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Propagative patterns in the convection of a nematic liquid crystal

by A. JOETS and R. RIBOTTA

Laboratoire de Physique des Solides, Bat. 510, Université de Paris-Sud,
91405 Orsay, France.

We show here that the convective instability of a nematic liquid crystal subjected
to an A.C. electric field (the conduction regime), is never stationary, contrary to
the widely accepted picture. Indeed, we have found that the roll structure translates
uniformly along the wavevector direction. In the low frequency part of the conduc-
tion regime, the structure is rather homogeneous in space and travels at a very low
velocity, while inside the high frequency part, the rolls are localized inside stable
domains and the propagation velocity is higher by three orders of magnitude.
Closer to the cut-off frequency, we have also found a novel time dependent state,
where the amplitude of the rolls oscillates periodically in time.

1. Introduction

It is well known that a layer of nematic liquid crystal with negative dielectric
anisotropy, in a planar geometry and subjected to an A.C. electric field bifurcates to
a space periodic convective state when the voltage is increased above a well-defined
threshold [1, 2]. It was believed until very recently that the convective structure at
onset (the so-called Williams domains) is stationary inside the whole conduction
regime ( f < f., where f, is the cut-off frequency) [2]. We show here, using an accurate
technique, that inside the whole range of the conduction regime the structure at
threshold is in fact travelling with a uniform velocity. There are two apparent regimes:
a low frequency range, which has extensively been studied, inside which the structure
is rather homogeneous in space and propagates with a low velocity, and a high
frequency range, where the rolls propagate with a high velocity inside well localized,
stable domains [3]. We also report on another novel effect (observed just below f;) of
an oscillation in time of the amplitude of the localized velocity field; this might be the
first observation of a breather in convection.

2. The experimental set-up

The experimental set-up is the classical one for the study of electro-hydro-dynamical
(E.H.D.) instabilities in a planar geometry. A layer of nematic liquid crystal (Merck
Phase V) of negative dielectric anisotropy &, was sandwiched between two glass plates
coated with semi-transparent electrodes. The alignment is made homogeneous in the
plane of the plates: n is parallel to the x axis. An A.C. voltage is applied across the
layer, so that the electric field is directed along the z-axis. The applied constraint is
measured by the dimensionless parametere = (V2 — V3)/V2, where V,;, is the voltage
at threshold. The frequency, f, of the excitation is an additional parameter, which is
kept fixed for each experiment. The thickness of the sample L, is typically 50 um and
the lateral dimensions are L, = 2-5cm and L, = 1-5cm, so that the aspect ratio in
the wavevector direction is of order 500. The layer can thus be considered as infinitely
wide, as compared to the scale of the most unstable modes (the wavelength 1). The
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sample is enclosed in a container thermally regulated with a water bath; the tempera-
ture is kept constant to within at least +0-1°C around 21°C for more than five hours.

Because of the coupling between the velocity gradients and the director orien-
tation, any convective flow periodic in space induces a periodic modulation of the
optic axis of the crystal. Transmitted light with extraordinary polarization is periodi-
cally focused along lines in a horizontal plane parallel to the plates [4]. Small glass
spheres (3-5 um in diameter) are immersed in the layer to trace the streamlines of the
convective flow, The focal lines correspond to the vertical (up and down) motion.

The optical pattern in the focal plane was recorded through a CCD 512 x 512
pixel camera and analysed by digital image processing. A line parallel to the x axis was
selected at the same height inside the image and its profile is a measure of the
transmitted intensity 7(x) along this line. Successive images were recorded periodically
with a time interval d¢ (typically 6t = 0-3s), and the lines were plotted one above the
other [5]. The resulting figure is a space-time diagram, where the intensity 7 is
represented as a function of the coordinate x and of the time ¢ (see figure 1).

