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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 devie®@0I1cAmerican
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A Josephson junction biased by a fixed external currenequation(PSGH for each junction in the stack. A pulsed
can be considered as a prototype of a macroscopic multeonfiguration is now used in a stacked system to investigate
stable system. Besides the effects due to fluctudtiand the  the properties of the Josephson current and its lifetime in a
fundamental tests of quantum mecharfithe study of the current biased junction mode.
escape from the zero-voltage state could deserve exciting Stacked tunnel JJs have been fabricated by following a
aspects for basic physics not only in view of device applicaprocess developed for high-quality three-terminal supercon-
tions but also for physical effects involving nonequilibrium ducting electronic§. The substrate used was a” 3
dynamical states. Double tunnel junction configurations haverystalline-Si wafer held at room temperature during deposi-
been widely used both for nonequilibrium fundamentaltions. The whole pentalayer structure, i.e., Nby@y-
experimentd and several transistor-like superconductingNb/Al-Al,O,—Nb, was deposited by dc-magnetron sputter-
devices*® They offer the possibility of changing directly the ing in an UHV system, without breaking the vacuum,
electronic distribution function of the intermediate electrodeP<3.0x 108 Torr. Both tunneling barriers were formed by
by combining the quasiparticle injection, the phonon relax-thermal oxidation of the Al films. The final structure
ation, and the Cooper pair breaking. consisted of NHL50 nm—Al(10 nm—Al,O,—Nb(40 nm/

In this letter, we present both experimental and numeri-Al (20 nm—Al,O,—N40 nm. After the pentalayer deposi-
cal results concerning the behavior of a current biased Jaion, the photoresist was removed by a lift-off process, and
sephson JunctiofJ) under the influence of an electronic hence, the geometry of the bottom electrode was obtained.
pulse injected from a second JJ forming a double tunneBy dry- and chemical-etching processes, the top Nb film, the
junction stacked device. From a nonequilibrium point ofthin Al,O, oxide and the Al film were removed in sequence
view, one junction is used to break Cooper pairs through therom the top with the geometry of the top JJ. An anodization
injection of quasiparticles into the middle common film; the oxide produced the isolation of the bottom junction and also
second junction, independently biased at a value lower thajis area, with the exception of a small hole for contacting the
the critical current, senses the effects due to a change in thatermediate electrode. Afterward, Sibridges were depos-
electron distribution fUnCtion, SWitChing thereby to the finite- ited by thermal evaporation in order to have a further isola-
voltage state. We have studied the passage from the JoseRfyn for the Nb(350 nm of both the intermediate and the top
son (V=0) to the dissipative state produced by injected elecglectrodes. Finally, the intermediate Nb film and the bottom
tronic pulses, and also the possibility these devices offer ofyjge barrier outside the junction area were removed by a
resetting under suitable conditions for injected electroniGeactive ion etching process. The final sketch of the realized
pulses. The experimental results have been checked by @,cked junction is shown in Fig. 1.
numerical approach based on the perturbed Sine—Gordon The samples were characterized ifHe cryostat with a
local u-metal shielding. The main results are summarized in
¥Electronic mail: gpepe@na.infn.it Table I. The ratio between the static tunnel resistanc¥ at
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FIG. 1. Sketch qf a stacked tunnel device with the indication of different 0 200 400 600 800 1000
layers and electrical contacts.

Time [ms]
=1mV, Rg, and the normal tunneling resistan@,y, are s (b)
reported together with sum-gap voltaygg, its width AV, = 025,
the measured current jump ¥, (seeAly), and the critical ; 020 i O i
currentl .. All data were recorded &t=4.2 K. s 045
The Josephson penetration depthwas estimated to be g
70 um, thus implying a ratioL/\ ;~1.4 for a Josephson s 0.10
current densityd.=80 A/cn? andL =100xm. The junction S 0.05 T T TR A
capacitance was about 1 nF. & 0.00 L. Lﬂl J l L I
The bottom junction was used as an injector of current & [~ b |

pulses, whose effect was observed across the top junction 0 200 400 600 800 1000
(detectoy. The injected pulses had rise times of 2 ns, &0 Time [ms]

