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The possibility of the existence of localized optical modes with maximum field intensity at the interface between
the metal and cholesteric liquid crystal is theoretically grounded. The system comprises a defect-containing
cholesteric liquid crystal and a metal layer. It is established that the localization occurs at almost any defect thick-
ness rather than only at the half-wave thickness, at which the loss of the polarization dependence of diffraction
reflection and the absence of field localization are observed for the structure without the metallic layer. It is
demonstrated that the spectral properties can be controlled by external fields affecting the liquid crystal. At large
thicknesses of the cholesteric liquid crystal between the defect and the metallic layer, the spectrum contains the
pronounced peaks corresponding to the edge modes. The results obtained open new opportunities for controlling
the transmittance spectrum, polarization, and localization of light in optoelectronic elements based on the

investigated system. © 2017 Optical Society of America

OCIS codes: (240.6680) Surface plasmons; (160.3710) Liquid crystals; (230.3720) Liquid-crystal devices; (230.5298) Photonic

crystals.
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1. INTRODUCTION

The localized modes in photonic crystal media are promising
objects for fundamental research and application [1]. They are
realized when light is locked between two mirrors, for example,
at the boundary of a photonic crystal (PC) (Bragg mirror) and
other PC [2], or between a PC and a medium with the negative
permittivity [3,4]. Recently, it has been obtained at the inter-
face between a one-dimensional PC and an organic dye-doped
polymer layer [5]. Such localized modes at the interface be-
tween two highly reflective materials can be formed by both
the TE and TM linear polarizations and excited at any angle
of light incidence. Localized modes manifest themselves in
experiments as a narrow resonance in the transmission or re-
flection spectrum of a sample. In recent years, the hybrid states
representing the interactions between localized modes at the
interface between a PC and an isotropic highly reflecting
medium, and resonances of different natures have been inten-
sively studied [6-10]. Localized modes and hybrid states based
on them are applied in lasers [11-13], sensors [14,15], photo-
voltaic elements [16], top-emitting white organic light-emitting
devices [17], and bistable switches [18].

Cholesteric liquid crystals (CLCs) represent a class of
one-dimensional self-assembling chiral PCs [19,20]. They are
formed by elongated molecules arranged in helical structures.
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On average, these molecules are oriented similarly in the plane
perpendicular to the helix axis. Their orientation direction is
characterized by a director. The director continuously rotates
along the axis with the formation of a birefringent structure.
At the normal incidence of light in the wavelength range of
pn, < A < pn,, where p is the helix pitch and 7, and 7, are
the ordinary and extraordinary refractive indices, there is a
CLC photonic bad gap for the circular polarization with a
handedness sign identical to that of the helix. This circularly
polarized radiation is reflected from the CLC with a reflectance
depending on the layer thickness ([19], Fig 1.8). There is the
only selective reflection band in the spectrum for the light
propagating along the helix axis. The radiation with the circular
polarization different from the CLC helix handedness does not
experience the diffraction reflection.

In contrast to other types of one-dimensional PCs, for the
CLC there exists the exact solution of the Maxwell equations at
the normal incidence of light [21-24]. The eigensolutions are
the superposition of two circularly polarized plane waves. These
can be either two waves with opposite circular polarizations
propagating in one direction or two waves with the same
circular polarization propagating in opposite directions.

The advantage of CLCs is their tunability. The variations
in temperature or external electric or magnetic fields and
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photoorientation effect can change the CLC structure [20],
e.g., increase or decrease the cholesteric helix pitch and thereby
change the bandgap position. Another important feature of the
CLGs is that they can have two or even three optically stable
states. These remarkable properties allow the CLCs to be used
in various optical devices [25,26].

The attempts to localize light at the interface between the
CLC and the metallic layer were made in [27-29]. We showed
that this problem is nontrivial because of the polarization
features of light reflection from the CLC and metal [28]. The
light reflected from the CLC retains its circular polarization,
but the metal changes it. The polarization change can be com-
pensated using an additional anisotropic layer. The role of such
a layer was played by a quarter-wave plate inserted between the
CLC and metal [27] and by an oppositely handed CLC [29].
One more way to find the localized mode at the CLC boundary
was through the use of a chirality-preserving mirror instead of
the metal [30,31].

