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Abstract

The existence of superconductivity (SC) appears to be established in both twisted

and non-twisted graphene multilayers. However, whether their building block, single-

layer graphene (SLG), can also host SC remains an open question. Earlier theoretical

works predicted that SLG could become a chiral d-wave superconductor driven by

electronic interactions when doped to its van Hove singularity, but questions such as

whether the d-wave SC survives the strong band renormalizations seen in experiments,
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its robustness against the source of doping, or if it will occur at any reasonable critical

temperature (Tc) have remained difficult to answer, in part due to uncertainties in

model parameters. Furthermore, doping of graphene beyond its van Hove singularity

remained experimentally challenging and was not demonstrated until recently. In this

study, we n dope SLG past the van Hove singularity by employing Tb intercalation

and derive structural models from angle-resolved photoemission spectroscopy measure-

ments. We adopt a reliable numerical framework based on a random-phase approxima-

tion technique to investigate the emergence of unconventional SC in the heavily-doped

monolayer. We predict that robust d+ id topological SC could arise in SLG doped by

Tb, with a Tc up to 600 mK. We also employ first-principles calculations to investigate

the possibility of realizing d-wave SC with other dopants, such as Li or Cs. We find

that dopants that change the lattice symmetry of SLG are detrimental to the d-wave

state. The stability of the d-wave SC predicted here in Tb-doped SLG could provide a

valuable insight for guiding future experimental efforts aimed at exploring topological

superconductivity in monolayer graphene.

Keywords

Graphene, Intercalated Compounds, Electronic Structure, Superconductivity, ARPES, Den-

sity Functional theory.

Introduction

Since the discovery of superconductivity (SC) in twisted bilayer graphene (TBG),1–5 twisted

trilayer graphene (TTG),6–9 other twisted multilayers,10,11 and then in non-twisted multi-

layers,12,13 such as Bernal bilayer graphene (BBG)14–16 and rhombohedral trilayer graphene

(RTG),17,18 substantial research has been dedicated to understand their different phases

and electronic properties. In twisted systems, the fact that the SC state originates from

narrow bands with large electronic interactions suggests an unconventional electronic mech-
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anism.19–28

Superconductivity has also been observed in graphite intercalation compounds (GICs)29–31

and fullerene crystals doped with alkaline ions.32–36 In these systems, there is no clear ev-

idence for unconventional superconductivity, but the effect of electron-electron interactions

has been considered in doped fullerenes.37–43 Although the mechanism leading to SC in

twisted and non-twisted graphene heterostructures is still under debate, some of their su-

perconducting phases exhibit signatures of unconventional pairing, which are not typically

associated with phonon-driven SC.

The growing list of superconducting graphene multilayers naturally leads to the question

of whether their building block, i.e., graphene monolayer itself, can also host similar super-

conducting phases. Close to charge neutrality the graphene bands are highly dispersive, are

well described in a single particle picture and form the well-known Dirac cones. However, at

high doping levels, close to its van Hove singularity (VHS), many-body instabilities might

be favored due to the high density of states (DOS) and the giant hole pocket in the Fermi

surface (FS).44–52 Earlier theoretical works predicted single-layer graphene (SLG) could be-

come an unconventional, chiral d-wave superconductor driven by electron interactions by

raising its Fermi level (EF ) to the VHS.44–46,48,49,52–54 However, most predictions have been

of qualitative character, and questions regarding the robustness of the d-wave SC against

the source of doping, or whether it will occur at any reasonable critical temperature (Tc)

have remained difficult to address.52 Due to a sensitive dependence between Tc and coupling

parameters, approximations in the theoretical framework and the use of simplified models

to describe the system make it difficult to reliably estimate the Tc, as evidenced by past

predictions ranging from a few, to hundreds of Kelvin.46,48,52,55

On the experimental side, important progress has been made in achieving the ideal doping

levels for the superconducting state to arise. In a previous work,53 heavy doping of SLG was

accomplished by employing a combination of intercalation and adsorption of calcium and

potassium. Yet, the unambiguous demonstration of doping beyond the π∗ VHS in SLG
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Figure 1: Critical temperatures for graphene-based superconductors obtained from the calcu-
lation framework based on the Kohn-Luttinger RPAmechanism used here and in our previous
works.56–61 Experimental reports available so far for the Tc

1,6,14,15,17,18 are also shown. Notice
the logarithmic scale. Good agreement between theory and experiment is seen across three
orders of magnitude. Our prediction for the Tc in doped SLG is also shown. Intervals indicate
the variation in the computed Tc obtained within different approximations and models.

was not realized until more recently by employing ytterbium intercalation and potassium

adsorption,62 reaching a previously inaccessible regime in the phase diagram of SLG, where

exotic many-body states, such as d-wave SC, might emerge.

Importantly, experiments have shown that heavily doping SLG can significantly modify

its electronic bands, in a way that is dopant-dependent.53,62–67 ARPES measurements have

shown that the most prevalent effect of a high electronic density in graphene is a strong

renormalization of the π bands, extending and flattening them close to the VHS, and round-

ing the FS.53,62,65 This leads to an extended VHS (eVHS), also called a higher-order VHS,

which is expected to have an impact on the competition between SC and other phases.68

Similar features have been observed in cuprates69 and other highly correlated materials,70

and a higher-order VHS has been discussed more recently for TBG.71 A further complica-

tion arises in some cases where the dopants order periodically, forming dispersive bands that

hybridize with the carbon states close to EF , inducing a periodic potential that changes the

lattice symmetry of SLG. This drastically modifies the electronic structure of pristine SLG.
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Such is the case for dopants as Li64,67,72 and Cs,66 where the electronic spectrum resembles

less that of SLG and more that of GICs, some of which are conventional phonon-driven

superconductors.29,63

In this work, we derive realistic models for heavily-doped SLG and estimate the Tc and or-

der parameter (OP) of the superconducting state that might arise at fillings close to the VHS.

We adopt a random-phase approximation (RPA) framework based on a Kohn-Luttinger-like

(KL) mechanism which considers direct electronic interactions.56–61 This framework has re-

cently been shown to lead to estimations of Tc for non-twisted graphene multilayers that

are in good agreement with experiments58,60 (see also73 and references therein). Moreover,

it has also been shown that it yields critical temperatures in agreement with experiments

in TBG,25,74–76 TTG,57,77,78 RTG,18,79,80 BBG,14,16,59,81 twisted double bilayer graphene61,82

and, most recently, has allowed us to predict SC in helical TTG.61 A comparison between

predictions made with our KL-RPA framework and experiments is shown in Fig.1. More

details are given in Methods.

To faithfully represent the band structure of heavily doped graphene, we take ARPES

measurements on SLG doped beyond the VHS, which we have prepared by employing Tb

intercalation. We also employ density functional theory (DFT) to calculate the electronic

structure of alkali-doped SLG, which have been shown experimentally to further change

the lattice symmetry of SLG by inducing 2 × 266 or
√
3 ×

√
364,67 superlattice structures.

We employ different tight-binding (TB) models to correctly describe each of the electronic

dispersions, considering experimentally observed dopant-dependent features such as band

flattening, dopant-carbon hybridization, and Brillouin zone (BZ) folding. We then determine

the expected Tc and OP of the SC phase employing the KL-RPA framework. Given that

different dopants modify the band structure of SLG in distinct ways, we find that electron-

driven SC can potentially arise only for certain types of chemical doping. Interestingly, our

results suggest that when SLG is doped to the VHS, it becomes a chiral d-wave topological

superconductor with a Tc ranging from ∼ 370 to 600 mK, as long as there is no BZ folding
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induced by the dopants. Based on this criterion, dopants such as Tb, Yb62 or Gd65 might

be the best candidates for achieving electron-driven topological superconductivity in SLG.

