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Josephson diodes are non-reciprocal superconducting devices characterized by different switching
currents depending on the current flow direction. They recently attracted considerable theoreti-
cal and experimental attention, in view of their possible application as rectifying elements in the
field of superconducting electronics, and as probes to investigate symmetry breaking mechanisms
in mesoscopic systems. In this work, we show that graphene Josephson junctions provide rectifi-
cation of supercurrent with an efficiency exceeding 20%. The effect appears applying a mT out-

of-plane magnetic field and is enhanced close to the nodes of the Fraunhofer interference pattern.
Our findings are consistent with a theoretical model that considers long-range scattering potentials
in the junction as the symmetry-breaking mechanism, which yields supercurrent rectification in
highly transparent junctions. While graphene stands out as an ultra-clean transmission medium,

our work shows that unavoidable residual disorder is sufficient to promote this effect.

1. Introduction

In modern electronics, the standard diode represents
a fundamental non-reciprocal device that provides
current rectification. The diode finds widespread
applications in AC to DC current conversion, circuit
protection (Zener diodes), high-speed applications
(Schottky diodes), or as light emitting and photo-
diodes [1]. The most common diode implementation
is based on a p—n semiconductor junction that explic-
itly breaks the spatial inversion symmetry.

A supercurrent diode represents the supercon-
ducting counterpart of the standard diode: it pro-
vides rectification of a supercurrent, that is, for a given
range of parameters, it exhibits zero-resistance only
for one direction of current flow. The simultaneous
breaking of inversion and time-reversal symmetries
has been identified as necessary condition for a sys-
tem to exhibit supercurrent rectification [2—4], as this
breaks the equivalence between the positive and neg-
ative propagation directions.

© 2026 The Author(s). Published by IOP Publishing Ltd

The supercurrent diode received limited attention
until 2020, when Ando and coworkers [5] observed
the effect in a [Nb/V/Ta], superlattice lacking inver-
sion symmetry. In this case, the origin of the super-
conducting diode effect lies in the magnetochiral
anisotropy induced by the simultaneous breaking of
spatial inversion symmetry and time-reversal sym-
metry. The latter was broken by applying an exter-
nal in-plane magnetic field perpendicular to the cur-
rent flow. This anisotropy results in a nonreciprocal
critical current, which enables zero-resistance for one
direction of current flow.

This first experimental report immediately pro-
moted a tremendous interest in the field, and
extensive efforts both on the theoretical [4, 6—18]
and experimental side [19-53] have been made to
investigate and improve a variety of platforms in
terms of efficiency and tunability. Furthermore,
the diode serves as a powerful tool to iden-
tify non-trivial symmetry breaking mechanisms.
Several supercurrent diode realizations rely on
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the application of a magnetic field, both in-plane
[19-22, 24-26, 54] and out-of-plane [27-35]. The
effect can also be sustained by synthetic magnetic
fields, or obtained in samples with optimized geo-
metric layouts, thus not relying on the application of
external fields [36—40, 42—44, 49].

Some of these implementations are based on
Josephson junctions, which provide a wide flexibil-
ity in terms of geometry, materials choice, and addi-
tional tuning knobs such as electrostatic gating and
supercurrent modulation. In those cases the diod-
icity pertains the switching current of the junction,
and the phenomenon is known as Josephson diode
effect (JDE) —which differs from the superconducting
diode effect (SDE) that affects the critical current of
a bulk superconductor as a whole. In Josephson junc-
tions based on materials with large spin—orbit interac-
tion, such as InSb [22], InAs [24, 26], or InGaAs [25],
the JDE emerges from the simultaneous breaking of
inversion and time-reversal symmetries through the
interplay of Rashba spin—orbit interaction and an
external in-plane magnetic field. This combination
induces an asymmetric current-phase relation char-
acterized by an anomalous phase shift and cosine
harmonics, which ultimately leads to a direction-
dependent critical current [55]. For the Rashba spin—
orbit coupling that breaks mirror symmetry about the
direction perpendicular to the junction plane, the JDE
takes place under the application of an in-plane mag-
netic field directed perpendicular to the current [6].
The JDE was also reported for gate-defined graphene
junctions, when multiple layers are twisted at the so-
called magic-angle [30, 56]. This phenomenology is
based on correlation-driven phases with valley polar-
ization and orbital magnetism [57], that are however
obtained at the cost of complex fabrication routes
[58]. Recent results indicate that the JDE in this class
of systems can also be driven by disorder, specifically
due to twist angle variations along the device [53].

In this work, we focus on Josephson junctions
built from a single layer of graphene encapsulated
in hexagonal boron nitride (hBN) [59], a platform
with negligible spin—orbit coupling [60], no corre-
lated electronic phases, and among the cleanest two-
dimensional electron systems [61]. We find that these
devices exhibit a JDE with rectification efficiency of
more than 20% under a purely out-of-plane mag-
netic field. The two conditions of breaking the time
reversal and inversion symmetries, which are neces-
sary (but not sufficient) for the JDE to appear, are sat-
isfied as follows. The time reversal symmetry is explic-
itly broken by the magnetic field. This also implies
that the diode effect is ruled out at B =0, which
is in agreement with our experimental observations.
Regarding inversion symmetry breaking, we consider
residual long-range disorder that is present even in
graphene/hBN stacks [61, 62]. Guided by a theoreti-
cal model originally developed for a two-dimensional
electron gas (2DEG) [63] and tailored to the case

2
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of graphene, we identify a specific mirror symmetry
breaking in the scattering potential as necessary con-
dition for the JDE. The relevant vector My defin-
ing this symmetry plane is perpendicular to magnetic
field B (directed along z) and the current direction I
(so it is parallel to their cross-product: My || I x B), as
indicated in figure 1(a). In a two-dimensional system,
this translates to a mirror symmetry breaking about
the dashed blue axis in the figure.

In our experiment, the JDE emerges in the
Fraunhofer interference patterns, i.e. in presence of
an out-of-plane magnetic field. Fraunhofer patterns
differ depending on the direction of the current
flow. Supercurrent rectification is observed within the
main Fraunhofer lobe and enhanced at the first nodes.
Beyond the first nodes, the diode behavior becomes
more unpredictable, as it is strongly influenced by the
details of the potential landscape.

2. Experimental results

2.1. Investigated devices

We study the JDE in hBN-encapsulated graphene
Josephson junctions contacted by Niobium (Nb)
leads and supported by a Si/SiO, substrate act-
ing as back-gate (a device schematics is shown
in figure 1(a)). Two Josephson junctions D1 and
D2 were studied in this work, fabricated accord-
ing to the same fabrication protocol (reported in
[64], more details are presented in the Methods),
but belonging to different samples fabricated inde-
pendently at a time interval of several months. Both
devices have length L =400 nm and width W=
3 pum, and are based on high-quality graphene sin-
gle crystals grown by chemical vapor deposition
(CVD) [65—67]. Measurements on device D1 were
performed in a Leiden Cryogenics dilution refriger-
ator, at a base temperature of 40 mK, while mea-
surements on device D2 were performed in a con-
tinuous flow ICE *He refrigerator, at a base temper-
ature of 350 mK. Both cryostats are equipped with
electronic filters anchored to the lowest-temperature
plate, comprising double stage RC filters and a 7-filter
stage. We report data from device D1 in the main
text, while data from device D2 are reported in the
Supplementary material.

