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Abstract. The Fréedericksz effect consisting in the reorientation of liquid crystal molecules in an
extended layer under the action of inhomogeneous electric field is simulated in the paper. The constitutive
equations for tangential stress, angular velocity, and electric potential are obtained from the equations
of a simplified dynamic model of a 5CB nematic liquid crystal in the acoustic approximation. The
algorithm for numerical solution of the constitutive equations is constructed on the basis of finite-
difference schemes. The algorithm is implemented with the use of CUDA technology for computers with
graphics accelerators.
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Introduction

Liquid crystals (LCs) have in a certain temperature range both fluidity (the property of lig-
uids) and anisotropy (the property of solid crystals). There is an order in the spatial orientation
of liquid crystal molecules which significantly affects their properties. To characterize the order a
unit vector “director” is introduced. It specifies the preferred direction of the molecules. Depend-
ing on the order of orientation of molecules there are three classes of LCs: nematic (molecules
are oriented in the direction of the vector-director and located randomly), smectic (molecules
form layers, and each layer has its own orientation of molecules) and cholesteric (molecules are
form into layers, creating a spiral). Liquid crystals are sensitive to external influences which
make it possible to control their properties by changing their spatial orientation. That is why
the liquid crystal state of matter is of scientific interest to researchers. Liquid crystals are widely
used in creating displays of various digital devices. Due to anisotropy of the permittivity weak
electric field causes the liquid crystal molecules to rotate, and it results in the change of optical
properties. The reorientation of liquid crystal molecules under the action of electric field was
first observed and studied by Fréedericksz and his colleagues [1]. The orientation was changed
when strong enough field was applied to the liquid crystal. This effect was called the Fréedericksz
transition, and it has a threshold character. Theoretically, it was studied using the elastic free
energy of Frank and the energy of interaction with electric field. The Oseen—Frank model [2,
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3] describes the static state of liquid crystals. According to the theory, the field causes such
deformation of the liquid crystal that distribution of molecules corresponds to minimum of the
free energy which is equal to the sum of elastic and dielectric components. The elastic energy is a
quadratic form in terms of derivatives of the vector-director with respect to spatial coordinates.
However, this model cannot be generalized for the analysis of dynamic processes. It does not take
into account translational motion because only rotational motion is considered. By now univer-
sal dynamic model has been developed by Eriksen [4] and Leslie [5]. It is based on conservation
laws and takes into account translational and rotational degrees of freedom of molecules. This
theory describes the flow of nematic liquid crystal from the hydrodynamic point of view, and it
is reduced to the Oseen—Frank theory in the static case. The need to create new dynamic models
of liquid crystal is dictated by the complexity of the existing universal Eriksen—Leslie model that
requires construction of state functions using specific experiments. A simplified dynamic model
in the acoustic approximation was proposed [6]. It includes equations of acoustics and heat con-
duction. These equations are based on conservation laws and the Cosserat continuum model, and
they include small independent rotations of particles in addition to translational motion. The
model describes he dynamic behaviour of nematic liquid crystals under the action of mechanical,
thermal and electrical external factors.

Analysis of an unstable state in statics was carried out in [7], where the governing equations of
the model are non-linear variational Euler equations for the electric potential and the orientation
angle of molecules in the problem of minimizing the potential energy functional.

This work is devoted to modelling the reorientation of molecules in an extended liquid crystal
layer located in the electric field of a capacitor with short plates arranged periodically. The
governing equations are obtained from the simplified dynamic model of the liquid crystal in
the acoustic approximation. The developed parallel numerical algorithm is based on an explicit
difference scheme of the second order of approximation. The accuracy of numerical solution
can be improved by choosing a finer grid due to the distribution of computational load. The
computational algorithm is implemented as a software package written in C+-+ by means of
CUDA technology using video card graphics accelerators.

1. Formulation of the problem

The governing partial differential equations for the angular velocity w and tangential stress
q are obtained by differentiating the equations of the simplified dynamic model of the nematic
liquid crystal:
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(1)

Here p is the density, j is the moment of inertia, 1 is the viscosity coefficient, a is the modu-
lus of elastic resistance to rotation, v is the modulus of elastic resistance to curvature change.
Equations (1) describe moment interactions of liquid crystal molecules under the action of in-
homogeneous electric field in a two-dimensional formulation. This model of the effect of the
Fréedericksz reorientation have a fewer number of equations in comparison with the general
model. The initial data for ¢ and w are
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are the values of the required quantities at the initial moment of time. The initial
linear velocities and moment stresses are assumed to be equal to zero. The boundary conditions
are formulated in terms of ¢ and w. The symmetry conditions for stress state of the liquid crystal
are given in terms of derivatives gz, , Wz, OF z,, Wz, (depending on the symmetry line).

During the action of electric field bulk forces f = (P-V) E and moment of forces m = P x E
arise. Here £ = —V is the electric field vector, P = ¢p x E is the electric polarization vector,
x = € — I is the dielectric susceptibility tensor, and ¢ is the dielectric susceptibility tensor. In a

2D formulation of the problem bulk forces and moment of forces are defined as follows

Ay A \ 02 Dy dp\ &
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The permittivity along moleculess| and permittivity across molecules ¢ are different. Compo-
nents of ¢ tensor depend on rotation angle of molecules 6:

e11 =g cos”f + e, sin?0, 99 = £ sin? 0 + e, cos? 0, €19 =¢e9 = (e) —eL) cosBsin,

Relations for calculating components of the permittivity tensor contain rotation angle that
changes each time step when solving dynamic problem. Thus, it is necessary to add an equation
for the rotation angle to system of equations (1):

% = w. (3)

Bulk forces and moment of forces (2) are taken into account in the right parts of governing
equations (1). In turn, a change in the spatial orientation of molecular domains due to the action
of forces and moment of forces leads to a change in the permittivity tensor. Then, electric field
is changed.

The perturbation by the electric field occurs as follows. A horizontally infinite flat liquid
crystal layer located between short capacitor plates is considered. Potential difference is set
between upper and bottom plates: ot = ¢% ¢~ = —¢Y. Conditions for the continuity of the
electric potential (between the dielectric and air) and the continuity of the normal component of
the electric induction vector are set at the interface:

pt=¢ Lgﬁié‘lzai 2
" Oxo O 0w 7

if T2 =0.

p=¢, 5127('0-1-6227 =
8171 8%2 31‘2

The initial distribution of orientation angles 6y relative to the x; axis is known inside the
layer. It is given, for example, as shown in Fig. 1. Angle 0 is calculated in succeeding time steps
using the difference analogue of equation (3).
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Fig. 1. Scheme of perturbation of the liquid crystal layer by an electric field

2. Computational algorithm

The solution of the problem includes several stages. At the first stage, it is necessary to
calculate the values of the electric potential included in (2). The electric potential satisfies the
anisotropic equation V- (- V) = 0 in the LC layer. To solve this equation the finite difference
method is used to implement an iterative process in which the Poisson equation is recursively
solved using fast Fourier transform with respect to new approximation of the potential ¢™*!:

ENQ"TE =ENAQ" —V - (- V").

Here the right hand side is calculated using approximation from the previous time step ",
constant € is chosen in such a way that iterative process converges. The process continues until
the relative error defined as the uniform difference norm becomes sufficiently small. Calculations
showed that no more than 10 iterations are required for the convergence of the iterative process
with a relative error of 1077 for £ = (g +£.)/2.

The Laplace equation Ay = 0 is satisfied outside the LC layer. It is solved by the method
of straight lines. The segment is uniformly partitioned in the direction x1, and derivatives with
respect to xo are replaced by finite differences. Thus, function ¢ is discrete in the direction
x1 and continuous in the direction x5. Further, the solution is constructed using the Fourier
transform. To calculate the solution, the same rectangular grid is considered for both solutions.
The algorithm of calculation of electrical action on the liquid crystal layer is described in detail
in [8]. After finding the values of the electric potential, bulk forces and moment of forces are
calculated using (2) where partial derivatives are replaced with finite differences. At the last
stage, using the explicit second order of accuracy finite-difference scheme “cross” values of ¢ and
w are determined:
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Then rotation angle is recalculated as follows

At
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3. Analysis of the unstable state of LC based
on the Oseen—Frank model

When the potential difference is below of some threshold value, an oscillatory motion of
molecules occurs with a small deviation from the initial position. The static Oseen—Frank theory
is used to estimate the instability of the equilibrium of the liquid crystal. In accordance with
the theory, the distribution of orientation angles of molecules in the equilibrium state of the L.C
layer under the action of electric field created by charges on the plates satisfies the stationarity
condition for the potential energy functional:

J:/V(Ff%D~E> v .

