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Proximity Induced Interlayer Superconductivity 
 Ti/Al (10/70nm) superconducting bilayer on top of graphene sheet  

[Heersche et al, Nature (2007) ] 

[B. Z. Rameshti, MZ, (2013) ] 

Monolayer-Bilayer Step Structures 

[Shuai-Hua Ji et al, Nature Materials (2011) ] 

Graphene Step Josephson junction  
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BCS Theory of  Interlayer Superconductivity 

its momentum. Each momentum state in Dirac cones of
layers 1 and 2, jk1;2i, is a coherent superposition of the two
sublattice pseudospin states jA1;2i and jB1;2i as jk1;2i ¼
jA1;2iþ expði’k1;2ÞjB1;2i, with the angles ’k1;2 determin-

ing the directions of the wave vectors k1;2. The interlayer
superconductivity will pair electrons in A1 and B2 sub-
lattices but not those in A2 and B1 sublattices, which
implies that the pairing between the states jk1i and jk2i is
asymmetrically partial with respect to the pseudospin
degree of freedom. Taking into account the chirality, to-
gether with the requirement that the paired electrons have
equal but opposite momentum on the valleys K1 and K0

2,
we obtain a rough qualitative picture of N and S state
configuration in the momentum space. In each valley,
only electrons of one sublattice becomes S, and the other
sublattice remains in the N state. This simultaneous exis-
tence of N and S phases can give rise to the gapless
property of the chiral superconductivity for an undoped
bilayer. Having a partial pairing at zero temperature T ¼ 0,

a thermal excitation can redistribute electrons in the N
component of wave vector states in new momentum states
of coherent superposition of A and B states, where they
have potential for a partial pairing again. This corresponds
to a temperature-induced condensation process in which
two primarily normal electrons are thermally excited to the
coherent states, where they can now be partially paired and
absorbed into the chiral superconducting condensate. By
this process, the pair amplitude can increase with increas-
ing temperature.
The above described qualitative picture can be supported

by a mean field calculation based on the tight-binding
theory of ! electrons in graphene. In the absence of super-
conductivity, we consider the following Hamiltonian [13]
for bilayer graphene:
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where a‘;i;# (b‘;i;#) and ay‘;i;# (by‘;i;#) are the annihilation

and creation operators of an electron in the ith unit cell in
sublattice AðBÞ and layer ‘ð¼ 1; 2Þ; # ¼ & denotes the
spin state of the electron; n‘;i;# is the corresponding on-site
particle density operator. The intralayer nearest neighbor
hopping energy t ' 3 eV determines the Fermi velocity in
graphene as vF'106 m=s, and t? ' 0:4 eV (t?=t'0:13)
is the dominant interlayer hopping energy between the
nearest neighbors A1 and B2; the chemical potential "
can be controlled by gate voltages. The interlayer super-
conductivity can be introduced by adding the following
potential to H0:
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X
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where g? is the S coupling energy [14,15]. Below, we will
discuss the origin of this attractive potential. The interlayer
Coulomb repulsion, competing with this attractive poten-
tial, is expected to be rather weak because of the interlayer
spacing between the electrons. We note that the potential
(2) presents an on-site local interaction in the 2D plane of
the bilayer, which requires the pairing to have an isotropic
s-wave orbital symmetry. On the other hand, the pairing is
antisymmetric with respect to the pseudospin (i.e., sublat-
tice) degree of freedom. The Pauli exclusion principle
requires that the total wave function, composed of the
product of the orbital, spin, and pseudospin components,
should be antisymmetric under the exchange of electrons.
Therefore we conclude that the interaction (2) allows
only a spin-triplet pairing. We find that the interacting
Hamiltonian H ¼ H0 þ V? can be decoupled by the
following spin-triplet order parameter:

!i;? ¼ %g?ha1;i;#b2;i;" þ a1;i;"b2;i;#i; (3)

(c)

2.2 2.3 2.4 2.5 2.6
0.4

0.2

0.

0.2

0.4

ky

E
t

FIG. 1 (color). (a) Sketch of the bilayer graphene lattice struc-
ture with the interlayer chiral superconducting correlations
(illustrated by wavy lines) between electrons of different types
of sublattices. Dirac-cone bands of two monolayers of graphene
on the valleys K1 and K0

2 (right panel), with two states of wave
vector jki and j% ki, which are coherent superpositions of the
sublattice pseudospin states jA1;2i and jB1;2i. The interlayer
pairing between j& ki is asymmetrically partial, since only
jA1i and jB2i components are paired. (b) The mean field phase
diagram of the chiral superconductivity showing dependence on
the interlayer hopping energy t? and the temperature T for a
pure bilayer graphene (" ¼ 0). The line of transition from N to
S phases is shown in which dashed and solid parts indicate the
first- and the second-order transitions, respectively. A color
plot of the PG is also presented. (c) The resulting gapless S
band structure along ky for undoped bilayer graphene and for
t? ¼ 0:13t.
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[M. V. Hosseini, MZ, Phys. Rev. Lett (2012), Phys. Rev. B (2012) ] 
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Local pairing interaction:  
orbital part s-wave (symmetric) 
 
Bernal Stacking: 
 Pseudospin part is anti-symmetric 
 
Pauli exclusion principle: 
                     Spin-Triplet State 
 
Pair wave function:  
s-wave Spin-Triplet state 
 

Partial pairing: exotic thermodynamics 

Symmetry of  the Order Parameter 
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Temperature-induced condensation Entropy of S (ordered) state can be higher 
than the N (less ordered) state! 

[M. V. Hosseini, MZ, Phys. Rev. Lett (2012)] 
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Partial pairing: exotic thermodynamics 

Partial pairing due to Bernal Stacking 
 
 
Starting from a partially paired state at low 
temperature: : thermal excitation can 
redistribute unpaired electrons in the states 
with partially pairing  
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Conclusion 

u  Interlayer pairing of chiral electrons in graphene matterials: 
Relativistic quantum mechanical nature of electrons:  
                                                  
                                                     -temperature induced condensation (pairing) 
                                                     -Step monolayer-bilayer proximity systems          
 
  
 
 
 
 
 


