensor elem
can be measured in principle in complementary SFA exp
ments. A molecular expression forTzz can be derived from
Eq. ~13! and

V52kBT lnJ, ~14!

which follows from standard textbook considerations (kB
Boltzmann’s constant! @28#. The grand canonical partition
functionJ can be expressed as

J~m,T,sz ,A!5 (
N50

`

exp~mN/kBT!QN~T,sz ,A!. ~15!
t

r

by

-
is

e

a
s

-

nt
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In Eq. ~15! QN is the canonical partition function. For
molecular system like a liquid crystal it can be cast as

QN5
1

N!h5NE exp@2bH~rN,pN,vN,pv
N!#dr NdpNdvNdpv

N

~16!

in the classical limit where b:5(kBT)
21, pN

5$p1 ,p2 , . . . ,pN% are the momenta conjugate to th
center-of-mass positions rN5$r1 ,r2 , . . . ,rN%, vN

5$v1 ,v2 , . . . ,vN% are Euler angles specifying molecula
orientations @vi5(u i ,f i) for linear molecules#,
pv
N5$pv1

,pv2
, . . . ,pvN

% are the momenta conjugate tovN,

andh is Planck’s constant. The exponent 5 in Eq.~16! takes
notice of the five degrees of freedom~three translational and
two rotational! of the ellipsoidal Gay-Berne molecules. Th
Hamiltonian

H5(
i51

N pi
2

2m
1(

i51

N

(
a5x,y

Lia
2

I
1U~r N,vN! ~17!

is split into translational and rotational kinetic contributio
and the intermolecular potentialU(r N,vN). In Eq. ~17! Lia
is the component of the angular momentum referred to
body-fixed principal axisa of moleculei , I is the ~scalar!
moment of inertia, andm is the molecular mass. For a sy
tem without rotational degrees of freedom a division of t
Hamiltonian into kinetic and potential contributions immed
ately leads to a factorization ofQN into a kinetic part and the
configurational integral because in a classical equilibri
system momenta are independent of each other and ofr N.
For a system with rotational degrees of freedom, on the o
hand, Gray and Gubbins point out thatLN5LN(vN,pv

N) so
that a similar factorization is prevented@29#. The factoriza-
tion of QN is, however, possible if one introduces the tran
formationpv

N→LN. This permits one to rewrite Eq.~16! as

QN5
1

N!h5NE exp@2bH~rN,pN,vN,pv
N!#

3dr NdpNdvNuJ~N!udLN, ~18!

where uJ(N)u is the absolute value of the Jacobian of th
transformation. SinceL i is independent ofpvj

for iÞ j ,

J(N)5J1J2•••JN whereJi is given by

Ji :5
]~pf i

pu i
!

]~LxiLyi !
52sinu i . ~19!

Introducing Eq.~19! together with

sinu idu idf i5dûi ~ i51, . . . ,N! ~20!

eventually permits one to rewrite Eq.~18! as

QN5QtransQrotZ̃N , ~21!

where

Z̃N5
1

N!2NE exp@2bU#dr NdûN5
1

N!2N
ZN . ~22!
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55 2865MICROSCOPIC STRUCTURE OF MOLECULARLY THIN . . .
In Eq. ~22! ZN denotes the configurational integral, the ex
factor 22N corrects for double counting equivalent orient
tions ûi and2ûi . In Eq. ~21! Qtrans andQrot represent inte-
grals over momentum and angular momentum space w
can be carried out analytically to give

Qtrans5S 2pm

bh2 D 3N/25:L23N,

Qrot5S 2pI

bh2D
N

5L22NS ImD N, ~23!

whereL is the thermal de Broglie wavelength@28#. Combin-
ing now Eqs.~21!–~23! and inserting the resulting expre
sion into Eq.~15! permits one to reexpress the grand cano
cal partition function in factorized form as

J~m,T,sz ,A!5 (
N50

`
L25N

N! S I

2mD N
3exp~mN/kBT!ZN~T,sz ,A!. ~24!

From Eqs.~13!, ~14!, and ~24! one obtains a molecular ex
pression forTzz, namely,

ATzz5S ]V

]sz
D
T,m,A

52kBTS ] lnJ

]sz
D
T,m,A

52
kBT

J (
N50

`
L25N

N! S I

2mD Nexp~mN/kBT!S ]ZN
]sz

D
T,m,A

.

~25!

Depending on how the partial derivative ofZN is evaluated,
two alternative forms forTzz obtain. This is demonstrated b
writing more explicitly

]ZN
]sz

5
]

]sz
)
i51

N E dûiE
0

s

dxiE
0

s

dyiE
0

sz
dzi

3exp@2bU~r N,ûN!#. ~26!

In Eq. ~26! sz appears as a variable in the upper limit of t
fourth integral as well as in the argument ofU because of the
contributionUFW

(2) @cf. Eq. ~2!# which containssz as an argu-
ment via

r i j
~2!5@~xi2xj

~2!!21~yi2yj
~2!!21~zi2sz!

2#1/2 ~27!

because of Eq.~1!. Applying Leibniz’s rule for the differen-
tiation of an integral@30# therefore yields

]ZN
]sz

52
1

kBT
)
i51

N E dûiE
0

s

dxiE
0

s

dyiE
0

sz
dzi

]UFW
~2!

]sz

3e2bU~rN,ûN!. ~28!
ch

i-

The contributions from the upper limits on the integratio
overzi vanish, sinceU becomes infinite atzi5sz on account
of the implicit hard-wall background@see Eqs.~2!, ~3!#.
More explicitly,

]UFW
~2!