The devices show electrical transport charac-
teristics in line with hBN-encapsulated graphene
Josephson junctions reported in the literature
[59, 68]. The induced superconductivity is strongly
modulated by the voltage applied to the back-gate
(VBg), as illustrated in the Supplementary mate-
rial, section Sl.1. The supercurrent reaches more
than 10 pA thanks to the large interface trans-
parency (Tr up to 0.73 and 0.84, for devices D1 and
D2, respectively, calculated from the normal state
resistance following the procedure outlined in [68];
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Figure 1. (a) Top view schematics of device layout. Graphene is encapsulated in hBN and edge-contacted by Nb leads. The het-
erostructure is placed on top of a Si/SiO, substrate, which acts as a back-gate via the application of a back-gate voltage Vig. A
current [ is applied and flows through the junction, and the voltage drop is measured. Currents flowing in either positive (IT)

or negative (I ) directions are indicated in black and red respectively. Magnetic field B is applied in the out-of-plane direction.
Mirror symmetry axis M, is indicated. (b) Voltage—current (V-I) curve at B = 0 showing switching-retrapping behavior. Positive
and negative flowing currents are represented in black and red, respectively, with the same notation as in a. The sweep direction
of the current is indicated by the arrows. Solid lines indicate the switching branches, while dashed lines indicate the retrapping
branches. Positive (I;) and negative (I7,) switching currents are indicated respectively by the black and red stars, while pos-

itive (I;tF ) and negative (I, ) retrapping currents by black and red dots. (c) Fraunhofer pattern (voltage drop | V| as function

of magnetic field B and DC current bias I,s): Vag = 40 V (AVpg = 43.6 V, n = 2.6 x 10'2 cm™2). (d—e) V~I curves taken

at B= 0 mT and B = 0.6 mT respectively, corresponding to the black dashed lines in the insets, plotted as function of |Ipiy|-
Black and red lines indicate respectively positive and negative flowing currents, following the same notation as in a and b, while
arrows indicate the sweep direction. In d, no diode effect is observed, i.e. positive and negative switching (and retrapping) cur-
rents coincide, while they are different in e. (f) Diode rectification coefficient 7 as a function of magnetic field B, calculated using
equation (1). We define the polarity of the diode as the sign of the slope of the green dashed line, traced by connecting peaks in 7

at first nodes. In this case, the diode has positive polarity. T = 40 mK for b—f.

see also Supplementary material), with compara-
ble values measured for the two devices. Additional
characterization of device D1 is provided in the
Supplementary material, section S1.1. The junctions
show a pronounced switching-retrapping behavior,
as shown in figure 1(b), where we report a repre-
sentative V — I curve at zero magnetic field, with the
corresponding sweep directions indicated by arrows.
I}, and I, indicate the switching currents in the pos-
itive and negative flow direction, I} and I, the cor-
responding retrapping currents (the lower value of
the retrapping current originates from a self-heating
effect [69]). In this work, we use the term critical cur-
rent to identify simulation results, while we use the
term switching current to identify the experimental
results. The measured switching current is used as
an experimental estimate of the critical current of the
Josephson junction.

2.2.JDE observation

A Fraunhofer interference pattern is observed upon
application of an out-of-plane magnetic field, as
expected for extended junctions, resulting from the
interference of the supercurrent as magnetic flux

threads the junction area. In our devices, Fraunhofer
patterns are different depending on the direction of
current flow. This is a manifestation of the JDE. The
effect is observed within the main and first lateral
lobes. Therefore, all Fraunhofer acquisitions reported
here were limited to a £2.5 mT range (Fraunhofer
patterns of device D1 in an extended +10 mT range
are shown in the Supplementary material, section
S1.1). In figure 1(c) we show the Fraunhofer interfer-
ence pattern at large electron doping, AVpg = 43.6
V. AVpg is defined relative to the charge neutrality
point (CNP), AVpg = Vpg — Vggp (Vgg =40 V in
figure 1(c)). For device D1, VggP =-—3.6V, a typi-
cal value for Nb-contacted graphene [68]. The data
in the color map is obtained by sweeping the current
bias from zero, highlighting the positive and negative
switching currents (black and red lines, respectively).
The JDE is illustrated in detail in figures 1(d) and
(e), where we report the positive and negative switch-
ing and retrapping sweeps from the pattern shown
in figure 1(c), at two different magnetic field values.
In figure 1(d), taken at B =0 (black dashed line in
the inset of figure 1(d)), If, = |I;,| and I} = |I,;|,
i.e. no JDE is observed. Conversely, in figure 1(e),
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taken at B= 0.6 mT (black dashed line in the inset
of figure 1(e)), I, # |I;,| and I} # |I;;|, hence we
observe supercurrent rectification. We remark that
the JDE is observed in both switching (I, continu-
ous lines in figure 1(b)) and retrapping directions (I,
dashed lines in figure 1(b)). The lower value of the
retrapping current is caused by a self-heating effect
(thus, the mechanism for supercurrent rectification
is the same for switching and retrapping currents).
In the following discussion on JDE, we focus on the
switching current. Comparable results are obtained
for the retrapping current and are shown in the
Supplementary material, section S1.2.

