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O P T I C S

Photonic arbitrary Chern vectors
Xiang Xi1,2†, Linyun Yang3†, Ziyao Wang2†, Bei Yan4†, Jing-Ming Chen2†, Yan Meng1,  
Zhen-Xiao Zhu2, Tao Xiao2, Min-Qi Cheng2, Zebin Zhu2, Gui-Geng Liu5, Hongcheng Wang1,  
Xiankai Sun6, Zhen Gao2*

The hallmark feature of three-dimensional (3D) Chern insulators is the topological Chern vector, C = (C1, C2, C3), 
which extends the celebrated Chern-type bulk-edge correspondence from 2D to 3D systems. However, topologi-
cal Chern vectors have thus far been limited to the simplest form with a single nonzero component, C = (0, 0, C3), 
which restricts chiral surface states to appear only on four side surfaces with nonchiral transport along the direc-
tion of the Chern vector. Here, we theoretically propose and experimentally realize a 3D photonic Chern insulator 
with a Chern vector C = (1, 1, −1) in a tilted gyromagnetic photonic crystal. Its multiple nonzero components en-
able chiral surface states on all six crystal surfaces, exhibiting genuine chiral transport in arbitrary directions and 
nonreciprocal topological negative or positive refraction at the hinges. Furthermore, we demonstrate that arbi-
trary Chern vectors can be achieved via supercell modulation, enabling multimodal transport of chiral and torus 
knot or link surface states within a single crystal. This work establishes a comprehensive framework for topologi-
cal Chern vectors and opens possibilities for nonreciprocal photonic devices.

INTRODUCTION
The discovery of photonic Chern insulators (1, 2), characterized by a 
scalar Chern number and chiral edge states, has expanded the con-
cept of topological phases of matter from fermions (electrons) to bo-
sons (photons), giving rise to the field of topological photonics and 
enabling robust manipulations of electromagnetic waves with prom-
ising applications in topological waveguides (3–12), cavities (13–17), 
isolator (18), and laser (19). Recently, the concept of photonic Chern 
insulators has been extended from two-dimensional (2D) to 3D sys-
tems, accompanied by the generalization of the scalar Chern number 
C to a topological Chern vector C = (C1, C2, C3) (20–22). The multi-
component and vectorial nature of topological Chern vectors leads to 
the generalization of Chern-type bulk-edge correspondence from 1D 
boundaries (chiral edge states) to 2D surfaces (chiral surface states), 
opening an avenue for exploring novel topological phenomena and 
designing nonreciprocal photonics devices, such as antichiral sur-
face states (23), chiral hinge states (24–28), copropagating chiral zero 
modes (29), and 3D large-volume nonreciprocal transport (30).

However, to date, studies of 3D photonic Chern insulators have 
been restricted to the simplest form with only a single nonzero com-
ponent, C = (0, 0, C3). This limitation poses several critical problems, 
as schematically illustrated in Fig. 1A. First, the chiral surface states 
reside only on four side surfaces parallel to the Chern vector (purple 
arrow) rather than on all six surfaces. Second, the chiral surface 
states exhibit chiral (nonchiral) transport along the directions per-
pendicular (parallel) to the Chern vector, leading to weak topological 

protection and serious scattering loss when encountering a defect. 
Third, exotic phenomena such as torus knot or link surface states 
emerge only at the interface between two 3D Chern insulators with 
perpendicular Chern vectors rather than on a single crystal surface. To 
overcome these limitations, recent theoretical breakthroughs (31–33) 
have proposed the concept of arbitrary Chern vectors, C = (C1, C2, 
C3). The presence of multiple nonzero components is predicted to 
yield richer chiral transport phenomena and more versatile applica-
tions. However, the experimental realization of arbitrary Chern vec-
tors has remained elusive across all physical platforms to date.

