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We have studied the switching of surface-stabilized ferroelectric-liquid-crystal (SSFLC) cells using
stroboscopic microscopy. We find that the switching process in the chevron-layer-shaped SSFLC’s is
mediated by domains that occur at the chevron interface and that are nucleated both heterogeneously
and homogeneously; that some features of the growth of the domains can be described well by
existing theories; and that the peculiar terminal “speedboat” shape of the domains is a function of
the applied electric field and the sample temperature. We examine the possible mechanisms that

result in asymmetries in domain-wall velocities.

PACS number(s): 83.70.Jr, 61.30.Cz, 77.80.Fm

I. INTRODUCTION

In recent years, the surface-stabilized ferroelectric-
liquid-crystal (SSFLC) structure [1] has attracted much
attention due to its potential electro-optic applications.
The dynamics of the SSFLC light valve have been
treated theoretically assuming the ferroelectric-liquid-
crystal (FLC) director n rotates collectively on the tilt
cone during the switching process [2-4]. Experimentally,
Handschy and Clark [5] first directly probed the SSFLC
switching process and domains using a stroboscopic mi-
croscopy technique. Similar techniques and sample cell
structures have been used by Orihara and Ishibashi to
study the switching process in SSFLC’s, and nucleation
and domain growth [6], and by Owuchi, Takezoe, and
Fukuda [7], who observed the internal disclination loops
during the switching process while growing these switch-
ing domains exhibit a striking polygonal shape.

In this paper, we describe an extension of the work
of Handschy and Clark using a modified experimen-
tal setup. We present experimental results on SSFLC
domain-wall velocity and the kinetics of the domain
switching and on the dependence of the shape and dy-
namics of the domain walls on the cell temperature and
applied electric field. We discuss the director structures,
in particular the structures in the cores of the domain
walls, and their symmetries during a switching process.
We explicitly calculate the contributions to the domain-
wall motion from ferroelectric, dielectric, elastic, viscous,
and flexoelectric effects, and examine possible mecha-
nisms that may determine the exotic shape of the re-
versing domains. We conclude that backflow is the likely
cause.

II. EXPERIMENT AND RESULTS

Unless otherwise noted, this work has been car-
ried out using the Displaytech mixture [8], a ma-
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terial similar to that used in
and surface-switching studies [10]. The FLC was
sandwiched between two indium tin oxide (ITO)
coated glass plates about 2 pum apart to form the
SSFLC geometry. The cell is slowly cooled (1°C/h) from
the isotropic phase to the smectic-A (Sm-A) phase and
further to the smectic-C* (Sm-C*) phase to obtain large
areas with uniform chevron smectic-layer orientations. It
has been shown using x-ray scattering that SSFLC’s so
prepared have the chevron local layer structure [9]. The
strobe light used in our experiment is from a homemade
dye laser pumped by a XeCl excimer laser with a light
pulse duration of 14 ns, which is short enough to “freeze”
the sample at a given instant. A single laser pulse is in-
tense enough to give a good illumination of the micro-
scope and sufficiently expose a black and white ASA 400
film.

The complete experimental setup is shown in Fig. 1.
The temperature-controlled SSFLC cell is observed un-
der a Nikon Optiphot-Pol transmission polarized light
microscope which is illuminated by the pulsed dye laser
guided to the microscope through a bundle of optic fibers.
The optic fiber bundle converts the point light source of
the laser beam into an extended light source, spoiling
the spatial coherence and giving nearly Kohler illumina-
tion of the microscope. A pulse controller determines the
timing sequence of the experiment: it first sends out a
pulse to the excimer laser, then after a fixed time inter-
val long enough to charge up the capacitor of the laser,
it fires the second pulse to a pulse generator, which in
turn sends out first a negative voltage pulse to switch the
SSFLC sample cell to its initial state (BRIGHT) then a
positive voltage step to switch the cell to the final state
(DARK); after a controlled time At, the third and the
final pulse is sent out to fire the excimer laser which then
pumps the dye laser and sends out a visible laser pulse
virtually at this instant, enabling the switching process
during the second electric voltage pulse, or the process of
switching from BRIGHT to DARK, to be observed and

earlier x-ray [9]
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FIG. 1. Experimental setup for the stroboscopic experi-
ment.

VA

FIG. 2. Heterogeneous nucleation of reversing domains in
SSFLC’s. The sample temperature T = 35° and the applied
voltage V' is 5 V. Pictures taken after the field is applied to
the cell for At which is (a) 0.997 ms, (b) 1.368 ms, (c) 1.973
ms, and (d) 3.10 ms. The arrow is 70 um in length.

photographed.

