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Computer simulation study of the free surfaces of a liquid crystal model
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Departamento de Fı´sica Aplicada e Ingenierı´a Eléctrica, Escuela Polite´cnica Superior, Universidad de Huelva,

Carretera Palos de la Frontera s/n, 21819 La Ra´bida, Huelva, Spain

E. de Miguel
Departamento de Fı´sica Atómica, Molecular y Nuclear Universidad de Sevilla, Apartado 1065, Sevilla 41080, Spain

~Received 23 September 1996!

We present a computer simulation study of the liquid-vapor interface of the Gay-Berne fluid model for a
range of temperatures above and below the vapor-isotropic liquid-nematic triple point. The molecular elonga-
tion is k53, and two values of the energy anisotropy parameter (k851 and 1.25! are considered. Our results
show that an excess of orientational order is developed at the isotropic liquid-vapor interface. The degree of
orientational order grows as the temperature is lowered to its value at the triple point. Molecules in the nematic
phase orient themselves parallel to the interface. Combining our results with those obtained previously for
k53 andk855, we conclude that a change in the preferred orientation at the isotropic free surface takes place
whenk8 is decreased~for a fixed value ofk), as the alignment changes from perpendicular to parallel. The
behavior of the surface tension and the adsorption of the order parameter at the isotropic free surface close to
the triple point are compatible with the existence of wetting at the isotropic liquid-vapor interface by the
nematic phase.@S1063-651X~97!14902-9#

PACS number~s!: 61.30.Gd, 61.30.Cz, 68.10.Cr
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I. INTRODUCTION

Fluids of strongly anisotropic molecules, such as liqu
crystals~LC’s!, exhibit a rich interfacial behavior, includin
wetting, layering, and orientational transitions. Some
these surface effects have been observed experimenta
interfaces involving simple fluids. On the other hand, LC
may exhibit characteristic interfacial effects as a result of
orientational degrees of freedom. For example, it is well
tablished that in the absence of external fields, the orienta
in the bulk nematic phase is determined by the orientation
the molecules close to the interface@1#.

In the particular case of the nematic free surface~interface
between nematic and vapor phases below the triple po!,
the molecular orientation at the interface is not universal,
depends strongly on the details of the intermolecular po
tial @1#. Experimentally, this preferred orientation is found
be parallel, perpendicular, or tilted with respect to the int
face. Moreover, this orientation may change as the temp
ture is varied.

A number of theories have been proposed to explain
wealth of experiments on interfacial effects at the nema
free surface@2–5#. These theories have undoubtly contri
uted to a better understanding of the microscopic mec
nisms which control the interfacial properties of LC’s. How
ever, a full theoretical description is still lacking. Moreove
some of these approaches arrive at contradictory conclus
@3#. Considering the success of computer simulation in ot
areas of liquid state theory, it is hoped that this appro
may shed some light on an understanding of the interfa
behavior of LC’s. It is important to recall that comput
simulation yields information on physical magnitudes th
are difficult to measure in the laboratory, and may constit
a strong test of the validity of different theoretical a
proaches.
551063-651X/97/55~3!/2916~9!/$10.00
f
at

e
-
n
f

t
d
n-

-
a-

e
c

a-

ns
r
h
al

t
e

Although computer simulations of interfacial properties
simple and complex fluids have been reported, there
striking scarcity of simulations for systems involving L
phases. The first simulation studies of inhomogeneous
tems including liquid and vapor phases in coexistence w
based on the Lennard-Jones fluid model~see Ref.@6# for a
critical review of these works!. These studies were mainl
devoted to the calculation of the surface tension and its lo
tail correction, as it is possible to compare the simulat
data with those obtained experimentally for noble gas
Subsequent works extended these studies to deal with
interfacial properties of mixtures of simple fluids~see, for
example, Refs.@6–8#!.

The first attempt to simulate the interfacial properties
molecular fluids was made by Thompson and Gubb
@9–11#. These studies considered fluids of moderate an
tropic ~diatomic! molecules interacting through a two-si
Lennard-Jones potential. As expected, no liquid crys
phases were found due to the low degree of molecular
isotropy, although a preferred molecular orientation at
~isotropic! liquid-vapor interface was reported. Additionally
orientational changes at the interface were predicted on th
retical grounds by an explicit consideration of a~sufficiently
strong! quadrupolar term in the intermolecular potent
model @12,13#.

A large number of simulation studies of the interfac
properties of different fluid models has emerged since
pioneering work of Thompson and Gubbins. Due to its pr
tical applications and biological interest, most of these wo
have focused on the free surface properties of water or m
tures containing water@14#.

