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Abstract

Superconductivity is observed in rhombohedral trilayer graphene in a narrow
regime between the flavor-symmetric state and the symmetry breaking phase,
which cannot be described by the conventional Bardeen–Cooper–Schrieffer the-
ory. The measured coherence length, for instance, is roughly two orders of
magnitude shorter than the value predicted by the Bardeen–Cooper–Schrieffer
relation based on the large fermi velocity and an extremely low charge carrier
density of the flavor-symmetric phase. To resolve the discrepancies, we propose
that the rhombohedral trilayer graphene superconducting phase arises from the
pairing of quasiparticles of the adjacent inter-valley coherent state. We illustrate
the superconducting phenomenology using gapped Dirac cones with the chemical
potential µ close to the valence band’s edge. Our findings indicate that the tran-
sition temperature Tc obeys Tc ∝ ϵD exp(−2/ρqpU) with the density of states
ρqp of intervalley coherent state quasiparticles, which is much suppressed com-
pared to predictions from the Bardeen–Cooper–Schrieffer theory. The coherence
length ξ we predict behaves according to ξ ∼ v/

√
µTc with v being the velocity

of Dirac cone. Applying our assumption to a microscopic model, our predictions
align well with experimental data and effectively capture key measurable quan-
tities such as the transition temperature Tc and the coherence length ξ without
parameter fine-tuning.
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1 Introduction

Graphene heterostructures, in particular twisted bilayer graphene, have been observed
experimentally to host various strongly correlated phases [1–11]. However, many
of these heterostructures are difficult to realize in experiments due to structural
instability [12, 13]. Recently, breakthrough [14–16] has been made in a more stable
graphene-based system, namely ABC-stacked rhombohedral trilayer graphene [17, 18]
(RTG), and has opened up exciting opportunities for studying strongly correlated
phases of matter [19–22]. By adjusting the electron density and applying electric fields
perpendicular to the material [23], researchers can customize and investigate these
states in RTG.

One particularly intriguing development is the discovery of superconductivity in
RTG, which manifests in two distinct phases referred to as SC1 and SC2 in [14]. SC1
occurs within the flavour-symmetric phase and exhibits a maximum critical temper-
ature of Tc1 ∼ 100mK and superconducting coherence length ξ ∼ 200nm. There are
significant discrepancies when applying the BCS theory. First, to align with experi-
mental observations, the transition temperature Tc should obey Tc ∝ ϵD exp(−2/ρU).
It deviates from the antiadiabatic limit of Bardeen-Cooper-Schrieffer (BCS) theory
applicable to low density of states [14, 24] Tc ∝ ϵD exp(−1/ρU) where ρ is the density
of states at fermi energy and U is the strength of attractive interaction. Second, the
coherence length reported in experiments is two orders of magnitude shorter than the
value predicted by the BCS relation ξ = ℏv/Tc, provided the large Fermi velocity v
of Dirac cone within graphene heterostructures. Several theories have been proposed
to elucidate the electrons’ pairing mechanism behind SC1 in RTG, such as electron-
phonon coupling [25, 26], Kohn-Luttinger-like mechanism [27–30], direct coupling
mediated by Coulomb interaction [31–33], and pairing facilitated by the proximity
to a correlated metal [34–36]. However, the influence of the neighbouring symmetry-
breaking phase, which is likely an intervalley coherent (IVC) state, on the properties of
the superconducting states remains unclear, in particular when it comes to explaining
experimental measurements.

In this paper, we propose that SC1 observed in RTG is due to direct pairing
between quasiparticles of IVC state instead of the pairing between the bare electrons.
We first clarify clear discrepancies from the experimental results [14] both in the
transition temperature and upper critical field, when we assume direct pairing between
electrons. Instead, when in close vicinity with the phase transition from IVC to a
flavour symmetric state, where the chemical potential cuts the band edge of the lower
energy IVC quasiparticle band, there is an increase in density of state for the IVC
quasiparticles. This favours direct pairing between IVC quasiparticles, leading to the
IVC-SC phase, where the IVC order parameter remains intact. We then analytically
study the unique properties of superconductivity near the band gap using a toy model
that captures the key feature of the IVC state, namely, nearly massless Dirac fermions
located atK andK ′ valleys. By parameterizing the toy model accordingly to the RTG,
we approximate the coherence length that is similar in value to what is observed in
experiments, and explain a narrower window of superconductivity as opposed to the
BCS theory [37] on a highly dispersive band.
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In closing the paper, we perform numerical calculations explicitly on the IVC states
of RTG, calculating the transition temperature and upper critical field, which match
well and capture key features of the experimental result. We also commented on the
possible implication of the quantum metric near the phase boundary of the SC and
the IVC state.

