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Superconductivity induced by the intervalley Coulomb scattering in a few layers of graphene
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We study the intervalley scattering induced by the Coulomb repulsion as a purely electronic mechanism for
the origin of superconductivity in a few layers of graphene. The pairing is strongly favored by the presence
of van Hove singularities in the density of states. We consider three different heterostructures: twisted bilayer
graphene, rhombohedral trilayer graphene, and Bernal bilayer graphene. We obtain trends and estimates of the
superconducting critical temperature in agreement with the experimental findings, which might identify the
intervalley Coulomb scattering as a universal pairing mechanism in a few layers of graphene.
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I. INTRODUCTION

The discovery of superconductivity (SC) in twisted bi-
layer graphene (TBG) [1–3] led the scientific community
to a renewed interest in the study of the SC properties of
graphene, that has been further motivated by the more recent
observations of SC behavior in other heterostructures based
on graphene: twisted trilayer graphene (TTG) [4], untwisted
rhombohedral trilayer graphene (RTG) [5], and Bernal bilayer
graphene (BBG) [6] in a perpendicular electric field. In all
these systems the SC transition can be controlled by experi-
mentally tunable parameters, such as, e.g., the relative twist
between the layers, the electronic density, and the applied
displacement field. Even though the critical temperatures Tc

observed so far in these materials do not exceed the scale of a
few degrees Kelvin, the large ratios between Tc and the Fermi
energy, up to ∼10%, suggest that a strong pairing interaction
is at play. On the other hand, the complex phase diagrams re-
ported in the literature clearly highlight the strongly correlated
behavior. The recent observation of Ref. [7], that the value of
Tc in BBG can be increased by one order of magnitude by a
substrate of WSe2, emphasizes the highly tunable nature of the
pairing, paving the way towards engineering new techniques
for controlling the magnitude of Tc. Furthermore, the violation
of the Pauli limit reported in the experiments [4–6] suggests
that spin-triplet Cooper pairs are favored in these systems.

On the theoretical side, it is universally accepted that the
band flattening and the vicinity of the van Hove singularities
(VHSs) to the Fermi level enhance the role of the electronic
interactions in TBG, TTG, RTG, and BBG, favoring the for-
mation of symmetry broken phases (see, e.g., Refs. [8–13]).
However, the debate on the mechanism at the origin of the
superconductivity in these systems is still open. Many models
have been studied so far, those either consider the supercon-
ductivity driven by purely electronic interactions [9,12,14–32]
or by more conventional phononic mechanisms [33–43]. The
combined effects of the screened Coulomb interaction, the
electronic umklapp processes, and the electron-phonon cou-
pling have been shown to favor the pairing in TBG [44–46]
and in TTG [47]. Furthermore, Refs. [48–52] explored other
unconventional mechanisms, in which the pairing is mediated

by soft electronic collective modes. Remarkably, there is not
yet a general agreement on whether the superconductivity
observed in TBG and in TTG has the same origin as in the
untwisted RTG and BBG.

In this Letter, we study the intervalley scattering induced
by the Coulomb interaction as a purely electronic mecha-
nism for the origin of superconductivity in a few layers of
graphene. The resulting Cooper pairs are spin triplets with the
two electrons in opposite valleys, K, K ′, featuring p- or f -
wave symmetry. Because the large momentum transfer, �K ≡
K − K ′, involved in the process makes the interaction strength
negligible, a high density of states (DOS) is necessary to boost
the pairing. This condition is often realized in a few layers
of graphene, where the electronic bands can be flattened by
tuning a number of experimental parameters, thus giving rise
to VHSs. At first approximation, we neglect the contribution
of the intravalley Coulomb repulsion, which is long ranged,
since it is drastically screened in the van Hove scenario. We
show quantitatively that this assumption is fully justified in the
Supplemental Material (SM) [53]. Using effective continuum
models with realistic parameters, we characterize the SC tran-
sition induced by the intervalley Coulomb scattering in TBG,
RTG, and BBG, upon varying the relative twist between the
layers and/or the electronic density and/or the displacement
field. We obtain estimates and trends of Tc in good agree-
ment with the experimental results, emphasizing the strong
enhancement of Tc by the presence of VHSs. Remarkably,
our calculations account for the different orders of magnitude
of the critical temperatures observed in different materials.
Considering also the experimental evidence of spin-triplet su-
perconductivity in these systems, our study might identify the
intervalley Coulomb scattering as a universal driving mecha-
nism for the superconductivity observed so far in a few layers
of graphene. We also identify a nontrivial structure of the SC
order parameter (OP) in real space.