To the best of our knowledge, there has been only one
of works in which the study of the free surface of nema
liquid crystal models has been addressed from the pers
tive of computer simulation. These works were based on
2916 © 1997 The American Physical Society
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55 2917COMPUTER SIMULATION STUDY OF THE FREE . . .
Lebwhol-Lasher model@15–17#. Within this lattice model,
the study of the nematic free surface was performed by c
sidering a nematic film confined between two hard walls
is important to note that this modeldoes notinduce any
preferential orientation at the interface, as it does not cou
the translational and rotational degrees of freedom@18#.
Moreover, the~trivial! distance dependence in this mod
does not allow the virial route to be applied for evaluati
the surface tension, which has to be calculated using indi
methods. The simulation results indicated that the liquid
the interface was less ordered than the bulk nematic, i.e.,
the free surface induced orientational disorder. Wetting
the nematic free surface by the isotropic phase was foun

More recently, we reported a simulation study of t
liquid-vapor interface of the Gay-Berne~GB! fluid model
@19# for certain values of the anisotropic potential para
eters. Considering the general features of the correspon
phase diagram@20#, no direct coexistence between nema
and vapor phases is expected for this choice of parame
Consequently, the simulation study reported in Ref.@19# was
restricted to the interfacial properties oforientationally dis-
orderedphases. However, it has been recently shown@21#
that, upon a suitable choice of anisotropic parameters,
GB fluid model presents a triple point at which vapor (V),
isotropic (I ) liquid, and nematic (N) liquid phases coexis
simultaneously. For temperatures below this triple point,
liquid phase in coexistence with theV phase is orientation
ally ordered~nematic!. The work in Ref.@21# was limited to
the study of bulk phases in the neighborhood of theV-I -N
triple point, and no interfacial properties were reported. T
study of the inhomogeneous system is addressed here. A
as we are aware, this is the first simulation study of
nematic-vapor interface based on a continuous microsc
model.

The remaining of this paper is organized as follows.
Sec. II we describe briefly the intermolecular model used
this work. In Sec. III we give details on the simulation tec
nique used for studying the liquid-vapor (L-V) interface.
The results concerning the interfacial properties of the s
tem are presented in Sec. IV. The final section contain
discussion about the main results obtained in this work.

II. GAY-BERNE MODEL

Within the context of the GB model@22#, molecules are
viewed as rigid units with axial symmetry. Each individu
molecule is represented by a vectorr , which defines the po-
sition of its center of mass with respect to an~arbitrary! fixed
reference frame, and a unit vectoru, which defines the di-
rection of the main symmetry axis of the molecule. The
teraction energy between a pair of moleculesi -j is given by

Ui j54e~ r̂ i j ,ui ,uj !F S s0

r i j2s~ r̂ i j ,ui ,uj !1s0
D 12

2S s0

r i j2s~ r̂ i j ,ui ,uj !1s0
D 6G , ~1!

where r i j is the distance between the centers of mass
moleculesi and j , and r̂ i j5r i j /r i j is a unit vector along the
intermolecular vectorr i j5r i2r j . According to these defini-
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tions,s is the distance~for given molecular orientations! at
which the intermolecular potential vanishes, and is given

s~ r̂ i j ,ui ,uj !5s0H 12
x

2
F ~ r̂ i j •ui1 r̂ i j •uj !

2

11x~ui•uj !

1
~ r̂ i j •ui2 r̂ i j •uj !

2

12x~ui•uj !
G J 21/2

, ~2!

wherex5(k221)/(k211) andk5a/b, with a being the
molecular length along the main symmetry axis, andb the
cross-section diameter of the molecule. Accordingly, the
rameterk is a measure of the length-to-breadth ratio of t
molecule. Values ofk.1 are appropriate for rodlike~pro-
late! molecules and valuesk,1 correspond to disclike~ob-
late! molecules.

The strength of the interactions,e, also depends on the
relative orientations of the molecules, and takes the form

e~ r̂ i j ,ui ,uj !5e0@e1~ui ,uj !#@e2~ r̂ i j ,ui ,uj !#
2, ~3!

with

e1~ui ,uj !5@12x2~ui•uj !
2#21/2, ~4a!

e2~ r̂ i j ,ui ,uj !512
x8

2
F ~ r̂ i j •ui1 r̂ i j •uj !

2

11x8~ui•uj !

1
~ r̂ i j •ui2 r̂ i j •uj !