In this study, we propose a new method for localizing the
light between the CLC and metallic film by using a defect layer
in the cholesteric. The CLC tunability makes the investigated
structure useful for various optical devices, such as sensors and
solar cells [32]. In this case, the light is localized in different
geometrical parts of the structure at different frequencies.

2. SYSTEM DESCRIPTION

Some authors [33-39] studied the systems in the form of a
CLC with the anisotropic defect layer. Alaverdyan er al. [39]
developed optical CLC cells with electrodes located
perpendicular to the CLC helix axis. Using these cells, they
manage to untwist the CLC helix in the middle of the layer
and thereby create a planar defect. Hsiao e¢r al. [36] applied
the thermodielectric effect to form a local strain in the middle
of a one-dimensional periodic helical structure.

Based on these studies, we investigated the structure consist-
ing of a metallic film and a CLC with the anisotropic planar
defect (Fig. 1). CLC layers on the left and right of the defect
will be called CLC (1) and CLC (2) later, respectively. The
CLC parameters used were the extraordinary and ordinary re-
fractive indices of 7, = 1.71 and 7, = 1.54, respectively, and a
helix pitch of p = 0.4 pm. These parameters are typical of the
mixture of a Merck S-811 chiral center and a Merck E44 nem-
atic liquid crystal [40]. In this case, the CLC bandgap lies be-
tween 616 and 684 nm. In the middle of the CLC layer, there is
a planar anisotropic defect with thickness & with the ordinary
and extraordinary refractive indices equal to the CLC refractive
indices. This is analogous to the case of the CLC helix un-
twisted on length 4. The crystal is assumed to be right-handed.

CLC(1) d CLC(2) (_d -
Incident
light

Fig. 1. Schematic of the investigated structure.

The CLC thickness on the left and on the right of the defect is
2 pm. In the simulation, we did not take into account the angle
of a possible twist defect between the director at the first CLC
output and initial director of the second CLC. Such a defect
will not qualitatively change the results of this work. To ignore
the twist defect, below the CLC thickness is only changed by an
integer number of periods. The structure is surrounded by a
medium with the refractive index equal to the averaged CLC
refractive index 7., = (n, + 7,)/2. The metallic film thick-
ness was 4,, = 50 nm, and the film permittivity was specified
in the form of the Drude approximation
2
-—t 0]
o(w + iy)

where €, = 5 is the ionic core contribution, imw, = 9 €V is the
plasma frequency, and y = 0.02 is the reciprocal relaxation
time [41]. These parameters are typical of silver. The transmis-
sion spectra and field intensity distribution in the structure
were studied using the transfer matrix method for calculating
the layered anisotropic structures [42].

e(w) = g

3. HALF-WAVE DEFECT

As was shown in [35,38], the presence of a half-wave defect
layer in the CLC structure leads to the loss of the polarization
dependence of diffraction reflection. The CLC starts reflecting
light of any polarization rather than only the radiation circularly
polarized in the direction coinciding with the cholesteric helix
handedness. When such a defect CLC is combined with a metal,
transmission peaks can arise in the transmission spectrum at the
frequencies corresponding to the Bragg reflection zone. Each
spectral peak corresponds to the localized mode. In the specified
CLGC, the zone center is g = 650 nm. At this wavelength, the
half-wave defect thickness is d = 1y/2(n, - n,) = 1.91 pm.

Figure 2 shows the electric field intensity distribution for the
right-hand circular polarization at a wavelength of 645.4 nm.
The |E|*(z) dependence for the rest peaks (inset in Fig. 2) is
analogous. It can be seen that the larger part of the field is
localized at the CLC/metal interface. The localized mode field
decay inside the metal is related to the negative permittivity of
the metallic film; the decay inside the CLC is caused by the
Bragg reflection. A part of the field is localized on the defect
with the maximum at the half-wave layer center. The spectral
peaks arise at any polarization of the incident radiation;
however, the transmittances are different.

