The effective dissipation in Nb/AIO ,/Nb Josephson tunnel junctions
by return current measurements
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Measurements of temperature dependence of the return current in high quality NAWSIO
Josephson junctions are presented. From the experimental data, we obtain the effective resistance,
i.e., the effective dissipation, for the retrapping process, according to the generalized resistively
shunted junction model proposed by Chen, Fisher, and Leggett. We present a careful analysis, based
on a comparison between the measured temperature dependencies of both the return and the
quasiparticle tunneling current. We find that the junction subgap conductance, which includes the
quasiparticle and the quasiparticle-pair interference terms, is responsible for the return process. The
measurements have been performed on various samples, in a wide range of critical current densities
from 50 to 2250 A/cr, covering different damping regimes and spanning over the high and low
temperature limits. Junctions with low critical current density show ideal dissipation which makes
the return current scale with temperature according to the BCS exponential behavior without
flattening out effects. This result may be relevant for the possible use of Np/AIDjunctions in
macroscopic quantum coherence experiments, which strongly require a very low dissipation.
© 1997 American Institute of Physids$0021-897@07)04310-7

I. INTRODUCTION chanical and thermal stresses. Accordingly, this technology
is highly indicated to produce ideal and very reliable devices
Very recently new experimental efforts have been underable to operate in the same conditions many times for a long
taken to observe macroscopic quantum coher€Mi€@C) ef-  period. All these properties increase the possibility to obtain
fects. As it is well known, these investigations belong to apptimal parameters to perform a MQC experiment.
long dated and fundamental debate on the validity of quan- |t is worth mentioning that also Pb—In—Au based Jo-
tum mechanics at macroscopic level. The rf-Supel’COHdUCtingephson junctions exhibit good properﬂégn particular, a
quantum interference deviceSQUID), a superconducting low specific capacitance marks them out due to th@®jn
loop interrupted by a Josephson tunnel junctidii), has  oxide that largely composes the tunneling barrtérs How-
been proposed as a possible experimental system for th&er, such properties are not superior to those of the
study of MQC!~*° Since dissipation plays a crucial role in Np/AIO, /Nb trilayer, whereas a much more critical and dif-
destroying the quantum coherence, the ideal Josephson junfcult fabrication technology is certainly involved. For this
tion for such experiments must have very low dissipation. reason, the Pb—In—-Au techno|ogy has been dropped during
In the past decade, the fabrication technology of JTJs$he past decade.
based on the Nb/AIYND trilayer has been developed to a  Although it is still not clear which effective dissipation
very high quality standard. Nowadays experiments down to khould be used and whether it can be extracted from current—
K with ideal junctions are performed, in which high subgapyoltage characteristics, it was claimed that the determination
resistances, and consequently very low related dissipationgf the dissipation of the junction from the return current data
are observed. By this technology, it is possible to realize;an provide a reliable estimate of the dissipation for MQC
junctions in a very wide range of transparencies, with agxperiments. In fact, the return current observed in experi-
“hardware” spanning through various dissipation regimes.ments on Nb/NO, /Pbin junction&1© closely follows the
Nb/AIO,/Nb junctions offer, among others, the advantage okneoretical predictions for the ideal-tunnel-junction model
entering the quantum regime at higher temperatures, tha”'ﬁ%oposed by Chen, Fisher, and Legifbtthereafter referred
to the small AIQ dielectric constant. This leads to a smaller g 55 CFL, demonstrating that, for sufficiently high quality
specific capacitance and thus to higher plasma frequenciggnctions, the dissipation in the return process is dominated
and crossover temperatures between the thermal and tib‘i/ the tunnelling of thermally excited quasiparticles.
quantum regime with respect to Nb-based junctions with @ |, this work, we present measurements of the return cur-
Nb,O, barrier. Furthermore, it is well known that rentin high quality Nb/AIQ/Nb Josephson junctions, which
Nb/AIO,/Nb JTJs have very good properties against me¢an |ead to a better understanding of the effective damping
of the retrapping process. Moreover, our results can also be
dElectronic mail: nappi@fiscn.cib.na.cnr.it useful in view of the possible use of high quality
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Nb/AIO, /Nb Josephson junctions in MQC experiments. Wedissipation source and to investigate about its magnitude,
carried out measurements on several samples with differe@mperature, and frequency dependentie$: Nevertheless,
critical current densities, exploring various dissipation re-a considerable disagreement remains on this subject, par-
gimes. For some samples, the measurements have been pélly due to the different experimental techniques that were
formed from about 9 down to 1 K, in order to cover a wide adopted. In Ref. 16, a very useful method was introduced,
temperature interval. Our results show that No/M®b  that is the measurement of the probability distribution of
junctions achieve such a high quality that the return processwitching currents and the dependence of its width from tem-
is dominated by the intrinsic junction resistance. perature. Authors of Refs. 18 and 19 find a good agreement

