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Patterns of electroconvection in the nematic liquid crystal N4
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Electroconvection using the liquid crystal N4 is studied as a function of two control parameters: the applied
frequency and the applied voltage. As a function of voltage, there is a rich series of bifurcations that takes the
system from stationary rolls to chaos. As a function of the frequency, the initial pattern changes from stationary
oblique rolls at low frequencies to stationary normal rolls at higher frequencies. There is also a change in the
secondary bifurcations. In particular, we observe that the bimodal-varicose instability is replaced by the
skewed-varicose instability as the applied frequency is increased. Comparisons with theoretical predictions are
made.
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[. INTRODUCTION separately are the traveling rolls states found at low conduc-
tivity [7,22] and the abnormal rolls and bimodal-varicose
When spatially extended systems are driven out of equiinstability present in stationary stat¢42,16,23. Recent
librium, there typically exists a critical value of the driving Work in Rayleigh-BE@ard convection with nematic liquid
force where the system makes a transition from a uniforn€rystals and in electroconvection has provided a solid frame-
state to a periodic state, or pattéfj. One can consider two work for a qualitative understanding of the abnormal rolls
broad classes of spatially extended systems: isotropic ar@d bimodal-varicose instability. This work treats a twist
anisotropic. Nematic liquid crystals have proven extremelymode of the director as a dynamically active m¢a8,24.
useful for the study of pattern formation in anisotropic sys-However, more quantitative work, especially comparison be-
tems[2]. A nematic liquid crystal is a rodlike molecule that tween experiment and theory, is needed in this area.
possesses orientational order, but no spatial of@rThe In this paper, we report results for electroconvection in the
average alignment of the molecules is referred to as the diiquid crystal Merck N4. We present a pattern state diagram
rector. By preparing samples where the director is spatialljor the material for use in guiding future experiments. Many
uniform, a preferred spatial direction is selected. Of the variOf the patterns that we observe are well known, and have
ous examples of pattern formation in nematic liquid crystalsPeen observed with other liquid crystals, such as MBBA,
electroconvection has proven particularly fruitful. phase V, and 152. However, there are some unique features of
For electroconvection, a nematic liquid crystal is confinedthe pattern state diagram that suggest interesting future ex-
between two plates and a voltage is applied between theeriments with this material. The rest of the paper is orga-
plates. For planar alignment of the directoe., the director nized as fpllows. Section Il des_cribes the gxperimental setup
parallel to the platés a rich variety of patterns have been and techniques. Also, the physical properties of the N4 cells
observed, including traveling wavé4—7], defect mediated are presented in Sec. Il. In Sec. Ill, we present the pattern
chaos[5,8], localized state§9—11], abnormal roll§12,13, state diagram and the different patterns found for electrocon-
grid patterng14], bimodal-varicose statel5—17, and spa- Vection in N4. Finally, Sec. IV summarizes the results.
tiotemporal chaos at onsgt8—20. Many of these patterns
are superpositions of, or variations of, an important class of Il. EXPERIMENTAL DETAILS
patterns that is not present in isotropic systems: oblique rolls.

Oblique rolls are a pattern of straight rolls that have a non- 1he N4 liquid crystal is a eutectic mixture of two azoxy
zero angle between the wave vector of the pattern and thgPmpounds,CH30-C6H4-NEN-C6H4-C4H9 and CH30-

undistorted director(There is also a growing body of work C6H4-N=NO-C6H4-C4H9. Some of the known properties

