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ELECTROCONTROL OVER SURFACE

PLASMON OSCILLATIONS IN A HOMEOTROPIC
NEMATIC LIQUID CRYSTAL CELL

The electric-field-induced orientational instability of the director in a cell of homeotropically
oriented nematic liquid crystal (NLC) in the presence of a pretilt of the director on the substrate
surface has been theoretically studied. It is found that the orientational transitions of the NLC
director field from the initial homogeneous state to a significantly inhomogeneous one and the
following transition into the planar state are induced by changes in the electric field strength
and can be accompanied by hysteresis phenomena. The parameters of the latter are calculated,
and conditions required for the hysteresis phenomena to exist, as well as their dependences
on the NLC cell parameters, are determined. It is found that an increasing in the director
pretilt at the substrate and/or the anchoring energy of the NLC with the inclined easy axis
makes the hysteresis loop narrower, which may lead to the hysteresis disappearance in those
orientational transitions. The propagation of the surface plasmon polariton (SPP) along the
NLC cell surface in the case where one of the cell’s polymer substrates is covered on the outer
side with a gold layer has also been investigated. The magnitude of the effective refractive index
for the SPP is calculated, and it is found that its value decreases as the electric field strength
increases. It is also found that the range of control over the SPP effective refractive index
expands for smaller values of the tilt angle of the inclined easy axis and the polymer layer
thickness, as well as for larger values of the SPP wavelength and the NLC optical anisotropy.

Keywords: nematic liquid crystal, orientational instability, hysteresis of orientational tran-
sition, director pretilt, anchoring energy, surface plasmon polariton.

1. Introduction

Intensive scientific research performed in the field of
liquid crystal physics during the last decades has led
to the wide practical application of liquid crystals
in physics, medicine, and industry [1, 2]. The use of
cells of liquid crystals — in particular, nematic liquid
crystals (NLCs) — as an element basis for electronic-
optical devices of various types is associated with the
relative cheapness of NLCs and their unique electro-
and magneto-optical properties. The latter are closely
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related to the orientational ordering of molecules in
the NLC mesophase, which substantially depends on
the conditions for the director at the confining cell
surface [7-9].

Owing to the interaction of NLC molecules with
one another, their interaction with the cell surface
spreads into the bulk, thus creating a certain ori-
entational ordering there [10-14]. This ordering can
be controlled relatively easily by applying external
fields (electric, magnetic, or electromagnetic) [15—
20]. As a result, it becomes possible to vary the op-
tical properties of the whole bulk specimen in a con-
trollable way. This circumstance makes NLC systems
a promising tool for the effective and easy control
over the propagation and transmission of electromag-
netic signals. In particular, modern laboratory and
technological applications have already demonstrated
a possibility to effectively tune the optical and spec-
tral properties of photonic crystals [21,22] and waveg-
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uides [23], as well as other applications where NLC
layers are used as control elements. In a number of
practical applications, NLCs on the confining surfaces
of cells often create conditions for a director pretilt to
appear [24,25]. The director pretilt reduces the prob-
ability of formation of non-planar deformations and
defects in the NLC bulk [26-28], and also provides
a smoother control over the optical properties of the
system with the help of external fields.

Note that electrically induced orientational transi-
tions in NLC cells with the director pretilt at the
cell surface were often considered analytically. Howe-
ver, it was done in the constant electric field approxi-
mation. In this approximation, it is assumed that the
director distribution in the cell does not affect the
magnitude of the electric field in the NLC bulk. This
considerably simplifies the analysis and allows both
the stationary director states and the reorientation
dynamics to be studied analytically. For instance, in
work [29], the orientational transitions in an NLC cell
with the director pretilt at the surface from a planar
state to a homeotropic one in a constant electric field
directed perpendicular to the cell surface were consid-
ered using the indicated method. The influence of a
pretilt angle and the anchoring energy on the orienta-
tional director instability in a homeotropic NLC cell
with negative dielectric anisotropy when a potential
difference is applied to the cell substrates was studied
in works [30-32].

Orientational transitions induced in a system by
an external field can be accompanied by hysteresis
phenomena, which manifest themselves as the bista-
bility [33—-36] and multistability [37,38] of the director
field. Such features of the orientational reconstruction
of the NLC can reveal themselves in both the light
[39, 40] and constant [41] electric field (in the latter
case, if the field is mostly oriented along the surface of
the substrates). Such a behavior expands the applica-
tion prospects of NLC systems on the way to creating
highly efficient bistable displays, optical shutters, and
so forth. The study of such fine effects as the possibil-
ity of bistable states in the system requires that the
influence of the director orientation on both the am-
plitude and the direction of the local electric field vec-
tor in the NLC bulk has to be taken into account. As
a result, the equations for the director must be solved
in coordination with the electrodynamic equations
for the electric or light field. The general theoretical
foundations of such approach were outlined in works
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[42] and [43] for Fréedericksz transitions in stationary
electric and light fields, respectively.

Widely known is the application of NLCs to con-
trol the characteristics of plasmonic structures [44—
48]. In particular, under certain conditions, surface
plasmon polaritons (SPPs) can be excited at the
metal-polymer interface. The enhanced sensitivity of
SPPs to small changes in the dielectric constant of
the medium, on the one hand, and a high NLC sensi-
tivity to the influence of external fields, on the other
hand, found a successful combination in the three-
layer system NLC-polymer layer—metal. This struc-
ture makes it possible to control the SPP propagation
characteristics, in particular, the value of the SPP ef-
fective refractive index, by varying the orientation of
the NLC director using an external field [49-52]. The
possibility to tune the SPP propagation characteris-
tics using NLCs opened a way to create spatial light
modulators [53, 54], spectral filters [55-57], light in-
tensity modulators [58, 59|, gratings with controlled
transmittance [60], and so on.

