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Rhombohedral graphene at charge neutrality hosts an unusual low-energy

electronic wavefunction that is predominantly localized at its top and
bottom layers and has negligible presence in the bulk. Increasing the
number of graphene layers amplifies the density of states near charge
neutrality and thereby enhances the susceptibility to symmetry-breaking
phases. Here we report superconductivity in rhombohedral graphene
arising from this charge-delocalized semimetallic normal state, which
ischaracterized by coexisting valence- and conduction-band Fermi
pockets split over opposite crystal surfaces. In octalayer graphene, the
superconductivity appearsin five apparently distinct regions of the phase
diagram for each sign of an external electric displacement field. In a moiré
superlattice sample where heptalayer graphene is aligned on one side to
hexagonal boronnitride, two regions of superconductivity emerge from
asingle sharp resistive feature. At higher displacement field, the same
resistive feature additionally induces an anomalous Hall state quantized at
h/e* when the doping is close to one electron per moiré unit cell. Our findings
highlight the various superconducting regimes in multilayer graphene and
create opportunities for coupling to nearby topological states.

Chiral stacking of graphene in the metastable rhombohedral (ABC)
configuration gives rise to unique low-energy electronic proper-
ties characterized by flat bands and non-trivial topology'~. Much
of the existing work on this material has focused on new ground
states that emerge when a sizeable interlayer displacement field
(D) opens a gap at the charge neutrality point (CNP)®. Within this
gapped regime, the enhanced density of states (DOS) near the valence-
and conduction-band edges promotes superconductivity’ " along
with spontaneous spin or valley polarization in line with the Stoner
criterion®®?, Recently, compelling signatures of chiral super-
condctivity have been observed at small electron doping of the flat

conduction-band edge in four- to six-layer samples™". When asuper-
lattice potential is further introduced by close rotational alignment
of graphene with hexagonal boron nitride (hBN), many-body gaps
open at commensurate filling factors of the moiré unit cell. Over a
similar range of doping and displacement field that hosts the puta-
tive chiral superconductivity in misaligned samples, moiré devices
instead exhibitinteger quantum anomalous Hall (IQAH) and fractional
quantum anomalous Hall states?* ™,

The regime of small interlayer potentials, in which the valence
and conduction bands overlap at the Fermilevel to form a semimetal,
also hosts a large DOS yet remains far less explored. Substantial
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Fig. 1| Semimetallic properties of rhombohedral graphene and transportin
anR8Gdevice. a, Left: schematic of aunit cell of R8G. Red and blue denote the
atoms that do not form dimers. The R8G is encapsulated by hBN on both sides,
with graphite top and bottom gates. Right: calculated DOS resolved by layer
number for the valence and conduction bands at n=-1.95 x 10 cm2and
D=0.178 Vnm™. b, Measurement of p,, versus nand D in an R8G sample without
hBN alignment. Arrows denote measurement artefacts (along fixed V,and V)
arising from the change in silicon gate bias, AV,;. ¢, Schematic denoting some
of the key transport features seen inb. Band insulators (correlated insulator)
atthe CNP are denoted inred (dark orange). The light orange indicates a
symmetry-broken metallic phase adjacent to the CNP. Dashed and solid lines
trace the positions of resistive bump features. Blue pockets correspond to
superconductivity. d, Calculated band structure (k, is the wavenumber and
a=2.46 Aisthe graphene lattice constant), at n=-5.52 x 10 cm2and
D=0.1Vnm™(left) and n=-4.87 x10? cm2and D=0.026 V nm™ (right),

corresponding to the red triangle and square inb, respectively. The colour
codingindicates the average layer polarization of each state. The top (bottom)
inset shows the constant energy contour of the conduction (valence) band
atthe Fermi energy (£=0). White colouring indicates empty states. e, Map

of the calculated DOS at £.. Solid and dashed lines trace out local maxima or
abrupt steps in the DOS, and they separate regions of parameter space with
distinct Fermi-surface topologies (shown in blue and black for the valence and
conductionbands, respectively). The solid black curve traces the crossover
between the band-overlapping region (circular data points) and band-isolated
region (square data points), and can be compared directly with the black
linesin c.f, Landau fan diagram measured by sweeping V, for fixed V,=-6.0 V,
corresponding to the black dashed lineinb. g, Fourier transform of the data
inf, plotted as a function of f, (frequency normalized by the Luttinger volume,
n(h/e)).f;and f,denote the dominant frequency in the band-isolated and band-
overlapping regimes, respectively. min, minimum; max, maximum.

charge doping and displacement field are required to move the Fermi
energy F; out of this semimetallic regime, creating a sizeable area of
parameter space in which rhombohedral multilayer graphene acts
as a strongly correlated semimetal. Figure 1a shows a schematic of a
rhombohedral octalayer graphene (R8G) device next to a calculation
of the layer-resolved DOS at a doping of n=-1.95x10%cm2and D =
0.178 Vnm™. The conduction band is exponentially localized on the
top layer. The valence band is predominantly localized on the bottom
layer, but decays more slowly into the bulk before showing a small
secondary peak onthetop layer. This behaviour canbe understoodin
analogy withthe topological edge states of the Su-Schrieffer-Heeger
chain model***%, and it demonstrates the propensity for charges in

rhombohedral graphene to occupy both surfaces simultaneously
with minimal density in the central layers. The bifurcated charge dis-
tribution is distinct from that of conventional semimetals, in which
electron-and hole-like carriers exhibit a substantial spatial overlap.

Our main observationis that this distinctive semimetallicnormal
state hosts pockets of superconductivity for which the distribution
of the wavefunction along the c axis emerges as a crucial degree of
freedomthat affects the pairing. In the moiré superlattice sample, the
superconductivity emerges from a feature associated with the conduc-
tion band in the semimetallic region at small D, which then evolves to
anlQAH state at large D with transverse resistance quantized to +h/e?,
where histhe Planck constant and ethe elementary charge.
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Dual-surface charge distribution

We first established the phase boundaries separating the semimetallic
region of rhombohedral graphene fromregions where the Fermilevel
crosses only one band. We did this by comparing transport measure-
ments with band-structure and Hartree-Fock calculations (full details
provided in Methods and Supplementary Information Section II).
Although we focused on R8G, our discussion generalizes to a broad
range of layer numbers.

Figure 1b shows the longitudinal resistivity (p,,) measured for
an R8G sample acquired by independently varying the top- and
bottom-gate voltages, V,and V,, and converting the values to nand D
throughastandard linear mapping (Methods and Extended Data Fig.1).
The data reproduce several features familiar from earlier studies of
rhombohedralgraphene,includingbandinsulatorsatthe CNPatlargeD,
acorrelatedinsulatoratthe CNP centredaround D=0 (refs.19,20,28-30)
and asurrounding region of elevated resistance that has been associ-
ated with asymmetry-broken phase®. Figure 1cis aschematic diagram
ofthese and other key features.

Separately, we calculated the band structure (for example, Fig.1d)
tovisualize the layer polarization of the bands and to generate amap of
the DOS at the Fermi energy (Fig. 1e). Crucially, each point in this map
was obtained from a self-consistent electrostatic calculation, which
enabled an accurate conversion to the experimentally relevant n and
D values® (Methods). The calculation predicted a contiguous region
surrounding the CNP and centred about D=0 inwhich the Fermilevel
crosses through both the valence and conduction bands. The bounda-
ries of this region are denoted by the solid black outline superimposed
onthemapinFig.le.Inside thisregion, Fermisurfaces for the valence
band (blue) coexist with those for the conduction band (black). Out-
side, representative sketches illustrate the changing topology of the
single Fermisurfaces withnand D.

