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Josephson nonequilibrium phenomena under current injection
in superconducting three-terminal stacked devices
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Three-terminal superconducting tunnel devices offer a powerful tool to investigate nonequilibrium phenom-
ena in superconductors. We study the role of the proximity effect in a Nb/Al bilayer forming the intermediate
electrode of a stacked structure configuration. The spatial profile of the pair potential along the common
electrode and the effective density of states near the detector tunnel barrier are determined by combining the
deconvolution of the current-voltage (I -V) injector characteristics and the numerical solution of the micro-
scopic proximity model equations. The Josephson current variation following a steady-state injection was
measured down to 1.5 K. Results are discussed in the framework of a simple nonequilibrium model, which
leads also to an estimate of the effective relaxation time limiting quasiparticle scattering processes in the Nb/Al
bilayer.
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INTRODUCTION

In recent years double-barrier stacked structures, form
by two Josephson junctions vertically grown with a comm
middle electrode, have received great attention. In particu
the large variety of new physical phenomena exhibited
such configurations triggered the attention toward poten
applications in the realization of new transistor-like devic1

as well as in the improvement of existing fluxon oscillator2

Moreover, they offer a powerful tool for the understanding
nonequilibrium phenomena in superconductors. Relaxa
processes involving quasiparticles, phonons, and Coo
pairs have been successfully investigated in different ma
als and/or device configurations.3 Many advantages from
these studies both in basic physics and high performa
electronics were achieved.

In a three-terminal configuration the electrodes are c
nected in such a way that the two junctions are indep
dently biased. Quasiparticles are injected into the comm
electrode by biasing one of the two junctions of the sta
~injector! at a voltage larger than the sumgap value. T
excess of injected electronic excitations reflects in a varia
of the current-voltageI -V characteristics of the other junc
tion ~detector! thus yielding information on both quasipart
cles and phonons relaxation mechanisms. The Josephson
rent is also affected by this nonequilibrium state, since a
change in the electron-phonon interaction modifies both
energy gap and the electronic distribution function. An ex
current in one of the two electrodes produces primary e
tronic excitations at an energyE'D, i.e., the limiting energy
in the perturbed material. A number of these injected qu
0163-1829/2002/66~17!/174509~6!/$20.00 66 1745
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particles recombines to form Cooper pairs again through
emission of 2D phonons. If the energy of injected quasipa
ticles is higher than the gap edge of the intermediate e
trode, high energy phonons produced by recombination p
cesses can break Cooper pairs, creating two m
quasiparticles. The dependence of the Josephson curre
the released energy has been proposed for new supercon
ing high sensitivity particle detectors.4 In order to investigate
the quasiparticle relaxation we fabricated three-termi
stack superconducting double tunnel junctions in which
common electrode was formed by a Nb/Al bilayer. The b
tom junction was used to inject electronic excitations who
effects were measured through the detector Josephson
rent variation. The inductive~or magnetic! coupling between
the two junctions of the stack, as a consequence of
screening currents in the common electrode when its th
ness is about equal or smaller than the London penetra
depthlL , is the dominant effect in these type of measu
ments, especially in the case of large Josephson juncti
where the characteristic length is larger thanlL . However,
the expected saturation oflL at low temperatures (kBT
!D) suggests the nonequilibrium contributions can be s
cessfully evidenced in Josephson critical currentI c vs injec-
tion currentI inj patterns.

In this paper we report measurements of the maxim
supercurrent in three terminal devices consisting of two t
nel stacked Josephson junctions. The intermediate electr
of the investigated samples consisted of a bilayer Nb-Al h
erostructure close to the detector barrier. This choice w
suggested by the possibility to enhance the confinemen
quasiparticles in the Al volume just close to the detec
©2002 The American Physical Society09-1
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tunnel barrier by means of the trapping effect.5 The presence
of inhomogeneities in the pair potential profile along the
layer due to the proximity coupling between Nb and Al w
also taken into account.I c vs I inj experimental patterns wer
measured down toT51.5 K. The nonequilibrium contribu
tion to the Josephson current change was isolated by m
of a subtraction of the residual magnetic contribution at l
temperatures. An estimation of the most limiting quasipa
cle lifetime was also achieved, and it is in agreement w
nonequilibrium theories in proximised bilayers.

