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Electroconvection in freely suspended smecti€ and smecticC* films
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Electrohydrodynamic convection in freely suspended smezt{&:) and smecticc* (S¢) 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 textureSg Ifilms the threshold
voltage is close to zero and the flow velocity is rather independent of film thickness, suggesting that bulk
charges drive the convectiof51063-651X98)12107-4

PACS numbdps): 61.30—v

INTRODUCTION [14]. This type of convection is driven by surface charges
interacting with the electric field. Another possible mecha-
Electroconvection effects in liquid crystals represent usenism is based on charge injection from nonisolating elec-
ful models for dissipative pattern formation as they can bgrodes. This mechanism has been observed in nonconducting
easily studied in experiments and provide convenient timélielectric liquids confined between capacitor pldtEs—17.
scales and reasonable aspect ratios. In particular, the variabfé early description of a vortex flow based on charge injec-
degree of complexity from an isotropic material to orderedtion in a capacitor filled with dielectric liquids was given by
nematic and smectic liquid crystalline phases makes thesdvsec and Lunt£18]. .
systems attractive to basic studies of pattern formation pro- Faettietal.[12,13 first reported about electroconvection
cesses. Well-known standard systems are nematic liquith freely suspended liquid crystal films. In their experiments
crystals confined between glass plates that have been studi¥ h un;table nematic and isotropic f|_|ms th_ey observ_ed a
intensively both theoretically and experimentally. A recentconvection type independent of the anisotropic properties of

review is given, for example, iflL]. The onset of convection the liquid crystal which they called "vortex mode[12].
: ; ' Lo . o The onset voltage of this vortex mode linearly depended on
is explained by the Carr-Helfrich mechanism, which is baseqhe film thickness, indicating a surface charge effect. As

on an anisotropic ?O_ndUCt'\_/!t_y‘l]'_A few efperlments on coating of the electrodes with isolating paint had no effect on
electrohydrodynamic instabilities & andS¢ sample cells e convection, charge injection mechanisms as reported in
have been reported in the pastee[2,3] and references [15] were excluded. Faettt al. claimed that the onset of
therein. All types of electroconvection are driven by the conyection is caused by an inhomogeneous space charge
interaction of an external_ electric field with an '”homoge'density at the free surfaces of the film and proposed a simple
neous space charge density. Thus, the mechanisms leadingd@rface charge model that predicts a linear relation between
electroconvection depend on the formation of unstable spagge threshold voltag¥l, and the film thickness [12]. They
charge density distributions. _ also found a “domain mode” for thick nematic films

Freely suspended films represent macroscopically Orirs=7+3,m) that was interpreted in terms of the Carr-
ented samples with perfectly stacked layers. Due to theifjg|frich mechanisn{13]. However, as in the absence of a
geometrical dimensions and the restriction of the hydrodysmectic layer structure the hydrodynamic flow field causes
namic flow to the film plane, they can be considered aspjckness variations of the film, the quantitative analysis of
quasi-2D systems. Previous electro-optic experimenScin  nematic films is quite complicated. As nematic films are un-
and S¢ films exposed to rotating electric fields have beenstaple, they are not suitable for intensive research, so there
reported, for example, if5,6], where spiral and target pat- has been practically no further progress in this field.
terns have been observed. Maclenfi@ahobserved electric Morris et al.[9,10] and Maoet al.[11] performed experi-
field instabilities and convective flow pattel’n in ferroelectric ments on stable Smectk-"quid Crysta| films free|y sSus-
St films. pended between two wire electrodes. The sme&tjhase is

In Sc and S¢ films, different possible electroconvection organized in layers where the average molecular orientation
mechanisms have to be taken into account. One is the Caris normal to the layer plane. In th&, films, a two-
Helfrich effect, which forSc and S¢ films has been pre- dimensional vortex mode instability similar to the nematic
dicted theoretically by Rieat al. [8] but has not yet been vortex mode was observed. Again, the onset of convection
confirmed in experiment. On the other hand, a vortex mod@ccurred above a well-defined threshold voltagie which
instability that was studied before in smecficF9—11] and  turned out to be linearly related to the film thickness. Near
nematic films[12,13 was recently observed i films too  the onset of convection the periodicity of the vortex pat-
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tern was approximately 1.3 times the electrode distahd® photomultiplier Disital multimet
linear stability analysis for dc voltages and the film geom- CCD Camera C D {ampitier | igital multimeter
etries used if9-11] was carried out by Dayat al.[19] and T 7 grating

recently extended to a weakly nonlinear analyf@8]. The L __{] menochromator

results of these theoretical calculations, which are based o
the surface charge model, showed qualitatively good agree

ment with the threshold voltages estimated experimentally A<€p | XBO lamp

The measured dk values were quantitatively confirmed.

