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Direct observation of a twist mode in electroconvection

Michael Dennin
Department of Physics and Astronomy, University of California at Irvine, Irvine, California 92697-4575

~Received 31 March 2000!

I report on the direct observation of a uniform twist mode of the director field in electroconvection in the
nematic liquid crystal I52. 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. I 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 I52. The same mechanisms also contribute to a tertiary Hopf bifurcation that I observe in electrocon-
vection in the liquid crystal I52. 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 number~s!: 61.30.2v, 47.54.1r, 47.20.2k, 83.70.Jr
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I. INTRODUCTION

When a spatially extended system is driven far from eq
librium, a series of transitions occurs as a function of
external driving force, or control parameter. The initial tra
sition is typically from a spatially uniform state to a sta
with periodic spatial variations, called a pattern@1#. One can
distinguish two general classes of pattern forming syste
isotropic and anisotropic. In isotropic systems, because t
is no intrinsic direction in the system, the initial wave vect
of the pattern can have any orientation. For anisotropic s
tems, the uniform state of the system has a special axis
there are at most two degenerate initial wave vectors for
pattern. Electroconvection in nematic liquid crystals has
come a paradigm for the study of pattern formation in ani
tropic systems@2,3#.

Nematic liquid crystals are fluids in which the molecul
possess orientational order@4#. The axis along which the
molecules are aligned on average is referred to as the d
tor. For electroconvection, a nematic liquid crystal is plac
between two glass plates. The plates are treated so that
is a uniform alignment of the director parallel to the plate
i.e., planar alignment. The plates are also coated with a tr
parent conductor, and the liquid crystal is doped with
ionic impurity. An ac voltage is applied perpendicular to t
director. Above a critical valueVc for the voltage, a pattern
develops that consists of a periodic variation of the direc
and charge density with a corresponding convective flow
the fluid. Many of the interesting patterns in electroconv
tion are the result ofoblique rolls. Oblique rolls refer to
patterns where the wave vector forms a nonzero angleu with
respect to the initial alignment of the director. Because
director only defines an axis, for each value ofu and wave
numberq, there are two degenerate states correspondin
wave vectors at the anglesu and 2u. These states are re
ferred to as zig and zag, respectively.

Electroconvection has been extensively studied exp
mentally @3#. However, despite a relatively early identific
tion of the basic instability mechanism@5,6#, a detailed,
quantitative description of the rich array of patterns has o
recently emerged. The first step in this development was
PRE 621063-651X/2000/62~5!/6780~7!/$15.00
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elucidation of the standard model of electroconvection@7,8#.
The linear stability analysis and weakly nonlinear analy
presented in Ref.@7# accurately describes electroconvecti
at relatively high electrical conductivities and thick sample
However, it fails to account for traveling patterns, i.e.,
Hopf bifurcation, that are observed in thin samples and
low sample conductivity@9,10#. Also, the original weakly
nonlinear analysis of the standard model does not explain
experimentally observed ‘‘abnormal’’ rolls@11,12#. Re-
cently, these two phenomena have been explained by in
pendent theoretical extensions of the standard model tha
described below.

First, the weak-electrolyte model~WEM! @13,14# is an
extension of the standard model that treats the charge de
as a dynamically active field and is able to explain the Ho
bifurcation. Second, within the framework of the standa
model, secondary and further bifurcations have been
sessed with a fully nonlinear Galerkin calculation@11,15#. In
particular, this work helped elucidate the decisive role o
homogeneous in-plane twist of the director in the bifurcat
to abnormal rolls@11,12#. The general features of this fully
nonlinear calculation can be reproduced by an exten
weakly nonlinear analysis. This analysis extends previ
treatments of the standard model by including the homo
neous twist as a dynamically active mode@15,16#, and I will
refer to it as the ‘‘twist-mode model.’’ For certain cases, t
twist-mode model even provides a semiquantitative or qu
titative description of the dynamics. This analysis applies
both electroconvection and thermal convection in nema
@15#.

