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Electroconvection in freely suspended smectic-C and smectic-C* films

C. Langer and R. Stannarius
Universität Leipzig, Fakulta¨t für Physik und Geowissenschaften, Linne´strasse 5, 04103 Leipzig, Germany

~Received 19 December 1997!

Electrohydrodynamic convection in freely suspended smectic-C (SC) and smectic-C* (SC* ) films is investi-
gated experimentally by means of reflection polarizing microscopy. A two-dimensional vortex flow is observed
when a dc field is applied in the plane of the smectic layers while the electrodes are in contact with the film.
Measurements of the threshold voltage, the vortex velocity, and the vortex pattern wavelength are presented. In
SC films the convection is driven by the interaction of the applied electric field with space charges at the free
surfaces of the films. The threshold voltage depends on the conductivity and is linearly related to the film
thickness. Convective flow can be visualized directly from the optical textures. InSC* films the threshold
voltage is close to zero and the flow velocity is rather independent of film thickness, suggesting that bulk
charges drive the convection.@S1063-651X~98!12107-4#

PACS number~s!: 61.30.2v
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INTRODUCTION

Electroconvection effects in liquid crystals represent u
ful models for dissipative pattern formation as they can
easily studied in experiments and provide convenient t
scales and reasonable aspect ratios. In particular, the var
degree of complexity from an isotropic material to order
nematic and smectic liquid crystalline phases makes th
systems attractive to basic studies of pattern formation p
cesses. Well-known standard systems are nematic liq
crystals confined between glass plates that have been stu
intensively both theoretically and experimentally. A rece
review is given, for example, in@1#. The onset of convection
is explained by the Carr-Helfrich mechanism, which is bas
on an anisotropic conductivity@4#. A few experiments on
electrohydrodynamic instabilities inSC andSC* sample cells
have been reported in the past~see @2,3# and references
therein!. All types of electroconvection are driven by th
interaction of an external electric field with an inhomog
neous space charge density. Thus, the mechanisms lead
electroconvection depend on the formation of unstable sp
charge density distributions.

Freely suspended films represent macroscopically
ented samples with perfectly stacked layers. Due to th
geometrical dimensions and the restriction of the hydro
namic flow to the film plane, they can be considered
quasi-2D systems. Previous electro-optic experiments inSC

and SC* films exposed to rotating electric fields have be
reported, for example, in@5,6#, where spiral and target pa
terns have been observed. Maclennan@7# observed electric
field instabilities and convective flow pattern in ferroelect
SC* films.

In SC and SC* films, different possible electroconvectio
mechanisms have to be taken into account. One is the C
Helfrich effect, which forSC and SC* films has been pre
dicted theoretically by Riedet al. @8# but has not yet been
confirmed in experiment. On the other hand, a vortex m
instability that was studied before in smectic-A @9–11# and
nematic films@12,13# was recently observed inSC films too
PRE 581063-651X/98/58~1!/650~10!/$15.00
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@14#. This type of convection is driven by surface charg
interacting with the electric field. Another possible mech
nism is based on charge injection from nonisolating el
trodes. This mechanism has been observed in noncondu
dielectric liquids confined between capacitor plates@15–17#.
An early description of a vortex flow based on charge inje
tion in a capacitor filled with dielectric liquids was given b
Avsec and Luntz@18#.

Faettiet al. @12,13# first reported about electroconvectio
in freely suspended liquid crystal films. In their experimen
with unstable nematic and isotropic films they observed
convection type independent of the anisotropic properties
the liquid crystal which they called ‘‘vortex mode’’@12#.
The onset voltage of this vortex mode linearly depended
the film thickness, indicating a surface charge effect.
coating of the electrodes with isolating paint had no effect
the convection, charge injection mechanisms as reporte
@15# were excluded. Faettiet al. claimed that the onset o
convection is caused by an inhomogeneous space ch
density at the free surfaces of the film and proposed a sim
surface charge model that predicts a linear relation betw
the threshold voltageUc and the film thicknesss @12#. They
also found a ‘‘domain mode’’ for thick nematic film
(s>763mm) that was interpreted in terms of the Car
Helfrich mechanism@13#. However, as in the absence of
smectic layer structure the hydrodynamic flow field cau
thickness variations of the film, the quantitative analysis
nematic films is quite complicated. As nematic films are u
stable, they are not suitable for intensive research, so t
has been practically no further progress in this field.