The occurrence of light localization for the diffracting
(right-hand circular R) and nondiffracting (left-hand circular L)
polarizations is illustrated in Fig. 3. If the light with the
right-hand diffracting polarization R falls onto the CLC (1)
[Fig. 3(a)], then a part of the light transmitted through this
layer approximately preserves its polarization at the CLC (1)
output. After transmitting through the half-wave defect, the
light will become L-polarized. The L polarization will be pre-
served after passing through the CLC (2). Upon reflection from
the metal, the L polarization will turn to the R polarization.
Upon reflection from the CLC (2), the R polarization is re-
tained. Upon repeated reflection from the metal, the R polari-
zation transforms to the L polarization, and the light propagates
through the crystal in the opposite direction. After passing
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Fig. 2. Spatial local field intensity distribution in the structure CLC
(1)-half-wave defect—CLC (2)-metal. The refractive indices of the
CLCs and the defect: 7, = 1.71, n, = 1.54, CLC helix pitch
» = 400 nm. Both CLC (1) and CLC (2) contain 10 periods. The
thickness of the defect is = 1.91 pm, and the thickness of the silver
film is 4,, = 50 nm. For the environment, 7., = 1.625. The inten-
sity is normalized to the input intensity at A = 645.4 nm. Inset: trans-
mittance spectra of 20 CLC periods (dashed line) and the entire
structure (solid line) at the normal incidence of light with the
right-hand circular polarization.

through the half-wave defect, the light will become R-polarized
and reflect from the CLC (1). After repeated passing through
the half-wave defect, the light will become L-polarized again.
The procedure is repeated.

The situation is similar for the nondiffracting left-handed
polarization L [Fig. 3(b)]. The incident light passes freely
through the CLC (1). After passing through the half-wave de-
fect, the light will become R-polarized. A part of the radiation
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Fig. 3. Mechanisms of light localization in the structure CLC
(1)—defect—CLC (2)—metal with a half-wave defect for (a) the right-
handed circular polarization R and (b) left-handed circular polarization
L of the incident radiation.

will be reflected from the CLC (2) and, when passing through
the defect and CLC (1), will leave the structure. A smaller part
of the light passed through the CLC (2) and reflected from the
metal will become L-polarized. The situation will become
analogous to the previous one.

4. ARBITRARY THICKNESS DEFECT

The CLC containing the anisotropic half-wave defect reflects
light of any polarization at the Bragg frequencies. If the aniso-
tropic layer thickness is different from half-wave, this effect is
not observed. Then, similar to the case of the isotropic defect in
the CLC bandgap, the transmission peaks corresponding to the
localized modes arise for diffracting light polarization and dips
for the nondiffracting one [43]. For the linear polarizations, the
distorted bandgap occurs.

One should expect that the optical modes localized at the
interface between the metal and CLC with such a defect do
not occur. Nevertheless, the calculation shows that at the aniso-
tropic layer thickness different from half-wave, the localized
modes occur. The transmission peaks start arising in the spec-
trum at almost any defect layer thickness (Fig. 4).

When the defect thicknesses are small, addition of the met-
allic layer does not qualitatively change the transmittance spec-
trum. When a metal is added to the defect-containing CLC,
absorption of the system will increase, and the transmittances
at any incident light polarization will decrease. A similar situa-
tion is observed for the isotropic defect layer of an arbitrary
thickness in the CLC. For comparison, Fig. 5(a) shows the
transmittance spectra of the CLC with the isotropic defect
and structure CLC (1)—isotropic defect—CLC (2)-metal.

When the isotropic defect layer is changed for the aniso-
tropic one with the same thickness, the transmittance spectrum
qualitatively changes [Fig. 5(b)]. At the frequencies lying inside
the bandgap and different from the frequencies of CLC defect
mode peaks, two resonances form, each corresponding to the
localized mode, and the distribution of the squared electric field
intensity is analogous to that shown in Fig. 2. At the larger
thickness 4, the number of peaks increases. As the anisotropic
defect layer thickness grows, the role of this layer in the

