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Article info:  
Magneto-plasma photonic crystals, composed of alternating layers of plasma 

and magneto-optical materials, offer dynamic control over the propagation of 

electromagnetic waves through tunable photonic bandgaps. The Faraday 

rotation has significant effect on these structures, where the interaction 

between circular birefringence induced by magnetic fields and the photonic 

band structure enhances the rotation of the polarization plane of transmitted 

light. This study investigates photonic crystal structures composed of layered 

media incorporating magneto-optical materials SiO2, TiO2, and yttrium iron 

garnet (YIG). The multilayer design, including air, dielectric, plasma, and 

magneto-optic layers, enables exploration of Faraday rotation and photonic 

bandgap modulation. Using transfer matrix method simulations, reflection and 

transmission coefficients were analyzed across a range of wavelengths, 

confirming photonic bandgap behavior consistent with theoretical 

expectations. Here we are shown that the enhanced Faraday rotation arises 

from circular birefringence induced by magnetic fields combined with the 

photonic band structure, increasing the effective light-matter interaction 

length. These findings highlight the importance of magneto-optical material 

selection and photonic crystal design in optimizing magneto-optical effects, 

facilitating the development of advanced photonic devices with tailored 

spectral characteristic. 
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1. Introduction 

 
Photonic crystals are periodic optical 

nanostructures characterized by a refractive 

index that varies periodically in one, two or three 

dimensions. This periodicity influences the 

propagation of electromagnetic waves in a 

manner analogous to how atomic lattices affect 

electron movement in natural crystals [1,2]. 

One-dimensional photonic crystals consist of 

alternating dielectric or metal-dielectric layers, 

while two and three-dimensional photonic 
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crystals have more complex periodic 

arrangements [3-5]. The fundamental operating 

principle of photonic crystals is the formation of 

photonic bandgaps—specific wavelength ranges 

in which light propagation is prohibited due to 

constructive interference and strong reflection 

[2,3]. These photonic bandgaps enable photonic 

crystals to function as optical filters, 

waveguides, amplifiers, beam splitters, and 

sensors [4-6]. Their sensitivity to external 

stimuli such as chemical composition, 

mechanical stress, electromagnetic fields, and 

temperature renders them highly versatile for 

various technological applications. When 

magnetic materials form part of the periodic 

structure, the resulting magnetophotonic crystals 

exhibit enhanced optical phenomena such as 

Faraday rotation and magneto-optical Kerr 

effects [7-9]. 

Plasma photonic crystals introduce further 

tunability by incorporating plasma layers with 

adjustable parameters. These layers allow 

dynamic modulation of photonic bandgaps under 

external magnetic fields, influencing the 

frequencies of light that can propagate through 

the structure. This magnetic control permits 

significant adjustment of the photonic band 

structure, enabling applications in plasma 

antennas, plasma lenses, and stealth 

technologies. Considerable theoretical and 

experimental research has addressed photonic 

crystals composed of metamaterials, 

superconductors, semiconductors, and plasma 

[10-13]. Notably, plasma photonic crystals 

respond quickly to changes in plasma 

parameters, affecting bandgap positions and 

transmission characteristics. Furthermore, 

magneto-optical effects in one-dimensional 

magnetophotonic crystals have been 

demonstrated to produce distinct phenomena 

such as Faraday band effects when light and 

magnetic fields interact perpendicularly. 

Previous studies, including those by Nishizawa 

et al. (1997) [14], Sakai et al. (2005) [10], and 

more recent investigations, have documented 

bandgap modulation, energy flow changes under 

microwave irradiation, and the influence of 

magnetic fields in photonic crystal designs. 

These findings underscore the importance of 

material choice, structural design, and external 

stimuli in tailoring photonic crystal properties. 

In this work, we focus on computational 

modeling of photonic crystals composed of 

plasma and dielectric layers, incorporating 

different magneto-optical materials to assess 

their effect on Faraday rotation and photonic 

bandgap formation. Given the high 

manufacturing costs of magnetophotonic 

crystals, accurate simulations enable efficient 

design and optimization to enhance device 

performance across optical and microwave 

regimes. 

