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Shear-induced structural changes of a smectic-A phase: A computer simulation study
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We have carried out a Monte Carlo simulation of a thin sample of the smectic-A phase of the Gay-Berne
mesogen GB~4.4,20.0,1,1! sandwiched between two plates and subject to shear. The smectic layers are per-
pendicular to the confining plates and are pinned at the boundaries. The thickness of the samples studied ranges
from about three to twenty molecules. The layers tilt progressively with increasing shear, but rearrange them-
selves at a critical shear. At this critical shear the layers melt near the center of the sample and reform with a
reduced tilt consistent with the layer pinning at the walls. The pseudodynamics of this process as the smectic
layers melt and are reformed have been followed during the simulation. The critical layer tilt at which slippage
takes place tends to a constant value for thick samples, but for very thin samples the critical shear tends toward
half a smectic layer, with a significantly reduced translational order near the sample center just before the
critical shear. The simulation results are consistent with the predictions of the mean field theory of this
phenomenon developed by Mottramet al.
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I. INTRODUCTION

The liquid crystalline smectic-A phase exhibits order in
termediate between that of a solid and a liquid@1#. Like all
liquid crystals it possesses long range orientational order
its defining quality is the existence of one-dimensional po
tional ordering in the form of a periodic density functio
this is commonly referred to as a layered structure. In eq
librium the layers, for the unconstrained liquid crystal, a
uniformly separated by a distanced52p/q, whereq is the
preferred wave number of the density fluctuations. In t
paper we use the Monte Carlo simulation technique to st
a liquid crystal sample in which the smectic layering is d
turbed by an imposed shear field. We consider a smectA
liquid crystal sample subject to boundary conditions t

align the director in the same uniformx̂ direction on each
surface of the cell. The cell surfaces are parallel to thex-y
plane as shown in Fig. 1. These uniform planar bound
conditions, combined with the pinning of the layers, cau
the smectic layers to form a bookshelf structure, in thex-z
plane @see Fig. 1~a!#. This bookshelf configuration is the
disturbed by moving, that is shearing, one boundary plate
the sample with respect to the other, in a direction paralle
the easy axis@see Fig. 1~b!#.

A theory of the influence of shear on such a smecticA
sample has been developed by one of us in collabora
with Mottram et al. @2# building on a quasistatic Landau-d
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Gennes theory proposed by Elston and Towler@3#. The back-
ground to the problem is as follows. Phenomenological th
ries of smectic structures close to surfaces and in thin fi
typically assume that there exists a surface memory ef
that anchors the layers at the cell surfaces while the nat
layer spacing may change in the bulk of the cell. T
memory effect idea is included implicitly in theories of che
ron structure in the technologically important case of fer
electric liquid crystal cells, in which the bookshelf structu
deforms into aV-like layer configuration@4,5#. The degree of
anchoring has been measured, albeit inconclusively, by C
non and Durand@6#. The formal microscopic basis for thi
anchoring is poorly understood. It could result from the e
istence of an easy axis in the surface that gives the direct
unique direction that, combined with interactions betwe
the mesogenic molecules that stabilize the side-by-side
rangement, create a layered structure for a monolayer a
surface. The memory effect-induced anchoring is also
pected to be important when smectic cells are subjec
shear. As we have discussed, the bookshelf layer structu
then distorted in order to maintain the surface layer anch
ing. There is consequently a competition between the e
getically favorable bookshelf geometry and the applied sh
stress.

The theoretical predictions are as follows. With increas
relative shear between the two faces of the sample, there
complex structure of stable, metastable, and unstable st
The zero-shear situation starts with the smectic layers
pendicular to the boundary plates~see Fig. 1!. As the sample
is sheared, the layers are progressively tilted. Eventually
tilt can mean that the total degree of shear across the sa
corresponds to many smectic layers. Evidently a lower f
energy state consistent with the strong anchoring bound
conditions could be achieved by melting the sample and

ea-
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G. R. LUCKHURST, G. SAIELLI, AND T. J. SLUCKIN PHYSICAL REVIEW E65 041717
forming the layers so that they tilt less. Here the termmelt,
which is commonly used in this field of liquid crystal
means that the translational order for the smectic phase
decreased to zero, although the orientational order does
necessarily vanish. The lowest energy state occurs when
tilt corresponds to a relative displacement across the ce
less than half a smectic layer. The metastable state th
reached by tilting the layers by shearing the cell for grea
displacements is known as asupershearedstate.

The theory predicts that under most circumstances the
significant supershear, but that for sufficiently large she
corresponding to a large tilt, the metastable supershe
state becomes unstable. When this instability occurs, the
ers melt in the center of the sample, and they reform in s
a way that the degree of shear is just one smectic layer
than it had been when the limit of stability had been reach

FIG. 1. The configuration of the smectic-A phase in the book-
shelf geometry within the parallel plate cell~a! before and~b! after
shear, together with the axis system used.
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For very thin samples the theory predicts that at the limit
stability ~a! the degree of smectic order at the center of
cell will be reduced, and~b! the total tilt will be greater than
for thick samples.

