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We report a demonstration of-/-S quasiparticle tunneling irc-axis oriented planar junctions
consisting of YBaCu@PrBaCuQ'HoBaCuO thin film heterostructures. In the conductance curves at
low temperatures well developed peaks indicative of gap structures are fourid atV/. The high bias
conductance shows flat dependence on energy and the best quality junction has a zero-bias conductance
less than 0.05 of the normal state value. We discuss our spectra in the framework of a BCS-like density
of states as well as in terms ofda:—,» symmetry of the superconducting order parameter.

PACS numbers: 74.50.+r, 74.80.Dm

Tunneling studies in high~. heterostructures composed HTS-/-HTS structures have been reported in the literature.
of superconducting-insulating-superconducting-/-S) Bai - K.BiO3/BaBihQ,/Ba; ) KBiO3 sandwich junc-
layers are of great interest from both a fundamental antions [5], YBaCuO;—5/PrBaCuO7—s//YBaCls 07—

a technological point of view. Junction characteristics inramp-type junctions [6], HoB£wO;_s5/PrBaCus-

fact can provide important information on the quasipar-O;_s/HoBaCu;O;-5 heterostructures [7], and Bi
ticle density of states and on the mechanism responsibi8r,CaCuyOg/Bi,SrYCu,0g/Bi,SrCaCyOg  junctions

for superconductivity which still are open questions[8] have been measured. However, in all these struc-
about high?,. superconductors (HTS). On the othertures, due to the difficulty of realization of good quality
hand, trilayers are the basic structure for high-frequencynterfaces between the insulating barrier and the coun-
transmission lines, for filters, and for the realization ofterelectrodes, quasiparticle tunneling showsSda-N
Josephson junctions for high- integrated circuits. behavior with gaplike features developed well below the

Problems associated with multilayer structures ariseneasured’. of the HTS films.
from the insulating barriers and interfaces. Barrier ma- Some encouraging results have been obtained in junc-
terials need to have a close lattice match and compatibligons with natural barriers. The simultaneous presence of
deposition conditions with the HTS in order to propagatethe Josephson effect and quasiparticle tunneling has been
epitaxial growth. Formation of good quality interfacesreported in YBaCuO-based junctions with conventional
is also important. The roughness of the surfaces casuperconducting counterelectrodes [9] but a “complete”
produce the mixing of properties of different directionsenergy gap for the YBaCuO compound has not been ob-
in these anisotropic materials. In addition, due to theserved. Coexistence of both effects has also been found
extremely short coherence lenggh the superconducting in BaKBiO junctions with both natural and artificial bar-
properties are easily degraded at the interfaces. To overiers [10,11].
come this last difficulty, superconductor-normal-super- In this Letter we report on the successful growth
conductor (S-N-S) junctions have been developed for of YBa,CwO;_s5/PrBaCus0;,-5/YBa,CwsO;-5 and
Josephson devices, since, due to the proximity effect, theYBa,Cu;O;—5/PrBaCu 07— s /HoBaCws0,—5 trilayer
show Josephson coupling even if the metal barrier thickstructures in which evidence fo§-7-S quasiparticle
ness is greater thaf, tunneling is observed. The trilayer structures were

Recently, different kinds of all-oxid§-N-S structures, realized by sequential deposition of the films from
including grain boundary, step edge, ramp-type, andintered stoichiometric targets by using a high pressure
sandwich-type junctions, have been realized by severalc sputtering process in pure oxygen. Details on the
groups for high¥. device applications. In particular, fabrication procedure have been reported elsewhere [12].
YBa,Cu; 07— 5/PrBaCuO7—5/YBa,Cu;O;-5 junctions  (001) SrTiQ substrates have been used. Cross-type
have been investigated in detail by usimgxis oriented junctions of 0.5 X 0.5 mn? have been prepared by
[1-3] and, more recently, (103)-oriented films [4]. depositing the films through SrTiGshadow masks. The