II. THE MODEL: EFFECTIVE ATTRACTION
FROM THE INTERVALLEY SCATTERING

Our theoretical description of the pairing interaction starts
from considering the Coulomb repulsion between the pz
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electrons within the minimal lattice model for a multilayer of
graphene,

Ĥint = 1

2

∑
RR′

∑
i jσσ ′

c†
iσ (R)c†

jσ ′ (R′)V i j
C (R − R′)c jσ ′ (R′)ciσ (R),

(1)

where R are the coordinates of the Bravais lattice, i, j are
the labels of the sublattice/layer, ciσ (R) is the the quantum
operator for the annihilation of one electron with spin σ in the
pz orbital localized at the position R + δi, δi being the internal
coordinate in the unit cell, and

V i j
C (R − R′) = e2

4πε|R − R′ + δi − δ j | (2)

is the Coulomb potential, where e is the electron charge and
ε is the dielectric constant of the environment, ε = ε0 in the
vacuum. Next, we consider the continuum limit of the lattice
model, by expanding the operators c as

ciσ (R) ≡ A1/2
c

[
ψK

iσ (R)eiK ·R + ψK ′
iσ (R)eiK ′ ·R]

, (3)

where Ac = √
3a2/2 is the area of the unit cell of graphene,

a = 2.46 Å being the lattice constant, K, K ′ are the nonequiv-
alent corners of the Brillouin zone (BZ), and ψK

iσ (r), ψK ′
iσ (r)

are fermionic operators, which vary smoothly with the contin-
uum position r and represent the valley projections of ciσ (R).
Replacing Eq. (3) into Eq. (1), among all the terms one finds
the following valley-exchange interaction,

Ĥexc = A2
c

∑
RR′

∑
i jσσ ′

ψ
K,†
iσ (R)ψK ′,†

jσ ′ (R′)ψK
jσ ′ (R′)ψK ′

iσ (R)V i j
C

× (R − R′)e−i�K ·(R−R′ ), (4)

which describes the intervalley scattering processes. As we
show in detail in the SM [53], Eq. (4) can be safely approxi-
mated by the continuum Hamiltonian,

Ĥexc � −J
∑
iσσ ′

∫
d2r ψ

K,†
iσ (r)ψK ′,†

iσ ′ (r)ψK ′
iσ (r)ψK

iσ ′ (r), (5)

where J ≡ e2

2ε|�K| is the Fourier transform of the Coulomb
potential in two dimensions (2D), evaluated at �K . It is worth
noting that the interaction described by Eq. (5) is purely local,
not only in the space coordinates, but also in the sublattice
and layer indices. Because J > 0, Ĥexc provides an effective
attraction in the spin-triplet channel (see SM [53]), favoring
the Cooper pairing with electrons in opposite valleys. This
kind of interaction belongs to the universality class identi-
fied by Crepel and Fu [54,55], who have demonstrated the
relevance of the valley-exchange interaction in inducing the
pairing in narrow-band systems. As we already mentioned,
we stress that the spin-triplet superconductivity is a general
claim of the experimental works. On the other hand, the valley
exchange from the Coulomb interaction has been shown to
favor spin-triplet superconductivity in various materials (see,
for example, Refs. [29,56,57]). The SC OP, �i(r), is purely
local and the value of Tc can be obtained within the BCS
theory as the largest temperature for which there exists a

nonzero solution of the linearized gap equation,

�i(r) = J

β

∑
j

∫
dr′

+∞∑
l=−∞

×GK
i j (r, r′; iωl )GK ′

i j (r, r′; −iωl )�
j (r′), (6)

where β = (KBT )−1 is the inverse of the temperature, ωl =
π (2l + 1)/(h̄β ) are fermionic Matsubara frequencies, and
GK,K ′

are the Green’s function for the K, K ′ valleys, respec-
tively, computed in the normal phase. Equation (6) is written
in real space in order to be as general as possible, holding also
for nontranslationally invariant systems, as is the case of the
TBG that we will consider below.

