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Abstract:

Electron superlattices allow the engineer of correlated and topological quantum phenomena. The
recent emergence of moiré superlattices in two-dimensional (2D) heterostructures has led to
exciting quantum phenomena discoveries. However, the requirement of the moiré pattern poses
stringent limitations, and its potential cannot be switched on and off. Here, we demonstrate remote
engineering and on/off switching of correlated states in bilayer graphene. Employing a remote
Coulomb superlattice realized by localized electrons in a twisted bilayer WSz, we impose a
Coulomb superlattice in the bilayer graphene with period and strength determined by the twisted
bilayer WS.. When the remote superlattice is turned off, the two-dimensional electron gas (2DEG)
in the bilayer graphene is described by a Fermi liquid, when it is turned on, correlated insulating
states at both integer and fractional filling factors emerge. This approach enables in-situ control of

correlated quantum phenomena in 2D materials hosting a 2DEG.
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Main text:

A periodic potential, also known as a superlattice, can strongly modify the behavior of electrons
in materials®. Two types of superlattice structures, the moiré superlattice and lithographic-
patterned superlattice, have been utilized to engineer quantum phenomena in 2D materials. The
moiré superlattice emerges naturally in the twisted stack of van der Waals heterostructures. It
features almost perfect periodic potential at the nanometer scale and has enabled the discovery of
many fascinating quantum phenomena, ranging from correlated insulators?=, superconductivity*®,
Chern insulators®® to moiré excitons®®, generalized Wigner crystal states° and correlated
interlayer exciton insulator'**4, However, the creation of a moiré pattern requires specific material
combinations, and the moiré potential cannot be turned on and off for a given moiré
heterostructure. In comparison, the lithographic-patterned superlattice has tunability in both the
superlattice symmetry and magnitude, enabling the observation of fractal Hofstadter spectra?®,
anisotropic flat band'®, and replica Dirac cones!’ in graphene. However, achieving a perfect
nanometer-scale lithographic-patterned electronic superlattice is challenging in the lithographic
process. It will be desirable to achieve a superlattice design that combines the advantage of moiré
superlattice and lithographic-patterned superlattice, which would greatly aid in the exploration of

tunable correlated quantum phenomena.

In this work, we demonstrate such precise and tunable superlattice potential using a remote
Coulomb superlattice configuration (Fig. 1a). The superlattice potential is generated by strongly
localized electrons at the moiré lattice site in a close-to-60-degree twisted bilayer WSz in close
proximity of the bilayer graphene layer. The period of the Coulomb superlattice is determined by
the moiré period of the twisted bilayer WSz, which can be controlled by the twist angle between

the two WS layers (Supplementary Fig. S1). The magnitude of the superlattice potential is
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controlled by the number of localized electrons at the twisted bilayer WSz moiré lattice site.
Twisted bilayer WSz is a compelling choice for this type of device because close to 60 degrees it
is predicted to have particularly strong moiré potential and extremely flat moiré minibands*®. To
demonstrate this tunable remote Coulomb superlattice, we choose the bilayer graphene as the
active material that hosts the 2D electron gases. Bernal stacked bilayer graphene and its moiré
superlattice with hexagonal boron nitride (nBN) have been extensively studied previously!®-2,
These material systems exhibit many interesting properties, including a field tunable
semiconductor bandgap?®, Hofstadter butterfly physics?2’, and correlated phases under high
vertical electric field?>2*, However, pristine bilayer graphene has not shown correlated insulator
states due to periodic potential modulation. In our remote Coulomb superlattice device, the bilayer
graphene is separated from the twisted bilayer WSz by a thin hBN layer. We typically choose an
hBN thickness of 3 nm to 5 nm so that the remote Coulomb potential could be maximized while
the leakage current between bilayer graphene and the remote Coulomb superlattice is sufficiently
low. At the same time, we expect that the hBN will strongly suppress the induced spin-orbital
coupling between the WSz and graphene layer because the electron wavefunction overlap between
WS: and graphene layer is decreased by many orders of magnitude.

Because of the strong interlayer Coulomb interaction, the bilayer graphene can experience
a strong superlattice potential from the localized electrons of the twisted bilayer WS2. The remote
Coulomb superlattice can be turned on and off in situ by simply controlling the electron density in
the twisted bilayer WS2. We show that the electrons in bilayer graphene are largely described by
a Fermi liquid when the remote Coulomb superlattice is turned off, but can develop strongly
correlated insulating states at both integer and fractional filling factors when the remote Coulomb

superlattice is turned on. Previously, interlayer exciton insulator is realized when the WS2/WSe2
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moiré superlattice is in proximity to another WSez monolayer'?!3, Here, we employ twisted WS:
with a deep moiré potential, enabling us to localize multiple electrons in a single moiré unicell.
These localized electrons create a strong remote Coulomb superlattice, offering a powerful and
flexible way to control correlated insulator states in any 2D materials. A perfect remote Coulomb
superlattice depends on an ideal underlying moiré superlattice. However, inhomogeneity of the
moiré superlattice®**’ due to local twist angle and strain variation is almost unavoidable in real
van der Waals heterostructure devices. This moiré inhomogeneity could affect the correlated
insulator states resulting from the remote Coulomb superlattice, just as it affects the correlated

states in regular moiré superlattice.

