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Tuning the supercurrent distribution in parallel ballistic graphene Josephson
junctions

Philipp Schmidt®,"?-* Luca Banszerus®,'> Benedikt Frohn,' Stefan Blien®,3 Kenji Watanabe®,*
Takashi Taniguchi®,® Andreas K. Hiittel ®,> Bernd Beschoten®,! Fabian Hassler®,® and

Christoph Stampfer

12

' JARA-FIT and 2nd Institute of Physics, RWTH Aachen University, Aachen 52074, Germany
 Peter Griinberg Institute (PGI-9), Forschungszentrum Jiilich, Jiilich 52425, Germany
* Institute for Experimental and Applied Physics, University of Regensburg, Regensburg 93040, Germany

*Research Center for Functional Materials, National Institute for Materials Science, 1-1 Namiki, Tsukuba
305-0044, Japan

’ International Center for Materials Nanoarchitectonics, National Institute for Materials Science, 1-1 Namiki,
Tsukuba 305-0044, Japan

* JARA-Institute Jfor Quantum Information, RWTH Aachen University, Aachen 52056, Germany

™ (Received 11 February 2023; revised 30 August 2023; accepted 2 November 2023; published 22 November 2023)

We report on a ballistic and fully tunable Josephson-junction system consisting of two parallel rib-
bons of graphene in contact with superconducting molybdenum-rhenium. By electrostatic gating of the
two individual graphene ribbons, we gain control over the real-space distribution of the superconduct-
ing current density, which can be continuously tuned between the two ribbons. We extract the respective
gate-dependent spatial distributions of the real-space current density by employing Fourier and Hilbert
transformations of the magnetic-field-induced modulation of the critical current. This approach is fast and
does not rely on a symmetric current profile. It is therefore a universally applicable tool, potentially useful

for carefully adjusting Josephson junctions.
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Josephson junctions [1], which consist of two super-
conductors connected by a normal-conducting material
or an insulator, have been investigated for a long time,
since they can be used for infrared detectors [2], ultrafast
logic circuits [3], or sensitive magnetic flux and voltage
measurements [4]. Additionally, Josephson junctions are
a powerful tool for exploring the properties of supercon-
ductors by connecting the supercurrent to the phase of the
macroscopic wave function [5]. In the last decade, Joseph-
son junctions have also been employed as building blocks
for superconducting quantum computing [6—S].

Substituting the normal conductor or insulator with
graphene as the weak link leads to highly tunable Joseph-
son junctions with transparent interfaces due to the absence
of a Schottky barrier [9]. In the past, graphene-based
Josephson junctions [10-23] have been investigated by
tunneling spectroscopy [24,25] and have been used to
study crossed Andreev reflection [26] and superconduc-
tivity in the quantum Hall regime [27-30]. Besides the
magnitude of the supercurrent carried over the Josephson
junction, the spatial current distribution has been ana-
lyzed in the case of edge currents in graphene [31-33]
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and for studying topological Josephson junctions [34]. Fur-
thermore, the control and determination of the current
density is important for the operation of protected Joseph-
son rhombus chains [35] or protected superconducting
qubits based on tunable Josephson interferometer arrays
[36]. Here, the pairwise balance of the Josephson junc-
tions protects the qubit against detuning or noise. However,
the real-space current density is not directly accessible in
electrical transport measurements.

To obtain the real-space current density of two coupled
Josephson junctions, an out-of-plane magnetic field has
to be applied to the junction, which leads to a modula-
tion of the critical current. This can be expressed as the
magnitude of a Fourier transform of the real-space current
density, which, thus, can be reconstructed from the mod-
ulation of the critical current by an inverse Fourier trans-
form [37,38]. Even though this method has been recently
applied to a gated epitaxial Al-InAs Josephson junction
[39], highly nonsymmetric cases have not been studied so
far. In this work, we study a fully tunable graphene double
Josephson junction formed by two parallel ribbons with
superconducting molybdenum-rhenium (MojgRe7y) con-
tacts. By using both top and back gates, we can indepen-
dently tune the supercurrent distribution between the two

© 2023 American Physical Society
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ribbons. We present results based on a reconstruction of
the supercurrent from the magnetic-field-dependent critical
current using a combination of Fourier and Hilbert trans-
formations, which allows one to extract the asymmetric
supercurrent distribution.

