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Abstract: In the past few decades, the discovery of topo-
logical matter states has ushered in a new era in topologi-
cal physics, providing a robust framework for strategically
controlling the transport of particles or waves. Topological
photonics, in particular, has sparked considerable research
due to its ability to construct and manipulate photonic
topological states via photonic artificial microstructures.
Although the concept of topology originates from con-
densed matter, topological photonics has given rise to new
fundamental ideas and a range of potential applications that
may lead to revolutionary technologies. Here, we review
recent developments in topological photonics, with a focus
on the realization and application of several emerging
research areas in photonic artificial microstructures. We
highlight the research trend, spanning from the photonic
counterpart of topological insulator phases, through topo-
logical semimetal phases, to other emerging non-Hermitian
topologies.
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1 Introduction

A deep understanding of topological matter states gives
topology new physical meaning, opening the chapter of
topological physics. The origin of topological physics dates
back to the discovery of the integer quantum Hall effect
(IQHE) in condensed matter physics [1]. The robust quan-
tized Hall conductance observed in a two-dimensional (2D)
electron gas arises from a nonzero topological invariant,
well known as the Chern number. An important insight into
the physical meaning of topological invariant is the proposal
of the bulk-edge correspondence [2]. Topologically protected
boundary states appear on the interface of topological mate-
rials with different topological invariants [3]. These topo-
logically protected states are unprecedented ideal transport
states, and they have the potential to revolutionize tradi-
tional technologies and devices. The exploration of topolog-
ical phases and the relevant topological phenomena is in
full swing in broad areas of physics, including photonics
[4-7], phononics [8-10], mechanics [11-13], and cold atoms
[14,15]. Among them, topological photonics has drawn great
interest, not only for the advantages of optical materials
in constructing topological phases but also for the urgent
need for robust properties in optical communication and
transmission.

Since artificial microstructures, including metamate-
rials and photonic crystals, provide great possibilities for
manipulating optical waves, a series of novel phenomena
and functionalities are generated, such as negative refrac-
tive index [16], invisibility cloaks [17], and chiral optical
response [18]. In this context, optical systems are considered
as a potential platform for topological physics research.
The photonic topological insulator, transplanted from con-
densed matter, requires overcoming the natural difference
between bosons and fermions. Considerable efforts have
been made to construct Kramers degeneracy and realize
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fundamental topological models of topological insulators in
optical systems, giving rise to the realization of photonic
IQHE [19-21], photonic quantum spin Hall effect (QSHE)
[22, 23], photonic quantum valley Hall effect [24], and pho-
tonic Floquet topological insulators [25, 26]. Thus, topol-
ogy, serving as a new concept, characterizes the quantized
global behavior of wave functions in optics, providing a
robust way to control and transport optical waves in waveg-
uides, lasers, and optical devices. Owing to the clean energy
band and flexible ability to control it, topological photon-
ics play an important role in exploring novel topological
phases and phenomena. With the development of research
and experimental techniques, the exploration of topological
phases has been extended to higher dimensions, includ-
ing three dimensions (3D) [27-29] and four dimensions
(4D) [30]. Among the 3D topological phases, topological
semimetals [31] have drawn great attention, where stable
degeneracies with nonzero topological charges are con-
nected by topologically protected surface states known
as Fermi arcs. Moreover, the discovery of novel topolog-
ical phases, including 3D and 4D topological insulators
[30, 32] and higher-order insulators [23, 33] in optical sys-
tems, provides new insights into the fundamental mean-
ings of topological matter states. Recently, the concept of
topology further penetrated into optical nonlinear [34-36],
non-Hermitian [37-39], non-Abelian [40-42], and disor-
der systems [43, 44], inspiring considerable research and
application. In particular, non-Hermitian topology is con-
structed by loss that is not welcome in optical systems,
showing novel topological properties and great application
potential.

In this review, we follow the fast progress in topological
photonics. This review is divided into three parts, where the
realization and application of photonic topological phases
are introduced in photonic crystals or metamaterials. In the
first part, we introduce the category of 2D photonic topo-
logical insulators described by distinct topological invari-
ants, including the quantum Hall, quantum spin Hall, and
quantum valley Hall effects. In the second part, extending
to 3D space, we discuss the realization of photonic topo-
logical semimetals. The exploration of distinct 3D degen-
eracies, including Weyl points, 3D Dirac points, nodal lines,
and surfaces, and the relevant novel topological surface
states are presented. In the last part, we introduce the non-
Hermitian topology, characterized by exceptional degenera-
cies, and non-Hermitian skin effects that break through the
traditional bulk-edge correspondence and revise our under-
standing of band topology.
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2 2D photonic topological insulator

2.1 Photonic integer quantum Hall effect

IQHE was discovered by K. V. Klitzing et al. in 1980 [1].
A 2D electron gas presented a robust quantization of the
Hall conductance by adding a strong magnetic field. Fur-
ther research found that the quantization of the Hall con-
ductance can be related to the number of unidirectional
edge states, which were determined by the bulk topological
invariant, known as the Chern number. The relationship
between the number of edge states and the bulk topolog-
ical invariant is well known as the bulk-edge correspon-
dence. The Chern number, describing the quantized global
behavior of wave functions in one bulk band, can be defined

as.
1 2 1
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where Q, (k) is the Berry curvature for the nth energy
band, A,(k) = i(un!k|Vk|un,k> is the Berry connection and
u,(k) indicates the periodic part of the Bloch function of
the nth eigenstate. Under a gauge transformation u,(k) —
u,(k)e?®, the Berry connection is not gauge invariant and
transforms as A,(k) - A,(k) — V,@(k). As the curl of the
divergence is zero, the Berry curvature F(k) = V, X 4,(k)
is gauge invariant. The Berry connection and Berry curva-
ture are similar to the vector potential A(r) and magnetic
field B, where the magnetic field B is gauge invariant under
the gauge transformation of A(r) - A(r) + Ve(r). Thus, the
Chern number, which is the integration of Berry curvature
over the first Brillouin zone (BZ), can be viewed as the
number of monopoles of Berry flux inside a closed surface.
This comparison gives a clearer picture of the topological
charge and may help the understanding of the Weyl point
in Section 3.

In photonic systems, Haldane et al. proposed that the
IQHE can be achieved in the gyroelectric photonic crystal
[19]. A pair of Dirac points can be constructed by the trans-
verse electric (TE) photonic bands in the hexagonal crystal,
and then an external magnetic field is added to break it.
In realistic gyroelectric materials, because the ratio of off-
diagonal to diagonal elements of the permittivity tensor is
small, the strength of time reversal breaking is weak [20].
Thus, Wang et al. used the gyromagnetic material yttrium-
iron-garnet (YIG) to experimentally verify the photonic
quantum Hall effect [21]. They demonstrated the existence
of a unidirectional edge state in the square lattice, as shown
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in Figure la. In the gyromagnetic photonic crystal, band
structures with arbitrary Chern numbers can be generated
in two steps. First, an arbitrary number of Dirac points are
generated in the first BZ by the band folding mechanism.
Then, open the multiple Dirac points simultaneously by
applying a static magnetic field [29, 45-47]. Based on the
magneto-optical effect in gyromagnetic photonic crystals,
novel devices such as unidirectional waveguides [48, 49]
and topological lasers [50] can be designed.

Because the magneto-optical responses of materials
are weak and it is difficult to cover the light wavelength,
another method of realizing the quantum Hall effect based
on the propagation system [25] is proposed, namely,
Floquet topological insulators. Paraxial propagation of light
in photonic lattices is described by the Schrodinger-type
equation:

i0,¥(x, y,2) = — = V?W(x, y, 2)
2%,

_ koAn(x, y,z) Y(x, y,2) ©
n b b

0

k, (v/a)
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where W(x, y, z) is the electric field envelope function, k, =
2zn,/ A is the wavenumber in the ambient medium, n, rep-
resents the refractive index of the ambient medium, and An
is the deviation from the ambient refractive index. In the
paraxial propagation equation, the propagation coordinate
z takes the role of time. Thus, breaking z reversal symmetry
can mimic the breaking of time reversal (T) symmetry in
2D systems. The helical waveguides induce a gauge vector
potential A(z) = kRCQ(sin €2z, —cos Qz, 0), where R and Q
represent the radius and the longitudinal frequency in the
helix, respectively, as shown in Figure 1b. The relevant topo-
logical protected edge state is shown in the lower panel of
Figure 1b. Very recently, T. Biesenthal et al. experimentally
demonstrated the existence of the quantum Hall effect in the
fractal lattice [51]. Evanescently coupled helical waveguides
with a Hausdorff dimension of 1.585 [51, 52] are arranged as
a Sierpinski gasket (SG), as shown in Figure 1c. As shown
in the lower panel of Figure 1c, although SG lacks the con-
ventional bulk and is in a noninteger dimension, there is a

Figure 1: Analog quantum Hall effect in photonics. (a) Experimental observation of photonic IQHE and the unidirectional waveguide in gyromagnetic
photonic crystal [21]. (b) Schematic of an array of helical waveguides in the hexagonal lattice and the time evolution of the input light [25]. (c) Photonic
fractal lattice and experimental observation of the photonic quantum Hall effect [51]. (d) Topological Chern vectors in the three-dimensional
gyromagnetic photonic crystal (left) and Hopf link surface states in the surface BZ (right) [11]. (e) The coupling and waveguides of 4D quantum Hall

effect [30].
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topological protected edge state traveling around the sam-
ple. Since the fractal lattice is nonperiodic, the topology of
the system can be characterized by the real space Chern
number [53, 54].

Recently, higher dimensional Chern insulators, as an
extension of 2D Chern insulators, have been constructed
in photonic crystals. In contrast to the 2D Chern insulator,
the 3D Chern insulator can be characterized by the Chern
vector C = (C,,C,,C,), where C,, C,, and C, are three first
Chern numbers in lower dimensional surfaces [47]. Liu et al.
experimentally constructed a 3D Chern vector insulator,
where the T symmetry is broken by a gyromagnetic material
[29], as shown in Figure 1d. Due to the multiple components
of the Chern vector, there is a generalized bulk-edge cor-
respondence. The relevant intersurface states can map to
nontrivial torus knots (also called Hopf links) on the surface
BZ, as shown in the right panel of Figure 1c.

In 4D systems, the quantum Hall effect can be charac-
terized by the second Chern number [30, 55, 56], which can
be defined as [30]:

0P, 0P, 0P, OP,
1 /eﬂvp(,tr{P-]]P- ’]}d4k ®)

C=——3 -1
27 82 Jok, ok, ' ok, ok,

P;(k) is the projector onto the subspace spanned by the
eigenstates with energies below the bandgap. As sketched
in Figure 1d, the 4D quantum Hall system can be decom-
posed into two independent one-dimensional (1D) topolog-
ical pumps [30]. Each 1D topological pump is topologically
equivalent to a 2D Harper model [57], which can be char-
acterized by the first Chern number. Thus, the eigenstates
of the full Hamiltonian are the tensor product of the eigen-
states in the two independent 1D topological pumps, and the
spectrum of the full Hamiltonian is a Minkowski sum of the
spectra of the two 1D pumps. The second Chern number can
also be calculated as the product of the first Chern number
[30].

2.2 Photonic quantum spin Hall effect

The QSHE was proposed by C. L. Kane et al. [58, 59] and B.
A. Bernevig et al. [60, 61] in graphene and HgTe quantum
wells, respectively. Subsequently, the QSHE was experimen-
tally realized in HgTe quantum wells [62]. The QSHE can
be regarded as two copies of the quantum Hall effect that
each represents a spin, and the subspace for each spin is
related by T symmetry. There are two helical edge states
in the QSHE, and the group velocity of each helical edge
state is locked by the spin. The spin Chern number in the
QSHE can be defined as Cgyy, = (Cyp — Choun)/2 (mod 2),
where Cy, is the Chern number of spin up and Cgyyy is
the Chern number of spin down. Protected by T symmetry,
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the total Chern number (Cyoy = Cyp + Cgouwn) In the systems
always equals to zero. In this case, the topology of the QSHE
is captured by Cgy,, which is equivalent to the Z, topo-
logical invariant [63, 64]. In the Z, topological invariant,
“0” represents trivial and “1” represents nontrivial. In 3D,
the topological phases for T invariant insulators are classi-
fied by four Z, topological invariants vy (v;, v4, v3), where
vy, vy, and v are the Z, topological invariants in the k, = 7,
k, = x, and k, = x planes, respectively, and v, is the prod-
uct of the Z, topological invariantsin the k, = 0and k, =«
planes [32, 65]. The topological phases can be classified into
three distinct classes by v (v, v, v5) in 3D. For vg,3 =0,
these phases are trivial. For vy =0, vy, # 0, there exists
delicate surface states, which can be broken by disorders,
thus these phases are dubbed weak topological insulator.
The weak topological insulator can be interpreted as the
stacking of 2D QSHE. The v, =1 phases are more robust
and are referred to as strong topological insulator. From
the retrospective of the introduction in IQHE and QSHE, it
is easy to draw the conclusion that the spatial dimension
is one of the decisive parameters for the classification of
topological phase.

