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Cell thickness dependence of liquid crystal parameters
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Ferroelectric liquid crystal parameters, spontaneous polarization, and transition temperature were studied as a function of
cell thickness. These parameters were found to increase with increasing cell thickness, but an exception was observed for
the transition temperature in the case of a thin cell. A simple Landau model is presented to interpret the theoretical and
experimental observations. The anomalous behavior is attributed to the electroclinic effect and is explained using the Landau

model.
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1. Introduction

In 1975, Meyer et al. established the existence of ferroelec-
tricity in liquid crystals (LCs). It was first discovered in the
chiral smectic C (SmC*) phase of LCs [1]. In this phase,
a helical superstructure is generated, whose net polariza-
tion is zero (Figure 1). These ferroelectric LCs (FLCs) are
highly suitable for display devices and offer high speed, high
contrast, and switching characteristics when their intrinsic
helical structure is suppressed [2—8]. FLCs have states with
opposite polarization, which can be switched from one to
another on a time scale of a few microseconds with the
application of an external AC field sufficient to unwind the
helix.

Spontaneous polarization (Pg) and rotational viscosity
(¥,) are the major parameters that determine the switch-
ing time of FLC cells. In the past two decades, various
methods were developed for the measurement of these
parameters [9—16]. The literature review conducted in this
study revealed that despite the extensive work performed
by various research groups, very little attention has been
paid to their cells’ thickness dependence. The helical super-
structure of the SmC* phase is disturbed by the effect of the
surface interactions. Moreover, the switching mechanism in
electro-optic devices depends on the cell thickness, as the
polarization and transition temperature are expected to be
influenced by the thickness of the cell. The small-thickness
sample cells also show electroclinic (EC) behavior.

The systematic investigation of the cell thickness depen-
dence of the electrical parameters is expected to clarify the
effect of the intersurface interaction between cell surfaces

and molecules on the electrical properties. To investigate
the dynamics of molecules under the influence of such inter-
surface interactions, an attempt was made to study the FLC
parameters with varying cell thicknesses, using a universal
procedure. The experiment that was conducted in this study
involved two phenomena: the cell thickness dependence of
the FLC parameters and the existence of the EC effect.

2. Experiment

Investigations were performed on the FLC mixture FLC-
6304 (Rolic, Switzerland). FLC-6304 exhibits ferroelectric
SmC* (chiral SmC*) and SmA* phases, with the corre-
sponding transition temperatures given by SmC*—SmA-
isotropic: 59°C, 64°C (Hoffmann La Roche, Rolic). It has
high spontaneous polarization (110 nC/cm?), a short pitch
(0.35 wm), and a large tilt angle (27°) (Hoffmann La Roche,
Rolic). The thermotropic mesomorphism and the transi-
tion temperatures of the material were also confirmed using
an optical-thermal polarizing microscope and a differen-
tial scanning calorimeter (DSC-7 Perkin-Elmer, Mumbai,
India). Planar cells with 100, 62.5, 25, 7.5, 6, and 3 pm
thicknesses were filled with the FLC mixture via capillary
action at the isotropic temperature. A well-aligned texture
was obtained by cooling the sample to room temperature
at 0.1°C/min. The microtextures of the samples were visu-
alized through a polarizing microscope (Model Select P1,
Dewinter, New Delhi, India) interfaced with a computer.
In the setup that was used, a square wave was applied
to the sample, and the output current was integrated from an
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Figure 1. Helical structure of the SmC* phase.

external capacitor. The output waveform was then obtained
on a digitizing storage oscilloscope for further analysis. The
circuit [14] is a modified form of current reversal method
[13—16] (where resistance is used in the external circuit)
and measures the response time (7), azimuthal angle (¢,),
spontaneous polarization (Ps), rotational viscosity (y,,), and
dielectric permittivity (¢,) in a single experiment. When
a symmetric square wave is applied to the LC sample, the
instantaneous value of the output voltage (V) over capacitor
C can be written as [13,14]

