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Abstract: The aim is to study the processes of restoring the orientation of nematic liquid crystals (LCs) after a pulse shift. A sample of 4-octyl-
4'-cyanobiphenyl was examined. The thickness of the LC layers ranged from 35 to 105 microns. The research methods included an
experimental study of the effect of a mechanical shear pulse on thin layers of homeotropically oriented LCs (the Foner method) and
theoretical modeling based on the Eriksen—Leslie equations. The experiment was carried out on a multilayer cell. Changes in the
orientation of molecules were studied using optical imaging and recording of electrical signals. The obtained results showed a significant
change in the temporal dynamics of light transmission and the angles of rotation of the director with a change in the amplitude and
duration of the pulse. The main results showed that director relaxation occurs exponentially, and nonlinear effects such as the formation
of domain structures and orientation waves were observed at amplitudes from 200 to 350 microns. At the same time, the relaxation time
decreases rapidly. The proposed theory made it possible to explain the observed effects and calculate the relaxation time spectra. A
satisfactory agreement was found between the theoretical and experimental relaxation time. The results obtained are important for
improving the performance of LC-based devices such as displacement sensors, as well as understanding the fundamental mechanisms of

the functioning of LC materials.
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1. Introduction

Liquid crystals belong to a special group of substances that
combine the characteristics of both the liquid state and solid
bodies. The uniqueness of their physical and chemical
characteristics ~ determines broad prospects for practical
application, covering such areas as the creation of screen panels,
sensor elements, and biomedical devices. Of particular interest is
the possibility of changing their structure and optical properties
under the influence of external forces, such as an electric field,
thermal action, or mechanical pressure.

Research on the problems of orientation instability of liquid
crystals (LCs) under external influences is one of the most
important areas of scientific research. Scientists are actively
interested in this issue because understanding the nature of the
appearance and evolution of orientation defects helps to improve
the design and efficiency of devices based on LCs. The effect of a
mechanical pulse on the homeotropic layer of a nematic liquid
crystal (NLC) leads to a clarification of the preparation (“flash”).
This phenomenon is called photoelasticity. The study by Han
et al. [1] previously examined the influence of mechanical
momentum and temperature on the manifestation of the
photoelastic effect. It turned out that this effect is closely related
to the features of the microstructure of the mesophase, the level of
its organization, temperature, size, and nature of mechanical
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action. In another study by Arnous [2], an equation of NLC
motion under the influence of a time-varying shear is presented.
The authors show that two types of soliton solutions can exist,
preserving their shape and moving at a speed directly related to
the speed of shear application.

2. Literature Review

The phenomenon of orientation instability is caused by
modifications in the orientation of LC molecules under the
influence of external agents, among which mechanical stresses
and electric fields are distinguished. Pulsed mechanical loads
initiate specific manifestations of orientation instability, which are
expressed in the formation of domain structures and regular
configurations. Such effects have a significant impact on the
temporal and spatial parameters of the propagation of light fluxes
in LC media, which makes them the subject of close scientific
interest. Detailed knowledge of the physical nature of these
processes opens the way to creating highly effective methods for
controlling the properties of LCs.

Scientific publications of previous years cover various aspects
of the behavior of LCs under the influence of short-term mechanical
loads. Thus, the study by Zhao et al. [3] suggests methods for
monitoring the nucleation of domains in LCs under the influence
of pulsed shear forces. Another scientific publication [4] focuses
on the mechanisms of increasing the number of defects and their
subsequent influence on the optical qualities of the material. Yun
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et al. [5] consider in detail the features of the viscoelastic behavior of
LCs under sharp pressure jumps.

In addition, a separate area of research is focused on the analysis
of topological mesh structures formed in LCs under the action of
electric and magnetic fields. It was discovered that the number of
vortex formations in such a network is regulated by the use of
low-frequency electric fields, and a strong magnetic field can
stabilize the position of the grid. The presented experimental facts
are confirmed in the framework of a model based on the
amplitude equation with corrections for inertial effects [6].

