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Field Driven Helix Unwinding in Thick AFLC
Cells

LESLEY A. JUDGE, EMMANOUIL E. KRIEZIS
and STEVE J. ELSTON

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

The interaction of the antiferroelectric helix with an electric field applied perpendicular to its
axis is investigated. A two stage switching process is observed, in which the helix unwinds to
an intermediate state in the pretransitional regime, at voltages below the threshold for antifer-
roelectric to ferroelectric switching. A series of experimental studies and theoretical model-
ling show that the intermediate state is an antiferroelectric state in which the directors lie in
the plane containing the applied electric field and the smectic layer normal. The mechanism
for the unwinding process is the interaction of the applied field with an induced polarisation,
which arises from a distortion to the antiferroelectric ordering.
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INTRODUCTION

Antiferroelectric liquid crystals belong to the class of smectic liquid crystals,
which have positional order such that the molecules are arranged
approximately into layers, forming two-dimensional liquids. In tilted
smectics, the orientational order within each layer is such that the average
direction of the molecules (the director) is at an angle @ to the layer normal.
The c-director is the projection of this-director onto the layer, and is described
by an azimuthal angle @. Antiferroelectric liquid crystals (AFLCs) have an
anticlinic coupling between layers, which causes the c-directors of adjacent
layers to be almost anti-parallel [1]. The discrepancy is due to the chirality of
the molecules, which causes a small precession of the c-directors from layer
to layer, and hence a macroscopic helical structure. In each smectic layer a
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spontaneous polarisation exists which is perpendicular to both the normal and
the c-director of each layer, and averages to zero in the bulk antiferroelectric
phase. When an electric field is applied parallel to the smectic layers, it
couples to these polarisations and at sufficiently high fields they all align with
each other and the applied field: this is known as the ferroelectric state [2-5].
In this work, however, we primarily concentrate on the ‘pre-transitional’
switching regime, that is, where the applied field is too low to cause switching
to the ferroelectric state.

In understanding the pre-transitional switching behaviour of
antiferroelectric liquid crystals (AFLCs), the interaction between the
macroscopic helix and the applied electric field is of fundamental importance.
However, in many studies of AFLCs, the role of the antiferroelectric helix is
not clear. This may partly be due to the difficulty in detecting the existence,
or otherwise, of a helical structure that generally has a sub-micron pitch. The
AFLC mixture CS4001, however, has an unusually long pitch at room
temperature (~2.8um), and the presence of a helical structure is made evident
in thick, homogeneously aligned cells, by characteristic dechiralisation lines.
This long pitch AFLC is therefore used in this work to study, both
experimentally and theoretically, the interaction of the antiferroelectric helix
with an electric field applied normal to its axis.

MICROSCOPIC OBSERVATIONS AND LASER SCATTERING

In the ground state of a homogeneously aligned, 11um cell of AFLC mixture
CS4001, the helical superstructure is characterised by dechiralisation lines
(see Figure 1(a)) that are spaced by 1.4um at room temperature, indicating a
pitch of 2.8um. As the field applied to the device is quasi-statically increased
within the pre-transitional regime, the dechiralisation lines disappear (see
Figure 1(b)) at the same time as the background colour of the texture changes
from a dull grey-green colour in the ground state to a bright pink colour.
Closer examination of the texture reveals that the switching process is by the
growth of fine domains along the direction of the dechiralisation lines. The
device remains in this intermediate non-helical, pink state until the threshold
field for switching to the ferroelectric state is reached (at about 75V), where
domain switching is seen to occur again. In this case, however, the domains
are much coarser, bright green striped domains growing into the non-helical
pink state. It therefore appears that the helix that is evident in the bulk of the
thick cell is unwinding to a non-helical, intermediate state at fields lower than
the threshold for switching to the ferroelectric state.
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(a) (b)

FIGURE | Microscopic observation gives evidence of helix
unwinding in the pre-transitional regime: (a) in the ground state,
dechiralisation lines separated by |.4pm indicate the presence of a
helical superstructure; (b) in the intermediate state (within the pre-
transitional regime), the dechiralisation lines have disappeared.

In order to verify this interpretation of the changes in microscopic texture,
the cell was illuminated with a 633nm HeNe laser in the Bragg geometry.
Figure 2(a) shows the diffraction that occurs in the ground state due to the
periodic variation in refractive indices caused by the helical structure. The
dittracted light disappears at voltages that are still befow the threshold for
switching to the ferroelectric state, as shown in Figure 2(b), confirming that
the helical structure is not present in the intermediate state,

-

(a) (b)

FIGURE 2 Laser scattering from the cell in the Bragg geometry: (a) in
the ground state there is diffraction from the antiferroelectric helix; (b)
in the intermediate state. there is no diffraction, confirming that there is
no helical structure.



