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I
n select van  der Waals (vdW) heterostructures, coupling to a 
moiré superlattice renormalizes the band structure and results in 
nearly flat electronic bands. These systems act as highly tunable 

platforms capable of hosting a variety of correlated and topological 
ground states, including correlated insulating (CI) states, supercon-
ductivity and ferromagnetism with an associated quantum anoma-
lous Hall effect (QAHE)1–21. In moiré heterostructures composed 
entirely of graphene, the correlated phase diagram depends sensi-
tively on the number of graphene sheets. In twisted bilayer graphene 
(tBLG)—two rotated sheets of monolayer graphene—CI states and 
superconductivity can be induced and tuned by changing the twist 
angle1–5,8,9 and by applying pressure3. In addition, ferromagnetism 
and a QAHE can be obtained in the system by further rotationally 
aligning tBLG with a boron nitride (BN) substrate6,7. In twisted dou-
ble bilayer graphene (tDBG)—two rotated sheets of Bernal-stacked 
bilayer graphene—spin-polarized CI states are observed that can be 
further tuned by application of a perpendicular electric field11–15. 
Finally, three layers of rhombohedrally stacked graphene rotation-
ally aligned with BN can also manifest CI states and ferromagne-
tism with non-trivial band topology16–18.

Heterostructures comprising rotated sheets of monolayer and 
Bernal-stacked bilayer graphene have so far not been investigated 
experimentally, but are theoretically promising candidates to host 
correlated and topological states because of their flat electronic bands 
with non-zero Chern numbers22–24. Twisted monolayer–bilayer gra-
phene (tMBG) has low crystal symmetry, breaking both two-fold 
rotation, C2, and mirror reflection, My. The former exchanges oppo-
site valleys within the same layer, and the latter exchanges the top 
and bottom components of the twisted heterostructure (Fig. 1a). 

Consequentially, these states are anticipated to be uniquely tunable 
with a simple combination of a single twist angle θ, gate doping n 
and perpendicular displacement field D, without any additional 
complicating conditions involving an internal crystal stacking  
configuration16–18 or coupling to a secondary moiré pattern6,7.

Here, we investigate electrical transport in dual-gated tMBG 
devices over a small range of twist angles, 0.89° < θ < 1.55° (see 
Fig. 1 and Extended Data Figs. 1 and 2). We find that the corre-
lated phase diagram of tMBG can approximately resemble either 
tBLG or tDBG depending on the direction of D. When D points 
from the bilayer towards the monolayer graphene, we observe cor-
related states at all integer filling factors similar to tBLG, with the 
exception that superconductivity does not occur. Although corre-
lations appear to be weaker than in tBLG, CI states emerge above 
a critical perpendicular magnetic field. When the direction of the 
electric field is flipped, we observe a spin-polarized CI state at 
half filling of the conduction band, similar to tDBG. tMBG also 
exhibits correlated magnetic states with intrinsic topological order 
in this configuration, which can be controlled by the twist angle, 
electric field and doping. Our work thus provides a means of real-
izing a wide array of tunable correlated and topological states 
within a single material platform.

Figure 1b shows the continuum model calculation of the band 
structure of tMBG at a twist angle of θ = 1.08° as a function of the 
interlayer potential difference, δ (Methods). In contrast to tBLG 
and tDBG, the low symmetry of tMBG means that the band struc-
ture differs depending on the direction of D (meaning the sign of 
δ). Additionally, calculations of the layer-resolved local density of 
states (LDOS) reveal that it is favourable for charge to be arranged 
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For example, Fig. 2d shows ρ for two values of D, in which the state 
at ν = 1 is apparent at D = −0.46 V nm−1 but not at D = −0.33 V nm−1. 
These correlated metallic states are also associated with anomalies 
in nH (Fig. 2d): either a sign change (pink shading) or deviations 
from a linear gate-induced charge density n (gold shading). An 
additional sign change in nH is observed for 2 < ν < 3 that matches 
the vHs in the single-particle band structure (Supplementary Fig. 1),  
suggesting that correlations do not greatly modify the conduction 
band Fermi surface at filling factors away from the integers.