Currently, a weakly nonlinear theory that includes bo
the WEM effects and the twist mode remains undevelop
The appropriate merging of the twist-mode model and
WEM is essential for systems with traveling oblique rol
where both effects can be important. For example, e
though electroconvection in the nematic liquid crystal~NLC!
I52 provided the first quantitative confirmation of the WE
at the linear level@14#, the patterns in NLC I52 are domi
nated by oblique rolls@17#. Therefore, the homogeneous in
plane twist is present and may be important at the wea
nonlinear level. The main question is: does this mode nee
6780 ©2000 The American Physical Society
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be included as an additional active mode in an exten
weakly nonlinear analysis, or is the WEM model sufficien
In particular, this question is crucial for two patterns that a
observed in NLC I52 where the dynamics depends on
interaction between traveling oblique rolls: spatiotempo
chaos at onset@18# and localized states known as ‘‘worms
@19#. Currently, qualitative features of these patterns h
been reproduced in the context of a weakly nonlinear an
sis based on the WEM@20#. However, if the twist-mode is an
active mode, it must be included for any quantitative co
parison to work.

The results reported here are a first step in determining
relative importance of the in-plane homogeneous twist of
director in electroconvection in NLC I52. For these initi
experiments, the contribution of WEM effects were min
mized by focusing on relatively high conductivities. Th
work includes a more detailed and quantitative study of s
tionary oblique roll pattern identified as the SO2 state t
was first reported in Ref.@21#. The SO2 state consists of th
superposition of rolls with wave vectorq with rolls with
wave vectork. The angle between the wave vectors rang
from 72° to 90°, depending on the parameter values. In
paper, I will refer to the initial oblique roll wave vector asq
and any subsequent wave vector that grows as a result
secondary instability as the dual wave vectork. Also, wave
vectors with a positive angle relative to the undistorted
rector will be referred to as zig type, and wave vectors w
a negative angle with respect to the undistorted director
be referred to as a zag type. In general, because of the
fold degeneracy, the initial wave vectorq can either be zig
type or zag type.

In Ref. @15#, it has been proposed that the SO2 state is
example of the bimodal varicose state. I will show that t
association is correct. Also, I report on direct measureme
of a twist mode of the director field in NLC I52 for th
oblique roll states and the SO2 states. These measurem
confirm that the director-wave-vector frustration mechani
proposed in Ref.@15# is the source of the bimodal instabilit
that results in the SO2 state. It has been predicted in
@15# that the bimodal state can experience a Hopf bifurcat
to a time periodic state. In this state, the amplitudes of theq,
k, and homogeneous twist modes all oscillate in time. T
state is referred to as the oscillating bimodal varicose@22#.
This state has been observed indirectly in thermal convec
@22#, where only the oscillations of theq andk modes were
observed. I report on observations of this Hopf bifurcation
electroconvection. In particular, I have directly measured
oscillations of the homogeneous twist mode in addition
the oscillations of theq andk modes.

The sequence of bifurcations reported here is in per
agreement with the twist-mode model. Also, the measu
angle between theq andk modes agree with predictions o
the twist-mode model. However, the location of the bifurc
tion to the bimodal varicose and the oscillating bimodal va
cose in not quantitatively described by the twist-mo
model. This is easily attributed to two facts. First, the ma
rial parameters are not completely known. Second, the W
effects are still present at some level in the experime
system and have not yet been incorporated into the mod

The rest of the paper is organized as follows. Section
describes the experimental details. Section III presents
d
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experimental results, and Sec. IV discusses the compar
between the results and the twist-mode model.

II. EXPERIMENTAL DETAILS

I used the nematic liquid crystal I52@23# doped with 5%
by weight molecular iodine. Commercial cells were obtain
from EHC, Ltd. in Japan@24#. The cells consisted of two
pieces of glass coated with transparent electrodes of indi
tin oxide ~ITO!. The surfaces were treated with rubbed po
mers to obtain uniform planar alignment. The initial alig
ment direction will be referred to as thex axis, and thez axis
is taken perpendicular to the glass plates. The cell spa
was 23mm and the electrodes were 1 cm31 cm. The cells
were filled by capillary action and sealed with 5 min epox

The cells were placed in a temperature control block. T
temperature was maintained constant to62 mK. In order to
study a range of parameters, four different operating te
peratures were used: 35, 42, 45, and 55 °C.

