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Surface tension of the isotropic-nematic interface
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We present calculations of the pressure tensor profile in the vicinity of the planar interface between isotropic
liquid and nematic liquid crystal, using Onsager’s density functional theory and computer simulation. When
the liquid crystal director is aligned parallel to the interface, the situation of lowest free energy, there is a large
tension on the nematic side of the interface and a small compressive region on the isotropic side. By contrast,
for perpendicular alignment, the tension is on the isotropic side. There is excellent agreement between theory
and simulation both in the forms of the pressure tensor profiles, and the values of the surface tension.
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The nematic liquid crystal phase is distinguished from
isotropic liquid by the existence of long-range orientation
ordering of the constituent molecules@1#. The structure of
the planar interface between coexisting nematic~N! and iso-
tropic ~I! phases is of fundamental interest: along with t
liquid-vapor surface, it is one of the simplest fluid-fluid in
terfaces. Molecular-scale interactions, capillary-wave fl
tuations, and the coupling between translational and r
tional degrees of freedom may all influence the interfa
properties. The surface excess free energy, or interfacial
siong, is a key parameter. The variation of this quantity w
the direction of molecular ordering in the liquid crystal, th
so-calleddirector, dictates the molecular alignment whic
will be preferred by the surface: the phenomenon ofanchor-
ing, an essential feature of liquid crystal physics@2#. Deter-
mining the surface tension of theN-I interface for a given
molecular model by computer simulation, and predicting
from first principles by theoretical methods, is clearly des
able. For a planar interface,g may be calculated by integra
ing the difference between normalPN and transversePT
pressure tensor components with respect to position@3,4#:
g5*2`

` dz@PN(z)2PT(z)#.
In this Rapid Communication, we present a discussion

the pressure tensor profile through the nematic-isotropic
terface in the framework of a simple density function
theory in the Onsager approximation@5#, modeling the mol-
ecules as freely rotating and translating rodlike rigid bodi
We shall show that there is a significant difference betw
the two situations of most interest, when the director is o
ented respectively parallel to, and normal to, the interfa
Previous studies@6–9# calculating the surface tension from
free energy differences have indicated that, in the limit
infinite rod elongation, the minimum surface free energy
obtained when the rods lie parallel to theN-I interface; in
other words, this interface favorsplanar anchoring. We pro-
vide additional insight into this result, through an examin
tion of the normal and transverse pressure.

*Present address: Fakulta¨t für Physik, Universita¨t Bielefeld, Uni-
versitätsstrasse 25, 33615 Bielefeld, Germany.
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We back up these predictions by carrying out compu
simulations to give the pressure tensor profiles for equi
rium N-I interfaces, confined between parallel walls und
different anchoring conditions, using the same molecu
models as in the theory. Our results are further supported
computer simulations of free standing nematic films in co
istence with the isotropic phase. From the simulation vie
point, this study is much more challenging than determin
the surface tension of the liquid-vapor interface@10#, since
the densities and other properties of the two phases are
similar. To our knowledge, the only other such studies ha
involved two phases maintained out of thermodynamic eq
librium @11,12#.

We employ two very similar molecular models in th
work, in both simulation and theory. Both models are axia
symmetric, with molecular orientations represented by u
vectorsui and center-of-mass positions by vectorsr i . In the
first model, the molecules are taken to be hard ellipsoids
revolution of axial ratiok5A/B515, whereA is the length
of the symmetry axis andB that of the transverse axes; th
bulk phase diagram of this model is well known@13#, and the
interfacial structure has been recently reported by one o
@14#. For hard particle models, the temperature enters o
trivially into the thermodynamics, and we define units
energy by settingkBT51 in this work. Length units are fixed
by taking B51, mass units by setting particle massM51,
and the moment of inertia was fixed atI /MB2550. In the
second ‘‘soft ellipsoid’’ model, a continuous pair potenti
v1254e(s12

2122s12
26)11, for s12,21/6, v1250 otherwise,

was used. Here,s125(r 122s121B)/B is a scaled and
shifted separation where the ‘‘diameter’’ s12

5s( r̂12,u1 ,u2 ;A,B) is a standard approximation@15,16# to
the contact distance of two ellipsoids~again withA/B515
here! at given relative orientations;r125r12r2 , r 125ur12u
andr̂125r12/r 12. The potential is purely repulsive and varie
quite strongly over a short range of interparticle separati
We choose an energy parametere51, again takekBT51,
and set other parameters as for the hard ellipsoids.

