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Return current in hysteretic Josephson junctions: Experimental
distribution in the thermal activation regime
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We present an experimental study on the retrapping process of a hysteretic, high-quality Josephson
junction; namely, we have measured the distribution of the values at which the junction switches
back from the voltage state to the zero-voltage state, as a function of the applied magnetic field.
While the opposite process~escape from the zero-voltage state! has been extensively studied in the
past, both from the theoretical and the experimental point of view, little is found in the literature on
the retrapping process. In terms of the tilted washboard potential, the process corresponds to the
retrapping from the running state to a locked state in a potential well. The interest of the
measurements is in the fact that the value of the return current can be directly related to the
dissipation in the junction. While the deterministic behavior, experimentally measured through the
I –V curve, appears to be in agreement with the theoretical predictions, even in minor details, the
statistical behavior is strongly different from what is expected. The disagreement is found even in
zero-applied magnetic field and it cannot be attributed to external noise in the system. From the
experimental statistical properties, we find values for the effective dissipation much lower than those
obtained from the deterministic curves, a result which could be of interest in experiments on the
observation of macroscopic quantum phenomena. ©1999 American Institute of Physics.
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I. INTRODUCTION

To identify which equivalent resistance is responsi
for the intrinsic dissipation of a Josephson junction, seve
different approaches can be used. It is possible to analyze
I –V characteristics to determine several parameters w
are related to different damping and excitation phenomen
the junctions: the normal resistance, which refers to
normal-state behavior, the subgap resistance, or its diffe
tial value determined by the quasiparticle conductance.
comparing the experimentalI –V curve with the theory,1 ei-
ther with a simple resistively shunted junction~RSJ! model,
or with a more refined model such as the quasiparticle t
neling model~QPT!, it is possible to infer the value of th
resistance responsible for the dissipation.2

As an alternative, one can study the process of esc
from the zero-voltage state3 ~when the junction jumps from
the Josephson part of theI –V characteristic to the othe
branch! or the opposite process, the return from the runn
state~voltage different from zero! to the zero-voltage state.4

Actually, as far as the dissipation is concerned, the esc
process gives information only if the junction is in a partic
lar regime of damping, otherwise the friction coefficient do
not influence the distribution; the return process, instead
always dependent on the dissipation.

a!Electronic mail: castellano@iess.rm.cnr.it
6400021-8979/99/86(11)/6405/7/$15.00
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In this article we analyze the return current distributi
for a high-quality Nb/AlOx /Nb Josephson junction to get th
effective dissipation involved in the process, at liquid-heliu
temperature. A constant magnetic field is applied to the ju
tion in order to vary the critical current value and then stu
the junction in different regimes and conditions.

II. ESCAPE FROM AND RETURN TO THE ZERO-
VOLTAGE STATE

The two processes can be understood by referring to
well-known mechanical analog, which depicts the dynam
of the Josephson junction as that of a particle of m
C(F0/2p)2 @where C is the junction capacitance andF0

5h/2e is the flux quantum#, with dissipation (F0/2p)2 1/R
~whereR is the junction resistance!, described by a mechani
cal degree of freedomd ~the phase difference across th
junction! and subjected to a tilted washboard potentialU:

U~d!52
F0

2p
I cS d

I

I c
1cos~d! D . ~2.1!

Here, I c is the junction critical current andI is the current
bias. In the escape process, the particle is initially trappe
a potential metastable well, oscillating at the plasma f
quency. When the potential slope is increased to a cer
level ~by increasing the current bias of the junction!, the
fluctuations make it possible for the particle to roll over t
potential barrier~or tunnel through, in the quantum regime!
5 © 1999 American Institute of Physics
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and run down the potential. The current value at which t
occurs, in the absence of noise and fluctuations, is the cri
currentI c .

In the return process, the particle is running while t
potential slope is being decreased. When the energy d
pated by the friction~modeled as an equivalent resistan
Rj , in parallel with the junction, which is not necessar
coincident with that used in the RSJ model! equals the ki-
netic energy, the particle stops in one of the potential we
The corresponding current value is the~noiseless! return cur-
rent I r .

