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Abstract: The optical spectra of the cholesteric liquid crystal (CLC) layers under conditions of hybrid
anchoring show a short-wave shift under a pulsed electric field. This behavior is anomalous because
it is associated with a decrease in the pitch of the cholesteric spiral, which is atypical at conditions
when the electric field is perpendicular to the axis of the CLC spiral. An analytical model of the
phenomenon is discussed, according to which the spiral pitch under hybrid boundary conditions
can be greater than the natural pitch in an unlimited volume of CLC. An in-plane electric field,
being localized near the homeotropic-alignment surface, can be treated as effectively influencing the
azimuthal anchoring and leading to a variety of metastable states with both increased and decreased
pitch. These metastable states with local minima of free energy prevent the spiral from unwinding,
and corresponding bands of selective reflection can even be shifted to the short-wave region of the
spectrum. The observed effect is also studied numerically. It is shown by numerical simulations that
the localized electric field from short-pitch electrodes can also modify zenithal anchoring, which
should allow for defect-free controlling of the spiral pitch and spectral stop-band location.

Keywords: cholesteric liquid crystals; photonic crystals; selective reflection spectra

1. Introduction

Cholesteric liquid crystals (CLC) are unique representatives of liquid crystal (LC)
materials because of their ability to spontaneously self-organize into spiral supramolecular
structures [1–3]. Spirality, in turn, causes special optical properties. In particular, in the
spectral range of wavelengths comparable to the spiral pitch, a selective reflection band
arises for light with circular polarization, coinciding in sign with the sign (handedness) of
the CLC spiral. The latter property makes it possible to consider CLCs as representatives
of one-dimensional photonic crystals with a band gap (stop-band) corresponding to the
selective reflection band that causes a variety of photonic properties useful for such optical
devices as band pass filters, diffraction gratings, microlasers, etc. [4–12]. For light propagat-
ing along the axis of the spiral, the stop-band is determined by the range of wavelengths
(pn||, pn⊥), where p is the spiral pitch, and n||,⊥ are the main refractive indices of the CLC.
Obviously, the control of the spiral pitch is a key task when it comes to changing the spectral
position of the stop-band in order to use the CLCs in photonic applications. Of particular
interest are the CLC systems in which the pitch changes controllably under different kinds
of external influences [13–17]. For example, it has been demonstrated in [16,17] that the
spiral pitch can be controlled in wedge-shaped CLC cells for tuning the lasing wavelengths.
However, in case of a fixed concentration of the chiral dopant, the tuning range is rather
short (of about 10 nm on the wavelength scale), and the design of the wedge-structured
CLC film with the spatial gradient of the chiral dopant is proposed for expanding the
tuning range [17].

The behavior of CLCs in the magnetic and electric field was given considerable
attention as early as the 20th century [18–22]. For example, in [18–20] it was shown that
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in case of an electric or magnetic field directed perpendicular to the axis of the spiral, the
pitch of the spiral should increase, and at some critical field the spiral should disappear.
However, in practice, we are not dealing with an infinite spiral. For example, if the axis
of the spiral is oriented perpendicular to the CLC layer, then its length is limited by the
thickness of the layer. In addition, at the boundaries of the layer, due to surface anchoring,
the in-plane alignment direction of the CLC can be fixed, and the defect-free change in
pitch is possible only as a result of transitions between topologically equivalent states, i.e.,
such states that allow the transition between them as a result of continuous deformation
of the director field in the volume without the formation of domains and defects. For
example, under planar boundary conditions, when the director is parallel to the plane of
the CLC layer, the topologically equivalent states are only those that differ in the whole
number of director’s turns over the layer thickness. The transition between such states is
possible, for example, by creating a vertical orientation of the director in the center of the
layer [23]. States differing by half the spiral turn are not topologically equivalent, and under
rigid boundary conditions, the transition between such states is possible only through
the formation of defects in the volume of the layer. The noted features lead to that in an
electric field perpendicular to the axis of the spiral the latter does not experience continuous
unwinding. Instead, a strong deformation of the spiral appears with the induction of higher-
order bands of selective reflection [24]. For the latter reason, finding the conditions at which
one can obtain a defect-free and controllable change in spiral pitch is quite important.

