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Nagaoka, Niigata 940-21, Japan
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Responses of surface stabilized antiferroelectric liquid crystals (SSAFLCs) to an
electric field are simulated based on a model of the AFLC phase. The apparent tilt
angle, the polarization reversal current and the optical transmission under applied
triangular wave voltages are calculated. The results obtained systematically explain
the experiimental observations fairly well. The effects of parameters such as
amplitude and frequency of applied voltages, an antiferroelectric coupling para-
meter and surface anchoring strength on these phenomena are discussed.

1. Introduction

Since the observation of antiferroelectricity in MHPOBC [1], much attention has
been paid to antiferroelectric liquid crystals (AFLCs) from both practical and
fundamental points of view. They show double hysteresis in D—E curves [2] and in the
electric field dependence of the apparent optical tilt angle [3]. When a triangular wave
voltage is applied, double peaks are generally observed in the polarization reversal
current [4]. These phenomena are all due to the tri-stable switching amongst an
antiferroelectic state and two uniform ferroelectric states.

The structure of ALFC is considered to consist of two ferroelectric SE sublattices
which are paired by antiferroelectric coupling. Based on this model, we calculate the
apparent optical tilt angle, the polarization reversal current and the optical trans-
mission under applied triangular voltages. The effects of parameters such as amplitude
and frequency of applied voltages, an antiferroelectric coupling parameter and surface
ancloring strength on these phenomena are discussed.

2. Model and free energy density of AFLCs

In the antiferroelectric smectic C% phase of an AFLC material, the polarization
vectors in adjacent layers are antiparallel and rotate about the layer normal to form a
helical structure, in the same manner as that in a ferroelectric Sg phase. Therzfore, the
structure of the AFLC phase is considered to consist of two ferroelectric sublattices
(odd-numbered layers and even-numbered layers) which are paired by antiferroelectic
coupling [5]. We assume that the antiferroelectric coupling energy density is given by
fo=0oPy Py, (1)
where P, and P, are the spontaneous polarizations in odd-numbered layers and even-
numbered layers, respectively. The amplitude of P, and P, are equal and we put

P,=P,=P,2. The S, or S¥ phase is stabilized according to «>0 or o <0.
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The elastic free energy density of SE, is considered to be the sum of those of SE sub-
lattices. Using the ¢ director expression of the elastic free energy density of S proposed
by Dahl and Lagerwall [6], we have

Jeras= 22: (%31{" “(V x ci)}z +%Bz(v ) ci)z +%B3{ci (Vx ci)}z

i=1

—%Bm{k'(v xe)He; (Vxey))
+4D,{k-(Vx )} —3D{c; (V% ci)}>, 2

where k is the unit vector along the layer normal, and ¢, ¢, are ¢ directors in odd-
numbered layers and in even-numbered layers, respectively. Equation (2) describes the
elastic energy of the distortion of the ¢ director. The layer distortion is not considered
here. Equation (2) reduces to that of S} when ¢, =¢,=c.
The dielectric free energy density is given by

f_ 1D Ew—lyy 2 (3)
where ¢ is the scalar potential, ¢, = 0¢/0y and &, is the dielectric constant along the cell
normal. The energy density of interaction between spontaneous polarization and the
electric field field is given by

So=—(P+P,)E. (4)
The bulk free energy density is given by

Sa=faastfetatsy. ()

We assume that the layer structure is bookshelf and take the z axis along the layer
normal and the y axis along the cell normal. Then,

k=(0,0,1), ¢;=(cos @, sin ®,;,0), p,=(—sin ©, cos ®,, 0), (6)
where p; is the unit vector along F; and @, is the angle between the x axis and ¢,(i=1,2).

We consider the one dimensional problem, i.e. we assume that ¢ and ®; depend only on
y. Then, in this geometry,

2
Jetas= i=zl (&(B, sin” ®; + B, cos? D)0}, +1D, D, sin ), (7
fe=3aP}cos(®, —®,), (8)
. 2 0  an2 i
6, 52; +esin2(Di),e=(blcos +:jsm 0 32), ©)
2 P 2 P,
fp=i§1 <—75P,-'E> Z 5 cos®; ¢, (10)