It was demonstrated in research by He et al. [7] that the use of
polymer-stabilized cholesteric LCs makes it possible to create a
bistable light barrier. By changing the concentration of polymer
meshes, you can control the stability of both transparent and
opaque phases. Optimization of the transmission spectrum is
achieved by adjusting the spiral cholesterol pitch. The developed
optical gateway is characterized by high energy efficiency, as it is
able to maintain both stable configurations without external
activation.

The influence of a pulsed magnetic field on the tribological
characteristics ~ of = amorphous-nanocrystalline ~ composites
synthesized by high-speed plasma-powder sputtering is studied.
The proposed pulse mode facilitates the high-speed plasma
condensation procedure. The resulting coatings are characterized
by a decrease in the level of porosity, the presence of laminar and
sinusoidal magnetic domains, a significant content of amorphous
and nanocrystalline structures, and improved tribological
parameters compared to traditional coating technologies [8].

Functionalized LC “smart” windows controlled by sunlight are
considered. Modern achievements in the development of LC
windows with the introduction of functional dye compounds are
described in detail, and the role of these dyes in the regulation of
solar radiation and its application is emphasized. General design
solutions and operating principles of LC windows containing
functional components are presented. The mechanisms of
dimming and converting the energy of sunlight in LC screens
doped with dichroic, photosensitizing, and photothermal
substances are noted. The current trends and potential advantages
of LC windows that include these color additives are analyzed
[9-11].

Szukalska et al. [12] and Xu et al. [13] are devoted to controlled
generation based on the crystallization processes of a perylene dye
introduced into the matrix of an NLC. Modern research in the
field of optoelectronic technologies focuses on the development of
laser systems that have a wide practical application. Of particular
importance is the task of introducing laser television systems into
the daily life of every consumer. In this study, a comprehensive
analysis of the crystallization phenomenon in binary host-guest
systems is performed using an LC matrix containing impurities.
Special attention is paid to assessing the effect of different dye
concentrations on the indicators of multicolored luminescence,
laser efficiency, and morphology of the resulting material. The
threshold energies of stochastic laser radiation are reviewed in
detail, and the effect of constant potentials on the radiation
intensity is analyzed. The ability to adjust the color gamut by
varying the pump power indicates the great potential of such
systems for future-generation laser displays.

In studies by Pagidi et al. [14] and Shivaraja et al. [15], an
innovative device with a reduced operating voltage is proposed,
implemented on the basis of nanostructured polymer dispersions
of LCs containing ionic salts. The use of TFT technology has
reduced the required control voltage by 40% by dispersing the
ionic salt in the nano-structured polymer dispersed liquid crystals,
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while maintaining compatibility with existing standard devices.
The technique provides a significant reduction in electrical
intensity without deterioration of other electrophysical parameters,
such as speed and contrast of the switched state. Results of
measurements of frequency characteristics and response kinetics
are published. The effect of reducing the required voltage is
explained by the appearance of electrodynamic instability caused
by local ion transfer near the LC-polymer interface, which
weakens the retention of LC molecules and reduces the operating
electric field strength. The model introduced by the authors
provides a clear justification for the identified phenomenon of
electric voltage drop.

Active colloidal particles in the LC medium were subjected to a
thorough experimental study. In the absence of external force fields
and the self-organizing motion of active particles, the Bose—Einstein
condensate zones are in a passive state, and the equilibrium is
characterized by the presence of a long-range orientation order.
When an external electric field is applied, the active centers of the
condensate begin to show activity, moving, rotating around
themselves, interacting through mechanisms such as electrokinetic
effects, Quincke rotation, and fixation on defects in the structure
of the condensate. A system of tightly packed Quincke rotors
located around spherical defects of the smectic structure
demonstrates collective synchronous rotational motion with
increasing degree of activity. Electrokinetic reactions in LCs
proceed with acceleration proportional to the square of the electric
field strength. The presence of an electric field creates a spatial
charge as a result of optical distortions. Brownian motion in LCs
exhibits both anisotropy and anomaly. The trajectories of
movement of microorganisms are determined by the direction of
the LC director. Living LCs exhibit bands with periodic instability
and topologically chaotic turbulence. The macroscopic properties
of LCs significantly determine the behavior of bacteria, in
particular, the shape and trajectory of their movements. An
increase in the density of bacterial cells and an increase in their
activity lead to two consecutive stages of disruption of the
orientation order of a living LC: initially, a stably directed director
passes into a periodically curved structure, and a further increase
in activity leads to the formation, decay, and mutual neutralization
of pairs of positive and negative defects in dynamically changing
topological chaos schemes. The properties of living LCs radically
distinguish them from their corresponding isotropic analogues
[16-18].

