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ABSTRACT: Topological photonics provides exciting and emerg-
ing opportunities for the manipulation of light. As the photonic
analogue of quantum Hall edge states, chiral edge modes, arising at
the interface between two photonic topological structures with
different Chern numbers, hold great promise for robust transport
of light against disorders and defects. However, for magneto-optical
material-based topological photonic crystals, the transport perform-
ance of chiral edge modes is strongly dependent on the topological
gap sizes, which are usually very narrow at optical frequencies due
to the lack of magneto-optical materials with strong nonreciprocal
responses. Here, we numerically demonstrated that the introduc-
tion of an epsilon-near-zero effect to magneto-optical photonic
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crystals could remarkably enlarge topological gap sizes due to the boosted magneto-optical response. Eigenmode calculation results
show that the boosted magneto-optical response correlates to the enhanced nonreciprocal power flows in magnetized photonic
crystals with an epsilon-near-zero diagonal permittivity. The enlarged topological band gap leads to the broadband and well-confined
chiral edge modes propagating along the magnetized boundary between two oppositely magnetized photonic crystals. More
importantly, such mode propagation shows strong robustness against sharp bends and large defects. In principle, our proposal for the
enlargement of topological photonic band gaps could also be valid in photonic crystal slabs or even three-dimensional photonic
crystals. Our results not only suggest the possibility to improve the transport performance of one-way modes in magneto-optical
photonic crystals but also enrich the physical understanding of the epsilon-near-zero effect-based topological photonics.

KEYWORDS: topological band gap, chiral edge modes, magneto-optical effect, epsilon-near-zero effect, one-way waveguide

B INTRODUCTION

As an emerging research area, a plethora of exotic and
intriguing phenomena have been explored in topological
photonics.'~® In their seminal works, Haldane and Raghu
pointed out that backscattering-immune chiral edge modes
(CEMs) are obtainable at the domain wall between two
topologically distinct two-dimensional (2D) magnetized
photonic crystals (PhCs).”* The unidirectionality and robust-
ness of CEMs result from the breaking of time-reversal
symmetry (TRS) and the associated nontrivial topological
bands using magneto-optical (MO) materials. In principle, the
robustness of CEMs is strongly dependent on the obtainable
topological gap sizes.” When topological gap sizes are small,
edge modes are susceptible to scattering to bulk modes once
large defects arise near topological domain walls. So far, many
theoretical and experimental advances have been reported for
realizing robust CEMs (or one-way modes) at microwave
frequencies,” " benefited from large topological gap sizes
supported by gyromagnetic PhCs with large off-diagonal
permeability.'" In contrast, only extremely narrow topological
gaps were numerically and experimentally demonstrated at
optical frequencies (e.g., <50 pm at 1.55 um wavelength'>'*)
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due to the lack of gyrotropic materials with large off-diagonal
permittivity or permeability. Although edge modes were
observed in topological nanostructures,'”~"* their robustness
against strong disorders or defects is unknown. Furthermore,
narrow topological gaps lead to poor field confinement for
CEMs, hindering the development of high-density topological
photonic integrated circuits. Therefore, to obtain robust,
broadband, and well-confined CEMs at optical frequencies, it is
necessary to enlarge topological gap sizes. In the area of
nanophotonics, one can utilize plasmonic or dielectric meta-
structures to enhance Faraday rotation or Kerr rotation.">™"”
In addition, benefitting from the vanishing permittivity, the
strong enhancement of optical nonlinearity, *~>* nonlocality,”*
and chirality”® have been expected near the epsilon-near-zero
(ENZ) wavelength. ENZ slabs or metamaterials are also well-
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known for manipulating the flow of light, such as electro-
magnetic wave tunneling through distorted channels,?®
tailoring the radiation phase pattern,”’ efficient vortex
generation,28 and enhancing asymmetric transmission.””
Recently, enhanced MO effects were observed in hyperbolic
metamaterials at ENZ wavelengths.’>*' Materials with both
ENZ property and MO responses, i.e, ENZ-MO materials,
play an important role in various applications, such as
nonreciprocal transmission,”” optical isolation,” unidirectional
mode propagation,””** and circulation-dependent sources.*®
However, the application of ENZ-MO materials for enlarging
the sizes of topological photonic band gaps has not yet been
investigated so far.

