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Surface-induced alignment at model nematic interfaces
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We have applied the generalized van der Waals theory to a model liquid crystal that includes,
explicitly, all of the second-order terms in the spherical harmonic expansion of the anisotropic in-
termolecular potential. We have investigated the orientational order induced by each one of these
terms, as well as the order resulting from the competition of various terms included in the potential.
It was shown that, for appropriate choices of the relative strengths of the spherical harmonic coeK-
cients, the theory is capable of accounting qualitatively for all the orientational e8'ects observed at
nematic interfaces, including tilted orientations. In particular, different molecular alignments at the
nematic-vapor and nematic-isotropic interfaces of a given nematogen were described as the result
of competing terms in the anisotropic interactions. Additionally, we have shown that temperature-
driven orientational transitions may occur in systems characterized by this type of interaction. For
a given choice of parameters, we have also found an orientational transition, which is related to
a wetting transition at the nematic-vapor interface. Finally, it was shown that complete wetting
of the isotropic liquid-vapor interface by the nematic phase may be destroyed as a result of the
competition between di8'erent terms in the potential. Similarly, a reentrant wetting transition at
the nematic-vapor interface by the isotropic phase was found, as a result of this competition, at the
nematic-vapor interface.

PACS number(s): 61.30.Cz, 61.30.Gd, 68.10.Cr, 68.45.Gd

I. INTRODUCTION

The understanding of the interfacial properties of
molecular liquids has long been recognized as a funda-
mental problem in the statistical physics of inhomoge-
neous systems. In the simplest case of coexisting isotropic
phases, a planar interface breaks the translational sym-
metry of the system and induces, in general, a lower ro-
tational symmetry at the interface. Several years ago,
Gubbins [1] predicted a preferred molecular orientation
at the liquid-vapor interface of fl.uids of nearly spherical
molecules, such as N2 and C12, based on the results of per-
turbation theories and molecular dynamics simulations.
These efFects are, however, too small to be observed ex-
perimentally and of little practical relevance.

By contrast, surface-induced molecular alignment is
expected to be important when liquid crystalline phases
are involved and it is known to have a wide range of prac-
tical applications. The theoretical understanding of the
anchoring mechanisms at liquid crystal surfaces and in-
terfaces is still rather poor. This is due in part to the
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complexity of realistic liquid crystal interactions, which
renders a theoretical description of nonuniform systems
almost unfeasible. Additionally, the tensorial nature
of the orientational order parameter is often exhibited
by non-uniform nematogens (i.e., broken biaxial sym-

~
rnetry may spontaneously occur at interfaces) and thus
even phenomenological theories are considerably harder
to solve than similar Landau theories for systems with
scalar order parameters.

For simplicity, we shall study translationally invari-
ant phases only, i.e. , isotropic liquid, vapor, and nematic
phases. In the absence of surfaces or external fields, the
average direction of molecular alignment in the bulk ne-
matic is arbitrary. This is no longer the situation at the
interface between the nematic and the vapor (or isotropic
liquid). The translational symmetry of the system is now
broken and the nematic director will be determined by
the direction that minimizes the free energy of the in-
homogeneous system. This e8'ect is not expected to be
universal, but seems to depend sensitively on the details
of the intermolecular interactions [2].

This is indeed what has been observed experimentally.
The preferential molecular orientation at the nematic-
isotropic (NI) and nematic-vapor (KV) interfaces was
reported to be either perpendicular [3—5], parallel [6—8],
or tilted [9—11],depending on the specific nematogen. In
some cases, a temperature-dependent oblique tilt angle
was also found [4,6,12,13].
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Although various theoretical approaches have been
used to date to describe orientational efFects at nematic
interfaces, a full understanding of the underlying mecha-
nisms is still lacking. Moreover, some of these treatments
yield somewhat contradictory results and thus the status
of the models and/or of the approximations used in these
studies is far from clear.

The first attempt to account for the existence of a
preferred molecular orientation at the NI interface was
made by de Gennes [14]. By using a Landau —de Gennes
expansion of the &ee energy i~~powers of a single or-
der parameter, both homeotr6pic (perpendicular to the
interface) and homogeneous planar alignments were ob-
tained, depending on the sign of the square-gradient term
(which is related to the elastic constants of the isotropic
phase). Although several theories were developed follow-
ing de Gennes's pioneering work, their phenomenolog-
ical nature restricts their predictions to rather general
qualitative trends. Furthermore, the connection between
the expansion coefFicients and the microscopic details of
the molecular interactions is far from trivial, making it
difFicult to interpret the physical mechanisms that are
responsible for the orientational order of a particular ne-
matogen.

A di8'erent approach was followed by the so-called
microscopic theories, which start by considering spe-
cific models for the intermolecular interactions (molec-
ular shape, anisotropic attractive interactions, etc.) and
then, based on a given theory, deduce the mechanisms
that are ultimately responsible for the preferred interfa-
cial alignment of a specific (model) nematogen. In line
with bulk studies, two diferent models have been inves-
tigated in detail: an "Onsager-type" model, which takes
into account solely the efFects of anisotropic hard-core
repulsions, and a "Maier-Saupe-type" model, which con-
siders explicitly anisotropic interactions that are, on av-
erage, attractive. Some of these studies, however, may
be considered as a combination of the two approaches, as
will be discussed in the following paragraphs.

