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Conductive and dielectric defects, and anisotropic and isotropic turbulence in liquid crystals:
Electric power fluctuation measurements
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Fluctuations of the injected electric power during electroconvectC) of liquid crystals are reported in
both the conductive and the dielectric regime of convection. The amplitude and the frequency of the fluctua-
tions, 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 BSMEM2 transition.
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. INTRODUCTION anisotropy Anisotropy permits the Carr-Helfrich instability
by which an electric potential difference can cause flow. The
Fluctuations in dissipative systems driven out of equilib-anisotropic nature of nematic liquid crystals means their flow
rium have attracted considerable attention recently. Exis not described by the Navier-Stokes equation, but by the
amples include universalityl 3], velocity and temperature Ericksen-Leslie equations, in which the orientational degrees
spectra[4], correlationg5-8], and the fluctuation probabil- of freedom are coupled to the flow fie[d7]. Lastly, EHC
ity density function(PDF [9-13. These works have fo- exhibits a particularly rare phenomenon: an abrupt turbu-
cused mainly on the followingi) understanding fluctuations |ence to turbulence transitidi 8], as opposed to other fluid
within the framework of phase transitions in equilibrium sys-flow systems in which one observes different regimes of tur-
tems, (ii) finding a universal form of the fluctuations in dif- bulence, but there are no well-defined thresholds for the on-
ferent systemgjjii ) investigating why fluctuations often obey set of these regimes.
non-Gaussian PDF’s, ar@/) investigating the origin of the The aim of this paper is to compare injected power fluc-
low-frequency oscillations of large-scale flows observed intuations in two distinct states, namely, the conductive and the
Rayleigh-Baard convection. It is important to note here that dielectric regimes of electroconvection. We focus on both the
all the listed experimental/numerical results have been obdefect turbulence regime(in which the spontaneous
tained for flow ofisotropic fluids. generation/annihilation of dislocations destroys the station-
In parallel to the above-mentioned works, another methothy EHC roll pattern by breaking the rolls into moving seg-
has been demonstrated in Reff$4,19 to study electrohy- ment$ and on the transition from anisotropic to isotropic
drodynamic convectiofEHC) in liquid crystals, based on turbulence(the DSM1-DSM2 transition
detection of a global quantity, namely, the injected electric Considerable differences have been found between the de-
powerP. Note that the mean value of the injected poWef  fect turbulence state in conductive and dielectric regimes of
has to be the same as the mean value of the dissipated powEHC. In the conductive regimel9] spatial coherence is ab-
However, the fluctuations around these mean values do ngent, however, a dominant length scale still survi{2g].
need to be the sanfd1]. This method opens new routes in More recent experiments in conductive regime defect turbu-
investigations of fluctuations in a well-studied, driven, dissi-lence show that despite the spatial incoherence, temporal
pative system. EHC lends itself quite naturally to the studycorrelations persist over extremely long time due to global,
of such fluctuations, because the basic fluid instability isquasiperiodic oscillations in the injected electrical power;
driven by sustaining an electric potential difference, and so ithese oscillations are associated with the defect creation/
is straightforward to characterize both the injected power andnnihilation rate/21]. On the other hand, the dielectric re-
the fluctuations therein by measuring the electric currentgime defect turbulence has quite different characteristics as
Furthermore, EHC in nematic liquid crystals has numerouspointed out in Ref[22]. In a narrow voltage range above the
advantages for these types of studies over other driven fluidnset of defect turbulence, defedtsith topological charge
flow systems: there are rich varieties of convective states-1) are generated/annihilated in pairs without spatial corre-
(see, e.g., Ref16]), employing a large aspect ratiwhich  lation; the number of these defects increases with voltage.
minimizes lateral boundary effegts much simpler in EHC  Slightly above the onset of defect turbulence, at a fairly well-
than for Rayleigh-Beard convection and the relevant control defined threshold, defects start to develop spatial correlation;
parametgs) (the driving voltageU and the temperatur€) they form chaingparallel to the original roll directionof the
are easily and precisely tunable. One important feature ofame topological charge alternating in space leading to the
EHC not found in the systems listed above is their inherenthevron pattern. Concomitantly, with the restitution of the
spatial correlation a significant increase in the density of de-
fects has been observed. With further increase of the voltage
*On leave from Research Institute for Solid State Physics andollective defect motion occuf®2]. One natural question is
Optics, Hungarian Academy of Sciences, H-1525 Budapest, P.O.Biow such a spatiotemporal order will influence the fluctua-
49, Hungary. tions in a global quantity likeP, especially knowing that
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spatially incoherent defect creation/annihilation in conduc-
tive defect turbulence leads to a persistent temporal correla
tion [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 numbel
[14,15. This is surprising in the light of previous studies on ~
the DSM1—DSM2 transition in the conductive regime that —
have shown that above a critical voltatlg, DSM2 state p il
replaces the DSM1 state by nucleation and growth, via pas A To35°C
sage of a distinct front separating the two stdfie&23—-31.