First experiments org; films [14] showed vortex flow IS/ O
convection coupled with a reorientation of tleedirector.
The smecticc phase is optically anisotropic in the layers, as reflecting polarizing microscope
the preferred molecular orientation is tilted with respect to D H waveform generator
the layer normal. In a polarizing microscope this anisotropy _ - iﬂ—ﬂj—’_r’:/\/——]_‘
allows direct optical observation of the flow that induces ¥ d¢° moniter
characteristic director patterns. Our objective is to perform (a) Film holder with plate electrodes
guantitative electroconvection experiment$Sgfilms and to
extend it to ferroelectriSg films where an additional cou- z
pling between the electric field and the spontaneous polar- X
ization Pg has to be taken into account. We will show that

this leads to significant differences betwenandSg. films:
The interactions between the director field and flow field
cause different optical effects, and the convection mecha
nism seems to be remarkably modified by the polar interac a1 ; film
tion. :

In addition to the phenomena described & films, the
in-plane anisotropy in th&: or S¢ phase allows in principle
electroconvection of the Carr-HelfrictCH) type, which is
based on an anisotropic conductivity. Due to the tilt in $ae
and S¢ films, the in-plane anisotropy in combination with [ | h
small c-director fluctuations induces regions of opposite Lo o
space charge within the smectic layers, which above a certai (b) U
threshold field may generate electroconvection domains. A
theoretical analysis of CH electroconvectionSa and Sg
films was carried out by Riedt al. [8], without taking into
account the surface charge mechanism and the finite fil
thickness. Describing the film with a two-dimensional
theory, regimes of the conductive and dielectric instability
type similar to those observed in nematic liquid crystals were
found from linear stability analysis. Rieet al. pointed out tal substance on their edges, and then carefully tearing the
that the CH effect competes with a director reorientation in-holders apart. The film width is given by the distance be-
stability due to the generalized Fredericks transition. Thigween the fixed holders, which is about 6 mm, while the film
restricts the parameter ranges where CH electroconvectidgngth can be varied from 0 to 7 mm. The film holders are

movable holder
> electrodes >

FIG. 1. (a) Schematic drawing of the experimental setdp.
Film holder with electrodes: The smectic film is suspended between
rhwo movable and two fixed holders. In the picture, only the mov-
able holders are sketched. Two parallel microplate electrodes are
pierced into the film.

can be observed experimentally. contained in a heating stage and the films can be stabilized at
a given temperature ter0.1 K.
EXPERIMENTAL SETUP We have studied one enantiomorphic and one nonenantio-

morphic substance. TH&E films are made of the chiral mix-
Our experiments are performed on smectic films freelyture ZLI 4237-100(Merck) [21]. The S¢ substance investi-
suspended between two movable and two fixed holdegs  gated is a 1:1 mixture ob-n-octyl-2-(4-n-hexyloxyphenyl)-
1(b)]. Well-controlled films of homogeneous thickness arepyrimidin and 5-n-octyl-2-(4-n-octyloxyphenyl)-pyrimidin
drawn in the smectiéx phase by putting the movable holders The two substances show the following phase transition se-
together, spreading some amount of the smectic liquid crysguences:

Sc mixture (Weissflog, Hallg: — Sc — Sa — N - I
-10°C 50.5°C 53°C 68°C
S’ mixture ZLI 4237-100: — St — Sa — N* — '

-20°C 61°C 73°C 83°C
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All electroconvection measurements in tBg or St phase
were performed near room temperature (25 °C) far below
the transition tdS, . After the film has been brought to ther-
mal equilibrium, two parallel microelectrode plates with dis-
tanced=500 um are carefully pierced into the film. The
electrode length is about 2.5 mm providing a reasonable
aspect ratio/d of 5. In the experiments, dc and low fre-
quency ac voltages are applied between the electrodes. Son
experiments with higher aspect ratios have been performes
by applying the voltage between the drawing edge and one
electrode, which allowed a continuous variation of the dis-
tanced’ [Fig. X(b)]. If d’ is smaller thar=500 um, the field
between electrode and holder is practically homogeneous.

Observations of the films were carried out with polarized  pectic-C* Ef
light using a Carl-Zeiss-Jena NU2 reflection polarizing mi-
croscopdFig. 1(a)]. The transmission images were recorded
with a HAMAMATSU charge-coupled device camera con-
nected to a C2400 camera controller for contrast enhance
ment.