The article is organized as follows: in Sec. I, we briefly between experiment and theory by using the normal state
report the problem of the effective dissipation and in Sec. Ill,tunneling resistancdyy, to evaluate the damping parameter
we summarize the main results of the CFL model which isin the framework of the resistively shunted juncti@RSJ
used in our work; in Sec. IV, we report the experimentalmodel. However, the Nb/N®,/Nb junctions which they
results and their analysis; in Sec. V, we briefly discuss theise have nonideal 1-V characteristics. This could explain
conclusions. why they can use th®y value in the damping parameter
expression.

In fact, in experiments with higher quality
Nb/Nb,O, /Pbin junction$®~**in the thermal activation re-

In a rf-SQUID, the magnetic flux linked to the loo, gime, it is possible to relate the dissipation to the subgap
plays the role of a macroscopic variable in a 1D potentialresistance. A discrepancy of about one order of magnitude is
U(®), determined by the loop inductande, the external observed. Thus the effective dissipation is attributed to non-
magnetic field flux®,,, and the Josephson critical current tunneling processes of thermally activated quasiparticles. In
of the JTJl.: a more complete series of experiments on thermal activation
and quantum tunneling regimé%;?8the external loading cir-

Il. THE PROBLEM OF THE EFFECTIVE DISSIPATION

U(d)= i (D—Doy)?— IcPo COSZW(D , (1)  cuitis significantly influencing the effective dissipation. This
2L 2 g was clearly confirmed by other experiments on

where ®o=h/2e is the flux quantum. With the notation NB/NBO,/PbinAu JTIs*%
BL=2wLI /Py, Eq. (1) represents a symmetric two-well In all the experiments mentioned above, the effective