Here, we report the first theoretical and experimental realization 
of a 3D photonic Chern insulator with a Chern vector C = (1, 1, −1) 
in a tilted gyromagnetic photonic crystal. In contrast to the previous 
3D photonic Chern insulator limited to C = (0, 0, −1) (22), our C = 
(1, 1, −1) phase supports all-surface chiral surface states with genu-
ine robust chiral transport along arbitrary directions, as illustrated 
in Fig. 1B. Moreover, we show that nonreciprocal and reflectionless 
topological negative or positive refraction occurs at different hinges, 
forming a closed loop around the corner or across the entire crystal. 
By adopting supercell modulation, we propose a general strategy to 
design 3D photonic Chern insulators with arbitrary Chern vectors 
[e.g., C = (2, 3, −6)] featuring multiple arbitrarily large Chern num-
bers and oriented along arbitrary directions, resulting in multimod-
al chiral surface state transport and torus knot or link surface states 
on a single crystal surface rather than at the interface between two 
3D photonic Chern insulators with perpendicular Chern vectors.

RESULTS
3D photonic Chern insulator with a multicomponent Chern 
vector C = (1, 1, −1)
To realize a 3D photonic Chern insulator with a multicomponent 
Chern vector C = (1, 1, −1), we start from a tilted 3D Haldane model 
(see sections S1 and S2 for the standard and tilted 3D Haldane mod-
els), which contains two different types of sites having on-site ener-
gies of +M and –M, respectively, and coupled with nearest-neighbor 
(NN) real coupling t1 (yellow solid lines) and next–nearest-neighbor 
(NNN) complex coupling t2eiϕ (red and blue arrow lines). The NNN 
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couplings exist both within the same layer and between adjacent layers, 
and four NN couplings (black dashed lines) are replaced by two slanted 
interlayer couplings (yellow solid lines) between different sublattice 
sites in adjacent layers. The interlayer couplings between the two 
sublattice sites are ta and tb (red and blue solid lines), respectively. 
The Bloch Hamiltonian of the tilted 3D Haldane model is given by 

H(k) =

(

Δ+ Φ−

Φ+ Δ−

)

 , where Δ± = ±M + 2ta,bcosk3 + Θ±
(

t2,ϕ
)

 with  

Θ±
(

t2, ξ
)

= 2t
[

cos
(

ξ±k1±k3
)

+cos
(

ξ∓k2∓k3
)

+cos
(

ξ∓k1∓k2
)]

 
and Φ± = t1

[

e∓ik3 +e±ik1 +e±ik2
]

 . The tilted 3D Haldane model yields 
a nontrivial bandgap characterized by a multicomponent Chern vec-
tor C = (1, 1, −1). Consequently, the resulting chiral surface states can 
reside on all six surfaces of a finite sample, enabling genuine robust 
chiral transport along arbitrary directions.

The 3D tight-binding model can be implemented in a tilted 3D 
gyromagnetic photonic crystal, as shown in Fig. 2A. Figure 2B pres-
ents the unit cell of the tilted 3D gyromagnetic photonic crystal, 
which consists of a gyromagnetic rod (red color) sandwiched be-
tween two permanent magnets (gray color) and mounted on a tilted 
metallic plate (yellow color). The top and the side views of the tilted 
metallic plate are shown in Fig. 2 (C and D), respectively. The metal-
lic plate in the top view (Fig. 2C) forms a hexagonal unit cell, with its 
six corners perforated with identical air holes to introduce interlayer 
couplings. In the side view (Fig. 2D), the flat (tilted) segment of the 
metallic plate introduces in-plane intralayer (out-of-plane interlay-
er) NN couplings. To engineer the tilted NNN complex couplings, 
we rotated the gyromagnetic rod by an angle β about the x axis and 
then by an angle α about the z axis, starting from its initial z direc-
tion. In this case, the body-fixed coordinate system of the rod (de-
noted as XYZ), originally aligned with the global coordinate system 

xyz, can be obtained by intrinsic Z-X-Z rotations defined by three 
Euler angles α , β , and 0 , as shown in Fig. 2E. As a result, the 3D tilted 
gyromagnetic photonic crystal features a tilted effective magnetic 
field Beff that enables nonreciprocity along each primitive lattice 
vector ai (i = 1, 2, 3). In stark contrast, in the previous 3D photonic 
Chern insulator with a Chern vector C = (0, 0, −1), the effective 
magnetic field Beff is parallel to the z axis, and thus the nonreciproc-
ity is restricted to the xy plane, that is, there exists no nonreciprocity 
along the z direction.