Finally, it is predicted that there is a minimum cell thick
ness, normally of molecular dimensions, below which sup
shear does not take place under an increasing shear. No
the shear is increased from zero the degree of translati
order in the center of the cell is reduced. When the shea
exactly half a layer thickness, the layers melt in the cente
the sample. If the shear is made arbitrarily larger than t
quantity, the layers reform, now with the opposite tilt. Wi
further shear, the layers straighten up again, so that when
shear is exactly one smectic layer, the layers are restore
their original unperturbed or orthogonal state.

In order to explore the behavior of a thin layer of
smectic-A phase under shear and hence the validity of
mean field theory developed to describe the problem,
have undertaken a Monte Carlo computer simulation stu
This approach has the advantage that we can investiga
model system consistent with that on which the theory
based, in particular, with the layer pinning at the cell s
faces. In addition it is possible to employ the shear and
thickness necessary to test the limiting aspects of the the
The model mesogen used in this investigation is that p
posed by Gay and Berne@7#. It is described in the following
section together with our model for the surface that was c
structed to create the strong anchoring of the smectic la
and director implicit in the theory proposed by Mottramet
al. @2#. The results of the simulations are given in Sec.
where they are compared with the theoretical predictio
Our conclusions are in Sec. IV.

II. SIMULATION DETAILS

The Gay-Berne generic interaction potential is w
known as a powerful model for liquid crystal behavior@8#
and many of the simulation details have already been
ported elsewhere@9#. Here we briefly recall some basic con
cepts. The Gay-Berne potential is a single site or Cor
potential, based on a shifted and scaled 12-6 Lennard-J
function @7#

UGB~R!54«~ û1 ,û2 , r̂ !~R2122R26!, ~2.1!

where

R5@r 2s~ û1 ,û2 , r̂ !1s0#/s0 . ~2.2!

The intermolecular contact distances(û1 ,û2 , r̂ ) and the well
depth «(û1 ,û2 , r̂ ) depend on the three invariantsû1•û2 ,
û1• r̂ and û2• r̂ , whereû1 and û2 are, respectively, the orien
tation vectors of the two molecules, andr̂ is the intermolecu-
lar vector. The contact distance and the well depth depen
four parameters:k, which is a measure of the shape anis
ropy; k8, which reflects the anisotropy of the well dept
together withm andn, which influence the orientational de
pendence of the well depth. The code GB(k,k8,m,n) has
been proposed@8# to distinguish between the strictly infinit
7-2
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SHEAR-INDUCED STRUCTURAL CHANGES OF A . . . PHYSICAL REVIEW E65 041717
set of parameterizations of the Gay-Berne potential. The
that there is an infinite set of Gay-Berne mesogens is
course, a strength of the model, and enables it to describ
a generic sense, the ever growing number of real mesog
Two further parameters,s0 and «0, are used to scale th
distance and energy, respectively, they correspond to the
tact distances0 and well depth«0 when the two molecules
are in the cross configuration, where the molecules are
thogonal to each other and to the intermolecular vector.
particular system studied here is the Gay-Berne meso
GB~4.4, 20.0, 1, 1!, which has been characterized in detail
Bates and Luckhurst@9#. This system exhibits isotropic
nematic, smecticA, smecticB, and crystal phases. The sim
lations have been performed at constant volume, in orde
facilitate comparison with the theory of Mottramet al. @2#.
The simulations were carried out at a scaled temperat
T* ([kBT/«0), of 1.400 and a scaled number density,r*
([rs0

3) , of 0.2011; at this state point the system exhibit
smectic-A phase@9,8#. The simulation box has been prepar
with periodic boundary conditions in thex andy directions;
the two surfaces have been placed at positions6zbox* on the
z axis, parallel to thex-y plane. This geometry mirrors ex
actly that of the system used in the theory of Ref.@2#, except
in that the infinite geometry in thex and y directions is re-
placed, of necessity for a simulation, by periodic bound
conditions.

The theoretical model@2# requires a strong surface an
choring condition, for both the orientational and the trans
tional degrees of freedom. It is this strong anchoring con
tion that compels the smectic sample to follow the movem
of the surface. We model the strong translational ancho
condition by providing a modulated surface potential, alo
the direction of alignment of the particles, with the sam
periodicityd* as that of the bulk smectic structure. The s
face was built simply by placing identical Gay-Berne pa
ticles on a bidimensional rectangular grid in thex-y plane.
There are six rows of particles separated by a scaled dist
of 3.85 along thex direction and by a scaled distance of 0.
in the y direction. The value of 3.85 was chosen becaus
corresponds to the layer spacing in the bulk smectic-A phase
of GB~4.4,20.0,1,1! at the same state point as that used in
simulations of a thin film@8#. Since the position of the Gay
Berne particles constituting the surface are fixed we do
need to include their interactions with each other, howe
they do interact with the particles in the bulk phase.

