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Investigation of coupling effect
between a unidirectional air waveguide
and two cavities with one-way rotating state
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In the paper we present an implementation of resonance coupling between a unidirectional air wave-
guide and two cavities with one-way rotating state in a two-dimensional dielectric photonic crystal
and a magneto-optical photonic crystal. We theoretically calculate the dispersion curves of the line
defect waveguide and the dispersion curves of waveguide-cavity interaction, respectively. Numer-
ical simulations show that, via waveguide-cavity coupling, a series of interesting resonance phe-
nomena can be generated in the system. By modifying direction of the applied external magnetic
field, storing and discharging of photonic energy can be realized. Our work may provide a practical
and useful guidance for optical communications.
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1. Introduction

Photonic crystals (PCs) is a kind of artificial microstructure which has been widely
used in trapping and guiding of electromagnetic (EM) wave in many fields because of
their unique characteristics, such as photonic band gaps (PBGs) and photonic location
[1,2]. The theoretical basis of PCs band system was analogous to electronic band struc-
tures [3, 4]. RagHu and HALDANE [35, 6] predicted the existence of one-way edge modes
(OWEM) of electromagnetic waves with magneto-optical photonic crystals (MOPCs)
and further extended the application in the quantum Hall effect. WANG et a/. demon-
strated and observed the OWEM in the microwave regime in the experiment with reg-
ular PCs and MOPCs [7, 8]. Hence, OWEM has provided a possible way for realizing
new photonic devices and opened a frontier gate to condensed matter physics.

Based on OWEM of MOPCs, various optical nonreciprocity devices have been
proposed in optical integration circuits, such as optical waveguide isolators [9, 10], cir-
culators [11], delay waveguides [12], unidirectional filters [13], etc. However, these
devices often operate with low efficiencies, and are easily influenced by a light leak
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in the interface between regular PCs and MOPCs. Researchers have proposed wave-
guide-cavity coupling schemes [14-16], which can enhance optical device perfor-
mances and realize flexible tunability of the system. Recently, FANG et al. [17-19]
designed a unidirectional air waveguide with single-mode transmission in MOPCs
based on the waveguide coupling theory [20]. In this work, we design a configuration
consisting of unidirectional air waveguide and two cavities with a one-way rotating
state. We investigate the coupling resonance frequencies between PCs cavities with
a one-way rotating state and a unidirectional air waveguide, which reveal a series of
related interesting phenomena of waveguide-cavity resonance. Furthermore, propaga-
tion direction of one-way electromagnetic modes depends on the direction of applied
external dc magnetic field. We employ the model to achieve two waveguide-coupled
ring resonators with the capability of storage and discharge of light by changing the
initial direction of the applied external magnetic field.

2. Model and method

Here we propose a PCs structure composed of a line waveguide and two same cavities,
as shown in Fig. 1, where the two cavities are constructed by the alumina (Al,O;) (in
gray) cylindrical rods in a square lattice array. The outer-layered frame is constructed
by yttrium-iron-garnet (YIG) (in blue) cylindrical rods in a square lattice array tilted by
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Fig. 1. Schematic of 2D PCs modeling. The upper and lower parts of the line defect waveguide are the
total applied external dc magnetic fields along +z-axis, —z-axis, respectively; supercell 1 — the supercell
of a unidirectional air waveguide to calculate the PBGs, and supercell 2 — the supercell coupling between
a unidirectional air waveguide and two cavities.
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Fig. 2. The dispersion curves of the coupled modes; the three blue dot-lines denote dispersion curves of
a line defect waveguide, the four red dot-lines denote dispersion curves of coupling between a unidirec-
tional air waveguide and two cavities, where the crossed points denote resonance frequencies of wave-
guide-cavity interaction; enlarged view: w4 denotes corresponding frequency of the crossed point between
blue and red lines, namely, which is the maximum resonance frequency, wg denotes the non-resonance
frequency.

