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Shear-induced structural changes of a smectié: phase: A computer simulation study
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We have carried out a Monte Carlo simulation of a thin sample of the sm&qticase of the Gay-Berne
mesogen GB!.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 Mottrahal.
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[. INTRODUCTION Gennes theory proposed by Elston and ToyBr The back-
ground to the problem is as follows. Phenomenological theo-

The liquid crystalline smectié phase exhibits order in- ries of smectic structures close to surfaces and in thin films
termediate between that of a solid and a ligiddl Like all  typically assume that there exists a surface memory effect
liquid crystals it possesses long range orientational order buhat anchors the layers at the cell surfaces while the natural
its defining quality is the existence of one-dimensional posidayer spacing may change in the bulk of the cell. The
tional ordering in the form of a periodic density function; memory effect idea is included implicitly in theories of chev-
this is commonly referred to as a layered structure. In equiton structure in the technologically important case of ferro-
librium the layers, for the unconstrained liquid crystal, aree€lectric liquid crystal cells, in which the bookshelf structure
uniform|y Separated by a distande= 277-/q’ Whereq is the deforms into av-like |ayer Configuratiorﬁ4,5]. The degree of
preferred wave number of the density fluctuations. In thisanchoring has been measured, albeit inconclusively, by Cag-
paper we use the Monte Carlo simulation technique to stud{on and Durand6]. The formal microscopic basis for this
a liquid crystal sample in which the smectic layering is dis-anchoring is poorly understood. It could result from the ex-
turbed by an imposed shear field. We consider a sméctic- Istence OT an easy axis in the_ surfaqe that gives the director a
liquid crystal sample subject to boundary conditions tha nique dlrect!on that, combined W't.h Interactions betlween

X : . oA he mesogenic molecules that stabilize the side-by-side ar-
align the director in the same uniforsm direction on each

rangement, create a layered structure for a monolayer at the
surface of the cell. The cell surfaces are parallel toxhe  gyrface. The memory effect-induced anchoring is also ex-

plane as shown in Fig. 1. These uniform planar boundarpected to be important when smectic cells are subject to
conditions, combined with the pinning of the layers, causeshear. As we have discussed, the bookshelf layer structure is
the smectic layers to form a bookshelf structure, inXke  then distorted in order to maintain the surface layer anchor-
plane[see Fig. 1&)]. This bookshelf configuration is then ing. There is consequently a competition between the ener-
disturbed by moving, that is shearing, one boundary plate ofietically favorable bookshelf geometry and the applied shear
the sample with respect to the other, in a direction parallel tastress.
the easy axi$see Fig. 1b)]. The theoretical predictions are as follows. With increasing
A theory of the influence of shear on such a smeétic- relative shear between the two faces of the sample, there is a
sample has been developed by one of us in collaboratiotbomplex structure of stable, metastable, and unstable states.
with Mottram et al. [2] building on a quasistatic Landau-de The zero-shear situation starts with the smectic layers per-
pendicular to the boundary platesee Fig. L As the sample
is sheared, the layers are progressively tilted. Eventually this
*Corresponding author. Present address: Centro Meccanismi Retit can mean that the total degree of shear across the sample
zioni Organiche del CNR e Dipartimento di Chimica Organica, Via corresponds to many smectic layers. Evidently a lower free
Marzolo, 1, 35131 Padova, Italy. energy state consistent with the strong anchoring boundary
Email address: giacomo.saielli@unipd.it conditions could be achieved by melting the sample and re-
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X For very thin samples the theory predicts that at the limit of
stability (a) the degree of smectic order at the center of the
cell will be reduced, andb) 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 super-
shear does not take place under an increasing shear. Now, as

z the shear is increased from zero the degree of translational

order in the center of the cell is reduced. When the shear is
exactly half a layer thickness, the layers melt in the center of
y the sample. If the shear is made arbitrarily larger than this
quantity, the layers reform, now with the opposite tilt. With
further shear, the layers straighten up again, so that when the
(@) shear is exactly one smectic layer, the layers are restored to
their original unperturbed or orthogonal state.

In order to explore the behavior of a thin layer of a
smecticA phase under shear and hence the validity of the
mean field theory developed to describe the problem, we
have undertaken a Monte Carlo computer simulation study.
This approach has the advantage that we can investigate a
model system consistent with that on which the theory is

< L', > based, in particular, with the layer pinning at the cell sur-
faces. In addition it is possible to employ the shear and cell

(b) thickness necessary to test the limiting aspects of the theory.

The model mesogen used in this investigation is that pro-
posed by Gay and Bern&]. It is described in the following
section together with our model for the surface that was con-
structed to create the strong anchoring of the smectic layers
and director implicit in the theory proposed by Mottran
al. [2]. The results of the simulations are given in Sec. llI
where they are compared with the theoretical predictions.
Our conclusions are in Sec. IV.

