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in Rhombohedral trilayer graphene
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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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a single device, although no experimental evidence supports this 
interpretation to date. The need for direct experimental probes of 
the superconductivity is pressing.

Future experiments on twisted bilayer graphene
Fabrication protocols are improving, as shown by transport stud-
ies that indicate twist-angle variations of only Δ" ~ 0.01° on 10-µm 
length scales29. Besides allowing higher resolution mapping of the 
superconducting phase diagram28,29,52,67, these advances are essential 
first steps towards building more complex devices required for next 
generation experiments that directly probe the nature and origin of 
the superconducting states. For example, van der Waals heterostruc-
tures enable unique opportunities to investigate the many-body 
phase diagram as a direct function of interaction strength. Devices 
can be fabricated with metallic gates only a few nanometers from 
the tBLG layer. At this distance, image charges in the monolayer 
graphene are closer to the tBLG than the approximately 15-nm 
size of the Wannier orbitals69–71, effectively screening the Coulomb 
interactions52,72,73. It is also possible to control, in situ, the screening 
length of carriers in tBLG. This can be achieved by replacing the 
metallic layer with a graphene monolayer, whose density of states 
(and thus its ability to screen the tBLG) can be modified by gat-
ing. This means that the screening length can be controlled from 
well above the moiré wavelength in the high-density regime of the 
monolayer to well below it at charge neutrality. The phase diagram 
of tBLG could then be studied as a function of interaction strength. 
Naively, enhancement of Tc

I
 with lowered Coulomb interaction 

would support pairing via electron–phonon interaction, which is 
not effectively screened. The first experiment in this direction74, 
however, finds a small suppression of the superconducting dome 
near ν ¼ "2

I
. This suggests that electron interactions are not nec-

essarily inimical to superconductivity, either by reconstructing the 
underlying band structure or because the superconductivity arises 
from an electronic mechanism.

Experimental probes that may provide more definitive evidence 
for the existence of superconductivity are of the highest impor-
tance. These may include finite frequency measurements of the 

kinetic inductance, measurements of gate-controlled Josephson 
junctions, and probes of the Little–Parks effect in mesoscopic rings. 
The order parameter symmetry also remains unexplored in experi-
ments. Is it singlet or triplet, and what is the spatial structure of the 
pair wave function? The enhanced spin–valley symmetry affords, 
a priori, an even richer characterization of superconducting pair-
ing, involving spin, orbital and valley structure of the states. The 
observed suppression of superconductivity by an in-plane applied 
field27 probably supports singlet pairing. Recently, indications of 
a more unconventional order parameter were reported in twisted 
double bilayer (which is two Bernal graphene bilayers stacked with 
twist angle between them, although there was no demonstration 
of phase coherence)54. Direct measurements of pairing symmetry 
have been successful in cuprate superconductors, typically effected 
using phase-sensitive measurements that permit comparison of the  
phase in the material of interest to that of a conventional s-wave 
superconductor75.

Such experiments are readily applicable to tBLG, where 
high-transparency superconducting contacts are straightforward to 
integrate into the fabrication process. Thermal and spectroscopic 
probes are also sensitive to a superconducting gap; besides eliminat-
ing ambiguities as to the presence of superconductivity, these mea-
surements can also identify the superconducting order parameter. 
In particular, some superconducting states proposed theoretically 
are topological, and may support chiral edge states or Majorana 
zero modes bound to vortices. Present experiments do not yet 
probe such subtle features, but the advent of scanning probe studies 
such as scanning tunneling microscopy59–61 and nanoscale magnetic 
imaging62 in tBLG may soon confirm or rule out these possibili-
ties. Finally, homogeneous devices hosting both quantized anoma-
lous Hall effects and superconductivity also enable gate-controlled 
interfaces between these states, which may host emergent Majorana 
boundary modes.

The correlated insulators and superconductors naturally hold 
center stage in both theory and experiment, as they represent sharply 
defined symmetry-breaking phases whose universal properties can 
be clearly addressed. However, tBLG also presents a remarkable 
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Fig. 5 | Proliferation of zero-field narrow-band systems. Narrow moiré bands arise in a variety of materials including a, twisted homo-bilayers of 
graphene54,78–80, b, rhombohedral trilayer graphene aligned to hexagonal boron nitride17,57,85 and c, homo- (as well as hetero-) bilayers of transition metal 
chalcogenides18–20,81. All show qualitatively similar features, including resistive states at commensurate fillings and robust or incipient zero-resistance 
states at other positions in the band. D, displacement field normal to the layers; ns, density of a full superlattice band; SC, superconductor; CNP, charge 
neutrality point. Figure adapted with permission from: a, ref. 27, Springer Nature Ltd; b, ref. 57, Springer Nature Ltd.; c, ref. 19.
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FIG. 1. Real-space orbitals. (a) Lattices and conventions. The
shaded region indicates the relative positions of the sites assigned
to the same unit cell. (b) The constructed quasiorbital h(B)

p+ in the real
space. ζ = ei2π/6 and ω = ζ 2. Going from top to bottom, the entries
in the three-component vectors attached to the triangular sites denote
the amplitude for the pz, p+, and p− orbitals; those attached to the
kagome sites denote the amplitude of their associated s orbital.

six-component fermion creation operators for the orbitals
assigned to the unit cell at r [Fig. 1(a)]. We want to construct
a localized “quasiorbital” wave function h(l )

p+;r(x) such that
ĥ(l )†

p+;r ≡
∑

x ĉ†
xh(l )

p+;r(x) has the same symmetry properties as a
p+ orbital centered at a honeycomb site, labeled by l = A, B
in the unit cell r. This can be achieved by using a trial wave
function which vanishes everywhere except on the three near-
est kagome and triangular sites surrounding the honeycomb
site. Site symmetries reduce the freedom in the wave function
to four real parameters [53], which we denote by a through
d [Fig. 1(b)]. Once ĥ(l )†

p+;r is specified, using symmetries one
can generate ĥ(l )†

p−;r centered at the same site, as well as those

centered on the other sites. Note that we have not imposed
orthogonality between the h(l )

p±;r(x) wave functions, and so
their associated fermion operators do not obey the canonical
anticommutation relations.

