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Frequency-induced structure transition of nematic electroconvection in twist cells

H. Bohatsch and R. Stannarius
Fakultät für Physik und Geowissenschaften, Universita¨t Leipzig, Linne´strasse 5, D-04103 Leipzig, Germany

~Received 15 October 1998; revised manuscript received 14 May 1999!

We investigate electroconvection of nematic liquid crystals in planar 90° twist cells in the dielectric regime.
These cells provide competing boundary conditions for the nematic director at both electrodes. When the ratio
of cell gap and roll width is not too small~in thin cells and at low frequencies!, the convection rolls form along
the director in the cell middle, which is diagonal to the anchoring directions. This is in accordance with known
behavior in the conduction regime and with the assumption of a bulk instability~rolls traversing the cell!.
When the ratio of roll periodicity to cell gap is very small in the high-frequency range and the thick cells, a
regular convection pattern sets in with wave vectors directed along the two alignment directions. We suggest
the interpretation that two independent systems of convection rolls form localized near the electrode plates. It
is very likely that a similar behavior occurs in nontwisted cells where it is difficult to identify experimentally.
@S1063-651X~99!03611-9#

PACS number~s!: 61.30.2v, 47.20.2k
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I. INTRODUCTION

Electroconvection~EC! in nematics is among the mos
thoroughly studied dissipative pattern-forming system
Since its first description by Williams and Kapustin@1#, it
has been investigated extensively in experiment and the
A recent review can be found, for example, in@2#. Scientific
interest has been revoked during recent years, for exam
with the discovery of abnormal rolls@3#, new investigations
of the homeotropic geometry@4–7#, the study of defect tur-
bulence and the onset of spatio-temporal chaos@8–11#, the
development of the weak electrolyte model@12#, and
progress in the description of chevron formation@13–15#.

The convection mechanism is based on small periodic
rector fluctuations, which in connection with the anisotrop
conductivity lead to the formation of a periodically mod
lated charge density in the sample plane. The interactio
these charges with the external electric field initiates a c
vective flow, which in turn augments the director deflecti
and drives the instability@16#. The dynamics of director and
charge fields determine the character of the convection st
tures @17,18#. When the structures are driven with low
frequency ac electric fields, the sign of the charge den
alternates with the electric field, and one deals with the w
analyzed conduction regime. The typical instabilities in t
regime at onset are stationary or traveling roll cells perp
dicular or oblique to the alignment axis at the surface. T
width of the rolls is roughly equal to the cell gap. Abov
some characteristic frequency of the driving field, the cuto
one finds the dielectric regime, which is also characteri
by periodic rolls at the onset of the instability, at high
voltages by the formation of a chevron superstructure. T
symmetries of charge and director deflection with respec
the polarity of the driving field are reversed; the direc
deflection alternates with the electric field. The spatial pe
odicity of the rolls decreases with increasing ac frequen
and is usually~cell gap .20 mm, frequency.100 Hz!
much smaller than that of conductive rolls, often only a fe
micrometers. The onset voltage of dielectric convection ro
scales with the cell gap.
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The standard theory@17–19# describes these dielectri
convection structures as bulk instability. The waveleng
and critical electric field strengths are not sensitively c
thickness dependent. It is assumed that the rolls traverse
whole cell from electrode to electrode as shown in Fig. 1~a!
~we will refer to them as bulk rolls!. Since most of the ex-
perimental findings can be satisfactorily explained on
basis of this assumption, it is the established model of e
troconvection in the dielectric regime. It seems, howev
that from the experimental point of view it is difficult to
prove this model directly, as is discussed below.

