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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 procegsscape from the zero-voltage spdt@s 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
|-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.
[S0021-897€09)08123-2

I. INTRODUCTION In this article we analyze the return current distribution
for a high-quality Nb/AIQ /Nb Josephson junction to get the
To identify which equivalent resistance is responsibleeffective dissipation involved in the process, at liquid-helium
for the intrinsic dissipation of a Josephson junction, severatemperature. A constant magnetic field is applied to the junc-
different approaches can be used. It is possible to analyze th®n in order to vary the critical current value and then study
|-V characteristics to determine several parameters whicthe junction in different regimes and conditions.
are related to different damping and excitation phenomena in
the junctions: the normal resistance, which refers to thdl. ESCAPE FROM AND RETURN TO THE ZERO-
normal-state behavior, the subgap resistance, or its differe’VOLTAGE STATE
tial value determined by the quasiparticle conductance. By  Thg two processes can be understood by referring to the
comparing the experimenté-V curve with the theory.ei-  \ell-known mechanical analog, which depicts the dynamics
ther with a simple resistively shunted junctidRS) model, ¢ the Josephson junction as that of a particle of mass
or YVIth a more refmgd_ model_such as the quasiparticle tunC((DO/ZW)z [where C is the junction capacitance arifl,
neling model(QPT), it is possible to infer the value of the _ /26 is the flux quantur with dissipation (by/27)2 1/R
resistance responsible for the dissipafion. (whereR is the junction resistangedescribed by a mechani-
As an alternative, one can study the process of escang| degree of freedond (the phase difference across the

from the zero-voltage statéwhen the junction jumps from jnction) and subjected to a tilted washboard potential
the Josephson part of the-V characteristic to the other

branch) or the opposite process, the return from the running U(d)=— %| (5|—+cos( 5)) (2.7
state(voltage different from zeroto the zero-voltage stafe. 27 S\ 7, ' ’
Actually, as far as the dissipation is concemed, the escapgere | s the junction critical current antlis the current

process gives information only if the junction is in a particu- a5 ‘| the escape process, the particle is initially trapped in

lar regime of damping, otherwise the friction coefficient doega potential metastable well, oscillating at the plasma fre-

not influence the distribution; the return process, instead, i§uency. When the potential slope is increased to a certain

always dependent on the dissipation. level (by increasing the current bias of the junctipthe
fluctuations make it possible for the particle to roll over the
dElectronic mail: castellano@iess.rm.cnr.it potential barrieror tunnel through, in the quantum regime
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and run down the potential. The current value at which thissmaller values of [term 1—f{)P(u)du], and the probability
occurs, in the absence of noise and fluctuations, is the criticalf switching in a time intervadt, which is given by the
currentl . inverse lifetimer (1) timesdt.

In the return process, the particle is running while the  The analysis provides a check of the validity of the cubic
potential slope is being decreased. When the energy dissapproximation for the potential barrier, and allows us to get
pated by the friction(modeled as an equivalent resistancethe effective temperaturg,s.responsible for the escape pro-
R;, in parallel with the junction, which is not necessarily cess and the noiseless valud of In the thermal regime, like
coincident with that used in the RSJ modehuals the ki- in our case, T should be coincident with the thermody-
netic energy, the particle stops in one of the potential wellsnamic temperature, unless extra noise affects the system. A
The corresponding current value is tt@iselessreturn cur-  measurement of this process, then, gives an estimate of the
rentl, . effective temperature of the junction, as far as noise is con-

