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Modulation of localized states in electroconvection
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We report on the effects of temporal modulation of the driving force on a particular class of localized states,
known as worms, that have been observed in electroconvection in nematic liquid crystals. The worms consist
of the superposition of traveling waves and have been observed to have unique, small widths, but to vary in
length. The transition from the pure conduction state to worms occurs via a backward bifurcation. A possible
explanation of the formation of the worms has been given in terms of coupled amplitude equations. Because
the worms consist of the superposition of traveling waves, temporal modulation of the control parameter is a
useful probe of the dynamics of the system. We observe that temporal modulation increases the average length
of the worms and stabilizes worms below the transition point in the absence of modulation.
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Patterns in spatially extended dissipative systems havBecause the director only defines an axis, rolls with artgle
been of interest in a wide range of disciplines. Their forma-and = — 6 are degenerate and referred to as zig and zag rolls.
tion is associated with nonlinear and nonequilibrium effectsTherefore, there are four possible states that combine to form
that produce phenomena that are not observable in lineavorms: right- and left-traveling zig and zag rolls.
systemg1]. One of the more interesting classes of patterns is Before discussing the second feature that makes worms
localized states, or pulses. These states correspond to theique, we will briefly review their known properties
coexistence of small regions in which a pattern exists with{18,23. The envelope of the worms has a well-defined width
larger regions of the uniform state. Interest in localized states a direction approximately perpendicular to the undistorted
has grown dramatically since the experimental discovery oflirector. However, its length is found to be irregular for val-
pulses in Rayleigh-Beard convection using binary fluids in ues ofV close to the onset voltagé, . As V is increased, the
narrow channeld2,3]. These quasi-one-dimensional statesaverage length of the worms increases until the worms ex-
have been described theoretically in a number of waysend across the system. In addition, the vertical spacing be-
[4-8]. Other quasi-one-dimensional structures have been oliween worms decreases, until the system is filled with con-
served in Taylor vortex flo}9,10], directional solidification vection. The worms travel in a direction opposite the
[11], cellular flames[12], and models of parametrically direction of travel of the rolls that comprise the worms.
driven waveq13]. In two dimensions, localization appears Other localized states, described as “bursting,” were also
to be harder to achieve. In binary fluids, only long-lived observed in a different parameter range. These states did not
states have been obsenidd!]. Recently, truly stable states have a well-defined width. The onset of worms occurs well
have been observed in granular materfals], viscous fluids  below the supercritical transition to the extended state, i.e. it
[16], and electroconvectiofil7—-19. In this paper, we will s a subcritical transitiofi23]. It is this fact that is the second
focus specifically on the localized states, known as wormsinique feature of worms.

[18], that have been observed in electroconvection in nem- Most localized states occur because the system exhibits
atic liquid crystals. bistability between an extended wave state and the uniform

Worms are unique for two reasons. First, worms occur instate. This fact is essential to most theoretical models of
a system that is intrinsically anisotropic: electroconvection inlocalized structurege.g. [6—8,24—-27). Even though the
nematic liquid crystal§20,21. A nematic liquid crysta[22]  worms occursubcritically, because the extended state occurs
is composed of long rodlike molecules and has an inherentia a supercritical bifurcation, one cannot describe the sys-
orientational order. The axis parallel to the average aligntem in terms of fronts connecting the basic and nonlinear
ment of the molecule is called the director. For electroconstates, ruling out the above-mentioned mechanisms. A set of
vection, a nematic liquid crystal is placed between two glasgoupled amplitude equations have been proposed to explain
plates that have been treated to produce uniform alignmenhe wormg 28]. These consist of amplitude equations for the
of the director. This selects an axis, which we will refer to aszig and zag modes that are coupled to an additional weakly
the x axis. An ac voltage of rms amplitudeand frequency damped scalar mode. Simulations of the amplitude equations
fis applied across the two glass plates using transparent coexhibit solutions that have the same general features as the
ductors. Below a well-defined value of the applied voltageworm state and the bursting states. However, the additional
V,, the system is uniform. Abov¥,, a pattern develops. slow mode has not yet been identified for electroconvection.
For a relatively wide range of parameters, the initial pattern In this paper, we report on an additional experimental test
consists of a collection of worms. Worms consist of a superof the proposed amplitude equation model. Because the
position of traveling roll states localized within an envelope.worms consist of a superposition of traveling waves, a tem-
The wave vector of the rolls has a nonzero angle with respegioral modulation of the driving voltage can couple the dif-
to the x axis. Such states are referred to as oblique rollderent right- and left-traveling modes and produce interesting
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effects, such as standing wavesg.[29—-34). For extended
states, the strongest coupling occurs for a modulation fre
quency at twice the natural traveling frequency. We expect]
the same to be true for the worm state, so in this paper, wé
focus on the 2:1 resonance. We observe both a stabilizatio
of the worms below their onset in the absence of modulatio
and an increase in their natural length.

