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Patterns at the Onset of Electroconvection in 
Freely Suspended Smeetic Films 

Stephen W. Morris, ~ John R. de Bruyn, 2 and A. D. May 3 

We report the results of experiments on electrically driven convection that 
occurs in a thin, freely suspended film of smectic A liquid crystal when an 
electric field is applied in the plane of the film. Convection in a vortex pattern 
is found above a well-defined critical voltage. The film behaves as a two- 
dimensional isotropic liquid: neither its thickness nor the director field are 
modified by the flow. We present measurements of the critical voltage at the 
onset of convection in two experimental configurations--one which allows the 
injection of charges into the film from the electrodes, and one which does not. 
When injection is present, the critical voltage for the onset of flow increases 
monotonically with increasing frequency of applied field. With no injection, 
there is no instability at DC and the critical voltage diverges there. The nature 
of the flow pattern observed at onset changes with frequency. Below a certain 
frequency the film flows in vortices that extend over the width of the film; above 
this frequency the flow is confined to two lines of smaller vortices localized 
along the electrodes. We present a simple discussion of the mechanisms which 
drive the convection. 

KEY WORDS: Convection; pattern formation; smectic liquid crystals; two- 
dimensional liquid; electroconvection. 

1. I N T R O D U C T I O N  

Patterns are common in nonlinear dissipative systems, both in nature and 
in the laboratory. Typically a pattern will first develop when such a system 
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undergoes a bifurcation from a uniform, time-independent state to one with 
some form of organized spatial or temporal structure. In the study of the 
formation, stability, and evolution of patterns, it is simplest to consider 
experimental situations where the first bifurcation is to a simple one-dimen- 
sional pattern. ~ This approach has led to detailed investigations of, for 
example, Rayleigh-B6nard conxTection, (1'2) Taylor vortex flow, (1'3~ and 
electroconvection in nematic liquid crystals. 14) Some very recent work on 
these systemg is discussed elsewhere in these proceedings. 4 Secondary 
instabilities occur in all these systems when they are driven further from 
equilibrium, (2-5~ which leads to complex, often time-varying, three- 
dimensional flow and eventually to turbulence. 

We report here on studies of the patterns which develop when a thin 
film of smectic A liquid crystal with t w o  free surfaces is driven out of 
equilibrium by the application of an electric field in the plane of the film. 
Above a critical applied voltage we observe a bifurcation from a state with 
no flow to one in which the film flows in a linear pattern of vortices. The 
critical voltage and the wavelength of the pattern are dependent on the 
frequency of the applied field. The structure of the smectic, discussed below, 
constrains the film to behave like a two-dimensional fluid and three- 
dimensional instabilities are strongly inhibited. The mechanism leading to 
the initial instability of the rest state does not require the anisotropy of the 
liquid, in contrast to that usually studied in the electroconvection of 
nematics.(4'5-9) Preliminary reports of this work have appeared 
elsewhere.(~~ 

The liquid crystal used was 8CB (4,4'-n-octylcyanobiphenyl), which 
has a smectic A phase between 21 and 33.5~ our experiments were 
performed at room temperature (23~ The rodlike liquid crystal 
molecules have an orientational order which is characterized by the 
director, (6'7) a vector pointing in the mean direction of the long molecular 
axis. In addition to their orientational order, the molecules in the smectic 
A phase are positionally ordered into layers with the director aligned 
normal to the layer planes. In 8CB these layers have a thickness of 3.16 nm, 
which is about 1.4 molecular lengths. (12) The smectic A phase has very 
strongly anisotropic flow properties. For shears in the plane of the layers, 
it behaves as a liquid with a viscosity of order 1 Poise. (13"~4) In the 
perpendicular direction it is similar to a plastic crystal. When the orienta- 
tion of the layers is fixed by external boundaries, flow perpendicular to the 
layers is possible only by the "permeation" effect, ~6'7'13) in which molecules 