The efficiency of a supercurrent diode is given
by the rectification parameter 7, defined as the ratio
between the difference and the sum of the switching
currents propagating in opposite directions:

_ Ll N
Ly + | I

The diode efficiency n for the data shown in
figure 1(c) is reported in figure 1(f) as a function of
magnetic field B. The rectification parameter shows
a characteristic anti-symmetric shape, indicating that
time-reversal symmetry is broken only for B # 0, and
that a reversal of the magnetic field maps I/, onto I,,
and vice-versa. ) is enhanced at the field values cor-
responding to the first Fraunhofer nodes, and is, in
this case, negligible within the first lateral lobes. We
note that even at the nodes I}, and I, remain of the
order of several hundreds of nA. In this context, a rel-
evant complementary metric to assess the diode per-
formance is provided by the absolute switching cur-
rent difference Aly, = I}, — |I,,|. For the case pre-
sented in figure 1(c), at the Fraunhofer node at B =
—1.1 mT, I, = 385 nA, I, = —555 nA, resulting in
Al, = —170 nA. The maximum AI,, = —453 nA,
instead, is observed at slightly lower magnetic field
(B= —0.8 mT), where the switching currents already
exceed 3 p1A. Additional data and discussion are pro-
vided in section S1.3 of the Supplementary material.
We define the polarity of the diode as the sign of the
slope of the line obtained by connecting the peaksin
at the first nodes. For the case presented in figure 1(f),
the sign of the slope of the green dashed line is posi-
tive, so the diode has positive polarity.

In figures 2(b), (d) and (f) we report Fraunhofer
patterns at different back-gate voltages, respectively
at Vgg = —20,0,+20 V, at the positions indicated in
the back-gate sweep of the normal-state resistance
R shown in figure 2(a). Due to the aforementioned
VENP = 3.6V, the junction is hole-doped at Vg =
—20 V, while for Vg =0,420 V, the junction is
electron-doped. This set of measurements thus allows
to evaluate the JDE as the carrier density is varied. The
carrier density is n = Cy(Vag — Via' ), where C, =
6 x 10'%cm=2V ! is the back-gate lever arm for our
gating configuration [67], which is also reported as

4
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the top x-axis in figure 2(a) and for each Fraunhofer
pattern. In figures 2(c), (e) and (g) we report the
corresponding rectification coefficients (blue lines),
along with positive and negative switching currents
(black and red lines) normalized to the maximum
value (since the supercurrent is modulated by Vg,
the maximum supercurrent is different for the three
patterns). All three patterns exhibit supercurrent rec-
tification within the main Fraunhofer lobe, with
enhanced 7 at the nodes, and they share the same
diode polarity. However, differences are present, with
larger maxima in the diode efficiency at the first node
visible in figures 2(b) and (c), where ) exceeds 20%. In
figures 2(d) and (e), at Vgg = 0 V, we obtain the JDE
notably in gate-free operation. In this case, 1) is clearly
non-zero also on the first lateral lobes, while negligi-
ble rectification is observed on the first lateral lobes
in figures 2(f) and (g) (similar to figures 1(c) and (f)).
As we will show in the following, this variability is
captured by our theoretical model and determined
by the interplay of microscopic details in the disor-
der and the chemical potential set by Vpg. Similar
results are obtained for device D2 and for an addi-
tional device D3 with different geometry, presented
in the Supplementary material, sections S2 and S3.