The system used to image the patterns is shown in Fig
It is a standard shadow graph setup that is modified to al
for the direct observation of in-plane twist modes of the
rector using al/4 plate and analyzer. Two main orientation
of the polarizer,l/4 plate, and analyzer were used. In Fi
1~a!, the polarizer and analyzer are shown parallel to e
other and the initial alignment of the director. With this g
ometry, only the transmission of extraordinary light is o
served. Minus thel/4 plate and analyzer, this is the standa
shadow graph setup for electroconvection. The light is
cused by the director variation in thex-z plane, and an image
of the pattern is obtained@25#. In the arrangement shown i
Fig. 1~b!, the polarizer is oriented perpendicular to the init

FIG. 1. Schematic drawing of the optical setup.~a! Setup used
to image the periodic roll structure. In this case, the polarize
aligned with the undistorted director axis and extraordinary ligh
used.~b! Setup used to image the in-plane twist of the director.
this case, the polarizer is rotated 90° with respect to the undisto
director and ordinary light is used. In addition to rotation of t
polarizer, both thel/4 plate and the analyzer are free to rotate.~c!
A top view of the cell that shows the undistorted director and
definition of positive angles used for both the in-plane director tw
and the orientation of thel/4 plate. This top view is the sam
orientation as used for all of the images presented here.
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6782 PRE 62MICHAEL DENNIN
alignment of the director. In this case, only ordinary incide
light is present, and the contrast due to thex-z periodic varia-
tion is avoided.

In both cases, thel/4 plate at 45° to the undistorted d
rector orientation is used to discriminate domains of posit
and negative x-y director twist. Figure 1~c! is a top view of
the cell and illustrates the definition of positive and negat
rotation. The optical setup used here is analyzed in deta
Ref. @26# for a thicker cell and different liquid crystal. How
ever, the qualitative features hold true in this case. For
orientations shown in Fig. 1~b!, regions of negative twis
have an enhanced transmission of light relative to region
positive twist. Rotating thel/4 plate to245° yields equiva-
lent information, but with complementary intensities. Wi
the polarizer aligned parallel to the undistorted director,
dominant feature of the image is the focusing due to
periodicx-z variation of the director. However, because w
also used thel/4 plate in this case, there is a modification
the overall intensity when a homogeneous twist is presen
this orientation, because the polarizer and analyzer are
aligned with the undistorted director, a positive twist of t
director has an enhanced transmission of light relative t
negative twist of the director when thel/4 plate is at145°.
Therefore, in both setups, the sign of the twist amplitude
be determined. In the future, a detailed calculation along
lines presented in Ref.@26# is required for quantitative mea
surements of the twist amplitude.

The images were taken using a standard CCD camera
digitized with an 8-bit framegrabber. All of the images ha
both a background subtraction and background division p
formed. The background subtraction was done to remove
effective mean from the image that is due to the fact that
camera digitized images on a 0 to 255scale. This was nec
essary to enable detection of the uniform twist mode by F
rier techniques. The presence of a uniform twist shifts
mean intensity of the image and shows up as changes in
amplitude of the zero wave vector. Without the subtract
step, the zero wave vector peak is dominated by the m
caused by the digitizing process.

The electrical conductivity of the sample ranged betwe
131028 and 131029 V21 m21. The variation in conductiv-
ity was due to two effects: the conductivity is temperatu
dependent and the conductivity decreased slowly in time
a fixed temperature, the main effect of the conductivity d
is to shift the critical voltageVc for the onset of convection
The different temperatures were used to study the effec
varying the material parameters and to offset the long te
shifts in Vc . By changing the temperature,Vc was kept at
'11Vrms. For all of the experiments reported here, the dr
frequency was 25 Hz.

Because of the shift inVc , the following protocols were
followed for all of the experimental runs. All transitions a
reported in terms ofe5(V/Vc)

221. To determine the vari-
ous transition points, the voltage was increased in step
De ranging from 0.005 to 0.01 depending on the precision
interest for a given run. For measurements of the onset o
bimodal varicose instability (eBV), a single image was take
after the system was allowed to equilibrate for 10 min. T
relevant time scale is the director relaxation time, which
this system is on the order of 0.2 s. Ase is increased above
eBV , there is a Hopf bifurcation to the oscillating bimod
t
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varicose state ate[eH . The value ofeH was determined by
quasistatically steppinge from the bimodal varicose state. A
each step ine, a time series of images was taken. The pow
spectrum of the time series was computed, and the signa
of the Hopf bifurcation was the development of a nonze
frequency component. For each run,Vc was measured befor
and after the experiment to determine the drift inVc . The
drift was a relatively constant 0.018 volts per h, which co
responds to a shift ine of 0.003 per hour. This level of drift
in conductivity did not adversely affect our ability to mak
comparison with theory and was accounted for in all valu
of e that are reported here.

