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Abstract: In our paper, the magneto-optical properties of a dichroic cholesteric liquid crystal layer
with large values of magneto-optical parameter g and low values of dielectric permittivity were
investigated. The solutions of the dispersion equation and their peculiarities were investigated in
detail. The specific properties of reflection, transmission, absorption, rotation, ellipticity spectra and
also the spectra of ellipticity and azimuth of eigen polarization were investigated. The existence of a
tunable linear and nonreciprocal transmission band was shown.

Keywords: magneto-optical activity; cholesteric liquid crystal; magnetically induced transparency;
eigen polarization; spectra of reflection; spectra of transmission; spectra of absorption

1. Introduction

Helical structures, artificially created or self-organizing, are present everywhere and
their investigation is still ongoing. They have attractive optical properties. Cholesteric
liquid crystals (CLCs) are formed from long molecules that are attached to dissolved chiral
molecules in such a way that they form a helicoidal structure [1–4]. The periodic structure
of a CLC leads to the appearance of a polarization-sensitive photonic band gap (PBG).
The spatial period (helix pitch) of the CLC is in the optical region and it, as well as the
local optical axis, can easily change under the influence of various physical factors [3–7]:
pressure, temperature, electric and magnetic fields, being under the influence of impurities
and interfaces. The amenability of CLCs, and of liquid crystals in general, to external
influences is responsible for their wide appeal.

In this work, we investigated the optical properties of CLCs that exhibit optical ac-
tivity in the presence of an external static magnetic field. The magneto-optical properties
of CLCs and chirally sculptured thin films were considered in [8–12], and this topic re-
mains relevant [13]. On the other hand, as is well known, due to quantum interference an
electromagnetically induced transparency (EIT) can be observed in atomic physics, which
results in a narrowband transparency window for originally opaque medium [14]. Later,
this concept was extended to classical optical systems using gas-phase atomic [15,16], meta-
material/metasurface [17,18], plasmonic [19,20], optical [21–26], optomechanical [27,28]
and superconducting [29,30] systems, which allow experimental implementation of inco-
herent light and operation at room temperature [31,32]. A new effect, namely the effect
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of magnetically induced transparency, was discovered in [33], which is observed in mag-
netically active helically structured periodical medium. In this paper, we investigated
specific properties of magnetically induced transparency in media with a helical structure
in the absence of local birefringence. Of course, a CLC structure intrinsically needs the
existence of local birefringence for the helix to be defined. However, in this paper, we
consider the CLC without local birefringence in order to clearly distinguish the effects
arising from the material helical dichroism. Moreover, an external magnetic field can also
directly affect the local dielectric tensor components, being a new mechanism of local
dielectric anisotropy, but as it is a quadratic in the external field effect, we can initially
neglect it. Then, the external magnetic field distorts the structure of the CLC, but since we
consider the case of CLC without a local dielectric or magnetic anisotropy we can neglect
this influence as well. On the other hand, the problem in this formulation (consideration of
the limiting case Re∆→ 0 , where Re∆ = Reε1−Reε2

2 , and Reε1 and Reε2 are the real parts
of the principal values of the CLC local dielectric tensor) allows us to reveal interesting
new manifestations of this effect, as well as provides a more complete understanding of
some of the features of CLC optics. It allows us to observe the simultaneous presence of
diffraction transmission (not reflection) and magnetically induced transmission. In our
future works we plan to continue our investigations towards more natural configurations
of CLC materials with local birefringence and magneto-optical activity. Alternatively, at the
end of the next section, we will consider the case of a CLC with local dielectric anisotropy,
and we will take into account the influence of external magnetic field on the CLC helix
pitch and on the principal values of the dielectric tensor components.

2. Models and Methodology

The dielectric permittivity and magnetic permeability tensors of a magneto-active
CLC (Figure 1) have the forms:

ε̂(z) = εm

 1 + δ cos 2az ±δ sin 2az± ig/εm 0
±δ sin 2az∓ ig/εm 1− δ cos 2az 0

0 0 1− δ

, µ̂(z) = Î, (1)

where εm = (ε1 + ε2)/2, δ = (ε1−ε2)
(ε1+ε2)

