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Computer simulation study of the free surfaces of a liquid crystal model
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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 k=3, and two values of the energy anisotropy parametér( and 1.2% 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
x=3 and«’ =5, we conclude that a change in the preferred orientation at the isotropic free surface takes place
when k' is decreasedfor a fixed value ofx), 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 phasd.S1063-651X%97)14902-9

PACS numbg(s): 61.30.Gd, 61.30.Cz, 68.10.Cr

[. INTRODUCTION Although computer simulations of interfacial properties of
simple and complex fluids have been reported, there is a
Fluids of strongly anisotropic molecules, such as liquidstriking scarcity of simulations for systems involving LC
crystals(LC’s), exhibit a rich interfacial behavior, including phases. The first simulation studies of inhomogeneous sys-
wetting, layering, and orientational transitions. Some oftems including liquid and vapor phases in coexistence were
these surface effects have been observed experimentally based on the Lennard-Jones fluid mo¢ide Ref[6] for a
interfaces involving simple fluids. On the other hand, LC’scritical review of these works These studies were mainly
may exhibit characteristic interfacial effects as a result of thalevoted to the calculation of the surface tension and its long-
orientational degrees of freedom. For example, it is well estail correction, as it is possible to compare the simulation
tablished that in the absence of external fields, the orientatiodata with those obtained experimentally for noble gases.
in the bulk nematic phase is determined by the orientation oSubsequent works extended these studies to deal with the
the molecules close to the interfalcs. interfacial properties of mixtures of simple fluidsee, for
In the particular case of the nematic free surfénterface  example, Refs[6—8§]).
between nematic and vapor phases below the triple point The first attempt to simulate the interfacial properties of
the molecular orientation at the interface is not universal, ananolecular fluids was made by Thompson and Gubbins
depends strongly on the details of the intermolecular potenf9—11]. These studies considered fluids of moderate aniso-
tial [1]. Experimentally, this preferred orientation is found to tropic (diatomig molecules interacting through a two-site
be parallel, perpendicular, or tilted with respect to the interLennard-Jones potential. As expected, no liquid crystal
face. Moreover, this orientation may change as the temperghases were found due to the low degree of molecular an-
ture is varied. isotropy, although a preferred molecular orientation at the
A number of theories have been proposed to explain théisotropig liquid-vapor interface was reported. Additionally,
wealth of experiments on interfacial effects at the nematimrientational changes at the interface were predicted on theo-
free surfacg2-5|. These theories have undoubtly contrib- retical grounds by an explicit consideration ofsafficiently
uted to a better understanding of the microscopic mechastrong quadrupolar term in the intermolecular potential
nisms which control the interfacial properties of LC’s. How- model[12,13.
ever, a full theoretical description is still lacking. Moreover, A large number of simulation studies of the interfacial
some of these approaches arrive at contradictory conclusionqsoperties of different fluid models has emerged since the
[3]. Considering the success of computer simulation in othepioneering work of Thompson and Gubbins. Due to its prac-
areas of liquid state theory, it is hoped that this approacttical applications and biological interest, most of these works
may shed some light on an understanding of the interfaciahave focused on the free surface properties of water or mix-
behavior of LC’s. It is important to recall that computer tures containing watgrl4].
simulation yields information on physical magnitudes that To the best of our knowledge, there has been only one set
are difficult to measure in the laboratory, and may constituteof works in which the study of the free surface of nematic
a strong test of the validity of different theoretical ap- liquid crystal models has been addressed from the perspec-
proaches. tive of computer simulation. These works were based on the

1063-651X/97/563)/29169)/$10.00 55 2916 © 1997 The American Physical Society



55 COMPUTER SIMULATION STUDY OF THE FREE ... 2917

Lebwhol-Lasher mode]15—-17. Within this lattice model, tions, o is the distancéfor given molecular orientationst
the study of the nematic free surface was performed by conwhich the intermolecular potential vanishes, and is given by
sidering a nematic film confined between two hard walls. It

is important to note that this modeloes notinduce any - X (Fij-ui+Fij~uj)z
preferential orientation at the interface, as it does not couple o(rij Ui U =oo| 1= 5 Tltx(u-u)

the translational and rotational degrees of freeddt8]. b

Moreover, the(trivial) distance dependence in this model (Fij'ui_Fij'uj)z -1z

does not allow the virial route to be applied for evaluating W , 2

the surface tension, which has to be calculated using indirect
methods. The simulation results indicated that the liquid afyhere y=(«2—1)/(x2+1) and k=a/b, with a being the
the interface was less ordered than the bulk nematic, i.e., thatgjecular length along the main symmetry axis, dnthe

the free surface induced orientational disorder. Wetting ot.;nss-section diameter of the molecule. Accordingly, the pa-
the nematic free surface by the isotropic phase was found. s metery is a measure of the length-to-breadth ratio of the
_ More recently, we reported a simulation study of theygecyle. Values ok>1 are appropriate for rodlikéoro-
liquid-vapor interface of the Gay-BernéB) fluid model  |5te molecules and values<1 correspond to disclikéob-
[19] for certain values of the anisotropic potential param-jate) molecules.