The film thickness is measured by means of reflection
spectroscopy22]. For this purpose, a grating monochro-
mator connected with a photomultiplier is mounted on the
microscope. After passing the analyzer and monochromator
the reflected light is detected by a photomultiplier, amplified, Py
digitized, and processed in a computer.

smectic-A

smectic-C

0000000000009 n
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FIG. 2. Schematic drawing of molecular orientation in
Sa,  Sc, andS¢ films. n is the average molecular orientation; the
projection ofn on the layer plane is the directorc, giving the

The Sc and S phases are organized in layers where theazimuthal orientation of. © is the tilt with respect to the _Iayer
average molecular orientatianis tilted at an angle) rela- normal.Ps denotes the vector of the spontaneous polarization.
tive to the layer normal. The projection afonto the layer
plane is thec directorc. The chiralS; phase shows an ad-
ditional intrinsic twist of thec director from layer to layer in
the bulk phase and a spontaneous electric polariz&idn (Fig. 3
the layer planes perpendicular ¢to(Fig. 2). The pitchp is | -
defined as the periodicity of the director along the layer . The reflectlvnyR(a) can be cal_culated from the sum of
normal. For the ZLI 4237-100 mixture, the pitch is aboutdlrectly and _multlply Tef'eCted light beam§s,23]. For
10 wm at 20 °C[21], which is always much larger than the crossed polarizerf}(a) is
film thickness in our experiments.

In the presence of an electric fiek] the polarizationP d = 0.5 mm
tends to align parallel to the field, such that thelirector i
will be aligned parallel to the electrode planes. Dielectric &
interactions with the external field, due to the nonzero effec-}
tive in-plane anisotropy €, are negligibly small in botis:
andS¢ phases. The tilted smectic layers are optically biaxial. & #8
However, this biaxiality is so small that ti& layers can be
treated as uniaxial, with the preferred molecular direction
as the optical axis. When the film is observed at normal
incidence, two refractive indices in the film plane are effec- |
tive. If the refractive indices perpendicular and parallehto
are given byn, andn,, respectively, the effective refractive )( polarizer-analyzer
index for polarization parallel to the orientation ofs

OPTICS AND ORIENTATION

director and the polarizer. Contrast variations in the reflec-
tion texture of the film indicate a nonuniformdirector field

FIG. 3. Vortex flow electroconvection in a smec@cfiim above

NoNe the threshold voltagé),=10.75 V at a dc voltagé) =60 V. The

ny= \/(n2c0520+ nzsinzﬁ) (1) film thicknesss is 2493 nm. The pattern wavelengths defined as
e 0 the lateral periodicity of the flow field, which consists of pairs of

counter-rotating vortices. The-director field winds up due to ad-
while in the orthogonal direction the refractive indexnis.  vection with the hydrodynamic flow, leading to a texture of spirals
The local orientation of the director can be detected in and concentric rings that indicate disclination walls. In the enlarged
reflected polarized light incident normal to the layer, as thearea, dark arrows mark the flow field while bright arrows symbolize
reflected intensity is a function of the anglebetween thee  the c-director field.




PRE 58 ELECTROCONVECTION IN FREELY SUSPENDED ... 653
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The indicesn,1 correspond to the two eigenmodes in the LC UILV]

layers. Theys term in brackets is determined by the phase
difference between ordinary and effective extraordinary FIG. 4. Example of a vortex frequency plot for a 1093 nra S
light, which is usually very weak in thin films. Typical ordi- film. The vortex frequencyf, was measured as a function %the
nary and extraordinary refractive indices are 1.5 and 1.65/0!tage applied. The solid curve is a fit fo<[(U"—U¢)/U.]
respectively. For example, if we take these standard valug¥ith Uc=4 V.
and the tilt angle® =23.5° for the ZLI 4237-100 mixture i
[21], we obtain an optical anisotropy; —n,=0.02. Then, In this way we have measured valugg=1.475 for ZLI
the order of interference 2 —n,)d/\ is only 0.1 even fora 4237-100 anah,=1.424 for the smecti€ mixture at 25 °C.
2.5 um film. The periodicity of the optical intensity varies
with sinde, that is, subsequent bright and dark regions in the ELECTROCONVECTION MEASUREMENTS
images mark domains that differ by 45° in tleedirector
orientation.

