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Fluctuations of the electric power in electroconvection (EHC) of liquid crystals are reported in both the
conductive and the dielectric regime of convection. The amplitude and the frequency of the fluctuations, as
well as the probability density functions have been compared in these two regimes and substantial differences
have been found both in defect turbulence of EHC and at the DSM1 → DSM2 transition.
I.

Introduction

Fluctuations in dissipative systems driven out of equilibrium have attracted considerable attention recently. Examples include universality [1–3], velocity and temperature spectra [4], correlations [5–8], and the
fluctuation probability density function (PDF) [9–13]. These works have focused mainly on: i) understanding fluctuations within the framework of phase transitions in equilibrium systems, ii) finding a universal
form of the fluctuations in different systems, iii) investigating why fluctuations often obey a non-Gaussian
PDF’s, and, iv) investigating the origin of the low frequency oscillations of large-scale flows observed in
Rayleigh-Bénard convection. It is important to note here that all the listed experimental/numerical results
have been obtained for flow of isotropic fluids.
In parallel to the abovementioned works, another method has been demonstrated in Refs. [14] and [15]
to study electrohydrodynamic convection (EHC) in liquid crystals based on detection of a global quantity
namely, the injected electric power P . Note that the mean value of the injected power hP i has to be the
same as the mean value of the dissipated power. However, the fluctuations around these mean values do not
need to be the same [11]. This method opens new routes in investigations of fluctuations in a well-studied
driven, dissipative system. EHC lends itself quite naturally to the study of such fluctuations, because the
basic fluid instability is driven by sustaining an electric potential difference, and so it is straightforward
to characterize both the injected power and the fluctuations therein by measuring the electric current.
Analogous measurements of fluctuations in injected power in Rayleigh-Bénard convection are essentially
impossible because of the long time scales involved. Furthermore, EHC in nematic liquid crystals has
numerous advantages for these types of studies over other driven fluid flow systems: there are rich varieties
of convective states (see e.g., [16]), employing a large aspect ratio (which minimizes lateral boundary effects)
is much simpler in EHC than for Rayleigh-Bénard convection, and, the relevant control parameter(s) (the
driving voltage U and the temperature T ) are easily and precisely tunable. One important feature of EC not
found in the systems listed above is their inherent anisotropy. Anisotropy allows the Carr-Helfrich instability
by which an electric potential difference can cause flow. The anisotropic nature of nematic liquid crystals
means their flow is not described by the Navier-Stokes equation, but by Ericksen-Leslie equations, in which
the orientational degrees of freedom are coupled to the flow field [17]. Lastly, EHC exhibits a particularly
rare phenomenon: an abrupt turbulence to turbulence transition occurs [18], as opposed to other fluid flow
systems in which one observes different regimes of turbulence, but there are no well defined thresholds for
the onset of these regimes.
The aim of this paper is to compare injected power fluctuations in two distinct states namely, the conductive and the dielectric regimes of electroconvection. We focus on both the defect turbulence regime (in
which the spontaneous generation/annihilation of dislocations destroys the stationary EHC roll pattern by
breaking the rolls into moving segments) and on the transition from anisotropic to isotropic turbulence (the
DSM1-DSM2 transition).
Considerable differences have been found between the defect turbulence state in conductive and dielectric
regimes of EHC. In the conductive regime [19] spatial coherence is absent, however, a dominant length scale
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still survives [20]. More recent experiments in conductive regime defect turbulence show that despite the
spatial incoherence, temporal correlations persist over extremely long time due to global, quasiperiodic oscillations in the injected electrical power; these oscillations are associated with the defect creation/annihilation
rate. [21]. On the other hand, dielectric regime defect turbulence has quite different characteristics as pointed
out in [22]. In a narrow voltage range above the onset of defect turbulence, defects (with topological charge
±1) are generated/annihilated in pairs without spatial correlation; the number of defects increases with
voltage. Slightly above the onset of defect turbulence, at a fairly well-defined threshold, defects start to
develop spatial correlation; they form chains (parallel to the original roll direction) of the same topological
charge alternating in space leading to the chevron pattern. Concomitantly, with the restitution of the spatial
correlation a significant increase in the density of defects has been observed. With further increase of the
voltage collective defect motion occurs [22]. One natural question is how such a spatio-temporal order will
influence the fluctuations in a global quantity like P , especially knowing that spatially incoherent defect
creation/annihilation in conductive defect turbulence leads to a persistent temporal correlation [21].
Another motivation of the present work is the observation that the transition from anisotropic to isotropic
turbulence [18]) has no apparent signature in electric Nusselt number [14,15]. This is supprising in the light
of previous studies on the DSM1 → DSM2 transition in the conductive regime that show that above some
critical voltage Ut , the DSM2 state replaces the DSM1 state by nucleation and growth, via passage of a
distinct front separating the two states. [18,23–31]. The transition is characterized by an abrupt increase in
the density of disclination loops [23,24,26,27]; the transition voltage depends on the ramp rate r [23,24,29],
the sample thickness [31], the anchoring strength [28,30,31] and the driving frequency [25,30].
II.

