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Inducing superconducting correlations in chiral edge statesis predicted to generate
topologically protected zero energy modes with exotic quantum statistics' ™.
Experimental efforts so far have focused on engineering interfaces between
superconducting materials—typically amorphous metals—and semiconducting
quantum Hall”" or quantum anomalous Hall"*"* systems. However, the strong
interfacial disorder inherent in this approach can prevent the formation of isolated
topological modes™*™". An appealing alternative is to use low-density flat band materials
inwhichthe ground state can be tuned between intrinsic superconducting and quantum
anomalous Hall states using only the electric field effect. However, quantized transport
and superconductivity have not been simultaneously achieved. Here we show that
rhombohedral tetralayer graphene aligned to ahexagonal boron nitride substrate hosts
aquantized anomalous Hall state at superlattice filling v=—1as well as asuperconducting

state at v=-3.5at zero magnetic field. Gate voltage can also be used to actuate non-
volatile switching of the chirality in the quantum anomalous Hall state'8, allowing, in
principle, arbitrarily reconfigurable networks of topological edge modes in locally
gated devices. Thermodynamic compressibility measurements further showa
topologically ordered fractional Cherninsulator at v=2/3 (ref.19)—also stable at
zero magnetic field—enabling proximity coupling between superconductivity and
fractionally charged edge modes. Finally, we show that, as in rhombohedral bi- and

trilayers®2

,integrating a transition metal dichalcogenide layer to the heterostructure

nucleates a new superconducting pocket?***, while leaving the topology of the v="-1
quantum anomalous Hall state intact. Our results pave the way for a new generation
of hybrid interfaces between superconductors and topological edge states in the low

disorder limit.

The discovery of superconductivity in 1911 and the quantized Hall
effect® in 1980 together have come to define the two dominant
models—based on symmetry breaking and on topology, respectively—
forunderstanding condensed matter systems. Inrecentyears, there has
been intense interest in the possibility of introducing superconduct-
ing pairing to the chiral edge modes of the quantum Hall state, as this
combination is predicted to give rise to new modes with unconven-
tional quantum statistics***®, and allow for the creation of electronic
devices with new functionality®. Practically, however, interfacing super-
conductivity with chiral edge modes is rendered challenging by the
incompatibility of materials hosting these model zero-resistance states:
superconductivity is most common in high-density metals, whereas
quantized Hall effects typically occur in low carrier density semicon-
ducting materials. As aresult, interpretation of experimental data has
had to contend with the effects of disorder arising from the interface
between different materials. Two-dimensional flat band systems such as

twisted bilayer graphene, transition metal dichalcogenide homo-and
heterobilayers, and rhombohedral graphene multilayers provide the
opportunity to circumvent this challenge. In all these systems, a high
density of states provides the setting for intrinsic superconductivity
and magnetism, whereas the Berry curvature native to honeycomb
materials generically leads to topological bands. However, so far no
single device has shownboth quantized anomalous Hall transport and
intrinsic superconductivity at zero magnetic field. In twisted bilayer
graphene, gate tunability between a superconductor and magnetic
state was demonstrated, but without quantized edge state transport®.
In twisted WSe,, thermodynamic signatures of quantum anomalous
Hall (QAH) states were observed?, but in a different regime of twist
angle from superconductivity?®%. Other transition metal dichalcoge-
nide systems such as twisted MoTe, and MoTe,/WSe, show integer and
fractionally quantized edge transport***!, but no superconductivity
hasbeen reported.
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Fig.1| Gate-tunable superconductivity and QAH effectin hBN-aligned
rhombohedral tetralayer graphene. a, R, as afunction ofn.and D. Zero-
resistance superconductivity (SC) and QAH states areindicated. Inset, device
schematic, showingrhombohedral tetralayer with ABCA stacking order,
encapsulatinghBN layers and graphite gates. The crystal axes of the top hBN
and graphene tetralayer are aligned, so that hole carriers occupy the layer
withstrong moiré potential for D > 0, asindicated (see Methods and Extended

