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Superconducting proximity effect through high-quality high-conductance tunnel barriers
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The temperature dependence of the critical current of very high-conductance NbAMEO ,-Nb tunnel
junctions with thin middle Al layergthicknessd,, 2—8 nm) shows a tail above the Al critical temperature,
whose amplitude strongly dependsay . This is interpreted as evidence of a proximity effect through tunnel
barriers whose high quality and transparency can be independently assessed. These data have been modeled
within the framework of the McMillan model using independently measurable barrier transmission factors, and
obtaining an excellent quantitative agreement.

[. INTRODUCTION ture dependence of the critical current in Nb-I-N-Pb junc-
tions with different normal metall thickness and shown that
Since the pioneering work by Holm and Meissner, manythe observed behavior is well described by numerical calcu-
manifestations of the superconducting proximity effect havdations ofl; based on the MTM. o .
been reported; either between a superconduct®) @@nd a There exists a single class of devices in which a fully
normal material N) or between dissimilar superconductors guantitative test of MTM is possible, i.e., when the proximity

, o L . . effect occurs via an intentionally created tunnel barrier in
(S,S'). Atits simplest, the proximity effect in a bilayer can which the transmission coefficient is directly measurable

be we_wed as a consequence .Of a coupll_ng betwee_n the Pom the high bias conductance and the quality of the barrier
materials which is I|m|Fed by dlifferences in electronic StruC- .an be assessed by measuring the subgap leakage. However,
ture and/or by a physical barrier at the interface. The moSfg technical difficulty of fabricating good quality devices of
complete model of the proximity effect hai been obtained,igh conductance and wit®' layers thin enough to produce
within the Usadel formalism by Golubost al:" This model  ne effect has until now prohibited this type of experiment.
has achieved considerable success in reproducing the propgyble junction devicesSIS (N)IS were realized in the
imity effect in metal-metal systems, while the earlier past? to study the proximity effect under the condition of
Kuprianov-Lukichev theory and the McMillan tunneling weak SN coupling and a proximitization of the middle layer
modef (MTM) have been widely used in the modeling of was detected by studying the dependence of the conductance
superconductor-semiconductaand metal-met&f systems,  structures associated to the gaps upon the middle film thick-
respectively. Goluboet al. have additionally shown that in ness. However no attention was paid to high-voltétgher
the limiting case of a low-electron transmission coefficientthan the sum of the gapsonductance and the transmission
between the two materials, the relatively simple MTM is coefficient stayed a free parameter in the fitting procedure to
derivable from within the more general Usadel formalism forthe MTM. In addition, since the barriers were very thick, no
the proximity effect: Cooper pair tunneling was observed.

However, whichever model has been chosen to represent An attempt to make an independent estimate of the prox-
the proximity effect, the crucial transmission coefficient of imity parameter was carried out by van Huffelenal.” in
the interface between the two proximitized layers has noSSmSunctions(Nb-Si-Nb). It was shown that this system
successfully been measured independently of the proximithehaves like &INISstructure; in this case the Kupriyanov-
effect which it control$. Hence a rigorous quantitative test of Lukichev theory was adopted to describe the temperature
the models against experimental data has not been carrietpendence of the critical current and the Octavio-Blonder-
out in the systems studied to dat8 §,SN,SINISSSm), Tinkham-Klapwijk model was used to figure out the theoreti-
even when the interfacgsuch as Nb-Cu and Nb-Alwere  cal value for the proximity parameter. However, a large dis-
deposited under ideal conditions in a UHV environnfent. crepancy was observed between the fitting and the theoreti-
The transmission coefficient depends entirely and in an uneal coupling, probably due to some inhomogeneity in the
known way on the properties of the particular bilayer underinterface barrier.
investigation. Most of the investigated systéfis consist of In this paper we report, we believe for the first time, a
SN bilayers with various degrees of decoupling between theneasurable proximity effect through high-conductance
layers, where it is not possible to derive the transmissior51S IS tunnel structures, whel® is the proximitized super-
coefficient but through the proximity effect. In these systemsconductor with equilibrium critical temperatur@ (S')
the MTM has been successfully applied to analyze experi<T.(S). We have used the system Nb-Al-AJGAl-
ments relating to the critical temperature, to the gaps anélO ,-Al-Nb, in which the middle Al layer(Al ) is prox-
tunneling spectra in the gap region in the proximitized bi-imitized through the AIQ tunnel barriers by the external
layer SN. Gilabertet al. have also measurBdhe tempera- Nb-Al proximity electrodes. The high transparency of the
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barriers allows Cooper pairs to tunnel and a critical current
has been observed. Analyzing the data in the framework of
the MTM has enabled us to fit the temperature dependence
of the critical current and then to derive from the fitting
procedure the coupling parametér (Vy,), defined below,
between the proximitized films. Most importantly, an inde-
pendent value o (W) has been derived using the trans-
mission coefficient extracted from the normal-state resis-
tance. We show that an excellent agreement exists between
¥,y and Vg, establishing the quantitative accuracy of both . -
the MTM and the low transmission limit of the Golubov Voltage (mV)
model; we also unambiguously demonstrate a proximity ef-
fect through good quality tunnel barriers.

