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Monte Carlo simulation of smectic liquid crystals and the electroclinic effect: The role
of molecular shape
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Using Monte Carlo simulation methods, we explore the role of molecular shape in the phase behavior of
liquid crystals and the electroclinic effect. We study a ‘‘bent-rod’’ mesogen shaped like the letter Z, composed
of seven soft spheres bonded rigidly together with no intramolecular degrees of freedom. For strongly angled
molecules, we find that steric repulsion alone provides the driving force for a smectic-C phase, even without
intermolecular dipole-dipole interactions. For weakly angled~nearly rodlike! molecules, we find a stable
smectic-A (SmA) phase and a strong electroclinic effect with a saturation tilt angle of about 19°. In the SmA
phase we find evidence of vortexlike point defects. We also observe a field-induced nematic-smectic phase
transition.@S1063-651X~99!02111-X#

PACS number~s!: 61.30.Cz, 64.70.Md, 61.30.Gd, 61.30.Jf
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I. INTRODUCTION

The response of smectic liquid crystals to applied elec
fields has been extensively studied for both basic rese
and applications. One subject of particular interest is
electroclinic effect, which occurs in the smectic-A (SmA)
phase of chiral molecules. In the electroclinic effect, an
plied electric field in the smectic layer plane induces a tilt
the molecules relative to the layer normal, in a directi
orthogonal to the field. The magnitude of the induced
scales linearly with the applied electric field for low field
and then saturates at higher fields. This effect was predi
by Meyer on the basis of symmetry@1#, and it was subse
quently observed experimentally by Garoff and Meyer@2#. It
is now being exploited for electro-optic devices that disp
a continuous gray scale as a function of applied electric fi
such as spatial light modulators@3,4#.

To optimize electroclinic liquid crystals for device deve
opment, one needs a theoretical understanding of how
electroclinic tilt depends on electric field, temperature, a
molecular structure. So far, most theoretical work on
electroclinic effect has been through Landau theory, i.e
minimization of the free energy expanded in powers of
molecular tilt and the electrostatic polarization@1,5,6#. This
work explains certain aspects of the electroclinic effect—
particular, it shows how the tilt and polarization depend
field for low fields, and it shows how the susceptibility to
field increases as the system approaches the second-
phase transition from the SmA to the smectic-C (SmC)
phase. However, some important questions about the ele
clinic effect are not addressed by Landau theory. The fi
and most general question is: How sensitive is the elec
clinic effect to molecular shape? In other words, how mu

*Author to whom correspondence should be addressed.
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does the electroclinic susceptibility change with slight deta
of molecular structure? A second and more specific ques
is: How does the applied electric field change the distribut
of molecular orientations? Does it make the molecules tilt
rigid rods from an initially untilted state to a tilted state? O
does it change a state of disordered tilt in random directi
into a state of ordered tilt in one direction? The latter alt
native is suggested by the de Vries description of the SA
phase@7#.

To address these questions, in this paper we prese
series of Monte Carlo simulations of smectic liquid crysta
Simulation is an appropriate tool with which to address th
questions for two reasons. First, in simulations we can be
with a microscopic model for the molecular structure a
determine the large-scale order of the liquid-crystal syst
as a function of thermodynamic variables such as temp
ture, density, and applied field. We can then make sm
changes in the molecular shape and see how these cha
affect the large-scale order of the system. Thus, we can
termine how macroscopic properties such as the electroc
susceptibility depend on details of the molecular shape. S
ond, in simulations we can take snapshots of the positi
and orientations of all the molecules in the system, and he
can extract any correlation function to characterize the s
tem. This information is not available in Landau theory, a
is generally difficult to extract from experiments. Henc
simulations give us new information about the distribution
molecular orientations as a function of electric field, a
about topological defects in the molecular orientations.

