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Abstract

We propose that a device composed of two vertically stacked monolayer graphene Josephson
junctions can be used for Cooper pair splitting. The hybridization of the Andreev bound states of
the two Josephson junction can facilitate non-local transport in this normal-superconductor
hybrid structure, which we study by calculating the non-local differential conductance. Assuming
that one of the graphene layers is electron and the other is hole doped, we find that the non-local
Andreev reflection can dominate the differential conductance of the system. Our setup does not
require the precise control of junction length, doping, or super conducting phase difference, which
could be an important advantage for experimental realization.

Quantum entangled particles have numerous poten-
tial applications in fields such as quantum commu-
nications or quantum cryptography. Thus, practical
schemes of producing entangled particles are of fun-
damental interest [1]. One of the most promising can-
didates for creating entangled electron states is based
on spin singlet Cooper pairs. It was proposed that
if the electrons of a Cooper pair can be extracted
coherently and separated spatially, they can serve as
a source of entangled electrons [2, 3]. This process is
known as Cooper pair splitting (CPS). As discussed
in, e.g. [4, 5], the key physical process to achieve CPS
is the non-local or crossed Andreev reflection (CAR).

Although the first observations of CPS were made
in metallic nanostructures [6, 7], devices that use two
quantum dots (QDs) have garnered the most atten-
tion in this field. The charging energy on the QDs
prohibits the double occupancy on each dot, lead-
ing to the suppression of electron cotunneling (EC).
EC is a competing process with CAR and it should
be suppressed in order to achieve CPS. Experiment-
ally CPS has been achieved in QD devices realized
in InAs and InSb nanowires [8-13], carbon nan-
otubes [14, 15], graphene based QDs [16-18], and
recently in 2DEGs [19]. Alongside the experimental

© 2023 The Author(s). Published by IOP Publishing Ltd

effort, substantial theoretical work has also been
devoted to the study of CPS in QD based devices
[2, 3,20-22].

A different approach to suppress EC with respect
to CAR makes use of features in the density of states
of semiconductors [23, 24]. Since this approach does
not necessitate QDs, it should make the fabrica-
tion of CPS devices simpler. Regarding monolayer
graphene, [23] predicted that pure CAR could be
achieved in a n-type graphene—superconductor—p-
type graphene junction, if the doping of the graphene
is smaller than the superconductor pair potential
Ay. In this case, the vanishing density of state of
graphene at the Dirac point allows the elimination
of processes that suppress CAR. However, due to the
charge fluctuations around the Dirac point, which
are usually larger [25, 26] than the value of A, of
most superconductors, such a low doping is diffi-
cult to achieve experimentally. The problem of charge
fluctuations can be mitigated, to some extent, by
using bilayer graphene [27], because the larger dens-
ity of states allows a better control of residual dop-
ing levels [27, 28]. Recently, the signatures of CPS
have also been observed in multi-terminal ballistic
graphene-superconductor structures [29]. Another
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recent theoretical proposal [30, 31] suggested that
the CAR probability can be enhanced in a device
where the central region consists of two, coupled one-
dimensional superconductors and two normal leads
are attached on each side to one of the supercon-
ductors. The central region effectively constitutes a
superconducting QD. The CAR can be resonantly
enhanced by tuning the superconducting phase dif-
ference between the one-dimensional superconduct-
ors to ¢ ~ 7 and then adjusting the chemical poten-
tial of the superconductors.

In this work we propose that an approach based
on Andreev molecular states (AMSs) [32, 33] can
also help to achieve CAR dominated transport. It
was suggested that Andreev bound states (ABSs) in
closely spaced Josephson junctions (JJs) can overlap
and hybridize forming AMSs. We study the possibil-
ity of CPS in a setup that harbors AMSs. The device
consists of two graphene JJs displaced vertically with
respect to each other, (see figure 1) such that the
ABSs in the two junctions can hybridize. This type
of graphene J]J has recently been studied experiment-
ally in [34], focusing on superconducting interference
device type operation and quantum Hall physics. We
calculate the non-local, non-equilibrium differential
conductance through the device, when two normal
leads are weakly connected to the graphene layers, as
shown in figure 1. Our most important finding is that
CAR can be larger than EC even if the doping of the
graphene layers is significantly larger than the value
of A¢. Therefore, the CAR should be less affected by
charge puddles, which are present in graphene at low
doping.

