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Thresholdless switching induced by polar anchoring in
antiferroelectric liquid crystals

N. J. MOTTRAM* and S. J. ELSTON

Department of Engineering Science, University of Oxford, Parks Road,
Oxford OX1 3PJ, UK

(Received 5 August 1999; accepted 16 August 1999 )

We present a novel thresholdless switching mode in an antiferroelectric liquid crystal cell
which is stabilized by the presence of polar anchoring at the cell surfaces and the antiferro-
electric nature of the material. We also suggest other possible con� gurations which are
induced by strong polar anchoring and possess quite di� erent director structures and optical
characteristics.

Thresholdless switching modes have been observed in within each layer lies on the smectic cone with a � xed
cone angle (see � gure 1). We also assume that theferroelectric liquid crystal (FLC) materials, e.g. the

deformed helix [1] and twisted FLC devices [2], and behaviour may be modelled by considering only two
adjacent smectic layers. This is equivalent to assumingin antiferroelectric liquid crystal (AFLC) materials [3].

This type of switching has considerable potential for that there is no helix present in the cell and thus the
material is surface stabilized. The free energy of theexploitation in active matrix or thin � lm transistor

displays since it exhibits an analogue grey scale, wide smectic layers is then taken as the sum of the energy
contributions from electrostatic interactions, elasticviewing angle, large contrast ratio and high-speed

response. In AFLC materials, a thresholdless mode was deformation of the director and the antiferroelectric
nature of the liquid crystalline material.� rst observed by Inui et al. [3] and explained in terms

of a random smectic model where the director correlation Since the materials which we are attempting to
model have a high molecular spontaneous polarizationbetween adjacent layers was small. Recent experimental

observations [4, 5] suggest that a more realistic model ( |Ps |# 5 Ö 10 Õ 4 –10 Ö 10 Õ 4 C m Õ 2 ) we assume that there
for this behaviour is a twisted smectic structure in which
the AF ordering of the material is suppressed and the
liquid crystal is in fact in the FLC phase.

In this communication we present a theoretical investi-
gation of the e� ects of polar anchoring at the cell
surfaces and � nd a thresholdless mode in which the bulk
of the liquid crystal is in the AF phase [6]. We have
also found that there exist multiple solutions of the
governing equations and present three such co-existing
con� gurations in the zero voltage ground state. These
solutions have quite di� erent director con� gurations and
optical characteristics, as well as di� erent free energy
values. Whilst the system will prefer the minimum energy
state, other states may be accessed dynamically. We
leave a full analysis of these multiple states to a later date.

In our model, we will assume that the smectic layers Figure 1. Cell con� guration: The directors, n1 and n2 , in
layers 1 and 2, respectively, lie on the smectic cone, whileare in a bookshelf con� guration and that the director
the corresponding polarization vectors Ps 1 and Ps 2 lie
in the xz plane perpendicular to the directors. The layers
are in the bookshelf con� guration between glass plates at*Author for correspondence;

e-mail: nigel.mottram@eng.ox.ac.uk z = 0 and z = d.
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will be a strong interaction between the surface align- the presence of AF ordering (i.e. w2 = p +w1 ) leads to
zero net polarization such that P

z
= 0 which correspondsment layer and the permanent molecular dipole. Thus

we assume that the surfaces induce strong polar to a minimum in the electric energy. This will be seen
more clearly in the next section.anchoring such that, at z = 0, d, the molecular dipoles

are forced to lie parallel to the cell surface normal. The minimum energy con� guration may be found
by solving numerically the Euler–Lagrange equationsIf the director in each layer remains on a cone of

angle h and the layers are in the bookshelf con� guration, associated with the free energy (1) together with certain
boundary conditions. From the assumption that therethen we can write n

i
= (sin h cos w

i
, cos h, sin h sin w

i
)

where i = 1, 2 indicates the � rst or second layer and w
i

exists strong polar anchoring of the director at the
surfaces, the boundary conditions are w

i
= 2np onis the azimuthal director angle around the smectic cone.

The corresponding spontaneous polarization vectors Z = 0 and w
i
= (2m +1)p on Z = 1 for any integers n

and m. Thus at the lower cell surface the director iswhich lie perpendicular to n
i

and the y axis are then
Ps i

= P
s
(Õ sin w

i
, 0, cos w

i
). The free energy may be tangential to the surface on one side of the cone (i.e.

w
i
= 0, Ô 2p, …) while at the upper surface the directorwritten as,

lies on the surface on the opposite side of the cone
(i.e. w

i
= Ô p, Ô 3p, …).

We now have a full mathematical description of the
F = Õ

e0 V2

2dP
1

0

1

e
zz

dZ

+

VP
1

0

P
z

e
zz

dZ

P
1

0

1

e
zz

dZ
system. In order to solve this minimization problem, we
employ the numerical continuation package AUTO97
[8, 9] which will not only calculate a solution to
the Euler–Lagrange equations, but also investigate the
behaviour of this solution and the system as certain

Õ

d AP
1

0

P
z

e
zz

dZB2

2e0 P
1

0

1

e
zz

dZ

+
d

2e0 P
1

0

P2

z
e
zz

dZ parameters vary. It is able to detect bifurcation and limit
points and thus � nd multiple, co-existing solutions for
a speci� c set of parameter values.

We now consider the results. If we initially assume
+

K sin2 h

2d P
1

0 CAdw1

dZ B
2

+Adw2

dZ B
2DdZ the polar anchoring is such that w1 , w2 = 0 at Z = 0 and

w1 = p, w2 = Õ p at Z = 1, then within a single layer
the director must rotate from one side of the cone to the

+cdP
1

0

cos (w1 Õ w2 )dZ (1 ) other, but this rotation is in opposite directions for
adjacent layers. We have found that such a con� guration

where leads to thresholdless switching.
Figure 2 (a) shows the azimuthal angle solutions and

P
z

= Ps (cos w1 +cos w2 )/2
the change in the component of polarization along the

and z axis as the voltage is changed for the parameter values
d = 2 Ö 10 Õ 6 m, K = 10 Õ 1 1 N, Ps = 5 Ö 10 Õ 4 C m Õ 2 ,

e
zz

= e) +De sin2 h(sin2 w1 +sin2 w2 )/2
c= 5 N m Õ 2 , h=25 ß , e0 = 8.85 Ö 10 Õ 1 2 F m Õ 1 , De= Õ 1.5
and e) = 5.0 (for large values of the spontaneousare the average spontaneous polarization in the z

direction and the average zz component of the dielectric polarization Ps and antiferroelectric ordering parameter
c the behaviour of the system is qualitatively the same).tensor. In equation (1), the z coordinate has been non-

dimensionalized with the cell gap width d so that Z = z/d, For zero volts there exists a boundary region near to
the lower cell surface where the director reorients fromV is the voltage applied across the cell, e0 is the permittivity

of free space, K is the Frank elastic constant and c is being on one side of the cone (w1 = w2 = 0) to being in
an AF state (w1 = p/2, w2 = Õ p/2). There is a corre-the antiferroelectric ordering parameter.

The � rst four terms in equation (1) describe the sponding boundary region at the upper surface where
the director reorients from being in this AF stateelectrostatic energy contributions and are derived by

solving Maxwell’s equations [7] assuming that the electric (w1 = p/2, w2 = Õ p/2) to being on the opposite side of
the cone (w1 = p, w2 = Õ p). This con� guration in theproperties may be averaged over the two layers. It has

previously been shown that the presence of a spon- bulk is stabilized by the AF ordering and the electrostatic
energy terms.taneous polarization in the layers causes a polarization

self-interaction which tends to minimize gradients in Ps i
. As the voltage is increased from zero the bulk

orientation continuously transforms to the � eld alignedThus in a smectic C twisted layer the bulk of the material
will orient such that P

z
is constant. However, since the state (w1 = w

2
= 0) so that the spontaneous polarization

vectors are now parallel to the � eld in the z direction.electric properties have been averaged over two layers
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Figure 3. Three co-existing solutions to the Euler–Lagrange
equations when there is no applied voltage for parameter
values d = 2 Ö 10 Õ 6 m, K = 10 Õ 1 1 N, Ps = 5 Ö 10 Õ 4 C mÕ 2 ,
c = 5 N m Õ 2 , h= 25 ß , e0 = 8.85 Ö 10 Õ 1 2 F m Õ 1 , De = Õ 1.5
and e) = 5.0. In solution (a) the azimuthal angles, w1 and
w2 , in each layer are identical.