Most studies of the interfacial properties of liquid crys-
tals based on hard-body models consider the molecular
units to be spherocylinders. As far as the &ee nematic
surface is concerned, it is a general Gnding that the hard-
core repulsions favor perpendicular alignment at the in-
terface [15,16]. Discrepancies, however, appear regarding
the orientation at the NI interface. While most studies
report planar alignment [17—20], Holyst and Poniewer-
sky [16] predict an oblique tilt angle of 60', which was
found to be independent of the molecular elongation, in
agreement with experimental results for the 4-cyano-4'-
(n-alkyl)biphenyl (nCB) series [2]. This result was se-
riously questioned by Moore and McMullen [21], who
found, in general, planar alignment, with the exception of
systems with very small elongations where an oblique tilt
angle was also obtained. More recently, however, Chen
and Noolandi [20] suggested that the oblique tilt angle
obtained in Refs. [16,21] is an artifact of the approxi-
mations used in the solution of the Onsager &ee-energy
functional, in the limit of short length to breath ratios.
Indeed, Chen and Noolandi [20] claimed that, within the
Onsager approximation, a system of hard spherocylin-

ders exhibits planar alignment at the NI interface for all
molecular elongations.

A rather difFerent approach includes a number of the-
ories that emphasize the interfacial ordering efFects aris-
ing from the longer-ranged anisotropic attractive inter-
actions. Many of these theories are based on highly ide-
alized models and predict the same preferred orientation
at the NI and NV interfaces, by contrast with the hard-
body models and the experimental observations. Addi-
tionally, planar or perpendicular alignment is generally
reported and thus no account of an oblique tilt angle
seems to be given. An exception is the model stud-
ied by Kimura and Nakano, which is much more elab-
orate [15,17]. In these references the authors accounted
for diBerent orientations at the NI and NV interfaces
of a given nematogen and predicted a (temperature-
dependent) oblique tilt angle as a result of the compe-
tition between the repulsive and attractive interactions,
for a range of model parameters.

More than a decade ago, one of us [22] developed a
generalized van der Waals theory for nonuniform molec-
ular Auids. This theory was applied to model nematic liq-
uid crystals with anisotropic attractive interactions trun-
cated at the Maier-Saupe level. No preferred orientation
at the interface of this model was obtained, since the ori-
entational and spatial dependences of the intermolecular
interactions are decoupled in the Maier-Saupe potential.
This theory was subsequently applied to a more realis-
tic (although still highly idealized) model by Thurtell et
aL [23] and Tjipto-Margo et al. [24] by including an ex-
tra term in the intermolecular potential, which couples
the translational and rotational degrees of freedom. This
extended model yields perpendicular alignment at the
free nematic surface for prolate molecules, while planar
alignment is predicted for oblate molecules. These results
disagree with those obtained by Parsons [25] and by Har-
rowell and Oxtoby [26], who reported the opposite trend
for systems of perfectly alligned ellipsoidal molecules.

In this paper we apply the generalized van der Waals
theory to a liquid crystal model that includes, explic-
itly, all of the second-order terms in the spherical har-
monic expansion of the anisotropic intermolecular po-
tential. This model includes two terms that were not
considered in closely related work [22—24]. We have in-
vestigated the orientational order induced by each one of
these terms as well as the order resulting from the compe-
tition of the various terms included in the intermolecular
potential.

In Sec. II we summarize the theory used in this work
applied to our model liquid crystal. In Sec. III we present
and discuss the results for the orientational order at the
N V and NI interfaces. It is shown that, for appro-
priate choices of the relative strengths of the spherical
harmonic coeKcients of the intermolecular potential, the
theory is capable of accounting qualitatively for all the
orientational efFects at nematic interfaces found in ex-
periments. The wetting behavior of these systems, at
the triple point, is also investigated for particular com-
binations of the intermolecular parameters. Finally, we
summarize our results in Sec. IV and compare them with
other theoretical works and available experimental data.
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II. THEORY

f. r(r) = fHS(r) + po(r)kaT(l 4mnf(r, (u)), (2)

We start by summarizing the mean-field theory for a
nonuniform molecular fluid, which was proposed in the
context of liquid crystal interfaces more than 10 years
ago [22]. Applications of this theory to fluid and solid-
fluid interfaces of model nematogens have been reviewed
recently [27]. For convenience we will consider an open
system at temperature T and chemical potential p, in a
volume V. In the absence of external fields, the grand
potential 0 of the inhomogeneous system is the minimum
of the functional

42(p(Pw )] = f dPf,.r(r) —p f dr dw p(P w)

dr dr 'd~d(u'u„(r, (u; r ', ~')
2

x p(r, (u) p(r ', ~'),
where p(r, ~) is the density-orientational profile, which is
a function of the molecular center of mass r, and of the
molecular orientation u for rigid molecules. The molec-
ular interactions, which are supposed to be pairwise ad-
ditive, are split into a short-ranged (generally repulsive)
reference potential and a longer-ranged (usually attrac-
tive) perturbation. The &ee energy of the reference sys-
tem is written within a local density approximation; fol-
lowing previous work [22] we assume the reference system
to be a fluid of hard particles, i.e., f„r(r) is the Helmholtz
free-energy density of a uniform hard-core fluid with den-
sity p()(r) = f d(up(r, u) and orientational distribution
function f (r, (4)) = p(r, w)/p()(r). The contribution to the
free energy from the long-ranged (attractive) interactions
is given by a mean-field average of the corresponding pair
potential u„.

In line with previous work [22—24), we consider the
simplest possible model characterized by spherical hard
cores and linear molecules. In this case, the free-energy
density of the reference fluid is greatly simplified and can
be written as [22]

tern of hard spheres and the effective potential u, rr(r, w)
acting on the reference system is given by

u. u(P, w) = jdP'dw'ur(P, w;P', w')Po(P')f(r', w'), (4)

Equations (3a) and (3b) are solved numerically once
the intermolecular potential u„ is specified. The (long-
ranged) perturbation potential studied in this work is
a generalization of the potential used previously [22—24]
and it includes all the invariants in the spherical har-
monic expansion of an arbitrary anisotropic potential,
with inversion symmetry, up to second-order. Thus two
different terms, neglected in Refs. [23,24], are included
explicitly in our model. We note that a similar potential
was analyzed by Sullivan and Tjipto-Margo [28] within a
simplified version of the theory described in this paper.
We will return to this point in Sec. III, where we discuss
our results for the interfaces of liquid crystals described
by this model.