The calculationreproduces several salient features of the experi-
ment. Notably, the transport map exhibits diagonal jets of weakly
enhanced p,, that emerge upon opening the large-D gap at charge
neutrality. These jets follow trajectories of nearly fixed V; or V,, forn<O0,
denoted by the solid black lines in Fig. 1c, that closely correspond
to the equivalent segments of the outline in the DOS map. Thus, we
interpret these jets as enclosing the region of n-D space in which the
R8Gis asemimetal.

To support this interpretation, we examine a Landau fan dia-
gramtaken alongtheblack dashed linein Fig.1b, which crosses one of
the jets. The magnetic field (B) and V, were swept at fixed V; (Fig. 1f).
The quantum oscillations (QOs) at very negative n follow the Stifeda
formula, which projects to n =0 at B= 0. Upon crossing the jet at n
=-5.18 x 102 cm, those oscillations become nearly horizontal and
almost insensitive to V,, as if screened, and another series of features
appears, dispersing towards the same V,value that corresponds to the
position of the jet. A Fourier transform of the unscreened region (left
half of the graph) shows a dominant frequency (f,) slightly above 1/4
(Fig.1g), consistent with afourfold-degenerate annular Fermi surface
(Methods). This frequency was nearly constant at large negative n but
increased upon crossing the jet, consistent with the simultaneousfilling
of another conduction-band Fermi pocket. Evidence supporting the
interpretation of the jets as the boundary of the dual-surface polarized
regime is shownin Supplementary Information Fig. 8.

These observations agree well with the band-structure calcu-
lations corresponding to points of the Landau fan on either side of
the jet (Fig. 1d), which show fourfold-degenerate isolated valence
bands at the Fermi energy on one side and overlapping valence and
conductionbands at the Fermi energy on the other. However, we note
that our Hartree-Fock calculations do not include the possibility of
symmetry-broken states. Within the semimetallic regime, spin- or
valley-polarized orders may form, as may a layer-antiferromagnetic
order in which opposite-spin bands become layer polarized to the
outer surfaces. The screening-derived boundaries in Fig. 1e mark the

onset of dual-surface carriers. They do not by themselves distinguish
aband-overlapping semimetal from a dual-surface state arising from
layer-polarized bands within an interaction-driven phase. Although
more detailed calculations will help refine our understanding of the
symmetry-brokenphasesacross the (n, D) plane, we expect the bounda-
ries of the dual-surface polarized region to remain roughly unchanged,
consistent with the screening behaviour observed when measuring the
QOs (see further discussion in Methods).

Superconductivity in semimetallic R8G

We found ten low-resistance pockets within the band-overlapping
region, which, as we show below, correspond to the emergence of
superconductivity (Fig. 1b,c). Five pockets appear for each sign of D,
labelled SC1gto SC5¢for D> 0 (the subscript denotes the total number of
graphene layers). We henceforth restrict our focus to the three pockets
thatappear near V,= 0 (SC2,,SC3gand SC4,), and we analyse the other
two pockets (SClgand SC5g) and their D < 0 counterparts in Extended
Data Figs. 2-4. Figure 2a,b shows detailed p,, maps of the region sur-
rounding these pockets, taken at 7=270 mK and 8 mK, respectively.
Contours of slightly elevated resistance, as seen at higher temperature,
developedintothree pockets of deeply suppressed p,, at the base tem-
perature. Figure 2c,d shows p,, versus Tand B for the three pockets
(taken by sweeping V, at fixed V;), which exhibit three dome-like struc-
tures consistent with superconductivity. The critical temperatures are
small, with 7, =20 mK to 170 mK (Fig. 2c and Extended Data Table 1).
The corresponding critical fields are similarly low, with B, of the order
of a few millitesla or less. Measurements of dV/d/ versus d.c. bias cur-
rent/,.and Balso show distinct nonlinearities characteristic of super-
conductivity (Extended Data Fig. 3). However, the resistance did not
reach zero in any of the five pockets, and dV/d/ measurements show
unexpected peaksat/,.=0. These peaks are contact-specificand could
be eliminated by changing the voltage probes (see further discussion
in Methods, Extended Data Fig. 5 and Supplementary Information
Fig. 9). Although we do not know its origins, we note that a non-zero
saturation of resistance is commonly reported in low-T, pockets of
rhombohedral graphene”'* 1434,

Itisnotable thatall the superconducting pockets appeared along
anearly fixed value of V, (V) for D> 0 (D < 0). We speculate that this may
have arisenbecause charge carriersin the normal state resided mainly
on the two outer crystal surfaces and were separated by a low-DOS
bulk (Fig. 1a). The system thus behaved as two nearly isolated elec-
tron gases, held atacommon chemical potential by the small fraction
of layer-delocalized states. Each gate coupled most strongly to the
surface closest to it, with minimal cross-influence due to screening®,
locking features to nearly fixed V, or V, rather than along the usual n
and D axes. Thisscreening behaviour canbe directly understood from
the Hartree-Fock band-structure calculations (for example, Fig. 1d),
in which the colour scale denotes the average layer polarization of
eachstate. States near the Kand K’ points (k= 0) predominantly reside
on the outer surfaces and can screen their neighbouring gates when
populated, whereas states at larger |k| are layer-delocalized and leak
across the bulk of the rhombohedral flake. As argued in ref. 32 and
Supplementary Information Section I, this spatial structure of the
wavefunction naturally gives rise to a single-gate-tracking behaviour,
exemplified by the diagonal semimetallic phase boundaries forn<0
inFig.1e.Inthis context, the five pockets of superconductivity appar-
ently correspond to a nearly constant doping of the surface carrying
the conduction band and are modulated by doping the valence band,
whichreside primarily on the opposite surface.

We know of no other material system in which superconductivity
forms from such a charge-bifurcated distribution, with valence and
conduction bands polarized to opposite surfaces. An open questionis
whether superconducting gaps formin both the valence and conduc-
tion bands simultaneously, andif so, whether the gaps are comparable
inmagnitude or whether onebandinstead induces superconductivity
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Fig. 2| Superconductivity in the dual-surface carrier regime of R8G. a,
Zoomed-in map of p,, versus V,and V, at T=270 mK and B=0.b, The same map
at T=8 mK. ¢, Measurements of p,, versus V; and T at fixed V,=-2.55V.d, Similar
measurement versus B. e, Line traces of p,, versus V, from cat various selected T.
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f, Calculated Hartree-Fock band structure, £ versus k,and k,, at n=-1.96 x

102 cm™and D=0.203 V nm™ corresponding to the position of the blue starin a.
The conduction (valence) band is shown in purple (orange). The Fermi surface is
denoted at £ =0 withasolid black outline.

inthe other through a proximity effect. At minimum, the gate-tracking
characteristics described above indicate that both bands play a role
in the superconductivity. This observation invites considerations of
how the extended spatial distribution of the wavefunction is mani-
fest in attempts to theoretically describe pairing in this system. Our
band-structure calculations are especially noteworthy for values of n
and D around where SC24, SC3;and SC4¢appear, in which alocal maxi-
muminthe DOS coincides with aLifshitz transitionin the valence band
and a small simply-connected Fermi pocket from the conduction band
(Figs. 1e and 2f). We emphasize the distinction from other crystalline
graphene systems, where superconductivity likewise tracks features
potentially associated with a high DOS but without the extrainterplay
provided by the charge-delocalized semimetallic normal state. Fur-
ther work will be needed to understand which features of each band
promote superconductivity.

