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Abstract: Axions, hypothetical elementary particles still undetectable in nature, can arise as 38 

quasiparticles in three-dimensional crystals known as axion insulators. Previous implementations 39 

of axion insulators have been largely limited to two-dimensional systems, leaving their topological 40 

properties in three dimensions unexplored in experiment. Here, we realize an axion insulator in a 41 

three-dimensional photonic crystal and probe its topological properties. Demonstrated unique 42 

features include half-quantized Chern numbers on each surface that resembles a fractional Chern 43 

insulator, unidirectional chiral hinge states forming topological transport in three dimensions, and 44 

arithmetic operations between fractional and integer Chern numbers. Our work experimentally 45 

establishes the axion insulator as a three-dimensional topological phase of matter, and enables 46 

chiral states to form complex, unidirectional three-dimensional networks through braiding. 47 

 48 

Main Text: The hypothetical axionic particles, originally proposed to solve the strong charge-49 

parity (CP) problem in the Standard Model and later predicted to constitute dark matter, still remain 50 

elusive from detection in nature (1-7). However, it is now understood that axions can emerge as 51 

collective excitations, or quasiparticles, in certain crystals known as axion insulators (AXIs) (8). 52 

Like their elementary counterparts, these quasiparticles are governed by an axion field, which 53 

introduces an additional term 𝜃E⋅B (where 𝜃 is the axion angle defined modulo 2π and E, B are 54 

the electric and magnetic fields, respectively) into the electromagnetic Lagrangian, leading to 55 

“axion electrodynamics” with modified Maxwell’s equations (9). In the crystal environment, the 56 

axion field can be quantized to act as a topological invariant that characterizes three-dimensional 57 

(3D) band topology, suggesting AXIs as a strong 3D topological phase of matter (10). 58 

First we compare a 3D axion insulator with the paradigmatic two-dimensional (2D) Chern 59 

insulator that is well-known for its integer quantization (11, 12). The 2D Chern insulator (Fig. 1A) 60 

is characterized by a bulk integer Chern number (C = −1 in the illustration), which dictates the 61 

number of chiral states propagating unidirectionally around the edges. 62 

The 3D AXI (Fig. 1, B and C), on the other hand, is characterized by a quantized axion angle 63 

𝜃 = 𝜋 in the bulk, which induces a half-quantized Chern number Cs=±1/2 on all surfaces (13, 14). 64 

Each surface thus behaves as a fractional Chern insulator (15–23) (recently discovered lattice 65 

analogues of the fractional quantum Hall effect), but not relying on strong inter-particle 66 

correlations. The half-quantization gives rise to the following physical signatures. Firstly, along 67 

each hinge between two adjacent surfaces with opposite half-quantized Chern numbers Cs=±1/2, 68 

an integer (unit) number of chiral states arise (Fig. 1B), giving rise to topological chiral transport 69 

in 3D space. Secondly, if a 2D Chern insulator with an integer Chern number C= −1 is attached to 70 

the top surface of the 3D AXI, the half-quantized Chern number will be changed from Cs=+1/2 to 71 

Cs=−1/2 (Fig. 1C), thus redirecting the flow of chiral states (24).  72 

An ideal AXI shows potential for achieving topological transport in 3D (13, 14, 24) and 73 

enabling physical operations between integer and fractional Chern numbers (Fig. 1, B and C). 74 

However, previously AXIs were predominantly implemented either on a 2D interface (25–29), 75 

such as between a 3D topological insulator and a ferromagnet, or in quasi-2D thin film geometries 76 

of intrinsic magnetic materials such as MnBi2Te4 (30–32).  77 

We report the experimental realization of an AXI in a 3D photonic crystal. The crystal 78 

comprises a 3D stack of 2D photonic Chern insulators (photonic crystal implementations of Chern 79 

insulators (33)) with alternating Chern numbers of ±1 (34) (Fig. 2A). With mirror-reflection 80 



 

symmetry along z-axis, the crystal behaves as a photonic antiferromagnetic topological insulator 81 

