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FIG. 1. Superconductivity in rhombohedral trilayer graphene (RTG). a, Crystal structure of RTG. b, Band structure of RTG for interlayer
potential �1=0, 10, 20, and 30 meV. c, Density of states, ⇢ calculated in the single particle model. d Isoenergetic contours near the valence band
maximum for �1 = 20 meV plotted over a range of �0.08 < kx,ya0 < 0.08. Contours span a range of energy of 10 meV. e, Resistivity as a
function of electron density ne and perpendicular displacement field D measured at base temperature. Two disjoint regions showing signatures
of superconductivity are observed, indicated by the open circles. f-g, Temperature and current dependence of the differential resistivity dV/dI
measured at the points in the n�D plane indicated in panel a. h Temperature dependent resistivity across SC1 measured at D =0.46V/nm. i
Rxx(T ) with T1/2 and TBKT corresponding to the data plotted in panel f.

ductivity occurs at a symmetry breaking transition. To better
understand this connection, we measure quantum oscillations
at low magnetic fields B? < 1T (Fig. 2a) in the density
range spanning SC1 at fixed D = 0.4V/nm. Several oscilla-
tion periods are visible across this range, indicating complex
Fermi surfaces. To understand these data more quantitatively,
we plot the Fourier transform of Rxx(1/B?) as a function of
f⌫ , the oscillation frequency normalized to the total carrier
density (Fig. 2b). f⌫ corresponds to the fraction of the total
Fermi sea area enclosed by the Fermi surface generating the
peak. Three regions of qualitatively different quantum oscil-
lation spectra are visible. At extreme right, a single peak at
f⌫ = .5 indicates two equal area Fermi surfaces each enclos-
ing half the total Fermi sea. We associate this regime with a
spin polarized, valley unpolarized “half-metal’ state[1] with a
simply connected Fermi sea in each valley. At the extreme left
of the plot, several oscillation peaks with density dependent
frequencies are visible. These correspond to the inner- and
outer boundaries of an annular Fermi sea with the full four-
fold spin- and valley-degeneracy (and harmonics). Intermedi-
ate between these two phases, the oscillation spectrum is more
complex, including both strong peaks at f⌫ . .5 as well as at
f⌫ < .1. We identify this regime with one or more partially
isospin polarized (PIP) phases, where the system has broken
one of the spin- or valley symmetries but is not completely
polarized into two isospin components. Comparing the quan-
tum oscillation spectrum to base temperature transport mea-
surements at B=0 (Fig. 2c) shows that SC1 occurs within the
symmetric, annular phase and adjacent to the boundary with
the PIP phase.

The appearance of superconductivity so close to a sym-
metry breaking phase transition opens the possibility of an
unconventional superconducting state. A characteristic of

many unconventional superconductors is their fragility with
respect to disorder, due to the inapplicability of Anderson’s
theorem[23]. Disorder in superconductors is quantified by
the ratio of the coherence length (⇠) to the mean free path
(`), d = ⇠0/`, with the superconductivity destroyed when
d ⇡ 1 for unconventional superconductors[5]. To assess d
in RTG, we study the magnetoresistance of both the super-
conducting and normal states. Fig. 3a-b show the dependence
of SC1 on the out-of-plane magnetic field B?. The critical
BC? is in the 10mT range. Within Ginzburg-Landau theory,
BC? is related[2] to the coherence length by 2⇡⇠2 = �0/BC

? ,
where �0 is the superconducting flux quantum. As a result,
⇠ ⇡ 150 � 250nm for SC1. ` may be estimated from the
Drude conductivity R ⇡ h

e2
1

4kf `
where h is Planck’s con-

stant, e is the elementary charge, kf is the Fermi wave vector.
Taking kf =

p
⇡ne ⇡ .25nm�1 and a normal state resistance

of R ⇡ 20⌦ produces an estimate of ` ⇡ 1µm, consider-
ably larger than ⇠ and implying d . .2. However, this esti-
mate for ` is comparable to the lateral dimensions of our de-
vice (Fig. 3c), calling into question the validity of the Drude
approach[24]. In fact, qualitative features suggest ` may be
considerably longer. Fig. 3c-d show a circuit schematic for
measuring the nonlocal magnetoresistance, which has been
used to detect transverse electron focusing in other graphene
heterostructures[3, 4]. Measured data in the regime of SC1
(Fig. 3d) show a pronounced feature near B? ⇡ .1T , con-
sistent with transverse electron focusing between the con-
tacts, which are separated by a pitch of L ⇡ 2.3µm. This
feature–which is observed across all densities in our device
(Fig. S3)—suggests ` & ⇡L ⇡ 3.5µm. Taking this estimate
for ` gives a disorder parameter d < .035. These estimates
place the superconductivity firmly in the clean limit, where
unconventional superconductivity may be expected to survive.

Rhombohedral trilayer graphene



Novel correlated 2DEGs

New features: Multi-valley, anisotropic dispersion, moiré lattice, 
Berry curvature,…

• Twisted bilayer, 
n-layer graphene

[Cao,…,Jarillo-Herrero, Nature (2018)] 

• Rhombohedral multi-
layer graphene

×4

×2×1×1
×2

×4

[Zhao,…,EB,…Young, Nature (2021)] 

Rich phase structure: Spin/orbital ferromagnets, Mott insulators, 
superconductors, integer/fractional Chern insulators,…

• Multi-layer TMD

[Regan,…,Wang, Nature (2020)] 
[Xu,…,Shan, Nature (2020)] 



Outline

• Superconductivity in rhombohedral 
bilayer and trilayer graphene

• Puzzles
• Electronic mechanism?

2

FIG. 1. Superconductivity in rhombohedral trilayer graphene (RTG). a, Crystal structure of RTG. b, Band structure of RTG for interlayer
potential �1=0, 10, 20, and 30 meV. c, Density of states, ⇢ calculated in the single particle model. d Isoenergetic contours near the valence band
maximum for �1 = 20 meV plotted over a range of �0.08 < kx,ya0 < 0.08. Contours span a range of energy of 10 meV. e, Resistivity as a
function of electron density ne and perpendicular displacement field D measured at base temperature. Two disjoint regions showing signatures
of superconductivity are observed, indicated by the open circles. f-g, Temperature and current dependence of the differential resistivity dV/dI
measured at the points in the n�D plane indicated in panel a. h Temperature dependent resistivity across SC1 measured at D =0.46V/nm. i
Rxx(T ) with T1/2 and TBKT corresponding to the data plotted in panel f.

ductivity occurs at a symmetry breaking transition. To better
understand this connection, we measure quantum oscillations
at low magnetic fields B? < 1T (Fig. 2a) in the density
range spanning SC1 at fixed D = 0.4V/nm. Several oscilla-
tion periods are visible across this range, indicating complex
Fermi surfaces. To understand these data more quantitatively,
we plot the Fourier transform of Rxx(1/B?) as a function of
f⌫ , the oscillation frequency normalized to the total carrier
density (Fig. 2b). f⌫ corresponds to the fraction of the total
Fermi sea area enclosed by the Fermi surface generating the
peak. Three regions of qualitatively different quantum oscil-
lation spectra are visible. At extreme right, a single peak at
f⌫ = .5 indicates two equal area Fermi surfaces each enclos-
ing half the total Fermi sea. We associate this regime with a
spin polarized, valley unpolarized “half-metal’ state[1] with a
simply connected Fermi sea in each valley. At the extreme left
of the plot, several oscillation peaks with density dependent
frequencies are visible. These correspond to the inner- and
outer boundaries of an annular Fermi sea with the full four-
fold spin- and valley-degeneracy (and harmonics). Intermedi-
ate between these two phases, the oscillation spectrum is more
complex, including both strong peaks at f⌫ . .5 as well as at
f⌫ < .1. We identify this regime with one or more partially
isospin polarized (PIP) phases, where the system has broken
one of the spin- or valley symmetries but is not completely
polarized into two isospin components. Comparing the quan-
tum oscillation spectrum to base temperature transport mea-
surements at B=0 (Fig. 2c) shows that SC1 occurs within the
symmetric, annular phase and adjacent to the boundary with
the PIP phase.

The appearance of superconductivity so close to a sym-
metry breaking phase transition opens the possibility of an
unconventional superconducting state. A characteristic of

many unconventional superconductors is their fragility with
respect to disorder, due to the inapplicability of Anderson’s
theorem[23]. Disorder in superconductors is quantified by
the ratio of the coherence length (⇠) to the mean free path
(`), d = ⇠0/`, with the superconductivity destroyed when
d ⇡ 1 for unconventional superconductors[5]. To assess d
in RTG, we study the magnetoresistance of both the super-
conducting and normal states. Fig. 3a-b show the dependence
of SC1 on the out-of-plane magnetic field B?. The critical
BC? is in the 10mT range. Within Ginzburg-Landau theory,
BC? is related[2] to the coherence length by 2⇡⇠2 = �0/BC

? ,
where �0 is the superconducting flux quantum. As a result,
⇠ ⇡ 150 � 250nm for SC1. ` may be estimated from the
Drude conductivity R ⇡ h

e2
1

4kf `
where h is Planck’s con-

stant, e is the elementary charge, kf is the Fermi wave vector.
Taking kf =

p
⇡ne ⇡ .25nm�1 and a normal state resistance

of R ⇡ 20⌦ produces an estimate of ` ⇡ 1µm, consider-
ably larger than ⇠ and implying d . .2. However, this esti-
mate for ` is comparable to the lateral dimensions of our de-
vice (Fig. 3c), calling into question the validity of the Drude
approach[24]. In fact, qualitative features suggest ` may be
considerably longer. Fig. 3c-d show a circuit schematic for
measuring the nonlocal magnetoresistance, which has been
used to detect transverse electron focusing in other graphene
heterostructures[3, 4]. Measured data in the regime of SC1
(Fig. 3d) show a pronounced feature near B? ⇡ .1T , con-
sistent with transverse electron focusing between the con-
tacts, which are separated by a pitch of L ⇡ 2.3µm. This
feature–which is observed across all densities in our device
(Fig. S3)—suggests ` & ⇡L ⇡ 3.5µm. Taking this estimate
for ` gives a disorder parameter d < .035. These estimates
place the superconductivity firmly in the clean limit, where
unconventional superconductivity may be expected to survive.

Rhombohedral trilayer graphene

• Spin-polarized triplet superconductors: 
Order parameter topology and current 
dissipation

• Linear spectroscopy of collective 
modes



Rhombohedral	AB	and	ABC	
trilayer graphene2

FIG.1.Superconductivityinrhombohedraltrilayergraphene(RTG).a,CrystalstructureofRTG.b,BandstructureofRTGforinterlayer
potential�1=0,10,20,and30meV.c,Densityofstates,⇢calculatedinthesingleparticlemodel.dIsoenergeticcontoursnearthevalenceband
maximumfor�1=20meVplottedoverarangeof�0.08<kx,ya0<0.08.Contoursspanarangeofenergyof10meV.e,Resistivityasa
functionofelectrondensityneandperpendiculardisplacementfieldDmeasuredatbasetemperature.Twodisjointregionsshowingsignatures
ofsuperconductivityareobserved,indicatedbytheopencircles.f-g,TemperatureandcurrentdependenceofthedifferentialresistivitydV/dI
measuredatthepointsinthen�Dplaneindicatedinpanela.hTemperaturedependentresistivityacrossSC1measuredatD=0.46V/nm.i
Rxx(T)withT1/2andTBKTcorrespondingtothedataplottedinpanelf.

ductivityoccursatasymmetrybreakingtransition.Tobetter
understandthisconnection,wemeasurequantumoscillations
atlowmagneticfieldsB?<1T(Fig.2a)inthedensity
rangespanningSC1atfixedD=0.4V/nm.Severaloscilla-
tionperiodsarevisibleacrossthisrange,indicatingcomplex
Fermisurfaces.Tounderstandthesedatamorequantitatively,
weplottheFouriertransformofRxx(1/B?)asafunctionof
f⌫,theoscillationfrequencynormalizedtothetotalcarrier
density(Fig.2b).f⌫correspondstothefractionofthetotal
FermiseaareaenclosedbytheFermisurfacegeneratingthe
peak.Threeregionsofqualitativelydifferentquantumoscil-
lationspectraarevisible.Atextremeright,asinglepeakat
f⌫=.5indicatestwoequalareaFermisurfaceseachenclos-
inghalfthetotalFermisea.Weassociatethisregimewitha
spinpolarized,valleyunpolarized“half-metal’state[1]witha
simplyconnectedFermiseaineachvalley.Attheextremeleft
oftheplot,severaloscillationpeakswithdensitydependent
frequenciesarevisible.Thesecorrespondtotheinner-and
outerboundariesofanannularFermiseawiththefullfour-
foldspin-andvalley-degeneracy(andharmonics).Intermedi-
atebetweenthesetwophases,theoscillationspectrumismore
complex,includingbothstrongpeaksatf⌫..5aswellasat
f⌫<.1.Weidentifythisregimewithoneormorepartially
isospinpolarized(PIP)phases,wherethesystemhasbroken
oneofthespin-orvalleysymmetriesbutisnotcompletely
polarizedintotwoisospincomponents.Comparingthequan-
tumoscillationspectrumtobasetemperaturetransportmea-
surementsatB=0(Fig.2c)showsthatSC1occurswithinthe
symmetric,annularphaseandadjacenttotheboundarywith
thePIPphase.