To illustrate the principal features of this surface-parti
interaction we show in Fig. 2 the energy contours for a sin
Gay-Berne particle as it moves over the surface. To simp
this representation the symmetry axis of the particle is h
parallel to those of the particles constituting the surface;
is parallel to the easy axis as expected for particles in
bulk liquid crystal sample. In addition, they coordinate of
the particle was always kept at the same value as that for
of the particles constituting the surface. We see immedia
from the contour plots in Fig. 2 that there are deep poten
wells when the particle is above the center of a row of p
ticle in the surface. Then, as it is moved from row to ro
along thex axis the energy increases to a maximum whe
is midway between two rows. The change in the scaled
04171
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ergy from the minimum to the maximum is about23.8
which is significant in comparison with the thermal energy
the scaled temperature for which the system was stud
This difference in energy is clearly what is needed to pin
smectic layers in the phase held between the two surfa
and assumed in the mean field theory developed by Mott
et al. @2#. Since the surface-particle potential extends o
over one molecular width at the surface, the pinning of
smectic layer is only likely to occur at the surface as requi
in the theory; in addition the surface is unlikely to modify th
structure of the confined bulk smectic phase.

In contrast to the behavior as the particle is moved
tween the rows in thex direction, if it is held above the
center of a given row and moved along it, that is in they
direction, then there is only a small oscillation in the we
depth, with a period of 0.80, corresponding to a maximu
when the particle is between two particles in a surface r
and a minimum when it is above a particle. The difference
the energy is only about20.5 and so it is not expected t
have any significant influence on the ordering within a sm

FIG. 2. Energy contours of a Gay-Berne particle interacting w
the surface. The particle is confined in thex-z plane above the
center of a line of particles in the surface and with its symme
axis parallel to those of the particles defining the surface.
7-3
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G. R. LUCKHURST, G. SAIELLI, AND T. J. SLUCKIN PHYSICAL REVIEW E65 041717
tic layer; as we shall see this is confirmed by the simulatio
Finally, as a general comment on the potential structu

we note that the width of the surface-particle interaction
tential is about the same as that of the pairwise particle
teraction. With the exception of the thinnest systems,
surface-particle interaction is expected to have little dir
effect on the structure of the bulk mesogen in the cells
have investigated, which have a scaled width,Lz* , up to 35.
To investigate this assertion we have determined the ra
distribution function,g(r * ), that represents the probabilit
of a particle being at a distancer * from another at the origin
irrespective of their orientations and that of the interparti
vector. We shall give the results for this quantity and
analog,g'(r'

* ), for the separation resolved orthogonal to t
director, in the following section where we discuss their s
nificance for the phase structure.

The simulation box contained 2000 particles, exclud
those forming the two surfaces, and the scaled distance
tween these,Lz* , was varied while keeping the density co
stant. This variation inLz* can only be achieved indirectl
because the dimension along thex axis is determined by the
number of layers, which is fixed at six. Accordingly it is th
length Ly* that can be changed but only by adding or su
tracting an integer number of particles from each row de
ing the surface. The distance between the surfaces, give
intrinsic thickness of the Gay-Berne particles represen
the surface, is actually 2zbox* 21. The simulations have bee
performed by equilibrating the sample for 150 000 cyc
with the rows of particles on the opposite surfaces match
perfectly. Then one surface was shifted with respect to
other the resulting degree of mismatch between the two
faces is denoted byXdisp* that is equal toxdisp* /d* wherexdisp*
is the displacement distance of one surface with respec
the other. The initial value forXdisp* was 0.1 and the system
was equilibrated, again for 150 000 cycles. As we shall
the smectic layers in the bulk are found to tilt and to follo
the displacement of the surface. This procedure was repe
until we observed that the smectic layers melt locally a
slip back to a structure with a smaller tilt angle. Then, sta
ing from the last unslipped configuration, the surface w
shifted by a smaller amount, namely,Xdisp* of 0.05 and the
procedure was repeated. In this way we are able to eval
the critical degree of row mismatch, just before part of t
smectic layers melt, with an accuracy of 0.025.

III. RESULTS AND DISCUSSION

We start the analysis of the results by discussing first
case for a sample having a cell thicknessLz* of 26.91 that
can be taken as being representative of thick samples, w
the effect of the surfaces on the bulk structure is negligib
We present the results for the static properties in Sec. I
and give a qualitative discussion of the pseudodynamic
the slippage process in Sec. III B. The dependence of
critical deformation on the cell thickness is discussed in S
III C. Section III D is devoted to the description of the b
havior of the thin samples, where the surfaces have a m
stronger effect on the structure of the bulk smectic-A phase.
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Also, in Sec. III D, we describe some peculiar features of
unstressed samples for various thicknesses; that is, for
thickest cells a chevron structure seems to be formed th
not present in the other cases. Possible reasons for its fo
tion are discussed.