We are now ready to define the ten-band model. Recall,
in the above, we have not utilized the (η, p±)0 orbitals in the
system. Since they have identical symmetry properties as the
ĥ(l )†

p+;r quasiorbitals we constructed, we can couple the two sets
in a minimal manner:

Ĥ (t, δ) = t
∑

r,l=A,B,ρ=p±

(
η̂(l )†

ρ;r ĥ(l )
ρ;r + H.c.

)
+ δ V̂ , (3)

where t is a real parameter, V̂ is a symmetry-allowed local
perturbation which we detail in Appendix B, and the di-
mensionless parameter δ ∈ [0, 1] controls the overall strength
of the perturbation. Note that the finite range of the wave
functions h(l )†

p+;r implies Ĥ is local [54].
Although the perturbation δV̂ in Eq. (3) is needed for

reproducing the detailed energetics features of the TBG band
structures, we remark that the essential physics of the model
can be understood by first setting δ = 0, as is shown in
Fig. 2(a). By construction, the band structure of Ĥ (t, 0) in-
cludes two exactly flat bands pinned at zero energy [Fig. 2(d);
see also Appendix B], the symmetry representations of which
must match those of the nearly flat bands in TBG. Very briefly,
these flat bands exist here for the same geometric reason as
that of the Lieb lattice [55]. To see why, consider any tight-
binding model defined on a lattice with two sets of orbitals,
which we label simply as α and β, and suppose that all the
bonds connect an α orbital to a β one. Due to this sublat-
tice symmetry, the Bloch Hamiltonian automatically takes an

FIG. 2. Band structures. (a, b) Bands from the ten-band Hamiltonian Ĥ (t0, δ). For both panels, we choose t0 ≡ 130 meV, and the wave-
function parameters (a, b, c, d ) = (0.110, 0.033, 0.033, 0.573). We set δ = 0 in (a) and 1 in (b). (c) Bands obtained from the continuum theory
[4,12] for twisted bilayer graphene with a twist angle of θ = 1.05◦, using the parameters described in Ref. [45]. The ten bands around charge
neutrality are highlighted. (d–f) A zoom-in of the two bands at charge neutrality for the corresponding panels in (a)–(c). The three-dimensional
plots in (e) and (f) are plotted over the first Brillouin zone centered at *, showing the presence of exactly two Dirac points pinned to K and
K′ = −K. Note that (e) is generated from our tight-binding model, whereas (f) is generated from the continuum model.
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to the same unit cell. (b) The constructed quasiorbital h(B)

p+ in the real
space. ζ = ei2π/6 and ω = ζ 2. Going from top to bottom, the entries
in the three-component vectors attached to the triangular sites denote
the amplitude for the pz, p+, and p− orbitals; those attached to the
kagome sites denote the amplitude of their associated s orbital.

six-component fermion creation operators for the orbitals
assigned to the unit cell at r [Fig. 1(a)]. We want to construct
a localized “quasiorbital” wave function h(l )

p+;r(x) such that
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p+ orbital centered at a honeycomb site, labeled by l = A, B
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to four real parameters [53], which we denote by a through
d [Fig. 1(b)]. Once ĥ(l )†
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centered on the other sites. Note that we have not imposed
orthogonality between the h(l )

p±;r(x) wave functions, and so
their associated fermion operators do not obey the canonical
anticommutation relations.

We are now ready to define the ten-band model. Recall,
in the above, we have not utilized the (η, p±)0 orbitals in the
system. Since they have identical symmetry properties as the
ĥ(l )†

p+;r quasiorbitals we constructed, we can couple the two sets
in a minimal manner:

Ĥ (t, δ) = t
∑

r,l=A,B,ρ=p±

(
η̂(l )†

ρ;r ĥ(l )
ρ;r + H.c.

)
+ δ V̂ , (3)

where t is a real parameter, V̂ is a symmetry-allowed local
perturbation which we detail in Appendix B, and the di-
mensionless parameter δ ∈ [0, 1] controls the overall strength
of the perturbation. Note that the finite range of the wave
functions h(l )†

p+;r implies Ĥ is local [54].
Although the perturbation δV̂ in Eq. (3) is needed for

reproducing the detailed energetics features of the TBG band
structures, we remark that the essential physics of the model
can be understood by first setting δ = 0, as is shown in
Fig. 2(a). By construction, the band structure of Ĥ (t, 0) in-
cludes two exactly flat bands pinned at zero energy [Fig. 2(d);
see also Appendix B], the symmetry representations of which
must match those of the nearly flat bands in TBG. Very briefly,
these flat bands exist here for the same geometric reason as
that of the Lieb lattice [55]. To see why, consider any tight-
binding model defined on a lattice with two sets of orbitals,
which we label simply as α and β, and suppose that all the
bonds connect an α orbital to a β one. Due to this sublat-
tice symmetry, the Bloch Hamiltonian automatically takes an