These processes are intrinsically stochastic, since thegerned.
are activated by thermal or quantum fluctuations, as well as  As regards the analysis for the return process, one can
by ambient noise: the fluctuations increase the value of thgather information both from the value of the return current
return curren{and decrease the value of the escape currenand from the shape of the histogram. The first approach,
with respect to the deterministic value. The distribution ofwhere the measured value lgfcan be related directly to an
values is asymmetric: for the escape process, which is uppeiffective dissipatiorR;, is the most commonly found in the
bounded by the noiseleds, the sharper side is at values literature; indeed, a mention of measurements on the current
larger than the mean value; for the return process the oppdaistribution, due to thermal fluctuations, is found only in Ref.
site is true, since the noiseless is a lower bound. The 4. By considering the overall energetic balance in the return
experiment consists in sweeping the junction with a currenprocess, a simple relationship links and the value of the
ramp, at a ratell/dt, collecting the current values at which bias current at which the retrapping occurs:
escape or return occur, and comparing the resulting histo-
gram with the theory. | = 4le - 4 2.5

Regarding the escape from the zero voltage, the analysis ' 7o(l)R;C Tw,R;C’ '
is performed following the well-known approach of Ref. 5.

Thz switching out frogm the zero-voltagepstate can be mogWhere wp=y2mlc/®oC is the junction plasma frequency.

eled very simply as a thermal escape process from a met&_ctually, in this equationand in the following I, refers to
stable potential well, ikT>%w(1)/7.2, o(1) being the fre- the noiseless value of the return current, which does not take

quency of the small oscillations in the potential well into account the spread of the values due to thermal excita-

According to Kramer§, the lifetime = of the zero-voltage tions. Experimentally, instead, we observe the current value
state. at a bias curren;t can be expressed in terms of the at which the probability distribution is maximum, or at most

thermal activation energikT and of the energy barrier to t_he_ entire h|stqgram of the current values: this se_ts an upper
overcomeAU(1): limit for the noiselesd, but does not allow a precise deter-

mination, unless we use some model for investigating the
- AU(I) retrapping process.
T 1(|)=A9XF{— T } 2.2 The relationship between the junction parameters and
the histogram of the return current values has been studied
The prefactorA=a,w(l)/27 is related to the attempt by Ben-Jacobet al® in the thermal regime, and by Chen,
frequency;a; is a factor depending on the details of the Fisher, and Leggéttin both thermal and quantum regimes
damping regimefor highly hysteretic junctions, the regime with the constraint —1,<I, .

of interest is intermediate or low damping® Our junctions Ben-Jacotet al. calculate the lifetimer, of the nonequi-
fall in the intermediate regime, with,~1. The energy bar- librium state of the junctioirunning statguntil it undergoes
rier a transition to the zero-voltage equilibrium state. The dy-
namic equation they find is similar in form to that obtained
2\2 a2 by Kramers to describe the transition from a stable equilib-
AU~ ﬁ‘bol o(1=1110)75 23 rium state, although the two processes are very different, the

. N return process being the transition from a stable nonequilib-
depends only on the bias and the critical currents; the depeium steady state. The lifetime in the return process has then

dence on (—1.)¥? derives from the RSJ model. the expression
The expected theoretical distributid®(1) is implicitly
defined through the recursive relation KT
g n=R,C /AWeAW/kT’ (2.6)

1 |
(1_ J'o P(u)du). (24 where AW=(I —Ir)ZRJ-ZC. In a typical ramping experiment,
in which the junction is swept by a decreasing current ramp,
Equation(2.4) gives a link between the two quantiti®!) the distribution of the current valud?(l) is related to the
and~(l), because the probability of having a switching in anlifetime according to Eq(2.4).
intervaldl around a bias valukis the product of two terms: Compared to the analysis of the escape process from the
the probability that the junction has not yet switched forzero-voltage state, here the process involves critically three

L[l
P(h=7"(D| g
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FIG. 1. Scheme of the electronic apparatus.

