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We report an experimental study on electric (E)-field-induced static and dynamic distortion of the
nematic director in the bend Fréedericksz geometry using electrodes with circular cross sections. In the
absence of a stabilizing magnetic (B) field, the voltage threshold ( ¥y, ) for change from the initial homeo-
tropic alignment is different when measured at different points of the sample and is nearly twice the bend
threshold; the hysteresis width observed upon reduction of voltage is nearly V, /2. The threshold volt-
age increases with B =|B| but the static distortion above threshold is periodic with the wave vector in
the sample plane being normal to the electrodes (Y stripes) at low B or parallel to the electrodes (X
stripes) at high B. On continuous increase of voltage above the Y stripe threshold at constant B, the
stripes initially become oblique (XY) and then disappear; subsequent diminution of voltage leads to exhi-
bition of hysteresis with the formation of X stripes. At constant voltage above the Y stripe threshold, an
increase of B leads to the appearance of X stripes. Rapid increase of voltage at constant B causes tran-
sient XY stripes. Some of the results are qualitatively discussed taking account of the nature of the E
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field.

PACS number(s): 61.30.Gd
I. INTRODUCTION

The director orientation in a nematic sample can be
influenced by the application of electric (E) and magnetic
(B) fields leading to transitions between different states of
director distortions. Of late, considerable interest has
been evoked by the study of the effects of “crossed” E
and B fields on nematic samples, with E, B, and the ini-
tial director orientation n, being mutually orthogonal [1].
In nematics with high positive dielectric anisotropy (g ,),
the ac electric-field induced bend Fréedericksz transition
in the absence of a stabilizing B field is one of the first or-
der [2,3] resulting in a homogeneous deformation above
threshold; hysteresis is also observed when E is dimin-
ished. The first order nature of the transition is theoreti-
cally established using the Landau theory [2,3]. In the
presence of a strong stabilizing B field applied along n,
for materials with positive diamagnetic susceptibility an-
isotropy X 4, however, the static deformation above the
transition is periodic with the wave vector of modulation
normal to the electrodes [3]. In thick samples subjected
to a strong stabilizing B field, thermal fluctuations in the
director orientation get selectively enhanced parallel to a
transverse E field, leading to the sample becoming opti-
cally biaxial [3].

Two different theoretical explanations have been pro-
posed to account for the modulated structure. In both,
the E field is assumed to be uniform below the threshold.
In the first [4], a simple mathematical model shows that
the homogeneous distortion (symmetric about the mid-
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plane) is unstable against periodic perturbations and that
the modulated structure appears above a first order tran-
sition. In the second approach [5], it is shown that the
unperturbed homeotropic alignment can become unstable
against periodic perturbations at a threshold that is lower
than the second order Fréedericksz threshold; in this
case, the possibility of the modulated structure appearing
above a second order transition cannot be ruled out. In-
terestingly, the predictions of Ref. [5] are in good agree-
ment with experimental observations [3].

Other instances exist where the threshold for periodic
distortion is lower than the Fréedericksz threshold. In
the splay geometry with a B field, a homogeneously
aligned sample of a nematic with high elastic anisotropy
exhibits a periodic distortion [6] when B exceeds a
threshold. Interestingly, when B is increased further, the
periodic deformation goes over to a homogeneous one via
a first order transition and reappears under decrease of B
exhibiting hysteresis [7]. In the same geometry, a period-
ic deformation occurs in nematics under the action of a
dc E field [8] due to flexoelectricity [9].

A sudden application of an E or a B field normal to n,
leads to the formation of transient periodic structures
[10-13]. While in the case of a B field [11,12] the period-
icity wave vector is along n;, with an E field [13] it may
be perpendicular to n,,.

