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Pulse-induced switches in a Josephson tunnel stacked device
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Pulse-activated transitions from the metastable to the running state and vice versa have been
observed in a stacked double tunnel Nb-based Josephson system. Experimental results are compared
with numerical simulations based on the Sine–Gordon model of the stacked junctions by injecting
pulses with variable amplitude in one of the junctions of the stack, and observing the voltage
response of the other junction. Both experimental and numerical results show the possibility to
induce both direct and back-switching transitions from the metastable to the running state simply by
changing the amplitude of the electronic pulses injected across the stack device. ©2001 American
Institute of Physics.@DOI: 10.1063/1.1402652#
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A Josephson junction biased by a fixed external curr
can be considered as a prototype of a macroscopic m
stable system. Besides the effects due to fluctuations1 and the
fundamental tests of quantum mechanics,2 the study of the
escape from the zero-voltage state could deserve exc
aspects for basic physics not only in view of device appli
tions but also for physical effects involving nonequilibriu
dynamical states. Double tunnel junction configurations h
been widely used both for nonequilibrium fundamen
experiments3 and several transistor-like superconducti
devices.4,5 They offer the possibility of changing directly th
electronic distribution function of the intermediate electro
by combining the quasiparticle injection, the phonon rela
ation, and the Cooper pair breaking.

In this letter, we present both experimental and num
cal results concerning the behavior of a current biased
sephson Junction~JJ! under the influence of an electron
pulse injected from a second JJ forming a double tun
junction stacked device. From a nonequilibrium point
view, one junction is used to break Cooper pairs through
injection of quasiparticles into the middle common film; t
second junction, independently biased at a value lower t
the critical current, senses the effects due to a change in
electron distribution function, switching thereby to the finit
voltage state. We have studied the passage from the Jos
son (V50) to the dissipative state produced by injected el
tronic pulses, and also the possibility these devices offe
resetting under suitable conditions for injected electro
pulses. The experimental results have been checked
numerical approach based on the perturbed Sine–Go
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equation~PSGE! for each junction in the stack. A pulse
configuration is now used in a stacked system to investig
the properties of the Josephson current and its lifetime i
current biased junction mode.

Stacked tunnel JJs have been fabricated by followin
process developed for high-quality three-terminal superc
ducting electronics.6 The substrate used was a9
crystalline-Si wafer held at room temperature during depo
tions. The whole pentalayer structure, i.e., Nb–AlxOy–
Nb/Al–Al xOy– Nb, was deposited by dc-magnetron sputt
ing in an UHV system, without breaking the vacuum
P,3.031028 Torr. Both tunneling barriers were formed b
thermal oxidation of the Al films. The final structur
consisted of Nb~150 nm!–Al~10 nm!–AlxOy– Nb~40 nm!/
Al ~20 nm!–AlxOy– Nb~40 nm!. After the pentalayer deposi
tion, the photoresist was removed by a lift-off process, a
hence, the geometry of the bottom electrode was obtain
By dry- and chemical-etching processes, the top Nb film,
thin AlxOy oxide and the Al film were removed in sequen
from the top with the geometry of the top JJ. An anodizati
oxide produced the isolation of the bottom junction and a
its area, with the exception of a small hole for contacting
intermediate electrode. Afterward, SiOx bridges were depos
ited by thermal evaporation in order to have a further iso
tion for the Nb~350 nm! of both the intermediate and the to
electrodes. Finally, the intermediate Nb film and the bott
oxide barrier outside the junction area were removed b
reactive ion etching process. The final sketch of the reali
stacked junction is shown in Fig. 1.

The samples were characterized in a4He cryostat with a
local m-metal shielding. The main results are summarized
Table I. The ratio between the static tunnel resistance aV
0 © 2001 American Institute of Physics
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51 mV, RS , and the normal tunneling resistance,RNN , are
reported together with sum-gap voltageVg , its width DVg ,
the measured current jump atVg , ~seeDI g!, and the critical
currentI c . All data were recorded atT54.2 K.

The Josephson penetration depthlJ was estimated to be
70 mm, thus implying a ratioL/lJ'1.4 for a Josephson
current densityJc580 A/cm2 andL5100mm. The junction
capacitance was about 1 nF.

The bottom junction was used as an injector of curr
pulses, whose effect was observed across the top junc
~detector!. The injected pulses had rise times of 2 ns, 600ms
of duration, and delay time 20 ms. They were supplied b
conventional pulse generator~EG&G 480!. Each pulse was
split and sent simultaneously to both the injector junct
and to a digital oscilloscope~Le Croy 9361, 300 MHz! for
triggering the wave form acquisition. With the detector b
ased atI ,I c , the output voltage across the detector w
measured by a standard PAR 5113 preamplifier. In Fig. 2
report the output detector voltage for different injection pu
amplitudes. Apart from some reflections in the signal due
a not completely matched injection line, a clear correlat
between injected pulses and the detector voltage is pre
In particular, a change of the detector voltage from the s
V50 to the quasiparticle branch of theI –V curve, and vice
versa is observed@see Figs. 2~a!–2~c!#. This behavior, ob-
served also in single-shot measurements cannot be asc
to the specific loading of the detector junction~the load line
remains the same during the switching measurements!. For
larger amplitudes no back switching is observed, and
detector junction still remains on the dissipative state at
pulse across the injector.

For amplitudes within a suitable range the device ha
flip-flop type logic characteristic, i.e., it commutes for ea
pulse across the injector. The possibility to control the vo
age state of a JJ by pulse injection through a second junc
can have many potential applications ranging from nucle
integrated superconductive detectors7 to several logic de-
vices.

In order to model the double tunnel junction system,

FIG. 1. Sketch of a stacked tunnel device with the indication of differ
layers and electrical contacts.

TABLE I. RelevantI –V data.

Top JJ Bottom JJ

Area ~mm2! 1003100 1083125
Vg~mV! 2.54 2.70
DVg~mV! 0.36 0.20
Rs(at 1 mV)/RNN 20.0 36.8
DI g~mA! 11.8 13
I c~mA! 7.0 9.0
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describe it as a stack of two long junctions using the the
developed in recent years for stacked junctions.8–10Coupling
between stacked junctions depends on the second spatia
rivative of the phase. In the following, we model the jun
tions in the stack as long junctions. This allows spatial var
tion of the phases, and so of magnetic fields and currents.
the sake of simplicity, we assume that injection and b
currents have an equal well-defined direction so the spa
variations take place only in one of the spatial dimensions
the junction, avoiding the use of a more complex tw
dimensional description. In normalized units the PSGEs
injector c and detectorw are

e]xxw2]xxc1] ttc1a] tc1sinc1gP~x,t !1gN~x,t !50,

e]xxc2]xxw1] ttw1a] tw1sinw1gB1gN~x,t !50,

wheree is the stack coupling,a the loss parameter, andgB

the constant detector bias. We note that the injector junc
is not biased, but the functiongP(x,t) represents the effec
of pulses. The functiongP(x,t) is chosen linear in space an
in the form of a triangular pulse train in time, i.e.,

t

FIG. 2. Detector voltage as a function of injected electronic pulses ac
the coupled junction. The scale is referred to the detector voltage, w
pulses are reported in arbitrary units.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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gP~x,t !55
2GS x

l D S t

TD for 0<t<
T

2

2GS x

l D S 12
t

TD for
T

2
<t<T

0 for T<t<Tp ,

whereT is the pulse length,l the normalized junction length
andTp the time interval between pulses. This choice impl
that the pulse is localized mainly on one side of the sta
The peak valueG is the maximum value of current pulse
the injector junction, its average value being 1/4 of this. W
choosel 51 anda50.15 for both junctions~no variation of
losses was introduced!. The termgN(x,t) is a Gaussian noise
at 4.2 K, modeled as in Ref. 11. We takee520.85 for the
stack coupling; the detector is biased atg50.2, which is
sufficient to exclude any effect of thermal return current.

The results are reported in Fig. 3. From~a! to ~c! the
plots show the spatial average voltages in both junctions
train of pulses of normalized time lengthT equal to 100 was
applied in the injector junction with peak amplitudes sligh
increasing fromG equal to 20.4~a! to 21.0~c!. The voltage
pulse response of the injector junction is shown as a
square line in Fig. 3. The pulse response of the dete
junction is shown with empty circles. The flip-flop state pr
gressively sets on with the increase of the pulse amplitude
agreement with the experiments. Similar results can be
tained indifferently also with different values of the sta
couplinge even if at different pulse amplitudes and/or pul
spatial dependence~e.g., using a quadratic rather than line
pulse, has no qualitative effect!. Changes of the pulse lengt
have no effect since the detector junction always respond
the pulse trailing edge.

FIG. 3. Simulated flip-flop transition of two junction stacks vs the pu
amplitude:~a! G520.4; ~b! G520.6; and~c! G521.0. The dotted curves
with black squares refer to the injector junction and the full curves w
empty circles to the detector junction. Time and voltage are normalize
1/vJ andvJF0 , respectively.
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The simulations show that a moderate increase in te
perature has the effect of smearing the set on of the flip-
state in amplitude. Moreover, the same transition from
switches to the fully developed flip-flop state is obtained a
sweeping the bias current at a fixed pulse amplitude. Th
properties are very reminiscent of thermal escape from
sephson current in small or long junctions.11,12 So, an inter-
esting hypothesis can be stated in the case of direct swit
from Josephson to resistive state: pulses induce in the de
tor junction a pulse-assisted escape from the washboard
tential. Pulses increase the energy of the Josephson os
tions causing escape toward the resistive state. As in
normal thermal escape, the transition is smeared by no
The same idea can be applied also to the back-switch
transition. We think that the return current phenomenon13 is
important in order to determine the reset to the zero-volt
state, but the influence of heating and self-induced fie
make the analysis much more difficult.

In conclusion, we presented measurements of pu
activated transitions from the metastable to the running s
and vice versa in a stacked double tunnel Nb-based Jos
son system. The results have been compared with nume
simulations of the PSGE model applied to a stacked sys
in which the pulse pumping has been modeled as an e
current source with suitable time characteristics. Besides
interesting physical aspects concerning the study of both
rect and back-switching pulse-activated transitions, the
vice has great potentialities for the development offlip-flop-
type logic devices, and front-end electronics for nucle
integrated Josephson detectors.

The authors are grateful to G. Filatrella for useful d
cussions on the effects of thermal noise. This work is s
ported by the I-MURST in the framework of the COFIN200
Program ‘‘Dynamics and Thermodynamics of Vortex Stru
tures in Superconducting Tunneling.’’
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