Figure 1la shows a schematic of a double-layer heterostructure with three gates, the top gate (V),
bottom gate (Vb), and bias gate (Vbias), which allow us to control the carrier doping in both the
twisted bilayer WS2 (outlined by the red and yellow lines in the optical microscopy image in Fig.
1b) and the bilayer graphene (outlined by the black lines in Fig. 1b). Figure 1c illustrates the band
alignment of the bilayer graphene and twisted bilayer WS2. The conduction band minimum and
valence band maximum of bilayer graphene are within the bandgap of twisted bilayer WS (ref.
28), and their energy offset (around ~0.4 eV between the conduction band minimums) can be
modified by the vertical electrical field generated by the gate voltages. The bias voltage Vbias
controls the relative chemical potential between the twisted bilayer WSz and bilayer graphene

layers. The equilibrium state is governed by the relation?:

tws2(Mws2) — Hbigr(nbigr) = —eVpias + eEndm
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where w5, and ;g are the chemical potential in twisted bilayer WS2 and bilayer graphene,
respectively. ny s, is the electron density in twisted bilayer WSz and n,, 4, is the electron density
in the bilayer graphene, d,, is the thickness of the middle hBN layer, E,,, is the electric field across

the middle hBN layer, and e is the electron charge.

Figure 2 shows a 2D color plot of four-terminal resistance as a function of Vi and Vbias With the
bottom gate voltage fixed at Vb = -16 V. The measurement temperature is at T = 18 K. The carrier
doping in the twisted bilayer WSz and the bilayer graphene divide the plot into four regions. On
the left side (at Vi< 1 V), the system is overall hole-doped, and the holes are in the bilayer graphene
layer. The twisted WS2 remains charge neutral. On the right side (at Vi>1 V), the system is overall
electron-doped, but the charge distribution between the twisted bilayer WS2 and bilayer graphene
depends on the magnitude of Vi and Vbias. At Vias > -0.7 V, electrons are first doped into the bilayer
graphene layer, with the twisted bilayer WS being charge neutral when Vtis increased (top middle
region and on the left of the yellow dashed line). With increased Vi, both the twisted bilayer WS:
and the bilayer graphene can become electron-doped (top right region and on the right of the yellow
dashed line). The yellow dashed line, separating these two regions, is estimated by optical
spectroscopy measurement of electron doping in the twisted WSz layer (Supplementary Fig. S2).
At large negative Vbias and large V4, it is possible to achieve electron doping in the twisted bilayer
WS: but hole doping in the bilayer graphene layer (bottom right region). The charge neutral point
of bilayer graphene is characterized by a large electrical resistance, which clearly delineates the

transition between electron and hole doping in the bilayer graphene layer.

The bilayer graphene charge neutral line in the phase diagram allows us to probe the chemical

potential of insulating states in the electron-doped twisted bilayer WS> (Ref. 3°-33). For a fixed Vb

and pp;gr (Npigr = 0) = 0, pyys, scales linearly with Vbies, While nys, scales linearly with Vi
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(Methods). Therefore, the dispersion behavior of the bilayer graphene charge neutral line reflects
the evolution of s, (right axis in Fig. 2) as a function of the electron doping n, s, of the twisted

bilayer WS: (top axis in Fig. 2).

The chemical potential 5, decreases significantly with the increasing carrier concentration at
low densities and approaches a constant value at high densities. This can be understood from the
exchange and correlation effects of the 2D electrons: the exchange interaction and electron
correlation reduce the close proximity of different electrons, therefore reduce the total energy and
the chemical potential compared to a homogeneous electron distribution?®3#, In addition to this
general trend, uy, s, Shows several discrete jumps at specific electron densities, corresponding to
the presence of insulating gaps®®-32. The electron densities associated with the strongest insulating
gaps (denoted by yellow arrows in Fig. 2) are at integer multiples 1 and 2 of 0.23x10'?/cm?
(Extended Data Fig. 1 and 2). These can be attributed to insulating states formed at the integer
filling of the moiré superlattice in twisted bilayer WSz, where the filling factors are vws2 = 1 and
2 and the moiré density is nowsz2 = 0.23 x 10'?/cm?. The corresponding twist angle of the twisted
WS is 59.2 degrees, and the moiré period is 22 nm in this device. In addition to the prominent
insulating states discussed above, there are several distinct chemical potential jumps at other filling
factors, including at relatively high electron densities with corresponding larger filling factors. The
clear observation of insulating behavior at a large filling factor is rather unusual in moiré
heterostructures®. It is consistent with the theoretical prediction of extremely strong correlation

