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Abstract—We have studied the peculiarities of diffraction of light in magnetic photonic crystals at large values
of magnetooptical activity parameter and modulation depth. We have considered the case of an arbitrary
angle between the directions of the external static magnetic field and the normal to the layer. The problem has
been solved by the modified Ambartsumyan layer summation method. It has been shown that the given system is nonreciprocal with respect to not only circular, but linear polarizations also. In this case, a new type of
nonreciprocity is observed (namely, the relation R(α) ≠ R(–α) holds, where R is the reflection coefficient
and α is the angle of incidence). It has been demonstrated that in the case of oblique incidence, there appears
a new photonic forbidden band that is not selective relative to the polarization of incident light. We have
detected strong dependences of reflectance, absorbance, transmittance nonreciprocity, and other characteristics on the angle between the direction of the external static magnetic field and the normal to the layer
boundary. Such a system can be used as a controllable polarization filter and a mirror, as well as a source of
circular (elliptic) polarization, a controllable optical diode, and so on.
DOI: 10.1134/S1063776117060103

shown in [9, 10] that additional PFBs can be formed in
certain anisotropic MPCs. Optical properties of
chirped MPCs were analyzed in [11]. Magnetic photonic crystals of various types, MPCs with a structural
defect, and possible applications of MPCs in optics
and photonics were investigated in [12–24].
On the other hand, easily controllable PCs have
been obtained in recent years by introducing (ferroelectric or ferromagnetic) nanoparticles with large
gyrotropy parameters into an appropriately chosen
liquid [23]. The application, for example, of an external periodically nonuniform magnetic field to a
homogeneous medium or a constant magnetic field to
a medium with spatially modulated parameters leads
in this case to the formation of a magnetic medium
with modulated parameters, which are characterized
by large modulation depths and large values of the
magnetooptical activity parameter. Such MPCs of a
very small size can ensure unique optical and magnetooptical properties of forbidden bands, nonreciprocity, and defect modes. Such structures have attracted
considerable attention in the development and designing of new magnetooptical devices.
New families of structures with plasma resonance
and magnetooptical activity have also been investigated [24]. High values of magnetooptical activity in
the so-called magnetoplasma systems can be attained
in the vicinity of the plasma excitation threshold [25–

1. INTRODUCTION
Keen interest in photonic crystals (PCs) with easily
controllable parameters is due to their wide applications in photonics, optics, and other fields of science
and technology. The transmission spectrum of a PC
contains a photonic forbidden band (PFB) whose
width and frequency can be changed either by external
fields, or by modifying the internal structure of the
crystal. Optical devices based on PCs possess excellent
properties such as multifunctionality, fast response
and controllability, compactness and low energy
losses, and high reliability and compatibility with
other optical devices. The most widely used representatives of soft PCs are cholesteric liquid crystals
(CLCs) and blue phases of liquid crystals. Magnetic
photonic crystals (MPCs) form another class of PCs
with easily controllable parameters. Well-known representatives of MPCs of natural origin are ferrite–garnet films with a regular domain structure, whose magnetogyrotropic properties ensure their control by an
external magnetic field [1–3]. The photonic band
structure of MPCs and devices on their basis was studied by many authors (see, for example, [4–22] and the
literature cited therein). The magnetooptical properties of periodic bigyrotropic media were investigated in
[4]. Peculiar properties of MPCs such as enhancement
of magnetooptical effects as well as nonreciprocal and
high-transmission effects were studied in [5–8]. It was
22
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where Δε, Δμ, and Δg are the modulation depths of
parameters ε, μ, and g, which can be significant even
at this stage, and K = 2π/Λ, Λ being the spatial modulation period. We assume that the plane of incidence
coincides with the xz plane, and the wave is incident at
angle α to the normal of the layer boundary coinciding
with the xy plane. We decompose the components of
electric field amplitudes of the incident, reflected, and
transmitted waves into projections parallel (p polarization) and perpendicular (s polarization) to the plane of
incidence,
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Fig. 1. (Color online) Geometry of the problem.

