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Magic-angle twisted bilayer graphene (TBG), with rotational misalignment close to 1.1°,

features isolated flat electronic bands that host a rich phase diagram of correlated insulat-

ing, superconducting, ferromagnetic, and topological phases.1–6 Both correlated insulators

and superconductivity have been previously observed only for angles within ±0.1° from the

magic-angle value and occur in adjacent or overlapping electron-density ranges; neverthe-

less, the origins of these states and the relation between them remain particularly elusive

due to their sensitivity to microscopic details. Beyond twist angle and strain, the depen-

dence of the TBG phase diagram on the alignment4, 6 and thickness of insulating hexagonal

boron nitride (hBN)7, 8 used to encapsulate the graphene sheets indicates the importance of

the microscopic dielectric environment. Here we show that adding an insulating tungsten-

diselenide (WSe2) monolayer between hBN and TBG stabilises superconductivity at twist

angles much smaller than the magic-angle value. For the smallest angle of θ = 0.79°, we

still observe superconductivity, despite TBG exhibiting metallic behaviour across the whole

range of electron densities. Finite-magnetic-field measurements further reveal weak antilo-

calization signatures as well as breaking of four-fold spin-valley symmetry, consistent with

spin-orbit coupling induced in TBG via proximity to WSe2. Our results strongly constrain

theoretical explanations for the emergence of superconductivity in TBG and open new av-

enues for engineering quantum phases in moiré systems.

Strongly correlated electron systems often exhibit a variety of quantum phases with similar ground-

state energies, separated by phase boundaries that depend sensitively on microscopic details. Twisted
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bilayer graphene, with twist angle close to the magic angle θM ≈ 1.1°, has recently emerged as a

highly tunable platform with an exceptionally rich phase diagram1, 2 hosting correlated insulating

states, superconductivity, and ferromagnetism.3–6 Strong correlations in TBG originate from the

non-dispersive (flat) bands that are created by the hybridization of the graphene sheets9 and are

isolated from the rest of the energy spectrum by an energy gap ∼ 30 meV.10, 11 Previous transport

experiments on magic-angle TBG found that the correlated insulators are often accompanied by

superconductivity in a narrow range ±0.1° around θM,1, 3, 7, 8, 12 with signatures of these states ob-

served down to 0.93°.13 Close to θM, the correlated insulators develop at electron densities that cor-

respond to an integer number ν of electrons per moiré unit cell and are surrounded by intermittent

pockets of superconductivity;5 both phases appear most frequently around ν = ±2.2, 3 Away from

θM, however, both phases are suppressed as the effects of electron-electron interactions quickly di-

minish due to a rapid increase of the flat-band bandwidth and corresponding dominance of kinetic

energy.1, 9 In addition to the TBG twist angle, the physics of the correlated phases is also affected

by the hBN employed as a high-quality dielectric. In particular, since hBN and graphene exhibit

similar crystal lattices, the relative alignment between the hBN and TBG is critical. For example, a

ferromagnetic state near ν = +3 was observed in devices where hBN aligns with TBG.4, 6 However,

in such devices the band structure of the flat bands is strongly altered,6 and superconductivity—

typically observed when hBN and TBG are misaligned—is absent. Recent work using a very thin

hBN layer separating a back gate from TBG additionally suggests that electrostatic screening plays

a role in the appearance of insulating and superconducting states7 (see also Ref. 8). These experi-

ments exemplify the effects of hBN layers on the phase diagram in hBN-TBG-hBN structures and

highlight the importance of understanding how microscopic details of the dielectric environment

alter the properties of correlated phases.

