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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 Nb/AlOx /Nb Josephson 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 temperatures.@S0163-1829~99!08701-9#
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The observation of quantum effects in macroscopic s
tems is an interesting and difficult task to which many e
perimentalists have devoted effort in the last decade.
question of whether quantum mechanics survives at the m
roscopic level is not yet resolved due to the extreme d
culty in realizing a good ‘‘probe.’’1 Many authors are pres
ently analyzing these effects by studying collecti
phenomena based on the Josephson effect. This is bec
the Josephson phase can show effects on a macroscopic
due to the coherent addition of quantum states whose be
ior can be described by quantum mechanics in the pres
of dissipation. The most ambitious goal is to obtain an
perimental evidence for the coherent superposition of m
roscopically distinct states@macroscopic quantum coheren
~MQC!#.2,3 However, the experiments reported in the liter
ture give evidence only for the incoherent superposition
macroscopic quantum states, as macroscopic quantum
neling ~MQT!,4 energy level quantization~ELQ!,4,5 and re-
lated effects.6 Previously, the observation of quantum effec
in Josephson systems was evidenced by a ‘‘saturation
low temperatures of the measured escape rateG, observed
both in single junctions4,7 and in superconducting quantu
interference devices~SQUID’s!,8 due to macroscopic quan
tum tunneling, and a slight oscillatory behavior ofG in the
presence of microwave irradiation,4 due to the presence o
quantized energy levels.9 Moreover, in an experiment per
formed on a SQUID, Rouse, Han, and Lukens10 reported the
first observation of resonant tunneling~RMQT!11 between
macroscopically distinct quantum levels. This experiment
quired extremely low dissipation. Recently we have o
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served energy level quantization in Josephson junction
temperatures well above the crossover temperatureT0 be-
tween quantum and thermal effects.5 This was achieved by
measuring the switching current distribution using an ext
nal bias with a high sweep frequency, in order to enha
nonstationary conditions in the occupation probabilities
the energy levels.12 Under nonstationary conditions th
‘‘crossover temperature’’ loses the absolute meaning
crossover between escape dominated by macroscopic q
tum tunneling (T,T0) and thermal activation TA
(T.T0), and we can only state that aboveT0 , the dominant
mechanism of escape can be either TA or tunneling fr
excited levels.5,12The energy differenceDE between the first
excited energy level and the ground state also sets an en
scale and temperature (DE/k can be defined as a quantu
temperatureTq , so thatT0>Tq/2p).

In this paper we extend earlier escape measuremen
lower temperatures. The data reported support our re
results5 and add information. The most important element
evidence of energy quantization obtained at a tempera
smaller than the level spacingT,Tq and in ‘‘stationary’’
conditions. Quantum levels can be observed with our te
nique only at temperatures above the bias dependent c
over temperatureT0 . Below T0 tunneling can only occur
from the ground state and just one ‘‘peak’’ is seen in t
switching current distribution, as typically observed in pr
vious MQT experiments. Energy levels are observed
T0,T,Tq even under quasistationary conditions~low
sweep frequency! since the transition probabilities betwee
levels become smaller with decreasing temperature. Thi
177 ©1999 The American Physical Society



is-
o

kin

ts

e
is
so
in
ng
e

nc
-
in

io

i-

rgy

e
ith

or
ing

fects

,
we
ntial
it
he
ust

on
s

de-

y

s

fre
-

ry

or

ry.
-

178 PRB 59BRIEF REPORTS
consistent with the quantum picture of the junction,9 assum-
ing very low effective dissipation. Using the junction res
tanceR as a fitting parameter, we fit our data with the the
retical curves based on the stationary solutions of the Lar
Ovchinnikov kinetic equation.9 Because stationary
conditions are never completely fulfilled in the experimen
there is some uncertainty in the determination ofR, and we
do not give an exact value forR. However, the observation
of energy levels under quasistationary conditions is by its
evidence of extremely low dissipation. This conclusion
important because the intrinsic dissipation of a Joseph
junction represents the final barrier to the possibility of ma
taining the coherence of SQUID states for a time lo
enough to observe MQC or to use such devices as elem
of quantum computers.13