In contrast with the excellent results obtained invacuum chamber was opened to change the masks for the
Josephson coupledS-N-S trilayers, clear evidence deposition of subsequent layers and only one junction at a
for quasiparticle tunneling is difficult to obtain in all- time on each substrate was fabricated. Barrier thickness
oxide S-I-S junctions. Several attempts to realize ranged between 100 a@0 A.
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Trilayer characterization was carried out by means othis last case, a universal relationship has been reported
x-ray analysis, scanning electron microscopy (SEM), andbetween the conductance slope and the conductance value
energy dispersive spectroscopy (EDS). These analyses zero biasG(V) = G(0) (1 + aV) as predicted by the
showed high-quality:-axis oriented heterostructures with marginal Fermi liquid model [19]. We have found a sim-
correct stoichiometry. Electrical resistivity was measuredlar dependence in YBaCuO-based junctions with natural
that indicated for both the bottom and top layers metallicbarriers [20]. These observations seem to indicate that
behavior in the normal state and sharp superconductinglso the high-bias conductance behavior depends on the
transitions between 89 and 91.6 K witN\¥, = 2 K. properties of the closest layers to the barrier. In this

We have fabricated 12 trilayer junctions, among themsense the flat background observed in Fig. 1 is well re-
four showedS-7-S behavior, twoS-I-N features, while lated to the low measured value of the conductance at zero
the remaining samples gave no clear evidence for quasicoltage.
particle characteristics. In this Letter, we concen- We notice that a certain asymmetry is observed in the
trate on the results obtained orfYBa,Cu3;0,_5/  curves of Fig. 1 that might reflect an asymmetry of the
PrBa,Cu;0;_5/HoBa,Cu3;0,_5 junctions with a tunnel barrier due to not perfectly equivalent interfaces.
100 A barrier layer for which the best qualitg-7-S’  In fact, in HTS heterostructures, realization of a super-
tunneling characteristics have been measured. conducting counterelectrode and a good-quality second

In Fig. 1 thel-V and thedI/dV vs V characteristics interface is very difficult to achieve [5-8]. Moreover,
of a YBaCuQ'PrBaCuQHoBaCuO junction are showed extrapolation to zero current of the OhmieV curve of
atT = 4.2 K. Well defined maxima in the conductance Fig. 1 seems to indicate the presence of Coulomb block-
curve are observed at aboti45 mV while the low bias ade. However, we consider that the effect on the evalua-
tunneling conductance shows more states in the gap thdion of the derivation maximum positions of our spectra is
predicted by the BCS theory. The ratio between the zeronegligible, since the intercepts at zero from both high pos-
bias conductance and the conductance valugsatmV  itive and negative currents give voltage values well below
is less than 0.05 in this sample and ranged between 0.G5e gap edges [21].
and 0.4 in the other junctions. Low zero-bias conductance In Fig. 2 we show th&; (V) normalized toG (150 mV)
values are rarely measured in planar HTS junctions. Thefor the same junction of Fig. 1 at temperatures both
have been mainly observed in point contact and breakbove and belowr.. In all our junctions we have
junctions [13-15]. Recently, variation of this feature infound that the high-bias conductance depends on temper-
BiSrCaCuO vacuum tunneling spectra has been relateakure, decreasing by approximately 1 order of magnitude
to the changing characteristics of the junction topmosfrom 4.2 to 100 K. A similar effect has been found in
layers [13]. BaKBiO/BaBiO/BaKBiO sandwich junctions [5] and, al-