We used the nematic liquid crystd-ethyl-2-fluoro-4
-[2[(trans-4-pentylcyclohexyl)-ethyl] byphen§lb2) [35] for
the experiments reported here. The liquid crystal was dope
with 8% by weight molecular iodine. A commercial cell was (c) were taken 0.2 s apart, and the imadewas taken 1 hr after at
uged for the experlmen{§-6]. It was made from two glass the same location of the cell. This shows that the worms do not
slides that were coated with a transparent conductor, a Iay‘?lravel much, and that they blink. The bar (@& corresponds to 0.15
of indium-tin oxide (ITO). The conductive coating was mm.
etched to form a 0.80.5 cm square electrode in the center

of a 2.5x2.5 cm cell. The glass slides were coated with a .
rubbed polyimide to align the director. s apart and demonstrate the standing nature of the worms.

The samole was held in an aluminum block that rovide{igure 1d) shows the worm one hour later and demonstrates
P P oth the stability of the worm and the fact that it does not

temperature control. The temperature was kept constant (f

d FIG. 1. A series of images taken at a temperatur@eb5 °C,
a voltage ofV=18.59 V, and a frequencf=25 Hz. Imagega)—

N . . ) avel any significant distance. Because of the narrow width
+0.005°C. The block had glass windows in the bottom anty¢ he \yorms and nonlinear effects in the shadowgraph, it is

top. The patterns were imaged by shining light from belowgigricy it to determine if these standing worms are a superpo-
the sample and obgervmg it from above with the standardition of all four modegright- and left-traveling zig and zag
shadowgraph techniqUe7]. or simply two modegright- and left-traveling either zig or
The temperature was varied over the range 40-60°Gzag. The rolls in the images in Fig. 1 are at a slight angle,
This produced a shift in the onset voltagg of the worms  suggesting the superposition of two mod@sboth zig and
and the traveling frequency of the underlying rolls due tozag rolls are present, the nonlinear shadowgraph effects give
changes in the material parameters, such as the electricéle appearance of normal rol[§8].) In fact, most of the
conductivity. The onset voltage was measured by steppingnages are consistent with the superposition of only two
the voltage in steps of 0.1 V at a fixed applied frequency ananodes; however, some of the worms appear to be comprised
waiting for five minutes at each step. The onset voltage wasf all four [see for instance, Fig.(B)]. The exact nature of
defined to be the voltage at which worms were first observethe superposition is important for comparison with the am-
to exist. Recall that this is different than the actual criticalplitude equation predictions. One must use parameters in the
voltage, as the transition is backward with a large hysteresimmplitude equations that correspond to the type of standing
At temperatures lower than 40 °C, no worms were observedvorms present in the experiment. At this point, the various
For the modulation experiments, the applied voltage hasypes of standing worms have not been studied in any detail
the form V/(t)= 2[V+V,, cos,t)]cos@t). In this paper, theoretically, so we are not able to make any quantitative
V, is the measured onset voltage for the worms in the abeomparisons.
sence of modulation\{,,=0). In this system of electrocon-
vection at larger values of the conductivity, the initial transi- g
tion is to an extended staf88]. For this case, a large enough | sy b *
value ofV,, produces standing waves that consist of only zig | ‘
or zag rolls[39]. Therefore, it was expected that the modu-
lation would stabilize “standing worms;” however, it was
unknown whether or not such objects would be stable. -
For our system, the worm envelope did not travel signifi- [
cantly, as previously observ¢d8]. This was due to the fact [/5=
that our worms are a superposition of both left- and right- |
traveling rolls. Therefore, they were “standing worms.” The
exact type of worm, traveling or standing, depends on the
Vari.OL.jS material pa_lrameters in a_currently unknown faShiOT" FIG. 2. This set of two images shows a comparison of unmodu-
SO It Is not surprising that_ standing worms are observed ifyte and modulated worms. Both images are taken at a temperature
our system. Further work is needed on this issue, but stand t—5g°C. The image on the left shows worms with the applied
ing worms have been reported for other sampfl. The  yojtage, v=22.5 V and the applied frequency=50 Hz in the
worms blinked with a frequency of 0.5 to 2.5 Hz, dependingabsence of modulationv,=0). The image on the right shows the
on the parameters. Figure 1 shows images of a standingodulated worms taken with the same applied voltage and the ap-
worm at four different times. All these images were taken afplied frequency with the one on the left, and with the modulation
the temperaturd =55+ 0.02 °C and at the same location in voltage, V,,=2.5 V and the modulation frequency of,
the cell. The images of Figs(d) through Ic) were taken 0.2 =3.846 Hz. The bar corresponds to 0.15 mm.
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FIG. 3. These images were taken at a temperatureTl of