 
2. THEORETICAL MODEL AND 

NUMERICAL METHOD 

 

Plasma-dielectric structure is 

|A|P|...|A|P|D|...|D|P|A|...|P|A| and we added 

different kind of magnetic layers (M) as silicon 

oxide SiO2, titanium oxide TiO2 and yttrium-iron 

garnet (YIG) Y3Fe5O12 to have 3 magneto optic 

(MO) structure (|M|) as shown in figure1 to 

investigate effect of them on Faraday rotation. 

the crystal layers are parallel with the xy plane, 

as a periodicity of the structure is along the z-

direction.   

|A|: dielectric A 

|D|: dielectric D 

|P|: plasma 

|M|: Magneto optic 

Fig 1: Schematic structure of the plasma photonic 

crystal. 

In this paper, a 4 by 4 transfer matrix method is 

employed to study the magneto-optical effects in 

the target crystal under an external magnetic 

field. The wavelength (λ0) is assumed to be 0.01 

m. Dielectric layers (A) and (D) are BaF2 and 

ZnSe respectively with refractive indices of NA 

= 1.4 and ND = 2.4. Thickness of plasma layer 

(P) is fixed to λ0/4 and the thickness of dielectric 
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layers is determined by dA=λ0/4ND and dD = 

λ0/4NA. Permittivity tensor is: 

 

𝜀𝑝 = (

𝜀𝑥𝑥(𝜔) 𝜀𝑥𝑦(𝜔) 0

−𝜀𝑦𝑥(𝜔) 𝜀𝑦𝑦(𝜔) 0

0 0 𝜀𝑧𝑧(𝜔)

)                    (1)                                               

 

𝜀𝑥𝑥(𝜔) = 𝜀𝑦𝑦(𝜔) =  𝜀0 [1 −
𝜔𝑝(𝜔−𝑖𝒱𝑐)

𝜔[(𝜔−𝑖𝒱𝑐)
2− 𝜔𝑐

2]
]        (2)                                                                   

 

𝜀𝑥𝑦(𝜔) =  𝜀𝑦𝑥(𝜔) =
−𝑖𝜀0𝜔𝑝

2𝜔𝑐

[(𝜔−𝑖𝒱𝑐)
2− 𝜔𝑐

2]
                         (3)                                                                         

 

𝜀𝑧𝑧(𝜔) = 𝜀0 [1 −
𝜔𝑝
2

𝜔(𝜔−𝑖𝒱𝑐)
]                                     (4)                                                                             

 

Where 𝒱𝑐 represents the plasma collision 

frequency, 𝜔𝑝 = (𝑒
2𝑛𝑒/𝜀0𝑚𝑒)

1/2 denotes the 

electron plasma frequency, 𝜔𝑐 = (𝑒𝐵/𝑚𝑒) 
denotes plasma syclotron frequency with B 

being magnetic field, 𝜀0 represents dielectric 

constant, e is electron charge, 𝑛𝑒 reresents 

plasma density and 𝑚𝑒 electron mass. 

generalized permittivity tensor is given by 

following [Feng Zhang 2012]: 

In order to investigate the impact of the 

declination angle of the magnetic field, it is 

imperative to incorporate an adapted permittivity 

tensor to accommodate the alterations in the 

orientation of the magnetic field. By adhering to 

the methodology delineated in [30], the 

generalized plasma permittivity of tensor can be 

expressed as: 

 
𝜀𝑔𝑝 = R𝜀𝑝𝑅

−1                                                         (5)                                                                              

 
where 

 

{
 
 

 
 R = (

0 1 0
− cos(𝜃) 0 sin(𝜃)

sin(𝜃) 0 cos(𝜃)
)  

𝑅−1 = (
0 − cos(𝜃) sin(𝜃)
1 0 0
0 sin(𝜃) cos(𝜃)

)  

                         (6)                                              

 
And 𝜃 is declination angle of the magnetic field. 

Generalized permittivity of dielectric has this 

form: 

𝜀𝑔𝐷𝑖 = 𝜀𝐷𝑖 = (

𝜀𝑑 0 0
0 𝜀𝑑 0
0 0 𝜀𝑑

)                                 (8) 

The waves are assumed to be circularly 

polarized. 

 

𝐸(𝑗) =
1

√2
{𝐸01

(𝑗)
(𝑋̂ +  𝑖𝑌̂) exp [−𝑖

𝜔

𝑐
 𝑁+

(𝑗)
(𝑧 − 𝑧𝑗)] 

+𝐸02
(𝑗)
(𝑋̂ +  𝑖𝑌̂) exp [𝑖

𝜔

𝑐
 𝑁+

(𝑗)
(𝑧 − 𝑧𝑗)] 

+𝐸03
(𝑗)
(𝑋̂ +  𝑖𝑌̂) exp [−𝑖

𝜔

𝑐
 𝑁−

(𝑗)(𝑧 − 𝑧𝑗)] 

  +𝐸04
(𝑗)
(𝑋̂ +  𝑖𝑌̂) exp [𝑖

𝜔

𝑐
 𝑁−

(𝑗)(𝑧 − 𝑧𝑗)]

 
 
 
}             (9)                                              

 

where 

 

𝑁(𝑗)
2 =  1 −

(
𝜔𝑝

𝜔
)
2

[
 
 
 

1+𝑖
𝑣𝑐
𝜔
−

(
𝜔𝑐
𝜔
𝑠𝑖𝑛(𝜃))

2

2 (1+𝑖
𝑣𝑐
𝜔
−
𝜔𝑝
2

𝜔2
)   
]
 
 
 

±√
(
𝜔𝑐
𝜔
𝑠𝑖𝑛(𝜃))

4

4(1+𝑖
𝑣𝑐
𝜔
−
𝜔𝑝
2

𝜔2
)

+ (
𝜔𝑐
𝜔
𝑐𝑜𝑠(𝜃))

2

                                                                                  

                                                                       (10) 

 

𝑁(𝑗)
2 = 𝜀𝐷𝑖                                                              (11)                                         

 

The wave transmission through each layer is 

expressed using the transfer matrix as follows: 

 

𝐷(𝑗−1)𝐸0
(𝑗−1)

= 𝐷(𝑗)𝑃(𝑗)𝐸0
(𝑗)

                                     (12) 

 

where 

 

𝐷(𝑗) =

[
 
 
 
1 1 0 0

𝑁+
(𝑗)

𝑁+
(𝑗)

0 0

0 0 1 1
0 0 𝑁−

(𝑗) 𝑁−
(𝑗)]
 
 
 
                        (13)                                                 

 

𝑃𝑗 =

[
 
 
 
 exp(+𝑖𝛽+

(𝑗)
) 0 0 0

0 exp(−𝑖𝛽+
(𝑗)
) 0 0

0 0 exp(+𝑖𝛽−
(𝑗)) 0

0 0 0 exp(−𝑖𝛽−
(𝑗))]

 
 
 
 

                                                       

                                                                              

                                                                              (14) 

 

The relationship between the incident wave and 

the transmitted wave across all layers of the 

photonic crystal, based on the transmission 

matrix, is expressed as follows: 

 

[
 
 
 
𝐸+
𝑖

𝐸+
𝑟

𝐸−
𝑖

𝐸−
𝑟]
 
 
 

= [

𝑀11 𝑀12 0 0
𝑀21 𝑀22 0 0
0 0 𝑀33 𝑀34

0 0 𝑀43 𝑀44

] [

𝐸+
𝐼

0
𝐸−
𝑡

0

]                 (15)                               
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Here 𝐸+
−

 a positive sign denotes a right-handed 

circularly polarized wave, while a negative sign 

denotes a left-handed circularly polarized wave.  

𝑀 is defined as:  

 

𝑀 = [𝐷0]−1(∏ 𝐺(𝑗)𝐽
𝑗=1 )𝐷(𝐽+1)                             (16)                                                              

 
𝐺(𝑗) = 

[
 
 
 
 
 
 
 cos 𝛽+

(𝑗) 𝑖

𝑁+
(𝑙)
sin 𝛽+

(𝑗)
0 0

𝑖𝑁+
(𝑗)
sin 𝛽+

(𝑙)
cos𝛽+

(𝑗)
0 0

0 0 cos 𝛽−
(𝑗)

𝑖

𝑁−
(𝑙)
sin 𝛽−

(𝑗)

0 0 𝑖𝑁−
(𝑗) sin 𝛽−

(𝑗) cos 𝛽−
(𝑗) ]

 
 
 
 
 
 
 

 

 

Where:  

 
𝑡+ = (𝑀11)