Morris et al. @9,10# and Maoet al. @11# performed experi-
ments on stable smectic-A liquid crystal films freely sus-
pended between two wire electrodes. The smectic-A phase is
organized in layers where the average molecular orienta
is normal to the layer plane. In theSA films, a two-
dimensional vortex mode instability similar to the nema
vortex mode was observed. Again, the onset of convec
occurred above a well-defined threshold voltageUc , which
turned out to be linearly related to the film thickness. Ne
the onset of convection the periodicityl of the vortex pat-
650 © 1998 The American Physical Society
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tern was approximately 1.3 times the electrode distanced. A
linear stability analysis for dc voltages and the film geo
etries used in@9–11# was carried out by Dayaet al. @19# and
recently extended to a weakly nonlinear analysis@20#. The
results of these theoretical calculations, which are based
the surface charge model, showed qualitatively good ag
ment with the threshold voltages estimated experimenta
The measured dcl values were quantitatively confirmed.

First experiments onSC films @14# showed vortex flow
convection coupled with a reorientation of thec director.
The smectic-C phase is optically anisotropic in the layers,
the preferred molecular orientation is tilted with respect
the layer normal. In a polarizing microscope this anisotro
allows direct optical observation of the flow that induc
characteristic director patterns. Our objective is to perfo
quantitative electroconvection experiments inSC films and to
extend it to ferroelectricSC* films where an additional cou
pling between the electric fieldE and the spontaneous pola
ization Ps has to be taken into account. We will show th
this leads to significant differences betweenSC andSC* films:
The interactions between the director field and flow fie
cause different optical effects, and the convection mec
nism seems to be remarkably modified by the polar inter
tion.

In addition to the phenomena described forSA films, the
in-plane anisotropy in theSC or SC* phase allows in principle
electroconvection of the Carr-Helfrich~CH! type, which is
based on an anisotropic conductivity. Due to the tilt in theSC

and SC* films, the in-plane anisotropy in combination wit
small c-director fluctuations induces regions of oppos
space charge within the smectic layers, which above a ce
threshold field may generate electroconvection domains
theoretical analysis of CH electroconvection inSC and SC*
films was carried out by Riedet al. @8#, without taking into
account the surface charge mechanism and the finite
thickness. Describing the film with a two-dimension
theory, regimes of the conductive and dielectric instabi
type similar to those observed in nematic liquid crystals w
found from linear stability analysis. Riedet al. pointed out
that the CH effect competes with a director reorientation
stability due to the generalized Fredericks transition. T
restricts the parameter ranges where CH electroconvec
can be observed experimentally.

EXPERIMENTAL SETUP

Our experiments are performed on smectic films fre
suspended between two movable and two fixed holders@Fig.
1~b!#. Well-controlled films of homogeneous thickness a
drawn in the smectic-A phase by putting the movable holde
together, spreading some amount of the smectic liquid c
-

on
e-
y.

y

t

a-
c-

in
A

m
l

e

-
s
on

y

s-

tal substance on their edges, and then carefully tearing
holders apart. The film width is given by the distance b
tween the fixed holders, which is about 6 mm, while the fi
length can be varied from 0 to 7 mm. The film holders a
contained in a heating stage and the films can be stabilize
a given temperature to60.1 K.

We have studied one enantiomorphic and one nonenan
morphic substance. TheSC* films are made of the chiral mix
ture ZLI 4237-100~Merck! @21#. The SC substance investi-
gated is a 1:1 mixture of5-n-octyl-2-(4-n-hexyloxyphenyl)
pyrimidin and 5-n-octyl-2-(4-n-octyloxyphenyl)-pyrimidin.
The two substances show the following phase transition
quences:

FIG. 1. ~a! Schematic drawing of the experimental setup.~b!
Film holder with electrodes: The smectic film is suspended betw
two movable and two fixed holders. In the picture, only the mo
able holders are sketched. Two parallel microplate electrodes
pierced into the film.
SC mixture ~Weissflog, Halle!: ←→
210 °C

SC
←→

50.5 °C
SA

←→
53 °C

N ←→
68 °C

I

SC* mixture ZLI 4237-100: ←→
220 °C

SC*
←→
61 °C

SA
←→
73 °C

N* ←→
83 °C

I
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652 PRE 58C. LANGER AND R. STANNARIUS
All electroconvection measurements in theSC or SC* phase
were performed near room temperature (25 °C) far be
the transition toSA . After the film has been brought to the
mal equilibrium, two parallel microelectrode plates with d
tanced5500 mm are carefully pierced into the film. Th
electrode lengthl is about 2.5 mm providing a reasonab
aspect ratiol /d of 5. In the experiments, dc and low fre
quency ac voltages are applied between the electrodes. S
experiments with higher aspect ratios have been perfor
by applying the voltage between the drawing edge and
electrode, which allowed a continuous variation of the d
tanced8 @Fig. 1~b!#. If d8 is smaller than'500 mm, the field
between electrode and holder is practically homogeneou

Observations of the films were carried out with polariz
light using a Carl-Zeiss-Jena NU2 reflection polarizing m
croscope@Fig. 1~a!#. The transmission images were record
with a HAMAMATSU charge-coupled device camera co
nected to a C2400 camera controller for contrast enha
ment.