2 Results

2.1 Discrepancies in Superconductivity of RTG

For RTG, where the lattice structure is illustrated in Fig. 1(a), superconducting state
SC1 is observed within the window of charge carrier density n ≈ −1.93 × 1012cm−2

to −1.8× 1012cm−2 when ud, which is the potential difference between the outer lay-
ers of RTG [17], is approximately 34.5meV in experiment [14]. Despite the increase in
density of states as illustrated in Fig. 1(b) due to the trigonal warping [18] of the band
structure as shown in Fig. 1(c), when we further decrease the carrier density, com-
peting states, for example, the spin polarized state [15], are more energy favourable,
and thus a superconducting state is not observed, until SC2 [14], which is deep within
the half-metal regime. A schematic for the phase diagram is illustrated in Fig. 1(d).
Focusing on SC1, at n ≈ −1.85 × 1012cm−2, corresponding to chemical potential of
µ ≈ −43.4meV, the transition temperature takes the maximal value of Tc ≈ 120mK.
By fitting the maximum transition temperature at the specific charge carrier den-
sity, we estimate an attractive interaction strength of approximately U ≈ 4eV using
the self-consistency equation in a mean-field theory, as discussed in detail in Sec.
Method. Specifically, the dispersion spectrum is extracted from the 6-band Hamilto-
nian for RTG [15, 17], detailed in Supplementary Material. Indeed, when considering
electron pairing in the flavour-symmetric state and examining a wide range of charge
carrier densities, a noticeable discrepancy emerges between the predicted trend of
the transition temperature according to the mean-field theory and the experimental
observations illustrated in Fig. 2(a). This discrepancy highlights the inadequacy of the
consideration of pairing in the flavour-symmetric state in capturing the intricacies of
the superconducting phase.

Significant contradiction from the experimental result can also be observed when we
attempt to calculate the superconducting coherence length. At charge carrier density
n ≈ −1.85 × 1012cm−2, where the transition temperature is maximized, under BCS
relation [37], the coherence length can be approximated by ξ0 ∼ 0.18ℏv/kBTc, where
v is the typical velocity of graphene heterostructure. We note the chemical potential
corresponding to the experimental regime is energetically far away from the K(K ′)
points, thus the interlayer tunnelling effect is negligible. Therefore, the typical velocity
can be approximated by the fermi velocity of massless graphene monolayer ℏv ≈
6.6 × 10−1eVnm. Using Tc ≈ 120mK, we can approximate the coherence length as
∼ 104nm, which is roughly two orders of magnitude larger than the coherence length
(150 − 250nm) extracted from the experiment using the perpendicular upper critical
field Hc2 = ϕ0/2πξ

2 where ϕ0 = h/2e is the superconducting quantum flux. If we
additionally account for the low charge carrier density, from numerical calculations, at
the base temperature (≈ 50mK) of the experiment, the coherence length lies between
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1650 − 1800nm, which is still an order of magnitude larger than the experimental
result. A plot of Hc2 from numerical calculation is shown in Fig. 2(b).

These discrepancies from experiments to BCS relation are clear indications that the
superconductivity SC1 observed in RTG may not originate from the flavour-symmetric
state, namely pairing of bare electrons. Instead, SC1 might emerge from the neighbour-
ing competing state, which is referred to as the partially isospin polarized (PIP) state
[14, 15] and most likely corresponds to the intervalley coherence state (IVC) [27, 35].

In the following, we propose that Cooper pair in SC1, instead of originating from
pairing between electrons, is from the direct pairing of quasiparticles of the IVC state,
thus referred to as IVC-SC in the remainder of this paper. Therefore, SC1 is charac-
terized by both the IVC order parameter and the superconducting order parameter
simultaneously. In addition, we point out that the occurrence of IVC-SC in proximity
to the phase boundary between the IVC state and the flavour-symmetric state is not
merely coincidental but rather a key characteristic.

2.2 Quasiparticle pairing in gapped Dirac cones

In this section, we will study the superconducting phase using a toy model. In the
experimental regime, consideration of IVC quasiparticle (see Sec. Method) pairing
allows realization of superconductivity in the vicinity of the band gap, and the prop-
erties of the superconducting phase are distinct from the standard BCS theory. In our
toy model, to mimic the IVC state in RTG, we use two Dirac cones, of Fermi velocity
v, centred at the K and K ′ valley, respectively. By acting with an external potential,
for example a displacement field, we open up a mass gap m between the originally
touching Dirac bands. The IVC phase can be effectively described in the continuum
limit by a massive Dirac fermion Hamiltonian H = H0 + VIVC:

H0 =
∑
sτ

ψ†
τs(q)hτ (q)ψτs(q), (1)

VIVC =
∑
s

ψ†
+s(q)∆IVC(q)ψ−s(q) + h.c. (2)

with the spinor ψτs = [aτsA, aτsB ]
T at two sublattices λ = A,B given the spin index

s =↑, ↓ and the valley index τ = ±. In specific, hτ (q) describes massive Dirac cone
and is given by:

h+(q) = vq · (τσxêx + σyêy) +mσz, (3)

where σx,y,z correspond to the Pauli matrices defined in the sublattice basis. VIVC

introduces the IVC order parameter which for simplicity is assumed uniform and real
(see Methods for details). Below we will use the minimalistic toy model of massive
Dirac cone to obtain an analytical closed form, in order to qualitatively understand
the phenomenology of band edge superconductivity.

There are four quasiparticle bands in Eq. (1-2) given the spin index. In par-
ticular, we will focus on the quasiparticle band of the dispersion spectrum [35]

E(q) = −
√
v2q2 +m2 − ∆IVC, and consider only s-wave on-site effective attractive

4



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

interaction:

Hint = −U
∑
sλλ′

∫
d2r a†+sλ(r)a

†
−s̄λ′(r)a−s̄λ′(r)a+sλ(r), (4)

where U is attractive interaction strength, and s̄ indicates opposite spin. We do com-
ment the possibility of unconventional pairing [28, 30–32], given the interaction is
non-local. We can analyse critical temperature and coherence length of the result-
ing SC through the both mean field theory and the Ginzburg-Landau theory (see
Sec. Method).