In these simulations, we use a ‘‘bent-rod’’ rigid molecu
with the oblique shape shown in Fig. 1. This shape is
spired by three considerations. First, the three-dimensio
structure of many liquid-crystal molecules, such as the
mologous series KNnm, has this general shape@8#. In the
center is a rigid molecular core, which defines the opti
axis of the molecule, and on both ends are hydrocar
5584 © 1999 The American Physical Society
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PRE 60 5585MONTE CARLO SIMULATION OF SMECTIC LIQUID . . .
chains, which extend out at an angle from the core. In
homologous series KNnm, the electroclinic tilt angle of t
SmA phase can be increased by making the hydrocar
chains longer, thus making the molecules more oblique. S
ond, the Boulder model for ferroelectric liquid crysta
shows that molecules in the SmC phase typically take the
shape of bent cylinders@9#. For that reason, we can rega
this shape as a generic feature of smectic liquid cryst
Third, density functional theory has been used to predict
phase diagram of parallel offset hard cylinders, a shape s
lar to bent rods@10#. That work showed a high-density SmC
phase for molecules with a higher offset ratio, i.e., mo
oblique. These results confirm that the obliqueness of m
lecular shape has important effects on the phase behavi
smectic liquid crystals.

To simulate a simple molecular structure with a bent-r
shape of variable obliqueness, we use a molecule comp
of seven spheres arranged in the shape of the letter Z
illustrated in Fig. 1. The spheres are ‘‘glued’’ rigidly to
gether with no intramolecular degrees of freedom, with
bend angleu between the core and tail portions of the mo
ecule. We consider the casesu545°, which is quite oblique,
andu55°, which approaches the rod-shaped limit ofu50°.
Each molecule also has a dipole moment that lies perp
dicular to the molecular backbone, as shown, giving the m
ecule a chiral structure. The molecules interact through a
repulsive sphere-sphere pair potential, and each molec
dipole interacts with the applied electric field. We negle
dipole-dipole interactions as an approximation to simpl
the computations.

These simulations provide clear evidence that steric re
sion alone can give rise to order in the molecular tilt, ev
without including intermolecular dipole-dipole interaction
Furthermore, they show that the bend angleu plays a major
role in determining phase behavior. Foru545° the system
has a phase transition directly from the isotropic phase to
SmC phase. By contrast, foru55°, the system has nemat
and SmA phases, each stable over a wide range of temp
tures. In the absence of an applied electric field, the m
ecules of the SmA phase are not aligned with the layer no
mal but rather are tilted in random directions, and t
orientation of the tilt exhibits vortexlike point defects. Whe
an electric field is applied, the magnitude of the molecu
tilt increases and the direction of the tilt becomes more

FIG. 1. Basic molecular shape, with bend angleu between the
core and tail portions of the molecule.
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dered, giving a strong electroclinic effect. At high fields, t
electroclinic tilt angle saturates at approximately 19°. T
simulations also show that a high electric field applied to
nematic phase induces a transition into the SmA phase,
showing another ordering effect of the field.

The plan of this paper is as follows. In Sec. II we descr
the details of the model and the computational method
we used. In Sec. III we present the results of the simulati
for bend angleu545° andu55°. In particular, we show the
electroclinic effect in the SmA phase foru55°. Finally, in
Sec. IV, we discuss the significance of these results for
periments on smectic liquid crystals.

II. SIMULATION METHOD

In our simulations, we consider molecules composed
seven soft spheres arranged in the rigid bent structure sh
in Fig. 1. The molecular director is defined as the unit vec
along the five-sphere core of the molecule. The interact
between molecules is reduced to an interaction between
ferent spheres in different molecules. Intramolecular inter
tions and degrees of freedom are suppressed. The sp
sphere interaction potential is the truncated Lennard-Jo
potential, also known as the Weeks-Chandler-Anderson
tential @11#, cut off at its minimum so there is no attractiv
tail:

Umn
int 5H 4eF S s

r mn
D 12

2S s

r mn
D 6G1e if r mn<r c521/6s

0 otherwise,

~1!

wherer mn5urWm2rWnu andm andn are the sphere indices i
different molecules. We choose this short-range repulsive
teraction to reduce required computation time and to fo
on the role of steric effects without any contribution fro
attractive interactions. For the rest of this paper, we meas
lengths in units ofs and energies in units ofe. In addition,
each molecule interacts with the applied electric fieldEW
through the coupling

U j
dipole52EW •pW j , ~2!

wherepW j is the dipole moment of moleculej. The molecular
dipole moment is defined to have unit magnitude, wh
gives a scale for the electric field. We simulate 500 m
ecules in a flexible three-dimensional box with period
boundary conditions. We keep the system with constant v
ume density 0.75 Lennard-Jones particles per unit volu
and allow the aspect ratio of the simulation cell to adju
according to the Metropolis algorithm. We do not allow th
cell to shear.