Rhombohedral graphene multilayers provide an appealing alter-
native dueto their low disorder and high experimental reproducibi-
lity. Absent crystallographic alignment to a hexagonal boron nitride
(hBN) claddinglayer, superconductivity and magnetic metallic states
have been observed in both bi- and trilayer systems?°222+3273* [nte-
grating a moiré potential through hBN alignment allows for QAH
states at finite carrier density by means of commensuration with
the moiré superlattice potential. Signatures of a QAH state were first
observed in aligned trilayers®, albeit without quantization at a zero
magnetic field. Signatures of superconductivity were also reported
in this system?®; however, the resistance of this state saturated to
several hundred ohms at low temperature, and was resilient to per-
pendicular magnetic fields as large as 1 T: features that subsequent
studies have shown to be uncharacteristic of rhombohedral graphene
superconductors?2*3*** More recently, bothinteger and fractional
QAH states were reported in aligned pentalayers' and hexalayers™.
These results motivate the search for superconductivity in aligned
rhombohedral multilayers.
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DataFig.1forthe device details). b,c, Detail of R, around the the superconducting
pocket (b) and the QAHregionatv=-1(c).d, R, and R,,, measured along the
trajectoryindicatedina.e,f,R,,(e)andR,, (f) withinthe v=-1QAH plateau
measured asafunctionof B,atn,=-0.564 x10?cm™?,D=-0.208 Vnm™

g, Tand B,dependence of R in the superconducting pocketat D=-0.138 Vnm™.
h, Nonlinear resistivity measured asa function of B,and /,cinthe
superconducting pocketat n,=-1.879 x10?cm™?,D0=-0.138 Vnm™™.,

Superconductivity and QAH effect

Here, wereport the observation of superconductivity and QAH effect
in hBN-aligned rhombohedral tetralayer graphene. Figure 1a shows
the carrier density (n,) and displacement field (D) dependent longi-
tudinal resistance (R,,) of device A, measured for magnetic field B=0
and temperature 7 =15 mK. High-resistance features are observed at
[n.| = (2.15 + 0.05) x 10”2 cm™, which we associate with full filling (v + 4)
of the moiré unit cell®® giving an estimated moiré lattice constant of
A1=14.5-14.8 nm. Here we focus on two distinct pockets where R, = 0,
observed for D < 0 where the carriers are polarized away from the
aligned hBN interface (Fig.1b,c). Figure1d shows R, and R,, measured
alongthetrajectoryindicated in Fig.1a. R, drops below 10 Qwithineach
pocket; the two states show contrasting R,,, which vanishes for the high
hole-density pocket near n, = -1.9 x 10" cm2 (consistent with asuper-
conducting state) butis quantized toR,, = h/4€’atn, = -0.6 x 10” cm™,
corresponding to v=-1moiré filling. B, dependent measurements
within this stateindeed show hysteretic switching between quantized
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Fig.2|Electricswitching ofedge mode chirality. a, R,,measured asafunction
of noand Dwith B, =10 mT near v=-1.Dis sweptfromlow to high, and n,
incremented between sweeps. b, The same as a, with D swept high to low.

¢, Timedependence of R, (top panel) during aseries of rapid excursionin

D (bottom panel).d, Schematic diagram of AE =-Bm ., atlow B,. Along

the D-tuned trajectory, the system goes from valley unpolarized to a valley
polarized phase at D;; within the valley polarized phase, my = -mchanges sign
atD*; and the systemundergoes asecond transition to a valley unpolarized
phaseatD=D,.Onentrytothe polarized phase, the system polarizesinto the

values of +h/4¢€* (Fig. 1e), concomitant with R,, < 0.01 h/e? (Fig. 1f), con-
sistent with a QAH state with Chern number |C| = 4 as theoretically
predicted®*°, Temperature dependent measurements at this filling
show behaviour consistent withamagnetic Curie temperature of4.5K
and athermal activation gap of 4 = 10 K (Extended Data Fig. 3).