A new method for controlling the intensity of defect modes in
multilayer photonic crystals equipped with an inner layer of an NLC
is also proposed. Under the influence of an alternating electric field,
various electrohydrodynamic domain structures (Williams domains,
inclined rollers, and lattice forms) appear in the nematic layer. These
domains cause polarization-sensitive light scattering effects, which
lead to anisotropic suppression of the intensity of defect modes.
By adjusting the applied voltage, it is possible to smoothly adjust
the transmission rate of the photonic crystal spectrum, and this
characteristic significantly depends on the direction of polarization
of the incident light [19-23].

Despite significant progress in studying the orientation
instability of LCs, important questions remain unresolved
concerning the exact description of the processes of deformation
and restoration of the structure of LCs after an external stimulus.
This article is aimed at an in-depth study of the behavior of LCs
when exposed to external fields. A comprehensive study of the
effect of pulsed mechanical actions on thin layers of NLCs is
carried out. Our approach includes a detailed consideration of the
relationship between the parameters of mechanical shear and
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Figure 1
Experimental cell with a liquid crystal (side view): 1 — conductive
chromium Cr coating; 2 — glass plate; 3 — thin movable plate;
4 — gasket; 5 — liquid crystal
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changes in the orientation of molecules, as well as identifying
patterns that control the formation of domains and the restoration
of the original structure. The results of our research allow us to
better understand the nature of orientation instability and offer
new possibilities for creating indicators for monitoring
displacement, vibration, or pressure.

3. Materials and Methods

Thin layers of NLCs with a thickness / from 35 to 105 microns
were studied. The orientation of the molecules was homeotropic. The
object of study was 4-octyl-4'-cyanobiphenyl (C,gH,;N), which is
found in the nematic phase in the temperature range 34.0-41.3 °C;
it has a dipole moment of p ~ 5.0 D and a permittivity anisotropy
of g, =~ 8.4 [24].

For experimental studies of LC properties, sandwich cells were
used (Figure 1). The cell was assembled from transparent glass plates
(20 mm x 30 mm x 2 mm). A conductive chromium coating was
applied to the plates, which provided a spontaneous homeotropic ori-
entation of the LC molecules. A cover glass made in the form of nar-
row strips, measuring 5 mm x 20 mm and 130-200 microns thick
(manufactured by Citotest), was placed as gaskets between the mas-
sive plates. To maintain the LC in the nematic phase, the cell was
placed in a thermostat, the temperature of which was controlled
by a thermocouple.

The Foner method was used to excite pulsed oscillations [25, 26].
Figure 2 shows a block diagram of the experimental setup. The cell was
placed on the slide table of an optical microscope. The optical signal
was recorded by voltmeters and a computer, and a video recording of
the sample’s behavior under external pulse action was also made.
The main element of the recording part of the installation is the
Amplival Pol U polarizing optical microscope and the SFN-10
spectrophotometric attachment. A coherent light source, the LGI-5
laser, was used for illumination. The wavelength of A=627 nm,
corresponding to the wavelength of the laser radiation, was set on the
scale of the SFN monochromator. The measurements were carried out
with the polarizer and analyzer crossed. The light transmitted through
the NLC cell, modulated by a change in the anisotropy of the
refractive index of the medium, was converted into an electrical signal
using a photomultiplier FEU-79. The light wave passing through the
cell was recorded with a prefix of the SFN-10 type. The constant
component of the luminous flux was then recorded by a DC
millivoltmeter. The time-varying optical signal I(¢) was amplified and
detected by a selective amplifier U2-8, and the signal was output to a
recorder and computer. The selective amplifier U2-8 made it possible
to register electrical signals in the range from 20 to 100 kHz. If it was
necessary to simultaneously analyze and study the spectral composition
of the studied signal, two paths were used, each of which independently
allowed processing spectral harmonics. The measurements were carried
out at an operating frequency of 120 Hz.