]sz
52(

i51

N

(
j51

Ns dufw
~2!

dri j
~2!

zi2sz
r i j

~2! 5(
i51

N

(
j51

Ns

Fz,i j
~2! 5Fz

~2! ,

~29!

whereFz,i j
(2) is thez component of the force exerted by ato

j in wall 2 on the center of mass of film moleculei . Inserting
now Eqs.~26!, ~28!, and~29! into Eq. ~25! yields

Tzz5
1

AJ (
N50

`
L25N

N! S I

2mD Nexp~mN/kBT!

3E dûNE drNFz
~2!exp@2bU~r N,ûN!#

5
1

A(
N50

` E dûNE dr NFz
~2! f mVT5

^Fz
~2!&
A

, ~30!

which introduces the probability density functionf mVT of the
grand canonical ensemble and expressesTzz as an ensemble
average of thez component of the net force per unit are
exerted by the upper wall~2! on the film. This force must be
applied externally in order to keep wall (2) stationary in t
state of thermodynamic equilibrium. Likewise,^Fz

(2)& may
be viewed as thez component of the negative total force p
unit area exerted by the film on the wall. Because of m
chanical stability,

^Fz
~2!&52^Fz

~1!&. ~31!

On account of its functional form, Eq.~30!—together with
Eq. ~31!—is termed the ‘‘force’’ expression forTzz. An al-
ternative expression can be derived by transforming v
ables according to

zi→ z̃i5zisz
21 ~ i51, . . . ,N!,

zi
~k!→ z̃ i

~k!5zi
~k!sz

21 ~ i51, . . . ,Ns ;k51,2! ~32!

so that Eq.~26! reads

]ZN
]sz

5
]

]sz
sz
N)
i51

N E dûiE
0

s

dxiE
0

s

dyiE
0

1

dz̃iexp~2bU !.

~33!

Scaling affects bothUFF andUFW
(k) because of

r i j5@~xi2xj !
21~yi2yj !

21sz
2~ z̃i2 z̃j !

2#1/2,

r i j
~k!5@~xi2xj

~k!!21~yi2yj
~k!!21sz

2~ z̃i2 z̃ j
~k!!2#1/2,

~34!

and the differentiation gives

]ZN
]sz

5
NZN
sz

2
b

sz
)
i51

N E dûiE
0

s

dxiE
0

s

dyiE
0

sz
dziWzz

3exp~2bU !, ~35!
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after reverting the transformation@Eqs. ~32!#. In Eq. ~35!
Wzz is defined as

Wzz:5
1

2(i51

N

(
jÞ i

N
duf f
dr i j

zi j
2

r i j
1 (

k51

2

(
i51

N

(
j51

Ns dufw
~k!

dri j
~k!

@zi j
~k!#2

r i j
~k!

5:Wzz
FF1Wzz

FW , ~36!

where zi j :5zi2zj and zi j
(k) :5zi2zj

(k) . Inserting Eq.~35!
into Eq. ~25! gives

Tzz5Tzz
FF1Tzz

FW , ~37a!

where

Tzz
FF52

^N&kBT

Asz
1

1

Asz
(
N50

` E dûNE dr NWzz
FF f mVT

52
^N&kBT

Asz
1

^Wzz
FF&

Asz
, ~37b!

Tzz
FW5

1

Asz
(
N50

` E dûNE dr NWzz
FWf mVT5

^Wzz
FW&

Asz
. ~37c!

Because of Eq.~36! Eqs. ~37! will henceforth be called the
‘‘virial’’ form of Tzz. Similar virial and force expression
have been derived previously@31,32# for ‘‘simple’’ films. In
@31# the film was confined between rigid discrete walls sim
lar to the ones employed here whereas in@32# these walls
were thermally coupled to the film via the Einstein model
a crystal. The expressions in Eqs.~30! and ~37! differ from
their counterparts in@31# by an additional integration ove
molecular orientation due to the rotational degrees of fr
dom of our molecules. They also lack additional mean-fi
contributions which arise in@32# because of the Einstei
model. Despite these details force and virial forms provid
useful check on internal consistency of computer simu
tions. This is demonstrated in@31,32# for various ensembles
and different thermodynamic states and holds for the pre
model, too.

B. Grand canonical Monte Carlo method

Unfortunately none of the expressions forTzz just derived
can be solved analytically for the present model. Thus
resort to GCEMC simulations which provide a numeric
route to this quantity. In GCEMC generation of a~numerical
representation of a! Markov chain of configurations proceed
in two consecutive steps. In the first step one of theN mol-
ecules, sayi , is chosen at random and its center of mass
displaced slightly within a small cube of side length 2dmax
centered on its original positionr i

[k] , that is,

r i
[ l ]5r i

[k]1dmax~122j!, ~38!

where the superscripts refer to original@k# and new trial
configuration@ l #, 15(1,1,1) andj is a vector whose three
components are pseudorandom numbers distributed
formly on the interval@0,1#. Then one of the three axes o
the Cartesian coordinate system is chosen at random an
molecule is rotated randomly by a small angle incremen
-

f

-
d

a
-

nt

e
l

is

ni-

the

Dck→ l5cmax~122j! ~39!

around that axis. Bothdmax andcmax are adjusted during a
run to preserve an acceptance ratio of 40260 % of displace-
ment and rotation attempts. From the theory of Markov p
cesses@33# it follows that the probability for the transition
k→ l is governed by the ratiofmVT

[ l ] / f mVT
[k] where from Eq.~30!

f mVT}expF2b~U2mN!2 lnN!2N lnS 2mL5

VI D G ~40!

after a convenient transformation

r N→ r̃ N5$x1 /s,y1 /s,z1 /sz , . . . ,xN /s,yN /s,zN /sz%

which gives rise to the term}N lnV in Eq. ~40! @26#. Since
N does not vary during the first step, it is easy to verify th

f mVT
[ l ]

f mVT
[k] 5exp@2bDUk→ l #, ~41!