To confirm the identification of the superconducting phase, we
study the temperature, current and perpendicular magnetic field
dependence of the zero-resistance state in Fig. 1g-h. Superconduc-
tivity issuppressed for temperatures 7> T. = 55 mK, where T_is critical
temperature, and perpendicular critical magneticfield B,>B.= 7 mT,
and showsacritical current of I, = 2 nA. These observations are in-line
with existing work on unaligned rhombohedral trilayers® and Bernal
bilayers®* encapsulated in hBN. Further evidence for superconducti-
vity inthe high-density pocketis a flux-tuned oscillationin the critical
current observed for certain dopings, confirming the macroscopic
phase coherence of the superconducting state (Extended Data Fig. 4).
Notably, the domain of superconductivity is reminiscent of hole-doped
rhombohedraltrilayer graphene, where superconductivity arisesina
narrow strip bounded at lower |n.| by asharp phase boundary probably
associated with isospin symmetry breaking®. An extra superconduct-
ing state is also observed near v=-2 on the strong moiré side, with a
critical temperature 7. = 90 mK, described in Extended Data Fig. 5.

Controllable switching of QAH edge chirality

Figure 2a,b shows R,, measured in the vicinity of the v=-1QAH state
atanominal applied magnetic field B,~ 0 and B, =10 mT. For these
measurements, D is the fast axis, with n, stepped between the races
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low energy valley, but due to the finite energy barrier the system remains
trapped inthisvalley even after it nolonger corresponds to the ground state.
Thisresultsinopposite valley polarization throughout the valley polarized
phase for opposite sweep directions. Insets show schematics of the free energy
asafunctionofvalley polarization n,.e, R,,as afunction of Dand B, with fixed
B, =10 mT.Dissweptlowto high.f, The same as e, with Dswept high to low.

g, Energy level schematicat higher applied B,. The systemrelaxesat AE=E",
where the barrier vanishes.

Displacement field

from left to right. Figure 2a,b differs only in the direction of the
D axis sweep. Both parts show quantized transport, but with opposite
signs of quantized R,, at the same n.and D values, implying an electric
field induced reversal of the valley polarization. The switching effect
isnon-volatile. As shown in Fig. 2c, the chirality can be controllably
reversed by excursions in the applied D, with the value of R,, remain-
ing stable between excursions when Dis returned to the same value.

Electric field control of magnetic switching has beenreported previ-
ouslyintwisted and rhombohedral graphene multilayers®*"*, Switch-
ingcanalsoariseinmetallic states due purely to the density-dependent
orbital magnetization of Bloch states with finite Berry curvature, as
occursinthe current sample near v=-2.5 (Extended Data Fig. 6). The
key microscopic requirement is that the magnetization changes sign
withina phase with fixed valley polarization®. Time reversal symmetry
mandates that the magnetic moment of states in opposite valleys have
opposite signs (my. =-my), and at zero magnetic field, the valley
polarization in an orbital magnet is chosen spontaneously. Indeed,
enteringavalley polarized phase at B, = 0 oftenresultsin switchy behav-
iour associated with the randomly chosen valley polarization, visible
inFig. 1a,c and Extended Data Fig. 7a. At small but finite B,, the valley
degeneracyislifted, introducing a valley splitting AE = 2m,B,between
the two valleys. Electrons polarized within the K valley will only be in
the ground state for m, > 0; if m; becomes negative, aK-polarized state
will become metastable, and may persistin the presence of an energy
barrier separating K and K’ polarizations.

Notably, in the present system switching is effective only when the
D range is sufficiently large to exit and re-enter the valley polarized
phase, with no relaxation observed for parameter sweeps within the
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Fig.3|Integer and fractional Cherninsulatorsrevealed by inverse
compressibility measurements. a, n.-and D-dependent inverse compressibility
k=0u/on.. Gapped states manifest as peaksin k at fixed commensurate filling.
Note that constant vcontours are not vertical on this scale, due to the quantum
capacitance of the stronginsulator at the charge neutrality. Inset, k near
thev=-1QAH s tate. b, Magnetic field dependence of k near the v=-1QAH

state measuredat D=-0.208 Vnm™. TheStredaslope s consistent with
C=-4.¢,Magneticfield dependence of kforv=1and 2/3atD=0.885V nm™.

valley polarized phase at low B,. This behaviour can be explained if,
onentry tothe valley polarized phase, the system polarizes in the low
energy valley, but the low energy valley switches from K to K’ within
the valley polarized phase. Figure 2d shows a schematic energy level
diagramalong with the trajectory of the system for rising and falling D.
A finite energy barrier prevents relaxation throughout the valley
polarized phase, resulting in the stable switching observed. Reliable
non-volatile switching does not occur for B, = 0 (Extended DataFig. 8),
suggesting that B, suppresses partially valley polarized phases along
the gate tuned trajectory in which relaxation barriers are small.

