
Computer simulation of a liquid-crystal anchoring transition

F. Barmes
Centre Européen de Calcul Atomique et Moléculaire, 46 Allée d’Italie, 69007 Lyon, France

D. J. Cleaver
Materials Research Institute, Sheffield Hallam University, Sheffield, S1 1WB, United Kingdom

(Received 19 January 2004; published 2 June 2004)

We present a study of the effects of confinement on a system of hard Gaussian overlap particles interacting
with planar substrates through the hard-needle-wall potential. Using geometrical arguments to calculate the
molecular volume absorbed at the substrates, we show that both planar and homeotropic arrangements can be
obtained using this model. Monte Carlo simulations are then used to perform a systematic study of the model’s
behavior as a function of the system density and the hard-needle-wall interaction parameter. As well as
showing the homeotropic to planar anchoring transition, the anchoring phase diagrams computed from these
simulations indicate regions of bistability. This bistable behavior is examined further through the explicit
simulation of field-induced two-way switching between the two arrangements.
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I. INTRODUCTION

Confinement of a liquid crystal has a symmetry breaking
effect; this induces both positional layering and orientational
coupling which is transmitted to the bulk alignment through
a mechanism called anchoring[1]. While the former effect is
a universal consequence of confinement[2,3], the latter is
specific to mesogenic systems. For these, three main arrange-
ments for the particles close to the surface can be observed,
namely homeotropic, planar, and tilted. A range of azimuthal
anchoring states are also possible. Upon change of experi-
mental conditions, modification of the surface arrangement
can be observed to lead to a change in the bulk alignment;
such an event is called an anchoring transition[1].

Experimental studies of confined liquid crystals have re-
ported that anchoring transitions can be achieved by various
means such as change in temperature[4–6] or the conforma-
tion of the aligning agent[7,8]. Incident radiation can also
induce anchoring transitions by selectively switching the
conformations of substrate molecules and, thus, modifying
the interfacial interactions[9]. Alternatively, the absorption
behavior of a liquid crystal at a solid substrate, either directly
[10,11], or through the introduction of a second species[12],
can lead to anchoring transitions if the density of absorbed
particles or the nature of the absorption is changed. One last
example is that in which a multistable anchored system,
which preferentially adopts one of its possible conformations
due to its treatment history[1,13], is switched into an alter-
native state by, e.g., an appropriate applied field.

Although a number of mechanisms underlying anchoring
transitions have been raised(see[14] for a review) rather few
theoretical analyses have been performed. Teixeira and
Sluckin [15,16] used a Landau-de Gennes free energy func-
tional to study the planar to homeotropic anchoring transition
in liquid-crystal systems confined by different substrates.
They found a rich anchoring behavior which helped in the
identification of mechanisms responsible for the anchoring
transitions, specifically, the compositions of binary mixtures
of liquid crystals and the amount of absorption at the surface.

Subsequently Teixeiraet al. [17] used a Landau-de Gennes
formalism to observe a temperature driven anchoring transi-
tion at the interface between a liquid crystal and smooth
solid surface, thus confirming the experimental findings. The
effect of nonuniform substrates(i.e., microtexture) has also
been studied using a Landau-de Gennes formalism[18,19].
This work found temperature-driven phase-transitions be-
tween states with different tilt angles.

In the field of molecular simulations, the effects of con-
finement on liquid crystalline systems has been increasingly
well studied, and all of the surface arrangements listed above
have been obtained through appropriate choices of particle–
surface interaction potential. Using various parameteriza-
tions of the Gay-Berne model[20] and taking the particle–
wall contact distance to be that between a rod and a sphere,
both tilted and planar anchoring states have been observed
[21–24]. If, alternatively, the surface is represented using a
monolayer of spheres, the particle–substrate interaction can
be designed to induce either homeotropic or planar anchor-
ing [25–27]. Using hard ellipsoids confined so that their cen-
ters of mass interacted sterically with smooth substrates,
Allen [28] observed homeotropic surface arrangement. Sub-
sequently van Roijet al. [29–31] investigated the behavior of
hard spherocylinders at a hard smooth wall and observed
surface-induced wetting and planar ordering. These studies
also showed that the planar arrangement is the natural state
of hard-rod nematic phase in contact with a flat surface.
Chrzanowskaet al. and Cleaveret al. [32,33] used the hard
Gaussian overlap(HGO) model [34] (i.e., a hard version of
the Gay-Berne model) to investigate confined symmetric and
hybrid anchored films using the hard-needle-wall(HNW) po-
tential as a surface model. Here, simulations of symmetri-
cally anchored systems showed that, with appropriate tuning,
this surface model can induce either homeotropic or planar
anchoring, a finding which we expand upon in the current
paper.