potential for® = ®,/2 and 1< B, <5m/2. In the analogy resistance is extracted from measurements of the decay rate,
with mechanics,q) is the coordinate of a partide moving in I, of the locked state. Actually, the effective dissipation in-
the same potential. The particle can be thermally activated ofolved in the escape from the zero voltage state is only
can tunnel between the two distinct states, which differ onlyweakly related td".*>**~%In the thermal regimel depends
by the direction of the macroscopic screening current flowexponentially on the potential energy barrier height),
ing in the loop. If the dissipation in the system is negligible,and the prefactor only is affected by the damping. On the
the particle is predicted to coherently oscillate between thesether hand, in the quantum regime, thelependence on the
states, that is it tunnels performing periodic inversions in theeffective dissipation is exponential, but the evaluation of
direction of the current in the loof® The tunneling process AU with a small error can produce large deviations in the
is dominant if the rf-SQUID is operated at low temperature.inferred values of the dissipation parameter. To further com-
The onset temperature at which the oscillations may be otplicate the scenario, the external load can shunt the junction
served scales with the junction resistaiitso very low dis-  at microwave frequencies with a characteristic impedance of
sipation junctions in the rf-SQUID are needed for the obserthe order of the vacuum impedance, 3@7 so that the ef-
vation of the MQC. In this framework, the study of the fective dissipation of the system has a lower bound. Since
dissipation in the single junction is an important issue tothe escape process involves motion at or negr the ob-
establish the feasibility of this experiment at accessible lowserved frequency dependence of the damifiridis not due
temperatures. to the intrinsic junction resistance. Experiments on the inco-
To this end, it is often useful to follow in details the herent relaxation by tunneling in SQUIDs seem to confirm
mechanical analogy of a single JTJ. In this case, the macrdhat the effective dissipation is not related to the intrinsic
scopic variable analogous to the coordinate of the particle igunction resistance. Also in this case the effect of the experi-
¢, the difference in the order parameter between the twanental set-up is dominating and leads to a parallel, noniden-
junction electrodese is now in a tilted “washboard” 1D tified shunt, which becomes the effective dissipation
potential. The dissipative and the noise terms added to thgource®—38
tilting bias current represent the junction interaction with the ~ As already mentioned in the Introduction, it has been
environment, whose nature is both thermal and quantunproposed to evaluate the effective dissipation using the re-
The quantum regime is dominant below the crossover temtrapping in the zero voltage state from the running stata.
perature Tcozhwp/7.2kB,15 where w, is the Josephson fact, both the deterministic return curreit, andI’,, when
plasma frequency. the effect of fluctuations is also considered, have a strong
Several experiments have been performed on JTJs to udependence oR.3® Moreover, it is well known that in very
derstand the thermal activation and the quantum tunnelingysteretic junctions, is much smaller thamh., so that the
from the zero voltagélocked state to the finite voltagegun-  washboard potential, at this bias value, has very low tilting
ning) state. The aim of the experiments is to determine theand is similar to the two-well potential of the rf-SQUID. The
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frequency spectrum of the particle motion is dominated by BCS 1 [
frequencies much lower than, and then the junction is not lgp (V. T)= Ru f_x LV, Tng(V' =V,T)
shunted by the external loading circuit.
In the past, the attention was focused on the decay rate X[f(V' =V, T)—f(V',T)]dV’, (4)

of the running state in presence of fluctuations. Several the-
oretical works reported various attempts to investigate thisvheren_ g is the BCS quasiparticle state density for the
problen?®~* and some preliminary experiments were alsoL(R) electrode andf(V,T) is the Fermi function. The
performed**—*® Recently, these attempts were again underquasiparticle-pair interference currdnj is given by a simi-
taken on high quality Nb/NI©, /Pblin junctions,'®showing  lar equatiof’ where the BCS quasiparticle state densities are
a qualitative agreement with the hypothesis that the effectiveubstituted with the BCS pair state densities.
dissipation is dominated by the tunneling of thermally ex- R can be cast in the forrf:
cited quasiparticles.
It is worth mentioning the experimental work of Ref. 46 1 1 e

on Sn/SnQ/Sn junctions, pointing out problems due to the  R_. "~ R_qp+ R,, C0%¢ ®)
external loading. In that case, the return switchings take
place at a relatively high subgap voltage, so that probablywhere Rqp and Ry, are the frequency independent low-
high frequency components are important in determining theoltage quasiparticle and quasiparticle-pair interference re-
effective resistance. sistances respectively amd= +1.48

An expression corresponding to the E8) can be ob-

tained by the energy balance condition:

Ill. THEORETICAL FRAMEWORK FOR THE RETURN

Ty 2 T
CURRENT w= | ° 2 gi= f Ri de=dgl, (6)
—a Neff

The behavior of a real JTJ is approximated in the RSJ
modef’ by an ideal JTJ, which carries a curremt \hereT, is the traversal time of the well.
=l sing, parallel with a voltage independent resistance, | the limits of 8j<1 anda<1, de/dt assumes for the

biased by an external current generator corresponds to thgaximg the following form*

equation of motion for the macroscopic varialkie

d?e 1 dog _ de(t) e(t)
d7'+ma—a’+5|n ¢=0, (2) dt _pr cos 2 @)
where 7=wyt is the time in unit of w,* where w, The Fourier components of EG7) have frequencies in

= (27l ¢/®oC)*?anda=1/1. is the normalized bias current the range of & w=<uw,, with dominant very low frequency
flowing through the junction. If the damping paramet@f,  components as can be shown by a spectral analysis.