We focus on the case where chemical potential |µ| − m < ϵD, which is the rele-
vant regime to experiments, with ϵD represents the Debye energy for the attractive
interaction. For the regime where the chemical potential satisfies βMF(m − |µ|) ≫ 1,
thus away from the mass gap, the conventional contribution dominates, by a factor
of ∼ βMF|µ| ≫ 1. Thus, the system can be treated as conventional when away from
the band edge, where we can retrieve results similar to the BCS limit, as detailed in
Sec. Method

We now consider the case where the chemical potential satisfies βMF|m+ µ| ≪ 1,
thus in proximity with band gap. The mean-field temperature is solved from the
linearized gap equation in Eq. (20):

TMF ∝ ϵD exp

(
− 2

ρqpU ′

)
, (5)

where ρqp is the density of states of the quasiparticles at the fermi energy. We have
also defined 1

U ′ = 1
U − ϵDA

4πv2 , with the correction term ϵDA/4πv2 ≪ 1. Note that
there is an extra factor of two in the exponential term in comparison with the BCS
limit, as no states exist within the band gap, effectively halving the integral range
over energy when calculating mean-field temperature self-consistently. This hints at
superconductivity being more suppressed near the band edge, thus the range of doping
where superconductivity can be observed, is expected to be narrower when compared
with the prediction from BCS. The conventional coherence length in this regime is
given by:

ξcon ≈ 1

4

v√
|µ|TMF

(
TMF − T

TMF

)−1/2

, (6)

which gives rise to the Ginzburg-Landau coherence length ξGL,con ≈ 1
4

v√
|µ|TMF

. This

relation deviates from a BCS relation ξBCS ≈ vF /TMF. As for the contribution from
quantum metric, when the chemical potential is at the band edge (i.e. |µ| = m), we
have:

ξqm ≈ v

4m

(
TMF − T

TMF

)−1/2
√
γ2 − 1 + 2 ln

(
β2
MFm

2

π

)
, (7)

where γ is the Euler’s constant, and we have the quantum metric Ginzburg-Landau
coherence length ξGL,qm ≈ v

2m ln(βMFm). As such we can conclude that the quantum
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metric contribution is smaller than, but can be comparable with the conventional
coherence length, by a factor of ∼ 2

√
ln(βMFm)/βMFm < 1 at the valence band edge.

Another intriguing scenario arises when the chemical potential is in proximity
to the edge of the band, but lies within the band gap. At zero temperature, one
would not typically anticipate a superconducting phase since the ground state is an
insulator. However, a SC phase can occur at a finite temperature due to a metallic
phase induced by temperature fluctuations. Of course, the corresponding mean-field
transition temperature gets suppressed. As the transitional temperature is small such
that βMF|µ+m| ≫ 1, the conventional coherence length is proportional to:

ξGL,con ∝ v

TMF
e−βMF|µ+m|/2, (8)

which goes to zero when we approach the phase boundary given a fixed chemical
potential µ. On the contrary, the quantum metric coherence length diverges and is
proportional to:

ξGL,qm ∝ v

TMF

√
ln(βMFm)

βMFm
. (9)

Obviously, ξGL,qm diverges when TMF approaches zero. As such, without considering
the effect of the quantum metric, we expect the Ginzburg-Landau coherence length
to remain small as we approach the phase boundary. On the contrary, if the effect of
quantum metric is included, we would instead predict a divergent Ginzburg-Landau
coherence length. As we will see, this case has potential implications for the interesting
results in experimental measurements in RTG [14].

2.3 Prediction from toy model on SC in RTG

With the toy model, we have obtained an analytical closed form that can invoke
qualitative insight on the phenomenology of superconductivity observed in RTG. The
IVC-SC phase is observed in the vicinity of the phase boundary in between the IVC
and the flavour-symmetric state, at which the chemical potential cuts the band edge of
the lower energy IVC band (coloured blue in Fig. 2d). This results in a discrete jump
in DOS for the IVC quasiparticle, and leads to strong instability towards a flavour
symmetric state. Since only quasiparticles from the edge of the lower energy IVC band
majorly contribute to the formation of Cooper pairs, the lack of states within the direct
band gap at zero temperature is well captured by the proposed toy model. As such,
physical properties of IVC-SC, for example, coherence length, can be approximated
using the result from the band edge superconductivity of massive Dirac fermions.
Given the effective mass gap of m ≈ 34.5meV , with mean-field temperature TMF =
120mK and graphene typical velocity ℏv = 6.6× 10−1eVnm, the coherence length at
base temperature ≈ 50mK can be approximated using Eq. (6) to be 126nm, which
is very close to the value (150-250nm) reported in the experiment [14]. Additionally,
in the experiment [14], it has been commented that the window of charge carrier
density at which superconductivity can be observed is narrower than the prediction.
We can understand the suppression directly from the transition temperature using
Eq. (5) of the toy model, where the total number of charge carriers is halved within
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the energy cutoff ϵD, which is consistent with the experiment [14]. These pieces of
evidence strongly support the notion that SC1 emerges at the band edge, which can
be achieved through the opening of a gap by other order parameters, such as the IVC
order parameters. This justifies that the IVC-SC state we have proposed is indeed a
strong candidate for SC1 observed in RTG.