II. SIMULATION DETAILS

The Gay-Berne generic interaction potential is well

EER  cell surfaces known as a powerful model for liquid crystal behavi{&]
. and many of the simulation details have already been re-
= smectic layers ported elsewherf9]. Here we briefly recall some basic con-

cepts. The Gay-Berne potential is a single site or Corner

FIG. 1. The configuration of the smecticphase in the book- potential, based on a shifted and scaled 12-6 Lennard-Jones
shelf geometry within the parallel plate cél) before andb) after  function[7]

shear, together with the axis system used.
— OO0 ¢ —12 -6

forming the layers so that they tilt less. Here the tenmlt Uca(R)=4s(uy,tz,N(R R, @D
which is commonly used in this field of liquid crystals, \yhere
means that the translational order for the smectic phase has
decreased to zero, although the orientational order does not R=[r—o(lUy,Uy,1)+ 0]l 0g. (2.2
necessarily vanish. The lowest energy state occurs when the
tilt corresponds to a relative displacement across the cell Of'he mtermolecular contact distanagu, ,U,,r) and the WeII
less than half a smectic layer. The metastable state that | c?epth 8(u1 Uz r) depend on the three mvarlantsl Uz,
reached by tilting the layers by shearing the cell for greater. .
displacements is known assapershearestate. U;-r andu,-r, whereu, andu, are, respectively, the orien-

The theory predicts that under most circumstances there igtion vectors of the two molecules, ans the intermolecu-
significant supershear, but that for sufficiently large shearlar vector. The contact distance and the well depth depend on
corresponding to a large tilt, the metastable supersheard@ur parametersk, which is a measure of the shape anisot-
state becomes unstable. When this instability occurs, the layopy; «', which reflects the anisotropy of the well depth,
ers melt in the center of the sample, and they reform in suckogether withu and v, which influence the orientational de-
a way that the degree of shear is just one smectic layer leggendence of the well depth. The code GB{',u,v) has
than it had been when the limit of stability had been reachedoeen proposefB] to distinguish between the strictly infinite
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set of parameterizations of the Gay-Berne potential. The fact x*
that there is an infinite set of Gay-Berne mesogens is, of
course, a strength of the model, and enables it to describe, in 101

a generic sense, the ever growing number of real mesogens.
Two further parametersy, and ¢y, are used to scale the
distance and energy, respectively, they correspond to the con-
tact distancery and well depthey when the two molecules
are in the cross configuration, where the molecules are or-
thogonal to each other and to the intermolecular vector. The
particular system studied here is the Gay-Berne mesogen
GB(4.4, 20.0, 1, 1, which has been characterized in detail by
Bates and Luckhursf9]. This system exhibits isotropic,
nematic, smectié\, smecticB, and crystal phases. The simu-
lations have been performed at constant volume, in order to
facilitate comparison with the theory of Mottraat al. [2].
The simulations were carried out at a scaled temperature, 0-
T*(=kgT/ey), of 1.400 and a scaled number densjiy,
(Epag) , of 0.2011; at this state point the system exhibits a
smecticA phasd9,8]. The simulation box has been prepared
with periodic boundary conditions in theandy directions;
the two surfaces have been placed at positinzg,, on the
z axis, parallel to thex-y plane. This geometry mirrors ex- 54
actly that of the system used in the theory of R&i, except
in that the infinite geometry in the andy directions is re-
placed, of necessity for a simulation, by periodic boundary
conditions.

The theoretical mod€]2] requires a strong surface an-
choring condition, for both the orientational and the transla-
tional degrees of freedom. It is this strong anchoring condi- -10 1
tion that compels the smectic sample to follow the movement
of the surface. We model the strong translational anchoring
condition by providing a modulated surface potential, along 0.5
the direction of alignment of the particles, with the same 7* - 7*
periodicityd* as that of the bulk smectic structure. The sur-

f.a?e was bg!lé_SImply byl pla(t:mg I(Ijentlgzél .Gay-Bell’ne par- FIG. 2. Energy contours of a Gay-Berne particle interacting with
ticles on a bidimensional rectangular grid in the/ plane. the surface. The particle is confined in tkez plane above the

There are six rows o f pgrticles separated by a scaled diStan%‘énter of a line of particles in the surface and with its symmetry
of 3.85 along thex direction and by a scaled distance of 0.80 5yis parallel to those of the particles defining the surface.

in the y direction. The value of 3.85 was chosen because it
corresponds to the layer spacing in the bulk sme&tighase ergy from the minimum to the maximum is about3.8
of GB(4.4,20.0,1,1 at the same state point as that used in ouwhich is significant in comparison with the thermal energy at
simulations of a thin filn{8]. Since the position of the Gay- the scaled temperature for which the system was studied.
Berne particles constituting the surface are fixed we do nothis difference in energy is clearly what is needed to pin the
need to include their interactions with each other, howevesmectic layers in the phase held between the two surfaces,
they do interact with the particles in the bulk phase. and assumed in the mean field theory developed by Mottram
To illustrate the principal features of this surface-particleet al. [2]. Since the surface-particle potential extends only
interaction we show in Fig. 2 the energy contours for a singleover one molecular width at the surface, the pinning of the
Gay-Berne particle as it moves over the surface. To simplifyismectic layer is only likely to occur at the surface as required
this representation the symmetry axis of the particle is heldn the theory; in addition the surface is unlikely to modify the
parallel to those of the particles constituting the surface; thastructure of the confined bulk smectic phase.
is parallel to the easy axis as expected for particles in the In contrast to the behavior as the particle is moved be-
bulk liquid crystal sample. In addition, the coordinate of tween the rows in thec direction, if it is held above the
the particle was always kept at the same value as that for onmenter of a given row and moved along it, that is in the
of the particles constituting the surface. We see immediatelgirection, then there is only a small oscillation in the well
from the contour plots in Fig. 2 that there are deep potentiatlepth, with a period of 0.80, corresponding to a maximum
wells when the particle is above the center of a row of parwhen the particle is between two particles in a surface row
ticle in the surface. Then, as it is moved from row to row and a minimum when it is above a particle. The difference in
along thex axis the energy increases to a maximum when ithe energy is only about0.5 and so it is not expected to
is midway between two rows. The change in the scaled enkave any significant influence on the ordering within a smec-
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tic layer; as we shall see this is confirmed by the simulations. 44
Finally, as a general comment on the potential structure,