Results

Tb-doped SLG

First, as an example for graphene without a superlattice, we have doped SLG on SiC via

Tb intercalation (Tb-SLG, see Methods). The advantage of this system is that the VHS

scenario is already reached and even surpassed by the doping through the interlayer alone,

so that no additional charge from a top adsorbate is necessary. The atomic arrangement is

such that the Tb does not hybridize with graphene and the primitive unit cell of graphene

[see Fig. 2(a)] is preserved without any additional long range order. As noted, there is a

substantial charge transfer from Tb onto SLG, pushing the EF from the Dirac point [white

arrow in Fig. 2(b)] to ≈ 0.07 eV above the VHS (green arrows). This corresponds to an

electron density of about 5× 1014 cm−2 as obtained from the area enclosed by the giant hole

pocket around Γ. Instead of a rigid shift of EF , however, our ARPES measurements show

a strong renormalization of the graphene bands, which are flattened and exhibit a higher-

order, or extended, VHS.68,71 As shown in Fig. 2(c), right at van Hove filling (i.e., 0.07 eV

below EF ) this results in a rounded energy surface contour touching the KMK′ BZ edge.

Such a renormalization resembles that of high-Tc superconductors,69,70,83 and seems to be

an intrinsic effect of VHS-doped SLG, as has also been obtained in experiments employing

Ca,53 Gd65 and Yb.84

The origin of the renormalization of π∗ states has been attributed to electron correla-

tions,65,85 and also to the combination of e-e and e-ph interactions.53 However, regardless of

its detailed many-body nature, and in order to consider its impact on the SC phase, we follow

Refs.53,68 to take into account this renormalization by fitting a third nearest-neighbor (3NN)

effective single-particle TB Hamiltonian (see Methods). As indicated by the solid green curves
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Figure 2: Tb intercalated SLG on SiC: (a) Model sketch of SLG doped by Tb intercalation
with the 1 × 1 lattice symmetry of SLG preserved (top), with Tb atoms intercalated as
a monoatomic interface layer between (decoupled) SLG and the SiC substrate (bottom).
(b) Renormalized π∗ band dispersion upon heavy doping by Tb intercalation measured by
ARPES, featuring an extended VHS (green arrows), EF slightly above the VHS (by ≈ 0.07
eV) and a reduced π∗ band width. The Dirac point (white arrow) lays at about −1.55 eV.
The renormalized dispersion is well reproduced by the overlaid TB model for SLG including
up to third-nearest neighbors (3NN, solid green lines) while a 1NN TB model (dashed blue
lines) does not capture the experimental band structure. (c) Rounded hole pocket in the
constant energy surface at the VHS, overlaid with the 3NN TB fit (green line) and the 1NN
TB fit (dashed lines), with some high-symmetry points of the 1 × 1 BZ indicated. (d-f)
Calculated screened Coulomb interaction: (d) As graphene is doped close to the VHS, the
electronic potential gets progressively screened close to Γ. Dashed line indicates the bare
Coulomb interaction. (e) VScr(q) in the full BZ. (f) In real space, VScr reveals an effective
attractive interaction. In panels (g) and (h) we display the gap variations throughout the
BZ in the d-wave pairing channels dx2−y2 and dxy, respectively (blue/red color highlights the
negative/positive sign of the gap). The obtained symmetry of the OP is robust upon the
strong band renormalizations induced by doping.
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in Fig. 2(b) and (c) the TB model captures the band flattening and the rounded constant-

energy contour as measured by ARPES. Moreover, it displays a proper extended VHS in

contrast to the ordinary case of nearest-neighbor (1NN) TB [dashed curves in Fig. 2(b) and

(c)] and yields the correct energy position of the Dirac point at -1.55 eV.

Electron doping moves the Fermi level close to the extended VHS and thus enhances

the role of electronic interactions as visible in Fig. 2(b) and (c). We have employed the

KL-RPA framework using this 3NN TB model. Results for the screened interaction and the

superconducting OP of Tb-SLG are depicted in Fig. 2(d) to Fig. 2(h). The screened Coulomb

potential (see Methods) as a function of EF is shown in Fig. 2(d-e), where a strong screening

is obtained as the Fermi energy approaches the VHS. Fig. 2(e) displays its behavior within

the BZ, where a clear minimum is obtained near Γ. The vanishing of VScr(q) at the Γ center

indicates that the susceptibility diverges as q → 0, leading to a locally attractive interaction

in real space, as shown in Fig. 2(f). This strong screening, favorable for SC, results in a first

minimum at x ≈ 3 Å with an attractive strength of VScr ≈ −1.0 eV shown in Fig. 2(f),

resulting in a Tc ≈ 375 mK positioning it among one of the strongest non-twisted graphene

superconductors, with a Tc more than twice as high as for RTG (TRTG
c ≈ 150 mK).79

We have found that, in contrast with other non-twisted graphene systems,73 the super-

conducting OP for Tb-SLG is doubly degenerated into dx2−y2 and dxy pairing channels, each

with a superconducting gap varying around the FS as shown in Fig. 2(g-h). This SC state

was predicted in previous works.44,46,48,52,86 We corroborate its robustness against the band

renormalizations seen in our ARPES experiment. It can be shown, via a free-energy anal-

ysis,48 that if a system possesses both d-wave pairing channels, the most favorable state

involves a complex combination of both orders, giving rise to an exotic spin singlet d + id

topological superconductor.48,87–89 Since the d + id pairing produces a fully gapped state,

it is energetically favorable.52 Importantly, this state has a non-trivial topology52 and it is

expected to host Majorana modes under some additional modifications.90,91

In order to test the robustness of our results against variations in the parameters of the
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TB model, we carried out the same calculation for different sets of parameters. We find that

if the hopping integrals are tuned such that the band becomes flatter while maintaining the

extended VHS,68 the Tc is increased. However, such alternative sets of parameters fit the

ARPES data poorly away from EF (see Methods). We find an increase of the Tc by a factor

of ≈ 1.8 at most (Tc ≈ 600 mK), while the OP is essentially unaltered. Importantly, this

shows that the order of magnitude of Tc and the symmetry of the OP remain robust against

variations of the parameters of the model, suggesting that Tb-doped SLG might be a robust

topological superconductor.92

An open problem regarding the feasibility of the d-wave state in graphene is whether

electron-phonon (e-ph) interactions are strong enough to override the electron-driven d-wave

state in favor of a conventional phonon-driven s-wave state.52 Notably, ARPES experiments

consistently show a kink that arises ≈0.1-0.2 eV below the VHS due to mass renormalization

from e-ph coupling,53,62,93,94 which might indicate that phonons should be taken into account.

In order to test the robustness of the d-wave state against the competing phonon-driven

s-wave SC, we have included an attractive e-ph interaction ge−ph into our calculations. We

find that the d-wave state remains unaltered as long as |ge−ph| stays below a critical value of

≈ 1.3 eV, as shown in Fig. 3. Beyond this critical value, the leading order changes from d-wave

to an s-wave state (with the same sign at the three M points in the BZ), as expected for an

attractive phonon-driven interaction. Because the total interaction includes the momentum-

dependent e-e contribution VScr(q), the OP in the s-wave state is not uniform, showing strong

variations between the M points [see Fig. 3(b)]. However, as the e-ph interaction is further

increased, the gap variations get smeared out, approaching a conventional phonon-driven

s-wave state.

We have estimated the expected value of |ge−ph| for the Tb-doped SLG from our ARPES

measurements and find it to be about ≈ 1.1 eV (which corresponds to an e-ph coupling

constant of λ = 0.49, see Methods), indicating that the e-ph interaction is not strong

enough to override the d-wave state. Alternatively, we have also considered a microscopic
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calculation where we define the optical phonons through the changes in bond lengths in-

duced by the phonon displacements, which leads to an average e-ph interaction of ge−ph ≈

−8β2t2/(MCa
2ω2

Γ) where MC is the mass of the carbon atom and ℏωΓ ≈ 0.17 eV is the

phonon’s energy (see Methods for more details). The estimation range of this microscopic

calculation is consistent with the value extracted from our ARPES measurements.