We also comment on possible implications when the chemical potential is within
the gap. Near the phase boundary, when the mean-field temperature approaches zero,
our toy model predicts that the conventional contribution remains finite while the
quantum metric contribution diverges. To verify our conclusions obtained using the
toy model, we will conduct numerical calculations on the microscopic model, using
Eqs. (20-28).

2.4 Numerical calculations on the microscopic model

As a benchmark, we can calculate the property of the IVC-SC state in the micro-
scopic model. We use a six-band microscopic model whose details are introduced in
the supplementary material [38] and assume that |∆IVC(q)| is independent of q. In
general, one can solve for |∆IVC| using a self-consistency equation, similar to the case
of superconductivity. However, in our calculation, we will assume that in the super-
conducting phase, |∆IVC| remains unchanged, and superconductivity occurs when in
close vicinity with the band edge of ϵ−(q), thus a Cooper pair is formed between ψ−,q

states (15). Using the fact that at charge carrier density n ≈ −1.8 × 1012cm−2 there
is a sharp disappearance of superconductivity, we can deduce that |∆IVC| ≈ 7meV,
with details of fitting procedure discussed in the supplementary material [38].

With the |∆IVC| determined, we can calculate the effective attractive interaction
strength, using Eq. (20), with the dispersion set to ϵ−(q). Numerically, the mean-
field temperature is the highest when the chemical potential is around 22µeV below
the edge of the band. Setting the maximal mean-field temperature as 125mK, the
effective attractive interaction strength U ≈ 1.2eV, which could have originated from
the fluctuation of the IVC order parameter [35]. Similar to the flavour-symmetric state
calculation, with the interaction strength determined, using Eq. (20), we can determine
the mean-field temperature, as illustrated in Fig. 3(a). The mean-field temperature
calculated from the IVC state, in general, agrees with the experimental result, both
reaching a maximum at n ≈ −1.85×1012cm−2, and then decreasing down to ≈ 70mK
at n ≈ −1.93×1012cm−2, and is no longer superconducting for n > −1.8×1012cm−2.
We note that for n > −1.82× 1012cm−2, where the chemical potential no longer cuts
the IVC band that is responsible for the formation of Cooper pair, superconductivity
can still emerge from finite temperature effect. We also note that the mismatch in
mean-field temperature could be due to contributions from other bands and a change in
IVC order parameter as we tune the charge carrier density, which have been neglected
in the numerical calculation.

We can calculate the coherence length using Eqs. (24-28), thus checking if the cor-
responding upper critical field Hc2 matches with the experimental result. A plot of
Hc2 at base temperature 50mK, calculated from the IVC state dispersion, is shown in
Fig. 3(b). We note that both the numerical calculations and the experimental mea-
surement of Hc2 have a maximal at density n ≈ −1.82 × 1012cm−2. Our calculation
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can also well capture the drop in Hc2 beyond the band edge, with the little discrep-
ancy possibly originating from the mismatch in the mean-field temperature calculated
numerically from the transition temperature near n ≈ −1.82 × 1012cm−2. We also
comment that the quantum metric could have a correctional effect on Hc2, of approx-
imately 5% at n ≈ −1.82 × 1012cm−2. In fact, within the band gap, the variation
in chemical potential is insignificant as illustrated in Fig 2(d), and the drop in Hc2

can mostly be accounted to the decrease in mean-field temperature. In particular, the
experimental temperature T = 50mK approaches the mean-field transition tempera-
ture at n ≈ −1.8 × 1012cm−2, resulting in Hc2 = 0. However, the quantum metric
effect can set in if one considers the zero-temperature coherence length, that is, the
Ginzburg-Landau coherence length ξGL, which is calculated in Fig. 3(c). In most
regions of charge carrier densities, the conventional contribution ξGL,con (blue line in
Fig. 3) dominates and will approach a finite value. By comparison, the quantum metric
contribution ξGL,qm will increase and finally diverge when the charge carrier density
gets close to the phase boundary between the IVC-SC state and IVC state. This origi-
nates from the vanishingly low charge carrier density contributed by the relevant band
at the Fermi energy when the chemical potential lies between the band gap and is very
close to the band edge. Therefore, we can predict a divergent coherence length ξ thus
a vanishing upper critical field Hc2 when the lower temperature can be realized for
experimental measurements around n = −1.8× 1012cm12. To conclude, the numerical
results on the microscopic model agrees with qualitative insights previously obtained
from the toy model.

We should also remark that in our model, the IVC-SC state has effectively extended
the IVC order parameter into the flavour-symmetric phase, where IVC state was orig-
inally not observed in higher temperature[14]. As such, contrary to the bare electron
picture where IVC and SC orders are competing orders, in the SC-IVC state, where
there exists an effective attractive interaction, thus Cooper pair formation directly
between the IVC states, the SC order combining with the IVC order becomes more
energy favorable than the flavor-symmetric phase.