we note that the width of the surface-particle interaction po- g(r’)

tential is about the same as that of the pairwise particle in-

teraction. With the exception of the thinnest systems, this

surface-particle interaction is expected to have little direct

effect on the structure of the bulk mesogen in the cells we

have investigated, which have a scaled width, up to 35.

To investigate this assertion we have determined the radial

distribution function,g(r*), that represents the probability

of a particle being at a distancé& from another at the origin

irrespective of their orientations and that of the interparticle 14

vector. We shall give the results for this quantity and its

analog,g, (r¥), for the separation resolved orthogonal to the

director, in the following section where we discuss their sig-

nificance for the phase structure. 0
The simulation box contained 2000 particles, excluding

those forming the two surfaces, and the scaled distance be-

tween thesel > , was varied while keeping the density con- 4-
stant. This variation irL} can only be achieved indirectly

because the dimension along thexis is determined by the g,(r®
number of layers, which is fixed at six. Accordingly it is the

length L;‘ that can be changed but only by adding or sub- 31

tracting an integer number of particles from each row defin-
ing the surface. The distance between the surfaces, given the
intrinsic thickness of the Gay-Berne particles representing
the surface, is actuallyZ,,—1. The simulations have been
performed by equilibrating the sample for 150000 cycles
with the rows of particles on the opposite surfaces matching
perfectly. Then one surface was shifted with respect to the 14
other the resulting degree of mismatch between the two sur-
faces is denoted b}, that is equal tocg/d* wherexg,

is the displacement distance of one surface with respect to
the other_._The initial v_alue foKGisp was 0.1 and the system 0 1 2 3 4 5 & 7 8
was equilibrated, again for 150 000 cycles. As we shall see p
the smectic layers in the bulk are found to tilt and to follow
the displacement of the surface. This procedure was repeated FIG. 3. The pair distribution functions for the mesogen
until we observed that the smectic layers melt locally andGB(4.4,20.0,1,1at a scaled temperature of 1.400 and a scaled den-
slip back to a structure with a smaller tilt angle. Then, start-sity of 0.2011.(a) The radial distribution functiong(r*), and(b)

ing from the last unslipped configuration, the surface washe perpendicular distribution functiorg, (r7). The solid line
shifted by a smaller amount, namepygisp of 0.05 and the shows the results for the sample in the cell with a scaled thickness
procedure was repeated. In this way we are able to evaluafé 26.91 and the dashed line is for a sample with full periodic
the critical degree of row mismatch, just before part of theboundary conditions.

smectic layers melt, with an accuracy of 0.025.

Also, in Sec. lll D, we describe some peculiar features of the
unstressed samples for various thicknesses; that is, for the
Ill. RESULTS AND DISCUSSION thickest cells a chevron structure seems to be formed that is

. . ) ) not present in the other cases. Possible reasons for its forma-
We start the analysis of the results by discussing first thg;n are discussed.

case for a sample having a cell thickness of 26.91 that

can be taken as being representative of thick samples, where
the effect of the surfaces on the bulk structure is negligible.
We present the results for the static properties in Sec. Il A To investigate the extent to which the structure of the
and give a qualitative discussion of the pseudodynamics aphase was changed by the surface, we have determined the
the slippage process in Sec. Il B. The dependence of theadial distribution functiorg(r*). This distribution is shown
critical deformation on the cell thickness is discussed in Sedn Fig. 3@ as the solid line, for the sample with a thickness

Il C. Section Il D is devoted to the description of the be- L} of 26.91. The shape of the radial distribution function is
havior of the thin samples, where the surfaces have a mudypical of rodlike particles in a smectis- phase: the first
stronger effect on the structure of the bulk smeétiphase. peak has a height of about 3, corresponding to the first shell