Downloaded by [University of California, San Diego] at 23:04 15 August 2012

664/[2516} LESLEY A. JUDGE et al.

BIREFRINGENCE AND OPTIC AXIS MEASUREMENTS

In order to determine the identity of the intermediate state, the birefringence
and optic axis orientation of the cell were measured as a function of applied
voltage. At each voltage this was done by illuminating the cell (between
crossed polarisers) with a 633nm HeNe laser, and measuring the
transmittance as a function of the azimuthal orientation of the cell with
respect to the polariser axes. The resulting data follows a sinusoidal variation

with the azimuthal angle y (see Figure 3(a)), in accordance with:

ndAn
A

T =sin’ 2y —-w,))sin’( ),

where yy is the angle between the optic axis of the liquid crystal and either of
the polarisers, when = 0; 4 is the thickness of the liquid crystal layer in the

cell; An is the birefringence of the cell at normal incidence, and A is the
wavelength of light used.
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FIGURE 3 The birefringence and optic axis orientation of the cell
were measured as a function of voltage, in order to identify the
intermediate state. In the pre-transitional regime, the optic axis hardly
rotates at all, whereas the birefringence increases by about 10%. This
suggests that the intermediate state is a non-helical antiferroelectric
state, with the molecules in the plane parallel to the applied field and
the smectic layer normal.
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By fitting this formula to the data, An and ;) could be determined as a
function of voltage. The optic axis orientation of the liquid crystal remains
essentially unchanged in the pre-transitional regime, suggesting that the
intermediate state is a non-helical antiferroelectric state. Figure 3(b) shows
that the birefringence of the material increases by about 10% in the pre-
transitional regime, before undergoing a further increase as the
antiferroelectric to ferroelectric transition takes place. It therefore appears that
the intermediate, non-helical state is a ‘vertical’ antiferroelectric (VAF) state
in which the directors are in the plane defined by the applied field and the
smectic layer normal, since this state has a higher birefringence than the
helical AF state. The ‘horizontal’ antiferroelectric (HAF) state in which the
directors are in the plane perpendicular to the applied field has a lower
birefringence than the helical AF state, and is therefore clear that it cannot be
the intermediate state.

This conclusion can also be verified quantitatively, as the birefringence
measured for the F state (0.1524) can be used to calculate the expected
birefringences of the helical AF, VAF and HAF states to be 0.1122, 0.1265
and 0.1025 respectively. These values are indicated in Figure 3(b), and it is
clear that there is good agreement between the ground (0V) and intermediate
(60V) states, and the birefringences calculated for the helical AF and VAF
states respectively.

The above experiment to measure the birefringence and optic axis
orientation assumes that it is possible to assign a single value of birefringence
to the helical antiferroelectric state. This may appear to be an over-
simplification, given that the pitch of the material is 2.8um (longer than the
wavelength of light) and hence some diffraction might be expected. However,
there is very little diffracted light observed at normal incidence (see the laser
scattering experiment above, where it was necessary to tilt the cell in order to
detect any diffracted light). These observations are consistent with the fact
that the Raman-Nath condition (4d4/np2<1) for diffraction at normal
incidence is not satisfied for a pitch of 2.8um and a cell thickness of 11um.
The cell must therefore be in the Bragg geometry in order to observe light
diffracted from the helical structure. The lack of diffracted light at normal
incidence suggests that it is correct to assign a single value of An to the
helical structure.

In order to check this hypothesis, the experimental results were compared
with the predictions of the Beam Propagation Method (BPM) [6,7]. This is a
numerical technique that (by solving Maxwell’s equations in the spatial
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domain) can predict the propagation of light through a liquid crystal cell that
has director variation anywhere in the plane of incidence. It can therefore take
into account the helical structure of an AFLC, unlike matrix methods such as
those of Jones [8] and Berreman [9]. Using a helical director structure, the
program produces the same sinusoidal variation of the transmitted intensity as
a function of the azimuthal orientation of the cell, as is obtained
experimentally. The ‘effective’ birefringence that is impiied by the numerical
output is 0.1123, which differs by less than 0.1% from the birefringence that
is measured experimentally of 0.1124. The difference is well within the limits
of experimental accuracy, and hence it is concluded that the approximation
made in assigning a single value of An at normal incidence to the helical
structure is a good one.