, ε1,2 = ε0 + iε′′1,2, ε0 is the real part of the dielectric
tensor components, which is assumed to be the same for all components, g is the parameter
of magnetooptical activity, a = 2π/p, p is the helix pitch installed in an external magnetic
field. As mentioned above, the external magnetic field can lead not only to the Faraday
effect, but it can also directly affect the Reε1,2 values with a quadratic scaling, see, in
particular [34]. Below, as the first step we neglect the changes of Reε1,2. We consider the light
propagation towards the direction of the helix axis without accounting the consequences
of optical dispersion or absorption dispersion, i.e., the components of the dielectric and
magnetic tensors are constant having no dependencies on frequency; and the same applies
for the imaginary parts as well.
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Figure 1. The geometry of the problem. The large yellow circles represent the xy cross-sections
of magneto active CLC along the z-axis. They are embedded with small blue circles which are
the cross-sections of the isotropic molecules without birefringence. The black lines in these circles
correspond to the directions of the absorption oscillators, these directions are continuously changing
forming a helicoidal structure along the z-axis.
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Using the method of converting the wave equation to the field components relative
to the x′ and y′ axes, which rotate jointly with the structure [35,36] (the axis x′ is oriented
toward the local optical axis everywhere, while the y′ axis is perpendicular to the axis x′),
we derive the following dispersion relation:

k4
m + a1k2

m + a2km + a3 = 0 (2)

where km is the z component of the mth wave vector in the rotating frame (m = 1, 2, 3, 4),
a1 = −2

(
ω2

c2 εm + a2
)

, a2 = −4 ω2

c2 ag, a3 = −2 ω2

c2 a2εm + ω4

c4 ε2
m
(
1− δ2) − ω4

c4 g2 + a4, ω is
angular frequency and c is light speed in a vacuum. Based on the dispersion equation,
we can pass to the problem of finding the reflection, transmission, and light localization
for the magnetoactive CLC layer of finite thickness. Let us note that our simulation is
based on an imaginary system with thickness d surrounded by isotropic spaces. In real
systems, the boundary conditions are considerably complicated because of the anchoring
energies on the solid substrate which provide a dynamic evolution of the tilt angle with
the applied field. Then, we assume the CLC helix is perpendicular to the layer boundaries
and directed along the z-axis. The CLC layers on both sides are surrounded by isotropic
half-spaces with the same refractive index (ns). The boundary conditions are based on
the continuity of tangential components of the electric and magnetic fields and can be
represented as a system of eight linear equations with eight unknowns (for more details
see [37]). By solving this boundary-value problem, one can obtain the components of
the reflected Er(z) and transmitted Et(z) fields, as well as for the field Ein(z) inside the

CLC layer itself and, thus, is able to the reflection R = |Er |2

|Ei |2
, transmission T = |Et |2

|Ei |2
, and

absorption A = 1 − (R + T) coefficients, rotation of the plane of polarization (3) and
polarization ellipticity of transmitted light (4), and photonic density of state (PDS) (5):

ϕ =
1
2

arctg

(
2Reχ

1− |χ|2

)
, (3)

e = tg

(
1
2

arcsin

(
2Imχ

1 + |χ|2

))
, (4)

ρm =
dkm

dω
=

1
d

dum
dω νm − dνm

dω um

u2
m + ν2

m
, (5)

where d is the thickness of the CLC layer, and um and vm are the real and imaginary parts

of the amplitude of the transmitted wave, χ =
Ey

t
Ex

t
, Ei is the field of the incident wave, Ex,y

t
are the x and y components of the transmitted wave, and the values m = 1, 2 correspond to
the diffracting and non-diffracting eigenmodes of the CLC layer, respectively. The PDS for
an isotropic layer with a refractive index n has the form: ρiso = n/c, where c is the speed of
light in a vacuum. Further, below, all calculations were made for a magneto-active CLC
layer with the following parameters: ε0 = 0.5, the CLC layer helix is right-handed, its pitch
is p = 400 nm, and the CLC layer thickness is d = 5p. To minimize the influence of dielectric
borders, we consider the case ns =

√
εm, which is when the CLC layer is sandwiched

between two half-infinite isotropic spaces with the same refractive index, which equals to
the CLC layer average refractive index.

3. Results and Discussion

In this section, we will present the results of our simulations. Solving the dispersion
equation (Equation (2)), we get the wavelength dependences of the wave vectors in the
medium. Then, solving the boundary value problem, we pass to the presentation of spectra
of reflection, transmission, rotation of the plane of polarization and polarization ellipticity,
PDS, azimuth and ellipticity of the EP, as well as the evolution of reflection, transmission,
and absorption spectra with a change in the magneto-optical parameter g. At the end of
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this section, we will present the results of studying the peculiarities of light localization by
presenting the dependences of the intensity of the total wave excited in the medium layer,
the evolution of the localized energy density with a change in the magneto-optical activity
parameter g, and the dependence of the integral energy in a finite spectral range, again on
parameter g.

