Supplementary Information
S1. The Cotton-Mouton effect of YIG
When biased by a magnetic field along the z axis (Hext∥z), the magnetic permeability of YIG is given by the following:


[image: ]
Fig. S1. Schematic diagram depicting the Cotton-Mouton effect.
According to the Maxwell's equations：


For TM-polarized plane waves, the only non-zero component of the electric field (E∥Hext) is the z component (Ex=0, Ey=0, Ez ≠ 0). Assuming that the wavevector k lies along the x axis, the Helmholtz equation becomes:


We can simplify the above equation as follows：



Because of the third term in Maxwell's equations, :


Therefore, we obtain:



Comparing this equation with the equation, , we obtain the effective refractive index:

.
Following the above derivation, the effective index of the TE mode is given by:


The above analysis demonstrates that, in the case of linear polarization, the effective refractive index of YIG is modulated by material magnetization—namely the Cotton-Mouton effect.

S2. The permittivity and permeability of YIG
At the frequency studied, YIG is an isotropic material with a relative permittivity of 13 and a dielectric loss tangent of 0.000236. The saturation magnetization was measured to be 4πMs = 1780 Gauss, and the ferromagnetic resonance linewidth was 35 Oe. When biased by an applied magnetic field along the z axis, the magnetic permeability of the YIG pillars has the following form:








where ,,,,,,  = 0.0088 denotes the damping coefficient, and ω denotes the operating frequency37.
In accordance with the aforementioned model, when a magnetic field of 430 Oe was applied, the ferromagnetic resonance frequency of YIG was 1.20 GHz. The real and imaginary parts of the permeability tensor of the material with respect to the frequency is depicted in Fig. S2.
[image: ]
Fig. S2. Real and imaginary parts of the permeability tensor of YIG under the applied 430-Oe magnetic field.

S3. Room temperature magnetization hysteresis of the YIG pillar
[image: ]
Fig. S3. Magnetic hysteresis loop of a YIG pillar measured using a vibrating sample magnetometer (VSM) at room temperature (300 K). The sample was magnetically saturated under a small applied magnetic field of ~0.04 Tesla, with negligible remanence of ~10 Gs and saturation magnetization Ms of 1780 Gs.
S4. Symmetry analysis of the DCZIM

  As described using topological theory and group theory, the ‘Dirac Points’ are protected by ‘PT-Symmetry’ in the entire Brillion zone, in which P indicates the parity inversion and T indicates the time-reversal symmetry38. Therefore, when a zero magnetic field is applied, the proposed DCZIM structure preserved  symmetry (i.e., 90-degree rotation symmetry around the axis) at the Γ point, resulting in the following mode profile of the system:

	
  When a magnetic field along the z-axis was applied, time-reversal symmetry was broken, as was the product of time-reversal symmetry (T) and parity (P) inversion. As a result, the Dirac cones opened and the degeneracy was lifted, i.e.,



However, the following part of  symmetry still remained valid.






  Therefore, when the DCZIM structure preserves  symmetry under a T-breaking operation, only have symmetry is retained. This proves that the magnetized DCZIM exhibits symmetry variation from  to .

S5. Characterization of the photonic band structure using the FTFS method 

  We characterized the photonic band structure of the DCZIM using FTFS measurements—the results are depicted in Fig. S2a–d39,40. As the maximum resolution of a Brillouin zone is determined by the number of real-space unit cells in each direction, the first Brillouin zone is denoted by the square region in Fig. S2b, where the field was excited by placing the source at each corner of the sample and measured across the sample. The fields were stitched together as illustrated in Fig. S2a. In the magnetized DCZIM, the symmetry of the photonic crystal was reduced to . In this case, the resolution could also be increased by inverting the measured field profiles along the x or y directions.  
[image: ]

Fig. S4. Measurement of the photonic band structure via FTFS. (a) Electric fields measured across the photonic crystal at 2.70 GHz. The source was placed at one corner of the sample, and the field was measured across the sample. Owing to the  symmetry of the photonic crystal, fields in the other three quadrants could be obtained based on symmetry considerations. The fields were then stitched together to obtain a larger effective sampling area. (b) Field intensity in the reciprocal lattice space obtained via Fourier transform of (a). The first Brillouin zone is denoted by the square region. (c) Isofrequency contours of the Brillouin zone at different frequencies. (d) The 2D photonic band structure of the DCZIM structure. The FTFS data corresponding to high-symmetry points were obtained via interpolation. 



