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Two electroconvection �EC� pattern morphologies—a cellular and a subsequent roll pattern—have been
detected in the same frequency range in a nematic with positive permittivity and conductivity anisotropies. The
frequency dependences of the onset voltages and critical wave numbers have been determined both for ho-
meotropic and planar alignments. It has been proven that both pattern morphologies have a dielectric time
symmetry. We also discuss possible sources for the pattern formation in the frame of both the isotropic
�Felici-Benard� mechanism, as well as the standard model of EC.
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Nematic liquid crystals, the simplest type of intrinsically
anisotropic fluids, continue to provide model systems for a
great variety of interesting nonlinear dynamical phenomena,
such as optical instabilities �1�, flow-induced nonlinear
waves �2�, critical properties of nonequilibrium phase transi-
tions �3�, and in particular electrically or thermally driven
convective instabilities �4,5�. Convection in nematics has
contributed substantially to our general understanding of an-
isotropic pattern-forming phenomena; moreover, direct tran-
sitions to isotropic convection have also been observed �6�,
which opened up scenarios inaccessible in simple fluids.

Here, we present a transition to an electroconvecting roll
system which is not predicted by the electrohydrodynamic
theory of nematic liquid crystals. Electroconvection �EC� as
a primary instability has originally been observed and theo-
retically understood in nematics with positive conductivity
anisotropy ��a�0� and negative dielectric anisotropy
��a�0�. In this configuration the pattern-forming instability
sets in from the planar alignment and the destabilization is
due to the charge separation mechanism introduced by Carr
and Helfrich �7�, which has later been extended to a three-
dimensional theory, the standard model �SM� �8�. The model
also allows for a direct transition to EC in nematics with
reversed signs of both anisotropies, which has been found
and described experimentally �6�. In this case the onset oc-
curs from the homeotropic state. The SM �in some cases
extended with the weak electrolyte model �9� or with the
flexoelectricity �10�� is capable to describe almost all pri-
mary EC instabilities observed in nematics, and even numer-
ous secondary transitions �e.g., chevron patterns, abnormal
rolls, and skewed varicose�.

EC patterns have also been observed for the same signs of
the two relevant anisotropies. Recently, a system with
�a�0 and �a�0—showing a direct transition to EC from
the planar state—has been analyzed in more detail �11�. The

scenario has been understood and reproduced quantitatively
by adding flexoelectricity to the SM �10�.

EC has also been reported for the other combination
��a�0 and �a�0� �12–15�. These measurements have
mainly been constrained to the determination of thresholds
versus �a and �a, as well as temperature. Depending on the
driving frequency f , two distinct patterns have been detected:
the fingerprint structure at low f and Maltese crosses �not
considered in this Rapid Communication� at higher f �13,14�.
A third type of instability, namely, the cellular pattern has
also been observed, however, only at dc and below 1 Hz ac
driving �16�. The isotropic �Felici-Benard� mechanism has
been proposed by several authors to explain the observed
instabilities �12–16�; however, a rigorous theoretical formu-
lation of this mechanism, which is capable to provide the
main pattern characteristics, is not yet available. Our aim is
to give a more complete experimental description �including
the wave number and the temporal evolution within one pe-
riod of the driving voltage of the patterns besides the thresh-
old measurements� in order to motivate further theoretical
analysis.

We have used 4-cyano-�4�-pentyl�biphenyl �5CB� in ho-
meotropic and planar samples of thickness d�20 �m. A
sinusoidal ac voltage of frequency f and amplitude
�2U has been applied. The samples have been
thermostatted at �30�0.05� °C. At this temperature
5CB has �a=�� −��=+11.76 �17� and we have measured
�a /��= ��� −��� /��=+0.45. EC patterns have been studied
by polarizing microscope with two crossed �or nearly
crossed� polarizers. Images have been recorded by a digital
camera with an adjustable exposure time.

EC has been seen at homeotropic as well as at planar
boundary alignment. However, the direct transition from the
homogeneous state to EC requires homeotropic configura-
tion. In the case of planar cells this requirement realizes via
the Freedericksz transition �12�.

On increasing the voltage applied to the homeotropically
aligned cell, flow �i.e., migration of particles� can be ob-
served at relatively low voltages; above that a direct transi-*Corresponding author; katona@szfki.hu
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tion to EC occurs. The first instability is a two-dimensional
�2D� cellular structure with a large wavelength. It consists of
slightly deformed round shaped cells demonstrated in Fig.
1�a�. This pattern becomes dynamic and evolves with in-
creasing voltage toward a quasihomogeneous state. The sec-
ond distinct morphology, a roll structure �fingerprint�,
emerges at higher threshold with a lower wavelength �see
Fig. 1�b��. Rolls are disordered because there is no preferred
direction in the plane of the structure.