In Sec. II we present experimental results concerning b
the fabrication and the characterization of stack tunnel
vices. The modifications of the Josephson currentI c in the
presence of a steady-state injection currentI inj across the
injector at different temperatures are presented. The sp
profile of the pair potential along the common electrode a
the effective density of states~DOS! near the detector tunne
barrier are determined by combining the deconvolution
current-voltageI -V injector characteristics and the numeric
solution of the microscopic proximity model equations. T
analysis of the proximity effect in the presence of a stea
state current injection is important in order to understand
nature of the involved nonequilibrium processes. In Sec. I
discussion about possible mechanisms which can influe
the I c vs I inj measurements is proposed. A simple noneq
librium model for the Josephson current in the presence
steady-state current injection is also proposed. Accordin
this model an estimation of the effective quasiparticle li
time is produced. The analysis suggests the quasipar
trapping in the Nb side of the intermediate electrode is
most effective process limiting excitation lifetimes. Th
agreement with theoretical predictions is an indirect dem
stration of the validity of the proposed nonequilibrium ana
sis.

EXPERIMENTAL

Fabrication

The multilayer Nb(150 nm)/AlxOy /Nb(40 nm)-
Al(20 nm)/AlxOy /Nb(50 nm) was deposited over a 2-in.
crystalline wafer in a ultrahigh vacuum system at pressur
1028 Torr, without vacuum breaking.6 This process allows a
high degree of control for interfaces between different laye
Nb and Al films were deposited by dc-magnetron sputter
while tunneling barriers were formed by Al thermal oxid
tion. The multilayer was patterned by using the lift-off tec
nique to define the geometry of the bottom electrode. By
and chemical etching processes, the top Nb film, the AlxOy
oxide and the Al film were removed in sequence to define
geometry of the top junction. The area of the bottom junct
was obtained by anodization oxide growth down to the Nb
the base electrode. Afterward, an insulation layer of SiO w
thermally deposited on the periphery of the top tunnel b
rier, before the deposition of the Nb~350 nm! wiring for both
the intermediate and top electrode. Finally, the geometry
the bottom lead was defined both by RIE and etching of
bottom tunnel junction. Bottom and top junctions had are
of 1083125 and 1003100mm2, respectively. A cross sec
tion of the realized device is shown in Fig. 1.
17450
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Measurements

The samples were characterized in terms of the curr
voltage I -V curves down to 1.5 K in a shielded cryosta
Bottom junctions showed high quality factorVm
50.7DI gR2 mV (2DI g is the current jump at the sum ga
voltage andR2 mV the static resistance atV52 mV) up to 65
mV. The RNNA products were 3.131025 and 2.6
31025 V cm2 for the bottom and the top junctions, respe
tively. The electronic properties of the top junctions a
strongly influenced by the proximity effect in the intermed
ate electrode. In fact, the voltage value corresponding to
sumgap was found to beVg52.3 mV, while for bottom junc-
tions Vg52.7 mV. The current density was 80A/cm2. The
Josephson critical currents of both junctions were measu
as a function of an externally applied magnetic field para
to the barrier junction.6 The diffraction patterns are regula
and they exhibit a good modulation of theI c current up to
relatively high magnetic fields. Figure 2 shows the dep
dence of the Josephson currentI c of the top junction on the
steady-state current injected from the bottom junction at
ferent temperatures down to 1.5 K. TheI c vs I inj dependence
is due to the combined action of the local magnetic fie
produced by injected currents and nonequilibrium proces
Nevertheless, the saturation observed at temperatures
to 2 K reflects the achieved insensibility of the magne
penetration depth atT!Tc .7 The curve recorded atT52 K
can be considered as a background, and hence subtract
lower temperature patterns. Any further change observe
this regime can be a good candidate for the nonequilibri
signature we are searching for. On the other hand, the ab

FIG. 1. A schematic of the cross section of a realized device.

FIG. 2. Modifications in the Josephson currentI c under steady-
state current injection at different temperatures down to 1.5 K.
9-2
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mentioned magnetic background subtraction shouldn’t af
seriously nonequilibrium processes, since they are ma
effective at very low temperatures as discussed in the
lows.