and flat moiré minibands in close-to-60-degree twisted WS: layer?®,

When electrons are localized at the moiré lattice site in the twisted bilayer WS, they establish a
remote Coulomb superlattice in the nearby bilayer graphene layer with a periodicity of 22 nm. The

bilayer graphene will experience the periodic Coulomb superlattice potential due to the strong



183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

interlayer Coulomb interaction. Correlated insulator states are expected when the generated flat
band is filled in bilayer graphene. To better visualize the correlated insulator states from the remote
Coulomb superlattice, we plot the bilayer graphene resistance Rxx as a function of Vp and V:at a
fixed bias gate voltage Vbias = -0.8 V in Fig. 3a. The devices are kept at a nominal temperature of

T = 10 mK unless otherwise specified.

In the parameter space of Vi-Vb, we again see four different regions depending on the
doping of the twisted WSz (intrinsic or electron-doped) and the bilayer graphene (electron- or hole-
doped). Let’s focus on the top right corner of this plot, where the twisted bilayer WS is strongly
electron-doped (with an almost constant p,,s,) and a remote Coulomb superlattice is present. In
this region, Vi and Vi, mostly control the carrier doping in the twisted bilayer WS2 and the bilayer
graphene, respectively. Figure 3b displays a zoomed-in plot of the area indicated by the white
dashed rectangle in Fig. 3a. The white dashed line delineates points with the highest resistance,
corresponding to the charge neutral line (CNL) in bilayer graphene. The bilayer graphene is hole-
doped (electron-doped) in the region left (right) to this CNL. The resistance in the bilayer graphene
remains rather high over an extended doping area due to correlation effects from the remote
Coulomb superlattice. This correlation effect is asymmetric to the electron and hole doping: holes
doped into the bilayer graphene layer experience an attractive potential from the Coulomb
superlattice and exhibit stronger correlation effects. Consequently, we observe a well-defined
correlated insulator state at hole doping of 0.23 x 10'%/cm? in the bilayer graphene, corresponding
to the hole filling factor of vuigr = 1 in the remote Coulomb superlattice. The insulating states at
woigr = 2 and 4 are shown in the Supplementary Fig. S3. In addition, several correlated insulator
states are also present below the wvuigr = 1 filling factor. These correlated insulator states at non-

integer filling factors are weaker and show somewhat complex behavior. We indicate three of these
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non-integer insulating states in Fig. 3b and tentatively assign them to generalized Wigner crystal
states at vvigr = 1/3, 1/2, and 2/3. The weaker resistance peaks away from the 1/3, 1/2, and 2/3 are
likely due to fluctuations from moiré superlattice inhomogeneity, which is most significant for
small twist angle samples. The moiré superlattice inhomogeneity is weaker in Device Il1, which
has a larger twist angle of 58.6 degrees. As a result, the magnetic field induced correlated insulator

states at 1/3 and 2/3 fillings in Device Il (Extended Data Fig. 3) are cleaner and more prominent.

Figure 3c shows the temperature dependence of the resistance in the correlated insulator states,
where the bilayer graphene electron density is controlled by Vb with fixed Vi = 3.5 V and Vbias = -
0.8 V. The Rxx values at vbigr = 1, 2/3, 1/2, 1/3, and 0 gradually decrease as the temperature is
increased from 10 mK to 25 K, consistent with the insulating behavior. The carrier density shows
a slight shift with the temperatures for fixed gate voltages, which may be related to high contact
resistances of twisted bilayer WSz at low temperatures (Extended Data Fig. 4). The thermally
activated resistance behavior at the vbigr = 1 correlated insulator state is analyzed in Extended Data
Fig. 5, from which we can estimate a thermal activation gap of 59 K. The correlated insulators at
fractional fillings disappear at higher temperatures and therefore have smaller activation gaps (Fig.
3c). We note that there is a lack of metallic behavior at electron densities between the correlated
insulating states, presumably due to the inhomogeneity and disorder effects in Device | with a very
small twist angle. Such inhomogeneity effect is much weaker in Device Il, which has a larger twist
angle of 58.7 degrees. As a result, we observe clear metallic behavior between the correlated

insulating states in Device 11, as shown in Extended Data Fig. 6.

