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Abstract

A systematic overview of various electric field induced pattern forming instabilities in nematic
liquid crystals is given. The standard hydrodynamic description of nematics predicts the occur-
rence of striped patterns (rolls) in various wavenumber ranges, which depend on the anisotropy of
the dielectric permittivity and that of the electrical conductivity as well as on the initial director
orientation (planar or homeotropic). We discuss in detail three basic configurations with empha-
sis on the characterization of the threshold voltage and the critical wavenumber of the resulting
patterns. Some features of the weakly nonlinear behavior are also addressed. Experimental char-
acterization of additional pattern types, not captured by the standard model of electroconvection,
is also presented. The impact of flexoelectricity as a possible explanation of the nonstandard EC

patterns is discussed.
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I. INTRODUCTION

Pattern forming instabilities in macroscopic systems driven out of equilibrium by exter-
nal stresses are common in nature and have intensely been studied over the last decades.
Prominent examples are provided by fluid systems where the structures are typically associ-
ated with material flow [1]. The understanding of such systems has in particular benefitted
from investigations on the classical buoyancy driven Rayleigh-Bénard convection (RBC) in
a layer of a simple fluid heated from below [2]. Careful experiments which match very well
the numerical results of the underlying hydrodynamic equations have been crucial for the
development and the precise tests of the present standard concepts to characterize the many
facets of convective pattern formation in nature. One typically starts from the linear sta-
bility analysis to capture the primary instability at onset which is followed by an amplitude
equation approach to describe the saturation of the pattern amplitude in the weakly non-
linear regime. Then secondary and subsequent bifurcations are investigated which lead to
increased complexity and eventually to chaos and turbulence.

Convection instabilities in more complex, anisotropic fluid systems - e.g. liquid crystals
(LCs) - have also attracted considerable interest. In particular focus has been on the class of
nematic LCs (nematics) which are liquids with a long-range uniaxial orientational ordering.
The local symmetry axis is described by the director field n(r,t) (n* = 1), which responds
elastically to distortions. The director orientation is sensitive to electric and magnetic fields,
furthermore it is coupled via viscous torques to the flow field v(r,¢) [3].

The anisotropic properties of liquid crystals, especially the director-flow coupling, al-
low for novel, physically attractive convective destabilization mechanisms [4-6]. They have
intensively been studied in electric-field induced convection (electroconvection, EC) in ne-
matics [7-9], which has become a prominent paradigm for studying the generic features of
anisotropic and recently also of isotropic convection. A crucial ingredient is here the initial
symmetry of the convecting LC layer which can conveniently be chosen by the boundary
conditions. In the case of a planar initial director alignment (n in the plane of the layer)
the EC destabilization leads typically to a preferred orientation (anisotropy) of the pattern
itself, a feature which is not easy to enforce in isotropic fluids. In the case of homeotropic
director alignment where n is perpendicular to the layer resulting in a rotational symmetry

in the plane, two scenarios can be distinguished. Depending on the material parameters one



observes either a direct transition to EC patterns (in analogy to isotropic pattern forma-
tion) or EC occurs as a secondary instability upon a homogeneously distorted Freedericksz
ground state which has a spontaneously broken rotational symmetry (quasi-anisotropy). In
the latter case the system can be toggled between quasi-anisotropy and anisotropy by an
additional magnetic field.

Studying EC in nematics has further appealing features. The large aspect ratio of the typ-
ical experimental cells allows the observation of extended regions with regular roll patterns
on a convenient time scale. The patterns are easy to visualize by exploiting the birefringence
of LCs. Furthermore the number of accessible control parameters is larger than in isotropic
fluid convection. For instance, one can easily change the amplitude and the frequency of an
applied ac voltage and/or apply a magnetic field. Even the amount of anisotropy can be
altered by changing the distance in temperature to the nematic-isotropic phase transition.

From the theoretical point of view universal aspects of pattern formation can more easily
be addressed in anisotropic systems since a Ginzburg-Landau (GL) type amplitude equation
formalism can rigorously be justified only in the case of a preferred pattern orientation
[10]. On the other hand isotropic pattern forming systems near onset are often assessed
by Swift-Hohenberg models which are less well founded from first principles. In isotropic
EC they yield in fact a surprisingly accurate description of the experiments [11]. Though
the hydrodynamic description of liquid crystals may look prohibitively complex, in fact a
quantitative description of experiments has been achieved in many cases. In general, one
might state that liquid crystals have just the right amount and right kind of complexity and
non-linearity to make them attractive but still tractable.

In this article we will concentrate on various aspects and on new developments in elec-
troconvection of nematic liquid crystals. In Section II we sketch the essence of the standard
model of EC which is based on the Carr-Helfrich (CH) mechanism. In the following sections
the detailed discussion of EC is presented in the light of the director configuration in the
ground state and of the sign of the anisotropy of the dielectric permittivity ¢, and that of
the electrical conductivity o,. In Section III the situation will be discussed where EC occurs
as a primary forward bifurcation in a planarly aligned cell (anisotropic EC). In addition we
describe here the decay mechanism of the roll pattern. Then, in Section IV, we address the
homeotropic configuration (quasi-anisotropic EC) where convection sets in as a secondary

instability upon an already distorted Freedericksz ground state. We describe the effect of



an additional magnetic field on the threshold and on the morphological transitions of EC,
the abnormal rolls (AR) and the dynamics of defects. Next, in Section V, we describe the
case where isotropic EC occurs as a primary forward bifurcation under homeotropic initial
alignment. Section VI is devoted to EC patterns occurring for material parameter combina-
tions where the CH mechanism is ruled out. Finally, in Section VII, we present an outlook
to electroconvection in liquid crystals with large flexoelectric polarization. The paper ends

with some concluding remarks.

II. THE STANDARD (CARR-HELFRICH) MECHANISM

Electroconvection is typically studied experimentally in sandwich cells, similar to those
used for LC displays (a plane capacitor with transparent electrode plates parallel to the z-y
plane), filled with a nematic. An ac voltage U(t) = Upcos(wt) is applied to the electrodes
separated by a distance d (—d/2 < z < d/2) which yields an electric field E across the
layer (along the z axis). By a suitable surface treatment the director is aligned either
parallel (planar configuration) or perpendicular (homeotropic configuration) to the confining
electrodes in order to induce a homogeneous ground state for U = 0. The lateral extension
(a few cm) of the cells is much larger than the cell gap (d = 10 — 100 pm), providing a large
aspect ratio.

