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Switching current of a Cooper pair transistor with tunable Josephson junctions

P. Ågren, J. Walter, and D. B. Haviland
Nanostructure Physics, Stockholm Center for Physics, Astronomy and Biotechnology, Roslagstullsbacken 21, S-106 91 Stockhol

~Received 15 January 2002; published 28 June 2002!

We investigate the switching current of a Cooper pair transistor with tunable Josephson energy. The junc-
tions are fabricated in a superconducting quantum interference device~SQUID! geometry which allows for an
in situ tunable effective Josephson energy by application of a magnetic field. We find a 2e-periodic switching
current versus gate charge. As the magnetic field is increased the switching current stays 2e-periodic but the
magnitude is suppressed. At a magnetic field of half a flux quantum through the SQUID’s the switching current
is minimum. We can theoretically model the experimental data by assuming a switching current which is
proportional to the ideal critical current squarred. We show that such a dependence is expected in the limit
where the effect of thermal fluctuations on the system is strong.

DOI: 10.1103/PhysRevB.66.014510 PACS number~s!: 74.50.1r, 73.40.Gk, 73.40.Rw
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I. INTRODUCTION

Superconducting small capacitance Josephson junc
circuits are solid-state electronic systems which exhibit m
roscopic quantum mechanical properties. The quantum
havior in such circuits is embodied in the phase number
certainty relationship for the condensate state of Coo
pairs. The phase and the charge variables are associat
two important energies, the Josephson energy,EJ , and the
Coulomb charging energy,EC . The ratio EJ /EC together
with the electromagnetic environment characterizes the le
of phase or charge fluctuations and if Josephson or Coul
effects are dominating.

One extensively studied system exhibiting such proper
is the Cooper pair transistor~CPT!.1–8 The CPT consists o
two Josephson junctions in series with a capacitively coup
gate to the central superconducting island. In CPT’s the c
petition between the phase and the charge is typically stu
by measuring the maximum supercurrent that can fl
through the structure. The maximum supercurrent is c
trolled by the voltage on the gate. If the parity on the isla
remains unchanged~i.e., if we can suppress quasiparticle e
citations on the island! the maximum supercurrent throug
the CPT is a 2e-periodic function of the induced charge o
the gate capacitor.

A more direct way of controlling the maximum supercu
rent is to replace the two Josephson junctions in the C
with superconducting quantum interference devic
~SQUID’s!. This enables anin situ tuning of the effective
Josephson energy of the SQUID’s. Haradaet al.9 have
experimentally investigated this case and they were a
to observe a magnetic field tunable supercurrent. Howe
in their measurement they had a strong effect of qu
particle poisoning resulting in a weak and onlye-periodic
supercurrent.

We have fabricated CPT’s with tunable Josephson ene
and measured 2e-periodic switching currents versus gate p
tential. Our measurements demonstrate, for the first tim
2e-periodic supercurrent asEJ /EC is continuously varied in
the region 2.8→0. Although our measurements are free fro
quasi-particle poisoning and 2e periodic in gate charge, ex
cessive thermal fluctuations are necessary to explain the
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II. THE TUNABLE COOPER PAIR TRANSISTOR

The unbiased tunable CPT with symmetric junctions~see
Fig. 1! can be described by the Hamiltonian7

H5EC~n2Qg /e!222EJ~F!cos~f/2!cos~u!. ~1!

The first term is related to the electrostatic energy of the C
whereEC5e2/2CS is the charging energy of the island,CS

'2CJ1Cg the total capacitance of the island,n the number
of excess Cooper pairs on the island,CJ the capacitance o
one SQUID, andQg5CgVg the gate charge. The secon
term in the Hamiltonian~1! is due to the Josephson effe
and contains the effective Josephson energy for one SQU
EJ(F)5EJ

0ucos(pF/F0)u, whereEJ
0 is the Josephson energ

at zero magnetic field,F the flux through the SQUID loop
and F05h/2e the flux quantum. The sum phasef5f1
1f2 and the difference phaseu5(f22f1)/2 are given in
terms of the superconducting phase differences across
Josephson junctionsf1 andf2. Heren andu are conjugate
variables andf is regarded as a classical variable~see be-
low!. The Hamiltonian~1! can easily be diagonalized in
subspace of charge statesun& and used to find the corre
sponding energy levelsEm(f,Qg), where m is the band
index.