The general expansion for an arbitrary anisotropic in-
termolecular potential is written as

u~~2(r4 ~» ~2) = ) )
my, mg, m

x C(lil2l; mim2m)
x Yi,~, (~1)Yi2m2 (~2)Y$~ (~12) 4

O 6
u(000;r) = —(4u) A (

—
) (6a)

where r = [r2 —r i [
is the intermolecular distance,

C(lil2l; mim2m) is a Clebsch-Gordan coeKcient, and
Yi (u) is a spherical harmonic, all in the notation of
Gray and Gubbins [29]. Our model for the anisotropic
potential amounts to keeping terms in the expansion Eq.
(5), with li ——0, 2 and l2 = 0, 2 only. In addition, we
will assume an r dependence for the expansion coeK-
cients u(lil2l; r), which is appropriate to dispersion inter-
actions, but we will consider the signs and magnitudes of
the various terms as free parameters. These can then be
written as

where fHS is the free-energy density of a system of hard
spheres (given for consistency with earlier results by the
Percus-Yevick approximation), kH is Boltzmann's con-
stant, and (A(r, u)) = f d~ f (r, ~)A(r, ~) is a weighted
angular average over the orientational distribution func-
tion. The last term in (2) accounts for the loss of orienta-
tional entropy of the reference system, within a random
mixing (mean-field) approximation.

The Euler-I agrange equations for po (r) and f (r, u) are
obtained by minimization of Eq. (1) and are written in
terms of the effective potential as

(6b)

(42r) / o 6
u(202;r) = u(022;r) = C—

5 r (6c)

(6d)
g 6

u(222;r) = (4u)'~* 12 (
—)—10 r

IA —)(AHs(r) + kHT(in4vrf (r, (42)) + (u,H(r, (4f)), (3a)

exp [—u,s (r, w) /kryo T]
4

dm exp [
—u,s (r, ~) /k~T]

where pHS(r) is the chemical potential of a uniform sys-

(4~)'f 2

u(224; r) =
3

(6e)

if r ) o' and u(lil2l;r) = 0 if r ( o, where o is the
diameter of the spherical hard core. A, B, C, D, and
E are arbitrary constants. In what follows, each term of
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the anisotropic potential is denoted by the corresponding
set of indices (lil2l). We note that for particular com-
binations of the constants A—E, the potential given by
Eqs. (5) and (6) corresponds to well defined microscopic
models of the anisotropic interactions. We mention two
of these that are relevant in studies of liquid crystals:
anisotropic dispersion interactions [29] and a spherical
harmonic expansion of the Gay-Berne potential [30].

We recall at this point that the thermodynamic prop-
erties of the uniform bulk phases, within the mean-Geld
theory discussed in this section, depend only on the val-
ues of the parameters A (which sets the energy scale) and
B (which determines the isotropic-nematic-vapor triple
point) [23]. Stability of the isotropic liquid-vapor and
nematic-isotropic liquid transitions requires that A and.
B be positive (respectively). The reader is referred to
Refs. [22,31] where full details of the bulk phase diagrams,
including a diagram characterized by a nematic-nematic
critical point [31],may be found. In this study we do not
consider bulk phases with broken translational invariance
(e.g. , smectic) and thus the interaction parameters that
may be used in Eqs. (6) are somewhat restricted in order
to guarantee the stability of the nematic phase.

We consider a planar interface in the x-y plane. With-
out loss of generality, the nematic director (average direc-
tion of alignment of the molecules) is assumed to lie in the
x-z plane due to the rotational invariance of the system

in the interfacial plane. The orientational structure is
then characterized by three independent order-parameter
profiles [22], defined as angular averages of linear combi-
nations of second-order spherical harmonics:

)7(z) = deaf(z, m)P2(cos8), (7a)

v(z) = d~ f (z, ~) sin 20 cos P, (7b)

o(z) = du f(z, cu) sin |)) cos 2P . (7c)

g = 1 when there is full alignment of the molecules per-
pendicular to the interface, o = 1 when the molecules
are fully aligned along the x axis, and v = 1 when all the
molecules are aligned parallel to the bisector of the x-z
plane.

In the following sections, we will take A and o (the
hard-core diameter) as units of energy and length, re-
spectively. In addition we simplify the notation by tak-
ing Boltzmann's constant k~ ——1. In terms of the order
parameters defined through Eqs. (7a)—(7c), the effective
potential Eq. (4) reads

u, ir(z, (u) = dz'po(z')
I

~o(lz —z'I) + cue(lz —z'I) Igjz') y pg(case)I

+n(z') P.(cos 0) [
—B«(lz —z'I) —Du2(lz —z'I) + 3&u4(lz —z'I)]

+ -~(z )»n2«os& Buo(lz —z I) u2(lz —z I) 2@u4(lz —z I)
/ ~ / D / /

2

+-~(z')»n' «os 24 —B«(lz —z'I) + Du2(lz —z'I) + —«(lz —z'I)
2

where the functions ui(z) are given by

(10)

these equations numerically, since it has proved much
more accurate [24] than the simpler method used in the
earlier calculations [22,23]. Our results, however, difFer
slightly from those of Ref. [24] (typically 1 part in 10 )
due to a small error that has been found subsequently in
the latter [32].

III. RESULTS

—(35/8z4 —5z + 3/4)
vr/(32z4) if

I
z I) 1 .

