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Abstract: We studied magnetophotonic crystals (MPCs) with introduced magnetic 

defect layer sandwiched between magnetic and dielectric Bragg mirrors. These 

magnetophotonic crystals have excellent capabilities to enhance reflection and Kerr 

rotation simultaneously. By adjusting spatial configuration such as repetition numbers 

of Bragg mirrors and thickness of magnetic defect layer, we achieved the Kerr rotation 

angles more than 75˚ and reflection very close to 1. We briefly described the 

formulation of finite element method (FEM) and transfer matrix method (TMM). The 

electric field distribution and magnitude of it along the MPCs are simulated using FEM. 
Using the TMM, we calculated the MO responses of MPCs. With light localization 

inside the magnetic defect layer and multiple reflections in it, the magneto-optical (MO) 

responses of these MPCs were significantly increased. The studied structures in this 

research have high MO responses that make it suitable for designing MO elements in 

highly sensitive devices and optical telecommunication tools.  
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1. INTRODUCTION  

Within the past two decades, studying and creating microstructures and 

nanostructures with high accuracy for using in optical elements and 

telecommunications has been the subject of intense interest among the 

researchers. Photonic crystals (PCs) are periodic structures of optical materials 

with refractive index modulation in one, two, and three dimensions. These 

structures control and manipulate the propagation of light [1-4]. Initially, one-
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dimensional PCs were introduced by Yablonovitch [5] and John [6]. The 

propagation of light in the PCs is prevented for some frequency and wavelength 

regions, which are called Photonic Band Gaps (PBG). The PCs may show 

localization or guiding of light by introducing the point and line defects in their 

periodic arrangement. This property is one of the fundamental principles of 

designing PC devices [3, 7-11]. Magnetism is an important subject of researches 

in condensed matter physics with many theoretical and experimental 

measurements of MO effects such as Faraday and Kerr rotations. These effects 

resulted from the interaction of light with magnetically polarized materials 

[12,13]. The one-dimensional magnetophotonic crystals (MPCs) are constructed 

when the defect layers and/or the constituent materials of one-dimensional PCs 

have magneto-optical (MO) features. The MO effects such as Faraday and Kerr 

rotations in MPCs, can modulate the optical signal via an external magnetic 

field [14-18]. By light scattering from the magnetic material or MPCs, the 

angular momentum is transferred to reflected wave, i.e., the Kerr effect, and 

transmitted wave, i.e., the Faraday effect. As a result, the produced waves lead 

to the rotation of the polarization plane of the initial linearly polarized wave 

[19]. In recent years, many researchers have studied the magnetophotonic 

crystals because of their unique MO properties, important applications and 

small optical losses. The applications of magnetic materials have high 

importance in wide fields like astronomy, defense, industry and materials. These 

magnetic materials are used for handling data of systems such as smart card and 

magnetic strip scanning [20,21]. With the presence of a magnetic defect layer in 

MPC, the electromagnetic wave can be localized inside or in the vicinity of the 

defect layer and the defect modes are appear inside the PBG [22-24]. The 

multiple reflections of light in the magnetic defect layer, increase the effective 

length of light. By constructive interference of reflections, the MO responses of 

MPC are enhanced [25,26]. Despite the MO effects that are caused by light 

passing through the magnetized structures, some of these effects exhibit 

themselves by reflecting the incident light from the surface of MO structures. 

These phenomena are conventionally designated as magneto-optical Kerr effect 

(MOKE) [27-29]. The MPCs that display the high MOKE, have important 

capabilities for applying in recording and reading data from the MO discs and 

probing magnetized areas on the surface of MPCs [29-32]. Therefore, the MPCs 

with miniaturized dimensions and high Kerr angle are suitable structures to 

design magnetic field detectors and high-sensitivity MO sensors [24]. 

