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The topological state in photonics was first realized based on the magnetic-optic (MO)
effect and developed rapidly in recent years. This review summarizes various topological
states. First, the conventional topological chiral edge states, which are accomplished in
periodic and aperiodic systems based on the MO effect, are introduced. Some typical
novel topological states, including valley-dependent edge states, helical edge states,
antichiral edge states, and multimode edge states with large Chern numbers in two-
dimensional and Weyl points three-dimensional spaces, have been introduced. The
manifest point of these topological states is the wide range of applications in wave
propagation and manipulation, to name a few, one-way waveguides, isolator, slow
light, and nonreciprocal Goos–Hänchen shift. This review can bring comprehensive
physical insights into the topological states based on the MO effect and provides
reference mechanisms for light one-way transmission and light control.
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INTRODUCTION

Topology, which began as a mathematical concept, studies the properties of geometry or space that
remain unchanged with continuous deformations (Xu et al., 2015). Topology is initially observed in
the solid-state electron systems with the fountainhead of topological order (Ozawa et al., 2019). It was
first introduced as a new property of the full energy band along with the discovery of the quantum
Hall effect in 1980 (von Klitzing, 1986; Chen and Wu, 2016). It sufficiently explained the
phenomenon of Hall conductance of a two-dimensional (2D) electron gas under an external
magnetic field, which had a quantized value with remarkable precision regardless of the charge
density and impurities in the sample (Klitzing et al., 1980). The quantized Hall conductance is
categorized by a nonzero topological invariant (the Chern number), which is an integer-quantity
value that defines the universal structure of the wave function in the momentum space over the
Brillouin zone (Chen and Wu, 2016).

After the topological invariant in electronics was proposed, it was introduced in photonics
(Haldane and Raghu, 2008) and phononics (Wang et al., 2020). Magnetic-optical (MO) effects are
used to break time-reversal symmetry (TRS) to realize topological states in photonics (Haldane and
Raghu, 2008; Raghu and Haldane, 2008). The effects of MO represent the phenomena in which
electromagnetic (EM) waves propagate in materials with a static magnetic field, such as the Faraday
effect (Dannegger et al., 2021; Kazemi et al., 2021; Majedi, 2021; Yertutanol et al., 2021), the MOKerr
effect (Borovkova et al., 2016; Amanollahi et al., 2018; Diaz-Valencia, 2021; Papusoi et al., 2021), and
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the Zeeman effect (Márquez and Esquivel-Sirvent, 2020; Li
et al., 2021). The medium is called gyrotropic (including
gyromagnetic and gyroelectric), in which EM parameters
can be easily tuned by external field (Wang et al., 2018).
When the TRS of the photonic system is broken, the
degenerate points of photonic bands split apart, and each
nondegenerate band is associated with a nonzero Chern
number (Raghu and Haldane, 2008). The Chern number of
the bandgap is the sum of all the bands below this gap (Haldane
and Raghu, 2008). If the gap Chern number changes when it is
across an interface of two media, states localized along the
interface, namely, topological edge states (TESs), will occur,
which are immune to defects and disorders (Xu et al., 2015).
TESs provide ideal platforms for realizing one-way states with
low feedback and loss, which is a challenge in ordinary
waveguides because backscattering is a primary-significant
source of unwanted feedback and loss in ordinary
waveguides. The backscattering hinders large-scale optical
integration, so resistance to it is the main task (Ma et al.,
2011; Kumar and Chaubey, 2012). More interesting physical
phenomena and applications of TESs based on the MO effect
are explored theoretically and experimentally (Skirlo et al.,
2015; Chen et al., 2017; Lu et al., 2018a; Chen et al., 2019a;
Chen et al., 2020; Ma et al., 2020; Wang et al., 2021).

This review summarizes the recent progress and applications
of TESs in periodic and aperiodic systems based on theMO effect.
We begin with an itemized exposition of topological one-way
chiral edge states, whose corresponding propagating direction
can be reversed by the opposite external magnetic field. The
mechanisms of realizing topological states are introduced, and the
achievements of topological one-way chiral states in different
configurations are concluded. Then, other novel TESs, including
valley-dependent edge states, helical edge states, antichiral edge
states, multimode edge states in 2D space, and Weyl point in
three-dimensional (3D) space, are presented. The final section
mainly introduces the applications based on these TESs,
including one-way fiber, isolator, large-area waveguide, slow
light, rainbow effect, and nonreciprocal Goos–Hänchen
(GH) shift.

ORDINARY TOPOLOGICAL CHIRAL EDGE
STATE BASED ON MO EFFECT

The chiral edge state, related to the nontrivial topological
properties of the band structure, implies a unique one-way
flow of light that possesses group velocities pointing in only
one direction, which is determined by the direction of a magnetic
field. A one-way waveguide can be formed based on these
properties, and the propagating direction can be reversed by
applying an opposite external magnetic field (He et al., 2010).
Because of the tunability and the robustness against defects and
disorders, TESs are widely concerned by researchers.

