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Abstract: 58 

Electron superlattices allow the engineer of correlated and topological quantum phenomena. The 59 

recent emergence of moiré superlattices in two-dimensional (2D) heterostructures has led to 60 

exciting quantum phenomena discoveries. However, the requirement of the moiré pattern poses 61 

stringent limitations, and its potential cannot be switched on and off. Here, we demonstrate remote 62 

engineering and on/off switching of correlated states in bilayer graphene. Employing a remote 63 

Coulomb superlattice realized by localized electrons in a twisted bilayer WS₂, we impose a 64 

Coulomb superlattice in the bilayer graphene with period and strength determined by the twisted 65 

bilayer WS₂. When the remote superlattice is turned off, the two-dimensional electron gas (2DEG) 66 

in the bilayer graphene is described by a Fermi liquid, when it is turned on, correlated insulating 67 

states at both integer and fractional filling factors emerge. This approach enables in-situ control of 68 

correlated quantum phenomena in 2D materials hosting a 2DEG.  69 



Main text: 70 

A periodic potential, also known as a superlattice, can strongly modify the behavior of electrons 71 

in materials1. Two types of superlattice structures, the moiré superlattice and lithographic-72 

patterned superlattice, have been utilized to engineer quantum phenomena in 2D materials. The 73 

moiré superlattice emerges naturally in the twisted stack of van der Waals heterostructures. It 74 

features almost perfect periodic potential at the nanometer scale and has enabled the discovery of 75 

many fascinating quantum phenomena, ranging from correlated insulators2–5, superconductivity4,5, 76 

Chern insulators5,6 to moiré excitons6–8, generalized Wigner crystal states6–10 and correlated 77 

interlayer exciton insulator11–14. However, the creation of a moiré pattern requires specific material 78 

combinations, and the moiré potential cannot be turned on and off for a given moiré 79 

heterostructure. In comparison, the lithographic-patterned superlattice has tunability in both the 80 

superlattice symmetry and magnitude, enabling the observation of fractal Hofstadter spectra15, 81 

anisotropic flat band16, and replica Dirac cones17 in graphene. However, achieving a perfect 82 

nanometer-scale lithographic-patterned electronic superlattice is challenging in the lithographic 83 

process. It will be desirable to achieve a superlattice design that combines the advantage of moiré 84 

superlattice and lithographic-patterned superlattice, which would greatly aid in the exploration of 85 

tunable correlated quantum phenomena.   86 

In this work, we demonstrate such precise and tunable superlattice potential using a remote 87 

Coulomb superlattice configuration (Fig. 1a). The superlattice potential is generated by strongly 88 

localized electrons at the moiré lattice site in a close-to-60-degree twisted bilayer WS2 in close 89 

proximity of the bilayer graphene layer. The period of the Coulomb superlattice is determined by 90 

the moiré period of the twisted bilayer WS2, which can be controlled by the twist angle between 91 

the two WS2 layers (Supplementary Fig. S1). The magnitude of the superlattice potential is 92 



controlled by the number of localized electrons at the twisted bilayer WS2 moiré lattice site. 93 

Twisted bilayer WS2 is a compelling choice for this type of device because close to 60 degrees it 94 

is predicted to have particularly strong moiré potential and extremely flat moiré minibands18. To 95 

demonstrate this tunable remote Coulomb superlattice, we choose the bilayer graphene as the 96 

active material that hosts the 2D electron gases. Bernal stacked bilayer graphene and its moiré 97 

superlattice with hexagonal boron nitride (hBN) have been extensively studied previously19–24. 98 

These material systems exhibit many interesting properties, including a field tunable 99 

semiconductor bandgap20, Hofstadter butterfly physics25–27, and correlated phases under high 100 

vertical electric field22–24. However, pristine bilayer graphene has not shown correlated insulator 101 

states due to periodic potential modulation. In our remote Coulomb superlattice device, the bilayer 102 

graphene is separated from the twisted bilayer WS2 by a thin hBN layer. We typically choose an 103 

hBN thickness of 3 nm to 5 nm so that the remote Coulomb potential could be maximized while 104 

the leakage current between bilayer graphene and the remote Coulomb superlattice is sufficiently 105 

low. At the same time, we expect that the hBN will strongly suppress the induced spin-orbital 106 

coupling between the WS2 and graphene layer because the electron wavefunction overlap between 107 

WS2 and graphene layer is decreased by many orders of magnitude. 108 

Because of the strong interlayer Coulomb interaction, the bilayer graphene can experience 109 

a strong superlattice potential from the localized electrons of the twisted bilayer WS2. The remote 110 

