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Dynamics of colloidal particles in electrohydrodynamic convection of nematic liquid crystal
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We have studied the dynamics of micrometer-sized colloidal particles in electrohydrodynamic convection of
nematic liquid crystal. Above the onset voltage of electroconvection, the parallel array of convection rolls appears
to be perpendicular to the nematic field at first. The particles are forced to rotate by convection flow and are
trapped within a single roll in this voltage regime. A slow glide motion along the roll axis is also observed. The
frequency of rotational motion and the glide velocity increase with the applied voltage. Under a much larger
voltage where the roll axis temporally fluctuates, the particles occasionally hop to the neighbor rolls. In this
voltage regime, the motion of the particles becomes two-dimensional. The motion perpendicular to the roll axis
exhibits diffusion behavior at a long time period. The effective diffusion constant is 10°~10* times larger than
the molecular one. The observed behavior is compared with the result obtained by a simple stochastic model for
the transport of the particles in convection. The enhancement of diffusion can be quantitatively described well

by the rotation frequency in a roll, the width of the roll, and the hopping probability to the neighbor rolls.
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I. INTRODUCTION

Particle dynamics in equilibrium viscous liquids is gov-
erned by the diffusion process driven by the thermal fluctuation
of the surrounding liquids. The thermal diffusion constant
is given by the Einstein relation and is determined by the
viscosity of the fluids [1]. Recently, particle dynamics in
nonequilibrium liquids such as a bacterial bath [2-5] and
active actin gels [6] also have been studied much. The athermal
motion in active fluids such as turbulence has been intensively
studied as turbulent diffusion [7]. In stationary systems, the
mean-square displacement (MSD) of a single particle is
determined by the temporal velocity autocorrelation of the
background fluids. This is different from the MSD due to
the thermal Brownian motion, where the MSD is governed
by the viscosity or thermal fluctuating force acting on the
particles. This makes the diffusion constant of a particle in
convective flows different from that of thermal diffusion. From
such macroscopic viewpoints, the diffusion of the particles
in convective flow has been investigated theoretically and
experimentally [8—12].

In this study, we used the electrohydrodynamic (EHD)
convection in nematic liquid crystal (NLC) as a typical active
fluid. NLC is an anisotropic fluid with directional order,
and anisotropic constituent molecules arrange uniaxially on
average. Their direction is represented by a unit vector called
a director. When an ac electric field is applied to an NLC
with negative dielectric anisotropy in a planar cell where the
constituent molecules are aligned parallel to the cell surfaces,
a bifurcation process due to the EHD instability has been
reported [13]. At first, the macroscopic convection roll whose
axis is perpendicular to the direction of the initial director
appears above a certain threshold voltage due to Carr-Helfrich
instability. This pattern is called a Williams domain (WD) [14].
With increase of voltage, the WD becomes unstable, and the
fluctuating WD (FWD) appears [15]. FWD is also referred to
“defect turbulence” because the movement of defects and the
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fluctuation of the roll occur repeatedly and the roll pattern
becomes more irregular. The defect turbulence has been
studied as a typical spatiotemporal chaos, but it has not been
fully understood. The control parameters which govern the
appearing patterns are the magnitude and frequency of the
applied electric field. Due to the experimental easiness of
handling the system, the EHD of NLC has been intensively
studied as one of the typical dispersive systems to elucidate
nonlinear and nonequilibrium dynamics.

In the case of a homeotropic cell where the NLC molecules
are aligned vertically to the cell surfaces, the continuous
rotational symmetry of the director is spontaneously broken
above a threshold voltage of Fréedericksz transition. The
system bifurcates to the phase called soft mode turbulence
(SMT) [16,17]. The SMT has two modes: One is the Nambu-
Goldstone mode, which has a long wavelength, and the other
is the mode with short wavelength via the EHD convection.
Recently, the motion of colloidal particles dispersed in SMT
has been studied, and various characteristic phenomena have
been observed [18-21]. For example, the distribution of a
particle’s velocity becomes a Lévy distribution, which is
universally found in other nonequilibrium systems such as
amoebas and glasses [19].

In this study, we report the dynamics of particles in WD and
FWD. Although the WD and FWD are simpler systems than
SMT, studies on the particles’ dynamics in EHD of NLC are
limited [22-24]. The athermal motion driven by the convection
flow and its fluctuation are discussed using a simple stochastic
model, and the origin of the enhancement in the diffusion of
particles is discussed quantitatively.