The aforesaid, however, applies only to cases of planar alignment at the boundaries
of a CLC layer (in this work the spiral axis is assumed to be always perpendicular to the
layer) with the same anchoring at both sides of the CLC layer. The creation, for example, of
asymmetric boundary conditions, when the surface anchoring and alignment directions
are different at the boundaries, allows for defect-free switching in an electric field, even
between CLC states that differ by half of the director turn. The latter is possible due to a
near-surface orientational transition and hydrodynamic flow coupling [25].

In this paper we consider the case of hybrid boundary conditions, when planar bound-
ary conditions are implemented only at the first side of the CLC layer, while at the second
boundary, the easy axis for the director alignment is oriented vertically (homeotropically).
We study the influence of an electric field created using interdigitated electrodes at the
CLC layer boundary with homeotropic alignment. The work includes two sections, which
describe the procedure for preparing samples and measuring techniques, and experimental
results and numerical modeling.

2. Materials and Methods

We prepared two types of samples with hybrid boundary conditions, where at one
of the surfaces of the substrate the planar conditions for the CLC alignment were made,
while on the other substrate (opposite boundary of the layer) the conditions were for the
homeotropic alignment. In the first type (A), seen in Figure 1a, the homeotropic alignment
was set on the surface of the substrate with an interdigitated system of chrome electrodes.
In the second case (B), seen in Figure 1b, similar electrodes were placed on the surface of
the substrate providing planar-alignment conditions. The easy axis of the planar alignment
was oriented along the electrode’s stripes.

Planar boundary conditions were made by mechanical rubbing of polyimide films.
For the two types of samples, the rubbing was made along the electrode’s stripes (the
y-axis, Figure 1a). The polyimide films were coated onto substrates using spin-coating
with 1 wt% amide solution followed by annealing at a temperature of 195 ◦C for one hour.
Chromolan films were used to obtain the homeotropic alignment. They were prepared
by spin-coating using a 0.1 wt% solution of chromium stearyl chloride and annealed at a
temperature of 125 ◦C. It should also be noted that before coating the chromolan film onto
the interdigitated electrodes, we first coated a polyimide film, which, as our experiments
showed, provided additional protection against premature electrical breakdown. We also
checked that the polyimide film under the layer of the homeotropic-alignment chromolan
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film did not change the vertical alignment, although we assumed that this polyimide film
could affect the magnitude of the zenithal anchoring energy.
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Figure 1. Schematic representation of two types of samples: (a) the homeotropic alignment is
implemented on the bottom substrate with planar electrodes, and planar alignment is on the top
substrate (alignment of the easy axis is along the electrode strips); (b) the planar alignment on the
bottom substrate with electrodes, with the easy axis along the electrode strips; the top substrate
provides the homeotropic alignment.

The interdigitated electrodes were made of the chromium strips along the y-axis and
had a period of 25 µm (on the x-axis). The gap between the adjacent electrodes was 20 µm.

Teflon films with a thickness of 10 µm were used to form a gap between the substrates,
which determined the thickness of the CLC layer (d). The actual thickness of the resulting
gap was measured by the interference method and was found to be about 20% higher than
the thickness of the Teflon gaskets (d = 12.8 µm).

The CLC was made on the basis of E7 (Merck) liquid crystal by adding 14.3 wt% of
optically active compound (bis(2-Cl-4-methylpentyl)-diphenyl-4,4’-dicarboxylate, NIOPIK).
At room temperature, this weight concentration of the compound provided a natural spiral
pitch p0 ∼= 0.55 µm.

To measure the optical spectra, an installation based on an Olympus CX31 PF-5
(equipped with a U-CTR 30-2 trinocular tube) polarizing microscope and an Avantes
AvaSpec-2048-USB 2-UA fiber-optic spectrometer were used. Spectra were measured in the
external trigger mode during a time interval of a pulse of voltage applied to the electrodes
of the CLC cell. The voltage pulses followed at intervals of 1000 ms and were 2 ms packets
filled with a sinusoidal voltage at a frequency of 10 kHz. The voltage magnitude (Up-p) in
the packets was varied in increments of 50 V up to 300 V. All the spectra were measured in
unpolarized light for beam propagating along the z-axis (Figure 1a), so the surface with the
electrodes was located closer to the light source.

