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In the past few years, the concept of topological matter has inspired considerable research in broad areas of physics. In particular, photonic artificial microstructures like photonic crystals and metamaterials provide a unique platform to investigate topologically non-trivial physics in spin-1 electromagnetic fields. Three-dimensional (3D) topological semimetal band structures, which carry non-trivial topological charges, are fundamental to 3D topological physics. Here, we review recent progress in understanding 3D photonic topological semimetal phases and various approaches for realizing them, especially with photonic crystals or metamaterials. We review topological gapless band structures and topological surface states aroused from the non-trivial bulk topology. Weyl points, 3D Dirac points, nodal lines, and nodal surfaces of different types are discussed. We also demonstrate their application in coupling spin-polarized electromagnetic waves, anomalous reflection, vortex beams generation, bulk transport, and non-Hermitian effects.
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INTRODUCTION
In the last 2 decades, artificial microstructures including metamaterials and photonic crystals have attracted enormous interest because they provide great possibilities for manipulating optical waves. By judiciously modulating their structural parameters, novel physical phenomena and functionalities can be archived such as negative refractive index [1, 2], invisibility cloaks [3], and giant chiral response [4]. Optical metamaterials also promise an effective way for miniaturization and integration of optical devices. They have shown significant advantages in many practical application areas, such as optical holograms [5], sub-diffraction imaging [6], and the design of integrated multifunctional optical devices [7]. Over the last decade, the concept of topology has been extended from condensed matter physics to various systems including photonics, acoustics [8], mechanics [9, 10], and cold atoms [11]. As an optical dimension, topology characterizes the quantized global behavior of wave functions in contrast to other optical dimensions like amplitude, polarization, phase, or frequency. A topological phenomenon which does not change under continuous deformation can provide a robust way to control photons, yielding application in polarization control [12], lossless waveguides, lasers [13], and cavities. Based on the quantum Hall effect [14, 15], anomalous quantum Hall effect [16], quantum spin Hall effect [17], and valley Hall effect [18, 19], topological protected photonic waveguides have been proposed in the two-dimensional (2D) space, leading to the emerging research field of topological photonics [20–23].
With the development of research and experimental technique, topological photonics has further expanded to 3D [24]. Among the 3D topological states, topological semimetals have attracted much attention recently as the topological gapless phase, which possess topologically protected surface states and novel topological transport phenomena [25]. Gapless band structures such as Weyl points, spin-1 triple points, 3D Dirac points, and nodal lines or surfaces have been discussed in the photonic systems. The topological semimetal phase or gapless phase is fundamentally different from the 2D cases. Unlike the 2D Dirac points which can be easily removed if either time reversal symmetry (T) or inversion symmetry (P) is broken, the Weyl points as the fundamental band structure in 3D are stable in systems lacking T or P. Weyl points and other nodal points can carry non-trivial topological charge and give rise to topological Fermi arc surface states. Although there are a number of reviews covering the progress in topological photonics, approaches to photonic topological semimetals have been considered a minor subject of these reviews [26, 27]. Therefore, this review is focused on photonic topological semimetals and their applications.
In this review, we follow the fast progress in 3D topological photonic semimetal states. In the first part, we introduce the category of photonic semimetals, their topological invariant, and the condition to realize them. In the second part, we discuss the realization of photonic topological semimetals on approaches that use photonic crystals or metamaterials. Photonic Weyl points with T or P symmetry breaking, 3D Dirac points, nodal lines, and nodal surfaces are elucidated. In the last part, we introduce emerging applications including vector beam generation, chiral zero modes, and non-Hermitian effects.
3D TOPOLOGICAL SEMIMETAL PHASES
The milestone of topological physics dates back to the discovery of quantum Hall phases, where 2D electron gas under a perpendicular magnetic field has quantized Hall conductance [28]. Because the magnetic field broke T, electrons in the quantum Hall effect propagate one way along the boundary, generating the chiral current. Backscattering is not allowed even with large defects because the edge states are topologically protected. The quantized feature of the Hall conductance is originated from the topological Chern number as follows:
[image: image]
where [image: image] is the Berry curvature of the nth band and un is the nth eigenstate. The number of gapless edge modes inside a bandgap is determined by the difference of gap Chern number, which is the summation of all band Chern numbers below the bandgap, also known as the bulk-edge correspondence. When T is broken with magnetic field, the photonic quantum Hall effect can also emerge in photonic crystals composed of magnetoelectric or gyromagnetic materials [14, 15, 28–30]. The magnetoelectric materials have cross-coupling between electric and magnetic fields, where the constitutive relations take the form of [image: image] and [image: image]. For example, Jacobs et al. demonstrated that non-trivial band topology can be realized in Tellegen photonic crystals with a diagonal magnetoelectric response [30]. In contrast, the gyromagnetic materials do not have cross-coupling between electric and magnetic fields [14], where the permeability tensor takes the form as [image: image]. Other photonic systems also use Floquet-like couple waveguides [31] and dynamic modulation [32] to mimic the quantum Hall effect.
Although the T-broken photonic systems have excellent one-way transport properties, it is difficult to realize or industrialize. Instead, T-invariant systems utilizing the quantum spin Hall effect have provided a solution without applying magnetic field or gyromagnetic materials. The quantum spin Hall state can be viewed as two copies of the quantum Hall state for each spin. Each spin is a lock to one helical edge state. Elections with spin up or spin down will generate an edge current of counterclockwise or clockwise, or vice versa. As the Chern number of each spin cancels with each other, the total Chern number of quantum spin Hall system is trivial. The topology in the quantum spin Hall effect is characterized by the Z2 invariant [33], where the trivial and non-trivial Z2 invariants are 0 and 1, respectively. The quantum spin Hall effect has been realized with 2D array of resonators [16], photonic crystals with crystalline symmetries [17], and bianisotropy-induced photonic topological insulators [34, 35].