on homeotropically aligned convection, but that is beyond®f N4 are as follows. N4 has a clearing point of 76°C. lts
the scope of this papg®].) dlglectrlc amsotropy iAe=g—e, =—0.2, and its optlcal
One of the successes of electroconvection has been t§iSOtropy isAn=n;—n, =0.28[25]. We measureé;in a
ability of theory to quantitatively describe much of the pat- homogtropmally aligned cell spepally built for tr.u.s purpose.
tern forming phenomena, despite the complexity of the fun-The critical voltage of the Fredricks bend transition Wéis
damental equations required to describe electroconvectiorf 9.3 V at 30 °C. SinceV=m(Kzs/(£48,))"% this gives
[16,21,23. Because the system is anisotropic, most of theKss=15.5<10"*2 N. This value is consistent with recent
material parameters are tensor quantities. Therefore, a thegeasurements reported in RE26]. They report a value of
retical description of electroconvection involves at least 12K33=1.29x10 ™ N and Ky;/x,=2.0x10 % G°m? at a
different material parameters, many of which are difficult totemperature of 25°¢26]. The shear viscosity igt=30
measure directly. Despite successes in various regions of pa<10 2 Pas[25] at 20°C, and the rotational viscosity is
rameter spacg22,16, a complete theory of electroconvec- y,=0.1204 Pa $27].
tion that explains all of the phenomena has not been formu- For our experiments, N4 is doped with 0.1 wt% of tetra
lated. Two important phenomena that are described-butylammonium bromide [(C4Hg)4NBr]. The N4/
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T 7 experiment the conductivity was approximatedy, =1.6
] X107 Q" tmL.
i We also determined the various material parameters by
comparing the onset properties, and ¢, to numerical cal-
. culations of the onset voltag®9]. Here V. is the critical
- voltage for the onset of electroconvection ahd the angle
R f 1 between the roll wave vector and the undistorted director at
2000 onset. To determin® and 0, the voltage is increased qua-
sistatically in increments oAV=0.01 V. After each step,
the system is equilibrated for 300 s. Figure 1 is a ploVef
FIG. 1. (a) The onset voltage as a function of applied frequency.and 6 versus applied frequency @t=30 °C. The theoretical
(b) The critical angled as a function of applied frequency. In both curves used the measured valueseof=5.7, ¢/=5.5, and
plots, the symbols are the measured points. The solid curve is comy, =1.6x10°® O~ *m~!. For the other material param-
puted using the parameters in Table |. The dashed curve uses tI@egerS, we used Ref23] as a guide, and selecteq=2.03
parameters listed in Table I, but wiky,=5.11X10""* N. The dot- 106 ()~ m~L. The values for the elastic and viscous co-
ted curve uses the parameters listed in Table I, but Wii5.31  efficients are listed in Table I. For illustration, we show three
X10EN. theoretical curves that correspond to different choices of the
material parameteiK,,: 5.11x10 2 5.21x10 % and
bromide solution is stirred at room temperature for a fews 31x 10712 N. Varying K ;; or K 35 has similar effects. First,
days to a week to ensure that the tetrbutylammonium  one observes thaW/, is relatively insensitive to small
bromide is Completely dissolved. Before fl”lng a cell, the N4 Changes in many of the parameters. However, it provides
solution is filtered by a syringe filter of 0.45m pore size.  strong limits on the conductivity. Howevef, is more sensi-
The electrical conductivity of the cell is measured by ap-tive to the exact ratio of elastic constants and viscosities.
plying an ac voltage across the cell and measuring the anFherefore, one can determine surprisingly good estimates for
plitude and the phase of the resulting current. We used all of the standard material parameters from just these two
current to voltage converter as described in BR8] and  curves and the measurement of a single elastic constant and
digitized the voltage signal in the computer. The in-phaseviscosity to set the scale. For comparison, Table | also in-
and out-of-phase components of the resulting current wereludes the material parameters reported in R&d] for the
computed using sine and cosine transforms. They provideliquid crystal Merck phase BN4 is a mixture of two com-
both the resistance and the capacitance of the cell. Knowingonents among the four types of molecules that are part of
the geometry, the resistance was converted to conductivitphase b and reported in Ref.23] for the liquid crystal N4.
In particular, given our geometry, we measure the perpenFor the data reported in R¢23], since only nondimensional
dicular conductivityo, . o, was temperature, and weakly relations were used, we write them in terms of the measured
frequency, dependent. The conductivity of our doped N4 isvalue of K33=15.5<10 >N and the value of a;
relatively high compared to other standard solutions used for=0.1204 Pas given in Ref27]. As shown in Table I, the
electroconvection. For comparison, a typical range for N4 i©only change needed to the parameters as used i Bfis
3X10 "¢, <3x10°° Q" 'm 1 For 152 [7], 1X10°° to use a nonzere;. In Ref.[23], ;=0%x10 % N, and we
<o, <1x108Q 'm! For Merck phase 59], o, find a;=—39x10 3 N. This value is consistent with the
=4.4x10"8 O~ 'm™ 1. Two weeks after the end of the ex- value given in Ref[30].
periment, the conductivity measured in our cell was Many of the transitions will be discussed in term of the
=1.3x10 ¢ O 'm! at 30°C. By measuring the conduc- dimensionless control parameter (V/V.)?>—1, whereV,
tivity as a function of time, and accounting for the is the threshold voltage at which that transition from the
small measured linear drift, we found that during theuniform state to a pattern occuié, is defined separately for