In contrast with previous reports on the YBaCuO sys-though less pronounced (10%), in YBaCuO-based junc-
tem [16,17], a flat background instead of a linear conductions with natural barriers [16]. As it can be observed
tance is measured at high biases. By means of vacuufrom the figure, up to 40 K, the conductance peaks are
tunneling spectroscopy [13], it has been demonstrated tharogressively smeared and move to higher voltages as the
in BiSrCaCuO single crystals flat backgrounds are astemperature is increased. This effect is qualitatively sim-
sociated to highly reproducible spectra with sharp gaplar to that found in tunnel junctions with isotropic, BCS
features, while, on the same sample, linear backgroundsuperconducting electrodes as a consequence of thermal
reflect a degraded surface stoichiometry. In BaKBiO-smearing. Some anomaly in the conductance behavior is
based junctions, flat backgrounds have been found in albbserved for temperatures above 50 K.
oxide heterostructures [11] while a linear behavior has We have investigated this aspect more closely and in
been measured in junctions with native barriers [18]. InFig. 3 the normalized conductance as a functior/’6f
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FIG. 1. I-V and dI/dV vs voltage characteristics of a FIG. 2. Normalized conductances vs voltage at different
YBaCuO/PrBaCuQHoBaCuO junction af” = 4.2 K. temperatures.
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FIG. 3. Normalized conductances as a function1of*> at  F|G. 4. Normalized zero-bias conductance vs temperature.
temperatures above 70 K.

at =2A. This seems to be reasonable evidence that

is reported for temperatures between 70 and 160 K. Théuperconductivity of the electrodes is preserved at both
deviation at low voltages can be ascribed to the effect ofnterfaces. _

thermal smearing. A square root dependence on energy Besides, conservation of states between normal and
has been predicted by McMillan [22] for the density of superconducting spectra is an important issue to identify

states of systems close to the metal-insulator transitioR2'rier-related effects. We have found that integration
and has been experimentally observed in disordere@Ver €nergy of the 4.2 and 140 K curves of Fig. 2 yields
three-dimensional systems [23,24]. Since the PrBaCucjariation of the number of states less than 4%.
compound is near to the metal-insulator transition, we After these observations, in Fig. 5 we compare the tun-
do not exclude that some disorder might drive to the?€ling data of Fig. 1 (open circles) with the theoretical
metallic state few interface layers, resulting in a squar€Urve of aS-I-S junction with isotropic, BCS-like su-
root dependence of the density of states on energy. Thigrconductors (dashed line). It can be observed that, if
process depends on temperature and may modify thgP™e pair breaking is accounted for, a quite satisfactory

transport from a tunneling to a diffusion mechanism, aditting of the peak amplitude and width is achieved. How-
studied in Ngamorphous SiNb tunnel barriers [25]. ever, the experiments measure more states in the gap. The

To conclude that the whole set of data of Figs. 1 _dashed line in the figure was computed by using for both

3 reflects the intrinsic YBaCuO density of states, it is€l€ctrodes a modified BCS density of states:
important to investigate both the status of the interfaces  nN(E) = Re{(E + iT)?/[(E + iT)? — A2}/,

as well as the nature of the transport mechanism in .
the barrier. Charge carriers are generally localized if¥heré Re stand for the real part afidis a phenome-

PrBaCuO and, at least for large thicknegs1000 A), nalogical parameter introd_uged by Dynes, Narayanamurti,
transport properties are dominated by a variable rang@Nd Garno [27]. In the fitting we have usédigco =
hopping mechanism [7]. In principle, one cannot excludeAHBco = 21.5meV andl'ypco = I'npco = 4.5 meV.

that also tunneling electrons proceed via an intermediate " Fig- 5 we report (full line) the low bias conductance
state in the barrier. behavior predicted for &-7-S junction withd,> > sym-

We carried out some controls on the quality of ourMetry of the superconducting order parameters. An al-
junctions [26] and in Fig. 4 we report the temperaturemOSt quadratic dependence on energy is expected in this

dependence of the normalized zero-bias conductance. A&Se€ [28] that is close to the low bias behavior of the

can be observed, superconducting structures first appear

at T. = 90 K where there is a discontinuity in the 2.0

dG(0)/dT similar to what one would expect due to

the opening of the energy gap & in a conventional,

BCS superconductor. This is a strong indication that,

at least at one interface, there is no thick (on the scale

of &) reducedf. layer. A second discontinuity is seen

around 60 K that could be related to some reduéed

of the HoBaCuO bottom layer and/or to a variation of

the transport mechanism through the barrier. However, a “o 1 ) 3 4

double discontinuity in th&(0) vs T dependence has also eV/A

Egﬁ?egb?leévf% I?ansