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Abstract

We have measured the energy levels of a mesoscopic, nearly classical Josephson junction using the method of
inelastic Cooper-pair tunneling. The tunneling in an ultrasmall Josephson junction causes transitions in the junction
environment and provides a method of doing spectroscopy with a simple DC measurement. A classical Josephson
junction can be thought of as an LC-circuit, which quantum mechanically corresponds to the harmonic oscillator.
We find that the simple model agrees with the range of EJ/EC ratios down to about 35.
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The quantum mechanical behavior of the phase dif-
ference across a Josephson junction has been under
considerable study during recent years [1]. The conju-
gate nature of the charge and phase gives the meso-
scopic Josephson junction properties that differ from
the classical case. The quantization of the Josephson
potential have earlier been measured either with an
rf-field [2] or rapid current ramping [3] but we are us-
ing a different approach, namely a small voltage-biased
Josephson junction. In the subgap region, where for a
voltage biased classical junction there would be no cur-
rent, there is an inelastic Cooper-pair current, which
depends on the impedance of the junction environ-
ment. This scheme has already been used to measure
the resonances of a transmission line [4].

According to the P (E)-theory, the tunneling in
mesoscopic junctions is correlated by phase fluctua-
tions with transitions in the electromagnetic environ-
ment [5]. The probability that a tunneling electron
exchanges an energy E with the environment is given
by the function

1 E-mail:rene.lindell@hut.fi, FAX: +358 9 4512969

P (E) =
1

2πh̄

∞∫
−∞

dt exp
[
J(t) +

i

h̄
Et

]
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The phase-phase correlation function J(t) = 〈[ϕ(t) −
ϕ(0)]ϕ(0)〉 depends on the impedance of the environ-
ment. For Cooper-pair tunneling the IV characteristic
assumes a simple form

IS(V ) =
πeE2

J

h̄
(P (2eV ) − P (−2eV )), (2)

where the last term can be ignored at low temperatures
when the environment is only absorbing energy. Hence,
the IV characteristic of a small Josephson junction in
the subgap region will reflect the energy levels in the
environment.

In our measurement we connected two SQUIDS, one
to each side of a probe junction. Both the SQUIDs
and the probe junction were made of aluminum. The
SQUID behaves effectively as a single junction with a
tunable critical current. For a classical junction we get
from the Josephson relations a nonlinear inductance
that can be used in the linear regime for currents I �
IC . This inductance is related to the critical current of
the junction L = h̄/2eIC . Together with the junction
capacitance we find that the the LC-oscillator mode,
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or plasma frequency of the junction is ωp = 1/
√

LC =√
8EJEC/h̄. A quantum mechanical treatment of the

classical junction, i.e. one for which the phase is local-
ized, results in the usual energy levels of the harmonic
oscillator En = (n + 1/2)h̄ωp.

Due to the series coupling of the detector and
SQUIDs the parameters cannot be measured indepen-
dently but have to be deduced from the overall behav-
ior of the circuit. The detector junction had a resis-
tance of Rdet = 11 kΩ and a capacitance of Cdet = 1.0
fF, which means that the EC/EJ ratio is around 1.5.
The two SQUIDs had a resistance of RSQUID = 1.4 kΩ
each and capacitance of CSQUID = 10 fF, resulting in
an EJ/EC ratio of 50, which means that we are in the
classical regime where charging effects are negligible.
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Fig. 1. IV-curve in the subgap region for the maximum value

of EJ /EC = 50. The dotted curves show the fitted resonances

to the series of peaks. The measurements were carried out at

100 mK.

An IV-curve for the maximum value of the ratio
EJ/EC is shown in Fig. 1. The equally spaced reso-
nances consist of more than one peak due to a differ-
ence in the critical currents of the two SQUIDs and
due to resonances from the measurement leads, which
act as transmission lines at high frequencies. The tran-
sitions are identified from IV-curves by fitting each set
of peaks by a single peak, representing an average over
the two SQUIDS. Thus, by measuring IV-curves at dif-
ferent magnetic fields we can change the EJ/EC ratio
and the spacing of the energy levels En. The three first
transitions as a function of EJ/EC are depicted in Fig.
2. The energy levels as a function of the externally ap-
plied magnetic field Φ, are given by the expression

En = n
√

EC

[
E2

J + a2E2
J + 2E2

Ja cos(2πΦ/Φ0)
]1/4

,(3)

where a = (Emax
J − Emin

J )/(Emax
J + Emin

J ) is the
asymmetry factor associated with one SQUID. The
agreement with the harmonic oscillator model is good

35 40 45 50
50

100

150

200

250

 

 

EJ /EC

V
 ( 

V
)

µ

E1

E2

E3

Fig. 2. Position of the resonance peaks as a function of EJ/EC

together with the theoretical fit. Shown are the first three tran-

sitions. An asymmetry of a = 0.7 was used for the theoretical

curves.

over the range of values shown in Fig. 2. This simple
model seems to brake down for lower values of the ra-
tio, where charging effects and the corresponding delo-
calization of the phase lead to the formation of energy
bands [6,7].
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