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Therelative twist angle between layers of near-lattice-matched van der Waals materials
is critical for the emergent phenomena associated with moiré flat bands' . However,
the concept of angle rotation control is not exclusive to moiré superlattices in which
electrons directly experience a twist-angle-dependent periodic potential. Instead, it
canalsobe used toinduce programmable symmetry-breaking perturbations with the
goal of stabilizing desired correlated states. Here we experimentally demonstrate
‘moiréless’ twist-tuning of superconductivity together with other correlated ordersin
Bernal bilayer graphene proximitized by tungsten diselenide. The precise alignment
between the two materials systematically controls the strength of induced Ising spin-
orbit coupling (SOC), profoundly altering the phase diagram. As Ising SOC isincreased,
superconductivity onsets at a higher displacement field and features a higher critical
temperature, reaching up to 0.5 K. Within the main superconducting dome and in the
strong Ising SOC limit, we find an unusual phase transition characterized by anematic
redistribution of holes among trigonally warped Fermipockets and enhanced resilience to
in-plane magneticfields. The superconducting behaviour is theoretically compatible with
the prominentrole of interband interactions between symmetry-breaking Fermipockets.
Moreover, we identify two additional superconducting regions, one of which descends
fromaninter-valley coherent normal state and shows a Pauli-limit violation ratio exceeding
40, among the highest for all known superconductors*”. Our results provide insights

into ultraclean graphene superconductors and underscore the potential of utilizing
moiréless-twist engineering across a wide range of van der Waals heterostructures.

Inalarge electrical displacement field, the electronic bands of Bernal
bilayer graphene (BLG) flatten out around the corners of the Brillouin
zone, giving rise to various correlated phases that spontaneously break
BLG symmetries*®°, These correlated phases naturally compete witheach
otherand, therefore, are highly sensitive to explicit symmetry-breaking
perturbations. One way toinduce such perturbationsis by placing BLG
adjacenttotransition-metal dichalcogenides such as tungsten diselenide
(WSe,). The spin-orbit coupling (SOC) perturbationsinduced by WSe,
(refs.10-16) alter the phase diagram, remarkably enabling the super-
conductivity in BLG* to appear at zero magnetic field and boosting the
critical temperature significantly” . However, the nature and the extent
of thisenhancement, and more generally, theimpact of SOC on the cor-
related phases of BLG and related graphene systems, remain elusive.

Programmable Ising SOC

Theoretically, the induced SOC is predicted to depend on the
relative twist angle 6 between WSe, and graphene'®** 2 (Fig. 1a).

This dependence, however, has not been experimentally studied or
utilized with systematic control. Here we use this tuning knob to explore
how Ising SOC modifies the correlated phases and emerging super-
conductivity in BLG. This approach offers several unique opportuni-
ties: (1) the strength of the induced Ising SOC in BLG can be precisely
quantified; (2) the induced SOC is much less sensitive to twist-angle
variations, allowing for fine control; and (3) the proximity to WSe,
does not induce additional disorder, promoting reproducibility. We
investigated a series of BLG-WSe, devices (Fig. 1b) fabricated from
the same BLG and WSe, crystals, separating the large BLG flake into
multiple pieces*. With the first BLG piece roughly lattice-aligned with
WSe, (6= 0°), the following ones were sequentially twisted relative to
WSe, with an approximately 6° increment (see Methods and Extended
DataFig.1for device fabrication).

To characterize the SOC in our devices, we first perform high-
resolution measurements of Shubnikov-de Haas oscillations (Fig. 1f,g)
in regions of the n-D phase diagram (n is the doping density, and
D is the electrical displacement field) that are well described by
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Fig.1|ProgrammableIsing SOCby interfacial twistingbetween BLG and
WSe,. a, Schematic showing the twisting of the BLG-WSe, interface. b, Optical
image of the device set D1. Crystal axes of graphene and WSe, are rotated
relative to each other with angles 8 of approximately 0°, 6°,12°,18°,24° and 30°
forthe 6 devices, respectively.Scalebar, 5 pm. c¢,d, Non-interacting valence
bands of BLG near the K and K’ points of the Brillouin zone at D/e, = 0.2V nm™,
with proximitized Ising SOC |4,| =1.6 meV (c¢) and |4,| = 0.4 meV (d). Here kis the
momentum,and a=0.246 nmisthe graphenelattice constant. The dashed
horizontallines correspond to the Fermilevel; theup and down arrows

non-interacting theory (Supplementary Information section1). When
apositive D field D/e,= 0.2V nm™is applied, the hole-carrier wave-
functionsare strongly polarized towards the top graphene layer adja-
cent to WSe,, which in turn induces Ising SOC in BLG*7 19252 (see
Methods and Extended Data Fig. 2 for further discussion). In this
regime, we observe a clear beating patterninlongitudinal resistance
R,.as afunction of out-of-plane magnetic field (B, ) at higher doping
densities (Fig. 1f), indicating two close oscillation frequencies
originating from Fermi pockets of slightly different sizes. The Fermi-
surface imbalance is revealed by normalizing the oscillation frequen-
cies of R,.(1/B,) to the Luttinger volume corresponding to the total
doping density. The resulting normalized frequency f, reveals
the fraction of the total Fermi surface area enclosed by a cyclotron
orbit. Figure 1h,i shows a comparison of the density-dependent
frequencies f, from two devices with twist angles 8 = 0° and 6 = 30°,
respectively. In both cases, two frequencies, fv(l) and fV(Z), are found
satisfying £ +£? =1/2. These frequencies can be understood as a
splitting fromf, = 1/4, which signals the broken four-fold spin-valley
symmetry (Fig. 1c,d): Ising SOC separates two pairs of spin-valley-
locked bands with slightly different Fermi-surface areas (schematics
inFig.1h,i).
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representspins. e, Ising SOC strength |A,| versus BLG-WSe, interfacial twist
angle 0; datawere extracted fromthree sets of devices D1-D3. The bottom
schematics show therelative rotation between the BLG and WSe, Brillouin
zones. f,g, R, versus B, and doping nmeasured at D/e,= 0.2V nm™ for devices
with |4|=1.6 meV (f) and |4,| = 0.4 meV (g). h,i, Fast Fourier transform (FFT) of
R,(1/B,) (using datawithin 0.05<B, <0.8 T) versusnand f,. Thearrowed FFT
splittings reflect the Ising-induced Fermi-surfaceimbalance, where larger Ising
SOC (h) features alarger splitting than small Ising SOC (i).