As expected for magnetic systems, bistable behaviour is eventually
destroyed by sufficiently large B,. Figure 2e-f show R,, measured as a
functionof Dand B,. Above a threshold value of B,, the bistable regime
shrinks and eventually vanishes at B,= 50 mT. Figure 2g describes a
mechanism for this suppression. In the absence of thermal relaxa-
tion, the system remainsin a metastable valley aslong as the barrier is
finite. Applied magnetic field destroys the barrier when AE becomes
comparable to the barrier height £7, allowing the system to relax to
the ground state.

Fractional Cherninsulator at zero field

Signatures of topologically non-trivial gapped phases are also evident
in measurements of the inverse compressibility, k = du/on,, shown
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Theirslope differenceis consistentwithaC=1and C=2/3, respectively (Extended
DataFig.2).d, Classification of correlated incompressible peaks shownina.

e, Temperature dependence of k for C=2/3and C=1Cherninsulators at
D=0.885Vnm™.C=2/3stateissuppressed for T=1K. Curves are offset by

1eV nm?for clarity. f, Thermodynamic gap extracted from k (Extended Data
Fig.3) asafunctionoftemperature for C=2/3,1and -4 Cherninsulators of
bandc.a.u., arbitrary units.

inFig.3a. Numerous peaks in the inverse compressibility correspond-
ing to correlated insulator states are observed at both integer
(v=-2,-1,1,2) and fractional (v= % %) moiré filling; for example, the
incompressible peak corresponding tothe C=-4 stateatv=-1isshown
intheinset to Fig. 3a. To determine the Chern number of these states,
we measure the B, dependence of the density, n. at which the incom-
pressible peak appears. For agapped state, the density changes accord-
ing to the Streda formula*,

Figure 3b shows this measurement at v=-1; as expected from the
measured quantized Hall conductance, the incompressible peak dis-
perses linearly with a slope consistent with C=—4. Applying this to
other correlated insulators, we find the v=1state for D > O (that s, the
layer polarization corresponding to aweak moiré potential) isa Chern
insulator with C=1persistingtoB=0.Theadjacentv=2/3 state shows
C=2/3, making it a fractional Chern insulator'®**¥’, As summarized in
Fig.3d, most of the other observedincompressible phases have azero
Chernnumber,including thoseatv = % and 2 for D < 0 (corresponding
to the regime of strong moiré potential).

Our compressibility measurements allow us to quantitatively deter-
mine the thermodynamic gaps of the Chern insulator state through
the relation Au = [ (k)dn,; the gap is equivalent to the area of the com-
pressibility peaks shown in Fig. 3e. In a clean system, this gap corre-
sponds to the energy difference between adding and subtracting a
single electron from the incompressible ground state. Figure 3f shows
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Fig.4|Superconductivity and Cherninsulatorinspin-orbit coupled
rhombohedral tetralayer graphene with amoiré superlattice.a, R, asa
functionof Dand n.. Tworegions of superconductivity are observed: SClat
higher holedensity and |D|, and SC2 atlower |n.| and |D|. b,c, Superconducting
domes, R, asafunction of Tand n,forSClatD=-0.399 Vnm™ (b) and SC2
atD=-0.043Vnm™(c).d, karound v=-lasafunction of B,and n. taken at
D=-0.37Vnm™, showinganon-trivial Chern number C=-4.

the temperature dependence of the thermodynamic gap 4 for the
topologically non-trivial states at v+ 1and 2. The fractional Chern
insulator shows agap of 4 = 2.7 K at the lowest temperatures.