Theappearanceofsuperconductivitysoclosetoasym-
metrybreakingphasetransitionopensthepossibilityofan
unconventionalsuperconductingstate.Acharacteristicof

manyunconventionalsuperconductorsistheirfragilitywith
respecttodisorder,duetotheinapplicabilityofAnderson’s
theorem[23].Disorderinsuperconductorsisquantifiedby
theratioofthecoherencelength(⇠)tothemeanfreepath
(̀),d=⇠0/`,withthesuperconductivitydestroyedwhen
d⇡1forunconventionalsuperconductors[5].Toassessd
inRTG,westudythemagnetoresistanceofboththesuper-
conductingandnormalstates.Fig.3a-bshowthedependence
ofSC1ontheout-of-planemagneticfieldB?.Thecritical
BC?isinthe10mTrange.WithinGinzburg-Landautheory,
BC?isrelated[2]tothecoherencelengthby2⇡⇠2=�0/BC

?,
where�0isthesuperconductingfluxquantum.Asaresult,
⇠⇡150�250nmforSC1.`maybeestimatedfromthe
DrudeconductivityR⇡h

e2
1
4kf`

wherehisPlanck’scon-
stant,eistheelementarycharge,kfistheFermiwavevector.
Takingkf=

p
⇡ne⇡.25nm�1andanormalstateresistance

ofR⇡20⌦producesanestimateof`⇡1µm,consider-
ablylargerthan⇠andimplyingd..2.However,thisesti-
matefor`iscomparabletothelateraldimensionsofourde-
vice(Fig.3c),callingintoquestionthevalidityoftheDrude
approach[24].Infact,qualitativefeaturessuggest`maybe
considerablylonger.Fig.3c-dshowacircuitschematicfor
measuringthenonlocalmagnetoresistance,whichhasbeen
usedtodetecttransverseelectronfocusinginothergraphene
heterostructures[3,4].MeasureddataintheregimeofSC1
(Fig.3d)showapronouncedfeaturenearB?⇡.1T,con-
sistentwithtransverseelectronfocusingbetweenthecon-
tacts,whichareseparatedbyapitchofL⇡2.3µm.This
feature–whichisobservedacrossalldensitiesinourdevice
(Fig.S3)—suggests`&⇡L⇡3.5µm.Takingthisestimate
for`givesadisorderparameterd<.035.Theseestimates
placethesuperconductivityfirmlyinthecleanlimit,where
unconventionalsuperconductivitymaybeexpectedtosurvive.
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FIG. 1. Spontaneous symmetry breaking in rhombohedral tri-
layer graphene. a, Crystal structure of rhombohedral trilayer
graphene. b, Band structure of rhombohedral trilayer graphene with
an interlayer potential �1 = 0 (black) and 30 meV (blue) calculated
from the six-band continuum model (see S.I.). Here a0=.246nm is
the graphene lattice constant. c, Corresponding single-particle den-
sity of states ⇢ versus energy at zero temperature. d, False-color
plot of the inverse compressibility as a function of displacement field
and carrier density for hole doping and e, electron doping. f, Black:
inverse compressibility measured at D = 0. Blue: inverse com-
pressibility calculated from the single particle, six-band continuum
model. Insets: Fermi contours calculated from the continuum model
(see also Fig. S3). Countours are plotted as a function of wave vec-
tor near one of the corners of the Brillouin zone. The wave vector
components (kx, ky) range between ±0.05/a0 in all plots. g In-
verse compressibility as a function of carrier density measured at
D = 0.46V/nm and and h, D = �0.46V/nm.

electronic compressibility  = @µ/@ne (here µ is the chem-
ical potential and ne is the charge carrier density). We use
dual graphite gated devices[17], which minimize the charge
disorder, enabling us to probe the intrinsic properties of these
structures as a function of both carrier density ne and the ap-
plied perpendicular electric displacement field D (see Fig. S1
and Methods). Fig. 1d-e shows the inverse compressibility
measured at zero magnetic field and the base temperature of

our dilution refrigerator (temperature dependent data are pre-
sented in Fig. S4). At all values of D, the inverse compress-
ibility has a maximum at charge neutrality, consistent with
the Dirac nodes (for D = 0) or displacement field induced
band gap (for |D| > 0) expected from the single particle
band structure. At D = 0, density dependent  is marked
by only two significant features at finite density in the form
of a sharp step at ne ⇡ �1.2 ⇥ 1012 cm�2 and a kink at
ne ⇡ 0.5 ⇥ 1012 cm�2. These features are qualitatively cap-
tured by the tight binding band structure of Fig. 1b-c, and cor-
respond to van Hove singularities arising from Lifshitz tran-
sitions in the Fermi sea topology, which is simply connected
at high densities but is described by an annulus or multiple
pockets at lower densities.

While some evidence of correlation driven physics is evi-
dent for D = 0 at the charge neutrality point (Fig. S2) and
near ne ⇡ 0.4 ⇥ 1012 cm�2 (Fig. S3), deviations from the
single-particle picture are most evident at high |D| where ex-
perimental data show many features not present in the tight
binding model, in which large displacement field simplifies
the electronic structure (see S.I.). The experimental  features
multiple regions of near constant compressibility separated by
boundaries where  is strongly negative. Negative compress-
ibility is generally associated with electronic correlations[16],
and may arise at first order phase transitions characterized by
phase separation. For electron doping, the high |D| phase di-
agram appears to consist of three distinct phases at low, inter-
mediate, and high density separated by first order phase tran-
sitions, while for hole doping (ne < 0) the phase diagram is
more complex. In both cases, however, negative compress-
ibility features develop at finite |D| and evolve towards higher
|ne| with increasing |D|. These features rapidly wash out as
the temperature is raised, though associated features remain
visible at 5K (Fig. S4).

The nature of competing phases is immediately revealed by
finite magnetic field measurements, shown for electron doping
in Fig. 2a for a magnetic field B? = 1T applied perpendic-
ular to the sample plane. At this field, energy gaps between
Landau levels are easily visible as peaks in the inverse com-
pressibility, while the phase boundaries are only slightly al-
tered relative to the zero magnetic field case. As is evident
in Fig. 2a the phase transitions observed at B = 0 separate
regions of contrasting Landau level degeneracy. In the high
density phase, the Landau levels have the combined four-fold
degeneracy of the spin and valley flavors native to graphene
systems; similarly, at low ne and low D, a 12-fold symmetry
emerges due to additional degeneracy of local minima in the
strongly trigonally warped Fermi surface[18, 19]. However,
in the intermediate and low-density phases, respectively, the
degeneracy is reduced to two-fold and one-fold. This trend is
evident in low-magnetic field magnetoresistance oscillations
in the three regimes, Fourier transforms of which are shown
in Fig. 2b (see also Figs. S5 and Fig. S6). The loss of degen-
eracy is consistent with a zero magnetic field phase diagram
which contains two distinct phases that spontaneously break
the combined spin- and valley isospin symmetry. In this pic-
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FIG. 1. Spontaneous symmetry breaking in rhombohedral tri-
layer graphene. a, Crystal structure of rhombohedral trilayer
graphene. b, Band structure of rhombohedral trilayer graphene with
an interlayer potential �1 = 0 (black) and 30 meV (blue) calculated
from the six-band continuum model (see S.I.). Here a0=.246nm is
the graphene lattice constant. c, Corresponding single-particle den-
sity of states ⇢ versus energy at zero temperature. d, False-color
plot of the inverse compressibility as a function of displacement field
and carrier density for hole doping and e, electron doping. f, Black:
inverse compressibility measured at D = 0. Blue: inverse com-
pressibility calculated from the single particle, six-band continuum
model. Insets: Fermi contours calculated from the continuum model
(see also Fig. S3). Countours are plotted as a function of wave vec-
tor near one of the corners of the Brillouin zone. The wave vector
components (kx, ky) range between ±0.05/a0 in all plots. g In-
verse compressibility as a function of carrier density measured at
D = 0.46V/nm and and h, D = �0.46V/nm.

electronic compressibility  = @µ/@ne (here µ is the chem-
ical potential and ne is the charge carrier density). We use
dual graphite gated devices[17], which minimize the charge
disorder, enabling us to probe the intrinsic properties of these
structures as a function of both carrier density ne and the ap-
plied perpendicular electric displacement field D (see Fig. S1
and Methods). Fig. 1d-e shows the inverse compressibility
measured at zero magnetic field and the base temperature of

our dilution refrigerator (temperature dependent data are pre-
sented in Fig. S4). At all values of D, the inverse compress-
ibility has a maximum at charge neutrality, consistent with
the Dirac nodes (for D = 0) or displacement field induced
band gap (for |D| > 0) expected from the single particle
band structure. At D = 0, density dependent  is marked
by only two significant features at finite density in the form
of a sharp step at ne ⇡ �1.2 ⇥ 1012 cm�2 and a kink at
ne ⇡ 0.5 ⇥ 1012 cm�2. These features are qualitatively cap-
tured by the tight binding band structure of Fig. 1b-c, and cor-
respond to van Hove singularities arising from Lifshitz tran-
sitions in the Fermi sea topology, which is simply connected
at high densities but is described by an annulus or multiple
pockets at lower densities.

While some evidence of correlation driven physics is evi-
dent for D = 0 at the charge neutrality point (Fig. S2) and
near ne ⇡ 0.4 ⇥ 1012 cm�2 (Fig. S3), deviations from the
single-particle picture are most evident at high |D| where ex-
perimental data show many features not present in the tight
binding model, in which large displacement field simplifies
the electronic structure (see S.I.). The experimental  features
multiple regions of near constant compressibility separated by
boundaries where  is strongly negative. Negative compress-
ibility is generally associated with electronic correlations[16],
and may arise at first order phase transitions characterized by
phase separation. For electron doping, the high |D| phase di-
agram appears to consist of three distinct phases at low, inter-
mediate, and high density separated by first order phase tran-
sitions, while for hole doping (ne < 0) the phase diagram is
more complex. In both cases, however, negative compress-
ibility features develop at finite |D| and evolve towards higher
|ne| with increasing |D|. These features rapidly wash out as
the temperature is raised, though associated features remain
visible at 5K (Fig. S4).

