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Localized, Time-Dependent State in the Convection of a Nematic Liquid Crystal

A. Joets and R. Ribotta

Laboratoire de Physique des Solides, Universitée de Paris Sud, 91405 Orsay Cédex, France
(Received 1 February 1988)

We report on the experimental study of a novel time-dependent localized state in the electroconvection
of a nematic liquid crystal inside a container of very large aspect ratio. At threshold the convective rolls
propagate inside isolated domains well localized in space. The phase propagation is attributed to a slow
lateral drift of the ionic charges, while the localization, which is not due to finite-size effects, could result
from the nonlinear focusing of a broad band of dispersive modes.

PACS numbers: 61.30.Gd, 47.20.Tg, 47.65.+a

The convection of a nematic liquid-crystal layer under
either an electric field! or a thermal gradient offers sim-
ple examples of stationary states. It was recently
discovered that, as a function of an increasing ac electric
field, inside the so-called conduction regime,l a unique
succession of ordered stationary structures precedes a
chaotic state with a complicated time dependence.? It is
therefore relevant to consider the possibility for the sys-
tem to develop simple time-dependent states, even in a
linear regime.

In this Letter we present a first study of a localized,
time-dependent, convective state in a laterally extended
layer of nematic liquid crystal under an ac transverse
electric field inside the upper part of the conduction re-
gime. In many respects its features are similar to those
of the traveling waves found in binary mixtures.? We
find that the localized domains are not induced by the la-
teral boundaries, and we suggest that they might result
from a modulational instability.

The experimental setup is the now classical one: A
nematic layer is sandwiched between two glass plates
coated with semitransparent electrodes. The nematic
material, either N-p-methoxybenzylidine-p-butylaniline
(MBBA) or Merck Phase V, has a negative dielectric
anisotropy ¢, and the molecular alignment is made
parallel to the plates (along x). The lateral dimensions
of the cell are Ly, =2.5 cm and L, =1.5 cm. The thick-
ness of the layer is L, =50 um, so that the aspect ratios
are r, =500 and r, =300. The temperature is kept con-
stant within 0.2 °C around 20°C. An ac voltage V is ap-
plied across the layer and this constraint is measured by
the dimensionless parameter ¢ =(V?—V#)/V, where
Vi is the voltage at threshold. For each experiment, the
frequency f is kept fixed at some value, while V is varied
by increments AV =0.025 V. Because of the coupling
between the velocity gradients and the molecular orien-
tation, any convective flow periodic in space induces a
periodic modulation of the optical axis of the crystal.
Extraordinary transmitted light is periodically focal-
ized.* This optical pattern is analyzed under a polariz-
ing microscope by digital image processing. The fluid
motion is directly determined by our tracing the trajec-

tories of small glass spheres (3-5 um in diameter) im-
mersed in the fluid. We have recently shown® that the
transition to a homogeneous stationary state of normal
rolls (with axes perpendicular to x) is suppressed at low
frequencies. In this Letter we show that it bifurcates
also at higher frequencies (below the cutoff frequency f.
of the conduction regime) and is replaced by a new
time-dependent state.

The frequency f is fixed at a value close to f.:
f=0.8f.=600 Hz (here f.=750 Hz). The voltage V is
smoothly increased up to a threshold Vi, =15 V where
the instability begins to grow continuously (direct bifur-
cation), and a pattern appears which is inhomogeneous
in space. It consists of isolated domains (Fig. 1) of small
extensions /y, /, in the x and y directions, broadly ellipti-
cal (/y>1,), inside which a periodic structure (period
2=60 um) of rolls aligned along y translates uniformly
in the x direction with a velocity v. Typically /,=4d
and /,=3d, where d is the roll diameter. In fact, it is
the phase, i.e., the relative position of the rolls along x,
which propagates. These domains are, most often, ran-
domly distributed in space. No deformation of the

FIG. 1. Photograph of localized domains of traveling rolls,
which do not appear here around the small solid particles.
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FIG. 2. Optical density profiles fitted to a soliton profile
sech? (dotted lines): I(x) is along the direction normal to the
rolls (x), I(y) along a roll (y).

