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            Abstract
A quantum anomalous Hall (QAH) state is a two-dimensional topological insulating state that has a quantized Hall resistance of h/(Ce2) and vanishing longitudinal resistance under zero magnetic field (where h is the Planck constant, e is the elementary charge, and the Chern number C is an integer)1,2. The QAH effect has been realized in magnetic topological insulators3,4,5,6,7,8,9 and magic-angle twisted bilayer graphene10,11. However, the QAH effect at zero magnetic field has so far been realized only for CÂ =Â 1. Here we realize a well quantized QAH effect with tunable Chern number (up to CÂ =Â 5) in multilayer structures consisting of alternating magnetic and undoped topological insulator layers, fabricated using molecular beam epitaxy. The Chern number of these QAH insulators is determined by the number of undoped topological insulator layers in the multilayer structure. Moreover, we demonstrate that the Chern number of a given multilayer structure can be tuned by varying either the magnetic doping concentration in the magnetic topological insulator layers or the thickness of the interior magnetic topological insulator layer. We develop a theoretical model to explain our experimental observations and establish phase diagrams for QAH insulators with high, tunable Chern number. The realization of such insulators facilitates the application of dissipationless chiral edge currents in energy-efficient electronic devices, and opens up opportunities for developing multi-channel quantum computing and higher-capacity chiral circuit interconnects.
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                    Fig. 1: The high-C QAH effect in magneticâ€“undoped topological insulator multilayer structures.[image: ]


Fig. 2: Observations of the high-C QAH effect in magneticâ€“undoped topological insulator multilayer structures.[image: ]


Fig. 3: Demonstration of high-C QAH states in magneticâ€“undoped topological insulator multilayer structures.[image: ]


Fig. 4: Tunable Chern number in QAH insulators.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Characterization of magnetic TI/TI multilayer samples.
a, RHEED patterns of the heat-treated SrTiO3(111) substrate. The reconstruction pattern indicates its atomic flat surface, which is crucial for the MBE growth of the high-quality TI films. b, RHEED patterns of the [3QL Cr-doped (Bi,Sb)2Te3â€“4QL (Bi,Sb)2Te3]2â€“3QL Cr-doped (Bi,Sb)2Te3 sample. The sharp and streaky 1Â Ã—Â 1 patterns indicate the high quality of our magnetic TI/TI multilayer samples. c, d, STEM images of the mÂ =Â 2 (c) and mÂ =Â 3 (d) magnetic TI/TI multilayer samples grown on SrTiO3 substrate (left), accompanied by the energy-dispersive spectroscopy maps of Cr distribution (right).


Extended Data Fig. 2 Transport results for the CÂ =Â 1 sample.
a, Dependence of Ï�yx(0) (blue squares) and Ï�xx(0) (red circles) on T. All measurements were taken at Î¼0HÂ =Â 0Â T after magnetic training. b, c, Dependence of Ï�yx (b) and Ï�xx (c) on Î¼0H, measured at different temperatures and VgÂ =Â Vg,0. dâ€“g, Dependence of Ï�yx (d, e) and Ï�xx (f, g) on Î¼0H, measured at different gate voltages (d, f, VgÂ <Â Vg,0; e, g, VgÂ â‰¥Â Vg,0) and TÂ =Â 25Â mK. When Vg is tuned away from Vg,0, Ï�yx and Ï�xx show additional transition features once the external magnetic field changes the polarity. We speculate that these features are probably a result of the heating generated in the dilution fridge and/or the indium contacts used in our samples.


Extended Data Fig. 3 Transport results for the CÂ =Â 2 sample.
As in Extended Data Fig. 2, but for the CÂ =Â 2 sample.


Extended Data Fig. 4 Transport results for the CÂ =Â 3 sample.
As in Extended Data Fig. 2, but for the CÂ =Â 3 sample.


Extended Data Fig. 5 Transport results of the CÂ =Â 4 sample.
As in Extended Data Fig. 2, but for the CÂ =Â 4 sample.


Extended Data Fig. 6 Transport results of the CÂ =Â 5 sample.
As in Extended Data Fig. 2, but for the CÂ =Â 5 sample.


