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Magnetically recyclable materials should be ideal support in photocatalytic system because they permit the photocatalysts to be
recovered rapidly and efficiently by applying an externalmagnetic field such as,MnF

2
. In this paper,MnF

2
and SiO

2
layers constitute

a one-dimensional quasiperiodic photonic crystal according to Fibonacci. When the electromagnetic wave irradiates obliquely,
the transmission peak moves to higher frequency direction with the angle increasing. Both the number of transmission peaks
and the transmission peaks of double-forked structure increase with the increase of structural progression. We also found that
the polarization of electromagnetic waves has influence on the transmission properties; TM wave transmission peak half wide is
significantly greater than TE wave transmission peak half wide. The band gap near antiferromagnetic (AF) resonance frequency
becomes narrow as the intensity of the applied static magnetic field increases. The as-prepared photonic crystal has tremendous
potential practical use to eliminate organic pollutants from wastewater.

1. Introduction

The magnetic removal of the photocatalysts composited of
magnetic materials has been frequently investigated because
such a process can be performedwith aminimal use of energy
and this approach can be employed for the development of
an easily reusable and recoverable photocatalyst. MnF

2
is a

typical antiferromagnetic (AF) material with the resonance
frequency near 0.3 Terahertz (THz). Its optical properties can
be described and researched by the magnetic susceptibility.
It is worth noting that magnetization compared with the
electric polarization intensity has time reversal nonrecipro-
cal, optical rotation and so on. It is well known that the
magnetic optical nonlinearity results from the nonlinear
response of the magnetization in theMaxwell equation to the
magnetic field of the electromagnetic waves. And the optical
properties of the magnetic materials can be controlled by
additionalmagnetic field, increasing the feasibility of artificial
regulation magnetic material electromagnetic properties. AF
resonance frequency region can produce many optical prop-
erties which are different from the nonmagnetic media.

In addition, the AF magnetization is influenced by the
incident electromagnetic wave frequency and the strength of
the electromagnetic wave as well as the AF electromagnetic
strength. Thus people design many structures to use the
magnetooptical properties of the ferromagnetic system; one
of the most important is the presented concept of magnetic
photonic crystals and magnetic multilayer [1–3] and the
realization in experiment. Magnetic photonic crystals exhibit
many significant properties, such as huge Faraday rotation
[4], the irreversible properties of light propagation [5–10],
and amplified action on the AF nonlinear effect. When
photonic crystal original symmetry is damaged, the photons
in the band gaps will appear in defect mode [11]; when the
frequency of the electromagnetic wave is in defect mode fre-
quency, photonic crystal appears as light local phenomenon
internally and it will enhance the electromagnetic wave
strength within photonic crystal.

Voigt and Faraday bit are common types of AF system
for electromagnetic properties. Voigt type is the situation
that AF saturation magnetization and the external static
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magnetic field direction are parallel to the surface of AF, while
Faraday type is the situation that the saturationmagnetization
and static magnetic field direction are perpendicular to the
surface of AF. In Faraday type, when electromagnetic waves
irradiate on AF film, the transmitted light appears as the
phenomenon of polarization rotation, that is, Faraday optical
rotation, but the phenomenon does not appear in Voigt type.
Therefore, the optical properties of the AF system are very
different under different types.

The structure of the quasiperiodic photonic crystal [12]
is between the orderly and disorderly systems, and its optical
properties are very different from that of periodic photonic
crystal. Since the Fibonacci sequence quasiperiodic super-
lattice [13] has been prepared in experiment, the research
about quasiperiodic structure attracted some attention in
recent years. At present, periodic magnetic photonic band
structure and defect states have amature theory; however, the
study of quasiperiodic magnetic photonic crystals [14–17] is
just starting. Because the optical properties of the magnetic
materials can be controlled through additional magnetic
field, the incident wave polarization method, the magnetic
photonic crystals [18–20] have a good application prospect.