In this work, we theoretically study the orienta-
tional instability of the director field in a homeotropic
NLC cell with the director pretilt at the surface in
an external electric field. It is found that the orien-
tational director transitions from an initial homoge-
neous state to a non-homogeneous one and vice versa,
as well as from a non-homogeneous state to the pla-
nar one and vice versa, induced by changing the elec-
tric field strength can be accompanied by a hystere-
sis. The hysteresis parameters of the indicated orien-
tational transitions are calculated, and the conditions
for their occurrence, as well as their dependence on
system parameters, were determined. The SPP prop-
agation at the surface of the polymer substrate that
confines the NLC was considered, provided that a
thin layer of gold covers the other side of the sub-
strate. The value of the SPP effective refractive in-
dex and its dependence on the electric field strength,
the thickness of the polymer substrate, and the an-
gle of the easy orientation axis of the director at the
substrate surface are calculated.

2. Stationary Distributions
of the Director Field

Let us have a plane-parallel NLC cell confined be-
tween the planes z = 0 and z = L. The initial ori-
entation of the director is mostly homeotropic and
uniform, and it is determined by the two axes, e and
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v, of the light orientation of the director at the sur-
face [61,62]. The e-axis defines the homeotropic (nor-
mally to the surface) orientation of the director, and
the v-axis defines the oblique orientation of the di-
rector. The cell is in a constant and uniform electric
field with the strength vector Eg, which is oriented
along the cell surface in the plane of the axes e and v
(see Fig. 1).

The free energy of the NLC cell is written in the
form

F=Fg+Fp+Fs, (1)

where

Fe1:

1
3 /{Kl(div n)? + Ky(n-rotn)? +

\4
+ K3[n X rot n]Q} dv

is the elastic energy of the NLC;
1 R
Fgp=—— / E¢EdV
8T
1%

is the anisotropic contribution of the NLC interaction
with the electric field to the free energy;

Fg = —V;/e /(en)2 ds — % /(Z/n)2 ds
51,2 51,2

is the surface free energy of the NLC; K;, K5, and
K3 are elastic constants; n is the NLC director; E
is the electric field strength vector in the NLC bulk;
€= eli+ean®n and €, = € —€L > 0 are the tensor
and anisotropy, respectively, of the static NLC per-
mittivity; and W, and W,, are the anchoring energies
of the director with its easy orientation axes e and
v, respectively, at the cell surfaces. Note that in the
formula for the surface free energy Fg, we restricted
the consideration to the simple but the most often
used Rapini model [63] with two axes, e and v, of the
easy director orientation [61,62] at the confining cell
surfaces.

Let us consider plane deformations of the NLC di-
rector field that lie in the plane xOz. The latter coin-
cides with the plane containing the e- and v-axes and
the vector Ejy. Due to the system homogeneity along
the axis Oy, the director n in the NLC bulk can be
written in the form

n=i-sinf(z)+k-cosb(z), (2)
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Fig. 1. Geometry of the problem

where i and k are the unit vectors of the Cartesian co-
ordinate system, and 6 is the director deviation angle
from the Oz-axis.

The equilibrium distributions of the director field
correspond to the stationary points of the free en-
ergy functional F' [Eq. (1)]. To find them, the vari-
ational equations for the director n must be solved
together with the equations for the electric field E
in the NLC bulk. Assuming the system under con-
sideration to be homogeneous along the Ozx-axis, the
electric field strength vector in the NLC bulk can be
written in the form E = (E,(2),0, E.(2)). From the
equation rot E = 0, it follows that the component
FE, of the vector E does not depend on the coordi-
nate z. Using the electrostatic boundary conditions,
the indicated component takes the form F, = Fj.

From the equation divD = 0, it follows that the
component D, of the electric field induction vector
is constant and equals zero according to the electro-
static boundary conditions. From this condition, we
find the component F, = —¢,,Ey/e,, of the elec-
tric field strength vector E. Taking into account the
aforesaid, the free energy functional F' [Eq. (1)] can
be written in the form

L

1
F= 5/([(1 sin® 0 + K3 cos® )07 dz —
0
5 L
N fnﬂEo/ dz B
8T €] + €4 0820
0
We
-3 (005200+00520L)7
W o200 — 209, _
5 (cos? (60 — ) + cos? (61, — ), (3)

where 0y = 0(z = 0) and 0, = 0(z = L) are the
director orientation angles at the lower and upper,
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Fig. 2. Dependence of the director angle 6y at the surface
(z = 0) on the electric field strength Eg. The solid curves cor-
respond to stable solutions, and the dashed curves to unstable
ones. The arrows mark orientational transitions in the system
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Fig. 3. Dependence of the maximum director angle 6,, on
the electric field strength Egp. The solid curves correspond to
stable solutions, and the dashed curves to unstable ones. The
arrows mark orientational transitions in the system

respectively, cell surfaces; and v is the deviation angle
of the axis v from the direction Oz; hereafter, the
primed 6 denotes the derivatives of 6 with respect to
the coordinate z.

