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Superconductors, orbital magnets and 
correlated states in magic-angle bilayer 
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Superconductivity can occur under conditions approaching broken-symmetry parent 
states1. In bilayer graphene, the twisting of one layer with respect to the other at ‘magic’ 
twist angles of around 1 degree leads to the emergence of ultra-flat moiré superlattice 
minibands. Such bands are a rich and highly tunable source of strong-correlation 
physics2–5, notably superconductivity, which emerges close to interaction-induced 
insulating states6,7. Here we report the fabrication of magic-angle twisted bilayer 
graphene devices with highly uniform twist angles. The reduction in twist-angle 
disorder reveals the presence of insulating states at all integer occupancies of the 
fourfold spin–valley degenerate flat conduction and valence bands—that is, at moiré 
band filling factors ν = 0, ±1, ±2, ±3. At ν ≈ −2, superconductivity is observed below 
critical temperatures of up to 3 kelvin. We also observe three new superconducting 
domes at much lower temperatures, close to the ν = 0 and ν = ±1 insulating states. 
Notably, at ν = ± 1 we find states with non-zero Chern numbers. For ν = −1 the insulating 
state exhibits a sharp hysteretic resistance enhancement when a perpendicular 
magnetic field greater than 3.6 tesla is applied, which is consistent with a field-driven 
phase transition. Our study shows that broken-symmetry states, interaction-driven 
insulators, orbital magnets, states with non-zero Chern numbers and superconducting 
domes occur frequently across a wide range of moiré flat band fillings, including close 
to charge neutrality. This study provides a more detailed view of the phenomenology 
of magic-angle twisted bilayer graphene, adding to our evolving understanding of its 
emergent properties.

Interactions dominate over single-particle physics in flat-band electronic 
systems, and can give rise to insulating states at partial band fillings3,4, 
superconductivity8 and magnetism9–14. Recently, correlated insulating 
phases and strongly coupled superconducting domes have been found 
in ultra-flat bands of magic-angle twisted bilayer graphene (MAG) close 
to half-filling (ν = ±2), establishing graphene as a platform for the inves-
tigation of strongly correlated two-dimensional electrons6,15–18. MAG 
has several advantages that should enable new insights into these sys-
tems: the correlations can be accurately controlled by varying the twist 
angle between the two graphene layers; techniques for the fabrication 
of ultra-clean graphene layers are well-established; and the electron 
density (n A= ≈ 10 cm0 0

−1 12 −2, where A0 is the area of the moiré unit cell) 
that is required to fill a moiré superlattice band can be adequately sup-
plied by electrical gates.

Here we report the observation of correlated states at all integer 
fillings of ν = n/n0 (where n is the gate-modulated carrier density), 

including at charge neutrality, and the occurrence of new supercon-
ducting domes and orbital magnetic states in MAG. When interac-
tions are neglected, the two low-energy moiré bands of MAG have 
fourfold spin–valley flavour degeneracies, which implies that the 
density measured from the carrier neutrality point (CNP) is 4n0 when 
the flat conduction band is full and −4n0 when the valence band is 
empty2,19. Interactions can lift the flavour degeneracies and give rise 
to completely empty or full spin–valley polarized flat bands—with 
interaction-induced gaps at all integer values of ν—in place of the 
symmetry-protected Dirac points that connect the conduction and 
valence bands for each flavour10. The many-body physics of these bands 
is highly sensitive to the twist angle θ and the interaction strength ε−1 
(where ε is the effective dielectric constant in MAG). In some cases—
depending on the details of the electronic structure—bands can have 
non-zero Chern numbers9,10,20–23, allowing for the possibility of orbital 
magnetism and anomalous Hall effects.
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Figure 1a is a schematic of a typical graphite-gated, hexagonal boron 
nitride (hBN)-encapsulated MAG heterostructure device. The atomic 
force microscopy image in Fig. 1b shows the high structural homoge-
neity of the device. Figure 1c shows four-terminal resistance Rxx as a 
function of n at different out-of-plane magnetic fields B⊥, measured 
at a temperature T of 16 mK. We find strong resistance peaks at n = 4n0 
≈ ±3 × 1012 cm−2 that mark the edges of the flat bands, consistent with 
previous studies3,6,18. The full-band density corresponds to an average 
twist angle across the device of about 1.10°. By comparing 2n0 values 
extracted from two-terminal measurements between different contact 
pairs (Extended Data Fig. 4), we estimate that the variation in twist angle 
(Δθ) is only around 0.02° over a span of about 10 µm. Such homogeneity 
in the twist angle is, to our knowledge, unprecedented in a MAG device.