molecular alignment is detected in the space separating
the domains; there, small-scale convection (rolls) does
not occur. The velocity v has the same amplitude in the
different domains, but its sign seems to change randomly
from one domain to the next and from one experiment to
the next. The lateral extension of the domains remains
stable in time for fixed values of the external parameters
V and f. In no case has a uniform translational motion
of the domain itself (which would indicate a group veloc-
ity) been detected within our accuracy (better than 10 ~2
um/sec). However, small fluctuations in position Ax
=2) around an average location may sometimes be ob-
served over a duration At=103 sec. When the experi-
ment is repeated, some domains may appear again in the
same place, while others appear at random positions in
space. The permanent locations can be attributed to lo-
cal imperfections: either in the molecular anchoring, in
the electric potential (because of defects in the conduc-
tive coating), or because of the presence of dust particles.
The intensity of light transmitted through the layer is
directly related to the tilt angle ¢ of the molecules over x
and hence to the local convective velocity gradient:
I(x)~(8¢/8x)?, in the limit of low velocities and small
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FIG. 3. Time dependence of an optical density profile along
x showing motion to the left. The period between two succes-
sive profiles is 0.12 sec. The wavelength is A =24 =60 ym and
the domain contains five wavelengths. Here ¢=0.3.
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FIG. 4. Velocity of propagation vs reduced voltage. Inset:
Velocity is finite close to threshold.

¢. Typical profiles of I recorded along x and y inside a
domain are shown in Fig. 2. The envelope of the profile
along x can easily be fitted by a sech?(x//;) curve which
is the typical shape for a soliton. Here /,=3.6d for
€=0.2. A similar fit works as well for the intensity
profile along y. We record the intensity profile taken
along the x axis at a fixed height y, periodically in time
with a period dfr =0.12 sec. We obtain a space-time dia-
gram, from which the velocity v can be easily measured
(Fig. 3). At threshold, v is found to be finite with a typi-
cal value around 10 um/sec (=0.16 A/sec), while the
amplitude of the instability increases continuously from
zero. The velocity v increases continuously with the ap-
plied constraint e (Fig. 4). Simultaneously, the domains
extend in both directions, maintaining a similar shape,
and connect up completely above ¢=1.0. When a con-
nection zone between two domains is perpendicular to
the rolls, one obtains locally a “zipper state,” if the ve-
locities of the two domains are of opposite signs. There,
dislocation pairs along x are created and annihilated
periodically in time by the motion. When the connection
zone is along the rolls axis, one obtains either a “source
state,” or a ‘“sink state,” if the velocities of the two
domains are of opposite sign. The source (sink) is when
the rolls move away from (towards) the connection bor-
der. The source and the sink, which are topological
singular lines, may also exist inside a single domain. For
€ > 1.0, the velocity rapidly falls to zero and one recovers
a quasistationary and homogeneous state. The velocity v
measured at threshold decreases continuously with the
frequency to reach zero at f,=530 Hz (Fig. 5). Simul-

V (em/sec)

$ f (Hz)

530 535

FIG. 5. Propagation velocity v at threshold as a function of
the frequency f, showing the transition at f, =530 Hz from the
stationary to the time-dependent state.
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taneously. the size of the domains diverges and the sta-
tionary normal rolls are recovered. The limit f; which
separates the stationary and time-dependent states is a
critical point.

Some essential elements for the description of the ve-
locity field are obtained from the direct observation of
the tracks of the glass particles (3 to 5 um) immersed in
the fluid. We clearly find two types of trajectories in any
vertical (x,z) plane through a domain. In the first one,
the particles rotate around an axis parallel to y, which
translates at the velocity v of the traveling rolls. The
trajectory is then a cycloid. These particles remain
confined inside the rolls. The second type of trajectories
indicates an open motion, in which the particles move up
and down between the rolls and simultaneously translate
in the sense opposite to that of the phase of the rolls,
with a slightly lower velocity. These trajectories are
close to sinusoidal. This open stream usually extends
well beyond the domain limits where it develops a large-
scale flow of small velocity (=1 pm/sec=10 ~?A/sec).

The same experiment has also been performed with
blocking electrodes (10-um-thick Mylar sheets covering
the electrodes) eliminating the contribution of isotropic
instabilities by local charge injection,® with no significant
change in the reported effect.