A different interpretation of some experimental resu

FIG. 1. Geometry of the nematic electroconvection in sandw
cells; arrows on the plates denote the surface anchoring~rubbing!
direction.~a! Standard model in nontwisted cell;~b! standard model
in a 90° twist cell;~c! director twist in the geometry of~b! and in
brackets the opposite twist configuration which would lead to ro
rotated by 90°;~d! model of surface localized rolls in a nontwiste
cell; ~e! possible arrangement of surface localized rolls in a tw
cell; ~f! possible arrangement in thick cells, localized rolls at t
electrodes~right! or elongated rolls in the cell~left!.
5591 © 1999 The American Physical Society
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was proposed a few years ago by Yamazaki, Kai, and
workers@20,21#. The authors concluded that in their expe
ments dielectric rolls were localized near the electrodes o
as sketched in Fig. 1~d!. We will use the term surface roll
for this structure. These conclusions were derived from t
experiments. In@20#, a sample cell with lateral electrode
was studied, with both electrode gap and cell gap of 100mm.
The optical image at low-frequency excitation showed r
textures which traversed the electrode gap. At high frequ
cies, the structures became localized in a thin region nea
electrodes. A second experiment@21# was performed in a
thin sandwich cell with conventional planar geometry; t
structures were studied in transmitted light normal to
electrode plane. The authors observed striation pattern
two focus planes of the microscope separated by slightly
than the cell thickness,with an intermediate region wh
stripe patterns were absent. However, most of the experim
tal studies on dielectric patterns are obviously compat
with the standard description@17# and therefore the bulk
model is generally accepted now. From an optical study
the transmission texture of a cell, it seems quite difficult
distinguish between both structure models.

Yamazakiet al. @21# have not analyzed the optical prop
erties of a periodically deformed director field. Methods f
the simulation of the optical characteristics of nematic c
vection rolls have been developed@22–27# and proved par-
ticularly useful for the description of rolls in the conductio
regime. In that case, different virtual and real focal planes
the refraction pattern are found. If this is not considered
the interpretation of the optical images, the texture can p
tend the existence of a complex height profile of the direc
pattern. In the dielectric regime, similar optical simulatio
give a qualitative explanation of the observed textu
@28,29# but the simulations are useful only for small direct
deflections. The simulated textures are too indifferent w
respect to the director profile along the cell normal.

The analysis of a side view of a cell with lateral ele
trodes as presented in@20# is not convincing evidence fo
localized structures in conventional sandwich cells. The
ometry is more comparable to that of thin freely suspen
films @30,31# where surface charges may play a no
negligible role in the convection and where localized str
tures have also been observed.
7
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We have set up an experiment which provides anot
insight in the structure of dielectric rolls. We will discuss th
models mentioned above in the light of our experimen
results, and describe some additional characteristic feat
of the observed patterns. Instead of cells with parallel
choring, we use twisted cells where the surface anchorin
the director at upper and lower glass plate~rubbing direc-
tions! is planar but the alignment axis at the top electrode
perpendicular to that of the opposite electrode. In this geo
etry, both conduction and dielectric regimes are formed a
ordinary parallely rubbed planar cells. Previous electroc
vection experiments with twisted cells have been reported
the literature@32–37#, but the experiments have almost e
clusively been restricted to the conduction regime. Beca
of the competing boundary conditions, the convection ro
choose a compromise between both surface orientation
the director if they are of the bulk type as in the conducti
regime. The rolls are formed at645° orientation with re-
spect to the rubbing directions@see Fig. 1~b!#. In addition to
the characteristic features found in nontwisted cells, ripp
roll structures can appear in the twisted geometry, a
thresholds and wavelengths of the rolls may differ sligh
from those of nontwisted cells because of the additional e
tic terms involved.

A similar behavior should be expected in the dielect
regime provided the rolls are of the bulk type. If, howeve
localized convection sets in near the electrodes, two indep
dent convection layers should exist with different wav
vector orientations@cf. Fig. 1~e!#.

Since the wavelength of the roll pattern is strongly fr
quency dependent, the scan of a broad frequency range g
us the opportunity to control the wavelength versus cell g
ratio in two different ways, either by studying different cel
or by varying the driving frequency of the electric field
one individual cell. A splitting of the convection rolls in th
cell middle, possibly by the recombination of the char
fields, is more likely to occur in short wavelength rolls, i.e
at high ac frequencies.

II. EXPERIMENT

Our mesogenic material is the four-component mixtu
Mischung 5~Halle! of disubstituted phenyl-benzoates
by
ent
ure
ot

ple
lly
with composition 1O-O6: 22.0%, 5O-O8: 30.3%, 6O-O
13.13%, 6-O4: 34.4%.

The mixture provides a nematic range from below roo
temperature to the clearing point at 70.5 °C, and a nega
dielectric anisotropye i-e' . It has been studied in previou
EC experiments~e.g.,@15,28,29#!.