The basic features observed in the experiment are sim-
ilar to what Handschy and Clark [5] found, namely a
rotation of the effective optic axis of the bulk FL.C which
can be understood in the frame of the theory of collective
director rotation under the applied electric field [11,12]
and a switching process mediated by domains which
are oval when small [5]. These domains can be nucle-
ated both heterogeneously, as observed by Handschy and
Clark [5], and homogeneously, and show a voltage-time
threshold behavior dependent on the sample tempera-
ture. The homogeneously nucleated domains appear in
different places as the switch and illumination process is
repeated, and the nucleation mechanism is presumably
due to thermal fluctuations. Figures 2 and 3 show some
photomicrographs taken for the heterogeneous and ho-
mogeneously nucleated domains and their growth as a
function of time.

The contrast of the reversing domains decreases
quickly as the applied voltage is increased, making it very
difficult to photograph as originally designed. However,
we found that in the case where domains only partially
cover the cell, the sample relaxes back to its initial state,

FIG. 3. Homogeneous nucleation of reversing domains in
SSFLC’s. The sample temperature T = 40 °C and the applied
field V is 5 V. At is (a) 3.48 ms, (b) 3.48 ms [same as for (a)],
(c) 3.64 ms, and (d) 3.86 ms.
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with a relaxation time for the domains much longer than
that for the bulk sample after the removal of the switch-
ing electric field, a feature now used to obtain grey level
switching in SSFLC’s [13,14], and a feature that we use
to enhance the contrast of the domains by taking pho-
tographs after the bulk relaxed back to its initial state.

III. DOMAIN GROWTH

Around foreign particles, for example, dust particles
or the spacers of the cell, or around defects, the liquid-
crystal (LC) director must be nonuniform and deformed.
Compared with the areas with director orientation uni-
form in the cell plane, the director adjacent to these de-
formed structures is easier to switch when an external re-
versal field is applied, due to pretilt of polarization caused
by the structures. Aslong as the foreign particles and the
defects do not move, new domains will be nucleated from
the same places every time when the switching-reversing
sequence is repeated. The threshold for these heteroge-
neous nucleated domains can be fairly low, about 1 V/um
for the Displaytech mixture. When there are many for-
eign particles and a low-amplitude long-duration reversal
field is applied, the whole switching process is dictated
by the heterogeneous nucleation process, as observed pre-
viously [5,6]. When the amplitude of the external field
is increased, director fluctuations due to thermal agita-
tion may be large enough to produce a nucleation site for
the reversing domains. Due to the stochastic nature of
the mechanism, these homogeneous nucleation sites are
random in space and time.

The homogeneous nucleation process shows threshold
behavior. As the temperature is increased, thermal fluc-
tuations increase and the threshold voltage decreases.
The temperature dependence of the threshold behav-
ior for the homogeneous nucleation process is plotted in

Fig. 4 for the Displaytech mixture and a second FLC
mixture [15].

The growth of the domains is analyzed by using an
advanced image processing system to measure selected
areas vs time. For a single heterogeneously nucleated
domain, the characteristic length [, defined as the square
root of the area measured, is fit to

l. =v(t —to), (1)

where v is a characteristic velocity which is essentially
the geometric average of the growing rates of the various
facets, or the major and minor axes when the domains
are approximated as ellipses [5], and to is the time the
domain nucleated. Both v and to are used as fitting pa-
rameters here. Figure 5 shows some typical results of the
measurements along with the fits for the heterogeneously
nucleated domains. As can be readily seen, the domain
growth can be described very well using the proposed
function form, which indicates that the domain-wall ve-
locity is constant in time, as discussed by Handschy and
Clark for domains of dimension large compared to the
sample thickness [5].

Figure 6 shows characteristic velocity v calculated from
the above fitting procedure as a function of the applied
voltage V at different temperatures. It is readily seen
that v increases linearly with V at a given temperature,
also as predicted by Handschy and Clark [5]. The solid
lines in the figure are best fits to v = «(T)V, where
a(T) is a constant independent of V. In Fig. 7 we plot
the parameter o found in the experiment as a function of
temperature. A rough estimation by Handschy and Clark
[5] shows that « is inversely proportional to the viscosity
and the elastic constant, both of which decrease as the
temperature is increased, resulting in an increasing « as
the temperature is increased.