The transition is characterized by an abrupt increase in the
density of disclination loopg23,24,26,27, and the transition
voltage depends on the ramp rat23,24,29, on the sample
thicknesgq 31], on the anchoring streng{l28,30,3], and on
the driving frequency25,30. f (Hz)

O—T=25°C
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FIG. 1. (Color online Phase diagram of EHC at different tem-
peraturesT. The closed symbols in the low-frequency range denote

Il. EXPERIMENTAL SETUP stationary(normal or oblique rolls. Open symbols stand for the
nonstationary, traveling rolls and in the high-frequency range the

For the measurements a similar experimental setup ha§ . )
Closed symbols are for dielectric normal rolls.

been used as described in REf5]. The sinusoidal voltage
signal is generated using the internal function generator of a . EXPERIMENT
lock-in amplifier. This signal is amplified and applied across
the liquid crystal(LC) layer sandwiched between two glass
plates. The current traversing through the LC sample is fed The phase diagram of EHC is shown in Fig. 1 for differ-
into the field-effect transistor input of a current-to-voltage ent temperatures measured in cell A. The closed symbols at
preamplifier. The output of this preamplifier is measured bylow frequenciesf denote the threshold of a stationary con-
the lock in. The lock in time constant is set to just above theductive roll pattern of EHQnormal rolls—NR or oblique
period of the signal frequency. The in-phase output of thero_lls—OR) as the first blf_urcatlon, while nonstationary trav-
lock in is amplified to bring the signal into the optimal range €/ing rolls are marked with open symbols. The closed sym-
for an analog-digital computer whose output is recorded by bols in the highf range stand for the dielectric normal rolls.
personal computer. For each experimental point an opticaThe ch0|ce'of the yvorkmg frequency.for'the fluctuatlgn mea-
image taken through a polarizing microscope using theurements is restricted with the s_patlal_lnhomogenelty of the
shadow-graph technique has been also recorded. This recor%a-‘mple‘ Namely, the recorded signal is integrated over the

ing is especially useful if one takes into account the temporazfcwe area of the samplevhere the electrodes overjapnd

changes in the electric properties of liquid cryst@se later consequently, itis required that at a given voltaghe same

. ; . EHC pattern appear in the whole cell. At frequencies where
discussioh The experimental setup proposed by R&2]
(with a voltage divider instead of current-to-voltage preamp-U(f) be.comes steeper the EHCI: patt(irn goets Ies S hc;moge-
lifier) has been also tested and no significant differences ha _eous In_space. For example, at= 50°C above
been found between the results obtained by the two method_.250 Hz the.threshoIdUC of EHC differs byAU~1 V at

We used the liquid crystal mixture Mischung(M5) with ifferent locations of the cell. Therefore, for further measure-

2.73 wt% dopantas proposed in Ref33]). This material ments f =100 Hz has beeon chosen, wheld) was .found.
possesses good chemical stability, a relatively broad nematlgs‘?' than 0.02 V a1T=5°0 C and where for the dielectric
range, and known material parametg88]. Moreover, the regime of EHC afl =25 _CAU was undetec_tqble._
electrical conductivities change sufficiently with temperature, ON the other hand, Fig. 1 explains the difficulties to per-

allowing us to conduct measurements at constant frequencf m prgcise measurements on the electric properties of the
(see below. Most of the measurements presented below/lonstationary, traveling rolls of EH@pen symbols at all

have been carried out &=(25.00+0.01)° C and afT temperatures where the Hopf bifurcati¢open sy_mb_ols in
=(50.00+0.01) ° C, where a satisfactory spatial homogene—F'g' 1_) is abservedlJ(f) gets steep and the spatial inhomo-
ity of the samples is ensurddee later discussion geneity of the EHC pattern cannot be neglected.

The sandwich cells have been prepared with etched elec- o
trodes of aread=1 cn? (cell A), A=0.5 cn? (cell B), and B. Conductivity
A=0.0615 cm (cell C—the sample on which most of the  Before performing the power fluctuation measurements,
experiments presented here are perfornweith thicknessd  the conductivityG of the sample has been determined as a
=(16.7+0.3) um, d=(51*1) um, and d=(33.4 function of the applied voltage. The applied voltage has been
+0.2) um, respectively, providing aspect ratios & increased in small steps<0.1 V with a waiting time of 30 s
= /A/d~600, 136, and 74. between each stgpsimilar to the measurements presented in

A. Phase diagram
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FIG. 2. (Color onling ConductivityG vs the applied voltagé
in a cycle with increased voltage stefidack, closed symbol<ol-
lowed by decreased voltage steflight, open symbolsat (a) T
=50 °C (conductive regime of EHCand at(b) T=25 °C (dielec-
tric regime. The inset shows blowup of the voltage range where the
anisotropic-isotropic turbulence transition takes place.

