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Chiral and topological superconductivity in
isospin polarized multilayer graphene

Max Geier 1 , Margarita Davydova1,2 & Liang Fu 1

Amicroscopic mechanism for chiral p-wave superconductivity from Coulomb
repulsion is proposed for spin- and valley-polarized state of rhombohedral
multilayer graphene. The superconducting instability arises when strong
Thomas-Fermi screening of the Coulomb potential allows Friedel oscillations
to take over – leading to an effective attraction on length scales below the
Fermi wavelength. The superconducting critical temperature is largest at low
density below a Lifshitz transition to an annular Fermi sea, where the addi-
tional pocket strongly enhances Thomas-Fermi screening. The Lifshitz transi-
tion also marks a topological phase transition from a trivial to a topological
superconducting phase hosting Majorana fermions. The chirality of the
superconducting order parameter is selected by the chirality of the valley-
polarized Bloch electrons. Our results are in reasonable agreement with
observations in a recent experiment on tetralayer graphene.

Chiral superconductivity, characterized by spontaneous time-reversal
symmetry breaking and finite-angularmomentumCooper pairing1, is a
long-sought quantum phase of matter with unusual superconducting
and magnetic properties. Interest in chiral superconductors is further
fueled by their potential for hosting topological phases and Majorana
fermions2,3. While previous material candidates, such as Sr2RuO4

4 and
UTe2

5–7, showed initial signs of chiral superconductivity, recent
experiments strongly suggest single-component superconducting
order parameters that are non-chiral8–15.

Very recently, signatures of chiral superconductivity have been
observed in rhombohedral-stacked tetralayer graphene under elec-
tron doping16. While superconductivity has been previously dis-
covered and intensively studied in crystalline trilayer17–30 and bilayer
graphene31–36, the newly found superconducting state in tetralayer
graphene at low density is remarkably distinctive in that it exhibits
large spontaneous anomalous Hall effect above Tc and magnetic hys-
teresis in resistance below Tc. These observations demonstrate time-
reversal-breaking superconductivity in a pure carbon system. Its pair-
ing symmetry and pairing mechanism are open questions for
investigation.

A key feature of rhombohedral multilayer graphene is the flat
band dispersion near K and K 0 point, leading to a strong correlation
effect19,23. As a result, spin and valley isospin symmetry breaking

occurs at low temperature, giving rise to half and quarter metal
phases23. Interestingly, the superconducting state in tetralayer gra-
phene at low density borders the quarter metal and its phase
boundary shows no or little change with the applied magnetic field,
indicating that the superconducting state is likely fully spin and
valley polarized16. Thus, tetralayer graphene provides a rare oppor-
tunity for investigating Cooper pairing of single-flavor electrons in a
solid-state platform.

In this work, we study the microscopic mechanism and pairing
symmetry of superconductivity in multilayer graphene that develops
from the spin- and valley-polarized quarter metal normal state [Fig. 1a,
b]. Our mechanism is based on the overscreening of Coulomb inter-
action due to chargefluctuations, which leads to aneffective attraction
at length scales on a fraction of the Fermi wavelength, driving Cooper
pairing. Using a minimal model for the band dispersion, our theory
predicts that superconductivity occurs at low densities with enhanced
density of states due to the annular Fermi surface and displacement
field-induced flatness of the band. Based on our analysis, we further
propose that aWigner crystalline insulating state occurs at the Lifshitz
transition from simply-connected to annular Fermi sea that splits the
superconducting dome into two. This provides an explanation for the
two proximate superconducting domes SC1 and SC2 with similar
properties observed in the experiment16.
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In the spin- and valley-polarized state, the Pauli principle dictates
that a Cooper pair can only be formed by two electrons having odd
relative angular momentum, for example, with p- or f-wave
symmetry37. Using Coulomb interaction and including the effect of
dielectric screening in two dimensions, we find robust p-wave super-
conductivity at densities and temperatures in reasonable agreement
with the experiment. The calculated Tc is on the order between 100mK
to a few K, depending on the dielectric screening of the Coulomb
interaction in the graphene film relative to the surrounding dielectric.
Relatedly, we find that electrons are paired even relatively far from the
Fermi surface. Our results indicate that generally, a chiral p − iτp
ordering is favored (τ = ±1 stands for K=K 0 valley, independent of spin
polarization), and we predict a number of relevant experimental sig-
natures for it.

