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Abstract
Chevron structures adopted by confined smectic liquid crystals
are investigated via molecular dynamics simulations of the Gay-Berne
model. The chevrons are formed by quenching nematic films confined
between aligning planar substrates whose easy axes have opposing azimuthal components. When the substrates are perfectly smooth, the
chevron formed migrates rapidly towards one of the confining walls to
yield a tilted layer structure. However, when substrate roughness is
included, by introducing a small-amplitude modulation to the particlesubstrate interaction well-depth, a symmetric chevron is formed which
remains stable over sufficiently long runtimes for detailed structural
information, such as the relevant order parameters and director orientation, to be determined. For both smooth and rough boundaries, the
smectic order parameter remains non-zero across the entire chevron,
implying that layer identity is maintained across the chevron tip. Also,
when the surface-stabilised chevron does eventually revert to a tilted
layer structure, it does so via surface slippage, such that layer integrity
is maintained throughout the chevron to tilted layer relaxation process.
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1

Introduction

In the chevron structure formed by confined smectic liquid crystals (LCs),
the molecular layers which traverse a cell in the more conventional bookshelf
arrangement become distorted into a V-shape. The chevron structure was
first observed in a ferroelectric smectic C LC in an x-ray diffraction study
by Rieker et al. [1], and confirmed by a study of optical modes in a thin
ferroelectric LC film [2]. Subsequently, chevron structures were also found
to be formed by confined smectic A LC’s [3].
Due to its crucial role in the bistability of surface-stabilised ferroelectric
LC devices, the chevron structure has been the focus of several theoretical
and experimental studies. These have concluded that chevrons form due
to the mismatch which develops between bulk and surface layer periodicities
because of their very different temperature dependencies [4]. The registry between smectic layers and the adsorbing substrate is thought to be essentially
frozen-in, a notion supported by the periodic stress oscillations measured
by Cagnon and Durand on shearing a bookshelf smectic A cell [5]. Indeed,
recent mesoscopic theoretical work [6] and a subsequent Monte Carlo simulation study [7] of such systems showed that concerted breaking and reforming
of smectic layers takes place near the centre of a cell if a bookshelf-geometry
confined smectic LC is sheared. The prevalence of chevron structures over
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tilted layer arrangements represents further evidence that surface mobility is
a crucial factor: Kralj and Sluckin have argued, using Landau-de Gennes theory, that the chevron structure formed by smectic A LCs is always metastable
with respect to the tilted layer arrangement, but persists because the latter can only form following layer slippage at the LC-substrate interface [8].
Note, however, that a subsequent paper from the same group showed that
the chevron is thermodynamically stable if formed by a smectic C LC [9].
Shalaginov et al. [10, 11] have also considered the presence of fluid flow during the formation of chevron structures and have estimated the time scale
for molecular permeation between layers to be of the order of 106 seconds.
Continuum theory has also been used to describe the tip region of various
chevron structures. The earliest treatment of this situation, due to Clark and
Rieker, assumed a discontinuity in the layer tilt angle at the chevron tip [12].
Subsequent models removed this constraint, allowing, instead, quantities such
as the azimuthal angle, cone angle and layer dilatation to vary through the
interface as well as the layer tilt [13, 14]. More recently, these approaches
have been used to treat the effects of shear on the structure and stability of
the chevron [15].
Here we present the results of parallel molecular dynamics simulations
performed with the aim of determining the microscopic structure of the
chevron tip. We also examine the surface conditions required to achieve the
4

formation and stabilisation of this structure. In the next Section, we present
the particle-surface interaction potential used for this study and list other
simulation details. This is followed by a Results Section and a Discussion.

2

Simulation Model and Details

Throughout, the Gay-Berne (GB) potential was used for the particle-particle
interactions [16], using the standard parameterisation for which the phase
diagram was originally determined by de Miguel et al. [17] (κ = 3, κ′ = 5,
µ = 2, ν = 1). This parameterisation gives a length-to-breadth ratio of 3:1
and a well-depth in the side-side configuration which is 5 times that found
in the end-end configuration. We do not detail the GB model here. The
particle-substrate potential used was
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where the particle orientation is written in terms of the usual Euler angles,
ûi = (cos φi sin θi , sin φi sin θi , cos θi ), the shape parameter
σS−P (θi ) = √