The film thickness is measured by means of reflect
spectroscopy@22#. For this purpose, a grating monochr
mator connected with a photomultiplier is mounted on
microscope. After passing the analyzer and monochroma
the reflected light is detected by a photomultiplier, amplifie
digitized, and processed in a computer.

OPTICS AND ORIENTATION

The SC andSC* phases are organized in layers where
average molecular orientationn is tilted at an angleu rela-
tive to the layer normal. The projection ofn onto the layer
plane is thec directorc. The chiralSC* phase shows an ad
ditional intrinsic twist of thec director from layer to layer in
the bulk phase and a spontaneous electric polarizationPs in
the layer planes perpendicular toc ~Fig. 2!. The pitchp is
defined as the periodicity of thec director along the layer
normal. For the ZLI 4237-100 mixture, the pitch is abo
10 mm at 20 °C@21#, which is always much larger than th
film thickness in our experiments.

In the presence of an electric fieldE, the polarizationPs
tends to align parallel to the field, such that thec director
will be aligned parallel to the electrode planes. Dielect
interactions with the external field, due to the nonzero eff
tive in-plane anisotropyDe, are negligibly small in bothSC

andSC* phases. The tilted smectic layers are optically biax
However, this biaxiality is so small that theSC layers can be
treated as uniaxial, with the preferred molecular directionn
as the optical axis. When the film is observed at norm
incidence, two refractive indices in the film plane are effe
tive. If the refractive indices perpendicular and parallel ton
are given byno andne , respectively, the effective refractiv
index for polarization parallel to the orientation ofc is

n15
none

A~ne
2cos2u1no

2sin2u!
~1!

while in the orthogonal direction the refractive index isno .
The local orientation of thec director can be detected i
reflected polarized light incident normal to the layer, as
reflected intensity is a function of the anglea between thec
w
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director and the polarizer. Contrast variations in the refl
tion texture of the film indicate a nonuniformc-director field
~Fig. 3!.

The reflectivityR(a) can be calculated from the sum o
directly and multiply reflected light beams@6,23#. For
crossed polarizers,R(a) is

FIG. 2. Schematic drawing of molecular orientation
SA , SC , andSC* films. n is the average molecular orientation; th
projection of n on the layer plane is thec director c, giving the
azimuthal orientation ofn. Q is the tilt with respect to the laye
normal.Ps denotes the vector of the spontaneous polarization.

FIG. 3. Vortex flow electroconvection in a smectic-C film above
the threshold voltageUc510.75 V at a dc voltageU560 V. The
film thicknesss is 2493 nm. The pattern wavelengthl is defined as
the lateral periodicity of the flow field, which consists of pairs
counter-rotating vortices. Thec-director field winds up due to ad
vection with the hydrodynamic flow, leading to a texture of spira
and concentric rings that indicate disclination walls. In the enlarg
area, dark arrows mark the flow field while bright arrows symbol
the c-director field.
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R~a!5~sin2a!~cos2a!@ uc1u21ucou22~c1co* 1coc1* !#,
~2!

where

c1,o5r 1,o

12e2if1,o

12r 1,o
2 e2if1,o

and

f1,o5
2p

l
n1,os, r 1,o

2 5
~n1,o21!2

~n1,o11!2
.

The indiceso,1 correspond to the two eigenmodes in the L
layers. Thec term in brackets is determined by the pha
difference between ordinary and effective extraordin
light, which is usually very weak in thin films. Typical ord
nary and extraordinary refractive indices are 1.5 and 1
respectively. For example, if we take these standard va
and the tilt angleQ523.5° for the ZLI 4237-100 mixture
@21#, we obtain an optical anisotropyn12no50.02. Then,
the order of interference 2(n12no)d/l is only 0.1 even for a
2.5 mm film. The periodicity of the optical intensity varie
with sin4a, that is, subsequent bright and dark regions in
images mark domains that differ by 45° in thec-director
orientation.