A. Thick sample: Static
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of particles at a scaled distanc& of 1.17 and a second
smaller peak at a scaled distance of 2.25 corresponding to the (6)

second shell of particles within the layer. For comparison, )

the radial distribution function for this Gay-Berne mesogen (5) (5)

at a scaled temperature of 1.400 and a scaled density of

0.2011, for a sample with full periodic boundary conditions (4) (4)

is shown as the dashed line. It appears, from the lower in- (3) 3)

tensity of the first and second peaks, that the surfaces do

have some effect on the properties of the sample, which does (2) @)

seem to be more ordered in the cell than in the bulk system

with full periodic boundary conditions, as might have been (1) (1)

expected. However, it is important to note that the surfaces

do not induce a transition to a smecBcphase. This reten-

tion of the smectidA phase is apparent because the pair dis-

tribution function for a smecti® phase has the first peak e = = =

with a much higher intensity, of about 5 or larger, depending (6) o1& % 88 (4)

on the temperaturg9], and the second peak is often resolved (5) (3)

into a doublet characteristic of the hexagonal packing of the

particles in the smectic layer. The splitting of the second (4) 2)

peak into a doublet for a smectiz-phase would be even 3

more evident for the perpendicular radial distribution func- (3 (1)

tion, g, (r¥), wherer? is the separation between a pair of (2) (6)

particles resolved onto a plane orthogonal to the director. The

absence of such a splitting is apparent from Fip) and it is (1) (5)

clear that both samples, namely, that in the cell with a thick-

ness of 26.91solid line) and that in the box with full peri-

odic boundary conditions(dashed ling correspond to

a smecticA phase. There is, however, a small difference x*

betweeng, (r7) for these two systems that again indicates 6) ™ 4)

the somewhat enhanced order resulting from the surface (5

interactions. ) s (3)
An alternative view of the structure within the smectic (4) 2)

layers can be obtained from the singlet translational distribu- 0

tion function, p(x*,z*), which gives the probability of find- (3) \ (1)

ing a particle at a positionx{,z*) irrespective of they* (2) Sieoéb (6)

coordinate and the orientation of the particle. This distribu-

tion function has the advantage of revealing how the struc- (1) 10168880 (5)

ture within a layer varies with the distance from the surface.

The distributions were obtained as averages over 10 000 con-
figurations each separated by 2 cycles for a production run of
20000 cycles, following an equilibration run of 150000 function of the center of masg(x*.z*), for the sample with a

cycles. The contour plot fop(x*,z*) shown in Fig. 4a) thicknesd.; of 26.91 at different surface mismatché§,: (@ 0.0;
qorresponds tp the unstressed sample, where the rows of PR 1.950, before the slippage occurs; aiil0.975, after the slip-
ticles composing the surfaces are perfectly matched, as indisage: the critical mismatcKSs,, is 1.9625-0.0125. The numbers
cated by the numbers labeling the row positions on the twen parenthesis on the surfaces at either side label the surface sites at
surfaces. The results in Fig(®} are for the sample with the which the smectic layers are anchored.

highest surface stress, before slippage occurs, at this point

the surfaces have a mismatetf,, of 1.950, which corre-  Figs. 4a) and 4b) now join the position labeled) on the
sponds to essentially two layers. An additional relativeright hand surface in Fig.(4).

movement of 0.028* of the surfaces results in the melting A chevron structure is clearly evident in Figla4 that is,

of part of the layers that then slip back and rejoin to form athe layers do not pass from one surface to the other in a
configuration with a smaller mismatch of 0.975, that is al-straight line but they are slightly bent. We shall return to this
most one layer. The translational distribution functionpointin Sec. Il D. It is also worth mentioning that the trans-
p(x*,z*) for this final slipped configuration is shown in Fig. lational order within the layers close to the surfaces appears
4(c) and the labeling of the surface sites of the rows indicateso be quite different to that in the bulk. This ordering is
the change in the structure; thus the layer joining the surfacendicated by the peaks in the singlet distribution function
at the positions labeled) on the left and right hand side in p(x*,z*) in the vicinity of the surfaces. This effect is clearly

FIG. 4. The contour plot for the singlet translational distribution
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FIG. 5. The director components, (dasheg n, (dot), andn,
(solid), for the sample with a thickneds; of 26.91 at various
surface mismatcheé(fjisp: (@ 0.0; (b) 1.950, before the slippage
occurs; and(c) 0.975, after the slippage; the critical mismatch,
Xf,;?sp, is 1.9625-0.0125.
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FIG. 6. A snapshot showing particles of the sample in a cell with
a scaled thickness of 26.91 and a mismadfy,, of 1.950 viewed
along they direction.

n, component of the director is seen to be essentially equal
to unity across the entire cell confirming the expected align-
ment parallel to the easy axis. However, we should note that
n, is not particularly sensitive to deviations of the director
away from the easy axis. This insensitivity is not the case for
the z component ofn; in fact then, component for the un-
sheared sample does show a change, on going from one sur-
face to the other from a positive value slightly larger than
0.1, through 0 in the center of the cell to a negative value of
about—0.1. In contrast the, component essentially fluctu-
ates about zero. This behavior corresponds to a change in the
tilt of the director in thex-z plane and is related with the
chevron structure observed for the unsheared system. The tilt
of the director is associated with the bend of the layers in
order that the particles remain, on average, perpendicular to
the layers, as in an unperturbed smeétighase. The varia-
tion of then, component across the cell changes as the sys-
tem is shearefsee Figs. B) and Fc)] becoming more sym-
metric and negative. This changenn means that the weak

related to the highly localized attraction between the surfacehevron structure observed for the unsheared sample is soon
and the particles within the smectic layer, that is the strondost and the particles in the center of the cell tilt in associa-
anchoring condition we have described previously. Howeverion with the layers in order to remain perpendicular to them.
the additional translational order does not extend far into théAs we can see in Figs.(B) amd 5c) the n, component is
smectic layer that retains its disordered structure in the bulknow negative across the entire cell, corresponding to the par-
In other words the surface interaction has not changed thiicles being perpendicular to the tilted layers, as shown in
global structure within the smectic layers and the phase reFigs. 4b) and 4c). In Fig. 6 we show a snapshot taken of the

mains a smectié as we had anticipated.