1. The model

The schematics of the proposed four-terminal device
is shown in figure 1. Two graphene monolayers (red
and blue) of length L are placed above each other.
They are separated by an insulator such as hBN or
vacuum in the center of the device, i.e. for 0 < x <
L, meaning that there is no direct electrical contact
between these two layers vertically. Two supercon-
ducting leads, S; and Sk (dark gray) are attached to
the edges of the top and bottom graphene layers, at
x=0and x= L. In addition, two normal leads (light
gray) N, and N, are weakly coupled to the middle
(x =L/2) of the top and the bottom graphene layer,
respectively. We note that a similar layout for a single
graphene JJ junction was used in [35] to determine
the energy spectrum of ABSs.

In our calculations the description of both the
normal and the superconducting regions is based
on the nearest-neighbor tight-binding model of
graphene with in-plane hopping amplitude 7,. The
top and bottom graphene layers and the supercon-
ducting leads constitute the central region of the
device, described by the Hamiltonian
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Here Hg is the Hamiltonian of undoped mono-
PBSL P?s ! ) is the Hamilto-
nian of the superconducting leads in the non-
superconducting state. The leads S; and Sg are
modeled with Bernal stacked multilayer graphene,
with out-of plane hopping amplitude ;. We assume
that the top and bottom graphene layers are per-
fectly aligned and denote the doping by p, [1] in
the top [bottom] layer, while pg is the doping in
St and Sg. Wi describes the coupling between the
graphene layers and the superconducting leads with
hopping amplitude yns = o, corresponding to a per-
fectly transparent interface.

Before superconductivity is introduced, the total
Hamiltonian of the system reads

layer graphene, Hs = (

Hc W] W2
Hu= (W H 0], )
wi 0o H,

where H; = Hy, — p;is the Hamiltonian of the normal
leads N, with [ = 1, 2. The leads N are also modelled
by monolayer graphene and their doping is kept fixed
at 1y = 0.1 eV. We checked that the results discussed
below do not strongly depend on 1;. W describes the
coupling between N; and the corresponding graphene
layer (see figure 1).

To describe the transport properties of this sys-
tem when the leads S; and Sg are superconducting,
we used the approach based on the Bogoliubov-de
Gennes Hamiltonian. This can be compactly written
as

(2 (3)-(%)
A*(x)  —Hit+Er vy, vy, )’
3)
where Ep is the Fermi energy, € >0 is the excit-
ation energy, ¥, and ¥, are electron and hole
wave functions, respectively. A (x) is a matrix which
only has non-zero elements between degrees of free-
dom that belong to either S; or Sg. To describe
superconductivity, an s-wave pairing potential is
used, which is nonzero only in the superconduct-
ing leads and changes in a step-function manner
at the normal-superconducting interface: A(x) =
Ao[0(—x) + 0(x — L)exp(ie)], where 6 is the Heav-
iside function, and ¢ is the superconducting phase
difference between S; and Sg. The step-function
change of the pair-potential at the boundary is valid
if )\I(gs) < )\g7h),§0 [36]. Here /\és) and /\g’b) are the
Fermi wavelength in the superconducting leads and
central graphene layers and & = hvg/A is the (in-
plane) ballistic superconducting coherence length,
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Figure 1. A schematic of the device. Two graphene monolayers (red and blue) of length L and doping y, and p;, are placed above
each other and are connected at either side to superconducting leads S; and Sk (dark gray). Normal leads N1 and N (light gray)
are connected to each graphene layer at x = L/2. Translation invariance in the y direction is assumed. To study the properties of
the device, we calculate the dependence of the current I; in N, when a voltage V is applied to N,.