Liquid-crystal adsorption has also been studied using
simulations of all-atom models, investigating, for example,
the behavior of 8CB on various substrates[35–37]. These
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studies gave results which were largely consistent with scan-
ning tunneling microscopy investigations with respect to the
structure of the observed planar arrangements. A more sys-
tematic series of simulation was performed subsequently by
Binger and Hanna[38–40] who simulated the adsorption of
several liquid crystals(e.g., 5CB, 8CB, MBF). Systems rang-
ing from single molecules up to two monolayers anchored on
different polymeric substrates(e.g., PE, PVE, Nylon 6) were
investigated. From this, the authors found that, for most sub-
strates, the liquid crystals adopted planar arrangements with
some specific conformations being favored; conversely, Do-
err and Taylor[41,42] reported preferential homeotropic an-
choring from their simulations of 5CB on amorphous PE.

Comparatively, the literature on computer simulations of
anchoring transitions is extremely scarce. Using HGO and
HNW potentials for, respectively, intermolecular and surface
interactions, Cleaver and Teixeira[33] have found a density-
driven homeotropic to planar anchoring transition at one wall
of a model cell with hybridly set boundaries. Also, more
recently, Lange and Schmid[43–45] have observed an an-
choring transition in a system of ellipsoidal Gay-Berne par-
ticles confined by grafted polymer chains. Here, the transi-
tion between tilted and homeotropic arrangements was
induced by changes in the grafting density.

In this paper, we use Monte Carlo simulations to study the
effects of confinement on a system of model mesogenic par-
ticles and so gain a microscopic understanding of their an-
choring transition. This paper is organized as follows: the
models used for this study are described in Sec. II. The mod-
el’s surface induced structural changes are studied in Sec. III
through observation of typical profiles obtained from the
simulations and the dependence of these profiles on the sur-
face potential and the system density. From this, in Sec. IV,
we obtain a comprehensive mapping of the model’s anchor-
ing behavior, including the identification and localization of
its planar to homeotropic anchoring transition. This section
also contains an explicit study of the anchoring bistability
found to be associated with this transition. The conclusions
drawn from this work and a description of future studies are
given in Sec. V.

II. THE MODEL

Here, surface induced structural changes are studied using
Monte Carlo simulations of rod-shaped particles that interact
with one another through the hard Gaussian overlap(HGO)
potential[46] and with the confining substrates via the hard-
needle–wall(HNW) potential. The latter was used since it
provides a simple and intuitive steric interaction which can
be tuned so as to induce either homeotropic or planar anchor-
ing arrangements[32,33]. It also lends itself to the straight-
forward development of geometry-based predictions with
which to compare simulation results. Despite this simplicity,
however, the HNW potential is able to exhibit both anchor-
ing transitions and bistability.

The HGO model is a steric model in which the contact
distance is the shape parameter determined by Berne and
Pechukas[34] when they considered the overlap of two el-
lipsoidal Gaussian. Thus the interaction potentialnHGO be-

tween two particlesi and j with respective orientationsûi
and û j and intermolecular vectorr i j =r ij r̂ i j is defined as

nHGO = H0 if r ij ù ssûi,û j, r̂ i jd
` if r ij , ssûi,û j, r̂ i jd

s1d

wheressûi ,û j , r̂ i jd is the contact distance

ssûi,û j, r̂ i jd = s0H1 −
1

2
xF sr̂ i j · ûi + r̂ i j · û jd2

1 + xsûi · û jd

+
sr̂ i j · ûi − r̂ i j · û jd2

1 − xsûi · û jd
GJ−1/2

. s2d

Heres0, the particle width, sets the unit of distance for this
model and the shape anisotropy parameterx=sk2−1d / sk2

+1d wherek=sl /s0 is the particle length-to-breadth ratio.
The HGO model is the hard-particle equivalent of the

much-studied Gay-Berne model[20]. The phase behavior of
the HGO model is density driven and fairly simple, compris-
ing only two noncrystalline phases; isotropic and(for k*3)
nematic fluids at, respectively, low and high number densi-
ties r* . The isotropic-nematic phase-coexistence densities
have been located for various particle elongations in a series
of previous Monte Carlo simulation studies[47–49]; for the
most commonly used elongation ofk=3, the transition oc-
curs forr* <0.30 with a slight system size dependence. Our
own simulations of 3d bulk systems ofN=1000 particles
[50,51] have found isotropic(nematic) coexistence densities
of rI

* =0.299 srN
* =0.309d, in agreement with these previous

studies. Although the HGO model was originally derived us-
ing geometrical considerations, an HGO particle cannot be
represented by a fixed solid object. Rather, it is a mathemati-
cal abstraction of the interaction surface between two non-
spherical particles[46]. For moderate elongations, however,
the properties of HGO particles are similar to those of an
equivalent hard ellipsoid of revolution[46]. Simulation stud-
ies [49] have borne this out, showing that the equation of
state of the HGO fluid is qualitatively equivalent to, but con-
sistently displaced from, that of the hard ellipsoid fluid.

