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Competing modes of electric-field-driven bifurcation have been examined in a planarly aligned nematic
liquid crystal with a small positive dielectric anisotropy and large electrical conductivity. The line of bifurca-
tion into the electroconvective state is linear in frequency not only up to the codimension-2 �C2� point but well
beyond. This contrasts with the recent theoretical prediction of the absence of further bifurcations within the
Freedericksz state, above the C2 frequency. Further, in the frequency regime beyond C2, within the space-
filling electroconvective state, a strongly localized dynamical state �SLDS� appears at a voltage threshold
which again is linear in frequency. Occurrence of the SLDS through a secondary forward bifurcation is
significant in view of the reported observations on the so-called worms, an instability belonging to the SLDS,
as the first form of convection seen at the primary subcritical bifurcation.
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I. INTRODUCTION

Electrically driven nematic liquid crystals are known to
display multifarious instabilities, both in the linear and non-
linear regimes, depending on the conditions of excitation and
choice of material parameters �1–3�. For instance, a planarly
aligned sample, strongly positive in dielectric anisotropy �a
= ��� −���, where � and � denote the directions relative to
the nematic director n, when acted on by a field transverse to
n, may undergo a purely orientational, second-order transi-
tion to a homogeneously distorted state above a voltage
threshold VF �the Freedericksz effect �1,2��. By contrast,
when �a is slightly positive and the conductivity anisotropy
�a= ��� −��� is also positive, the sample may display, above
some critical ac voltage VC�VF, convective structures with
spatiotemporal periodicity �the Carr-Helfrich effect �1–3��;
under a static field, on the other hand, the same sample may
develop a flexoelectric instability �2�. Situations involving an
interplay of different bifurcation mechanisms are evidently
of particular importance to pattern formation in the nonlinear
regime. There have been a few significant studies conducted
in this area in recent years. For instance, Delev et al. have
reported their experimental and theoretical results concern-
ing the crossover between flexoelectric and electroconvective
distortions occurring in a homeoplanar nematic subject to a
dc field �4�. Similarly, Dressel et al. �5� have demonstrated
the coupling of homogeneous and vortex modes to generate
the so-called splay and twist normal rolls. More recently,
Dressel and Pesch �6� have reported their rigorous theoretical
analysis of the competition between electroconvection �EC�
and the Freedericksz effect �FE�. In this report, we present
the results of our electric field experiments on the competi-
tion between EC and FE in a nematic liquid crystal with a
weakly positive �a and discuss some of the findings in the
light of related numerical-theoretical predictions mentioned
in Sec. II. In particular, the splay-roll instability and bistabil-
ity between the convective and Freedericksz states predicted

to occur close to the multicritical point are observed; how-
ever, beyond this point, the stability of the homogeneous
state seen in the predicted phase diagram �6� is not supported
by our results. Some of our observations pertain to localized
structures; we discuss these with reference to earlier experi-
mental and theoretical findings on localized instabilities
briefly surveyed in Sec. III.

II. INSTABILITY THRESHOLDS AND PREDICTED
BIFURCATIONS

The Freedericksz effect is an equilibrium phase transition
occurring at a threshold voltage VF determined by the bal-
ance between elastic and dielectric torques. VF is given in
terms of the splay elastic modulus k11 and absolute dielectric
anisotropy �o�a by VF=���k11/ ��o�a��. On the other hand,
EC is a dissipative, nonequilibrium phenomenon that relies
for its occurrence primarily on the electrical conductivity an-
isotropy. In a planar nematic with n= �1,0 ,0�, subject to an
electric field E= �0,0 ,E�, EC occurs at a well-defined revers-
ible voltage threshold VC, at which the originally structure-
less fluid breaks up into a system of periodic rolls oriented in
the sample plane, either normal to the easy axis or at an
angle �90±�� with respect to it; normal rolls �NR� form
above the Lifshitz frequency fL=�L/2� and oblique rolls
�OR� below it �7�. An expression for VC based on the full
three-dimensional linear stability analysis is reported in Ref.
�8�. Very roughly, when �a	1 and the field is static, it re-
duces to VC�C��k11�� / ��a�o����, where C is a numerical
constant, usually ranging between 5 and 10, and determined
by various viscosity coefficients and the wave vector com-
ponents �p ,q� along x and y. The ratio �VF /VC� can easily be
made to exceed unity by choosing a small �a �as in this
study�, so that, when � is small and the voltage is gradually
raised, the initial destabilization of the rest state is through
EC. However, as � is increased, since VC is an increasing
function of � �6� while VF is very nearly �-independent,
there occurs a crossover between the Freedericksz and EC
bifurcation lines at the codimension-2 �C2� point.*Corresponding author. E-mail address: kristy@vsn1.net
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In Ref. �6�, the various linear and nonlinear phase transi-
tions occurring near the C2 point are theoretically analyzed
and the complete bifurcation diagram is drawn in the ��
−V plane for doped MBBA �4-methoxy benzylidene-
4�-n-butylaniline� with �a=0.1 and ��=10−8 S/m; here ��
is the dimensionless frequency equal to �
, with the space
charge relaxation time 
= ��o��� /��; and V is the rms volt-
age of the wave form Vt= �2.V sin �t. In this phase diagram,
covering the range of �� from 1 to 2.1, and considered to be
generic for EC instabilities in nematics with a small �a, VC,
the threshold for the normal roll state, is linear in �� and
approaches the VF horizontal from below. For continuity rea-
sons, a transition from the Freedericksz state to EC state in
the nonlinear regime is also predicted at VC� �VF�VC; the
corresponding bifurcation line is shown to meet the C2 point
���=1.99� from above VF, the two lines of bifurcation into
the EC state forming a wedge nearly symmetric with respect
to the horizontal at VF. The states of OR and splay rolls �SR�
belonging to the nonlinear regime occur above VC, but below
or above VF depending on ��. It is necessary to emphasize
that the analysis in Ref. �6� is for ����L, or for initial
bifurcation into the normal ��=0� roll state; but for lower
frequencies, the first bifurcation, which is to the OR state, is
predicted to occur only slightly below the normal roll thresh-
old. Most importantly for the present study, the reported the-
oretical bifurcation diagram predicts no secondary instabili-
ties within the Freedericksz state, beyond the C2 point
frequency.

It is pertinent to mention here a recent experimental study
�9� on the electric field-induced instabilities in a nematic
azoxy mixture �Merck ZLI-3086� with �a�0.06 �measured�
and ��� /����2.4 �fitted�, exhibiting the C2 frequency of
30 Hz. Above the C2 frequency, the system shows no evi-
dence of EC and any domain wall formed at the transition to
the Freedericksz state transforms into a pair of disclinations
�pincement� at a high enough voltage. Below the C2 point,
the OR state occurs at the primary bifurcation; slightly above
VF, the rolls change over to loop-walls elongated along the y
direction; well above VF, a dynamic and helixlike modula-
tion occurs along the domain walls. This modulation has
been termed the “corkscrew” instability and described in
terms of a pitchfork bifurcation; its frequency dependence is
conjectured to arise from EC. Incidentally, some early re-
ports on BEPC in both planar and twisted geometries also
mention of the possible involvement of ionic conduction in
the distortion of otherwise elliptical walls formed at the
Freedericksz transition �Leger-Brochard walls�, and the com-
plex wavy nature of the focal lines due to the walls, seen at
higher voltages and lower frequencies �10,11�.