Many literatures have been reported about the linear
and nonlinear nature of the AF periodic photonic crystal
[21], but the studies about quasiperiodic photonic crystal
are still few. We have studied the transmission properties
of the AF quasiperiodic structure in Voigt type, which
indicates the incident electromagnetic wave polarization has
a great influence on the transmission nature. When TMwave
irradiates, the AF magnetization is a fixed value, and the
optical properties of AF and nonmagnetic dielectric layer are
the same. ButwhenTEwave irradiates, it can be observed that
AF magnetization is frequency-dependent on transmission
spectra. However, in the Faraday geometry AFmagnetization
changes with the frequency of the incident electromagnetic
waves for TM and TE waves.Therefore, the optical properties
are very different from theAF system inVoigt type.This paper
mainly studies THz wave transmission properties in one-
dimensional quasiperiodic AF/dielectric photonic crystal in
Faraday type, providing theoretical support for the AF device
design and processing.

2. Theoretical Model

One-dimensional Fibonacci quasiperiodic AF photonic crys-
tal contains the AF layer (layer A) and dielectric layer (layer
B). They constitute the photonic crystal according to the
Fibonacci sequence alignments, with arrangement as follows:
𝑆
1
= 𝐴, 𝑆

2
= 𝐴𝐵, 𝑆

𝑗+1
= 𝑆
𝑗
𝑆
𝑗−1

, and 𝑗 ≥ 2, constituting
arbitrary order for one-dimensional quasiperiodic magnetic
photonic crystals followed by the iteration, and 𝑗 is the
progression of quasiperiodic photonic crystals.

Faraday type is the commonly used model for studying
AF system. Faraday type refers to AF sublattice saturation
magnetization which is perpendicular to the surface of AF,
external constant magnetic field along the sublattice mag-
netization direction; we set the direction of the propagation
as 𝑧-axis. Electromagnetic wave irradiates parallel to the 𝑥-𝑧
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Figure 1: AF photonic crystals in Faraday geometry and coordinate
system.

plane (Figure 1). A layer is magnetic layer, the thickness is 𝑑
𝑎
,

the dielectric constant is 𝜀
𝑎
, B layer is the dielectric layer, the

thickness is 𝑑
1
, and the dielectric constant is 𝜀

1
.

Magnetooptical properties of the AF come from the cou-
pling of AFmagnetization and the magnetic field component
in the electromagnetic field. In the coordinate system, as
shown in Figure 1, AF susceptibility can be expressed as [22]

←→
𝜇 = 1 + 𝜒⃗ = (

1 + 𝜒
(1)

𝑥𝑥
𝜒
(1)

𝑥𝑦
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−𝜒
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(1)

and here

𝜒
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,
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,

(2)

where 𝜔󸀠
𝑟
= [𝜔
󸀠

𝑎
(2𝜔
𝑒
+ 𝜔
󸀠

𝑎
)]
1/2 and 𝜔

󸀠

𝑎
= 𝜔
𝑎
− 𝑖𝜏𝜔, 𝜔

𝑎
= 𝛾𝐻
𝑎
,

𝜔
0
= 𝛾𝐻

0
, and 𝜔

𝑚
= 4𝜋𝛾𝑀

0
. 󳨀⇀𝐻
𝑎
is anisotropic field, 󳨀⇀𝐻

𝑒
is

exchange field, 󳨀⇀𝐻
0
is the external static magnetic field, and

𝑀⃗
0
is sublattice magnetization. 𝜔

𝑟
is zero outside the AF

resonance frequency, and 𝛾 is gyromagnetic ratio. According
to theMaxwell equations, we can get the wave equation of the
plane electromagnetic waves in the AF:

∇(∇ ⋅
󳨀⇀
𝐻
𝑎
) − ∇
2󳨀⇀
𝐻
𝑎
− 𝜀
𝑎
𝜔
2←→
𝜇 ⋅

󳨀⇀
𝐻
𝑎
= 0, (3)
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and propagation constant is
󳨀⇀
𝑘 = (𝑘

𝑥
, 0, 𝑘
𝑧
); two solutions can

be obtained for 𝑘2
𝑧
, 𝑘2
1
, and 𝑘

2

2
:

𝑘
2

1
= 𝜀
𝑎
𝜇
1
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1
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2
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2
,

(4a)
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.