LASER CONOSCOPY

In order to verify the identity of the intermediate state, the transmittance
of the cell between crossed polarisers was measured, this time with a
fixed azimuthal angle of 45° between the smectic layer normal and the
polariser axes. The cell was rotated in turn both the x (smectic layer
normal) and y (parallel to smectic layers and cell surfaces) axes
respectively. The experimental results are displayed in Figure 4,
together with theoretical predictions for the helical AF, VAF and HAF
states, which are used to interpret the results.

Transmittanc
Transmittance

N et . R N %
50 40 30 20 40 O 10 20 30 40 50 5 40 30 20 -0 O 10 20 30 40 50

Angle of incidence in Alr (degrees) (tik about y-axis) Angle of Incidence in Air {degrees) {tiit about x-axis)

(2 (b)

FIGURE 4 Laser conoscopy confirms that the intermediate state is the
VAF state. The experimental results (thick lines) for the ground and
intermediate states agree with the theoretical predictions (thin lines) for
the helical AF and VAF states, respectively.

For tilts about the y axis, the variation in refractive index along the helical
(x) axis is in the plane of incidence, and therefore diffraction is expected to
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occur as the cell is tilted into the Bragg geometry, as explained above. In this
case, therefore, the theoretical predictions are made using the Beam
Propagation Method. For the tilts about the x axis, however, the variation of
the refractive indices is perpendicular to the plane of incidence, so there is no
possibility of tilting the cell into the Bragg geometry. The theoretical
predictions given in Figure 4(a), therefore, are the results of a Berreman 4x4
matrix method. For tilts about both x and y axes, the theoretical predictions
for the helical AF and VAF states agree with the experimental data for the
ground and intermediate states, respectively. The predicted output for the
HAF state bears no resemblance to the experimental data. We can therefore
confirm with laser conoscopy experiments that the intermediate state is the
VAF state.

DIELECTRIC MEASUREMENTS

As the antiferroelectric helix unwinds from the ground state to form the VAF
state, we expect to see a change in the low frequency dielectric constant of the
material [10,11}. An anti-phase motion of the directors in adjacent layers (that
is, a distortion to the antiferroelectric ordering) gives rise to a net polarisation
that can couple to an applied electric field, and hence contribute to the
dielectric constant of the material. This effect will be at a maximum in the
VAF state, since every pair of layers will contribute maximally to the
dielectric constant. In the HAF state, there can be no contribution to the
dielectric constant from this mode, since the induced polarisation would be
perpendicular to the applied field. Similarly, in the ferroelectric state, there
can be no further polarisation induced in the direction of the applied field by
any additional oscillatory field, hence their can be no contribution from such
a mode. In the ground antiferroelectric state, however, the presence of the
helical structure suggests that we should expect exactly 50% of the maximum
possible contribution to the dielectric constant from this mode, i.e. a total
dielectric constant midway between that of the VAF state and the ferroelectric
state. We therefore expect that if the antiferroelectric helix does unwind to
form the VAF state, then the low frequency dielectric constant should
increase in the pre-transitional regime, and then decrease by double that
amount during switching to the ferroelectric state. If, however, the helix
unwinds to form the HAF state, then the dielectric constant should decrease as
the helix unwinds, and remain unchanged during switching to the ferroelectric
state. The low frequency (1kHz) dielectric constant of the cell was thus
measured as a function of bias voltage, to determine which of the two cases
applies, and the results are plotted in Figure 5.
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FIGURE 5 The low frequency (1kHz) dielectric constant increases in
the pre-transitional regime, and then decreases by double this amount
during switching to the ferroelectric state, confirming that the
intermediate state is the VAF state.

Figure 5 shows that the dielectric constant first increases as the helix
unwinds to the intermediate antiferroelectric state, and then decreases below
the initial value as it switches into the ferroelectric state. This confirms once
more that the non-helical state is the VAF state. Further, the data is
quantitatively correct in that the dielectric constant for the helical
antiferroelectric ground state is exactly midway between that of the VAF and
ferroelectric states, giving further support to the conclusion that the
intermediate state is the VAF state.