Superconductivity inamoiré R7G sample

The complementary role of layer-polarized conduction and valence
bandsininducing superconductivity is even more clear in measure-
ments of asample of rhombohedral heptalayer graphene (R7G) that
is aligned with hBN to give a 13.5-nm moiré superlattice. Figure 3ais
amap of p,,asafunction of V, and V. for the R7G sample at B= 0. Key
features are summarized schematically in the inset. Compared with
the misaligned R8G device, this sample lacked the correlated insulator
and symmetry-broken metalnear n=D=0,butatlarger D, it developed
correlated insulating states at commensurate fillings v of the moiré
conduction band (Extended Data Fig. 1). We observed two distinct
superconducting pockets (SC1, and SC2,) emerging out of a sharp
resistance bump feature that tracked fixed V, (shownin light blue in

the schematic in Fig. 3a). The more robust pocket, SC1, is bounded
by two perpendicular bumps that closely track fixed V, (Fig. 3b and
Extended Data Fig. 6). This bounding is like the features associated
with the SC55 pocket in the R8G sample (Extended Data Fig. 7). The
weaker pocket, SC2,, is also directly connected to a perpendicular
resistance bump. Both SC1,and SC2, lay within the band-overlapping
regime, as determined by our analysis of Landau fans taken across
the jetemerging from the large-Dinsulating state at the CNP (Fig. 3c;
further data and analysis in Methods, Extended Data Fig. 8 and Sup-
plementary Information Fig. 6). In particular, in Fig. 3c we see a dis-
persing sequence of QOs with f,=1/4 for V, 5 —4.75V and screening of
those QOs with a corresponding rapid increase of f, for V., > -4.75V,
indicating that the jet from the CNP defines the band-overlapping
to band-isolated region, analogous to the behaviour seen in the
R8G sample.

Figure 3d,e shows measurements of p,, for SC1, versus Tand B as
V. is swept at fixed V, =1.40 V. Both exhibit characteristic domes like
those seenin R8G. Figure 3f displays line traces of p,, versus V, for sev-
eral selected T. There was a small bump in the resistance at higher T,
which developedintoadeep suppression of p,, at the base temperature.
The measured p,, versus Tshownin the leftinset highlights the abrupt
downturn of theresistance below approximately 90 millikelvin, before
it saturated near 20 Q. The dV/d/ measurements in the right inset of
Fig. 3f provide further evidence for superconductivity, as there were
sharp peaksatacritical current of approximately 15 nanoamperes and a
recovery of nearly linear transport above B.. Analogous measurements
for SC2, are shownin Extended Data Fig. 9.

The p,,bump that developed into the two superconducting pock-
ets in R7G clearly seems to be a feature of the conduction band, as
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Fig. 3| Superconductivity in amoiré R7G device. a, Map of p,, versus V,and V,
taken at the base temperature and B= 0. Inset: schematic denoting some of the
key transport features. Trivial (Chern) insulators atinteger vare showninred
(pink). Black and blue curves denote resistance bump features. Dark blue pockets
correspond to superconductivity. b, Zoomed-in map of p,, around the region of
SC1,.c, Top: Landau fan taken by sweeping V, at fixed V,=2.1Valong the black
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denoting the dominant frequencies seen in the FFT. Background colours
denote the band-isolated (yellow) and band-overlapping regions (purple).

d, Measurements of p,, versus V,and T at fixed V,=1.4 V.e, Similar measurement
versus B.f, Line traces of p,, at various selected T. Left inset: measurement of p,,
versus T. Right inset: measurement of dV/d/versus /;.and B. Measurements in
bothinsets were taken at the optimal doping of SC1, (V,=-3.22Vand V,=14 V).

it persisted into the electron-doped region (n > 0) at large D when
agap opened at the CNP and because its trajectory became nearly
independent of V, within the dual-surface regime due to screening
from coexisting valence band states on the bottom surface. A detailed
analysis of the QOs in Landau fan measurements across the bump
feature indicated that it separated an isospin-unpolarized metal to
theleft fromaspin-polarized half-metal to the right (Fig. 3¢c), although
alternative interpretations remain possible (Methods). The resistive
bump shifted to more negative V, withincreasing B (Fig. 3¢c), consistent
with aspin-polarized stateto theright gaining Zeeman energy over the
unpolarized state to the left.

In this picture, SC1, is associated with electrons in the conduc-
tion band, lies on the boundary between isospin-unpolarized and
isospin-polarized states, and is turned on and off by valence band
features from the opposite crystal surface. Indeed, in-plane field
measurements of the superconductivity indicate spin-polarized
ordering®. SC2, shares similar characteristics. Both pockets
appeared only when conduction band states were polarized away
from the moiré interface (with the hBN aligned to the bottom sur-
face), indicating that superconductivity is disfavoured when these
states are moiré-adjacent. These conclusions are supported by our
self-consistent Hartree-Fock simulations, which show that the
presence of a moiré superlattice disfavours the charge-separated

semimetal for displacement fields polarizing the conduction band
towards the moiré interface (see Supplementary Information Section I
for afurther discussion).

Cherninsulator at large displacement field

Last, we show that the same conduction-band feature that hosts
superconductivity in the semimetallic region of the moiré R7G
device also hosts an IQAH state once the bands are separated, with
quantization of the Hall resistance to p,, = +h/e’. Upon increasing D
and exiting the semimetallic regime, the resistance bump abruptly
became responsive toboth V,and V,, consistent with adisappearance
ofvalence-band-mediated screening from the remote gate. Figure 4a,b
shows two-dimensional scans along the n and D axes correspond-
ing to the top left corner of Fig. 3a. These scans show the evolution
of the resistive bump into an IQAH state when it driftstov=1atD >
0.58 Vnm™. The IQAH state is marked by the simultaneous suppression
of p, towards zero (Fig. 4a,e) and quantization of |p,,| to h/e* (Fig. 4b,e).
InaLandau fan (Fig. 4c,d), the relevant p,, and p,, featured a slope
withatrajectory consistent with C=+1under the Stfeda formulaand
persisted to at least 8 T. Other sweeps taken at v=1.06 while cycling
B (Fig. 4f) show a single hysteresis loop with p,, switching between
+h/e?, which provides definitive evidence for the |C| =11QAH state.
Theappearance of alQAH state with Chernnumber C=1at high Disin
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line with previous measurements on four-to ten-layer rhombohedral
graphene® 3¢,

Two featuresin Fig. 4 extend beyond conventional IQAH phenom-
enology. First, the Cherninsulator was apparently not pinned exactly to
v=1(Extended DataFig.10).Infact, allthe correlated insulators onthe
moiré-remote side shifted progressively away frominteger vas D was
increased (Supplementary Information Fig.4), underscoring the need
to clarify the experimental conditions for opening many-body gapsin
thicker rhombohedral samples. By contrast, the correlated insulators
onthe moiré-adjacent side did not exhibit this behaviour.Second, the
Landau fan revealed another C = -1 state that emerged abruptly for
B> 0.6 T, like behaviour recently reported in moiré rhombohedral
hexalayer graphene® and twisted bilayer-trilayer graphene”.

Discussion

Superconductivity appears widely across crystalline graphene multilay-
ers,butitisunclear whether the underlying pairing mechanism is uni-
versal. The unusual charge-delocalized semimetallic normal state that
we identified introduces a theoretical scenario in which two spatially
separated electronic reservoirs can interact to reshape the effective
pairing interaction. Gate-tracking behaviour in both R8G and moiré
R7Gindicates that superconductivity is primarily tied to featuresin the
conductionband, indicating that the valence band plays asecondary—
yetstillimportant—role. Regardless of the pairing mechanism, super-
conductivity requires an attractive interaction to overcome the renor-
malized Coulomb repulsion. Within the Tolmachev-Anderson-Morel
framework for phonon-mediated superconductivity***, other carriers
inthe valence band could enhance screening and thereby strengthen
the pairing. Alternatively, the charge-separated geometry resembles

‘synthetic’ electronic pairing proposals*°~*® in which one charge layer
mediates an effective attraction in another (for example, dynamical,
excitonic or Kohn-Luttinger scenarios). Furthermore, the propensity
of crystalline graphene systems for symmetry-breaking necessitates
consideration of pairing arising from fluctuations in the isospin degrees
of freedom*, in which screening from the extra charge layer would
naively suppress Coulomb-driven pairing; however, careful consid-
erationisrequired.

Estimates of the superconducting coherence length, mean
free path and Fermi wavevectors place the system in the clean,
weak-coupling limit, although extracting these parameters is com-
plicated by the coexistence of valence- and conduction-band carriers
(Methods and Extended Data Table 1). If confirmed, this regime renders
the pairing probleminrhombohedral graphene particularly amenable
to controlled theoretical treatments. Future experiments tracking the
evolution of superconductivity inthe semimetallicregime as afunction
ofthelayer number will probably be helpful for unravellingits nature.
Arecent study of rhombohedral hexalayer graphene revealed super-
conductivity inasimilar region of parameter space as the SC34 pocket”;
our measurements extend the presence of superconductivity beyond
six-layer samples, motivating the possibility that it persists into the
regime of bulk rhombohedral graphite. Thicker flakes are of particular
interest because the larger spatial separation of the two surfaces could
further modify the presence and strength of the superconductivity.

Takentogether, our findings raise questions about superconduc-
tivity ingraphene multilayers, in which the highly non-uniform charge
distribution along the stacking axis seems to play akey role in pairing.
They also reveal intriguing connections between superconductiv-
ity and topological many-body phases in moiré superlattices. The
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evolution of a sharp resistive bump feature from a superconducting
state at low D into an IQAH state at higher D in moiré R7G highlights
the versatility of this platform for studying the interplay between
superconductivity and topology.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability areavailable at https://doi.org/10.1038/s41567-026-03277-5.
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Methods

Device fabrication

We firstidentified regions of probable rhombohedral stacking within
flakes of exfoliated graphene using aninfrared camera mounted on
an optical microscope. We then mapped the stacking domains in
detail with amplitude-modulated Kelvin probe force microscopy
using an atomic force microscope (Bruker Icon) with an SCM-PIT-V2
tip**. Therhombohedral region of interest was subsequently isolated
using a resist-free local-anodic-oxidation nanolithography pro-
cess'®. To create the van der Waals heterostructure, we first prepared
the bottom portion of the stack by picking up an hBN and graphite
dielectric/back gate and placing them onto an SiO, substrate. We
then cleaned the surface of the hBN using contact-mode atomic
force microscopy (using an OTESPA-R3 atomic force microscope tip
and aline spacing of ~100 nm). We separately prepared the top half
of the stack, consisting of graphite/hBN/rhombohedral graphene,
and deposited it onto the back half. We used standard dry-transfer
techniques with a polycarbonate film on a polydimethylsiloxane
stamp for all van der Waals assembly. For the moiré R7G sample, the
straight edges of the rhombohedral-graphene flake were aligned to
those of the hBN.

After stacking, standard device fabrication procedures were
employedto create the dual-gated Hall bar device (reactive-ion etching
andevaporationof 7/70 nmof Cr/Au, allusing poly(methyl methacrylate)
masks patterned by electron-beam lithography). Extended Data Fig. 1
shows optical micrographs of the completed devices.

Transport measurements

Transport measurements were carried out in a dilution refrigerator
(Bluefors XLD) with a one-axis superconducting magnet. Both devices
were subsequently measured in a dilution refrigerator (Bluefors LD)
equipped with a three-axis superconducting vector magnet. Unless
otherwise specified, measurements were carried out at the nominal
base mixing chamber temperature of the fridge (7=8 mK, as meas-
ured by afactory-supplied RuO, sensor). Four-terminal lock-in meas-
urements were performed by sourcing a small alternating current
between /,. =100 pA and 6.67 nA at a frequency <40 Hz, which was
chosentoaccurately capture sensitive transport features while mini-
mizingelectronic noise. The reported resistances may have a system-
aticuncertainty of afew per cent owing to the different voltage-divider
configurations used toadd ad.c. bias. When measuring the IQAH state,
we calibrated the current more precisely to minimize this error. All
P and dV/dI measurements are presented after multiplying the raw
measured resistance values by the aspectratio W/L, set by the width W
andlength L of the portion of the Hall bar between the voltage probes.
In addition, a global bottom-gate voltage between -20 V and +20 V
was applied to the Sisubstrate toimprove the contact resistance. The
silicon gate voltage was adjusted between different portions of the
map shown in Fig. 1b, resulting in the artificial boundaries indicated
by the black arrows.

The charge carrier density nand the out-of-plane electric displace-
ment field D were defined according to n=(G,V, +CV;) /e and
D = (G, Vy, — C V) 12¢y, where C,and C, are the top- and bottom-gate
capacitance per unit area and €, is the vacuum permittivity. C,and C,
were estimated by fitting the slopes of the quantum Hall states in the
Landau fan diagrams. We note that our definition of D has the opposite
sign convention fromstandard electrostatics, such that the IQAH state
inthe R7G device appears at D> 0, asis common in the literature.

In some Landau fan diagrams, we symmetrized p,, and antisym-
metrized p,, to reduce the effects of geometric mixing following
the relations p,, = (0 (B > 0) + p (B < 0))/2 and p,, = (0B > 0)—
Pxy(B < 0))/2. In measurements of superconductivity versus B, we
adjusted the nominal value of Bby a few milliteslasuch that the p,, data
were symmetric about B =0, which was necessary due to the small,
trapped flux in the superconducting magnet coil.

The two-terminal resistance of all the contacts used in the meas-
urements of SC1,and SC2, in the moiré-R7G device was between 4 kQ
and10.2 kQ, anditexhibited alinear response over the range of a.c.and
d.c.biasesapplied. For the R8G device, the measurement of the contact
resistance was complicated by theinsulatoratn=D=0, and therefore,
wedo not havereliable values toreport. The upper boundis 262 kQ, but
we caution that the true values are very probably much lower.

Layer number determination

Todetermine the number of graphenelayersin the misaligned sample,
we examined aLandaufanat D=0 (Supplementary Information Fig.1).
As explained in detail in ref. 6, at high B the most robust Landau level
gap corresponds to afilling factor v, =—2N, where Nis the number of
graphene layers. In the misaligned sample, we found that the most
robust filling factor v, = -16, thus providing an unambiguous identi-
fication of the flake as having eight layers.

Inthe moiré sample, the added complexity in the band structure
precluded the application of this technique. In thinner samples, there
is additionally a magnetic-field-driven Chern insulator state arising
from the CNP, which can be used to determine the layer number®.
However, we found that in thicker moiré samples, such astate does not
apparently arise. Thus, we relied on the optical contrast to determine
thelayer number. Supplementary Information Fig. 2 shows an optical
micrograph of the flake. By carefully counting monolayer and bilayer
stepsinthegrapheneflake, asindicated by the changesin their optical
contrast, we clearly identified this flake as having seven layers.

Determination of moiré period and twist angle
To extract the moiré wavelength in the aligned R7G device, we fit-
ted the sequence of Brown-Zak magnetoconductance oscillations
extracted from aLandau fan. Supplementary Information Fig. 3 shows
anexample, takenat D=0.5V nm™, although we confirmed the fit with
several more fans. To highlight Brown-Zak oscillations, we plotted the
average conductance (G,,) over the entire measured range of density
versus B. This averaging scheme suppressed the effect of dispersing
quantum Hall states. The Brown-Zak oscillations occurred when ¢o/¢p, =
4B/np, = p/q, where ¢ is the magnetic flux through the moire unit
cell, ¢, = h/e is the magnetic flux quantum and p and g are integers.
We extracted the superlattice density n,=2.55 x 10 cm™ from a best
fit of all the magnetoconductance peaks. This value is consistent with
the positions of the insulating states seen on the moiré-adjacent side
atinteger moiré band fillings (Supplementary Information Fig. 4c,d).
The moiré band filling factor v was defined according to v =
n/(ny/4). The superlattice density is related to the moiré wavelength by

Ly =1/ 8/V/3n, = 13.5nm. We then found the twist angle, 0= 0.42°, from
theequation

1+ 6p)a
\/2(1 +64)(1—cos 6) + 62

Ly(6,a,6,) =

where a = 0.246 nm is the lattice constant of graphene, @ is the twist
angle between the hBN and the rhombohedral graphene,
and 6, = 8= ~ 0.017 is the lattice mismatch between the lattice
constants of the hBN (a,;z\) and graphene. We note that the conversion
to twist angle depends on the choice of the lattice mismatch between
graphene and hBN, whichis not precisely known.