sample for a mismatchg, of 1.950 with the particles rep-

We now consider the director orientation and how thisresented as ellipsoids of revolution, consistent with the shape
changes as the sample is sheared. In Fig. 5 we show thef a Gay-Berne particle; the tilt of the layers with respect to

components of the directon,, n,, andn, with respect to
the laboratory framésee Fig. 1as a function of the position

the surfaces and also the tilt of the particles, in the middle of
the cell, to orient more or less perpendicular to the layers are

along thez axis, that is, on going from one surface to the clearly visible. A tilt of the particles adjacent to the surface is

other, for(a) the unsheared configuratiofi) the configura-
tion just before the layers have melted locally, &odfor the

also apparent but this tilt is significantly smaller than for
those at the center of the cell, in keeping with the smaller tilt

configuration after the layers have melted and reformed. Thef the layers at the surfadsee Fig. 4.
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The orientational and translational order of the smeétic- 1.09 . ,
phase can be characterized by the order paramejexsd r, n7 T R
respectively. These order parameters are defined as the 0.8+
averages

0.6
n={((3 cogB—1)/2), (3.2
0.4
where g is the angle between the molecular symmetry axis (a)
and the director and 0.2
7={cos 2mx/d), (3.2 0.0 . . . . . .
wherex is the distance of the particle from the center of the
layer. Within the Monte Carlo simulation the orientational 1.07 . )
order parameter was evaluated via @eensor for particles n.t e
in 20 slices taken across the cell. It was averaged over 10 000 0.8

configurations each separated by two cycles and then diago-
nalized; the largest eigenvalue gives the orientational order
parametery and the eigenvector associated with this eigen-
value gives the director orientation. The determination of the
translational order parameteris not so straightforward or 0.2 (b)
precise. It was achieved via the relationship

0.6+

0.4

. 0.0 ————
r= f”*mxp(x*)exp(izwx*/d*)dx* . (33
~Xpox 1.0-
where the singlet translational distribution functigr{x*), nT T e

gives the probability of finding a particle at positigh. This 0.8
result would be exact if the layer normal was parallel to the 0.6-

x axis. The alignment of the layer normal does not occur for

the sheared samples but because we are interestedoin 0.4

thin slices taken across the cell the error introduced is small.

In fact the tilt of the layers corresponds to a slight broaden- 0.2 (c)
ing of the distribution function and hence a small reduction

in 7. The orientationaly, and translationalr, order param- 0.0 T T - y v 1

-5 -10 -5 0 5 10 15

*

eters are shown, as a function of the position across the cell,
in Figs. 7a)—7(c) for the same surface mismatch of the sys-
tem as thoge in Fig. 5. The orientational order parameter - ; tpe orientationah (dashedl and translationat (solid)
shows a slight alternation in yalue CIOSE_’ to_ the Surfaceorder parameters as a function of the position in the cell for the
caused presumably by the density modulation induced by thg;mpe with a thickness? of 26.91 at different surface mismatch
strong anchoring condition. Comparing Figga)Z7(c) with - = - (a) 0.0; (b) 1.950, before the slippage occurs; &0.975,
the corresponding panels in Fig. 4 reveals that where thggier the slippage; the critical mismatet§, is 1.9625-0.0125.
density is higher the orientational order is also slightly
higher. However, it levels off rapidly to a relatively high
value of about 0.90 in the bulk of the sample without show-
ing any modulation, in keeping with the assumption that sur- Since we are able to prepare the state in which the mis-
face effects are not transmitted far into the bulk. The transmatch has just passed its critical value it should be possible
lational order parameter shows a similar behavior, that is, foto monitor the process by which the system passes to a meta-
the unsheared sample, it is high at the surface, about 0.88table supersheared state. In principle, this nonequilibrium
and then decreases to about 0.65 in the bulk. There is alsogrocess can be followed by a molecular dynamics simula-
slight modulation in the translational order close to the surtion. In practice such a simulation may take an impossibly
face. The order parameter, decreases slightly when the long time to achieve and an alternative is to use a Monte
sample is highly sheared, as the results in Fitp) demon-  Carlo simulation in which the configurations are linked by
strate for a mismatch between the surfaces of 1.950; akteps that mimic dynamic changes, at the molecular level,
though in some regions of the sample it can be as low as 0.@ccurring in a real systeil0]. In fact such Monte Carlo

In contrast the orientational order parameter does not shosimulations have been used to investigate the diffusion and
any significant change. When the system relaxes back to annihilation of defects in a lattice model of a nemadtid].
mismatch, X, of 0.975 the translational order parameterWe have also shown that for the field induced alignment of
increases approaching the value for the unsheared cell antfie nematic phase formed by the Gay-Berne mesogen
as expected, the orientational order parameter is essentialfyB(4.4,20.0,1,1the number of cycles is proportional to time
unaltered. [12]. As our primary interest is in the structure of the stable