S6. Photonic band structures of the DCZIM under different applied magnetic fields
  We simulated the photonic band structures of the DCZIM under different applied magnetic fields, as illustrated in Figs. S5a and b. As depicted in Fig. S5a, as the magnetic field was increased, the photonic bands gradually shifted to higher frequencies. The photonic band gap, 8.95–9.60 GHz (corresponding to the 430-Oe field) exhibited similar band gap widths under different applied magnetic fields. On the other hand, the band gap, 10.24–11.04 GHz (corresponding to the 430-Oe field), first closed and then opened as the magnetic field was increased. This was observed by plotting the band edges at the point M, as depicted in Fig. S5b.
[image: ]
Fig. S5. (a) Simulated band structures of the DCZIM under different applied magnetic fields. (b) The band edges of the band gap, 10.24–11.04 GHz, at M as a function of the applied magnetic field.
S7. Effective constitutive parameters and phase transition of the DCZIM under different applied magnetic fields
  We simulated the effective constitutive parameters of the DCZIM as a function of the applied magnetic field using the theory proposed by Wang et al.32, as illustrated in Fig. S6. Using BEMA32, the effective electric displacement and magnetic fields were calculated based on the line integral of the numerically simulated eigenmode fields along the x and y directions. Using the constitutive relationship, the following formula was obtained:






whereeff denotes the effective permittivity of the metamaterial, and , , , and  denote the z-direction components of the effective electric displacement and effective electric field along the x and y directions, respectively. Similarly, the relationship between B and H is given by

 








where , , , and  denote the x-direction components of the effective magnetic flux density and effective magnetic field along the x and y directions, respectively, and , , , and  denote the y-direction components of the effective magnetic flux density and effective magnetic field along the x and y directions, respectively.

Using the aforementioned methods, we obtained the effective permittivity and permeability tensors of metamaterials under different applied magnetic fields. In the cases in which the magnetic field was increased to 600 Oe–800 Oe are depicted in Fig. S6. Fig. S6a and S6c present the real parts of εeff and μ (corresponding to the frequency ranges, 9.08–9.89 GHz for the 600-Oe field and 9.18–10.03 GHz for the 800-Oe field (corresponding to the lower band gaps in Fig. S5). The real part of εeff was positive, whereas the real part of μeff () was negative (μ was negative, κ was negative, and the absolute value of κ was less than μ) in the MNG phase. Corresponding to the aforementioned frequency ranges, the real parts of εeff and μeff decreased with an increase in frequency. The incident EM wave was reflected owing to impedance mismatch.

Fig. S6b and Fig. S6d present the effective constitutive parameters corresponding to the frequency ranges, 11.28–11.64 GHz for the 600-Oe field and 11.55–11.79 GHz for the 800-Oe field (corresponding to the upper band gaps). The real part of εeff was negative, whereas that of μeff was positive in this case. μ was negative, but the absolute value of κ’s real part was larger than that of μ, which made the real part of μeff () positive, leading to high reflection from the metamaterial. The opacity of the metamaterial was induced by the gyromagnetic properties, , of YIG. In the theoretical proposal by Davoyan et. Al.33, such a magnetic-field-induced low-transmittance state was called “Hall Opacity”. 
[image: ]
Fig. S6. Effective constitutive parameters of the DCZIM under (a,b) 600-Oe field and (c,d) 800-Oe field, as calculated using BEMA. 
  The aforementioned modulation of the effective constitutive parameters are plotted in a metamaterial phase diagram in Fig. S7. The phase of the metamaterial was determined by eff, , and the gyromagnetic properties, .33,34 We illustrate the cases corresponding to applied magnetic fields of 0, 430 Oe, and 600 Oe. When a zero magnetic field was applied, the active DCZIM at 9 GHz was in a zero-index phase at the origin of the phase diagram. When a 430-Oe magnetic field was applied, the phase of the metamaterial changed to MNG corresponding to the frequency range, 8.95–9.60 GHz, and to ENG corresponding to the frequency range, 10.24–11.04 GHz, as indicated by the stars in the figure. When a 600-Oe magnetic field was applied, the phase of the metamaterial changed to MNG corresponding to the frequency range, 9.08–9.89 GHz, whereas it changed to ENG with Hall Opacity behavior corresponding to the frequency range, 11.08–11.64 GHz. The complex phase transition process of DCZIM was essentially determined by its location at the origin, enabling the transition to any phase in the metamaterial phase diagram via proper modulation.

