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            Abstract
The Kondo lattice—a matrix of local magnetic moments coupled through spin-exchange interactions to itinerant conduction electrons—is a prototype of strongly correlated quantum matter1,2,3,4. Usually, Kondo lattices are realized in intermetallic compounds containing lanthanide or actinide1,2. The complex electronic structure and limited tunability of both the electron density and exchange interactions in these bulk materials pose considerable challenges to studying Kondo lattice physics. Here we report the realization of a synthetic Kondo lattice in AB-stacked MoTe2/WSe2 moiré bilayers, in which the MoTe2 layer is tuned to a Mott insulating state, supporting a triangular moiré lattice of local moments, and the WSe2 layer is doped with itinerant conduction carriers. We observe heavy fermions with a large Fermi surface below the Kondo temperature. We also observe the destruction of the heavy fermions by an external magnetic field with an abrupt decrease in the Fermi surface size and quasi-particle mass. We further demonstrate widely and continuously gate-tunable Kondo temperatures through either the itinerant carrier density or the Kondo interaction. Our study opens the possibility of in situ access to the phase diagram of the Kondo lattice with exotic quantum criticalities in a single device based on semiconductor moiré materials2,3,4,5,6,7,8,9.
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                    Fig. 1: Moiré Kondo lattice in AB-stacked MoTe2/WSe2.[image: ]


Fig. 2: Electrostatics phase diagram.[image: ]


Fig. 3: Emergence of heavy fermions and magnetic destruction of Kondo singlets.[image: ]


Fig. 4: Gate-tunable moiré Kondo physics.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Schematic electrostatics phase diagram.
The (ν, E) phase diagram with regions defined by different fillings in MoTe2 and WSe2. Kondo lattice physics is realized in region II (νMo = 1 and νW = x); region III (νMo = 2 and νW = x) provides a control experiment. In addition to regions I, II and III discussed in the main text, we can also identify regions with νW = 0 and 0 < νMo < 2, where WSe2 is charge-neutral and only MoTe2 is hole-doped, as well as regions where holes are shared between the two TMD layers (νW > 0 and 0 < νMo < 1 and νW > 0 and 1 < νMo < 2).


Extended Data Fig. 2 Filling factor and electric field dependent Rxx at different magnetic fields.
a, b, c, Dependence of Rxx on the total filling factor ν and the out-of-plane electric field E at T = 1.6 K and B = 6 T (a), 9 T (b) and 11 T (c). The dashed lines mark the phase boundaries for region II and III. Region II cannot be identified at B = 6 T without Landau levels. The electric field span expands (shrinks) for region II (III) with increasing B.


Extended Data Fig. 3 Filling factor and electric field dependence of exciton reflection contrast.
a, b, The reflection contrast (RC) for the intralayer exciton resonance of WSe2 (a) and MoTe2 (b) as a function of filling factor and electric field at B = 0 T and T = 1.6 K. The peak RC and the spectrally integrated RC (over the exciton resonance) are shown in a and b, respectively. c, Filling factor dependence of the RC spectrum near the WSe2 exciton resonance at E = 0.6 V/nm. The much weakened neutral exciton resonance accompanied by the appearance of the Fermi polaron resonances for ν > 1 shows that the WSe2 layer is hole-doped above ν = 1. Repeated measurements at varying electric fields construct the full map in a. The sharp drop in the exciton RC with doping helps construct the black dashed line in a, above which WSe2 is hole-doped. d, e, Bottom gate voltage (Vbg) dependence of the RC spectrum near the MoTe2 exciton resonance at top gate voltages Vtg = −3 V (d) and Vtg = −4.6 V (e). While holes are only doped into the MoTe2 layer in d, holes are shared between the two TMD layers in e. Similar to WSe2, the neutral exciton resonance (near 1.14 eV) is weakened substantially when MoTe2 is hole-doped (e.g., near Vbg = 3 V in d). The charged exciton resonance is enhanced at the insulating states at ν = 1 and 2 (e.g., green dashed lines in d). Multiple moiré exciton resonances are also observed near ν = 1. Similar results are also observed in e except now the WSe2 layer also becomes hole-doped. As a result, there is an extended span in Vbg (bound by the green dashed lines and indicated by the arrows) that the MoTe2 layer is kept in an insulating state (Mott insulator for ν = 1 + x and moiré band insulator for ν = 2 + x). Repeating the measurements in d and e at varying Vtg constructs the full map in b. The extended regions bound by the green dashed lines in e together with the black dashed line in a help identify region II and III in b.