In this paper, we sidestep the issue of how an undefined
HGO particle should interact with a planar substrate(this is
addressed elsewhere[50,52]) since here the HNW potential
has been used for the particle–wall interaction. In this, the
particle surfaces do not interact directly with the substrates;
rather the interaction is mediated by axial needles placed at
the centers of the HGO particles(Fig. 1). The interaction
potential between particlei and a planar substrate located at
z=z0 is, thus, given by[33]

nHNW = H0 if uzi − z0u ù swsûid
` if uzi − z0u , swsûid

s3d

where

swsûid =
1

2
s0kS cossuid. s4d

Here, kS is the dimensionless needle length andui
=arccossui,zd is the angle between the substrate normal and
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the particle’s orientation vector, which also corresponds to
the zenithal Euler angle(Fig. 1).

The surface behavior of the HNW model has previously
been studied in slab-geometry by Cleaver and Teixeira[33]
and Chrzanowskaet al. [32]. Also the model simulated by
Allen [28], in which the particle centers of mass were taken
to interact sterically with the substrate, corresponds to the
HNW potential with kS=0. For smallkS, the homeotropic
arrangement has been shown to be stable, whereas planar
anchoring is favored for longkS. Insight can be gained into
this transition by noting that, in the limit of perfect orienta-
tional and positional order, the Helmholtz free energy of this
system is minimized by the arrangement that maximizes the
particle volume absorbed into the substrates. For allk and
kSÞ0, the absorbed volume of a single particle is clearly
maximal foru=p /2, suggesting that the planar arrangement
should always be stable(for the casekS=0, planar and ho-
meotropic alignments both allow the absorption of half the
particle volume). For many body systems, however, it is also
necessary to consider the relative packing efficiencies of the
two arrangements.

To this end, we now consider the behavior of a system of
HGO particles in a fixed volume, one face of which is
bounded by an HNW potential substrate. The aim is to cal-
culate the homeotropic to planar transition needle length for
this system. For simplicity, each particle close to the surface
is approximated to be an ellipsoid of revolution[46] with
elongationk=s, /s0 and semiaxis lengthsa=b=s0/2 and
c=s, /2. The homeotropic to planar transition needle length
can then be determined by equating the ratio of the volume
absorbed per unit area of the substrate for the two key ar-
rangements. In the limit of perfect order, symmetry details of
the packing can be ignored in this calculation since they
must be the same for both anchoring alignments; the two
arrangements will map onto each other via suitable affine
transformations.

In the case of planar alignment, the adsorbed volume and
occupied area are independent ofkS and their ratio is simply
s0/3. The homeotropic case is rather more involved, since
although the projected area of each particle onto the surface

is constant, the particle–substrate distances are now depen-
dent onkS. In the ellipsoidal-particle approximation, the es-
caped volume for such a particle can be shown to be

Ve =
ps0

2

4
FkS

2
S kS

2

3s,
2 − 1D +

s,

3
G . s5d

Using this result, the needle length corresponding to the
planar-homeotropic transition is then given by the rootkS

T of

1

6k2s0
2kS

3 −
1

2
kS+

s0

3
sk − 1d = 0 s6d

satisfyingkS
T P g0 :kg. The result isk-dependent; the varia-

tion of the transitionkS
T/k as a function ofk is shown in Fig.

2. For the two particle elongations used in the simulation part
of this study, that isk=3 and 5, the predicted transition
needle lengths arekS

T/k=0.48 and 0.61, respectively.