Injection effects in the proximised NbÕAl electrode

The knowledge of both the effective electronic density
states and the spatial variation of the pair potential along
intermediate electrode are strongly dependent on the pro
ity coupling between the Nb and Al layers forming the inte
mediate heterostructure. We described the physical prope
of the Nb/Al (S/S8) bilayer by using a microscopic mode
proposed by Golubovet al.,8 which mainly assumes the dirt
limit for involved superconductors and an arbitrary fin
transparency of the bilayer interface. According to the f
malism of Ref. 8, the properties of theS/S8 bilayer can be
described in terms of two physical parameters, namely,gm

and gB , defined as gm5(rSjS /rS8jS8
* )d/j* and gB

5(RB /rS8jS8
* ), whererS(S8) is the normal state resistivity o

S(S8) layer, j* is related to the bulk coherence lengthjS8 ,
by the relationjS8

* 5jS8ATc,S8 /Tc,S, jS is the coherence
length of the superconductorS, d the thickness of theS8
layer, andRB theS/S8 interface resistivity, respectively. Th
parametersgm andgB have simple physical meanings:gm is
a measure of the strength of the proximity effect betweeS
andS8 layers, whereasgB describes the effect of the bound
ary transparency between them.

The variation of the density of states in the supercondu
ing film due to the proximity effect influences also the J
sephson current. Indeed, under the assumption of a unif
current distribution across the junction area~small junction
limit !, the Josephson current can be written as

eIcRN

2pTc
5

T

Tc
(
v.0

v22F1~0!G1~0!F2~0!G2~0!, ~1!

whereG1(2)(0) is the retarded Green’s function for the ele
trode 1~2! evaluated near the tunnel barrier,F1(2)(0) the pair
potential of the electrode 1~2! evaluated at theS/S8 interface,
and v is the Matsubara frequency. Taking into account
proximity effect, both the functionsG(0) andF~0! are in-
fluenced by the parametersgm andgB as explained in Ref. 8

A deconvolution technique based on an algorithm p
posed by Blamire9 allowed us to extract the unknown tun
neling density of states~TDOS! from the current-voltageI -V
data of the bottom junctions, where sharply peaked
edges were observed at energieseV5D1DSN, with D and
DSN,D the energy gaps of the Nb base and the Nb/Al
layer at the Nb side electrodes, respectively. Afterward,
extracted TDOS of the intermediate electrode was fitted w
that predicted by the microscopic proximity model in the N
side of the bilayer by consideringgm andgB as free param-
eters. The best fit values forgm and gB were gm50.3 and
gB55.2, respectively. Figure 3 shows the DOS and TDOS
the intermediate electrode on theSside. The BCS density o
states has been plotted for clarity. The normalized DOS
the Al side and the pair potential profile along the interm
diate electrode were determined by solving the microsco
17450
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equations by assuming the estimated valuesgm and gB pa-
rameters. In Figs. 4~a! and 4~b! numerical results for DOS
and the pair potential are plotted. The same procedure u
both for the determination of DOS and the pair potent
spatial dependence was also adopted in the presence
steady-state current injection flowing into the intermedi
electrode. As an example, in Figs. 5~a! and 5~b! experimental
results for DOS in the Al side and the pair potential along
intermediate electrode are shown. It is interesting to note
steady-state injection tends to reduce both the jump in
pair potential at the interface and the energy gap in the
side close to the interface. Moreover, the quasiparticle in
tion produces effects both in DOS and the pair potent
which are described in terms of higher values ofgm andgB .
In particular, thegm value increases significantly up to 2.

DISCUSSION

The I c vs I inj curves plotted in Fig. 2 cannot be com
pletely described in terms of a pure thermal model based
a higher effective temperatureT* of the detector following
the current injection. In fact, we estimatedT* by comparing
the detectorI -V characteristics in the presence of injection
those measured at higher bath temperatures. Afterward
estimated values ofT* together with thegm andgB param-
eters previously determined, were used in Eq.~1! in order to
evaluate the corresponding theoretical behavior of the
sephson current in the presence of the proximity effect.
periments and theoretical predictions are compared in Fig
The high degree of discrepancy indicates the failure o
simple heating model, and it suggests an interpretation of
results in term of nonequilibrium processes.