vp~ 10° m s~! being the Fermi velocity of mono-
layer graphene. We use highly doped superconduct-
ing leads with pg = 0.8 eV, therefore the above con-
dition is satisfied in all our calculations. Since the
in-plane 7, and out-of plane y; hopping amplitudes
in Bernal stacked multilayer graphene are different,
it is intuitive to define an effective superconducting
coherence length £ | # &, associated with the out-of-
plane hopping in the superconducting leads. One can
expect that interlayer Andreev reflection from the top
to the bottom graphene layers is only significant if
d < &1, where d is the vertical distance between these
layers. We explain how &, is estimated in Supple-
mentary Information (SI), here we only mention than
in all subsequent calculations d < £ .

In the transport calculations we assume that a
voltage V is applied (with respect to Ep) to the top
normal lead N, and the current I; is measured in
the bottom normal lead N;, as shown in figure 1.
We calculate the non-local differential conductance
G(eV) =dI;/dV which depends on CAR. We are
primarily interested in the case of wide graphene lay-
ers, where exact termination of the edges does not
matter because the transport properties are determ-
ined by bulk states. Using hard wall boundary condi-
tions [37, 38], the transverse wavenumber g parallel
to the y direction is a good quantum number, see the
SI for further details. The numerical calculations dis-
cussed below were performed using the tight-binding
framework implemented in the EQuUs [39] package.

2. Andreev molecular states

The Andreev reflection of quasiparticles at the
graphene-superconductor interfaces leads to the
formation of correlated electron-hole states known
as ABSs [35, 36, 40-43], with energies E,, < Ay. Their
presence in the proximitized graphene layers means
that an induced gap A;,; appears in the graphene
layers, which is smaller than the pairing potential
A, of the superconductors. If the superconducting
phase difference ¢ is fixed, in ballistic systems the
magnitude of A;, is determined by the smaller of

two energy scales, namely, the bulk gap A, and the
Thouless energy Er;, = hvg/L.

For ¢ =0, when Ej, > A, i.e. in the short junc-
tion regime A;,; = Ay. In the opposite case Epj, <
Ay, the dominant energy scale is Eqy; this is the long
junction regime where A;,; is considerably smaller
than Ag. Note that the ratio of E7, and A can also be
expressed as Er,/Ag = & /L, so that the short junc-
tion regime corresponds Er;, /A > 1. In this work,
we study devices with Thouless energy between 0.44A
and 3A. Junctions with Ery, in this range correspond
to the intermediate length regime, where analytic res-
ults valid in the short [36] or long [40] regime of a J]
consisting of a single graphene layer do not strictly
apply. Taking Ay = 1 meV, the aforementioned E7y
values correspond to L between 210 and 1580 nm.

One can expect that in the setup shown in figure 1,
the ABSs formed in the two graphene layers can
hybridize, leading to the formation of AMSs [32, 33].
In order to see the effects of ABS hybridization, we
start by considering the properties of ABSs formed in
individual layers, i.e. when one of the graphene layers,
e.g. the bottom one is disconnected from the super-
conductors and only the top one is connected. We
also disconnect the lead N, and calculate the Green’s
function of the resulting graphene JJ. The spectrum
of the ABSs is determined performing local density
of states (LDOS) calculations for energies 0 < E <
Ay. The LDOS is calculated as the sum of the LDOS
of electron and hole type quasiparticles p(E,q) =
o (E.q) + o (E,q) = —(1/m)Im(GY), where Im(GF)
is the imaginary part of the retarded Green’s func-
tion. The LDOS is evaluated on ~ 10 unit cells of
the top layer around x = L/2. In figures 2(a)-(c) we
show results for superconducting phase differences
¢ =0, 7/2and, using 4, = —5meV and Erj, = A,.
One can clearly see the appearance of multiple ABSs.
Above E =0 there is an energy range where no ABSs
are present indicating the induced gap A;,4. One can
observe that as ¢ increases from 0 to 7, the induced
gap Ay,q decreases and at ¢ = 7 the induced gap is
closed. This can be shown analytically in both the
short [36] and long [40] junction regime and also
agrees with the experimental results of [35].
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Figure 2. Local density of state calculations of ABSs as a function of the momentum g, for three different superconducting phase
differences . (a)-(c) LDOS of ABSs in a monolayer graphene JJ, for ¢ = 0, 7/2 and 7 going from left to right. (d)-(f) LDOS of
AMS in the top graphene layer, i.e. when both graphene layers are connected to the superconductors, for ¢ = 0, 7/2 and 7 going
from left to right. We used doping p1p = —pr = 5A¢ and Er, = Ay in all cases.

Turning now to the bilayer setup of figure 1,
the distance between the graphene layers is taken to
be d=3.3nm in our calculations, while we found
that £, ~ 38 nm (see SI). Since d < £, , the coup-
ling between the ABSs can lead to the formation of
AMSs [32, 33]. This is shown in figures 2(d)-(f),
where one can see the LDOS p((E,q) calculated in
the top graphene layer. At this stage the normal leads
N, and N, are not yet connected to the graphene
layers. For AMSs with energies E, < Ag the relat-
ively weak hybridization leads to only minor modi-
fications of the LDOS, cf figures 2(a)-(c). However,
for ¢ = 7 there are AMSs with energy E, 2 0 which
are more strongly modified by interlayer hybridiza-
tion (figure 2(f)). One can also see that, similarly to
the case of ABSs (figures 2(a)-(c)), the magnitude of
Ajyq in the presence of AMSs can be tuned by chan-
ging ¢ (figures 2(d)-(f)).

One can expect that in order to have a finite inter-
layer transmission of electrons from N; to N; in the
bias window |eV] < Ag, Aj,4 has to be smaller than
Ay. Therefore, Aj,g is an important parameter of the
device. We calculated A;,; as a function of the dop-
ing pt and Eqy,, where po = i, = —pu, see figure 3. The
value of A;,4 is extracted from LDOS calculations
by determining the minimum of the AMS spectrum.
We find that for ¢ =0 and Ep, = 0.4A, 0.64, the
induced gap is suppressed A;,; < A (figure 3(a)).
However, for larger values of Ep; = 0.8Ag —3A a
general observation is that A;,4 is comparable to A,
for low doping, but increasing 4 leads to the reduc-
tion of A;,4. For large enough doping the induced gap
can be suppressed regardless of the Thouless energy

4 10 20 30 80 4 10 20 30 80
1 [A] 48]

Figure 3. Size of the induced gap Aj,; (in units of Ag) asa
function of the magnitude of the doping y1, where

= pp = — i1, and Thouless energy Ery, for
superconducting phase difference (a) ¢ =0 and

(b) p =7/2.

for the E7y, values we studied. In short, the condition
Ajug < Ay is satisfied for a wide range of (u, E7y)
values. Note that tuning the doping changes not only
A4, but also the number of the AMSs. Furthermore,
as illustrated in figures 2(d)-(f), by increasing ¢ the
AMSs are shifted deeper into superconducting gap
and A4 decreases (figure 3(b)). We find that in these
ballistic devices for ¢ = 7 the induced gap disappears
regardless of the value of Ery,.

