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ABSTRACT

We use a multi-band extended Hubbard model to describe superconductivity in AA-bilayer graphene. In addition
to the usual chirality of single-layer graphene that arises from the helicity of its massless quasiparticles, this
system is described by an additional index called the "cone-index". This issue has been given very little attention
in the literature, despite a few articles noting its prominent role in phenomena such as Klein tunneling and
Andreev reflection. In this manuscript, it is shown that the cone-index is a consequence of mirror symmetry and
is itself a new and distinct type of chirality from the helicity of massless quasiparticles, which we term “mirror-
chirality”. Due to this mirror symmetry, the Hamiltonian of bilayer graphene is block-diagonalized by applying
a unitary transformation. This process is mathematically analogous to the reduction of the Dirac equation in the
4-component Dirac representation to the chiral Weyl representation, which acts on left-handed and right-handed
2-component Weyl spinors. The method is extended to include the superconducting state. It is shown that four
electrons in the upper and lower layers are coupled to form two kinds of superconducting Cooper pairs with an
extra left/right-handed chiral character. Furthermore, inter-band Cooper pairing between quasiparticles with
different mirror-chirality indices is forbidden. This naturally leads to a hidden double-gap superconductivity
with new aspects.
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1. INTRODUCTION

Superconductivity in low-carrier-density systems like twisted bilayer graphene [1-3] and multilayer graphene
[4-6] has attracted significant attention, particularly following the discovery of correlated phases, including
Mott insulation and magic-angle superconductivity [1,2]. While most research focuses on Bernal-stacked or
twisted configurations, AA-stacked bilayer graphene remains relatively understudied [11-15], despite its struc-
tural simplicity and easier intercalation capability [11,12]. Remarkably, AA-bilayers exhibit unique quasiparti-
cle behaviors, including a conserved "conical index" during Klein tunneling [16], which enables potential
"conetronic" applications. Recent studies also report superconductivity in intercalated AA-bilayers [4,5,17],
where Andreev reflection is strongly dependent on this conical degree of freedom [18].

This work investigates AA-bilayer superconductivity by exploring mirror symmetry, an approach that extends
beyond the ultrarelativistic Dirac-point limit of previous studies [16,18]. By using a unitary transformation
analogous to Dirac-Weyl reduction, we decompose the system into even/odd sectors, thereby revealing that the
conical index actually represents a mirror-symmetry quantum number. The AA-bilayer behaves mathematically
as two decoupled monolayer-like bands with opposite chiralities. In this system, mirror symmetry restricts
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Cooper pairing to intra-cone interactions (four-electron clusters with identical chirality) while prohibiting inter-
cone pairing. This framework is consistent with Hubbard model predictions [19-21], and it not only explains
observed superconducting gaps and nodal structures but also simplifies the experimental analysis of order pa-
rameters. Our results highlight the crucial role of mirror symmetry in the correlated phases of AA-stacked
systems.

2. THEORETICAL FRAMEWORK AND METHODS

We employ an extended Hubbard model for AA-stacked bilayer graphene:
H = -Ytiio(aicbjc + h.c.) + YUi(nitnil) + 3V 4 ninj
Key transformations:

1. Mirror-symmetry-based unitary operation:
) = (A2)(w0) w2 )

2. Band decomposition into even/odd sectors:
H—-H"+H
3. Quasiparticle operators:

Y = (1/N2)(cra + cip)
The superconducting order parameter A manifests as: A+ = (yxtyt])
Key results:

1. Energy dispersion:
Ex(k) = V(ex(k)? + A+?)

2. Mirror symmetry constraint:
Ainter—cone =0

3. Gap equations:
A+ = -g¥ k(A+/2E+(k))tanh(E+(k)/2kBT)
A- = -g> k(A-/2E~(k))tanh(E-(k)/2kBT)

The model reveals:
e  Two distinct superconducting gaps (A* # A7)
e  Forbidden inter-cone pairing (Ainer=0)

e  Nodal structures determined by mirror symmetry
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3. CONCLUSION

This study investigates the superconducting properties in AA-stacked bilayer graphene. Using the principles of
mirror symmetry and Dirac/Weyl representations, the research demonstrates that the band structure of this ma-
terial splits into even and odd sectors, resulting in quasiparticles that possess a novel mirror chirality. Super-
conducting pairing is found to occur exclusively between quasiparticles with identical mirror chirality, while
the same symmetry principle strictly forbids interactions between quasiparticles of opposite chiralities. This
mechanism naturally explains the emergence of two distinct types of Cooper pairs, which are analogous to left-
handed and right-handed particles. The findings of this study have broader implications and are extended to
trilayer systems (AAA/ABA). The research suggests that these systems will exhibit unique superconducting
and Klein tunneling behaviors when compared to monolayer graphene. The study further notes that breaking
this mirror symmetry eliminates these observed effects, a phenomenon that could have potential experimental
signatures in intercalated bilayers. Lastly, the work suggests that a future analysis using a four-electron Hamil-
tonian could reveal charged Cooper pairs, paving the way for exciting experimental prospects.