III. EXPERIMENTAL RESULTS

Figure 2 shows four images of a typical pattern in t
oblique roll regime, and Fig. 3 shows four images of a ty
cal pattern above the bimodal varicose transition. For e
figure, the images are all of the same pattern and the foll
ing protocols were used to take the images. Image~a! has the
polarizer and analyzer parallel to each other and the un
torted director@setup shown in Fig. 1~a!#. The l/4 plate is
orientated at145° with respect to the undistorted directo
In this case, one observes the usual shadow graph im
There is also an overall modulation of the intensity due to
homogeneous twist mode. For images~b!, ~c!, and ~d!, the
polarizer has been rotated 90° with respect to the undisto
director @setup shown in Fig. 1~b!#. Image ~c! is a Fourier
filtered version of image~b!. A low-pass Fourier filter was
used to highlight the intensity variation due to the homog

FIG. 2. Four images of the oblique roll state in a 0.7 m
30.7 mm region of the cell. The white bar in image~a! represents
0.1 mm. Images~a! and ~b! are unprocessed. Images~c! and ~d!
have been processed with a low-pass Fourier filter to highlight
effects of the homogeneous twist of the director. The orientation
thel/4 plate and the polarizers are as follows.~a! Unfiltered image
with the polarizer aligned parallel to the undistorted director.~b!
and~c! Unfiltered and filtered images, respectively, with the pol
izer aligned perpendicular to the undistorted director.~d! Filtered
image with the polarizer aligned perpendicular to the undistor
director and thel/4 plate rotated 90° relative to the orientation us
to take image~b!.
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neous twist of the director. This long-wavelength variation
difficult to detect in the raw image because of the resid
focusing effects from thex-z distortion of the director. For
image ~d!, the optical axis of thel/4 plate is orientated
245° relative to the polarizer and the image is again Fou
filtered with a low-pass filter. Therefore, image~d! should be
the complement of image~c!.

Both sets of images were obtained by jumping the volta
from belowVc to a value in the middle of the range for ea
state. A jump was used to create a pattern with both the
and zag orientations to illustrate the different orientations
the in-plane twist in a single image. When the voltage
stepped slowly, a single orientation of the rolls exists o
large regions of the cell.

With the orientation used for images~b! and ~c!, the
brighter regions correspond to regions of negative tw
Therefore, Fig. 2~b! and 2~c! confirm that the twist orienta
tion is opposite the pattern wave vector, as expected@15#.
For example, the region of zig rolls~q at 1u) in the lower
right corner appears brighter than the region of zag rolls~q at
2u) diagonally across the middle. Also, Fig. 2~d! is clearly
the complement of Fig. 2~c!, providing additional evidence
that the source of the variations is an in-plane twist of
director.

In Fig. 3, the bimodal varicose pattern is shown. Th
state corresponds to the state SO2 in Ref.@21#. In general,
the bimodal varicose pattern is described by the superp
tion of two modes with different amplitude and wave ve
tors, where one of the wave vectors is of the zig type and
other is of the zag type. This can be written asA cos(q•x)