The minimization of functional (3) in the angle 6
brings about the equation
1

/2 "
5([(1 — K3)sin200. + (K;sin?0 + Kzcos0)0_, +

EHELE(LE(%

sin @ cos 0
= 4
4 (€L + €qcos?0)? 0 )

and the boundary conditions
[—2(K sin® § + K35 cos? 0) 0. + W, sin 20+
+W,sin2(0 —¢)],_, =0,
[2(K sin? 0 + K3 cos?0) 0, + W, sin 20 +
+ W, sin2(6 — ¢)]
420

()
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Owing to the problem symmetry with respect to
the coordinate transformation z — L — z, the sta-
tionary director distributions must satisfy the condi-
tion 0(z) = 6(L — z). Then, either of boundary con-
ditions (5) can be replaced by the condition #'(z =
= L/2) = 0 or the equivalent condition 0(z = L/2) =
= 0,,, where 6,, is the maximum value of the di-
rector angle. By integrating Eq. (4) twice over the
variable z and, in view of boundary conditions (5),
we obtain the following equation for determining the
dependence 0(z):

1 [47m(e) + eqc08?0,,)
z = X
€|€LEq

Eo
0
K sin? 0 + K3 cos? 0 29
></\/( 18in” 0 4+ K3 cos?0)(e) + €, cos )dﬂ, (©)
0o

cos? @ — cos? 0,,

where the director orientation angle 6y at the surface
z = 0 and the maximum angle 6,,, of the director are
determined from the system of equations

L 1

2

4 (€1 + €4 co8? 6,,)

€||€L€q

de, (7
cos2 0 — cos? 6, - (1)

Ey
9771
" / \/(Kl sin? @ + K3 cos? 0)(e) + €, cos? 0)
0o
(K3 sin? 6y + K cos? 6o)(cos? 0y — cos? O,,) B
(61 + €4c082 O, ) (€1 + €4 cOs? )
T

_ @(We sin 20 + W, sin2(6p —v))°,  (8)
alp

which can be solved only numerically.

In the absence of the external electric field (Ey =
= 0), the solution of Eq. (4) with boundary condi-
tions (5) is trivial and is given by the expression

1 sin 2
0(z) =0 = 5 arctan VV:/—I‘—/VW—VCOi%ﬁ’ (9)
where the value of arctan has to be reduced to the
first quadrant. It is evident that the director angle in
the cell bulk does not depend on the coordinate z and
coincides with its value at the substrate surface. As a
consequence, the director field is uniform.

Figures 2 and 3 illustrate the calculated depen-
dences of the values of the director angle 8y at the
cell surface and the maximum director angle 6,, in
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the NLC bulk, respectively, on the magnitude of
the external electric field strength Ej. The calcula-
tions were performed for the values of the dimen-
sionless anchoring energies w, = W.L/K3 = 4 and
w, = W,L/Ks = 6, the orientation angle of the
easy axis v ¥ = 1°, the cell thickness L = 10 upm,
and the NLC parameter values ¢ = 19, e = 5,
K =11x10"% dyn, and K3 = 1.5 x 1076 dyn,
which are close to typical ones [64]. In particular,
the given values of the NLC parameters correspond
to the widely used liquid crystal mixture Merck E7
[50, 65, 66].

As the results of calculations show, if the electric
field strength Ej increases from zero, the values of the
director angles 6y and 6,,, begin to grow continuously
from their initial value (9). The loss of stability by the
initial director state (9) has a non-threshold character
provided that the director has a pretilt at the confin-
ing surface, and a threshold one in the absence of the
pretilt [67]. Similarly to the case where the director
pretilt at the surface is absent [67], if the electric field
strength Fjy increases further, jump-like orientational
transitions may arise in the system: first, from a ho-
mogeneously oriented state close to the homeotropic
one into an inhomogeneous state, and afterwards from
the inhomogeneous state into a weakly inhomoge-
neous one close to the planar state. These transitions
have a threshold character and are accompanied by a
hysteresis (see Figs. 2 and 3). In this case, when the
strength Ey reaches the critical value Fqyy,, the system
jumps from a state close to the homogeneous one to a
substantially heterogeneous state or vice versa. Note
that if the voltage is reduced, inverse transitions also
have the threshold character, but they occur at lower
critical strengths of the electric field than in the case
of the strength growing, Eoyn < Eoin. In general, two
hystereses of orientational transitions can be observed
when the magnitude of the electric field strength in
the system changes; namely, from the homeotropi-
cally and planarly oriented states into an inhomoge-
neous one.

The stationary solutions for which 96/0Ey < 0 (see
Figs. 2 and 3) are unstable with respect to small de-
formations of the director field, which can be shown
in the following way. The temporal behavior of the
director angle 6 in the NLC bulk is determined by
the modified equation (4) with the term 7y 900/0t in
the right-hand side, where 1y > 0 is the coefficient
of NLC bulk viscosity. Let #; and 05 = 61 + §6 be
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infinitely close stationary solutions corresponding to
infinitely close values Ey, and Egs = Eg1 +dEj of the
electric field strength. Here, the small values 60 < 0
and dEy > 0 correspond to the case 90/0Ey < 0. Let
us consider the evolution of the stationary solution 6
at the electric field strength Fy;. Since Fps > FEo1,
it follows from the modified equation (4) that the
derivative 00/0t < 0, i.e., the solution moves away
with time from the stationary value ;. Thus, the so-
lution 6, is unstable with respect to the small pertur-
bation 8; — 01 +0360. Therefore, the sections where the
derivative 900/0Ey < 0 (see Figs. 2 and 3) correspond
to unstable stationary solutions.

