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Effects of energy-level quantization on the supercurrent decay of Josephson junctions
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We present measurements of the supercurrent decay in high quality NdibIosephson junctions which
show evidence of energy-level quantization within the washboard potential describing the junction. The effect
of discrete energy levels leads to oscillations in the rate of escape from the zero voltage state as a function of
the bias current, observed at different temperatures. The oscillation spacing fits that expected from the energy
level quantization. Moreover, a fit with the quantum theory allows us to derive interesting conclusions about
the effective dissipation of the system at low temperati®8163-182@09)08701-9

The observation of quantum effects in macroscopic sysserved energy level quantization in Josephson junctions at
tems is an interesting and difficult task to which many ex-temperatures well above the crossover temperafygrée-
perimentalists have devoted effort in the last decade. Thaveen quantum and thermal effect3his was achieved by
guestion of whether quantum mechanics survives at the maeaeasuring the switching current distribution using an exter-
roscopic level is not yet resolved due to the extreme diffi-nal bias with a high sweep frequency, in order to enhance
culty in realizing a good “probe.? Many authors are pres- nonstationary conditions in the occupation probabilities of
ently analyzing these effects by studying collectivethe energy level¥? Under nonstationary conditions the
phenomena based on the Josephson effect. This is becausgossover temperature” loses the absolute meaning of
the Josephson phase can show effects on a macroscopic scatessover between escape dominated by macroscopic quan-
due to the coherent addition of quantum states whose behatum tunneling T<T,) and thermal activation TA
ior can be described by quantum mechanics in the presen¢&>T,), and we can only state that aboVg, the dominant
of dissipation. The most ambitious goal is to obtain an ex-mechanism of escape can be either TA or tunneling from
perimental evidence for the coherent superposition of macexcited levels:*? The energy differencAE between the first
roscopically distinct statelsnacroscopic quantum coherence excited energy level and the ground state also sets an energy
(MQC)].2® However, the experiments reported in the litera-scale and temperaturdAE/k can be defined as a quantum
ture give evidence only for the incoherent superposition of[emperatureTq, so thatTo=T/27).
macroscopic quantum states, as macroscopic quantum tun- In this paper we extend earlier escape measurements to
neling (MQT),* energy level quantizatio(ELQ),*® and re-  lower temperatures. The data reported support our recent
lated effect®. Previously, the observation of quantum effectsresult§ and add information. The most important element is
in Josephson systems was evidenced by a “saturation” agvidence of energy quantization obtained at a temperature
low temperatures of the measured escape Fatebserved smaller than the level spacin§<T, and in “stationary”
both in single junctiorfs” and in superconducting quantum conditions. Quantum levels can be observed with our tech-
interference device6SQUID’s),? due to macroscopic quan- nigue only at temperatures above the bias dependent cross-
tum tunneling, and a slight oscillatory behavior Iofin the  over temperaturély. Below T, tunneling can only occur
presence of microwave irradiatidndue to the presence of from the ground state and just one “peak” is seen in the
quantized energy levefsMoreover, in an experiment per- switching current distribution, as typically observed in pre-
formed on a SQUID, Rouse, Han, and Lukéheported the  vious MQT experiments. Energy levels are observed for
first observation of resonant tunnelif@MQT)!! between To<T<T, even under quasistationary conditiorifow
macroscopically distinct quantum levels. This experiment resweep frequengysince the transition probabilities between
quired extremely low dissipation. Recently we have ob-levels become smaller with decreasing temperature. This is
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+cose), wherea is the bias current normalized to the criti-
_ '(”A_) o cal one,a=1/1, and Uy="l_.2e. For <1, the potential
EIG_. 1. Experimental datddoty and theoretical predlctlc_ms U(¢) shows an infinite series of minima separated by energy
(solid line) for the rate of escape from thé=0 state as a function barrier of height€€y/Uy= — ma+2[ @ sin_1a+(1—a2)1/2].
of the bias current]” vs I, at two different sweep frequencies The Josephson state/€0) corresponds to the particle