FIG. 1. A schematic picture of the tunable CPT. It consists
two small capacitance SQUID’s in series. The island between
two junctions is capacitively connected to a gate electrode wh
controls the Coulomb blockade of charge tunneling. HereEJ

0 , R,
and CJ are the Josephson energy at zero magnetic field, the re
tance and the capacitance of one SQUID, respectively.
©2002 The American Physical Society10-1
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If a current I is applied to the CPT a term2(\f/2e)I
is added to the Hamiltonian~1!. The external current ha
the effect of tilting the energy landscape along thef direc-
tion, analogous to the tilting of a Josephson washbo
potential.10 The critical current for energy bandm for a
fixed gate charge Qg can be found as I C

m(Qg)
5(2e/\)max$]Em/]fuQg

%.5,7

If there are no unpaired electrons on the island~i.e., we
have good control over the quasiparticles! it will have an
even parity. In this case the critical current from the low
energy band is a 2e periodic function of the gate charge w
maxima atQg5(e mod 2e).

The Hamiltonian~1! does not include the electromagne
environment surrounding the CPT. In reality the environm
will have a strong influence on the observable critic
current.11,12 In our measurement the impedance of the en
ronment is determined by the microwave impedance of
measurement leads which typically is of the order ofZenv
;Z0/2p;60V, whereZ0 is the impedance of free spac
Thus the impedance of the environment at microwave
quencies is much smaller than the quantum resista
Re@Zenv#!RQ5h/4e2. Therefore, quantum fluctuations off
are weak and we regarded it as classical. Thermal fluc
tions on the other hand are present in our measurement
Sec. V we analyze this situation further. We will call th
observable~measured! critical current aswitching current,
which is usually different from the ideal theoretical critic
current. The switching current is the current at which t
measured CPT switches from a near zero voltage to a fi
voltage state of order 2D/e. The switching current is usually
smaller than the critical current due to quantum or therm
fluctuations of the phasef.

III. FABRICATION AND MEASUREMENT

Our samples are fabricated using electron beam litho
phy in two different steps. In the first step we fabricate 2
mm long and 40 nm thick gold leads (;25–50 V at 300 K!
down to an area of 235 mm2. We use normal metal gold
leads close to the superconducting structure to trap ou
equilibrium quasiparticles and prevent them from reach
the CPT island. Experimental evidence for reduced effec
quasi-particle poisoning on CPT’s with normal metal lea
exists.4,5 In the second step the mask for the tunable CPT’
defined. The Al/Al2O3 /Al CPT’s are fabricated using th
shadow evaporation technique13 with thickness 25125 nm
and angle612°. To ensure good electrical contact betwe

FIG. 2. A scanning electron micrograph of the tunable CPT. T
tunable CPT is overlapping to five gold leads.
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the gold and the aluminum we expose the developed C
mask to a light ashing in an oxygen plasma. Figure 2 sho
a scanning electron micrograph of the tunable CPT layou

The samples are measured in an Oxford Instrument Ke
nox AST-minisorb dilution refrigerator with a base temper
ture of ;35 mK. The measurement leads are filtered
room temperature with RF-feedthrough filters and at
mixing chamber with 1 m ofThermocoax14 leading to an RF
tight can. The sample is mounted in a dual-in-line chip c
rier and bonded with aluminum wires.

IV. RESULTS

The current voltage characteristic~IVC! of a tunable CPT
is shown in Fig. 3. The normal state resistanceR and the
island capacitanceCS were found from the asymptotic slop
and voltage offset in the current-voltage characteristics.
this sample the parameters areR'8.1 kV and CS

'2.4 f F, resulting in a Josephson energyEJ
0'79 meV and

a Coulomb energyEC'33 meV. The IVC shows the super
current and the Josephson quasiparticle peak. Also show
the inset of Fig. 3 is a zoom of the supercurrent region
clear deviation from a perfect zero voltage supercurren
observed indicating the presence of noise and the effec
phase diffusion.15 The current biased IVC is also hystereti

Figure 4~a! shows the average switching current vers
gate charge as the magnetic field through the SQUID’s
changed from 0 G~top! to 80 G ~bottom! in steps of 10 G.
The switching current is 2e periodic and is suppressed to
minimum at a magnetic field of 90 G. This is in good agre
ment with the estimated field required to minimize the effe
tive Josephson energy:Bmin5F0/2A'86 G ~whereA is the
nominal SQUID loop area 4003300 nm2). If the magnetic
field is increased above 90 G the switching current increa
again, as the tuning of the switching current is periodic w
the flux quanta. The maximum switching current at ze
magnetic field is about 6.5 nA. At magnetic fields high
than;500 G the switching current becomese periodic.