(34), with side surfaces exhibiting a single surface Dirac cone—a long-sought feature for 3D 82 

photonic topological insulators (35). When the mirror-reflection symmetry along z-axis is broken 83 

(36), the crystal becomes an ideal AXI (14), characterized by a bulk axion angle 𝜃 = 𝜋 and gapped 84 

surfaces possessing surface Chern numbers of Cs=±1/2. Through near-field microwave 85 

measurements, we map the chiral hinge states between adjacent surfaces with opposite surface 86 

Chern numbers, thus obtaining direct evidence for the “surface Chern insulator” behaviour (36). 87 

We also demonstrate the redirection of the flow of chiral states due to the change in the surface 88 

Chern number from +1/2 to −1/2 by adding a layer with C=−1 from another photonic Chern 89 

insulator, confirming the interplay between fractional and integer Chern numbers. Further 90 

substantiating topological transport in 3D, we demonstrate the intricate braiding of chiral states to 91 

form a variety of 3D unidirectional networks, including knots and links, which cannot be projected 92 

to 2D. 93 

 94 

Photonic single surface Dirac cone 95 

To construct the antiferromagnetic stacking (Fig. 2A), we consider the tight-binding model 96 

(Fig. 2B) consisting of stacked 2D Haldane model layers with alternating magnetic flux directions 97 

(i.e., alternating Chern numbers of ±1), with adjacent layers coupled through alternating interlayer 98 

hoppings tz1 and tz2 (see supplementary text for more details of the tight-binding model (37)). 99 

Initially, we set tz1 = tz2 to preserve the mirror-reflection symmetry along the z-axis. This symmetry 100 

produces a nontrivial mirror Chern number that protects a single surface Dirac cone on the zigzag 101 

side surfaces in a finite sample (38), while the top and bottom surfaces remain gapped (see 102 

supplementary text and fig. S1 for more detailed calculations (37)). 103 

The 3D tight binding model can be implemented in a 3D photonic crystal (Fig. 2C), in which 104 

the designed unit cell of the photonic crystal is composed of two gyromagnetic rods, sandwiched 105 

between and biased by two pairs of permanent magnets alongside two metallic plates perforated 106 

with holes. Triangular holes located at two sets of inequivalent corners of the hexagonal unit cell 107 
are perforated onto the metallic plates with side lengths of b1 and b2 to enable interlayer coupling. 108 

By ensuring b1 = b2, mirror-reflection symmetry is maintained along the z-axis. These adjacent 109 

gyromagnetic rods are magnetically biased in opposite directions to achieve the antiferromagnetic 110 

configuration (30), which gaps the 3D Dirac point in the photonic crystal and opens a complete 111 

bulk bandgap from 11.19 to 12.58 GHz (see fig. S5 for details (37)). Surface states in the zigzag 112 

side surfaces exhibit a single Dirac cone, protected by the nontrivial mirror Chern number (see 113 

supplementary text and figs. S6 to S8 for the topological invariant calculation and band simulation 114 

(37)). Such a photonic single surface Dirac cone has been long sought after for 3D photonic 115 

topological insulators (35). 116 

Following this design, we construct the experimental sample shown in Fig. 2, D to F. To 117 

probe the surface states, the A1 surface of the photonic crystal (parallel to the x-z plane; see Fig. 118 

2G) is covered with copper cladding to prevent wave leakage into the surrounding environment, 119 

while the other surfaces are wrapped with microwave absorbers. A point source is placed near the 120 

center of the A1 surface to excite surface states. The field distributions are mapped using a near-121 

field scanning probe (see supplementary text (37)) and then Fourier-transformed to obtain the 122 

surface dispersion contour. The measured surface states form a single Dirac cone near 11.66 GHz 123 



 

(Fig. 2H), which is in excellent agreement with theoretical predictions and simulations (see fig. 124 

