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Observation of a controllable p junction in a 3-terminal Josephson device
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Recently Baselmanset 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 controllablep 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 thep-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 number~s!: 74.50.1r, 73.23.2b, 85.25.Am, 85.25.Cp
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When a normal metal is put in contact with one or mo
superconductors, the properties of both materials are m
fied near the interface. The physical phenomena assoc
with superconductor (S)/normal ~N! systems, namely the
proximity and Josephson effects, were intensely studied
the 1960’s and 1970’s.1 Interest in S/N systems was re
kindled in the 1990’s due to the ability to fabricate compl
structures with submicrometer dimensions. A new, dee
understanding of the proximity effect on mesoscopic len
scales has emerged,2,3 concentrating on equilibrium an
linear-response physics.

Nonequilibrium phenomena inS/N systems are now tak
ing the spotlight.4–6 A major discovery was made by Base
mans et al.,6 who measured a 4-terminal diffusive met
S/N/S Josephson device with a cross shape. Two oppo
ends of the cross were connected toS electrodes, while the
other two were connected toN reservoirs between which
control current was passed. Baselmanset al. found that, at
high control current, in samples with the normal reservo
sufficiently close together, the sign of the Josephson su
current between theS electrodes reversed direction. Th
current-phase relationship under such conditions beco
I s(f)5I csin(f1p), whereI c is the~positive! critical super-
current, rather than the usual Josephson relationshipI s(f)
5I csin(f), hence the device is called ap junction. Such a
device has been used to make a controllablep superconduct-
ing quantum interference device.7 The explanation of the
nonequilibriump junction consists of two parts.8,9 First, the
supercurrent can be decomposed into an energy-depen
‘‘spectral supercurrent’’j E , which is an equilibrium property
determined by the sample geometry and resistance as we
the phase differencef between the twoSelectrodes.j E is an
odd function of energy, and exhibits damped oscillations
an energy scale comparable to the Thouless energy of
sample,Eth5\D/L2, with D the diffusion constant in the
wire andL the length between the superconductors. Seco
the total supercurrent is determined by the occupation of
supercurrent-carrying states, given by the antisymmetric
0163-1829/2002/66~2!/020507~4!/$20.00 66 0205
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of the quasiparticle distribution functionf (E) in the normal
region of the junction describing the pairs of quasipartic
(E.EF) and quasiholes (E,EF). Under nonequilibrium
conditions,f (E) can be made to have a staircase shape, w
steps appearing at the voltages of the normal reservoi10

The staircase shape off (E) excludes the low-energy contri
bution of j E from the supercurrent. When the control volta
approaches the energy wherej E changes sign, the supercu
rent changes its sign relative to the equilibrium situation.
contrast to thep-junction behavior, smearing of the distribu
tion function by electron heating or raising the sample te
perature simply causes the supercurrent to decrease to
zero without ever changing sign.

The sample shown in Fig. 1 consists of aT-shaped Ag
wire, 70 nm wide and 50 nm thick, connected to twoSelec-
trodes~70 nm of Al! and oneN reservoir~230 nm of Ag!.

FIG. 1. Scanning electron microscope picture of the sam
with schematic drawing of the measurement circuit. The sam
consists of aT-shaped Ag wire with lateral dimensions of 50 n
370 nm, connected to two 70-nm-thick Al electrodes and one 2
nm-thick Ag electrode.
©2002 The American Physical Society07-1
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The distance betweenSelectrodes is 1.1mm, while the dis-
tance from the top of the ‘‘T’’ to the N reservoir is 4.5mm.
The phase coherence lengthLf in similarly prepared Ag
wires is several micrometers at sub-Kelvin temperatu
hence we expect to observe a substantial Josephson e
between the twoS electrodes. The sample was fabricat
using one electron-beam and two optical lithography ste
The T-shaped Ag wire was fabricated first, followed by th
thick Ag reservoir, and finally the Al electrodes. A gentle io
mill of the exposed ends of the Ag wire preceded the eva
ration of the Al electrodes to enhance the transparency of
Ag/Al interfaces. The sample was immersed in the mixi
chamber of a dilution refrigerator with filtered electric
leads.

The transport properties of the sample were determi
initially by measuring theV vs I characteristics between pai
of electrodes. TheV-I curve betweenSelectrodes shows th
standard Josephson-junction behavior with a critical curr
of 0.7 mA at 38 mK. TheV-I curve between theN electrode
and either of theS electrodes exhibits a change in slope a
current approximately equal to twice the critical current. T
behavior is due to the superposition of opposite-flowing q
siparticle current and supercurrent in the dangling arm,
observed recently by Shaikhaidarovet al.11 For the sample
shown in Fig. 1, the left and right arms have resistances
R157.0 V andR259.1 V, respectively, while the base o
the T has a resistance ofR0536 V. From these values an
the sample geometry, we deduce that about half of
16.1 V S-S resistance comes from the uncovered part of
Ag wire, and the other half from the Al/Ag interfaces an
part of the Ag wire extending under the Al electrodes.

