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Electric field driven pattern formation has been investigated in a nematic liquid crystal with negative dielectric and conductivity anisotropies. Despite the fact that the standard Carr-Helfrich theory
predicts no hydrodynamic instability for such compound, experiments reveal convection patterns
which we call non-standard electroconvection (ns-EC). In this work, we characterize the ns-EC patterns by measuring the frequency-, thickness-, and temperature dependence of the threshold voltage,
wave-number, roll orientation, etc., and compare them with the standard EC (s-EC) characteristics. For the first time, we report traveling rolls in ns-EC, and we give the dependence of the Hopf
frequency on the driving frequency, temperature and sample thickness. Finally, we discuss possible
sources for the existence of these patterns.
PACS numbers: 61.30.Gd, 47.54.+r, 47.20.Lz, 64.70.Md

I.

INTRODUCTION

Anisotropic fluids – liquid crystals (LCs) – are ideal materials for studying non-linear, pattern forming phenomena
in complex, non-equilibrium systems. Nematic LCs, the most common representatives of such substances, are uniaxial
media whose easy direction is defined by the mean orientation of their rod-like molecules, the director n. Their material
parameters are direction dependent, and one can define an anisotropy of the electrical conductivity σa = σk − σ⊥ or
that of the dielectric permittivity ²a = ²k − ²⊥ as the difference of values measured parallel (σk , ²k ) and perpendicular
(σ⊥ , ²⊥ ) to n, respectively [1].
Electroconvection (EC) in a thin layer of a nematic LC is a well known example of electric field induced pattern
forming instabilities [2, 3]. It is most commonly observed in planarly aligned thin layers of nematic LCs with ²a < 0
and σa > 0. The initially homogeneous state becomes unstable when the applied AC rms voltage U of frequency
f exceeds a threshold value Uc and a spatially periodic pattern (a set of rolls) characterized by a wave vector qc
develops. The pattern involves a distortion of the director field accompanied with vortex flow and charge separation.
Theoretical explanation of the occurrence of EC patterns is based on the Carr-Helfrich mechanism, a 1-d model
expressing the interplay between director tilt, space charges and flow assuming an Ohmic electrical conductivity of
the LC. This has later been extended to a complete 3-dimensional description known as the standard model (SM) of
EC [2, 4]. The SM is able to deliver the frequency dependence of the threshold voltage Uc (f ) and the critical wave
vector qc (f ), the director n(r) and the velocity v(r) fields and the charge distribution ρel (r) at onset, as well as some
of the non-linear (above threshold) features. It follows that depending on whether the frequency is below or above the
so-called cutoff frequency fc (related to the charge relaxation time), two types of stationary patterns may exist; in one
type only the charge distribution oscillates with the applied ac voltage (conductive regime, low f ) while in the other,
on the contrary, the director and the flow follows the electric field (dielectric regime, high f ). Though the patterns in
the two regimes have significantly different Uc (f ) and qc (f ) characteristics, the refractive index modulation inherent
in this deformation leads to a shadowgraph image (spatially periodic intensity variation via light focusing/defocusing
effects [5]) when viewed in a microscope without or with a single polarizer, in addition to the birefringence image seen
at crossed polarizers. Concerning the pattern morphology one can distinguish between rolls oriented perpendicular to
the initial director (normal rolls, NR) or tilted ones where qc includes an angle with n (oblique rolls, OR). The roll
direction can be tuned continuously by varying the frequency. The OR to NR transition occurs at the Lifshitz-point
fL . Various theoretical predictions of the SM have been compared with EC measurements on a number of nematics
and usually a very good agreement has been obtained – see e.g., [2, 6, 7].
Though the SM predicts a bifurcation to stationary EC patterns, occasionally (for some combination of f and
σ⊥ ) traveling waves (TWs) have been observed experimentally at threshold in various nematic LCs [8–11] indicating
a Hopf-bifurcation. In order to explain these features the assumption on Ohmic conductivity had to be given up
in favor of a more realistic one: conductivity via oppositely charged ions. The theoretical extension of the SM by
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taking into account diffusion, recombination and dissociation of charge carriers is known as the weak electrolyte model
(WEM) [12]. The inclusion of physical processes with extra time scales related to the mobility and recombination
of ions allows the explanation of the Hopf-bifurcation and the calculation of the Hopf-frequency fH of the traveling.
In particular, WEM predicts an increasing fH with the increase of the driving frequency f for ²a < 0 while as one
approaches ²a ≈ 0, fH practically becomes independent of f . Moreover, fH depends on the conductivity σ⊥ , and
−1/2
even more pronouncedly on the sample thickness d since fH ∝ σ⊥ d−3 . These predictions of the WEM have been
checked experimentally in the nematic LCs I52 [13] and Phase 5 [14], and a good quantitative agreement has been
found. It has also been shown that the Uc (f ) and qc (f ) calculated from the WEM practically coincide with those
provided by the SM.
An inspection of the SM shows that the sign (and magnitude) of the two anisotropies, ²a and σa , and the initial
director alignment are the key parameters when deciding if or what kind of an EC pattern can exist. Consequently
it is convenient to categorize the materials as (-,+), (-,-), (+,+) or (+,-) compounds where the first sign corresponds
to that of ²a and the second to that of σa . Planar (-,+) nematic LCs (i.e., those with ²a < 0 and σa > 0) are not
exclusive targets to investigate electroconvection. There are other combinations of the key parameters where EC can
occur either as a direct transition (e.g., homeotropic (+,-) [15]) or as a secondary instability (e.g., homeotropic (-,+)
[16, 17]), and the SM still can provide a quantitative description of the patterns. These patterns further on will be
referred to as standard EC (s-EC) patterns. The relation between the relevant parameters and the existence of s-EC
patterns and their onset behavior has recently been systematically reviewed revealing various s-EC modes in a wide q
range [18]. It has to be noted, however, that according to the rigorous analysis by SM, the boundaries of existence of
s-EC modes do not coincide exactly with the sign inversion of the anisotropies [18]. For example, s-EC modes typical
in (-,+) compounds cease at reducing σa before it reaches zero or, the same mode can survive at increasing ²a up to
(+,+) with a small positive ²a .
Contrary to the cases mentioned so far, the existence of s-EC patterns is excluded for substances with ²a <
0 and σa < 0 [1, 18]. This (-,-) combination of the material parameters usually occurs in nematic compounds
where at lowering the temperature the sign of σa becomes inverted due to an underlying smectic phase. In the
higher temperature part of the nematic range these LCs are still (-,+) type, and so s-EC can exist. They become
(-,-) only at lower temperatures. There, however, convection in AC electric field associated with roll formation
has long ago been observed, e.g., in homologous series of N-(p-n-alkoxybenzylidene)-n-alkylanilines, or in di-n-4-4’alkyloxyazoxybenzenes [19, 20], and recently in 4-n-alkyloxy-phenyl-4-n’-alkyloxy-benzoates [21]. The characteristics
of these patterns, like orientation of the rolls, contrast, frequency dependence of qc and Uc , and the director distribution
in space and time, are different from those of the s-EC. Since this roll formation process falls outside of the frame of
the SM it has been called non-standard electroconvection (ns-EC) [21]. Though several ideas have been proposed as
possible explanations, like a hand-waving argument based on ”destabilization of twist fluctuations” [19], a possibility
of an isotropic mechanism based on the non-uniform space charge distribution along the field [20, 22], and the
flexoelectric effect [23], no coherent description has been developed yet.
In this work, we consider a nematic material which is of (-,-) type and exhibits ns-EC patterns in a relatively wide
temperature range, though it also becomes (-,+) type showing standard EC close to the clearing point. In Sec. II we
introduce the experimental set-up and the substance chosen for the investigations. In Sec. III the characterization of
the ns-EC patterns is given including the frequency, thickness and temperature dependence of the threshold voltage,
wave-number and roll orientation, compared to those of s-EC patterns. Section IV presents the results for temperature
and/or frequency induced transitions between ns-EC and s-EC. In Sec. V the nonlinear regime above onset is shortly
addressed. Section VI is dedicated to the Hopf-bifurcation to traveling waves. Finally, in Sec. VII we close the paper
with a discussion of the obtained results.
II.