15
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Onset Voltage [V]

0 5000 10000 0 1000

Frequency [Hz] Frequency (Hz)

TABLE I. List of material parameters. The values in the row labeled Fig. 1 were used to compute the
theoretical curves in Fig. 1.

Source Parameters
K11 (N) K2z (N) Kaz (N)

Phase 5 9.810 12 4.6x10 12 12.7x 10712

N4 Ref.[23] 10.36x 10 *? 5.21x 10712 15.5x 10712

Figure 1 10.3610°*? 5.21x 10712 15.5x 1012

aq (Pas) ay (Pas) az (Pas) a, (Pas) as (Pas) ag (Pas)

Phase 5 —39x10°% -109.3x10°% 1.5x10°° 56.3x10°° 82.9x10° % —24.9x10°°
N4 Ref.[23] 0x10°® —117.6x10°°% 2.76x10°° 59x10°° 87.2x10°° —30.4x10°3
Figure 1 —46x10°°% -—117.6x10°% 2.76x10° 59x10°° 87.2x10°° —30.4x10°
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each applied frequency. The voltage steps used to measurt r 1 ' T T T+ T+ 1
V. correspond to steps ifle<0.003, depending o¥,. The 0.6 Fa™ 44 Chaos 7
voltage is always either increased monotonically from the 05 _<|>-o %044 3 i
nonpattern forming regime to the chaotic regime, or de- ++++ L A
creased monotonically from the chaotic regime to the uni- 04} + QéA 4
form state. A ¥ oA A Skewed |
A standard issue with electroconvection is the stability of 0.3 | AVancose_
the samples. Because one purpose of this work is to serve a® - ] N
a reference for the behavior of N4, it is important to make a 92 | oblique rolls .
few comments on potential problems. Despite being remark- 0.1 _ . _
ably stable under most conditions, heating solutions in the | y mum *® = = =
oven at 50 °C accelerated the dissolution of the bromide but 4 u Normal Rolls
produced a darker yellow solution. Even with filtering, dark | N T T RPN TP
dust was evident in the cells made with this solution, and the 0 2000 4000 6000 8000 10000

electroconvection patterns were not reproducible. Similar

problems occurred with solutions containing substantially

higher bromide content. A high bromide content also resulted F|G. 2. Pattern state diagram of an N4 cell as a functior of

in “fragile” cells. These cells were susceptible to various and frequency. The solid line is=0. The symbols indicate the

problems whenever even a small dc voltage was temporarilyarious transitions: M) transition to oblique rolls, either directly

applied to the cell. Most of the problems resulted in the cellgrom the uniform state or from normal rolls;+) the bimodal-