28]. In addition, in view of their magnetooptical activity, the plasma properties can be modulated by an
external magnetic field [29].
However, in most publications, the limiting cases
of orientation of an external static magnetic field,
which correspond to the polar, meridional, and equatorial geometries in the Kerr effect [2], were considered. The publication [30] in which magnetooptical
effects in reflection of light from a homogeneous ferrodielectric with an arbitrary magnetization orientation
is worth special mentioning.
In this study, we analyze new optical properties of
MPCs with large values of magnetooptical activity and
modulation depth for an arbitrary orientation of magnetization. We investigate the peculiarities of the band
structure as well as features of the Faraday rotation
and nonreciprocity of such structures (Fig. 1).
2. THEORETICAL DESCRIPTION
Since we consider large values of the magnetooptical activity parameter and modulation depth, the
available approximate theories are mostly inapplicable
in this case. For this reason, we will use numerical
methods in our analysis. Let us consider the reflection
and transmission of light for a finite MPC layer. Suppose that the layer of the medium occupies the space
between the planes z = 0 and z = d (d is the layer thickness). We assume that parameters ε, μ, and g of the
isotropic magnetoactive medium are functions of the z
coordinate (ε and μ are the permittivity and permeability and g is the magnetooptical activity parameter).
Here, we assume that the laws of variation of these
parameters have the form

⎛ ε(z ) ⎞ ⎛ ε ⎞ ⎡ ⎛ Δε ⎞
⎤
⎜ μ(z ) ⎟ = ⎜ μ ⎟ ⎢1 + ⎜ Δμ ⎟ sin Kz ⎥ ,
⎜⎜
⎟⎟ ⎜⎜ ⎟⎟ ⎢ ⎜⎜ ⎟⎟
⎥
⎥⎦
⎝ g(z) ⎠ ⎝ g ⎠ ⎢⎣ ⎝ Δ g ⎠
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(1)

⎛ E i,pr ,t ⎞
(2)
E i,r ,t = E i,pr ,t n p + E is,r ,t n s = ⎜ s ⎟ ,
⎜E ⎟
⎝ i,r ,t ⎠
where subscripts i, r, and t denote the incident,
reflected, and transmitted waves, respectively, and np
and ns are the unit vectors of p and s polarization.
We write the solution to the problem in the form
⎡E rp ⎤ ⎡R pp
⎢ s⎥ = ⎢
⎣⎢ E r ⎦⎥ ⎣ Rsp
⎡E ip ⎤ ⎡T pp
⎢ s⎥ = ⎢
⎣⎢ E i ⎦⎥ ⎣T sp

R ps ⎤ ⎡E tp ⎤
⎢ ⎥,
Rss ⎥⎦ ⎣⎢ E ts ⎦⎥

p
T ps ⎤ ⎡E i ⎤
⎢ ⎥,
T ss ⎥⎦ ⎣⎢ E is ⎦⎥

(3)

where R̂ and Tˆ are the 2 × 2 reflection and transmission matrices for the given system.
We will carry out numerical calculations using the
following scheme: we divide the isotropic inhomogeneous magnetoactive layer of thickness d into a large
number of thin sublayers of thicknesses d1, d2, d3, …, dN.
If the maximal thickness is small enough, we can
assume that the sublayer parameters are constant in
each sublayer. According to the modified Ambartsumyan method of layer summation (see, in particular, [31, 32]), the problem of determining R̂ and Tˆ for
an inhomogeneous layer of thickness d can be reduced
to the solution of the following system of difference
matrix equations:
Rˆ j = rˆj + tˆj Rˆ j −1(Iˆ − rˆj Rˆ j −1) −1tˆj ,
Tˆj = Tˆj −1(Iˆ − rˆj Rˆ j −1) −1tˆj ,