III. STRONGLY LOCALIZED DYNAMICAL STATE

In a translationally invariant, spatially extended, driven
dissipative system, periodic structures are sometimes excited
only in isolated domains randomly distributed within the ho-
mogeneous quiescent state. This nonlinear nonequilibrium
phenomenon is known in a great variety of physical, chemi-
cal, and biological systems �12�. Particularly significant to
our present study is the localized dynamical state arising in

fluid media; some early examples of quasi-one-dimensional
confined roll structures were realized, via a backward Hopf
bifurcation, in binary-fluid Rayleigh-Benard convection in
narrow channels �13�. These structures, sometimes referred
to as “pulses,” correspond to the pulse solutions of the quin-
tic complex Ginzburg-Landau equations �CGLE� �14�. In
two-dimensional �2D� binary liquid convection, the initial
linear traveling roll state, established again through a back-
ward bifurcation, gives way in time to a confined nonlinear
state; but the latter, though long-lived, proves eventually to
be transitory �15�. In nematics, localization of traveling rolls,
not ascribable to any finite size effect and arising through a
direct bifurcation, was discovered by Joets and Ribotta �16�.
They observed in nematic materials �MBBA and Merck
Phase V� with positive �a and negative �a, under ac excita-
tion at frequencies close to the limiting frequency of the
conduction regime, isolated and nearly elliptical domains of
traveling normal rolls, surrounded by the quiescent fluid; the
domains, with their major axis along x, are typically of di-
mensions comparable to the sample thickness d; instances
are also noted, however, of domains quite elongated in the x
direction, comprising rather short rolls �1–2 d along y� and,
in effect, forming quasi- 1D �one-dimensional� traveling-
wave patterns. Importantly, the localized state in Ref. �16�
is not associated with any drift velocity; further, it enlarges
on raising the control parameter toward the space-filling
state. More recently, Dennin et al. �17� have observed in a
nematic liquid crystal, 4-ethyl-2-fluoro-4�-�2-�trans-4-
pentylcyclohexyl�-ethyl� biphenyl �I52�, with �a�0 and �a
�0, below a critical value of ��d2�, strongly localized struc-
tures occurring right at the primary bifurcation; these pulses,
which comprise swiftly propagating oblique rolls that pass
under a slowly drifting envelope, have been referred to as
“worms” in view of their slender appearance and movement;
the worm state may equally well be described as the SLDS.
Later investigations have shown the bifurcation to this SLDS
to be subcritical �18�; as the control parameter �, defined in
terms of the applied voltage V and its threshold value VC by
�= �V2−VC

2 � /VC
2 , increases towards 0 value, the SLDS gradu-

ally tends toward the space-filling OR state. Further, above a
critical ��d2�, the transition to the extended OR state occurs
directly from the basic state via a supercritical bifurcation.
These results obviate the existence of bistability between the
basic and nonlinear states, and the stability of the SLDS,
therefore, is not explicable by invoking “fronts.” The SLDS
is thought to arise from a combination of zig and zag waves,
either left traveling or right traveling. It has been shown that
the usual CGLE for the oblique waves, when coupled with a
weakly damped charge-carrier mode, can lead to localization
while preserving the supercriticality of the transition to the
extended state �19�.

Localized time-dependent states have also been observed
in nematic 4�-hexyloxyphenyl 4-decyloxybenzoate �10E6�
�20�; they manifest as anisotropic clusters of short oblique
rolls at low frequencies and flickering butterflylike objects at
high frequencies; these instabilities occur in the vicinity of
the smectic-nematic transition temperature where �a turns
negative and �a��a�0; in this situation, since the Carr-
Helfrich mechanism breaks down, these localized states do
not conform to the standard model.
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We have observed some strongly localized dynamical
structures which, besides having a distinctive morphology,
occur only after the onset of the Freedericksz state. Their
features are discussed in Sec. V B

IV. EXPERIMENTAL DETAILS

We used a reagent grade sample of butyl 4-�4-
ethoxyphenoxycarbonyl� phenyl carbonate �BEPC�,

supplied by Eastman Organic Chemicals. It exhibited an
enantiotropic nematic phase between approximately 55 °C
and 84 °C. The sample cells were sandwich type, con-
structed of glass plates coated with indium tin oxide �ITO�.
Mylar spacers, heat sealed to the electrodes through cooling
from approximately 250 °C under a uniform pressure, deter-
mined the cell spacing, d. The d value was determined inter-
ferometrically, using channeled spectrum. For securing a pla-
nar alignment of the samples, the electrodes were rubbed
unidirectionally on silk prior to cell construction and no sur-
factant material was used. We take the easy direction and the
layer normal to define the reference axes x and z, respec-
tively. Observations were carried out in transmitted light,
along z, using a Leitz DMRXP polarizing microscope,
equipped with a Sony charge-coupled device �CCD� camera
and a Mettler FP90 hot stage. The electric field was applied
along ±z. The voltage source was a Stanford Research Sys-
tems DS 345 function generator coupled to a FLC Electron-
ics voltage amplifier �Model F20ADI�. The applied voltage,
V, was measured with a HP 34401A multimeter.

The value of �a for BEPC is reported to vary from 0.21 at
the melting temperature to 0.06 at 84 °C �21�. The results of
our independent dielectric measurements on BEPC agreed
with the reported data to within 5%. For fresh samples of
BEPC, �� varied between 6.85�10−8 S/m at 55 °C and
19.25�10−8 S/m at 75 °C; also, �� /�� decreased from 1.25
at 55 °C to 1.19 at 75 °C; with prolonged use, the sample
conductivity is found to increase; the � values given here
apply through out except where stated otherwise. The bire-
fringence of BEPC is reported to range from 0.141 at 56 °C
to 0.087 at 83 °C �22�.

For convenience, when the polarizer has its transmission
axis along x and the analyzer along y, it will be represented
as P�x�-A�y�; P�45�-A�135� indicates diagonal setting of po-
larizer and analyzer, with the angles in parentheses in de-
grees measured from the x direction.

V. EXPERIMENTAL OBSERVATIONS AND DISCUSSION

A. Instabilities below the C2 frequency

Figure 1 shows the experimental phase diagram for BEPC
up to the C2 point corresponding to 75 °C. Before discuss-
ing it, a point of clarification is in order. VC is the optical
threshold at which the EC roll pattern appears; it is expected
to be slightly higher than the true threshold. Likewise,

VF �=10.7 V at 75 °C� is the optical threshold corresponding
to the onset of a change in birefringence color; relatively, VF
from capacitance measurements at 1 kHz is found to be
�9% lower �Fig. 2�. Thus the C2 frequency �C2� of 0.86
�corresponding to 560 Hz, with 
=0.24 ms� is approximate
to the extent the two optical thresholds differ in the degree of
their overestimation.