whereDUk→ l is the change in configurational energy ass
ciated with displacement and rotation of moleculei . Employ-
ing Metropolis’s algorithm@26# the transitionk→ l is ac-
cepted with a probability

p15min$1,exp~2bDUk→ l !% ~42!

in the usual way. During the second step an attempt is m
to alterN by either adding or removing one film molecule
an unbiased way, that is,DNk→ l :5N[ l ]2N[k]561. Addi-
tion and removal are attempted with equal probability.
DNk→ l511 a new molecule is added from a virtual rese
voir of matter with random orientation at a randomly s
lected position inV; if DNk→ l521 an already existing mol-
ecule is chosen at random and subjected to a rem
attempt. Addition and removal attempts are accepted on
basis of amodifiedMetropolis criterion

p25min$1,f mVT
[ l ] / f mVT

[k] 5exp~r k→ l !%, ~43!

where the argument of the pseudo Boltzmann factor is gi
by

r k→ l52 lnN[ l ]2bDU [ l ]1B̃ ~44a!

for addition (DNk→ l511) and by

r k→ l5 lnN[k]1bDU [k]2B̃ ~44b!

for removal (DNk→ l521). In Eqs.~44! DU [k] andDU [ l ]

denote configurational energy differences due to the a
tional molecule in the old@k# and the new trial configuration
@ l #, respectively. The dimensionless constant

B̃5bm2 lnS 2mL5

VI D ~45!

depends on the thermodynamic state via the set$m,V,T%,
molecular massm, and the moment of inertiaI which can be
cast analytically as



55 2867MICROSCOPIC STRUCTURE OF MOLECULARLY THIN . . .
TABLE I. Technical details of the GCEMC simulations.

TemperatureT* 1.25
Thermal de Broglie wavelength for given temperature,L* 0.0663
Chemical potentialm* 210.1 ~film!;

210.1,28.1,27.1 ~bulk!
Lattice constant of the fcc~100! walls, l * 1.90
Side length of simulation cell in thex-y plane,s* 11.422
Axis ratio of fluid moleculesk f f 3.0
Ratio of potential well depths (uf f), k f f8 5.0

Potential well depth ofufw for ûi' r̂ i j
(k) , ufw

s 1.0

Ratio of potential well depths (ufw), k fw8 2.5
Starting configuration random
Number of equilibration steps (1.021.5)3107

Total number of MC steps (2.023.0)3107

Cutoff radius for fluid-fluid interaction, (r f f
c )* 4.0

Cutoff radius of neighbor list 4.5
Cutoff radius for fluid-wall interaction, (r fw

c )* 3.44
Thickness of imaginary layer used in computation ofr̄ andh, Dz* 0.05–0.12
Interval ofuz

2 used in computation ofh, Duz
2 0.05
-
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I

m
5

1

20
~s f f

s !2~11k f f
2 ! ~46!

for ellipsoids of revolution.
Out of convenience we introduce a potential cutoff~see

Table I! and modifyuf f andufw so that both potentials van
ish identically at intermolecular separations equal to or lar
than this cutoff. Specifically, we replaceuf f in the GCEMC
simulations by

uf f
sim5H 0, r i j>r f f

c

`, r i j2s f f~ r̂ i j ,ûi ,ûj !1s f f
s <0

uf f~r i j ,ûi ,ûj !2uf f~r f f
c r̂ i j ,ûi ,ûj !, otherwise,

~47!

wherer f f
c :5s f f

e 1s f f
s . We note in passing thatuf f

sim is set to
infinity if the denominators in Eq.~4! become negative. This
is necessary because the Gay-Berne potential@Eq. ~4!# has an
unphysical minimum for strongly overlapping configuratio
of a molecule pair, a deficiency of the Gay-Berne poten
which is due tos f f( r̂ i j ,ûi ,ûj ) and rarely discussed in th
literature. It obviously leads to nonsensical results especi
in simulations involving particle insertions but may also a
fect complementary approaches based on, say, density f
tional theory or integral equations if the limits of integratio
are chosen improperly. The fluid-wall potential is modifi
the same way and replaced byufw

sim which involves, however,

s fw( r̂ i j ,ûj ) and r fw
c :5s fw

e 1s fw
s instead ofs f f( r̂ i j ,ûi ,ûj )

and r f f
c in Eq. ~47!. Becauseuf f

sim and ufw
sim are short-range

potentials we employ minimum image convention and pe
odic boundary conditions in all three (x,y,z; bulk phase! or
two (x,y; confined film! dimensions@26#.

All results presented below are obtained fork f f53 and
k f f8 55. From Eqs.~5!–~8! one notes that in reduced uni

~see above! s f f( r̂ i j ,ûi ,ûj ) ande f f( r̂ i j ,ûi ,ûj ) are completely
r

l

ly

c-

i-

determined oncek f f and k f f8 are specified. To determin

s fw( r̂ i j ,ûj ) we express the zero ofufw for configurations
r̂ i j'ûi as

s fw
s :5~sw1s f f

s !/2 ~48!

for purely geometrical reasons wheresw denotes the ‘‘diam-
eter’’ of a wall atom. In the same spirit we write

s fw
e :5~sw1s f f

e !/2 ~49!

for configurationsr̂ i j i ûi . In addition, equal ‘‘volumes’’ for
fluid molecules and wall atoms are assumed, so that

sW
3 5~s f f

s !2s f f
e ⇒sW5A3 3s f f

s ~50!

ands fw( r̂ i j
(k) ,ûj ) is completely determined. Equations~48!–

~50! are, of course,ad hocassumptions but do not seem to b
too unreasonable especially in view of the lack of more
fined potential models for the interaction between wall ato
and film molecules. However, two undetermined parame
remain, namely,e fw

s and k fw8 5e fw
s /e fw

e @see Eqs.~11!#. In
this article we takee fw

s 5e f f
s and k fw8 5k f f8 /2 favoring an

alignment of the microscopic director parallel with the wa
The impact of other choices for$e fw

s ,e fw
e % is planned to be

discussed in a separate publication@34#.
The simulations were performed with a fully vectorize

GCEMC program incorporating neighbor lists on a Cr
J932 where a typical run of 107 MC steps takes about 70 mi
of CPU time.