Current (mA)

FIG. 1. A typical current voltage curve of 66m? Nb-Al-
AlO ,-Al-AlO ,-Al-Nb device with middle Al(Al q) thickness of 4
nm. Curve {) T=1.6 K, curve (i) T=5.8 K. In (i) the step in the
Il. DEVICE FABRICATION subgap region at the voltagés=2(Anp.ay—An ) ~2 MeV is
the signature of Al;q gap enhancement due to nonequilibrium ef-

~ The structures we used in this experiment were depositeicts. The position and the amplitude of this step are strongly tem-
in sequence without breaking the vacuum in a dual targegerature dependent.

UHV sputtering system described elsewhEr&-plane sap-
phire substrates were placed on a substrate holder whose axj n ; -
of rotation was centered between the Nb and Al targets. Dur)?%A,(Nb'A') Aaiy)/e where thg gaps would have thelr equ
ing the deposition of all the layers exceptAl the samples librium values. In the nonequilibrium case there is still un-

were rotated at constant speed so that repeated passes unfgiidinty whether there is sufficient extraction of quasiparti-
the source built up the complete layer. For. Al the rota- cles at this bias to maintain the gap in the Al layer above the

tion speed was varied during each rotation so that, with con€duilibrium value. According to recent calculationthe fea-
re occurs somewhere in between. Later on one will assume

stant source power, a different mean deposition rate applie ; ,
P D Pp mat the higher voltage step corresponds to the gap in the

to each sample. The structures were deposited at ambie : o
temperature with the following thicknesses: jg 100 nm, external electrodes only. This assumption is justified by the

Albase 10 M, AIO,, Al g 2-8 nm, AIG,, Aly, 5 nm, observed temperature dependenceAgfy ) (Fig. 2. We

Nby,, 70 nm. The oxide tunnel barriers were each formed b)mea}sur.e this quantity from the voltages at which the_ non-
admitting 10 Pa of pure @for 6 min into the deposition equilibrium step and the gap step occur. The nonequilibrium
system, followed by a pump-down period ® h to ensure ~ St€P appears als=2(Awo.a) ~Aay, ). AS to the gap step,
full removal of the oxygen. Devices were fabricated using athere are two simple assumptions one can make; if one al-
standard SNERRef. 10 processing route with an anodiza- Iows the feature at the sum gap to occur at
tion stage which permitted the direct measurement of th&/c=2(Ab-aytAa ) the derived temperature depen-
total Al thickness for each devio@l pase + Al mig + Al op).  dence of A np.ay=(Vs+Vs)/4 does not follow the BCS
We evaluated the A4 thickness from the deposition param- temperature dependenggég. 2 inse}.

eters and consequently it is uncorrected for the amount con-
sumed in the oxidation process. We fabricated double junc-
tion devices of total specific resistanc&®,@) of order
5x10 ' O m? and current densities as high as 15
kA cm~2. The devices were measured using an Oxford In-
struments Heliox*He insert in the range 0.3—-10 K.

lIl. CURRENT vs VOLTAGE

A - Al)(T)/A - Al)(0)

In Fig. 1 we show typical-V curves for a device mea-
sured at two different temperatures. As expected, the devices
show a strong gap enhancement in the,Allayer due to
nonequilibrium effectd4 the clear signature of these effects
is the step observable at the voItageA@,\(b_AD—ANmid)/e