Here, instead of the usual hBN-TBG-hBN structures, we investigate devices made from hBN-

TBG-WSe2-hBN van der Waals stacks in which a monolayer of WSe2 resides between the top

hBN and TBG (Fig. 1a). Our stacks are assembled using a modified ‘tear and stack’ technique

where the ‘tearing’ and ‘stacking’ of TBG is facilitated by monolayer WSe2; see Methods and

Extended Data Fig. 1 for fabrication details. Like hBN, flakes of transition metal dichalcogenides,

such as WSe2, can be used as high-quality insulating dielectrics for graphene-based devices;14

however, the two van der Waals dielectrics differ in several ways that may alter the TBG band

structure. First, unlike hBN, the WSe2 and graphene lattice constants differ significantly (0.353

nm for WSe2 and 0.246 nm for graphene, Fig. 1b). This mismatch implies that the moiré pattern

formed between TBG and WSe2 has a maximum lattice constant ∼ 1 nm—much smaller than

that formed in small-angle TBG (> 10 nm). Second, it is well-established that WSe2 can induce

a spin-orbit interaction (SOI) in graphene via van der Waals proximity.15–18 And finally, due to

hybridization effects, WSe2 may also change both the Fermi velocity of the proximitized graphene

sheet and the system’s phonon spectrum. We chose to use monolayer WSe2 in particular because of

its large band gap19 that allows applying a large range of gate voltages. It has also been suggested

previously that a monolayer induces larger spin-orbit coupling in graphene compared to few-layer

WSe2.
18
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We have studied four TBG-WSe2 devices and show results for two of them in the main text (see

Extended Data Fig. 4 and Extended Data Fig. 7 for data from two additional devices). Surpris-

ingly, we find robust superconductivity in all studied TBG-WSe2 structures, even for twist angles

far outside of the previously established range. Figures 1c-e show the temperature dependence of

resistance over three TBG regions corresponding to angles θ = 0.97°, θ = 0.87° and θ = 0.79° (see

Methods for details about twist-angle determination); in all cases superconducting transitions are

clearly visible. Aside from the drop in longitudinal resistance (Rxx) to zero, we also observe

well-resolved Fraunhofer-like patterns for all three angles (Figs. 1f-h), qualitatively similar to the

typical hBN-TBG-hBN devices.2, 3, 5 The small periodic modulations of the critical current in mag-

netic field have been previously attributed to the presence of Josephson junctions in the system,

independently corroborating the presence of superconducting correlations. In our devices, we typ-

ically see periods of 1.5-3 mT that, if interpreted as the effective junction area S ∼ 0.67–1.33 µm2,

are consistent with the device geometry.

For the largest angle θ = 0.97°, a superconducting pocket emerges on the hole side near ν = –2

with a maximal transition temperature Tc ≈ 0.8 K. To our knowledge, this is the smallest angle

for which superconductivity has been reported for hole doping. Careful inspection reveals another

weak superconductivity pocket close to ν = +2 (the behavior at low fields is displayed in Extended

Data Fig. 6). However, despite the small twist angle—falling outside the θM ± 0.1° range—

the observed phase diagram resembles that of regular high-quality magic-angle hBN-TBG-hBN

structures.2, 5 For this angle, correlated insulating states are also observed for filling factors ν = +2,

+3 with activation gaps of ∆+2 = 0.68 meV and ∆+3 = 0.08 meV, whereas at other filling factors

correlated states are less developed and do not show insulating behavior (see Fig. 2f and Extended

Data Fig. 3).

Although superconductivity persists for all three angles, the correlated insulators are quickly sup-

pressed as the twist angle is reduced. This suppression is not surprising, as for angles below θM, the

bandwidth increases rapidly and, moreover, the characteristic correlation energy scale e2/4πǫLm

also diminishes due to an increase in the moiré periodicity Lm = a/ sin(θ/2) (a = 0.246 nm denotes

the graphene lattice constant).1, 9, 10, 20–22 For the lower angle of θ = 0.87° correlated-insulating be-

havior is heavily suppressed at all filling factors. In Fig. 1d, a peak in longitudinal resistance versus

density is visible only around ν = +2 above the superconducting transition (Tc = 600–800 mK).