Figure 2
Block diagram of the installation for studying the pulse shift:
1—a source of sound vibrations; 2 — a slide table; 3 — a polarizing
microscope with a photometric attachment; 4 — a differential
thermocouple; 5 — a DC microvoltmeter; 6 — a selective
amplifier; 7 — an analog-to-digital converter (ADC); 8 — a
computer; 9 — a device for measuring the pulse shift analysis of
stationary ergodic random signals
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To create shear pulse disturbances in the NLC sample, the
membrane of the source of mechanical vibrations was connected
by a waveguide to a thin movable plate freely centered by tension
forces in the LC volume (Figure 3). The amplitude of vibrations
of the thin cell substrate was measured by inductive and optical
methods. In the case of using the inductive method, the
dependence of the oscillation amplitude of the movable plate on
the voltage across the inductor was plotted. In the optical method,
the amplitude was determined visually using a micrometer. The
range of amplitudes under study is a = 100-600 microns.

Consider the effect of a pulse on a homeotropically oriented
layer of nematic LC with a thickness of 4 =35 microns. Omitting
the intermediate calculations, we write out the equations of
motion of the NLC for the velocity and formulate the initial and
boundary conditions. For the chosen geometry, the equations of
motion of the continuum of long axes and centers of inertia of
molecules have the form [27], respectively:

0*8n 0*8n oén ov
Kn oy TR G g tmy = 0,
ov v 0%*n o*v
0 )

E:ﬂaafyz*ﬂlya)ﬁr'h@,

where K;; and n; are the Frank elasticity and Leslie viscosity coeffi-
cients, # is the director of the LC, ¢ is the time, y and z are the coor-
dinates (z is directed perpendicular to the cell, and y is directed
horizontally along the cell), and p is the density of the LC.

To simplify expressions, you should:
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Figure 3
(a) Side view of the pulsed oscillation drive circuit and (b) top view: 1 — magnet; 2 — LC cell; 3 — coil; 4 — concentrator; 5 — waveguide;
6 — piezo emitters
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where oy, a5, @, are the viscosity coefficients and y, is the rotational
viscosity.

In the following, we assume that the deviations of the director
are small, that is, §n ~ 0 << 1.

We formulate the initial and boundary conditions for the
director and velocities. Place the origin in the middle of the NLC
layer. From the formulation of the problem for the angle of
deviation of the director from the normal to the cell, it follows:

6lz=+d=0, 6)t=0=0, 2)

where +d are the coordinates of the surfaces of bounding NLCs.
Let’s choose the perturbation in the general form, and then for
the velocity, we write:

vlz=—-d=f(y,t), vjz=+d=0, v[t=0=0. (3)

Solving the problems (1-3) in a general form, even in a linear
approximation, is very difficult. Therefore, we restrict ourselves to
the case when the perturbation is only a function of time. In this
case, the equations of motion have the form [27]:

e 006 v
Bo2 Mg %,

o
0z%

Ov v 1

ot "8z 2 =0 @

P (g — a5 — o)

Equation (4) under conditions (1-3) can be easily solved by the
Laplace transform method [28]. In the image space, the expression
for the velocity [27] is:

sinA,d shiz + shid sini,z
sinA,d shi,d ’

U= F(p)

where A, and X, are the roots of the characteristic equation of system
(1) and F(p) is an image of the perturbation function f{).