The 3D tilted gyromagnetic photonic crystal has a complete 3D 
photonic bandgap (green region) ranging from 13.4 to 14.9 GHz, as 
shown in Fig. 2F. We then characterize the topological invariant of 
the photonic bandgap using the Wilson loop approach, revealing a 
Chern vector C = (1, 1, −1) with all components being nonzero (see 
section S3 for details). Compared with the Chern vector C = (0, 0, 
−1), this Chern vector with multiple nonzero components guaran-
tees the existence of genuine chiral surface states on all surfaces of a 
finite 3D Chern crystal, as shown in Fig. 2 (G to I), in which the red, 
blue, and yellow sheets represent the chiral surface states on 

(

010
)

 , 
(

100
)

 , and (001) surfaces, respectively. To further demonstrate the 
genuine nonreciprocal transport of the chiral surface states along 
arbitrary directions, we plot their dispersions with one of the wave 
vectors fixed (Fig. 2, J to L) and isofrequency contours at 14.3 GHz 
(Fig. 2, M to O) for the 

(

010
)

 , 
(

100
)

 , and (001) surfaces, respectively. 
For the 

(

010
)

 surface, the chiral surface state dispersions (Fig. 2J) 
exhibit positive group velocities along both the +k1 and +k3 direc-
tions, indicating the chiral surface states propagate nonreciprocal 
along the [101] diagonal direction, consistent with the isofrequency 
contour as shown in Fig. 2M. Moreover, because of the nonzero Chern 
vector components C1 = 1 and C3 = −1, the Fermi loop winds once 

Fig. 1. 3D photonic Chern insulators with the simplest form of Chern vectors C = (0, 0, C3) and arbitrary Chern vectors C = (C1, C2, C3). (A and B) Schematic of chiral 
surface state (red color) propagating on the surfaces of 3D photonic Chern insulators with (A) the simplest form of Chern vectors C = (0, 0, C3) having a single nonzero 
component and (B) arbitrary Chern vectors C = (C1, C2, C3) having multiple nonzero components. The green star represents the point source, and the purple arrow repre-
sents the Chern vector. The green arrows indicate the propagation direction and amplitude of the chiral surface states. The yellow block represents the metallic defect. 
The six green planes represent the isofrequency contours of the 

(

010
)

 , (100) , and (001) surfaces, with those in (B) being reproduced from the isofrequency contours 
in Fig. 2 (M to O) for conceptual illustration.
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along the +k1 and -k3 directions, respectively, forming a T(1, −1) 
torus knot in the surface Brillouin zone (SBZ), as shown in the right 
panel of Fig. 2M. In contrast with the previous Chern vectors having 
a single nonzero component, the Chern vectors with multiple non-
zero components guarantee the genuine nonreciprocal transport of 
chiral surface states along arbitrary directions with enhanced ro-
bustness (see fig. S5 for details). To our best knowledge, these genu-
ine chiral surface states with 2D nonreciprocity have never been 
reported in any photonic system. Likewise, the chiral surface states 
on the 

(

100
)

 and (001) surfaces exhibit similar properties.