The switching current data at 0 G show pronounced dip
aroundQg5(e mod 2e). As the magnetic field is increase
towards 90 G the dips gradually disappears. The magnit

e

FIG. 3. Current voltage characteristic~IVC! for the tunable CPT
at zero magnetic field. The supercurrent and the Josephson Q
particle Peaks~JQP! are indicated in the figure. The inset shows
zoom of the low voltage region. A finite voltage supercurre
branch is observed which indicates the effect of phase diffus
The dashed line is a fit of expression~4!.
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of the dip feature is periodic with the flux quantum, and
maximized whenEJ /EC is largest. Dips in the switching
current are usually caused by either out-of-equilibrium q
siparticles entering the CPT island4,5,7 or interband
transitions.7,8 We attribute the dips in our measurements
the latter. We rule out out-of-equilibrium quasiparticles
features caused by this mechanism would not disappea
EJ→0, nor would the dip be periodic in the flux quant
Interband transitions, on the other hand, can give rise to
such a dependence.

For a symmetric CPT the lowest band (m50) and first
excited band (m51) meet at Qg5(e mod 2e) and f
5(p mod 2p). In the presence of external noise the pro
ability of an interband transition between the lowest and
first excited band is highest atQg5(e mod 2e). The maxi-
mum supercurrent from the first excited band also occur
Qg5(e mod 2e). At large EJ /EC the maximum switching
current from the first excited band is smaller than the ma
mum switching current of the lowest band. AsEJ /EC→0 the
maximum switching current from the first excited band a
proaches the maximum switching current of the lowest ba
Thus if interband transitions between the lowest and the
excited band are present, dips would be observed aro
Qg5(e mod 2e) whose magnitude is large at largeEJ /EC
and approaches zero asEJ /EC→0.

The maximum switching current atQg5(e mod 2e) and
the minimum switching current atQg5(0 mod 2e) are plot-
ted versus theEJ /EC ratio in Fig. 5. Also shown~dashed
lines! are the ideal theoretical maximum and minimum cr
cal currents for the CPT. Two observations can be made~i!
the switching current is smaller than the critical current,~ii !
the switching current is decreasing more rapidly than
critical current as theEJ /EC ratio is suppressed. The soli
lines in Fig. 5 show a modeled switching current of the fo
I sw5aIC

2 , wherea is a constant. This relation between th
switching current and the critical current is expected in h
effective temperature limit as will be explained in the discu
sion. With a scaling factora514.63106 A21 the model
agrees well with the measured switching current over
entire range ofEJ /EC . The deviation between the maximu
switching and the maximum critical current at highEJ /EC

FIG. 4. ~a! Switching current of a tunable CPT versus ga
charge at different magnetic fields. The magnetic field is chan
from 0 G ~top! to 80 G ~bottom! in steps of 10 G.~b! Modeled
switching current. We assumeI sw5aIC

2 whereI C is the ideal critical
current of a CPT anda514.63106 A21.
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ratio is explained by the dip in the maximum switching cu
rent at low magnetic fields@Fig. 4~a!#. There is also a devia
tion between the minimum switching and the minimum cri
cal current at low EJ /EC ratio. This is due to an
experimental problem of measuring low currents.

Using this model, theoretical switching currents vers
gate charge can be obtained. Figure 4~b! shows calculated
switching currents versus gate charge when we modelI sw

5aIC
2 , whereI C is the ideal critical current calculated from

the lowest band. We get a good fit withEJ /EC52.8, which
is 17% larger than estimated from the asymptotic slope
voltage offset in the current-voltage characteristics. Co
parison of the Figs. 4~a! and 4~b! shows excellent agreemen
with the exception of the interband transition induced dips
the experimental data at largeEJ /EC .

V. DISCUSSION

The above analysis showed that the switching curr
is scaling as the ideal critical current squarred. To expl
this scaling, we view the CPT as an effective Joseph
junction with a current-phase relation I
5I C(Qg ,F)] f (f,Qg ,F)/]f. Here I C(Qg ,F) is a gate
charge and flux-dependent critical current a
f (f,Qg ,F) a 2p-periodic function in phasef. By using
this description it is possible to model the effect of the ele
tromagnetic environment with a simple circuit model. We a
using a model that has been used successfully to explain
behavior of a single Josephson junction embedded in a c
sical electromagnetic environment.12,15 The circuit is shown
in Fig. 6 and consists of a current biased ideal CPT shun
by a capacitor,CT and a serial combination of a resistorRn
and a capacitorC. This model is the simplest version of
RCSJ model with a frequency-dependent damping which
lows the coexistense of both phase diffusion and hystere
Here the capacitorCT'CJ'CS/2 describes the capacitanc
of the CPT. The frequency-dependent shuntRn and C are
describing the external circuit that loads the CPT. In o
experimentsRn can be chosen to represent the impedance

d
FIG. 5. Comparison between experiment and theory. The s

tered data shown the maximum and the minimum switching cur
as a function ofEJ /EC . The dashed line shows the theoretic
critical current and the solid line the modeled switching curre
usingI sw5aIC

2 . The inset compares the measured switching curr
modulationI sw

mod5(I sw
max2Isw

min)/Isw
max with the modelled switching cur-

rent modulation assumingI sw5aIC
2 .
0-3
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the measurement leads at microwave frequencies andC a
control parameter for the frequency dependence of the
pedance.

