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Direct observation of a twist mode in electroconvection
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| report on the direct observation of a uniform twist mode of the director field in electroconvection in the

nematic liquid crystal 152. Recent theoretical work suggests that such a uniform twist mode of the director field

is responsible for a number of secondary bifurcations in both electroconvection and thermal convection in
nematics. | show here evidence that the proposed mechanisms are consistent with being the source of the
previously reported stationary oblique roll pattern identified as the SO2 state of electroconvection in the liquid
crystal 152. The same mechanisms also contribute to a tertiary Hopf bifurcation that | observe in electrocon-
vection in the liquid crystal 152. There are quantitative differences between the experiment and calculations
that only include the twist mode. These differences suggest that a complete description must include effects
described by the weak-electrolyte model of electroconvection.

PACS numbse(s): 61.30—v, 47.54:r, 47.20-k, 83.70.Jr

I. INTRODUCTION elucidation of the standard model of electroconvectit;g].
The linear stability analysis and weakly nonlinear analysis
When a spatially extended system is driven far from equipresented in Ref.7] accurately describes electroconvection
librium, a series of transitions occurs as a function of theat relatively high electrical conductivities and thick samples.
external driving force, or control parameter. The initial tran-However, it fails to account for traveling patterns, i.e., a
sition is typically from a spatially uniform state to a state Hopf bifurcation, that are observed in thin samples and at
with periodic spatial variations, called a patt¢fr). One can  low sample conductivityf9,10]. Also, the original weakly
distinguish two general classes of pattern forming systemsionlinear analysis of the standard model does not explain the
isotropic and anisotropic. In isotropic systems, because therexperimentally observed “abnormal” roll§11,12. Re-
is no intrinsic direction in the system, the initial wave vector cently, these two phenomena have been explained by inde-
of the pattern can have any orientation. For anisotropic syspendent theoretical extensions of the standard model that are
tems, the uniform state of the system has a special axis angescribed below.
there are at most two degenerate initial wave vectors for the First, the weak-electrolyte modéWEM) [13,14 is an
pattern. Electroconvection in nematic liquid crystals has beextension of the standard model that treats the charge density
come a paradigm for the study of pattern formation in anisoas a dynamically active field and is able to explain the Hopf
tropic systemg2,3]. bifurcation. Second, within the framework of the standard
Nematic liquid crystals are fluids in which the moleculesmodel, secondary and further bifurcations have been as-
possess orientational orde4]. The axis along which the sessed with a fully nonlinear Galerkin calculatidri,15. In
molecules are aligned on average is referred to as the diregarticular, this work helped elucidate the decisive role of a
tor. For electroconvection, a nematic liquid crystal is placechomogeneous in-plane twist of the director in the bifurcation
between two glass plates. The plates are treated so that theteabnormal roll§11,12. The general features of this fully
is a uniform alignment of the director parallel to the plates,nonlinear calculation can be reproduced by an extended
i.e., planar alignment. The plates are also coated with a trangveakly nonlinear analysis. This analysis extends previous
parent conductor, and the liquid crystal is doped with anrreatments of the standard model by including the homoge-
ionic impurity. An ac voltage is applied perpendicular to theneous twist as a dynamically active mddé,16], and | will
director. Above a critical valu® . for the voltage, a pattern refer to it as the “twist-mode model.” For certain cases, the
develops that consists of a periodic variation of the directotwist-mode model even provides a semiquantitative or quan-
and charge density with a corresponding convective flow oftitative description of the dynamics. This analysis applies to
the fluid. Many of the interesting patterns in electroconvec-hoth electroconvection and thermal convection in nematics
tion are the result obblique rolls Oblique rolls refer to  [15].
patterns where the wave vector forms a nonzero afg¥h Currently, a weakly nonlinear theory that includes both
respect to the initial alignment of the director. Because theahe WEM effects and the twist mode remains undeveloped.
director only defines an axis, for each valuetond wave The appropriate merging of the twist-mode model and the
numberq, there are two degenerate states corresponding t&/EM is essential for systems with traveling oblique rolls,
wave vectors at the anglesand — 6. These states are re- where both effects can be important. For example, even
ferred to as zig and zag, respectively. though electroconvection in the nematic liquid cry$iiLC)
Electroconvection has been extensively studied experit52 provided the first quantitative confirmation of the WEM
mentally [3]. However, despite a relatively early identifica- at the linear leve[14], the patterns in NLC 152 are domi-
tion of the basic instability mechanisiib,6], a detailed, nated by oblique roll§17]. Therefore, the homogeneous in-
guantitative description of the rich array of patterns has onlyplane twist is present and may be important at the weakly
recently emerged. The first step in this development was thaonlinear level. The main question is: does this mode need to
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be included as an additional active mode in an extendec(a) (b)
weakly nonlinear analysis, or is the WEM model sufficient? E analyzer E
In particular, this question is crucial for two patterns that are