Numerical studies show a trade-off between the reflection value from PCs 

and angle of Kerr rotation; i.e., a large Kerr rotation angle with decreased 

reflection. Hence, we are looking for MO structures with significant reflections 

and high values of the Kerr rotation angles. Additionally, to optimize MO 
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devices for practical applications, we should obtain the MPCs with high MO 

features by adjusting the spatial configuration which is the subject of this 

research. The remainder of this paper is organized as follows: In Sections 2 and 

3, we briefly describe the computational methods used to investigate the MO 

properties of one-dimensional MPCs. We discuss the formulation of the transfer 

matrix method (TMM) and principles of finite element method (FEM). The 

results of the MOKE calculations for MPCs with magnetic and dielectric Bragg 

mirrors are presented in Section 4. Finally, concluding remarks are presented in 

Section 5. 

2. TRANSFER MATRIX METHOD 

The TMM is an efficient method for the analysis of electromagnetic wave 

propagation through the multilayered optical media, such as PCs. Using this 

method and solving the Maxwell equations, we can calculate the reflection and 

transmission spectra of these periodic structures. Considering the continuity of 

optical field across the boundaries of adjacent layers, the optical properties of 

the layered structure can be obtained. This computational framework is used to 

investigate the MO responses of magnetophotonic crystals, such as Faraday and 

Kerr rotation. When incident light enters from an initial nonmagnetic 

environment to a magnetized medium with the arbitrary direction of 

magnetization vector, the permittivity tensor M  can be generalized as follows 

[27]: 
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where xm , ym and zm  are components of the magnetization vector in the 

direction of main axes of space [27] and Q  is MO parameter of the magnetized 

medium and for the case with yyxx   as 
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To analyze the electromagnetic wave propagation through any of the layers of 

the multilayered structures, the Maxwell equations can be written as [33]: 

HiE 0                                                                                                 (3)                                                                                                                  

DiH                                                                                                      (4)                                                                                                         

We used of 4×4 transfer matrix method (TMM) to investigate the MO responses 

of magnetophotonic-layered structures. To establish this method, we consider 
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the relationship between the tangential components of the electric and magnetic 

fields in each layer and another set of fields as follows [34]: 

APF                                                                                                               (5)                                                                                                                          
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The components of matrix P , used to express the s-polarized and p-polarized 

components of the electric and magnetic field for incident )(i  and reflected )(r  

waves. A  is the 4×4 medium boundary matrix. For the structures with 

i (incident layer) and f (final layer), we can be written 


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m is layer number and N  is the total number of layers. Here mD  is the 

propagation matrix of m’th layer [35]. The total transfer matrix of the 

multilayered magnetophotonic structure is obtained as 
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By solving Maxwell equations for light reflection from MO structures and using 

of these equations, the Magneto-Optical Fresnel reflection matrix can be given 

as follows [28]: 
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where ijr  is the ratio of the incident j-polarized electric field and reflected i-

polarized electric field. For polar configuration, 1zm  and 0 yx mm . We 

define the Kerr rotation angle ( K ) and ellipticity ( K ) for p-polarized and s-

polarized waves in Magneto-Optical structures, as follows [27]: 
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Where Re and Im represent taking the real and imaginary part of complex 

number. To optimize the magnetophotonic crystals, the signal-to-noise ratio, 

should be maximized [36]. This can be done by computing of figure of merit 

(FOM) as 

))().(( 22

KKRFOM                                                                             (15)                                                                                                

Where R  is optical reflection of magnetophotonic structure. For MO data 

storage systems, the FOM are of particular importance due to the simultaneous 

dependence of the reflection values, the Kerr angle and the ellipticity. 

3. FINITE ELEMENT METHOD 

In this method, the simulation and computation were made based on six steps: 

1) Dividing the computational space in to finite elements; 2) Introducing the 

function representing the physical properties of each element; 3) Achieving the 

equations for each element; 4) Combining the equations in elements and 

generating the equations system; 5) Applying the boundary conditions on the 

location of the element node; and 6) Solving the equations system [37]. 

The FEM formulation includes weighted residual methods and minimum 

potential energy. The problem was solved by simpler methods such as Euler 

method by eliminating the differential equations or simplifying them to ordinary 

equations. The Maxwell equations were solved by considering the boundary 

conditions and physical properties of the problem. Using this technique, the 

electromagnetic waves in the optical and photonic systems can be simulated. 