The solution of the Euler-Lagrange equations [Eqs.
(3)] is now reduced to the solution of the one-dimensional
integral equation [Eq. (3a)] for po(z) and the consistency
relations [Eqs. (7)] for the orientational order parame-
ters. We follow the method used in Ref. [24] to solve

A. Orientational order at the interface

As we have mentioned, the fluid (nematic-isotropic-
vapor) phase diagram is independent of the parameters
C, D, and E within the mean-Beld approximation dis-
cussed in Sec. II; however, these terms play a signiGcant
role in spatially inhomogeneous situations (both at in-
terfaces and in bulk modulated phases [33]). In our cal-
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culations, we have set B=0.3, in line with earlier work
[22—24], and varied the other parameters in u „; (C, D,
and E). For this value of B, the phase diagram exhibits
three uniform Huid phases [22]: nematic (N), isotropic
liquid (I), and vapor (V). These phases coexist simulta-
neously at the triple point, which occurs at a tempera-
ture Tt, ——0.218156. At lower temperatures T ( Tt, the
vapor coexists with an ordered N phase and at higher
temperatures T ) Tt, it coexists with a disordered I liq-
uid.

If only the l=0 terms are included in the intermolecular
potential u „; [Eq. (5)], no preferred orientation at the
interface is obtained [22]. This arises from the fact that if
(220) is the only anisotropic interaction, the orientational
and translational degrees of freedom are decoupled, with
the result that the interface is rotationally invariant. We
refer to this model as the Maier-Saupe model.

The effect of including the term (202) in u „;, [Eq.
(5)] (C g 0 and D = E = 0) was analyzed by Thurtell
et al. [23] and by Tjipto-Margo et al. [24]. Defining the
tilt angle 4 as the angle between the nematic director
and the normal to the interface (z axis), Thurtell et al.
[23] found ill = 0' (homeotropic alignment) for C & 0
(prolate molecules) and ill = 90' (homogeneous planar
alignment) for C ( 0 (oblate molecules) at both the XV
and NI interfaces. Although the tilt at the NV interface
appears to be either 0' [3—5] or 90 [6,7], in agreement
with the results of this model, no oblique tilt angle, as
observed at the NI interface for a series of nematogens
[10,11], is obtained. More terms in the potential seem
to be required in order to account for the whole range of
experimental results. In this paper we go one step in that
direction by analyzing, in turn, the various anisotropic
terms in the potential of Eqs. (5) and (6).

We have studied the preferred interfacial orientation
induced by the terms (with / g 0) in u „;,at the nematic-
vapor interface, at a fixed temperature T = 0.175 (which
is far from the triple point). In the absence of competi-
tion between terms of the intermolecular potential, the
preferred molecular orientation (equilibrium tilt angle)
is the same at the NI and NV interfaces. This is not
true for real nematogens [2], which suggests that in these
systems such a competition may be relevant, resulting in
different tilt angles at the NI and NV interfaces. We
will return to this point in Sec. IIIC.

In. order to solve Eqs. (3), the orientation of the bulk
nematic director is required. Since the bulk phase is ro-
tationally invariant, at equilibrium, the bulk director is
determined by the interfacial tilt angle. Thus it may be
difFicult to obtain convergent numerical solutions start-
ing from an arbitrary direction of the bulk nematic direc-
tor. In order to overcome this difhculty, we have used an
ansatz proposed by Tarazona and Evans [34] in the con-
text of wetting phenomena. We start by fixing the angle
4 between the bulk nematic director and the normal to
the interface and consider an initial guess for the density-
orientational profile compatible with the given 4; then
the integral equations (3) are iterated for a fixed number
of times M (M depends on the proximity to the triple
point under wetting conditions, but it is otherwise arbi-
trary). The above process is repeated for different values

of 4. The minimum of the excess grand potential as a
function of 4 yields an estimate of the equilibrium tilt
angle. The equilibrium tilt is now calculated by solving
Eqs. (3) for different values of 4' in the neighborhood
of the minimum, until a predetermined convergence cri-
terium is satisfied. Since the tilt angle may vary slowly
at the interface, we use the bulk value of 4' as the equilib-
rium tilt angle. The value of the excess grand potential
corresponding to the equilibrium tilt angle is the equilib-
rium surface tension.

Let us consider first the NV interface. We start by
choosing C = +0.3 (D = E = 0). In agreement with
previous work [23,24], we find that the surface tension is
lowest when @ = 0' (90 ) for C & 0 (( 0) (see Fig. 1). A
similar analysis of the (222) term was carried out by set-
ting D = +0.3 (with C = E = 0). The results [Fig. 1(a)]
indicate that the (222) term yields an equilibrium tilt an-
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FIG. 1. Excess grand potential p (in units of Ao. ) as a
function of the orientation 4 of the bulk nematic director for
each of the terms in u „; [Eq. (5)]. The straight line is the
surface tension of the Maier-Saupe nematogen. The other
curves are the surface tensions when one of the other terms
is included: (202) with t = +0.3, (222) with D = +0.3,
and (224) with R = +0.3, respectively. (a) NV interface
(T=0.175) and (b) NI interface (T=0.225).
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gle that is opposite the tilt due to the (202) term, i.e.,
when D & 0 the molecules are aligned parallel to the in-
terface while for D ( 0 the molecules are normal to the
interface. The behavior of the surface tension (strictly
speaking, we should reserve the term surface tension for
the minimum of the excess grand potential, but following
current practice we speak of a surface tension as a func-
tion of 4') with @ is monotonic in both cases [see Fig.
1(a)]. The change in the surface tension of the NV in-
terface characterized by the Maier-Saupe potential (220)
(straight line in Fig. 1) due to the inclusion of the (202)
term is significantly larger than that due to the inclusion
of a (222) term of similar magnitude.

Finally, the effects of the (224) term (proportional to
E) are particularly interesting. For E & 0, the surface
tension p is lowest when 4 —49.5 . This value is very
close to that given by a first-order perturbation expansion
in terms of E (see the next paragraph) and to the value
given by a sharp-kink approximation of this mean-field
theory [28]. 4 = 0' corresponds to the maximum of
the surface tension while 4 = 90' is a local maximum
(Fig. 1). In contrast, when E & 0, the equilibrium tilt
angle is 4 = 0; in this case 4 = 49.5 corresponds to the
maximum of the surface tension and 4 = 90 corresponds
to a local minimum.