being unusable for electroconvection studies. Therefore, it igaricose instability; ©) the oscillatory bimodal-varicose instabil-

critical to take care with the doping procedure. |ty (A) transition to chaotic state; and\() skewed-varicose insta-
Another common issue in electroconvection is the “ag-PliY:

ing” of cells with time. As mentioned, we did observe a slow

decrease in the conductivity over time. The main result ofense of the twist angle, a given region appears darker or

this was slight increases M, at higher frequencies as the lighter[31,32. _ _ _

cutoff frequency for the material changed. However, on the FOr @ clearer observation of the twist mode in abnormal

time scale of the experiments reported h@mee week there rolls, ordinary light(i.e., light polarized perpendicularly to

was no observable change in the material properties of thif!e rubbing directionis used. Again, the light coming out of
sample. the cell passes through a circular analyzer, i.e., a combination

Commercial cells from EHC Ltd. in Japan were used forof aA\/4 plate oriented at 45° relative to the polarizer, and an
the studies reported here. The cells are composed of tw@nalyzer oriented perpendicular to the polarizer direction.
glass plates that are roughly an inch on a side. In the centdis Setup is more sensitive to the director twist prdfilé],
of each glass slide is a square electrode that is 1 crRut the roll structure is not visibl81]. In Ref.[31], the twist
X1 cm. The glass slides are spaced;2® apart. The sur- angle of dielectric rolls is calculated with this setup.
faces of the electrodes are treated with a rubbed polymer, and,_'Mages are taken by a monochrome CCD COHU camera

the direction of rubbing provides the axis along which theWith 640x480 pixels and digitized with an eight-bit
director is aligned. We refer to that axis as thaxis, and the framegrabber. The resolution of the camera with this setup of

direction perpendicular to the rubbing is tyeaxis. Thez the lenses is 375 pier/mm._ The images_ represent an area
axis is perpendicular to the glass plate. The cell is placed if-28 MM<1.71 mm. Further image analysis and calculations
an aluminum temperature controlled block. Unless otherwis@'® done with Matlab.
stated, the temperature was set to 30 °C and was maintained
constant at=2 mK.

The optical system is described in detail in Rdf7], and
for a detailed discussion of the analysis of the system, see The pattern state diagram of N4 at 30 °C is presented in
Ref.[31]. It consists of a light source and polarizer below theFig. 2 in terms ofe versus frequency. As previously men-
cell and an/4 plate and second polarizéanalyzefy above  tioned, e is defined separately for each frequency in terms of
the cell. For all of our experiments, except the observation ofhe V,, at that frequency. The transitions were measured both
abnormal rolls, the polarizer is aligned along the rubbingby stepping up the voltage from below the initial onset to the
direction. Therefore, the cell is illuminated with extraordi- fully chaotic regime and by stepping down the voltage from
nary light. After the cell, the light goes throughNd4 plate  the chaotic regime to below onset. Within our resolution
oriented at 45° with respect to the polarizer, and the analyzgA e<0.005), the transitions showed no hysteresis.
has the same orientation as the polarizer. Without Xhe As expected, for low values of the applied frequency, the
plate, this is the standard shadowgraph sd®@ used to initial pattern is oblique rolls, and as the applied frequency is
observe the director tilt in th&-z plane, i.e., the study of increased, the transition is to normal rolls. The frequency at
convection rolls patterns. With the addition oh# plate at  which the initial transition switches from normal to oblique
45°, the rolls still appeared clearly, but one also can distinis referred to as the Lifshitz point. There were a number of
guish a director twist in thex-y plane. Depending on the different secondary bifurcations that we observed. In the ob-

Frequency [Hz]

Ill. PATTERN STATE DIAGRAM
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FIG. 3. Two images of the pattern at the onset of electroconvec-

tion. The solid bars in the lower left corner represent 0.5 fam. 0.13 — )t

Onset of zig and zag rolls at,,,s=9.53 V and a frequency of | (b) i

=500 Hz. Also illustrated in the image is the definition of thand

y axis with respect to the undistorted directoubbing direction. 15 % % % % % % % .