In photonics, the QSHE has been achieved by M. Hafezi
et al. in arrays of coupled resonator optical waveguides [22].
There are a pair of degenerate modes in the resonator,
where the clockwise and counterclockwise modes are time-
reversed pairs, mimicking the spins in the electronic system,
as sketched in Figure 2a. For the counterclockwise mode
(pseudospin up), photons acquire different phases between
hopping forward and hopping backward. Thus, photons can
accumulate a 2z« phase around each square plaquette by
tuning the phase of the connecting hopping. The pseudospin
up (down) component will experience a magnetic field of
a (—a). Moreover, adding scatters can mix the spin, which
is similar to the Rashba coupling in the electronic system.
The edge state for the counterclockwise mode is shown in
the right panel of Figure 2a, while the clockwise mode is
reversed by the T symmetry, propagating in the opposite
direction. In 2013, M. Hafezi et al. experimentally verified
the topological edge states and their robustness against
defects [66]. Subsequently, they measured the topological
invariants in photonic systems [67, 68].

Metamaterials offer a flexible platform to modulate the
effective dielectric permittivity &, magnetic permeability
u, and bianisotropy y. TM/TE waves have nonvanishing
electric/magnetic components in the propagation direction.
Another scheme has been proposed to construct a pair
of pseudospins by two linear combinations of TM and TE
modes y* = TE + TM. For a system in the absence of bian-
isotropy, when the parameters satisfy € = y, the system
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Figure 2: Analog quantum spin Hall effect in photonics. (a) Schematic of two coupled resonators (left). Topological edge state (top-right) and their
energy dispersion for single spin (bottom-right) [22]. (b) Photonic QSHE based on bianisotropic metamaterials [69]. Left: The bulk band structure and
the eigenmodes near the point degeneracy. Right: Pseudospin-dependence edge states [69]. (c) Scheme for achieving an analog of the QSHE in the

hexagonal lattice [74]. (d) High-order QSHE in the hexagonal lattice [23].

restores the electromagnetic duality (E, H) —» (—H, E). It can
be proven that a symmetry operator D satisfying Dy* = y¥
and D* = —1 can be identified as pseudo-time reversal sym-
metry. Nonzero bianisotropy y can mimic the spin—orbit
coupling in the electronic system and open a nontrivial gap,
as shown in Figure 2b. The bianisotropy in natural materi-
als is usually small, while chiral metamaterials can gener-
ate giant bianisotropy [69]. The pseudospin-dependent edge
states have been experimentally observed by W. J. Chen
et al. in the microwave frequency range [70]. Furthermore,
all dielectric metamaterials can also be utilized to generate
the QSHE [71, 72]. By shifting the metallic collars from up
to down, the effective mass “m” changes the sign. Once the
position of the metallic collar can be easily moved, arbi-
trary and reconfigurable topological domain walls can be
designed, which can route and manipulate the propagation
of electromagnetic waves [73].

Wu and Hu proposed another scheme to realize the
QSHE by C4 crystal symmetry in photonic systems [74].
There are a pair of pseudospin locked edge states, which
propagate in the opposite directions. Under the near
field scanning, S. Arora experimentally observed the spin

density distribution of topological edge state in graphene-
like photonics. Unlike in the electronic system, the spin of
edge state in photonic system no longer retains its unique
handedness [75]. In Figure 2c, a fourfold degeneracy Dirac
point is constructed at the I" point by band folding. The
fourfold degeneracy Dirac point can be gapped by stretch-
ing or compressing the interstitial region among artifi-
cial atoms, resulting in a trivial or nontrivial bandgap.
For the structure with a topological phase, the k - P model
Hamiltonian around the I' point is analogous to the
Bernevig—Hughes—Zhang model in the HgTe quantum well
[60], which implies that the behavior of the C; crystal sym-
metry system is the same as that in the QSHE. This scheme
is also wildly applied to realize topological all-optical logic
gate [76], topological laser [77-79], and reconfigurable topo-
logical insulator [80-82]. However, it should be noted that
the topology in this system is protected by the crystalline
symmetry, rather than T symmetry, and any disorders that
break the Cy; symmetry would mix the two pseudospins.
In fact, the topology in the Cq crystal symmetry is fragile
[83, 84]. When the edge state is gapped, higher-order topo-
logical states (corner states) are generated in the mid-gap
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[85, 86]. The corner states are also pseudospin locked, thus
they can be selectively excited by a source field [23], as
shown in Figure 2d.

2.3 Photonic valley Hall effect

Valleytronics is a novel research area for designing the
degree of valley. Valley is referred to as the energy extrema
in reciprocal space, which often emerges at the high symme-
try point in the BZ. Due to the large mismatch in momentum,
the intervalley scattering is negligibly weak. Thus, valley is a
new degree of freedom for the transmission of information
and energy.

Photonic valley Hall insulators are usually constructed
in 2D hexagonal crystals, such as graphene, with pairs of
Dirac cones at two inequivalent corners K and K’ in the
BZ. If the T symmetry is broken, similar to the Haldane
model, a quantum Hall phase characterized by the Chern
number can be induced. If the inversion symmetry or
the mirror symmetry is broken while the T symmetry is
preserved, a valley Hall phase can be induced. Similarly,
one can define the integration of Berry curvature in the
vicinity of two valleys K and K’ as the valley Chern number
Cx/x-

In the presence of T symmetry, the Berry curvature is
constrained by the relation Q(—k) = —Q(k), where Q(k) is
the Berry curvature at momentum k, indicating that the
Chern number is always zero. Since valleys K and K’ are
related by the T symmetry, the valley Chern numbers at K
and K’ take the opposite value +1/2. At the interface formed
by two materials with opposite valley Chern numbers, there
are two gapless edge states protected by the valley Chern
number. The edge states are also referred to as the kink
states. There is no strict bulk topological invariant to illus-
trate the bulk boundary correspondence of the domain state
in the valley Hall effect. However, it is proposed that the
bulk-edge correspondence in the valley topological insula-
tor may be understood from the Weyl physics in the syn-
thetic higher dimensional space, which unveils the elusive
valley band topology [87].

T. Ma et al. first proposed the design of valley Hall
photonic topological insulator in a hexagonal crystal [88].
A nontrivial bandgap protected by a nonzero valley Chern
number emerges by changing the Si rods from a circular
shape to a triangular shape, as shown in Figure 3a. In addi-
tion to the valley degree of freedom, . W. Dong et al. take
the spin into account [89]. The spin bulk bands are split at
different valleys and achieve valley-selective net spin flow
inside the bulk crystal, as shown in Figure 3b. As discussed
in the previous section, bianisotropic metamaterials can
be utilized to engineer the pseudospin w* = TE + TM in
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photonic systems. Thus, a pseudospin photonic valley Hall
system can be designed based on bianisotropic metamate-
rials [90-93]. The experimental observation of the valley-
polarized kink state is achieved in the surface plasmon
crystal [94], where it is easy to directly observe the topo-
logical kink state by near-field mapping. The experimental
setup is shown in the upper panel of Figure 3c. As sketched
in the inset of the upper panel of Figure 3c, the sample
comprises 4 domains, whose upper and lower domains
are filled with patterns A, and the left and right domains
are filled with patterns B. The BA and AB type domain
walls are denoted by the solid and dashed lines in the inset,
respectively. By performing the spatial Fourier transfor-
mation of the experimentally scanned Ez component, the
valley-polarized kink state is mapped to the K or K’ point in
the first BZ as sketched in the lower panel of Figure 3c. Since
the kink states are valley polarized, photonic valley crystals
can also achieve topologically protected refraction from val-
ley photonic crystals to the surrounding environment [88,
93]. The waveguide dispersions for the TE and TM waves
are kpy = \/(w/c)? — (z/d)* and kpy = w/c, respectively,
where w is the angular frequency. To maintain momentum
conservation, the wavevector k in the free space should
satisfy k - e,;, = K - e,,, where K! is the selected valley in
the valley photonic crystal and e, is the vector parallel to
zigzag termination. As graphically shown in Figure 3d, there
is one solution for the TE mode but two solutions for the TM
mode, which is in good agreement with the experimental
and simulation results.

Topological photonic valley Hall systems have great
potential in device applications, such as topological on chip
communication [95, 96] and topological cavities [97-99].
Terahertz on chip communication was experimentally
achieved by Y. Yang et al. [95]. A graphene-like lattice was
designed, where each unit cell consists of two equilateral
triangular holes with unequal side lengths. Silicon plat-
form-based photonic valley Hall crystals have the merits
of high density integration and low energy loss. The experi-
mental setup is shown in Figure 3e. The experiment demon-
strates the transmission of 4 K high-definition video, where
the transfer rate is up to 11 Gbit/s at 0.335 THz. Recently,
terahertz silicon-based phototunable on-chip devices were
designed [96]. Broadband single channel communication
with 160 GBit/s and 125 GBit/s data rates in straight and
bent topological waveguides has been achieved. Further-
more, a phototunable on-chip topological demultiplexer
was designed. As shown in Figure 3f, channel 1 + 2 can be
demultiplexed into two well-isolated channels. The exper-
iments demonstrate 1.5 GBit/s real-time HD video transfer
in channel 1 and 40 GBit/s data transfer in channel 2 at the
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Figure 3: Photonic valley Hall systems. (a) Photonic band structure of the all Si triangular rod, the unit cell is shown in the inset [88]. (b) Schematic of
the valley photonic crystal. Rods with different colors have opposite bianisotropy, which break the inversion symmetry. Lower inset: The energy
dispersion for valley photonic crystal, where blue and red curves denote the energy band for the spin up and spin down, respectively [89]. (c) Direct
observation of valley polarized kink state in the surface plasmon crystals [94]. (d) Topological protected refraction of kink state to the vacuum space
[55]. (e) Robust terahertz communication based on topological kink state [95]. (f) Phototunable multi-channel on-chip terahertz communication based

on topological photonic valley crystal [96].

same time. Photoexcited channel 2 can turn off the transmis-
sion while having a negligible effect on channel 1.

3 Photonic topological semimetal

3.1 Weyl points and Dirac points

Topological semimetals are important constituents of 3D
topological phases and have attracted considerable atten-
tion due to topologically protected surface states and novel
transport phenomena [100], such as chiral anomaly [101,
102] and quantum oscillation [103]. The point, line, and sur-
face band degeneracy correspond to Weyl (Dirac), nodal

line, and nodal surface semimetals, respectively. The fun-
damental 3D degenerate band structure is the Weyl point,
which features point degeneracies between two bands in
the 3D momentum space. The Weyl point, acting like a rel-
ativistic fermionic particle, is considered as a monopole
of Berry flux in 3D momentum space carrying a nonzero
topological charge. The dispersion around the Weyl point is
linear along all three directions, which can be described by
H(k) = v(q04 + 4,0, + q,0,).

Different from the 2D Dirac cone, which can be eas-
ily removed by breaking T or parity inversion (P) sym-
metry, the single Weyl point is difficult to destroy because
the Hamiltonian of the Weyl point contains all three Pauli
matrices. The Weyl points must be created and annihilated
in pairs with opposite topological charges guaranteed by
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the Nielsen—Ninomiya theorem. The remarkable topologi-
cal property of Weyl points is the existence of surface states,
well known as Fermi arcs, connecting pairwise Weyl points
with opposite topological charges [104].

Lu et al. first proposed a scheme for realizing Weyl
semimetal in photonics [27]. The double-gyroid (DG) pho-
tonic crystal shows quadratic point degeneracy at the Bril-
louin center. In the DG photonic crystal protected by T and P
symmetry, the quadratic point is lifted into ring degeneracy
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by applying perturbation. The nodal ring is topologically
trivial, and Weyl points can be obtained by further breaking
the P or T symmetry, as shown in Figure 4a. T maps a Weyl
point at k to —k with the same chirality, while P maps a
Weyl point at k to —k with the opposite chirality. In addition,
the net chirality of Weyl points must be zero to neutralize
the whole system. Therefore, the minimal number of Weyl
points is two pairs in systems with only P symmetry break-
ing, while it is one pair in systems with only T symmetry

(c)
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Figure 4: Point degeneracy of photonic topological semimetals. (a) The band structure of the line node and Weyl points in the DG photonic crystal
[27]. (b) The observation of projected band structure in the DG photonic crystal with P-symmetry breaking [105]. (c) Schematic of magnetized

semiconductor system for realizing T-symmetry breaking Weyl points [113]. (d) The surface iso-frequency contours with quadruple-helicoid topological
surface and type-II van Hove singularity [130]. (e) Four ideal Weyl points with helicoid surface states [31]. (f) The unit cell of photonic Dirac topological
semimetal with two glide reflection symmetry [135]. (g) The band structure of the type-II Dirac point formed by band inversion [141]. (h) The unit cell of
Dirac metamaterial realizing in a photonic structure with C; symmetry [136]. (i) Schematic of the Dirac metamaterial with electromagnetic duality
symmetry [28].
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breaking. Because the T-breaking system requires an exter-
nal magnetic field and the magnetic response of existing
optical materials is limited, it is difficult to observe the Weyl
points by breaking the T symmetry. The first experimen-
tal realization of the Weyl point in a photonic system at
microwave frequencies was achieved by breaking P [105].
The P-breaking DG photonic crystal is realized by adding
an air sphere on only one of the gyroids. The dispersion
of the bulk states measured by angle-resolved transmission
presents a Weyl point along I" — H, as shown in Figure 4b.
Subsequently, E. Goi et al. present a novel route to realize
Weyl points in bio-inspired gyroid photonic crystals coated
with nanometric materials [106]. Other theoretical schemes
for achieving Weyl points by breaking the P symmetry have
also been proposed in photonic crystal superlattices [107]
and chiral metamaterials [108,109]. These schemes can stim-
ulate further research on the experimental observation of
Weyl points in the optical regime and lead to new potentials
for the manipulation of electromagnetic and quantum infor-
mation processing.