FIG. 2. Band structures. (a, b) Bands from the ten-band Hamiltonian Ĥ (t0, δ). For both panels, we choose t0 ≡ 130 meV, and the wave-
function parameters (a, b, c, d ) = (0.110, 0.033, 0.033, 0.573). We set δ = 0 in (a) and 1 in (b). (c) Bands obtained from the continuum theory
[4,12] for twisted bilayer graphene with a twist angle of θ = 1.05◦, using the parameters described in Ref. [45]. The ten bands around charge
neutrality are highlighted. (d–f) A zoom-in of the two bands at charge neutrality for the corresponding panels in (a)–(c). The three-dimensional
plots in (e) and (f) are plotted over the first Brillouin zone centered at *, showing the presence of exactly two Dirac points pinned to K and
K′ = −K. Note that (e) is generated from our tight-binding model, whereas (f) is generated from the continuum model.
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assigned to the unit cell at r [Fig. 1(a)]. We want to construct
a localized “quasiorbital” wave function h(l )
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system. Since they have identical symmetry properties as the
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in a minimal manner:
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∑
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functions h(l )†
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Although the perturbation δV̂ in Eq. (3) is needed for

reproducing the detailed energetics features of the TBG band
structures, we remark that the essential physics of the model
can be understood by first setting δ = 0, as is shown in
Fig. 2(a). By construction, the band structure of Ĥ (t, 0) in-
cludes two exactly flat bands pinned at zero energy [Fig. 2(d);
see also Appendix B], the symmetry representations of which
must match those of the nearly flat bands in TBG. Very briefly,
these flat bands exist here for the same geometric reason as
that of the Lieb lattice [55]. To see why, consider any tight-
binding model defined on a lattice with two sets of orbitals,
which we label simply as α and β, and suppose that all the
bonds connect an α orbital to a β one. Due to this sublat-
tice symmetry, the Bloch Hamiltonian automatically takes an

FIG. 2. Band structures. (a, b) Bands from the ten-band Hamiltonian Ĥ (t0, δ). For both panels, we choose t0 ≡ 130 meV, and the wave-
function parameters (a, b, c, d ) = (0.110, 0.033, 0.033, 0.573). We set δ = 0 in (a) and 1 in (b). (c) Bands obtained from the continuum theory
[4,12] for twisted bilayer graphene with a twist angle of θ = 1.05◦, using the parameters described in Ref. [45]. The ten bands around charge
neutrality are highlighted. (d–f) A zoom-in of the two bands at charge neutrality for the corresponding panels in (a)–(c). The three-dimensional
plots in (e) and (f) are plotted over the first Brillouin zone centered at *, showing the presence of exactly two Dirac points pinned to K and
K′ = −K. Note that (e) is generated from our tight-binding model, whereas (f) is generated from the continuum model.
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Cascade	of	Phase	Transitions

“Resets” of Hall density towards 
$! = 0 at integer filling

ARTICLE RESEARCH

Extended Data Figure 3 | Low-field Hall effect in magic-angle TBG.  
a, b, Low-field Hall effect for devices M1 (a) and M2 (b). The Hall density 

=− / / ⊥ =
−
⊥

n e R B(1 )(d d )xy BH 0
1  is plotted as a function of the total charge 

density induced by the gate (n), measured at temperatures from 0.4 K to 

31.8 K. Coloured vertical bars correspond to densities of −ns, −ns/2, ns/2 
and ns for the two samples. Dashed lines are the expected Hall density if 
the offset given in the corresponding formula is considered.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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A typical result for dµ/dn for an interaction strength comparable to 
the band width is shown in Fig. 4b. The resemblance to the experimental 
data is apparent, with asymmetric sawtooth-like features appearing 
at integer values of ν, preceded by sharp drops of dµ/dn to zero. The 
corresponding µ (Fig. 4c) also captures the main features of the experi-
ments (Fig. 2d, c). Figure 4d shows the population of the individual 
flavours versus the total filling factor, revealing a cascade of phase 
transitions with increasing carrier density. For intermediate interac-
tion strengths, near charge neutrality, all four flavours are populated 
equally. In this specific example there are first-order transitions near 
ν = 1 and ν = 2, where one flavour becomes nearly filled, while the other 
flavours are pushed downwards towards charge neutrality. Closely 
after these transitions, there are ‘Lifshitz’ transitions, where the filling 
of the majority flavour reaches 1. This Lifshitz transition explains the 
sawtooth features in dµ/dn: before the transition, the density of states 
at the Fermi level is dominated by the massive majority flavour, whereas 
after the transition it is strongly decreased owing to the Dirac character 
of the remaining flavours whose occupations are reset to near the CNP. 
Depending on model details, the first-order and Lifshitz transitions 
may coincide and the majority flavour may jump directly to full filling  

(Supplementary Information section 11). Flavour polarization may also 
be initiated by a second-order transition (for example, preceding ν = 3 
in Fig. 4d). In our model, the sharp dips where dµ/dn approaches zero 
appear at the first-order phase transitions, and reflect a spatial breakup 
of the system into domains of the corresponding phases.

For stronger interaction, the spin/valley symmetry may be broken 
even at charge neutrality (see Supplementary Information section 11), 
but there is no corresponding evidence for that in our experiments, 
and thus we focus on intermediate interaction strengths, where in 
our model the ν = 0 state is valley and spin symmetric. In the Supple-
mentary Information we discuss extensions of this minimal model, 
including a more complex DOS with van Hove singularities (Supple-
mentary Information section 12) or long-range Coulomb interactions 
(Supplementary Information section 16). While details of the computed 
dµ/dn change, the overall features remain similar to those obtained 
from the simple model.

Our experiments and corresponding theory predict that the flavour 
symmetry will be broken with a 4-, 3-, 2-, 1-fold degeneracy following 
fillings of ν = 0, 1, 2, 3 (Supplementary Information section 17). This 
was indeed observed experimentally3–6,31 (with one possible excep-
tion, above ν = 1, possibly due to the rather sparse and inconclusive 
data). It also predicts that the Landau fans will always point away from 
the CNP11, except at ν = 4 where they should point towards the CNP 
(Supplementary Information section 17), reproducing experimental 
observations3–6,31. Another consequence of Dirac revivals is that cor-
related gaps will appear at integer filling only if the Dirac spectrum is 
gapped11,15,17, suggesting a possible connection between a gap at the CNP 
and the correlated gaps at integer filling factors. From our data we can 
place an upper bound of approximately 1 meV on a possible thermo-
dynamic gap hidden within our experimental resolution, consistent 
with the 0.14–0.9 meV activation gaps measured so far in transport3–6.