45 degrees with respect to regular PCs, i.e. the lattice constant turns into al2, where
a =500 nm and cylindrical rods radii » = 0.11a. The material parameters in the paper
refer to these references [21-24]. For simplicity, based on the Maxwell equations [25],
we calculate the configuration bands and eigenvalue frequencies, and numerically sim-
ulate dispersion relations of eigenmodes with the finite element method (FEM) using
COMSOL Multiphysics. The projected band dispersion curves of the line defect wave-
guide and the dispersion curves of waveguide-cavity interaction are obtained through
calculating the supercell 1 and supercell 2 [26—30], respectively.

As is shown in Fig. 2, the three blue curves represent coupling dispersion curves
of the unidirectional air waveguide, which show that the group velocity (v, = dw/dk,)
of the unidirectional air waveguide points to direction according to the tonelessly slope
of curves. The red four curves represent the dispersion curves of waveguide-cavity cou-
pling, indicating that EM wave is a one-way rotating state in the cavities and their ro-
tating direction depends on the direction of the applied external dc magnetic field. In
addition, the middle blue curves and red ones are crossing at four points, implying that
there are four resonance frequencies for this structure. Therefore, four operation chan-
nels to meet a unidirectional air waveguide and two cavities simultaneously can be
operated at four resonance frequencies, respectively.

3. Result and discussion

As discussed above, we choose one of resonance frequencies and demonstrate the reso-
nance phenomenon. In Fig. 3a, we get an £_ field distribution program with the maximum
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resonance frequency w, =
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0.5939(27c/a). 1t is also observed that the unidirectional

air waveguide with single-mode transmission is stable and the two cavities modes are
symmetric with regard to the horizontal center line (black dashed line) because the struc-
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Fig. 3. Field distribution (£) of waveguide-cavity interaction with resonance frequency w, =0.5939(2nc/a);
a star denotes a line polarized source, blue arrows denote rotating direction of cavities with one-way modes,
the black dashed line denotes the horizontal line at the waveguide center, the red dashed line denotes the
vertical line at the structure center (a). The normalized | E,| along the horizontal black dashed line (b).
The time-average energy flow along the vertical red dashed line (c).
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Fig. 4. Field distribution (£,) with non-resonance frequency wg = 0.5919(2nc/a).

ture is symmetric. Noteworthily, the mode in the upper cavity is anti-clockwise rotational
and the lower one is clockwise rotational because of the external magnetic field applied
in opposite directions for the upper and lower parts, demonstrating that EM wave is
a one-way rotating state in the cavities. We employ 2D cut line to detect the energy
distribution. In Fig. 3b, normalized E, field distribution of the unidirectional air wave-
guide forms a nearly zero-loss sine wave along the x-direction, indicating that the energy
loss of the unidirectional air waveguide is vastly slight. In Fig. 3¢, we plot the time-av-
erage energy flows in the y-direction along the vertical red dashed line, which reveals
that a lot of energy is accumulated in the unidirectional air waveguide and the other dis-
tributes in the cavity. We give a non-resonant frequency wg = 0.5919(2nc/a), and get
alone working unidirectional air waveguide transmission modes with sign-mode. How-
ever, the two cavities are not working. Consequently, the two cavities are not motivated
and are not resonance modes, as shown in Fig. 4. For this case, we can realize different
functions with different excited frequencies, e.g., it can be used to construct an isolator
based on the one-way transmission with non-resonant frequency, and made a multi-chan-
nels waveguide-cavity ring resonator with the resonance frequencies.

In order to investigate the relation between coupling resonance of two cavities with
a one-way rotating state and the line defect waveguide, we choose the maximum res-
onance frequency as an excited resonant source. We find that the lower cavity forms
a clockwise rotating state and the upper cavity forms an anti-clockwise rotating state;
nonetheless, £ field distribution intensity of the upper cavity is weaker than that of the
lower cavity because of the system energy loss. As shown in Fig. 5a, waveguide cou-
pling induces OWEM in the line defect waveguide. This phenomenon can be explained
by the following two reasons. Firstly, electric field patterns of anti-clockwise rotation
in the upper cavity and clockwise rotation in the lower cavity have been constantly
accumulated and strengthened for leaking light crossing the three rows YIG rods,
which produces light energy convergence in the line defect waveguide. EM wave prop-
agating along the x-direction is called forward transmission for the structure. Secondly,
backward transmission of the EM wave is completely suppressed owing to the nonre-
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Fig. 5. The field distribution (£,) of coupling resonance between two cavities with resonance frequency
wy =0.5939(2nc/a) (a). The normalized |E,| of waveguide excited by two cavities resonating along the
horizontal black dashed line (b).