Extended Data Fig. 4 Determination of the WSe2 hole mass from quantum oscillations.
a, b, c, Temperature dependence of the quantum oscillation amplitude ΔRxx as a function of νW at B = 13.6 T for region I (a), II (b), III (c). The filling factor dependence of Rxx at T = 10 K, where there is no quantum oscillation, is used as a background to obtain ΔRxx. The insets show the fits of |ΔRxx| versus T to \({\Delta R}_{{\rm{xx}}}={R}_{{\rm{a}}}\frac{\lambda (T)}{{\rm{\sinh }}\lambda (T)}\) in order to obtain the mass mW. Here Ra is the amplitude and the thermal factor is \(\lambda \left(T\right)=2{\pi }^{2}{k}_{{\rm{B}}}T{m}_{{\rm{W}}}/\hbar {eB}\) (kB denotes the Boltzmann constant).


Extended Data Fig. 5 Additional data on magnetic destruction of Kondo singlets.
a, Magnetic field dependence of Rxx at T = 1.6 K in region II (solid curves) and III (dotted curves). Whereas a small magnetoresistance is observed in region III (except the quantum oscillations at high fields), a large, quadratic magnetoresistance is observed in region II before the magnetic destruction near 6 T. Rxx for the two regions become comparable after the magnetic destruction. b, Magnetic field dependence of Rxx at different temperatures in region II. The temperature dependence corresponds to that in Fig. 3f for RH.


Extended Data Fig. 6 Kohler’s scaling in region II.
Magnetoresistance (MR) as a function of the scaled magnetic field (by the zero-field Rxx ≡ RB=0) at ν = 1 + 0.3 and varying temperatures. All curves collapse to the trend \({MR}\propto {\left(\frac{B}{{R}_{B=0}}\right)}^{2}\) as shown by the black dashed line. The data further confirms the Fermi liquid behavior in region II.


Extended Data Fig. 7 Temperature dependence of Rxx at varying electric field in region II.
The solid lines are the best fits to the quadratic temperature dependence at low temperatures. The resistance peak/bump determines the Kondo temperature T*.


Extended Data Fig. 8 Reproducible results in device 2.
a, Dependence of Rxx on ν and E at B = 13.5 T and T = 1.6 K. The red dashed lines mark the boundaries of region II and III. b, c, Temperature dependence of Rxx at varying doping densities for ν = 1 + x (b) and ν = 2 + x (c). The solid lines are the best fits to the quadratic temperature dependence at low temperatures. d, e, Magnetic field dependence of RH (d) and Rxx (e) at T = 1.6 K for both ν = 1 + x (solid curves) and ν = 2 + x (dashed curves). A sharp change in RH at the critical magnetic field is observed only for ν = 1 + x; that at ν = 2 + x is nearly field independent.


Extended Data Fig. 9 Determination of the charge transfer gap.
Dependence of Rxx on the total filling factor ν and out-of-plane electric field E at B = 0 and T = 1.6 K. The green dashed circle marks the region for the quantum anomalous Hall (QAH) insulator. The critical electric field for band inversion at ν = 1 is marked by the red dashed line at E = 0.653 V/nm. The black dashed line shows the electric field (E = 0.645 V/nm) at which the data in Fig. 3 were taken. The charge transfer gap is given by the product of the interlayer dipole moment and the electric field difference ∆E.


Extended Data Fig. 10 Temperature dependence of |dRxx/dT| at varying WSe2 filling factor x.
The data were extracted by first smoothing the experimental temperature dependence of Rxx before taking numerical derivatives. The temperature T* is determined by the first minimum of |dRxx/dT| (marked by arrows).
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