σ0
,
1 − χ cos2 θi

(2)

and χ = (κ2 − 1)/(κ2 + 1) and σ0 is the particle breadth. In the absence of
azimuthal coupling, this wall-particle interaction has been shown to induce
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tilted surface layers and, on cooling, tilted mesophases [18, 19]. Additionally,
the introduction of an azimuthal term, used by analogy with the experimental
approach of anti-parallel substrate rubbing, has been shown to yield matching
pretilt orientations at a pair of opposing substrates [20].
In the simulations described in this paper, azimuthal particle-substrate
coupling terms have been used again but this time with equal and antagonistic surface pretilts, in analogy with the parallel substrate rubbing used in
the generation of pi-cells [21]. Also, a spatial modulation has been applied
to the particle-substrate well-depth term in order to introduce a degree of
surface friction into the model; this was shown to be an effective approach
in a recent paper by Binger and Hanna [22]. Thus the complete well-depth
anisotropy term took the form
h

i

ǫS−P (θi , φi , xi ) = 2ǫ0 (1 − χ′ cos2 ψi )µ + χ′′ (1 − cos2 θi ) cos2 φi + A(1 + sin kxi )
(3)
where ǫ0 scales the well depth, χ′ = (κ′1/µ − 1)/(κ′1/µ + 1), χ′′ = 0.2, and
cos ψi = ûi · p̂surf is the component of ûi along the surface bias vector p̂surf .
This approach was adopted to enable the surface pretilt to discriminate between the +x and −x directions: p̂surf was set to (± sin δ, 0, cos δ) for the
upper and lower substrates respectively with δ = 5◦ . Note that this biasing
term did not have a significant effect on the pretilt angle adopted by the sur-
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face layers; rather it broke the tilt-angle symmetry along the azimuthal easy
axis. Well-depth modulation amplitudes of A = 0.0, A = 0.2 and A = 0.5
were used, all with k = 32π/Lx where Lx was the length of the simulation
box in the x-direction. Lx and Ly were both set to 16σ0 , giving a wavelength
of σ0 for each oscillation. This wavelength corresponds to the particle width
rather than to the smectic layer spacing as was used in the surface energy
modulation term of Ul Islam et al. [14]. The shorter wavelength modulation
was selected here so as not to totally inhibit at-substrate molecular slip.
Simulations were performed using the replicated-data parallel MD code
GBMESO [23] on a system of N = 3520 particles in the constant NVT
ensemble. Periodic boundary conditions were imposed in the x and y directions. All simulations were performed at a number density of 0.33σ0−3 , giving
a substrate separation, Lz , of 41.66σ0 . Except where explicitly stated, in
what follows we have employed a system of reduced units with the particle
mass, breadth, σ0 , and well-depth, ǫ0 , being set to unity. The moment of
inertia orthogonal to the particle long axis was also set to 1, and the reduced
timestep used was δt = 0.0015. No cutoff was used for the substrate-particle
interaction so that each Gay-Berne particle experienced two such interactions
throughout each simulation.
The method used here to attempt to generate a chevron structure was
to use two surfaces to impose equal and opposite tilts on the smectic layers
7

formed in each half of the simulation box. A slow cooling of the system
into the smectic phase was judged inappropriate since the GB model has
very little temperature dependence in its smectic layer spacing. Rather, the
method used to induce the system to form a chevron was to quench it into the
smectic phase from a point close to the nematic-smectic transition line, the
expectation being that tilted layers seeded at each surface would grow and
meet in the middle to form a chevron tip. The conditions for the simulation
were chosen, from the phase diagram for this parameterisation [17], to be a
system quenched from T = 0.95 to T = 0.85.