(4)

with R̂0 = 0 and Tˆ0 = Iˆ . Here, Rˆ j , Tˆj , Rˆ j −1 , Tˆj −1, are
the reflection and transmission matrices for media
with the j and j – 1 sublayers; rˆj and tˆj are the reflection and transmission matrices for the jth homogeneous sublayer, 0̂ is the zero matrix, Iˆ is the unit
matrix, and “tilde” denotes the corresponding reflection and transmission matrices in the case of the backward direction of light propagation. If the layer under
consideration is in contact on either side with the same
medium, the reflection and transmission matrices for
light incidence from the right and from the left are
connected by the relations
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ˆ ˆ,
Tˆ = Fˆ −1TF

ˆ ˆ,
Rˆ = Fˆ −1RF

(5)

where

⎛1 0 ⎞
Fˆ = ⎜
⎟
⎝ 0 − 1⎠
for linear base polarizations and

⎛0 1⎞
Fˆ = ⎜
⎟
⎝1 0⎠
for circular base polarizations.
It should be noted that in our calculations, each
layer was split into the number of sublayers such that a
further division of the layer of the medium into thinner
sublayers almost does not affect the accuracy of calculations (the number of sublayers in our case is
200d/Λ).
Let us now consider the eigenpolarizations (EPs)
and eigenvalues of the amplitudes. It is well known
that the EP includes two polarizations of the incident
wave, which do not change upon transmission of light
through the system, while the eigenvalues are the
amplitude reflection and transmission coefficients for
incident light with an EP [33]. Eigenpolarizations and
eigenvalues provide rich information about the features of interaction of light with the system; for this
reason, it is important in optics to calculate the EP for
each optical system. The definition of the EP implies
that EPs must be connected with the polarizations of
internal waves (eigenmodes) excited in the system
(they mainly coincide with the polarizations of eigenmodes). In the general case, however, certain differences also exist: there are only two EPs, while the
number of eigenmodes can be greater than two, and
the polarizations of all these modes can be different
(e.g., for nonreciprocal media) [34]. Eigenpolarizations take into account the effect of dielectric boundaries. It is well known (in particular, for normal incidence) that the EPs of CLCs and gyrotropic media
almost coincide with orthogonal circular polarizations, while the EPs for nongyrotropic media coincide
with orthogonal linear polarizations. It follows, hence,
that analysis of EP features is especially important in
the case of heterogeneous media for which the exact
solution to the problem in question is unknown in
most cases.
Denoting by χi the ratio of the complex field components at the inlet of the system (χi = E is /E ip ) and by χt
the analogous ratio at the system outlet (χt = E ts /E tp )
and considering that

⎡E tp ⎤ ⎡T11 T12 ⎤ ⎡E ip ⎤
⎢ s⎥ = ⎢
⎥ ⎢ s ⎥,
⎣⎢ E t ⎦⎥ ⎣T21 T22 ⎦ ⎣⎢ E i ⎦⎥
we obtain the relation between these quantities:
χ t = (T22χ i + T21)/(T12χ i + T11).

(6)

Function χt = f(χi) is known as the polarization transfer function [33] that contains information on the
transformation of the polarization ellipse during the
transmission of light through the system. Each optical
system has two EPs obtained from the definition of
EP: χi = χt. In accordance with relation (4), we can
derive the following expression for EPs χ1 and χ2:

T22 − T11 ± (T22 − T11) 2 + 4T12T21
(7)
.
2T12
Ellipticities e1, 2 and azimuthal angles ψ1, 2 of the EP
can be expressed in terms of χ1, 2 as
χ1,2 =

⎛ 2χ1,2 ⎞
ψ1,2 = 1 arctan ⎜⎜
2⎟
⎟,
2
⎝1 − | χ1,2 | ⎠

(8)
⎛1
⎛ 2 Im(χ1,2 ) ⎞⎞
e1,2 = tan ⎜⎜ arcsin ⎜⎜
2 ⎟⎟
⎟⎟ .
⎝2
⎝ 1 + | χ1,2 | ⎠⎠
Thus, the problem is reduced to the calculation of
the reflection and transmission matrices for a homogeneous magnetoactive layer. We proceed from the
following constitutive equations for a homogeneous
isotropic magnetoactive layer:

D = ε E + i[g × E],

(9)