Coulomb superlattice can be turned on and off in situ by simply controlling the electron density in 111 

the twisted bilayer WS2. We show that the electrons in bilayer graphene are largely described by 112 

a Fermi liquid when the remote Coulomb superlattice is turned off, but can develop strongly 113 

correlated insulating states at both integer and fractional filling factors when the remote Coulomb 114 

superlattice is turned on. Previously, interlayer exciton insulator is realized when the WS2/WSe2 115 



moiré superlattice is in proximity to another WSe2 monolayer12,13. Here, we employ twisted WS2 116 

with a deep moiré potential, enabling us to localize multiple electrons in a single moiré unicell. 117 

These localized electrons create a strong remote Coulomb superlattice, offering a powerful and 118 

flexible way to control correlated insulator states in any 2D materials. A perfect remote Coulomb 119 

superlattice depends on an ideal underlying moiré superlattice. However, inhomogeneity of the 120 

moiré superlattice36,37 due to local twist angle and strain variation is almost unavoidable in real 121 

van der Waals heterostructure devices. This moiré inhomogeneity could affect the correlated 122 

insulator states resulting from the remote Coulomb superlattice, just as it affects the correlated 123 

states in regular moiré superlattice.  124 

 125 

Figure 1a shows a schematic of a double-layer heterostructure with three gates, the top gate (Vt), 126 

bottom gate (Vb), and bias gate (Vbias), which allow us to control the carrier doping in both the 127 

twisted bilayer WS2 (outlined by the red and yellow lines in the optical microscopy image in Fig. 128 

1b) and the bilayer graphene (outlined by the black lines in Fig. 1b). Figure 1c illustrates the band 129 

alignment of the bilayer graphene and twisted bilayer WS2. The conduction band minimum and 130 

valence band maximum of bilayer graphene are within the bandgap of twisted bilayer WS2 (ref. 131 

28), and their energy offset (around ~0.4 eV between the conduction band minimums) can be 132 

modified by the vertical electrical field generated by the gate voltages. The bias voltage Vbias 133 

controls the relative chemical potential between the twisted bilayer WS2 and bilayer graphene 134 

layers. The equilibrium state is governed by the relation29: 135 

𝜇𝑊𝑆2(𝑛𝑊𝑆2) − 𝜇𝑏𝑖𝑔𝑟(𝑛𝑏𝑖𝑔𝑟) = −𝑒𝑉𝑏𝑖𝑎𝑠 + 𝑒𝐸𝑚𝑑𝑚 136 



where 𝜇𝑊𝑆2 and 𝜇𝑏𝑖𝑔𝑟  are the chemical potential in twisted bilayer WS2 and bilayer graphene, 137 

respectively. 𝑛𝑊𝑆2 is the electron density in twisted bilayer WS2 and 𝑛𝑏𝑖𝑔𝑟 is the electron density 138 

in the bilayer graphene, 𝑑𝑚 is the thickness of the middle hBN layer, 𝐸𝑚 is the electric field across 139 

the middle hBN layer, and 𝑒 is the electron charge.  140 

Figure 2 shows a 2D color plot of four-terminal resistance as a function of Vt and Vbias with the 141 

bottom gate voltage fixed at Vb = -16 V. The measurement temperature is at T = 18 K. The carrier 142 

doping in the twisted bilayer WS2 and the bilayer graphene divide the plot into four regions. On 143 

the left side (at Vt < 1 V), the system is overall hole-doped, and the holes are in the bilayer graphene 144 

layer. The twisted WS2 remains charge neutral. On the right side (at Vt >1 V), the system is overall 145 

electron-doped, but the charge distribution between the twisted bilayer WS2 and bilayer graphene 146 

depends on the magnitude of Vt and Vbias. At Vbias > -0.7 V, electrons are first doped into the bilayer 147 

graphene layer, with the twisted bilayer WS2 being charge neutral when Vt is increased (top middle 148 

region and on the left of the yellow dashed line). With increased Vt, both the twisted bilayer WS2 149 

and the bilayer graphene can become electron-doped (top right region and on the right of the yellow 150 

dashed line). The yellow dashed line, separating these two regions, is estimated by optical 151 

spectroscopy measurement of electron doping in the twisted WS2 layer (Supplementary Fig. S2). 152 

At large negative Vbias and large Vt, it is possible to achieve electron doping in the twisted bilayer 153 

WS2 but hole doping in the bilayer graphene layer (bottom right region). The charge neutral point 154 

of bilayer graphene is characterized by a large electrical resistance, which clearly delineates the 155 

transition between electron and hole doping in the bilayer graphene layer.   156 

The bilayer graphene charge neutral line in the phase diagram allows us to probe the chemical 157 

potential of insulating states in the electron-doped twisted bilayer WS2 (Ref. 30–33). For a fixed Vb 158 

and 𝜇𝑏𝑖𝑔𝑟(𝑛𝑏𝑖𝑔𝑟 = 0) = 0 , 𝜇𝑊𝑆2  scales linearly with Vbias, while 𝑛𝑊𝑆2  scales linearly with Vt 159 



(Methods). Therefore, the dispersion behavior of the bilayer graphene charge neutral line reflects 160 

the evolution of 𝜇𝑊𝑆2 (right axis in Fig. 2) as a function of the electron doping 𝑛𝑊𝑆2 of the twisted 161 

bilayer WS2 (top axis in Fig. 2).   162 

The chemical potential 𝜇𝑊𝑆2 decreases significantly with the increasing carrier concentration at 163 

low densities and approaches a constant value at high densities. This can be understood from the 164 

exchange and correlation effects of the 2D electrons: the exchange interaction and electron 165 

correlation reduce the close proximity of different electrons, therefore reduce the total energy and 166 

the chemical potential compared to a homogeneous electron distribution29,34.  In addition to this 167 

general trend, 𝜇𝑊𝑆2 shows several discrete jumps at specific electron densities, corresponding to 168 

the presence of insulating gaps30–33. The electron densities associated with the strongest insulating 169 

gaps (denoted by yellow arrows in Fig. 2) are at integer multiples 1 and 2 of 0.23×1012/cm2 170 

(Extended Data Fig. 1 and 2). These can be attributed to insulating states formed at the integer 171 

filling of the moiré superlattice in twisted bilayer WS2, where the filling factors are WS2 = 1 and 172 

2 and the moiré density is nWS2 = 0.23 × 1012/cm2.  The corresponding twist angle of the twisted 173 

WS2 is 59.2 degrees, and the moiré period is 22 nm in this device. In addition to the prominent 174 

insulating states discussed above, there are several distinct chemical potential jumps at other filling 175 

factors, including at relatively high electron densities with corresponding larger filling factors. The 176 

clear observation of insulating behavior at a large filling factor is rather unusual in moiré 177 

heterostructures35. It is consistent with the theoretical prediction of extremely strong correlation 178 

and flat moiré minibands in close-to-60-degree twisted WS2 layer18. 179 

When electrons are localized at the moiré lattice site in the twisted bilayer WS2, they establish a 180 

remote Coulomb superlattice in the nearby bilayer graphene layer with a periodicity of 22 nm. The 181 

bilayer graphene will experience the periodic Coulomb superlattice potential due to the strong 182 



interlayer Coulomb interaction. Correlated insulator states are expected when the generated flat 183 

band is filled in bilayer graphene. To better visualize the correlated insulator states from the remote 184 

Coulomb superlattice, we plot the bilayer graphene resistance Rxx as a function of Vb and Vt at a 185 

fixed bias gate voltage Vbias = -0.8 V in Fig. 3a. The devices are kept at a nominal temperature of 186 

T = 10 mK unless otherwise specified. 187 

In the parameter space of Vt-Vb, we again see four different regions depending on the 188 

doping of the twisted WS2 (intrinsic or electron-doped) and the bilayer graphene (electron- or hole-189 

doped). Let’s focus on the top right corner of this plot, where the twisted bilayer WS2 is strongly 190 

electron-doped (with an almost constant 𝜇𝑊𝑆2) and a remote Coulomb superlattice is present. In 191 

this region, Vt and Vb mostly control the carrier doping in the twisted bilayer WS2 and the bilayer 192 

graphene, respectively. Figure 3b displays a zoomed-in plot of the area indicated by the white 193 

dashed rectangle in Fig. 3a. The white dashed line delineates points with the highest resistance, 194 

corresponding to the charge neutral line (CNL) in bilayer graphene. The bilayer graphene is hole-195 

doped (electron-doped) in the region left (right) to this CNL. The resistance in the bilayer graphene 196 

remains rather high over an extended doping area due to correlation effects from the remote 197 

Coulomb superlattice. This correlation effect is asymmetric to the electron and hole doping: holes 198 

doped into the bilayer graphene layer experience an attractive potential from the Coulomb 199 

superlattice and exhibit stronger correlation effects. Consequently, we observe a well-defined 200 

correlated insulator state at hole doping of 0.23 × 1012/cm2 in the bilayer graphene, corresponding 201 

to the hole filling factor of bigr = 1 in the remote Coulomb superlattice. The insulating states at 202 

bigr = 2 and 4 are shown in the Supplementary Fig. S3. In addition, several correlated insulator 203 

states are also present below the bigr = 1 filling factor. These correlated insulator states at non-204 

integer filling factors are weaker and show somewhat complex behavior. We indicate three of these 205 



non-integer insulating states in Fig. 3b and tentatively assign them to generalized Wigner crystal 206 

states at bigr = 1/3, 1/2, and 2/3. The weaker resistance peaks away from the 1/3, 1/2, and 2/3 are 207 

likely due to fluctuations from moiré superlattice inhomogeneity, which is most significant for 208 

small twist angle samples. The moiré superlattice inhomogeneity is weaker in Device III, which 209 

has a larger twist angle of 58.6 degrees. As a result, the magnetic field induced correlated insulator 210 

states at 1/3 and 2/3 fillings in Device III (Extended Data Fig. 3) are cleaner and more prominent. 211 

 212 

Figure 3c shows the temperature dependence of the resistance in the correlated insulator states, 213 

where the bilayer graphene electron density is controlled by Vb with fixed Vt = 3.5 V and Vbias = -214 

0.8 V. The Rxx values at bigr = 1, 2/3, 1/2, 1/3, and 0 gradually decrease as the temperature is 215 

increased from 10 mK to 25 K, consistent with the insulating behavior. The carrier density shows 216 

a slight shift with the temperatures for fixed gate voltages, which may be related to high contact 217 

resistances of twisted bilayer WS2 at low temperatures (Extended Data Fig. 4). The thermally 218 

activated resistance behavior at the bigr = 1 correlated insulator state is analyzed in Extended Data 219 

Fig. 5, from which we can estimate a thermal activation gap of 59 K. The correlated insulators at 220 

fractional fillings disappear at higher temperatures and therefore have smaller activation gaps (Fig. 221 

3c). We note that there is a lack of metallic behavior at electron densities between the correlated 222 

insulating states, presumably due to the inhomogeneity and disorder effects in Device I with a very 223 

small twist angle. Such inhomogeneity effect is much weaker in Device II, which has a larger twist 224 

angle of 58.7 degrees. As a result, we observe clear metallic behavior between the correlated 225 

insulating states in Device II, as shown in Extended Data Fig. 6. 226 

The remote Coulomb superlattice can be switched on and off electrically, which allows in-situ 227 

control of the correlated states in bilayer graphene. The yellow dashed box of Fig. 3a shows a 228 



region where the twisted WS2 is intrinsic and the remote Coulomb superlattice is turned off. The 229 

line with the large resistance corresponds to the bilayer graphene charge neutral point (CNP). The 230 

CNP resistance of bilayer graphene depends strongly on the vertical electrical field: it increases 231 

significantly at a higher electrical field due to the opening of a semiconductor bandgap20. In the 232 

absence of the remote Coulomb potential, the bilayer graphene quickly becomes metallic with a 233 

low resistance upon hole doping, in striking contrast with the behavior with the remote Coulomb 234 

potential (Fig. 3b). (The behavior upon electron doping is more complex: insulating states are 235 

observed at finite electron doping levels. The origin of these insulating states is not currently 236 

understood and will require further investigation.).  237 

Figure 4 further demonstrates the very different magnetotransport behavior of the bilayer graphene 238 

when the remote Coulomb superlattice is switched off (Fig. 4a) and on (Fig. 4b). The 239 

corresponding derivative data is shown in the Supplementary Fig. S4. The bilayer graphene 2DEG 240 

shows a Fermi liquid behavior in the absence of the remote Coulomb superlattice (Vt = 0 V and 241 

Vbias = 0 V). It develops well defined Landau fan diagram with quantized Hall resistance at the 242 

Landau level filling factor LL = 4, 8, and 12 (Extended Data Fig. 7). The behavior is completely 243 

different when the remote Coulomb superlattice is turned on (Vt = 4 V and Vbias = -0.8 V). The 244 

Landau fan diagram disappears entirely (Fig. 4b). Instead, correlated insulator states at fixed 245 

carrier densities dominate the magnetotransport data. The bigr = 1, 2, and 4 insulators become 246 

stronger with the magnetic field and persist over the whole magnetic field range. The correlated 247 

insulators at fractional filling factors exhibit a more complex magnetic field dependence, where 248 

several insulating states are present at a low magnetic field while a single strongly insulating state 249 

close to bigr = 2/3 filling persists at the high magnetic field. Complete three-dimensional (3D) 250 

phase diagrams at two representative temperatures are shown in the Extended Data Fig. 4. The 251 



maximum tunneling current between twisted WS2 and bilayer graphene is around 1nA 252 