of duration, and delay time 20 ms. They were supplied by a (©)
conventional pulse generat@EG&G 480. Each pulse was o . 0.25-

split and sent simultaneously to both the injector junction = rprotylpmerrdy v "
and to a digital oscilloscopé_e Croy 9361, 300 MHy for L 020

triggering the wave form acquisition. With the detector bi- % 0.5

ased atl<l., the output voltage across the detector was g

measured by a standard PAR 5113 preamplifier. In Fig. 2 we s 010 :

report the output detector voltage for different injection pulse 5 005 LIV LLL |
amplitudes. Apart from some reflections in the signal due to 2 ,

a not completely matched injection line, a clear correlation 2 0.000 00400 &600 500 ! 1000

between injected pulses and the detector voltage is present.
In particular, a change of the detector voltage from the state
V=0 to the quasiparticle branch of theV curve, and vice FIG. 2. Detector voltage as a function of injected electronic pulses across
versa is observeflsee Figs. @)—2(c)]. This behavior, ob- the coupled junction. The scale is referred to the detector voltage, while
served also in single-shot measurements cannot be ascribBySes are reported in arbitrary units.
to the specific loading of the detector junctitthe load line
remains the same during the switching measuremeRts  describe it as a stack of two long junctions using the theory
larger amplitudes no back switching is observed, and theleveloped in recent years for stacked junctibHS Coupling
detector junction still remains on the dissipative state at anypetween stacked junctions depends on the second spatial de-
pulse across the injector. rivative of the phase. In the following, we model the junc-
For amplitudes within a suitable range the device has dions in the stack as long junctions. This allows spatial varia-
flip-flop type logic characteristic, i.e., it commutes for eachtion of the phases, and so of magnetic fields and currents. For
pulse across the injector. The possibility to control the volt-the sake of simplicity, we assume that injection and bias
age state of a JJ by pulse injection through a second junctioeurrents have an equal well-defined direction so the spatial
can have many potential applications ranging from nuclearvariations take place only in one of the spatial dimensions of
integrated superconductive detecfots several logic de- the junction, avoiding the use of a more complex two-
vices. dimensional description. In normalized units the PSGEs for
In order to model the double tunnel junction system, weinjector ¢ and detectokp are

Time [ms]

TABLE I. Relevantl -V data. E0xxP — Ixxi+ dyth+ adpif+sing+ yp(X,t) + yn(X,1) =0,

Top 1) BOUOM W €0yt — dyxp+ e+ ady+SiN @+ yg+ yn(X,1) =0,
Area (um?) 100X 100 108x 125
Vg(mV) 2.54 2.70 wheree is the stack couplingg the loss parameter, angs
éVg("l‘V)V R 2-36 0.20 the constant detector bias. We note that the injector junction
Asl(?rtnAr)n )Run 12'2 ig's is not biased, but the functiopp(x,t) represents the effect
lc(r%A) 70 9.0 of pulses. The functioryp(x,t) is chosen linear in space and

in the form of a triangular pulse train in time, i.e.,
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The simulations show that a moderate increase in tem-
perature has the effect of smearing the set on of the flip-flop
state in amplitude. Moreover, the same transition from no
switches to the fully developed flip-flop state is obtained also
sweeping the bias current at a fixed pulse amplitude. These
properties are very reminiscent of thermal escape from Jo-
sephson current in small or long junctiols? So, an inter-
esting hypothesis can be stated in the case of direct switches
from Josephson to resistive state: pulses induce in the detec-
tor junction a pulse-assisted escape from the washboard po-
tential. Pulses increase the energy of the Josephson oscilla-
tions causing escape toward the resistive state. As in the
normal thermal escape, the transition is smeared by noise.
The same idea can be applied also to the back-switching
transition. We think that the return current phenoménds
important in order to determine the reset to the zero-voltage
state, but the influence of heating and self-induced fields
make the analysis much more difficult.