parametersl¢, R;, T;) instead of two [, Tes9. Unfortu-
nately, the shape of an experimental distribution can be re-
constructed by varying just two parameters, the third param-  The junction was put inside a copper holdemhich
eter giving only minor variations which fall in the range of provided aR—C—R filtering stage at low temperature for all
the experimental errors. For the analysis of the return distrithe leadgphosphor—bronze twisted pairé\ solenoid placed
bution, then, it is advisable to have an independent goodigidly around the chip holder provided a magnetic figddr-
knowledge of one parameter. In the thermal regime, wherallel to the junction plane and in-line with one side of the
thermal fluctuations dominate, we can safely assign a valuginction), which could be varied to modulate the Josephson
to the temperature, since it can be measured independenttyrrent. The whole insert is immersed into a liquid-helium
with an experiment of switching out from the zero-voltage bath, to ensure the proper thermalization of the device.
state, excluding the presence of extra noise affecting the The switching of the junctiofifrom or towards the zero-
junction. voltage, locked stajavas measured as follows. The junction

A deterministic evaluation of the—V characteristics in  was swept by a current ramp, varying with a known deriva-
the return region and of its statistical properties is given bytive. The voltage across the junction was sent to a compara-
Chen, Fisher, and Leggéthereafter, cited as CFL. The CFL tor: once the threshold corresponding to the selected jump
theory covers the parameter range whetel ,<I,, in the  was reached, the comparator sent a trigger signal to the data
two limits of low temperatureKT<% w,) and high tempera- acquisition system, so that the corresponding current value
ture (A w,<KT). In either limit, the square of the full width was recorded. The data were collected into histograms and
at half maximum of the distribution is given, within logarith- analyzed.
mic factors, by the following formula: Measurements of the switching currents for the escape
o and the return processes require two contrasting characteris-
o?(T)=constu f(T)=const—— (2.7 tics of the electronic system which reads the current values:
' q’ high sensitivity(to resolve the values in the narrow distribu-
where the constant is if order f(T) is a function which tions ofl¢ or I;), and in the meantime high dynamic range
tends to 1 ag tends to 0 and is proportional ®in the limit  (since the junction must follow the entite-V path, froml
of high T. u=%w,/l. @, gives a measure of the overall to zerg. These problems are more evident for the return
importance of quantum fluctuations with respect to the clascurrent, where both the mean value and the distribution
sical dynamics of the junction, and it is usually much lessspread are very small.
than 1. Formula(2.7) has the inconvenience of being ex- We developed an electronic setup that allows accurate
pressed explicitly in terms of the noiseless which, as measurements of the return current. The current sweep is
noted before, must be extracted from the data by using sonf@ven by the discharge current of a capacitor, to avoid any
model. unwanted effects due to the quantization of digital genera-

We will consider again the quantities above and the retors. The current is read by the voltage through a large resis-
lationships among them in the discussion of the measurdor, to achieve high sensitivity. This, however, limits heavily
ments. the maximum amount of current that can be fed to the junc-
tion, which instead must be driven over the gap region in
order to go through the whole hysteresis cycle. To overcome
the problem, we envisaged a system of electronic switches

Our junctions are high-quality Nb/AIGND trilayer tun-  (Fig. 1) that allows us to use two different resistors, a smaller
nel junctions. The trilayefbase electrode 1800 A, aluminum one when the current increases and a larger one when the
layer 70 A, top electrode 1000 A thigks deposited onto a current goes back to zero.
nonoxidized silicon wafer, 111 oriented; the layout is defined = The analog switches can be driven open or shorted by a
by lift-off through a photoresist mask. The junctions have aclock signal as it follows. At firstS; is opened whiles, and
window geometry of 4um side, defined by reactive ion etch- S; are shorted, consequently, the voltage at pAimtcreases
ing of the top electrode and self-aligned SiO insulafibn. towardsV..R,/(R;+ R,), whereR,, is the parallel oR, and
The wiring layer is again niobium, 4000 A thick. The junc- R3, and the capacitor€; and Cz are charged. The time
tion quality is evaluated by means of the factgy, that is, constant for the buildup of the current is set at a small value,
the product of the critical current times the static resistance @b shorten the run time; the current is read through the volt-
2 mV, without any correction for the strong coupling age acros®, . In the second stef$; is shorted whileS, and
effect—which would increase thé,,. The junction charac- S; are opened. Her&, is slowly discharged througR, and
teristics at 4.2 K are collected in Table I. C, through the series dR3 with the junction. The current

