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The universal current reversal method is used for the simultaneous measurement of response time (7), azimuthal angle (¢,),
spontaneous polarization (Ps), and rotational viscosity (y,) of two ferroelectric liquid crystals (FLCs). The application of
AC field in FLCs results in reorientational current, which is further analyzed to obtain various parameters. The variation in
the parameters with temperature follows the typical trend predicted by the theory. The theoretical curve fits well into the
experimental data. Its comparison with traditional current reversal method is confirmed to address certain limitations of that

method.
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1. Introduction

Ferroelectricity in liquid crystals is a specific property of
some chiral smectic phases. It was first discovered by Meyer
et al. in 1975 with the use of a classic liquid crystalline
material, p-decycloxy benzylidine p-amino-2-methylbutyl
cinnamate, which exhibited chiral smectic C (SmC*) phase
[1]. Ferroelectric liquid crystals (FLCs) are ideally suitable
for display devices owing to their inherent tendency to form
oriented, optically birefringent domains, interesting electro-
optic properties, and fast switching feature [2—8].

The major parameters, which determine the switching
time of FLC cell, are polarization (Ps) and rotational vis-
cosity (y,). A significant experimental and theoretical study
has been carried out to evaluate these parameters [9—13].
There are, however, three basic methods developed for
the measurement of Pg: Pyroelectric method [9], Sawyer
Tower method [10], and a set of techniques based on current
reversal [11—14]. The continuing interest in these materials
required further development of measurement techniques.

Later on, a universal procedure was presented in
which these parameters could be measured simultaneously
[15,16]. Along with these parameters, it was also possible
to measure azimuthal angle, ionic conductivity, and com-
plex permittivity of the sample in the same experiment.
The method has turned out to be an improvement of the
current reversal method [15,16]. Although a number of
research groups have studied FLC parameters using the cur-
rent reversal technique, our literature survey revealed only

two groups among those who introduced the method [15,16]
have used the universal method to measure these parame-
ters. No one has studied high polarization and short-pitch
FLC using this method, and no one until now has studied the
advantage of the universal method over traditional current
reversal method for measuring response time.

In the present paper, an attempt is made to study the
parameters of two FLC materials: (1) low spontaneous
polarization FLC and (2) high spontaneous polarization
FLC, using the universal current reversal technique. The
method is also observed to remove the shortcomings sig-
nificantly in the response time measurements of earlier
method.

2. Experimental

Investigations have been performed on two well-known
FLC mixtures: FLC-6304 and SCE-4. The FLC-6304
exhibits ferroelectric SmC* and SmA* phases with
corresponding transition temperatures given by SmC*-
SmA-Isotropic: 59°C, 64°C. It has large spontaneous polar-
ization (110 nC/cm?), short pitch (0.35 wm) and large tilt
angle (27°) [17]. The other ferroelectric material SCE-4
shows the LC phases with corresponding transition tem-
peratures SmC*-SmA-N-Isotropic: 57°C, 88°C, 122°C and
polarization 5 nC/cm?.

The thermotropic mesomorphism and the transition tem-
peratures of these materials have also been confirmed by
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Figure 1. Schematic diagram of current reversal method.

the optical thermal polarizing microscopy and differen-
tial scanning calorimeter (DSC-7 Perkin-Elmer, Mumbeai,
India). The LC mixture was filled in the planar cells 25
and 5 pm thick by the capillary action at their isotropic
temperature. A well-aligned texture was obtained by cool-
ing down the sample to room temperature at 0.1°C/minute.
The microtextures of the samples were visualized through
the polarizing microscope (Model Select P1, Dewinter, New
Delhi, India) interfaced with computer.