3. Theoretical model

The theoretical description of the JDE in the
Fraunhofer patterns of planar Josephson junctions
has been provided in [63] for the case of a 2DEG.
It was shown that the diode effect is originated by
the breaking of the mirror symmetry of the junc-
tion about the My axis due to an asymmetry in the
scattering potential in the central region of the junc-
tion. This is sufficient to yield the diode effect in
highly transparent Josephson junctions, in combina-
tion with an out-of-plane magnetic field which breaks
the time-reversal symmetry. All relevant details about
the scattering matrix model are summarized in the
Supplementary material, section S4.

For the present case, the theoretical model has
been adapted to the case of graphene. We model the
graphene sheet by a tight-binding Hamiltonian:

H=—t Z (e%c;fscjs +H.c.) + Z (V] — ,u) cjtcjs,

<ij>s Js
(2)

where ¢j; is a fermionic annihilation operator describ-
ing an electron with spin s at site j, which hops
in a honeycomb lattice and picks up a phase v;; =
< r’ ds-A(s) due to a uniform magnetic field B
described by the vector potential A = %r x B in the
symmetric gauge. 4 is the chemical potential and
Vj = V(xj,y;) is a potential experienced by electrons
and describing the effect of long range disorder. The
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ing a large DC current bias. The top x-axis shows the corresponding charge carrier density n. The acquisition position of the
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back-gate is assumed to globally change the chem-
ical potential y. In pristine graphene, t=2.7 eV is
the nearest neighbor hopping energy [60]. In the
simulations, f is a reference energy scale. Given the
size of the simulated system with an effective lattice
spacing a, the low-energy dynamics around the Dirac
point is recovered by setting the Dirac velocity to
vp = 3at/2.

3.1. Highly doped junctions with different disorder
Far away from the Dirac point, a doped graphene
sheet behaves very much like an ordinary 2DEG,
with the only difference that the sites j are now on
a honeycomb lattice and the Hamiltonian is that
of equation (2). In figures 3(a) and (d) we report
two different potentials, V;(r) = Vfi(r) and V,(r) =
Vf(r), shown for V= V., = 0.01 =27 meV as a
function of spatial coordinates, expressed in units of

the effective lattice spacing. Here, fi(r) and f,(r) are
two different non-My symmetric functions describ-
ing the spatial evolution of the potential landscape.
They are chosen such that max, f; = —min,f; = 1,
and the geometrical aspect ratio x/y is the same
as for the measured devices (W/L =7.5). Vi is
set to match the energy scale of the typical charge-
fluctuation density of encapsulated graphene devices.
For device D1 we obtain a charge-fluctuation density
n* =3.4x 10 cm™? that corresponds to 22 meV
according to the Dirac relation [60] (for D2 n* =
1.9 x 10" cm~2, corresponding to 16 meV); n* val-
ues are obtained using the method outlined in [67]
and are in line with previous reports of high-quality
graphene Josephson junctions [61, 68]. It is there-
fore reasonable to expect the disorder potential in
our devices to be analogous to other state-of-the-
art hBN-encapsulated graphene Josephson junctions
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in d.

[59, 68, 69]. Further details are provided in the
Supplementary material. The two simulated scatter-
ing potentials have a different long-range scatter-
ing center layout, but comparable characteristic spa-
tial scales, with maxima and minima alternating on
the scale of tens of effective lattice constants, corre-
sponding to few hundreds of nm. In the resulting
Fraunhofer patterns shown in figures 3(b) and (e),
different I and |I_ | are visible.

