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            Abstract
The quantum-level interplay between geometry, topology and correlation is at the forefront of fundamental physics1,2,3,4,5,6,7,8,9,10,11,12,13,14,15. Kagome magnets are predicted to support intrinsic Chern quantum phases owing to their unusual lattice geometry and breaking of time-reversal symmetry14,15. However, quantum materials hosting ideal spinâ€“orbit-coupled kagome lattices with strong out-of-plane magnetization are lacking16,17,18,19,20,21. Here, using scanning tunnelling microscopy, we identify a new topological kagome magnet, TbMn6Sn6, that is close to satisfying these criteria. We visualize its effectively defect-free, purely manganese-based ferromagnetic kagome lattice with atomic resolution. Remarkably, its electronic state shows distinct Landau quantization on application of a magnetic field, and the quantized Landau fan structure features spin-polarized Dirac dispersion with a large Chern gap. We further demonstrate the bulkâ€“boundary correspondence between the Chern gap and the topological edge state, as well as the Berry curvature field correspondence of Chern gapped Dirac fermions. Our results point to the realization of a quantum-limit Chern phase in TbMn6Sn6, and may enable the observation of topological quantum phenomena in the RMn6Sn6 (where RÂ is a rare earth element) family with a variety of magnetic structures. Our visualization of the magnetic bulkâ€“boundaryâ€“Berry correspondence covering real space and momentum space demonstrates a proof-of-principle method for revealing topological magnets.
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                    Fig. 1: Atomic-scale visualization of the defect-free magnetic kagome lattice.


Fig. 2: Distinct Landau quantization of the manganese kagome lattice.


Fig. 3: Quantum-limit visualization of Chern gapped Dirac fermions.


Fig. 4: Correspondence of Chern gapped Dirac fermions with topological edge state and Berry curvature.
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Extended data figures and tables

Extended Data Fig. 1 Crystal structure of TbMn6Sn6.
a, Crystal structure of TbMn6Sn6. b, Side view of the crystal structure.


Extended Data Fig. 2 Crystal structure characterization.
a, Single-crystal image of TbMn6Sn6. The inset is an image of a cleaved crystal. b, Laue diffraction image of TbMn6Sn6. c, In-plane atomic-resolution image of TbMn6Sn6 taken by a scanning transmission electron microscope, showing the in-plane lattice arrangement. d, In-plane electron diffraction pattern of the crystal taken by transmission electron microscopy, showing hexagonal symmetry. e, In-plane elemental mapping by an energy dispersive X-ray detector. All data were taken at 300Â K.


Extended Data Fig. 3 Magnetization and transport data.
a, Magnetic hysteresis loop with field applied along the c axis at different temperatures. Inset: the saturated magnetic moment at 0Â T versus temperature. b, Hall resistivity measured as a function of the magnetic field at different temperatures. The bottom inset illustrates the geometry of the measurement, where the field is applied along the c axis and current is applied along the a axis of the crystal. Top inset: temperature evolution of the longitudinal resistivity Ï�xx and anomalous Hall resistivity Ï�AH.


Extended Data Fig. 4 Quantum oscillation data.
a, Oscillatory component of magnetoresistance at different temperatures after subtracting a smooth background. b, FFT spectrum of quantum oscillations in a, showing a principle frequency of 96Â T. Inset: fitting of the temperature evolution of this peak amplitude with the Lifshitzâ€“Kosevich formula, yielding a cyclotron mass of 0.13Â Â±Â 0.01Â me. c, Angle dependence of the oscillatory frequency. The magnetic field is tilted from the crystallographic c axis to the a axis. The solid line is a fit to the function 1/cosÎ¸. Inset: a sketch of a two-dimensional Fermi surface, whose cross-sectional area evolves in a 1/cosÎ¸ manner when field direction is tilted Î¸ away from the central axis.


Extended Data Fig. 5 Anomalous Hall transport data.
The anomalous Hall resistivity Ï�AH plotted against \({\rho }_{xx}^{2}\) from 2Â K to 300Â K in Tb(Mn1âˆ’xFex)6Sn6 (Fe-doped TbMn6Sn6). The near-linear scaling indicates an intrinsic Berry curvature contribution to the anomalous Hall effect as the slope of each data set, which has a non-monotonic variation with doping. The black dotted line is the quantum-limit Hall value assuming oneÂ e2/h per manganese kagome layer.


Extended Data Fig. 6 Edge tunnelling data.
a, Schematic illustrating tunnelling on the side cleaving surface. b, Topography of the side cleaving surface, showing stable tunnelling signal. c, Quasiparticle scattering along the bulk crystal edge direction (x). Substantial reduction of the scattering is observed within the Chern gap energy determined by the Landau quantization (white lines), indicating the absence of backscattering of the in-gap edge state.


Extended Data Fig. 7 Angle-resolved photoemission data.
This set of data are taken at a phonon energy of 120Â eV, showing the band dispersion along high symmetry lines (left) and the constant energy maps (right).


Extended Data Fig. 8 Fundamental model for a kagome Chern magnet.
a, The kagome lattice with the sublattice unit cell labelled by A, B and C. The Kaneâ€“Mele type spinâ€“orbit interaction is defined with the form factor Î½ij. b, The Brillouin zone of the kagome lattice with two Dirac cones at \({K}_{\pm }=\left(\pm \frac{2{\rm{\pi }}}{3a},0\right)\). The blue path is the band structure k path used in c. c, Band structure of kagome lattice with Î»Â =Â 0 (blue lines), Î»Â =Â 0.1t (red lines) and EDÂ =Â 0 along the k path in b. d, Band structure magnified around Dirac cone K+. e, Edge states in the tight-binding model by 200 unit cells with open boundary conditions along y and periodic boundary conditions along x and Î»Â =Â 0.1t and EDÂ =Â 0. The red line is the edge state at the top edge. The edge state at the bottom edge is ignored here for simplicity. f, Hall conductivity Ïƒxy in units of e2/h as a function of energy.


Extended Data Fig. 9 First-principles exploration of the tunnelling signal and band structure.
a, b, Calculated bulk band structure (momentum-resolved density of states from all orbitals along the high symmetry directions) with spinâ€“orbit coupling (a) and without spinâ€“orbit coupling (b). All kz bands are projected in the surface Brillouin zone. c, Simulation of tunnelling topographic image of manganese kagome surface with VÂ =Â âˆ’100Â mV. d, e, Calculated manganese 3d in-plane orbital bands with (d) and without (e) spinâ€“orbit coupling. The Dirac band dispersion obtained from the tunnelling data are shown as the blue curve in d.


Extended Data Fig. 10 Features of a quantum-limit Chern magnet in real space and momentum space.
a, In momentum space, spin-polarized Dirac fermions with a Chern gap (two separated cones with arrows) exhibit Landau quantization where the Landau orbits are illustrated by darker area in the cones. In real space, the spinâ€“orbit-coupled magnetic kagome lattice (spheres with arrows) carries a topological edge state (orange ring) within the Chern energy gap. The gap Chern number in this material is CÂ =Â 1. b, A simplified illustration of the quantum-limit Chern magnet discovered in this work.
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