In the case of parallel polarizers, the reflectivity is

The general scenario of electroconvective pattern forma-
tion in the smectic films is as follows: When a sufficiently
large dc voltage is applied to the electrodes, a periodic flow

R(a)=(cosa)| |2+ (sirfa)| |2 pattern.cor!sisting pf pairs of_ alternating vortices sets ir_1 as
shown in Fig. 3. With increasing voltage, the vortex rotation
+ (sirfa)(coSa) (Y + Yot ). (3)  velocity increases and the vortices become more and more

pronounced. At even higher voltages, the vortices become

The intensity modulation for thin filmss1um) is deter-  unstable as the flow becomes irregular.
mined by the different reflection coefficients,r, for light The hydrodynamic flow in the vortices can be visualized
polarized parallel and perpendiculardpand the periodicity in several ways: The simplest way proposed in the literature
of optical contrast is sin2. However, this intensity is super- is the observation of color variations due to a nonuniform
imposed by a large background sigfaflection from below  film thicknesg9]. In such films, convection at voltages high
the film). Therefore we have used crossed polarizers in mosiabove onset leads to the formation of colored islands, when
experiments. The orientation of tleedirector influences the regions of different thickness are advected with the flow.
interference curve only marginally. However, tba@irector  However, this method provides only qualitative information
orientation can be detected by means of the contrast efdecause many characteristics of the flow dynamics depend
hancement facilities of the camera controller. Using theon the film thickness. Therefore, homogeneous films are
crossed polarizer-analyzer position, we obtain very sharpreferable for quantitative measurementsSjnfilms of ho-
contrast images on the video screen. mogeneous thickness, the existence of convective flow can

For the film thickness determination in ti& and S¢ only be detected by measuring the electric curf@di or by
phases, the well-known complementary Airy function result-means of small dust or smoke particles suspended on the film

ing from Eq.(3) for n;=n,, [9,10]. The velocity of particles advected with the vortices
can be determined from the video images. As we have inves-
I(\) fsinA(27n,S/IN) (ng—l)z tigated only films of homogeneous thickness.,.we. used the
T 2 y =, (4  smoke particles to measure small vortex velocities just above

0 1+fsim(2mnes/A) 4ng the onset of convection. At high vortex velocities, the optical

L . . texture in S¢ films visualizes the flow field very impres-
can be applied in order to determing and the thickness. sively.

Strictly, this equation holds only for films that are optically
isotropic in the layer plane, so it requires measurements in
the S, phase at higher temperatures. However, for film thick-
ness determination in th8: or S phase we can approxi- Following the trajectories of single smoke particles on the
mately treat the film as in-plane isotropic like and determinevideo images, we have measured the rotation period of the
n, ands from Eq.(4). The error in the thickness determina- vortices. Mean values were calculated from rotation periods
tion is less thanf;—n.) /n,~2%, which is negligible for of at least four different particles for each voltage applied.
our purposes. Results for the smecti€- films are shown in Fig. 4. The

SmecticC films
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=8.92x10 2 Ot m™! (at 25 °C). For the measurements

= reported in[11] by Mao et al, a doped 8CB sample with a
= higher conductivityo™°=2x10"" Q! m~! was used. In
=2 the earlier experiments on 8CB films, Morr al. [9,10]

© measuredrMo"=6.6x 108 O ~! m~! and critical voltages
g equal toU M. Dayas linear stability analysf49] predicts a
° simple formula for the critical voltage:

°

o U.=—Vo7nR., 5
s €0

0% 500 1000 1500 2000 2500
thickness [ nm] where 7 is the viscosity related to shears in the layer plane
andR;=76.77 for Morris wire electrodes, ari,=91.84 for
FIG. 5. Thickness dependence of the critical voltagefor the  the case of plate electrodes in the smectic layer plane. As-
smecticE mixture with a conductivityr=8.92<10° 0 tm . gyming that the basic physical mechanism for the electrocon-
The solid line is a linear fit);=0.7 V+(4x10™" Vinm)s to the  yaction in ourSe films is similar to that theoretically inves-
measuredJ values. tigated in theS, phase by Daya and co-workers, we expect

inverse rotation period gives the vortex frequelfigy which from Eq. (5) that

increases with the applied voltage. We assume that the onset

2
of convection is a forward bifurcation where ( Ucfo) — 2R
- C
svVo
uz-uz? Yo
E:
Ug calculated from our experimental data should be of the same

