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Simple periodic one-dimensional (1D) common photonic crystals (PCs) doped with InSb are proposed to research
the Faraday rotation (FR) effect by applying a 4 x 4 transfer matrix method. Analysis indicates that the given 1D
PCs can realize a giant FR angle. The influences of the properties of InSb (magnetic induction intensity, temper-
ature, and the length of the InSb layer) and the repeat number of the structure on the FR are investigated due to
the tunability of InSb and the features of the structure. Through calculation, it is found that, by adjusting these
parameters, we can clearly observe the movement of the extreme values of the FR angle. In addition, the numerical
results show that when the magnetic induction intensity and the repeat number of the structure are changed, the
FR angle will be significantly altered at the fixed extreme frequency point. Specifically, if the temperature and the
thickness of InSb layer are altered, the extreme value of the FR and the frequency point where it happens also will

change. We believe these obtained results can provide ideas to design optical isolators and optical switches.
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1. INTRODUCTION

The magneto—optical effect (MO) [1-5] is the variety of the
optical phenomenon caused between a magnetized substance
and light. The magneto—optical effect is a collective concept,
which contains the Faraday effect [6-10] and Kerr magneto—
optical effect [11-15]. The Faraday effect is a kind of MO
rotation effect. The plane of polarization will rotate after a
medium magnetized along the optical transmission direction
enters plane-polarized light. In 1845, Faraday first observed
the MO effect and revealed it for the first time, which showed
an interaction between light and a magnetic field. The Faraday
effect has an important application in optical isolators [16-18]
and optical communications [19-21], and promotes the much
deeper research of the physical mechanism of the MO effect
and the exploration of new MO materials. MO multilayer
film composed of the MO medium and the dielectric periodi-
cally arranged has the enhanced characteristics of the Faraday
magneto—optical effect, which has aroused widespread interest.
In practical applications, the MO crystals [22-26] are widely
used to realize the Faraday rotation (FR). In 2020, Kuzmichev

1559-128X/21/051448-08 Journal © 2021 Optical Society of America

et al. [27] studied the influence of the position of the plasma
nanodisk in the magnetic medium on the Faraday effect, and
the experimental results indicated that the magnetic medium
inside the nanodisks had the most significant enhancement of
the Faraday effect. Moreover, Abdi er a/. [28] used the 4 x 4
transfer matrix method (TMM) to research the defect mode
splitting in proposed one-dimensional (1D) magneto—photonic
crystals. It can be found from the simulation results that the
defect mode split into two modes for a specific structure cycle
number, which provides an application for tunable circular
polarization filters. However, for a traditional garnet material
series, researchers have developed new materials suitable for the
Faraday MO effect. In 2015, Floess ¢ al. [29] investigated an
ultrathin plasmonic optical rotator made of a EuSe slab and a
1D plasmonic gold grating, and the simulated results showed
that the unique dispersion properties of the proposed structure
can adjust the wavelengths of the tunable polarization rota-
tion. In 2019, Yasuhara ez 4/. [30] studied the Faraday effect in
Tb,Hf,O7 ceramics and found that the transmittance loss of
Tb,Hf,07 is as low as MO material such as terbium gallium
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garnet for a great potential application in Faraday equipment in
anear-infrared laser.

However, MO materials are widely used in most of the cur-
rentstudies on the FR, and the composition of these mainstream
MO materials cannot be separated from the garnet series,
which limits the universality of the FR. Research has been done
to determine whether or nonmagneto-optical materials can
achieve a giant FR. In 2015, Mehdian ez 4/. [31] employed a
4 x 4 TMM to research the MO properties of 1D conjugated
photonic crystals (PCs) heterojunctions doping plasma layers,
and they found the proposed structure can strongly enhance
the FR angle and keep a relatively high transmission, which
is beneficial to fabricate tunable filters in the millimeter wave
region.

In this paper, a 4 x 4 TMM is applied to study the FR
effect produced by the 1D structure formed between the InSb
[32,33] and PCs with high and low refractive indices. InSb
is a semiconductor material that aroused widespread interest
in scholars because of its excellent tunability in the terahertz
(THz) range. The research on the THz field in particular has
become a research hotspot in recent years. Due to the tunability
of InSb, the influences of the four parameters (temperature 7,
magnetic induction intensity B, the thickness of the InSb &,
and the repeat number of the structure period V) on the FR are
investigated to realize the enhancement of the FR.