(~2 mV). However, a nonequilibrium gap in the middle Al FIG. 2. Temperature d_ependen(mlid circleg of the external
electrode can only exist in the limited voltage range betweef§'ectrode 98%4(1\“;]—50) derived fdro\’;‘ theZAgap step ‘éo'tagelggl the
Z(A(Nb—AI)_AAImid)/e and 2@(Nb—AI)+AAImid)/e (Ref. 15 assumption that this corresponds\M@=2A yp.ay and no middle

d h af | d Al contribution is present at this bias. The line shows the BCS
and an enhancement Al g at zero voltaggas measure prediction for comparison. The temperature is normalized to the

by the magnitude of the critical currergannot be attributed value T,=8.5 K for the critical temperature in the external elec-
to a nonequilibrium effect of this type. The interpretation of trode. In the inset we compare the data reported in the main figure
the gap step £2.5 mV) is still a subject of debate. If the (solid circles with the electrode gap derived on the assumption that
device was an equilibriur81S'|S structure below the equi- the gap step occurs atV’G=2(A(Nb.A|)+AA|mid), that is
librium T, of the Al, then this feature would occur at Ay.a)=(Vs+Vs)/4 (open triangles
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FIG. 4. Magnetic field dependence Igf B)/I.(0) at 4.2 K in a
FIG. 3. Temperature dependence Ryfl ((T)/R,l.(0) for two devige wit_th=2.2 nm. The field _is r_10rn_1a|ized to its yaIlB% at
Al 4 thicknesses d). Experimental points: trianglegly=2.2  the first minimum ofi ((B). The solid line is the theoretical predic-
nm; squaresg, =5.6 nm. The solid lines represent the theoreticalion (Ref. 18 for a circular junctionJ(x)/x, where J(x) is the
MTM fits. An experimental tail does exist in sample with Bessel function of first kind ang=mB/B,.

da=5.6 nm but it is so small as to be in the order of the error. . . .
our devices are well-behaved Josephson tunnel junctions and

that the supercurrent in the tail aboVg is a true tunneling
current, we investigated the magnetic field dependence of
I.. Figure 4 shows.(B)/1.(0) measured at 4.2 K for a thin

Al iq device. The Fraunhofer-type diffraction pattern with
full suppression at the minima implies that the conduction
geeurs uniformly across the barriers and is not dominated by
pinholes. It should be noted that the finite floor observed by
Miller et all’ in the minima and by them attributed to the
inhomogeneous nature of the barrier, is absent in our pattern,
a?onfirming the high quality of the tunnel barriers.

On the contrary, if one supposes that the,Aldoes not
contribute its gap to the voltage at the gap step, i.e.
Ve=2Anp-ay. the temperature dependence Afnpa)
=V/2 fits very well to the BCS theoretical prediction.

From thel-V curves it is evident that the dominant con-
tribution to the current comes from the tunneling processe
and that minimal leakage occurs through the Al@arriers.
The position of the subgap step- @ mV) and the magnitude
of the observed gap voltage-@.5 mV) clearly demonstrate
that both junctions are effective, with the gaps in the extern
proximity Nb-Al electrodeg1.25 meV being identical to the
value reported in single junction.The normal resistance V- COMPARISON OF EXPERIMENTAL OBSERVATIONS
and the low subgap current both indicate that the two barriers AND THEORY