order as the corresponding results 8y films. Indeed, for
is the appropriate dimensionless control parameter. The angyr S. measurements, we obtainR.= 141 kg/ms, while
plitude of the pattern above the bifurcation is expected to bg ;R YM20—43 3 kg/ms and 4R.)M°"S=131 kg/ms. As our
proportional tov/e [10]. A fit of f,(U)x\/e is depicted by boundary conditions are a mixture between the ideal wire
the solid line in Fig. 4. The extrapolated intersection of theand plate electrode cases defined by Dayal., we assume
fitted curve with the zero frequency axis can be used as athat theR. constant for our electrode configuration is prob-
approximation for the critical voltagel. where the convec- ably higher than for the wire electrode. The viscosity of the
tion sets in. If such a fit is performed at V0|tages near Onsets’é mixture at room temperature iS alSO expected to be h|gher
U, is determined more accurately than by simple visual €Xthan for 8CB in theS, phase at the same temperature. If we
amination. Note that except fa#~U,, e is similarto a take into account the uncertainties in the conductivity mea-
linear function. As very low flow velocities near onset can surement mentioned |ﬁ]_1] and the different geometrica|
hardly be measured, a strictly linear relation betwégand  poundary conditions and viscosities, the measured threshold
U indicating a transcritical bifurcation cannot be completelyyoltages are in reasonable quantitative agreement with the
ruled out. A possible linear fitting would yield slightly lower theory developed if19] and [20]. We conclude that the
threshold voltages. vortex flow electroconvection observed in d films is of
In the case of our smectiC-films U, obviously differs  the same type as the vortex mode reported [t
from zero and increases linearly with the film thickness 11,19,20,23 for S, films. Elastic torques of the director
(Fig. 5. This is in qualitative agreement with the results for obviously play no role for the convective flow.
S, films presented if9-11). Our measurements of the criti-  We note, however, that the viscositycalculated in this
cal voltage showed significantly lower values than those reway from the experimental data is considerably larger than
ported in[10] and[11]. From a fit to all our measured results typical shear viscosity coefficients of liquid crystals. This
we obtain was already mentioned if10] and[11] for the S, experi-
_ ments by Morriset al. and Maoet al. who supposed that the
U.=0.7£0.16 V+[(4.0=20.2x1073 V/nm]s ~(4 neglect of air drag effects by the theory might explain this

X10~3 V/nm)s. discrepancy. However, this assumption has not been verified
yet.
s is the film thickness; the unit is nfnanometer Consid- The pattern wavelength is defined as the lateral period-
ering a smectic layer thickness of 3.16 nm for 8CB, Maoicity of the flow field (Fig. 3). At voltages near onse}, is
et al.in [11] reported nearly constant, while it shows spatiotemporal fluctuations
for higher voltages, especially in the case of low aspect ra-
Mao  0-332 mV tios. Therefore the experiments with low aspect ratio are use-
U= nm S: ful for quantitative measurements only in the vicinity of the

threshold fieldU.. With increasing aspect ratio, the fluctua-
This difference of about two orders of magnitude can betions of A become smaller and the vortex pattern becomes
explained by the very low conductivity of our sample, which nearly stationary even at high voltages. The mean pattern
was measured by means of dielectric spectroscopyras wavelength was estimated by counting the number of vorti-
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FIG. 6. Change of the vortex pattern wavelengtiscaled with 6o 01 02 03 04 05 06 07 08
the electrode distanc# as a function of the voltagel for a 2593 UVl

nm smectice film.
FIG. 7. Measured vortex frequencies for smegit-films of

ces along the electrode, excluding the vortices at the ends @fffererent thicknesseso(=1.3x10"° Q~*m~%). No thickness
the electrodes, which are usually bigger as the electric field igependence can be detected. Obviously the threshold voltage is
inhomogeneous there. very close to zero.

Measured values of the normalized wavelenytll are
plotted as a function of the applied voltage(Fig. 6). Fordc  In case of ac voltages, the vortex flow changes its sign of
voltages just above onsex, is approximately 1.5 times the rotation with the electric field. When the field direction is
distanced between the electrodes. This value is similar toreversed, the spiral transforms into a ring pattern and is then
Dayas linear stability analysis results for plate electrodes inunwound again. Finally the-director field winds up in the
finitely extended in thex-y plane (/d=1.488). At higher opposite direction until a new balance is reached.
voltages above onseX,. decreases to values lower thdn
T_his effect was not observed in Morris experiments$n SmecticC* films
films where the vortex pattern did not change at voltages ] ) ) )
above onset, until a transition to unsteady flow occurred at " the case of the smectiC* films investigated, our re-
high voltages[9]. We assume that these differences are @ults forU are obviously in contrast to those for nonferro-
consequence of the different electrode geometries: Whilglectric films calculated by Morrigt al. in [10]. A typical
Morris used rigid lateral boundary conditions, we have arPlot for the vortex velocity versus the applied dc voltage is
open connection to the region outside the electrode gahown in Fig. 7. Even for films thicker thanudn the ex-
which provides a kind of “free boundary condition” in the trapolated threshold voltages were practically zero. More-
lateral direction. As the vortices at the open ends of ou©Ver, the plots of the vortex frequency against the voltage
electrode gap can freely expand into the film region outsideShowed no significant thickness dependence near onset, that
a continuous adjustment of wavelength is possible with iniS; We cannot detect any cr|t|cal.threshold in the experiments.
creasing voltage, while in case of the rigid boundary condi\We assume that thg thrgshold is close to zero, at least much
tions the pattern retains its metastable onset wavelength. Adewer than the applied fields. The experiments are compat-
other difference between oirmeasurements and the Morris ible with U.=0. This effect cannot be explained by the dif-
experiments is that for low frequency ac voltages we did noferent conductivity of ouSg mixture, which was also mea-
find any significant variation ok with frequency in the sured by means of dielectric spectroscopy. The result
range between 0 and 1 Hz. =1.3x10"° 0! m ! was significantly higher than in case