SUBSTANCE AND EXPERIMENTAL SET-UP

The homologous series of 4-n-alkyloxy-phenyl-4-n’-alkyloxy-benzoates (labeled as k/m, where k and m are the
number of carbon atoms in the alkyloxy chains) offers a large number of liquid crystalline materials which possess
nematic as well as smectic phases. We have reported recently [21] that, while their dielectric anisotropy is always negative, carefully selected members of the series exhibit different temperature dependence of the conductivity anisotropy,
namely there are compounds which are of (-,+) or (-,-) type in the whole nematic temperature range, as well as those
with a sign inversion of σa at some temperature in the nematic phase. It has also been shown that in these materials
one can conveniently study the temperature induced transition between standard and non-standard electroconvection.
The compound investigated systematically in a previous work (10/6) [21] had, however, the disadvantage of a not
too wide nematic phase with an even shorter temperature range with (-,-) parameter combination.
The substance used in the present work, 4-n-octyloxy-phenyl-4-n’-heptyloxy-benzoate (8/7), is another member of
the same homologous series [24] and has been studied without additional purification or doping. It has a wide nematic
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range with the phase sequence: isotropic 92◦ C nematic 72.5◦ C smectic C 62◦ C crystalline.
All experiments have been carried out in the nematic phase. In order to ease the comparison with other measurements it is convenient to introduce a reduced temperature as T ∗ = (T − TN S )/(TN I − TN S ), with TN I and TN S
denoting the nematic–isotropic and the nematic–smectic C phase transition temperatures, respectively. This reduced
temperature will be used throughout the paper.
The liquid crystal compound has been enclosed between two parallel glass plates coated with etched transparent
SnO2 electrode and rubbed polyimide. Ready-made (E.H.C. Co. Ltd.) planarly aligned cells of different thickness in
the range of 3µm ≤ d ≤ 50µm have been used. The direction
√ of the director at the surfaces is chosen as the x-axis. A
sinusoidal AC electric field of frequency f and amplitude 2U has been applied across the sample (along the z-axis).
Some measurements have also been carried out on a homeotropic (n parallel to the z-axis) cell of d = 20µm.
For electroconvection measurements the cells have been placed into an oven (an Instec hot-stage) thermostatted
within ±0.05◦ C. EC patterns have been studied with two different set-ups: polarizing microscopy and laser diffraction. For microscopic observations the patterns have been monitored using either the shadowgraph (single polarizer)
technique or two crossed (or nearly crossed) polarizers. Images have been recorded with a CCD camera, digitized by
a frame grabber with a resolution of at least 768 × 576 pixels and 24 bit color depth, and saved for further processing/analysis. In the diffraction set-up a central area of about 1 mm ×2 mm of the cell has been illuminated with a
beam of a laser-diode of wavelength λ = 650 nm. Due to the periodicity of the EC patterns a sequence of diffraction
fringes (far field image) appears on a screen placed normal to the initial beam at a distance of L = 660mm from the
sample. An optical fiber (with a diameter of 1 mm) has been positioned onto the center of a selected (typically a first
order) spot which transmitted the diffracted light into a photo-multiplier working in its linear regime. The output of
the photo-multiplier has been fed through a current-to-voltage converter into a digital oscilloscope. That has allowed
computer recording of the fringe intensity with adjustable sampling rate at 8 bit resolution.
Preliminary investigations [21] showed that 8/7 has a long temperature range above TN S where σa < 0, which
strongly motivated its use for the present studies. Our recent, aimed measurements in a thick (d = 50µm) sample
of 8/7 have revealed that besides ²a < 0 in the whole nematic range, σa changes sign at T ∗ ≈ 0.6 gaining positive,
though small, values for the higher temperature end of the nematic phase. However, we cannot exclude that the sign
inversion temperature can be sensitive to the type and amount of uncontrollable ionic impurities, and therefore may
somewhat vary for different samples.
III.

