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Solitary wave propagation in surface stabilized ferroelectric liquid crystal cells controlled by surface
anchoring of the alignment layers is investigated for different conditions of alignment on the two
opposite surfaces. We show that the critical field E., where the speed of the solitary wave becomes
zero, is finite for asymmetric alignment on two surfaces. We also show that the polar anchoring
energy difference (Aw,) between the alignment layers can be calculated by measuring E,, and this
depends on the rubbing condition and the material of the alignment layer. © 2008 American

Institute of Physics. [DOI: 10.1063/1.2841670]

Nematic liquid crystal displays (LCDs) have revolution-
ized the display industry. However, these displays suffer
from major drawbacks such as the poor image quality of fast
moving objects due to slow response time and their limited
viewing angle. Ferroelectric liquid crystals (FLCs), which
respond by an interaction of the electric field with the spon-
taneous polarization (P,), are reported to overcome the slow
response time as well as the problem of limited viewing
angle. A surface stabilized FLC (SSFLC) cell,'? where the
cell thickness is small enough to suppress the helical struc-
ture of smectic C*, has been one of the most promising
methods in display applications using FLCs. Liquid crystal-
line smectic C* phase is composed of chiral molecules that
form a layered and tilted molecular structure. In SSFLC
cells, usually two types of domains appear: up/down do-
mains, where the polarization is directing upwards/
downwards, as shown in Fig. 1, or the polarization is twisted
along the cell thickness direction. The boundaries of these
domains move on the application of the electric field, as
shown in Fig. 1. The boundary movement is a solitary wave
which is a solution of a nonlinear equation with a property
that energy is transmitted in a localized way. The solitary
wave in a SSFLC cell is not only an interesting phenomenon
scientifically but it also plays an important role in the switch-
ing property, a key factor that determines its applications.
The solitary wave in a SSFLC cell was observed and studied
by Handschy and Clark®? for the first time and was investi-
gated in detail using computer simulations by Maclennan
et al..! and it was suggested5 that this can be used to improve
the switching property in a SSFLC cell by determining the
factors that control its propagation.

Recently, we reported the observation of solitary wave as
an electric-field induced antiferroelectric-ferroelectric (AF-F)
switching in a cell using an antiferroelectric liquid
crystalline® (AFLC) compound. AFLC is similar to FLC ex-
cept that its residual polarization is canceled out due to the
oppositely aligned directors in the neighboring layers of the
AF phase. Nevertheless, solitary wave in the AF-F switching
is basically similar to that in a SSFLC cell because both in
reality are the elastically connected liquid crystalline mo-
lecular motions that induce a transition from one to the other
state or domains. However, the behavior and the mechanisms
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are different. While the solitary wave in the AF-F switching
is governed by the interlayer interaction between the smectic
layers,6 on the contrary, it is related to the surface anchoring
of the alignment layers in a SSFLC cell.>* Hence, the nature
of the surface is an essential element of the solitary wave in
SSFLC cells, which has rarely been studied so far. In this
letter, we characterize the solitary wave in SSFLC cells
under the various surface conditions including asymmetric
alignment layers. The asymmetric alignment structures
with different aligning agents7 and/or different rubbing
conditions® are designed to produce different cell structures
in liquid crystal cells. Asymmetric alignment arises as an
unintentional side effect caused by different surface condi-
tions for the two cell plates such as in thin film transistor
LCD (TFT LCD), where a TFT circuit is embedded on one
plate and a color filter on the other plate made the surface
morphology rather different.

Handschy and Clark™ characterized the solitary wave
theoretically and determined some of its parameters in
SSFLC cells including the director distortions varying along

© Ps \ ¢ director. glass plate

domain

A(UP domain) Beuidary

B(DOWN domain)
FIG. 1. (Color online) Polarizing microscopy for the solitary wave in a
SSFLC; (b) the picture was taken 3 s after taking (a), the schematics for the
solitary wave and the up/down domains and boundary (c). The directors can
move on a cone, which is the necessary condition that the layer thickness
does not change during switching. Smectic layers are perpendicular to the
glass plates.
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the cell thickness direction and also along X and Y directions
of window. We suggest that a simplified director distribution
can easily be calculated which may allow us to investigate
the additional features of the solitary wave. This is the case
in the up and down domains of the SSFLC cell if a slight
distortion near the surfaces is neglected, and we only con-
sider the distortion of the director along the direction parallel
to the glass plates. This simplifies the problem to be a one-
dimensional one. First, we consider the surface anchoring
energy9 per unit surface area based on the assumption given
above,