The correlated metallic states observed for D < 0 have little to 
no dependence on magnetic field applied in plane, B∣∣ (shown up to 
9 T in Fig. 3a). However, applying a perpendicular field, B⊥, causes 
a sharp transition to an insulating behaviour at ν = 2 and 3 above a 
critical field value (Fig. 3b). Signs of an incipient resistive state can 
also be seen over a finite range of B⊥ at ν = 1. Quantum oscillations 
associated with the states at ν = 2 and 3 emerge only above a finite 
B⊥, with apparent two-fold degeneracy neighbouring ν = 2 and no 
remaining degeneracies neighbouring ν = 3 (Fig. 3b, lower panel). 
This is consistent with previous studies of tBLG3,8,9, in which recent 
measurements have indicated that a Dirac-like dispersion is revived 
at each quarter band filling due to a cascade of spontaneously bro-
ken symmetries25,26.

Figure 3c shows ρ(B⊥) at ν = 2 for various temperatures (solid 
curves), as well as ρ(B∣∣) at T = 0.3 K (dashed curve). Although ρ is 
nearly insensitive to B∣∣, we observe an abrupt transition to insulat-
ing behaviour above a critical perpendicular magnetic field, Bc, at 
each temperature, defined as the crossover point between separate 
linear fits to ρ(B∣∣) at low and high B⊥. The inset of Fig. 3c compares 
ρ(T) at B⊥ = 0 and 3.5 T for ν = 2, showing the metallic and insu-
lating behaviour, respectively (Extended Data Fig. 5 for ν = 1, 3).  
We find that Bc first grows weakly with increasing temperature, 

then increases rapidly at higher temperature (Fig. 3d). Bc can also 
be tuned with D, as shown for T = 1.5 K in Fig. 3d. It is peculiar 
that insulating behaviour onsets with B⊥ but has almost no depen-
dence on B∣∣. In the simple approximation of a perfectly 2D sample, 
B⊥ couples to both the spin and orbital Zeeman energies whereas 
B∣∣ only couples to the spin Zeeman energy. Consequentially, 
spin-polarized (unpolarized) states are typically strengthened 
(suppressed) by a magnetic field pointing in either orientation. 
The correlated states for D < 0 do not appear to have a natural 
interpretation in this context.

Insulating states emerging with B⊥ have been observed previ-
ously in bulk correlated systems including Bechgaard salts27 and 
high-mobility semiconductors such as Hg1 − xCdxTe (refs. 28,29). 
These insulating states were thought to be driven by orbital con-
finement effects, associated with spin-density waves in the former 
and Wigner crystal formation in the latter. The overall similarity 
of our Bc(T) to those results suggests that related orbital confine-
ment effects may be at play in tMBG. Phenomenologically similar 
behaviour has also been observed in the ν = 0 quantum Hall states of 
monolayer and bilayer graphene. The ground state is thought to be 
a spin antiferromagnet in the absence of explicit sublattice symme-
try breaking30, and originates from spontaneous valley anisotropy 
driven by orbital effects. Although these states should be stabilized 
at any finite B⊥, disorder can result in an artificial high-field transi-
tion between a metallic and insulating state at ν = 0 in graphene31. 
However, in disordered graphene the low-field resistance is inde-
pendent of temperature, in contrast to our observations of metal-
lic temperature dependence (Extended Data Fig. 5d). Therefore, it 
is more likely that the correlated states we observe here require a 
finite B⊥ to undergo an orbitally driven transition from a metallic to 
an insulating ground state. Future experiments in a tilted magnetic 
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field should help to further elucidate the spin and valley ordering  
of these states.