II. EXPERIMENT

We used the ternary mixture of a nematic liquid crystal
with negative dielectric anisotropy, p-methoxybenzilidene
p-(n-butyl)aniline (MBBA), 0.01 wt% of a surfactant,
tetrabuthylammonium bromide (TBAB), which increases the
conductivity of the system, and silica colloidal particles
(Hipresica, UNK) with a diameter of 10 pum. The size
polydispersity of the particles is 2.5%. The volume fraction
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of the particles is about 2.0%. The sample was injected into
a parallel plate cell whose gap is about 50 um. The cell was
composed of two glass plates coated with a thin indium tin
oxide layer. These conductive layers are used as electrodes
to apply the voltage across the sample. Their surfaces are also
coated with polyimide film and are rubbed with velvet to attain
the uniaxial alignment of MBBA. A sinusoidal ac electric field
of 50 Hz generated by a function generator (33120A, HP) and
amplified by a power amplifier (7058, Yokogawa) was applied
to the sample cell. All experiments are performed at 25 °C +
1°C.

We used an inverted microscope (TE2000U, Nikon) with a
4x objective lens (Plan, Nikon). The images of the particles
were captured by a monochrome CCD camera (ADT-33B,
FLOVEL) at 1 frame/s for about 7200 s at the respective
voltages. The center positions of the particles were determined
by digital image analysis with IMAGEJ. The convection patterns
are superimposed on that of the particles in the images. This
makes direct tracking of the particle’s position difficult. In
the case of WD, one can obtain both images selectively
by utilizing a single polarizer and varying its direction of
polarization. When the polarizer is set parallel to the director,
the convective pattern can be observed. When the polarizer
is set perpendicular to the director, the convective pattern
disappears, and only the images of the particles can be
obtained. Since the density of the particles is large, the particles
easily settle at the bottom of the cell. Therefore, the particles
are forced to disperse by strong flow under a high voltage
before the start of the experiment.

III. RESULTS AND DISCUSSION

Ataslightly lower voltage than the onset of EHD convection
V., although no convective pattern is observed, the particles
start to move parallel to the director in a ballistic fashion. Since
the roll pattern originates from the focusing and defocusing of
light by the deformed alignment of liquid crystal [25], the
invisible pattern suggests that the array of the convective roll
has not formed yet at this voltage. The motion of the particles
parallel to the director indicates that the global flow over the
whole cell is formed before the appearance of small rolls. The
existence of such a flow is probably due to the existence of
some symmetry breaking in our cell, which will be discussed
later.

As the roll pattern becomes clear, the oscillation of the
particles around the roll axis is apparent. The amplitude of
the oscillation differs from place to place a little bit. This is
partly due to the fact that the respective particles rotate at
different radial positions in the respective rolls. The frequency
of the oscillation f monotonously increases with the applied
voltage. In addition, the slow glide motion along the roll axis
appears, and the glide velocity v, also increases with the
applied voltage.

Above a certain threshold voltage, the axis of the roll starts
to fluctuate temporally, and the system enters the FWD regime.
The break and recombination of the rolls have also been
observed as shown in Fig. 1(b). The particles are not only
confined to single roll but also jump to the neighbor rolls. This
makes the trajectory of the particles two-dimensional.
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FIG. 1. (Color online) Shadowgraph image of EHD patterns and
silica particles (left) and the trajectories of the dispersed silica
particles (right). (a) Williams domain: stationary array of convection
rolls. (b) Fluctuating Williams domain: convection rolls fluctuate their
roll axis, and the defects of rolls appear.

In all voltage regions we studied, the oscillation of the
particles parallel to the director has been observed. From
the Fourier spectrum of the temporal change of the particle
position of ten particles, we evaluate the average oscillation
frequency f for the respective voltage V. The dependence of
f on V is well fitted by f oc (V — V,)*3, and we obtained
the critical onset voltage V., = 18 V. Figure 2 shows the
dependence of f on the control parameter of convection
defined as & = (V/V,)?> — 1. The best-fit curve of f oc £*?
to the experimental data is shown as a solid line in Fig. 2.
In previous studies on Rayleigh-Bendrd thermal convection,
the convection velocity which is proportional to convection
frequency is proportional to the square root of the driving
energy (Rayleigh number) [26]. In SMT, the angular velocity
of convection is also reported to be proportional to £*3 [21].
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FIG. 2. (Color online) Dependence of the oscillation frequency
£ on the control parameter ¢. The solid curve is the best fit of £%3.
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FIG. 3. Dependence of the glide velocity of the particles along
the roll axis v, on the control parameter £. The rate of the increase of
the velocity changes around ¢ = 0.26.

However, this is different from the previous results reported
for EHD with different cell geometry [22,23], where the
convection velocity linearly increases with V. Although our
data also can be fitted by the linear dependence of ¢, the best-fit
value of V, becomes much smaller than that observed.

