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Recently Baselmanst al. [Nature,(London 397, 43 (1999] showed that the direction of the supercurrent
in a superconductor/normal/superconductor Josephson junction can be reversed by applying, perpendicularly to
the supercurrent, a sufficiently large control current between two normal reservoirs. The unusual behavior of
their 4-terminal device(called a controllabler junction arises from the nonequilibrium electron energy
distribution established in the normal wire between the two superconductors. We have observed a similar
supercurrent reversal in a 3-terminal device, where the control current passes from a single normal reservoir
into the two superconductors. We show theoretically that this behavior, although intuitively less obvious, arises
from the same nonequilibrium physics present in the 4-terminal device. Moreover, we argue that the amplitude
of the mr-state critical current should be at least as large in the 3-terminal device as in a comparable 4-terminal
device.

DOI: 10.1103/PhysRevB.66.020507 PACS nuniber74.50:+r, 73.23-b, 85.25.Am, 85.25.Cp

When a normal metal is put in contact with one or moreof the quasiparticle distribution functioi{E) in the normal
superconductors, the properties of both materials are modiegion of the junction describing the pairs of quasiparticles
fied near the interface. The physical phenomena associatg¢é>E;) and quasiholes E<Eg). Under nonequilibrium
with superconductor §/normal (N) systems, namely the conditions,f(E) can be made to have a staircase shape, with
proximity and Josephson effects, were intensely studied isteps appearing at the voltages of the normal resertfbirs.
the 1960's and 1970%.Interest in S/N systems was re- The staircase shape 6(E) excludes the low-energy contri-
kindled in the 1990’s due to the ability to fabricate complexpution of j ¢ from the supercurrent. When the control voltage
structures with submicrometer dimensions. A new, deepeapproaches the energy whekechanges sign, the supercur-
understanding of the proximity effect on mesoscopic lengthrent changes its sign relative to the equilibrium situation. In
scales has emergéd, concentrating on equilibrium and contrast to ther-junction behavior, smearing of the distribu-
linear-response physics. tion function by electron heating or raising the sample tem-

Nonequilibrium phenomena i&/N systems are now tak- perature simply causes the supercurrent to decrease toward
ing the spotlight.™® A major discovery was made by Basel- zero without ever changing sign.
mans et al,> who measured a 4-terminal diffusive metal The sample shown in Fig. 1 consists offashaped Ag
S/N/S Josephson device with a cross shape. Two opposingire, 70 nm wide and 50 nm thick, connected to t&elec-
ends of the cross were connectedtelectrodes, while the trodes(70 nm of Al) and oneN reservoir(230 nm of Ag.
other two were connected 0§ reservoirs between which a
control current was passed. Baselmahsl. found that, at
high control current, in samples with the normal reservoirs
sufficiently close together, the sign of the Josephson super-
current between theS electrodes reversed direction. The
current-phase relationship under such conditions becomes
Is(¢) =1.sin(¢p+ ), wherel . is the (positive critical super-
current, rather than the usual Josephson relationkliip)
=1.sin(¢), hence the device is called 7 junction. Such a
device has been used to make a controllabkuperconduct-
ing quantum interference deviéeThe explanation of the
nonequilibrium junction consists of two parfs’ First, the
supercurrent can be decomposed into an energy-dependent
“spectral supercurrentjg, which is an equilibrium property
determined by the sample geometry and resistance as well as e .
the phase difference between the twé& electrodesjg is an . e(s:g;mr F
odd function of energy, and exhibits damped oscillations on
an energy scale comparable to the Thouless energy of the g, 1. Scanning electron microscope picture of the sample,
sample,Ey,=%D/L2, with D the diffusion constant in the with schematic drawing of the measurement circuit. The sample
wire andL the length between the superconductors. Secondonsists of al-shaped Ag wire with lateral dimensions of 50 nm
the total supercurrent is determined by the occupation of th& 70 nm, connected to two 70-nm-thick Al electrodes and one 230-
supercurrent-carrying states, given by the antisymmetric parim-thick Ag electrode.
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The distance betweeelectrodes is 1.1um, while the dis-
tance from the top of theT” to the N reservoir is 4.5um.