2

12x8~ui•uj !
G , ~4b!

wherex85(k81/221)/(k81/211) andk85e1 /e2. e1 is the
minimum of the potential for a pair of parallel molecule
placed side by side (r̂ i j •ui5 r̂ i j •uj50), ande2 is the mini-
mum for a pair of parallel molecules placed end to e
( r̂ i j •ui5 r̂ i j •uj51).

It can be checked that if the anisotropy parametersk and
k8 are set equal to 1, Eq.~1! reduces to the well-known
Lennard-Jones~LJ! model potential withs5s0 and e5e0.
Bearing this in mind, the GB potential can be considered
a generalization of the LJ model to fluids of nonspheri
molecules with range and energy parameters which are
entation dependent. On the other hand, molecules interac
through the GB potential have a quasiellipsoidal shape. T
is assessed by the fact that the range param
s( r̂ i j ,ui ,uj ) is, to a first approximation, the contact distan
between two hard ellipsoids of elongationk with orienta-
tionsui anduj .

In a recent study by de Miguelet al. @21#, it was shown
that the GB fluid withk53 andk851 and 1.25 exhibits a
triple point where theV, I , andN phases coexist simulta
neously. The triple point temperature~in units of e0 /kB) is
Ttr'0.63 fork851 andTtr'0.54 fork851.25. As pointed
out previously, these findings have motivated the pres
work, as they indicate that GB seems to be an appropr
potential model to study the nematic free surface

In the present study, the molecular elongation was fixed
k53. Two different values of the parameterk8 were con-
sidered, namely,k851 and 1.25. It should be noted that fo
k851 all configurations~for parallel molecules! are equally
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2918 55E. MARTÍN del RÍO AND E. de MIGUEL
stable@21#. Nevertheless, the attractive interactions are s
anisotropic for this value ofk8, as the shape of the we
depth is very nonspherical@21#.

III. SIMULATION DETAILS

We have investigated theL-V interfacial properties of the
GB fluid model withk53 andk851 for temperatures in the
range 0.59<T<0.68 ~in units of e0 /kB , wherekB is Boltz-
mann’s constant!, around theV-I -N triple point by using
computer simulation. The simulations were performed us
molecular dynamics at constant volume and temperat
The temperature was kept constant by rescaling the ve
ties each time step@23#.

The simulation box was a rectangular prism of dime
sionsLx5Ly and Lz containing a liquid film between two
vapor slices. According to this setup, the inhomogene
system included twoL-V interfaces. The initial configuration
was built up atT50.65 by placing a liquid slab between tw
empty cells. The liquid film was previously equilibrated
the coexistence density corresponding to this temperatur
obtained from Gibbs ensemble simulations@21#. The system
was then allowed to evolve. If the temperature of the sys
is below the critical temperature, as is the case forT50.65
@21#, the densities of both phases~liquid and vapor! will
eventually reach their corresponding coexistence values
different initial configuration was generated at a sligh
lower temperature (T50.64) following the same procedure
The final configuration forT50.65 (T50.64) was then used
to study the inhomogeneous system at higher~lower! tem-
peratures by increasing~decreasing! the value ofT in steps
of 0.01, in units ofe0 /kB . At each temperature, the syste
was typically equilibrated for 150 000 time steps. Quantit
of interest were calculated and averaged over 150 000 a
tional time steps. Simulations two or three times longer w
performed for certain values of the temperature.

The total~fixed! number of particles used wasN51728.
The dimensions of the simulation box wereLx5Ly515s0
andLz550s0. Full periodic boundary conditions were con
sidered @23#. The moment of inertia perpendicular to th
main symmetry axis was set toI51 in units of (ms0

2),
wherem is the molecular mass. The intermolecular poten
was truncated and shifted at a distancer c54s0. The time
step used for the numerical solution of the equations of m
tion wasdt50.0015 (ms0

2/e0)
1/2. The system was globally

displaced in thez direction~taken as the normal direction t
the interface! every ten time steps in order to keep the cen
of mass of the system in the planez5Lz/2.

In the following, all quantities are assumed to be e
pressed in conventional reduced units, withm, s0, ande0 as
units of mass, distance, and energy, respectively. Accord
to this convention, the pressure is given in units ofe0 /s0

3,
the temperature in units ofe0 /kB , the density in units of
s0

23, and the surface tension in units ofe0 /s0
2.

The orientational order in the system was quantified
diagonalizing the order tensor, defined as

Qab5
1

N(
i51

N
1
2 ~3uiauib2dab! ~5!
ll
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whereuia is thea component (a5x,y,z) of the axial unit
vector of moleculei . The nematic order parameterS is de-
fined as the ensemble average of the largest eigenvalue o
order tensor, and the directorn̂ ~average direction of align-
ment! is its corresponding eigenvector.