A schematic and an optical micrograph of our device
are shown in Fig. 1(a). The device consists of graphene
grown by chemical vapor deposition (CVD), which is
encapsulated in hexagonal boron nitride (4-BN) crystals
by dry-transfer van der Waals stacking [40—42]. The stack
is etched into two parallel ribbons by CF4 + O, reac-
tive ion etching through a poly(methyl methacrylate) resist
mask, which has been patterned by standard electron-beam
lithography to a width of w = 1.1 pum with a separation
of § = 0.2 wm between the two ribbons. The graphene
is electrically contacted to superconducting Mo-Re elec-
trodes, fabricated by sputter deposition defining the junc-
tion length of L = 0.3 pwm. Separated by a 300-nm SiO,
gate dielectric, the device is placed on a highly doped sil-
icon substrate acting as a back gate. Additionally, a gold
top gate is deposited onto one of the graphene ribbons,
while the whole device is protected by an insulating layer
of Al,O3 grown by atomic layer deposition.

All this allows us to tune the charge carrier density
of the two graphene ribbons independently, since one of
them is affected only by the back gate (BG), leading to a
charge carrier density of n; = apg(Vag — V%G), while the
other ribbon is tuned by the combination of both top-gate
(TG) and back-gate voltages, n, = apg(Vsg — V%G) +
arg(Vrg — V(T)G), where apg and atg are the respective
gate lever arms, which are proportional to the capacitive
coupling of the respective gate to the graphene. The gate
settings V5, = —1.3 V and V3, = —0.25 V account for
a constant shift of the charge neutrality point, and the gate
lever arms are estimated to be apg = 7.0 x 1019 V-1 ecm=2
and arg = 4.9 x 10'° V= cm~2. With this individual gate
tuning, the device can be tuned into four regimes defined
by the polarities of the two ribbons [see Fig. 1(b)]: p|n
(1), nln (2), plp (3), and n|p (4). All measurements were
performed in a He® /He* dilution refrigerator with a base
temperature of around 10 mK. A constant parasitic resis-
tance of Ry = 2.55 kQ arises from the wiring and the
filters.

In Fig. 1(c) we show the differential conductance d/ /dV
of the device as a function of the current / and charge
carrier density n,, which is tuned by the top-gate voltage,
while the back-gate voltage is set to the charge neutrality
point (Vgg = —1.3 V). A superconducting regime (yel-
low color) is present symmetrically around / = 0 for both
electron (n > 0) and hole (n < 0) doping and can be dis-
tinguished from the normal-conducting regime at larger
current values. The current at which the transition between
these two regimes occurs defines the critical current /..
Here it is important to note that no influence of the current
sweep direction on the critical current has been observed.

Oscillations of the differential conductance and the
critical current that are observed in the p-doped region
(n < 0) can be attributed to Fabry-Perot (FP) interference
[43,44]. They originate from the n-p-n graphene cavity
in the double-gated ribbon, which is formed by the Mo-
Re yielding a highly local # doping in the graphene near
the contacts [see Fig. 1(b)]. The critical current becomes
largest for n doping (n > 0) since there is no p-# junc-
tion, which increases the resistance. Since the carrier
density is only weakly tuned in the outer graphene parts
next to the Mo-Re contacts, there is no cavity formed,
as seen by the suppression of FP oscillations in this
regime.

The FP oscillations are further explored in Fig. 1(d),
where we plot the normal state conductance, measured
at a bias voltage of 1 mV to keep the junction in the
normal state regime, at fixed back-gate voltage and vary-
ing top-gate voltage. Analyzing the FP oscillations (see
Supplemental Material [45] for details) for both ribbons
results in an extracted cavity length of L; = 314 £ 50 nm
and L, = 335 &+ 15 nm, which fit well to the lithographic
length of the channel (see inset in Fig. 1(d) for sam-
ple dimensions), in agreement with ballistic and phase
coherent transport.

