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The Pre-Transitional Effect in Antiferroelectric
Liquid Crystals: a Comparison between Theory
and Experiment

NIGEL J. MOTTRAM, ROMEO BECCHERELLI and STEVE
J. ELSTON

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

We have investigated, experimentally and theoretically, the low field (pre-transitional) behav-
iour of an AFLC material. By measuring the light transmission through a device between
crossed polarizers, as a function of both orientation and applied voltage, we determine the vari-
ation of both the effective optic axis tilt angle ¢ and the optical anisotropy An as a function of
voltage. In order to model this behaviour we use an order parameter theory based on changes to
the distribution of molecules within the AFLC layers rather than the soft mode description.
With this model we have been able to describe the observed tilt and anisotropy behaviour.

Keywords: antiferroelectric; pre-transitional effect; optical anisotropy; order parameter theory

INTRODUCTION

Antiferroelectric liquid crystals AFLCs!!! are very promising materials for
display applications. Their intrinsic non-linearity allows for a large number
of rows to be passively multiplexed while a symmetrical driving schemel?
ensures good resistance to ionic memory effects and makes grey scale fea-
sible. One of the main factors limiting the exploitation of AFLCs is the
so-called electroclinic-like, pre-transitional regime, observed for low fields
which affects the achievable contrast and hence prevents the reproduc-
tion of a large number of grey levels. This effect, characterised by a fast
responsel?), reduces the immunity to crosstalk data in passively addressed
displays. The nature of this regime is still not understood fully, although
there is strong evidence that this is not a pure soft mode electroclinic
behaviour!,

In this paper we extend previous experimental and theoretical investi-
gations %8 of this regime to consider both the static and dynamic electro-
optic response. Experimentally we investigate this regime by means of

65



Downloaded by [University of Haifa Library] at 19:31 17 August 2012

66 NIGEL J. MOTTRAM et al.

accurate measurements of optical transmission of a device placed between
crossed polarisers. Changes in optical anisotropy and of optic axis orien-
tation have been separated as a function of applied voltage, together with
their mutual relationship.

Subsequently we use an order parameter theory which may explain
the behaviour in this regime. Instead of the usual description of smectic
materials solely in terms of an average direction within a layer we include
the spread around the smectic cone of molecules about this direction. This
spread is then a measure of the order within the layer. The interaction of
an applied electric field with the permanent molecular dipoles will tend to
move molecules towards the preferred side of the smectic cone. The electric
field will therefore cause an increase in the spread (a decrease in order) if
the layer director is not on the preferred side of the smectic cone and cause
a decrease in the spread (an increase in order) if the layer director is on the
preferred side of the smectic cone thus altering the optic axis and optical
anisotropy. Using this model we can calculate the free energy in terms
of the spread in the odd layers and the even layers of the AFLC material.
The energy is assumed to consist of contributions from the thermodynamic
potential in each layer, the interaction between the molecular dipoles within
each layer and between each layer, and the interaction between dipoles and
the applied electric field parallel to the layers.

A comparison of the experimental results to the theory of previous
work(®8! and the present dynamic extension is then carried out and good
qualitative agreement is found.

EXPERIMENT

We use simple low pre-tilt antiparallel rubbed polyimide aligned cells of
thickness ~ 3um, filled with the AFLC mixture Chisso CS4000. Observa-
tion of such cells under a polarising microscope shows that a general feature
is their strong tendency to form poor quality alignment with domains of
two distinct orientations, being observed (Fig. 1).

Inside the domains a distribution in alignment orientation also ex-
ists, indicating that the structure in the cell is quite complex. It should
also be noted that the relative density of the two types of domains varies
considerably over the area of the cell.

An appropriate analytical description of the optic transmission should
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Figure 1: The structure of our AFLC cell which comprises of two sets of
domains oriented at an angle of approximately 17° relative to each other.

therefore take into account the domain structure of the cell. This can be
done by splitting the contribution to the overall transmitted light intensity
into that for the two domains, giving:

I=1I (A1 sin®(24)) + Ay sin? (2(¢p — Ad;))) sin? ( (1)

TdAn

)
where Ij is the incident intensity on the slab, An is the optical anisotropy,
d is the cell thickness and 9 is the angle between the optic axis (¢) and the
direction of incoming polarised light (¥) of wavelength A. The constants A;
and Aj describe the relative areas of the two parts of the domain structure,
and At the difference in their average orientation. In this expression ¥
is therefore the angle which the optic axis of the domains weighted with
area A; makes with the polariser axis and ¥ — A is the angle of the
optic axis for the domains weighted with area A;. A direct evaluation of
At can be made by independently measuring under the microscope the
average orientation difference of the extinction positions of the two sets of
domains. For our devices it is found to be ~ 17°.