In this paper, we numerically demonstrated that ENZ-MO
material-based topological PhCs (ENZ-MO PhCs) enable the
enlargement of topological gap sizes. The investigated PhC is
composed of a honeycomb lattice of MO triangular prisms in
an infinite thick Si slab. We found that topological gap sizes are
monotonously increased with the reduction of diagonal
permittivity in MO prisms, especially in the ENZ region.
Such enlarged topological gaps result from the boosted
nonreciprocal light—matter interaction in MO PhCs related
to the strong electric field enhancement and the large
circulation of nonreciprocal power flows in ENZ areas.
Furthermore, robust, well-confined, and unidirectional modes
with significant field enhancement are supported by our one-
way waveguides, which are composed of two oppositely
magnetized ENZ-MO PhCs. Note that although 2D PhCs are
discussed here, ENZ-MO materials are still valid for the
enlargement of topological gaps in PhC slabs or even three-
dimensional (3D) PhCs. Our results may provide a promising
approach to improving the performance of one-way wave-
guides at optical frequencies.

B RESULTS AND DISCUSSION

Figure la shows a unit cell of the investigated 2D PhCs with a
honeycomb lattice, which preserves spatial-inversion symmetry
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Figure 1. (a) Unit cell of investigated 2D MO PhC with honeycomb
lattice (top) and the corresponding Brillouin zone (bottom), the
colored area at the bottom is the irreducible Brillouin zone. (b) Band
diagram near K(K’)-point without magnetization. (c) Band diagram
near K(K')-point with magnetization.

(SIS). In the unit cell, two MO equilateral triangular prisms
(gray areas in Figure la) are embedded into a high-index
infinite thick Si slab. The filling ratio of MO prisms is defined
as f = (L/a)* L is the side length of equilateral triangular
prisms and a is the lattice constant of PhCs. For simplicity,
dispersionless and lossless materials are assumed throughout
this paper. The Si slab has a scalar relative permittivity of 12
and MO triangular prisms have an antisymmetric complex
relative permittivity tensor €. For z-direction magnetized
MO materials, & has the form
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the magnetized ENZ-MO materials can be defined by the
combination of 0 < ¢, = ¢, = €, < 1 and A # 0. Note the
topological properties of MO PhCs here is independent of €,,.
We fixed A = 0.1 and f = 0.81 (i, L/a = 0.9) for all
magnetized PhCs, all calculations are performed using the
finite-element method-based software package COMSOL
Multiphysics. In the experiment, hyperbolic metamaterials
and the low-loss indium tin oxide are possible candidates for
ENZ-MO materials;*>*"*” furthermore, using ferromagnetic
nanogranular materials may obtain a large A.**~*° Figure 1b,c
shows schematic band structures of MO-based 2D honeycomb
PhCs near Brillouin zone corners without and with magnet-
ization, respectively. Without magnetization (A = 0), &y is
reduced to a scalar relative permittivity and the PhC preserves
SIS and TRS. As a result, the first and second bands for
transverse electric (TE) polarization deterministically touch
each other at the corners of the first Brillouin zone, i.e., at K
and K'-points shown in the bottom panel of Figure 1a, forming
the so-called photonic Dirac points. Hence, the nontrivial
topological band gap is zero no matter the value of ¢, see
Figure S1 in Supporting Information for details. Here, TE
polarization is defined as the zero out-of-plane component of
electric fields. The coexistence of SIS and TRS leads to zero
Berry curvatures in the entire 2D reciprocal space, except for
Dirac points where they are ill-defined.** With magnetization
(A # 0), the antisymmetric off-diagonal elements of &y break
the TRS and lift the band degeneracy at Dirac points, opening
a MO coupling induced topological gap (Aw) at the K(K')-
point in Figure lc. Importantly, the broken TRS leads to the
even symmetry of Berry curvatures in the reciprocal space and
associated nonzero Chern numbers for two photonic bands,
indicating the topologically nontrivial property of photonic
bands.