NON-STANDARD ELECTROCONVECTION – LONGITUDINAL ROLLS

In this Section results obtained in the low temperature range of the nematic phase are presented with the aim to
characterize the ns-EC patterns appearing at the onset of electroconvection.
A.

Contrast and threshold

Upon increasing the applied voltage the non-conventional, ns-EC structure appears in a polarizing microscope in
the form of colored stripes (alternating dark and bright stripes at monochromatic illumination) when viewed between
crossed (or nearly crossed) polarizers. Though these stripes bear some morphological similarity to the rolls in standard
EC, there are two salient differences which are related to the contrast and to the orientation of the pattern. First,
using two polarizers is a prerequisite for the detection of the ns-EC pattern. It becomes invisible if one polarizer is
removed; i.e., in contrast to s-EC, ns-EC pattern does not produce a shadowgraph image near the onset. Second, the
ns-EC stripes run parallel (or nearly parallel) with the initial director n, as opposed to the normal or slightly oblique
rolls of s-EC. Due to this orientation of the ns-EC stripes we call them longitudinal rolls (LR). We keep the notation
’parallel rolls’ (PR) for the case when the stripes are exactly parallel with n. A typical snapshot of the LR pattern is
shown in Fig. 1.
In addition to its unusual orientation, the pattern is quite ’weak’; the overall contrast is low compared to that of
the s-EC structure detected in the same cell (see also Fig. 18 in Sec. VII). Fig. 2 shows the voltage dependence of
the contrast evaluated from a sequence of snapshots taken at increasing and decreasing voltages around the threshold
of ns-EC at T ∗ = 0.38 and f = 60Hz using a d = 12µm thick sample. For contrast measurements the recorded
images have been converted to gray scale. Taking into account that ns-EC patterns are detected via modulations
in the birefringence and that the electric field may induce a change in the birefringence even in the absence of the
pattern, p
the contrast c is defined as the standard deviation of the intensity normalized by the average intensity hIi,
i.e., c = (I − hIi)2 /hIi. The c(U ) curve is continuous; there is no jump or hysteresis at the onset of ns-EC which
indicates a forward bifurcation. Uc has been obtained by the common evaluation method, i.e., extrapolating from the
linear part of the c(U ) curve back to the background contrast level as shown in Fig. 2. The Uc determined this way
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FIG. 1: Snapshot of longitudinal rolls at T ∗ = 0.18, f = 120 Hz and U = 30.5 V in a planar cell with d = 13.2µm. A digital
contrast enhancement has been applied to the image for better visibility. The scale bar in the lower left corner corresponds to
100µm, and the double arrow denotes the initial director.
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FIG. 2: Contrast as a function of the applied voltage around the onset of the ns-EC instability, measured with increasing (solid
circles) and decreasing (open circles) voltages, respectively. T ∗ = 0.38, f = 60 Hz, d = 12µm. From the intersection of linear
fits: Uc = 23.6V.

did actually correspond to the voltage where the periodic ns-EC pattern became visually detectable. It is remarkable
that the voltage range, where a monotonic (nearly linear) growth of the contrast could be detected, was extremely
wide extending to about 20V above threshold. In terms of the dimensionless control parameter ε = (U/Uc )2 − 1 it
means that the developing ns-EC pattern remains stable up to ε ≈ 2. In contrast to that, in s-EC at much lower ε
(≈ 0.1) secondary instabilities and even turbulence can develop.
It has to be mentioned that the ns-EC patterns observed in 8/7 are usually not stationary. The stripes are
continuously displaced in time; i.e., one has a traveling ns-EC pattern at threshold. To our knowledge this is the first
reporting of a Hopf bifurcation in non-standard electroconvection of (-,-) compounds. Whether the stripes travel or
not, it does not affect the method of the threshold characterization of the pattern which is based on the analysis of
snapshots. Peculiarities related to the Hopf bifurcation will be discussed separately in Sec. VI.
In the lower temperature region of the nematic phase LR appears at the onset of ns-EC in the whole studied
frequency range. Figure 3 exhibits the frequency dependence of Uc of ns-EC patterns at three different temperatures
(T ∗ = 0.08, T ∗ = 0.28, and T ∗ = 0.63) for a d = 13.2µm thick sample. It is obviously seen that Uc increases linearly
with the frequency as demonstrated by the fits in Fig. 3. This again is in contrast to the situation in s-EC where
the Uc√(f ) curve either grows rapidly approaching the cut-off frequency fc (for the conductive regime), or follows a
Uc ∝ f behavior (in the dielectric regime) [2]. It is also seen that both the absolute value of Uc and the steepness
of the Uc (f ) curves decrease with increasing temperature.
In Fig. 4 the thickness dependence of Uc is plotted at a fixed reduced temperature T ∗ = 0.38. It is seen that the
threshold voltage scales with d as indicated by the one-parameter linear fit; i.e., the ns-EC patterns have a threshold
electric field instead of a threshold voltage. This holds for other frequencies and temperatures too, and agrees with
previous results on ns-EC patterns observed in other (-,-) substances [19, 20, 23, 25]. This behavior is in contrast to
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FIG. 3: (Color online) Threshold voltage Uc as a function of frequency f at T ∗ = 0.08 (solid squares), T ∗ = 0.28 (open circles),
and T ∗ = 0.63 (solid triangles) in a sample of d = 13.2µm. Solid lines represent linear fits to data.

that of the conductive regime of s-EC where Uc is independent of d, and it resembles the dielectric regime of s-EC
which, according to the rigorous theoretical analysis, also has Uc ∝ d in certain approximations, namely for not too
low and not too high f and d [2].