A schematic diagram of the setup used for the measure-
ments of FLC’s physical parameters is shown in Figure 1.
Here, the square wave was applied to the sample and the
output current was integrated from an external capacitor.
The output waveform is then obtained on a digitizing stor-
age oscilloscope. The circuit is a modified form of current
reversal method [14—16] (where resistance is used in the
external circuit) and measures response time (t), azimuthal
angle (¢,), spontaneous polarization (Pg), rotational vis-
cosity (y,), and dielectric permittivity (¢,) in a single
experiment. In the traditional method, the change in resistor
value changes the value of response time. This limitation is
also significantly removed by the use of a capacitor.

3. Theoretical considerations

The SmC* structure in the relaxed state (see Figure 2) is heli-
coidal and can be represented in terms of a one-dimensional
model which gives the azimuthal angle, ¢, as a function of z
along the helical axis, ¢ = qZ where q = 2 /p is the wave
vector of the helix pitch p. The angle between director 7
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Figure 2. Helical structure of SmC* phase.

and layer normal Z is called tilt angle 6. The study of elec-
trooptic switching in SmC* phase is based on the following
equation:

do 8%
=K—
Year dt 0z2

— PsE(t) sin(p) (1
Where y,, is the rotational viscosity, K is the elastic constant,
and Ps is the spontaneous polarization. Pg is obtained as the
application of bias voltage results in the distortion of helix
and on increasing the field, all the dipoles get aligned along
the field direction resulting in polarization. The net induced
polarization is thus given by the following equation:

Ps=¢y(e, — D)E 2

The reorientation of polarization, with field result in a repo-
larization current and this principle, is used for measuring
spontaneous polarization in the current reversal method,
where the output is taken across a resistor/capacitor [9—11].
In addition, there passes through the cell a current associated
with the ionic conductivity of the liquid crystal. The third
component is the displacement current related to the cell’s
consequent capacity recharging. When a symmetric square
wave is applied to the liquid crystals sample, the instanta-
neous value of the output voltage (V,) over capacitor C can
be written as follows [12—14]:

v, 2V C
:_/ = T INCLCC

t

+ TA cos (¢ (t)) =Vr+Ve+Vp 3)

Where t = 0 represents the instant of reversing the sign of
voltage. R is the resistance of the cell, Ccc = (g9 A)/d
is the capacitance of the cell, &g is permittivity of air and
e, is permittivity of LC. A and d are the area and thick-
ness of the cell, respectively. The output voltage is the sum
of three components contributing to the resistive part (V),
recharging of cell capacitance (V¢), and voltage across C
due to repolarization current in the cell (Vp). The shape of
the waveform obtained and the definition of parameters are
given in Figure 3, where Region-I corresponds to voltage
V.. The voltage generator time constant is much shorter than
the oscilloscope sweep time; and for this reason, the oscillo-
gram shows it as an instantaneous jump. It is followed by a
smooth growth in voltage (Region-II) due to integration of
the depolarization current i, and ionic conductivity. Region-
IIT is due to the ionic conduction current i,. In practice,
i, > i, and Region-II can be described as the integration of
the depolarization current only. By measuring the values of
Vp and V¢, we determine the spontaneous polarization and
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Figure 3. Shape of the waveform obtained after integration of
the input signal from the external capacitor.

permittivity using the following formula [15]:
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We will now show how the rotational viscosity and response
time can be determined using V'p. In general, the solution to
Equation (1) is given by the following equation [14—16]:

1 Intan(p/2)
|:ln tan[¢g/2]

L

N (1 + a cos(¢p)) sin(¢0)]
(1 + « cos(gp)) sin(p)
Where T = y,/PsE is switching time, ¢, = ¢(t = 0) is ini-
tial azimuthal angle, and & = &, A¢E sin? 8 /Pg. The polar-

ization part of the voltage across the capacitor is a function
of ¢(?), as presented below [15,16]:

APg
Vp(t) = 7[COS(¢0) — cos(p(1))]

For o = 0 and small ¢, a simple expression for Vp(¢) is as
follows [15,16]:

_ Iﬁ 2exp(t —ty/7)
Vpt) == [expz(z —t)7) + 1} ©)
fo=tln |: ! i| @
tangoo

Where t, is the switching delay to_sgo, in our experiment.
Using this formula, we can calculate the value of ¢,. The
response time 7 is unambiguously connected with the rise
time tA,l—A [15,16]

