


Extended DataFig.7|Superconductivitiesindevice T1.a, Optical micrograph
and device configuration, in which electrons are polarized to the bottom layer
oftetralayer graphene with WSe, at proximity. Scale bar, 3 pm.b,c, The n.-D
mapsofR,.atB, =0 Tandbase temperature, corresponding to opposite
sweepingdirections of n., respectively. Three superconducting regionslabelled
as SC1-SC3similartoindevices T2and T3 canbe seen. Some fluctuations can
beseeninSC1,SC2andthe neighbouring metallicregion.d, The n.-D map of
R,.atB, =1.5Tandbase temperature, featuring the quantum oscillations of a

QMtotherightoftheSClregion.e,f, Then.-DmapofR,,andR,,atB, =0.1T
and base temperature. The fluctuationsand SC3 are both suppressed, similar
tothoseobservedindevice T2.g-j, Magnetic hysteresis scans of R, taken at
thedot, triangle, diamond and star positionsin f, showing jumps/loops thatare
consistent with the anomalous Hall signalsinf. k,I, Representative magnetic
hysteresis of R takeninSC1 (atn, = 0.54 x 10 cm2and D/, =1.03Vnm™) and
SC2(atn.=0.72x10"2 cm2and D/g,=1.17V nm™).
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Extended DataFig. 8| Temperature and magnetic field dependence of
superconductivityindevice T1. a-c, Temperature dependence of R,,, the
differenceresistance dV,,/d/versus/and the BKT fitting of SC1, respectively.
d, Temperature-dependent antisymmetrized R,, hysteresis atastatein SC1.
e-g, Temperature dependence of R,,, the difference resistance dV/d/versus/
and the BKT fitting of SC2, respectively. h, Temperature-dependent
antisymmetrized R, hysteresis atastateinSC2.1i,j, R,,and R, asafunctionof
n.and B, atD/g,=1.075V nm™ (corresponding to SC1), respectively. The phase
boundary betweenthe QM and SC1remains at the same n,, indicating that the
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orbital magnetismis continuous across theboundary and SClis orbital magnetic.
k1, R, andR, asafunctionof n,and B, at D/e,=1.03Vnm™ (corresponding to
SC1), respectively. The phase boundary between the QM and SC1remains atthe
same n., whereas the left boundary of SC1even moves against the neighbouring
state inmagnetic field, confirming the orbital magnetic nature of SC1.m,n, R,
andR,,asafunctionofn.and B, at D/e,=1.17 V nm™ (corresponding to SC2),
respectively. The phase boundariesbetween SC2 and neighbouring states
move towards SC2 under magnetic field.
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Extended DataFig.9|SuperconductivitiesindeviceP1. a, Optical micrograph
ofthe device.Scalebar,3 um.b, The n.-D map ofR,,at B, =1.5 T and base
temperature, featuring the quantum oscillations corresponding to the QM
state neighbouring SC1. ¢,d, The n.-Dmap of R,,andR,,at B, =0.1 Tand base
temperature, respectively. e,f, Magnetic hysteresis of R,, at the green triangle
andsquare positionsind.g,h, Temperature dependence of antisymmetrized
R,,inSCl(correspondingtothered dotpositionind)and SC2 (corresponding
totheblue dot positionind), respectively. Curves are shifted vertically for
clarity. h,i,R,,andR,,asafunction of n.and B, at D/e, = 0.955V nm™, respectively.
The phaseboundary between the QM and SC1 shifts to slightly higher density,
suggesting the orbital magnetic nature of SC1.j, The n.-Bmap of R, at D/e, =
1.05V nm™, cutting through SC2. k, Magnetic field dependence of R ..in two
representative statesinside SC1. We use 10% (indicated by the blue dots) of the
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normal stateresistance to extractthe 7.and 5% (red dots) and 15% (green dots)
ofthe normalstateresistance to extract the uncertainty of 7.in Fig. 5.1,dV,,/d/
versus/inSClandSC2at (0.61x10>cm™,0.94 Vnm™) and (0.85x 10 cm,
1.05Vnm™), respectively, featuring zero resistance at small currentand the
resistance spikes at critical current.m, The n.-D map of R, highlighting

(by the orange dashed curve) the phase boundary between the spin-polarized
and valley-polarized QM and an UM. n, Temperature-dependentR,, linecut at
D/g,=0.92V nm™, inwhich the QM-UM phase boundary (indicated by the
orange dashed arrow) gradually shifts as Tis lowered. The SC1state develops
totheright oftheboundary, indicating the QM as the parent state of SC1.

o, Linecuts from n, showing the QM-UM phase boundary as akink (orange arrow)
inR,,, whichshifts tolower n. as Tis lowered.
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Extended DataFig.10|SuperconductivitiesindeviceP2.a, Opticalmicrograph
andillustration of the device configuration. Scale bar, 3 pm. b, Magnetic
hysteresisin SC1 (atn, = 0.61 x 10" cm2and D/e, = 0.95V nm™) and SC2
(atn,=0.87 x10” cm™and D/s,=1.07 V nm™) at base temperature, respectively.
¢, Then.-Dmap of R, at zero magnetic field, featuring SC1-SC3.d, The n.-D
mapofR,.atB, =1.5T, featuring the QM state to the higher density side of SC1.

e f, Then.-DmapofR,,andR,,atB, =0.1Tand base temperature.g, Temperature-
dependent magnetic hysteresis of R, at the star positionine. Curvesare
shifted vertically for clarity. h,i, R,.and R, as afunction of n.and B, along the
dashedlineine, respectively. The phase boundary betweenthe QM and SC1
shifts toslightly higher density, suggesting the orbital magnetic nature of SC1.
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Extended DataFig.11|Comparisonbetween the highest superconducting
transition temperatures of SClindevices T1-T3 and P1.a-d, Upper panels,
R,.asafunctionof temperature and charge density at aconstant D that
correspondstothe highest 7, inthe four devices, respectively. Lower panels,
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the same plots asin the upper panels with asmall unified colour scale for a fair
comparison. The BKT fitting reveals anincrease of Ty from device T1to T3,
corresponding to a weakening of spin-orbit-coupling effect.
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n.=0.5%x10"”cm?2intetralayer graphene. ¢, Calculation at a fixed potential
difference A =110 meVin pentalayer graphene.d, Calculationatafixed charge
density n.= 0.6 x 10> cm™in pentalayer graphene.

Extended DataFig.12|Calculation of the effective mass and Fermi energy
intetralayer and pentalayer rhombohedral graphene. a, Calculationata
fixed potential difference between the top-most and bottom-most layers
A=90meVintetralayer graphene.b, Calculation at a fixed charge density