In order to analyze the interfacial structure, we have c
culated the density, order parameters and pressure profile
dividing the simulation box inNc5100 bins~of thickness
Dz'0.5) along thez direction. The density profiler(zi) is
the number density of molecules in the planez5zi . It is
possible to obtain the densities of both coexisting phases
the interfacial thickness by fitting the simulation results f
r(z) to a hyperbolic tangent of the form

r~z!5 1
2 ~r l1rv!1 1

2 ~r l2rv!tanh@~z2zG!/2d#, ~6!

where the adjustable parameters arer l (rv), the density of
the bulk liquid ~vapor! phase;zG , the position of the Gibbs
dividing surface; andd, the interfacial thickness.

The definition of the interfacial order parameters is som
what arbitrary. In principle, one could define an infinite s
of order parameters as angular averages of appropriate li
combinations of spherical harmonics. In line with relat
works @3,4,18#, we shall only consider the order paramete
of second order which, in terms of the components of
molecular axial vectors, are explicitly given by

h~z!5^ 1
2 „3uz

2~z!21…&, ~7a!

e~z!5^2uy~z!uz~z!&, ~7b!

n~z!5^2ux~z!uz~z!&, ~7c!

s~z!5^ux
2~z!2uy

2~z!&, ~7d!

t~z!5^2ux~z!uy~z!&, ~7e!

where the brackets imply an angular average. In the limit
case of perfect alignment perpendicular to the interfa
h(z)51 while the other order parameters are zero. On
other hand, if all the molecules are aligned parallel to
interface,h(z)52 1

2, e(z)5n(z)50, and the other two or-
der parameters give information on the orientation of
director in thexy plane with respect to a fixed~arbitrary!
reference frame.

The pressure tensor was calculated following Harashim
definition @24#

pN~z!5r~z!T2
1

2Vc
K (

i , j

~k!zi j
]Ui j

]zi j
L , ~8a!

pT~z!5r~z!T2
1

4Vc
K (

i , j

~k!xi j
]Ui j

]xi j
1yi j

]Ui j

]yi j
L , ~8b!

wherepN andpT are the normal and transverse compone
of the pressure tensor, respectively. In the above express
Vc is the volume of each bin (Vc5LxLyDz), and the symbol
(k) means that the summation is restricted to those pair
molecules (i , j ) of which at least one is in the correspondin
bin.
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55 2919COMPUTER SIMULATION STUDY OF THE FREE . . .
The surface tensiong was obtained by numerical integra
tion according to the expression@25#

g5E
zv

zl
@pN~z!2pT~z!#dz, ~9!

where the limits of integration refer to values in the bu
liquid and vapor phases far away from the interface. In pr
tice, averages for the surface tension were calculated
blocks of 10 000 time steps.

IV. RESULTS

A. k53, k851

In Table I we present the results for the coexistence d
sities of the two fluid phases and the interfacial thickn
obtained by fitting the simulation profiles to Eq.~6!. The
values for the nematic order parameterS at each temperatur
are also included in the table. We note that all the molecu
in the system were used in obtainingS from Eq. ~5!. Con-
sidering that in our simulations the number of molecules
the vapor phase is always much less than the numbe
molecules in the liquid phase, the values ofS so obtained
may be considered as a good estimate of the orientati
order occurring in the liquid film. The results obtained f
S indicate that the liquid phase undergoes an orientatio
transition at the vapor pressure as the temperature is
creased. ForT<0.62 the liquid phase that coexists with th
vapor phase is nematic. This is consistent with previous
sults obtained by using different simulation methods@21#.
The orientational order developed in the liquid film for th
lower temperatures becomes noticeable in the ord
parameter profiles. This point will be addressed below.

TABLE I. Results for the liquid (r l) and vapor (rv) densities,
surface tension (g), interfacial thickness (d), and nematic order
parameter (S) obtained from molecular dynamics simulations of
GB inhomogeneous system withk53 and two different values o
k8. Values forg andS were obtained as averages over the simu
tion and the corresponding errors are indicated in parentheses
ues forr l , rv , andd were obtained by fitting the simulation den
sity profiles to Eq.~6!.