eters. Considering the general features of the corresponding 1, strength of the interactions, also depends on the

phase diagrani20], no direct coexistence between nematic o ative orientations of the molecules, and takes the form
and vapor phases is expected for this choice of parameters.

Consequently, the simulation study reported in R&8] was
restricted to the interfacial properties ofientationally dis-
orderedphases. However, it has been recently sh@t  \yith
that, upon a suitable choice of anisotropic parameters, the
GB fluid model presents a triple point at which vapaf) €1(U;,up) =[1— x?(u;-uj)?] 2 (4a)
isotropic () liquid, and nematic i{) liquid phases coexist

€(rij Ui, U) = eol €2(u; ,up T ex(rij Ui U2, (3)

simultaneously. For temperatures below this triple point, the R X' (fij . Ui+Fij -uj)?

liquid phase in coexistence with thé phase is orientation- €(rij,u;,uj)=1— 7] m

ally ordered(nematig. The work in Ref[21] was limited to XU

the study of bulk phases in the neighborhood of ¥hé-N (Fi-Ui—Fy-up)?

triple point, and no interfacial properties were reported. The ”',#} (4b)
study of the inhomogeneous system is addressed here. As far 1=x"(ui-up)

as we are aware, this is the first simulation study of the , , , , .
nematic-vapor interface based on a continuous microscopif/N€rex’ = (x 1)/ 1) andk' =€/ ep. € is the
model. minimum of the poEennaI onr a pair of parallel molecules
The remaining of this paper is organized as follows. InPlaced side by sider(-u;=r;;-u;=0), ande; is the mini-
Sec. Il we describe briefly the intermolecular model used ifMum for a pair of parallel molecules placed end to end
this work. In Sec. Ill we give details on the simulation tech- (rj;-uj=r;;-u;=1).
nique used for studying the liquid-vapot{V) interface. It can be checked that if the anisotropy parameteesd
The results concerning the interfacial properties of the sys«’ are set equal to 1, Eql) reduces to the well-known
tem are presented in Sec. IV. The final section contains &ennard-Jone¢LJ) model potential withoc= oy and e= e
discussion about the main results obtained in this work.  Bearing this in mind, the GB potential can be considered as
a generalization of the LJ model to fluids of nonspherical
Il. GAY-BERNE MODEL molecules with range and energy parameters which are ori-
entation dependent. On the other hand, molecules interacting
Within the context of the GB mod¢R2], molecules are through the GB potential have a quasiellipsoidal shape. This
viewed as rigid units with axial symmetry. Each individual js assessed by the fact that the range parameter
”_“?'e‘:“"? Is represented by a vectorhich def_mes th_e po- o-(Fij Ui ,U;) Is, to a first approximation, the contact distance
sition of its center of mass V.V'th respect'to(anb{trar)) flxed. between two hard ellipsoids of elongatianwith orienta-
reference frame, and a unit vectoy which defines the di- o u, andu.
rection of the main symmetry axis of the F“F"F‘C“.'e- Thein-""1n 3 recen{ study by de Miguedt al. [21], it was shown
teraction energy between a pair of moleculgsis given by ot the GB fiuid withk=3 and«x’'=1 and 1.25 exhibits a

12 triple point where thev, |, and N phases coexist simulta-
neously. The triple point temperatu¢ia units of €5/kg) is
Ty=~0.63 fork’=1 andT,~0.54 for «'=1.25. As pointed
out previously, these findings have motivated the present
(1)  work, as they indicate that GB seems to be an appropriate
potential model to study the nematic free surface
In the present study, the molecular elongation was fixed to
wherer;; is the distance between the centers of mass of=3. Two different values of the parametef were con-
molecules andj, andfij =r;; /rj; is a unit vector along the sidered, namelyx’=1 and 1.25. It should be noted that for
intermolecular vector;;=r;—r;. According to these defini- «'=1 all configurationgfor parallel moleculgsare equally