Key parameters of the superconducting states

Extended Data table 1 provides simple estimates for some of the key
quantities associated with superconductivity: critical temperature T,
critical out-of-plane field B.and superconducting coherence length €.
To estimate T, we fitted aline to the measured p,, in the normal state
justabove the abrupt downturn. We then estimated T, as the tempera-
tureatwhich p,, fallsto 90% of this value. We used a similar procedure
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for determining B, from measurements of p,, versus B. We estimated
the superconducting coherence length as £ = /&,/(2nB.), where @, is
the superconducting magnetic flux quantum.

To further assess the nature of superconductivity, we attempted
to provide simple estimates for the mean free path in the normal state
¢.rand the relevant Fermiwavevector k.. The ratio {/¢,;parameterizes
the disorder strength, where values much less than unity are generally
required to support exotic order parameters. The ratio k: provides
insight into whether pairing is in the strong- or weak-coupling limit,
with values much larger than unity signalling BCS-like (weak-coupling)
behaviour. We provide rough estimates of these values here, but cau-
tionthat the semimetallic nature of the normal state complicates their
extraction, as we do not have a direct measurement of the relative
densities and mobilities of the valence- and conduction-band carriers.
To estimate £, we assessed the lowest magnetic field at which QOs
first appeared. This roughly corresponds to the condition in which
the mean free pathis equal to the circumference of a cyclotron orbit:
O ~ 2Tkp €%, where k. is the Fermi wavevector and ¢; is the magnetic
length. The Fermiwavevector can be calculated as k; = \/47f |n].

The primary complicationis that each band has a different Fermi
wavevector and, potentially, adifferentf,, and we donot haveindepend-
ent experimental measures of each of them when they coexist at the
Fermilevel, nor do we know for certain whether to use the value from
the conduction or valence band in our estimates. As a starting point,
we assumed that the superconductivity was driven by the conduction
band and estimated k; from our calculations for R8G. The region where
we observed the most robust superconductivity in R8G corresponds
tok:~0.15 nm™inthe conductionband (estimated from extrapolating
the conduction-band Fermi surface from the theoretical calculation
presented in Fig. 2f). As the onset of QOs was at B =400 mT in the
Landau fans, we roughly estimated ¢,;= 1.5 pm. Following this, /¢, =
0.4 and k=100, nominally corresponding to the clean limit of weakly
coupled superconductivity.

SuperconductivityinR8GatD<0

Extended Data Fig. 4 shows zoomed-in transport measurements of
the five superconducting pocketsin R8G at D <0, which we label SC64
through SC104. Overall, they seem to very closely resemble the corre-
sponding SC13-SC5¢ pockets. One noteworthy differenceis the region
of elevated p,, at negative n and D, which does not have an associated
counterpart for D> 0. Presently, we do not understand this feature or
why it appears only for one sign of D. Another difference is that the
SC10g pocket is much more extended than its corresponding SC5g,
nearly connecting with SC9. This behaviour indicates that the SC9,
and SC10;4 pockets (and, similarly, SC45 and SC5 for the other sign
of D) are, in fact, one contiguous pocket, with T_ just below our base
temperature in between the two.

Interpretation of screening boundaries

In both devices, the screening-derived boundaries in the n-D plane
were used operationally to mark the onset of dual-surface car-
riers. On their own, these boundaries do not distinguish whether
the two surfaces originated from a conduction-valence overlap (a
semimetal in the band-structure sense) or from two layer-polarized
bands within an interaction-driven phase (for example, within a
layer-antiferromagnetic framework). We, therefore, use the term
‘semimetallic’as aninterpretation of the carrier origin, while keeping
this caveat explicit.

For the moiré R7G device, we considered the conduction-
valence overlap interpretation to be the most compelling. We did
not observe in this sample a layer-antiferromagnetic insulator
near n=D =0, so a dual-surface configuration arising from such an
interaction-driven surface splittingis notindicated experimentally.
Instead, the onset of dual-surface screening occurred in the regime
where our calculations show overlapping valence and conduction

bands at the Fermi energy, which naturally yields two oppositely
layer-polarized surfaces.

For the misaligned R8G device, two interpretations remain possi-
ble.Dual-surface carriers could arise either fromaninteraction-driven
reconstruction within a valence-band manifold that produces two
layer-polarized Fermisurfaces or fromaconduction-valence overlap
within a phase that may also be spin or valley polarized. Although we
donothave definitive evidence that excludes the former scenario, the
smooth connection of the screening boundaries to the region where
the calculationsindicate aband overlap makes the semimetallicinter-
pretation probable in practice. Furthermore, the elevated-resistance
features associated with the insulating state at n=D = 0 seem to lie
entirely withinthe screeningboundaries. For these reasons, we adopt
the ‘semimetallic’ terminology in the main text, while emphasiz-
ing that the screening boundaries themselves should be read as the
onset of dual-surface transport rather than as a unique diagnostic of
band overlap.

Transport anomalies associated with the

superconducting states

Several transport features associated with the superconducting
pocketsinthe R7Gand R8G devices were not anticipated for standard
superconductors. First, the resistance did not reach zero in any of
the pockets we studied. Instead, it saturated at a value below 100 Q.
As mentioned earlier, this is seen routinely in thinner crystalline gra-
phene superconductors™?*#?* Second, for many of the pockets,
the resistance above B, remains lower than at nearby gate voltages
(see Extended Data Fig. 5 for an analysis of SC3;). In the same regime,
there is also remnant nonlinearity in the dV/d/ versus /;. measure-
ments. This was also seenin previous reports on thinner graphene'*',
Linear transport eventually recovers at larger B. Third, in R8G there is
an unexpected zero-bias peak in the dV/d/ versus /,, measurements,
which extends far above B, and has no apparent association with the
superconductivity. We found that this anomaly is contact-specific
and did not appear in similar measurements taken with other voltage
probes (Extended DataFig. 5a,b.)

We do not know the origins of these features and so speculate on
some possibilities. One possible origin of the non-zero resistance is
resistive heating at the contacts. Several junctions formed between
differently gated regions near the metal electrodes, and given the
very low T, even modest heating could potentially result in some
non-zero resistance. The zero-bias peak in the R8G device may also
haveresulted from contactimperfections. As for the unusual transport
features above B, they may be related to a competing many-body
state that emerged with the suppression of superconductivity. Given
that superconductivity formed along a sharp resistance bump, a pos-
sibility is that this resistive state emerged above B, and also exhib-
ited nonlinearity. Further work will be needed to better understand
these observations.

Notably, the non-zero saturation in our samples did not seem to
arise from an unexpectedly high electron temperature. For example,
the resistance drop of the SC4, pocket began below 50 mK and per-
sisted down to thenominal base temperature of the fridge, whereas the
neighbouring SC35 pocket exhibited unexpected resistance saturation
atcomparable temperatures (Fig. 3e). Similarly, Extended Data Fig. 9¢
shows that the edges of the SC2, dome also continued to develop
down to at least 20 mK. In fact, non-zero-resistance saturation at the
base temperature has been reported previously in many different
superconductors, collectively referred to as ‘anomalous metals’ or
‘failed superconductors™. At present, there is no compelling theory
to describe this behaviour. Given that several groups have reported
similar non-zero resistance in rhombohedral graphene”° ™, we also
consider the possibility that this behaviour is fundamental.