Figure 2 shows the dependences of Rekm and Imkm on the wavelength λ at different
values of g. As seen in Figure 2, in the absence of an external magnetic field, the curves
Rekmz(λ) and Imkmz(λ) are symmetric about the axis kmz = 0, which can be explained
by the reciprocity of the system when an external magnetic field is absent. In addition,
we have a wavelength, λ0 = p

√
ε0 = 282.8 nm, where two of the four wave numbers

equal zero. They are resonance wave numbers in the absence of local refraction. The
other two wave numbers are the propagating modes, and we will call these wave numbers
non resonant.
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Figure 2. The dependences of Rekm (a) and Imkm (b) on the wavelength λ in the case of g = 0.3 (solid lines) and g = 0
(dashed lines). The imaginary parts of the principal values of local dielectric tensors are as follows: Imε1 = 0.2, Imε2 = 0.

We enumerated the eigen solutions of Equation (1) for the non-resonance and the
resonance wave vectors by m = 1 and 4, and m = 2 and 3, respectively.

The presence of an external magnetic field causes asymmetric displacement of both the
curves, Rekm(λ) and Imkm(λ), with regard to the axis km = 0, and nonreciprocity appears.
As one can see in Figure 2a, in the case g > 0 (g = 0.3), the real parts of the curves Rek1,4(λ)
are displaced downwards, and ones of the curves Rek2,3(λ) are displaced upwards, for the
imaginary parts Imk1,4(λ) and Imk2,3(λ) we have the opposite situation (see Figure 2b). We
also note that the wavelength λr at which the curves of the real parts of the resonance wave
numbers Rek2(λ) and Rek3(λ) intersect is shifted towards the short waves with respect to
λ0. At this wavelength Imk2 = 0 and Imk3 take on their maximal values. Let us note one
more peculiarity: as can be seen from Figure 2b, at a certain wavelength (at λt = 89.4 nm
for the given problem parameters), the value Imk2z equals zero, that at this wavelength
medium is transparent despite Imε1 6= 0.

Now we address the reflection, transmission, and absorption peculiarities of a CLC
layer of finite thickness. Figure 3 shows the reflection spectra for different incident light
polarizations at various values of g. As seen in Figure 3, PBGs exhibit a blueshift upon
increasing the parameter g. Furthermore, as these spectra show, the reflection coefficients
for incident light with right and left circular polarizations are the same in these two cases,
while they are different for orthogonal linear polarizations, which was expected.
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Figure 3. The reflection spectra at different values of g. The incident light has (a) right circular, (b) left circular, (c) linear
along the x axis, and (d) linear along the y axis polarizations. Solid lines correspond to Imε1 = 0.2, Imε2 = 0, and dashed
lines to Imε1 = 0.2, Imε2 = 0.

Figure 4 shows the reflection spectra dependence on parameter g for incident light
polarizations coinciding with eigen polarizations (EPs). The incident light with EPs is
transmitted through the system without any change in the state of polarization. The EPs
coincide with the polarizations of the eigenmodes. In specific cases, the EPs of the medium
coincides approximately with orthogonal circular polarization for the normal incident light,
although generally they can vary significantly from the circular polarizations. We assume
the first EP is the one diffracting on the periodic structure (at g = 0), i.e., it almost coincides
with the right-hand circular polarization.

As is seen in Figure 4, the PBG for the first (diffracting) EP is shifted to shorter wave-
lengths upon increasing parameter g (modulus), as also mentioned above. Nonreciprocal
reflection takes place (the reflection spectra are non-symmetric with regard to axis g = 0
(white dashed line)). As one can see from these results, such a structure can be used as a
broadband optical diode, provided that the condition g > ε0 is met.

Figure 5 shows the transmission and absorption spectra for different incident light
polarizations at g = 0.3. First of all, we want to note that at wavelength λr for incident
light with right-hand circular polarization, both diffraction reflection (the reflection coef-
ficient) and diffraction transmission (the transmission coefficient) have a maximum, and
the absorption has a minimum here. The same thing takes place at wavelength λ0 at g = 0.
Further, at wavelength λt, we almost have complete transmission (and, accordingly, practi-
cally no absorption) for incident light that is linear along x axis polarization at Imε1 = 0.2,
Imε2 = 0, and, accordingly, for incident light that is linear along y axis polarization at
Imε1 = 0, Imε2 = 0.2. This is the effect of magnetically induced transparency; and is
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observed only in the presence of external magnetic field. This effect is nonreciprocal, that is,
it does not express in the case of g < 0. With an increase in external magnetic field strength
(with increasing parameter g), this peak of transparency shifts to larger wavelengths. This
transparency window is controllable. As with reflection, we have the same transmission
(absorption) both at Imε1 = 0.2, Imε2 = 0, and at Imε1 = 0, Imε2 = 0.2 for orthogonal
circular polarizations.

Materials 2021, 14, 2172 6 of 14 
 

 

 

Figure 4. The evolution of the reflection spectra with a change in g for incident light with polarization coinciding with its 

(a) diffracting EP and (b) non-diffracting EP. 