The cartoon schematic in Fig. 3e qualitatively illustrates the  
presumed atomic-scale electronic structure of tMBG in the metal-
lic and field-assisted insulating phases. The dark purple sites cor-
respond to regions of ABB stacking, and the lighter pink halo 
represents the associated LDOS. B⊥ is expected to orbitally con-
fine the LDOS more tightly around the ABB sites, resulting in an 

enhancement in the effective interaction strength. By contrast, the 
LDOS does not depend strongly on B∣∣, as orbital effects are antici-
pated to be weak due to the atomically thin nature of tMBG, and 
therefore the interaction strength is also not substantially modified. 
Although our results at D < 0 appear to share a number of qualitative 
similarities with weakly correlated tBLG, one important difference 
is that superconductivity appears to be absent in our device, whereas 
it remains a robust ground state even in screened tBLG devices8,9,32. 
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Differences in bandwidth may be a contributing factor (Extended 
Data Fig. 3), but it is also possible that the low symmetry of tMBG 
plays a role. Superconductivity may be sensitive to the combination 
of C2 (ref. 33) and My symmetries, both broken in tMBG. So far there 
have been no unambiguous reports of superconductivity in a moiré 
vdW platform with broken C2 symmetry15.

Finally, we turn to the correlated states emerging for D > 0 in 
a second device (device D2) with a slightly smaller twist angle, 
θ = 0.89°. Figure 4a shows the resistivity of device D2 at T = 0.05 K 
and B = 0 T. The overall behaviour is similar to device D1, with a 
few key exceptions. First, the insulating behaviour is weak or absent 
at ν = ±4, indicating the energy gaps to the remote bands are small 
or zero at this twist angle. Second, incipient CI states can be seen at 
ν = −2 and −3 for D ≈ 0 (Supplementary Fig. 3) and have no known 
analogue in tDBG. Third, an additional resistive state emerges at 
ν = 1 over a small range of D > 0. This state exhibits a robust anoma-
lous Hall effect (AHE) with large Hall angle ρyx/ρxx ≈ 10 at B = 0 (blue 
curves, Fig. 4b). ρyx exhibits hysteresis about zero magnetic field, an 
unambiguous characteristic of ferromagnetism. A single loop with a 
coercive field of B⊥ ≈ 20 mT is formed as the field is swept back and 
forth. We field symmetrize ρxx and antisymmetrize ρyx to eliminate 
small offsets in the two due to mixing (Supplementary Fig. 2). The 
temperature dependence of the ferromagnetism is also shown in 
Fig. 4b. The hysteresis and magnitude of the AHE are suppressed on 
raising the temperature and vanish above T ≈ 2.5 K (Extended Data 
Fig. 6). The sharpness of the magnetization flip implies that the 
easy axis is perpendicular to the sample, and that a single magnetic 
domain is dominant within the measured region of the sample.

Figure 4c shows a map of ρyx antisymmetrized at ∣B∣ = 50 mT. 
The regime of ferromagnetic order as a function of ν and D is indi-
cated by the dark red at ν ≈ 1. The ferromagnetism occurs over an 
extended range of D, and persists into the metallic states slightly 
outside the ν = 1 gap. We do not observe any signs of ferromagnetic 
ordering at any other filling factors in this device. Despite the fact 
that ρyx is not quantized to an integer fraction of h/e2, and ρxx does 
not vanish, the large Hall angle indicates transport through edge 
states. Nonlocal resistance measurements provide further evidence 
supporting chiral edge conduction in our sample (Supplementary 
Fig. 4)6,34. It seems likely that a fully developed Chern insulator state 
could be realized in a sample with lower disorder or a larger energy 
gap. In a model of the isolated conduction band of tMBG as four 
overlapping flat bands with varying spin and valley order, sponta-
neous polarization of carriers into a single symmetry-broken band 
with non-zero Chern number (and a consequent QAHE) has been 
predicted6,7,35–37. However, more exotic ground states with mixed 
spin and valley polarization may also be possible, and our experi-
ment is not sensitive to the exact ground state polarization.