4 See the papers in these proceedings by Cannell et aL, Surko et al., Ciliberto et aL, (Rayleigh 
B6nard convection), Tagg et al., Weiner et aL (Taylor vortex flow), Rehberg et al., Kramer 
et al., and Ribotta et al. (electroconvection in liquid crystals) for reports of recent work on 
pattern formation in these systems. 
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move from layer to layer. This type of flow has been observed in 8CB, (13~ 
and is completely negligible at the temperature used in our experiment, 
which is far from the smectic A to nematic phase transition. If the layers 
are not fixed, then perpendicular shears cause the formation of defects in 
the layer structure and singular lines in the director field. (13) In the smectic 
A phase, distortions of the director field are always accompanied by 
distortions of the smectic layers. (6'7) 

In our experiments the convection took place in a thin film of smectic 
A which was supported only at its edges, rather like a soap film. In this 
configuration, smectics form very stable films which are an integer number 
of smectic layers thick. (15'16/ The thermodynamics and structure of static, 
freely suspended films have been extensively studied because of the general 
interest in systems of reduced dimensionality. (16) Our experiment makes use 
of the unique flow properties and boundary conditions of these films. Their 
structure fixes the plane of the smectic layers and therefore suppresses any 
flow normal to the film. Flow-induced distortions of the director field are 
similarly suppressed. The free surfaces of the film have free-slip boundary 
conditions, so the film can be realistically treated as an isotropic, two- 
dimensional liquid. 

The dielectric anisotropy of 8CB is A~ = e j r -  e• ~ 8.5, where ~ll and ~• 
are the dielectric constants parallel and perpendicular to the director, 
respectively. (17) Electroconvention of the Williams domain type, which 
is observed in certain nematics, is driven by the Carr-Helfrich (4-9) 
mechanism. This mechanism is usually found in materials with a negative 
dielectric anisotropy and necessarily involves a reorientation of the 
director. The convective flow studied here involves no such reorientation 
and so cannot be attributed to this mechanism. As we discuss below, the 
mechanism of our convection also occurs in isotropic fluids; the anisotropy 
of the smectic only serves to force the system to be two-dimensional. 

Electrically driven convection has been studied in suspended nematic 
and isotropic films by Faetti et a/. (~8-2~ They observed two types of 
behavior. The first they called the "domain mode"; this was observed in 
the nematic phase and disappeared at the nematic to isotropic phase 
transition. (~9) It exhibited behavior consistent with its being the two- 
dimensional analog of Williams domains, driven by the Carr-Helfrich 
mechanism. They also observed a pattern which they referred to as the 
"vortex mode. ''(2~ This state existed in both the nematic and isotropic 
phases, and must therefore be driven by a mechanism which does not 
require anisotropy. This second state is probably closely related to the 
phenomena observed by us in smectic films, although there are important 
differences which will be discussed in Section 4 below. 

There is a large literature concerning electrically driven convection in 
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bulk slabs of isotropic, dielectric liquids, (7'21-2v) which is also relevant to 
liquid crystals. In general, the instability arises due to the interaction of an 
applied field with space charge in the liquid. This space charge may 
originate from any of several processes. Charges of one or both signs may 
be injected into an otherwise perfectly insulating liquid from special 
electrodes. This mechanism has been extensively studied both theoreti- 
cally(21 26) and experimentally. (24-26) However, the injection process can be 
treated theoretically only in a rather idealized way, and in practice liquid 
crystals are too impure to be regarded as insulators. An isotropic system 
which is more relevant to liquid crystals is an electrochemical cell (2v'28) in 
which the fluid is an electrolyte with a nonzero conductivity. In this case 
the source of space charge is electrochemical reactions at the electrodes, 
possibly accompanied by reactions in the bulk. 

Under AC driving it is possible to achieve a transient unstable charge 
distribution and transient convection in liquids which are not perfectly 
insulating. (7'29'3~ In this process there is no net transfer of charge through 
the circuit, so neither injection nor electrochemical reactions are required 
as a source of charges; only the transient rearrangement of charge carriers 
already in the liquid is involved. To our knowledge, this process has never 
been fully treated theoretically. (29'3~ Our observations suggest that both 
the injection and the transient processes contribute to the convection 
behavior of the smectic film. 

The remainder of this paper is organized as follows: In Section 2 we 
describe our experiment and experimental procedures. We present results of 
measurements of the flow pattern close to its onset in Section 3. We outline 
the mechanism responsible for the observed behavior and compare our 
results to previous work in Section 4, which is followed by a brief 
summary. 

