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Abstract

Liquid crystal molecules can be reoriented by weak light field. Indeed, this reorientation
depends on anchoring energies, boundary conditions and also on the thickness of liquid
crystal. Laser-induced hydrodynamic motions in initially hybrid oriented nematic liquid
crystal have been studied theoretically under different laser power. It has been shown the
reorientation of liquid crystal molecules induced by direct volume expansion mechanism
for two directions of hydrodynamic flow. It has been studied the dependence of specific
reorientation on anchoring energies. Hydrodynamic flow velocity gradient brings about a
small increase of curvature when hydrodynamic flow velocity is directed out of the “flexible
ribbon’s” curvature. The “flexible ribbon” reverses its curvature when velocity is directed
into “flexible ribbon’s”’ curvature and when we have weak anchoring from planar boundary.

Keywords: Nematic liquid crystal, Hydrodynamics, Light-induced reorientation, Anchor-
ing energy

1. INTRODUCTION

Light-induced reorientations in liquid crystals (LCs) were studied in many works [1-7]. It is dis-
cussed how the initial orientation of the director influences on the light-induced Frederik’s transition
and analyzed several novel phenomena about interaction of light with nonuniform mesophases [8].
There are many methods for LC reorientation: electric field, magnetic field, heating etc. The laser-
induced local heating of LC due to the absorption can cause phase transition if the input laser power
is above threshold value. The thermal variations and phase transition can be controlled by input
laser parameters and be used in phase-shifters, optical switches, [9] and femtosecond laser beam
shaping [10].
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The heating of LC can cause phase transitions and can be controlled In some papers is represented
the influence of the temperature gradient on the LC’s director reorientation. The hydrodynamic
flow of LC can appear due to the influence of heating. LC droplet starts moving with the station-
ary distributed velocity profile across the LC sample when thermomechanical force overcome the
viscous and elastic forces [11]. It is mentioned that the characterization of the hydrodynamic flow
not only depends on the temperature gradient, but also the anchoring energies [12]. There are many
ways and methods to change the orientation of LC molecules. At the same time the reorientation
can be controlled in a different way depends on used method. Here [13] they use Ferroelectric
microplatelets and apply electric field. In this case platelets are used as a guide for LC molecules.
LC reorientation is exploited to analyze the electric field generated by light irradiation in iron-
doped lithium niobate crystals. The characterization of the electric field optically generated inside
the LC layer is highly desirable in view of the realization of new optical devices to be integrated
into optofluidic platforms [14].

If the LC is placed between two horizontal glass plates, then without any external influences it
remains at rest. Nevertheless, very small absorbed light can make LC to flow. The direct volume
expansion mechanism is one of the mechanisms, which allows to convert the absorbed light energy
into reorientation energy. The first time, it is reported an experimental study of the optical properties
dynamics of the hybrid alignment of nematic liquid crystal (NLC) under the influence of flow caused
by volume expansion mechanism [15]. In this paper it is presented initially hybrid-oriented LC,
which is affected by a laser light. Laser- induced hydrodynamic motions change the orientation of
the LC. It is discussed some cases of reorientation using different power of laser. It is useful to
know the laser power which is able to make reorientation of LC molecules. Here we also take into
account the anchoring energies which play a big role in our study.

2. ANCHORING ENERGY AND REORIENTATION

LC molecules are not fully oriented in the absence of external influences but preferably oriented only
within small domains. For the LC to be homogeneously oriented throughout the cell, it is necessary
to give certain boundary conditions to the walls of the LC. Anchoring energy is involved in boundary
conditions. In this paper we describe the reorientation induced by direct volume expansion. This
mechanism is introduced in some papers [7, 15, 16]. The LC cell is connected with another LC
volume (FIGURE 1), which is designed for absorbing the light energy. That creates a volume
expansion and becomes the reason of hydrodynamic flow, because the expansion of the liquid
creates a pressure gradient over the cell. We assume that the pressure gradient is along the x-axis,
resulting in a Poiseuille flow [17] with v = vey, where v is the velocity of hydrodynamic flow in the
cell. We consider d/0x = 0/dy = 0 and the director n stays in (x,z) plane. Then the equation of the
reorientation angle ¢(z,¢) can be deduced considering NLC director reorientation, Navier-Stokes
and thermal conductivity equations which describe our system [7]:
2
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where ¢ is the reorientation angle, K; are Frank’s elastic constants, «; are Leslie coefficient of NLC,
pc,, is the specific volume thermal capacitance (in erg/ cm3K), y is the absorption factor (in cm 1)
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and P is the laser radiation power (in erg/cm? ), V is the volume of absorbing liquid and 3 is the
thermal expansion coefficient (in K~1).
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Figure 1: Schematic representation of direct volume expansion mechanism.

From mathematical point of view, it is more suitable to write this equation in the following form:

0
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where the following notations are done: K = K3/K1, A = (K1-K3)/K1,a = (as+az) /a2, { = z/L,
t=Kit/(yL?),y = a3 — as, D = 68xVaz/(Kipc).