In planar geometry, with translational invariance in thex
and y directions, we adopt the Irving-Kirkwood conventio
@17# so as to write components of the pressure tensor in
form @3,10,18#
©2000 The American Physical Society01-1
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Paa~z!5kBTr~z!2 1
2 E dr12E du1E du2S r 12

a ]v12

]r 12
a D

3E
0

1

dz% (2)@r12,z2zz12,z

1~12z!z12;u1 ,u2#, a5x,y,z. ~1!

Here,r(z)5*du% (1)(z,u) is the number density,% (1)(z,u)
the ~position- and orientation-dependent! single-particle den-
sity, and% (2)(r12,z1 ,z2 ;u1 ,u2) the pair density. The norma
componentPN(z)5Pzz(z)5P is independent ofz through-
out the system, while the transverse componentPT(z)
5Pxx(z)5Pyy(z) is not. Far from the interface, the pressu
tensor becomes isotropic,PN(z)5PT(z)5P.

For simulations of the soft-ellipsoid system, the press
tensor was routinely computed from Eq~1! via the intermo-
lecular forces@3,10,18#. For the hard-ellipsoid system, it wa
calculated by identifying nearly contacting pairs of ellipsoi
@19,20#. Such pairs are defined as those which would over
if their dimensions are uniformly scaled by a factorl, very
slightly larger than unity. Tests were carried out with seve
choices ofl: all of the results here are obtained withl
51.01, the smallest value to give acceptable statistics, wh
was also found to be satisfactory in Ref@19#.

The construction and minimization of the Onsager fre
energy functional followed closely the procedure describ
before@21,14#. The excess part of the Helmholtz free ener
F5F id1F ex is expressed in terms of% (1)(r ,u),

F ex@% (1)#52
1

2
kBTE dr1E du1E dr2E du2

3% (1)~r1 ,u1!% (1)~r2 ,u2! f ~r12,u1 ,u2!, ~2!

where f (r12,u1 ,u2)5exp(2v12/kBT)21; this is the leading
term in a low-density virial expansion. Fluctuation effec
which come in through higher-order terms, were neglec
The most important fluctuations are capillary waves, wh
only slightly broaden the profiles in small systems, and
not affect the interfacial tension. Since% (1) is independent of
x and y, f may be integrated over these coordinates. T
logarithm of the density is expanded in spherical harmon
on a discrete grid inz with an interval dz5B/55A/75:
ln %(1)(zi ,u)5( lmCi ; lmYlm(u). Periodic boundary condition
apply in thez direction. In the current application, this ex
pansion was taken to fourth order in theYlm(u) ~restricting
to second order was found to change the coexistence p
sure and densities by;1%). All relevant orientational inte
grals were expressed in terms of spherical harmonic co
cients of the density up to order 10~reducing to order 8 was
found to change the coexistence pressure and densitie
;0.01%). The parametersCi ; lm were varied to minimize the
grand potentialbV@% (1)#[bF@% (1)#2bmN of an I -N film
system at the coexistence value of the chemical potentiam,
determined by a preliminary bulk calculation.

The normal pressure is constant through the system,
equal to 2V/V in both bulk phases at coexistence. T
transverse pressure tensor profile was calculated dire
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from the minimized density profiles. The definition cons
tent with Onsager’s approximation and the use of the Irvin
Kirkwood convention in the simulations is easily derive
from Eq. ~1!, by inserting the low-density form

% (2)~r12,z1 ,z2 ;u1 ,u2!