At onset EC typically represents a regular array of convection rolls associated with a
spatially periodic modulation of the director and a separation of space charges. The peri-
odicity of the pattern in the z-y plane is characterized by the wave vector q = (g,p). One
speaks of "normal” rolls if q || n (p = 0) and otherwise of ”oblique” rolls. In this latter
case the symmetry is spontaneously broken with a 2-fold degeneracy, yielding ”"zig” and
"zag” rolls with p.iy = —p.qg. The main control parameter is the amplitude of the applied
voltage U,, while the driving frequency f = w/(27) serves as a convenient second control
parameter. Depending on the experimental conditions the direction of q may vary and in
particular a wide range of possible wavelengths A = 27 /|q| is available since |q| increases
monotonously with the ac frequency f. At the so-called cut-off frequency f., which increases
with decreasing charge relaxation time 7,), the time symmetry of the modes changes [7, §|.
In the low-frequency, conductive regime the director and the flow field are practically time

independent, while the space charge distribution follows the external driving; in the high-



frequency, dielectric regime the situation is reversed. In the following we will mostly focus
on the conductive regime.

The theoretical understanding of the instability leading to EC patterns has been started
with the seminal work of Carr [12] and Helfrich [13], who elucidated the basic positive
feedback mechanism responsible for EC (now called the ’Carr-Helfrich (CH) mechanism’
in the literature) in an approximate 1-d model. This approach has been later refined and
generalized into a rigorous 3-d theory, the standard model (SM) [7, 14].

The description of the electroconvecting state requires the knowledge of the velocity
field v(r,t), the director field n(r,t) and the charge distribution pe(r,t) (or the electric
potential ¢(r,t)). These quantities may be calculated combining the highly nonlinear partial
differential equations (PDEs) of nemato-hydrodynamics [3, 7] with the quasi-static Maxwell-
equations.

The equations governing the electric field E and the charge distribution p,; for a given n
are

V’DZV'<€E+Pﬂe$O) = Pel, V'j:V'(GE+pelV) :—8tpel. (1)

In contrast to isotropic materials the dielectric permittivity and the electrical conductivity
become the tensors € and o, respectively. In the SM nematics are regarded as uniaxial

dielectrics with a small ohmic conductivity, consequently
€ij = EJ_(Sij + €aning, Oij = gj_éij + oanin;. (2)

Here ¢, and o, characterize the anisotropy of the nematic material. It is also noteworthy

that in liquid crystals certain director distortions generate a flexoelectric polarization,
Pfievo = em(V -n) +e3(n- V)n, (3)

with e; and es known as the flexoelectric coefficients [3, 4].

The essence of the CH mechanism is the following. Let us suppose a spatial fluctuation of
n with a wavevector q. Due to the anisotropy shown in Eq. (2) V-j = 0 and V-D = 0 cannot
be fulfilled simultaneously if a spatial variation of n is present. Hence charge separation
inevitably occurs in the electrically neutral LC yielding a spatially varying charge density
peri- The bulk force term pyE in the Navier-Stokes equation excites a flow field v # 0 in
form of vortices which build up a periodic roll pattern. The flow exerts a viscous torque on

the director. If the amplitude of the original fluctuation is enhanced (i.e. the feedback is
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positive), a macroscopic pattern evolves. Since viscous damping, the elastic and dielectric
torques on n as well as charge diffusion act against the pattern forming CH mechanism, the
onset of convection requires a finite voltage amplitude U, which depends on w and q.

The SM [14] which describes the EC mechanism is too complicated to be solved analyt-
ically together with realistic rigid boundary conditions (vanishing v, fixed n and ¢ at the
confining plates). Hence investigations of EC typically start with a linear stability analysis
of the homogeneous basic state, which yields (numerically) the threshold voltage U.(f) and
the critical wavevector q.(f) as a function of frequency. The results can be made more
transparent by deriving approximate, though quite accurate analytical expressions for the
critical quantities U, and q. [7]. Their inspection clearly demonstrates in which way various
material parameters affect the efficiency of the CH mechanism. In particular it becomes ob-
vious that a positive feedback requires certain combinations of the signs of the dielectric (¢,)
and of the conductivity (o,) anisotropies depending on the symmetry of the configuration
(planar or homeotropic alignment) [15]. Some of the possible combinations will be discussed

in more detail in the following sections.

III. ANISOTROPIC ELECTROCONVECTION (PLANAR CONFIGURATION,
CONVENTIONAL MATERIAL PARAMETERS)

We consider here the classical EC configuration; a planar nematic with o, > 0 and ¢, < 0
(see Eq. (2)), a combination which further on will be referred to as the conventional material
parameter set. This is the situation where EC was first observed and where most of the
experimental and theoretical studies of past decades were focused on.

In the ground state the initial alignment is n = (1,0,0), i. e. the director is oriented
along the z axis. The electric field E is perpendicular to n, so the dielectric torque stabilizes
the ground state, i.e. the electric free energy density fu = —¢pe(nE)?/2 is minimized.
The electroconvection pattern develops when the applied electric voltage U exceeds the
planar threshold UP!. Figure 1 depicts the characteristic properties of a normal roll pattern
near onset in the conductive regime. In this case the director (indicated by double arrows)
displays a periodic tilt distortion (with tilt angle #) which is well described by the following

components of n:
n.(z,z,t) = Osin(qx)9¥%(q, 2,t) = Osin(qx)cos(rz/d); n, =14+ 0(0%); n, =0  (4)
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with x = (z,y).

It follows from Egs. (1) and (2) that positive charges (shown as +) are focussed at the
locations with negative curvature of the director (d,,n, < 0) when the oscillating electric
field points upwards. The resulting flow vortices (represented by the closed stream lines)
generate a torque which produces a positive feedback increasing 6.

The situation shown in Fig. 1 corresponds to a normal roll pattern (i.e. q is parallel
to the initial n). The splay-bend director distortion is restricted to the flow plane (x-z),
which ensures the most efficient viscous torque (maximal coupling between flow v and n).
Albeit this situation is optimal for the CH destabilization, it is also associated with maximal
viscous dissipation. The dissipation diminishes if q rotates away from the x axis (p # 0,
oblique rolls). Then the flow plane (being always parallel to q) does not coincide with
the director distortion plane (2-z) anymore which involves a reduction of the destabilizing
viscous torque. Oblique rolls thus represent a compromise: reduced viscous dissipation at
the expense of less optimal coupling between flow and director.

Whether oblique rolls or normal rolls actually prevail at threshold is a subtle quanti-
tative question, i.e. it depends on the material parameters of a specific nematic and the
ac frequency f. The assessment of the critical voltage UP' and the critical wave vector q.
at onset of convection from the numerical analysis of the SM compares very well with the
experiments. If oblique rolls prevail, they appear at low frequencies f less than the Lifshitz
frequency fr.