Equation (2) describes a laser-induced (without threshold) hydrodynamic flow in an NLC with the
director confined in the (x, z) plane. We are going to solve this equation using "Mathematica”.
Nevertheless, we need to define the boundary and the initial conditions in order to be able to solve
the equation. The boundary conditions are related to the anchoring energies.

There are some articles about the measurement of anchoring energies. It is suggested a way to
evaluate the anchoring energy of LC by determining the LC tilt angle at the boundary of a substrate.
There is explained the theory how to calculate it and also some experimental results [18]. The
experimental measurement of anchoring energy strength of LC cells is described in their work [19].
The technique is based on the possibility of gathering a large amount of very precise data about
the linear optical response of the cell in different experimental conditions, using spectroscopic
ellipsometry. In our article we discuss hybrid-oriented NLC. Which means the initial condition
can be written by the following form:

Fis
0(0.0)= 3¢ G)
this means that on the lower wall we have homeotropic orientation and on the upper wall the

molecules are planar-oriented.

As we study the influence of anchoring energies on the reorientation, they must be represented on
boundary conditions. In other words we define the boundary conditions which depend on anchoring
energies. The values of the latter are in this range:10™%—10"'erg/cm? [18]. If the anchoring energy
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is 10~'erg/cm? the boundary condition is strong, means there is no change of orientation on the
boundary. For hybrid-orientated LC the boundary conditions have the following form corresponding
for the lower (z=0) and the upper(z=L) walls:

0
(Kisin’p + K3c0s2¢p)a—j — oysingcosg =0 4)

0
(Kysinp + Kgcoszw)a—f — oosingcosg =0 (5)

In the above equations, oy and o are the coefficients of surface anchoring energy (in erg/cm?).
The NLC can be considered as a ”flexible ribbon” due to its elasticity. We have studied 2 directions
of hydrodynamic flow (FIGURE 2).

Direction 1 Direction 2

) /) <

Figure 2: Representation of the LC as a “flexible ribbon”. Direction 1 and 2 are the directions of
the hydrodynamic flow.

3. NUMERICAL SOLUTIONS AND DISCUSSION

Equation (2) was solved for 2 directions of hydrodynamic flow with Eq. (3-5) initial and boundary
conditions using “Mathematica-11”. In the calculation for NLC MBBA [20] we assumed K; =
10%erg/cm, K3 = 7.5 - 10 erg/cm, az = 0.8P, a3 = 0.012P, B = 1073K~L, pc, = 1J/cm3K,
V = 1lem3, L = 12um, [ = 0.1cm. NLC MBBA and geometrical sizes of the cell we choose
as an example. The hydrodynamic flow velocity and director reorientation arises without light
intensity threshold and decreases with increasing of cell thickness. In this paper we have studied
the reorientation induced by different laser power.

In the case of the first direction of hydrodynamic flow we get totally different results when we
change the boundary conditions. When the surface anchoring energy of the lower wall (initially
homeotropic-oriented wall) is 10~3erg /cm? (weak boundary condition), and the energy of the upper
wall (initially planar-oriented) is 10~'erg/cm? (strong boundary condition), hydrodynamic flow
tries to make the molecules to take the direction of the flow [20]. In Fig. 3(a) it is presented
how the reorientation induced by different laser power is changed 0.9 seconds after the start of the
hydrodynamic flow. 0.9 seconds is the time after which there is no more reorientation in the case of
0.5mW /cm? laser power. We can see that weak laser light (0.05mW /cm?) almost do not change the
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orientation and 0.5mW /cm? laser power is enough to reorient the molecules to planar, but is much
weaker than that is necessary for NLC phase transition. It is important, also, that light is absorbed by
big volume (left side in the FIGURE 1) and the reorientation happens in the thin LC cell. It means
that even for higher light intensity absorption and phase transition in the big volume will not affect
on the phase transition in the thin cell for long time period. If the power is higher than 0.5mW /cm?
the reorientation takes place rapidly and the reorientation angle becomes larger. This is easy to see
in Fig. 3(b), where is shown the change of the reorientation angle along the cell and in time under
1mW /cm? laser radiation. In addition, as much the surface anchoring energy of the lower wall is
smaller, the reorientation angle of the molecules near the lower wall is greater.
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Figure 3: The reorientation angle when it is applied weak boundary condition to the lower and
strong boundary condition to the upper wall. a) The angle between the director and z
axis for different laser power: The black line corresponds to the initial state (T = 0 s, no
reorientation). The colored curves correspond to reorientation caused 0.9 s after launching
the laser radiation. Red: P=0.05mW /cm?, green: P=0.5mW /cm?, blue: P = lmW /cm?3.
b) The change of the reorientation angle along the cell and in time at 1mW/cm? fixed
power.

When the surface anchoring energy of the lower wall is 10~ 'erg/cm?, and the energy of the upper
wall is 103erg/cm?, the “flexible ribbon” reverses its curvature Fig. 4. It takes place at the time
when deformation energy becomes larger than surface anchoring energy. When the curvature is
reversed hydrodynamic flow is directed already out of it and we detect an additional increase of
curvature.

