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The frequency dependence of the dielectric biaxiality of surface stabilized ferroelectric liquid
crystals (SSFLCs) was studied. The principal values of the dielectric tensor &;, & and £; were
measured by the MOM (molecular orientational model) method. Three dielectric permittivities
were measured for each of two samples. These were the permittivity of the homeotropic cell and
the permittivity of the planar homogeneous cell with and without the DC bias. Then the dielectric
tensor components were calculated based on the molecular orientational models. We present the
theory and experimental procedure of the MOM method. Measurements have been performed
on Merck FLC compound SCE-8. The following novel dielectric behaviour was observed, as
the DC bias voltage was increased the dielectric permittivity of the planar homogeneous cell
decreased at the low frequencies ( ~ 1 kHz) while increased at the high frequencies (10kHz ~ ).
The sign of the dielectric biaxiality de ( = &; — &) inverted around 1 kHz, being negative at low

frequencies and positive at high frequencies. The roles of the biaxiality on the dielectric

behaviour of SSFL.C cells are discussed.

1. Introduction

The physical parameters of biaxial liquid crystals are
very interesting. In particular, the dielectric biaxiality of
ferroelectric liquid crystals (FLCs) has a practically very
important role. Surface stabilized ferroelectric liquid
crystal (SSFLC) [1] devices using the T — Vp;, mode have
been reported [2—5]. SSFLC devices utilizing the T — Viyin
mode showed a fast line address time and a high contrast
ratio [5]. The dielectric biaxiality is a very important
parameter for this type of SSFLC device since in principle
the characteristics of the 7 — Vi, mode are dominated by
the combination of the magnitude of the dielectric
biaxiality and the spontaneous polarization [6,7]. We
presented the MOM (molecular orientational model)
method to measure the dielectric permittivities of FLC
from SSFLC cell directly [8], not from the helical structure
[9] or the achiral host material [10, 11]. The validity of the
MOM method was confirmed. The obtained principal
dielectric permittivities were accurate regardless of differ-
ences of the measured dielectric permittivities of the
sample cells showing different molecular orientational
states. The theory and experimental procedure of the

* Author for correspondence.

MOM method are explained in §2. In this study, we
measured the frequency dependence of the dielectric
permittivities of SSFLC. A novel dielectric behaviour
under the DC biasing field and an inversion of the sign of
the dielectric biaxiality at the different frequencies were
observed for SSFLC cells. The importance of the dielectric
biaxiality on the dielectric behaviour of SSFLC cells will
be discussed.

2, Theory of MOM dielectric permittivity
measurement
The theory of the dielectric permittivity measurement
by the MOM method was shown in our previous paper in
detail [8]. The principal values of the dielectric permittiv-

b

€, &

Figure 1. The definition of the principal dielectric permittivi-
ties of the FLC.
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Figure 2. The geometries of the dielectric permittivity
measurement. (a) Homeotropic cell. (») Planar homoge-
neous cell. (¢) Homogeneous cell under DC bias.

ity tensor of FLCs are defined as in previous reports
{9-11], and as shown in figure 1. Three principal dielectric
permittivities are denoted as ¢, & and &;. £ denotes the
permittivity in the tilt plane made by the symmetry axis of
the smectic cone z and the director n, perpendicular to the
long molecular axis. & denotes the permittivity in the
direction perpendicular to the long molecular axis and to
the tilt plane, in the direction of the spontaneous
polarization. &; denotes the permittivity in the direction of
the long molecular axis. Two dielectric anisotropies are
defined as Ag=¢3— g and de = g, — &, where J¢ is the
diclectric biaxiality. The dielectric permittivity tensor in
the local frame is defined as

1,2,3)=[0 & 0. n
0 0 &3

The MOM method requires two differently aligned sample
cells and uses three geometric systems which are illus-
trated in figure 2. Here 0, 6, ¢ and 0, are the tilt angle,
the layer tilt angle, the azimuthal angle and the apparent
tilt angle, respectively. The first system is the homeotropic
geometry for which the smectic layers are parallel to the

electrode planes (see figure 2 (a)). The measured dielectric
permittivity of the homeotropic cell is

&, = £, 5in° @ + £3cos? O
(2)

=g, + Accos’ 0.