(b) Onset of normal rolls a¥,,,s=10.76 V and a frequency df > % §

=6500 Hz. @ g
o 10 | § =
> Q

lique roll state, we observed both the bimodal-varicose and% i )

skewed-varicose instabilities. This confirms the theoretical 5| -

prediction that one can have a transition from the bimodal- g

varicose instability to the skewed-varicose instability. Fur- o

ther studies near the transition point will be interesting. From o228, Ly

the bimodal-varicose state, we observed the onset of the os 000 005 010 015 020 025 030

cillating bimodal-varicose state, and a further transition to a e

chaotic state. This chaotic state may simply be a more fully

developed oscillating bimodal-varicose state. Finally, we ob- FIG. 5. (@) The wavenumber k of the zig and zag rolls is plotted

served the standard transition from normal rolls to obliqueas a function ofe for an applied frequency of 7500 Hib) The

rolls via the zig-zag instability. Each transition will be dis- angle of rolls with respect to the undistorted direcds plotted as

cussed in more detail in the following paragraphs. a function ofe for an applied frequency of 7500 Hz. For clarity, in
The initial bifurcation is to one of two states: oblique rolls €ach plot only every tenth data point is shown.

or normal rolls. Images of the two states are shown in Fig. 3.

The frequency at which there is a transition from obliquelique rolls as the voltage is increased. This is usually referred

rolls at onset to normal rolls is known as the Lifshitz fre- t0 as the zig-zag instability12,16,33. The threshold voltage

quency. This can be seen in Figlbl Figure 4 shows the Of this transition is determined by measuring the angle

evolution of the modulus of the wave vector and the arigle between the wave vector and the rubbing directigrin-

between the wave vector and the rubbing direction for a frecreases continuously from zero as the voltage is increased

quency below the Lifshitz frequencfl00 H2. Above the above the transition. Figure 5 shows both the magnitude of

Lifshitz point, there is a transition from normal rolls to ob- the wave vector and the angfeas a function of voltage for
a particular frequency above the Lifshitz poifm500 H2.

Images of the transition are given in Fig. 6.

0.16 T T T T — 25
' ' ' ' The bimodal-varicose instability has been observed in
i 1 thermoconvection in the nematic liquid crystal 5CBI] and
0.14 %% %% H%H; 20 in electroconvection in 15215]. In the latter work, it was
L % % H+HH ] @ originally named the OSZ2oblique roll of the second type
_ 4 . =
FE 0.12 EH % Eg% lis @ pattern. However, it was clarified in Rdf16], and shown
= I %%% |
x = s I ‘
0.10 | 2085353 10 = (a) H Y M“"”""‘W
| \ { i
r T 11! I r il
ooglb—— L ! | i
00 01 02 03 04 1 I / U
€ | e il I bbb b MR
FIG. 4. The wavenumber k of the zig and zag rdlksft-hand FIG. 6. Three images illustrating the transition from normal

axis, solid squargsand the angle of rolls with respect to the undis- rolls to zig zags at an applied frequency of 6500 Hz. The ba&a)in
torted directord (right-hand axis, open circlgss plotted as a func- is 0.5 mm and applies to all three imagéa) V,,s=10.9 V (e
tion of e for an applied frequency of 100 Hz. For clarity, only every =2.5x10"%), () V;ns=11.15V (6=1.5x10"%), (€) Vims
fifth data point is shown. =11.35V (=3.34<10%).
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FIG. 7. Three images illustrating the transition from zag rolisto ~ FIG. 9. Three images taken 1.6 s apart illustrating the locally
the bimodal-varicose state at an applied frequency of 2000 Hz. Thescillatory bimodal-varicose state. The scale bafanis 0.25 mm
bar in (a) is 0.25 mm and applies to all three imagea). Vs and applies to all three images. The circle highlights a region where
=8.0V (€=2.591072), (b) Vims=8.3V (e=4.2X10"2), (¢ the oscillation is particularly clear. The applied frequency is 2000
V,ms=8.4V (e=4.8X 10 ?). Hz, and the applied voltage V4,,s=8.46 V.