If the external electric field strength increases and
reaches the value Fy =~ 170 V/mm (Fig. 2), the di-
rector deviation angle 6y at the surface and the maxi-
mum director angle 6,, in the NLC bulk increase in a
jump-like manner by approximately Afy ~ 0.157 and
A0, =~ 0.457, respectively. The inverse transition oc-
curs at a lower strength value, Ey ~ 120 V/mm, and
with smaller amplitudes of the jump-like director re-
orientation, namely, Afy ~ 0.17 and A#,, =~ 0.47,
respectively.

At external electric field strengths of about
230 V/mm, the director reorientation is accompa-
nied by another hysteresis located near the value
6(z) = /2. For typical values of the NLC cell param-
eters, this hysteresis is much smaller both in its width
(the difference between the critical strength values
for the direct and inverse transitions) and the am-
plitude A#,, of the change in the maximum director
angle. However, the amplitudes of the director angle
change Afy at the surface are of the same order of
magnitude for both hystereses.

In Fig. 4, the profiles of the director angle 8 across
the cell thickness are shown for various values of
the external electric field strength within an inter-
val from 100 to 250 V/mm. In electric fields with a
strength below 160 V/mm, the values of the direc-
tor angle 6 are localized near its initial value (9),
with the maximum deviation not exceeding Af =
~ 0.027. If the electric field strength reaches Fy =
~ 170 V/mm, the system jumps from a weakly in-
homogeneous homeotropic state into a substantially
inhomogeneous one. On this way, no smooth increase
of the strength magnitude E; can bring about the val-
ues of the director angle within an interval from 0.027
to 0.187. Further growth of the strength Fy leads to
a smooth increase of the director angle # near the cell
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Fig. 4. Stationary profiles of the director angle 6 across the
cell thickness for increasing electric field strengths Eg. The
arrows mark orientational transitions in the cell
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F1ig. 5. Stationary profiles of the director angle 6 across the
cell thickness for decreasing electric field strengths Ep. The
arrows mark orientational transitions in the cell
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Fig. 6. Stationary dependences of the director angle 6y at
the cell surface on the electric field strength Ey for various
orientation angles v of the easy axis v

surfaces, z/L € [0,0.3] and z/L € [0.7,1]. When the
field strength reaches the critical value of the second
hysteresis transition (about 230 V/mm), the direc-
tor field undergoes a jump-like reorientation near the
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confining surfaces so that the system passes into a
weakly inhomogeneous planar state. Note that, in the
absence of the director pretilt at the cell surface, the
planar state can be achieved, strictly speaking, only
in the approximation Ey — oo [67].

If the electric field strength decreases from 250 to
100 V/mm (Fig. 5), the director field relaxes from a
weakly inhomogeneous planar state [#(z) = /2] into
the initial homogeneous one (9). Note that the critical
field strength values for the direct and inverse hystere-
sis transitions in the system from a weakly inhomo-
geneous planar state into a substantially inhomoge-
neous one and vice versa are close by magnitude(the
width of the hysteresis loop is about 10 V/mm). The-
refore, the values of the director angle 6 that are
realized, when the electric field strength diminishes
within an interval of 170+250 V/mm are close to
those achieved when the field strength increases. Ho-
wever, the hysteresis loop width at the system tran-
sition from a substantially inhomogeneous state to
the initial weakly inhomogeneous homeotropic one
and vice versa equals about 60 V/mm. Note that if
the magnitude of the electric field strength decreases
below 170 V/mm, it becomes possible to reach the
values of the director angle # within an interval of
0.127+-0.187, which cannot be realized by increasing
the field strength only.

An increase in the director pretilt at the substrate
surface, which is provided by the orientation angle v
of the easy axis v, leads to the smoothing of the angu-
lar dependences 0y (Ey) and 6,,,(Ey) (see Fig. 6) and,
as a result, to a reduction in the width and amplitude
of both hysteresis transitions in the system. Already
at the angle ¢ ~ 2°, the hysteresis at the system tran-
sitions from an inhomogeneous state to a planar one
and vice versa (Egyn ~ 240 V/mm) disappears. As
the values of the angle v increase, the hysteresis at
the system transitions from a homeotropic state into
a non-homogeneous one and vice versa shifts towards
lower critical strength values.

According to the results of calculations, irrespec-
tive of the type of orientational transition in the sys-
tem, the interval of the hysteresis existence is deter-
mined not only by the magnitude of the electric field
strength Fy but also by the values of the anchoring
energies w, and w,,, the parameter ratio K; /K3, and
the magnitude of the orientation angle v of the easy
axis v. In Fig. 7, the numerically calculated depen-
dences of the critical angle ¢, on the anchoring en-
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ergy w, of the director with the inclined easy axis v
are plotted for several values of the ratio K /K3. One
can see that a hysteresis accompanies the orienta-
tional transitions between the homeotropic and in-
homogeneous states (in the interval ¢ < 1) and
between the planar and inhomogeneous ones (in the
interval ¥ < ¥n2). At ¥ > 1 in the former case
and ¥ > e in the latter one, the corresponding
orientational transitions occur without the hystere-
sis. Regardless of the type of the orientational tran-
sition in the system, the reduction of the anchoring
energy w, leads to an expansion of the hysteresis re-
gion in the magnitude of the angle . It is obvious
that at lower values of the coupling energy w,,, larger
values of the inclination angle v of the easy axis v are
needed in order to localize the influence of the easy
axis e and destroy the hysteresis in the correspond-
ing orientational transition. For large values of the
anchoring energy, w, 2 6, relatively small inclination
angles 1 of the easy axis v, ¥ 2 0.057, are sufficient
for the hysteresis in the orientational transition of the
system from the planar state into an inhomogeneous
one to disappear. In this case, as the ratio K;/Kj3
decreases, the hysteresis region becomes narrower in
the angle 1.