IV. RESULTS

A. Isotropic bulk phase

For the special casek f f53 andk f f8 55 the phase diagram
of the bulk Gay-Berne fluid was meticulously determined
Chalamet al. @22#. It reveals the rich phase behavior typic
of a liquid crystal, that is, existence of various mesophase



f
in
ry
sta

se
o

tis
r
ed
o
n
ur
e
u

ch

on

ith
al
us
r
ng

e at

la-
rk

a-
ell

ity
ely.

s

s
ed

lm
se
e
an

lot
t

-
ic

at

rre
a

2868 55THOMAS GRUHN AND MARTIN SCHOEN
addition to an isotropic phase~see Fig. 17 in@22#!. Thus for
a given temperatureT and densityn one knows the nature o
the phase to which a particular thermodynamic state perta
If one wants to perform a GCEMC simulation for this ve
state, however, one does not need its density but the
variable conjugate to it, that is, the chemical potentialm. It
can be computed for a givenT and n via the test particle
method in a MC simulation in the canonical ensemble@35#.
If this so-determinedm is utilized in a subsequent GCEMC
simulation one can compute theaveragedensity of the same
thermodynamic state now specified uniquely by the
$m,V,T%. Based upon the hypothesis of equivalence
statistical-physical ensembles@36# one expects theaverage
density from GCEMC to equal thefixeddensity of the cor-
responding canonical ensemble MC simulation within sta
tical accuracy. Applicability of the hypothesis is, howeve
not guaranteeda priori but expected for states characteriz
by a correlation length sufficiently smaller than the micr
scopic dimensions of the simulation cell. For three differe
densitiesn*50.2274, 0.2480, 0.2545 and the temperat
T*51.25 we computedm by the test particle method. Thes
states pertain to the isotropic phase of the Gay-Berne fl

FIG. 1. ~a! The chemical potentialm obtained by the test par
ticle method as a function of the number of steps in a canon
ensemble MC simulation atT*51.25; n*50.2274 (h),
n*50.2480 (1), n*50.2545 (L). ~b! The number density
n:5^N&/V as a function of the number of GCEMC steps
T*51.25;m*5210.1 (h), m*528.1 (1), m*527.1 (L). The
horizontal lines refer to the constant chemical potential of a co
sponding GCEMC simulation~a! and to the density employed in
canonical ensemble MC simulation~b!, respectively.
s.

te

t
f
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-
t
e

id

sufficiently off the isotropic-nematic phase transition whi
at this temperature occurs atn*.0.32 @22#. Results in Fig.
1~a! show that convergence of the ensemble average,
which the estimatedm is based, depends significantly onn. It
is faster at lowern because of the decreasing efficiency w
which test particles sample regions of low configuration
energy. This is particularly apparent from the discontinuo
jumps in the data points forn*50.254 which disappea
gradually with increasing run length, that is, with increasi
statistical accuracy. The calculatedm ’s are then used in
GCEMC to determine the average density of a bulk phas
the same temperatureT. Results in Fig. 1~b! show that this
density converges nicely to the value for whichm was de-
termined in the preceding canonical ensemble MC simu
tion. Thus for relevant thermodynamic states in this wo
GCEMC is reliable.

B. Stratification of confined liquid-crystal films

Turning to confined films next, a useful quantitative me
sure of confinement effects is obtained through the Maxw
relation

2S ]N

]sz
D
T,m,A

5AS ]Tzz
]m D

T,sz ,A

, ~51!

which follows directly from Eq.~12!. Since

lim
sz→`

Tzz~sz!5 lim
sz→`

Tzz
FF~sz!52Pb ~52!

the partial differential on the right hand side of Eq.~51!
reduces to its bulk counterpart@37#

S ]Pb

]m D
T,V

5nb ~53!

in this limit wherePb andnb denote the pressure and dens
of a corresponding homogeneous bulk phase, respectiv
Thus it proves convenient to introduce

r :5
1

Anb
S ]^N&

]sz
D
T,m,A

→1 ~sz→`! ~54!

as the relative ‘‘rate’’ at which the confined film imbibe
matter from a~virtual! reservoir assz varies with respect to
the ~constant absolute! bulk imbibition ‘‘rate.’’ Because of
this definition r,1 refers to states for which imbibition i
hindered relative to the bulk whereas imbibition is enhanc
if r.1. The origin of any deviation ofr from its bulk value
of one must be related to a microscopic structure of the fi
differing sufficiently from that of a corresponding bulk pha
at the sameT andm. Since the thermodynamic state is th
same for film and bulk, a different structure of the former c
only be induced by the walls so that in this senser is a direct
measure of confinement.

For a thermodynamic stateT*51.25, m*5210.1 to
which the remainder of this paper will be restricted we p
r as a function ofsz in Fig. 2. Data points plotted in tha
figure are obtained by numerically differentiating^N& from a
sequence of GCEMC simulations at different$sz%. As ex-

al
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55 2869MICROSCOPIC STRUCTURE OF MOLECULARLY THIN . . .
pected,r is a damped oscillatory function ofsz which oscil-
lates around the bulk value of one. Intuitively this mak
sense because confinement effects are expected to be
pronounced~i.e., the deviation from one is expected to be t
larger! the smallersz is. Based upon the plot ofr in Fig. 2 we
divide the range of wall separations studied into differe
zones depending on whetherr is less or greater than one
These zones are demarcated in Fig. 2 by vertical lines.
subsequent discussion of structural aspects will be restri
to representative thermodynamic states~i.e., values ofsz)
identified by sz*52.5 ~zone A!, 3.0 and 3.4~zone B!, 4.0
~zone C!, 4.5 ~zone D!, and 5.6~zone E!.