Uij :4€(Fij Ui ,Uj)

e
rij—o(rij,u,uj)+og
6

rij—o(rj Ui ,uj) + oo
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stable[21]. Nevertheless, the attractive interactions are stillwhereu;, is the « component &=x,y,z) of the axial unit
anisotropic for this value ok’, as the shape of the well vector of molecule. The nematic order paramet&ris de-
depth is very nonsphericf21]. fined as the ensemble average of the largest eigenvalue of the

order tensor, and the directar(average direction of align-
men) is its corresponding eigenvector.
lil. SIMULATION DETAILS In order to analyze the interfacial structure, we have cal-
We have investigated tHe'V interfacial properties of the culated the density, order parameters and pressure profiles by
GB fluid model withk=3 andx’ =1 for temperatures in the dividing the simulation box iN.=100 bins (of thickness
range 0.58T<0.68 (in units of ey/kg, Wherekg is Boltz- ~ Az~0.5) along thez direction. The density profilp(z) is
mann’s constapt around theV-1-N triple point by using the number density of molecules in the plamez . It is
computer simulation. The simulations were performed using?@SSible to obtain the densities of both coexisting phases and
molecular dynamics at constant volume and temperatur he interfacial th|cI§ness by fitting the simulation results for
The temperature was kept constant by rescaling the veloc(2) to a hyperbolic tangent of the form
ties each time stef23].
The simulation box was a rectangular prism of dimen- p(2)= 3 (ptp,)+ 3 (p—p,)tanti(z—25)/26],  (6)
sionsL,=L, andL, containing a liquid film between two ) .
vapor slices. According to this setup, the inhomogeneou¥here the adjustable parameters arep,), the density of
system included twa.-V interfaces. The initial configuration the bulk liquid (vapop phasezs, the position of the Gibbs
was built up aff =0.65 by placing a liquid slab between two dividing surface; and, the interfacial thickness.
empty cells. The liquid film was previously equilibrated at  The definition of the interfacial order parameters is some-
the coexistence density corresponding to this temperature ¥¢1at arbitrary. In principle, one could define an infinite set
obtained from Gibbs ensemble simulatid@4]. The system Of order parameters as angular averages of appropriate linear
was then allowed to evolve. If the temperature of the systen§ombinations of spherical harmonics. In line with related
is below the critical temperature, as is the caseTer0.65 ~ WOrks[3,4,18, we shall only consider the order parameters
[21], the densities of both phaseéiquid and vapoy will ~ Of second order which, in terms of the components of the
eventually reach their corresponding coexistence values. Atolecular axial vectors, are explicitly given by
different initial configuration was generated at a slightly

lower temperatureT=0.64) following the same procedure. 7(2)=(3 (3ui(2)— 1)), (79
The final configuration foil =0.65 (T =0.64) was then used

to study the inhomogeneous system at higtiewer) tem- €(2)=(2uy(2)u,(2)), (7b)
peratures by increasinglecreasingthe value ofT in steps

of 0.01, in units ofeg/kg. At each temperature, the system v(Z)=(2Uy(Z)Uy(2)), (70
was typically equilibrated for 150 000 time steps. Quantities

of interest were calculated and averaged over 150 000 addi- o(z)z(ui(z)—ui(z», (7d)
tional time steps. Simulations two or three times longer were

performed for certain values of the temperature. 7(2)=(2u,(2)uy(2)), (79

The total(fixed) number of particles used was=1728.
The dimensions of the simulation box weltg=L,=150,  where the brackets imply an angular average. In the limiting
andL,=500. Full periodic boundary conditions were con- case of perfect alignment perpendicular to the interface,
sidered[23]. The moment of inertia perpendicular to the 7(z)=1 while the other order parameters are zero. On the
main symmetry axis was set to=1 in units of (maé), other hand, if all the molecules are aligned parallel to the
wherem is the molecular mass. The intermolecular potentialinterface, »(z)=— 3, €(z)=»(z)=0, and the other two or-
was truncated and shifted at a distamge=40,. The time der parameters give information on the orientation of the
step used for the numerical solution of the equations of modirector in thexy plane with respect to a fixetarbitrary)
tion was 8t=0.0015 (no3/e)Y? The system was globally reference frame.
displaced in the direction (taken as the normal direction to ~ The pressure tensor was calculated following Harashima’s
the interfacg every ten time steps in order to keep the centedéefinition[24]
of mass of the system in the plame-L,/2.