102 o 10? —
. (a) R (b)
° T=25°C T =30°C
2 o o 2 o
\E/ . ° §, . o
= * o =] o
=] o k=) ()
= *e 000 Z w0} ®e o, .
Q 10 | . Q b o
=4 ., © % o,
=
& ®e . ° a ®e , :o o,
* 5 Ce, FIG. 4. The threshold behavior for the
3 5 1.0 20 1'0 20 spontaneous nucleation of switching domains

Applied Field (V)

Applied Field (V)

in SSFLC’s at the indicated temperatures for
(a) and (b) the Displaytech Mixture, and (c)
and (d) a second FLC mixture [15]. In each
case the lower curve indicates that the homo-

o: 26°C o 30°C .
— ° N = o N geneous nucleation process was first observed
& % x:  35°C X 40°C . .
E x o % E © %o and the upper curve the switching of the cell
= = ® o
35 O oy R 200, completed.
Py x o B x99 o230
= o Og = < 20200
x x °_ o x 0052
2 1E x  Xx%o %o o 8 « %
= x x Ooo %o =} x x
A X x Xx 2000 o =¥ x XX
x X
x X ox
0.3 . Txx ° 0.1 L " xx *
5 10 20 ' 10 20

Applied Field (V)

Applied Field (V)



2046
25 T T T T

_ =
g

=

I—-io —4

0 2 4 6. 8 10
Time (ms)

FIG. 5. Characteristic domain length . as a function of
time for some well-defined domains. O: T =25°C,V =3 V.
O0: T =25°C,V=8V.0:T=235°C,V =3 V. The solid
lines are fits to the function l. = v(t — %o).
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FIG. 6. Characteristic velocity vs applied voltage as a func-
tion of temperature 7. O: T = 25°C. 0: T =30°C. e: T
=35°C. O: T = 40° C. The solid lines are the best fits to the

function v = aV.
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FIG. 7. Temperature dependence of the constant a.
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FIG. 8. Fraction of the areas switched in the presence of
homogeneous nucleation and domain overlapping at different
temperatures and different applied voltages. (a) O: Temper-
ature T = 25°C, and the applied field V = 12 V; &: T =
25°C,V=15V.(b) O: T=30°C,V =8V;e: T =30°C,
V =12V. (c) T = 40°C, V = 5 V. The switching processes
are dominated by the growth of the homogeneously nucleated
domains in all cases except in (b) when V' = 8 V where the
growth of the heterogeneously nucleated domains dominates
the switching process. The solid curves are fits to Eq. (2).



48 STROBOSCOPIC MICROSCOPY OF FERROELECTRIC LIQUID . ..

When there is homogeneous nucleation and the do-
mains start to overlap, the only appropriate way of
characterizing the switching process is to measure the
overall fraction of the area switched, as first adopted
by Orihara and Ishibashi, who used Avrami’s theory of
phase change to analyze their heterogeneous nucleation
results [6]. Figure 8 shows the measured fraction S(t)/So
of area switched as a function of time under certain exper-
imental conditions along with the best fits to the function
form developed from the Avrami model [6]

S(t)/So =1 — et (2)

where a is a constant proportional to vZ and t¢ is a time
constant, which essentially indicates when the nucleation
of reversing domains starts. From the data we have, we
find that the Avrami model describes the switching pro-
cess well if the dominant nucleation mechanism is the
homogeneous nucleation, as illustrated in Fig. 8.

IV. THE SPEEDBOAT SHAPE
OF THE REVERSING DOMAINS

It is noticeable from Figs. 2 and 3 that, although their
starting shape is round or oval, the reversing domains
quickly grow into rather peculiar shapes, often irregular
pentagons or “speedboats,” as first observed and named
by Ouchi, Takezoe, and Fukuda [7], indicating different
domain-wall velocities in different directions. The facets
suggest cusplike minima in v(83), where 8 is the local
propagation direction of the wall, in analogy with minima
in surface energies which produce crystal faceting [16].

At low temperature (25°C), the reversing domains
gradually grow into irregular trapezoids at applied volt-
ages of 3 V and 5 V (cf. Fig. 9) with domain-wall veloc-
ities which are very asymmetric both along the z axes,
the projection of the smectic layer normal on the surface,
as indicated by the direction of the zigzag walls [17,18],
and in the smectic-layer y direction (see Fig. 12 for co-
ordinates). We define that the 4z axis is pointing in
the chevron direction, i.e., the smectic layers buckle to-
wards +z axis in the middle of the sample. We then find
that the domain wall in the —z direction always moves
at a much slower speed compared to that moving in the
+z direction, although both are local minima, regard-
less of the sign of the applied switching voltage. As we
go across a zigzag wall, the chevron buckling changes di-
rection and the asymmetry in the domain-wall velocity
also reverses, resulting in a “flip” of the reversing do-
mains (mirror image of the domains about the zy plane).
This flip is understandable in view of the coupling of the
polarization pretilt and larger tilt at the chevron inter-
face [18-21]. The domain walls moving in the smectic-
layer direction show similar asymmetry in speed, i.e., the
walls moving along the —y direction have very differ-
ent speed than those moving along the 4+ y direction.
However, this asymmetry of the domain-wall velocity in
the smectic layer differs from that in the z axis in that
the asymmetry reverses not only when going across the
zigzag walls but also when the switching process is re-
versed. That is, the walls in the 4+y direction will move
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slower when across a zigzag wall and when the applied
voltage changes sign, if they were moving faster before.
This direction dependence of the domain-wall velocity
results in the peculiar shape of the reversing domains:
assuming that in the smectic layer the walls move slower
in the —y direction, combined with the slow speed in the
—z direction, we observe the flat stern of the speedboats,
the two local minima velocities along + z and —z di-
rections giving rise to the frame of the “boats,” and the
combination of a faster speed in the 4y direction and the
asymmetry in the z directions resulting in the asymmet-
ric pointed “bow” of the speedboats. The orientation of
these features relative to the cell geometry is discussed in
Sec. V. As the switching process is reversed, the asym-
metry in the domain-wall velocity in the smectic layer is
reversed, resulting in the speedboats pointing in oppo-
site directions. At low voltage, the stern velocity can be
much smaller (< 0.05) than that of the other side. This
faceting is a feature of a steady-state dynamic process,
i.e., well defined only when the domains are growing. At
very low or zero voltage they lose their shape as the force
due to pinning on defects become large compared to those