To investigate the impact of ¢, in MO PhCs, we directly
compared two band diagrams of PhCs with €,, = 2 and ¢, =
0.01, respectively (Figure 2). For the PhC with ¢,, = 2, a
complete topological gap but only a 1.0% gap—mid-gap ratio
(Aw/w,) is obtained (Figure 2ab), @, is the mid-gap
frequency. In contrast, a complete and enlarged topological
gap with Aw/w, = 4.5% below the light line is obtained when
€, = 0.01 (Figure 2d,e). The topological gap size corresponds
to 69 nm at 1.55 um wavelength and is much larger than the
reported ~40 pm topological gap using yttrium iron garnet-
based PhCs.'> To explain the large topological gap sizes that
appeared in ENZ-MO PhCs, we picked two representative
points A and B at the first TE bands at K(K’)-points for ¢, = 2
(Figure 2b) and ¢, = 0.01 (Figure 2e), respectively. The
corresponding eigenmode profiles of points A and B are shown
in Figure 2¢c,f. Weak electric fields (E-fields) at point A are
poorly confined within MO prisms (Figure 2c). Although time-
averaged Poynting vectors exhibit nonreciprocal patterns
(yellow arrows in Figure 2c), a majority of clockwise and
counterclockwise power flows cancel each other and result in
the small net circulation of nonreciprocal rotating power flows,
indicating the weak nonreciprocal MO effect in the PhC. Note
the weak nonreciprocal interaction correlates to small
topological gap sizes, due to the small MO coupling strength
between two eigenmodes from the first and the second bands
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Figure 2. Calculation results of 2D MO-based PhC with ¢,, = 2 (a—c) and ¢,, = 0.01 (d—f), respectively. c is the light speed in a vacuum. (a, d) TE
band diagrams for ¢,, = 2 (2) and ¢, = 0.01 (d). (b, e) Enlarged band diagrams near K-points, A point (b), and B point (e) are picked at both K-
points of the first TE bands for €, = 2 and ¢,, = 0.01, respectively. (c, f) Amplitudes of E-fields at A point (c) and B point (f). Yellow arrows

indicate the direction of time-averaged Poynting vectors.

at K(K')-point."'~* On the contrary, remarkably enhanced E-
fields and large circulation of rotating power flow at point B are
well-confined within MO triangular prisms, as shown in Figure
2f, indicating the enhancement of MO coupling between two
eigenmodes at K(K') points and the associated enlargement of
the topological gap size. The above comparison clearly shows
the important role of the ENZ effect in the enhancement of
MO responses in our PhCs. Importantly, the enlarged
topological gap size and the large circulation of nonreciprocal
power flow still survive when lossy ENZ-MO materials are
used, see Figure S2 in the Supporting Information.

To quantitatively indicate the relationship between topo-
logical gap sizes and ¢€,,, the variation of Aw/w, for €, is
calculated and shown in Figure 3. Aw/w. is monotonously
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Figure 3. Variation of Aw/w, for €,,. The right inset is the enlarged
view for the ENZ region.

increased when ¢, is reduced. For ¢,, > 2.3 (green shaded area
in Figure 3), the incomplete and insufficient gap would limit
the transport performance of CEMs. For the ENZ region (0.01
< &, < 1), see the blue shaded area and the inset on the right-
hand side of Figure 3, a gradually increased Aw/w, is shown,
due to the enhanced nonreciprocal light—matter interaction.
Note Aw/w. = 4.5% obtained at €., = 0.01 is not the ultimate
limit for our ENZ-MO PhCs, larger Aw/w, can be expected
when ¢, is further reduced. Except for the fixed A = 0.1, we
also calculated the variation of Aw/w. for ¢, with different A
values, see Figure S3 in the Supporting Information for details.
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As shown in Figure 4a—c, mode characteristics of CEMs are
analyzed in two oppositely magnetized domains of ENZ-MO
PhCs. In Figure 4a, MO triangular prisms in dark red and dark
blue areas indicate A = +0.1 and A = —0.1, respectively; two
areas are separated by a magnetized boundary labeled by a
green line. In calculation, a supercell containing 20 primitive
unit cells is used, i.e., 10 cells with A = +0.1 and 10 cells with
A = —0.1, respectively. The periodic condition is used along
with x- and y-directions. Two CEMs can be found in projected
band diagrams (Figure 4b,c), such modes are photonic
analogues of the Jackiw—Rebbi edge states at the magnetized
boundary.**~*® Note we removed the other two CEMs arising
at the top or bottom boundary because they are just the spatial
copies of the above two CEMs. The number of CEMs
corresponds to the gap Chern number difference between two
magnetized MO PhCs (AC), i.e, AC= C;(A=0.1) — C,(A =
—0.1) = 1-(=1) =2, C; (A = £0.1) is the Chern number of
the first band with A = +0.1. Here, we adopted a numerical
method to calculate C,, calculation details are not shown in
this paper, which is well-explained in ref 47, 48. The
unidirectionality of CEMs can be found from the same sign
of slopes of red curves (within the bulk gap) in Figure 4b,c.
Again, in contrast to the PhC with ¢,, = 2 (Figure 4b), the
topological gap size is much enlarged for the ENZ-MO PhC
with &, = 0.01 (Figure 4c), providing the broad frequency
band for the transport of CEMs. As a reference, the projected
band structure without magnetization is also calculated (e,, =
0.01, A = 0), neither topological band gaps nor CEMs exist,
see Figure S4 in the Supporting Information.

To understand the transport properties of one-way modes in
topological PhCs with the above magnetized configurations
(Figure 4d), we calculated TE mode profiles (square of the z-
component of magnetic fields: |H,*) in straight one-way
waveguides with ¢, = 2 (Figure 4e) and ¢, = 0.01 (Figure 4f),
respectively. Such waveguides are composed of 10,000 (100 X
100) primitive unit cells and the open boundary condition is
used for the outermost boundaries. One-way modes are excited
by a circularly polarized dipole source near the magnetized
boundary (red dot in Figure 4d), such modes are formed by
the interference of two CEM:s in Figure 4b,c. One should note
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Figure 4. (a) Schematic view of the investigated MO PhCs. The green line indicates the magnetized boundary. (b, c) Projected band structures for
MO PhCs with ¢, = 2 (b) and ¢,, = 0.01 (c), respectively. (d) Schematic view of the straight one-way waveguide. The red dot indicates a circular
dipole source near the edge. (e, f) Transport of one-way modes with ¢,, = 2 (e) and ¢, = 0.01 (f), respectively. Note color bars are not unified in

(e, f); fields in (f) are orders of magnitude larger than fields in (e).

(a)

(b)

Figure 5. (a) Schematic view of Z-shaped one-way waveguides. (b, ¢) Transport of one-way modes in Z-shaped waveguides with &, = 2 (b) and ¢,,,
= 0.01 (c). (d) Schematic view of straight one-way waveguides with a PEC defect; the green parallelogram indicates the PEC defect. (e, f)
Transport of one-way modes in straight waveguides with a PEC defect for ¢,, = 2 (e) and ¢,, = 0.01 (f).