The existence of a range of orientations within the domains visible
in Fig. 1 is neglected, and the distribution of the orientation in each
domain is approximated with the mean value. This is acceptable because
the range within each domain is of the order of a few degrees and thus
much smaller then A% and can be kept low if the cell is prepared carefully.
No reconfiguration of the overall domain structure is observed for any field,;
the domains have been somehow frozen in after the phase transition and
are not disturbed even during full switching. This indicates clearly that the
domain structure observed is due to the smectic layer structure in the cell,
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and not (for example) to surface switched states of the molecular director.
Thus the above description of the domain structure (eq. 1) can be used.

Data are taken for a typical device as absolute transmission between
crossed polarisers (i.e. normalised to unity for parallel polarisers) at a fixed
wavelength of A = 632.8 nm.

We are interested in determining the independent variations of the
optic axis orientation ¢ and the optical anisotropy An with voltage, so
when a voltage is applied contributions to transmission variations from
changes of optical anisotropy and of optic axis direction must be sepa-
rated. This can be done by mapping the intensity of the light transmitted
by the cell as a function of device orientation between crossed polarisers
for different applied voltages. These voltages are applied as quasi-DC sig-
nalsof 0V, 22V, 25V, £10 V, £15 V. Now the data are fitted for
each voltage to (eq. 1) with the substitution ¢ = ¥ — ¢. The fitting pa-
rameters are A;, As, An and ¢ (We are measuring relative transmission
and therefore Iy = 1). Finding ¢ and An for each voltage enables us to
find the functions ¢(V'), An(V') and An(¢) as shown in Fig. 2. It is clear
from Fig. 2a, which is a plot of ¢(V) — ¢(0), that the behaviour of the
director orientation with voltage is super-linear. This is in contrast with
the common smectic A electroclinic effect where the re-orientation angle
saturates at higher voltages for temperatures near the phase transition,
and is always sub-linear (or at most linear)!"). Such direct evidence that
the AFLC electroclinic like, pre-transitional, behaviour is not a soft mode
response is important in developing theoretical understanding of the effect.

The behaviour of An(V) is shown in Fig. 2b. It is clear that the be-
haviour of the optical anisotropy as a function of voltage is approximately
quadratic. The optical anisotropy versus the optic axis re-orientation is
shown in Fig. 2¢. It is worth noting that this is subtly different from the
behaviour of An with voltage, being sharper around the zero re-orientation
region, and being almost linear for an optic axis ¢ > 0.01 radians. This
is interesting because it leads to information about the nature of the re-
orientation under an applied field, and how this is coupled to changes in the
effective optical anisotropy. The dynamic response to the application of
a triangular AC field of varying frequency is shown in Fig. 3. A hysteresis
loop is formed as the response lags behind the applied field. As the fre-
quency increases the hysteresis loop widens which causes a decrease in the
maximum achievable transmission. It should also be noted that there is a
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Figure 2: Experimental results: (a) Optic axis ¢ (in radians) versus voltage
(in volts), (b) Optical anisotropy An versus voltage, (c) An versus ¢.
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Figure 3: Transmission versus voltage for a triangular AC field of frequen-
cies 2kHz, 10KHz and 20KHz

slight asymmetry in the response due to changes in the optical anisotropy.
In the next section we model the observed behaviour in terms of an
order parameter theory.

THEORY

As in our previous, static, model® we assume that the average molecular
direction within each layer remains the same as in the zero field AFLC
state. Therefore the molecules in the odd layers are distributed on the
opposite side of the smectic cone to the molecules in the even layers (Fig.
4). The mean of the distribution of molecules will remain constant whilst
the extent of the spread changes with applied field. Assuming a uniform
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distribution of molecules between the angles m — d¢, and 7 + d¢, in the
odd layers and between —d¢, and +d¢, in the even layers we assume that
the free energy depends on d¢, and d¢, and may be written as

. . 2
F o= A ((d¢o — dg)? + (do. — d¢)2) N %?_ (smd(ztba) 3 sméidk))
sin(dg,)  sin(d¢.)

d¢o  d¢

where the first term is the thermodynamic potential, the second term is
the interaction energy between molecular dipoles and the third term is the
interaction between the applied electric field and the molecular dipoles.
The thermodynamic potential models the excluded volume effect in each
layer and exhibits a minimum at the equilibrium values, d¢, = d¢ = dep..
This term is essentially the first term in the Taylor expansion of the actual
thermodynamic potential function and as such is only an approximation.
By estimating the amount of spread in a nematic liquid crystal close to
the smectic phase transition we set d¢ = 0.4 radians. The dipole-dipole