3. Results and Discussion
3.1. Experimental Optical Transmittance Spectra

Figure 2 shows the optical transmittance spectra for two samples of type A and B.
Spectra were measured for different electric field strengths. As can be seen, in the case
of sample “A”, there is a pronounced short-wave shift of both the main band of selective
reflection in the spectral region of 800–900 nm and the field-induced band of a higher order
in the blue region of the spectrum (400–450 nm).
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Figure 2. Transmittance spectra for samples “A” (a) and “B” (b) at different magnitudes of the driving
voltage Up-p: 0, 100, 200, and 300 V for the curves 1, 2, 3, and 4, respectively.

The occurrence of the higher-order induced band is associated with the deformation
of the spiral, which was discussed in detail in [24]. It should be noted, however, that in [24],
there were symmetric boundary conditions of the CLC alignment.
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The most fundamental difference from the results of [24] is the presence of a short-wave
spectral shift. A spectral shift of about 20 nm is very visible for the field-induced second-
order reflection band in the range of 400–500 nm, as seen in Figure 2a. The most surprising
is the short-wave shift. Indeed, we deal with the electric field oriented predominantly
perpendicular to the axis of the cholesteric spiral. In this situation, at relatively high fields, it
is reasonable to expect either the unwinding of the spiral, or, as in the mentioned work [24],
the preservation of the spiral pitch. Therefore, quite expected would be either a shift of
the selective reflection band to the long-wave region of the spectrum or the maintaining of
its spectral position. In this regard, the spectra in Figure 2b, where the center of the main
band as well as the induced band of the higher order retained their spectral position, are
quite expected.

The appearance of the short-wave shift in the case of sample “A” and its absence in
sample “B” forced us to think about the electric field influence, not only in terms of the
deformation and unwinding of the spiral but also in terms of modification of the anchoring
potential. Indeed, due to the inhomogeneous distribution of the electric field, in the case
of sample “A”, the electric field at the homeotropic-alignment surface is higher than in
the case of sample “B”. The higher electric field at the homeotropic-alignment surface
tended to tilt the LC director to align it in the layer plane perpendicular to the electrode
strips. Below, within a simple analytical model, we discuss the effective influencing of the
anchoring by the electric field to explain the observed results.

3.2. Analytical Model

The samples “A” and “B” exhibited fundamentally different behavior, which can be
understood if we refer to the following model. According to [26], in the case of CLC with a
spiral pitch much less than the thickness of the layer, the free energy per unit area with the
electric field turned off can be approximately represented as

F =
K2d

2
(q0 − q)2 +

√
K1K3

(
cos2θs1 + cos2θs2

)
q + W1(ϕs1, θs1) + W2(ϕs2, θs2), (1)

where K1-3 are the moduli of elasticity; d is the thickness of the CLC layer; q0 and q are
wave numbers that determine, respectively, the natural pitch of the spiral p0 = 2π/q0 and
the pitch realized in the CLC layer p = 2π/q; ϕs1, θs1 and ϕs2, θs2 are, respectively, the
azimuthal and zenithal angles of the director at the first and second boundaries of the layer;
W1 and W2 are anchoring potentials, respectively, at the first and second boundaries.