3. Differential conductance

We now discuss the transport through the central
region of the device when the normal leads Ny and N,
are attached, as shown in figure 1. We are interested
in the dependence of I; in N on the applied voltage
V to N,. We restrict our study to voltages [eV]| < Ay,
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therefore one expects that the transport is mediated
by the AMSsin the junction. We use the Keldysh non-
equilibrium Green’s function technique [44-48] to
calculate dI, /dV = G(eV,q) for a given q and then
sum the contributions of the different g values, see
the SI for more details. The differential conductance
is given by

G(eV,q) = f%Re{ div/dETr [Tzleél(E,eV)] },
(4)

where 7, is a Pauli matrix acting in the electron-
hole space and G§ | (E, eV) is the bottom lead—central
region lesser Green’s function. To lighten the nota-
tions, the q dependence of G, (E, eV) is not written
explicitly. The differential conductance G(eV') can be
evaluated as

G(eV) = Z:G(eV7 q) = %/G(ev, q)dq, (5)
q

where w is the width of the junction in the y dir-
ection. All calculations are performed at T=0 K
temperature.

In order to obtain an insight into the transport
properties of this setup, let us first consider a simple
model: we assume that only a single AMS of energy
Eams is present, which extends over both graphene
layers in the central region. We neglect the g depend-
ence of the AMS and assume that coupling between
N; (N3) and bottom (top) graphene layers is weak.
According to the calculations detailed in the SI, the
differential conductance can be approximated by

Glev) ~ 2 (M- THTE-TY)
h (er EAMs)Z + 12 ’

(6)

where I'j" are level broadenings [49] due to the coup-
ling of the electron [hole] (a = e[h]) part of the AMS
to the states in N; at energy Eams, and I' =17 +
[ +T%+T'% Equation (6) shows that the presence
of an AMS results in a resonant peak of Lorentzian
lineshape in the differential conductance, at eV =
Eams. The signature of CAR dominated transport is
G(eV) < 0, meaning that an injected electron in N,
is transmitted as a hole into N. The sign of G(eV) is
determined by the numerator in equation (6), which
depends on the difference between the level broaden-
ing of electron- and hole-like degrees of freedom of
the AMS.

In the tunneling limit F‘lz(h) depends on the
product of the LDOS of the electron (hole) compon-
ent of the AMS and of the attached leads N;. Since
the leads are metalic, their LDOS is constant. There-
fore I'Y — I' depends mainly on the difference of the
LDOS of the electron and hole type quasiparticles in
the AMS. One can expect that this can be changed

E Zsurka et al

by two means: firstly, by tuning the doping of the
two graphene layers. Secondly, since the AMS wave
functions depend on the superconducting phase dif-
ference ¢, the LDOS can also be changed by tuning
. Thus, this simple model suggests that one has two
experimental knobs to tune the interlayer transmis-
sion and try to achieve CAR dominated transport.

As it can be seen in figure 2, for finite doping of
the graphene layers, multiple AMS are present in our
setup. The result given in equation (6) can be easily
generalized to this case (see the SI). One finds that
G(eV,q) defined in equation (4) reads

G(eV,q)

)

V—En(q) + iLmm(q)) (eV — En(q) — il'n(q))

7)

4@ (05 (@) = T4 @IS (@) =15 ()
~h %(6 (9)

where the summation runs over the number of the
AMSs, I, depends on the product of the wave func-
tions of the nth and mth AMSand I',, = >, | I'}%,..-
The m =n terms are Lorentzian resonances: this is
the type of contribution we have already discussed
when we derived equation (6). The m # n terms cor-
respond to a ‘cross-talk’ between different AMSs and
they are affected by interference effects between dif-
ferent AMSs. Therefore, in general, G(eV,q) depends
both on the LDOS and on the interference of the qua-
siparticle components of the AMSs.

Note, that in [23, 24] the enhancement of the
probability of CAR is related to the DOS of the semi-
conducting leads, which are attached to a central
superconducting strip, and their different doping. In
our setup the leads N; are assumed to be metallic
and their doping does not play an important role.
Moreover, as we discussed above, in our case quasi-
particle interference also affects G(eV), but as we will
show in section 4 it does not lead to the type of reson-
ant enhancement of CAR as in [30, 31]. These consid-
erations clearly show the difference between our pro-
posal and those of [23, 24, 30, 31].