Experimental realization of a 3D photonic Chern insulator 
with a multicomponent Chern vector C = (1, 1, −1)
Now, we experimentally demonstrate the 3D photonic Chern insu-
lator with a multicomponent Chern vector C = (1, 1, −1). The ex-
perimental sample is illustrated in Fig. 3A and comprises 38 layers 
of tilted metallic plates and gyromagnetic rods sandwiched between 
permanent magnets (see fig. S6 for details). We design a tenon-and-
mortise structure at the top and bottom of the metallic claddings to 
fix the tilted metallic plates. To see the internal structure of the 3D 
tilted gyromagnetic photonic crystal, we separate the sample into 

Fig. 2. Design of a 3D photonic Chern insulator with a multicomponent Chern vector C = (1, 1, −1) in a tilted gyromagnetic photonic crystal. (A) Schematic view 
of the 3D photonic Chern insulator with a Chern vector C = (1, 1, −1). (B) A unit cell of the 3D tilted gyromagnetic photonic crystal consisting of a gyromagnetic rod (red 
cylinder) sandwiched between two permanent magnets (gray cylinders) and inserted into a blind air hole on a tilted metallic plate (yellow region). (C and D) Top (C) and 
side (D) views of the tilted metallic plate. (E) The rotating coordinate system is established for the tilted gyromagnetic rods. The lattice constants in the xy plane and z direc-
tion are a = 13 mm and az = 7.14 mm, and the other geometrical parameters are r = 1.7 mm, h1 = 3 mm, α = −60°, β = 43.57nd the R = 3 mm, respectively. (F) Calculated 
bulk band structure of the 3D tilted gyromagnetic photonic crystal along the high-symmetry lines of 3D Brillouin zone (BZ) (inset). (G to I) Simulated chiral surface state 
dispersions (red, blue, and yellow sheets) for the 

(

010
)

 (G), 
(

100
)

 (H), and (001) surfaces (I), respectively. (J to O) Calculated frequency-dependent surface dispersions (top 
panels) and isofrequency contours at 14.3 GHz (bottom panels) for 

(

010
)

 [(J) and (M)], 
(

100
)

 [(K) and (N)], and (001) [(L) and (O)] surfaces, respectively. The isofrequency 
contours are reproduced in Fig. 1B for conceptual illustration.
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two parts (marked as ① and ②) along the green line in Fig. 3A, as 
shown in Fig. 3B.

We first measure the bulk transmission spectrum of the crystal, as 
shown in Fig. 3C, from which we can observe a wide transmission dip 
corresponding to the 3D photonic bandgap (green region). We then 
measure the transmission spectra of the chiral surface states on 

(

010
)

 , 
(

100
)

 , and (001) surfaces, as shown in Fig. 3 (D to F), respectively, from 
which we can observe that the forward transmission (S21; red line) 
is much larger than the backward transmission (S12; blue line) within 
the photonic bandgap (green region), verifying the nonreciprocal 

transmission of the chiral surface states on all surfaces. Figure 3 (G to I 
and J to L) shows the measured (color maps) and simulated (green 
lines) frequency-dependent surface dispersions and isofrequency con-
tours at 14.3 GHz on 

(

010
)

 , 
(

100
)

 , and (001) surfaces, respectively, from 
which we can observe that, for each surface, the projected bulk bands 
(white regions) are gapped with chiral surface states spanning the entire 
photonic bandgap. The topological surface states exhibit positive or 
negative group velocities in two distinct wave-vector directions on each 
surface, further confirming the existence of genuine chiral surface states 
on all surfaces and their 2D nonreciprocity along arbitrary directions.

Fig. 3. Experimental realization of a 3D photonic Chern insulator with a Chern vector C = (1, 1, −1). (A) Photograph of the fabricated experimental sample. (B) The 
internal structure of the experimental sample is illustrated by separating it into two parts along the green line in (A). (C) Measured bulk transmission spectrum of the 3D 
photonic Chern insulator. (D to F) Measured forward (S21 marked by red line) and backward (S12 marked by blue line) transmission spectra of the chiral surface states on 
the 

(

010
)

 (D), 
(

100
)

 (E), and (001) (F) surfaces, respectively. (G to L) Measured (color maps) and simulated (green lines) frequency-dependent surface dispersions and sur-
face isofrequency contours at 14.3 GHz on the 

(

010
)

 (G and J), 
(

100
)