S1B and fig. S6A). 125 

 126 

Design of photonic Axion insulator 127 

We then break the mirror-reflection symmetry along the z-axis by setting tz1 ≠ tz2 in the tight-128 

binding model. In the photonic crystal design, this can be achieved by adjusting the hole sizes to 129 

make b1 ≠ b2, for example, b1 = 10 mm, b2 = 5 mm (Fig. 3A). In this scenario, the photonic crystal 130 

becomes an AXI, with: (1) its bulk characterized by the axion angle 𝜃 = 𝜋, (2) all surfaces being 131 

gapped and possessing a half surface Chern number of Cs = ±1/2, and (3) chiral hinge states 132 

spanning 11.53 GHz to 12.35 GHz (see supplementary text and figs. S2 to S6 for more details with 133 

tight binding analysis and numerical simulations (37)). Intuitively, the half-quantized surface 134 

Chern number on the side surfaces can be understood to arise from gapping the single surface 135 

Dirac cone, similar to the previous surface gapping in 3D topological insulators (25–29, 39, 40). 136 

The half surface Chern number on the top and bottom surfaces requires further analysis, which can 137 

be found in fig. S4, fig. S6 and fig. S8. 138 

 139 

Measurements of chiral hinge states 140 

To measure the chiral hinge states (see fig. S10 for the fabricated sample (37)), we cover the 141 

two surfaces adjacent to the hinge H1 (Fig. 3B) with copper claddings while the other surfaces are 142 

wrapped with microwave absorbers. By placing a point source near the hinge H1 and scanning the 143 

excited fields throughout the sample, we find that the fields at 11.9 GHz only propagate along the 144 

+z direction near the hinge H1, and with almost no fields observed propagating backward (Fig. 145 

3B). Additionally, even with a large copper plate inserted as a metallic obstacle, the hinge states 146 

are observed to bypass the obstacle and continue their propagation without any backscattering (Fig. 147 

3C), thus confirming the unidirectional propagation of the chiral hinge states and their robustness 148 

against obstructions. 149 

We also measure the frequency-dependent transmission spectra of hinge states by positioning 150 

two source antennas at two ends of hinge H1, respectively (Fig. 3D). For the backward 151 

transmission (red line in Fig. 3D), a dip is observed around 11.6-12.2 GHz, manifesting a complete 152 

gap of the surface and bulk states. However, the forward transmission (blue solid line in Fig. 3D) 153 

shows a strong signal, approximately 40 dB greater than the backward transmission at mid-gap 154 

frequencies. Even with a large obstacle on the hinge (for the case in Fig. 3C), the forward 155 

transmission (blue dashed line in Fig. 3D) maintains a level approximately 30 dB greater than the 156 

backward transmission within the gap. Furthermore, by performing a Fourier transform of the 157 

measured fields near hinge H1, we obtain the dispersion of the hinge states, displaying positive 158 

group velocities along the kz direction, indicative of chiral propagation (Fig. 3E, see more details 159 

and results in fig. S9). 160 

 161 

Arithmetic operation between fractional and integer Chern numbers 162 

To map out the closed trajectories of the chiral hinge states, we first consider a sample with 163 

a parallelogram-like prism structure containing an odd number of photonic Chern insulator layers 164 

(Fig. 3F). At hinges H1 and H2, the hinge states propagate in the +z and −z directions, respectively. 165 



 

The top and bottom surfaces have surface Chern numbers of +1/2 and −1/2 (indicated in yellow 166 

and blue for all surfaces in Fig. 3F), respectively. The hinge states propagate anticlockwise within 167 
both the top and bottom surfaces, forming a closed loop. To observe this experimentally, we cover 168 

all surfaces of the sample with copper claddings, and scan the fields excited by two point sources 169 

(see supplementary text for experimental details (37)). The measured results (Fig. 3G), show a 170 

closed loop, in agreement with the predictions. We note that other 3D topological phases can also 171 

host chiral hinge states, though not on all hinges (41). 172 

We then attach one more photonic Chern insulator layer with Chern number −1 to the top 173 

surface of the 3D AXI (Fig. 3H). This causes the surface Chern number on the top surface to 174 

change from +1/2 to −1/2, and thus the propagation direction of chiral hinge states in the top 175 

surface become clockwise. The resulting closed-loop configuration of the chiral hinge states (Fig. 176 