Theory
Dirac point, an isolated point where two bands become
degenerate but with a linear dispersion for nearby Bloch

vectors, can be found in graphene’s electronic band structure.
For a graphene ribbon with zigzag edges, there are peculiar
localized electronic states at each edge (Nakada et al., 1996).
Haldane and Raugh proposed the theory to realize a topological
state in photonics by transcribing the key feature of the electronic
Haldane model to the photonic context (Haldane and Raghu,
2008; Raghu and Haldane, 2008). Electrons as fermions are very
different from photons as bosons. However, the edge states
belong to one-particle eigenstate problems similar to the
Maxwell normal-mode problem, which is a generalized self-
consistent Hermitian eigenproblem. The generalized
eigenproblem has the structure (Haldane and Raghu, 2008):

U+(k)AU(k)|un(k)〉 � ωn(k)B(ωn(k))|un(k)〉
The eigenfunction |un(k, r)〉 � 〈r|un(k)〉 has the form

(Haldane and Raghu, 2008):

|un(k, r)〉 ≡ ( En(k, r)
Hn(k, r))

On this basis, U(k, r) � exp(ik · r), A � −iJa∇a and B �
( ε(r,ω) 0

0 μ(r,ω)) are chosen, where Ja � ( 0 iLa

−iLa 0
), La

are the 3 × 3 Pauli matrices.
By deducing the eigenfunction, Berry connection is obtained,

which is gauge dependent (Haldane and Raghu, 2008):

Aa
n �

〈un|B0(ωn)|∇a
kun〉 − 〈∇a

kun|B0(ωn)|un〉
2i〈un|B0(ωn)|un〉

The associate gauge-invariant function is Berry curvature that
can be obtained from Berry connection:

Fab
n (k) � ∇ × A

For adiabatic evolution around a closed path Γ, the Berry phase
is given by

Φn � ∮
Γ

Aa
ndka � ∫∫

Σ

dka ∧ dkbF
ab
n

where Σ is a surface bounded by Γ. In the case of 2D band
structure, Σmeans the Brillouin zone. The integer Chern number
of a band isCn � Φn

2π . The 2D photonic band with a nonzero Chern
number has nontrivial topology property. The Chern number of a
bandgap is the sum of the Chern number of all the bands below
this gap, which is the topological invariant of a structure (Haldane
and Raghu, 2008).

Pairs of Dirac points are allowed to exist when inversion
symmetry (IS) and TRS are existed, which means Fab

n (k) � 0.
When IS is alone broken, Fab

n (−k) � −Fab
n (k), Chern number is

zero, but another topological invariant named the valley Chern
number can be created (Chen et al., 2018; Tang et al., 2020; Shi
et al., 2021). When TRS is alone broken by adding a Faraday term
in permittivity tensor or permeability tensor (applying an
external magnetic field on gyrotropic medium), tensors
acquire imaginary off-diagonal components having the
periodicity of the unit cell (Haldane and Raghu, 2008):
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μ̂ � ⎛⎜⎝ μ iκ 0
−iκ μ 0
0 0 μ0

⎞⎟⎠, ε̂ � α⎛⎜⎝ ] iλ 0
−iλ ] 0
0 0 ]0

⎞⎟⎠
Fab
n (−k) � Fab

n (k) is now achieved, and each band that splits
apart due to the Faraday coupling will have equal and
opposite nonzero Chern number, which means nontrivial
topology of the bands. A topological gap can be obtained by
separating Dirac points as Haldane et al. proposed (Haldane
and Raghu, 2008) and separating quadratic degeneracy
points (Wang et al., 2008). The one-way edge states are
confined at the interface between specific topological
structures and possess group velocities pointing at only
one direction that is determined by the direction of a
magnetic field. The commonly used gyromagnetic
materials are yttrium–iron–garnet (YIG) (Wang et al.,
2008; Lian et al., 2012; Li et al., 2020; Ma et al., 2020;
Wang et al., 2021), vanadium-doped calcium–iron–garnet

(Shen et al., 2012), and gyroelectric material such as
CuFe2O4 (Wu et al., 2018).

