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A homeotropically aligned nematic is subjected to the action of an ac electric field applied in the
sample plane. With progressively increasing electric voltage, walls move away from the electrodes,
approach each other and merge. A subsequent decrease of voltage to zero causes the reverse
process to occur except for hysteresis. The hysteresis width is employed to estimate the adhesion
surface energy density of the walls; the surface energy density is of the same order as the
anisotropy in surface tension of nematics. The wall thickness diminishes with increasing voltage.
This shows that the observed walls are similar to those produced by magnetic fields. The walls
exhibit curvature in the sample plane, the undulation in a wall being regular at sufficiently
elevated frequencies (f). The walls are decorated along their length by a zigzag defect pattern
which is being reported in the bend Freedericksz geometry for the first time. Some of the
observations are explained qualitatively.

Keywords: Nematic; electric field; bend geometry; zigzag disclinations; alignment inversion
walls; Freedericksz transition

1. INTRODUCTION

Over the last several decades, the optical observation of defects in a liquid
crystal sample has been an important technique for identifying the nature of
the mesophase [1]. The study of director deformation at and around defects
has occupied the attention of many theoretical investigations (for a review,
see [2]). Of the several kinds of textures that are studied, the alignment
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inversion walls (or walls) in nematics are some of the commonest. These
generally form when the nematic sample is subjected to the action of
external fields, especially above a Freedericksz transition. The investigation
of Williams [3] was followed by Helfrich’s theoretical treatment [4] for an
infinite sample subjected to the action of a magnetic field. Subsequent
studies by Brochard [5] and Leger [6] have given further insight into the
nature of walls that separate adjacent regions having director deformations
of opposite parity above a magnetic Freedericksz transition. The effect of an
electric field is generally more complex as the field gets modified inside the
sample due to the director deformations. This may lead to new effects such
as the splitting of a single wall into different parts as observed by Stieb et al.
[7] in the splay Freedericksz geometry under the action of an electric field
(the initial director alignment is parallel to the sample plates; the voltage is
applied between semi-transparent conducting electrodes coated on the inside
surfaces of the sample plates). Zigzag disinclination lines have also been
reported [8—10] in nematics confined to different configurations. These
defect lines are localized in regions of the sample that are removed from the
sample boundaries.

The bend Freedericksz geometry (initial homeotropic director alignment
subjected to an electric field in the sample plane) has also been studied.
Frisken and Palffy-Muhoray [11] have demonstrated a first order Free-
dericksz transition accompanied by hysteresis and also detected a periodic
deformation in the presence of a stabilizing magnetic field. Several other
observations have been reported in this configuration [12-14]. The
deformation sets in without a threshold near the electrodes and spreads
inward with increasing voltage. Depending upon the stabilizing magnetic
field and the electric frequency, the initial deformation undergoes
instabilities leading to either static or convective pattern formation. Not
surprisingly, wall formation in this geometry shows novel features not
ordinarily seen in the splay Freedericksz geometry. We first summarize the
recent observations of Schell and Porter [12], whose samples are similar to
those employed by us (Fig. la).

Schell and Porter [12] study the material SCB using electrodes of different
shapes as well as sample thicknesses in the range 2.5 to 42pum. With
increasing voltage, they observe birefringent regions near the electrodes with
a relatively undistorted (homeotropic) region in the rest of the sample.
When the voltage is increased further, each birefringent region develops a
wavy front. The wavy fronts approach each other as the voltage is enhanced.
At a sufficiently elevated voltage, these fronts coalesce midway between the
electrodes leaving a straight wall. A subsequent diminution in voltage drives
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FIGURE | (a) Sample (not drawn to scale). The initial director alignment is along z, normal
to the glass plates. The electrodes are plane metal plates that lie in the yz plane. (b) Straight edge
of the boundary between the deformed and undeformed regions near one electrode. /= 1500, V'
= 26.06. Magnification (M) = 110. (See Color Plate XI).

the system through the reverse cycle. The wavy pattern is more stable at
higher frequencies. The authors offer a tentative explanation for their
observations using the criteria for electrohydrodynamical stability devel-
oped for the initial planar orientation [15].
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The motivation for our work is provided by some questions that arise
after a study of [12]. The electric field induced transitions in the bend
Freedericksz geometry are generally accompanied by hysteresis [11, 13, 14].
Does hysteresis manifest in the effect studied in [12]? In other words, after
the fronts have coalesced, do they separate when the voltage is diminished
even slightly? This question becomes significant if we take seriously the fluid
nature of the coalescing fronts and the force of adhesion that may exist
between them. What is the effect of applying a stabilizing magnetic field? It
is known that a stabilizing magnetic field enhances the electric Freedericksz
threshold. This also means that a distortion initially produced by a
destabilizing electric field may be quenched by the subsequent application of
a stabilizing magnetic field. Let us assume that the coalescence of the fronts
at some voltage is regarded as a threshold effect. If we apply a strong
stabilizing magnetic field, can we take the system back to the undeformed
state (i.e., can we drive the fronts back to the electrodes)? Do the walls that
appear undergo splitting (as they do in [7])? It should also be interesting to
find out whether the results of [12] can be completely recovered in thicker
samples.

Section 2 describes the experimental set up utilized by us as well as the
main results. All observations reported in Section 2 were found to be
repeatable. Section 3 contains qualitative discussions that are based on some
of the observations of Section 2. Section 4 contains the main conclusions of
this work as well as suggestions for future experiments that may be useful in
providing a more complete understanding of our results.