We propose a simple model to explain the observ
Josephson current modification. The injected curr
produces a nonequilibrium state which can be taken i
account through a Boltzman-type modification of t
quasiparticle distribution function,10 which satisfies the
kinetic Eliashberg microscopic equation, i.e.,f («)5 f 0(«)
1c(r ,t)e2(«2D)/KBT. It is possible to demonstrate11 that the

FIG. 3. Density of states~squares! and tunneling density of
states~straight line! of the intermediate electrode on the Nb sid
The BCS density of states~dashed line! has been plotted as a com
parison.
9-3
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function c(r ,T) satisfies the following equation:

]c

]t
2D¹2c1

1

tR
Fc1

1

2
expS D

kTD c2G1
c

tT
5I 0 , ~2!

whereD is effective diffusion constant for quasiparticles,I 0
the total injection rate, andtT andtR are the tunneling and
the recombination time,12 respectively. Assuming tT
54e2dN0RNN , whereN0 is the single-spin density of state
at the Fermi level, we foundtT53 ms. The determination o
the thermal recombination time is much more complicated
the presence of large inhomogeneities due to proximity ef
into the intermediate electrode. According to Ref. 12,
estimated the recombination time for Nb, by assum
DS/N51.35 meV as suggested by the above reported D
analysis,T51.5 K, Tc59.2 K, andtR50.3ms. Neverthe-
less, this value must be considered only an upper limit si
the proximity effect can strongly reduce it13 as explained in
the following. Equation~2! is similar to the Rothwarf-Taylor
equation14 for quasiparticles under the hypothesis that 2D1
phonons are at equilibrium. Since the characteristic ti

FIG. 4. ~a! Numerical DOS in the Al side of the bilayer.~b!
Spatial dependence of the pair potential in Nb (x,0) and Al (x
.0) for the Nb/Al bilayer at a reduced temperaturet50.42.Y scale
andX scale are normalized to the critical temperature of Nb la
and to the coherence length in each layer of the bilayer, res
tively.
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scale for phonon interactions is typically 2 or 3 orders
magnitude shorter than that involving quasiparticles, the p
turbed superconductor can be considered as a two com
nent system in which only quasiparticles are out-of equil
rium with the low-temperature phonon bath.

By averaging over the volume of the perturbed electro
and by assuming steady-state conditions, Eq.~2! becomes

^c&
tqp

5I 0 , ~3!

wheretqp is the effective quasiparticle lifetime and^c& rep-
resents the averaged value of thec(r ,t) function on the per-
turbed electrode, i.e.,c5^c(r )&. The diffusion term does no
appear due to the boundary conditions onc(r ,t), i.e., ¹c
•n50. In terms of̂ c& the variation of the Josephson critic
current can be written in the form~see Ref. 4!

I c02I c

I c0
5^c&. ~4!

Equation~4! has been obtained by considering a symme
injection junction, i.e., the gap parameter was assumed to
the same between the Nb base electrode and the Nb l

r
c-

FIG. 5. ~a! DOS in the Al side at different injection current
I inj50 mA ~solid!, I inj510 mA ~dot!, I inj523 mA ~short dash dot!,
I inj524.5 mA~dash dot line!. ~b! The spatial dependence of the pa
potential along the Nb/Al bilayer at different injection currentsI inj

50 mA ~solid!, I inj510 mA ~dot!, I inj523 mA ~short dash dot!,
I inj524.5 mA ~dash dot line!.
9-4
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close to the injector barrier. This assumption is really acce
able since theI -V curve of the injector is almost equal to th
of a standard Nb-AlxOy-Nb superconducting tunnel junction

The total driving termI 0 represents the number of in
jected quasiparticlesN which tunnel across the injector pe
unit time. A simple expression for this quasiparticle numb
N can be derived on the basis of simple physical assu
tions. In fact, the number of quasiparticles which cross o
the barrier at a givenI inj is abouteVinj /DSN, whereVinj is
the voltage applied to the injector. The energy transferre
the intermediate electrode by injection is almo
(eVinj)

2/DSN. By assuming the energy conservation duri
relaxation processes of quasiparticles down to the energy
DSN, i.e., the limiting energy for the quasiparticles in th
intermediate electrode on the Nb side before recombina
occurs, we can write the following energy balanceNDSN

'(eVinj)
2/(DSN), and hence N5(eVinj)

2/DSN
2 . As a

consequence, the total injection rate will be given byI 0

5(1/tT)@(eVinj)
2/DSN

2 #. By inserting this expression into
Eq. ~3! we obtain the steady-state solution for the functi
^c&5(tqp/tT)@(eVinj)

2/DSN
2 #, and finally the normalized Jo

sephson current variation

I c02I c

I c0
5

tqp

tT
S eVin

DSN
D 2

. ~5!