The remote Coulomb superlattice can be switched on and off electrically, which allows in-situ

control of the correlated states in bilayer graphene. The yellow dashed box of Fig. 3a shows a
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region where the twisted WSz is intrinsic and the remote Coulomb superlattice is turned off. The
line with the large resistance corresponds to the bilayer graphene charge neutral point (CNP). The
CNP resistance of bilayer graphene depends strongly on the vertical electrical field: it increases
significantly at a higher electrical field due to the opening of a semiconductor bandgap?. In the
absence of the remote Coulomb potential, the bilayer graphene quickly becomes metallic with a
low resistance upon hole doping, in striking contrast with the behavior with the remote Coulomb
potential (Fig. 3b). (The behavior upon electron doping is more complex: insulating states are
observed at finite electron doping levels. The origin of these insulating states is not currently

understood and will require further investigation.).

Figure 4 further demonstrates the very different magnetotransport behavior of the bilayer graphene
when the remote Coulomb superlattice is switched off (Fig. 4a) and on (Fig. 4b). The
corresponding derivative data is shown in the Supplementary Fig. S4. The bilayer graphene 2DEG
shows a Fermi liquid behavior in the absence of the remote Coulomb superlattice (Vi =0 V and
Vbias = 0 V). It develops well defined Landau fan diagram with quantized Hall resistance at the
Landau level filling factor viL = 4, 8, and 12 (Extended Data Fig. 7). The behavior is completely
different when the remote Coulomb superlattice is turned on (Vi = 4 V and Vbias = -0.8 V). The
Landau fan diagram disappears entirely (Fig. 4b). Instead, correlated insulator states at fixed
carrier densities dominate the magnetotransport data. The veigr = 1, 2, and 4 insulators become
stronger with the magnetic field and persist over the whole magnetic field range. The correlated
insulators at fractional filling factors exhibit a more complex magnetic field dependence, where
several insulating states are present at a low magnetic field while a single strongly insulating state
close to vhigr = 2/3 filling persists at the high magnetic field. Complete three-dimensional (3D)

phase diagrams at two representative temperatures are shown in the Extended Data Fig. 4. The
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maximum tunneling current between twisted WS: and bilayer graphene is around 1nA

(Supplementary Fig. S5).

The remote Coulomb superlattice with different superlattice periods can be realized by changing
the twist angle in the twisted bilayer WS2. Figure 5 shows the experimental data for Device 11 with
a WS twist angle of 58.7 degrees, corresponding to a remote Coulomb superlattice period of 14
nm (Extended Data Fig. 8). Figure 5a displays the bilayer graphene resistance Rxx as a function of
Vb and V:at a fixed bias gate voltage Vbias = -0.55 V. The overall phase diagram can be divided into
four regions based on the doping of the twisted WS: (intrinsic or electron-doped) and the bilayer
graphene (electron or hole-doped), similar to those in Device | (Fig.3a). Let’s first focus on the
region where the twisted bilayer WS: is strongly electron-doped (e.g. within the black dash box)
and the remote Coulomb superlattice is turned on. In addition to a resistance peak at the CNP in
bilayer graphene, a correlated insulator state is clearly observed at vbigr = 1, corresponding to one
hole per superlattice site. An insulating state is also present at vbigr = 2. The vertical electric field
dependence of the insulating states at voigr = 1 and 2 are shown in Fig. 5b. These two insulating

states are more pronounced at higher electric fields.

Figure 5c¢ and 5d display the very different magnetotransport behavior of the bilayer graphene in
Device Il when the remote Coulomb superlattice is switched off and on, respectively. The typical
Landau fan diagram, shown in Fig. 5c, demonstrates that the 2DEG in the bilayer graphene is
largely described by the Fermi liquid when the remote Coulomb superlattice is turned off (Vi =0
V and Vbias = 0 V). The Hall resistance is quantized at the Landau level filling factor viL = 4, 8,
and 12 (Extended Data Fig. 7). Figure 5d shows the magnetoresistance of the correlated insulator
state when the remote Coulomb superlattice is turned on (Vi =6 V and Vbias = - 0.4 V). The Landau

fan again disappears completely. Instead, the correlated insulator state at vbigr = 1 persists at all
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magnetic fields, and its resistance increases with the strength of the magnetic field. Highly resistive

states also emerge at voigr < 1 in high magnetic fields (Extended Date Fig. 9).