observed in NLC 152 where the dynamics depends on the @7 A4 plate @
- «—> >
-«

interaction between traveling oblique rolls: spatiotemporal
chaos at onsqtl8] and localized states known as “worms”

- - «—» > <>
[19]. Currently, qualitative features of these patterns have sample
been reproduced in the context of a weakly nonlinear analy-/@'@@'& cell
sis based on the WERO0]. However, if the twist-mode is an -~ <> -~ >
active mode, it must be included for any quantitative com- E polarizer E
parison to work.

The results reported here are a first step in determining the

relative importance of the in-plane homogeneous twist of the ) .
director in electroconvection in NLC 152. For these initial - positive angle
experiments, the contribution of WEM effects were mini- <€—=—> undistorted director
mized by focusing on relatively high conductivities. This a

work includes a more detailed and quantitative study of sta-
tionary oblique roll pattern identified as the SO2 state that FIG. 1. Schematic drawing of the optical seti@. Setup used
was first reported in Ref21]. The SO2 state consists of the t© image the periodic roll structure. In this case, the polarizer is
superposition of rolls with wave vectay with rolls with aligned with the undisto_rted directqr axis and _extraordina_lry light is
wave vectork. The angle between the wave vectors rangedJsjed-(b) Setup use_d to_lmage the m-plgne twist of the dlrecFor. In
from 72° to 90°, depending on the parameter values. In thiéh's case, the po!arlzer'ls rof[ated 90° with n_e_spect to the_undlstorted
paper, | will refer to the initial oblique roll wave vector gs dlrector and ordinary light is used. In addition to rotation of the
and any subsequent wave vector that grows as a result Of%)lanze_r, both the\/4 plate and the analyz_e rare freg {0 rotae.
secondary instability as the dual wave vedtorAlso, wave t(_)p view of th_e_ cell that shows the undnsto_rted dlrec_tor and the
. . . 2 . definition of positive angles used for both the in-plane director twist
vectors W'th a positive angle_ relative to the undistorted Q"and the orientation of tha/4 plate. This top view is the same
rector W'” be referrgd to as zig type, anq wave ve.ctors W't_horientation as used for all of the images presented here.
a negative angle with respect to the undistorted director will

be referred to as a zag type. In general, because of the two- . tal It d Sec. IV di th .
fold degeneracy, the initial wave vectqgrcan either be zig experimental resufts, and Sec. ISCUSSes the comparison

type or zag type. between the results and the twist-mode model.

In Ref.[15], it has been proposed that the SO2 state is an
example of the bimodal varicose state. | will show that this Il. EXPERIMENTAL DETAILS
association is correct. Also, | report on direct measurements
of a twist mode of the director field in NLC 152 for the | used the nematic liquid crystal 1923] doped with 5%
oblique roll states and the SO2 states. These measuremetig weight molecular iodine. Commercial cells were obtained
confirm that the director-wave-vector frustration mechanisnfrom EHC, Ltd. in Japari24]. The cells consisted of two
proposed in Ref[15] is the source of the bimodal instability pieces of glass coated with transparent electrodes of indium-
that results in the SO2 state. It has been predicted in Refin oxide (ITO). The surfaces were treated with rubbed poly-
[15] that the bimodal state can experience a Hopf bifurcatiormers to obtain uniform planar alignment. The initial align-
to a time periodic state. In this state, the amplitudes ofjthe ment direction will be referred to as theaxis, and the axis
k, and homogeneous twist modes all oscillate in time. Thids taken perpendicular to the glass plates. The cell spacing
state is referred to as the oscillating bimodal varicgzg.  was 23um and the electrodes were 1 &h cm. The cells
This state has been observed indirectly in thermal convectiowere filled by capillary action and sealed with 5 min epoxy.
[22], where only the oscillations of thg andk modes were The cells were placed in a temperature control block. The
observed. | report on observations of this Hopf bifurcation intemperature was maintained constant4® mK. In order to
electroconvection. In particular, | have directly measured thetudy a range of parameters, four different operating tem-
oscillations of the homogeneous twist mode in addition toperatures were used: 35, 42, 45, and 55°C.
the oscillations of the; andk modes. The system used to image the patterns is shown in Fig. 1.