In the following, all quantities are assumed to be ex- pu(2)=p(2)T— 1 2“‘)2--% 83
pressed in conventional reduced units, witho, andey as N 2V \ 7 9z |’
units of mass, distance, and energy, respectively. According
to this convention, the pressure is given in unitSegfog, 1 o Ui Ui
the temperature in units ofy/kg, the density in units of pr(z)=p(2)T— N<.2( )Xijm+yijﬁ>i (8b)
0, 3, and the surface tension in units ef/ o3, et ! !

The orientational order in the system was quantified bywherep, andp; are the normal and transverse components
diagonalizing the order tensor, defined as of the pressure tensor, respectively. In the above expressions,

V. is the volume of each bin.=L,L,Az), and the symbol

N (k) means that the summation is restricted to those pairs of
2‘1 %(3Uiauiﬁ— Sap) (5) g;rc:lecules (,j) of which at least one is in the corresponding

QaB:

Z| P
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TABLE |. Results for the liquid ;) and vapor p,) densities, 0.9 .

surface tension ), interfacial thickness &), and nematic order GEMC o
parameter §) obtained from molecular dynamics simulations of a 085} o N MD x
GB inhomogeneous system wiit=3 and two different values of sl e@ 4&%
«'. Values fory andS were obtained as averages over the simula- 1 e -
tion and the corresponding errors are indicated in parentheses; val- o 075} @6 ee
ues forp,, p,, and§ were obtained by fitting the simulation den- 5 ° °
sity profiles to Eq.(6). :i 0.7}0 e

£ 2 ®

2 & &
T Py P y ) S | .,
=1 06§ Xxxx
0.68 0.238 0.0056 0.1762 0.80 0.041(11 055 |
0.67 0.242 0.0043 0.18%3 0.76  0.063(27)
0.66 0.245 0.0029  0.21®6) 0.74  0.076(26) 035 005 01 01502 025 03 035
0.65 0248 00027 024@6) 072  0.086(31) densty
0.64 0.252 0.0028 0.2360) 0.70 0.079(26) FIG. 1. Liquid-vapor coexistence curve of the GB fluid with
0.63 0.258 0.0021 0.21(69) 0.69 0.138(44) k=3 and«’'=1. Dots represent the vapor and liquid densities as
0.62 0.287  0.0014 0252 0.72  0.604(34) obtained by using the Gibbs ensemble Monte C&B&MC) tech-
0.61 0.293  0.0006 0.29%8  0.67  0.656(22) nique (from Ref.[21]). Crosses correspond to the coexistence den-
0.60 0.298 0.0008 0.3496) 0.64  0.704(13 sities obtained from molecular dynami@ID) simulations of an
0.59 0.303 0.0004 0.3685) 0.58 0.732(9) inhomogeneous system as explained in the text. The isotropic-
k'=1.25 nematic transition at the vapor pressure implies a jump on the liquid
055  0.262 0.0010 025418 0.61 0.062(22) density which is clearly visible on the scale of the figure. The den-
0.51 0.300 0.0006 0.26(76) 0.55 0.660(16) sity is in units 0f053 and the temperature in units ef/kg .

The surface tensiolr was obtained by numerical integra-

tion according to the expressi¢as]

The coexistence curve in the-T plane for x'=1 is
shown in Fig. 1. For completeness, the results obtained in
Ref. [21] using Monte Carlo simulation in the Gibbs en-
semble have also been included in this figure. It can be seen
that, when data from both methods are available, they are
compatible. The jump in density due to the first-order tran-

Y= LZI[ION(Z)—DT(Z)]dZ, ©)

figure.

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

sition from| to N phases is clearly visible on the scale of this

The density profiléand its corresponding fit to E¢6)] as

well as the order parametej(z) of the system af =0.67

e shown in Fig. 2. For this value of the temperature, the

iquid phase is isotropic, as indicated by the vanishing value
of 7 in the center of the simulation bdall the other order-

parameter profiles did show no significant structure and are

IV. RESULTS
A k=3, k'=1 0.3
In Table | we present the results for the coexistence den-  025¢

sities of the two fluid phases and the interfacial thickness ozl
obtained by fitting the simulation profiles to E¢6). The
values for the nematic order parame$eait each temperature 18T
are also included in the table. We note that all the molecules = °'f
in the system were used in obtainigfrom Eq. (5). Con- £ 005
sidering that in our simulations the number of molecules in =
the vapor phase is always much less than the number of
molecules in the liquid phase, the values®%o obtained 0.05F
may be considered as a good estimate of the orientational -0}
order occurring in the liquid film. The results obtained for 51
S indicate that the liquid phase undergoes an orientational
transition at the vapor pressure as the temperature is de- 20

creased. For=<0.62 the liquid phase that coexists with the

510 15 20 2;5 30 35 40 45 50

vapor phase is nematic. This is consistent with previous re- FiG. 2. Densityp(z) (dots and order parametey(z) (dashed

sults obtained by using different simulation methg@s].

