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Enhancement of Faraday rotation in defect modes of
one-dimensional magnetophotonic crystals
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In this paper, employing of one-dimensional magnetophotonic crystals in infrared wavelengths range is considered. For this
purpose, magnetophotonic multilayer structures, composed of magnetic defect layer surrounded by dielectric and MO Bragg
mirrors, have been proposed. Ce:YIG with an optical thickness in the range of 0 to A was used as a magnetic material. By
using four by four transfer matrix method, the transmittance values and Faraday rotation (FR) angles of these structures were
computed. The electric field distribution was obtained by Finite Element Method (FEM). By investigation of transmittance and
FR angle of magnetophotonic crystals, it was possible to design the optimized structures with a rotation larger than 30 degrees
and high transmittance. Such structures with a few micrometer thickness and fast magneto-optical (MO) responses have the
potential to be used in MO devices like integrated photonic elements and sensors.
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1. Introduction

During the few past years, much attention has
been paid to researching light propagation in pho-
tonic crystals [1-6]. These structures have a pho-
tonic band gap (PBG), where light cannot prop-
agate. This feature is the basis for developing
photonic crystal devices such as optical filters,
switches, diodes, etc. The light can be localized
by creating the cavities and waveguides in the pho-
tonic crystal structures [4—6]. Recently, one dimen-
sional magnetophotonic crystals (1D-MPCs) con-
sisting of periodic dielectric and anisotropic mag-
netic thin films have attracted much attention be-
cause of their particular properties, such as con-
trolling light propagation by applying a magnetic
field [7, 8].

Enhancement of Faraday rotation and trans-
mittance at a localized mode or near the
PBG edges has a fundamental importance [9-
12]. The defects play an important role to in-
crease the magneto-optical (MO) response [12—
20]. The magnetophotonic crystals with PBG, seem
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to be ideal structures for fabrication of optical iso-
lators and circulators, optical switches, light modu-
lators and magnetic field sensors. The Faraday rota-
tion (FR) effect is strongly enhanced in the magne-
tophotonic microcavities [10-12]. For 1D-MPCs,
these features can be attributed to the enhanced FR
of the resonant mode in the multilayer films. The
rotation angle of magnetic monolayer is generally
small. Therefore, we used 1D-MPCs with defect
layers in the middle to enhance the rotation an-
gle. A rotation angle close to 45 degrees can be
achieved in the proposed structures by introducing
defect layers with a total thickness of a few mi-
crometers.

In this paper, we have discussed MO Fara-
day effect in the 1D-MPCs constituted of dielec-
tric and magnetic materials in terms of theory
and computation. The MO response of 1D-MPCs
have been studied through 4 x 4 transfer matrix
method (TMM). We simulated the magnetopho-
tonic multilayers and calculated their transmittance
and FR angle. The rotation angles of 1D-MPCs
were measured as a function of repetition number
and thickness of the magnetic defect layer. In ad-
dition, the electric field distribution was obtained
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by finite element method (FEM) simulation. The
analysis of the structures with MO Bragg mirrors is
given in subsection 3.1. In case of these structures,
the magnetic defect layer occurs in the middle of
1D-MPCs. The magnetophotonic multilayers with
the magnetic defect layer surrounded by dielectric
photonic crystals are investigated in subsection 3.2.
Section 4 includes the summary of the research
findings.

2. Theory and model

We have shown an example of magnetopho-
tonic multilayer structure made of periodic thin
films of dielectric (D) and magnetic (M) materi-
als in Fig. 1. The 1D-MPC has periodicity and
a magnetic defect layer located in the middle as
(DM)™(M)(MD)™, where m denotes the repetition
number. The FR angle of 1D-MPCs is evaluated by
TMM. The optical field inside each layer is given
as a sum of right and left circular polarized waves
propagating in opposite directions and normal to
the multilayer structure.
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Fig. 1. Schematic structure of 1D-MPC composed of
alternating layers of magnetic and dielectric
materials described as (DM)™(M)(MD)™ with
m = 3. The boundary conditions, plane wave
and detector are shown.

According to Maxwell equation, the light prop-
agates through a layered structure as:
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where € and p are permittivity and magnetic per-
meability tensors of the medium, respectively. The
light propagation in each layer is connected with
optical properties of the medium. For a z-axis uni-
formly magnetized medium, the symmetry reduces
to one axis. Therefore, the permittivity tensor of
magnetic material is described as a sum of sym-
metric and asymmetric tensors in the following
form [21, 22]:

& 0 0 0 —ig 0
ev=1| 0 ¢y, O |+[ig 0 O
0 0 g 0 0 O
&, —iQ&y 0
=| iQ&y, g, O ()
0 0 &
with
0= A% Vu-B (3)
_J'L'- Sxy M "Dz
1
gxy:E'(exx+8yy) (4)

where € = €yy # €, g is the magnetic gyration
constant, Vyy is the Verdet constant and Q is the
magneto-optical parameter, which is related to gy-
ration constant of magnetic media, that is defined
as Q= 8%. In a medium that is affected by a mag-
netic field, the rotation directions in a plane that
is perpendicular to the magnetic field are different.
Therefore, the non-diagonal elements appear in the
permittivity tensor of the magnetic medium. This
leads to a difference between the refractive indices
of the right- and left-handed circularly polarized
waves and then different velocities of light travel-
ing in the magnetized medium. Based on the above
considerations, the polarization plane of a linearly
polarized wave rotates (Faraday effect) as [21]:

oL

0= (n+—n_)§

&)
where n; and n_ denote refractive indices of right-
and left-handed circularly polarized waves, respec-
tively. The permittivity of the dielectric layer is ¢p,
which can be defined as np = /ep. For illumi-
nating a multilayer magnetophotonic structure with
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polarized electromagnetic waves, the transfer ma-
trix is defined as:

T =070)- ([[D)P@D " ()-D(0) ©

n=1

where D(n) is the dynamical matrix of n-th layer.
P(n) and N are the propagation matrix and num-
ber of layers, respectively. By considering the field
continuity between the layers, we can use the fol-
lowing relation between the amplitudes of electric
and magnetic fields in two adjacent layers [23]:
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where
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with q¢ = $ko X po(0 = 1,2,3,4) [23, 24]. In this
relation, ps and qg are the polarization vectors and
ks is a wave vector. X and § are unit vectors along x
and y directions. Finally, the FR angle O is given
by [23]:
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For simplest case, the rotation angle is proportional
to the magnetic field H and distance L traveled by
light in matter as [21]:

6 = VyHL (10)

The Verdet constant of the magnetic medium Vyy is
defined as rotation of polarization plane of light per
unit path and magnetic field. The Verdet constant
of the magnetized media can be computed from the
following relation [21]:

e dn

“om2 " dn (D

M
where e and m are charge and mass of electron, re-
spectively and A = 2%€ is the wavelength of light.

w

This constant depends on the wavelength of inci-
dent wave, ambient temperature and properties of
the medium. The transfer matrix calculation was
described in detail by Kato [10].

2.1. Principles of FEM

In this method, the simulation and computation
were made based on six steps: (1) Dividing the
computational space into finite elements. (2) Intro-
ducing a function representing physical properties
of each element. (3) Obtaining equations for each
element. (4) Combining the equations of all ele-
ments and generating the equations system. (5) Ap-
plying the boundary conditions on the location of
the element node. (6) Solving the equations system.
The FEM formulation includes weighted residual
methods and minimum potential energy. The prob-
lem has been solved by Euler method by eliminat-
ing the differential equations or simplifying them
to usual equations. The Maxwell equations were
solved by considering the boundary conditions and
physical properties of the material. Using this tech-
nique, the electromagnetic waves in optical and
photonic systems can be simulated. Optical devices
such as waveguides, cavities and filters can be sim-
ulated and examined by FEM. To study the magne-
tophotonic structure, equation 1 was solved using
the periodic boundary conditions:

Ax (E—Ey) =0 (12)

Ax (H —Hy) =0 (13)

Also, we have used the scattering boundary condi-
tions in the form:

Ax (VxE)—ikix (E x i)

= —Ax (Ey x (ik x (A —ikgir))) - exp(—kgiy - 7)
(14)

where Ej is incident electric field, fi is the nor-
mal direction and kg;; is the incident wave vec-
tor. The first step was related to the mesh structure
and its conditions. The properties of mesh struc-
ture should enhance the accuracy of computations
and reduce the use of memory. In fact, the balance
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between these two factors must be established.
The simulated electric and magnetic fields were
employed to calculate other optical parame-
ters [25]. The overview of the boundary conditions
of FEM simulation is shown in Fig. 1.

3. Results and discussion

3.1.
ror

The studied 1D-MPCs consist of Ce:YIG
(cerium substituted yttrium iron garnet) as mag-
netic material and SiO; or TiO; as dielectric ma-
terials. The optical thickness of these layers is
equal to one quarter of the wavelength. We have
used Ce:YIG as the magnetic material due to the
low absorption in the infrared region and high
MO responses. This issue is attractive for practical
applications and experimental studies. The mag-
netic Ce:YIG layer has the diagonal permittivity
ex = 4.884 and the non-diagonal permittivity of
(0.009 1) at A = 1.55 pum and is almost lossless [26].
The structures studied in this section are composed
of magnetic defect layer surrounded by 1D- MPCs.
The examined magnetophotonic crystal consists of
%—thick defect layer (Ce: YIG) sandwiched between
two 1D-MPC composed of 9 pairs of alternating %—
thick SiO, and Ce:YIG layers.