W(¢) =wpt+ (WpZ - Wpl)COS (;b - (Wnl + WnZ)COSZ ¢
= wo+Aw, cos ¢—2w, cos’ ¢, (1)

where ¢ is the azimuthal angle of the ¢ director measured
with respect to the y axis. wy, w, and w,, are ¢ independent
and ¢ dependent polar and nonpolar coefficients of anchor-
ing energy, respectively. Note that the polar energy is propor-
tional to cos ¢ since it distinguishes the direction of polar-
ization, while the nonpolar energy is proportional to cos® ¢
since it is concerned with the relative angle of the director
from the surface. The subscripts 1 and 2 represent the two
surfaces. Aw,=(w,,—w,;) is the polar anchoring energy dif-
ference between the two surfaces, and w,= (w,;+w,,)/2 is
the average nonpolar anchoring energy.
A simple free energy expression can be obtained as
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where  U[p(x)]=wy/I-(P,E-Aw,/I)cos ¢p—2%,/1 cos® ¢,
the effective elastic coefficient K’ =K sin® /2, and [ is cell
thickness. The first term in Eq. (2) is the elastic distortion
energy of the solitary wave, the second term is the coupling
energy of the polarization with the field, and the last term is
the anchoring energy.

Corresponding to Eq. (2), the equation of motion of the
solitary wave can be written as
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where vy is the viscosity of the medium.
The solution of Eq. (3) is the solitary wave and is found
to be

$(x) =2 tan™! 00, (4)
where

d=(112NK'l/(w,), (5)

v=[E- Aw‘,,/(lP_Y)]Psd/y. (6)

Here, d and v represent the width and the speed of the soli-
tary wave, respectively. Thus, the field E,, called the critical
field, where the speed of the solitary wave becomes zero, is
given as

E.=Aw,/(IP). (7)

E. is 0 when w, =w,, but is not 0 under the asymmetric

alignment condition.
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TABLE 1. Surface conditions for each cell and experimentally obtained
Awp. For the strong rubbing condition, the surface was rubbed four times
with the same rubbing strength as for the weak process.

Acronym Surface 1 Surface 2 Aw, (J/m?)
SR-SR Strong rubbing Strong rubbing 0
SR-WR Strong rubbing Weak rubbing 2.64%107°
SR-NR Strong rubbing No rubbing 3.80x107°
SR-ITO Strong rubbing No alignment layer 4.38x107°

The solitary wave was observed in a cell of 2 um thick-
ness using two indium tin oxide (ITO) glass plates coated
with RN-1175 (Nissan Chemical Co.) and using a FLC mix-
ture, Felix0018 (Hoechst AG Co.). The surfaces of the align-
ment layer were rubbed using a commercial rubbing machine
(EHC Co. Ltd., RM-50), and four types of cells, as shown in
Table I, were prepared.

For the AF-F switching, it is known® that the speed (v')
of the solitary wave corresponding to the domain movement
between the two states depends on the absolute value of the
applied field |E|; hence, v’ (E)=v'(~E). On the application of
rectangular shaped ac field, the domain boundary does not
oscillate but moves with a constant velocity. On the other
hand, the solitary wave occurring at the boundary of the up
and the down domains in a SSFLC cell depends on the sign
of the applied field because the directions of P, in both do-
mains are opposite to each other and P, favors aligning par-
allel to the applied field (see Fig. 1). One domain enlarges at
the expense of a reduction in the size of the second domain
for positive fields and vice versa. Hence, on the application
of the rectangular shaped ac field, the domain boundary os-
cillates corresponding to the applied field. Therefore, a dc
field can better be used to observe the domain movement.
When a dc electric field is applied to the cell, the boundaries
of the domains propagate along one direction, but the speed
of solitary wave decreases with time rather quickly. This is
not an intrinsic property of the solitary wave but is due to a
reduction in the field across the cell caused by the ionic
impurities that accumulate close to the two surfaces. This
problem is solved by applying a triangular-wave form of
electric signal at 10 Hz having a dc offset voltage. The do-
main boundaries oscillated with the applied field, and the
offset voltage was controlled to keep the average velocity of
the boundary motion to be zero. The offset field, where the
average velocity of the solitary wave becomes zero, is actu-
ally E,.. This is measured just after the voltage is applied to
avoid the problem due to an accumulation of ionic impurities
close to the surfaces of the cell. The offset voltage increases
with time as the ionic impurities accumulate. A trivial calcu-
lation shows that the velocity of the solitary wave
=(width of the oscillating boundary) X 2f, where f is the fre-
quency of the ac part of the applied field.