The characteristic equation corresponding to the system of
Equation (1) has the form [28]:
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In the case of pulsed perturbations considered in reference [28],
the plate displacement can be represented as y = y,8(t), that is,
U|,_,q = U,8(t), when we have [27]:
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The value of A2 with a plus sign is discarded for physical rea-
sons since it gives an increasing solution. Thus, in a linear approxi-
mation, it follows that the perturbation of the director relaxes
according to the exponential law [27].

4. Results and Discussion

Let’s consider an experimental situation. Figure 4(a) shows the
shape of the shear pulse, and Figure 4(b) illustrates the relaxation
dependence of amplitude on time. At relatively small pulse values
(pulse duration t = 0.065 s), the LC layer is uniformly
illuminated, and the optical signal weakens to zero, which
corresponds to the visible dark field in the microscope eyepiece.

The optical signal was recorded using an ADC. Next, the
average square of the sine of the angle of deviation of the director
from the normal was calculated, and its time dependences were
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Figure 4
(a) Shape of the shear pulse; (b) relaxation dependence of
amplitude on time
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plotted for various pulse values (Figure 5(b)). Figure 5 shows the
relaxation dependences of the relative I light transmission value at a
pulse size a ~ 250 microns and the average square of the sine of
the constant angle of inclination of the LC director < sin®, > at dif-
ferent amplitudes of the pulse action (a = 180, 250, 295, 340 microns).

The presence of oscillations in the intensity of transmitted
polarized light is associated with an optical phase > m due to changes
in the refractive index and relaxation processes of the director’s reor-
ientation to the initial homeotropic state. In this case, the dependence of
the square of the average value of the sine of the angle of inclination of
the director relative to the normal to the cell < sin?6 > on time is of
great interest, where 6 — is the angle of inclination of the director rel-
ative to the normal to the surface (Figure 5(b)).

Let us make quantitative estimates of the relaxation times T,
which follow from formula (5). Since

TD
Ty =—73
" et )2

where 1, = (n;:)z, then for the NLC layer with a half-thickness
d = h/2 = 1.75-107° m, calculating the value 7, ~ 1s.

The values of the material parameters are taken from the
review [29]:

Ky =786-10—12712 N; 75, = 101.4-1073 N-s/m’;
Y1 = 72.8-107% N-s/m’; p = 10° kg/m?;
o, =-77.0-10"> N-s/m’; a, = 63.4-107° N-s/m’

o5 = 62.4 - 1073 N-s/m>.

Substituting the parameter values, we get the spectrum of times T,,;
for example, for n =1, the calculated relaxation times are 7, ~ 1 s and
7, ~ 0.11 s. Experimental values of the times are 7, ~ 1.14 s and
7, =~ 0.25 5. We see that they are values of the same order, respectively.

The behavior of an NLC is usually described by the Eriksen—
Leslie theory, which takes into account the influence of the first-
order smallness velocity gradient. If the velocity gradient becomes
large, then the theory stops working. In a real situation, with an
increase in the shear rate, the viscosity of the nematic usually

Figure 5
Relaxation dependences of (a) the intensity of the optical signal
and (b) the mean square of the sine of a constant angle of
inclination of the LC director
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decreases, and the so-called shear “thinning” appears, so the strain
relaxation rate is determined by two times from linear deformation
and from shear “thinning.” The latter is easily observed when, for
example, in a lyotropic LC, the solution concentration increases,
while in a thermotropic LC, the concentration decreases with
increasing sample thickness since the order parameter depends on
the thickness of the LC layer.

The coefficient for shifts of the “thinning” in this case [30] is:

HEHEE )N
ke=6D,|-(——2)+2(=(==2
4\c* 9 4\c" \c* 9

where D, is the rotational diffusion coefficient, c is the initial concen-
tration in the isotropic state, and ¢* is the volume concentration (in
our case, ¢*=1).