FIG. 3. Four images of the bimodal varicose state in a 0.7 m
30.7 mm region of the cell. The white bar in image~a! represents
0.1 mm. Images~a! and ~b! are unprocessed. Images~c! and ~d!
have been processed with a low-pass Fourier filter to highlight
effects of the homogeneous twist of the director. The orientation
thel/4 plate and the polarizers are as follows.~a! Unfiltered image
with the polarizer aligned parallel to the undistorted director.~b!
and~c! Unfiltered and filtered images, respectively, with the pol
izer aligned perpendicular to the undistorted director.~d! Filtered
image with the polarizer aligned perpendicular to the undistor
director and thel/4 plate rotated 90° relative to the orientation us
to take image~b!.
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1B cos(k•x), whereA andB are the two amplitudes of the
modes. In general, the two wave vectors are such that
modes are not a degenerate zig and zag pair. In this c
there are two degenerate bimodal varicose states.
formed when the initial wave vectorq is a zig state, and one
formed whenq is a zag state. The two degenerate states
shown in Fig. 3. The left half of the image consists of
pattern where the zig-type rolls were the initial state a
zag-type rolls grew as a result of the instability. The rig
half of the image is the reverse case. In this case, the a
betweenq andk is 80°. It is this superposition of a zig-typ
and zag-type roll that identifies the SO2 state as the bimo
varicose state. Furthermore, Figs. 3~c! and 3~d! confirm that
the direction of the homogeneous twist is still determined
the wave vector with the maximum amplitude. This provid
strong evidence for the mechanisms described in Ref.@15# as
the source of the bimodal instability. Further work is need
to make quantitative measurements of the change in the
plitude of the twist mode as a function of the growth of thek
mode.

Because the SO2 state corresponds to the bimodal v
cose state, measurements of the transition point (eBV) exist
for some parameter values@21#. These values foreBV are in
very rough agreement with calculations of the twist-mo
model @27#; however, detailed measurements of the tran
tion points have not been made. For example, in this syst
it has not been determined if the transition to the bimo
varicose is forward or backward. In order to elucidate t
nature of the transition, Fig. 4 shows the amplitude of
pattern at the wave vectorsq andk as a function ofe for the
sample atT545°C. The amplitude of the pattern at a give
wave vector is calculated from the power spectrum for e
image. For each wave vector, the power is computed
summing the power in a 3 x 3square centered on the wav
vector. The amplitude is the square root of the power. Fig

e
of

-

d

FIG. 4. Amplitude of the pattern at the fundamental wave vec
q ~solid squares! and at the dual wave vectork ~open circles! at an
angle of 85.3° with respect toq. This shows the bifurcation to
oblique rolls ate50.007 and the bimodal varicose instability ate
50.1. The initial small amplitude atk is due to the initial Hopf
bifurcation for which zig and zag coexist. Within the resolution
these measurements, the amplitude of the dual wave vectork grows
continuously at the bimodal varicose instability. See the text a
Fig. 5 for a discussion of the apparent decrease in the amplitud
both modes for largee.
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4 provides strong evidence that the bimodal varicose in
bility is forward, within the resolution of our measuremen
because the amplitude of thek mode grows continuously
from zero.

In Fig. 4, it appears that the amplitude of theq mode
decreases at largee. Though leveling off of the amplitude is
expected, the decrease is most likely an artifact of opt
nonlinearities that arise at highe. This is demonstrated in
Fig. 5, which shows a typical image of the bimodal varico
state ate50.15. Also shown in Fig. 5 is the correspondin
power spectrum. One clearly observes the large numbe
peaks corresponding to nonlinearities in either the optics
the pattern itself. In principle, one can compute the am
tude of the director variationA directly from the images. In
electroconvection, the shadow graph images contain co
butions proportional to bothA andA2. This adds some com
plication for calculating amplitudes of superimposed obliq
rolls because theA2 terms result in sums and differences
the two wave vectors. However, the real problem for t
case is the additional nonlinearities that result in the pleth
of diffraction peaks in Fig. 5~b!. One such additional prob
lem is the existence of caustics at these large amplitude

An additional feature of the electroconvection in the NL
I52 is that the initial bifurcation is actually a continuou
Hopf bifurcation to a state of superimposed zig and zag ro
The large jump in amplitude to the pure zig state ate
50.01 corresponds to the transition from the initially trav
ing rolls to the stationary state. For all of the conductiviti
and temperatures reported on here, there was an initial H
bifurcation.