2. EXPERIMENTAL SETUP AND RESULTS

The cell of thickness 7= 160 um (Fig. 1a) is constructed by sandwiching
two glass plates (in the xy plane) with brass electrodes which also serve as
spacers. The flat surfaces of the electrodes (in the yz plane at x = + g) are
parallel to one another and separated by a gap of 2g = 0.384 cm. The lateral
width of the sample (parallel to the electrodes) is p = 2.62cm. The initial
homeotropic alignment (along z) is achieved by treating the inside surfaces
of the glass plates with silane solution. The solution is prepared by filtering a
mixture of 1 ml of silane, 25 ml isopropyl alcohol and 75 ml distilled water
through a 0.2 micropore filter. Optical observations are performed using a
Nikon Optiphot polarizing microscope. The incident and transmitted beams
pass through polarizers with axes along y (parallel to the electrodes) and x,
respectively. The video data collected by the Javelin camera mounted on the
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microscope Is sent to the video board of a Macintosh 8500 computer and
digitized. The ac signal produced by a Hewlett Packard function generator is
fed to a Kepco bipolar amplifier before being applied across the cell. The
voltage (measured in volts rms) is ramped quasistatically at a rate of
3.31073V/s with equipment similar to the one described in [13]. The sample
is maintained at 28.0 +0.1°C using the HS1 microscope hot stage supplied
by Instec. As the electrode gap and the sample thickness are two different
length scales, it is appropriate to mention the average electric field along x,
rather than the electric potential difference. As the electrode gap is fixed for
a given sample, we describe our observations using V.

When V is raised up from zero, the sample remains dark. When V exceeds
a threshold ¥V, a cloudy region forms near one electrode and starts
spreading away from the electrodes when V is increased further. This
corresponds to the birefringent region observed previously [12] and is clear
proof of the inhomogeneity in the electric field (if we move parallel to the x
axis from one electrode to the other, the electric field does not remain
constant). When a deformation sets in near the electrode, the rest of the
sample appears to be relatively undeformed. A similar, birefringent region
appears near the other electrode at ¥V slightly higher than V,; this region also
advances towards the plane at x = 0. The appearance of the two boundaries
at slightly different voltages indicates the existence of some asymmetry in the
sample. At V slightly above V,, the boundaries between the deformed and
undeformed regions appear as a pair of straight lines parallel to y; the line
near one electrode is shown in Figure Ib. At a slightly higher voltage, V,, the
boundaries start exhibiting curvature and display sinusoidal modulation
(Fig. 2) whose amplitude increases with ¥ (Fig. 3). The boundary is visible as
a curve lying in the xy plane. However, it can be seen clearly when the
microscope is focused on different xy planes inside the sample. Hence, the
boundary or front is a structure that spans the sample thickness from one
glass plate to the other. The thick dark line seen under low magnification
(Figs. 2 and 3) which also undergoes the transition to curvature with
increasing voltage seems to be a wall similar to the ones studied in [3, 6] and
[12]. A qualitative discussion of the nature of the director orientation in and
around the wall is presented later in this section.

The wavy structure can be observed even with sufficiently low mag-
nification and 10 to 15 wavelengths can be clearly seen when /> 400 Hz
(fis measured in Hz throughout). This structure becomes uniform especially
at higher frequencies, /> 600. When f < 400, the interface is wavy but
somewhat nonuniform (Fig. 2a). The region enclosed by the wave has a
fluctuating director orientation, the fluctuations becoming especially
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FIGURE 2 Appearance of curvature in the boundary between the deformed and undeformed
regions when the voltage exceeds V. (a) /=400, V =54.89, M = 57. The waviness is
nonuniform. (b) f= 1500, V = 54.46, M = 110. (See Color Plate XII).

apparent for f < 20. As the wave amplitude increases with ¥, the initially
undeformed nematic in the region enclosed by the peaks undergoes
distortion; this is evident from an increase in the birefringence. This
growing deformation is clearly seen in Figure 3. These distortions grow with
increasing ¥ and merge as the wavefronts meet at different parts of the cell
at slightly different voltages. The reason for this is that the two wavy fronts
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FIGURE 3 The amplitude of the sinusoidal modulation grows with voltage. /= 1500,
V = 55.49, M = 110. (See Color Plate XIII).

that advance towards each other are not exactly out of phase along y. This is
clearly seen in Figures 4a—d.

When the voltage is increased further, secondary bands appear on either
side of the common front. Then at a still higher voltage, the common front
near x = 0 becomes straight and then starts to dissolve. The speed of
dissolution of the common front depends critically on the frequency. At
high f(= 1500), the front starts to dissolve very slowly. As the voltage is
somewhat high, it is difficult to make observations for a long time without
risking permanent damage to the cell. When f is low (say, 20 Hz), the
common front oscillates in the xy plane before disappearing; the speed of
dissolution is quite high compared to the high frequency case. The fact that
the wavy structure cannot be observed at low f is in qualitative agreement
with the earlier observations of [12] in that the presence of a lower cut-off
frequency is indicated. In the previous work, the sample thickness had been
varied between 2.5 and 42 um; electrodes of different kinds had also been
employed. Here we have demonstrated that similar effects can be observed
even in thicker samples using flat electrodes.

