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Features of director reorientation in a thin nematic film under the influence
of crossed electric and magnetic fields

Izabela Sliwa*
Poznan University of Economics and Business, Al. Niepodleglosci 10, 61-875 Poznan, Poland

Pavel V. Maslennikov

Immanuel Kant Baltic Federal University, Kaliningrad 236040, Str. Universitetskaya 2, Russia

Alex V. Zakharov ©#
Institute for Problems in Mechanical Engineering of the Russian Academy of Science (IPME RAS),
Bolshoy pr. V.O., 61, St. Petersburg, 199178, Russia

® (Received 23 December 2023; accepted 11 April 2024; published 26 April 2024)

The theory based on numerical study of the system of hydrodynamic equations, which includes the director
motion, shows that under the influence of crossed electric E and magnetic B fields, the director reorients in such
a way that the transient quasiperiodic patterns may arise in microsized nematic volumes if the corresponding
distortion mode has the fastest response and thus suppresses all other modes, including uniform ones. It has
been shown that there is a threshold value of the amplitude of the thermal fluctuations of the director over the

microsized nematic film which provides the nonuniform rotation mode rather than the uniform one, whereas the
lower values of the amplitude dominate the uniform mode.
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I. INTRODUCTION

The main parameter characterizing the quality of a liquid-
crystal (LC) display is the time ton ~ y;/E? necessary for
the reorientation of the director field fi under the action of an
external electric field E [1]. If this field is directed across a
LC film, then its magnitude should exceed the critical value

Ey given by [1]
En=" |5 (1)
h = p

where y) is the rotational viscosity of the LC phase, d is the
film thickness, K is the splay elastic constant, € is the abso-
lute dielectric permittivity of free space, and ¢, is the dielectric
anisotropy of the LC sample. This form for the critical field
is based upon assumption that the director remains strongly
anchored (in our case, homogeneously) at the two horizontal
surfaces and that the physical properties of the LC are uniform
over the entire sample for E < Ey. When the electric field is
switched on with a magnitude E greater than Ey,, the director
i, in the “splay” geometry, reorients as a simple monodomain
[2-5].

In the case E > Ey, when the strong electric field is
abruptly applied orthogonally to an initially uniformly and
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homogeneously aligned nematic (HAN) film, the director re-
orients in such a way that the transient periodic structures may
arise if the corresponding distortion mode has the fastest re-
sponse and thus suppresses all other modes, including uniform
ones [6-10]. A periodic distortion of the LC phase gives rise
to a shear viscosity, which reduces the total effective rotational
viscosity yesr, connected with the reorientation of the director
field. Rotating domains arising in this case favor the reduction
in the effective viscosity yesr, which characterizes the energy
dissipation rate and thus creates modes of reorientation of the
director field more favorable than a uniform rotation. As a
result, this leads to a reduction in the direction field reorien-
tation time ton [4]. It is important, both from an academic
and a technological point of view, to investigate the dynamic
director reorientation in a thin nematic liquid crystal film
confined between two transparent electrodes and subjected to
competing constraints.

We report here the results of the quantitative test of the
validity of the nonlinear theory for description of the director
reorientation in the planar quasi-two-dimensional geometry
under the influence of the electric and magnetic fields directed
at the angle « to each other. (see Fig. 1). When the electric
field is applied to an initially uniformly HAN film, the director
reorients in order to minimize the total free energy. If the elec-
tric field is much larger than a critical field value, the system
is suddenly placed far from the equilibrium. It responds by
creating a distortion which maximizes the rate at which the
LC lowers its total free energy, and, as a result, the viscous
contribution to the total free energy. It will be shown that the
periodic response and the form of deformation depend on the
value of the angle « between both external fields.
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FIG. 1. The geometry used for calculations in the HAN film. The
x axis is parallel, while the z axis is orthogonal to the electrodes. The
magnetic field, B, electric field, E, and director, fi, are aligned in the
xz plane. The director makes the angle 6 with the x axis, and the
electric field makes the angle o with the magnetic field.

Theoretical description of the reorientation of the director
field fi in the HAN film, described by the angle 6(¢), under
the action of crossed electric E and magnetic B fields will be
given within the framework of the classical Ericksen-Leslie
theory [11,12].