(Supplementary Fig. S5).  253 

The remote Coulomb superlattice with different superlattice periods can be realized by changing 254 

the twist angle in the twisted bilayer WS2. Figure 5 shows the experimental data for Device II with 255 

a WS2 twist angle of 58.7 degrees, corresponding to a remote Coulomb superlattice period of 14 256 

nm (Extended Data Fig. 8). Figure 5a displays the bilayer graphene resistance Rxx as a function of 257 

Vb and Vt at a fixed bias gate voltage Vbias = -0.55 V. The overall phase diagram can be divided into 258 

four regions based on the doping of the twisted WS2 (intrinsic or electron-doped) and the bilayer 259 

graphene (electron or hole-doped), similar to those in Device I (Fig.3a). Let’s first focus on the 260 

region where the twisted bilayer WS2 is strongly electron-doped (e.g. within the black dash box) 261 

and the remote Coulomb superlattice is turned on. In addition to a resistance peak at the CNP in 262 

bilayer graphene, a correlated insulator state is clearly observed at bigr = 1, corresponding to one 263 

hole per superlattice site. An insulating state is also present at bigr = 2. The vertical electric field 264 

dependence of the insulating states at bigr = 1 and 2 are shown in Fig. 5b. These two insulating 265 

states are more pronounced at higher electric fields.   266 

Figure 5c and 5d display the very different magnetotransport behavior of the bilayer graphene in 267 

Device II when the remote Coulomb superlattice is switched off and on, respectively. The typical 268 

Landau fan diagram, shown in Fig. 5c, demonstrates that the 2DEG in the bilayer graphene is 269 

largely described by the Fermi liquid when the remote Coulomb superlattice is turned off (Vt = 0 270 

V and Vbias = 0 V). The Hall resistance is quantized at the Landau level filling factor LL = 4, 8, 271 

and 12 (Extended Data Fig. 7). Figure 5d shows the magnetoresistance of the correlated insulator 272 

state when the remote Coulomb superlattice is turned on (Vt = 6 V and Vbias = - 0.4 V). The Landau 273 

fan again disappears completely. Instead, the correlated insulator state at bigr = 1 persists at all 274 



magnetic fields, and its resistance increases with the strength of the magnetic field. Highly resistive 275 

states also emerge at bigr < 1 in high magnetic fields (Extended Date Fig. 9).  276 

To demonstrate the moiré superlattice has reasonable homogeneity in our devices, we have further 277 

reproduced the data using the different electrical contacts38 in Device II (Supplementary Fig. S6). 278 

All the data show very similar behavior, indicating a reasonably homogeneous moiré superlattice 279 

in Device II. Moreover, we have fabricated another device (Device III) with a different transfer 280 

method and gold top gate. Results very similar to Device II are also observed in Device III which 281 

has a comparable remote Coulomb superlattice period of 13 nm (Extended Data Fig. 4 and 10). 282 

The consistent behavior in multiple devices demonstrates that the moiré superlattices in our 283 

devices are reasonably homogeneous, and the correlated insulating state in bilayer graphene is can 284 

be achieved reliably using the remote Coulomb superlattice.   285 
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Figure caption: 306 

 307 

Figure 1 | Configuration of the remote Coulomb superlattice. a, A schematic of the 308 

heterostructure device composed of a twisted bilayer WS2 and a bilayer graphene separated by a 309 

thin hBN layer. Three electrical voltages, the top gate (Vt), bottom gate (Vb), and bias voltage 310 

(Vbias), enable independent control of carrier density in the twisted bilayer WS2 and the bilayer 311 

graphene. Electrons localized at the moiré lattice sites in the twisted bilayer WS2 form a remote 312 

Coulomb superlattice that provides a periodic potential acting on 2D electrons in the bilayer 313 

graphene. b, Optical microscopy image of a representative double-layer heterostructure device. 314 

The bilayer graphene (bigr), outlined by the black line, is pre-patterned to have six electrodes. 315 

Current (I) is driven through two electrodes, and voltage (Vxx) is measured by the other two 316 

electrodes. The twisted bilayer WS2 (tWS2) is outlined by the red and yellow lines. The contacts 317 

to the twisted bilayer WS2 are outlined by the grey lines. The top few-layer graphite (FLG) gate is 318 



outlined by the white lines. c, Band alignment of the bilayer graphene and twisted bilayer WS2. 319 

The chemical potential of the twisted bilayer WS2 (WS2 ) can be shifted by the bias voltage Vbias 320 

relative to the chemical potential of bilayer graphene (bigr).  321 

 322 

Figure 2 | Chemical potential measurement of the twisted bilayer WS2. 2D color plot of four-323 

terminal resistance (Rxx) as a function of Vt and Vbias with the bottom gate voltage fixed at Vb = -324 