The situation becomes more complicated in the nonlinear regime, where we restrict our-

selves to the normal rolls. The primary bifurcation is supercritical, i.e. the tilt angle 8 in

Fig. 1 and the amplitude of the flow velocities grow continuously o /g = /(UZ — U2)/UZ.
It is intuitively clear that at too large tilt angles (say € 2 45°) the charge focusing mech-
anism becomes less effective (for the maximal distortion # = 90° near the midplane there
would be no charge separation at all).

The system can choose among various options to avoid too large #. One is to generate
oblique rolls in a secondary zig-zag (ZZ) bifurcation, which is observed typically at low
frequencies (f < fagr). Alternatively the increase of 6 with € can also be reduced at fixed q
by the excitation of director distortion modes homogeneous in the x-y plane but depending
on z.

Typical is the director rotation out of the x-z plane by an azimuthal angle ¢ yielding



a nonzero director component n, = ¢ cos(nz/d), while q remains parallel to the z axis.
Thus in Fig. 1 the flow lines remain unmodified, while the director is rotated uniformly in
the z-y plane (n, # 0) resulting in a 3-d director deformation involving also twist. This
configuration has been coined as abnormal rolls. The resulting phase diagram has been
explored in great detail with particular focus on the vicinity of the codimension-2 point at
far [16]. A set of amplitude equations which couple the amplitudes (o 6) of the periodic
roll modes with n, have been constructed on the basis of general symmetry arguments [17]
and their coefficients have been calculated rigorously from the equations of nematodynamics
[18]. The detailed analysis of these equations, which cover also interesting modulated n,
structures up to complex defect-turbulent patterns [19-21], has contributed considerably to
the understanding of the weakly-nonlinear EC regime.

One arrives for instance at the following expression for the growth rate o of the n, mode

(of abnormal rolls):

o=-T— KK +T|0. (5)

The constant damping term —7' is caused by the finite twist elastic energy due to the
z dependence of n, (it has a maximum at the center plane, but is zero at the bounding
electrodes). Slow modulations of n, in the z-y plane with wavenumber k < ¢, are damped
as well by the orientational elasticity (K). The abnormal roll instability is driven by the
positive term I'#? o ¢ which enforces a sign change of o for k = 0 at € = g4, slightly above
the primary EC bifurcation (obviously ear o< T'/T" and typically eag < 0.1). If € increases
further n, grows and reacts on 6 to block the further increase of n, above its value at esp
(18, 19].

It is obvious, that by the application of a magnetic field H parallel to E which exceeds
the so called splay Freedericksz threshold field Hr a homogeneous tilt of n develops in the
ground state. It is also intuitively clear that in this case the EC transition is pushed to larger
voltages, since periodic distortions become harder to be excited (for details see e.g. [22]).
It is interesting, that in some cases such a homogenous in-plane distortion is spontaneously
excited (without H), which also reduces the periodic distortion amplitude 6 [23].

While earlier theoretical and experimental studies were typically focussed on the bifurca-
tion scenarios occurring with increasing external driving, the present system has been shown
recently to provide a good opportunity to investigate an ’adverse’ scenario, namely the de-

cay of an existing pattern [24]. In the following subsection it will be demonstrated that
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the resulting dynamics is far from trivial and yields additional insight into the parameter
dependence of the director dynamics.

We should mention that, in addition to the standard EC roll patterns described above,
in some cases patterns consisting of unusually wide stripes can be observed [5, 25-27]. Just
as in the standard normal roll case, the wide stripes are oriented perpendicular to the initial
director orientation, but their wavelength is considerably larger (~ 4 — 6d). Detection of the
wide stripes requires crossed polarizers as they do not produce shadowgraph images at onset.
Apparently, in some analogy to the abnormal rolls, n, modulations are involved, however, tilt
modulations are presumably absent (n, =~ 0). Observations have shown that the flow stream
lines, in contrast to Fig. 1, are confined to the x-y plane. The threshold voltage of the wide
stripes has a weaker frequency dependence than either that of the conductive or that of the
dielectric rolls. Consequently wide stripes usually appear as a crossover from a conductive
(or a dielectric) roll pattern when increasing the ac frequency. Certainly the standard CH
mechanism (as shown in Fig. 1) does not apply for the wide stripes, but unfortunately at

the moment a sustainable theoretical concept for their explanation is not available.

A. Decay of the regular patterns

We consider here a normal roll pattern with wavenumber ¢ slightly above onset of EC
(see Fig. 1). If the voltage is turned off suddenly, the pattern decays and the system returns
to its equilibrium (homogeneous) state. The relaxation time 7 characterizing the decay gives
an important insight into the system dynamics. Thus we have made a systematic theoretical
and experimental analysis of the decay process, focusing in particular on the wavenumber
dependence of 7.

The theoretical analysis is based on the SM of EC, however, it becomes considerably
simpler for two reasons. First, the decay occurs in the absence of an electric field, hence the
relaxation of the director and flow pattern is fully decoupled from that of the space charge
distribution. Second, the amplitude of the director modulation becomes surely small during
the decay (even if it was large at the beginning) so the remaining director and flow equations
can safely be linearized. Finally one arrives at a linear, non-self-adjoint eigenvalue problem,

which yields an infinite discrete spectrum of decay rates, ux(q) (1 < pe < ...) [24], associated
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with the corresponding set of eigenmodes Ni(q, z), which fulfill the orthonormality condition

[
—/ Ni(q,2)N;*(q,2)dz = b6 3 k,1=1,2. (6)
d J_a

Here 8y, is the Kronecker symbol, N,/ (g, z) denotes the set of adjoint eigenmodes for the
same /1,(q) [28].

Let us suppose that the EC director profile (characterized by the tilt ¥5¢(q, z,t)) at
the moment of voltage switch-off, which serves as the initial condition for the decay, is
given as 9F%(q,2,0) << 1. From standard mathematics the subsequent temporal evo-
lution can be represented as a linear superposition of the decaying modes 0%(z,z,t) =

e M@ sin(qx) Ny (q, z) with weights wy(g) which are given as:

+d/2
wi(q) = = /d/2 ﬁEC(q,z,O)N;(q, 2)dz; k=12, .. (7)

The dispersion relation curves pux(q) depend on the elastic moduli and on the viscosity
coefficients of the nematic, and can be calculated numerically [24]. Figure 2 exhibits the
first few branches (k = 1,...,7) for the standard nematic EC substance Phase 5 (Merck).