'% (1)~z1 ,u1!% (1)~z2 ,u2!exp~2v12/kBT!

and carrying out an integration by parts. The result is

PT~z!5kBTr~z!2
1

2
kBTE dr12E du1E du2 f ~r12,u1 ,u2!

3E
0

1

dz% (1)~z2zz12,u1!% (1)@z1~12z!z12,u2#.

~3!

All simulations were carried out at constant volume.
cuboidal simulation box was employed in all cases, with p
riodic boundaries in thex and y directions. Conventional
microcanonical ensemble molecular dynamics~MD! simula-
tions of soft ellipsoids employed periodic boundaries also
thez direction, and used a reduced time stepdt50.002. Sev-
eral systems ofN57200 particles in boxes of sizeLx /A
5Ly /A52.5,Lz /A'20 were studied. At average numb
densities 0.24<rAB2<0.255, from an initially isotropic
configuration, one or several nematic films were observe
assemble spontaneously, with planar interfaces normal to
z direction and, in every case, the director lying parallel
the interface. In addition, from an initially nematic config
ration aligned in thez direction, a similar two-phase system
nucleated with the nematic director turned through 90° to
parallel to the interface, within roughly 1 million time step

One of the systems at densityrAB250.255, containing a
nematic film of width;13B, was further equilibrated over 7
million time steps, monitoring the pressure tensor profil
run averages were then accumulated over 4.7 million st
In the absence of walls, the interfacial tension can be ca
lated simply from the difference between the system av
ages ofPN andPT . This has been done independently usi
the transverse componentPyy , which happens to be roughl
parallel to the director, and the transverse componentPxx ,
which is perpendicular, giving respectivelygB2/kBT
50.02260.01, 0.01560.01. Thus, the free film simulation
yielded clear evidence that the anchoring at the interfac
planar, provided a rough estimate of the interfacial tensi
and indicated an unexpected difference between the tr
verse stress componentsPxx andPyy . To provide more con-
venient control of the director orientation relative to the i
terface, a more systematic study was therefore conducted
confined geometry.

Both hard and soft ellipsoids were simulated using co
ventional constant-NVT Monte Carlo ~MC! @22# using N
'8000 particles in a box of dimensionsLx /A5Ly /A
52.22,Lz /A522.73. Flat walls with a short-range orientin
field at the box ends allowed nematic films of width appro
mately 8A to be stabilized in a desired director orientatio
separated by a central isotropic region of width appro
1-2
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TABLE I. Coexistence parameters for hard~HE! and soft~SE! ellipsoids We report coexistence pressu
PNI , coexisting number densitiesrN andr I , nematic order parameterSN , and the surface tensionsgNI for
normal and parallel director alignment.

gNIB
2/kBT gNIB

2/kBT
PNIB

3/kBT rNB3 r IB
3 SN ~normal! ~planar!

HE ~Onsager! 0.118221 0.029645 0.025008 0.731952 0.016 0.010
HE ~simulation! 0.099 0.0225 0.0188 0.71 0.01460.003 0.00660.005
SE ~Onsager! 0.083528 0.022446 0.018556 0.745852 0.015 0.010
SE ~simulation! 0.076 0.0180 0.0149 0.74 0.01560.004 0.01160.004
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mately 7A. Full details of the system, together with a d
scription of the film structure, have been given elsewh
@14#. In this paper we focus on the cases of normal~alongz)
and in-plane~alongy) orientation of the director relative to
the interface. For each model, and each director alignm
we report the results of averaging over eight independ
runs. For the hard ellipsoids, more than 106 Monte Carlo
sweeps were allowed for equilibration, and the avera
were accumulated over a further 7.53105 sweeps ~one
sweep is one attempted move per particle!. For the soft el-
lipsoids, the corresponding figures are 3.53105 sweeps and
6.253105 sweeps. Profiles of number densityr(z), orienta-
tional order parameterS(z) ~the largest eigenvalue of th
second rank order tensor@14#! and the pressure tensor we
accumulated. To facilitate the precise comparison betw
simulation profiles and theoretical predictions, a correct
was made for the fluctuations in the interface position,
described elsewhere@14#. Error bars were estimated by a
suming a normal distribution of the results of the eight se
rate runs. For the in-plane cases of director alignment al
y we detected~as for the free films! an extremely small dis-
crepancyPzz5PxxÞPyy in the nematic phase far from th