3H) is verified through experimental mapping (Fig. 3I). 177 

We also construct a hexagonal prism-shaped sample with an odd number of photonic Chern 178 

insulator layers (Fig. 3J). A closed loop traversing all vertical hinges is formed (Fig. 3, J and K). 179 

By adjusting the sample to be even number of layers, both the top and bottom surfaces have the 180 

surface Chern number −1/2, generating three isolated loops at the side surfaces (Fig. 3L), which is 181 

further experimentally confirmed (Fig. 3M). Hence, each of those three side surfaces acts as a 182 

conventional 2D Chern insulator (11, 12). 183 

 184 

Braiding of chiral hinge states 185 

As a final demonstration of the distinctive topological transport features of the AXI, we 186 

implement samples where the chiral hinge states are braided into complex knots and links in 3D 187 

space. Figure 4, A and B, depict a photonic crystal where chiral hinge states exhibit a trefoil knot 188 

in 3D space (the topology is illustrated in Fig. 4C). Copper plates are integrated into the crystal to 189 

facilitate the self-braiding of chiral hinge states. The detailed construction is illustrated in fig. S11, 190 

A to H. We also engineer a composite structure by merging two parallelogram-shaped prisms (Fig. 191 

4D), creating a Hopf link (Fig. 4E) (the topology is illustrated in Fig. 4F). For more details of the 192 

design and the analysis, see fig. S11, I to N. 193 

 194 

Outlook 195 

The above results clearly demonstrate the realization of an AXI in a 3D photonic crystal. The 196 

interaction between fractional and integer Chern numbers opens new avenues in topological 197 

physics, offering insights that could guide similar demonstrations in condensed matter or cold atom 198 

systems. While demonstrating fixed values of quantized axion field angle 𝜃 = 𝜋 and half Chern 199 

numbers of ±1/2, other values could potentially be achieved through the engineering of spins for 200 

axion quasiparticles (42). Furthermore, the current setup may evolve to exhibit Majorana-like 201 

chiral hinge states (43), whose braiding may be valuable for topological quantum computing (44). 202 

Although implemented at microwave frequencies, other photonic realizations may also be possible 203 

at higher frequencies, given the successful realization of several 2D photonic Chern insulators at 204 

optical frequencies (45–47). Notably, current axion haloscopes seek to detect axions by converting 205 

them into detectable microwave photons under a strong magnetic field (4–7, 9). Our photonic AXI 206 

could serve as a tabletop platform to investigate axion-photon interactions and other fundamental 207 

aspects of axion electrodynamics (8, 48). 208 
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 360 

Fig. 1. Schematic comparison between a 2D Chern insulator and a 3D axion insulator. (A) A 361 

Chern insulator characterized by a Chern number (C = −1) carries chiral edge states along its edges. 362 

(B) An axion insulator exhibits surface Chern insulator phases, with each surface characterized by 363 

a half Chern number (Cs = ±1/2). Chiral hinge states occur between two adjacent surfaces with 364 

contrasting surface Chern numbers. (C) When the 2D Chern insulator with C = −1 is attached to 365 

the top surface of the axion insulator with Cs = +1/2, the surface Chern number of the top surface 366 

changes to Cs = −1/2, thus redirecting the flow of chiral hinge states around the top surface. 367 

 368 

Fig. 2. Construction of a photonic topological antiferromagnet. (A) Strategy for constructing a 369 

topological antiferromagnet. (B) Schematic of the tight-binding model that stacks 2D Haldane 370 

model layers with opposite magnetic fluxes in adjacent layers. (C) Design of the unit cell of the 371 

3D photonic crystal. Each gyromagnetic rod (red or blue cylinder) is biased by an average external 372 

magnetic field of 0.18 T produced by a pair of permanent magnets (grey cylinders), with the 373 

magnetization direction represented by a white arrow. The lattice constant in the x-y plane is a = 374 