The optical tools such as waveguides, cavities, and filters can be simulated and 

examined by FEM. To study the magnetophotonic structure, the wave equation 

was solved using the periodic boundary conditions: 

0)(ˆ
21  EEn                                                                                             (16) 

0)(ˆ
21  HHn                                                                                            (17) 

Also, we have used of scattering boundary conditions as: 
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Where 0E  is incident electric field, n  is the normal direction and dirk is the 

incident wave vector. The first step was related to the mesh structure and its 

conditions. The properties of mesh structure should enhance the accuracy of 

computations and use less memory. In fact, the balance between these two 

factors must be established. These simulated electric and magnetic fields were 

employed to calculate other optical parameters. 

4. RESULTS AND DISCUSSION 

4.1. THE MAGNETOPHOTONIC CRYSTALS WITH MAGNETIC 

BRAGG MIRRORS 

The magnetophotonic crystals with magnetic Bragg mirrors are composed of 

magnetic material sandwiched between two magnetic PCs constitutes of 

2SiO (D1) and YIGBi :  (M). The YIGBi : (bismuth substituted yttrium iron 

garnet) is used as a magnetic material with high MO features. Bi:YIG has very 

strong spin-orbit coupling caused by high bismuth ion concentration which 

leads to high MO figure of merit at near-infrared communications wavelengths 

[38].  

 

 
 

Fig. 1. Basic MPC structure composed of magnetic material (Bi:YIG) sandwiched 

between two magnetic PCs is shown (Dielectric 1= SiO2 and Magnetic=Bi:YIG). The 

boundary conditions of FEM simulation are presented. m and n are repetition numbers 

of PCs at the right and left hand sides of the magnetic layer, respectively. 
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Magnetic garnets are attractive materials for MO studies because of their 

applications in non-reciprocal photonic devices, integrated MO tools, and 

spintronic phenomena [39-42]. The last layer is made of Al  as reflector layer. 

The overview of these structures and boundary conditions of FEM simulation 

are shown in Fig. 1. 

For the construction of MPCs, we used YIGBi :  as the magnetic material that 

has diagonal and non-diagonal dielectric tensor elements 75.4xx  and 

31069.2 xy  at m 15.1 , respectively [43]. Moreover, we denoted   

2SiO  and YIGBi :  as D1 and M, respectively. The optical thickness of each 

dielectric and magnetic layers in magnetic Bragg mirrors was a quarter 

wavelength, but the magnetic defect layer had the optical thickness of the half 

wavelength. The refractive indices of dielectric materials and reflector layer are 

cited from [44]. At first, we considered the MPC in the form of MPC1: 

(D1/M)m(M)(M/D1)n/Al, with repetition numbers of m and n. Using TMM, we 

computed the reflection and Kerr rotation of MPC1 as a function of repetition 

numbers m and n. The results of these calculations, are shown in Fig. 2.  

 
                                                             (a) 
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                                                            (b) 

 

Fig. 2. (a) The reflectance and (b) the Kerr rotation angle of MPC1 versus the repetition 

numbers m and n. 
 

Based on this figure, the MPC1 with m=8 and n=10 to n=12 has high 

reflectance and enhanced Kerr rotation simultaneously. For m=8 and n=11 and 

12, the reflection and Kerr rotation angle is almost constant. Thus, we can 

introduce each of these cases as proper conditions for optical uses. As displayed 

in Fig. 3, for MPC1 with m=8 and n=12, the reflection is very close to 1 and 

Kerr rotation 78K  at m 15.1 .  

 
Fig. 3. The reflectance and Kerr rotation values based on the wavelength of incident 

wave for MPC1 with m=8 and n=12. 
 

The Kerr rotation for wavelengths 1 m and 1.36 m  is significantly increased, 

but the reflectance values are decreased. Therefore, the magneto-optical features 
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at m 15.1  provide the best conditions for practical applications. 