are of similar_ qualities; no_increase in subgap current is ob- | order to fit the MTM to theR, | .(T) data we used the
served for bias voltages in excess @& {b.a)+An,,)/€  Ambegaoker and Baratdff derivation ofR,lo(T):
The quality factor of the device¥,, (=1.Rs whereR; is the
subgap resistance measured at 1.7 mV ndhe critical RnlC(T)=AS/(T)K{[l—Aé,(T)/Aé(T)]l’Z}, (1)
curreny is 29 mV, and the ratidr/R,, of the subgap resis-
tance to the normal resistance of the whole device is 17.8vhereAs is the lower-energy gap and is the complete
Our double-junction structures are of considerably higheglliptic integral of the first kind. Here we assume thay is
quality than the Nb-AIQ-Nb single junctions fabricated by the energy gap in Aljq induced as a consequence of the
Miller et all” These authors, while investigating the quality proximity effect. We derivels, from MTM and assume that
of high current density junctions, reportedRa/R,, ratio of 5 the layerS’ of our devices plays the role of the layirin
and 10 for devices witl.~ 17 and 10 kA/cnf, respectively. MTM. In this modef N (=S’) andS are assumed to be thin,
To eliminate nonequilibrium effects, the normal resistancecompared to their respective coherence lengths, and to be
R, of whole device was measured at high voltage bias. = weakly coupled by electron tunneling through an interfacial
barrier (i.e., small barrier transmission probabi)itghus the
IV. EXPERIMENTAL RESULTS experimental situation fulfills these conditions exactly. These
assumptions eliminate the possibility of a spatial dependence
In our experiments we measured the critical current abf the pair potential. In addition, the transmission probability
zero voltagedthe lower critical current of the two observed in of electrons incident on th8-S’ interface from both sides is
the devicesas a function of the temperaturg(T) in struc- assumed to be independent of their energy and direction.
tures withdy,, varying in the range 2—8 nm. In Fig. 3 we Finally it is assumed that the electron-electron interaction is
show typical plots of the rati®,l.(T)/R,l.(0) for devices BCS-like and that the films are reasonably clean so that the
with differentd, . The tail above the critical temperature is mean free path is roughly equal to the film thickness. In the
the clear signature of the proximity effect, and thisnist  model, each film acts as perturbation on the electrons of the
observedin devices with thicker Al,4 layers or less trans- other, so that the density of states in each is modified. The
parent barriers. The extension and amplitude of this tail arémportant parameters of the theory dfg: andI'g, which
clearly dependent od, ; in the devices with the thinnest are defined ak/(277s) andh/(2w 1), respectively, where
Al g layer the tail extends up to 5.2 K. To demonstrate thah is Planck’s constant andgs is the mean time that an
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TABLE |. Data for sample devices. Values for middle Al critical temperafligfAl) are obtained{a) from the maximum value of
di(T)/dT; (b) as the value giving the best McMillan mod@1TM) fits to R,|.(T); (c) from the BCS relation 3 *=3.5 T, with A,
measured from the positions of the subgap step and of the gap at the lowest possible tempe@BBeK{. The experimentaR,l.(0)
product in a double-junction devi¢&,| .(0)®*] is compared with the Ambegaokar and Baratoff predicfigipl .(0)""] where the lower gap
parameter is given by the experiments)(0) measured from th&V curves. The factom is the ratio ofR,I.(0)®* to the theoretical
prediction derived within the MTM. The inverse coupling paramdter=2/(I's/R,A) is obtained from the measured normal resistance area
productR,A and from the coupling parametEg, giving the best MTM fits tdR,| (T). In ¥yeo=2/(I's'R,A), I's is calculated from the
transmission coefficient derived froR,A measurements.

da/2 T.(AD (a) Tc(AD (b) Tc(Al) (0 1(0)RY 1(0)RYY m Wy Wiy

(nm) (K) (K) (K) (mV) (mV) (evQm?) 1 (evQm?) 1
1.1 2.19+0.05 2.15 2.20.1 0.96 2.04 0.45 0.02210'° 0.258x< 10°
1.5 2.310.01 2.30 2.40.1 1.27 217 0.58 0.04510'° 0.349x 10°
2.0 2.30:0.01 2.30 2.30.1 1.53 2.13 0.69 0.16410'° 0.443x< 10%°
2.8 1.98-0.01 1.90 1.80.1 1.50 1.75 0.77 0.34510%° 0.628x 10%°
3.6 1.79-0.01 1.80 1.60.1 1.04 1.63 0.56 0.63910'° 0.812x10'°

electron spends in th8(S’) layer before tunneling into the contains a dependence on the resistance-area product through
other. Thel'g describe the coupling interaction betwe8h  D*, we define an inverse coupling parameteindependent
andS and can be written as follows: of the resistance-area product as follows:

_ *
FS’(S)_hUFD 8’7TBdsf(5), (2) \IJZZ/RnAFS,, (4)

whereD* is the transmission probability of the interfacial

tunnel barrier betwee8' andsS, v is the Fermi velocity in  whereA is the junction area and the factor of 2 is included in
S(S'), dg (g is the (§)S' thickness, and is a function of  order to get the resistance of a single junction from the whole
dg(g and the mean free pathy g, of order unity. Since deviceR,. By means of¥# we have been able to compare
MTM considers a single interface, we takky, to equal devices of different conductance emphasizing only the de-
da /2 in our double-junction structure to allow for proximiti- pendence on the Aly thickness. In Table | we report the

zation through both electrodes. values of Wy, calculated fromI's, which fit the data for
For a thick S layer MTM gives the expression for the differentdg . In Fig. 5 we plot¥, againstdg together with
energy gap irs': a least-squares fit to these data which shows a very strong
0 linear dependence oF g on dg . As a comparison we also
Ag(M+Tg plot ¥y, obtained by calculating's, directly from (2) in-
As(T)= 1+Tg /AYT) ) dependently from the fitting procedure. In this derivation the

transmission coefficier®* is given by expressiofil8) from
The fitting procedure, througlil) with Ay given by (3),  Blonderet al:%?°
allowed the determination in each sample of the MTM ad-
justable parametdrg, and of the Al critical temperature
T. (Table ). As expected the equilibrium critical temperature
T, of Al ;4 layer was inversely dependent dp, and never
exceeded 2.4 K. The table shows that the best-fit values of 1 - e S —

D* "1=N(0)e?vAR,, (5)

T. are in good agreement witli. predicted by the BCS N

expression 3, =35 K T, where Ay is measured at & 0.8 1
the lowest temperature~0.3 K) from the positions of the S o6t .
nonequilibrium step aVSZZ(A(Nb_AD—AA,mid) and of the @

gap step supposed to occugd=2A .4y (Table ). More- s 047 i
over the fittingT. agrees for each device with the tempera- = 02t ]
ture at which the experimenta|./d T| is maximum, which =

is the expected value in nonproximitized structuféable |). 0 :
These agreements give considerable confidence in the cor- 0 1 2 3 4
S give ; da1/2 (nm)

rectness of the fit. In fitting the experimental data, the theo- Al
retical _valqe ofRnlo(T) given by (1) was multiplied by a FIG. 5. Dependence of the inverse coupling parameter
normahzgmon factom (Table ) to compensate for the partial W=2(TgR,A) upon du/2. The points represent
suppression of experimental(T) by trapped flux. V,=2/(I'sR,A) where R A is the measured normal resistance

In Fig. 2 we show the fitted theoreticB,1(T)/Rnlc(0)  area product and’s is the coupling parameter giving the best
curves for two extreme,, . In all cases the fit is very good, mMTM fits to R,I(T). The solid line to the origin is
deteriorating only slightly asls increases and the strict va- W, =2/(I's R,A) wherel'g is calculated from the transmission
lidity of the assumption that the gap is spatially independentoefficient derived fromR,A measurements. The experimental
in the Al layer declines. Since the coupling paraméter (2) points are fitted by a linear dependence.
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where N(0) is the density of states in the Al layer. An  importance of tunnel-like electron hopping in models of lay-

excellent agreement is found between the slopes of these tvared highT,, system$l?? We have demonstrated that our

independent derivations & ; the offset ind, observable in  devices are well-behaved Josephson junctions in which the

Wy is due to the fact that we are overestimatidg by  dominant contribution to the current is the tunneling. Most

~2 nm. We evaluatal,, from the nominal parameters of importantly, we have demonstrated that the McMillan tunnel-

deposition; therefore we neglect the reductiordgf due to  ing model can be quantitatively applied with no residual ad-

its partial oxidation caused by the intentional creation of thgustable parameters which has not been achieved in any pre-

upper AlO, barrier and by the inevitable oxygen diffusion vious work; not only does the model accurately predict the

from the lower barrier. However, from our anodization tracesthermal behavior of the critical current, but this fit also gives

we can estimate that the amount of Al consumed in the oxia value for the coupling parameter which is in excellent

dation process is approximately 1 nm per barrier. quantitative agreement with the value independently ex-
Since the MTM quantitatively describes our data, we cartracted from normal resistance measurements.

estimate that the order of magnitude of the transmission co-

efficient of nontunneling channel¢from the measured

Rs/R;) is not larger than 10°. In other words, if we dis- ACKNOWLEDGMENTS
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