2. SIMULATION MODEL AND CALCULATION
METHOD

The transmission of electromagnetic (EM) waves through the
proposed 1D PCs doped by InSb is illustrated in Fig. 1. The
proposed structure is made up of three dielectrics of A, C, and
P. A and C denote two common dielectric layers such as n4 = 2
for a high refractive index and #¢ = 1 for a low refractive index,
whose optical thicknesses of layers A and C are expressed as
da=Xo/(4ny) and dc = Lo /4, respectively. A represents the
center wavelength selected in this structure and the value of
Ag is 60 pm. P stands for the semiconductor layer of InSb, and
its thickness is &, = Ao/(x74). The corresponding thickness
of InSb will change as x takes different values. The proposed
1D PCs doped by InSb are arranged on the order of (AC)" PA
((CA)Y, where N signifies the repeat number of the structure
period. The structures of 1D PCs are arranged in the z direction.
Assuming that the incident EM wave is perpendicular to the
surface of the 1D PCs at the surface Z = Z, the fundamen-
tal equation of electromagnetic wave propagation is given by
Maxwell equations,

V x EG, 1) = iougH(, 1), (1)

V x H(F, t) = —iwegd E(, 1). )

The dielectric function p of InSb is a nonreciprocal tensor
expressed as

€1 i82 0
Ep = —i82 &1 0 , (3)
0 0 &3
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Fig. 1. Schematic illustration of proposed 1D PCs doped with
InSb.
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where w, =eB/m" expresses the cyclotron frequency. £ is
the high-frequency limit permittivity, and 5 = 15.68. w is the
circular frequency of the incident THz wave. v, is the collision
frequency of carriers, v, =¢/(u0m*) =0.17THz, and wp
represents the plasma frequency,

@p = (Ninsve® /60m™) /2, (6)

where &g is the free-space permittivity, and Mg is the intrin-
sic carrier density. The dielectric property of the InSb greatly
depends on the value of Mgy, which is strongly dependent on
the temperature 7 given as

Nasp = 5.76 x 10" 7" exp[—0.26/(2 x 8.625 x 107 x T)].
(7)

The dielectric tensor of the InSb shows the strong dispersion
and gyrotropic properties, and it largely depends on the external
magnetic field and temperature in the THz range.

When linearly polarized waves propagate parallel to the z
axis in the defect layer, right circular polarization (RCP) &, and
left circular polarization (LCP) e_ will appear, whose values
can be obtained from the wave equations, £y = &1 + &, and
E_=¢&1 —&).

The calculation of the FR and transmittance is carried out
by adopting the 4 x 4 TMM, which has been applied and
proven to be a valid technique to process the optical properties
of magnetic materials. The light field inside each layer is the sum
of four normal modes: left and right circularly polarized waves
propagating in two directions along the normal of the 1D PCs.
After that, a set of 4 x 4 matrices in response to a layer of the
structure is calculated, and the light field value on the boundary
of the layer is determined. The amplitudes of the forward and
backward propagation modes in the forward and backward
directions of the stack are correlated with each other. The entire
structure matrix is given by [34]

M=[DOT NS4SV SpSa(ScSHNIDP],  (8)

where D and § are the dynamic and block diagonal medium
matrices that are given by [34]
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Here ,3](.”) = %N;”)dn, N](.") (j=4,—-),and d, (n=A, C,
P) represents the length and refractive index of right and left
circularly polarized wave in 7-th layer. It should be known that
for dielectric layers Nfﬁ” = N, when entire structure matrix
M is known, the transmission can be solved from z. = (M;;) 7",
t_ = (M;3)~!. Then, the total transmission coefficient is

Ti = |4 + t_|*/4. Through the derivation of these expressions,
My

the FRangle is calculated by 6 = 1 arg( s

3. SIMULATED RESULTS AND DISCUSSION
A. Analysis of FR and Corresponding Transmittance

The diagrams of FR and transmittance in the THz domain
for such 1D PCs are given in Fig. 2. Specific parameters are
nyg= 2, nc = 1,61,4 = )\.0/(41’1,4),dc = )LQ/4, d}, = )\.0/(2071,4),
T'=175K, B=0.1T, and N=5, respectively. Figure 2(a)
shows that the value of the FR reaches —21.48° with a frequency
of 5.69 THz. The relevant transmittance (7; appearing at the
maximum value of FR) is expressed as 71 = 0.75 at a frequency
of 5.69 THz. This transmission peak is attributed to the defect
mode. The mechanism of the Faraday effect can be expounded
by the localization of the electric field intensity at such 1D PCs.

To compare the introduction of InSb to enhance the Faraday
rotation angle, we introduced a contrast structure that is keeping
the original structure unchanged at the time of replacing the
InSb material of the P layer with the material of the A layer
((AC)Y AA (CA)Y) to study the corresponding transmit-
tance and Faraday rotation with the initial conditions 74 =2,
ne=1, da=io/(4ny), de=hro/4, T=175K, B=0.1T,
and N =5, respectively. In Fig. 3, it can be observed that the
transmittance reaches 1 at 5 THz, but the Faraday rotation
angle is almost 0 in this frequency domain. It reveals that the
introduction of InSb can greatly improve the Faraday rotation
angle.