Ref.[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 stepgblack, closed symboldollowed immediately
by decreasing voltage stefspen symbolsat two tempera-
tures T=50 °C (conductive EH¢ and T=25 °C (dielectric
EHO).
U)A(;fEezcs)u:(:ambgmssgggf;esahsoev(\j/ Szed odnes(gfi?e;Hﬁgts N Fe. 3. Snapshots of the EHC patterns at characteristic points
. . . . shown in Fig. 2(a) atT=50 °C and at the threshold.=6.97 V of
=6.97 V_ which are in e>_<cell'ent agr_eement with the optlcalthe oblique rolls: (b) at T=25°C and at the thresholdJ,
observations presented in FigaBwhich place the onset of - _73 5\ of the dielectric normal rollsic) at T=25°C and at the
EHC atU,=(6.97+0.05) V with oblique rolls(OR) as the  gnjsotropic-isotropic turbulence transition voltadé,=118.5 V
first bifurcation. showing the transition front passing through the samfplea dem-

At T=25°C, U, is found to be (73.20.1) V from the  onstration of persistence of the disclination loops in the case of
G(U) curves[Fig. 2(b)]; which is again in agreement with decreased voltage stepsTat 25 °C andU=288.2 V. The scale bars
the onset of the dielectric normal roliNR) obtained by  show 100um.
shadowgraph techniqui=ig. 3(b)] at U,=(73.2£0.5) V.

Note the virtual mismatch of) . between Figs. 1 and(B). Fig. 1). Taking this into account it is easy to understand the
However, the data in these two figures have been obtainedifference(by a factor of about 2) itJ. between Figs. 1 and
for different samples having thickneddliffering by a factor  2(b).

greater than 2. The thicker samgleell C, Fig. 2b)] must Figure 2 also shows an important feature common to all
have higher cutoff frequencf, (separating the voltage de- liquid crystals investigated by UMBBA, phase 5, M. For
pendent conductive regime of EHC from the electric fieldall these materials, the conductivity decreases slightly if they
dependent dielectric regiméhan the thinner sampleell A, are exposed to a considerable voltage for longer time (
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hour). This behavior is the best seen @ U, where the [ T e T T rrT ]
values ofG measured with decreasédlsteps are consider- . ‘
ably lower than those previously recorded with increased
steps. One has to note also thatTat 50 °C belowU. our 10
sample behaves as an Ohmic resistriidependent o), - I C\

b o— - T=50°C

-4 [
5x10 [ b, D

while at T=25°C its electric properties seem to be non-
Ohmic.

Above U, G(U) appears to be more complicated. For
both temperature¥=50°C andT=25°C a crossover oc- 2107
curs inG(U) between the data recorded with increased volt- L LTRse .
age steps and those with decreased voltage steps. For tt  1x10™ [*ome f/\ ,..«"I .
conductive EHC[Fig. 2(@)] this crossover has been found C ]
close toU (but not at the exact valiigvhere long-time os- R Lo Lot Lo bbb Letireiin |
cillations in the autocorrelation functiagy(t) diminish (see i
the following section For dielectric EHJFig. 2(b)], how- £
_ever’ the crossover takes_ _place just above_the aniso_tmpic' FIG. 4. The standard deviation of the power fluctuations nor-
Isotropic turbulgnce transition voltade _[Se_e inset of Fig.  malized with the mean value of electric powdt) as a function of
2(b)]. Namely, in the measurements with increased voltagghe dimensionless driving voltage in the conductive regime of

steps a local maximum o&(U) has been detected &  EHC (open symbolsand in the dielectric regime of EH@losed
=118.5 V exactly at the voltage where the front from aniso-sympols.

tropic to isotropic turbulence transitigbSM1-DSM2[18])
has been optically observddrig. 3(c)]. This transition is
characterized by formation of disclination loops that becom
detectable if one abruptly zeras [26]. The absence of this
local maxima in the case of the decreasing voltage steps ¢
be understood considering Fig(ds disclination loops per-
sist down up to a voltagel~88 V under our experimental
conditions(voltage steps of~0.1 V and waiting time of 30 s
between each stg¢mhowing an extremely large hysteresis
[35].

a0 |

op/<P>

starting ate=e4~0.2. As it has been shown in R¢21] for
%ells A, B, and C, the increase of. /(P) strongly depends
on the aspect ratis of the sample: for smalles, there is a
qgrger increase iap /(P). This is one of the reasons why we
discuss cell Gwith the smalless among our samplégsn the
rest of the paper. In this sample an increaserpf(P) by
about an order of magnitude occurs at the threshg|d
~0.2 of the defect creation/annihilation.

In dielectric regime of convection the defect creation/
annihilation process starts at somewhat lower threskgld
~0.03 and in contrast to the conductive EHC, here no sig-

Measurements on the current/power fluctuations havaificant increase oérp/(P) has been found at and abowg
been performed as follows. The time constant of the lock-iras one can see from Fig. 4. The amplitude of the power
amplifier has been set to 30 rfes usually in the other mea- fluctuations at <0 has been found to be comparable in both
surementsand the sampling time of about 50 ms has beerconductive and dielectric EHC. For dielectric convection at
chosen for all the fluctuation measurements. For each driving<<0 (above e~ —0.3) where the EHC pattern is not yet
voltage U, 65536 experimental points have been recordedormed, a slow motion of small dust particles has been de-
(i.e., abotra 1 h run foreach data sgtAll sets of measure- tected indicating the presence of some kind of flow. In this
ments have been carried out with increasing voltage stepgltage range power fluctuations show relatively expressed
and with a waiting time of about 20 min after increasidg intermittentlike characteisharp changes with relatively large
(and before starting the fluctuation measurememntachieve amplitude inP) which fades out above~0.07, however,

a stationary state of EHC. Snapshots of the EHC patterndoes not disappear completely with further increase fee
have been recorded immediately before starting and after firthe later discussion about the probability density fungtion
ishing the experimental rufin contrast to the conductivity The fact that the motion of dust particles and the intermit-
measurements, here we were unable to record an optical intentlike fluctuations appear at the same voltage leads us to a
age for each experimental point since it would drasticallyconclusion that the intermittent behavior is presumably
increase the sampling time caused by a large-scale flow. We mention here that at similar