Several theoretical works for realizing T-breaking Weyl
points have also been proposed in magnetized plasma [110],
magnetic tetrahedral photonic crystals [111], and gyromag-
netic metamaterials [112]. The magnetized plasma system
has obvious advantages. The system does not involve com-
plicated structural design and fabrication and can be recon-
figured by adjusting the external field. The experimental
observation was realized in a magnetized semiconductor-
InSh, which behaves as a magnetized plasma for electro-
magnetic waves in the terahertz regime [113]. By applying
a magnetic field parallel to the sample surface, Weyl points
appear along the direction of the magnetic field. The Weyl
point was constructed in the synthetic parameter space
[k, ky,B] instead of the [k,, ky, k,] space, as shown in
Figure 4c. Very recently, a single pair of Weyl points was
observed in gyromagnetic photonic crystal with T-breaking
by applying magnetic field [29]. When adjusting the external
magnetic field strength, this gyromagnetic photonic crys-
tal will present three topological phases successively: topo-
logical trivial, Weyl semimetal, and topological nontrivial
phases.

The Weyl point is dubbed as type-II Weyl point when
the conical dispersion of the Weyl point is so strongly
tilted that the group velocity signs of the crossing band are
the same along one direction [114]. The type-II Weyl point
possesses a conical Fermi surface and its physical proper-
ties are very different from the type-I Weyl point. Type-II
Weyl points have numerous unique transport properties,
including antichiral Landau levels and anisotropic chiral
anomaly. Photonic type-II Weyl points have been realized
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in chiral metamaterials [115, 116], waveguides arrays [117],
and twisted dielectric photonic crystals [118]. Furthermore,
type-II Weyl points have also been observed in other clas-
sical systems such as acoustic crystal [119, 120] and circuit
systems [121].

Weyl points carrying multiple topological charges
higher than unity can exist in certain crystals with addi-
tional spatial symmetry [122]. The presence of both single
and multiple Weyl points was observed in photonic crystals
stacked by 2D honeycomb lattices with introducing appro-
priate interlayer couplings [123]. The double Weyl points are
protected by C; and T symmetries while triple Weyl points
are protected by C; symmetry. Subsequently, Weyl points
with a topological charge of 2 were proposed in simple
woodpile photonic crystals [124, 125]. The woodpile pho-
tonic crystal can fabricate down to the nanoscale, making
them promising platforms to achieve Weyl point and rel-
evant phenomena in the high-frequency regimes. Multiple
Weyl points in woodpile photonic crystals fabricated by two-
photon polymerization were observed in the mid-infrared
regime [126]. Research found that multiple Weyl points can
be obtained by merging unit-charge Weyl points, and the
maximal topological charge of the twofold Weyl point is four
[127-129]. Very recently, the Weyl point with the maximum
topological charge was realized in a 3D photonic crystal
with Cy 44, symmetry [130]. The quadruple spiral Fermi arcs,
which form two nonretractable loops in the surface BZ and
the optical type II van Hove singularities, have been exper-
imentally observed, as shown in Figure 4d.

Another type of Weyl point, which all Weyl points
host the same frequency and are separated from the other
bands, is dubbed ideal Weyl point [131, 132]. Such ideal Weyl
pointsin a photonic crystal have qualitative advantages. For
example, at Weyl point frequency, momentum degeneracy
is extremely reduced to discrete momentum points. In addi-
tion, the linear dispersion near Weyl points gives rise to an
effective refractive index, which can be either positive or
negative. These exotic advantages may pave new avenues
to realize novel optical devices and applications such as
frequency selectivity, positive and negative refractive index,
invisibility cloaking, and 3D imaging. The ideal Weyl point
was experimentally realized in a microwave photonic crys-
tal with saddle-shaped metallic coils [31], where the ideal
Weyl system is protected by D,; point symmetry and con-
nected by helicoidal surface states, as shown in Figure 4e.
Moreover, ideal photonic Weyl points with a charge of 2
and relevant long surface arcs have been observed in a
chiral metamaterial in the microwave regime [133]. Com-
pared with the woodpile photonic crystal that many trivial
bands locate at the multi Weyl point frequency [126], the
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ideal photonic Weyl points all existed at the same energy
frequency can further promote the development of Weyl
physics and novel optical devices.

Dirac points are the fourfold degenerate points in 3D
momentum space, representing the degeneracy of two Weyl
points with opposite topological charges [100, 134]. When
the symmetry of the system is broken, the Dirac points
can transit into charged nodal lines, Weyl points, and open
bandgap supporting gapless surface states [135, 136] or chi-
ral hinge states [137, 138]. Dirac points are mainly divided
into two categories according to their formation mech-
anism. Symmetry-enforced Dirac points are unavoidable
results of the nonsymmorphic space group of the system.
They are located at the high-symmetry points of the BZ
and are robust against perturbations. Dirac points formed
by band inversion are located at the generic moment of
the axis of rotation symmetry and always appear in pairs.
The symmetry-enforced Dirac points can be constructed
in the photonic crystal with glide reflections and inver-
sion, and its unit cell is shown in Figure 4f [135]. The Dirac
points are predicted at the high-symmetry points of the BZ.
The glide reflections also lead to exotic surface disper-
sion exhibiting quad-helicoid surface states, which has
been experimentally demonstrated in acoustic crystals
[139, 140].

Wang et al. proposed an all-dielectric photonic crystal
with screw symmetry to construct the type-II Dirac point
[141] by crossing the p and d bands, as shown in Figure 4g.
The type-II Dirac points with screw crystalline symmetry
can split into Weyl points when the space symmetry is
reduced [142]. Based on band inversion, Dirac points can
also be found in a hexagonal structure with C; or Cg sym-
metry [136, 143]. The unit cell of the photonic crystal con-
sisting of metallic split-ring resonators with C; symmetry
is depicted in Figure 4h [136]. The photonic band structure
exhibits 3D Dirac points with a finely tuning lattice struc-
ture parameter. When the upper three split-ring resonators
are removed, the photonic band structure opens a wide
bandgap, and the system enters a 3D topological insulator
phase. A similar 3D topological insulator phase can be real-
ized in an all-dielectric crystal with broken mirror symme-
try [71]. In photonic crystals, Dirac points can be achieved
by not only spatial symmetries but also electromagnetic
duality symmetry [28, 144]. Electromagnetic duality is an
intrinsic property of the Maxwell equations in vacuum and
can be utilized to realize a topological phase. Two symmetri-
cally distributed Dirac points stabilized by electromagnetic
duality symmetry have been experimentally demonstrated
in a Dirac metamaterial [28]. The unit cell consists of two
layers of metallic helical elements, as shown in Figure 4i.
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The double degenerate longitudinal modes and circularly
polarized transverse modes can be generated by fine-tuning
the structure parameter. Meanwhile, exotic spin-polarized
topological surface states have been observed at the bound-
ary between air and the Dirac metamaterial, which may
have unique advantages for spin-multiplexed topological
surface wave propagation.

3.2 Nodal lines and nodal surfaces

In addition to Weyl points and Dirac points, the band struc-
ture of semimetals has other forms, such as nodal lines
[145, 146] and nodal surfaces [147], which have much richer
topological properties. Like point degeneracy, line and sur-
face degeneracy are protected by band topology and sym-
metries. By breaking symmetry, the nodal lines and sur-
faces can be partially or fully gapped and transform into
Weyl semimetals, Dirac semimetals, or topological insula-
tors. Due to the difference in degenerate dimension, nodal
lines and nodal surfaces semimetal have more abundant
surface states and interesting physical phenomena. Accord-
ing to the shape of the degeneracy, nodal lines can exhibit
nodal rings [148], nodal chains [149], nodal links [150], and
nodal knots [151], which have much richer topologically
distinct possibilities. The nodal line possesses a key feature,
that is, the Berry phase around the nodal line is .

An hourglass nodal line with an hourglass-shaped band
dispersion protected by three glide mirror symmetries and
C, symmetry was first observed in photonic metacrystal,
which is robust against symmetry preserving perturba-
tions [152]. Recently, a scheme for nodal ring has been
proposed in DG photonic crystal [27]. The photonic nodal
rings were experimentally demonstrated in a microwave
cut-wire metacrystal with glide symmetry, whose unit cell
is shown in Figure 5a [153]. The relevant drumhead sur-
face states in the nodal ring semimetal can be observed
by near-field scanning. The 3D band structure presents a
ring degeneracy, which can transform into two Weyl points
under a static magnetic field, as plotted in Figure 5b. In
addition to the unique topological characteristics, the nodal
degeneracy and donut-shaped equi-frequency surface lead
to other interesting phenomena such as spontaneous emis-
sion, resonant scattering, and black-body radiation. Nodal
rings chained together can generate nodal chains [149],
where the Berry phase around the chain point is zero.
Nodal chains were experimentally demonstrated in a metal-
lic mesh photonic crystal, as shown in Figure 5c [154]. The
nodal chains go across the entire BZ, and the relevant struc-
tures are depicted in Figure 5d. The nodal chains protected
by mirror symmetry will be lifted when the mirror symme-
try is broken.
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Figure 5: Line and surface degeneracy of photonic topological semimetals. (a) Schematic of the microwave metacrystal and (b) the band structure of
the metacrystal with nodal ring [153]. (c) Illustration of the metallic-mesh photonic crystal and (d) nodal chains in the BZ [154]. (e) 3D model of the
charged nodal surface structure and (f) the Berry flux represented by arrows in the vicinity of charged nodal surface and Weyl point [157].

The band dispersion of the nodal surface shows a
2D band degeneracy surface in momentum space, which
exists in the system with nonsymmorphic symmetry and
T symmetry. A photonic nodal surface carrying a nonzero
topological charge was proposed in a helix structure with
twofold screw symmetry and T symmetry. Nodal surfaces
with nonzero topological charge in the classical system were
first realized in acoustic crystals [155, 156]. Subsequently,
the photonic counterpart was experimentally observed in
an electromagnetic metacrystal at microwave frequency
[157]. The metacrystal possessing twofold screw symmetry
can be fabricated by printed circuit board, as shown in
Figure 5e [157]. The nodal surface carries a topological
charge of +2 at k, = z/h, and a Weyl point hosts a topo-
logical charge of —2 at k, = 0 in the BZ, which are viewed
as the source of the Berry flux, as depicted in Figure 5f.
There are two surface states connecting the Weyl point
and the nodal surface, rotating around the Weyl point in a
counterclockwise manner as the frequency increases. The
robust unidirectional surface states have great potential on
photonic devices, which may find application in the con-
struction of one-way waveguides, optical isolators, and the
beam splitter.

3.3 Applications of topological semimetals

Topological semimetals possess topologically protected sur-
face states and novel topological transport phenomena,
which bring new potential to the manipulation of elec-
tromagnetic waves such as one-way waveguide [158], fre-
quency selectivity [132], topological self-collimation [133],
optical tweezers [159], cloaking [160], and Veselago imaging
[161]. The presence of chiral zeroth Landau levels in Dirac
and Weyl systems is the physical origin of chiral transport.
The chiral zeroth Landau level, which is a one-way prop-
agative bulk mode, can be applied for robust transport of
photons in the bulk medium [101]. Next, we give a brief
introduction to several potential applications of semimetals,
such as the generation and manipulation of vortex beams
[162], topological negative refraction [163], and surface emit-
ting lasers [164].

Cheng et al. proposed alignment-free phase plates for
the generation of vortical phase and vortex beams using the
reflection property of Weyl metamaterials [162]. The topo-
logical properties of photonic semimetals can be revealed
not only by the Fermi arc but also by the vortical phase
profile in the spin-polarized electromagnetic wave reflec-
tion. When a beam with spin angular momentum is incident
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on the Weyl metamaterial, the reflected beam will carry
additional orbital and opposite spin angular momentum,

as shown in Figure 6a. Due to the translation invariance
of Weyl metamaterials, the incident beam does not need

to be aligned at a specific position on the metamaterial.

The topological classification of the Hamiltonian and the
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scattering matrix are equivalent, and the scattering matrix
around the Weyl point is given as:
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Figure 6: Applications of photonic topological semimetals. (a) The sketch of the generation of vortex beam, (b) phase of the reflected vortex beam,
and (c) spiral surface states with projected Weyl nodes in the surface BZ [162]. (d) Unit cell of the ideal photonic Weyl metamaterial and (e) all-angle
reflectionless negative refraction [163]. (f) Schematic of topological-cavity surface-emitting laser [168]. (g) Structure of topological cavity
surface-emitting laser, where the vertical-mode is denoted by green line [168]. (h) Light-in and light-out curves of topological cavity surface-emitting

laser with different modulation amplitudes m [168].