In this paper, we present experimental results on the
transitions induced in the director field of a sample of
nematic 5CB (4-n-pentyl-4’-cyanobiphenyl) subjected to a
potential difference parallel to the sample planes in the
presence of a stabilizing B field. We study the range of
existence of the periodic distortion as a function of volt-
age and B. The choice of 5CB (purchased from EM In-
dustries) is suitable for this investigation as it has high
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positive € , and a positive diamagnetic anisotropy (X ,);
in addition, preliminary investigations on modulated
structures were reported using this material [3].

II. EXPERIMENTAL SETUP

The experimental arrangement is shown in Fig. 1. The
sample cell is constructed from microscope slides. Thin
wires epoxied on the base plate serve as electrodes and
spacers yielding a sample thickness (24) of 550 um. Care
is taken to ensure that the spacing between the wires is
uniform with the electrode separation (2g) being 2.05 mm
(Fig. 3) and 4.6 mm (Figs. 4-8); cells with 2g =3.6 and
3.2 mm have also been used for making preliminary ob-
servations on the E field effect in the absence of a B field.
Preparation of different samples is necessitated by the
deterioration of alignment, migration of the sealing epoxy
material into the cells, etc. Making samples with
different g helps explain, in a way, the dependence of
threshold on the electrode gap. In earlier work [3], the
application of E was done somewhat differently using flat
metal planes to sandwich the sample. The present ar-
rangement is employed mainly to find out how the E field
effects are likely to be affected by the shape of the elec-
trodes.

The plates are surface treated with a silane solution
(mixture of 3-trimethoxysilyl propyldimethyloctadecyl
ammonium chloride, distilled water and isopropyl al-
cohol) and the induced homeotropic alignment confirmed
using conoscopy. Previous experience [14] shows that
silane can impart strong homeotropic anchoring at the
sample planes. The cell is housed in an aluminum ther-
mostat in which the temperature can be maintained at
28°C correct to =1 mK. The thermostat is positioned
between the poles of an electromagnet so that the B field
is normal to the sample planes (along the z axis). A
Melles-Griot He-Ne laser of 3 mW power incident nor-
mal to the plates is used to initially monitor the
Fréedericksz threshold. Observations are made with the
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polarizer and analyzer crossed at +45° (in the xy plane)
relative to the z axis. The transmitted light intensity is
monitored by a photodiode whose output after suitable
amplification is fed into a channel of a Keithley 199 digi-
tal multimeter. The details of this part of the experiment
are similar to those reported earlier [14].

The primary source of voltage is a sinusoidal signal at
1500 Hz from a Hewlett Packard 3325B function genera-
tor. The signal is amplified by Kepco BOP S00M bipolar
power supply whose output, measured by a channel on
the Keithly 199, is applied across the electrodes in the
cell after being passed through a high pass filter. In the
absence of the nematic liquid crystal, this should produce
an E field parallel to the x axis near the sample middle
(x =0=2z). In the experiments, the voltage is ramped up
at a fixed rate by controlling the output from the signal
generator through a GPIB interface and LabView
software run on a Macintosh Ilci personal computer.
The frequency generator has a maximum output of 10
V., and a resolution of 0.03% over the range used. The
gain on the preamplifier of the bipolar power supply is
adjustable through an external variable resistor arrange-
ment; in turn, the resistor helps control the maximum
value as well as the step size of the applied voltage. The
stepping process is closely monitored to minimize electri-
cal noise in the applied voltage. Different ramp rates
have been tried; most of the data presented are obtained
at a ramp rater of 0.001 Vsec™!. A higher ramp rate of
0.34 Vsec™! has also been used to induce dynamic
changes in the director field.

The current for the electromagnet is supplied by two
Kepco ATE 36-30 power supplies connected in series and
controlled through a Kepco SN-488 programmer which,
in turn, is programmed through an IEEE computer bus
system from the Macintosh Ilci.