The properties of the rolls contrasted by the standard
EC structures �predicted by SM� are as follows: �i� the pat-
tern can only be visualized between crossed or nearly
crossed polars, thus no shadowgraph image is seen; �ii� the
patterns form in a relatively low frequency range,
typically below 100 Hz; and �iii� an unusually broad stability
region of the rolls above threshold has been detected
�up to �= �U /Uc�2−1�2�.

The frequency dependence of the threshold voltage Uc
and that of the dimensionless critical wave number qc
=2d /	c �	c is the wavelength� of both �the cellular as well as
the roll� patterns are shown in Figs. 2�a� and 2�b�. Uc�f� of
both structures follows a similar behavior, namely, a square-
root-type frequency dependence, typical for the standard di-
electric EC mode. qc of the cellular structure is almost inde-
pendent of the frequency and corresponds to a wavelength of
about 	c��3–4�d. The fairly large error bars reflect the ir-
regularity of the pattern as seen in Fig. 1�a�. qc�f� of the rolls
roughly follows the Uc�f� curve and gives a wavelength in
the range of �0.6–1�d.

In the planarly aligned samples, due to �a�0, the first
instability is the homogeneous splay Freedericksz transition
at UF�0.8 V to a quasihomeotropic state where the director
in the bulk of the sample is basically aligned parallel to the
electric field, and only thin layers at the boundaries contain a
splay-bend deformation zone. Further increasing the voltage
the scenario is qualitatively similar to that in the homeotropic
case; a cellular structure emerges which is followed by an
ordered roll pattern as shown in Figs. 3�a� and 3�b�. Figures
4�a� and 4�b� present Uc�f� and qc�f�, respectively. The gen-
eral qualitative properties of the patterns at the onset given
previously for the homeotropic alignment apply here as well.

Comparing the characteristics of the patterns observed in
homeotropic and planar cells one can conclude that the cel-
lular pattern does not seem to be influenced by the boundary

condition. Namely, its 2D image, threshold, and wave num-
ber are very similar for the two alignments. This is not sur-
prising since Uc
UF.

In contrast to the cellular pattern, the rolls are very sensi-
tive to the boundary conditions, even though they have a
higher threshold. The critical wave numbers of the rolls do
not differ significantly for the two alignments, but the rolls

FIG. 1. Snapshots of the convective patterns at f =12 Hz
slightly above the threshold voltage in a homeotropic sample
of d=20.2 �m. �a� Cellular pattern, U=10.6 V; �b� roll pattern,
U=13.6 V. The images are 300�300 �m2 in size.
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FIG. 2. Frequency dependence �a� of the threshold voltage Uc

and �b� of the critical wave number qc for both the cellular and the
roll patterns, measured in a homeotropic sample of d=20.2 �m at
T=30 °C.

FIG. 3. Snapshots of the convective patterns at f =4 Hz slightly
above the threshold voltage in a planar sample of d=19.5 �m. �a�
Cellular pattern, U=7.2 V; �b� roll pattern, U=14.4 V. Double ar-
rows indicate the initial director. The images are 300�300 �m2 in
size.
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become oriented normal or slightly oblique to the rubbing
direction for the planar case. We have to draw the attention
to the unusually large �about a factor of 2� difference be-
tween the roll thresholds in the homeotropic and in the pla-
nar cases. The large influence of the boundaries on the rolls
is a counterintuitive fact, taking into account that the rolls set
in from a similar state in both alignments, which originates
from the cellular structure. One possible explanation for this
unexpected feature could be that the cellular structure forms
in the bulk, while the rolls form at the boundaries. Experi-
ments have also been performed in which the xy-focal plane
has been varied in the z direction in �3 �m steps. The
midplane of the sample has been identified by observing sev-
eral spacers in the cell �see the white spot in the upper right
corner of Fig. 3�b��. These “depth” measurements have re-
vealed distinct differences between the cellular and the roll
patterns. A relatively sharp image of the cellular pattern has
appeared around the midplane of the cell in a z band slightly
larger than d. In contrast, relatively sharp images of the roll
pattern have been found in two z bands �below and above the
sample� separated by an �20 �m gap in which the pattern is
unfocused.