III. SIMULATION OF SYMMETRICALLY ANCHORED
SYSTEMS

Here, we present the results from a comprehensive Monte
Carlo simulation study of HGO systems confined between
symmetrical HNW substrates. All of the simulations were
performed in the canonical ensemble on systems ofN
=1000 particles. Particle elongationsk=3 and 5 were both
studied, but for reasons of space we restrict ourselves, in
most cases, to showing results for thek=3 systems only. The
substrates were separated by a distanceLz=4ks0 and were
located atz= ±Lz/2, the system being periodic in thex andy
directions. The simulation box lengths in these other direc-
tions were determined by the imposed number density,r* ,
through the relationshipLx=Ly=ÎN/ sr*Lzd. In each simula-
tion, the same substrate potential(i.e., ks value) was applied
at each wall, so that all of the results presented relate to
symmetric anchoring situations. That restriction apart, a sys-
tematic study of thekS andr* dependence of these systems
has been undertaken; Figs. 3(a) and 3(b) show the state
points at which simulations were performed as well as the
directions of the various simulation series. The simulation
series directions are given since, at some state points, the
anchoring adopted by the system was found to be dependent
on that of the initial configuration employed. Typical run

FIG. 1. (Color online) Schematic representation of the geometry
used for the hard-needle–wall particle–surface interaction.

FIG. 2. (Color online) Predicted variation ofkS
T/k with k in the

high packing limit.
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lengths at each state point were 0.53106 Monte Carlo(MC)
sweeps(where one sweep represents one attempted move per
particle) of equilibration followed by a production run of
0.53106 sweeps.

The relatively modest system size ofN=1000 has been
used here in order to enable a comprehensive mapping of the
relevant phase space to be achieved. From De Miguel’s study
of system size effects in 3D bulk systems of Gay-Berne par-
ticles [53], it is apparent that anyN-dependence of bulk be-
havior should be negligible forN=Os103d. This conclusion
does not transfer automatically to confined systems, how-
ever, since the surface extrapolation lengths can become
comparable with the substrate-substrate separation[54]. For
the systems studied here, in which the surface conditions
were symmetrical, we have found that doubling the slab
thickness(i.e., running withN=2000 particles) does not have
a significant effect on the anchoring behavior observed.
However, in equivalent simulations of hybrid anchored sys-
tems, in which the two surface extrapolation length regions
can promote competing effects, we have found that the slab
thickness becomes a significant simulation parameter
[50,55].

We present the simulation results by first describing the
typical behaviors exhibited by these systems. We then go on
to assess the global phase and structural dependence on the
imposed number density,r* , and internal needle lengthkSs0

before, in the next section, going on to construct anchoring
maps and make an explicit examination of the bistability
displayed by one system.

Initial analysis of the surface-induced structural changes
has been performed using profiles of the number density,
r,

*szd, and the orientational order measured with respect to
the substrate normal

Qzzszd =
1

Nszd oi=1

Nszd S3

2
ui,z

2 −
1

2
D s7d

whereNszd is the instantaneous occupancy of the layer. Typi-
cal profiles for bulk isotropic and nematic densities are
shown for homeotropicskS,kS

Td, planarskS.kS
Td, and com-

peting skS˜ kS
Td anchoring arrangements in Figs. 4–6.

Homeotropic alignment was observed when the HNW po-
tential was characterized by a short needle length. Thus Fig.
4 shows that withk=3 andkS/k=0.2, r,

*szd was dominated
by surface-layer peaks atuz−z0u,kSs0/2. Small secondary
features, displaced byks0 from the surface peaks, are appar-
ent at the nematic density, consistent with an arrangement
which involved smectic-like layers templated by the sub-
strates. The correspondingQzzszd profiles confirm this ho-
meotropic arrangement, showing positive values in regions
of high r,

*szd, that is the interfacial regions for both densities
and the bulk region at the nematic density. The oscillations in
Qzzszd correlate closely with those inr,

*szd due to both the
intrinsic coupling between density and order parameter and

FIG. 3. (Color online) Representation of the state points consid-
ered in the simulations presented in this paper. The arrows represent
the direction in which the simulations series were performed.

FIG. 4. (Color online) Typical profiles corresponding to homeo-
tropic anchoring fork=3 andkS/k=0.20 as obtained from simula-
tion series at constant density and decreasing needle length.
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the homeotropic director-pinning imposed by the smectic-
like layers. Additionally, regardless of the number density,
Qzzszd displays negative values very close to the substrates
suz−z0uøkSs0/2d; these features occur because the HNW po-
tential dictates that any particles in these regions must be
tilted away from the substrate normal. These regions with
negativeQzzszd values have very low number densities, how-
ever, and so are of little practical significance.

For planar alignment situations, such as that observed for
k=3 andkS/k=0.8, the density and order profiles adopted the
forms shown in Fig. 5. Here, because the surface layers were
dominated by planar-aligned particles, the main peaks inr,

*

are located atuz−z0u,0. The peak-peak separations in the
nematic-densityr,

*szd are also much smaller than those seen
in the homeotropic case(approximatelys0 rather thankSs0),
since here the particles in neighboring strata had a side-by-
side arrangement(i.e., they werenot in smectic-like layers).
Again, the features in theQzzszd profiles correspond closely
with those inr,

*szd, but this time the maxima inr,
* relate to

minima inQzzszd since planar order results in negative values
of Qzzszd.