These processes are intrinsically stochastic, since
are activated by thermal or quantum fluctuations, as wel
by ambient noise: the fluctuations increase the value of
return current~and decrease the value of the escape curr!
with respect to the deterministic value. The distribution
values is asymmetric: for the escape process, which is u
bounded by the noiselessI c , the sharper side is at value
larger than the mean value; for the return process the op
site is true, since the noiselessI r is a lower bound. The
experiment consists in sweeping the junction with a curr
ramp, at a ratedI/dt, collecting the current values at whic
escape or return occur, and comparing the resulting hi
gram with the theory.

Regarding the escape from the zero voltage, the ana
is performed following the well-known approach of Ref.
The switching out from the zero-voltage state can be m
eled very simply as a thermal escape process from a m
stable potential well, ifkT.\v(I )/7.2, v(I ) being the fre-
quency of the small oscillations in the potential we
According to Kramers,6 the lifetime t of the zero-voltage
state, at a bias currentI, can be expressed in terms of th
thermal activation energykT and of the energy barrier to
overcomeDU(I ):

t21~ I !5A expF2
DU~ I !

kT G . ~2.2!

The prefactorA5atv(I )/2p is related to the attemp
frequency;at is a factor depending on the details of th
damping regime~for highly hysteretic junctions, the regim
of interest is intermediate or low damping!.7,8 Our junctions
fall in the intermediate regime, withat'1. The energy bar-
rier

DU'
2A2

3p
F0I c~12I /I c!

3/2, ~2.3!

depends only on the bias and the critical currents; the de
dence on (I 2I c)

3/2 derives from the RSJ model.
The expected theoretical distributionP(I ) is implicitly

defined through the recursive relation

P~ I !5t21~ I !S dI

dtD
21S 12E

0

I

P~u!duD . ~2.4!

Equation~2.4! gives a link between the two quantitiesP(I )
andt(I ), because the probability of having a switching in
intervaldI around a bias valueI is the product of two terms
the probability that the junction has not yet switched
s
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smaller values ofI @term 12*0
I P(u)du], and the probability

of switching in a time intervaldt, which is given by the
inverse lifetimet21(I ) timesdt.

The analysis provides a check of the validity of the cub
approximation for the potential barrier, and allows us to g
the effective temperatureTescresponsible for the escape pro
cess and the noiseless value ofI c . In the thermal regime, like
in our case,Tesc should be coincident with the thermody
namic temperature, unless extra noise affects the system
measurement of this process, then, gives an estimate o
effective temperature of the junction, as far as noise is c
cerned.

As regards the analysis for the return process, one
gather information both from the value of the return curre
and from the shape of the histogram. The first approa
where the measured value ofI r can be related directly to an
effective dissipationRj , is the most commonly found in the
literature; indeed, a mention of measurements on the cur
distribution, due to thermal fluctuations, is found only in Re
4. By considering the overall energetic balance in the ret
process, a simple relationship linksRj and the value of the
bias current at which the retrapping occurs:

I r5
4I c

pv~ I !RjC
.

4I c

pvpRjC
, ~2.5!

where vp5A2pI c /F0C is the junction plasma frequency
Actually, in this equation~and in the following! I r refers to
the noiseless value of the return current, which does not t
into account the spread of the values due to thermal exc
tions. Experimentally, instead, we observe the current va
at which the probability distribution is maximum, or at mo
the entire histogram of the current values: this sets an up
limit for the noiselessI r but does not allow a precise dete
mination, unless we use some model for investigating
retrapping process.

The relationship between the junction parameters
the histogram of the return current values has been stu
by Ben-Jacobet al.9 in the thermal regime, and by Chen
Fisher, and Leggett1 in both thermal and quantum regime
with the constraintI 2I r!I r .