The observed cascade of sharp asymmetric compressibility features 
is naturally interpreted in terms of breaking of the spin/valley sym-
metries at these fillings, which revives the Dirac-like character of the 
carriers after each transition. These features appear at temperatures 
far above the onset of the superconducting and correlated insulating 
states, indicating that the state observed here is the high-energy cor-
related state from which superconductors and insulators emerge at 
lower temperatures.
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Fig. 4 | Phase transitions and Dirac revivals model. a, Band dispersion (left) 
and density of states (DOS; centre) of the valence and conduction flat bands, 
calculated from a continuum model1,9 for a twist angle of θ = 1.04°. Our theory 
uses a simplified version of this DOS, with a triangular energy dependence 
(right), capturing the two essential features of the band structure: first, the 
gradual increase of the DOS from a Dirac-like dispersion at the CNP to a massive 
dispersion at the top and bottom band edges; and second, the consequential 
asymmetry of this DOS around the valence and conduction band centres.  
b, Calculated dµ/dn versus ν (obtained using the Hartree–Fock approximation; 
see text and Supplementary Information for details), showing apparent 
resemblance to the measured data (for example, Fig. 2). c, Calculated chemical 
potential, µ, versus ν. d, The partial densities of individual flavours, ni (i = 1..4) as 
a function of ν. The flavours start with fourfold degeneracy at charge neutrality, 
but then, close to an integer ν, experience a phase transition, after which one 
band takes all carrier from the other three (occurring in the shaded blue 
region). When the former band becomes full, the other three start refilling 
again from near the Dirac point. The beginning of this refilling corresponds to 
the Lifshitz transition (the jump in dµ/dn, in b). This process repeats 
periodically near all integer filling factors, but each time with one less band, 
and can start with a first- or a second-order phase transition (arrows). The 
first-order transitions are followed by phase mixing regions where the partial 
densities interpolate linearly between those of the two phases. The flavour 
filling is illustrated on top (blue represents filled states).
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Microscopic	model

k-space continuum model of TBG, including several of the
remote bands [10,12,13]. While Mott-Hubbard representa-
tions [7,8,17,18] are complicated by the topology of the
nearly flat bands [6,11,19–22], one can work directly in the
space of the continuum wave functions. Here, careful
analysis reveals some generic features of the Coulomb
matrix elements that arise from the symmetry and topology
of the flat bands. This analysis allows us to identify both an
enlarged Uð4Þ × Uð4Þ approximate symmetry group and an
intervalley-coherent (IVC) order at neutrality, which were
missed in previous approaches.
This “hidden” symmetry of the model has important

phenomenological consequences. Experimentally, many of
the basic phenomena—such as the existence of correlated
insulators at integer fillings, the location of superconduct-
ing domes, and the presence of anomalous Hall effects—
differ from sample to sample. Since the energetics may
depend on parameters like the precise twist angle, align-
ment with the h-BN substrate, and strain, the search for a
“unified” theory of TBG may become mired in a swamp of
microscopic details. However, in this work, we identify a
hierarchy of energy scales in TBG that can naturally unify
many of these findings. Because of the remarkable properties
of the TBG band structure, we show that the largest energy
scales (15–30 meV) preserve the approximate Uð4Þ × Uð4Þ
symmetry, which relates a small number of competing
symmetry-breaking orders. Smaller effects (0.2–5meV) then
choose between these orders, and we identify several con-
crete mechanisms, such as strain or substrate alignment,
which can tilt the balance between them.
The primary focus of this work is to understand the

implications of this hierarchy at charge neutrality (ν ¼ 0).
In certain samples with low twist-angle disorder, an
insulating state is observed in transport at ν ¼ 0, even in
the absence of apparent hBN alignment [5]. Scanning
tunneling microscopy also finds that the density of states
(DOS) is reconstructed at ν ¼ 0, where a gap of about
15–30 meVopens up [11,23–25]. We identify this phase as
a new Kramers intervalley-coherent (K-IVC) state. In the
K-IVC phase (Fig. 1), time reversal is spontaneously
broken in each spin component, and a pattern of alternating
circulating currents develop which triple the graphene unit
cell (the moiré unit cell is unchanged). See Fig. 1 for a
graphical illustration of this alternating current order. The
K-IVC order does not have a net magnetization; rather, it is
a “magnetization density wave” at the wave vector K of
graphene’s Dirac point. Like an antiferromagnet, the K-
IVC preserves a modified time-reversal symmetry T 0

combining the regular (spinless) time reversal T with a
π shift in the IVC phase. The new time reversal has the
remarkable property that ðT 0Þ2 ¼ −1; i.e., it is a Kramers
time-reversal symmetry arising from the valley rather than
spin. The presence of T 0 leads to Kramers pairing in the
spectrum, independent of spin, and may have important
implications for the nature of superconductivity when the

K-IVC insulator at ν ¼ 0 is doped. Furthermore, restricting
to each spin, the K-IVC state is a topological insulator,
though the protecting T 0 symmetry may be strongly broken
by the edge (due to broken translation symmetry).
Before detailing the Hamiltonian, let us briefly summa-

rize the origin of the approximate Uð4Þ × Uð4Þ symmetry.
The eight flat bands are labeled by spin s, valley τ, and a
twofold “band” index σ. Since the bands are quite flat, there
is no particular reason that σ should label the single-particle
eigenbasis. Instead, it turns out that the two bands can be
decomposed into a Chern C ¼ 1 band and a C ¼ −1 band
related by C2T symmetry, leading to a total of four C ¼ 1
and four C ¼ −1 bands. Remarkably, the wave functions in
the Chern basis have a substantial sublattice polarization;
i.e., they have a larger projection on one sublattice
compared to the other. Thus, we can label them by σz ¼
A=B ¼ $1 with the Chern number C ¼ σzτz. Because of
this sublattice polarization, the slowly varying part of the
charge density decouples, to a good approximation, into the
two Chern components: nðrÞ ¼ nC¼1ðrÞ þ nC¼−1ðrÞ (oth-
erwise, there would be large cross terms). The four C ¼ 1
(C ¼ −1) wave functions are almost identical up to a
permutation of the spin and sublattice, so nðrÞ, and hence
the interaction, is invariant under separate U(4) rotations
acting on the C ¼ 1= − 1 components. The single-particle
dispersion and other perturbations then weakly break this
symmetry down to the physical one.
This case is, in fact, highly reminiscent of the QH effect

in the zeroth Landau level (ZLL) of monolayer graphene,
which also has a sublattice-valley locking σzτz ¼ sgnðBÞ,