Unlike the orientational transition of the system
from the planar state to an inhomogeneous one,
the hysteresis at the system transition from the
homeotropic state into an inhomogeneous one sur-
vives in a much wider interval of the inclination an-
gle ¢ of the easy axis v. In this case, as the value of
the ratio K /K3 increases, the critical values )¢ de-
crease monotonically at the anchoring energies w, 2,
2 8 and change non-monotonically otherwise.

Note that the angle interval ¢ < iyno is a region
of a “double” hysteresis. In the angle interval ¥yps <
< ¥ < n1, there is only one hysteresis, namely,
corresponding to the orientational transition of the
system from the homeotropic state to an inhomoge-
neous one.

In general, the growth of the anchoring energy w,
and the orientation angle 1) of the easy axis v leads
to the narrowing of the hysteresis loop and its sub-
sequent disappearance at both orientational tran-
sitions. At the same time, the increase of the ra-
tio K1/Kj3 leads to an expansion of the range of
change of the director angle 6 at the hysteretic tran-
sition of the system from the planar state into an
inhomogeneous one or to its narrowing in the case
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Fig. 8. Geometry of the liquid crystal-polymer layer—metal
structure. Surface plasmon polaritons (SPPs) can propagate
at the polymer layer—-metal interface

of the hysteretic transition of the system from the
homeotropic state into a heterogeneous one, which is
in agreement with the results of work [67].

3. Plasmon Oscillations
at the NLC Cell Surface

Let the outer side of one of the cell substrates (this is a
thin polymer layer of thickness L) be in contact with
a metal layer, for example, gold. Then, under suitable
conditions, surface plasmon polaritons (SPPs) can be
excited at the interface between the polymer layer and
the metal. Let us consider the propagation of SPPs
in this system along the Ouz-axis (see Fig. 8). The
Oz-axis is directed towards the NLC, and the plane
z = 0 coincides with the polymer—metal interface.
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The electromagnetic field of the SPP is written in

the form of a monochromatic wave of frequency w,
E(r,t) = E(r)e ™! H(r,t) = H(r)e ™"
Since the SPP is a localized mode, the oscillation
amplitudes of its electric and magnetic fields decay
exponentially when moving away from the plane of
this mode propagation. If the polymer layer is thin
enough, then the SPP electromagnetic field, when
penetrating the NLC, will perceive the director field
orientation. Owing to the exponential decay of the
SPP electromagnetic field, the influence of the sub-
strate on the other side of the NLC cell (z > L+ Ly)
on the propagation parameters of this field is negli-
gibly small. Therefore, in the framework of our con-
sideration of the SPP electromagnetic field, the NLC
will be assumed infinite in the direction of the Oz-
axis. Hence, the medium, where the SPP propagates
is simulated as a three-layer optical system consist-
ing of an isotropic homogeneous polymer layer con-
fined from both sides by semi-infinite metal and
NLC layers.

To make allowance for the influence of the NLC
anisotropy and heterogeneity on the SPP propaga-
tion, let us apply the perturbation theory [50,67]. In
the zeroth approximation of this theory, the strength
vectors of the SPP electric, E(r), and magnetic, H(r),
fields are sought as solutions of the system of Maxwell
equations for a homogeneous isotropic medium with
the dielectric permittivity
€0(2) = emx(—2) + eax(2), (10)
where ¢,, and ¢4 are the dielectric constants of the
metal and the polymer, respectively, at the SPP fre-
quency w; and x(¢) is the Heaviside function: x(¢) =0
if t <0, and x(¢t) = 1 if t > 0. The solutions for
the strength vectors of the SPP electric and magnetic
fields in the zeroth approximation of the perturbation
theory look like

(11)
H(r) = A9(0,1,0)e™cr, (12)

where Ag is an amplitude multiplier; and the sub-
scripts m and d denote, respectively, the metal
(z < 0) and polymer (z > 0) environments. The
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non-zero components of the wave vector kg“d =
= (koz,0,£i8m q) are as follows:

2
w EdEm w €m,d
Koz = — ) ﬁm,d:* - .
c\ €qtem c Ed T+ Em

The next step is to account for the anisotropy and
heterogeneity of the NLC as a perturbation of the
zeroth-order solution. For this purpose, let us write
down the dielectric constant of the considered struc-
ture in the form

(13)

£(2) = e0(2)1 + nA(2), (14)
where
Aé(z) = [eo (m®n —1/3) +.1] x(z — Lq); (15)

€a = €| —€1; €c = (261 +¢))/3 —€4; €) and €1
are the components of the dielectric permittivity ten-
sor of the homogeneous NLC that are parallel and
perpendicular, respectively, to the NLC director and
calculated at the frequency w; and n < 1.

Let us find the solution to the system of Maxwell
equations in a medium with the dielectric constant
tensor £(z) [Eq. (14)]. To do this, let us expand the
strength vectors of the SPP electric and magnetic
fields in series in the small parameter 7,

E =Eo + nE; + o(n),
H = Ho +nHi + o(n).