IIl. EXPERIMENTAL SETUP
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FIG. 2. Experimental—V quasiparticle branctopen circlé and its fitwith ~ F!G- 3. Experimental -V quasiparticle branctopen circlg and its fit with
the BCS modelline); the fit parameters are 1.325 mV for the gap voltage the Chen—Fisher—Leggett model close to the retrapping fie).
and 4.2 K for the temperature.

flowing through the junction is then read by measuring thelS guite good, as shown in Fig. 3; the calculated plasma

voltage acros®;, whose chosen value is large in order to frequen_cy Of wp=2.5X 10 radfs is n agreemer(lthhm
improve the sensitivity. To further magnify the current dis- 20%) with the value fognd.from the fit. With this value, one
tributions, we added a proper dc voltage offset to keep thgetsm’p/kz.l'8 K, which is .not fgr fr.o”? the bath tempe_ra-
value of the switching current close to zero and then we sentf”e; according o CFL.’ t'he Junqt|on IS In between t.he high-
this signal to a limiter, which provided a further gain of anq onv-temperature “m'ts.' 'By Increasing th.e apphed mag-
20-50 for signals inside the range of about 1@, while netic field to r_educe the critical CL_Jrrent, the junction moves
keeping the overall dynamic signal inside the range of théowar_ds the high-temperature regime. .
acquisition system. With a suitable choiceRyf andR; this Figure 4 shows the_ behavior of t_he critical ‘fin(.j of the
setup allowed us to collect current distributions with a chanréturn current as a functpn of the applied magnetic field. The
nel resolution of 1.5 pA for the return current and 42 pA forvalues. ofl are the n0|.seless vglues, as found from the
the escape current. This electronic setup can be used also ﬁ?alys's of the escape h|stografdsscgssed n the next sec-
measurements of the escape process. In this case, the currdf ) as regardsilr, we u$8d. as a first estimate the mean
buildup must be slower by changing the time constant. values of the §W|tch|ng d.IStI’IbutIOI’l. The Josgphson c':urrgnt
follows the typical diffraction pattern; the continuous line is
the usual|sin(x)/x| function. From the first zero, a London
IV. |-V CHARACTERIZATION length of 1000 A is found, and a corresponding Josephson
length of 35um, which states that the junction can be con-

At first, the |-V characteristics of the junction in a .
J Fidered small. The return current is also modulated by the

liquid-helium bath have been recorded and analyzed accor
ing to the BCS model? to check the behavior of the subgap
part and to get the value of the gap. In our case the best fit,
shown in Fig. 2, give¥=1.325 mV at 4.2 K and the agree-
ment with the expected behavior is good.

The value of the plasma frequency at zero-applied mag-
netic field is either calculated from the formulay,
=27l /®,C, using a previous estimate @f (from Fiske
steps, or from a fit of thel -V characteristic close to the
return valué with the formula

-1, [AV,
v

current { pA)

3

+ B) e VolV, (4.2) ;

Ir ! S8 mmpy mag
| ]

where A and B are constants usually of the order of unity. [ L
From the fit of the data it is possible to g®f, which is I
given byVo=w,®,, and hencew,. The major difficulty is 0 ; : 1'0 . 1'5 : 2'0 :
in the determination of, ; we decided to use as a first esti- H
mate the value at which the switching histograms are maxi- H (gauss)
mum (most probable observed valueThis considered, the g, 4. Experimental critical and return current as a function of magnetic
agreement between the CFL curve and the experimental datald; the continuous line is the theoretical pattern.
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applied magnetic field; the CFL formula predicts a weak
dependence such dsx./l., which fits the experimental 600
points.

