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Observation of Energy Levels Quantization in Underdamped Josephson Junctions
above the Classical-Quantum Regime Crossover Temperature
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We present a clear observation of the presence of energy levels quantization in high quality
Nb-AlOx-Nb underdamped Josephson junctions at temperatures above the quantum crossover tempera-
ture. This has been possible by extending the measurements of the escape rate out of the zero-voltage
state at higher sweeping frequency (dIydt up to 25 Aysec) in order to induce nonstationary conditions
in the energy potential describing the junction dynamics. [S0031-9007(97)04275-0]
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Quantum mechanics at the macroscopic level is one
the most fascinating topics of fundamental physics. Th
possibility that a macroscopic physical system obeys t
laws of quantum mechanics leads to the need of includi
in a quantum picture the effect of dissipation and o
other thermodynamical variables, such as the temperatu
The Josephson effect represents in this contest a v
powerful tool to experimentally investigate a variety o
interesting phenomena, including macroscopic quantu
tunneling (MQT) [1], energy levels quantization (ELQ
[2], macroscopic quantum coherence (MQC) [1,3] of tw
states, and Coulomb blockade of Cooper pair tunneling [4

Experiments performed both on current biased Josep
son junction [5,6] and rf SQUID [7,8] support the idea o
both MQT and ELQ. These experiments measure the
cape rateG out of the metastable state as a function of th
external energy biasing the system, namely, the bias c
rent in the junction and the external magnetic flux in th
SQUID. At a temperature below a certain “crossover tem
perature”T0 (T0 > "vjy2pk, wherevj is the plasma
frequency defined below), quantum effects become o
servable [1]. Previous experiments have shown a satu
tion of the measuredG observed both in junctions [5,6]
and in SQUIDs [7], as due to MQT, as well as an oscilla
ing behavior ofG versus the bias energy as due to ELQ
observed in current biased junction [6] in the presence
microwave irradiation, and in SQUIDs [8], in the presenc
of resonant macroscopic quantum tunneling (RMQT) [9
Above the crossover temperature any eventual quant
effect is covered by the competitive thermal hopping, s
that no clear evidence of a macroscopic quantum behav
at T . T0 has been reported in literature so far. In thi
Letter, we present a clear observation of quantum effe
(ELQ and MQT) in junctions at temperatures well abov
the crossover temperature. This has been possible by
tending, for the first time, the measurements of the e
cape rate at higher sweeping frequency of the bias curr
(resulting indIydt up to 25 Aysec) in order to enhance
nonstationary effects on the population of the levels
the energy potential describing the junction. Under the
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conditions, the escape process induces a fast reduction
the statistical population trapped in the metastable sta
and, as a consequence, the occupancy of the energy lev
is far from being in equilibrium [10,11]. We wish to
stress, however, that from the point of view of quantum
mechanics, the potential energy describing the junction
changing adiabatically, since the highest sweep frequen
v used in the experiment is several orders of magnitud
smaller than the plasma frequencyvj, which determines
the level spacingsvyvj > 1026d. In our experiment
the escape rate is an oscillating function of the bias en
ergy up to high temperatures (1 order of magnitude abov
the crossover temperature) due to the effect of ELQ [10]

The dynamics of a Josephson junction is described b
a macroscopic quantum variable, namely, the phase d
ferencef of the order parameters of the superconduc
tors on the two sides of the barrier. The dissipation o
the system is typically described in terms of an effective
resistanceR of the junction (resistively-shunted-junction
model, RSJ) [11]. Within this model the junction dy-
namics can be described in terms of a mechanical analo
namely, a particle performing its motion in a washboard
potentialUsfd  2U0saf 1 cosfd, with a friction co-
efficient h  "2yRe2. U0  "Icy2e is the Josephson
coupling energy, anda is the bias current I normal-
ized to the critical one,a  IyIc. The zero-biassvj0d
and the current dependentsvjd plasma frequencies are
defined asvj0  s2eIcy"Cd1y2, vj  vj0s1 2 a2d1y4,
and C is the junction capacitance. Fora , 1, Usfd
shows a series of minima (potential wells) separated b
an energy barrierE0  U0h2pa 1 2fa sin21 a 1 s1 2

a2d1y2gj, which is decreasing with increasing the current
Switching from theV  0 state to theV fi 0 state in
the junction is related to the escape from the well via ei
ther MQT or thermal activation. In a quantum picture
we must consider the presence of energy levels in th
potential well of the washboard potential associated to th
Josephson junction. In the weak friction limit the energy
levels Ej are sharp and well separated inside the poten
tial well, and the dynamics of the escape process must b
© 1997 The American Physical Society
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described by the kinetic equation for the probabilitiesrj

of finding the particle at thejth energy level [2]:

≠rj

≠t


X
i

swjiri 2 wijrjid 2 gjrj , (1)

wherewji is the transition from theith into thejth level
due to the interaction with the thermal bath, andgj is the
tunneling probability through the barrier which strongly
depends on the energy level positionEj . In the experi-
ments, the bias current is increased with the time at a c
tain ratedIydt until a transition out of theV  0 state
is observed at a value ofI smaller thanIc. This switch-
ing current value is a random variable whose probabili
distribution PsId is measured by repeating the observa
tion many times. The process is described in statistic
terms in Eq. (1). At the initial time the total probabil-
ity r 

P
j rj of finding the system in one of the energy

levels inside the potential well isrst  0d  1. How-
ever rstd is a decreasing function of time due to the es
cape process. The escape rate out of the metastable s
is defined asGsId  2d ln rydt. The presence of quan-
tized energy levels can be observed by a fast sweep
the junction bias. The effect, discussed in some det
in Ref. [10], can be summarized here as follows: Du
ing the escape process the population of the upper lev
shifts due to a fast tunneling rate, which is high for leve
close to the barrier top. This process pushes the syst
out of the thermal equilibrium. At the same time a dif
fusion process from the bottom levels towards the top
the barrier refills the upper levels. No quantum effec
can be observed forT . T0, as long as the characteristic
time of the escape process will be dominated by the the
mal diffusion. Increasing the sweeping frequency, whic
in turn produces a fast reduction of the potential barrie
the escape events will occur at higher bias values w
higher escape rate. If the sweep rate is so high that
refilling from the lowest levels by thermal diffusion has
not enough time to take place, the upper levels will b
depopulated and, once empty, can no longer contribute
the escape. So that until the next level approaches
ergy values very close to the top, with high tunneling rat
there is a rapid decrease of the decay rate. This occ
periodically as a level is emptied and leads to a distrib
tion modulation. This is a clear manifestation of the pre
ence of quantized energy levels. These oscillations a
evident forT . T0. Since thewj11j elements are pro-
portional to effective dissipation, which in turn depend
exponentially on temperature, there is an upper limit fo
T to observe the oscillations due to discrete energy leve
depending on the damping level and on the sweep fr
quency. Defining the parameterL  fRsT dCvg21, where
v  sdIydtd s1yIcd, we expect that, forT . T0, a nec-
essary condition to observe experimentally the oscill
tory behavior due to discrete energy levels discreteness
L , 200 [10,12]. In our experiment, this condition holds
for T , 2 K, while the classical quantum crossover tem
perature isT0  "vj0y2pk > 200 mK.
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Measurements employed high quality Nb-AlOx-Nb
Josephson tunnel junctions, which exhibited a very low
leakage currentsVm . 80 mVd, and a quite uniform criti-
cal current densityJc. In order to have an extremely low
intrinsic dissipation level, a junction with a low critical
current density is chosen (Jc  53 Aycm2 at T  1.4 K)
while the area isA  10 3 10 mm2. The capacitance
C, as measured from the Fiske step voltage and using t
penetration depth of Nb film (obtained from the magneti
field diffraction pattern) [11] isC  5.5 6 0.5 pF. The
sample was mounted on a chip carrier especially design
for the experiment, which contained an integrated hig
frequency filtering stage and a SMD 87.3 kV limiting
resistor, both located very close to the junction. Al
of the connections at room temperature went throug
coaxial cables with a strong attenuation above 150 MH
It is of fundamental importance in our experiments to
have a very low dissipation level. The quasiparticle
resistanceRqp at zero biassV , 5 mVd, as measured
by the application of a small magnetic field to suppres
the dc Josephson current, depends exponentially on t
temperature. This leads to a very low intrinsic dampin
level at low temperatures (Rqp > 100 kV at T  1.4 K;
Rqp > 100 V at T  4.2 K). It is worth stressing that
the effective resistance in this kind of experiment ma
be limited by any external shunting impedance. In ou
case we had the 87.3 kV shunt resistor located close to
the junction, while great care has been devoted to avo
stray capacitance, which may reduce the real part of th
complex impedance at the plasma frequency, which
zero bias is 170 GHz. The junction was biased throug
the 87.3 kV resistor with a triangular-shaped wave form
at frequencies ranging from 100 Hz up to 100 kHz. Th
switching current distributions are measured by a fligh
time technique similar to the one described in Refs. [13
The data as recorded by our multichannel system a
histograms showing the number of countsPsKd in the
channelK . We then associate a currentIsKd to channel
K by using the calibrated time interval per channel an
the measured current sweep ratedIydt (to determine the
current interval per channel, denoted asDI), as well as
the measured current corresponding to the first chann
Ist  0d. We denote byKmax the channel corresponding
to the highest value of the switching current. From
the measured histograms the escape rateG is computed
according to the formula [14]

GsKd 
dI
dt

1
DI

PsKdPKmax
j1 Ps jd 2

PK
j1 Ps jd

. (2)

It is worth noting thatPsKd is transformed intoGsKd
without the need of any junction parameters, and therefo
the two ways of showing the data contain the sam
information.