The induced Ising SOC is modulated by the twist angle 8 between
WSe, and BLG. This is evident from the more pronounced splitting
shown in Fig. 1h compared with the one in Fig. 1i. By extracting the
sizes of the Fermi pockets corresponding to spin-valley-locked
bands (Methods and Extended Data Fig. 2) and comparing them with
band-structure calculations, we precisely quantify the Ising SOC
strength, |1,| =1.6 meV and |A|| = 0.4 meV in Fig. 1h,i, respectively.
Figure 1le summarizes systematic measurements across three sets
of moiréless twisting BLG-WSe, devices (D1-D3; Methods and Sup-
plementary Figs. 1-3), all of which show robust 8-modulated Ising
SOC strengths. Our results are consistent with the picture that vir-
tual interlayer tunnelling is responsible for the induced SOC. When
the lattices of BLG and WSe, are angle-aligned, that is, 8 = 0°, the K
and K’ valleys of BLG couple more effectively to one of the two val-
leys of WSe, (left schematic in Fig. 1e), resulting in a large induced
Ising SOC. In contrast, for 8 =30°, the inter-valley and intra-valley
tunnelling between WSe, and BLG have the same amplitude owing
to reflection symmetry (right schematic in Fig. 1e). The induced
Ising SOC in BLG vanishes accordingly?. The overall 8 dependence
and the magnitude of Ising SOC are qualitatively consistent with
predictions'®?°2%,



Twist-programmable superconductivity

Using the exquisite twist-angle control of the Ising SOC strength,
we explore the SOC-dependent correlated phase diagrams at large
D fields. Devices with various Ising strengths all show characteristic
R, featuresthat are associated with strong correlations and supercon-
ductivity stabilized at zero magnetic field”** (Fig. 2a-d; see Extended
Data Fig. 3 for all the n-D phase diagrams). Importantly, the main
superconducting pocket, which emerges from a polarized state with
a dominant population of two out of the four spin-valley flavours™$,
shows astrong dependence onthe strength of Ising SOC. For low Ising
SOC (|4, = 0.4 meV; Fig. 2a), the superconducting region occupies a
large D-field range, starting from D/e, = 0.3 V nm™and extending up to
D/e,=1.25V nm™. Forlargelsing SOC (|4, = 1.5 meV; Fig. 2d), however,
superconductivity onsets only at D/e, = 0.9 V nm™. Overall, the value
D, . marking the onset of the superconducting pocket grows with
increasing || (Fig. 2e).

The observed trend of D, can be understood in a simple model
invoking the interband interactions between the majority (K™, K’v¥)
and the minority (K¥, K’?) spin-valley flavours (Fig. 2g,h). Irrespective
of the pairing mechanism, superconductivity requires an attractive
interaction to overcome the renormalized Coulomb repulsion?*?’,
commonly quantified by Tolmachev-Anderson-Morel pseudopoten-
tial*>*' y*. When p* is large, electrons do not form pairs and supercon-
ductivity vanishes. The generalized multiband value, which takesinto
account majority and minority spin-valley flavours, u* . (Methods
and Supplementary Information sections 2-4) is plotted in Fig. 2h for
two values of Ising SOC. Remarkably, u* | .grows with increasing |4|
and decreases at higher Dfields. Thus, the threshold for superconduc-
tivity, asimplied by a sufficiently weak 17 ., aligns with the experi-
mental D, trend. The connectionbetween u* | andlsing SOCarises
owing to interband interactions. These interactions allow scattering
of pairs between majority and minority bands (Fig. 2g), greatly enhanc-
ing screening of the bare repulsion compared with the band-decoupled
case. A larger density imbalance between the bands, as dictated by
stronger Ising SOC, shrinks the phase space where both bands have a
large density of states (DOS) near the Fermi level (right schematic in
Fig 2h). Consequently, the interband interactions are suppressed,

M 8rows and superconductivity diminishes.

Intriguingly, the superconducting critical temperature T also shows
astriking dependence on |A,|. Whereas D, is smaller and supercon-
ductivity persists over awide range of D fields for smallIsing SOC, the
critical temperature remains low throughout and saturates at
T.=150 mK (Fig. 2i,j). In contrast, for large Ising SOC, superconductiv-
ity onsets only at higher D fields, but T, quickly increases, reaching
T.= 500 mK at the optimal D (Fig. 2l,m). Thisis the highest T_ reported
for crystalline (untwisted) graphene systems. Thus, the optimal criti-
cal temperature also shows an increasing trend with || (Fig. 2f; see
Supplementary Fig. 4 for |1,| = 0 meV). A detailed three-dimensional
map of the optimal critical temperature 72" versus D field and |4
is plotted in Fig. 2k. These observations motivate further investigations
of BLG with even stronger Ising SOC*>%,