Results
Band dispersion
In rhombohedral multilayer graphene, low-energy bands come from
sublattice-polarized states in the top and bottom layers. An out-of-
plane electric field induces a potential bias equal to 2D between these
layers and opens up an energy gapwhile flattening the dispersion near
K and K 0 points. Therefore, the Fermi energy is only a few meV above
the band bottom for a small electron density of around 5 × 1011 cm−2,
where time-reversal-breaking superconductivity is observed.

The low-energy band dispersion is highly tunable by the electric
field. As the displacement field D increases, the curvature at K and K 0

changes from positive to negative19,23 as shown in Fig. 1c for ABCA
tetralayer graphene, resulting in a Mexican-hat shaped dispersion. In
this case, a Lifshitz transition from simply-connected to annular Fermi
surface occurs when the Fermi energy crosses the top of the hat as the
electron density is reduced.

We capture the essential features of the electric-field-tuned con-
duction band in rhombohedral n-layer graphene with a minimal band
dispersion:

εk =D
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + ðk=k0Þ2n

q
+
ℏ2k2

2m
ð1Þ

where we set n = 4 corresponding to the tetralayer and treat k0 and m
as D-dependent fit parameters to approximate the band dispersion of

multilayer graphene, see SM (Supplementary Material) section A. We
verified that qualitatively similar results for the superconducting order
are obtained when the functional form of the dispersion is varied, as
long as themain qualitative features are preserved. The functional form
of Eq. (1) is derived from an effective 2-band model of rhombohedral
tetralayer graphene with nearest-neighbor hopping38,39. The dispersion
(1) is circularly symmetric. The inclusion of additional hopping terms
leads to trigonal warping. For now, we neglect trigonal warping and
Berry curvature effects and will treat them perturbatively later.

Rytova-Keldysh potential
The density-density interaction can be written as

Hint =
1
2

X
k1 ,k2,q

V ðqÞψy
k1 +q

ψy
k2�qψk2

ψk1
, ð2Þ

where ψðyÞ
k are the annihilation (creation) operators of spin-polarized

electrons in a single valley. Importantly, in a 2Dmaterial surroundedby
a dielectric with a lower dielectric permittivity, the Coulomb
interaction between two charges can be described by the Rytova-
Keldysh potential40–42, taking the form:

V ðqÞ= e2

2ϵjqjð1 + rK jqjÞ
ð3Þ

where ϵ = 5 ϵ0 is the dielectric permittivity of the surrounding hBN (with
ϵ0 the vacuum permittivity), and rK is the Rytova-Keldysh parameter.
The Rytova-Keldysh parameter depends on the difference between the
dielectric response of the 2D material under study and that of the
surrounding insulator. Since the 2D dielectric screening is determined
by interband transitions and thereby depends on the band gap, rK of
multilayer graphene is affected by the displacement field43. We will find
that the superconducting pairing strength depends sensitively on rK.

Electron pairing from screened Coulomb repulsion
Westudy superconductivity in the spin- and valley-polarized state. This
is justified because (i) valley polarization is observed to occur at a
much higher temperature than superconductivity, and (ii) the primary
superconducting state (SC1 in ref. 16) was observedwithin the quarter-
metal state, and (iii) the primary superconducting states (SC1 and SC2)
survive to very high in-plane magnetic fields.