The azimuthal angles are measured from the x-axis parallel to the planes of the
substrates, and the zenith angles from the normal to them. It should be noted that in
the case of chiral CLC, there is a relationship between the azimuthal angles at the first
(ϕ¬s1) and second (ϕ¬s2) boundaries and the wavenumber q. This relationship can be
represented as

ϕs1 + qd = ϕs2 + πk, (2)

where k is an integer, and the range of values for azimuthal angles covers sector π.
In our case of hybrid boundary conditions, a model situation is of interest, when at the

first boundary there is a planar orientation (ϕs1 = 0, θs1 = π/2) with an infinite anchoring
energy (rigid boundary conditions), and at the second boundary there is a homeotropic
alignment with a relatively weak anchoring energy W2 ≡ W(ϕs, θs), where ϕs ≡ ϕs2, θs
≡ θs2. The “weak” anchoring energy means such a value at which, due to the elastic
interaction, the director at the boundary deviates markedly from the normal to the plane
of the layer, so that the angle θs can be close to π/2 and weakly dependent on q. Taking
the first derivative of (1) by q, taking into account (2) and equating it to zero, we obtain a
condition for the extreme of free energy:

K2d(q− q0) +
√

K1K3cos2θs +
dW
dϕs

dϕs

dq
= 0. (3)



Crystals 2023, 13, 10 6 of 13

If the second derivative of F is positive,

K2d +
d
dq

(
dW
dϕs

dϕs

dq

)
> 0, (4)

then the extremum condition (3) is the minimum condition from which the equation for
the equilibrium value q is as follows:

q
q0

= 1−
√

K1K3

q0dK2
cos2θs −

1
q0dK2

dW
dϕs

dϕs

dq
. (5)

In the case of the azimuthal anchoring degeneration, when dW/dϕs = 0, the last term in (5)
can be skipped, and it follows from (5) that if the tilt angle of director θs at the boundary is
different from π/2, then q/q0 < 1 and, accordingly, the spiral pitch p in the CLC layer is
greater than the natural pitch p0.

However, if a planar electric field exists near the homeotropic-alignment surface, then
our assumption on the degeneration of the director’s azimuthal states is more incorrect,
since the electric field vector already sets the allocated direction near the boundary. If
the in-plane electric field is highly localized near the surface, then it can be interpreted
in terms of an induced effective azimuthal anchoring W(ϕ). This in-plane field will also
lead to greater deviation of the director from the normal at the homeotropic boundary,
i.e., the angle θs will approach π/2 and according to (5), the pitch p = 2π/q may decrease,
approaching the natural pitch p0 = 2π/q0 (q/q0 → 1).

Given that a highly localized in-plane electric field can be interpreted in terms of
azimuthal anchoring energy, let us return to the case of the final energy of the azimuthal
anchoring and consider this situation in more detail. As a model view of the potential for
azimuthal anchoring energy, we will use the Rapini potential:

W = −Wacos2 ϕs, (6)

where ϕs is an angle with respect to the x-axis coinciding with the direction of the in-plane
electric field. Taking into account (2) at ϕs1 = 0, and ϕs ≡ ϕs2, we obtain

dW
dϕs

dϕs

dq
= dWasin(2qd− 2πk) ≡ dWasin(2qd), (7)

and Equation (5) can be represented as

q
q0
− 1 +

√
K1K3

q0dK2
cos2θs = −

Wa

q0K2
sin[2dq0 q/q0]. (8)

The solutions of Equation (8) can be visually illustrated graphically in the form of
points of intersection of two functions f (ξ) and g(ξ), as shown in Figure 3:

f (ξ) = ξ +

√
K1K3

q0dK2
cos2θs − 1, (9)

g(ξ) = − Wa

q0K2
sin[2dq0ξ], (10)

where ξ = q/q0. For clarity, when constructing the curves in Figure 3, the following
parameter values were chosen: q0d = 10π, Wa/(q0K2) = 0.5. For typical values K2 = 5 10−12

N and q0 = 2π µm −1, as example, the last parameter corresponds to an anchoring energy
magnitude of ~0.03 mJ/m2, which is within a reasonable range of values [27].

