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Abstract—We describe the dynamics of zigzag oscillations in a system of convective rolls in a nematic liquid
crystal above the electroconvection threshold under the action of an ac voltage with a biased position of the
mean value. It is found that an increase in the contribution from the constant component leads to a substantial
increase in the spatiotemporal ordering of zigzag rolls and their synchronization with the homogeneous twist
mode. The results confirm the flexoelectric mechanism of locking.
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1. INTRODUCTION

Nematic liquid crystals (NLCs) constitute one of
the most attractive model systems for studying univer-
sal aspects of formation and evolution of spatiotem-
poral order in various nonequilibrium physical,
chemical, and biological systems [1, 2]. NLCs are
anisotropic liquids characterized by orientational
ordering of elongated molecules. The preferred direc-
tion of orientation of NLC molecules is described by
the field of director n [3]. Electroconvective instabil-
ity occurs when a voltage exceeding a certain critical
value is applied to the NLC layer enclosed between
conducting substrates. In this case, a periodic system
of stripes is formed representing spatially periodic
modulation of the director field and of the NLC flow
velocity (electroconvective rolls). Incessant activity in
the study of electroconvective structures is due to the
importance of analyzing the possible mechanisms of
self-organization in complex anisotropic systems.
The relative simplicity of measuring the control
parameters (amplitude and frequency of the applied
voltage) and the high optical contrast of the formed
structures due to optical anisotropy of NLCs ensure
considerable advantages in experimental studies of
electroconvection.

The ideas put forth by Carr [4] and Helfrich [5]
concerning the mechanism of electroconvection in
anisotropic liquids have led to the construction of the
standard electroconvection model [3, 6—9], which
has been used to compute the threshold characteris-
tics of instabilities. The instability scenario is deter-
mined by the signs of anisotropy of permittivity €,
and conductivity o, and by the initial distribution of
the director field [10, 11]. In accordance with the
standard model, the necessary condition for the
occurrence of electroconvective instability is the pos-
itive sign of conductivity anisotropy (G, > 0). The dis-

covery of the so-called nonstandard electroconvec-
tion regime in NLCs with 6, < 0 [11-13], for which
the Carr—Helfrich convective mechanism does not
operate, initiated further development of theoretical
models. Nonstandard electroconvection has been
explained in the model taking into account flexopo-
larization [14, 15] and ensuring good quantitative
agreement with experimental threshold parameters.
The considerable effect of flexopolarization on elec-
troconvection was also demonstrated earlier for
NLCs with 6,> 0 [16, 17].

In contrast to the threshold for the formation of
electroconvective rolls, which has been studied in
detail experimentally and theoretically, the behavior of
the system in the supercritical region has been studied
less comprehensively. A characteristic feature of elec-
troconvection in NLCs above the threshold for the
formation of convective rolls is a large variety of sec-
ondary instabilities and scenarios of the evolution of
nonequilibrium structures due to various nonlinear
interactions of hydrodynamic and orientational
modes. One of the most important mechanisms deter-
mining the evolution of secondary instabilities in the
supercritical region is the excitation of a homogeneous
(in the plane of the layer) twist mode of the director
[18, 19]. It has been established that an increase in the
applied ac voltage to a value above the electroconvec-
tion threshold in a planar layer of an NLC leads to
excitation of the twist mode and is accompanied by the
formation of so-called abnormal rolls [18, 20, 21]. In
addition, the interaction of the twist mode with con-
vective modes of rolls in an ac electric field may lead to
the evolution of local oscillations between two degen-
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erate states of oblique rolls (so-called zigzag rolls)
[19]. The dynamics of such oscillations represents typ-
ical patterns of spatiotemporal chaos [22].

Under the action of a dc electric field, the evolu-
tion of electroconvection in the supercritical region
may lead to the formation of a 2D structure in the form
of a superposition of zig and zag rolls [23, 24]. The loss
of stability of such a structure also leads to the devel-
opment of zigzag oscillations.

A distinguishing feature of these oscillations is syn-
chronization, which manifests itself in the generation
of phase waves (viz., travelling, spiral, and target
waves) [25, 26]. Some properties of zigzag oscillations
in dc electric fields [27—29] have been described ear-
lier, but the mechanism of their occurrence is still
unclear.

In this study, we used the combined action of ac and
dc voltages to investigate the role of the twist mode and
to determine the mechanism of the spatiotemporal
locking of zigzag oscillations. We study the regime of
developed zigzag oscillations in electroconvection in a
planar NLC layer.