In the case of parallel polarizers, the reflectivity is

R~a!5~cos4a!uc1u21~sin4a!ucou2

1~sin2a!~cos2a!~c1co* 1coc1* !. ~3!

The intensity modulation for thin films (s!1mm) is deter-
mined by the different reflection coefficientsr 1 ,r o for light
polarized parallel and perpendicular toc, and the periodicity
of optical contrast is sin2a. However, this intensity is super
imposed by a large background signal~reflection from below
the film!. Therefore we have used crossed polarizers in m
experiments. The orientation of thec director influences the
interference curve only marginally. However, thec-director
orientation can be detected by means of the contrast
hancement facilities of the camera controller. Using
crossed polarizer-analyzer position, we obtain very sh
contrast images on the video screen.

For the film thickness determination in theSC and SC*
phases, the well-known complementary Airy function resu
ing from Eq.~3! for n15no ,

I ~l!

I 0
5

f sin2~2pnos/l!

11 f sin2~2pnos/l!
, f 5

~no
221!2

4no
2

, ~4!

can be applied in order to determineno and the thicknesss.
Strictly, this equation holds only for films that are optical
isotropic in the layer plane, so it requires measurement
theSA phase at higher temperatures. However, for film thi
ness determination in theSC or SC* phase we can approxi
mately treat the film as in-plane isotropic like and determ
no ands from Eq. ~4!. The error in the thickness determin
tion is less than (n12no) /no'2%, which is negligible for
our purposes.
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In this way we have measured valuesno51.475 for ZLI
4237-100 andno51.424 for the smectic-C mixture at 25 °C.

ELECTROCONVECTION MEASUREMENTS

The general scenario of electroconvective pattern form
tion in the smectic films is as follows: When a sufficient
large dc voltage is applied to the electrodes, a periodic fl
pattern consisting of pairs of alternating vortices sets in
shown in Fig. 3. With increasing voltage, the vortex rotati
velocity increases and the vortices become more and m
pronounced. At even higher voltages, the vortices beco
unstable as the flow becomes irregular.

The hydrodynamic flow in the vortices can be visualiz
in several ways: The simplest way proposed in the literat
is the observation of color variations due to a nonunifo
film thickness@9#. In such films, convection at voltages hig
above onset leads to the formation of colored islands, w
regions of different thickness are advected with the flo
However, this method provides only qualitative informatio
because many characteristics of the flow dynamics dep
on the film thickness. Therefore, homogeneous films
preferable for quantitative measurements. InSA films of ho-
mogeneous thickness, the existence of convective flow
only be detected by measuring the electric current@24# or by
means of small dust or smoke particles suspended on the
@9,10#. The velocity of particles advected with the vortice
can be determined from the video images. As we have inv
tigated only films of homogeneous thickness, we used
smoke particles to measure small vortex velocities just ab
the onset of convection. At high vortex velocities, the optic
texture in SC films visualizes the flow field very impres
sively.

Smectic-C films

Following the trajectories of single smoke particles on t
video images, we have measured the rotation period of
vortices. Mean values were calculated from rotation perio
of at least four different particles for each voltage applie
Results for the smectic-C films are shown in Fig. 4. The

FIG. 4. Example of a vortex frequency plot for a 1093 nm SC

film. The vortex frequencyf v was measured as a function of th
voltage applied. The solid curve is a fit tof }@(U22Uc

2)/Uc#
1/2

with Uc54 V.
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654 PRE 58C. LANGER AND R. STANNARIUS
inverse rotation period gives the vortex frequencyf v , which
increases with the applied voltage. We assume that the o
of convection is a forward bifurcation where

e5
U22Uc

2

Uc
2

is the appropriate dimensionless control parameter. The
plitude of the pattern above the bifurcation is expected to
proportional toAe @10#. A fit of f v(U)}Ae is depicted by
the solid line in Fig. 4. The extrapolated intersection of t
fitted curve with the zero frequency axis can be used as
approximation for the critical voltageUc where the convec-
tion sets in. If such a fit is performed at voltages near on
Uc is determined more accurately than by simple visual
amination. Note that except forU'Uc , Ae is similar to a
linear function. As very low flow velocities near onset c
hardly be measured, a strictly linear relation betweenf v and
U indicating a transcritical bifurcation cannot be complete
ruled out. A possible linear fitting would yield slightly lowe
threshold voltages.