The second system is a planar homogeneous geometry
with the chevron layer structure (see figure 2 (b)). In this
geometry the azimuthal angle of the director varies across
the cell and strongly depends on the molecular orienta-
tional states, as shown in figure 3 [12—14]. Figure 3 shows
the orientational models of SSFLC cells with parallel
rubbing which are described by the combination of two
classifications, the uniform (U) and twisted (T) states
[15,16], and the C1 and C2 states [17]. The former
classification is based on the optical viewing behaviour
when the sample cell is placed between crossed polarizers
without any field. The uniform state shows extinction
positions, but the twisted state shows only colouration
positions without any extinction. The latter classification
is based on the relationship between the direction of the
chevron layer structure and the direction of the surface
pretilt. The boundary surfaces in the C2 state do not have
wide regions over which the molecules can exist stably.
The c-directors at the surfaces are almost perpendicular to
the substrates in the C2 model if the surface pretilt angle
is larger than the difference between the tilt angle (half of
the cone angle) and the layer tilt angle. This type of C2
state is defined as a special case of the C2U state, called
the high pretilt C2U state. The distribution of the director
across the cell is very different for each of the molecular
orientational states. The dielectric permittivities should be
measured considering the distribution of the director. The
measured dielectric permittivity of a planar homogeneous

T ot
o i
57 S

C2U (high pretilt)

Figure 3. The molecular orientational models of SSFLCs with
a chevron layer structure.
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cell is expressed as

df2 d
L [ Ly
&g dJly ew an Byy
1 Bin 1 1 Pd 1
SR S R O N Ly
2(¢in_¢0) by EYY ¢ 2(¢d-—¢iﬂ) o EYY d)
(3)

where eyy is the component of the permittivity tensor in
the direction of the electric field and is expressed as

eyy = &1 + Ag[sin 6 cos d sin ¢ (¥) — cos @ sin 5]*
+ decos? 6 cos? Pp(Y). @)

The azimuthal angle ¢ is a function of the cell normal Y,
and d is the cell thickness. ¢, ¢4, and ¢, are the azimuthal
angles at the bottom and top surfaces, and at the chevron
interface, respectively. The azimuthal angle at the surfaces
are expressed as

tan6+ sin, )
tan0 sinfcosd/’

Po=sin""' (
(3)

o= sin"! (tan( )] N sin G, )

tan sin fcos{— 8)/’

where 8;, is the surface pretilt angle. The azimuthal angle
at the chevron interface is expressed as

¢in = sin "' (tan &/tan 6). (6)

It should be noted that the sign of § is opposite for the C1
and C2 states, and the sign of 6, is also opposite at the
bottom and top surfaces. It is assumed that ¢y is /2 and
¢ais — /2 in the high pretilt C2U model. The azimuthal
angle ¢ is assumed to change with the cell thickness
direction Y at a constant rate in each part of the chevron
layer structure, and equations (7) and (8) are applied to the
transformation in equation (3)

1 (%1 1 (%1
Y
d o E&Eyr d éo 8yyd¢
) (7)
1 f P O A U0 ¢
d dn Eyy d bin 8yyd¢
dd) d)m ¢0 - -
v @) =const. (0=Y=d/2),
d¢ _ ¢a— ¢ ®
d — @in
= t. (d2<Y=d).
ay @z omst )

The optical simulations using the molecular orientational
models in figure 3 showed good agreement with optical
measurement results using equations (7) and (8) [12-14].

The last system is the planar homogeneous chevron
geometry with a constant azimuthal angle ¢’ under the DC

bias (see figure 2 (¢)). The measured dielectric permittivity
of a planar homogeneous cell under the DC bias is given
by

=g+ Ae(sin Osin ¢’ cos 8 — cos 8sin 5)
+ decos? ¢’ cos? . )

The measurement must be performed under the condition
of no smectic layer deformation. We have reported that the
dielectric permittivity after an electric field treatment
began to change when the texture changed from the initial
state to the rooftop texture and increased with increasing
density of rooftop lines, beginning to saturate when the
striped texture appeared. The fact that deformation of the
smectic layer structure caused by an electric field
treatment changed the dielectric permittivity of the SSFLC
was confirmed [18]. This change in dielectric behaviour
was consistent with the deformation process of the smectic
layer structure. The appropriate bias voltage can be
determined by checking the dielectric permittivity after
the biasing and by texture observation. The constant
azimuthal angle ¢’ when the appropriate bias voltage is
applied, is determined from the voltage dependence of the
apparent tilt angle 0,,,, together with the simulation of the
azimuthal angle dependence of the apparent tilt angle.
Figure 2 (c) shows the relationship between ¢’ and O,p,.
The apparent tilt angle O, is expressed as

sin @ cos ¢’

Oapp =tan ! ( ) (10)

sin fsin ¢’ sind + cos Hcos &
The three principal dielectric permittivities, &, &; and &; are
calculated from three experimental measured values of the
equations (2), (3) and (9) by a coordinate transformation
using figures 2 and 3. In particular, defect-free homoge-
neous molecular orientational states are required in order
to solve equations (3)—(8) of the planar homogeneous cell.