Experimental Setup

For the measurements a similar experimental setup has been used as described in [15]. The sinusoidal
voltage signal is generator using the internal function generator of a lock-in amplifier. This signal is amplified
and applied across the LC layer sandwiched between two glass plates. The current traversing through the
LC sample is fed into the field-effect transistor input of a current-to-voltage preamplifier. The output of
this preamplifier is measured by the lock-in. The lock-in time constant is set to just above the period of
the signal frequency; in-phase output of the lock-in is amplified to bring the signal into the optimal range
for an analog-digital computer whose output is recorded by a personal computer. For each experimental
point an optical image taken through a polarizing microscope with shadowgraph technique has been also
recorded. This recording is especially useful if one takes into account the temporal changes in the electric
properties of liquid crystals (see later discussion). The experimental setup proposed by [32] (with a voltage
divider instead of current-to-voltage preamplifier) has been also tested and no significant differences have
been found between the results obtained by the two methods.
We used the liquid crystal mixture Mischung V (M5) with 2.73 wt% dopant (as proposed in [33]). This
material possesses good chemical stability, a relatively broad nematic range and known material parameters
[33]. Moreover, the electrical conductivities change sufficiently with temperature allowing us to conduct
measurements at constant frequency (see below). Most of the measurements presented below have been
carried out at T = (25.00 ± 0.01)◦ C and at T = (50.00 ± 0.01)◦ C, where a satisfactory spatial homogeneity
of the samples is ensured (see later discussion).
The sandwich cells have been prepared with etched electrodes of area A = 1cm 2 (cell A), A = 0.5cm2 (cell
B) and A = 0.0615cm2 (cell C – the sample on which most of the experiments presented here are performed)
with thickness
√ d = (16.7 ± 0.3)µm, d = (51 ± 1)µm and d = (33.4 ± 0.2)µm, respectively providing aspect
ratios of s = A/d ≈ 600, 136 and 74.
III.
1.

Experimental
Phase diagram

The phase diagram of EHC is shown in Fig. 1 for different temperatures T measured in cell A. The closed
symbols at low frequencies f denote the threshold of a stationary conductive roll pattern of EHC (normal
rolls – NR, or oblique rolls – OR) as the first bifurcation, while non-stationary travelling rolls are marked
with open symbols. The closed symbols in the high f range stand for the dielectric normal rolls. The choice
of the working frequency for the fluctuation measurements is restricted with the spatial inhomegeneity of the
sample. Namely, the recorded signal is integrated over the active area of the sample (where the electrodes
overlap) and consequently, it is required that at a given voltage U the same EHC pattern appear in the
whole cell. At frequencies where U (f ) becomes steeper the EHC pattern gets less homogeneous in space.
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For example at T = 50◦ C above f = 250Hz the threshold Uc of EHC differs by ∆U ≈ 1V at different
locations of the cell. Therefore, for further measurements f = 100Hz has been chosen, where ∆U was found
less than 0.02V at T = 50◦ C and where for the dielectric regime of EHC at T = 25◦ C ∆U was undetectable.
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FIG. 1. Phase diagram of EHC at different temperatures T . The closed symbols in the low frequency range denote
stationary (normal or oblique) rolls. Open symbols stand for the non-stationary, travelling rolls and in the high
frequency range the closed symbols are for dielectic normal rolls.

On the other hand, Fig. 1 explains the difficulties to perform precise measurements on the electric
properties of the non-stationary, travelling rolls of EHC (open symbols): at all temperatures where the
Hopf-bifurcation (open simbols in Fig. 1) is observed U (f ) gets steep and the spatial inhomogeneity of the
EHC pattern can not be neglected.
2.