(4b)

According to (4a) and (4b), it can be seen that two wave
vectors of the incident electromagnetic wave are inside the
AF film; that is, birefringence phenomenon exists within the
AF film.The electromagnetic field component within the AF
film should be amended to

󳨀⇀
𝐻
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= [
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(5)

and the magnetic field component 󳨀⇀
𝐻
𝑎
contains 󳨀⇀

𝐴

±

𝑎
, 󳨀⇀𝐵
±

𝑎
,

and a total of 12 component amplitudes, but they are not
independent; by constraint relation (3), we can get 𝐴±

𝑥
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four independent amplitude of the 12 coefficient; other

coefficients can be expressed as
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), 𝑙 = 1 or 2. Expression of

the magnetic field strength in the layers of dielectric
is

󳨀⇀
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{{{{{{{{{
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{
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(6)

When the electromagnetic wave propagates in the dielec-
tric, the relationship between the propagation constants is
𝐻
𝑗𝑧

= −(𝑘
𝑥
/𝑘
𝑗𝑧
)𝐻
𝑗𝑥

= 𝜂
𝑗
𝐻
𝑗𝑥
, 𝑗 = 𝑡, 1, 𝑏 corresponding to

the incident medium, the dielectric layer, and transmission
medium, respectively. Based on the boundary conditions of
electromagnetic field, the transfer matrix between the layers
can be expressed as follows. The transfer matrix between the
media above system and AF is
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The transfer matrix between dielectric layer and the

ferromagnetic layers is

(

𝐴
1𝑥

𝐵
1𝑥

𝐴
1𝑦

𝐵
1𝑦

) = 𝑇
1𝑎
(

𝐴
+

𝑎𝑥

𝐴
−

𝑎𝑥

𝐵
+

𝑎𝑥

𝐵
−

𝑎𝑥

), (9)

where

𝑇
1𝑎

=
1

2
(

𝛿
−1

1
𝛿
−1

1
0 0

𝛿
1

−𝛿
1

0 0

0 0 𝛿
−1

1
𝛿
−1

1

0 0 𝛿
1

−𝛿
1

)

×(

1 1 1 1

Γ
11

−Γ
11

Γ
12

−Γ
12

𝛽
1

𝛽
1

𝛽
2

𝛽
2

𝛿
11
𝛽
1

−𝛿
11
𝛽
1

𝛿
12
𝛽
2

−𝛿
12
𝛽
2

),

𝛿
1
= exp (𝑖𝑘

1𝑧
𝑑
1
) , 𝛿

1𝑙
=

𝜀
1
𝑘
𝑙

𝜀
𝑎
𝑘
1𝑧

,

Γ
1𝑙
=

𝜀
1
(𝑘
𝑥
𝜆
𝑙
− 𝑘
𝑙
)

𝜀
𝑎
(𝑘
𝑥
𝜂
𝑏
− 𝑘
𝑏𝑧
)
, 𝑙 = 1 or 2.

(10)

The transfer matrix between ferromagnetic layers and the
dielectric layers is
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Transitive relation of the boundary amplitude between
the dielectric layer and the below space is

(

𝐴
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The transfer relationship between amplitudes can be
gotten through the boundary continuity of AF layer and
medium below system:
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𝑏2
𝛽
2
− Γ
𝑏2
𝛿
𝑏1
𝛽
1
)
,

Λ = (𝛽
𝑏1
− 𝛽
𝑏2
) (Γ
𝑏2
𝛿
𝑏1
𝛽
𝑏1
− Γ
𝑏1
𝛿
𝑏2
𝛽
𝑏2
) ,

Δ
±

𝑖𝑗
= (𝛿
𝑏𝑖
+ 1) Γ

𝑏𝑗
𝛽
𝑏𝑖
− 𝛽
𝑏𝑗
(Γ
𝑏𝑗
+ Γ
𝑏𝑖
𝛿
𝑏𝑗
) ,

𝛿
±

𝑖𝑗
= 𝛽
𝑏𝑖
[(Γ
𝑏𝑗
+ 1) 𝛿

𝑏𝑖
𝛽
𝑏𝑖
− 𝛽
𝑏𝑗
(𝛿
𝑏𝑖
+ Γ
𝑏𝑖
𝛿
𝑏𝑗
)] ,

here 𝑖, 𝑗 = 1 or 2, 𝑖 ̸= 𝑗.