Figure 4 shows the standard deviation of the power fluc{relatively high voltages a flow(even in the isotropic phase
tuationsop normalized with the mean value of the power has been reported for highly doped MBBA belew 0 and
(P) as a function of the dimensionless driving voltage is considered as a potential cause of formation of the so-
=(U/U)?—1 in cell C. The open symbols denote measure-called prewavy pattern appearing close to, but still betow

C. Electric fluctuations

ments performed af=50°C (conductive OR ats=0), =0 [36]. In samples with highly doped M&not discussed
while closed symbols stand for measurement§at25°C  here we observed the same prewavy pattern as it has been
(dielectric NR ats =0). described in MBBA and in phase 5 previou$B6,37. This

A dramatic increase ofrp/(P) slightly abovee=0 in  intermittentlike character of the fluctuations in the range of
conductive EHC has been detected receh8g] and has —0.33<e¢=<0.1 causes a slight incread® a factor of about
been assigned to the creation/annihilation of def¢2ty  2) of op/{P). However, this increase is much smaller than
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FIG. 5. (Color onling Electric power fluctuations at same ©
values of voltage: in the conductive@ and dielectric regime of FIG. 6. (Color onling Autocorrelation functiong,(t) at similar
EHC (b). values ofe in the conductive{a) and in the dielectric regime of

EHC (b). Inset in(a): power spectra of fluctuations demonstrating
that in the conductive EHC and definitely cannot be con-duasiperiodicity a&=0.217 and at = 0.583.
nected to the creation/annihilation of defects.

With further increase of voltage, at~0.35 where the the fluctuations in conductive EHC. Abowg the large am-
dielectric chevron patterrisee e.g., Ref[22]) is formed, plitude fluctuations become quasiperiodic with a dominant
op/(P) decreases and stays const@ete Fig. 4over a con- frequencyf* that increases with increase of(and depends
siderable range of in which defect chains stay aligned par- also ond [21]), but remains much smaller than the driving
allel to the original roll directio22]. At e~1 another tran- frequency. For example, for cell C represented in Fig),5
sition occurs; the defect chains are no longer aligned parallelalues off* have been found in the range between 0.08 Hz
to the original roll direction but are deformed as demon-(at ¢4=0.21) and 3.12 HZat ¢ =7.5—above this value the
strated in the right-hand side of Fig(c3. We consider this quasiperiodic oscillations diminish as it has been shown in
pattern as dielectric DSM1, because with further increase oRef.[21]). As described in Ref21], f* exactly corresponds
¢ the next transition is identified as a transition to DSfd@e  to the creation/annihilation rate of defectietermined from
Fig. 3(c)]. At the transition point from dielectric chevron to independent optical observationThe increase of* with
DSM1 a small, but systematic increasedn/(P) has been the increase of follows convincingly the predictions of the
detectedFig. 4). This monotonic increase iap/(P) is ob-  Villermaux's model[5] for the Rayleigh-Beard convection
servable up to the DSM&DSM2 at e~1.7 [Fig. 3(c)] as has also been shown in REZ1].
where a small but abrupt decreasedip/(P) has occurred For dielectric EHCFig. 5b)], however, only a slight in-
(Fig. 4). crease has occurred in the amplitude of the fluctuation due to

Another difference between fluctuations in conductivethe increase of the driving voltagefrom 0 to 0.8, without
and dielectric EHC is displayed in Fig. 5. Figure@5and any detectable change in the spectra of fluctuations. More-
5(b) show power fluctuations at the onset of EHE=(0) over, in dielectric regimerp/(P) at and abovee=0 stays
and ate =0.8 (black lineg where so-called defect turbulence close to the value of/{P) measured at =0 for conduc-
[38] takes place in the conductive, and in the dielectric EHCtive EHC (see Fig. 4.
respectively. Figure & shows a large increase in the fluc- The normalized autocorrelation function of the power
tuation amplitude(already seen in Fig. 4 and studied in de- fluctuations g,(t) =(P(t")P(t’ +1))/(P)2—1 presented in
tails in Refs.[32,21]). This demonstrates another feature of Fig. 6 for conductivg Fig. 6(a)] and for dielectric EHQFig.
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tions above the onset of EHC, at=0.6 for T=50 °C (conductive 72“1"} '\,"]" ‘ I\v . Y f M
EHC, filled symbol$ and forT= 25 °C (dielectric EHC, open sym- 0\-/_2 - il W / u' i _
bols). The line shows the Gaussian distribution with no fitting pa- a4l ‘HLI V ' i’ W H " “l
rameters. ar sl 7]
| 820 400 600 800
6(b)] also shows features described in preceding two para t(s)
graphs. For conductive EHC, abog slow, persistent os- 174 ey b b b L e
cillations occur ing,(t) (see for details Ref.21]). The os- g A U e U S0 s 0
cillation frequency again corresponds & (and to the t(s)