Now, we introduce the 3D topological semimetals and show how they relate to the non-trivial topological invariant. Weyl points acting like relativistic fermionic particles with vanishing mass are featured as point degeneracies among two bands in the 3D momentum space. Linear dispersion around the Weyl point is governed by the Weyl Hamiltonian [image: image], where [image: image] are group velocities and [image: image] are Pauli matrices. Weyl points as the most fundamental topological structure in 3D crystals, usually occurring in pairs and can be viewed as monopoles with quantized source of Berry flux. By integrating the Berry curvature in a 2D surface enclosing a Weyl point, the Chern number as the topological charge of Weyl point can be obtained. Weyl points are virtually indestructible against perturbations in a 3D momentum space, unless a pair of Weyl points with opposite topological charge annihilate with each other. The topological character of Weyl points is reflected in the appearance of topologically protected states on the surface. The equifrequency contours of the surface states are open arcs connecting the surface projections of Weyl points with opposite topological charges, which are known as the Fermi arcs, as shown in Figure 1A. Topologically protected surface states in topological semimetals are immune to a special kind of obstacles and defects, resulting in the non-reflective transmission of wave modes. For those systems with a momentum gap along the [image: image] direction, a line defect or obstruction which is translation invariant along the z direction can preserve the [image: image] wavenumber of the scattering waves, prohibiting the chiral surface modes from scattering into the bulk or other surface modes inside different momentum gaps. As shown in Figure 1B, the topological charge of a bulk Weyl node can be reflected by the connectivity of Fermi arcs according to Nielsen-Ninomiya no-go theorem. For a charge-2 Weyl point with quadratic dispersion, there are two branches of Fermi arcs connecting the Weyl point. Figure 1C shows the fourfold 3D Dirac points which are symmetry-protected Z2 monopoles in the 3D momentum space. Two branches of spin-polarized Fermi arcs can connect the Dirac point pair in the Brillouin zone. Other form of semimetal band structure has also been realized in photonics, such as nodal line [36, 37] and nodal surface [38]. The nodal line contains topological features as the Berry phase of π around the node. Recent studies have shown that nodal lines can carry a non-trivial Chern number as the Weyl points [37] or carry non-trivial Z2 charge as the 3D Dirac points [28]. Nodal surfaces can also carry non-trivial Chern number in systems with non-symmorphic symmetries and T [39].
[image: Figure 1]FIGURE 1 | (A) Pair of charge-1 Weyl points linked by a Fermi arc in the momentum space. The Weyl points have a cone-like linear dispersion. On equifrequency contour (gray plane), the surface states form an open arc linking the projection of Weyl points. (B) Charge-2 Weyl point (middle) linked with two charge-1 Weyl points. (C) A pair of 3D Dirac points as Z2 monopoles linked by two branches of Fermi arcs.
REALIZATION OF 3D PHOTONIC TOPOLOGICAL PHASES
Weyl Point With T-Breaking
Weyl points in 3D materials can be achieved by breaking either T or P. Here, we focus on the realization of photonic Weyl points achieved by the T-breaking approaches. For the Weyl points in electron systems with T-breaking, several novel topological properties are supported, such as axial anomaly [40], chiral anomaly [41, 42], gravitational anomaly [43], giant photocurrent [44], and quantum oscillation phenomena [45]. Lu et al. theoretically proposed that the breakthrough for achieving Weyl points with T- and/or P-breaking occurred in gyroid photonic crystals at infrared wavelengths. However, the realization of T-breaking in the photonic system usually relies on the magneto-optical effect, while the magneto-optical response of existing optical materials, such as ferromagnetic materials, is weak in the microwave frequencies and cannot cover the optical domain [46]. Although a considerably simple approach has been earlier proposed theoretically by Yang et al. in a magnetic tetrahedral photonic crystal [47], the experimental observation for the T-breaking Weyl point based on magnetic materials had not been realized until very recently due to the difficulty of fabricating the 3D structure in magnetic materials [48]. In addition, several theoretical works proposed recently that T could be broken in plasma [49, 50]. A new scheme shows that the plasma may support Weyl points in the T-breaking photonic system when an external magnetic field is applied [51]. Subsequently, Wang et al. experimentally observed photonic Weyl degeneracies in magnetized plasma at the terahertz regime, and the corresponding photonic Fermi arcs have also been demonstrated [52]. In this section, we review the main numerical and experimental schemes of 3D photonic topological Weyl points based on T-breaking system, including gyroid photonic crystals and magnetized plasmas.
The 3D photonic Weyl points with T-breaking were first theoretically predicted in double gyroid (DG) photonic crystals. The corresponding real-space structure in a unit cell consisting of a single gyroid (SG) and its inversion counterpart is shown in the Figure 2A [24]. The band structures of SG and DG photonic crystals are donated by red and blue lines, respectively, as shown in Figure 2B. The DG photonic crystal band structure exhibits a threefold quadratic nodal point as highlighted in green ellipses. When two air spheres are introduced in the DG photonic crystal without breaking P or T, the trivial threefold quadratic nodal point is transformed into a trivial twofold nodal ring. Starting with the twofold nodal ring, Weyl points are introduced by breaking P or T. P-breaking is done by adding an air sphere only in an SG, leading to the appearance of two pairs of Weyl points, as shown in the band structure plotted in Figure 2C. T-breaking is realized by adding an external magnetic field to the DG photonic crystal composed of a gyroelectric material. The band structure for only T-breaking is plotted in Figure 2D where only one pair of Weyl points appears in contrast to the P-breaking case. In the T-breaking system, P maps a Weyl point at k to −k with reversed chirality, while in the P-breaking system, T maps a Weyl point at k to −k with the same chirality. Because the net Berry flux integrated over the Brillouin zone must vanish, the net chirality of Weyl points must be zero. Therefore, a T-breaking system can only have one pair of Weyl points, while a P-breaking system should possess even pairs of Weyl points to neutralize the whole system. A single pair of photonic Weyl points with T broken was observed very recently based on a gyromagnetic photonic crystal operating at microwave frequencies [48]. The unit cell of the photonic crystal consisting of a gyromagnetic rod and a metallic plate perforated with holes is shown in Figure 2E. An external static magnetic field is applied along the z-axis to break T in the gyromagnetic photonic crystal. By increasing the strength of the external magnetic field, one pair of photonic Weyl points is generated and then annihilated, which means the system transits into a topological semimetal phase and then the topological insulator phase. With a 0.2 T biasing magnetic field, the band structures of one pair of ideal Weyl points with opposite topological charge at the same frequency in Brillouin zone are shown in Figure 2F. The Fermi arc connecting the surface projections of this pair of Weyl points with opposite topological charges is measured experimentally, as shown in Figure 2G. With distinct kz cases, the measured projected band structures corresponding to topological transition are shown in Figure 2H, where the Fermi arc exists only in the range of [image: image] to [image: image].
[image: Figure 2]FIGURE 2 | 3D photonic Weyl semimetals by breaking T [24]. (A) The unit cell of double gyroid (DG) photonic crystals. (B) The band dispersion of original DG photonic crystal (blue line) and single gyroid (SG) photonic crystal (red line). (C) The band structure with only P-breaking by placing one air-sphere in only one gyroid, where two pairs of Weyl points appear. (D) The band structure with only T-breaking by applying a magnetic field to the DG photonic made of gyroelectric material, where one pair of Weyl points appears. (E) The unit cell of the gyromagnetic photonic crystal [48]. (F) Simulated band structure under a magnetic field of 0.2 T. The Fermi arc is donated by a green line. (G) Measured surface projections of single pair of Weyl points and the associated Fermi arc. (H) Measured surface dispersions on the front surface for [image: image], [image: image], and [image: image], respectively. (I) Schematics of the sample with a metal grating on the top of the InSb substrate [52]. (J) Simulated band structure of the magnetized plasma with B = 0.19 T. (K) Simulated band structure with [image: image] substituted by B. (L) Experimentally measured reflection spectra.
Another experimental observation of Weyl points in the T-breaking photonic system was realized in magnetized plasma at the terahertz regime when an external magnetic field is applied. Figure 2I shows the sample with a metal grating to compensate for the phase mismatch on the top of the InSb substrate. For a semiconductor InSb, the band structure under a magnetic field strength of B = 0.19 T is plotted in Figure 2J. The band structure shows four Weyl points with opposite chiralities donated by red and blue spheres. The projected band structure around one Weyl point is shown on the right side of Figure 2J. Since magnetic field strength B behaves similarly with [image: image] in the effective Hamiltonian as well as in constructing the band structure of the Weyl points, a parameter space was constructed by scanning B, instead of [image: image], in order to facilitate the observation. The band structure constructed in the synthetic parameter space [image: image] is shown in Figure 2K, where linear dispersion demonstrates the presence of Weyl points. By varying the magnetic field strength from 0 to 1T, the reflection spectrum was measured, as shown in Figure 2L, which agrees well with the theoretical results in Figure 2K.