The outline of this paper is as follows. In the next
section we discuss the system of hydrodynamic equations de-
scribing director motion in the HAN film, under the influence
of crossed electric and magnetic fields. The numerical results
for a number of relaxation regimes describing the orienta-
tional relaxation of the director field are given in Sec. III. The
discussion of these results and our conclusions are summa-
rized in Sec. I'V.

II. TORQUE BALANCE EQUATION

The coordinate system defined by the task assumes that the
director i is in the xz plane. The magnetic field is oriented
parallel to the electrodes and to the x axis B = Boi, iis the
unit vector along the horizontal axis x, while the unit vector
k is directed perpendicular to the bounding electrodes (the
z axis) (see Fig. 1). The electric field E is switched at the
moment t = 0 and is directed at the angle o with the magnetic
field, and is equal to E = %(cos od + sinak). Here U is the
voltage, and 2d is the thickness of the HAN film. The third

J

unit vector of the coordinate system is j =1 x k (axis y). Ini-
tial director orientation is parallel to the bounding electrodes
n¢ =0,x,2) | i, which is defined by the magnetic field.
Switching on the electric field induces the deformation of the
director field and the new director orientation is determined
by the angle 6. Assuming that the electric field E varies only
in the xz plane, we can suppose that the components of the
director, i = nxl + nzk =cosf(x, z, t)l + sin 6 (x, z, t)k (see
Fig. 1), as well as other physical quantities, also depend only
on the x and z coordinates.

Our previous simulations [9,10], in the framework of the
classical Ericksen-Leslie theory [11,12], suggested that to
describe the dynamical reorientation of the director correctly,
under the influence of a strong electric field, we do not need
to include a proper treatment of backflow. This means that in
the first approximation, the role of flow becomes negligible
in comparison to the electric, magnetic, and elastic forces and
only rotations of the director field should be accounted.

In our case the torque balance equation Teldst + T\,ls +

Te) + Tg = 0 involves the elastic T = an
Ty = ‘3;; x 0y, electric Tepag = @ X 1, and magnetic

The = '/’f“l“g x fi torques, where the elastlc energy density
is equal to Wg = 3[K{(V-#)’ +K3(h x V x 0)*], where
Ky and K3 are the splay and bend elastic constants, while
the viscous dissipation function is equal to R" = y;N°.
Here only rotations of the director field has been accounted,

and the vector N is equal to % =n,, where y; is the
rotational viscosity coefficient. The electric energy density
is equal to V¥, = —1epe,(A-E)?, while the magnetic
energy density is equal to Ve = —%;—‘(’)(ﬁ -B)?, where
o 1s the magnetic constant and p, is the magnetic
anisotropy of the nematic film. In our case these energy
densities are WF = %[Kl (nx,x + nz,z)z + K3(nz X nx,z)2]7
Vo = —%Goea(anx + ”zEz)z’ and Yy = _E%(HXBO)27
while the viscous dissipation function can be rewritten in the
form RY™S = y(n, +n,). It allows us to rewrite the torque
contributions  as  Teae = {(n[Kingxx + K3nx.z% + (Ky —
K3)nz,xz] - nx[Kl ’?\z,zz + KS”Z xx T (Kl K3)nx XZ]}.]’ TVls -
Y1 [nxnzt - nznx t]j’ el = EOEa(an + an )(nz X an ).],
and Ty, = nanBOJ, respectively, where ny 4 = 33 ;’;.
The approprlate angle s forms for the torques are
given below as T2 = (Kisin> 0 + K3 cos® 0)0 xx +
(Ki cos? 0 + K3 sin® 0)0,,, + (K3 — K1) sin 206 5, + 5 (K, —
K3) sin 29(9,2); — Q,ZZ) + (K1 — K3)c0820046,, T = nb;,
T = —€o€a(35)* sin2(a — 0), and Ty = 1 X” 32 sin 26. The
dimensionless analog of the torque balance equatlon takes the
form

0. =8,[(sin® 0 + K31 cos® 0)0 x5 + (cos® 6 + Kz sin® 06, ]

1
+ 8 [(K31 — 1)sin2600,, + 5(1 — K31)sin20(0% — 9,22)]