The nature of competing phases is immediately revealed by
finite magnetic field measurements, shown for electron doping
in Fig. 2a for a magnetic field B? = 1T applied perpendic-
ular to the sample plane. At this field, energy gaps between
Landau levels are easily visible as peaks in the inverse com-
pressibility, while the phase boundaries are only slightly al-
tered relative to the zero magnetic field case. As is evident
in Fig. 2a the phase transitions observed at B = 0 separate
regions of contrasting Landau level degeneracy. In the high
density phase, the Landau levels have the combined four-fold
degeneracy of the spin and valley flavors native to graphene
systems; similarly, at low ne and low D, a 12-fold symmetry
emerges due to additional degeneracy of local minima in the
strongly trigonally warped Fermi surface[18, 19]. However,
in the intermediate and low-density phases, respectively, the
degeneracy is reduced to two-fold and one-fold. This trend is
evident in low-magnetic field magnetoresistance oscillations
in the three regimes, Fourier transforms of which are shown
in Fig. 2b (see also Figs. S5 and Fig. S6). The loss of degen-
eracy is consistent with a zero magnetic field phase diagram
which contains two distinct phases that spontaneously break
the combined spin- and valley isospin symmetry. In this pic-
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FIG. 1. Superconductivity in rhombohedral trilayer graphene (RTG). a, Crystal structure of RTG. b, Band structure of RTG for interlayer
potential �1=0, 10, 20, and 30 meV. c, Density of states, ⇢ calculated in the single particle model. d Isoenergetic contours near the valence band
maximum for �1 = 20 meV plotted over a range of �0.08 < kx,ya0 < 0.08. Contours span a range of energy of 10 meV. e, Resistivity as a
function of electron density ne and perpendicular displacement field D measured at base temperature. Two disjoint regions showing signatures
of superconductivity are observed, indicated by the open circles. f-g, Temperature and current dependence of the differential resistivity dV/dI
measured at the points in the n�D plane indicated in panel a. h Temperature dependent resistivity across SC1 measured at D =0.46V/nm. i
Rxx(T ) with T1/2 and TBKT corresponding to the data plotted in panel f.

ductivity occurs at a symmetry breaking transition. To better
understand this connection, we measure quantum oscillations
at low magnetic fields B? < 1T (Fig. 2a) in the density
range spanning SC1 at fixed D = 0.4V/nm. Several oscilla-
tion periods are visible across this range, indicating complex
Fermi surfaces. To understand these data more quantitatively,
we plot the Fourier transform of Rxx(1/B?) as a function of
f⌫ , the oscillation frequency normalized to the total carrier
density (Fig. 2b). f⌫ corresponds to the fraction of the total
Fermi sea area enclosed by the Fermi surface generating the
peak. Three regions of qualitatively different quantum oscil-
lation spectra are visible. At extreme right, a single peak at
f⌫ = .5 indicates two equal area Fermi surfaces each enclos-
ing half the total Fermi sea. We associate this regime with a
spin polarized, valley unpolarized “half-metal’ state[1] with a
simply connected Fermi sea in each valley. At the extreme left
of the plot, several oscillation peaks with density dependent
frequencies are visible. These correspond to the inner- and
outer boundaries of an annular Fermi sea with the full four-
fold spin- and valley-degeneracy (and harmonics). Intermedi-
ate between these two phases, the oscillation spectrum is more
complex, including both strong peaks at f⌫ . .5 as well as at
f⌫ < .1. We identify this regime with one or more partially
isospin polarized (PIP) phases, where the system has broken
one of the spin- or valley symmetries but is not completely
polarized into two isospin components. Comparing the quan-
tum oscillation spectrum to base temperature transport mea-
surements at B=0 (Fig. 2c) shows that SC1 occurs within the
symmetric, annular phase and adjacent to the boundary with
the PIP phase.

The appearance of superconductivity so close to a sym-
metry breaking phase transition opens the possibility of an
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in RTG, we study the magnetoresistance of both the super-
conducting and normal states. Fig. 3a-b show the dependence
of SC1 on the out-of-plane magnetic field B?. The critical
BC? is in the 10mT range. Within Ginzburg-Landau theory,
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of R ⇡ 20⌦ produces an estimate of ` ⇡ 1µm, consider-
ably larger than ⇠ and implying d . .2. However, this esti-
mate for ` is comparable to the lateral dimensions of our de-
vice (Fig. 3c), calling into question the validity of the Drude
approach[24]. In fact, qualitative features suggest ` may be
considerably longer. Fig. 3c-d show a circuit schematic for
measuring the nonlocal magnetoresistance, which has been
used to detect transverse electron focusing in other graphene
heterostructures[3, 4]. Measured data in the regime of SC1
(Fig. 3d) show a pronounced feature near B? ⇡ .1T , con-
sistent with transverse electron focusing between the con-
tacts, which are separated by a pitch of L ⇡ 2.3µm. This
feature–which is observed across all densities in our device
(Fig. S3)—suggests ` & ⇡L ⇡ 3.5µm. Taking this estimate
for ` gives a disorder parameter d < .035. These estimates
place the superconductivity firmly in the clean limit, where
unconventional superconductivity may be expected to survive.
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• AB and ABC graphene SC: 
ℓ/* ≳ ,$ (Clean limit)
⇒Unconventional pairing 
not ruled out (yet…)

c.f. Sr2RuO4 with controlled amounts 
of non-magnetic disorder

Mackenzie,	…,	Lonzarich,	Maeno (PRL,	1998)	

Abrikosov-
Gorkov fit

ℓ ≈ 9(



Puzzles

! ∝ #$

Chou,	Wu,	Sau,	Das	Sarma (PRL,	2021)

Θ:; = 21<2=

Conventional (acoustic phonon-mediated) s-wave?

Experimentally:

! ≳ Θ!"/4:

! = ℎ
'!

1
2∑" +#,"

2,#$

! > 20K: !" ≈ 1 − 2 #
$

⟹ & ≈ %
%&' −

%
('' Recall:	-% ∼ 34>?/A34

Usually	/&' ≈ /



Puzzles	(2)
Singlet or triplet?

1′

1

1

1′

*

SC2: normal state is spin-polarized ⇒ * > ,, triplet SC

SC1: normal state is spin-unpolarized ⇒ singlet SC??

-# = −0 2⃗$ ⋅ 2⃗$(
E

B) =
2" C
D

∼ 20 − 30meV

K ∼ 1meV

L) 1 ×ML 2 ×ML 2

L) 1 ×L* 1 ×ML 2



Electronic	mechanisms

4' − N

4 + N 4' + N′

4 − N′

P ≈ P+,-

A.	Ghazaryan,	T.	Holder,	
M.	Serbyn,	EB,	

PRL	(2021);	PRB	(2023)
S.	Chatterjee,	T.	Wang,	EB,	M.	Zaletel,	

Nature	Comm.	(2022)

Chiral 5Q + 75R 
order parameter!
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Figure S4. Diagrammatic representation of the e↵ective interaction Vq and the pairing vertex �. Thin wiggly lines denote the
Coulomb interaction, solid lines are fermionic propagators with flavor index a, b.

II. METHOD OF CALCULATING Tc

Here, we provide more details of our method of treating the superconductivity emergent from the Hamiltonian (1).
To formally control the calculation, we imagine taking the limit of large number of electron flavors, N →∞ (with N�2
flavors in each of the two valleys). At the same time, we take the weak coupling limit such that Ne2�✏→ const. To
leading order in 1�N , the e↵ective interaction is then given by the RPA expression, Eq. (3) in the main text (see
Fig. S4).

We can then use this interaction to calculate the pairing vertex � for inter-valley pairs (Fig. S4). Within our
approach, the e↵ective pairing interaction for a given flavor is of order 1�N , which justifies the weak coupling treatment.
Each additional term in the ladder summation is suppressed by 1�N but enhanced by a BCS logarithmic factor, of
order log(W �T ), and hence we need to sum the infinite ladder series, giving the usual BCS gap equation. Applying
weak-coupling BCS theory is reasonable when making connection to experiments in RTG, since Tc�EF ∼ 10−3 is much
smaller than 1.

Note that our setup of the problem does not give the instabilities towards flavor symmetry breaking half and quarter
metals seen in RTG; in the limit in which our calculations are justified, these e↵ects are suppressed by factors of 1�N .
Treating superconductivity and flavor symmetry breaking on the same footing in a theoretically controlled way is
di�cult, and goes beyond our present analysis. On physical grounds, however, it is reasonable that upon changing the
hole density towards the Van Hove point, superconductivity is first enhanced due to the increase in the density of
states. By the Stoner criterion, the same increase in the density of states promotes flavor symmetry breaking transition
that decreases the density of states, suppressing superconductivity. Hence, superconductivity and symmetry breaking
appear close to each other in the phase diagram, even though they are not necessarily causally related.

Linearlized gap equation

To derive Eq. (4) of the main text, we start from the standard BCS mean-field equation for the gap function:

�k = −� d2k′
(2⇡)2V (k − k′) �⇤k,k′−k,+1�2 tanh �Ek′,1

2T
�

2Ek′,1
�k′ , (S2)

where Ek,⌧ =�"2k,⌧
+ ��k�2 is the dispersion of Bogoliubov quasi-particles. To get Tc, we keep only terms to linear

order in �k′ in the right hand side of (S2), replacing Ek,1 by �"k,1�. Furthermore, we linearize the dispersion near the

FS, and change variables to Fermi surface coordinates such that ∫ d
2
k
′

(2⇡)2 = ∫ dk
′∥ dk⊥(2⇡)2 , where k∥ and k⊥ are momenta

parallel and perpendicular to the FS, and "k,1 ≈ vkk⊥. Integrating over k⊥ gives a factor of 1

vk′ log(W �T ), where W is

an energy cuto↵ of the order of EF . This gives Eq. (4).

=
S&,/

1 + T Π&,/ S&,/

Charge fluctuations
(“Kohn-Luttinger”)

IVC fluctuations

• e-e scattering conserves momentum: V W > W) ≈ YZC[\.

• Coulomb interactions favor spin singlet for SC1
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No superconductivity to second order
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calculated from Kasuya's formula, for the most
pure samples above 3.0'K and the dependence
of Ho and Jo/Ao on carrier concentration, are
under investigation.
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It is the purpose of this note to point out a
new mechanism which provides an instability
against Cooper-pair formation. We find that
a weakly interacting system of fermions can-
not remain normal down to the absolute zero
of temperature, no matter what the form of
the interaction. This mechanism has nothing
to do with the conventional electron-phonon
attractive interaction in metals, or the long-
range attractive van der Waals forces in He'.
It is present even in the case of purely repul-
sive forces between the particles, and is due
to the sharpness of the Fermi surface for the
normal system.

To understand what is involved, we first take
an over-simplified view of the effect. It has
long been known' that if a charge is placed in
a metal, the screening is such that there re-
mains a long-range oscillatory potential of
the form cos(2kFr+ q)/r~ (kF is the Fermi mo
mentum). This leads to a long-range interac-
tion between charges. Formally, the source
of this long-range force is the singularity of

the dielectric constant as a function of the mo-
mentum transfer q, when q=2kF. ' This sin-
gularity in the Fourier transform of the inter-
action gives rise to a long-ranged oscillatory
force in ordinary space. All that is necessary
for this effect is a sharp Fermi surface; a
rounding of the Fermi surface due to (say)
finite temperature or impurities will give rise
to an interaction which drops off exponential-
ly at very large distances.

It is plausible to suppose that, similarly,
the effective interaction between the fermions
themselves will have a long-range oscillatory
part. By taking advantage of the attractive
regions, Cooper pairs can form thus giving
rise to superconductivity.

To investigate this possibility more system-
atically we consider the following model: an
isotropic system of spin- —,

' fermions with weak
short-range forces between them. The crite-
rion we use for the onset of superconductivity
is that the scattering amplitude for pairs of
quasiparticles of equal and opposite momenta
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and total energy corresponding to two particles
on the Fermi surface has a pole at a certain
temperature T~.' It can be shown that this
criterion is exactly the same as one would
obtain from the general theory of Cooper-pair
formation, 3 in the limit as the gap approaches
zero. This criterion leads to the following
equation'.

y(P) = --5 K(p, P') &(P') &(-P')X(P'),1

where K(p, p') is derived by summation over
spin variables from the irreducible vertex4
I~& ~~~~(p, -p;p', -p'). a, y are spin indices,
p represents the momentum and (discrete)
energy variables. The diagrams contributing
to E up to second order are given in Fig. 1.
Figure 1(a) represents the direct interaction;
Fig. 1(b) represents the effect we have dis-
cussed in the general introduction, i.e., the
screened direct interaction. Figures 1(c) and
1(d) are new effects, Fig. 1(c) being due to
a wave-function modification of the particles
and Fig. 1(d) to exchange. Equation (1) may
be reduced (for small temperature) to an equa-
tion on the Fermi surface. E then becomes
a function only of the angle between k and k'.
The solutions of Eq. (1) have an angular depen-
dence of the form I'I (8, y). For a given l,
Eq. (1) can be reduced to

%e can in fact demonstrate that, at least
for large odd values of l, Kl must become neg-
ative. The essential feature of K(cos8) is that
its contributions from Figs. 1(b) and 1(c) are
singular at cos8 = -1, and that from Fig. 1(d)
at cos0 =+1. The origin of this singularity is
the same as the origin of the singularity of
the dielectric constant: the sharpness of the
Fermi surface. ' The singular parts of K( ),
K(c), and K(d)»e

K . =2u (2k )Q(cos8),(b)
sing

Here

= -2u(2k )u(0)Q(cos8),(c)
sing

K . = -u (0)Q(-cos8).(d) 2
sing

Q(cos8) = (mk /16w')(1+ cos8) ln(1+ cos8), (4)

and u(q) is the Fourier transform of the direct
interaction. From these expressions we find
Kf -1/I4. If the direct interaction is regular,
its contribution to Kf [Fig. 1(a)] drops off ex-
ponentially in l, and thus for large l always
becomes negligible compared to the contribu-
tions of the second-order diagrams. ' For large
l one then finds, finally, the condition

where

-[k m/(2w)']K, in(Pe ) =1, (2) [(kFm) /(2w) ](1/$ )

&&(u (0)+2(-) [u(0)u(2k )—u (2k )]jln(pe )= l. (5)
2 l 2

K = J d(cos8)P (cos8)K(cos8)
l O

and eO l is of the order of the Fermi energy.
As long as El is negative, no matter how small,
Eq. (2) has a solution for small enough tem-
perature since 1n(pe0 &) can be made arbitrar-
ily large.

It is clear that, at least for odd l, this has
a solution no matter what the form of u(k) is.

Of course one cannot use these formulas for
real metals or for liquid Hes, since the inter-
actions are really not weak. However, they
may be used as a very crude estimate of the
kind of transition temperatures we might ex-
pect. For He' we may represent the interac-
tion by a pseudopotential

(b)

PI

-P
(c)

Pl P/

i5

l
P -P

(d)

u(r) =+(4wa/m) 5(r),
where a is the diameter of the hard core of
the He' atoms. Then (5) becomes

kT
—exp(-[w'/(k a)']l4] —exp(-2. 5l'),

O, l

(6)

FIG. 1. Types of particle-particle interaction dia-
grams up to the second order which contribute to the
irreducible scattering vertex.

since for He', k Fa - 2. For example, for l = 2,

(kg / ) -40 10—17
c O, l (6)
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calculated from Kasuya's formula, for the most
pure samples above 3.0'K and the dependence
of Ho and Jo/Ao on carrier concentration, are
under investigation.
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It is the purpose of this note to point out a
new mechanism which provides an instability
against Cooper-pair formation. We find that
a weakly interacting system of fermions can-
not remain normal down to the absolute zero
of temperature, no matter what the form of
the interaction. This mechanism has nothing
to do with the conventional electron-phonon
attractive interaction in metals, or the long-
range attractive van der Waals forces in He'.
It is present even in the case of purely repul-
sive forces between the particles, and is due
to the sharpness of the Fermi surface for the
normal system.

To understand what is involved, we first take
an over-simplified view of the effect. It has
long been known' that if a charge is placed in
a metal, the screening is such that there re-
mains a long-range oscillatory potential of
the form cos(2kFr+ q)/r~ (kF is the Fermi mo
mentum). This leads to a long-range interac-
tion between charges. Formally, the source
of this long-range force is the singularity of

the dielectric constant as a function of the mo-
mentum transfer q, when q=2kF. ' This sin-
gularity in the Fourier transform of the inter-
action gives rise to a long-ranged oscillatory
force in ordinary space. All that is necessary
for this effect is a sharp Fermi surface; a
rounding of the Fermi surface due to (say)
finite temperature or impurities will give rise
to an interaction which drops off exponential-
ly at very large distances.

It is plausible to suppose that, similarly,
the effective interaction between the fermions
themselves will have a long-range oscillatory
part. By taking advantage of the attractive
regions, Cooper pairs can form thus giving
rise to superconductivity.

To investigate this possibility more system-
atically we consider the following model: an
isotropic system of spin- —,

' fermions with weak
short-range forces between them. The crite-
rion we use for the onset of superconductivity
is that the scattering amplitude for pairs of
quasiparticles of equal and opposite momenta
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Figure S4. Diagrammatic representation of the e↵ective interaction Vq and the pairing vertex �. Thin wiggly lines denote the
Coulomb interaction, solid lines are fermionic propagators with flavor index a, b.

II. METHOD OF CALCULATING Tc

Here, we provide more details of our method of treating the superconductivity emergent from the Hamiltonian (1).
To formally control the calculation, we imagine taking the limit of large number of electron flavors, N →∞ (with N�2
flavors in each of the two valleys). At the same time, we take the weak coupling limit such that Ne2�✏→ const. To
leading order in 1�N , the e↵ective interaction is then given by the RPA expression, Eq. (3) in the main text (see
Fig. S4).

We can then use this interaction to calculate the pairing vertex � for inter-valley pairs (Fig. S4). Within our
approach, the e↵ective pairing interaction for a given flavor is of order 1�N , which justifies the weak coupling treatment.
Each additional term in the ladder summation is suppressed by 1�N but enhanced by a BCS logarithmic factor, of
order log(W �T ), and hence we need to sum the infinite ladder series, giving the usual BCS gap equation. Applying
weak-coupling BCS theory is reasonable when making connection to experiments in RTG, since Tc�EF ∼ 10−3 is much
smaller than 1.

Note that our setup of the problem does not give the instabilities towards flavor symmetry breaking half and quarter
metals seen in RTG; in the limit in which our calculations are justified, these e↵ects are suppressed by factors of 1�N .
Treating superconductivity and flavor symmetry breaking on the same footing in a theoretically controlled way is
di�cult, and goes beyond our present analysis. On physical grounds, however, it is reasonable that upon changing the
hole density towards the Van Hove point, superconductivity is first enhanced due to the increase in the density of
states. By the Stoner criterion, the same increase in the density of states promotes flavor symmetry breaking transition
that decreases the density of states, suppressing superconductivity. Hence, superconductivity and symmetry breaking
appear close to each other in the phase diagram, even though they are not necessarily causally related.

Linearlized gap equation

To derive Eq. (4) of the main text, we start from the standard BCS mean-field equation for the gap function:

�k = −� d2k′
(2⇡)2V (k − k′) �⇤k,k′−k,+1�2 tanh �Ek′,1

2T
�

2Ek′,1
�k′ , (S2)

where Ek,⌧ =�"2k,⌧
+ ��k�2 is the dispersion of Bogoliubov quasi-particles. To get Tc, we keep only terms to linear

order in �k′ in the right hand side of (S2), replacing Ek,1 by �"k,1�. Furthermore, we linearize the dispersion near the

FS, and change variables to Fermi surface coordinates such that ∫ d
2
k
′

(2⇡)2 = ∫ dk
′∥ dk⊥(2⇡)2 , where k∥ and k⊥ are momenta

parallel and perpendicular to the FS, and "k,1 ≈ vkk⊥. Integrating over k⊥ gives a factor of 1

vk′ log(W �T ), where W is

an energy cuto↵ of the order of EF . This gives Eq. (4).

Screened Coulomb interaction (RPA):

=
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Figure 1. (a) RTG placed between two metallic gates at distance d away, and encapsulated by an insulator with dielectric
constant ✏. (b,c) Band structure and FS of the simplified circularly symmetric model and the realistic model, respectively. (d,e) The
polarization function ⇧0,q within the simplified and realistic models, at density ne = −1.19×1012 cm−2 and ne = −1.67×1012 cm−2,
respectively. (f,g) SC dimensionless coupling constant, �, vs. density in the two models, colored for p-wave (purple), extended
s-wave (yellow) and d-wave (cyan). The inset shows the solution of the linearized gap equation along the FS at certain values of
ne. Red and blue represent positive and negative �k, respectively. Panels (f-g) were obtained with ✏ = 4 and d = 36.9nm. In
(e,g) we used �1 = 20meV.

Model.—The unit cell structure of rhombohedral trilayer
graphene is shown schematically in Fig. 1(a). We write
the Hamiltonian as

Ĥ = Ĥ0 + ĤC , (1)

where Ĥ0 = ∑k,⌧,s 
†
k⌧s

hk⌧
 k⌧s

is the single-particle
part [12]. hk⌧ is a 6 × 6 matrix in the basis(A1,B1,A2,B2,A3,B3), corresponding to the A,B sub-
lattices of layers 1,2,3 (Fig. 1(a)) that is written explicitly
in the Supplemental Material [32]. The valley and spin
indices are denoted by ⌧ and s, respectively.  †

k⌧s
is

a spinor containing the operators  †
k,`,�,⌧,s

, that create
an electron with momentum k, at layer ` = 1,2,3 and
sublattice � = A,B. The Coulomb interaction is given by

ĤC = 1

2L2
�
q

V0,q⇢q⇢−q, (2)

where V0,q = 2⇡e
2

✏q
tanh(qd) is the Coulomb potential

screened by two metallic gates at distance d above and
below the RTG, ✏ is the e↵ective dielectric constant, and
L is the linear dimension of the system. The Fourier com-
ponent of the density is given by ⇢q = ∑k⌧s 

†
k⌧s
 k+q⌧s

.
Near the Fermi level, the band structure of hk⌧ consists

of a conduction and a valence band separated by a gap,
2�1, proportional to the perpendicular displacement field.
The other four bands are split by at least 200meV. �1

and the carrier density, ne, controlled experimentally by
gate voltages, can be used to tune the system between
di↵erent phases.

We project the Hamiltonian onto the valence band,
where SC1 and SC2 occur. This amounts to substituting
⇢q by ⇢̃q = ∑k,⌧,s⇤k,q,⌧

c†
k,⌧,s

ck+q,⌧,s
, where c†

k,⌧,s
creates

an electron at momentum k in the valence band in valley

⌧ and spin s, and ⇤k,q,⌧ = �uk,⌧ �uk+q,⌧ � is an overlap
between Bloch wave functions of the valence band, �uk,⌧ �.

We investigate superconductivity within a purely elec-
tronic mechanism, driven by the Coulomb interaction.
Within this mechanism [18, 19], pairing is mediated by
particle-hole electronic fluctuations at a broad range of
energies. The e↵ective interaction after screening by such
fluctuations depends on frequency only weakly, and will
be treated as instantaneous. Within the random phase
approximation (RPA), this interaction is given by

Vq = V0,q

1 +⇧0,qV0,q
, (3)

where ⇧0,q = N ∑k �⇤k,q,⌧ �2 f("k,⌧ )−f("k+q,⌧ )
"k+q,⌧−"k,⌧

is the static

polarization function, with "k,⌧ being the dispersion of
the valence band in valley ⌧ . f(") is the Fermi function.
N = 4 is the number of spin and valley flavors. Note that
⇧0,q is independent of ⌧ , due to time reversal symmetry.

The RPA interaction Hamiltonian is given by ĤRPA =
1

2L2 ∑q Vq⇢̃q⇢̃−q. The superconducting Tc is found by
solving the linearized Bardeen-Cooper-Schrie↵er (BCS)
gap equation using Eq. (3) as the pairing interaction.
For a formal justification of this procedure, as well as a
derivation of the linearized gap equation, see [32]. The
gap equation is given by

�k = − log �W
Tc

��
FS

dk′∥(2⇡)2vk′ Vk−k′ �⇤k,k′−k,+1�2�k′ , (4)

where �k is the SC order parameter at a point k on the FS
in valley ⌧ = +1, vk is the magnitude of the Fermi velocity
at that point, and W is an upper cuto↵ of the order of the
Fermi energy. The integration is taken over all the FSs.
Denoting � as the largest eigenvalue of the linear operator
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Figure 1. (a) RTG placed between two metallic gates at distance d away, and encapsulated by an insulator with dielectric
constant ✏. (b,c) Band structure and FS of the simplified circularly symmetric model and the realistic model, respectively. (d,e) The
polarization function ⇧0,q within the simplified and realistic models, at density ne = −1.19×1012 cm−2 and ne = −1.67×1012 cm−2,
respectively. (f,g) SC dimensionless coupling constant, �, vs. density in the two models, colored for p-wave (purple), extended
s-wave (yellow) and d-wave (cyan). The inset shows the solution of the linearized gap equation along the FS at certain values of
ne. Red and blue represent positive and negative �k, respectively. Panels (f-g) were obtained with ✏ = 4 and d = 36.9nm. In
(e,g) we used �1 = 20meV.

Model.—The unit cell structure of rhombohedral trilayer
graphene is shown schematically in Fig. 1(a). We write
the Hamiltonian as

Ĥ = Ĥ0 + ĤC , (1)

where Ĥ0 = ∑k,⌧,s 
†
k⌧s

hk⌧
 k⌧s

is the single-particle
part [12]. hk⌧ is a 6 × 6 matrix in the basis(A1,B1,A2,B2,A3,B3), corresponding to the A,B sub-
lattices of layers 1,2,3 (Fig. 1(a)) that is written explicitly
in the Supplemental Material [32]. The valley and spin
indices are denoted by ⌧ and s, respectively.  †

k⌧s
is

a spinor containing the operators  †
k,`,�,⌧,s

, that create
an electron with momentum k, at layer ` = 1,2,3 and
sublattice � = A,B. The Coulomb interaction is given by

ĤC = 1

2L2
�
q

V0,q⇢q⇢−q, (2)

where V0,q = 2⇡e
2

✏q
tanh(qd) is the Coulomb potential

screened by two metallic gates at distance d above and
below the RTG, ✏ is the e↵ective dielectric constant, and
L is the linear dimension of the system. The Fourier com-
ponent of the density is given by ⇢q = ∑k⌧s 

†
k⌧s
 k+q⌧s

.
Near the Fermi level, the band structure of hk⌧ consists

of a conduction and a valence band separated by a gap,
2�1, proportional to the perpendicular displacement field.
The other four bands are split by at least 200meV. �1

and the carrier density, ne, controlled experimentally by
gate voltages, can be used to tune the system between
di↵erent phases.