3 Discussion

We propose a scenario of quasiparticle pairing of IVC for the SC1 of RTG. Our pro-
posal can well resolve the discrepancies for the transition temperature and coherence
length reported in experiments. We construct a toy model of a graphene-like system,
with Dirac points of Fermi velocity v at the K and K ′ valleys, and open up a mass
gap m at the Dirac points while assuming an s-wave pairing. We determined the tran-
sition temperature of s-wave superconductivity near the band gap with the behaviour
TMF = ϵD exp(−2/ρqpU) where ρqp is the density of states of IVC quasiparticles in
comparison to the antiadiabatic limit of the BCS theory on the low-density charge
carriers. Therefore, when the chemical potential is near the mass gap, the transition
temperature is more suppressed, and the conventional coherence length is no longer
proportional to v/TMF, but instead v/

√
mTMF. We also note that the quantum met-

ric could have a comparable contribution depending on the mean-field temperature,
in comparison with the mass gap.

8
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We want to comment on the role of quantum metric, where the quantum metric
only has a correction effect in the current experimental setup, on the superconducting
coherence length observed in RTG. However, near the phase transition from SC-IVC
to IVC state, the quantum metric contribution increases rapidly and diverges at the
phase boundary, while the conventional contribution remains finite. This serves as
smoking-gun evidence for future experiments to be performed at a lower temperature,
allowing distinction between conventional and quantum metric effect for Hc2.

In a recent experiment [39] of Bernal bilayer graphene with spin-orbit coupling,
there is substantial evidence that superconductivity is prohibited when no neigh-
bouring/coinciding PIP is observed, further supporting our claims that quasiparticles
are essential for superconductivity near/within flavour-symmetry-breaking phases. We
believe our quasiparticle pairing picture can, in general, provide a phenomenological
description for interaction-driven correlated phases, when there exists a neighbour-
ing/overlapping flavour-symmetry-breaking phase, and, for example, possibly explain
the discrepancy in the in-plane upper critical field between electron-doped and
hole-doped superconductivity, observed in [39], which we leave to future work.

4 Methods

4.1 Mean-field theory of the Intervalley coherence state

As discussed in Fig. 1(b), the density of states of electrons diverges at the charge carrier
density n ≈ −0.5×1012cm−2. At this doping level, the K and K′ valley Fermi surfaces
are almost perfectly nested together as illustrated in Fig. 2(c). Assuming a repulsive
interaction between K and K′ valley, the intervalley nesting would energetically favor
the IVC state, for which a gap is opened at the nested portion of the Fermi surfaces.
To further study the IVC state, we can define the mean-field Hamiltonian:

HMF =
∑
τ,τ ′,q

ψ†
τ,qhτ,τ ′(q)ψτ ′,q, (10)

with the Hamiltonian matrix as

hτ,τ ′(q) = ϵs(q)I2 +∆(q) · τ . (11)

The ∆(q) is related to the IVC order parameter,

∆(q)= (|∆IVC(q)| cos(ϕq), |∆IVC(q)| sin(ϕq), ϵa(q)). (12)

where I2 is the 2×2 identity matrix and τ = (τ1, τ2, τ3) are Pauli matrices. In Eq. (12),
ϵs(q) = −µ + 1

2 [ϵK(q) + ϵK′(q)] and ϵa(q) = 1
2 [ϵK(q) − ϵK′(q)] are the symmetric

and antisymmetric parts of the flavor-symmetric state dispersion, respectively, and
∆IVC(q) = |∆IVC(q)| exp(iϕq) is the order parameter for the IVC state. Note that
the IVC order parameter has a phase that can be well-matched with the phase of the
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intervalley form factor [35]. The dispersion spectrum of the IVC state is given by:

ϵ±(q) ≈ ϵs(q)± |∆(q)|. (13)

The dispersion spectrum for IVC states is shown in Fig. 2(d). The IVC states
defined in the valley basis, correspond to two quasiparticle bands, with Bloch states:

ψ+,q =
1√

2|∆(q)|

(
e−iϕq

√
|∆(q)|+ ϵa(q)√

|∆(q)| − ϵa(q)

)
, (14)

ψ−,q =
1√

2|∆(q)|

(
−e−iϕq

√
|∆(q)| − ϵa(q)√

|∆(q)|+ ϵa(q)

)
. (15)

Note that time reversal symmetry remains intact after the formation of IVC state
[38], which is crucial for the existence of superconductivity in our proposal by assum-
ing an s-wave pairing. We should also retrieve an effective attractive interaction, to
enable the formation of Cooper pairs. By adopting the argument in Ref. [27], involv-
ing the introduction of a weaker anti-ferromagnetic Hund’s coupling compared to the
repulsive intervalley interaction, it becomes possible to achieve an effective attractive
intervalley interaction. This ultimately results in the emergence of a spin-singlet super-
conducting phase. We comment that the interaction between quasiparticle could also
have originated from the fluctuations of the quasiparticle order parameter, as illus-
trated in Ref. [35]. As shown in Fig. 2(d), the density of states of the quasiparticles
peak at the edge of the valence band (the blue line), which allows us to introduce a
toy model of massive Dirac cones with the chemical potential close to the band edge.