For a given run involving either increase or decrease of V, the wavelength
of modulation (\) does not depend strongly on V. However, A is noticeably
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higher when V is diminished than when V is augmented. For example, at
f=1500, A =0.32+0.02mm during ramp up while A = 0.43+0.03mm
during ramp down. The wavelength does not seem to depend on frequency
in the frequency range over which the wavy structure is discernible. The
waves stretch along y from one edge of the sample to the other. However,

(a)

(b)

te)

FIGURE 4 Magnified pictures of the coalescing fronts at f = 1000 and different voltages.
Voltage ramp up. V = (a) 58.64 (b) 58.76, M = 110. Voltage ramp down. V' = (c) 57.70, M =
110 (d) 57.22, M = 57. As the two fronts are not exactly out of phase, they do not merge at all
places at a single voltage. The differences during voltage increase and decrease indicates
hysteresis caused by the adhesion of the two surfaces. (See Color Plate XIV).
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FIGURE 4 (Continued).

the waviness is perceptibly non-uniform close to the lateral edges which are
sealed with epoxy.

From the time the wavy structure starts to form, the zigzag fine structure
becomes noticeable all along the edge. Figure 5 show this microstructure at
different levels of enlargement. Each pair of zigzag lines encloses a wall. It is
seen that while the wall is a single dark curve close to the crests of the wavy
front, it splits into two slightly lighter parts as we move away from the
crests. This is especially evident at a higher magnification (Figs. 5b, d).
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FIGURE 5 Magnified pictures of the zigzag fine structure. (@) f = 5, V = 50.10, M = 110
(b)f=5V=5010,M =220 (c) f = 400, V = 5596, M = 110 (d) f = 1500, V = 58.28,
M = 220. (See Color Plate XV).

Measurements on Figures 2 and 5d show that the wall becomes perceptibly
thinner with increasing voltage. This is qualitatively similar to the
conclusions reached in [5] for walls that are observed above a magnetic
Freedericksz transition. The qualitative difference from the case of the
magnetic transition is this. As the electric field is inhomogeneous, two walls
form more or less symmetrically between the electrodes and they both
undergo wavelike deformation in the sample plane. In the magnetic case, the
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FIGURE 5 (Continued).

wall remains stationary for slow increments of the magnetic field. In the
present case, the walls get pushed away from the electrodes with increasing
voltage and merge near the plane at x = 0 (to avoid pedantic repetition, we
use the term x = 0 to refer to the plane at x = 0).

The zigzags are static patterns. Even after the advancing wavy structures
from the two electrodes coalesce into a single wavy structure near x = 0, the
zigzags persist (Fig. 6). These patterns can be observed over a wide
frequency range, say, 10 < f < 10%. They form the periphery of the interface
that separates from either electrode. The separation between two adjacent
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(b) .

FIGURE 6 With increasing V, the wavy structures advance towards the plane at x = 0 and
finally coalesce leaving a single wavy structure separating two domains with distinctly different
birefringence. /= 1500, V' = 58.28, M = 57. (a) and (b) are photographs taken when the
platform is rotated through about 9°. (See Color Plate XVI).

dark spots on the zigzag can be regarded as the wavelength ()). Even at
given fand ¥, X varies from 0.02-0.05 mm at different points on the wavy
structure. However, X’ does not change appreciably with f or V.
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Under close inspection, each zigzag looks like a twisted rope of two
strands with each strand coming into focus at a slightly different depth. With
the polarizers crossed, the microscope platform is rotated so that one side of
the zigzag appears bright and the other side dark (Fig. 6a). On further
rotation of the platform through about 9°, the dark (or bright) domain
becomes bright (or dark) as in Figure 6b. From this we conclude that the
adjacent domains separated by the zigzag have a difference in director
orientation of about 9° away from z at f = 400. When V is decremented, all
the steps occur in the reverse order except for a hysteresis with regard to the
appearance and disappearance of the wavy structure and the zigzag pattern
(see Tab. I; also Figs. 4a—d). Figure 7 shows the interface on one side of the
plane at x = 0 during the voltage ramp down; the zigzag pattern is seen
clearly superposed on the wavy structure.

TABLE | Threshold voltage (in volts rms) for the appearance and disappearance of the wavy
structure during ramp up and ramp down, respectively, at different frequencies (in Hz). The
hysteresis width increases with frequency

Frequency Ramp up Ramp down Hysteresis
500 52.83 51.25 1.58
600 53.99 51.90 2.09
1500 53.64 49.79 3.85

-~

FIGURE 7 When V is diminished after coalescence, the wavy fronts separate. The figure
shows one of the wavy structures. f'= 1500, V' = 53.89, M = 57. (See Color Plate XVII).
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A parameter of interest that varies with the applied voltage is the position
of either front. It should be instructive to plot this quantity as a function of
V. As the electrostatic energy density as well as the dielectric torque
generally vary as the square of the electric field, it is meaningful to plot the
distance of each front from the respective electrode as a function of the
squared voltage [12]. But this is not easy as the fronts are curved. One
possibility is to fix a line parallel to y that is roughly midway between the
extreme undulations of a given front and call this the position of the front.
This definition may be useful at low voltages where the undulations on
either front are sufficiently uniform. When the voltage increases and the
fronts approach each other, the undulations become greatly distorted
making it difficult to define the position of the front as described above.