What structural changes are expected as one moves
tween different zones? From previous work involving film
composed of ‘‘simple,’’ spherically symmetric molecules
is well known that the most prominent structural feature d
to confinement is stratification@7#. This phenomenon is
unique in the sense that it is independent of the nature of
fluid-wall interaction potential and occurs whether or n
these walls are hard@38# or soft @39#, structured or smooth
@8#. One is therefore tempted to assume stratification to
erate in films consisting of complex fluids, too. A direct me
sure of stratification is the local density~cf. Sec. I! defined as

r̄~z;sz!:5
^N~z;sz!&
ADz

, ~55!

where ^N(z;sz)& is the average number of film molecule
located in a thin slice of widthDz ~see Table I! centered on
z and parallel with the walls. We note thatin general the
local densityr(r,v;sz) is a function of molecular orientation
v because of the anisotropy of film molecules and of~vec-
tor! position r because of the corrugation of the walls
transverse directions. However, since we are mainly c
cerned with stratification for the time being, it seems perm
sible to averager(r,v;sz) over thex-y plane and to inte-
grate it over all orientations. The result of these operation
r̄(z;sz) where we introduce the overbar to emphasize the

FIG. 2. The relative imbibition ‘‘rate’’r of a confined film with
respect to a bulk reservoir at the same temperatureT and chemical
potentialm as a function of distance between the wallssz . Zones
A–E are identified according to intervals ofsz in which r.1 and
r,1, respectively. Vertical lines separate these zones and the
zontal line demarcates the bulk valuer51. Zone E is not divided
further because the deviation ofr from one is small forsz*>4.7.
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Plots of r̄(z;sz) for various selected states in zones A–
illustrate stratification assz varies. Generally speaking, fo
all the cases presented in Fig. 3 stratification causes the
to be inhomogeneous, that is, its reduced local density
pends onz. If sz is sufficiently small in zone A only a mono
layer of liquid-crystal molecules fits which is located in th
middle between the walls for energetic reasons. Going
zone B atsz*53.0 the contour ofr̄(z;sz) changes substan
tially, which can be seen by comparison of Figs. 3~a! and
3~b!: even though the film seemingly consists of a mon
layer, its peak height appears to be significantly redu
compared with the curve in Fig. 3~a!. The plot ofr̄(z;sz) in
Fig. 3~b! is also broader and exhibits shoulders not visible
Fig. 3~a!. Regardless ofsz similar shoulders are never ob
served for a film consisting of simple ‘‘molecules’’ and mu
be ascribed to the molecular nature of our model fluid as
will demonstrate in due course~see Sec. IV C!. However,
before discussing this aspect further we note from the plo
Fig. 3~c! that at the end of zone B the original shoulders ha
transformed into two rather tall peaks corresponding to t
contact strata~i.e., the strata closest to a wall! and a distinctly
smaller middle peak. Thus in zone B a trilayer film appears
without participation of an intermediate bilayer film unlik
for a film of ‘‘simple’’ molecules where the number of stra
always changes by one at certain characteristic values osz
@8#. In zone C the film appears to be less stratified than
zone B, which is inferred from the reduced height of conta
stratum peaks and the almost invisible middle-stratum p
in Fig. 3~d!. For a ‘‘simple’’-fluid film such a ‘‘disappear-
ance’’ of formerly ~i.e., at lowersz) already existing strata
upon enlargingsz has not been observed. In zone D t
middle stratum reappears even though the height of
contact-stratum peaks in Fig. 3~e! remains largely unaf-
fected. Finally, in zone E the middle stratum breaks up i
two geometrically equivalent middle strata distributed sy
metrically around the midplanez50 as one would expect on
account of the present registration of the~discrete! walls. If,
on the other hand,sz is sufficiently large the structure of
liquid-crystal film resembles that of a correspondi
‘‘simple’’ fluid. This can be seen in Fig. 4 wherer̄(z;sz) at
sz*512 exhibits peaks corresponding to three individu
strata in the vicinity of each wall if one scrutinizes the pl
creatively. The remainder of the cross section between
walls is homogeneous at the density of a bulk Gay-Be
fluid kept at the sameT andm. According to the exposition
at the very beginning of the paper, this is expected at su
ciently large sz . Homogeneity of the cross section is,
course, a consequence of the particular thermodynamic s
which belongs to the isotropic phase of the bulk Gay-Be
fluid.

C. Orientational effects

From the discussion in the preceding section it is evid
that the structure of a confined liquid-crystal film diffe
from that of a corresponding ‘‘simple’’-fluid film in three
important aspects.

~1! Stratification is less pronounced, that is, even for ve
thin films individual strata are spatially less well loca
ized and not resolved@see Figs. 3~c!–3~f!#.

ri-
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FIG. 3. The reduced local densityr̄(z;sz) @see Eq.~55!# as a function of positionz/sz between lower (z/sz520.5) and upper
(z/sz50.5) wall. ~a! sz*52.5 ~zone A!, ~b! sz*53.0 ~zone B!, ~c! sz*53.4 ~zone B!, ~d! sz*54.0 ~zone C!, ~e! sz*54.5 ~zone D!, ~f!
sz*55.6 ~zone E!. See Fig. 2 for a definition of zones A–E.
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~2! In some cases@see, for instance, Fig. 3~b!# stratification
begins closer to the walls and not out in the middle~see
Fig. 2 in @10#!.

~3! Upon enlargingsz the number of individual strata doe
not always change by one at certain characteristic va
of sz @see Figs. 3~a!–3~c!#.