2. E X P E R I M E N T  

The experiments were performed on a rectangular film of smectic A 
liquid crystal suspended on a holder which supported the film's edges but 
left its top and bottom surfaces free. The two types of holder used are 
shown in Fig. 1. The first consisted of two parallel 15-ktm-diameter 
tungsten wire electrodes which supported the long edges of the film. The 
ends were supported by wipers made from coverslip glass. One of the 
wipers could be moved in the direction parallel to the electrodes by a 
micropositioning motor drive. In this configuration, charged species could 
be injected into the film via electrochemical reactions at the electrodes, 
which were in direct contact with the film. We refer to this as the con tac t  

holder. 
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Fig. 1. The two types of film holder used. In the contact holder the electrodes are in direct 
contact with the liquid, while in the noncontact  holder the DC current path is blocked by an 
air gap (not shown to scale). 

The second holder was similar, except that the long sides of the film 
were supported by 125-#m nylon threads. Tungsten wire electrodes lay 
outside of these threads, separated from them by a 125-/~m air gap. The 
ends of the film were again supported by glass wipers. [n this arrangement, 
the electrodes were not in contact with the film and injection of charges 
from the electrodes could not occur. This is referred to as the noncontact 
holder. 

In both holders the width d of the film was mechanically adjustable 
from 0 to 3 ram. One electrode was held at ground potential and a bipolar 
voltage V(t) was applied to the other using a computer-controlled function 
generator. We found that the symmetry of the flow pattern which formed 
in the convecting film was sensitive to the symmetry of the field near the 
electrodes. If the holders were placed in a grounded enclosure, the asym- 
metry of the field caused the flow pattern to form nearer to the ungrounded 
electrode. To avoid this, we made the field as symmetric as possible with 
respect to the two electrodes by surrounding them with guard electrodes 
biased at VU)/2. Thus the wires had potentials of + V(t)/2 with respect to 
their enclosure. The film holder and guard electrodes were contained inside 
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an aluminum housing which provided electrical, mechanical, and thermal 
shielding. 

The conductivity of liquid crystals is dominated by ionized 
impurities (v) whose species are often unknown in normal commercial 
materials. The convective flow studied here is observed at relatively low 
frequencies, under which conditions the electrochemical behavior of the 
impurities is important. In particular, it is important that their 
electrochemical reactions be reversible to prevent sample degradation 
during the experiment. (7'31) In order to control these effects, we doped our 
8CB as received from the manufacturer (BDH Ltd, Poole, England) with 
7.5 + 0.2 retool/liter of TCNQ (tetracyanoquinodimethane). TCNQ is an 
electron acceptor which when used as a dopant in nematics is believed to 
form charge transfer complexes (32) with the liquid crystal molecules and has 
been shown to give strong reversible injection of TCNQ- ions at the 
cathode. (31) 

To draw a film, the two glass wipers were brought together. A small 
amount of 8CB was placed at the join between the wipers, which were then 
separated at an adjustable rate in the range 1-10 #m/sec using the motor 
drive. The motorized wiper was stopped when the film reached the desired 
length L. For the work reported here, the films had a width d ~  2 mm and 
an aspect ratio Lid greater than 10. 

Our films were characterized and the flow visualized using simple 
optical techniques. The films used contained between 20 and a few hundred 
smectic layers, corresponding to thickness in the range 0.06-0.8 #m. The 
films therefore had thicknesses comparable to the wavelength of visible 
light. When viewed in a low-power microscope in reflected white light, a 
film appears brightly colored as a result of the interference between light 
reflected from its top and bottom surfaces. (16) Unlike a conventional soap 
film, a smectic film of nonuniform thickness shows discontinuous changes 
in the pattern of reflected colors due to steps in the thickness forced by the 
requirement that the film be an integer number of smectic layers thick. The 
uniformity of the film thickness could therefore be checked simply by 
observing the uniformity of the film color. 