Conductivity

Before performing the power fluctuation measurements, the conductivity G of the sample has been determined as a function of the applied voltage. The applied voltage has been increased in small steps (≈ 0.1V
with a waiting time of 30s between each step), similar to the measurements presented in [34]. Also, a snapshot of the pattern has been recorded for each point just before reading out the electric current. The results
are shown in Fig. 2 for cell C with increased voltage steps (black, closed symbols) followed immediately
by decreasing voltage steps (gray, open symbols) at two temperatures T = 50 ◦ C (conductive EHC) and
T = 25◦ C (dielectric EHC).
At T = 50◦ C both sets (inreased and decreased U steps) of measurements clearly show the onset of EHC
at Uc = 6.97V which are in excellent agreement with the optical observations presented in Fig. 3(a) which
place the onset of EHC at Uc = (6.97 ± 0.05)V with oblique rolls (OR) as the first bifurcation.
At T = 25◦ C Uc = (73.3±0.1)V from the G(U ) curves [Fig. 2(b)], that is again in agreement with the onset
of the dielectric normal rolls (NR) obtained by shadowgraph technique [Fig. 3(b)] at U c = (73.2 ± 0.5)V.
Note the virtual mismatch of Uc between Fig. 1 and Fig. 2(b). However, the data in these two figures
have been obtained for different samples having thickness d differing by a factor greater than 2. The thicker
sample [cell C, Fig. 2(b)] must have higher cut-off frequency fc (separating the voltage dependent conductive
regime of EHC from the electric field dependent dielectric regime) than the thinner sample (cell A, Fig. 1).
Taking this into account it is easy to understand the difference (by a factor of about 2) in U c between Figs.
1 and 2(b).
Fig. 2 also shows an important feature common to all liquid crystals investigated by us (MBBA, Phase5,
M5). For all these materials, the conductivity decreases slightly if they are exposed to a considerable voltage
for longer time (∼ hour). This behavior is the best seen at U < Uc where the values of G measured with
decreased U steps are considerably lower than those previously recorded with increased U steps. One has to
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note also that at T = 50◦ C below Uc our sample behaves as an ohmic resistor (G independent of U ), while
at T = 25◦ C its electric properties seem to be non-ohmic.
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FIG. 2. Conductivity G vs. the applied voltage U in a cycle with increased voltage steps (black, closed symbols)
followed by decreased voltage steps (gray, open symbols) at: (a) T = 50◦ C (conductive regime of EHC) and at
(b) T = 25◦ C (dielectric regime). The inset shows blow-up of the voltage range where the anisotropic – isotropic
turbulence transition takes place.
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FIG. 3. Snapshots of the EHC patterns at characteristic points shown in Fig. 2. (a) at T = 50 ◦ C and at the
threshold Uc = 6.97V of the oblique rolls; (b) at T = 25◦ C and at the threshold Uc = 73.2V of the dielectric normal
rolls; (c) at T = 25◦ C and at the anisotropic – isotropic turbulence transition voltage Ut = 118.5V showing the
transition front passing through the sample; (d) a demonstration of persistance of the disclination loops in the case
of decreased voltage steps at T = 25◦ C and U = 88.2V. The scale bars show 100µm.
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Above Uc , G(U ) appears to be more complicated. For both temperatures T = 50◦ C and T = 25◦ C a
crossover occurs in G(U ) between the data recorded with increased voltage steps and those with decreased
voltage steps. For the conductive EHC [Fig. 2(a)] this crossover has been found close (but not at the
exact value) to U where long time oscillations in the autocorrelation function g a (t) diminish (see the next
subsection). For dielectric EHC [Fig. 2(b)] however, the crossover takes place just above the anisotropic –
isotropic turbulence transition voltage Ut [see inset of Fig. 2(b)]. Namely, in the measurements with increased
voltage steps a local maximum of G(U ) has been detected at Ut = 118.5V exactly at the voltage where the
front from anisotropic to isotropic turbulence transition (DSM1 – DSM2 [18]) has been optically observed
[Fig. 3(c)]. This transition is characterized by formation of disclination loops that become detectable if one
switches off U abruptly [26]. The absence of this local maxima in case of the decreased voltage steps can
be easily understood considering Fig. 3(d): disclination loops persist down up to a voltage U ≈ 88V under
our experimental conditions (voltage steps of ≈ 0.1V and waiting time of 30s between each step) showing
an extremely large hysteresis.
2.

