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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 matter' . Usually, Kondo lattices are realized in intermetallic

compounds containing lanthanide or actinide 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 MoTe,/WSe, moiré
bilayers, in which the MoTe, layer is tuned to a Mott insulating state, supporting a
triangular moiré lattice of local moments, and the WSe, 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 materials®”.

Moiré materials provide a highly tunable platform to explore strongly
correlated electron phenomena®*'°™, A series of correlated insulat-
ing, magnetic and superconducting states has emerged as a result
of the flat electronic bands induced by the moiré superlattices>*1°12,
In particular, a Mott insulator with localized magnetic moments has
beenrealized in semiconductor moiré materials at half-filling of the
moiréband® . The strong electronic interactions open a Mott gap with
afully filled Hubbard band. Couplingitinerant electrons to the lattice
oflocalmoments through exchange interaction has been proposed as
aroute to realizing aKondo lattice’® 2.

Here we experimentally demonstrate the realization of amoiré Kondo
latticein AB-stacked (60°-aligned) MoTe,/WSe, bilayers with hole doping.
Thesebilayers formatriangular moiré lattice withaperiod of about 5 nm,
corresponding toamoiré density of ny, = 5 x 10”2 cm?, asaresult of the 7%
mismatch betweenthe MoTe,and WSe, lattices?? >, The Wannier orbitals
ofthetopmost MoTe, and WSe, valence bands are centred on two distinct
high-symmetry stacking sites of the moiré lattice. Together, they forma
honeycomb lattice” %, The moiré potential is substantially stronger at
the Mosite thanat the W site (see section ‘Estimate of the bandwidths’in
the Methods for further discussion). Hence, the first MoTe, moiré band
isrelatively flat and the first WSe, moiré band is dispersive. The holesin
the MoTe, layer can be localized by interactions, whereas the holes in
the WSe, layer remainitinerant. Thisis supported by density functional
calculations® as well as the experimental results discussed below.

In dual-gated devices (Fig. 1a), the two gate voltages can indepen-
dently tune the total electrostatic doping density, v (in units of ny,),

in the bilayer and the electric field, E, perpendicular to the bilayer.
The electric field tunes the interlayer potential difference or band
alignment®?. We consider a scenario in which the first WSe, moiré
band is slightly below the MoTe, moiré band. The interlayer hopping
integral, ¢, (Fig.1b), remains weak because, to agood approximation,
the two bands have opposite spins for the same valley and the inter-
layer hopping s nearly spin-forbidden*?., The system has been shown
to undergo topological phase transitions at bothv=1and v =2 upon
bandinversion??. Particularly,atv =1, itis aMott (or charge transfer)
insulator before the band inversion and a quantum anomalous Hall
insulator after the band inversion??,

A simple Kondo lattice away from the mixed-valence regime® can
be seenbefore the band inversion. It corresponds to the shaded region
of the (v, E) phase diagram (Fig. 1c, top). For a full phase diagram, see
Extended Data Fig. 1. The total doping density is v =1+xwith the hole
density in the MoTe, layer (vy,) fixed at 1 and in the WSe, layer (vy,)
atx > 0. Thisis achievable for a range of electric fields, for which the
dispersive WSe, moiré band isinside the MoTe, Mott gap, and the Fermi
level cuts through the WSe, band'®" (Fig. 1c, inset). The electric-field
span of the region, AE, provides a measure of the Mott gap, U=dAE,
where dis theinterlayer dipole moment of the bilayer®**', Furthermore,
because the Fermienergy scales linearly with density for massive elec-
trons in two dimensions, the boundaries of the Kondo lattice region
shift linearly with x.

The possibility of separating the local moments and conduction
holesinto two different layers provides remarkable gate tunability of
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the Kondo effect'*, The Kondo coupling, J,, between a conduction
1 1

hole and localmoment s estimated to be approximatelthi(Z + ﬂ)
by considering an interlayer (anti-ferromagnetic) super-exchange
interaction, where 4 is the charge transfer gap'®”. Bringing the WSe,
band close toresonance with either Hubbard band by the electric field
can significantly enhance /. When the Kondo coupling effect domi-
nates, the conduction holes hybridize with (or screen) the local
moments to produce a large Fermi surface with heavy quasi-particle
masses. The onset temperature for Kondo screening increases with Ji

and the conduction hole density.