:(waC)_1< 1, two solutions of Eq(Z) exist: the locked If ﬁ'wp<Ai and kBTa a good approximation is

state, corresponding to the phase confined in a potential

minimum in which the oscillation frequency of the phase V,

difference is approximatelyw,s= wp(1—a?)*, and the qu:m, (89
running state, corresponding to a monotonically increasing ap tUr

phase difference with an average voltaye=(Pq/27) Vv

X (de/dt). For a>1, only the running state is possible. As Ry12=5cs r , (8b)
the bias current is reduced from a value-1 down toa 1527V, T)

<1, a critical valuex, =1, /1. will be reached. The running

state is characterized by a balance between the energy, 2

d,l, fed into the system by the external bias current and the Vi s Powj, (80

energy dissipated per cycM. Nearq, , the particle reaches
the top of the potential barrier with less and less kineticwhereV, is the retrapping voltag®. In similar conditions,
energy. The junction is going to be retrapped in the zeraCFL obtained an expression corresponding to Byfor the
voltage state. Fog;<1, in the RSJ model, this condition is return current:

satisfied when the bias current is:

4 |, l,=

RSJ_ -
ro o,RC" 3 "o w,C

4|C(1 1)16 le

—+ =— :
Ryp  3Ry2) 37 wpReC

9

It is possible to substitute in the RSJ model, E2), the  This equation, througiR,,, contains a very entangled im-
voltage independerR value with a resistanc®., deriving  plicit dependence o andT, see Eqs(4) and(8). Introduc-
from both the quasiparticle current and the quasiparticle-paiing a simple approximation for the quasiparticle and the
interference currerf' In an ideal junction, the quasiparticle quasiparticle-pair interference currents in the high tempera-
current i§® ture limit (fiw,<kgT<A):
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V 2kgT A TABLE |. Main parameters of the observed junctions.
IS (VD =155V, T)= - |n< )—*y} —

P Rn V| kgT Area  J, Ry C, V, A(T=0) T.
A Sample (um?) (Alem?)  (Q)  (fF/pm?® (mV)  (mV) (K)
Xexp{ - ﬁ) (10 a 113 52 3167 66 81 1450 8750
B b 138 85 13.75 66 90 1425 8.945
CFL obtained an analytic expression for the return current: ¢ 16 1068 910 50 79 1425 8.900
d 25 2250  3.03 66 26 1.350 8.450
8 dyw wkgT A A
|- _—, 2P ( ®)-a| —=exp — =],
377 RN ﬁ(l)p kBT kBT
. . . shall refer only to the more representative ones. The sample
where y~0.577 is the Euler constant ardis defined as (b) has been fabricated by a process developed at the Istituto
6 (= x2Inx di Cibernetica del CNRIC-CNR) and previously presented
a=y+ = SinfPx dx=0.237. (120  in Ref. 49; The samplé) has been prepared at the Istituto di

Elettronica dello Steto Solido CNRIESS-CNR as de-
In the low temperature limit KgT<Aw,<A), using the scribed in Ref. 31 and other tw@) and (d) have been real-
guantum relationships corresponding to E@sand(10) and  ized at the Electrotechnical Laboratory of Tsukuba in Japan
the same energy balance method, the authors of Ref. 11 obs reported in Ref. 50. In Table I, the main junction param-

tained the following expression for the return current: eters are listed. The junctions fall in three categories: low,
intermediate, and highek.. According to this classification,
2 Oy, [ 2A 27A .
EFL:__" — exd - =——]. (13)  a rather different temperature dependence of the return cur-
7 Ry \hop haop rent has been observed.
Equationg9), (11), and(13) are obtained from noiseless The V,, quality factor for all the samples is generally