(10)
B = μ H.
The solution of the wave equation leads to the following dispersion equation for a homogeneous isotropic magnetoactive layer:

nz4 + bnz2 + cnz + d = 0,

(11)

where

k
nz = c z ,
ω εμ

k
nx = c x ,
ω εμ

b = −[η 2G x2 + 2(1 − nx2 )],

c = 2G zG x nx η2,

d = −nx2G z2η2 + (nx2 − 1)2 + η2(G x2 + G z2 ),

Gx =

ig x
,
εμ

g x = g sin θ,

Gz =

ig z
,
εμ

g z = g cos θ,

θ is the angle between the direction of external magnetic field Hext and the normal to the MPC layer surface, η = μ/ ε is the characteristic impedance of the
medium, kx = (ω/c)n0sinα, and n0 is the refractive
index of the medium bounding the MPC on either
side. We assume here that gy = 0; i.e., the external
magnetic field lies in the plane of incidence.
Thus, in contrast to the case when g = 0 and the
dispersion equation is biquadratic, in the case of
oblique incidence of light and for θ ≠ 0, this is a complete fourth-degree equation (for the normal incidence, this equation is biquadratic for θ ≠ 0 also).
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Since dispersion equation (11) contains the term proportional to nz to the first power, this term changes its
sign upon the reversal of the direction of light propagation (n → –n). Therefore, if nz is a solution to dispersion equation (11), –nz cannot be its solution; i.e., the
wave equation changes upon the reversal of the direction of propagation (in other words, the dispersion
equation is not invariant to the reversal of the propagation direction—nonreciprocity takes place). Analogous nonreciprocity is also observed in a natural gyrotropic medium in an external magnetic field. The reason for the invariance in the latter case is as follows
[35]: when the waves propagate, say, in the direction of
the magnetic field, the natural and magnetooptical
rotations are added (or subtracted), thus decelerating
(accelerating) a wave with the right elliptical polarization and accelerating (decelerating) a wave with the
left circular polarization by a certain value as compared to the case with zero gyrotropy; however, when
the waves propagate in the backward direction, natural
rotation reverses its direction, while the direction of
magnetic rotation remains unchanged; therefore, the
natural and magnetooptical rotations are now subtracted (added), thus decelerating and accelerating the
waves with the right and left elliptical polarizations by
a different value. In our case, this noninvariance is not
associated with intrinsic properties of the medium, but
is due to asymmetry in the problem geometry; for

25

oblique incidence of light and for a nonzero angle θ,
the transverse component of the external static magnetic field affects one eigenmode to a certain extent
and the other eigenmode to a different extent. Upon a
change in the direction of the external magnetic field,
the magnitudes of these effects also change. However,
both these noninvariances give rise to interesting
effects.
The term in Eq. (11) proportional to nz contains
product GzGxnx, i.e., is simultaneously a function of
angles θ and α and differs from zero (in the presence
of an external magnetic field) in the case of oblique
incidence and for θ ≠ 0. However, this nonreciprocity
should be distinguished from that observed for θ = 0
(this case will be considered in greater detail below).
To accentuate the distinction of this nonreciprocity as
well as that observed in natural gyrotropic media in an
external magnetic field, this effect is sometimes
referred to as irreversibility.
The solution to Eq. (11) has the form

(
(

)
)

nz1,2 = s ± − 1 b + s + c ,
2
2
s
s
c
1
nz3,4 = − ± − b + s −
,
2
2
s

(12)

where

(

)

s =b+u+ 1 b +d ,
3
3u 12
2

3

2
2
2
2
⎛
⎞
⎡ ⎛
⎞
⎤
⎛ 2
⎞
u = 3 b ⎜ d − b ⎟ − c ± ⎢b ⎜ d − b ⎟ − c ⎥ − 1 ⎜ b + d ⎟ .
6⎝
36 ⎠ 16
36 ⎠ 16⎦
27 ⎝12
⎣6 ⎝
⎠