For somekS values intermediate between the two cases
just presented, situations were found in which the relative
stability of the planar and homeotropic arrangements was
unclear. Generally this situation arose in nematic systems for
which kS,kS

T. Typical profiles corresponding to this compet-
ing anchoring situation are shown in Fig. 6 fork=3 and
kS/k=0.48, i.e., a needle length very close to thekS

T value
given by Eq.(6). Here, at high number densities, two sets of

profiles (corresponding to different surface arrangements)
were obtained depending on the history of the simulation
sequence. Since, in each case, these profiles were obtained
from runs equilibrated over,106 MC sweeps, bistability is
suggested.

The r* =0.28 profiles shown in Fig. 6 are noteworthy,
since they contain features suggesting both planar and ho-
meotropic influences. For example, the interfacial regions are
characterized by two peaks, of comparable height, corre-
sponding to substrate distances ofuz−z0u=0 andkSs0/2, re-
spectively. This double peaked behavior can be observed in
both ther,

*szd and theQzzszd profiles; in the latter it is mani-
fested by the positive and negative regions corresponding to
the peaks in the local density.

The two sets ofr* =0.34 profiles shown in Fig. 6 are very
different from one another, and indicate that the two surface
arrangements shown at this density in Fig. 4 and 5 were both
accessible for thiskS value. The planar state was obtained
when, in a series of runs performed at fixed density, thekS
value was decremented between runs, whereas the homeotro-
pic arrangement was formed in an equivalent sequence per-
formed with increasingkS values. An interesting sign change
is apparent in theQzzszd profile for the planarr* =0.34 state.
Here, while the surface and bulk alignment were both un-
questionably planar, positiveQzz values were obtained for
uz−z0u .kSs0/2, indicating, rather surprisingly, localized re-
gions with net homeotropic alignment. This behavior was
also seen for systems whosekS values were sufficiently large

FIG. 5. (Color online) Typical profiles corresponding to a planar
arrangement withk=3 andkS/k=0.80 as obtained from simulation
series at constant density and decreasing needle length.

FIG. 6. (Color online) Typical profiles fork=3 andkS/k=0.48.
The termkS up or down in the key of this figure refers to whether
the profiles have been obtained from simulation with increasing
(up) or decreasing(down) needle length.
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for the planar aligned state to be unambiguously stable, and
so is unrelated to the possible bistability noted above. In-
stead, we attribute this behavior to the effect of particle–
particle interactions on theu-dependence of the orientational
distribution function at thesez values. For example, we note
that at these wall separations, a particle orientation corre-
sponding to modest tilt away from the substrate normal is
disfavored since the resulting gap opened up between the
tilted particle and the substrate would be too small to be
occupied by a second particle. Consequently, the effect of the
interactions between the tilted particle and its neighbors
would be either to close the gap(by shifting the particle
towards the substrate or rotating its orientation closer to the
substrate normal) or to make the gap big enough for a second
particle to enter(by making the particle more planar). This
relative instability of moderate tilt angles at these wall sepa-
rations is, we consider, the primary cause of the positiveQzz
values noted above.

Having described the behaviors exhibited by these sys-
tems, we now consider theirr* - and kS- dependences by
presenting the results from a more comprehensive investiga-
tion. In order to study the influence of density, several series
of simulations were carried out at constantkS values and
increasing and decreasing densities. From these,r,

*sz,r*d and
Qzzsz,r*d surfaces were computed for a range ofkS values.
Results for the caseskS/k=0.0 andkS/k=1.0 are shown in
Figs. 7 and 8 fork=3. Because little hysteresis was found
between the series performed with increasing and decreasing
densities, only the data obtained from the latter series are
shown.

The surfaces shown in Figs. 7 and 8 largely confirm the
observations made previously. At low densities, the surface
induced effects are limited to the surface regions. With in-
crease in density, however, the number of peaks inr,

*szd
increases steadily withr* due to enhanced layering of the
particles. Surface-induced order can be seen to extend further

into the cell with increase inr* , largely reflecting the fea-
tures apparent in ther,

*szd surfaces. In the case of extreme
homeotropic anchoringskS/k=0.0d, regardless of the density,
the central region of the cell failed to adopt nematic order.
This was because, for this reduced needle length, the particle
volume absorbed by the substrates reduced the bulk region
density sufficiently to shift theI −N transition tor* values
outside the range considered here. This does not, however,
question the existence of uniform alignment in the casekS
=0.0. For thekS/k=1.0 surface, orientational ordering of ap-
proximately the central 50% of the system can be seen to
have taken place very uniformly. Relatively long runs were
needed to establish this behavior since, at densities with iso-
tropic bulk regions, there was little azimuthal coupling be-
tween the two ordered surface regions.

