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            Abstract
Near the boundary between ordered and disordered quantum phases, several experiments have demonstrated metallic behaviour that defies the Landau Fermi paradigm1,2,3,4,5. In moirÃ© heterostructures, gate-tuneable insulating phases driven by electronic correlations have been recently discovered6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23. Here, we use transport measurements to characterize metalâ€“insulator transitions (MITs) in twisted WSe2 near halfÂ filling of the first moirÃ© subband. We find that the MIT as a function of both density and displacement field is continuous. At the metalâ€“insulator boundary, the resistivity displays strange metal behaviour at low temperatures, with dissipation comparable to that at the Planckian limit. Further into the metallic phase, FermiÂ liquid behaviour is recovered at low temperature, and this evolves into a quantum critical fan at intermediate temperatures, before eventually reaching an anomalous saturated regime near room temperature. An analysis of the residual resistivity indicates the presence of strong quantum fluctuations in the insulating phase. These results establish twisted WSe2 as a new platform to study doping and bandwidth-controlled metalâ€“insulator quantum phase transitions on the triangular lattice.
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                    Fig. 1: Continuous metalâ€“insulator transition in twisted WSe2.[image: ]


Fig. 2: Doping-driven metalâ€“insulator transition in twisted WSe2.[image: ]


Fig. 3: Quantum critical fan in twisted WSe2.[image: ]


Fig. 4: Anomalous magnetotransport.[image: ]


Fig. 5: Bandwidth-driven quantum criticality.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Quantum critical transport at a twist angle of 4.5 Â°.
a, color plot of resistivity as a function of temperature and doping. b, line cuts showing the regimes of T2, T-linear and insulating behaviour as a function of doping.


Extended Data Fig. 2 Arrhenius fits to resistance.
When our samples show insulating behaviour, they display metal-insulator transition region that is 1-5 K wide. Below the metal-insulator transition, the temperature-dependent resistance displays activated behaviour over 1-2 decades in resistance. Arrhenius fits to extract gap magnitudes are made in this range of temperature. At the lowest temperature, the temperature dependence is often not exponential, likely due to disorder. Shown here is an example of a typical curve that has the insulating temperature dependence described above. The linear fit is defined over a region chosen such that r2 is maximized (always greater than 0.9).


Extended Data Fig. 3 Planckian parameter C.
Planckian parameter C defined from fits to T-linear resistivity on a device with twist angle 4.2 â—¦ and top gate voltage TGâ€‰=â€‰âˆ’6.75V and plotted against nominal density Î½ as defined in the text. The insulating regime extends from Î½ â‰ˆ âˆ’1.15 to Î½ â‰ˆ âˆ’0.95.


Extended Data Fig. 4 Anomalous magnetotransport for 4.2Ëš twist sample.
a, Longitudinal and c, Hall magnetoresistance as a function of doping density in the metallic regime, approaching the quantum critical point. b, Temperature dependence for the same doping range. d, Fit coefficient Î² from Ï�(B) âˆ� \(\sqrt{\gamma +\beta {B}^{2}}\)shows a marked increase on approaching the quantum critical point near Î½â€‰=â€‰âˆ’1.


Extended Data Fig. 5 Magnetotransport beyond full filling.
B-quadratic behaviour of a, longitudinal resistivity near full-filling. b, The Hall effect shows a sign change as is expected when going across bands.


Extended Data Fig. 6 Collapse of the Fermi temperature in the D-driven transition.
Quadratic coefficient versus displacement field at half-filling for the 4.2Ëš sample. The rise of Î±Q as one approaches the displacement field-driven metal-insulator transition indicates the collapse of the Fermi temperature similarly to what is observed in the doping-driven transition.


Extended Data Fig. 7 Hartree-Fock calculations at half-filling.
Our Hartree-Fock calculations are based on an effective single-band Hubbard model with on-site interactions with a bandwidth chosen to match DFT calculations of the electronic structure. At zero displacement field, the system goes from paramagnetic metal to 120â—¦antiferromagnetic metal with a first order transition at non-zero Uc1, then quickly becomes an insulator at a slightly larger Uc2. As the displacement field is applied, the critical Uc1 to turn on magnetism decreases first and then increases continuously. The Uc2 of the metal-insulator transition and the size of the energy gap change in the same manner. Shown here are the energy gap sizes versus displacement field at a twist angle of 5.09Ëš.


Extended Data Fig. 8 Non-magnetism in the insulating gap.
Correlated gap versus B field for different displacement fields for the 4.2Ëš sample. The correlated gap is non-magnetic and eventually closes at higher magnetic fields. When a perpendicular magnetic field is applied, we would expect the insulating gap to increase if the insulator is a ferromagnet, while we would expect it to decrease if it is an antiferromagnetic state or a spin liquid.


Extended Data Fig. 9 Ohmic contacts and twist angle homogeneity.
a, Optical microscope image of the 4.2Ëš sample. b, Representative I-V at 200mK for the 4.2Ëš sample indicating good contact quality. Curves are offset for clarity. Dashed lines indicate Vxxâ€‰=â€‰0. We find our contact resistances to be between 2 to 10kÎ© for all contacts for the data shown in main figures and that value is fairly temperature independent. We perform a four-probe measurement to minimize the effects of contact resistance. We also monitor the lock-in phase of our low frequency (âˆ¼17.7Hz) AC measurements to ensure that it is close to zero at all times. c, Resistivity curves at 1.6K from two different pairs of leads, they correspond to slightly different twist angles for the two pairs of contacts (4.1Ëš and 4.2Ëš). Crossed out leads indicated high contact resistance. Hall bar channel is 3Âµm wide and 7Âµm long.


Extended Data Fig. 10 Crossover from T-quadratic to T-linear at Î½ = âˆ’0.84 for 4.2Ëš sample.
An example of our fitting procedures described in our method section is shown here for the doping of Î½â€‰=â€‰âˆ’0.84 (also in the main text figure 3c). We find that the resistivity is fit well (r2â€‰=â€‰0.997) by a T2 form up to a temperature of 16.5K, and is fit well (r2â€‰=â€‰0.993) by Tâˆ’ linear form between 16.5 and 47 K. We note that a linear fit between 1.6 and 6 K yields a r2 of 0.92, clearly worse than the quadratic fit.
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