We can summarize the situation up to this point H=
by stressing that the experimental observations onl thé
characteristic show a good agreement with the expected
behavior.

S
2

V. HISTOGRAM ANALYSIS
Direction of
increasing H

For any magnetic-field value, we measured, in two sepa-
rate runs, the current value distributions for the process of
return to the zero-voltage state and for the escape from the
zero-voltage state. The switching out from the zero-voltage
state allows a measurement of the noiseless critical current
and of the effective temperatuiigs.responsible for the pro-
cess. The measuréid.is, for all the values of the magnetic ; §
field, equal to the thermodynamic temperature within the ex- ] {&‘ A
perimental error. The only data points which would require "o
further analysis are those close to the maximum depression ; |
of the Josephson current: at these values of the field, indeed,
the junction is much less hysteretic than in other cases, so
that the regime to be considered is no longer the purely un-
derdamped one. Hence, from the escape measurements W8 5. Histograms of the return current values in the retrapping process, at
can state that our system is not affected by extra noise. the variation of the applied magnetic field. The line labéteis used only to

In the return process, approaching the retrapping, Som@dicate the direction of increasing field. As the magnetic fiel_d is enhanced,
extra power is dissipated in the quasiparticle systefrthe the histogram center goes to a lower current value and the width spreads up.
order of hundreds of pW This power is then transmitted to

the underlying substrate by phonons. At lower temperatures . i
(on the order of hundreds of mkand if the sample is in rent, on either side of the current pattern, should have the

vacuum, the electron and phonon baths are no longer wefidMe behavior, disregarding the absolute value of the mag-
coupled, so that their temperatures can be very different; thig€tic field; indeed, for these points is the same, showing

is the well-known hot-electron effelt. However, at our that the magnetic field has an influence only througland
working temperaturé4.2 K) this effect is completely negli- !r- In the following, then, we will plot the measured quan-
gible, even more so since the sample is immersed in quui(ﬁ't'es against the noiseless critical current value, instead of
helium, which provides the necessary thermalization to thdh® magnetic field, keeping in mind that the highgralues
chip. This considered, and having excluded the presence &Prrespond to the smaller magnetic-field values. The sudden
extra noise from the previous measurements, in the analysi%ecre_ase OfT_ at abouF 24Gis prOQably due to the junction
of the return histogram we can be confident in setting th&Ntering a different dissipation regime, because of the large
temperature equal to the liquid-helium temperature. A conSUPPression of the Josephson current.

firmation of the system temperature comes from an exami-

nation of thel -V characteristics of Fig. 2. Setting the tem-

P(I) (normalized units)
[\=]
3

o

ks DI

,.
e e S

i
3 T T T ¥ T
0.25 0.30 0.35 0.40 0.45
Return current (LA)

perature equal to 4.2 K allows us to eliminate one free

parameter from the fitting curve in the return histogram, re- 110

ducing the total number of parameters to 2. In passing, we

note that according to the theory an increase of the tempera- 3r 10.8

ture in the retrapping process would lead to an enlargement

of the histograms. %: 106
Let us now discuss the process of return to the zero- £ 27 =

voltage state. Some of the histograms, normalized so as to © d04

have a unit aregwith the current measured in microam-

peresg, are collected in Fig. 5 for several values of the ap- r loa

plied magnetic field. By increasing the magnetic field, the —

mean value of the histogram moves to lower current values, 0 o oo

as expected, and the width spreads. The standard deviation 0 5 10 15 20 25 30 35

of the experimental distribution is shown in Fig. 6 as a func- H (gauss)

tion of the magnetic field; in Fig. 6, for comparison 1S also FIG. 6. Standard deviation of the experimental distribution of the return

dis_played the mo_dulation pattern of the critical _ 9urrent-current(solid squaresvs applied magnetic field. For comparison, the criti-
Points corresponding to the same value of the critical cureal current modulation curvéopen squargss also reported.
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FIG. 7. Effective resistance vs applied magnetic field, calculated by energ{lzhlG' 8_._Stlandard devilationbof ”‘el“?t“"‘ current Qis}_ritllcl;tion as z;function r?f
balance considerationdilled dotg and from the histogram widtliopen e cr_ltlca curre_nt value, by applying a magnetic fie ; Open dots are the
dots. experimental points, while filled dots represent E2}7) with const=1 and

f(T)=1, to give a lower limit.