In order to generate equivalent information on the influ-
ence ofkS/k on the cell’s behavior, further series of simula-
tions were performed at constant densities with both increas-
ing and decreasing needle lengths. Results from the series
with decreasingkS/k, k=3, and densitiesr* =0.28 and 0.34
are shown as surfaces ofr,

*sz,kS/kd andQzzsz,kS/kd in Figs.
9 and 10, respectively. The differences found between the
series performed with increasing and decreasingkS/k are dis-
cussed in the next section.

From Figs. 9 and 10, the features discussed previously for
strong homeotropic and planar anchoring arrangements can
be seen at low and high values ofkS/k, respectively. A clear
distinction can be made between the two anchoring regions
from each of these surfaces, and a homeotropic to planar
anchoring transition is again evident. As the transition region
is approached from either high or lowkS, the peak heights of
the r,

* surface decrease quite rapidly. At low density, rem-
nants of these peaks remain at the transition, leading to bi-
modal surface layers which have features corresponding to
both anchoring states. At nematic densities, in contrast, the
crossover from one structure to the other is quite sharp. For

FIG. 7. (Color online) Sur-
faces showing the influence ofr*

on systems withk=3 and kS/k
=0.0 (strongly homeotropic an-
choring). These data are extracted
from simulation series with de-
creasing needle length.

FIG. 8. (Color online) Sur-
faces showing the influence ofr*

on systems withk=3 and kS/k
=1.0 (strongly planar anchoring).
These data are extracted from
simulation series with decreasing
needle length.
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ther,
*sz,kS/kd surfaces shown in Figs. 9 and 10, thez- values

of the peaks on the two sides of the transition are clearly not
coincident. The associatedQzzsz,kS/kd surfaces give an ob-
vious signature of the homeotropic to planar transition due to
the sign change they exhibit. This change is relatively
smooth in the surface regions, but is very sharp in the bulk
region of the nematic density system. The gradient of this
change was also found to increase withk; the transition was
much sharper fork=5 than fork=3.

IV. ANCHORING MAPS AND BISTABILITY

A phase-space mapping of the planar to homeotropic an-
choring transition region needs to be expressed in terms of
some quantitative indicator of the arrangement displayed by
a given confined system. A useful measure for the character-
ization of the surface arrangement would be a scalar capable
of indicating both the type and strength of the anchoring for
a givensr* ,kS/kd state point. To this end, we introduceQzz,
a density-profile-weighted average ofQzzszd taken over a
given region of interest. We defineQzz as

Qzz=

o
zi

Qzz
n szidr,

*szid

o
zi

r,
*szid

s8d

where thezi considered are restricted to a given region of
interest (i.e., bulk or surface). Here Qzz

n szdP f−1 : 1g is a
pragmatically rescaled version ofQzz defined by

Qzz
n = HQzz if Qzzù 0

2 ·Qzz if Qzz, 0.
s9d

In order for Qzz to be an objective measure, a criterion is
needed with which to set the range ofzi to be included in its
evaluation for, say, a surface region. Clearly, this limitingzi
needs to be located at a point at which the surface has no
direct influence on the molecules. An apparently attractive
choice for this would therefore be the distance at which the
particles can rotate freely without direct interaction with the
surface, i.e.,uzi −z0u=kSs0/2. This approach is flawed, how-
ever, since in the limit of zero needle length, it impliesuzi
−z0u,0 whereas the surface layers clearly have finite thick-
nesses for all needle lengths.

Instead, the following approach was adopted in defining
this limit; the surface region width was made a function of
the needle length and density by making the limitingzi value
dependent on features of the measured density profiles. Ex-
plicitly, where the anchoring was found to be planar(with
the first local maximum ofr,

*szd at uzi −z0u,0), the surface
region was taken to extend from the substrate to the distance
corresponding to the second maximum inr,

*szd. If, however,
the anchoring was homeotropic[with the first local maxi-
mum of r,

*szd at uzi −z0u,kSs0/2], the surface region was
taken to extend from the substrate to the first local minimum
in r,

*szd. In those cases with ambiguous, double-peaked den-
sity profiles, the former scheme was adopted. In all cases, the
bulk region was taken to be that part of the system not in-
cluded in the surface regions.

