
PHYSICAL REVIEW E OCTOBER 1997VOLUME 56, NUMBER 4
Computer simulation studies of confined liquid-crystal films

Greg D. Wall and Douglas J. Cleaver
Division of Applied Physics, Materials Research Institute, Sheffield Hallam University, Pond Street,

Sheffield S1 1WB, United Kingdom
~Received 20 June 1997!

In this paper we present results from molecular dynamics simulations performed using a system of Gay-
Berne particles confined between two substrates in a slab geometry. We use a nonseparable anisotropic
molecule-substrate interaction potential and investigate weak and moderate molecule-substrate coupling
strengths. We find that for both coupling strengths a well-defined, tilted molecular layer forms at each wall and
that the pretilt angle and layer density are only weakly dependent on temperature as the central region is cooled
through isotropiclike and nematiclike regions. The orientationally ordered fluid formed at the center of the film
is tilted in sympathy with the surface layers. At low temperatures, however, where the central region adopts a
layered arrangement, a sharp change is observed in the pretilt angle. This transition is more marked in the
weak-coupling system where the high-temperature tilted surface layers adopt an approximately planar arrange-
ment at low temperatures and the system resembles a bookshelf-geometry smectic film. In the moderate-
coupling system, the surface layers maintain some tilt in the presence of the layered central region, leading to
a smectic-stripe phase arrangement.@S1063-651X~97!11510-0#

PACS number~s!: 61.30.Gd, 61.30.Cz, 68.45.Da, 68.10.Cr
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I. INTRODUCTION

Substrate-induced alignment of molecular orientations
an area of considerable interest since all liquid-crystal
vices rely, at some level, on surface pinning. There has b
considerable experimental interest in this area in recent y
@1#. Scanning tunneling microscopy~STM! studies of the
interface between a droplet of liquid-crystalline mater
~8CB! and a planar substrate~cleaved pyrolytic graphite!
have shown that the first adsorbed layer of mesogenic m
ecules forms a highly ordered structure@possibly a two-
dimensional~2D! crystal# stretching for thousands of ang
stroms@2#. In this structure, the molecules’ long axes lie in
plane parallel to the substrate and form slightly interdigita
smecticlike rows. More recent temperature-dependent S
observations@3# indicate that these ordered surface structu
can be disrupted or destroyed by changes in the bulk or
suggesting that bulk transitions lead to changes in surfa
region order. Specifically, for the 8CB on graphite syste
the 2D crystal structure of the first adsorbed monolaye
found to be destroyed at thebulk nematic-smectic transition
temperature. Friction measurements performed on films
smectic liquid crystal also suggest a coupling between
positional ordering of the bulk and this adsorbed monolay
they show a periodic modulation consistent with a structu
adsorbed layer moving with the substrate wall@4# and regu-
larly coupling and decoupling with the bulk smectic wh
sheared past it. Second harmonic generation~SHG! studies
of similar systems indicate that the first adsorbed monola
tends to be tilted with respect to the surface plane@5#. While
the observation of tilted structures with SHG may be attr
utable to the different substrate materials used~e.g., mica
rather than graphite!, recent simulation results suggest th
the invasive nature of the STM technique may promote p
nar structure@6#. SHG studies have also observed phase tr
sitions. Specifically Je´rôme et al. have observed a
concentration-dependent anchoring transition when vola
561063-651X/97/56~4!/4306~11!/$10.00
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ethylene glycol is added to 5OCB adsorbed on mica. In t
case, since the ethylene glycol is preferentially adsorbe
the substrate~and is present only at weak concentrations
bulk! the transition appears to be surface driven@7#.

There is a considerable body of theoretical work conce
ing the effects of confinement on liquid-crystalline orde
much of which concerns the associated shifting and weak
ing of the nematic-isotropic transition@8#. More recently,
Teixeira and Sluckin@9# have used Landau theory to inve
tigate the orientational and positional order adopted at
liquid-crystal–solid interface. In this, they investigate t
way in which structures in the interfacial region vary wi
the forms and relative strengths of the molecule-molec
and molecule-substrate interaction potentials. This work p
dicts that perpendicular, planar, and tilted adsorbate st
tures can arise from cylindrically symmetric molecular p
tentials at perfectly smooth substrates.