Three superconducting regions

Devices with large Ising SOC further reveal two additional supercon-
ducting pockets (1.4 meV < |4,| $ 1.6 meV; Figs. 2¢,d and 3a, and
Extended Data Fig. 3). We refer to the observed superconducting
regions as SC,, SC, and SC;, enumerated from higher to lower hole
doping, respectively (with the main superconducting region being
SC,; see Extended DataFig. 4 and Supplementary Information section 6
for additional characterizations and discussion). Each superconduct-
ing pocket descends from a distinct flavour-symmetry-breaking normal
state (Fig. 3b—-f) and is terminated by a first-order phase transition
(marked by black dashed lines) on the low-doping side. Regions SC,,

SC, and SC; feature optimal critical temperatures T,= 60 mK,
T.=500 mK and 7, =100 mK, respectively (Fig.3b,d, insets). The normal
state of SC, canbe directly related to the non-interacting band structure.
Quantum oscillations in this regime (-9 x 10" <n < -7.6 x10" cm%;
Fig.3c) show 2 main frequencies (marked by blue and orange arrows)
obeying2f" + 6f? ~1. This indicates two Ising-majority Fermi pock-
ets and six Ising-minority trigonal-warping pockets'®** (Fig. 3¢, left
schematic); we denote the flavour-polarized phase as FP(2, 6) (FP(n, m)
denotes aflavour-polarized phase withnand m degenerate-sized Fermi
pockets, from large to small).

Ultrahigh-resolution quantum oscillations reveal the unusual Fermi
surfacesinthe correlated normal states forming SC,and SC,. At higher
doping of SC, (n < -8.25 x 10" cm™; Fig. 3e), 2 dominant oscillation
frequencnes marked by blue (f(l)) and orange (f( ) lines in Fig. 3f,
satlsfy2f +4f =1 (blacklme) Thus, the ﬂavour polarized phase
hosts two majority and four minority Fermi pockets, denoted asFP(2, 4).
The occupation of two out of the three trigonal-warping pockets for
each minority flavour implies a nematic normal state that breaks the
C, rotational symmetry'® (Fig. 3f, left schematic). Remarkably, we
observe adifferent Fermi-pocket configuration within the same super-
conducting pocket at-8.25x10" < n <-71x10" cm™ The lowest third
frequencyf is clearly resolved (green line in Fig. 3f; Methods and
Extended Data Figs.5-7). Thevalueoff(3) rapidly decreases tozero at
the low-doping phase boundary, lmplymg that two out of the four
minority Fermi pockets shrink considerably in this density range. We
denote this phase as FP(2, 2, 2) given the relation 2f " +2f* + 2f ¥ =1
Here, the second and the third 2’ imply an additional broken symmetry
within the trigonal-warping pockets®>¢ (orange and green pockets of
the middle schematic in Fig. 3f), signalling a nematic redistribution
of holes. This continuous transition from FP(2, 2, 2) to FP(2, 4) has
a remarkable impact on the in-plane magnetic-field response of
SC, (Fig. 4).

An exceptional correlated phase denoted FP(1, 3, 1) emerges upon
further decreasing the doping (-7.1 x 10" < n < -5.7 x 10" cm ™% Fig. 3¢, f).
The three Fermi-surface frequencies obey f(4) + 3f(5) +f(6) =1, with
f“) being larger than 1/2, ensuring that the largest Fermi pocket is
non-degenerate (Methods and Extended Data Figs. 8-10). Remarkably,
this normal state supports SC,, although all Fermi pockets have odd
multiplicities. The combination of superconductivity and odd multi-
plicities strongly points at an inter-valley coherent state> * (purple
schematic in Fig. 3f). This is further corroborated by the B, -field
response of the phase boundaries® (Methods and Extended Data
Fig. 11). The odd multiplicity of all Fermi pockets excludes the possi-
bility of conventional s-wave pairing, suggesting unconventional super-
conductivity. Moreover, provided that the pockets are intrinsically
superconducting, the number of three mid-size Fermi pockets (fv(s))
impliestime-reversal symmetry breaking regardless of the inter-valley
coherent nature****¢, Alternative exotic scenarios are not precluded,
forexample, the valleys of FP(1, 3, 1) could still enjoy independence, in
which case, the resulting superconductivity would strongly break time-
reversal symmetry, promoting chiral finite-momentum pairing.

Ultrastrong magnetic-field resilience

All three superconducting pockets show extraordinary resilience to
in-plane magneticfield B,.SC, hasacritical field B, = 2.5 T, substantially
higher than observed previously*® (Supplementary Fig. 5).SC,and SC,
show distinct B, response, reflecting the highly unusual intertwining
with the underlying normal states. Figure 4a,b shows the dependence
of R, on B, (Fig. 4a) and temperature (Fig. 4b). SC, occupies a signifi-
cantly larger doping range, and its optimal 7. is roughly five times that
of SC,. In comparison, the two superconducting regions show a strik-
ing response to B. Whereas SC, is fully suppressed by B, = 3 T, SC; per-
sists up to B, =7 T at the phase boundary. Crucially, the TP of
SC,appears to beinsensitive to B, (Fig. 4e and Supplementary Fig. 6),
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Fig.3|Superconductivity across nematicredistribution and frominter-
valley coherence. a, R, versus nand D for adevice with Ising SOC strength

|A;] = 1.5 meV, focusing around the phase space where the three superconducting
regions coexist. The blackand blue arrows on the left mark the D fields at which
thedatainband d are measured, respectively. b, R, versus n measured at
D/e,=0.92Vnm™. Inset: R, versus nand temperature for the superconducting
domeSC,. ¢, Frequency-normalized FFT of R(1/B,) (using data within
0.08<B,<0.4T)overthesame doping range as inb; schematics show the
corresponding flavour-symmetry-breaking Fermisurfaces. The arrows

mark the primary FFT peaks. d, R, versus nmeasured at D/e,=1.265V nm™.

with the superconducting domes at B;=0Tand B, =3 T being almost
thesame (Fig.4c,d). The Paulilimit B, isrelated tothe zero-magnetic-field
critical temperature 7,(0) as B, =1.86 T K™ x T,(0). T.(0) =100 mK for
SC;would produce B,=0.186 T. Thus, the observed B, =7 Tyields a
Pauli-limit violation ratio (PVR) B.,/B, = 40, placing SC; among the
superconducting phases with the highest PVR*”. It is noted that the
exceedingly large PVR presents only in SC, with odd Fermi-pocket mul-
tiplicities, further reflecting its remarkable nature.