2. EXPERIMENTAL

The cell had the form of a parallel-plate capacitor
with transparent glass plates with a conducting SnO,
layer deposited on their inner surfaces. Mechanical
rubbing of the substrates ensured planar orientation of
the director (n, || X ), which was controlled by rotating
the crystal. The cell filled with MBBA (TCI Europe)
was placed into an Instec thermal chamber and on the
stage of a Zeiss Axio Imager polarization optical
microscope. The thickness of the NLC layer deter-
mined by the interferometric method was d = 25 +
0.3 um. Experiments were performed at a temperature
of T'=28 + 0.05°C. The intensity of light that passed
through a 0.9 x 0.9 mm cell area was recorded by a
CCD camera PCO VX44 in the xy plane of the layer
with a spatial resolution of 512 x 512 points with a
sampling frequency of 25 Hz and 256 levels of gray
light. The resulting images were processed on a com-
puter. We used an observation scheme sensitive to twist
deformations of the director: the polarizer was per-
pendicular to the initial orientation of director n,, the
analyzer was parallel to n,, and a A/4 phase plate was
installed between the NLC cell and the analyzer at an
angle of 45° to n, [21, 30].

A rectangular ac voltage
U = U,sgn(sinw?) + U,

with a displaced average value was applied to the cell.
As the voltage source, we used an L-card-1250 digital-
to-analog converter mated with a Tabor-9200 ampli-
fier. The ac voltage frequency o/2n = 20 Hz corre-
sponded to the conduction regime. For each combina-
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tion of amplitudes U,. and U,., sequences of images
Iy(x, y, r) with a length of 1024 frames were recorded.
Each image in the sequence was normalized to the
background image obtained at zero applied voltage:

I('xs y9 t) = IO(X’ ya t)/IBG(xa y)

To analyze the observed structures, we calculated the
time-averaged structural factor (squared modulus of
the Fourier transform):

Stk k) = (| Fid(x, 3, D))

The characteristics of the temporal dynamics for each
sequence of images were determined from the space-
averaged frequency power spectrum:

S(f) = (| Frd(x, 3, D)),

3. RESULTS AND DISCUSSION

Under the action of ac voltage with an amplitude of
U,. =6V (U,.=0), electroconvective instability in the
MBBA layer is observed in the form of well-known
“normal” rolls (wavevector Kk is parallel to the initial
orientation of director ny). With increasing applied ac
voltage, the following sequence of transitions takes
place: zigzag instability accompanied by the formation
of oblique rolls — transition to “abnormal” rolls —
“varicose” instability. This scenario of transitions was
predicted using extended nonlinear analysis of the
standard model of NLC electrohydrodynamics, which
takes into account activation of the homogeneous
twist mode [18, 19]. In contrast to a number of earlier
studies [18, 22, 31], we observed for the first time the
complete sequence of secondary instabilities.

A further increase in voltage leads to the emergence
of a bimodal zigzag structure in the system, and devel-
oped zigzag oscillations are observed at U,, = 8.5 V
(Fig. 1a). Figure la also shows light and dark regions
corresponding to the homogeneous twist mode of the
director. It can be seen that in the region of a homoge-
neous twist mode of the same sign (light region out-
lined by the dashed contour), rolls of both zig and zag
type exist, indicating weak correlation of the local
dynamics of convective modes of the rolls and of the
homogeneous twist mode.

While studying the behavior of the system under the
combined action of ac and dc voltages, the values of U,
and U, were varied such that the root-mean-square

voltage U, = U§C+ ch remained unchanged.

For U, = 8.5V, which corresponds to the regime of
developed zigzag oscillations under the action of the
ac voltage, an increase in dc component Uy, to above a
certain threshold value substantially changes the oscil-
lation pattern (Fig. 1b). The sizes of the regions occu-
pied by rolls of the same type (zig or zag) increase con-
siderably, which is manifested in narrowing of the cor-
responding peaks in the structural factor (see Fig. 1b).
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Fig. 1. Typical patterns of electroconvection (left) (0.45 x
0.45 mm region is shown) and time-averaged structural
factors (right). The initial orientation of the director is
along the x axis; the rms applied voltage is U, = 8.5 V.
Large-scale light and dark regions on the images of con-
vective structures correspond to the distribution of the
homogeneous twist mode with amplitude +¢. The dc com-
ponent Uy of the applied voltage is 0 (a) and 4 V (b).

In addition, in contrast to the behavior of the system at
Uy, = 0, rolls of only one type exist in the regions with
the twist mode of the same type, which indicates syn-
chronous behavior of the convective mode of the rolls
and the homogeneous twist mode. Zigzag oscillations
become synchronized, and phase waves are generated
analogously to the situation observed under the action
of the dc voltage alone [25].