The literature contains relatively few simulation studies
liquid-crystalline systems confined in slab geometry, d
largely to the considerable time scales associated with
processes involved. The lattice-based Lebwohl-Lasher mo
has been used to investigate the suppression of the nem
isotropic transition@10#. This has offered a useful compar
son with the early theoretical work on confined liquid cry
tals, but this system’s simplicity~no density variation or
spatial disorder is incorporated! renders it unable to mode
details of the interfacial structure. Specifically, the comp
ing effects of surface packing density and orientation are
incorporated, and so there is no possibility of observ
many of Teixeira and Sluckin’s predicted scenarios. E
abling these requires use of an off-lattice model, such as
Gay-Berne model@11#, with an appropriate particle-substra
interaction. While the bulk behavior of the Gay-Berne mod
is well documented@12,13#, until recently only a brief inves-
tigation has been performed in slab geometry@14#. More-
over, this employed a molecule-substrate potential wh
was separable into its angular and spatial parts~i.e., the lo-
4306 © 1997 The American Physical Society
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56 4307COMPUTER SIMULATION STUDIES OF CONFINED . . .
cation of the minimum in this potential was independent
the orientation of the molecule relative to the substrate!. This
oversimplification precluded the observation of either pa
lel or tilted layers arising due to competing effects at t
interface.

A recent paper by Zhanget al. @15#, which presents simu
lations of a confined Gay-Berne system with anonseparable
particle-substrate interaction potential, has confirmed Te
eira and Sluckin’s predictions that suitable tuning of t
molecule-surface interaction can lead to a range of differ
pretilt orientations. However, Ref.@15# concentrated almos
exclusively on the effects of particle-substrate coupling
the surface-region structure and did not explore a
temperature-dependent effects arising due to the various
grees of orientational and positional order available to
system. Subsequently, Stelzeret al. @16# published a very
brief investigation of a similar system. This latter work em
ployed a separable particle-substrate interaction potential
was restricted to a single state point. Furthermore,
method used to generate the starting configuration wa
instantaneously impose walls on an equilibratedbulk nematic
configuration. As described in later sections, in our stud
we have found it necessary to cool confined systems v
carefully from the isotropic phase in order to avoid quen
ing in metastable states. This experience, combined with
observation that the final configuration shown by Stel
et al. exhibits regions with considerable director distortio
leads us to consider that the results presented in Ref.@16# do
not correspond to the equilibrium state.

In this paper we present the results of molecular-dynam
~MD! simulations that investigate the temperature dep
dence of a Gay-Berne fluid confined in a slab geometry
the next section, we present the interaction potentials u
~which differ somewhat from those used previously! and list
other simulation details. This is followed by a Results s
tion and a Discussion.

II. MODEL AND SIMULATION DETAILS

Throughout we have used the standard Gay-Berne@11#
potential for the particle-particle interactions. Thus each p
of particles i j ~orientationsûi , ûj , interparticle vectorr i j
5r i j r̂ i j ! interacts with a potential

UP2P~ ûi ,ûj , r̂ i j !54eP2P~ ûi ,ûj , r̂ i j !

3F S s0

r i j 1s02sP2P~ ûi ,ûj , r̂ i j !
D 12

2S s0

~r i j 1s02sP2P~ ûi ,ûj , r̂ i j !
D 6G ,

~1!

where the shape parametersP2P(ûi ,ûj , r̂ i j ) is given by

sP2P~ ûi ,ûj , r̂ i j !5s0F12
1

2
xH ~ r̂ i j •ûi1 r̂ i j •ûj !

2

11x~ ûi•ûj !

1
~ r̂ i j •ûi2 r̂ i j •ûj !

2

12x~ ûi•ûj !
J G21/2

~2!

and the well depth anisotropy is given by
f
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eP2P~ ûi ,ûj , r̂ i j !5e0e1
n~ ûi ,ûj !e2

m~ ûi ,ûj , r̂ i j !, ~3!

with

e1~ ûi ,ûj !5@12x2~ ûi•ûj !
2!] 21/2 ~4!

and

e2~ ûi ,ûj , r̂ i j !512
1

2
x8H ~ r̂ i j •ûi1 r̂ i j •ûj !

2

11x8~ ûi•ûj !

1
~ r̂ i j •ûi2 r̂ i j •ûj !

2

12x8~ ûi•ûj !
J . ~5!

The parameterx is determined by the length to breadth rat
ss /se via

x5
~ss /se!

221

~ss /se!
211

~6!

while x8 is related to the associated well depth ratioes /ee ,
through

x85
~es /ee!

1/m21

~es /ee!
1/m11

. ~7!

The results presented herein were all obtained using a pa
etrization of this model which has been well characteriz
for 3D bulk systems by De Miguelet al. @13#, that is,
ss /ee53, es /ee55, m52, n51. No potential cutoffs have
been employed.

In the same spirit as that adopted by Gay and Berne
their choice of the Lennard-Jones-like form of Eq.~1!, we
have used a substrate-particle interaction based on the
grated Lennard-Jones form adopted in studies of adsorp
of simple liquids. Integration of the Lennard-Jones poten
over the half space beyond the substrate planez0 gives the
substrate-atom potential

US-atom~ uzi2z0u!54eFp6 S s

uzi2z0u D
9

2
p

45S s

uzi2z0u D
3G .