We have used a commercial 90° twist cell with cell g
14 mm from LINKAM ~referred to as TN14! and self-
assembled cells made with commercial glass plates~E.H.C.!.
:

e

The notation of these cells is TN39~39.3mm twisted!, TN55
~54.5mm twisted!, TN102~102mm twisted!, and N42~42.3
mm nontwisted!. The cell thickness has been determined
means of a UV/VIS spectrometer. All cells have transpar
ITO electrodes and rubbed polyimide coating. Temperat
control of the sample cells was achieved by a METTLER h
stage.

In some of the low-frequency experiments, the sam
was observed orthoscopically in transmission with norma
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cident polarized white light using a JENAPOL-d micr
scope.

Most experiments in the high-frequency range have b
performed with a Laser scattering setup~comparable tech-
niques have been previously applied, e.g., in@38,39#!. This
method is particularly suitable to study the very short wa
length dielectric structures (>2 mm) where transmission
microscopy fails.~The reason that the short wavelength
not observed with conventional transmission microscopy
not primarily in the limited optical resolution but mainly i
the large cell thickness to pattern wavelength ratio wh
smears out the transmission images.!

The sample is illuminated with a low power He-Ne las
~optical wavelengthl05632.8 nm! at normal incidence, and
the diffraction pattern is recorded with a CCD video cam
in a setup as shown in Fig. 2. This technique yields an im
which has many features in common with a two-dimensio
spatial Fourier transform of the optical transmission textu
Wavelengths and wave-vector orientations of the director
modulations in the convection structures can be directly
tracted from the scattering peaks. Since the phase profil
the transmitted light at the upper boundary of the nemati
in rough approximation sinusoidal with half the periodici
of the director field modulation@24#, we expect the larges
scattering peaks at

r 5
l0

Al22l0
2

s, ~1!

where s is the distance between the nematic cell and
screen,r is the displacement of the spot from the cent
beam on the screen, andl gives the roll width~which is half
the director period!.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The homogeneous ground state in the twist cell is twof
degenerate; the director can twist either by 90° or290°
from the bottom to the top of the cell@Fig. 1~c!#. The final
state of the director field in a cell is usually a monodoma
but often one finds long-time persistent domains of oppo
twist, separated by a line defect~an s5 1

2 twist disclination!.
In each domain, the director in the cell midplane is twist
either by145° or245° with respect to the anchoring dire
tion at the lower plate. Consequently, there is also a deg
eracy in the orientation of the convection rolls, but in gene

FIG. 2. Experiment laser scattering setup for the observatio
short-wavelength structures; the distance between cell and scre
132 mm. The central beamstop diameter is 20 mm, i.e., we exc
scattering from structures larger than'8 mm.
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the electroconvection structures are very similar to those
nontwisted cells.

Figure 3~a! shows the onset voltage of the convecti
pattern in the 14-mm twist cell at 50 °C. A peculiarity of this
cell is that dielectric and conduction rolls coexist in the v
cinity of f c541 Hz. The open symbols above the first ins
bility ~dielectric rolls! mark a restabilization of static~con-
duction! rolls abovef c ; similarly the short extension of the
open symbols in the frequency rangef , f c marks a restabi-
lization of oscillatory~dielectric! rolls. The reason for this
unusual behavior lies probably in the small cell thickness a
low cutoff f c which results in comparable wavelengths
both conduction and dielectric rolls nearf c .

A detailed experimental characterization and theoret
analysis of structures in the low-frequency conduction
gime has been performed by Hertrichet al. @36,37#. There-
fore, we will not go into the details of conductive rolls he
but deal exclusively with the dielectric regime. Figure 3~b!
compares the onset field strengths for dielectric rolls of
cells investigated. All cells behave quite similarly when t
threshold voltageUC is scaled with the cell gapd. In par-
ticular, the threshold curve of the twisted cell TN39 coi
cides with that of the nontwisted cell N42, which is include
for comparison. The threshold field strength for the TN
cell is slightly increased with respect to the other cells, p
sumably because of the additional elastic contributions of
stronger twist.