Fig. 4. Transmittance spectrum of the structure CLC
(1)—defect—CLC (2)—metal for different defect layer thicknesses 4.
The rest parameters are as in Fig. 2.
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Fig. 5. Transmittance spectrum of the CLC containing a defect
with thickness 4 = 0.96 pm (dashed line) and CLC (1)-defect—
CLC (2)-metal structure (solid line) for the circular polarizations:
(a) the CLC contains the isotropic defect and (b) the CLC contains
the anisotropic defect. The rest parameters are as in Fig. 2.

polarization variation becomes more important. The spectrum
significantly changes. The half-wave layer transforms the circu-
lar polarizations to one another. The anisotropic layer of differ-
ent thickness transforms the circular polarization to elliptic or
linear (at the quarter-wave layer). The CLC only reflects the
circular component coinciding with its helix handedness.
The thin anisotropic layer weakly transforms the polarization;
therefore, the thin defect does not lead to the occurrence of
localized modes.

5. CONTROLLING THE SPECTRAL PROPERTIES

An important property of the CLC is its high sensitivity to ex-
ternal factors. The electric, magnetic, thermal, mechanical, and
other effects can change the crystal structure. For example, the
helix pitch can be changed, which opens the opportunity for
controlling the transmittance spectrum. We studied the effect
of the helix pitch on the transmittance spectrum of the CLC
(1)—defect—CLC (2)-metal structure. The change in the pitch
of the entire cholesteric leads to the peak shift in accordance
with the Bragg condition. In addition, the helix pitch can
be changed not only in the entire CLC but also in its left
[Fig. 6(a)] or right [Fig. 6(b)] part with respect to the defect.
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Fig. 6. Transmittance spectrum of the CLC (1)—defect—CLC (2)—
metal structure with a defect with a thickness of 4 = 0.96 pm for the
right-handed circular polarization of incident light at different choles-
teric helix pitches (a) CLC (1) and (b) CLC (2). White lines show the
position of the CLC (1) bandgap. The rest parameters are as in Fig. 2.

It was found that the change in the CLC (1) helix pitch modi-
fies the spectrum much stronger than the change in the CLC
(2) helix pitch. Figure 6(a) shows that the increase in the CLC
(1) pitch leads to the peak shift to the long-wavelength region
in accordance with the Bragg condition. When the CLC (2)
pitch changes, the peaks shift less significantly. The white lines
in the figures show the position of the CLC (1) bandgap. In
Fig. 6(a), it shifts because of the variation in the helix pitch,
and the peaks move along with it. Figure 6(b) shows that the
peaks are shifted only within the CLC (1) bandgap, as if the
distance between the mirrors of the resonator were varied.
The investigated system can be considered as a composition
of two resonators. The first resonator mirrors are the CLC
layers on the left and on the right from the defect layer. The
metallic layer and combination of the CLC (1) and phase-
changing anisotropic layer can be considered as mirrors of the
second resonator containing the CLC (2) layer. However, these
resonators are very special. Separately, the resonator is only the
CLC layer containing the defect layer, while the CLC—metal or
defect—CLC (2)-metal system is not a resonator. The CLC
with the structural defect is a part of the larger resonator.
Varying the helix pitch of the CLC (2), we change the op-

tical thickness of the medium inside the second resonator,
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whereas varying the helix pitch of the CLC (1), we change the
position of the Bragg reflection zone of the mirror formed by
the combination of the CLC (1) and defect layer. Therefore,
the peaks shift within the fixed CLC (1) band gap in Fig. 6(b).
Figure 6(a) demonstrates peaks red shift together with the
CLC (1) band gap.

The transmittance spectrum depends significantly on the
defect position in the CLC. Let us consider the change in
the transmittance spectrum of the structure at different num-
bers of CLC (2) periods. Assume the CLC helix pitches on the
left and on the right from the defect to coincide and be equal to
400 nm and the defect thickness to correspond to a quarter-
wave layer (4 = 0.96 pm). Variations range from 10 to 40
periods. With a smaller number of periods, the CLC bandgap
is not deep enough. With a larger number of periods, the peaks
are too narrow. The number of periods between 10 and 40
allows one to present the results quite clearly.