Weyl Points With P-breaking
P-breaking can be realized by specially designed structures, while an external or synthetic magnetic field is often required to break T. For example, using a periodic layered structure in the all-dielectric system can break only P to realize Weyl points [53]. In this section, we review Weyl points in photonic crystals and metamaterials by breaking P.
Weyl points were experimentally observed at microwave frequencies by using a 3D DG photonic crystal with broken P [54]. The P-breaking DG is shown in Figure 3A. Because T is preserved in the system, there are even pairs of Weyl points. Figure 3B shows two pairs of Weyl points in the (101) plane of the Brillouin zone. To observe the Weyl points, angle-resolved transmission measurement was used to probe the dispersions of the 3D bulk states. The bulk states of the k vectors can be excited with an incident wave with an incidence angle θ, as shown in Figure 3C. While maintaining the rotation angle of the samples [image: image], the beam scans through the upper Weyl points along [image: image]. The experimental data and calculated band structures projected along the (101) plane clearly show a type-I Weyl point along [image: image], as shown in Figure 3D. Type-I Weyl points have also been observed at optical frequencies in a photonic crystal coated with layered-composite nanometric materials [55].
[image: Figure 3]FIGURE 3 | (A) bcc cell of the P-breaking double gyroid photonic crystal [54]. (B) Two pairs of Weyl points are illustrated on the green (101) plane along Γ-H and Γ-N in the Brillouin zone. (C) The different bulk states can be excited by changing the incidence angle θ of the incident wave. (D) Experimental results of the Weyl point along the Γ-H direction. (E) Schematic diagram of the chiral woodpile structure [58]. (F) The band structure along the Y-Γ-X and the Weyl point is illustrated with a blue circle. (G) and (H) experimentally measured and simulated reflection spectra showing Weyl point for 45° polarizations, respectively. (I) The unit cell of the chiral metamaterial [63]. (J) Weyl points are denoted by red and green dots in the band structure. (K) Measured projected band diagram on the kx–kz plane. (L) Measured surface dispersion obtained by Fourier transformation. (M) Schematic diagram of the waveguide array structure [64]. (N) The dispersion diagram in the δkx–δkz plane when δkx = δky = 0 shows the type-II Weyl points and Fermi arc–like surface states. (O) Experimental results of the intensity plots at the output facet at a = 27 μm, λ = 1,525 nm, and conical diffraction demonstrates the existence of type-II Weyl points. Green circles: position of input waveguides. (P) Experimental results of the intensity plots at the output facet at a = 27 μm, λ = 1,500 nm demonstrate the presence of Fermi arc–like surface states. Green circles: position of input waveguides. (Q) Schematic diagram of the unit cell of chiral hyperbolic metamaterials [71]. (R) Surface band structure on a varying frequency kx–ky map. (S) and (T) Experimental results of the topological surface-state arcs and type-II Weyl points in the momentum space at 5.46 GHz, respectively.
If the Weyl system has additional spatial symmetries, Weyl points with higher topological charge can appear at high symmetry points in the Brillouin zone [51, 56]. Charge-2 Weyl points can exist in a chiral woodpile photonic crystal with screw symmetry [57]. Recently, a parity-breaking chiral woodpile photonic crystal fabricated by two-photon polymerization was constructed to observe a charge-2 Weyl point in the mid-infrared regime [58]. Each layer rotates [image: image] next to the neighboring layer, as shown in Figure 3E. The Weyl point with quadratic dispersion occurs at the Г point, as shown in Figure 3F; Figure 3G shows the experimental observation of charge-2 Weyl points using the angle-resolved Fourier-transform infrared spectroscopy, in contrast to the simulated angle-resolved reflection spectra in Figure 3H. With a similar woodpile structure, not only Weyl points can be realized but also negative refraction can be observed in phononic crystals [59]. Weyl points with higher topological charge are also reported in metallic photonic crystals in microwave frequencies [60], acoustic structure [61], and transition-metal monosilicides [62].
Weyl points with higher topological charge exist not only in photonic crystal but also in chiral metamaterials [63]. Topological charge-2 ideal Weyl points were reported in the chiral microwave metamaterial which has C3 rotational symmetry and time-reversal symmetry. The unit cell consists of three double-split ring resonators, as shown in Figure 3I. The Weyl points with a topological charge +2 at Γ point and −2 at A point are enforced by chiral symmetry. The band structure of the system is shown in Figure 3J. The measured projected band structure of the kx–kz plane along the high-symmetry line [image: image] shows the ideal Weyl point, as depicted in Figure 3K. The crossing bands are quadratic in the kx–ky plane and linear in the kz direction. Because the topological charge is 2, there are two Fermi arcs connecting the oppositely charged Weyl points, as shown in Figure 3L. Weyl points carrying higher topological charges have exotic topological properties; for instance, the Fermi arcs can extend over most of the Brillouin zone.
In addition to type-I Weyl points, type-II Weyl points are also observed in the experiment. The dispersion around type-II Weyl points is strongly tilted in contrast to type-I Weyl points, where the group velocities of the two crossing bands have the same sign along one direction [64]. Noh et al. observed type-II Weyl points at optical frequencies and Fermi arc–like surface states in a 3D photonic crystal structure of coupled single-mode waveguides [65]. The helical waveguides made by femtosecond direct laser writing are shown in Figure 3M. The partner Weyl point is associated with Fermi arc–like surface states, as shown in Figure 3N. When the lattice constant is a = 27 um, the conical diffraction pattern was clearly observed at the frequency of 1,525 nm, confirming the existence of type-II Weyl point, as shown in Figure 3O. The Fermi arc–like surface states in the experiment are shown in Figure 3P. Type-II Weyl points have also been found in acoustic systems [66, 67].
Another mechanism to break P is realized by combining chiral and hyperbolic properties in metamaterials [38, 68–70]. Yang et al. experimentally observed type-II Weyl points and photonic topological surface state arcs in a chiral hyperbolic metamaterial by near-field scanning measurements [71]. The cubic unit cell is shown in Figure 3Q. The unit cell has three layers as follows: the top layer is a chiral layer, the middle layer is a blank layer, and the bottom layer is a hyperbolic layer. Topological surface states connecting two pairs of Weyl points in the frequency-varying kx–ky plane are shown in Figure 3R. Topological surface state arcs and type-II Weyl points observed in the experiment are shown in Figures 3S,T, respectively. In addition, disorder in chiral hyperbolic metamaterials can induce topological state transition in the photonic Weyl system [72]. The combination of Weyl points and metamaterials has greatly enriched the field of the topological semimetal phase and brings new potential to the manipulation of electromagnetic and acoustic waves.
3D Dirac Point
Hosting a fourfold linear dispersion in the 3D momentum space, the 3D Dirac point represents the degeneracy of paired Weyl points with opposite chiralities. In photonics, fourfold degeneracy of the Dirac point can be achieved through additional symmetries, such as electromagnetic duality symmetry and space symmetries. While 3D Dirac points carry a trivial Chern number, they are [image: image] monopoles in the 3D momentum space [73]. Upon symmetry breaking, the band structure can transit into the [image: image] nodal ring, Weyl dipole, and topological bandgap supporting gapless surface states [74] or hinge states [75]. Recently, the transition from the 3D Dirac point to Weyl dipole is experimentally demonstrated in acoustics [76].