Theoretically, we also expect that the energy scales of spin- and
valley polarization to be much larger than superconductivity: Esti-
mating the energy scale of isospin polarization in the Stonermodel23 as
Δpol≈ ν(EF)V(2kF,2)EF ≈ 2 to 3meV in the relevant range of density and
dispacement field, it is an order ofmagnitude larger than the obtained
pairing strength [see numerical results below].

Since total spin S2 and valley imbalance NK � NK 0 are conserved
quantum numbers, there are no isospin fluctuations at zero tempera-
ture that can drive superconductivity in the fully-polarized quarter
metal state. This motivates us to consider a mechanism for super-
conductivity in the spin- and valley-polarized state based on screening
of electron-electron interactions by charge fluctuations44–46. The
screening is described by the charge susceptibility
χRe ðq, τÞ= � 1

A hTτρe,qðτÞρe,�qð0Þi, which in random phase approxima-
tion (RPA) is determined by the expression

χRe ðq, iΩnÞ �
RPA χ0Re ðq, iΩnÞ

1� Vqχ0Re ðq, iΩnÞ=e2
ð4Þ

in termsof the charge susceptibility of the non-interacting electron gas

χ0Re ðq, iΩnÞ=
e2

A

X
k

nF ðεkÞ � nF ðεk+qÞ
εk � εk+q + iℏΩn

ð5Þ

Fig. 1 | Isospin-polarized normal state. a Schematic of a chiral superconducting
pairing appearing on top of an isospin-polarized quarter-metal state in multilayer
graphene. b The chirality of the superconducting state is selected by the orbital
magnetic moment of the electrons in the polarized valley. c Dispersion of ABCA
graphene around the K valley19,23 for various electric potential differences D
between top and bottom layers. The line color indicates the Berry curvatureΩkx , ky

.
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where τ is imaginary time and iΩn Matsubara frequencies. With the
resulting dielectric response function, ϵ�1ðq,ωÞ= 1 +Vqχ

R
e ðq,ωÞ=e2 one

obtains the screened interaction potential

~Vq =Vqϵ
�1ðq, 0Þ �RPA Vq

1� Vqχ0Re ðq, 0Þ=e2 : ð6Þ

The charge susceptibility and screened interaction potential for the
annular Fermi pocket are shown in Fig. 2a, b, respectively. The q→0
limit of the denominator describing the screened interaction in Eq. (6)
limq!0Vqχ

0R
e ðq, 0Þ=e2 = 2π=‘TFq defines the Thomas-Fermi screening

length ℓTF = 4πϵ/e2ν(EF).
Due to the large density of states, the charge susceptibility

becomes large for momenta below twice the Fermi momentum kF,2 of
the outer Fermi surface. This leads to a suppression of the electron-
electron interaction at small momenta and a peak at 2kF,2. This
renormalized interaction potential promotes a p-wave super-
conducting instability.

In real space, the screening strongly reduces the repulsion above
the Thomas-Fermi screening length ℓTF. Furthermore, Friedel oscilla-
tions appear with period 2kF,1, 2kF,2 due to the two Fermi surfaces.
When the Thomas-Fermi screening length is much shorter than the
wavelengths π/kF,1, π/kF,2, Friedel oscillations dominate over Coulomb
repulsion and lead to an effective attraction at short length scales, as
obtained fromour calculations shown in Fig. 2c.Wefind ℓTF ≈ 1 to 2 nm,
for typical parameters where we observe superconductivity as dis-
cussed below, while 2π/kF,1, 2π/kF,2 is typically around 20nm to 30nm.
This mechanism benefits from a Mexican-hat-shaped dispersion
because the additional pocket contributes a large density of states,
leading to a short Thomas-Fermi screening length. This enables
superconductivity at a larger density.