To present an idea of the movement of the fronts with increasing voltage,
we adopt the following method. The position of a point on the edge of one
of the birefringent interfaces is monitored as a function of voltage during
both ramp up and ramp down until the front containing the reference point
merges with the other, advancing front. The scaled position, X, of the point
is obtained by dividing the actual position by g. Then, X =1 and X =0
correspond to the reference electrode and the plane at x = 0, respectively.
Figure 8 is a plot of X versus V' for two different frequencies. As the fronts
undergo considerable distortion and as they do not merge at all points at the
same voltage, the curve that is obtained will depend critically on the location
of the reference point on the given front. It is thus found (Fig. 8a) that at a
higher frequency, the front in the vicinity of the reference point suffers a
merger well before the point has neared x = 0. At a lower frequency,
however, the reference point is closer to x = 0 when the fronts coalesce
(Fig. 8b). In both cases, the appearance of hysteresis is clearly visible in the
high voltage region (before the merging and after the separation of the two
interfaces); the curves are more or less linear in the low voltage range but
become non-linear when the fronts near coalescence. The voltage width of
this hysteresis is slightly higher at the lower frequency. The corrugations of
the fronts become more irregular at lower frequencies. Even with the
procedure adopted in this work, the variation of the scaled position of a
front with voltage becomes irregular. Hence, results for low frequencies have
not been included.

Figure 9 is an enlarged picture of the merging fronts and points to the
involvement of interfacial effects in the coalescence and separation of the
fronts. It is seen that at the time of merging, the common front develops
irregularities on a large scale. This is caused not only because the two
advancing fronts are not exactly out of phase along y but also because there
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may be a slight difference in their lengths along y. When the two fronts
merge, the extra length of a disclination wall has to be sacrificed. This is
sometimes seen (Fig. 9b) as an isolated, detached loop which disappears
over a period of time. An analogous phenomenon that comes to mind is the
detachment of a vertically falling liquid drop from the tip of a tube. In this
case, the small liquid volume associated with the excess surface energy is
thrown out in the form of one or more tiny droplets [18].

Lastly, we consider the effect of a stabilizing B field applied normal to the
sample planes. This is done on a cell of 400 um thickness. Increase in sample
thickness lowers the thresholds. Hence, the application of B will not raise
thresholds to very high voltages. With B = 0, the voltage is ramped up at
f= 1500 until the wavy fronts meet. The voltage is held constant at a
slightly higher value (19.35). Now B is increased from zero. Up to about
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FIGURE8 Scaled position of the wave front (X') versus square of the voltage for (a) £ = 1500.
Ramp up (triangles). Ramp down (+). (b) f = 500. Ramp up (circles). Ramp down (crosses).
The relevant quantities (X;, V3, X3, V') that demarcate the hysteresis loop are shown. (c)
Sample near one electrode (scaled position X = 1) showing parameters relevant to the hysteresis
width. X = X, is the scaled position of the common front at V' = V,. X = X, is the scaled
position of the front that has receded towards the right electrode at ¥V = V.
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FIGURE 8 (Continued).

B =0.44kG, the B field has no perceptible effect. When B exceeds this
value, the fronts start to separate out. When B is strong enough, say around
1.2kG, the fronts merge into the respective electrodes leaving the field of
view dark — as if no voltage were being applied. From this point, two
experiments have been done.

(a) B is diminished in small steps. Till about 0.38 kG, there is no change.
Once B is decreased below this point, the birefringent regions start
moving towards x = 0. Surprisingly, the fronts meet at B = 0.24kG,
and not at B = 0 as anticipated. The waviness of the common front is
less uniform than when the increase of B started in the previous cycle. In
the course of time, the front dissolves away. Thus, a kind of hysteresis is
observed under an increase and a slow diminution of the stabilizing B.

(b) B is switched off. In this case, the fronts advance towards x =0 at a
uniform rate to form the single front. Subsequently, the front dissolves
away.
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3. DISCUSSION

3.1. Hysteresis

Initially, we dwell briefly on the hysteresis of the scaled position of the front
(Fig. 8). There are two viewpoints that can be advanced to account for the
hysteresis. Firstly, the fronts do not merge at all points at the same voltage.
Because of this reason, the fronts cannot be expected to move away from
each other at all points when voltage is diminished. The second possibility s
that after the fronts have coalesced, they tend to adhere to each other.
Hence, they do not separate out as soon as the voltage is diminished by a
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FIGURE9 (a)and (b) The merging fronts at /' = 1500 showing irregularities at different parts
of the cell. To be noted is the detached disclination loop in diagram (b). V' = 59.17, M = 110.
(See Color Plate XVIID).

small amount. Clearly, the adhesion energy is related to the energy
represented by the hysteresis loop. If the spatial dependence of the director
and electric fields were known, the adhesion energy could be exactly
computed by integrating the total free energy density of the sample over the
hysteresis loop. In the absence of an exact solution, the energy that is needed
to separate the two fronts is estimated below via an order of magnitude
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calculation by considering the electrostatic free energy contained in one part
of the sample at the extremities of the hysteresis loop.

All nematics exhibit flexoelectricity [19] which gives a contribution of the
form

W,=-P-E

to the free energy density at constant electric potential between electrodes; P
is the flexoelectric polarization and E the electric field. When E is time
varying, the time average of W, has to be taken. A characteristic time
associated with nematic samples of finite thickness is the viscoelastic
relaxation time

nd?