As depicted in Fig. 1, VC is linear in �� at any given
temperature. While this is only to be expected in the high
frequency region ����0.7 for doped MBBA �6��, a nonlin-
ear scaling of VC, roughly as ��1+��2� when �a	1, is pre-
dicted at lower frequencies �6,8,23�. In other words, VC
−�� curve should have a zero slope at the low frequency
limit. Thus the behavior observed in the low frequency re-
gion tantamounts to a depression of the threshold from its
theoretical value by a quantity that decreases continuously
with increasing frequency. This could come about from
flexoelectric influence at least at very low frequencies, par-
ticularly in thin samples �23�. In fact, for a static field acting
on an initially planar sample, theoretical finding is that flexo-
electric effect reduces the EC threshold �e.g., Ref. �4� and
references therein�. For ac fields, the flexoelectric influence

FIG. 1. The threshold voltage for electroconvection VC as a
function of the dimensionless frequency ��=�
. The dotted hori-
zontal line at 10.7 V is the optical Freedericksz threshold VF at
75 °C; the continuous horizontal line gives VF=9.8 V at 75 °C
from cell capacitance data. The codimensional-2 point �C2� is indi-
cated only for 75 °C, the temperature at which the instabilities be-
yond C2 were investigated �see text�. The C2 value decreases with
temperature.

FIG. 2. Freedericksz threshold VF from cell capacitance mea-
surements as a function of temperature.
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is likely to decrease progressively with increasing frequency.
In fact, in BEPC subject to a static or very low frequency
field, we do observe the Bobylev-Pikin domains �2� charac-
terized by a pattern of stripes, periodic in y and parallel to
the easy axis, as in Fig. 3�a�; this is a nonconvective insta-
bility involving periodic � ,�� variations defined by 
=o cos�qy�cos��z /d� and �=�o sin�qy�cos��z /d�, where q
is related to the spatial frequency or domain density � by q
=��. On the other hand, above approximately 25 Hz, at a
well-defined voltage threshold, the sample displays EC in the
form of oblique rolls that tend to align normal to the easy
axis with progressive voltage elevation. We present in Fig.
3�b� what is predominantly a pattern of normal stripes ob-
tained with a frequency of 15 Hz and control parameter, �
=0.96; the bright vertical stripes in the figure display an in-
tensity modulation almost periodic in y; this feature is simi-
lar to the one reported in Ref. �4� as illustrating the compe-
tition between stationary flexodomains and drifting EC rolls.
In fact, for the field parameters in Fig. 3�b�, the pattern con-
tinuously changes with the instantaneous voltage; Fig. 3�c�,
which is another snapshot illustrating this change, shows the
stripes extended mainly along x. Above 20 Hz, flexoelectric
contribution to distortion is difficult discern in optical tex-
tures.

The initial EC pattern for a frequency above �20 Hz is
that of OR for the entire frequency range up to the C2 point
so that �C2� ��L. In Fig. 4�a�, we present a typical texture
observed in the low frequency region at �=0.4, under paral-
lel illumination of the sample with white light polarized
along the easy axis. The microscope is focused to display the
real images. The focalization of light seen in the figure is
primarily due to the periodic out-of-plane director deviations
 that lead to an undulation of the extraordinary planar wave
surface incident on the sample �24�; expectedly, focusing ac-
tion disappears for incident light vibrating along y. The zig
and zag regions, which are similar in appearance, display an
alternation in the sharpness of focal lines; this feature, com-

monly found for the roll pattern and first noticed by Penz
�25�, was later explained by Kondo et al. �26� who consid-
ered, along with the wave surface distortion, the deflection of
the extraordinary ray from the wave normal. A more pro-
found analysis of the emergent optical field is due to
Joets et al. �27� who invoke the Curie principle to relate it
with the symmetry of the nematic director field. They dem-
onstrate that when light vibrating along x is incident perpen-
dicularly on a nematic layer in the normal roll state, the
emergent nonparallel rays generate an array of cusped caus-
tics, with the cusp lines along y. For real caustics, these lines
occur alternately on two different z=constant planes, with a
constant periodicity along x �see Fig. 10 discussed later�.
This indeed is the underlying reason for the difference in
focus between the alternate bright lines in Fig. 4�a�.

The snapshot in Fig. 4�b�, obtained with the configuration
P�x�-A�45�, and corresponding to the same region of the
sample as Fig. 4�a�, displays a difference in the gray scales
between the zig and zag regions. Before discussing this as-
pect, we note that the birefringence and the thickness are
both low for our samples; as a result, the Mauguin wave-
guide condition �28� does not quite apply here and an in-
plane director deviation reveals itself between suitably ori-
ented polarizers. More specifically, the Mauguin regime is

FIG. 3. Contrast enhanced, gray scale reproduction of the pat-
terns observed in a 4.65 �m thick sample under low frequency
driving at 75 °C and 6.73 V. �a� 1 Hz, P�x�-A�y�; �b� and �c�
15 Hz, P�x�-A�x�; the snapshots in �b� and �c� are recorded at dif-
ferent times during the variation in the instantaneous voltage of the
applied wave form. Each scale division in �c� corresponds to
10 �m.

FIG. 4. Gray scale images of the zig-zag roll pattern observed in
the same sample region for �=0.4, 70 Hz, d=6.3 �m, and 75 °C.
�a� Bright lines are the focal images in the real plane, formed due to
a periodic director deviation along x; they appear with maximum
contrast in extraordinary light showing that the focusing is due to
deviations  in the xz plane. Alternate lines are focused in two
different xy planes, causing the sharpness change between succes-
sive lines; P�x�-A�x�. �b� The contrast between the zig and zag
zones is due to the opposite azimuthal tilts in these zones;
P�x�-A�45�. �c� The contrast in �b� is reversed with the analyzer
turned to −45° position. Each division in the scale is 10 �m.
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governed by the condition �ne−no�p��, with ne and no de-
noting the extraordinary and ordinary refractive indices, p
the pitch of the helical structure, and � the wavelength. For
BEPC, �ne−no� at 75 °C is �0.11 �22�. If the azimuthal
deviation in the sample midplane �z=0 plane� is taken for
argument as 25°, the effective pitch is 7.2d or �43 �m for a
6 �m thick sample. Correspondingly, the ratio �ne−no�p /�
varies between 6 and 11 for different wavelengths in the
visible range. With the distortion also involving a polar de-
viation , the effective birefringence becomes less than �ne

−no�. When the path difference corresponding to the pitch is
four to five times the wavelength, the departure from adia-
batic approximation reveals itself in the transmitted light
�e.g., Ref. �29��. Thus the difference in gray scales between
the zig and zag regions in Fig. 4�b� indicates the presence of
an azimuthal ��� deviation of the director; the pattern of
colors in the original image differs for the two regions, but is
homogeneous in each of them; �, which is of opposite sign
for the two regions, is therefore uniform in any given xy
plane in each of the regions. The y component of the direc-
tor, ny, is evidently maximum in the z=0 midplane and de-
creases to 0 at z= ±d /2. Incidentally, in Fig. 4�b� �as also in
Fig. 7 to follow� the bright lines in the zig and zag regions
appear unequally focused, but this is not an indication of any
symmetry breaking between the two regions. In fact, the con-
trast between the zig and zag regions in Fig. 4�b� is reversed
when, keeping the focus of the microscope unchanged, the
analyzer position is switched to A�−45�, as revealed in Fig.
4�c�. The relative brightness of lines in the two OR regions is
governed by the disposition of the analyzer axis with respect
to the major axis of the elliptically polarized light that is
generally incident on it. Since � is of opposite sign for the
zig and zag, it is possible to set the analyzer so that trans-
mission is favored more for one zone than for the other. Also
color dispersion is an important factor in determining the
contrast between the zig and zag zones.

