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ABSTRACT: We investigatethe electronicpropertiesof
ballistic planar Josephsorjunctions with multiple super-
conductingterminals.Our devicesconsistof monolayer
graphene encapsulated in boron nitride with molybdenygn:
rhenium contactsResistance measurememisld multiple
resonanfeatureswhich are attributed to supercurrefibw
amongadjacentand nonadjacentlosephson junctiondn
particular,we find that superconducting@nd dissipative
currentscoexistwithin the same region of grapheneWe s
show that the presence of dissipative currents primarilyjresults
in electron heating and estimate the associated temperpture
rise.We find that the electrons in encapsulated grapherieate
efficiently cooled through the electron—phonon coupling.

KEYWORDS:Graphensuperconductiviigllistic Josephson junctiouléiterminaturrent flonglectron—phonon coupling
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&perconducting proximity effects in graphene-based superEncapsulatedyrapheneis especiallypromising for the

onductor-normalsuperconductofSNS) devicesat-
tracted researchersittention early on.! ™ Ultraclean sus-

pended graphene and heterostructuregrabhene encapsu-

lated in boron nitride further enable the study pfoximity-
induced superconductivity in the ballistic regifié. While
these and following workevestigated supercurreffdw in

investigation of multiterminal SNS devices.Indeed, clean
encapsulated samples are ballistic and could enable efficient
Josephson coupling between superconducting contacts sepa-
rated by severalmicrons Here we report on the first
observation oEomplex supercurrefibw in a four-terminal
graphene SNS devidaur findings include a highly unusual

two-terminal junctions, here we are interested in more compdeexistence of superconducting and dissipative currents in the
SNS structures where a normal metal is proximitized by seveaahe physiclcation.

superconducting electrodes.

The fabrication of these devices was detailed in prior works,

In such devicethe interplay of supercurrent flow involving which showed ballistic supercurrents in Josephson junctions up

different pairs of superconducting contaatsuld be highly
nontrivial. For examplejn a simple four-terminalconfig-
uration, biasingone terminal with respect to an adjacent

to 2 pmlong. 82" Exfoliated monolayer graphene is
encapsulated with hexagobairon nitride using a standard
stamping methotf. The resulting stack is placed onto a p-

terminal has been predicted to induce a “phase drag” betwedaped silicon substrate with a 300 nm oxide layeCarrier
the other two terminals °Furthermorethe energy spectrum density in the graphene is controlled by a back gate ypltage V
of a multiterminalSNS device can emulate a band structure, (Here we presentata taken atVg =5 V. See Supporting

wherethe superconducting phasesay the role of quasi-
momentaof a “crystal” of arbitrary dimensior~'* This
effective band structure can accommodate Vigeyits,and

multiterminalJosephson junctiorae therefore expected to

provide insights into the physicstopologicamaterialsOn
the experimentalide,topologicaproperties omultiterminal
structures have been investigated in refs 15 deldeMihere,
it has been reported that complex spectraof Andreev
reflectionscould originate from nonlocal entanglemenbf
two or more Cooper pairs in three or more le5ds’
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Information for measurements at different gate values.) After
an anneain an argon/oxygen mixturthe stack is patterned

with electron-beam lithography and then tuytreactive-ion
etching to form the desired square mesa (3 pm x 3 ym).
Contact electrodes are patterned on each corner, followed by a
self-aligned etch and deposition ofnolybdenum-rhenium.
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Figure 1. (a,b) Differential resistancgg/dM and d\tgdl r, measured at¥ 5 V in the setup shown in (c). The darkest region in the center of

both figures corresponds to the supercurrent across the whole Bpgplecere obtained by setting a single valugarid sweeping from

positive to negative values. The resulting superconducting region in the center of the maps is asymmetric in shape and extendgs further to negze
due to the hysteresis between the retrapping and switching transitions (into and out of the superconducting state). Arm-shaped dark regions of
resistance extend from the centegltangle (dashed linesye show that they correspond to supercurrent flowing only between some pairs of
terminalsas labeledc) Diagram of the sample with four superconducting terminals (blue) contacting a shared graphene redioth@gray).

primary measuremeobnfigurationcurrents | and |k are sourced from the lefind rightcontacts to the grounded bottom conta¢bltage

difference between any two terminals could then be measured, sugly asdevg,, te left-bottom and right-bottom voltage difference. (d, €)

dc voltage maps, f/and |\td measured concurrently with the differential resistances mapsrespatijyely. It is clear that the orientation of

the lines \s = 0 and ¥z = 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 corfi4gisThe line of equal voltagg ¥ 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).