The variations in color across a nonuniform film allowed for a 
simple method of flow visualization. Convection in such a film causes a 
spectacular swirling of the colors as the thickness variations are advected 
with the flow. This can be easily followed under the microscope either by 
eye or on a video monitor. Pictures recorded using nonuniform films are 
very beautiful to watch, but provide only qualitative information about the 
flow pattern because of the thickness dependence of the critical voltage. For 
quantitative measurements, only films of completely uniform thickness are 
used. In such films we find that the flow disturbs neither the thickness nor 
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the director orientation, so that the flow cannot be observed using the 
optical properties of the liquid itself. In order to study the flow, we 
introduced a small amount of dust into the air in the experimental 
apparatus, some of which settled on the film. When the film is illuminated 
from behind with an expanded beam of a laser, the light scattered by the 
dust is visible as bright specks which move with the flow in the film as 
illustrated in Fig. 2. Our results are not affected by the amount or type of 
dust used, within reasonable limits. 

The actual thickness of a uniform film was found by measuring its 
reflectivity. The reflectivity at a fixed wavelength 2 for light polarized 
perpendicular to the plane of incidence is a periodic function of the thick- 
ness with period 2/2n• with maxima at odd multiples of 2/4n• (33'34) Here 
n• is the refractive index perpendicular to the director. Thus, the thickness 
can be unambiguously determined from the reflectivity at a single 
wavelength only if-the film is thinner than 2/4n• which corresponds to 
about 30 smectic layers for 8CB. This method has been widely used in 
studies of thin static films. (3n) However, we have found it difficult to study 
convection in films this thin because the flow tended to draw excess 
material off the edges to form thicker islands in the film. We therefore 
simply measure the reflectivity of our thicker films at several incommen- 
surate wavelengths and fit the reflectivity as a function of wavelength. We 
can thus determine the thickness of films up to several hundred layers 
thick. A 10-roW Ar + laser polarized perpendicular to the plane of incidence 
was reflected off the film and the reflectivity was measured at each of the 
six wavelengths available, which ranged from 457.9 to 514.5 nm. We make 
use of the known refractive index (iv) and layer spacing (12) of 8CB to 
determine the number of smectic layers to the nearest integer. For  films less 

Fig. 2. The vortex pattern at DC in the contact holder. The film was 2 mm across. Only a 
portion of the length of the film is shown. 
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than 100 layers thick, a single layer change represents a considerable 
change in reflectivity, so that one can easily find the thickness to _+ 1 layer. 
For thicker films, which appear nearly white in reflected light, the uncer- 
tainty rises to + 2 layers, and a small loss correction must be included in 
the calculation. (33~ 

3. RESULTS 

When a DC voltage is applied to the contact holder, there is a well- 
defined critical voltage above which a flow pattern develops in the film. The 
film convects in a stationary one-dimensional pattern of vortices with 
alternating vorticity, as shown in Fig. 2. As the applied voltage is increased, 
the flow velocity increases, but the vortex pattern remains steady until, at 
about 10 times the critical voltage, the flow abruptly becomes unsteady. In 
this paper, we confine our attention to patterns near the onset of convec- 
tion in films of various thicknesses as a function of applied voltage and 
frequency. 

We find that the uniform thickness of the film is undisturbed by the 
flow. This was determined by observing the uniformity of the film color as 
described above, and by measuring the film thickness before and after an 
experimental run. In addition, the flow is not accompanied by any distor- 
tion of the director field. Such a distortion would change the local optic 
axis of the film and would thus be observable when the film is viewed 
between crossed polarizers; no such effect was observed in any of our 
experiments. These results differ markedly from those found in nematic 
films by Faetti et al., (18 2o) as will be discussed below. 

When the contact holder is driven with a time-varying voltage V(t), 
the film convects whenever [g(t)[ exceeds a critical value Ve(f), where f is 
the frequency. The direction of rotation of the vortices reverses every half- 
period as the field direction reverses. With a low-enough-frequency sine- 
wave driving, the flow has time to die out due to viscous damping during 
the time that IV(t)[ < Vc(f). In this case, the position of the vortices may 
differ from one-period to the next. Vc(f) for a typical film is shown in 
Fig. 3. The onset was determined by watching the motion of the visualiza- 
tion particles through the microscope or on a video monitor. Near Vc(f) 
there is generally some disorganized motion of the film. Vortexlike flow 
first appears at the ends of the film, presumably due to end effects which 
modify the electric field there. We define Vc(f) as the amplitude of 
the applied voltage at which the flow becomes organized into vortices 
throughout the entire length of the film. Within the uncertainty in our 
visual determination of the onset, we observe no hysteresis in Vc(f), that 
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is, the onset of convection appears to be a forward bifurcation which is 
slightly imperfect due to the end effects. 