The distribution and magnitude of electric field in the length of MPC1 structure 

with m=8 and n=12 is computed with FEM simulation (Fig. 4). To our 

expectation, the intensity of the electric field within the magnetic defect layer 

has increased considerably and led to high MO responses through the multiple 

reflections of light within the cavity.  

 

 
(a) 

 

 
(b) 

 

Fig. 4. a) The distribution and b) the magnitude of electric field in the length of MPC1 

with m=8 and n=12. The electric field is localized in the vicinity and inside of the 

magnetic defect layer. 
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The magnitude of the electric field inside the magnetic defect layer is 3 times 

larger than that of the first layer of the structure. This is a good representation of 

the electric field localization in the magnetic cavity. This simulation is done for 

the initial wavelength equal to m 15.1 . 

Next, we calculated the reflectance and Kerr rotation of MPC1 versus the 

thickness of the magnetic defect layer. Similar to MPC1, the Kerr rotation 

angles are significantly increased at an optical thickness of 
2

l
, where l  is an 

integer number and m 15.1 . 

 
                                                              (a) 

 

 
(b) 

 

Fig. 5. (a) The reflectance and (b) the Kerr rotation for MPC1 with m=8 and n=12 

versus the thickness of magnetic defect layer. 
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According to Fig. 5, the maximum values of the Kerr rotation angle are obtained 

for the magnetic cavities with optical thicknesses equal to 
2

  

( nmd YIGBi 8.263:  ) and   ( nmd YIGBi 6.527:  ). The reflection values for these 

situations are almost equal and very close to 1. These conditions are suitable for 

designing MO tools. By increasing the YIGBid : , the rotation angle peaks 

decreased slowly. 

4.2. THE MAGNETOPHOTONIC CRYSTALS WITH DIELECTRIC 

BRAGG MIRRORS 

In this section, we investigated the magnetophotonic structures with dielectric 

Bragg mirrors. In designing them, the YIGBi :  magnetic layer has an optical 

thickness equal to the half wavelength sandwiched between two dielectric PCs 

composed of Si (D1) and 2SiO (D2) with periodic configuration. The optical 

thickness of each dielectric layer is 
4


. The schematic of these magnetophotonic 

structures is illustrated in Fig. 6. 

 

 
 

Fig. 6. Basic MPC structure composed of magnetic material (Bi:YIG) sandwiched 

between two dielectric PCs is shown (Dielectric 1= Si, Dielectric 2= SiO2 and 

Magnetic= Bi:YIG). The boundary conditions of FEM simulation are presented. m and 

n are repetition numbers of PCs at the right and left hand sides of the magnetic layer, 

respectively. 
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We considered the MPC2:(D1/D2)m(M)(D2/D1)n with repetition numbers of 

dielectric Bragg mirrors, m and n. By using TMM, the reflectance and Kerr 

rotation angle are calculated as a function of repetition numbers (Fig. 7).  

The values of Kerr rotation are constant for m=3 and n=7 to n=12. With 

consideration of reflection values, the conditions mentioned above are suitable 

cases with simultaneous high reflectance and Kerr angle. Thus, we can 

introduce each of these cases as suitable configuration for designing of MO 

devices.  

As exhibited in Fig. 8, we calculated the reflectance and Kerr rotation spectra 

for MPC2 structure with m=3 and n=10. These calculations are done in the 

wavelength region from 0.9 m  to 1.4 m . 

  

 
(a) 
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(b) 

 

Fig. 7. (a) The reflectance and (b) the Kerr rotation angle of MPC2 versus the repetition 

numbers m and n. 
 

For MPC2 with m=3 and n=10, the reflectance and the Kerr angle at 

m 15.1  are %9987.99R  and 57k respectively. We simulated the 

distribution of electric field in the length of this structure using FEM. As shown 

in Fig. 9, the electric field is localized inside the magnetic defect layer, which 

leads to enhancement of the Kerr rotation angle.  

 
Fig. 8. The reflectance and Kerr rotation values based on the wavelength of incident 

wave for MPC2 with m=3 and n=10. 
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(a) 

 
(b) 

Fig. 9. a) The distribution and b) the magnitude of electric field in the length of MPC2 

with m=3 and n=10. The electric field is localized inside the magnetic defect layer. 