The change in the surface tension of the Maier-Saupe
nematogen [straight line in Fig. 1(a)] due to the inclusion
of the (224) term alone is much smaller than the changes
due to either the (202) or the (222) term discussed in
the preceding paragraph. We note that, although the
preferred orientations at the NI interface, induced by the
various terms with t $0, are the same as those found at
the NV interface, the relative change in the NI surface
tension is largest when the (222) term is included [see
Fig. 1(b)].

Although we do not expect realistic values of E or D
to be larger than A, our theory breaks down for D & 1.2
or E & 0.9, for a system with B=0.3 and C=O. This is
signaled by the appearance of "structured" phases at the
nematic &ee surface when D or E reaches those values.
Whether these phases are real (for the given potentials)
or are an artifact of the mean-field approximation re-
quires further study. In this paper we have restricted our
attention to values of D and. E that are much smaller
than those corresponding to the instability.

The results of Fig. 1 can be understood using a pertur-
bation expansion of the surface tension about the Maier-
Saupe nematogen (C = D = E = 0) similar to that
used in Ref. [24]. Following Tijpto-Margo et al. , the sur-
face tension difference between a system with nonzero
C (D = E = 0) and a reference Maier-Saupe system is
written, to first order in C, as

CJc Pz (cos 4'), —

where J~ is a positive number and P2(x) is the second-
order I egendre polynomial. As pointed out in [24], Eq.
(12) implies that p is ininimized by @ = 0 when C & 0
andby 4 =90 when C(0.

Similarly we take p to be the surface tension of a sys-
tem with nonzero D (C = E = 0) and find, to first order
in D,

= —DJ~P2(cos 4),p 1
(i3)

where JD is a constant given by

JD = dz p z 7p zy
dzl

x dz2 p( z2 gl ) z2 G2 z~ —z2 . 14
dz2

In the above expression, p~ l(z) is the density profile of
the reference system, gl~ l(z) is the "intrinsic" uniaxial
order parameter defined in [24], and G2(z) is a positive,
monotonically decaying function of z [see Eq. (A7) in
Ref. [24]]. As both p~ l(z) and ql~ l(z) are also mono-
tonic functions, JD is always positive. From Eq. (13) it
follows that p is minimized when iII = 90' (0') if D &0
(&0)

Finally, the difFerence between the surface tension of a
system with E $0 (C = D = 0) and that of the reference
Maier-Saupe system is written to first order in E as

EJ~ 3P—2 (cos iIJ) ——sin 2iII + —sin iII(pl 2 3 ~ 4
2 2 8

(15)

where J@ is a constant given by

J~ —— dz] p z] r/I z]
dzy

d"" .(')""(')"G. "-" 16
dz2

and pool(z) and gl~ol(z) have the same meaning as be-
fore. The function G4(z) is the solution of the equation
d2G4(z)/dzz = u4(z). Using u4(z) given by Eq. (11), it
follows that

G4 z
(7z' —20z' + i8z' —4) if

~

z ~& i

(i7)

From the behavior of p~ol(z) and gl~ol(z) [24], it fol-
lows that

& [pool(z)ill~ol(z)] is nonzero in the interfacial
region only; this implies that the main contribution to
J~ arises from small values of

~
zi —z2 ~. In this region

(z & 0.5), the function G4(z) is negative and, as a conse-
quence, Eq. (15) implies that p is minimized by @ = 49'
when E & 0 and by 4 = 0 when E ( 0. As the contri-
bution to the expansion coefficient u(224; r) arising from
anisotropic dispersion interactions is always negative [29]
(E & 0), these results indicate, in agreement with those
of Refs. [28,30], that this contribution cannot account
for an oblique tilt angle at the interface. On the other
hand, an electrostatic quadrupole-quadrupole contribu-
tion is indeed positive and, as pointed out by Sullivan
and Tjipto-Margo [28,30], this interaction may be rele-
vant in stabilizing an oblique tilt angle as observed at the
NI interfaces of many nematogens [9—11].
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B. Competing surface orientations
and tilt angle transitions

0.5355 -- ~ -..
D=0.75

0.5345

0.5335

0.5325
0 z/2

FIG. 2. Excess grand potential p at the IVV interface
(T=0.175) as a function of the orientation 4 of the bulk
nematic director for C=0.3, E = 0, and difFerent values of
D, close to the orientational transition from 4 ~ —0 to

90 .

Since the (202) and (222) terms compete as far as
the alignment at the interface is concerned, orientational
transitions may occur as the relative magnitude of these
terms is changed. We have looked for orientational
transitions by taking C constant and varying D (with
CD ) 0). We have set C=0.3 and studied the orien-
tation at the NV interface at T = 0.175, as D (with
E = 0) is increased from 0. An orientational transition
was found to occur for a value of D in the range 0.70—
0.75. In systems with D ( 0.70 the tilt angle is 4 = 0
while for D & 0.75 the equilibrium tilt angle is 4 = 90 .
The transition is of first order, as indicated by the pres-
ence of an energy barrier in Fig. 2 ~ We note that, close
to the transition, the molecular orientation at the inter-
face is neither perpendicular nor parallel. The tilt angle
has a value that is rather close to 0' or 90 (see Fig. 2).
We have not attempted to calculate the exact value of
D at which the orientational transition takes place. The
transition occurs in a region where the linear terms of the
perturbation expansion cancel out and thus a perturba-
tion theory for the the excess grand potential requires
the inclusion of higher-order terms. We stress that this
competition does not yield equilibrium tilt angles of the
order of 45, as observed experimentally; indeed, within
our model, these values of the tilt can only be obtained by
inclusion of (224) terms in the intermolecular potential.