Although SC, has a significantly lower PVR, it features two doping
regions withdistinct B, responses (Fig. 4f,g) thatare directly intertwined
with the continuous transition from FP(2, 2, 2) to FP(2, 4) (Fig. 4h,i).
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0.05<B,<0.8Ttoresolve va)) overthesame dopingrangeasind.Thearrows
mark the primary FFT peaks, asshowninf. The green dashed line marks the
transitionfrom FP(2, 2,2) to FP(2, 4); the black dashed lines mark first-order
symmetry-breaking transitions.f, Intensity peaksinf, extracted frome. The
blacksolid linesaroundf,=1indicate theresults from the Luttinger sumrule.
Schematics fromleft to right correspond to nematic FP(2, 4), nematicFP(2, 2, 2),
andinter-valley coherent FP(1, 3, 1).

Figure 4f,g shows representative R,, versus temperature and B, mea-
sured in the overdoped and underdoped regions (n=-8.5 x 10" cm™
and n=-6.9 x10" cm??, respectively) for D/e,=1.2V nm™. SC, shows
the same 7.(0) ~ 200 mK at both doping densities, but the B, responses
aredistinct. The overdoped T. is quickly suppressed by B, following a
conventional quadratic scaling (Fig. 4f). The underdoped T, however,
isinsensitive to B, for B, < 1T (Fig. 4g), with the depairing at B, >1.5T
probably owing to the Fermi-surface changes induced by B,.

We fit T, versus B, by T(B)) = T.(0) - aBHZ, where a quantifies the
pair-breaking tendency of B,. Theresulting a shows a striking depend-
ence ondoping (Fig. 4h). At higher doping, a plateausaround 0.08 K T2
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|4l =1.5meV.b, R, versus nand temperature at the same D. The green dashed
line marks the density where nematic redistribution occurs. The black dashed
lines mark first-order symmetry-breaking transitions. ¢,d, R, versusnand
temperature for SC;measuredat B, =0T (c)and B,=3T(d).e, TP ™ of SC,
versus B,. The grey bar marks the Paulilimit. The error bars are determined by
thetemperature at which R, corresponds to 10% and 90% of the normal-state
resistance. The purple schematic shows the FP(1,3,1) Fermisurfaces. f,g, R,

atlower doping, a approaches zero, indicating vanishing sensiti-
vity to B,. Importantly, the qualitative change in a (Fig. 4h) coincides
with the redistribution of the trigonal-warping pockets (Fig. 4i). The
regionwith the plateau (-8.8 x 10" < n < -7.3 x10" cm™) and the region
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versustemperature and B atn=-8.5x10" cm(f) and n=-6.9 x 10" cm(g) for
D/e,=1.2Vnm™. The coloured dashed lines are quadratic fitting. h, aversus n
withinthe SC,atD/e,=1.2Vnm™.i,Normalized FFT of R, (1/B,) (using data within
0.05<B, <0.8 Ttoresolve fv(s)) overthesamenand Drangeasinh, focusing at
low frequencies. The green dashed line marks the nematic redistribution of holes
fromFP(2,4)to FP(2, 2, 2). Schematics in hshow the Fermi-surface evolution
versusn.j k, Theoretical B, depairing with the prominentinterband pairing (j)
and the suppressed case by valley polarization (k).1,m, Theoretical a versus n for
FP(2,4) (I) and versus minority imbalance 8ninoricy/Muminoriey fOr FP(2, 2, 2) (m).

with the rapidly changing a (-7.3 x 10" < n $-6.6 x 10" cm™) corre-
spond to the FP(2, 4) and FP(2, 2, 2) phases, respectively. Within the
FP(2,2,2), both the value of a and the size of the smallest Fermi pock-
ets (green pockets in Fig. 4h) approach zero at the phase boundary



(n=-6.6 x10" cm™). These observations suggest that the smallest
Fermi pockets determine the B, response (see also Supplementary
Figs.7-9).

The disparity in the B, response of the two SC, regions may also be
attributed to the prominence of majority-minority interband inter-
actions, so that the B, response (Fig. 4f-i) and the observed D s
trend (Fig. 2e) share a common microscopic origin (Supplementary
Information section 7). The magnetic field causes majority-band
(minority-band) spins to cant towards (away from) the magnetic-field
direction**, As a consequence, Cooper pair scattering between the
bandsissuppressed, and theapplied B, leads to anappreciable decrease
in T_ (Fig. 4j,1). Conversely, if minority bands become valley-polarized
(consistent with FP(2, 2, 2), right schematic in Fig. 4k), one expects
the adverse magnetic-field effects on the interband interaction to
gradually disappear, making the superconductor less field-sensitive
(Fig.4k,m). This coincides with the experimental trend in Fig. 4f-i. The
above mechanismis consistent with the PVR hierarchy of SC,, SC, and
SC, (Supplementary Information section 7). The conventional depair-
ing mechanisms within the Ising superconductor framework™*%,
however, are qualitatively inconsistent with our observations (Methods
and Supplementary Information section 8).