4.2 Ginzburg-Landau theory on toy models

We mimic the IVC-SC state with a simplified toy model. In our toy model, simi-
lar to RTG, we have two Dirac cones, of Fermi velocity v, centered at the K and
K ′ valley respectively. By acting with an external potential, for example a displace-
ment field, we open up a mass gap m between the originally The system can be
described effectively in the continuum limit by introducing an IVC order to massive
Dirac fermion Hamiltonian at K and K ′ valleys. At mean-field level, the Hamiltonian

HIVC =
∫

d2q
(2π)2Ψ

†
s(q)Hs(q)Ψs(q) for spin s =↑, ↓ is given by assuming degeneracy

for the two spin sectors:

Hs =

(
h+(q) ∆(q)
∆†(q) h−(q)

)
(16)

where ∆(q) = ∆IVC diag([e−iϕq ,−e−iϕq ]) with IVC order parameter ∆IVC and qeiϕ =
qx+iqy. We use the valley-sublattice basis Ψs = [a+sA, a+sB , a−sA, a−sB ]

T with hτ (q)
being the massive Dirac fermion Hamiltonian, of valley indices τ = ±, and q the
momentum difference to the center of the valley. In specific, hτ (q) is given by:

hτ (q) = vq · (τσxêx + σyêy) +mσz, (17)
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where σx,y,z correspond to the Pauli matrix defined in the orbital basis, and τ̄ refers to
the opposite valley. In particular, we will focus on the quasiparticle band of dispersion
spectrum E(q) =

√
v2q2 +m2 ± ∆IVC, assuming ∆IVC ≪ m and consider only on-

site effective attractive interaction between time-reversal copy of quasiparticles. This
can be realized as intervalley interaction for a graphene heterostructure:

Hint = −U
∑
sλλ′

∫
d2r a†+sλ(r)a

†
−s̄λ′(r)a−s̄λ′(r)a+sλ(r), (18)

where U is attractive interaction strength, and aτsλ(r) is the quasiparticle annihilation
operator of the valley τ , spin s and sublattice index λ. Due to the large band gap
separating the conduction and valence band, we will focus on the contributions of the
valence bands of the toy model, which can be realized via a projection by involving
the Bloch waves |uτ (q)⟩ of the valence bands [40, 41],

aτsλ(r) →
∫

d2q

(2π)2
eiq·ru∗

τλ(q)cs(q), (19)

where cs(q) is the quasiparticle annihilation operator of momentum q for the valence
band. The time reversal symmetry is intact for an IVC quasiparticle band, uτλ(q) =
u∗
τ̄λ(−q), and thus the effective attractive interaction is coupling between IVC quasi-

particles of opposite momentum. Via the Hubbard-Stratonovich transformation [42],
we can then introduce a bosonic field ∆(r) =

∑
s c↑(r)c↓(r) that corresponds to Cooper

pairs for the projected Hamiltonian. Using the path integral formalism, we can evalu-
ate the free energy of the system, which can be decomposed into two components: the
mean-field solution and the fluctuations. This decomposition is achieved by expanding
the free energy around its extremum. Further details of the calculation can be found
in the Supplementary Information [38]. Focusing on the case around the transition
region where the mean-field value of the bosonic field ∆0 vanishes, minimizing the
mean-field solution of the free energy provides us with a self-consistency condition for
the mean-field temperature, at which transition to the superconducting state initiates:

1 = U

∫
d2q

(2π)2
1

2ε(q)
tanh

βMFε(q)

2
, (20)

where TMF = 1/βMF is the mean-field temperature, and for convenience we have
defined ε(q) = ϵ0(q)−µ. The fluctuation of the free energy, in particular the quadratic
term F2, can be related to the fluctuation of the order parameter δ∆(k). After
integrating out the fermionic fields F2 takes the form:

F2 =

∫
d2k

(2π)2
|δ∆(k)|2

[
U − U2χ(k)

]
, (21)
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where χ(k) is the four-point coherence function,

χ(k) =

∫
d2q

(2π)2
|Γ(q,k)|2

×
tanh

[
β
2 ε

(
q+ k

2

)]
+ tanh

[
β
2 ε

(
q− k

2

)]

2
[
ε
(
q+ k

2

)
+ ε

(
q− k

2

)] . (22)

And we have defined the form factor |Γ(q,k)|2 =
∣∣uT

c,+

(
q+ k

2

)
uc,−

(
−q+ k

2

)∣∣2, which
was introduced upon performing projection (19) from a multiband system onto a single
relevant band. Given time reversal invariant of the Bloch states u∗

c,−(−q) = uc,+(q) ≡
u(q), we can expand the form factor around k = 0 as [40]:

|Γ(q,k)|2 = 1−
∑
i,j

kikjgij(q), (23)

where gij(q) =
1
2Tr [∂iP (q)∂jP (q)] is the quantum metric, and P (q) = |u(q)⟩ ⟨u(q)|

is the projection matrix for the Bloch state. Similarly, we can expand the four-point
coherence function χ(k) around k = 0, with the assumption that the valence band is
rotational invariant as:

χ(k) = χ0 − (χ2,con + χ2,qm) k
2 +O(k4), (24)

where χ2,con is the contribution due to dispersion of the band, and χ2,qm is due to
the form factor from the quantum metric. Recalling the definition of F2 (21), we can
construct an effective Lagrangian that governs the fluctuation of the order parameter

δ∆(k) formed as F2 =
∫

d2k
(2π)2L[δ∆]:

L[δ∆] =
1

2m∗ |∇δ∆|2 + α|δ∆|2 +O(|δ∆|4), (25)

with the coefficients

1

2m∗ = U2 (χ2,con + χ2,qm) , (26)