In Fig. 1(e), we show the normal state conductance of
the device as a function of top- and back-gate voltages. The
four possible doping configurations sketched in Fig. 1(b)
can be identified [see labels in Figs. 1(e) and 1(f)]. The
top-gate voltage only changes the charge carrier density
of the respective graphene ribbon underneath, while the
back-gate voltage influences both ribbons. Configuration
(1) refers to the situation of a 7-p-7 junction in one ribbon,
while the other (underneath the top gate) is completely
n-doped. The complementary configuration, denoted as
configuration (4), has the n-p-n junction underneath the
top gate. Configuration (3) refers to the case of both rib-
bons tuned to a #-p-n junction. Here, a combination of the
FP oscillations by the two gates can be seen. Finally, con-
figuration (2) describes the case of unipolar n-type doping
for both ribbons and thus the absence of any p-7 junctions,
which results in an enhanced conductance.

Reducing the bias voltage and thus entering the super-
conducting state enables us to extract the critical current
I.. The critical current is plotted as a function of top- and
back-gate voltages in Fig. 1(f). The map resembles most
features of the conductance map in Fig. 1(e). Combining
the critical current and the normal state resistance gives an
1.Ry product between 30 and 60 WV, comparable to results
in the literature [19].

Next we focus on the magnetic field dependence of the
critical current, which will allow the reconstruction of its
spatial distribution. We measure the differential conduc-
tance while varying both the current / and the out-of-plane
magnetic field B,. The magnetic field induces a phase dif-
ference between the two bulk superconductors, leading
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FIG. 1.

(a) Schematic of the device structure and optical micrograph of the device. Two etched graphene ribbons (1 and 2) encapsu-

lated in 4-BN are contacted with superconducting Mo-Re. In addition to the global Sit™ back gate, a Cr/Au top gate is deposited onto
one of the ribbons (not shown in the micrograph), separated by a layer of aluminum oxide (Al;O3). A constant bias voltage Vy;,s is
applied and the resulting current / is measured. (b) Schematic of the doping configurations accessible with the two gates. The Mo-Re
contacts induce a persistent 7z doping at their graphene interfaces. (c) Differential conductance as a function of charge carrier density
ny in the top-gated graphene ribbon and current (7 =~ 10 mK). The superconducting regime around / = 0 is well visible. For p doping,
i.e., n < 0, Fabry-Perot oscillations (see vertical arrows) are visible in the critical current. (d) Normal state conductance as a function
of top-gate voltage Vg with reference to the charge neutrality point. The Fabry-Perot oscillations are also marked by arrows. The inset
shows a sketch of the device with the relevant dimensions. (¢) The normal state conductance versus applied top- and back-gate voltages
showing four electrostatic doping regimes of the graphene ribbons. The white vertical line corresponds to the position of the line trace

shown in panel (d). (f) The gate-dependent critical currents show a tuning similar to the normal state conductance in panel (e).

to a modulation of the critical current /. [46] as shown
in Fig. 2(a) for the case of one graphene ribbon being
conductive (n-n-n) while the other is tuned near the charge
neutrality point (7-0-7) [see inset of Fig. 2(b)].

To gain information on the real-space superconduct-
ing current density distribution, j., we perform an inverse
Fourier transformation of the extracted /.(B) combined
with a Hilbert transformation to reconstruct the phase
of the signal as introduced by Dynes and Fulton [37]
(see Supplemental Material [45] for details). Note that
the reconstructed data leave freedom for an arbitrary off-
set in the position y together with the sign of y (which
corresponds to mirroring around y = 0). We correct the
reconstructed data such that position y = 0 corresponds to
the center of the two graphene ribbons and flip the y axis
such that the major peak corresponds to the ribbon with the
larger conductance. Here, the junction tuned by the back
gate only is located at negative position (y < 0) whereas

the top-gated junction is located at positive position
(y > 0).