A. Thick sample: Static

To investigate the extent to which the structure of t
phase was changed by the surface, we have determine
radial distribution functiong(r * ). This distribution is shown
in Fig. 3~a! as the solid line, for the sample with a thickne
Lz* of 26.91. The shape of the radial distribution function
typical of rodlike particles in a smectic-A phase: the first
peak has a height of about 3, corresponding to the first s

FIG. 3. The pair distribution functions for the mesoge
GB~4.4,20.0,1,1! at a scaled temperature of 1.400 and a scaled d
sity of 0.2011.~a! The radial distribution function,g(r * ), and ~b!
the perpendicular distribution function,g'(r'

* ). The solid line
shows the results for the sample in the cell with a scaled thickn
of 26.91 and the dashed line is for a sample with full period
boundary conditions.
7-4
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SHEAR-INDUCED STRUCTURAL CHANGES OF A . . . PHYSICAL REVIEW E65 041717
of particles at a scaled distancer * of 1.17 and a second
smaller peak at a scaled distance of 2.25 corresponding to
second shell of particles within the layer. For comparis
the radial distribution function for this Gay-Berne mesog
at a scaled temperature of 1.400 and a scaled densit
0.2011, for a sample with full periodic boundary conditio
is shown as the dashed line. It appears, from the lower
tensity of the first and second peaks, that the surfaces
have some effect on the properties of the sample, which d
seem to be more ordered in the cell than in the bulk sys
with full periodic boundary conditions, as might have be
expected. However, it is important to note that the surfa
do not induce a transition to a smectic-B phase. This reten
tion of the smectic-A phase is apparent because the pair d
tribution function for a smectic-B phase has the first pea
with a much higher intensity, of about 5 or larger, depend
on the temperature@9#, and the second peak is often resolv
into a doublet characteristic of the hexagonal packing of
particles in the smectic layer. The splitting of the seco
peak into a doublet for a smectic-B phase would be even
more evident for the perpendicular radial distribution fun
tion, g'(r'

* ), wherer'
* is the separation between a pair

particles resolved onto a plane orthogonal to the director.
absence of such a splitting is apparent from Fig. 3~b! and it is
clear that both samples, namely, that in the cell with a thi
ness of 26.91~solid line! and that in the box with full peri-
odic boundary conditions~dashed line!, correspond to
a smectic-A phase. There is, however, a small differen
betweeng'(r'

* ) for these two systems that again indicat
the somewhat enhanced order resulting from the sur
interactions.

An alternative view of the structure within the smec
layers can be obtained from the singlet translational distri
tion function,r(x* ,z* ), which gives the probability of find-
ing a particle at a position (x* ,z* ) irrespective of they*
coordinate and the orientation of the particle. This distrib
tion function has the advantage of revealing how the str
ture within a layer varies with the distance from the surfa
The distributions were obtained as averages over 10 000
figurations each separated by 2 cycles for a production ru
20 000 cycles, following an equilibration run of 150 00
cycles. The contour plot forr(x* ,z* ) shown in Fig. 4~a!
corresponds to the unstressed sample, where the rows o
ticles composing the surfaces are perfectly matched, as
cated by the numbers labeling the row positions on the
surfaces. The results in Fig. 4~b! are for the sample with the
highest surface stress, before slippage occurs, at this p
the surfaces have a mismatch,Xdisp* , of 1.950, which corre-
sponds to essentially two layers. An additional relat
movement of 0.025d* of the surfaces results in the meltin
of part of the layers that then slip back and rejoin to form
configuration with a smaller mismatch of 0.975, that is
most one layer. The translational distribution functi
r(x* ,z* ) for this final slipped configuration is shown in Fig
4~c! and the labeling of the surface sites of the rows indica
the change in the structure; thus the layer joining the surf
at the positions labeled~1! on the left and right hand side i
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Figs. 4~a! and 4~b! now join the position labeled~6! on the
right hand surface in Fig. 4~c!.

A chevron structure is clearly evident in Fig. 4~a!, that is,
the layers do not pass from one surface to the other i
straight line but they are slightly bent. We shall return to th
point in Sec. III D. It is also worth mentioning that the tran
lational order within the layers close to the surfaces appe
to be quite different to that in the bulk. This ordering
indicated by the peaks in the singlet distribution functi
r(x* ,z* ) in the vicinity of the surfaces. This effect is clear

FIG. 4. The contour plot for the singlet translational distributi
function of the center of mass,r(x* ,z* ), for the sample with a
thicknessLz* of 26.91 at different surface mismatchesXdisp* : ~a! 0.0;
~b! 1.950, before the slippage occurs; and~c! 0.975, after the slip-
page; the critical mismatchXdisp

c* , is 1.962560.0125. The numbers
in parenthesis on the surfaces at either side label the surface si
which the smectic layers are anchored.
7-5
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related to the highly localized attraction between the surf
and the particles within the smectic layer, that is the stro
anchoring condition we have described previously. Howe
the additional translational order does not extend far into
smectic layer that retains its disordered structure in the b
In other words the surface interaction has not changed
global structure within the smectic layers and the phase
mains a smecticA as we had anticipated.

We now consider the director orientation and how t
changes as the sample is sheared. In Fig. 5 we show
components of the director,nx , ny , andnz with respect to
the laboratory frame~see Fig. 1! as a function of the position
along thez axis, that is, on going from one surface to t
other, for~a! the unsheared configuration,~b! the configura-
tion just before the layers have melted locally, and~c! for the
configuration after the layers have melted and reformed.