−1, 

𝑡− = (𝑀33)
−1, 

𝑟+ = (𝑀21)/(𝑀11), 
𝑟− = (𝑀43)/(𝑀33).                                                        (17)                                          

 

The total transmission and reflection are written 

as: 

 

𝑇 =
1

2
(|𝑡+

2| +  |𝑡−
2|)                                               (18)                                                                                      

 

𝑅 =
1

2
(|𝑡+

2| +  |𝑟−
2|)                                               (19)                                                                          

 

It is well known that the Faraday effect causes a 

polarization rotation which is proportional to the 

projection of the magnetic field along the 

direction of the light propagation. Therefore, we 

can assume the angle of faraday rotation is 

written in this form: 

𝜃𝑓 =
1

2
arg(𝜉𝑓)                                                       (20)                                                                                                  

where 𝜉𝑓 =
𝑀33

𝑀11
.                                                                  

 

For magneto optic layer, we add |M| layers and 

by following approach presented in [dadonevoka 

and zhang] will have: 

 

𝜀𝑀 = (
𝜀(𝑀) 0 0
0 𝜀(𝑀) 𝑖𝜀′

0 −𝑖𝜀′ 𝜀(𝑀)
)                               (21)                                                                                

 

Where the off-diagonal material tensor elements 

are: 𝜀′ = 2.47 × 10−4 

𝜀𝑀
′ = 𝑇𝜀𝑀𝑇

−1                                                   (22) 

 

𝜀𝑀
′ = (

𝜀(𝑀) 𝑖𝜀′ sin(𝜃) 𝑖𝜀′cos(𝜃)

−𝑖𝜀′ sin(𝜃) 𝜀(𝑀) 0

−𝑖𝜀′cos(𝜃) 0 𝜀(𝑀)
)     (23)                                                 

 

And finally, 𝑁 for our problem is written in this 

form: 

 

𝑁2 =
2𝜀2𝑀− 𝜀′2 cos2 𝜃

2𝜀𝑀
±

√(2𝜀2𝑀−𝜀′2 cos2 𝜃)
2
− 4 𝜀𝑀(𝜀3𝑀−𝜀𝑀𝜀′)

2𝜀𝑀
                                (24)                                                    

 

where 

 

𝜀(𝑀)(𝜆) = 𝑓0
(𝑀) + ∑

𝑓𝑖
(𝑀)𝜆2

𝜆2 − (𝜆𝑖
(𝑀))

2

3

𝑖=1

 

M = A,B, C                                                       (25)     

                                                                         

Where Sellmeier coefficients 𝑓𝑖
(𝑀)

 and 𝜆𝑖
(𝑀)

are 

gathered in Table1. 

 

Material sellmeier coefficients 

𝑇𝑖𝑂2 𝑓0
(𝐴) = 5.913 , 

𝑓1
(𝐴) = 0.2441 , 

𝑓2
(𝐴) = 0 , 𝑓3

(𝐴) = 0, 

𝜆1
(𝐴) = 0.0803 𝜇𝑚 , 

𝜆2
(𝐴) = 0 , 𝜆3

(𝐴) = 0. 
𝑆𝑖𝑂2 𝑓0

(𝐵) = 1 , 

𝑓1
(𝐵) = 0.6961663 , 

𝑓2
(𝐵) = 0.4079426 , 

𝑓3
(𝐵) = 08974794, 

𝜆1
(𝐵) = 0.0684043 𝜇𝑚 , 

𝜆2
(𝐵) = 0.1162414 𝜇𝑚 , 

𝜆3
(𝐵) = 9.896162 𝜇𝑚. 

𝑌3𝐹𝑒5𝑂12 𝑓0
(𝑐) = 1 , 

𝑓1
(𝑐) = 3.739 , 

𝑓2
(𝑐) = 0.79 , 

𝑓3
(𝑐) = 0, 

𝜆1
(𝑐) = 0.028 𝜇𝑚 , 

𝜆2
(𝑐) = 10.00 𝜇𝑚 , 

𝜆3
(𝑐) = 0. 
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Fig 2: The reflection, transmission and Faraday rotation from photonic crystal with magneto optic SiO2 a) the 

reflection, b) transmission, c) Faraday rotation. 

 

3. Numerical results and discussion 

 

In this study, we examine two models of 

photonic crystals comprising two magneto-optic 

materials. It is important to emphasize that the 

photonic crystal structure is composed of layered 

media arranged in the sequence: air, dielectric, 

plasma, and magneto-optic materials. 

 

In fact, in this section, we compared the Faraday 

rotation of 3 magneto-optic materials (SiO2, 

TiO2 and YIG materials) with the plasma-

dielectric structure.  

 

|A|P|...|A|P|M|...|M|D|...|D|M|...|M|P|A|...|P|A|, 

s=m=u=4 

 

|M|: magnetic layer as SiO2, TiO2 and YIG 

s: number of |A|P| and number of |P|A|. 

m: number of |D| 

u: number of |M|  

p: number of |A|P|M| and number of |M|P|A| 

 

Initially, the magneto-optic material '𝑆𝑖𝑜2' is 

integrated into the photonic crystal structure. 

Subsequently, the magnitude of the Faraday 

rotation effect is quantitatively analyzed, 

alongside a comprehensive examination of the 

transmission and reflection coefficients to 

evaluate the optical behavior of the system, the 

parameters of used in this section as follows: 

 

𝑓0 = 1,  𝑓1 = 0,6961663, 𝑓2 = 0,4079426 
𝑓3 = 0,8974794, 𝑙1 = 0,8974794 ∗ 10

−6 ,
𝑙2 = 0,1162414 ∗ 10

−6 , 𝑙3 = 9,896162 ∗
10−6  
 

In Figures 2a and 2b, the reflection and 

transmission coefficients of electromagnetic 

wave from photonic crystal were analyzed by 

incident electromagnetic waves with varying 

wavelengths (measured in millimeter, mm). 

According to these plots, for 0.0063 < 𝜆 <
0.00824 is the first photonic bandgap region. 

And the second region of photonic bandgap is 

0.01512 < 𝜆, the structure shows complete 

reflection, thus behaving as an opaque medium 

in this spectral range. This behavior confirms the 

photonic bandgap properties of the crystal, 

consistent with theoretical predictions for such 

multilayer magneto-optic structures. 

In Fig 2c, the Faraday rotation is examined as a 

function of the wavelength. The data reveal that 

Faraday rotation is negligible across most 

wavelengths; however, pronounced rotation 

occurs at wavelengths of 0.01512 mm, 

0.00824mm, 0.0063mm. These findings indicate 

that at these particular wavelengths, the 

electromagnetic wave undergoes total 

transmission. Notably, Faraday rotation 

manifests in the transmitted component, 

consistent with the magneto-optic effect, where 

the polarization plane of light is rotated due to 

the presence of a magnetic field within the 
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Fig 3: The reflection, transmission and Faraday rotation from photonic crystal with magneto optic for three 

magneto optic materials. a) the reflection, b) transmission, c) Faraday rotation. 
 

magneto-optic layers of the photonic crystal. 

Such enhanced Faraday rotation near photonic 

band edges and defect modes has been 

theoretically and experimentally demonstrated 

in one-dimensional multilayer magneto-

photonic systems, where the localization of light 

leads to increased magneto-optical interaction 

[15]. The use of magnetic defect layers to 

enhance Faraday rotation has also been reported, 

confirming the strong coupling between light 

and the magneto-optic medium [16]. 

To investigate the effects of different magneto-

optical materials on the photonic crystal 

structure, we analyze configurations 

incorporating the magneto-optical materials 

Titanium Dioxide TIO2, SIO2 and Yttrium iron 

garnet YIG. These materials are selected due to 

their distinct magneto-optical properties, which 

are expected to influence key optical phenomena 

such as Faraday rotation and photonic bandgap 

modulation.  

By comparing the results obtained with each 

material, we aim to elucidate how variations in 

magneto-optical response impact the 

transmission, reflection, and polarization 

characteristics of the photonic crystal. The 

outcomes of these analyses are presented in 

Figure 2. 

It should be mentioned that the parameters of 

used for YIG as follows:  

f0 = 1, f1 = 3.739, f2 = 0.79, f3 = 0, 

l1 = 0.28 ∗ 10
−6, l2 = 10 ∗ 10

−6, l3 =0, 

x=1543  

and for TiO2 as follows: 

f0 = 5.913, f1 = 0.244, f2 = 0, f3 = 0, 
l1 = 0.0803 ∗ 10

−6, l2 = 0, l3 = 0, 
x = 0.01552 
 

To investigate the effects of different magneto-

optical materials on the photonic crystal 

structure, we analyze configurations 

incorporating the magneto-optical materials 

SIO2, TIO2 and yttrium aluminum garnet YIG. 

These materials are selected due to their 

distinctive magneto-optical parameters, 

including their permittivity, refractive indices, 

and absorption coefficients, which directly 

influence Faraday rotation and photonic bandgap 

modulation. Quantitative analysis reveals that 

the photonic bandgap shifts in response to 

changes in the magneto-optical material 

properties, with the bandgap for YIG initiating at 

a longer wavelength compared to TiO2 and SIO2. 

The magnitude of the bandgap shift is on the 

order of a few nanometers, reflecting subtle but 

significant tuning of the photonic crystal 

structure. These findings are consistent with 

transfer matrix method simulations that account 

for complex dielectric tensors including non-

diagonal components responsible for gyrotropic 

magneto-optical effects. The results illustrated in 

Figures 3a and 3b demonstrate that while the 

overall bandgap width remains nearly constant, 
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the spectral position can be finely tuned by 

selecting appropriate magneto-optical 

constituents, enabling tailored photonic devices 

with optimized magneto-optic performance. 

Faraday rotation in magneto-optical photonic 

crystals arises from the interplay between the 

magnetic field-induced circular birefringence in 

the magneto-optical material and the photonic 

band structure of the crystal. When linearly 

polarized light propagates through such a 

medium, the difference in refractive indices for 

left- and right-circularly polarized components 

causes the polarization plane to rotate. 

This effect is strongly wavelength-dependent 

and is significantly enhanced near the edges of 

the photonic bandgap, where the density of 

optical states is high and light experiences 

multiple Bragg reflections within the structure. 

The constructive interference at these 

wavelengths leads to longer effective interaction 

lengths and increased Faraday rotation angles 

compared to bulk materials [17]. The maximum 

rotation typically occurs at wavelengths near the 

bandgap edge, as seen in Fig 3c, where the 

rotation peak around 0.001512 coincides with 

the bandgap onset. Moreover, the magneto-

optical response is influenced by complex 

dielectric tensors reflecting gyrotropic 

properties, which depend on the applied 

magnetic field and material parameters, and can 

be modeled by transfer matrix methods or 

coupled mode theory [18].  
 

4. Conclusion 

 

This study investigates photonic crystal 

structures composed of layered media 

incorporating magneto-optical materials, 

specifically SiO2, TiO2, and yttrium iron garnet 

(YIG). The arrangement of air, dielectric, 

plasma, and magneto-optic layers creates a 

versatile platform for exploring magneto-optical 

phenomena such as Faraday rotation and 

photonic bandgap modulation. Using transfer 

matrix method simulations, the reflection and 

transmission coefficients were analyzed over a 

range of wavelengths, revealing the 

characteristic photonic bandgap behavior 

consistent with theoretical predictions for 

multilayer magneto-optic systems. 

Faraday rotation was found to be negligible at 

most wavelengths but showed pronounced 

peaks near the photonic band edges and defect 

modes, particularly where total transmission 

occurs. These enhancements arise from the 

strong light confinement and multiple scattering 

within the photonic crystal, intensifying the 

magneto-optical coupling. Quantitative 

comparisons among the three magneto-optic 

materials demonstrate material-dependent shifts 

in the photonic bandgap, with YIG exhibiting a 

bandgap onset at longer wavelengths compared 

to TiO2 and SiO2. While the magnitude of this 

spectral shift is modest, it provides a means to 

finely tune optical properties by selecting 

appropriate magneto-optical constituents. 

Theoretical analysis confirms that Faraday 

rotation enhancement in these structures results 

from the combined effects of circular 

birefringence induced by the magnetic field and 

the photonic band structure, which increases the 

effective interaction length of light within the 

magneto-optical media. This tunability and 

enhanced magneto-optical response provide 

significant opportunities for designing advanced 

photonic devices, including optical isolators, 

modulators, and sensors with tailored spectral 

characteristics. 

Overall, the study highlights the critical role of 

magneto-optical material selection and photonic 

crystal design in optimizing Faraday rotation 

and photonic bandgap features, advancing the 

development of functional magnetophotonic 

devices. 
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