T rv r l g d S

k851
0.68 0.238 0.0056 0.176~52! 0.80 0.041~11!
0.67 0.242 0.0043 0.184~53! 0.76 0.063~27!
0.66 0.245 0.0029 0.213~66! 0.74 0.076~26!
0.65 0.248 0.0027 0.242~36! 0.72 0.086~31!
0.64 0.252 0.0028 0.230~50! 0.70 0.079~26!
0.63 0.258 0.0021 0.217~69! 0.69 0.138~44!
0.62 0.287 0.0014 0.259~72! 0.72 0.604~34!
0.61 0.293 0.0006 0.299~58! 0.67 0.656~22!
0.60 0.298 0.0008 0.349~76! 0.64 0.704~13!
0.59 0.303 0.0004 0.368~75! 0.58 0.732~9!

k851.25
0.55 0.262 0.0010 0.254~48! 0.61 0.062~22!
0.51 0.300 0.0006 0.267~76! 0.55 0.660~16!
-
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The coexistence curve in ther-T plane for k851 is
shown in Fig. 1. For completeness, the results obtained
Ref. @21# using Monte Carlo simulation in the Gibbs en
semble have also been included in this figure. It can be s
that, when data from both methods are available, they
compatible. The jump in density due to the first-order tra
sition from I toN phases is clearly visible on the scale of th
figure.

The density profile@and its corresponding fit to Eq.~6!# as
well as the order parameterh(z) of the system atT50.67
are shown in Fig. 2. For this value of the temperature,
liquid phase is isotropic, as indicated by the vanishing va
of h in the center of the simulation box~all the other order-
parameter profiles did show no significant structure and

-
al-

FIG. 1. Liquid-vapor coexistence curve of the GB fluid wi
k53 andk851. Dots represent the vapor and liquid densities
obtained by using the Gibbs ensemble Monte Carlo~GEMC! tech-
nique~from Ref. @21#!. Crosses correspond to the coexistence d
sities obtained from molecular dynamics~MD! simulations of an
inhomogeneous system as explained in the text. The isotro
nematic transition at the vapor pressure implies a jump on the liq
density which is clearly visible on the scale of the figure. The d
sity is in units ofs0

23 and the temperature in units ofe0 /kB .

FIG. 2. Densityr(z) ~dots! and order parameterh(z) ~dashed
line! profiles obtained from MD simulation of an inhomogeneo
GB system withk53 andk851 at T50.67. The continuous line
represents the fit of the simulation density profile to Eq.~6!. The
z coordinate is in units ofs0 and the density in units ofs0

23.
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2920 55E. MARTÍN del RÍO AND E. de MIGUEL
not shown in the figure!. The corresponding profiles fo
0.65<T<0.68 are qualitatively similar to those included
Fig. 2. The order parameterh shows a negative peak on th
liquid side of the interface, indicating that the molecules
oriented parallel to the interface. This surface excess ord
noticeable even at the highest temperature (T50.68) consid-
ered in this study.

We recall that in a previous study of the GB fluid mod
with the same molecular elongation (k53) but a larger
value ofk8 (k855), a perpendicularalignment was found
at the I -V interface @19#, although the interfacial orienta
tional order fork855 was less pronounced than that fou
in the present case fork851. Thus we conclude that th
orientation at the isotropic free surface of the GB fluid w
k53 changes as the parameterk8 is decreased fromk855
to k851.

As the temperature is further lowered toward the trip
point (T50.64 and 0.63!, nematic fluctuations start to de
velop in the bulk liquid. This is illustrated in Fig. 3~a!, where
the density and order parameterh profiles atT50.63 are
shown. The orientational fluctuations originate, appro

FIG. 3. ~a! Density r(z) ~dots! and order parameterh(z)
~dashed line! profiles obtained from MD simulation of an inhomo
geneous GB system withk53 andk851 at T50.63 ~just above
the triple point!. The continuous line represents the fit of the sim
lation density profile to Eq.~6!. Thez coordinate is in units ofs0

and the density in units ofs0
23. ~b! Corresponding snapshot of th

final configuration in thexz plane. Molecules are represented by
segment of length 1s0 along the main symmetry axis.
e
is

l

-

mately, in the center of the liquid film far from the interfac
~as indicated by the maximum inh) and, therefore, the ori-
entation induced by these fluctuations is not to be coup
with the orientation imposed by the interface. As for high
temperatures, the molecules tend to orient themselves pa
lel to the interface on the liquid side. This effect is furthe
illustrated in Fig. 3~b!, where a snapshot of the final configu
ration atT50.63 is shown. This figure shows an appare
deficiency of molecules in the center of the liquid film. Th
is merely an optical effect due to local orientational fluctu
tions, with molecules pointing in the direction perpendicul
to the plane of the figure.