As e is increased further, the bimodal varicose state
periences a Hopf bifurcation to the oscillating bimodal va
cose state ate[eH . Figure 6 shows the power spectrum as
function of frequency for the wave vectorsq, k, and for the
zero wave vector of a typical time series aboveeH . The
presence of a peak at finitev is the signature of the oscillat
ing bimodal state. These power spectra were computed
taking a time series of 64 images 0.5 s apart. The ima
covered a region containing approximately five waveleng
of the pattern. Each image was Fourier transformed, an
time series of the Fourier transforms at each wave vecto
interest was constructed. Then, the power spectra of eac
these time series was calculated. For these images, th
rangement of polarizer,l/4 plate, and analyzer described
Fig. 1~a! was used. As discussed above, the use of im
subtraction implies that the power in the zero wave vec
corresponds to the amplitude of the twist mode, as it rep
sents a long wavelength variation of the intensity. Also,
this state, the initial wave vector was of the zag-type and

FIG. 5. ~a! Image of the pattern ate50.15. ~b! Spatial power
spectrum of the image shown in~a!.
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dual wave vector was of the zig-type. Therefore, the dir
tion of the twist is positive, and with the optical setup of Fi
1~a!, this produces an overall increase of the image intens
Figure 6 illustrates two main points. First, the Hopf bifurc
tion corresponds to an oscillation of the roll amplitudes a
the twist amplitude about their corresponding mean val
~the large peak at zero frequency!. Second, the oscillation
amplitude is significantly less than the mean value.

The oscillating bimodal varicose, as defined in Ref.@22#,
is a pattern of the formA(t)cos(q•x)1B(t)cos(k•x), where
A(t) andB(t) oscillate roughly out-of-phase with each oth
and around different mean values. For the oscillating s
observed here, Fig. 6 demonstrates that the mean value
different. Figure 7 illustrates the behavior of the oscillati
bimodal varicose in real space and illustrates the out
phase nature of the oscillations. The image in Fig. 7 is one
the individual frames used to compute the power spe
shown in Fig. 6. Because of the optical nonlinearities,

FIG. 6. Power spectra from a time series of images at th
different wave vectors: zero wave vector~solid squares!; q ~solid
triangles!; andk ~open circles!. Here the initial wave vectorq was
of the zag type. The full power spectrum shows the large pea
zero frequency for each wave vector. This corresponds to the m
of each mode. The insert shows a close up view of the range i
cated by the dashed box. The peak at approximately 0.2 Hz is
signature of the Hopf bifurcation from the bimodal varicose sta

FIG. 7. Time series of the amplitude of the three modes wh
power spectra are plotted in Fig. 6. The time series is the ave
amplitude of a region 2 pixels by 2 pixels that is shown in the ima
by the white dot. The three modes are identified by their wa
vector: zero wave vector~squares!, q ~circles!, andk ~triangles!.
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easiest way to directly observe out-of-phase oscillations i
plot the local behavior of the pattern after Fourier filterin
This is shown in the plot in Fig. 7. The plot is constructed
follows. For each image in the time series, the Fourier tra
form is computed. Then, a Hanning window is applied to
region around the wave vector of interest~and its complex
conjugate!. The inverse Fourier transform of the result pr
duces a real space image that corresponds to the mod
interest. In this real space image, the pixels in a 232 region
are averaged. The region is shown by the dot in the imag
Fig. 7. A time series of these average values is then c
structed. The plot in Fig. 7 is subset of the longer time se
used to compute the power spectra of Fig. 6.

Figure 7 clearly illustrates the oscillations of the twis
mode ~squares!, zig-type mode~triangles!, and zag-type
mode ~circles! that comprise the oscillating bimodal var
cose. The optical arrangement of Fig. 1~a! was used while
taking this time series. Therefore, the positive amplitude
the twist-mode represents a positive rotation angle. Thi
consistent with the dominant mode being of the zag-ty
Also, an increase in the zero wave vector intensity repres
an increase in the twist-mode amplitude, which is correla
with the increase in the zag mode amplitude. A mechan
for the oscillating bimodal varicose is discussed in Ref.@15#,
and the evidence provided by Figs. 6 and 7 for this mec
nism is discussed in Sec. IV.

IV. DISCUSSION

The results presented in this paper highlight three m
points. First, the twist mode is present in the oblique r
states in the NLC I52, as it should be. Because it is a wea
damped mode@15#, its amplitude is actually relatively large
Therefore, it must be included in any extended weakly n
linear description of the system.

