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We investigate Cooper-pair tunneling in a circuit consisting of two dc-superconducting quantum inter-
ference devices in series, with a gate capacitively coupled to the central island. Measurements cover a wide
range of values of the ratio between Josephson coupling energyEJ and charging energyEC . TheEJ /EC ratio
dependence of the supercurrent is well described by the orthodox theory provided that strong fluctuations of the
Josephson phase due to the electromagnetic environment are taken into account. Our data can be interpreted in
terms of squeezing of the charge fluctuations with decreasingEJ /EC ratio. @S0163-1829~96!06533-2#

I. INTRODUCTION

Nanometer-scale technology enables us to make ultra-
small tunnel junctions with the area less than 0.01mm2. In
such tunnel junctions the tunneling of electrons is blocked at
low temperatureskBT!EC and low bias voltages eV!EC
~hereEC5e2/2C is the charging energy!. This phenomenon
is called a Coulomb blockade.1–3 When the junction be-
comes superconducting, the Josephson coupling energyEJ
must be taken into account. The Josephson coupling energy
characterizes the strength of the phase correlation between
two superconducting electrodes of the junction, or the wave
nature of the pseudowave function of a superconductor. On
the contrary, the charging energy characterizes the correla-
tion in the number of particles in the electrodes, or the par-
ticle nature of the superconducting wave function. Thus, we
can expect a different behavior of the system depending on
the ratio betweenEJ andEC .

In a more formal way, the Josephson phase differencef
and the chargeQ on the junction are canonically conjugated
variables@f,Q#52ie satisfying the Heisenberg uncertainty
relationDfDQ.e.4 With decreasingEJ /EC ratio the quan-
tum fluctuations of the phase increase and the fluctuations of
the charge decrease. One can say that the charge fluctuations
get squeezed.

The competition between the charging energy and the Jo-
sephson coupling energy can be investigated using a modi-
fied superconducting single-electron transistor~S-SET!. 5,6 In
this device the effective Josephson coupling energyEJ* can
be controlled by a small magnetic field. A variation of this
method was used in Ref. 7, where the switching current of a
controllable double junction was investigated as a function
of the gate voltage.

A simple ‘‘orthodox’’ theory for the Josephson current
through S-SET was presented in Ref. 1. The modification of
the Josephson current due to the parity effects was studied
both theoretically8 and experimentally.9,10 These studies
were concentrated on the case of small Josephson coupling
energy (EJ!EC). A systematic investigation of the parity
effects for an arbitraryEJ /EC ratio seems to be an interest-
ing open problem.

Besides the Coulomb and parity effects, the Josephson
current is influenced by the dissipation due to the electro-
magnetic environment.11–15 Sufficiently strong quantum
fluctuations of the environment can delocalize the Josephson
phase and suppress the Josephson effect completely.11 How-
ever, typically the quantum fluctuations are weak
Re@Zenv# /(h/4e

2)!1 due to the low impedanceZenv of the
environment. On the other hand, the classical thermal fluc-
tuations of the phase can be substantial due to the coupling
of the junction to a high-temperature part of the circuit.16

These fluctuations should be properly taken into account
when one analyzes experimental data.

In this paper, we study the current-voltage~I-V! curves of
modified superconducting single-electron transistors
~S-SET’s! at various magnetic fields and gate voltages. We
found that~1! the experimental dependences of the supercur-
rent on theEJ /EC ratio can be explained by the orthodox
theory provided that the fluctuations of the Josephson phase
due to the electromagnetic environment are taken into ac-
count. These fluctuations are characterized by the effective
temperature which in our case was substantially higher than
the base temperature.~2! The charge fluctuation squeezes as
theEJ /EC ratio decreases.