optically determined creation/annihilation rate of defects
[21]. The inset of Fig. 6) shows the power spectra of in- FIG. 8. Electr_i(_: poyver_measgrement at the anisotropic-isotropic
jected power fluctuations at=0.217 and at = 0.583. Low- .turbulence transmon. in dielectric EHCTE 25 °Ce=1.83). The .
frequency peaks in the spectra demonstrate the presence'B?ets show the optical patterns as well as power quctu.atlons in
quasiperiodicity. The arrows indicate the frequendiesb- DSM1 (black line, pattern on the left-hand sjdend DSM2(light
tained from independent, optical measurements. In contraslf?e) turbulence.
in dielectric EHC no oscillations have been observed in
g.(t) at similare values[see Fig. )] nor at any investi- complicated. Namely, the set of our fluctuation measure-
gateds up toe=~5. ments show a small, but systematic departure of PDF from
The PDF of the power fluctuations has been also investithe Gaussian distribution abowe=40 (deeply in DSM1 tur-
gated. In cell C, over the whole voltage range in which thebulence voltage range[39]. However, above DSM1
defect turbulence state in the conductive regime is present> DSM2 transition, at~60, the power fluctuations again
no systematic deviation from the Gaussian distribution hasbey Gaussian statistics, which remains the case up to ex-
been found as reported already in H8R] for another liquid  tremely high values ofe>800, where a clearly non-
crystal material, MBBA. Filled symbols in Fig. 7 show a Gaussian distribution is obtain¢@89]. We mention here that
typical distribution in this defect turbulence voltage range,optical observations place; in a wide voltage range of 30
while the line represents the Gaussian function with no fit-<g,<200 depending on the experimental conditigramp
ting parameters. In dielectric EHC, however, a systematicate, sample thickness, for how long and to which voltage the
departure from the Gaussian distribution has been found isample has been exposed, ewhich is too wide to make a
the whole voltage range of the defect turbulence. Emptyconclusive comment on PDF at the anisotropic-isotropic
symbols in Fig. 7 show the typical deviation from the normaltransition in conductive EHC. Up to the present, it seems that
distribution at about the same~0.6 as for the conductive the DSM1—DSM2 transition is not accompanied with a sig-
EHC (filled symbols. Obviously the maximum of the PDF is nificant change in PDF of power fluctuations, which is diffi-
shifted toward$ —(P)>0, the tail of the distribution in the cult to reconcile with the results of Ref27] where (for
region P—(P)<0 is systematically shifted towards larger conductive EHQ a distinct change in PDF of “surrogate of
negative values oP—(P) than for the Gaussian form, al- the local distortion energy density” has been obtained at this
most showing an exponential dependence. At the same tim&ansition point.
on the positive side at the tail data are a bit smaller than In the electric power fluctuation measurements the
those for the normal distribution. DSM1—DSM2 turbulence transition has been observed at
No detectable change in the character of the PDF has been= 1.83 for dielectric EHQsee the snapshots of the patterns
observed at DSM+:DSM2 transition in dielectric EHC— in Fig. 8 taken at the beginning and at the end of the fluc-
the distribution remains similar to that shown in Fig. 7 tuation measurementlf one compares this value @f with
(empty symbols In conductive EHC the situation is more that obtained from the conductivity measuremeimset of
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1.000 F saturates after several hours eveaife; as demonstrated in
- O L o h {10 Fig. 9. This figure shows for dielectric EHC the temporal
0.995 [- o IDSW loos 2 dependence of the injected powBrin DSM2 turbulence
0050 | . <><Fosm |77 O normalized with the powePpsy; measured in DSM1 at
I 00 =2.74(>¢,). The DSM1—DSM?2 transition takes place at
% 0.985 085 Vv t=0. As one can see, even for this relatively highE
< . 0.98F saturates more than an hour after the DSMRSM2 transi-
Q0980 - S s 0.80 tion at a value oP lower thanPpgy; by about 3%. About 2
a h after the transitiof® starts to increase slowly, however, it is
087 t(s) ‘__ still below the value oPpgy;.
B In order to elucidate the origin of this extremely long
o870 L decay time, we considered the density of disclination loops,
o965 L — 1 1. 1.1 . as described below. We set the voltagecat2.7 aboveg,
0 2000 4000 6000 8000 10000  and monitored concomitantly the injected power dopti-
t(s) cally) the DSM1—DSM2 transition. After the DSM2 front

) . has passed we abruptly switched off the driving voltage at

FIG. 9. (Color onling Temporal dependence of the injected girarent timest and immediately took a snapshot of optical
power P in DSM2 (dielectric EHQ turbulence normalized with 546 showing disclination loops. We found tiRadlecreases
Posw measurfd n D_Sleh'_Ck '_'ne)' The DSM1-DSM2 transition monotonically in time in a similar fashion as shown in Figs.
takes place at=0; T=25°C; e=2.74(>¢,). Thin line represents .
an exponential decay fit to the data. The inset compares tempor% "’?“d. 9'. However, Fhere appears to be no _correspondlng
dependence aP/(P)psyy With that of the normalized transmitted variation in the density of disclination loops withelapsed
light intensity (/{1 pay. after the DSM2 front _has passed. Consequently, the ex-

tremely slow decrease iR detected at DSM4>DSM?2 tur-

Fig. 2(b), e,=1.61] a significant difference is seen betweenbulence transition for dielectric EHC appears to be unrelated
them, which can be explained by the “electric historfdr ~ to an ongoing generation of disclinations in the liquid crystal
how long and to which voltage the sample has been exposedirector.
of the sample. Namely, because the entire conductivity mea- The density of disclination looppg is directly related to
surement shown in Fig.(B) is performed within 36 h, the the averaged intensity of the transmitted ligliy [27].
sample was therefore exposed to(different voltage for  Therefore, we also measuréld integrated over 6.2% of the
abou 9 h beforee, is reached. In fluctuation measurements,whole area of sample C. A sharp decreas€|0fby about
however, the sample was exposed to a voltage for about 6020% is observed at the DSM2DSM2 transition(att=0)
(while other fluctuation measurements &t e; were per-  within t=60 s (the time corresponding to the DSM2 front
formed. Now, it is more clear why did we observe such apassing the viewing ar¢avithout any indication of a slow
broad range ot; for the conductive EHC: in some of those time decay as measured for the injected power as shown in
threshold measurements we approachewvith quick volt-  the inset of Fig. 9. Therefore, the long-time decreas® in
age steps while in others we have waited for hours betweedemonstrated in Figs. 8 and 9 remains still puzzling. It may
the steps. The electric history of the sample, however, doesvolve interactions between the disclination lod@$] not
not change the cutoff frequency significantly as revealed byletected by experimental methods presented here.
control measurements at the beginning and at the end mea- Another puzzle is that no apparent signature in the Nus-
surementgafter several weelksvhich demonstrates the high selt number has been found for the DSMDSM2 turbu-
chemical stability of M5 as pointed out in R¢B3]. lence transition in conductive EH[@5]. Therefore, we have

The inset of Fig. 8 shows the power fluctuationg@both ~ performed more focussed measurements of the injected
in isotropic (DSM2, light line and anisotropic turbulence power around this transition point. Figure 10 displays the
(DSM1, black ling. The spectra of the fluctuations does nottime dependence d? for two different values ot as indi-
seem to differ significantly in these two regimes. However,cated with the transition point being settat0. As one can
the width of the fluctuationsrp is considerably smaller in see, the DSM%-DSM2 turbulence transition in conductive
DSM2 than that in DSM1. The smaller, in DSM2 than in  EHC is characterized with a single peak f{(t), a quite
DSM1 (despite of decay irP discussed in the following different behavior from that measured for dielectric DSM1
paragraphcauses a small, but abrupt decrease-pf(P) at —DSM2 transition[an exponential decay d?(t) with an
g; as shown in Fig. 4. extremely slow decay time as shown in Fig. 8lote that

The main plots of Figs. 8 and 9 show that the injectedpeaks in Fig. 10 represent an increase of only about 3% in
electric power decays exponentially at the anisotropic-and that the time scale of the whole peak is not more than
isotropic turbulence transition. The decay time is rather surabout 60 qtime approximately corresponding to the passing
prising. Namely, the anisotropic-isotropic turbulence transitime of the DSM2 front through the whole sampl&aking
tion finishes within few seconds(at some moment into account these scales, it is understandable that the
isotropically turbulent regions nucleate and invade the whol®SM1— DSM2 turbulence transition in conductive EHC re-
anisotropic area in the cell within 1 minHowever, the de- mained unnoticed in electric Nusselt-number measurements
cay time ofP is much larger than a minute as one sees fromunder experimental conditions reported in Rafb] [similar
Fig. 9: the exponential fit has decay timew£975 s, and®  to those in Fig. 2a)].
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FIG. 10. (Color onling Electric power vs time near the DSM1
—DSM2 turbulence transitioftaking place around=0) in con-
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P (W)

1.85x10°°

1.84x10°°

PHYSICAL REVIEW EG9, 016302 (2004

N My

(A \Ié\‘S% Q)
S { Q. o\,ﬁb ;\Vp
e

vy \
L
(é}\ V ”;c,
2 S

/] = '%V\ls?ﬂhﬁf ‘j
S Ry S W S
@y %Kg '("J:(\/‘/c; g 3

3 1) e ’

figure. i e ARG g

> 7 ‘\\73}(” @S‘“ﬁ oS 7 }?

i i i = N 2a, Y

Under different experimental conditions, however, we {3 288 k/b\ f S q
were able to obtain the response in the_electrlc pr_opertles td { ;J&,«, §&\\’}\‘€/\ e \0’6\{\ u"bﬁ"‘;‘\% ‘

the DSM1—DSM2 transition in conductive EHC similar to e L\Q@%{?g:/d\ (Y = ST ;\\, ol

that in dielectric EHC[Fig. 2(b)]. Figure 11 shows the volt- === 7520 MWHERRSHGIR AP el e

age dependence of the conductivity of cell CTat50°C T=25 °C T=50 °C

obtained from fluctuation measurements. The main differ-

ence between Figs. 11 andaR (as well as Fig. 1 of Ref. FIG. 12. Snapshots of DSM1a) and(d)], DSM2[(b) and(e)]
[15]) is in the ramping rate. Data in Fig. 11 have been Ppatterns as well as the images of the disclination loops taken imme-
obtained withr ~0.25 mV/s while those in Fig.(@) (as well diately after switching off the driving voltagdga)—(c) dielectric

as data reported in RefL5]) with r larger by about an order EHC (T=25°C,g=2.7); (d)—(f) conductive EHC [=50°Cg
of magnitude. Note that both of these ramping rates are of 2-1). The scale bar ite) shows 100um.
the order of magnitude, at which the hysteresis of the