1 [t Vin . 2VinCree  PsAd !
Vo=— [ idt=—t+———+ — t
0 c/,,l !¢ ° ccos(w())o

=Vr+ Ve + Vp,

where ¢ = 0 represents the instant of reversing the sign
of the voltage, R is the resistance of the cell, Crcc =
(e0e.1A)/d is the capacitance of the cell, g is the permittiv-
ity of air, ¢ is the permittivity of the LC, and 4 and d are
the area and thickness of the cell, respectively. The shape
of the waveform that was obtained is shown in Figure 2.
The output voltage is the sum of three components, consist-
ing of the resistive part (V'r) (Region III), recharging of the
cell capacitance (V) (Region I), and the voltage across C
due to the repolarization current in the cell (Vp) (Region II).
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Figure 2. Shape of the waveform obtained in the case of the
improved current reversal method.

The polarization was measured using the following equation
[13,14]:

24Ps

PE A

3. Results and discussion

The temperature dependence of the electrical parameters
of FLC as a function of cell thickness has been investi-
gated by very few authors. As revealed by the literature
review that was conducted in this study, only two groups
have studied it experimentally [17,18]. In the present work,
the temperature and cell thickness dependence of sponta-
neous polarization were studied. The results obtained were
found to be reproducible.

The polarization behavior of sample cells with dif-
ferent thicknesses is shown in Figures 3 and 4. As
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Figure 3. Variation of the spontaneous polarization as a function
of temperature for the FLC-6304 sample: 3-pum cell, B; 6-pum cell,
%; 7.5-um cell, o; 25-um cell, A; 62.5-um cell, ¥; and 100-um
cell, ¢.
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Figure 4. Cell thickness dependence of the spontaneous polar-
ization (Ps).
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Figure 5. Cell thickness dependence of the critical index (8).
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Figure 6. Cell thickness dependence of the transition tempera-
ture (7¢+).

expected theoretically, the temperature dependence shown
in Figure 3 is observed to follow the power law given by

Ps = A(T — Te+)P. (1)

Although Pg was observed to follow the power law in
each case, an increase in its magnitude was observed with
increasing cell thickness (Figure 4). The critical exponent
(B), as obtained from theoretical fit, is shown in Figure 5 for
different cell thicknesses. Index B is almost constant, except
for the 3-pwm cell. The small deviation from the theoretical
value of 0.5 in each case is due to the field-induced terms
[2,18-21]. The cell thickness dependence of T¢+ (SmC*—
SmA* transition temperature) for FLC, as obtained from the
curve fitting in Figure 3, is shown in Figure 6. T¢- tends to
decrease with diminishing cell thickness. An exception was
observed, however, in the case of the 3-um cell, where an
unusual increase in T+ was observed. Here, a shift of —6°C
was observed. A trace of the switching current after passing
through the transition temperature, as seen in the specimen

with 3 um cell thickness, may be due to the smearing of
Tc because of the EC effect that comes into play above a
critical value of the biasing field. The increasing value of
Pg and T+ with the cell thickness and anomalous behavior
in the 3-pm-thick sample can be explained in terms of the
mathematical models cited below.

3.1. Cell thickness dependence

The decrease in Pg and T¢+ with diminishing cell thick-
ness can be explained in terms of the generalized Landau
expansion of free-energy density [22—27]. For a non-chiral
system, at any temperature 7, the free-energy density is
given by

F =Fy+ 1a0” + 1b0* + Lc6°, ()

where 6 is the tilt angle, the primary-order parameter
for the SmMC—SmA transition; a = (7 — T¢) is the only
temperature-dependent term; and «, b, and ¢ are the pos-
itive constants for the case of the second-order transition.
The values of these constants are very small near the transi-
tion temperature. 7¢ is the transition temperature from the
SmC—SmA phase and F) is the singular part of F.