The convective state develops above a well-defined threshold V,,(f). For inter-
mediate frequencies (f & f./2), the structure at onset is periodic in space with parallel
rolls, aligned along the y axis (i.e. normal rolls). The intensity profile I(x) is a periodic
succession of peaks separated by 1 = 2n/k, the period of the convection (A = 2d,
where d is the roll diameter; k is the wavevector). In the space-time diagram {/, ¢}, the
intensity peaks are aligned on straight lines the slope of which dt/dx = u~', where u
is the translation velocity of the whole pattern along the x-axis. Peak lines parallel to
the r-axis would indicate a purely stationary pattern. Such space-time diagrams can
be recorded over long times (up to several hours) and are particularly convenient to
characterize states which are slowly varying in time. The accuracy of the measure-
ments is limited by the spatial resolution of the individual pcaks and by the spatial
homogeneity of the structure (absence of moving defects). In our experiments, we
have been able to measure velocities u as low as 10A/s ~ 1-5 x 1075 1/s in uniform
motion over 10*s.

3. The non-stationarity of the rolls inside the conduction regime

The eventual propagation velocity, u, is measured for different frequencies of the
electric field spanning the whole conduction regime up to the cut-off. Figure 1 is a
space-time diagram for the classical normal rolls obtained at intermediate frequencies
(f = 300Hz) and for a sample thickness of 50 um. It shows clearly that the rolis
propagate and u is found to be about 10~* J/s. At lower frequencies, below a triple
(Lifshitz) point f,, (f,, & 120 Hz), the rolls at threshold are no longer normal to the
y axis, but are tilted symmetrically (oblique rolls structure [6]). We find that this
pattern travels also, with almost the same velocity. Increasing the frequency up to f;,
we find that u increases sharply above some frequency f; ~ 0-6f, (see figure 2). In this
range of high frequencies, « has a typical value of about 0-5 A/s. Here, the pattern loses
its spatial homogeneity, and the rolls are localized inside small domains. These results
clearly show that inside the whole conduction regime, the director distortion is not
stationary and that the tilt angle ¥ between the director and the x axis is a slow,
periodic function of time

Y = yYycos(kx — Qr)
where Q = ku.
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Figure 1. Space-time diagram for the normal rolls (L, = 50um, f = 300Hz, V = 10:5V,
¢ = 01, A = 70 um). The peaks correspond to the upward motion between two rolls.
They are aligned along oblique straight lines, from the slope of which the small constant
propagation velocity # = 65 x 107 um/s = 09 x 107* A/s can be measured.
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Figure 2. Propagation velocity u at threshold versus the frequency f(®, L, = Suym; O, L, =
10 um). The conduction regime is divided into two parts. I, the low frequency range
where the structure is quasi-homogeneous and travels at low velocity; II, the high
frequency range, where the structure is localized in space and travels with a higher
velocity. For these values of L, (L, < 20 um), the velocity u increases with decreasing
frequencies close to D.C.

We have measured the propagation velocity u for different samples of thickness
ranging from 5 to 250 um. In this range the pattern of rolls is always found to travel
with a finite drift velocity, in apparent contradiction to the behaviour reported in [7].
The velocity at a given reduced frequency fJf, increases as the thickness decreases.
Moreover, for small thicknesses L, < 20 um and low frequencies, it is also found that
u increases up to 0-51/s for frequencies decreasing to D.C. (see figure 2). Simul-
taneously, the convective structure is here too, not fully homogeneous in space, but
propagates inside domains of large lateral extension (the typical dimensions /, and /,
of the domains are of order 50-1004d).
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4. The localized travelling roll structure

The frequency is fixed at some value inside the high frequency part of the
conduction regime: /' ~ 0-8f, = 600 Hz (here f, & 750 Hz). The voltage is increased
smoothly from zero up to a threshold, ¥, of 15V. The pattern at threshold appears
inhomogeneous in space and consists of isolated domains of elliptical-like shape,
inside which a periodic structure of rolls aligned along y translates uniformly in the
x direction (see figure 3). The typical value of the propagation velocity u is about
10 um/s. Very close to the threshold (¢ = 0-1), the lateral dimensions of a domain are
typically /. = 3dand ], = 4d. These domains are randomly spread in the plane of the
layer, and no deformation of the director alignment is detected in the space between
them. They remain stable in space, thus indicating a nearly zero group velocity. In this
travelling wave structure, the convective variables behave like A(x)cos (kx — Q). It
is found that, for a typical domain, the amplitude A(x) has a lump shape which can
be fitted fairly well to a sech’(x/l,) function, which is typical of a soliton-like profile
[3]. Space—time diagrams are plotted for increasing values of the voltage and u is
found to be finite at threshold, while the amplitude of the instability measured by the
transmitted light intensity increases continuously from zero. Simultaneously, the
domains increase their extension in both directions, so that they get closer to each
other and connect completely as the constraint parameter, ¢, tends to 1. These connec-
tion boundaries reveal new and particularly interesting problems. They correspond
to topological defects of the non-linear travelling waves [8] which represent the
propagating rolls. When a connecting boundary between two domains of opposite
velocity is along the rolls axis, either a source or a sink state is obtained when the
waves leave or meet at the boundary, respectively. Sources or sinks may also occur
spontaneously inside a single domain. For ¢ > 1, the velocity u falls rapidly to zero
and a quasistationary, homogeneous state is recovered. The velocity measured at
threshold decreases sharply and continuously as the frequency is decreased down to
some value f; (here f, = 330 Hz), where the slow propagation regime of intermediate
frequencies is met. Then the velocity falls by two orders of magnitude over a range
Af =~ 10-20 Hz. Simultaneously, the size of the domains diverges and the normal rolls
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Figure 3. Space time diagram for the localized travelling structure. The rolls are travelling to

the right with a velocity u = 58 um/s. (L, = 50um, f = 600Hz, V = 159V, ¢ = 0-3).
The domain contains five wavelengths A.
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are recovered. The propagation of the pattern means that the director field is
propagating along the x axis. The velocity field v is then expected to propagate in the
same way. However, this does not imply that the fluid particles have an average
velocity equal to u. The real flow structure can be characterized from the space-time
representation by tracing the trajectories of individual particles immersed in the
nematic material. The experimental procedure consists in recording the profile of a
line which includes a particle at every time. Provided that the ratio v, /v, inside a roll
is small, a particle can easily be automatically followed by the digital processor. The
lagrangian trajectory in the x-z space is obtained therefore. Two types of trajectories
are found inside the propagating structure [5]. In the first one, which we call the closed
flow, the particles have an average velocity 9, equal to . Their motion is composed
of a rotation around the rolls axis and a uniform translation with velocity u. The
closed flow is an ensemble of closed cells propagating with velocity «. In the second
type of trajectories, the open flow, the particles translate mainly in the opposite
direction to that of the travelling wave, along an open curve, between the closed cells.
The total flow is then decomposed into two components. Figure 4 shows a sketch of
the flow structure in the comoving frame of the travelling rolls. The precise topology
of this complex time-dependent velocity field can be well described using a simple
kinematic model [9]. Between the rolls domains, where the director alignment is not
distorted, the particles have a very small constant velocity (= 0-5S um/s) in the plane
of the layer. More recently, from experimental observations of global mass transport
in propagative convection of a binary mixture, other authors have deduced similar
flow structures and compared them to an identical model [10]. We believe that only
the knowledge of the individual trajectories can correctly verify this model.

open flow), [homoclimc orbit S1
1

\heteroclinlc orbit ‘ccosed cell

Figure 4. Representation of the flow structure in the comoving frame of travelling rolls
(v, = —0(/0z,v, = d[[0x, where { = {, sin(kx — Q1)). The closed flow is bounded by
homoclinic orbits connected by heteroclinic ones at the stagnation points S.

The one dimensional theoretical model [11] which was developed soon after the
discovery of these E.H.D. instabilities, as well as the two or three dimensional
extensions [12] are unable to account for travelling rolls. We now give some obser-
vations which should be taken into account to improve the model. At high frequencies,
the characteristic times ¢ and . [13] associated, respectively, to the relaxation of the
charges and of the director orientation are comparable. (Here © &~ 4 x 107%s,
1. & 25 x 107%s, for f = 600Hz and L, = 50 um). The curvature is then less
efficient in stabilizing the spatial charge modulation against any possible lateral drift.
Indeed, for a slight lateral drift of the charge distribution and within each half-period
of the electric field, the curvature will adapt immediately to the new distribution, and
the overall pattern can move uniformly as a progressive wave, in the direction of the
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director, along with a charge-density wave. In the model, such an effect might be
included by allowing a D.C. large scale component of the density current to be
superimposed onto the actual space-periodic distribution. Secondly, the initial model
assumes that the time-dependence of the force can be averaged out. Such an assump-
tion, which implies that the curvature is stationary in time, is less valid near the
cut-off frequency. We may then suggest that, when the relaxation time for the
curvature becomes comparable to the period of the electric field, the coupling
between the curvature and the large scale drift motion of the charges is more efficient.
Obviously this occurs close to D.C., but also close to the cut-off where the large value
of the voltage reduces the curvature time to values close to the period. The decrease
of the drift velocity at intermediate frequencies would be due to the pinning effect by
a more efficient focusing of the charges at the rate of the driving field. The thickness
dependence of the drift velocity may be ascribed to the E-field dependent drift by a
Coulomb force, while the instability threshold is a voltage threshold. Hence the drift
is larger for thinner samples.