The narrowest distribution width is found at zero-appliedsince the two quantities differ at most by 30%, in the reliable
magnetic field, wherer=0.28 nA, which is the limit of our region wherd . is not too small. While the general behavior
setup; in this case, the histogram turns out to be symmetrigf the two curves looks similar, the disagreement in the ab-
since it is dominated by the intrinsic, Gaussian noise of thesolute value is about a factor 10, the dissipation calculated by
apparatus. The measurads then only an upper limit for the deterministic parameters being the higher one. Hence, the
real width of the distribution. When the magnetic field is study of the distribution width leads to the conclusion that
increased, the distribution width broadens and the histograrthe dissipation is much lower than expected.
shape becomes asymmetric, as expected. As an independent check, we compared the experimental

By analyzing the histogram according to the model ofwidth with the prediction of Eq(2.7). In Fig. 8, the standard
Ref. 9, and except for the low-field data, we find a gooddeviation of the experimental distribution is reported, to-
agreement between the data and the theoretical curve, and \yether with a lower limit for Eq(2.7), obtained by inserting
can get the noiseless value of the return current and the efne measured parameters and taking constanf @hdequal
fective resistance. As a matter of fact, the continuous lines ito unity (their lower bound Once again, the experimental
Fig. 5 are the theoretical fits of the experimental data. values are much smaller than expected. Again, the disagree-

Figure 7 displaygopen points the values of the effec- ment is more evident in the absence of applied magnetic
tive resistanceRr; found with this method, as a function of field.
the (noiselesy critical current value. At low magnetic field,
wherel . attains its maximum value, as already mentione
the histogram is dominated by the noise of our setup, so th(é{l' CONCLUSIONS
the analysis of the distribution is misleading. However, it ~ We studied the effective dissipation of Nb/AIOND tun-
gives a lower limit for the effective resistance. We reportednel junctions in the process of return to the zero-voltage
in Fig. 7 only the point at zero magnetic field, whelRe  state, performing extensive measurements of the statistical
>6.8 K1; the arrow shows the trend for the points in the properties of the process, in the presence of an applied mag-
region. This sudden increase cannot be explained either hyetic field.
additional noise terméwhich, moreover, were not observed While the deterministic behavior of the junction is in
in the escape distributions made in the same conditimrs agreement with the theory, we found a severe inconsistency
by the presence of the magnetic field, which was close obetween the values of the effective dissipation as obtained
equal to zero. On the other extreme of the curve, at very lovfrom the deterministic parametefsuch as the value of the
I, the reduction of the hysteresis probably makes the juncretrapping current or thé—V characteristic and from the
tion enter a different dissipation regime. In this region, westochastic distribution of the retrapping values in the thermal
remark that the histogram width was still meaningful, be-regime. The effective resistance found with the latter analy-
cause it was close to, but still larger than, our experimentasis is higher by about a factor 10, leading to an unexpectedly
limit. low dissipation factor. We remark that most of the measure-

Figure 7 shows for comparison the values of the effeciments found in the literature obtain the value of the dissipa-
tive resistance as obtained from the energy balanc€Z%). tion from the deterministic characteristic, so that comparison
(curve with filled dot$. In this calculation we used the noise- with our data is not possible. This result could be relevant for
less value of thd, distribution, as obtained from the Ben- those experiments which rely heavily on the low dissipation
Jacob model. Using the mean value of the histogram as af Josephson devices to study macroscopic quantum effects.
better estimate of, would not alter the result very much, In particular, the experimental observation of macroscopic
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