3D Dirac points can be classified into symmetry-enforced Dirac points and band inversion Dirac points according to the mechanism in forming the fourfold degeneracy. Symmetry-enforced Dirac points are unavoidable results of the non-symmorphic space group of a material. The first proposed photonic 3D Dirac photonic crystal has glide reflections in x, y, and z directions, as shown in Figure 4A [74]. The 3D Dirac points which host linear dispersions appear at high-symmetry P points of the Brillouin zone, as shown in Figure 4B. The glide symmetries together with time reversal symmetry not only stabilize the Dirac point but also prevent the anti-crossing of helicoid surface states, leading to the non-trivial band topology on the surface. As an example, quad-helicoid surface states are observed in acoustics [28, 77].
[image: Figure 4]FIGURE 4 | (A) Photonic crystal with glide reflection in x, y, and z directions [74]. (B) Band structure with a single 3D Dirac point. (C) 3D Dirac photonic crystal with screw symmetries and (D) its photonic band structure [78]. (E) 3D array of metallic split-ring resonators with 3D Dirac point [79]. (F) Band structure of the photonic crystal with the unit cells in (E). (G) Unit cell giving rise to a 3D topological bandgap through removing the top three split-ring resonators. (H) Band structure of the photonic topological insulator with the unit cells in (G). (I) Bulk and surface state dispersions of a Dirac metamaterial with electromagnetic duality symmetry [81]. Equifrequency contour at above (top-right) and below (bottom-right) the Dirac point frequency. (J) Printed circuit board unit cell and spin-polarized topological surface states of a Dirac metamaterial (K) in the real and (L) momentum space [82].
Meanwhile, band inversion 3D Dirac points have been discovered in photonics utilizing screw symmetries [78], hexagonal structures with C3 or C6 symmetry [79, 80], and electromagnetic duality symmetry [81, 82]. These 3D Dirac points lie on the generic momenta of an axis of rotation symmetry, always come in pairs, and can be eliminated through merging and pairwise annihilation. The locations of the band crossings can be continuously tuned as a function of the Hamiltonian control parameters. Figure 4C shows a type-II 3D Dirac photonic crystal with screw symmetries. Photonic Kramers double degeneracy of p and d states is generated by anti-unitary operators composed of the screw symmetry and T. The crossing of p and d states forms the fourfold degeneracy, as shown in Figure 4D. For hexagonal structures with C3 symmetry (Figure 4E), the photonic band structure exhibits frequency-isolated 3D Dirac points for fine-tuned lattice parameters, as shown in Figure 4F. When removing the upper three split-ring resonators in the unit cell, the photonic metamaterial becomes a weak insulator (Figures 4G,H), which supports the robust interface state with cone dispersion. Overall, the band inversion Dirac points are formed with less symmetry elements and may provide an option to realize strongly anisotropic dispersion.
Electromagnetic duality symmetry is an internal symmetry of the electromagnetic field [81, 82]. The realization of this symmetry requires the proportionality between permittivity and permeability tensors, which indicates that metamaterials described by the effective medium theory are preferred. Due to the electromagnetic duality, circular polarizations are the eigenstates of the system. For left-handed circularly polarized (LCP) photons, one Dirac point behaves like a sink of Berry flux, while for right-handed circularly polarized (RCP) photons, it behaves like a source. As a result, two pairs of spin-polarized surface states appear at the interface between metamaterial and air, as shown in Figure 4I. In the experiment, fine-tuned metallic helical elements are used to introduce both electric and magnetic resonances in the microwave regime, as shown in Figure 4J. The spin-polarized topological surface states in the real and momentum space were experimentally demonstrated in Figure 4K and Figure 4L, respectively. This spin–orbit coupling character may bring about a unique advantage in the manipulation of light.
Nodal Line and Nodal Surface
Nodal lines protected by P and T symmetries are treated as the 3D extrusion of 2D Dirac points. They share the same local Hamiltonian [image: image]. The Berry phase around the nodal line is π. Due to the periodicity of the Brillouin zone, a single nodal line forms a closed ring. The Berry curvature vanishes under P and T symmetries, and the nodal line is not charged. The breaking of P or T in the nodal line can give rise to the phase transition to Weyl points [24]. Nodal rings can intersect and form nodal chains under the local chain Hamiltonian [image: image] when the mass term [image: image]. Nodal chains are experimentally observed in a metallic mesh photonic crystal [83], as shown in Figure 5A. These nodal chains are protected by mirror symmetry and have little frequency variation. The linear crossing of the third and fourth bands forms the line degeneracies of nodal chains, as shown in band structures in Figures 5B,C.
[image: Figure 5]FIGURE 5 | (A) Schematic illustration for nodal chain photonic crystal [83]. (B) The bulk band structure and density of states. (C) The structure of nodal chains in the Brillouin zone. (D) Tight binding model for a charged nodal line [37]. (E) The projection of the tight binding model on the x–y plane. (F) The band structures with charged nodal lines are formed by geometric frustration. (G) Equifrequency contour on the ky–kz surface Brillouin zone. The red dot and cyan line represent the projection of the charged +2 Weyl point and the charged -2 nodal chain. (H) Schematics of a nodal surface [38]. (I) Schematic of a unit cell of the nodal surface photonic crystal. (J) Brillouin zone with the high-lighted nodal surface. (K) Surface state dispersion at [image: image] and [image: image].
To obtain a charged nodal line, X. Meng et al. considered a simple Hamiltonian [image: image] [37], where [image: image]. The Hamiltonian possesses a nodal line along the y direction as the bands are degenerate at [image: image] and exhibits linear dispersion away from this nodal line. The quantized Berry charge carried by the nodal line is 1. The tight binding model of the charged nodal line is proposed using the concept of geometric frustration, as shown in Figures 5D,E. Two types of couplings are denoted as black and yellow bonds, respectively. Black bonds occur between adjacent layers, while yellow bonds occur between next adjacent layers. Figure 5F shows the band structure of this tight binding model, where perfect flat bands of nodal chains are found. The charged nodal chains give rise to the existence of chiral edge states, as shown in Figure 5G. In addition to the nodal line with a non-trivial Chern number, the Z2 nodal line may exist in photonic crystals with glide reflection and T [28].
Nodal surfaces are degeneracies in two dimensions, as shown in Figure 5H. M. Kim et al. proposed a nodal surface metamaterial with twofold screw symmetry S2z and T [38]. The metamaterial is composed of metallic helices, as shown in Figure 5I. The hyperbolicity and chirality of the metamaterial give rise to the topologically non-trivial phase; thus, the nodal surface carries a non-trivial topological charge of Chern number. The nodal surface is formed between the first and the second bands at [image: image], as shown in Figure 5J. Surface modes exist according to the bulk–boundary correspondence, as shown in Figure 5K at [image: image] and [image: image].
APPLICATION IN MANIPULATING LIGHT
Winding Phase and Vector Beams Generation
The non-trivial topology of photonic semimetals can be revealed not only by the surface states but also by the vortical phase profile in the reflection of spin-polarized electromagnetic waves. Cheng et al. demonstrate the vortical phase and the generation of vortex beam using the reflection property of Weyl metamaterials [84]. As shown in Figure 6A, an incident Gaussian beam with left-handed polarization can be reflected into a vortex beam with right-handed polarization. The Weyl metamaterial constructed by a metallic saddle-shaped connective coil has four ideal Weyl nodes in the Brillouin zone. When light is incident with a certain elevation angle φ and varies with an azimuthal angle θ, the winding number of the scattering matrix, which is 2 in 2π of phase, is equivalent to the projected topological charge enclosed by k0sin (φ) in the surface Brillouin zone, as shown in Figure 6B. To reveal the topological property of the reflected wave, a scattering matrix combined with four s and p polarizations is measured for varying azimuthal angle θ. It has been proven that the scattering matrix is topologically equivalent to the Hamiltonian. Two microwave horn antennas are used as a transmitter and a receiver, as shown in Figure 6C. The topological feature of the Weyl metamaterial is that each eigenstate’s reflection phase winds 2π, and eigenpolarizations wind π for a full turn of rotation, as shown in Figure 6D. In an ideal case where the metamaterial and air are matched with the same impedance, the scattering matrix around the Weyl point is given as follows:
[image: image]
The scattering matrix operated on the right-handed circular polarization state [image: image] is converted to the left-handed polarization state [image: image] with and an extra 2θ phase, while the conversion from [image: image] to [image: image] is without the extra phase. Therefore, a Gaussian beam with right-handed polarization would be converted in to a vortex beam with an orbital angular momentum of 2 upon reflection. In the experiment, a right-handed elliptical incident beam described in Figure 6E would give rise to a winding reflection phase of 4π, as shown in Figure 6F. The winding phase also gives rise to the spiral Fermi arc, as shown in Figure 6G.
[image: Figure 6]FIGURE 6 | (A) Vortical mirror in Weyl metamaterial is composed of metallic saddle-shaped structure, and an incident Gaussian beam can be reflected into a vortex beam [84]. (B) Weyl nodes with arrows indicating the directions of the Berry curvatures. Cylindrical surface enclosing the Weyl points has a topological charge of 2. (C) Reflection measurement setup in a microwave. (D) Reflection phases of the eigenstates and the eigenpolarizations of the Jones matrix for incident light. (E) An incident beam with the right-handed elliptical polarization state gives rise to (F) 4π phase winding, generating a vortex beam. (G) Spiral Fermi arcs formed by reflection between the Weyl metamaterial and perfect electric conductor. (H) Reflection spectrum around a 3D Dirac metamaterial [81].
The angle-resolved reflectance spectrum also shows how a Dirac node can be decomposed into two related Weyl points with opposite topological charge [81]. As shown in Figure 6H, an anticlockwise loop in the momentum space around the Dirac point with RCP or LCP incidence acquires a 2π or −2π reflection phase, when circular polarizations are the eigenstates of the system with electromagnetic duality. Moreover, symmetrical angular and radial vector beams are generated by a Gaussian beam incidence with TE and TM polarization states. In contrast to conventional vector beam generators that rely on spatially varying phase elements, Weyl and Dirac metamaterials which are alignment-free may establish a new way to generating vector and vortex beams.
Chiral Zero Mode for Bulk Transport
Owing to the chirality of Weyl points, the Weyl or 3D Dirac crystal can support one-way chiral zero modes under a strong magnetic field, which leads to non-conservation of chiral currents known as a chiral anomaly [85, 86]. The chiral zero mode is a one-way propagative bulk mode, which can be applied for the robust transport of photons in the bulk medium. In order to generate an effective field, shifting of the Weyl point positions is applied in the metamaterial [41], as shown in Figures 7A,B. The four Weyl points rotate around the z axis when rotating the metallic coil, as shown in Figures 7C,D, generating a pseudo-gauge field. The band structure is shown in Figure 7E, Landau levels for Weyl points with positive (negative) chirality support a chiral zero mode with a positive (negative) group velocity. This feature is observed in the Fourier transform results, as shown in Figure 7F, that zeroth Landau levels are up-propagating in Weyl points Q3 and Q4 while down-going in Q1 and Q2. Overall, the Weyl system provides a platform for examining the interesting features that appear under a magnetic field. It can also be applied for the robust transport of photons in the bulk medium. The mechanism to generate pseudo-gauge field in Weyl crystals has also been applied in acoustics [87].
[image: Figure 7]FIGURE 7 | (A) Saddle-shaped metallic coil with rotation about z axis [41]. (B) Top surface of the sample. Gradient of rotational angle along the x direction generates a synthetic magnetic field along the z direction. (C) Dispersion of the Weyl metamaterial with no rotation angle. (D) The position of the Weyl point Q1 shifts as the rotation angle varies linearly with x. (E) Band structures showing Landau levels for Weyl points. (F) Experimental result for up-going (down-going) chiral zero modes around Weyl points Q3 and Q4 (Q1 and Q2).
Non-Hermitian Photonic Topological Semimetals
In the last few years, non-Hermiticity has been explored in topological materials such as topological insulators and Weyl semimetals [88, 89]. Photonic systems, which break Hermiticity through material absorption, gain, or radiative outcoupling, have a unique advantage to realize non-Hermiticity over the solid-state systems. Recently, the Weyl exceptional ring has been experimentally realized in a 3D photonic lattice composed of evanescently coupled helical waveguides [90], as shown in Figures 8A,B. The band structure of Weyl exceptional rings is shown in Figures 8C,D. To remove the Hermiticity of this system, periodic breaks are inserted into one of the two sublattices. The Weyl exceptional ring possesses quantized Berry charge–protected surface states, as shown in Figure 8E. The topological transition from Weyl points to Weyl exceptional rings is confirmed in the experiment by observing the appearance of Fermi arc surface states and the disappearance of conical diffraction for increasing break length. Various unconventional Weyl exceptional contours are also found in non-Hermitian chiral plasma, which can be achieved using metamaterials with effective constitutive parameters [91]. An unconventional Weyl point can transform into a quadratic Weyl exceptional circle, a type-I Weyl exceptional chain with one chain point, a type-II Weyl exceptional chain with two chain points, or other forms. Topological phase transition depending only on the strength of the non-Hermiticity allows for a new route to obtain tunable photonic topological materials [92].
[image: Figure 8]FIGURE 8 | (A) Bipartite helical waveguide array, where breaks have been added to one of the sublattices to remove the Hermiticity [90]. (B) Image of the output facet (left) and microscope image showing breaks added (right). (C) Band structures in the [image: image] plane possessing a Weyl nodal ring. (D) Band structures in the [image: image] plane, exhibiting two exceptional points as the nodal ring intersects the plane twice. (E) Surface states convert to connecting the projection of Weyl exceptional rings with Hermiticity broken.
PROSPECTIVE AND CONCLUSION
The study of photonic topological semimetal has been developed very rapidly. Great success has been achieved in finding new exotic features exploiting the spin-1 nature of photons. Having a great designability in structural design with composite materials, the photonic topological semimetal provides a unique platform to study the chirality or spin-related effects. The application of topology in photonic artificial microstructure also gives a new way to manipulate light. The application area may cover the robust transport, negative refraction, and vector beam generation. Based on the topological semimetal phase, the 3D topological insulator phase can be achieved through symmetry breaking. The design of photonic topological semimetal may further cover the non-linearity [93], non-Hermiticity [88], and more synthetic field or synthetic space [94]. Very recently, 3D higher order topological semimetals were proposed with topological semimetals [95–99]. We believe that the photonic topological semimetals will continue to play an important role both in the theoretical study and application.
AUTHOR CONTRIBUTIONS
BX and SC conceived the idea. BX, HL, and HW prepared the draft. All authors contributed to the discussion and revision of the manuscript.
FUNDING
This work was supported by the National Key Research and Development Program of China (2016YFA0301102 and 2017YFA0303800), the National Natural Science Fund for Distinguished Young Scholar (11925403), the National Natural Science Foundation of China (12004198, 11974193, 91856101, and 11774186), Natural Science Foundation of Tianjin for Distinguished Young Scientists (18JCJQJC45700), and the China Postdoctoral Science Foundation (2020M680850).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 1. Shelby RA, Smith DR, Schultz S. Experimental Verification of a Negative Index of Refraction. Science (2001) 292:77–9. doi:10.1126/science.1058847