Fig. 2 shows the transmittance and the FR an-
gle of this structure. The PBG covers the wave-
length region from 1.35 pm to 1.80 pum. In this re-
gion, the transmittance values and FR angles ap-
pear to be close to zero. In case of A; = 1.55 pm,
the transmittance value and FR angle are signifi-
cantly increased and the resonance with T = 0.54
and O =41° appears.

The structures with MO Bragg mir-

The enhancement of MO response of multilay-
ered structures, such as FR angle, is obtained due
to multiple reflections and their constructive inter-
ference in defect layer, which can be described by
spatial field distribution. Fig. 3 shows the electric
field distribution inside the structures which is lo-
calized in magnetic defect layer located in the mid-
dle of the structure.

As shown in Fig. 3b, a significant enhancement
in the magnitude of the electric field is observed
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Fig. 2. (a) transmittance and (b) FR spectra of
(DM)’(M)2(MD)°  structure composed of
Si0,(D) and Ce:YIG(M) layers.

in the cavity. The field amplitude in the defect layer
is 2.2 times higher than that in the first layer. The
constructive interference is confirmed by the field
localization in the magnetic defect layer, followed
by FR angle enhancement.

The thickness of the magnetic defect layer and
repetition number of 1D-MPCs around it, are two
effective parameters related to the optical and MO
responses. Therefore, we measured the FR angles
and transmittance values as a function of these pa-
rameters, which are shown in Fig. 4.
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Fig. 3. (a) electric field distribution and (b) magni-
tude of electric field inside the magnetopho-
tonic structure (DM)’(M)2(MD)° (D = SiO,,
M = Ce:YIG).

In case of 0.5 As-thick cavity, slight fluctua-
tions in the transmittance and rotation angle, rang-
ing from m = 9 to 14 are observed. The struc-
tures with transmittance values lower than 0.5, in-
deed are inefficient for optical applications due to
high losses. Accordingly, proper cases for optical
applications occurred for the cavity thicknesses of
0.25 Ag, 0.5 Ag, 0.75 Ag, 0.875 A.

The enhancement of transmittance and rotation
angle happened in the defect mode inside the PBG
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or at the edges of the PBG region which depended
on the thickness of defect layer. In the next step, we
have considered the structures with magnetic de-
fect layer sandwiched between the alternating TiO,
and Ce:YIG layers. Then, we have investigated the
magnetophotonic structure with a repetition num-
ber m =9 and 0.5 A optical thickness of the defect
layer.
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Fig. 4. (a) FR angle and (b) transmittance val-
ues of structures composed of SiO(D) and
Ce:YIG(M) layers as a function of repetition
number and optical thickness of defect layer.

The transmittance and its FR spectra are dis-
played in Fig. 5. As seen in Fig. 5, the transmittance
value and the FR angle show a significant enhance-
ment at 1.55 um inside the PBG. The FR value is
equal to Op = 5.9° and PBG is narrower than in the
prior case.

For more accurate evaluation, the electric field
spatial distribution has been simulated by FEM.
The simulation results such as the magnitude of
electric field are depicted in Fig. 6.

The width of PBG appears lower with weaker
localization of light than in the prior case, which re-
sults from the low difference between the refractive
indices of TiO, and Ce:YIG materials. This leads
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Fig. 5. (a) transmittance and (b) FR spectra of
(DM)’(M)*>(MD)? structure with TiO(D) and
Ce:YIG(M) layers.
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Fig. 6. (a) electric field distribution and (b) magni-
tude of electric field inside the magnetopho-
tonic structure (DM)’(M)2(MD)° (D = TiO,,
M = Ce:YIG).

to the reduction of MO properties of this struc-
ture, like for example the Faraday rotation angle.
The FR angles of structures consisting of TiO; and
Ce:YIG, as a function of repetition number and the
optical thickness of the defect layer, have been cal-
culated, and they are shown in Fig. 7a.

As can be seen in Fig. 7, in case of larger rep-
etition number there is an enhancement in the FR
angles for all of the magnetophotonic multilayers
with different values of cavity thickness. A signif-
icant decrease in the magnitude of rotation angles
has generally occurred due to poor field localiza-
tion in the magnetic defect layer. The magnetopho-
tonic crystals with 0.375 As, 0.5 As, 0.875 As and
As thickness of the defect layer appeared the most
effective in terms of the highest FR angles. The
transmittance values and rotation angles for differ-
ent repetition numbers from 10 to 15, are depicted
in Fig. 7b and Fig. 7c for better analysis and com-
parison between the mentioned cases. The trans-
mittance is decreasing for larger repetition num-
bers. For structures with 0.875 As-thick and As-
thick defect layer and m = 15, the transmittance
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Fig. 7. (a) FR angle of structures composed of TiO, (D)
and Ce:YIG (M) materials as a function of opti-
cal thickness of defect layer and repetition num-
ber and the comparison of (b) transmittance and
(c) FR angle versus the repetition number for the
cases that were obtained at the higher values of
rotation angle.