Ben-Jacobet al. calculate the lifetimet r of the nonequi-
librium state of the junction~running state! until it undergoes
a transition to the zero-voltage equilibrium state. The d
namic equation they find is similar in form to that obtain
by Kramers to describe the transition from a stable equi
rium state, although the two processes are very different,
return process being the transition from a stable nonequ
rium steady state. The lifetime in the return process has t
the expression

t r5RjCApkT

DW
eDW/kT, ~2.6!

whereDW5(I 2I r)
2Rj

2C. In a typical ramping experiment
in which the junction is swept by a decreasing current ram
the distribution of the current valuesP(I ) is related to the
lifetime according to Eq.~2.4!.

Compared to the analysis of the escape process from
zero-voltage state, here the process involves critically th
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parameters (I r , Rj , Tr) instead of two (I c , Tesc). Unfortu-
nately, the shape of an experimental distribution can be
constructed by varying just two parameters, the third para
eter giving only minor variations which fall in the range
the experimental errors. For the analysis of the return dis
bution, then, it is advisable to have an independent g
knowledge of one parameter. In the thermal regime, wh
thermal fluctuations dominate, we can safely assign a va
to the temperature, since it can be measured independ
with an experiment of switching out from the zero-volta
state, excluding the presence of extra noise affecting
junction.

A deterministic evaluation of theI –V characteristics in
the return region and of its statistical properties is given
Chen, Fisher, and Leggett,1 hereafter, cited as CFL. The CF
theory covers the parameter range whereI 2I r!I r , in the
two limits of low temperature (kT!\vp) and high tempera-
ture (\vp!kT). In either limit, the square of the full width
at half maximum of the distribution is given, within logarith
mic factors, by the following formula:

s2~T!5constm f ~T!.const
\vp

I cF0
I r

2, ~2.7!

where the constant is if order 1,f (T) is a function which
tends to 1 asT tends to 0 and is proportional toT in the limit
of high T. m5\vp /I cF0 gives a measure of the overa
importance of quantum fluctuations with respect to the c
sical dynamics of the junction, and it is usually much le
than 1. Formula~2.7! has the inconvenience of being e
pressed explicitly in terms of the noiselessI r , which, as
noted before, must be extracted from the data by using s
model.

We will consider again the quantities above and the
lationships among them in the discussion of the meas
ments.

III. EXPERIMENTAL SETUP

Our junctions are high-quality Nb/AlOx /Nb trilayer tun-
nel junctions. The trilayer~base electrode 1800 Å, aluminum
layer 70 Å, top electrode 1000 Å thick! is deposited onto a
nonoxidized silicon wafer, 111 oriented; the layout is defin
by lift-off through a photoresist mask. The junctions have
window geometry of 4mm side, defined by reactive ion etch
ing of the top electrode and self-aligned SiO insulation10

The wiring layer is again niobium, 4000 Å thick. The jun
tion quality is evaluated by means of the factorVm , that is,
the product of the critical current times the static resistanc
2 mV, without any correction for the strong couplin
effect—which would increase theVm . The junction charac-
teristics at 4.2 K are collected in Table I.

TABLE I. Characteristics of the junctions at 4.2 K and zero-applied m
netic field.

Jc

A/cm2
side
mm

I c

mA
Rn

V
Vm

mV
C
pF

vp

rad/s

100 4 16 80 35 0.8 2.531011
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The junction was put inside a copper holder,11 which
provided aR–C–R filtering stage at low temperature for a
the leads~phosphor–bronze twisted pairs!. A solenoid placed
rigidly around the chip holder provided a magnetic field~par-
allel to the junction plane and in-line with one side of th
junction!, which could be varied to modulate the Josephs
current. The whole insert is immersed into a liquid-heliu
bath, to ensure the proper thermalization of the device.

The switching of the junction~from or towards the zero-
voltage, locked state! was measured as follows. The junctio
was swept by a current ramp, varying with a known deriv
tive. The voltage across the junction was sent to a comp
tor: once the threshold corresponding to the selected ju
was reached, the comparator sent a trigger signal to the
acquisition system, so that the corresponding current va
was recorded. The data were collected into histograms
analyzed.