The particles also slowly move parallel to the axis of the roll
with a constant velocity. The direction of this slow glide motion
is opposite in the neighbor rolls. This indicates the helical flow
exists in the respective rolls. This kind of glide motion of the
particles suggests the existence of symmetry breaking in our
system, which has been also discussed at V < V.. Hertrich
et al. reported a similar glide motion of particles along the
roll axis in a twist nematic cell [27]. The glide velocity was
reported to depend on the twist angle between the directions
of the liquid crystal at the top and bottom surfaces. When the
alignment is parallel, the velocity becomes zero. From the data
for MBBA in Ref. [27], the estimated mismatch angle in our
cell is about 6.5°. Therefore, the possible origin of the flow
along the roll axis might be the mismatch of the alignment
between two cell surfaces.

The glide velocity v, monotonously increases with ¢, as
shown in Fig. 3. Even close to ¢ = 0, vg exhibits a finite value.
For larger ¢, the rate of increase in v, becomes larger than that
for smaller €. There is a deflection point at around ¢ = 0.26.

With an increase of the applied voltage, the pattern changes
from static Williams domain [Fig. 1(a)] to dynamic fluctuating
Williams domain [Fig. 1(b)]. In the FWD state, the parallel roll
temporally fluctuates in the vertical direction. The oscillation
of the direction of the roll axis accelerates continuously with
the increase of the applied voltage (data not shown here). The
threshold voltage to FWD from the change of the pattern is
about ¢ = 0.22 and shows good agreement with the onset of
the enhancement of v, in Fig. 3.

In the FWD region, a particle starts to travel for a longer
distance perpendicular to the roll axis. This motion relates the
fluctuation of the roll axis, and the particles occasionally hop
(or are pushed out) to the neighbor rolls. The creation and
annihilation of defects have been reported in the FWD [28].
The fluctuation of the roll axis induces defects, and the
annihilation of defects along the direction perpendicular to
the roll axis creates a path connecting neighboring rolls. This
enables the particles to move around many rolls. Therefore,
the trajectories of the particles extend over two dimensions, as
shown in Fig. 1(b).
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FIG. 4. (Color online) Dependence of the averaged MSD of a
particle vertical to the roll axis on the elapsed time ¢. The different
symbols are averaged data of 80 particles obtained for different ¢.

The motion of the particles perpendicular to the roll axis is
analyzed by the dependence of the MSD in this direction on the
time elapsed 7, as shown in Fig. 4. Below the threshold voltage
of the FWD, the particles are trapped in a single roll, and MSD
only oscillates with time (¢ < 0.2). Above the onset voltage of
FWD, the oscillation becomes less obvious, and the diffusion
in the vertical direction becomes significant. At the short
time period, the particle exhibits the oscillatory motion with a
constant angular velocity 2. Since the MSD is approximately
proportional to sin?>(2Q¢), MSD for small ¢ is expected to be
proportional to #2. The short time temporal change of MSD
obtained is proportional to ¢! and becomes superdiffusive or
subballistic. At long time periods, the MSD becomes a linear
function of 7, and the motion of the particles approaches normal
diffusion. We can evaluate the effective diffusion constant D
from data at large ¢t as D = lim;_, ,,MSD/(2¢).

The dependence of the effective diffusion constant D on
e is shown in Fig. 5. The dependence can be well fitted
by D o (¢ —0.22)°75 (solid line in Fig. 5). The value of
D is much larger than the molecular diffusion constant
D,, = 1.81 x 1073 /LmZ/S, which is estimated by the Stokes-
Einstein relation D, = kg T /67 na, where kg is the Boltzmann
constant,a = 5 um, T = 298 K, and n = 0.024 Pa s [29]. The
enhancement of D is over 10°.

The motion of the particles perpendicular to the roll axis
can be simply modeled by the combination of two motions:
The particles oscillate in sinusoidal fashion in a roll and hop to
the neighbor roll with the probability p every half time period
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&

FIG. 5. (Color online) Dependence of the effective diffusion con-
stant D on the control parameter ¢. The solid curve is the best fit of
(s — 0.22)%7 to the data.
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FIG. 6. (Color online) Dependence of the simulated MSD on the
elapsed time ¢ by varying the transition probability p. The respective
curves are averaged for 50 samples. The upper schematic explains
the situation of our simulation: A particle rotates in a roll with a
constant angular velocity 2. The particle hops to the neighbor roll
with the transition probability p and remains with the same roll
with probability 1 — p. The time period of the rotation is fixed to
T =2m/ Q2 = 40, and the radius of aroll a is set to 1. The inset graph
shows the dependence of the effective diffusion constant D on p. The
best-fit curve in the insetis D = Cp/(1 — p) (C is constant).

of the oscillation. The particles continue to oscillate within
the same roll with the probability 1 — p. The direction of the
rotation in the neighbor roll is the opposite (see the schematic
inFig. 6). We simulate the motion of one particle by varying the
transition probability p and calculate the averaged MDS over
50 samples starting from the various initial angular positions
as shown in Fig. 6. The period of the oscillation in a roll is
fixed to T = 40, and the radius of the roll is set to a = 1 in
our simulation.