B. Effect of Changing Different Parameters on FR

To research the influences of the four parameters (the magnetic
induction intensity B, temperature 7, the thickness of the
InSb 4, and the repeat number of the structure period V) on
the FR and the corresponding transmittance, the relationship
between the above parameters on the FR and the corresponding
transmittance are illustrated below.

The diagrams of FR and the corresponding transmittance
with different B are expressed in Fig. 4 with the specific param-
eters of 7'=175K, d, =1o/(20n4), and N=5. It is shown
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Fig. 2. Diagrams of (a) FR and (b) transmittance in the THz
domain for such 1D PCs.
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Fig. 3. Diagrams of FR and transmittance in the THz domain for
the contrast 1D PCs.
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Fig.4. Diagrams of (a) FR, (b) transmittance, and (c) the partial zoomed view of transmittance in the THz domain with the variety of magnetic

induction intensity B for such 1D PCs.

from Fig. 4(a) that the curves of the FR change, evidently emerg-
ing at the frequency of 5.69 THz when the magnetic induction
intensity B enhances. The greater the magnetic field is, the
greater the absolute value of the FRis. Figure 4(a) also shows that
when B=0.05T, B=0.1T, B=0.15T, and B=0.2T,
the extreme values of the FR can realize —11.11°, —21.48°,
—30.90°, and —39.08°, respectively. It shows that for different
values of B, the FR is adjustable. Figure 5 shows that if the mag-
netic field changes from 0.01 to 1.01 T, there is no frequency
shift at the extreme value of FR; it only occurs at 5.69 THz. As
the magnetic field becomes larger, not only will the value of FR
become larger but the bandwidth also will increase. Similarly,
it’s noted from Figs. 4(b) and 4(c) that when B increases, the
curves of corresponding transmittance decline (0.91, 0.75,
0.55, and 0.38) at a frequency of 5.69 THz. It is also observed
from Fig. 4(c) thatas B increases, the value of the corresponding
transmittance not only will drop but also will be divided into
two separated peaks as a result of the slight difference of ¢
and &_ with the transform of the magnitude of B. In addition,
the FR also can be enhanced because of the subtle difference
betweene, ande_.

Figures 6 and 7 are given to explain the above points about
the difference between the right and left circularly polarized
waves more clearly and intuitively. It can be seen from Fig. 6 that
as the magnetic induction intensity B increases, the resonance
frequencies for the RCP and LCP waves gradually move to lower

FR (degree)

-30

-40

B (T)

-50

5.4 5.8 6

5.6
Frequency (THz)

5 5.2

Fig. 5. Diagram of FR for the proposed structure at different B
from0.01t0 1.01 T.

and higher frequencies. The resonance frequency for the LCP
wave shifts to 5.684 THz at B = 0.3 T, while the resonance fre-
quency for the RCP wave moves to 5.689 THzat B=0.3 T.I¢’s
believed that as B continues to increase, the difference between
the resonance frequencies for RCP and LCP waves will become
larger. Figure 7 also shows that the phase angle reaches 0.20°
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at 5.685 THz and 7.80° at 5.688 THz with B=0.2T. The
phase difference between the two frequency points is 7.60°,
which can be negligible (since the change of B has little effect
on the phase, and Fig. 7 only shows the case of B =10.2T). The
negligible phase difference provides an explanation for the small
peak difference of the twin peaks.

To investigate the effects of temperature 7 on the FR, the
diagrams of the FR and the corresponding transmittance in
the THz domain with different temperatures are plotted in
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Fig. 8. The other parameters are B=0.1T, d, = Ao/ (207,4),
and N =5, respectively. It can be observed from Fig. 8(a) that
the curves of the FR move to the higher frequencies when the
temperature rises. If 7=165K, T7=175K, T=185K, and
T =195K, the extreme values of the FR can reach —12.05°,
—21.48°, —36.73°, and —52.39° at frequencies of 5.68 THz,
5.69 THz, 5.70 THz, and 5.73 THz, respectively, which means
that temperature can affect the FR. Figure 9 shows that the
FR curve extends to the higher frequencies. The color of the
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Fig.8. Diagrams of (a) FR, (b) transmittance, and (c) partial zoomed view of transmittance in the THz domain with a variety of temperatures for

such 1D PCs.
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Fig. 9. Diagrams of FR for the proposed structure at different 7°
from 160 to 200 K.