FIG. 5. The director componentsnx ~dashed!, ny ~dot!, andnz

~solid!, for the sample with a thicknessLz* of 26.91 at various
surface mismatches,Xdisp* : ~a! 0.0; ~b! 1.950, before the slippag
occurs; and~c! 0.975, after the slippage; the critical mismatc
Xdisp

c* , is 1.962560.0125.
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nx component of the director is seen to be essentially eq
to unity across the entire cell confirming the expected ali
ment parallel to the easy axis. However, we should note
nx is not particularly sensitive to deviations of the direct
away from the easy axis. This insensitivity is not the case
the z component ofn; in fact thenz component for the un-
sheared sample does show a change, on going from one
face to the other from a positive value slightly larger th
0.1, through 0 in the center of the cell to a negative value
about20.1. In contrast theny component essentially fluctu
ates about zero. This behavior corresponds to a change in
tilt of the director in thex-z plane and is related with the
chevron structure observed for the unsheared system. Th
of the director is associated with the bend of the layers
order that the particles remain, on average, perpendicula
the layers, as in an unperturbed smectic-A phase. The varia-
tion of thenz component across the cell changes as the s
tem is sheared@see Figs. 5~b! and 5~c!# becoming more sym-
metric and negative. This change innz means that the weak
chevron structure observed for the unsheared sample is
lost and the particles in the center of the cell tilt in assoc
tion with the layers in order to remain perpendicular to the
As we can see in Figs. 5~b! amd 5~c! the nz component is
now negative across the entire cell, corresponding to the
ticles being perpendicular to the tilted layers, as shown
Figs. 4~b! and 4~c!. In Fig. 6 we show a snapshot taken of th
sample for a mismatchXdisp* of 1.950 with the particles rep
resented as ellipsoids of revolution, consistent with the sh
of a Gay-Berne particle; the tilt of the layers with respect
the surfaces and also the tilt of the particles, in the middle
the cell, to orient more or less perpendicular to the layers
clearly visible. A tilt of the particles adjacent to the surface
also apparent but this tilt is significantly smaller than f
those at the center of the cell, in keeping with the smaller
of the layers at the surface~see Fig. 4!.

FIG. 6. A snapshot showing particles of the sample in a cell w
a scaled thickness of 26.91 and a mismatch,Xdisp* , of 1.950 viewed
along they direction.
7-6



-

xi

he
a

0
ag
rd
en
th
r

th
fo

a
en
ion

ce
s

et
ce
th

th
tly
h
w
u
ns
fo
.8

lso
u
e

a
0
ho
to
te
a
tia

is-
ible
eta-

ium
la-

bly
nte
by
vel,

and

of
gen
e
le

the
h

SHEAR-INDUCED STRUCTURAL CHANGES OF A . . . PHYSICAL REVIEW E65 041717
The orientational and translational order of the smecticA
phase can be characterized by the order parameters,h andt,
respectively. These order parameters are defined as
averages

h5^~3 cos2b21!/2&, ~3.1!

whereb is the angle between the molecular symmetry a
and the director and

t5^cos 2px/d&, ~3.2!

wherex is the distance of the particle from the center of t
layer. Within the Monte Carlo simulation the orientation
order parameter was evaluated via theQ tensor for particles
in 20 slices taken across the cell. It was averaged over 10
configurations each separated by two cycles and then di
nalized; the largest eigenvalue gives the orientational o
parameterh and the eigenvector associated with this eig
value gives the director orientation. The determination of
translational order parametert is not so straightforward o
precise. It was achieved via the relationship

t5U E
2xbox*

1xbox*
r~x* !exp~ i2px* /d* !dx* U, ~3.3!

where the singlet translational distribution function,r(x* ),
gives the probability of finding a particle at positionx* . This
result would be exact if the layer normal was parallel to
x axis. The alignment of the layer normal does not occur
the sheared samples but because we are interested int for
thin slices taken across the cell the error introduced is sm
In fact the tilt of the layers corresponds to a slight broad
ing of the distribution function and hence a small reduct
in t. The orientational,h, and translational,t, order param-
eters are shown, as a function of the position across the
in Figs. 7~a!–7~c! for the same surface mismatch of the sy
tem as those in Fig. 5. The orientational order param
shows a slight alternation in value close to the surfa
caused presumably by the density modulation induced by
strong anchoring condition. Comparing Figs. 7~a!–7~c! with
the corresponding panels in Fig. 4 reveals that where
density is higher the orientational order is also sligh
higher. However, it levels off rapidly to a relatively hig
value of about 0.90 in the bulk of the sample without sho
ing any modulation, in keeping with the assumption that s
face effects are not transmitted far into the bulk. The tra
lational order parameter shows a similar behavior, that is,
the unsheared sample, it is high at the surface, about 0
and then decreases to about 0.65 in the bulk. There is a
slight modulation in the translational order close to the s
face. The order parameter,t, decreases slightly when th
sample is highly sheared, as the results in Fig. 7~b! demon-
strate for a mismatch between the surfaces of 1.950;
though in some regions of the sample it can be as low as
In contrast the orientational order parameter does not s
any significant change. When the system relaxes back
mismatch,Xdisp* , of 0.975 the translational order parame
increases approaching the value for the unsheared cell
as expected, the orientational order parameter is essen
unaltered.
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B. Thick sample: Pseudodynamics