ciprocal waveguide feature. To test the OWEM, we detect the normalized E, field dis-
tribution along the x-direction. It is shown that at the waveguide distance from x = 8.5a
to x = 0, the normalized |E.| is quickly decreased to zero, and at the range from
x = 8.5a to x = 17a, the normalized |E,| value is about 0.5 (see Fig. 5b). The result
shows that OWEM is induced in the line defect waveguide from x = 8.5a to x = 17a.
Hence, the resonance phenomena between two cavities and the line defect waveguide
are in line with the analysis.

To our knowledge, propagation direction of the one-way electromagnetic modes
depends on the direction of external dc magnetic field applied. The unidirectional air
waveguide along the x-direction is partly blocked by applying the external magnetic
field zone and direction as shown in Fig. 6. Eventually, we obtain two ring resonators
with the capacity of storage. To see what happens in the system, we check the real-space
electric energy distribution of the Poynting vector S = Re[E x H*)/2) [25], which de-
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Fig. 6. The field distribution (£,) of two ring resonators. The black dashed rectangles denote the area of

magnetic field applied.
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Fig. 7. Poynting vector corresponding to Fig. 6.

scribes the energy flow in the present EM system (Fig. 7). The direction of energy flow
is depicted in blue arrows, which shows that the line defect waveguide is one-way trans-
port until it is suppressed at the blocked zone. From Fig. 8a, the normalized E field
intensity for forward transmission in the line defect waveguide is much stronger than
that for the case shown in Fig. 3b. The reason is that photonic energy is constantly ac-
cumulated because the forward transmission of a unidirectional air waveguide is
blocked. Consequently, photonic energy of two resonance cavities is also increasing.
We plot the time-average energy flow along the vertical red dashed line (Fig. 8b), which
reveals that photonic energy of the resonance cavity is much stronger than that shown
in Fig. 3¢. Here two ring resonators with high-capacity can be achieved. In addition,
according to the resonators feature, it can be used in the laser cavity to realize the light
amplification or modulation of the quality factor (Q factor) [21].
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Fig. 8. The normalized |E, | along the horizontal black dashed line (see Fig. 6) (a). The time-average energy
flow along the red vertical dashed line (see Fig 6) (b).
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Fig. 9. The field distribution (E,) of waveguide ring resonators with discharging; the white rectangles
denote microcavity in the optical circuit (a). The time-average energy flow along the vertical red dashed
line (b).
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Fig. 9. Continued.

We further perform such a design to realize the storage and discharge of the light in-
formation. By increasing the center cylindrical rod radius to 2.2 7 and removing the near-
est four cylindrical rods around the center cylindrical rod, a microcavity is constructed
(see Fig. 9a). We can clearly see that the energy of cavity enters the microcavity, namely,
photonic energy stored in the cavity flows into the microcavity and circulates along
the light wire. Furthermore, we obviously observe the direction of energy flow by the
Poynting vector (blue arrows). Here we use a red dashed line crossing two cavities
which detect the system time-average energy flow. It is shown that photonic energy of
the microcavity is nearly close to energy in the cavities, which means that photonic en-
ergy stored by the cavity can be coupled to the microcavity. Then, this configuration
realizes the storage and the discharge of photonic energy.

4. Conclusion

In conclusion, based on waveguide-cavity interaction, we have proposed a photonic
structure composed of two cavities and a unidirectional air waveguide in 2D dielec-
tric PC and a MOPC. The PBGs, dispersion curves of the line defect waveguide and
the dispersion curves of waveguide-cavity interaction are calculated and the relations
between dispersion curves are also analyzed. Additionally, we have observed wave-
guide-cavity resonance phenomena with multi-working-channels through numerical
simulations with the finite element method. Subsequently, we have proposed an archi-
tecture that can dynamically realize storing and discharging of photonic energy. The work
we performed offers a more practical pathway for photonic devices and optical circuits
at optical frequencies.
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