FIG. 9. Photomicrographs of the reversing domains when
T = 25°C. The pictures were taken when the (a) 5 V voltage
is applied for 5.582 ms and (b) 8 V applied for 4.243 ms.
Notice that the asymmetry of the domains is becoming less
pronounced in (b).
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determining the motion.

As the applied voltage is increased to 8 V, the asymme-
try of the domain-wall velocity along y becomes less pro-
nounced [as shown in Fig. 9(b)]; however, the increase in
the voltage seems to have quite small effects on the asym-
metry of domain-wall velocities along z, resulting in the
sterns becoming more like the bows and the domains be-
coming very asymmetric hexagons. When the voltage is
increased to 12 V and 15 V, the growth of the homoge-
neously nucleated domains dominants, the domain-wall
velocities in the +y and —y directions become nearly the
same, as seen in the photomicrographs taken at 12 V and
15 V in Fig. 10.

As the temperature is increased, the difference between
domain-wall velocities in both the smectic layer and the
z directions becomes smaller and smaller, and the do-
mains become more and more like symmetric hexagons,
as shown in Fig. 11.

FIG. 10. Photomicrographs of the reversing domains when
T = 25°C and the applied field is higher. V = 12 V in (a) and
(b) with At being 1.368 ms and 1.418 ms, respectively. The
applied field is 15 V in (¢) and (d) with the At being 0.911 ms
and 0.942 ms, respectively. Notice that the domains are get-
ting more symmetric and homogeneous nucleation dominates
the switching process.

V. THE SWITCHING PROCESS
IN CHEVRON-LAYER SSFLC’S

Handschy and Clark in the original study of the
transient reversing domains attributed them to a first-
order director-polarization n-P reorientation transition
between surface stabilized states with director reorienta-
tion at the FLC-ITO interface during the switching pro-
cess. Such a mechanism, however, should give rise to two
sets of domains focused at slightly different positions due
to the two independent glass-FLC interfaces. However,
only one set of the domains was observed both in their ex-
periments and the current experiments. Ouchi, Takezoe,
and Fukuda first observed that the director in the top
and bottom halves of the cell rotates differently as a re-
sult of opposite polarization pretilt on the two FLC-solid
interfaces and an internal disclination loop is formed in-
terior to the cell. They proposed a switching mechanism

FIG. 11. Photomicrographs of the reversing domains at
higher temperatures. (a) T = 30°C, applied field V = 5
V, and the time At = 3.30 ms. (b) T= 35°C, V =5V,
At=2.183 ms. (c) T = 40°C, V = 3 V, At = 2.764 ms. (d).
The sample is shear aligned and the material is the second
FLC mix. T = 40°C, V =1 V, and At = 1.49 ms. Notice
that the domains getting more and more symmetric about the
chevron direction.
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FIG. 12. The director structure during the chevron inter-
face switching. The smectic layer is assumed to have a smooth
change near the interface. The elasticity forces the molecu-
lar tilt angle at the chevron interface to go to zero during the
switching process, which causes energy and makes the chevron
interface act like another surface.

assuming that the smectic layers are still perpendicular
to the substrates [7].

It was then shown that the smectic layers assume a
chevron structure in planar-treated cells [9,11,17] lead-
ing to a proposal that the director field is orientation-
ally stabilized as the chevron interfaces divide the cell
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FIG. 13. Polarization structure of a partially switched
chevron cell. The surface favors P pointing into the FLC.
The cell is initially in P up state. When a field pointing
down is applied, P is forced to reorient to minimize the en-
ergy. In the picture, the middle part of the cell including the
chevron interface is switched to down state, and the P struc-
ture in this area is uniformly down in the top half of the cell
and splayed in the bottom half of the cell. In the area where
chevron interface is still not switched, the P structure is still
splayed in the top half of the cell and close to be uniformly
up in the bottom half of the cell. The chevron points toward
the reader. Notice the domain wall boundary is mainly a =
wall. (b) and (c) c director structure across the indicated m
walls in (a).
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into two parts along = to produce the so-called “half-
splayed” states. An applied field initially reorients direct
n at places away from the interface, leaving a thin layer
near the chevron interface which switches via surface do-
mains at a later time to produce the domains observed,
as shown in Figs. 12 and 13 [11,17].