In Fig. 7 the experimental normalized Josephson curr
variation after the background subtraction as a function
(eVinj /DSN)2 is plotted. According to Eq.~5! the region cor-
responding toeVinj.4DS/N has been fitted by a linear func
tion, and the estimated value of the effective quasipart
relaxation timetqp51.060.5 ns was obtained. This lifetim
is much shorter than that predicted for Nb in the case of p
thermal recombination~see Ref. 12!. Nevertheless, variou
physical effects can influence the effective recombinat
time of excited quasiparticles such as the proximity coupl
between the Nb and the Al layers in the intermediate e

FIG. 6. The critical currentI c as a function of the injection
current I inj at T54.2 K ~squares! is compared to theI c evaluated
from the microscopic proximity model~stars! as a function of the
effective temperature obtained from thermal dependence of dete
I -V characteristics.
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trode, the quasiparticle self-recombination process, and
dependence of the recombination time on the perturbed
thickness.

In the presence of a proximity effect, the number of o
cupied states—mainly those with energies less th
DS/N—increases, giving rise to a smallertR . Moreover, the
presence of a steady-state injection current leads to an
crease of thegm parameter of the bilayer up to a value 2,
evidenced in Fig. 5. This effect is almost equivalent to
increase of the adjacent normal layer thickness without
appreciable variation of the interface transparency. Acco
ing to normalized curves for recombination rates in theS
side plotted in Ref. 13, an increase ofgm up to 2 leads to a
tR /t0 ratio of '30 at a reduced temperaturet50.17. Since
the characteristic timet0 for Nb is 0.15 ns, the effective
quasiparticle lifetime can reduce to about 5 ns in our devic
On the other hand, the quasiparticle self-recombinatio15

seems not to be effective in our experiments. Indeed,
number density of excess quasiparticlesnexc5I injtT /(eV) is
much smaller than the number density of thermal quasipa
clesnT54N(0)D0K1(D0 /kBT), whereK1(x) is the second-
order modified Bessel function. In particular,nexc
5I injtT /(eV)5131011 cm23 and nT51.631019 cm23,
and hence the correction to the quasiparticle recombina
rate due tonexc, proportional to (nexc/nT12), is not effec-
tive. Moreover, the dependence on film thickness oftR

21 ,
which is related to the existence of some limitations of t
phonons inside the perturbed film,16 can be responsible fo
a further shortening up to a factor 2. In fact, in the lim
of small thicknessd!vphtPB, wheretPB is the pair-breaking
time, we found (tR

eff)21'@12(2d/vphtPB)#(tR)21, and hence
(tR

eff)21>0.5(tR)21 by assuming typical values fortPB

'10210 s andvph'103 m/s, respectively. Within these cor
rections, the quasiparticle lifetime estimated by measur
the Josephson current variation in steady-state inject
detection experiments is anyway consistent with theoret
predictions expected for proximized Nb/Al bilayers.17 The
simple model we proposed confirms the quasiparticles re
mainly in the reduced gap region of the Nb layer inside
intermediate electrode. This process strongly limits the q
siparticle lifetime, and hence the number of injected qua
particles which reach the detector tunnel barrier and prod

tor

FIG. 7. The normalized Josephson current variation as a fu
tion of the excess number of injected quasiparticle.
9-5
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a change in the Josephson current. The consistency of
result with the expected quasiparticle trapping in Nb/
proximized bilayers is an indirect demonstration of the no
equilibrium nature of the observed phenomenology.

CONCLUSIONS

In conclusion, we investigated the role of a proximiz
Nb/Al bilayer, which forms the intermediate electrode of
stacked junction device, in determining the nonequilibriu
behavior of the Josephson current of one of the two juncti
under a steady-state current injection from the other one.
spatial profile of the pair potential along the common el
trode and the effective density of states~DOS! close to the
detector tunnel barrier have been determined with and w
out the current injection, by combining the deconvolution
the current-voltageI -V characteristics of the injector and th
numerical solution of microscopic proximity equations.
simple nonequilibrium model for the Josephson curr
variation in the presence of a steady-state current injec
er

nd

E

,

,

e

v
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has been also proposed. The model assumes the quasipa
lifetime tqp in the Nb/Al intermediate electrode as a fre
parameter. By comparing experiments to theoretical pre
tions we estimatedtqp51.060.5 ns. This relaxation time
which limits the quasiparticle scattering processes in
proximized Nb/Al bilayer, is consistent with the effectiv
quasiparticle trapping in the Nb side of the intermediate el
trode as also evidenced by detection experiments emplo
superconducting tunnel junction detectors.
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