Realization in Periodic Optical Systems
After Haldane and Raghu put forward the theory of TES in the
photonic system,Wang et al. demonstrated it first in 2D photonic
crystals (PhCs) with square lattice theoretically and
experimentally (Wang et al., 2008; Wang et al., 2009). In 2008,
Wang et al. achieved one-way edge states in PhC with gyrotropic
constituents in transverse magnetic (TM) polarization mode,
without the restriction of having Dirac points in the band
structure and using gyroelectric materials for transverse
electric (TE) polarization mode proposed by (Haldane and
Raghu, 2008). They designed an experimentally feasible one-
way waveguide using a 2D MO square lattice YIG PhC that lacks
Dirac point operating at microwave frequencies but has the
relevant quadratic degeneracy point (Wang et al., 2008). When
an external magnetic field is applied in the out-of-plane direction,

FIGURE 1 | (A) The dispersion curve of the one-way edge state spans the bandgap for the cladding crystals (Wang et al., 2008). (B) The simulation of the one-way
waveguide with t � 0 and t � 0.25T0 (T0 is the optical period) maintains complete transmission even inserting a slab of a perfect electrical conductor (Wang et al., 2008).
(C) Band structure of self-guiding edge state, in which the light cone is shaded and the edge states are shown in red and green (Ao et al., 2009). (D) The zigzag edge and
the armchair edge. (E) The one-way transportation of EM wave in four configurations: without defects and disorder, with defects, with position disorder, and with
radius disorders (Liu et al., 2010). (F) Flat band with nonzero Chern number is denoted by colored lines (Yang et al., 2017b). (G) Symmetrical and antisymmetrical one-
way transportation of EM wave (Lai et al., 2020).
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strong gyromagnetic anisotropic is induced with the permeability
tensor acquiring imaginary off-diagonal components, and the
degenerate points are lifted, resulting in the given nonzero Chern
number bands. The dispersion curve for the one-way edge state is
achieved, which is shown in Figure 1A. The corresponding
waveguides, interfaced the MO crystal with an upper cladding,
support no bulk states at the second MO crystal band gap
frequency, which are demonstrated to be immune against
defects by simulation calculation, as shown in Figure 1B.
Then, they experimentally achieved one-way backscattering-
immune topological EM states for TM polarization (Wang
et al., 2009). Their experimental system involves a
gyromagnetic 2D periodic PhC bounded on one side by a
nonmagnetic metallic cladding. The robustness of the one-way
propagation is verified by studying the effect of a large obstacle on
transmission. In 2010, a one-way waveguide made from
gyromagnetic PhCs and normal dielectric PhCs was also
realized with an external static magnetic field applied (Fu
et al., 2010).

Considering the case of PhC with finite size, the edge states are
categorized into leaky and guided states, depending on whether
they are inside or outside the light cone (Ochiai, 2010). For the
guided state (or self-guiding state), the electric field is strongly
localized at edge sites, forming a one-way propagating surface
wave without an ancillary cladding. For the leaky state, the one-
way waveguide is realized by the assisting cladding. Without the
help of an assisting cladding, the radiation leakage will completely
ruin the one-way propagation. As the one-way edge states
mentioned previously are the leaky states (inside the light
cone), the PhCs are all assisted with another gapped material
to form waveguides. If the assisted material is removed in these
systems, the propagating wave along the edge will disappear.

Without assisting another gapped material, a honeycomb
gyromagnetic PhC with a self-guiding waveguide at the zigzag
ribbon is designed, where TES is outside the light cone and is
immune against defects (Ao et al., 2009), as shown in Figure 1C.
Then, it was experimentally demonstrated (Poo et al., 2011). In
addition to the zigzag ribbon edge, Ochiai and Onoda have
realized it by using the armchair edge of honeycomb
gyromagnetic PhCs (Ochiai and Onoda, 2009; Ochiai, 2010).
The two different edge morphologies are shown in Figure 1D.
The band-edge states of them possess different shapes and slopes,
which influence the one-way self-guiding transmission
performance. In their works, the bulk band structure exhibits
a topological phase transition by changing the degree of the
broken symmetries including IS and TRS, and the so-called bulk-
edge correspondence is verified. The self-guiding edge state was
also demonstrated in triangular gyromagnetic PhCs (Liu et al.,
2012).

Surface plasmons originate from the collective electronic
density wave in a system consisting of metallic building
blocks. They have attracted much recent interest for their
promising applications in subwavelength nanophotonics
(Barnes et al., 2003; Luo and Ishihara, 2004). There is a
magnetic counterpart of it in the magnetic system, known as
“magnetic surface plasmons”, which inhabit in the magnetic
system due to the coupling of EM waves to the collective

resonance of spin wave (Chern, 2008; Hu et al., 2012; Ding
et al., 2020). When a periodic array of such material is
assembled together, the photonic states that hop from one
magnetic surface plasmons state to another can form a
magnetic surface plasmons band (Shen et al., 2012). By
combining the magnetic surface plasmons resonance and the
TRS breaking, one-way edge states, including leaky (Lian et al.,
2012; Shen et al., 2012; Liu et al., 2010)and self-guiding (Poo et al.,
2012) states, can be realized within the magnetic resonance-
induced bandgap in gyromagnetic PhCs, which are not only
immune to interstitial metal defects but also robust against the
disorders of rods position, as shown in Figure 1E (Liu et al.,
2010). In addition, the magnetic surface plasmons waveguide
exhibits remarkable tunability with an external static magnetic
field (Liu et al., 2010; Lian et al., 2012; Shen et al., 2012), which has
a broad prospect of applications.