 2. Smith DR, Pendry JB, Wiltshire MCK. Metamaterials and Negative Refractive index. Science (2004) 305:788–92. doi:10.1126/science.1096796
 3. Pendry JB, Schurig D, Smith DR. Controlling Electromagnetic Fields. Science (2006) 312:1780–2. doi:10.1126/science.1125907
 4. Cui Y, Kang L, Lan S, Rodrigues S, Cai W. Giant Chiral Optical Response from a Twisted-Arc Metamaterial. Nano Lett (2014) 14:1021–5. doi:10.1021/nl404572u
 5. Wen D, Yue F, Li G, Zheng G, Chan K Chen S, et al. Helicity Multiplexed Broadband Metasurface Holograms. Nat Commun (2015) 6:8241. doi:10.1038/ncomms9241
 6. Fang N, Lee H, Sun C, Zhang X. Sub-diffraction-limited Optical Imaging with a Silver Superlens. Science (2005) 308:534–7. doi:10.1126/science.1108759
 7. Chen S, Li Z, Liu W, Cheng H, Tian J. From Single‐Dimensional to Multidimensional Manipulation of Optical Waves with Metasurfaces. Adv Mater (2019) 31:1802458. doi:10.1002/adma.201802458
 8. Zhang X, Xiao M, Cheng Y, Lu M-H, Christensen J. Topological Sound. Commun Phys (2018) 1:97. doi:10.1038/s42005-018-0094-4
 9. Huber SD. Topological Mechanics. Nat Phys (2016) 12:621–3. doi:10.1038/nphys3801
 10. Ma G, Xiao M, Chan CT. Topological Phases in Acoustic and Mechanical Systems. Nat Rev Phys (2019) 1:281–94. doi:10.1038/s42254-019-0030-x
 11. Cooper NR, Dalibard J, Spielman IB. Topological Bands for Ultracold Atoms. Rev Mod Phys (2019) 91:015005. doi:10.1103/RevModPhys.91.015005
 12. Guo Y, Xiao M, Fan S. Topologically Protected Complete Polarization Conversion. Phys Rev Lett (2017) 119:1–5. doi:10.1103/PhysRevLett.119.167401
 13. Zeng Y, Chattopadhyay U, Zhu B, Qiang B, Li J Jin Y, et al. Electrically Pumped Topological Laser with valley Edge Modes. Nature (2020) 578:246–50. doi:10.1038/s41586-020-1981-x
 14. Wang Z, Chong YD, Joannopoulos JD, Soljačić M. Reflection-Free One-Way Edge Modes in a Gyromagnetic Photonic Crystal. Phys Rev Lett (2008) 100:013905. doi:10.1103/PhysRevLett.100.013905
 15. Wang Z, Chong Y, Joannopoulos JD, Soljačić M. Observation of Unidirectional Backscattering-Immune Topological Electromagnetic States. Nature (2009) 461:772–5. doi:10.1038/nature08293
 16. Mittal S, Orre VV, Leykam D, Chong YD, Hafezi M. Photonic Anomalous Quantum Hall Effect. Phys Rev Lett (2019) 123:043201. doi:10.1103/PhysRevLett.123.043201
 17. Wu L-H, Hu X. Scheme for Achieving a Topological Photonic Crystal by Using Dielectric Material. Phys Rev Lett (2015) 114:223901. doi:10.1103/PhysRevLett.114.223901
 18. Liu J-W, Shi F-L, He X-T, Tang G-J, Chen W-J Chen X-D, et al. Valley Photonic Crystals. Adv Phys X (2021) 6:1905546. doi:10.1080/23746149.2021.1905546
 19. Dong J-W, Chen X-D, Zhu H, Wang Y, Zhang X. Valley Photonic Crystals for Control of Spin and Topology. Nat Mater (2017) 16:298–302. doi:10.1038/nmat4807
 20. Lu L, Joannopoulos JD, Soljačić M, Soljačić M, Soljacic M. Topological Photonics. Nat Photon (2014) 8:821–9. doi:10.1038/nphoton.2014.248
 21. Khanikaev AB, Shvets G. Two-dimensional Topological Photonics. Nat Photon (2017) 11:763–73. doi:10.1038/s41566-017-0048-5
 22. Ozawa T, Price HM, Amo A, Goldman N, Hafezi M Lu L, et al. Topological Photonics. Rev Mod Phys (2019) 91:15006. doi:10.1103/RevModPhys.91.015006
 23. Liu H, Xie B, Cheng H, Tian J, Chen S. Topological Photonic States in Artificial Microstructures [Invited]. Chin Opt Lett. (2021) 19:052602. doi:10.3788/COL202119.052602
 24. Lu L, Fu L, Joannopoulos JD, Soljačić M. Weyl Points and Line Nodes in Gyroid Photonic Crystals. Nat Photon (2013) 7:294–9. doi:10.1038/nphoton.2013.42
 25. Armitage NP, Mele EJ, Vishwanath A. Weyl and Dirac Semimetals in Three-Dimensional Solids. Rev Mod Phys (2018) 90:015001. doi:10.1103/RevModPhys.90.015001
 26. Xie B-Y, Wang H-F, Zhu X-Y, Lu M-H, Wang ZD, Chen Y-F. Photonics Meets Topology. Opt Express (2018) 26:24531. doi:10.1364/oe.26.024531
 27. Kim M, Jacob Z, Rho J. Recent Advances in 2D, 3D and Higher-Order Topological Photonics. Light Sci Appl (2020) 9:130. doi:10.1038/s41377-020-0331-y
 28. Cheng H, Sha Y, Liu R, Fang C, Lu L. Discovering Topological Surface States of Dirac Points. Phys Rev Lett (2020) 124:104301. doi:10.1103/PhysRevLett.124.104301
 29. Raghu S, Haldane FDM. Analogs of Quantum-Hall-Effect Edge States in Photonic Crystals. Phys Rev A (2008) 78:033834. doi:10.1103/PhysRevA.78.033834
 30. Jacobs DA, Miroshnichenko AE, Kivshar YS, Khanikaev AB. Photonic Topological Chern Insulators Based on Tellegen Metacrystals. New J Phys (2015) 17:125015. doi:10.1088/1367-2630/17/12/125015
 31. Rechtsman MC, Zeuner JM, Plotnik Y, Lumer Y, Podolsky D Dreisow F, et al. .Photonic Floquet Topological Insulators. Nature (2013) 496:196–200. doi:10.1038/nature12066
 32. Fang K, Yu Z, Fan S. Realizing Effective Magnetic Field for Photons by Controlling the Phase of Dynamic Modulation. Nat Photon (2012) 6:782–7. doi:10.1038/nphoton.2012.236
 33. Fu L, Kane CL. Time Reversal Polarization and aZ2adiabatic Spin Pump. Phys Rev B (2006) 74:195312. doi:10.1103/PhysRevB.74.195312
 34. Cheng X, Jouvaud C, Ni X, Mousavi SH, Genack AZ, Khanikaev AB. Robust Reconfigurable Electromagnetic Pathways within a Photonic Topological Insulator. Nat Mater (2016) 15:542–8. doi:10.1038/nmat4573
 35. Chen W-J, Jiang S-J, Chen X-D, Zhu B, Zhou L Dong J-W, et al. .Experimental Realization of Photonic Topological Insulator in a Uniaxial Metacrystal Waveguide. Nat Commun (2014) 5:5782. doi:10.1038/ncomms6782
 36. Burkov AA, Hook MD, Balents L. Topological Nodal Semimetals. Phys Rev B (2011) 84:235126. doi:10.1103/PhysRevB.84.235126
 37. Xiao M, Sun X-Q, Fan S. Nodal Chain Semimetal in Geometrically Frustrated Systems. Phys Rev B (2019) 99:094206. doi:10.1103/PhysRevB.99.094206
 38. Kim M, Lee D, Lee D, Rho J. Topologically Nontrivial Photonic Nodal Surface in a Photonic Metamaterial. Phys Rev B (2019) 99:235423. doi:10.1103/PhysRevB.99.235423
 39. Yang Y, Xia J-p., Sun H-x, Ge Y, Jia D Yuan S-q, et al. Observation of a Topological Nodal Surface and its Surface-State Arcs in an Artificial Acoustic crystal. Nat Commun (2019) 10:5185. doi:10.1038/s41467-019-13258-3
 40. Liu C-X, Ye P, Qi X-L. Chiral Gauge Field and Axial Anomaly in a Weyl Semimetal. Phys Rev B (2013) 87:235306. doi:10.1103/PhysRevB.87.235306
 41. Jia H, Zhang R, Gao W, Guo Q, Yang B Hu J, et al. Observation of Chiral Zero Mode in Inhomogeneous Three-Dimensional Weyl Metamaterials. Science (2019) 363:148–51. doi:10.1126/science.aau7707
 42. Kotetes P, Mercaldo MT, Cuoco M. Synthetic Weyl Points and Chiral Anomaly in Majorana Devices with Nonstandard Andreev-Bound-State Spectra. Phys Rev Lett (2019) 123:126802. doi:10.1103/PhysRevLett.123.126802
 43. Gooth J, Niemann AC, Meng T, Grushin AG, Landsteiner K Gotsmann B, et al. Experimental Signatures of the Mixed Axial-Gravitational Anomaly in the Weyl Semimetal NbP. Nature (2017) 547:324–7. doi:10.1038/nature23005
 44. Kharzeev DE, Kikuchi Y, Meyer R, Tanizaki Y. Giant Photocurrent in Asymmetric Weyl Semimetals from the Helical Magnetic Effect. Phys Rev B (2018) 98:014305. doi:10.1103/PhysRevB.98.014305
 45. O’Brien TE, Diez M, Beenakker CWJ. Magnetic Breakdown and Klein Tunneling in a Type-II Weyl Semimetal. Phys Rev Lett (2016) 116:236401. doi:10.1103/PhysRevLett.116.236401
 46. Onbasli MC, Beran L, Zahradník M, Kučera M, Antoš R Mistrík J, et al. Optical and Magneto-Optical Behavior of Cerium Yttrium Iron Garnet Thin Films at Wavelengths of 200-1770 Nm. Sci Rep (2016) 6:23640. doi:10.1038/srep23640
 47. Yang Z, Xiao M, Gao F, Lu L, Chong Y, Zhang B. Weyl Points in a Magnetic Tetrahedral Photonic crystal. Opt Express (2017) 25:15772. doi:10.1364/OE.25.015772
 48. Liu G-G, Gao Z, Zhou P, Wang Q, Hu Y Wang M, et al. Observation of Weyl point Pair Annihilation in a Gyromagnetic Photonic Crystal. arXiv (2021). Available at: http://arxiv.org/abs/2106.02461 (Accessed June 03, 2021). 
 49. Jin D, Lu L, Wang Z, Fang C, Joannopoulos JD Soljačić M, et al. Topological Magnetoplasmon. Nat Commun (2016) 7:7. doi:10.1038/ncomms13486
 50. Zhang S, Xiong Y, Bartal G, Yin X, Zhang X. Magnetized Plasma for Reconfigurable Subdiffraction Imaging. Phys Rev Lett (2011) 106:243901. doi:10.1103/PhysRevLett.106.243901
 51. Gao W, Yang B, Lawrence M, Fang F, Béri B, Zhang S. Photonic Weyl Degeneracies in Magnetized Plasma. Nat Commun (2016) 7:12435. doi:10.1038/ncomms12435
 52. Wang D, Yang B, Gao W, Jia H, Yang Q Chen X, et al. Photonic Weyl Points Due to Broken Time-Reversal Symmetry in Magnetized Semiconductor. Nat Phys (2019) 15:1150–5. doi:10.1038/s41567-019-0612-7