Figure 4 shows the frequency dependence of the patt

of
n is
de

FIG. 3. ~a! Onset threshold voltage for electroconvection in t
twisted 14-mm cell at 50 °C. Near the cutofff c541 Hz, we observe
a reappearance of conduction rolls abovef c and of dielectric rolls
below f c , above the voltages indicated by open circles.~b! Com-
parison of the onset electric-field strengths for twisted cells TN
TN39, TN55, TN102, and the nontwisted reference cell N42.
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period l ~half period of the director tilt, width of the con
vection rolls! extracted from the laser scattering images.
cells show a common behavior, the roll period decrea
with frequency, and it seems that in all cases some satura
plateau is reached at high frequencies. Within stand
theory, the wavelength should continuously decrease w
frequency. Since the accuracy of the wavelengths determ
from the diffraction images improves with decreasing wa
length, the deviations from the expectedf 21/2 law cannot be
attributed to experimental inaccuracies. Probably, some
the suppositions made by theory break down in the resp
tive parameter range. For example, theory makes certain
sumptions about the relation between the charge-carrier
tion and the material flow in the cell: the velocity of charg
in the electric field and that of the liquid-crystal molecul
are usually set equal. However, more systematic experim
would be required to propose suitable modifications
theory.

Figures 5–7 represent some typical optical textures
served in the dielectric regime. The image in Fig. 5 show
roll pattern near the threshold voltage. The roll orientation
diagonal to the rubbing directions. Two domains correspo
ing to oppositely twisted director configurations@cf. Fig.
1~c!# are separated by the disclination line in the middle

FIG. 4. ‘‘Optical’’ periodicity l in the different cells extracted
from the laser diffraction spots.

FIG. 5. Microscopic image of dielectric rolls in a 14-mm twist
cell, T529.5°, f 515 Hz, f c514 Hz, U514.86 V, UC512.4 V.
The rolls are diagonal to the rubbing directions~crossed bars!. Two
domains@cf. Fig. 1~c!# are separated by a defect line. In the low
left part the beginning restabilization of conduction rolls is se
Image size 4003300 mm.
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the image. A typical chevron texture in the TN14 cell
shown in Fig. 6. When the chevron defect chains start
move, material flow sets in along these chains~marked by
arrows in Fig. 6! and the domain boundaries are deformed
the flow field. The convection rolls are very small alrea
and not well resolved in the reproduction of the microsco
picture, but since we have recorded the image with circula
polarized light@40#, the chevron stripes are seen by altern
tion dark and bright bands@29,15#.

At higher voltages, the flow along the defect chains
strong enough to overcome the line tension of the dom
boundaries. Islands are torn out of the adjacent domain
carried as wormlike structures with the flow; they mo
along the chevron stripes. Their shape is elongated in
direction of motion. The director field inside these worms
oppositely twisted with respect to the surrounding mater
therefore they are enclosed by a disclination line in the
rector field. They keep their shape and constant length du
the motion but dissolve when they reach a defect in the ch
ron stripes~in that case the flow at the front stops while th
tail of the worms moves on and extinguishes the domain!.

From Figs. 5–7 we draw the conclusion that the dielec

.

FIG. 6. Same as in Fig. 5,f 570 Hz,U531.5 V. The defect line
between the two domains is deformed by material flow in the de
chains~arrows!. The convection rolls are hardly observable, the
fore we have visualized the chevron pattern with circularly pol
ized light.

FIG. 7. Same cell as in the previous figures,f 5500 Hz, U
580.37 V, image dimensions 6003450 mm. The dark and bright
lines correspond to chevron stripes visualized by means of ci
larly polarized light. Worms~domains with opposite sense of twis
than the surrounding material! move along the defect chains.
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convection structures in the 14-mm cell form a compromise
between the surface anchoring directions on both glass p
of the sandwich cell. Another key observation is that
observe two focal planes of the microscopic image, one n
the upper glass plate and a second near the lower glass p
and in both, directions of the stripes they coincide. We h
taken microscopic images of the 14-mm twist cell up to 10-
kHz driving frequency. At high frequencies (.1 kHz!, it
was not possible to resolve the convection rolls but the ch
ron pattern was visible. The direction of the chevron strip
remained along the cell diagonal at all frequencies.

Since the primary instability is the dielectric rolls, w
have focused our further attention on these structures. W
the laser scattering technique we have determined their
entations in the twisted cells over a broad frequency rang
reference system (x,y) is chosen diagonal to the rubbin
directions of the cell, and the deviation angle of the wa
vector of the rolls from they axis is denoted bya. The
diffraction pattern at the onset of convection in the TN14 c
is shown in Fig. 8~a!. In the laser spot, the sample is mo
odomain here and the image consists of two narrow refle
The wave-vector orientation isa50. After the voltage is
increased@Fig. 8~b!#, each of the reflexes splits into tw
slightly broadened spots arranged symmetrically with resp
to they axis. This is characteristic of the modulation of th
wave-vector field in the chevron pattern. The average or
tation of the convection rolls in the chevrons can easily
extracted.