As expected �23�, with a gradual increase in � at a fixed
�, the obliqueness of the rolls decreases continuously as in
Fig. 5; similarly the threshold obliqueness reduces with in-
creasing �, as in Fig. 6. However, the azimuthal deviation
remains even when the rolls become normal so that, between

two contiguous normal roll regions with opposite �, a de-
marcation boundary is formed as in Fig. 7. This is a charac-
teristic of the so-called abnormal rolls �AR� which lack the
reflection symmetry y to −y, just as the OR �30�. Interest-
ingly, the AR state is not obtained in Ref. �6� for the case of
threshold NR bifurcation.

To determine the bifurcations above the VC line, we ex-
amined the instabilities after every 50 Hz, from
50 Hz to 550 Hz ��� between 0.077 and 0.843�, by gradu-
ally increasing the voltage from 0 to 22 V at each frequency.
We found, with rising control parameter, the usual sequence
of bifurcations into various homogeneously ordered struc-
tures of the conduction regime: OR→AR→bimodel
→quasiturbulence �30,31�. We could not detect the VC� bifur-
cation mentioned in Sec. II, except close to the C2 point,
since the sample did not completely transform to the Freed-
ericksz state at any of the frequencies up to 400 Hz. On the
other hand, above VF, there was in general a coexistence of
the convective and homogeneous instabilities. This result is
in consonance with the phase diagram of Dressel and Pesch
�6�, who emphasize that the VC� line has no relevance in

FIG. 5. Tilt angle � of the oblique rolls with respect to the y axis
as a function of the control parameter; the curve represents the
second-order polynomial fit; 75 °C, 30 Hz.

FIG. 6. Threshold tilt angle � of the oblique rolls with respect to
the y axis as a function of frequency; 75 °C.

FIG. 7. �a� Vertical domain boundary between zig and zag re-
gions near threshold. �b� Normal rolls derived from the oblique rolls
well above threshold; partially crossed polarizers; d=5.95 �m,
75 °C.
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principle when the voltage is increased from below; they find
convective Galerkin solutions far above the line in the non-
linear regime. They also state that, except close to C2, bista-
bility exists above the VC� line between the Freedericksz and
convective solutions. Only very close to C2 �within �0.1 of
�C2� �, the convection is predicted to cease altogether, at a
voltage VF2 occurring above VC� , with �VF2−VC� � approaching
nonlinearly the 0 value at C2.

Figure 8 shows some of the typical textures that illustrate
the coexistence of quasiturbulent and homogeneous zones
above VF. In Fig. 8�a�, the uniformly dark zones represent
the Freedericksz state, and the broad bright bands, the
weakly turbulent state evolved through the well-established
sequence of convective structures �31�, starting with the OR
instability. The bright bands occur randomly and irregularly;
with efflux of time, they subside and give way to homoge-
neous reorientation in one location, but will reappear in an-
other. They seem to comprise collapsing and evolving loop-
walls, disclinations and oscillatory structures that cause
spatiotemporal fluctuations in the distortion amplitude.

From the large area of the dark zones in Fig. 8�a�, one
might conjecture a further expansion of the Freedericksz
state at higher voltages. To verify this aspect, we separately
examined the sample right up to the cell breakdown voltage
��40 V� at 150 Hz, but found EC to exist ceaselessly
throughout. In fact, the zones of turbulence become more
prominent at elevated voltages, particularly at lower frequen-
cies. Second, the bands of weak turbulence, which appear
extended in the y direction at lower frequencies, tend to form
in the x direction at higher frequencies. This, in turn, reflects
the tendency of the rolls to transform to loop-walls extending
along y or x depending, respectively, on whether EC is more

dominant than FE or vice versa. These walls �see Fig. 8�c�,
for example� are more complex than the usual Leger-
Brochard walls �1� which involve mainly the polar angle
deviations of n; here, significant in-plane deviations are evi-
dent from the pairs of bright lines seen for P�x�-A�y�. The
wall structure undergoes frequency-dependent complex
changes at higher fields �10�; more importantly, in the high
field regime, as demonstrated in Ref. �9�, the corkscrewlike
focal line formed in the wall region drifts continuously, re-
vealing the presence of fluid motion within the walls; these
features have been attributed to electroconvection associated
with the wall state.

It is predicted in Ref. �6� that, in the vicinity of the C2
point, the splay rolls appear after the onset of FE. This is
confirmed in our experiments. We found SR first at about
400 Hz, corresponding to ���0.6. In Fig. 9 showing the SR
texture, the bright lines are the focal images in the real plane.
The spacing between successive lines repeats alternately,
which is to be expected when the homogeneous splay and
periodic EC modes are coupled. At this point, an important
question arises as to whether the pairing of focal lines might
not be due to other causes. It is again necessary here to draw
attention to Ref. �27� wherein the emergent optical field for
an electroconvecting nematic is extensively analyzed and the
pairing of focal lines �cusp lines� is shown to occur under
different circumstances. To appreciate this, consider Fig. 10,
which is based on the optical imaging model in Ref. �27� for
the normal rolls. It shows the equidistant real and paired
virtual cusps in the EC mode; this is explained by consider-
ing the two symmetry elements of the periodic distortion
mode, namely the vertical mirror and the binary axis along z,
both located centrally between adjacent rolls. They enforce
corresponding symmetries in the real caustics and lead to
equally spaced succession of real cusps along x. For OR,
under normal illumination, significantly the same results
hold since, in this case, even though the mirror symmetry is
lost, the rotation symmetry is still preserved. It is only when
the incident light rays are confined to yz plane, but inclined
to z, both the symmetries are broken in the OR state �as also

FIG. 8. Patterns due to competing electroconvective and Freed-
ericksz reorientational modes; P�x�-A�y�, 75 °C, d=4.6 �m. �a�
Dark background corresponds to homogeneously oriented region
and the bright, broad bands, predominantly along y, represent the
quasiturbulent, electroconvective regions; narrow bands of a pair of
bright lines are walls in the Freedericksz state; 150 Hz, 16.34 V. �b�
Tendency of turbulent zones to break up into small, circular clusters
with increasing V and �; 300 Hz, 21.9 V. �c� Many walls in the
Freedericksz state with marginal turbulence; 400 Hz, 13.5 V. �d�
Increased turbulence at 20.3 V, 400 Hz, showing as irregular bright
bands stretched mainly along x.

FIG. 9. Splay rolls observed close to the C2 frequency; the zig
and zag rolls are nondegenerate �oriented at different angles with
respect to y�, with the rolls in the upper half being nearly normal;
P�x�-A�x�, 11.1 V, 500 Hz, d=4.6 �m.
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in the AR state�, leading to a pairing of real lines. Following
this line of reasoning, we may conclude that the pairing of
real cusps under parallel light illumination as indicated in
Fig. 9 is compatible with a coupling between homogeneous
splay and periodic EC distortions under which both the re-
flection and binary rotation symmetries of the structure are
lost.