3. Experimental

An FLC material SCE-8 (E. Merck Ltd.) was used to
measure the dielectric permittivities in this study. The
layer tilt angle measured by X-ray diffraction was 19-5°,
the tilt angle measured by a polarized microscope and
corrected by the layer tilt angle was 21°, both values at
25°C [14]. The homeotropic cell was made using the
polyimide aligning film JALS-204 (Japan Synthetic
Rubber Co., Ltd.). Two kinds of planar homogeneous cells
rubbed in parallel directions were made using the
polyimide aligning films PSI-A-2001 (Chisso Co., Ltd.)
and PI-A, respectively. These polyimide aligning films
were formed on glass plates with an ITO electrode by
spincoating and were then baked. The cell thickness was
controlled to around 6 ym for the homeotropic cell and was
around 1-5 um for the planar homogeneous cells by using
the silica ball spacers. A SiO; insulating layer was used in
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thin planar homogeneous cells between the electrodes and
the aligning films to avoid electric contact between the
substrates. Antiparallel thick cells (about 50 um) filled
with the nematic liquid crystal E-8 (E. Merck Ltd.) were
fabricated to measure the pretilt angles of PI-A and
PSI-A-2001. The pretilt angles 8, were determined to be
5¢ for PI-A and 15° for PSI-A-2001 by capacitance—mag-
netic field curves (C—H curves) [19]. According to Kanbe
et al. [17], it is difficult for the C2 state to appear if the
surface pretilt angle is large or the tilt angle is small. The
cells were positioned under the crossed nicols of an
Olympus polarizing microscope and the texture was
observed. The memory angle 6, was defined as the
half-angle between two extinction positions when no field
was applied. The apparent tilt angle 0,5, was defined as the
half-angle between two extinction positions when the
electric field was applied. The dielectric permittivities
were determined from capacitance measurements using a
Hewlett Packard precision LCR meter (HP4284A).

4. Results

The cell using PI-A (cell A) showed a stable defect-free
homogeneous C2U state, and the cell using PSI-A-2001
(cell B) showed a defect-free homogeneous C1U state by
slow cooling down (— 1°Cmin~"') from the isotropic
phase under an applied electric field ( +3-3V um ') [8].
In accordance with previous papers [12—14], the molecular
orientation of the defect-free homogeneous state was
distinguished by the memory angle. The relationship
between the surface pretilt angle and the memory angle has
been reported [14]. The memory angle 8, of cell A was
6-5° and that of cell B was 13°. The molecular orientational
maodel for cell A is therefore the high pretilt C2U state
because the surface pretilt angle is larger than the
difference between the tilt angle and the layer tilt angle.
Figure 4 shows the behaviour of the dielectric permittivity
of the homeotropic cell. Figure 4 (a) shows the tempera-
ture dependences at the different frequencies and figure
4(b) shows the frequency dependence at 25°C. The
dielectric permittivity of the homeotropic cell showed a
frequency dispersion in the S& phase and a different
temperature dependence at the different frequencies. The
dielectric permittivities of the planar homogeneous cells
were measured with a 100mV,,, capacitance probe
voltage at 25°C. The spontaneous polarization is required
to be rotated by the bias field not the capacitance probe
voltage. In the dielectric permittivity measurements of the
planar homogeneous cells, + DC bias and — DC bias
were applied alternately for 5 s each, and repeated 5 times.
The dielectric permittivities during biasing and after
biasing, when the bias field is turned off, were measured
as the voltage was increased. Figures 5 and 6 show the
voltage dependence of the dielectric permittivities during
biasing and after biasing, respectively. Both the dielectric
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Figure 4. The behaviour of the measured dielectric permit-
tivity of the homeotropic cell. (@) The temperature
dependences at different frequencies. () The frequency
dependence at 25°C.