*
isp

B. Thick sample: Pseudodynamics
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and metastable states for a sme&iphase subject to shear, X"
we have used the Monte Carlo technique. We have, there- %]
fore, configurations showing how the structure of the sheared
smecticA phase changes as it passes from the unstable to the
metastable state and these should provide an indication, at
least, as to how the system evolves during this change.
Here we consider this pseudodynamic process for the '
thick sample withL} of 26.91. We shall illustrate the i
changes first as a series of snapshots taken during the pas-
sage of the sheared smecficphase between the two states
with their different layer tilts. In the snapshots, shown in Fig.
8, the particles are represented simply as circles located at
their centers of mass to demonstrate the translational order
more clearly, although all information relative to the orienta-
tional order is necessarily removed. The Monte Carlo simu-
lations start from a sample equilibrated with a relative mis-
match,Xgsp, 0f 1.950 and then with one surface having been
moved by a further 0.028' to reach a value oK, above
its critical value. The initial configuration shows the layers .. © (f)
intact in the supersheared unstable state although the trans- 12; I e T jgPen. e .
lational order is clearly significantly weaker for the regions ] Y | i
of the layers in the center of the cell in comparison with
those at the surface. After 34 000 cyclege Fig. &)] the
layer structure has not changed to any significant extent and
this is also true after a further 5000 cycles. However, after
44500 cyclegsee Figs. &)] it is apparent that the transla-
tional order for all the layers is being reduced significantly in
a relatively narrow region near to the center of the cell. In
addition to this loss of order the layers originating from one
side of the cell appear to terminate at a position midway o
between those layers coming from the other side. The reduc-
tion of the translational order localized in this region contin- o] WL
ues, as is clear from the snapshots taken after 45500 and 4' .iw
8 %

o A O & ®
. -2 8

46 000 cyclegsee Figs. &) and &f)]. The translational or-

der then begins to rebuild in regions adjacent to the existing
layers, as we can see after 48000 and 49 000 cycles

Figs. 8g) and 8h)]. As the order is reestablished at these
positions so they link together the layers attached to either x* 0] )
side of the cell in such a way that the mismatch is reduced by 2] SIS am ]
one layer. After 57 000 cycles this process of rebuilding the ] " vl “'M'

Iﬁ.- e oSS e .
|

8
complete layers is still occurring but after a further 10000 4
cycles it is completdsee Fig. §)]. It is also apparent that 04
4
8

the translational order in the rebuilt layers of the metastable

supersheared state is significantly higher than in the unstable -] ’Mé’;‘w oo ol ‘

supersheared state, as we might have anticipated. q2] T it ] R il
To characterize the slippage process more quantitatively 16128 4 0 4 & 12 16 16128 4 0 4 & 1216

we have also calculated the translational order parameter, z z

for slices across the cell and their variation with the number

of cycles is shown in Fig. 9. The results were calculated after FIG. 8; Pseudodynamics of the slippage process for the thick
dividing the box into ten slices parallel to the surfaces; theysampIe E; of 26.91. The starting configuration is obtained from
’ the equilibrated sample with a surface mismatef,, of 1.950,

are labeleda) to.(J) in the figures f_rom the left to the ”g.ht nd then increasing the mismatch by an additional 0.025 into the
hand sgrface. .Slr.lce .It IS not POSSIbIe to calculate the ?mglqainstable supersheared state). start; (b) cycle 34 000;(c) cycle
translational distribution functiom(x*), at each cycle with 59 000: (d) cycle 44500;(e) cycle 45500;(f) cycle 46 000:(q)

a good signal—to-_noise ratio t_he translational o_rder parametgl cie 48 000;(h) cycle 49 0004i) cycle 52 000j) cycle 67 000.
was calculated directly from its real, Re, and imaginary, Im,

parts, which were evaluated as averages over the particles in

each slice, Im(7)=(sin 2mx*/d*), (3.5
Re(7) =(cos 2mx*/d*), (3.9 7=Re(7)2+1m(7)2. (3.6
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FIG. 10. The dependence of the critical relative displacement,
Xgisp ON the cell thickness . The solid circles are the results of
the simulation and the solid line is the best linear fit to the data,
excluding the five points for the thinnest samples.

stable supersheared state it is of interest to note that the
translational order parameter for the slices adjacent to the
surfacegsee Figs. @) and 9j)] as well as their neighboring
slices[see Figs. ) and 9i)] do not change. This constancy

of the translational order presumably results from the inter-
action with the surface and the fact that near the surface the
smectic layers are not significantly tilted. In contrast, for
slices six and seven, in Figs(f®and 9g), respectively, the
translational order parameter decreases suddenly and signifi-
cantly after approximately 45000 cycles; for these slices it
falls to approximately 0.1 before increasing significantly to a
value of about 0.7. This sudden change in the translational
order parameter takes place over about 25000 cycles and
corresponds to a localized melting of the smeétiphase.
Subsequently there is a slow increase in the translational or-
der parameter that appears to reach a limiting value after
about 75000 cycles, in agreement with the snapshots in
Fig. 8.