50

30

Uc

(V)

40

20
10
0

0

5

10

15

20

d(

25

30

35

40

m)

FIG. 4: Threshold voltage Uc versus sample thickness d at f = 30 Hz for reduced temperature T ∗ = 0.38. Solid line represents
a one-parameter linear fit.

B.

Wavelength and orientation

Besides the threshold voltage, the critical wavevector of the LR pattern has also been determined by measuring the
wavelength λ as well as the orientation of the stripes. In order to help comparison of cells of different thicknesses, a
dimensionless wavenumber qc = 2d/λ has been introduced. The frequency dependence of qc is plotted in Fig. 5 for
ns-EC in a d = 13.2µm thick sample at a relatively low temperature (T ∗ = 0.28). At this particular thickness the
wavelength is comparable to d. At low frequencies (up to f ≈ 150Hz in Fig. 5) qc seems to be frequency independent,
then it grows linearly with f just as Uc (f ) does. This feature is different from that of the conductive s-EC where
qc and Uc are characterized by similar nonlinear frequency dependencies. The frequency, at which the kink of qc (f )
occurs (giving the impression of a Lifshitz point [4]), decreases with increasing temperature.
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FIG. 5: (Color online) Frequency dependence of the dimensionless wavenumber qc (solid circles) and that of the angle α between
qc and n (open triangles) at T ∗ = 0.28 in a d = 13.2µm thick sample.

The orientation of the ns-EC pattern is best represented by the angle α between the wave-vector qc and n. According
to this definition α = 0 characterizes the s-EC normal rolls, while α = 90◦ corresponds to exactly parallel rolls (ns-EC
PR). The frequency dependence of α is also plotted in Fig. 5. One can see that at the selected temperature (and at
low temperatures in general) α shows only a slight dependence on f : qc is practically perpendicular to n (PR) at low
frequencies, then α fluctuates around 80◦ ; i.e., in the whole frequency range one has ns-EC LR pattern at the onset.
No significant change in the α(f ) has been detected at the frequency where the kink of qc (f ) occurs, which excludes
the existence of a Lifshitz point.
The large error bars in Fig. 5 indicate a bigger scatter of the measured qc and α than found usually in s-EC. This
insinuates that besides the lower contrast, the ns-EC patterns are less regular at onset than the typical s-EC ones
which is manifested in the spatial variation of the wavelength λ as well as of the orientation of the stripes (cf. Figs.
7a and 7c in Sec. IV below). This is an inherent property of the structure and presumably results from a shallower
wave-number band of the neutral surface [2] compared to s-EC. A coarsening process leading to more regular patterns
– if it occurs at all – requires hours.
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FIG. 6: (Color online) Dimensionless wavenumber qc as a function of the sample thickness d at T ∗ = 0.23 and f = 30 Hz. The
solid line is single-parameter square-root fit, while the dotted line is a linear fit.

In Fig. 6 qc of the ns-EC stripes is plotted as a function of the sample thickness at the reduced temperature T ∗ = 0.23
and f = 30 Hz. Note that qc increases with the increase of d. The depicted behavior is different from that of the
s-EC state, where on the one hand, in the conductive regime the wavelength is proportional to the thickness hence qc
is a constant [4]. On the other hand, in the dielectric s-EC regime λ is independent of d, thus the dimensionless qc is
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proportional to the cell thickness. We note that this holds theoretically for specific approximations and experimentally
fulfills for a rather broad range of thicknesses (except for extremely small and large d). The thickness dependence of
qc for the ns-EC of 8/7 does not match any of the behavior mentioned above. Experimental data can be reasonably
well fitted either with a linear (dotted line in Fig. 6 extrapolating to qc ≈ 1 at d = 0) or with a single-parameter
square-root dependence (solid line, see discussion later in Sec. VII), i.e., the curves corresponding to the two fit types
do not differ significantly in the experimentally available thickness range.
In an attempt to broaden the thickness range for the investigation thicker (d = 50µm) and thinner (d = 3.4µm)
samples have also been prepared. In the thicker cell, however, not only the thresholds have become higher but the
contrast of the pattern has been found too low for measuring qc with sufficient precision. On the other hand, in the
thinner sample no pattern has been observed in the frequency range of our interest, i.e., below approx. 100Hz [26].
This may be related to the short director relaxation time which in thin samples becomes comparable with the charge
relaxation time and thus prevents the formation of space charges necessary for EC [27].
C.

Flow

The LRs of ns-EC are unequivocally associated with flow vortices. This can be seen when observing the motion of
dust particles (or of polystyrene spheres embedded into the nematic intentionally). A circular flow typically occurs
in the plane normal to both the stripes and the LC layer; the particles go out and come back into focus within the
length scale of the wavelength.
One has to mention, however, that some irregular motion of particles, involving both rotation and translation,
becomes detectable already at Upm , far (typically by 5-10V, but sometimes even more) below the ns-EC threshold
voltage Uc . This holds for the whole temperature range of ns-EC. The particle motion looks similar to that found
below the threshold of the so called prewavy pattern in ’traditional’ (-,+) nematics [28]. The particle motion can be
traced at increasing temperatures up to and even through the nematic-isotropic transition. Upm is a monotonically
decreasing function of T ∗ without any discontinuity at TN I similarly to some observations in (–,+) nematics [29].
Irregular particle motion has also been observed below Uc of s-EC in 8/7 (at high temperatures – see next section),
however, in this case Upm has been found very close to the s-EC threshold (less than 1V below Uc ).
IV.

TEMPERATURE AND FREQUENCY INDUCED TRANSITION BETWEEN S-EC AND NS-EC

Temperature has a significant effect on the morphology of the EC patterns. The nematic range of 8/7 can be
subdivided into three regions: the low and the high temperature ends, and the intermediate range. Figure 7 shows
snapshots of the typical patterns (taken above threshold at ε ≈ 0.2 for a better contrast) while Fig. 8 exhibits
characteristic Uc (f ) curves from each region.

n

a.

b.

c.