Despite the finite saturation resistance, we observe sig-
natures of Fraunhofer oscillations in p,, maps versus V, and B,
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(Extended Data Fig. 5d,e), which are hallmarks of phase-coherent
Josephson transport. The oscillation period AB sets an effective
junction area A=~ @,/AB = 3.4 pm?, and the lobe structure of I.(B,)
(where /. is the critical current of the superconducting state) is con-
sistent with interference through a spatially extended weak link.
The weak-link areais roughly comparable with the areabetween the
voltage probes, indicating that the strength of the superconductivity
isspatiallyinhomogeneous. Together, these features establish super-
conducting phase coherence even when a small residual resistance
is present.

Fermiology analysis

To extract information about the Fermi surfaces, we applied fast
Fourier transforms (FFTs) of p,,.(1/B) to the Landau fans shown in
Figs.1fand 3¢, Extended DataFig. 8, and Supplementary Information
Figs.5and 7. FFTs were taken after first subtracting a fifth-order poly-
nomial from the raw longitudinal resistivity (p,,) data, following the
procedure established inref.18. The subtracted datawere theninter-
polated onto a regular grid for the FFT. For Fig. 1f, the analysis was
done using a magnetic field range of -0.3 T to 1.9 T. For Fig. 3¢, we
used the range ~0.07 T to 1T, for Extended Data Fig. 8, the range
~0.09 T t0 0.932T, for Supplementary Information Fig. 5, the range
~0.07 Tto1T (same data asin Fig. 3c), and for Supplementary Infor-
mation Fig.7, therange~0.3 Tto 2 T. The magnetic field range for each
fan was chosen to minimize noise in the FFT, without introducing any
spurious frequencies. After taking the Fourier transform, we normal-
ized the raw frequencies by the Luttinger volume n(h/e). The normal-
ized frequencyf,then correspondedto the fraction of the total Fermi
surface enclosed by a cyclotron orbit in momentum space’. Conse-
quently, the sum of all frequencies was1when the appropriate carrier
sign, isospin degeneracies and Fermi-surface topologies are
considered.

The code we used to analyse the FFTs is based on the code in
ref. 9. To extract the relevant frequencies, we placed each FFT on an
interactive grid in which individual trajectories were fitted by a user
directly selecting them. We used this method to fill an array of grid
coordinates, which we then fitted to a polynomial. A step-by-step
analysis is shown in Extended Data Fig. 8. In our FFT analysis, we
used the following colour and line conventions: solid curves denote
frequencies, which we directly fitted using the method described
above (or frequencies that directly correspond to an unchanging
fraction such as 1/4), and dashed curves were derived from the solid
curves, either through multiplication or the addition or subtraction
of arelevant fraction (for annular Fermi surfaces, see, for example,
Fig.3c). Curves (or pairs of curves) are colour-coded based on the cor-
responding implied Fermi-surface degeneracy, with red correspond-
ingto4,blue correspondingto 2,andblack correspondingto other or
unknown. We additionally used magentain Supplementary Informa-
tion Fig. 7 to colour-code amore complicated set of frequencies that
combine to equal 1. We attempted to characterize all the prominent
trajectoriesin each plot, and the analysis shown represents our best
interpretation. However, certain regions of the fans, where the FFTs
are too complicated to analyse, are left without fits. We note that an
interpretation of FFTs may be ambiguous in regions of parameter
space with the potential for a combination of overlapping valence
and conduction bands, annular or disjoint Fermi surfaces, and isospin
polarizationin one or both bands.

Self-consistent mean-field calculation

We present the theory for the misaligned octalayer system here and
relegate the theory for the moiré heptalayer system to the Supplemen-
tary Information®®~*, To model the band structure of N,-layer rhombo-
hedral graphene without a moiré structure, we adopt the conventional
tight-binding parameterization, wherein the Hamiltonianin the sublat-
tice basis {4, B,,4,,B,, ..., Ay,, By, } is given by' >

Ki(k) Un(k) Upn 0
Ul (k) Ki(k) Un(k) 0
K, (k) = Ul UL(K) Ki(k) 0
: : : )
0 0 0 ... Ki(k
7
o_ 0 .0 O
0 1...00
+5dimer . Lo : )
0 0...1 0
0 0..0o0,

where o, are the Pauli lowering (-) and raising (+) operators. The 2 x 2
matrices k;, Uy and Uy, are the single-layer graphene Hamiltonian,
nearest-layer hopping matrix and next-nearest-layer hopping
matrix respectively:

0 Vo f(k)
Ky(k) = ,
—vofT) 0
—Vaf(K) — k
Uy (K) = ( V) —y3f1( ))’ 2
)41 —V4f(K)

0 y2/2
Unni = 00 ’

where fl)=%,,5e%%, & =an3(0,1),8, =an3(—3/2,-1/2),
85 = a3 (\3/2.-1/2).a = 2.46 Ais the lattice constant, {yo, Vi, Va2, V3 Va}
=1{3.1,0.38,-0.015, -0.29, —0.141} eV are the hopping constants, and
O4imer = 10.5 meV is the dimerization energy on the eclipsed sites
By, A3, By, ..., An,_1,By, 1. Ay, (Only A, and By, are not eclipsed)'. The
layer-dependent on-site potential energy due toavertical displacement
field is added to the Hamiltonian using the following potential:

+(Ny—1)1 0 0

A 0 +(Ne—3)1 ... 0
A= —
5 . .

f(NeL 1)1
(3)

where A is the energy difference between two consecutive layers. The
energy difference across the entire N,-layer stack is A(N,-1).

To account for band renormalization due to electron-electron
interactions, we implemented the self-consistent mean-field theory
within the Hartree-Fock approximation. The mean-field Hamiltonian
insecond-quantized notation is

Fyr = T e K
Ka ¢ a, ¢ @)

+ HEOE 4 Pl (K)] g g

Here é;é,’kis the creation operator for aplane-wave state witha quantum
numbers, where ais amulti-index label thatincludes the valley &, spin
s and sublattice o on layer £ and with momentum k. k%%%-¢' (k) is the
same as Ky, (k) with internal indices explicitly specified. The Hartree
and Fock matrices are given by

pea e o 4 buwbor 5 Vg Q)P 5" (),
Viys p.B,¢" (5)
i 1 w
FaCa e () = == Vg (p— k) D (p),
>
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where V,is the volume of the system. We have defined a density matrix
DoHA 4 (K) = <Ca’ oK (Cacx)Notetheorder of the indices in our definition
ofthe density matrix. Explicitly, the matrix elements can be calculated
from the coefficients of the one-particle eigenstates p®%?-¢' (k) =

Y ncoccupica®e i P o Where the eigenstates written in terms of
(né)’k |(pa€k>

plane-wave basis functions|y, . ) are given by |xp(")> Yas

andnlabels the band index. Normalization requires ZM,|¢(") | =1To
avoid over-counting the effects of Coulomb interactions already
included in ab initio calculations, we subtracted from the density

matrices in equation (5) a uniform background density: D = D — Dy,
where D%%% ¢ (p) = %6”, Sua (refs.57,58).

ref
Inamultilayer system, especially one with many layers, charges can
reorganize across the layers to oppose the externally applied displace-
ment field. To model this effect, we used a layer-dependent Coulomb
potential (for example, see ref. 59 for a derivation)

e? csch(|q|d,)
Tug [cosh(lql{dg — |z, — 2 1}) ©

—cosh (|ql{dg — |z, + z»})],

Voo (q) =

where eis the electric charge, €€, is the dielectric constant, d, is the
distance betweenthetop and bottomgates, and z,is the vertical height
of the £ layer measured from the bottom gate at z=0. The k=0 com-
ponent of this potential,

ZpZpr
Veo(0)=lim v,p (@)= “’1" , @)
g

min (z,,z,) —

reproduces the screening of uniform charges in a classical capacitor
model®. Inthis work, we use d, =40 nm and assume that the graphene
stack is located symmetrically between the two gates. The dielec-
tric constant was chosen to be ¢, =16 to reproduce the onset of the
insulating behaviour at charge neutrality seen in the experiment. As
our calculation does not directly compute internal screening due to
bothactive (involvedin the Hartree-Fock approximation) and remote
bands, this higher value of €, compared with the known values of the
dielectric constant of hBN allows us to qualitatively account for screen-
ing, not only from the dielectric environment but also between the
electrons themselves®.