These estimations, supported by our ARPES results, indicate that the e-ph coupling in

Tb-doped graphene is not strong enough to override the d-wave SC. Further discussion on

the expected e-ph coupling for other dopants is given in Conclusions.

Doped Graphene Superlattices

Employing different species of dopants might induce more significant changes into the elec-

tronic spectrum of SLG. Recent experimental reports have achieved high doping in monolayer

and few-layer graphene employing Li67,72,94 and Cs66 intercalation and adsorption. Because

those systems also exhibit a flat electronic band close to the EF , their potential to host

many-body instabilities, including SC, was suggested. However, the electronic structures of

Li-doped and Cs-doped graphene differ significantly from the one we report for Tb-doped

SLG. In Li and Cs doped graphene dopants order periodically, which tends to modify the

electronic spectrum of graphene in two significant ways. First, the ordered dopants might in-

duce a periodic potential that changes the lattice symmetry of graphene and folds its bands.

Second, the ordered dopants might induce a free-electron-like interlayer band that hybridizes

with the π∗ carbon band close to the EF . In what follows we investigate whether the d-wave

SC state can be expected to survive such dopant-induced features.

First we note that, in contrast to Tb-doped SLG, the electronic structure of Li and Cs

doped graphene resembles that of GICs, where dopants intercalate in periodic arrangements

between graphite layers.29 In the GICs, the presence of an interlayer band crossing the

Fermi level has been linked to the existence of SC. Those GICs that exhibit an interlayer

band crossing at the EF turn out to be superconductors with a typical Tc of a few K,95

12



and evidence points to such SC being of the conventional phonon-driven type.39,96 The main

effect of the partially-filled interlayer band seems to be enhancing the e-ph coupling.39,97,98

An open question related to the robustness of d-wave SC is whether it would be suppressed

in real samples of doped graphene by conventional phonon-driven SC.52 In analogy to the

GICs, phonon-driven SC is also expected to arise in doped single and few-layer graphene if

an interlayer band crosses the Fermi level,63,64,99 thus possibly overriding the d-wave state.

However, some doped single-layer94,99 and few-layer72,94,97 graphene superlattices do not

exhibit an interlayer band at the Fermi level, which would suggest a suppression of the

phonon-driven SC. The absence of the interlayer band at the Fermi level might be explained

by its sensitivity to the graphene-dopant distance, which is dependent upon the number of

layers and dopant species.63,97 Such sensitivity has been shown most extensively for Li-doped

single and few-layer graphene.72,97 Because in such systems the e-ph coupling is expected

to be small, the main effect induced by the ordered dopants is the change in the lattice

symmetry of graphene, which significantly alters its electronic spectrum.

Next, in order to probe the robustness of the d-wave state upon changes in the lat-

tice symmetry, we study models for heavily doped graphene superlattices. We assume e-ph

coupling is not important and focus on Li and Cs doped SLG, which have been realized

recently66,67,67,72 and exhibit the two most common superlattice symmetries that appear in

doped graphene.

Cs-doped SLG

Recent experiments have shown the presence of a flat band in Cs-SLG.66 In the experiment,

aside from raising EF close to a VHS, the Cs dopants arrange in a 2×2 structure with respect

to the original unit cell of SLG, then inducing a BZ folding of the graphene bands. We derive

a TB model from DFT calculations (see Methods) which considers SLG with periodically

arranged Cs atoms in a 2× 2 unit cell, as shown in Fig. 4(a). The model considers overlaps

between C-C, Cs-Cs and Cs-C, which allow us to account for different hybridization effects.
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Figure 5: Model for Li-doped SLG and calculated screened electron-electron interaction.
(a)

√
3 ×

√
3 graphene-lithium superlattice. (b) DOS and Fermi surfaces at various fillings

across the VHS, the latter corresponding to the filling with the highest DOS. High-symmetry
points in all panels correspond to the first BZ of the

√
3×

√
3 superlattice. (c) Band structure

from a tight-binding model considering the π∗ orbitals of graphene and the s orbital of Li
fitted from DFT calculations. The model captures the band folding observed in ARPES
measurements.67,100,101 The A and B insets show the hybridization between carbon and Li
bands (indicated by color) at the areas enclosed by the gray rectangles in the main panel.
Experiments in Ref.67,101 show fillings close to the horizontal purple line. (d-f) Screened
electron-electron interaction. (d) Coulomb interaction along a path in the first BZ. Interaction
gets progressively screened as filling gets closer to the VHS. (e) Screened interaction in the
full first BZ at the VHS. (f) Screened interaction in real space. (g) Leading OP at T = 10
mK.
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Our main results for the electronic band structure are shown in Fig. 4(b-c). Plots show the

folded BZ, which corresponds to the 2×2 unit cell of the superlattice in Fig. 4(a). The bands

are in good agreement with those obtained from ARPES measurements in Ref..66 As shown

in Fig. 4(c), Cs s-orbitals form a dispersive band that crosses the EF and hybridizes with

the folded π∗ band of graphene. The electronic structure exhibits a VHS at Γ. The maxima

in the DOS shown in Fig. 4(b) corresponds to the VHS seen in experiments.66 We note that

this VHS results from the band folding of the original M states of graphene to the Γ center

of the supercell. The momentum-resolved spectral function in the top panel of Fig. 4(b) is

highly concentrated at Γ when EF is set at the VHS, while the free-electron like band from

the Cs layer causes the larger circular feature centered around Γ.

The screened Coulomb interaction in real space is shown in Fig. 4(f) with a first minimum

at x ≈ 6 Å with an attractive strength of VScr ≈ −0.25 eV which is smaller than that of

Tb-SLG. The screened Coulomb interaction for Fermi energies close to the VHS is depicted

in Fig. 4(d). While the long-range interaction is increasingly screened as EF approaches the

VHS, we observe that the energy difference between long range (q ≈ Γ) and short range (q ≈

M) interactions is significantly smaller than in Tb-SLG. In Cs-SLG the energy difference

is ∆VScr ≈ 0.2 eV (in contrast to ∆VScr ≈ 1.2 eV obtained for Tb-SLG), suggesting a

minor screening effect. It is noticeable that, even if the Fermi energy is close to the VHS,

the variation of the screened potential is small. Because the Tc of the electron-driven SC

phase highly correlates with fillings close to a VHS, we estimate the critical temperature

at such filling. Despite the high DOS of the original graphene, we find a marginal Tc. An

extrapolation of the eigenvalues of the vertex matrix leads to an estimation of a small Tc ≈ 4

mK. We note, that the leading OP at these low temperatures exhibits a non-degenerated

s±-wave symmetry, as shown in Fig. 4(g). These results indicate that the d-wave phase

might not occur due to the change in lattice symmetry induced by Cs doping, leading to the

generation of other OP symmetries.

Although our calculations focused on Cs-doped graphene in order to follow the recent
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experiments in Ref.,66 a similar 2×2 structure might be expected for other dopants, such as

K or Rb.29 This has been shown to be the case for graphene bilayers intercalated by K.102

Additional bands from the extra layers appear at the FS but they are dispersive and are

decoupled from each other at the relevant energies, thus we would expect a similar result

for those cases. It seems that in all of the intercalated few-layer graphene systems that

employ these dopants, an interlayer band crosses the Fermi level, suggesting a strong e-ph

coupling. Thus, aside from the 2×2 lattice symmetry being unfavorable for the d-wave state,

conventional phonon-driven SC is also likely to override it in these systems (this is not always

the case for Li intercalated graphene, as we discuss in the next section). Therefore, dopants

that induce a 2 × 2 superlattice symmetry in graphene, such as Cs, Rb and K, might be

detrimental to the d-wave superconducting state in graphene.