In addition to the resistance peaks at the CNP and at ν = ±4, we also 
observe interaction-induced resistance peaks at all non-zero integer 
fillings of the moiré bands (ν = ±1, ±2, ±3), corresponding to 1, 2 and 

3 electrons (+) or holes (−) per moiré unit cell (Fig. 1c). Signatures of 
some of these resistive states have been observed previously3,6,18,24, 
but they are much more strongly developed here. From temperature-
dependent transport behaviour over a range of 10 K (Fig. 1f), it is possible 
to extract the activated gap size of the correlated insulator states. We 
obtain values of 0.34 meV (ν = −2), 0.37 meV (ν = 2) and 0.25 meV (ν = 3).  
Evidence for thermally activated transport is much weaker for the  
ν = 1 state (0.14 meV) and is entirely absent for the ν = −3 and ν = −1 states, 
which might indicate that these are correlated semi-metallic states 
rather than insulating states25.

Our device also shows clear temperature-activated transport behav-
iour below 33 K at the CNP, with an extracted gap size of 0.86 meV. Gaps 
at the CNP do not require broken flavour symmetries, but they do require 
that at least one of the emergent C3 and C2T symmetries—which pre-
vent CNP bands from touching—be broken. These symmetries can be 
explicitly broken by crystallographic alignment of the MAG and hBN 
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Fig. 1 | Integer-filling correlated states and new superconducting domes.  
a, Schematic of a typical MAG device. b, Atomic force microscopy image and 
schematic of how various measurements are obtained. Scale bar, 2 µm.  
c, Four-terminal longitudinal resistance plotted against carrier density at 
different perpendicular magnetic fields from 0 T (black trace) to 480 mT (red 
trace). d, Colour plot of longitudinal resistance against carrier density and 
temperature, showing different phases including metal, band insulator (BI), 
correlated state (CS) and superconducting state (SC). The boundaries of the 
superconducting domes—indicated by yellow lines—are defined by 50% 
resistance values relative to the normal state. Note that the transition from the 
metal to the superconducting state is not sharp at some carrier densities, which 
adds uncertainty to the value of Tc extracted. e, Longitudinal resistance at 
optimal doping of the superconducting domes as a function of temperature. 
The resistance is normalized to its value at 8 K. Note that data points for  

n = −7.5 × 1011 cm−2 are overlaid by the data points for n = 5 × 1011 cm−2, as both 
curves follow a very similar line. f, Conductance Gxx plotted against inverse 
temperature at carrier densities corresponding to ν = 0, 1, ±2 and 3. The straight 
lines are fits to Gxx ∝ exp(−Δ/2kT) (where Δ is the size of the correlation-induced 
gap and k is the Boltzmann constant), for temperature-activated behaviour, and 
give gap values of 0.35 meV (ν = −2), 0.14 meV (ν = 1), 0.37 meV (ν = 2), 0.27 meV  
(ν = 3) and 0.86 meV (ν = 0; CNP). g, Mean-field phase diagram for neutral ν = 0 
(CNP) twisted bilayer graphene, as a function of twist angle and interaction 
strength, showing different configurations of C2T symmetry and Chern number 
(C). Red and blue regions with solid outlines indicate states that do not break 
symmetry, and therefore have bands with no Berry curvature and vanishing 
Chern number. Blue indicates a gapped state and red indicates a gapless state. 
Zones filled with other colours indicate gapped states that break C2T symmetry 
and have bands with different Chern numbers, as shown.
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layers; however, careful inspection of the angle between these (see Sup-
plementary Information) allows us to rule out this scenario. As we also 
do not observe any other signatures of hBN alignment, such as satellite 
resistance peaks9, we conclude that the gap at CNP probably originates 
as a result of interactions.