It appears, therefore, that the layers melt at some point
near the center of the cell, then they move coherently, with a
local reduction of the translational order, to rejoin after a
shift equal to the layer periodicity. This process of layer ref-
ormation is also evident in the snapshots in Fig. 8 where the
layers appear almost intact except, of course, in the region

number of cycles during the slippage process calculated in 1@Vhe|’e the meltlng has occurred. The intermediate structure

equally spaced slicdga) to (j)] parallel to thex-y plane.

[see Figs. &) and 8f)] is characterized by layers that are
mismatched by half the layer periodicit)f near the center

The translational order parameter at the start of the simulaef the cell.

tion adjacent to the surface is high, approximately 0.8, and
then decreases in the center of the cell, although the smallest
value of about 0.4 occurs for slices on either side of the
center. This variation of the translational order parameter is

C. Thickness dependence

consistent with the snapshot in Fig@ag taken of the un-

stable supersheared state. During the passage to the metsplacementxg

In Fig. 10 we report the dependence of the critical relative

isp On the cell thicknesd,; . For each thick-
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ness,Xge, has been calculated as the average between the
largest displacement for which the layers do not slip back
and the smallest displacement for which the layers do slip
back. Since they differ by 0.083, this has been taken as an
indication of the total error range of the critical mismatch.
We have observed, in the preceding section, that the slippage
process, when it does occur, takes place in a few tens of
thousands of cycles; therefore, the equilibration run of
150000 cycles certainly appears to be sufficient to investi-
gate the process, that is, it is unlikely that the slippage does
not occur in the simulation once the displacement has ex-
ceeded its critical value. The cell thicknek$,, and the criti-
cal displacementxg, show a linear dependence until a
critical scaled cell thickness is reached of about 5. From the
slope of the fitted curvéhe best fit is shown as the solid line
in Fig. 10 we can estimate that this corresponds to a tilt
defined as taﬁl(xg;;,J L3), with respect to the surface nor-
mal, of 15.5°. This tilt angle, which is a purely geometric
parameter of the experiment should not be confused with the
tilt of the smectic layers that, as we can see from Fig. 4 and
Fig. 8, varies across the cell. At the surface the layer tilt will
be less than 15.5° whereas in the center of the cell it will be
greater. When the thickness of the cell becomes too small
then a deviation from linearity is necessarily observed and
the data points do not lay on the line through the origin. This
is expected when the cell thickness becomes comparable to 2 i 0 1 2
the layer spacing: it is not possible to induce a slippage of Z
the layer by an amount equal to the smectic periodidity
when the mismatch is smaller thari/2. This is indeed the FIG. 11. The contour plot showing the singlet translational dis-
limiting value where the data points converge. tribution function,p(x*,z*), for the sample with a cell thickness,
The slope of the linear region of thé,—L? plotallows L. of (8 14.20 and(b) 4.90.
us to make a more quantitative contact with the mean field
theory developed by Mottraret al. [2]. In this the funda-
mental length scales, is defined as D. Thin sample

In Fig. 11 we show the singlet distribution function,
é=(¢, /al) 37 p(x*,z*), for samples with cell thicknes&*, of 14.20(a)
and 4.90(b). In these two cases we observe relatively larger

and measures the distance over which changes in the smecfigatial variations in the density within the layers. For the
order are expected to occur. In this expressids a coeffi- thinner sample the continuum description of the sme#tic-
cient for the quadratic term in the free energy depending ofhase clearly no longer holds. The surfaces are only a few
the translational order parametér; is the coefficient con- molecular diameters apart and since the correlation length for
trolling the departure of the director from the layer normal.the surface-induced structure seems to be independent of the
Numerical evaluation of the mean field free energy for thesample thickness and equal to a few molecular dimensions
system yields, implicitly, the slope of thefig,—L; plot in (see Figs. 4, 8, and 1the surface-induced translational or-
terms of £&. Comparing this predicted value with that ob- dering perpendicular to the surface now extends over the
tained from the simulation yields a value féiof just 1.2r,.  entire cell. Nevertheless, it is still possible to measure a criti-
This result for the relaxation length characterizing fluctua-cal relative displacement for the layer slippage. We also no-
tions in the smectic order may appear to be somewhat smalice that the chevron structure, which was present for the
corresponding as it does to just one molecule. Presumablynstressed sample with the thick cell’( of 26.91) has van-

the shortness of is related to the strong side-by-side attrac-ished for the thinner cells. The reason for the formation of
tions of the Gay-Berne particles. Indeed, the radial distributhe chevron structure is probably due to the effect of the
tion functiong(r*) and the perpendicular distribution func- surfaces that induce a strong translational ordering in the
tiong, (r}), shown in Fig. 3, do show a strong first neighbor smecticA layers within their vicinity; in turn, this change of
peak occurring almost at the same distance ofrd.Zhere-  structure alters the smectic periodicity, for this region of the
fore, the relaxation lengtl§ seems to be related with the smectic layers, with respect to that for the bulk sample.
order within the smectic layer, which is very short range forHowever, the effect is lost when the surfaces are mismatched
the smecticA phase. and is evident only for the thicker sample.
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IV. CONCLUSIONS Mottram et al. [2] presented a formal mean field theory of