Li-doped SLG

Lithium intercalation has been employed to heavily dope SLG64,94 and also graphene mul-

tilayers.67,72,100,101 Similar to the case of Cs-doping, aside from raising EF , the Li dopants

typically arrange in a
√
3×

√
3 supercell with respect to the original unit cell of SLG.

Following the same procedure as for Cs-SLG, we derived a TB model that considers the

graphene monolayer covered by Li atoms in a
√
3×

√
3 periodic arrangement [see Fig. 5(a)].

The model incorporates C-C, Li-Li, and Li-C hoppings, allowing us to capture the dispersion

of the bands and the C-Li hybridization. The TB parameters were determined by fitting to

the energy dispersion obtained from DFT calculations (see Methods). As depicted in Fig. 5

(b, c), the dispersion of our model exhibits the expected main features: a
√
3 ×

√
3 band

folding and Li-C hybridization, and is in overall good agreement with the dispersion observed

in ARPES measurements.64,67,72,100,101 Plots show the folded BZ, which corresponds to the
√
3×

√
3 unit cell of the superlattice in Fig. 5(a). The electronic dispersion exhibits a large

DOS due to the VHS at the M points, as shown in Fig. 5(b). While the
√
3×

√
3 superlattice

potential maps the original K and K′ points to Γ, the original M points are mapped to the M
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points of the folded BZ. The DOS still concentrates at the M points of the folded BZ. Indeed,

the momentum-resolved spectral function in the top panel of Fig. 5(b) is highly concentrated

at the M points when EF is set at the VHS (middle panel). However, in contrast to the case of

Tb-doped SLG, the VHS in Li-doped graphene doesn’t satisfy the condition for an extended

VHS,68 leading to a singular point, rather than a flat band.

The screened Coulomb interaction in real space is shown in Fig. 5(f) with a first minimum

at x ≈ 6 Å with an attractive strength of VScr ≈ −0.4 eV which is smaller than that of Tb-

SLG. The screened Coulomb interaction for Fermi energies close to the VHS is depicted in

Fig. 5(d). Results are similar to those of Cs-SLG. While the long-range interaction becomes

increasingly screened as EF approaches the VHS, we observe that the energy difference

between long range and short range interactions is significantly smaller than in Tb-SLG,

although somewhat larger than in Cs-SLG. In Li-SLG the energy difference is ∆VScr ≈ 0.4

eV, suggesting a minor screening effect. As in Cs-SLG, we also find a marginal Tc close to

the VHS. An extrapolation of the eigenvalues of the vertex matrix leads to an estimation

of a small Tc ≈ 3 mK. At these temperatures, the leading OP exhibits a non-degenerated

s±-wave symmetry, as shown in Fig. 5(g). However, this OP seems to be highly fragile. If we

slightly shift the EF , the leading OP has a 4-fold degeneracy with symmetries that suggest p

or d-wave order. Such fragility indicates that different order parameters, strongly dependent

on the dopant, can be induced in the
√
3 ×

√
3 superlattice configuration. In addition, the

dopants that induce a
√
3 ×

√
3 superlattice symmetry in graphene, such as Li, might be

detrimental to the d-wave state in graphene, since other phases can exist. Nevertheless, this

might not always be the case for all experimental samples, as reported in Ref.,94 where high

doping by Li intercalation was achieved without an induced superlattice potential nor a Li

band crossing EF . In that case, the electronic spectrum of Li-SLG resembles that of Tb-SLG,

which might lead to a sizable Tc. Although for simplicity our calculations focused on Li-SLG,

we expect these results will also be applicable to Li-intercalated graphene multilayers, which

exhibit the same
√
3 ×

√
3 symmetry.67,72 Li-doped graphene bilayer might particularly
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resemble our model, since its EF is very close to the VHS, and no interlayer band crosses

the Fermi level, which could justify neglecting the e-ph coupling.97 The bands introduced

by additional layers are unlikely to strongly affect the result, since they are decoupled from

the flat band at the relevant energies.67,72 This is in line with recent measurements in Li-

intercalated graphene bilayer,101 where no SC was found down to 0.8 K.

Conclusions

Several theoretical works have suggested that doped SLG could be a promising platform to

realize chiral d-wave SC. A number of methods such as mean-field theory, weak-coupling

and functional renormalization group have all led to predictions of the d-wave state arising

in SLG.44–46,48,49,52,54,68,103 However, important questions regarding its possible experimental

realization have remained an open issue, such as whether the d-wave SC survives the strong

band renormalizations seen in experiments, its robustness against the source of doping, or

whether it will occur at any reasonable Tc. Moreover, in part due to uncertainties in model

parameters, making quantitative predictions has remained difficult.52

We argue that the d-wave SC in SLG is robust against the band renormalizations that

occur at dopings close to the VHS, and that it could potentially be realized in heavily doped

SLG with a Tc of ∼ 375− 600 mK. Our calculations were performed on a realistic effective

model for the electronic structure, based on ARPES measurements on SLG doped beyond

the π∗ VHS via Tb intercalation. The theoretical framework we have employed for calculating

the Tc and the OP considers SC arising from the strong screening in the electron-electron

interaction induced by charge fluctuations. This framework has been employed to obtain

estimations for the Tc of other graphene superconductors, which have been shown to be in

reasonable agreement with experiments across three orders of magnitude. The obtained Tc

seems reasonable considering the known critical temperatures for other non-twisted graphene

multilayers such as BBG and RTG [see Fig. 1].
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An important issue is whether d-wave SC could be overridden by other competing phases,

such as conventional phonon-driven SC, or a magnetic state.52 Regarding conventional SC,

we note that if a doped-SLG system does not exhibit a partially-filled interlayer band, the

e-ph coupling is expected to be relatively small. No interlayer band is found at the EF

for Gd,65 Yb62,84 or Tb doping, and previous experimental works have estimated an e-ph

coupling constant of λ ≈ 0.3− 0.4,62,94 which is somewhat smaller than the typical values in

the phonon-driven GICs.39,64,104 In particular, a value of λ ≈ 0.3 is comparable to that of Li-

intercalated graphene bilayer,67,97 which also lacks an interlayer band crossing the EF , and

has not been found to be a SC at least above Tc ≈ 0.8 K.101 In order to verify the robustness

of the d-wave state against the competing phonon-driven s-wave SC, we have included into

our calculations an effective e-ph coupling of λ ≈ 0.49, estimated from our ARPES data (see

Methods for more details). We find that the electron-driven d-wave state remains unaltered

for such λ. The d-wave state is overridden by an s-wave state only for values of λ beyond

a critical value of ≈ 0.56, which is slightly above what we estimate for Tb-doped SLG, and

also larger than what has been estimated for Yb62 and Li94 doping. This critical value is

consistent with the experiments in Ref.,64 where phonon-driven SC was reported to arise in

Li-doped SLG, after increasing λ to ≈ 0.58. The competition with other phases is outside of

the scope of this work, but has been analyzed in previous works based on renormalization

group analysis,48,49,68 all pointing out to the d-wave state being the leading ground state

in some range of experimentally-feasible parameters. Although our calculations have been

performed on a model derived from Tb-doped SLG, we expect them to be applicable for

other choices of intercalants, such as Gd,65 Yb,62 and others53,105 that preserve the lattice

symmetry of graphene and exhibit a very similar band structure.