line) profiles obtained from MD simulation of an inhomogeneous

The orientational order developed in the liquid film for the GB system withk=3 and«’=1 atT=0.67. The continuous line
lower temperatures becomes noticeable in the ordefrepresents the fit of the simulation density profile to E&). The

parameter profiles. This point will be addressed below.

z coordinate is in units ofry and the density in units af, >.
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FIG. 3. (a) Density p(z) (dot9 and order parameter(z)
(dashed ling profiles obtained from MD simulation of an inhomo- _ ) _
geneous GB system witk=3 andx’ =1 at T=0.63 (just above FIG. 4. (a) Density(full line) and order parametédashed lines
the triple poini. The continuous line represents the fit of the simu- Profiles obtained from MD simulation of an inhomogeneous GB
lation density profile to Eq(6) The z coordinate is in units ofr, ~ SyStém withx=3 and«’=1 atT=0.59 (below the triple p0|r‘)t
and the density in units af; °. (b) Corresponding snapshot of the The z coordinate is in units ofr, and the density in units af; >.
final configuration in thexz plane. Molecules are represented by a (b) Corresponding snapshot of the final configuration in %z

segment of length &, along the main symmetry axis. plane. Molecules are represented by a segment of lenggralbng
the main symmetry axis.

not shown in the figure The corresponding profiles for mately, in the center of the liquid film far from the interface
0.65=T=0.68 are qualitatively similar to those included in (as indicated by the maximum in) and, therefore, the ori-
Fig. 2. The order parameter shows a negative peak on the entation induced by these fluctuations is not to be coupled
liquid side of the interface, indicating that the molecules arewith the orientation imposed by the interface. As for higher
oriented parallel to the interface. This surface excess order i&mperatures, the molecules tend to orient themselves paral-
noticeable even at the highest temperatdre 0.68) consid- lel to the interface on the liquid side. This effect is further
ered in this study. illustrated in Fig. 8b), where a snapshot of the final configu-
We recall that in a previous study of the GB fluid model ration atT=0.63 is shown. This figure shows an apparent
with the same molecular elongationc€3) but a larger deficiency of molecules in the center of the liquid film. This
value of k' («'=5), aperpendicularalignment was found is merely an optical effect due to local orientational fluctua-
at the 1-V interface[19], although the interfacial orienta- tions, with molecules pointing in the direction perpendicular
tional order forx’=5 was less pronounced than that foundto the plane of the figure.
in the present case fat’=1. Thus we conclude that the For T<0.62 the situation is completely different. This is
orientation at the isotropic free surface of the GB fluid withillustrated in Fig. 4a), where the simulation profiles are
x=3 changes as the parametéris decreased from'=5 shown forT=0.59. The order parametey has a nonzero
tok'=1. constant value inside the liquid phase, which indicates that
As the temperature is further lowered toward the triplethis phase has spontaneously developed nematic order.
point (T=0.64 and 0.68 nematic fluctuations start to de- Moreover, the negative value of (7~ —0.4) constitutes a
velop in the bulk liquid. This is illustrated in Fig(&, where  signature of the director bein@pproximately contained in
the density and order parameterprofiles atT=0.63 are thexy plane. This is further corroborated by the almost van-
shown. The orientational fluctuations originate, approxi-ishing values of the order parametersand v. A similar
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behavior was found for all temperaturés<0.62. According

to the behavior of the order parameterin Fig. 4(a), the Y@
nematic director of the liquid phase lies almost parallel to the 005
x axis of the simulation box af =0.59[see also Fig. @)]. 32 0 /\«va'\ WA AVN\VJ/\
The orientation of the director within they plane was rather * 005} N I
constant with varying temperatut®r T<0.62). This is just ol
incidental, as any orientation within this plane is expected, S e T R
on symmetry grounds, to be equally stable in the absence of z
external fields. o
The order-parameter profile)(z) changes from being (b)
negative to positive at the interfa¢see Fig. 4a)], thus in- _ T
dicating that molecules in the vapor side of the interface are ﬁ- ° ‘AVAVWAW/\V‘VA
oriented perpendicular to molecules in the liquid side. This -0.05 v \/
effect (that is also observed at tHeV interface of the GB w01} ;
mode) is quite general9—-11,19, and has a simple explana- 0 & 10 15 2 2 @ 8 40 45 50

tion in qualitative termg$26].