+ 81[(K31 — 1) cos 26046 ,]1 +

E(z)2

8
sin 2(a — ) — 32 sin 26, 2)
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FIG. 2. Evolution of the angle 6(z, x, z = 0) along the dimensionless length —10 < x < 10 of the HAN film to the stationary distribution
0 (x, z = 0) under the effect of both electric and magnetic fields directed at the angle & = 1.57 (~89.96°) and ¢, ~ 490.5, for a number of

values 6, = 0.01 (a) and 0.001 (b), respectively.

where E(z) = 2dE(z)/U. Here x = x/d and z = z/d are the
dimensionless space variables, T = %(2(1_(1)% is the dimen-
XHB% and K31 = %

sionless time, and §; = — 2
’ ! Ho€o€a(y )

K _

€o€a(5)?’ 8

are three parameters of the system.
In our case the voltage applied across the LC film results

in a variation of E(z), which can be written as

E(z) /1—
:O’ E d = 1, 3
[f(G(z))L g (z)dz €))

where f(0(z)) = S

€1 +e,8in26(2)"

III. SOLUTION OF THE TORQUE BALANCE EQUATION

For the case of the deuteriated 4-o, a-d,-pentyl-4'-
cyanobiphenyl (5CB-d;) LC sample with a thickness of
2d ~ 194.7 um at a temperature of 300K and a density of
10° kg/m3, the measured data for elastic constants are K; ~
8.7pN and K3 & 10.2 pN, whereas the experimental value of
dielectric anisotropy is equal to €, &~ 11, 5. This case is im-
portant because NMR spectroscopy methods make it possible
to measure the reorientation of the director in a nematic film,
where the LC sample is first oriented by a strong magnetic
field B, and then exposed to a strong electric field applied
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orthogonally to an initially uniformly aligned nematic film
[4,13]. In this case, the director tends to move from the state
parallel to the magnetic field (in our case equal to By =
7.05T) to the state parallel to the electric field. Deuterium
NMR provides an opportunity to describe the motion of the di-
rector field by measuring the quadrupole splitting of Av(6) =
AvoP>(cos ), where Ay is splitting when the director is
parallel to B, and P»(cos#) is a Legendre polynomial of the
second rank. This gives hope for experimental confirmation
of the features of the dynamic reorientation of the director in
the LC film under the influence of a large electric field directed
perpendicular to the magnetic field investigated by numerical
methods.

Thus, the set of § parameters, which is involved in Eq. (2),
takes the values 8; = 8.6 x 107° and 8, = 0.424. The value
of the angle « is varied between 50° and 90°, while L is
equal to 10d. Equation (2) is solved numerically assuming a
harmonic dependence along the z axis for the angle 6 (x, z, 7),

0(x,z, T) = 6p(7) cos (gxx) cos (q;z), 4

where 6p(7) is the amplitude, and ¢, = %%(Zk + 1)k =
0,1,2,..)and ¢, = 721 + 1) (I = 0, 1, 2, ...) are the wave-
lengths of an individual Fourier modulation component,
which will be calculated by minimizing the total energy
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FIG. 3. The same as in Fig. 2, but the angle o = 1.565 (~89.67°) and g, ~ 490.5, for a number of values of , = 0.01 (a) and 0.002 (b),

respectively.
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FIG. 4. The same as in Fig. 2, but the angle o = 1.56 (~89.38°) and g, =~ 490.5 for a number of values of 6, = 0.01 (a) and 0.002 (b),

respectively.

density W = Wepage + Weor + Wiy, for each value of . Here

8
Wetast = 51 f/ dxdz[(6*% cos 0" — 6% sin 0‘”)2
+ K31 (0% cos 0 + 6 sin 0‘“)2] (5)

and
1
Wo + Wy = 3 / / dxdz[cos* (0" — ) + 8, cos> 6] (6)

are the elastic, electric, and magnetic contributions to the total
energy, while 6% = 0% (x, z) is the stationary value of the
angle 0, respectively.

