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            Abstract
Confining photons in a finite volume is highly desirable in modern photonic devices, such as waveguides, lasers and cavities. Decades ago, this motivated the study and application of photonic crystals, which have a photonic bandgap thatÂ forbids light propagation in all directions1,2,3. Recently, inspired by the discoveries of topological insulators4,5, the confinement of photons with topological protection has been demonstrated in two-dimensional (2D) photonic structures known as photonic topological insulators6,7,8, with promising applications in topological lasers9,10 and robust optical delay lines11. However, a fully three-dimensional (3D) topological photonic bandgap has not been achieved. Here we experimentally demonstrate a 3D photonic topological insulator with an extremely wide (more than 25 per cent bandwidth) 3D topological bandgap. The composite material (metallic patterns on printed circuit boards) consists of split-ring resonators (classical electromagnetic artificial atoms) with strong magneto-electric coupling and behaves like a â€˜weakâ€™ topological insulator (that is, with an even number of surface Dirac cones), or a stack of 2D quantum spin Hall insulators. Using direct field measurements, we map out both the gapped bulk band structure and the Dirac-like dispersion of the photonic surface states, and demonstrate robust photonic propagation along a non-planar surface. Our work extends the family of 3D topological insulators from fermions to bosons and paves the way for applications in topological photonic cavities, circuits and lasers in 3D geometries.
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                    Fig. 1: Design of photonic structures with 3D Dirac points and aÂ 3D topological bandgap.[image: ]


Fig. 2: Sample, experimental setup and measured bulk dispersion of the 3D photonic topological insulator.[image: ]


Fig. 3: Experimental observation of gapless conical Dirac-like topological surface states of the 3D photonic topological insulator.[image: ]


Fig. 4: Experimental demonstration of the robustness of photonic topological surface states.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Bandstructure evolutions.
a, Hexagonal unit cell and band diagram of the 3D photonic crystal. The green and yellow dots indicate the 3D Dirac points. The plots on the right show the 2D projection of the 3D Dirac cones in the vicinity of the K and Kâ€² points. bâ€“g, Hexagonal unit cell and bandstructures for different l1. Here, a is the lattice constant in the xâ€“y plane and pz is the periodicity in the z direction; the ratio of ttop to l1 remains unchanged, while l1 is gradually compressed to zero. The blue regions represent the first (primary) bandgaps.


Extended Data Fig. 2 Modal analysis.
a, Modal analysis for 3D Dirac points. Current distributions of four degenerate modes near the 3D Dirac point marked by the green dot in Extended Data Fig.Â 1a. The dashed arrows represent the current directions, and e+Â (eâˆ’) and m+Â (mâˆ’) represent the even (odd) transverse-electric and transverse-magnetic modes, respectively. Here, the even and odd modes are classified by the mirror plane indicated by the red dotted lines. b, Modal analysis for the 3D photonic topological insulator with a small perturbation. The first row shows the current distributions of the hybrid modes at the lower bands (green dot in Extended Data Fig.Â 1b) and upper bands (yellow dot in Extended Data Fig.Â 1b) near the K valley. The dashed arrows represent the current directions. The previous four degenerate modes hybridize pairwise and split into the lower and upper bands, respectively. The second and third rows show the cross-sectional polarization configurations of electric (red) and magnetic (black) fields, near the K and Kâ€² valleys. The phase difference between electric and magnetic dipole components is 0 or Ï€. c, Modal analysis for the wide-gap 3D photonic topological insulator. The first row shows the current distributions of the lower-band modes (green dot in Extended Data Fig.Â 1g) near the K valley. The dashed arrows represent the current directions. The second and third rows show the cross-sectional polarization configurations of electric (red) and magnetic (black) fields, near the K and Kâ€² valleys. The phase difference between electric and magnetic dipole components is 0 or Ï€.


Extended Data Fig. 3 Spinâ€“momentum locking of topological surface states.
a, Schematic of the domain wall. The openings of the SRRs in the left and right of the domains are opposite. b, Spinâ€“momentum locking at an isofrequency (4.8-GHz) contour of the surface Dirac cone. On the left is a dispersion diagram of the surface Dirac cone. The black ring indicates the isofrequency contour and the red arrows illustrate the spinâ€“momentum locking at 4.8Â GHz. On the right are schematic and numerical results of the polarization configurations of electric (red) and magnetic (black) fields inside the cross-sections of the SRRs (triangles), at eight points marked on the isofrequency contour by green dots and numbers. The phase difference between the electric and magnetic components, Î”Ï•, varies from 0 to 2Ï€ along the contour. The black ring and red dot represent the isofrequency contour and surface Dirac point, respectively.


Extended Data Fig. 4 Simulated field distributions near a sharply twisted 2D domain wall.
a, Schematic of the twisted domain wall: the red and green triangles are SRRs oriented upwards and downwards, respectively. bâ€“f, Distributions of the electric field intensity across the domain wall, with different values of kz.


Extended Data Fig. 5 Measured field distributions and the corresponding dispersion.
a, Measured electric field distributions in the sample of a straight domain wall in the xâ€“y plane at different heights of z at 4.7Â GHz. The black dashed line represents the position of the domain wall; the green dashed line denotes the position of the cross-section shown inÂ b. b, Field distributions and normalized electric energy density in the yâ€“z plane with xÂ =Â 150Â mm. The dots and dashed line represent experimental data and exponential fitting, respectively. c, Surface dispersion in momentum space, obtained by Fourier transforming the real-space complex field distributions on the domain wall.
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