Fig.1|Moiré Kondolatticein AB-stacked MoTe,/WSe,. a, Schematicside
view of a dual-gated Hall bar device of AB-stacked MoTe,/WSe,.b, Left, schematic
ofamoiré Kondo lattice. The MoTe, layer is filled with one hole per moiré site
(Vmo =1) and the WSe, layer hosts theitinerant holes (v, =x). Here ¢, denotes the
interlayer hoping. Right, the corresponding scenario when the MoTe, layer is
filled with two holes per moiré site (v, = 2) with anti-aligned spins; no Kondo
lattice physicsis expectedinthis case.c, The (v, E) phase diagram with regions
defined by differentfillingsin MoTe, and WSe,. Kondo lattice physicsis realized
inregionll (vy,=1and vy, =x);regionlll (vy,,= 2and v, =x) provides a control
experiment.Insets, the moiré band structure corresponding toregionsIlandIIl.
The Fermilevelislocatedinbetween the MoTe, Hubbard bandsinregionlland
the MoTe, moiré bandsinregionlll, and it goes through the WSe, moiré band.
Theelectric-field span AE (arrow) is directly proportional to the Mott gap in
regionllor the moiré bandgap inregionIll. The WSe, layer is charge-neutral
belowtheblack dashedlinesinthe phase diagram.

A moiré Kondo lattice

We performed magneto-transport and optical spectroscopy measure-
ments to identify the Kondo lattice region. Details about the device
fabricationand measurements are provided in the Methods. Figure 2a
shows the longitudinal resistance, R,,, as a function of (v, E) under an
out-of-plane magnetic field B=13.6 T at temperature 7=1.6 K. The dop-
ing density and electric field were determined from the gate voltages
using the parallel-plate capacitor model, and the density was indepen-
dently calibrated by the quantum oscillation measurements. The grey
regions could notbe accessedin the current device structure because
of either large sample or contact resistance or limited accessible gate
voltages. Quantum oscillations (stripes) could be observed in many
regions of the phase diagram, indicating a Fermi-liquid behaviour.
For v=1+x, we identify a region with pronounced vertical stripes
(region II). In this region, the Landau levels do not disperse with F—
thatis, the electric field does not affect the Fermi surface. This is con-
sistent with the Fermi level located inside the Mott gap (vy,=1and
vy =X). The level degeneracy is also consistent with the formation of
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Fig.2|Electrostatics phase diagram.a, Dependence of R, on the totalfilling
factor vand the out-of-planeelectricfield EatB=13.6 Tand T=1.6 K. The
dashed lines mark the phase boundaries between the different regionsinthe
electrostatics phase diagram corresponding to Fig. 1cand Extended Data Fig. 1.
Thered dashedlines mark the boundaries forregionsIlandIll. b, Magnetic-
field dependence of the Mott gap and the moiré bandgap extracted from the
electric-field spaninregionsIlandlll, respectively. The zero magnetic field data
(empty dots) are obtained from optical measurements (Extended Data Fig. 3).
Thedashed lines are guidesto the eye. ¢, Filling-factor dependence of the WSe,
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itinerant hole mass (normalized by the free electron mass m,) extracted from
thetemperature-dependent quantum oscillations (Extended Data Fig.4) in
region! (v=vy,+v,=0+Xx),regionll (v=1+Xx)andregionIll (v=2 +Xx). Data
points with different colours correspond to different regions. The dashed line
denotes the average (or mean) hole mass. The drop inmass near v=1is probably
caused by asystematic error frombackground subtractions. The background
inregionllshowsamuchstronger temperature dependence thanthe other
regions. Error bars denote the standard deviation from datafitting.
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Fig.3|Emergence of heavy fermions and magnetic destruction of Kondo
singlets. a,b, Temperature-dependentR,, at varying doping densities for
v=1+x(a)andv=2+x(b). Thesolidlines are the best fits to the quadratic
temperature dependence atlow temperatures. The arrows mark the
temperature T* Theinsets show the scaling of R, with T2. ¢, Extracted doping
dependence of the coefficient A% forboth v=1+x(black) and v=2+ x (red).
Errorbars denote the standard deviation from datafitting. d, Magnetic-field