It is worth noting that (i) J is generally small. For exam-
ple, if we consider ε/ε0 = 4, which mimics the screening
by a substrate of hexagonal boron nitride (hBN), then J �
13.25 eV Å2, consistent with the estimates of the Hubbard
interaction strength in graphene [58–62]. Such a small value
requires a large DOS at the Fermi energy NF to make the di-
mensionless SC coupling, λ = NF J , sizable. While the DOS is
suppressed in the monolayer graphene close to charge neutral-
ity, multilayer stacks of graphene offer a way to increase the
value of NF , and hence to strengthen λ, upon tuning a number
of experimental parameters, such as, e.g., the relative twist
between the layers, the electronic density, the displacement
field etc. (ii) We are not considering the effects of the intraval-
ley scattering induced by the Coulomb interaction at small
momenta, which are repulsive. In a van Hove scenario, these
terms are suppressed by the strong internal screening. As we
show in the SM [53] for the case of the RTG, the strength of
the screened intravalley Coulomb repulsion is orders of mag-
nitude smaller than J , which fully justifies its omission. (iii)
We are not considering the internal screening of J , which is
supposed to be negligible as it is induced by the particle-hole
excitations with the particle and the hole in opposite valleys.
These kinds of processes are indeed suppressed despite a large
DOS. This assumption is justified quantitatively in the SM
[53], where we show that the screening essentially does not
affect the value of J as compared to its bare value.

III. RESULTS

The case of the TBG. A relatively small twist θ between
the two layers of a bilayer graphene generates a moiré su-
perlattice with periodicity Lm � a/θ , much larger than the
lattice constant of the monolayer graphene. The interlayer
hopping varies smoothly at the scale of the moiré, break-
ing the translational invariance within each moiré unit cell
and strongly hybridizing the pz orbitals of the constitutive
graphene sheets. The superconductivity has been observed at
the “magic” angle, θ = 1.05◦ [1–3], where the free-electron
spectrum features two weakly dispersing narrow bands at the
charge neutrality point (CNP), generating strong VHSs in the
DOS [63,64].

Using the continuum model of the TBG [63–66], we solve
the linearized gap equation (6) as detailed in the SM [53].
Figure 1 shows Tc as a function of the filling per moiré unit
cell ν obtained for three values of the twist angle, as coded in
the caption, and for ε/ε0 = 4. We find values of Tc of the order
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FIG. 1. Tc as a function of the filling, obtained for ε/ε0 = 4 and
θ = 1.05◦, 1.12◦, 1.16◦.

of 1 K, in good agreement with the experimental findings.
Tc is the largest for θ = 1.05◦, where the bandwidth at the
CNP is minimum. The band structure and the DOS corre-
sponding to the two central bands of the TBG at θ = 1.05◦
are shown in Fig. 2 for ν = −1, 0, 1. The continuous and
the dashed lines refer to the K and K ′ valleys, respectively,
while the horizontal lines identify the Fermi energies. Note
that the reshaping of the bands with the filling is induced by
the Hartree corrections [8,10]. Comparing Figs. 1 and 2 makes
it clear that the value of Tc increases with NF , which explains
why we obtain the largest Tc at ν = 0, where the bandwidth
is minimum. It is worth noting that the TBG is actually a
flavor polarized insulator at ν = 0. As we are not considering
flavor polarized phases, the superconductivity that we obtain
at ν = 0 is not realistic. Nonetheless, it serves as an example
to grab the relevance of the VHSs in inducing the pairing. As
we show in the SM [53], the order of magnitude of Tc and its ν

FIG. 2. (a) Band structure and (b) DOS corresponding to the two
central bands of the TBG, obtained for θ = 1.05◦ and ν = −1, 0, 1.
The continuous and the dashed lines refer to the K and K ′ valleys,
respectively, while the horizontal lines identify the Fermi energies.
The DOS is expressed in units of meV−1 A−1

m , where Am = √
3L2

m/2
is the area of the moiré unit cell.

FIG. 3. Tc of the (a) hole-doped RTG and (b) BBG as a function
of ne, obtained for ε/ε0 = 4 and �1 as coded in the inset panel.

dependence do not change for realistic values of the external
screening, ε/ε0 ∼ 4–6.

The OP, �i(r), that we obtain as a solution of Eq. (6) at
T = Tc, is almost uniform in the sublattices and layers, has a
constant phase and varies in the moiré unit cell, reaching its
maxima in the regions with local AA stacking. Maps of �i(r)
are shown in the SM [53].

The case of the RTG and BBG. Both RTG and BBG be-
come superconductors at very low electronic densities, ne ∼
1012 cm−2, when an electric field is applied perpendicular
to the graphene’s flakes [5,6]. The experimental Tc’s are
∼10−1 K for the RTG and ∼10−2 K for the BBG. From an
electronic point of view, a perpendicular electric field breaks
the inversion symmetry and gaps out the Dirac points in both
RTG and BBG. The nearly flat dispersion close to the gap’s
edge gives rise to a pronounced VHS. For values of ne close
to those at which the superconductivity has been reported, the
Fermi level lies near the VHS.