The measurement circuit for the nonequilibrium injecti
experiment is shown schematically in Fig. 1. A dc currentI inj
is injected from the normal electrode to one of the superc
ducting electrodes. Simultaneously, theV-I curve between
the two superconducting electrodes is measured in a f
probe configuration. Figure 2 shows a subset ofV-I curves
for different values ofI inj , and is the central result of thi
paper. The critical current of theS/N/S junction decreases
rapidly with increasing injection current. WhenI inj
51.0 mA, the critical current is below our measureme
threshold. Upon further increase ofI inj , the critical current
increases again, and finally disappears whenI inj.3 mA. In
Fig. 3, we plot I c vs VN at three different temperature
whereVN5RNI inj is the voltage of the normal reservoir wit
respect to the superconductors, andRN5R01(R1

21

1R2
21)21540 V. In the figure we intentionally plotI c,0

after it falls to zero, to emphasize that the junction has
tered the ‘‘p ’’ state.12 Our interpretation of the data is con
sistent with the assumption that, for fixedf, I s is a smooth
function of VN with a continuous first derivative. It is als
consistent with the experiment of Baselmanset al.,6 who
confirmed the existence of the ‘‘p ’’ state by measuring the
resistance of the normal wire as a function of the superc
rent, hence the phase differencef, between theSelectrodes.
At zero supercurrent, their wire resistance exhibits a lo
minimum in the usual ‘‘0’’ state and a local maximum in th
‘‘ p ’’ state due to the proximity effect.
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The significant difference between our experiment a
that of Baselmanset al., aside from the reduction from 4
terminals to 3, is the presence in our sample of a dissipa
quasiparticle current in the sample arms that simultaneo
carry the supercurrent. In the Baselmans experiment,
control voltages of the two normal reservoirs were set
values6VN with respect to the superconductors, so that
electrical potential was zero everywhere along the wire c
necting the two superconductors. To compare our experim
with theirs, we must understand the influence of the dissi
tive current on the supercurrent in our sample. We use
quasiclassical formalism in real time, which was origina

FIG. 2. A subset ofVSNSvs I curves measured across theS/N/S
Josephson junction, for different values of the current injected fr
the normal reservoir. From bottom to top, the injected currentsI inj

are in microampere: 0.53, 0.70, 1.01, 1.23, 1.89, 2.18, 3.15.
curves are offset for clarity.

FIG. 3. Critical current of the Josephson junction vs voltage
the normal reservoir atT538 (h), 96(n), and 200 mK (s). I c is
shown as negative forVN*40 mV to symbolize the appearance o
thep junction. Inset: Critical current vs temperature atVN50. The
lines are the theoretical calculations discussed in the text.
7-2
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developed for nonequilibrium phenomena in mass
superconductors13 but also adapted and successfully appl
to mesoscopic proximity systems, as reviewed, e.g., in R
3 and 14.

For the present paper, we are concerned primarily with
supercurrent

I S5
sNA

2 E j Ef L~E!dE, ~1!

wheresN andA are the conductance and cross section of
normal wire,j E is the spectral supercurrent discussed ear
and f L(E)5 f (2E)2 f (E) is the antisymmetric part of the
electron energy distribution function. With the chemical p
tential of the superconductors taken to be zero, the symm
ric distribution functionf T(E)512 f (E)2 f (2E) describes
charge imbalance, whilef L(E) describes energy or heat i
the conduction-electron system.

To calculate the supercurrent, first one must solve the
adel equation for the retarded and advanced Green’s f
tions. Those contain all information about energy-depend
properties of the sample, including the functionj E . To find
f L(E), one must then solve the Keldysh component of
Usadel equation, which takes the form of conservation la
for the spectral charge and heat currents.14 When j EÞ0, the
two kinetic equations are coupled, and lead to complica
spatial and energy dependences off L(E) and f T(E) in the
arms of the sample between the superconductors. A m
simplification occurs in the arm of the sample connected
the normal reservoir: therej E50 since the superconductin
phase is constant along that arm. For voltages and temp
tures small as compared toD the heat current is zero,15 hence
f L(E) is constant along that arm and takes on the~equilib-
rium! value it has in theN reservoir: f L

05(1/2)$tanh@(E
1eVN)/2kBT#1tanh@(E2eVN)/2kBT#%. Since the total charge
current is conserved along the two sample arms connec
the superconductors, we can evaluate it anywhere in th
arms. At the central point, the dissipative currents diver
into the two arms cancel and we can find the supercur
from Eq. ~1! using the expression forf L

0(E) given above,
without integrating the kinetic equations. We need only
evaluatej E at the central point by solving the equilibrium
Usadel equation for our sample geometry.