FIG. 1. Circulating currents and magnetization of the K-IVC
state. Similar to a Kekule distortion, spontaneous intervalley
coherence between the K − K0 points of the graphene triples the
graphene unit cell. The amplitude of the circulating current slowly
modulates over themoiré unit cell, shownhere as themagnetization
densitymðrÞ, while preserving the moiré superlattice translations.
We show the contribution from a single spin species summed over
the two layers; the other spin carries either identical or reversed
currents if the K-IVC state is a spin singlet or spin “triplet,”
respectively. The lower-left inset shows an example of the circulat-
ing current pattern that retains C2T symmetry, at the scale of the
graphene lattice, in the AA region of the moiré unit cell.
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ĤBM =

Z
d
2
r c

† (Hg +HT ) c

where

c
† =

�
c
†
�,µ,s,⌧

�

Hg = �ve
�i

✓
2µ

z
�
z

✓
⌧
z
�
x
1

i
@x + �

y
1

i
@y

◆
e
i
✓
2µ

z
�
z

HT = µ
x

3X

m=1

h
w0 + w1

⇣
e

2⇡im
3 ⌧

z

�
+ + h.c.

⌘i
e
iqm·r

qm =
GMp

3
Rz

2⇡/3

✓
0
1

◆

q1 q2 q3

|qm| = 8⇡ sin (✓/2)

3
p
3a

Cc†C�1 = ⌧
x
�
x
µ
y
c

CiC�1 = �i

Z =

Z Y

`,q

d�`,q

Y

⌧,s

W⌧,s ({�`,q}) e
�

P
`,q

|�`,q|2
2Vq

W⌧,s ({�`,q}) = Tr
c,c†

"
Y

`

e
��⌧(ĤBM)
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FIG. 1. (a) Electron-hole excitation spectrum at charge neutrality [eigenvalues of Ĥ0 in Eq. (6)]. In the DQMC simulations,
we project the Hamiltonian onto the middle two narrow bands (red and blue). Solid (Dashed) lines are for + (�) valley. (b)
Bandwidth of Ĥ0 as function of  = w0/w1 (red), along with the bandwidth of the excitation spectrum in the interaction-only
limit, where Ĥ0 is neglected (blue). (c-f) DQMC results for  = 0.75, for which W = 8meV: (c) K-IVC correlation lengths
for two system sizes L = 3, 6 in the unit of moiré lattice vector, (d) single-particle density of state ⇢(!) =

R
d2kA(!,k), (e,f)

spectral function A(k,!) along a cut through the moiré Brillouin zone for T = 29K and 1.8K, respectively. The red crosses
denote the single particle dispersion Ĥ0, while the blue crosses represent the single particle dispersion in the interaction only
limit. (g-i) Same as panels (c-f) for  = 0.3 (W = 14meV). The parameters used in the simulations are given in Sec. VA.

of density of states and enhancement of the separation
between van Hove peaks at CN, but, in the absence of fur-
ther input, does not conclusively establish a gap [73–76].
The di↵erent behavior between samples could arise from
substrate alignment, disorder[77] or strain which was ar-
gued to induce competition between a correlated insu-
lator and a nematic semimetal [59, 65]. In the absence
of these e↵ects, Ref. [27] have proven that the ground
state is necessarily an insulator in the limit of small dis-
persion. On the other hand, for the physically realistic
parameters where interactions themselves give rise to a
significant dispersion, such a correlated insulator can be
destabilized. Therefore, unbiased numerical simulations
are needed even to establish the phase diagram of pristine
twisted bilayer graphene.

Furthermore, access to the physics at finite tempera-
ture can shed light on a host of phenomena mentioned
previously. More broadly, TBG represents an new kind
of correlated insulator which occurs in topological bands,
and revealing the detailed formation of such a state, as
we outline here, can have far reaching consequences.

The rest of the paper is organized as follows. In Sec. II,
we summarize the main results of the paper. In Sec. III,
we examine the TBG Hamiltonian in detail and define
the interacting Hamiltonian to be used in DQMC. As
pointed out in [11, 27, 59], the bare kinetic energy receives
corrections in the interacting problem which needs to be
duly incorporated. In Sec. IV we revisit the sign-problem
in DQMC. We elucidate the role played by a particle-hole

symmetry in sign problem. Using this, we show that the
sign-problem is absent in TBG at charge neutrality under
a minor approximation, which amounts to neglecting the
small angle rotation of the Dirac matrices [42, 44]. In
Sec.V, we present DQMC results with various parameter,
system sizes, and temperatures. In Sec. VI, we conclude
the paper with an outlook.