At the short time period, MSD is approximately propor-
tional to ¢2. This is due to the oscillatory motion at short time
as already discussed. At the long time period, MSD exhibits
linear time dependence. The effective diffusion constant D
monotonously increases with p, as shown in the inset of Fig. 6.

To compare the simulation data with the experimental data,
the both data sets are drawn in reduced scale in Fig. 7. The time
is scaled by the time period of rotation 1/f, and the MSD is
scaled by D/f. The MSDs in the FWD region seem to collapse
into a single master curve. The master curve looks similar to the
simulated one for p = 0.3, as shown by the solid line in Fig. 7.
The agreement between whole curves is quantitatively good.
However, the slopes of the experimental curves at the short
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FIG. 7. (Color online) Temporal change of MSD obtained exper-
imentally in the reduced unit for the various control parameters €. The
MSD is plotted in units of D/f. The time ¢ is plotted in units of 1/f.
The solid line is simulated for p = 0.3.
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time are smaller, and the experimental curves at the crossover
time become dull in comparison with the simulated one. These
differences are partly due to the distribution of experimental
data and the influence of the fluctuation of the roll axis in
FWD.

Recently, the stochastic model mentioned above has also
been studied theoretically by Suzuki et al. [21] to discuss the
diffusion of particles in the fast mode in SMT. The analytical
form for the long-time diffusion constant D is obtained as D =
fd*>p/(1 — p), where f is the frequency of the convection of
the roll, d is the diameter of the roll, and p is the transition
probability to the neighbor roll. The dependence of D on p is
also checked by the result of our simulation as shown in the
inset of Fig. 6. We apply this relation to our experimental data
for the estimation of p. The frequency f is estimated from
the best-fit curve in Fig. 2. We used the experimental averaged
width of the oscillation d = 16 um and fixed it for all €. This
value of d is much smaller than the width of the convection
roll, 27 um, as assumed in the theory. A similar small value
of d has been reported in SMT [21]. From the measured D,
the transition probability p is evaluated as a function of ¢, as
shown in Fig. 8. The value of p greatly increases with ¢ at the
onset voltage of FWD and saturates around p = 0.3 for large
. The slight variation of the experimental curves in Fig. 7 is
due to the difference in p for respective €.
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FIG. 8. Dependence of the evaluated transition probability p on
the control parameter ¢. The value of p rapidly increases at the onset
& from WD to FWD.
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The observed enhanced diffusion constant due to EHD
convection can be explained as follows: The particles are
carried by the convective flow with the constant rotational
velocity within a single roll. They hop to the neighbor roll
stochastically due to the fluctuation of the roll axis. The
enhancement of diffusion is mainly due to the increase of the
velocity of convection and the increase of the hopping rate. If
p does not depend on ¢, D is proportional to f and is scaled as
€03, This dependence of D on the control parameter is similar
to that predicted for Rayleigh-Benard convection [11,12]. The
onset of vertical diffusion is due to the fluctuation of WD.

IV. CONCLUSIONS

We have studied the motion of micrometer-sized colloidal
particles in the electrohydrodynamic convection of nematic
liquid crystals. At the voltage region of the Williams domain,
the particles exhibit a rotation around the roll axis and a glide
motion along the roll axis. Above the onset voltage of the
fluctuating Williams domain, the particles occasionally hop
to the neighbor rolls, assisted by the fluctuation of the rolls.

PHYSICAL REVIEW E 90, 012502 (2014)

This varies the particles’ trajectory from one-dimensional to
two-dimensional. The motion perpendicular to the roll axis
exhibits Brownian motion (convective diffusion) at the long
time period. Its effective diffusion constant is 10° times larger
than the molecular diffusion constant. This large enhancement
lies in the difference in the mechanism of particle motion. From
the simple simulation and theoretical analysis, the observed
enhanced diffusion constant is quantitatively understood by a
combination of the rotational motion due to the convective flow
and the frequent hopping to the neighbor roll. We confirmed
that the mechanism proposed for the fast mode in soft mode
turbulence is also applicable to the transport of the particles in
the conventional WD and FWD.
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