Electric fluctuations

Measurements on the current/power fluctuations have been performed as follows. The time constant of the
lock-in amplifier has been set to 30ms (as usually in the other measurements) and the sampling time of about
50ms has been chosen for all the fluctuation measurements. For each driving voltage U , 65536 experimental
points have been recorded (i.e. about an hour run for each data set). All sets of measurements have been
carried out with increased voltage steps and with a waiting time of about 20 minutes after increasing U
(and before starting the fluctuation measurements) to achieve a stationary state of EHC and that of the ac
amplifier. Snapshots of the EHC patterns have been recorded immediately before starting and after finishing
the experimental run (contrary to the conductivity measurements, here we were unable to record an optical
image for each experimental point since it would drastically increase the sampling time).
Fig. 4 shows the standard deviation of the power fluctuations σP normalised with the mean value of the
power hP i as a function of the dimensionless driving voltage ε = (U/Uc )2 − 1 in cell C. The open symbols
denote measurements performed at T = 50◦ C (conductive OR at ε = 0), while closed symbols stand for
measurements at T = 25◦ C (dielectric NR at ε = 0).
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FIG. 4. The standard deviation of the power fluctuations normalised with the mean value of electric power hP i
as a function of the dimensionless driving voltage ε in the conductive regime of EHC (empty symbols) and in the
dielectric regime of EHC (filled symbols).
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A dramatic increase of σP /hP i slightly above ε = 0 in conductive EHC has been detected very recently
[32] and has been assigned to the creation/annihilation of defects [21] starting at ε d ≈ 0.2. As it has been
shown in [21] for cells A, B and C, the increase of σP /hP i strongly depends on the aspect ratio s of the
sample: the smaller is s, the larger is the increase in σP /hP i. This is one of the reasons why we discuss cell
C (with the smallest s among our samples) in the rest of the paper. In this sample an increase of σ P /hP i
by about an order of magnitude occurs at the threshold εd ≈ 0.2 of the defect creation/annihilation.
In contrast to the conductive EHC in dielectric regime of convection no significant increase of σ P /hP i
has been found at and above εd ≈ 0.03 as one can see from Fig. 4. In fact, the amplitude of the power
fluctuations at ε ¿ 0 has been found about the same in both conductive and dielectric EHC. At ε < 0 (from
U ≈ 60V) where the EHC pattern is not formed yet, but a slow motion of small dust particles indicate some
kind of flow, power fluctuations show relatively expressed intermittent-like character (sharp changes with
relatively large amplitude in P ) which fades out above ε = 0 (at U ≈ 76V) however, it does not dissapear
completely with further increase of U (see later discussion about probability density function). The fact
that the motion of dust particles and the intermittent-like fluctuations appear at the same voltage leads us
to a conclusion that the intermittent behaviour is presumably caused by some large-scale flow. We mention
here that at similar (relatively high) voltages a flow (even in the isotropic phase) has been reported for
highly doped MBBA below ε = 0 and is hold as a potential cause of the so called prewavy pattern appearing
below ε = 0 [36]. In fact in samples with highly doped M5 (not discussed here) we have observed the same
prewavy pattern as described for MBBA and Phase 5 previously. This intermittent-like character of the
fluctuations in the range of −0.33 ≤ ε ≤ 0.1 causes a slight increase (by a factor of about 2) of σ P /hP i.
However, this increase is much smaller than that in the conductive EHC and is definitely not caused by
creation/annihilation of defects like in that case.
With further increase of voltage, at ε ≈ 0.35 where the dielectric chevron pattern (see e.g., Ref. [22]) is
formed, σP /hP i decreases and stays constant (see Fig. 4) over a considerable range of ε in which defect
chains stay aligned parallel to the original roll direction [22]. At ε ≈ 1 another transition occurs. The defect
chains are no longer aligned parallel to the original roll direction but they are deformed as demonstrated on
the right hand side of Fig. 3(c). We consider this pattern as dielectric DSM1, because with further increase
of ε the next transition is identified as a transition to DSM2 [see Fig. 3(c)] At the transition point from
dielectric chevron to DSM1 a small, but systematic increase in σP /hP i has been detected (Fig. 4). This
monotonic increase in σP /hP i is observable up to the DSM1 → DSM2 at ε ≈ 1.7 [Fig. 3(c)] where a small
but abrupt decrease in σP /hP i has occured (Fig. 4).
Another difference between fluctuations in conductive and dielectric EHC is displayed in Fig. 5. Subfigures
5(a) and 5(b) show power fluctuations at the onset of EHC (ε = 0, gray lines) and at ε = 0.8 (black
lines) where the so called defect turbulence [37] takes place in the conductive-, and in the dielectric EHC,
respectively. Fig 5(a) besides of a large increase of the fluctuation amplitude (already seen in Fig. 4 and
studied in details in [32,21]) demonstrates another feature of the fluctuations in conductive EHC. Above ε d
the large amplitude fluctuations become quasi-periodic with a dominant frequency f ∗ that increases with
the increase of ε (and depends also on d [21]), however it remains much smaller than the frequencies of the
fluctuations below εd . For example for cell C represented in Fig.5(a) values of f ∗ have been found in the range
from 0.08Hz (at εd = 0.21) up to 3.12Hz (at ε = 7.5 – above this value the quasi-periodic oscillations diminish
as it has been shown in [21]). As it is found in [21] f ∗ exactly corresponds to the creation/annihilation rate
of defects. Increase of f ∗ with the increase of ε follows convincingly the predictions of the Villermaux’s
model [5] for the Rayleigh-Bénard convection as it has also been shown in [21].
For dielectric EHC [Fig. 5(b)] however, only a slight increase has occured in the amplitude of the fluctuation
due to the increase of the driving voltage ε from 0 to 0.8, without any detectable change in the spectra of
fluctuations.
The normalized autocorrelation function of the power fluctuations ga (t) = hP (t0 )P (t0 + t)i/hP i2 − 1
presented in Fig. 6 for conductive– [Fig. 6(a)], and for dielectric EHC [Fig. 6(b)] shows the same features.
For conductive EHC, above εd a slow, persistent oscillations occur in ga (t) (that do not diminish in course of
time of our measurements as it has been shown for cell B in [21]). The oscillation frequency again corresponds
to f ∗ (and to the creation/annihilation rate of defects) [21]. In dielectric EHC however, no oscillations have
been observed in ga (t) at similar ε values [see Fig. 6(b)], nor at any investigated ε up to ε ≈ 5.
The probability density function (PDF) of the power fluctuations has been also investigated. In cell C,
over the whole voltage range in which the defect turbulence state in the conductive regime is present, no
systematic deviation from the Gaussian distribution has been found as reported already in [32] for an other
liquid crystal material, MBBA. Filled symbols in Fig. 7 show a typical distribution in this defect turbulence
voltage range, while the line represents the Gaussian function with no fitting parameters. In dielectric EHC
7
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however, a systematic departure from the Gaussian distribution has been found in the whole voltage range
of the defect turbulence. Empty symbols in Fig. 7 show the typical deviation from the normal distribution
at about the same ε as those for the conductive EHC (filled symbols). Obviously the maximum of the PDF
is shifted towards P − hP i > 0, the tail of the distribution in the region P − hP i < 0 is systematically
shifted towards larger negative values of P − hP i than for the Gaussian form, almost showing an exponential
dependence. In the same time, on the positive side at the tail data are a bit smaller than those for the
normal distribution.
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FIG. 5. Electric power fluctuations at same values of voltage ε in the conductive (a) and dielectric regime of EHC
(b).