Extended Data Fig. 7 Hall and longitudinal conductance results for the CÂ =Â 1â€“5 samples.
aâ€“e, Dependence of the longitudinal conductance Ïƒxx (red) and Hall conductance Ïƒxy (blue) on Î¼0H for the CÂ =Â 1â€“5 samples. All measurements were taken at the charge-neutral point (VgÂ =Â Vg,0) and TÂ =Â 25Â mK. fâ€“j, Dependence of Ïƒxy(0) (blue squares) and Ïƒxx(0) (red circles) on gate voltage (VgÂ âˆ’Â Vg,0) for the CÂ =Â 1â€“5 samples. All measurements were taken at TÂ =Â 25Â mK and Î¼0HÂ =Â 0Â T after magnetic training.


Extended Data Fig. 8 The high-C QAH effect observed in another group of magnetic TI/TI multilayer samples.
aâ€“d, Dependence of Ï�xx (red) and Ï�yx (blue) on Î¼0H, measured at the charge-neutral point (VgÂ =Â Vg,0) and TÂ =Â 25Â mK. Ï�yx(0) displays the quantized values of 0.494h/e2, 0.307h/e2, 0.231h/e2 and 0.169h/e2 for the samples with CÂ =Â 2, 3, 4 and 5, respectively. The corresponding Ï�xx(0) values are 0.010h/e2, 0.050h/e2, 0.039h/e2 and 0.087h/e2. Vg,0 values for the four samples are +15Â V (CÂ =Â 2), âˆ’3Â V (CÂ =Â 3), âˆ’15Â V (CÂ =Â 4) and +5Â V (CÂ =Â 5). eâ€“h, Dependence of Ï�yx(0) (blue squares) and Ï�xx(0) (red circles) on gate voltage (VgÂ âˆ’Â Vg,0) for the CÂ =Â 2â€“5 samples. All measurements were taken at TÂ =Â 25Â mK and Î¼0HÂ =Â 0Â T after magnetic training.


Extended Data Fig. 9 Chern number tuned by varying the Cr doping level in magnetic TI layers.
aâ€“d, Dependence of Ï�xx (red) and Ï�yx (blue) on Î¼0H for the mÂ =Â 2 sample, with different Cr doping levels x. All measurements were taken at the charge-neutral point (VgÂ =Â Vg,0) and TÂ =Â 25Â mK. Ï�yx(0) displays the quantized values of 0.969h/e2, 0.994h/e2, 0.498h/e2 and 0.497h/e2 for the samples with xÂ =Â 0.13, 0.15, 0.24 and 0.35, respectively. The corresponding Ï�xx(0) value are 0.078h/e2, 0.002h/e2, 0.008h/e2 and 0.010h/e2. eâ€“h, Dependence of Ï�yx(0) (blue squares) and Ï�xx(0) (red circles) on gate voltage (VgÂ âˆ’Â Vg,0) for xÂ =Â 0.13, 0.15, 0.24 and 0.35. All measurements were taken at TÂ =Â 25Â mK and Î¼0HÂ =Â 0Â T after magnetic training.


Extended Data Fig. 10 Chern number tuned by controlling the thickness of the middle magnetic TI layer.
aâ€“d, Dependence of Ï�xx (red) and Ï�yx (blue) on Î¼0H for the mÂ =Â 2 sample, with different middle magnetic TI layer thicknesses d. All measurements were taken at the charge-neutral point (VgÂ =Â Vg,0) and TÂ =Â 25Â mK. Ï�yx(0) displays the quantized values of 0.995h/e2, 0.996h/e2, 0.469h/e2, 0.498h/e2 and 0.490h/e2 for the samples with dÂ =Â 0, 1, 2, 3 and 4, respectively. The corresponding Ï�xx(0) values are 0.0001h/e2, 0.0009h/e2, 0.089h/e2, 0.008h/e2 and 0.024h/e2. eâ€“h, Dependence of Ï�yx(0) (blue squares) and Ï�xx(0) (red circles) on gate voltage (VgÂ âˆ’Â Vg,0) for dÂ =Â 0, 1, 2, 3 and 4. All measurements were taken at TÂ =Â 25Â mK and Î¼0HÂ =Â 0Â T after magnetic training. Because the dÂ =Â 2 sample is near the topological phase transition regime and therefore has a smaller hybridization gap (Fig. 4d), it has a larger Ï�xx. For the dÂ =Â 4 sample, the larger Ï�xx is probably induced by the enhanced dissipative quasi-helical side surface states and/or residual bulk carriers with increasing sample thickness.
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