The function f (ξ) is a linear relationship represented in the figure by a straight line.
The function g(ξ) is an oscillating curve of sinusoidal shape with an amplitude proportional
to the azimuthal anchoring energy. At infinitesimal anchoring, this sinusoidal curve
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merges with the abscissa axis, and Equation (8) has the only solution corresponding to the
intersection of the straight line with the abscissa. For example, at θs = π/2 and infinitesimal
anchoring, the line f (ξ) crosses the ordinate axis at f(0) = −1 and the abscissa axis at
ξ = q/q0 = 1. Thus, in this case, the pitch of the spiral p is equal to the natural pitch p0. If
there is a tilt of the director relative to the plane of the layer (θs < π/2), then the line f (ξ)
is raised along the ordinate axis by a value

√
K1K3

q0dK2
cos2θs (red curve), and the intersection

point with the abscissa axis is shifted to lower values (ξ = q/q0 < 1), which corresponds to
an increased value of the pitch p compared to the natural pitch p0. In the latter case, the
selective reflection band is shifted to the long-wave region relative to the natural-pitch band.
If one increases the angle of tilt, for example, by using a localized electric field, then there
will be a short-wave shift of the selective reflection band. This shift cannot exceed the value
of the |(p0 − p)(n|| − nˆ)/2|. In this case of zero azimuthal anchoring, the implemented
spiral pitch corresponds to the global minimum of free energy.
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In the case of finite anchoring, the situation changes radically, since there are many
points of intersection of the line f (ξ) with the sinusoidal curve. Some of these intersections
correspond to solutions for which there is a local minimum of free energy. The criterion for
the local minimum is the condition (4), which in the case of potential (6) is

K2d + 2d2Wacos(2qd) > 0. (11)

With typical parameters of the LC, the first term in (11) is much smaller than the
amplitude of the second term, so it is convenient to determine the family of solutions for the
local minimum based on the positive values of the second term, which, in turn, corresponds
to the negative sign of the derivative function g(ξ) in Figure 3. The corresponding solutions
(points of intersection f (ξ) and g(ξ))) are highlighted in Figure 3 with circle symbols.

For clarity, the inset in Figure 3 shows one of the possible transitions at a local electric
field near the surface with increasing q (decreasing the pitch) of the spiral from the state
“A”, characteristic of the case with the tilt angle θs¬ lower than π/2, to the state “C”, when
the tilt is increased to be close to π/2. Note that “D” is metastable, and, in principle,
subsequent jump transitions are possible to the lower energy state "D" and further states
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up to the ground state at ξ = q/q0 = 1. It is important, however, to emphasize that an
increase in the strength of the electric field is equivalent to an increase in the amplitude
of the azimuthal anchoring Wa and, accordingly, the amplitude of the function g(ξ). The
latter, in turn, will lead to increasing the energy barrier between the states “C” and “D”. It
is this feature that explains the relatively small spectral shift to the short-wave region of the
spectrum, observed experimentally, as seen in Figure 2a.

The above consideration makes it possible not only to qualitatively explain the ex-
perimentally observed effect of the short-wave shift of the selective reflection band but
also to preserve the spiral at sufficiently strong fields exceeding the spiral unwinding field.
Indeed, field-induced azimuthal anchoring results in a high energy barrier between the
metastable state and the ground unwound state. Thus, the spiral can be stable during some
time, for instance, in pulsed electric fields. Additionally, to modify the azimuthal anchoring
strength, the electric field should be sufficiently strong and localized at the homeotropic-
alignment surface, which made the difference in performance between samples “A” and
“B” in our experiment.

Attention should be paid to one more circumstance. If one creates a local vertical
electric field, the tilt angle with respect to the z-axis will decrease, and the spiral should
gradually unwind with no formation of defects, which is another very important property
we address in the simulation section.

3.3. Numerical Simulations and Discussion

The above analytical consideration is highly simplistic. Therefore, in this section we
present the results of numerical modeling. In addition to the geometry corresponding to
our experimental studies, where the period of the interdigitated electrodes was relatively
large (25 µm), we also consider a virtual case, where the period of the electrodes is in the
submicron range, namely, 0.7 µm. In this case, the electric field is highly localized near
the homeotropic-alignment surface, and it can be more reliably interpreted as a field that
modifies the energy of the LC anchoring.

Numerical simulation was performed using software created by one of the authors
(S.P.P.). The software is based on the solution of the equations of the continuum theory of
LCs and Maxwell’s equations for the case of a three-dimensional inhomogeneous medium.
The optical problem in this software package is solved both by the Berreman method [28,29]
and by the finite difference time-domain (FDTD) method [30]. More details about the
approaches used in our modeling can be found in [31].