No detectable change in the character of the PDF has been observed at DSM1 → DSM2 transition in
dielectric EHC – the distribution remains similar to that shown in Fig. 7 (empty symbols). In conductive
EHC the situation is more complicated. Namely, the set of our fluctuation measurements show a small,
but systematic departure of PDF from the Gaussian distribution above ε ≈ 40 (deeply in DSM1 turbulence
voltage range) [38]. However, above DSM1 → DSM2 transition εt ≈ 60 power fluctuations obey Gaussian
statistics again, which remains up to extremely high values of ε > 800, where a clearly non-Gaussian
distribution is obtained [38]. We mention here that optical observations place ε t in a wide voltage range of
30 < εt < 200 depending on the experimental conditions (ramp rate, sample thickness, for how long and
to which voltage the sample has been exposed, etc.) which is too wide to make a conclusive comment on
PDF at the anisotropic – isotropic transition in conductive EHC. Up to the present, it seems that the DSM1
→ DSM2 transition is not accompanied with a significant change in PDF of power fluctuations, which is
difficult to reconcile with the results of Ref. [27] where (for conductive EHC) a distinct change in PDF of
‘surrogate of the local distortion energy density’ has been obtained at this transition point.
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FIG. 6. Autocorrelation functions ga (t) at similar values of ε in the conductive- (a) and in the dielectric regime
(b) of EHC.
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T = 50◦ C (conductive EHC, filled symbols) and for T = 25◦ C (dielectric EHC, open symbols). The line shows the
Gaussian distribution with no fitting parameters.
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In the electric power fluctuation measurements the anisotropic – isotropic turbulence transition has been
observed at εt = 1.83 for dielectric EHC (see the snapshots of the patterns in Fig. 8 taken at the beginning
and at the end of the fluctuation measurement). If one compares this value of ε t with that obtained from the
conductivity measurements [inset of Fig. 2(b), εt = 1.61] a significant difference is seen between them, which
can be explained by the ‘electric history’ (for how long and to which voltage the sample has been exposed) of
the sample. Namely, the whole conductivity measurement shown in Fig. 2(b) is performed within 36 hours,
i.e. the sample was exposed to a (different) voltage for about 9 hours before ε t is reached. In fluctuation
measurements however, the sample was exposed to a voltage for about 60 hours (while other fluctuation
measurements at ε < εt were performed). Now, it is more clear why did we give above such an extremely
broad range of εt for the conductive EHC: in some of those threshold measurements we approached ε t with
quick voltage steps while in others we have waited for hours between the steps. The ‘electric history’ of the
sample, however, does not change the cut-off frequency significantly as revealed by control measurements
at the beginning and at the end measurements (after several weeks) which demonstrates the high chemical
stability of M5 as pointed out in Ref. [33].

FIG. 8. Electric power measurement at the anisotropic – isotropic turbulence transition in dielectric EHC
(T = 25◦ C, εt = 1.83). The insets show the optical patterns as well as power fluctuations in the anisotropic
(black line, pattern on the left hand side) and isotropic (gray line) turbulence.
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The inset of Fig. 8 shows the power fluctuations at εt both in isotropic (gray line) and anisotropic
turbulence (black line). The spectra of the fluctuations does not seem to differ significantly in these two
regimes. However, the width of the fluctuations σP is considerably smaller in the isotropic turbulence than
in the anisotropic one. The smaller σP in the isotropic turbulence despite of the above described decay of P
causes a small, but abrupt decrease of σP /hP i at εt as shown in Fig. 4.
The main plot of Fig. 8, shows that the injected electric power decays exponentially at the anisotropic
– isotropic turbulence transition. The decay time is rather surprising. Namely, the anisotropic – isotropic
turbulence transition finishes within few seconds (at some moment isotropically turbulent regions nucleate
and invade the whole anisotropic area in the cell within one minute). However, the decay time of P is much
larger than a minute as one sees from Fig. 8, and P saturates after several hours even if ε is increased as
demonstrated in Fig. 9. This figure shows for dielectric EHC the temporal dependence of the injected power
P in DSM2 turbulence normalized with the power PDSM1 measured in DSM1 at ε = 2.74(> εt ). The DSM1
→ DSM2 transition takes place at t = 0. As one can see, even for this relatively high ε, P saturates more
than an hour after the DSM1 → DSM2 transition at a value of P lower than PDSM 1 by about 3%. About
2 hours after the transition P starts to increase slowly however, it is still below the value of P DSM1 .
1.000