Measurements of the switching currents for the esc
and the return processes require two contrasting charact
tics of the electronic system which reads the current valu
high sensitivity~to resolve the values in the narrow distrib
tions of I c or I r), and in the meantime high dynamic rang
~since the junction must follow the entireI –V path, fromI c

to zero!. These problems are more evident for the retu
current, where both the mean value and the distribut
spread are very small.

We developed an electronic setup that allows accu
measurements of the return current. The current swee
given by the discharge current of a capacitor, to avoid a
unwanted effects due to the quantization of digital gene
tors. The current is read by the voltage through a large re
tor, to achieve high sensitivity. This, however, limits heav
the maximum amount of current that can be fed to the ju
tion, which instead must be driven over the gap region
order to go through the whole hysteresis cycle. To overco
the problem, we envisaged a system of electronic switc
~Fig. 1! that allows us to use two different resistors, a sma
one when the current increases and a larger one when
current goes back to zero.

The analog switches can be driven open or shorted b
clock signal as it follows. At first,S1 is opened whileS2 and
S3 are shorted, consequently, the voltage at pointA increases
towardsVccRp /(R11Rp), whereRp is the parallel ofR2 and
R3, and the capacitorsC1 and C2 are charged. The time
constant for the buildup of the current is set at a small val
to shorten the run time; the current is read through the v
age acrossRp . In the second step,S1 is shorted whileS2 and
S3 are opened. Here,C1 is slowly discharged throughR4 and
C2 through the series ofR3 with the junction. The current

-

FIG. 1. Scheme of the electronic apparatus.
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flowing through the junction is then read by measuring
voltage acrossR3, whose chosen value is large in order
improve the sensitivity. To further magnify the current d
tributions, we added a proper dc voltage offset to keep
value of the switching current close to zero and then we s
this signal to a limiter, which provided a further gain
20–50 for signals inside the range of about 150mV, while
keeping the overall dynamic signal inside the range of
acquisition system. With a suitable choice ofR2 andR3 this
setup allowed us to collect current distributions with a ch
nel resolution of 1.5 pA for the return current and 42 pA f
the escape current. This electronic setup can be used als
measurements of the escape process. In this case, the c
buildup must be slower by changing the time constant.

IV. I – V CHARACTERIZATION

At first, the I –V characteristics of the junction in
liquid-helium bath have been recorded and analyzed acc
ing to the BCS model,12 to check the behavior of the subga
part and to get the value of the gap. In our case the bes
shown in Fig. 2, givesVg51.325 mV at 4.2 K and the agree
ment with the expected behavior is good.

The value of the plasma frequency at zero-applied m
netic field is either calculated from the formulavp

5A2pI c /F0C, using a previous estimate ofC ~from Fiske
steps!, or from a fit of theI –V characteristic close to th
return value1 with the formula

I 2I r

I r
5S AV0

V
1BDe2V0 /V, ~4.1!

whereA and B are constants usually of the order of unit
From the fit of the data it is possible to getV0, which is
given byV05vpF0, and hence,vp . The major difficulty is
in the determination ofI r ; we decided to use as a first es
mate the value at which the switching histograms are m
mum ~most probable observed value!. This considered, the
agreement between the CFL curve and the experimental

FIG. 2. ExperimentalI –V quasiparticle branch~open circle! and its fit with
the BCS model~line!; the fit parameters are 1.325 mV for the gap volta
and 4.2 K for the temperature.
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is quite good, as shown in Fig. 3; the calculated plas
frequency ofvp52.531011 rad/s is in agreement~within
20%! with the value found from the fit. With this value, on
gets\vp /k .1.8 K, which is not far from the bath tempera
ture; according to CFL, the junction is in between the hig
and low-temperature limits. By increasing the applied ma
netic field to reduce the critical current, the junction mov
towards the high-temperature regime.