The expression of free energy in the case of an unwound
system (for which the wave vector is ¢ = 0) for the SmC*—
SmA* transition is given by [22-27]

F*0,E) F+192+1b94+196+ 1P2
N = —a —_— —C —
) 4 6 20

1 202 1 4
— CPO — QP + JnP* —EP.  (3)

Chiral interactions are introduced into the equation by the
term P? /2o, where o is the high-frequency dielectric con-
stant, which is due to the effect of dipolar ordering. C is
a piezoelectric bilinear coupling term, €2 is a biquadratic
coupling term, and the term 7 (a constant) was added to sta-
bilize the system. The last term was included to represent
the decrease in energy on the field application.
Minimizing Equation (3) with respect to P,

IF*
or

0,
gives

1 2 3
— —QO*)\P—CO+nP*—E=0.
X0

Recently, Gouda et al. [28] pointed out that the term 7 is
related to the low-temperature saturation of polarization,
and is therefore irrelevant near the transition temperature.
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Thus, at higher temperatures, the following is obtained:

<i — 992> P—CH=E. 4)
X0
From Equation (4), the following is obtained:
(E+Co) Xo(E + CO)
T ((/x0) — 267 (1 x0Q6%)
= Xo(E + CO)(1 — xo26H) 7. (5)

In the case of the second-order transition, the tilt angle con-
tinuously approaches zero at the transition temperature, and
Equation (5) is reduced to the form P = E'xg.

Applying condition 9F* /96 = 0,

we get

ab + bo> + c0> — CP — QP*0 = 0.

Substituting P from Equation (5), neglecting the contri-
bution from the higher powers of 0, the following is
obtained [29]:

(a—C*xo — E*Qx3)0 — CExo = 0. (6)
Considering the first term in Equation (6) [29],
(a—C*x0 — E*Qyxg) 0
=a*0 = (a(T — Tc) — C*xo — E*Qx3) 0

C2xo E’Q Xg) ) ™)
o

=ot<T—Tc—
a0 =a (T —Tc) 6.

Now, a* = a(T — T¢+) is a temperature-dependent term
where T¢- is the SmC*—SmA* phase transition temperature
and is given by

C%*xo N E*Qyt

Ter =Tc +
o
Using Equation (5) at the transition,
C? P>Q
Teo = Te + X°+T (8)

The mean field coefficients C, «, x, and 2 have been found
to be positive [30]. As the last two terms are always positive
in Equation (8), the temperature 7+ always increases. Also,
except for polarization, all the other terms in Equation (8)
are nearly constant for a particular FLC compound and,
hence, the transition temperature (7¢+) reaches a maximum
value when P becomes Pp,x. Equation (8) can thus be
written as
2

CX0 4 P2

Tcs max = Tc + >
o o

)

where P,y and Tcr max are the maximum values of the polar-
ization and transition temperature, respectively. The critical

temperature for FLC can also be written as [31]

Teo = Te- —(H2g> 1 (10)
w20 ) @ e/

where Tcsmax 18 the maximum critical temperature when
thickness d — oo, g is the elastic modulus, and W is the
effective anchoring energy. From Equations (8) and (9), the
following is obtained:

max

Q 2 2
TC*:TC*max'i‘;(P — Phad)- (11)

Comparing Equations (10) and (11) yields the following:

P—[}ﬂ (H2g> : }1/2 12
e \2e ) @rzez] -

Hence, from Equation (12), it is clear that as d — oo and
P — Pp.x, the spontaneous polarization increases with the
cell thickness. Also, when d|W| >> g, the following is

obtained:
Mg 1 12
2
(@] w

Equation (13) also shows that polarization increases with
cell thickness. At d|WW| << g, the dependence of P(d) on
the cell thickness is very small. Equation (8), (10), or (11)
conforms to an increase in transition temperature with cell
thickness, as observed in Figures 3 and 4.

3.2. Anomalous behavior

The anomaly in the case of the 3-um sample, which shows
an abnormal jump in its transition temperature, can be
explained in terms of the EC effect. In 1975, Meyer et al.
showed that in the SmC* phase, each layer exhibits PS due
to the chiral nature of the molecules. The other consequence
of chirality is the helical superstructure due to the precession
of the director around the layer normal. The application of
an electric field with sufficient strength unwinds the helix of
the SmC* phase, producing a homogenous tilt and, hence,
a net polarization current. This coupling between the tilt
and polarization can induce itself in the SmA* phase, for
a field above a critical value, and the effect is called the
EC effect. The director in the SmA* phase, usually par-
allel to the layer normal, becomes tilted at some angles.
Thus, the SmC* and SmA* phases show the same homo-
geneous tilt (i.e. unwound) and have identical symmetries
[32]. The phase transition from SmC* to SmA*, which is
generally second-order, becomes less abrupt. At this point,
the transition temperature is difficult to analyze and appears
to increase in value.

In this study, the transition from SmC* to SmA* in the
3-um cell was found to be less abrupt and conforms to the
induction of the tilt angle in the SmA* phase. The EC effect
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was observed only in this sample because in thin samples,
a smaller field is required to attain the EC effect.

The EC behavior, particularly the required critical field
and the shift in the transition temperature, can be interpreted
in terms of a simple Landau model. The Landau free-energy
density is given by Equation (3).

S
F*(0,E) =Fy+ —ab” + -bo
2 4
PR B
+ 8 + —P* — CPO — EP.
6 20

Here, the contribution from the biquadratic term was
neglected as the EC effect strongly depends on bilinear cou-
pling. To calculate the value of the critical field required to
observe the EC effect, the following condition was applied:

aF™*
=0.
a0

The equation for the electric field in terms of the tilt angle
that was obtained is

1
E=—/{la(T — Tc) — C*x010 + b6> +c0°}.  (14)
Cxo
At the critical field, the following conditions must be
satisfied [33]:

oF J’E
=0 i

0 e

Using these conditions, the following are obtained:

9172 C2X0
Tor = T, 15
¢ ct 20w o (s)
and
1 63 (—b)%/?
oo — L | 63 D7) (16)
Cxo | 25410 32

where T¢+ is the transition temperature when the field is
above the critical value. The transition temperature at the
zero field, after neglecting the biquadratic term, is [33]

3b2 C 2)(()

Ter = T + + . (17)
16axc o

The difference in the transition temperature for zero-field
Equation (17) and critical-temperature Equation (15), or the
change in transition temperature 7¢+ due to the EC effect,
is given by

217 18
80ac’ (18)
As «, b, and c are different for different FLCs, the increase
in T« due to the EC effect is also different. Based on the
order of each constant, however, the transition temperature

can vary up to a few K, as can be observed in Figures 3
and 6.

TCr* — Tc* =

Equation (15) can be modified using Equation (8)
(neglecting the biquadratic term).

9p?

cr C+20ac

(19)

Thus, the critical-field equation becomes

E ! T, T+9b2 C*x0 |0
ok = ——— o . — —
C) Cxo C c 20ac X0

+wﬂw¢} (20)

As discussed in Section 3.1 and as proven by Pikin and
Yoshina [31], T¢+ decreases with decrease in cell thickness.
As a result, the value of the critical field required to attain
the EC effect is comparatively low in thin samples for a
given material.

4. Conclusions

The spontaneous polarization is measured from the relax-
ation voltage curve corresponding to the repolarization
current of the FLC material with high polarization. The
results of this study coincide with the results predicted by
the theory. The temperature dependence of polarization was
observed to follow the power law, and the critical exponent
of the obtained polarization curve was found to be close to
0.5eV.

The cell thickness dependence of polarization was
observed to show an increase in its magnitude with cell
thickness. The critical exponent and transition tempera-
ture obtained from the theoretical fit of polarization vs.
temperature curve were also studied for various cell thick-
nesses. Although § remains constant and 7¢- increases with
increasing cell thickness, an anomaly is observed for the 3-
um cell. A simple Landau model is presented to support the
experimental results. The anomalous behavior is attributed
to the EC effect and is explained using the Landau model.
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