Spin-orbitinduced superconductivity

Previous studies on Bernal bilayer’*?>** and rhombohedral trilayer?
graphene have shown that the domain and critical temperature of
superconductivity are significantly enhanced by incorporatingatran-
sition metal dichalcogenide cladding layer. Notably, in these devices,
spin-orbit enhanced superconductivity is observed when carriers
are polarized to the graphene layer closest to the dichalcogenide
substrate**°. In hBN-aligned rhombohedral multilayers'3S, Chern
insulators are observed when carriers are polarized away from the
aligned hBN. Spin-orbit enhanced superconductivity and topologically
non-trivial bands are thus compatible, and may be realized by replacing
the misaligned hBN substrate with a dichalcogenide layer.

Figure 4 shows R,, measured indevice D, which consists of arhombo-
hedraltetralayer sample encapsulated between WS, and hBN flakes. The
alignment of the hBN and graphene crystal lattices produces a moiré
lattice with A =12 nm, suggesting a small rotational misalignment. Here,
Dn.> 0 corresponds to strong spin-orbit proximity effect and weak

moiré potential. We observe two zero-resistance pockets of super-
conductivity in this regime for hole doping, marked SC1 and SC2.
SClappears in a similar parameter regime to the superconductivity
in the bare, hBN encapsulated tetralayer shown in Fig. 1 (Extended
DataFig. 9). The transition temperature of SClis reduced in the pres-
ence of WS,, showing a maximum T, = 35 mK (Fig. 4b), a30% reduc-
tion compared to device A. On the contrary, SC2 shows T, = 85 mK
(Fig. 4c), whichis 50% higher than the T of the weak moiré supercon-
ductivity in device A. SC2 has no analogue in the bare rhombohedral
tetralayer aligned to hBN of Fig. 1a, but bears a striking resemblance
in terms of n. and D range to the superconducting pocket recently
discovered in the WSe, supported rhombohedral trilayer??, appear-
ing near the low-|D| boundary of an ordered state. Measurements
of the in-plane critical field, moreover, show significant violation of
the Pauli limit for SC1, but suppression of the in-plane critical field
as compared to the Pauli limit for SC2 (Extended Data Fig. 9). This
is consistent with the increased role of orbital depairing at low D
thoughtto limitin-plane critical fields in spin-orbit enhanced graphene
superconductors?,

The phase diagram of device D is qualitatively similar to that of the
hBN encapsulated samples. Although the anomalous Hall signal is not
quantized atv=-1(Extended DataFig.10, afact we attribute tosample
inhomogeneity), anincompressible state with Streda slope consistent
with C=-4 (Fig. 4d) is observed just asin devices A, B and C. Notably,
thermodynamic measurements in device D do reveal some discrepan-
cieswiththe other devices. Forexample, device D shows anincompress-
ible phaseatv=-1onthestrong moiréside thatisabsentindevicesA,
Band C. Thisdifference may arise either from different hBN-graphene
twist angles or the proximity-induced spin-orbit coupling, although
we note that the anomaly appears for the weak spin-orbit coupling
sign of layer polarization.

Discussion

Our measurements show that rhombohedral tetralayer graphene
hosts allthe ingredients required for creating low-disorder interfaces
between superconducting states and a variety of chiral edge modes.
We note that these features are unlikely to be unique to tetralayer
graphene, and are expected to eventually be observed across arange of
layer numbers. Our work shows that integer and fractional Chern insu-
latorsatv=1andv=2/3—previously reported onlyinfive- and six-layer
samples—occur in four-layer rhombohedral graphene as well. At the
same time, we find superconductivity—previously observed only in
two- and three-layer systems without hBN alignment—persists to four
layers and moreover survives a finite moiré potential. This suggests
alarge parameter space of substrate choice and graphene-substrate
alignmentangle® within which to optimize superconducting param-
eters. Even without further optimization, however, the exceptional
gate tunability of rhombohedral tetralayer graphene already allows
new experiments to probe the interface of superconducting and
topological phases.
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Methods