A quantitative presentation is given in Fig. 9. Since t
reflexes of the different in-plane wave-vector orientations
each image always below to the same wavelength, they
located on a circle around the central beam. Therefore,
have reduced the data to the intensity profile on a ring aro
the central spot, which intersects all reflexes. In Fig. 8~b!, the
dashed circle indicates where such an intensity profile wo
be taken in the image. Figure 9~a! shows the change of thi
profile during the transition from normal rolls to chevron
At low voltages aboveUC the profile shows two narrow
peaks ata50 (180°). Each maximum splits into two sha
reflexes when the chevrons are formed. The positions of
peaks as a function of the driving voltage@expressed by the
control parametere5(U/UC)221] are collected in Fig. 10
For each image we show the average of the southwest
northeast spots as well as that of the southeast and north
reflexes. Because the peaks lie symmetric with respect to
y axis, we depict the absolute values ofa.

In the 14-mm cell, we find an onset orientation ofa
50° at all frequencies up to several kHz. The instability
the ground state is towards normal rolls along the diago
The transition to chevrons at 100 Hz starts nearech50.62
and at 7 kHz nearech50.28. At all intermediate frequencies
the same qualitative behavior is found, with a continuo
shift of the thresholdech for chevron formation.

The scattering reflexes of the thicker cells behave qu
tatively different from those of the TN14 cell. The orient
tions of the scattering reflexes in the TN39 cell as functio
of the control parameter are presented in Fig. 11. The fig
shows the characteristics of the convection rolls at four
ferent frequencies of the driving field. Depending upon f
quency, we find two different scenarios. Only in the lo
frequency measurements up to 300 Hz does the cell be
tes
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like TN14. The rolls are formed along the diagonals,a re-
mains zero at least fore,0.06, and at higher voltages th
reflexes split, presumably because of chevron format
again. In a broad frequency range around 1 kHz, we
longer find sharp reflexes along the diagonals. Instead,
pairs of reflexes appear already at the onset of convect
These reflexes are broad, smeared out, and fluctuating;
maximum is located near610°. Their orientations rapidly
shift to higher angles with increasing voltage. At frequenc
above that transition range~above'1500 Hz!, the reflexes at
onset are sharper again, but they appear now near thea5
645° orientations, corresponding to wave vectors along
director easy axes at the glass plates. This is best seen i
intensity profiles of Fig. 9~b!. The intensity of the 45° peak
increases continuously withe while the orientation remains
nearly parallel to the surface alignment axes. The data
3500 Hz in Fig. 11 are representative for the high-frequen
behavior.

With further increasing cell thickness, the qualitative p
ture remains the same, but the transition from the lo
frequency to high-frequency characteristics occurs at lo
frequencies. In Fig. 12 we show the data of a 54.5-mm cell at
600 Hz ~fluctuating smeared reflexes with smalla at e50)
and 800 Hz~onset already near 35°). The transition appe

FIG. 8. Diffraction profile of a He-Ne laser~632.8 nm! beam in
twist cells. The central beam stop is 2 cm in diameter.~a! TN14
U566.5 V (e50.031), 1000 Hz:a50, normal rolls at the onset o
electroconvection, diagonal to the rubbing directions;~b! TN14 U
586.5 V (e50.744), 1000 Hz:a5626°, chevrons diagonal to the
rubbing directions. The dashed circle sketches where the inten
profiles in Fig. 9 were obtained.
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5596 PRE 60H. BOHATSCH AND R. STANNARIUS
now in a frequency range around 600 Hz. Again, at h
frequencies (.1 kHz! the regular pattern sets in nearly pa
allel to the rubbing directions645°, and at low frequencie
(,300 Hz! the convection starts witha50.

The orientations of the reflexes in the thick TN102 c
are presented in Fig. 13. Here, we find no sharp reflexes a
for low frequencies. At 100 Hz, there are some broad, diffu
spots neara50 which rapidly drift to highera with increas-
ing e, but already at 400 Hz the transition to the hig
frequency characteristics is complete. The images consis
four spots localized near645°; the reflexes are not as sha
as in the thin cell but are well defined@see Fig. 9~c!#.

At first glance, the profiles in Figs. 9~b! and 9~c! are very
similar to those of a chevron texture where the deflection
the rolls is incidentally645°. Hence one cannot decide im

FIG. 9. Intensity profiles of the scattering images on a cir
around the central beam@constantr in Eq. ~1!# at the positions of
the maximum reflexes; see the dashed line in Fig. 8~b!. ~a! TN14 at
1400 Hz, transition from normal rolls to chevrons;~b! TN39 at
1800 Hz, rolls aligned to the rubbing directions;~c! TN102 at 500
Hz, rolls aligned to the rubbing directions.
h

l
all
e

of
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mediately from one scattering image whether the hig
frequency patterns originates~a! from a lateral modulation of
the wave vector, a zigzag arrangement of rolls like in a ch
ron structure;~b! a multidomain sample with wave vector
arranged along one of the rubbing directions in each in
vidual domain; or~c! a superposition of convection rolls a
the upper and lower electrodes with wave vectors along
corresponding director surface alignment.

It is reasonable to dismiss the first two interpretations.
the experiments, the four spots always have comparable
tensities. In a multidomain sample it would be pure coin
dence if both domains always shared equal portions of
measuring spot. Moreover, we have carefully established
the orientation does not jump near the threshold;a is ap-
proximately 45° already at the onset of the instability. Wh
the intensity of the peaks increases withe, the orientation is
nearly preserved. This is strong evidence against the che
interpretation. Such a structure always appears as a sec

FIG. 10. Change of the anglea ~absolute value! between the
diagonal and the wave vector of the convection rolls with drivi
voltage in cell TN14 at 100 Hz and 7 kHz. There is no qualitati
change over the whole frequency range. The patern starts with
mal rolls. With the formation of chevrons, the scattering refl
splits, clockwise and counterclockwise rotated sets of rolls app
deflected by the same angle in opposite directions.

FIG. 11. Change of the anglea between the cell diagonal an
the wave vector of the convection rolls for cell TN39 between 2
and 3500 Hz. At 200 Hz, the wave vector is along the cell diagon
as in the TN14 cell. Between 800 and 1200 Hz, the pattern beco
rather diffuse and fluctuating at onset; the wave vector clearly
viates from a50. With increasing frequency it stabilizes agai
Above 3500 Hz, the reflexes indicate wave vectors along the r
bing directions at the onset. We interpret these images as the
sition from bulk rolls (a50 at onset! to surface rolls (a'45° at
onset!.
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ary instability with wave-vector deflections being strong
e-dependent near the onset.

When the voltage is further increased, the reflexes
come gradually broader and the orientation changes gr
ally towards highera. An interpretation of this behavior is
beyond the scope of this work. A reorientation of the co
vection rolls with respect to the surface alignment with
creasing voltages is typical in electroconvection, and si
the symmetry is broken by the imposed twist here, it is
surprising that this reorientation leads to a shift instead of
splitting of the scattering peak. It is important to note th
with increasing cell thickness, we also observe a large
crease of diffuse scattering around the central beam, co
sponding to wavelengths.10 mm, in particular at higher
frequencies.

We propose that the experimental observations are in
preted with assumption~c!. A system of two roll textures
with wave vectors nearly perpendicular to each other
formed in the cell. From their orientations it is reasonable
conclude that these rolls are positioned near the elect
plates. Since the lateral width of the observed director str
tures is more than one order of magnitude smaller than
cell gap, the convection rolls probably do not extend mu
more than their lateral extension into the depth of the c
@right image in Fig. 1~f!#. The middle of the cell is in a

FIG. 12. Transition from bulk rolls~roiented along the diago
nals! to surface rolls~oriented parallel to the director at the su
faces! in the TN55 cell controlled by the frequency of the drivin
field. Data for two frequencies in the transition range are show

FIG. 13. Same as in Figs. 11 and 12 for cell TN102 at 100 a
400 Hz. At 100 Hz, the pattern is rather diffuse and fluctuati
with increasing frequency it stabilizes. Above 400 Hz, there
only minor changes in the characteristics ofa(e) for small e; the
pattern starts with wave vectors nearly parallel to the rubbing di
tions.
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structureless convection state. The strong increase of lo
wavelength scattering, in particular in the TN102 cell, is
consequence of disordered director fluctuations in the m
rial between the two ordered convection layers.