The sequence of bifurcations reported here is in perfeclt is a standard shadow graph setup that is modified to allow
agreement with the twist-mode model. Also, the measurefor the direct observation of in-plane twist modes of the di-
angle between thg andk modes agree with predictions of rector using a\/4 plate and analyzer. Two main orientations
the twist-mode model. However, the location of the bifurca-of the polarizer\/4 plate, and analyzer were used. In Fig.
tion to the bimodal varicose and the oscillating bimodal vari-1(a), the polarizer and analyzer are shown parallel to each
cose in not quantitatively described by the twist-modeother and the initial alignment of the director. With this ge-
model. This is easily attributed to two facts. First, the mate-ometry, only the transmission of extraordinary light is ob-
rial parameters are not completely known. Second, the WEMerved. Minus the /4 plate and analyzer, this is the standard
effects are still present at some level in the experimentatshadow graph setup for electroconvection. The light is fo-
system and have not yet been incorporated into the model.cused by the director variation in tixez plane, and an image

The rest of the paper is organized as follows. Section llof the pattern is obtainel®5]. In the arrangement shown in
describes the experimental details. Section Il presents thEig. 1(b), the polarizer is oriented perpendicular to the initial
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alignment of the director. In this case, only ordinary incident Ny

Sy yrrrrrl/

light is present, and the contrast due to xheperiodic varia-
tion is avoided.

In both cases, th&/4 plate at 45° to the undistorted di-
rector orientation is used to discriminate domains of positive
and negative x-y director twist. Figurécl is a top view of
the cell and illustrates the definition of positive and negative
rotation. The optical setup used here is analyzed in detail in
Ref.[26] for a thicker cell and different liquid crystal. How-
ever, the qualitative features hold true in this case. For the
orientations shown in Fig. (b), regions of negative twist
have an enhanced transmission of light relative to regions of
positive twist. Rotating tha/4 plate to—45° yields equiva-
lent information, but with complementary intensities. With
the polarizer aligned parallel to the undistorted director, the
dominant feature of the image is the focusing due to the
periodic x-z variation of the director. However, because we
also used tha /4 plate in this case, there is a modification of
th_e ov_erall ir_1tensi1y when ahomog_eneous twistis present. I ;5 5 Four images of the oblique roll state in a 0.7 mm
this orientation, because the polarizer and analyzer are bothg 7 ym region of the cell. The white bar in ima¢® represents
aligned with the undistorted director, a positive twist of theg 1 mm. imagega) and (b) are unprocessed. Imagés and (d)
director has an enhanced transmission of light relative to ave been processed with a low-pass Fourier filter to highlight the
negative twist of the director when thé4 plate is at+45°.  effects of the homogeneous twist of the director. The orientations of
Therefore, in both setups, the sign of the twist amplitude catthe \/4 plate and the polarizers are as folloa. Unfiltered image
be determined. In the future, a detailed calculation along theith the polarizer aligned parallel to the undistorted directby.
lines presented in Ref26] is required for quantitative mea- and(c) Unfiltered and filtered images, respectively, with the polar-
surements of the twist amplitude. izer aligned perpendicular to the undistorted directdy. Filtered

The images were taken using a standard CCD camera arnilage with the polarizer aligned perpendicular to the undistorted
digitized with an 8-bit framegrabber. All of the images havedirector and the\/4 plate rotated 90° relative to the orientation used
both a background subtraction and background division perto take imageb).
formed. The background subtraction was done to remove the
effective mean from the image that is due to the fact that thevaricose state at=¢y,. The value ofey; was determined by
camera digitized imagesnoa 0 to 255scale. This was nec- quasistatically stepping from the bimodal varicose state. At
essary to enable detection of the uniform twist mode by Foueach step ire, a time series of images was taken. The power
rier techniques. The presence of a uniform twist shifts thespectrum of the time series was computed, and the signature
mean intensity of the image and shows up as changes in thd the Hopf bifurcation was the development of a nonzero
amplitude of the zero wave vector. Without the subtractionfrequency component. For each rify, was measured before
step, the zero wave vector peak is dominated by the meaand after the experiment to determine the driftMp. The
caused by the digitizing process. drift was a relatively constant 0.018 volts per h, which cor-

