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Abstract
A metallic electrode connected to electron reservoirs by tunnel junctions
has a series of charge states corresponding to the number of excess elec-
trons in the electrode. In contrast with the charge state of an atomic or
molecular ion, the charge states of such an ““islandÏÏ involve a macroscopic
number of conduction electrons of the island. Island charge states bear
some resemblance with the photon number states of the cavity in cavity
QED, the phase conjugate to the number of electrons being analogous to
the phase of the Ðeld in the cavity. For a normal island, charge states decay
irreversibly into charge states of lower energies. However, the ground state
of a superconducting island connected to superconducting reservoirs can be
a coherent superposition of charge states di†ering by two electrons (i.e. a
Cooper pair). We describe an experiment in which this Josephson e†ect
involving only one Cooper pair is measured.

1. Introduction

As shown by several beautiful experiments reported in this
volume, the combined quantum states of individual atoms
or ions in an electromagnetic cavity and the photons of the
cavity can be manipulated and controlled to a high degree
of accuracy. These atomic physics systems open the door to
the practical construction of complex entangled quantum
states of the type on which the theory of quantum com-
puters is based. The question naturally arises as to whether
there exists also solid state electronic systems exhibiting
quantum states amenable to such manipulations. With the
elaborate nanofabrication techniques now available, a large
number of coupled electronic devices can be produced
which could in principle be well suited for practical imple-
mentations of the schemes of quantum computing.
However, the Ñexibility of electronic systems regarding con-
nections between individual elements is also accompanied
by severe drawbacks. Although at the microscopic level,
most electronic devices in practical applications are based
on quantum properties of electrons, electronic degrees of
freedom that can be probed externally such as voltages and
currents almost never behave quantum mechanically. These
variables, which play the role of, for instance, the atomic
dipole moment in cavity QED [1], are usually so strongly
damped that their quantum decoherence time is much
shorter than the time window of experiments.

A notable exception is encountered in superconducting
tunnel junction circuits for which, in principle, very low
internal electric dissipation can be achieved. In the early
80Ïs, A. J. Leggett [2] already remarked that a supercon-
ducting ring interrupted by a tunnel junction (a so-called
RF-SQUID) could, under certain experiment conditions,
behave as a quantum two-level system analogous to the
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ammonia molecule. The two ““resonantÏÏ states for this par-
ticular circuit correspond to two opposite values of the
magnetic Ñux threading the ring. Although practical experi-
ments have been proposed [3] to observe the coherent
quantum tunneling between these two degenerate Ñux
states, only irreversible tunneling out of a single metastable
Ñux state has been observed in the RF-SQUID [4] and in
the related current-biased Josephson junction system [5].
The observation of macroscopic quantum coherence in the
RF-SQUID is mainly hindered by the difficulty to control
precisely the external Ñux on the device, which is the key
parameter determining the degenerescence of Ñux states.

More recently, experiments [6È9] have shown that, in
contrast to Ñux states of a superconducting ring which are
easily perturbed by the electromagnetic environment, the
charge states of a superconducting island connected to the
rest of the circuit by tunnel junctions and capacitors might
sufficiently be well decoupled from external inÑuences to
allow long-lived macroscopic quantum superposition of
states. In this article, we report experimental results showing
how a quantum superposition of charge states can be pre-
pared in the simplest superconducting island circuit, namely
the superconducting box.

2. Theoretical description of the superconducting box

The superconducting box circuit (see Fig. 1) is a simpliÐed
version of a circuit Ðrst considered by M. Buttiker [10] for
Bloch oscillations in superconducting tunnel junctions [11].
It consists of a single superconducting island connected to a
superconducting electron reservoir by a tunnel junction with
capacitance Electrons can be transferred from theCj .
reservoir to the island by a voltage source U connected
between the reservoir and the island via a gate capacitance

Both the island and the reservoir are taken to be goodCg .