In equation (7), ®;, = 0®,/dy. In equation (9), €5, ¢, and ¢, are the principal values of the
dielectric tensor along the r director, the polarization vector and the direction
perpendicular to them, respectively, and 6 is the tilt angle of the n director with respect
to the layer normal.
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As the surface anchoring energy, we take the following functions;
f3=15(sin £° —sin ) ~y3(p°- 5°), }
fé=1(sin &% —sin f) —y5(p-5%),
where superscripts 0 and d denote the lower and upper surfaces, respectively, and s
denotes the outward normal of the surface. In equation (11), the first and the second
terms are the non-polar and the polar anchoring energies. £%¢ is the angle between the n
director at the surface and the surface plane (the xz plane), and ¢ is the surface pretilt
angle of the n director. In the present case, sin %% =sin # sin ®,*9, p°- s°=cos ®P and
p?sd=—cos ®¢.
Using equations (7), (8), (9), (10) and (11) and the torque balance equation, dynamic
equations with respect to @[y, t) are obtained.

0V, sy 0 fu

(1)

i"aT“ o0, +B_y 50, (in the bulk), (12)
0
a(z];B =g£: (at the lower surface), (13)
iy i
d
ég" = ~2{£ (at the upper surface). (14)
iy i

In equation (12), 1 is the rotational viscosity coefficient when the n director moves over
the cone of cone angle 26. In equations (13) and (14), we assume a static torque balance
at the surfaces. Applying the Euler—Lagrange equation with respect to scalar potential
¢, we obtain the Poisson equation as

0 P . .

6_(%2 {2+ e(sin® @, +sin? (DZ)}qby) = —75 (D, sin®, + D, sinD,). (15)
y

The right hand side of equation (15) contributes to the polarization electric field [7, 8].

If we neglect this term and the dielectric anisotropy (e =0), ¢ is a linear function of y and

the electric field is constant throughout the sample.

3. Results and discussion

To solve the set of equations (12)(15), we resort to the conventional difference
method for the space (y) and time (¢) derivatives. The number of divisions along the
y axis is 20. Once @, (y,t) and ¢, (y,t) are obtained, we can calculate the relevant
quantities such as the polarization reversal current, optical transmission, etc.

In the following calculations, we neglect the effect of polarization electric field,
anisotropy of the dielectric constants and anisotropy of the elastic constants. We also
neglect the polar anchoring strength. Values of parameters used in these calculations
are as follows: tilt angle 8 =20°, spontaneous polarization P,=50nC cm ~ 2, dielectric
constants ¢, =¢, =¢&;="50¢, where ¢, is the dieiectric constant of a vacuum, eclastic
constants B, =B,=166x 10"°N, D, =0, rotational viscosity A=2-6 N.sm~*!, and
pretilt angle of the n director at the surface f,=23-62°.

First, we calculate the apparent optical tilt angle 6,,, as a function of applied DC
voltage. This can be evaluated by calculating the optical transmission, with rotation of
the cell between crossed polarizers, by means of the 4 x4 matrix method [9]. The
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Figure 1. Apparent tilt angle versus applied DC voltage when the antiferroelectric coupling
parameter is: (a) o =0, (b) o' =4, (¢) « =5 and (d) o’ =6.
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Figure 2. Apparent tilt angle versus applied DC voltage for different values of the non-polar
surface anchoring strength. (@) y,=032x10"*Nm™%, (b} y,=096x 10 3> Nm™!
(€} 71=160x10"3Nm™, (d) y,=224x10"*Nm~’.
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Figure 3. Polarization reversal current (left column) and optical transmission (right column)
between crossed polarizers for different values of the antiferroelectric coupling parameter
when triangular wave voltages are applied. (a) « =3, (b) &' =4, (¢) o' =5, (d) &’ =6.
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Figure 4. Polarization reversal current (left column) and optical transmission (right column)
between crossed polarizers for different values of the frequency when triangular wave
voltages are applied. (a) f=160Hz, (b) f=80Hz, (c) f=20Hz, (d) f=10Hz.
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Figure 5. Polarization reversal current (left column) and optical transmission (right column)
between crossed polarizers for different values of the amplitude of the voltage when
triangular wave voltages are applied. (a) V=20V, (b) V=30V, (c) V=40V, (d) ¥=50V.
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Figure 6. Polarization reversal current (left column) and optical transmission (right column)
between crossed polarizers for different values of the non-polar surface anchoring strength
when triargular wave voltages are applied. (a} y,=032x 1073 Nm™ !, (h) y,=096