value and FR angle have reached T = 0.86 and
Or = 22.5°. For m = 15, the rotation angles for
0.375 As and 0.5 A are equal to 19.5°and 19.8°, re-
spectively. A slight increase compared to the 0.875
As and A is observed in the transmittance values. A
relatively significant decrease has been found in the
MO response of the structures by comparing the ro-
tation angles obtained in these multilayer structures
with the values achieved for the previous struc-
tures. This appears to be a direct result of the weak
field localization in the cavity located in the mid-
dle of the structures. The low difference between
the refractive indices of the constituent materials of
1D-MPCs, would lead to such a behavior.

3.2. Structures with dielectric Bragg mir-
rors

The structures with magnetic defect layer sur-
rounded by dielectric Bragg mirrors are inves-
tigated in this section. Generally, two dielectric
photonic crystals consisting of alternating SiO,

and TiO, materials are placed at the right and left
hand sides of the Ce:YIG defect layer. The optical
thickness of each layer in these dielectric photonic
crystals is a quarter wavelength.

At first, the structure with the repetition num-
ber equal to 7 and 0.5 A optical thickness of defect
layer is studied. The transmittance and FR spec-
tra of this magnetophotonic structure are shown in
Fig. 8. The transmittance and rotation angle are en-
hanced at the defect mode wavelength (1.55 pm)
within the PBG. In this condition, T = 0.65 with
O = 37°.
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Fig. 8. (a) transmittance and (b) FR spectra of mul-
tilayer structure composed of magnetic defect
layer surrounded by alternating layers of SiO;
and TiO, materials.

As shown in Fig. 9, the electric field magnitude
in the defect layer appears to be significantly higher
than in the other layers, which indicates the strong
field localization in the cavity due to the construc-
tive interference of multiple reflections. Therefore,
the enhancement significantly contributes to maxi-
mizing the MO properties of the structure, includ-
ing the FR angle.
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Fig. 9. (a) electric field distribution and (b) magni-
tude of electric field inside the magnetophotonic
structure composed of magnetic defect layer sur-
rounded by alternating layers of SiO; and TiO,
materials.
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As itis shown in Fig. 10a, the magnetophotonic
crystals show large rotation angles. For the struc-
tures with the cavity thicknesses of 0.375 A, 0.5
As, 0.625 A, 0.75 Ag and 0.875 A, the FR angles
have reached the values higher than 35 degrees. As
seen in Fig. 10b and Fig. 10c, the rotation angle and
transmittance for the structures with the half wave-
length of cavity thickness and m = 7 are equal to
Or =37°and T = 0.65.
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Fig. 10. (a) FR angle of structures composed of mag-
netic defect layer surrounded by alternating
layers of SiO, and TiO, materials versus op-
tical thickness of defect layer and repetition
number; and the comparison of (b) transmit-
tance and (c) FR angle versus the repetition
number for the cases that were obtained at the
higher values of rotation angle.

This situation seems to be beneficial for practi-
cal applications due to the high transmittance and
rotation angle. For the magnetophotonic structure
with 0.875 A-thick defect layer, in case of m = 15,
T = 0.65 and 6 = 36° have been obtained. These
high rotations and transmittance, are optimal con-
ditions for designing MO tools (Fig. 11).

4. Conclusions

We studied the magnetophotonic crystals with
MO and dielectric Bragg mirrors. Two important
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—A— Faraday rotation %5
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Fig. 11. Comparison of transmittance and FR angle
of the structures composed of magnetic defect
layer surrounded by alternating layers of SiO;
and TiO, materials for m = 10 to m = 15.

parameters: the repetition number of Bragg mirrors
around the defect layer and the optical thickness
of the defect layer, which influence the transmit-
tance and FR angle, have been considered. In the
structures composed of SiO; and Ce:YIG, due to
a high difference between the refractive indices of
constituent materials, the optical field was localized
in the magnetic defect layer. This led to an increase
in the MO responses of 1D-MPCs. The FR angles
increased to values exceeding 35 degrees, despite
the proper transmittance. The localization of the
electric field in the magnetic defect layer was poor,
due to the replacement of SiO, with TiO, where
the rotation significantly decreased. In addition, we
examined the magnetophotonic crystals with mag-
netic defect layer, surrounded by dielectric pho-
tonic crystals. In these structures, the electric field
was localized mainly in the magnetic cavity. The
FR angles of the structures were increased by mul-
tiple reflections of light in the cavity and construc-
tive interferences. The MO multilayer structures
with large rotation angles and proper transmittance
can be used to design the MO devices such as sen-
sors or the integrated photonic elements.
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