In Sec. II we briefly describe the device configuration and
its fabrication process. To change an effective Josephson
coupling energy in the system, we used a dc-superconducting
quantum interference device~SQUID! geometry. Junctions
were made of aluminum/aluminum oxide/niobium. In Sec.
III we show experimental data that were obtained fromI-V
curves at various magnetic fields and gate voltages. We
found two specific features for supercurrent: unexpected
small amplitude and its finite slope. In Sec. IV we assume
that these features came from the fluctuation of the Joseph-
son phase due to the external electromagnetic environment
and derive the expression for the Josephson current. This
analysis shows good agreement with measurements. The un-
certainty principle between the phase and charge is also dem-
onstrated. It is surprising to see a squeezing of the charge
fluctuation in our samples where the external noise is rather
large. In Sec. V we summarize our results.
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II. FABRICATION AND MEASUREMENT SYSTEM

We fabricated modified S-SET’s whose geometry is com-
posed of two dc-SQUID’s in series with a capacitively
coupled gate electrode, as shown in Fig. 1. The mean area of
the dc-SQUID loopS is 0.61mm2 and the central island is
0.3 mm2. The junctions are made of Al/AlOx/Nb. Since we
used different materials for the base and counter electrodes,
the barrier layer of AlOx covered the edge of the niobium
base to prevent current leakage. The current is injected from
the Al electrode and goes to the other Al electrode after
passing through the Nb central island. A dc-SQUID can be
regarded as a single junction with an effective Josephson
coupling energyEJ* . A dc-SQUID geometry allows us to
change the effective Josephson coupling energyEJ* when a
small external magnetic field is applied. The equivalent cir-
cuit of the modified S-SET is shown in Fig. 2, whereEJx*
(x51,2) represents the effective Josephson coupling energy
of a dc-SQUID. Assuming that each junction of a dc-SQUID
is identical, the effective Josephson coupling energy can be
expressed as follows,EJ* ( f )52EJucos(pf)u, where the frus-
tration is f5F/F0, F is an applied flux in a SQUID loop
andF05h/2e'20.7 G/mm2 is a flux quantum. The sample
is symmetrically biased to reduce the noise. Due to the stray
capacitance of leads, the sample is always voltage-biased
even when an ideal current source is attached.

The S-SET’s were fabricated using electron-beam lithog-
raphy and the shadow mask evaporation technique. The fab-
rication process is as follows. A clean silicon substrate with

a 2-mm-thick layer of thermal oxided SiO2 is used for the
fabrication. The oxide layer of a Si substrate enables us to
measure samples at room temperature. First, the four-layer
resist system, which is composed of polymethylmethacrylate
~PMMA! as the top layer, germanium, hard-baked photore-
sist, and a base layer of PMMA, is prepared. A detailed
preparation procedure of the four-layer resist is described
elsewhere.6 The top layer of PMMA has a high resolution
and the bottom PMMA layer is just used for easy lift-off,
because a hard-baked photoresist sticks to the substrate. The
advantage of the four-layer resist system compared with the
standard double-layer resist17 is the possibility of optimizing
the resolution of the top PMMA. Moreover, the suspended
Ge bridge is tough enough to evaporate hard materials, such
as niobium.

The base electrodes of 20-nm-thick niobium were depos-
ited on a clean silicon substrate with the thermal oxide layer
by electron-gun evaporation at the angle of215° to the nor-
mal of the substrate. Then 7-nm-thick aluminum was evapo-
rated at a slightly different angle to cover the edge of the Nb
central island. After the evaporation of aluminum, 20 mTorr
oxygen was introduced to form a tunnel barrier, and finally,
the counter electrodes of 40-nm-thick aluminum were depos-
ited at the opposite angle, 15°. Therefore, the central island
was made of niobium and the outer electrodes were alumi-
num.

Measurements were performed in a top-loading dilution
refrigerator whose base temperature was about 20 mK. The
cryostat is situated in an electrically shielded room. Samples
were symmetrically biased to avoid pickup of external noise,
and measurement leads withRC andLC filters at different
temperature stages were designed to reduce thermal noise,
but we did not use the copper powder filter.16 A computer-
ized data acquisition system was used, which enabled us to
take a large number ofI-V curves continuously, while step-
ping gate voltage, magnetic field, and temperature.