In the case of our smectic-C films Uc obviously differs
from zero and increases linearly with the film thicknesss
~Fig. 5!. This is in qualitative agreement with the results f
SA films presented in@9–11#. Our measurements of the crit
cal voltage showed significantly lower values than those
ported in@10# and@11#. From a fit to all our measured resul
we obtain

Uc50.760.16 V1@~4.060.2!31023 V/nm#s '~4

31023 V/nm!s.

s is the film thickness; the unit is nm~nanometer!. Consid-
ering a smectic layer thickness of 3.16 nm for 8CB, M
et al. in @11# reported

Uc
Mao5

0.332 mV

nm
s.

This difference of about two orders of magnitude can
explained by the very low conductivity of our sample, whi
was measured by means of dielectric spectroscopy as

FIG. 5. Thickness dependence of the critical voltageUc for the
smectic-C mixture with a conductivitys58.92310212 V21 m21.
The solid line is a linear fitUc50.7 V1(431023 V/nm)s to the
measuredUc values.
set
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58.92310212 V21 m21 ~at 25 °C). For the measuremen
reported in@11# by Mao et al., a doped 8CB sample with a
higher conductivitysMao5231027 V21 m21 was used. In
the earlier experiments on 8CB films, Morriset al. @9,10#
measuredsMorris56.631028 V21 m21 and critical voltages
equal toUc

Mao. Dayas linear stability analysis@19# predicts a
simple formula for the critical voltage:

Uc5
s

e0
AshRc, ~5!

whereh is the viscosity related to shears in the layer pla
andRc576.77 for Morris wire electrodes, andRc591.84 for
the case of plate electrodes in the smectic layer plane.
suming that the basic physical mechanism for the electroc
vection in ourSC films is similar to that theoretically inves
tigated in theSA phase by Daya and co-workers, we expe
from Eq. ~5! that

S Uce0

sAs
D 2

5hRc

calculated from our experimental data should be of the sa
order as the corresponding results forSA films. Indeed, for
our SC measurements, we obtainhRc5141 kg/ms, while
(hRc)

Mao543.3 kg/ms and (hRc)
Morris5131 kg/ms. As our

boundary conditions are a mixture between the ideal w
and plate electrode cases defined by Dayaet al., we assume
that theRC constant for our electrode configuration is pro
ably higher than for the wire electrode. The viscosity of t
SC* mixture at room temperature is also expected to be hig
than for 8CB in theSA phase at the same temperature. If w
take into account the uncertainties in the conductivity m
surement mentioned in@11# and the different geometrica
boundary conditions and viscosities, the measured thres
voltages are in reasonable quantitative agreement with
theory developed in@19# and @20#. We conclude that the
vortex flow electroconvection observed in ourSC films is of
the same type as the vortex mode reported in@9–
11,19,20,24# for SA films. Elastic torques of thec director
obviously play no role for the convective flow.

We note, however, that the viscosityh calculated in this
way from the experimental data is considerably larger th
typical shear viscosity coefficients of liquid crystals. Th
was already mentioned in@10# and @11# for the SA experi-
ments by Morriset al. and Maoet al. who supposed that the
neglect of air drag effects by the theory might explain th
discrepancy. However, this assumption has not been ver
yet.

The pattern wavelengthl is defined as the lateral period
icity of the flow field ~Fig. 3!. At voltages near onset,l is
nearly constant, while it shows spatiotemporal fluctuatio
for higher voltages, especially in the case of low aspect
tios. Therefore the experiments with low aspect ratio are u
ful for quantitative measurements only in the vicinity of th
threshold fieldUc . With increasing aspect ratio, the fluctu
tions of l become smaller and the vortex pattern becom
nearly stationary even at high voltages. The mean pat
wavelength was estimated by counting the number of vo
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PRE 58 655ELECTROCONVECTION IN FREELY SUSPENDED . . .
ces along the electrode, excluding the vortices at the end
the electrodes, which are usually bigger as the electric fie
inhomogeneous there.

Measured values of the normalized wavelengthl/d are
plotted as a function of the applied voltageU ~Fig. 6!. For dc
voltages just above onset,l is approximately 1.5 times the
distanced between the electrodes. This value is similar
Dayas linear stability analysis results for plate electrodes
finitely extended in thex-y plane (l/d51.488). At higher
voltages above onset,ldc decreases to values lower thand.
This effect was not observed in Morris experiments onSA
films where the vortex pattern did not change at volta
above onset, until a transition to unsteady flow occurred
high voltages@9#. We assume that these differences are
consequence of the different electrode geometries: W
Morris used rigid lateral boundary conditions, we have
open connection to the region outside the electrode g
which provides a kind of ‘‘free boundary condition’’ in th
lateral direction. As the vortices at the open ends of
electrode gap can freely expand into the film region outs
a continuous adjustment of wavelength is possible with
creasing voltage, while in case of the rigid boundary con
tions the pattern retains its metastable onset wavelength.
other difference between ourl measurements and the Morr
experiments is that for low frequency ac voltages we did
find any significant variation ofl with frequency in the
range between 0 and 1 Hz.

The main difference betweenSA and SC vortex mode
electroconvection arises from the existence of thec director
and the optical anisotropy of theSC films. As the dielectric
term Dee0E2 of the free energy density is negligibly sma
the c-director orientation is practically free~Goldstone
mode!. An inhomogeneous flow in the film plane produces
torque on thec director and leads to the formation of wall
In addition, the director field is advected with the flow. Th
can be used for direct visualization of the flow field, in co
trast to SA films, where the flow in films of homogeneou
thickness can be visualized only by the probe parti
method. At sufficiently large voltages the walls are wou
up to spirals@14#, as seen in Fig. 3. The director field
twisted by the unidirectional nonuniform flow field until
steady state is reached where the elastic deformation
flow alignment torques are in balance. Adjacent dark a
bright stripes denote 45° change of thec-director orientation.

FIG. 6. Change of the vortex pattern wavelengthl scaled with
the electrode distanced as a function of the voltageU for a 2593
nm smectic-C film.
of
is

-

s
at
a
le
n
p,

r
e,
-
i-
n-

t

-

e

nd
d

In case of ac voltages, the vortex flow changes its sign
rotation with the electric field. When the field direction
reversed, the spiral transforms into a ring pattern and is t
unwound again. Finally thec-director field winds up in the
opposite direction until a new balance is reached.

Smectic-C* films

In the case of the smecticC* films investigated, our re-
sults forUc are obviously in contrast to those for nonferr
electric films calculated by Morriset al. in @10#. A typical
plot for the vortex velocity versus the applied dc voltage
shown in Fig. 7. Even for films thicker than 3mm the ex-
trapolated threshold voltages were practically zero. Mo
over, the plots of the vortex frequency against the volta
showed no significant thickness dependence near onset,
is, we cannot detect any critical threshold in the experime
We assume that the threshold is close to zero, at least m
lower than the applied fields. The experiments are comp
ible with Uc50. This effect cannot be explained by the d
ferent conductivity of ourSC* mixture, which was also mea
sured by means of dielectric spectroscopy. The resuls
51.331029 V21 m21 was significantly higher than in cas
of the smectic-C mixture. Using the same ratios as in th
smectic-A and -C samples above, we would expectUc /s
'0.048 V/nm corresponding toUc'150 V for a 3mm film,
if the same convection mechanism is assumed. Compa
this value with Fig. 7, we conclude that the convection s
in at much lower voltages. A slight thickness dependence
the flow velocity was found at higher voltages: ForU>5 V
we observed that in thin films (s,100 nm) the increase o
the vortex velocity withU is higher than in thick films (s
.2 mm).

Compared toSA andSC films, the essential new feature i
SC* films is the interaction of the spontaneous polarizat
with the applied electric field. When a dc voltage is applie
the Ps vector is oriented parallel to the applied electric fie
Therefore, thec director is aligned parallel to the electrode
which can be verified easily with a polarizing microscope
varying the position of the polarizer and the analyzer. Th

FIG. 7. Measured vortex frequencies for smectic-C* films of
differerent thicknesses (s51.331029 V21 m21). No thickness
dependence can be detected. Obviously the threshold voltag
very close to zero.
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exists practically no critical threshold field for this ferroele
tric switching process@25#, which is also known as thepo-
larization Fredericks transition@8#. An important conse-
quence of the dominating polar interaction and the miss
threshold field for the ferroelectric alignment is that the
rector field in our dc electroconvection experiments alwa
remains nearly fixed. However, due to the torque of the
homogeneous flow, there is a small deflection of thec direc-
tor in the sense of the vortex rotation. This allows the vis
alization of the vortex pattern inSC* films with crossed
polarizers, when a small twist angle between polarizer
electrode is adjusted. As seen in Fig. 8, vortices rotating
opposite directions produce alternating small director defl
tions. Consequently, opposite vortices are characterized
different brightnesses in reflectivity.