(16)

Using the method of transfer matrix, we can get the
relations of amplitude between incident electromagnetic
wave and transmission electromagnetic waves:

(

𝐼
𝑥

𝑅
𝑥

𝐼
𝑦

𝑅
𝑦

) = ∏(

𝑇
𝑥

0

𝑇
𝑦

0

) , (17)

where ∏ is the transfer matrix of quasiperiodic photonic
crystals. According to (17), the pump wave transmission and
reflection amplitude component can be expressed as follows:

𝑇
𝑥
=

(Π
33
𝐼
𝑥
− Π
13
𝐼
𝑦
)

(Π
11
Π
33
− Π
13
Π
31
)
, (18a)

𝑇
𝑦
=

(Π
11
𝐼
𝑦
− Π
31
𝐼
𝑥
)

(Π
11
Π
33
− Π
13
Π
31
)
, (18b)

𝑇
𝑧
= 𝜂
𝑏
𝑇
𝑥
, (18c)

𝑅
𝑥
= Π
31
𝑇
𝑥
+ Π
33
𝑇
𝑦
, (18d)

𝑅
𝑦
= Π
41
𝑇
𝑥
+ Π
43
𝑇
𝑦
, (18e)

𝑅
𝑧
= 𝜂
𝑡
𝑅
𝑥
, (18f)

and the reflection amplitude of the pump wave is

|𝑅|
2
=
󵄨󵄨󵄨󵄨𝑅𝑥

󵄨󵄨󵄨󵄨

2

+
󵄨󵄨󵄨󵄨󵄨
𝑅
𝑦

󵄨󵄨󵄨󵄨󵄨

2

+
󵄨󵄨󵄨󵄨𝑅𝑧

󵄨󵄨󵄨󵄨

2

. (19a)

The transmission amplitude of the pump wave is

|𝑇|
2
=
󵄨󵄨󵄨󵄨𝑇𝑥

󵄨󵄨󵄨󵄨

2

+
󵄨󵄨󵄨󵄨󵄨
𝑇
𝑦

󵄨󵄨󵄨󵄨󵄨

2

+
󵄨󵄨󵄨󵄨𝑇𝑧

󵄨󵄨󵄨󵄨

2

. (19b)

According to (19a) and (19b), the transmission and
reflection amplitude of the pump wave can be obtained. We
can analyze transport properties and photonic band structure
of electromagnetic waves according to the transmittance of
quasiperiodic photonic crystal.

3. Numerical Simulation and Discussion

We take the typical AF material MnF
2
as an example

where the relevant physical parameters are listed as follows:
exchange field 𝐻

𝑒
= 550 kG, anisotropic field 𝐻

𝑎
= 7.87 kG,

sublattice magnetization 𝑀
0
= 0.6 kG, gyromagnetic ratio

𝛾 = 1.97 × 10
10 rads−1 kG−1, and relative dielectric constant

𝜀
𝑐
= 5.5 [22]. When the external static magnetic field 𝐻

0
=

1.0 kG, the two antiferromagnetic resonance frequency is
𝜔
1
/2𝜋𝑐 = 9.76 cm−1 and 𝜔

2
/2𝜋𝑐 = 9.83 cm−1. AF damping

coefficient is 𝜏 = 0.001, and thickness is 𝑑
𝑎
= 255 𝜇m.Dielec-

tric material is SiO
2
, dielectric constant is 2.3, and thickness

is 𝑑
1
= 105.7 𝜇m. Both sides of photonic crystal are air. In the

following,wewill study the influence of electromagneticwave
polarization, the series of quasiperiodic photonic crystals, the
applied static magnetic field, and the dielectric layer on the
transport properties of AF quasiperiodic photonic crystal.