1

T (5)

®)

Where A and 1 — A are the lower and upper thresholds used
for the rise time measurement (Figure 3). For example if

A = 40%, then t49_g00, = 7 In(3/2). However, these equa-
tions have been calculated only for « = 0; and we can use
them for o up to +0.9 [15,16]. Moreover, we can use these
equations when large voltage is required for the simultane-
ous rotation of the molecules. This parameter is essentially
different from zero. Now, rotational viscosity is calculated
using the following equation:

IA1-A

(i ()

Yo = ‘EpsE = PsE (9)

4. Results and discussion
4.1. Measurement of FLC parameters

The various electro-optic parameters, as determined from
the above procedure, follow trends predicted by theory and
their magnitude matches with those measured using other
methods. The values of these parameters determined by the
traditional method are published elsewhere [18]. Figure 4
shows the behavior of polarization with reduced tempera-
ture (T — Tcxa, Where Tc:a is the transition temperature
from SmC* to SmA phase) for 5 um thick samples. As
theoretically expected, it is observed to follow the power
law:

Ps = A(T — Tc)? (10)

The magnitude of spontaneous polarization corresponds to
the one provided by the manufacturer. The critical exponent
(B), as obtained from the theoretical fit, is found to be 0.46
for FLC-6304 and 0.49 for SCE-4. The small deviation from
the theoretical value of 0.5 is attributed to the field-induced
terms [2,19-22].

The response time has been calculated using
Equation (8). The variation in switching response as a func-
tion of temperature is shown in Figure 5. It obeys a typical
Arrhenius behavior, as expected in the FLC mixtures. The
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Figure 4. Variation in spontaneous polarization as a function
of reduced temperature (T — Tcxp) for FLC mixtures. Inset:
Variation in spontaneous polarization for SCE-4.
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Figure 5. Variation in response time as a function of reduced

temperature (T — Tc+a) for FLC mixtures.
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Figure 6. Temperature dependence of rotational viscosity for
FLC mixtures.

temperature dependence of rotational viscosity y, of the
liquid crystals as calculated using Equation (9) is given in
Figure 6. y, shows an exponential decrease with tempera-
ture far from the phase transition. It also shows a sharp drop
near the transition temperature. These experimental results
agree well with the mean field theory and follow a behavior
given by the following equation:

Vo = Ae"/KT (11)

Where E,, is activation energy, K is Boltzmann constant, and
A is a constant. A fit (up to 7-9°C below T, the transition
temperature to SmA*) to the rotational viscosity curve gives
ameasure of activation energy. The activation energy of the
material in the SmC* phase is found to be 0.46 and 0.47 eV
for FLC-6304 and SCE-4, respectively, which lies in the
range predicted by the theories developed so far for the
rotational viscosity [23].

The azimuthal angle can also be determined by substitut-
ing the value of response time in Equation (7). The variation
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Figure 7. Variation in azimuthal angle as a function of reduced
temperature (T — Tcxa) for FLC mixtures. [nset: Theoretical
curve of wave-vector variation.

in azimuthal angle with temperature, as calculated from this
method, is shown in Figure 7. Since the azimuthal angle
(Figure 2) is related to the wave vector by relation ¢y = qz,
it follows the trend similar to wave vector. According to the
theoretical predictions, the variation of wave vector of pitch
with temperature follows the equation [24-27]:

A uP, do?
1= " ho, " Tk

(12)

Where g is a wave vector of the pitch, K3 is elastic modu-
lus, and p and A are coefficients of lifshitz term responsible
for flexo-electric bilinear coupling. At low temperature, it
slowly decreases with rise in temperature, reaches a min-
imum value, and then finally rises to a finite value at
the transition temperature. A theoretical curve is shown
in Figure 7 inset [24-27], where our experimental results
for temperature dependence of azimuthal angle exhibit the
same behavior.