III. RESULTS

We measuredI-V curves of an S-SET at various gate volt-
ages and magnetic fields. TypicalI-V curves atT520 mK
are shown in Fig. 3. Remarkable current peaks at
V'6670 mV in Fig. 3~a! are the so-called Josephson-
quasiparticle~JQP! peaks,18 where the peak voltage corre-
sponds toV'2D1EC . The JQP peak stems from the reso-
nant tunneling of a Cooper pair accompanied by the
tunneling of two quasiparticles.5,6,14,18The JQP peak, as well
as the supercurrent, oscillates with the period of 29.760.63
G when a small magnetic field is swept. This measured pe-
riod agrees with the calculated oneDB5F0 /S534 G,
whereS is the mean area of the SQUID loop. The supercur-
rent is modulated fromI C max52.54 nA toI Cmin518.2 pA at
the fixed gate voltageVg50 by applied magnetic field and
thus the modulation ratio of supercurrent is
g5I Cmax/I Cmin5140. This high value ofg indicates that the
junctions are almost identical.19 The normal resistance and
the capacitance of a junction can be estimated asRN511.4
kV andC50.28 fF, where the junction capacitance was es-
timated from its geometry. TheI-V characteristics were also
modulated by the gate voltage with the period of
DVg511.3 mV, and thus the gate capacitance is

FIG. 1. The configuration of a modified superconducting single-
electron transistor~S-SET!.

FIG. 2. The equivalent circuit of an S-SET. The dc-SQUID’s
were replaced by single junctions with an effective Josephson cou-
pling energy.
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Cg5e/DVg514.2 aF. Therefore, the charging energy can be
estimated asEC5e2/2CS.70 meV, whereCS54C1Cg is
the total capacitance of the central island.

The I-V curves at low bias voltage are shown in Fig. 3~b!.
The supercurrent has the slope and its peak is located at
aboutV535 mV. The current modulation wase periodic in
the gate-induced chargeQg5CgVg . Althoughe periodicity
does not agree with the parity theory8 it was observed in
many experiments3 ~we will comment later on that!. The
current peaks observed at certain bias and gate voltages@see,
e.g., a peakV5150 mV in Fig. 3~b!# stem from the resonant
tunneling of Cooper pairs.5,6,14

The large scale of theI-V curve is shown in Fig. 3~c!,
where the supercurrent is suppressed by a small magnetic
field. As junctions are composed of different materials, the
I-V curve shows the relatively broad transition atV561.2
mV. Superconducting energy gapsDNb.455 meV and
DAl.185 meV were derived from the derivative of theI-V

curve, which might have an uncertainty due to the charging
effect. However, the error should be small compared with
energy gaps and thus we neglect it. The relatively small
value ofDNb is due to the small thickness of the Nb film and
the relatively high background pressure during the evapora-
tion also contributed to the smaller energy gap. The
Josephson coupling energy was then deduced to beEJ
5(RQ /RN)(DAl1DNb)/4.90 meV in zero magnetic field,
so thatEJ* (0)/EC52.6, whereRQ5h/4e2.6.45 kV, and
RN is the normal resistance of the junction.

Both the magnetic field and the gate voltage dependence
of the critical current are plotted in Fig. 4. The critical cur-
rent is defined as the maximum supercurrent peak of theI-V
curve, which is located at the bias voltageVp;35 mV. The
finite slope of the supercurrent or zero-bias conductanceG0
is always observed. The zero-bias conductanceG0 oscillates
periodically as theEJ /EC ratio is varied, as shown in Fig. 5.
Note that the zero-bias resistance is always larger than
104 V.

IV. DISCUSSION

As shown in the previous section, the supercurrent has a
finite slope. In addition, the fact that the measured maximum

FIG. 3. TypicalI-V curves atT520 mK; ~a! at middle scale,~b!
at vicinity of the origin, where the solid line and broken line were
obtained at the gate voltageVg50 andVg55.7 mV, and ~c! at
large scale.

FIG. 4. Three-dimensional plot of the critical current for an
S-SET as a function of both magnetic field and gate voltage at
T530 mK. X and Y axes are converted into the units of flux
F5BS and gate-induced chargeQ5CgVg which are normalized
by units of flux quantumF0 and elementary chargee.

FIG. 5. The zero-bias conductanceG0 as a function of frustra-
tion. The solid, broken, and dotted lines are taken at the temperature
T51.0, 0.6, and 0.03 K.
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supercurrentI c
max.2.54 nA through the S-SET is much less

than the maximum supercurrent estimated by means of the
Ambegaokar-Baratof formula,I c

est54eEJ /\.90 nA implies
a strong effect of the phase fluctuations. The source of these
fluctuations could be a high-frequency noise from helium-
temperature or a higher-temperature part of the measurement
circuit ~electromagnetic environment!, which can be appre-
ciable even after strong attenuation.16

Since no resistors are placed in the vicinity of the junc-
tion, its electromagnetic environment can be modeled by an
LC line with Ohmic impedance of the order of free space
impedance,Zenv;100 V ~see, e.g., Refs. 3,16!. As this
value is much lower than the quantum resistance
h/e2;25.8 kV, one can neglect the quantum fluctuation and
consider only thermal fluctuation of electromagnetic quanti-
ties. We will characterize this fluctuation by effective tem-
perature of the environment,Tenv.