~8!

The equivalent half-space integral for the Gay-Berne part
Lennard-Jones site interaction requires numerical techniq
and so represents an unacceptably high computational
for the current simulation study. As a simpler alternative,
have employed the particle substrate potential

US2P~u i ,uzi2z0u!5aeS2P~u i !S 9

10~12x2!nD 1/2

3F 2

15S s0

uzi2z0u1s02sS2P~u i !
D 9

2S s0

uzi2z0u1s02sS2P~u i !
D 3G , ~9!

where cos(u i)5uz,i , the shape parameter is a straightforwa
generalization of that used for the Gay-Berne parti
Lennard-Jones site interaction
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FIG. 1. Particle-substrate interaction potent
US-P(u,z) as a function of separationz, for a
range of particle orientations: cos~u!50.0 ~solid
line!; cos~u!50.4 ~dash-dotted line!; cos~u!50.6
~dashed line!; cos~u!50.8 ~dash-dot-dotted line!;
cos~u!51.0 ~dotted line!.
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s0-sS2P~u i !5s0F12H 1

12x cos2~u i !
J 1/2G , ~10!

and the well depth anisotropy similarly becomes

eS-P~u i !5e0@12x8cos2~u i !#
m. ~11!

The one new parameter we have introduced is the scalaa,
which governs the relative strengths of particle-particle a
substrate-particle interactions. Specifically, the maxim
well depth in the substrate-particle potential for a molec
oriented parallel to a surface is a factor ofa greater than tha
of the Gay-Berne~GB! potential for two particles in side by
side, parallel alignment. We illustrate this nonsepara
substrate-particle interaction potential~9! in Fig. 1. We note
that this aims to represent the interaction between an an
tropic molecule and a smooth substrate with no inter
structure. Thus the increase in well depth with decreas
cos(u i) should be viewed as being due to the increa
molecule-substrate contact rather than to preferential al
ment due to any other process. The substrate-particle in
action used by Zhanget al. @15# in their simulations of a
confined Gay-Berne fluid was also of the ‘‘9-3’’ type, sp
cifically

US-P
Zhang~u i ,uzi2z0u!54aeS-P~u i !F S sS-P~u i !

uzi2z0u D 9

2S sS-P~u i !

uzi2z0u D 3G . ~12!

We have adopted the more complicated shifted form of
~9! since, as shown by Gay and Berne@11#, this alleviates the
unrealistic feature that thewidth of the potential well is
strongly dependent on the molecular orientation. We a
note that, while Zhanget al. suggest adding an extra term
Eq. ~12! to break azimuthal symmetry and so model the
fects of rubbed polymer substrates, the same effect ma
modeled using lower symmetry shape parameter and
depth anisotropy terms in Eq.~9!.

Our simulations have all been performed using stand
MD techniques on a system of 256 particles in the cons
NVT ensemble. Periodic boundary conditions were impo
d

e

e

o-
l

in
d
n-
r-

.

o

-
be
ll

rd
nt
d

in the x andy directions, the two substrates being normal
the z axis and separated by 13s0. Except where explicitly
stated, in what follows we have employed a system of
duced units in which the particle masss0 ande0 are set to
unity. The moment of inertia orthogonal to the particle lo
axis was also set to 1, and the reduced time step used
0.0015. All simulations were performed at a number dens
of 0.3, thex and y dimensions of the simulation box bein
equal. No cutoff was used for the substrate-particle inter
tion so that each Gay-Berne particle experienced two s
interactions throughout each simulation. We report res
for cooling runs for substrate-particle coupling streng
a5A10(12x2)n/9.0.63 and 4A10(12x2)n/9.2.53, cor-
responding to weak and moderate coupling, respectiv
Each cooling run has been started from a highly disorde
configuration, originally obtained by melting a fcc arrang
ment at a very low density. Within each cooling run, ea
new state point has been generated from a configura
equilibrated at the previous temperature. At each data po
we have performed up to 500 000 MD time steps as equ
bration, followed by 200 000 time steps for productio
These run times, which are particularly long for a system
only 256 particles, were required due to the extremely sl
fluctuations observed in the relative orientation of the t
surface regions.