T~ —

where n(~ | poise), is an average viscosity coefficient, d = 2 A, the sample
thickness and K(~ 10~®dyne) an average curvature elastic constant. For a
sample of thickness 160 um, 7 ~ 100 sec. It is over a time period of 7 that W
has to be averaged. If f takes values ~ 10? to 10* Hz, W, becomes negligibly
small. Hence, flexoelectricity is ignored.

The dielectric free energy density at constant electric potential is written
as

z’-_‘jkEjEk

W=-
87

where ¢ is the anisotropic dielectric tensor; summation over repeated
indices is assumed. We try to calculate the electrostatic energy stored in the
region of the sample between the front and the nearest electrode. In this
region n is almost parallel to x. To simplify matters, therefore, we write

_E||E2

W=~
8T

where E is the average electric field strength taken to be V/(2 g). When the
two fronts have just coalesced at V' = V), the free energy density is W;. We
neglect the wavy nature of the fronts and assume that they are parallel to y.
Let X be the scaled coordinate of the common front (Fig. 8c). Then, the
sample volume between the common front and the reference electrode is

v = Tpg(l - X).
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Hence,
F] = W| Vi

is the electrostatic free energy stored between the common front and the
reference electrode. When the voltage is decreased from V), the fronts
separate out in such a way that the curve for ramp down joins the curve for
ramp up at a lower voltage, V, and the front nearest to the reference
electrode is at the scaled coordinate X (Fig. 8c) so that the sample volume is
now

v2 = Tpg(l — X2)
The free energy density is W, and the free energy stored in the volume v, is
Fy = Wyv,.
The difference in free energy is
AF=F, — F.

The area of the front in the yz plane is Tp. We define the adhesion energy per
unit area of the front as

4=2F

Tp
For 5CB, ¢ = 17.9 [16]. From Figure 8a, the numerical values are found to
be

(v}, X1, V2, X2) = (3500,0.5,3000,0.62).

This leads to 4 = 6.3 x 103 erg cm™2 at f = 1500 Hz. Similarly, at /' = 500
Hz (Fig. 8b),

(V2 X1, V2, Xa) = (3250,0.26, 2700, 0.56);

and 4 = 1.3 x 1072 ergcm ™2 Thus, the adhesion energy density should be
~ 1073 to 1072 ergcm ™% Ignoring the zigzag pattern for the moment, we
realize that each advancing front can be regarded as separating regions that
contain predominantly homeotropic and homogeneous nematic alignment.
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Essentially, one side of the front has planar alignment while the other side
has homeotropic alignment with respect to z. It is well known [17] that the
nematic surface tension has slightly different values, v and ~y,, for planar
and perpendicular director alignment, respectively, relative to the surface;
the surface anisotropy, Ay ~ 103—10"%ergcm ™2 which is the same order of
magnitude as the adhesion energy density estimated by us.

We now consider the nature of the moving interfaces. Three aspects of the
interfaces need to be explained.

(1) Why are the interfaces so sharply demarcated? Why do we not have a
uniform change of intensity as we move away from the electrodes
towards x = 0?7 Why are there two interfaces that emerge from the two
electrodes and move towards x = 07 Why is there not just one wall near
x = 0 that stays stationary all the time?

(2) Why do the interfaces get deformed beyond some voltage?

(3) What is the nature of the zigzag patterns that adorn the interface?

In the absence of a rigorous theoretical description, we attempt to
qualitatively answer some of the above questions on the basis of known
theoretical and experimental facts. For simplicity, we shall confine our
attention to the xz plane. The crux of the matter is the inhomogeneity in E
which exists even in the absence of a nematic between the two plates. As the
plates are charged, the field near the electrodes will be stronger than the field
near x = 0. This should imply that E, and E, are functions of x. As the
sample has glass boundaries in two different xy planes, the boundary
conditions for E and the electric induction, D, should ensure that the field is
also a function of z. Consider now the nematic between the sample
boundaries. Let the applied voltage be low enough. The metal electrodes are
untreated and do not impose any specific orientation on the director in the
yz plane immediately next to the electrodes. As E, is strong near the
electrodes (i.e., near the yz planes x = + g), E is deviated considerably away
from x. This should cause a distortion of the director field away from the
homeotropic towards the x axis in the xz plane and result in the two
birefringent regions to form next to the two electrodes. As we move away
from the electrode towards x = 0, E, becomes weaker, the deviation of E
away from x becomes less and the director distortion less pronounced. As
the director is anchored at the two glass plates, it is clear that the nematic
near x =0 must remain unperturbed. This qualitative picture would
correspond to a situation where the transmitted intensity which is high
near either electrodes, fades away gradually to zero as we move away from
either electrode towards x = 0.
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To explain the appearance of the dark wall that forms a sharp partition
between the deformed and undeformed regions, we have to invoke
previously known results [11} for the bend Freedericksz geometry. It is
known {16] that SCB has a high dielectric anisotropy. Suppose a
deformation is produced in the xz plane by the application of a sufficiently
strong E. Due to the high dielectric anisotropy of the material, the
deformation does not decrease to zero smoothly with a weakening of E but
does so discontinuously. Experimental proof of the accompanying hysteresis
is also available for periodic as well as aperiodic distortions [11]. With this
result, we can now envisage the following possibility. Near an electrode the
distortion is high. As we move towards x = 0, E, weakens. When E, falls
below a critical limit, the deformation drops sharply to zero. The wall now
becomes the sharp cut-off between the deformed and undeformed regions.
Clearly, increase of voltage should result in a stronger E, component and the
wall should get pushed towards x = 0. Thus, the first question gets answered.