To determine the superconducting order parameter and its cri-
tical temperature, we solve the self-consistency equations

ΔðkÞ= 1
A

X
k0

~V ðk� k0Þhψ̂�k0 ψ̂k0 i,

hψ̂�kψ̂ki= � ΔðkÞ
2Ek

tanh
Ek

2kBT
,

ð7Þ

where Ek is the quasiparticle energy

Ek =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðεk � μÞ2 + jΔðkÞj2

q
: ð8Þ

Here, the interaction ~V ðk� k0Þ scatters a pair of electrons at opposite
momenta ðk0, � k0Þ to (k, − k).

Due to the rotational symmetry in our model, we decompose the
pairing interaction into angular harmonics:

~Vlðk, k0Þ �
Z 2π

0
dϑeilϑ ~V ðϑ, k, k0Þ ð9Þ

where we wrote ~Vk�k0 = ~V ðϑ, k, k 0Þ with ϑ the angle between k k0 and
k, k0 their magnitude. The order parameter can also be expanded into
angular harmonics ΔðkÞ=P1

l =0ηlðkÞeilθ with ðkx , kyÞ= kðcosθ, sinθÞ.
The equations for the critical temperature Tc for different angular
harmonics decouple.

Around Tc, we linearize the self-consistency equation and find for
the individual angular harmonics,

ηlðk,TcÞ= �
Z 1

0

dk0k0

8π2
~Vlðk, k0Þ

tanh jεk0 �μj
2kBTc

jεk0 � μj ηlðk0,TcÞ ð10Þ

For the superconducting order parameter at zero temperature, the
self-consistency relation reads

ηlðk, 0Þ= �
Z 1

0

dk0k0

8π2

~Vlðk, k0Þηlðk0, 0Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðεk0 � μÞ2 +ηlðk0, 0Þ2

q : ð11Þ

Both equations can be solved iteratively, as detailed in SM section B.
This angular decomposition applies to a circularly symmetric interac-
tion potential, where the circular symmetry is preserved for the
screened potential when the dispersion is circularly symmetric.

Importantly, the screened interaction ~Vq is positive and large at
momentum transferq=k� k0 around 2kF,2, compared to smallq. Such
q-dependent interaction favors an order parameter that takes oppo-
site signs at opposite ±k points on the Fermi surface, i.e., it favors p-
wave pairing.

For most superconductors, the pairing interaction is weak and
therefore the pairing potential Δ(k) is small compared to the Fermi
energy and only appreciable in the vicinity of the Fermi surface. For
this reason, in solving the gap equation, it suffices to use “on-shell”
pairing interaction ~Vlðk, k0Þ at Fermi wavevectors k, k0. In contrast, in
multilayer graphene, the combination of low electron density and flat
band bottom leads to a large ratio of interaction to the Fermi energy.
As a consequence, wewill show thatΔ and Tc canbeon the order of the
Fermi energy. Indeed, the recent experiment on tetralayer graphene16

reports an unusually high upper critical field at low density, indicating
a strong-coupling superconductor with coherence length comparable
to interparticle distance. For strong-coupling superconductors, the
superconducting gap Δ(k) can be large even away from the Fermi
momentum. Therefore, in solving the gap equation, it is necessary to
use the interaction ~Vlðk, k0Þ with full k, k0 dependence.

Our calculation of the density of states, ν and critical temperature
Tc, as a function of electron density and displacement field, is shown in
Fig. 3a, b, respectively. Both the displacement field D and the electron

Fig. 2 | Screened interaction potential. a Charge susceptibility of the non-
interacting electron gas χ0Re for D = 60meV at density n =0.5 × 1012 cm−2. The ver-
tical lines indicate combinations of the momenta of the inner and outer Fermi
surfaces kF,1 and kF,2. b, c Screened (solid line) and bare (dashed) Rytova-Keldysh
interaction potential ~VðqÞ and ~VðrÞ in momentum and real space, respectively,
with rK = 3 nm.
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density n together determine the Fermi surface size and topology. For
small D <Dc ≈ 40meV, the dispersion increases monotonously with k
and the Fermi surface is a single circlewith kF =