0.1
B. k=3, k'=1.25 0.05 k © /\ /\
We have pointed out previously that the orientation atthe - o AVI\VN”‘V'\\/\AV Ao

&
free surface of the GB fluid witlk =3 changes from perpen- * oost

dicular to parallel ax’ is decreased. In a recent stU@] it o1k |
was shown that there exists direct nematic-vapor coexistence TR T T R
for k'=1.25 for T<0.54. This prompted us to investigate z

the properties of the free surfaces for this valuex6f We 0.8 T

have simulated thd -V interface of the GB model with osp @

xk=3 and«’=1.25 for two different values of temperature, o4

namely, T=0.55 (at which the liquid is isotropic and =

T=0.51(at which the liquid is nematjc An initial configu- o2f

ration was generated for both temperatures following the 0

same procedure as before. The total humber of molecules T T 6 5 20 > 0 % 10 = o

was N=1728, and the simulation box dimensions were
Ly=Ly=1491 and L,=49.82 for T=0.55, and _
L,= |_y 14.22 andL, —48 44 forT=0.51. The results ob- FIG. 5. Behavior of the components of the pressure tensor
tained for the coexistence densities, interfacial thickness, anen(?) (@ and pr(z) (b), the function py(2) —p+(2) (c), and
surface tension have been included in Table I. The orienta¥(2=/6[Pn(z))—Pr(z')1dZ (d) along thez direction. All these
tion found at both -V andN-V interfaces is similar to that Ccurves were obtained from the simulation of an inhomogeneous GB
found for x’ =1, i.e., the molecules are oriented parallel toSyStem withic=3 andx’=1 atT=0.62 using Harashima's defini-
the interface. Accordmg to this result, we can assess that " :]or the pressure ten;ﬁeﬁ] Th%zhcoord;nate 'S in units of
orientational change occurring at the isotropic free surface o fO t/e pressure in units afy /o5, and the surface tension in units
the GB model withk=3 must take place for a value of €0/

k' >1.25. . . S
larger fluctuations inside the liquid film. On the other hand,

the normal component of the pressure tensor presents a well
defined structure at the interface, namely, a minimum on the
Before discussing the results obtained fgrwe would  vapor side followed by a maximum on the liquid side. It
like to comment on the behavior of the components of theshould be noted that this structure does not make any contri-
pressure tensor. In Fig. 5 we illustrate the behavior of théhution to the value ofy. This follows from the fact that the
normal and tangential components of the pressure tensor, tkgea around the maximum is approximately equal to the area
function pyn(z)—pt(z), and the function y(z)  around the minimum and, consequently, the contributions
= [fpn(Z') —pr(2')]1dZ'. All these curves were obtained (opposite in sighcancel out after integrating E¢R). A simi-
for the GB fluid withk=3 andx’'=1 atT=0.62. Plots of lar pattern was observed for all temperatures considered
the different quantities shown in Fig. 5 were found to behere, although the peak amplitudes were smaller with de-
qualitatively similar for all the temperatures considered increasing temperature. This observed structure should not be
the present work, independently of the particular natureconfused with statistical noise, as the amplitude of the peaks
(nematic or isotropicof the liquid phase. were significantly larger that the typical fluctuations of the
One of the criteria used in this work to ensure that thepressure in the liquid phase. Moreover, this behavior in
system was well equilibrated was thpf(z) be constant py(z) was not ascribed to an insufficient equilibration of the
(fluctuating around the bulk pressuralong the simulation system.
box [25]. According to Fig. %a), this function is, indeed, We attribute this effect to the criterion used for evaluating
constant in the vapor and liquid phases, although it exhibit¢he pressure tensgEqg. (8)]. It should be noted that there is

C. Surface tension
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FIG. 7. Surface tension of the free surfaces of an inhomoge-

orr (©) ' 1 neous GB system witk=3 and«’=1 as a function of tempera-
005} /\/\A /\ . ture. The lines have been drawn as a guide for the eye. The surface
o o AN ‘A\/\v/\v v tension is in units Ofeola'(z) and the temperature in units of
o EolkB .