In figures 3(c) and (f) we show the rectification
coefficient 7 calculated for different values of the
amplitude V of the potential landscape —Vix < V <
Vimax- Results in figure 3(c) are obtained for the poten-
tial V7, while in figure 3(f) we show the rectification
induced by the potential V,. For the two potentials,
the rectification parameter evolves in different ways
with magnetic flux, showing that a device-specific
pattern is to be expected related to the microscopic
configuration of the scattering potential. Moreover,
the effect always retains certain general features. For
both potentials, a non-zero rectification coefficient 7
is obtained, which is enhanced in proximity to the
nodes of the Fraunhofer pattern and antisymmetric
around B = 0. Our experimental results show a rectifi-
cation coefficient 7) that is either finite (figure 2(e)) or
very low (figures 1(d), 2(c) and (g)) within the main
Fraunhofer lobe, and antisymmetric around B = 0. In
all cases, it is enhanced at the first Fraunhofer nodes,
consistent with the theoretical simulations shown in
figure 3.

Although we cannot directly tune the scattering
potential in the experiment, we can compare the JDE
in different devices with different microscopic real-
izations of the disorder. Since the normal-state char-
acteristics R(Vpg) and the charge fluctuations n* are
comparable for devices D1 and D2 (see figure 2(a)
and Supplementary material figures S1(e), S5(a) and

(g)), the amplitude of the scattering potential is
expected to be similar as well. A notable difference lies
however in the shape of the Fraunhofer patterns of
the two devices. While for D1 they appear to be more
irregular (see Supplementary material, section S1.1),
for D2 they are closer to the expected sin(x)/x form
(see Supplementary material, section S2.1). It is there-
fore reasonable to assume that the two devices pro-
vide two different microscopic realizations of the dis-
order potential. Despite this difference, they exhibit a
similar JDE—Dboth in terms of magnitude of the recti-
fication coefficient 7 and its dependence on the mag-
netic field—in accordance with our simulations con-
sidering scattering potentials with different shapes
and amplitude.

3.2. Dependence on edge termination and chemical
potential

In figure 4 we plot the simulated Fraunhofer patterns
for the same potential V; as in figure 3(a), shown
in figure 4(a), for two nominally identical graphene
sheets, only differing by their relative orientation,
with armchair edges in (b) and (c), as schematized in
(d), and with zigzag edges in (e) and (f), as schema-
tized in (g). In figures 4(b) and (e) the chemical
potential is set to p = 0.3 t and Fraunhofer patterns
with different I and |17 | are obtained. In figures 4(c)
and (f) we study the variation of the rectification coef-
ficient ) with chemical potential ¢ varying across the
Dirac point, located at ;s = 0. Comparing figures 4(c)
and (f), we note that no relevant differences are
observed that would depend on the relative orienta-
tion of the graphene edges. We remark that, by using
common plasma etching techniques, this parame-
ter cannot be experimentally controlled, resulting in
edges comprising a random combination of the two
terminations.

6
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Figure 4. (a) Onsite potential Vi for V = Vyax = 0.01 . (b) Calculated Fraunhofer patterns (I and |I|) for the case of arm-
chair edges for ;. = 0.3t. (c) Color-coded evolution of the rectification coefficient 77 with chemical potential 4, crossing the Dirac
point. (d) Graphene strip with armachair edges. (e-f) Same as b and ¢, but for a graphene strip with zigzag edges as shown in g.

The rectification coefficient in figures 4(c) and
(f) shows enhanced values around all nodes of
the Fraunhofer pattern and variations with the
chemical potential. We experimentally observe
similar variations in our devices as Vpg is changed.
For example, 7 is clearly non-zero in the first lateral
lobes in figure 2(d), while its value is very small in
other cases. It is important to note that the character
of the variation with p does not always show effec-
tive tunability with the sign of the chemical potential.
This is reasonable, in that a change of sign of the
chemical potential maps electron-like excitations to
hole-like excitations, which experience a potential — V'
of opposite sign. The latter is in general different from
its mirror symmetric form M, ! VM, (M, is the oper-
ator performing a mirror symmetry operation about
the My plane in figure 1(a)), and a change of sign of
the rectification coefficient is therefore not expected.
Indeed, although in figure 4(c) we see a change of
sign of the rectification with , this is not evident in
figure 4(f). This is in agreement with our experimen-
tal observations, where no change in the diode polar-
ity is observed in device D1 while crossing the CNP
(see figures 2(c) and (e)), while it is observed in device
D2, as shown in the Supplementary material, section
2.2. The polarity of these graphene Josephson diodes
is determined by the details of the scattering potential,
which cannot be directly controlled by acting on the
back-gate. As discussed in the Supplementary mate-
rial, section S5, a deterministic diode polarity flip is
obtained by performing a mirror symmetry opera-
tion on the scattering potential about the My-axis,
but this control is experimentally challenging.