FIG. 7: Snapshots of EC patterns taken with nearly crossed polarizers above the threshold (ε ' 0.2) in a cell of d = 12µm. (a)
Longitudinal rolls at T ∗ = 0.38, f = 50 Hz; (b) zig-zag domains of oblique rolls at T ∗ = 0.54, f = 30 Hz; (c) normal rolls at
T ∗ = 0.95, f = 90 Hz. The pictures depict a cell area of 225µm ×225µm; the initial director is vertical.

The results presented in the previous section have been obtained in the lower half of the nematic temperature
range (T ∗ / 0.5) where ns-EC patterns (PR or LR) have been observed at all studied frequencies (Fig. 7a). At those
temperatures the substance belongs to the (-,-) class of materials.
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FIG. 8: (Color online) Frequency dependence of the threshold voltage Uc of ns-EC longitudinal rolls at T ∗ = 0.18 (squares),
s-EC (solid circles) and ns-EC patterns (open circles) at T ∗ = 0.84 and s-EC conductive (solid triangles) and dielectric (open
triangles) rolls at T ∗ = 0.9 in a sample of d = 13.2µm. The solid lines at T ∗ = 0.18 and T ∗ = 0.84 are linear fits to ns-EC
threshold data. The curve on data at T ∗ = 0.9 is a square-root fit for the dielectric s-EC threshold.

At high temperatures (T ∗ ' 0.85) however, the sign of σa is positive, and the material becomes (-,+) type. Thus,
it is not surprising that in this temperature range s-EC rolls have been observed (Fig. 7c). At T ∗ = 0.9 conductive
oblique, then normal rolls appear with increasing frequency at the onset, while above fc ≈ 550 Hz dielectric rolls set
in. The crossover from conductive (solid triangles) to dielectric (open triangles) s-EC patterns is clearly seen in the
Uc (f ) curve presented in Fig. 8. Characteristics of these patterns match perfectly with those of the s-EC patterns
seen in standard (-,+) nematics: they are detectable with shadowgraph, have a high contrast, and Uc (f ) and qc (f )
follow the theoretical predictions of the SM.
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FIG. 9: Temperature dependence of the angle α between the wave-vector qc and the initial director n at f = 60Hz in a
d = 12µm thick sample.

The middle temperature range (0.5 / T ∗ / 0.85) – which includes the sign inversion point of σa – offers a greater
variety of pattern morphologies. In a large part of this intermediate temperature range a crossover from s-EC to
ns-EC occurs with the increase of the frequency. It is demonstrated in Fig. 8 which shows the Uc (f ) dependence for
s-EC by solid, and for ns-EC by open circles at T ∗ = 0.84. We note here that the frequency dependence of the ns-EC
threshold at T ∗ = 0.84 fits into the trend obtained for ns-EC at lower temperatures (Fig. 3 of Sec. III A): Uc (f ) is
linear, and both the absolute value of Uc and the slope of Uc (f ) decrease with increasing temperature. It is also seen
in Fig. 8 that there is a frequency range where a transition from ns-EC to s-EC could be induced (as a secondary
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instability) with the increase of the driving voltage U . Further details of that behavior will be discussed later in
Sec. V.
The most representative patterns of the intermediate temperature region are oblique rolls (Fig. 7b) with temperature
and frequency dependent obliqueness. Figure 9 shows the obliqueness angle α as a function of temperature at f = 60
Hz in a d = 12µm thick sample. At low temperatures α ≈ 80◦ is found which is characteristic of the ns-EC: the
stripes are almost parallel with the initial director (Fig. 7a). In the intermediate temperature range α decreases from
≈ 70◦ to ≈ 20◦ and zig-zag domains become typical (Fig. 7b). At high temperatures α reaches zero indicating s-EC
normal rolls.
It has to be noted that oblique rolls (zig-zag domains) can occur both in ns-EC and in s-EC. Though ns-EC patterns
typically have bigger α than those of s-EC, the two types of patterns cannot simply be distinguished entirely by the
magnitude of α. In addition, at some thickness range (d ≈ 10µm), even the wave-number qc of the two kinds of
pattern is very similar. Therefore, in those cases in the intermediate temperature range the presence or the absence
of the shadowgraph image at onset is the only decisive property between the s-EC and ns-EC, respectively. As the
thickness dependence of qc differs for the two types of patterns (see discussion in Sec. III B), at large enough cell
thicknesses (e.g., at d = 40µm) the temperature induced morphological changes yield also a jump in qc as shown in
Fig. 10. For this sample thickness the wavelength of ns-EC patterns is considerably smaller than d and interestingly,
qc does not seem to depend on the temperature. This is rather surprising, since in this relatively wide temperature
range (≈ 15o C) the material parameters of 8/7 change considerably (see e.g., Fig. 1b and Fig. 2 in [21]).
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0.0
0.0
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0.6

0.8

1.0

T*
FIG. 10: (Color online) Temperature dependence of the dimensionless wave-number qc at f = 40 Hz in a d = 40µm thick
sample. The dotted line is the mean value of qc in the ns-EC temperature region.

Finally, it has to be noted that the three temperature ranges discussed above do not have sharp boundaries – the
transition from one to the other is practically continuous. Moreover, in different samples these boundary regions have
been found to vary slightly, presumably due to minor variations of the material parameters, among cells of different
thickness or preparation method.
V.

ELECTRIC FIELD AS A SWITCH BETWEEN S-EC AND NS-EC

It has been shown in Sec. III A that the ns-EC PR patterns observed at low temperatures do not suffer morphological
changes (apart from a monotonic increase of the contrast) in a wide voltage range above onset. At very high voltages
(ε ' 2), however, a transition to turbulence can be observed which is detectable with shadowgraph.
At high temperatures for s-EC the regular nonlinear behavior is detected – appearance of defects then defect chaos
and turbulence, occurring already at voltages not too far above the threshold.
The situation is quite different for the intermediate temperature range (0.5 / T ∗ / 0.85) where oblique stripes
appear at onset as demonstrated in Figs. 7b and 9. These patterns have been identified as ns-EC OR due to the
absence of shadowgraph images. Increasing the voltage, however, a transition from ns-EC to s-EC could be induced.
The transition involves a gradual change of both the angle α and the dimensionless wave-number q, from ns-EC
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OR (large obliqueness) via s-EC OR (smaller α) to s-EC NR (α = 0). The rotation of the roll direction is clearly
demonstrated in Fig. 11 by the photographs of the diffraction fringes taken at increasing voltages.