The transition to the modulated phase is investigated
wit the setup shown in Fig. 2. An Olympus 8.4 mm in-
dustrial fiberscope with a 100° field of view near the focus
adaptor tip is snaked through the hole drilled in the pole

FIG. 1. The experimental
block diagram. E: electric field;
B: magnetic field; ny: undistort-
E ed director.
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FIG. 2. Experimental arrangement for photographing the
periodic phase. (AV, audiovisual; SVHS, supervideo home sys-
tem.)

of the magnet through which the laser beam is normally
passed. The tip can be positioned within 5 mm of the cell
and remote controlled in two perpendicular directions (x
and y) so that it can be correctly positioned to view the
bulk of the sample. The back end illumination is provid-
ed by a diffused white light source. The fiberscope is also
connected through a “C” mount to a Sony model XC-999
CCD color video camera with 768 X494 picture elements
ensuring a high resolution image. The output from the
camera can be optionally monitored on an 8 in. high reso-
lution color video monitor and recorded onto a videotape
on a Panasonic four-head VCR for storing images. Most
of the data are obtained by positioning the fiberscope tip
near the sample center (x =0), midway between the two
electrodes. Observations can also be made by taking the
tip closer to one of the electrodes and these results are
useful in determining the nature of the E field inside the
sample.

Best results are obtained by directly feeding the camera
output into a power Macintosh model 8100 personal
computer with an audio-visual board. Then the modulat-
ed phase can be observed in real time; images can be
recorded at appropriate moments and stored as PICT files.
Subsequently, the PICT files can be digitally processed us-
ing Adobe PhotoShop software and printed on a Laser-
Pro 630 high resolution printer.

III. OBSERVATIONS OF THE STRIPED PHASE

In the absence of the B field the deformation above
threshold is supposed to be homogeneous; this means the
distortion is uniform in the sample plane (a function of z
alone) and the value of the threshold should be the same
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regardless of where observations are made. When the
voltage is increased from zero, the output from the pho-
todiode initially remains zero. Then the photovoltage
starts to increase and finally peaks at V=V which we
regard as the threshold voltage. Above the transition,
the director appears to be aligned in the xz plane in a ma-
jor portion of the sample (as found from optical observa-
tions); this is expected for a material with high, positive
€4. At B=0,Vy, is found to be 26.44 V, for observa-
tions near the sample center with 2g =3.6 mm. For ob-
servations close to the electrodes, Vy, is found to be 22.45
V,p» showing that at a voltage for which deformation is
not recorded near the sample center, distortion has al-
ready set in near the electrodes; this will be shown to be
due to the peculiar nature of the E field between the two
wire electrodes. The dependence of V', on g is, however,
as expected. For 2g =3.2 mm, for instance, V' =22.1
V,p- The remaining results are all presented for observa-
tions made at x =0.

When the voltage is diminished from ¥V, for the
2g =3.2 mm sample, the photodiode intensity shows a
peak at ¥’'=13.3 V_; this corresponds to a considerable
change in the director orientation near the sample center;
when the voltage is further diminished to V""=11.02 V
(which is nearly V;, /2), the photodiode intensity goes to
zero, showing that the director orientation has become
homeotropic at x =0. A qualitative interpretation for
these observations is given later.

The E field induced transition is studied for several B
values in the range 0-0.2 T. With a B field, the photoin-
tensity versus voltage plots reveal varying degrees of fluc-
tuation in the vicinity of the threshold. With increasing
B, the threshold also increases. But for a strong B field,
the distortion above threshold is periodic. Interestingly,
however, a plot of threshold voltage versus B shows a
linear relationship (Fig. 3).