spin-valley-polarized Landaulevels only in the WSe, layer. By contrast,
in the region with smaller electric fields beneath region II, the verti-
cal stripes turn into diagonal ones and a second set of weaker stripes
emerges and intersects the first set. The prominent quantum oscilla-
tions arise fromthe WSe, layer, whereas the weaker ones arise from the
MoTe, layer, because the latter has a heavier mass and lower mobility.
The Fermilevel cuts through bands of both layers. The stripes disperse
with Ebecause the field varies the relative alignment of the Landau
levels from two different layers. We estimate the Mott gap of region I
tobeabout32 meV fromits electric-field span, assuming the interlayer
dipole moment d = e x 0.26 nm (from optical measurements, where e
denotes the elementary charge)?.
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dependence of the Hall coefficient R,;at T=1.6 K forboth v=1+x(solid curves)
andv=2+x(dotted curves). Asharp changein R, at the critical magnetic field
isobserved only forv=1+x, whereasatv=2+xitis weakly field dependent.

e, The corresponding magnetic-field dependence of the Hall density v* for
v=1+0.35andv=2+0.35.Thearrowindicates achangein the Hall density by
the moiré density ny. f, Magnetic-field dependence of R,at v=1+0.3and
varying temperatures.

Pronounced vertical stripes can also be identified in two other
regions: region I with v =xandregion lll with v = 2 + x. Similarly, these
vertical stripes correspond to quantum oscillations in the WSe, layer
with density x. The Fermilevelislocated inanenergy gap of the MoTe,
layer —specifically, in the large semiconductor bandgap in region |
(Um0 = 0) and the gap between the first and second moiré bands in
region Il (v, =2). The full extent of region I is beyond the accessible
gate voltages. We estimate the moiré bandgap from the electric-field
span of region Ill to be about 16 meV assuming the same interlayer
dipole moment d. Both the Mott and moiré bandgaps depend on
the magnetic field owing to the Zeeman effect (Fig. 2b, Methods
and Extended Data Fig. 2). The zero-field Mott and moiré bandgaps
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Fig.4|Gate-tunable moiré Kondo physics. a, Extracted doping dependence
of T*(top) and A™** (bottom) atafixed electric field (E=0.645V nm™) forv=1+x.
The two quantities show similar dependences. b, Extracted electric-field
dependence of T*(top) and A% (bottom) at a fixed filling factor (v=1+0.23).

(20and 26 meV, respectively) are inferred from the layer-resolved exci-
ton optical response (Extended Data Fig. 3).

We determine the quasi-particle mass of WSe, from the tempera-
ture dependence of the quantum oscillations (Fig. 2c and Extended
DataFig.4).At13.6 T, thevalueisaround 0.5m,in all three regions (m,
denoting the electron mass). It is slightly larger than the hole mass
in monolayer WSe, (approximately 0.45m,)*. This result supports a
dispersive WSe, band and weak moiré potential at the W sites.

The simultaneous existence of a sizeable Mott gap in MoTe,, which
supports a triangular lattice of local moments and of itinerant holes
in WSe, inregion II, provides the key ingredients for a Kondo lattice.
Next we determine whether aheavy-fermion liquid emerges. Because
the Kondo effect was not expectedinregionll, inwhich the first MoTe,
moiré bandis fully filled with two holes of opposite spin, we use region l1
asacontrol experiment (Fig. 1).

Emergence of heavy fermions

Figure 3a,b shows the temperature dependence of the resistance
under zero magnetic field in region Il (E=0.645V nm™) and region l1I
(E=0.45Vnm™), respectively. Different curves correspond to different
doping densities; the same colour denotes the same hole density in the
WSe, layer. Inbothregions, R, decreases with increasing x and shows
a T* dependence at low temperatures (Fig. 3a,b (insets)). R, deviates
from the T dependence below 10 K for x < 0.15in region Ill, the origin
of this effectis currently unknown. Inregion I, thereis a characteristic
temperature T*, below which resistance drops significantly, and T*
increases with x. No resistance peak or onset of significant drop in
resistance is observed in region Illin the studied temperature range.