Since we are able to prepare the state in which the m
match has just passed its critical value it should be poss
to monitor the process by which the system passes to a m
stable supersheared state. In principle, this nonequilibr
process can be followed by a molecular dynamics simu
tion. In practice such a simulation may take an impossi
long time to achieve and an alternative is to use a Mo
Carlo simulation in which the configurations are linked
steps that mimic dynamic changes, at the molecular le
occurring in a real system@10#. In fact such Monte Carlo
simulations have been used to investigate the diffusion
annihilation of defects in a lattice model of a nematic@11#.
We have also shown that for the field induced alignment
the nematic phase formed by the Gay-Berne meso
GB~4.4,20.0,1,1! the number of cycles is proportional to tim
@12#. As our primary interest is in the structure of the stab

FIG. 7. The orientationalh ~dashed!, and translationalt ~solid!
order parameters as a function of the position in the cell for
sample with a thicknessLz* of 26.91 at different surface mismatc
Xdisp* : ~a! 0.0; ~b! 1.950, before the slippage occurs; and~c! 0.975,
after the slippage; the critical mismatchXdisp

c* is 1.962560.0125.
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and metastable states for a smectic-A phase subject to shea
we have used the Monte Carlo technique. We have, th
fore, configurations showing how the structure of the shea
smectic-A phase changes as it passes from the unstable to
metastable state and these should provide an indicatio
least, as to how the system evolves during this change.

Here we consider this pseudodynamic process for
thick sample with Lz* of 26.91. We shall illustrate the
changes first as a series of snapshots taken during the
sage of the sheared smectic-A phase between the two stat
with their different layer tilts. In the snapshots, shown in F
8, the particles are represented simply as circles locate
their centers of mass to demonstrate the translational o
more clearly, although all information relative to the orien
tional order is necessarily removed. The Monte Carlo sim
lations start from a sample equilibrated with a relative m
match,Xdisp* , of 1.950 and then with one surface having be
moved by a further 0.025d* to reach a value ofXdisp* above
its critical value. The initial configuration shows the laye
intact in the supersheared unstable state although the t
lational order is clearly significantly weaker for the regio
of the layers in the center of the cell in comparison w
those at the surface. After 34 000 cycles@see Fig. 8~b!# the
layer structure has not changed to any significant extent
this is also true after a further 5000 cycles. However, a
44 500 cycles@see Figs. 8~d!# it is apparent that the transla
tional order for all the layers is being reduced significantly
a relatively narrow region near to the center of the cell.
addition to this loss of order the layers originating from o
side of the cell appear to terminate at a position midw
between those layers coming from the other side. The red
tion of the translational order localized in this region cont
ues, as is clear from the snapshots taken after 45 500
46 000 cycles@see Figs. 8~e! and 8~f!#. The translational or-
der then begins to rebuild in regions adjacent to the exis
layers, as we can see after 48 000 and 49 000 cycles@see
Figs. 8~g! and 8~h!#. As the order is reestablished at the
positions so they link together the layers attached to ei
side of the cell in such a way that the mismatch is reduced
one layer. After 57 000 cycles this process of rebuilding
complete layers is still occurring but after a further 10 0
cycles it is complete@see Fig. 8~j!#. It is also apparent tha
the translational order in the rebuilt layers of the metasta
supersheared state is significantly higher than in the unst
supersheared state, as we might have anticipated.

To characterize the slippage process more quantitati
we have also calculated the translational order parametet,
for slices across the cell and their variation with the num
of cycles is shown in Fig. 9. The results were calculated a
dividing the box into ten slices parallel to the surfaces; th
are labeled~a! to ~j! in the figures from the left to the righ
hand surface. Since it is not possible to calculate the sin
translational distribution function,r(x* ), at each cycle with
a good signal-to-noise ratio the translational order param
was calculated directly from its real, Re, and imaginary, I
parts, which were evaluated as averages over the particl
each slice,

Re~t!5^cos 2px* /d* &, ~3.4!
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in Im~t!5^sin 2px* /d* &, ~3.5!

t5ARe~t!21Im~t!2. ~3.6!

FIG. 8. Pseudodynamics of the slippage process for the th
sample (Lz* of 26.91!. The starting configuration is obtained from
the equilibrated sample with a surface mismatch,Xdisp* , of 1.950,
and then increasing the mismatch by an additional 0.025 into
unstable supersheared state.~a! start; ~b! cycle 34 000;~c! cycle
39 000; ~d! cycle 44 500;~e! cycle 45 500;~f! cycle 46 000;~g!
cycle 48 000;~h! cycle 49 000;~i! cycle 52 000;~j! cycle 67 000.
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The translational order parameter at the start of the sim
tion adjacent to the surface is high, approximately 0.8, a
then decreases in the center of the cell, although the sma
value of about 0.4 occurs for slices on either side of
center. This variation of the translational order paramete
consistent with the snapshot in Fig. 8~a!, taken of the un-
stable supersheared state. During the passage to the m

FIG. 9. The translational order parameter,t, as a function of the
number of cycles during the slippage process calculated in
equally spaced slices@~a! to ~j!# parallel to thex-y plane.
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stable supersheared state it is of interest to note that
translational order parameter for the slices adjacent to
surfaces@see Figs. 9~a! and 9~j!# as well as their neighboring
slices@see Figs. 9~b! and 9~i!# do not change. This constanc
of the translational order presumably results from the int
action with the surface and the fact that near the surface
smectic layers are not significantly tilted. In contrast, f
slices six and seven, in Figs. 9~f! and 9~g!, respectively, the
translational order parameter decreases suddenly and sig
cantly after approximately 45 000 cycles; for these slice
falls to approximately 0.1 before increasing significantly to
value of about 0.7. This sudden change in the translatio
order parameter takes place over about 25 000 cycles
corresponds to a localized melting of the smectic-A phase.
Subsequently there is a slow increase in the translationa
der parameter that appears to reach a limiting value a
about 75 000 cycles, in agreement with the snapshots
Fig. 8.