The extracted current density distribution in Fig. 2(b) of
the measurement shown in Fig. 2(a) visualizes the asym-
metric supercurrent distribution in this configuration with
the largest critical currents along the (n-n-7) ribbon at
y > 0. Changing the gate voltages to the symmetric con-
figuration [see configuration (3) in Fig. 1(b)], where both
graphene ribbons are p-doped, shows a different modula-
tion pattern [see Fig. 2(c)] and the extracted supercurrent
density indeed shows an even current distribution between
the two ribbons [see Fig. 2(d)]. We use the width of these
current peaks to adapt the y axis of the reconstructed
data to y = ®(/(Btg) with the magnetic flux quantum
®y =h/(2e) and t3 = L + A + A,. Taking into account
the length obtained by the analysis of FP oscillations of
L =335 nm results in a London penetration depth of
Al 12~ 330 nm.
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FIG. 2. (a) Differential conductance as a function of current
and out-of-plane magnetic field for the gating configuration of
one conductive, n-doped graphene ribbon while the other is
tuned to charge neutrality [see inset of panel (b)]. The criti-
cal current shows a Fraunhofer-like modulation pattern. (b) The
extracted real-space current density confirms the expected asym-
metric current distribution by the pronounced peak at y > 0.
(c) Differential conductance map for the case where both rib-
bons are p-doped. The magnetic-field-induced modulation of
the critical current changes to a more superconducting-quantum-
interference-device-like behavior. (d) The resulting real-space
current density shows two peaks with almost equal intensities,
proving the symmetric current distribution in the two ribbons.

To measure the critical current directly instead of
extracting it from multidimensional measurements, we
used a home-built circuit which detects the peak in differ-
ential resistance when sweeping the applied current (see
Supplemental Material [45] for details). This allows an
enhanced measurement speed by a factor of 60 and opens
the door to measure the modulation patterns as a function
of the applied gate voltages. In Fig. 3(a), we show the log-
arithm of the critical current as a function of magnetic
field and Vpg. Again, the magnetic-field-induced modu-
lation which depends on the applied back-gate voltage is
visible by the features of brighter colors. Even the modula-
tion features of low intensity at higher magnetic fields can
be seen.

Strikingly, the critical current is lower for negative
back-gate voltages, because of the resulting 7-p-i junc-
tion, which increases the normal resistance, which is less
pronounced for positive voltages. We perform the recon-
struction for each line and show the gate-dependent real-
space current distribution in Fig. 3(b). The most important
features are the two distinctive areas with high current
densities at y & +1 pm, which correspond to the two
graphene ribbons. It can be seen that the back gate indeed
tunes both junctions and thus changes the current densities
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FIG. 3. (a) Modulation of the critical current (in logarithmic
scale) as a function of out-of-plane magnetic field and back-gate
voltage at fixed V1g = 6.3 V. The modulation pattern changes
with applied gate voltage. (b) Line-wise reconstruction from the
data in panel (a) resulting in the real-space position and gate-
voltage-dependent superconducting current density distribution.
The current density shows a nonsymmetric distribution as well
as a symmetrical influence of the back gate on the two graphene
ribbons.

for the areas at y < 0 and y > 0. The asymmetry is caused
by the top gate influencing only ribbon 2 [see Figs. 1(a)
and 1(b)].

We now focus on the real-space superconducting current
densities for different electrostatic configurations in more
detail. In the first configuration, presented in Fig. 4(a),
most current flows through ribbon 1 which is not covered
by the top gate at y < 0. In Fig. 4(a) the superconducting
current density is plotted as a function of real-space posi-
tion and back-gate voltage. The back-gate voltage tunes
the bulk of ribbon 1 from n doping at Vgg > 0 to p dop-
ing, resulting in a n-p-n configuration at Vg < 0, while
the fixed top-gate voltage keeps the bulk of ribbon 2 for
all Vg values p-doped (i.e., in the n-p-n configuration), as
shown by the inset in Fig. 4(a). The map shows two ver-
tical features of high current density that can be assigned
to the supercurrents running through the two ribbons. The
highest current density is present in the case of n dop-
ing (Vg > 0) for y < 0, resulting from the higher normal
conductance of the 7-n-7n ribbon.