These expressions can be used to calculate reflectance R = |Er|2/|Ei|2 and transmittance T = |Et|2/|Ei|2, as
well as rotation of polarization plane, ψ =
arctan[2Re(χ)/(1 – |χ|2)]/2, polarization ellipticity
e = arcsin[2Im(χ)/(1 + |χ|2)]/2 (χ = E tp / E ts ), circular
and linear dichroisms, and so on.
3. RESULTS
At first, we assume that ε, μ, and g are independent
of frequency, and the imaginary parts are very small
and also frequency-independent; i.e., we disregard
optical dispersion effects. Thus, we assume at the first
stage that the frequency of incident light differs significantly from resonance frequency ω0 and, in addition, the condition |ω – ω0| ≫ γ holds, where γ is the
FWHM of the absorption line (for the Lorentzian line
shape). Further, we assume that only parameter ε is
modulated for representing the effect of the external
magnetic field on diffraction reflection most clearly.

In the presence of a periodic modulation of the
permittivity, the effective refractive indices nz1, 2, 3, 4 for
eigenmodes become functions of z. Figure 2 shows the
dependences of the effective refractive indices nz1, 2, 3, 4
on z in the presence of an external magnetic field for
oblique incidence of light when (a) θ = 0 and (b) θ ≠ 0.
In the former case, Eq. (11) is biquadratic, and we have
degenerate roots |nz1| = |nz3| ≠ |nz2| = |nz4|. For θ ≠ 0 and
α ≠ 0, we have |nz1| ≠ |nz3| ≠ |nz2| ≠ |nz4|.
Figure 3 shows the dependences of |nz| on angle of
incidence α in the two cases considered in Fig. 2.
The dependence on nz on angle θ is depicted in Fig. 4.
The plots also demonstrate some features of the roots
of dispersion equation (11) for a homogeneous layer at
θ ≠ 0 and α ≠ 0. It should be noted that the parameters
of the medium can be modulated by changing the
magnetic field direction.
As noted above, the structure of dispersion equation (11) for the oblique incidence and for θ ≠ 0 is
analogous to that of a naturally gyrotropic medium in
an external magnetic field. This means the emergence
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Fig. 2. (Color online) Dependences of n1, 2, 3, 4 on z for (a) g = 0.7, θ = 0, α = 70° and (b) g = 0.7, θ = 60°, α = 70°. Other parameters of the problem: Λ = 400 nm, μ(z) = const = 1, ε = 2.5, Δε1 = 0.7, and n0 = 1.
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Fig. 3. (Color online) Dependences of |n1, 2, 3, 4| on angle of incidence α for (a) g = 0.8, θ = 0 and (b) g = 0.8, θ = 60°; z = 1000
nm. Other parameters of the problem are the same as in Fig. 2.

of new interesting features. The periodic structure of
the medium can be responsible for multiple enhancements of these features at certain frequencies or for
suppression of the above singularities at other frequencies. These new features will be considered below.
Let us now investigate the reflection of light from
an MPC layer of a finite thickness. As is known, for a
homogeneous 1D MPC with a constant unmodulated
Faraday effect for θ = 0, a displacement of the effective refractive index for left and right circularly polarized eigenmodes in opposite directions, but with the
same amplitude [22] is one of the magnetooptical
interaction effects (see also Fig. 2a; it should only be
noted that in the absence of an external static magnetic
field, we have |nz1| = |nz3| = |nz2| = |nz4|). In this case,
PFB peaks for left and right circularly polarized incident waves are displaced in the opposite directions,

thus introducing polarization selectivity between
orthogonal circularly polarized eigenmodes, which is
enhanced with an increase in the diffraction efficiency
and gyration constant. It should be noted that planar
CLC layers also possess the property of polarizationsensitive diffraction reflection in the case of the normal incidence. Upon the reversal of the direction of
the external magnetic field, these directions of displacement of PFB peaks are also reversed. As a result,
huge nonreciprocity to circular polarizations appears.
This means that the given system can be used as an
ideal optical diode for orthogonal circularly polarized
incident waves. However, this system is reciprocal for
orthogonal linearly polarized waves. The patter
changes radically in the case of oblique incidence of
light and for θ ≠ 0. In this case, the system becomes
nonreciprocal even for orthogonal linear polarizations
of incident light. Thus, the system is nonreciprocal in

