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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.
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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 ReA — 0, where ReA = w, and Ree; and Reg; 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:

1+ 6cos2az +osin2az £ig/ey 0

8(z) = em | +dsin2az Fig/en 1 — 6 cos2az 0 |, akz) =1, 1)
0 0 1-6
where e, = (e1+¢€2)/2,6 = %, €12 = €0 + €] ,, €0 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 = 27t/ 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 Reeq, values with a quadratic scaling, see, in
particular [34]. Below, as the first step we neglect the changes of Ree; 5. 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.

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 ' 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:

k;in + Lllk%n + acky, +a3 =0 2)

where k;; is the z component of the mth wave vector in the rotating frame (m = 1,2, 3,4),
am = —Z(f—;sm +a%), 2y = —4‘5—22ag, az = —Zf—;azsm + ‘f—fsgn(l — (52) - ‘f—fgz +a* wis
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 (#5). 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 E,(z) and transmitted E;(z) fields, as well as for the field E;;,(z) inside the
2 2
CLC layer itself and, thus, is able to the reflection R = ‘\?I‘z , transmission T = “?:2
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):

1 2Rex
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7 (5)

where d is the thickness of the CLC layer, and u,; and vy, are the real and imaginary parts

y
of the amplitude of the transmitted wave, x = %, E; is the field of the incident wave, Ef 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 # has the form: p;;, = 1n/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: ¢y = 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 = /e;;, 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 Rek;, and Imk,, on the wavelength A at different
values of g. As seen in Figure 2, in the absence of an external magnetic field, the curves
Rekyz(A) and Imky,z(A) are symmetric about the axis ky,; = 0, which can be explained
by the reciprocity of the system when an external magnetic field is absent. In addition,
we have a wavelength, Ay = p,/¢p = 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 Rek;, (a) and Imk,; (b) on the wavelength A 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: Ime; = 0.2, Ime, = 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, Rek;, (1) and Imk,, (1), with regard to the axis k,, = 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 Rek; 4(A)
are displaced downwards, and ones of the curves Rek;3(A) are displaced upwards, for the
imaginary parts Imk; 4(A) and Imk; 3(A) we have the opposite situation (see Figure 2b). We
also note that the wavelength A, at which the curves of the real parts of the resonance wave
numbers Rek; (A) and Reks(A) intersect is shifted towards the short waves with respect to
Ag. At this wavelength Imk; = 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 A; = 89.4 nm
for the given problem parameters), the value Imk,, equals zero, that at this wavelength
medium is transparent despite Ime; # 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 Ime; = 0.2, Ime; = 0, and dashed

lines to Ime; = 0.2, Ime, = 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 > ¢( 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 A, 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 A at g = 0.
Further, at wavelength A4, we almost have complete transmission (and, accordingly, practi-
cally no absorption) for incident light that is linear along x axis polarization at Ime; = 0.2,
Ime; = 0, and, accordingly, for incident light that is linear along y axis polarization at
Ime; = 0, Imey; = 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 Imey = 0.2, Ime; = 0, and at Imey = 0, Ime, = 0.2 for orthogonal
circular polarizations.

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

(a) (b)

340 0.9 360

300 0.8 320 F
~260 107 280}
=% 06 £ 240 §
E, o5 2
2180 2200
> 04 =
Z 140 z

100

60

= 140 }
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0.2 100 ¢
“_| (\“ I
0

-0.3 0 0.3 8 0.6 -0.3 0 03 8 0.6

Figure 6. The evolution of the transmission (a) and absorption (b) spectra with a change in parameter g for incident light
with polarization coinciding with its diffracting EP.

Figure 7 shows the spectra of ellipticity e and polarization plane rotation ¢. 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.

1 -
0.5
0 ;" 1 1 I J
0 /100 200 7 (nm) 300
_0.5 B ;‘.‘
_l L

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 e; and azimuth 4 of the first EP. For the second EP, we
have e = —eq and ¢, = —11. 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 8. The spectra of PDS for the two EPs at g = 0.3.
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Figure 9. The spectra of ellipticity e; (solid line) and azimuth ¢; (dashed line) of the diffracting EP
atg=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:

Ei(z) +Ei(z), 2 <0,

E(z) = Ei(z), 0<z<d, (6)
Ei(z),z > d,

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

1.  thewavelength A of the diffraction reflection in the absence of external magnetic field,
the wavelength A, of the diffraction reflection in the presence of external magnetic field,
the wavelength A; of the magnetically induced transparency,

the wavelength much smaller than the wavelength A,

the wavelength much longer than the wavelength Ag.

Ol



Materials 2021, 14, 2172 90f 13

-1 0 1 2 3 4 5 zZp 6

J

Figure 10. The dependences |E(z)|? for the following characteristic wavelengths: (1) Ag = 282.8 nm;
(2) Ay =267 nm; (3) Ay = 89.4 nm; (4) A =30 nm << Ag; (5) A =500 nm >> Ay.

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

d
w= 5 [ 1Bu) Pz 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.

320

—

)
270 0.9

0.8

220

& {0.7
5 \

en 10.6
5170

) 0.5
=

=

120

70

-0.3 0 0.3 g 0.6

Figure 11. The evolution of light energy density spectra w in the dichroic CLC layer with a change in
g. The incident light has diffracting EP.
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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:

A2
F = wdA. ®)
M

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.

300 ¢

F

250

200

150

L L 0 1 J

-0.6 -0.3 0.0 0.3 g 06

Figure 12. The light energy F versus parameter g. The incident light has a diffracting (solid line) and
non-diffracting (dashed line) EP. Ay = 20 nm and A, = 320 nm.

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:

xaH*p*

H)y=p|1+ 202
PUH) =7 32(2m)%k%,

| )

where x, is the anisotropy of magnetic susceptibility, ky; is the coefficient of elasticity. Since
in our case /i = I, 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:

e12(H) = e1p + 1287 (10)

where a1, 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 &1, = 2.29,
gy = 2.143 4 0.17, 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 Ree; = Reep = Ree;; = 2.2165, (2) the
CLC with local birefringence with &1 = ap = 0, and finally (3) the CLC with local birefrin-
gence but with a; = 0.51, and a; = 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 a1 »
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.

R (@) (b)
T
0.6
0.8 |
3
04 |
2
04 |
3
02
1
1
0 - J— 1 — . 0 | 1 1 1
550 600 650 A (nm) 700 30 40 50 A(nm) 60

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 ey 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 Imk,, = 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 =1at 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.
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