=60°C, with an applied frequency 650 Hz in the absence of FIG. 4. These images illustrate the development of modulated

modulation. For thi; experiment, the applied voltgge was steppeq,;ims by stepping down the applied voltage with a fixed modu-
up by 0.1 V. These images were taken at an applied voltaga) of lated voltage ofV,,=2.0 V, modulated frequency,,=4.16 Hz,

V=213 V, (V=217 V, (0 V=221V, and(dV=23.0 V. 54 the applied frequency df,=50.0 Hz. The range of applied
The bar in(a) corresponds to 0.15 mm. voltage is similar to that shown in Figure 3. The images were taken
at an applied voltage ofa) V=20.7 V, (b) V=209 V, (c) V

i =21.1 V, and(d) V=21.7 V. The bar in(a) corresponds to 0.15
Figure 2 compares an example of a worm state With @ n(@ p

=0 andV,,#0. For both cases, the onset voltage was 22.5 m
V, and the temperature was set tot58.02 °C. The image on
the left(a) was taken without the modulation, and the one of ]
the right(b) was taken with modulation. Without the modu- tion, the worms fill the system and produce extended con-
lation, the worms are relatively short, consisting of only 3—4Vection.
convection rolls inside. With the modulation, the worms We have shown that temporal modulation increases the
grow substantially in length, but retain essentially the saméength of the worms without affecting the width. Also, as
width. expected from the temporal modulation of extended states
Figures 3 and 4 provide a more detailed comparison bef29—34, worms can be resonantly excited below onset. The
tween the modulated and unmodulated states. The imagésansition from the worms to the extended convection ap-
were taken a =60 °C with an applied frequency of 50 Hz. pears to be qualitatively different in the modulated and un-
Without modulation, the onset of worms was found to be atmodulated case. In the unmodulated case, the extended state
21.59 V, and the traveling frequency of rolls inside the wormappears to fill in the system from in between the worms. In
envelope was found to le=2.08 Hz. The image&@)—(d) in  the modulated case, the worms appear to fill the system with
Fig. 3 show the transition from below onset to above onsetan increasing density and eventually lose their localization
In particular, the length of the worms in imag) is still  perpendicular to the director as they merge into an extended
relatively short. As the applied voltage is increased, the nUMgtate. However, more work needs to be done on this transi-
ber of worms increases, and the intensity of worms becomegy, o quantify it. Also, it is known from the theoretical
stronger. The images in Figs(a4-4(d) show the similar ok on traveling worms that it is possible for modulation to
range of applied voltages as in FiggaB-3(d), but now the  jhcrease the length of the worms. However, as mentioned,
applied voltage has a modulation voltage of 2.0 V and ghe standing worms have not been studied in any detail theo-

modulation frequency,=4.166 Hz. Figures@), 4(b), and  retjcally, so quantitative comparisons with theory will be the
4(c) show that worms can be stabilized below the onset voltsypject of future work.

age in the absence of modulation. Also, the modulation

clearly generates extremely long straight worfisiage We thank Hermann Riecke and Catherine Crawford for
4(d)]. These worms are standing worms with a frequency ofuseful discussions. This work was supported by NSF through
2.08 Hz. This confirms that the system is responding at thé&rant No. DMR-9975479. M.D. also thanks the Research
2:1 resonance, as discussed in the introduction. Finally, &orporation and the Alfred P. Sloan Foundation for addi-
high enough values of applied voltage, for a given modulational funding for this work.
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