FIG. 11: Diffraction fringes in a d = 12µm thick sample at T ∗ = 0.64, f = 30 Hz and (a) U = 11.13 V (ε = 0), ns-EC OR;
(b) U = 12.16 V (ε = 0.19), ns-EC OR; (c) U = 14.6 V (ε = 0.72), s-EC OR; (d) U = 17.7 V (ε = 1.53), s-EC NR. A digital
contrast enhancement of the images has been performed for better visibility.

Figure 12 exhibits data extracted from the diffraction measurements showing that both q and α vary continuously
with the applied voltage. At even higher voltages the usual defect chaos is observed.
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FIG. 12: (Color online) Obliqueness angle α and the dimensionless wave-number q as a function of the applied voltage U at
T ∗ = 0.64, f = 30 Hz and d = 12µm.

Figure 13 shows snapshots of the patterns in the same sample, taken at the same T ∗ and f as the diffraction fringes
in Fig. 11. The main features of the dependence of α and q on the voltage are again demonstrated: α decreases and
q slightly increases with the increase of ε.
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FIG. 13: Snapshots of patterns taken through a polarizing microscope, demonstrating the voltage dependence of the obliqueness
of the rolls in a d = 12µm thick sample at T ∗ = 0.64, f = 30 Hz and (a) ε = 0, ns-EC OR; (b) ε = 0.39, ns-EC OR; (c)
ε = 0.75, s-EC OR; (d) ε = 1.27, s-EC OR. A digital contrast enhancement of the snapshots has been performed for better
visibility. The scale bar in sub-figure (a) denotes 100µm.

VI.

TRAVELING WAVES IN NS-EC

It was mentioned in Sec. III A that the ns-EC patterns appearing at onset are not stationary. Instead, the rolls
travel; i.e., a Hopf-bifurcation occurs. That holds for almost the whole (f , T ∗ , d) parameter-space covered by our
measurements, except a few narrow parameter ranges which will also be discussed later in this section.
The temporal evolution of the patterns (i.e., the displacement of rolls) are best demonstrated in space-time images
where the tilt angle is related to the velocity of traveling. In Fig. 14 we give a few examples of space-time images for
patterns of different kind recorded in a d=13.2µm thick sample.

T*=0.18, f=20Hz, U=17.5V

4.9s

ns-EC;

577

s-EC OR;

m

T*=0.99, f=20Hz, U=9.9V

250s

a.

220

s-EC NR;

m

T*=0.99, f=250Hz, U=17.5V

50s

b.

c.

220

m

FIG. 14: Space-time images at onset of EC in a d = 13.2µm thick sample. Spatial and temporal scales as well as T ∗ , f and U
are indicated for each image which represent examples of (a) ns-EC PR; (b) s-EC OR; (c) s-EC NR patterns, respectively. A
digital contrast enhancement of the snapshots has been performed for better visibility.

Comparing various pattern types it was found that the ns-EC stripes in the low temperature range of the nematic
phase travel the fastest (Fig. 14a). In the high temperature range (very close to T ∗ = 1) at low frequency the s-EC
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oblique rolls do not travel (Fig. 14b). The s-EC normal rolls at frequencies above the Lifshitz-point fL (≈ 170 Hz at
T ∗ = 0.99 in the d = 13.2µm sample), however, travel too (Fig. 14c), but their traveling speed is much smaller than
that of the ns-EC stripes (note the different time scales in Figs. 14a and 14c).
In Fig. 15 the dependence of the Hopf-frequency fH = vn /λ on the driving frequency f has been plotted both for
the low (Fig. 15a) and for the high (Fig. 15b) temperature range measured in a d = 40µm thick sample. Here vn
denotes the traveling velocity of the stripes perpendicular to their orientation. In the low temperature range, where
only ns-EC has been detected, fH increases monotonically with the increase of f (Fig. 15a).
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FIG. 15: (Color online) Hopf-frequency fH , measured in a d = 40µm thick sample, as a function of the driving frequency f
(a) in the low temperature range (at T ∗ = 0.18, 0.59 and 0.69) where only ns-EC is observed; (b) in the upper end of the
intermediate temperature range (at T ∗ = 0.8 and 0.9) where both s-EC and ns-EC are observed (arrows indicate the frequencies
where the s-EC to ns-EC transition is detected).

At higher temperatures, where the s-EC to ns-EC transition takes place at increasing f (indicated by arrows in
Fig. 15b), however, another behavior was found. At low f , where s-EC is observed, the fH (f ) dependence is not
a monotonic function. Increasing the frequency fH reaches a small maximum and then decreases as we approach
the frequency at which the s-EC to ns-EC transition occurs. In the close neighborhood of the transition frequency
fH = 0 both for s-EC and ns-EC. With further increase of f , where ns-EC takes over, fH (f ) becomes linear within
the experimental error – as was found at low temperatures – with a slope decreasing with temperature. Note that in
general (similarly to the 13.2µm thick sample) fH is much larger in ns-EC than in s-EC.
The temperature dependence of fH , measured at f = 50Hz is shown in Fig. 16. It is seen that fH has a maximum
near the middle of the nematic temperature range. For higher T ∗ , however, approaching the ns-EC to s-EC transition
fH decreases to zero. Above the ns-EC to s-EC transition temperature s-EC rolls start to travel again, with considerably smaller fH than that measured for ns-EC. Close to the nematic to isotropic phase transition temperature (at
T ∗ > 0.94 in the d = 40µm sample at f = 50Hz), s-EC rolls become stationary (fH = 0) again.
The Hopf-frequency is very sensitive to the sample thickness. For illustration we present in Fig. 17 the fH (f ) curves
for two samples of different thickness (d = 13.2µm and 40µm, respectively) at T ∗ = 0.18 (where only ns-EC is present).
For both thicknesses fH increases with the increase of f , though the available frequency range is much smaller in the
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FIG. 16: (Color online) Temperature dependence of the Hopf-frequency fH measured in a d = 40µm thick sample at f = 50Hz.