We next consider the case of chemical potential
1 close to the Dirac point. This regime is dominated
by strong density inhomogeneities, known as charge
puddles [70]. Their formation drastically modifies
the transport properties as compared to highly doped
graphene [71]. A Fraunhofer pattern measured close
to the CNP is shown in Supplementary material
figure S4. We observe a distortion of the nterference

7

pattern, with a partial merging of the main and first
side lobes (i.e. a suppression of the first minima).
Such shape can be qualitatively connected to changes
in the supercurrent distribution, which could be
reasonably expected in the charge puddle regime.
However, when considering the JDE, there is no rea-
son to expect substantial differences in the rectifica-
tion coefficient as compared to the highly doped case.
The diode is caused by an asymmetry in the electro-
static potential, which is present even in low dop-
ing regimes. Both in the experimental data and in
the simulations, at low doping 7 exhibits comparable
behavior to the large doping case in terms of ampli-
tude and magnetic field dependence.

4. Discussion

To observe supercurrent rectification, it is neces-
sary to simultaneously break the inversion and time-
reversal symmetries. A common way to achieve this is
by exploiting Rashba spin—orbit interation in combi-
nation with an in-plane magnetic field. Here we can
rule out this mechanism because monolayer graphene
presents negligible spin—orbit coupling [72]. We
also do not expect any relevant contribution arising
from interaction with the hexagonal Boron Nitride
substrate [73, 74]. We can also exclude effects such
as valley polarization and orbital magnetism found
in moiré multilayers [30, 56, 57]. Moreover, we
obtain supercurrent rectification without any spe-
cific geometrical engineering (such as the trapezoidal
devices analyzed in [63] or the Josephson triodes pre-
sented in [36, 41]) that would lead to a geometri-
cally induced supercurrent rectification. Finally, we
recall that previous reports [33, 35] of JDE in out-
of-plane magnetic fields identify the self-field gen-
erated by the supercurrent as the symmetry break-
ing mechanism. In this case, the JDE is predicted to
be enhanced as the switching current increases, but
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this is not consistent with our experimental observa-
tions. In fact, we observe maximum rectification at
the minima of the Fraunhofer patterns. Here the self-
field induced by the supercurrent is minimum and
thus much smaller than close to the Fraunhofer max-
imum, where instead suppressed supercurrent rectifi-
cation is observed. This is in contrast with the predic-
tion of a larger rectification due to a larger self-field,
and we therefore discard this explanation.

