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Abstract: In this paper, a terahertz circulator based on a magneto photonic crystal slab is envisaged.
The triangular lattice photonic crystals with a line defect waveguide were constructed on an Al,O3
ceramic slab. Two cylindrical ferrites and two copper-clad plates in the junction of the Y-shaped
wave-guide worked as a magneto-optical cavity resonator to approve the nonreciprocal function. In
the working frequency range, 0.212-0.238 THz, the isolation of the circulator was better than 20 dB,
and the insertion loss was better than 1 dB. The designed circulator based on the magneto photonic
crystal slab experienced low loss and a wide bandwidth that satisfied its use in the THz application.
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1. Introduction

Photonic crystals (PCs) show notable features in their ability to control the motion
of photons. The research of PCs is considered to be the core of the future development of
photonic devices. PCs can reduce Ohmic loss for high-frequency devices, and to facilitate
the development of THz technology, PC low-loss transmission lines were developed [1-3].
In a high-power terahertz (THz) system, the sources and high-sensitive detectors are fragile,
and the nonreciprocal devices are in urgent demand to protect the fragile devices from
backscattering [4—6]. The lack of high-performance nonreciprocal devices restricts the
development of applications at more than a THz high-power region.

Research on nonreciprocal devices based on magneto PCs (MPCs), which can enhance
the magneto-optic (MO) effect, is rapidly developing. In recent years, based on different
kinds of MO materials, some progress has been made in the realization of THz nonreciprocal
devices [7,8]. In 2013, Shalaby et al. presented the first THz isolation based on the traditional
Faraday rotation effect in a permanent magnet, of which performance was limited by the
large loss of magnets [9]. In 2018, Fei Fan et al. presented a THz isolator for linear polarized
waves composed of InSb thin film sandwiched in a pair of orthogonal dielectric gratings
with isolation of 24 dB and insertion loss of 0.5 dB [10]. The realization of the circulator is
based on the nonreciprocal property of materials. For graphene, the conductivity can be
controlled by Fermi energy and magnetic field, which can be used to design a circulator
with a width bandwidth. However, the restrictions of the intrinsic physical processes
in graphene will result in high insertion losses. Nonreciprocity was also observed in
some semiconductors in THz frequency, such as InSb and HgTe. They work as magneto
plasmonics whose permeability tensor is also asymmetric under an external magnetic
field. However, with the restriction of its relative permeability characteristics, it is difficult
to reach a width bandwidth. Ferrites are characterized as having great nonreciprocal
performance, together with PCs, which are excellent in controlling wave propagation,
making it suitable to construct a high-performance THz circulator. From the pre-existing
experiment researchers, the PC circulators that approved low loss and wide bandwidth
were based on rods in air background structure PCs and cylindrical ferrites [11]. However,
as the operating frequency progressed up into the THz wave range, the size of PC circulators
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became proportionally small compared to the frequency. The assembly was complicated,
and it is difficult to guarantee high accuracy requirements. Thanks to advances in materials
science, high-performance terahertz thick-film MO materials can be fabricated to support
the design of THz nonreciprocal devices [12].

In this work, a novel THz circulator based on an MPC slab was envisaged with Al-Ni-
Zn ferrite cylinders and an Al,O3 dielectric slab. The air holds a PC slab structure which is
removed from the complex assembly, and only a small PEC restriction region on the top
and down the plane at the resonance area, effectively reducing the metal Ohmic loss and
simplifying the assembly complexity. Moreover, the size and thickness of the device, when
also reduced, made it easier to be integrated. The external characteristics of the circulator
were calculated using the finite element method (FEM). All the simulation results of this
work were carried out on commercial software HFSS. The results show that at the working
frequency range 0.212~0.238 THz, the isolation was less than 20 dB, and the insertion loss
was better than 1 dB. The excellent circulator performance demonstrates that the MPC slab
is a promising method for generating a circulator at high frequency.

2. Analysis of PC Slab Wave-Guide

Circulators are implemented based on different kinds of wave-guide structures, and
each kind of structure has its advantages. The PC slab wave-guide has good performance
in THz application with its low loss and easy assembly property. PCs with a wide photonic
band gap (PBG) are necessary for the realization of an MPC circulator. The material Al,O3
is commonly used in high-frequency applications, and it is also suitable to be used in THz
frequency, such as low material loss.