value of the FR becomes darker, indicating the higher value
of the FR, which is consistent with the results of the analysis.
The diagrams of transmittance and its partial zoomed view are
offered in Fig. 8(c). It can be seen from Fig. 8(c) that when the
temperature rises, the corresponding transmittance decreases.
When 7'=165K, T=175K, T=185K, and 7=195K,
the corresponding transmittance can achieve 0.83, 0.75, 0.51,
and 0.22 which appear at 5.68 THz, 5.69 THz, 5.70 THz, and
5.73 THz, respectively. It is obvious from Egs. (6) and (7) that
changing the temperature will affect the plasma frequency w,.
Then, the alteration of the refractive index of InSb also affects
the optical length of the defect mode and the different resonance
frequencies are shown in Fig. 8. In addition, when the tempera-
ture enhances, two separated peaks are obtained, as shown in in
Fig. 8(c), due to the slight difference between the RCP ¢ and
the LCP e_ resulting from the transform of the temperature.
Similar to the influences on the FR with different tem-
peratures, the simulation results show that the variety of the
thickness of InSb 4, also has an effect on the FR, which can
be noted from Fig. 10 with specific parameters 7=175K,
B=0.1T, and N=5. As shown in Fig. 10(a), the abso-
lute value of the FR decreases when &, falls. It can be seen
from the graph in Fig. 10(a) that when 4, =Xo/(1874),
dy=210/(20n4), d, =1o/(22n4), and d, = Lo/ (24n 4), the
FRis found at 5.63 THz, 5.69 THz, 5.74 THz, and 5.78 THz,
whose extreme values are —26.88°, —21.48°, —17.88°, and
—14.35°, respectively. This proves that the thickness of InSb
d, has a significant impact on the value of the FR. Similar to the
effect of temperature, the change of the thickness of the defect
mode will also cause a shift of the FR extreme frequency point.
In other words, when x becomes larger, 4, becomes smaller, the
absolute value of FR becomes smaller, and the frequency point
at the extreme value moves to a higher frequency, as shown in
Fig. 11. As displaced in Fig. 10(b), the corresponding trans-
mittance becomes larger as &, drops with detailed trends: If
dy=x/(18ny4), d,=X1o/(20n4), d,=ry/(22n4), and
d, =Ao/(24n4), the corresponding transmittance is 0.65,
0.75, 0.83, and 0.88, which is located at 5.63 THz, 5.69 THz,
5.74 THz, and 5.78 THz, respectively. Such a phenomenon can
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Fig. 10. Diagrams of (a) FR and (b) transmittance in the THz
domain with the variety of the thickness of InSb ,, for such 1D PCs.
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Fig.11.  Diagrams of Faraday rotation for the proposed structure at
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be explained by the following principle: When the InSb layer
that causes the FR effect becomes thicker, the electromagnetic
wave passing through the proposed 1D PCs will cause enhance-
ment of the FR. Consequently, the corresponding transmittance
will decrease as the thickness of the defect layer increases.

The FR and the corresponding transmittance with the variety
of the repeat number of /V are plotted in Fig. 12 with specific
parameters: 7 =175K, B=0.1T, and dp =Xo/(20n4). As
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Fig.12. Diagrams of (a) FR and (b)—(c) transmittance in the THz domain with a variety of the repeat number of NV for such 1D PCs.

depicted in Fig. 12, when N increases, the frequency points
of curves for the FR and the corresponding transmittance do
not move, and the value of the FR rises, but the corresponding
transmittance declines. It can be noted from Fig. 12(a) that if
N =4, 5, and 6, the extreme values of FR can reach —7.42°,
—21.48°, and —54.78° at the frequency of 5.69 THz, respec-
tively. It reveals that the repeat number N makes a marked
enhancement to the FR. This unique characteristic is due to
the light localization, and the multiple interference of light is in
the mode layer. From Fig. 12(b), it can also be seen that when
N =4,5,and 6, the corresponding transmittance achieves 0.86,
0.75, and 0.20 at the frequency of 5.69 THz, respectively. This
means an increase in /V will decrease the value of transmittance
[the zoomed view can be seen in Fig. 12(c)].

4. CONCLUSION

In short, 1D PCs doped with InSb are constructed to produce
a giant FR by using a 4 x 4 TMM. Analysis indicates that the
proposed 1D PCs can realize a tunable FR according to the
properties of InSb in the THz regime. Those parameters (mag-
netic induction intensity B, temperature 7, the thickness of
InSb 4,, and the repeat number of V) have an obvious impact

on the FR. Through numerical calculation, it is found that
by adjusting temperature 7" and the thickness of InSb ,,, the
extreme value of FR will be altered, along with the frequency
point where the extreme value of the FR occurs changes. It is
worth mentioning that when the value of 7" or &, becomes
larger, its extreme value also becomes larger, but the frequency
point at the extreme value moves to the lower frequencies for
d, and to the higher frequencies for 7. Moreover, FR changes
significantly at the fixed extreme frequency point for changing
Band N. Webelieve the proposed 1D PCs can be used to design

optical isolators and optical switches.
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