Sample fabrication

Rhombohedral graphene, hBN and WS, flakes, are prepared by mechani-
cal exfoliation on SiO,/Si substrates. The identification of rhombohe-
dral domain is accomplished through Raman spectroscopy using a
488-nm wavelength, then verified with Bruker photothermal atomic
force microsopy-infrared spectroscopy with finer resolution. The rhom-
bohedral domainis subsequently isolated by atomic force microsopy
anodic oxidation to prevent conversion of rhombohedral to Bernal
stacking order®**,

The stacking processis divided into two steps. First, for devices A-C,
hBNis picked up with a poly(bisphenol A carbonate) (PC) filmand used
to sequentially pick up agraphite bottom gate, hBN and graphite (for
contact material). The stack is then flipped with gold-coated polydi-
methylsiloxane (PDMS)-assisted flipping technique®, resulting ina
cleanbottom part.Second, agraphite exfoliated on PDMSis dropped on
hBN, then picked up with suspended PC at 120 °C, followed by picking
up therhombohedral graphene. Here we intentionally try to align the
straightedges of the hBN and the rhombohedral graphene to create the
moiré superlattice. This top partis then dropped onto the bottom part
andthe PCis melted at 180 °C. PCis washed with N-methylpyrrolidone.
After stacking, standard e-beam lithography and reactive-ion etching
areused and Cr/Au is deposited for electrodes.

For device D, a WS, layer is added for the bottom part to be on the
top surface. In addition, when arhombohedral graphene is picked up
fromthe substrate and put down to the bottom stack, anegative 3-5 Vis
applied tothe top gate while the silicon substrate and the rhombohedral
grapheneare grounded. The electrical connection to the top gate and
therhombohedral grapheneis achieved by making an electrode on PC
with agold stamping technique’®?, before picking up the rhombohedral
graphene. This strategy aims to promote hole doping of the graphene,
a condition known to favour rhombohedral stacking order®.

Device characterization and measurements

Electrical transport and penetration field capacitance measurements
are performed in a dilution refrigerator at the base temperature of
roughly 15 mK unless otherwise specified. Notably, compressibility
measurements are sensitive to impedances on the order of 100 MQ,
making them tolerant to the high contact resistances in our devices
at large D, which preclude transport measurements in this regime
(Extended Data Fig. 1e,f). Four-terminal resistance is measured
using lock-in amplifiers (Stanford Research Systems, SR860) with a
current amplifier (Basel Precision Instruments, SP983), with typical
a.c. excitations of 0.5-2nA at17.777 Hz. n. = (¢ ;V;; * ¢y Vio)/eand D =
(CigVig — CogVog)/2€, are calibrated by finite magnetic field Landaulevels
atelectrondopedside (n, > 0)around D=0V nm™, where ¢ and ¢,, are
the geometric capacitances per area of the top and bottom gates, e is
the elementary charge and €, is the vacuum permittivity.

Tomeasure the penetration field capacitance of the sample, we used
ahighelectron mobility transistor (HEMT) as described in ref. 23. Cali-
bration of the capacitance into inverse compressibility k = du/on, is
achieved by balancing the capacitance circuit when the sample is at
two different limits (metallic and insulating) as references, as described
inref. 54. Uncalibrated k is sometimes used when the interest of the
measurement is only to reveal the contrast between different states. We
limit the bias current through the HEMT to minimize the Joule heating,
especially whenit matters for measuring temperature dependencies of
Cland FCI(Fig.3e,f). We checked that the superconducting pocketis not
affected with HEMT operating, indicating the effective temperatureis
still close to the base temperature. Note that because devices A-C share
the same top and bottomgates (Extended DataFig. 1), our measurement
of capacitance sums all three devices. However, the phase diagrams of
individual devices from transport are nearly identical (Extended Data
Fig.12), hence mainly improving the signal to noise ratio in capacitance.