It is interesting to compare the response of the film in the contact 
holder to sinusoidal and square wave voltages. For  square waves, the flow 
is steady during the constant part of the waveform, but executes a sudden 
reversal of direction at each zero crossing. For  sine waves, the flow 
reverses more smoothly. Vc(f)  for both waveforms is shown in Fig. 3 and 
the ratio V~"e/v2 q ....  is shown in Fig. 4. This ratio is approximately 4/~z for 
frequencies above about 0.2 Hz for films of all thicknesses studied. This is 
equal to the ratio of the first Fourier components of the two waveforms. 
Below 0.2 Hz the ratio goes to 1 as the values of Vc(f)  approach a 
common DC value�9 

At a given frequency, Vc(f)  is linear in the thickness s over the range 
of thickness and frequencies studied. This is shown in Fig. 5, for two 

1 .4  

~ 1.3 

~5 

> 

"r"  

0 
1 

at 

A 

f 

0 0.2 

~_ 69  Layers 

m 87  Layers 

a t  103 Layers 

107 Layers 

�9 116 Layers 

l I _ , 
�9 �9 0 I 0 4  0 6  .8 

Frequency (Hz) 

Fig. 4. The ratio of the critical voltages for sine and square waves in the contact holder, 
versus frequency, 
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Fig. 5. 
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frequencies. The slopes of these lines, OV~./~st/, increase linearly with 
frequency as shown in Fig. 6. 

In the noncontact holder the flow is somewhat different in nature. The 
most important observation is simply that convection does occur in the 
noncontact holder at nonzero frequency, with a flow pattern similar to that 
in the contact holder. No flow is observed at DC, and, with an AC driving 
voltage, the flow first occurs at the zero crossings of the applied voltage, 
where the field is most rapidly changing, and not at the peaks as in the 
contact holder. Vc(f) for the noncontact holder is shown in Fig. 7. Vc. for 
sinusoidal voltages diverges at low frequency. Under a low-frequency 
square-wave voltage, the film does not convect during the constant part of 
the waveform, but exhibits transient bursts of convection at the zero 
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Fig. 7. The critical voltage versus frequency for the noncontact hoider. 

crossings. Vc for square waves does not diverge at DC, but approaches a 
constant value as f--* 0. 

At low frequencies, the wavelength 2 of the pattern is nearly inde- 
pendent of voltage and frequency and proportional to the width of the film 
d as shown in Fig. 8. We find 2/d = 1.30 _+ 0.05 for a film in the contact 
holder at DC over the range 1 < d <  3 mm. However, at frequencies above 
a few Hz the flow pattern which develops at onset changes: Figure 9 shows 
the pattern which appears at higher frequency. The roughly square vortices 
seen at low frequency are replaced by two lines o[.smaller vortices, one 
along each electrode. Figure 10 shows the reduced wavelength 2/d, at onset, 
as a function of frequency. The new pattern emerges continuously out of 
the old: the low-frequency vortices begin to narrow at about 2 Hz and the 
flow reorganizes into the smaller vortices. The pattern of small vortices 
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Fig. 8. The wavelength of the vortex pattern at DC versus the width of the film. 
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Fig. 9. The higher frequency flow pattern in the contact holder. 

does not persist as the voltage is increased above Vc(f); rather, the small 
vortices grow and coalesce until a pattern similar to the low-frequency 
vortices emerges. Figure l l  shows how 2/d evolves as the voltage is 
increased beyond the onset of convection at f--- 4 Hz. The low-frequency 
value of 2/d is restored at higher voltages, although the pattern is much less 
steady than near DC. 