3

Results

3.1

Analysis

In order to extract useful mesoscopic and macroscopic variables from the
numerical simulation we have calculated block average profiles for which the
computational box was divided into 120 slices parallel to the substrates. Observables were calculated separately for each slice in each saved configuration
and were then averaged over the configurations to find the mean and error
values for each slice.
To examine the order present in the structures formed during the sim-
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ulations, the orientational order parameter S and the translational order
parameter Sk were used. The parameter S and the director n were taken
to be the largest eigenvalue and associated normalised eigenvector, respectively, of the ordering matrix Qab =

1
2N

P

i (3uai ubi

− δab ) , where δ is the

Kronecker delta function. The parameter Sk corresponds to the amplitude
of the smectic layer density wave and is the important order parameter during the nematic to smectic phase transition. In simulation it can be found
using
Sk (k) =

*

1
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(4)

where k is a reciprocal lattice vector and ri is the position vector of particle
i. To define k, both the smectic layer spacing and the director n are needed.
These were determined by maximising Sk with respect to the layer spacing
by a method similar to that used in [24]. To do this, firstly a suitable part of
a run, where stable smectic layers had formed, was selected. For each saved
configuration in that part of the run, the director of the smectic region was
found and then used to calculate Sk for a range of trial layer spacings from
2.5σ0 to 2.6σ0 in steps of 0.001. The layer spacing for each configuration was
taken as that which maximised Sk . These values were then averaged over
the selected part of the run to give the final layer spacing. Finally, this layer
spacing was used, together with the local director in each slice, to calculate
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Sk profiles of the system at all points in the run.
The orientational profiles are described using the commonly used director
tilt angle θ, measured relative to the xy-plane. We have also monitored, but
do not show (for reasons of space), profiles of the director azimuthal angle φ,
measured in the xy-plane relative to the positive x-axis. In smectic systems,
the director tilt angle is closely related to the layer tilt angle away from the
substrate normal. The position of the chevron tip was taken to be the z value
of the centre of the slice in which, starting at the lower surface and checking
each slice in turn, the tilt angle first passed from a positive to negative value.

3.2

Quenching

An initial configuration was created in the nematic phase by filling the simulation box with randomly placed particles and then using a Monte Carlo
method to minimise the particle overlaps [25]. The initial temperature was
set to T = 1.2 by choosing random velocities from a Maxwell-Boltzmann
distribution. An initial run was performed in the constant N V E ensemble
to thermalize the system, after which the system was cooled in the constant
N V T ensemble from T = 1.2 to T = 0.95 in decrements of 0.05. Each of
these runs comprised 210,000 timesteps and took approximately 6 hours on
32 nodes of the Edinburgh Cray T3E. The T = 0.95 system was then equili-
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brated for a further 630,000 steps to give the configuration shown in Fig. 1.
The desired equal and opposite surface pretilts are clearly apparent in this
snapshot. The tilt angle profile, θ(z) for this configuration (Fig. 2, t = 0)
also shows some chevron-like character: rather than a linear θ(z) profile, it
has surface regions whose tilts are influenced by the surface pre-tilt, and a
central region where the tilt changes more quickly. The corresponding order
profiles (Figs. 3 and 4, t = 0) show uniformly high orientational order and
weak positional order across the whole box.

3.2.1

Quenching on Smooth Substrates

The first attempt at forming a chevron structure was made by quenching the
system shown in Fig. 1 from T = 0.95 to 0.85 with a smooth wall potential
(i.e. A = 0.0). The resultant evolution of the tilt angle profile (Fig. 2) shows
that at short times, this system formed two domains of approximately equal
and opposite tilt, with a relatively sharp interface between them. The corresponding order profiles (Figs. 3 and 4) show rapid onset of orientational and
positional order in both domains. At much longer times, however, (Figs. 2,
3 and 4 at t = 106 timesteps) a single tilted smectic domain exists in the
whole region. A snapshot of this tilted layer structure is shown in Fig. 5.
The time-resolved position of the chevron tip on quenching is shown for
the entirety of this run in Fig. 6. This shows that the tip position underwent
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a slow drift towards the lower surface for the first 0.5 × 106 timesteps of
the quench, after which it experienced three sharp jumps (at t ≃ 0.5 × 106 ,
0.55 × 106 and 0.65 × 106 ). Closer examination of Figs. 3 and 4 shows that,
throughout the quench, the smaller, lower domain (in other words, that with
lower z values) had slightly less orientational and positional order than the
upper domain. The movement of the tip towards the lower surface appears,
therefore, to have been driven by the growth of the more ordered upper
domain at the expense of the less ordered lower domain.