Laser diffraction at the optical grating due to the periodic director variation with wave
vector q is a convenient technique for experimentally monitoring the decay of roll patterns
and to compare with the theoretical predictions. The laser light after being transmitted
through the cell creates a set of diffraction fringes on a screen. From their location the
pattern wavelength and thus ¢ can be determined, while their intensities are related to the
pattern amplitude (the director distortion). Experiments have been carried out on planar
samples of Phase 5 and Phase 5A using oblique light incidence. A fairly wide range of ¢,
including both the conductive and the dielectric regimes, has been covered [24]. We concen-
trate for convenience on one of the first order diffraction fringes, I.(t), whose intensities
depend quadratically on the pattern amplitude (at small distortions) and thus reflect the
pattern decay in time. After transients have died out the temporal evolution can be well
fitted by a single exponential function e=2/7(@ which defines our experimental value of the
relaxation time 7(¢q) and the decay rate fie,pi(q) = 1/7(q). Figure 2 depicts some examples of
Hezpt as symbols. Obviously they are closely related with one of the theoretical p(q) curves;
i.e. except some transition points we find for each ¢ a certain k = k where pe.pi(q) = p5(q)

holds. The index k increases monotonously with g¢.
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The selection of a certain uj for a given ¢ is confirmed by the theoretical analysis. The
weights wy(q) calculated from Eq. (7) for a representative director profile 9¥¢(q, z,t), which
is known from a numerical solutions of the SM, are plotted in Fig. 3. It is evident that the
q axis can practically be covered by intervals Qz such that for ¢ € Oz the step-function-like
curve wi(q) dominates (e.g. wy(q) is dominant for Q4 = (10 < (gd/7)* < 15)). Consequently
for ¢ € Qj, the temporal evolution of the pattern is governed by the decay rate pj(q). The
contribution from eigenmodes other than the dominant one is negligible except at ¢ values
separating the neighboring intervals Qf and Q1 [28].

As already discussed, the fringe intensity I_;(¢) is mainly determined by the mode N (g, 2)
where the weights wg(q) for a given 9¥¢(q, z,0) are maximal. In addition the optical effi-
ciency of a mode Ni(q, z), which has been quantified by a factor ¢”’(g) in [28], has to be

taken into account. Thus the temporal evolution of I_; reads finally :
I,=0°C,| Z cPrwpe M2, (8)
k=1

To deal with the spatially varying refractive index (as in our case) we have used a physical
optics approach [29] to calculate the ¢;”*(g) curves. They look very similar to the wy(q) curves
in Fig. 3 as far as their ¢ dependence is concerned. Since for a given ¢ they show pronounced
maxima for the same k the corresponding decay rate yj dominates in Eq. (8) even more.

Inspection of Eq. (8) shows that with increasing time slower modes with k < k (with
tr < pi) should take over until the lowest branch gy is reached in the long time limit. It
has been checked, however, that this crossover (which is relevant for higher ¢ where k > 1)
cannot be resolved since the experimentally available time window is limited by acceptable
signal-to-noise ratios and the resolution of the analog-to-digital converters.

According to our previous analysis the initial conditions have a strong influence on the
system dynamics via the related mode selection mechanisms. If the director profile of the
EC state differs considerably from that of the linear mode, decay eigenmodes with k < k
(i.e. with slower decay) might be excited. Decay rates px(q) with k < k could indeed be
resolved experimentally at high ¢ (in the dielectric regime) by altering the excitation voltage

from sinusoidal to a pulsed square wave type [28].
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IV. QUASI-ANISOTROPIC ELECTROCONVECTION (HOMEOTROPIC
ALIGNMENT, CONVENTIONAL MATERIAL PARAMETERS)

In this situation the director is oriented perpendicular to the confining plates (n =
(0,0,1)) and therefore the ground state is isotropic in the z-y plane. In case of conven-
tional material parameters (o, > 0 and ¢, < 0) the electric field (which is parallel to n) is
apparently destabilizing since f,; > 0. This leads to a homogeneous director tilt towards
the planar configuration for U > Up (bend Freedericksz transition) [3]. The tilt grows con-
tinuously with increasing U. The direction of the projection of the resulting n on the z-y
plane is, however, not defined a priori but is singled out by the system in the Freedericksz
transition at U = Ur. We describe this configuration, where the isotropy in the z-y plane
is spontaneously broken, as ’quasi-anisotropic’. The selected tilt direction defines the x axis
in the following.

Any spontaneously broken continuous symmetry is in general associated with a soft Gold-
stone mode, which tends to restore the symmetry. In the present case the Goldstone mode
corresponds to a homogeneous rotation around the z axis (n, # 0). The related growth rate
is described by Eq. (5) with 7" = 0 (no damping at the boundary in contrast to the planar
case) and 6 = 0.

When a sufficiently extended, nearly planar layer has developed near the midplane of
the cell, the standard planar CH convection mechanism is activated at U" > Up and one
observes the pattern types familiar from the planar case. These considerations can be made
more quantitative by introducing the average (n,) of the z-component of the director along
z as a measure of planarity which increases with increasing U. It turns out that (n,) = 0.5 is
already sufficient for the EC bifurcation to occur. We mention that the planar configuration
discussed in Section IIT would formally correspond to (n,) ~ 1 with a critical voltage of U
Then it is obvious from physical considerations that U" > UP' must hold for a conventional
material parameter set.

The linear properties of the EC transition in the ’quasi-anisotropic’ configuration have
already been studied in detail [30, 31]. One observes stationary normal or oblique rolls in
good agreement with the theory. Recently travelling waves with a Hopf-frequency wy have
also been detected and investigated at the threshold of EC [32]. Travelling rolls have been

observed earlier in the planar geometry (Section IIT) and been explained theoretically via a
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weak-electrolyte model (WEM) [33-35]. Though for the quasi-anisotropic situation such a
detailed theoretical analysis is missing so far there is no doubt that WEM effects apply here
as well. For instance the WEM scaling relation wy o d_?’all/ ? has been confirmed [32].

At U > U" the weakly nonlinear state of the quasi-anisotropic EC differs qualitatively
from that of the planar convection. In analogy to the latter case, the periodic director tilt
mode couples to the n, (Goldstone) mode as in Eq. (5) but because of 7" = 0 the abnormal
roll bifurcation appears already at e4r = 0. Thus a direct transition to spatio-temporal
chaos (”soft-mode turbulence”) at onset appears in this system which has motivated detailed
experimental and theoretical investigations in the past [36-40].

By the application of a magnetic field H = (H,0,0) normal to E an additional torque
is exerted on the director which favors an orientation parallel to H where the magnetic
free energy of fiagn = —Xa(nH)? would become minimal as the anisotropy of the magnetic
susceptibility y, is usually positive. As a consequence the bend Freedericksz threshold volt-
age Up(H) decreases continuously with H reaching zero at the magnetic bend Freedericksz
threshold field Hr. At finite H the degeneracy of the homeotropic orientation is lifted and
thus the isotropy in the x-y plane is broken. H mimics the anchoring forces of the planar
configuration since T' o H? in Eq. (5). Thus it is not surprising that bifurcation scenarios
familiar from the planar case are recovered.