Unprecedented control over the strength of Ising SOC in BLG allowed
us to explore its rich set of superconducting regions systematically.
Superconductivity occurs for a diverse set of Fermi-pocket configu-
rations, including for Fermi pockets with odd multiplicity pointing
at unconventional superconductivity. Remarkably, all the supercon-
ductors show distinctive resilience to an in-plane magnetic field.
A newly discovered inter-valley coherent configuration shows one of
the highest PVR values for any superconductor so far. More generally,
the approach of inducing tunable symmetry-breaking fields via moiré-
less twisting canbe applied to abroad family of van der Waals materials
and extended beyond SOC to include magnetism, charge orders and
so on. This opens promising avenues towards tailoring exotic phases
of matter on demand.
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Methods

Device fabrication

The majority of the fabrication processes follow the standard flake
transfer and lithography explained in a previous study”. Here we focus
on the interfacial twisting between BLG and WSe,. Large flakes of
BLG and WSe, are exfoliated on silicon dioxide/silicon) chips. The
crystal orientation of WSe, can be identified by second harmonic
generation® (Extended Data Fig. 1b), where the polarization of the
incident and reflected beams are selected to lie parallel to the scat-
tering plane. The directions with maximized second harmonic gen-
eration signal correspond to the in-plane crystal orientations along
the W-Se direction (armchair direction). BLG is somewhat trickier.
We identify flakes with long straight edges forming angles that are
multiple of 30°, for example, 3 edges form 2 angles 0of 150° in Extended
DataFig.1c. The configurationis consistent with the assignment that
the straight edges are along the zigzag- or armchair-edge direction
of graphene. We then cut the large BLG flake into small pieces by
atomic-force-microscope-actuated cutting®* (Extended DataFig. 1d).
First, we picked up the topmost hexagonal boron nitride, the top
graphite gate, the top hexagonal boron nitride dielectric and the
large WSe, flake using propylene carbonate film on polydimethyl-
siloxane. Then, we aligned the straight edge of BLG with the crystal
orientation of WSe, and controlled the approach of the propylene
carbonate/polydimethylsiloxane stamp so that only one BLG piece
was picked up. The silicon dioxide/silicon chip was manually rotated
by an angle 8 = 6°, and a second piece of BLG was picked up but not
overlapping with the first one. The same processes were repeated
for the remaining BLG pieces (Extended Data Fig. 1f,g). Depending
on whether the BLG straight edge used for alignment is along the
zigzag or armchair direction, the crystal axes of the six BLG pieces
were rotated relative to the WSe, axis by an angle 8 of 0°, 6°,12°,18°,
24°and 30° (armchair direction) or vice versa (zigzag direction). The
two configurations can be distinguished by measuring the Ising SOC
strengths of the devices at the two ends. The large (small) Ising device
corresponds to about 0° (about 30°) alignment owing to the reflection
symmetry'©?°22, A typical finished stack is shown in Extended Data
Fig.1h;aseries of different rotation angles between BLG and WSe, can
be clearly seen from the optical image. The stack went through stan-
dardlithographicand etching processes for final device preparation
(Extended Data Fig. 1i).

Measurements

All measurements were performed in a dilution refrigerator (Oxford
Triton) with a base temperature of about 30 mK and a1T/1T/9T (XYZ)
superconducting vector magnet, using standard low-frequency
lock-in amplifier techniques. Unless otherwise specified, measure-
ments were taken at the base temperature. Frequencies of the lock-in
amplifiers (Stanford Research, models 865a) were kept in the range of
7-40 Hz to reduce the electronic noise and measure the device’s d.c.
properties. The a.c. excitation was kept below 5 nA; most measure-
ments were taken at 1 nA to preserve the linearity of the system and to
avoid disturbing the fragile states at low temperatures. Each of the d.c.
fridge lines passed through cold filters, including 4 Pifilters that filter
out arange from about 80 MHz to >10 GHz, as well as a two-pole RC
(resistor-capacitor) low-pass filter.

Reproducibility of twist-programmable superconductivity

Supplementary Figs. 1-3 show the data measured from three sets
of moiréless twisting devices (D1-D3), with the corresponding
devices marked by the labels in the opticalimages. 8-modulated Ising
SOC and superconductivity are well reproduced from all the three
sets of devices. Within each set, we see a clear trend that super-
conductivity onsets at a lower D field for the device with low Ising
SOC and gradually onsets at a higher D field for the device with large

Ising SOC. Accordingly, Ising SOC strength evolves as a function of
twist angle 6. The 8-dependent Ising SOC strengths are summarized
in Fig. 1e: the magnitude of proximitized Ising SOC is large within
a broad angle range, and is quickly suppressed when 6 =20- 30°.
Specially, the first device in the device set D2 (Supplementary Fig. 2a;
see also Supplementary Fig. 4) appears to have a minimal Ising SOC,
and superconductivity does not appear at zero magnetic field. The
deviceis consistent with the scenario that the alignment between BLG
and WSe, is 8= 30°.

Quantifying Ising SOC

One way to quantify the WSe,-induced Ising SOC H,= %/hTZSZ (A,isthe
Ising SOC strength inthe maintext; here 7,and s, are the Pauli matrices
corresponding to valley and spin degree of freedom) is to probe the
octet zeroth Landau level in BLG. It is noted that these Landau-level
energies are not sensitive to Rashba SOC®. The sets of two Landau
levels that cross at filling factors v = +3 have opposite layer polariza-
tions, so that their energy difference (at zero D field) is given by
AE=E,+A/2 (E;is the Zeeman gap between spin-up and spin-down
Landaulevels). Therefore, the critical field B} that makes AE vanish
is2E,=2gu, B} = A, (here, g-factor value g =2 is used and y; is the Bohr
magneton, see also Supplementary Fig.10a-f). However, this method
does not work when 4, is negative as the energy-level crossing is not
inverted®.

