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            Abstract
The discovery of the quantum Hall effect (QHE)1,2 in two-dimensional electronic systems has given topology a central role in condensed matter physics. Although the possibility of generalizing the QHE to three-dimensional (3D) electronic systems3,4 was proposed decades ago, it has not been demonstrated experimentally. Here we report the experimental realization of the 3D QHE in bulk zirconium pentatelluride (ZrTe5) crystals. We perform low-temperature electric-transport measurements on bulk ZrTe5 crystals under a magnetic field and achieve the extreme quantum limit, where only the lowest Landau level is occupied, at relatively low magnetic fields. In this regime, we observe a dissipationless longitudinal resistivity close to zero, accompanied by a well-developed Hall resistivity plateau proportional to half of the Fermi wavelength along the field direction. This response is the signature of the 3D QHE and strongly suggests a Fermi surface instability driven by enhanced interaction effects in the extreme quantum limit. By further increasing the magnetic field, both the longitudinal and Hall resistivity increase considerably and display a metal–insulator transition, which represents another magnetic-field-driven quantum phase transition. Our findings provide experimental evidence of the 3D QHE and a promising platform for further exploration of exotic quantum phases and transitions in 3D systems.
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                    Fig. 1: Temperature dependence of transport properties.[image: ]


Fig. 2: Topology and morphology of the Fermi surface in ZrTe5.[image: ]


Fig. 3: 3D QHE and transport signatures of edge states.[image: ]


Fig. 4: Metal–insulator transition and phase diagrams.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 3D QHE in different samples and temperature dependence of Hall resistivity.
a–c, 3D QHE results for ZrTe5 samples 1 (a), 2 (b) and 4 (c) at T = 1.5 K. d, Hall resistivity of sample 2 at different temperatures ranging from 0.6 K to 20 K. Neighbouring curves are shifted by 5 mΩ cm for clarity.


Extended Data Fig. 2 Angular dependence of Hall resistivity.
a–d, The dependence of the Hall resistivity on angle β (a, c) and angle α (b, d) is shown for ZrTe5 samples 1 (a), 4 (b), 2 (c) and 2 (d).


Extended Data Fig. 3 Signatures of 3D fractional QHE.
a, dρxy/dB and −d2ρxx/dB2 and versus 1/B⊥ at angles β = 0°, 15°, 30°, 60°. The vertical dashed lines indicate the N = 1/3, 1, 2, 3, 4, 5 Landau indices. b, Zoom-in of the extreme-quantum-limit region 0 < N < 1. The N = 1/3 peak can be observed. c, dρxy/dB versus 1/B⊥ at temperatures ranging from 1.5 K to 15 K.


Extended Data Fig. 4 In-plane measurements and quantum oscillations.
Measurement of SdH oscillations in ZrTe5 (sample 4) when a magnetic field is applied in the y direction. a–d, Coherent transport of ρxx (a, c) and ρzz (b, d). a, b, Schematic illustration of the setup with B//y and I//x (a) and with B//y and I//z (b). c, Longitudinal resistivity ρxx and Hall resistivity ρzx measured in the x–z plane, with magnetic field B//y and current I//x. c, d, ρxx and ρzz show similar oscillation patterns. Inset, zoom-in view of ρzz versus B. However, in zero magnetic field, the resistivity ρzz is about 30 times larger than ρxx.


Extended Data Table 1 Charge-transport parametersFull size table


Extended Data Table 2 Fermi wavelength λF,z and CDW period λQ for different samplesFull size table
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