The T?dependence of R, at low temperatures is a characteristicof a
Landau Fermiliquid. We fit the dependence using R, = R, + AT?, where
R, is the residual resistance limited by impurity scattering, and A%° is
linearly proportional to the quasi-particle mass in the Fermi-liquid
theory®. The doping dependence of A°*is shown in Fig.3c. The valuein
regionIlis more than an order of magnitude larger than thatin regionllII,
and the enhancement ratio further increases from approximately 10
to20asxdecreases from0.35to0 0.1. The large enhancement indicates
the emergence of heavy fermionsinregionIl.

We measure the size of the Fermi surface by measuring the Hall
resistance, R,,. Figure 3d shows the magnetic-field dependence of
the Hall coefficient, R, =R,,/B, for representative doping densities in
regions Il and Ill. The corresponding result for R, is included in
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We observed anasymmetric dependence with respect to the MoTe, lower
(E=0.66 Vnm™)and upper (E~0.6 Vnm™) Hubbard bands. Error bars denote
thestandard deviation from datafitting.

Extended Data Fig. 5. Inregion I, R,, weakly depends on the field up
to14 T. Oscillatory features appear above approximately 4 T from the
formation of Landau levels. Conversely inregion I, R,,has an opposite
sign at low fields. It shows an abrupt change, including a sign switch
around acriticalfield, B.= 6 T; and above B,, it reaches a similar value to
thatinregionIllfor the samex. The oscillatory features are not observ-
able below B.and become visible immediately above B..

For a given doping density, the magnetoresistance at varying tem-
peratures follows Kohler’s scaling (Extended Data Fig. 6). Therefore,
we assume asingle charge-carrier type and evaluated the Hall density,
v* (in units of ny,), from the Hall coefficient as 1/(eR,;n,) for x=0.35in
Fig.3e as an example. In region Ill, we obtain v* = —x, which indicates
ahole Fermi surface with density x. This is expected because the first
MoTe, moiré bandis fully filled with two holes, and the Fermi level cuts
through the WSe, moiré band inside the MoTe, moiré bandgap. The
Hall density is also consistent with the value extracted from quantum
oscillations. Inregion I, below B, we obtain v* =1 -x. Thisindicates an
electron Fermi surface with density 1 - x, whichis equivalent to a hole
density of 1+ xbecause the band degeneracyis 2. Thisresult indicates
that the localmomentsinthe MoTe, layer are hybridized with the con-
duction holesinthe WSe, layer to formalarge-hole Fermisurface. This
surface, whichis observed in combination with the quasi-particle mass
enhancement, supports therealization of aKondo latticeinregion II*.
We use the characteristic temperature 7*, below which R, decreases
significantly, to measure the Kondo temperature. The Kondo tempera-
tureismuch smaller than the Fermitemperature of theitinerant hole.

Magnetic destruction of heavy fermions

The Hall measurement in region Il shows that the large Fermi surface
with hole density 1 +x is reduced to a small Fermi surface with hole
density x when a magnetic field above B. is applied. The reduction in
the size of the Fermi surface is also correlated with the emergence of
alight-fermion liquid, as evidenced by the immediate appearance of
quantum oscillations. We determine the mass of the quasi-particle from
the temperature dependence of the quantum oscillations to be around
0.5m,, whichis comparable with the value in regions I and Ill (Fig. 2c).

Magnetic destruction of heavy fermionsis possible when the Zeeman
energy exceeds the Kondo temperature, below which the Kondo
singlets emerge****, We estimate the critical Zeeman energy (gu,B.
around 3 meV atx = 0.3) using the hole g factor (g =10) in monolayer
transition metal dichalcogenides® (where y; is the Bohr magneton).



It agrees well with the corresponding Kondo temperature (7* = 40 K).
Magnetic destruction of heavy fermions could be a meta-magnetic
phase transition or a smooth crossover**. The significant narrowing
of the R,, sign-change region with decreasing temperature (Fig. 3f)
indicates a meta-magnetic phase transition. Meta-magnetic transi-
tions fromaKondo-singlet paramagnet to a spin-polarized paramagnet
have beenreported inrare-earth heavy-fermion compounds*. Future
experimentsthat correlate the Halland magnetization measurements
arerequired tounderstand the nature of the transitionin moiré Kondo
lattices.