It appears, therefore, that the layers melt at some p
near the center of the cell, then they move coherently, wit
local reduction of the translational order, to rejoin after
shift equal to the layer periodicity. This process of layer r
ormation is also evident in the snapshots in Fig. 8 where
layers appear almost intact except, of course, in the reg
where the melting has occurred. The intermediate struc
@see Figs. 8~e! and 8~f!# is characterized by layers that a
mismatched by half the layer periodicityd* near the center
of the cell.

C. Thickness dependence

In Fig. 10 we report the dependence of the critical relat
displacement,xdisp

c* , on the cell thickness,Lz* . For each thick-

0

FIG. 10. The dependence of the critical relative displaceme
xdisp

c* , on the cell thicknessLz* . The solid circles are the results o
the simulation and the solid line is the best linear fit to the da
excluding the five points for the thinnest samples.
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ness,xdisp
c* has been calculated as the average between

largest displacement for which the layers do not slip ba
and the smallest displacement for which the layers do
back. Since they differ by 0.025d* , this has been taken as a
indication of the total error range of the critical mismatc
We have observed, in the preceding section, that the slipp
process, when it does occur, takes place in a few ten
thousands of cycles; therefore, the equilibration run
150 000 cycles certainly appears to be sufficient to inve
gate the process, that is, it is unlikely that the slippage d
not occur in the simulation once the displacement has
ceeded its critical value. The cell thickness,Lz* , and the criti-
cal displacement,xdisp

c* , show a linear dependence until
critical scaled cell thickness is reached of about 5. From
slope of the fitted curve~the best fit is shown as the solid lin
in Fig. 10! we can estimate that this corresponds to a
defined as tan21(xdisp

c* /Lz* ), with respect to the surface no
mal, of 15.5°. This tilt angle, which is a purely geometr
parameter of the experiment should not be confused with
tilt of the smectic layers that, as we can see from Fig. 4
Fig. 8, varies across the cell. At the surface the layer tilt w
be less than 15.5° whereas in the center of the cell it will
greater. When the thickness of the cell becomes too sm
then a deviation from linearity is necessarily observed a
the data points do not lay on the line through the origin. T
is expected when the cell thickness becomes comparab
the layer spacing: it is not possible to induce a slippage
the layer by an amount equal to the smectic periodicityd*
when the mismatch is smaller thand* /2. This is indeed the
limiting value where the data points converge.

The slope of the linear region of thexdisp
c* 2Lz* plot allows

us to make a more quantitative contact with the mean fi
theory developed by Mottramet al. @2#. In this the funda-
mental length scale,j, is defined as

j5~z' /uau! ~3.7!

and measures the distance over which changes in the sm
order are expected to occur. In this expressiona is a coeffi-
cient for the quadratic term in the free energy depending
the translational order parameter;z' is the coefficient con-
trolling the departure of the director from the layer norm
Numerical evaluation of the mean field free energy for
system yields, implicitly, the slope of thexdisp

c* 2Lz* plot in
terms of j. Comparing this predicted value with that o
tained from the simulation yields a value forj of just 1.2s0.
This result for the relaxation length characterizing fluctu
tions in the smectic order may appear to be somewhat s
corresponding as it does to just one molecule. Presum
the shortness ofj is related to the strong side-by-side attra
tions of the Gay-Berne particles. Indeed, the radial distri
tion functiong(r * ) and the perpendicular distribution func
tion g'(r'

* ), shown in Fig. 3, do show a strong first neighb
peak occurring almost at the same distance of 1.2s0. There-
fore, the relaxation lengthj seems to be related with th
order within the smectic layer, which is very short range
the smectic-A phase.
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D. Thin sample

In Fig. 11 we show the singlet distribution function
r(x* ,z* ), for samples with cell thickness,Lz* , of 14.20~a!
and 4.90~b!. In these two cases we observe relatively larg
spatial variations in the density within the layers. For t
thinner sample the continuum description of the smecticA
phase clearly no longer holds. The surfaces are only a
molecular diameters apart and since the correlation length
the surface-induced structure seems to be independent o
sample thickness and equal to a few molecular dimens
~see Figs. 4, 8, and 11! the surface-induced translational o
dering perpendicular to the surface now extends over
entire cell. Nevertheless, it is still possible to measure a c
cal relative displacement for the layer slippage. We also
tice that the chevron structure, which was present for
unstressed sample with the thick cell (Lz* of 26.91! has van-
ished for the thinner cells. The reason for the formation
the chevron structure is probably due to the effect of
surfaces that induce a strong translational ordering in
smectic-A layers within their vicinity; in turn, this change o
structure alters the smectic periodicity, for this region of t
smectic layers, with respect to that for the bulk samp
However, the effect is lost when the surfaces are mismatc
and is evident only for the thicker sample.