α = U − U2χ0. (27)

From the effective Lagrangian, we can determine the general form of the supercon-
ducting coherence length, as motivated by the Ginzburg-Landau theory:

ξ =

√
U2 (χ2,con + χ2,qm)

|U − U2χ0|
=

√
ξ2con + ξ2qm, (28)

where the overall coherence length is governed by both the conventional contribution
and the quantum metric [40, 41]. The conventional contribution ξcon depends on the

12
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band dispersion with a similar form as a conventional s-wave superconductor, and it
vanishes in the flat-band limit. The quantum metric part ξqm exclusively appears as
a multi-band effect, and it is determined by the quantum metric gij . The coherence
length ξ will be scaled as ξ = (TMF−T

TMF
)−1/2ξGL since the Ginzburg-Landau theory

is developed around T → TMF, while we extract the Ginzburg-Landau coherence
length ξGL as in the standard way. We comment that Eqs. (19-28) are applicable
to any microscopic model, such as an IVC state in RTG, which hosts two valleys
with dispersion ϵ+(q) = ϵ−(−q), and has local attractive interaction between time-
reversal copies of the same quasiparticle, which can be realized with onsite intervalley
interaction given by Eq. (18). In the Sec. Result, we have studied the case that is
relevant to the IVC-SC state, for which the mass gap m ≫ TMF, in particular when
the chemical potential is near the band gap. Details of the analytical calculation and
a brief discussion of the m ≪ TMF regime are included in the supplementary material
[38].

Below we will illustrate with the case of m ≫ TMF, when the chemical potential
satisfies βMF(µ−m) ≫ 1, thus away from the mass gap. The mean-field temperature
can be solved self-consistently by Eq. (20):

TMF ∝ √
ρqpϵD exp

(
− 1

ρqpU ′

)
, (29)

Note that as µ → ϵD, the BCS relationship for mean-field temperature TMF ∝
ϵD exp (−1/ρqpU) can be recovered. We can also derive the conventional coherence
length ξcon, which is proportional to v/TMF, similar to the BCS limit:

ξcon ≈ v

TMF

(
TMF − T

TMF

)−1/2
√

7ζ(3)

32π2
, (30)

where ζ is the Riemann zeta function and the ξGL,con ∝ v
TMF

. As for the quantum
metric contribution, it can be approximated by:

ξqm ≈ v

4µ

(
TMF − T

TMF

)−1/2
√

ln

(
µ3

mT 2
MF

)
, (31)

where the factor
√

ln(µ3/mT 2
MF) is in order of unity. As such, the conventional con-

tribution dominates, by a factor of ∼ βMFµ ≫ 1. Thus, the quantum metric effect is
negligible, and the system can be treated as conventional when away from the band
edge.

Data Availability

This is a theoretical study and no experimental datasets were generated or analysed.
All results can be reproduced from the equations and parameters provided in the main
text and Supplementary Information.
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effect in a moiré heterostructure, Science 367, 900 (2020), arXiv:1907.00261
[cond-mat.str-el] .

[3] A. L. Sharpe, E. J. Fox, A. W. Barnard, J. Finney, K. Watanabe, T. Taniguchi,
M. A. Kastner, and D. Goldhaber-Gordon, Emergent ferromagnetism near
three-quarters filling in twisted bilayer graphene, Science 365, 605 (2019),
arXiv:1901.03520 [cond-mat.mes-hall] .

[4] H. S. Arora, R. Polski, Y. Zhang, A. Thomson, Y. Choi, H. Kim, Z. Lin, I. Z.
Wilson, X. Xu, J.-H. Chu, K. Watanabe, T. Taniguchi, J. Alicea, and S. Nadj-
Perge, Superconductivity in metallic twisted bilayer graphene stabilized by WSe2,
Nature 583, 379 (2020).

[5] Y. Cao, V. Fatemi, S. Fang, K. Watanabe, T. Taniguchi, E. Kaxiras, and
P. Jarillo-Herrero, Unconventional superconductivity in magic-angle graphene
superlattices, Nature 556, 43 (2018), arXiv:1803.02342 [cond-mat.mes-hall] .

[6] X. Lu, P. Stepanov, W. Yang, M. Xie, M. A. Aamir, I. Das, C. Urgell, K. Watan-
abe, T. Taniguchi, G. Zhang, A. Bachtold, A. H. MacDonald, and D. K. Efetov,
Superconductors, orbital magnets and correlated states in magic-angle bilayer
graphene, Nature 574, 653 (2019), arXiv:1903.06513 [cond-mat.str-el] .

[7] M. Yankowitz, S. Chen, H. Polshyn, Y. Zhang, K. Watanabe, T. Taniguchi,
D. Graf, A. F. Young, and C. R. Dean, Tuning superconductivity in twisted bilayer
graphene, Science 363, 1059 (2019), arXiv:1808.07865 [cond-mat.mes-hall] .

[8] M. Yankowitz, S. Chen, H. Polshyn, Y. Zhang, K. Watanabe, T. Taniguchi,
D. Graf, A. F. Young, and C. R. Dean, Tuning superconductivity in twisted bilayer
graphene, Science 363, 1059 (2019), arXiv:1808.07865 [cond-mat.mes-hall] .