It is worth noticing that wide stripe patterns, mentioned before in Section III, are observ-
able in the Freedericksz distorted quasi-planar homeotropic cells too (see Fig. 4 as an exam-
ple). They have been called prewavy pattern (PW) [41] as they transform with increasing
voltages into a wavy pattern containing undulated disclination lines. Recent experimental
studies [42, 43] have shown that the PW in homeotropic cells and the planar wide stripes
have very similar characteristic properties which cannot be explained with the standard
CH destabilization mechanism. This similarity is not surprising, since, as discussed before,
quasi-anisotropic EC can be interpreted very well in terms of an effective planar layer. Thus
the identification of the PW mechanism in the simpler planar case would most probably
explain the homeotropic PW as well.

In the following subsections we first describe briefly the linear properties of EC in de-
pendence on H. Then we turn to the nonlinear aspects before we discuss some very recent

results on the dislocation dynamics.
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A. Magnetic field effect on the threshold

In the case of finite H two opposite effects determine the critical voltage U"(H, f). Since
the frequency independent Ugr(H) decreases with H, obviously the planarity of the Freed-
ericksz state at a fixed U increases with H which is in favor of the EC onset. On the other
hand the magnetic torque has a stabilizing effect on the resulting quasi-planar layer against
the periodic splay-bend modulation characteristic of EC. As a rough measure for the lat-
ter (opposing) effect one can use the frequency dependent planar EC threshold UP!(H, f)
which increases monotonously with both H and f. Thus the ratio UP'(H, f)/Up(H) = 1+ 3
increases with f as well as with H.

At low frequencies and not too large H we find a small 5 and the first effect prevails, such
that U"(H, f) decreases as a function of H until a minimum, after which it increases steadily.
At larger f, where 8 becomes larger, U.(H, f) increases monotonously for all H since the
increased stiffness of the quasi-planar layer dominates. These general considerations are fully
confirmed by detailed experimental studies [44, 45] (see Fig. 5a) and theoretical simulations
(see Fig. 5b) for the standard nematic Phase 5A.

The magnetic field also leads to morphological changes of the pattern which are man-
ifested in the change of the roll obliqueness. It has already been reported earlier [45-48]
that in the quasi-anisotropic configuration the substance Phase 5A has two Lifshitz points,
i.e. oblique rolls can only be seen in a frequency range of fro < f < fr1. The increasing
magnetic field results in a shift of the Lifshitz point(s) toward lower frequencies [44]. Con-
sequently, at some H the lower Lifshitz point fro disappears and the usual behavior with a

single Lifshitz point fr; is recovered in good agreement with the theory.

B. Abnormal rolls

We have already pointed out in Section IV that the azimuthal degeneracy of the director
orientation at H = 0 leads to spatio-temporally chaotic patterns. They are characterized by
variations of the azimuthal director angle ¢ as a manifestation of the underlying Goldstone
mode. With increasing H that Goldstone mode is at first damped (T o< H? in Eq. (5)) due
to the magnetic torque on the director. However, with increasing tilt angle # the damping is

continuously reduced until in close analogy to the planar case the secondary normal roll (NR)
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- abnormal roll (AR) bifurcation takes place at € = eqgp xx H 2. It results in a homogeneous
rotation (by an angle ¢) of the director component in the z-y plane and thus of the optical
axis while q remains unaltered. This transition is more easy to visualize optically in the
homeotropic case than in the planar one, where according to Mauguin’s principle [3] no twist
deformation of the director can be detected in leading order.

The NR~AR transition is a forward pitchfork bifurcation. It has extensively been studied
experimentally in the quasi-anisotropic configuration at fixed small magnetic fields [46-50].
The bifurcation has been explained theoretically using the formalism of amplitude equations
where an excellent quantitative agreement between predicted and measured thresholds and
azimuthal angles was obtained [46]. Our experimental set-up designed for the visualization
and quantitative testing of abnormal rolls allowed to carry out the measurements at variable
magnetic fields up to about H ~ 2Hp. It was found that for H < Hp the predicted power law
(ear o< H?) is confirmed (see Fig. 6) [44]. For large H, where certain approximations used
for deriving the amplitude equations become invalid, the experimental €4z(H) saturates.
The azimuthal angle of the director decreases with increasing H as expected due to the

stabilizing torque of the magnetic field.

C. Dynamics of defects

Striped patterns generally are characterized by a certain stability regime (”Busse balloon”
[1]) in the e-q space. Even in the stable regime patterns have the tendency to reach an
optimal wave vector q,,; which coincides with q. for not too large €. During transients (e.g.
immediately after changing the control parameters) patterns may exist whose actual q differs
from the optimal one, i.e. a wavevector mismatch Aq = q — q,p is present. The formation
and dynamics of dislocations offer an important possibility to adjust either the magnitude
or the direction of the wavevector q in order to eliminate the mismatch. Dislocations are
topological defects located at points where an additional roll ends in the bulk. The phase
variation of the complex amplitude of the pattern around a dislocation defines the topological
charge, with the possible values of 1 (the total phase variation divided by 27). The defects
move more smoothly parallel to the rolls ("climb”) than perpendicular (”glide”) since due
to the translational invariance of a stripe pattern along the roll a climbing dislocation does

not have to surmount additional energy barriers.
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While the climb dynamics of dislocations changes the wavelength of the pattern (and so
q), a glide motion alters the orientation of q. The velocity vp of the dislocations (magnitude
and direction) depends on the wave vector mismatch Aq. In the isotropic RBC near onset

|>/2 with a

one has in certain cases (at large Prandtl number Pr) climb velocities vp x |Aq
crossover to a vp x |Aq| law at smaller Pr [51-53]. The situation is different and in some
sense simpler in anisotropic planar EC [54]. Surprisingly climb and glide can be treated
on the same basis, since the GL amplitude equation can be transformed into the isotropic
Landau-Stewart equation while in isotropic RBC the anisotropic Newell-Whitehead equation
applies [51].

The analysis of the GL equation predicts that for nonzero wavevector mismatch Aq =
(Ags, Agy, 0) defects are expected to move perpendicular to Aq in a way that |Aq| decreases.

The relation between the defect velocity vp = (vps, vpy, 0) and Aq becomes quite simple if

the quantities are properly non-dimensionalized [54]:

Vin(Vy/V) = 2K(1 — 0.35K?) (9)

with the scaled velocity V = 2, /v, &} + v, /&, mismatch K = %\/Aqggﬁ + Aq27, the
coherence lengths &, 1, the correlation time 7y of the pattern and Vj = 3.29. In particular
the weak (logarithmic) nonanalyticity for Ag — 0 [51, 54, 55] asks for experimental confir-
mation. The first experimental test in EC in nematics was restricted to pure climb motion,
by using sudden variations in the frequency f. Since ¢. depends on f the pattern had to
adjust the wavenumber and did so by climbing of dislocations [56].