As shown in Figure 1a, the designed PC slab wave-guide was constructed based on
air-hold triangular lattice PCs (TLPCs), with the lattice constant a = 0.44 mm, the radius of
cylindrical air holes ¥ = 0.13 mm and the slab thickness & = 0.26 mm. The material Al,O3
was also used as a base material to build the PC structure, whose relative permittivity was
g = 9.2 and relative permeability was y, = 1. A line defect in the Y-axis was introduced in
the center of TLPCs. In the red dashed line region, the super-cell of the PC slab wave-guide
and the electric field distribution of waveguide mode is shown in Figure 1b. The EM wave
was confined in the defect position, and at that condition, the PC slab wave-guide could
only afford the single-mode operating frequency band.
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Figure 1. Structure of the PC slab wave-guide. (a) Top view of the designed PC slab wave-guide
structure with dimensions (in the red dashed line is a supper-cell). (b) The super-cell of the PC
wave-guide with the field distribution of the wave-guide mode.

To evaluate the propagation characteristics of the PC slab wave-guide, the analysis of
the projected band structure of the PC guided mode was conducted on the super-cell of the
PC slab wave-guide, based on a three-dimensional finite-element method under periodic
boundary conditions. The TLPC super-cell was constructed to be three-dimensional with
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periodic boundary conditions in the propagation direction. The EM waves are confined in
the PC slab wave-guide by the geometry and the broken periodicity of PCs.

As depicted in Figure 2, calculated through the eigen mode solution type commercial
software HFSS, the projected band structure of PC the wave-guide in the Y-direction and
the propagation characteristics of the PC slab wave-guide are shown in Figure 2a. The
shadow area is the leaky region under the light line (orange line), the red line is the wave-
guided band, and the blue line is the bulk band of PCs. The EM wave can be completely
confined and propagated in the PC wave-guide because of the PBG and the total internal
reflection [13]. In this situation, only the EM wave in the frequency of the bulk band (blue
line) can propagate the PC structure, where the frequency range with no bulk band is PBG.
After introducing the line defect, the wave-guided band (red line) appeared in the PBG,
and the EM wave propagated in the frequency range of the wave-guide band. We had
the wave-guide band covered with a section line, which included the working frequency
of the PC wave-guide. The propagation characteristics of the PC wave-guide are shown
in Figure 2b, where Sy; is the transmission coefficient, and Sy is the reflection coefficient.
Under the wave-guide band frequency range from 0.212 to 0.238 THz, which is presented
in the section line region, the transmission loss appears as low as 0.2 dB.
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Figure 2. Projected band structure of PC wave-guide (a) and the propagation characteristics (b). The
frequency range under PBG is covered with the section line.

3. Design and Theory of PC Circulator

The nonreciprocal property of the circulator is based on MO materials. The perme-
ability tensor [u;] of MO materials is asymmetric under an external magnetic field, and
the direction of EM waves propagate through changes in the Cartesian coordinate system,
under an external magnetic field in the z-axis direction, and the permeability tensor of
ferrites [p,] is [14]:

pooje 0
el = o | —jx 0O, )
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where the elements can be expressed as follows:
WoWm
p=1lt 2
wj — wiy
Wom
Jn_ 3)
wg — Wi

where wq = pyyHy is the precession frequency of the EM wave, and w = pgyMs. Hy is the
external magnetic bias field; 47tMs is the saturation magnetization, and the gyro-magnetic
ratio y = 1.759 x 10'! (C/kg).

The radius of the cylindrical ferrite R can be approximately calculated as [15]:

R = a @)

{(27gf()\/5/299.793)2 = [(nr15) 1.5]2}1/2 ,

where [f is the height of the cylindrical ferrite, &, = 13.5 is the relative permittivity of the
ferrite, and x = 2.2 is the compromise value which determines the appropriate size of the
ferrite radius. The working frequency here is f( = 0.225 THz, the saturation magnetization
is 4tMs = 3500 Gs, and the external magnetic bias field is Hy = 600 Gs.