To demonstrate the moiré superlattice has reasonable homogeneity in our devices, we have further
reproduced the data using the different electrical contacts® in Device Il (Supplementary Fig. S6).
All the data show very similar behavior, indicating a reasonably homogeneous moiré superlattice
in Device Il. Moreover, we have fabricated another device (Device 1) with a different transfer
method and gold top gate. Results very similar to Device |1 are also observed in Device 111 which
has a comparable remote Coulomb superlattice period of 13 nm (Extended Data Fig. 4 and 10).
The consistent behavior in multiple devices demonstrates that the moiré superlattices in our
devices are reasonably homogeneous, and the correlated insulating state in bilayer graphene is can

be achieved reliably using the remote Coulomb superlattice.
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Figure caption:

Figure 1 | Configuration of the remote Coulomb superlattice. a, A schematic of the
heterostructure device composed of a twisted bilayer WS: and a bilayer graphene separated by a
thin hBN layer. Three electrical voltages, the top gate (Vi), bottom gate (Vb), and bias voltage
(Vbias), enable independent control of carrier density in the twisted bilayer WSz and the bilayer
graphene. Electrons localized at the moiré lattice sites in the twisted bilayer WSz form a remote
Coulomb superlattice that provides a periodic potential acting on 2D electrons in the bilayer
graphene. b, Optical microscopy image of a representative double-layer heterostructure device.
The bilayer graphene (bigr), outlined by the black line, is pre-patterned to have six electrodes.
Current (1) is driven through two electrodes, and voltage (Vxx) is measured by the other two
electrodes. The twisted bilayer WSz (tWSz) is outlined by the red and yellow lines. The contacts

to the twisted bilayer WS are outlined by the grey lines. The top few-layer graphite (FLG) gate is
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outlined by the white lines. ¢, Band alignment of the bilayer graphene and twisted bilayer WSa.
The chemical potential of the twisted bilayer WS: (uws2) can be shifted by the bias voltage Vbias

relative to the chemical potential of bilayer graphene (uwigr).

Figure 2 | Chemical potential measurement of the twisted bilayer WS;. 2D color plot of four-
terminal resistance (Rxx) as a function of Vt and Vbias with the bottom gate voltage fixed at Vb = -
16 V. The data is collected at zero magnetic fields and at the temperature T = 18 K. On the left
(right) of the yellow dashed line, the twisted bilayer WSz is intrinsic (electron-doped). In the right
region, the charge neutral line of bilayer graphene, characterized by a large resistance, can be
clearly identified. Along this bilayer graphene charge neutral line, the chemical potential (uws2)
and electron densities (nwsz) of the twisted bilayer WS2 can be directly calculated according to
equations (1) and (2) in the Methods. The values of pwsz2 and nwsz are indicated on the right and
top axis, respectively. The chemical potential shows several discrete jumps at specific electron
densities (denoted by the yellow and white arrows), corresponding to the insulating states formed
at the different filling vwsz in the twisted bilayer WSz moiré superlattice. The two strongest
chemical potential jumps, denoted by two yellow arrows, correspond to the insulating states
formed at the integer filling factor vws2 = 1 and 2 in the twisted bilayer WSz moiré superlattice.
The electron density separation between the two jumps is around 0.23 x 10'%/cm?. It corresponds
to a moiré superlattice period of 22 nm. Most of the other chemical potential jumps can be assigned

to the integer filling of this moiré superlattice (Extended Data Fig. 2).
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Figure 3 | Correlated insulator states in bilayer graphene when the remote Coulomb
superlattice is turned on. a, 2D Color plot of Rxx as a function of bottom gate voltage Vb and top
gate voltage V: at Viias = -0.8 V. The data is collected at zero magnetic fields and at the nominal
temperature T = 10 mK. The phase diagram has four regions depending on the doping in bilayer
graphene (electron- or hole-doped) and twisted bilayer WS (intrinsic or electron-doped). When
the remote Coulomb superlattice is turned off (yellow dashed box), the resistance in the bilayer
graphene decreases quickly and becomes metallic upon hole doping. When the remote Coulomb
superlattice is turned on (top right region), correlated insulator states appear in the bilayer graphene
upon hole doping. Here Vi and Vb mostly control the carrier doping in the twisted WS: layer and
the bilayer graphene layer, respectively. b, Zoomed-in color plot of the white dashed rectangle of
a, where the remote Coulomb superlattice is turned on. The white dashed line corresponds to the
charge neutral point of bilayer graphene. A well-defined correlated insulator state is observed in
the bilayer graphene, corresponding to the hole filling factor of vbigr = 1 in the remote Coulomb
superlattice. The other correlated insulator states below the vbigr = 1 are assigned to generalized
Wigner crystal states at voigr = 1/3, 1/2, and 2/3, respectively. ¢, The 2D color plot of Rxx as a
function of temperature T and bottom gate voltage Vb. The bias gate is fixed at Vivias = -0.8 V, and
the top gate is fixed at Vi = 3.5 V. The data is collected at zero magnetic fields. The Rxx value at
woigr = 1, 2/3, 1/2, and 1/3 gradually decreases with increasing temperature, confirming the

insulating nature of correlated insulator states.