Taking into account the features of a specific problem considered in this work, a
simplified system of governing equations is as follows:

− ∂(F+g)
∂ni

+ d
dx

(
∂(F+g)

∂ni
∂x

)
+ d

dy

(
∂(F+g)

∂ni
∂y

)
+ d

dz

(
∂(F+g)

∂ni
∂z

)
= γ dni

dt ,

i ∈ {x, y, z}, g ≡ 1
2 µ(1−∑i n2

i ) = 0,
(12)

where µ is the Lagrange multiplier that is due to the constraint

n2
x + n2

y + n2
z = 1, (13)

γ is the rotational viscosity of LC, and F is the free energy density, expressed as

F =
1
2

{
K1(∇ · n)2 + K2(n · (∇× n)− q0)

2 + K3(n× (∇× n))2
}
− ε0

2
(ε·E)E, (14)

where K1, K2, and K3 are splay, twist, and bend elastic coefficients, respectively; γ is
rotational viscosity; ε0 ∼= 8.85 10−12 F/m is the vacuum dielectric constant, and E is the
electric field vector; wavenumber q0 is responsible for the LC chirality and spiral director
distribution with the natural pitch p0 = 2π/q0 in case of the free boundary conditions
and no electric field applied. The elastic parameters used in this work are as follows:
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K1 = 11 pN, K2 = 7 pN, K3 = 17 pN, and γ = 0.1 Pa s, which are close to those of popular
E7 LC from Merck. A value of q0 is taken to be positive and defining the natural pitch of
the right-handed helix p0 = 0.5 µm. Namely, this value for the spiral pitch is used at the
starting time moment of the calculations by the relaxation method. A value of 0.1 Pa s for
the rotational viscosity (γ) is not of principal significance in current simulations; it defines
only the relaxation time scale for obtaining a steady state solution. In our case, for the
CLC layer of a thickness of 10 µm, more than one second was necessary to obtain a stable
solution with an equilibrium spiral pitch p. To find the electric field, Equations (12) was
coupled with the Maxwell equations ∇× E = 0 and ∇·(ε0εE) = 0. Thus, we assumed that
the LC is the ideal dielectric with zero free charge density in the bulk.

While at the planar-alignment surface the rigid boundary conditions are assumed, the
anchoring strength at the homeotropic alignment surface is defined as follows:

W = Wz

(
n2

sx + n2
sy

)
, (15)

where nsx and nsy are x- and y-components, respectively, of the LC director at the alignment
surface. This is actually the well-known Papoular–Rapini form [32] for the anchoring
potential, which, in our case, was expressed in terms of the director components with
respect to the vertical easy axis direction.

The optical spectra calculations are simplified by excluding the impact from the sub-
strates and electrodes. This is done by setting the refractive indices of these elements to
be equal to 1.5, which is close to the lowest refractive index of CLC. The output medium
refractive index was also set to 1.5, which allows for the suppressing of the Fabry–Perot in-
terference effect caused by multiple reflections from the LC layer and substrate boundaries.
The principal refractive indices of our virtual LC material were n|| = 1.81 and n⊥ = 1.54 at
the wavelength λ = 450 nm and n|| = 1.75, and n⊥ = 1.52 at the wavelength λ = 589 nm,
so the spectral dispersion was taken into account. The spectra shown in this work are
local and for the optical rays normal to the LC layer and passing through the middle point
between the electrodes. The calculations were done for the nonpolarized light.