Fig. 1. Schematics of the single Cooper box : a superconducting electrode
(island) is in contact with a superconducting reservoir though a tunnel
junction (grey zone) with capacitance Excess Cooper pairs tunnel ontoCj .
the island in response to an electric Ðeld applied by means of the gate
capacitance and voltage U.Cg
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BCS superconductors with a gap D much larger than the
energy of thermal Ñuctuations or the Coulomb energykB T

of the island is the total islande2/2C& (C& \Cg ]Cj
capacitance). Under these conditions, we can consider that
all electrons in the island are paired [12]. The only remain-
ing degree of freedom of the island is its total number of
excess Cooper pairs n which is related to the total charge q
of the island by q\ [2en. The variable n, like the number
of photons in a cavity in cavity QED [1], is discrete.
However it can take negative as well as positive integer
values, n\ 0 corresponding to an electrically neutral island.
The number n can Ñuctuate quantum-mechanically since
Cooper pairs can tunnel in and out the island by Josephson
tunneling. We must therefore describe it by an operator nü .
We can take as a convenient basis for the charge states of
the island the eigenvectors of nü :

nü o nT \ n o nT. (1)

Using this basis, we can write the electrostatic part of the
hamiltonian as

Hel \EC ;
n

(n[ ng)2 o nTSn o (2)

where is the Coulomb energy of an extraEC \ (2e)2/2C&
Cooper pair on the island for zero gate voltage and ng \

the dimensionless gate voltage.CgU/(2e)
The Josephson coupling hamiltonian has the form:

HJ \ [EJ
2

;
n

(o nTSn] 1 o ] o n] 1TSn o) (3)

where the Josephson energy is macroscopic in the senseEJ
that it is proportional to the area of the tunnel junction.
This energy can be expressed in terms of the superconduct-
ing gap and the tunnel junction conductance in theGT
normal state by the Ambegaskar-Barato† zelation

EJ \ hGT
8e2 D. (4)

In absence of the Josephson hamiltonian, the energies of
the states of the system are given by a set of parabola shown
as dashed curves in Fig. 2(a). The Josephson hamiltonian
lifts the degeneracy at the crossings of the parabola and for
the case we get the avoided crossings shown on Fig.EJ >EC
2(a). This is the case which we consider in this article. In the
opposite limit where the Ñuctuations of n are soEJ ?EC ,
large that we recover the usual situation considered in the
conventional description of the Josephson e†ect, where the
phase of the island is the good-quantum number.

At temperatures such that we can limit ourkB T >EC ,
analysis to the two states with the lowest energy. Because of
the periodicity of the system with respect to the addition of
an extra Cooper pair, we can restrict the dimensionless gate
voltage to vary in the interval We can then work0\ ng \ 1.
in a Hilbert space spanned with the vectors o 0T and o 1T.

In this space, the total hamiltonian isH \ Hel ] HJ
represented by the following matrix :

H \ 1
2
C[E

[EJ

[EJ
E
D
. (5)

The di†erence between the electrostaticE\EC(1[ 2ng)
energy of the two states depends linearly on the gate
voltage. The trace of the matrix has been nulled out by an

Fig. 2. (a) Electrostatic energy of the single Cooper box circuit of Fig. 1 as
a function of U, for several values of the number n of excess Cooper pairs
in the island (parabolas in dotted line, n\ 0È3). In full line, total energy of
the box including the e†ect of Cooper pair tunneling through the junction.
(b) Predicted value of the average of n in the ground state of the box, as a
function of U.

adequate choice of the zero of energy E0 \EC(1/2[ ng)2.
One can thus make a correspondence between the Cooper
pair box and a spin in a magnetic Ðeld using the Pauli12
spin matrices :

px \
C0 1
1 0

D
, py \

C 0
[i

i
0
D
, pz \

C1 0
0 [1

D
. (6)

The hamiltonian takes the form

H \ [s Æ h (7)

where is the spin operator and h an e†ective mag-s \ 12r

netic Ðeld whose components in the bass (x, y, z) are 0,[EJ ,E] (see Fig. 3).
In this correspondence the average z-component of the

spin gives the average charge of the island :

SnT \ 12 ] SszT. (8)

Here the average SOT of an operator O is given by the
usual expression

SOT \ tr [exp ([bH)O] (9)

adequate for thermal equilibrium at a temperature T \
(kB b)~1.