We also performed calculations considering dopants that do change the lattice symmetry

of SLG, particularly Li and Cs, and found a drop of at least two orders of magnitude in the

Tc and a significant modification in the OP. Variations in the momentum-dependent screened

potential, which correlates with KL-type SC, were much less strong in these systems than in
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Tb-SLG. Moreover, in these systems a large e-ph coupling is expected due to a partially-filled

interlayer band, and because additional phonon modes might become accessible to coupling

due to the BZ folding, favoring s-wave pairing. These results indicate that employing dopants

that change the lattice symmetry of SLG are detrimental to the d-wave state. The geometry

of the FS in SLG, and its relevance for the possible unconventional SC, has been discussed

in parallel to the cuprates and the pnictides.50

Aside from preserving lattice symmetry, atoms that induce doping to the VHS by pure

intercalation lead to better chemical stability, homogeneity, and superior crystallinity,65 com-

pared to those requiring a combination of intercalation and adsorption.53 This should help to

avoid suppression of the d-wave state due to disorder.52,106 Thus, Gd,65 Yb,62 Er,105 and Tb

(this work) seem the most promising dopant choices so far for the realization of d-wave SC

in SLG. In comparison to the moiré superconductors, there might be additional challenges

in mapping the electronic phase diagram of heavily-doped SLG. Because of its high charge

density, tuning by electrostatic gates is not possible. Nonetheless, the charge density can be,

to some degree, controlled by the choice of intercalant, and then continuously tuned by ad-

ditional adsorption,62 allowing access to a range of charge fillings around the extended VHS.

The next step in this research context would be accessing the superconducting state in a

low-temperature transport or conductivity experiment. This might appear to be challenging

due to potential sensitivity of rare earth intercalated graphene by reactivity with the envi-

ronment. However, by cryogenic scanning tunneling microscopy (STM), the superconducting

gap can be readily determined from conductance spectroscopy107 thereby keeping the sample

in UHV. A proof-of-principle transport experiment could be performed in a 4-point probe

scanning tunneling microscope, provided it can be operated at mK temperatures. We envi-

sion to realize a conventional transport measurement by electrically contacting the sample

in a glove box and transferring it to a cryostat all under argon environment. For Gd inter-

calated quasi-free-standing monolayer graphene, transport measurements were successfully

performed in this way, and subsequently checked by ARPES that the doping level was main-
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tained.108 Finally we note, that some Tb intercalated samples were carried through air for

15-30 min after capping with a Bi layer without degradation observed after decapping.

Methods

Superconductivity from electron-electron interactions

We consider a diagrammatic technique related to the the KL theory,109 where the pairing

potential for Cooper pairs is the Coulomb interaction screened by electron-hole excitations.

In this situation, the SC state emerges from a purely electronic mechanism. In contrast to

the conventional KL mechanism, however, our approach neglects exchange-like diagrams, but

includes all bubble diagrams to infinite orders. The RPA is used to calculate the screened

Coulomb potential. We follow the procedure described in Ref.80 which we rewrite here in the

context of the current work.

We first consider the Coulomb interaction between two electrons separated by a distance

r. They experience a r−1 long-range repulsion with a potential given by

VC(r) =


e2

4πϵ0ϵr
r ̸= 0,

ω0

ϵ
r = 0,

(1)

where e is the electron charge, ϵ0 the dielectric constant of vacuum and ϵ the relative dielectric

constant of the environment. The local repulsion at the same site, denoted as ω0, is introduced

when r = 0, with an estimated value of around 17 eV for single-layer graphene.110 We

set the dielectric constant ϵ = 4 to mimic the screening effect provided by a substrate

environment. It is worth noting that ϵ is the only parameter in the Coulomb potential that

is not directly taken from experiment or calculation. However, a prior study60 showed a weak

dependence between the exact value of ϵ and the resulting superconducting properties. Since

the Coulomb potential changes gradually at the atomic level, we further assume that the

interaction between two electrons at different cells only depends on the distance between
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their centers. Consequently, the Fourier transform of VC(r) can be expressed as

VC(q) =
∑
R

VC(|R|)e−iq·R, (2)

where r = |R| is the separation between unit cells and q runs over all points within the BZ.

The primitive lattice vectors are a1 and a2 and R = ma1 + na2 with m,n integers. The

number of lattice vectors in the sum of Eq. 2 is determined by the size of the discrete grid used

to sample the BZ. The form of Eq. 2 is consistent with the periodicity in momentum space

upon translations by reciprocal vectors. The RPA is used to obtain the Coulomb interaction,

VScr(q) =
VC(q)

1− Π(q)VC(q)
, (3)

where Π(q) is the static charge susceptibility and is given by

Π(q) =
2

Nk

∑
k

∑
m,n

f(ξn,k)− f(ξm,k+q)

En,k − Em,k+q

×|⟨un,k|um,k+q⟩|2, (4)

with En,k and |un,k⟩ being the energy and eigenvector corresponding to the n-th band at

wave-vector k. f(ξn,k) = [1+exp(ξn,k/kBT )]
−1 is the Fermi-Dirac distribution at temperature

T and chemical potential µ with ξn,k = En,k − µ, and Nk is the number of cells or number

of k points used to sample the BZ.

Following,80 one can derive a linearized gap equation for the screened Coulomb interaction

of the form

∆m1m2(k) =
∑

k′n1n2

Γm1m2,n1n2(k,k
′)∆n1n2(k

′), (5)

where the superconducting critical temperature and order parameter ∆(k) can then be

obtained by diagonalizing the hermitian kernel,
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Γm1m2,n1n2(k,k
′) =

− 1

Nk

VScr(k − k′)⟨um1,k|un1,k
′⟩⟨un2,k

′ |um2,k⟩

×
√

f(−ξm2,k)− f(ξm1,k)

ξm2,k + ξm1,k

√
f(−ξn2,k

′)− f(ξn1,k
′)

ξn2,k
′ + ξn1,k

′
. (6)

The superconducting Tc corresponds to the highest temperature at which the largest eigen-

value of the kernel Γ equals one, and the OP is the corresponding eigenvector.

This framework has produced estimations of the Tc for the graphene superconductors

that are in good agreement with experiments across three orders of magnitude, as shown in

Fig. 1. The error bars indicate the variation in the calculated Tc obtained within different

expressions for the Coulomb interaction or by employing continuum or TB model hamiltoni-

ans.58–60,80 All calculations of Tc are done at VHS filling. For non-twisted graphene systems,

the consideration of e-ph coupling has been shown to not significantly change the resulting

SC60 while for the twisted systems, moiré-induced Umklapp scatterings give an important

contribution and have to be included.56,61

Density Functional Theory calculations

First-principles calculations were carried out using a numerical atomic orbitals approach

to density functional theory (DFT),111,112 which was developed for efficient calculations in

large systems and implemented in the Siesta code.113–115 We have used the generalized

gradient approximation (GGA) and, in particular, the functional of Perdew et al..116 Only

the valence electrons are considered in the calculation, with the core being replaced by

norm-conserving scalar relativistic pseudopotentials.117,118 We use the Grimme semiempirical

method to correctly describe the distance between the graphene layer and the alkali atom.119

The non-linear core-valence exchange-correlation scheme120 was used for all elements. We
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have used a split-valence double-ζ basis set including polarization functions121 for C and Cs

and a split-valence double-ζ basis set for Li. The energy cutoff of the real space integration

mesh was set to 1000 Ry. To build the charge density (and, from this, obtain the DFT total

energy and atomic forces), the Brillouin zone (BZ) was sampled with the Monkhorst-Pack

scheme122 using grids of (11×11×1). The crystal structure of graphene was fully optimized,

obtaining a lattice constant for the hexagonal lattice of 2.49 Å. Then, we built the two

superstructures, 2 × 2 and R30◦
√
3 × R30◦

√
3 for Cs and Li, respectively. We relaxed the

structure, only allowing for the alkali atoms to move in the z-direction with a threshold of

0.01 eV/Å.