Figure 4 shows the behavior of the critical and of t
return current as a function of the applied magnetic field. T
values of I c are the noiseless values, as found from t
analysis of the escape histograms~discussed in the next sec
tion!; as regardsI r , we used as a first estimate the me
values of the switching distribution. The Josephson curr
follows the typical diffraction pattern; the continuous line
the usualusin(x)/xu function. From the first zero, a Londo
length of 1000 Å is found, and a corresponding Joseph
length of 35mm, which states that the junction can be co
sidered small. The return current is also modulated by

FIG. 3. ExperimentalI –V quasiparticle branch~open circle! and its fit with
the Chen–Fisher–Leggett model close to the retrapping point~line!.

FIG. 4. Experimental critical and return current as a function of magn
field; the continuous line is the theoretical pattern.
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applied magnetic field; the CFL formula predicts a we
dependence such asI r}AI c, which fits the experimenta
points.

We can summarize the situation up to this po
by stressing that the experimental observations on theI –V
characteristic show a good agreement with the expe
behavior.

V. HISTOGRAM ANALYSIS

For any magnetic-field value, we measured, in two se
rate runs, the current value distributions for the process
return to the zero-voltage state and for the escape from
zero-voltage state. The switching out from the zero-volta
state allows a measurement of the noiseless critical cur
and of the effective temperatureTescresponsible for the pro
cess. The measuredTesc is, for all the values of the magneti
field, equal to the thermodynamic temperature within the
perimental error. The only data points which would requ
further analysis are those close to the maximum depres
of the Josephson current: at these values of the field, ind
the junction is much less hysteretic than in other cases
that the regime to be considered is no longer the purely
derdamped one. Hence, from the escape measuremen
can state that our system is not affected by extra noise.

In the return process, approaching the retrapping, so
extra power is dissipated in the quasiparticle system~of the
order of hundreds of pW!. This power is then transmitted t
the underlying substrate by phonons. At lower temperatu
~on the order of hundreds of mK! and if the sample is in
vacuum, the electron and phonon baths are no longer
coupled, so that their temperatures can be very different;
is the well-known hot-electron effect.13 However, at our
working temperature~4.2 K! this effect is completely negli-
gible, even more so since the sample is immersed in liq
helium, which provides the necessary thermalization to
chip. This considered, and having excluded the presenc
extra noise from the previous measurements, in the ana
of the return histogram we can be confident in setting
temperature equal to the liquid-helium temperature. A c
firmation of the system temperature comes from an exa
nation of theI –V characteristics of Fig. 2. Setting the tem
perature equal to 4.2 K allows us to eliminate one fr
parameter from the fitting curve in the return histogram,
ducing the total number of parameters to 2. In passing,
note that according to the theory an increase of the temp
ture in the retrapping process would lead to an enlargem
of the histograms.

Let us now discuss the process of return to the ze
voltage state. Some of the histograms, normalized so a
have a unit area~with the current measured in microam
peres!, are collected in Fig. 5 for several values of the a
plied magnetic field. By increasing the magnetic field, t
mean value of the histogram moves to lower current valu
as expected, and the width spreads. The standard deviatis
of the experimental distribution is shown in Fig. 6 as a fun
tion of the magnetic field; in Fig. 6, for comparison is al
displayed the modulation pattern of the critical curre
Points corresponding to the same value of the critical c
t
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rent, on either side of the current pattern, should have
same behavior, disregarding the absolute value of the m
netic field; indeed, for these pointss is the same, showing
that the magnetic field has an influence only throughI c and
I r . In the following, then, we will plot the measured qua
tities against the noiseless critical current value, instead
the magnetic field, keeping in mind that the higherI c values
correspond to the smaller magnetic-field values. The sud
decrease ofs at about 24 G is probably due to the junctio
entering a different dissipation regime, because of the la
suppression of the Josephson current.

FIG. 5. Histograms of the return current values in the retrapping proces
the variation of the applied magnetic field. The line labeledH is used only to
indicate the direction of increasing field. As the magnetic field is enhanc
the histogram center goes to a lower current value and the width spread

FIG. 6. Standard deviation of the experimental distribution of the ret
current~solid squares! vs applied magnetic field. For comparison, the cri
cal current modulation curve~open squares! is also reported.
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The narrowest distribution width is found at zero-appli
magnetic field, wheres50.28 nA, which is the limit of our
setup; in this case, the histogram turns out to be symme
since it is dominated by the intrinsic, Gaussian noise of
apparatus. The measureds is then only an upper limit for the
real width of the distribution. When the magnetic field
increased, the distribution width broadens and the histog
shape becomes asymmetric, as expected.