Here V is the rectangular area selected in accordance with the symmetry of the problem, E =
= — (O,gpxz,O), D =¢eye) E+eole(n- E)n, Ac = ¢ — e 1. The Frank free energy F' in the
one-constant approximation takes the form

_1 . 2 2
F_27(|V n? + |V x nf ) (6)

The vector-director responsible for the predominant direction of liquid crystal molecules depends
in this case only on xy: n = (cos 0(x2),sinb(xz), O). The equilibrium of liquid crystal molecules
is achieved by minimizing the Oseen—Frank free energy functional:

/V(F—%D~E>dV%min, (7)

where
D-E=¢cpe E*+e9Ac(n-E)> (8)

Taking into account that the first term in expression (8) does not depend on n and n in turn
does not depend on z1, this expression takes the form

do \? do \?
D -E=c¢ce <<p> + 60A€<d(p) sin” 6.

dro T2
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After substituting (6) and (8) into (7) and taking into account that sinf a 6, one can obtain
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Varying the functional and integrating it by parts, one can obtain that

h 2 2
a6 dy
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Thus, the Euler equation is obtained:

20 dp \°

The following chain of transformations is valid

Minimization of the functional gives an estimate of the instability at which the functional
loses its convexity. Corresponding Euler equation (9) with boundary conditions #(0) = 6(h) =0

has non-trivial solutions
ot =m | —
A

For a 5CB liquid crystal with v = 6 - 10712 H, g = 16.7, e L = 7 the threshold value the
potential difference is about 1 V. Above this value, the molecules lose their stability and turn

along the direction of the field, forming swarms of identically oriented molecules.

4. Calculation results

A parallel program implementing the described algorithms is written in C+-+ using CUDA
technology for computing systems with graphics accelerators. The calculations were carried out
on the high-performance Flagman server of ICM SB RAS.

In all calculations, the coefficients for the 5CB liquid crystal were taken according to experi-
mental data [9]. Earlier, the value of coefficient a = v2j 72 was based on the resonant frequency
v* = 350 MHz obtained experimentally in [10]. In the present work, calculations were carried out
for various values of v. It was studied how the orientation of molecules changes at different time
steps in this case. The bulk density of the moment of inertia is determined as j = p (Ndg)?/12,
where 5y = 1.87 nm, N = 10, p = 1022 kg/m3. A finite difference grid is introduced in the space
1, To with the space step Axq in the direction z1 and the space step Az, in the direction xs.
The time step is defined as At. The grid consists of a set of nodes R/} ; = R(tn,>1;,,72;,)-
Loads can be specified on some sections of the boundary.

Figs. 2—4 show the results of calculations for 10 x 4 ym liquid crystal layer under the action
of electric field for various initial orientations of molecules and various arrangements of plates.
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The horizontal lines show the boundaries of the layer exposed to electric field. The thick lines
show the capacitor plates. The capacitor plates are arranged non-symmetrically in Fig. 2 a, and
they are arranged symmetrically in Fig. 2 b. The length of the upper plate is 1 ym, the length of
the lower plate is 2.5 um in both calculations. The finite difference grid in the LC layer contains
640 x 256 cells, and in the outer parts of the layer it contains 640 x 128 cells.

a b
[ U =

-1.40 -1.09 -0.78 -0.47 -0.16 0.16 0.47 0.78 1.09 1.40

Fig. 2. Disturbance of the LC layer by electric field: level lines of electric potential ¢ at 10000th
time step; rotation angle of molecules 0 = 7 /4 (a), 0 (b)

Fig. 3 shows the level lines for the rotation angle of molecules in the LC layer for the problem
in Fig. 2 a for different a and v at various time steps. The results for v = 11 MHz and a = 0.36
Pa are shown on the left side, and results for v = 35 MHz and o = 3.6 Pa are shown on the
right side. The potential difference is 1.5 V that exceeds the threshold value of 1 V. Therefore,
liquid crystal molecules are reoriented in the direction of the electric field. One can also observe
the effect of formation of large domains of identically oriented molecules (so-called swarms), the
size of which changes with time.