DSM1—DSM2 is expected to diminisf23,29. Therefore, ~corresponding dateempty symbolsin Fig. 4 (recorded con-

it still remains unclear why we do see the DSMDSM?2
transition in the form of a local minimum iG(e) [similar,
but not so expressed as for dielectric EHC—Figh)? at
extremely lowr and we do not see at somewhat higher

[15].

comitantly), because all the voltage dependences correlate in
these two graphs and several EHC transitions are captured.
At EHC thresholde =0, G increases sharply but no increase
in op/{P) has been detected. At the threshold of defect tur-
bulenceg~0.2, op/{P) increases sharplFig. 4), G, how-

The inset of Fig. 11 shows the blowup G{¢) at the low ~ €Ver, stops to increasénset of Fig. 1. At £~0.7 (defect
voltage range. It is useful to compare this graph with thelurbulence, op/(P) reaches its maximum an@ has a

change in its slope. Ate~1.4 (still defect turbulencg
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7.0x10 &

6.5x10° | 60g00900000500°°
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opl({P) starts to decrease af@lagain has a slight change in
] its slope. Ate~3.3 the increase o slows down(Fig. 11)
] and at the same time, the decreasess/(P) also slows
] down. This presumably represents the route to the transition
] from defect turbulence to DSM1 where coherent oscillations
in g,(t) diminish (at e~5).

Optical images recorded at the DSMIDSM2 transition
also demonstrate substantial differences in the nature of this
transition in the dielectric and in the conductive EHC. Figure

] ' 12 shows snapshots of DSM1 and DSM2 patterns as well as

that of the relaxing disclination loogsecorded immediately
after switching off the driving voltagefor both dielectric
[Figs. 1Za—0] and conductive EHCFigs. 1Zd-f)].

50

100

150 Dielectric DSM1 patterriFig. 12a)] substantially differs

from the conductive DSM1 oné¢Fig. 12d)]: the former

FIG. 11. Voltage dependence of the conductiv@@yin conduc-  Shows an expressed spatiotemporal order, while for the latter
tive EHC (T=50°C,f=100 Hz) obtained from long-time fluctua- NO such order can be found. On the other hand, DSM2 pat-
tion measurements. Inset: blowup of the low voltage region. terns in dielectri¢Fig. 12b)] and conductivéFig. 12e)] do
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not differ significantly: none of them has spatiotemporal or-could be caused by the pronounced hysteretic behavior of
der, and the only difference we could detect between them ithis transitionsee Figs. &) and 3d)]. For conductive EHC
that the transmitted light intensity fluctuations are muchthe crossover shown in Fig.(& is presumably caused by
faster in conductive EHC than in dielectric EHitbat is why  defect turbulence to anisotropic turbulence transitiwhere
Fig. 12e) appears to be more blurred than Fig(t)2. low-frequency, persistent oscillations diminish from the au-
As a consequence of the above statements, the DSMtbcorrelation function of the fluctuations
—DSM2 turbulence transition in dielectric EHC is different  The apparent decrease Gf abovee, in dielectric EHC
from that in conductive EHC not only regarding the injectedwith the increase ot [inset of Fig. Zb)] in terms of the
power (compare Figs. 8 and 1Mut also in optical proper- electric Nusselt numbek [15] means a decrease &f with
ties. In dielectric EHC, the DSMfIFig. 12a)] to DSM2[Fig.  the increase of the driving force. Such a behavior, already
12(b)] transition appears as a transition from a state withobserved in conductive EHChowever, at much largeg
spatiotemporal order to a state without such order. The trar[15)) to the best of our knowledge has not been detected in
sition itself is also characterized by a substantial Change |@ther turbulent Systems and therefore, it represents a chal-
transmitted light intensity averaged over a large area of th?enge for more detailed studies. The DSMDSM?2 transi-
sample. On the contrary, DSMFig. 12d)] to DSM2[Fig.  {ion in dielectric EHC has another signature in the electric
12(e)] transition in conductive EHC does not involve a onerties: the decrease in the width of the fluctuatices
change in the spatiotemporal order nor a significant changﬁ]e inset of Fig. Bis larger than the decrease in absolute

n the transm!tteq I'.ght mtensﬂ&compared to that in d|elgc- value ofP (see the main plot in Fig.)8vhich causes a small,
tric EHC), which is in agreement with previous observations .
but sharp decrease of, /(P) at e, (see Fig. 4.