Tight-binding models

As mentioned in Results, the renormalization of the bands due to high doping can be at-

tributed to a combination of many-body interaction phenomena. However, we can effectively

take it into account by fitting an effective single-particle TB Hamiltonian for electrons in a

graphene lattice with up to 3NN hopping.53,68 In this model, the requirement of an extended

VHS fixes the 3NN hopping t3 as a function of the first- (t) and second-nearest neighbor

hopping (t2) so that the number of free parameters reduces to three (t, t2, and chemical po-

tential µ). Hence, the model is well defined just via three ARPES band-structure hallmarks,

i.e., the binding energies of the Dirac point (1.55 eV) and the VHS (0.07 eV) as well as the

effective mass of the π∗ band along MΓ (0.15 me). The electronic bands of the TB models for

two different fittings (parameters are reported in Table 1) of the Tb-doped SLG are shown

in Fig. 6(a). Both dispersions satisfy the requirement for an extended VHS68 featured in the

ARPES measurements. Fitting A (also shown in Fig. 2) is able to reproduce the full band

from the VHS down to the Dirac point (white arrow), but misses the additional flatness in

the band that arises from the e-ph kink (purple arrow). On the other hand, fitting B leads

to a band that fits the flatness due to the kink to a larger extent, but significantly devi-

ates from the ARPES measurements for lower energies. Superconductivity was computed for
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both fittings, A and B. Both fittings lead to the same OP, with the d-wave orders essentially

doubly-degenerate. Close to Tc, the dxy and dx2−y2 orders have approximately equal eigenval-

ues, with the former being slightly larger (≈1.05 vs ≈1.00). However, these two eigenvalues

are quite separated from the next largest eigenvalue (≈ 0.6), which has a different symmetry.

The Tc calculated with fitting A is Tc ≈ 370 mK, and with fitting B it increases by a factor

of ≈ 1.8 (Tc ≈ 600 mK), indicating the robustness of the d-wave state.
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Figure 6: (a) Top: Electronic bands of the TB models for Tb-doped SLG fitted from ARPES
measurements. Bottom: Atomic basis for the TB model. ARPES measurements show a kink
(purple arrow) below EF that has been ascribed to mass renormalization due to the e-ph
interaction (see Methods). (b,c) Top: electronic band structures comparing DFT calculations
and fitted TB bands for Li doped graphene (b) and Cs doped graphene (c). Inset in (b) shows
the path followed in the first BZ. High-symmetry points at each panel correspond to the BZ
of the 1 × 1,

√
3 ×

√
3 and 2 × 2 lattices, respectively. Bottom: Atomic basis and relevant

neighbour vectors for the TB models. In pink and blue, supercells formed by a1 and a2 in
each geometry.

For the cases of Li and Cs doping, atomistic calculations were carried out using an

effective TB model fitted from the DFT calculations. Previous works,66 have only included

nearest neighbours carbon-carbon hoppings in their TB, which results in an oversimplified

model of the system which is not able to capture key features of the DFT and experimental

band structures. This fact hinders those models from obtaining a good prediction for the
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critical temperature of doped graphene. Here, we employ a more realistic model that accounts

for higher-order neighbours which results in a better description of the band structure of

the systems. In the following, we describe our model: The basis set for our Hamiltonian is

composed of a pz orbital for the carbon atoms and an s orbital for the Cs/Li atom. Since

the Cs atoms arrange in a 2× 2 supercell, we have a 9-orbital basis. On the other hand, for

the Li case they arrange in a (
√
3 ×

√
3)R30◦ supercell, and we have a 7-orbital basis. We

define the lattice vectors for the Cs case, {as
i}, and for the Li case {al

i} as:

as
1 = a(

√
3, 1) (7)

as
2 = a(

√
3,−1) (8)

al
1 = a(

√
3/2, 3/2) (9)

al
2 = a(

√
3/2,−3/2), (10)

where a = 2.46 Å is the graphene lattice constant. In addition, we define the vectors of the

C-C nearest neighbours {δi} with hopping amplitude t, C-C second nearest neighbours {li}

with hopping amplitude t2, third C-C nearest neighbours {pi} with hopping amplitude t3,

Cs-Cs nearest neighbours {si} with hopping amplitude ts, Li-Li nearest neighbours {vi} with

hopping amplitude tl and C-Cs/Li nearest neighbours {mi} with hopping amplitude t′s for

the Cs and t′l for the Li. Additionally, we found that a second nearest neighbour interaction

between Li atoms improved considerably the fitting of the Li-band and thus a {2vi} with
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hopping amplitude t2l was also used:

δ1 = a(1/
√
3, 0), δi+1 = Ĉ3δi (11)

l1 = δ1 − δ3, li+1 = Ĉ6li (12)

p1 = l1 + δ2, pi+1 = Ĉ3pi (13)

m1 = δ1, mi+1 = Ĉ6mi (14)

s1 = as
1, si+1 = Ĉ6si (15)

v1 = al
1 + al

2, vi+1 = Ĉ6vi (16)

where the operator Ĉn is an anticlockwise rotation of θ = 2π/n:

Ĉn =

cos(θ) −sin(θ)

sin(θ) cos(θ)

 (17)

The TB Hamiltonian,

Ĥ0 =
∑
i,j,k

hij(k)c
†
ikcjk, (18)

where c†ik creates an electron in the orbital i and cjk annihilates one in the orbital j, can be

decomposed in the diagonal and off-diagonal terms. For the Cs case, the diagonal elements

can be written as:

hii(k) =


ϵc i = 1, 8

ϵc2 i = 2, 3, 4, 5, 6, 7

ϵs + ts
∑6

n=1 e
iksn i = 9

(19)

where ϵi are the on-site energy for the C and Cs atoms. We distinguish between the on-site
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energy of C atoms surrounding the Cs atom (ϵc2) and those without the influence of the heavy

atom (ϵc). This distinction arises from the physical intuition that the C atoms surrounding

the Cs atom suffer a different effective potential than those that are further away from the

Cs atom.

For the Li case, these terms can be written as:

hii(k) =


ϵl i = 1, 4, 5

ϵl2 i = 2, 3, 6

ϵl + tl
∑6

n=1 e
ikvn i = 7

(20)

where ϵl are the on-site energy for the C and Li atoms. For the Li-case we find that, in order

to open the gap in the TB observed at Γ in the DFT calculations, we need to break C6

symmetry by imposing a different on-site energy between the C atoms. Thus atoms 1, 4 and

5 have an onsite term (ϵl) and 2, 3 and 6, (ϵl2).

The off-diagonal terms for the Cs and Li cases can be written as:

hij(k) = t
3∑

n=1

f(rij − δn)e
ikδn + t2

6∑
n=1

f(rij − ln)e
ikln

+ t3

6∑
n=1

f(rij − pn)e
ikpn + t′s/l

6∑
n=1

f(rij −mn)e
ikmn , (21)

where rij is the interatomic distance connecting sites i and j and

f(x) =


1 x = 0

0 x ̸= 0

(22)

A gradient descent approach was used to fit the band structure obtained with DFT and

extract the amplitude of the different hoppings of the model. We define the TB eigenenergies

as a function of the different on-site energies and interatomic hoppings. Thus, the TB energy
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Figure 7: Electron-phonon coupling of Tb-intercalated SLG. (a) Close-up of the low-energy
π∗ dispersion along ΓK (light blue curve) revealing a prominent kink ≈ 0.17 eV below EF .
The bare band extracted via the algorithm of Ref.123 is also overlaid (black curve). (b)
Corresponding real (Re, orange markers, right axis) and imaginary (Im, green markers, left
axis) parts of the spectral function Σ. Im(Σ) is shifted by a constant offset of 0.29 eV. Im(Σ)
is modelled by two step-like increases, corresponding to two phonon modes with energies
of 64 and 173 meV (green curve). Its Kramers-Kronig transform (orange curve) matches
Re(Σ), hence demonstrating self-consistency. (c) From the modelled Im(Σ), we determine
the Eliashberg function α2F (E) = 1

π
d
dE

Im(Σ) (orange curve, right axis) and from it the e-ph
coupling constant λ(E) = 2

∫
dE (α2F/E) (green curve, left axis) with a maximum value of

λ = 0.49.

for a given band n at a point k depends on the on-sites ϵ and hopping parameters t:

εn,k = εn,k (ϵ, t) (23)

We now can define a cost error function as the difference between the TB and DFT energies

as:

C (ϵ, t) =
1

NbNk

Nb∑
n=1

∑
k

[EDFT
n,k − εn,k (ϵ, t)]

2, (24)

where Nb is the number of bands used for the fitting and Nk the number of k-points used

in the path Γ − M − K − Γ [see inset of Fig. 6(b)]. In our calculations we used Nb = 4

bands around the Fermi level. The best set of parameters are reported in Table 2 and the

corresponding band structures are shown in Figs. 6(b) and (c) for Li and Cs, respectively.