Fig. 4 shows level lines with similar parameters but for symmetrical capacitor plates for the
problem in Fig. 2 b.

It is noted that the smaller v and hence coefficient o the larger swarms are formed which
more slowly break up into smaller ones over time. Swarms disintegrate already at 20000 — 25000
time step for v = 35 MHz. That is not observed for v = 11 MHz.

Conclusion

This paper presents mathematical model of the action of electrical field on liquid crystals.
Equations of the model are obtained from the previously developed dynamic model within the
framework of acoustic approximation. The model allows one to significantly speed up the time
of calculations. The algorithm for numerical solution of model equations is implemented as a
parallel program in C++ using CUDA technology.

The developed model can be used to study the behaviour of liquid crystals under the action of
electric field in dynamics and formation of swarms depending on the intensity of electric field, the
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Fig. 3. Distribution of orientation angles of LC molecule domains with symmetrical arrangement
of plates: 5000th (@), 10000th (b), 15000th (c), 25000th (d) time steps

initial rotation angle of molecules and location of the capacitor plates. The results showed that
as frequency increases smaller swarms are formed which quickly break up into smaller swarms.
The results of calculations can be applied to the study of the dynamics of liquid crystals in
the problems of propagation of thermoelastic waves caused by weak mechanical and electrical
disturbances.

This work is supported by the Krasnoyarsk Mathematical Center and financed by the Ministry
of Science and Higher Education of the Russian Federation in the framework of the establish-
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Fig. 4. Distribution of orientation angles of LC molecule domains with symmetrical arrangement
of plates: 5000th (a), 10000th (b), 15000th (c), 25000th (d) time steps
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Ananns HGYCTOfI“IPIBOI‘O COCTOAHMS HEMATUNYECKOI'O 2KMNJIKOI'O
KpHucCTaJljla Ha OCHOBe€ prOH[eHHOﬁ rZ[I/IHa,MI/I“IeCKOI'?'I MoaeJIin

Npuna B. Cmomaexo
WNucruryT Beraucinresbaoro mozgenuposannss CO PAH

Kpacuosipck, Poccuiickas Pejiepariust

Awnnoranusi. B craree Mmozemupyercst acpdert Ppenepurca, COCTOSIMUI B MEPEOPUEHAIINA MOJIEKYJT
JKUJKOTO KPUCTAJLIA B MPOTSI?KEHHOM CJIO€ IO/, JeHCTBUEM HEOTHOPOJHOIO 3JIEKTPUIeCKOro moJist. Ompe-
JIeJISIIOIIIEe YPABHEHUS JIJIsI KACATEJbHOTO HAIIPSIZKEHNUsI, YTJIOBOIl CKOPOCTH M 3JIEKTPUIECKOTO IOTEHIHU-
aJia TOJIyYeHbl U3 YPABHEHUI YIIPOITEHHON IUHAMUYIECKON MOJEIN HEMATHYIECKOTIO YKUJIKOTO KPUCTAJLIA
511b B akycruueckoMm mpubsmzkennn. [locTpoeH ajaropuT™M YUCIEHHOTO PEIEHUs ONMPEeISIONNX YPaB-
HEHUl C IOMOIIBI0O KOHEYHO-PA3HOCTHBIX cxeM. IIporpamMuasi peasim3aliuss ajropuTMa BbIIOJJHEHA 110
rexuosiorurn CUDA 151 KOMIIBIOTEPOB ¢ IpadUIeCKUME YCKOPUTEJISIMU.

KuroyeBbie cjioBa: XXUJIKUA KPUCTAJ, IUHAMUKA, dJEKTPUIECKUil moreHnual, s¢pderr Openepukca,

MeTOJI, IPSIMbIX, ypaBHeHue Jlamiaca, napajuiesabaoe nporpamMmMupoBanue, Texuosorus CUDA.
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