Thus besides stratification some other mechanism mus
fect the microscopic structure of a confined liquid-crys
film. Because of the molecules’ anisotropy it seems natu
to expect orientational effects to be important in this resp
Therefore we introduce the probability of finding a molecu
es

f-
l
al
t.

at z with a particular orientation,f (z,uz
2 ;sz)dzduz

2 , where
uz is the cosine of an angleu between the microscopic di
rector û and thez axis. From an operational point of view

f ~z,uz
2 ;sz!5

^N~z,uz
2 ;sz!&

^N&DzDuz
2 , ~56!

where^N(z,uz
2 ;sz)& is the average number of molecules in

thin slice of widthDz centered onz with an orientation in
the interval@uz

22Duz
2/2,uz

21Duz
2/2# ~see Table I!. The argu-

ment uz
2 ~rather than uz) of the probability density
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f (z,uz
2 ;sz) takes notice of the nonpolarity of Gay-Bern

molecules. On account of its definition,uz
251.0 if the micro-

scopic directorû is parallel with thez axis ~i.e., for mol-
ecules homeotropically oriented with respect to a wa!;
uz
250.0 if the microscopic director is perpendicular to t
z axis ~i.e., for molecules lying in planes parallel with th
walls!. However,f (z,uz

2 ;sz) is not immediately suitable fo
our purposes which can easily be comprehended by con
ering a homogenous isotropic phase with no distinguis
molecular orientation. One may then write

f ~z,uz
2 ;sz!duz

25 f iso~uz
2!duz

2

52cE
0

2pE
arccosAuz

2
1duz

2

arccosAuz
2

sinu du df

5
1

2szuuzu
duz

2 , ~57!

where the integration is carried out over a spherical la
corresponding to the interval@uz

2 ,uz
21duz

2# on the upper
hemisphere of the unit sphere. The constant of normaliza
c is determined such that

E
0

1E
0

sz
f iso~uz

2!dz duz
251. ~58!

Thus even though the physics does not distinguish any
ticular orientation,f iso(uz

2) apparently varies in proportion t
uuzu21. It is therefore sensible to introduce a reduced dis
bution function

h~z,uz
2 ;sz!:5

f ~z,uz
2 ;sz!

f iso~uz
2!

5
2sz
^N&

^N~z,uz
2 ;sz!&uuzu

DzDuz
~59!

as the quantity of prime interest. Clearly,h(z,uz
2 ;sz)50 in

spatial regions inaccessible to film molecules~e.g., very
close to a wall!, h(z,uz

2 ;sz)51 for all $z,uz
2% if the distribu-

tion of microscopic directors is isotropic, andh(z,uz
2 ;sz)

Þ1 if this is not the case. Plots ofh(z,uz
2 ;sz) in Fig. 5

illustrate the orientation of molecules as the film thickens
the same representative states for whichr̄(z;sz) is displayed
in Fig. 3. In zone A, where the film comprises just a mon

FIG. 4. As Fig. 3 but forsz*512.0.
id-
d

r

n

r-

i-

r

-

layer, the plot in Fig. 5~a! indicates a preferential molecula
orientation parallel to the plane of the walls (uz

250). Since
the hyperplaneh(z,uz

2 ;sz).0 over a finite range of orienta
tions, parallel alignment of microscopic directors is not p
fect which is, of course, due to thermal motion. In zone B t
structure of the film becomes more complex as can be s
from Fig. 5~b! whereh(z,uz

2 ;sz) has a bifurcation at smal
uz
2 and a maximum atuz

2.0.25 andz50. Thus in the im-
mediate vicinity of the walls a small fraction of molecule
tends to align their microscopic directors parallel with t
plane of the wall which is inferred from the double-pe
structure at smalluz

2 , while the majority of molecules, stil
located at the center of the film (z50), appear to be tilted
with respect to the plane of the wall. The maximum
uz
2.0.25 corresponds to a tilt angle ofu.60° between the
microscopic director and thez axis. The double-peak struc
ture in Fig. 5~b! is therefore responsible for the shoulders
r̄(z;sz) discussed previously@see Fig. 3~b!#. At the upper
bound of region B the bifurcation has shifted to higher v
ues ofuz

2 and so has the maximum ofh(z50,uz
2 ;sz) in Fig.

5~c! indicating that at the center of the film molecules tend
align their microscopic director more and more parallel w
the z axis as space between the walls becomes increasi
available~i.e., with increasingsz). In the immediate vicinity
of the walls molecules prefer a more parallel alignment w
the walls as revealed by two well-separated peaks
h(z,uz

2 ;sz) in Fig. 5~c! in the limit uz
2→0. Because mol-

ecules with a parallel orientation~with respect to a wall! can
move closer to that wall due to their cigarlike shape, the t
maxima inh(z,uz

2 ;sz) for uz
2 below the bifurcation move to

positionsuz/szu which are the larger the loweruz
2 is. In zone

C the orientation in the middle layer is rather diffuse but t
bifurcation in Fig. 5~d! is still visible and has now moved to
even largeruz

2 . The maximum inh(z50,uz
2 ;sz) is located

almost atuz
251.0 so that molecules in the middle of the film

are perpendicularly oriented with respect to the wall wh
molecules closer to a wall are aligned in a parallel fashion
one concludes from the two peaks at lowuz

2 . A comparison
with Fig. 5~e! shows that the orientation in the middle str
tum changes from perpendicular~to the plane of the walls! to
parallel in zone D: the broad peak inh(z50,uz

2 ;sz) at high
uz
2 now appears at lowuz

2 . In zone D the contact strata ar
capable of inducing their parallel orientation in the midd
layer for the first time. The disappearance of the middle p
of r̄(z;sz) in the sequence of plots in Figs. 3~c!–3~e! is
therefore apparently associated with a change in the
ferred orientation in the middle layer from tilted@Fig. 5~c!#
to perpendicular@Fig. 5~d!# to parallel@Fig. 5~e!#. This effect
is due to a competition between preferred orientation a
lack of space because of the cigarlike shape of film m
ecules. Finally, in zone E the middle stratum breaks up i
two new strata@Fig. 5~f!# corresponding to molecules whic
prefer to orient their directors parallel with the plane of t
confining walls.