We can see that our TB model gives accurate results and, most importantly, captures the
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important features from the DFT band structure such as the dispersion of the C bands [see

Fig. 4(c) and 5(c)] for the orbital contribution]. Furthermore, in the Li case the TB model

is able to describe the breaking of degeneracy of the bands in the Γ−M path. Importantly,

it also has a very good agreement with the DFT band structure at the Fermi level since it

captures all the degeneracies and dispersions. All in all, this model and its parameters are a

good starting point for calculations that go beyond the single-particle approach.

Table 1: Fitting parameters for the 3NN TB models of Tb-doped SLG. Fitting A corresponds
to the model shown in Fig. 2. Fittings are compared in Fig. 6(a).

Model t [eV] t2 [eV] t3 [eV]
Fitting A -4.077 -0.925 -0.557
Fitting B -3.02 -0.6 -0.46

Table 2: Table with all fitted TB parameters. All values are in units of t0 = −2.7 eV which
is the graphene first neighbours typical hopping value. Fittings are shown in Fig. 6(b) and
(c).

Atom ϵc ϵc2 ϵs t t2 t3 ts/l t2 s/l t′

Cs 0.5 0.52 -0.4 1.1 0.015 0.1 0.12 0 0.025
Li 0.695 0.81 -0.38 1.28 0.08 0.2 0.135 -0.04 0.05

Preparation of highly-doped, quasi-freestanding SLG via Tb inter-

calation

On-axis, single crystalline, n-doped 6H-SiC(0001) wafer segments (SiCrystal GmbH) were

used as substrates for graphene growth. The substrates were first etched with molecular

hydrogen at 1400 ◦C and near ambient pressure to obtain atomically flat terraces.124,125

Following the well-established method of Emtsev et al.,126 graphene was grown by heating

the substrates to around 1450 ◦C for about 5 min in 800 mbar argon atmosphere. This yields

several-µm-wide terraces, uniformly covered with the (6
√
3× 6

√
3)R30◦ carbon buffer layer

reconstruction. This so-called zerolayer graphene (ZLG) does not yet present the electronic

properties of freestanding single-layer graphene127,128 due to covalent bonding to the Si-
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terminated SiC substrate. Both, hydrogen etching and surface graphenization were performed

ex situ in an inductively heated reactor hosting a graphite susceptor.

The as-grown ZLG/SiC samples were transferred into ultrahigh vacuum (UHV) and

first degassed at 700 ◦C for about 20 min. Tb was evaporated from a commercial Knudsen

cell (OmniVac) onto ZLG at a rate of about 1.7 Å/min. A first cycle of Tb deposition

was performed for 8 min with the sample at room temperature. Subsequently, the samples

underwent 10–20 min long sequential annealing cycles from 400–900 ◦C in steps of 100 ◦C.

This was followed by < 10 s of flash-annealing to 1100–1150 ◦C. High temperatures and

short times are necessary in order to desorb excess Tb left on top of ZLG while avoiding

the growth of additional graphene layers in UHV. At this stage, partial intercalation is

achieved as observed by low-energy electron diffraction (LEED). The LEED pattern contains

a mixture of ZLG and SLG features indicating that in some parts of the surface Tb atoms

have migrated to the ZLG/SiC interface and saturate the substrate dangling bonds so that

patches of quasi-freestanding SLG are formed. The intercalation was finalized by another

deposition cycle of Tb, this time for ≈ 10 min at an elevated sample temperature of 600 ◦C,

followed by the very same annealing steps as in the first cycle. This two-step preparation

process reliably resulted in homogeneously intercalated SLG.

ARPES measurements

Synchrotron-based ARPES was carried out at the BLOCH beamline of MAX IV Laboratory

in Lund, Sweden. The endstation hosts a DA30-L hemispherical analyzer (Scienta Omicron),

capable of recording 2D photoelectron intensity distribution maps via electronic deflection

perpendicular to the entrance slit. The latter is oriented perpendicular to the plane of light

incidence. Our Tb-intercalated samples have been kept under true UHV conditions during

the transfer by means of a dedicated vacuum transport suitcase (Ferrovac).

The dataset of Fig. 2(b) and (c) was obtained for a sample temperature of ≈ 20 K, using

linear horizontally polarized light with a photon energy of 65 eV and a beam spot size of

31



about 14×7 µm2. The angular resolution was better than 0.3◦ and the combined total energy

resolution (analyzer and beamline) was set to ≈ 15 meV.

The recorded photoelectron intensity distribution map covers an area of about 2.5× 1.5

Å−2 centered on the KMK′ border of the first BZ. The map was then mirror-symmetrized

with respect to (i) the KMK′ line—determined with very high precision—and (ii) the per-

pendicular axis through M. To a large extent, this removes the so-called dark corridor of the

π∗ (π) band whose intensity is otherwise suppressed inside the first (repeated) BZ due to

matrix-element effects.129 A sector with an opening angle of 60◦ (spanned by KΓK′) is then

sequentially repeated to visualize the Fermi surface in Fig. 2(c).

In the low-energy π∗ dispersion along the ΓK direction, cf. raw data in Fig. 7(a), renormal-

ization effects by e-ph coupling can be observed, manifested by the well-known e-ph kink. Us-

ing an algorithm reported in Ref.,123 the bare band can be extracted from the band position

and band width (FWHM). Consistency of the procedure is monitored by Kramers-Kronig

transformation between the corresponding real and imaginary parts of the spectral function

Σ, see Fig. 7(b). From the modelled Im(Σ), the Eliashberg function α2F (E) = 1
π

d
dE

Im(Σ)

and subsequently, the e-ph coupling constant λ(E) = 2
∫
dE (α2F/E) are determined. The

result is demonstrated in Fig. 7(c). λ reaches a maximum value of 0.49.

Electron-phonon interactions

In order to estimate the strength of the e-ph interaction, we have considered ARPES mea-

surements of the electronic dispersion of heavily-doped graphene, which consistently reveal a

kink around 0.1− 0.2 eV below EF , as shown in Fig. 7. This kink has been ascribed to mass

renormalization due to the e-ph interaction, with an estimated coupling of λ ≈ 0.3 − 0.4

for other dopants.53,62,93,94 From our ARPES measurements on Tb-doped SLG, we estimate

λ ≈ 0.49 (see ARPES measurements and Fig. 7). In order to estimate ge−ph, we replace

VScr by ge−ph in the kernel of Eq. 6 and look for the ge−ph value that produces the ARPES-

derived λ. For a given value of ge−ph, λ is obtained by fitting the largest eigenvalue of the
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kernel as function of temperature (for T > Tc) to a curve of the form λ log(W/kBT ). With

this procedure we find ge−ph ≈ −1.1 eV. Such interaction leads to λ ≈ 0.49 and W ≈ 15

meV. The obtained value of W may be understood as the width of the flat band, as it coin-

cides with the energy cutoff around EF for which Eq. 6 converges. For other dopants with

λ ≈ 0.3− 0.4,53,62,93,94 we estimate a smaller value of |ge−ph| ≈ 0.4− 0.8 eV.