The problem has been tackled again recently by focussing on the glide motion of defects
in the quasi-anisotropic homeotropic configuration [57]. The idea is to produce a stationary,
regular normal roll EC pattern with q,,: = q. along = by applying a magnetic field H parallel
to x (Fig. 7a). A defect (Fig. 7b) is then created in a controlled way by a laser beam and
the cell is rotated by an angle o around the z axis, such that its actual wavevector q’ (with
|d’| = |Qopt|) includes an angle o with the x axis (Fig. 7c); i.e. a mismatch Aq = q' — qopt
is generated between the actual and the equilibrium wavevector directions. In order to
eliminate this mismatch defects move (mainly glide) and the system relaxes to the state
with q = qp (Fig. 7d).

The defect velocity, the coherence lengths and the correlation time of the pattern have

been measured as a function of the rotation angle (mismatch) in the full Eckhaus stable
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range and an excellent agreement with the theoretical prediction of Eq.(9) has been achieved.
Figure 8 shows the final results which undoubtedly indicate the logarithmic singularity at

K = 0. It was also shown that the defects move perpendicular to Aq as expected [57].

V. ISOTROPIC ELECTROCONVECTION (HOMEOTROPIC ALIGNMENT,
NON-CONVENTIONAL MATERIAL PARAMETERS)

The truly isotropic situation means on one hand the absence of any external anisotropy
(preferred direction) in the z-y plane of the pattern which can easily be realized by having
n parallel to E and the z axis like in the setup described in Section IV. On the other hand
one requires a direct transition from the homogeneous state into the patterned one without
the intervening Freedericksz state. Thus one needs materials with ¢, > 0. A closer look
at the linear stability analysis shows that an EC destabilization of CH-type requires also
0, < 0, which means the mobile charge carriers move preferentially perpendicular to the
director. This looks counterintuitive, but in the vicinity of a nematic-smectic transition at
which transport along n is eventually blocked by the generation of transverse layers, o, < 0
is easily achieved.

Recently a LC substance has been synthesized, that fulfills all the above require-
ments and thus is a successful candidate to produce a direct transition to (isotropic) EC.
The material is a ”swallow-tailed” compound, diethyl-6-[4-(4-(nitrobenzyloxy)-biphenyl-4’-
oxy|hexylmalonate [58] which has a phase sequence: isotropic - 110°C' - nematic - 94°C' -
smecticC - 75°C. EC measurements have been carried out at 96°C' in the nematic range
[11, 59, 60].

Convection sets in directly from the undistorted ground state in a continuous transition
i.e. the pattern amplitude grows gradually from zero. At low frequencies disordered rolls
(stripes) are observed at threshold which consist of patches of oblique zig-zag rolls (see upper
row of Fig. 9). Above a crossover frequency f;, rolls are replaced by squares where the lines
making up the squares are undulated (”soft squares’) shown in the bottom row of Fig. 9.
At frequencies slightly below fs, a mixture of the two patterns, i.e. patches of rolls and
squares, is observed.

Penetrating into the nonlinear regime (increasing the voltage above threshold) we ob-

serve in the zig-zag roll regime a persistent decrease of the size of regions with uniform roll
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orientation and an acceleration of the dynamics. The pattern looks eventually spatiotempo-
rally chaotic, but without the point defects typical for anisotropic convection. In contrast,
soft squares first undergo a transition into a crystal-like, rigid, almost perfect, quadratic or
slightly rhombic lattice with sharp boundaries between differently oriented domains (" hard
squares” shown in Fig. 10). The structure represents a quasiperiodic lattice spanned by
more than two non-commensurate basic wave vectors. The coarsening of the hard square
domains with time follows a power law ~ ¢=* [61]. The measured growth exponent a = 0.5
agrees well with the prediction for non-potential dynamics.

At first the onset of the EC patterns (behavior in the direct vicinity of the threshold) has
been analyzed rigorously within the SM. The threshold voltage U.(f) as well as the critical
wavevector q.(f), match very well the experiments when fitting two particular viscosity
parameters. They appeared to be much larger [59] than in standard nematics, but turned
out to be very reasonable considering the vicinity of the smectic transition [62, 63]. In a next
step the weakly nonlinear regime was approached within an amplitude equation formalism.
Using the parameters extracted from the linear analysis the calculated crossover frequency
fsq agreed almost perfectly with measurements. In addition the stability of the patterns
in the weakly nonlinear regime was investigated. We found that both rolls and squares
were unstable to modulational transverse modes (”zig-zag” instability), which are driven by
strong mean flow effects. Surprisingly the zig-zag instability governs the whole wavevector
band and not just the regime ¢ < ¢. as in RBC.

To understand the steady, complex spatio-temporal state into which the patterns evolve
under the zig-zag instability shown in Fig. 9 (left) and Fig 10 in principle a full solution
of the highly nonlinear nematodynamic equations would be required, which is inaccessible
through the present computer capacities. We constructed a minimal model of the Swift-
Hohenberg (SH) type, which is the standard approach to model isotropic pattern-forming
systems in the weakly non-linear range. The model includes the coupling to the mean flow
as well as certain terms to allow for the transition from rolls to squares. Results of numerical
solutions of the SH equations are included into Fig. 9 and Fig. 11 (right), which reproduce
nicely the experiments [11, 60]. Particularly interesting is the long time evolution of the
soft squares which settle (both in the experiment and theory) into an almost defect free,
long-wave modulated, quasi-periodic square pattern shown in Fig 11.

It is obvious that isotropic EC has several attractive novel aspects which deserve further
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studies. In contrast to the well understood usual competition of rolls and hexagons (e.g.
in isotropic RBC), here the competition between rolls and squares can be systematically
investigated in the same large-aspect ratio cell (about 2000 rolls) just by changing the fre-
quency. While rolls are disordered by a zig-zag modulation, squares suffer a long wavelength
undulation. The soft squares settle into a static, spatially quasi-periodic attractor. Some
quantitative details and in particular the transition from soft to hard squares demands future
work. A particularly intriguing feature is the impact of mean flow. Usually it is responsible
for complex dynamics like spiral defect chaos [2], however, here it leads to a very mild form
of disorder or even to the generation of unconventionally ordered patterns. Our expectation
is that similar structures might arise in other systems provided the aspect ratio can be made

comparably large.