equations. Thermal and quantum fluctuations leads to an adligh, decreasing a3 increases, and testifies to the good
ditive contribution tol, . This contribution can be estimated quality of our samples. In order to allow the assessment of
from the maximum of the probability distribution of the the quality, we report the -V characteristighick lines of
noise induced retrapping processes. The probability distributhe sample a, Fig.(&) and sample d, Fig.(b), respectively,
tion of the normalized return current®(«a), for a finite  those with the lowest and the highekt. In Figs. ¥a) and
normalized sweep ratela/dt, is obtained from the decay

rate,I'(«), by

da)\ 7t 100¢ [ -
P(a):—rr(a)(m) of Y
a da’ -1 - 40r
Xexp{—fl T'i(a’) F) da']. (14) < 1l
ol
For thermal fluctuations, an analytic expression Fo(«) § 20
has been given by Ref. 39: O 50
I |2R2 C 80T P ¢ 50
Ii(a)=(a—a) —=—=exp —(a—a)? <7 ] g
mCkgT B 1 3500 -2500 -1500 -500 500 1500 2500 3500
( 5) Voltage (1V)
The maximum ofP(«) is given by the solution of the fol-
lowing equation ina: 1200
le 12R2:C) (da| 1 800
(a—a;)?| ———exp —(a—a,)? —
' \/WCkBT ' kBT dt 2 400t
12R%,C 2 ot
P S} (16) g ¢
kgT g
5 -400[
which provides the additive contributiong ¢ «,). © s00
x 20
IV. EXPERIMENTAL RESULTS AND DISCUSSION '1295)500 -2500 -1500 -500 500 1500 2500 3500
The data presented in this work refer to Nb/AIDb Voltage (1V)

trilayer junctions fabricated by different processes with dlf_FIG. 1. Experimental current vs voltage characteristics for sampde and

ferent tunnel barrier transpa}rencies. Many samples WelCample db) at T=4.2 K. The thin lines represent the quasiparticle current
measured to check the consistency of the results. Here w the same samples magnified by the indicated factor.
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TABLE Il. Energy scales in the performed temperature ranges.

2
10 % s,
T min=Trmax kT fiwp keT/fiw, w
Sample (K) (ueV) (ueV) . a4, . .
o~ 1L
a 2.1-4.2 183-365 106-102 1.73-3.58 % 10 S
b 2.8-8.7 242-751 137-35 1.77-21.46 Z 0°
c 1.3-4.2 109-361 481-462 0.23-0.78 o o a oo,
d 1.1-4.2 95-365 702-670 0.14-0.54 ~ 10" o p %
t ¢ ° ++
a d
107 1 0I3 015 0'7 0.9
1(b) we also present the experimental quasiparticle current | Tl '(K.l) ’ '

characteristicgthin lines magnified by an indicated factor.
These curves have been obtained by applying suitable mag-
netic fields to suppress the and Fiske steps. FIG. 2. Semilogarithmic plot of the experimental return current times the

The junction specific capacitanceS;, have been o0b- normal resistance vs the inverse of the temperature. Error bars are included
tained by the voltage position measurements of the Fiské& the symbals.
steps and the critical temperatufig,, recording the appear-
ance of the Josephson current.

The measurements have been performed in Mumetdlattening out ofl, is shown by the highed, junctions,
shielded dewars in two different ranges of temperature: fronwhich were no longer in the high temperature limit.

4.2 down to about 1 K, in a pumped bath of liquid helium
and from 4.2 upd 9 K in thecold vapors of the bath. Cali-
brated germanium thermometers heat sunk to the copper These junctions are the most interesting from the point
holder, which contains the samples and the filters, have beesf view of their possible use in MQC experiments. Down to
used to read the temperature. Filtering from external nois@ K, they do not exhibit any flattening out of both and

has been provided through cold RC low pass filters mounted,, at low voltagesl ;, was also measured down to about 1.2
as close as possible to the JTJ on each lead connecting it ko without observing any flattening out. On these samples,
the acquisition electronics. These filters have a cutoff frewe have then performed a very stringent comparison be-
guency of about 50 kHz. tween thesd, and g, in order to determine the effective

In this experimental configuration, and|, have been dissipation responsible for tHe switching.
measured at different temperatures. For the samples a and d, The procedure adopted was the following. By using Eq.
measurements of probability distributions of the switching(16), in which «, is the deterministic expression given by
currentsl; have also been performed. These measurementsg. (3), we obtainR.s by fitting the experimental current
have been presented elsewh&rdhey were used in this values at various temperatures. Sirige C, and T were
context as a test of the noise rejection of the experimentahdependently measureR.y; is, in this procedure, the only
set-up. The analysis of the distribution of the return currenfitting parameter.

I, is a much more entangled task due to the experimental Equation(9) provides the relationship betwedh; and
problems in resolving very low current amplitudes, and dueR,,, that isR,,=4R/3, which includes the quasiparticle-
to the difficulties in comparing the data with the two avail- pair interference contribution as discussed in Sec. lll. Thus,
able theoried*° This work is presently in progress. the current is given by=3V,/4R., whereV, is the experi-

I, and |, for the other samples were measured by di-mental retrapping voltage. These latter current values are fi-
rectly reading at the oscilloscope, using a comparator cirnally compared with the measurégh(V,) values as well as
cuitry, in order to amplify the current. During these measure-with the theoretical BCS predictions fog, in the same tem-
ments, thedl/dt quantity was also recorded. In Table Il are perature range.
reported, for each sample, the explored temperature interval On one side, the comparison between the measured and
and the energy associated with the plasma frequency. It iheoretical 4, sets the junction quality and gives us informa-
possible to see that the samples with the lodgare in the tion about possible spurious conduction channels that may
high temperature limitkgT/% w,>1), in the whole explored shunt the intrinsic junction resistance, at very low tempera-
temperature region. The sample with intermediktgalue is  tures. On the other side, the agreement between the current
in an intermediate temperature limkgT/Awy<1). Finally,  values obtained with the procedure described above and the
the sample with the highedt is in the low temperature limit measured,,, values allows to state that the quasiparticle and
(kgT/hwp<l). quasiparticle-pair interference dissipations are effectively re-

In Fig. 2, experimental results fdr, are reported for sponsible for the return switching to the zero voltage state.
these four JTJs. Since the junctions had different areas and Figure 3 refers to measurements on sample a. In Fig.
J., the data were multiplied bRy . Samples a and b, which 3(a) open circles are the measurgdvalues used in Eq16)
were in the high temperature limitiw,<kgT<<A) show an  to obtainR. In order to explicitly check the consistency of
increasing behavior frorf. down to about 6 K, whereas an our procedure, we have inserted in Eg) the so computed
exponential decrease is observed down to 2 K. No flatteningalues ofR. to calculate the noisele$s values, reported as
out effects are observed for these junctions. On the contrargpen squares in Fig. 3. As it can be seen, the agreement with

A. Low J. junctions
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It is worth noticing that our procedure assumes + 1
in Eq. (5). The debate in literature about the signeaé well
known. In our case, a negative choice for theign would
imply higher| values from thel, fitting, in disagreement
with the observed,,. Then our measurements seem to in-
dicate a positive sign fos.

Moreover, in this sample, we measured the highest val-
ues of the intrinsic junction resistancB4=3.55 K). No
effects from the biasing circuit were observed.

. . s s - Unfortunately, with our experimental set-up, it was not
022 027 032 037 042 047 possible to perform, measurements for this sample with
T'K™) sufficient sensitivity at temperatures lower than 2 K, where
I, becomes very small. In fact, our experimental scheme re-
quired to bias the JTJ abovgbefore reducing the current to
I, . Consequently, the current generator limiting resistor
(which is also used to read the currehtd to be fixed to a
relatively small value, thus reducing the return current mea-
surement sensitivity at this temperature.