ffiffiffiffiffiffiffiffiffi
4πn

p
, whereas at large

displacement field (D >Dc), a Lifshitz transition fromannular to simply-
connected Fermi sea occurs with increasing electron density, which is
accompanied by a large jump in the normal-state density of states at
the Fermi level [Fig. 3a]. Correspondingly, superconducting properties
depend strongly on the displacement field. For small D, a super-
conducting state is found at a small density where the chemical
potential lies close to the relatively flat band bottom with a large
density of states. For large D, the superconducting state sets in at low
densities where the Fermi sea is annular, and Tc is largest close to the
Lifshitz transition.

It should be noted that the value of Tc is sensitive to the dielectric
screening of Coulomb repulsion by the multilayer graphene, which, in
turn, depends on the displacement field-induced band gap. As a
function of the Rytova-Keldysh parameter rK [Fig. 3c], the typical Tc at
D = 60meV ranges from Tc ≈ 3 K at rK = 1 nm to a suppression of Tc to
below0.1 K above rK = 10 nm.With bare Coulomb repulsion, amaximal
Tc ≈ 8K is obtained, see SM section H. The decrease of Tc with strong
dielectric screening is consistent with electron pairing by Coulomb
repulsion. Without knowing the value of rK for tetralayer graphene, we
cannot make a quantitative prediction of Tc. Nonetheless, for the rea-
sonable range of rK considered here, superconductivity always onsets
at n <0.7 × 1012 cm−2 in agreement with experimental observation, and
the calculated Tc is acceptable compared to the experimental value,
especially considering that the mean-field theory generally predicts
higher values of Tc.

Going beyond our mean-field treatment, we estimate the critical
temperature for a BKT transition47–49kBTBKT =

π
2 J determined by the

superfluid stiffness. An order-of-magnitude estimate is obtained using
the superfluid stiffness expression J = ℏ2n/4m for a quadratic band
whose mass m ≈ 2me is matched so that its density of states matches
the typical density of state ν(EF) ≈ 2νe at the Fermi energy of ourmodel
[compare Fig. 3a]. Based on this estimate, we find a typical BKT tran-
sition temperature kBTBKT ≈0.9 K at n = 0.5 × 1012 cm−2. This indicates
that the critical temperature in this system may be limited by vortex
proliferation in the BKT transition.

Strong-coupling superconductivity
For the chiral px ± ipy pairing, the calculated pairing potential Δ(k) at
T = 0 can reach a few tenths of the Fermi energy. Notably, Δ(k) is
large not only close to the Fermi surface, but also extends to several
times the Fermi wavevector with a sign change at around 2kF,2
[Fig. 4a]. Its functional form closely follows the interaction potential
up to a proportionality factor setting the pairing strength [see SM
section C]. The presence of substantial pairing potential away from
the Fermi surfaces is a consequence of the strong-coupling nature of
this superconducting state—because kBTc and Δ are of the order of
the Fermi energy, pairing between electrons away from the Fermi
surface is relevant. This is captured by our direct solution of
Eqs. (10), (11).

Due to the large pairing potential, the chemical potential changes
appreciably in the superconducting state. This can be estimated by
taking into account the pairing potential in relating electron density to
chemical potential

ns =
Z

dk
4π2 1� εk � μ

Ek

� �
: ð12Þ

At zero temperature, the change in chemical potential approaches
0.1meV. The change in electron density is taken into account in
Fig. 4b. Near Tc, the pairing potential is strongly temperature
dependent Δ /

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� T=Tc

p
, and therefore the change in chemical

potential δμ∝ ∣Δ∣2 is expected to increase linearly with decreasing
temperature.