In this paper we have presented the results of a computé"f‘lyer slippage, the molecular picture is far from clear. Pre-

simulation investigation of a smecticdiquid crystal placed Sumably at the critical mismatch the mean field enforcing the

in a cell in which the walls are subject to an increasing Sheart.ranslatmnal order disappears. As yet there is no theory of

We have studied the process of layer slippage for thith|s phenomenon, although, in principle, the smectic poten-

tial I monitor in m r simulation. -
sample, and compared the results to the rather extensn?ea could be monitored using a computer simulation. Sec

mean field theory proposed by Mottraghal.[2]. Their the- ond, the use of a periodic pote'n.tlgl at the wall to pin the
. . ; . smectic layers might well be artificial although some inter-
oretical analysis requires a phenomenological paramgter, . L
to define the critical mismatch for thick cells. In addition it action for pinning is clearly necessary. In a Monte Carlo
resents an unambiguous picture of the behévior of the Critig,imulation the periodic potential, as in the mean field theory
Eal shear as afuncti(g)n of thF:a cell thickness. At high thicknesOf Mottram et al. [2], is probably an essential precondition
. . . "y 9 SYor the pinning of the smectic layers, we have seen, but it
the critical mismatch tends to increase linearly. For very thin

) . - ! . may not be. The crucial question concerns the fluid boundary
cells, of molecular dimensions, the critical displacement is

) . iti h lls. The classical no-sli -
exactly half a smectic layer. Mottramt al. [2] predict the conditions at the walls € classical no-slip boundary con

. o ; : . ditions should enforce layer tilt, for they involve coherent
existence of a critical thickness below which there will be . .
o surface motion and bulk motion at the surface. Layer relax-
layer melting in the center of the cell.

. . . . .. _ation in th n f coherent hydrodynamic motion i
The simulation results are clearly consistent with this pIC—a ° e absence of cohere ydrodynamic motion is

ture. The linear dependence of the critical relative layer disx > slow. The molecular basis of fluid boundary conditions
' pena . o . Y is known to be a hard problem, in general, and may well be
placement on the cell thickness is verified, as is the departuré

from this law at low cell thickness. The thin cell result is not at the heart of this particular problem. The situation could be
verified, but only because in this Iimit the phenomenoIogicaICI"’lriﬁe.d by repeating these simulations with weak.er or re}ther
theory is no longer applicable since the theory assumes nI ss direct assumptions about the nature of the pinning inter-

additional translational ordering in a direction perpendicular2ction at the boundaries. Such simulations should be supple-
to the cell walls. In contrast there is such an ordering for oufMented by molecular dynamics simulations, in which the
model, but as we have observed only on molecular scale$0l€ of hydrodynamics would be elucidated. We note also
Nevertheless the signature of the thin cell prediction is stillthat our simulations were performed for the significant but
present, in the form of the approach of the critical mismatctstill possibly small number of 2000 particles. Notwithstand-
to its thick film limit. ing the encouraging results, larger simulations would, as is
We were also able to observe the nonequilibrium procesivariably the case, be desirable.

of layer melting and subsequent reformation beyond the Third, the problem could also be approached using simu-
critical mismatch. The process is observed to take place ovdation, but now considering layers that are adiabatically
several thousands of Monte Carlo cycles. The translationghinned. The layer-breaking instability may well be related to
order near the middle of the cell is reduced significantly andayer buckling instabilities at lower layer strain as predicted
the layers on each side of the cell reattach to each other so & a smecticA phase under analogous conditions by Hel-
to tilt less. Initially this reattachment of the layers seems tofrich and Herault[13]. The idea here is that it is almost
involve some reverse layer tilt in the middle of the cell, butajways effective for a system to localize the strain. This it
at a later stage this reverse tilt relaxes. Although this featurgyi|| do by buckling, thus preserving the layer thickness lo-
of the layer relaxation was not predicted by Mottr@mal. a1y [14]. In the context of this work, the buckling instabil-
[2], it is possible, with hindsight, to discern this behavior jt, might be expected to be visible before the critical tilt as a

qualitatively. _ o result of the dilative strain introduced by the layer tilt.
The agreement between theory and simulation is remark- Finally, we note that this problem is but one example of

ably good, given the extremely simplified representation ofthe relaxation of a smectic system, and this is subject to

smectic layering used in the theory; this represents the P mectic hydrodynamics. We observe that there has been little

odic structure by a single complex order parameter that i$ ork in aeneral on the hvdrodvnamics of smectic svstems
likely to be reasonable when the translational order is lo ng . ydrody ! . ¢ Sy
15]. The relaxation of smectic systems provides a hydrody-

whereas for the Gay-Berne mesogen it is hi§h In prin- ) ! . )
ciple, therefore, many order parameters are needed, at ledigmic system of unparalleled complexity. The simulations

formally, to describe the periodic structure. The theory alsd’resented in this paper form a first step in the investigation of

posits strong layer anchoring at the constraining boundaryis interesting and difficult general problem.

plates that may not occur in real samples, but which we have

nevertheless built into our computational model thus facili-
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