For T<0.62 the situation is completely different. This i
illustrated in Fig. 4~a!, where the simulation profiles are
shown forT50.59. The order parameterh has a nonzero
constant value inside the liquid phase, which indicates t
this phase has spontaneously developed nematic or
Moreover, the negative value ofh (h'20.4) constitutes a
signature of the director being~approximately! contained in
thexy plane. This is further corroborated by the almost va
ishing values of the order parameterse and n. A similar

-

FIG. 4. ~a! Density~full line! and order parameter~dashed lines!
profiles obtained from MD simulation of an inhomogeneous G
system withk53 andk851 at T50.59 ~below the triple point!.
The z coordinate is in units ofs0 and the density in units ofs0

23.
~b! Corresponding snapshot of the final configuration in thexz
plane. Molecules are represented by a segment of length 1s0 along
the main symmetry axis.
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55 2921COMPUTER SIMULATION STUDY OF THE FREE . . .
behavior was found for all temperaturesT<0.62. According
to the behavior of the order parameters in Fig. 4~a!, the
nematic director of the liquid phase lies almost parallel to
x axis of the simulation box atT50.59 @see also Fig. 4~b!#.
The orientation of the director within thexy plane was rather
constant with varying temperature~for T<0.62). This is just
incidental, as any orientation within this plane is expect
on symmetry grounds, to be equally stable in the absenc
external fields.

The order-parameter profileh(z) changes from being
negative to positive at the interface@see Fig. 4~a!#, thus in-
dicating that molecules in the vapor side of the interface
oriented perpendicular to molecules in the liquid side. T
effect ~that is also observed at theI -V interface of the GB
model! is quite general@9–11,19#, and has a simple explana
tion in qualitative terms@26#.

B. k53, k851.25

We have pointed out previously that the orientation at
free surface of the GB fluid withk53 changes from perpen
dicular to parallel ask8 is decreased. In a recent study@21# it
was shown that there exists direct nematic-vapor coexiste
for k851.25 for T<0.54. This prompted us to investiga
the properties of the free surfaces for this value ofk8. We
have simulated theL-V interface of the GB model with
k53 andk851.25 for two different values of temperatur
namely, T50.55 ~at which the liquid is isotropic! and
T50.51 ~at which the liquid is nematic!. An initial configu-
ration was generated for both temperatures following
same procedure as before. The total number of molec
was N51728, and the simulation box dimensions we
Lx5Ly514.91 and Lz549.82 for T50.55, and
Lx5Ly514.22 andLz548.44 forT50.51. The results ob
tained for the coexistence densities, interfacial thickness,
surface tension have been included in Table I. The orie
tion found at bothI -V andN-V interfaces is similar to tha
found for k851, i.e., the molecules are oriented parallel
the interface. According to this result, we can assess tha
orientational change occurring at the isotropic free surfac
the GB model withk53 must take place for a value o
k8.1.25.

C. Surface tension

Before discussing the results obtained forg, we would
like to comment on the behavior of the components of
pressure tensor. In Fig. 5 we illustrate the behavior of
normal and tangential components of the pressure tensor
function pN(z)2pT(z), and the function g(z)
5*0

z@pN(z8)2pT(z8)#dz8. All these curves were obtaine
for the GB fluid withk53 andk851 at T50.62. Plots of
the different quantities shown in Fig. 5 were found to
qualitatively similar for all the temperatures considered
the present work, independently of the particular nat
~nematic or isotropic! of the liquid phase.

One of the criteria used in this work to ensure that
system was well equilibrated was thatpN(z) be constant
~fluctuating around the bulk pressure! along the simulation
box @25#. According to Fig. 5~a!, this function is, indeed,
constant in the vapor and liquid phases, although it exhi
e
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larger fluctuations inside the liquid film. On the other hand
the normal component of the pressure tensor presents a w
defined structure at the interface, namely, a minimum on t
vapor side followed by a maximum on the liquid side. I
should be noted that this structure does not make any con
bution to the value ofg. This follows from the fact that the
area around the maximum is approximately equal to the ar
around the minimum and, consequently, the contributio
~opposite in sign! cancel out after integrating Eq.~9!. A simi-
lar pattern was observed for all temperatures consider
here, although the peak amplitudes were smaller with d
creasing temperature. This observed structure should not
confused with statistical noise, as the amplitude of the pea
were significantly larger that the typical fluctuations of th
pressure in the liquid phase. Moreover, this behavior
pN(z) was not ascribed to an insufficient equilibration of th
system.