This form for the angle 6(x, z, t) is satisfied for the strong
anchoring conditions

(10 <x<10,z=*£1)=0(x==%10,—-1<z<1)=0.
(7

The Galerkin’s method [14] is applied for the solution of
the balance Eq. (2). The basic function of the method is
¢ = cos(%z) cos(gyx), which has the normalization prop-
erty as (¢,9) =1, where (¢,¢) is the scalar product
(g, p) = f_ll @*dxdz = 1). The scalar product taken for both
sides of the balance equation gives the ordinary differential

15
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FIG. 5. The same as in Fig. 2, but the angle o = 1.55 (~88.8°)
and ¢, = 490.5 for the value of 6, to be equal to 0.01.

equation for the amplitude 6y(7) in the form
dby(t)
dt

where o and ¢, are the external variables, and F =
6.z, ¢). The number of initial conditions 8y = 0.001, 0.01,
0.02,...,0.05 for chosen value of the angle « has been taken.
The amplitude Eq. (8) has been solved by the fourth order
Runge-Kutte method [14]. The convergence criterion § =
(05! — 00)/6} for the above iterative procedures was chosen
to be equal to 10~4, where i is the iteration number. The
numerical procedure was then carried out, during the time
T, until a prescribed accuracy was achieved. Later it will be
shown that when using any initial amplitude values 6, less
than 0.01 and for values @ < 1.55 (~88.8°), we cannot obtain
a stationary periodic structure

= F(6y(7), gx, @), )

6% (@, ¢x) = 63\ (e, ) cOs (%z) cos(qux) 9)

in the nematic phase under the effect of the crossed above-
mentioned electric and magnetic fields. Using these functions
one can calculate the maximal value of the total energy density
corresponding to the optimal value of g.

An example of numerical integration of Eq. (8), showing
the formation of the periodic evolution of 8(x, z = 0, 7) along
the dimensionless x axis to the stationary value 6% (x, z = 0),
under the influence of both electric and magnetic fields di-
rected at the angle o = 1.57 (~89.96°) and ¢, ~ 490.5 for
a number of values 8y = 0.01 [see Fig. 2(a)] and 0.001 [see
Fig. 2(b)], is shown in Fig. 2. Our calculations show that
the periodic structure may appear in the HAN film under
the above mentioned conditions, when the electric field is
directed at the angle ¢ = 1.57 (~89.96°) and ¢, =~ 490.5 for
a number of values of 6y, greater than 0.01 [see Fig. 2(a)].
When the value of 6, is less than 0.01, for instance 0.001, one
can see that the periodic structure does not develop under the
abovementioned conditions [see Fig. 2(b)]. The main feature
of the numerical solutions is that the further decreasing of
angle o leads to destruction of the periodic structure (see
Figs. 3-6). In these cases the destroyed periodic structure
(quasiperiodic structure) appears only in the case of the bigger
values of 6. Physically, this means that the further decreas-
ing of the angle «, from 1.57 (~89.96°) to 1.565 (~89.67°)
(see Fig. 3), 1.56 (~89.38°) (see Fig. 4), or 1.55 (~88.8°)
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FIG. 6. The same as in Fig. 2, but the angle o = 1.55 (~88.8°) and ¢, ~ 490.5 for a number of values of 6, = 0.005 (a) and 0.002 (b),

respectively.

(see Figs. 5 and 6), leads to destruction of the periodic struc-
ture in the HAN film. So, according to our calculations, the
periodic structure may appear, under the above mentioned
conditions, only when the angle « is close to the right angle
(~%). With the aim to investigate the effect of the angle «
on the formation of the spatially periodic structure, at the
fixed value of 6y = 0.01, a number of values of «, from
o = 1.40(~80.0°) [see Fig. 7(a)] to 1.222 (~70.0°) [see
Fig. 7(b)], and from o = 1.047 (~60.0°) [see Fig. 8(a)] to
0.82 (~50.0°) [see Fig. 8(b)], has been considered. Our calcu-
lations showed that under the above conditions (U =200V,
2d = 194.7um, and By = 7.05T) only the initial value of
6o = 0.01, at angles o = 1.57 (~89.96°), provides the for-
mation of the periodic structure in the HAN film. Indeed,
when the values of « are less than 1.55, the initial value
of 6y =0.01 does not provide the formation of even the
quasiperiodic structure in the HAN film. In all cases shown in
Figs. 7 and 8, the initially symmetric distribution of the angle
0(x,z = 0, 71) along the length —10 < x < 10 of the LC cell
under the effect of horizontally directed forces, formed by an
electric field component directed along the x axis and by the
magnetic field, is transformed only into quasiperiodic struc-
tures characterized by large negative deviations of the director
field. Calculated interval values A = [0, ;0% ] between the
maximum 655, and the minimum 65 with the values of the
stationary angle 0 and the maximum values of the difference