Second, the observed qualitative features of the oscilla
bimodal state are consistent with the mechanism propose
Ref. @15#. In particular, the results presented in Fig. 7 pr
vide strong evidence that the twist mode is responsible
the dynamics of this state. The plot in Fig. 7 should be co
pared to the analogous plot in Fig. 8 of Ref.@15#. In both
cases, the amplitudes of the zig and zag-type rolls are
of-phase with each other. The twist-mode is found to os
late with a phase intermediate to the two modes. This
strong evidence for the proposed director-wave-vector fr
tration mechanism where the oscillations of the twist mo
mediate the oscillations in theq andk modes@15#.

Finally, the WEM effects may remain important in th
nonlinear states and have an effect on the location of
bimodal varicose transition and the following Hopf bifurc
tion. The fact that the WEM effects are present is clea
shown by the initial Hopf bifurcation that is present at all t
parameters used here. The calculations in Ref.@15# that in-
clude the twist amplitudes are based on the standard m
of electroconvection, which do not allow for the observ
primary Hopf bifurcation. However, the fact that the trave
ing waves were always replaced with a stationary patter
e<0.01 suggests that the WEM effects are ‘‘weak’’ in som
sense. Therefore, it is not unreasonable to qualitatively c
pare the results presented here with calculations based o
twist-mode model. However, as is shown in Table I, there
to
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some quantitative disagreement between the twist-m
model and the experiment.

Table I shows a comparison between calculations@27#
and experiment for two temperatures for the following me
sured quantities: the initial angle of the rolls with respect
the undeformed director (u); the anglea betweenq andk at
the bimodal varicose instability; the transition point to t
bimodal varicose state (eBV); and the subsequent Hopf bifur
cation to the oscillating bimodal varicose (eH). There is
good agreement betweenu and a. The agreement foru is
not surprising because the WEM predicts only a small s
in u from the standard model value. Likewise, the agreem
for a is not surprising because the WEM does not appea
shift angles significantly. The asterisk next to the calcula
value of eBV for the T542 °C case indicates that there is
maximum in the growth rate ofk at this point, but the growth
rate is still negative. In fact, for this temperature, the grow
rate of k does not become positive within the twist-mod
model. Also, for theT555 °C case, the calculation predicts
value foreBV that is too large. For all the parameter valu
used in the experiment, a transition to the oscillating bimo
varicose from the bimodal varicose state was observed. O
this same range of parameters, the calculations predict a
stabilization of a single roll state that supersedes the osci
ing bimodal varicose.

In addition to possible WEM effects, there are a numb
of additional sources for the above outlined quantitative d
agreements between experiment and the twist-mode mo
First, the locations ofeBV and eH have not yet been calcu
lated in a fully nonlinear calculation and can only be es
mated within the context of the extended weakly nonline
analysis. Second, there are issues of pattern selection tha
not addressed in the weakly nonlinear analysis. For exam
even though the weakly nonlinear analysis predicts the re
bilization of the oblique rolls, the pattern may still select t
oscillating bimodal varicose state. Finally, there remains
portant uncertainties in the material parameters of the N
I52 that make quantitative comparison between theory
experiment difficult.

The confirmation of the existence of the twist mode
electroconvection in the NLC I52 has important cons
quences for both the states of spatiotemporal chaos@18# and
the localized worm states@19# that have been observed i
this system. Because both of these states involve the su
position of oblique rolls, the twist mode must automatica
be present, as observed here. In principle, if the states we
superposition of equal amplitudes of zig and zag, the tw
mode would have zero amplitude as the two set of rolls p
duce opposite twists. However, for the state of spatiotem

TABLE I. Comparison of theoretical and experimental valu
for two different temperatures.

Temperature (°C) u a eBV eH

42 ~exp.! 32.0° 82.4° 0.079 0.17
42 ~theory! 32.0° 82° 0.08a none
55 ~exp.! 37.9° 86.3° 0.03 0.19

55 ~theory! 37° 80° 0.06 none

aA maximum in the growth rate of the dual is found, but the grow
rate is still negative.
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ral chaos, the amplitudes vary irregularly. Therefore,
twist mode may play an active roll in the dynamics as
mediator between the zig and zag rolls. Likewise, in
worm state, the zig and zag rolls have different amplitude
the edges of the worm. Therefore, the twist mode may pla
role in the localization mechanism of the worms as an ad
tional slow field.
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