16 V. The data is collected at zero magnetic fields and at the temperature T = 18 K. On the left 325 

(right) of the yellow dashed line, the twisted bilayer WS2 is intrinsic (electron-doped). In the right 326 

region, the charge neutral line of bilayer graphene, characterized by a large resistance, can be 327 

clearly identified. Along this bilayer graphene charge neutral line, the chemical potential (WS2) 328 

and electron densities (nWS2) of the twisted bilayer WS2 can be directly calculated according to 329 

equations (1) and (2) in the Methods. The values of WS2 and nWS2 are indicated on the right and 330 

top axis, respectively. The chemical potential shows several discrete jumps at specific electron 331 

densities (denoted by the yellow and white arrows), corresponding to the insulating states formed 332 

at the different filling WS2 in the twisted bilayer WS2 moiré superlattice. The two strongest 333 

chemical potential jumps, denoted by two yellow arrows, correspond to the insulating states 334 

formed at the integer filling factor WS2 = 1 and 2 in the twisted bilayer WS2 moiré superlattice. 335 

The electron density separation between the two jumps is around 0.23 × 1012/cm2. It corresponds 336 

to a moiré superlattice period of 22 nm. Most of the other chemical potential jumps can be assigned 337 

to the integer filling of this moiré superlattice (Extended Data Fig. 2).  338 

  339 



 340 

Figure 3 | Correlated insulator states in bilayer graphene when the remote Coulomb 341 

superlattice is turned on. a, 2D Color plot of Rxx as a function of bottom gate voltage Vb and top 342 

gate voltage Vt at Vbias = -0.8 V. The data is collected at zero magnetic fields and at the nominal 343 

temperature T = 10 mK.  The phase diagram has four regions depending on the doping in bilayer 344 

graphene (electron- or hole-doped) and twisted bilayer WS2 (intrinsic or electron-doped). When 345 

the remote Coulomb superlattice is turned off (yellow dashed box), the resistance in the bilayer 346 

graphene decreases quickly and becomes metallic upon hole doping. When the remote Coulomb 347 

superlattice is turned on (top right region), correlated insulator states appear in the bilayer graphene 348 

upon hole doping. Here Vt and Vb mostly control the carrier doping in the twisted WS2 layer and 349 

the bilayer graphene layer, respectively. b, Zoomed-in color plot of the white dashed rectangle of 350 

a, where the remote Coulomb superlattice is turned on. The white dashed line corresponds to the 351 

charge neutral point of bilayer graphene. A well-defined correlated insulator state is observed in 352 

the bilayer graphene, corresponding to the hole filling factor of bigr = 1 in the remote Coulomb 353 

superlattice. The other correlated insulator states below the bigr = 1 are assigned to generalized 354 

Wigner crystal states at bigr = 1/3, 1/2, and 2/3, respectively. c, The 2D color plot of Rxx as a 355 

function of temperature T and bottom gate voltage Vb. The bias gate is fixed at Vbias = -0.8 V, and 356 

the top gate is fixed at Vt = 3.5 V. The data is collected at zero magnetic fields. The Rxx value at 357 

bigr = 1, 2/3, 1/2, and 1/3 gradually decreases with increasing temperature, confirming the 358 

insulating nature of correlated insulator states. 359 

  360 



 361 

Figure 4 | In-situ switching between the Fermi liquid and correlated insulator states in 362 

bilayer graphene. a, The bilayer graphene exhibits clear quantum oscillations and Landau fans 363 

characteristic of a Fermi liquid when the remote Coulomb superlattice is turned off. (The twisted 364 

bilayer WS2 is intrinsic at Vt = 0 V and Vbias = 0 V). The data is collected at the nominal temperature 365 

T = 10 mK. The magnetoresistance minimum corresponds to the gap between Landau levels. The 366 

filling factor (LL) is determined by the quantized Hall resistance. Here the Vcnp is Vb = -7.80 V. b, 367 