The macroscopic quantum variable describing the ju
tion dynamics is the phase differencew between the macro
scopic wave functions of the two superconductors form
the junction. Within the RSJ model the system dissipation
described by an effective resistanceR. In this way the junc-
tion behavior can be understood in analogy with the mot
of a particle in a washboard potential:U(w)52U0(aw

FIG. 1. Experimental data~dots! and theoretical predictions
~solid line! for the rate of escape from theV50 state as a function
of the bias current,G vs I, at two different sweep frequencie
v51/I c (dI/dt) and at a temperature ofT51.4 K. ~a! Data ob-
tained from the stationary distribution taken at a low sweeping
quency,v54.73102 sec21. The full curve is the theoretical pre
diction within the classical Kramers theory~Ref. 14! with the
following junction parameters:I c552.8mA, C55.5 pF,T51.4 K,
andR520 kV ~Ref. 15!. ~b! Data obtained from the nonstationa
distribution taken at a higher sweeping frequency,v54.73105

sec21. The arrows correspond to energy levels following the the
reported in Ref. 9.
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1cosw), wherea is the bias current normalized to the crit
cal one,a5I /I c and U05\I c/2e. For a,1, the potential
U(w) shows an infinite series of minima separated by ene
barrier of heightsE0 /U052pa12@a sin21 a1(12a2)1/2#.
The Josephson state (V50) corresponds to the particl
trapped in one of the minima. The barrier decreases w
increasing current, and whenE0 is small enough the system
can escape from the potential well by thermal activation
by quantum tunneling. In this case we observe a switch
from the V50 state to theVÞ0 state in the junction. The
crossover temperature between thermal and quantum ef
is typically defined asT05\v j /2pk, wherev j is the plasma
frequency of the junction,v j5(2pI c /f0C)1/2(12a2)1/4, k
is the Boltzmann constant,f0 is the magnetic flux quantum
and C is the junction capacitance. In a quantum picture
must consider the presence of energy levels in the pote
wells of the washboard potential. In the weak friction lim
the energy levelsEj are sharp and well separated inside t
potential well, and the dynamics of the escape process m
be described by the kinetic equation for the probabilitiesr j
of finding the particle at thejth energy level:9

]r j

]t
5(

i
~wji r i2wi j r j !2g jr j , j 50, . . . ,N ~1!

wherewji is the transition rate from theith into thejth level
due to the interaction with the thermal bath, andg j is the
tunneling rate through the barrier, which strongly depends
the energy level positionEj . In the experiments, the bia
current is increased with time at a certain ratedI/dt until a
transition from theV50 state is observed at a value ofI
smaller thanI c . This switching current value is a random
variable whose probability distributionP(I ) is measured by
repeating the observation many times. The process is
scribed in statistical terms by Eq.~1!. Initially the total prob-
ability r5( jr j of finding the system in one of the energ
levels inside the potential well isr(t50)51. However,r(t)

-

y

FIG. 2. Experimental data~dots! and theoretical predictions
~solid lines! for the rate of escape from theV50 state as a function
of the bias current,G vs I, at a sweep frequencyv5103 sec21. The
theoretical predictions are calculated within the quantum theo9

Here I c5110 mA, T50.75 K, C50.8 pF, and the effective dissi
pation resistanceR is ~a! R5100 kV, ~b! R5500 kV, and ~c! R
51 MV.
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is a decreasing function of time due to the escape proc
The rate of escape from the metastable state isG(I )
52d ln r/dt.