B. Instabilities beyond the C2 frequency

According to the standard-model-based linear stability
analysis �23,32�, the Freedericksz state derived at the pri-
mary bifurcation remains stable against EC for any voltage
above VF, in the frequency limit �→0. Essentially, the rea-
soning here is that the destabilization effect of the Carr-
Helfrich term reduces with the increasing director tilt accom-
panying the voltage rise above VF; in fact, at a large enough
voltage �or angle of tilt�, this term starts exercising a stabi-
lizing influence; in effect, as V increases, VC shifts further
and further above the set voltage. The theoretical-numerical
analysis in Ref. �6� shows the Freedericksz solution as
unique even at higher frequencies, beyond the C2 point. In
BEPC, contrary to this prediction, we find that the Freeder-
icksz state, obtained directly from the base state at VF, gets
destabilized at a sufficiently high voltage. Figure 11 shows
the secondary bifurcation threshold to lie on the VC transition
line extended from region A into region B, indicating that the
origin of the new instability is again EC. In Fig. 12�a�, we
present the texture observed slightly above the C2 frequency,
at 600 Hz. It shows the coexistence of the OR state with the
evolving NR state. The two instabilities are dynamic and the
initial large inclination � of the OR tends to reduce with
time. With further increase in V, the oblique rolls become
less inclined to y and transform into vertically extended
loops; in Fig. 12�b�, showing this aspect, diagonal arrays of

elliptical walls left behind by the receding OR boundary are
also seen. Significantly, the real and virtual focal planes of
the normal stripe state to which Figs. 12�b� and 12�c� refer
are separated by as much as �80 �m=14d. This may be
compared with the threshold focal plane separation of about
5d for the usual oblique roll pattern �24,25�. The low focal
power found here implies a small amplitude of the periodic 
distortion that is superimposed on the homogeneous splay
due to the FE. Figure 12�d� shows the gray scales image of
the two phase pattern as observed between nearly crossed
polarizers with a quarter-wave plate. Here the contrast in
shade between the zig and zag zones arises from the opposite
azimuthal tilts in these two regions; the normal stripe re-

FIG. 10. Schematic of the effect of coupling between periodic
and homogeneous splay modes, based on the optical imaging model
in Ref. �27�. The nematic slab with its easy axis n along x is con-
fined between the thick horizontal lines. Parallel beam of light �L� is
incident along z, from below. Fluid flow is indicated by broken
elliptical lines and the block arrows; row of continuous-line arrows
in the sample midregion represents the director field appropriate to
the periodic mode; row of broken-line arrows in the midregion rep-
resents the director field in the coupled mode; R and V denote real
and virtual cusps formed under the periodic EC mode; R� denotes
the real cusps for the coupled mode. The pairing of real lines under
parallel light illumination indicates the presence of coupled FE and
EC in both NR and OR states �see text�.

FIG. 11. Destabilization of the Freedericksz state by electrocon-
vection beyond the C2 point �region B�. Region A below C2, in-
cluded for comparison, is discussed in Sec. IV A.

FIG. 12. Instabilities just beyond the C2 point; 600 Hz, 74 °C,
d=5.9 �m. �a� Oblique rolls formed below the diagonal from top-
left to bottom-right corner, coexist dynamically with evolving nor-
mal rolls above the diagonal; 10.69 V, P�x�-A�x�. �b� Zig-zag
stripes with reduced � and more pronounced normal stripes in the
real focal plane �of normal stripes� at 11.93 V; P�x�-A�x�. �c� Same
as �b�, but for virtual plane in focus. �d� conditions as in �b� but for
P�x�-A�78� with � /4 plate. In the lower part of �d�, the darker
background of zags �///� compared to the zigs �\\\\� arises from the
opposite azimuthal tilts of the two regions.
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gions, on the other hand, appear with the same color, indi-
cating the possible absence of �. Further, the NR pattern
exhibits maximum contrast for the light vibrating along x
�the extraordinary vibration� and vanishes for the electric
vector along y. This optical behavior is similar to that of the
usual normal and oblique roll patterns at threshold and pro-
vides the necessary evidence for the existence of a periodic
splay-bend distortion in the xz plane, as noted very early in
the literature �24�. Should a y component of the director be
present at all, it would not be accompanied by a z component
in the absence of focalization of light vibrating along y.

For ��=1, at the secondary bifurcation, the pattern of NR
presented in Fig. 13�a� is obtained. Incidentally, the reason
for describing the instability here as that of NR is because of
the disposition of the focal lines predominantly along the y
direction; however, as a careful examination of the figure
would reveal, these lines possess a beaded appearance, as
though they are composed of very short and irregularly
spaced zigs and zags. This is a feature not observed with the
usual NR pattern in thick samples. Above 650 Hz ���=1�,
only the normal stripe texture appears at the onset of EC, and
the OR state is not seen. It appears, therefore, that the Lif-
shitz frequency fL separating the threshold NR and OR states
is around 600 Hz for the samples investigated.

Could the normal stripe instability be simply a static pe-
riodic modulation within the Freedericksz state rather than
EC? Periodic deformations are known to exist within the
Freedericksz state of some electrically driven nematics �33�,
but their occurrence is confined to the frequency region in

the neighborhood of �a sign reversal and they are not asso-
ciated with any velocity field. For BEPC, on the other hand,
the dielectric relaxation frequency is 0.4 MHz at 60 °C �21�;
and, more importantly, the periodic instability in question, is
associated with cellular flows as evident from our observa-
tion in a thicker sample �d=8.5 �m� of the apparent oscilla-
tory motion of suspended dust particles orbiting about the
roll axes.

The periodicity of the bright stripes in Fig. 13�a� might
appear at first glance to be double that expected for the usual
normal rolls. But, on close inspection it may be seen that a
much weaker focal line exists between successive intense
lines; in other words, here too the periodicity � of the rolls is
about 2d. This fact is clearly demonstrated in the inset of Fig.
13�a�, showing the corresponding pattern obtained with a
thicker sample �d=8.5 �m�. Another corroborative EC fea-
ture observed in the NR state concerns the phase propagation
within the periodic structure, along the easy axis; a plot of
propagation frequency �P as a function of the control param-
eter � is shown in Fig. 14.

In Fig. 15 we present a plot of the critical wave number qc
in units of �� /d� as a function of the dimensionless fre-
quency ��, for two different conductivities. The data show a
similar trend in both the cases; after a weak maximum in the
low frequency region, qc shows a slight jump near �L and
increases nonlinearly thereafter. We may recall here that the
dependence of qc on �� is, according to the standard model,
determined by the relative signs of �a and �a; when both are
positive, after an initial slight rise, qc is expected to decrease
continuously with increasing � �6�; although the low fre-
quency behavior in Fig. 15 agrees with this prediction, be-
yond �L, qc increases monotonically as in nematics with
�a�o and �a�0 �23�.

The NR state is destabilized above a voltage V2 which
again is a linear function of ��, as shown in Fig. 16. The new
instability, which may be designated as the incipient strongly
localized dynamical state �ISLDS�, appears in irregularly
spaced horizontal bands presenting a nearly uniform aspect,

FIG. 13. Contrast enhanced, gray-level textures typical of insta-
bilities observed in a 5.9 �m thick sample, above VF at 650 Hz. �a�
Normal stripes; 14.46 V; inset, from a 8.5 �m thick sample, clearly
shows the presence of weaker focal lines alternating with stronger
lines. �b� Incipient strongly localized dynamical state �ISLDS� de-
veloping along horizontal bands dividing the NR region. �c� SLDS
occurring in narrow horizontal bands; 15.77 V; well-defined zags
seen inside the dark circle are an indication that oblique rolls make
up the localized structure; the inset is an enlargement of the local-
ized structure inside the rectangle �in white� showing a square grid-
like pattern. �d� Appearance of SLD structures between crossed
polarizers; 15.77 V.