In Figs. 1 and 2, we report the experimental curren
switching histograms measured at (a)T  4.2 K and
(b) T  1.4 K for two sweeping frequencies: In Fig. 1
 25 mAysec (low frequency distributions), while in
3047



VOLUME 79, NUMBER 16 P H Y S I C A L R E V I E W L E T T E R S 20 OCTOBER 1997

s
nt
m
-
te

ng
-

za-
a
ly
cal

r-

y
-
h

Fig. 2 dIydt  25 Aysec (high frequency distributions)
The classical quasistationary histograms of Fig. 1 a
fitted with the Kramers theory [15], whose prediction
are reported as solid lines. Using a well-establish
fitting procedure [13], we can obtain from these lo
frequency distributions the “zero-noise” critical curren
and the effective resistance values at the two conside
temperatures,Ic  47.0 6 0.3 mA and R > 100 V at
T  4.2 K, while Ic  52.8 6 0.3 mA and R > 20 kV

at T  1.4 K [16]. The junction capacitanceC is inde-
pendently obtained from the Fiske step voltage, so
know all the relevant junction parameters to compa
the high frequency measurements of Fig. 2 directly wi
the theory: Note that we haveL > 4350 at T  4.2 K

FIG. 1. Experimental histograms (dots) equivalent to th
switching current distributions, taken at a sweeping fr
quency ofdIydt  25 mAysec, for two different temperatures
(a) T  4.2 K and (b)T  1.4 K. The full lines are the theo-
retical predictions within the classical Kramers theory [15
with the following junction parameters: (a)Ic  47 mA,
T  4.2 K, R  85 V, and C  5.5 pF; (b) Ic  52.8 mA,
T  1.4 K, R  20 V, andC  5.5 pF.
3048
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(quasistationary limit) andL > 20 at T  1.4 K (nonsta-
tionary limit). In fact the 4.2 K distribution of Fig. 2(a)
well fits the Kramers quasistationary theory. This show
that, when increasing the sweep frequency, no significa
external noise is introduced. As expected, the histogra
in Fig. 2(b), obtained at low temperature and high fre
quency, presents the typical oscillations due to discre
energy levels. The experimental modulation spaci
(DI > 60 nA, corresponding to energy differences be
tween levelsDEj > 0.6 K) is in close agreement with the
one expected from the macroscopic energy level quanti
tion. This agreement is quite significant. In fact, from
theoretical point of view the levels position can be easi
calculated with great precision by using the quasiclassi

FIG. 2. Experimental histograms (dots) of the switching cu
rent at a sweeping frequency ofdIydt  25 Aysec, for two dif-
ferent temperatures: (a)T  4.2 K and (b)T  1.4 K. In (a),
L  4350 so that a theoretical fitting within the quasistationar
approximation is still possible. The full line is in fact the theo
retical predictions within the classical Kramers theory wit
the following junction parameters:Ic  47 mA, T  4.2 K,
R  85 V, andC  5.5 pF. In (b),L  20 and the histogram
presents the oscillations due to discrete energy levels.
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FIG. 3. Experimental data (dots) and theoretical predictio
(solid line) within the quantum theory [Eq. (1)] for the escap
rate out of theV  0 state,G vs I. Data are obtained from the
nonstationary distribution shown in Fig. 2(b), by using Eq. (2
The theoretical curve is obtained with the following junctio
parameters:Ic  52.8 mA, R  20 kV, andC  5.5 pF.

expressions [2]. The resulting modulation spacing ofPsId
[10] depends only onIc and C, mainly as

p
IcyC, and

this ratio is independently determined with a small expe
mental uncertaintys,5%d [17]. Moreover a quantitative
comparison between data and theory can be performed
solving the time dependent Eq. (1) [2,10]. The results a
shown in Fig. 3, in terms of the escape rateGsId. The
theoretical curve corresponds to the effective resistan
(and Ic) obtained by the fitting of the low frequency dis
tribution reported in Fig. 1(b). The dissipation determin
the oscillations amplitude in the escape rate; namely,
higher is the resistance the deeper is the oscillation.
though the oscillation amplitude of data is slightly large
than the expected one, the agreement, seen as a wh
is quite convincing since the absence of any free fitti
parameter.

In conclusion, we have observed, in the proper expe
mental conditionssL ø 200d, oscillations in the switching
current distributions of an extremely underdamped Jose
son junction, whose spacing fits the one expected from
energy levels quantization [17]. As expected, the effe
of discrete energy level monotonically decreases with d
creasing the sweeping frequency, and at low temperat
any oscillation inGsId disappears fordIydt , 2 Aysec.
The quantitative agreement between the measured es
rate and the theoretical predictions within the quantum p
ture of the junction, including MQT and transitions be
tween levels, is also quite convincing. Therefore we c
conclude that the experiment provides the first evidence
macroscopic quantum effects above the quantum crosso
temperature. Moreover the new experimental idea, as w
as the low dissipation level obtained, opens interesti
possibilities towards investigations of thermodynamical e
fects in quantum mechanics at the macroscopic level.
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