III. RESULTS

To investigate variation across the simulated slab,
have divided our system up into 100 equidistant slices
create a series of profiles. The first of these are run-avera
density profiles,r(z); Fig. 2 illustrates how these develo
for the a50.63 system as the temperature is lowered. Fr
this figure we note a well-defined surface layer at each s
strate. Immediately adjacent to each surface peak is a
density trough which arises due to the excluded volume
the surface molecules. The development ofr(z) with tem-
perature is interpreted as follows: at high temperatures, th
is virtually no structure inr(z) apart from the surface peaks
This is due to orientational disorder beyond the first lay
which disrupts the layering displayed by equivalent sim
fluids; on cooling,r(z) gradually adopts the more usu
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56 4309COMPUTER SIMULATION STUDIES OF CONFINED . . .
damped oscillatory form; at very low temperatures,r(z) de-
velops regular, large amplitude oscillations which trave
the whole of the slab. The heights of the surface peak
r(z) increase slightly with decreasing temperature and/or

FIG. 2. Run-averaged density profilesr(z) for the low-coupling
system at a range of temperatures:T50.7 ~solid line!; T50.75~dot-
ted line!; T51.0 ~dash-dotted line!; T51.5 ~dashed line!. To aid
resolution, successive curves have been shifted by 0.1 alongr
axis.
e
in
-

creasinga, but the maxima remain at the samez values for
virtually all state points investigated. The one exception
this arises at very low temperatures, where the surface p
shift slightly towards the substrates. Ther(z)profiles for the
a52.53 system~which we do not show here, for reasons
space! follow a trend similar to that seen ata50.63, except
that the large amplitude oscillations are not seen at low te
peratures.

The temperature dependence of the orientational o
present in the system is shown in Figs. 3~a! and 3~b!. For all
such data, the order parameterP2

b has been identified with
the largest eigenvalue of theQ matrix,

QAB
b 5

1

Nb (
i 51

Nb

3

2
uA,iuB,i2

1

2
dAB , ~13!

wheredAB is the Kronecker delta, the labels$A,B% are com-
binations of the axes$x,y,z%, and the superscriptb ~which
can be ‘‘cent’’ or ‘‘surf’’ ! denotes the set of particles in
volved in the sum. Forb5cent only those in the centra
6.5s0 band are used.b5surf denotes analysis performed u
ing those particles whose orientations and locations are s
that a ghost particle could not pass between them and t
a-

s

re
FIG. 3. Run-averaged orientational order p
rameters as a function of temperature for~a!
a52.53; ~b! a50.63. For both graphs, the key i
P2

cent6one standard error~solid line!; P2
surf ~dotted

lines!. The lines have no significance, and a
shown simply to guide the eye.
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FIG. 4. Run-averaged recalibrated orde
parameter profilesP2

recal(z) at a range of tempera
tures for ~a! a52.53; ~b! a50.63. For both
graphs, the key isT50.7 ~solid line!; T50.75
@dotted line—graph ~b! only#; T51.0 ~dash-
dotted line!; T51.5 ~dashed line!.
A

r-

io
ay
le
se

ab
w
d
w

rv
ve

ns
c

on
a
le

d in
all

cted
ing
ing
-
e is

atic

At
g

ng.

c
ay

r-

ta-
b-
eous
le

is
ter
nearer substrate without causing a repulsive interaction.
gorithmically, the condition satisfied by such a particle is

uzi2z0u,s01sS2P~u i !. ~14!

In compiling these data, each of the two sets of ‘‘surf’’ pa
ticles have been considered independently, so that twoP2

surf

data sets are shown for each cooling run.
For the a52.53 system@Fig. 3~a!# we observe that, on

cooling, the orientational order present in the central port
of the slab behaves very much like that of the 3D bulk G
Berne fluid: theP2

cent data take the frequently seen doub
discontinuity form of the isotropic-nematic-smectic phase
quence. The equivalent data for thea50.63 system@Fig.
3~b!# displays the same behavior and are closely compar
with the a52.53 values. To aid description at this stage,
loosely describe the three temperature ranges suggeste
these discontinuities as isotropic, nematic, and smectic;
shall subsequently return to this to characterize the obse
system symmetries more fully. We note in passing, howe
that the discontinuities in theP2

centdata are likely just to be
remnants of the transitions just alluded to: these bulk tra
tions are known to be suppressed by substrate-indu
paranematic ordering and the very narrow films being c
sidered in this work are almost certainly below the critic
thickness@8#. This view is supported by the considerab
rounding of the jumps inP2

cent.
l-

n
-

-

le
e
by
e

ed
r,

i-
ed
-
l

In both systems studied, orientational order is enhance
the surface regions throughout the isotropic range. A sm
finite-size-based enhancement of this sort should be expe
due to the smaller number of particles used in calculat
P2

surf. However, this offset should decrease with increas
order, whereas for oura52.53 data it either remains ap
proximately constant or increases until the smectic rang
entered. For both systems studied,P2

surf shows significant
growth at a higher temperature than the isotropic-nem
features inP2

cent. As expected,P2
surf is greater fora52.53

than fora50.63 for all temperatures in the nematic range.
low temperatures,P2

surf saturates in the moderate couplin
system, but exhibits a second discontinuity at low coupli
As a consequence, fora52.53 it is overtaken byP2

cent when
the smectic range is entered. For thea50.63 system, by
contrast,P2

surf follows P2
cent closely on entering the smecti

range, indicating that the highly ordered bulk is in some w
enhancing the orientational order in the surface regions.