The main difference betweeS, and Sc vortex mode Of the smecticS mixture. Using the same ratios as in the
electroconvection arises from the existence ofdhdirector ~ SmecticA and € samples above, we would expedt./s
and the optical anisotropy of th&. films. As the dielectric  ~0.048 V/nm corresponding td .~ 150 V for a 3um film,
term A eegE? of the free energy density is negligibly small, if the same convection mechanism is assumed. Comparing
the c-director orientation is practically freéGoldstone this value with Fig. 7, we conclude that the convection sets
mode. An inhomogeneous flow in the film plane produces ain at much lower voltages. A slight thickness dependence of
torque on thee director and leads to the formation of walls. the flow velocity was found at higher voltages: Ro&5 V
In addition, the director field is advected with the flow. This we observed that in thin filmss(c100 nm) the increase of
can be used for direct visualization of the flow field, in con-the vortex velocity withU is higher than in thick films g
trast to S, films, where the flow in films of homogeneous >2 um).
thickness can be visualized only by the probe particle Compared t&S, andSc films, the essential new feature in
method. At sufficiently large voltages the walls are woundS¢ films is the interaction of the spontaneous polarization
up to spirals[14], as seen in Fig. 3. The director field is with the applied electric field. When a dc voltage is applied,
twisted by the unidirectional nonuniform flow field until a the P vector is oriented parallel to the applied electric field.
steady state is reached where the elastic deformation antherefore, the director is aligned parallel to the electrodes,
flow alignment torques are in balance. Adjacent dark andvhich can be verified easily with a polarizing microscope by
bright stripes denote 45° change of thélirector orientation.  varying the position of the polarizer and the analyzer. There
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(b) + polarizer -analyzer

FIG. 8. Electroconvection in smecte* films with dc voltages
applied to the electrodes. Vortices rotating in inverse directions
produce different brightnesses when polarizers are crossed and a
small twist angle between the position of the polarizer andcthe
director is adjusted. The left image shows electroconvection in a
2100 nm film U =60 V). Note that between the right electrode and )( polarizer-analyzer
the drawing edge of the movable holder, which are adjusted at a
distanced’, there are convection patterns with a wavelength of the  FIG. 9. “Kink-switching” in a smecticC* film (s=2100 nm.
order ofd’. The right image shows the convective flow and the Zigzag walls propagate between the electrodes immediately after
orientation of thec director in another film, which has a thickness inverting the sign of the applied ac voltage=72 V at a frequency
s=2565 nm (=60 V). Thec director is oriented nearly parallel of 1 Hz. Images 1-3 are taken each after 0.06 s. The arrows indi-
to the electrodes due to the coupling Bfand P, (arrows as in ~ cate the orientation of the director.

Fig. 3. If low frequency ac voltages are applied, the vortices

exists practically no critical threshold field for this ferroelec- change their rotation sense as in 8efilms. While with dc