An independent experiment revealed that the direc-
tor field near the FLC-solid interface does not switch in
chevron cells when the applied field is small [10]. On
the other hand, the existence of the chevron interface,
its switching as a domain-mediated process agrees well
with a variety of experimental observations [12,19,22,23].
The chevron interface can be described in a way similar
to the other two (FLC-solid interface) surfaces with an
interaction energy g; = 7y cosV¥, where ¥ is the angular
jump in the director orientation as the chevron interface
is crossed [11,17]. With typical elastic constants [11],
4 = 0.7erg/cm? [24], which is similar to the interaction
strength between FLC and the glass surface [10].

We now consider a chevron cell with the chevron in-
terface at middle of the cell shown in Fig. 12. Assuming
that the solid-FLC interaction favors P pointing towards
the FLC [10] and that initially P is splayed in the top
half and uniformly pointing up in the bottom half (half-
splayed up state), after a down electric field F is applied,
LC molecules in the top half should respond to the ex-
ternal field on the time scale of 79 = n/PE, where 7 is
the rotational viscous coefficient, except in a thin layer
near the chevron interface where the elastic force from
the chevron interface interaction plays an important role.
The P structure in the top half is thus uniformly point-
ing down in regions where the interface is switched and
splayed where the interface is not switched. In the bot-
tom half, if the chevron interface is switched, P is splayed
in a thin layer near the FLC-solid and uniformly pointing
down elsewhere. In regions where the chevron interface
is not switched, P structure depends on the strength of
the applied electric field. If the field correlation length

e = ,/% is less than [/4, where [ is the cell thickness,

the P structure tends to be uniformly pointing down near
the middle of the half (cf. Fig. 13), the domain switching
in this case involves a thin layer of molecules near the
chevron interface and the domain boundary is a surface
domain wall on the chevron interface [11,17]. If the ap-
plied voltage is low such that & > /4, the P structure
is distorted throughout the cell, as illustrated in Fig. 13.
This implies that the chevron interface switching at lower
applied field involves bulk switching as well as surface do-
main motion.

VI. THEORETICAL CONSIDERATIONS
OF THE DOMAIN WALLS

The experimental observations show that the domain-
wall velocity is direction dependent, especially at lower
applied fields and at lower temperatures, which results
in the peculiar shapes of the reversing domains. In prin-
ciple, the dynamics of the domain walls depends on the
electric and elastohydrodynamic properties of the FLC.
However, the detailed equation of motion for domain
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walls is very complicated and is determined by the bal-
ance between ferroelectric, elastic, dielectric, and flexo-
electric torques. It is also highly possible that the hy-
drodynamic interactions, which produce viscous torques
and backflow [25], are important in the system. In what
follows, we consider a simplified sample geometry in an
effort to understand the sources for the asymmetric do-
main shape. We take the smectic layers to be tilted with
respect to the zy plane by an angle §. We discuss the
director structure of the domain walls traveling in the
smectic-layer direction y and in the z axis and study
their dynamics when the applied electric field is along
the z axis which is perpendicular to the substrate, as
shown in Figs. 14 and 16.

A. Domain walls in the smectic layer direction

As discussed above, when the applied field is small and
temperature is low, the domain boundaries are primar-
ily 7 walls. Here we consider a one-dimensional problem
where the azimuthal angle ¢ is allowed to change only in
the y direction (parallel to the smectic layers). Assume P
is initially pointing up (¢ = 0) everywhere. Under appli-
cation of a reversal field, a region centered around y = 0
is first switched to the P down (¢ = 7) state, and the
region keeps growing by means of domain-wall motion.
As shown in Fig. 14, one of the two domain walls is then
traveling along the —y direction with ¢(y) changing from
0 to m (b wall) and the other one is traveling along the
+y direction with ¢(y) changing from 7 to 0 (c wall).