Gate-tunable coherent Kondo effect

Finally, we demonstrate continuous gate tuning of the Kondo effect.
We study the temperature dependence of the resistance and extract
the Kondo temperature T* and the parameter A% in region Il (Fig. 4
and Extended Data Fig. 7). We show one cut along £=0.645V nm™
(Fig. 4a) and another cut along x = 0.23 (Fig. 4b). The Kondo tempera-
ture (Fig. 4a,b (top)) can be widely tuned by both doping and electric
field. Theinverse of the mass enhancement, A™** (Fig. 4a,b (bottom)),
largely follows T* as expected® and the product, A(T*)?, stays near the
resistance quantum®*, Increasing the doping density is expected to
strengthen the Kondo effect because there are more conduction holes
toscreen the local moments'*"*, This is consistent with the observed
dependence of T on x. However, we observe a stronger enhancement
of the Kondo effect when the WSe, band is close to the MoTe, lower
Hubbard band (E=0.66 V nm™) than the upper band (E= 0.6 Vnm™).
This apparent disagreement with the simple estimate of the Kondo
coupling on the basis of super-exchange interaction' shows the pres-
ence ofasymmetry in the two Hubbard bands (Methods) and indicates
that possibly more interaction mechanisms are required to describe
our system.

Inconclusion, we haverealized aKondo lattice in AB-stacked MoTe,/
WSe, moiré bilayers when the WSe, layer is doped withitinerant holes
and the MoTe, layer stayed in a Mott insulating state. We have also
observed a heavy-fermion liquid with alarge Fermi surface. Our work
shows a highly gate-tunable Kondo effect. It provides opportunities to
study the gate-controlled Kondo destruction transition by extending
the Kondo temperature further down to 0 K—for instance, by reducing
the doping density in higher-quality devices or the interaction effect
inbilayers with small twist angles'.
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Methods

Device fabrication

We fabricated dual-gated MoTe,/WSe, devices using a layer-by-layer
dry-transfer technique as previously reported®***, We aligned the
MoTe, and WSe, monolayers by first determining the crystallographic
orientations of each monolayer using the optical second-harmonic
generation technique™™, Thebilayers aligned at 0° and 60° were then
sorted according to their distinct electric-field dependence of the
longitudinal resistance at v =1(refs. *>**). MoTe, is air-sensitive and was
handled in a glovebox with O, and H,0 concentrations below 1 ppm.
We first fabricated the bottom gates, consisting of hexagonal boron
nitride (hBN) of approximately 10 nm thickness and a few layers of
graphite onsiliconsubstrates with pre-patterned Ti/Au electrodes. The
polycarbonate residue from the dry-transfer process was removed in
chloroform for 2 h. We deposited 5-nm Pt contacts on hBN by stand-
ard electron-beam lithography and evaporation, followed by another
step of electron-beam lithography and metallization to formabilayer
of 5-nm Ti and 40-nm Au to connect the thin Pt contacts on hBN to
pre-patterned electrodes. We cleaned the device surface after lift-off
using an atomic force microscope in contact mode. For the top gates,
we chose arelatively thinhBN layer (around 4 nm) to achieve high break-
downelectric fields of the order of 1V nm™. We also chose a narrow top
gateelectrode made of graphite, which defines theregion of interestin
the Hallbar geometry. The results in the main text were obtained from
devicel. Allresults were reproduced indevice 2 (Extended DataFig. 8).

Electrical measurements

Electrical measurements were performedina closed-cycle “He cryostat
with a*He insert (Oxford TeslatronPT). The measurements were per-
formed under magnetic fields up to 14 T and temperature down to
300 mK. The standard low-frequency (10-20 Hz) lock-in technique
was used to measure the sample resistance at low bias (0.2-1mV). A
voltage pre-amplifier with 100-MQ impedance was used to measure
the sample resistance up to about 10 MQ. The longitudinal and trans-
verse voltage drops and the source drain current were recorded. Finite
longitudinal-transverse coupling occurs in our devices. We used a
standard procedure to obtain the longitudinal and Hall resistances by
symmetrizing Ra®*RatB) 354 anti-symmetrizing M the
measured R,, and R, values under positive and negative magnetic
fields, respectively.