The system is prepared by a procedure analogous to
experimental technique of cooling in a strong aligning fie
to avoid the formation of smectic domains. We begin t
simulations at the high temperaturekBT520.0, with a box
size of 11.5311.5335.0. This aspect ratio favors the form
tion of a five-layered smectic phase. In the initial state,
molecules have random positions but all the molecules
‘‘double aligned,’’ that is, both the directors and the dipo
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moments are aligned. During the preliminary cooling pro
dure, we suppress all orientational degrees of freedom
allow the molecules to diffuse while remaining doub
aligned. The temperature of the system is reduced slowly
rate of 1024 per Monte Carlo step. The system comes
equilibrium quickly. In about 10 000 Monte Carlo steps, t
molecules form five distinct layers. If the layer normal is n
parallel to thez axis, we measure the angle away from thz
axis, adjust the director of the molecules, choose a new
dom initial configuration, and repeat the simulation to ge
layered system with the layer normal along thez axis, with
no defects in the layer structure.

Once we reach this double-aligned smectic state, we
duce the temperature to about 1.5, still in the double-alig
state. Then, after the system is in equilibrium, we switch
the three rotational degrees of freedom for each molec
and equilibrate for an additional 100 000 Monte Carlo ste
per particle. In one Monte Carlo step, each randomly
lected molecule attempts three translations and three r
tions.

To characterize the phase behavior of the system, we
ticularly use three order parameters. First, the nematic o
tensorQ represents the strength and direction of orientatio
order of the molecules. It is defined as

Qab5K 1

N (
j 51

N S 3

2
nj anj b2

1

2
dabD L , ~3!

wherenW j is the director along the core of moleculej andN
5500 is the number of molecules. The eigenvector co
sponding to the maximum eigenvalue ofQ is the average
director of the system. If the eigenvalue is 1, the molecu
directors are completely aligned; if the value is lower it r
flects less perfect alignment. Second, the polarizationPW rep-
resents the degree of orientation of the molecular dipole
ments. It is defined as the vector average

PW 5K 1

N (
j 51

N

pW j L . ~4!

Third, the smectic order parameters represents the strengt
of the density modulation along thez direction. It is defined
as

s5K 1

N (
j 51

N

e2p izj /dL , ~5!

wherezj is thez coordinate of the center of mass of molecu
j andd is the smectic layer wavelength, which is one fifth
the z dimension of the simulation cell.

III. RESULTS

A. 45° bent-rod molecules

For the molecules with the large bend angleu545°, the
phase sequence is crystal-SmC-isotropic. The SmC phase is
stable over a wide range of temperatures, from appro
mately kBT50.5 to 1.5~in Lennard-Jones units!. A sample
configuration is shown in Fig. 2. The polarization of a
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single layer, defined by Eq.~4!, is P50.85, indicating nearly
perfect orientational order.

In spite of the high orientational order within each laye
the local tilt direction of each layer is only loosely coupled
that of adjacent layers, and it tends to wander. This type
behavior was evident also in the simulation study of A
fouard, Kroger, and Hess@12# on a related system. It is simi
lar to the proposed random smectic-CR phase, which has
been suggested as a model for the thresholdless switc
observed experimentally in certain smectic liquid cryst
@13#. An alternative model has recently been proposed
these experiments@14#, but the smectic-CR phase remains a
theoretical possibility for future materials. Indeed, this pr
posed phase with random orientations of adjacent layers
be viewed as one version of the sliding phase that has b
investigated in recent theoretical work@15#.

One possible explanation for the low interlayer corre
tions in our simulations is that there is very little interactio
between the tilt directions in adjacent layers, because
intermolecular potential is purely repulsive and because th
is hardly any interdigitation between the layers. As a res
the adjacent layers should have very little preference for s
clinic ~ferroelectric! or anticlinic ~antiferroelectric! order,
and they should be fairly free to wander between these
tremes. An alternative explanation is that the layers mi
prefer anticlinic order, but they are frustrated because
system has an odd number of layers~five!. It is interesting to
note that Affouard’s simulation also included an odd numb

FIG. 2. For molecules with bend angleu545°, the simulations
show a SmC phase. The direction of the molecular tilt varies fro
layer to layer. The molecules are drawn in different shades of g
in order to distinguish them.
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PRE 60 5587MONTE CARLO SIMULATION OF SMECTIC LIQUID . . .
of layers ~three!. This latter explanation seems less like
however, because the interaction between layers does
seem to favor anticlinic order.