FIG. 14. Propagation frequency �p of the normal rolls as in Fig.
13�a� as a function of control parameter. The curve represents the
second-order polynomial fit; 75 °C.
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with the normal stripe texture completely suppressed within
them, as in Fig. 13�b�. In repeated experiments, these bands
generally form in different unpredictable locations. With fur-
ther voltage elevation, bifurcation of the ISLDS into the
SLDS occurs at a threshold V3, which is also linear in �� as
depicted in Fig. 16. We present in Fig. 13�c� a pattern of
normal stripes and SLD structures coexisting at V3. Here the
SLD structures are, along the y direction, almost maximally
and uniformly confined to a width equal to about the period
� of the normal stripes �=10 �m�1.7d�. But, along the easy
axis, they are quite long, stretching beyond the limits of the
visual field spanning over 25�.

The localized structures in BEPC differ from the worms
in I52 �17� in several significant ways.

�1� A unique feature of the pulses in I52 is their occur-
rence as the first form of convection, through a subcritical
bifurcation; but the pulses in BEPC are obtained via a sec-
ondary bifurcation of the coupled NR and Freedericksz
states; also, we find this transition to be nonhysteretic to
within about 0.5 V.

�2� The pulse state in I52, with increasing control param-
eter, transforms into the extended OR state via a supercritical
bifurcation; but in BEPC, it goes over progressively to a
quasi-turbulent state, as described in detail later.

�3� The pulses in I52 always drift backwards, i.e., in a
direction opposite to that of phase propagation of the under-
lying roll structure; whereas in BEPC both forward and
backward drifting localized domains are found. It may be
recalled here that, in binary liquid convection in annular
cells, both positive and negative drift velocities are encoun-
tered depending on the pulse length, Rayleigh number, and
separating ratio �see, e.g., Kolodner �13�c���; the observed
interrelation between drift dynamics, pulse-length, and
pulse-stability have been largely explained on the basis of
extended Ginzburg-Landau equations, by considering the in-
teraction between fronts arising from both the concentration
mode and dispersion �34�.

�4� The drift of the pulses in I52, when present, is con-
fined exclusively to the easy direction; on the other hand,
some very short pulses in BEPC are found to possess an
additional drift component along y, as will be discussed later.
It may be noted here that, according to Riecke and Granzow
�19�, the y drift of pulses is attributable to the difference in
amplitudes of the zig and zag components that enhances the
advection of the charge carrier mode towards one or the
other of the lateral directions.

�5� The pulses in Ref. �17� are blurred objects crossed by
vertical stripes spaced some 0.6d apart; the SLD structures in
BEPC possess a very definitive morphology that often ap-
proximates a 1D array of square or hexagonal grids, as
clearly seen in the insets to Figs. 13�c� and 17. It is necessary
to clarify at this point that localized structures with well-
defined features, somewhat similar to ours, have also been
observed in later investigations on I52; and the exact appear-
ance of the localized structures are remarked to be in effect
determined by the shadowgraphic arrangement �18�. We do
find that the setting of polarizers and the plane under focus

FIG. 15. Critical wave number qc of rolls in units of � /d as a
function of the dimensionless frequency ��; 75 °C. Filled squares
are for a sample with ���2�10−7 S/m and unfilled squares are
for ���3�10−7 S/m; left and right ordinates correspond respec-
tively to filled and unfilled squares.

FIG. 16. Bifurcations following the transition to the Freeder-
icksz state. V1 is the same as VC in Fig. 11, corresponding to the
transition from the Freedericksz to the EC state. V2 is the threshold
at which EC is suppressed along horizontal bands �incipient
strongly localized dynamical state, ISLDS�; V3 is the threshold of
bifurcation into the SLDS.

FIG. 17. Coexisting localized structures of varying length �along
x� and nearly constant width �along y� at 18.9 V and ��=1.19;
75 °C, 10 �m scale division, P�x�-A�x�, d=4.7 �m. The inset is an
enlarged image of the pulse indicted by the arrow, showing its
quasi-1D hexagonal gridlike structure.
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�real or virtual� are among the external factors that determine
the appearance of pulses.

�6� The pulses in I52 are invisible when the incident light
has its vibration direction along y, implying the correspond-
ing director distortions to be confined to the xz plane. On the
other hand, the localized structures here involve both  and �
deviations, as evident from a comparison of their aspect be-
tween parallel and crossed polarizers; focalization primarily
due to periodicity in  is revealed for parallel polarizers as in
Fig. 13�c�; whereas, � variations lead to the texture as in Fig.
13�d�.

There are also the following features common to the lo-
calized states in I52 �17,18� and BEPC:

�1� Pulses of widely varying lengths occur simultaneously
at a given voltage as evident from the pattern in Fig. 17, and
the average length of the pulses increases with the applied
bias. Multiplicity of pulse lengths for the same experimental
parameters is also found in binary-fluid convection and ex-
plained by the extended CGLE �34�.

�2� Long localized structures drift rather slowly or do not
drift at all; this again has a parallel in the dynamics of “ar-
bitrary length” pulses of convecting binary mixtures. These
pulses seem to be “self-trapped” by their own convecting
concentration field; and, at their drastically reduced drift ve-
locity, they are easily pinned down at local inhomogeneities
�34�. A similar effect involving charge gradients is not un-
likely in electroconvection. Even some of the short localized
domains drift rather slowly as inferable from Fig. 18 or do
not drift at all; standing localized structures may be qualita-
tively understood as due to the superposition of counter-
propagating waves.

�3� Not infrequently stationary localized structures exhibit
“blinking” or periodic intensity excursions occasioned by the
nonlinear amplitude changes in the counterpropagating
waves. In the time photographs of a localized structure
shown in Fig. 19, the blinking frequency, rather intriguingly,
varies for the different maxima; for the maximum indicated
by the downward arrow, the frequency is about 0.25 Hz and
for that indicated by the upward arrow it is about 0.5 Hz.

�4� In I52, the pulse state is found only below a critical
value of ��d2� equal to about 6�10−18 m/�; we have yet to
ascertain if a similar critical value exists also for BEPC, but
as it happens ��d2� in our study is about 5�10−18 m/� at
75 °C.

In the usual bifurcation scenario for electroconvection in
planar nematics with �a�0, the NR state is first destabilized

by an undulatory modulation along the roll axis at a critical
control parameter; the undulation amplitude grows with volt-
age to saturation and thereafter the OR state is realized �7�.
This is not the sequence of events we find after the state in
Fig. 13�a� is passed. Instead, the NR instability remains in-
tact even as the OR state develops in a confined mode as in
Fig. 13�c�. This coexistence of the two states is somewhat
reminiscent of the occurrence of an azimuthally modulated
instability superimposed on the classical roll instability in
MBBA with a strong initial tilt �35�. The former manifests as
“extraordinary domains” �EDs� stretched along x and formed
somewhat periodically along y; each ED is composed of
short oblique rolls but lined up along x. The EDs, explained
as again due to the Carr-Helfrich mechanism, have also been
observed in some planar samples, but as a second-order per-
turbation of the usual normal roll instability.

Slightly above the onset voltage of the SLDS, the normal
stripes cease to exist. In fact, beyond ���3, as indicated in
Fig. 16, the Freedericksz state is destabilized directly by the
SLDS without the occurrence of intermediate NR and ISLD
states. With continued increase in V, the SLD structures get
disrupted at random locations by sudden bursts of the classic
Leger-Brochard loop-wall instability. Figure 20 shows the
texture obtained after the loops erupt almost at all the sites of
localized structures existing at lower voltages. Eventually,
the quasiturbulent state confined to some wavy bands ex-
tending along the horizontal and separating the homogeneous
zones �similar to what is seen in Fig. 8�d�� is obtained. In-
terestingly, the EDs alluded to above are also reported to be
destabilized by the turbulent state at a high enough voltage.