ε=2.74

0.995

P/PDSM1

0.990
0.985
0.980
0.975
0.970
0.965
0

2000

4000

6000

8000

10000

t (s)
FIG. 9. Temporal dependence of the injected power P in DSM2 (dielectric EHC) turbulence normalized with
PDSM1 measured in DSM1. The DSM1 – DSM2 transition takes place at t = 0; T = 25 ◦ C; ε = 2.74(> εt ).

In order to elucidate the origin of this extremely long decay time, we considered the density of disclination
loops, as described below. We set the voltage at ε = 2.7 above εt and monitor concomitantly the injected
power and (optically) the event of DSM1 → DSM2 transition. After the DSM2 front has passed we switched
off the driving voltage abruptly at different times t and immediately took a snapshot of optical image showing
disclination loops relaxing. We found that P decreases monotonically in time in a similar fashion as shown
in Figs. 8 and 9. However, there appears to be no corresponding variation in the density of disclination loops
with t elapsed after the DSM2 front has passed. Consequently, the extremely slow decrease in P detected at
DSM1 → DSM2 turbulence transition for dielectric EHC appears to be unrelated to an ongoing generation
of disclinations in the liquid crystal director.
The density of disclination loops ρ is directly related to the averaged intensity of the transmitted light
hIi [27]. Therefore, hIi integrated over 6.2% of the whole area of sample C has been also measured on 256
greyscale. A sharp decrease of hIi by about 20% has been detected at the DSM1 → DSM2 transition (at
t = 0) within t = 60s the time corresponding to the DSM2 front passing the viewing area without any
indication of a slow time decay as measured for the injected power. Therefore, the long time decrease in P
as demonstrated in Fig. 8 remains still puzzling. It may involve interactions between the disclination loops
[26] not detected by experimental methods presented here.
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Another puzzle is that no apparent signature in the Nusselt number has been found for the DSM1 → DSM2
turbulence transition in conductive EHC [15]. Therefore, we have performed more focussed measurements
of the injected power around this transition point. Fig. 10 displays the time dependence of P for two
different ε as indicated in figure with the transition point being set at t = 0. As one can see, the DSM1 →
DSM2 turbulence transition in conductive EHC is characterized with a single peak in P (t), a quite different
behaviour from that measured for dielectric DSM1 → DSM2 transition (an exponential decay of P (t) with
an extremely slow decay time as shown in Fig. 8). Note that peaks in Fig. 10 represent an increase of about
3% in P only and that the time scale of the whole peak is not more than about 60s (time approximately
corresponding to the passing time of the DSM2 front through the whole sample). Taking into account these
scales, it is understandable that the DSM1 → DSM2 turbulence transition in conductive EHC remained
unnoticed in electric Nusselt number measurements under experimental conditions reported in Ref. [15]
[similar to those in Fig. 2(a)].

P (W)

P (W)
2.24x10-5

ε=62.1

1.85x10-5

2.23x10-5
1.84x10-5

ε=73.6
2.22x10

-5

1.83x10-5

-500 -400 -300 -200 -100

0

100 200 300 400 500

t (s)
FIG. 10. Electric power vs. time near the DSM1 → DSM2 turbulence transition (taking place around t = 0) in
conductive EHC (T = 50◦ C) for two different ε as indicated in the figure.

Under different experimental conditions however, we were able to obtain the response in the electric
properties to the DSM1 → DSM2 transition in conductive EHC similar to that in dielectric EHC [Fig.
2(b)]. Figure 11 shows the voltage dependence of the conductivity of sample C at T = 50 ◦ C obtained from
fluctuation measurements. The main difference between Fig. 11 and Fig. 2(a) (as well as Fig. 1 of Ref. [15])
is in the ramping rate r. Data in Fig. 11 have been obtained with r ≈ 0.25mV/s while those in Fig. 2(a) (as
well as data reported in Ref. [15]) with r larger by about an order of magnitude. Note that both of these
ramping rates are of the order of magnitude, at which the hysteresis of the DSM1 → DSM2 is expected to
diminish [23,29]. Therefore, it still remains unclear why we do see the DSM1 → DSM2 transition in the form
of a local minimum in G(ε) [similar, but not so expressed as for dielectric EHC – Fig. 2(b)] at extremely
low r and we do not see at somewhat higher r [15].
The inset of Fig. 11 shows the blowup of G(ε) at the low voltage range. It is useful to compare this graph
with the corresponding data (empty symbols) in Fig. 4 (recorded concomitantly), because all the voltage
dependences correlate in these two graphs and several EHC transitions are captured. At EHC threshold
ε = 0, G increases sharply but no increase in σP /hP i has been detected. At the threshold of defect turbulence,
ε ≈ 0.2, σP /hP i increases sharply (Fig. 4), G however, stops to increase (inset of Fig. 11). At ε ≈ 0.7
(defect turbulence), σP /hP i reaches its maximum and G has a change in its slope. At ε ≈ 1.4 (still defect
turbulence), σP /hP i starts to decrease and G has a slight change in its slope again. At ε ≈ 3.3 the increase
of G slows down (Fig. 11) and in the same time, the decrease in σP /hP i also slows down. This presumably
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represents the route to the transition from defect turbulence to DSM1 where coherent oscillations in g a (t)
diminish (at ε ≈ 5).
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FIG. 11. Voltage dependence of the conductivity G in conductive EHC (T = 50◦ C, f = 100Hz) obtained from
long-time fluctuation measurements. Inset: blowup of the low voltage region.