Data for a larger temperature range (Fig. 2a-b) shows that the resistance peak near ν = +2 survives

up to T = 30 K, and also reveals a new peak near ν = +1 in the temperature range 10-35 K. These

observations suggest that electron correlations remain strong, though the corresponding states ap-

pear to be metallic as the overall resistance increases with temperature. For this angle, we measure

activation gaps at full filling (i.e., at ν = ±4) of ∆+4 = 8.3 meV and ∆−4 = 2.8 meV (Fig. 2e) —far

smaller than the gaps around θM, in line with previous results that report a disappearance of the

band gap separating dispersive and flat bands at around θ = 0.8°.11, 23

Indeed, at the smallest angle, θ = 0.79°, along with the lack of insulating states at any partial fill-

ing, the resistance at full filling is even more reduced (Figs. 2c-d). The relatively low resistances
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< 2 kΩ, measured at full filling—which are less than 15% of the resistance at the charge neutrality

point (CNP)—suggest a semi-metallic band structure around full filling, consistent with theoretical

expectations for TBG at θ = 0.79°23 and the resistivity of a dilute 2D electron gas.24 Surprisingly,

despite the complete absence of both full-filling band gaps and correlated insulators, the supercon-

ducting low-resistance pocket near ν = +2 is clearly resolved (Figs. 1e, h; see also Extended Data

Fig. 7 for confirmation in a second device at 0.80°).

Both the disappearance of the correlated insulators and the vanishing gap between flat and dis-

persive bands for low angles suggest that the additional WSe2 monolayer does not significantly

change the magic angle (on the scale of angles considered here). Since superconductivity survives

at much lower angles than the correlated insulating states, our observations strongly suggest the

two phenomena have different origins.7, 8 Note also that the close proximity of the dispersive bands

does not seem to have a major impact on the superconducting phase. Our findings of supercon-

ductivity in TBG with metallic band structure put strong constrains on the proposed theoretical

explanations and are the main result of this work. For example, our observations are in contrast

with scenarios wherein superconductivity descends from a Mott-like insulating state as in high-

Tc superconductors25 and more consistent with phonon-only mediated superconductivity.26–28 We

emphasise, however, that electron correlations may still prove important for the development of

superconductivity. For instance, even for the smallest angle of θ = 0.79°, the superconducting

pocket is seemingly pinned to the vicinity of ν = 2. Additionally, as shown in Fig. 2, at higher tem-

peratures residual Rxx peaks can still appear at certain integer filling factors despite the absence of

gapped correlated insulating states. It is thus hard to rule out the possibility that superconductiv-

ity arises from correlated states of metallic nature that may be present at smaller angles and near

integer values of ν in analogy to other exotic superconducting systems.29–31

Measurements in finite magnetic field reveal further insights into the physics of TBG-WSe2 struc-

tures (Fig. 3). First, in small fields we observe a conductance peak at B = 0 mT, indicative of weak

antilocalization and consequently the presence of strong SOI (see Extended Data Fig. 8). Previous

works established that WSe2 can induce large SOI into monolayer and bilayer graphene,16–18 and

hence the generation of SOI in the proximitized layer of TBG is expected. Second, surprisingly,

for all three angles we find that even at modest magnetic fields, above B = 1 T, gaps between

Landau levels are well-resolved, showing a fan diagram that diverges from the CNP. The slopes

of the dominant sequence of Rxx minima correspond to even-integer Landau level fillings ±2, ±4,

±6, etc.—indicating broken four-fold (spin-valley flavor) symmetry. By contrast, the majority of

previous transport experiments2, 3, 5, 7, 8, 13, 32 near the magic angle report a Landau-fan sequence ±4,

±8, ±12 at the CNP, with broken-symmetry states being only occasionally observed at the lowest

Landau level (corresponding to the ±2 sequence).4, 5, 32 In addition to Rxx minima corresponding

to the gaps between Landau levels, we also measured quantized Hall conductance plateaus, further

corroborating the two-fold symmetry and indicating the low disorder in the measured TBG areas.

Note also that for the smallest angle (θ = 0.79° ) we do not observe obvious signatures of correlated

insulating states near ν = 2 up to B = 4 T.

4



The observation of additional Landau levels is also consistent with a scenario in which the TBG

band structure is modified by SOI inherited from the WSe2 monolayer. Continuum-model calcula-

tions (Fig. 4; see also Extended Data Fig. 10 and Supplementary Information section I) taking into

account this effect show that the presence of SOI, regardless of specific details, lifts the degener-

acy of both flat and dispersive bands, thereby breaking four-fold spin-valley symmetry. In a finite

magnetic field, the resulting Landau levels then descend from two-fold degenerate Kramers states

(see corresponding discussion in Supplementary Information section II). We emphasise that the

fan diagram has been reproduced in multiple samples—including a device with WSe2 on both the

top and bottom (D4, 0.80°, Extended Data Fig. 7, which also shows a very similar temperature de-

pendence to the 0.79° area in D2). The latter observation indicates that mirror symmetry breaking

by WSe2 placed on only one side of the TBG does not account for the observed degeneracy lifting.

Odd steps—which are not generated by the SOI—are occasionally observed for low angles (green

dashed lines in Fig. 3). We attribute these steps to additional symmetry breaking, possibly due

to correlation effects originating either from flat-band physics or simply a magnetic-field-induced

effect (e.g., Zeeman splitting or exchange interaction) at low electronic densities. Moreover, our

data reveal an apparent recurrence of 4-fold degeneracy for large Landau-level fillings, ±14, ±18,

±22, which are still offset from the usual sequence of ±16, ±20, ±24 (Fig. 3c and Extended Data

Fig. 5). The mechanism of SOI-induced degeneracy breaking can account for this recurrence as

well (see Supplementary Information section II and Extended Data Fig. 9) and remains the simplest

explanation for the additional even Landau levels observed, though other effects such as strain33, 34

may contribute.

Induced SOI can additionally constrain the nature of the TBG phase diagram. Regardless of con-

crete SOI mechanism details, SOI acts as an explicit symmetry-breaking field that further promotes

instabilities favoring compatible symmetry-breaking patterns while suppressing those that do not.

For example, the relative robustness of the ν = 2 correlated insulator in our θ = 0.97° device sug-

gests that interactions favor re-populating bands35, 36 in a manner that also satisfies the spin-orbit

energy. Furthermore, the survival of superconductivity with SOI constrains the plausible pairing

channels—particularly given the dramatic spin-orbit-induced Fermi-surface deformations that oc-

cur at ν = +2 (Fig. 4). Superconductivity in our low-twist-angle devices, for instance, is consistent

with Cooper pairing of time-reversed partners that remain resonant with SOI. Thus the stability

of candidate insulating and superconducting phases to the SOI provides additional nontrivial con-

straints for theory.27, 37–40 The integration of monolayer WSe2 demonstrates the impact of the van

der Waals environment and proximity effects on the rich phase diagram of TBG. In a broader con-

text, this approach opens the future prospect of controlling the range of novel correlated phases

available in TBG and similar structures by carefully engineering the surrounding layers, and it

highlights a key tool for disentangling the mechanisms driving the different correlated states.
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Figure legend:

Figure 1 | Superconductivity in small-angle TBG-WSe2 structures. a, Schematic of the TBG-

WSe2 structure showing the crystal lattice of two graphene layers (red and blue) and WSe2 (yellow

and cyan). Inset: Complete structure including encapsulating hBN layers on top and bottom and

a gold back-gate. b, Top view of WSe2 and graphene, indicating different unit-cell sizes. c-e,

Longitudinal resistance Rxx vs. temperature and electron density, expressed as a flat-band filling

factor ν, for devices D1 and D2 and angles θ = 0.97°, c; θ = 0.87°, d; and θ = 0.79°, e. In device

D2, adjacent sets of electrodes have slightly different twist angle, as explained in the Methods

section. Superconducting domes (SC) are indicated by a dashed line that delineates half of the

resistance measured at 2 K (except for the electron-side dome for 0.97°, for which the normal

temperature used was taken at 1K). f-h, Fraunhofer-like interference patterns, typically observed

in TBG superconducting devices, for the three contact pairs (θ = 0.97°, ν = –2.40, f; θ = 0.87°, ν =

1.96 g; and θ = 0.79°, ν = 2.30, h).
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Figure 2 | Absence of correlated insulating states and diminished gap between flat and disper-

sive bands. a-d, Larger-temperature-range data showing Rxx as a function of filling factor ν, for θ
= 0.87° (a,b) and θ = 0.79° (c,d). Line cuts shown in b (d) are taken from the same data set as a

(c). e, Conductance vs. 1/T for full filling ν = ±4 extracted from the data in a (blue and black) and

c (cyan and gray). Green and red lines are fits for θ = 0.87° to a model that includes only activation

(green) and both activation and variable-range hopping of the form exp[−(T0/T )
1/3] (red).41 The

gap values shown are extracted from the activation-only fits (to the form of σ ∝ e−∆/2kBT ); the

more complete model gives similar gap values of ∆+4 = 9.4 meV and ∆−4 = 3.7 meV. The behav-

ior for θ = 0.79° shows much smaller variation in temperature. f, Conductance vs. 1/T for partial

filling factors ν = +2, +3 (shown with activated gap measurements) for 0.97° showing insulating

behavior. In contrast, the inset shows that for 0.87°, partial fillings ν = ±2 show metallic behavior.
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Figure 3 | Breaking of the four-fold degeneracy a-c, Longitudinal resistance Rxx as a function

of magnetic field and ν for the three contacts pairs yielding θ = 0.97°, θ = 0.87°, and θ = 0.79°. In

contrast to typical hBN-TBG-hBN devices, here the dominant sequence in the Landau fan is ±2,

±4, ±6, ±8, ±10, as labeled in b, indicating breaking of the four-fold (spin-valley) symmetry.

After ±10, we find a sequence of ±14, ±18, and ±22, which can also be accounted for by SOC,

as shown in Extended Data Fig. 9. Additional slopes are found in a corresponding to Landau

levels –1, +3, –12, as well as short segments corresponding to +5 and +7 that disappear as the field

increases. In b, c we find Landau level +3, but in c +22 seems to be missing. The odd levels are

all marked with green lines. d-e, Hall conductance for devices D1 (θ = 0.97°) and D2 (θ = 0.79°)

showing quantized steps around the CNP with steps corresponding to ±2, ±4 and ±6 (in units of

e2/h) being pronounced down to 1.5 T. The less developed 3e2/h step has also been observed. See

Extended Data Fig. 2 for electrodes used in Rxy measurements. Measurements are performed at

20 mK.
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Methods

Device Fabrication: The devices in this work were fabricated using a modified ‘tear and stack’

method; see Extended Data Fig. 1.41, 42 First, a thin hBN flake (7-15 nm) is picked up using a

propylene carbonate film (PC) previously placed on a polydimethyl siloxane (PDMS) stamp. Then

the hBN is used to pick an exfoliated monolayer of WSe2 before approaching and ‘tearing’ the

graphene. After picking up the first half of the graphene, the transfer stage is rotated by approxi-

mately 1.1-1.3° (overshooting the target angle slightly) and then the second half of the graphene

is picked up, forming the TBG. Care was taken to approach each stacking step extremely slowly

and at a high enough temperature (90°C) to minimise the formation of bubbles while avoiding the

risk of twist-angle relaxation. See Extended Data Fig. 1 for a representative image of the stack on

PC. In the last step, a thicker hBN (30-70 nm) is picked up, and the whole stack is dropped on a

predefined local gold back-gate at 90°C while the PC is released at 165°C. The PC is then cleaned

off with N-Methyl-2-Pyrrolidinone (NMP). The final geometry is defined by dry etching with a

CHF3/O2 plasma and deposition of ohmic edge contacts (Ti/Au, 5 nm/100 nm); see Extended Data

Fig. 1 for images of the finished devices and contacts pairs used in this study. We have used both

commercial (HQ graphene) and lab-grown WSe2 crystals (from University of Washington) and

found no obvious difference in the resulting quality of devices.