The electrical conductivity of the sample ranged betweerresponds to a shift ie of 0.003 per hour. This level of drift
1x10" 8 and 110 °Q "t mL. The variation in conductiv- in conductivity did not adversely affect our ability to make
ity was due to two effects: the conductivity is temperaturecomparison with theory and was accounted for in all values
dependent and the conductivity decreased slowly in time. Abf e that are reported here.

a fixed temperature, the main effect of the conductivity drift
is to shift the critical voltage/,, for the onset of convection.
The different temperatures were used to study the effect of
varying the material parameters and to offset the long term Figure 2 shows four images of a typical pattern in the
shifts in V.. By changing the temperatur¥, was kept at oblique roll regime, and Fig. 3 shows four images of a typi-
~11V,,s. For all of the experiments reported here, the drivecal pattern above the bimodal varicose transition. For each
frequency was 25 Hz. figure, the images are all of the same pattern and the follow-

Because of the shift iv,, the following protocols were ing protocols were used to take the images. Im@ybas the
followed for all of the experimental runs. All transitions are polarizer and analyzer parallel to each other and the undis-
reported in terms o&=(V/V.)?>—1. To determine the vari- torted director{setup shown in Fig. @]. The \/4 plate is
ous transition points, the voltage was increased in steps @frientated at+45° with respect to the undistorted director.

A e ranging from 0.005 to 0.01 depending on the precision ofin this case, one observes the usual shadow graph image.
interest for a given run. For measurements of the onset of th€here is also an overall modulation of the intensity due to the
bimodal varicose instabilityegy), a single image was taken homogeneous twist mode. For imagés, (c), and(d), the

after the system was allowed to equilibrate for 10 min. Thepolarizer has been rotated 90° with respect to the undistorted
relevant time scale is the director relaxation time, which fordirector [setup shown in Fig. (b)]. Image(c) is a Fourier

this system is on the order of 0.2 s. &ds increased above filtered version of imageb). A low-pass Fourier filter was
egy, there is a Hopf bifurcation to the oscillating bimodal used to highlight the intensity variation due to the homoge-

IIl. EXPERIMENTAL RESULTS
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FIG. 4. Amplitude of the pattern at the fundamental wave vector
g (solid squaresand at the dual wave vectér(open circleg at an
angle of 85.3° with respect tq. This shows the bifurcation to

) ) ] . oblique rolls ate=0.007 and the bimodal varicose instability et
FIG. 3. Four images of the bimodal varicose state in a 0.7mM=q 1. The initial small amplitude & is due to the initial Hopf

% 0.7 mm region of the cell. The white bar in ima@® represents  pjfyrcation for which zig and zag coexist. Within the resolution of
0.1 mm. Imagesa) and (b) are unprocessed. Images and (d)  these measurements, the amplitude of the dual wave viegimws
have been processed with a low-pass Fourier filter to highlight th@ontinuously at the bimodal varicose instability. See the text and

the\/4 plate and the polarizers are as followa. Unfiltered image  poth modes for large.