Figure 4 shows optical transmittance spectra for the virtual cell corresponding to the
experimental geometry discussed above (thickness 12.8 µm; gap between the interdigitated
electrode 20 µm) for both the electric field switched off and switched on. The varied parameter
in these calculations was the anchoring strength Wz at the homeotropic-alignment surface. The
field-off spectra (curves 1, 3) illustrated the well-known single selective reflection band in the
near infrared range, which corresponds to the stop-band of width ∆λ of about 100 nm, which
is defined by pitch (p) of the spiral and the optical anisotropy (∆λ = p(n|| − n⊥)). One can
see an impressively strong dependence of the stop-band position on the anchoring strength.
Even at a rather weak anchoring strength (Wz = 0.025 mJ/m2), the stop band is centered at a
wavelength of λm = 900 nm (curve 1), which is significantly red-shifted with respect to the
wavelength λm = p0( n|| + n⊥)/2 ∼= 815 nm corresponding the CLC spiral characterized by
the natural pitch p0 = 500 nm. With increases in the zenithal anchoring strength to a value of
0.05 mJ/m2, a stop-band is further shifted to the longer wavelengths (λm = 1090 nm), which
corresponds to the spiral pitch of about 670 nm. The found increase in the spiral pitch with
increasing anchoring strength agrees with our simplified analytical consideration.

Thus, the numerical simulations confirmed one of our basic ideas, namely, that the
spiral pitch and corresponding spectral position of the stop-band can be controlled by
changing the zenithal anchoring strength at the homeotropic-alignment surface. However,
our experiments made with different homeotropic-alignment films showed that in all
cases the spectral stop-band position was quite close to that defined by the natural pitch
p0 [33]. This means that the zenithal anchoring strength in our experimental cells was
rather weak and could be estimated at a level below 0.01 mJ/m2. Because of such weak
zenithal anchoring provided by the alignment films, an important question arose about
modification of the effective zenithal anchoring with the help of a localized electric field.
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First, let us look at the simulation results in Figure 4 corresponding to the electric field
switched on. In this case, we deal with the experimental geometry (Figure 1a), when the
distance between the electrodes (w = 20 µm) is higher than the layer thickness (d = 12 µm).
In this situation, the electric field is not strongly localized between the electrodes. Being
applied across the layer thickness perpendicular to the spiral axis, this electric field results
in the deformation of the spiral and appearance of the field-induced stop-band of the
second order at wavelengths of about 450 and 530 nm for Wz = 0.025 and Wz = 0.05 mJ/m2

respectively, as seen in Figure 4 (curves 2, 4). The simulations also reproduce the observed
small shift of the main stop-band to the shorter wavelengths. In particular, the blue shift is
found to be higher for the case of the higher anchoring strength (curve 4). We also found
that the value of the shift depends on a thickness of the LC layer, which is actually in
agreement with our analytical model (see the discussion with respect to Figure 3), when
the in-plane electric field effectively changes the azimuthal anchoring, so a multiple set of
metastable states appear.
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Both the experimental study and the numerical simulations show that the deformed
state with the field-induced second-order stop-band exists during a finite time of about
50 ms. Thus, the effect of a rather small spectral shift of the stop-band can be used only in
pulsed electric fields.

Quite promising results were simulated in the case where the electric field was strongly
localized. Figure 5 shows the director distribution close to the homeotropic-alignment
surface with the interdigitated electrodes of a submicron period of 700 nm and a gap
between the electrodes of 200 nm. In this case, the electric field penetrates into the bulk
only on a scale comparable with the spiral pitch (~500 nm), so the spiral across the layer
thickness (d = 10 µm) remains stable.

Because the width of the electrodes is significantly higher than the gap between the
electrodes, the electric field is, on average, normal to the alignment surface, providing a
tilted director orientation at the surface. This means that on average, we basically modify



Crystals 2023, 13, 10 11 of 13

the zenithal anchoring strength, which results in a long-wavelength shift of the stop-band.
The calculated spectra in Figure 6 show the pronounced stop-band shift more than 100 nm
from a central wavelength of 815 nm (curve 1) up to about 930 nm at U = 16V (curve 5).
This shift corresponds to changing the spiral pitch from 510 nm to about 580 nm. The shift,
however, is not a regular one. At the lower voltages in a range of 2–4 V, a small shift to
shorter wavelengths takes place. This can be explained by periodic flipping of the direction
of the electric field vector from the horizontal to the vertical direction, so we still have
multiple states defined by an effective field-induced azimuthal anchoring. Nevertheless,
due to the local (near the surface) deformation, the spiral is stable over the time, and the
pulse driving is not necessary to control the spectral stop-band position.