As an extension of previous work,9 we have solved the
retarded Usadel equation taking into account the influenc
the lead to the normal reservoir and the finite interfa
resistances.16 The normal reservoir induces extra decoh
ence into the structure, decreasing the magnitude of the
served supercurrent. We find that the full gap in the spec
supercurrent9 becomes a pseudogap and that the amplitud
the maximum ofj E is strongly reduced~although the total
supercurrent is reduced by only 20% at 40 mK!. Our fit to
the equilibrium data of critical supercurrent vs temperatur
shown in the inset to Fig. 3. To fit the temperature dep
dence, the Thouless energy was adjusted to beETh
53.5 meV, which corresponds to a distanceL51.7 mm
between the superconducting electrodes—larger than the
tual distance as a result of the silver wire penetration un
the aluminum reservoirs and of the finite contact resistan
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Surprisingly, the magnitude of the calculated cricital curre
had to be reduced by a factor 1.7 to match the experime
data, possibly due to the rather highS/N interface resistance
in this sample.17

If we now calculate the nonequilibrium data ofI c vs VN

using the equilibrium form forf L
0 in the normal reservoir, we

find that the calculation overestimates the critical current
the ‘‘p ’’ state by a large factor, and predicts too small
voltage at which the supercurrent changes sign. This fai
results from neglecting inelastic collisions inside the w
and electron heating in the normal reservoir. Based on
previous measurements off (E) in nonequilibrium mesos-
copic metal wires,10,18 we can estimate the contributions o
both inelastic scattering and reservoir heating to the round
of f (E) in our sample. Inelastic scattering in similar A
wires was well described within the framework of the Bo
zmann equation using an electron-electron interaction ke
in agreement with the theoretical formK(E)5K3/2E

23/2, but
with a prefactorK3/2'0.5 ns21 meV21/2, about five times
larger than predicted by theory. Heating of the normal res
voir can be estimated using the Wiedemann-Franz law an
simplified model of electron-phonon scattering in t
reservoir.19,20 The temperature of the electrons in the res
voir is given byTeff5AT21b2VN

2 whereb2 is proportional
to the ratio of the reservoir sheet resistance to the w
resistance.19 From our sample parameters and previous m
surements of similar samples,20 we estimateb'1 K/mV.
Using these values ofK3/2 and b, we have calculatedf (E)
and therebyI c(VN) in our sample by solving the Boltzman
equation with the correct boundary conditions at theS/N
interfaces,5 but neglecting proximity effect in the bulk of th
wire. The result of that calculation does not fit the da
shown in Fig. 3. A much larger value ofK3/2
53 ns21 meV21/2 provides a reasonable fit, but leaves
without a plausible explanation for the enhanced electr
electron interactions. An alternative approach is to use
interaction kernel of the formK(E)5K2E22, which de-
scribes samples containing dilute magnetic impurities.20,21

With the valueK250.55 ns21, corresponding to a magneti
impurity concentration of about 0.1 ppm, we obtain the so
curves shown in Fig. 3, which fit the data well at voltages

FIG. 4. Left: Solid line: distribution functionf (E) used to cal-
culate the Josephson junction current in thep state at VN

550 mV and T538 mK. Dotted line:f (E) taking into account
only reservoir heating but not energy exchange. Dashed line:
Fermi-Dirac distribution. Right: Numerically calculatedj E ~multi-
plied by the prefactorsNA), at the central point of the sample
shown only forE.0.
7-3
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to the crossover to thep junction. Adding a reasonableK3/2
term to K(E) improves the fit only slightly at higher volt
ages. The magnetic impurity concentration of 0.1 ppm
plausible, and will limitLf to about 5 mm near the Kondo
temperature—still much larger than the distance between
two superconducting electrodes.

The rather poor fit to the data at high voltages may refl
the fact that the magnitude ofI c in the p state depends on
delicate balance between the positive and negative par
j E , weighted by the precise shape off (E). Figure 4 shows
f (E) for VN550 mV, near the maximump junction I c . By
eye f (E) looks nearly like a hot Fermi-Dirac function, bu
the dashed line in the figure shows that it is not. If the sam
were shorter, so thatf (E) maintained the staircase structu
of the dotted line in the figure, thep junction I c would be
much larger.

Figure 4 also reveals the difference between
3-terminal experiment and the 4-terminal experiment
Baselmanset al. In our sample the electrical potential is no
zero at the central point, since the injection current flows i
both theSelectrodes. Hencef (E50)Þ 1

2 at the central point,
unlike in Baselmans’s sample.~The deviation from 1/2 is
a
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small, since the vertical arm of our sample is much long
than the horizontal arms.! Since the available phase space f
quasiparticle energy exchange decreases asf (E) deviates
from 1/2, the 3-terminal geometry should be favorable
maximizing I c in the p state. A direct measurement of th
subtle effect could be made in a 4-terminal sample. Bias
the two normal reservoirs at the same potentialVN , rather
than at asymmetric voltages6VN , would result in a current
flow pattern and distribution functions essentially equivale
to those in our 3-terminal experiment. A comparison of t
values ofI c in the p state under symmetric bias (VN ,VN)
and antisymmetric bias (VN ,2VN) might reveal a subtle dif-
ference in the smearing off (E). We plan to explore this
comparison experimentally.

We thank D. Esteve and H. Pothier for suggesting
‘‘dangling arm’’ experiment, and I. O. Kulik for a valuable
discussion concerning electron heating. This work was s
ported by NSF Grants Nos. DMR-9801841 and 01041
and by the Keck Microfabrication Facility supported by NS
Grant NO. DMR-9809688.
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