We project the Hamiltonian onto the valence band,
where SC1 and SC2 occur. This amounts to substituting
⇢q by ⇢̃q = ∑k,⌧,s⇤k,q,⌧

c†
k,⌧,s

ck+q,⌧,s
, where c†

k,⌧,s
creates

an electron at momentum k in the valence band in valley

⌧ and spin s, and ⇤k,q,⌧ = �uk,⌧ �uk+q,⌧ � is an overlap
between Bloch wave functions of the valence band, �uk,⌧ �.

We investigate superconductivity within a purely elec-
tronic mechanism, driven by the Coulomb interaction.
Within this mechanism [18, 19], pairing is mediated by
particle-hole electronic fluctuations at a broad range of
energies. The e↵ective interaction after screening by such
fluctuations depends on frequency only weakly, and will
be treated as instantaneous. Within the random phase
approximation (RPA), this interaction is given by

Vq = V0,q

1 +⇧0,qV0,q
, (3)

where ⇧0,q = N ∑k �⇤k,q,⌧ �2 f("k,⌧ )−f("k+q,⌧ )
"k+q,⌧−"k,⌧

is the static

polarization function, with "k,⌧ being the dispersion of
the valence band in valley ⌧ . f(") is the Fermi function.
N = 4 is the number of spin and valley flavors. Note that
⇧0,q is independent of ⌧ , due to time reversal symmetry.

The RPA interaction Hamiltonian is given by ĤRPA =
1

2L2 ∑q Vq⇢̃q⇢̃−q. The superconducting Tc is found by
solving the linearized Bardeen-Cooper-Schrie↵er (BCS)
gap equation using Eq. (3) as the pairing interaction.
For a formal justification of this procedure, as well as a
derivation of the linearized gap equation, see [32]. The
gap equation is given by

�k = − log �W
Tc

��
FS

dk′∥(2⇡)2vk′ Vk−k′ �⇤k,k′−k,+1�2�k′ , (4)

where �k is the SC order parameter at a point k on the FS
in valley ⌧ = +1, vk is the magnitude of the Fermi velocity
at that point, and W is an upper cuto↵ of the order of the
Fermi energy. The integration is taken over all the FSs.
Denoting � as the largest eigenvalue of the linear operator
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Figure 1. (a) RTG placed between two metallic gates at distance d away, and encapsulated by an insulator with dielectric
constant ✏. (b,c) Band structure and FS of the simplified circularly symmetric model and the realistic model, respectively. (d,e) The
polarization function ⇧0,q within the simplified and realistic models, at density ne = −1.19×1012 cm−2 and ne = −1.67×1012 cm−2,
respectively. (f,g) SC dimensionless coupling constant, �, vs. density in the two models, colored for p-wave (purple), extended
s-wave (yellow) and d-wave (cyan). The inset shows the solution of the linearized gap equation along the FS at certain values of
ne. Red and blue represent positive and negative �k, respectively. Panels (f-g) were obtained with ✏ = 4 and d = 36.9nm. In
(e,g) we used �1 = 20meV.

Model.—The unit cell structure of rhombohedral trilayer
graphene is shown schematically in Fig. 1(a). We write
the Hamiltonian as

Ĥ = Ĥ0 + ĤC , (1)

where Ĥ0 = ∑k,⌧,s 
†
k⌧s

hk⌧
 k⌧s

is the single-particle
part [12]. hk⌧ is a 6 × 6 matrix in the basis(A1,B1,A2,B2,A3,B3), corresponding to the A,B sub-
lattices of layers 1,2,3 (Fig. 1(a)) that is written explicitly
in the Supplemental Material [32]. The valley and spin
indices are denoted by ⌧ and s, respectively.  †

k⌧s
is

a spinor containing the operators  †
k,`,�,⌧,s

, that create
an electron with momentum k, at layer ` = 1,2,3 and
sublattice � = A,B. The Coulomb interaction is given by

ĤC = 1

2L2
�
q

V0,q⇢q⇢−q, (2)

where V0,q = 2⇡e
2

✏q
tanh(qd) is the Coulomb potential

screened by two metallic gates at distance d above and
below the RTG, ✏ is the e↵ective dielectric constant, and
L is the linear dimension of the system. The Fourier com-
ponent of the density is given by ⇢q = ∑k⌧s 

†
k⌧s
 k+q⌧s

.
Near the Fermi level, the band structure of hk⌧ consists

of a conduction and a valence band separated by a gap,
2�1, proportional to the perpendicular displacement field.
The other four bands are split by at least 200meV. �1

and the carrier density, ne, controlled experimentally by
gate voltages, can be used to tune the system between
di↵erent phases.

We project the Hamiltonian onto the valence band,
where SC1 and SC2 occur. This amounts to substituting
⇢q by ⇢̃q = ∑k,⌧,s⇤k,q,⌧

c†
k,⌧,s

ck+q,⌧,s
, where c†

k,⌧,s
creates

an electron at momentum k in the valence band in valley

⌧ and spin s, and ⇤k,q,⌧ = �uk,⌧ �uk+q,⌧ � is an overlap
between Bloch wave functions of the valence band, �uk,⌧ �.

We investigate superconductivity within a purely elec-
tronic mechanism, driven by the Coulomb interaction.
Within this mechanism [18, 19], pairing is mediated by
particle-hole electronic fluctuations at a broad range of
energies. The e↵ective interaction after screening by such
fluctuations depends on frequency only weakly, and will
be treated as instantaneous. Within the random phase
approximation (RPA), this interaction is given by

Vq = V0,q

1 +⇧0,qV0,q
, (3)

where ⇧0,q = N ∑k �⇤k,q,⌧ �2 f("k,⌧ )−f("k+q,⌧ )
"k+q,⌧−"k,⌧

is the static

polarization function, with "k,⌧ being the dispersion of
the valence band in valley ⌧ . f(") is the Fermi function.
N = 4 is the number of spin and valley flavors. Note that
⇧0,q is independent of ⌧ , due to time reversal symmetry.

The RPA interaction Hamiltonian is given by ĤRPA =
1

2L2 ∑q Vq⇢̃q⇢̃−q. The superconducting Tc is found by
solving the linearized Bardeen-Cooper-Schrie↵er (BCS)
gap equation using Eq. (3) as the pairing interaction.
For a formal justification of this procedure, as well as a
derivation of the linearized gap equation, see [32]. The
gap equation is given by

�k = − log �W
Tc

��
FS

dk′∥(2⇡)2vk′ Vk−k′ �⇤k,k′−k,+1�2�k′ , (4)

where �k is the SC order parameter at a point k on the FS
in valley ⌧ = +1, vk is the magnitude of the Fermi velocity
at that point, and W is an upper cuto↵ of the order of the
Fermi energy. The integration is taken over all the FSs.
Denoting � as the largest eigenvalue of the linear operator
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Figure S4. Diagrammatic representation of the e↵ective interaction Vq and the pairing vertex �. Thin wiggly lines denote the
Coulomb interaction, solid lines are fermionic propagators with flavor index a, b.

II. METHOD OF CALCULATING Tc

Here, we provide more details of our method of treating the superconductivity emergent from the Hamiltonian (1).
To formally control the calculation, we imagine taking the limit of large number of electron flavors, N →∞ (with N�2
flavors in each of the two valleys). At the same time, we take the weak coupling limit such that Ne2�✏→ const. To
leading order in 1�N , the e↵ective interaction is then given by the RPA expression, Eq. (3) in the main text (see
Fig. S4).

We can then use this interaction to calculate the pairing vertex � for inter-valley pairs (Fig. S4). Within our
approach, the e↵ective pairing interaction for a given flavor is of order 1�N , which justifies the weak coupling treatment.
Each additional term in the ladder summation is suppressed by 1�N but enhanced by a BCS logarithmic factor, of
order log(W �T ), and hence we need to sum the infinite ladder series, giving the usual BCS gap equation. Applying
weak-coupling BCS theory is reasonable when making connection to experiments in RTG, since Tc�EF ∼ 10−3 is much
smaller than 1.

Note that our setup of the problem does not give the instabilities towards flavor symmetry breaking half and quarter
metals seen in RTG; in the limit in which our calculations are justified, these e↵ects are suppressed by factors of 1�N .
Treating superconductivity and flavor symmetry breaking on the same footing in a theoretically controlled way is
di�cult, and goes beyond our present analysis. On physical grounds, however, it is reasonable that upon changing the
hole density towards the Van Hove point, superconductivity is first enhanced due to the increase in the density of
states. By the Stoner criterion, the same increase in the density of states promotes flavor symmetry breaking transition
that decreases the density of states, suppressing superconductivity. Hence, superconductivity and symmetry breaking
appear close to each other in the phase diagram, even though they are not necessarily causally related.

Linearlized gap equation

To derive Eq. (4) of the main text, we start from the standard BCS mean-field equation for the gap function:

�k = −� d2k′
(2⇡)2V (k − k′) �⇤k,k′−k,+1�2 tanh �Ek′,1

2T
�

2Ek′,1
�k′ , (S2)

where Ek,⌧ =�"2k,⌧
+ ��k�2 is the dispersion of Bogoliubov quasi-particles. To get Tc, we keep only terms to linear

order in �k′ in the right hand side of (S2), replacing Ek,1 by �"k,1�. Furthermore, we linearize the dispersion near the

FS, and change variables to Fermi surface coordinates such that ∫ d
2
k
′

(2⇡)2 = ∫ dk
′∥ dk⊥(2⇡)2 , where k∥ and k⊥ are momenta

parallel and perpendicular to the FS, and "k,1 ≈ vkk⊥. Integrating over k⊥ gives a factor of 1

vk′ log(W �T ), where W is

an energy cuto↵ of the order of EF . This gives Eq. (4).
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Vq =
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Figure S4. Diagrammatic representation of the e↵ective interaction Vq and the pairing vertex �. Thin wiggly lines denote the
Coulomb interaction, solid lines are fermionic propagators with flavor index a, b.

II. METHOD OF CALCULATING Tc

Here, we provide more details of our method of treating the superconductivity emergent from the Hamiltonian (1).
To formally control the calculation, we imagine taking the limit of large number of electron flavors, N →∞ (with N�2
flavors in each of the two valleys). At the same time, we take the weak coupling limit such that Ne2�✏→ const. To
leading order in 1�N , the e↵ective interaction is then given by the RPA expression, Eq. (3) in the main text (see
Fig. S4).

We can then use this interaction to calculate the pairing vertex � for inter-valley pairs (Fig. S4). Within our
approach, the e↵ective pairing interaction for a given flavor is of order 1�N , which justifies the weak coupling treatment.
Each additional term in the ladder summation is suppressed by 1�N but enhanced by a BCS logarithmic factor, of
order log(W �T ), and hence we need to sum the infinite ladder series, giving the usual BCS gap equation. Applying
weak-coupling BCS theory is reasonable when making connection to experiments in RTG, since Tc�EF ∼ 10−3 is much
smaller than 1.

Note that our setup of the problem does not give the instabilities towards flavor symmetry breaking half and quarter
metals seen in RTG; in the limit in which our calculations are justified, these e↵ects are suppressed by factors of 1�N .
Treating superconductivity and flavor symmetry breaking on the same footing in a theoretically controlled way is
di�cult, and goes beyond our present analysis. On physical grounds, however, it is reasonable that upon changing the
hole density towards the Van Hove point, superconductivity is first enhanced due to the increase in the density of
states. By the Stoner criterion, the same increase in the density of states promotes flavor symmetry breaking transition
that decreases the density of states, suppressing superconductivity. Hence, superconductivity and symmetry breaking
appear close to each other in the phase diagram, even though they are not necessarily causally related.

Linearlized gap equation

To derive Eq. (4) of the main text, we start from the standard BCS mean-field equation for the gap function:

�k = −� d2k′
(2⇡)2V (k − k′) �⇤k,k′−k,+1�2 tanh �Ek′,1

2T
�

2Ek′,1
�k′ , (S2)

where Ek,⌧ =�"2k,⌧
+ ��k�2 is the dispersion of Bogoliubov quasi-particles. To get Tc, we keep only terms to linear

order in �k′ in the right hand side of (S2), replacing Ek,1 by �"k,1�. Furthermore, we linearize the dispersion near the

FS, and change variables to Fermi surface coordinates such that ∫ d
2
k
′

(2⇡)2 = ∫ dk
′∥ dk⊥(2⇡)2 , where k∥ and k⊥ are momenta

parallel and perpendicular to the FS, and "k,1 ≈ vkk⊥. Integrating over k⊥ gives a factor of 1

vk′ log(W �T ), where W is

an energy cuto↵ of the order of EF . This gives Eq. (4).