DE GRUYTER

where 6 is the angle between the reflection measurement
plane and the z-axis. The scattering matrix operated on
the right-handed circular polarization state |R) is converted
to the light-handed circular polarization state |L) with an
extra 20 phase but the conversion from |L) to |R) without
extra phase. Therefore, an incident Gaussian beam with
polarization state |R) can be reflected into a vortex beam
with an orbital angular momentum of 2. Both numerical
simulation and experimental measurements show that the
reflected beam with right-handed elliptical incident light
has a winding reflection phase of 4, as given in Figure 6b.
The nontrivial reflection phases lead to spiral Fermi arcs
that connect the projected Weyl points in the momentum
space, as shown in Figure 6c¢. In addition, vector or vortex
beams can also be generated through the interaction of light
with photonic Dirac metamaterials [144]. In the momen-
tum space near the Dirac point, an incident beam with
right-circularly polarized or left-circularly polarized light
acquires a 2z or —2z reflection phase, leading to the genera-
tion of a vortex beam in reflection. When incident Gaussian
beams are in TE and TM polarization states, angular and
radial vector beams can be generated in reflection. The topo-
logical property of the semimetals provides a novel method
for generating vector and vortex beams. It is a much more
convenient approach than the traditional method based on
the phase element of correlation space variation.

Topological negative refraction was proposed by Liu
etal. in a Weyl phononic crystal [165]. Recently, all-
angle reflectionless negative refraction was experimentally
achieved in an ideal photonic Weyl semimetal [163]. As
shown in Figure 6d, the Weyl semimetal is constructed by
embedding a periodic metallic structure with nonsymmor-
phic symmetry into magnetized cold plasma, where a pair
of ideal Weyl points can be obtained by an external mag-
netic field. The Fermi arcs form a semicircle at the surface
by the carefully chosen surrounding medium, as shown in
Figure 6e. In contrast to conventional negative refraction,
where reflection is generally allowed, reflection is forbid-
den in topological negative refraction due to the open Fermi
arc. Therefore, topological negative refraction can theoreti-
cally collect all incident waves and be used for robust nega-
tive index flat lens.

On the other hand, a Dirac-vortex topological cavity
has been proposed based on a 2D Dirac point. Dirac-vortex
cavities experimentally realized in a silicon-on-insulator
platform have scalable mode areas, arbitrary mode degen-
eracies, vector-beam vertical emission, and compatibility
with high-index substrates [166]. Dirac-vortex fiber has been
constructed by the mid-gap defect mode of the Dirac-vortex
gap, where the number of guiding modes equals the winding
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number of the spatial vortex [167]. Recently, a Dirac-vortex
cavity was used to realize a surface-emitting laser that
exhibits 10 W peak power, sub —1° divergence angle, and 60
dB side-mode suppression, as shown in Figure 6f [168]. The
structure of the topological cavity surface-emitting laser is
shown in Figure 6g, where the topological cavity is formed
by placing an amorphous silicon photonic crystal layer on
a waveguide layer with multiple quantum wells on the InP
substrate. When the output power is below 1 W, a side-mode
suppression ratio of 55 dB and a linewidth of 0.03 nm are
obtained, as shown in the inset of Figure 6h. The light-in
and light-out curves show a continuing increase in slope
with modulation amplitude m, ranging from 0.10a to 0.22q,
as plotted in Figure 6h. The output power has a remarkably
high peak power of 10 W at 1550 nm, hosting a higher out-
put power compared to a commercial 1550 nm distributed
feedback laser. Dirac-vortex cavities can also be readily inte-
grated with topological waveguides to explore the potential
of topological photonic circuitry and provide a new method
for the design of on-chip photonic devices.

4 Non-Hermitian topological
photonics

Optical topology has found great success in the closed and
lossless systems discussed above, where the physics is char-
acterized by the Hermitian operator. One of the key assump-
tions in quantum mechanics requires the Hermiticity of
physical observables, which ensures probability conserva-
tion. As ensured by Hermitian operators, Hermitian sys-
tems host not only the realness of the eigenvalues but
also the orthogonality of a complete set of bases. However,
most physical systems are generically non-Hermitian, aris-
ing from open boundaries or gains/losses, and do not follow
this rule. Developed from an overall growth or decay of
the norm for quantum states in quantum field theory [169,
170], non-Hermitian systems are characterized by complex
eigenvalues with a nonorthogonal basis. Non-Hermitian sys-
tems in quantum mechanics are helpful to explore the loss,
finite lifetime, particle decay, and scattering problems, but
they always follow the underlying assumption in quantum
mechanics that observables of physical systems must be real
quantities.

A significant change in our cognition of non-Hermitian
occurred when Bender and Boettcher realized that a spe-
cial class of non-Hermitian Hamiltonians hosts entirely real
eigenvalues as long as they obey parity-time (PT) symme-
try [171]. The relevant non-Hermitian systems have been
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found to exist in various physical systems, including solid-
state materials, photonics [172-176], phononics [177-182],
mechanics [183, 184], and cold atoms [185, 186]. The intro-
duction of PT symmetry has special significance for optical
systems, which means that the gain and loss that reduce
the laser performance will be used as the non-Hermitian
parts of the operators to achieve a new photonic state of
matter and explore new physical phenomena. In addition,
PT symmetry is readily established by judiciously distribut-
ing the gain and loss in the photonic lattice, thus optical
systems have developed into an important platform for non-
Hermitian research. PT symmetric photonics lead to coun-
terintuitive phenomena, such as nonreciprocal light propa-
gation [187,188] and orbital angular momentum microlasers
[189].

In the last few years, due to the development of topolog-
ical photonics, the field has embarked on new topological
states and novel topological phenomena in non-Hermitian
systems. One of the most typical examples is the study of
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non-Hermitian degeneracies. For a PT symmetric Hamilto-
nian, when the non-Hermitian parameter exceeds a certain
critical threshold, the entirely real eigenvalues of the system
become complex eigenvalues with a phase transition from a
PT unbroken phase to a PT broken phase, arising from spon-
taneous symmetry breaking. The phase transition presents
a type of special degeneracy, which requires a new topologi-
calinvariant description, dubbed as exceptional points (EPs)
[190]. EPs have been explored in topological photonics with
the aim of exploring the relationship between symmetries
and topological phases in non-Hermitian systems. Many
studies have theoretically and experimentally explored EPs
with topological properties that go beyond the known Her-
mitian classifications. Recently, research has found that a
pair of EPs can be obtained by splitting a Dirac point when
radiation loss is added to a 2D periodic photonic crystal
[190], as shown in Figure 7a. The non-Hermitian effects are
characterized by a bulk Fermi arc connecting this pair of
EPs. The bulk Fermi arc, as an open-ended isofrequency
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Figure 7: Exceptional degeneracy in non-Hermitian systems. (a) A pair of EPs in a 2D periodic photonic crystal (top) [190]. Band structures in k, — k,,
plane, where Fermi arc connects a pair of EPs (bottom). (b) Third-order EP in PT symmetric coupled cavity systems [192] (top). Band structures with
complex eigenfrequencies in the parameter space, exhibiting a third-order (bottom). (c) Exceptional rings realized in a photonic crystal slab, where
complex eigenvalues exhibit exceptional rings in the 2D k-space [196]. (d) Bipartite helical wavequide array, where breaks are added to one of the
sublattices to remove the Hermiticity [209]. The projection of a pair of Weyl exceptional rings are connected by surface states.
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contour, resides at one frequency in the bulk dispersion and
originates from non-Hermiticity, distinct from the known
surface Fermi arc in 3D topological semimetals. By observ-
ing the far-field polarization around the Fermi arc, it can be
proven experimentally that EP carries a topological charge
of +1/2. These special non-Hermitian effects are rooted in
a distinct double Riemann sheet topology in the complex
band structure generated by this EP pair. Further research
found that the bifurcation properties of EPs can enhance the
sensitivity and have wide application prospects in various
sensing arrangements [191]. In addition to the EPs discussed
above, higher-order EPs (greater than second order) have
been brought into focus due to their topological proper-
ties of greater sensitivity. Recently, higher-order EPs were
observed in a PT symmetric ternary micro-ring system with
equidistantly spaced cavities, as shown in Figure 7b [192].
The third-order EP is constructed by three resonators with
resonance wavelength tuning and thermal perturbations,
where one cavity experiencing gain and another experi-
encing an equal amount of loss are separated by a neu-
tral cavity. Similar to the degeneracy in Hermitian systems,
degeneracy in 2D non-Hermitian systems can also exhibit
richer geometric features, such as exceptional rings and
exceptional surfaces [37, 193]. It has been found that a ring
of exceptional points can be constructed by adding certain
non-Hermitian perturbations to the Dirac cones [194, 195].
The theoretical proposes are realized in a photonic crys-
tal slab [196], where complex eigenvalues with exceptional
rings are supported in the 2D k-space, as shown in Figure 7c.
So far, the research on non-Hermitian degeneracies across
diversified photonic platforms has become an attractive
topic, which has witnessed a series of amazing topological
properties, such as topological chirality [197-199], unidi-
rectional invisibility [172, 187, 200], laser mode selectivity
[201, 202], lasers with reversed pump dependence [203],
and extraordinary sensitivities [192, 204-206]. In the last
few years, non-Hermiticity has been explored in 3D topo-
logical materials, including Weyl semimetals. When a non-
Hermitian perturbation is added to a Weyl semimetal, the
Weyl point will split into a ring of EPs, dubbed as the
Weyl exceptional ring, where the Berry charge remains real,
quantized and the same charge as the original Weyl point
[207, 208]. Recently, a Weyl exceptional ring was experi-
mentally realized in a 3D photonic lattice composed of an
evanescently coupled helical waveguide array [209]. The
coupled helical waveguide ensures the formation of Weyl
points, meanwhile breaks are added to one of the sublat-
tices to break the parity symmetry of the system. The Weyl
exceptional rings, rooted in the splitting of the Weyl points
by non-Hermiticity, are shown in Figure 7d, where the Fermi
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arc surface states connect the projections of the Weyl excep-
tional rings.

The topological properties of the systems, rooted in the
bulk degeneracies with nonzero topological invariants, are
represented by the appearance of boundary states around
the topological materials. It is well known as bulk-edge
correspondence, which reveals the relationship between
the topologically protected boundary states and the bulk
topological invariants in Hermitian systems. However, the
introduction of a non-Hermitian perturbation exhibits not
only exceptional degeneracies with anomalous topologi-
cal winding numbers but also breakdowns of bulk-edge
correspondence. The non-Hermitian skin effect [210-214],
where the bulk modes with open boundaries are localized
at the boundaries, challenges the existing Bloch band the-
ory and urges us to re-examine the topological theory in
non-Hermitian systems is evidence of breaking the bulk-
edge correspondence in non-Hermitian topological systems.
Recently, the non-Hermitian skin effect has been experi-
mentally realized in a non-Hermitian photonic lattice by tai-
loring the anisotropy of the nearest-neighbor coupling [210].
The hallmark of the non-Hermitian skin effect is observed,
showing an exponential localization of all modes at the
interface. Based on this unexpected effect, the researchers
demonstrated a highly efficient funnel for light, in which
any light field within the lattice would move toward the fun-
nel (interface), irrespective of its shape and input position,
as shown in Figure 8a.

There is presently an ongoing effort to promote the
application of topological properties to non-Hermitian sys-
tems, one of which is an important focus on topological
lasers. Gain and loss are common in lasers, but they are
generally unwelcome and require the use of amplification
to overcome optical loss. On the other hand, if the non-
Hermitian topological properties constructed by gain and
loss can be transplanted into lasing systems, the perfor-
mance of the laser will be revolutionized. So far, consider-
able effort has been made to overcome the collision between
topological robustness and the other physical considera-
tions in lasers. Recently, an on-chip hybrid silicon micro-
laser was proposed based on the strategic combination of
non-Hermitian and topological symmetries [215], as shown
in Figure 8b. The laser supports a protected zero mode,
where robust single-mode laser action prevails even in the
presence of perturbations. Meanwhile, another research
reported an observation of lasing topological edge states
in 1D Su-Schrieffer-Heeger active micro-ring resonator
arrays, which is nonlinear and highly non-Hermitian [216].
In addition, EPs in non-Hermitian systems are also utilized
to enrich and improve laser performance. The frequency
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Figure 8: Applications of non-Hermitian topological effect. (a) Topological funneling of light, arising from non-Hermitian skin effects [210]. (b) On-chip

hybrid silicon microlaser [215].

of EP is designed to at or very near the real axis, which
is consistent with resonant frequency at the onset of laser
emission, resulting in a number of lasing applications, such
as, single-mode lasing [201, 202, 217, 218], chiral lasing [199],
laser linewidth broadening [219, 220], loss-induced laser
revival [221], and lasing/perfect absorption switching [221].
The introduction of non-Hermitian topology is also an effec-
tive method to control the light, which has initiated many
exotic effects and applications, including light steering in
a photonic integrated circuit [222], optical nonreciprocity
in coupled optical resonators [187], and optical isolators on
a chip [222]. These results open the way to understanding
the relationship between non-Hermiticity and topology in
active systems. There is no doubt that non-Hermitian topo-
logical photonics, arising as a new field, is emerging from
many novel topological phenomena and bright application
prospects.