Figure 5 shows the transmission and absorption spectra for different incident light 

polarizations at g = 0.3. First of all, we want to note that at wavelength λr for incident light 

with right-hand circular polarization, both diffraction reflection (the reflection coefficient) 

and diffraction transmission (the transmission coefficient) have a maximum, and the ab-

sorption has a minimum here. The same thing takes place at wavelength λ0 at g = 0. Fur-

ther, at wavelength λt, we almost have complete transmission (and, accordingly, practi-

cally no absorption) for incident light that is linear along x axis polarization at Im𝜀1 = 0.2, 

Im𝜀2 = 0, and, accordingly, for incident light that is linear along y axis polarization at 

Im𝜀1 = 0, Im𝜀2 = 0.2. This is the effect of magnetically induced transparency; and is ob-

served only in the presence of external magnetic field. This effect is nonreciprocal, that is, 

it does not express in the case of g < 0. With an increase in external magnetic field strength 

(with increasing parameter g), this peak of transparency shifts to larger wavelengths. This 

transparency window is controllable. As with reflection, we have the same transmission 

(absorption) both at Im𝜀1 = 0.2, Im𝜀2 = 0, and at Im𝜀1 = 0, Im𝜀2 = 0.2 for orthogonal 

circular polarizations. 

Figure 4. The evolution of the reflection spectra with a change in g for incident light with polarization coinciding with its (a)
diffracting EP and (b) non-diffracting EP.Materials 2021, 14, 2172 7 of 14 

 

 

 

Figure 5. The transmission (a,b) and absorption (c,d) spectra at g = 0.3 for (a,c) Im𝜀1 = 0.2, Im𝜀2 = 0., and (b, d) Im𝜀1 = 0., 

Im𝜀2 = 0.2. Curves 1, 2, 3, and 4 are enumerated according to the right circular, left circular, linear along the x axis, and 

linear along y axis polarizations, correspondingly. 

Figure 6 shows the evolution of the transmission and absorption spectra with a 

change in parameter g for incident light with polarization, coinciding with its diffracting 

EP. As is seen in Figure 6, with an increase in parameter g, the magnetically induced trans-

parency band undergoes a redshift, while the diffraction transmission band undergoes a 

blue shift. At a certain value of g, they merge into a single band. 

Figure 5. The transmission (a,b) and absorption (c,d) spectra at g = 0.3 for (a,c) Imε1 = 0.2, Imε2 = 0., and (b,d) Imε1 = 0.,
Imε2 = 0.2. Curves 1, 2, 3, and 4 are enumerated according to the right circular, left circular, linear along the x axis, and
linear along y axis polarizations, correspondingly.
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Figure 6 shows the evolution of the transmission and absorption spectra with a change
in parameter g for incident light with polarization, coinciding with its diffracting EP. As is
seen in Figure 6, with an increase in parameter g, the magnetically induced transparency
band undergoes a redshift, while the diffraction transmission band undergoes a blue shift.
At a certain value of g, they merge into a single band.
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Figure 6. The evolution of the transmission (a) and absorption (b) spectra with a change in parameter g for incident light
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Figure 7 shows the spectra of ellipticity e and polarization plane rotation ϕ. As is seen
in Figure 7, the rotation makes sharp changes near the magnetically induced transparency
band and changes its sign when passing through this band. The ellipticity of transmitted
light (at the incidence on the layer of linearly polarized light) has its minimum again in
this magnetically induced transparency band.
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Figure 7. The spectra of ellipticity e (solid line) and polarization.

Figure 8 shows the spectra of PDS for diffracting and non-diffracting EPs. Figure 9
shows the spectra of ellipticity e1 and azimuth ψ1 of the first EP. For the second EP, we
have e2 = −e1 and ψ2 = −ψ1. As is seen in Figure 9 the EPs near the transparency band
are quasi linear, while, in general, they are quasi circular.
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Figure 9. The spectra of ellipticity e1 (solid line) and azimuth ψ1 (dashed line) of the diffracting EP
at g = 0.3.

Now we will study the features of light localization in the dichroic layer of CLC. We
show the total electric field for three distinct cases, namely for the right and left outer
sides of the dichroic CLC, and for the CLC layer itself. The CLC borders two isotropic
half-spaces, z = 0 and z = d. The total electric field is represented as follows:

E(z) =


Ei(z) + Er(z), z < 0,

Ein(z), 0 < z < d,
Et(z), z > d,

(6)

where Ein(z) is the total electric field in the CLC layer. Figure 10 shows the distribution of
|E(z)|2 at the following characteristic wavelengths at g = 0.3:

1. the wavelength λ0 of the diffraction reflection in the absence of external magnetic field,
2. the wavelength λr of the diffraction reflection in the presence of external magnetic field,
3. the wavelength λt of the magnetically induced transparency,
4. the wavelength much smaller than the wavelength λ0,
5. the wavelength much longer than the wavelength λ0.
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Figure 10. The dependences |E(z)|2 for the following characteristic wavelengths: (1) λ0 = 282.8 nm;
(2) λr = 267 nm; (3) λt = 89.4 nm; (4) λ = 30 nm << λ0; (5) λ = 500 nm >> λ0.