The permittivity can also be measured in the same exper-
iment by using Equation (5). The contribution from DC
conductivity can also be obtained by using the assumption
that the change in ion concentration is negligible in the case
of field reversal; hence, the cell resistance is constant. To
measure the conductivity, a linear regression is applied to
the corresponding part of the waveform (see Figure 3), and
then a straight line is subtracted from the output signal.
However, this method is not very accurate for conductivity
measurements.

4.2. Comparison with traditional current reversal
method

The present technique, in addition to being universal,
substantially addresses the limitations in response time mea-
surement of earlier current reversal method, as confirmed
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Figure 8. Variation in response time as a function of (a) resistance
and (b) capacitor for FLC-6304 samples.

in this section. The response time measurements have been
carried out using the traditional method (standard resistors
in external circuit) and the present technique. We measured
the response time using different resistances in the range of
1-2 k2 and capacitor from 10 to 100 nF. The variation in
response time (t) with resistance and capacitance for FLC-
6304 samples having cell thickness 5 and 25 um is shown
in Figure 8(a) and (b), respectively.

It is interesting to note that the change in capacitance
(Figure 8(b)) has a negligible effect on response time,
whereas it increases as resistance increases (Figure 8(a)).
This change is steep beyond 20 k2. Although the response
time is found to approach a constant value at lower resis-
tances (<20-2k) in both cells, it is difficult to obtain
an output waveform due to the vanishing signal. Response
time was determined precisely by extrapolating the curve
obtained in Figure 8(a). The value thus obtained was
approximately the same as in the case of capacitor method
(~200 v second, at room temperature). The temperature
dependence of the response time ‘t’ for FLC- 6304 sample
with cell thickness 5 wm using both methods is shown in
Figure 9. Although there is a difference in magnitude of t,
it shows an Arrhenius behavior in both cases as predicted
by theory.
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Figure 9. Variation in response time as a function of reduced
temperature (7" — Tc=a ), using capacitor and resistor in the circuit
for FLC-6304 sample.

4.2.1. Theoretical model

Theoretically, we consider that with the resistor method,
the voltage generator drives an [(Rycc//CLcc) series (R)]
equivalent dipole, whereas with the capacitor method,
the voltage generator drives an [(Rpcc//CrLcc) series
(C//Cosc//Rosc)] dipole. In the former case, the depen-
dency of R vanishes for Ry cc >>R. However, a vanishing
effect also implies a vanishing signal. It is therefore impos-
sible to go below a certain value of R, and the dependence
of response time on R cannot be removed. This explains
our variation in response time with resistance and its
comparatively larger value at the higher resistance.

In the latter case, while C, can be safely neglected (13
PF), Rosc cannot, as it is 1 MS2. However, the effect vanishes
for C 3> Crcc. While for low C, the case reappears due to
Rosc, the very large value of C is restricted since it results in a
vanishing signal. However, it is easy to select a capacitance
value that gives the desired output waveform with negligible
dependence on C. In our case, a negligible effect of C on
response time using capacitance in the range 10—100 nF was
observed, as shown in Figure 8(b).

These theoretical considerations explain the changing
value of ‘t’ with resistance and how this effect can be
minimized using the universal method.

5. Conclusions

Parameters including azimuthal angle, response time, spon-
taneous polarization, and viscosity among others are mea-
sured in a single experiment from the relaxation voltage
curve corresponding to the repolarization current of the
two FLC materials with high and low polarization, respec-
tively. Our results agree with the findings as predicted by
the theory. The temperature dependence of polarization is
observed to follow the square-root mean field law, and the
critical exponent of the polarization curve is obtained to be
very close to 0.5 eV. Activation energy of the materials as
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observed from the rotational viscosity curve is perceived to
be in the theoretical limit.

This study’s method is compared with the traditional
current reversal method. A change in response time with
output resistance is observed, a limitation that is signif-
icantly removed by the present technique. A theoretical
explanation has also been given to justify the above
results.
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