thicker cell. We want to note here that ns-EC patterns are much easier to observe in thin ≈ 10µm samples than in
thicker (≈ 40µm) ones because of the higher contrast in thinner cells. On the other hand, in thinner samples fH is
larger and its experimental error is also considerably larger (cf. error bars for data measured in d = 13.2µm and in
d = 40µm samples in Fig. 17) due to the finite sampling rate of our image recording system. Additionally, the already
mentioned larger spatial variations of qc and α in ns-EC compared to those in s-EC also contribute to a much larger
experimental error for ns-EC fH data (see Fig. 15b).
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FIG. 17: (Color online) Dependence of the Hopf-frequency fH on the driving frequency f measured at T ∗ = 0.18 in two samples
of different thickness d=13.2µm and 40µm.

At present, the weak electrolyte model (WEM) developed for s-EC is the only theoretical approach which can
1/2
account for traveling waves in electroconvection of nematics. WEM predictions provide a relation fH ∝ Uc2 /(d3 σ⊥ )
1/2
[14]. Since, as we have shown, ns-EC has a field threshold Ec , the WEM relation translates into fH ∝ Ec2 /(dσ⊥ ).
For a comparison with the experimental data, we assume that the conductivity is the same in both cells, and insert
the measured Ec values into the relation. Then, the calculated ratio of the Hopf frequencies becomes fH |13.2µm
/fH |40µm ≈ 3. On the other hand, data in Fig 17 at f = 40Hz provide fH |13.2µm /fH |40µm = 6.0 ± 2.4. One has
to note that the comparison is limited to a narrow frequency range, 20Hz≤ f ≤ 50Hz, where data exist for both cell
thicknesses. As the experimental and calculated ratios are not far from each other – taking into account that the
actual electrical conductivities of the cells have not been measured subsequently – one can anticipate that the WEM
may be the appropriate model to explain Hopf-bifurcation in ns-EC too. The exploration of the precise scaling of fH
with d would require, however, additional aimed measurements.
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VII.

DISCUSSION

In the previous sections we have attempted to give a full experimental characterization of the electroconvection
patterns in the nematic 8/7 bringing the properties of ns-EC patterns into prominence. Let us summarize their most
important characteristics emphasizing those which differ from the s-EC ones and discuss some of their consequences.
(i.) ns-EC patterns have been observed in substances of (-,-) type. The pattern near onset cannot be visualized
by shadowgraph imaging; i.e., no focusing/defocusing effects act. Instead, crossed (or nearly crossed) polarizers are
needed for the detection of the modulations in birefringence. In addition one observes flow dynamics below the
threshold where the genuine ns-EC patterns become detectable. The pattern remains stable above threshold over an
unusually broad voltage range up to the appearance of the turbulent state (typically at about ε ≈ 2). The pattern
is less regular due to spatial variations of q which indicates a quite broad wave-number band (i.e., a shallow neutral
surface). The overall contrast is low and does not exhibit a sharp increase at onset – see Figs. 18 and 19, and the
discussion below for more details.
The low overall contrast of the ns-EC pattern compared to that of the s-EC structure can well be demonstrated in
the intermediate nematic temperature range of 8/7, where both patterns appear and one can switch from one to the
other by changing only the frequency and tuning the voltage to the threshold value. Figure 18 shows the intensity
profiles of the transmitted light along a line perpendicular to the direction of s-EC (at T ∗ = 0.83 and f = 20Hz) and
of ns-EC (at T ∗ = 0.83 and f = 60Hz) from snapshots taken at the onset with identical (nearly crossed) polarizer
settings. The s-EC pattern is sharper; its intensity profile is periodic, and the intensity oscillations are large. On the
contrary, the ns-EC pattern is not strictly periodic, and its intensity modulation has a much smaller amplitude which
is almost comparable to background intensity variations.
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FIG. 18: (Color online) Intensity profiles (on a 256 gray level scale) obtained along a line perpendicular to the rolls for s-EC
(at f = 20Hz, Uc = 9.8V) and for ns-EC (at f = 60Hz, Uc = 10.4V) patterns. T ∗ = 0.83 and d = 13.2µm.

Similarly, in the intermediate temperature range it is possible to compare directly the voltage dependence of the
contrast c(U ) for s-EC and ns-EC by changing the frequency and holding all other parameters ( T ∗ and d) and
conditions (i.e., polarizer positions, illumination, etc.) fixed. Such a comparison has been done in a d = 13.2µm thick
sample at T ∗ = 0.67 and the results are displayed in Fig. 19. As one can see, the increase of c at the onset is much
sharper for s-EC compared to that for ns-EC. Above the threshold, there is a linear part of the c(U ) curve for both
s-EC and ns-EC where the developing pattern remains stable. However, in this linear range c for s-EC increases by
≈ 70% within only ε ≈ 0.1 while, c for ns-EC increases only by ≈ 20% within ε ≈ 0.4. This again demonstrates that
the contrast of the ns-EC pattern is weak (compared to that of the s-EC pattern) and that the ns-EC pattern remains
stable over a broad voltage range.
One has to note one more characteristics of the c(U ) curves displayed both in Fig. 19 and in Fig. 2: just below the
onset of ns-EC there is a shallow, however, broad (≈ 10 − 15V) minimum of c(U ) covering the voltage range where
motion of (dust) particles has been optically detected. Similarly, in the s-EC regime there is also an indication of
an even shallower minimum covering a narrow (≈ 0.5V) voltage range just below onset – see the inset in Fig. 19.
This is again in accordance with our microscopic observations described in Sec. III C and is presumably related to
the influence of the electric field on the not perfectly homogeneous basic state (c ≈ 0.2 without electric field – see
Fig. 19). At the voltage Upm where the non periodic large-scale flow sets in, the overall mean value of the transmitted
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FIG. 19: Contrast as a function of the applied voltage measured in a d = 13.2µm sample of 8/7 at T ∗ = 0.67 for the s-EC
instability (f = 30Hz – closed circles) and for the ns-EC instability (f = 300Hz – open circles). The inset is a blow-up around
the onset of the s-EC instability.