At high frequencies the external circuit loading the CPT
approximately determined byR. In this limit the system is
described by the stochastic differential equation

\

2e
CTf̈1

\

2e

1

Rn
ḟ1I C~Qg ,F!

] f ~f,Qg ,F!

]f
5I 1I n ,

~2!

whereI n is the noise current from the resistor with an au
correlation^I n(t)I n(t1t)&5(2kBT/Rn)d(t).

At microwave frequencies the resistorRn is of the order
of the free space impedance, i.e.,Rn;60 V. With a junction
capacitance of the order off F and a junction resistance o
the order ofkV the CPT is overdamped at these frequenc
i.e., 2p2(Rn /RQ)2!EJ /EC , whereRQ5h/4e2. In the over-
damped limit and iff is a harmonic function of the phasef
~e.g., f 52cosf for the single Josephson junction! there ex-
ists an analytic solution of the stochastic differential Eq.~2!
expressed in terms of modified Bessel functions of comp
order11,16

I

I C~Qg ,F!
5ImF I 12 iav~a!

I 2 iav~a! G , ~3!

wherea5EJ(Qg ,F)/kBT, EJ(Qg ,F)5I C(Qg ,F)\/2e and
v5V/RnI C(Qg ,F) is the normalized voltageV5VJ2RnI .
In the limit of high temperature (a,1) the expression~3! is
simplified to

I .2I m

V/Vm

~V/Vm!211
, ~4!

whereI m5aIC
2 5(\/8ekBT)I C

2 is the maximum supercurren
occuring at a voltageVm5(2e/\)kBTRn . If the CPT is

FIG. 6. A simple circuit model for a CPT in an electromagne
environment. HereCT'2CJ is the capacitance of the CPT. Th
frequency-dependent shuntC andR are describing the external cir
cuit that loads the CPT. The CPT is lumped to an effective Jose
son junction with a magnetic field and and gate charge depen
Josephson energyEJ(Qg ,F). I n is the noise current from the re
sistorRn .
m

ev
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viewed as an effective single Josephson junction with h
monic energy bands the switching event is expected to oc
at the maximum supercurrentI sw.I m5aIC

2 .
In Sec. IV it was found that a good fit to the measur

switching current could be obtained witha514.6
3106 A21. By using the expression fora5\/8ekBT from
above we can estimate the effective temperature toT
'400 mK.

Another way of estimating the effective temperature a
also the high frequency impedance of our electromagn
environment is to fit the expression~4! to the measured IVC
at the phase diffusion branch. Such a fit is displayed in
inset of Fig. 3 with dashed lines. The voltageVm'2.3 mV
gives anTRn'55 VK. The maximum supercurrent in thi
IVC is approximately 6 nA which results in an effectiv
temperature ofT'370 mK andRn'150 V. The tempera-
ture is in agreement with the estimation above, and the
sistanceRn is of the same order as the free space impedan
We attribute the relatively high effective temperature to
complete filtering of our measurement leads down to
CPT.

VI. SUMMARY

We have investigate the switching current of a CPT w
tunable Josephson energy. The junctions are fabricated
SQUID geometry which enables us toin situ tune the effec-
tive Josephson energy by application of a magnetic field.
find a 2e-periodic switching current versus gate charge.
the magnetic field is increased the switching current stayse
periodic and the magnitude is suppressed. This is repo
for the first time to the best of our knowledge. Although o
measurements are 2e periodic we observe a phase diffusio
branch and a switching current which is proportional to t
ideal critical current squarred. We find that both these ob
vations can be explained by using a simple circuit mo
where the CPT is shunted with a frequency dependent
pedance at an effective temperature. In the overdam
2p2(Rn /RQ)2!EJ /EC , and high effective temperatur
limit EJ,kBT, thermal noise results in phase diffusion a
I sw}I C

2 . We believe that the high effective temperature is
result of incomplete filtering of our measurement leads.
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