THEORETICAL MODEL

In order to both verify the conclusions of the experimental work outlined
above, and determine the mechanism for the helix unwinding process
observed, the liquid crystal was modelled using the following torque
equation:

8 - _EP sing, + Lsin(, - 4,,, + )+ Lsin(, - 4., - 5),

ot 2 2

where the torque on the director in the #th smectic layer (RHS above) is
equated to the product of the viscosity coefficient for motion around the
smectic cone (7) and the rate of change of the azimuthal angle around the
cone, dgy/dt (LHS above). The first term contributing to the torque (RHS) is
the interaction of the electric field (E) with the spontaneous polarisation (Pg)
of the ith layer. The second two terms represent the coupling (of strength ») of
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the ith layer with its neighbours, (i-1) and (i+1), due to the antiferroelectric
ordering that is inherent to this phase of liquid crystal. Note that these
contributions to the torque are zero in the ground state when adjacent layers
are separated in azimuthal angle by an amount n+3. 8 is a small angle, much
less than m, that is due to the slow precession of the azimuthal angle of the c-
directors from layer to layer that gives rise to the macroscopic helical
structure of the phase.

The zero torque solutions are determined numerically as a function of bias
field, E, and it is found that as the field increases from zero, the helical
structure distorts such that the molecules tend to lie in the plane containing
the applied field and the smectic layer normal. This is illustrated for the case
EP¢=y/2, in Figure 6(a). At this field, there is quite significant distortion of
the helix, but very little change to the antiferroelectric ordering, that is, the
change in the azimuthal angle difference between adjacent layers does not
change significantly. The direction of the helix distortion certainly implies
that helix unwinding to the VAF state is possible. In order to verify this, the
energy of the cell was plotted as a function of applied field, and compared
with that in which the starting state is the VAF state, rather than the helical
antiferroelectric state (shown in Figure 6(b)). At zero applied field, the helical
state is lower in energy than the VAF state, but at higher fields there is a
cross-over. The presence of defects in the cell ensures that the lowest energy
state will eventually be occupied even in the presence of an energy barrier
between initial and final states (via a process of defect seeded domain
switching, as observed under the microscope). Hence theory predicts helix
distortion, and eventually helix unwinding in the pre-transitional regime.

200
y round state
201 atoried AF stute v VAP state

helical AF

‘Non-Dimaensionaised Energy
P
2

[ 25 50 5 100 [ 30 60 %0 120
Layer hdex,i Nor-Dimensiansleed Electic Field

(a) )

FIGURE 6 The theoretical model predicts helix distortion as shown in
(a), and eventually helix unwinding to the VAF state, as shown by the
cross-over in energies in (b).
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The mechanism for the helix unwinding process can be usefully
understood as follows. In Figure 6(a), aithough the dominant change to the
helical antiferroelectric state is a rotation of the directors in each layer such
that the molecules tend to lie in a plane parallel to the electric field, there is
some distortion to the antiferroelectric ordering, and it is this that allows the
helix unwinding to occur. Once a distortion to the antiferroelectric ordering
has occurred, there exists a net polarisation, which then couples to the applied
field, and allows the helix distortion that we observe. Since this induced
polarisation between a pair of layers is in a direction parallel to their average
c-director, and this tends to rotate to align with the electric field, then the non-
helical state that eventually occurs has the c-directors parallel to the applied
field. We thus understand both the mechanism for helix distortions, and the
reason that the non-helical, intermediate antiferroelectric state is the VAF
state rather than the HAF state. It is interesting to note that the wavelength of
the helix distortion is one half of the helical pitch, which is consistent with the
symmetry of the AFLC phase.

CONCLUSIONS

A series of experimental and theoretical investigations have been carried out
in order to understand the interaction between the antiferroelectric helix and
an electric field applied perpendicular to its axis. Microscopic observations
and laser scattering studies show that the antiferroelectric helix unwinds to an
intermediate state as the applied field increases within the pre-transitional
regime. Birefringence and optic axis orientation measurements suggest that
the intermediate state is an antiferroelectric state in which the molecules lie in
a plane that is parallel to the applied field and the smectic layer normal (the
‘vertical’ AF state of ‘“VAF’ state). This identification was verified by laser
conoscopy and dielectric experiments. A theoretical mode! supported these
conclusions by showing that as the applied field increases, the directors rotate
(whilst maintaining approximate antiferroelectric ordering) to align with the
applied field. The mechanism for this rotation is the interaction between the
applied field and an ‘induced’ polarisation that arises from a distortion to the
antiferroelectric ordering. Since the induced polarisation is in a direction
parallel to the c-directors, the final non-helical state has the c-directors
parallel to the applied field, i.e. the molecules lie in the plane defined by the
electric field and the smectic layer normal (the VAF state). The induced
polarisation repeats every half pitch through the helical structure, in
agreement with the symmetry of the AFL.C phase.
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