=
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SC1: T = 4

SC2: T = 2 (spin polarized)
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Figure 1. (a) RTG placed between two metallic gates at distance d away, and encapsulated by an insulator with dielectric
constant ✏. (b,c) Band structure and FS of the simplified circularly symmetric model and the realistic model, respectively. (d,e) The
polarization function ⇧0,q within the simplified and realistic models, at density ne = −1.19×1012 cm−2 and ne = −1.67×1012 cm−2,
respectively. (f,g) SC dimensionless coupling constant, �, vs. density in the two models, colored for p-wave (purple), extended
s-wave (yellow) and d-wave (cyan). The inset shows the solution of the linearized gap equation along the FS at certain values of
ne. Red and blue represent positive and negative �k, respectively. Panels (f-g) were obtained with ✏ = 4 and d = 36.9nm. In
(e,g) we used �1 = 20meV.

Model.—The unit cell structure of rhombohedral trilayer
graphene is shown schematically in Fig. 1(a). We write
the Hamiltonian as

Ĥ = Ĥ0 + ĤC , (1)

where Ĥ0 = ∑k,⌧,s 
†
k⌧s

hk⌧
 k⌧s

is the single-particle
part [12]. hk⌧ is a 6 × 6 matrix in the basis(A1,B1,A2,B2,A3,B3), corresponding to the A,B sub-
lattices of layers 1,2,3 (Fig. 1(a)) that is written explicitly
in the Supplemental Material [32]. The valley and spin
indices are denoted by ⌧ and s, respectively.  †

k⌧s
is

a spinor containing the operators  †
k,`,�,⌧,s

, that create
an electron with momentum k, at layer ` = 1,2,3 and
sublattice � = A,B. The Coulomb interaction is given by

ĤC = 1

2L2
�
q

V0,q⇢q⇢−q, (2)

where V0,q = 2⇡e
2

✏q
tanh(qd) is the Coulomb potential

screened by two metallic gates at distance d above and
below the RTG, ✏ is the e↵ective dielectric constant, and
L is the linear dimension of the system. The Fourier com-
ponent of the density is given by ⇢q = ∑k⌧s 

†
k⌧s
 k+q⌧s

.
Near the Fermi level, the band structure of hk⌧ consists

of a conduction and a valence band separated by a gap,
2�1, proportional to the perpendicular displacement field.
The other four bands are split by at least 200meV. �1

and the carrier density, ne, controlled experimentally by
gate voltages, can be used to tune the system between
di↵erent phases.

We project the Hamiltonian onto the valence band,
where SC1 and SC2 occur. This amounts to substituting
⇢q by ⇢̃q = ∑k,⌧,s⇤k,q,⌧

c†
k,⌧,s

ck+q,⌧,s
, where c†

k,⌧,s
creates

an electron at momentum k in the valence band in valley

⌧ and spin s, and ⇤k,q,⌧ = �uk,⌧ �uk+q,⌧ � is an overlap
between Bloch wave functions of the valence band, �uk,⌧ �.

We investigate superconductivity within a purely elec-
tronic mechanism, driven by the Coulomb interaction.
Within this mechanism [18, 19], pairing is mediated by
particle-hole electronic fluctuations at a broad range of
energies. The e↵ective interaction after screening by such
fluctuations depends on frequency only weakly, and will
be treated as instantaneous. Within the random phase
approximation (RPA), this interaction is given by

Vq = V0,q

1 +⇧0,qV0,q
, (3)

where ⇧0,q = N ∑k �⇤k,q,⌧ �2 f("k,⌧ )−f("k+q,⌧ )
"k+q,⌧−"k,⌧

is the static

polarization function, with "k,⌧ being the dispersion of
the valence band in valley ⌧ . f(") is the Fermi function.
N = 4 is the number of spin and valley flavors. Note that
⇧0,q is independent of ⌧ , due to time reversal symmetry.

The RPA interaction Hamiltonian is given by ĤRPA =
1

2L2 ∑q Vq⇢̃q⇢̃−q. The superconducting Tc is found by
solving the linearized Bardeen-Cooper-Schrie↵er (BCS)
gap equation using Eq. (3) as the pairing interaction.
For a formal justification of this procedure, as well as a
derivation of the linearized gap equation, see [32]. The
gap equation is given by

�k = − log �W
Tc

��
FS

dk′∥(2⇡)2vk′ Vk−k′ �⇤k,k′−k,+1�2�k′ , (4)

where �k is the SC order parameter at a point k on the FS
in valley ⌧ = +1, vk is the magnitude of the Fermi velocity
at that point, and W is an upper cuto↵ of the order of the
Fermi energy. The integration is taken over all the FSs.
Denoting � as the largest eigenvalue of the linear operator
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Figure 1. (a) RTG placed between two metallic gates at distance d away, and encapsulated by an insulator with dielectric
constant ✏. (b,c) Band structure and FS of the simplified circularly symmetric model and the realistic model, respectively. (d,e) The
polarization function ⇧0,q within the simplified and realistic models, at density ne = −1.19×1012 cm−2 and ne = −1.67×1012 cm−2,
respectively. (f,g) SC dimensionless coupling constant, �, vs. density in the two models, colored for p-wave (purple), extended
s-wave (yellow) and d-wave (cyan). The inset shows the solution of the linearized gap equation along the FS at certain values of
ne. Red and blue represent positive and negative �k, respectively. Panels (f-g) were obtained with ✏ = 4 and d = 36.9nm. In
(e,g) we used �1 = 20meV.

Model.—The unit cell structure of rhombohedral trilayer
graphene is shown schematically in Fig. 1(a). We write
the Hamiltonian as

Ĥ = Ĥ0 + ĤC , (1)

where Ĥ0 = ∑k,⌧,s 
†
k⌧s

hk⌧
 k⌧s

is the single-particle
part [12]. hk⌧ is a 6 × 6 matrix in the basis(A1,B1,A2,B2,A3,B3), corresponding to the A,B sub-
lattices of layers 1,2,3 (Fig. 1(a)) that is written explicitly
in the Supplemental Material [32]. The valley and spin
indices are denoted by ⌧ and s, respectively.  †

k⌧s
is

a spinor containing the operators  †
k,`,�,⌧,s

, that create
an electron with momentum k, at layer ` = 1,2,3 and
sublattice � = A,B. The Coulomb interaction is given by

ĤC = 1

2L2
�
q

V0,q⇢q⇢−q, (2)

where V0,q = 2⇡e
2

✏q
tanh(qd) is the Coulomb potential

screened by two metallic gates at distance d above and
below the RTG, ✏ is the e↵ective dielectric constant, and
L is the linear dimension of the system. The Fourier com-
ponent of the density is given by ⇢q = ∑k⌧s 

†
k⌧s
 k+q⌧s

.
Near the Fermi level, the band structure of hk⌧ consists

of a conduction and a valence band separated by a gap,
2�1, proportional to the perpendicular displacement field.
The other four bands are split by at least 200meV. �1

and the carrier density, ne, controlled experimentally by
gate voltages, can be used to tune the system between
di↵erent phases.

We project the Hamiltonian onto the valence band,
where SC1 and SC2 occur. This amounts to substituting
⇢q by ⇢̃q = ∑k,⌧,s⇤k,q,⌧

c†
k,⌧,s

ck+q,⌧,s
, where c†

k,⌧,s
creates

an electron at momentum k in the valence band in valley

⌧ and spin s, and ⇤k,q,⌧ = �uk,⌧ �uk+q,⌧ � is an overlap
between Bloch wave functions of the valence band, �uk,⌧ �.

We investigate superconductivity within a purely elec-
tronic mechanism, driven by the Coulomb interaction.
Within this mechanism [18, 19], pairing is mediated by
particle-hole electronic fluctuations at a broad range of
energies. The e↵ective interaction after screening by such
fluctuations depends on frequency only weakly, and will
be treated as instantaneous. Within the random phase
approximation (RPA), this interaction is given by

Vq = V0,q

1 +⇧0,qV0,q
, (3)

where ⇧0,q = N ∑k �⇤k,q,⌧ �2 f("k,⌧ )−f("k+q,⌧ )
"k+q,⌧−"k,⌧

is the static

polarization function, with "k,⌧ being the dispersion of
the valence band in valley ⌧ . f(") is the Fermi function.
N = 4 is the number of spin and valley flavors. Note that
⇧0,q is independent of ⌧ , due to time reversal symmetry.

The RPA interaction Hamiltonian is given by ĤRPA =
1

2L2 ∑q Vq⇢̃q⇢̃−q. The superconducting Tc is found by
solving the linearized Bardeen-Cooper-Schrie↵er (BCS)
gap equation using Eq. (3) as the pairing interaction.
For a formal justification of this procedure, as well as a
derivation of the linearized gap equation, see [32]. The
gap equation is given by

�k = − log �W
Tc

��
FS

dk′∥(2⇡)2vk′ Vk−k′ �⇤k,k′−k,+1�2�k′ , (4)

where �k is the SC order parameter at a point k on the FS
in valley ⌧ = +1, vk is the magnitude of the Fermi velocity
at that point, and W is an upper cuto↵ of the order of the
Fermi energy. The integration is taken over all the FSs.
Denoting � as the largest eigenvalue of the linear operator
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Figure 1. (a) RTG placed between two metallic gates at distance d away, and encapsulated by an insulator with dielectric
constant ✏. (b,c) Band structure and FS of the simplified circularly symmetric model and the realistic model, respectively. (d,e) The
polarization function ⇧0,q within the simplified and realistic models, at density ne = −1.19×1012 cm−2 and ne = −1.67×1012 cm−2,
respectively. (f,g) SC dimensionless coupling constant, �, vs. density in the two models, colored for p-wave (purple), extended
s-wave (yellow) and d-wave (cyan). The inset shows the solution of the linearized gap equation along the FS at certain values of
ne. Red and blue represent positive and negative �k, respectively. Panels (f-g) were obtained with ✏ = 4 and d = 36.9nm. In
(e,g) we used �1 = 20meV.

Model.—The unit cell structure of rhombohedral trilayer
graphene is shown schematically in Fig. 1(a). We write
the Hamiltonian as

Ĥ = Ĥ0 + ĤC , (1)

where Ĥ0 = ∑k,⌧,s 
†
k⌧s

hk⌧
 k⌧s

is the single-particle
part [12]. hk⌧ is a 6 × 6 matrix in the basis(A1,B1,A2,B2,A3,B3), corresponding to the A,B sub-
lattices of layers 1,2,3 (Fig. 1(a)) that is written explicitly
in the Supplemental Material [32]. The valley and spin
indices are denoted by ⌧ and s, respectively.  †

k⌧s
is

a spinor containing the operators  †
k,`,�,⌧,s

, that create
an electron with momentum k, at layer ` = 1,2,3 and
sublattice � = A,B. The Coulomb interaction is given by

ĤC = 1

2L2
�
q

V0,q⇢q⇢−q, (2)

where V0,q = 2⇡e
2

✏q
tanh(qd) is the Coulomb potential

screened by two metallic gates at distance d above and
below the RTG, ✏ is the e↵ective dielectric constant, and
L is the linear dimension of the system. The Fourier com-
ponent of the density is given by ⇢q = ∑k⌧s 

†
k⌧s
 k+q⌧s

.
Near the Fermi level, the band structure of hk⌧ consists

of a conduction and a valence band separated by a gap,
2�1, proportional to the perpendicular displacement field.
The other four bands are split by at least 200meV. �1

and the carrier density, ne, controlled experimentally by
gate voltages, can be used to tune the system between
di↵erent phases.

We project the Hamiltonian onto the valence band,
where SC1 and SC2 occur. This amounts to substituting
⇢q by ⇢̃q = ∑k,⌧,s⇤k,q,⌧

c†
k,⌧,s

ck+q,⌧,s
, where c†

k,⌧,s
creates

an electron at momentum k in the valence band in valley

⌧ and spin s, and ⇤k,q,⌧ = �uk,⌧ �uk+q,⌧ � is an overlap
between Bloch wave functions of the valence band, �uk,⌧ �.