The TESs are also controllable even without magnetic surface
plasmons resonances, which have an extensive application
prospect. In 2017, Yang et al. explored the generic method
that allows us to engineer TESs by altering the parameters of
the original microstructure (Yang et al., 2017a). The TESs in the
structures can be constructed and varied by altering the
parameters of the structure according to the field-energy
distributions of the Bloch states at the related Bloch wave
vectors. In 2020, Li et al. explored how the surface
morphology, from zigzag edge to bearded edge, influences the
one-way self-guiding transmission performances of topological
honeycomb gyromagnetic PhC (Li et al., 2020). From the band
diagrams of PhC and transmission spectrum, the surface
morphology changes the shape, slope and frequency range of
TESs, which effectively improves one-way waveguides
transmission performance.

However, the working waveband of above works is limited to
microwaves, limiting its application in optical communication
because the natural materials usually have a weak response to the
magnetic field in optical frequency range. It is vital to extend the
working frequency to the optical regime for practical applications.
In 2018,Wu et al. utilized gyroelectric material with breaking TRS
by applying an external magnetic field to realize TESs (Wu et al.,
2018). The plasmo-gyroelectric metamaterials are designed to
have a large ratio of off-diagonal to diagonal components of the
dielectric permittivity tensor by suppressing the diagonal
components via the plasmonic response of the metallic films.
Because of this large ratio, a TES is realized even at optical
frequency and keeps robustness that characterized by suppressing
backscattering. Then, another group constructed metamaterials
by combining the layered metal and gyroelectric media as the
background, and by combining the layered metal and ordinary
media as the dielectric rods (Wu et al., 2020). The TESs are
achieved at the optical frequency with a large MO effect and can
be dynamical controlled by altering the external magnetic field.
The authors revealed a new mechanism for generating the
photonic topological states at optical frequencies, and
proposed a new method for controlling the transmission
direction of topological states.

There are also some exciting novel phenomena in
gyromagnetic PhC. In 2017, Yang et al. explored that there is
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a flat nontrivial topological band with a nonzero Chern number
in gyromagnetic PhC, which comes from strong gyromagnetic
coupling interactions of fields among neighboring unit cells
(Yang et al., 2017b). The nearly flat band diagram of this PhC
is denoted by a colored line with nonzero Chern number, as
shown in Figure 1F. A gapless one-way leaky edge state is
achieved when this PhC is interfaced with a metallic
boundary, which shows robustness against defects. In 2020,
symmetrical and antisymmetrical TESs, as shown in
Figure 1G, are designed at the boundary of two adjacent MO
PhC with opposite magnetic biases (Lai et al., 2020). These two
edge states possess the same direction of backscattering-immune
chiral energy propagation, but their directions of phase
propagation are opposite, i.e., forward phase propagation for
the symmetrical state while backward for the anti-symmetric
alone. Based on these properties, an all-photonic tunable splitter
by hybridizing these two topological states is designed and offers
promising applications in tunable photonic devices.

Realization in Aperiodic Optical Systems
Amorphous phases of matter, aperiodic and lack long-range
order but maintain short-range order (Berthier and Biroli,
2011), exhibit an interesting phenomenon known as the “glass
transition,” whereby an amorphous medium experiences a
dramatic structural change from a glass-like phase into a
liquid-like phase (Zhou et al., 2020a). The topological one-
way waveguides against defects in periodic PhCs were
mentioned earlier (Liu et al., 2010; Lian et al., 2012; Poo
et al., 2012; Shen et al., 2012), in which both long-range
and short-range orders exist (Yang et al., 2019). This
section will focus solely on TESs in aperiodic optical
systems of short-range orders.

In amorphous lattices, the spectral gaps can continue to
exist if there is sufficient short-range order. Such gaps have
been found in TRS amorphous photonic structures
numerically and experimentally (Ballato et al., 1999;
García et al., 2007; Yang et al., 2010; Mansha et al., 2016).
In 2017, Mansha et al. presented a numerical study of 2D TRS
broken photonic lattices that are amorphous, only possessing
short-range position order (Mansha and Chong, 2017). The
amorphous lattices are generated by molecular dynamics

simulations. The behavior of the topological bandgaps and
edge states, as the level of short-range positional order, is
varied by tuning the packing algorithm. The edge states in the
form of strongly nonreciprocal transmission at frequencies
coinciding with the ordered lattice’s topological gaps are
evidence of robust propagation. Furthermore, the field
distributions for circular and triangular boundaries also
demonstrate the robustness of propagation around curves
and sharp corners, as shown in Figure 2A. The robust
nonreciprocal, ballistic, and edge-localized transmission
observed at frequencies corresponding to the topologically
nontrivial gaps confirms the principle that TESs should be
protected against disorders.