To characterize thez dependence of the orientational o
der, we have obtained the profileP2(z) by implementing the
Q-matrix calculation on each slice of our system. Interpre
tion of the resulting profile is complicated by the now su
stantial finite-size-based enhancement—the instantan
occupancies of the individual slices are typically in sing
figures, and vary in accordance with ther(z) profiles so that
this enhancement isz dependent. In order to alleviate th
difficulty, we have calculated a recalibrated order parame
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FIG. 5. Run-averagedz ordering profiles
Qzz(z) at a range of temperatures for~a! a52.53;
~b! a50.63. For both graphs, the key isT50.7
~solid line!; T50.75 @dotted line—graph ~b!
only#; T51.0 ~dash-dotted line!; T51.5 ~dashed
line!.
re

gh
ui
nt
ur
-

n-
p

s
in
i

ha

t
a

tit
di
r

y is
to
il-

i-
of

cent
of

ar-

s-
to

e is

ates
her

the
nta-
cal-
ing
P2
recal(z) via a route based on Eppenga and Frenkel’s exp

sion for the order parameter in a finite system@17#. Expla-
nation of this calculation is deferred to the Appendix.

Figure 4~a! shows typicalP2
recal(z) profiles obtained for

the a52.53 system. All of these show a peak, deep trou
and a slight secondary peak associated with each liq
substrate interface, these features being linked by a ce
plateau. AtT51.0, corresponding to the nematic temperat
range, the profile is clearlyu shaped, indicating that en
hanced orientational order penetrates 3 to 4s0 units into the
film. For the lower coupling strength@Fig. 4~b!#, by compari-
son, no secondary surface peak is apparent. Also, theT51.0
profile is weaklyn shaped, suggesting that in this case
slight disordering effect results from proximity to the confi
ing substrates. This disorder would not be predicted sim
by observation of the correspondingP2

surf value, indicating
that the low density~and low order! region which separate
the bulk from the surface layer plays a significant role
determining whether a given substrate enhances or dim
ishes bulk order.

As well as showing this detailed structure, we note t
the temperature dependences of the central plateaus and
face peaks of theP2

recal(z) profiles are fully consistent with
the correspondingP2

cent andP2
surf data. The relatively modes

scatter of the values within the plateau regions indicates
acceptable level of random error in these profiles. Quan
tive comparison of the plateau heights and the correspon
P2

cent values indicates a consistent tendency for the forme
s-

,
d-
ral
e

a

ly

n-

t
sur-

n
a-
ng
to

take slightly reduced values. This systematic discrepanc
within the random error at high temperatures, but grows
about 0.1 in highly ordered films. The large amplitude osc
lations in P2

recal(z) for the T50.7 profile match up exactly

with those in the correspondingr(z); very low P2
recal values

are inevitable in low-density regions sinceP2
recal[0 for any

slice with an instantaneous occupancy of 1.
Two further sets of profiles are shown in Figs. 5~a! and

5~b!. These depictQzz(z), the run- and density-averaged or
entational order with respect to the substrate normal. All
these profiles have a sharp minimum and maximum adja
to each substrate. In all cases, this results from the form
the particle-substrate interaction potential, which favors p
allel alignment~i.e., negativeQzz! at small uz2z0u and in-
creasingly orthogonal alignment~i.e., increasingQzz! at
largeruz2z0u. For the moderate coupling system@Fig. 5~a!#,
the value ofQzz at the center of the film becomes increa
ingly negative with decrease in temperature, dropping
about 20.25. At low coupling, by contrast,Qzz remains
largely independent of temperature until the smectic rang
reached. At this point,Qzz drops to20.3 or less in the high-
density regions. Also, the sharp maxima near the substr
rise only to 0.0, rather than the 0.3 observed under all ot
conditions.

As well as calculating the orientational order across
system, we have obtained a measure of the relative orie
tions present within the slab using subsystem directors
culated for each surface and for the central region. Tak
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FIG. 6. Run-averaged orientational correl
tion order parameters as a function of tempe
ture for~a! a52.53;~b! a50.63. For both graphs
the key isP2

s-s~solid line!; P2
s-c ~dotted lines!. The

lines have no significance, and are shown simp
to guide the eye.
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the second Legendre polynomial of the dot products of
three combinations of these yields two measures of
central-region–surface-region relative orientation,P2

c-s , and
one of the relative orientation of the two surface regio
P2

s-s. Run averages of these quantities are plotted in F
6~a! and 6~b!. In the isotropic region, where the subsyste
directors correspond to relatively disordered fluid, the m
sured quantities have little significance. AtT51.2, however,
we observe that for botha valuesP2

s-s goes negative while
one of the twoP2

c-s becomes significantly higher than th
other. This is the same temperature as that at which the
sets of P2