II. SUMMARY OF RESULTS

Our starting point is the continuum model describing
the moiré bands in TBG [56] at charge neutrality, supple-
mented by long-range Coulomb interactions. This model
respects all the relevant symmetries and the non-trivial
topology of the low-energy bands. For computational
simplicity, we keep only the pair of bands closest to the
Fermi level [see Fig. 1(a)], and project out all the other
bands, assumed to be either empty or full [78]. Crucially,
we take into account the renormalization of the single-
particle dispersion as a result of interactions [11, 27, 59],
as described in Sec. III B. As we shall see, this e↵ect can
significantly impact the nature of the ground state.
Our key observation is that the continuum model for

TBG at charge neutrality is nearly free of the fermion
sign problem in quantum Monte Carlo, due to its ap-
proximate particle-hole symmetry (PHS). Under a slight
deformation of the model – neglecting the rotation of
the Pauli matrices in the individual Dirac Hamiltonians

#
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Challenges	and	Open	Questions

• What is the nature of superconductivity? 
- Symmetry of the superconducting order parameter?

s *$ *%, %$!&%! %$%,

• What is the nature of the insulating states at 
even !? Broken symmetry?
- KIVC state?

k-space continuum model of TBG, including several of the
remote bands [10,12,13]. While Mott-Hubbard representa-
tions [7,8,17,18] are complicated by the topology of the
nearly flat bands [6,11,19–22], one can work directly in the
space of the continuum wave functions. Here, careful
analysis reveals some generic features of the Coulomb
matrix elements that arise from the symmetry and topology
of the flat bands. This analysis allows us to identify both an
enlarged Uð4Þ × Uð4Þ approximate symmetry group and an
intervalley-coherent (IVC) order at neutrality, which were
missed in previous approaches.
This “hidden” symmetry of the model has important

phenomenological consequences. Experimentally, many of
the basic phenomena—such as the existence of correlated
insulators at integer fillings, the location of superconduct-
ing domes, and the presence of anomalous Hall effects—
differ from sample to sample. Since the energetics may
depend on parameters like the precise twist angle, align-
ment with the h-BN substrate, and strain, the search for a
“unified” theory of TBG may become mired in a swamp of
microscopic details. However, in this work, we identify a
hierarchy of energy scales in TBG that can naturally unify
many of these findings. Because of the remarkable properties
of the TBG band structure, we show that the largest energy
scales (15–30 meV) preserve the approximate Uð4Þ × Uð4Þ
symmetry, which relates a small number of competing
symmetry-breaking orders. Smaller effects (0.2–5meV) then
choose between these orders, and we identify several con-
crete mechanisms, such as strain or substrate alignment,
which can tilt the balance between them.
The primary focus of this work is to understand the

implications of this hierarchy at charge neutrality (ν ¼ 0).
In certain samples with low twist-angle disorder, an
insulating state is observed in transport at ν ¼ 0, even in
the absence of apparent hBN alignment [5]. Scanning
tunneling microscopy also finds that the density of states
(DOS) is reconstructed at ν ¼ 0, where a gap of about
15–30 meVopens up [11,23–25]. We identify this phase as
a new Kramers intervalley-coherent (K-IVC) state. In the
K-IVC phase (Fig. 1), time reversal is spontaneously
broken in each spin component, and a pattern of alternating
circulating currents develop which triple the graphene unit
cell (the moiré unit cell is unchanged). See Fig. 1 for a
graphical illustration of this alternating current order. The
K-IVC order does not have a net magnetization; rather, it is
a “magnetization density wave” at the wave vector K of
graphene’s Dirac point. Like an antiferromagnet, the K-
IVC preserves a modified time-reversal symmetry T 0

combining the regular (spinless) time reversal T with a
π shift in the IVC phase. The new time reversal has the
remarkable property that ðT 0Þ2 ¼ −1; i.e., it is a Kramers
time-reversal symmetry arising from the valley rather than
spin. The presence of T 0 leads to Kramers pairing in the
spectrum, independent of spin, and may have important
implications for the nature of superconductivity when the

K-IVC insulator at ν ¼ 0 is doped. Furthermore, restricting
to each spin, the K-IVC state is a topological insulator,
though the protecting T 0 symmetry may be strongly broken
by the edge (due to broken translation symmetry).
Before detailing the Hamiltonian, let us briefly summa-

rize the origin of the approximate Uð4Þ × Uð4Þ symmetry.
The eight flat bands are labeled by spin s, valley τ, and a
twofold “band” index σ. Since the bands are quite flat, there
is no particular reason that σ should label the single-particle
eigenbasis. Instead, it turns out that the two bands can be
decomposed into a Chern C ¼ 1 band and a C ¼ −1 band
related by C2T symmetry, leading to a total of four C ¼ 1
and four C ¼ −1 bands. Remarkably, the wave functions in
the Chern basis have a substantial sublattice polarization;
i.e., they have a larger projection on one sublattice
compared to the other. Thus, we can label them by σz ¼
A=B ¼ $1 with the Chern number C ¼ σzτz. Because of
this sublattice polarization, the slowly varying part of the
charge density decouples, to a good approximation, into the
two Chern components: nðrÞ ¼ nC¼1ðrÞ þ nC¼−1ðrÞ (oth-
erwise, there would be large cross terms). The four C ¼ 1
(C ¼ −1) wave functions are almost identical up to a
permutation of the spin and sublattice, so nðrÞ, and hence
the interaction, is invariant under separate U(4) rotations
acting on the C ¼ 1= − 1 components. The single-particle
dispersion and other perturbations then weakly break this
symmetry down to the physical one.
This case is, in fact, highly reminiscent of the QH effect

in the zeroth Landau level (ZLL) of monolayer graphene,
which also has a sublattice-valley locking σzτz ¼ sgnðBÞ,

FIG. 1. Circulating currents and magnetization of the K-IVC
state. Similar to a Kekule distortion, spontaneous intervalley
coherence between the K − K0 points of the graphene triples the
graphene unit cell. The amplitude of the circulating current slowly
modulates over themoiré unit cell, shownhere as themagnetization
densitymðrÞ, while preserving the moiré superlattice translations.
We show the contribution from a single spin species summed over
the two layers; the other spin carries either identical or reversed
currents if the K-IVC state is a spin singlet or spin “triplet,”
respectively. The lower-left inset shows an example of the circulat-
ing current pattern that retains C2T symmetry, at the scale of the
graphene lattice, in the AA region of the moiré unit cell.
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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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a single device, although no experimental evidence supports this 
interpretation to date. The need for direct experimental probes of 
the superconductivity is pressing.