As a first step, we compute the Josephson currentI J
(0) as a

function of the phase differencef5f l2f r , which is as-
sumed to be fixed.8 The Hamiltonian of the system in the
charge representation has the form

H5EC~n!un&^nu2EJ$~e
if l1eifr !un11&^nu1H.c.%, ~1!

whereEC(n)5(2en2Qg)
2/2CS is the Coulomb energy of

the state withn Cooper pairs on the central electrode. Since
the spectrum is 2e periodic in the gate chargeQg , it is
enough to consider the interval2e,Qg,e. The Josephson
current can be found as a derivative of the free energyF with
respect to the phase,

I J~f!522e]F/]f. ~2!

We calculate the free energyF52 ln(p(iexp(2Ep,i /kBT) by
computing the eigenvaluesEp,i of the Hamiltonian~1! nu-
merically. Here(p denotes the summation over the states
with even (p50) and odd (p51) numbers of electrons on
the island.9,10 Since we have no signatures of 2e-periodic
behavior of the Josephson current as a function of gate volt-
age in the experimental data, we assume that there is a num-
ber of quasiparticle states in the superconducting gap. For
this reason, we donot introduce the parity-dependent term
~related to a finite value of the superconducting gap! into the
energies of states with an odd number of electrons (p51).
Hence,E1,i simply correspond to the eigenvalues of the
Hamiltonian ~1! with shifted Qg , Qg→Qg2e signQg ,
whereasE0,i correspond to the eigenvalues without this shift.
In this casee periodicity is fulfilled automatically.

The critical current is defined asI c,0[2eEJ,eff /\
5maxfuI J(f)u. In particular, forEJ ,kBT!EC we obtain

EJ,eff5~EJ
2/2!@1/E111/E2#, ~3!

whereE1(2)5EC(62)2EC(0) are the Coulomb energies of
two intermediate states for the tunneling of a Cooper pair
through the transistor.

The next step is to take into account the fluctuations. We
will model the fluctuations of the voltage on the transistor by
a white noise whose intensity is proportional to the Ohmic
impedanceZenv of the environment,

^Vj~ t !Vj~ t8!&52ZenvkBTenvd~ t2t8!. ~4!

Note that the temperature of the electromagnetic environ-
mentTenv is typically larger than the actual temperatureT of
the transistor due to the spurious influence of high-frequency
components of external noise.16

Sinceḟ52eV/\, then phase differencef will show dif-
fusive behavior,̂ f2(t)&54Dt ~in the absence of the Jo-
sephson potential! with D5(2e/\)2ZenvkBTenv. Generally,
the effect of thermal fluctuation is described by the Smolu-
chovski equation for the distribution functions(f) of the
phase,20

]s

]t
1
2eZenv

\

]

]f
$@ I ex2I J~f!#s%5

~2e!2

\2 ZenvkBTenv
]2s

]f2 ,

~5!

where I ex is the external current andI J(f) is given by Eq.
~2!. The stationary solutions(f) of this equation enables
one to find the average Josephson current through the tran-
sistor, Ī J5*2p

p dfs(f)I J(f) and the voltage on it,
V5Zenv(I ex2 Ī J). Note that the impedance of the environ-
ment does not enter into thestationarySmoluchovski equa-
tion. Hence, the maximum Josephson current in presence of
fluctuationsI c,fluct5maxIexu Ī Ju does not depend on the imped-
ance of the environment.