light intensity slightly increases due to modulations in birefringence induced by the flow. On the other hand, the
standard deviation of the transmitted light intensity remains constant while passing through Upm , and it starts to
increase at a higher voltage close to Uc .
(ii.) The threshold voltage is proportional to the cell thickness in the experimentally studied range; thus the
instability is characterized by a critical electric field. The threshold voltage is a linear function of the driving AC
frequency. The critical wavelength does not scale with the cell thickness. The director oscillates with the applied
AC frequency. This latter statement is based on our measurements of the temporal evolution of the diffracted light
intensity, and holds for stationary ns-EC patterns only [for 8/7 in a very limited (f , T ∗ , d) parameter space]. In the
majority of the (f , T ∗ , d) parameter space for 8/7, and for other nematic liquid crystals, whenever Hopf-bifurcation
occurs at the onset, traveling waves presumably brake the symmetry of the system and the temporal dependence of
the diffracted light intensity becomes more complex representing a subject of an ongoing investigation [34].
This group of properties strongly indicates that ns-EC has characteristics reminiscent of the dielectric regime of
electroconvection, though occuring at unusually low frequencies. One can easily perform a test, e.g., for MBBA
material parameters with very low conductivity, in order to push the dielectric regime toward low frequencies. The
linear stability analysis obviously delivers the standard dielectric mode with normal rolls (Uc and qc are square-root
functions of f , and α =0). However, changing the sign of σa , i.e., imitating the property of 8/7, the same linear
stability test does not allow for any pattern (there is no finite threshold) in the whole frequency range.
(iii.) The stripes of the pattern align parallel or at a small angle to the basic director alignment (longitudinal rolls).
Longitudinal domains (similar in appearance to the ns-EC discussed here) have been reported earlier in a few
nematics under other conditions, namely at DC or very low frequency (up to few Hz) AC driving [30–32]. This
pattern formation has been explained as a static director deformation of flexoelectric origin which does not involve
flow and whose threshold field strongly depends on f [32]. We should emphasize, however, that such patterns at DC
voltages have not been observed in 8/7, and in addition, flow always formed an integral part of the ns-EC patterns.
Nevertheless, the direction of the rolls suggests that flexoelectricity may play a role in the ns-EC mechanism.
Going on with the above linear stability analysis and adding a flexoelectric term with literature coefficients for
MBBA to the free energy density and performing the test for σa < 0 one obtains a high, but finite EC threshold with
a high roll obliqueness. It shows that the extension of the SM of EC by incorporating flexoelectricity is sufficient to
provide a finite threshold for a pattern of dielectric time symmetry in (-,-) substances [33]. Further theoretical studies
show that flexoelectricity does not allow the usual decoupling of spatial modes and temporal symmetries separating the
scenarios into conductive and dielectric modes [35]. Flexoelectricity leads to coupled modes in the whole frequency
range. These preliminary calculations suggest that extending the SM by flexoelectricity is a very good candidate
to account for the observed pattern formation. We hope that a fine tuning of the model with measured material
parameters will yield a full quantitative agreement with the√experiments. Some related calculations also proposed
that in such a flexo-dielectric pattern one might have a qc ∝ d dependence, which justifies our test for a square root
fit in Fig. 6.
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We have shown, for the first time to our knowledge, that the longitudinal domains can be traveling; i.e., the ns-EC
stripes may arise in a Hopf-bifurcation. Actually in 8/7 traveling waves have been observed instead of stationary
patterns in almost the whole (f ,T ∗ ,d) parameter space. The Hopf frequencies measured for the ns-EC pattern were
considerably higher than fH for the s-EC rolls of 8/7, but were of the same order of magnitude that had been found
in the conventional (-,+) nematic I52 [13]. There were no indications that the main characteristics (Uc , qc ) of the
traveling ns-EC pattern differ significantly from those of stationary ns-EC (measured in 8/7 under specific conditions
in the (f ,T ∗ ,d) space or in 10/6 [21]). Therefore we anticipate that, once the instability mechanism of the stationary
ns-EC pattern will be completely understood, the traveling will be possible to be explained by adding WEM effects.
Besides the nonzero fH a significant difference between traveling and stationary patterns could only be detected
in the temporal evolution of the diffracted fringe intensities. For conductive s-EC traveling leads to the considerable
increase of the 2f intensity modulation, while for ns-EC it seemingly yields a reduction of the modulation amplitude
[34]. Clarification of this problem would need further experimental investigations on various pattern types, as well as
theoretical studies of the temporal evolution of the director profiles and the diffraction optics.
Though all measurements presented in the paper have been carried out using planar 8/7 cells, homeotropic samples
have also been tested. No direct transition from the spatially homogeneous homeotropic to a patterned EC state could
be observed. Upon increasing voltages a bend Freedericksz transition was first detected as the primary instability at
UF ≈ 5V. At voltages above UF , however, all ns-EC and s-EC scenarios discussed above could be identified. Main
characteristics of the patterns in the homeotropic cells were similar to those of the planar ones, except that the
patterns were disordered and even less sharp. It indicates that the homeotropic ns-EC in (-,-) is practically driven by
the planar instability mechanism (via the Freedericksz distorted quasi-planar layer in the middle of the homeotropic
cell), just as it is the case in the homeotropic s-EC of regular (-,+) compounds.
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