It has ben suggested in [12] that the mechanism for the appearance of
undulations in the advancing fronts may be similar to the Carr—Helfrich
mechanism [15] that explains the onset of Williams domains in the
conduction regime as well as the appearance of the chevron pattern at high
electric frequencies in the dielectric regime when a planar oriented nematic
sample is subjected to a potential difference between the sample planes. The
model of [15] was proposed for a nematic with negative dielectric anisotropy
(4 <0) uniformly aligned along x (say) and subjected to a potential
difference between two electrodes whose surfaces are parallel to the xy
plane. A small director deformation periodic along x will induce charges of
opposite sign to segregate at the crests and troughs. When the voltage is low
enough, the destabilizing action of E on the charge pockets is annulled by
the stabilizing dielectric torque. At a sufficiently elevated voltage, however, a
convective instability can set in with a suitable periodicity along x. When fis
low, the wavelength of the pattern is of the order of the sample thickness.
When f is high enough (dielectric regime), the stripe width is several times
smaller than the sample thickness. In a way, this fact matches the
observations on the undulation of the fronts as the wavelength of the
undulations is about an order of magnitude less than the sample width, p. At
this point of time, however, the exact way in which free charge of opposite
signs gets segregated at alternate regions along the wall length and how the
initially straight wall suffers an undulatory instability above a threshold
voltage is not clear to us. This is especially so because the director field
changes sharply as we move across the width of a wall. This has also not
been clarified in [12].
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Without discounting the above possibility, we qualitatively propose an
additional mechanism which may also cause undulations to appear in an
initially straight wall. We have already found that the surface tension on
either side of the wall can be different by a value Av. This means, as we
move through a distance w from one side of the wall to the other the surface
tension changes by A+ leading to a spatial gradient in surface tension,
~' ~ A~/w which is of the nature of a volume energy density. Suppose we
have a fluctuation in the surface of the membrane. Then the restoring stress
on the two sides of the membrane will have different values. When the
voltage is increased, w diminishes causing ' to increase. When ~' increases
beyond a critical value, the wall (membrane) which is initially in the yz plane
may undergo a transition to a crinkled or crumpled state.

3.2. The Wall

As remarked earlier, the thick dark line in Figures 1-3 appears to be an
alignment inversion wall similar to the one studied in [S—7] with B. For the
sake of completeness, we summarize the theoretical results of [5] for two
kinds of walls induced by B to enable an interpretation of some the results of
this work. Consider first a wall situated normal to B. As in [5], cgs units are
employed. Let the director be anchored along z between plates z = 4 A with
B being impressed along x. The plates are assumed to have infinite lengths
along x and y. The wall lies in the yz plane situated around x = 0 with the
splay-bend director deformation confined to the xz plane:

n = (sin 6(x, z),0, cos 8(x, z)).

Under the assumption of equal splay and bend elastic constants
(K, = K3=K), the tilt of » away from the z axis can be shown to be [5]

O x fiv4
0(x,z) = 6 tanh (2_5) cos (ﬂ) (1)
with &, the magnetic coherence length and 8, the amplitude, being given by

_ XaH?
T K

91:2(1—%5;) )

5—2
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where x 4 is the (positive) diamagnetic anisotropy of the nematic and H the
magnetic intensity. The wall is assumed to have a thickness w, where

W)~ —. (3)

=i @)

in other words, the inverse square of the wall thickness varies linearly with
the square of the magnetic intensity. Clearly the wall thickness is finite and

real when H > Hy where
([ K\'?
Hp=—|—
d 2h (XA)

is the (bend) Freedericksz threshold.

The general variation of distortion (1) can be summarized as follows. At
the center of the wall (x = 0), # vanishes; hence, the director is perfectly
homeotropic. With respect to variation of x at constant z, € is
antisymmetric. At a given x, 6 is symmetric with respect to z=0. It is
only within a range —w; < x < w, that @ strongly depends on x. One can say
that between crossed polarizers, the wall will appear as a dark line of
approximate thickness w,. For away from the origin, ¢ is a function of only z
and is given by

Yiv4
f(+o0,z) = +6, cos (51—1) (5)
The variation of director orientation around the splay-bend wall is shown in
Figure 11a for assumed parameters in the plane z = 0.