The existence of a non-trivial gap at the CNP has strong implications 
for the properties of other gapped MAG states. Mean-field theory (Fig. 1g, 
Supplementary Information), predicts gapped states at neutrality over 
a wide range of twist angles and interaction strengths. Gapped states at 
non-zero integer values of ν are expected only when the moiré superlat-
tice band width is smaller than the exchange shift produced by band 
occupation, and this occurs only near the magic angle. Overall our 
calculations demonstrate that insulating—or for weak interactions, 
semi-metallic states—are common at all integer values of ν, as observed 
experimentally. This mean-field phase diagram does not allow for bro-
ken translational symmetry, which appears not to be required for our 
experiments. If broken translational symmetry did have a key role in 
establishing insulating states, they would be expected at moiré band 
fillings ν = n + p/3 where p and n are integers; this is not consistent with 
our experimental observations.

Notably, in four distinct carrier-density intervals between integer fill-
ing factors, we observe sharp decreases in the resistance of the device 
with decreasing temperature (Fig. 1e), which can be restored by the 
application of a small perpendicular magnetic field B⊥ < 500 mT (Fig. 2b). 
Figure 1d shows a colour plot of resistance against temperature and 
carrier density, in which four dome-shaped pockets of low resistance 
flank the most resistive states. In three of these domes, the resistance 
decreases to zero (Fig. 1e, Extended Data Figs. 5, 7), which is consist-
ent with superconductivity. In the fourth region (at n = 5 × 1011 cm−2) 

the resistance remains slightly greater than zero, owing to insufficient 
cooling of electrons below 100 mK in the cryostat7,18.

In the dome close to −2n0, we observe a superconducting transition. 
Although this has been reported previously, the superconducting transi-
tion temperature Tc (defined as half the normal-state resistance) of 3 K 
that we observe here is considerably higher than the previous value6 of 
around 1.7 K. The other superconducting domes, which to our knowledge 
are all observed here for the first time, have much lower Tc values and 
much sharper transitions. We identify a superconducting dome between 
n0 and 2n0 with Tc ≈ 650 mK, and two domes between the CNP and ±n0 
with Tc ≈ 160 mK and Tc ≈ 140 mK, respectively. As can be seen in Fig. 1d 
and Extended Data Fig. 6, it is likely that additional superconducting 
domes are developing between other filling factors; however, these are 
not fully developed, and are presumably obscured by the inhomogeneity 
that remains in our improved samples.

Figure 2 shows the signatures of the newly observed superconducting 
domes (exemplified by the state between CNP and n0; all other states are 
described in detail in Extended Data Fig. 7 and Extended Data Table 1). 
In Fig. 2a, the differential resistance dVxx/dI is plotted against the d.c. 
bias current I at various temperatures. At 60 mK, the traces display the 
nonlinear resistance typical of two-dimensional superconductivity, 
with a sharp resistive transition for I > Ic ≈ 3 nA (where Ic is the critical 
supercurrent). The blue dashed line is a power-law fit to dVxx/dI ≈ I2, 
consistent with two-dimensional superconductivity described by the 
Berezinskii–Kosterlitz–Thouless (BKT) theory, showing a transition 
temperature TBKT of around 110 mK.

The temperature dependence of the resistance Rxx at various magnetic 
fields is illustrated in Fig. 2b. The superconductivity signal is gradually 
weakened upon increasing the applied field, and Rxx varies almost linearly 
with temperature above a critical field Bc ≈ 300 mT. The suppression 
of superconductivity by the magnetic field is further exemplified by 
Fig. 2c, which shows a plot of the differential resistance as a function 
of the magnetic field and the excitation current I at 16 mK. The critical 
supercurrent Ic is reduced by application of a magnetic field, reach-
ing zero when Bc > 300 mT. From these measurements, we extract the 
temperature-dependent critical magnetic field Bc (defined by 50% of 
the normal state Rxx value). By fitting to the expression from Ginzburg–
Landau theory, Bc = [Φ0/(2πξ2)](1 − T/Tc), we extract a coherence length 
ξGL(T = 0 K) of around 32 nm. Here Φ0 = h/(2e) is the superconducting flux 
quantum, h is Planck’s constant and e is the electron charge.

We have studied the response of the flat bands to an applied mag-
netic field at a temperature of 100 mK. Figure 3a shows a colour map 
of the resistance as a function of carrier density and magnetic field, 
and the corresponding schematic highlights the trajectories of the 
resistance maxima. We find sets of Landau fans that originate from 
the CNP and from most of the resistive states with an integer filling 
factor. In previous studies, Landau levels were identified only on the 
high-carrier-density sides of insulating states3,18. Here, we also observe 
Landau levels dispersing to lower densities. The vanishing carrier den-
sities near most integer filling factors—as evidenced by both Landau 
fans and weak field Hall resistivities (Extended Data Fig. 3)—suggest 
that the fourfold spin–valley band degeneracy of the non-interacting 
state is lifted over a large range of filling factors, resetting the carrier 
density per band.

Our observations suggest that a rich variety of spin–valley broken-
symmetry states occur as a function of carrier density and magnetic 
field. Landau levels that can be traced to the CNP exhibit fourfold degen-
eracy with a filling-factor sequence of νL = ±4, ±8, ±12,…, as well as spin– 
valley broken-symmetry states with νL = ±2. The Landau levels that fan 
out from ν = 2(−2) follow a sequence of νL = 2(−2), 4(−4), 6(−6),… at low 
magnetic field, indicating partially lifted degeneracy for either spin or 
valley. Quantum oscillations from ν = −2 exhibit a dominant degeneracy 
sequence of νL = −3, −5, −7,… at high magnetic field. Near ν = −3, quantum 
oscillations exhibit fully lifted degeneracy of Landau levels with filling 
factors νL = −1, −2, −3, −4,…. The Landau fans that emerge from insulating 
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Fig. 2 | The superconducting dome at fillings between ν = 0 and ν = 1.  
a, Differential resistance plotted against d.c. bias current at various 
temperatures from 60 mK (black trace) to 160 mK (red trace). The blue dashed 
line is a fit to the Vxx ≈ I3 power law, and identifies a BKT transition at a 
temperature (TBKT) of around 110 mK. b, Longitudinal resistance plotted against 
temperature at various out-of-plane magnetic fields, showing that normal levels 
of resistance are restored at magnetic fields greater than 300 mT. c, Two-
dimensional colour plot of the differential resistance as a function of magnetic 
field and excitation current at 16 mK. The orange traces show differential 
resistance plotted against current at magnetic field values of 225 mT, 150 mT,  
75 mT and 0 T (top to bottom). d, Values of the critical magnetic field at various 
temperatures. The straight line is a fit to the Ginzburg–Landau expression. For 
all measurements in a–d, the carrier density was fixed at optimal doping of the 
dome n = 5 × 1011 cm−2.
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states all extrapolate to a carrier density that vanishes at integer moiré 
band filling factors.

We also find that the degeneracies of Landau levels originating from 
the CNP and ν = −2 change when crossing the ν = −1 and ν = −3 states, 
suggestive of first-order phase transitions that change band degen-
eracies. In particular, as is shown in Fig. 3b, Landau levels from the  
ν = −2 and ν = −3 states display a criss-crossing pattern—superficially  
similar to that of a Hofstadter butterfly, but distinct in that the Landau 
level indices that can be traced to the ν = −3 state are spaced by one 
filling, whereas those that can be traced to the ν = −2 state are spaced 
by two fillings.

It is noteworthy that neither of the ν = ±1 correlated states show clear 
formation of Landau levels. The positions of their resistance maxima 
do, however, exhibit clear dependencies on the magnetic field and the 
carrier density. At ν = −1 the resistance state has no slope (dn/dB) at low 
field; however, above a critical field BT ≈ 3.6 T, we observe the sudden 
development of a slope that is consistent with a Chern number of 1. 
Furthermore, at ν = 1 the position of the resistance peak shifts to lower 
carrier density, with a slope that is consistent with a Chern number of 
2. The slope of dn/dB in the absence of a Landau-level fan in the ν = ±1 
correlated states is consistent with Chern insulating states from spin 
and valley symmetry breaking at odd values of ν. As discussed earlier 
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and as predicted by mean-field theory, valley-projected bands in insulat-
ing states can have non-zero Chern numbers that compete closely with 
states with zero Chern numbers. Although we cannot resolve quantized 
values in Rxy nor zero resistance in Rxx, as expected for a Chern insulat-
ing state, we do not do so for the other Landau levels in Fig. 3a either. 
We therefore conclude that our devices are still too inhomogeneous to 
observe quantization over the entire device.

Exactly at the transition at which the slope of the ν = −1 resistive state 
in Fig. 3a changes from dn/dB = 0 to a dn/dB consistent with Chern  
number 1, we find a strong hysteretic increase of Rxx and Rxy; this is indica-
tive of a possible magnetic-field-induced first-order phase transition. 
Figure 4a displays a plot of Rxx as a function of n and B⊥. Figure 4b displays 
the temperature-dependent resistance Rxx(T) near ν = −1 (or n = −8.43 
× 1011 cm−2) for a series of magnetic field values. Whereas at B⊥ = 0 T, 
Rxx(T) shows a typical metal-superconductor phase transition, above 
B⊥ > 3.6 T and below T < 0.9 K, Rxx(T) has a sharp jump and an insulating 
temperature dependence.

Figure 4c shows plots of Rxx against the magnetic field at ν = −1 for 
up and down sweeps of the magnetic field. Below 800 mK, the curves 
show sharp jumps in resistance at associated critical transition fields 
BT, and demonstrate strong hysteretic behaviour that is dependent on 
the sweeping direction of the magnetic field; the width of the magnetic 
field of the hysteresis loop is denoted by ΔBT. The critical field BT is always 
higher for up sweeps than for down sweeps.

Both BT and ΔBT are highly temperature-dependent, with BT shifting to 
higher values and ΔBT becoming smaller as the temperature increases. At 
T > 800 mK, the hysteresis almost disappears and the transition becomes 
broader. The temperature dependencies of BT and ΔBT were extracted 
and are shown in Fig. 4d. The phase transition and hysteresis occur 
over a narrow range of carrier densities from around −8.3 × 1011 cm−2 to  
−9 × 1011 cm−2 (Extended Data Fig. 8b, c) with BT and ΔBT at different carrier 
densities shown in Fig. 4e. Overall, we observe similar behaviour in Hall 
resistance measurements (Extended Data Fig. 8d). These observations 
indicate that the origin of the change in the slope dn/dB of the resist-
ance maximum is a first-order phase transition, and is probably due to 
a competition between correlated states with zero and non-zero Chern 
numbers at high magnetic fields26, suggesting the emergence of a field-
stabilized orbital magnetic state.

Notably, we have observed superconducting domes close to charge 
neutrality. To our knowledge, these states represent the lowest carrier 
density (n ≈ 3 × 1011 cm−2; counting from CNP) at which superconductivity 
has been observed. The existence of superconducting domes across a 
wide range of moiré band fillings must have important implications for 
our understanding of their origin. Because the density of states dimin-
ishes close to the CNP, the appearance of superconductivity seems not to 
be simply related to a high density of states of the non-interacting bands. 
Superconductivity occurs adjacent to insulating states that seem—on 
the basis of Landau fan patterns—to break spin–valley degeneracy, and 
adjacent to insulating states that do not. Nevertheless, its consistent 
association with nearby correlated insulator states suggests an exotic 
pairing mechanism. Conversely, at this point our observation cannot 
rule out the possibility of conventional electron–phonon coupling 
superconductivity in metallic states with quasiparticles that evolve 
adiabatically from those of the non-interacting system and compete with 
a rich variety of distinct insulating states from which they are separated 
by first-order phase transition lines24,27,28. In this case, it is possible that 
the consistent high density of states over a broad range of filling factors 
helps to support superconductivity in the metallic state.
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Methods

Device fabrication
Extended Data Fig. 1 displays a step-by-step stacking process for the 
fabrication of twisted bilayer graphene (tBLG) with a graphite bottom 
gate. The hBN/tBLG/hBN/graphite stacks were exfoliated and assem-
bled using a van der Waals assembly technique. Monolayer graphene, 
thin graphite and hBN flakes (around 10-nm thick) were first exfoli-
ated on SiO2 (around 300 nm)/Si substrate, followed by the ‘tear and 
stack’ technique29 with a polycarbonate (PC)/polydimethylsiloxane 
(PDMS) stamp to obtain the final hBN/tBLG/hBN/graphite stack. The 
separated graphene pieces were rotated manually by a twist angle of 
around 1.2–1.3°. We purposefully chose a larger twist angle during the 
assembly of the heterostructure owing to the high risk of relaxation 
of the twist angle to random lower values. To increase the structural 
homogeneity, we further carried out a mechanical cleaning process to 
squeeze the trapped blister out and release the local strain30 (Extended 
Data Fig. 2). To avoid the uncertainty induced by thermal expansion of 
the transfer stage, all the stacking process were carried out at a fixed tem-
perature of 100 °C, except that the final stacks were released at 180 °C 
(the melting point of polycarbonate). We did not perform subsequent 
high-temperature annealing to avoid relaxation of the twist angle. We 
further patterned the stacks with PMMA resist and CHF3 + O2 plasma and 
exposed the edges of graphene, which was subsequently contacted by 
Cr/Au (5/50 nm) metal leads using electron-beam evaporation (Cr) and 
thermal evaporation (Au).