 53. Bravo-Abad J, Lu L, Fu L, Buljan H, Soljačić M. Weyl Points in Photonic-crystal Superlattices. 2d Mater (2015) 2:034013. doi:10.1088/2053-1583/2/3/034013
 54. Lu L, Wang Z, Ye D, Ran L, Fu L Joannopoulos JD, et al. Experimental Observation of Weyl Points. Science (2015) 349:622–4. doi:10.1126/science.aaa9273
 55. Goi E, Yue Z, Cumming BP, Gu M. Observation of Type I Photonic Weyl Points in Optical Frequencies. Laser Photon Rev (2018) 12:1700271. doi:10.1002/lpor.201700271
 56. Chang M-L, Xiao M, Chen W-J, Chan CT. Multiple Weyl Points and the Sign Change of Their Topological Charges in Woodpile Photonic Crystals. Phys Rev B (2017) 95:125136. doi:10.1103/PhysRevB.95.125136
 57. Takahashi S, Oono S, Iwamoto S, Hatsugai Y, Arakawa Y. Circularly Polarized Topological Edge States Derived from Optical Weyl Points in Semiconductor-Based Chiral Woodpile Photonic Crystals, J Phys Soc Jpn , 87 (2018). 1234013–7. doi:10.7566/JPSJ.87.123401
 58. Vaidya S, Noh J, Cerjan A, Jörg C, von Freymann G, Rechtsman MC. Observation of a Charge-2 Photonic Weyl Point in the Infrared. Phys Rev Lett (2020) 125:253902. doi:10.1103/PhysRevLett.125.253902
 59. He H, Qiu C, Ye L, Cai X, Fan X Ke M, et al. Topological Negative Refraction of Surface Acoustic Waves in a Weyl Phononic crystal. Nature (2018) 560:61–4. doi:10.1038/s41586-018-0367-9
 60. Chen W-J, Xiao M, Chan CT. Photonic Crystals Possessing Multiple Weyl Points and the Experimental Observation of Robust Surface States. Nat Commun (2016) 7:13038. doi:10.1038/ncomms13038
 61. He H, Qiu C, Cai X, Xiao M, Ke M Zhang F, et al. Observation of Quadratic Weyl Points and Double-Helicoid Arcs. Nat Commun (2020) 11:1820. doi:10.1038/s41467-020-15825-5
 62. Zhang T, Song Z, Alexandradinata A, Weng H, Fang C Lu L, et al. Double-Weyl Phonons in Transition-Metal Monosilicides. Phys Rev Lett (2018) 120:016401. doi:10.1103/PhysRevLett.120.016401
 63. Yang Y, Gao Z, Feng X, Huang Y-X, Zhou P Yang SA, et al. Ideal Unconventional Weyl Point in a Chiral Photonic Metamaterial. Phys Rev Lett (2020) 125:143001. doi:10.1103/PhysRevLett.125.143001
 64. Soluyanov AA, Gresch D, Wang Z, Wu Q, Troyer M Dai X, et al. Type-II Weyl Semimetals. Nature (2015) 527:495–8. doi:10.1038/nature15768
 65. Noh J, Huang S, Leykam D, Chong YD, Chen KP, Rechtsman MC. Experimental Observation of Optical Weyl Points and Fermi Arc-like Surface States. Nat Phys (2017) 13:611–7. doi:10.1038/nphys4072
 66. Xie B, Liu H, Cheng H, Liu Z, Chen S, Tian J. Experimental Realization of Type-II Weyl Points and Fermi Arcs in Phononic Crystal. Phys Rev Lett (2019) 122:104302. doi:10.1103/PhysRevLett.122.104302
 67. Yang Z, Zhang B. Acoustic Type-II Weyl Nodes from Stacking Dimerized Chains. Phys Rev Lett (2016) 117:224301. doi:10.1103/PhysRevLett.117.224301
 68. Gao W, Lawrence M, Yang B, Liu F, Fang F Béri B, et al. Topological Photonic Phase in Chiral Hyperbolic Metamaterials. Phys Rev Lett (2015) 114:037402. doi:10.1103/PhysRevLett.114.037402
 69. Kim M, Gao W, Lee D, Ha T, Kim TT Zhang S, et al. Extremely Broadband Topological Surface States in a Photonic Topological Metamaterial. Adv Opt Mater. (2019) 7:1900900. doi:10.1002/adom.201900900
 70. Xiao M, Lin Q, Fan S. Hyperbolic Weyl Point in Reciprocal Chiral Metamaterials. Phys Rev Lett (2016) 117:057401. doi:10.1103/PhysRevLett.117.057401
 71. Yang B, Guo Q, Tremain B, Barr LE, Gao W Liu H, et al. Direct Observation of Topological Surface-State Arcs in Photonic Metamaterials. Nat Commun (2017) 8:97. doi:10.1038/s41467-017-00134-1
 72. Liu C, Gao W, Yang B, Zhang S. Disorder-Induced Topological State Transition in Photonic Metamaterials. Phys Rev Lett (2017) 119:183901. doi:10.1103/PhysRevLett.119.183901
 73. Yang B-J, Nagaosa N. Classification of Stable Three-Dimensional Dirac Semimetals with Nontrivial Topology. Nat Commun (2014) 5:4898. doi:10.1038/ncomms5898
 74. Lu L, Fang C, Fu L, Johnson SG, Joannopoulos JD, Soljačić M. Symmetry-protected Topological Photonic crystal in Three Dimensions. Nat Phys (2016) 12:337–40. doi:10.1038/nphys3611
 75. Yue C, Xu Y, Song Z, Weng H, Lu Y-M Fang C, et al. Symmetry-enforced Chiral Hinge States and Surface Quantum Anomalous Hall Effect in the Magnetic Axion Insulator Bi2-xSmxSe3. Nat Phys (2019) 15:577–81. doi:10.1038/s41567-019-0457-0
 76. Xie B, Liu H, Cheng H, Liu Z, Tian J, Chen S. Dirac Points and the Transition towards Weyl Points in Three-Dimensional Sonic Crystals. Light Sci Appl (2020) 9:201. doi:10.1038/s41377-020-00416-2
 77. Cai X, Ye L, Qiu C, Xiao M, Yu R Ke M, et al. Symmetry-enforced Three-Dimensional Dirac Phononic Crystals. Light Sci Appl (2020) 9:38. doi:10.1038/s41377-020-0273-4
 78. Wang H-X, Chen Y, Hang ZH, Kee H-Y, Jiang J-H. Type-II Dirac Photons. Npj Quant Mater (2017) 2:54. doi:10.1038/s41535-017-0058-z
 79. Yang Y, Gao Z, Xue H, Zhang L, He M Yang Z, et al. Realization of a Three-Dimensional Photonic Topological Insulator. Nature (2019) 565:622–6. doi:10.1038/s41586-018-0829-0
 80. Wang H, Xu L, Chen H, Jiang J-H. Three-dimensional Photonic Dirac Points Stabilized by point Group Symmetry. Phys Rev B (2016) 93:235155. doi:10.1103/PhysRevB.93.235155
 81. Guo Q, Yang B, Xia L, Gao W, Liu H Chen J, et al. Three Dimensional Photonic Dirac Points in Metamaterials. Phys Rev Lett (2017) 119:213901. doi:10.1103/PhysRevLett.119.213901
 82. Guo Q, You O, Yang B, Sellman JB, Blythe E Liu H, et al. Observation of Three-Dimensional Photonic Dirac Points and Spin-Polarized Surface Arcs. Phys Rev Lett (2019) 122:203903. doi:10.1103/PhysRevLett.122.203903
 83. Yan Q, Liu R, Yan Z, Liu B, Chen H Wang Z, et al. Experimental Discovery of Nodal Chains. Nat Phys (2018) 14:461–4. doi:10.1038/s41567-017-0041-4
 84. Cheng H, Gao W, Bi Y, Liu W, Li Z Guo Q, et al. Vortical Reflection and Spiraling Fermi Arcs with Weyl Metamaterials. Phys Rev Lett (2020) 125:093904. doi:10.1103/PhysRevLett.125.093904
 85. Huang X, Zhao L, Long Y, Wang P, Chen D Yang Z, et al. Observation of the Chiral-Anomaly-Induced Negative Magnetoresistance in 3D Weyl Semimetal TaAs. Phys Rev X (2015) 5:031023. doi:10.1103/PhysRevX.5.031023
 86. Xiong J, Kushwaha SK, Liang T, Krizan JW, Hirschberger M Wang W, et al. Evidence for the Chiral Anomaly in the Dirac Semimetal Na₃Bi. Science (2015) 350:413–6. doi:10.1126/science.aac6089
 87. Peri V, Serra-Garcia M, Ilan R, Huber SD. Axial-field-induced Chiral Channels in an Acoustic Weyl System. Nat Phys (2019) 15:357–61. doi:10.1038/s41567-019-0415-x
 88. El-Ganainy R, Makris KG, Khajavikhan M, Musslimani ZH, Rotter S, Christodoulides DN. Non-Hermitian Physics and PT Symmetry. Nat Phys (2018) 14:11–9. doi:10.1038/nphys4323
 89. Bergholtz EJ, Budich JC, Kunst FK. Exceptional Topology of Non-hermitian Systems. Rev Mod Phys (2021) 93:15005. doi:10.1103/RevModPhys.93.015005
 90. Cerjan A, Huang S, Wang M, Chen KP, Chong Y, Rechtsman MC. Experimental Realization of a Weyl Exceptional Ring. Nat Photon (2019) 13:623–8. doi:10.1038/s41566-019-0453-z
 91. Yan Q, Chen Q, Zhang L, Xi R, Chen H, Yang Y. Unconventional Weyl Exceptional Contours in Non-hermitian Photonic Continua. arXiv (2021). Available at: http://arxiv.org/abs/2108.00841 (Accessed August 02, 2021).
 92. Cerjan A, Xiao M, Yuan L, Fan S. Effects of Non-hermitian Perturbations on Weyl Hamiltonians with Arbitrary Topological Charges. Phys Rev B (2018) 97:1–10. doi:10.1103/PhysRevB.97.075128
 93. Zangeneh-nejad F, Fleury R. Nonlinear Second-Order Topological Insulators. Phys Rev Lett (2019) 123:53902. doi:10.1103/PhysRevLett.123.053902
 94. Fan X, Qiu C, Shen Y, He H, Xiao M Ke M, et al. Probing Weyl Physics with One-Dimensional Sonic Crystals. Phys Rev Lett (2019) 122:136802. doi:10.1103/PhysRevLett.122.136802
 95. Ezawa M. Higher-Order Topological Insulators and Semimetals on the Breathing Kagome and Pyrochlore Lattices. Phys Rev Lett (2018) 120:26801. doi:10.1103/PhysRevLett.120.026801
 96. Lin M, Hughes TL. Topological Quadrupolar Semimetals. Phys Rev B (2018) 98:241103. doi:10.1103/PhysRevB.98.241103
 97. Wieder BJ, Wang Z, Cano J, Dai X, Schoop LM Bradlyn B, et al. Strong and Fragile Topological Dirac Semimetals with Higher-Order Fermi Arcs. Nat Commun (2020) 11:627. doi:10.1038/s41467-020-14443-5
 98. Ezawa M. Second-order Topological Insulators and Loop-Nodal Semimetals in Transition Metal Dichalcogenides XTe2 (X = Mo, W). Sci Rep (2019) 9:5286. doi:10.1038/s41598-019-41746-5
 99. Wang H-X, Lin Z-K, Jiang B, Guo G-Y, Jiang J-H. Higher-Order Weyl Semimetals. Phys Rev Lett (2020) 125:146401. doi:10.1103/PhysRevLett.125.146401
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Xie, Liu, Wang, Cheng, Tian and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/inline_33.gif