5 Conclusion and outlook

Although the concept of topology was transplanted from
condensed matter systems to optical systems in only a few
decades, topological photonics has made amazing progress.
Considerable efforts have been made to break through the
limitations between the bosonic and fermionic nature of
photons and electrons. To date, great success has been
achieved in the exploration and observation of novel pho-
tonic topological phases and phenomena. Hosting a rela-
tively clean band structure and flexible designability, optical
systems have gradually developed into a unique platform
for topological research and led to the development of topo-
logical physics in special fields, including nonlinear, non-
Hermitian, and non-Abelian topology. On the other hand,
the concept of topology in turn has profoundly influenced

the development of the optical field, and the relevant robust-
ness has brought great changes in the design and integration
of novel optical devices. Further advances in fundamental
research and device design in topological photonics may
unleash the potential for applications, which may radiate
to other systems, including electrons, phonons, cold atoms,
and mechanical waves. We believe that the development of
photonic topological semimetals will continue to promote
wider areas, such as communication and quantum compu-
tation, and light the pathway toward a brighter future.

Author contributions: All the authors have accepted res-
ponsibility for the entire content of this submitted
manuscript and approved submission.

Research funding: This project was funded by the
National Key Research and Development Program of
China (2022YFA1404501 and 2021YFA1400601), the National
Natural Science Fund for Distinguished Young Scholars
(11925403), and the National Natural Science Foundation of
China (12122406, 12192253, and 11974193).

Conflict of interest statement: The authors declare no con-
flicts of interest regarding this article.

References

[11 K.V.Klitzing, G. Dorda, and M. Pepper, “New method for
high-accuracy determination of the fine-structure constant based
on quantized Hall resistance,” Phys. Rev. Lett., vol. 45, no. 6,
pp. 494 —497, 1980,
D.J. Thouless, M. Kohmoto, M. P. Nightingale, and M. den Nijs,
“Quantized Hall conductance in a two-dimensional periodic
potential,” Phys. Rev. Lett., vol. 49, no. 6, pp. 405—408, 1982.
[3] Y. Hatsugai, “Chern number and edge states in the integer
quantum Hall effect,” Phys. Rev. Lett., vol. 71, no. 22,
pp. 3697—3700, 1993,

[2



DE GRUYTER

[4]

(5]

[6]

7]

(8l

[9]

(0]

1l

2]

(3]

[14]

(3]

[16]

L. Lu, J. D. Joannopoulos, and M. Soljaci¢, “Topological photonics,”
Nat. Photonics, vol. 8, no. 11, pp. 821—829, 2014.

T. Ozawa, H. M. Price, A. Amo, et al., “Topological photonics,” Rev.
Mod. Phys., vol. 91, no. 1, p. 15006, 2019.

A. B. Khanikaev and G. Shvets, “Two-dimensional topological
photonics,” Nat. Photonics, vol. 11, no. 12, pp. 763—773, 2017.

H. Liu, B. Xie, H. Cheng, J. Tian, and S. Chen, “Topological photonic
states in artificial microstructures [invited],” Chin. Opt Lett., vol. 19,
no. 5, p. 052602, 2021.

X.J. Zhang, M. Xiao, Y. Cheng, M. H. Lu, and J. Christensen,
“Topological sound,” Commun. Phys., vol. 1, p. 97, 2018.

P. Wang, L. Lu, and K. Bertoldi, “Topological phononic crystals
with one-way elastic edge waves,” Phys. Rev. Lett., vol. 115, no. 10,
p. 104302, 2015.

R. Fleury, A. B. Khanikaev, and A. Alu, “Floquet topological
insulators for sound,” Nat. Commun., vol. 7, no. 1, pp. 1—11, 2016.
S. D. Huber, “Topological mechanics,” Nat. Phys., vol. 12, no. 7,

pp. 621—623, 2016.

D. Z. Rocklin, S. Zhou, K. Sun, and X. Mao, “Transformable
topological mechanical metamaterials,” Nat. Commun., vol. 8,

pp. 1-9, 2017.

L. H. Grinberg, M. Lin, C. Harris, et al., “Robust temporal pumping
in a magneto-mechanical topological insulator,” Nat. Commun.,
vol. 11, no. 1, p. 974, 2020.

N. R. Cooper, J. Dalibard, and 1. B. Spielman, “Topological bands
for ultracold atoms,” Rev. Mod. Phys., vol. 91, no. 1, p. 15005, 2019.
H. M. Price and N. R. Cooper, “Effects of berry curvature on the
collective modes of ultracold gases,” Phys. Rev. Lett., vol. 111,

no. 22, p. 220407, 2013.

R. A. Shelby, D. R. Smith, and S. Schultz, “Experimental verification
of a negative index of refraction,” Science, vol. 292, no. 5514,

pp. 77—79, 2001.

[17] J. B. Pendry, D. Schurig, and D. R. Smith, “Controlling

(18]

(9]

[20]

[21]

[22]

[23]

[24]

electromagnetic fields,” Science, vol. 312, no. 5781,

pp. 1780—1782, 2006.

Y. Cui, L. Kang, S. Lan, S. Rodrigues, and W. Cai, “Giant chiral
optical response from a twisted-arc metamaterial,” Nano Lett.,
vol. 14, no. 2, pp. 1021-1025, 2014.

F.D. M. Haldane and S. Raghu, “Possible realization of directional
optical waveguides in photonic crystals with broken time-
reversal symmetry,” Phys. Rev. Lett., vol. 100, no. 1, pp. 1—4, 2008.
Z.Wang, Y. D. Chong, J. D. Joannopoulos, and M. Soljacic,
“Reflection-free one-way edge modes in a gyromagnetic
photonic crystal,” Phys. Rev. Lett., vol. 100, no. 1, pp. 1—4, 2008.
Z.Wang, Y. Chong, J. D. Joannopoulos, and M. Soljaci¢,
“Observation of unidirectional backscattering-immune
topological electromagnetic states,” Nature, vol. 461, no. 7265,
pp. 772—775, 2009.

M. Hafezi, E. A. Demler, M. D. Lukin, and J. M. Taylor, “Robust
optical delay lines with topological protection,” Nat. Phys., vol. 7,
no. 11, pp. 907—912, 2011.

B. Xie, G. Su, H. F. Wang, et al., “Higher-order quantum spin Hall
effect in a photonic crystal,” Nat. Commun., vol. 11, no. 1, p. 3768,
2020.

H. Xue, Y. Yang, and B. Zhang, “Topological Valley photonics :
physics and device applications,” Adv. Photonics Res., vol. 2, no. 8,
p. 2100013, 2021.

[25]

[26]

[27]

[28]

[29]

[30]

31

B2]

[33]

(34]

[35]

(36]

(37

[38]

[39]

[40]

[41]

[42]

[43]

H. Liu et al.: Photonic artificial microstructures =17

M. C. Rechtsman, J. M. Zeuner, Y. Plotnik, et al., “Photonic Floquet
topological insulators,” Nature, vol. 496, no. 7444, pp. 196 —200,
2013.

L.J. Maczewsky, J. M. Zeuner, S. Nolte, and A. Szameit,
“Observation of photonic anomalous Floquet topological
insulators,” Nat. Commun., vol. 8, no. 1, p. 13756, 2017.

L. Lu, L. Fu, ). D. Joannopoulos, and M. Solja¢i¢, “Weyl points and
line nodes in gyroid photonic crystals,” Nat. Photonics, vol. 7,

pp. 294—299, 2013.

Q. Guo, 0. You, B. Yang, et al., “Observation of three-dimensional
photonic Dirac points and spin-polarized surface arcs,” Phys. Rev.
Lett., vol. 122, no. 20, p. 203903, 2019.

G.-G. Liu, Z. Gao, Q. Wang, et al., “Topological Chern vectors in
three-dimensional photonic crystals,” Nature, vol. 609, no. 7929,
pp. 925—930, 2022.

0. Zilberberg, S. Huang, J. Guglielmon, et al., “Photonic
topological boundary pumping as a probe of 4D quantum Hall
physics,” Nature, vol. 553, no. 7686, pp. 59—62, 2018.

B. Yang, Q. Guo, B. Tremain, et al., “Ideal Weyl points and helicoid
surface states in artificial photonic crystal structures,” Science,
vol. 359, no. 6379, pp. 1013—1016, 2018.

L. Fu, C. L. Kane, and E. ). Mele, “Topological insulators in three
dimensions,” Phys. Rev. Lett., vol. 98, no. 10, p. 106803, 2007.

W. A. Benalcazar, B. A. Bernevig, and T. L. Hughes, “Electric
multipole moments, topological multipole moment pumping,
and chiral hinge states in crystalline insulators,” Phys. Rev. B,

vol. 96, no. 24, p. 245115, 2017.

A. Phys, D. Smirnova, D. Leykam, and Y. Kivshar, “Nonlinear
topological photonics,” Appl. Phys. Rev., vol. 7, no. 2, p. 021306,
2020.

D. Leykam and Y. D. Chong, “Edge solitons in nonlinear-photonic
topological insulators,” Phys. Rev. Lett., vol. 117, no. 14, pp. 1—6,
2016.

J. Tangpanitanon, V. M. Bastidas, S. Al-Assam, P. Roushan,

D. Jaksch, and D. G. Angelakis, “Topological pumping of photons
in nonlinear resonator arrays,” Phys. Rev. Lett., vol. 117, no. 21,

pp. 1-5, 2016.

H.E.Z.Hou,). 0. N.G.Y.E. O.N. L. Ee, S. H. L. Iu, and B. Zhen,
“Exceptional surfaces in PT symmetric non-Hermitian photonic
systems,” Optica, vol. 6, no. 2, pp. 190—193, 2019.

H. Wang, X. Zhang, J. Hua, D. Lei, M. Lu, and Y. Chen, “Topological
physics of non-Hermitian optics and photonics: a review,” /. Opt.,
vol. 23, no. 12, p. 123001, 2021.

M. Parto, Y. G. N. Liu, B. Bahari, M. Khajavikhan, and

D. N. Christodoulides, “Non-Hermitian and topological photonics:
optics at an exceptional point,” Front. Opt. Photonics, vol. 10, no. 1,
pp. 415—435, 2021.

X.Zhang, F. Yu, Z. Chen, Z. Tian, and H. Sun, “Non-Abelian
braiding on photonic chips,” Nat. Photonics, vol. 16, no. 5,

pp. 390—395, 2022.

Y. K. Sun, X. Zhang, F. Yu, Z. Tian, Q. Chen, and H. Sun,
“Non-Abelian Thouless pumping in photonic waveguides,” Nat.
Phys., vol. 18, no. 9, pp. 1080—1085, 2022.

E. Yang, B. Yang, O. You, et al., “Observation of non-abelian nodal
links in photonics,” Phys. Rev. Lett., vol. 125, no. 3, p. 33901, 2020.
S. Stiitzer, Y. Plotnik, Y. Lumer, et al., “Photonic topological
Anderson insulators,” Nature, vol. 560, pp. 461—465, 2018.



18 = H.Liu et al.: Photonic artificial microstructures

[44]

[45]

[46]

(471

(48]

[49]

[50]

1]

[52]

(53]

[54]

[55]

[56]

[571

[58]

[59]

[60]

[61]

[62]

[63]

[64]

G. G. Liu, Y. Yang, X. Ren, et al., “Topological anderson insulator in
disordered photonic crystals,” Phys. Rev. Lett., vol. 125, no. 13,

p. 133603, 2020.

S. A. Skirlo, L. Lu, and M. Soljaci¢, “Multimode one-way
waveguides of large Chern numbers,” Phys. Rev. Lett., vol. 113,
no. 11, pp. 1-5, 2014.

S. A. Skirlo, L. Lu, Y. Igarashi, Q. Yan, J. Joannopoulos, and

M. Soljaci¢, “Experimental observation of large Chern numbers in
photonic crystals,” Phys. Rev. Lett., vol. 115, no. 25, pp. 1—6, 2015.
C. Devescovi, M. Garcia-Diez, I. Robredo, et al., “Cubic 3D Chern
photonic insulators with orientable large Chern vectors,” Nat.
Commun., vol. 12, no. 1, p. 7330, 2021.

J. X. Fu, R.J. Liu, and Z. Y. Li, “Robust one-way modes in
gyromagnetic photonic crystal waveguides with different
interfaces,” Appl. Phys. Lett., vol. 97, no. 4, p. 041112, 2010.

J. X. Fu, J. Lian, R.]. Liu, L. Gan, and Z. Y. Li, “Unidirectional
channel-drop filter by one-way gyromagnetic photonic crystal
waveguides,” Appl. Phys. Lett., vol. 98, no. 21, pp. 96—99, 2011.

B. Bahari, A. Ndao, F. Vallini, A. El Amili, and Y. Fainman,
“Nonreciprocal lasing in topological cavities of arbitrary
geometries,” Science, vol. 358, no. 6363, pp. 636—640, 2017.