does not correspond to any physical phenomena, nor to a
poor equilibration of the system, but to the particular crite-

08 . , . ' , r . . . rion considered for its calculation. According to Figs. 5 and
N G 6, the behavior ob1(z) does not depend on the definition
_ used for the pressure tensor.
= 04r 1 From the condition of hydrostatic equilibrium, it follows
02} J [25] that the tangential component of the pressure tensor

must bep+(z) =pn(2) (and both equal to the bulk pressure

. in the bulk liquid and vapor phases. It should differ from this
z value at the interface. This is the behavior illustrated in Figs.
5(b) and &b), where the deep minimum exhibited lpy(z)

FIG. 6. Behavior of the components of the pressure tensoin the interfacial region is noticeable. In Figgchand €c¢),
pn(2) (@ and p(2) (b), the function py(2)—p+(2) (c), and itis clearly shown that both components of the pressure ten-
¥(2)=[3[pn(z') —pr(z’)]dZ' (d) along thez direction. All these  sor are equal in the bulk phases, and that the main contribu-
curves were obtained from the simulation of an inhomogeneous GBion to y arises from the depression pf(z).
system withk=3 and«’'=1 atT=0.62 using Irving-Kirkwood’s The surface tension is calculated as an integration of the
definition for the pressure tensf27,28. The z coordinate is in  difference between the pressure tensor compori&atg9)].
units of oy, the pressure in units m‘olag, and the surface tension From Figs. %d) and Gd), it follows that the contributions to
in units of ey /o5, y arise only from the interface. Moreover, it can be checked

that the functiony(z) is constant throughout the liquid
no unique way of microscopicaiiy defining the pressure tenphase. This fact is commonly used in simulations as an indi-
sor of an inhomogeneous systdaithough the surface ten- cation that the inhomogeneous system has relaxed to equilib-
sion is independent of the definitipmAccording to Harashi-  rium [6].
ma’s definition, the contribution resulting from the  The dependence of the surface tension on temperature is
interaction between a pair of molecules is divided in twoshown in Fig. 7.y,, increases as the temperature decreases
halves which are assigned to the bins containing each pai the range 0.68T<0.68; however, close enough to the
ticle. On the other hand, within Irving-Kirkwood®©K) defi-  triple point, y,, exhibits an anomalous behavior, with
nition [27,2§ this contribution is equally distributed among decreasing a3 is decreased. The behavior gf, as a func-
all the intermediate bins connecting the bins where both moltion of T indicates that the interface is more ordered than the
ecules are located. It seems very likely that the IK criterionbulk isotropic liquid. yyy exhibits the usual linear depen-
will tend to wash out the structure observed at the interfacedence withT. Complete wetting at thé-V interface by the
To clarify this point further, a simulation was performed at N phase implies a positive value dfy,,, /dT [2], although a
T=0.62, starting from the final configuration of the simula- positive value ofdy,,/dT does not necessarily imply com-
tion used to obtain the results presented in Fig. 5, but nowplete wetting by théN phase. A suitable magnitude to inves-
considering the IK definition for evaluating the pressure tentigate the possibility of wetting bi is the adsorptior”,, of
sor. As shown in Fig. 6, the functiopy(z) obtained by the order parameter », which is defined as
using IK’s criterion does not show any significant structurel’ ,= — [ 7(z)dz. We have evaluatel, in thel-V interface,
at the interface. This result allows us to conclude that theonsidering as integration limits the valueszoét which #
(apparentanomalous behavior giy(z) shown in Fig. %)  vanishes. Accordingly, the lower integration limfor the
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(6), in terms of the temperature. It is observed tldain-

08 1 creases with increasing temperature, as expected. This figure
[V interface indicates that there seems to be a negative jump for tempera-
o7} ) tures just above the triple point.

06} V. CONCLUDING REMARKS

adsorption

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

We have performed a detailed simulation study of the free
surfaces of the GB witk=3 and«'=1 in a range of tem-

067 068 069 peratures (0.58 T=<0.68) around th&/-1-N triple point. In

this region, the liquid phase that coexists with the vapor un-
dergoes an orientational transition as the temperature is de-
creased. For=0.62, the liquid phase is nematic. To the best
gf our knowledge, these results constitute the first computer
simulation study of the nematic free surface based on a con-
tinuous model.