Measurements: All measurements, unless otherwise specified, were performed in a dilution re-

frigerator (Oxford Triton) with a base temperature of 20 mK, using standard low-frequency lock-in

amplifier techniques. The frequencies used on the lock-in amplifiers (Stanford Research, models

830 and 865a) were kept in the range of 7-23 Hz in order to measure the device’s DC proper-

ties, and the AC excitation currents used were always < 5 nA, with most measurements taken at

100-500 pA to preserve the linearity of the system and avoid disturbing the fragile states at low

temperatures. The fridge DC lines each pass through cold filters, including 4 Pi filters that filter

out a range from ∼80 MHz to >10 GHz, as well as a 2-pole RC low-pass filter. Unless otherwise

specified, all measurements are taken at the base temperature.

Data Analysis: The twist angle between a pair of contacts was measured using the Landau fan

diagram Rxx minima, from which we obtain the back gate voltage at charge neutrality as well as at

the half- or full-filling voltage. Using this, and the fact that the slope of the Landau fan is directly

proportional to the capacitance, the electron density at full filling (nfull) can be obtained. From the

density, the twist angle is calculated using the low-angle approximation θ2 ≈
√
3a2nfull/8, where

a = 0.246 nm is the lattice constant of graphene.1 The conversion from back-gate voltage to filling

factor ν (or electrons per Moiré unit cell) is then a linear transformation, where the electron(hole)

full-filling voltage corresponds to ν = +(-)4. The twist-angle determination using this method is

accurate to ±0.01°.

Possible mechanisms for stabilizing superconductivity: In comparison to previous studies,2, 3, 5, 7, 8

the main difference in our samples originates from the addition of a WSe2 monolayer. There are

several possible reasons why this change stabilizes superconductivity at smaller angles. For ex-

ample, details of the microscopic interface between graphene and hBN (or WSe2) could result
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in differing friction coefficients, which could play an important role in setting the angle disorder

distribution during the fabrication process. While other details of fabrication have a significant

impact, we have observed less angle disorder in the samples where WSe2 was used to pick up the

TBG. Various effects can also arise from having different interfaces on the two sides of the TBG

due to differences in the moiré patterns or built-in electric fields. However, these effects can be

partly ruled out by encapsulating TBG with WSe2 on both sides, which we have shown in Extended

Data Fig. 7. More fundamentally, WSe2 could affect the overall electronic band structure and den-

sity of states through modifications of interlayer coupling in TBG, induced SOI, renormalization

of Fermi velocity, and other factors. It is likely that a combination of these band-structure-related

effects is essential for stabilizing superconductivity down to the angles studied here.

Choice of model parameters

The model calculations of the TBG band structure in Fig. 4 are based on the continuum model9

plus induced spin-orbit coupling in one of the graphene monolayers; the model is discussed in

detail in Supplementary Information section I. The parameters used are (w0, w1) = (55, 105) meV

and spin-orbit parameters (λI , λR, λKM) = (3, 4, 0) meV. The velocity of the graphene monolayers

is left unaltered from the value provided above: v0 ∼ 106 m/s. This set of parameters both returns

magic-angle values of θ = 1° – 1.1°and quantitatively reproduces the twist angle dependence of

the gap on the electron side (within 30− 50%).

Velocity and interlayer tunnelling: Our choice of w0 deviates slightly from those reported in

the literature,9, 43–45 but does not alter the magic angle value substantially, which is primarily con-

trolled through w1. The relative weakness of the w0 used here compared to the values found in the

literature may be ascribed to the greater importance of lattice relaxation at smaller twist angles.

The choice to leave v0 (t), w1, and, as a result, the magic angle relatively unchanged compared

to hBN-encapsulated TBG systems has been made for simplicity. In principle, the proximity to

transition metal dichalcogenide layer could alter these parameters as well. For instance, Ref. 46

finds that the nearest-neighbour hopping energy t of the top graphene monolayer should be reduced

to 2.5 eV from 2.6 eV (implying a reduction in v0 on the top layer). Similarly, the presence

of WSe2 may also change the interlayer tunnelling parameters, w0 and w1. As the magic angle

is largely controlled through the parameter α = w1/(h̄v0kθ) ∝ w1/(h̄v0θ),
9 such modifications

could shift the location of the magic angle. However, experimentally, we have observed correlated

insulating states to be pronounced around 0.97°– 1.04°, similar to the previous work1 indicating

that the magic-angle condition is not changed substantially (on the scale of angles considered in

this work). We note that screening effects which may be different due to WSe2 may play a role in

suppressing correlated insulating states.47, 48

Spin-orbit parameters: The values of the spin-orbit parameters deduced from magnetic field

measurements in Extended Data Fig. 8 (∼1 meV) and those used in our modeling of the band

structure and Landau levels (∼3-4 meV) are both consistent with the values reported in the litera-

ture (0.5-15 meV) for monolayer and bilayer graphene.15–18, 49, 50 The apparent difference of 3-4 in
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SOI strength may easily arise due to several factors including not accounting for strain in model

calculations and using an expression for single layer graphene in the weak antilocalization fits.

While most of the theoretical46, 51, 52 and experimental15–17, 49, 50 work does not include or explicitly

rule out Kane-Mele SOI in graphene proximitized with WSe2, the recent work described in Ref.

18 argues that this term is dominant sufficiently close to charge neutrality. Since both Ising and

Kane-Mele terms contribute similarly to the spin relaxation times,50 and the band structure of TBG

is more complex in comparison to monolayer and bilayer graphene, it is challenging to distinguish

their separate contribution in our weak antilocalization measurements. The effect of different SOI

terms is shown in Extended Data Fig. 10, where the band structure is shown with Ising, Rashba,

and Kane-Mele SOI terms separately nonzero.

Data availability: The data that support the findings of this study are available from the corre-

sponding authors on reasonable request.
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Extended data figure legend:

Extended Data Figure 1 | Fabrication details a-e, Critical steps in the stacking process. f, Optical

images of a typical flakes and stacks at different stages of the fabrication.
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Extended Data Figure 2 | Optical images of devices D1-D4 Electrodes that are used in the

measurements and corresponding twisted angles are labeled for each device. The ones marked

with blue lines are used for measuring Hall conductance in Fig. 3. The scale bar in each panel

corresponds to 15 µm. The device bottom hBN thicknesses for D1, D2, D3, and D4 are 62 nm, 40

nm, 48 nm, and 56 nm, respectively. D4 differs from the other devices since it features monolayer

WSe2 on both the top and bottom of the device. The contact angle, for each pair of contacts listed,

were determined from the Landau fan diagrams, as described in Methods.
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Extended Data Figure 3 | Additional temperature data for device D1 (0.97°) a, Rxx as a func-

tion of ν and Temperature up to 10 K. b, Temperature dependence of Rxx for ν = 2 and ν = 3

showing insulating behaviour. c, At other partial integer filling factors Rxx increases with temper-

ature, consistent with metallic behaviour.
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Extended Data Figure 5 | Additional data for device D2, 0.83°contacts See Extended Data Fig.