In addition to switching the magnetic ordering with B⊥, we are 
able to control the magnetic state purely with charge doping at B = 0. 
Figure 4d shows ρyx as the doping is swept back and forth, exhibiting 
opposite signs of the magnetic ordering for each sweep direction. By 
contrast, we do not observe switching on sweeping D back and forth 
(Fig. 4e). Doping-controlled switching of the magnetic order has 
recently been predicted due to the unique orbital magnetism exhib-
ited in moiré vdW heterostructures38. However, in contrast to this 
prediction, our switching arises only within a few millitesla of B = 0 
(Extended Data Fig. 7) and thus probably originates from a different 
mechanism. Notably, the magnetic order does not switch precisely 
upon doping across ν = 1, but rather requires sweeping the doping 
far away from the magnetically ordered regime before returning. 
The switching occasionally occurs through metastable interme-
diate states and is observed more reliably when n is tuned slowly 
(Supplementary Fig. 5), suggesting that it is an intrinsic effect. 
Furthermore, the switching does not appear to depend on any other 
initialization conditions (Extended Data Fig. 8). Although we are 
not able to identify the valley and spin ordering of the surrounding  

symmetry-broken bands at ν = 1, this effect appears to be tied to a 
selective polarization of each of these bands with doping. The exact 
mechanism responsible for these unusual switching dynamics—
including whether it is of a fundamental origin or related to sample 
inhomogeneity—remains an open question for future work.

The ability to electrically switch magnetic order is rare among 
known materials and can typically only be achieved with electric 
fields in multiferroics39. tMBG therefore provides a new platform 
for spintronics applications with purely doping-controlled magne-
tism and ultra-low power dissipation. More generally, our results 
demonstrate that the low symmetry of tMBG enables a wide array 
of highly tunable correlated states that differ on changing the sign 
of D. The addition of intrinsic non-trivial band topology also raises 
the possibility of realizing fractional Chern insulator states40 in sam-
ples with stronger correlations at different twist angle or under pres-
sure3. We anticipate that tMBG will be a crucial platform for further 
understanding these correlated and topological states of matter, 
providing unprecedented control with external tuning parameters.
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Methods
Device fabrication. The tMBG devices were fabricated using the ‘cut-and-stack’ 
method8. We identified exfoliated graphene flakes with regions of both monolayer 
and bilayer graphene, then used an atomic force microscope (AFM) tip to 
isolate a region from each area8,16. We found that, in general, longer AFM-cut 
edges can increase the friction between rotated graphene sheets and improve 
the yield of devices near the targeted twist angle. Samples were assembled using 
a standard dry transfer technique that utilized a polycarbonate film on top of a 
polydimethylsiloxane dome41. Completed heterostructures were transferred onto 
a Si/SiO2 wafer. The temperature was kept below 180 °C during device fabrication 
to preserve the intended twist angle. All devices were encapsulated between flakes 
of BN with a typical thickness of 30–40 nm and had graphite top and bottom gates 
(except the device with a twist angle of 1.44°, which had a silicon bottom gate). 
In devices with a graphite bottom gate, a gate voltage was applied to the Si gate to 
dope the region of the graphene contacts overhanging the graphite back gate to a 
high charge carrier density and to reduce the contact resistance.

Transport measurements. We measured the electrical transport in four tMBG 
devices with twist angles varying between θ = 0.89° and 1.55° (Extended Data 
Figs. 1, 2 and 9). Many of the salient transport features observed at each twist 
angle were qualitatively similar to those observed in devices at slightly different 
twist angles (for a comparison see Fig. 4a and Extended Data Fig. 2). Transport 
measurements were conducted in a four-terminal geometry with a.c. current 
excitation of 10–20 nA using standard lock-in techniques at either 13.3 Hz or 
17.7 Hz. The magnetic hysteresis loops in device D2 were measured using a 
500 pA excitation. A d.c. current bias, Idc, could also be added to further control 
the magnetic state (Supplementary Fig. 6), as discussed previously for devices of 
tBLG aligned with BN6,7. n and D could be tuned by the gate voltages through the 
relation n = (CTGVTG + CBGVBG)/e, D = ∣(CTGVTG − CBGVBG)/2∣, where CTG and CBG 
are, respectively, the capacitances between the top (TG) and bottom (BG) gates 
and the tMBG, and e is the electron charge. We chose a convention such that D > 0 
corresponds to the field pointing from the monolayer to bilayer graphene.

Twist angle determination. The twist angle θ was determined from the values of 
charge carrier density at which the insulating states at ν = ±4 = ±ns were observed, 
following ns ¼ 8θ

2=
ffiffiffi

3
p

a
2

I

, where a = 0.246 nm is the lattice constant of graphene. 
The values of ±ns were determined from the sequence of quantum oscillations in a 
magnetic field that project to ±ns (or ±ns/2 for θ = 1.08°; Extended Data Fig. 10).

Band structure calculation. We calculated the band structure using the standard 
continuum model. The Hamiltonian is

H ¼ HMG þ HBG þ HM

where HMG and HBG are the Hamiltonians for the monolayer graphene and the 
bilayer graphene, respectively. HM is the coupling term between the monolayer and 
bilayer graphene. We have
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, with θ being the twist angle. R(φ) is the transformation 
matrix for anticlockwise rotation with angle φ.

The Hamiltonian for the bilayer graphene is
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Finally, the interlayer moiré tunnelling term is
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, with aM being the 
moiré lattice constant.

Here ~cαðkÞ
I

 and cα(k) are electron operators for the monolayer graphene and 
bilayer graphene, respectively. We take parameters (t, γ1, γ3, γ4) = (−2,610, 361, 283, 
140) meV. For the interlayer tunnelling, we take tM = 110 meV and α = 0.5. M is a 
sublattice potential term for the monolayer graphene that may originate from hBN 
alignment. We use M = 10 meV. δ is the potential difference, which is tuned by the 
displacement field D.

With sufficient ∣δ∣, the neutrality gap is opened and we can define the valley 
Chern number for the conduction and valence bands. Here we focus on the 
conduction band, and at θ = 1.08° the valley Chern number is ∣C∣ = 2 and ∣C∣ = 1 for 
the D > 0 and D < 0 sides, respectively.

Data availability
All data that support the plots within this paper and other findings of this study are 
available from the corresponding author upon reasonable request. Source data are 
provided with this paper.
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Extended Data Fig. 1 | Optical microscope images and two-terminal conductance of the tMBG devices. (a-d), the twist angle of each device is denoted at 

the bottom left corner of each image. All scale bars are 5 μm. (e-f) show the two-terminal conductance measured between neighbouring pairs of contacts 

as indicated by the colour-coded bars in (a-b). Device D1 exhibits a small twist angle gradient of approximately 0.03° primarily along the longitudinal 

direction of the Hall bar. Device D2 exhibits a larger twist angle inhomogeneity of approximately 0.1°, consistent with the apparent doubling of some of the 

transport features in Fig. 4a of the main text.

NaTuRE PHYSICS | www.nature.com/naturephysics

http://www.nature.com/naturephysics


ARTICLESNATURE PHYSICS

Extended Data Fig. 2 | Transport in tMBG at a variety of twist angles at T = 300 mK. ρ as a function of n and D for (a) device D3 (θ = 1.44°), and (b) 

device D4 (θ = 1.55°). At these twist angles, the gap at the charge neutrality points only opens for D > 0 (pointing from monolayer to bilayer graphene). 