cent data begin their isotropic-nematic rise. Th
asymmetry suggested by theP2

c-s at this point may indicate
competition between the two surface layers, as both see
influence the preferred orientation adopted in the central
gion. Decreasing the temperature further brings the two
faces into close alignment with one another and with
central region. For thea52.53 system,P2

s-sremains slightly
higher than the twoP2

c-s values throughout the nemat
range, whereas the opposite trend is seen for thea50.63
system. This difference is consistent with the previous ob
vation that, within the nematic range, there is a greater
entatonal coupling between the surface layers and the ce
region in thea52.53 system. For botha values, all three
measures of relative orientation converge at very high va
in the smectic range.

To relate these data to the behavior within the surf
e
e

s
s.

-

o

to
e-
r-
e

r-
i-
ral

s

e

layers, we have calculated a histogram of the surface-reg
orientational probability distribution functiong~cosu! over
all particles satisfying the surface-region criterion alrea
described. For the surface coupling ofa52.53 @Fig. 7~a!#,
g(cosu) takes the form of a fairly wide distribution which
remains centered on cosu.0.65 throughout the isotropic an
nematic temperature ranges. This corresponds to an ave
surface molecule tilt~or pretilt! of about 40° away from the
substrate normal. On entering the smectic range,g(cosu) ex-
hibits a discrete shift towards a slightly more planar pre
angle. Correlating this with Figs. 3~a! and 6~a!, we conclude
that for T<1.5 the a52.53 system has tilted monolaye
adsorbed at each substrate. AtT.1.0 these tilted layers be
come highly aligned with one another. Simultaneously,
central-region fluid becomes orientationally ordered with
director reasonably close to those of the monolayers.
T.0.65, the pretilt angle makes a small but abrupt jump
both substrates, and for the first time asingledirector applies
to the entire system.

In Fig. 7~b! we show theg(cosu) results obtained for the
surface couplinga50.63. Again this shows a peak center
on cosu.0.65 for virtually all temperatures, the distributio
becoming slightly sharper with reducing temperature. F
this lower coupling,g(cosu) shows a considerable change o
entering the smectic temperature range; it widens and
maximum shifts to a much lower value of cos~u!, corre-
sponding, essentially, to a relatively disordered, planar ali
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FIG. 7. Run-averaged tilt angle distributio
functions of surface moleculesg (uz). ~a!
a52.53; T50.5 ~solid line!; T50.6 ~dash-dotted
line!; T50.7 ~dashed line!; T50.9 ~dash-dot-
dotted line!; T51.5 ~dotted line!. ~b! a50.63;
T50.65 ~solid line!; T50.7 ~dash-dotted line!;
T50.75 ~dashed line!; T50.9 ~dash-dot-dotted
line!; T51.5 ~dotted line!.
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ment. This change ing(cosu) is consistent with the smal
shifts observed in the surface peaks ofr(z) ~we note, how-
ever, that no such shifts were seen by Zhanget al. @15# when
they observed changes in the pretilt angle!. In summary, the
data for this lower coupling system indicate that tilted s
face layers develop and, on cooling, become aligned w
one another and with a tilted, orientationally ordered cen
region. At T.0.7, this system too becomes reasonably
scribed by a single director, but this time it is planar rath
than tilted.

We can confirm these interpretations by making refere
to snapshots of configurations taken from the simulatio
Figures 8~a!–8~c! contain typical configurations taken, re
spectively, from the isotropic, nematic, and smectic tempe
ture ranges of the moderate surface coupling system. As
pected, Fig. 8~a! shows a relatively disordered central regi
between two well-defined surface layers. Figure 8~b! shows
the surface layers to be ordered and mutually aligned. T
are separated by an orientationally ordered fluid whose
rector is tilted in sympathy with, but not perfectly parallel t
the surface layers. No positional order is apparent. By co
parison, the central region of Fig. 8~c! contains well-defined
planar layers, whose normal is tilted away from the subst
plane in what resembles the striped phases seen and
dicted for thin smectic films@18#. While there is little evi-
dence of the layers traversing the entire slab, there is con
erable penetration of the surface layers by nonsurf
molecules, a phenomenon that is not observed at all at hi
temperatures. Figure 8~d! is a snapshot from the equivale
temperature range for thea50.63 system. Again layering i
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apparent at the center of the slab, but in this case the la
normal coincides with the substrate plane~i.e., a bookshelf
geometry arrangement!. There are some cases where the
layers penetrate all the way through to the substrate, the
face molecules having attached themselves to the limb
the central region layers. As a result, the surface layers
no longer tilted, and their centroids are shifted towards
substrates.