Our method of flow visualization works poorly for very small vortices 
for which there may only be one dust particle in a given vortex. This 
accounts for the scatter in the wavelength data at high frequency in Figs. 
10 and 11. By watching the colors in nonuniform films, it is possible to 
follow the small vortices up to frequencies of about 50 Hz. The wavelength 
of the vortices seems to decrease with frequency until there is flow only 
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Fig. 11. The reduced wavelength 2/d versus voltage, at a fixed frequency of 4 Hz. 

very close to each electrode. The behavior of the wavelength in the 
noncontact holder is similar to that in the contact holder. 

We have also performed some qualitative experiments in an annular 
film holder. This holder was a machined annular slot with knife edges, 
having an inside diameter of 6 mm and an outside diameter of 12 ram. The 
inside and outside edges were insulated from each another and the outside 
one was grounded while DC was applied to the inner one. Thus the film 
was driven with a radial electric field. This geometry is interesting because 
end effects are eliminated, and because radial driving fields are difficult to 
obtain in most convection experiments. Fourteen vortices are observed 
around the circumference of the annulus. Taking the length of the system 
to be the mean circumference and d to be the width of the gap, we find 
~]d= 1.35 + 0.05, which is equal, within error, to the low-frequency value of 
the wavelength in the rectangular holders. The high-frequency pattern is 
also qualitatively similar to that seen in the rectangular holders; it consists 
of many small vortices localized around the inner electrode. 

4. D ISCUSSION 

In any electroconvecting system, the onset of flow occurs when the 
force exerted by the electric field on the charges in the fluid can no longer 
be balanced by viscous effects, and the rest state of the fluid becomes 
unstable. To understand the instability mechanism completely, one must 
solve a system of coupled partial differential equations consisting of the 
Navier-Stokes equation, 

Ov VP pe E 
- -+(v.V)v-  ~ v W v + - -  (1) 
c~t p p 
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where v is the fluid velocity, P the pressure, p the mass density, v the 
kinematic viscosity, Pe the charge density, and E the electric field. The 
charge density pe and current density j include contributions due to all 
charged species present. These obey the equations of charge conservation: 

where 

V" j i-k--~7= R( {ni} ) (2) 

pe=Zp,=Zn,q, (3) 
i i 

j = ~ ji = ~ ng,u, Iqil E - q~D~ Vne + n~q~v 
i i 

(4) 

The subscript i refers to the ith charge species, and n~, #~, q~, and Ds are 
the number density of the charged species, its mobility, ionic charge, 
and diffusion constant, respectively. We also have the equations of 
electrostatics: 

V ' ~ E : - p e  (5) 

V x E = 0  (6) 

where e is the permittivity. Normally, one can assume that the fluid is 
incompressible, so 

V . v = 0  (7) 

In addition, we require equations specifying R({ni}), which is a source 
term governing the generation and recombination of the various charged 
species and which in general will depend on the concentrations of all 
species. These additional equations may include, for example, rate equa- 
tions for any electrochemical reactions. The system of equations (1)-(7) 
must be solved subject to the appropriate boundary conditions, which 
would include boundary conditions on the velocity, the charge distribution, 
and the field. 

Liquid crystals are weak electrolytes whose conductivity is due to ionic 
impurities. (v) Under the influence of an electric field, these ions move 
through the fluid with a velocity determined by a mobility # which is in 
general a tensor quantity. Typically/~j_ ~#ll  ~ 10 lo m2/V_sec. Ions may be 
created and destroyed by dissociation/recombination reactions in the bulk 
or by electrode reactions. It is the usual practice to assign the liquid crystal 
a conductivity cr given by 

= 2 rtilAi [qi[ (8) 
i 
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which is treated as a constant material parameter. This is an approxi- 
mation which is only justified when the concentrations ni are field 
independent, constant in time and space, and when electrochemical effects 
are negligible. These conditions break down near electrodes or in screening 
layers near free surfaces, and also at very low frequencies where there is 
time for the ions to drift across the sample to the electrodesJ 7) Since all of 
these effects are present in our experiments, the conductivity is not a good 
material parameter in our case, and in Eq. (7) we must express the current 
in terms of the charge densities and mobilities explicitly. 