In the limit of strong thermal fluctuations,kBTenv@EJ,eff
we obtain theI-V characteristic,

Ī J.
ZenvI c,0

2

2

V

V21Vp
2 ~6!

with Vp5(2e/\)ZenvkBTenv @exact equality holds for har-
monic dependenceI J(f)#. This determines the maximum Jo-
sephson currentI c,fluct.(2e/\)EJ,eff

2 /kBTenv and the zero-
bias conductanceG0.(EJ,eff /kBTenv)

2/2Zenv.
From the experimental I-V curves we obtain

Vp535 mV which giveskBTenv.360 meV (Tenv.4.2 K)
for Zenv5200 V. Zenv was used for the measured resistance
of the lead. Using this estimate and the maximum zero-bias
conductance G051.231024 V21 we obtain EJ,eff
.80 meV, which is in agreement with the calculated value
EJ,eff590 meV for f50.

Let us now return to Fig. 5 and concentrate on the depen-
dence of zero-bias conductanceG0 on temperature. As the
temperature is increased,G0 decreases slightly atf50 and
1. Indeed, the temperature of the environment is much higher
than the system temperatureT. For this reason, an increase in
T changesTenv and decreasesG0 only slightly. On the other
hand,G0 appreciablyincreaseswith temperature forf50.5
and 1.5. The Josephson tunneling is strongly suppressed in
this regime@ I c,fluct}EJ,eff

2 }( f21/2)4#. The increase ofG0

with temperature can be explained by thermally activated
transport of quasiparticles. In fact, the anomalous tempera-
ture dependence of the critical current was observed~see the
inset of Fig. 6!. The enhancement of the critical current at
T;900 mK may imply the existence of excess quasiparticles
in the central island according to the Eliashberg mechanism
in a nonequilibrium superconductor.21 We do not have any
idea to explain the peak atT50.2 K. The study of the zero-
bias resistance at various values of theEJ /EC ratio and the
external impedance is a further subject.
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The dependence of the critical current on the frustration
~or EJ* /EC) is shown in Fig. 6. The measured data are rep-
resented by circles. The current is normalized by the maxi-
mum current value. The broken line shows the critical cur-
rent I c,0 in the absence of fluctuations of the Josephson phase
~for EJ* (0)/EC52.6). The solid line corresponds to the re-
sult with fluctuations (I c,fluct) which is roughly proportional
to I c,0

2 since the conditionkBTenv@EJ,eff is fulfilled. This
curve corresponds much better to the experimental data.

The modulation depth (I Cmax2I Cmin)/I Cmax of the critical
current by the gate voltage is plotted in Fig. 7. The solid and
broken curves correspond to the results with and without the
fluctuations forEJ* (0)/EC52.6. The amplitude of the modu-
lation depth increases asf increases from zero toward 0.5.
This is because the charge sensitivity by gate voltage is en-
hanced at the weak coupling limit where the charge fluctua-
tion is squeezed due to the uncertainty relation.7 This agrees
with the fact that the amplitude of the supercurrent decreases
with the smallerEJ /EC ratio as shown in Fig. 6, where the
phase fluctuations increased as theEJ /EC ratio decreased. It
might seem surprising that even nearf50.5 the modulation
is still not very strong. An explanation for this is related to
thee periodicity of experimental data with respect to the gate
voltage. Indeed, if one restricts the gate chargeQg by the
interval @2e/2,e/2#, and uses expression~3! for EJ,eff , one
obtains that the ratio of the maximum critical current@at
Qg5e/2,E15(3e/2)2/2CS , E25(5e/2)2/2CS# to the mini-
mum critical current@at Qg50, E15E25(2e)2/2CS# is

equal to 4/3. Since the critical current with fluctuations is
proportional toEJ,eff

2 the ratio of the maximum to the mini-
mum critical current will be 16/9, which corresponds to a
modulation depth of 43%. The experimentally observed
maximum modulation depth (35%) is close to this estimate.

V. SUMMARY

In summary, we have investigated current-voltage charac-
teristics of modified superconducting single-electron transis-
tors at various magnetic fields and gate voltages. We found
that theEJ /EC ratio dependence of the supercurrent is well
described by the orthodox theory with thermal fluctuations of
the Josephson phase due to the electromagnetic environment.
The charge fluctuation squeezes as theEJ /EC ratio de-
creases. This agrees with the uncertainty principle. Observed
e-periodic oscillations in gate charge are attributed to the
subgap states in the superconducting energy gap. Experimen-
tal and theoretical investigation of the parity effects in the
strong coupling limit presents an interesting problem for the
future.
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