By simple geometrical considerations (see Fig. 3) one
obtains directly

SszT \ 12 tanh (b o h o /2) cos h (10)

where h is the angle between the Ðeld h and the z axis. The
average Cooper pair number on the island is thus

SnT \ 1
2
C
1] f

AEC(2ng [ 1)
EJ

, bEJ/2
BD

(11)
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Fig. 3. Geometric representation of the e†ective spin s associated with the
quantum state of the Cooper pair box. Here, the spin is represented in its
ground state, i.e. pointing in the direction of the e†ective Ðeld h associated
with the combination of the electrostatic Ðeld due to U and Cooper pair
tunneling.

where the dimensionless rounded-step function f (g, i) is
given by

f (g, i)\ g tanh (iJ1] g2)
J1] g2

. (12)

At the lowest temperatures, when the systemkB T >EJ ,
will stay in its ground state for all values of When takingng .
into account the periodicity of the system with respect to the
addition of a Cooper pair, we get for the variations of SnT
as a function of the staircase shown on Fig. 2(b). At half-ng
integer values of the slope of the staircase goes through ang ,
maximum and takes the value At these points, theEC/EJ .
system is in coherent superposition, with equal weight, of
two charge states di†ering by one Cooper pair. When the
temperature increases, this maximum slope decreases and in
the regime takes the value TheEJ > kB T >EC , EC/kB T .
quantum superposition of charge states due to Josephson
tunneling thus manifests itself in the fact that the slope of
the staircase, which can be measured by a very sensitive
electrometer, remains Ðnite as T ] 0.

Can a coherent superposition of two di†erent charge
states be observed in ““real-worldÏÏ experiments, in which the
charge degrees of freedom are coupled to a dissipative elec-
tromagnetic environment, which includes the perturbative
action of the measuring electrometer? The inÑuence of the
electromagnetic environment on single Cooper pair tunnel-
ing in the particular case of the superconducting box has
been calculated by Neumann et al. [13] and we present here
their results which are relevant for our experiments.

The electromagnetic environment can be modeled as a
series impedance Z(u) placed between the voltage source
and the gate capacitance. It can be shown [14] that the
circuit is equivalent to a pure Josephson element in series
with an e†ective impedance given by :Zt(u)

Zt(u)\ j2
ijCj u ]Z~1(u)

where

j \ Cg
Cg ]Cj

. (13)

In our box experiment the factor j2 is smaller than 10~2
and the e†ective series impedance Z(u) has a modulus of the
order of the vacuum impedance 377). This results in an
e†ective impedance several orders of magnitudeZt(u)
smaller than the resistance quantum RK \ h/e2.

In this low impedance limit, the perturbational calcu-
lation of the complex energy shift of the excited state rela-
tive to the ground state gives :

*e \EJ2
e
Zt(u \ e/+)

nRK
(14)

where e is the energy di†erence between the ground and
excited state. The quality factor o *e o/e of the transition
between the two states is thus well above 103 in our experi-
ments and the inÑuence of the environment can be neglected
in the analysis of the e†ect of quantum Ñuctuations on the
average value of the number of Cooper pairs.

3. Experimental results

We have measured the number of excess Cooper pairs in the
island by coupling it electrostatically to a single electron
transistor (SET) used as an electrometer [15]. The electrom-
eter measures a time-averaged value which we take equaln6
to the thermal average value SnT by assuming ergodicity.
Since a SET electrometer has a relatively low cut-o† fre-
quency (around 100Hz) and is also a subject to 1/f noise,
the charge detection was performed in the frequency range
0.1È100Hz. In this domain, the detection precision is better
of which ensures a sub-electron accuracy for10~2e/JHz,
the island average charge measurements even if the coupling
capacitance between the box island and the SET island has
been taken, as in our experiment, small compared to the box
island capacitance to limit the back-action noise of the SET
on the box.