In 2019, Yang et al. constructed 2D amorphous magnetic
photonic lattices that have only short-range orders and used
the supercell method with full-wave simulation to study their
topological properties in TM mode (Yang et al., 2019). The
supercell method is to build super gyromagnetic PhCs that
are approximately equivalent to the studied amorphous
magnetic photonic lattices by gradually increasing the
sizes of the supercells. There are single-mode and
multimode TESs in these amorphous magnetic photonic
lattices. The one-way waveguide propagation field profiles
of single-mode edge states are shown in Figure 2B, where
metallic boundaries are placed on the top. Moreover, in 2020,
this group numerically investigated the details of the
disorder-induced topological state transition in photonic
systems composed of 2D gyromagnetic PhCs (Yang et al.,
2020). The topological state transition is gradually
accompanied by some interesting phenomena as the
disorder of rod positions increases. Their studies give an
intuitive understanding of the topology underlying aperiodic
optical systems and pave a way to manufacture topological
optical devices in applications.

NOVEL TOPOLOGICAL EDGE STATES
BASED ON MO EFFECT

In addition to the one-way chiral edge states mentioned
previously, more topological states will be discussed in this

FIGURE 2 | (A) Robust edge propagation in amorphous lattices with circular and triangular shapes (Mansha and Chong, 2017). (B) One-way waveguide
propagation field profiles at the edge of the supercell gyromagnetic PhC configuration with star source in different frequency (Yang et al., 2019).
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section, including valley-dependent edge state, helical edge
state, antichiral edge state, multimode edge state with large
Chern number in 2D, and Weyl points in 3D space. They
show robustness against defects as well. The realization of
various topological states based on the MO effect shows that
gyrotropic materials with an external magnetic field are still
valuable to be explored in topological photonics.

Valley-Dependent Edge State and Helical
Edge State
When Dirac point is separated by breaking IS, the Chern number
is zero, but the structures with valley Chern numbers (another
topological invariant) can be constructed to realize TESs (Chen

et al., 2018; Tang et al., 2020; Shi et al., 2021). In 2018, Lu et al.
introduced the valley concept in magnetic PhC with broken IS
and TRS (Lu et al., 2018a). Two pseudogaps where the bulk states
exit only at one single valley are obtained. Changing the strength
of broken IS by altering this structure’s parameter (the external
magnetic field is still applied), the topological phase characterized
by nonzero Chern number transits to another one characterized
by nonzero valley Chern number. The one-way valley-dependent
edge states appeared at the photonic boundary between these
topological distinct PhCs. The projected band structure is shown
in Figure 3A, which shows the valley-dependent edge states at
two inequivalent valleys. It was demonstrated that the edge states
are robust against certain defects, which have potential to realize
topological waveguides in microwave range (Lu et al., 2018a).

FIGURE 3 | (A) Projected band of bulk states and valley-dependent edge states found at two inequivalent valleys (Lu et al., 2018a). (B) Projected band structures
and edge states with various pseudospins (Chen et al., 2017). (C) Projected band structures of antichiral edge states (Chen et al., 2020). (D) The diagram of wave
transporting of Chiral and antichiral edge states that can bypass obstacles (Chen et al., 2020). (E) Experimental Fourier transforms of edge-mode profiles (left) and the
theoretical edge band structures (right) with the edge states in red and the bulk bands in gray (Skirlo et al., 2015). (F) The berry phase was calculated to verify that
the Weyl point has topological charge (Yang et al., 2017c). © The Optical Society. (G) Topologically protected Fermi arc-like surface states (Yang et al., 2017c). © The
Optical Society.
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Quantum spin Hall effect (QSH) of light has a robust and
gapless pair of topological helical edge states locked by different
specific pseudospins. It has the advantages of one-way
transmission and robustness, which plays a key role in
realizing topological integrated photonic devices (Khanikaev
et al., 2012; Xie et al., 2020). In 2017, the topological phase
transition, from QSH insulator to a TRS-broken-QSH insulator
and then to a Chern insulator (structure with nonzero gap Chern
number) or a transition from a conventional insulator to a Chern
insulator, is analyzed in a 2D triangular lattice PhC of hexagonal
clusters made from a gyromagnetic material by applying a
gradually enhanced external magnetic field (Chen et al., 2017).
The helical edge state with various pseudospins appeared on the
interfaces between insulators with different topological phases, as
shown in Figure 3B. The robustness of the helical edge state is
demonstrated by introducing a magnetic impurity or geometric
deformations on the interface, which implies potential
applications in spin splitter devices.