Here, the vectors Eg and Hy correspond to solutions
(11) and (12) found above for the zeroth order pertur-
bation in the isotropic approximation, and the cor-
rections E; and H; take into account the presence
of the NLC layer. By solving the equations for E;
and H; in the linear approximation in 7, we find a
correction to the zeroth approximation nl; = cko,/w
of the SPP effective refractive index. The corrected
quantity takes the form

Net = Nl + 5 koy Ke2Pala (18)

where

(€d + 2em) Emea
6eq (2 —€2)

2BaLa

B EméEe
T 2(eqtem)eq
B EmEaBde

€q(ea —em)

EmEa

2e4 (€4 —€m)
o0

X /sin2 0(z — Lg) e~ 2Pa* dz.
Lqg

ISSN 2071-0194. Ukr. J. Phys. 2024. Vol. 69, No. 6



Electrocontrol over Surface Plasmon Oscillations

Expressions (18) and (19) allow the value of the SPP
effective refractive index to be calculated for an arbi-
trary director profile in the NLC bulk.

In Fig. 9, the dependences of the SPP effective
refractive index neg on the external electric field
strength Fy calculated for several wavelengths A =
= 2mc/w equal to 700, 800, and 900 nm are ex-
hibited. The calculations were made for the follow-
ing NLC cell parameters: w, = W.L/Ks = 2,
wy = WVL/KS = 8, ¢ = 107 EH = 19, €1 :5, K1 =
=1.1x10"%dyn, K3 =1.5 x 1076 dyn, L = 10 pum,
and Ly = 100 nm. The optical frequency dependences
of the dielectric constants of gold [51], polyvinylcar-
bazole [51] (as a polymer layer of the substrate), and
the E7 mixture [68] (as the NLC) were taken into
account. In particular, the following values were ob-
tained for A = 800 nm: &, = —26.43, ¢4 = 2.81,
e. = —0.32, and ¢, = 0.64.

In general, the growth of the electric field
strength Fy leads to a decrease in the values of the
SPP effective refractive index neg. At the electric
field strengths Ey < 170 V/mm, the dependence
of neg on Ey is weak because the director field is
a weakly deformed homeotropic structure. The inter-
val of strength values 170+230 V/mm is the region
of the enhanced sensitivity of the quantity neg to the
values of Ejy. In particular, the increase of the Ej-
values in the indicated interval is accompanied by a
jump-like decrease of the neg-values, which is a di-
rect consequence of the relevant jump-like reorienta-
tion of the director field. If the electric field strength
exceeds a certain value close to 230 V/mm, the SPP
effective refractive index practically ceases to depend
on Ejy-values because in this case the NLC director
is oriented along the electric field almost everywhere
across the cell thickness. If the strength E; decreases,
the jump-like changes of the SPP parameter n.g oc-
cur at lower strength values than in the case when
it increases. As one can see, the changes of the neg-
values induced by the changes of the electric field
strength Ey may be accompanied by hysteresis phe-
nomena. These hystereses are a direct manifestation
of the corresponding hystereses in the orientational
rearrangement of the NLC director field. Similarly
to the above-considered dependence of the director
angle 6 on the electric field strength FEj, the sec-
tions of the dependence neg(Ey) where the derivative
Oner /OEy < 0 correspond to unstable solutions (see
Fig. 4). According to the calculation results, the in-
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Fig. 9. Dependences of the SPP effective refractive index neg
on the electric field strength Eg for various values of the SPP
wavelength A
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Fig. 10. Dependences of the SPP effective refractive index
neg on the electric field strength Eg for various values of the
angle ¢

crease of the wavelength A leads to a reduction of the
SPP effective refractive index neg and an expansion
of the range of their variation.

Figure 10 illustrates the dependences of the SPP
effective refractive index n.g on the electric field
strength Fy for various values of the inclination an-
gle ¢ of the easy axis v. The increase of the angle
1 leads to the narrowing of the range of variation of
neg-values (these variations are achieved by changing
the electric field strength Ey) and to the narrowing of
the hysteresis loops in the dependences neg(Ep) (and
their subsequent disappearance).

Since the dependence of the SPP effective refractive
index neg on the electric field strength Ej is a mono-
tonically decreasing function, it is possible to find the
range of variation of neg-values by accounting for the
explicit expressions for the NLC director field in the
limiting cases Ey = 0 and Ey — oo. In the former
case, the director angle is determined by Eq. (9); in
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Fig. 11. Dependences of the multiplier Ry ¢ in expression (20)
for the control interval Angg of the SPP effective refractive
index on the inclination angle ¥ of the axis e for various values
of the ratio W, /W, between the anchoring energies

the latter one, 6(z) — 7/2, i.e., the director field is
planar oriented. By substituting the indicated solu-
tions into Eqgs. (18) and (19), and using the explicit
expressions for the components of the wave vector
(13), we obtain an expression for the control interval
of the SPP effective refractive index,

Aneg = R.RprRrc, (20)
where
R.— [ S lem| €a 7
€d+Em€d(€d — Em)
2&)8de
Rpr =exp|———— ), 21
PL P( C|€d+€m|) ( )