3.2.2

Quenching on Rough Substrates

In an attempt to stabilise the chevron-like structure formed in the early stages
of the smooth substrate quench, the process was repeated with rough substrates. These were created by setting the well-depth modulation parameter
A = 0.5. The rough substrates were imposed on a T = 0.95 smooth-substrate
configuration which was run on for a further 0.42 × 106 steps of equilibration
prior to being quenched to T = 0.85.
This second quench resulted in the formation of a bookshelf structure.
The evolution of the tilt angle profiles (Fig. 7) indicates that, while the initial
tilt profile was similar to that of the previous case, on quenching, a single
domain of zero tilt was formed. The corresponding order profiles (Figs. 8
and 9) show that the order developed in a single, central region rather than
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the bi-modal ordering mechanism seen in the smooth-substrate quench. This
system, therefore, developed through the formation of a single bulk-region
smectic domain which subsequently grew out towards the two substrates. A
snapshot of the structure formed 0.84 × 106 timesteps after the quench is
shown in Fig. 10. Note, here, that the particles at the lower substrate are
tilted into the plane of the Figure, so the symmetry of the θ(z) profile is
maintained. The profiles for this configuration (Figs. 7, 8 and 9) show large
disordered regions at both substrates, formed to accommodate the marked
tilt and twist changes apparent from the snapshot.

3.2.3

Introducing Rough Substrates

Since the early stages of quenching on smooth surfaces had produced a
chevron-like structure, further attempts were made to stabilise this structure by introducing rough surfaces soon after quenching. To do this, various
levels of substrate roughness were introduced onto the smooth surface system;
Fig. 11 shows the time-resolved tip positions for a series of such simulations.
To enable comparison with the systems already studied, the development of
the original smooth substrate system is shown by the line marked A = 0.0. A
substrate potential term with A = 0.2 was imposed on this at t = 0.2 × 106 ,
and terms with A = 0.2 and A = 0.4 at t = 0.43 × 106 . In the last two systems, the chevron tip moved towards the lower surface as with the smooth
13

surface system, although this movement appears both to have been delayed
by a small amount and to have been continuous, rather than in a series of
jumps. For the first A = 0.2 system, however, the tip steadily returned to
the centre of the box.
A snapshot of the resultant chevron structure is shown in Fig. 12. Block
averaged profiles were created for this structure over 50,000 steps. The resultant director profiles, as shown in Fig. 13, indicate that the two domains
formed with slightly different tilt angles, giving the tip a slightly asymmetrical structure. From the tilt profile, the lower portion of the tip occupies a
z-range of around 4σ0 whereas the upper portion occupies around 5σ0 . The
corresponding orientational and positional order profiles (Figs. 14 and 15)
show slightly lower order in the lower half of the chevron than the upper
half. Also, the low order surface region extends further into the bulk at the
lower surface. Run averages for the smectic region in the lower half of the
film give θ = 12.4◦ , Sk = 0.77 and S = 0.93, whereas in the upper half, the
equivalent results are θ = −14.1◦ , Sk = 0.82 and S = 0.94. The origin of this
difference becomes apparent on seeing a snapshot of the particle positions in
a single layer running from the lower to the upper surface, as viewed along
the direction of the director at the tip (Fig. 16). This shows that the orientation of the hexagonal packing of particles was different, relative to the
substrate plane, for each half of the system. Since this packing geometry will
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certainly have influenced the coupling of the smectic layers to each surface,
it seems reasonable to ascribe the asymmetries noted above to this cause.
Before moving on to consider the stability of this chevron structure, we note,
importantly, that Figs. 13, 14 and 15 show the tip region to be associated
with reductions in, but not vanishing of, positional and orientational order.