Antichiral Edge State
Antichiral edge states, in contrast to chiral edge states that
transport along the opposite direction on two parallel
boundaries, means one-way edge states transporting along the
same direction on two parallel boundaries, which are realized in
electrics (Colomés and Franz, 2018; Bhowmick and Sengupta,
2020) and photonics (Mandal et al., 2019). To overcome the
limitation that the environment for achieving antichiral edge
states must be low temperature in practical experiments in
Mandal et al. (2019), Chen et al. realized antichiral edge states
in a gyromagnetic PhC with a honeycomb lattice consisting of
two interpenetrating triangular sublattices A and B that are
immersed in opposite external magnetic fields, respectively, in
2020 (Chen et al., 2020). From the projected band structure of the
antichiral edge state as shown in Figure 3C, we can see antichiral
edge states acquire dispersion with the same velocity. Both edge
states propagate in the same direction, which differs from chiral
edge states with opposite velocity. The comparison of transport
phenomena of chiral and antichiral edge state is shown in
Figure 3D. Therefore, two copropagating one-way transport
channels are created on the paralleled boundaries. Based on
these effects, a three-channel one-way waveguide with a
simpler and more compact structure have been created, which
offers valuable insights and routines to design novel EM and
functional optical devices. In the same year, Zhou et al. have
reported the experimental observation of antichiral edge states in
gyromagnetic PhCs (Zhou et al., 2020b) with the lattice same to
Chen et al. (2020). The chiral-like robust propagation in samples
with certain shapes and the 100% scattering into backward bulk
states at certain terminations have been further demonstrated in
their experiment. These results extend and supplement the
current understanding of chiral edge state.

Multimode Edge State With a Large Chern
Number
For an edge formed by joining two materials with bandgaps
overlapping in frequency, the number of one-way edge states is

equal to the difference of gap Chern numbers across the
interface (Hatsugai, 1993). Therefore, to create a multimode
edge state, namely increasing the Chern number of gaps, band
structure requires involving more pairs of Dirac points and
more quadratic points. Two approaches are proposed to
implement bulk bands with multiple pairs of Dirac cones
and multiple quadratic points by Skirlo et al. (2014). New
topological phases with large Chern numbers are found by
simultaneously gapping these degenerate points in PhCs with
material parameters of YIG. A possible practical application as
an adjustable power splitter has been proposed experimentally
to verify the existence of a large Chern number for multimode
edge states.

The following year, they experimentally realized the large
Chern number in PhCs with a square lattice ferrimagnetic PhC
(Skirlo et al., 2015). The band structure comprising high Chern
number (−4 to 3) bandgaps is verified by calculating the
multimode one-way edge state’s bulk transmission, edge
transmission, and edge-mode dispersion relations. The
dispersion relations of the multimode one-way edge states
are achieved through Fourier transform experimentally, which
show excellent agreement with theory predictions, as shown in
Figure 3E. The large Chern number was also realized in
structures with mirror symmetry and TRS both broken (He
and Chan, 2015). The number of equivalent mirror planes in
PhC potentially determines how many pairs of Dirac points
can be created; breaking TRS by MO effect straightforward
combines these with Chern number, which indicates that the
multihelical edge state can be created. In the work of Yang et al.
mentioned in section Realization in Periodic Optical Systems
(Yang et al., 2017a), they also give an example to engineer
multimode TESs by tuning structure’s parameters. The
multimode edge state was also realized in the amorphous
system (Yang et al., 2019). Compared with their single-
mode counterparts, these one-way multimode waveguides
have a much larger density of states and give a much higher
input coupling efficiency, which inspires the functional device
research of topological photonic materials.

Weyl Point in 3D
A Dirac point in 3D is a linear point-degeneracy between four
bands, consisting of two Weyl points with opposite Chern
numbers sitting on top of each other in frequency (Young
et al., 2012). Weyl point is a topological band degeneracy and
is linearly dispersed in all three directions, which is governed by
the Weyl Hamiltonian (Wan et al., 2011):

H(k) � ki]ijσj(i, j � 1, 2, 3)
where k is wave vector, v is velocity, and σ is Pauli matrix. Weyl
point, the source of Berry flux, is the monopole of Berry flux: a
closed surface in a 3D BΖ containing a single Weyl point has a
nonzero Chern number of ±1 (Lu et al., 2016). Gapless surface
states corresponding to Weyl points are topologically protected.
Weyl Hamiltonian have occurred in condensed-matter physics
(Wan et al., 2011; Xu et al., 2015), acoustics (Xiao et al., 2015;
Yang and Zhang, 2016), and photonics (Lu et al., 2013; Lu et al.,
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2015). As for the MO effect in photonics, a pair of Weyl points is
realized theoretically in PhCs with a tetrahedral lattice at
microwave regime (Yang et al., 2017c). The existence of
topological charge is verified by calculating the berry phase
and the topologically protected Fermi arc-like surface states,
which are shown in Figures 3F,G, respectively. Research on
Weyl points inspires researchers to explore more topological
states in gyrotropic material structures.