Now we turn to investigation of the peculiarities of the light energy density. In this
layer, the light energy density is calculated as:

w =
1
d

∫ d

0
|Ein(z)|2dz (7)

Figure 11 shows the evolution of light energy density spectra w in the dichroic CLC
layer with a change in g. As shown in this figure, a comparatively large light energy
accumulation takes place at the wavelengths of magnetically induced transparency and
diffraction reflection. It is worth reminding that the medium is absorbing.
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Finally, we calculate the total light energy F localized in the dichroic CLC layer in the
presence of an external magnetic field in a finite spectral range using the following formula:

F =
∫ λ2

λ1

wdλ. (8)

and evaluate its dependence on parameter g in Figure 12. As is seen in Figure 12, at the
change of parameter g in the interval from−0.6 to 0.6 F changes in a large interval. F has its
main maximum at the value g at which the magnetically induced transparency band and
the diffraction transmission band merge into a single band. Thus, the change in parameter
g allows to substantially control the total light energy localized in the dichroic CLC layer,
in addition, this energy has a nonreciprocal property.
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In the last part of this paper, toward more realistic implementations of magneto-active
CLCs, we consider that the CLC is endowed by a local dielectric anisotropy. According
to Mayer [38], the influence of an external magnetic field on the helix pitch in the lowest
order approximation is defined as:

p(H) = p

[
1 +

χ2
a H4 p4

32(2π)4k2
22

+ . . .

]
, (9)

where xa is the anisotropy of magnetic susceptibility, k22 is the coefficient of elasticity. Since
in our case µ̂ = Î, we can neglect the helix pitch change in the lowest order approximation.
Furthermore, as mentioned above, the magnetic field can also directly affect the local
dielectric tensor components, which are a quadratic in the external field effect. Therefore,
according to [34], we can present the principal values of dielectric tensor components in
the form of:

ε1,2(H) = ε1,2 + α1,2g2, (10)

where α1,2 are some coefficients of proportionality. Figure 13 shows (a) the spectra of
reflection near the PBG and (b) the spectra of transmission near the magnetically in-
duced transparency. The simulation is made for a CLC with the parameters ε1,2 = 2.29,
ε2 = 2.143 + 0.1i, p = 420 nm. The CLC layer thickness is d = 25p and magneto-optical
activity parameter is g = 0.3. The following three cases are considered in our calculations,
namely, (1) the CLC without local birefringence with Reε1 = Reε2 = Reεm = 2.2165, (2) the
CLC with local birefringence with α1 = α2 = 0, and finally (3) the CLC with local birefrin-
gence but with α1 = 0.51, and α2 = 0.49. As is seen from Figure 13, the presence of a local
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birefringence causes the formation of PBG of a finite frequency width. The difference of α1,2
from zero brings the displacements of both PBG and magnetically induced transparency
bands. Moreover, if the PBG has a red shift, then the magnetically induced transparency
band has a blue shift. At the same time, this modeling shows that the main results and
conclusions presented above depend on the local anisotropy, but not crucially, and they
remain valid. Taking these effects into account leads to quantitative, but not qualitative,
effects. Alternatively, the current pace of development of science and technology suggests
that the environments discussed above can be created artificially. On the other hand, it
is important to note, that the results obtained above make it possible to construct more
accurate magneto-optics for CLCs.
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Figure 13. (a) The spectra of reflection near the PBG and (b) the spectra of transmission near the magnetically
induced transparency.