We investigate superconductivity within a purely elec-
tronic mechanism, driven by the Coulomb interaction.
Within this mechanism [18, 19], pairing is mediated by
particle-hole electronic fluctuations at a broad range of
energies. The e↵ective interaction after screening by such
fluctuations depends on frequency only weakly, and will
be treated as instantaneous. Within the random phase
approximation (RPA), this interaction is given by

Vq = V0,q

1 +⇧0,qV0,q
, (3)

where ⇧0,q = N ∑k �⇤k,q,⌧ �2 f("k,⌧ )−f("k+q,⌧ )
"k+q,⌧−"k,⌧

is the static

polarization function, with "k,⌧ being the dispersion of
the valence band in valley ⌧ . f(") is the Fermi function.
N = 4 is the number of spin and valley flavors. Note that
⇧0,q is independent of ⌧ , due to time reversal symmetry.

The RPA interaction Hamiltonian is given by ĤRPA =
1

2L2 ∑q Vq⇢̃q⇢̃−q. The superconducting Tc is found by
solving the linearized Bardeen-Cooper-Schrie↵er (BCS)
gap equation using Eq. (3) as the pairing interaction.
For a formal justification of this procedure, as well as a
derivation of the linearized gap equation, see [32]. The
gap equation is given by

�k = − log �W
Tc

��
FS

dk′∥(2⇡)2vk′ Vk−k′ �⇤k,k′−k,+1�2�k′ , (4)

where �k is the SC order parameter at a point k on the FS
in valley ⌧ = +1, vk is the magnitude of the Fermi velocity
at that point, and W is an upper cuto↵ of the order of the
Fermi energy. The integration is taken over all the FSs.
Denoting � as the largest eigenvalue of the linear operator

Beyond the linearized BCS equation:
Chiral l9 + ml:

13

IV. SELECTION OF CHIRAL SUPERCONDUCTIVITY BELOW Tc

In this Section, we discuss the nature of the p–wave superconducting state. At Tc, there are two degenerate
components of the order parameter, which we denote by �x and �y. Below Tc, these components can either combine
into a chiral �x + i�y state that breaks time reversal symmetry, or into a nematic superconducting ↵�x + ��y state
(where ↵ and � are real), breaking C3 rotational symmetry. To determine which state is preferred, we need to solve the
nonlinear BCS gap equation and compare their condensation energies. Near Tc, this can be done by considering the
quartic terms in the Landau free energy functional. Up to fourth order in �x,y, the most general free energy density
compatible with C3 and time reversal symmetries can be written as

f = r(T ) ���x�2 + ��y �2� + u

2
���x�2 + ��y �2�2 + u1

2
��∗

x
�y −�∗

y
�x�2 (S14)

where, as usual, r(T )∝ (T − Tc)�Tc, and stability requires that u > 0 u1 > −u. u1 > 0 (u1 < 0) favors chiral (nematic)
SC, respectively.

Within BCS theory, the quartic terms are determined by the non-interacting band structure. The sign of u1 can be
determined by expanding the second term in Eq. (S14) and examining the (�∗

x
)2�2

y
contribution. This contribution

comes from the diagram shown in Fig. S8. Denoting the solutions of the linearized gap equation [Eq. (4) in the main
text] as �a,k = �afa(k) with a = x, y and fx,y(k) are real functions (such a choice is possible due to time reversal
symmetry), we can express u1 as

u1 = 1

2
T�

!n

� d2k

(2⇡)2
f2

x
(k)f2

y
(k)

(!2
n
+ "2k,+)2 > 0. (S15)

Here, !n = ⇡(2n + 1)T are Matsubara frequencies. Hence, within our model, the chiral SC is favored below Tc. Note
that this conclusion relies only on the C3 symmetry, and does not depend on any microscopic details of the system.

V. ROLE OF HUND’S COUPLING

The Hund’s term lifts the degeneracy between the singlet and triplet SC states. We assume the following simple
form for HHund:

HHund = −� d2r� d2r′ JH(r − r′)S+(r) ⋅S−(r′). (S16)

Here, S⌧(r) is the spin density in valley ⌧ ,

Sj

⌧
(r) = 1

2
�̀
,�

�
↵,�=↑,↓

 †
`,�,⌧,↵

(r) sj

↵�
 `,�,⌧,�(r), (S17)

where j = x, y, z and sj are Pauli matrices in spin space. JH(r) decays rapidly in real space. Naively, its typical
range is the lattice spacing a, since microscopically, the Hund’s coupling originates from lattice-scale interactions. As
mentioned in the main text, JH receives contributions from both Coulomb and electron-phonon interactions, and may
have either sign.

Projecting HHund to the valence band, it is useful to rewrite it in the Cooper channel as

HHund = − 1

8L2
�

k,k′,q
J̃H(k − k′)⇤k′,k,+1⇤−k′+q,−k+q,−1 �3�†

t
(k′,q) ⋅�t(k,q) −�†

s
(k′,q)�s(k,q)� , (S18)
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Figure S4. Diagrammatic representation of the e↵ective interaction Vq and the pairing vertex �. Thin wiggly lines denote the
Coulomb interaction, solid lines are fermionic propagators with flavor index a, b.

II. METHOD OF CALCULATING Tc

Here, we provide more details of our method of treating the superconductivity emergent from the Hamiltonian (1).
To formally control the calculation, we imagine taking the limit of large number of electron flavors, N →∞ (with N�2
flavors in each of the two valleys). At the same time, we take the weak coupling limit such that Ne2�✏→ const. To
leading order in 1�N , the e↵ective interaction is then given by the RPA expression, Eq. (3) in the main text (see
Fig. S4).

We can then use this interaction to calculate the pairing vertex � for inter-valley pairs (Fig. S4). Within our
approach, the e↵ective pairing interaction for a given flavor is of order 1�N , which justifies the weak coupling treatment.
Each additional term in the ladder summation is suppressed by 1�N but enhanced by a BCS logarithmic factor, of
order log(W �T ), and hence we need to sum the infinite ladder series, giving the usual BCS gap equation. Applying
weak-coupling BCS theory is reasonable when making connection to experiments in RTG, since Tc�EF ∼ 10−3 is much
smaller than 1.

Note that our setup of the problem does not give the instabilities towards flavor symmetry breaking half and quarter
metals seen in RTG; in the limit in which our calculations are justified, these e↵ects are suppressed by factors of 1�N .
Treating superconductivity and flavor symmetry breaking on the same footing in a theoretically controlled way is
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Linearlized gap equation

To derive Eq. (4) of the main text, we start from the standard BCS mean-field equation for the gap function:

�k = −� d2k′
(2⇡)2V (k − k′) �⇤k,k′−k,+1�2 tanh �Ek′,1

2T
�

2Ek′,1
�k′ , (S2)

where Ek,⌧ =�"2k,⌧
+ ��k�2 is the dispersion of Bogoliubov quasi-particles. To get Tc, we keep only terms to linear

order in �k′ in the right hand side of (S2), replacing Ek,1 by �"k,1�. Furthermore, we linearize the dispersion near the

FS, and change variables to Fermi surface coordinates such that ∫ d
2
k
′

(2⇡)2 = ∫ dk
′∥ dk⊥(2⇡)2 , where k∥ and k⊥ are momenta

parallel and perpendicular to the FS, and "k,1 ≈ vkk⊥. Integrating over k⊥ gives a factor of 1

vk′ log(W �T ), where W is

an energy cuto↵ of the order of EF . This gives Eq. (4).

Solution to the linearized BCS 
gap equation with S/ 

W) = n27!/>

n ∼ B0

Charge	Fluctuations	



Topological	SC?

Consider up to 4 layers, all stackings

A.	Ghazaryan,	T.	Holder,	EB,	M.	Serbyn,	PRB	(2023)

ABCA, electron side:

Spin 
polarized

Spin+Valley
polarized

Topological SC!

Chiral l9 + ml:
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Total Chern number of BdG
Hamiltonian vanishes! 

(electron and hole pockets cancel)



Inter	Valley	Coherent	(IVC)	Mediated	SC
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• Experimental evidence 
for IVC in RTG 
T.	Arp,	O.	Sheekey…,Xiao,	Vituri,	
Holder,	EB,	A.	Young	
(arXiv:2310.0378)

+

−



Inter	Valley	Coherent	(IVC)	Mediated	SC

Dong,	Lee,	Levitov (2023)	
[Data:	Holleis,	…,	Nadj-Perge,	Young	(2023)]

Evidence for dominant backscattering 
pairing interaction in BLG 



Singlet	or	Triplet:	Hund’s	Term
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+

−
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+

−

44′

Intra-valley p-wave can be either singlet or triplet

Long-range Coulomb interactions: 89 : ×89 :  symmetry
Singlet and triplet are degenerate!



Singlet	or	Triplet:	Hund’s	Term
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<* drops out of gap equation! 
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0- > 0, 0% > 0 favors: spin polarized, valley unpolarized state

spin singlet Δ. + GΔ/ SC

0 ∼ 1001 − 100% ⋅ J
%

KL2

E.g., in ABC trilayer:
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Dissipation	and	in	Spin-Polarized	

Triplet	Superconductors
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Triplet	superconductivity	in	RTG

Solid state analogue 
of superfluid 3He?

Triplet superconductivity:

• Strong electronic correlations
• Nearby/coexisting ferromagnetism
• Extremely clean

✅

✅

✅

Very small spin-orbit: SC and magnetism 
intertwined in interesting way?

Superconductivity!
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FIG. 1. Superconductivity in rhombohedral trilayer graphene (RTG). a, Crystal structure of RTG. b, Band structure of RTG for interlayer
potential �1=0, 10, 20, and 30 meV. c, Density of states, ⇢ calculated in the single particle model. d Isoenergetic contours near the valence band
maximum for �1 = 20 meV plotted over a range of �0.08 < kx,ya0 < 0.08. Contours span a range of energy of 10 meV. e, Resistivity as a
function of electron density ne and perpendicular displacement field D measured at base temperature. Two disjoint regions showing signatures
of superconductivity are observed, indicated by the open circles. f-g, Temperature and current dependence of the differential resistivity dV/dI
measured at the points in the n�D plane indicated in panel a. h Temperature dependent resistivity across SC1 measured at D =0.46V/nm. i
Rxx(T ) with T1/2 and TBKT corresponding to the data plotted in panel f.

ductivity occurs at a symmetry breaking transition. To better
understand this connection, we measure quantum oscillations
at low magnetic fields B? < 1T (Fig. 2a) in the density
range spanning SC1 at fixed D = 0.4V/nm. Several oscilla-
tion periods are visible across this range, indicating complex
Fermi surfaces. To understand these data more quantitatively,
we plot the Fourier transform of Rxx(1/B?) as a function of
f⌫ , the oscillation frequency normalized to the total carrier
density (Fig. 2b). f⌫ corresponds to the fraction of the total
Fermi sea area enclosed by the Fermi surface generating the
peak. Three regions of qualitatively different quantum oscil-
lation spectra are visible. At extreme right, a single peak at
f⌫ = .5 indicates two equal area Fermi surfaces each enclos-
ing half the total Fermi sea. We associate this regime with a
spin polarized, valley unpolarized “half-metal’ state[1] with a
simply connected Fermi sea in each valley. At the extreme left
of the plot, several oscillation peaks with density dependent
frequencies are visible. These correspond to the inner- and
outer boundaries of an annular Fermi sea with the full four-
fold spin- and valley-degeneracy (and harmonics). Intermedi-
ate between these two phases, the oscillation spectrum is more
complex, including both strong peaks at f⌫ . .5 as well as at
f⌫ < .1. We identify this regime with one or more partially
isospin polarized (PIP) phases, where the system has broken
one of the spin- or valley symmetries but is not completely
polarized into two isospin components. Comparing the quan-
tum oscillation spectrum to base temperature transport mea-
surements at B=0 (Fig. 2c) shows that SC1 occurs within the
symmetric, annular phase and adjacent to the boundary with
the PIP phase.