361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

Figure 4 | In-situ switching between the Fermi liquid and correlated insulator states in
bilayer graphene. a, The bilayer graphene exhibits clear quantum oscillations and Landau fans
characteristic of a Fermi liquid when the remote Coulomb superlattice is turned off. (The twisted
bilayer WSz is intrinsic at Vi = 0 V and Vbias = 0 V). The data is collected at the nominal temperature
T = 10 mK. The magnetoresistance minimum corresponds to the gap between Landau levels. The
filling factor (vLL) is determined by the quantized Hall resistance. Here the Venp is Vb =-7.80 V. b,
Magnetic field dependence of correlated insulator states when the remote Coulomb superlattice is
turned on (twisted bilayer WSz is highly electron-doped at Vi = 4 V and Vbias = -0.8 V). The data
is collected at the nominal temperature T = 10 mK. The correlated insulator state at vbigr = 1 IS
nearly independent of the magnetic field, reflecting that the electrons in bilayer graphene are
strongly correlated. Several insulating states at fractional filling factors are present at a low
magnetic field, while a single strongly insulating state close to vbigr = 2/3 filling persists at the high

magnetic field. Here the Venp is around Vi, = 0.05 V.

Figure 5 | Remote Coulomb superlattice behavior in a second device with a superlattice
period of 14 nm. a, The 2D color plot of Rxx as a function of top gate voltage Vi and bottom gate
voltage Vb at Vhias = -0.55 V. The data is collected at zero magnetic fields and at the nominal
temperature T = 10 mK. The phase diagram has four regions depending on the electron doping in

the twisted bilayer WSz (intrinsic or electron-doped) and bilayer graphene (hole- or electron-
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doped). When the remote Coulomb superlattice is turned on (black dashed box), the hole-doped
bilayer graphene shows correlated insulator states at vwigr = 1 and 2. b, Vertical electric field
dependence of the insulating state at vhigr = 1 and 2. The top gate voltage is at Vi = 6 V. The data
is collected at zero magnetic fields and at the nominal temperature T = 10 mK. The correlated
insulator states become more pronounced at the higher vertical electric field. ¢, Landau fan diagram
when the remote Coulomb superlattice is turned off. (The twisted bilayer WS: is intrinsic at Vi =
0 V and Vuias = 0 V.) The data is collected at the temperature T = 10 mK. The filling factor v is
determined by the quantized Hall resistance. Here the Venp is around Vb = -5 V. d, Magnetic field
dependence of the correlated insulator states when the remote Coulomb superlattice is turned on.
The bias gate voltage is at Vibias = -0.4 V, and the top gate voltage is at Vi =6 V. The data is collected
at the temperature T = 10 mK. A resistance peak at voigr = 1 is always present at all magnetic fields,
demonstrating the strong electron correlation when the remote Coulomb superlattice is turned on.

Here the Venp is around Vb = -24 V.



397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

References

1.

10.

Esaki, L. & Tsu, R. Superlattice and Negative Differential Conductivity in Semiconductors.
IBM J. Res. Dev. 14, 61-65 (1970).

Cao, Y. et al. Correlated insulator behaviour at half-filling in magic-angle graphene
superlattices. Nature 556, 8084 (2018).

Chen, G. et al. Evidence of a gate-tunable Mott insulator in a trilayer graphene moiré
superlattice. Nat. Phys. 15, 237-241 (2019).

Balents, L., Dean, C. R., Efetov, D. K. & Young, A. F. Superconductivity and strong
correlations in moiré flat bands. Nat. Phys. 16, 725-733 (2020).

Andrei, E. Y. & MacDonald, A. H. Graphene bilayers with a twist. Nat. Mater. 19, 1265—
1275 (2020).

Mak, K. F. & Shan, J. Semiconductor moiré materials. Nat. Nanotechnol. 17, 686695
(2022).

Huang, D., Choi, J., Shih, C.-K. & Li, X. Excitons in semiconductor moiré superlattices. Nat.
Nanotechnol. 17, 227-238 (2022).

Regan, E. C. et al. Emerging exciton physics in transition metal dichalcogenide
heterobilayers. Nat. Rev. Mater. 7, 778-795 (2022).

Regan, E. C. et al. Mott and generalized Wigner crystal states in WSe2/WS2 moiré
superlattices. Nature 579, 359-363 (2020).

Xu, Y. et al. Correlated insulating states at fractional fillings of moiré superlattices. Nature

587, 214-218 (2020).



420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Ma, L. et al. Strongly correlated excitonic insulator in atomic double layers. Nature 598,
585-589 (2021).

Zhang, Z. et al. Correlated interlayer exciton insulator in heterostructures of monolayer
WSe2 and moiré WS2/WSez. Nat. Phys. 18, 1214-1220 (2022).