with the polarizer aligned parallel to the undistorted directby.
and(c) Unfiltered and filtered images, respectively, with the polar-
izer aligned perpendicular to the undistorted directdy.Filtered ~ + B cosk-x), whereA andB are the two amplitudes of the
image with the polarizer aligned perpendicular to the undistortednodes. In general, the two wave vectors are such that the
director and the\/4 plate rotated 90° relative to the orientation used modes are not a degenerate zig and zag pair. In this case,
to take image(b). there are two degenerate bimodal varicose states. One
formed when the initial wave vectayis a zig state, and one
neous twist of the director. This long-wavelength variation isformed whenq is a zag state. The two degenerate states are
difficult to detect in the raw image because of the residuabhown in Fig. 3. The left half of the image consists of a
focusing effects from the&-z distortion of the director. For pattern where the zig-type rolls were the initial state and
image (d), the optical axis of ther/4 plate is orientated zag-type rolls grew as a result of the instability. The right
—45° relative to the polarizer and the image is again Fouriehalf of the image is the reverse case. In this case, the angle
filtered with a low-pass filter. Therefore, ima@h should be  betweeng andk is 80°. It is this superposition of a zig-type
the complement of imagée). and zag-type roll that identifies the SO2 state as the bimodal
Both sets of images were obtained by jumping the voltagevaricose state. Furthermore, Figéc)3and 3d) confirm that
from belowV, to a value in the middle of the range for each the direction of the homogeneous twist is still determined by
state. A jump was used to create a pattern with both the zithe wave vector with the maximum amplitude. This provides
and zag orientations to illustrate the different orientations ofstrong evidence for the mechanisms described in [R&f.as
the in-plane twist in a single image. When the voltage isthe source of the bimodal instability. Further work is needed
stepped slowly, a single orientation of the rolls exists overto make quantitative measurements of the change in the am-
large regions of the cell. plitude of the twist mode as a function of the growth of khe
With the orientation used for imaged®) and (c), the  mode.
brighter regions correspond to regions of negative twist. Because the SO2 state corresponds to the bimodal vari-
Therefore, Fig. &) and Zc) confirm that the twist orienta- cose state, measurements of the transition paip})( exist
tion is opposite the pattern wave vector, as expe¢iéd.  for some parameter valug¢gl]. These values foegy, are in
For example, the region of zig rollg at + 6) in the lower very rough agreement with calculations of the twist-mode
right corner appears brighter than the region of zag fgllast  model [27]; however, detailed measurements of the transi-
— 0) diagonally across the middle. Also, Figid® is clearly  tion points have not been made. For example, in this system,
the complement of Fig. (), providing additional evidence it has not been determined if the transition to the bimodal
that the source of the variations is an in-plane twist of thevaricose is forward or backward. In order to elucidate the
director. nature of the transition, Fig. 4 shows the amplitude of the
In Fig. 3, the bimodal varicose pattern is shown. Thispattern at the wave vectogsandk as a function ok for the
state corresponds to the state SO2 in R2L]. In general, sample aff=45°C. The amplitude of the pattern at a given
the bimodal varicose pattern is described by the superposwave vector is calculated from the power spectrum for each
tion of two modes with different amplitude and wave vec-image. For each wave vector, the power is computed by
tors, where one of the wave vectors is of the zig type and theumming the powemi a 3 x 3square centered on the wave
other is of the zag type. This can be written A&sos(Q- x) vector. The amplitude is the square root of the power. Figure
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4 provides strong evidence that the bimodal varicose insta- _ ‘/_ _ .
bility is forward, within the resolution of our measurements, 0 I\ 4 o

because the amplitude of tHe mode grows continuously 0.2 0,4 0.6 0.8 1.0
from zero.

In Fig. 4, it appears that the amplitude of themode
decreases at large Though leveling off of the amplitude is FIG. 6. Power spectra from a time series of images at three
expected, the decrease is most likely an artifact of opticadlifferent wave vectors: zero wave vect@olid squares g (solid
nonlinearities that arise at higa This is demonstrated in triangles; andk (open circlegs Here the initial wave vectog was
Fig. 5, which shows a typical image of the bimodal varicoseof the zag type. The full power spectrum shows the large peak at
state ate=0.15. Also shown in Fig. 5 is the corresponding zero frequency for each wave vector. This corresponds to the mean
power spectrum. One clearly observes the large number ¢ff each mode. The insert shows a close up view of the range indi-
peaks corresponding to nonlinearities in either the optics ogated by the dashed box. The peak at approximately 0.2 Hz is the
the pattern itself. In principle, one can compute the amp”_signature of the Hopf bifurcation from the bimodal varicose state.
tude of the director variatioA directly from the images. In
electroconvection, the shadow graph images contain contrdual wave vector was of the zig-type. Therefore, the direc-
butions proportional to botA andA?. This adds some com- tion of the twist is positive, and with the optical setup of Fig.
plication for calculating amplitudes of superimposed obliquel(a), this produces an overall increase of the image intensity.
rolls because thé? terms result in sums and differences of Figure 6 illustrates two main points. First, the Hopf bifurca-
the two wave vectors. However, the real problem for thistion corresponds to an oscillation of the roll amplitudes and
case is the additional nonlinearities that result in the plethorghe twist amplitude about their corresponding mean values
of diffraction peaks in Fig. &). One such additional prob- (the large peak at zero frequencysecond, the oscillation
lem is the existence of caustics at these large amplitudes. amplitude is significantly less than the mean value.