In order to understand the diffraction images observed
is important to note that the diffraction efficiency of th
phase grating established by the director field in the conv
tion rolls is low, only a few percent. After passing the fir
layer of convection rolls, most of the intensity is still con
tained in the primary beam, and two diffracted beams app
corresponding to the wave vectorq1 at the bottom electrode
When the light passes the second system of rolls at the
posite glass plate, the primary beam is diffracted again
two additional spots occur, corresponding to the wave vec
q2 at the top electrode. The reflexes corresponding toq1
6q2 have much lower amplitudes. They are consequen
not observable in the experiment.

Within our simple model, we can explain the diffractio
images, but the experiment does not provide direct inform
tion on the depth of the rolls. An indirect argument can
derived from the existence of bulk structures in the 14-mm
cell and the loss of bulk behavior in the 39-mm cell, which
indicates that the depth of the rolls in thick cells, in a rou
estimation, does not exceed'10 mm. It is reasonable to
assume that the ratio of pattern wavelength versus cell
plays an essential role in the transition from bulk rolls in th
cells to surface rolls in thick cells. This argument also e
plains the frequency dependence, which is in fact a wa
length dependence. If we relate the cell thicknesses to
widths of the convection rolls in the transition range, we fi
the ratios of about 1:14 in TN39, 1:17 in TN55, and 1:20
TN102. This gives a rough estimate of the conditions
which a breakdown of the bulk properties of dielectric ro
can be expected in other cells.

The behavior in the transition range is not easily und
stood. The experiments show that there is not an abrupt t
sition from bulk rolls to surface rolls at some critical ratio
roll width to cell thickness. Instead, the rolls start to devia
continuously froma50, with nearly equal contributions
from the two opposite orientations. Our interpretation is
follows: As long as the two roll systems are still in contact
the cell middle, there will be a considerable correlation of t
director and flow fields, with an increasing number of defe
arising when the wave vectors at both sides start to dif
This causes not only the deviation froma50, but also a
broadening of the reflexes on a ring around the central be
Even when the flow field of both convection layers is co
pletely decoupled, there will still be a coupling via the twi
deformation of the director field, and the rolls have to form
compromise between surface orientation and director in
cell middle. Only after the separation of the two roll system
has become large enough with increasing frequency~i.e., de-
creasingl) can two independent layers of convection ro
exist. Between these layers, the director will be in a more
less disordered state with structureless convective flow, c
ing an increasing intensity of small-angle scattering.

IV. SUMMARY

We have determined the onset thresholds, waveleng
and wave-vector orientations of electroconvection rolls in
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dielectric regime in 90° twisted nematic cells. The patte
are quite similar to those observed in nontwisted cells. O
particular feature of the convection rolls which cannot
understood within standard theory is the frequency dep
dence of the wavelength. It should be a continuously
creasingq/Af function of frequency. In the experiments, w
find a saturation at wavelengths above 2mm. Further experi-
ments with nontwisted samples are in progress to study
discrepancy in more detail.

A dramatic change is observed between the orientat
of the patterns generated in thin (14mm) and thick
(>39 mm) cells. In the 14-mm cell, the orientation of the
convection rolls at onset is along the diagonal between
rubbing directions. As in the conduction regime, the conv
tion chooses a compromise between both boundary co
tions at the opposite cell planes. With increasing ratio of c
gap versus roll width, which can be controlled either by u
ing cells of different gap or by varying the driving frequenc
there is a structural transition to rolls with wave vecto
along the rubbing directions of the cell. Obviously, this o
entation is imposed by the boundary conditions for the dir
tor field at the glass plates. This is evidence that at su
ciently high ratios of cell gap to roll width, a localize
convection near the cell plates exists, which is independ
-
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of the convection field in the cell middle and at the oppos
electrode, i.e., the regular electroconvection rolls are
stricted to the surfaces and the ordered convection bre
down in the cell middle. For thick cells and/or high freque
cies, our observations support the model proposed by
et al. @21,20#. It seems that the rolls extend at maximu
'10 mm from the boundaries into the cell. Their depth
presumably not significantly larger than the lateral width.

It is reasonable to assume that the effects reported her
twist geometry are not a peculiar feature of twisted nema
cells but that the conclusions are adequately valid in
geometry of parallely rubbed cells. We haven to found
experimental confirmation of this hypothesis yet. Howev
one should take into consideration that the effect of locali
tion is most pronounced in the thick 102-mm cell in which
the twist is much smaller than in the 14-mm cell, and which
is much more comparable to a nontwisted planar geom
than the thin twist cell.
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