The electrodes are ~100 nm thick and have a critical field ofaftthe mapswhich are measured withHeld fixed whilg lis
least 9 T,a criticaltemperature  ~ 10 K, and a measured  swept from positive to negative bias.
superconducting gap A ~ 1.2 nféVEach contact is 500 nm  Beyond the central roughly rectangularfeature, this
away from its adjacent neighbor at the closestarari§ ~2 superconducting region is additionally extended into several
um away from the contact diagonally across (see Supportingarrow diagonafarms” of suppressed resistanceo help
Information). identify the origin of these arms, plot the dc voltage across
The samples were cooled in a Leiden Cryogenics dilution the 1eft and right junctiongs\dnd \kg Figure 1d shows a line
refrigerator to a base temperature of ~45 mK. Figure 1c shofs?ero voltage drop across the left-bottom juncligr @),

a schematic dhe transport measurement setup: two current Which naturally correspondsto the dominant arm of
sourceswere used, each combininga small ac excitation ~ SuPPressed resistantethe resistanceof the left-bottom

current of 10 nA and a dc bias op to ~1 pA (sufficient to junction (Figure 1a)Similarly for the right bottom junction
: . . i the dominant arm in Figure 1b is due to a zero voltage drop
switch a junction from the superconducting to the normal

remained floatingiith no net current flowing throughvo ¢ "contacts being measuratie furthermore find a fainter
lock-in amplifiers set to noncommensurate frequencies (343 £sion of each feature in the complementary map: the LB pair
and 493.9 Hz) were used to measure the differential resista@gﬁ]ing superconducting affedtse measured RB resistance

of the left and right junctions respectivelyThe dc voltage  and vice vers@eyond these obvious supercurteranches,

acrossa junction was concurrently measured,using a we now show that the other arms found in Figure 1a,b

multichannetligitalacquisition system (NI-6363 DAQ). correspond to superconducting coupling between other pairs
Figure 1a,b shows differentissistance maps dhe left- of terminals.

bottom (LB) and right-bottom (RB) junctions as curreig Specificallyye find that these additional features are due to

applied from both the left(l,) and right (Ig) leads to the the incorporation of the top, ungroundedand otherwise
grounded bottom ledd. this way, the maps of the differential unused terminaKeeping the sources and ground terminals
resistanc&t® and2 can be simultaneously measured as athe same and moving the voltage probes to the topdeft

d d right junctions allows us to identify the remainingwide
function of both currents. A central dark region of zero features in Figure 1b,c as the lines of equal dc voltagé vV
resistance in both map#dicatessupercurrenthrough the and Vg =0. This condition indicatesthat the pairs of
whole sample. Due to the difference between the switching &rthinals top-left or top-right are coupled by a super-
the retrapping currenthjs region extends to the bottom part conducting currenThe relative strength dhese features is
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also understandable: the LB resist%/tﬁcés strongly affected
L

by the supercurrent in the adjacent TL junction with which

shares the left terminal (Figure 1b). However, the supercurrent
in the TR junction has relatively less effect on LB because no
terminals are directly sharadd the corresponding feature is

faint. Insteadthe supercurrenit the TR junction creates a
prominentfeature in the%‘ map in Figure 1c,as the two
R

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

RL and TBwhich we attribute to a superconducting coupling

between diagonally opposite contdntieed the location of
the RL line coincides with the condition{ = 0 visible in
Figure 1fwhich shows the d/ map.It should be noted that
the induced coherence length (¢ = 500 nm) is comparable
the distance between the neighboring superconducting
contacts and smaller than the diagatiatances R-L and T-
B2 Therefore, the supercurrents across the diagonals sho
severaltimes weakerthan the supercurrentgouplingthe

neighboring contactdonethelesshe features corresponding

to the supercurrenflowing along the sample diagonadse
clearly observed. Furthermore, we surprisingly find areas

maps in which only one pair of diagonally opposite contacts is
coupled by a supercurrent, while the supercurrent between any

other pair of contactsis suppressedlhis meansthat a
supercurrentould flow along one ofthe sample diagonals,
while dissipative currents flow along the opposite diagona
between any neighboring contacts.

To quantitatively understand the pattern cfupercurrent

flow,we examine a circuit diagram consisting of six Josephson

junctionsconnecting the fourterminals(Figure 2a). Away

from the centrasuperconducting region of the map in Figure
1a,bthe diagonal arms of suppressed resistance correspond to

one of the junctions turning superconducting(i.e., its
resistance in the network modi switched to zero)while

. . .- . dVv V.
the rest remain resistilgy measurm%,LB anddcTRB when the
L R

system is fully resistieed when some of the junctions are in

the superconductingtate, we can constructa system of

junctions.We find that the neighboring leads are effectively

coupled by ~300 Q, while the diagonal resistances are ~1
kQ.

Once the normastate resistances are determimed, the
critical currentslc of each junction are estimated from the
maps,we can modelthe currentflow in the systerﬁ.3 The
network includes six resistively shunted junctions (&&H),
consisting ofh normalresistor (Figure 2a) in parallglith a
junction of criticaturrent |. Parts b and ¢ of Figure 2 show
the resultantmapsof differentialresistance fothe left and
right junctions,corresponding to the experimentalapsin
Figure 1a,bThe modelcaptures the overafeatures ofthe
experiment,such as the existenceof the central super-
conducting region and the extending diagorfarms”. The

it

led

to

600
uld be

of the

| and

1000}

. _ ! —1 0 1
equations allowing us to solve for the normal resistances of all I (nA)

5.Eigure 2.(a) Equivalent circuit diagram that represents the coupling

"~ between each pair d¢érminals as a resistdtach resistor could be
replacedwith an effectiveshort to indicate a superconducting
coupling between the corresponding pair of terminals, and
consequentiythe locally measured voltage would be zerth, c)
Maps ofdifferentiakesistance 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 atertain orientations
within the | -l 5 plane.

While all six of the supercurrent arms are reproduced in this
modelthe decay of¢ at higher bias currents is nbgcause
the model does not account for the effects of dissipation within

values of the resistance in the aseiell as the slopes of the the device.Indeed,it hasbeen previously shown thathe

arms.are constrained by our extracted valughefnetwork
resistorsNote thatin our modelthe diagonajunctions TB
and RL do notdirectly interacteven though they share the
same physical space. This assumesthat the coexisting
dissipativeand superconductingurrentsdo not strongly
interfere with each other.

critical current of an SNS structure is strongly affected by self-
heating”* Some ofus have explored this effeict graphene-
based structuré$ To quantify the effects afoule heating in
the presentdevice, we measure similamapsof differential
resistance at different substrate temperatures. From such maps,

we extractthe value ofthe critical currentin the measured
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Figure 3. (ab) Critical current in the LB junction plotted as a function of the substrate temperature and heatiegpeotieg|¥-or a given
substrate temperatume extract the dependencettoé criticalcurrent | (measured along the &xis) on the heating current The heating
power Ris calculated as the productlgfand \k (measured separatelf)) Critical current in the LB (top curves) and RB (bottom curves)
junctionsplotted as a function oélectron temperature, T, is calculated from the equilibrium between Joule heating and electron—phonon
cooling as (? + Py%) 2. Importantly the same X is used for both junctioriBhe observed univerdaéhavior shows how the decayeaich
superconducting branch can be attributed solely to electron heating.

junction as a function of the substrate temperature T (Figure In summarywe have experimentally studied the complex
3a). The different curvescorrespond to differentapplied supercurrenfiow in a four-terminagraphene SNS junction.
heating powelP,, calculated asgVy to representthe Joule We explained the sixdistinct brancheshat appearin the
heating due to the right currentwhen the left junctionis ~ resistance mapterestinglywe have observed the regime
superconducting. Figure 3b represents the same data plotte@@re supercurrent and dissipative current coexist in the same
P, at different T Clearly ¢ is suppressed by bothdhd T. area ofgrapheneThe results could be successfully modeled
While the dissipative currents heat the electron sytstem, With @ network of six shunted Josephson junétinaby the
superconducting gap relative to the low bias in the contacts &fféctsof the dissipative currenbn the magnitude of the ,
prevents the efficient cooling by outflow of hot eleéfofis. supercurrent can be accounted for by self-heating in the device.
As a resulheat can only dissipate via the relatively inefficien? ur Iexpergpfen:openstrlmt?[ pro_spects‘r?r f“t(;”e.sgéﬁgh of
electron—phonon couplingThe power dissipated through opologicagffects in multitermingraphene devices.
electron-phonon cooling scaldike P, = Z(T ° - T 9, .ASSOCIATED CONTENT
where % is the electron phonon coupling constant integrated,
over the area of the device,T, is the temperature ofthe
electron systemand T is the phonon bath temperature, o . )
assumed to be unaffected by the dissipated heat andcequaIACS Publications website at DOI: 10.1021/acs.nano-
lett.8004330.
the substrate temperaturEhe exponen® could be 3 or 4 ) o i i
depending on the temperature range and the mean free path; ~ Details of samplecharacterizationncluding optical
for a recent summary of the literature, see ref 28. If all the Joule iMmages oamplesgate dependence B, and votage
heatis dissipated via phononghe electron temperature at VS biasmap.Demonstration of the ballistic nature of the
equilibrium is expected to reach=T(T® + P/%) '°. Using a graphenevia supercurrentscaling analysis.Alterna-

single fitting parameter Z, we can show that the critical current g\t/ili?f]eerzil‘:reaTee\r/?)(l)tgﬂgeg?:le%??}g?thajdlen?ng:tsilt'zir(r?ennt
Ic in both the LB and RB junctionsscalesuniversally ag 9 9 9

function ofthe equilibrium electron temperatufg,= (T3 + between top and bottom electrodesrotated sample

. orientation,and interchanged biasveep orderAddi-
Pyz) " (Figure 3e)Here,we used & = 3; we have found that tional SPICE simulations E\]Ni’[h a tabler%‘éistor values
taking & = 4 does not allow us to successfully scale e data. 51 simulated maps for R and imbalances (PDF)
is found to be 30 pW?Kor scaled per graphene area ~10 W/
m? K3), which is significantly larger than the results found in .AUTHOR INEFORMATION
nonencapsulated graphéfieWe speculatethat the more i
efficientcooling in our case could be explained eitheby Sorres_p_o,”d'”g Authors
scattering athe edges othe graphene crystakhich could *E-ma!l: iborzene@cityu.edu.hk.
momentum relaxatioar by direct emission gdhonons into E-mail: gleb@phy.duke.edu.
the BN substrateboth of which enhance electron-phonon ORCID
scattering? KenjiWatanabex00-0003-3701-8119
The presence of dissipative currenin a SNS structure ~ Ivan V.Borzenetsi000-0002-1577-8312
could create an effectively therrdigtribution at an elevated Notes
electron temperatuieor lead to a genuinely nonequilibrium The authors declare no competing finantetest.
electron distributionwhich could manifesitselfin, e.g.,a .
reversabf the supercurrent. > In our experimentio such ACKNOWLEDGMENTS
nonequilibrium effects were observed. Low temperature electronic measurementperformed by
Additionalmeasurements would be required to search for A.\W.D.and G.Fwere supported by the Division of Materials
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