1
Ric = cos? <2 arctan

W, sin 29
We + W, cos2i)’

as in expression (9), the values of arctan are re-
duced to the first quadrant. As one can see from
formula (20), the expression for the range of varia-
tion Aneg of the SPP effective refractive index neg is
the product of three separate multipliers: the mul-
tiplier R. describes the contribution of the dielec-
tric constants of the components of the NLC—polymer
layer-metal structure. The multiplier Rpy, takes into
account the weakening of the SPP sensitivity to the
NLC reorientation owing to the presence of the poly-
mer layer, and the multiplier Ry makes allowance
for the influence of the orientation angle ¥ of the
easy axis v and the anchoring energies W, and W,
on the interval of variation of the director angle 6 in
the NLC cell.
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As one can see from expressions (20) and (21), the
SPP propagation frequency w is explicitly included
in the expression for the control range Aneg of the
SPP effective refractive index only as a component
of the multiplier Rpy,. A reduction of the frequency
w slows down the attenuation of the SPP field when
moving away from the interface between the polymer
layer and the metal, which, in turn, enhances the abil-
ity to govern the optical properties of SPP by reori-
enting the NLC. In the absence of the polymer layer
(Lq = 0), the value of the SPP frequency w affects the
control interval An.g only indirectly, namely, through
the frequency dependences of the dielectric constants
of the structural components. Expectedly the control
interval Aneg expands as the polymer layer thick-
ness L, decreases and the NLC optical anisotropy ¢,
increases.

The increase of the orientation angle ¢ of the easy
axis v and the increase of the ratio W, /W, between
the energies of NLC anchoring with the v- and e-
axes, respectively, lead to the narrowing of the con-
trol interval Aneg of the values of the SPP effective
refractive index (see Fig. 11). In the limiting case
¥ — 0, the dependence of the quantity Aneg on
the ratio W, /W, between the anchoring energies dis-
appears because then the axes v and e coincide. At
¥ — 7/2 and provided W, > W,, the control in-
terval of the quantity neg narrows down to zero be-
cause the director becomes aligned planarly across the
entire cell thickness, irrespective of the electric field
strength value FEj.

4. Discussion of Results and Conclusions

The electrically induced orientational instability of
the NLC director in a homeotropically oriented cell
with the director pretilt at its surface has been stud-
ied theoretically. It is found that if the strength Ej
of the external electric field increases from zero, the
deformations of the director field in the NLC bulk in-
crease continuously, i.e., there is a non-threshold ori-
entational transition from the initial homogeneous,
almost homeotropic state into an inhomogeneous
one. Note that, in the absence of the director pretilt
at the surface, the indicated orientational transition
has a threshold character. Further increase of Ey in-
duces an orientational transition in the system from a
weakly inhomogeneous homeotropic state into a sub-
stantially inhomogeneous one and a subsequent tran-
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sition into an almost homogeneous planar state. Un-
der certain conditions, the indicated orientational
transitions can be accompanied by hysteresis phe-
nomena. In this case, when the electric field strength
Ey reaches certain critical values Eqp, the orienta-
tional transitions of the director field occur in a jump-
like manner. When the electric field strength Ey de-
creases, the inverse orientational transitions also take
place in a jump-like manner, but, at lower critical
strength values, Fot, < Eotn-

The existence conditions for hystereses at orien-
tational transitions, the parameter values of those
hystereses, and their dependence on the electric field
strength Ey are determined. The existence of the crit-
ical values ¥n1 and e (here, ¥in1 > Yine) for
the orientation angle ¢ of the inclined easy axis is
shown. Namely, the orientational transitions between
a weakly inhomogeneous homeotropic state and a
substantially inhomogeneous one, which occurs at
1 < 1, and between a weakly inhomogeneous
planar state and a substantially inhomogeneous one,
which occurs at ¥ < 4n2, are accompanied by the
hysteresis phenomenon. As a result, the angle inter-
val 1) < ypo is an interval of a “double” hysteresis,
whereas both orientational transitions have no hys-
teresis at ¥ > yn1. The growth in the orientation
angle 1 of the easy axis v leads to a reduction of
the hysteresis widths and amplitudes for both orien-
tational transitions, their subsequent disappearance,
and, as a result, the smoothing of the dependence
0(Ep) at all z-coordinate values. It is found that, for
typical values of the NLC cell parameters, when the
director pretilt angle ¢ at the cell surface increases,
the hysteresis of the orientational transition of the
system from a weakly inhomogeneous planar state
into a substantially inhomogeneous one disappears
first. Further growth of the i-values leads also to
the disappearance of the hysteresis in the orienta-
tional transition of the system from a weakly inho-
mogeneous homeotropic state into a substantially in-
homogeneous one. With the increase of the anchor-
ing energy W, of the director with the inclined easy
axis, the 1-angle intervals of the hysteresis existence
of both orientational transitions become narrower. If
the value of the ratio K7 /K3 increases, the interval of
existence of the hysteresis of the orientational tran-
sition in the system from a weakly inhomogeneous
homeotropic state into a substantially inhomogeneous
one broadens out; on the contrary, the interval of ex-
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istence of the hysteresis of the orientational transi-
tion from a weakly inhomogeneous planar state into
a substantially inhomogeneous one becomes narrower
in this case.

The influence of the external electric field on the
parameters and propagation conditions of plasmon
polaritons at the surface of the NLC cell has been con-
sidered in the configuration that one of the polymer
substrates of the cell is covered on the outer side by a
thin layer of gold. The value of the SPP effective re-
fractive index neg is calculated, and its dependences
on the electric field strength Fy, the polymer layer
thickness Ly, and the NLC cell parameters are ana-
lyzed. It is found that larger values of the electric field
strength Ej give rise to lower values of the SPP ef-
fective refractive index n.g. The interval of variation
Aneg of the SPP effective refractive index expands
with the decrease of the orientation angle 1 of the
inclined easy axis v, the polymer layer thickness L,
and the ratio W, /W, between the anchoring energies,
as well as with the growth of the SPP wavelength A
and the NLC optical anisotropy &,.