Topological superconductivity and Lifshitz transition
The quasiparticle gap Δ0 � minkEk as a function of density n and
displacement field D is shown in Fig. 4b. Our p ± ip superconductor
generally has a full gap, except at the Lifshitz transition from simply-
connected to annular Fermi sea, where the system has a point node
at the Fermi point k = 0 at which the pairing potential vanishes. The
closing of the quasiparticle gap marks a topological quantum phase
transition from a topological superconductor with unity Chern
number in the region with a single Fermi pocket to a topologically
trivial state in the annular region at large displacement fields50,51. The
topological superconductor at small displacement fields hosts chiral
Majorana edge modes and Majorana zero modes in the vortex2. In
contrast, the trivial state with annular Fermi sea is adiabatically
connected to the Bose-Einstein limit μ→ −∞, because the pairing
potential Δ(k) is finite at the band bottom of the Mexican hat dis-
persion, which forms a ring at k ≠0. Note that in our theory, even
though the superconducting gap vanishes at k = 0 at the Lifshitz
transition, the gap at the outer Fermi surface Δ(kF2) and critical
temperature remains large throughout the transition– therefore the
quasiparticle gap closure is not visible in the critical temperature
calculations Fig. 3b.

Competing state
Since the p-wave superconductivity found in our RPA calculation
occurs at relatively low density, it is important to consider its com-
petition with the Wigner crystal state, which generally appears in 2D

Fig. 3 | Density of states and critical temperature Tc. a Density of states of the
minimal non-interacting model (Eq. (1)) normalized by νe =me/2πℏ

2 with me the
bare electronmass and (b) critical temperatureof the chiral superconducting order
as a function of electron density n and displacement field D. The dashed line
indicates the Lifshitz transition from annular (A) to a single pocket (1P) Fermi sea.
We choose rK = 3 nm for the Tc calculation. c Critical temperature for different
dielectric screening parameterized by rK at D = 60meV.
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Coulomb systems at sufficiently lowdensity. To estimate the transition
to theWigner crystal, we compute the gas parameter rs = Eint/Ekin given
by the ratio of interaction Eint to kinetic energy Eint52. In our calculations
of rs here, we included a realistic distance d = 30 nm to the metallic
gates, whose screening modifies the bare interaction potential
Vq ! Vq tanhqd.We verified that this screening does not visibly affect
our calculations of Tc and superconducting gap; however, rs depends
sensitively on the gate screening as the interparticle distances at low
density approaches tens of nm.

In Fig. 4, the region where rs > 40 is encircled by the cyan line; in a
homogeneous electron gas, the transition to a Wigner crystal occurs
around rs ≈ 30−4052–56. This region is where the band bottom is most
flat, so that the kinetic energy per particle is low. It coincides with the
region where the density of states is largest, see Fig. 3a. We expect
crystalline order is likely to dominate there, so that the super-
conducting region is divided into two, separated by an insulating
Wigner crystal state.

Trigonal warping and Berry curvature effects
Our minimal model neglects trigonal warping, which arises from
electron hoppings beyond nearest-neighbor atoms in multilayer
graphene. With trigonal warping, the band dispersion becomes
asymmetric ϵk ≠ ϵ−k, which weakens intravalley pairing between ±k
states. Fortunately, the energy scale of trigonal warping is small in
tetralayer graphene in the range of density and displacement field of
interest, as evidenced by the nearly symmetric band dispersion
shown in Fig. 1. Furthermore, our superconducting state driven by
Coulomb interaction has a large gap up to a few tenths of Fermi
energy, and therefore is robust against the pair breaking effect of
trigonal warping.

Up to now, we have neglected the effect of electron Bloch wave-
functions ∣uk

�
within the unit cell. The momentum dependence of the

complex-valued wavefunction ∣uk

�
gives rise to Berry curvature,

breaking time reversal symmetry,when the system is valleypolarized57.
We now show that the Berry-phase effect generally favors a particular
chirality for p-wave pairing within a given valley. To see this, we note

that the full interaction term for the electrons in the conduction band
is generally of the form

~Hint =
1
2

X
k1 ,k2,q

V ðqÞ uk1 +q

D
∣∣uk1

E
uk2�q

D
∣∣uk2

E

× eψy
k1 +q

eψy
k2�q

eψk2
eψk1

ð13Þ

where eψðyÞ
k creates an electron in the state ∣uk

�
in the conduction band.