By analyzing the histogram according to the model
Ref. 9, and except for the low-field data, we find a go
agreement between the data and the theoretical curve, an
can get the noiseless value of the return current and the
fective resistance. As a matter of fact, the continuous line
Fig. 5 are the theoretical fits of the experimental data.

Figure 7 displays~open points! the values of the effec
tive resistanceRj found with this method, as a function o
the ~noiseless! critical current value. At low magnetic field
where I c attains its maximum value, as already mention
the histogram is dominated by the noise of our setup, so
the analysis of the distribution is misleading. However,
gives a lower limit for the effective resistance. We report
in Fig. 7 only the point at zero magnetic field, whereRj

.6.8 kV; the arrow shows the trend for the points in t
region. This sudden increase cannot be explained eithe
additional noise terms~which, moreover, were not observe
in the escape distributions made in the same conditions!, or
by the presence of the magnetic field, which was close
equal to zero. On the other extreme of the curve, at very
I c , the reduction of the hysteresis probably makes the ju
tion enter a different dissipation regime. In this region,
remark that the histogram width was still meaningful, b
cause it was close to, but still larger than, our experime
limit.

Figure 7 shows for comparison the values of the eff
tive resistance as obtained from the energy balance Eq.~2.5!
~curve with filled dots!. In this calculation we used the noise
less value of theI r distribution, as obtained from the Ben
Jacob model. Using the mean value of the histogram a
better estimate ofI r would not alter the result very much

FIG. 7. Effective resistance vs applied magnetic field, calculated by en
balance considerations~filled dots! and from the histogram width~open
dots!.
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since the two quantities differ at most by 30%, in the reliab
region whereI c is not too small. While the general behavio
of the two curves looks similar, the disagreement in the
solute value is about a factor 10, the dissipation calculated
deterministic parameters being the higher one. Hence,
study of the distribution width leads to the conclusion th
the dissipation is much lower than expected.

As an independent check, we compared the experime
width with the prediction of Eq.~2.7!. In Fig. 8, the standard
deviation of the experimental distribution is reported, t
gether with a lower limit for Eq.~2.7!, obtained by inserting
the measured parameters and taking constant andf (T) equal
to unity ~their lower bound!. Once again, the experimenta
values are much smaller than expected. Again, the disag
ment is more evident in the absence of applied magn
field.

VI. CONCLUSIONS

We studied the effective dissipation of Nb/AlOx /Nb tun-
nel junctions in the process of return to the zero-volta
state, performing extensive measurements of the statis
properties of the process, in the presence of an applied m
netic field.

While the deterministic behavior of the junction is
agreement with the theory, we found a severe inconsiste
between the values of the effective dissipation as obtai
from the deterministic parameters~such as the value of the
retrapping current or theI –V characteristic! and from the
stochastic distribution of the retrapping values in the therm
regime. The effective resistance found with the latter ana
sis is higher by about a factor 10, leading to an unexpecte
low dissipation factor. We remark that most of the measu
ments found in the literature obtain the value of the dissi
tion from the deterministic characteristic, so that comparis
with our data is not possible. This result could be relevant
those experiments which rely heavily on the low dissipat
of Josephson devices to study macroscopic quantum effe
In particular, the experimental observation of macrosco

yFIG. 8. Standard deviation of the return current distribution as a function
the critical current value, by applying a magnetic field. Open dots are
experimental points, while filled dots represent Eq.~2.7! with const51 and
f (T)51, to give a lower limit.
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quantum coherence~MQC! in rf superconducting quantum
interference devices could be hindered, if not totally p
vented, by the intrinsic dissipation in the junction; our res
represents a further hope regarding the possibility of p
forming the measurement in a real junction.
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