APPENDIX

Note that the integrand in formula (7) tends to 4oco near
the upper integration limit 6,,. This circumstance considerably
complicates the process of calculating the corresponding inte-
gral numerically. This difficulty can be solved by representing
the integrand as a sum of two terms,

— A+ B,

(K1sin? 0 + K3 cos2 0) (e, + €q cos? 0)
cos2 0 — cos? O,

where

Ao (K1 sin? 0, + K3 082 0pm,)(e1 + €q c0s2 0,
N $in 20, (Om — 0)

B (K1 sin? 6 + K3 cos2 0)(e; + €q cos2 )
o cos2 6 — cos? 0,

_ (K1 8in? O, + K3 €082 0p,) (€1 + €4 €082 O,
sin 20, (0m — 60) '

Then, the singularity of the integrand in formula (7) becomes
isolated in the term A, which admits the analytical integration,

O
/ Adf = 2\/(1(1 sin? O, + K3 cos2 0, X
6o

« \/(eL + €q €082 0,,) (0, — 6p)

sin 260,
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At the same time, the term B is a finite function of 6, without
singular points, vanishes at § — 60,,, and can be integrated
using numerical methods.
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EJIEKTPOKEPYBAHHA

IIOBEPXHEBUMMU ITJTABMOHHUMUI
KOJIMBAHHAMU B TOMEOTPOIIHI

KOMIPUI HEMATMYHOI'O PIAKOI'O KPUCTAJIA

TeopeTHyHO BUBYAETHCH 1H/yKOBaHA €JIEKTPUYHUM IIOJIEM OpPi-
€HTalliifHa HECTIMKICTh JUPEKTOpa B KOMipIli FTOMEOTPOIIHO Opi-
€HTOBAHOro HeMaTHUIHOro pinkoro Kpucraaa (HPK) 3a nasgsao-
CTi mepeHaXUIIy JUPEKTOpa Ha ITOBEPXHI HMinKIaauHKU. Bera-
HOBJIEHO, IO OpieHTaniiiHi nepexoau noss aupekropa HPK 3
BHUXIJIHOTO OJHOPiJHOTO CTaHy B CyTTEBO HEOJHOPIJIHUII 3 Ha-
CTYIHUM II€PEXOJOM B IIAHAPHUI CTaH, 3yMOBJIEHI 3MIHOIO Be-
JIMYUHYU HAIIPY2KEHOCT] €eJIEKTPUYHOrO I10JIs, MOXKYTb CyIIPOBO-
JKyBaTHUCS TicTepe3ucaMu. 3a HasIBHOCTI OCTAHHIX pO3paxo-
BaHO 3HAYEHHs IX IIapaMeTPiB i BCTAHOBJIEHO ObJacTi 1x icHy-
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BaHHA B 3aJIe2KHOCTI Bij BesnmuuH napamerpiB HPK-komipku.
BcranosiieHo, 110 36i/1bII€HHS IEPEIHAXUITY TUPEKTOPA Ha II0-
BepxHi Ta 3pocranus exepril 3uemenus HPK 3 moxuoro ser-
KOIO BiCCIO IPUBOJISATD 10 3BY>KEHH IUPUHH II€TJIi ricTepe3uncy,
a B IOJAJBIIOMY i JO 3HUKHEHHS TiCTepe3nCy 3a3Ha4YEeHUX Opi-
E€HTAIIMHUX repexo/iB. JLociIi »KeHO ONUPEHHS TIJIa3MOHHOTIO
nosisspuToHa Ha noBepxHi kKoMipku HPK y Bunanky obmerkeno-
cri oxuiel 3 1T mosiMepHUX HiAKIaAMHOK 3 IHITOro GOKyY IrapoMm
3oJ10Ta. Po3paxoBaHOo BemunHy edEKTHBHOI'O IOKa3HUKA 3a-
JIOMJIEHHSI IIOBEPXHEBOTO IIIa3MOHHOro nosspurona (IIIIIT) Ta
BCTAHOBJIEHO, III0 BOHA 3MEHIIYETbCH 31 30L/IBIIEHHSM HAIPY-
2KEHOCTI €JIEKTPUIHOrO IoJIs. BCTaHOBIIEHO, 110 Tiala30H Kepy-
BaHHS BEJIMYUHOIO €(PEKTUBHOIO MOKa3HUKa 3ajomiennus [TTTIT
POBIINPIOETHCA 31 3MEHIIEHHSM 3HAa4YeHb KyTa OPI€HTyBaHHHA
MOXUJIOT JIErKOI OCi Ta TOBIIMHM IOJIMEPHOrO IIapy, & TAKOXK
31 30isbmeHHsiM goBxkuuu xBuwiii IIITIT Ta onTuvHOl aHi30TpO-
it HPK.

Katrowoei caoea: HEMATUIHUN DPiAKHI KPUCTaJI, Opi€HTa-
LiffHa HeCTiHKiCTh, ricTepe3uc Opi€HTALIMHOrO Iepexomy, Iie-
pelHAaXWJI OTUPEKTOPa, €Heprisl 34YeIlJIEHHd, IIOBEPXHEBUN ILIa-
3MOHHUNA IIOJIAPUTOH.
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