16 mm. The periodicity along z is h = 14 mm. The dimensions are d = 4 mm, h1 = 1 mm, h2 = 1.5 375 

mm, h3 = 3 mm. Here, b1 = b2 = 10 mm. (D) Photograph of a fabricated experimental sample with 376 

40 layers in the z-direction and 20×6 unit cells in the x-y plane. (E) Close-up view of the sample. 377 

The first two copper plates and one gyromagnetic rod layer on the top have been shifted for clarity. 378 

The coupling holes on the two adjacent copper plates have the same size. (F) Close-up view for 379 

one layer of gyromagnetic rods. The gyromagnetic rods and permanent magnets are embedded in 380 

dielectric foam to fix their positions. The permanent magnets are coated with high-conductivity 381 

materials. (G) Experimental setup for measurements of the surface states. (H) Measured surface 382 

dispersion on the A1 surface at different frequencies. Green lines indicate the simulated 383 

isofrequency contours. White dashed lines are guides to the eye that indicate the conical dispersion 384 

near the single surface Dirac point.  385 

 386 



 

Fig. 3. Photonic axion insulator with chiral hinge states. (A) Unit cell of the photonic crystal. 387 

The parameters are the same as those in Fig. 2C except b1 = 10 mm and b2 = 5 mm. The coupling 388 

holes on the two adjacent copper plates have different sizes, thus breaking the mirror-reflection 389 

symmetry along the z-axis. (B and C) Measured field distributions excited by a point source at 390 

11.9 GHz near the H1 hinge. A large copper plate with dimensions of 6 mm in the z-direction and 391 

2×2 unit cells in the x-y plane is placed near the hinge as a metallic obstacle in (C). The sample 392 

has 40 layers in the z-direction and 20×6 unit cells in the x-y plane. The decay of electric fields 393 

results from the material losses. (D) Measured transmission spectra near the H1 hinge. The red 394 

solid line denotes backward transmission. The blue solid and dashed lines denote forward 395 

transmission without and with a metallic obstacle, respectively. The yellow rectangle indicates the 396 

simulated complete gap of the bulk and surface states from 11.65 to 12.24 GHz. (E) Measured 397 

hinge dispersion on the H1 hinge. The green curve and white region represent the simulated hinge 398 

states and projected bulk and surface states. (F) Illustration of the trajectory of chiral hinge states 399 

on a parallelogram-shaped photonic crystal with an odd number of photonic Chern insulator layers. 400 

Yellow and blue surfaces indicate surface Chern numbers of +1/2 and −1/2, respectively. (G) 401 

Measured field distribution in the sample shown in (F), excited by the point sources (red stars). 402 

The sample has 39 layers in the z-direction and 20×6 unit cells in the x-y plane. (H and I) Similar 403 

to (F and G) but with an even number of photonic Chern insulator layers. The sample has 40 layers 404 

in the z-direction and 20×6 unit cells in the x-y plane. (J to M) Similar to (F to I) but for a 405 

hexagonal prism structure. The hexagonal prism sample has 10 unit cells as the side width and 11 406 

layers in the z-direction for panels (J and K), and 10 layers in the z-direction for panels (L and M), 407 

respectively. The colorscale of |𝐸𝑧|
2 is linear. 408 

 409 

Fig. 4. Braiding of chiral hinge states. (A and D) Illustration of the photonic crystal design with 410 

chiral hinge states performing a trefoil knot and a Hopf link, respectively. The design in (A) has 411 

11 layers in the z-direction, and its length in x direction consists of 32 unit cells. The design in (D) 412 

is formed by merging two parallelogram-shaped prisms, each with 15 layers in the z direction and 413 

dimensions in x-y plane of 10×6 unit cells. (B and E) Corresponding measured field distributions 414 

of chiral hinge states illustrated in (A and D), respectively. (C and F) Corresponding topology 415 

diagrams. The colorscale of |𝐸𝑧|
2 is linear. 416 
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