4. Conclusions

In conclusion, the magneto-optical properties of a dichroic CLC layer at large values of
magneto-optical parameter g and low values of dielectric permittivity ε0 were investigated.
We studied the solutions of the dispersion equation and their peculiarities in detail. In [33],
the specific properties of solutions of the dispersion equation of conventional CLCs with
local birefringence were investigated, and it was shown that the external magnetic field
causes displacement of the real parts of the wave vectors parallel to axis k = 0. As our
investigation shows, an external magnetic field can cause, not only displacement of the
real parts of the wave vectors, but also displacement of their imaginary parts. Moreover,
it was demonstrated that, at some values of the magneto-optical parameter in the short-
wavelength part of the spectrum, a transparency band appears with Imkm = 0. This
band moves to long waves with the increase of parameter g. At further increases in
parameter g, this band merges with the diffraction transmission band. The solution to
the boundary value problem really shows the existence of a band with T = 1 at A = 0
and R = 0. Thus, we have a magnetically induced transmission band in the absorbing
medium. This band is nonreciprocal and tunable. The specific properties of reflection,
transmission, absorption, rotation, ellipticity spectra, and also the spectra of ellipticity
and azimuth of eigen polarization were investigated as well. Finally, we investigated the
specific properties of light localization and integral light localization for this system in
the situation of the formation of both the band of diffraction transmission and band of
magnetically induced transmission. In [39] an EIT interaction was demonstrated in silicon
nanosphere oligomers, wherein the strong magnetic resonance couples with the electric
gap mode effectively to markedly suppress the reflection. As a result, a narrow-band
transparency window is created at visible wavelengths, called MIT. In [40] similar results
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were obtained for amorphous silicon nano-disks covered with a magnetic surrounding. In
our opinion this effect can also be termed MIT, because it arises in absorbing media due to
an external magnetic field and the wavelength of arisen band of full transmission can be
tuned by this field. Let us note that nonreciprocal systems, not only allow the development
of key photonic components, such as optical isolators and circulators on a chip, but also
provide novel ways to transport and process data in photonic systems.

Author Contributions: Conceptualization, A.H.G.; methodology, A.H.G. and M.S.R.; investigation,
N.A.V., I.M.E., H.G., T.M.S. and G.K.M.; data curation, N.A.V., I.M.E., H.G., T.M.S. and G.K.M.;
writing—original draft, A.H.G.; writing—review and editing, N.A.V., I.M.E. and M.Z.H.; resources,
S.S.G.; supervision and validation A.H.G. and S.S.G. All authors have read and agreed to the
published version of the manuscript.

Funding: The study of the authors (A.H.G., S.S.G., N.A.V., I.M.E.) were supported by the project
of the Ministry of Science and Higher Education of the Russian Federation FZNS-2020-0003
No. 0657-2020-0003.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Belyakov, V. Diffraction Optics of Complex-Structured Periodic Media, 2nd ed.; Springer: New York, NY, USA, 2019; p. 251. [CrossRef]
2. Vetrov, S.Y.; Timofeev, I.V.; Shabanov, V.F. Localized modes in chiral photonic structures. Phys. Uspekhi 2020, 63, 33–57. [CrossRef]
3. De Gennes, P.G.; Prost, J. The Physics of Liquid Crystals, 2nd ed.; Clarendon Press: Oxford, UK, 1995; p. 561.
4. Khoo, I.C. Liquid Crystals, 2nd ed.; J. Wiley & Sons: Hoboken, NJ, USA, 2007; p. 424.
5. Blinov, L.M. Electro-Optical and Magneto-Optical Properties of Liquid Crystals; John Wiley & Sons Ltd.: Hoboken, NJ, USA, 1983;

p. 341. [CrossRef]
6. Blinov, L.M. Structure and Properties of Liquid Crystals; Springer: Dordrecht, The Netherlands, 2011; p. 243.
7. Chigrinov, V.G.; Kozenkov, V.M.; Kwok, H.S. Photoalignment of Liquid Crystalline Materials: Physics and Applications; John Wiley &

Sons: Chichester, UK, 2008; p. 231.
8. Gevorgyan, A.H. Influence of a magnetic field on the optical properties of magnetoactive cholesteric liquid crystals. Proc. Yerevan

State Univ. 1987, 2, 66–74.
9. Gevorgyan, A.H. Optical diode based on a highly anisotropic layer of a helical periodic medium subjected to a magnetic field.

Tech. Phys. 2002, 47, 1008–1013. [CrossRef]
10. Gevorgyan, A.H. Magneto-optics of a thin film layer with helical structure and enormous anisotropy. Mol. Cryst. Liq. Cryst. 2002,

382, 1–19. [CrossRef]
11. Pickett, M.D.; Lakhtakia, A.; Polo, J.A. Spectral responses of gyrotropic chiral sculptured thin films to obliquely incident plane

waves. Jr. Optik 2004, 115, 393–398. [CrossRef]
12. Bita, I.; Thomas, E.L. Photonic density of states of two-dimensional quasicrystalline photonic structures. J. Opt. Soc. Am. B 2005,

22, 1199–1207. [CrossRef]
13. Gevorgyan, A.H. Broadband optical diode and giant nonreciprocal tunable light localization. Opt. Mater. 2021, 113, 110807.