2b for the layout of D2. a, Rxx plotted for filling factor ν and temperature to 2 K, showing the

superconducting pocket on the electron side. b, Same up to 40 K, showing the reduction of the |ν|
= 4 insulating states and c Arrhenius fits to the gap values of 0.97 meV for ν = –4 and 3.7 meV for

ν = +4. d Rxx vs. filling factor and magnetic field (B), forming a Landau fan diagram, with white

dashed lines tracing the dominant ±2, +3, ±4, ±6, ±8, ±10, ±14, ±18, +20, ±22, –26 sequence

around charge neutrality. The odd level (+3) is marked with green. e The Fraunhofer-like pattern

for the superconductivity pocket, taken at ν = 2.08. The inset is a zoom into the low-field data,

showing that the critical current reaches a local minimum about 0 field indicating a “π”-junction

like behaviour.3
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Extended Data Figure 6 | Additional data from device D1 (0.97°) a, Fraunhofer-like pattern for

electron doping, at ν = 1.58. b, c, Additional Fraunhofer-like pattern for hole doping, ν = –2.1 (b),

and ν = –2.5 (c).
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Extended Data Figure 7 | Additional data for device D4 (0.80°) D4 was fabricated with mono-

layer WSe2 on both the top and bottom of the TBG. a, Rxx as a function of ν and temperature to 2

K, revealing a superconducting pocket over the range of 2 < ν < 3.2 and resistance at full filling

(ν = |4|) less than at the charge neutrality point. b, The Landau fan, with dotted lines drawn from

the charge neutrality point according to the sequence ±2, +3, ±4, ±6, ±8, ±10, –12, ±14, ±18,

+22, with the odd level (+3) marked in green. c, Current vs. voltage at ν = 2.79, at temperatures

from 50 mK to 900 mK, in 50 mK steps. The main plot is on the log scale in both axes, revealing

a BKT transition temperature near 250 mK. Inset: I-V dependence for the same temperatures. d,

Fraunhofer-like pattern for D4 at ν = 2.40.
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Extended Data Figure 8 | Weak Antilocalization (WAL) data measured in D4 (θ = 0.80°) a, Rxx

as a function of backgate voltage, Vbg, for the 0.80° contacts of D4 (see Extended Data Fig. 2). The

black(red) line shows the voltage range used in the flat(dispersive) bands, which corresponds to the

plots in b-d(e, f). The peak at B = 0 mT is prominent in both ranges, showing the presence of weak

antilocalization and consequently spin-orbit coupling. b, The change in conductivity, relative to the

0 mT point, as a function of magnetic field (∆σ) taken at several gate voltages in the range of Vbg

≈ –2 V measured at 25 mK; the narrow peak about B = 0 mT, indicative of WAL, is clearly visible.

Universal conductance fluctuations, can be averaged out by taking field sweeps at different gate

points.53 c, d, averaged data from b for different field ranges. The data taken at 900 mK—where

the WAL peak has disappeared—has been subtracted, and the data points have been symmetrized

about 0 mT. The dashed lines are the comparison with the model54 used previously for monolayer

graphene/transition metal dichalcogenides heterostructures18, 53 with a renormalized Fermi velocity

to account for the flatness of the bands. For generating plots at different temperatures, only the

dephasing scattering time τφ is varied. Whereas the total spin-orbit scattering time τso ≈ 10 ps

better reproduces the low-field data in c, τso ≈ 1–3 ps captures the saturation at larger fields (d)

with asymmetric and symmetric relaxation time ratio54 (τasym/τsym) varying in range 0.3–3. The

values of τso obtained here correspond to SOI energies50 in the range of 0.5–1 meV. We note that,

in the case of TBG, a more detailed analysis with a correct model for describing WAL in TBG is

likely required for quantitative comparison. Regardless, the WAL peaks are an indication of strong

SOI in WSe2/TBG heterostructures. The data in (e, f) show a WAL peak in the dispersive bands

near Vbg = –6V (red line in a). Data in (e) was taken at 25 mK. In (f), the data points at each

temperature are offset by 0.1 e2/h for clarity.

25