Note that we observe the SmC phase even though w
have not included dipole-dipole interactions in our interm
lecular potential, indicating that steric repulsion defined
molecular shape is sufficient to produce order in the mole
lar tilt direction. Electrostatic interactions are not required
produce a tilted smectic@16#. Presumably the inclusion o
dipole-dipole interactions in our simulation would increa
the temperature range over which the SmC is stable, and it
would likely increase the coupling between the tilt directio
in adjacent layers.

B. 5° bent-rod molecules

The molecule with bend angleu55° looks very nearly
like a rod, but it has properties quite different from a pure
rod-shaped molecule. Theu55° system has a stable SmA
phase over a temperature range ofkBT50.7 to 3.0. A sample
configuration of the SmA phase is shown in Fig. 3~a!. The
smectic order parameter defined by Eq.~5! is very high,
about 0.9.

The molecules in each layer of the SmA phase have ap
proximately zero average tilt and no net polarization. Ho

FIG. 3. For molecules withu55°, the simulations show a SmA
phase atkBT51.3. ~a! Side view.~b! Top view of a single smectic
layer. Circles indicate three vortices with positive topologic
charge~two right-handed and one left-handed!, and the arrows in-
dicate one vortex with negative topological charge.
ot
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ever, a close look at the structure of an individual lay
shows that thelocal molecular tilt is nonzero but that defec
cause the net tilt to vanish, as shown in Fig 3~b!. In some
configurations, these point defects in the local tilt appea
be vortices analogous to those seen in, for example, anxy
model@17#. Comparison of defect structures in adjacent la
ers shows that there is no strong correlation in defect lo
tion between layers, indicating that these defects are t
point vortices and do not thread through all five layers of
system. In this respect, they are analogous to the ‘‘panca
vortices seen in layered superconductors with weak in
layer coupling@18#.

When we apply an electric field in the SmA layer plane,
the molecules tilt, showing a clear electroclinic effect. T
observed polarization responds rapidly to the applied fie
coming close to its equilibrium value in only several tho
sand Monte Carlo steps, while the tilt angle takes up
500 000 Monte Carlo steps to equilibrate. This equilibrati
would likely have been faster if we had implemented degr
of freedom that allowed shear deformation of the simulat
cell, but clearly it is much longer than the equilibration tim
for the polarization. Figure 4~a! shows the SmA phase under
a strong applied fieldE510. When we examine a layer from
this system, we observe that the vortexlike defects have v
ished, and the molecules in the same layer are all clos
aligned, as shown in Fig. 4~b!.

We can compare the measured polarization respons
the applied field with the prediction of a simple spin mod
The molecules in a smectic layer are localized with direct
pointing in almost the same direction. The most active mo
ment is the rotation of the molecular dipole moment arou
the director. In view of this property, we consider the mo
ecules as two-dimensional independent dipoles with only
effective rotational degree of freedom. The net polarizat
can then be written as

P5

E
0

2p

p cosueEp cosu/kBTdu

E
0

2p

eEp cosu/kBTdu

5
I 1~Ep/kBT!

I 0~Ep/kBT!
, ~6!

where I 0 and I 1 are modified Bessel functions andp51 is
the magnitude of the dipole moment of a single molecu
The simulation results for polarization vs field are plott
together with the analytic prediction in Fig. 5~a!, and are in
close agreement. Indeed, the agreement is much closer
one would expect from such a simple model—one wo
expect the interactions among the molecules to give col
tive order that would give a higher initial slope to the pola
ization vs field curve. This agreement shows that the ali
ment of molecular dipole moments with the electric field is
single-molecule effect rather than a collective effect for the
nearly rodlike molecules. Collective effects should beco
more important if we increase the interaction between
directions of the molecular dipoles—either by includin
dipole-dipole interactions in our simulation model or by i
creasing the bend angleu to make the molecules more ob
lique.