APPLICATIONS

Recently, there has been an increase in attempts to implement
topologically protected edge states because of the application
potential of backscattering immune against perturbations, robust
transmission and field localization (Lu et al., 2014; Lu et al., 2016;
Shi et al., 2016). These properties play an important role on light
transmission and control, which have wide applications, such as
one-way fiber, isolator, and slow light device.

One-Way Optical Waveguide
Topological one-way edge states are immune to defects and
disorders, so they bring hope to realize scattering-free and
low-loss one-way waveguide. A tunable one-way cross-
waveguide splitter controlled by altering structural parameters
of gyromagnetic PhC is designed based on the property of chiral
edge states (He et al., 2010). Moreover, based on the side-cavity
coupling property with nonreciprocal gyromagnetic PhC, a one-
way channel-drop filter that the robust one-way wave can be
downloaded by another one-way waveguide is realized, which
opens up a window to explore the one-way edge state for
controlling EM wave propagation (Fu et al., 2011).

Based on the one-way edge states, one-way fibers are
designed in a 3D magnetic Weyl PhC by Lu et al., which is
realized at microwave regime. The comparison of regular fiber
and one-way fiber is shown in Figure 4A, the latter shows
strong resistance to backscattering (Lu et al., 2018b). Their
start point is a crystal in the double gyroid made of gyroelectric
material with a pair of Weyl points. Then the crystal with a

FIGURE 4 | (A) Comparison of a regular fiber and a one-way fiber (Lu et al., 2018b). (B) The Faraday isolator and (C)more compact Voigt isolator (Asadchy et al.,
2020). (D) Simulated electric field intensity distributions of the one-way large transport at 11.9 GHz in the heterostructures with a void defect (Wang et al., 2021). (E)
Electric field profiles at the frequencies of 4.292, 4.346, and 4.393 GHz with different magnetic field strengths H0 (Chen et al., 2019b). (F) The relationship between GH
shift, the incident angle and bias magnetic field (Ma et al., 2020). © The Optical Society. (G) Experimental demonstration of nonreciprocal property of GH shift even
at normal incidence (Ma et al., 2020). © The Optical Society.
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nonzero first Chern number by annihilating the Weyl points is
obtained through supercell modulation. These single-
polarization single-mode and multimode one-way fibers,
having nearly identical group and phase velocities, are
topological-protected by the second Chern number in the
4D parameters space of the winding angle of the helix and
the 3D wave vectors. This work solves the problems in
traditional optical fiber, such as the intense light scattering
loss caused by material inhomogeneity, nonlinear effect and
unevenness of end face.

Isolators are nonreciprocal devices that allow light
propagation in one direction but block it in the opposite
direction. Based on Weyl semimetals, Asadchy et al. proposed
two designs of isolators at mid-infrared wavelengths with Faraday
and Voigt geometries (Asadchy et al., 2020). These bulk
topological materials can simultaneously exhibit broadband
and giant MO effect without an external magnetic bias. The
two designs provide good performance with considerable
isolation and slight insertion loss. The geometry of the
designed Faraday isolator and the more compact Voigt
isolator are shown in Figures 4B,C, respectively. The above
two examples of compact optical isolators demonstrate that
magnetic Weyl semimetals provide an unprecedented material
response that will open new avenues for designing nonreciprocal
components.

In 2021, large-area one-way transport, as shown in Figure 4D,
is achieved both theoretically and experimentally by using
heterostructures consisting of a domain of an ordinary PhC
sandwiched between two domains of gyromagnetic PhCs
(Wang et al., 2021). A and C are topological PhCs, whose TRS
is broken by applied two opposite biased magnetic fields; B is a
trivial PhC sandwiched by A and C, which exhibits one-way
transmission robust to imperfections and defects. Such one-way
waveguide states can be used to abruptly narrow the beam width
of an extended state to concentrate energy. It shows robustness
against defects and imperfections and is immune to the
Anderson-type localization when large randomness is
introduced.

Slow Light and Rainbow Effect
The slow light effect can reduce the speed of light to an extremely
low value and play a vital role in the applications of photonic
devices, such as optical delay line or buffer, signal processing,
optical switch, and light-matter interaction (Baba, 2008; Krauss,
2008; Bortolozzo et al., 2010; Figotin and Vitebskiy, 2011; Colman
et al., 2012; Zhang et al., 2021). Gyromagnetic PhC with simple
structure, fast response, high spatial resolution, etc. is considered
a considerable method to achieve slow light. The tunable flat band
slow light is proposed based on line-defect PhC waveguide
infiltrated with magnetic fluids (Pu et al., 2013; Guillan-
Lorenzo and Diaz-Otero, 2016). Topology provides a new and
attractive platform to manipulate photonic states due to the
unique properties with backscattering elimination and
structural disorder immunity. Thus, a one-way slow-light
waveguide made of gyromagnetic PhC and a metal cladding in
microwave regime is realized (Yang et al., 2013). Moreover, in
2019, Chen et al. realized a unique slow-light state by the

waveguide composed of two MO PhCs, owing to the strong
interaction of the two counterpropagating topological one-way
edge states (Chen et al., 2019a).