Magnetic field dependence of correlated insulator states when the remote Coulomb superlattice is 368 

turned on (twisted bilayer WS2 is highly electron-doped at Vt = 4 V and Vbias = -0.8 V). The data 369 

is collected at the nominal temperature T = 10 mK. The correlated insulator state at bigr = 1 is 370 

nearly independent of the magnetic field, reflecting that the electrons in bilayer graphene are 371 

strongly correlated. Several insulating states at fractional filling factors are present at a low 372 

magnetic field, while a single strongly insulating state close to bigr = 2/3 filling persists at the high 373 

magnetic field. Here the Vcnp is around Vb = 0.05 V. 374 

 375 

 376 

 377 

Figure 5 | Remote Coulomb superlattice behavior in a second device with a superlattice 378 

period of 14 nm. a, The 2D color plot of Rxx as a function of top gate voltage Vt and bottom gate 379 

voltage Vb at Vbias = -0.55 V. The data is collected at zero magnetic fields and at the nominal 380 

temperature T = 10 mK. The phase diagram has four regions depending on the electron doping in 381 

the twisted bilayer WS2 (intrinsic or electron-doped) and bilayer graphene (hole- or electron-382 



doped). When the remote Coulomb superlattice is turned on (black dashed box), the hole-doped 383 

bilayer graphene shows correlated insulator states at bigr = 1 and 2. b, Vertical electric field 384 

dependence of the insulating state at bigr = 1 and 2. The top gate voltage is at Vt = 6 V. The data 385 

is collected at zero magnetic fields and at the nominal temperature T = 10 mK. The correlated 386 

insulator states become more pronounced at the higher vertical electric field. c, Landau fan diagram 387 

when the remote Coulomb superlattice is turned off. (The twisted bilayer WS2 is intrinsic at Vt = 388 

0 V and Vbias = 0 V.) The data is collected at the temperature T = 10 mK. The filling factor LL is 389 

determined by the quantized Hall resistance. Here the Vcnp is around Vb = -5 V. d, Magnetic field 390 

dependence of the correlated insulator states when the remote Coulomb superlattice is turned on. 391 

The bias gate voltage is at Vbias = -0.4 V, and the top gate voltage is at Vt = 6 V. The data is collected 392 

at the temperature T = 10 mK. A resistance peak at bigr = 1 is always present at all magnetic fields, 393 

demonstrating the strong electron correlation when the remote Coulomb superlattice is turned on. 394 

Here the Vcnp is around Vb = -24 V. 395 

  396 
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 475 

Methods 476 

Heterostructure preparation:  477 

We use polypropylene carbon (PPC) and polyethylene terephthalate glycol (PETG) based dry 478 

transfer technology39 to subsequently pick up the two-dimensional flakes, which are first 479 

mechanically exfoliated from the bulk crystal on a SiO2/Si substrate. The twisted WS2 moiré 480 

bilayer is made by the tear and stack method2 to have a close-to-60-degrees twist angle. The bilayer 481 

graphene is pre-patterned by atomic force microscopy (AFM) cutting to have six electrodes before 482 

the stacking process. The twisted WS2 and bilayer graphene are separated by a hexagonal boron 483 

nitride (hBN) layer with an effective thickness of roughly 3 nm (Device I and II) and 5 nm (Device 484 

III). The double layers are further sandwiched by two hBN flakes. The top twisted bilayer WS2 is 485 

contacted by the few-layer graphite (FLG), and the top gate is made of the FLG (Device I and II) 486 

or gold (Device III). The Device I and II is further capped by an hBN flake to help in device 487 

assembly. Finally, the whole stack is released onto a 90 nm (Device I) or 285 nm (Device II and 488 

III) SiO2/Si substrate. The top dielectric hBN thickness is around 14 nm (Device I), 12 nm (Device 489 



II), and 13 nm (Device III). The bilayer graphene is then directly contacted by the Cr/Au electrodes 490 

(5 nm Cr /50 nm Au), which is fabricated by standard e-beam lithography and e-beam evaporation.  491 

Transport measurements:  492 

 The transport measurements are mainly performed in a dilution fridge (Bluefors) with a base 493 

temperature of T = 10 mK. All the signal wires are filtered at the mixing chamber flange (T = 10 494 

mK) by the RC and RL filters (Qdevil) before reaching the sample. Keithley 6221 current source 495 

meter and Keithley 2182 nanometer are operated in the DC delta mode to measure the four-496 

terminal resistance of bilayer graphene in Device I as Keithley 2182 nanovoltmeter has a typical 497 

input impedance of Rinput > 10 GΩ. The amplitude of the alternating DC current is 1nA. The delay 498 

time in the delta mode is set at 300 ms. For Device II and III, the Rxx is measured by using the 499 

standard four-probe ac lock-in method with an AC current of 10 nA for a better signal-to-noise 500 

ratio. The frequency of AC current is around 17 Hz. DC delta mode is also used in the chemical 501 

potential measurement in Device II. Three gates, the top gate (Vt), bottom gate (Vb), and bias gate 502 

(Vbias) are applied by Keithley 2400, 2450 source meters, or 2502 picoammeter.  503 

Optical measurements:  504 

The optical measurements are performed in a cryostat with a temperature range down to T = 505 