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

Vol. 125

No. 1

2017

OPTICAL PROPERTIES OF MAGNETIC PHOTONIC CRYSTALS

nz
2.0
1

1.5
1.0

2

0.5
0
−0.5
3

−1.0
−1.5
−2.0

4
0

60

120

180

240

300

360
θ, deg

Fig. 4. (Color online) Dependences of n1, 2, 3, 4 on angle θ.
Parameters are the same as in Fig. 3b.

this case for any polarization of incident light as is
observed for gyrotropic media or CLCs in an external
magnetic field (including the case of θ = 0).
Figure 5 shows the reflection spectra for orthogonal
circular and linear polarizations of an incident wave at
α = 45° and θ = 45°. Figures 5a and 5b correspond to
g = 0.8, while Figs. 5c and 5d, to g = –0.8. It follows
from the graphs that the reflection spectra noticeably
change upon the magnetic field reversal for each polarization of the incident wave. Consequently, the system
exhibits nonreciprocity. The nonreciprocity is usually
characterized by two parameters. In particular, nonreciprocal transmission can be described by absolute
transmission nonreciprocity ΔT = Tforward – Tbackward
and transmission nonreciprocity contrast C = (Tforward –
Tbackward)/(Tforward + Tbackward). (Here, Tforward and Tbackward
are the transmission coefficients of the system for two
mutually opposite directions of light incidence.) Figure 6 shows transmission nonreciprocity spectra ΔT
for (a) orthogonal circular and (b) linear polarizations
of the incident wave for α = 45° and θ = 45°. The plots
indicate huge nonreciprocity. This means that the
given system can be used as an ideal optical diode.
It should be noted that for α = 0 and θ = 0, the value
of ΔT for orthogonal linear polarizations of the incident wave is zero. The difference of ΔT from zero for
linear polarizations is a consequence of the aforementioned noninvariance of the dispersion equation to the
reversal of the propagation direction.
An optical diode is a device that transmits (reflects,
absorbs) light in one direction and blocks it (does not
reflect or absorbs) in the reverse direction. In recent
years, alternative nonreciprocity mechanisms have
been proposed [36–68]. Optical diodes can be based
on the magnetooptical effect, optical nonlinearity,

27

electroabsorption modulation, CLCs, optoacoustic
effects, metamaterials, and so on [36–68]. An optical
diode based on a chip was proposed in [68]. However,
these optical diodes were mainly difficult to control,
they were created on the basis of solid PCs, which differ in their improper elasticity and controllability by
means of external fields, and the parameters of such
systems were practically uncontrollable. On the other
hand, as noted above, it is very important to design
active and passive devices for photonics with controlled parameters. In addition, the controllability
renders the multifunctionality of the device. It should
be noted once again that an important advantage of
the system under investigation is the controllability of
its parameters by an external magnetic field.
It should also be noted that nonreciprocal devices
are necessary components for classical and quantum
data processing in integrated photonic systems [69].
Apart from these applications, the nonreciprocal
phase shift is also of fundamental importance for
studying exotic topological photonics [70] such as the
realization of chiral edge states and topological protection [71, 72].
Another feature of the aforementioned noninvariance of the dispersion equation to the reversal of the
direction of light propagation is manifested for the system in question in the angular dependence of reflection. Figure 7 shows the dependences of reflection
coefficient R on angle of incidence α for (a) θ = 0 and
(b) θ ≠ 0. Light incident on the system has circular
right (1) and left (2) polarizations, as well as linear s (3)
and p (4) polarizations. In zero external magnetic
field, the R(α) curves for both orthogonal circular
polarizations of incident light coincide, while it is well
known that such curves for orthogonal linear polarizations of incident light are different. The application of
an external magnetic field perpendicular to the layer
boundaries gives rise to a difference between the R(α)
curves for both orthogonal polarizations of incident
light; however, these curves remain symmetric about
the axis α = 0 (i.e., relation R(α) ≠ R(–α) holds). This
symmetry disappears for θ ≠ 0, i.e., when the angle
between the direction of the external magnetic field
and plane z = 0 (see Fig. 1) differs from 90°. For θ ≠ 0,
we have R(α) ≠ R(–α), i.e., a new type of nonreciprocity. The condition R(α) ≠ R(–α) is observed both
for orthogonal circular and for linear polarizations of
the incident wave, and the difference between R(α)
and R(–α) for the parameters of Fig. 7 is significant.
4. ASYMMETRY EFFECTS ASSOCIATED
WITH NONINVARIANCE
OF THE DISPERSION EQUATION.
NEW REGIONS OF DIFFRACTION
REFLECTION
Let us now consider new asymmetry effects associated with noninvariance of the dispersion equation to
the propagation direction reversal.
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Fig. 5. (Color online) Reflection spectra: (a, b) g = 0.8; (c, d) g = –0.8; (a, c) incident light has right (solid curve) and left (dashed
curve) circular polarizations; (b, d) incident light has the s (solid curve) and p (dashed curve) linear polarization; α = 45°, θ =
45°, MPC layer thickness d = 50 Å. The remaining parameters are the same as in Fig. 2.
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incident wave. Parameters and notation are the same as in Fig. 5.