Compared to Eq. (2), the full interaction contains the form factor
huk+q∣∣uk

�huk0�q∣∣uk0 i, which is complex-valued and thus breaks the
time-reversal symmetry of the low-energy theory.

Anticipating zero-momentum Cooper pairing, we define k0 = �
k1 � q and focus on − k1 = k2 =k. With this, we expand the form factor
into harmonics

u�k0
�

∣∣u�k

�
uk0
�

∣∣uk

�
=
X
l

ατ
l e

�ilðφk0 �φkÞ ð14Þ

where ατ
l = ðα�τ

�l Þ* due to time-reversal symmetry relating the two
valleys τ = ±1. The limit αl→0 for all l ≠0 recovers our previous analysis
using Eq. (2). Now, we treat αlwith l ≠0 as a perturbation to the p-wave
superconducting state.

Including the form factor, the condensation energy is

Ec = � 1
2A

X
k,k0

~Vk�k0 u�k0
�

∣∣u�k

�
uk0
�

∣∣uk

�hψ̂�kψ̂kihψ̂
y
k0 ψ̂

y
�k0 i: ð15Þ

For apairing potentialΔðkÞ=ηjðkÞeijφk with angularmomentum j, using
the angular decomposition of the form factor Eq. (14) and the pairing
interaction Eq. (9), Ec can be expressed as

Ec = � A
X
l

ατ
l

Z
dkdk0

2ð2πÞ3
kk0 ~V�l�jðk, k0ÞηjðkÞηjðk0Þ

4EkEk0
: ð16Þ

Fig. 4 | Pairing potential. aMomentum-dependent p-wave pairing potential Δ(k),
where the tone (from black to light) indicates its magnitude and the hue corre-
sponds to the complex phase. The white circles show the Fermi surfaces. b Zero-
temperature spectral gap Δ0 = mink Ek as a function of displacement field D and

electron density ns. The dashed white line indicates the Lifshitz
transition from annular (A) to a single-pocket (1P) Fermi sea. The cyan line
bounds a (shaded) region at small densities and moderate displacement fields,
where rs ≥ 40.
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When the form factor is a constant, only the α0 term is present and
~Vj = ~V�j guarantees equal condensation energy for ±j pairings. How-
ever, with broken time reversal symmetry, αl≠0’s are generally nonzero
and therefore the condensation energy is generally different for the
two p-wave chiralities. In particular, a large contribution from the
terms j = −l proportional to ~V0ðk, k0Þ because ~V0ðk, k0Þ it is positive
definite.

Within the two-band model of ref. 39 giving rise to dispersion
Eq. (1), the wavefunction is of the form ∣uðkÞ�= ð1, λe4iφk Þ, so that α4∝ λ
is the leading order correction in Eq. (14). Thus, in Eq. (16) for the
condensation energy, the corrections for j = ±1 pairing are propor-
tional to the angular harmonics ~V 3 and ~V 5, respectively, which lifts the
degeneracy between the two chiralities. In SM section E, we calculate
the critical temperature for l = ±1 pairing, including the 4π Berry phase
from the model of ref. 39 without trigonal warping, and find a differ-
ence in critical temperature of around 20%.

Discussion
We have shown that a strong-coupling chiral p-wave superconducting
state may emerge from charge fluctuations due to Coulomb repulsion
in a spin- and valley-polarized state in multilayer graphene. The
superconducting transition occurs at low density over a range of dis-
placement fields where the band bottom is flat on the scale of the
Fermi energy. In this range, increasing displacing field induces a Lif-
shitz transition from simply-connected to annular Fermi sea occurs
which also marks a phase transition from a topological to a trivial
superconducting state. The chirality of the Bloch wave functions,
which is responsible for the Berry curvature, selects the chirality of the
p-wave superconducting order parameter.