The Josephson junctions used in the experiments are
quality Nb/AlOx /Nb junctions. Nonstationary conditions a
obtained by a fast sweep of the external biasI in measuring
the switching current distributionP(I ) and the related escap
rate G(I ). The experiment setup for this kind of measur
ment is described in detail in Ref. 5. We have measu
several junctions with different critical current densities an
as a consequence, different level spacing. As an example
show in Fig. 1 the escape rateG vs I measured for two swee
frequenciesv51/I c (dI/dt) at T51.4 K. Here the relevan
junction parameters areI c552.8 mA, C55.5 pF, and
A510310 mm2. As is clear from the Fig. 1~a!, the measure-
ment at low sweep frequency (v54.73102 sec21) is well
fitted with Kramers’ theory.14,15 In contrast, if the sweep rat
is fast (v54.73105 sec21) enough with respect to the tran
sition rates between levels@wji ,(dN/dI) (dI/dt), whereN
is the total number of levels inside the well# the escape pro
cess is nonstationary, leading to clear evidence of ELQ, a
oscillatory behavior of the escape rate,G vs I, shown in Fig.
1~b!. Decreasing the temperature, we expect the transi
elementswji to decrease due to a direct temperature eff
~thewji elements are temperature dependent!9 as well as be-
cause the intrinsic dissipation of the junction~related to the
presence of thermally activated quasiparticles! depends ex-
ponentially on temperature. In thewi j elements are very
small the effect of ELQ may be evident also at low sweep
frequency. In fact Eq.~1! predicts a nonmonotonic behavio
even in quasistationary conditions~namely,dr j /dt50 for
j 50, . . . ,N22). To test this idea we extend the measu
ments to lower temperature in a3He-4He dilution refrigera-
tor.

The dilution refrigerator is a Leiden Cryogenics refriger
tor having a base temperature of approximately 10 mK. T
refrigerator is placed inside a system of three concen
m-metal shields giving an attenuation for dc magnetic fie
greater than 60 dB. The silicon chip with the junction
glued on a fiberglass substrate and inserted on a chip ho
into the mixing chamber of the3He-4He refrigerator. This
mounting assures that the junction is always in contact w
the cold mixture. All of the wires coming from the junctio
are filtered at the output of the mixing chamber by means
two pole Tchebychev CLCL filters with a cutoff frequenc
of 5 MHz. The wires to room temperature are two couples
coaxial superconducting cables with a characteristic imp
ance of 50V. The sweep frequencyv ranges between 3
ss.
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sec21 up to a maximum of 104 sec21. The voltage across the
junction is amplified and sent to a discriminator to provid
the trigger of a NBMIO16X National Instruments 16bit ADC
converter. Each measurement is repeated for 5000–20
times depending on the value of the sweep frequency and
temperature stability required by the measure.

In Fig. 2, we show the low temperatureG vs I dependence
measured on a junction fabricated at IESS-CNR whose
evant junction parameters atI c5110 mA, C50.8 pF, and
A5434 mm2.16 The measured subgap resistance in t
junction at very low bias isRqp51 MV for T,1 K. Data
shown refer to a sweep frequencyv51/I c (dI/dt)5103

sec21 but the oscillations of the escape rate are evident at a
frequency. To fit data with theory we have solved the Eq.~1!
in the quasistationary limit, following the technique reporte
in Ref. 9. Since the effective resistanceR is the only free
fitting parameter, we just plot the theoretical curves for d
ferentR, to compare data and theory. The theoretical pred
tions, assuming very small values of dissipation, pres
humps due to the presence of ELQ. The agreement betw
data and theory in terms of level spacing, amplitude
humps and shape of the oscillations is quite convincing. T
evidence induces us to conclude that the dissipation in
system is extremely low, in spite of the fact that the releva
effective dissipation is often assumed to be the impedance
the system~junction, bias circuitry, and environment! at the
plasma frequency17 estimated, for our systems, to be a fe
hundred ofV or less.18 However, other similar experiments
performed in Josephson junctions also find that the dissi
tion corresponds to resistance much higher than a few h
dred ofV.5,10,15,19–21

In conclusion, we have observed oscillations in the rate
escape from theV50 state as a function of the bias curren
which are interpreted as due to the presence of energy le
quantization in the Josephson junction. The data fit well w
the theory of Ref. 9, assuming very low dissipation. W
stress that such low dissipation, if confirmed, is encourag
with regard to the possible observation of MQC in Josephs
systems. Work is in progress to obtain another independ
measurement of the effective system dissipation.
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