5. Conclusions

We have demonstrated that hBN-encapsulated
graphene Josephson junctions exhibit supercurrent
rectification upon the application of an out-of-plane
magnetic field. Supercurrent rectification is observed
in the Fraunhofer patterns, irrespective of doping
level and carrier sign. All our experimental observa-
tions are consistent with an asymmetric scattering
potential as the source for breaking of the mirror
symmetry, enabling the JDE. Simulations of the rec-
tification coefficient 7 under different conditions
match well the experimental observations. In our
simulations, we explored different potential shapes
that break the required symmetries, all qualitatively
similar but quantitatively different. Supercurrent rec-
tification is observed in the main Fraunhofer lobe
and enhanced at the first nodes. However, the details
of the rectification coefficient depend on the shape
of the potential, on its amplitude, and on the chem-
ical potential. Such variability does not follow a spe-
cific trend, but it rather evolves in an uncontrolled
way, which is consistent with the experimental data.
Indeed, different devices set to different back-gate
voltages realize a variety of configurations in terms
of potential shape, amplitude and chemical poten-
tial: for this reason, quantitative agreement between
experimental data and the simulations is not to be
expected. However, the general behavior of 7 is con-
sistently preserved: 7 is always antisymmetric around
B =0 and enhanced at the nodes, where it reaches
values of approximately 20%. Beyond the first nodes,
the character of the rectification coefficient depends
crucially on the details of the scattering potential, as
expected from the theoretical simulations. The diode
polarity does not appear to be determined by the sign
of the charge carriers, consistent with a non-polar
nature of the scattering potential but is only affected
by the details of the disorder, and for this reason, in
our devices it is not directly controllable.

Our devices provide an easy-to-access proof-of-
concept platform for supercurrent rectification, only
requiring an out-of-plane magnetic field as exter-
nal knob to exhibit the effect, and potentially serv-
ing as a probe to study symmetry breaking mech-
anisms in this mesoscopic system. Further engi-
neering may provide the necessary elements for
additional tunability for applications in the realm
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of superconducting electronics. For example, direct
control of the scattering potential could be imple-
mented by the use of additional side gates. These
have been demonstrated on InSb nanoflag Josephson
junctions [75, 76] and on graphene-based Josephson
junctions [77] to be highly effective in tuning trans-
port properties, not only in the normal regime, but
also in the dissipation-less regime. They could be used
to deterministically change the shape and symmetry
of the scattering potential, thus possibly serving as
tuning knobs for the JDE and its polarity. In conclu-
sion, graphene Josephson junctions in mT magnetic
fields represent a valid JDE platform, and we expect
they could be further engineered to achieve broader
and more reliable tunability of the JDE.

6. Methods

Fabrication of graphene Josephson junction devices
starts from the assembly of the hBN-graphene-
hBN stack, performed by employing the standard
dry pick-up technique described in [67, 78, 79]. A
poly(bisphenol A carbonate) (PC) film is deposited
onto a polydimethylsiloxane (PDMS) [79] stamp,
which is attached to a glass slide. This stamp is
used to combine micromechanically exfoliated hBN
flakes (~30 nm thick) and CVD-grown monolayer
graphene single-crystals [65, 66], as described in
[67]. After the assembly, Raman spectroscopy is used
to identify target areas characterized by minimal
nanoscale strain variations [67, 80, 81], in which
devices are then located. Device patterning is done
through electron beam lithography (EBL) employ-
ing a polymethylmethacrylate (PMMA) mask (AR-
P 672.045 resist). The first EBL step defines a mask
which is used for both etching and sputtering, lead-
ing to self-aligned one-dimensional superconducting
contacts [68]. First, a 15 s mild oxygen plasma step
(10 W power) is performed prior to etching to remove
polymer residues in the exposed areas. A mixture of
CF, and O, (with flowrates of 20 sccm and 2 sccm,
respectively, resulting in a process pressure of ~ 6 X
1072 mbar) is then used to etch through the entire 60
nm-thick stack in approximately 30 s at 25 W power.
An additional 10 s oxygen plasma step, which follows
the CF4—0; etching, yields an increased Nb-graphene
interface transparency (by typically 20%-30%). 60
nm-thick Nb contacts are then deposited using DC
magnetron sputtering at a rate of ~1 nm s~ !, with
no adhesion layer deposited prior to Nb. The thick-
ness of the Nb is chosen to match the hBN-graphene-
hBN stack thickness. Lift-off is performed in acetone
at a temperature of T'=50°C for 20 min. A second
EBL step defines the device mesa: the same RIE pro-
cess used for the contacts is employed to etch the
area around the devices and to define their geometry.
Sample fabrication is completed with an overnight
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cleaning in acetone at room temperature, to remove
polymer residues.
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