Optical images recorded at the DSM1 → DSM2 transition also demonstrate substantial differences in the
nature of this transition in the dielectric- and in the conductive EHC. Fig. 12 shows snapshots of DSM1
and DSM2 patterns as well as that of the relaxing disclination loops (recorded immediately after switching
off the driving voltage) for both dielectric [Fig. 12(a)–(c)] and conductive EHC [Fig. 12(d)–(f)].
Dielectric DSM1 pattern [Fig. 12(a)] substancially differs from the conductive DSM1 one [Fig. 12(d)]: the
former shows an expressed spatio-temporal order, while for the latter no such order can be found. On the
other hand, DSM2 patterns in dielectric [Fig. 12(b)] and conductive [Fig. 12(e)] do not differ significantly:
none of them has spatio-temporal order, and the only difference we could detect between them is that the
transmitted light intensity fluctuations are much faster in conductive EHC than in dielectric EHC [that is
why Fig. 12(e) appears to be more blurred than Fig. 12(b)].
As a consequence of the above statements, the DSM1 → DSM2 turbulence transition in dielectric EHC is
different from that in conductive EHC not only regarding the injected power (compare Figs. 8 and 10) but
also in optical properties. In dielectric EHC, the DSM1 [Fig. 12(a)] to DSM2 [Fig. 12(b)] transition appears
as a transition from a state with spatio-temporal order to a state without such an order. The transition itself
is also characterized by a substantial change in transmitted light intensity averaged over a large area of the
sample. On the contrary, DSM1 [Fig. 12(d)] to DSM2 [Fig. 12(e)] transition in conductive EHC does not
involve a change in the spatio-temporal (dis)order nor a significant change in the transmitted light intensity
(compared to that in dielectric EHC), which is in agreement with previous observations at voltages close to
εt [29].
Figs. 12(c) and (f) shows the relaxation of disclination loops recorded immediately (within t = 0.44s) after
switching off the driving voltage in dielectric and in conductive EHC, respectively. Two distinct differences
can be seen between Figs. 12(c) and (f). The density of the disclination loops ρ is much larger for dielectric
DSM2 [Fig. 12(c)] than that following the conductive DSM2 [Fig. 12(f)]. The cause of this difference in ρ
is still unknown. ρ depends on the applied voltage ε [24] however, transitions presented in Fig. 12 are quite
close to the DSM1 → DSM2 transition (ε2 < 0.4 using the nomenclature presented in Fig. 7 of Ref. [24]) and
consequently, no large difference in ρ should be expected. The relaxation of the EHC pattern is much slower
for conductive EHC than that for dielectric EHC. Fig. 12(f) shows that the conductive EHC pattern is not
relaxed completely at t ≈ 0.44s after switching off the driving voltage, while in the same time for dielectric
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http://www.e-lc.org/docs/2003_05_08_14_04_49

electronic-Liquid Crystal Communications

May 15, 2003

EHC the relaxation is already finished. This behaviour is easy to understand taking into account that the
restoring forces towards quiescent state depend on the Frank elastic constants. Previous measurements on
M5 have shown that the elastic constants are smaller by about a factor of 2 at T = 50 ◦ C than those at
T = 25◦ C [39]. Consequently, the restoring forces present in Fig. 12(c) are much larger than those present
in Fig. 12(f).

FIG. 12. Snapshots of DSM1 [(a) and (d)], DSM2 [(b) and (e)] patterns as well as the images of the disclination
loops taken immediately after switching off the driving voltage. (a)–(c) dielectric EHC (T = 25 ◦ C, ε = 2.7); (d)–(f)
conductive EHC (T = 50◦ C, ε = 62.1). The scale bar in subfigure (a) shows 100µm.
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Discussion and conclusion