FIG. 11. The contour plot showing the singlet translational d
tribution function,r(x* ,z* ), for the sample with a cell thickness
Lz* , of ~a! 14.20 and~b! 4.90.
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IV. CONCLUSIONS

In this paper we have presented the results of a comp
simulation investigation of a smectic-A liquid crystal placed
in a cell in which the walls are subject to an increasing sh
We have studied the process of layer slippage for
sample, and compared the results to the rather exten
mean field theory proposed by Mottramet al. @2#. Their the-
oretical analysis requires a phenomenological parameter,z' ,
to define the critical mismatch for thick cells. In addition
presents an unambiguous picture of the behavior of the c
cal shear as a function of the cell thickness. At high thickn
the critical mismatch tends to increase linearly. For very t
cells, of molecular dimensions, the critical displacemen
exactly half a smectic layer. Mottramet al. @2# predict the
existence of a critical thickness below which there will
layer melting in the center of the cell.

The simulation results are clearly consistent with this p
ture. The linear dependence of the critical relative layer d
placement on the cell thickness is verified, as is the depar
from this law at low cell thickness. The thin cell result is n
verified, but only because in this limit the phenomenologi
theory is no longer applicable since the theory assumes
additional translational ordering in a direction perpendicu
to the cell walls. In contrast there is such an ordering for
model, but as we have observed only on molecular sca
Nevertheless the signature of the thin cell prediction is s
present, in the form of the approach of the critical misma
to its thick film limit.

We were also able to observe the nonequilibrium proc
of layer melting and subsequent reformation beyond
critical mismatch. The process is observed to take place o
several thousands of Monte Carlo cycles. The translatio
order near the middle of the cell is reduced significantly a
the layers on each side of the cell reattach to each other s
to tilt less. Initially this reattachment of the layers seems
involve some reverse layer tilt in the middle of the cell, b
at a later stage this reverse tilt relaxes. Although this fea
of the layer relaxation was not predicted by Mottramet al.
@2#, it is possible, with hindsight, to discern this behavi
qualitatively.

The agreement between theory and simulation is rem
ably good, given the extremely simplified representation
smectic layering used in the theory; this represents the p
odic structure by a single complex order parameter tha
likely to be reasonable when the translational order is l
whereas for the Gay-Berne mesogen it is high@9#. In prin-
ciple, therefore, many order parameters are needed, at
formally, to describe the periodic structure. The theory a
posits strong layer anchoring at the constraining bound
plates that may not occur in real samples, but which we h
nevertheless built into our computational model thus fac
tating comparison with the theory. The basic conclusions
the theory are confirmed, notwithstanding the fact that
the length scales on which we have necessarily carried
our simulations, the original theoretical model is no long
strictly valid.

Despite the agreement with theory, our simulation stu
also raises a number of intriguing questions. First, altho
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Mottram et al. @2# presented a formal mean field theory
layer slippage, the molecular picture is far from clear. P
sumably at the critical mismatch the mean field enforcing
translational order disappears. As yet there is no theory
this phenomenon, although, in principle, the smectic pot
tial could be monitored using a computer simulation. S
ond, the use of a periodic potential at the wall to pin t
smectic layers might well be artificial although some inte
action for pinning is clearly necessary. In a Monte Ca
simulation the periodic potential, as in the mean field the
of Mottram et al. @2#, is probably an essential preconditio
for the pinning of the smectic layers, we have seen, bu
may not be. The crucial question concerns the fluid bound
conditions at the walls. The classical no-slip boundary c
ditions should enforce layer tilt, for they involve cohere
surface motion and bulk motion at the surface. Layer rel
ation in the absence of coherent hydrodynamic motion
very slow. The molecular basis of fluid boundary conditio
is known to be a hard problem, in general, and may well
at the heart of this particular problem. The situation could
clarified by repeating these simulations with weaker or rat
less direct assumptions about the nature of the pinning in
action at the boundaries. Such simulations should be sup
mented by molecular dynamics simulations, in which t
role of hydrodynamics would be elucidated. We note a
that our simulations were performed for the significant b
still possibly small number of 2000 particles. Notwithstan
ing the encouraging results, larger simulations would, a
invariably the case, be desirable.

Third, the problem could also be approached using sim
lation, but now considering layers that are adiabatica
thinned. The layer-breaking instability may well be related
layer buckling instabilities at lower layer strain as predict
for a smectic-A phase under analogous conditions by H
frich and Herault@13#. The idea here is that it is almos
always effective for a system to localize the strain. This
will do by buckling, thus preserving the layer thickness l
cally @14#. In the context of this work, the buckling instabi
ity might be expected to be visible before the critical tilt as
result of the dilative strain introduced by the layer tilt.

Finally, we note that this problem is but one example
the relaxation of a smectic system, and this is subject
smectic hydrodynamics. We observe that there has been
work in general on the hydrodynamics of smectic syste
@15#. The relaxation of smectic systems provides a hydro
namic system of unparalleled complexity. The simulatio
presented in this paper form a first step in the investigation
this interesting and difficult general problem.
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