VI. NONSTANDARD ELECTROCONVECTION (PLANAR ALIGNMENT
WITH MATERIAL PARAMETERS WHICH EXCLUDE THE STANDARD MECH-
ANISM)

Standard EC (s-EC, based on the Carr-Helfrich mechanism) is excluded according to the
SM for the material parameter combination ¢, < 0 and o, < 0 both in the conductive and
in the dielectric regimes [15]. Nevertheless convection associated with roll formation in an
ac electric field has been observed in several such compounds, e.g. in the homologous series
of N-(p-n-alkyloxy-benzylidene)-n-alkyl-anilines, di-n-4-4’-alkyloxy-azoxy-benzenes and 4-n-
alkyloxy-phenyl-4-n’alkyloxy-benzoates [64-66]. Figure 12 shows a typical example of such
patterns. The characteristics of the patterns like frequency dependence of the wavevector
and of the critical voltage, the director dynamics in space and time, the optical contrast,
etc., are different from those of the s-EC. Since this roll formation process falls outside the
frame of the standard model it has been called nonstandard electroconvection (ns-EC).

The main experimental characteristics of the ns-EC patterns which differ from those of

s-EC are:

e The overall contrast is low. The pattern near onset cannot be visualized by conven-

tional shadowgraph imaging, instead crossed polarizers are needed to detect it.

e The contrast does not exhibit a sharp increase at onset, instead it grows rather grad-
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ually with the voltage. In addition one observes flow dynamics before the genuine

ns-EC patterns become detectable.

e The pattern remains stable above threshold over an unusually broad voltage range up
to the appearance of the turbulent states which are then visible as standard shadow-

graph images.

e The threshold voltage scales with the cell thickness, thus the ns-EC onset is charac-

terized by a critical electric field.

e In contrast to s-EC the critical wavevector is perpendicular to or includes a large angle
with the basic director alignment. Thus one speaks of longitudinal rolls (or parallel

stripes, PS) or strongly oblique rolls.

e The pattern is less regular (see Fig. 12) due to spatial variations of q which presumably
indicate a quite weak dependence of the critical voltage on ¢ (i.e. a shallow neutral

surface).
e The critical wavelength does not scale with the cell thickness.
e The threshold voltage is a linear function of the driving ac frequency.

Several possible mechanisms for ns-EC have been proposed in the literature: a hand-
waving argument based on ”destabilization of twist fluctuations” [64], a possibility of an
isotropic mechanism based on the non-uniform space charge distribution along the field [65]
and the flexoelectric effect [67-69], but none of them has been analyzed in detail enough to
show that they are capable to explain all features of the ns-EC patterns.

There are, however, at least some indications, that the flexoelectric polarization (see
Eq. (3)) is an important ingredient to understand ns-EC. To support this idea we have made
a comparison with the static flexoelectric domains, observed in some experiments in the case
of dc or very low frequency ac voltages [69]. These patterns bear some remarkable similarity
to ns-EC patterns as far as the orientation of the q vector is concerned. The flexoelectric
domains can be described within the standard model by incorporating flexoelectricity but
neglecting flow and conductivity, i.e. only the director degrees of freedom are involved in the
calculations [4, 65]. In fact one can find a solution where the director is spatially periodic

along the y axis. It turns out that the critical voltage of the flexoelectric domains depends
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on the flexoelectric coefficients like |e; — e3|™ and can become arbitrarily small for large
le; — e3]. On the other hand in the limit of vanishing flexoelectricity or if e; and ez do not
differ much, the threshold of the flexoelectric domains would diverge.

The theoretical analysis can be generalized by the inclusion of the flow field and a finite
electrical conductivity. In case of o, > 0 one recovers a standard EC scenario with conduc-
tive and dielectric regimes, where the influence of flexoelectricity rapidly vanishes with the
frequency [70]. In our case (where o, < 0), however, owing to flexoelectricity surprisingly
we do find a bifurcation to an EC pattern with strongly oblique (nearly parallel) rolls with
the dielectric time symmetry even for low f [71]. The existence of the static flexoelectric
domains in the flowless case is a necessary condition for such an EC solution at finite f.
Thus the qualitative dependence of EC pattern characteristics on the flexoelectric coeffi-
cients is similar to those in the flow less case, however, there are considerable quantitative
changes which are consistent with the experiments: e.g. the wave vector of the rolls rotates
out of the y direction and at finite frequency the onset voltage and the critical wavenumber
are considerably reduced compared to the convection free flexoelectric domain state. The
detailed analysis is still under progress, as it requires a fitting of the flexoelectric coefficients,

which are difficult to measure. Nevertheless the first preliminary results look promising.

VII. ELECTROCONVECTION IN A BANANA NEMATIC

All nematics mentioned so far are composed of elongated, rod-like molecules. Recently
a new class of liquid crystalline materials has been discovered; substances with bent-core
(banana shape) molecules. They present a vast variety of new phases, not seen in the
standard LCs, among them ferroelectric and biaxial nematic ones, which have become targets
of intense investigations (for a recent review see [72, 73] and references therein). Some of
those 'banana’ phases (e.g. the so-called B2 and B7) represent a polar order of the molecules.
A conventional (uniaxial) nematic phase may also be found in some bent-core mesogens.
There are speculations, that a short range polar ordering of their molecules might exist
even in this nematic phase which could yield some unusual physical properties. However,
experimental studies are just at the beginning and are certainly insufficient so far to establish
relations between molecular ordering and material parameters.

In the previous sections it has been convincingly demonstrated that EC is an excellent
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tool to explore the physics of LCs. Thus it was natural to explore whether EC exists in
banana nematics. In the present section we refer to the most detailed investigation [74] on
a well characterized, planarly aligned bent-core nematic substance 4-chloro-1,3-phenylene
bis 4-[4’-(9-decenyloxy) benzoyloxy| benzoate (CIPbis10BB) [74-76]. This substance has
a giant flexoelectric coefficient ez [77] and a large rotational viscosity. Another unusual
feature is the small (|o,/0,| < 0.22) and frequency dependent anisotropy of the electrical
conductivity characterized by a double sign inversion; o, < 0 at low ac frequency f < 1.5
kHz as well as at high f > 8 kHz frequencies, whereas o, > 0 for a fairly small (1.5 kHz
< f < 8 kHz) window. On the other hand €, < 0 holds up to f ~ 100 kHz. Based on the
morphology of the patterns four distinct frequency ranges could be distinguished [74]. At
very low frequencies (f < fi; ~ 28 Hz) a pattern of parallel stripes (PS) has been observed
(Fig. 13a) which shows features very similar to the longitudinal rolls described before in
Section VI and shown in Fig. 12. At f = f; there is a crossover to a different stripe pattern
running normal to n (PW2) and characterized by a large wavelength (some multiple of d).
These wide stripes persist up to fo = 1 kHz, but reappear again (PW1) at large frequencies
(f > f3 = 5 kHz) thus straddling a frequency range (fo < f < f3) where no pattern was
detected.