o=1. (dl/dt) and at a temperature df=1.4 K. (a) Data ob- trapped in one of the minima. The barrier decreases with
tained from the stationary distribution taken at a low sweeping fre-

quency,w=4.7x10% sec’’. The full curve is the theoretical pre- increasing current, and Whﬁ.b is small enough the _sygtem
diction within the classical Kramers theorRef. 14 with the can escape from the potent!al well by thermal aCt'Vat,lon_or
following junction parameterd;,=52.8 uA, C=5.5 pF,T=1.4 K, by quantum tunneling. In this case we obse_rve a switching
andR=20 k() (Ref. 19. (b) Data obtained from the nonstationary from theV=0 state to theV#0 state in the junction. The
distribution taken at a higher sweeping frequenay=4.7x10° ~ Crossover temperature between thermal and quantum effects
sec’L. The arrows correspond to energy levels following the theoryiS typically defined ad =7 w;/27k, Wherew/jzis the plasma
reported in Ref. 9. frequency of the junctione;= (2l ./¢$C)¥(1—a?)¥4, k
is the Boltzmann constang is the magnetic flux quantum,

consistent with the quantum picture of the junctiomssum-  and C is the junction capacitance. In a quantum picture we
ing very low effective dissipation. Using the junction resis- must consider the presence of energy levels in the potential
tanceR as a fitting parameter, we fit our data with the theo-wells of the washboard potential. In the weak friction limit
retical curves based on the stationary solutions of the Larkinthe energy level&; are sharp and well separated inside the
Ovchinnikov ~ kinetic equatiof. Because stationary potential well, and the dynamics of the escape process must
conditions are never completely fulfilled in the experiments,be described by the kinetic equation for the probabiliies
there is some uncertainty in the determinatiorRofand we  of finding the particle at thgth energy levef
do not give an exact value fd®. However, the observation p.
of energy levels under quasistationary conditions is by itself a_tjzz (Wjipi—Wijp)) = ¥ipj, §i=0,...N (1)
evidence of extremely low dissipation. This conclusion is !
important because the intrinsic dissipation of a Josephsowherew;; is the transition rate from thieh into thejth level
junction represents the final barrier to the possibility of main-due to the interaction with the thermal bath, apdis the
taining the coherence of SQUID states for a time longtunneling rate through the barrier, which strongly depends on
enough to observe MQC or to use such devices as elemeriise energy level positiort;. In the experiments, the bias
of quantum computers. current is increased with time at a certain refédt until a

The macroscopic quantum variable describing the junctransition from theV=0 state is observed at a value lbf
tion dynamics is the phase differengebetween the macro- smaller thanl.. This switching current value is a random
scopic wave functions of the two superconductors formingvariable whose probability distributioR(1) is measured by
the junction. Within the RSJ model the system dissipation igepeating the observation many times. The process is de-
described by an effective resistarReln this way the junc-  scribed in statistical terms by E€). Initially the total prob-
tion behavior can be understood in analogy with the motiorability p=3;p; of finding the system in one of the energy
of a particle in a washboard potentidll(¢)=—Uqy(ae levels inside the potential well ig(t=0)=1. However p(t)
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is a decreasing function of time due to the escape procesgsec ! up to a maximum of 19sec®. The voltage across the

The rate of escape from the metastable statel'($) junction is amplified and sent to a discriminator to provide

=—dlInp/dt. the trigger of a NBMIO16X National Instruments 16bit ADC
The Josephson junctions used in the experiments are higthnverter. Each measurement is repeated for 5000—20 000

quality Nb/AIQ, /Nb junctions. Nonstationary conditions are imes depending on the value of the sweep frequency and the

obtained by a fast sweep of the external Hias measuring temperature stability required by the measure.