In Faraday type, photonic crystal rotates symmetrically
along the 𝑧-axis. When the electromagnetic wave irradiates
perpendicularly, the electric field and magnetic field of TE
wave (horizontal waves) and TM wave (horizontal magnetic
wave) are both parallel to photons crystal surface which
are equivalent on physical properties. When electromagnetic
wave irradiates obliquely, TE and TM waves are in the
incident medium, and the magnetic field components are
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Figure 2: The transmission spectra of the incident TE wave (a) and TM wave (b).
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Figure 3: When TE wave oblique incident; the transmission spectra of AF photonic crystals with the different series: (a) 𝑗 = 7, (b) 𝑗 = 9.

(ℎ
𝑥
, 0, ℎ
𝑧
) and (0, ℎ

𝑦
, 0), respectively. However, the magnetic

field components in the AF media are (ℎ
𝑥
, ℎ
𝑦
, ℎ
𝑧
) and

(ℎ
𝑥
, ℎ
𝑦
, 0), respectively. Electromagnetic wave of different

polarization is different in the AF magnetization, so the
nature of spreading in the AF medium is different. At first,
we explore the transmission spectrum of TE and TMwave in
a photonic crystal. Figure 2 shows the transmission spectra
of electromagnetic wave with 30∘ incident angle to nine
quasiperiodic photonic crystals.

When electromagnetic waves incident angle is 30∘, no
matter either TM or TE wave irradiate, there exist obvious
completely photonic band gaps around the frequency of
7.0∼8.0 cm−1 and 12∼13.5 cm−1 and AF resonance frequency
of 9.8 cm−1, and there are double bifurcation structures in
transmission peak in the frequency of 8.5∼9.5 cm−1 and
10∼12 cm−1 range. We can take advantage of this nature to
achieve the filter. A strong resonance absorption will happen

near the AF resonance frequency, so the intensity of the AF
resonance frequency near the transmission peak is not very
high. Away from the AF resonance frequency region, AF
susceptibility is approximately equal to 1; it is the same as the
magnetic susceptibility of the nonmagneticmedia.Therefore,
the transmission spectrums of TE and TM wave are similar.

The transmission spectra of quasiperiodic photonic crys-
tal were affected by the photonic crystal series and the
incident angle. Figures 3 and 4 give the transmission spectra
of TE and TM waves in the seventh and ninth level photonic
crystal, respectively. The horizontal axis is the frequency
of the incident electromagnetic wave, the longitudinal axis
is the incident angle of electromagnetic wave, and color
depth represents the strength of the transmission peak. We
mainly study the influence of AF alignment on transmission
spectrum of the periodic photonic crystal, so frequency
ranges are in the vicinity of the AF resonance frequency
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Figure 4: When TM wave irradiates obliquely, the transmission spectra of AF photonic crystals with the different series: (a) 𝑗 = 7, (b) 𝑗 = 9.

(Figures 3 and 4). No matter how the polarization of the
incident electromagnetic wave is, transmission peaks move
to high frequency direction with the increase of incident
angle. And the incident area of TE wave transmission peaks
is significantly less than that of the incident TM wave
transmission peak.

When series of photonic crystal is small, the number of
layers in photonic crystal is few, and small incident angle of
transmission peak is relatively wide, but bifurcate structure
appears when incident angle is big. With the increase in the
series of photonic crystal, the transmission peaks become
sharper, double bifurcation structure is more obvious, the
number of layers of photonic crystal becomes larger, the
number of AF increases, and the intensity of AF resonance
absorption also becomes stronger. It can be found that
in the transmission spectrum the area of lower transmis-
sion intensity gradually expanded around the AF resonance
frequency.