4. REFERENCES

[17Y. Cao, et al.: Unconventional superconductivity in magic-angle graphene superlattices, Nature 556, (2018),
43-50. https://doi.org/10.1038/nature26160

[2] Y. Cao, et al.: Correlated insulator behaviour at half-filling in magic-angle graphene superlattices. Nature
556. https://doi.org/10.1038/nature26154 (2018)

[3] A.H. MacDonald, Bilayer Graphene’s Wicked, Twisted Road, Physics 12,12 (2019)
[4] K. Kanetani, et al: Ca Intercalated Bilayer Graphene as A Thinnest Limit of Superconducting C6Ca,

Proc. Natl. Acad. Sci. U.S.A. 109 (2012), 19610. https://doi.org/10.1073/pnas.1208889109

[5] J. Chapman et al., Superconductivity in Ca-doped graphene laminates, Sci. Rep. 6, (2016), 23254.
https://doi.org/10.1038/srep23254

[6] G. Chen, G., et al. Signatures of tunable superconductivity in a trilayer graphene moiré superlattice. Nature
572,(2019), 215-219. https://doi.org/10.1038/s41586-019-1393-y

[71A. V.Rozhkov, A. O Sboychakov, A. L.Rakhmanov, F. Nori, Electronic properties of graphene-based bilayer
systems, Physics Reports 648, (2016), 1-104. https://doi.org/10.1016/j.physrep.2016.07.003

[8] P.L. de Andres, R. Ramirez, J.A. Vergés, Strong covalentbonding between two graphene layers, Phys. Rev.
B 77, (2008), 045403. https://doi.org/10.1103/PhysRevB.77.045403

[91J.K. Lee, S.C. Lee, J.P. Ahn, S.C. Kim, J.I.B. Wilson, P. John, The growth of AA graphite on (111) diamond,
J. ChemPhys. 129, (2008), 234709. https://doi.org/10.1063/1.2975333

[10] Z. Liu, K. Suenaga, P.J.F. Harris, S. Iijima, Open andclosed edges of graphene layers, Phys. Rev. Lett. 102,
(2009), 015501. https://doi.org/10.1103/PhysRevlLett.102.015501

[11] A.L. Rakhmanov, A.V. Rozhkov, A.O. Sboychakov, F. Nori, Instabilities of the AA-stacked graphene
bilayer, Phys. Rev. Lett. 109 (2012) 206801. https://doi.org/10.1103/PhysRevLett.109.206801

[12] A.O. Sboychakov, A.L. Rakhmanov, A.V. Rozhkov, F. Nori, Bilayer graphene can become a fractional
metal, Phys. Rev. B 103, (2021),L081106. https://doi.org/10.1103/PhysRevB.103.1.081106

This work is licensed under a Creative Commons Attribution 4.0 International Licens




Extended Abstract

Journal of Research on Many-body Systems, Volume 14, Number 4,winter 2025 4

[13]R.S. Akzyanov, A.O. Sboychakov, A.V. Rozhkov, A.L. Rakhmanov, F. Nori, AA-stacked bilayer graphene
in an applied electric field: Tunable antiferromagnetism and coexisting exciton order parameter, Phys. Rev. B
90 (2014) 155415. https://doi.org/10.1103/PhysRevB.90.155415

[14] A.O. Sboychakov, A.V. Rozhkov, A.L. Rakhmanov, F. Nori, Antiferromagnetic states and phase separation
in  doped  AAstacked  graphene  bilayers, Phys.  Rev. B 88 (2013)  045409.
https://doi.org/10.1103/PhysRevB.88.045409

[15] A.O. Sboychakov, A.L. Rakhmanov, A.V. Rozhkov, F. Nori, Metal-insulator transition and phase
separation in doped AA-stacked graphene bilayer, Phys. Rev. B 87 (2013) 121401.
https://doi.org/10.1103/PhysRevB.87.121401

[16] M. Sanderson, Y.S., Ang, C. Zhang, Klein tunneling and cone transport in AA-stacked bilayer graphene,
Phys. Rev. B 88 (2013)245404. https://doi.org/10.1103/PhysRevB.103.L.081106
[17] R. Gholami, R. Moradian, S. Moradian, W.E. Pickett,“Superconducting Symmetry Phases and Dominant
bands in (Ca-) Intercalated AA- Bilayer Graphene”arXivpreprint arXiv:1904.02814

[18] Wei-Tao Lu and Qing-Feng Sun,Cone-dependent retro- and specular Andreev reflections in AA-stacked
bilayer graphene,Phys. Rev. B 108, 195425 — 2023. https://doi.org/10.1103/PhysRevB.108.195425

19] M. Alidoust, An. Jauho and J. Akola,Josephson effect in graphene bilayers with adjustable relative
displacement. phys. Rev. Research 2, 032074(R), (2020)

https://doi.org/10.1103/PhysRevResearch.2.032074

[20] A.O. Sboychakov, A.L. Rakhmanov, A.V. Rozhkov,Superconductivity and spin density wave in AA
stacked bilayer graphene,Physica E: Low-dimensional Systems and anostructures, 165116118, (2025).
https://doi.org/10.1016/j.physe.2024.116118.

[21] M. Raczkowski, et al.,Hubbard model on the honeycomb lattice: From static and dynamical mean-field
theories to lattice quantum Monte Carlo simulation, Phys. Rev. B 101,125103(2020).
https://doi.org/10.1103/PhysRevB.101.125103

[22] R. Gholami, Graphene Boron Nitride electronic structure in the framework of Realistic Tight binding Model
[In Persian] Journal of  Research on Many-body Systems 12 (1), 51-65.
https://doi.org/10.22055/JRMBS.2022.17348

This work is licensed under a Creative Commons Attribution 4.0 International Licens