[9] A. Kerelsky, L. J. McGilly, D. M. Kennes, L. Xian, M. Yankowitz, S. Chen,
K. Watanabe, T. Taniguchi, J. Hone, C. Dean, A. Rubio, and A. N. Pasupathy,
Maximized electron interactions at the magic angle in twisted bilayer graphene,
Nature 572, 95 (2019).

14



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

[10] Y. Jiang, X. Lai, K. Watanabe, T. Taniguchi, K. Haule, J. Mao, and E. Y. Andrei,
Charge order and broken rotational symmetry in magic-angle twisted bilayer
graphene, Nature 573, 91 (2019), arXiv:1904.10153 [cond-mat.mes-hall] .
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Fig. 1 Lattice structure, dispersion spectrum, and phase diagram of RTG. (a) Schematic illustration
of the lattice structure of RTG. Note that only A1 and B3 do not have direct interlayer hopping, and
hence are of lower energy in comparison with other sites. As such at the low charge carrier density,
they act as active sites of the system. (b) The density of states (DOS) at the valence band of electrons
in a flavour-symmetric phase. There is a jump at charge carrier density n ≈ −2.9 × 1012cm−2,
indicating a transition to an annulus Fermi surface from a complete one. Also, there is a Van Hove
singularity when n ≈ −0.5× 1012cm−2, corresponding to Lifshitz transition to disconnected pockets.
(c) Contour plot of the band structure at K valley. When the chemical potential varies, the Fermi
surface topology is changed from disconnected pockets to annulus, and then to a completed surface,
giving rise to the density of states in (b). (d) The phase diagram from the experiment in Ref. [14].
The flavour-symmetric state is left uncoloured. The SC1 occurs in between the flavour-symmetric
state and the IVC state in a very narrow window of charge carrier densities. In obtaining (b) and (c),
we set the potential difference between the outer layers of RTG as ud = 34.5meV, and the horizontal
dashed line in (d) corresponds to ud = 34.5meV.
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Fig. 2 Predictions from the theory by assuming SC1 from flavour-symmetric phase. (a) The mean-
field transition temperature (red curve) by assuming superconductivity from a flavour-symmetric
phase. The blue region is extracted for SC1 from the experiment in Ref. [14], and the green dashed line
indicates the corresponding transition temperature. The predictions deviate from the experimental
measurements in particular at the phase boundary with charge carrier density n = −1.8×1012cm−2.
(b) Out-of-plane upper critical field Hc2 by assuming superconductivity from a flavour-symmetric
phase. The two curves correspond to temperature T = 50mK (Blue) and T = 100mK (Red). The
predictions are of two orders of magnitude smaller than the experimental results ∼ 10mT in Ref. [14].
Within the window of SC, the upper critical field is predicted to increase monotonically, as contrast to
the experimental observations where Hc2 reach a maximum at n ≈ −1.82× 1012cm−2 and decreases
to 0 at n ≈ −1.8 × 1012cm−2. (c) Fermi surfaces corresponding to the Lifshitz transition from the
annulus to isolated pockets, when ud = 34.5meV at n = −0.5× 1012cm−2. The red and blue regions
correspond to the valence band at K and K′ valleys, respectively. The Fermi surfaces exhibit nearly
perfect nesting, thus having strong instability under repulsive interaction. (d) Dispersion spectrum

of the quasiparticles in Eq. (13) in the IVC state at different momenta k =
√

k2x + k2y . The dashed

lines enclose the chemical potential of a very narrow regime where a superconducting state SC1 is
observed in experiments, and the inset zooms in to show the regime.

(a) (b) (c)

Fig. 3 Predictions from the theory by assuming SC1 originates from pairing of quasiparticles in
IVC phase. (a) the mean-field transition temperature, (b) upper critical field Hc2 at T = 50mK, and
(c) the Ginzburg-Landau coherence lengths ξ at n ≈ −1.82 × 1012cm−2. In (a), the SC1 occurs in
the blue region which is extracted from the experiment in Ref. [14] with the transition temperature
approximated by the boundary of the blue region. The mean-field temperature (red line) captures
the key features of the experimental data, especially the disappearance of SC1 at charge carrier
density n ≈ −1.8 × 1012cm−2. In (b), the green curve corresponds to Hc2 only accounting for the
conventional contribution, while the red curve additionally accounts for quantum metric. The black
dashed line indicates the chemical potential exactly at the Dirac point of the quasiparticle band in
IVC. The blue region is extracted from [14]. Our theoretical predictions capture both the maximal
in Hc2 in close proximity with the band edge, and the sharp disappearance of superconductivity at
n ≈ −1.8 × 1012cm−2. In (c), the green and blue curves correspond to the quantum metric and
conventional contributions respectively, and the red curve is the overall Ginzburg-Landau coherence
length ξGL. The conventional contribution ξGL,con plays a dominating role, and the quantum metric
contribution ξGL,qm has a correctional effect in most regimes. However, near the phase transition
from IVC-SC to IVC state of which the chemical potential lies between the band gap, the quantum
metric contribution ξGL,qm increases significantly, surpassing the conventional contribution ξGL,con

due to the vanishingly low density of states of the IVC quasiparticles at the fermi energy. It leads
to a divergence of coherence length ξGL at the phase boundary, in contrast to a finite value for the
conventional contribution at n ≈ −1.8×1012cm−2. Here the calculations are based on the microscopic
model for RTG in SM [42].
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