Extensive experimental studies have been performed regarding the conductivity and the fluctuations
of injected electric power in electroconvection of a nematic liquid crystal, focusing on defect turbulence,
anisotropic turbulence (DSM1) and on isotropic turbulence (DSM2).
The voltage dependence of the conductivities clearly show an increased energy dissipation at the EHC
threshold ε = 0 both for conductive and dielectric convection. Above ε = 0, conductivity measurements show
a crossover in G between the data recorded with increased voltage steps and those measured with decreased
voltage steps. For dielectric EHC this crossover occurs just above the the threshold ε t and could be caused
by the pronounced hysteretic behaviour of this transition [see Figs 3(c) and (d)]. For conductive EHC the
crossover shown in Fig. 2(a) is presumably caused by defect turbulence to anisotropic turbulence transition
(where low frequency, persistent oscillations diminish from the autocorrelation function of the fluctuations).
The apparent decrease of G above εt in dielectric EHC with the increase of ε [inset of Fig. 2(b)] in
terms of the electric Nusselt-number N [15] means a decrease of N with the increase of the driving force.
Such a behavior, already observed in conductive EHC (however, at much larger ε [15]) to our knowledge
has not been detected in other turbulent systems and therefore, it represents a challenge for more detailed
studies. εt in dielectric EHC has another signature in the electric properties: the decrease in the width of
the fluctuations (see the inset of Fig. 8) is larger than the decrease in absolute value of P (see the main plot
in Fig. 8) which causes a small, but sharp decrease of σP /hP i at εt (see Fig. 4).
The most remarkable differences between the conductive and dielectric regimes are found in the defect
turbulence states. As already described in Ref. [21] the conductive convection in the defect turbulence
voltage range εd ≤ ε ≤ εt is characterized with a dramatic increase of σP /hP i above εd (Fig. 2, empty
symbols), with low frequency quasi-periodic fluctuations in P − hP i [Fig. 5(a), black line] that cause a
persistent, slow oscillations in ga (t) [Fig. 6(a)] and with a Gaussian PDF (Fig. 7, filled symbols). The
source of these characteristics lays in the dynamic process of creation/annihilation of conductive defects
[21]. On the contrary, in dielectric EHC no significant increase of σP /hP i has been observed above εd nor a
decrease in the frequency of the fluctuations [Fig. 5(b)]. Consequently, as one could expect the persistent,
low frequency oscillations in ga (t) are also absent in dielectric EHC [Fig. 6(b)] despite the rather ordered
spatial distribution of the defects [see e.g. Fig. 3(d)]. Moreover, for dielectric EHC PDF in the voltage
range of εd ≤ ε ≤ εt obey a non-Gaussian distribution (Fig. 7, empty symbols). Similar, non-Gaussian
statistics have been found in various other systems with convecting fluids experimentally like in RayleighBénard convection [13], turbulent swirling flow in closed geometry [1,9,10], or in fluctuations of the Danube
water level [3] as well as mathematically [2,11]. All of these fluctuations obey the same, universal nonGaussian statistics: the high (positive) end of PDF is close to Gaussian, the maximum of the distribution is
slightly shifted towards positive values, while the low (negative) end of PDF has a distinct exponential tail.
According to Refs. [1,10] the existence of the exponential tail is due to events of fluid motion (with a large
scale extension both in space and time) spanning the entire closed system. This explanation is supported by
measurements on turbulent swirling flow in open geometry [9], in which no exponential tail has been found
and the fluctuations became Gaussian. However, the PDF shown in Fig. 7 for EHC in the dielectric regime
(open symbols), exhibits all the above-mentioned characteristics of non-Gaussian statistics, except the low
(negative) end of the distribution decays slower than an exponential, but still not Gaussian. The details of
this are under investigation.
In summary, distinct differences in the electric properties between conductive and dielectric EHC have been
found regarding: i. the normalized standard deviation-, ii. the spectra-, and iii. the probability density
distribution of the electric power fluctuations in the defect turbulence voltage range. A robust electric
response of the anisotropic – isotropic turbulent transition has been also captured in dielectric EHC. On the
contrary, in the convective EHC εt has much less distinct signature in the electric properties in accordance
with the results of Ref. [15]. The cause of this difference is still unclear. One possible explanation is the
observation that the increase of the density of disclination loops ρ is much larger at dielectric DSM1 → DSM2
[Fig. 12(c)] than at conductive DSM1 → DSM2 [Fig. 12(f)]. If one consider DSM1 → DSM2 transition as a
‘transition from a structured two-dimensional (2D) turbulence towards a structureless 3D turbulence’ [28],
the decrease of P at εt observed in dielectric EHC becomes understandable, since such a transition must
involve an increase in the number of degrees of freedom excited. However, in this framework the absence of
decrease of P at DSM1 → DSM2 transition in conductive EHC still remains unexplained.
Acknowledgements
The present work was supported by the National Science Foundation under Grant DMR-9988614.
15

http://www.e-lc.org/docs/2003_05_08_14_04_49

electronic-Liquid Crystal Communications

May 15, 2003

[1] S.T. Bramwell, P.C.W. Holdsworth and J.-F. Pinton, Nature 396, 552 (1998).
[2] S.T. Bramwell, K. Christensen, J.-Y. Fortin, P.C.W. Holdsworth, H.J. Jensen, S. Lise, J. López, M. Nicodemi,
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