 

By increasing the optical path length and constructive interference between 

multiple reflections of light inside the magnetic defect layer, the MO responses 

of MPC2 structure are increased. 

The thickness of the magnetic defect layer is an effective parameter on the MO 

features of magnetophotonic crystals. Therefore, we computed the reflectance 

and the Kerr rotation of MPC2 with m=3 and n=10 versus the thickness of the 

defect layer. The results of these calculations are exhibited in Fig. 10. 
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(a) 

 
(b) 

Fig. 10. (a) The reflectance and (b) the Kerr rotation for MPC2 with m=3 and n=10 

versus the thickness of magnetic defect layer. 

 

The reflectance and Kerr rotation are peaked at optical thicknesses equal to
2

l
 

with m 15.1  where l  is an integer number. The MPC2 structure with m=3 

and n=10 and cavity thickness equal to 527.6 nm is the best case for a practical 

application. This structure provided 
78k  and a reflection very close to 1. 

The MO responses of the structure with an optical thickness of the cavity equal 

to 
2

3  partially differ from the prior case. Thus, these magnetophotonic crystals 
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are good candidates to apply in MO devices. 

5. CONCLUSION 

Using the TMM, we investigated the MOKE in the one-dimensional 

magnetophotonic crystals with magnetic and dielectric Bragg mirrors. We have 

used of Bi:YIG as a magnetic material, because of high MO features and very 

strong spin-orbit coupling. The magnetic garnets such as Bi:YIG have high 

importance in MO devices designing due to spintronic phenomena such as spin 

Hall magneto-resistance and Seebeck effect.  

In the most of the previous studies on magneto-optical Faraday and Kerr effects, 

the magnetophotonic structures have a spatial symmetry in which the magnetic 

defect layer is located in the middle of the structure and the periodic layers are 

located around it. Such a look at magnetophotonic crystals may ignore non-

symmetric spatial structures with high magneto-optical responses. Therefore, 

the researches with regard to non-symmetric spatial structures can have a 

significant effect on the advancement of studies on optical devices to increase 

their optimality. In this paper, we considered the different repetition numbers, as 

two variables, for alternating layers around the magnetic defect layer. In this 

way, we simultaneously examined the magneto-optical responses of symmetric 

and non-symmetric spatial structures. 

Considering the importance of light localization in the magnetic defect layer and 

the unique ability of the FEM to simulate the propagation of the fields in optical 
structures, we simulated the electric field distribution along the 

magnetophotonic structures and its magnitude using the FEM.  
The repetition number of Bragg mirrors and thickness of defect layer are 

effective parameters in enhancing the MO responses that were studied in this 

paper. By adjusting the repetition numbers of the Bragg mirrors, we obtained 

structures with high reflectance and large Kerr rotation simultaneously, which 

are suitable for designing MO devices.  

For magnetophotonic crystals with magnetic Bragg mirrors, the cases with m=8 

and n=11 and 12 provide an optimal condition with high Kerr rotation equal to 

78˚ and reflection very close to 1. For these structures, the light is intensively 

localized at the magnetic defect layer. The multiple reflections at the defect 

layer and increasing the length of the light path at the defect layer led to high 

MO responses. The reflectance and the Kerr rotation angle are maximized at the 

cases with an optical thickness of cavity equal to 
2

l
. For magnetophotonic 

crystals with magnetic Bragg mirrors, by increasing the cavity thicknesses, the 

Kerr angles are decreased. The magnetophotonic structures with dielectric 

Bragg mirrors have large Kerr rotation and reflectance. These structures with an 
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optical thickness of cavity equal to  and 
2

3  are suitable structures to apply in 

MO tools. For these cases, the Kerr angles are maximized such that they reach 

78˚. The reflections and Kerr rotations for these cases are approximately equal. 

For the structures studied in this research, the localization of light inside the 

magnetic defect layer has led to an increase in MO properties of 

magnetophotonic crystals.  
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