An additional feature of the electroconvection in the NLC  The oscillating bimodal varicose, as defined in R22],

I52 is that the initial bifurcation is actually a continuous, is a pattern of the formi\(t)cos@- x) + B(t)cosk- x), where

Hopf bifurcation to a state of superimposed zig and zag rollsA(t) andB(t) oscillate roughly out-of-phase with each other
The large jump in amplitude to the pure zig stateeat and around different mean values. For the oscillating state
=0.01 corresponds to the transition from the initially travel- observed here, Fig. 6 demonstrates that the mean values are
ing rolls to the stationary state. For all of the conductivitiesdifferent. Figure 7 illustrates the behavior of the oscillating
and temperatures reported on here, there was an initial Hofifimodal varicose in real space and illustrates the out-of-
bifurcation. phase nature of the oscillations. The image in Fig. 7 is one of

As € is increased further, the bimodal varicose state exthe individual frames used to compute the power spectra
periences a Hopf bifurcation to the oscillating bimodal vari-shown in Fig. 6. Because of the optical nonlinearities, the
cose state at=¢, . Figure 6 shows the power spectrum as a
function of frequency for the wave vectogs k, and for the 180

frequency (Hz)

zero wave vector of a typical time series aboyg. The @ - - -
presence of a peak at finite is the signature of the oscillat- s, S8t

ing bimodal state. These power spectra were computed by S wl " * s o e
taking a time series of 64 images 0.5 s apart. The imageggd 8 |- W, e
covered a region containing approximately five wavelengthsi T T S

of the pattern. Each image was Fourier transformed, and 3 2 100_0‘“ At a A Y
time series of the Fourier transforms at each wave vector of§ \Foig) : E C ottt
interest was constructed. Then, the power spectra of each ¢ ) R T T

these time series was calculated. For these images, the a
rangement of polarizei /4 plate, and analyzer described in
Fig. 1(a) was used. As discussed above, the use of image FiG. 7. Time series of the amplitude of the three modes whose
subtraction implies that the power in the zero wave vectopower spectra are plotted in Fig. 6. The time series is the average
corresponds to the amplitude of the twist mode, as it repreamplitude of a region 2 pixels by 2 pixels that is shown in the image
sents a long wavelength variation of the intensity. Also, forby the white dot. The three modes are identified by their wave
this state, the initial wave vector was of the zag-type and theector: zero wave vectdsquares q (circles, andk (triangles.

time (s)
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easiest way to directly observe out-of-phase oscillations is to TABLE I. Comparison of theoretical and experimental values
plot the local behavior of the pattern after Fourier filtering. for two different temperatures.
This is shown in the plot in Fig. 7. The plot is constructed as

follows. For each image in the time series, the Fourier trans- Temperature (°C) 0 a €av €n
form is computed. Then, a Hannmg_ window is applied to the 42 (exp) 32 0° 82 4° 0.079 0.17
region around the wave vector of interéand its complex o o
. . 4 42 (theory) 32.0 82 0.08 none
conjugaté. The inverse Fourier transform of the result pro- o R
duces a real space image that corresponds to the mode of 55 (exp) 379 86.3 0.03 0-19
55 (theory) 37° 80° 0.06 none

interest. In this real space image, the pixels inxa2region
are averaged. The region is shown by the dot in the image im maximum in the growth rate of the dual is found, but the growth
Fig. 7. A time series of these average values is then congte is still negative.