Consider the viscoelasticity of a solution of rod-shaped
molecules. The stress tensor of such a system consists of two
terms: elastic stress and viscous stress. At small amplitudes of the
action, the elastic stress does not affect the behavior of the LC. At
large amplitudes of exposure, the viscosity of the LC decreases
depending on the thickness of the sample.

De Gennes and Prost showed [24] that the dynamics of nematic
particles is described fairly well by Landau’s theory of phase
transitions and proposed a phenomenological nonlinear equation
for the tensor of the order parameter S

0
&Saﬂ = Faﬁ[s} + Gaﬁ[s}v

where S is the order parameter and G is the Green’s function (relax-
ation modulus of linear viscoelasticity):
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Figure 6
Amplitude dependences: (a) relaxation times; (b) optical signal
lifetime
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and the free energy of the Franc is:
. U 8,
Fos = _61){(1 - ?) Sup — U(sﬁusﬁu - %ﬁsﬁu) + Usaﬁs,iu},

where k4 is the strain rate tensor and 8, is the Kronecker symbol,
unit tensor (strain gradient).
The stress tensor is given as:

U 1
Gaﬂ = 3vk5T[Saﬁ<l — 3) — U<Sausmg — gaaﬂslztv) + USWSMI,SW]

where U is the total interaction energy, kj is the Boltzmann constant,
v is the amount of matter, and T is the temperature.

The dependences of the relaxation times 7 and the existence of
the optical signal ¢ on the magnitude of the acting pulse a were con-
structed (Figure 6). Within the framework of the Eriksen—Leslie
theory, the existence of two independent acoustic generation mech-
anisms is shown: convective and relaxation, which are characterized
by two relaxation times 7, andt,. From the amplitude dependences, it
follows that in the range of amplitudes from 200 to 350 microns,
there is a decrease in the times t (Figure 6(a)) and ¢t (Figure 6(b)),
which is associated with nonlinear processes occurring in the nematic
layer [24, 30]. In addition, as predicted above by the Eriksen—Leslie
theory, there are two relaxation times that are in good agreement with
the theoretical values.
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Visual analysis of the state of the nematic layer shows that at
pulse magnitudes from 200 to 350 microns, the director relaxation
character is fundamentally different from the state with a
homogeneous deformation of the director field. In this case, the
NLC layer is divided into linear domains orthogonal to the pulse
direction with a period d ~ 0.5 mm. The further time dynamics of
the resulting domains do not depend on the motion of the movable
plate. In this case, the propagation of orientation waves occurs along
and against the direction of the shear pulse so that orientation waves
are formed, which, when their fronts interact, annihilate. In this sit-
uation, the relaxation time decreases dramatically. If the pulse value
is increased further, the NLC illumination becomes homogeneous
again, and orientation waves are not formed. The dependence t(a)
first reaches a plateau and then, at an amplitude value of 500 microns,
begins to increase sharply, which is associated with large tilt angles
of the director in the LC layer, orientation discontinuities — the direc-
tor’s flip at angles 6 > 7.

5. Conclusion

In the course of these experiments, dynamic processes in thin
layers of NLCs under the influence of pulsed mechanical influences
were studied. The main attention was paid to the effect of the shear
pulse on the orientation of LC molecules and subsequent relaxation
phenomena. Under the influence of a mechanical impulse, the
formation of spatial inhomogeneities is observed, with orientation
waves propagating in the direction opposite to the applied force. It
is established that the relaxation time of the nematic layer is
inversely proportional to the square of the wavelength of
displacements caused by a mechanical shock. This suggests that
there are two time scales of the process: a fast relaxation period and
a slow one due to the influence of the internal structure of the
liquid. A comparative analysis of the theoretically calculated and
experimentally measured values of relaxation times was performed,
which showed a satisfactory agreement between the theory and
experiment. Thus, the conducted research will allow us to better
understand the physics of phenomena occurring in LCs under
pulsed effects and increase the accuracy of modeling the behavior
of LCs in real devices, which will improve the characteristics and
devices based on them (e.g., pressure, displacement, vibration, and
seismic activity sensors).
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