definitely in Ref.[17] that the OS2 pattern is equivalent to bimodal-varicose patterns to oscillating bimodal-varicose
the bimodal-varicose state. The bimodal-varicose instabilitypatterns and oscillating bimodal-varicose pattern to fully
is specific to oblique roll patterns. It is due to the growth of chaotic patterns. The first transition occurs locally, probably
a mode with a wave vector that is at an angle of approxinear defects as with the initial bimodal-varicose transition.
mately 90° with respect to either the zig or zag rolls that areThe local oscillatory bimodal varicose is characterized by
present in the system. regions where the relative amplitudes of the @gzag rolls

We observed the bimodal varicose at frequencies less thaand the dual roll oscillate in time. This state is predicted to
6500 Hz. Figure 7 illustrates this transition. As observed inexist [16,23, and has been observed in thermoconvection
Refs.[15,24), the bimodal-varicose instability nucleates in [24] and in electroconvectiofiL7]. The use of the./4 plate
homogeneous regions that are all zig or all zag and not fronhighlights this behavior because the initial wave vector and
grain boundaries between the zig and zag domains. Within &s dual produce twists in the director orientation as a func-
domain of zig or zag rolls, it tends to first appear locally tion of z that are opposite each other. Therefore, the overall
around defects of the pattern. Then, by increasing the voltintensity of the image oscillates as the relative amplitudes of
age, it fills the entire cell. the original mode and the dual mode oscillate. This is illus-

In Fourier space, the bimodal varicose is detected by arated in Fig. 9, where a circle highlights the oscillating re-
second peak that corresponds to the growing mode. We wiljion. Upon increasing the voltage, the system enters a state
follow Ref. [24] and refer to this as the dual wave vector. that appears to exhibit spatiotemporal chaos, i.e., irregular
The onset of the bimodal-varicose regime is calculated byehavior in space and time. Figure(a0is an image from
measuring the intensity of this dual peak. The anfjebe-  this regime.
tween the bimodal-varicose wave vector and the rubbing di- The competition between the zig-zag and skewed-
rection, and the angl®,y between the bimodal-varicose varicose instabilities were studied in detail in RES3]. In
wave vector and dual wave vector are plotted in Fig. 8. Ashis system, we are able to observe a different type of com-
mentioned, #,4 is slightly less than 90°. Both angles are petition: the predicted12] crossover from the bimodal-
decreasing functions of the frequency. varicose instability at low values of the applied frequency to

In this paper, we distinguish between two transitions:the skewed-varicose instability. The skewed-varicose insta-

bility is characterized by undulations in the direction of rub-

_ §§§§§

3 2
Eiiiiiiii; 7
i _—

NEEEE :
//'/lffﬁv"r%.‘;,\y\\i-

I

_ S (o QT

0 (degrees)
5 3

Ny
o
|
1

0 . 1 1 ] s 1 1 ] . 1 " ]