In addition to these results for the polarization, we a
measure the molecular tilt angle in the simulations. The

l
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5588 PRE 60XU, SELINGER, SELINGER, RATNA, AND SHASHIDHAR
erage tilt angle for the system is extracted from the nem
order tensorQ defined by Eq.~3!. From the eigenvector cor
responding to the maximum eigenvalue ofQ, we can calcu-
late the tilt angle away from the layer normal. Using th
technique, we measure the tilt angle as a function of app
electric field in the simulation for two temperatures,kBT
50.7 andkBT51.3. The results are shown in Fig. 5~b!. We
observe that the tilt angle responds more sharply to the
plied field at lower temperature than at higher temperatu
that is, the electroclinic coefficient drops with increasi
temperature. This temperature dependence is similar to
temperature dependence of the electric susceptibility sh
in Fig. 5~a!. At high applied field, the tilt angle saturates
about 19° for both temperatures. We note that the tilt an
in contrast with the polarization, is a collective effect rath
than a single-molecule effect in this simulation, as shown
the much longer equilibration time for the tilt angle. Thu
the saturated tilt angle of 19° is not simply related to t
molecular geometry, but depends on the collective orde
many molecules whose transverse dipoles have been ali
by the applied electric field.

FIG. 4. Under an applied electric field in thex direction, the
molecules tilt with respect to the smectic layer normal, showing
electroclinic effect. This picture shows the SmA system atkBT
51.3 under a strong fieldE510, with an induced tilt of approxi-
mately 19°.~a! Side view.~b! Top view of a single smectic layer
showing that the vortices have disappeared.
ic
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When the molecules tilt under an electric field, the thic
ness of the smectic layers shrinks. Because the simula
cell is flexible, thez dimension of the cell also shrinks. A
the temperaturekBT50.7, the z dimension of the cell
changes from 36.7 atE50 to 35.0 atE510, which is a
contraction by a factor of 0.954. This contraction is ana
gous to the change in the smectic layer spacing unde
electric field observed in x-ray diffraction experiments@19#,
and the contraction factor can be interpreted as the cosin
an x-ray tilt angle of 17.5°. This x-ray tilt angle is somewh
smaller than the tilt angle of 19° associated with the eig
vectors ofQ, which corresponds to the orientational orderi
of the molecular cores observed in optical experiments.

C. Field-induced phase transition

We carried out further studies of the 5° molecular syst
in a larger temperature range, and located the SmA-nematic
transition at approximatelykBT53.0. Above that tempera
ture, the SmA phase melts and the system is stable a
nematic state, with low positional correlations~smectic order
parameter below 0.3! but with very high orientational order
Figure 6~a! shows a slice of the nematic system atkBT
53.3, viewed from thex direction. When the temperature
lowered fromkBT53.3 to kBT52.1, the system returns t
the SmA phase with clearly defined layers~smectic order
parameter of about 0.8!. This is evidence that the system h
a stable and reversible SmA-nematic phase transition.

Under a strong electric field, the nematic phase has
prising behavior. We applyE510 to the nematic system a
kBT53.3, not far above the nematic-SmA transition tem-

n

FIG. 5. ~a! Induced polarization of the SmA phase as a function
of applied electric field, compared with the prediction of Eq.~6!
from a two-dimensional spin model. Polarization is measured
units of the molecular dipole momentp, temperature in units of the
Lennard-Jones parametere, and electric field in units ofe/p. ~b!
Induced tilt angle of the SmA phase as a function of applied electr
field. In part~b!, the lines are guides to the eye.
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PRE 60 5589MONTE CARLO SIMULATION OF SMECTIC LIQUID . . .
perature. The system regains a large smectic order param
and again forms clearly defined layers, as shown in Fig. 6~b!.
This figure shows a slice of the system, with five layers
cross section. Thus we observe in this simulation a fie
induced nematic-SmA phase transition. In experiment
electric-field-induced isotropic-nematic-smectic phase tra
tions have been observed in thermotropic liquid crystals@20#,
and the critical behavior of the field-induced molecular
near the nematic-SmA transition has been investigated@21#.
A good understanding of these effects in simulation will co
tribute to a better understanding of field-induced phase t
sitions in experiment.