 [(H) and (K)], and (001) [(I) and (L)] surfaces, respectively.
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Because the chiral surface states can propagate on all six surfaces, 
we now explore what will happen when the chiral surface states cross 
the hinges separating different surfaces. We first place a point source 
(green star) at the center of the 60◦ hinge to excite the chiral surface 
states and use another point probe to map their electric field distri-
butions. As shown in Fig. 4A, the self-collimated chiral surface states 
propagate nonreciprocally (green arrows) across three adjacent sur-
faces around the corner, and reflectionless topological negative re-
fractions occur at the hinges, matching well with the simulation 
results shown in Fig. 4B. We then place the point source (green star) 
at the center of 120◦ hinge and repeat the electric field mapping mea-
surements. As shown in Fig. 4C, the chiral surface states propagate 
nonreciprocally across all six surfaces, and reflectionless topological 
positive refractions occur at the hinges, in agreement with the simu-
lation results shown in Fig. 4D. These unique phenomena can be well 
explained by the surface isofrequency contour analysis on two adja-
cent surfaces (see section S4 for details). We then examine the ro-
bustness of the chiral surface states by positioning a metallic obstacle 
(inset in Fig. 4E) in the path of the chiral surface states on the 

(

100
)

 
surface. As shown in Fig. 4E, the chiral surface state propagates 
smoothly around the metallic obstacle without any backscattering, 
and its measured electric field distribution remains almost the same 
as that of a perfect sample without an obstacle, as shown in Fig. 4F.

3D photonic Chern insulators with arbitrary Chern vectors
Last, we demonstrate how 3D photonic Chern insulators with ar-
bitrary Chern vectors can be realized through supercell modula-
tion. Figure 5A shows the supercell modulation configuration for an 

arbitrary Chern vector C = (2, 3, −6). The supercell comprises two 
and three tilted unit cells along the a1 and a2 axes, respectively, and 
six unit cells along the a3 axis. To make the supercell act as a new 
irreducible primitive unit cell along each lattice vector ai (i = 1, 2, 3), 
we first modulate the perforated air holes with different radii (blue 
and red circles), and then we swap the blue and red air holes in the 
third layer (red frame marked as 2), as illustrated in Fig. 5A. As a 
result, this supercell structure represents a unit cell of a 3D photonic 
Chern insulator with a large Chern vector C = (2, 3, −6), whose 
component’s absolute value exactly equals to the number of original 
unit cells (Fig. 2B) along each axis and component’s signs are deter-
mined by the magnetic field direction, providing a general strategy 
to design 3D photonic Chern insulators with arbitrary Chern vectors.

To investigate the topological properties of the 3D photonic Chern 
insulator with an arbitrary Chern vector C = (2, 3, −6), we simulate 
its bulk band structure, frequency-dependent surface dispersions, 
and surface isofrequency contour at 14.1 GHz for the 

(

010
)

 , 
(

100
)

 , 
and (001) surfaces, respectively, as shown in Fig. 5 (B to H). The bulk 
band structure (Fig. 5B) has a complete 3D photonic bandgap rang-
ing from 13.4 to 14.9 GHz with a Chern vector C = (2, 3, −6), and the 
frequency-dependent surface dispersions (Fig. 5, C to E) reveal that 
multiple chiral surface states coexist on each surface, with their num-
ber equal to the components of the Chern vector parallel to each 
surface, respectively. For instance, for the 

(

010
)

 surface, the number 
of chiral surface states is six and two along the +k1 and +k3 direc-
tions, respectively, because C1 = 2 and C3 = −6.