Our obtained critical temperature and density range is in rough
agreement with a recent experiment in tetralayer graphene16. In the
experiment, quantum oscillations and anomalous Hall conductance
measurements indicate the spin- and valley polarization. Super-
conductivity emerges in a region which does not show clear quantum
oscillations, which indicates a large density of states (effectivemass) in
the relevant density range, consistent with our theoretical picture, see
Fig. 3a, b.

We also speculate that a charge-ordered state may appear very
close to the Lifshitz transition at low density, where the density of states
and the ratio of interaction to kinetic energy are the largest. In this
scenario, the ordered state divides the superconducting region into two
domes. A similar feature has been observed in the experiment16.

We expect that our mechanism may also apply to isospin-
polarized phases of rhombohedral graphene with a different number
of layers because all these systems share the feature of a large density
of states at the band bottom under an applied displacement field23.
Crucially, calculations of ref. 23 indicate that tetralayer graphene
reaches a significantly larger density of states close to the band bottom
under a displacement field compared to a smaller number of layers.
ref. 23 also demonstrates that the isospin polarization emerges in a
Stoner model due to a large density of states and strong interaction.
Our theory shows that the large density of states induces a short
Thomas-Fermi screening length that enables superconductivity from
repulsion via overscreened Friedel oscillations. This significant quan-
titative difference may explain why superconductivity has been
observed in rhombohedral tetralayer and pentalayer graphene16, but
not for smaller layer numbers up to now.

Related,we remark thatmultilayer rhombohedral grapheneunder
a displacementfield exhibits a larger density of states close to the band
bottom in the conduction compared to the valence band23, which
favors the charge-fluctuation mechanism for superconductivity in the
conduction but not in the valence band.

The RPA is expected to be qualitatively correct, but corrections
beyond RPA are expected to significantly alter the quantitative pre-
dictions because of the absence of Migdal’s theorem58 for

superconductivity from screened electron-electron repulsion59. Dif-
ferent corrections contribute to an enhancement or reduction of Tc. A
detailed study of corrections beyond RPA is left for future work.

Alternative mechanisms for superconductivity in an isospin-
polarized metal include phonons and fluctuations of the isospin
polarization. We assume that the superconductivity develops on top
of a fully spin- and valley-polarized state, which is in line with
experimental observation. For such a case, the Pauli principle
requires the superconducting state to be odd-parity. However,
phonons typically lead to an isotropic attraction that favors the s-
wave channel and is averaged out for higher angular momenta, and
thus, we expect that this is likely not an important mechanism for
pairing for the system considered here. Fluctuations of the isospin
order parameter can indeed mediate strong pairing in the proximity
to the phase transition in the isospin order28,36,60,61. We remark that
these fluctuations are not present in the fully polarized phase that we
consider here.

We note that, besides possible suppression of a charge-ordered
competing state, screening from metallic gates becomes relevant to
the superconducting state onlywhen the distance to themetallic gates
becomes of the order of ℓTF. Because typical distances tometallicfields
in experiment are of order 30 nm, much larger than the typical ℓTF ≈ 1
to 2 nm obtained from our calculations, gate-screening is irrelevant to
the superconducting state. Only when reducing the gate distance to
the order of ℓTF, the superconducting order gets suppressed, see SM
section F for details.

Finally, we note that the intravalley pairing implies a large Cooper
pairmomentumof ±2K,which is commensurate with the lattice20,62–68.
We also verified that our mechanism strongly favors p-wave pairing
over higher angular momenta, see SM section G.

Note added: During the final stages of writing of the current
manuscript, ref. 69 appeared, where a charge fluctuation mechanism
for p-wave superconductivity in rhombohedral graphene has been
discussed as well.

Data availability
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