Figure 8 illustrates the evolution of the reflection spectra upon a change in the angle of incidence for g = 0.8 and
θ = –162°. Light incident on the system has (a) right
and (b) left circular polarizations, as well as linear (c) s
and (d) p polarizations. White bands correspond to

regions of strong reflection (i.e., PFBs). Fine horizontal white lines in Figs. 8a and 8b correspond to the fulfillment of the inequality R(α) ≠ R(–α). The figure
shows that at certain wavelengths, for a certain angle of
incidence α, total reflection is possible, while total
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Fig. 7. (Color online) Dependence of reflectance R on angle of incidence α for (a) θ = 0 and (b) θ = 45°. Incident light has circular
right (1) and left (2) polarizations, as well as linear s (3) and p (4) polarizations; g = 0.8, λ = 1000 nm. The remaining parameters
are the same as in Fig. 5.

transmission is observed for angle –α at the same wavelength, and vice versa.
Figure 9 shows the dependence of reflection coefficient R(a), polarization ellipticity e, angle of rotation
ϕ of the polarization plane, and ellipticities e1 and e2 of
eigenpolarizations (Fig. 9b) on angle θ for α = 45°.
It follows from the figure that variation of angle θ leads
to large changes in the above quantities. Therefore, the
possibility of controlling over angle θ is one more control instrument for the system under investigation over
a wide range of its values.
It is well known that the control over light absorption using artificial or self-organizing nanophotonic
structures (photonic crystals, metamaterials, and so
on) is actively investigated in view of its possible application in lasers and light-emitting diodes [73–76],
one-photon generation for quantum informatics [77–
80], in accumulation of solar radiation energy [32, 81–
83], etc. Absorption is one of the first tested methods
for controlling electromagnetic field in a medium.
Photonic crystals and metamaterials exhibit interesting features of absorption. In particular, PFB exhibits
the effect of absorption suppression. Outside PFB,
near its boundaries, anomalously strong (anomalously
weak) absorption is observed in the case of anisotropic
absorption, and absorption in metamaterials with a
strong optical anisotropy with a few periods can be as
strong as in conventional PC layers with a much larger
number of periods.
At the first stage, we assume that the frequency of
incident light differs significantly from resonance frequency ω0, and quantity γ (half-width of absorption
for the Lorentzian line profile) is significant so that we
can assume that absorption is strong, constant, and
independent of frequency. The absorption of light by
the system is characterized by quantity A = 1 – (R + T).