In the initial stages of evolution of the SLDS within the
Freedericksz state, often several very short looplike pulses

FIG. 18. Profiles of optical density along the long axis of a pulse
as a function of time, extracted from the movie-mode recordings.
Successive profiles are 1 s apart. The pulse drifts along x very
slowly at �0.4 �m/s.

FIG. 19. Sequence of images of a localized domain taken from
the movie-mode recordings at the relative times indicated, demon-
strating the blinking effect. The blinking period is about 4 s at the
position indicated by the downward arrow; it is �2 s at the position
indicated by the upward arrow. The structure is practically driftless;
10 �m scale division, 75 °C.
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appear and this is particularly so well beyond the C2 point.
Their structure, as evident from Figs. 21�a�–21�e�, involves
both polar and azimuthal tilts. The short pulses appearing
slightly above the C2 frequency undergo rapid agitation,
mostly involving oscillatory motion along x; this is the cause
of the haziness of the pulses in Figs. 21�a� and 21�b� corre-
sponding to ��=0.89. These agitating pulses are similar to
the flickering “butterflies” in Ref. �20�, seen in the high fre-
quency region in nematic 10E6 under conditions when the
Carr-Helfrich mechanism is said to fail, as mentioned in Sec.
III. At higher frequencies the pulses are steadier as illustrated
in Figs. 21�c�–21�e�. As a comparison of Figs. 21�d� and
21�e� reveals, the length of individual looplike pulses de-

creases at higher frequencies and voltages. The pattern in
Fig. 21�c� bears a close resemblance to the so-called beans
texture reported long ago by Trufanov et al. �36�. Signifi-
cantly, the “beans” nucleate within the Freedericksz state of
an initially planar, doped sample of MBBA with a small
positive �a; for example, when d=22 �m, �a=0.05, VF
=20 V, and f =100 Hz, well before any distortion pattern is
formed, electroconvection is reported to originate in thin lay-
ers next to the electrodes; corresponding dust particle rota-
tion is found to be initially confined to the yz plane, but at a
higher voltage �=80 V� to the xy plane; the coherence length
�= �d /V�� �k11/ ��o�a�� at this vortex-plane switch over
�=3 �m� is surmized to give the thickness of the boundary
layers wherein the flows develop; importantly, the pattern of
beans appears far above the convection onset, at �110 V.
The circulations are then noticed to be around the beans
formed in the boundary layers and to occur in a correlated
manner with the sense of rotation reversing between the up-
per and lower vortices around a common axis. In an initially
homeotropic sample, instead of beans, Maltese crosses are
formed. These results in Ref. �36� belong to the isotropic
instability mode observed in several liquid crystalline and
the liquid phases. They are obviously not due to the Carr-
Helfrich effect, nor are they due to the Felici charge injection
mechanism �2�. They are interpreted on the basis of the elec-
trolyte model �36� by considering the vortical currents as
caused by the nonuniformity in charge distribution along z;
and the hydrodynamic instability of the director field is ana-
lyzed in terms of the velocity gradient field to arrive at the
threshold behavior. We may now compare our observations
relating to Fig. 21 with these results. First, in BEPC, the
appearance of pulses is not preceded by development of co-
ordinated vortical currents in the sample plane at a lower,
critical voltage. Second, the motion of chance foreign par-
ticles caught in the looplike domains is often found to be
oscillatory, along x; to determine the exact nature of any
convective flows associated with the short pulses, more work
is needed using thicker samples where facile detection of
particle motion may be possible. In any case, the coexistence
of normal rolls and pulses as in Fig. 13�c�, seems to suggest
the involvement of conductivity anisotropy in both these in-
stabilities such as reported in Ref. �35�.

A unique feature of very short pulses in BEPC is their
long-term temporal instability that becomes prominent at
higher voltages. Through momentary and unpredictable os-
cillatory motion along the easy direction, short pulses either
disappear altogether or divide to form multiple pulses. In the
latter case, the site of the agitating pulse acts as a source of
counterpropagating waves. Quite frequently, short drifting
pulses attract one another, associate and form longer pulses.
Although the drift of the short pulses is generally more pro-
nounced along x, it may involve a smaller y component, a
feature not observed in I52, as previously noted �17�. Some
of these aspects are illustrated in the patterns in Figs.
22�a�–22�j�, extracted from the movie-mode recordings. In
Fig. 22�a�, two pulses are drifting in opposite directions
along x and in the same direction along y. In Fig. 22�b�,
“blinking” is noticed for the pulse to the right. Of the three
pulses in Fig. 22�e�, the top ones have drift components
along +x and −y; the lower one has the components along −x

FIG. 20. Almost complete invasion of localized structures by
bursting loop-walls at 20.46 V; d=4.65 �m, ��=0.89, 75 °C,
10 �m scale division.

FIG. 21. Evolution of very short looplike pulses within the
Freedericksz state, beyond the C2 point, in a 4.65 �m thick sample
at 75 °C; ��=0.89 �a� and �b�, 0.95 �c� and �d�, 1.53 �e�; ��0.1
�a�–�d�, 0.7 �e�. The pulses are dynamic in �a� and �b�, steady in �c�
to �e�, and very narrow in �e�, 10 �m scale division.
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and +y. The pulses eventually combine to form a single
structure as in Fig. 22�j�. Particulate tendency of short at-
tracting pulses to form bound states is apparently a universal
property of diverse driven dissipative systems. For instance,
in binary fluid convection, Kolodner has observed that the
collision between two counterpropagating pulses with a low
approach velocity results in a weakly bound double-peaked
structure; and Riecke has analyzed this behavior to be in
agreement with the extended CGLE �37�; similarly, “oscil-
lons” in granular media have been found, both experimen-
tally and theoretically, to form coupled structures �38�.

In Fig. 23 we present several images of localized struc-
tures observed in the real focal plane together with the inten-
sity profiles along their long axes �usually coinciding with x�.
Some virtual pulse images are also reproduced in Fig. 24 for
comparison. Several noteworthy aspects emerge from these
patterns.

�1� The profiles in Fig. 23 display a left-right symmetry
that precludes a differentiation between the pulse ends as
leading and trailing edges; this contrasts with the localized
structures arising from the interaction between zig and zag
rolls both traveling in the same direction, +x or −x; in that
case, it is found both experimentally �17� and theoretically
�19� that the roll amplitude rises steeply at one end �leading
edge� and falls gradually toward the other end �trailing

edge�. What we probably have in Fig. 23 are the standing
wave structures.

�2� The envelope of the pulse profile in Fig. 23�a� is
broadly given by sech2�x /�� represented by the dotted curve
for which �=1.15d �for the background-subtracted profile,
we also found the same functional dependence with a mar-
ginal increase in ��. This solitonlike property was first noted
for the localized domains in Ref. �16�.

�3� The pulse in Fig. 23�b� has a central principal maxi-
mum as that in Fig. 23�a�, but is much longer than the latter;

FIG. 22. Contrast-enhanced gray scales images of short pulses
extracted from the movie-mode recordings revealing their drift and
coupling characteristics. The large dark object at the top-center in
�a�–�d� is a static impurity approached by the pulses on either side;
these pulses also drift downward. The right-side pulse in �a�–�d�
exhibits blinking. Images �e�–�j� show the sequence of events lead-
ing to the formation of a single bound state by three interacting
pulses, 10 �m scale division.

