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ABSTRACT:We investigatethe electronicpropertiesof
ballistic planar Josephsonjunctions with multiple super-
conductingterminals.Our devicesconsist of monolayer
graphene encapsulated in boron nitride with molybdenum−
rhenium contacts.Resistance measurementsyield multiple
resonantfeatures,which are attributed to supercurrentflow
amongadjacentand nonadjacentJosephson junctions.In
particular,we find that superconductingand dissipative
currentscoexistwithin the same region of graphene.We
show that the presence of dissipative currents primarily results
in electron heating and estimate the associated temperature
rise.We find that the electrons in encapsulated graphene are
efficiently cooled through the electron−phonon coupling.
KEYWORDS:Graphene,superconductivity,ballistic Josephson junctions,multiterminalcurrent flow,electron−phonon coupling

Superconducting proximity effects in graphene-based super-
conductor−normalsuperconductor(SNS) devicesat-

tracted researchers’attention early on.1−3 Ultraclean sus-
pended graphene and heterostructures ofgraphene encapsu-
lated in boron nitride further enable the study ofproximity-
induced superconductivity in the ballistic regime.4−8 While
these and following worksinvestigated supercurrentflow in
two-terminal junctions, here we are interested in more complex
SNS structures where a normal metal is proximitized by several
superconducting electrodes.

In such devices,the interplay of supercurrent flow involving
differentpairsof superconducting contactscould be highly
nontrivial. For example,in a simple four-terminalconfig-
uration, biasingone terminal with respect to an adjacent
terminal has been predicted to induce a “phase drag” between
the other two terminals.9,10Furthermore,the energy spectrum
of a multiterminalSNS device can emulate a band structure,
where the superconducting phasesplay the role of quasi-
momentaof a “crystal” of arbitrary dimension.11−14 This
effective band structure can accommodate Weylpoints,and
multiterminalJosephson junctionsare therefore expected to
provide insights into the physics oftopologicalmaterials.On
the experimentalside,topologicalproperties ofmultiterminal
structures have been investigated in refs 15 and 16.Elsewhere,
it has been reported that complex spectra of Andreev
reflectionscould originate from nonlocal entanglementof
two or more Cooper pairs in three or more leads.17−20

Encapsulatedgrapheneis especiallypromising for the
investigation of multiterminalSNS devices.Indeed, clean
encapsulated samples are ballistic and could enable efficient
Josephson coupling between superconducting contacts sepa-
rated by severalmicrons.8 Here we report on the first
observation ofcomplex supercurrentflow in a four-terminal
graphene SNS device.Our findings include a highly unusual
coexistence of superconducting and dissipative currents in the
same physicallocation.

The fabrication of these devices was detailed in prior works,
which showed ballistic supercurrents in Josephson junctions up
to 2 μm long. 8,21 Exfoliated monolayer graphene is
encapsulated with hexagonalboron nitride using a standard
stamping method.22 The resulting stack is placed onto a p-
doped silicon substrate with a 300 nm oxide layer.Carrier
density in the graphene is controlled by a back gate voltage VG.
(Here we presentdata taken atVG = 5 V. See Supporting
Information for measurements at different gate values.) After
an annealin an argon/oxygen mixture,the stack is patterned
with electron-beam lithography and then cutby reactive-ion
etching to form the desired square mesa (3 μm × 3 μm).
Contact electrodes are patterned on each corner, followed by a
self-aligned etch and deposition ofmolybdenum−rhenium.
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The electrodes are ∼100 nm thick and have a critical field of at
least 9 T,a criticaltemperature TC ∼ 10 K, and a measured
superconducting gap Δ ∼ 1.2 meV.4,21Each contact is 500 nm
away from its adjacent neighbor at the closest point,and is ∼2
μm away from the contact diagonally across (see Supporting
Information).

The samples were cooled in a Leiden Cryogenics dilution
refrigerator to a base temperature of ∼45 mK. Figure 1c shows
a schematic ofthe transport measurement setup: two current
sourceswere used,each combininga small ac excitation
current of 10 nA and a dc bias ofup to ∼1 μA (sufficient to
switch a junction from the superconducting to the normal
state). The bottom contact was grounded, and the top terminal
remained floating,with no net current flowing through it.Two
lock-in amplifiers set to noncommensurate frequencies (343.7
and 493.9 Hz) were used to measure the differential resistance
of the left and right junctions,respectively.The dc voltage
across a junction was concurrently measured,using a
multichanneldigitalacquisition system (NI-6363 DAQ).

Figure 1a,b shows differentialresistance maps ofthe left-
bottom (LB) and right-bottom (RB) junctions as currentis
applied from both the left(I L) and right (I R) leads to the
grounded bottom lead.In this way, the maps of the differential
resistanceV

I
d
d

LB

L
and V

I
d
d

RB

R
can be simultaneously measured as a

function of both currents. A central dark region of zero
resistance in both mapsindicatessupercurrentthrough the
whole sample. Due to the difference between the switching and
the retrapping currents,this region extends to the bottom part

of the maps,which are measured with IR held fixed while IL is
swept from positive to negative bias.