FIG. 1. Profiles near theN-I interface for hard ellipsoids. Top
surface tension integral*z0

z dz PN2PT(z). Middle: pressure tenso
differencePN2PT(z). Bottom: reduced densityr* (z) and order
parameterS* (z). Simulation results are points with error bars, pr
dictions of Onsager theory represented as lines.
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interface. We ascribe this to correlations of aligned m
ecules across the periodic box: to eliminate this finite-s
effect from the very sensitive surface tension calculation
setPT(z)5Pxx(z) in these cases. For normal alignment, w
found thex andy directions to be equivalent and setPT(z)
5@Pxx(z)1Pyy(z)#/2.

Coexistence parameters from theory and simulation
compared in Table I. As is well known@13#, for elongation
A/B515 the Onsager theory overestimates the coexiste
pressures and densities by up to 30%. Profiles in the vici
of the interface are compared in Figs. 1 and 2. To help loc
the interface, we show the number density curves for b
simulation and theory, scaled by the bulk coexistence val
r I ,rN thus: r* (z)5@r(z)2r I #/(rN2r I), and similarly for
the nematic order parameterS* (z). The zero ofz is taken at
the point of inflection ofS* (z); as discussed elsewhere@14#,
the density profile lies atz'2A/3 relative to this~on the
nematic side!. In the figures we show both the pressure te
sor difference PN2PT(z) and the running integra
*z0

z dz PN2PT(z) taken from a pointz0 in the bulk nematic

phase far from the interface. The results, for the two differ
director alignments, are dramatically different. For parall
in-plane alignment, there is a large tension~low transverse
pressure! on the nematic side of the interface, followed by
small compressive region~high transverse pressure! on the

FIG. 2. Profiles near theN-I interface for soft ellipsoids. Nota-
tion is the same as in Fig. 1.
1-3
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isotropic side, as seen in simulations of the liquid-vapor
terface of a simple fluid@23,10#. The surface of tensionde-
fined by the first moment ofPN2PT(z) @4# lies on the
denserside of the interface. For normal alignment, there i
compressive region on the nematic side, and a region u
tension on the isotropic side: the surface of tension lies
the side of the less dense phase. Such behavior is seen
idealized penetrable sphere model of the liquid vapor in
face @4# but has been observed here for a molecular mo
with realistic interactions. The step change in the runn
integrals gives estimates of the surface tension, which
reported in Table I. We find that the planar orientation
favored, as it has the lower excess free energy; the s
result was obtained by Onsager theory in the infinite elon
tion limit @9#, although the corresponding surface tensions
that case~appropriately scaled byA and B) are about 40%
larger than here.

Although the simulation results are subject to significa
error bars, we have succeeded in resolving the variation
transverse pressure through the interface, and the profile
very similar, both in form and magnitude, to those predic
by theory. Indeed, the level of agreement between theory
r.

ol
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simulation results is remarkable, bearing in mind the abse
of adjustable parameters in the Onsager theory. In princi
the location of the surface of tension depends on the conv
tion adopted for the transverse stress, e.g., Irving-Kirkwo
versus Harasima@4#, but in the current study we find that th
profiles are only slightly dependent on this choice; moreov
the results for such molecular shapes should be indicativ
the behavior for more elongated particles, so we expect th
to be rather generally applicable.
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