Estimate of the bandwidths

The density functional theory calculations and our experiment show
that the moiré potential is substantially stronger for holesin the MoTe,
layer than in the WSe, layer®. A plausible explanation is that lattice
corrugations and strain-induced band energy shift contribute notably
to the moiré potential in AB-stacked MoTe,/WSe, bilayers. The Young
modulus of WSe, is about 1.7 times that of MoTe,, and lattice corruga-
tions under lattice reconstruction in WSe, are much smaller**,

We estimate the upper limit of the width of the first WSe, moiré band
fromthe doping density and density of states. Assuming a parabolic band
of mass m,y, the density of statesis j—g = ~»wherefis thereduced Planck
constant. The total density of the first fibiré band is 2y, ~ 1x 10" cm 2.
We obtain an upper bound for the dispersive WSe, bandwidth of about
48 meV using m,, = 0.5m, obtained from the experiment.

The MoTe, lower Hubbard bandwidth can be estimated by dAE, where
distheinterlayer dipole moment, whichisaround 0.26 ex nm (ref. %),
and Afistheelectric-field difference when the WSe, valence band edge
isaligned with the maximum and minimum of the lower Hubbard band.
These two fields are £~ 0.7 Vnm™ (corresponding to the band inver-
sion pointwith vy, = vy, =0) and £= 0.65V nm™ (withv,, = 0 and vy,,=1)
as shown in Fig. 2a and Extended Data Fig. 2. We estimate that lower
Hubbard bandwidth is 13 meV. Similarly, we estimate that upper
Hubbard bandwidth is 26 meV.

Determination of the Mott, moiré band and charge transfer gaps
Inthe maintext, we described how the Mott and moiré bandgaps were
determined from the (v, £) map of R,,at 13.6 T from the electric-field
span of regions Il and I1I, respectively. We performed the same meas-
urements under varying magnetic fields. Extended Data Fig. 2 shows
theresult under several representative magnetic fields. The quantum
oscillations are nolonger discernable for B< 6 Tinregion Ilbecause of
the formation of heavy fermions, but persist down to 4 T inregion Il.
Figure 2b summarizes the Mott and moiré bandgaps that are depend-
ent on the magnetic field. The zero-field values were obtained from
the layer-resolved exciton optical response (Extended Data Fig. 3),
which is sensitive to charge doping. In region IlI, the magnetic field
lifts the spin degeneracy of the moiré bands and continuously reduces
the moiré bandgap by the Zeeman effect. By contrast, inregion Il, the
field first polarizes the local moments and then increases the Mott
gap above saturation by introducing an additional Zeeman splitting
between the Hubbard bands®.

The determination of the charge transfer gap is shown in Extended
Data Fig. 9. Itis given by the product of the interlayer dipole moment
dand the electric-field difference AE between the threshold electric
field for band inversion and the applied electric field. For example,
the charge transfer gapis estimated tobe around 2 meV for the datain
Fig.3.Itis continuously tuned in Fig. 4 by the electric field.

Estimate of the heavy-fermion mass

The magnetic destruction of the Kondo singlets at rather small criti-
cal magnetic fields (around 6 T) prevents us from directly deter-
mining the quasi-particle mass of the heavy fermions from the
temperature-dependent quantum oscillations. Quantum oscillations
cannot be observed below 6 T for the heavy fermions because of the
large quasi-particle mass and the presence of disorder. Therefore, we can
only estimate the heavy-fermion mass by assuming that the ratio of the
quasi-particle mass in regions Il and Ill equals the ratio of A°* based on
the Kadowaki-Woods scaling®. Given the measured WSe, quasi-particle
mass my, (around 0.5m,) and the ratio of A% (10-20 for varying x) (Figs. 2c
and 3c), the heavy-fermion mass is estimated to be 5to 10 times m,,.

Determination of the Kondo temperature

The Kondo temperature T* is a crossover temperature scale, below
which coherent charge transport in the lattice of Kondo singlets
develops?. The sample resistance significantly drops below T*. In our
experiment, we observe apeak or kink in the temperature-dependent
resistance (Fig. 3aand Extended Data Fig. 7). Because of the broad fea-
ture ofacrossover, the numerical accuracy for Tis limited. The crosso-
ver temperature T* was extracted as the first minimum of |dR,,/d 7|
(Extended Data Fig. 10), which corresponds to the resistance peak
temperature or the temperature below which the resistance decreases
significantly.