The calculated spectrum (Fig. 7) shows that with an increas-
ing number of periods, the number of peaks in the spectrum
grows. The dashed line shows the bandgap boundaries in the
ideal thick CLC, which lies between 616 and 684 nm at the
parameters used in the simulation. Note the occurrence of
peaks beyond these wavelengths. Figure 8 shows the distribu-
tion of the squared absolute value of the electric field strength at
wavelengths of 687, 698, and 712 nm for 40 periods of the
CLC (2) (the layer thickness is 8 pm). This field localization
type allows us to conclude that these peaks correspond to the
edge modes of the first-, second-, and third-order CLCs [44].
By selecting the appropriate structure parameters, one can ob-
tain a peak with a similar local field intensity at any required
wavelength. By means of an electric field or a change in temper-
ature, for example, it is possible to change the CLC helix pitch
and peaks position. For example, for a CLC helix pitch
390 nm, the peak wavelength corresponding to the first edge
mode is 670 nm, and the maximum value of the electric field
intensity is about 100, as well as for 687 nm. In addition, it can
be seen that the field is relatively weakly localized on the defect
layer and CLC/metal interface. The analogous peaks are ob-
served in Fig. 6(b) and inset in Fig. 2, but for 10 periods of
the CLC (2), the field is localized much stronger on the defect

Transmittance

00 2
) 750 10 &

Fig. 7. Transmittance spectrum of the CLC (1)—defect—CLC (2)—
metal structure with a defect with a thickness of 4 = 0.96 pm. The
rest parameters are as in Fig. 2. The dashed lines show the edges of the
CLC bandgap.

100

[EJ*

Fig. 8. Spatial distribution of the local electric field intensity in the
structure with a defect with a thickness of = 0.96 pm and 40 peri-
ods of CLC (2) for the right-handed circular polarization. The CLC
(1) has 10 periods.

and CLC/metal interface. A thin layer of CLC has a wider
bandgap. For 10 CLC periods, the CLC bandgap is wider than
pn, < A < pn,. Therefore, for 10 periods, the last peaks in the
inset in Fig. 2 are inside the bandgap, and the modules field
intensity distribution for all the peaks is the same. With
CLC thickness increasing, the frequencies of the last peaks are
outside the bandgap and begin to correspond to the frequencies
of the edge modes with the corresponding field distribution.

The increase in the number of periods of the CLC (1) does
not qualitatively change in the transmittance spectrum. In this
case, the transmittance of the resonator mirror formed by the
metal and combination of the CLC (1) and defect grows, but
the optical thickness of the cavity between them does not
change. The right-handed circular polarization is reflected
almost fully by the first mirror. Therefore, its peaks are not
seen. For the left-handed polarization, the peaks almost do
not shift.

6. CONCLUSIONS

Using numerical simulation, we demonstrated the existence of
the optical electromagnetic modes localized in the structure
containing a silver film and a CLC with the planar anisotropic
defect. This defect can be either the layer of a foreign material
embedded in the CLC or an untwisted part of its helix. The
helix can be untwisted, e.g., by applying an external electric
field perpendicular to CLC helix layer. When the CLC struc-
ture contains such a defect, the light can be partially localized at
the CLC/metal interface. The established modes manifest
themselves as peaks in the transmittance spectrum of the
structure.

It was established that the presence of a defect of almost any
thickness rather than only a half-wave one leads to the light
localization at the CLC/metal interface. The limitation is im-
posed only on its thickness. The thin anisotropic layer cannot
significantly change the radiation polarization, which is neces-
sary to localize the light at the CLC/metal interface. The ne-
cessity in such a change is related to the different polarization
properties of the system elements.
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We showed the possibility of controlling the transmittance
spectrum via changing the CLC helix pitch in applied fields.
It was established that the variation in the CLC (1) changes
the spectrum much more strongly than the variation in the
CLC (2). This is related to the resonator properties of the struc-
ture under study. The investigated system can be considered
as a composition of two resonators. The first resonator mirrors
are the CLC layers on the left and on the right from the
defect layer. The metallic layer and combination of the CLC
(1) and defect can be considered to be second resonator mir-
rors. Based on these considerations, the predicted phenomena
were grounded.

Adding an optically active material to the CLC (2) or defect
layer can allow laser generation in the system under study. The
high sensitivity to external fields will ensure the tunability of
the emission spectrum of the sample.
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