the unidirectionality of one-way modes is unchanged no matter
linearly, circularly, or elliptically polarized sources are used, see
Figure SS in the Supporting Information for the detailed
discussion. For PhC with ¢, = 2 at @, = @, = 0.3495(27c/a),
the lateral field confinement of one-way modes is relatively
poor and the skin depth (i.e., the depth for IH,I* reduced to 1/
e) is 13.1a (Figure 4e). Additionally, the star-like radiation
pattern can be observed near the position of the circular dipole
source due to the long penetration length of evanescent modes
in PhCs with a small gap. Neither the poor field confinement
nor the penetrated radiation is favorable for high-density
topological photonic integrated circuits. The transmittance for
one-way waveguides with &, = 2 is only 69.7%. Here, the
transmittance is defined by the ratio of the power outflow
through the right-side boundary to the total power outflow. In
other words, around 30% of the total optical power is leaked
from the left, top, and bottom boundaries of the calculated
domain. The low transmittance results from the large power
leakage at the outer boundaries, which can be improved by the
enlargement of the calculated domain. In stark contrast, well-
confined and one-way modes with significant field enhance-
ment are found for the waveguide with €, = 0.01 at @, = 0. =
0.525(27c/a), as shown in Figure 4f. Additionally, the
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radiation pattern near the circular dipole source disappears
due to the suppressed penetration in ENZ-MO PhCs with a
large gap. Benefitting from the enlarged topological gap in the
PhC with €, = 0.01, the skin depth is 3.6a and the
transmittance is 99.9%, both parameters are greatly improved
from the PhC with ¢, = 2. Within the topological gap ranging
from 0.514(27c/a) to 0.537(2xc/a), the transmittance is above
99% (the spectrum is not shown), indicating the near-perfect
broadband transport in the ENZ-MO PhC.

To evaluate the robustness against defects or disorders for
one-way modes, we analyzed Z-shaped waveguides (Figure
Sa—c) and straight waveguides with perfect electric conductor
(PEC) defects (Figure Sd—f), respectively. Again, the
geometry of one-way waveguides can be defined by the
magnetized boundary between two oppositely magnetized
areas (Figure Sa,d). One-way modes are shown in Z-shaped
waveguides with ¢,, = 2 (Figure Sb) and ¢, = 0.01 (Figure
Sc), their robustness against two 120° sharp bends can be
observed from |H,I* profiles. No backscattering mode is found
in the case of &, = 2 (Figure Sb). However, the poor
confinement and the strong penetration near the source still
exist, leading to only 43.1% transmittance. For the ENZ-MO
PhC with ¢, = 0.01 (Figure Sc), well-confined one-way modes
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with 99.5% power transmittance show their robustness against
sharp bends. In Figure 5d, a PEC parallelogram slab with the
size of 3a X 10a is introduced at the position 20a away from
the circular dipole source (the green area in Figure Sd). Again,
for the PhC with ¢,, = 0.01, well-confined and enhanced one-
way modes with 99.9% transmittance are obtained (Figure 5f),
indicating sufficient robustness against the large-sized PEC
defect. In contrast, for the MO PhC with ¢, = 2, the
transportation of one-way modes deviates from the magnetized
boundary, indicating insufficient robustness against the PEC
defect (Figure Se).

B CONCLUSIONS

We numerically demonstrated that the introduction of the
ENZ effect is responsible for the enhancement of MO
responses and the associated enlargement of topological gaps
for topological MO PhCs. Benefitting from the enlarged
topological gap sizes, broadband and well-confined one-way
modes are obtained in ENZ-MO PhCs, exhibiting strong
robustness against sharp bends and large-sized PEC defects.
Our results not only manifest the possibility to improve the
transportation of CEMs at optical frequencies but also provide
new opportunities for many applications of photonic
topological insulators with broken TRS, such as topological
splitters,”*’ nonreciprocal lasers,'* and coherent topological
light sources."”

B METHODS

All calculations are performed using the finite-element method-
based software package COMSOL Multiphysics. For band
structures and eigenmodes calculations (Figures 2—4b,c and
S1—54), Floquet periodic boundary conditions and eigenfre-
quency study steps are used for solving linear eigenvalue
problems. Free triangular meshing with a maximum size of
0.044 is adopted in the division of finite elements. For chiral
edge modes propagation calculations (Figures 4e,f, S, and SS),
scattering boundary conditions (similar to the Sommerfeld
radiation condition) and frequency domain study steps are
used. Free triangular meshing with a maximum size of 0.08a is
adopted in the division of finite elements.
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