3.3

Relaxation to Tilted Layer Structure

While the introduction of rough substrates stabilised the chevron structure
over sufficiently long runtimes for detailed structural information to be determined, extended runs revealed that, ultimately, the chevron always relaxed
to a tilted layer structure. The A = 0.2 line in Fig. 17 shows the evolution of
the chevron tip position observed during the relaxation of the chevron structure described in the previous Subsection. The beginning of this plot overlaps
the end of Fig. 11. The relaxation from chevron to tilted layer structure can
be seen to have developed via an asymmetric chevron arrangement as the
tip moved towards the lower surface. The other line in this Figure, denoted
A = 0.5, shows the relaxation of that system but with rougher surfaces introduced at timestep t = 0.41 × 106 . This further roughening of the substrate
can be seen to have delayed, but not prevented, the relaxation process. Various other modifications were made to the roughness amplitude at different
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points in the relaxation process, but none was found to have a significant
effect on the longevity of the chevron or the mechanism of its relaxation.
The nature of the relaxation process can be determined from plots showing the histories of particles originally from a single layer of the initial chevron
structure. Fig. 18 shows three stages in the relaxation of the A = 0.2 chevron
system. Fig. 18(a) shows, at timestep t = 0.81 × 106 , the positions of the
chosen particles as black dots and the positions of the remaining particles
as grey dots. Fig. 18(b) shows the same system at timestep t = 1.33 × 106
where the asymmetric chevron structure is apparent. By this stage, some
diffusion of particles had occurred in the surface region and at the tip, but
the layers in the lower and upper portions were still in registry. The tilted
layer structure observed at timestep t = 1.65 × 106 is shown in Fig. 18(c) and
reveals that the layers maintained registry throughout the relaxation. Although not shown here, registry between lower and upper layers was found
to be maintained in all of the other systems which showed relaxation from
the chevron to the tilted layer structure. It is also apparent from Fig. 18
that the number of particles migrating between well-formed smectic layers
was much smaller than that found in the tip and surface regions.
Since the layers maintained their registry during the relaxation process,
the mechanism involved must have involved slip across the surface to allow
for the relative motion of the upper and lower and upper sections of the
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chevron structure. This relative motion can be seen from a snapshot of a
system which shows the true diffusion taking place (i.e. which has had the
effects of the periodic boundary conditions unwrapped) over a short period
of the relaxation. Fig. 19 shows such a snapshot of the asymmetric chevron
structure. The particle positions shown are the true positions at timestep t =
1.24 × 106 , obtained by taking the particle co-ordinates within the simulation
box at timestep t = 1.03 × 106 as starting positions. Again, the diffusion at
the surfaces and at the tip can be seen, together with an en-masse migration
of the particles in the lower domain.

4

Discussion

In this paper, we have used molecular dynamics simulations to examine the
formation, structure and relaxation of smectic chevrons. The results demonstrate that tilted layer, chevron and bookshelf structures can all be generated
by quenching a nematic system, confined by surfaces with equal and opposite
pretilts, into the smectic phase; modelling of the layer-thinning mechanism
thought to be responsible for chevron formation in device-scale smectic cells
is not, therefore, necessary here.
The system which formed a chevron/tilted layer structure on quenching
had smooth surfaces with no well-depth modulation, whereas the system
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which formed a bookshelf structure on quenching had rough surfaces. Due
to the computational cost of these simulations, which makes assessment of
reproducibility impracticable, we are unable to assert that the latter system
formed a bookshelf structure solely because of the rough substrates used. In
fact, we note that the initial Sk profiles of the systems at quench suggest that
the differences in the structures formed may, alternatively, have arisen due
to the state of each system prior to quenching. The smooth substrate system
had a flat Sk profile in the bulk, whereas the rough substrate system had a
slightly n-shaped profile. On quenching the latter, a single smectic domain
grew quickly from the higher order central region, leading to the bookshelf
structure - the precise role of the substrate roughness in this process is not
clear. We also note that for both systems, the smectic domains formed in the
bulk region rather than growing out from the surfaces. This suggests that
the coupling between the smectic layers and the surfaces was rather weak.
The initial chevron-like structure which formed on quenching the smooth
surface system quickly relaxed to a tilted layer structure. The upper domain
grew at the expense of the lower domain, presumably due to the higher orientational and positional order of the upper domain. Imposing various levels
of surface roughness on this system significantly influenced the timescale of
the relaxation, but did not prevent it. Rough surfaces introduced soon after the quench gave local stability to the chevron structure, causing the tip
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position to fluctuate about the central region. Rough surfaces introduced a
short time later did not stabilise the structure but did slow the growth of the
upper domain.
The profile of the stabilised chevron structure showed a small melted tip
region as well as disordered regions near each surface. The effect of the periodic boundary conditions on the local tip structure is likely to have been
disordering, as the director orientation at the tip would lead to a mismatch
between the inherent periodicity of the smectic layers in this region and that
imposed by the periodic boundaries. Therefore the chevron tip observed in
these simulations may well have been larger than that which would be formed
in a system free from this constraint. The two domains which made up the
chevron structure formed with slightly different values of tilt, orientational
order, positional order and orientation, relative to the surfaces, of the hexagonal packing within the layers. This again suggests relatively weak surface
coupling and no direct influence of the surfaces on the internal structure
within the layers.
In the long term this chevron structure relaxed to a tilted layer structure
via an asymmetric chevron. Increasing the roughness of the surfaces slowed
this relaxation. This can be explained by the fact that the layers in the upper
and lower domains maintained registry as the chevron tip moved down to
the lower surface and, thus, the motion of the tip involved relative motion
19