Features corresponding to single particle vHs can be seen in both conduction and valence bands. Although some features may arise owing to correlations, 

we do not observe any states with insulating behavior at integer ν within the bands. c-d, ρ and RH for device D1 using different contacts from Fig. 1d-e of the 

main text. The twist angle, θ = 1.05°, is slightly smaller than for the region of the device probed in the main text.
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Extended Data Fig. 3 | Energy scales and density of states of tMBG. a, Single-particle density of states (DOS) calculated for θ = 1.08° as a function of ν 

and D, following the model described in the text. b, Calculated single particle gaps at ν = 0, + 4 (left axis) as a function of interlayer potential, δ. Bandwidth 

of the conduction band, W (right axis). The bandwidth does not vary widely over our this range of δ. c, W calculated as function of θ for δ = − 40 meV. W 

does not change substantially for 0.85∘ < θ < 1. 1∘. d, Experimentally measured energy gaps of ν = 0, + 2, + 4 as a function of D in device D1 (θ = 1.08∘). 

The single particle gaps at ν = 0, + 4 are qualitatively consistent with the predictions in b. A CI gap at ν = + 2 only emerges over a finite range of D > 0.
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Extended Data Fig. 4 | Transport in an in-plane magnetic field in device D1. a, ρ as a function of ν and D at B∣∣ = 14 T. b, ρ(T) for ν = 1, 2, 3 at both B = 0 

(solid curves) and B∣∣ = 14 T (dashed curves). In the former, ν = 2 exhibits insulating behavior whereas ν = 1 and 3 are metallic. In the latter, all become 

more resistive at low temperature, and ν = 1 and 3 begin to undergo an insulating transition at low temperature. c, Device resistance, R, versus T−1 at ν = 

2 and D = + 0.39 V/nm. (Inset) Energy gaps, Δν=2, as function of B∣∣, extracted from the thermal activation measurements. Gaps are extracted by fitting 

the data in the main panel to R / eΔ=2kBT

I

, where kB is the Boltzmann constant. The gap grows with larger B∣∣ suggestive of a spin-polarized ground state. 

However, thermal activation measurements may be complicated by additional orbital contributions owing to the multilayer structure of tMBG15.
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Extended Data Fig. 5 | High magnetic field transport in device D1. a, ρ as a function of n and D for D > 0 at B⊥ = 3 T. In addition to the CI state at ν = 

2, vertical blue stripes correspond to the formation of Landau levels within the symmetry broken halo region. b, ρ for D < 0 at B⊥ = 3 T. Field-assisted CI 

states emerge over a finite range of D, along with associated quantum oscillations. c, Energy gaps of ν = 2 and 3 at D = − 0.33 V/nm as a function of B⊥, 

measured by thermal activation. The gap at ν = 3 closes at high field, which may be related to the spin and valley ordering of the state, and/or competition 

with Landau level formation. d, ρ(T) corresponding to ν = 1, 2, 3 at B⊥ = 0 and 3.5 T. All exhibit unusual metallic temperature dependence at B = 0, but are 

insulating (ν = 2, 3) or near a crossover point (ν = 1) at high field.
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Extended Data Fig. 6 | Temperature dependence of the aHE resistivity and coercive field in device D2. Measurements correspond to the data set shown 

in Fig. 4b of the main text, with ν = 0.94 and D = + 0.415 V/nm.
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Extended Data Fig. 7 | Doping-induced switching of the magnetic order with B⊥ in device D2. a, ρyx as ν is swept back and forth from -0.5 to +2.5 at D 

= + 0.415 V/nm, with B⊥= + 4 mT, + 2mT, 0mT, − 2 mT, − 4 mT. Doping-induced switching of the magnetic order is only observed within a small range 

of B⊥ from ~ + 2 mT to − 2 mT. At larger B⊥, the magnetic state is aligned with the applied field regardless of the sweep direction. The measurement is 

performed subsequent to thermally-cycling the device to T = 4 K — above the Curie temperature — and then back to base temperature. b, The difference 

between ρyx sweeping up and down as a function of B⊥. The red region denotes the regime in which the magnetization can be switched with doping.
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Extended Data Fig. 8 | Dependence of doping-induced switching on magnetic field initialization in device D2. a-d, show hysteresis loops at ν = 0.94 and 