It has been shown that tHeV interface induces orienta-
tional order, and that the molecules orient themselves paral-
lel to the interface at the liquid side. This effect is noticeable
even for the highest temperature considered in this study. In
a previous work, perpendicular alignment at tR¢ interface
was reported for the GB fluid with the same value of the
molecular elongation£=3) but larger anisotropy parameter
(k"=5). This indicates that the orientation at the isotropic
free surface of the GB moddlwith «=3) changes from
perpendicular to parallel as’ is decreased. We have not

attempted to find the exact value of at which this change
vi

sented in Fig. 8. According to this figurE,, grows rapidly takes place. The simulations performed fdr=1.25, how-

as the temperature is decreased toward the triple point. Th2/€r, Suggest that it must occur for some value in the range

is the kind of behavior expected if there is wetting by the1-29<# <5. This orientational change at thev interface

nematic phase. From our data, it was not possible to detef not necessarily related to a thermodynamic t'ransition. The
mine if I', diverges a§ — T, although this seems to be the O'der parameters and 7, which give information on the
case. Incidentally, we note that this information is required ini"-Plane order, were found to be approximately zero at the
order to discriminate complete from partial wetting. I-v mterface, thus |nd|cat|ng that thl§ interface is umgXaﬁ

In Fig. 9, we have represented the interfacial thicknesd! iS in the case of perpendicular alignmenAs there is no

8, as obtained by fitting the simulation density profiles to Eq.SYMMetry change and the magnitude of the order parameter
7 is small, a surface transition does not seem very likely to

04l

0862063 068 065 068
temperature

FIG. 8. Adsorption of the order paramentgrat thel-V inter-
face of an inhomogeneous GB system with-3 andx’=1 as a
function of temperature. The line has been drawn as a guide for th
eye. The adsorption of the order paramenter is in unitsgadnd the
temperature in units oéy/Kg .

interface at the leftwas taken as the value afat which 7
changes from positive to negative valydkis point is ap-
proximately equivalent to the position of the Gibbs dividing
surface; see Eq(6)], and the upper integration limit was
taken as the value of at which » changes its sign again.
Following this (arbitrary criterion, we expect to isolate the
(relevani interfacial contribution from the(nonrelevant
contribution arising from orientational fluctuations in the iso-
tropic phase close to the triple point.

The results fod", as a function of temperature are repre-

09 occur.
We note that the situation would be completely different
0.85| 1 if this orientational change occurred at tReV interface. In
this case, a thermodynamic transition would be expected on
o8t symmetry grounds as the system changed from uniguéat
g 075l pendicular alignmentto biaxial (parallel alignment[29].
5 It is worth mentioning that our conclusions are in quali-
g 07 5 5 1 tative agreement with theoretical predictions. Tjipto-Margo
8 NV v and Sullivan[30] developed a mean-field theory for the
g 065} study of the interfacial properties of the GB model. Their
h osl results indicate that short-range attractive and repulsive con-
tributions of the intermolecular potential induce perpendicu-
0.55 | . lar alignment while the long-range attractive contributions
induce parallel alignment. As a result of the competition be-
0358 06 0.62 tempergtéf}e 0.66 068 tween these contributions, a change in the preferred orienta-

tion is predicted as the long-range attractive contributions are
FIG. 9. Surface thickness of an inhomogeneous GB system witiicreased. This prediction agrees with our simulation results
x=3 and«’=1 as a function of temperature. The lines have beerif one bears in mind that decreasing the valuexof(for a

drawn as a guide for the eye. The interfacial thickness is in units ofixed value ofx) implies an increase of the relative contri-
o, and the temperature in units ef/kg . butions of the attractive interactions in the GB model.
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We have shown that the surface tension of Ithé inter-  the nematic phase. The theory developed by Tjipto-Margo
face decreases with temperature in the rangend Sullivan30] predicts total wetting by for k=2 and 3,
0.65<=T=0.68. However, sufficiently close to the triple point and a partial wetting fok=4. Further simulations close to

this behavior is switched over, and the surface tension inthe triple point are needed to clarify the nature of the wetting
creases as the temperature decreases toward the triple poifdgime.

On the other hand, the surface tension of M interface
exhibits the usual linear dependence with temperature. The
anomalous behavior of the surface tension above the triple
point has been related to the excess of orientational order at
the interface. The adsorption of the order parametet the We wish to thank M. M. Telo da Gama for helpful dis-
[-V interface grows rapidly as the temperature decreasesussions and for her critical reading of the manuscript. We
These results are consistent with the existence of wetting byould also like to thank M. P. Allen for useful comments.
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