The appearance of superconductivity so close to a sym-
metry breaking phase transition opens the possibility of an
unconventional superconducting state. A characteristic of

many unconventional superconductors is their fragility with
respect to disorder, due to the inapplicability of Anderson’s
theorem[23]. Disorder in superconductors is quantified by
the ratio of the coherence length (⇠) to the mean free path
(`), d = ⇠0/`, with the superconductivity destroyed when
d ⇡ 1 for unconventional superconductors[5]. To assess d
in RTG, we study the magnetoresistance of both the super-
conducting and normal states. Fig. 3a-b show the dependence
of SC1 on the out-of-plane magnetic field B?. The critical
BC? is in the 10mT range. Within Ginzburg-Landau theory,
BC? is related[2] to the coherence length by 2⇡⇠2 = �0/BC

? ,
where �0 is the superconducting flux quantum. As a result,
⇠ ⇡ 150 � 250nm for SC1. ` may be estimated from the
Drude conductivity R ⇡ h

e2
1

4kf `
where h is Planck’s con-

stant, e is the elementary charge, kf is the Fermi wave vector.
Taking kf =

p
⇡ne ⇡ .25nm�1 and a normal state resistance

of R ⇡ 20⌦ produces an estimate of ` ⇡ 1µm, consider-
ably larger than ⇠ and implying d . .2. However, this esti-
mate for ` is comparable to the lateral dimensions of our de-
vice (Fig. 3c), calling into question the validity of the Drude
approach[24]. In fact, qualitative features suggest ` may be
considerably longer. Fig. 3c-d show a circuit schematic for
measuring the nonlocal magnetoresistance, which has been
used to detect transverse electron focusing in other graphene
heterostructures[3, 4]. Measured data in the regime of SC1
(Fig. 3d) show a pronounced feature near B? ⇡ .1T , con-
sistent with transverse electron focusing between the con-
tacts, which are separated by a pitch of L ⇡ 2.3µm. This
feature–which is observed across all densities in our device
(Fig. S3)—suggests ` & ⇡L ⇡ 3.5µm. Taking this estimate
for ` gives a disorder parameter d < .035. These estimates
place the superconductivity firmly in the clean limit, where
unconventional superconductivity may be expected to survive.
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Order	parameter	of	a	spin-polarized	
superconductor

Order parameter of a spin-triplet SC:

5⃗3 = M3)GN%N⃗M03) ≡ 5⃗1,3 + G5⃗%,3

Fully spin polarized SC: 5⃗1,3 = |5⃗%,3|, 5⃗1,3 ⊥ 5⃗%,3

Order parameter space: 2R 3
(Neglecting spin-orbit coupling)

5⃗1 5⃗%

T ∝ 5⃗1×5⃗%
= 1
2G 5⃗3×5⃗

∗3

No	finite	$ transition	in	3 = 2
Mukerjee,	Xu,	Moore	(2006)



Topological	defects

W1 2R 3 = X% (X% superconducting vortex)
Polarized triplet superconductor: 

3⃗) 3⃗!
T

“Dirac belt trick”:

E.	Cornfeld,	M.	Rudner,	EB,	Phys.	Rev.	Research 3,	013051	(2021)



Topological	defects

W1 2R 3 = X% (X% superconducting vortex)
Polarized triplet superconductor: 

3⃗) 3⃗!
T

“Dirac belt trick”:

E.	Cornfeld,	M.	Rudner,	EB,	Phys.	Rev.	Research 3,	013051	(2021)

Consequence: 
4W superconducting phase winding 
(two vortices) can be ”unwound” by 
creating spin texture



Consequences	for	current	relaxation
Free energy density (assuming spin rotation invariance):

Y = Z5
2 ∇5⃗ % + Z68 ∇ 5⃗∗×5⃗ %

Represent order parameter by 2×2 unitary matrix ]:
5⃗ = Tr[] N1 + GN% ])N⃗]

Spin rotation: 5 → '
C
D *⋅,5, Gauge transformation:5 → 5'

C
D -,E

Supercurrent carrying state: ] 6⃗ = J789:.
/
0/

E.	Cornfeld,	M.	Rudner,	EB,	Phys.	Rev.	Research 3,	013051	(2021)
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Consequences	for	current	relaxation
Unwinding a phase twist of 4W:

] 6⃗, 0 ≤ d ≤ 1 = J78:.
.
;/ J

78
% :1< J78(901):.

.
;/

E.	Cornfeld,	M.	Rudner,	EB,	Phys.	Rev.	Research 3,	013051	(2021)



Double-period	Josephson	effect

*	$ is	low	enough	such	that	vortex-antivortex	dissociation	is	suppressed.	

Half the usual Josephson frequency: e = ?@
ℏ

Spin-polarized superconductivity: order parameter topology, current dissipation, and
multiple-period Josephson e↵ect

Eyal Cornfeld,1 Mark S. Rudner,2 and Erez Berg1

1
Department of Condensed Matter Physics, Weizmann Institute of Science, Rehovot 7610001, Israel

2
Niels Bohr International Academy and Center for Quantum Devices,

University of Copenhagen, 2100 Copenhagen, Denmark

We discuss transport properties of fully spin-polarized triplet superconductors, where only elec-
trons of one spin component (along a certain axis) are paired. Due to the structure of the order
parameter space, wherein phase and spin rotations are intertwined, a configuration where the super-
conducting phase winds by 4⇡ in space is topologically equivalent to a configuration with no phase
winding. This opens the possibility of supercurrent relaxation by a smooth deformation of the order
parameter, where the order parameter remains non-zero at any point in space throughout the entire
process. During the process, a spin texture is formed. We discuss the conditions for such processes
to occur and their physical consequences. In particular, we show that when a voltage is applied,
they lead to an unusual alternating-current Josephson e↵ect whose period is an integer multiple
of the usual Josephson period. These conclusions are substantiated in a simple time-dependent
Ginzburg-Landau model for the dynamics of the order parameter. Our analysis is potentially ap-
plicable to moiré systems, such as twisted bilayer graphene and double bilayer graphene, where
superconductivity is found in the vicinity of ferromagnetism.

I. INTRODUCTION

Spin-triplet superconductors and superfluids are pre-
dicted to exhibit rich phenomena owing to the interplay
between the spin and phase degrees of freedom of their
order parameters. A celebrated example is superfluidity
in 3He [1, 2]. Triplet superconductivity remains scarce in
electronic systems, however; possible examples include
uranium heavy-fermions compounds where superconduc-
tivity is found to coexist with ferromagnetism [3–5], and
Sr2RuO4 [6], although the latter has recently been con-
tested [7]. [MR: Should we say anything about one
of the challenges being disorder, which we can
then contrast with the moire materials which are
both ultraclean and multivalley?]

Two-dimensional moiré materials, such as twisted bi-
layer graphene (TBG) and heterostructures based on
other two-dimensional van der Waals materials have re-
cently emerged as a fertile ground for novel correlated-
electron phenomena [8–29]. In particular, the phase dia-
grams of these systems include spin and valley polarized
states [] [Add] residing in proximity to superconductiv-
ity, raising the possibility of spin-triplet superconductiv-
ity. In particular, recent experiments in twisted double-
bilayer graphene (TDBG) with a perpendicular electric
field revealed a ferromagnetic ground state at half filling
of the moiré lattice [30, 31]. Upon changing the den-
sity away from half filling, the resistance drops dramati-
cally, possibly due to superconductivity [30, 32, 33]. Most
strikingly, the temperature at which the resistivity drops
increases linearly as a function of an in-plane magnetic
field for small fields, a signature of triplet superconduc-
tivity [30, 34–38]. [MR: Is this level of detail on
TDBG putting too much emphasis there?]

These remarkable findings motivate us to reexamine
the physics of triplet SCs in systems with negligible spin-

FIG. 1. (a) A depiction of the proposed experimental setup;
a fully spin-polarized triplet superconductor is connected to a
DC voltage source and drain via the left and right leads. We
overlay a current-carrying configuration of the order param-
eter. (b) A visualization of the order parameter triad where
d(1) and d(2) are depicted by the red and blue arrows and
the pairing polarization m is depicted by the gray arrow. (c)
Schematics of the current response of the system.

orbit coupling. [MR: Discuss why small spin-orbit
is particularly interesting?] We focus on a particular
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overlay a current-carrying configuration of the order param-
eter. (b) A visualization of the order parameter triad where
d(1) and d(2) are depicted by the red and blue arrows and
the pairing polarization m is depicted by the gray arrow. (c)
Schematics of the current response of the system.

orbit coupling. [MR: Discuss why small spin-orbit
is particularly interesting?] We focus on a particular

Critical current:   0B ∼ 1/f ∼ g



Summary

• Unconventional SC in AB and ABC 
rhombohedral graphene? 
Possible state: chiral intra-valley 
p-wave

• Fully spin polarized SC: fragility of 
supercurrent due to topology, 
double-period Josephson effect 
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FIG. 1. Superconductivity in rhombohedral trilayer graphene (RTG). a, Crystal structure of RTG. b, Band structure of RTG for interlayer
potential �1=0, 10, 20, and 30 meV. c, Density of states, ⇢ calculated in the single particle model. d Isoenergetic contours near the valence band
maximum for �1 = 20 meV plotted over a range of �0.08 < kx,ya0 < 0.08. Contours span a range of energy of 10 meV. e, Resistivity as a
function of electron density ne and perpendicular displacement field D measured at base temperature. Two disjoint regions showing signatures
of superconductivity are observed, indicated by the open circles. f-g, Temperature and current dependence of the differential resistivity dV/dI
measured at the points in the n�D plane indicated in panel a. h Temperature dependent resistivity across SC1 measured at D =0.46V/nm. i
Rxx(T ) with T1/2 and TBKT corresponding to the data plotted in panel f.

ductivity occurs at a symmetry breaking transition. To better
understand this connection, we measure quantum oscillations
at low magnetic fields B? < 1T (Fig. 2a) in the density
range spanning SC1 at fixed D = 0.4V/nm. Several oscilla-
tion periods are visible across this range, indicating complex
Fermi surfaces. To understand these data more quantitatively,
we plot the Fourier transform of Rxx(1/B?) as a function of
f⌫ , the oscillation frequency normalized to the total carrier
density (Fig. 2b). f⌫ corresponds to the fraction of the total
Fermi sea area enclosed by the Fermi surface generating the
peak. Three regions of qualitatively different quantum oscil-
lation spectra are visible. At extreme right, a single peak at
f⌫ = .5 indicates two equal area Fermi surfaces each enclos-
ing half the total Fermi sea. We associate this regime with a
spin polarized, valley unpolarized “half-metal’ state[1] with a
simply connected Fermi sea in each valley. At the extreme left
of the plot, several oscillation peaks with density dependent
frequencies are visible. These correspond to the inner- and
outer boundaries of an annular Fermi sea with the full four-
fold spin- and valley-degeneracy (and harmonics). Intermedi-
ate between these two phases, the oscillation spectrum is more
complex, including both strong peaks at f⌫ . .5 as well as at
f⌫ < .1. We identify this regime with one or more partially
isospin polarized (PIP) phases, where the system has broken
one of the spin- or valley symmetries but is not completely
polarized into two isospin components. Comparing the quan-
tum oscillation spectrum to base temperature transport mea-
surements at B=0 (Fig. 2c) shows that SC1 occurs within the
symmetric, annular phase and adjacent to the boundary with
the PIP phase.

The appearance of superconductivity so close to a sym-
metry breaking phase transition opens the possibility of an
unconventional superconducting state. A characteristic of

many unconventional superconductors is their fragility with
respect to disorder, due to the inapplicability of Anderson’s
theorem[23]. Disorder in superconductors is quantified by
the ratio of the coherence length (⇠) to the mean free path
(`), d = ⇠0/`, with the superconductivity destroyed when
d ⇡ 1 for unconventional superconductors[5]. To assess d
in RTG, we study the magnetoresistance of both the super-
conducting and normal states. Fig. 3a-b show the dependence
of SC1 on the out-of-plane magnetic field B?. The critical
BC? is in the 10mT range. Within Ginzburg-Landau theory,
BC? is related[2] to the coherence length by 2⇡⇠2 = �0/BC

? ,
where �0 is the superconducting flux quantum. As a result,
⇠ ⇡ 150 � 250nm for SC1. ` may be estimated from the
Drude conductivity R ⇡ h

e2
1

4kf `
where h is Planck’s con-

stant, e is the elementary charge, kf is the Fermi wave vector.
Taking kf =

p
⇡ne ⇡ .25nm�1 and a normal state resistance

of R ⇡ 20⌦ produces an estimate of ` ⇡ 1µm, consider-
ably larger than ⇠ and implying d . .2. However, this esti-
mate for ` is comparable to the lateral dimensions of our de-
vice (Fig. 3c), calling into question the validity of the Drude
approach[24]. In fact, qualitative features suggest ` may be
considerably longer. Fig. 3c-d show a circuit schematic for
measuring the nonlocal magnetoresistance, which has been
used to detect transverse electron focusing in other graphene
heterostructures[3, 4]. Measured data in the regime of SC1
(Fig. 3d) show a pronounced feature near B? ⇡ .1T , con-
sistent with transverse electron focusing between the con-
tacts, which are separated by a pitch of L ⇡ 2.3µm. This
feature–which is observed across all densities in our device
(Fig. S3)—suggests ` & ⇡L ⇡ 3.5µm. Taking this estimate
for ` gives a disorder parameter d < .035. These estimates
place the superconductivity firmly in the clean limit, where
unconventional superconductivity may be expected to survive.

Rhombohedral trilayer graphene
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