Amax = 03, — 3% for different values of « are collected in

15[
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= 0.0}
N-0.5¢
X
=10}
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Table 1. Physically, this means that decreasing the angle «,
between the magnetic B and electric E fields, from « being
equal to 1.57 (~89.96°) [see Fig. 2(a)] to 1.40 (~80.0°) [see
Fig. 7(a)] and 1.222 (~70.0°) [see Fig. 7(b)], and further
from 1.047 (~60.0°) [see Fig. 8(a)] to 0.82 (~50.0°) [see
Fig. 8(b)], leads to destruction of the periodic structure in the
HAN film.

The stationary distribution of the angle 8(x,z =0,17 =
TR) = 0%(x, z = 0) along the length —10 < x < 10 of the
HAN film for the number of values of a«—1.57 (~90.0°)
[see Fig. 9(a), curve 1], 1.40 (~80.0°) [see Fig. 9(a), curve
2], 1.222(~70.0°) [see Fig. 9(a), curve 3], 1.047 (~60.0°)
[see Fig. 9(a), curve 4], and 0.82 (~50.0°) [see Fig. 9(a),
curve 5]-are shown in Fig. 9(a). Our calculations show that
the periodic structure in the HAN film may appear, under
the abovementioned conditions (U = 200V, 2d = 194.7 um
and By = 7.05T), only when the angle « is close to 1.57
(~89.96°). Even a small decrease in the magnitude of the
angle o, from 1.57 (~89.96°) to 1.55 (~88.8°), leads to the
destruction of periodicity, and we are dealing with a quasiperi-
odic structure [see Fig. 9(b), curves 1 and 2]. Moreover,
our calculations showed that as the magnitude of the angle
o increases, the relaxation time tz(«) of the director field
to its stationary distribution over the HAN film increases
near the value of o = 1.55(~88.8°). Indeed, the value of
the relaxation time (e = i) (i = 0.82;1.047;1.222;1.4) ~
11 (14 ms), while in the case of o = 1.55, the value of

=0,1)

0(x,z

a=1.222(~70°)
0 5 10

FIG. 7. The same as in Fig. 2, but the values of the angle « are equal to 1.40 (~80.0°) (a) and 1.222 (~70.0°)(b), respectively. Here g, is

equal to 490.5, while the value of 6, is equal to be 0.01, respectively.
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FIG. 8. The same as in Fig. 7, but the values of the angle « is equal to 1.047 (~60.0°) (a) and 0.82 (~50.0°) (b), respectively.

r(a = 1.55) is equal to 18 (~23 ms). These data for relax-
ation times 7g(c) are also collected in Table 1. This means
that the contribution of forces acting along the x axis, both the
components of the electric field, increasing with decreasing
angle o, and the magnetic field, prevents the formation of
a quasiperiodic structure in the volume of the HAN film at
an angle value « less than 1.55 (~88.8°). At the same time,
the periodic structure in the HAN film may appear, under
the abovementioned conditions (U = 200V, 2d = 194.7 ym
and By = 7.05T), only when the angle « is close to 1.57
(~89.96°).

IV. DISCUSSION AND CONCLUSIONS

When the strong electric field is abruptly applied orthogo-
nally (or approximately orthogonally) to an initially uniformly
and homogeneously aligned nematic film, the director can
reorient in three ways: first, as a monodomain, when the mode
of uniform director reorientation is dominated [5,13]; second,
when the director can reorient in such a way that the transient
periodic structures may arise if the corresponding distortion
mode has the fastest response and thus suppresses all other
modes, including uniform ones [6—10,15]; and third, when,
under the effect of externally applied electric field, the kink or
double 7 forms of the distortion wave propagating along the
normal to the bounding surfaces may occur in the microsized
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nematic volume [15-17]. It was shown that periodic distortion
of the LC phase reduces the total effective rotational viscosity
Vetf, connected with the reorientation of the director field [4].
Rotating domains arising in this case favor the reduction in
the effective viscosity yes, which characterizes the energy
dissipation rate and thus creates modes of reorientation of
the director field more favorable than a uniform rotation.
As a result, this leads to a reduction of the direction field
reorientation time ton [4,15]. It is important, both from an
academic and a technological point of view, to investigate
the director reorientation in a thin LC film confined be-
tween two transparent electrodes and subjected to competing
constraints.