T. Biesenthal, L. . Maczewsky, Z. Yang, et al., “Fractal photonic
topological insulators,” Science, vol. 376, no. 6597, pp. 1114—1119,
2022.

Z.Yang, E. Lustig, Y. Lumer, and M. Segev, “Photonic Floquet
topological insulators in a fractal lattice,” Light Sci. Appl., vol. 9,
no. 1, p. 128, 2020.

A. Kitaev, “Anyons in an exactly solved model and beyond,” Ann.
Phys., vol. 321, no. 1, pp. 2—111, 2006.

N. P. Mitchell, L. M. Nash, D. Hexner, A. M. Turner, and

W. T. M. Irvine, “Amorphous topological insulators constructed
from random point sets,” Nat. Phys., vol. 14, no. 4, pp. 380—385,
2018.

L. Lu, H. Gao, and Z. Wang, “Topological one-way fiber of second
Chern number,” Nat. Commun., vol. 9, no. 1, pp. 1—7, 2018.

M. Lohse, C. Schweizer, H. M. Price, O. Zilberberg, and I. Bloch,
“Exploring 4D quantum Hall physics with a 2D topological charge
pump,” Nature, vol. 553, no. 7686, pp. 55—58, 2018.

P. G. Harper, “Single band motion of conduction electronsin a
uniform magnetic field,” Proc. Phys. Soc. A, vol. 68, no. 10,

pp. 874—878,1955.

C. L. Kane and E. J. Mele, “Z2 topological order and the quantum
spin hall effect,” Phys. Rev. Lett., vol. 95, no. 14, p. 146802, 2005.

C. L. Kane and E. J. Mele, “Quantum Spin hall effect in graphene,”
Phys. Rev. Lett., vol. 95, no. 22, pp. 1—4, 2005.

B. A. Bernevig, T. L. Hughes, and S. C. Zhang, “Quantum spin Hall
effect and topological phase transition in HgTe quantum wells,”
Science, vol. 314, no. 5806, pp. 1757—1761, 2006.

B. A. Bernevig and S. C. Zhang, “Quantum spin Hall effect,” Phys.
Rev. Lett., vol. 96, no. 10, p. 106802, 2006.

M. Konig, S. Wiedmann, C. Briine, et al., “Quantum spin Hall
insulator state in HgTe quantum wells,” Science, vol. 318, no. 5851,
pp. 766—770, 2007.

M. Z. Hasan and C. L. Kane, “Colloquium: topological insulators,”
Rev. Mod. Phys., vol. 82, no. 4, pp. 3045—3067, 2010.

R. Roy, “Z2 classification of quantum spin Hall systems: an
approach using time-reversal invariance,” Phys. Rev. B Condens.
Matter Mater. Phys., vol. 79, no. 19, pp. 1—4, 2009.

DE GRUYTER

[65] J. E. Moore and L. Balents, “Topological invariants of

[66]

[67]

[68]

[69]

[70]

71

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

time-reversal-invariant band structures,” Phys. Rev. B, vol. 75,
no. 12, p. 121306, 2007.

M. Hafezi, S. Mittal, J. Fan, A. Migdall, and J. M. Taylor, “Imaging
topological edge states in silicon photonics,” Nat. Photonics, vol. 7,
no. 12, pp. 1001-1005, 2013.

M. Hafezi, “Measuring topological invariants in photonic
systems,” Phys. Rev. Lett., vol. 112, no. 21, p. 210405,

2014.

S. Mittal, S. Ganeshan, J. Fan, A. Vaezi, and M. Hafezi,
“Measurement of topological invariants in a 2D photonic
system,” Nat. Photonics, vol. 10, no. 3, pp. 180—183, 2016.

A. B. Khanikaev, S. H. Mousavi, W. K. Tse, M. Kargarian,

A. H. MacDonald, and G. Shvets, “Photonic topological
insulators,” Nat. Mater., vol. 12, no. 3, pp. 233—239, 2013.

W.]. Chen, S.]. Jiang, X. D. Chen, et al., “Experimental realization
of photonic topological insulator in a uniaxial metacrystal
waveguide,” Nat. Commun., vol. 5, pp. 1—7, 2014.

A. Slobozhanyuk, S. H. Mousavi, X. Ni, D. Smirnova, Y. S. Kivshar,
and A. B. Khanikaev, “Three-dimensional all-dielectric photonic
topological insulator,” Nat. Photonics, vol. 11, no. 2, p. 130—136,
2017.

A. Slobozhanyuk, A. V. Shchelokova, X. Ni, et al., “Near-field
imaging of spin-locked edge states in all-dielectric topological
metasurfaces,” Appl. Phys. Lett., vol. 114, no. 3, p. 031103,

2019.

X. Cheng, C. Jouvaud, X. Ni, S. H. Mousavi, A. Z. Genack, and

A. B. Khanikaev, “Robust reconfigurable electromagnetic
pathways within a photonic topological insulator,” Nat. Mater.,
vol. 15, no. 5, pp. 542—548, 2016.

L. H. Wu and X. Hu, “Scheme for achieving a topological photonic
crystal by using dielectric material,” Phys. Rev. Lett., vol. 114,

no. 22, pp. 1—5, 2015.

S. Arora, T. Bauer, N. Parappurath, R. Barczyk, E. Verhagen, and
L. Kuipers, “Breakdown of spin-to-helicity locking at the
nanoscale in topological photonic crystal edge states,” Phys. Rev.
Lett., vol. 128, no. 20, p. 203903, 2022.

L. He, W. X. Zhang, and X. D. Zhang, “Topological all-optical logic
gates based on two-dimensional photonic crystals,” Opt. Express,
vol. 27, no. 18, p. 25841, 2019.

Z.Q.Yang, Z. K. Shao, H. Z. Chen, X. R. Mao, and R. M. Ma,
“Spin-momentum-locked edge mode for topological vortex
lasing,” Phys. Rev. Lett., vol. 125, no. 1, p. 013903, 2020.

X. C. Sun and X. Hu, “Topological ring-cavity laser formed by
honeycomb photonic crystals,” Phys. Rev. B, vol. 103, no. 24,

p. 245305, 2021.

Z.Shao, H. Chen, S. Wang, et al., “A high-performance topological
bulk laser based on band-inversion-induced reflection,” Nat.
Nanotechnol., vol. 15, no. 1, pp. 67—72, 2020.

[80] J.P.Xia, D. Jia, H. X. Sun, et al., “Programmable coding acoustic

(81

[82]

topological insulator,” Adv. Mater., vol. 30, no. 46, p. 1805002,
2018.

T. Cao, L. Fang, Y. Cao, N. Li, Z. Fan, and Z. Tao, “Dynamically
reconfigurable topological edge state in phase change photonic
crystals,” Sci. Bull., vol. 64, no. 12, pp. 814—822, 2019.

H. X. Wang, H. Chen, J. H. Jiang, and G. Y. Guo, “Tunable edge
states in reconfigurable photonic crystals,” J. Appl. Phys., vol. 126,
no. 19, p. 193105, 2019.



DE GRUYTER

(83]

[84]

B. Bradlyn, Z. Wang, J. Cano, and B. A. Bernevig, “Disconnected
elementary band representations, fragile topology, and Wilson
loops as topological indices: an example on the triangular
lattice,” Phys. Rev. B, vol. 99, no. 4, pp. 1—-13, 2019.

H. X. Wang, G. Y. Guo, and J. H. Jiang, “Band topology in classical
waves: wilson-loop approach to topological numbers and fragile
topology,” New J. Phys., vol. 21, no. 9, p. 093029, 2019.

[85] J. Noh, W. A. Benalcazar, S. Huang, et al., “Topological protection

[86]

[87]

[88]

of photonic mid-gap defect modes,” Nat. Photonics, vol. 12, no. 7,
pp. 408 —415, 2018.

M. Proctor, P. A. Huidobro, B. Bradlyn, et al., “Robustness of
topological corner modes in photonic crystals,” Phys. Rev. Res.,
vol. 2, no. 4, pp. 1-7, 2020.

X. Fan, T. Xia, H. Qiu, Q. Zhang, and C. Qiu, “Tracking Valley
topology with synthetic Weyl paths,” Phys. Rev. Lett., vol. 128,

no. 21, p. 216403, 2022.

T. Ma and G. Shvets, “All-Si valley-Hall photonic topological
insulator,” New J. Phys., vol. 18, no. 2, p. 025012, 2016.

[89] J. W. Dong, X. D. Chen, H. Zhu, Y. Wang, and X. Zhang, “Valley

[90]

(91

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[991

[100]

photonic crystals for control of spin and topology,” Nat. Mater.,
vol. 16, no. 3, pp. 298—302, 2017.

X. Ni, D. Purtseladze, D. A. Smirnova, A. Slobozhanyuk, A. Alu, and
A. B. Khanikaev, “Spin- and valley-polarized one-way Klein
tunneling in photonic topological insulators,” Sci. Adv., vol. 4,

no. 5, pp. 1-10, 2018.

X. D. Chen, W. M. Deng, J. C. Lu, and J. W. Dong, “Valley-controlled
propagation of pseudospin states in bulk metacrystal
waveguides,” Phys. Rev. B, vol. 97, no. 18, pp. 1-10, 2018.

Y. Kang, X. Ni, X. Cheng, A. B. Khanikaev, and A. Z. Genack,
“Pseudo-spin—valley coupled edge states in a photonic
topological insulator,” Nat. Commun., vol. 9, no. 1, p. 3029,

2018.

F. Gao, H. Xue, Z. Yang, et al., “Topologically protected refraction
of robust kink states in valley photonic crystals,” Nat. Phys.,

vol. 14, no. 2, pp. 140—144, 2018.

X. Wu, Y. Meng, J. Tian, et al., “Direct observation of
valley-polarized topological edge states in designer surface
plasmon crystals,” Nat. Commun., vol. 8, no. 1, p. 1304, 2017.
Y.Yang, Y. Yamagami, X. Yu, et al., “Terahertz topological
photonics for on-chip communication,” Nat. Photonics, vol. 14,

no. 7, pp. 446 —451, 2020.

A. Kumar, M. Gupta, P. Pitchappa, et al., “Phototunable chip-scale
topological photonics: 160 Gbps waveguide and demultiplexer
for THz 6G communication,” Nat. Commun., vol. 13, no. 1, pp. 1-9,
2022.

D. Smirnova, A. Tripathi, S. Kruk, et al., “Room-temperature lasing
from nanophotonic topological cavities,” Light Sci. Appl., vol. 9,
no. 1, p. 127, 2020.

Y. Zeng, U. Chattopadhyay, B. Zhu, et al., “Electrically pumped
topological laser with valley edge modes,” Nature, vol. 578,

no. 7794, pp. 246 —250, 2020.

Y. Li, Y. Yu, F. Liu, B. Zhang, and G. Shvets, “Topology-controlled
photonic cavity based on the near-conservation of the valley
degree of freedom,” Phys. Rev. Lett., vol. 125, no. 21, p. 213902,
2020.

N. P. Armitage, E. . Mele, and A. Vishwanath, “Weyl and Dirac
semimetals in three-dimensional solids,” Rev. Mod. Phys., vol. 90,
no. 1, p. 15001, 2018.

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

H. Liu et al.: Photonic artificial microstructures = 19

H. Jia, R. Zhang, W. Gao, et al., “Observation of chiral zero mode
in inhomogeneous three-dimensional Weyl metamaterials,”
Science, vol. 363, no. 6423, pp. 148 —151, 2019.

P. Kotetes, M. T. Mercaldo, and M. Cuoco, “Synthetic Weyl points
and chiral anomaly in majorana devices with nonstandard
andreev-bound-state spectra,” Phys. Rev. Lett., vol. 123, no. 12,

p. 126802, 2019.

T. E. O. Brien, M. Diez, and C. W. J. Beenakker, “Magnetic
breakdown and klein tunneling in a type-II Weyl semimetal,”
Phys. Rev. Lett., vol. 116, no. 23, p. 236401, 2016.

X. Wan, A. M. Turner, A. Vishwanath, and S. Y. Savrasov,
“Topological semimetal and Fermi-arc surface states in the
electronic structure of pyrochlore iridates,” Phys. Rev. B, vol. 83,
no. 20, p. 205101, 2011.

L. Lu, Z. Wang, D. Ye, et al., “Experimental observation of Weyl
points,” Science, vol. 349, no. 6248, pp. 622—624, 2015.

E. Goi, Z. Yue, B. P. Cumming, and M. Gu, “Observation of type I
photonic Weyl points in optical frequencies,” Laser Photonics Rev.,
vol. 12, no. 2, p. 1700271, 2018.

J. Bravo-Abad, L. Lu, L. Fu, H. Buljan, and M. Soljaci¢, “Weyl points
in photonic-crystal superlattices,” 2D Mater., vol. 2, no. 3,

p. 034013, 2015.

W. Gao, M. Lawrence, B. Yang, et al., “Topological photonic phase
in chiral hyperbolic metamaterials,” Phys. Rev. Lett., vol. 114, no. 3,
pp. 1-5, 2015.