permittivities during biasing and after biasing showed a
different bias voltage dependence at different frequencies.
The dielectric permittivity during biasing shown in figure
5 increased at 10kHz and 100kHz with increasing bias
voltage; on the other hand it decreased at S00 Hz. At 1 kHz,
cell A did not show a large change in permittivity and cell
B showed only slight decrease. Though the magnitudes of
the dielectric permittivity of the two cells were different,
the bias voltage dependences of the dielectric permittivity
showed similar properties. The dielectric permittivities
after biasing, shown in figure 6, changed showing a
threshold with increasing voltage. The dielectric permit-
tivity after biasing also increased at 10kHz and 100kHz,
decreased at 500 Hz and did not show a large change at
1kHz, all for increasing bias voltage. The dielectric
permittivity after biasing began to change above 10V.
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Figure 5. The voltage dependences of the measured dielectric
permittivities of the planar homogeneous cells during
biasing of (@) cell A and (&) cell B.

Above this voltage, the texture changed from the initial
state to the rooftop texture. The permittivity increased with
the increasing density of rooftop lines, and began to
saturate when the striped texture perpendicular to the
smectic layers appeared. Therefore, as we mentioned in
§ 2, it was found that the smectic layer structure did not
change below 8 V bias application, according to figure 6.
The dielectric permittivity did not depend on the appli-
cation time of the bias for low bias voltages below 8V,
which was before the texture change. However the
dielectric permittivity was dependent on the application
time under high bias voltages.over 10V because the
texture change and the smectic layer deformation depend
on the voltage, frequency and duration of the applied
electric field [20, 21]. For the measurements at over 10 V
biasing, the final permittivity values during biasing are
shown in figure 5. Figure 7 shows the voltage dependence

of the apparent tilt angles. Due to the texture changed after
10 V measurement, the apparent tilt angles were measured
for this changed texture. Figure 8 shows the simulated
azimuthal angle dependence of the apparent tilt angles
calculated by equation (10). The constant azimuthal angle
¢’ was determined from figures 7 and 8. Figure 8 was
calculated for the half of the chevron layer structure in
figure 2 (c) between the bottom surface and the chevron
interface, and for the range of ¢' from — n/2(rad) [ — 90°]
to 7/2(rad) [90°]. It was assumed that ¢’ lay between its
initial value when no field was applied in figure 3 and 0
(rad) as shown in figure 2 (c). The apparent tilt angle O,
of cell A was 17-0° and that of cell B was 21-0°, both at
8 V (see figure 7). The azimuthal angles ¢ of the C2 state
when the apparent tilt angle Q.p, is 17-0°, are —47.5° and
35-5° Those of the C1 state when &,,,i521-0°, are — 13-5°
and 28° (see figure 2 (¢)). The constant azimuthal angle ¢’
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Figure 6. The voltage dependences of the measured dielectric
permittivities of the planar homogeneous cells after the
biasing field is turned off of (a) cell A and (b) cell B.
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Figure 8. The simulated azimuthal angle dependences of

the apparent tilt angles. See text for an explanation of the
figure.

in the lower half of the chevron layer structure lies between
O(rad) and n/2(rad) for the C2 state, and between
— n/2(rad) and O(rad) for the C1 state, respectively. The
constant azimuthal angle ¢’ was determined to be 35.5°
for cell A and — 13.5° for cell B at 8 V bias. The whole
chevron layer structure was treated as symmetric about
the chevron interface. The three principal dielectric
permittivities, calculated using the above procedure, are
shown in figure 9. These principal dielectric permittivities
&1, & and & are almost equal for the two cells regardless
of the different measured apparent permittivities.

o T eellh o
1 cell B A
8. OF b
8
5. 0f R o o |
81 L A A 1
4. oF h
3. 0F .
%0 1;12 ‘LHTD’ - ““io‘ B ““i‘05
Frequency/ Hz
1. 0r T
6. 0F .
[ <4
ED | 1
4.0E A
1 celld o
3.0; cell B A N
2.0...4 2-x1aasul Lo vl s s sl
102 10° 104 10°
Frequency/ Hz
R 1 —
cell A o
[ cell B a ]
6. 0F ]
5. 0F h
€3 |
4, 0F ]
fo
3.0F s e
2.0

102 103 104 108
Frequency/ Hz

Figure 9. The frequency dependence of principal dielectric
permittivities.