Alternatively, we can use a microscopic calculation, where we define the coupling of

the optical phonons at Γ to the electrons through the modulation of the nearest neighbor

hopping, t, by the changes in bond lengths induced by the phonon displacements. There are

two degenerate phonons at Γ.130 The displacements are of opposite signs in the two atoms of

the unit cell, and the phonons are polarized along the x and y axes.123,131–133 The dependence

of t on bond length is characterized by a dimensionless quantity:

β =
a

t

∂t

∂a
≈ 3 (25)

where a is the bond length. Phonons at Γ induce an attraction within the three nonequivalent

M points in the Brillouin zone where the van Hove singularities reside. The mean square

displacement of a given atom is:

⟨|∆r|2⟩ = ℏ
2MCωΓ

(26)

where MC is the mass of the Carbon atom. These displacements induce changes in the three

inequivalent bonds of the honeycomb lattice equal to {2|∆r|,−|∆r|,−|∆r|}. The associated

changes in the hoppings lead to changes in the band energy at the three inequivalent M

points equal to

∆ϵM = β × t

a
× {4|∆r|,−2|∆r|,−2|∆r|} (27)
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which leads to an average e-ph coupling:

ge−ph = −2×
〈
∆ϵ2M
ℏωΓ

〉
M

= − 8β2t2

MCa2ω2
Γ

. (28)

We take ℏωΓ ≈ 0.17 eV. The value of t for undoped graphene is ≈ 2.7 eV. The heavily doped

graphene studied here is described by a strongly renormalized t, from ≈ 1.5 eV (if fitting to

1NN) to ≈ 4.077 eV, see Table [1]. As a result, the value of ge−ph varies over a wide range:

ge−ph(t = 4 eV) ≈ −6.8 eV

ge−ph(t = 1.5 eV) ≈ −0.96 eV (29)

This estimation range includes the value extracted from ARPES experiments mentioned

before. As optical modes are not screened, we add the bare e-ph interaction to the electron-

electron contribution in Eq. 6, so the final interaction is VScr(q) + ge−ph.

Considering only the ge−ph coupling in Eq. 6, the resulting OP is always s-wave, as

expected for a constant, attractive interaction. However, when including also the electron-

electron contribution VScr(q), the resulting OP is d-wave (as shown in Fig. 2) as long as

|ge−ph| stays below the critical value of ≈ 1.3 eV (which gives λ ≈ 0.56) (see Fig. 3). This is

consistent with the experiments in Ref.,64 where phonon-driven SC was reported to arise in

Li-doped SLG after increasing λ to ≈ 0.58. The critical value of |ge−ph| coincides with the

value of the screened interaction at the VHS, VScr(q = M) ≈ 1.3 eV [see Fig. 2(d)]. Thus, if

|ge−ph| > VScr(q = M), the OP turns into s-wave, with the same sign at the three M-points.

For other dopands, a lower λ ≈ 0.3−0.453,62,93,94 has been estimated. It should be noted,

that for Gd, the flat band scenario develops without a superperiodicity. However, by further

annealing, a weak
√
3 ×

√
3 contribution can be observed with eVHS filling maintained.

When analyzing the band width in this later state using the same procedure as for Tb,

the low energy phonons contribute a λ of ≈ 0.36, while the high energy (170 meV) regime
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indeed only contributes 0.19. So, in total this amounts to λ ≈ 0.54, which is still below the

calculated limit.108 Yet, as noted, the flat band situation develops without a supercell. In

fact, also for the Tb case, a considerable coupling is observed for the low energy phonon

regime even without a (
√
3 ×

√
3) superstructure. We speculate that it may actually be

caused by residuals from the intrinsic (6
√
3× 6

√
3) superstructure of epitaxial graphene on

SiC(0001) which is not visible in LEED after the intercalation but – of course – naturally

still present.

These estimations presented above and supported by our ARPES results, indicate that

the e-ph coupling in VHS-doped graphene is not strong enough to override the d-wave SC.
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Zhou, H.; Watanabe, K.; Taniguchi, T.; Alicea, J.; Nadj-Perge, S. Enhanced super-

conductivity in spin–orbit proximitized bilayer graphene. Nature 2023, 613, 268.

(16) Holleis, L.; Patterson, C. L.; Zhang, Y.; Vituri, Y.; Yoo, H. M.; Zhou, H.; Taniguchi, T.;

Watanabe, K.; Berg, E.; Nadj-Perge, S.; Young, A. F. Nematicity and Orbital Depair-

ing in Superconducting Bernal Bilayer Graphene with Strong Spin Orbit Coupling.

2024; ArXiv, https://arxiv.org/abs/2303.00742 (accessed: November 06, 2024).

(17) Zhou, H.; Xie, T.; Taniguchi, T.; Watanabe, K.; Young, A. F. Superconductivity in

rhombohedral trilayer graphene. Nature 2021, 598, 434.

(18) Patterson, C. L. et al. Superconductivity and spin canting in spin-orbit proximitized

rhombohedral trilayer graphene. 2024; ArXiv, https://arxiv.org/abs/2408.10190 (ac-

cessed: November 06, 2024).
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(28) González, J.; Stauber, T. Ising superconductivity induced from spin-selective valley

symmetry breaking in twisted trilayer graphene. Nat. Commun. 2023, 14, 2746.

(29) Dresselhaus, M. S.; Dresselhaus, G. Intercalation compounds of graphite. Adv. Phys.

2002, 51, 1.

(30) Smith, R. P.; Weller, T. E.; Howard, C. A.; Dean, M. P.; Rahnejat, K. C.; Saxena, S. S.;

Ellerby, M. Superconductivity in graphite intercalation compounds. Physica C 2015,

514, 50.

(31) Takada, Y. Reference Module in Materials Science and Materials Engineering ; Else-

vier, 2016.

(32) Rosseinsky, M. J.; Ramirez, A. P.; Glarum, S. H.; Murphy, D. W.; Haddon, R. C.;

39



Hebard, A. F.; Palstra, T. T. M.; Kortan, A. R.; Zahurak, S. M.; Makhija, A. V.

Superconductivity at 28 K in RbxC60. Phys. Rev. Lett. 1991, 66, 2830.

(33) Kelty, S. P.; Chen, C.-C.; Lieber, C. M. Superconductivity at 30 K in caesium-doped

C60. Nature 1991, 352, 223.

(34) Chakravarty, S.; Kivelson, S. Superconductivity of Doped Fullerenes. Europhys. Lett.

(EPL) 1991, 16, 751.

(35) Hebard, A. F.; Rosseinsky, M. J.; Haddon, R. C.; Murphy, D. W.; Glarum, S. H.; Pal-

stra, T. T. M.; Ramirez, A. P.; Kortan, A. R. Superconductivity at 18 K in potassium-

doped C60. Nature 1991, 350, 600.

(36) Hebard, A. F. Superconductivity in doped fullerenes. Phys. Today 1992, 45, 26.

(37) Capone, M.; Fabrizio, M.; Castellani, C.; Tosatti, E. Strongly Correlated Supercon-

ductivity. Science 2002, 296, 2364.

(38) Nomura, Y.; Sakai, S.; Capone, M.; Arita, R. Unified understanding of superconduc-

tivity and Mott transition in alkali-doped fullerides from first principles. Sci. Adv.

2015, 1, e1500568.

(39) Calandra, M.; Mauri, F. Theoretical Explanation of Superconductivity in C6Ca. Phys.

Rev. Lett. 2005, 95, 237002.

(40) Wang, G.; Datars, W. R.; Ummat, P. K. Fermi surface of the stage-1 potassium

graphite intercalation compound. Phys. Rev. B 1991, 44, 8294.

(41) Cantaluppi, A.; Buzzi, M.; Jotzu, G.; Nicoletti, D.; Mitrano, M.; Pontiroli, D.;
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Graphene beyond the van Hove Singularity. Phys. Rev. Lett. 2020, 125, 176403.

42



(63) Profeta, G.; Calandra, M.; Mauri, F. Phonon-mediated superconductivity in graphene

by lithium deposition. Nat. Phys. 2012, 8, 131.

(64) Ludbrook, B. M. et al. Evidence for superconductivity in Li-decorated monolayer

graphene. Proc. Natl. Acad. Sci. U.S.A. 2015, 112, 11795.
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