Owingto the device geometry, Hall resistance measured by the con-
figurations Ry3,, and R,, ;; shown in Extended Data Fig. 11 often cap-
tures R,,components. However, the measuredR,; ,,isequal toR,, in the
QAHregime, showing good quantization without any symmetrization
process as R, drops to zero in the regime. We plot the Onsager (anti-)
symmetrized R, = (R 3 + Ry314)/2 and Ry, = (Ry3 .4 — R4 13)/2 only when
finite R,, and geometric mixing hinders clear explanation (Fig. 1d-f,
Extended Data Fig. 3a,b,e and Extended Data Fig. 7). We plot the raw
resistances from configurations R, = Ry, ,;and R,, = R;5 ,, in the rest of
the paper. When taking magnetic field hysteresis for QAHat v=-1,
n. is tuned with B, to compensate the slope from the non-zero Chern
number and to stay in the QAH state (Fig. 1e,f, Extended Data Fig. 3a,b
and Extended Data Fig. 11).

Entering a valley polarized state from a state with no polarization
causes line-by-line switching events in two-dimensional data, as can
be seenin Fig. 4a and Extended Data Figs. 3a-c, 4b, 5a and 8a. This
behaviour can be attributed to magnetic domains that occur when
ferromagneticstates are ‘zero field cooled’. Because states of opposite
valley polarization are degenerate at a zero magnetic field, entering a
valley polarized state as a function of gates is expected to lead to an
arbitrary choice of one of the degenerate configurations. As in ferro-
magnets, other multi-domain configurations may also be close enough
in energy that they can be stabilized if the transition is crossed faster
thantherelevantrelaxation time. Notably, states with different valley
polarizations have different R,,, whereas multi-domain states will have
different R, aswell. Asaresult, repeated quenchinginto the polarized
state (as happens between lines) can stabilize states with different
measured transport properties, which resemble line-by-line switching
noise in the data. This switching noise reflects different microscopic
polarizations of the valley moments, and is suppressed by the applied
magneticfield, which favours a uniform polarization into asingle valley.

PVR of ABCA and ABCA/WS, devices

We compare the Paulilimit violationratio (PVR) between the hBN encap-
sulated ABCA (device A) and spin-orbit proximitized ABCA/WS, device
(device D). The measured B, at the base temperature is divided by
the Paulilimit B,=1.86 x T (7. taken at zero field) for a BCS (Bardeen,
Cooperand Schrieffer) superconductor, and definesPVR =8 /B,. The
raw datafor the extraction canbe found in Extended Data Fig. 4b,c for
superconductivity in ABCA, and Fig. 4b,c and Extended Data Fig. 9d,f
for SC1and SC2in ABCA/WS,.

Without spin-orbit coupling, PVR from superconductivity in ABCA
(Extended Data Fig. 4g) is around one or less as a function of doping,
showing agreementwith BCS theory. SC1from ABCA/WS, (which occurs
atasimilar position to superconductivity in ABCA) shows significantly
improved PVR due to the spin-orbit coupling (Extended Data Fig. 9e).
SC2from ABCA/WS, does not show animprovementin PVR (Extended
DataFig. 9k).
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Extended DataFig.1|Opticalimages and schematics ofthe devices, and
large range transport phase diagram from Device A. a, Optical microscope
image of the ABCA devices A, B,and C. They all share the common top and
bottom gates, hence the penetration capacitance measurement sums the
signals from the three devices. Device Ais where the main text transport data
are taken.Scalebar:2 um.b, Schematic of the devices A-C. ¢, Image of the
ABCA/WS,device Dwith the scale bar of2 um.d, Schematic for device D.
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e f,Largerangetransport phase diagrams fromdevice A. Electrical contact
issues prevent measuring statesat high |D|. Therange where Fig.lais takenis
outlinedinf. At charge neutrality, we observe aninsulating phase at high |D|
associated with alayer-polarized state and adistinctinsulator near D=0
associated withalayer-antiferromagnet®°°. Additional insulating states at v=—2
arealso observed, arising from the spontaneous formation of isospin polarized
correlatedinsulating states®.
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a,Magneticfield dependence of kforv=1and2/3at D=0.885V/nm.Thered dots
denote the peak position corresponding to theincompressible state appearing
atv=2/3whenB=0, whilethegreendots correspond to the peak position for
thev=1.b, Variation of the moirefilling, Av(B) for the threeincompressible
states asdetermined from the data plotted in panelaand Fig.3b. The dashed
linesrepresentlinear fits, with the slopesindicated in thelegend. The Chern