1.6 K (Quantum Design, Opticool). We use a supercontinuum laser as the light source for reflection 506 

contrast measurements. The light is focused on the sample by a 20X Mitutoyo objective with ~2 507 

μm beam size. The reflected light is collected by the same objective and dispersed by a 508 

spectrometer before reaching the camera. The reflection contrast (-R/R) is calculated as –(Rs-509 

Rref)/(Rref-Rbkg), where Rs (Rref) is the reflection spectrum with (without) the sample, Rbkg is the 510 

background spectrum.  511 

Chemical potential measurements:  512 



At the bilayer graphene charge neutral point (𝑛𝑏𝑖𝑔𝑟 = 0), the vertical electric field 𝐸𝑏 across 513 

the bottom hBN/SiO2 dielectric layer is equal to the vertical electric field 𝐸𝑚 across the middle 514 

hBN dielectric layer with 𝐸𝑏 = 𝐸𝑚 =
0−𝑉𝑏

𝑑𝑏
= −

𝑉𝑏

𝑑𝑏
 , where 𝑉𝑏 is the bottom gate voltage, 𝑑𝑏 is the 515 

thickness of the bottom dielectric hBN/SiO2 dielectric layer (The dielectric constant of hBN and 516 

SiO2 are both around 4). The vertical electric field 𝐸𝑡 across the top hBN dielectric layer is given 517 

by 𝐸𝑡 = (𝑉𝑡 − 𝐸𝑚𝑑𝑚)/𝑑𝑡, where 𝑑𝑡 is the thickness of top dielectric layer. Here we choose 𝜇𝑏𝑖𝑔𝑟 =518 

0 when the bilayer graphene is intrinsic (𝑛𝑏𝑖𝑔𝑟 = 0), the chemical potential of twisted bilayer WS2 519 

is given by: 520 

𝜇𝑊𝑆2(𝑛𝑊𝑆2) = −𝑒𝑉𝑏𝑖𝑎𝑠 − 𝑒
𝑉𝑏

𝑑𝑏
𝑑𝑚          (1) 523 

The electron density 𝑛𝑊𝑆2 of the twisted bilayer WS2 is determined by the difference between Et 521 

and Em: 522 

𝑛𝑊𝑆2 =  
𝜀0𝜀ℎ𝐵𝑁

𝑒
(𝐸𝑡 − 𝐸𝑚) 524 

As 𝐸𝑡 = (𝑉𝑡 − 𝐸𝑚𝑑𝑚)/𝑑𝑡 525 

𝑛𝑊𝑆2 =  
𝜀0𝜀ℎ𝐵𝑁

𝑒
(

𝑉𝑡 − 𝐸𝑚𝑑𝑚

𝑑𝑡

− 𝐸𝑚) 526 

𝑛𝑊𝑆2 =  
𝜀0𝜀ℎ𝐵𝑁

𝑒

𝑉𝑡

𝑑𝑡
+

𝜀0𝜀ℎ𝐵𝑁

𝑒
(−𝐸𝑚) (1 +

𝑑𝑚

𝑑𝑡
) 527 

As 𝐸𝑚 =
0−𝑉𝑏

𝑑𝑏
= −

𝑉𝑏

𝑑𝑏
, 528 

𝑛𝑊𝑆2 =  
𝜀0𝜀ℎ𝐵𝑁

𝑒

𝑉𝑡

𝑑𝑡
+

𝜀0𝜀ℎ𝐵𝑁

𝑒

𝑉𝑏

𝑑𝑏
(1 +

𝑑𝑚

𝑑𝑡
) 529 

Therefore,  530 



𝑛𝑊𝑆2 =  
𝜀0𝜀ℎ𝐵𝑁

𝑒
(𝐸𝑡 − 𝐸𝑚) =

𝜀0𝜀ℎ𝐵𝑁

𝑒

𝑉𝑡

𝑑𝑡
+

𝜀0𝜀ℎ𝐵𝑁

𝑒

𝑉𝑏

𝑑𝑏
(1 +

𝑑𝑚

𝑑𝑡
)          (2) 532 

Here, 𝜀0is the vacuum permittivity, 𝜀ℎ𝐵𝑁 is the hBN dielectric constant. 531 

For a fixed Vb and 𝜇𝑏𝑖𝑔𝑟(𝑛𝑏𝑖𝑔𝑟 = 0), the second term in both equations (1) and (2) is a 533 

constant. As a result,  𝜇𝑊𝑆2 scales linearly with Vbias, while 𝑛𝑊𝑆2 scales linearly with Vt. 534 

 535 

Data availability 536 

The data that support the findings of this study are available in 537 

https://doi.org/10.5061/dryad.w3r2280xx 538 
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