Measurement
Transport measurements were carried out in a dilution refrigerator with 
a base temperature of 16 mK and a perpendicular magnetic field of up 
to 5 T. The dilution refrigerator was well filtered to avoid heating of the 
electrons in our devices. We use superconducting-type coaxial cables 
(around 2 m long; Lakeshore) from the room-temperature plate to the 
mixing chamber plate of the cryostat. We add on each line a pi filter (RS 
239-191) at room temperature, and a powder filter (Leiden Cryogenics) 
as well as a two-stage resistor–capacitor filter on a printed circuit board 
(R = 1 kΩ, C = 100 nF) at the mixing chamber plate. The total resistance 
of each line is about 2 kΩ. The sample is located in a copper box with 
coaxial feedthroughs.

Standard low-frequency lock-in techniques were used to measure 
the resistance Rxx and Rxy with an excitation current of about 1 nA at a 
frequency of 19.111 Hz. In the measurement of differential resistance 
dV/dI, an a.c. excitation current (around 0.5 nA) was applied through 
an a.c. signal (0.5 V) generated by the lock-in amplifier in combination 
with a 1/100 divider and a 10-MΩ resistor. Before combining with the 
excitation, the applied d.c. signal passed through a 1/100 divider and 
a 1-MΩ resistor. As-induced differential voltage was further measured 
at the same frequency of 19.111 Hz with standard lock-in technique. For 
measurements in strong magnetic fields we found that the increased 
contact resistance made it difficult to obtain accurate values of the 

device resistance. To resolve this issue, we applied a global gate volt-
age (+20 V) through Si/SiO2 (around 300 nm) to tune the charge carrier 
density separately in the device leads.

Twist angle extraction
The total carrier density n tuned by gate is calibrated by Hall measure-
ments at low field (Extended Data Fig. 3). Near charge neutrality and 
band insulating states, Hall charge carrier density (nH = −B/(eRxy)) should 
closely follow gate-induced carrier density n; that is, dnH/dn = 1, provid-
ing accurate measurements of the carrier density n.

For different integer (ν) moiré filling states, the total carrier density 
can be described by νn νA ν θ a= = 4 (1 − cos )/ 30 0

−1 2, where A0 is the unit 
cell area of the periodic moiré pattern, θ is the twist angle and a = 0.246 nm  
is the lattice constant of graphene. The local twist angles between dif-
ferent contacts are extracted with the carrier densities of ν = 2 states 
shown in Extended Data Fig. 4. The carrier density difference between 
CNP and ν = 2 states in device D1 ranges from 1.38 × 1012 cm−2 to  
1.45 × 1012 cm−2, corresponding to local twist angles ranging from 1.09° 
to 1.12°. For device D2, the local twist angles range from 1.08° to 1.10°.

Data availability
The data that support the findings of this study are available from the 
corresponding author upon reasonable request.
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Privada Cellex, Fundació Privada Mir-Puig, the Generalitat de Catalunya through the CERCA 
program, the H2020 Programme under grant agreement number 820378, Project: 2D·SIPC 
and the La Caixa Foundation. A.H.M. and M.X. acknowledge support from Department of 
Energy grant DE-FG02-02ER45958 and Welch Foundation grant TBF1473. A.B. acknowledges 
support from the Plan Nacional (RTI2018-097953-B-I00) of MICINN. G.Z. acknowledges 
support from the National Science Foundation of China under grant numbers 11834017 and 
61888102, and the Strategic Priority Research Program of the Chinese Academy of Sciences 
under grant number XDB30000000.