Suppose the wall lies parallel to B and is situated around y = 0. The
director field is assumed to depend upon y and z such that

n = (sin6(y, z),0,cos (y, z))

In this case, the splay, twist and bend distortions are present. The twist
elastic constant enters the picture. Using the same approximations as for the
previous case, it is found [5] that the director tilt is described by

_ Oy my. 2 K
G(y,z)—eootanh<2a€> cos(zh), o= (6)
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FIGURE 10 Plots of inverse square of wall thickness (w™ %) as functions of squared voltage
(V3 for two frequencies. /= (a) 2000 (b) 1500 Hz. The straight line in each case is drawn by a
least squares fit.
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FIGURE 11 (a) and (b). Model calculations of director deformations around walls induced
by the B field applied along x parallel to the sample. In both cases the plane z = 0 is chosen. The
walls are situated around the origin. The director is initially homeotropic along z. The sample
planes are at z=+h; h=0.01cm. K =10"° dyne is the splay (or bend) elastic constant. The twist
elastic constant K> =K/2; x4= 1077 emu. H = 10 Hp where Hr is the bend threshold. € is the
magnetic coherence length. The vertical arrows near the origin demarcate each wall whose
thickness is defined as in [5]. (a) Splay-bend director deformation in the xz plane due to a wall
parallel to the y axis. (b) The wall is parallel to B. The director field is projected in the xy plane.
The deformation involves bend, splay and twist. (c) Schematic representation of the director
distortion in a portion of the curved wall as seen along z axis between crossed polarizers. Other
regions such as the zigzag patterns are not shown. The region marked D near each crest appears
dark as the director orientation is homeotropic in the center of the wall. Between successive
regions D are the regions L+ and L— where the wall appears light; here, the director distortion
has a twist superposed on the splay and bend. In regions L+ and L—, the twist of the director
away from the homeotropic is in opposite sense.
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(c)
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<

FIGURE 11 (Continued).

Comparing (6) and (1), the wall thickness in the present case becomes

¢a
Wy R =—. 7
2~ ™
As K> is generally the weakest elastic constant for calamitic nematics,
w, <w, for a given magnetic strength. The variation of w, with H is similar
to that of wy:

L:L[zﬁﬂz—”—z]. (8)

The qualitative nature of the variation of § Eq. (6) in this case is similar to
that of Eq. (1). At the center of the wall, the director is homeotropic. At a
given y, 0 is symmetric with respect to z = 0. At sufficiently large distances
from the wall, § is given by (5) and is a function of z alone. At constant z, 8 is
antisymmetric with respect to y variation. The projection of the director in
the xy plane changes sign as we cross the origin showing a clear signature of
the superposed twist deformation as depicted in Figure 11b.

In the present case, the electric field is the destabilizing agent. Rough
estimates made from Figures 2 and 5b show a diminution in wall thickness
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with increase in voltage. This creates the motivation to find out whether the
inverse square of the wall thickness varies linearly with the square of the
applied voltage. This task is not straightforward because of the following
reasons. The wall described in [5] is straight while in the present work the
wall is curved in the xy plane. The thicknesses of a magnetic field induced
wall (Eq. 3 or 7) is the same along the length of the wall but the walls found
in Figures 1-3, 5, 7 have different thickness at different points. This means
the wall thickness will have to be measured at a number of points along the
wall and the average taken. In addition, a single wall tends to split into two
parts away from a crest (Fig. 5b) at certain voltages. But the wall generally
remains unsplit near the crests. To simplify the procedure, we choose a point
near one of the crests and follow the crest as the voltage is increased. At a
given voltage, the video image of the crest is enlarged and printed out. Then
the wall thickness near the crest (w) is measured using a traveling
microscope. It is difficult to measure the wall thickness close to the
coalescence voltage. The plots of w™2 as functions of ¥ are shown for two
frequencies in Figure 10 and in each case the best fitting straight line is
drawn. It is found that the points are distributed about the straight line.
We do not present results for lower frequencies as the variation becomes
more erratic.

The nature of director distortion along a curved wall can be properly
understood only by making detailed conoscopic observations. At this stage
it is difficult to give detailed diagrams of the director field inside the wall at
different points. Tentatively, however, we can deduce the variation of
director tilt using the results of (1)—(8) and Figures 11a and 11b. Figure 11c
represents a portion of the curved wall seen along z. The parts D and L are
dark and light, respectively, between crossed polarizers (see Fig. 5b). The
regions D are close to the crests whose tangents are parallel to the electrodes
(i.e., parallel to the y axis). By ignoring the distortion in the electric field, we
can say that the wall at D is normal to the electric field (Fig. 11a). At D, the
wall is of the splay-bend type and the distortion is a function of x and z; a
twist deformation is absent inside the wall. Between two neighbouring crests
D, the wall is inclined to the field. By tilting away from the y axis, the wall
tends to acquire properties of one that lies parallel to the field (Fig. 11b). In
other words, the director field inside the wall suffers a twist in addition to
splay and bend as we move away from D. But we know that at D there can
be no twist. The picture that emerges now is the following. Let us start with
the first region D and move along the wall in the general direction of +y. At
a point removed from D, the director inside the wall twists away from z in
one sense. We call this region L+ . On further traversing along the wall, the
twist angle increases and becomes a maximum. When we move further, the
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twist angle diminishes (region L—) and finally goes to zero when we reach
the next crest (D). This ensures that the average amount of twist in a given
part of the wall between two neighbouring crests is zero — as it should
because the nematic is non-chiral. When we move from the second crest to
the third, the process repeats. We see that the sense of twist is opposite on
either side of a given crest D. Thus, the average twist in the neighbourhood
of any crest also remains zero. We remember that the wall thickness w;
Eq. (7) is smaller than the thickness w, when twist is absent. As the twist
appears and disappears at different points along the length of the wall, the
wall thickness measured at different points of the wall may also be different.