While Figs. 8~c! and 8~d! indicate significant positiona
ordering within these systems, we refrain from present
any statistical data on this point in the present paper. T
r(z) profile corresponding to Fig. 8~d! certainly suggests
crystalline rather than smectic order. That said, there is so
positional disorder apparent in the surface regions of
system, and the orientational order is not perfect. Also a
mations of these systems indicate some flexibility in the l
ers. To fully categorize the nature of these phases requ
measurements of diffusion and of layer-layer positional c
relations. The very small number of layers formed in th
study clearly enhances the latter, however, and so ren
our existing data unreliable. We shall return to this point
subsequent work based on larger systems.

IV. DISCUSSION

We have performed extensive MD simulations on a sm
system of Gay-Berne particles in the presence of two con
ing substrates at low and moderate particle-substrate
pling strengths. On cooling, both systems give clear evide
of two transitions~or remnants thereof! in the central region
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FIG. 8. Configuration snapshots for~a! a52.53,T51.5; ~b! a52.53,T51.0; ~c! a52.53,T50.7; ~d! a50.63,T50.7.
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as, respectively, orientational and positional ordering
velop. For both couplings, the onset of positional order in
central region appears to induce a pretilt transition in
surface regions.

As predicted by Teixeira and Sluckin@9#, and demon-
strated previously by Zhanget al. @15#, competition between
packing constraints and the form of the particle-substrate
teraction potential leads to the formation of a tilted layer
each substrate. Given that we have observed this despit
high symmetry of the interaction potentials employed in t
work, this is clearly a general result for anisotropic partic
adsorbed subject to a nonseparable potential. We note
simply increasing the strength of the particle-substrate c
pling ~i.e., increasinga! doesnot lead to increasingly plana
layers. Rather, it results in the surface particles adoptin
tighter distribution about that optimal tilt angle which max
mizes the overall substrate-adsorbate interaction energy

On cooling from high temperatures, an orientationally
dered fluid is formed in the central region of each of o
confined films. This fluid is tilted with respect to the su
strate normal due to the tilt of the adsorbed surface lay
Preliminary Monte Carlo simulations on these systems h
shown that if cooled too rapidly, they can easily be quenc
into two distinct domains of nematic order, separated by
interface which remains stable for hundreds of thousand
Monte Carlo sweeps@19#. This suggests that the central r
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s
at
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a
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s.
e
d
n
of

gion orientational order may be seeded at the surface lay
Data presented in the preceding section show that prior to
formation of a central nematic, the surface layers have
entational order but are azimuthally uncorrelated. Th
same data suggest a narrow temperature range in which
surface layer’s orientation becomes adopted at the cente
the film; this is certainly consistent with a scenario in whi
the two surface regions seed domains which compete to
termine the ultimate central-region director. We have fou
that very long run lengths are necessary in this tempera
range to enable the system to develop into an orientation
ordered fluid with a reasonably uniform preferred azimut
angle.

For the thin films studied, we have found that within th
nematic temperature range, the central 50% of the system
an approximately constant order parameter. As expec
large variation in orientational order is found immediately
the surface layers. Smaller but significant variation is a
found to penetrate several molecular diameters into the c
tral fluid. This has implications for conventional continuu
theory calculations~which neglect order parameter variatio!
of switching in confined systems, since distortions in t
director field will tend to accumulate in regions of low ord
parameter. We note that this order parameter variation is
apparent from other measurements made and certainly c
not be inferred from our density profile and surface ord
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FIG. 9. Run-averaged uncalibrated order p
rameter profilesP2(z) at a range of temperature
for a52.53; T50.7 ~solid line!; T51.0 ~dash-
dotted line!; T51.5 ~dashed line!.
g
o

ou
ec
th
m
s

t
en

o
in

o
h
in
y

ic
is
ti
s
w

er
an
ir-
nt
in
or
th

su
n-
e

lm
a
i
h

os
ng
re

ay
s

th
th
in

the
her
ural
-

ts
ira
les

re
.

d-
ter

to
ize

the

e
tral

s-

e
-

ed

a-
its
parameter data. This is significant since, to our knowled
existing experimental techniques are unable to determine
der parameter profiles to molecular length scales:
P2

recal(z) profiles represent clear measurements of this eff
While we are unable to firmly categorize the nature of

layered phases which form at the film centers at low te
peratures, the effect they have on the surface layers i
considerable interest. The surface layers appear to be
major influence at the onset of orientational order in the c
tral region, yet their role on cooling into the smectic tem
perature range is very passive; the changes they underg
purely in response to the thermodynamically driven layer
transition in the central region. For these two systems
common width, it is instructive to view the way in whic
each system resolves itself to bulk layering by consider
the competition this generates between the bulk-monola
and the monolayer-substrate interfaces. At moderate part
substrate coupling strength, both are forced to comprom
the monolayer changes it pretilt slightly away from the op
mal angle, and the tilted layers of the bulk attempt to me
into this monolayer, despite inevitable poor packing. At lo
coupling, however, the now less influential monolay
substrate interface is forced to accommodate a large ch
in pretilt angle, allowing the bulk-monolayer interface to v
tually disappear at the limbs of the bookshelf arrangeme