At a sufficiently elevated and constant B, the modulat-
ed phase (similar to that reported earlier [3]) can be ob-
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FIG. 3. A plot of threshold voltage (¥,,) versus magnetic
field (B), for electrode separation of 2.05 mm.
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served when the voltage crosses a threshold V,. At con-
stant voltage, the stripes (modulations) appear and move
across to fill the central region of the cell; the stripes are
found to exist for long periods of time. The appearance of
the stripes and their movement along x can be recorded
in real time as the voltage is increased from zero. The
stripes are vertically oriented, parallel to the electrodes
(along y) and move from one to the other electrode com-
pletely filling the cell; this modulated phase (Y stripes)
has its wave vector along x, normal to the electrodes.
When the voltage is enhanced further and crosses a
second threshold V,, the stripes start to curl up in the
process of disappearing, showing that the Y stripes get
tilted in the xy plane when the voltage is increased above
V,; with a further increase of voltage, the cell becomes
completely free of stripes. Figures 4(a)—4(d) show the se-
quence of events as the voltage is increased from 190 V,,
to 240 V, at B=0.15 T. At about 238 V, the vertical
stripes curl up, exhibiting modulation in the xy plane (XY

y

X
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stripes) and also start to dissolve. At a voltage of about
280 V,,, the cell becomes completely clear. A surprising
observation is that when the voltage is stepped up fast
enough, the xy modulation is dominant compared to the
x modulation and the disappearance of the stripes is ac-
companied by a considerable amount of curling up as
seen from Figs. 5(a) and 5(b). We conclude that when the
time rate of increase is fast enough, transient features in-
volving XY stripes predominate over the static deforma-
tion (Y stripes), which has x modulation.

In the next part of the experiment, observations are
continued as the voltage is diminished from 275 V,, with
B at 0.15 T. Surprisingly, only weak stripes parallel to x
(X stripes with wave vector along y) appear when the
voltage is ramped down; the Y stripes are not observed.
Figure 6 shows the deformation at 191 V,,. We conclude
that when the voltage is decreased from a high value, the
Y stripes are unstable relative to X stripes; even the latter
are barely visible.

X

FIG. 4. Sequence of Y stripes appearing, filling up the cell, and disappearing for fixed B=0.15 T as voltage is ramped up from 190

to 240 V, at a rate of 0.001 V sec.
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It is next necessary to explore whether the Y stripes
can be recovered after the XY stripes have formed. This is
done by increasing the voltage from zero in the presence
of a magnetic field until the XY stripes appear. Now, the
voltage is slowly diminished. In this experiment, the X
stripes form and appear much clearer than in the earlier
case; yet, it is not possible to recover the Y stripes
through a decrease of voltage after the XY stripes have
formed.

So far, B has been held constant and the voltage varied.
We now describe results for the reverse case. At B=0.15
T, the voltage is stepped up until the Y stripes appear.
The voltage is further enhanced and held constant at 228
V,ps B is now increased from 0.15 T. Figure 7 shows the
appearance of the cell at 0.162 T. It is found that the
stripes take the x orientation under an increase in B.

Mention must be made of the behavior of the distor-
tion when B is very high (0.2 T) and the voltage is
ramped up from zero. The deformation above threshold

y

is found to consist predominantly of X stripes; thus, the
direction of periodicity which is along x at low B changes
to y when the magnetic field is strong enough. Figure 8
shows the appearance of the sample at B=0.2 T when
the voltage is stepped up quickly. The distortion has
periodicity along both x and y and exhibits gridlike
features. It may be noted that the deformation reported
in earlier literature [3] is indeed periodic along two mutu-
ally perpendicular directions in the same plane.

IV. INTERPRETATION OF RESULTS

As a first step toward a theoretical interpretation, con-
sider the case B=0. It is known [2,3] that the bend
Fréedericksz transition for B=0 in SCB is one of the first
order involving hysteresis. As the width of the transition
is small, expression (8) of Ref. [5] adequately describes
the threshold in terms of relevant parameters including
the bend elastic constant K;. For SCB parameters [3,15]

y

FIG. 4. (Continued).
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(e,=18.8, ¢=8.2, x,=11X10"7 emu, K;=6.67
X1077 dyne; g, and €, are the principal dielectric con-
stants with € , =g, —¢,); the calculated threshold 11.75
V., for 2g =3.6 mm is less than V', by nearly a factor of
two. This, coupled with the observation of change in
threshold measured at different points between the elec-
trodes, indicates that V,;, does not correspond to the bend
transition above which a uniform director orientation
suffers a homogeneous deformation which is symmetric
with respect to the sample center (z =0); the picture that
emerges is the following.

Figure 9 shows a cross section of the sample in the xz
plane (not drawn to scale) between —g =x =g and
—h <z<h. 1 and 2 are the glass plates and 3 and 4 the
electrodes. In the absence of voltage, the director n
(represented by thick, short lines) is aligned along z in the
sample. Suppose a small voltage is applied between 3 and
4. Since 3 and 4 are conductors, the lines of force will be
normal to the surface of 3 and 4. At the sample center (x
axis) the line of force (5) will lie along x itself. But at oth-
er points (6 and 7), the line of force will curve in the xz

X

plane and will lie parallel to the x axis only exactly mid-
way between the two electrodes, x =0. The actual con-
tour of the lines is more complicated, not only close to
the electrodes due to the polarization induced in the glass
plates but also elsewhere due to the nematic liquid crystal
being an anisotropic dielectric; Fig. 9 only serves the pur-
pose of a qualitative interpretation. The E field is tilted
toward z near the electrodes and its tilt is opposite on ei-
ther side of the sample center. Hence, n gets deformed as
shown in regions R, and R;. Writing n=(sinf(x,z),
0,cos0(x,z)), the deformation angle 6 is antisymmetric in
x at a given z and antisymmetric in z at given x; in partic-
ular, 6=0 at x =0,z =0; this means n midway between
the electrodes (in region R,) will remain homeotropic.
Similarly, E=(E,(x,z),0,E,(x,z)); while E, is a sym-
metric function of x,z, E,. is an antisymmetric function
having the same nature as . Compared to the deforma-
tion above the usual bend transition which is a symmetric
function of z and not strongly dependent on x, 6(x,z) can
be regarded as the next higher harmonic; in fact, 6(x,z)
can be regarded as a periodic distortion having a wave-

FIG. 5. Appearance of XY stripes with a higher ramp rate of 0.34 V sec.
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length of 4g. When the voltage is increased, the deforma-
tion in R; and R; increases but n in R, remains homeo-
tropic and, hence, R, gets pinched with increased distor-
tion taking place on either side of it. It is possible that
this configuration becomes unstable above the threshold
Vin- The fact that the deformation angle is an antisym-
metric function of z suggests, in a way, why V,; is nearly
twice the expected value of the bend threshold, V. Since
the theoretical models developed earlier [2-5] assume
that E in the absence of deformations is uniform, it ap-
pears impossible to use them to interpret the results of
this work. Since the material has a high, positive € 4, and
since Vy, =2V, we expect that the director field will be
of the form n=(sin¢(z),0,cos¢(z)) in a major portion of
the sample, with ¢(z) being a symmetric function of z.
Since the voltage is high enough, ¢ will be close to 7/2 in
the sample except near the sample planes.

FIG. 6. Appearance of X stripes when voltage is diminished
at fixed B=0.15T.

SHILA GARG, SALMAN SAEED, AND U. D. KINI 51

It is not difficult to predict what happens when the
voltage is diminished. Once the torque due to the E field
diminishes, the elastic torque tends to take the director
back to the initial configuration. Noting that the E field
tends to favor the configuration shown in Fig. 9, it is to
be expected that when the voltage is diminished
sufficiently, the director deformation will go over from
the ¢(z) type to the 6(x,z) type at a lower voltage V"'
Since this will involve a considerable change in the
overall alignment, it may cause the peak observed in the
photodiode intensity at a voltage ¥’ just above V.