The MPC circulator is mostly based on the PC wave-guide. Theoretically, the PBG
directly determines the working frequency of the circulator. Because of the photonic
localization effect, only EM waves in the frequency range of PBG can be confined in the
wave guide. As shown in Figure 3a, a THz Y-shaped MPC slab circulator is constructed
based on the TLPC hexagon slab. The Y-shape defect is introduced as the wave-guide
structure, and two cylindrical ferrite disks inserted in the center Y-junction of the wave-
guide work as a resonator. Outside the ferrite disks, there are two circle counterbores
machined and covered with copper-clad to confine the EM wave from escaping in the
vertical direction. In Figure 3b, the partial cross-section view of the circulator with detailed
dimensions is presented.
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Figure 3. Structure of the designed PC slab circulator with dimensions. (a) Three-dimensional view of
the PC slab circulator (half wireframe view). (b) Partial cross-section view with detailed dimensions
(red dashed line is center line of the structure).
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Similar to the ridge gap wave-guide, there are three key slots similar to grooves that
are machined on the PC wave-guide, which is used as an impedance converter according to
the external matching broadening method and improves the performance of the circulator. All
the dimension parameters that refer to the designed MPC circulator are summarized in Table 1.

Table 1. Dimensions of the PC slab circulator.

Parameters Value (mm) Description
h 0.26 Height of slab
hy 0.06 Height of dielectric gap between the two ferrites
tr 0.08 Thickness of ferrite
te 0.08 Depth of the ridge gap
Ly 1.48 Length of the ridge gap
Ly 0.51 Distant of the ridge gap from center
Ry 0.09 Radius of the semicircle
Dy 0.50 Diameter of the ferrite
Dy 0.58 Diameter of the metal

When simulated by FEM using software HFSS, the three ports are excited by the wave
port, moreover. Since the MPC circulator is simply covered by air, an air box is made
to cover the top and down area and is set to the radiation boundary. The transmission
characteristics of the THz wave Y-shaped MPC circulator is shown in Figure 4. Figure 4a
shows the electric field distribution of the circulator under the center frequency, the field
launched from Port 1 (input port) is almost transmitted to Port 2 (output port) with
120 degrees rotation of propagation direction, and Port 3 (isolation port) is isolated. The
S-parameter of the THz wave Y-shaped MPC circulator is depicted in Figure 4b, which
shows that near the center frequency of 0.225 THz, the isolation and reflectance of the
designed MPC circulator are better than 20 dB, and the insertion loss is better than 1 dB,
with a 5 GHz working bandwidth.
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Figure 4. The transmission characteristics of the THz wave Y-shaped MPC circulator. (a) The electric

field distribution of the circulator under center frequency. (b)The S-parameters of the designed MPC
circulator (Sq7 is the reflectance, S; is the insertion loss, and S3; is the isolation).

4. Conclusions

This work envisaged a novel THz circulator based on the MPC slab. Different from the
pre-existed PC circulator using a metal shell to fix the dielectric post array and confine the
EM wave from escaping in the vertical direction, the envisaged circulator was constructed
based on a PC slab without metal coating on the entire surface. In the THz wave, the size
of the PC circulator was so tiny that it was difficult to guarantee the machining accuracy,
especially for that which needs a complex assembly. The design of the MPC circulator
based on the air hold PC slab structure can greatly simplify the assembly complexity; at the
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same time, the tiny size and compact structure also made it easier for integration. Moreover,
there is no necessary extra PEC cover shell, so we can extremely reduce Ohmic loss.

The transmission characteristics of the PC wave-guide and MPC circulator were
analyzed and numerically simulated by FEM under the three-dimensional model using the
software HFSS. There is a PBG of the designed PCs near the center frequency 0.225 THz,
and the EM wave can be transmitted stably in the line defect PC wave-guide within
the designed frequency range. The circulator is constructed by introducing a Y-shaped
line defect wave-guide and MO materials into PCs. On the Y-shaped line defect wave-
guide, several key slots were introduced, working as an impedance transformer to expand
the bandwidth. In the designed working frequency 0.212-0.238 THz, the isolation and
reflectance were better than 20 dB, and the best insert loss was as low as 1 dB. In an actually
fabricated circulator, the tolerance of dimensional and material parameters influences the
results, which still need fine-tuning in the manufacturing process. The compactness of
the MPC circulator structure appears to be adequate for a large-scale integrated system.
Considering the wide bandwidth and low loss characteristics of the MPC circulator, having
it based on the MPC slab structure is a promising approach to generate a circulator at THz
and an even higher frequency.
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