However, in none of these cases do we observe a pe
orientation of molecules in the film. This is particularly a
parent from the plots in Fig. 5~e! and Fig. 5~f! which show
that molecules in the contact layers can have orientati
ranging all the way from parallel to perpendicular~with re-
spect to the wall plane! even though a parallel orientation
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FIG. 5. Density-alignment histogramh(z,uz
2 ;sz) as a function of positionz/sz between lower (z/sz520.5) and upper (z/sz50.5) wall

and the squaredz component of the microscopic directorû by which the orientation of film molecules is specified. Ifuz
250, the microscopic

director is parallel to the plane of the walls; ifuz
251.0 the microscopic director is perpendicular to that plane.~a! sz*52.5 ~zone A!, ~b!

sz*53.0 ~zone B!, ~c! sz*53.4 ~zone B!, ~d! sz*54.0 ~zone C!, ~e! sz*54.5 ~zone D!, ~f! sz*55.6 ~zone E!. See Fig. 2 for a definition of zone
A–E.
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clearly favored because of our choice of film-wall potent
parameters. In general, our results forh(z,uz

2 ;sz) show that
stratification is less pronounced than in a correspond
‘‘simple’’-fluid film because of the gradual variation of mo
lecular orientation and lack of space due to severe confi
ment. This competition prevents the number of strata fr
increasing by one assz becomes larger and causes the fic
tious disappearance of already existing strata discussed i
preceding section in conjunction with Figs. 3~c!–3~e!. The
parallel results in Fig. 5~c!–5~e!, however, clearly demon
strate that there is no such disappearance but that the o
tation changes so that the middle stratum, which still exi
becomes rather diffuse and is buried in the plot ofr̄(z;sz) in
Fig. 3~d!.

D. The normal stress

Clearly, the previously discussed structural features
confined liquid-crystal films must manifest themselves
materials properties, too. To this end, perhaps the mos
teresting quantity is the normal component of the stress
sor Tzz which can be measured in principle in SFA expe
ments@4,5#. It is obtained here from both virial and forc
expressions@see Eqs.~30!, ~37!#. Results are plotted in Fig. 6
l

g

e-

-
the

n-
s,

f

n-
n-

as a function of wall separationsz . Generally speaking,Tzz
as well as its componentsTzz

FF andTzz
FW from the virial ex-

pression are damped oscillatory functions ofsz . As before in
the classification of significant structural changes, the qu
tity r proves useful to distinguish different regimes in t
curveTzz(sz) which in turn demonstrates the close relati
betweenTzz and the microscopic structure of the film. W
therefore identify different zones in Fig. 6 according to t
classification scheme introduced in Fig. 2. It turns out tha
regions wherer,1, Tzz increases withsz while it decreases
wheneverr.1. This makes sense intuitively becauseTzz
may be viewed as a measure of ‘‘ease’’ with which the fi
can imbibe additional matter from a reservoir assz increases.
It is then plausible that the ‘‘rate’’ of imbibition in the con
fined film relative to the bulk~namely,r ) should be less than
one untilTzz has reached a maximum. If, on the other han
a structural change permits the film to imbibe matter m
easily beyond a certain threshold~i.e., if Tzzdecays beyond a
maximum value! r should exceed one untilTzz assumes a
new minimum. The plot in Fig. 6 confirms this notion.

Figure 6 also shows thatTzz has less distinct extrem
compared with earlier results for a ‘‘simple’’ fluid confine
between structured walls~see Fig. 3.4.a in@7#!. Viewing
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Tzz as a measure of stratification, one can rationalize
observation in terms of the more pronounced geometric m
match between the crystallographic structure of the walls
the molecular structure of Gay-Berne molecules in comp
son with previous models in which films of spherically sym
metric molecules were confined between fcc~100! walls. In
addition to the geometric mismatch, stratification is reduc
here further by molecular orientability according to the d
cussion in the preceding section. The influence of such g
metric factors has also been noted experimentally by G
et al. @5#, who observed in SFA experiments with certa
branched hydrocarbon films confined between mica surfa
that oscillations are completely absent in a plot of the ana
of Tzz versussz while many very distinct oscillations ar
detected if the film is composed of long-chain hydrocarbo
which can adjust themselves more easily to the rather r
and symmetric mica structure because of their greater fl
ibility.

One may also verify from Fig. 6 that the su
Tzz
FF1Tzz

FW agrees nicely with the force expression forTzz as
required~see Sec. III A!. The agreement is nearly perfect u
to sz*.4.2 and does not exceed 4% even at the largest
separation. However, we deliberately refrain from plotti
Tzz from Eq. ~37! along with its force counterpart becau
we do not want to overload Fig. 6 and, more important
because plotting the componentsTzz

FF and Tzz
FW separately

permits more interesting conclusions. First, one notices fr
Fig. 6 that even atsz*55.8, Tzz has not reached its large
system limit2Pb @see Eq.~52!# and, furthermore, does no
exhibit a clear tendency toward it. This can be understo
from the plot ofTzz

FF and Tzz
FW in Fig. 6 which are almost

monotonous functions ofsz beyondsz*.4.6 having small,
nearly equal slopes of opposite sign. Thus when summ
these slopes cancel partially resulting in an even weaker
bal dependence ofTzz on sz which we are unable to detec
given the accuracy of the data. Second, it follows from E
~52! that the limiting value2Pb should be assumed b
Tzz
FF alone, that is, limsz→`Tzz