Author contributions D.K.E. and X.L. conceived and designed the experiments; X.L., W.Y. and 
P.S. performed the experiments; X.L. and D.K.E. analysed the data; M.X. and A.H.M. performed 
the theoretical modelling of the data; T.T. and K.W. contributed materials; D.K.E., A.B., M.A.A., 
I.D., C.U. and G.Z. supported the experiments; X.L., D.K.E., P.S., X.M. and A.H.M. wrote the 
paper.

Competing interests The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41586-019-
1695-0.
Correspondence and requests for materials should be addressed to D.K.E.
Peer review information Nature thanks David Goldhaber-Gordon and the other, anonymous, 
reviewer(s) for their contribution to the peer review of this work.
Reprints and permissions information is available at http://www.nature.com/reprints.

https://doi.org/10.1038/s41586-019-1695-0
https://doi.org/10.1038/s41586-019-1695-0
http://www.nature.com/reprints


Extended Data Fig. 1 | Schematic of the stacking process for the fabrication of twisted bilayer graphene with graphite bottom gate. a–h, Sequential device 
fabrication method, describing the tear-and-stack co-lamination process used to create the hBN/tBLG/hBN/graphite stacks.
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Extended Data Fig. 2 | Mechanical cleaning of twisted bilayer graphene. a–d, Optical images of the final stacks before mechanical cleaning (a, c) and after 
mechanical cleaning (b, d).



Extended Data Fig. 3 | Hall measurements of device D1. Coloured vertical bars 
correspond to filling factors ν = −4, −2, 2 and 4. Hall charge carrier density  
(nH = −B/(eR xy)) closely follows the gate-induced carrier density n. Near charge 

neutrality, nH = n. Beyond the band insulator regions (ν = ±4), the Hall density 
strictly follows nH = n ± 4n0.
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Extended Data Fig. 4 | Measuring the homogeneity of the twist angle.  
a–d, Atomic force microscopy images of a set of twisted bilayer graphene 
samples. Scale bar, 2 µm. Dashed-line arrows correspond to the height profiles 
shown below the topographies. e, f, Two-terminal conductance measurements 

taken between contacts shown in a and b. Colours correspond to the bars shown 
in a and b, respectively. The difference in carrier density between the CNP and 
the ν = 2 state is used to extract the local twist angle.



Extended Data Fig. 5 | Four-terminal longitudinal resistance as a function of 
carrier density at different temperatures. The four-terminal longitudinal 
resistance is plotted against carrier density n for different temperatures, from 

69 K (black trace) to 16 mK (red trace). Coloured vertical bars correspond to the 
filling factors ν as shown.
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Extended Data Fig. 6 | Additional measurements of other possible 
superconducting domes. a–d, Differential resistance measurements for 
additional domes between –4n0 and −3n0 (a), −2n0 and −n0 (b) 2n0 and 3n0 (c) and 

3n0 and 4n0 (d). e–h, Corresponding thermal activation measurements of 
resistance against temperature for the same carrier densities as in a–d, 
respectively.



Extended Data Fig. 7 | Full characterization of all four superconducting 
pockets in sample D1. a–d, Thermal activation measurements of resistance 
against carrier density. The inset shows magnified images, demonstrating that 
in three superconducting states the resistance drops completely to zero (a, b, d) 
and in one superconducting state the resistance saturates at about 80 Ω (c).  

e–h, Differential resistance is plotted against d.c. bias current at various 
temperatures in order to establish BKT transition temperatures.  
i–l, Two-dimensional colour plots of the differential resistance as a function of 
magnetic field and excitation current at 16 mK.
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Extended Data Fig. 8 | Additional magnetic hysteresis data. a, Four-terminal 
longitudinal resistance as a function of carrier density at different temperatures 
from 50 mK (black trace) to 5.2 K (red trace). b, c, Plots of longitudinal resistance 
R xx and transverse resistance R xy against magnetic field at different charge 
carrier densities and 100 mK. Arrows indicate the sweep direction of the 

magnetic field. Data from b is used to extract data for Fig. 4e. d, Transverse 
resistance plotted against magnetic field at different temperatures (the same 
dataset as in Fig. 4c). Dashed and solid lines correspond to ascending and 
descending magnetic fields, respectively.



Extended Data Table 1 | Full dataset for all observed superconducting states in device D1
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