Independently, |A,| can also be extracted from the doping-dependent
FFT splitting of the quantum oscillations, regardless the sign of 4,
(Fig. 1f-i and Extended Data Fig. 2a). Extended Data Fig. 2b,c shows
the doping-dependent FFT splitting B,,; measured within the
non-interacting phase (schematicsinFig. 1h,i) at different D fields and
at higher doping densities (that is, away from the van Hove singulari-
ties). Ising-type splitting is suppressed with increasing |n|, in contrast
tothe Rashba-type splitting which increases with increasing |n| (ref. 17).
Thedetailed mapping of B, as afunction of nand D enables compari-
son with single-particle band-structure calculation (Supplementary
Information section 1) that quantifies the Ising-induced Fermi-surface
imbalance. The dashed lines in Extended Data Fig. 2b,c are calcu-
lated frequency splittings for |4,| = 1.4 meV (Extended Data Fig. 2b)
and |4,| = 0.4 meV (Extended Data Fig. 2c), respectively. Both cases
roughly match the experimental data. The overall trend is that (1) at con-
stant |4, higher D features larger B,,;.and (2) at constant D, higher |4,|
featureslarger B,;. The observed trends put strong constraints on the
estimates of the Ising SOC strength.

Itis noted that one single Ising SOC strength provides a good fit to
the data at different D fields (from D/e, = 0.2V nm™to D/, =1V nm™;
Extended Data Fig. 2b), suggesting that Ising SOC is already maximal
at D/e,=0.2V nm™and larger D values do not further increase the
Ising SOC strength. For Ising extraction, frequency analysis at a finite
D field and higher doping (that is, away from the van Hove singulari-
ties) ismore accurate compared with the zero D case for the following
reasons: (1) Ising-induced splitting is suppressed at the zero D limit
(Supplementary Fig. 11), which makes it difficult to precisely quantify
by comparing with the single-particle band structure (grey dashed
linein Extended Data Fig. 2b); and (2) the effective Rashba SOCis more
pronounced®at D/e,=0 V nm™ owing to reduced sublattice and layer
polarizations, which further complicates the analysis (Supplementary
Informationsection1and Supplementary Fig.16). The evolution of the
effective Rashba SOC s plotted in Supplementary Fig.16. We find that
for moderate values of interlayer potential difference (U>15 meV),
the microscopic Rashba SOC induced by WSe, becomes strongly sup-
pressed, consistent with the experiment.

Supplementary Fig.10a-fshows the Landau-level crossing forv=+3
and Supplementary Fig.10g shows the corresponding quantum oscil-
lation frequencies within the non-interacting Ising symmetry-breaking
phase. Both methodsreturn |4,| = 1.6 meV, validating the quantum oscil-
lation method in the paper.



Principles for FFT analysis

Correctly identifying the quantum oscillation frequencies is critical

for figuring out the type and the number of Fermi pockets for each

flavour-polarized phases. Here we summarize basic principles for FFT

analysis, applying them to FP(2, 2,2) and FP(1, 3, 1).

1. Toidentify theintrinsic Fermi-surface frequencies, we want to work
on FFT analysiswith B, range as low as possible. At slightly higher B,
magnetic breakdown®*kicks in as B, -assisted electron tunnelling bet-
ween different Fermisurfaces. Consequently, the most pronounced
frequencies might be asum (or difference) of two base frequencies
instead of the intrinsic ones.

2. Follow the sumrule that all the intrinsic frequencies with their mul-
tiplications add up to 1. The multiplications return the number of
Fermi pockets for each type. Looking at the doping dependence of
f.,ifonefrequency fv(”decreases versus doping, itis guaranteed that
thereis another frequency that evolves reversely. One pocket shrinks
while some other pockets grow.

3. We check for the evolution of phase diagramas a function of Dfields
and doping n. Some FFT frequencies continuously evolve inthe n-D
phase space, which provides further guidance for the neighbouring
correlated phases.

Identification of FP(2, 2, 2) phase

Ultrahigh-resolution quantum oscillations at high D fields allow for
resolving subtle symmetry-breaking Fermi pockets. Looking carefully
at the FFT frequency fV(Z) in Extended Data Figs. 5b and 6b,d, fV(Z)
decreases monotonically with lowering doping until reaching
n=-8.25x10"cm™2for D/e,=1.265V nm™ (n=-7.2 x10" cm™ for
D/ey=1.2V nm™), beyond which the dependence off(2 is flattened
whereas f(1 keepsincreasing throughout. Thrsmdrcatesthatthe sum
rulezf(l) + 4f(2 =~1oftheFP(2, 4) phase at higher dopingis nolonger
satlsﬁed for lower dopings, suggesting an altered Fermi-surface struc-
ture.Indeed, measuring quantum oscillations to higher B, field reveals
the emergence of athird very low frequency around the phase bound-
ary as marked by the green arrows in Extended Data Fig. 7. The FFT
datashowni m Extended DataFigs.5band 6b,d clearly reveal the third
frequency f growmg rapidly from zero at the phase boundary to
avalue matchmg f at slightly higher doping. The frequencies obey
2f(1) + 2f(2) + 2f(3) =1, as discussed in the main text corresponding to
an addltronal symmetry breaking with trigonally warped pockets of
two sizes fV(Z)and fv(3)

Identification of FP(1, 3, 1) phase

The identification of the FP(1, 3, 1) phase is more subtle, involving
extensive quantum oscillation measurements. The raw data (Extended
DataFig.7a,b;n=-6.6 x10" cm?ton=-5.3 x 10" cm™taken at D/¢, =
1.2V nm™) reveal 3 oscillation frequencies. A high frequency marked
f( appears clearly. AtreallylowB, = 0.05T,a relatrvelylow frequency
called f onsets. Further increasing B, each f perrod splitsinto
four, glvmgrlsetof ,whichisindeed roughlyfourtrmesthefrequency
f(é) (Extended Data Fig.7c).