at voltages close te; [29]. . .
Figures 12c) and 12f) show the relaxation of disclination an;-h;eTa%?:iéerrggirr:?slea?:aﬁef;iz%esinb?r:\geggfetz;e tCu ?BS:;C:!:
loops recorded immediatekithin t=0.44 s) after switch- . . .
P tyv ) states. As already described in Rgfl] the conductive con-

ing off the driving voltage in dielectric and in conductive > L
EHC, respectively. Two distinct differences can be seen beY€ction in the defect turbulence voltage ranggse<e is

tween Figs. 1&) and 12f). The density of the disclination Ccharacterized with a dramatic increaseogf/(P) aboveey
loopsp is much larger for dielectric DSMpFig. 12c)] than  (Fig. 2, empty symbols with low-frequency quasiperiodic
that following the conductive DSMPFig. 12f)]. The cause fluctuations inP—(P) [Fig. 5a), black ling| that cause a
of this difference inp is still unknown.p depends on the persistent, slow oscillations ig,(t) [Fig. 6@] and with a
applied voltages [24], however, transitions presented in Fig. Gaussian PDKFig. 7, filled symbols The source of these
12 are quite close to the DSMiDSM2 transition ¢, Ccharacteristics lays in the dynamic process of creation/
<0.4 using the nomenclature presented in Fig. 7 of Refannihilation of conductive defec{1]. On the contrary, in
[24]) and consequently, no large differencednshould be dielectric EHC no significant increase of./(P) has been
expected. The relaxation of the EHC pattern is much slowepbserved abovey nor a detectable difference in the spectra
for conductive EHC than that for dielectric EHC. Figure Of fluctuations[Fig. 5(b)]. Consequently, as one could ex-
12(f) shows that the conductive EHC pattern is not relaxedPect, the persistent, low-frequency oscillationsgi(t) are
completely att~0.44 s after switching off the driving volt- also absent in dielectric EH{Fig. 6(b)] despite the rather
age, while at the same time for dielectric EHC the relaxatiorprdered spatial distribution of the defedisee, e.g., Fig.

is already finished. This behavior is easy to understand tal3(d)]. Moreover, for dielectric EHC the PDFs in the voltage
ing into account that the restoring forces towards quiesceri@nge ofeq<e<e; obey a non-Gaussian distributiofig. 7,
state depend on the Frank elastic constants. Previous me@mpty symbols Similar, non-Gaussian statistics have been
surements on M5 have shown that the elastic constants afeund in various other systems with convecting fluids experi-
smaller by about a factor of 2 §t=50°C than those af ~ mentally such as in Rayleigh-Bard convectiorh13], turbu-
=25°C[40]. Consequently, the restoring forces present inlent swirling flow in closed geometrj1,9,10, or in fluctua-

Fig. 12(c) are much larger than those present in Figfji2  tions of the Danube water levid] as well as mathematically
[2,11]. All of these fluctuations obey the same, universal

IV. DISCUSSION AND CONCLUSION non-Gaussian statistics: the higpositive end of PDF is
close to Gaussian, the maximum of the distribution is
Extensive experimental studies have been performed reslightly shifted towards positive values, while the lomega-
garding the conductivity and the fluctuations of injected elec+tive) end of PDF has a distinct exponential tail. According to
tric power in electroconvection of a nematic liquid crystal, Refs.[1,10] the existence of the exponential tail is due to
focusing on defect turbulence, anisotropic turbulencesvents of fluid motion(with a large-scale extension both in
(DSM1), and on isotropic turbulenc®SM?2). space and timespanning the entire closed system. This ex-
The voltage dependence of the conductivities clearlyplanation is supported by measurements on turbulent swirl-
shows an increased energy dissipation at the EHC thresholedg flow in open geometry9], in which no exponential tail
e=0 both for conductive and dielectric convection. Above has been found and the fluctuations became Gaussian. How-
=0, conductivity measurements show a crossovés ime-  ever, the PDF shown in Fig. 7 for EHC in the dielectric
tween the data recorded with increased voltage steps amdgime (open symbols exhibits all the above-mentioned
those measured with decreased voltage steps. For dielectiiharacteristics of non-Gaussian statistics, except the low
EHC this crossover occurs just above the threshglénd  (negative end of the distribution decays slower than an ex-
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ponential, but still not Gaussian. The details of this are undepsmM1—-DSM2 [Fig. 124f)]. If one consider DSM1

investigation. —DSM2 transition as a “transition from a structured two-

In summary, distinct differences in the electric propertiesdimensional(2D) turbulence towards a structureless 3D tur-
between conductive and dielectric EHC have been found repylence”[28], the decrease d? at ¢, observed in dielectric
garding (i) the normalized standard deviatiofii) the spec- EHC becomes understandable, since such a transition must
tra, and(iii) the probability density distribution of the elec- jnvolve an increase in the number of degrees of freedom
tric power fluctuations in the defect turbulence voltage rangeexcited. However, in this framework the absence of decrease

A robust electric response of the anisotropic-isotropic turbupf P at DSM1—DSM?2 transition in conductive EHC still
lent transition has been also captured in dielectric EHC. Ofemains unexplained.

the contrary, in the convective EH&; has much less distinct

signature in the electric properties in accordance with the ACKNOWLEDGMENTS

results of Ref[15]. The cause of this difference is still un-
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