A, theareaofmoire unitcelland n., the carrier densityé’%v:14.Theobtained
C(v=1)=0.98+0.03,C(v=2/3)=0.64+0.03,and C(v=-1)=-4.0+0.1are
consistent with the expected Chernnumbers1,2/3,and -4, respectively,
assuming |n,,|=(2.15+0.05) x 10" cm ™ (determined by quantum oscillations
atD=0).Fractional Cherninsulator were also found in® -3,
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Extended DataFig.3|Energeticsof QAHatv=-1andv=+1.a-c, Temperature
dependenceof hysteresisloops of R, (@) and R, (c) takenat n,=-0.564 x 10> cm™
(when B,=0), showing the Curie temperature T¢,;. = 4.5 K. Panelbsummarizes
4R,,/2 (B,=0) (upper) and coercive field (lower) fromaas afunction of
temperature for clarity. d, Gap determination from x, showing the case of v=-1
Cherninsulator. Weintegrate k= dut/0n.above zero over the incompressible
peak to estimate the chemical potentialjump. e, Tdependence of k for v=-1
Cherninsulator.f, Activation gap measurement of the QAH stateatv=-1.The
inset shows the temperature dependence of R, as afunction of n,around the
quantized region of QAH. The dip atlow temperature corresponding to QAH
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regime fillsup as Tincreases. The main panel shows temperature dependence
of R,.inside of the dip (at the same position asaandc). Theactivationgap 4 can
be obtained by the Arrhenius fitting following R ...~ ™/®". We find around a
decade of linear activation for different temperature ranges, which gives
A,=2.8+0.5Kforlowtemperatureand4,=10 2K forintermediate temperature
regimes. A, agrees better to the measured thermodynamic gap fromd. We
interpret the smaller gap (4,) extracted at lower temperature as arising from
disorder-mediate hopping®*. a-fare takenat D=-0.208 V/nm. g, Tdependence
of kforv=+1CherninsulatoratD=0.835V/nm.
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macroscopicinterferenceis observed, corroborating coherence of the
superconducting state. f, Temperature dependent Vvs/,.taken at
n,=-1.879x10"? cm . The green dashed line indicates where V< P, showing
Tsr=40 mK. g, Paulilimit violation ratio (PVR) as afunction of n,, showing
overall obedience of the Paulilimit (see Methods for the discussion). All data
herearetakenatD=-0.138 V/nm.
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Extended DataFig. 6| Anomalous Hall effect and electrical switching
aroundv--2.5.a, (n., D) dependent R, at B,=30 mT with n,as the fast sweep
axis fromrightto left. b, same as (a) but with the opposite sweep direction.

¢, k=0u/on.fromthe penetration capacitance atthesamerangeasaandb.
d,e, (n,,B,) dependent R, with different sweep directionsin n,. The magnetic
moment m of the state changes sign around n,=-1.5x102 cm2when B, is

Time (hr)

around zero, and the mechanism of the electrical switch is similar to the
mechanism discussedinFig.2.f, Resistance difference between R,, when
sweepingupinB,andR,, sweepingdowninB,.g, Non-volatile switching of the
two states, controlled by B,and n,.d-g are taken with D=-0.102 V/nm. All data
hereare takenat 200 mK.
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electrical switching exists. ¢, d, Sameasaandb, but B;= 0 mT. The switchingis
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manifesting critical current/.=2 nA and critical field B.around 1.5 mT.
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Hall phase, we find R, <0, which may be associated with coupling of edge modes

vialocalized states®°°.
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fromtheresistance dip are similar to the superconductivity in device A, despite
thefactthat the resistance does not drop to zero due to the mixing of filtering
grounds for different contactsindevices Band C. Curves are offset by 100 Q for
clarity. e-h, Dataset from Device C. (n,, D) dependent R, (€), R, hysteresis loop
for QAH state takenat n,=-0.562 x10">cm2and D=-0.208 V/nm (f), B,and
Tdependence of R, for the superconducting state takenat D=-0.131V/nm (g).
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