Figure 10 shows the evolution of absorption spectra A
(a, b) and ΔA = A(α) – A(–α) (c, d) upon the variation
of angle α. Light incident on the system has the linear
s polarization (a, c) and right circular polarization (b, d).
As follows from Fig. 10, the PFB exhibits absorption.
Outside PFB, absorption oscillations of diffraction
origin are observed. Naturally, the variation of the
angle of incidence also changes the absorption. For
large angles of incidence, the increase in reflectance
reduces the absorbance. We consider the case when
θ ≠ 0, in which asymmetry of absorption is due to
asymmetry in reflection, absorption asymmetry
attaining considerable values (|ΔA| ≈ 0.3 for the linear
polarization of the incident wave and |ΔA| ≈ 0.45 for
the circular polarization). For θ = 0, we have ΔA = 0.
It should be noted that we can also expect asymmetry in the linear and circular dichroisms, in the angle
of rotation of the polarization plane, and in the ellipticity of polarization, which is associated with noninvariance of the dispersion equation relative to the light
propagation direction reversal (this is confirmed by
our numerical calculations).
This system exhibits new interesting peculiarities in
the case of oblique incidence for large values of
parameter g.
Analysis of the evolution of the reflection spectra
upon a variation of the angle of incidence in zero
external magnetic field and comparison of these
results in the presence of an external magnetic field
show that in the case of oblique incidence for large values of parameter g, new regions of diffraction reflection appear. These regions are indicated by arrows in
Fig. 8a. In zero magnetic field or in weak fields, these
regions are not observed. This new PFB has a number
of peculiarities; it is polarization-insensitive for θ = 0
(i.e., total reflection of light is observed in this region
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for any polarization of incident light); with increasing
parameter g, this region extends to small angles of incidence. Upon a further increase in parameter g, the frequency width of the transmission region formed
between the given region and the reflection region and
selective to the polarization of incident light increases.
For demonstrating some features of the formation
of this new PFB, Fig. 11 shows the evolution of the
reflection spectra upon a change in parameter g for
θ ≠ 0. Light incident on the MPC layer has linear (a) s
and (b) p polarizations.
Finally, Fig. 12 shows the evolution of the reflection spectra upon the variation of angle θ. Light incident on the MPC layer has linear (a) s and (b) p polarizations. The figures demonstrate the strong effect of
variation of angle θ on reflection and, in particular, on
the band structure. For θ ≠ 0, these new PFBs become
polarization-sensitive, and the PFB with the right circular polarization is shifted upon a change in θ along
the frequency axis, while the PFB with the left circular
polarization is shifted in the opposite direction. As a
result, the PFB structure becomes more complicated,
which is demonstrated in Figs. 8 and 10–12.

5. CONCLUSIONS
We have analyzed the features of diffraction of light
in MPCs for large values of the magnetooptical activity parameter and modulation depth. We have considered the case when the angle between the direction of
the external static magnetic field and the normal to the
layer boundary is arbitrary. We have studied the
dependences of the local refractive indices of eigenmodes on angles α and θ. The features of the reflection spectra have been analyzed. We have studied
peculiarities of nonreciprocity and demonstrated that
the given system is nonreciprocal not only relative to
circular polarizations (as in the case of θ = 0), but also
to linear polarizations. It has been shown that a new
type of nonreciprocity appears in this case; namely the
relation R(α) ≠ R(–α) holds. In addition, the diffraction pattern is much more complicated in this case.
We have demonstrated that in the case of oblique incidence, a new diffraction reflection region is formed in
each diffraction order. This new region for θ ≠ 0 is
complete in the sense that light with any polarization
experiences diffraction reflection in this region. For
θ ≠ 0, this new region becomes polarization-sensitive.
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The width of the diffraction reflection regions, their
number, as well as the frequency position and frequency
difference, are determined by the parameters of the
medium and the external magnetic field and can be
controlled, in particular, by varying angle θ. Consequently, such systems can be used as controllable polarization filters and mirrors, mode polarization transducers, mode discriminators, and multiplexers for circularly polarized waves. In addition, such system can be
used as sources of circular (elliptical) polarization, controllable optical diodes, and also in lasers with controllable radiation wavelength.
It should be noted in conclusion that magnetooptical phenomena are also widely used as a method for
studying various aspects of the structure of matter.
These effects make it possible to investigate the features of the magnetic domain structure, surface magnetic properties, the energy spectra of magnetoactive

ions in magnetic dielectrics, the electronic structure of
ferromagnetic materials, and so on.
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