of the two domains across the surfaces. The low orientational order and,
relative to the rest of the system, high diffusion observed at the surfaces
would always be expected to result in some slippage, so it is possible that
this relaxation mechanism would be relevant for any degree of pinning of the
surface particles, provided that full crystallisation was avoided. Whilst we
have not been able to achieve the strong layer pinning thought to be present
in real confined smectics [5], our results do confirm that restricting surface
mobility is key to stabilising chevron structures.
Overall, the results presented in this paper suggest that, due to the small
size of the low order surface and chevron tip regions, chevron structures
can be observed in a Gay-Berne system of the size simulated here. The
surface roughness does appear to have influenced the stability of the chevron
structure, whilst not fully stabilising it. The probable mechanism for this
influence is a restriction of the movement of the domains across the surfaces
during the movement of the tip between the surfaces, the movement of the
domains being necessary due to the registry maintained between the layers
in the upper and lower domains.
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Figure 1: Snapshot of the confined nematic system at T = 0.95, close to
the nematic-smectic transition. The lower surface is at the bottom of the
picture.
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Figure 2: Time-resolved tilt profiles for the smooth surface system quenched
at t = 0.
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Figure 3: Time-resolved orientational order profiles for the smooth surface
system quenched at t = 0.
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Figure 4: Time-resolved positional order profiles for the smooth surface system quenched at t = 0.
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Figure 5: Snapshot of the tilted layer structure formed by the system
quenched on smooth surfaces.
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Figure 6: Time-resolved tip position after quenching on smooth surfaces.
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Figure 7: Time-resolved tilt profiles for the rough surface A = 0.5 system
quenched at t = 0.
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Figure 8: Time-resolved orientational order profiles for the rough surface
A = 0.5 system quenched at t = 0.
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Figure 9: Time-resolved positional order profiles for the rough surface A =
0.5 system quenched at t = 0.
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Figure 10: Snapshot of the bookshelf structure formed on quenching the
rough surface A=0.5 system.
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Figure 11: Time-resolved tip position after introducing rough surfaces onto
the system quenched on smooth surfaces: dotted line shows the smooth surface system which was quenched at time t = 0 in Fig. 6, solid line shows
the system with rough surfaces A = 0.2 introduced at time t = 0.2 × 106 δt,
remaining lines show systems with rough surfaces A=0.2 (dash) and A = 0.4
(dash dot) introduced at time t = 0.43 × 106 δt.
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Figure 12: Snapshot of the chevron structure formed by introducing rough
surfaces A = 0.2 onto the system quenched on smooth surfaces.
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Figure 13: Chevron structure tilt angle profile.
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Figure 14: Chevron structure orientational order profile.
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Figure 15: Chevron structure positional order profile.
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Figure 16: Chevron structure smectic B packing arrangements: positions of
particles in one layer running from the lower to the upper surface, viewed
along the direction of the director at the tip.
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Figure 17: Time-resolved tip position for the relaxation of the chevron structure, following on from Fig. 11: solid line shows the relaxation of the A = 0.2
surface chevron system, dashed line shows the relaxation after the introduction of rougher surfaces A = 0.5 at t = 0.41 × 106 δt.
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Figure 18: Relaxation of the A = 0.2 chevron system with black dots showing positions of particles originally in one layer and grey dots showing the
remaining particles: (a) chevron structure at timestep t = 0.81 × 106 δt,
(b) asymmetric chevron structure at timestep t = 1.33 × 106 δt, (c) tilted
layer structure at timestep t = 1.65 × 106 δt.
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Figure 19: Snapshot showing the true diffusion which occurred during the
relaxation of the A = 0.2 chevron system between timesteps t = 1.03 × 106 δt
and t = 1.24 × 106 δt, created by unwrapping the effects of the periodic
boundary conditions over that time period.
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