The velocity (v) of the solitary wave in a usual SSFLC
cell having symmetric alignment layers (SR-SR cell in Table
I) was measured for different temperatures, as shown in Fig.
2. v almost linearly increases with increasing field at low
fields and diverges at large fields. At large fields, one state
transfers to the second simultaneously in the entire area, and
v could, therefore, be not measured. The behavior of the
solitary wave for the cells having asymmetric alignment lay-
ers, plotted in Fig. 2, is rather different. The critical electric
field E. is not zero in these cells, and E, varies with the
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FIG. 2. (Color online) Velocity (v) of the solitary wave for various condi-

tions of the alignment layers. v was measured for various temperatures for
the SR-SR cell and at 40 °C for the other cells.

surface condition. This accords with Eq. (7) derived in our
model. As Aw, between the two layers increases, E. in-
creases, which can be confirmed by the measured values of
E, for these cells. The values of E,. are such that their order
is SR-SR <SR-WR < SR-NR < SR-NP, which accords with
the intuitively expected order for the differences between the
two surfaces. We can calculate the polar anchoring energy
difference Aw,, from the experimental results by using Eq.
(7); Aw,, for each cell is listed in Table I.

E, varies considerably when measured at different points
of the cells. For example, E. in SR-NR cell was observed
varying from 70 to 110 mV across the cell. This implies that
a uniformity in rubbing is not perfect for these cells. To find
the average E. over a wide area of the cell, we measured the
optical transmittance under the cross polarizers by applying
triangular wave across the cell. As shown in Fig. 3(a), E,,
which is the shift in the field of the symmetric position of the
hysteresis curve from zero, is almost independent of the fre-
quency of the applied field and shows only a slight decrease
at large frequencies, as shown in Fig. 3(b). Actually, the mea-
sured E; was found to be almost the same as E, obtained by
observing the solitary wave. This can easily be understood.
The free energies of both domains are the same at E. where
v=0. Note that the stationary boundary is obtained when the
free energies of the two domains are the same. Field E; is
actually the average transition field between the up and down
domains, where the free energies of these domains should be
the same. We reasonably conclude that E.=FE, and the soli-
tary wave and the switching property are closely related to
each other. We measured E,, which is an average value over
the observed area of a cell and has less error compared to E,.
The latter is obtained by observing the solitary wave. As
shown in Fig. 3(c), E, is almost constant with temperature.
This was confirmed by observing E, as well (data not
shown). This is a rather surprising result because E, is in-
versely proportional to P, [Eq. (7)], the latter increases with
decreasing temperature, as shown in Fig. 3(c) (open circle
points). To have constant E,. over a wide temperature range,
Aw), should also be proportional to P,. This implies that the

polar anchoring energy coefficient w, actually depends on

P, and the polar anchoring energy where W, (P,-5), § is a
unit vector normal to the surface of the substrate.
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FIG. 3. (Color online) Optical transmittance vs applied field using triangular
shape signal under the cross polarizers (a), where the position of the cell
with the crossed polarizers is controlled to have the symmetric transmittance
curve, and E, as a function of the frequency of the applied field (b) for
SR-NR cell at 40 °C. (c) shows P, of Felix0018 and E, as a function of
temperature for the various cell condition at 10 Hz.

We have modeled the solitary waves in SSFLC cells
having asymmetric alignment layers and carried out the ex-
periments which fit the model. We showed that by observing
the solitary wave in SSFLC cells, the polar anchoring energy
difference across the two surfaces can be obtained. We also
find that the polar anchoring energy depends on P.
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