the switching current distributioR(I) and the related escape |, Fig. 2, we show the low temperatuFevs | dependence

rate I'(1). The experiment setup for this kind of measure-yo,qred on a junction fabricated at IESS-CNR whose rel-
q,\vant junction parameters &t=110 uA, C=0.8 pF, and
A=4x4 um?.'® The measured subgap resistance in the
VYﬁnction at very low bias iR;,=1 M( for T<1 K. Data
shown refer to a sweep frequeney=1/. (dl/dt)=1C°
sec ! but the oscillations of the escape rate are evident at any
frequency. To fit data with theory we have solved the @g.

in the quasistationary limit, following the technique reported
in Ref. 9. Since the effective resistanBeis the only free
fitting parameter, we just plot the theoretical curves for dif-
" ferentR, to compare data and theory. The theoretical predic-
sition rates between levefla/; <(dN/dl) (dl/dt), whereN 5o assuming very small valueg of dissipation, ;:F))resent
is the total number of levels inside the wielhe escape pro- humps due to the presence of ELQ. The agreement between
cess is nonstationary, leading to clear evidence of ELQ as afhta and theory in terms of level spacing, amplitude of
oscillatory behavior of the escape rateys I, shown in Fig.  1,mps and shape of the oscillations is quite convincing. This
1(b). Decreasing the temperature, we expect the transitiojgence induces us to conclude that the dissipation in our
elementsw;; to decrease due to a direct temperature effeckygiem is extremely low, in spite of the fact that the relevant
(thew;; elements are temperature dePe“?f?_em well as be-  effective dissipation is often assumed to be the impedance of
cause the intrinsic dissipation of the junctitelated to the ho system(junction, bias circuitry, and environmerat the
presence of thermally activated quasiparticldspends ex- plasma frequendy estimated, for our systems, to be a few
ponentially on temperature. In the;; elements are very nhyndred of() or less® However, other similar experiments

small the effect of ELQ may be evident also at low sweepingyerformed in Josephson junctions also find that the dissipa-
frequency. In fact Eq(1) predicts a nonmonotonic behavior o corresponds to resistance much higher than a few hun-
even in quasistationary conditiorieamely,dp;/dt=0 for  greq of()510.15.19-21

J=0,... N=2). To test this idea we extend the measure- |n conclusion, we have observed oscillations in the rate of
ments to lower temperature in e-*He dilution refrigera- escape from th& =0 state as a function of the bias current,
tor. o ) ) _ ) . which are interpreted as due to the presence of energy level
The dilution refrigerator is a Leiden Cryogenics refrigera- qyantization in the Josephson junction. The data fit well with
tor having a base temperature of approximately 10 mK. Thgne theory of Ref. 9, assuming very low dissipation. We
refrigerator is placed inside a system of three concentrigiress that such low dissipation, if confirmed, is encouraging
u-metal shields giving an attenuation for dc magnetic fieldsitn regard to the possible observation of MQC in Josephson

greater than 60 dB. The silicon chip with the junction is systems. Work is in progress to obtain another independent
glued on a fiberglass substrate and inserted on a chip holdgfeasurement of the effective system dissipation.
into the mixing chamber of théHe-*He refrigerator. This

mounting assures that the junction is always in contact with We wish to thank G. Diambrini Palazzi, S. Janosh, E.
the cold mixture. All of the wires coming from the junction Esposito, R. Leoni, K. Pretzl, and M. Russo for useful dis-
are filtered at the output of the mixing chamber by means ofussions and hints. We are indebted to A. Leggett, Yu. N.
two pole Tchebychev CLCL filters with a cutoff frequency Ovchinnikov, A. Barone, M. Devoret, and J. Martinis for
of 5 MHz. The wires to room temperature are two couples ofspecial encouragement and suggestions. This work is par-
coaxial superconducting cables with a characteristic impedtially supported by the Istituto Nazionale di Fisica Nucleare
ance of 500. The sweep frequency ranges between 3 (INFN) under the MQC project.