We now study the winding behaviors of the arbitrary Chern vector 
C = (2, 3, −6) with multiple large, nonzero components. According 

Fig. 4. Nonreciprocal topological negative and positive refraction and robustness of the genuine chiral surface states. (A and B) Measured (A) and simulated (B) 
electric field distributions of the nonreciprocal and reflectionless topological negative refraction of chiral surface states around the 60° corner. The green star represents 
the point source, and the green arrows indicate the propagation path of the chiral surface states. (C and D) Measured (C) and simulated (D) electric field distributions of 
the nonreciprocal and reflectionless topological positive refraction of chiral surface states across the entire crystal. The simulated electric field distributions in (B) and (D) 
are reproduced in fig. S4 to maintain a clear link between the main text and the Supplementary Materials. (E and F) Measured electric field distributions of chiral surface 
states on the 

(

100
)

 surface (E) with and (F) without a metallic obstacle. The inset shows the photo of the metallic obstacle. w, with; w/o, without.
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to the knot theory (34), the fermi loop on the 
(

010
)

 surface forms a 
T(2, −6) torus link, which consists of two interlinked T(1, −3) torus 
knots winding 1 cycle along k1 and 3 cycles along k3 with opposite 
directions because the Chern vector components C1 = 2 and C3 = −6 
are not coprime, as shown in the right panel of Fig. 5F. Similarly, the 
Fermi loop on the 

(

100
)

 surface forms a T(3, −6) torus link, com-
posing of three interlinked T(1, −2) torus knots winding 1 cycle 
along k1 and 2 cycles along k3 with opposite directions, as shown in 
the right panel of Fig. 5G. In contrast, the situation is different for 
the (001) surface, as shown in the right panel of Fig. 5H, the Fermi 
loop forms a single T (2, 3) torus knot because C1 = 2 and C3 = 3. 
These torus knots or torus links are formed on the surfaces of a sin-
gle 3D photonic Chern insulator with arbitrary Chern vectors, in 
contrast to the previously reported torus links or Hopf links formed 
at the interface between two 3D Chern insulators with perpendicu-
lar Chern vectors, which have only a single nonzero component (22).

DISCUSSION
In conclusion, we have experimentally demonstrated a 3D photonic 
Chern insulator with a Chern vector C = (1, 1, −1) having multiple 
nonzero components in a tilted gyromagnetic photonic crystal. In 
contrast to the previously reported 3D photonic Chern insulator with 
a Chern vector C = (0, 0, −1) having only a single nonzero compo-
nent (22), we show that the 3D photonic Chern insulators with Chern 
vectors having multiple nonzero components exhibit some unique 
properties, including chiral surface states on all six surfaces, genuine 
chiral surface transport with 2D nonreciprocity and enhanced ro-
bustness, nonreciprocal and reflectionless topological negative or 
positive refractions at the hinges. We establish a general strategy for 
constructing 3D photonic Chern insulators with arbitrarily large 
Chern vectors, which support exotic torus knot or link states on the 
surfaces of a single crystal, rather than at the interface between two 
Chern insulators with perpendicular Chern vectors. Although the 

Fig. 5. 3D photonic Chern insulator with an arbitrary Chern vector C = (2, 3, −6). (A) Schematic view of a 2 by 3 by 6 supercell of a 3D photonic Chern insulator. The 
right panels show top views of the tilted metallic plates with perforated air holes, with radii r1 = 3.5 mm and r2 = 2.5 mm, in the layers marked 1 and 2. (B) Calculated bulk 
band structure of the 3D photonic Chern insulator with an arbitrary Chern vector C = (2, 3, −6) along high-symmetry lines of 3D BZ (inset). The green region represents 
the 3D complete photonic bandgap. (C to E) Simulated frequency-dependent surface dispersions. (F to H) Isofrequency contours at 14.1 GHz and winding behaviors of 
the Fermi loops on the 

(

010
)

 , 
(

100
)

 , and (001) surfaces, respectively.
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current implementation is demonstrated in the microwave regime, 
the underlying design principles are inherently scalable to higher 
frequencies—including the terahertz and optical domains—through 
the use of optical nonlinearities (35) or gyrotropic materials (19, 36). 
Our work provides a comprehensive understanding of the topological 
Chern vectors underlying the Chern-type bulk-edge correspondence 
and may inspire research on the 3D quantum Hall effect (33) and other 
bosonic systems, such as phonons, magnons, and polaritons.