In the numerical simulation, we determined equation (4) itera-
tively. Weimposed an ultraviolet cutoff by choosing aregular hexago-
nal region in reciprocal space centred at each valley K= §(411/3q, 0)
with sides equal to 0.1 x |K,| = 0.17 A™". Inside each such region, 3N,
(N +1) +1points were sampled in the calculation. We chose N, =70,
which means that our grid contains 14,911 points per valley and spin.
In this work, we did not search for symmetry-broken states; there-
fore, our ansatz is always the symmetric state where all isospins
are filled equally. To facilitate faster convergence, at each step, we
used a weighted average of the two most recent density matrices.
To calculate the layer-resolved DOS and the total DOS, we used the
following approximations:

— (8a)
1% + (€ = £n)

DOS,(¢) = Z [2 1ol 2

DOS(¢) = Y. DOS,(e), (8b)
€

where n is a broadening factor chosen to be 1-2 meV. These defini-
tions have units of inverse energy; there is no factor of 1/V, ;aswe have
integrated over the lateral directions. The small broadening factor
is necessary to produce a smooth evolution of the DOS in the phase
diagram, as our simulation mesh is necessarily granular (although it
isvery large, as aforementioned).

Theoretical determination of the displacement field

The experimental phase diagrams are plotted as a function of the dis-
placement field D, whichisrelated to the top- and bottom-gate charge
densities, g,and 0,. These were extracted experimentally using the gate
capacitances. The displacement field is defined as:

_ Op — 0
- 2€()

9

In our theoretical calculations, D is not a direct input, but is instead
represented only by its proxy 4. To translate between the two quantities
so that the theoretical calculations can be compared with the experi-
mental data, we used the Hartree approximation wherein we assumed
that D is determined only by the average uniform charge density on
each layer. Thatis, the charge variation on the unit-cell scale does not
matter®®. Let us denote D, . the displacement field between layers ¢
and ¢’. By Gauss’s law, we, therefore, have

o,
o0 =Doie = Do, (10)
0
where g,is the charge density of layer £. Here £ €11, ..., N,} denotes gra-

phene layers, and £=0is the top gate and £= N, + 1is the bottom gate.
Charge neutrality enforces Z';"’g o, = 0.Substituting equation (10) into

equation (9), we found

Dt +Db

D= 3

1)

where D,=D,,and D, = Dy, v,,1- We can relate these two fields closest
to the gates to any other two fields between the graphene layers. For
instance, we can rewrite equation (11) as

0,—0y, Dy,_in, +D1p

D= e + 5 ; (12)

more generally, forany n,n’ € {1, ...,N,},we have

n Ng
2102190 = g Oe + Dy 1w + Dpnsa

b= 26, 2

13)

The layer charge densities can be calculated by tracing over the con-
verged density matrices. Theinterlayer displacement fields are calcu-
lable from the on-site energies ¢, = H%%%¢ + A%6a¢

(14)

€
Dppr = ed (&¢ — €041)»

where d =3.35 A is the distance between graphene layers. Together,
equations (13) and (14) allow us to calculate D for every 4 using the
self-consistent mean-field solution at said 4. We emphasize that, in our
approach, once the hopping parameters and dielectric constant, which
controls the strength of Coulomb interactions at zero and finiteq, are
specified (and these are constrained by experimental considerations),
D and A are unambiguously related to each other by self-consistency.

Data availability

Raw data for Figs. 1-4 and Extended Data Figs. 1-10 are available via
Zenodo (https://doi.org/10.5281/zenod0.19675446)%*. Source dataare
provided with this paper. All other data that support the findings of
thisstudy are available fromthe corresponding authors uponrequest.
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Extended Data Table 1| Summary of key parameters relevant to superconductivity

Pocket T. (mK) B, (mT) &(nm)
SC1, 89 15 470
SC2, 51 2.0 410
SClg 40 0.65 710
SC24 67 1.0 570
SC3q 170 0.8 640
SC4g 20 0.15 1,480
SC5¢ 78 0.32 1,010

Values were extracted following the procedures described in Methods.
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Extended Data Fig. 1| Optical micrographs and full gate maps of both and stitched together, with different silicon gate voltages in order to optimally
devices. a, Optical micrograph of the misaligned R8G device. b, Same as (a) for reduce the contact resistance in each quadrant. d, Same as (c) for the R7G device.
the moiré R7G device. For both, the scale bar is 10 um. ¢, Map of p,, for the R8G e, The map from (c) converted to n - D axes (see Methods for conversion). f, Same
device measured over awide range of V, and V.. The mapisacquired in pieces as (e) for the R7G device.
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Extended Data Fig. 2| Transport with varying temperature and magnetic
field in the R8G device. a, Map of p,, versus V, and V,at base temperature and
B=0.The highly resistive feature in the top right is the correlated insulator at
the CNP surrounding D =0. Superconducting pockets SC1g to SC4,, and their
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corresponding D < 0 counterparts, are visible within this region of gate voltage.
b, The same map as (a) at T=240 mK, above T, of all the pockets. ¢, The same map
as (a) at B=100 mT, above B, of all the pockets.
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Extended Data Fig. 3| Additional characterization of SC1;to SC5¢
superconducting pocketsin the R8G device. a, Maps of p,, versus V,and T
around each pocket, acquired with fixed V,=
SC24- SC54. b, The same maps versus B. ¢, Measurement of p,, versus T at optimal
doping of each pocket. The measurements are acquired with asmall/,.<1nAto

-2.75VforSClgand V,=-2.50 V for

-10 0 10 -2
lge (NA)

mitigate the effects of a zero-bias anomaly. d, The same measurements
versus B, with /.= 0. e, Maps of dV/d/ versus /,. and B for each pocket.
Inaddition to sharp resistive features forming diamond-like structures

arising due to superconductivity, there is also an unexpected anomaly at/,.= 0.
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Extended DataFig. 4| Additional characterization of superconducting
pockets at D <0inthe R8G device. a, Map of p,, versus nand D corresponding

to D < 0. The map contains four superconducting pockets, SC7gto SC10g, which
correspond to SC24to SC54 for D> 0. The feature in the bottom left corner
exhibits unusual nonlinear behavior and does not appear for D > 0; at present,

we do not know its origin. b, Map of p,, versus V, and V,showing SClgand SC68.
c,Landau fan diagram taken by sweeping V, with fixed V,=—-2.55V, corresponding
to the black dashed line in (b). The sharp resistance step associated with the edge

-4.6

Pxx (Q) m—=m

—52
Vi (V)

of SClgslopes to the left with B, suggestive of a spin-polarized half-metal to the
rightand anisospin unpolarized phase to the left. d, Measurement of p,, versus
V,and T at fixed V,=1.6 Vand B=0 for SC10;. e, Similar measurement versus B at
base temperature. f, Similar measurement as (d) for the SC64 pocket at fixed
V,=-2.2V.g, Measurement of dV/d/ versus I, and B for SCég. h, Similar
measurement for SC10. Both exhibit the similar zero bias anomalies as seen
for the D>0 pockets.
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Extended Data Fig. 5| Additional characterization of SC3,. a, Measurement of
dV/dIversus ;. and Bfor SC3gtaken in a subsequent cool-down cycle. b, line cuts
at Bvaluesin (a) indicated by the black dashed lines. The absence of a zero-bias
peak suggests that its presence in other measurements (Extended Data Figs. 3

and 4) is a contact effect. ¢, Measurement of p, versus V, and Bat fixed V,

-2.55

Vfor SC3;. There is asharp suppression of p,, very near B=0 corresponding to

superconductivity, as well as a weaker suppression persisting up to=50 mT.
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The latter likely corresponds to some effect other than superconductivity,
although we do not know its origin. d, Zoom-in of p,, at fixed V,=-2.60 V close to
B=0showing the evolution from a sharp suppression below a few milliteslatoa
weaker suppression at larger B. e, Line cuts corresponding to the dashed lines in
(d) showing the presence of Fraunhofer oscillations around low B, with a period
of 0.61mT -outlined by the vertical dashed lines.