Itis natural to ask whether f( is simply a higher (fourth) harmonic
off((’) This can be answered by the measurements at low D fields
in the same phase region (Extended DataFigs. 8 and 9). Frequencies
are marked by arrows. When lowering the D fields, f(4) gradually
increases, whereas fv(s)and f(é)gradually decrease. AtD/e0 =1Vnm™*
(Extended Data Fig. 8b,d,f), f(s) already deviates from being four
times the value of f((’) Eventuall(y at D/e,=0.85V nm™ (Extended
DataFig. 8a,c,e), the frequencyf completely disappears whereas
f( ) mdependently survives. Thrs D evolution of the two frequen-
cies (f and f ) supports their mdependence Meanwhile at
D/ey= O 85V nm7, the existing 2 frequencies (f ) and £, ) obey
f(‘” +3f, ® ~1; we denote the flavour- -polarized phase at thlS Dfield
asFP(1, 3) The above D-field evolution indicates that the FP(1, 3,1)

phase at high D develops from the FP(1, 3) phase at low D as D is
increased.

After establishing the existence of three frequencies, we comment
onthe number of pockets for each type. Thisreliesonthe correctiden-
tification of intrinsic Fermi-surface frequencies and their harmonics.
Atslightly higher B, magnetic breakdown* kicks in as B, -assisted
electron tunnelling between different Fermi surfaces. Consequently,
the pronounced frequencies might be asum (or difference) of two base
frequencies instead of the intrinsic ones. This is the case for FP(1, 3)
and FP(1, 3, 1) phase. Extended Data Fig. 8c shows the normalized FFT
from quantum oscillations going up to B, = 0.45 T. The frequency peak
atf, = 0.75is stronger than the one at f, = 0.6 (marked by the arrow).
However, the relative intensity changes by reducing the B, range to
0.23 T (Extended Data Fig. 10a). At this condition, the peak at f, =
isstronger thanthe oneatf, = 0.75, suggesting that the one marked by
thearrow (f, = 0.6 in Extended Data Fig.10a) is the mtrlnsrc frequency;
theoneatf, = 0.75is instead a sum harmonic f +f . By identify-
ing theintrinsic high frequencyf“’ one obtamsf 4)+3f(5) 1,indi-
cating 1large and 3 small Fermi surfaces thatis, FP(l 3) A similar
situation holds for the other D fields, such as at D/, =1.2V nm™
(Extended Data Figs. 9cand 10c), where we find f(‘” + 3f(5) f(é)

Inter-valley coherence
The occurrence of superconducting state SC; in the symmetry-
breaking state FP(1, 3, 1) strongly indicates the inter-valley coherent
nature of FP(1, 3, 1). Focusing on the single largest Fermi pocket (f‘f‘”)
thatisnon-degenerate, there are two options:itis either valley-polarized
and therefore breaks time-reversal symmetry, oritis inter-valley coher-
ent. Coherence between the Kand K’ valleys would restore time-rever-
sal symmetry for the largest Fermi pocket, naturally more susceptible
to pairing. It is noted that in moiré graphene, it is established that
superconductivity originates from aninter-valley-coherent order®,
Independent evidence for inter-valley coherence comes from
analysing the evolution of phase boundaries as a function of B,. An
out-of-plane magnetic field B, favours valley-polarized states that are
characterized by large orbital moments. As the B, field is increased,
valley-polarized states with large orbital moments are expected to
take over more of the phase space compared with valley-balanced
states®. The evolution of the phase boundaries with B, can be clearly
identified from quantum oscillations (Extended Data Fig. 11). Here,
the lowest doping density range (n>-3 x 10" cm™) corresponds to a
spin-valley-locked FP(6) phase". Within this phase, the K and K’ val-
leys are equally populated with opposite spins, resulting in zero net
orbital moment. At the doping density -3 x 10" > n>-4.3 x10" cm,
the oscillation frequency peaks at f, =1indicating an FP(1) phase. The
phase space shows arich evolution: a phase transition develops with
increasing B, consistent with aspin-valley-polarized FP(1) (redlinein
Extended DataFig.11b) emerging when B, isapplied. Importantly, at the
lowest B, (B, =0 T), the phase boundary between FP(1) and FP(6) (black
dashedlineatn~-3 x 10" cm™) does not move with B, suggesting that
theFP(1) at B, = 0 Tis characterized by coherence between the two val-
leys (over the spin-valley-polarized phase), so that the orbital moments
cancel. The samelogic applies to the other symmetry-breaking phases
at slightly higher doping. A large FFT frequency dominates at f, >1/2
whereas the phase boundaries persistin doping without moving when
B, is applied, suggesting the existence of one large Fermi pocket with
diminished or no orbital moments and hence inter-valley coherence
for FP(1, 3,1).