There are similarities between this problem and that of Rayleigh- 
B6nard convection, where the driving force is due to the action of gravity 
on the dense fluid near the top of a fluid layer heated from below. (1'2~ In 
the case of electroconvection, however, the situation is complicated by fact 
that the spatially-varying charge distribution Pe is itself a function of the 
field E, so the body force term in the Navier-Stokes equation is nonlinear. 

Various solutions to this system of equations have been carried out 
for the case of a DC field and, typically, a parallel plate capacitor 
geometry.~23 27~ None of these can be directly applied to our experiment 
because of the different boundary conditions and electric field configura- 
tions. For  the case of injection of charges of one species from one electrode, 
these solutions give a critical voltage for the DC instability which depends 
only on material parameters. The injection process is usually modeled by 
setting R({ni})- 0 in Eq. (2) and imposing a boundary condition, assumed 
to be field-independent, on the charge density n. The actual magnitude of 
the critical voltage is strongly dependent on the assumptions made 
regarding the injection process; calculated values varying by a factor of at 
least 4 have been reported, all of which seem to be higher than experimen- 
tal values. (7) 

The theory of electroconvection has been studied in much detail in 
nematic liquid crystals in the case where the mechanism driving the 
instability involves the anisotropy of the material. (4-9) In this case, terms 
must be included which describe the coupling of the flow to the director 
and hence to the axes of the tensor material parameters. These are not 
necessary in our case because our flow does not couple to the director. 
Flow is confined to the plane of layers within which the smectic A is 
isotropic. 

We make no attempt to solve Eqs. (1)-(7) here, although work to that 
end is in progress. Rather, we will attempt to develop a qualitative picture 
of the processes occurring in our system by comparing results obtained in 
the contact and noncontact holders. Consider first the noncontact case. 
Here there is no injection of charges from the electrodes into the film. In 
the absence of injection there can be no instability at D e .  (7) Whatever 
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charges already exist in the film will assume an equilibrium screening con- 
figuration such that the energy of the system is minimized, and no further 
changes will occur. This is in accord with our observation that the critical 
voltage for the onset of flow diverges at DC in the noncontact holder. The 
AC flow in the noncontact holder also cannot involve injection; it occurs 
because the charge configuration is thrown out of equilibrium when the 
applied field is rapidly changed. The charges then redistribute themselves 
toward a new equilibrium configuration assisted by flow if the rate of 
change of the field is large enough. With a sinusoidal applied field, dE/dt 
is proportional to f and so V s~n~ diverges as f ~ 0 .  With square wave 
driving, dE/dt is limited by the slew rate of our function generator/ 
amplifier system and so V sq . . . .  approaches a constant at low frequency. At 
higher frequencies Vc increases because the field is changing too rapidly 
for the charges in the film to respond. The behavior of the film in the non- 
contact holder is relatively straightforward and serves mainly to illustrate 
that in this geometry an instability is possible under AC conditions, even 
without injection. 

In the contact holder, sustained flow is observed at DC. This flow 
must be driven by injection, by the reasoning given above. It is reasonable 
to assume that injection is also present to some degree at low but nonzero 
frequencies. Since the electrochemical processes which generate charges at 
the electrodes are slow, injection is not expected to be important at fre- 
quencies higher than a few Hz. (7) The injected charges act to destabilize the 
equilibrium charge distribution near the electrodes/21) In our case TCNQ 
ions are created near the cathode/31~ If the ions are injected faster than 
they can drift or diffuse away, they will pile up near the cathode. The 
charge distribution there will then contain more negative charge than when 
in equilibrium, and there will therefore be an excess force due to the field 
acting on these charges. If the force is large enough to overcome viscous 
effects, it will drive the film into motion. 