0 1000 2000 3000 4000 5000 6000 FIG. 10. Comparison of the fully chaotic regime reached via the
Frequency [Hz] bimodal-varicose instability with the state existing above the skew-
varicose instability. The scale bar {h) is 0.25 mm and applies to
FIG. 8. The angle between the bimodal-varicose wave vectoboth images(a) Chaotic state at a driving frequendy= 1500 Hz
and the dual wave vectdopen circley and the angle between the and driving voltageV,,s=8.4 V (e=6.63<10 2). The bimodal
bimodal-varicose wave vector and the undistorted dire¢sofid nature is visible in the underlying grid patterib) State above the
squaresas a function of the applied frequency at the onset of theskew-varicose instability for a driving frequency éf8000 Hz
bimodal-varicose state. and driving voltageV,ms=15.8 V (€=3.7X10"?).
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bing as shown in Fig. 108). These undulations have a slow, from calculations using an active twist mode. However, there
not completely periodic, back and forth movement. Thewere quantitative disagreements due to complications from
number of undulations per area increases dramatically witlan initial Hopf bifurcation. Such complications do not exist
increasinge. The difference between the bimodal varicosefor this system. However, there is one potential quantitative
(in which the pattern is dominated by a grid-like appearancedisagreement that needs further testings: the factor of 2 be-
and the skew varicose is made clear by comparing Figgween the predicted and observed value for the Lifshitz fre-
10(a) and 1@b). The transition between the two instabilities quency and the value for the transition from bimodal vari-
occurs around an applied frequency of 7000(kkze Fig. 2 cose to skew varicose.

It is interesting to note that as one approaches the transition The transition from bimodal varicose to skew varicose is
from lower frequencies, the range of existence of both thea particularly interesting new characteristic of the pattern
bimodal-varicose and the regular, oscillating biomodal-state diagram for N4. One would expect interesting pattern
varicose states decreases as a functior.ofhe behavior formation near the point where the two instabilities meet.
right at the transition certainly requires further study, as itAlso, one needs to map out the transition between the two
appears that up to four transition are converging on a singlstates for values of the voltage above the bimodal(andor

point. skew varicose transition as a function of frequency. A de-
The transition from a bimodal-varicose instability to a tailed study of this region will be the subject of future work.
skew-varicose instability is predicted to occur air, Finally, there remain open questions that have originated

=2.8 (1,=¢€,¢, /o) for the material parameters of phase 5in the theoretical analysis of the twist mode and abnormal
[12]. The Lifschitz transition is also predicted to occur atrolls that may be addressable with this system. First, there is
w7,=0.8. The material properties of N4 are close to that ofthe possibility of hysteresis as a function of applied fre-
phase 5. In our experiments, the Lifschitz and bimodal-quency between abnormal rolls and oblique rlg]. We
varicose—skewed-varicose transitions occurred, respectivelgid not observe abnormal rolls under the conditions reported
around 2000 and 7000 Hz, which correspondstq of 0.4  on in this paper; however, they were found to exist at lower
and 1.4, respectively. There is a factor of 2 between the presonductivities. This will be the subject of future work. Also,
dicted transition and the measured transition, but the veryhe state of apparent spatiotemporal chaos that exists at low
interesting point is that the ratio between the frequency ofrequency above the oscillating bimodal-varicose instability
transition bimodal varicose/skewed varicose and the Lifsdeserves further study. The connections between the local,
chitz frequency are exactly the same in the experiment and inscillating bimodal-varicose state and the “chaotic” state
the theory. needs to be clarified. Also, the role of all three mot®gi-
nal wave vector, dual wave vector, and twist mpdethe
IV. SUMMARY dynamics of this state needs to be studied. Finally, the issue
. ) ] of controlling, or eliminating, this state of spatiotemporal
We provide a comprehensive overview of the pattern statghaos is of interest. For the case of traveling rolls, temporal
diagram for electroconvection in N4 as a function of themgdulation is known to be able to eliminate spatiotemporal
app|led V0|tage and frequency. Most Of the patterns in eleCChaos by Coup"ng the |eft_ and right_trave"ng roug4]
troconvection in N4 have been previously identified in othertherefore, it will be useful to explore the impact of temporal

systems. What is particular to samples of N4 is the transimodulation on this state, for which a fundamental frequency
tions between patterns that can be studied and the possibilixists, but for which the rolls are not traveling rolls.

ties for quantitative tests of various theoretical models. First,

we find that a comparison o¥. and ¢ with theoretical
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