Similar transitions also occur at the NI interface. For
a system with C=0.3 (and Z=O), at a fixed temperature
T = 0.261, we have found that 4 = 0 for D ( 0.01
and 4 = 90 for D & 0.02. Note that the reverse transi-
tion takes place in a system characterized by symmetrical
values of C and D.

Sullivan and Tijpto-Margo [28] have studied the same

model potential using a mean-field theory. Rather than
solving numerically the resulting integral equations„ they
have obtained analytical results by resorting to a sharp-
kink approximation for the density-orientational profile.
Within this approximation a first-order transition be-
tween 4 = 0 and 4 = 90 takes place at the N V
interface, at T = 0.175, for a system with C=0.3 and
D=0.7536, which is close to the range of D obtained
from the full numerical solution. Similarly, within the
sharp-kink approximation we estimate the transition at
the NI interface, at T = 0.261, to occur for a system
with C=0.3 and D=0.0137. The agreement with the full
numerical results is somewhat surprising, since the sharp-
kink approximation is expected to be less reliable for the
NI interface. Note, however, that the relative range of
D's estimated using the full mean-field theory is much
larger for the transition at the NI interface. Qualita-
tive discrepancies have also been found. The first is the
fact that the full mean-field theory predicts a transition
to occur between two tilted orientations rather than be-
tween perpendicular and planar alignment. The second
concerns the order of the transition when temperature-
driven orientational transitions are considered for fixed
values of the parameters. This point will be further dis-
cussed in Sec. IIID.

C. Competing surface orientations and tilt angles
at the NV and NI interfaces

It has been found experimentally [2] that for most sys-
tems, the orientation at the NV interface difFers from
that at the NI interface. This behavior may be described
with the present theory, by including more than one term
with l $0 in the anisotropic intermolecular potential.
Following our previous arguments, an appropriate com-
bination of the parameters C and D may be chosen in
order to obtain difFerent molecular orientations at the
NV and NI interfaces. If we take CD ) 0, the (202)
and (222) terms compete and may yield different orien-
tations at the NV and NI interfaces; when D/C = 1,
the molecular alignment at the NI interface is dictated
by the (222) term (more precisely by the sign of D) and
the orientation at the NV interface is determined by the
(202) term, i.e. , by the sign of C.

In Fig. 3 we have plotted the density and order-
parameter profiles at the NI interface (T=0.225) and
at the NV interface (T=0.218) for a system with
C = D = 0.3 and E = 0. This choice of pa-
rameters may be used to describe the experimental
observations of 4-methoxybenzilidene-4'-(n-butyl) aniline
(MBBA) molecules close to the triple point: homeotropic
alignment (4' = 0') at the NV interface [12,13] and ho-
mogeneous planar alignment (4 = 90 ) at the NI inter-
face [8]. Note that while the NV interface is uniaxial,
the NI interface is biaxial and two order parameters are
required to describe the interfacial order.

We note that it is not necessary to take D/C 1 in
order to obtain difFerent orientations at the NI and NV
interfaces. For example, by taking C = 0.3 (—0.3) and
0.02 & D & .7 (—0.7 & D & —0.02) we find ill = 0 (90')
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at the NV interface and 4 = 90 yO g t th NI
In Sec.

&
a e interface.

n Sec. III A it was pointed out that the (224) term has
a relatively weak influence (compared with the other two
terms with I $0) in determining the interfacial ordering.

ique s ang es, for pos-Consequently, we have found obl' t'lt l
itive E, when C and D are such that the 'ba e contri utions
o e ( ) and (222) terms nearly cancel. The value
of D/C required for this to occur at the NI interface is,
in general, much smaller than at the NV interface (two
or ers of magnitude, for a system with C=0.3). Thus,
within our model, it is not possible to find oblique tilted
angles at both interfaces for a given nematogen.

scribe qualitatively the molecular orientation at the in-
serzes. In these sys-er aces of nematogens in the nCB ' . I

tems, the alignment is found to be perpendicular at the
NV interface [3—5] while it is oblique at the NI interface,
wit a tilt angle ranging from 48.5' (in 8CB) to 64.5' (in

6CB) [10,11]. In Fig. 4 we have plotted the density and
or er-parameter profiles for this model nemato en at th

( = . ) and NI (T=0.225) interfaces .The NV
interface is uniaxial with g the onle on y nonzero or er param-

i e taxia c aracterizedeter, while the NI interface is tilt d b 1

y three orientational order parameters.

D. Temperature-driven tilt an l te ransom sons

Experiments on MBBA and 4-(n-ethoxy)benzilidene-
'-(n-butyl) aniline [6,12,13] indicate that the molecular

n a a cer ann temper-tilte to perpendicular orientation at t '

a ure 0 slightly below the triple point. We have found
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FIG. 3. Density (m units of o ) and order-parameter pro-
61es for a system with C = D = 0.3 d E =
interface (T=0.218). The equilibrium tilt angle is 4',~ = 0'
(as for MBBA close to the triple point [12,13]); the interface
is uniaxial. (b) NI interface (T=0.225). The equilibrium tilt
angle is 4',~ = 90 (as for MBBA [8]); the interface is biaxial.
z coordinate is in units of cr.

FIG. 4. ensity and order-parameter profiles for a sys-
em with C=0.3, D=0.01, and E=0.5. a N

The equilibrium tilt angle is 4 = 0'eq as or
nematogens in the nCB series 3—5 th e interface is uniax-

zs 4e = 32.5 ~ ~

e equi I. rium tilt angleial. (b) NI interface (T=0.225). Th 'l'b

.5, i.e., the director is oblique tilted with respect
to the normal to the iinterface (as for nematogens of the nCB
series [10,11]).



5036 MARTIN del RIO, TELO da GAMA, de MIGUEL, AND RULL 52

that, within our simple model, the parameter E' must
be positive in order to predict a tilted orientation at the
interface. The orientational transition may then be de-
scribed as the result of a competition between orienta-
tions dictated by different terms in the expansion of u „;.

Approximations based on the model described by Eqs.
(5) and (6) that neglect the variation of the density and
order parameter profiles in the interfacial region, such as
the sharp-kink approximation, yield an expression for the
surface tension that may be cast in the form

p(4) = po + p2P2(cos 4) + p4P4(cos @)

0.33

0.32

0.31

0.30

0.29

0.28

0.27-

0.26-

0.25-

0.175 0.180 0.185 0.190 0.195 0.200 0.205

where the coefIicients po, p2, and p4 depend on the inter-
xnolecular potential parameters (A E), as—well as on the
bulk values of p and g [30]. This expression is identical to
the one obtained by the so-called phenomenological the-
ories, where it is derived using symmetry arguments and
the coefficients are often arbitrary [35]. It is well known
that, in this case, the tilt angle transition form oblique
to homeotropic alignment is always continuous, as seen
in experiments [2].

We have studied a temperature-driven orientational
transition at the NV interface. Since the interfacial ef-
fects of the (224) term are much smaller than those of the
other terms in the intermolecular potential with 1 $0, in
order to observe tilt angles we have to choose values of C
and D whose combined effect in determining the surface
alignment nearly cancels. We could also have set one of
them to zero and chosen the other very small [36]. This,
however, seems somewhat less realistic than our particu-
lar choice. We have set C=0.3, D=0.7, and E=0.3. As
discussed in Sec. IIIC, a system with these values of C
and D and with E'=0, at T=0.175, is close to a tilt angle
transition 4 = 0 + 90 . Under these circumstances,
the orientation at the interface far &om the triple point
is determined by the (224) term, which is proportional
to E. When E=0.3 we find that for T & 0.1945 a tilted
orientation at the interface is obtained (see Fig. 5). At
T = 0.195, the orientation changes discontinuously from
tilted to perpendicular. The change in slope of p(T) at
this transition is too small to be clearly visible on the
scale of Fig. 5. As mentioned previously, the continuous
nature of this transition is predicted by most theories,
although a first-order transition was previously reported
by Kimura and Nakano [15,17]. These authors used the
sharp-kink approximation, but they included in the inter-
molecular potential excluded volume effects, which result
in additional terms for the surface tension (18) [15,17].
These are ultimately responsible for driving the transi-
tion to first order. In our case, the first-order nature of
the transition results from the coupling of the density
and orientational order-parameter profiles in the inter-
facial region. It seems likely that our theory may also
predict continuous orientational transitions for different
sets of parameters (C, D, and E) [15,17]. We have not
investigated this possibility, but very recently Braun et
aL [37] have indeed observed a continuous transition us-
ing this theory for a system with D = 0 (and | g 0 and
F/0)

The sharp-kink approximation used by Sullivan and

0.210
I

0.215
I

0.220
I

0.225

FIG. 5. Liquid-vapor surface tension p versus temperature
T (in units of A) close to the triple point T't, For T ( Tt„
the surface tension corresponds to the NV interface, while for
T ) Tt„ it corresponds to the IV interface. The discontinu-
ity in the surface tension at T = Tt, is equal in magnitude
to the surface tension of the NI interface, indicating that the
NV interface is wet by the isotropic phase. The Grst-order
transition from tilted to homeotropic alignment occurring at
T 0.195 is shown in the inset. The second tilt angle tran-
sition, which takes place at T 0.214, is indicated by the
dotted line.

E. Wetting transitions

Tijpto-Margo et al. [24] have studied the wetting be-
havior of this model with D = E = 0. At the triple point

Tjipto-Margo predicts (for these values of the parame-
ters) a continuous transition from tilted to perpendicular
alignment, at a temperature above the triple point, i.e. , in
contrast to the results of the full theory there is no orien-
tational transition at the NV interface for a system with

=0.3, D=0.7, and E=0.3.
When the temperature is increased towards the triple

point, the NV interface of this systexn exhibits a (sec-
ond) orientational transition from perpendicular to pla-
nar alignment. This transition is also of first order and
occurs at T = 0.214, which is very close to the triple point
temperature (Tt, ——0.2182), suggesting that it may be re-
lated to a wetting transition at the NV interface. This
observation is further supported by the fact that, for this
system, the equilibrium orientation at the NI interface
(close or at the triple point) is 1II = 90 . An inspection
of Fig. 5 shows that the surface tension is no longer lin-
ear with temperature for T ) 0.214. This departure &om
linear behavior is due to an increase of the interfacial dis-
order as expected in a regime of wetting by the isotropic
phase. The discontinuity in the surface tension, at the
triple point, is equal to pNI, confirming that the NV in-
terface is wet by the I phase at that temperature. In
the next subsection we will discuss other wetting related
phenomena at the NV and at the isotropic liquid-vapor
(IV) interfaces.



52 SURFACE-INDUCED ALIGNMENT AT MODEL NEMATIC INTERFACES 5037

temperature Tt„ the NV interface is wet by the I phase
for values of C in the range —0.1175 —0.0552. At these
points, the NV interface undergoes first-order transitions
from partial to complete wetting by I. As the absolute
value of C increases so does the tendency of the nematic
phase to wet the IV interface, until at C=0.8477 and
C = —2.1249 first-order wetting transitions of the IV
interface by N occur.

Thus we fix C=0.9 and investigate the wetting be-
havior of the IV interface by varying D. First, we set
D=0.15 and E=O. We found that for this value of D the
system exhibits partial rather than complete wetting by
¹ The dewetting induced by D is related to the fact
that D ) 0 favors a molecular orientation that is parallel
to the interface, while C ) 0 favors homeotropic align-
ment. For these values of the parameters, the effect of C
dominates and the molecular orientation is perpendicular
at both the NV and NI interfaces. The NI and NV sur-
face tensions increase with D more rapidly than the IV
surface tension; consequently, for suKciently large values
of D the IV interface becomes nonwet (i.e. , a transition
from complete to partial wetting occurs).