Crystals 2022, 12, x FOR PEER REVIEW 11 of 13 
 

 

Both the experimental study and the numerical simulations showed that the de-
formed state with the field-induced second-order stop-band existed during a finite time 
of about 50 ms. Thus, the effect of a rather small spectral shift of the stop-band could be 
used only in pulsed electric fields. 

Quite promising results were simulated in the case where the electric field was 
strongly localized. Figure 5 shows the director distribution close to the homeotropic-align-
ment surface with the interdigitated electrodes of a submicron period of 700 nm and a gap 
between the electrodes of 200 nm. In this case, the electric field penetrated into the bulk 
only on a scale comparable with the spiral pitch (~500 nm), so the spiral across the layer 
thickness (d = 10 μm) remained stable. 

 
Figure 5. Equilibrium distribution of the LCD director near the homeotropic-alignment surface with 
weak anchoring (Wz = 0.01 mJ/m2) for different values of voltage on interdigitated electrodes (elec-
trode width 500 nm; gap between electrodes 200 nm). Images correspond to the xz plane (x-axis is 
horizontal direction, perpendicular to the electrode strips; the z-axis is vertical (normal to the plane 
of the CLC layer and corresponds to the spiral axis). The color scale corresponds to the x-component 
of the LC director. 

Because the width of the electrodes was significantly higher than the gap between the 
electrodes, the electric field was, on average, normal to the alignment surface, providing 
a tilted director orientation at the surface. This means that on average, we basically mod-
ified the zenithal anchoring strength, which should have led to a long-wavelength shift of 
the stop-band. The calculated spectra in Figure 6 show the pronounced stop-band shift 
more than 100 nm from a central wavelength of 815 nm (curve 1) up to about 930 nm at U 
= 16V (curve 5). This shift corresponds to changing the spiral pitch from 510 nm to about 
580 nm. The shift, however, is not a regular one. At the lower voltages in a range of 2–4 V, 
a small shift to shorter wavelengths took place. This can be explained by periodic flipping 
of the direction of the electric field vector from the horizontal to the vertical direction, so 
we still had multiple states defined by an effective field-induced azimuthal anchoring. 
Nevertheless, due to the local (near the surface) deformation, the spiral was stable over 
the time, and the pulse driving was not necessary to control the spectral stop-band posi-
tion. 

Figure 5. Equilibrium distribution of the LCD director near the homeotropic-alignment surface
with weak anchoring (Wz = 0.01 mJ/m2) for different values of voltage on interdigitated electrodes
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is horizontal direction, perpendicular to the electrode strips; the z-axis is vertical (normal to the plane
of the CLC layer and corresponds to the spiral axis). The color scale corresponds to the x-component
of the LC director.
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Figure 6. Transmittance spectra of the CLC layer for different values of electrical voltage U on the
interdigitated electrodes: (1) U = 0 V; (2) U = 2V; (3) U = 4V; (4) U = 8V; (5) U = 16V. The corresponding
director distributions are shown in Figure 5.
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4. Conclusions

In conclusion, we found that in the case of hybrid boundary conditions, the spiral pitch
in cholesteric LCs strongly depends on the zenithal anchoring strength at the homeotropic-
alignment surface. The electric field from the planar system of electrodes located at this
surface can effectively modify both azimuthal and zenithal anchoring strength. In cases
where the gap between the electrodes is comparable or larger than the layer thickness, in
addition to azimuthal anchoring modification, the electric field also results in deformation
of the spiral across the layer thickness. In this case, one can observe both a second-order
field-induced reflection band and an anomalous spectral shift of the principal stop-band
to the shorter wavelengths. However, the spiral is unstable at these conditions, and the
effect can be observed only in pulsed electric fields. The field-on stability of the spiral can
be achieved in cases where the electric field is strongly localized on a scale of the spiral
pitch near the alignment surface. This can be done using a short-pitch electrode grating
located at the homeotropic-alignment surface. Using the localized electric field, the pitch of
the cholesteric spiral and spectral position of the stop-band can be well controlled over a
wide spectral range.
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