It is natural to expect that with a stabilizing B field,
Vi Wwill increase. We have not yet developed a
mathematical model to account for the occurrence of the
periodic deformation in the present work; the following
qualitative argument can still be presented. It has been

FIG. 7. Appearance of X stripes when voltage is held con-
stant (when y stripes are stable) and B field is increased.
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FIG. 8. Gridlike features when voltage is quickly ramped up
with a fixed B field.
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FIG. 9. Cross section of the sample in the xz plane. 1,2: glass
plates. 3,4: electrodes. 5: line of force at the sample center. 6,7:
lines of force away from the sample center. R;,R;: regions of
sample close to the two electrodes. R,: region of sample mid-
way between the two electrodes.
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argued earlier [5] that with increasing B in the bend
geometry, the destabilizing torques associated with a
periodic perturbation can have a stronger influence than
that associated with a homogeneous perturbation; this is
mainly due to the distortion suffered by the E field inside
the sample In the present case, it is similarly possible
that with increase of B such perturbations in the E field
cause growth of high wave vector perturbations at a
lower threshold.

We have not been able to present here details about the
variation of the wavelength of periodicity at threshold for
different B. It appears that, in general, the wavelength
diminishes with increase in B. For instance, the observed
wavelengths at B=0.169 and 0.182 T are, respectively,
484 and 379 um. As a strong B field essentially increases
the effective K; modulus of the sample relative to the
other moduli (namely, K; and K,), it is possible to under-
stand intuitively why the periodicity wave vector at
threshold increases with B.

Not surprisingly, the theoretical results of Ref. [5] [Eq.
(9)] for Y stripes do not agree with those of Fig. 3. For
instance, with B=0.15 T, the theoretical estimate of the
threshold ¥y =51.5 V,, at 28°C (including the value of
the splay modulus K, =5.14 1077 dyne) [15] falls well
below the experimental value of 120 V,,. We propose to
develop a mathematical model to account for our obser-
vations.

V. CONCLUSIONS

In conclusion, we have presented experimental obser-
vations in the electric-field-induced bend geometry as
summarized in the abstract. We have also given a quali-
tative explanation for some of the observations by analyz-
ing the nature of the E field inside the sample. A few
points are worth noting. The frequency of voltage used
by us is far higher than the viscoelastic frequency associ-
ated with a sample of the given thickness. It appears,
therefore, that the flexoelectric effect [9] is not important.
We propose to repeat these experiments with voltages of
different, diminishing frequencies with the hope of study-
ing possible flexoelectric interactions as well as electrohy-
drodynamic effects [16], which may become important at
lower frequencies. Another avenue for investigation is
the possible influence of surface anchoring energy and tilt
[17] by employing different surface alignment coatings.
It is also important to find out how our results will com-
pare with those obtained with plane electrodes [3]. The
direction of the B field should also play a decisive roll in
controlling the features of the instability. It has been
shown [5] that the Y stripes may not appear if B is re-
duced below a limiting value. It is also clear that if the B
field is applied along x, a periodic instability is unlikely to
occur. This leads to the conclusion that for a given B,
there must exist a critical tilt of the B field away from z at
which a static periodic instability may not occur; for a
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rapid increase in voltage, a transient periodic instability
may still occur. Finally, the possible influence of finite
extension of the sample along x (apart from that of elec-
trode shape) must also be considered. This will become
clear when parallel experiments using flat electrodes are
performed for similar electrode gaps; these studies will be
reported in the future.
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FIG. 4. Sequence of Y stripes appearing, filling up the cell, and disappearing for fixed B=0.15 T as voltage is ramped up from 190
to 240V, at a rate of 0.001 V sec.



FIG. 4. (Continued).



FIG. 5. Appearance of XY stripes with a higher ramp rate of 0.34 V sec.



FIG. 6. Appearance of X stripes when voltage is diminished
at fixed B=0.15T.



FIG. 7. Appearance of X stripes when voltage is held con-
stant (when y stripes are stable) and B field is increased.
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FIG. 8. Gridlike features when voltage is quickly ramped up
with a fixed B field.