The phase coherence lengthy in similarly prepared Ag
wires is several micrometers at sub-Kelvin temperatures,
hence we expect to observe a substantial Josephson effect
between the twdS electrodes. The sample was fabricated
using one electron-beam and two optical lithography steps.
The T-shaped Ag wire was fabricated first, followed by the
thick Ag reservoir, and finally the Al electrodes. A gentle ion
mill of the exposed ends of the Ag wire preceded the evapo-
ration of the Al electrodes to enhance the transparency of the
Ag/Al interfaces. The sample was immersed in the mixing
chamber of a dilution refrigerator with filtered electrical
leads.

The transport properties of the sample were determined
initially by measuring th&/ vs| characteristics between pairs
of electrodes. Th&-I curve betweers electrodes shows the
standard Josephson-junction behavior with a critical current
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FIG. 2. A subset oWV gysvs| curves measured across BeN/S

of 0.7 uA at 38 mK. TheV-I curve between thll electrode  Josephson junction, for different values of the current injected from
and either of thes electrodes exhibits a change in slope at athe normal reservoir. From bottom to top, the injected currépts
current approximately equal to twice the critical current. Thisare in microampere: 0.53, 0.70, 1.01, 1.23, 1.89, 2.18, 3.15. The
behavior is due to the superposition of opposite-flowing quacurves are offset for clarity.

siparticle current and supercurrent in the dangling arm, as
observed recently by Shaikhaidareval!! For the sample

The significant difference between our experiment and

shown in Fig. 1, the left and right arms have resistances othat of Baselmangt al, aside from the reduction from 4
R;=7.0 Q andR,=9.1 Q, respectively, while the base of terminals to 3, is the presence in our sample of a dissipative
the T has a resistance &,=36 . From these values and quasiparticle current in the sample arms that simultaneously
the sample geometry, we deduce that about half of th€arry the supercurrent. In the Baselmans 'experiment, the
16.1 Q) S-Sresistance comes from the uncovered part of thesontrol voltages of the two normal reservoirs were set to
Ag wire, and the other half from the Al/Ag interfaces and values=Vy with respect to the superconductors, so that the
part of the Ag wire extending under the Al electrodes. electrical potential was zero everywhere along the wire con-
The measurement circuit for the nonequilibrium injection necting the two superconductors. To compare our experiment
experiment is shown schematically in Fig. 1. A dc currigjt with theirs, we must understand the influence of the dissipa-
is injected from the normal electrode to one of the supercontive current on the supercurrent in our sample. We use the
ducting electrodes. Simultaneously, tkfel curve between quasiclassical formalism in real time, which was originally

the two superconducting electrodes is measured in a four-
probe configuration. Figure 2 shows a subseVdf curves

for different values ofl;, and is the central result of this
paper. The critical current of th&/N/S junction decreases
rapidly with increasing injection current. Wher;,
=1.0 uA, the critical current is below our measurement
threshold. Upon further increase bf;, the critical current
increases again, and finally disappears whg3 unA. In

Fig. 3, we plotl, vs Vy at three different temperatures,
whereVy= Ryl is the voltage of the normal reservoir with
respect to the superconductors, ari§N=R0+(Rl’1

+ Rz’l)*1=40 Q. In the figure we intentionally plot.<0
after it falls to zero, to emphasize that the junction has en-
tered the “r” state}? Our interpretation of the data is con-
sistent with the assumption that, for fixeld 15 is a smooth
function of V with a continuous first derivative. It is also
consistent with the experiment of Baselmaetsal,® who
confirmed the existence of ther” state by measuring the
resistance of the normal wire as a function of the supercur-
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FIG. 3. Critical current of the Josephson junction vs voltage of

rent, hence the phase diﬁgren@ebetvyeen th&s elgctrodes. the normal reservoir & =38 (O), 96(2), and 200 mK Q). I is
At zero supercurrent, their wire resistance exhibits a locakhown as negative fory=40 wV to symbolize the appearance of
minimum in the usual “0” state and a local maximum in the the 7 junction. Inset: Critical current vs temperatureVai=0. The
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7" state due to the proximity effect. lines are the theoretical calculations discussed in the text.
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developed for nonequilibrium phenomena in massiveSurprisingly, the magnitude of the calculated cricital current
superconductots but also adapted and successfully appliedhad to be reduced by a factor 1.7 to match the experimental
to mesoscopic proximity systems, as reviewed, e.g., in Refglata, possibly due to the rather hi§h\ interface resistances