tric switching proces$25], which is also known as thpo-  excitation the pure electroconvection effects can be studied,
larization Fredericks transition[8]. An important conse- at ac excitation we observe a superposition of ferroelectric
guence of the dominating polar interaction and the missingwitching and convective flow. When the direction Bfis
threshold field for the ferroelectric alignment is that the di-inverted, thec director performs a 180° reorientation, ob-
rector field in our dc electroconvection experiments alwaysserved as a change in the optical contrast from dark to bright
remains nearly fixed. However, due to the torque of the in-and back. The inverse switching time linearly depends on the
homogeneous flow, there is a small deflection ofdhdirec-  electric field [26]. In the case of perfectly homogeneous
tor in the sense of the vortex rotation. This allows the visufilms we observed that the switching always starts at the
alization of the vortex pattern irg¢ films with crossed electrodes and solitary switching wav@snks) appearing as
polarizers, when a small twist angle between polarizer anthin zigzag walls propagate to the opposite electrdtg. 9).
electrode is adjusted. As seen in Fig. 8, vortices rotating irmhese walls probably separate domains with director orien-
opposite directions produce alternating small director deflectations differing by 180°. Kink switching was proposed in
tions. Consequently, opposite vortices are characterized H27] and[28] as a model to describe dielectric switching in
different brightnesses in reflectivity. nonferroelectricS¢ cells and ferroelectric switching in free-
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16{ ~ + ~ v v T T T T as a function of the frequency between 0 and 5 Hz. The
1al @ : S=f;gg m | critical voltage was found to increase smoothly with fre-

] o S= m | | quency, while the onset wavelength decreased. Above a cer-
1.2+ Ay T tain cutoff frequency, the low-frequency vortices were re-
1_0_' ¢ : ° ] placed by two opposite lines of smaller vortices along the

® o electrodes. With increasing voltage,returned back to the

0.8- 4 a4 a .

Ald

] ] dc onset value. The cutoff frequency is a charge relaxation
0.6 g effect that linearly depends on the inverse electrode distance
d~ 1. As we used a smallet than Morriset al., and since the

] ac voltages we applied were always considerably higher than
0.2 . U., we did not observe the cutoff in our visual experiments

] with frequencies below 5 Hz.

0.4 .

0'0 M T T T T T T T

0 20 40 60 80 100 120
() uv Discussion
All experiments we performed o8 films showed elec-
s=644nm—T——— T T 1 troconvection of the vortex mode type. This is proved by the
16 U=120V i fact that the director winds up by more than 180° and that
] - ] " the threshold voltage linearly depends on the film thickness.
147 m = T The formation of CH electroconvection patterns is unlikely
] pn® ® ] in our Sc sample, which has a weakly positive dielectric
- 1.2 u T anisotropyAe. From the theoretical calculations 18] it
= ] ) follows that forA e>0 andP;=0 no dc Carr-Helfrich insta-
< 104 i bility exists while forAe<0 the threshold is of the order of
" several volts. An exact calculation of the theoretical thresh-
0.8+ i old is not possible as not all the material parameters required
1 m are known for the substance studied[i¥]. However, we
0.6+ T conclude that in the reported experiments the threshold for
o 1 2 3 a4 s the vortex mode was always considerably lower than for any
o) £ [Hz] Carr-Helfrich mode. Therefore, the theory that considers

only bulk charges is inapplicable for the description of the

FIG. 10. Change of the vortex pattern wavelengtscaled with ~ €leéctroconvection observed in o films and the films
the electrode distanakin smecticC* films (a) as a function of the  Studied in[14]. Nevertheless, with changed geometrical

applied dc voltagéb) as a function of the frequency of the applied boundary conditions and material paramet@snductivity,
ac voltage. dielectric anisotropy, viscoelastic constarite threshold for

CH electroconvection can probably be brought below that of
standingS{ films [28], but has not been observed directly the vortex mode. Our experimental results, combined with
before in free-standing films. The zigzag pattern is an addithe theoretical calculations if8], allow some conclusions
tional interesting feature of the ferroelectric switching pro-concerning a probable crossover between the vortex and a
cess. A reason for the transformation of the kinks into apure CH mode: For dc voltages, such a crossover can be
zigzag pattern is presumably the interactionRafon both  conceived for very thickS films with a high conductivity
sides of the 180° wall. While the wall starts parallel to theand a negative dielectric anisotropy, dg for the vortex
electrode, the dipoles favor an orientation of the wall perpenmode increases with while the CH threshold does not de-
dicular to thec director. A detailed analysis is in preparation pend on the film thickness. On the other hand, a crossover in
[29]. At sufficiently high voltages, the switching time is short thick films may also be found for ac voltages, as the vortex
compared to the ac period and an undisturbed flow evolvegiode completely breaks down at high frequencies as the
after thec-director reorientation. threshold voltage diverges, while the threshold of the dielec-

In the St films we have also carried out pattern wave-tric regime due to the Carr-Helfrich electroconvection in-
length measurement&Fig. 10. As the vortex pattern is Creases only slightly withi. For sufficiently small electrode
stable even at the highest voltages appli#@0 V), A/d distancesd, one may also find the conduction regir@nd
could be measured as a function Wfover a large voltage the subharmonic regime @& films [8]) as the vortex mode
range. Again the dc wavelength decreases significantly witiutoff frequency scales only with~* [10], while the Carr-