FW50. The plots in Fig. 6

clearly show thatsz*55.8 is apparently way below the large

FIG. 6. The normal stress componentTzz as a function of dis-
tancesz between the walls from Eq.~30! (L), Tzz

FW (h), Tzz
FF

(1). Lines are intended to guide the eye. The horizontal line r
resents the negative pressure2Pb of a bulk fluid at the sameT and
m. See Fig. 2 for a definition of zones A–E.
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system limit becauseuTzz
FW(sz*55.8)/Pbu.0.32 is still quite

substantial. This raises the interesting question: how larg
the limiting value sz

lim at which Eq. ~52! approximately
holds @i.e., at whichTzz

FW(sz
lim).0#? The question may be

answered if one realizes from Eq.~36! that beyond a certain
film thickness~i.e., sz) Wzz

FW reaches a constant value due
the finite range of the film-wall interaction potential. Fo
thicker films it then seems reasonable to expect@see Eq.
~37c!# Tzz

FW to increase according to

Tzz
FW52

a

sz
, ~60!

wherea is some constant. From simulation data at vario
values ofsz we estimate this constant in Table II which turn
out not to vary appreciably over the range of wall separati
considered so that Eq.~60! apparently holds. Based on th
estimate ofa one can calculate a limiting valuesz

lim at which

Eq. ~52! is approximately satisfied. TakinguTzz
FW/Pbu<0.01

as a reasonable but arbitrary criterion, (sz
lim)*.190 is ob-

tained, which is much larger than the range of film-wall i
teractions indicating the importance of cooperative pheno
ena for materials properties of confined films. This
substantiated further by the slow decay ofTzz

FF which at
sz*512 has reached only 83% of its limiting value2Pb @see
Eq. ~52!#. That it is not unreasonable to expect an impact
the walls over distances of several tens of molecular ‘‘dia
eters’’ is corroborated also by results for self-diffusion in
‘‘simple’’ fluid confined between fcc ~100! walls. At
sz*530 the self-diffusion coefficientD i for the diffusion of
film molecules located halfway in between the walls a
moving in a ‘‘plane’’ parallel with the walls exceeds its bu
counterpart significantly~see Fig. 5.3 in@7#!.

V. CONCLUDING REMARKS

In this paper we present results from GCEMC simulatio
of molecularly thin confined Gay-Berne films. These a
simulations of a confined liquid crystal under conditions e
countered in complementary XSFA experiments@12#. In
these experiments the confined film is open to a bulk re
voir with which it exchanges matter, work, and heat. T
mimic these conditions in a computer simulation, the gra
canonical ensemble is well suited because it permits on
compute properties of both film and bulk reservoir separa
under experimentally relevant conditions, i.e., fixed tempe
ture T and chemical potentialm in both subsystems. This
approach views the film as infinitely large in the plane p

-

TABLE II. GCEMC results for the film-wall contribution to
the normal stressTzz

FW for various distancessz between the walls.
Parametera andsz

lim are calculated from Eq.~60! according to the
criterion uTzz

FW/Pbu<0.01.

sz Tzz
FW a sz

lim

4.8 20.559 2.68 196
5.8 20.443 2.57 188
8.0 20.323 2.58 188
12.0 20.216 2.60 190
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allel to the walls and therefore ignores edge effects at fi
bulk contact, which we believe to be a rather mild assum
tion.

The results presented here give clear evidence of a
degree of structural complexity in liquid-crystal films on a
count of the orientability of film molecules. Orientations c
be analyzed best in terms of density-alignment histogra
h(z,uz

2 ;sz) since Gay-Berne molecules are nonpolar. T
histograms show that the microscopic structure of mole
larly thin liquid-crystal films is a consequence of a compe
tion between the orientation favored by the film-wall inte
action potential and spatial constraints, that is, lack of spa
The observed orientations are solely due to the presenc
~discrete! walls because the thermodynamic state of a co
sponding Gay-Berne bulk phase pertains to the isotro
phase where no particular orientation is distinguished. Ho
ever, details of wall-induced orientations in a liquid-crys
film will depend on the orientation favored by the film-wa
potential, that is, the choice ofe fw

s and k fw8 in Eq. ~11!.
Depending on their value, homeotropic or parallel orien
tions of the microscopic directorû with respect to the plane
of the walls may be realized which then have to comp
with packing effects. In this paper we concentrate on wa
which tend to align film molecules in parallel planes. In
separate publication we plan to study the impact of ot
parameter sets for the film-wall potential on the microsco
structure of confined liquid-crystal films@34#. Within the
context of the present study, however, it seems worthwhil
stress that unlikeh(z,uz

2 ;sz) the ~reduced! local density
r̄(z;sz) is not too well suited to characterize the microsco
structure of a confined liquid-crystal film under current co
ditions. This is becauser̄(z;sz) is primarily a measure o
stratification which is not too strong here in most cas
Compared with films composed of ‘‘simple’’ molecules~see
.
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Fig. 3.5 in @7#! individual strata appear generally to be sp
tially less well localized and overlap@cf. Figs. 3~b!–3~f!#.
The reduced degree of stratification is also seen inTzzwhich
exhibits less distinct oscillations with varyingsz compared
with a film of ‘‘simple’’ fluids. However,Tzz(sz) compares
qualitativelywell with results obtained in SFA experimen
which involve a liquid-crystal film whose correspondin
bulk phase is isotropic, too@40#.

Besides confinement and mismatch between wall and
structure, the thermodynamic state has a significant imp
on stratification. For example, if the thermodynamic st
pertains to a smectic or nematic bulk phase, more strati
films are conceivable. Smectic films, which are the subjec
prime interest in recent XSFA experiments@6,11,12#, are,
however, difficult ~if not impossible! to investigate within
the present GCEMC framework because of their large d
sity and high degree of order, which renders the conventio
addition-removal step of the GCEMC algorithm very inef
cient.
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