In Fig. 4(b) we show a line cut along the dashed line in
Fig. 4(a) where the asymmetry is well visible as the peak at
y < 0 is more pronounced. Additionally, line traces of the
current density as a function of Vg extracted at the cen-
ter positions of the two ribbons [see blue and red triangles
in Fig. 4(a)] are shown in Fig. 4(c). While ribbon 1 (blue
trace) shows a clear transition from reduced current density
with FP oscillations at Vgg < 0 to an increasing current
density for V'gg > 0, ribbon 2 (red trace) shows FP oscilla-
tions even for positive Vgg values (see black arrows). This
gives us an unambiguous way to identify the peaks in the
current density as the junction with or without top gate.
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FIG. 4. (a) Superconducting current density as a function of real-space position and back-gate voltage for a doping configuration

where both ribbons are tuned by the back gate with fixed top-gate voltage. The inset illustrates the respective doping configuration
changing from p|p to n|p with increasing gate voltage. (b) Line profile of the superconducting current density along the white dashed
line in panel (a). The asymmetric current distribution between the two ribbons can be well identified. The gray areas correspond to the
lithographically defined positions of the graphene ribbons 1 and 2. (c¢) Line profiles of the current densities along the gate axis at the
left and right junctions indicated by blue and red triangles in panel (a), respectively. The Fabry-Perot oscillations, marked by the black
arrows, can also be seen in the current density. (d)—(f) Similar to (a)—(c) but where the top-gate voltage is varied while both ribbons
are p-doped, leading to a symmetric current distribution. (g)—(i) Similar as (d)—(f) but ribbon 1 is tuned to the charge neutrality point.

Therefore, almost all the current flows through ribbon 2, leading to a highly asymmetric current distribution.

A similar analysis is performed for the configuration
where we fix Vpg and tune V1 so that both graphene rib-
bons are p-doped [see Figs. 4(d)—4(f)]. Here, the position-
dependent current density [Fig. 4(d)] show a rather sym-
metric distribution between the two ribbons visualized by
the two parallel vertical strips of high current density for
all measured top-gate voltages. The even distribution can
also be seen in the line cut at Vg & —1 V [see Fig. 4(e)].
Moreover, we observe an oscillatory modulation of the
real-space current density with respect to the gate volt-
age due to FP interference in the n-p-n cavity. This effect
becomes more visible in the gate-dependent line cuts at
the position of the two ribbons, as indicated by the vertical
arrows [see Fig. 4(f)]. In this configuration, the FP oscilla-
tion is only present for the ribbon underneath the top gate
(ribbon 2), since Vgg is kept constant, and thus the tuning
of charge carrier density leading to the FP oscillation is
asymmetric.

Finally, in Figs. 4(g)—4(i) we show a third configuration
where only the graphene ribbon underneath the top gate
is conductive, while the other is tuned to its charge neu-
trality point by the back gate. Consequently, the extracted
current density shows a highly asymmetric distribution
among the ribbons with almost no supercurrents at y < 0
[see Fig. 4(g)]. This also becomes clear in the line cut at
Vg & 2.4 V [Fig. 4(h)], where only one significant peak at
y > 0 can be identified. Furthermore, the current suppres-
sion in the case of a n-p-n junction can be seen in Fig. 4(i)
when comparing the current density at negative and posi-
tive gate voltages. This fits well to the observed difference
in critical current for #» and p doping [compare to Fig. 1(f)].

In summary, we have presented a fully tunable
graphene-based double Josephson junction consisting of
two parallel graphene ribbons contacted by Mo-Re. We
showed a remarkable control over these junctions and are
able to individually tune the charge carrier densities of both
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ribbons. This allows us to continuously control the distri-
bution of the superconducting current density in the two
ribbons independently. Through ballistic transport, ensured
by the dry-transfer fabrication method of the device, we
were able to observe FP oscillations. From these oscilla-
tions, we could determine the length of the electrostatic
n-p-n cavity between the superconducting contacts.

In order to test the tuning capabilities of the graphene
Josephson junction, we measured the critical current
depending on magnetic field and gate voltages, leading
to the magnetic-field-induced modulation of the critical
current. Most interestingly, we could map the current den-
sity distributions in real space of the individual graphene
ribbons, highlighting the FP oscillations present in the
individual ribbons and proving the excellent gate tunabil-
ity of the junctions from an even to a fully asymmetric
current distribution. This opens the door to controlling
and monitoring the current densities in complex Joseph-
son interferometer circuits, potentially leading to protected
superconducting qubits [36].

The data supporting the findings are available in a
Zenodo repository under accession code [48].
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