[CrossRef]
14. Harris, S.E. Electromagnetically Induced Transparency. Phys. Today 1997, 50, 36–42. [CrossRef]
15. Röhlsberger, R.; Wille, H.-C.; Sahoo, K.B. Electromagnetically induced transparency with resonant nuclei in a cavity. Nature 2008,

482, 199–203. [CrossRef]
16. Mücke, M.; Figueroa, E.; Bochmann, J.; Hahn, C.; Murr, K.; Ritter, S.; Villas-Boas, C.J.; Rempe, G. Electromagnetically induced

transparency with single atoms in a cavity. Nature 2010, 465, 755–758. [CrossRef]
17. Papasimakis, N.; Fedotov, V.A.; Zheludev, N.I.; Prosvirnin, S.L. Metamaterial Analog of Electromagnetically Induced Transparency.

Phys. Rev. Lett 2012, 101, 253903. [CrossRef]
18. Tassin, P.; Zhang, L.; Zhao, R.; Jain, A.; Koschny, T.; Soukoulis, C.M. Electromagnetically Induced Transparency and Absorption

in Metamaterials: The Radiating Two-Oscillator Model and Its Experimental Confirmation. Phys. Rev. Lett. 2012, 109, 187401.
[CrossRef]

19. Liu, N.; Langguth, L.; Weiss, T.; Kästel, J.; Fleischhauer, M.; Pfau, T.; Giessen, H. Plasmonic analogue of electromagnetically
induced transparency at the Drude damping limit. Nat. Mater. 2009, 8, 758–762. [CrossRef] [PubMed]

20. Zhang, S.; Genov, D.A.; Wang, Y.; Liu, M.; Zhang, X. Plasmon-Induced Transparency in Metamaterials. Phys. Rev. Lett. 2008, 101,
047401. [CrossRef] [PubMed]

http://doi.org/10.1007/978-3-319-43482-7
http://doi.org/10.3367/UFNe.2018.11.038490
http://doi.org/10.1107/S0021889885009967
http://doi.org/10.1134/1.1501682
http://doi.org/10.1080/713738751
http://doi.org/10.1078/0030-4026-00387
http://doi.org/10.1364/JOSAB.22.001199
http://doi.org/10.1016/j.optmat.2021.110807
http://doi.org/10.1063/1.881806
http://doi.org/10.1038/nature10741
http://doi.org/10.1038/nature09093
http://doi.org/10.1103/PhysRevLett.101.253903
http://doi.org/10.1103/PhysRevLett.109.187401
http://doi.org/10.1038/nmat2495
http://www.ncbi.nlm.nih.gov/pubmed/19578334
http://doi.org/10.1103/PhysRevLett.101.047401
http://www.ncbi.nlm.nih.gov/pubmed/18764363


Materials 2021, 14, 2172 13 of 13

21. Verellen, N.; Sonnefraud, Y.; Sobhani, H.; Hao, F.; Moshchalkov, V.V.; Van Dorpe, P.; Nordlander, P.; Maier, S.A. Fano resonances
in individual coherent plasmonic nanocavities. Nano Lett. 2009, 9, 1663–1667. [CrossRef] [PubMed]

22. Taubert, R.; Hentschel, M.; Kästel, J.; Giessen, H. Classical Analog of Electromagnetically Induced Absorption in Plasmonics.
Nano Lett. 2012, 12, 1367–1371. [CrossRef]

23. Dyer, G.C.; Aizin, G.R.; Allen, S.J.; Grine, A.D.; Bethke, D.; Reno, J.L.; Shaner, E.A. Induced transparency by coupling of Tamm
and defect states in tunable terahertz plasmonic crystals. Nat. Photon. 2013, 7, 925–930. [CrossRef]

24. Hsu, C.W.; DeLacy, B.G.; Johnson, S.G.; Joannopoulos, J.D.; Soljacic, M. Theoretical Criteria for Scattering Dark States in
Nanostructured Particles. Nano Lett. 2014, 14, 2783–2788. [CrossRef] [PubMed]

25. Limonov, M.F.; Rybin, M.V.; Poddubny, A.N.; Kivshar, Y.S. Fano resonances in photonics. Nat. Photon. 2017, 11, 543–554.
[CrossRef]

26. Wang, C.; Jiang, X.; Zhao, G.; Zhang, M.; Hsu, C.W.; Peng, B.; Stone, A.D.; Jiang, L.; Yang, L. Electromagnetically induced
transparency at a chiral exceptional point. Nat. Phys. 2020, 16, 334–340. [CrossRef]

27. Safavi-Naeini, A.H.; Alegre, T.P.M.; Chan, J.; Eichenfield, M.; Winger, M.; Lin, Q.; Hill, J.T.; Chang, D.; Painter, O. Electromagneti-
cally induced transparency and slow light with optomechanics. Nature 2011, 472, 69–73. [CrossRef]