4. Negative non-local Andreev reflection

We start with calculations which illustrate the com-
plex interplay of LDOS and interference related
effects in the differential conductance. In figure 4 we
show the LDOS difference of the electron and hole
quasiparticles of AMSs 6 p;(E, q) = p¢(E,q) — p!(E,q)
(5pp(E,q) = pi(E,q) — p}(E,q)) in the top (bottom)
graphene layers. These results were obtained in the
same way as the total LDOS p(E, q) in figures 2(d)-
(f), i.e. evaluated on ~ 10 unit cells around x =
L/2. We consider two cases: i, = —pi, (asymmet-
ric doping) and pp = p; (symmetric doping) and
the parameters of the calculations correspond to the
case shown in figure 2(d). In a given layer the sign



10P Publishing

2D Mater. 10 (2023) 035009

LDOS! — LDOS!.

a)

LDOS! — LDOS!,

0.25

0
0 2 4
q [1/(3r¢e)] x1073

E Zsurka et al

0

LDOS! — LDOS)

2 4
q [1/(3ree)] 1073

Figure 4. The LDOS difference of the electron and hole quasiparticles of AMSs in the top and bottom graphene layers.
(a) 8p:(E,q) and (b) dp,(E, q) for asymmetric doping and (c) and (d) for symmetric doping, respectively. Here ¢ =0, Eg;, = Ao

and |j15] = || = 5.

of dp(E,q) depends on both the energy E and the
wavenumber g. However, one can clearly observe
that for asymmetric doping dp;(E,q) has opposite
sign to dpy(E,q). On the other hand, for symmetric
doping dp,(E,q) = dpp(E,q), which can be expected
based on the inversion symmetry of the system. Since
more than one AMSs gives contributions to dp(E, q),
these results cannot be directly related to individual
broadening differencesI';, — 1"? o DUt they do illus-
trate the important effect of the doping of the two
graphene layers. Furthermore, using the arguments
put forward below equation (6), these results sug-
gest that the sum of the m = n terms in equation (7)
gives a negative (positive) contribution to the differ-
ential conductance for asymmetric (symmetric) dop-
ing profile.

The contributions of the m#n terms in
equation (7) is more difficult to visualize, but our
numerical calculations indicate that they give an
equally important contribution to G(eV). To illus-
trate this point, in figures 5(a) and (b) we show the g-
resolved non-local differential conductance G(eV,q)
for asymmetric and symmetric doping, respectively,
and weakly coupled normal leads Ny and N,. We
used the same parameters as for the calculations in
figure 4. The non-zero matrix elements of W, and W,
are on the order 0.17;, where v, is the interlayer coup-
ling in Bernal stacked graphene. The general features
in G(eV,q) closely resemble the LDOS in figure 4,
showing the important role of the AMSs in the non-
local conductance for this relatively weak coupling
between N, N, and the corresponding graphene lay-
ers. G(eV,q) can be both positive and negative as a
function of g, which indicates that the LDOS differ-
ence of the electron and hole quasiparticles, shown in
figure 4, is not the only factor affecting it. However,

as one can see by comparing figures 5(c) and (d), we
find that the total non-local differential conductance
G(eV) =3_,G(eV,q) is mostly negative (positive)
for asymmetric (symmetric) doping.