several junctions with different critical current densities and
as a consequence, different level spacing. As an example,
show in Fig. 1 the escape rdfevs | measured for two sweep
frequenciesn=1/1, (dl/dt) at T=1.4 K. Here the relevant
junction parameters aré.=52.8 uA, C=5.5 pF, and
A=10x10 um?. As is clear from the Fig. (&), the measure-
ment at low sweep frequencyn4.7x 107 sec’?) is well
fitted with Kramers’ theory**°In contrast, if the sweep rate
is fast (w=4.7x10° sec’!) enough with respect to the tran-

*Electronic address: carlo.cosmelli@romal.infn.it Present to Futurgedited by G. Diambrini PalazzWorld Sci-

1A. J. Leggett, Prog. Theor. Phys. Supp®, 80 (1980. entific, Singapore, 1994p. 343.

2A. D. Caldeira and A. J. Leggett, Phys. Rev. Ld#, 211(1981). ’s. Washborn, R. F. Voss, R. A. Webb, and S. Faris, Phys. Rev.

3C. D. Tesche, Phys. Rev. Lei4, 2358(1990. Lett. 55, 2712(1985.

4J. M. Martinis, M. H. Devoret, and J. Clarke, Phys. Rev3B 8D. B. Schwartz, B. Sen, C. N. Archie, and J. E. Lukens, Phys.
4682(1987, and references therein. Rev. Lett.55, 1547(1985.

5p. Silvestrini, V. G. Palmieri, B. Ruggiero, and M. Russo, Phys. °A. I. Larkin and Yu. N. Ovchinnikov, Zh. Eksp. Teor. Fi21,
Rev. Lett.79, 3046(1997), and references therein. 318(1986.

5D. W. Bol and R. de Bruyn Ouboter, PhysicalB0, 56 (1989;J.  1°R. Rouse, S. Han, and J. E. Lukens, Phys. Rev. [7&t.1614
Lapointe, S. Han, and J. E. Lukerisid. 165&166, 951 (1990); (1995.

R. J. Pranceet al, in Phenomenology of Unification from 113, M. Schmidt, A. N. Cleland, and J. Clarke, Phys. Revi38229



180 BRIEF REPORTS PRB 59

(1992); P. Silvestrini, B. Ruggiero, Yu. N. Ovchinnikov, and A. Ruggiero, C. Granata, V. G. Palmieri, A. Esposito, M. Russo,

Barone,ibid. 53, 67 (1996); P. Silvestrini, B. Ruggiero, and Yu. and P. Silvestrini, Phys. Rev. B7, 134 (1998.

N. Ovchinnikov,ibid. 54, 1246(19986. 18These parameters are independently measured as described in
12p_ Sijlvestrini, Yu. N. Ovchinnikov, and R. Cristiano, Phys. Rev.  Ref. 5.

B 41, 7341(1990; P. Silvestrini, Phys. Lett. M1, 7341(1990;  17seg, for instance, D. Estew al, Phys. Scr29, 121(1989.

P. Silvestrini, B. Ruggiero, and A. Esposito, Fiz. Nizk. Temp. 18\ pevoret and J. Martinigprivate communication(after a de-
13 22, 195(1996. _ tailed analysis of our experimental setup in Arco Félice

A. Garg, Phys. Rev. B82, 4746(1989; M. Bocko, A. M. Herr, - 19p_gijyestriniet al, Phys. Rev. Lett60, 844 (1988.
?nd 7')\/| J. Feldman, IEEE Trans. Appl. Supercod.3638 20| g kyzmin and D. B. Haviland, Phys. Rev. Le7, 2890
1997).

. (1991.

14

15H' A. Kramers, PhysicaAmsterdam 7, 284(1940. . ?ly. Nakamura, C. D. Chen, and J. S. Tsai, Phys. Rev. 7@
The effective dissipation is assumed the quasiparticle resistance 2328(1997)

Rqp at zero bias Y <5 uV), following the method reported in B.