A micrograph of the sample used in the experiment
reported below is shown in Fig. 4 together with its corre-
sponding schematic diagram. The superconducting box
circuit and the measuring electrometer can be seen at the
top and at the bottom of the picture respectively. Both cir-
cuits are coupled by a small coupling capacitor placed at the
end of the long T-shaped SET island. The box and SET
circuits are simultaneously fabricated using a three-angle-
evaporation of metallic layers through a nanofabricated tri-
layer mask on an oxidized silicon chip. Both devices consist
of two identical junctions in series whichAl/Al2O3/Al
confers a symmetric structure to the whole circuit (Fig. 4,
bottom panel). In contrast with Fig. 1, the box island is
coupled to the reservoir by two junctions instead of one.
However, this does not change the topology of the circuit
nor its degrees of freedom, provided that the impedance of
the link between the two junctions is negligible compared
with the impedance of the junctions. Furthermore, this
feature allows the measurement of the series resistance of
the tunnel junctions at room temperature, a crucial informa-
tion that would be impossible to obtain with the box circuit
in its simplest design. The conÐguration of the supercon-
ducting box is recovered by connecting the two junctions to
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Fig. 4. Bottom: schematics of the experiment showing how the charge of
the island of the superconducing box is measured with an electrometer. For
adequate bias conditions, the voltage variations across the electrometer are
proportional to the variations of the charge of the island. Although the
island of the box is actually connected to two superconducting reservoirs in
parallel for test purposes, its electrical environment is equivalent to that
shown in Fig. 1. Top : electron micrograph of the on-chip implementation
of the experiment. Triple evaporation through a shadow mask has been
used to deÐne the junctions and the normal ballast electrodes (noted N)
used for Ðltering out-of-equilibrium quasiparticles.

the same ground. These two junctions can be lumped into
one e†ective junction with capacitance and Josephson
energy which are twice as large as the nominal junctions.
Implementing copper leads in series with the superconduct-
ing Al reservoirs was important to suppress spurious out-of-
equilibrium quasiparticles. These normal-metal electrodes
close to the device play the role of ““ÐltersÏÏ for quasi-
particles.

A lock-in technique was used to measure the derivative
of the staircase of Fig. 2(b) as a function of andLSnT/Lng ngT . The results for one step of the staircase are shown in Fig.

5. They show a peak which at Ðrst stays constant with
increasing temperature and then broadens at higher tem-
peratures. The width of the peak can be quantitatively
determined by Ðtting the peak by the theory curve (eqs (11)
and (12)) corresponding to (no quantum ÑuctuationsEJ ] 0
of charge) and letting the temperature to be an adjustable

parameter (see below for the determination of whichTeff EC
enters in the theoretical expression). In Fig. 6 we plot asTeff
a function of T . This plot shows that as T is lowered, Teff
Ðrst follows T and then saturates.

We have further measured the residual width of the low

Fig. 5. Full line : derivative of the time-average of n with respect to the
dimensionless gate voltage measured by a lock-in technique.ng \CgU/(2e)
Dashed line : theoretical Ðt using expressions (11) and (12) with andEJ ] 0
leaving T an adjustable parameter.

temperature peak by directly measuring the average charge
during several sweeps of the gate voltage and accumulating
the resulting curves. The staircase obtained at 20mK in this
way is shown in Fig. 7, together with theoretical predictions.

We now explain how we have determined the parameters
of the experiment in order to compare experimental results
and theoretical predictions with no adjustable parameters.

Fig. 6. E†ective temperature obtained from the Ðt of the peaks ofTeff
obtained with the lock-in technique as a function of temperaturedSnT/dng

for the sample in the superconducting (full squares, see Fig. 5) and normal
(open circles) states. The arrow corresponds to theoretical predictions (see
text).
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Fig. 7. Full line : direct measurement of the average value of n as a function
of U in the superconducting state. Dotted line : theoretical prediction for
the superconducting box with experimentally determined parameters.
Dashed line : theoretical prediction not taking into account the Josephson
energy and showing the e†ect of thermal rounding alone. Inset in bottom
right shows reference step taken in the normal state at the same tem-
perature T \ 20mK. The thermal broadening of the step is relatively larger
than the broadening displayed by the dashed line because the Coulomb
energy for electrons is 4 times smaller than for Cooper pairs.

Since the e†ect of quantum Ñuctuations due to Josephson
tunneling is to round the staircase ; it is particularly impor-
tant to check that spurious e†ects, such as extraneous elec-
tromagnetic noise, do not also signiÐcantly contribute to a
rounding of the staircase.

4. Comparison between experiment and theory

Four energies are involved in the comparison between
experiment and theory :

island charging energyI the EC ,
Josephson coupling energyI the EJ ,
odd-even free energy di†erenceI the D3 (T ),
thermal Ñuctuation energyI the kB T .

The two energies and are determined during sampleEC EJ
fabrication by respectively choosing the tunnel junction
areas at the electron-beam lithography stage, and transpar-
encies at the oxidation stage. The third energy, [12], isD3
also sample dependent, but can also be continuously
reduced down to zero during the measurement by applying
a small magnetic Ðeld. The fourth energy should not be
determined directly from the thermometers. An in-situ
control experiment is necessary to ensure that the electrons
of the box are indeed thermalized at the temperature indi-
cated by the thermometer under the conditions of the
experiment.

4.1. Determination of and TEC
Superconductivity in the aluminum electrodes is suppressed
by applying a magnetic Ðeld of 0.1 T. The device then
becomes a single-electron box [16], the island charge is
quantized in units of e and the Coulomb stair-case(q\ n1e)
is e-periodic. The reduced gate charge is and then1g \ ng/2
Coulomb energy is now For each experimentalE1C \EC/4.

curve (data not shown), we have determined theLSn1T/Ln1g
best Ðtting parameter The Ðtting parameter variesTeff/E1C .
linearly with temperature down to the lowest temperatures,
providing strong evidence that no extraneous noise source
contributes to the rounding of the staircase. The Coulomb
energy of the box in the superconducing state, obtained
from the slope of the best linear Ðt of the data points, is

This value is in good agreement withEC/kB \ 2.5^ 0.2K.
our estimate of the tunnel junction capacitance. Our
analysis is shown in Fig. 6 we plot the values of in theTeff
normal state corresponding to this value of as a functionEC
of T . We Ðnd that the data in the superconducting state fall
at low temperature on a plateau which is clearly out of the
error bars of the data in the normal state. The shape of the
step of the Coulomb staircase in the normal step is directly
shown at the bottom right of Fig. 7.

4.2. Estimation of the Josephson energy EJ
The Josephson coupling energy was estimated from eq.EJ
(5) : where is the parallel combinationEJ \ hD/(8e2RTA

) RTA
of the two tunnel resistances of the box. The superconduct-
ing gap D, deduced from IÈV curves, is TheD/kB \ 2.33K.
tunnel resistance of the two junctions in series measured in
the normal state is Assuming that both junc-RTA

\ 36.6 k).
tions are identical, we obtain the value EJ/kB \ 0.2^ 0.02K
and the ratio EJ/EC \ 0.08^ 0.015.