[image: ]

Fig. S7. Magnetic field-induced phase transition of active DCZIM under different applied magnetic fields.

S8. Device structure of the microwave switch
[image: ]
Fig. S8. The device structure of the microwave switch.
  Fig. S8 presents the detailed structure of the fabricated microwave switch. The entire device was constructed using #6061 aluminum alloy with a manufacturing accuracy of ± 0.005 mm. Holes with a diameter of 2 mm and a period of 5 mm were drilled through the top aluminum alloy plate. The width and height of the rectangular waveguide were 20 and 4 mm, respectively. The tapered waveguide sections were shaped like isosceles trapezoids on the x-y plane. The lengths of the two parallel sides of the isosceles trapezoid were 20 and 106.1 mm, respectively, the height of the isosceles trapezoid was 200 mm, and the height perpendicular to the propagation plane was 4 mm. Details of the tapered and bent waveguide geometries are depicted in Fig. S8. A PMC boundary condition was constructed by maintaining a distance of λ/4 (8.3 mm) between the aluminum alloy walls and photonic crystal boundary. In this case, the electric field parallel to the wall experienced a 90-degree phase advancement while propagating through the λ/4 gap, a 180-degree phase shift owing to the reflection from the PEC, and finally another 90-degree phase advancement while propagating back through the λ/4 gap, leading to a total phase advance of 0, which is equivalent to a PMC boundary.

S9. Electric field and phase measurement of the 90-degree-bent waveguide without YIG pillars
[image: ]
Fig. S9. (a) Electric field intensity and (b) phase distributions of 90°-bent waveguide without YIG pillars.
  To verify that the supercoupling effect depicted in Fig. 4 was induced by the DCZIM, we measured the electric-field intensity and phase distribution in a waveguide without YIG pillars. As illustrated in Fig. S9, following taper mode evolution, the TE10 mode gradually evolved into the TM mode, and the plane wave behavior was maintained until the metamaterial region was entered. However, the wave entering the metamaterial region was reflected by the 90° bend, leading to very low transmission through the exit port. In addition, the phase distribution within the metamaterial region was significantly distorted. These results demonstrate that the supercoupling effect illustrated in Fig. 4 was induced by DCZIM.
S10. Demonstration of a topological nontrivial boundary state in magnetized DCZIM
  As described in the main text, the Chern number of the bandgap, 10.24–11.04 GHz, is 1 (Fig. 2a). If a boundary is introduced into the active metamaterial, a topological non-trivial boundary state is observed. This effect has been theoretically simulated and experimentally demonstrated. As depicted in Fig. S10a, the sample was formed by adding a copper bar to the boundary of the metamaterial. A source antenna was placed at the boundary and a probe antenna was used to measure the transmittance and field distribution along the boundary. As depicted in Fig. S10c, the difference between the forward and backward transmissions exceeded 50 dB at approximately 10.6 GHz, indicating the unidirectionality of the boundary states. Further, the nonreciprocal-transmission frequency window, 10.24–11.04 GHz, was consistent with the boundary state in the numerical simulation, as depicted in Fig. S10b. Additionally, the field distribution at 10.6 GHz inside the sample was mapped point-by-point, as presented in Fig. S10e. The electric fields were observed to be strongly confined to the boundary and capable of propagating robustly across two sharp 90 ° corners, without any backscattering. This result agrees with our theoretical prediction presented in Fig. S10d, confirming the existence of a topological nontrivial boundary state in the magnetized metamaterial.
[image: ]
Fig. S10. Observation of topologically protected unidirectional boundary state in the metamaterial. (a) The structure of the active metamaterial sample with a boundary formed by a copper bar. (b) Numerically simulated projected band structure of the metamaterial with a strip with 20 unit cells in the y direction. (c) Transmission spectra measured by antennas located at the boundary. (d) Simulated real part of Ez field distribution at 10.6 GHz inside the sample (Fig. 4a) under a 430-Oe magnetic field. (e) The real part of the Ez field distribution measured at 10.6 GHz inside the sample (Fig. 4a, each pillar represented in gray) under a 430-Oe magnetic field.
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