The surface layers have shown two changes on cool
At the first of these, they have become orientationally
dered, apparently without inducing any other changes in
system. In particular, the system density profile and the
face layer tilt-angle probability distribution have proved i
sensitive to this change. These two quantities have also b
unaffected by the onset of orientational order in the fi
centers. Thus it is only the second change in the surf
layers—the pretilt transition—that has seen modification
both their translational and orientational characteristics. T
implies that the onset of bulk layering leads to the m
significant change in bulk-monolayer coupling in the cooli
cycle. This assertion is consistent with the friction measu
ments of Cagnon and Durand@4# which suggest a strong
preference for registry between an adsorbed surface l
and a bulk smectic phase. We also recall the STM result
Rivera Hernandez and Miles@3#, which indicate loss of po-
sitional order in the surface layer on warming through
bulk nematic-smectic transition. The implication of bo
these STM results and our simulations is that the pinn
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effect of the layered bulk phase causes the structure of
first adsorbed monolayer to change from that found at hig
temperatures. Perversely, it appears that this struct
change serves toweakenthe overall interaction with the sub
strate.
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APPENDIX: CALCULATION OF RECALIBRATED
ORDER PARAMETER PROFILES

It is standard procedure, when simulating liqui
crystalline systems, to identify the nematic order parame
P2 with the largest eigenvalue,l1 , of theQ matrix @20#. In
practice, this is found to work well in ordered phases, but
give nonzero values in the isotropic phase, due to finite-s
effects. In the appendix to their thin hard platelets paper@17#,
Eppenga and Frenkel analyzed the finite-size behavior of
three eigenvalues (l1 , l0, andl2) of theQ matrix. In this
way, they showed that in the nematic phasel1 provides the
most accurate estimate ofP2, but that at and above th
nematic-isotropic transition, the estimate based on the cen
eigenvalue,l0, coverages most rapidly with increasing sy
tem size. The relative merit ofl0 over l1 in low order
systems is readily apparent when one notes that since thQ
matrix is traceless,l1 is necessarily positive for all configu
rations, whereasl0 can fluctuate about zero.

In performing their analysis, Eppenga and Frenkel deriv
the cubic equation

l32
3l

4N
@11P2

2~N21!#2
P2

3

4
2

3~P2
22P2

3!

4N
2

123P2
212P2

3

4N2

50 ~A1!

linking P2, l, and the system particle numberN. This equa-
tion was obtained by writing down the characteristic equ
tion of theQ matrix for the general case, and averaging
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coefficients over all configurations. Inaccuracies introduc
as a result of this premature averaging did not appear sig
cant, Eq.~A1! giving good agreement with independent n
merical results.

Calculating order parameter profiles across the simula
slab introduces a combination of two complications:~a! to
obtain reasonable resolution across the simulation slab
quires it to be divided up into very thin slices, and the
stantaneous occupancies of these are inevitably very sm
~b! the density profile and, hence, these occupancies az
dependent. An order parameter profile calculated by naiv
applying theQ-matrix technique independently to each sli
of the system suffers, therefore, in that~a! there is a signifi-
cant difference between the measuredl1 values and the un
derlying orientational order parameters;~b! this system-size-
dependent difference will bez dependent. Thus both th
absolute values obtained and the qualitativez dependence
observed will be distorted. Examples of profiles obtained
this way are shown in Fig. 9. As expected, these profi
suggest moderately large order parameters in the centra
.

. J

n

s.
d
fi-

n

e-
-
ll;

ly

n
s
re-

gion of the slab for all temperatures~even those for which
P2

cent is found to be small!. Also, the values obtained show
relatively little variation with either temperature orz, in con-
tradiction with other measurements made.

In order to extract more significant information from the
data, we have implemented a recalibration using Eppe
and Frenkel’s expression to calculate theP2 corresponding
to each slice’s instantaneous occupancy,n(z), andl1 value.
This is a straightforward operation involving solution of
cubic @or, for n(z)52, a quadratic# in P2; we denote the
resulting profileP2

recal(z). For cases where Eq.~A1! has com-
plex solutions, we have used the alternative approximati

P2
recal~z!5P2~z!2^P2„n~z!…&, ~A2!

where^P2„n(z)…& is the average order parameter obtained
selectingn(z) orientations from a random distribution@cal-
culating^P2„n(z)…& numerically is a trivial exercise#. These
cases with complex solution arise when the instantane
l1value is lower than̂ P2„n(z)…&.
iq.
s,

,

l,

r-

v. E
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