U. A change in the ac pattern wavelength with frequencyHelfrich cutoff frequency scales witti~ 2. This is schemati-
was found at high voltages, as shown in Fig. 10. Wt cally sketched in Fig. 11. The very low threshold observed in
=120 V, \ is only half the estimated dc onset wavelengththe S¢ films cannot be explained by the Daya theory. More-
[Ag(0)=1.5d]. When the frequency is increased, the vortexover, as the convection at low voltages shows no thickness
pattern wavelength approaches this onset wavelength agaitependencésee Fig. 7, the question arises to what extent
for all voltages. For lower voltages we found that this tran-the surface charge model is applicable & films. The
sition is shifted to lower frequencies. A different frequency missing thickness dependence suggests that mainly bulk
dependence was observedSp films by Morriset al. [10]  charges are involved in the convection mechanism, which
who measured the critical voltage and the onset wavelengttherefore might be of the Carr-Helfrich type. In order to es-
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spontaneous polarizations, a crossover between the film
thickness independent mechanism observed inSthenix-

ture and the surface charge driven vortex mode should be
Carr-Helfrich eXpeCtEd :

vortex mode,
thick films

(0]

g 1/d2 ‘) Summary

° : We have studied electrohydrodynamic convectiorSin

E vortex mode, andS¢ films. The in-plane optical anisotropy in both phases
E=] thin films allows direct visualization of the flow pattern by polarizing
(]

microscopy. InSc electroconvection, the director field is
twisted by the nonuniform flow field. The critical voltages
U. and the vortex rotation velocity as a function of the ap-
plied dc voltages were determined, is linearly related to
the film thicknesss. While effects of convection on the
FIG. 11. Possible crossover between Carr-Helfrich mode and-director field and the optical texture are remarkable, there
vortex mode for smecti€ films (schematically sketchedThe plot ~ seems to be no influence of thealirector on the vortex flow,
shows the assumed change of the threshold voltagevith the  and the results are well described with the theory developed
frequency of the applied electric field for both modes. Arrows in- by Dayaet al.[19] for S, films. The pattern wavelength is
dicate the shift of the vortex mode curve expected wisels  scaling with the electrode distandeand decreases with the

changed and the assumed shift of the CH curve expected w/igen applied dc voltagd)>U, both in theS. and theS films
changed. For a given frequency, the mode with the lowest thresmlﬂwestigated. ¢ ¢

voltage is expected to be the one which can be observed in experi-
ments.

0 AC frequency

In S¢ films thec director is nearly fixed by the external
electric field and the convective flow only leads to deflec-
ions of the director field, alternating with the sense of rota-
ion. In contrast to the experiments performed®nand Sc
films, no film thickness dependence of the flow velocity near
onset was found irs¢ films, and the threshold voltage was

timate the CH threshold voltage we use an analytical formul
given in Appendix B in[8] for the dc convection threshold
for ferroelectric films. It predicts that for high spontaneous

larization > V K he threshold vol . ) ¥
polarization P> (m/d)yeoe, Ky) the threshold voltage below the experimental resolution. These characteristics sup-

should decrease witﬁs’l, yielding a value of about 6 mV . . . .
for our St mixture [30]. These considerations provide evi- port the Interpretation Of- the convection mechamsm as a
C ) Carr-Helfrich instability similar to that predicted by Ried

dence that the dc convection mechanism is of the Carr-et al.[8].

Helfrich type. The same applies to the observed ac convec- We suggest that a generalized theory for electroconvec-
tion patterns in theSg films. At ac excitation, the flow as tion in Sc and St has to include both the Carr-Helfrich
well as thec-director deflection change their signs with the mechanism and tChe vortex mode instability.
driving field. Therefore we conclude that the charge field is
preserved and that we deal with a dielectric CH instability.
At high voltages U>5 V) we suggest that some combined
theory of surface and bulk charge mechanisms is necessary The authors are grateful to S. W. Mor(iBepartment of
to describe the electroconvection 8§ films. Such a com-  Physics, University of Toronydfor valuable discussions and
bined theory would account for the influence of the film helpful comments, and to W. Weissfl@gstitute of Physical
thickness mentioned above. Chemistry, University of Hallefor designing and supplying
Further experiments will be performed by varying the the smecticc mixture. This work was supported by the DFG
spontaneous polarization. In the approximation of very low(Grant No. STA425/8
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