Gu, J. et al. Dipolar excitonic insulator in a moiré lattice. Nat. Phys. 18, 395-400 (2022).
Chen, D. et al. Excitonic insulator in a heterojunction moiré superlattice. Nat. Phys. 18,
1171-1176 (2022).

Forsythe, C. et al. Band structure engineering of 2D materials using patterned dielectric
superlattices. Nat. Nanotechnol. 13, 566-571 (2018).

Li, Y. et al. Anisotropic band flattening in graphene with one-dimensional superlattices. Nat.
Nanotechnol. 16, 525-530 (2021).

Dubey, S. et al. Tunable Superlattice in Graphene To Control the Number of Dirac Points.
Nano Lett. 13, 3990-3995 (2013).

Naik, M. H. & Jain, M. Ultraflatbands and Shear Solitons in Moiré Patterns of Twisted
Bilayer Transition Metal Dichalcogenides. Phys. Rev. Lett. 121, 266401 (2018).

Novoselov, K. S. et al. Unconventional quantum Hall effect and Berry’s phase of 2w in
bilayer graphene. Nat. Phys. 2, 177-180 (2006).

Zhang, Y. et al. Direct observation of a widely tunable bandgap in bilayer graphene. Nature
459, 820-823 (2009).

Zheng, Z. et al. Unconventional ferroelectricity in moiré heterostructures. Nature 588, 71-76
(2020).

Zhou, H. et al. Isospin magnetism and spin-polarized superconductivity in Bernal bilayer

graphene. Science 375, 774-778 (2022).



443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

de la Barrera, S. C. et al. Cascade of isospin phase transitions in Bernal-stacked bilayer
graphene at zero magnetic field. Nat. Phys. 18, 771-775 (2022).

Seiler, A. M. et al. Quantum cascade of correlated phases in trigonally warped bilayer
graphene. Nature 608, 298-302 (2022).

Dean, C. R. et al. Hofstadter’s butterfly and the fractal quantum Hall effect in moiré
superlattices. Nature 497, 598-602 (2013).

Hunt, B. et al. Massive Dirac Fermions and Hofstadter Butterfly in a van der Waals
Heterostructure. Science 340, 1427-1430 (2013).

Ponomarenko, L. A. et al. Cloning of Dirac fermions in graphene superlattices. Nature 497,
594-597 (2013).

Liu, Y., Stradins, P. & Wei, S.-H. Van der Waals metal-semiconductor junction: Weak
Fermi level pinning enables effective tuning of Schottky barrier. Sci. Adv. 2, e16000609.
Eisenstein, J. P., Pfeiffer, L. N. & West, K. W. Compressibility of the two-dimensional
electron gas: Measurements of the zero-field exchange energy and fractional quantum Hall
gap. Phys. Rev. B 50, 1760-1778 (1994).

Kim, S. et al. Direct Measurement of the Fermi Energy in Graphene Using a Double-Layer
Heterostructure. Phys. Rev. Lett. 108, 116404 (2012).

Lee, K. et al. Chemical potential and quantum Hall ferromagnetism in bilayer graphene.
Science 345, 58-61 (2014).

Park, J. M., Cao, Y., Watanabe, K., Taniguchi, T. & Jarillo-Herrero, P. Flavour Hund’s
coupling, Chern gaps and charge diffusivity in moiré graphene. Nature 592, 4348 (2021).
Yang, F. et al. Experimental Determination of the Energy per Particle in Partially Filled

Landau Levels. Phys. Rev. Lett. 126, 156802 (2021).



466

467

468

469

470

471

472

473

474

475

476

477
478

479

480

481

482

483

484

485

486

487

488

489

34. Wigner, E. On the Interaction of Electrons in Metals. Phys. Rev. 46, 1002-1011 (1934).

35. Slagle, K. & Fu, L. Charge transfer excitations, pair density waves, and superconductivity in
moiré materials. Phys. Rev. B 102, 235423 (2020).

36. Weston, A. et al. Atomic reconstruction in twisted bilayers of transition metal
dichalcogenides. Nat. Nanotechnol. 15, 592-597 (2020).

37. Shabani, S. et al. Deep moiré potentials in twisted transition metal dichalcogenide bilayers.
Nat. Phys. 17, 720-725 (2021).

38. Yankowitz, M. et al. Tuning superconductivity in twisted bilayer graphene. Science 363,

1059-1064 (2019).