3.1. Spatial Correlations

In order to obtain a quantitative description of the
spatiotemporal locking, we analyzed the profiles of the
peaks in the structural factor corresponding to zig and
zag rolls. The structural factor S (k,, k,) was approxi-

mated in the polar coordinates by the Lorentz func-
tion corresponding to the linearized amplitude Gin-
zburg—Landau equation for tilted rolls [8, 32]:

S,
ek — ko) +kpEl(a—ag) + 1

where k;, is the modulus of the wavevector correspond-

Sk, ) = ey

ing to the maximal value of S (k, o), o, is the angle of
deviation of wavevector k, from the x axis (4o, for zig-
and —o,, for zag rolls), and &, and &, are the corre-
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Fig. 2. Characteristics of spatial ordering of the structure
for U;ns = 8.5 V and for various values of the dc compo-
nent: (a) modulus & of the wavevector; (b) angle o of
deviation of the wavevector from the x axis; (c) correlation
lengths &; and &,,.

sponding correlation lengths characterizing the degree
of ordering of the structure (their values are reciprocal
to the halfwidth of the peak at its half-amplitude). We
processed peaks for zig and zag rolls and used the aver-
age value for the result. Figure 2 shows the behavior of
ky and o upon an increase in the constant component
Uy.. Modulus k; of the wavevector of oblique rolls
remains almost unchanged (Fig. 2a), while angle o,
increases for Uy, > 3 V (Fig. 2b). The most significant
change occurring in the system is a considerable
increase in the spatial correlation lengths &, and &, of
zigzag rolls, which begins in a threshold manner at

U, = UL ~ 3.1 V (Fig. 2c). This means that zigzag
rolls become more ordered and correlated in the xy
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plane both in period and orientation angle. The aver-
age size of the rolls of the same type is approximately
&/ (m/ky) and increases from 2—4 (at Uy, = 0) to 12—
14 (at Uy, =4 V) rolls.

3.2. Temporal Correlations

Let us now consider the temporal dynamics of zig-
zag oscillations. Figure 3a shows the typical time series
of the local variation in intensity /(x,, y,, f), indicating
that upon an increase in dc component Uy, local
oscillations become more regular. To analyze the tem-
poral dynamics of zigzag oscillations, frequency power
spectrum S (f) was approximated by the Lorentz func-
tion

E~f) +1

where f; is the characteristic frequency of zigzag oscil-

S(f) )

lations corresponding to the maximum of S (f) and &,
is the temporal correlation interval. It was found that
an increase in dc component U, leads to a narrowing
of the characteristic peak in the frequency power spec-
trum (Fig. 3b). A considerable increase in the tempo-
ral correlation interval &, (Fig. 3c) almost repeats the
dependences for spatial correlations. Consequently,
spatial ordering in the system of oscillating zigzag rolls
is accompanied by frequency synchronization. The
average number of periods & of synchronous oscilla-
tions increases from 5 (at U, = 0) to 50 (at Uy, =4 V).
Frequency f, of zigzag oscillations also increases
when Uy, > 3 V (see Fig. 3c). The increase in f; is
apparently associated with complete locking of the
zigzag modes with the homogenous twist mode,
which results in a decrease in the relaxation time for
rolls.

4. CONCLUSIONS

Thus, upon an increase in the dc component of
the ac voltage applied to an NLC layer, the effect of
spatiotemporal ordering is observed in the system of
oscillating zigzag rolls. Complete locking of spatially
periodic zigzag modes with the homogeneous twist
mode takes place. The fact that spatiotemporal syn-
chronization occurs in the system only in the pres-
ence of the dc component in the applied ac voltage
suggests that its mechanism is associated with flex-
opolarization.

From the theoretical point of view, the flexoelectric
torque acting on the director and averaged over a
period of the ac field is zero for Uy, = 0 because the
flexoelectric response in the NLC is linear in the field
[3]. The presence of the dc component Uy, # 0 in the
voltage applied to the layer must lead to an additional
static twist deformation of the director field [14, 15].
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Fig. 3. Temporal dynamics of the system for U, =85V
and for various values of dc component Uy.: (a) character-
istic time series of the local variation of intensity; (b)
space-averaged power spectra S () (the scales of the spec-

tra are different); (c) dependences of the temporal correla-
tion interval &rand frequency f; of zigzag oscillations on dc

voltage component Uyc.

Preliminary symmetry analysis of the dynamics equa-
tions for NLCs shows that the flexoeffect developing
on the background of zigzag oscillations of electro-
convective rolls in turn ensures locking between the
twist mode of a certain polarity and one of the types of
zigzag rolls.

The flexoelectric mechanism of synchronization is
also confirmed by the fact that under the action of dc
voltage U, =~ U} alone (U, = 0), longitudinal
domains oriented parallel to the initial direction of the
Vol. 114
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Fig. 4. Longitudinal domains in a dc electric field with
Uy = 4.0 V; the initial orientation of the director is along
the x axis.

director are observed in the system under investigation
(Fig. 4). It has been established that upon a change in
the thickness of the NLC layer (in the interval from 15
to 70 um), the threshold voltage for domain formation
remains unchanged, while the period increases lin-
early with the thickness. These properties indicate that
the observed longitudinal domains are flexodomains
[15, 33]; their detailed investigation will be the subject
of further studies.

To analyze the synchronization mechanism and
the role of the flexoeffect, nonlinear analysis of the
electrohydrodynamics equations for NLCs including
flexopolarization is required. Another important
aspect of investigations is to clarify the role of locking
of convective modes with the homogeneous twist
mode in the process of phase waves generation.
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