x1073*Nm™%, {¢) y,=160x 10"*Nm ™!,

results are shown in figures 1 and 2. Figure 1 shows the effects of the antiferroelectric
coupling parameter o' = a¢, when the non-polar surface anchoring strength is fixed to
the value y, =096 x 1073 Nm ™!, When «' =0, the ferroelectric phase is stabilized and
the 0,,, versus V curve exhibits the single hysteresis (figure 1(a)) characteristic of
ferroelectric liquid crystal phases. When o' >0, a double hysteresis is observed. The
threshold voltage of the electric field induced transition from an antiferroelectric phase
to one of the uniform ferroelectric states becomes higher, as o’ becomes larger. o’ is
considered to become larger as the temperature is lowered. Therefore, this tendency
agrees with the experimental results for TFMHPOBC [3]. Figure 2 shows the effects of
non-polar surface anchoring strength, when «' is fixed to o' =5. When vy, is small see
figure 2(a)), the threshold for the electric field induced transition from an antifer-
roelectric phase to one of the uniform ferroelectric states disappears. The hysteresis
loop becomes wider as y, becomes larger.
The polarization reversal current is calculated by

0

Py
Ip=a~t{-2— ((cosd)1>+<cos(l)2>)}, (16)
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where {(cos®;> is given by

d

1
<cosd)i)=f cos®,dy.
d}o

The dynamic response of the optical transmission using crossed polarizers is calculated
by means of the 4 x 4 matrix method. These results are shown for one period of applied
triangular wave voltages in figures 3—6. In these figures the left hand columns show the
polarization reversal currents in arbitrary units. Those in the right hand columns show
the optical transmissions when the crossed polarizers are set so that one of the uniform
ferroelectric states is in an extinct state. In general, the polarization reversal current
exhibits double peaks, corresponding to the relaxation from one of the uniform
ferroclectric states to the antiferroelectric state, and the electric field induced transition
from the antiferroelectric state to the other uniform ferroelectric state. The optical
transmission also exhibits this tristable switching. Figure 3 shows the effect of ' when
1, =096 x 107> Nm™!, ¥=30V and the frequency f=20 Hz. When o’ becomes larger,
the spacing between the double peaks becomes wider as is expected. The effects of the
frequency of the applied voltages are shown in figure 4, when o'=5, y, =096
x 1073*Nm~! and V=30V. As the frequency becomes higher, the spacing between the
double peaks becomes smaller and finally only a single peak appears in the polarization
reversal current (see figures 4 (a) and (b)). This means that bistable switching occurs
between uniform ferroelectric states without passing through the antiferroelectric state.
This phenomenon corresponds to the single hysteresis loop in D-E curves at high
frequencies which is experimentally observed [2]. The effects of the amplitude of the
applied voltages are shown in figure 5, when «'=35, y,=096x10"*Nm~' and

f=20Hz. As the voltage becomes higher, the spacing between the double peaks becomes

smaller as was the case for the frequency dependence. Finally, figure 6 shows the effect
of the non-polar surface anchoring strength when o’ =5, V=30V and f=20 Hz. When
y, is small, the second peak in the polarization reversal current is merged with the first
peak (see figure 6 (a)). When v, is large, both the first and the second peaks split into two
peaks (see figure 6(c)). This is due to the delay of the polarization reversal near the
surfaces with respect to that in the bulk.

4. Conclusions

Responses of surface stabilized antiferroelectric liquid crystals (SSAFLCs) to an
electric field were simulated based on a model of the AFLC phase in which its structure
was assumed to consist of two ferroelectric SE sublattices paired by antiferroelectric
coupling. The apparent tilt angle, the polarization reversal current and the optical
transmission under applied triangular wave voltages were calculated. The results
obtained explain the experimental observations fairly well. As the antiferroelectric
coupling parameter becomes larger (this corresponds to lower temperatures), the
threshold DC voltage of the electric field induced transition from the antiferroelectric
state to one of the uniform ferroelectric states becomes higher and the spacing between
the double peaks in the polarization reversal current becomes wider. These are natural
results, because the antiferroelectric phase is more stable when the antiferroelectric
coupling parameter is larger. When the amplitude and frequency of the applied
triangular wave voltages become higher, the spacing between the double peaks in the
polarization reversal current becomes smaller. Especially, when the frequency is high,
only a single peak appears due to the direct transition from one of the uniform
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ferroelectric states to the other. It was also shown that the surface anchoring strength
has crucial effects on switching characteristics.
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