Methods

Heterostructure preparation:
We use polypropylene carbon (PPC) and polyethylene terephthalate glycol (PETG) based dry

transfer technology®® to subsequently pick up the two-dimensional flakes, which are first
mechanically exfoliated from the bulk crystal on a SiO2/Si substrate. The twisted WSz moiré
bilayer is made by the tear and stack method? to have a close-to-60-degrees twist angle. The bilayer
graphene is pre-patterned by atomic force microscopy (AFM) cutting to have six electrodes before
the stacking process. The twisted WSz and bilayer graphene are separated by a hexagonal boron
nitride (hBN) layer with an effective thickness of roughly 3 nm (Device | and 1) and 5 nm (Device
I11). The double layers are further sandwiched by two hBN flakes. The top twisted bilayer WSz is
contacted by the few-layer graphite (FLG), and the top gate is made of the FLG (Device | and 11)
or gold (Device Il1). The Device | and Il is further capped by an hBN flake to help in device
assembly. Finally, the whole stack is released onto a 90 nm (Device 1) or 285 nm (Device Il and

I11) SiO2/Si substrate. The top dielectric hBN thickness is around 14 nm (Device 1), 12 nm (Device
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I1), and 13 nm (Device I11). The bilayer graphene is then directly contacted by the Cr/Au electrodes

(5 nm Cr /50 nm Au), which is fabricated by standard e-beam lithography and e-beam evaporation.

Transport measurements:

The transport measurements are mainly performed in a dilution fridge (Bluefors) with a base
temperature of T = 10 mK. All the signal wires are filtered at the mixing chamber flange (T = 10
mK) by the RC and RL filters (Qdevil) before reaching the sample. Keithley 6221 current source
meter and Keithley 2182 nanometer are operated in the DC delta mode to measure the four-
terminal resistance of bilayer graphene in Device | as Keithley 2182 nanovoltmeter has a typical
input impedance of Rinput> 10 GQ. The amplitude of the alternating DC current is 1nA. The delay
time in the delta mode is set at 300 ms. For Device Il and 11, the Rxx is measured by using the
standard four-probe ac lock-in method with an AC current of 10 nA for a better signal-to-noise
ratio. The frequency of AC current is around 17 Hz. DC delta mode is also used in the chemical
potential measurement in Device Il. Three gates, the top gate (Vt), bottom gate (Vb), and bias gate

(Vbias) are applied by Keithley 2400, 2450 source meters, or 2502 picoammeter.

Optical measurements:

The optical measurements are performed in a cryostat with a temperature range downto T =
1.6 K (Quantum Design, Opticool). We use a supercontinuum laser as the light source for reflection
contrast measurements. The light is focused on the sample by a 20X Mitutoyo objective with ~2
um beam size. The reflected light is collected by the same objective and dispersed by a
spectrometer before reaching the camera. The reflection contrast (-AR/R) is calculated as —(Rs-
Rref)/(Rret-Rokg), Where Rs (Rrer) is the reflection spectrum with (without) the sample, Rokg is the

background spectrum.

Chemical potential measurements:
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At the bilayer graphene charge neutral point (n;,;4, = 0), the vertical electric field E}, across

the bottom hBN/SiO2 dielectric layer is equal to the vertical electric field E,,, across the middle

0-Vp

hBN dielectric layer with E,, = E,,, = -
b

= - ? , Where V,, is the bottom gate voltage, d,, is the
b

thickness of the bottom dielectric hBN/SiO2 dielectric layer (The dielectric constant of hBN and
SiO2 are both around 4). The vertical electric field E; across the top hBN dielectric layer is given
by E; = (V; — Emdn)/d,, where d, is the thickness of top dielectric layer. Here we choose w4 =
0 when the bilayer graphene is intrinsic (n,;4, = 0), the chemical potential of twisted bilayer WSz

IS given by:

Vi
tws2(Mws2) = —eVpiqs — ed_
b

dp (1)

The electron density n,, s, of the twisted bilayer WS: is determined by the difference between E:

and Em:

€0€nBN
e

Nys2 = (Ec — En)

AsE, = (V; — Epdp)/d,

€o0€nn Vi — Emdn

Nysz2 = ( — Ep)
e d, mn

€0€nBN & n E0€nBN
e d; e

Nys2 =

(—E,) (1 + Z—’:)

0_
ASEn == =0

€o€nan Vi €o€nan Vb ( dm)
Twsz e d, e d, d,

Therefore,
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E, — =
e (B = Em) e d, e d,

(2)

_ €o€nan Ve | €o€nan Vb A
Muys2 = (1

de

Here, g,is the vacuum permittivity, &5y is the hBN dielectric constant.

For a fixed Vb and ﬂbigr(nbigr = 0), the second term in both equations (1) and (2) is a

constant. As a result, py,s, scales linearly with Vbias, while ny,¢, scales linearly with V..

Data availability

The data that support the findings of this study are available in

https://doi.org/10.5061/dryad.w3r2280xx
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