Data availability

Source data are provided with this paper. All other data are available
from the corresponding authors upon reasonable request.
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Extended DataFig.1|Schematicelectrostatics phase diagram. The (v, F) discussedinthe maintext, we canalsoidentify regions withvy=0and 0 <v,, <2,

phase diagramwith regions defined by different fillingsin MoTe, and WSe,.
Kondo lattice physicsis realized inregion Il (v, =1and v,y = x); region Il (vyy, =2
and vy, =Xx) providesa controlexperiment.Inadditiontoregions|, Iland Il

where WSe, is charge-neutral and only MoTe, is hole-doped, as well as regions
where holes are shared between the two TMD layers (v, > 0and 0 <vy,<1and
vy >0and1<vy,<2).
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Extended DataFig. 2| Filling factor and electricfield dependentR,, at
different magneticfields. a, b, c, Dependence of R, on the total filling factor
vand the out-of-planeelectricfield Fat T=1.6 KandB=6T(a),9 T(b)and 11T (c).
Thedashed lines mark the phase boundaries forregionIland Ill. Region I
cannotbeidentified at B=6 T without Landau levels. The electric field span
expands (shrinks) for region Il (1) with increasing B.
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Extended DataFig. 3 |Filling factor and electric field dependence of exciton
reflection contrast.a, b, The reflection contrast (RC) for the intralayer exciton
resonance of WSe, (a) and MoTe, (b) as a function of filling factor and electric
fieldatB=0Tand T=1.6 K. The peak RC and the spectrally integrated RC
(overtheexcitonresonance) areshowninaandb, respectively.c, Filling factor
dependence ofthe RCspectrum near the WSe, excitonresonanceat £= 0.6 V/nm.
The muchweakened neutral exciton resonance accompanied by theappearance
ofthe Fermipolaronresonances for v>1showsthat the WSe, layer is hole-doped
abovev=1.Repeated measurements at varying electric fields construct the full
mapina. Thesharp dropinthe exciton RC with doping helps construct the
black dashedlineina, above which WSe,is hole-doped.d, e, Bottom gate
voltage (V,,,) dependence of the RC spectrum near the MoTe, exciton resonance
attop gate voltages V,,=-3V(d)and V,;=-4.6 V (e). While holes are only doped

intothe MoTe, layerind, holesareshared betweenthe two TMD layersine.
Similar to WSe,, the neutral exciton resonance (near 1.14 eV) is weakened
substantially when MoTe, is hole-doped (e.g., near V,,, =3 Vind). The charged
excitonresonanceisenhanced attheinsulatingstatesatv=1and2 (e.g.,green
dashedlinesind). Multiple moiré exciton resonances are also observed near
v=1.Similarresults are also observedin e except now the WSe, layer also
becomes hole-doped. Asaresult, thereis an extended spanin V,,, (bound by
thegreendashedlinesand indicated by the arrows) that the MoTe, layer is kept
inaninsulating state (Mottinsulator for v=1+xand moiré band insulator for
v=2+Xx).Repeating the measurementsind and eatvarying V; constructs the
fullmapinb. Theextended regionsbound by the green dashedlinesine
together withtheblack dashedlineinahelpidentify regionllandIllinb.
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Extended DataFig.5|Additional dataon magnetic destruction of Kondo
singlets. a, Magnetic field dependence of R,, at T=1.6 Kinregion I (solid

curves) and Il (dotted curves). Whereas asmall magnetoresistance is observed

inregionlll (except the quantum oscillations at high fields), alarge, quadratic
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magnetoresistanceis observedinregion Ilbeforethe magnetic destruction
near 6 T.R,, for the two regions become comparable after the magnetic
destruction. b, Magnetic field dependence of R, at different temperaturesin
regionll. Thetemperature dependence corresponds to thatinFig. 3fforRy,.
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varying temperatures. All curves collapse to the trend MR = (RBL—o) asshownby theblack dashed line. The data further confirms the Fermiliquid behaviorinregion]I.
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