Beyond the central roughly rectangular feature, this
superconducting region is additionally extended into several
narrow diagonal“arms” of suppressed resistance.To help
identify the origin of these arms,we plot the dc voltage across
the left and right junctions VLB and VRB. Figure 1d shows a line
of zero voltage drop across the left-bottom junction (VLB = 0),
which naturally correspondsto the dominant arm of
suppressed resistancein the resistanceof the left-bottom
junction (Figure 1a).Similarly,for the right bottom junction
the dominant arm in Figure 1b is due to a zero voltage drop
VRB = 0 (Figure 1e).Both features result in resistance being
suppressed to zero by the supercurrentflowing between the
two contacts being measured.We furthermore find a fainter
version of each feature in the complementary map: the LB pair
turning superconducting affectsthe measured RB resistance
and vice versa.Beyond these obvious supercurrentbranches,
we now show that the other arms found in Figure 1a,b
correspond to superconducting coupling between other pairs
of terminals.

Specifically,we find that these additional features are due to
the incorporation of the top, ungrounded,and otherwise
unused terminal.Keeping the sources and ground terminals
the same and moving the voltage probes to the top leftand
right junctions allows us to identify the remainingwide
features in Figure 1b,c as the lines of equal dc voltage VTL = 0
and VTR = 0. This condition indicatesthat the pairs of
terminals top-left or top-right are coupled by a super-
conducting current.The relative strength ofthese features is

Figure 1. (a,b) Differential resistances dVLB/dI L and dVRB/dI R, measured at VG = 5 V in the setup shown in (c). The darkest region in the center of
both figures corresponds to the supercurrent across the whole sample.Maps were obtained by setting a single value of IR and sweeping IL from
positive to negative values. The resulting superconducting region in the center of the maps is asymmetric in shape and extends further to negative  IL
due to the hysteresis between the retrapping and switching transitions (into and out of the superconducting state). Arm-shaped dark regions of low
resistance extend from the centralrectangle (dashed lines);we show that they correspond to supercurrent flowing only between some pairs of
terminals,as labeled.(c) Diagram of the sample with four superconducting terminals (blue) contacting a shared graphene region (gray).In the
primary measurementconfiguration,currents IL and IR are sourced from the leftand rightcontacts to the grounded bottom contact.Voltage
difference between any two terminals could then be measured, such as, e.g., VLB and VRB, the left-bottom and right-bottom voltage difference. (d, e)
dc voltage maps |VLB| and |VRB| measured concurrently with the differential resistances maps in (a,b),respectively. It is clear that the orientation of
the lines VLB = 0 and VRB = 0 (darkest blue) coincides with the major features in the differential resistance maps (a) and (b). (f) Map of the voltage
difference between the left and the right contacts,|VLR|. The line of equal voltage VLR = 0 runs diagonally from bottom left to top right, and a faint
feature at the same location is also visible in the maps in (a,b).
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also understandable: the LB resistanceV

I
d
d

LB

L
is strongly affected

by the supercurrent in the adjacent TL junction with which it
shares the left terminal (Figure 1b). However, the supercurrent
in the TR junction has relatively less effect on LB because no
terminals are directly shared,and the corresponding feature is
faint. Instead,the supercurrentin the TR junction creates a
prominentfeature in the V

I
d
d

RB

R
map in Figure 1c,as the two

junctions share the right terminal.
The maps also show two faint and narrow features labeled

RL and TB,which we attribute to a superconducting coupling
between diagonally opposite contacts.Indeed,the location of
the RL line coincides with the condition VRL = 0 visible in
Figure 1f,which shows the VRL map.It should be noted that
the induced coherence length (ξ ≈ 500 nm) is comparable to
the distance between the neighboring superconducting
contacts and smaller than the diagonaldistances R-L and T-
B.8 Therefore, the supercurrents across the diagonals should be
severaltimes weakerthan the supercurrentscoupling the
neighboring contacts.Nonetheless,the features corresponding
to the supercurrentflowing along the sample diagonalsare
clearly observed. Furthermore, we surprisingly find areas of the
maps in which only one pair of diagonally opposite contacts is
coupled by a supercurrent, while the supercurrent between any
other pair of contactsis suppressed.This meansthat a
supercurrentcould flow along one ofthe sample diagonals,
while dissipative currents flow along the opposite diagonal and
between any neighboring contacts.

To quantitatively understand the pattern ofsupercurrent
flow,we examine a circuit diagram consisting of six Josephson
junctionsconnecting the fourterminals(Figure 2a). Away
from the centralsuperconducting region of the map in Figure
1a,b,the diagonal arms of suppressed resistance correspond to
one of the junctions turning superconducting(i.e., its
resistance in the network modelis switched to zero),while
the rest remain resistive.By measuringV

I
d
d

LB

L
and V

I
d
d

RB

R
when the

system is fully resistive,and when some of the junctions are in
the superconductingstate,we can constructa system of
equations allowing us to solve for the normal resistances of all
junctions.We find that the neighboring leads are effectively
coupled by ∼300 Ω, while the diagonal resistances are ∼1.5−2
kΩ.