4. CONCLUDING REMARKS

In conclusion, the main features of the observations of [12] have been
reproduced in thicker samples. Some new results have been reported. Each
interface that separates out of an electrode with increasing voltage not only
contains a dark wall but is also lined by zigzag defect patterns. The zigzag
patterns are different from the zigzag disclinations reported in [8—10].
Hysteresis is observed when the voltage is diminished after the fronts have
merged near x=0. This is interpreted as caused by the adhesion of the two
interfaces. Neglecting flexoelectricity, an order of magnitude estimate is
made from which the surface density of adhesion energy is found to be of
the same order as the surface tension anisotropy normally measured for
nematics. When the electric frequency is low enough, the wall thickness and
the positions of the fronts vary less regularly with voltage; this indicates the
possible role of electrical conductivity at low f. After the fronts coalesce, the
application of a sufficiently strong stabilizing B along z causes the interfaces
to separate and retreat towards the two electrodes leaving the entire field of
view dark corresponding to homeotropic alignment. It is thus established
that the merging of the two fronts is accomplished above an electric
threshold and that the threshold is raised in the presence of a stabilizing B.
Detailed work on this has not been reported, such as effects of the variation
of magnetic tilt. The cause of the appearance of the zigzag defect patterns is
not known to us. The curving of the initially straight advancing interfaces is
qualitatively accounted for as being due to an instability caused by two
factors—the difference in surface energy density on the two sides of the wall
and the decreasing wall thickness with increasing voltage.

Each front includes a wall across which the director orientation appears
to change sharply. Due to reasons stated in the text, accurate measurement
of the wall thickness cannot be made. The available data shows that the wall
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thickness diminishes as the fronts approach each other (i.e., with increasing
voltage). This is in qualitative agreement with earlier observations [5, 6] on
magnetic field induced walls. The results of [5] are useful in providing an
approximate picture of the director orientation around the wall (Fig. 11),
but the reason for the splitting of the wall away from the crests (Fig. 5b) is
not yet known. A plot of the square of the inverse wall thickness does not
vary sufficiently linearly with the square of the voltage. To this extent, the
behavior of walls in the present case is different from that of the B induced
walls [5, 6]. A possible explanation for this is the following.

The mathematical model of [5] contains only one governing equation for
the director tilt angle. A similar analysis [20] shows that even in a situation
where the director deforms only in the xz plane and a single angle, 6,
describes the distortion, it is necessary to include the modification of the
electric field by considering 1, the local perturbation of the electric potential.
Even the simplifying assumptions of [5] result in a set of coupled differential
equations in # and 3 which do not have an analytical solution of the kind
deduced in [5]. As SCB has very high dielectric anisotropy, the coupling
between 7/ and @ is strong. Hence, the variation of w with voltage may not
follow a rule that is qualitatively similar to (4) or (8). The results of a
numerical solution of the complete set of governing equations will be
communicated in the future.

Some directions for future studies become apparent by a comparison of
the present results with those of [12]. For instance, no hysteresis is reported
in [12]. As the samples used in [12] are thinner than those employed here,
one may tentatively conclude that there may exist some critical sample
thickness such that for thicknesses higher than this value, hysteresis is
observable. At the same time, the differences in the preparation of cells must
be borne in mind. In [12], thin electrodes or wire electrodes are employed
while in the present study the electrodes are flat plates. In both cases the
metal surfaces are not coated with surfactant to induce better director
anchoring at the electrodes, but the materials of the electrodes may be
different. As results obtained with uncoated metal electrodes may not
always be reproducible (especially at low frequencies) due to various
electrochemical processes, it may be advisable to coat the surfaces of flat
electrodes for homogeneous anchoring along z. This will be done in future
experiments so that results for coated metal electrodes can be compared
with those obtained in this work.

It has not been possible to systematically study the role of electrical
conductivity. The erratic behavior of different measured quantities at low
frequencies is a clear indication that conductivity effects may become
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important when f is lowered below some limit. Each nematic has a distinct
conductivity anisotropy, the magnitude and sign of which can be altered by
the addition of suitable impurities. It should be interesting to study the effect
of the addition of conducting impurities on the different measurable
quantities (wall thickness, undulation frequency of the fronts, the scaled
position of fronts, ezc.) in our experiments.

A different line of study is indicated by the theoretical interpretation of
Section 3. Assuming that this is acceptable, then the appearance of sharp
walls i1s due to the nematic with high, positive €4 being subjected to an
inhomogeneous E [11]. Suppose the material studied has low, positive ¢ 4.
(The question now is, whether the sharp walls will again appear or whether
the deformation that sets in near the electrodes at some voltage will
gradually go to zero as we move towards x = 0. This possibility can be
tested either by repeating the experiments with SCB at a higher temperature
or by using a nematic with low, positive ¢ 4. The suspected existence of twist
in parts of the curved wall (Figs. 5b and 11) suggests a different experiment.
It is known that some nematics that change into smectic A at lower
temperatures exhibit anmalously high values of K3 and K,. Experiments on
such materials will indicate in what way divergence of these curvature elastic
constants will affect the formation and curving of walls.

Lastly, we remember that S5CB is a material with positive diamagnetic
anisotropy so that the magnetic field applied along z tends to increase the
destabilizing electric threshold. There do exist nematics with negative x 4 but
positive € 4. If such a nematic is studied, a magnetic field applied along z will
tend to destabilize the initial homeotropic orientation. Experiments on
nematics having opposite signs of dielectric and diamagnetic anisotropies
should prove interesting.
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