Sample alignment with in-plane magnetic field

In-plane-field measurements were performed by mounting the sample
vertically withahomemade frame toaccess B, >1T.Asmall B, compo-
nent is inevitably introduced when B, is applied owing to imperfect
vertical sample alignment. The B,and B, directions of the vector magnet
are used to compensate the B, component. The compensationis crucial
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for the measurements of large Pauli-limit violation of SC;, because at
B,=7Torso,anout-of-planecomponent B, ~ 0.1-0.2 mT almost com-
pletely suppresses the superconductivity. Inaddition, the cancellation
of B, gives an accurate R,, dependence on B, and temperature so that
the extraction of ain Fig. 4 is reliable.

Multiband superconductivity analysis

We consider an electronic system with two bands, with an additional
(spin) degree of freedom in each band. The mean-field ansatz for the
simplest order parameter is a vector form owing to the multiband
structure

1
0 Z Yiabia-
A=g v )
initial 1 4
5 ; ‘ksz/JkZ,

where, g, .. isamatrix of repulsiveinteractionfromtheintrinsic Cou-
lombinteraction, Qis the systemvolume, ¢y , ,annihilates an electron
withmomentumk, inband n =1, 2, and internal flavour p = +.

We introduce an energy scale w*, below which the pairing interac-
tionis activated. In the path-integral formalism, one integrates out
the electrons with energy greater than w*, obtaining a renormalized,
Tolmachev, Anderson and Morel (TAM) interaction matrix
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@) @™ || ?
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where ¢, = {I: +I::)*}df'v|";f) ,and N, (€) is the DOS of the nband at

adistance {away from the Fermi level.
We define a multiband generalization of the superconducting
pseudopotential

Hopuie = det8ppy (@) . ©)

We note that by setting interband interactions to zero, one simply
obtainsadiagonal g, ,matrix, with the appropriate single-band pseu-
dopotentialsyl’j2 onitsdiagonal. Investigationof u*  .ismotivated by
thefactthatasuperconductingtransitionis associated withasingular-
ity of the g matrix emerging at an approximately 7.energy scale.

Predictions of conventional depairing mechanisms for SC,, SC,
and SC,

Here we summarize the mainfindings resulting from the conventional
depairing mechanisms in the context of SC;, SC, and SC;, within the Ising
superconductor framework*#°, For SC,, we find that experimentally
determined values of a are not well reproduced by realistic values of
Az $10 meV (Supplementary Information section 8). More precisely,
conventional depairing theory would predict higher resilience (lower
abyalmostanorder of magnitude) to the in-plane magnetic field. For
the case of SC,, we find that the conventional depairing theory applies
well, explaining the large PVR. As such, another mechanism, such as
theinterband-interaction scenario in the main text, must account for
the relatively minor PVR in SC,. The direction of B, can further shed
light on the depairing mechanism. Theoretically, SC, is not sensi-
tive to the in-plane field direction, as reported previously in ref. 18.

For SC,, because both FP(2, 4) and FP(2, 2, 2) break the C; symmetry,
weanticipate adependence of T. (or a) as the direction of B, is rotated.
Experimentally, however, SC, shows no significant variation in T
as the magnetic field is rotated (Supplementary Fig. 12), suggesting
that this simple depairing picture relying on rigid occupancy of the
trigonal-warping pockets should be revisited with a self-consistent
Hartree-Fock pairing analysis, where the Fermi surfaces adjust in
response to the magnetic field. Finally, we also highlight that the
mechanism discussed in the main text, the modification of interband
andintraband interactions with anin-plane magneticfield, is entirely
independent ofthefield direction. Thisisinaccordance with the experi-
mental observations, yet contrasts with the ‘conventional’ depairing
analysis.
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Extended DataFig.1|Device fabricationfor BLG-WSe, twisting. a, Optical
image of aWSe, crystal. b, Second harmonic generation for the WSe, flake
shownina;the polarization of theincidentand reflected beams are selected
tolie parallel to the scattering plane. ¢, Opticalimage of alarge BLG flake.
Straight edges form angles150° that are consistent with the three straight
edgesbeingalong zigzag- or armchair-edge direction.d, Zoom-inimage
ofthe BLGin ¢, showing small BLG pieces that are separated by atomic-force-

microscope-actuated cutting. e-g, Schematics showing the flake transferring
processes for the continuousinterfacial twisting. The BLG pieces are sequentially
picked up with angles relative to WSe, inincrements of 6°, from-0°to 30°.

h, Opticalimage of the twisting stack, clearly showing that the BLG pieces form
different twist angles relative to the WSe, crystal. i, Opticalimage of the finished
devicesetD1. All thescalebars correspond to10um.
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Extended DataFig. 2| QuantifyingIsing SOCstrength |1, by quantum
oscillations. a, Thesame dataastheoneinFig. 1h, but without the frequency
normalization to show Bg,;.. b,c, Experimental (dots) doping-dependent
frequency splitting around f,=1/4 measured at different D fields for alarge

n (10" cm2)
Ising device (b; |1/ =1.4 meV) and a smallIsing device (c; |1,/ = 0.4 meV). The

dashed lines are By, calculated from single-particle band structure using
the corresponding Ising SOC values. The gray dashed line inb corresponds

tothefrequency splittingat zero displacement field.
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e f, Intensity peaksinf,extracted fromthe FFT dataincandd.
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Extended DataFig.11|Evolution of phase boundaries asafunctionof B,. sensitive to B, suggestive of inter-valley coherence with little or no net orbital
a, R, versusout-of-plane magnetic field B, and doping density n measured at moments. Thered line draws the phase boundary of the spin-valley polarized
D/ey=1.2V/nmforadevicewith || =1.5meV.Phase boundaries are marked out FP(1); theboundary grows (orange arrow) with B, due to large orbital moments.
inb. Theblackarrows and dashed lines mark the phase boundaries that are not
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