This mechanism is usually named after Felici, ~2~) and is well known in 
the study of hydrodynamic instabilities in insulating liquids, i.e., those in 
which all charges come from the injection process. (21 26) In our films, 
however, not all the charges are due to injection, as demonstrated by the 
behavior of the noncontact holder. Thus, while the qualitative features of 
the Felici mechanism remain valid for our films, the detailed theory (23-25) 
must be modified. Attempts to generalize the theory to include the effects 
of injection at both electrodes and of ion recombination have been carried 
out.  (25'27) Turnbull (27~ allowed for a nonuniform space charge distribution of 
both signs of charge, and included the effects of generation and recombina- 
tion of carriers in the bulk fluid. In a parallel plate geometry, he found an 
instability leading to small convection rolls close to the electrodes. The size 
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of the rolls was of the order of the Debye length, LD = (eD/4rca) 1/2, where 
e is the dielectric constant, D the diffusion constant, and a the conductivity, 
since in this geometry all the charges are concentrated in a region of size 
~LD near the electrodes. The geometry of the field and charge distribu- 
tions is considerably more complicated in the case of the film, so this 
calculation cannot be directly applied. However, we believe that the basic 
picture is correct, at least in the DC case. Very little work has been 
done toward extending these calculations to the case of nonzero 
frequency. (7, 29, 30) 

These has been some previous experimental work on electroconvection 
in thin films of nematic and isotropic liquid crystals by Faetti et aL (18-2~ 
We now discuss the similarities and differences between our results and 
theirs. Faetti et al. ~18-2~ performed measurements on suspended films of 
MBBA (N-p-methoxybenzi l idene-p-n-butylanil ine) ,  a material which has 
A e < 0  in the nematic phase. They worked with films of at least 5 #m 
thickness, roughly an order of magnitude thicker than our films. In both 
the nematic and isotropic phases they observed an instability leading to a 
vortexlike flow pattern above a critical voltage. In nematic films thicker 
than 7/~m, this instability was preceded by a bifurcation to a different 
state, their "domain mode," which they attribute to the Carr-Helfrich 
mechanism/8'16) We did not observe this state in our thinner smectic A 
films. Also, they observed that the director was reoriented by the flow in 
the nematic phase; we find no reorientation in the smectic A film. 

Their system differed from ours because neither the nematic nor 
isotropic phases have the layered structure of the smectic, so their films 
were of nonuniform thickness at rest, with the shape determined by surface 
tension. The free surfaces of their films were strongly distorted and the 
thickness modified by the flow. The planform of the vortices they observed 
was tilted with respect to the axes of the film holder, unlike ours. They 
followed the instability up to frequencies of order 100 Hz, and report that 
the vortices remained the same size at all frequencies, whereas ours get 
smaller above a few Hz. They found that the onset voltage was linear in the 
film thickness, as we also observed. The DC wavelength of the vortex 
pattern appears to be the same as observed by us: we found 2 / d =  
1.30 + 0.05, Faetti et al. measured 1.4 + 0.3 for the same quantity. (2~ 

It seems clear that the instability studied by Faetti et al. is closely 
related to ours, but it differs in many important respects. It is difficult to 
know how many of the differences can be attributed to their larger film 
thickness and to thickness nonuniformity. In general, it seems that the 
uniform thickness of the smectic film makes this system more controllable 
and reproducible. 

Faetti et aL ~2~ propose a model for their "vortex mode" instability 
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based on the interaction of charges on the free surfaces of the film 
interacting with the applied field. These surface charges are assumed to be 
in screening layers whose thickness is on the order of the Debye length LD, 
defined above. For  both their films and ours LD is less than about  
0.1 #m, (7) which in their case is much less than their film thickness s. They 
incorporate the fact that s >> LD into their theory by treating the charges, 
currents,, and forces as purely surface terms which in turn drive the 
uncharged interior of the film. This treatment is not satisfactory for our 
smectic films, however, because in our case LD ~ s  and the concept of a 
surface layer is not very well defined. 

5. C O N C L U S I O N  

We have presented results of a study of convective flow near its onset 
in a freely suspended film of smectic A liquid crystal. This system behaves 
like a two-dimensional isotropic liquid. The flow displays two distinct 
patterns at the onset. Large vortices which span the width of the film are 
observed at low frequencies; these give way to lines of smaller vortices near 
each electrode at higher frequencies. We have studied the behavior of the 
critical voltage and the wavelength of the pattern as functions of the 
frequency of the applied field and the geometry of the film. It is clear that 
much theoretical work is required before a quantitative understanding of 
all of the observations will be possible. The driving mechanism involves 
several aspects of the general problem of electroconvection which are 
poorly understood at present. However, the simple flow behavior of the 
film makes it an attractive system in which to study the formation and 
evolution of one-dimensional patterns. 
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