4.3. Estimation of the odd-even free energy di†erence
H\ 0)D3 (T ,

This energy determines the presence of unpaired electrons in
the island. In the BCS theory, it takes the value D3 (T , H\

ln N, where N\ vV D is the number of0)\ D [ kBT
Cooper pairs in the islands given as function of the density
of states v of the metal and V the volume of the island. It
can be deduced from the Coulomb staircase measured at
intermediate magnetic Ðelds, in the regime when H) isD3 (T ,
reduced below thus leading to the appearance of inter-EC ,
mediate steps in the Coulomb staircase. The analysis of the
Coulomb staircase leads to a precise determination of D3 (H)
[17]. The extrapolation of the data to H\ 0 provides

which is smaller thanlim
H?0 D3 (T \ 20mK, H)/kB \ 0.74K,

the BCS gap However, this value is suffi-D/kB \ 2.33K.
ciently large compared with that it is possible in the ÐrstEJ
approximation to ignore the corrections to the theoretical
expressions (11) and (12). We attribute this reduced value of

to the existence of one or several discrete quasiparticleD3
states in the gap of the superconductor. Such states, com-
monly observed in other similar samples, can even lead to
the suppression of the 2e-periodicity of the Coulomb stair-
case and jeopardize the observation of quantum coherence
e†ects in superconducing tunnel junction circuits. Their
origin is not understood, but might arise from impurities in
or at the surface of the aluminum island.

From these estimates of the parameters of the theory, we
can compute the e†ective temperature that would be found
at T \ 0 in the superconducting box experiment. This value

is indicated as an arrow in Fig. 6 and isT eff* \ 70^ 10mK
in good agreement with the experimental data.

The staircase at 20mK obtained by the direct measure-
ment method is also in good agreement with the theoretical
prediction, as shown in Fig. 7 by a dotted line. Also shown
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in dashed line is the theoretical prediction at 20mK without
inclusion of the Josephson energy, which allows, in another
manner, to compare the observed rounding of the staircase
to the rounding due to thermal Ñuctuations only.

Given all these control measurements, we attribute the
rounding of the Coulomb staircase observed at low tem-
perature in the superconducting box to the e†ect of the
quantum Ñuctuations due to Josephson tunneling. Our mea-
surement provides the Ðrst direct evidence that the ground
state of a single Cooper pair device can be a coherent super-
position of only two charge states. This ground state is
““intrinsically quantum-mechanicalÏÏ in the sense that for

neither its Cooper pair number nor its Cooperng ^ 1/2,
pair phase are well-deÐned.

5. Perspectives

In quantum computing, the information is coded by a two
state quantum system nicknamed ““q-bitÏÏ by analogy with
the classical bit used in ordinary computers. Our experiment
shows that the superconducting box provides a solid-state,
easy-to-integrate quantum system. The two lowest energy
states of a superconducting box could be used to code a
single q-bit. An array of superconducing boxes, controlled
by independent gate voltages, and coupled to one another
by tunnel junctions, could be used to implement a logic
function. Such an array is equivalent to an array of coupled
spins each placed in a locally controllable magnetic Ðeld.12
A major challenge in the realization of such tunnel junction
arrays is the control of the even-odd free energy which,D3
for every island, needs to be well above the Josephson
energy to avoid poisoning of the system by unpaired elec-
trons. Preliminary experiments with small arrays [18, 19]
have met unexpected difficulties in this respect, but they
could perhaps be circumvented by improved fabrication
techniques.

Decoherence results in ““fatal errorsÏÏ in a quantum com-
puter [20]. We have shown above theoretically that the
decoherence in the superconducting box is mainly due to
the dissipation induced by the electromagnetic environment
of the circuit. Using the expression of the decoherence rate
(eq. (14)), we estimate that the life-time of a q-bit can be
longer than 10 ls. This time would already be sufficient to
perform interesting manipulations on the quantum state of
a system with several q-bits. Experiments in progress in our
laboratory and others (Delft, Stony Brook, NEC) are now
aiming at measuring directly the decoherence time of
quantum superposition of charge states.
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Note added in proof
A. Schnirman and G. SchoF n (to be published in Physical Review) have
recently analyzed theoretically the measurement of the quantum state of a
superconducting electron box by a single electron transistor presented in
this paper.
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