FIG. 8. Electroconvection in smectic-C* films with dc voltages
applied to the electrodes. Vortices rotating in inverse directi
produce different brightnesses when polarizers are crossed a
small twist angle between the position of the polarizer and thc
director is adjusted. The left image shows electroconvection
2100 nm film (U560 V!. Note that between the right electrode a
the drawing edge of the movable holder, which are adjusted
distanced8, there are convection patterns with a wavelength of
order of d8. The right image shows the convective flow and t
orientation of thec director in another film, which has a thicknes
s52565 nm (U560 V). Thec director is oriented nearly paralle
to the electrodes due to the coupling ofE and Ps ~arrows as in
Fig. 3!.
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If low frequency ac voltages are applied, the vortic
change their rotation sense as in theSC films. While with dc
excitation the pure electroconvection effects can be stud
at ac excitation we observe a superposition of ferroelec
switching and convective flow. When the direction ofE is
inverted, thec director performs a 180° reorientation, ob
served as a change in the optical contrast from dark to br
and back. The inverse switching time linearly depends on
electric field @26#. In the case of perfectly homogeneou
films we observed that the switching always starts at
electrodes and solitary switching waves~kinks! appearing as
thin zigzag walls propagate to the opposite electrode~Fig. 9!.
These walls probably separate domains with director ori
tations differing by 180°. Kink switching was proposed
@27# and @28# as a model to describe dielectric switching
nonferroelectricSC cells and ferroelectric switching in free

s
a

a

a
e FIG. 9. ‘‘Kink-switching’’ in a smectic-C* film (s52100 nm!.
Zigzag walls propagate between the electrodes immediately a
inverting the sign of the applied ac voltageU572 V at a frequency
of 1 Hz. Images 1–3 are taken each after 0.06 s. The arrows i
cate the orientation of thec director.
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standingSC* films @28#, but has not been observed direct
before in free-standing films. The zigzag pattern is an ad
tional interesting feature of the ferroelectric switching pr
cess. A reason for the transformation of the kinks into
zigzag pattern is presumably the interaction ofPs on both
sides of the 180° wall. While the wall starts parallel to t
electrode, the dipoles favor an orientation of the wall perp
dicular to thec director. A detailed analysis is in preparatio
@29#. At sufficiently high voltages, the switching time is sho
compared to the ac period and an undisturbed flow evo
after thec-director reorientation.

In the SC* films we have also carried out pattern wav
length measurements~Fig. 10!. As the vortex pattern is
stable even at the highest voltages applied~120 V!, l/d
could be measured as a function ofU over a large voltage
range. Again the dc wavelength decreases significantly w
U. A change in the ac pattern wavelength with frequen
was found at high voltages, as shown in Fig. 10. AtU
5120 V, l is only half the estimated dc onset waveleng
@ldc(0)'1.5d#. When the frequency is increased, the vort
pattern wavelength approaches this onset wavelength a
for all voltages. For lower voltages we found that this tra
sition is shifted to lower frequencies. A different frequen
dependence was observed inSA films by Morris et al. @10#
who measured the critical voltage and the onset wavelen

FIG. 10. Change of the vortex pattern wavelengthl scaled with
the electrode distanced in smectic-C* films ~a! as a function of the
applied dc voltage~b! as a function of the frequency of the applie
ac voltage.
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as a function of the frequency between 0 and 5 Hz. T
critical voltage was found to increase smoothly with fr
quency, while the onset wavelength decreased. Above a
tain cutoff frequency, the low-frequency vortices were r
placed by two opposite lines of smaller vortices along
electrodes. With increasing voltage,l returned back to the
dc onset value. The cutoff frequency is a charge relaxa
effect that linearly depends on the inverse electrode dista
d21. As we used a smallerd than Morriset al., and since the
ac voltages we applied were always considerably higher t
Uc , we did not observe the cutoff in our visual experimen
with frequencies below 5 Hz.