The three solutions shown in � gure 3 exist at the same
parameter values as the V = 0 solution in � gure 2, but
have di� erent free energies. For solution (a) the azimuthal
angles in adjacent layers are equal and form a twisted
smectic C structure that has been previously studied byFigure 2. Thresholdless switching mode. (a) The azimuthal
Rudquist et al. [4] in order to explain the thresholdlessangle con� gurations w1 (Z ) and w2 (Z ). When V = 0, the

bulk of the cell is in an AF state with w1 = p/2 and behaviour in apparently AFLC materials. In solution (b),
w2 = Õ p/2. As the voltage increases or decreases from the AF ordering energy dominates and leads to a reorien-
zero, the directors continuously reorient towards 0 or tation of the bulk of the cell towards the (w1 = 0, w2 = p)
p F states, respectively. (b) The square of the component

state. Solution (c) contains a twisted AF state in theof the spontaneous polarization in the z direction, P2

z bulk of the cell which goes from (w1 = Õ p/2, w2 = p/2)versus the applied voltage V showing the thresholdless
switching between the AF and F states. close to the upper surface to (w1 = p/2, w2 = 3p/2) at the

lower surface with boundary reorientation regions. The
respective energies of solutions (a), (b) and (c) are
Õ 3.723 Ö 10 Õ 4 , Õ 3.799 Ö 10 Õ 4 and Õ 3.843 Ö 10 Õ 4 J m Õ 2Similarly, as the voltage is decreased from zero, the

polarization vectors again align with the � eld in the Õ z (the energy of the V = 0 solution of � gure 2 was
Õ 3.823 Ö 10 Õ 4 J m Õ 2 ). The magnitude and relativedirection (w1 = p, w2 = Õ p).

Figure 2 (b) shows how the vertical component of the net order of these energies will depend on parameters such
as the amount of AF ordering c, the elastic constant Kspontaneous polarization squared, P2

z
, varies with voltage.

At zero volts, the symmetry of the base state ensures and the magnitude of the spontaneous polarization P
s
.

However, for the present parameter values, solutions (b)that, when integrated over the cell, the net polarization
is zero. As the � eld changes and the polarization aligns and (c) are stable (solution (c) is the globally minimum

energy and solution (b) is metastable), whilst solution (a)in the z or Õ z direction, the value of P2

z
increases

and eventually saturates. Figure 2 (b) clearly shows the is unstable.
Since we are assuming that the director at thethresholdless nature of this switching behaviour.

The degeneracy of the boundary conditions allows for boundaries is strongly anchored (with in� nite anchoring
energy), the solutions in � gure 3 are topologically di� erentthe possibility of other con� gurations of the director.

In � gure 3 we show three possible solutions of the from the solution in � gure 2. Therefore, even though
the V = 0 solution in � gure 2 is of higher energy thangoverning equations when the boundary conditions are

w1 , w2 = 0 at Z = 0 and w1 , w2 = p at Z = 1 without an solution (c), it cannot be perturbed into the lower energy
state. This would of course be possible if we allowed forapplied voltage. For these boundary conditions, the

director must rotate around the smectic cone from one weak anchoring at the surfaces.
As well as di� erent director structures, these threeside on the lower cell surface to the other side on the

upper cell surface as before, but now this rotation is in solutions will have quite di� erent optical characteristics.
For instance, solution (a) is essentially a tilted uniaxialthe same direction in adjacent layers.
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state (with some small boundary regions) which will be The authors wish to thank Dr M. J. Towler for useful
discussions and the EPSRC and Sharp Laboratories ofoptically uniaxial, while solutions (b) and (c) are optically
Europe (SLE) Ltd for � nancial support.biaxial in the bulk of the cell.

It is worth noting that such multiple solutions could

explain the ‘priming’ e� ect in some AFLC cells [10]. In
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