In this case if we take the value of the laser power 0.05 mW /cm?, then the reorientation occurs grad-
ually, the reorientation angle decreases and the reorientation dependence on z/L is close to linear
dependence and there is no reversing of curvature. When the laser power is higher (4mW /cm?) the
reversing of curvature is more obvious and emerges faster. In FIGURE 4(b) it is shown the change
of the reorientation angle along the cell and in time under 4mW /cm? laser radiation.

In the case of the second direction, when the flow velocity is directed out of the “flexible rib-
bon’s” curvature, the curvature increases [20]. In FIGURES(a) and FIGUREG6(a) is presented how
the reorientation induced by different laser power is changed respectively 0.5 and 0.7 s after the
start of the hydrodynamic flow. Those are the required time periods for the molecules to take
their final reorientation under 0.5mW /cm? laser radiation. We have observed different switching

147



https://wjphysics.com// | April 2024 V. Hakobyan and R. Hakobyan

¢ (rad) (a)
1.5-
1.0;
0.5¢

02 0.4 0.6 0.8 10
-0.5F @ (rad) o
-10f

-1.5¢ 0.2

time (s) 04

Figure 4: The reorientation angle when it is applied strong boundary condition to the lower and
weak boundary condition to the upper wall. a) The angle between the director and z
axis for different laser power: The black line corresponds to the initial state (T =0 s, no
reorientation). The colored curves correspond to reorientation caused 1 s launching the
laser radiation. Red: P=0.05mW /cm3, green: P=0.5mW /cm?>, blue: P = 4mW /cm3. b)
The change of the reorientation angle along the cell and in time at 4mW /cm? fixed power.
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Figure 5: The reorientation angle when it is applied weak boundary condition to the lower and
strong boundary condition to the upper wall. a) The angle between the director and z
axis for different laser power: The black line corresponds to the initial state (T =0 s, no
reorientation). The colored curves correspond to reorientation caused 0.5 s after launching
the laser radiation. Red: P=0.05mW /cm?, green: P=0.5mW /cm?, blue: P = 4mW [cm?3.
b) The change of the reorientation angle along the cell and in time at 4mW /cm? fixed
power.

times since the boundary conditions are different and the LC reorientation behaves differently
depends on the direction of hydrodynamic flow. When we have small anchoring energy at the
lower wall, the orientation of the molecules near that wall is changed (FIGURE 5(a)). When we
have small anchoring energy at the upper wall, where the molecules are initially planar-oriented,
the hydrodynamic flow almost doesn’t change the orientation of the molecules (FIGURE 6(a)). The
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Figure 6: The reorientation angle when it is applied strong boundary condition to the lower and
weak boundary condition to the upper wall. a) The angle between the director and z
axis for different laser power: The black line corresponds to the initial state (T =0 s, no
reorientation). The colored curves correspond to reorientation caused 0.7 s after launching
the laser radiation. Red: P=0.05mW /cm3, green: P=0.5mW /cm3, blue: P =4mW [cm?3.
b) The change of the reorientation angle along the cell and in time at 4mW /cm? fixed
power.

study of the reorientation due to the absorption of 0.05 mW /cm? laser shows that the reorientation
occurs slowly and the angle of reorientation decreases. In the case of high power 4mW /cm? the
curvature becomes bigger and the reorientation occurs faster (FIGURES(b) and FIGURE 6(b)).
In the second direction of the hydrodynamic flow, planar-oriented molecules almost do not change
their orientation and remain planar even when the surface anchoring energy is 10 %erg/cm?. This is
because planar-oriented molecules have flow direction which is considered as a preferable direction
for the molecules.

4. CONCLUSION

In this paper it is presented initially hybrid-oriented LC and it is discussed some cases of reori-
entation using different laser power. We have studied the difference of molecules reorientation
depend on boundary conditions. Let us present hybrid initial orientation of nematic liquid crystal
cell as “flexible ribbon”. We revealed that there is no curvature reversing in the case when the
hydrodynamic flow is directed out of the “flexible ribbon’s” curvature and the laser power is too
weak, the flow brings an increase of the curvature. The curvature deforms more completely and the
deformation increases in time when velocity is directed into “flexible ribbon’s” curvature. The de-
formation free energy initially increases until saturation. The “flexible ribbon” reverses its curvature
at the time when deformation energy becomes larger than surface anchoring energy at the wall with
planar initial orientation, and takes a form with less deformation energy. In that way hydrodynamic
velocity is directed out of the reversed curvature and brings an additional small increase of curvature.
The reversing time depends on NLC parameters and surface coupling energy. The latter depends
on the method of surface treatment. Higher intensities make the process of reorientation faster. The
development of this concept and implementation could also be a new indirect way of measuring
anchoring energies of NLC. We have to note that in our case a) laser-induced hydrodynamic flow
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has no threshold by light intensity, b) the light wavelength is related only in terms of absorption and
was not used in calculations, ¢) calculations are general for all NLC.
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