Discussion

All experiments we performed onSC films showed elec-
troconvection of the vortex mode type. This is proved by t
fact that the director winds up by more than 180° and t
the threshold voltage linearly depends on the film thickne
The formation of CH electroconvection patterns is unlike
in our SC sample, which has a weakly positive dielectr
anisotropyDe. From the theoretical calculations in@8# it
follows that forDe.0 andPs50 no dc Carr-Helfrich insta-
bility exists while forDe,0 the threshold is of the order o
several volts. An exact calculation of the theoretical thre
old is not possible as not all the material parameters requ
are known for the substance studied in@14#. However, we
conclude that in the reported experiments the threshold
the vortex mode was always considerably lower than for a
Carr-Helfrich mode. Therefore, the theory that consid
only bulk charges is inapplicable for the description of t
electroconvection observed in ourSC films and the films
studied in @14#. Nevertheless, with changed geometric
boundary conditions and material parameters~conductivity,
dielectric anisotropy, viscoelastic constants! the threshold for
CH electroconvection can probably be brought below tha
the vortex mode. Our experimental results, combined w
the theoretical calculations in@8#, allow some conclusions
concerning a probable crossover between the vortex an
pure CH mode: For dc voltages, such a crossover can
conceived for very thickSC films with a high conductivity
and a negative dielectric anisotropy, asUc for the vortex
mode increases withs while the CH threshold does not de
pend on the film thickness. On the other hand, a crossove
thick films may also be found for ac voltages, as the vor
mode completely breaks down at high frequencies as
threshold voltage diverges, while the threshold of the diel
tric regime due to the Carr-Helfrich electroconvection i
creases only slightly withf . For sufficiently small electrode
distancesd, one may also find the conduction regime~and
the subharmonic regime forSC* films @8#! as the vortex mode
cutoff frequency scales only withd21 @10#, while the Carr-
Helfrich cutoff frequency scales withd22. This is schemati-
cally sketched in Fig. 11. The very low threshold observed
the SC* films cannot be explained by the Daya theory. Mor
over, as the convection at low voltages shows no thickn
dependence~see Fig. 7!, the question arises to what exte
the surface charge model is applicable forSC* films. The
missing thickness dependence suggests that mainly
charges are involved in the convection mechanism, wh
therefore might be of the Carr-Helfrich type. In order to e
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658 PRE 58C. LANGER AND R. STANNARIUS
timate the CH threshold voltage we use an analytical form
given in Appendix B in@8# for the dc convection threshol
for ferroelectric films. It predicts that for high spontaneo
polarization (Ps@(p/d)Ae0e'K1) the threshold voltage
should decrease withPs

21 , yielding a value of about 6 mV
for our SC* mixture @30#. These considerations provide ev
dence that the dc convection mechanism is of the C
Helfrich type. The same applies to the observed ac conv
tion patterns in theSC* films. At ac excitation, the flow as
well as thec-director deflection change their signs with th
driving field. Therefore we conclude that the charge field
preserved and that we deal with a dielectric CH instabil
At high voltages (U.5 V! we suggest that some combine
theory of surface and bulk charge mechanisms is neces
to describe the electroconvection inSC* films. Such a com-
bined theory would account for the influence of the fi
thickness mentioned above.

Further experiments will be performed by varying t
spontaneous polarization. In the approximation of very l

FIG. 11. Possible crossover between Carr-Helfrich mode
vortex mode for smectic-C films ~schematically sketched!. The plot
shows the assumed change of the threshold voltageUc with the
frequency of the applied electric field for both modes. Arrows
dicate the shift of the vortex mode curve expected whens is
changed and the assumed shift of the CH curve expected whend is
changed. For a given frequency, the mode with the lowest thres
voltage is expected to be the one which can be observed in ex
ments.
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spontaneous polarizations, a crossover between the
thickness independent mechanism observed in theSC* mix-
ture and the surface charge driven vortex mode should
expected.

Summary

We have studied electrohydrodynamic convection inSC
andSC* films. The in-plane optical anisotropy in both phas
allows direct visualization of the flow pattern by polarizin
microscopy. InSC electroconvection, the director field i
twisted by the nonuniform flow field. The critical voltage
Uc and the vortex rotation velocity as a function of the a
plied dc voltages were determined.Uc is linearly related to
the film thicknesss. While effects of convection on the
c-director field and the optical texture are remarkable, th
seems to be no influence of thec director on the vortex flow,
and the results are well described with the theory develo
by Dayaet al. @19# for SA films. The pattern wavelengthl is
scaling with the electrode distanced and decreases with th
applied dc voltageU.Uc both in theSC and theSC* films
investigated.

In SC* films thec director is nearly fixed by the externa
electric field and the convective flow only leads to defle
tions of the director field, alternating with the sense of ro
tion. In contrast to the experiments performed onSA andSC
films, no film thickness dependence of the flow velocity ne
onset was found inSC* films, and the threshold voltage wa
below the experimental resolution. These characteristics s
port the interpretation of the convection mechanism a
Carr-Helfrich instability similar to that predicted by Rie
et al. @8#.

We suggest that a generalized theory for electroconv
tion in SC and SC* has to include both the Carr-Helfric
mechanism and the vortex mode instability.
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