We study the low-energy continuum model of the RTG and
BBG, with the hopping amplitudes given by Refs. [28,67,68],
and an interlayer bias �1 describing the perpendicular electric
field (see SM [53]). We extract Tc by using the linearized
gap equation (6) in the translationally invariant case, as de-
tailed in the SM [53]. Figure 3 shows the values of Tc as a
function of ne in the hole-doped RTG [Fig. 3(a)] and BBG
[Fig. 3(b)], obtained for ε/ε0 = 4 and realistic values of �1,
as coded in the inset panel. We obtain critical temperatures
up to ∼130–140 mK for the RTG, and up to ∼20 mK for the
BBG, approximately one order of magnitude smaller than in
RTG. The peak’s intensity and position depend on �1. These
estimates of Tc are in excellent agreement with the two experi-
ments [5,6]. Reference [5] identifies two distinct SC phases of
the RTG, named SC1 and SC2. While the former does respect
the Pauli limit, the latter does not, implying that the pairing
is spin unpolarized in SC1 and spin polarized in SC2. The
superconductivity observed in the BBG in Ref. [6] is always
accompanied by the violation of the Pauli limit, suggesting
that the SC1 phase is absent in the BBG. It is worth noting that
the spin-triplet pairing that we are considering is compatible
with both spin-unpolarized and spin-polarized Cooper pairs,
and consequently it does not exclude a priori either the SC1
or the SC2 regime. However, comparing the values of Tc

L041111-3



TOMMASO CEA PHYSICAL REVIEW B 107, L041111 (2023)

FIG. 4. (a) Band structure and (b) DOS of the RTG close to the
CNP, obtained for �1 = 25, 40, 50, and 60 meV, and color coded
as in Fig. 3. Here, q = 0 at the K point. The horizontal dashed
lines indicate the Fermi levels corresponding to the densities that
maximize Tc in Fig. 3.

in Fig. 3(a) with the experimental temperatures reported in
Ref. [5], it seems that our calculations are missing the SC2
phase of the RTG. Remarkably, our results reproduce quite
well both the range of ne in which the superconductivity has
been reported and the narrowness of the SC domain. Figure 4
shows the band structure [Fig. 4(a)] and DOS [Fig. 4(b)] of
the RTG close to the CNP, obtained for the values of �1

considered in Fig. 3 and color coded as there. The bands
flatten close to the gap edge, giving rise to the VHSs in the
DOS, whose position and intensity can be tuned by �1. The
horizontal dashed lines indicate the Fermi levels correspond-
ing to the densities that maximize Tc in Fig. 3, emphasizing
that the superconductivity is strongly favored when the Fermi
level matches the VHS. The spectral feature of the BBG in
the presence of a perpendicular electric field is qualitatively
very similar to that of the RTG. The narrowness of the SC
domain can be explained by considering that the bands of the

RTG and BBG remain rigid upon tuning ne, that only moves
the Fermi level. Thus, there is only a small range of values of
ne for which the Fermi level lies near the VHS. This is in stark
contrast to the case of the TBG, where the shape of the bands
changes with the filling in order to pin the VHS to the Fermi
level [8,10], then allowing for wide SC domains.

Finally, we find that the SC OP is fully localized in the
layer and sublattice in which the electric field confines the
low-energy electrons, as shown in Ref. [69].

IV. CONCLUSIONS

Our work represents one step further in the study of the
origin of the superconductivity recently observed in a few
layers of graphene, that can be explained by a universal purely
electronic mechanism, in which the valley exchange induced
by the Coulomb repulsion serves as the pairing glue in the
valley-singlet/spin-triplet Cooper channel. The pairing is then
favored by the proximity of the Fermi level to the VHSs,
that can be achieved in these materials by tuning a set of
experimental parameters. Exploiting low-energy continuum
models, we provide a general method for computing the SC
critical temperature as well as the symmetry of the OP, and we
test it in three representative systems, TBG, RTG, and BBG,
obtaining excellent agreement with the experimental findings.
Beyond the case of graphene-based heterostructures, our anal-
ysis might be generalized to study the pairing in a wider class
of materials displaying valley degrees of freedom and VHSs,
as is the case of the recently discovered superconductors on
silicon surfaces [70–72].
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