Once the normalstate resistances are determined,and the
critical currentsIC of each junction are estimated from the
maps,we can modelthe currentflow in the system.23 The
network includes six resistively shunted junctions (RSJ),each
consisting ofa normalresistor (Figure 2a) in parallelwith a
junction of criticalcurrent IC. Parts b and c of Figure 2 show
the resultantmapsof differentialresistance forthe left and
right junctions,corresponding to the experimentalmapsin
Figure 1a,b.The modelcaptures the overallfeatures ofthe
experiment,such as the existenceof the central super-
conducting region and the extending diagonal“arms”.The
values of the resistance in the arms,as well as the slopes of the
arms,are constrained by our extracted values ofthe network
resistors.Note that in our model the diagonaljunctions TB
and RL do notdirectly interact,even though they share the
same physical space.This assumesthat the coexisting
dissipativeand superconductingcurrentsdo not strongly
interfere with each other.

While all six of the supercurrent arms are reproduced in this
model,the decay ofIC at higher bias currents is not,because
the model does not account for the effects of dissipation within
the device.Indeed,it has been previously shown thatthe
critical current of an SNS structure is strongly affected by self-
heating.24 Some ofus have explored this effectin graphene-
based structures.26 To quantify the effects ofJoule heating in
the presentdevice,we measure similarmapsof differential
resistance at different substrate temperatures. From such maps,
we extractthe value ofthe criticalcurrentin the measured

Figure 2.(a) Equivalent circuit diagram that represents the coupling
between each pair ofterminals as a resistor.Each resistor could be
replacedwith an effectiveshort to indicate a superconducting
coupling between the corresponding pair of terminals, and
consequently,the locally measured voltage would be zero.(b, c)
Maps ofdifferentialresistance for the left bottom and right bottom
junctions, respectively, generated from a numerical simulation. The six
major featuresin Figure 1a,b are realistically reproduced in both
maps,with lines of equalvoltage appearing atcertain orientations
within the IL−I R plane.
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junction as a function of the substrate temperature T (Figure
3a). The different curvescorrespond to differentapplied
heating powerPJ, calculated asIRVR to representthe Joule
heating due to the right current when the left junction is
superconducting. Figure 3b represents the same data plotted vs
PJ at different T.Clearly,IC is suppressed by both PJ and T.

While the dissipative currents heat the electron system,the
superconducting gap relative to the low bias in the contacts
prevents the efficient cooling by outflow of hot electrons.25−27

As a result,heat can only dissipate via the relatively inefficient
electron−phonon coupling.The power dissipated through
electron−phonon cooling scaleslike Pe−ph = Σ(T e

δ − T δ),
where Σ is the electron phonon coupling constant integrated
over the area of the device,Te is the temperature ofthe
electron system,and T is the phonon bath temperature,
assumed to be unaffected by the dissipated heat and equalto
the substrate temperature.The exponentδ could be 3 or 4
depending on the temperature range and the mean free path;
for a recent summary of the literature, see ref 28. If all the Joule
heat is dissipated via phonons,the electron temperature at
equilibrium is expected to reach Te = (Tδ + PJ/Σ) 1/δ. Using a
single fitting parameter Σ, we can show that the critical current
IC in both the LB and RB junctionsscalesuniversally asa
function ofthe equilibrium electron temperature,Te = (T 3 +
PJ/Σ) 1/3 (Figure 3e).Here,we used δ = 3; we have found that
taking δ = 4 does not allow us to successfully scale the data.Σ
is found to be 30 pW/K3 (or scaled per graphene area ∼10 W/
m2 K3), which is significantly larger than the results found in
nonencapsulated graphene.28 We speculatethat the more
efficientcooling in our case could be explained eitherby
scattering atthe edges ofthe graphene crystal,which could
momentum relaxation,or by direct emission ofphonons into
the BN substrate,both of which enhance electron−phonon
scattering.29

The presence ofa dissipative currentin a SNS structure
could create an effectively thermaldistribution at an elevated
electron temperature30 or lead to a genuinely nonequilibrium
electron distribution,which could manifestitself in, e.g.,a
reversalof the supercurrent.31−33 In our experiment,no such
nonequilibrium effects were observed.

Additionalmeasurements would be required to search for
any change of the current-phase relation in our samples.

In summary,we have experimentally studied the complex
supercurrentflow in a four-terminalgraphene SNS junction.
We explained the sixdistinct branchesthat appearin the
resistance maps.Interestingly,we have observed the regime
where supercurrent and dissipative current coexist in the same
area ofgraphene.The results could be successfully modeled
with a network of six shunted Josephson junctions.Finally,the
effectsof the dissipative currenton the magnitude of the
supercurrent can be accounted for by self-heating in the device.
Our experimentopensthe prospectsfor future search of
topologicaleffects in multiterminalgraphene devices.11−16
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