5. Discussion

Before considering the dielectric biaxiality study, we
should discuss the influence of the SiO; insulating layer on
the MOM dielectric permittivity measurement because the
insulating layer works as the barrier of the electric field,
reducing the voltage across the SSFLC layer. In order to
evaluate this effect, an SSFLC cell using PSI-A-2001
without an SiO; layer was made. Unfortunately, this cell
did not show a homogeneous molecular orientation, giving
C1T and C2U states in the electrode area. This meant that
we could not measure the accurate dielectric permittivi-
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ties. However the effect of the insulating layer could stiil
be studied. The voltage dependences of the dielectric
permittivities at 10 kHz during biasing for cells both with
and without an SiO, layer are shown in figure 10, The
measured dielectric permittivity of the cell without an SiO,
increased more sharply with voltage than that of the cell
with an SiQ; (cell B). This indicates that the bias voltage
was certainly reduced by the insulating layer. And so the
voltage of the applied electric field used in the apparent tilt
angle measurements is also reduced by the barrier effect
of the insulating layer. The voltage reduction caused by the
insulating layer on the MOM dielectric permittivity
measurement is negligible if the bias voltage for the

.

v with §i02
¢ without 5102

4 5 F oo 3 3 s b 2 9 ¢ o 0 on o o0 ¢ 2 3.4 0 3 9 ¢ 3 0 3 131 ¢
"T-30 ~20 -10 0 10 20 30
DC Voltage! V

Figure 10. The voltage dependences of the dielectric permit-
tivities at 10kHz during biasing both with and without an
SiO, barrire layer.
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Figure 11. The frequency dependence of the two dielectric
anisotropies, A¢ and the dielectric biaxiality de.

dielectric permittivity measurement in figure 5 and the
applied electric field of the apparent tilt angle measure-
ment in figure 7 are equal. We reported the principal
dielectric permittivities calculated using the apparent tilt
angles measured by a 1 Hz square wave (8]. The apparent
tilt angles measured by a 0-1 Hz square wave which is
similar to the bias condition are shown in figure 7 (the
electric field which is + DCand — DC for 5 s eachis equal
to a square wave which has a half cycle of 5s: the
frequency of this wave is 0-1Hz). There were no
differences between the apparent tilt angles measured by
1 Hz and 0-1 Hz. In conclusion on the matter of the cell
structure, the dielectric permittivities measured by the
MOM method are not effected by the barrier layer.
Two dielectric anisotropies, Az and the dielectric
biaxiality de, are shown in figure 11. Both Ae and o¢
showed a similar slight frequency dependence. In particu-
lar d¢ showed an inversion around 1 kHz. It was negative
at 500 Hz, almost zero at 1 kHz, and then positive at 10kHz
and 100kHz. The different frequency dependences of both
the apparent dielectric permittivities during biasing in

@

Figure 12. The movement of the FLC molecule on the smectic
cone during biasing and after biasing.
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figure 5 and after biasing in figure 6 are explained by this
novel frequency dependence of the dielectric biaxiality.
The movement of the FLC molecule on the smectic cone
is illustrated in figure 12. The component of & in the
dielectric permittivity of the SSFLC cell is increased by
the bias field due to the rotation of the spontaneous
polarization p towards to the direction of the field (see
figure 12 (@) and (b)). The smectic layer deformation from
the chevron to the quasi-bookshelf structure also increases
the component of & (see figure 12(a) and (c)). Figure
12 (d) shows the SSFLC structure during biasing after the
smectic layer deformation. As reported previously
(18,20, 21}, the smectic layer deformation progresses with
increasing electric field treatment voltage. In this study it
is the bias voltage which can cause smectic layer
deformation. With increasing the bias voltage, both the
dielectric permittivities during biasing and after biasing
increase if d¢ is positive, decrease if d¢ is negative and do
not change if de is zero. Therefore it is found that the
movement of the FLC molecule on the smectic cone is
strongly dominated by the dielectric biaxiality de. Let us
return to figure 9 in order to discuss this novel behaviour
of the dielectric biaxiality with frequency. The dielectric
permittivity & shows an obvious frequency dispersion,
while &; and &; only slightly depend on the frequency. The
theoretical explanation of these different frequency depen-
dences of three dielectric permittivities is an interesting
topic for a later paper.

The authors thank Professor E. P. Raynes and Dr P. A.
Gass of Sharp Laboratories of Europe Ltd. for helpful
discussions and suggestions.
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