The results of Sec. III8 indicate that an orientational
transition should occur at the NI interface for a value
of D close to 0.15. In order to clarify the relationship
between the dewetting transition at the IV interface and
the orientational transition at the NI interface we have
set C=0.9 and E = —0.6 and varied the value of D. This
choice of E favors the state of complete wetting by the N
phase. E ( 0 favors the same orientation at the interface
as C ) 0; indeed, for this choice of E the value of D
required to destroy the complete wetting state increases.
A weak first-order transition from total to partial wetting
by the N phase occurs, in this case, at D=0.1162 (see Fig.
6).

0.2545

0.2540-

For a larger value of D, an orientational transition oc-
curs at the NI interface (from @ = 0' to 4 = 90') at
T = Tt, . For a system with D ( 0.16, 4 = 0, while
for D ) 0.17, 4 = 90 . Notice that the orientational
transition at the NI interface takes place for a value of
D corresponding to the partial wetting regime of the IV
interface. For this set of parameters the tilt angle at the
NV interface is 4 = 0 . Following an argument of Sulli-
van and Lipowsky [38], competing orientations at the NI
and NV interfaces induce an elastic long-ranged repulsive
interaction between them, which favors the growth of an
N layer at the IV interface. For this system and within
our numerical calculations we have been unable to ver-
ify this prediction, i.e. , the IV interface remains nonwet
for a range of parameters where the NI and NV inter-
faces exhibit different preferred orientations. We think
that within this (limited) range of parameters the short-
ranged (nonelastic) interactions dominate and a state of
partial wetting of the IV interface is found. By a judi-
cious choice of parameters the dewetting transition may
be made to occur at a value of D closer to the value corre-
sponding to the tilt angle transition of the NI interface.
Under these circumstances, the elastic forces may be ef-
fective in restoring the state of complete wetting. These
numerical calculations, however, are extremely delicate
and time consuming and thus we have not investigated
the possibility of reentrant wetting transitions induced
by elastic forces.

As far as the wetting behavior at the IV interface is
concerned, we conclude that, in general, the inclusion of
terms that enhance the preferred molecular orientation
at the NI and NV interfaces favors the wetting state.
Likewise, the inclusion of terms that favor different ori-
entations at the N interfaces will tend to destroy the
state of complete wetting and if sufBciently strong will
induce a dewetting transition. Finally, complete wetting
of the NV interface by the I phase is also favored by the
inclusion of terms that compete in determining the sur-
face alignment since these have a disordering effect that
favors a wetting transition by the I phase.

0.2535-
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FIG. 6. Excess grand potential p as a function of the ad-
sorption I'„of the order parameter g at the wetting transition,
which ocurrs for D=0.1162 when C=0.9 and E = —0.6. I'„ is
defined as I'„=f [g(z) —gb„u, ]dz (where gi,„u, is the bulk
nematic order parameter for z ( 0 and zero otherwise). The
two minima have the same depth and correspond to the thin
and thick nematic wetting films, which coexist at the transi-
tion. Note the existence of a small energy barrier indicating
a weak first-order transition.

IV. CONCLUDING REMARKS

We have presented a detailed study of the orientational
effects induced at the NI and NV interfaces of a model
liquid crystal. The anisotropic interactions, which are at-
tractive on average, were assumed to be given by a trun-
cated expansion in spherical harmonics (up to second-
order terms) and the system was studied in the context of
a mean-field theory for nonuniform fluids. Although this
model is still a highly idealized representation of real liq-
uid crystal interactions, we believe that it captures some
of the relevant features that determine the orientational
order at nematic interfaces.

We have confirmed an earlier result obtained using
a simplified theory [28,30] that quadrupole-quadrupole
interactions are crucial in order to account for oblique
molecular alignment at the nematic interface. This con-
tribution is embodied in the (224) term with E ) 0. The
experimental observations of different molecular align-
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ments at the NV and NI interfaces of a given nematogen
have also been described as the result of a competion be-
tween the (202) and (222) terms in the anisotropic inter-
molecular potential. Neither of these effects was properly
accounted for by previous related models [23,24] since
they include only one term with l $0 [namely, the (202)
term] in the intermolecular potential. One significant re
suit of this work is that temperature-driven orientational
transitions can be found in systems characterized by the
potential of Eqs. (5) and (6). It is worth mentioning
that Kimura and Nakano [15,17] concluded that no such
transitions may occur if only attractive interactions are
considered. We note, however, that the attractive inter-
actions used in Refs. [15,17] difFer in an essential way from
Eqs. (5) and (6), since Kimura and Nakano [15,17] have
not included the (202) term (there are also difFerences in
the models used for the hard-core repulsions, but they
are of no relevance for this discussion). It is easily shown
[28], within the sharp-kink approximation used in Refs.
[15,17], that the (202) term is responsible for the temper-
ature dependence of the tilt angle when the anisotropic
potential is given by Eqs. (5) and (6). It is unclear to us
why Kimura and Nakano [15,17] have not included this
term in their attractive potential.

For a given choice of parameters, we have found an

orientational transition, that is related to a wetting tran-
sition of the NV interface. As the temperature increases
towards the triple point, an isotropic film grows at the
N V interface, becoming macroscopic at Tt, . As the
molecular orientations at the NV and NI interfaces in
this system are diferent, the orientation at the NV in-
terface changes to that of the NI interface as the film
thickens.

Finally, it was found that complete wetting by the N
phase may be destroyed as a result of the competition
between the (202) and (222) terms. Similarly, a reentrant
wetting transition by the I phase was found when the
ratio D/C increases (for CD ) 0).
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