Future experiments on twisted bilayer graphene
Fabrication protocols are improving, as shown by transport stud-
ies that indicate twist-angle variations of only Δ" ~ 0.01° on 10-µm 
length scales29. Besides allowing higher resolution mapping of the 
superconducting phase diagram28,29,52,67, these advances are essential 
first steps towards building more complex devices required for next 
generation experiments that directly probe the nature and origin of 
the superconducting states. For example, van der Waals heterostruc-
tures enable unique opportunities to investigate the many-body 
phase diagram as a direct function of interaction strength. Devices 
can be fabricated with metallic gates only a few nanometers from 
the tBLG layer. At this distance, image charges in the monolayer 
graphene are closer to the tBLG than the approximately 15-nm 
size of the Wannier orbitals69–71, effectively screening the Coulomb 
interactions52,72,73. It is also possible to control, in situ, the screening 
length of carriers in tBLG. This can be achieved by replacing the 
metallic layer with a graphene monolayer, whose density of states 
(and thus its ability to screen the tBLG) can be modified by gat-
ing. This means that the screening length can be controlled from 
well above the moiré wavelength in the high-density regime of the 
monolayer to well below it at charge neutrality. The phase diagram 
of tBLG could then be studied as a function of interaction strength. 
Naively, enhancement of Tc

I
 with lowered Coulomb interaction 

would support pairing via electron–phonon interaction, which is 
not effectively screened. The first experiment in this direction74, 
however, finds a small suppression of the superconducting dome 
near ν ¼ "2

I
. This suggests that electron interactions are not nec-

essarily inimical to superconductivity, either by reconstructing the 
underlying band structure or because the superconductivity arises 
from an electronic mechanism.

Experimental probes that may provide more definitive evidence 
for the existence of superconductivity are of the highest impor-
tance. These may include finite frequency measurements of the 

kinetic inductance, measurements of gate-controlled Josephson 
junctions, and probes of the Little–Parks effect in mesoscopic rings. 
The order parameter symmetry also remains unexplored in experi-
ments. Is it singlet or triplet, and what is the spatial structure of the 
pair wave function? The enhanced spin–valley symmetry affords, 
a priori, an even richer characterization of superconducting pair-
ing, involving spin, orbital and valley structure of the states. The 
observed suppression of superconductivity by an in-plane applied 
field27 probably supports singlet pairing. Recently, indications of 
a more unconventional order parameter were reported in twisted 
double bilayer (which is two Bernal graphene bilayers stacked with 
twist angle between them, although there was no demonstration 
of phase coherence)54. Direct measurements of pairing symmetry 
have been successful in cuprate superconductors, typically effected 
using phase-sensitive measurements that permit comparison of the  
phase in the material of interest to that of a conventional s-wave 
superconductor75.

Such experiments are readily applicable to tBLG, where 
high-transparency superconducting contacts are straightforward to 
integrate into the fabrication process. Thermal and spectroscopic 
probes are also sensitive to a superconducting gap; besides eliminat-
ing ambiguities as to the presence of superconductivity, these mea-
surements can also identify the superconducting order parameter. 
In particular, some superconducting states proposed theoretically 
are topological, and may support chiral edge states or Majorana 
zero modes bound to vortices. Present experiments do not yet 
probe such subtle features, but the advent of scanning probe studies 
such as scanning tunneling microscopy59–61 and nanoscale magnetic 
imaging62 in tBLG may soon confirm or rule out these possibili-
ties. Finally, homogeneous devices hosting both quantized anoma-
lous Hall effects and superconductivity also enable gate-controlled 
interfaces between these states, which may host emergent Majorana 
boundary modes.

The correlated insulators and superconductors naturally hold 
center stage in both theory and experiment, as they represent sharply 
defined symmetry-breaking phases whose universal properties can 
be clearly addressed. However, tBLG also presents a remarkable 
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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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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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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
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where �0 is the superconducting flux quantum. As a result,
⇠ ⇡ 150 � 250nm for SC1. ` may be estimated from the
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stant, e is the elementary charge, kf is the Fermi wave vector.
Taking kf =
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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
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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.

Superconductivity!

• Two phases SC1, SC2
<*,+ ≈ =>>?@, <*,, ≈ A>?@

• SC1: (probably) spin singlet, 
SC2: spin triplet!

Zhou,	Xie,	Taniguchi,	Watanabe,	Young,	Nature	(2021)	
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FIG. S6. Temperature dependence of Rxx measured at D =0.4V/nm and ne < 0 Bottom panel shows Rxx as a function of ne at
different temperature. Top panels show Rxx vs T at fixed ne extracted from the bottom panel.

FIG. S7. In-plane magnetic field dependence of the PIP phase near SC1. a, B|| dependence of Rxx near SC1 at D =0.228V/nm. b,
Zoom-in of panel a. c, Same as panel b but measured with an out-of-plane field applied instead of in-plane field. d, Schematic phase diagram
extracted from panel a. Insets are schematic Fermi contours of the isospin polarized and unpolarized phases.

For phonon mediated SC, 6 ∝ 89 above ~ -!"
. (Θ/! − frequency of relevant phonons) 

. (8)

9
(Ω
)

Resistivity should be 
linear in " for " ≳ Θ!"/4

Chou,	Wu,	Sau,	Das	Sarma (2021)

ΘOP = 2$Q%R ≈ 40K

Conventional (acoustic phonon-mediated) s-wave?

H.	Zhou	et	al.	(2021)
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Singlet or triplet?

8′
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8
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'

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

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

+# = −.∫ 0$1 3⃗% ⋅ 3⃗%0
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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.
We wish to acknowledge the technica, l assis-

tance provided by Mr. C. D. Wilson. We thank
Mr. M. P. Mathur for providing Ge (grown by
Miss L. Roth) which he found suitable for low-
temperature thermometers, and Professor H.
Yearian for x-ray orientations of the samples.
Support of this work by the Advanced Research
Projects Agency is gratefully acknowledged.