In what follows, maps ofQzz plotted as a function ofr*

and kS/k are used to construct anchoring maps. Such dia-
grams have been determined for systems with elongations
k=3 andk=5 using data from the series of simulations per-
formed at constant densities and both increasing and decreas-

FIG. 9. (Color online) Sur-
faces showing the influence of
kS/k on systems withk=3 and
r* =0.28. These data are extracted
from simulation series with de-
creasing needle length.

FIG. 10. (Color online) Sur-
faces showing the influence of
kS/k on systems withk=3 and
r* =0.34. These data are extracted
from simulation series with de-
creasing needle length.
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ing needle lengths(recall Fig. 3). Results for both series in
the surfacesSud and bulksBud regions are shown in Fig. 11
and 12 fork=3 andk=5, respectively.

The results obtained for the two elongations are qualita-
tively similar. In the surface region diagrams, the anchoring
transitions occur atkS/k values close to those predicted in
Sec. II, as can be observed from the lines ofQzz

Su=0. This
agreement can be seen to improve with increase in density.
Also the contour line spacing aroundkS

T becomes tighter with
increasing density, indicating a possible discontinuous tran-
sition between the planar and homeotropic anchoring states.
In the bulk region diagrams, by comparison, little surface
influence can be observed at low densities because the values
of Qzz

Bu are limited by these systems’ orientational isotropy.
At number densities corresponding to bulk nematic order,
however, the surface influence extends into the bulk region
and sharp anchoring transitions become apparent at needle
lengths similar to those suggested by the surface region an-
choring diagrams. It is noteworthy that this effect is gener-
ally seen at global number densities significantly greater than
the I-N transition densities of the equivalent bulk systems.

This indicates that the local densities found in the bulk re-
gions were lower than the imposedr* values due to the ab-
sorbing nature of the substrates.

The anchoring maps are asymmetric in that bulk planar
ordering develops at lower densities than its homeotropic
counterpart. This is due, in part, to thekS-dependence of the
volume absorption by the substrates, leading to the approxi-
mately bilinear dependence ofrNI

* on kS seen in theQzz
Bu

anchoring maps. As noted previously, in the limitkS=0, this
absorption has proved sufficient to prevent the onset of bulk
nematic for the range ofr* considered here. In addition to
this bilinearkS dependence, a further increase inrNI

* can be
observed atkS.kS

T. We attribute this anomalous behavior to
the competing anchoring effects experienced by these sys-
tems. As was noted previously, the profiles obtained for such
systems contain features associated with both of the anchor-
ing arrangements. This, we suggest, leads to relatively disor-
dered surface regions in these systems which, in turn, causes
a delay in the onset of bulk-region nematic order.

Another interesting feature of Figs. 11 and 12 comes from
the comparison of the diagrams for increasing and decreasing

FIG. 11. Anchoring maps of
Qzz for k=3 for the surface and
bulk regions of the cell. Diagrams
on the left-hand side are relative
to the interfacial region and those
on the right-hand side are relative
to the bulk region.(a) Anchoring
maps for series with increasing
kS/k. (b) Anchoring maps for se-
ries with decreasingkS/k. (c) Bi-
stability diagrams[i.e., difference
between(a) and (b)].

F. BARMES AND D. J. CLEAVER PHYSICAL REVIEW E69, 061705(2004)

061705-8



needle lengths. At high densities, this confirms the earlier
observation that, in conditions corresponding to competing
anchoring, the structure adopted becomes dependent on sys-
tem history. This suggests possible bistable behavior, on the
“time scales” of our simulations at least, for state points
close to the anchoring transition. The extent of this bistability
has been evaluated by computation of the absolute value of
the difference between the results obtained with series of
increasing and decreasing needle lengths. These bistability
maps, shown in Figs. 11(c) and 12(c), indicate distinct
bistable regions at nematic densities for bothk=3 andk=5.

In order to examine this behavior more explicitly, a final
series of simulations has been performed in an attempt to
switch the cell from planar to homeotropic and back again.
For this, a previously equilibrated planar anchored system of
N=1000 particles withk=3, r* =0.34, andkS/k=0.5 was
used as the initial configuration. The switching was then per-
formed through the series of simulationsR1 to R5 listed in
Table I, i.e., by applying and removing an electric fieldE
=Eẑ and taking the dielectric anisotropyxe to be, alternately,

positive and negative. The effect of this was to align the
particles parallel or perpendicular toE for positive and nega-
tive values ofxe, respectively. While this setup is admittedly
somewhat unrealistic, it can be related to a putative experi-
mental system in which the mesogen’s dielectric coupling
varies according to the frequency of an applied ac field.