+EC ( (2)

Y,
dbo/ | > 2
I odd layer T
N dooy, (A0
- even layer X
- R

Figure 4: Molecular distributions in the odd and even layers described by
the spreads d¢, and d¢, around the smectic cone.

interaction energy term is the sum of the self interaction of the polarization
of each layer (the intralayer interaction) and the interaction between the
polarizations of one layer with its adjacent layer (the interlayer interaction).
If the local molecular polarization is P and the polarization vector for each
molecule is P,, = P(cos®, ,0, sin®) where ® is the angle between the
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dipole and the z-axis, due to the reflective symmetry of the spread about
the z-axis (see Figure 4) the only contribution to the net polarization in
a layer comes from the ¢ component of P,. Thus integrating Pcos®
over all molecules within the spread gives the net polarization within the
even and odd layers as P, = Psin(d¢,)/d¢. and P, = Psin(d¢,)/d¢,
respectively. The intralayer energy derives from the self-energy (density)
of a polarization P, within a material of susceptibility x which is P2/(2x)
18] and the interlayer energy derives from the interaction energy (density) of
two polarizations P; and P, in a material of dielectric permittivity e which
is —P P,/(eep). Since x and ey are of the same order we will assume
they are equal. We are able to numerically solve the system for x # e¢
but since the qualitative behaviour remains unchanged we will use the
constraint y = e¢g and the sum of the intra and interlayer interactions
becomes the second term in (eq. 2) with B = P?/x. The electric field term
in (eq. 2) is due to the interaction between the polarization in the AFLC
layers and an applied electric field along the z-axis which may be written
as P.E/2 and leads to the third term in (eq. 2) with C = P/2.

The dynamic equations are found by assuming that the rate of change
of the variables d¢, and d¢, is proportional to the gradient of the free
energy at that point,

d(dg,) _ dF
& T Td(de) )
d(dg.) _ dF

@t~ s @)

where 77 is the viscosity of the spreading motion.

The optic axis for a single molecule is taken as the projection of
that molecule on the cell plane (the zy-plane). The macroscopic optic
axis in the odd and even layers, ®, and ®,, is then the average molecular
optic axis of all molecules in the distributions described by d¢, and d¢.
respectively. The overall optic axis is the average of the two layer optic axes,
¢ = (®, + ®.)/2. The optical anisotropy An = n, — ny is approximated
using

n = NeMNo (5)
V3 cos((®, — .)/2) + nZsin®((®, — €0)/2)

ny — NeNo (6)
V/n2 cos?((®, — @.)/2) + n2sin®((®, — &.)/2)
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Figure 5: Theoretical results: (a) Optic axis ¢ versus voltage, (b) Optical
anisotropy An versus voltage, (c) An versus ¢.

where n, and n, are the refractive indices of the FLC field-induced state
and 6. is the smectic cone angle. Fig. 5 shows the optic axis versus field,
An versus field and An versus optic axis plots for the parameter values
B/A=1, C/A =3, d¢ = 0.4 which may be compared to Fig. 2. Figure 6
shows the dynamic response upon application of a triangular AC electric
field of frequencies f = 0.1, 0.5, 1.0 (where frequency is measured in
multiples of the parameter A/%) which is to be compared to Fig. 3. There
is clearly good qualitative agreement.
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0.144
0.1424

. 0.144

Figure 6: Transmission versus voltage for the nondimensionalised frequen-
cies f =0.1, 0.5, 1.0 (in units of A/n).
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CONCLUSIONS

We have experimentally found the optic axis and optical anisotropy as a
function of voltage in the pre-transitional regime of the AFLC material
Chisso C54000 and investigated the frequency dependence of the response
to an applied triangular AC field. In order to explain the static behaviour
we use an order parameter theory which considers the field induced change
in order in each layer of the AFLC phasel® and extend this theory to con-
sider the dynamical behaviour of the system. We have thus been able to
show that, statically, the effective optic axis is super-linear and the opti-
cal anisotropy is quadratic as a function of (DC) field and dynamically,
increasing the frequency of an applied (AC) electric field leads to a hys-
teretic response. Thus good agreement with the experimental evidence
is obtained. Both experiment and theory support previous experimental
methods which have suggested that the pre-transitional regime is not due
to soft mode motion of the director!*5},
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