FIG. 3. Simulated flip-flop transition of two junction stacks vs the pulse g
amplitude: (a) I'=20.4; (b) I'=20.6; and(c) I'=21.0. The dotted curves In conclusion, we presented measurements of pulse-

with black squares refer to the injector junction and the full curves with activated transitions from the metastable to the running state
empty circles to the detector junction. Time and voltage are normalized tnd vice versa in a stacked double tunnel Nb-based Joseph-
1l/w; and w;®,, respectively. . .
son system. The results have been compared with numerical
simulations of the PSGE model applied to a stacked system
in which the pulse pumping has been modeled as an extra
current source with suitable time characteristics. Besides the
interesting physical aspects concerning the study of both di-
rect and back-switching pulse-activated transitions, the de-
vice has great potentialities for the developmentfliptflop-
type logic devices, and front-end electronics for nuclear-
integrated Josephson detectors.
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whereT is the pulse length,the normalized junction length,
andT, the time interval between pulses. This choice implies  The authors are grateful to G. Filatrella for useful dis-
that the pulse is localized mainly on one side of the stackcussions on the effects of thermal noise. This work is sup-
The peak valud’ is the maximum value of current pulse in ported by the I-MURST in the framework of the COFIN2000
the injector junction, its average value being 1/4 of this. WeProgram “Dynamics and Thermodynamics of Vortex Struc-
choosel =1 anda=0.15 for both junctiongno variation of  tures in Superconducting Tunneling.”
losses was introducedlhe termyy(x,t) is a Gaussian noise
at 4.2 K, modeled as in Ref. 11. We take- —0.85 for the IA. Barone and G. Paterndhysics and Applications of the Josephson
Staqk_ coupling; the detector is biased ¢ 0.2, which is ZJE.ﬁ‘(a;;(r\lﬁgl,ex. Nl\(la.WC\I(glrgﬁdl,gf/la.’ (Ii.rlelli‘;é\?o.ret, D. Esteve, and J. Martinis,
sufficient to exclude any effect of thermal return current. Science239, 922 (1988.

The results are reported in Fig. 3. Fra@ to (c) the 3SeeNonequilibrium Superconductivity, Phonons, and Kapitza Boundaries
plots show the spatial average voltages in both junctions. A“EditI;dGbré K-AGf?WFf:eQU'E’evtggwgggf(klrg%s)l
tram_ of PUIseS. O.f normahze_d tlm_e IengIhequaI-to 100 Was 5G.. P.. Pepg,, G?i;nmgnc.iola, G.’ Peluso, A. Barone, E. Esposito, R. Monaco,
applied in the injector junction with peak amplitudes slightly and N. E. Booth, Appl. Phys. Let?7, 447 (2000.
increasing froml™ equal to 20.4@) to 21.0(c). The voltage  °G. P. Pepe, G. Peluso, R. Scaldaferri, L. Parlato, C. Granata, E. Esposito,

pulse response of the injector junction is shown as a full,and M. Russo, Eur. Phys. 8o be published , _
A. Barone, R. Cristiano, and P. Silvestrini, 8uperconductive Particle

_Squa_re I_lne In Flg._3. The pu_Ise reSponS_e of the detector Detectors edited by A. BaronéWorld Scientific, Singapore, 1988
junction is shown with empty circles. The flip-flop state pro- 8a.v. Ustinov, H. Kohistedt, M. Cirillo, N. F. Pedersen, G. Hallmanns, and
gressively sets on with the increase of the pulse amplitude, irgC. Heiden, Phys. Rev. B8, 10614(1993.

agreement with the experiments. Similar results can be o -0(5;- ii';gg;fgﬂ;é agngg- 1F;eod7e<r159egnél Appl. P§s2411(1993.
tained indifferently also with different values of the stack iy g castellano, G. Torrioli, C. Cosmelli, A. Costantini, F. Chiarello, P.
coupling € even if at different pulse amplitudes and/or pulse carelli, G. Rotoli, M. Cirillo, and R. L. Kautz, Phys. Rev. B, 15417
spatial dependende.g., using a quadratic rather than linear (1996. o

pulse, has no qualitative effécChanges of the pulse length 2"3; Té?&vfégﬁ,? J. M. Martinis, D. Esteve, and J. Clarke, Phys. Rev. Lett
have no effect since the detector junction always responds 0By G castellano, G. Torrioli, F. Chiarello, C. Cosmelli, and P. Carelli, J.

the pulse trailing edge. Appl. Phys.86, 6405(1999.
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