The first thing to notice is that there is a structural
asymmetry inherent to the two walls, as shown in Figs.
13(b) and 13(c), related to the sign of the surface do-
mains comprising the domain wall [17,20,21]. Although
the c director of both walls assumes splayed structures, it
has a positive divergence and appears to be unwinding as
the wall moves for the (b) wall, while for the (c) wall, the
divergence is negative and the structure tightens as the
wall approaches. Careful symmetry considerations allow
the examination of the director structure under differ-
ent experimental conditions: a rotation about the = axis
by 180° reverses the chevron direction, which is equiva-
lent to going across a zigzag wall, and in the laboratory
frame changes the position of the two walls; rotating the
sample about the z axis by 180° around the chevron in-
terface is equivalent to reversing the direction of applied
electric field, and we again see that the position of the
two walls switch. This shows that the asymmetry of the
director structures of the two walls is exactly the same
as the asymmetry of domain-wall velocities observed ex-
perimentally. It is therefore concluded that this director
structural difference for the two walls may play a signif-

icant role in determining the asymmetry in the domain-
J

¢
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z
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FIG. 14. The simplified model of switching process in the
smectic layer direction. The smectic layers are tilted with re-
spect to the zy plane by an angle §. The azimuthal angle of
the director ¢ = 0 (corresponding to P pointing up) every-
where except in a region around middle where the directors
reoriented to ¢ = m (P down). The two domain walls are dif-
ferent in the sense that (b) wall has ¢ = 0 changed to ¢ ==
and the (c) wall just the opposite.

wall velocities, particularly as it produces asymmetry in
backflow, as discussed below.

The resulting electrical property from a director struc-
ture distortion is the appearance of a nonzero flexoelec-
tric polarization Py. Theoretical considerations of flex-
oelectricity in ferroelectric liquid crystal was first made
by Dahl and Lagerwall [26], and by Pikin and Indenbom
[27]. Following Dahl and Lagerwall’s notation, we get the
flexoelectric dipole P ¢ for such a one-dimensional distor-
tion as

d d
Pr= —e3 sin¢£c + e16 COS ¢d—ik X c
d
+ e1g sinqﬁ—(gk, (3)

where e;3, e19 are flexoelectric coefficients describing the
effect due to the c director splay and e;¢ is the coefficient
describing the effect due to the ¢ director bend. As read-
ily seen in the above equation, due to the opposite sign
for % , we see that the flexoelectric polarization points in
opposite directions for the two walls. This can be most
easily demonstrated by the splay of the ¢ director, as
shown in Figs. 13(b) and 13(c).

The detailed equation of motion for directors in the
domain-wall region requires a complete consideration of
contributions from electrical, elastic, and hydrodynamic
effects. Assuming that there is no smectic-layer distor-
tion with the field [28] and the one-constant approxima-
tion in calculating the elastic free energy, the total free
energy density due to the distortion ¢(y), is given as

[24,26]

2
d
F = 1B (Ei._) + D cos¢(—i; + PE cosé cos ¢ — %AGE2 cos® §(sin ¢ — sin ¢2)

2 dx

d¢

2
+(e13sin® ¢ — eq6 cos® @) E cos 6% + e19E sin¢g sind— — 1 (P sin¢ — (e13 + e16) sin ¢ cos¢d¢) , (4)

dr 8w dz
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where ¢g is the azimuthal angle when the director is in
the yz plane, B and D are elastic constants, Ae is the
dielectric anisotropy, and the last term is due to the in-
teraction between dipoles. By assuming that the external
field F is a constant, neglecting effects due to backflow
but adding in the conventional viscous torque, we get the
equation of motion as

d¢ d%¢

e = P
Ac s 25 .

+4—7‘_E cos® §(sin ¢ — sin ¢g) cos ¢

+ PE cosé sing

p?
+?1; sin ¢ cos ¢ (5)

where, by assuming e;; to be small, we have ignored the
higher-order terms due to flexoelectricity in the equation
of motion. It is important to note that, unless there is
a gradient in the external field in the direction of direc-
tor distortion, the flexoelectricity does not contribute to
the director dynamics in the bulk, and the inclusion of
the ferroelectric, dielectric, and flexoelectric torques ap-
parently does not yield any asymmetry for the two walls
moving in the opposite directions along the y axis.

This forces us to consider other effects and assump-
tions that we made in constructing the equation of mo-
tion. It has been recently shown that backflow due to
the coupling of molecular orientation and flow could be
of significant importance in determining the dynamics
of the director [25]. Considering the switching geom-
etry illustrated in Fig. 12, in the absence of a nucle-
ated domain the molecular reorientation accompanying
the application of a field will set a flow velocity field
v(r,t) = vy(z,t)§, with v, = 0 because of the layering
and v, = 0 because we assume the liquid to be incom-
pressible and v, to be zero at the solid boundaries. In
general the flow is asymmetric with respect to y, i.e.,
J dzvy(x) # 0 and there is a net flow in the y direction.
The flow field possesses the basic lack of symmetry of the
speedboat domains in y, i.e., one of the walls will travel
with the net flow and the other against it. The flow field
will depend on distance from the domain walls, i.e., de-
pend on x and z also. Figure 15(a) shows a sectional
view of the speedboat domain in Fig. 13 along with the
molecular rotation (open arrows) accompanying domain
growth [Fig. 15(b)] and the expected flow pattern [Fig.
15(c)]. As can be seen the © surface domain wall moves
in a direction opposite to the flow it generates, whereas
the @ surface domain wall moves along the flow. We
would thus expect the @ velocity to be larger, i.e., the &
line to be the speedboat bow, and the © line to be the
low velocity stern. This is in agreement with the obser-
vations of Ouchi and co-workers [20,21], who interpreted
the domains as disclination lines in the cell, and with
ours in the current experiments. This assignment (stern
= © surface domain and bow = @ surface domain) is
independent of switching direction (up to down or down
to up) and of the sign of P.