In this J.; range, we measured a second sample, namely
b, in a wider temperature interval, up to ndar. The behav-
ior at low temperatures essentially reproduces the measure-
ments on the previous sample. At high temperature, an inter-
10" - : : . esting change in thé, versusT dependence was observed
20 25 30 35 40 [see Fig. 4a)], although theR,, versusT dependence is

T(X) monotone. We explain this behavior taking into account the
different temperature dependencelgfandR,, in Eq. (3). In
FIG. 3. (a) Semilogarithmic plot of the return current vs the inverse of the fact, at_ high temperatures, where theversusT dependence
temperature for sample a. The open circles are the experimental result§ dominant, the whole temperature dependende fufllows
including the error bars. The solid line and the open squares represerd Igz behavior. LoweringT, J. rapidly saturates and the
respectively, the noiseless theory of k1) and the noiseless return current \yhole temperature dependence follows the behavior just ob-

evaluated by Eq3). (b) Semilogarithmic plot of the quasiparticle current vs . ..
the temperature for sample a. The open circles are the measured vaIues%?rved for sample a. It is worth noticing that qu) and

lqp atV=V,=0.1 mV. The crosses represent the valuetipf Error bars, (16), and then the RSJ model, work quite well in a very
if not reported, are included in the symbols. The solid line is the predictedextended temperature interval and that the thermal fluctua-
temperature dependencelgf, at\/‘=Vr andA=1.45 mV. The dashed line  tijons are effective neaf.. The symbols used in Fig.(4),
shows the same dependence witfr0.13 anda =1.41 mV. for sample b, are the same as that previously used in Fig.
3(b). Here the experimental,, was measured avV,
=0.15 mV and the quite good agreement extends on the
whole temperature range, so confirming that Edp) well
rHescribe the effect of thermal fluctuations in the return pro-

10%¢

Igp (A)

the experimental, values is quite good indicating that the
effect of thermal fluctuations becomes relevant only at hig
temperatures where indeed fluctuations are expected to plaﬁ?ss'
the major role. For the sake of completeness, we performed
the same comparison of Ref. 10 plotting the result of Eq.
(11) as a solid line in Fig. &. This curve lies well below
the experimentall, . The discrepancy is attributed to the fact For sample c], has been measured at temperatures be-
that Eq.(11) underestimates thie values because it uses an low 4.2 K, showing an exponential decreasing temperature
approximate expression fog, . dependence with a beginning flattening outTat 2 K, as

In Fig. 3(b), the crosses are thevalues obtained with reported in Fig. 5. This junction is not in the high tempera-
our procedure. The open circles are the experimedgiaht  ture limit, in fact the ratiokgT/%w, is in a range so that
V,=0.1 mV, the solid and dashed lines are the theoreticaheither Eq.(11) nor Eq. (13) are strictly valid. It is then
l4p cUrves corresponding to two different gaps and voltagesdifficult to treat this case.
They were obtained by the complete integral expression, Eq. In Fig. 5, open circles are the experimentaland we
(4).52 We report two curves to allow the gap and voltagehave reported the result of E(L1) as a solid line and that of
values to vary inside our experimental error. The agreemertq. (13) as a dashed line. At a high temperature, the discrep-
is very good and demonstrates that, due to the quasipar- ancy with the experimentad} values is similar to that for low
ticle and quasiparticle-pair interference contributions, is reJ; junctions and it was possible to apply the fit procedure
sponsible for the return process dissipation at different temeescribed above obtaining the noiseless fit values represented
peratures. This is a very remarkable result because, if wby open squares. In the inset, a comparison between the
extrapolate at lower temperature, this means that a very lol,, values obtained as outlined in the previous subsection
dissipation is effective in this switching process. and the theoretical,, values show a quite good agreement

B. Intermediate J. junctions

J. Appl. Phys., Vol. 81, No. 11, 1 June 1997 Cristiano et al. 7423



10' - : : -
= 104 ey ]
oo
Et 107 1
IOzE o J
o vy T S
107 ! : ; ' 3 , \ X \ .
0.11 0.16 0.21 0.26 0.31 0.36 100.2 03 04 05 06 07 08
T K!) Tlx™h