3 and 14. in this samplé-’
For the present paper, we are concerned primarily with the If we now calculate the nonequilibrium data Igf vs Vy
supercurrent using the equilibrium form fof? in the normal reservoir, we

find that the calculation overestimates the critical current in
the “#” state by a large factor, and predicts too small a
voltage at which the supercurrent changes sign. This failure
results from neglecting inelastic collisions inside the wire
whereoy andA are the conductance and cross section of theynd electron heating in the normal reservoir. Based on our
normal wire,jg is the spectral supercurrent discussed earlierprevious measurements &{E) in nonequilibrium mesos-
and f_(E)=f(—E)—f(E) is the antisymmetric part of the copic metal wires®'8we can estimate the contributions of
electron energy distribution function. With the chemical po-poth inelastic scattering and reservoir heating to the rounding
tential of the superconductors taken to be zero, the symmegs f(E) in our sample. Inelastic scattering in similar Ag
ric distribution functionf(E) =1—f(E) — f(—E) describes  wires was well described within the framework of the Bolt-
charge imbalance, whilé_(E) describes energy or heat in zmann equation using an electron-electron interaction kernel
the conduction-electron system. in agreement with the theoretical for( E) = K 3,E ~ %2, but

To calculate the supercurrent, first one must solve the Uspjith a prefactorkz,~0.5 nstmeV 2 about five times
adel equation for the retarded and advanced Green’s fungarger than predicted by theory. Heating of the normal reser-
tions. Those contain all information about energy-dependenfoir can be estimated using the Wiedemann-Franz law and a
properties of the sample, including the functipn. To find  simplified model of electron-phonon scattering in the
fL(E), one must then solve the Keldysh component of thereservoirt®?° The temperature of the electrons in the reser-
Usadel equation, which takes the form of conservation lawgygir js given by Toq= T2+ b2VZ whereb? is proportional
for the spectral charge and heat currefitéthenje#0, the 15 the ratio of the reservoir sheet resistance to the wire
two kinetic equations are coupled, and lead to complicatedgsjstance? From our sample parameters and previous mea-
spatial and energy dependencesfpfE) and f+(E) in the  syrements of similar sampl&Swe estimateb~1 K/mV.
arms of the sample between the superconductors. A man[lsing these values dfs, andb, we have calculated(E)
simplification occurs in the arm of the sample connected tg,q thereby .(Vy) in our sample by solving the Boltzmann
the normal reservoir: therg==0 since the superconducting equation with the correct boundary conditions at &

phase is constant along that arm. For voltages %nd temperierfaces but neglecting proximity effect in the bulk of the
tures small as compared fothe heat currentis zerdhence  jire. The result of that calculation does not fit the data

f (E) is constant along that arm and takes on tequilib-  chown in Fig. 3. A much larger value ofKs,
rium) value it has in theN reservoir: f)=(1/2){tanf(E =3 ns *meV 2 provides a reasonable fit, but leaves us
+eW)/2kgT] +tanH (E—eW)/2kgT]}. Since the total charge without a plausible explanation for the enhanced electron-
current is conserved along the two sample arms connectinglectron interactions. An alternative approach is to use an
the superconductors, we can evaluate it anywhere in thosgteraction kernel of the fornk(E)=K,E 2, which de-
arms. At the central point, the dissipative currents divertedscrines samples containing dilute magnetic impurffes.
into the two arms cancel and we can find the supercurrenyith the valueK,=0.55 ns !, corresponding to a magnetic
from Eq. (1) using the expression foi{(E) given above, impurity concentration of about 0.1 ppm, we obtain the solid

without integrating the kinetic equations. We need only tocurves shown in Fig. 3, which fit the data well at voltages up
evaluatejg at the central point by solving the equilibrium

A
=2 et &

Usadel equation for our sample geometry. 19 100
As an extension of previous workywe have solved the

retarded Usadel equation taking into account the influence of =3

the lead to the normal reservoir and the finite interface o Eeo

resistance&® The normal reservoir induces extra decoher- =00 %

ence into the structure, decreasing the magnitude of the ob- <

served supercurrent. We find that the full gap in the spectral ! °zo

supercurreritbecomes a pseudogap and that the amplitude of 00 . N

the maximum ofjg is strongly reducedalthough the total 400 50 0 8 1£°( o) 100 200
(1t

supercurrent is reduced by only 20% at 40 mRur fit to
the equilibrium data of critical supercurrent vs temperature is  rig_ 4. Left: Solid line: distribution functiori(E) used to cal-
shown in the inset to Fig. 3. To fit the temperature depengyjate the Josephson junction current in the state atVy
dence, the Thouless energy was adjusted to B3¢ =50 xV and T=38 mK. Dotted line:f(E) taking into account
=3.5 ueV, which corresponds to a distante=1.7 um  only reservoir heating but not energy exchange. Dashed line: hot
between the superconducting electrodes—Ilarger than the agermi-Dirac distribution. Right: Numerically calculatéd (multi-

tual distance as a result of the silver wire penetration undeglied by the prefactorryA), at the central point of the sample,
the aluminum reservoirs and of the finite contact resistanceshown only forE>0.
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to the crossover to the junction. Adding a reasonable;,  small, since the vertical arm of our sample is much longer
term to K(E) improves the fit only slightly at higher volt- than the horizontal armsSince the available phase space for
ages. The magnetic impurity concentration of 0.1 ppm isquasiparticle energy exchange decreased (&) deviates
plausible, and will limitL , to about 5 um near the Kondo from 1/2, the 3-terminal geometry should be favorable for
temperature—still much larger than the distance between th@aximizing I, in the 7 state. A direct measurement of this
two superconducting electrodes. subtle effect could be made in a 4-terminal sample. Biasing
The rather poor fit to the data at high voltages may reflecthe two normal reservoirs at the same poteniial, rather
the fact that the magnitude of in the 7 state depends on a han at asymmetric voltagesVy, would result in a current
Qellcate_z balance between the positive anq negative parts @f,, pattern and distribution functions essentially equivalent
je, weighted by the precise shapefqE). Figure 4 shows 4 h0se in our 3-terminal experiment. A comparison of the

f(E) for V=50 uV, near the maximumr junctionlc. By =\ oyeq ofl, in the 7 state under symmetric biad/(,Vy)

eye f(E) looks nearly like a hot Fermi-Dirac function, but . - N X "
the dashed line in the figure shows that it is not. If the samplt?ae r:g::;'ﬁmma etsnrzg;lar?@ ’ df(\lé';) \T\/Igh;|;?1\/?§| :x;lljgrtclae t(rj1|ifs

were shorter, so thdt(E) maintained the staircase structure : :
of the dotted line in the figure, the junction |, would be comparison experimentally.
much larger.

Figure 4 also reveals the difference between our We thank D. Esteve and H. Pothier for suggesting the
3-terminal experiment and the 4-terminal experiment of‘dangling arm” experiment, and |. O. Kulik for a valuable
Baselmangt al. In our sample the electrical potential is non- discussion concerning electron heating. This work was sup-
zero at the central point, since the injection current flows intgported by NSF Grants Nos. DMR-9801841 and 0104178,
both theSelectrodes. HencB(E=0)+ 3 at the central point, and by the Keck Microfabrication Facility supported by NSF
unlike in Baselmans’s sampléThe deviation from 1/2 is Grant NO. DMR-9809688.
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