The PW1 and PW2 patterns (for a representative example see Fig. 13b) and the wide-
stripe (prewavy) patterns in standard rod-like nematics [25-27, 41-43] (briefly addressed
in Sections 11T and IV) look quite similar, they are only visible with crossed polarizers. In
the standard materials (where o, > 0,¢, < 0) the PW are, however, an exception and the
system chooses almost exclusively the alternative option of s-EC driven by the standard CH
mechanism. The situation is different for the banana nematic. In the whole frequency range
(f1 < f < f2) where the PW2 exists s-EC is excluded a priori in our planar geometry since
0, < 0,€, < 0 holds. On the other hand the PW1 exists in a frequency range (f > f3 =15
kHz), which contains also the window (f3 < f < 8 kHz) where o, > 0,¢, < 0 though s-EC
has not been observed so far. As a consequence we tend to conclude that the sign of o,
does not play a crucial role for the existence of PW patterns. Other differences between
PWs in the standard and our banana nematics look more spectacular. First the growth and
decay rates in the latter case are very low (several hours compared to seconds in standard
nematics). Secondly the threshold voltages of both the PW2 and the PW1 prewavy modes
diverge when approaching either {2 from below (PW2) or f3 from above (PW1).
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The parallel stripes (PS) observed in standard and in banana nematics share more prop-
erties. Both need crossed polarizers for their observation and seem to exist only for the
parameter combination o, < 0,¢, < 0.

In this section we have discussed two nonstandard EC pattern species (PW and PS)
both visible with crossed polarizers, which cannot be explained by the CH destabilization
mechanism. Since PW and PS differ in almost all other characteristics (e.g. in the magnitude
and direction of q. as function of f) one needs most probably two different models for their

description, which remains as a challenge for future work.

VIII. CONCLUSIONS

In this paper we have demonstrated that depending on the sign of the electric anisotropies
and on the initial director orientation, either anisotropic or isotropic electroconvection is ob-
served in nematics. These scenarios are well understood in terms of the Carr-Helfrich desta-
bilization mechanism (a positive feedback loop between director distortion, charge separation
and flow) and thus can well be described theoretically by the standard model of electrocon-
vection. We have mainly focussed on some recent studies which convincingly demonstrate
the good agreement between experiment and theory in quite different situations.

We have also reported on nonstandard electroconvection patterns, like parallel stripes
and prewavy pattern, in rod-like as well as in bent-core nematics with material parameter
combinations where the CH destabilization mechanism does not work. Their understanding
requires the inclusion of new (up to now neglected) mechanisms/phenomena into the stan-
dard model of EC (e.g. flexoelectricity, drift-recombination induced boundary layers, WEM,
etc.). There are indications that flexoelectricity, which can cause an additional charge sep-
aration mechanism upon director distortions, may play a crucial role in the explanation of
some ns-EC patterns.

An improvement /extension of the theoretical description would be important also from
the point of view of transferring knowledge obtained on EC to other, less studied systems.
For example the concepts of nematodynamics have recently found their way to biophysics
too. In fact the interaction of biopolymers with active elements can lead to specific patterns

with nematic ordering [78].
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X. FIGURE CAPTIONS:

Fig. 1 Schematic representation of a planar EC roll pattern near onset with wavelength
A = 271/q. 0 is the tilt angle of the director (shown by double arrows), + and - label the
charges and the elliptic closed stream lines indicate the convective flow.

Fig. 2 Dependence of the relaxation rate on the wavenumber in dimensionless units for
the first 7 decay eigenmodes (plotted with different line styles). 7, is the director relaxation
time. The symbols correspond to experimental relaxation rates fi,,; measured in Phase
5/5A (triangles for the conductive, squares for the dielectric regime).

Fig. 3 Dependence of the weights of the first 6 decay eigenmodes on the dimensionless
wavenumber of the roll pattern.

Fig. 4 Snapshot of a prewavy pattern (PW, d = 50 pum) taken at crossed polarizers
in N-(p-methoxybenzylidene)-butylaniline (MBBA). The director points in the horizontal
direction. The white bar marks a distance of 250 pm.

Fig. 5 Magnetic field dependence of the EC threshold voltages for various frequencies as
well as that of the Freedericksz threshold voltage in the nematic Phase 5A. a; Measured
values, b; curves calculated using the SM. Here 7, = €€ /o is the charge relaxation time.
wT, = 1 roughly corresponds to the experimental frequency of 430 Hz.

Fig. 6 Magnetic field dependence of the threshold €4 of the NR-AR transition in the
nematic Phase 5A. Solid triangles are the measured values. The line corresponds to the
power law fit €45 = 0.698(H/HF)? + 0.001.

Fig. 7 Geometry of the defect motion measurements. a; Initial pattern with q = qup,
b; Pattern with a single defect, c; Pattern immediately after rotation of the cell, d; The
stationary relaxed state.

Fig. 8 Velocity of a single defect as the function of the wavevector mismatch Agq. Solid
and open triangles, respectively, depict data measured for defects of opposite topological
charge.

Fig. 9 Snapshots of rolls (above) and soft squares (below) in experiment (left) and simu-
lation (right) for isotropic EC.

Fig. 10 Snapshot of hard squares for isotropic EC.

Fig. 11 Snapshot of long wavelength modulated, quasi-periodic square pattern for

isotropic EC. Experiment (left) and simulation (right).

30



Fig. 12 Snapshot of longitudinal rolls (parallel stripes, PS, d = 11 pum) taken at crossed
polarizers in the nematic 4-n-octyloxy-phenyl-4-n’-heptyloxy-benzoate (8/7). The director
is horizontal. The white bar marks a distance of 100 pm.

Fig. 13 Snapshots of a; parallel stripes (PS, d = 15 pum), b; prewavy pattern (PW1,
d =10 um) taken at crossed polarizers in the banana nematic CIPbis10BB. The director is

horizontal. The white bars mark a distance of 100 pm.

31



i
E
e

FIG. 1:

32



250 - =
200
150

S 100

50

FIG. 2:

33



FIG. 3:

34



FIG. 4:

35



254
20 < 900 Hz
] <
] <« ¢ 700 Hz
— 151 PPPPRREELL < v v
1 v
>E 1 vvvvvvvvvy vy ° X ggg gz
Z. 104 A 29000000 oo ¢ N : Z
e T enttans 0 D 100 Hz
5 U (H)
] F* %
] b
0 T T 'tl T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
a; H/H,

FIG. 5:

36



0.10 -

1 A
0.08 - '
0.06 - A
1 A
] ’
w™ 0.04 «
| a
0.02 1 A
] A
0.00 I*"‘ L e B
00 02 04 06 08 1.0 1.2
2
(HIH )
FIG. 6:

37



H

(I V/////// ly



v, [pm/s]

4.5

-0.045  -0.03 -0.015

FIG. &:

39

0
Ag [pm™]

0.015  0.03

0.045



FIG. 9:

40



FIG. 10:

41



FIG. 11

42



FIG. 12:

43



FIG. 13:

44