FIG. 23. Intensity profiles along the long axes of some short-
length localized structures all formed at �19 V, ��=1.25, d
=4.65 �m, 75 °C. The insets are the real images corresponding to
the profiles. Each small x division equals 2 �m; intensity I is in
arbitrary units. In �a�, the envelope shown by the dotted line repre-
sents sech2 �x /�� where �=1.15d. In �f�, the drop in intensity in the
middle is a blinking effect.

FIG. 24. Appearance in the virtual plane of some coupled pulse
structures at �25 V, ��=1.6, d=4.65 �m, 75 °C, 10 �m scale
division.
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such an elongation is a feature usually observed before the
structure dynamically passes over to the next stage of
growth, as in Fig. 23�c� showing two principal maxima. Fig-
ures 23�d� and 23�e� illustrate how this process of evolution
repeats itself in further growth.

�4� For the localized structures in Fig. 23, the wave num-
ber decreases from either edge toward the middle. For trav-
eling wave pulses in binary liquid convection, the wave
number is predicted �14� as well as observed �13�c�� to de-
crease from the trailing �upstream� to the leading �down-
stream� edge, sharply to begin with and slowly through the
body of the pulse.

In Fig. 25 the profiles of a pulse along two different lines
parallel to y are shown. Again the envelope of the peaks is
solitonlike as indicated by the dotted line representing the
function sech2�y /��, with �=0.90d. The uniqueness of width
and widely varying length that characterize the pulse state
are suggestive of two separate mechanisms of confinement
along and perpendicular to the pulse. Riecke and Granzow
�19� consider the localized state along x to be a pair of fronts
that connect “the basic state with the coexisting standing-
wave-pulse state”; spatially the SLDS is homoclinic along its
width, but heteroclinic along the length.

Finally, it seems relevant to mention some preliminary
results relating to the appearance of the SLD state at low
frequencies ascribable to the electrical history of the sample
and the nature of the substrates. First, we consider the case of
a thin sample, initially destabilized under dc driving by the
volume flexoelectric instability; we found the � ,�� bands
persisting, though feebly, even after several hours of turning
the field off. Subsequent application of a low frequency
�10–200 Hz� field induced the OR state in the sample. The
rolls appearing normal to the easy axis at ��1 formed two
sets of complementary zones of opposite azimuthal devia-
tions. These zones with their different color patterns between
suitably oriented polarizers were spectacularly dynamic and
resembled the oppositely twisted zones in Ref. �39� de-
scribed as associated with a breakdown of planar anchoring.
More interestingly, at elevated voltages, the SLD state was
realized in this sample at low frequencies as illustrated in
Fig. 26. For the same parameters, pulses of varying length
and area density were seen as in Figs. 26�a� and 26�b�. Very
long localized structures tended to be undulatory at lower

frequencies, but straight at higher frequencies, as in Figs.
26�c� and 26�d�. In these patterns, the pulses are seemingly a
variety of oblong loop-walls maximally narrowed along y
and extended to varying degrees along x; in fact, the swift
and continual surge of the bright beady images in a pulse is
reminiscent of the dynamics of the corkscrew instability �9�
mentioned in Sec. III.

We found another instance of low frequency SLDS in a
cell constructed of plates with passivation and ITO coatings
�from Delta Technology�. Here, short pulses, similar to those
in Fig. 21�e�, appeared in horizontal chains at rather low
voltages ��5 V� and the OR instability was not observed.
This may seem to indicate the pulse state as the primary
instability, bifurcating from the basic state as in Ref. �17�.
However, this was not the case. As a rule, with all samples
showing the low frequency pulse instability, we found a
Freedericksz-type, largely homogeneous reorientation well
below VF, leading further on in voltage to pulse formation.
This was readily recognized from the birefringence color
change. One may tend to speculate it to be a consequence of
either a pretilt occasioned by electrical history or inadequate
anchoring strength or both. But we also observed the early
Freedericksz-type threshold to be frequency dependent, ris-
ing from a few volts at low frequencies to the theoretical
strong-anchoring, no-tilt value VF at about 1 kHz. Strangely,
this reorientation did not occur with static fields. An analo-
gous situation is encountered in flexoelectric surface oscilla-
tions induced exclusively by ac fields, an effect observed
above a frequency-dependent field threshold, at frequencies
up to 30 kHz �40�. However, the amplitudes of such oscilla-
tions seem too low to produce directly observable birefrin-
gence color changes. Evidently, more work is necessary to
understand the switching behavior at low voltages and pulse
generation at low frequencies.

FIG. 25. Intensity profiles along y for the pulse in the inset �real
image�; profiles in thick and thin lines correspond respectively to
the positions indicated by inverted black and white arrows in the
inset. The structure is formed at �19 V, ��=1.25, d=4.65 �m,
75 °C. The envelope shown by the dotted line represents sech2

�x /�� where �=0.9d.

FIG. 26. SLDS at low frequencies in a 4.65 �m sample with a
flexodistortion history. �a� Short pulses of varying length and �b�
square grids formed of SLDS structures, in different sample re-
gions; 62 Hz, 30.2 V, 67 °C. �c� Undulatory localized structures for
the same parameters as in �a�, except for f =52 Hz. �d� Very long
and straight SLDS structures formed under high frequency excita-
tion; keeping V at 38.6 V, frequency was decreased from
200 Hz to 91 Hz; 75 °C.
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VI. CONCLUSIONS

We have reported on the interplay between equilibrium
orientational and nonequilibrium convective instabilities in
an electrically driven nematic liquid crystal with a small �a
and large �. The occurrence of convective instabilities be-
yond the codimension-2 point seems to indicate that the re-
ported phase diagram for a relatively low conductivity nem-
atic �6� is inadequate in describing completely the
instabilities when � is large. The OR state formed in BEPC
in the low frequency regime, bifurcates into the AR state on
voltage elevation. But for this behavior, the phase diagram in
Ref. �6�, which is in fact derived for ���L, also applies to
BEPC below the C2 point. In particular, splay rolls occur
close to the C2 point, as predicted. We have explored the
instabilities well below the C2 frequency, up to the dielectric
breakdown voltage; the Freedericksz state does not exist ex-
clusively at any value of control parameter and bistability
between the homogeneous and convective states is ever
present above VF. Our primary objective has been to high-
light the existence of instabilities beyond C2 and inside the
Freedericksz state. In particular, the pulse instability found in
this regime at a secondary forward bifurcation contrasts with
the same instability in low � compounds, occurring as the

primary localized convective instability leading to the ex-
tended OR state �17�. The pulses in BEPC, with rising dis-
tance from their onset, are destabilized by highly dynamic
loop-walls; eventually, quasiturbulent and homogeneously
reoriented states coexist. In certain cases where, in the low
frequency region, a Freedericksz-type effect occurs well be-
low the VF value corresponding to strong planar anchoring,
pulses evolve within the reoriented state. This phenomenon
also needs further exploration under controlled anchoring
and pretilt conditions. Finally, the velocity field for the ob-
lique convective structures, which supposedly make up the
pulse state in general, is still an open question; and there
seems to be no direct evidence of this field such as provided
by the well-coordinated foreign particle motion attending the
extended roll state.
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