The velocities generated by backflow in SSFLC cells
have been modeled in the simulation of the coupled elas-
tic hydrodynamic equations, assuming a flow velocity

V(r) = V,(z)§ [25]. Since in the present case V has both
z and y components which depend on both z and z, the
results of these simulations are most directly applicable.
However, the flow velocities generated are comparable to
the domain-wall velocities found here under similar pa-
rameter conditions. Thus backflow appears to affect the
wall velocity in the correct qualitative way. There re-
mains to be explained the spectacular faceting, which for
the stern may arise as follows: The velocity fields gen-
erated above and below the chevron interface are vortex
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FIG. 15. (a) Sectional view of the polarization distribution
in a layer with an speedboat domain expanding in response
to a down field showing the surface domains, their disclina-
tion strength ©, @ and their direction of motion (A, V). (b)
Schematic picture of the molecular rotation (open arrows)
accompanying wall motion; d¢/dt decreases with increasing
distance from the wall core. (c) Schematic picture of the re-
sulting flow velocity, showing that the velocity field assists the
motion of the @ line, while impeding that of the © line.
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tubes. In the case of the stern the tube runs parallel to
the z axis, i.e., with a Vy(z,y) that is independent of z.
All gradients of V, are in the z,y plane. However, for
the motion of a linear wall oriented at some angle rel-
ative to z, the vortex tube will also be so oriented and
we find that the flow velocity V, which because of the
smectic layering will still be in the z,y plane, will neces-
sarily develop gradients along z and in excess dissipation.
We thus predict that the flow velocity and its retardation
effect will be largest for the observed stern orientation.
Quantitative analysis of this behavior is currently being
carried out.

Although the flexoelectricity does not contribute to the
bulk director dynamics if the electric field is constant,
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it influences the director structure and hence the stored
energy of the structure via boundary conditions [29]. In
the above considerations, we assumed that the domain
walls already exist and are infinitely long, which is clearly
an idealized model. In a real sample cell, the domain
walls are finite in size and length. The defect structure of
the walls therefore influences the dynamics in two ways:
they alter the local electric field via nonzero electrical
dipoles and they store energy as the walls get longer.
Here we concentrate on the energy stored by the walls
and consider the idea of line tension I'y, defined as the
total free energy for the wall per unit length in the 2
direction. By integrating Eq. (4) with respect to y, we
get

-1
r, =/B§—§d¢+/ (PEcos&cosgi)— %AeEz cos? 6(sin¢—sin¢>0)2> (djé> do

d¢

dy

P2 -1
—/ gEcos6 (—) dé + (e1s — els)gEcosd + 2e19E sind. (6)

dy

Note that the line tension contains contributions from
flexoelectricity which depends on the direction of the
walls [24]. When the domain grows, its periphery also
increases, which increases stored energy. If the line
tension depends on the orientation of the domain wall,
anisotropic domains may be expected, although the ex-
treme faceting observed would not be expected.

When the applied voltage is increased, the domain
walls gradually become the disclination loops as pro-
posed by Handschy and Clark, the domain wall velocities
along the +y and —y directions became similar, yield-
ing quite symmetric domains, apparently a result of less
bulk switching and therefore a smaller influence of the
bulk director structure and its resulting flexoelectric and
backflow effects.

B. Domain walls in the chevron direction

The chevron layer structure poses a natural asymme-
try in the direction of projection of smectic layer nor-
mal to the substrate, the z axis. Here we consider the
switching properties of two domain walls traveling in op-
posite directions along the z axis. As illustrated in Fig.
16, we again consider a one-dimensional problem with
¢ changing only in the z direction. We assume that P
is originally up (¢ = 0) and a region centered around
z = 0 is switched to P down (¢ = m) under application
of an electric field. As shown in Fig. 16, the two domain
walls in this case are then the one traveling along the —z
direction with ¢(z) changing from 0 to 7 (b wall) and
the other one traveling along the +z direction with ¢(z)
changing from 7 to 0 (¢ wall).