One of the splendid conclusions of the slow light effect is
rainbow trapping. This effect means the states with different
frequencies can be trapped at different positions and inspire wide
attention. Compared with classical systems, such as nanowires
(Hussein et al., 2016), metamaterials (Gan et al., 2009; Hu et al.,
2013), plasmonic chirped waveguide (Chen et al., 2010), magnetic
surface plasmons (Xu et al., 2021), and PhCs (Romero-García
et al., 2013; Hayran et al., 2017; Tian and Yu, 2017), topological
PhCs have great advantages to achieve rainbow effect with
robustness. In 2019, a switchable slow light rainbow trapping
was designed using a special gradient magnetic field in a line
defect waveguide channel (Chen et al., 2019b). The EM waves
with different frequency components are trapped in different
regions under the gradient magnetic field, as shown in Figure 4E.
Topological rainbow provides a new scheme to achieve robust
nanophotonic wavelength routers, multichannel optical
amplifiers, optical storages, and optical buffers. In 2021,
Zhuang et al. considered a double-channel square MO PhC
waveguide formed by introducing a two-stranded Al2O3 PhC
as the coupling layer (Zhuang et al., 2021). One-way slow-light
with zero group velocity dispersion and near-zero group velocity
can be obtained with an appropriate radius of Al2O3 rods. The
simulation results show that the slow-light modes are extremely
strong against perfect electric conductor defects and the one-way
transmittance is close to 100%. These results hold promise for the
design of various topological devices.

Nonreciprocal GH Shift
The GH shift is that the reflected light beam will have a lateral
shift along the interface from the ideal position predicted by the
geometric optics when a light beam impinges on the interface of
two media with different refractive indices (Goos and Hänchen,
1947). The phenomenon was first experimentally observed by
Goos and Hänchen in total internal reflection (Goos and
Hänchen, 1947), which is further developed again because of
the finding of giant and negative GH shifts (Shadrivov et al., 2003;
Wang et al., 2005). In 2019, magnetic plasmonic gradient
metasurfaces have been designed, which can be operated as a
platform to implement nonreciprocal GH shift (Wu et al., 2019).
The GH shift is controlled intrinsically by tuning the rotational
gradient, or extrinsically by tuning the bias magnetic field for
specified magnetic gradient metasurfaces. The demonstration of
the nonreciprocal GH effect in this work can serve as a guide for
experimental verification and potential applications. In 2020, the
GH effect was explored using MO PhC made of YIG ferrite rings
in square lattice (Ma et al., 2020). A significant nonreciprocal
negative GH shift for total reflection waves is realized through the
excitation of TESs. The GH shifts depend on the incident angle
and bias magnetic field, as shown in Figure 4F, and keep
nonreciprocity even at normal incidence, which is verified
experimentally, as shown in Figure 4G. The enhanced
nonreciprocal negative GH shifts provide a new way to
control the flow of light, which can be used in designing new
devices and integrated optics.
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DISCUSSION AND PERSPECTIVE

In the past decades, topological photonics have developed
surprisingly rapidly. The topological photonic states with the
MO effect are essential for exploring abundant physical laws and
unique physical effects. In addition to utilizing the MO effect,
other configurations can achieve photonic topological states, such
as the systems breaking IS (Chen et al., 2018; Tang et al., 2020; Shi
et al., 2021) or the systems breaking TRS with an effective
magnetic field (Fang et al., 2016). Topological protected edge
states ensure the absence of backscattering of waves by defects
and disorders, which suggest abundant applications, such as one-
way fiber, on-chip isolation, and slow light effect. Understanding
and mastering the state control mechanism can provide a rich
experience and reference for the further study of other topological
optical systems and provide helpful guidance for designing
various topological optical devices.

So far, there are still some challenges waiting to be solved, such
as the realization of TES in the visible range, more compact
devices with less loss. Furthermore, in recent years, topological

photonics has extended to nonlinearity (Lan et al., 2020; Xia et al.,
2020), non-Hermitian (Martinez Alvarez et al., 2018; Pan et al.,
2018; Höckendorf et al., 2019; Liu et al., 2020; Xia et al., 2021), and
synthetic dimension scales (Lin et al., 2016; Lu et al., 2021; Ni and
Alù, 2021); it is worth trying to implement them based on MO
effects.
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