M. Xiao, Q. Lin, and S. Fan, “Hyperbolic Weyl point in reciprocal
chiral metamaterials,” Phys. Rev. Lett., vol. 117, no. 5, pp. 1-5, 2016.
W. Gao, B. Yang, M. Lawrence, F. Fang, B. Béri, and S. Zhang,
“Photonic Weyl degeneracies in magnetized plasma,” Nat.
Commun., vol. 7, no. May, pp. 1—38, 2016.

Z.Yang, M. Xiao, F. Gao, L. Lu, Y. Chong, and B. Zhang, “Weyl
points in a magnetic tetrahedral photonic crystal: erratum,” Opt.
Express, vol. 25, no. 20, p. 23725, 2017.

M. Li, J. Song, and Y. Jiang, “Photonic topological Weyl
degeneracies and ideal type-I Weyl points in the gyromagnetic
metamaterials,” Phys. Rev. B, vol. 103, no. 4, p. 045307, 2021.

D. Wang, B. Yang, W. Gao, et al., “Photonic Weyl points due to
broken time-reversal symmetry in magnetized semiconductor,”
Nat. Phys., vol. 15, no. 11, pp. 1150—1155, 2019.

A. A. Soluyanov, D. Gresch, Z. Wang, et al., “Type-I1I Weyl
semimetals,” Nature, vol. 527, no. 7579, pp. 495—498, 2015.

M. Li, J. Song, and Y. Jiang, “Coexistence of topological type-II
Weyl and triply degenerate points in a chiral photonic
metamaterial,” Phys. Rev. B, vol. 105, no. 8, p. 085304, 2022.

B. Yang, Q. Guo, B. Tremain, et al., “Direct observation of
topological surface-state arcs in photonic metamaterials,” Nat.
Commun., vol. 8, no. 1, pp. 1-7, 2017.

J. Noh, S. Huang, D. Leykam, Y. D. Chong, K. P. Chen, and

M. C. Rechtsman, “Experimental observation of optical Weyl
points and Fermi arc-like surface states,” Nat. Phys., vol. 13, no. 6,
pp. 611—617, 2017.

Y. Chen, ]. Jiang, and H. Chen, “Ideal type-II Weyl points in twisted
one-dimensional dielectric photonic crystals Ideal type-I1I Weyl
points in twisted one-dimensional dielectric photonic crystals,”
Opt. Express, vol. 29, no. 24, pp. 40606 —40616, 2021.

B. Xie, H. Liu, H. Cheng, Z. Liu, S. Chen, and J. Tian, “Experimental
realization of type-II Weyl points and Fermi arcs in phononic
crystal,” Phys. Rev. Lett., vol. 122, no. 10, p. 104302, 2019.



20 = H.Liu et al.: Photonic artificial microstructures

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

X. Huang, W. Deng, F. Li, . Lu, and Z. Liu, “Ideal type-II Weyl
phase and topological transition in phononic crystals,” Phys. Rev.
Lett., vol. 124, no. 20, p. 206802, 2020.

R. Li, B. Lv, H. Tao, et al., “Ideal type-II Weyl points in topological
circuits,” Natl. Sci. Rev., vol. 8, no. 7, p. nwaa92, 2021.

C. Fang, M. J. Gilbert, X. Dai, and B. A. Bernevig, “Multi-Weyl
topological semimetals stabilized by point group symmetry,”
Phys. Rev. Lett., vol. 108, no. 26, pp. 1-5, 2012.

W. ). Chen, M. Xiao, and C. T. Chan, “Photonic crystals possessing
multiple Weyl points and the experimental observation of robust
surface states,” Nat. Commun., vol. 7, pp. 1—10, 2016.

M. Chang, M. Xiao, W. Chen, and C. T. Chan, “Multiple Weyl points
and the sign change of their topological charges in woodpile
photonic crystals,” Phys. Rev. B, vol. 95, no. 12, p. 125136, 2017.

S. Takahashi, S. Oono, S. Iwamoto, Y. Hatsugai, and Y. Arakawa,
“Circularly polarized topological edge states derived from optical
Weyl points in semiconductor-based chiral woodpile photonic
crystals,” J. Phys. Soc. Japan, vol. 87, no. 12, p. 123401, 2018.

S. Vaidya, J. Noh, A. Cerjan, C. J6rg, G. Von Freymann, and

M. C. Rechtsman, “Observation of a charge-2 photonic Weyl point
in the infrared,” Phys. Rev. Lett., vol. 125, no. 25, p. 253902,

2020.

T. Zhang, R. Takahashi, C. Fang, and S. Murakami, “Twofold
quadruple Weyl nodes in chiral cubic crystals,” Phys. Rev. B,

vol. 102, no. 12, p. 125148, 2020.

C. Cui, X. Li, D. Ma, Z. Yu, and Y. Yao, “Charge-four Weyl point :
minimum lattice model and chirality-dependent properties,”
Phys. Rev. B, vol. 104, no. 7, p. 075115, 2021.

Z.Yu, Z. Zhang, G. Liu, et al., “Encyclopedia of emergent particles
in three-dimensional crystals,” Sci. Bull., vol. 67, no. 4,

pp. 375—380, 2022.

Q. Chen, F. Chen, Q. Yan, et al., “Discovery of a maximally charged
Weyl point,” Nat. Commun., vol. 13, no. 1, pp. 1—7, 2022.

J. Ruan, S. Jian, S. Zhang, D. Xing, H. Yao, and H. Zhang,
“Symmetry-protected ideal Weyl semimetal in HgTe-class
materials,” Nat. Commun., vol. 7, no. 1, pp. 1—6, 2016.

L. Wang, S. K. Jian, and H. Yao, “Topological photonic crystal with
equifrequency Weyl points,” Phys. Rev. A, vol. 93, no. 6, p. 061801,
2016.

Y.Yang, Z. Gao, X. Feng, et al., “Ideal unconventional Weyl point
in a chiral photonic metamaterial,” Phys. Rev. Lett., vol. 125, no. 14,
p. 143001, 2020.

S. M. Young, S. Zaheer, ). C. Y. Teo, C. L. Kane, E. . Mele, and

A. M. Rappe, “Dirac semimetal in three dimensions,” Phys. Rev.
Lett., vol. 108, no. 14, pp. 1—5, 2012.

L. Lu, C. Fang, L. Fu, S. G. Johnson, J. D. Joannopoulos, and

M. Soljaci¢, “Symmetry-protected topological photonic crystal in
three dimensions,” Nat. Phys., vol. 12, no. 4, pp. 337—340,

2016.

Y.Yang, Z. Gao, H. Xue, et al., “Realization of a three-dimensional
photonic topological insulator,” Nature, vol. 565, no. 7741,

pp. 622—626, 2019.

C.Yue, Y. Xu, Z. Song, et al., “Symmetry-enforced chiral hinge
states and surface quantum anomalous Hall effect in the
magnetic axion insulator Bi2—xSmxSe3,” Nat. Phys., vol. 15, no. 6,
pp. 577—581, 2019.

H. Kim, K. Shiozaki, and S. Murakami, “Glide-symmetric magnetic
topological crystalline insulators with inversion symmetry,” Phys.
Rev. B, vol. 100, no. 16, p. 165202, 2019.

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

DE GRUYTER

H. Cheng, Y. Sha, R. Liu, C. Fang, and L. Lu, “Discovering
topological surface states of Dirac points,” Phys. Rev. Lett., vol. 124,
no. 10, p. 104301, 2020.

X. Cai, L. Ye, C. Qiu, et al., “Symmetry-enforced three-dimensional
Dirac phononic crystals,” Light Sci. Appl., vol. 9, no. 1, p. 38, 2020.
H.X. Wang, Y. Chen, Z. H. Hang, H. Y. Kee, and J. H. Jiang, “Type-II
Dirac photons,” Npj Quantum Mater., vol. 2, no. 1, pp. 1-7, 2017.
B. Xie, H. Liu, H. Cheng, Z. Liu, J. Tian, and S. Chen, “Dirac points
and the transition towards Weyl points in three-dimensional
sonic crystals,” Light Sci. Appl., vol. 9, no. 1, p. 201, 2020.

H. Wang, L. Xu, H. Chen, and J. H. Jiang, “Three-dimensional
photonic Dirac points stabilized by point group symmetry,” Phys.
Rev. B, vol. 93, no. 23, pp. 111, 2016.

Q. Guo, B. Yang, L. Xia, et al., “Three dimensional photonic Dirac
points in metamaterials,” Phys. Rev. Lett., vol. 119, no. 21,

p. 213901, 2017.

M. Xiao, X. Q. Sun, and S. Fan, “Nodal chain semimetal in
geometrically frustrated systems,” Phys. Rev. B, vol. 99, no. 9,

pp. 1-9, 2019.

A. A. Burkov, M. D. Hook, and L. Balents, “Topological nodal
semimetals,” Phys. Rev. B, vol. 84, no. 23, p. 235126, 2011.

M. Kim, D. Lee, D. Lee, and J. Rho, “Topologically nontrivial
photonic nodal surface in a photonic metamaterial,” Phys. Rev. B,
vol. 99, no. 23, p. 235423, 2019.

M. Ezawa, “Loop-nodal and point-nodal semimetals in
three-dimensional honeycomb lattices,” Phys. Rev. Lett., vol. 116,
no. 12, p. 127202, 2016.

T. Bzdu3ek, Q. Wu, A. Riiegg, M. Sigrist, and A. A. Soluyanov,
“Nodal-chain metals,” Nature, vol. 538, no. 7623, pp. 75—78, 2016.
Z.Yan, R. Bi, H. Shen, L. Lu, S. C. Zhang, and Z. Wang, “Nodal-link
semimetals,” Phys. Rev. B, vol. 96, no. 4, pp. 1—38, 2017.

R. Bi, Z. Yan, L. Lu, and Z. Wang, “Nodal-knot semimetals,” Phys.
Rev. B, vol. 96, no. 20, p. 201305, 2017.

L. Xia, Q. Guo, B. Yang, et al., “Observation of hourglass nodal
lines in photonics,” Phys. Rev. Lett., vol. 122, no. 10, p. 103903, 2019.
W. Gao, B. Yang, B. Tremain, et al., “Experimental observation of
photonic nodal line degeneracies in metacrystals,” Nat. Commun.,
vol. 9, no. 1, pp. 18, 2018.

Q. Yan, R. Liu, Z. Yan, et al., “Experimental discovery of nodal
chains,” Nat. Phys., vol. 14, pp. 461—464, 2018.

Y. Yang, J. Xia, H. Sun, et al., “Observation of a topological nodal
surface and its surface-state arcs in an artificial acoustic crystal,”
Nat. Commun., vol. 10, no. 1, p. 5185, 2019.

M. Xiao, L. Ye, C. Qiu, H. He, Z. Liu, and S. Fan, “Experimental
demonstration of acoustic semimetal with topologically charged
nodal surface,” Sci. Adv., vol. 6, no. 8, pp. 1—7, 2020.

M. Chang, M. Xiao, J. Dong, and C. T. Chan, “Observation of
surface mode arcs associated with nodal surfaces in
electromagnetic metacrystals,” /. Opt. Soc. Am. B, vol. 38, no. 10,
pp. 2953—2959, 2021.

M. Kim, W. Gao, D. Lee, et al., “Extremely broadband topological
surface states in a photonic topological metamaterial,” Adv. Opt.
Mater., vol. 7, no. 20, pp. 1—5, 2019.

Y. Yang, H. C. Chan, K. Bi, et al., “Optical forces in photonic Weyl
system,” New /. Phys., vol. 24, no. 4, p. 043019, 2022.

S. Takahashi, S. Tamaki, K. Yamashita, T. Yamaguchi, T. Ueda, and
S. Iwamoto, “Transmission properties of microwaves at an optical
Weyl point in a three-dimensional chiral photonic crystal,” Opt.
Express, vol. 29, no. 17, p. 27127, 2021.



DE GRUYTER

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

Y.Yang, Y. Bi, L. Peng, et al., “Veselago lensing with Weyl
metamaterials,” Optica, vol. 8, no. 2, p. 249, 2021.

H. Cheng, W. Gao, Y. Bi, et al., “Vortical reflection and spiraling
fermi arcs with Weyl metamaterials,” Phys. Rev. Lett., vol. 125,
no. 9, p. 93904, 2020.

Y. Liu, G. P. Wang, J. B. Pendry, and S. Zhang, “All-angle
reflectionless negative refraction with ideal photonic Weyl
metamaterials,” Light Sci. Appl., vol. 11, no. 1, p. 276, 2022.

S. Chua, L. Lu, J. Bravo-abad, J. D. Joannopoulos, and M. Solja,
“Larger-area single-mode photonic crystal surface-emitting
lasers enabled by an accidental Dirac point,” Opt. Lett., vol. 39,
no. 7, pp. 2072—2075, 2014.

H. He, C. Qiu, L. Ye, et al., “Topological negative refraction of
surface acoustic waves in a Weyl phononic crystal,” Nature,

vol. 560, no. 7716, pp. 61—64, 2018.

X. Gao, L. Yang, H. Lin, et al., “Dirac-vortex topological cavities,”
Nat. Nanotechnol., vol. 15, no. 12, pp. 1012—1018, 2020.