We have numerically investigated the peculiarities of the
director relaxation during the turn-on aligning processes in the
microsized HAN film, when the director field is reoriented by
strong crossed electric E and magnetic B fields. The analysis
of numerical results for the reorientation process indicates
the appearance of spatially periodic structures in a confined
nematic film, with the thickness of 2d = 194.7 um only in re-
sponse to a suddenly applied strong electric field (U = 200 V)
directed at the angle of o« = 1.57 (~89.96°) to the magnetic
field (By = 7.05T). This case is important because the meth-
ods of NMR spectroscopy make it possible to measure the
director reorientation in the nematic film [4,13] and compare
it with the calculated data.

faimin

5 0 5 10

FIG. 9. (a) Stationary distribution of the angle 6% (x, z = 0) along the length —10 < x < 10 of the HAN film, for the number of values
of a: 1.57 (~89.96°) (curve 1), 1.40(~80.0°) (curve 2), 1.222 (~70.0°) (curve 3), 1.047 (~60.0°) (curve 4), and 0.82 (~50.0°) (curve 5),
respectively. (b) Same as in (a), but the values of « are 1.57 (~89.96°) (curve 1) and 1.55 (~88.8°) (curve 2), respectively.

044704-6



FEATURES OF DIRECTOR REORIENTATION IN A THIN ...

PHYSICAL REVIEW E 109, 044704 (2024)

st . 98[

max® -~ min
and the values of the relaxati

TABLEII. Calculated values of A = [0,

values of the difference Ay, = 65 — O .

] between the maximum 6

o and the minimum 6%, of the stationary angle 6™, the maximum

on times tz(«) for different values of «.

o 0.82 (~50.0°) 1.047 (~60.0°) 1.222 (~70.0°) 1.40 (~80.0°) 1.55(~88.8°) 1.57 (~90.0°)
A [0.60; —2.50] [0.826; —2.3] [1.02; —2.10] [1.27;—1.87] [1.53;—1.61] [1.57;—1.57]
Amax 3.10(~178°) 3.12(~178.5°) 3.13(~179°) 3.14 (~180°) 3.14 (~180°) 3.14 (~180°)
R(@) 11 (~14 ms) 11 (~14 ms) 11 (~14 ms) 11 (~14 ms) 18 (~23 ms) 21 (~26.6ms)

The direct comparison of the calculated data and those
obtained using NMR spectroscopic technique of relaxation
time 75 (o ~ 88.8°)~23 ms and 7, * (o ~ 88.7°)~21 ms (see
Fig. 5(a) [4,13]) shows a good agreement between these val-
ues. Analysis of these results shows that in deuterated SCB-d,
at the temperature of 300 K and the density of 10 kg/m®, the
application of the large electric (~1.03 V/um) field applied
at the angle close to the right angle to the magnetic field
(~7.05T) leads to the values tg(ax) ~ 21 =+ 23 ms, for angle
o ~ 88.7°) and higher. Calculations of the reorientation of
the director field in a microsized nematic volume imposed by
crossed electric and magnetic fields in the form of a simple
monodomain show that the scaled relaxation time is 30, which
corresponds to a relaxation time of 38.1 ms [5].

Thus, this analysis of the numerical results, based on the
predictions of the hydrodynamic theory, including the director
reorientation and the strong anchoring conditions, provides
evidence for the appearance of spatially periodic patterns
in response to the large electric field applied at an angle
to the magnetic field. In turn, the large-amplitude periodic

distortions modulated in the microsized nematic volume par-
allel to the horizontal restricted surfaces lead to the increase
of the elastic energy of the conservative LC system, and as a
result, it causes the decrease of the viscous contribution Wi,
to the total energy of the nematic system. In turn, the decrease
of Wy leads to a lower values of the rotational viscosity
coefficient y;(eff), and should lead to the faster relaxation
time tg(«), as observed experimentally [4,13].

We believe that the present investigation has shed some
light on the problem of the reorientation processes in nematic
films confined between two electrodes, induced by both elec-
tric and magnetic fields.
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