OPS/images/inline_32.gif





OPS/images/inline_35.gif





OPS/images/inline_34.gif





OPS/images/inline_3.gif
B = jiH + (E





OPS/images/inline_29.gif





OPS/images/inline_31.gif
H (k]

xOx + K:0; + K)K,0,





OPS/images/inline_30.gif







OPS/images/inline_27.gif
H (k]

xOx + (Kyk; + m; )0,






OPS/images/inline_26.gif
Oy + K-0>






OPS/images/inline_28.gif





OPS/images/logo.jpg
’ frontiers
In Physics





OPS/images/inline_23.gif





OPS/images/inline_22.gif





OPS/images/inline_25.gif
/5





OPS/images/inline_24.gif
/5





OPS/images/inline_2.gif
D =€E + yH





OPS/images/inline_21.gif





OPS/images/inline_20.gif





OPS/images/inline_17.gif





OPS/images/inline_16.gif





OPS/images/inline_19.gif





OPS/images/inline_18.gif
Ky, Ky, B





OPS/images/math_1.gif
[0





OPS/images/inline_9.gif





OPS/images/inline_13.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		A Review of Topological Semimetal Phases in Photonic Artificial Microstructures		Introduction

		3D Topological Semimetal Phases

		Realization of 3D Photonic Topological Phases		Weyl Point With T-Breaking

		Weyl Points With P-breaking

		3D Dirac Point

		Nodal Line and Nodal Surface





		Application in Manipulating Light		Winding Phase and Vector Beams Generation

		Chiral Zero Mode for Bulk Transport

		Non-Hermitian Photonic Topological Semimetals





		Prospective and Conclusion

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/inline_12.gif





OPS/images/inline_15.gif





OPS/images/inline_14.gif





OPS/images/math_2.gif
cosf sinf

sinf

—cos

|

@





OPS/images/inline_11.gif





OPS/images/inline_10.gif





OPS/images/inline_8.gif





OPS/images/crossmark.jpg
©

|





OPS/images/fphy-09-771481-g005.gif





OPS/images/fphy-09-771481-g006.gif





OPS/images/fphy-09-771481-g003.gif





OPS/images/inline_38.gif





OPS/images/fphy-09-771481-g004.gif





OPS/images/inline_1.gif





OPS/images/fphy-09-771481-g007.gif





OPS/images/fphy-09-771481-g008.gif





OPS/images/inline_5.gif
H =v.ky0, +v,Kky0, + V:K.0;





OPS/images/cover.jpg
* frontiers
in Physics

A Review of Topological
Semimetal Phases in Photonic
Artificial Microstructures





OPS/images/inline_42.gif





OPS/images/inline_7.gif
Ox,
-





OPS/images/inline_6.gif





OPS/images/fphy-09-771481-g001.gif
Tmy





OPS/images/inline_4.gif
4k 0
~ix @ 0
0 0 u,





OPS/images/fphy-09-771481-g002.gif





OPS/images/inline_39.gif





OPS/images/inline_41.gif





OPS/images/inline_40.gif





OPS/images/inline_37.gif





OPS/images/inline_36.gif