The one-dimensional theoretical model! is unable to
account for any spatiotemporal dependence of the ampli-
tude. However, this model shows that as the driving fre-
quency approaches the cutoff, the relaxation time associ-
ated with the molecular orientation becomes comparable
to the ionic relaxation time. The result is a loss of
efficiency of the focalizing mechanism by the molecular
alignment curvature 9¢/0x and hence a significant in-
crease of the threshold voltage. Another prediction may
be made by consideration of all the different times
relevant to this problem. These are the charge relaxation
time t, the curvature relaxation time t., the transit time
of ions z;,” and the time 7r of the convective flow over
a roll diameter d. The value of 7, deduced from the ex-
periment is of order 5 sec. The other numerical values
are 17;,=0.16 sec, t=4x10 73 sec, 7.=25%1073 sec.
Therefore, since 7. and 7 are comparable, the curvature
is less efficient in maintaining the charge modulation
stable in space against any possible lateral drift. Indeed,
for a slight lateral shift (along the wave-vector direction
x) of the charge distribution and within each half-period
of the electric field, the curvature will immediately adapt
to the new distribution. This lateral drift of the charge
distribution may occur in the presence of a gradient of
conductivity do/dx, which contributes to a current densi-
ty 6J =K&qE, along x. The E, component being small-
er than the applied field E, the ionic velocity v; can be
roughly estimated to be at least 1 order of magnitude
smaller than the component of the velocity along z, and
the drift velocity can become of the order of the convec-
tive velocity v.. Then the charge-density distribution
takes a form such as ¢ =qgcosk (x —vt), from which one
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defines a frequency F =kv/2r=0Q/2n. The molecular
orientation ¢ is then composed of a slow component
docos(Qt —kx), on which is superimposed the well-
known® small-amplitude fast oscillation with period
(2f) ~'. The angle ¢ now oscillates around x with a typ-
ical frequency F==0.15 Hz (for v=10 um/sec and
k=10% cm ~!) which is to be compared with that of the
excitation frequency f=600 Hz. Thus the overall pat-
tern moves uniformly as a progressive wave, in the direc-
tion of the molecules, along with a charge-density wave.

In the convection of binary mixtures, the traveling
rolls often appear also inside domains of limited extent.’
There, the strong modulation in space of the amplitude
has recently been attributed either to wave reflection
against the lateral solid boundaries,'? or to a Benjamin-
Feir instability.!! In our case, the layer has such a large
aspect ratio that the former mechanism of reflection is
not relevant. It seems obvious that it is an intrinsic
mechanism which causes the formation of the localized
domains. An important remark is that this effect of
strong localization occurs only inside a well-defined
range of frequencies close to f,. It is also found'? at
very low f (=f./20) and especially in thin samples
(5-20 um) that homogeneous structures may travel with
higher velocities [(1-5)A/sec].

We believe that in the range of frequencies where lo-
calization takes place, the dispersive effects in the phase
dynamics, as well as the nonlinearities, become impor-
tant even very close to the onset. Then the fastest distur-
bance that grows out of the rest state is not defined by a
unique wave vector, but rather by a broad band centered
around a value close to the critical one. In real space
this corresponds to an amplitude modulation (wave
packet), as for the Benjamin-Feir instability of water
waves.!3 This tendency to localization may be reinforced
by the nonlinearities. This type of solution, although not
yet fully demonstrated, could arise, as was first suggested
by Newell,'* from a complex Landau-Ginzburg equa-
tion, which is known to govern a large class of pattern-
forming systems. This effect of localization has been evi-
denced numerically in the case of thermohaline convec-
tion, with a time dependence in the pattern evolution, '’
and has been considered for binary mixtures.!" We be-
lieve that such a nonlinear mechanism of localization in-
volving a modulational instability could account for our
findings as well.

We have found in the convection of a nematic liquid
crystal a new state which bifurcates continuously from
the rest state and is at threshold simultaneously time
dependent and well localized in space. As the frequency
is increased, one passes through a critical point from a
stationary to a time-dependent state. This result makes
our extended system a particularly convenient and at-
tractive candidate for further studies around co-
dimension-2 points. In addition, it is now clear that the
former theoretical model for the conduction regime,
which is no longer valid at high frequencies, must be im-
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proved to include a transition to a time-dependent state.
This work was supported by the Direction des Re-
cherches et Etudes Techniques (DRET).
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FIG. 1. Photograph of localized domains of traveling rolls,
which do not appear here around the small solid particles.