FIG. 12. Anchoring maps of
Qzz for k=5 for the surface and
bulk regions of the cell. Diagrams
on the left-hand side are relative
to the interfacial region and those
on the right-hand side are relative
to the bulk region.(a) Series with
increasing kS/k. (b) Series with
decreasing kS/k. (c) Bistability
phase diagram[i.e., difference be-
tween(a) and (b)].

TABLE I. Parameterizations used to perform the switching be-
tween the planar and homeotropic states of the bistable system. Run
lengths are given in Monte Carlo sweeps.

Run Ê E xe Run length

R1 (0,0,0) 0.0 0.0 0.253106

R2 (0,0,1) 6.0 0.5 0.253106

R3 (0,0,0) 0.0 0.0 1.003106

R4 (0,0,1) 6.0 20.5 0.253106

R5 (0,0,0) 0.0 0.0 0.503106
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Configuration snapshots corresponding to the initial and
final states from each run in this series are shown in Fig.
13(a)–13(f). The corresponding behaviors ofQzz

Su andQzz
Bu, as

a function of the number of MC sweeps, are shown in Fig.
14(a) and 14(b). Also, for comparison, the values ofQzz ob-
served in our previous runs at this state point are shown as
horizontal lines.

The results confirm that, for the “time scales” accessible
to these simulations, the bistability implied by Fig. 11(c) is
fully realizable. RunR1 shows that the initial system re-
mained stable in its planar arrangement; after reorientation of
the particles alongẑ by the applied field(run R2), the system
equilibrated naturally to a homeotropic arrangement(run R3)
although the final values adopted byQzz proved higher than
those obtained from the previous runs performed at this state
point. This discrepancy may have been a consequence of the
relatively high field strength employed in runR2 which in-
duced almost perfect homeotropic alignment in the near-
substrate region. Thus, while the bulk of the system equili-
brated towards the stable homeotropic state upon removal of
the field, packing constraints in the surface region may have
inhibited particles from adopting planar orientation close to
the surface(as was seen for a small number of particles in

the previous simulations). We do not think that this brings
into question the equilibration of the state observed here.
Reapplication of the field with a negative molecular dielec-
tric anisotropy(run R4) then generated a strongly planar ar-
rangement which relaxed to the original stable state upon
field removal(runR5). In this case, the system equilibrated to
the same values ofQzzas those obtained previously. It should
be noted also that the “response times” of the systems were
different in the bulk and interfacial regions; no precise infor-
mation can be inferred from this, however, since the true
time evolution of the system cannot be determined from our
MC simulations.

V. CONCLUSIONS

In this paper we have studied the behavior of liquid-
crystalline systems confined in slab geometry between sym-
metric walls. For the simple HNW potential used here, we
have shown that the preferred anchoring direction is con-
trolled by the particle–substrate interaction needle length,kS.
At nematic densities, all of the systems simulated have ex-
hibited a homeotropic to planar anchoring transition on in-
crease inkS. As well as having orthogonal bulk alignments,

FIG. 13. Configuration snap-
shots corresponding to the initial
(start) and final configurations of
runsR1 – R5 described in Sec. IV.
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the homeotropic and planar states have been shown to in-
volve distinct surface arrangements, with little configura-
tional overlap.

The anchoring transition observed here appears to be first
order because of both the associated discontinuity in the an-
choring orientation and the configurational hysteresis(or bi-

stability) observed. This bistability has been found over a
relatively narrow parameter window, but has proved highly
reproducible with both states being very long lived. Presum-
ably, this longevity is related to the configurational distinc-
tiveness of the two surface states and the anchoring-
orientation-conserving effect of the overlying nematic fluid.
It should be possible to characterize this bistability more
quantitatively by using reweighting techniques to determine
the form of free-energy barrier separating the stable states;
the height of thisr* -dependent barrier height sets the time
scale of any spontaneous switching between the states and,
so, knowledge of it would enable some sort of comparison to
be made with bistable experimental systems.

Rather surprisingly, the anchoring behavior of this system
has shown very little dependence on the system density; the
limits of the bistability regions are, essentially, isochores.
One consequence of this has been that the approximate tran-
sition needle lengths,kS

T, calculated in the high packing limit,
have proved reasonably accurate for all nematic densities.
Put another way, this suggests that even atrNI

* , this system
was aware of the two states’ particle-volume absorption ef-
ficiencies in the high packing limit. This counterintuitive re-
sult is presumably a consequence of the simplicity of the
HNW model used here: we will revisit this issue, and the
routes it offers for manipulation of the bistability region, in
future work employing models with less idealized particle–
substrate interactions[52]. Specifically, focus will be brought
to bear on the influence of the particle–surface contact func-
tion on the surface anchoring behavior and the size and
shape of the bistability region.
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