structed. The plot in Fig. 7 is subset of the longer time series

used to compute the power spectra of Fig. 6. ~some quantitative disagreement between the twist-mode
Figure 7 clearly illustrates the oscillations of the twist- jodel and the experiment.
mode (squarey zig-type mode(triangles, and zag-type Table | shows a comparison between calculatif2i]

mode (circles that comprise the oscillating bimodal vari- anq experiment for two temperatures for the following mea-
cose. The optical arrangement of Figajlwas used while  syred quantities: the initial angle of the rolls with respect to
taking this time series. Therefore, the positive amplitude okne undeformed directord); the anglea betweeng andk at
the twist-mode represents a positive rotation angle. This ighe pimodal varicose instability; the transition point to the
consistent with the dominant mode being of the zag-typepjmodal varicose statef,); and the subsequent Hopf bifur-
Also, an increase in the zero wave vector intensity represeniSytion to the oscillating bimodal varicose,{). There is
an increase in the.tW|st—mode amplltude,. which is correlqte ood agreement betweehand . The agreement fod is
with the increase in the zag mode amplitude. A mechanismyqt surprising because the WEM predicts only a small shift
for the oscillating bimodal varicose is discussed in R88], i, 4 from the standard model value. Likewise, the agreement
and the evidence provided by Figs. 6 and 7 for this mechag,, , is not surprising because the WEM does not appear to
nism is discussed in Sec. IV. shift angles significantly. The asterisk next to the calculated
value of egy for the T=42°C case indicates that there is a
maximum in the growth rate d&f at this point, but the growth
rate is still negative. In fact, for this temperature, the growth
The results presented in this paper highlight three maimate of k does not become positive within the twist-mode
points. First, the twist mode is present in the oblique rolimodel. Also, for thel =55 °C case, the calculation predicts a
states in the NLC 152, as it should be. Because it is a weaklyalue for egy, that is too large. For all the parameter values
damped mod¢l5], its amplitude is actually relatively large. used in the experiment, a transition to the oscillating bimodal
Therefore, it must be included in any extended weakly nonvaricose from the bimodal varicose state was observed. Over
linear description of the system. this same range of parameters, the calculations predict a re-
Second, the observed qualitative features of the oscillatingtabilization of a single roll state that supersedes the oscillat-
bimodal state are consistent with the mechanism proposed ing bimodal varicose.
Ref. [15]. In particular, the results presented in Fig. 7 pro- In addition to possible WEM effects, there are a number
vide strong evidence that the twist mode is responsible foof additional sources for the above outlined quantitative dis-
the dynamics of this state. The plot in Fig. 7 should be com-agreements between experiment and the twist-mode model.
pared to the analogous plot in Fig. 8 of REE5]. In both  First, the locations okgy and e, have not yet been calcu-
cases, the amplitudes of the zig and zag-type rolls are outated in a fully nonlinear calculation and can only be esti-
of-phase with each other. The twist-mode is found to oscilimated within the context of the extended weakly nonlinear
late with a phase intermediate to the two modes. This isnalysis. Second, there are issues of pattern selection that are
strong evidence for the proposed director-wave-vector frusnot addressed in the weakly nonlinear analysis. For example,
tration mechanism where the oscillations of the twist modesven though the weakly nonlinear analysis predicts the resta-
mediate the oscillations in thgg andk modes[15]. bilization of the oblique rolls, the pattern may still select the
Finally, the WEM effects may remain important in the oscillating bimodal varicose state. Finally, there remains im-
nonlinear states and have an effect on the location of thportant uncertainties in the material parameters of the NLC
bimodal varicose transition and the following Hopf bifurca- 152 that make quantitative comparison between theory and
tion. The fact that the WEM effects are present is clearlyexperiment difficult.
shown by the initial Hopf bifurcation that is present at all the  The confirmation of the existence of the twist mode in
parameters used here. The calculations in RE5] that in-  electroconvection in the NLC 152 has important conse-
clude the twist amplitudes are based on the standard modglences for both the states of spatiotemporal ch&8kand
of electroconvection, which do not allow for the observedthe localized worm statefl9] that have been observed in
primary Hopf bifurcation. However, the fact that the travel- this system. Because both of these states involve the super-
ing waves were always replaced with a stationary pattern gtosition of oblique rolls, the twist mode must automatically
€<0.01 suggests that the WEM effects are “weak” in somebe present, as observed here. In principle, if the states were a
sense. Therefore, it is not unreasonable to qualitatively comsuperposition of equal amplitudes of zig and zag, the twist
pare the results presented here with calculations based on theode would have zero amplitude as the two set of rolls pro-
twist-mode model. However, as is shown in Table I, there igduce opposite twists. However, for the state of spatiotempo-

IV. DISCUSSION
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