MATERIALS AND METHODS
Numerical simulations
All numerical results presented in this work are calculated with 
a finite-element–method software (COMSOL Multiphysics RF 
module). The bulk band structures are simulated using a hexago-
nal unit cell with periodic boundary conditions in all directions. 
The frequency-dependent dispersions of the chiral surface states 
on 

(

010
)

 , 
(

100
)

 , and (001) surfaces are calculated using 1 × 15 × 1, 
15 × 1 × 1, and 1 × 1 × 15 supercells, respectively. When the exter-
nal magnetic field is rotated about the x axis by an angle β and 
then an angle α about the z axis, the relative permeability tensor 

of the gyromagnetic materials has the form 
�

μr
�

=

⎡

⎢

⎢

⎢

⎣

μxx μxy μxz

μyx μyy μyz

μzx μzy μzz

⎤

⎥

⎥

⎥

⎦

 , 

where μ
xx
= μ

m
cos2α +

(

μ
m
cos2β + sin2β

)

sin2α,  μxy = jμkcosβ− 
(−1 + μm) cosαsin

2βsinα , μxz= sinβ
(

− jμkcosα−
(

−1+μm
)

cosβsin 
α) , μyx=−jμkcosβ−

(

−1+μm
)

cosαsin2βsinα , μyy = cos2α
(

μmcos
2β+   

sin2β
)

+ μmsin
2α , μyz= sinβ

(

−
(

−1+μm
)

cosβcosα+ jμksinα
)

  , μzx = 
sinβ

(

jμkcosα−
(

−1+μm
)

cosβsinα
)

 , μzy = −sinβ
((

−1+μm
)

cosβcosα 
+ jμksinα

)

 , μzz = cos2β + μmsin
2β , μm = 1 + ωm

(

ω
0
+ iαω

)

∕
[

(ω0
+  

iαω)2−ω2
]

 , μk = ωmω∕
[

(

ω0+ iαω
)2
−ω2

]

 , ωm = μ0γMs , ω0
= γμ

0
H

0
 , 

and μ0H0 is the external magnetic field, γ = 1.759 × 1011 C/kg is 
the gyromagnetic ratio, α = 0.0088 is the damping coefficient, and 
ω is the operating frequency. Under an external magnetic field of 
0.26 tesla, the dispersions of the permeability tensor elements μm 
and μk are shown in fig. S7, from which we can see that the reso-
nance frequency of the permeability is far from the operating fre-
quency range of the chiral surface states. Therefore, the dispersion 
of the permeability of the gyromagnetic materials is rather weak 
within the frequency range of interest.

Materials and experimental setups
In the experiment, we use commercially available yttrium-iron-garnet 
(YIG) ferrites as gyromagnetic materials to break the time-reversal 
symmetry. The radius and height of the YIG ferrites are 1.7 and 2 mm, 
respectively. The YIG ferrites have a saturation magnetization of Ms = 
1780 G. Its permittivity is approximately εr = 14.3 + 0.0002i, which 
remains essentially constant at microwave frequencies. The perma-
nent magnets (Sm2Co17) are electroplated with 0.002 mm of nickel. 
One pair of magnets provides an overall uniform external magnetic 
field of about 0.26 tesla to magnetize the gyromagnetic rods. The 38 
layers of perforated metallic plates are fabricated using the laser-cutting 
technique (see details in fig. S6). The ordinal numbers correspond 
to the layers stacked sequentially during the assembly process. To se-
cure the inclined angle, these metallic plates are inserted into the 
surrounding metallic cladding via a mortise-and-tenon joint. The 

gyromagnetic rods sandwiched between two permanent magnets 
are inserted into the blind air holes of the perforated metallic plates. 
In the experimental measurements, two microwave dipole anten-
nas, functioning as the source and probe, are connected to a vector 
network analyzer (Keysight E5080). The complex electric field dis-
tributions are mapped by inserting the probe into the air holes one 
by one and scanning along the z direction in small steps. Then, the 
2D Fourier transformation was applied to the measured complex 
electric field distributions at each frequency to obtain the measured 
surface dispersion relations.
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