An important question concerning the nature of the pat-
tern is its time symmetry, i.e., whether the director does or

does not oscillate with the driving frequency. In the standard
EC these two regimes are called “dielectric” and “conduc-
tive,” respectively. In order to decide, we have varied the
exposure time of our camera. The pattern could be safely
detected by snapshots only if the exposure lasted at least
about the half-period of the exciting ac voltage; for shorter
exposure time the pattern faded away. This indicates that the
pattern does not exist stationarily; rather it emerges and de-
cays again within each half-period, i.e., the pattern is of di-
electric type. This statement holds for both initial alignments.
A confirmation of this conclusion could be obtained by
monitoring the temporal behavior of the intensity of the first-
order diffraction fringe in planar cells illuminated by a laser.
Figure 5 depicts the time dependence of the intensity for the
roll pattern for two periods of the driving voltage. It is seen
that the diffracted light intensity appears as a sequence of
bursts occurring twice within one period; i.e., in most of time
the pattern does not exist. A similar behavior has been ob-
served recently in the standard EC, but only at very low
frequencies �f �1 Hz� �18� where the period of the driving
signal is much larger than the director relaxation time �d. The
surprising feature in our case is that bursts are observable up
to quite high frequencies ��50 Hz
�d

−1�. The other surpris-
ing feature here is that the phase shift between the bursts and
the driving voltage appears to be independent of f , in con-
trast to the case in the standard dielectric EC �18�.

Another important question is the driving mechanism of
these instabilities. The standard EC model predicts roll for-
mation if the signs of �a and �a are different. Moreover, EC
roll patterns found for �a�0, �a�0 have also been de-
scribed by the extended SM, i.e., by adding flexoelectricity.
In that case, the standard Ohmic charge separation mecha-
nism is blocked by the negative �a, which can be compen-
sated �and overtaken� by the flexoelectric charge.

As we have tested, the inclusion of flexoelectricity does
not bring similar �or any� effect here, because flexoelectricity
does not couple in leading order to the nematoelectrohydro-
dynamic equations for homeotropic boundary conditions.
However, the destabilizing force must be very robust, be-
cause it overtakes the strong stabilizing dielectric torque due
to the large positive �a.

µλ
µ

FIG. 4. Frequency dependence �a� of the threshold voltage Uc

and �b� of the critical wave number qc for both the cellular and the
roll patterns, measured in a planar sample of d=19.5 �m at
T=30 °C.

FIG. 5. �Color online� Temporal evolution of the first-order dif-
fraction fringe intensity for the roll pattern in a 19.5-�m-thick pla-
nar 5CB at f =20 Hz, T=30 °C. Below onset �U=25 V� the inten-
sity is nearly constant; above onset �U=40 V� bursts are present in
each half-period. The sine curve represents the driving voltage.
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We have also considered the “test function approxima-
tion” of the SM and analyzed the one-mode analytical
threshold formula labeled as case C in Eqs. �6.29�–�6.33� of
Ref. �4� �see �19��. On one hand the formula predicts a direct
convective destabilization from the homeotropic alignment
for positive �a calculated for 4-methoxy-benzylidene-4�-n-
butyl-aniline �MBBA� material parameters, but the threshold
diverges at very low positive �a. Using 5CB parameters
�5,12� this solution branch did not extend to higher �a values
either. On the other hand, the term �̃a

�ef f� becomes negative
for 5CB �see �19��; thus, it may off balance the effective
dielectric contribution in Eq. �6.29.� of Ref. �4�, leading to a
new solution branch, never considered before. Indeed, we
have obtained the EC onset at Uc�12 V and qc�18 for
f =50 Hz with a parameter set close to that of 5CB. We
want to emphasize, however, that besides the high value of
qc �corresponding to a wavelength of �2 �m�, one has
to handle this result with an extreme care. The analytical
threshold expression of the one-mode approximation might
give solutions that are unstable if one includes higher modes.
Therefore, a complex detailed numerical analysis is neces-
sary in the future to clarify this otherwise promising result.

We are convinced that the isotropic Felici-Benard model
in its presently available state cannot give an acceptable so-
lution here. We have estimated the threshold voltage for the
more realistic bipolar injection �Eq. �4� of Ref. �13�� and

obtained a very high Uc�200 V, while for the unipolar in-
jection �Eq. �3� of Ref. �13�� a very low—thickness-
independent—threshold occurs at Uc�1 V, which is com-
parable to the Freedericksz threshold. Obviously, none of
these values agree with the experiments. Moreover, the
model does not go beyond a one-dimensional description;
thus, no wave-vector prediction is available—except the De-
bye screening length of �10 nm, which is too small com-
pared to the measured wavelengths.

Some future experiments should reveal the source of the
large difference in Uc for the homeotropic and planar bound-
ary conditions, and explore in detail the differences between
the cellular and the roll patterns. Confocal polarizing micros-
copy �20� and “storing” the patterns via photopolymerization
followed by investigations by atomic force microscopy �21�
might be useful tools to bring us closer to understanding the
two presumably different driving mechanisms that result in
disparate patterns.
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