Nature Physics


http://www.nature.com/naturephysics

Article https://doi.org/10.1038/s41567-026-03277-5

-

Vb (V)
Vb (V)
Vi (V)

. . -2.7
Ve (V
d VeV) 50 100 f Ve (V) g ) 0 200
dv/di (Q) E=——m
20
15
200 10
5
s =
s E o}
s @
100 _5
_ -10
- -15
3 ] —— 15mT
1.0 1.2 1.4 1.6 1.8 0= =20 -10 o 10 20 30 205 —1o 0 10 20
Vi (V) Jde (NA) lge (NA)
Extended Data Fig. 6 | Additional characterization of the SC1, pocket from the and fixed V,=-3.23V, corresponding to the line trace indicated by black dashed
moiré R7G device. a, Map of p,, versus V, and V, at base temperature and B=0. linesin (a). In this map, SC1, is bounded by two resistance bumps associated
b, Similar measurement at T =146 mK, above T,of SC1,. ¢, Similar measurement, with nearly constant V,, that s, the surface associated with the valence band.f,
over anarrowed range of V,, at base temperature and symmetrized at |B| =10 mT, Measurements of dV/d/versus /4. at selected values of Btaken at optimal doping
above B..d, Measurement of p,, versus Band T at optimal doping of SCL, (V,,= of SC1, (V,=1.40Vand V,=-3.22V).g,Map of dV/d/ versus /;.and B.

1.40Vand V,=-3.22V). e, Measurement of p,, versus V,and B at base temperature
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Extended Data Fig. 7| Comparison of SC5; from the R8G device and SC1, from
the moiré R7G device. a, Map of p,, versus V, and V,around SC5; from the R8G
device. b, Similar measurement around SC1, from the R7G device. Inboth, the
diagonalinsulating feature in the top left corresponds to the band insulator
atthe CNP. The resistive feature to its left corresponds is diagonal at large V,,
but becomes nearly vertical at smaller V, in the band-overlapping regime. In
both cases, this feature becomes superconducting whenit is intersected by
ahorizontal resistive bump. the pocket of superconductivity closes when it
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intersects with a second horizontal resistive bump at smaller V,,. The similarities
of these two pockets suggests they share similar origins. ¢, Landau fan taken by
sweeping V,at fixed V,=4.00V, along the black dashed line in (a). d, Landau fan
taken by sweeping V, at fixed V,=2.10V, along the black dashed line in (b). In both,
the sharp resistive bump feature that develops into superconductivity drifts to
the left with B, consistent with a spin-polarized half-metal to the right gaining
Zeeman energy over anunpolarized phase to the left.
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Extended Data Fig. 8| Additional Fermiology analysis for the moiré R7G nearby V.. e, Schematic of the dominant frequencies from the FFT between
device.a, Map of p,, versus V,and V,taken at base temperature and B=0. V,=1.84Vand4.00 V.For V,>2.8V, corresponding to crossing the jet, the
b, Landau fan taken by sweeping V,, at fixed V,=-4V, corresponding to the black dominant frequency is 0.25 indicating a single, simply-connected Fermi surface
dashed linein (a).Red, blue, purple, and cyan arrows denote the positions of key from the conduction band. For V,,>3.32V, upon crossing the sharp resistive bump
features, corresponding to the red, blue, purple, and cyan dots from (a).c, FFT feature associated with superconductivity and the IQAH state, the dominant
ofthe Landau fan.d, Zoom-in of the FFT between V,=0 and 1.84 V. The dominant frequency shifts to 0.5, indicating a half-metal state. The associated feature drifts
frequenciesin the FFT abruptly change between the red and blue arrows, to the leftin the Landau fan, consistent with a spin-polarized half-metal state.

indicating a Fermi surface reconstruction in the region where SC1, forms at
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Extended Data Fig. 9| Additional characterization of the SC2, pocket from the temperature. e, Measurement of p,, versus T (taken at V,=-0.95Vand V,=-2.93 V).
moiré R7G device. a, Map of p,, versus V,and V,.b, Measurements of f, Measurement of p,, versus V, at several selected values of T. (Inset) Map of dV/d/
dv/dlversus I, for several selected values of B. ¢, Measurement of p,, versus V, versus/,.and B (takenat V,=-0.95Vand V,=-2.93V).

and T atfixed V,=-0.95Vand B=0.d, Similar measurement as (c) versus B at base
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Extended DataFig. 10 | Additional analysis of the IQAH state in the moiré Atlarger D, the state splits into two, with a resistive bump separating them.
R7Gdevice.a, Map of p,, versus vand D taken at base temperature and B=0. i, Landau fan of p, taken at D= 0.6 V/nm, corresponding to the black dashed line
b, Zoom-in of theregionaround v=1atlarge D(B=0). ¢, Map of p,, over the in(a).j, The same measurementas (i), but of p,,. The fans show the C=+1state
sameregion as (b) (B=0).d, Same as (b) symmetrizedat B=2T. e, Same as (c) arising from B=0, and the abrupt emergence of a C=-1stateabove B=0.6 T.

antisymmetrized at B=2T.f-h, Measurements of p,,and p,, versus vtakenat B=0 The coexistence of these two states at modest B can also be seen from the maps
at the positions of the corresponding color-coded dashed linesin (b). At D=0.60 in(d)-(e).
V/nm thereis a single contiguous region near v=1.05 with p,, = h/e’ and small p,,.

Nature Physics


http://www.nature.com/naturephysics

	Superconductivity from dual-surface carriers in rhombohedral graphene

	Dual-surface charge distribution

	Superconductivity in semimetallic R8G

	Superconductivity in a moiré R7G sample

	Chern insulator at large displacement field

	Discussion

	Online content

	Fig. 1 Semimetallic properties of rhombohedral graphene and transport in an R8G device.
	Fig. 2 Superconductivity in the dual-surface carrier regime of R8G.
	Fig. 3 Superconductivity in a moiré R7G device.
	Fig. 4 IQAH state near ν = 1 in the moiré R7G device.
	Extended Data Fig. 1 Optical micrographs and full gate maps of both devices.
	Extended Data Fig. 2 Transport with varying temperature and magnetic field in the R8G device.
	Extended Data Fig. 3 Additional characterization of SC18 to SC58 superconducting pockets in the R8G device.
	Extended Data Fig. 4 Additional characterization of superconducting pockets at D < 0 in the R8G device.
	Extended Data Fig. 5 Additional characterization of SC38.
	Extended Data Fig. 6 Additional characterization of the SC17 pocket from the moiré R7G device.
	Extended Data Fig. 7 Comparison of SC58 from the R8G device and SC17 from the moiré R7G device.
	Extended Data Fig. 8 Additional Fermiology analysis for the moiré R7G device.
	Extended Data Fig. 9 Additional characterization of the SC27 pocket from the moiré R7G device.
	Extended Data Fig. 10 Additional analysis of the IQAH state in the moiré R7G device.
	Extended Data Table 1 Summary of key parameters relevant to superconductivity.