IV. DISCUSSION

This simulation study shows that the molecular shape
very important to the phase behavior of liquid crystals. In
system with the 45° molecular bend angle, the steric rep
sion based on molecular shape provides the driving force
molecular tilt order in a SmC phase, even without intermo
lecular dipole-dipole interactions. In the system with the
bend angle, the molecules are closer to rigid rods, so the

FIG. 6. ~a! At kBT.3.0, the SmA phase melts into a nemati
phase with no positional correlations but with very high orien
tional correlations. This image shows a side view of a slice thro
the nematic phase atkBT53.3. ~b! Under a strong electric field, the
nematic phase regains smectic order. This image shows a side
of a slice through the system atE510 andkBT53.3. Five smectic
layers can be seen.
ter
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°
do

not exhibit a SmC phase with spontaneous tilt order. Sti
even a 5° molecular bend leads to a substantial electroc
effect, which would be totally absent for rigid rods.~Rigid
rods with transverse electric dipoles would align their
poles with an applied electric field, but this alignment wou
not lead to any molecular tilt.! Preliminary simulation results
for molecules with a 9° bend angle~not presented here! sug-
gest that the phase transitions shift dramatically from the
molecules, confirming the influence of small changes in m
lecular shape. Hence, one conclusion of this study is
collective intermolecular properties such as molecular
and transition temperatures are quite sensitive to slight
tails of molecular shape. This conclusion is somewhat dis
pointing from the perspective of modeling unique propert
of particular liquid-crystal compounds, as opposed to gen
properties based on molecular symmetry, because it imp
that one must describe the molecular structure very preci
in order to predict properties such as tilt and transition te
peratures.

Another conclusion of this study is that the distribution
molecular tilts in the SmA phase is more complex than
often supposed. In the absence of an applied electric fi
the molecules do not stand up as rigid rods along the la
normal. Rather, there is disorder in the molecular tilt, with
of the molecules tilting away from the layer normal in ra
dom azimuthal directions. Some of this disorder takes
form of vortices in the tilt projected into the smectic lay
plane. When an electric field is applied, it has two effects
increases the magnitude of the tilt angles and it increases
order in the azimuthal direction of the tilt. These two effec
combine to give the electroclinic tilt angle associated w
the eigenvectors of the nematic order tensorQ. For that rea-
son, this tilt angle is somewhat greater than the x-ray
angle associated with the contraction of the smectic lay
which arises only from the increase in the magnitude of
molecular tilt angles. This result suggests that experime
measurements of the electroclinic effect cannot be in
preted purely as tilting of rigid rods or as ordering ofxy
spins, but rather as a combination of both.

The vortices observed in the SmA phase of the simulation
are particularly intriguing defects. These vortices appea
be equivalent to the topological defects that mediate
Kosterlitz-Thouless ordering transition in the two
dimensionalxy model@17#. Thus, they suggest that the SmA
phase is analogous to the disordered phase of thexy model
and the SmC phase to the ordered phase. It is surprising t
our three-dimensional simulation shows point vortices t
are uncoupled from one smectic layer to the next, and do
thread through all five layers of the system. This uncoupl
presumably occurs because, as noted earlier, there is
little interaction between the tilt directions in adjacent laye
due to the short-range repulsive potential and the lack
interdigitation between layers. The observation of these
fects leads to several questions for future research. For
ample, how do the defects evolve as a small electric field
applied? In a system with a SmA-SmC transition, what hap-
pens to the defects when the temperature drops toward
transition? Furthermore, if the interaction between molecu
had a longer range, would the pointlike pancake vortices t
into vortex lines as in conventional type II superconduct
@18#, or would they be driven out of the system completel
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This final question is a key issue for experimental system
which the tilt directions of adjacent layers are strong
coupled.

In summary, we have simulated smectic ordering in liqu
crystals composed of bent-rod molecules interacting thro
a soft repulsive potential. The system of highly bent m
ecules shows a SmC phase with spontaneous tilt orderin
while the system of only slightly bent molecules shows
SmA phase with a substantial induced tilt under an appl
electric field. These results show the high sensitivity of m
lecular tilt ordering to the molecular shape, and show
e,

p,

l-

q.

d,

nd

ee

.
S.
in

h
-

d
-
e

distribution of molecular tilt that controls the electroclin
effect.
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