D = + 0.415 V/nm, acquired after initiating the state with different magnetic field and doping trainings. The schematics to the left of each ρyx panel denote 

the sequence of B⊥ and ν sweeps as a function of time. Black lines denote the initialization operations, performed prior to data acquisition. The initialized 

magnetic state is indicated by the starting point of the blue ρyx curve at B = 0. Subsequent to the initialization, ν is held fixed at 0.94 while B⊥ is swept back 

and forth. Notably, independent of the field training history, ρyx is initialized to the positive state when ν is swept down from 2.5, and to the negative state 

when ν is swept up from − 0.5. Subsequent magnetic field sweeping forms a similar hysteresis loop independent of the initialized state. This helps to rule 

out any effects of the magnetic field initialization in our observations of the doping-induced switching effect at B = 0.
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Extended Data Fig. 9 | Quantum oscillations in device D3 (θ = 1.44°). a, ρxx and b, Rxy as a function of n and B⊥ at D = 0. c, Comparable Rxy map at  

D = − 0.2 V/nm. d, Schematic illustration of the prominent quantum oscillations observed in a. Quantum oscillations exhibit four-fold degeneracy at 

each value of n. For n < 0, we observe a sequence of quantum oscillations with filling factors νLL = − 2, − 6, − 10. . . . For n > 0, the sequence shifts from 

+ 2, + 6, + 10. . . to + 4, + 8, + 12, . . . and back again as n is raised. These sequences can be understood by considering the monolayer- and bilayer-like 

corners of the moiré Brillouin zone as approximately uncoupled owing to the larger twist angle, in which the dominant quantum oscillations are the 

sum of the contributions from each band. e, Dashed blue lines denote the Landau levels of the monolayer-like bands as a function of energy, following 

ELL;m ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2e_v2
F
NB

q

I

, where N is the Landau level index and vF is the Fermi velocity. Dashed red lines denote the same for the bilayer-like bands, with 

ELL;b ¼
e_B

m

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

NðN� 1Þ
p

I

, where m* is the effective mass. The total filling factor νLL within each gap is given by the sum of the Landau level indexes for each 

band (solid bars). The experimentally observed sequence of quantum oscillations is well reproduced taking vF = 1.44 × 105 m/s, m* = 0.14m0, and including 

a charge neutrality band gap in the monolayer spectrum of ΔM = 5 meV and an offset between the monolayer and bilayer charge neutrality points of  

δ = 14.5 meV (indicative of band overlap). f, Similar energy diagram for D = − 0.2 V/nm. To account for the observation of νLL = − 2 at high magnetic field, 

a band gap for the bilayer spectrum of ΔB = 8 meV is included, and we take δ = 19.5 meV.
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Extended Data Fig. 10 | Quantum oscillations at D = + 0.5 V/nm in device D1 (θ = 1.08°). Landau fan diagram up to full filling of the moiré unit cell with 

D = + 0.5 V/nm at T = 300 mK. Separate sequences of quantum oscillations emerge from ν = − 4 with a dominant sequence of νLL = + 4, + 8, + 12, . . . , 

from ν = 0 with dominant sequences of νLL = − 2, − 6, − 10, . . . and νLL = + 6, + 12, + 18, . . . , and from ν = + 2 with a dominant state at νLL = + 3. Quantum 

oscillations emerging from ν = + 2 with larger filling factor do not follow a simple sequence, which may be a consequence of structural disorder in the 

sample. These states are illustrated schematically in the bottom panel with dashed lines. Dotted lines show additional states which emerge at higher field. 

Gray shaded regions denote band insulators and the orange shaded region denotes the CI state. The apparent 6-fold degeneracy of electron-like quantum 

oscillations emerging from ν = 0 may indicate the presence of multiple Fermi surface pockets within the moiré Brillouin zone.
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