This is not quite the expectation for the very purest
g-InSb due to its carrier concentration not being suffi-
ciently degenerate; see Eq. (1) obtained from V. A.
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A. F. Gibson (John Wiley @ Sons, Inc. , New York,
1956), Vol. I, p. 63.
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NEW MECHANISM FOR SUPERCONDUCTIVITY*

%. Kohn
University of California, San Diego, La Jolla, California

and

J. M. Luttinger
Columbia University, New York, New York

(Received 16 August 1965)

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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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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• e-e scattering conserves momentum: [ \ > \8 ≈ ]^_`a.

• Coulomb interactions favor spin singlet for SC1
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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).

Solution to the linearized BCS 
gap equation with S0

\8 = ,I9+/:

, ∼ c%



Outline

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

• What do we know about correlation 
effects in magic angle twisted 
graphene?

• MATBG: Open Questions
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a single device, although no experimental evidence supports this 
interpretation to date. The need for direct experimental probes of 
the superconductivity is pressing.

Future experiments on twisted bilayer graphene
Fabrication protocols are improving, as shown by transport stud-
ies that indicate twist-angle variations of only Δ" ~ 0.01° on 10-µm 
length scales29. Besides allowing higher resolution mapping of the 
superconducting phase diagram28,29,52,67, these advances are essential 
first steps towards building more complex devices required for next 
generation experiments that directly probe the nature and origin of 
the superconducting states. For example, van der Waals heterostruc-
tures enable unique opportunities to investigate the many-body 
phase diagram as a direct function of interaction strength. Devices 
can be fabricated with metallic gates only a few nanometers from 
the tBLG layer. At this distance, image charges in the monolayer 
graphene are closer to the tBLG than the approximately 15-nm 
size of the Wannier orbitals69–71, effectively screening the Coulomb 
interactions52,72,73. It is also possible to control, in situ, the screening 
length of carriers in tBLG. This can be achieved by replacing the 
metallic layer with a graphene monolayer, whose density of states 
(and thus its ability to screen the tBLG) can be modified by gat-
ing. This means that the screening length can be controlled from 
well above the moiré wavelength in the high-density regime of the 
monolayer to well below it at charge neutrality. The phase diagram 
of tBLG could then be studied as a function of interaction strength. 
Naively, enhancement of Tc

I
 with lowered Coulomb interaction 

would support pairing via electron–phonon interaction, which is 
not effectively screened. The first experiment in this direction74, 
however, finds a small suppression of the superconducting dome 
near ν ¼ "2

I
. This suggests that electron interactions are not nec-

essarily inimical to superconductivity, either by reconstructing the 
underlying band structure or because the superconductivity arises 
from an electronic mechanism.

Experimental probes that may provide more definitive evidence 
for the existence of superconductivity are of the highest impor-
tance. These may include finite frequency measurements of the 

kinetic inductance, measurements of gate-controlled Josephson 
junctions, and probes of the Little–Parks effect in mesoscopic rings. 
The order parameter symmetry also remains unexplored in experi-
ments. Is it singlet or triplet, and what is the spatial structure of the 
pair wave function? The enhanced spin–valley symmetry affords, 
a priori, an even richer characterization of superconducting pair-
ing, involving spin, orbital and valley structure of the states. The 
observed suppression of superconductivity by an in-plane applied 
field27 probably supports singlet pairing. Recently, indications of 
a more unconventional order parameter were reported in twisted 
double bilayer (which is two Bernal graphene bilayers stacked with 
twist angle between them, although there was no demonstration 
of phase coherence)54. Direct measurements of pairing symmetry 
have been successful in cuprate superconductors, typically effected 
using phase-sensitive measurements that permit comparison of the  
phase in the material of interest to that of a conventional s-wave 
superconductor75.

Such experiments are readily applicable to tBLG, where 
high-transparency superconducting contacts are straightforward to 
integrate into the fabrication process. Thermal and spectroscopic 
probes are also sensitive to a superconducting gap; besides eliminat-
ing ambiguities as to the presence of superconductivity, these mea-
surements can also identify the superconducting order parameter. 
In particular, some superconducting states proposed theoretically 
are topological, and may support chiral edge states or Majorana 
zero modes bound to vortices. Present experiments do not yet 
probe such subtle features, but the advent of scanning probe studies 
such as scanning tunneling microscopy59–61 and nanoscale magnetic 
imaging62 in tBLG may soon confirm or rule out these possibili-
ties. Finally, homogeneous devices hosting both quantized anoma-
lous Hall effects and superconductivity also enable gate-controlled 
interfaces between these states, which may host emergent Majorana 
boundary modes.

The correlated insulators and superconductors naturally hold 
center stage in both theory and experiment, as they represent sharply 
defined symmetry-breaking phases whose universal properties can 
be clearly addressed. However, tBLG also presents a remarkable 
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Triplet	superconductivity	in	RTG

Solid state analogue 
of superfluid 3He?
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• Strong electronic correlations
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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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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
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where h is Planck’s con-

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

2

FIG. 1. Superconductivity in rhombohedral trilayer graphene (RTG). a, Crystal structure of RTG. b, Band structure of RTG for interlayer
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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.



Order	parameter	of	a	spin-polarized	

superconductor

Order parameter of a spin-triplet SC:
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Fully spin polarized SC: 0⃗),& = |0⃗$,&|, 0⃗),& ⊥ 0⃗$,&

Order parameter space: 3< 3
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Topological	defects

C) 3< 3 = D$ (D$ superconducting vortex)
Polarized triplet superconductor: 
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Unwinding a phase twist of 4C:

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
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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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Summary

Thank	you!

• MATBG: Cascade of phase transitiosns, spin/valley 
ferromagnetism, Chern insulators

• Unconventional SC in 
ABC trilayer graphene?
Most likely state: chiral 
p-wave

• Fully spin polarized SC: fragility of 
supercurrent due to topology, 
double-period Josephson effect 

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
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• Open questions: Symmetry of SC order parameter? 
Broken symmetry at even I? Non-Fermi liquid?

Astonishingly rich correlated electron phenomena in 
multilayer graphene!