Here we also start by examining the director structure
and the director kinetics for the two domain walls. As
shown in Fig. 16, we find that there is again an asym-
metry inherent to the two walls traveling in the —z (b

wall) and +z (c wall) directions. The c director for both
walls mainly assume a twist structure; however, they
twist clockwise for the b wall and counterclockwise for
the ¢ wall, and during the switching process, the b wall
unwinds and the ¢ wall tightens, in a way similar to that
for domain walls traveling in smectic layers. It is also
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FIG. 16. (a) Simplified model of director reorientation pro-
cess in the chevron direction. The smectic layers are tilted
with respect to the zy plane by an angle §. The azimuthal
angle of the director ¢ = 0 (corresponding to P pointing
up) everywhere except in a region around z = 0 where the di-
rectors reoriented to ¢ = 7 (P down). The two domain walls
are different in the sense that (b) wall has ¢ = 0 changed
to ¢ = m and the (c) just the opposite. (b) and (c): The ¢
director structures across the indicated domain walls in (a).
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important to note that, although completely surpressed
in SSFLC structures, FLC’s assume helical structure in-
trinsically, and one of the domain walls, for example, the
b wall, may be twisting the same way as the intrinsic he-
lix while the other one is against it, depending on the
material properties. We thus postulate that this asym-
metry in director structure and kinetics is responsible
for the asymmetry in domain-wall velocities observed ex-
perimentally. Symmetry considerations again show that
the asymmetry in the director structure is in agreement
with the experimental observations: rotating the sample
about the y axis by 180°, we get the sample with the
chevron pointing in the opposite direction, which indi-
cates that across the zigzag walls the asymmetry of the
domain-wall velocities are reversed; rotating the sample
about the z axis by 180° is equivalent to reversing the sign
of the applied field, an operation that does not change
the chevron direction and hence the asymmetry of the
domain-wall velocities.

For the detailed dynamics of the domain-wall motion
along the z direction, we can again write down the free
energy with contributions from elasticity (including in-
trinsic helicity in this case), ferroelectricity, dielectricity,
flexoelectricity, and viscosity. Treatment similar to that
above for the walls in the y direction shows that, when
a constant external electric field is applied, there is no
apparent asymmetry in the equations governing the dy-
namics for walls moving in the +z and —z directions
due to these contributions. This again suggests that
we need to include the effects due to backflow and con-
sider the contribution from line tensions. Overall, the

domain-wall switching should be at least considered as
a two-dimensional problem and numerical methods must
be exploited to give a detailed description of the dynam-
ical properties of the domains.

In conclusion, we find that the director reorientation
process in the chevron-layer-shaped SSFLC’s is medi-
ated by reversing domains which are nucleated hetero-
geneously at lower applied electric fields and both het-
erogenously and homogeneously at higher applied volt-
ages and higher temperatures; the domain growth can
be described well by the existing theories. Based on
experimental observations, we considered the switching
mechanisms for SSFLC cells and the director structures
during the switching process. We also examined possi-
ble mechanisms, in particular the effect of flexoelectricity
and backflow, in determining the terminal shape of the
domains which depends on the amplitude of the applied
voltage and the sample temperature. We concluded that
the backflow is the likely cause of the fascinating faceting
of the domains observed experimentally.
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FIG. 10. Photomicrographs of the reversing domains when
T = 25°C and the applied field is higher. V' =12 V in (a) and
(b) with At being 1.368 ms and 1.418 ms, respectively. The
applied field is 15 V in (¢) and (d) with the At being 0.911 ms
and 0.942 ms, respectively. Notice that the domains are get-
ting more symmetric and homogeneous nucleation dominates
the switching process.



FIG. 11. Photomicrographs of the reversing domains at
higher temperatures. (a) T = 30°C, applied field V = 5
V, and the time At = 3.30 ms. (b) T= 35°C, V =5V,
At =2.183 ms. (c) T =40°C, V =3V, At = 2.764 ms. (d).
The sample is shear aligned and the material is the second
FLC mix. T =40°C, V =1 V, and At = 1.49 ms. Notice
that the domains getting more and more symmetric about the
chevron direction.



FIG. 2. Heterogeneous nucleation of reversing domains in
SSFLC’s. The sample temperature T = 35° and the applied
voltage V' is 5 V. Pictures taken after the field is applied to
the cell for At which is (a) 0.997 ms, (b) 1.368 ms, (c) 1.973
ms, and (d) 3.10 ms. The arrow is 70 pm in length.



FIG. 3. Homogeneous nucleation of reversing domains in
SSFLC’s. The sample temperature T = 40 °C and the applied
field V is 5 V. At is (a) 3.48 ms, (b) 3.48 ms [same as for (a)],
(¢) 3.64 ms, and (d) 3.86 ms.



FIG. 9. Photomicrographs of the reversing domains when
T = 25°C. The pictures were taken when the (a) 5 V voltage
is applied for 5.582 ms and (b) 8 V applied for 4.243 ms.
Notice that the asymmetry of the domains is becoming less
pronounced in (b).