The spatial inhomogeneity cannot be understood at the present time with the
results at hand, especially at low frequencies. The same experiments were also
performed with Mylar sheets (5 um) thick, covering the electrodes and led to similar
observations. Charge injection by the plate is probably unimportant. A purely
phenomenological mechanism can be suggested for the strong localization effect
observed at high frequencies, which is based on an analogy of these travelling roils
with non-linear surface waves (i.e. Stokes waves) [14]. Tt is possible that in the range
of frequencies where localization takes place, the dispersive effects in the phase
dynamics, as well as the non-linearities, become important even very close to the
onset. Then, when the voltage reaches the threshold, the fastest disturbance which
grows out of the rest state is not defined by a unique wavevector k, but rather by a
broad band Ak centred on a value close to the critical one k.. In real space, this
corresponds to a space modulation of the amplitude of the convective state. Such a
modulational instability can develop under some conditions (i.e. the Benjamin-Feir
criterion {15]), and the tendency to localization may be reinforced by the non-linearities
(i.e. self-focusing). This type of solution, although not vet fully demonstrated, couid
arise, as was first suggested by Newell [16, 17], from a complex Landau-Ginzburg
equation. This equation, which is known to govern a large class of pattern forming
systems, is:

04 0’ A

= gAd hilelag 2
7 ad + 7 53 BlAI*A,

where A4 is the complex envelope of the rolls and
v = Re(edexpli(kx — Qb))

The real coefficient « is the linear growth rate of the unstable mode. The two other
coefficients are complex. The real part of y is a measure of the growth rate of sideband
modes relatively to «; its imaginary part measures the wave dispersion. The real part
of B measures the saturation of the unstable mode and its imaginary part couples the
wave frequency to the amplitude A.

4. The breather-like structare
For frequencies f closer to the cut-off frequency f, (f ~ 0:9f,), a new time
dependence may appear at threshold, under conditions which are yet not well defined.
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The amplitude of the localized propagative structure is now oscillating simultaneously
in time. The convective variables behave as B(r)A(x)sin (kx — Qf), where the ampli-
tude B(t) is a periodic function of time as in the case of breathers [18]. The breathing
period T is found to be typically of order 10s. This state is more easily observed as
a transient when a small step of voltage is applied just above threshold. In that case,
the breathing amplitude can reach the zero value periodically. The space-time diagram
corresponding to the breather-like state is shown on figure 5. Usually, it is found that
the domains breath in phase over large areas which include up to ten domains. The
origin of this new time-dependent state is not yet understood, although it might be
compared to the localized time dependent state studied by Bretherton and Spiegel in
the case of thermohaline convection [19]. Note, however, that in their model the
domains are uncorrelated in time.

t/s
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Figure 5. Space-time diagram for the breather-like structure (L, = 50um, f = 700Hz,
V = 25V, ¢ = 0-1). The envelope of the rolls passes periodically through zero.

5. Conclasion

We have demonstrated experimentally using an accurate technique that, inside the
conduction regime, the rest state bifurcates to convective states which are time
dependent, contrary to the widely accepted picture. In addition to propagating, these
states are heterogeneous in space, except in the range of intermediate frequencies.
Another new time dependent state has also been observed in the form of an oscillation
in time of the amplitude. These results indicate that electroconvection in a nematic
layer is more complex than previously believed (and even experimentally found). We
suggest that the essential features of these effects can be described, as in the case of
surface waves on shallow water, by the evolution of the amplitude of non-linear waves
that in fact could be derived from a typical model such as a complex time-dependent
Landau-Ginzburg equation.
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