We attribute this effect to the criterion used for evaluatin
the pressure tensor@Eq. ~8!#. It should be noted that there is

FIG. 5. Behavior of the components of the pressure tens
pN(z) ~a! and pT(z) ~b!, the function pN(z)2pT(z) ~c!, and
g(z)5*0

z@pN(z8)2pT(z8)#dz8 ~d! along thez direction. All these
curves were obtained from the simulation of an inhomogeneous G
system withk53 andk851 atT50.62 using Harashima’s defini-
tion for the pressure tensor@24#. The z coordinate is in units of
s0, the pressure in units ofe0 /s0

3, and the surface tension in units
of e0 /s0

2.
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no unique way of microscopically defining the pressure te
sor of an inhomogeneous system~although the surface ten-
sion is independent of the definition!. According to Harashi-
ma’s definition, the contribution resulting from the
interaction between a pair of molecules is divided in tw
halves which are assigned to the bins containing each p
ticle. On the other hand, within Irving-Kirkwood’s~IK ! defi-
nition @27,28# this contribution is equally distributed among
all the intermediate bins connecting the bins where both m
ecules are located. It seems very likely that the IK criterio
will tend to wash out the structure observed at the interfac
To clarify this point further, a simulation was performed a
T50.62, starting from the final configuration of the simula
tion used to obtain the results presented in Fig. 5, but n
considering the IK definition for evaluating the pressure te
sor. As shown in Fig. 6, the functionpN(z) obtained by
using IK’s criterion does not show any significant structu
at the interface. This result allows us to conclude that t
~apparent! anomalous behavior ofpN(z) shown in Fig. 5~a!

FIG. 6. Behavior of the components of the pressure tens
pN(z) ~a! and pT(z) ~b!, the function pN(z)2pT(z) ~c!, and
g(z)5*0

z@pN(z8)2pT(z8)#dz8 ~d! along thez direction. All these
curves were obtained from the simulation of an inhomogeneous
system withk53 andk851 at T50.62 using Irving-Kirkwood’s
definition for the pressure tensor@27,28#. The z coordinate is in
units ofs0, the pressure in units ofe0 /s0

3, and the surface tension
in units of e0 /s0

2.
-
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does not correspond to any physical phenomena, nor
poor equilibration of the system, but to the particular cri
rion considered for its calculation. According to Figs. 5 a
6, the behavior ofpT(z) does not depend on the definitio
used for the pressure tensor.

From the condition of hydrostatic equilibrium, it follow
@25# that the tangential component of the pressure ten
must bepT(z)5pN(z) ~and both equal to the bulk pressur!
in the bulk liquid and vapor phases. It should differ from th
value at the interface. This is the behavior illustrated in Fi
5~b! and 6~b!, where the deep minimum exhibited bypT(z)
in the interfacial region is noticeable. In Figs. 5~c! and 6~c!,
it is clearly shown that both components of the pressure
sor are equal in the bulk phases, and that the main contr
tion to g arises from the depression ofpT(z).

The surface tension is calculated as an integration of
difference between the pressure tensor components@Eq. ~9!#.
From Figs. 5~d! and 6~d!, it follows that the contributions to
g arise only from the interface. Moreover, it can be check
that the functiong(z) is constant throughout the liquid
phase. This fact is commonly used in simulations as an in
cation that the inhomogeneous system has relaxed to equ
rium @6#.

The dependence of the surface tension on temperatu
shown in Fig. 7.g IV increases as the temperature decrea
in the range 0.65<T<0.68; however, close enough to th
triple point, g IV exhibits an anomalous behavior, withg IV
decreasing asT is decreased. The behavior ofg IV as a func-
tion of T indicates that the interface is more ordered than
bulk isotropic liquid.gNV exhibits the usual linear depen
dence withT. Complete wetting at theI -V interface by the
N phase implies a positive value ofdg IV /dT @2#, although a
positive value ofdg IV /dT does not necessarily imply com
plete wetting by theN phase. A suitable magnitude to inve
tigate the possibility of wetting byN is the adsorptionGh of
the order parameter h, which is defined as
Gh52*h(z)dz. We have evaluatedGh in the I -V interface,
considering as integration limits the values ofz at whichh
vanishes. Accordingly, the lower integration limit~for the

r

B

FIG. 7. Surface tension of the free surfaces of an inhomo
neous GB system withk53 andk851 as a function of tempera
ture. The lines have been drawn as a guide for the eye. The su
tension is in units ofe0 /s0

2 and the temperature in units o
e0/kB .
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interface at the left! was taken as the value ofz at whichh
changes from positive to negative values@this point is ap-
proximately equivalent to the position of the Gibbs dividin
surface; see Eq.~6!#, and the upper integration limit wa
taken as the value ofz at whichh changes its sign again
Following this ~arbitrary! criterion, we expect to isolate th
~relevant! interfacial contribution from the~nonrelevant!
contribution arising from orientational fluctuations in the is
tropic phase close to the triple point.