Next, we study the dependence of G(eV) on the
magnitude of the doping of the layers. In figure 6 we
fixed the superconducting phase difference at ¢ = 0
and show the results for a setup with a large Thouless
energy Ep, = 3A. The white region around eV =0,
where G(eV) vanishes, corresponds to |eV] < Ay
For low doping, when u < 4A, the induced gap is
almost the same as the bulk gap, i.e. Ay~ Aj and
G(eV) = 0. A4 decreases as the doping is increased,
and for energies A;,; < |eV] < Ay, CAR dominated
differential conductance appears for the asymmet-
ric doping case (figure 6(a)). In contrast, as shown
in figure 6(b) for symmetric doping G(eV) is usu-
ally positive, indicating EC dominated transport. We
emphasize that contrary to the p-n junction setup
suggested by [23], in our setup the doping of the
graphene layers does not have to be smaller than
Ay, which is experimentally difficult to achieve. The
CAR dominated transport appears for dopings p >
Ay, when A,y < Ag. We performed similar calcula-
tions as in figure 6(a) for longer junctions as well, see
tigures 7(a) and (b). We find extended regions of CAR
dominated transport when the layers are asymmetric-
ally doped and A,y < A is satisfied.

As mentioned previously, the superconducting
phase difference ¢ can be another way to tune the
non-local transport. Typically, the JJ where ¢ should
be tuned is part of a large SQUID loop [50, 51]. The
magnetic field used in e.g. [50] to change ¢ was of
the order of 0.05mT. Such low magnetic fields should
have negligible orbital effects in the top and bot-
tom graphene layers, therefore we do not include it
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Figure 5. The g-resolved non-local differential conductance G(eV, q) for (a) asymmetric and (b) symmetric doping for the systems
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1y = —puy = f is used, while in (b) the doping is symmetric 1, = py = —p. () and (d): G(eV) trace along the dashed line at
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explicitly, i.e. through a vector potential A(r), in the
following calculations. We assume that the only rel-
evant effect of the magnetic field is to change ¢ in
the JJ.

We discuss the ¢ dependence of the differential
conductance in the calculations shown in figure 8(a),
where we used the same Eyy, as in figure 6(a), whereas
figure 8(b) corresponds to the case in figure 7(a). We

remind that as ¢ increases from 0 to 7, the induced
gap in the graphene layers is gradually reduced and
Ajnq goes to zero for ¢ =, see figures 2(d)-(f).
This appears as a shrinking, low-conductance white
region for |eV] < Ajy4 in figures 8(a) and (b). How-
ever, G(eV) is finite and negative in the range A;,; <
|eV] < A for most values of ¢, suggesting that CAR
is also robust to the change of ¢. Similar behavior can




10P Publishing

2D Mater. 10 (2023) 035009

0.25

G(eV) [e2/h]

eV [Aq] eV [Ag]

Figure 7. The non-local differential conductance G(eV) as a
function of the doping of the graphene layers y for an
asymmetric doping profile in the long junction regime. In
(a) we used E1j, = A and in (b) E7, = 0.64\, and the
legend for different colors is given in figure 6. The
superconducting phase difference is o = 0. (c) and (d):
G(eV) trace along the dashed line at 4 = 404\ in (a) and
(b), respectively.
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Figure 8. The differential conductance G(eV) as a function
of the superconducting phase difference ¢, for (a) a device
in the short junction regime, E7, = 3¢ and doping

wy = —pe = 20, and (b) Egy, = Ap and

tp = — iy = 5. The legend for different colors is given
in figure 6.

be seen for both Er, = 3/ and E7;, = Ay. We have
checked that for symmetric doping p; = pyp, the dif-
ferential conductance is mostly positive for all values
of @, i.e. the interlayer transport is dominated by EC.

5. Conclusion

In conclusion, we have studied non-local Andreev
reflection in a monolayer graphene based double JJ
geometry. We have shown, that the ABSs appearing
in the graphene layers hybridize and form AMSs. By
studying the non-local differential conductance, we
found that choosing an asymmetric doping profile in
the graphene layers leads to CAR dominated trans-
port mediated by the AMSs. Changing the doping
profile to a symmetric one leads to the suppression
of CAR. Importantly, the observed negative differen-
tial conductance does not require a very low doping
of the graphene layers, which is difficult to achieve.
We found that the negative non-local differential con-
duction is robust with respect to the junction length,
changes in the doping of the graphene layers and the
superconducting phase difference.
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