External static magnetic field also has a certain impact
on transmission properties of the AF quasiperiodic photonic
crystal. According to expression (1) of the AF susceptibility,
we can draw conclusion that the AF resonance frequency
spacing increases with increase of𝐻

0
. By calculation without

external magnetic field 𝐻
0

= 0, the corresponding AF
resonance frequency is only one: 𝜔/2𝜋𝑐 = 9.7588 cm−1;
when 𝐻

0
= 6 kG, the two AF resonance frequencies are

10.3858 cm−1 and 9.1325 cm−1. Figure 5 shows the transmis-
sion spectra of the ninth quasiperiodic photonic crystals
under different applied static magnetic field. Without exter-
nal magnetic field, all polarized lights irradiate in the vicinity
of the AF resonance frequency of 𝜔/2𝜋𝑐 = 9.7588 cm−1.
There is a wide range of forbidden bands; but with the

strength of external magnetic field increasing, the forbidden
bandwidth reduces gradually, and when 𝐻

0
= 6 kG, no

obvious forbidden band appears. In order to explain the phe-
nomenon, Figure 6 shows the trend of the imaginary part of
AF conductivity 𝜇

1
changes with the external magnetic field

and the frequency of the incident wave. The imaginary part
of permeability corresponds to the loss energy per unit time.
Without external magnetic field, the resonance frequency
of the AF is only one; with the increased intensity of the
applied magnetic field, the AF resonance frequency splits
into two, but the imaginary part of corresponding magnetic
conductance drops gradually; that is, the corresponding loss
gradually reduced. So without an external magnetic field,
there exists relatively wide band gap in the transmission
spectra.

4. Summary

In this paper, the transfer matrix method is used to study
the transmission properties of MnF

2
/SiO
2
quasiperiodic

photonic crystal in Faraday type. MnF
2
layer and SiO

2

layers are arranged alternately to constitute the structure
of the Fibonacci sequence quasiperiodic photonic crystals.
According to the simulation results, we found that the electro-
magneticwave polarization has important influence on trans-
mission spectrum of photonic crystal.The half-peak width of
TE wave transmission peak is much smaller than that of the
incident TMwave. No matter what polarization wave is, with
the increase of the incident angle of electromagnetic wave, the
transmission peaks move to high frequency direction. When
external staticmagnetic field is small, there is a wide photonic
band gap near the AF resonance frequency, but with the
strength of external magnetic field increasing, the band gap



Journal of Nanomaterials 7

90

80

70

60

50

40

30

20

10

0
8 8.5 9 9.5 10 10.5 11 11.5 12

𝜔/2𝜋c (cm−1)

𝜃
(d
eg
)

0.5

0.45

0.4

0.35

0.3

0.25

0.2

0.15

0.1

0.05

0

(a)

90

80

70

60

50

40

30

20

10

0
8 8.5 9 9.5 10 10.5 11 11.5 12

𝜔/2𝜋c (cm−1)

𝜃
(d
eg
)

0.4

0.35

0.3

0.25

0.2

0.15

0.1

0.05

(b)

90

80

70

60

50

40

30

20

10

0
8 8.5 9 9.5 10 10.5 11 11.5 12

𝜔/2𝜋c (cm−1)

𝜃
(d
eg
)

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

(c)

90

80

70

60

50

40

30

20

10

0
8 8.5 9 9.5 10 10.5 11 11.5 12

𝜔/2𝜋c (cm−1)

𝜃
(d
eg
)

0.6

0.5

0.4

0.3

0.2

0.1

(d)

Figure 5: The transmission spectra of AF photonic crystals with 𝑗 = 9. (a) TE wave incident, 𝐻
0
= 0; (b) TE wave incident, 𝐻

0
= 6 kG;

(c) TM wave incident,𝐻
0
= 0; (d) TM wave incident,𝐻

0
= 6 kG.

range is gradually shrinking. With the increase in the series
of photonic crystals, the double bifurcation structure appears
in photonic band gap transmission peak. The transmission
properties of THz waves in the AF quasiperiodic photonic
crystal can be used to design multichannel filter, frequency
selection, and so forth, which can achieve optical switching by
controlling the external field and the incident angle changes.
The combination of magnetic and photocatalytic properties
enables a rapid photocatalysis recovery without an external
energy supply, as well as the potential application of solar
energy for water treatment and disinfection processes.
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