The results forGh as a function of temperature are repr
sented in Fig. 8. According to this figure,Gh grows rapidly
as the temperature is decreased toward the triple point.
is the kind of behavior expected if there is wetting by t
nematic phase. From our data, it was not possible to de
mine if Gh diverges asT→Ttr , although this seems to be th
case. Incidentally, we note that this information is required
order to discriminate complete from partial wetting.

In Fig. 9, we have represented the interfacial thickn
d, as obtained by fitting the simulation density profiles to E

FIG. 8. Adsorption of the order paramenterh at theI -V inter-
face of an inhomogeneous GB system withk53 andk851 as a
function of temperature. The line has been drawn as a guide fo
eye. The adsorption of the order paramenter is in units ofs0 and the
temperature in units ofe0 /kB .

FIG. 9. Surface thickness of an inhomogeneous GB system
k53 andk851 as a function of temperature. The lines have be
drawn as a guide for the eye. The interfacial thickness is in unit
s0 and the temperature in units ofe0 /kB .
is

r-

n

s
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~6!, in terms of the temperature. It is observed thatd in-
creases with increasing temperature, as expected. This fi
indicates that there seems to be a negative jump for temp
tures just above the triple point.

V. CONCLUDING REMARKS

Considering that the orientational and translational
grees of freedom are coupled in the GB model, a nontriv
surface behavior is expected. We remark that this ingred
is crucial, and it is absent in the Lebwhol-Lasher model.

We have performed a detailed simulation study of the f
surfaces of the GB withk53 andk851 in a range of tem-
peratures (0.59<T<0.68) around theV-I -N triple point. In
this region, the liquid phase that coexists with the vapor
dergoes an orientational transition as the temperature is
creased. ForT<0.62, the liquid phase is nematic. To the be
of our knowledge, these results constitute the first compu
simulation study of the nematic free surface based on a c
tinuous model.

It has been shown that theI -V interface induces orienta
tional order, and that the molecules orient themselves pa
lel to the interface at the liquid side. This effect is noticeab
even for the highest temperature considered in this study
a previous work, perpendicular alignment at theI -V interface
was reported for the GB fluid with the same value of t
molecular elongation (k53) but larger anisotropy paramete
(k855). This indicates that the orientation at the isotrop
free surface of the GB model~with k53) changes from
perpendicular to parallel ask8 is decreased. We have no
attempted to find the exact value ofk8 at which this change
takes place. The simulations performed fork851.25, how-
ever, suggest that it must occur for some value in the ra
1.25,k8,5. This orientational change at theI -V interface
is not necessarily related to a thermodynamic transition. T
order parameterss and t, which give information on the
in-plane order, were found to be approximately zero at
I -V interface, thus indicating that this interface is uniaxial~as
it is in the case of perpendicular alignment!. As there is no
symmetry change and the magnitude of the order param
h is small, a surface transition does not seem very likely
occur.

We note that the situation would be completely differe
if this orientational change occurred at theN-V interface. In
this case, a thermodynamic transition would be expected
symmetry grounds as the system changed from uniaxial~per-
pendicular alignment! to biaxial ~parallel alignment! @29#.

It is worth mentioning that our conclusions are in qua
tative agreement with theoretical predictions. Tjipto-Mar
and Sullivan @30# developed a mean-field theory for th
study of the interfacial properties of the GB model. The
results indicate that short-range attractive and repulsive c
tributions of the intermolecular potential induce perpendic
lar alignment while the long-range attractive contributio
induce parallel alignment. As a result of the competition b
tween these contributions, a change in the preferred orie
tion is predicted as the long-range attractive contributions
increased. This prediction agrees with our simulation res
if one bears in mind that decreasing the value ofk8 ~for a
fixed value ofk) implies an increase of the relative contr
butions of the attractive interactions in the GB model.
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We have shown that the surface tension of theI -V inter-
face decreases with temperature in the ran
0.65<T<0.68. However, sufficiently close to the triple poi
this behavior is switched over, and the surface tension
creases as the temperature decreases toward the triple
On the other hand, the surface tension of theN-V interface
exhibits the usual linear dependence with temperature.
anomalous behavior of the surface tension above the tr
point has been related to the excess of orientational orde
the interface. The adsorption of the order parameterh at the
I -V interface grows rapidly as the temperature decrea
These results are consistent with the existence of wetting
-
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the nematic phase. The theory developed by Tjipto-Ma
and Sullivan@30# predicts total wetting byN for k52 and 3,
and a partial wetting fork>4. Further simulations close to
the triple point are needed to clarify the nature of the wett
regime.
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