FIG. 5. Semilogarithmic plot of the return and quasiparticle current vs the
10° T T T T T T the inverse of the temperature for sample c. The open circles are the mea-
sured values of, . The open squares represent the noiseless return current
evaluated by Eq(3). Error bars are included in the symbols. The solid and
dashed lines represent the noiseless theory for the return current, respec-
tively, in the high temperature limit, Eq11), and in the low temperature
limit, Eq. (13). In the inset, semilogarithmic plot of the quasiparticle current
vs the inverse of the temperature.
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rier effect due to the very thin oxide. Nevertheless, @)
predicts al, value which is in practice independent ®nat

25 35 45 55 65 75 85 low temperatures even without leakages.
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V. CONCLUSIONS

FIG. 4. (a) Semilogarithmic plot of the return current vs the inverse of the We have r_nea_sured th_e temperature dependen(_:e of the

temperature for sample b. The symbols are the same reported in(gig. 3 return current in high-quality Nb/AIQ'Nb Josephson junc-

(b) Semilogarithmic plot of the quasiparticle current vs the temperature fortions having a wide range df; values. From the experimen-

Sag] fée % TThhe chosses repr arett:;]e m?aszﬁr;fd EV aluesquvztvr tal data we have obtainely;, according to a generalized

=0. mV. € Crosses represen e value rror pars, It not re- . . .

ported, are included in the symbols. The solid ﬁne is the predicted temperaRS‘] model. It must be noticed thm{ff IS .nOt S"T‘P'y qu

ture dependence of, at V=V, andA =1.425 mV. The dashed line shows because of the presence of the quasiparticle-pair interference

the same dependence wikh=0.17 andA=1.41 mV. term in the junction conductance. Taking into account this
difference, it was possible to obtain the correspondyg
values and compare them with the measured ones. Our junc-

down to 2.2 K. At a low temperature, we observed a flattenfions show good agreement between the temperature depen-

ing out of I, at values two order of magnitude higher than dence _of these two quantities, inside our experimental error.

those predicted from Eq13). Is this flattening out due to In particular, lowJ, junctions show agreement down to the

leakage currents appearing in the junction at low temperature

or Eqg. (13) underestimatd, as Eq.(11) does for the low

J. junctions? The large discrepancy seems to indicate the 10°
former hypothesis.
10" T b 1
Bt o
. I <
C. Higher J. junctions 2 10°
In Fig. 6, we report thel, versusT dependence of —_
sampled with higherJ, at T<4.2 K. In this case, a flatten- 107
ing out effect appeared quite immediatelyTat3.3 K. The ~ t — T T T —
solid line is the result of Eq(13). Also in this case, the 10? : : ; * y : -

. . 02 03 04 05 06 07 08 09
flattening out values were two order of magnitude larger than

the theoretical predictions of E¢L3). Here, however, we are
in the low temperature limit. It is worth noticing that al-
though this sample can be considered of good quality for &IG. 6. Semilogarithmic plot of the return and quasiparticle current vs the
higherJ, junction, the quality is poor if compared with a low the inverse of the temperature for sample d. The open circles are the mea-
J junction This is reflected in the experimentg[) Versus sured values of, . The crosses and thes are the measured values of

¢ i . iy . . respectively, at a voltag€=0.5 andV=0.1 mV. Error bars are in-

ap '

_T behaylor which also e_Xh|b|ted flattening out. Th|5_ﬂatten'cluded in the symbols. The solid and dashed lines represent the noiseless
ing out is probably nothing more than a poor tunnelling bar-theory for the return current as in Fig. 5.
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minimum temperaturd =2.1 K, and no flattening out ef- As already mentioned above, Nb/AIONb junctions have
fects were observed. This has two important consequenceshe further advantage of entering the quantum regime at rela-
. : . I tively higher temperatures, making them interesting devices
(1) low J. junctions are typically of the best quality in terms to be used in all these experiments, which are necessary steps

of leakage currents, so that possible flattening out is ex: - . ) .
A towards a complete characterization of the device which will
pected to much lower temperatures than in higber

junctions. Then, a lowd,, junction could reach suffi- operate in the final experimental configuration of the MQC

. . . . ) experiment.
ciently high quasiparticle resistance so that MQC pro- P
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