28. Lü, H.; Wang, C.; Yang, L.; Jing, H. Optomechanically Induced Transparency at Exceptional Points. Phys. Rev. Appl. 2018, 10,
14006. [CrossRef]

29. Anisimov, P.M.; Dowling, J.P.; Sanders, B.C. Objectively Discerning Autler-Townes Splitting from Electromagnetically Induced
Transparency. Phys. Rev. Lett. 2011, 107, 163604. [CrossRef]

30. Abdumalikov, J.A.A.; Astafiev, O.; Zagoskin, A.M.; Pashkin, Y.A.; Nakamura, Y.; Tsai, J.S. Electromagnetically Induced Trans-
parency on a Single Artificial Atom. Phys. Rev. Lett. 2010, 104, 193601. [CrossRef]

31. Xu, Q.; Sandhu, S.; Povinelli, M.L.; Shakya, J.; Fan, S.; Lipson, M. Experimental Realization of an On-Chip All-Optical Analogue
to Electromagnetically Induced Transparency. Phys. Rev. Lett. 2006, 96, 123901. [CrossRef] [PubMed]

32. Yang, X.; Yu, M.; Kwong, D.; Wong, L. All-Optical Analog to Electromagnetically Induced Transparency in Multiple Coupled
Photonic Crystal Cavities. Phys. Rev. Lett. 2009, 102, 173902. [CrossRef]

33. Gevorgyan, A.H. Magnetically induced linear and nonreciprocal and tunable transparency. arXiv 2021, arXiv:2102.07105.
34. Zvezdin, A.K.; Kotov, V.A. Modern Magnetooptics and Magnetooptical Materials; CRC Press: Cleveland, OH, USA, 1997; p. 404.

[CrossRef]
35. Shelton, J.W.; Shen, Y.R. Study of Phase-Matched Normal and Umklapp Third-Harmonic- Generation Processes in Cholesteric

Liquid Crystals. Phys. Rev. A 1972, 5, 1867–1883. [CrossRef]
36. Gevorgyan, A.H.; Matinyan, G.K. Zone structure and polarization properties of the stack of a metamaterial-based cholesteric

liquid crystal and isotropic medium layers. J. Exp. Theor. Phys. 2014, 118, 771–784. [CrossRef]
37. Gevorgyan, A.H.; Golik, S.S.; Gevorgyan, T.A. On Peculiarities in Localization of Light in Cholesteric Liquid Crystals. J. Exp.

Theor. Phys. 2020, 131, 329–336. [CrossRef]
38. Meyer, R.B. Effects of electric and magnetic fields on the structure of cholesteric liquid crystals. Appl. Phys. Lett. 1968, 12, 281–282.

[CrossRef]
39. Yan, J.H.; Liu, P.; Lin, Z.Y.; Wang, H.; Chen, H.J.; Wang, C.X.; Yang, G.W. Magnetically induced forward scattering at visible

wavelengths in silicon nanosphere oligomers. Nat. Commun. 2015, 6, 7042–7051–7051. [CrossRef] [PubMed]
40. Barsukova, M.G.; Shorokhov, A.S.; Musorin, A.I.; Neshev, D.N.; Kivshar, Y.S.; Fedyanin, A.A. Magneto-Optical Response

Enhanced by Mie Resonances in Nanoantennas. ACS Photonics 2017, 4, 2390–2396. [CrossRef]

http://doi.org/10.1021/nl9001876
http://www.ncbi.nlm.nih.gov/pubmed/19281254
http://doi.org/10.1021/nl2039748
http://doi.org/10.1038/nphoton.2013.252
http://doi.org/10.1021/nl500340n
http://www.ncbi.nlm.nih.gov/pubmed/24805881
http://doi.org/10.1038/nphoton.2017.142
http://doi.org/10.1038/s41567-019-0746-7
http://doi.org/10.1038/nature09933
http://doi.org/10.1103/PhysRevApplied.10.014006
http://doi.org/10.1103/PhysRevLett.107.163604
http://doi.org/10.1103/PhysRevLett.104.193601
http://doi.org/10.1103/PhysRevLett.96.123901
http://www.ncbi.nlm.nih.gov/pubmed/16605904
http://doi.org/10.1103/PhysRevLett.102.173902
http://doi.org/10.1201/9780367802608
http://doi.org/10.1103/PhysRevA.5.1867
http://doi.org/10.1134/S1063776114050112
http://doi.org/10.1134/S1063776120060047
http://doi.org/10.1063/1.1651992
http://doi.org/10.1038/ncomms8042
http://www.ncbi.nlm.nih.gov/pubmed/25940445
http://doi.org/10.1021/acsphotonics.7b00783

	Introduction 
	Models and Methodology 
	Results and Discussion 
	Conclusions 
	References