H. Lin and L. Lu, “Dirac-vortex topological photonic crystal fibre,”
Light Sci. Appl., vol. 9, no. 1, pp. 1—7, 2020.

L. Yang, G. Li, X. Gao, and L. Lu, “Topological-cavity
surface-emitting laser,” Nat. Photonics, vol. 16, no. 4,

pp. 279—284, 2022.

G. Gamow, “Zur Quantentheorie des Atomkernes,” Z. Phys.,

vol. 51, no. 3, pp. 204 —212, 1928.

A.). F. Siegert, “On the derivation of the dispersion formula for
nuclear reactions,” Phys. Rev., vol. 56, no. 8, p. 750, 1939.

C. M. Bender and S. Boettcher, “Real spectra in non-Hermitian
Hamiltonians having PT symmetry,” Phys. Rev. Lett., vol. 80, no. 24,
pp. 5243—5246, 1998.

Z. Lin, H. Ramezani, T. Eichelkraut, T. Kottos, H. Cao, and

D. N. Christodoulides, “Unidirectional invisibility induced by
PT-symmetric periodic structures,” Phys. Rev. Lett., vol. 106, no. 21,
pp. 1—4,2011.

A. Regensburger, C. Bersch, M. Miri, G. Onishchukov,

D. N. Christodoulides, and U. Peschel, “Parity — time synthetic
photonic lattices,” Nature, vol. 488, no. 7410, pp. 167—171, 2012.

[174] J. M. Zeuner, M. C. Rechtsman, Y. Plotnik, et al., “Observation of a

[175]

[176]

(771

[178]

[179]

[180]

[181]

topological transition in the bulk of a non-hermitian system,”
Phys. Rev. Lett., vol. 115, no. 4, pp. 1—5, 2015.

C. E. Ruter, K. G. Makris, R. El-ganainy, D. N. Christodoulides,
M. Segev, and D. Kip, “Observation of parity—time symmetry in
optics,” Nat. Phys., vol. 6, no. 3, pp. 192—195, 2010.

S. Weimann, M. Kremer, Y. Plotnik, et al., “Topologically protected
bound states in photonic parity—time-symmetric crystals,” Nat.
Mater., vol. 16, no. 4, pp. 433—438, 2017.

X. Zhu, H. Ramezani, C. Shi, J. Zhu, and X. Zhang, “PT-symmetric
acoustics,” Phys. Rev. X, vol. 4, no. 3, p. 031042, 2014.

P. Engineering, D.-K. Lyngby, V. Velasco, and M. H. Lu,
“Parity-time synthetic phononic media,” Phys. Rev. Lett., vol. 116,
no. 20, p. 207601, 2016.

M. Wang, L. Ye, J. Christensen, and Z. Liu, “Valley physics in
non-hermitian artificial acoustic boron nitride,” Phys. Rev. Lett.,
vol. 120, no. 24, p. 246601, 2018.

A. V. Poshakinskiy, A. N. Poddubny, and A. Fainstein, “Multiple
quantum wells for PT -symmetric phononic crystals,” Phys. Rev.
Lett., vol. 117, no. 22, p. 224302, 2016.

T. Liu, X. Zhu, F. Chen, S. Liang, and J. Zhu, “Unidirectional wave
vector manipulation in two-dimensional space with an all passive

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

H. Liu et al.: Photonic artificial microstructures =21

acoustic parity-time-symmetric metamaterials crystal,” Phys. Rev.
Lett., vol. 120, no. 12, p. 124502, 2018.

H. Gao, H. Xue, Z. Gu, T. Liu, J. Zhu, and B. Zhang, “Non-Hermitian
route to higher-order topology in an acoustic crystal,” Nat.
Commun., vol. 12, no. 1, pp. 1—7, 2021.

H. Schomerus, “Nonreciprocal response theory of non-Hermitian
mechanical metamaterials,” Phys. Rev. Res., vol. 2, no. 1, p. 013058,
2020.

A. Ghatak, M. Brandenbourger, ). Van Wezel, and C. Coulais,
“Observation of non-Hermitian topology and its bulk-edge
correspondence in an active mechanical metamaterial,” Proc.
Natl. Acad. Sci. U. S. A., vol. 117, no. 47, pp. 29561—29568,

2020.

L. Li, C. H. Lee, and J. Gong, “Topological switch for non-hermitian
skin effect in cold-atom systems with loss,” Phys. Rev. Lett.,

vol. 124, no. 25, p. 250402, 2020.

Q. Liang, D. Xie, Z. Dong, et al., “Dynamic signatures of
non-hermitian skin effect and topology in ultracold atoms,” Phys.
Rev. Lett., vol. 129, no. 7, p. 70401, 2022.

B. Peng, S. K. Ozdemir, F. Lei, et al., “Parity—time-symmetric
whispering-gallery microcavities,” Nat. Phys., vol. 10, no. 5,

pp. 394—398, 2014,

H. Ramezani, T. Kottos, R. El-Ganainy, and D. N. Christodoulides,
“Unidirectional nonlinear PT -symmetric optical structures,” Phys.
Rev. A, vol. 82, no. 4, p. 043803, 2010.

P. Miao, Z. Zhang, J. Sun, et al., “Orbital angular momentum
microlaser,” Science, vol. 353, no. 6298, pp. 464—467, 2016.

H. Zhou, H. Zhou, C. Peng, et al., “Observation of bulk Fermi arc
and polarization half charge from paired exceptional points,”
Science, vol. 359, no. 6379, pp. 1009—1012, 2018.

J. Zhu, S. K. Ozdemir, Y. Xiao, et al., “On-chip single nanoparticle
detection and sizing by mode splitting in an ultrahigh- Q
microresonator,” Nat. Photonics, vol. 4, no. 1, pp. 46—49,

20009.

H. Hodaei, A. U. Hassan, S. Wittek, et al., “Enhanced sensitivity at
higher-order exceptional points,” Nature, vol. 548, no. 7666,

pp. 187—191, 2017.

X. Zhang, K. Ding, X. Zhou, J. Xu, and D. Jin, “Experimental
observation of an exceptional surface in synthetic dimensions
with magnon polaritons,” Phys. Rev. Lett., vol. 123, no. 23,

p. 237202, 2019.

M. V. Berry, “Physics of nonhermitian degeneracies,” Czechoslov. .
Phys., vol. 54, no. 10, pp. 1039—1047, 2004.

A. Szameit, M. C. Rechtsman, O. Bahat-treidel, and M. Segev,
“PT-symmetry in honeycomb photonic lattices,” Phys. Rev. A,

vol. 84, no. 2, p. 021806, 2011.

B. Zhen, C. W. Hsu, Y. Igarashi, et al., “Spawning rings of
exceptional points out of Dirac cones,” Nature, vol. 525, no. 7569,
pp. 354—358, 2015.

). Doppler, A. A. Mailybaev, J. B6hm, et al., “Dynamically encircling
an exceptional point for asymmetric mode switching,” Nature,
vol. 537, no. 7618, pp. 76 —79, 2016.

H. Xu, D. Mason, L. Jiang, and J. G. E. Harris, “Topological energy
transfer in an optomechanical system with exceptional points,”
Nature, vol. 537, no. 7618, pp. 80—83, 2016.

B. Peng, S. K. Ozdemir, M. Liertzer, et al., “Chiral modes and
directional lasing at exceptional points,” Proc. Natl. Acad. Sci.,

vol. 113, no. 25, pp. 6845—6850, 2016.



22 = H.Liu et al.: Photonic artificial microstructures

[200] L.Feng,Y.Xu, W.S. Fegadolli, et al., “Experimental demonstration

[201]

[202]

[203]

[204]

of a unidirectional reflectionless parity-time metamaterial at
optical frequencies,” Nat. Mater., vol. 11, no. 12, pp. 1—6, 2012.
H. Hodaei, M. Miri, M. Heinrich, D. N. Christodoulides, and

M. Khajavikhan, “Parity-time-symmetric microring lasers,”
Science, vol. 346, no. 6212, pp. 975—978, 2014.

L. Feng, Z.). Wong, Y. Wang, and X. Zhang, “Single-mode laser by
parity-time symmetry breaking,” Science, vol. 346, no. 6212,

pp. 972—975, 2014.

S. Rotter, L. Ge, A. Cerjan, A. D. Stone, and H. E. Tureci,
“Pump-induced exceptional points in lasers,” Phys. Rev. Lett.,
vol. 108, no. 17, p. 173901, 2012.

W. Chen, S. K. Ozdemir, G. Zhao, J. Wiersig, and L. Yang,
“Exceptional points enhance sensing in an optical microcavity,”
Nature, vol. 548, no. 7666, pp. 192—196, 2017.

[205] J. Wiersig, “Sensors operating at exceptional points: general

theory,” Phys. Rev. A, vol. 93, no. 3, p. 033809, 2016.

[206] ]. Wiersig, “Enhancing the sensitivity of frequency and energy

[207]

[208]

[209]

[210]

splitting detection by using exceptional points : application to
microcavity sensors for single-particle detection,” Phys. Rev. Lett.,
vol. 112, no. 20, p. 203901, 2014.

Y. Xu, S. Wang, and L. Duan, “Weyl exceptional ringsin a
three-dimensional dissipative cold atomic gas,” Phys. Rev. Lett.,
vol. 118, no. 4, p. 045701, 2017.

A. Cerjan, M. Xiao, L. Yuan, and S. Fan, “Effects of non-Hermitian
perturbations on Weyl Hamiltonians with arbitrary topological
charges,” Phys. Rev. B, vol. 97, no. 7, p. 75128, 2018.

A. Cerjan, S. Huang, M. Wang, K. P. Chen, Y. Chong, and

M. C. Rechtsman, “Experimental realization of a Weyl
exceptional ring,” Nat. Photonics, vol. 13, no. 9, pp. 623 —628,
2019.

S. Weidemann, M. Kremer, T. Helbig, et al., “Topological
funneling of light,” Science, vol. 368, no. 6488, pp. 311—314,
2020.

[211]

[212]

[213]

[214]

[215]

[216]

DE GRUYTER

Y. Lj, C. Liang, C. Wang, C. Lu, and Y. Liu, “Gain-loss-induced
hybrid skin-topological effect,” Phys. Rev. Lett., vol. 128, no. 22,
p. 223903, 2022.

T. E. Lee, “Anomalous edge state in a non-hermitian lattice,” Phys.
Rev. Lett., vol. 116, no. 13, pp. 1—5, 2016.

S.Yao and Z. Wang, “Edge states and topological invariants of
non-hermitian systems,” Phys. Rev. Lett., vol. 121, no. 8, p. 86803,
2018.

N. Okuma, K. Kawabata, K. Shiozaki, and M. Sato, “Topological
origin of non-hermitian skin effects,” Phys. Rev. Lett., vol. 124,
no. 8, p. 86801, 2020.

H. Zhao, P. Miao, M. H. Teimourpour, et al., “Topological hybrid
silicon microlasers,” Nat. Commun., vol. 9, no. 1, pp. 1—6, 2018.
M. Parto, S. Wittek, H. Hodaei, et al., “Edge-mode lasing in 1D
topological active arrays,” Phys. Rev. Lett., vol. 120, no. 11,

p. 113901, 2018.

[217] ). A. Phys, H. Zhang, P. Han, et al., “Real frequency splitting

[218]

[219]

[220]

indirectly coupled anti-parity-time symmetric nanoparticle
sensor,” J. Appl. Phys., vol. 128, no. 13, p. 134503, 2020.

H. Zhang, R. Huang, S. Zhang, et al., “Breaking anti-PT symmetry
by spinning a resonator,” Nano Lett., vol. 20, no. 10,

pp. 7594—7599, 2020.

H. Wang, Y. H. Lai, Z. Yuan, M. G. Yuan, and K. Vahala,
“Petermann-factor sensitivity limit near an exceptional pointin a
Brillouin ring laser gyroscope,” Nat. Commun., vol. 11, no. 1,

p. 1610, 2020.

Y. Li, Y. Peng, L. Han, et al., “Anti— parity-time symmetry in
diffusive systems,” Science, vol. 364, no. 6436, pp. 170—173, 2019.

[221] ). Zhao, Y. Liu, L. Wu, C. Duan, Y. Liu, and J. Du, “Observation of

[222]

anti-PT-symmetry phase transition in the magnon-cavity-magnon
coupled system,” Phys. Rev. Appl., vol. 13, no. 1, p. 014053, 2020.

L. Chang, X. Jiang, S. Hua, et al., “Parity — time symmetry and
variable optical isolation in active — passive-coupled
microresonators,” Nat. Photonics, vol. 8, no. 7, pp. 524—529, 2014.



	1 Introduction
	2 2D photonic topological insulator
	2.1 Photonic integer quantum Hall effect
	2.2 Photonic quantum spin Hall effect
	2.3 Photonic valley Hall effect

	3 Photonic topological semimetal
	3.1 Weyl points and Dirac points
	3.2 Nodal lines and nodal surfaces
	3.3 Applications of topological semimetals

	4 Non-Hermitian topological photonics
	5 Conclusion and outlook


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


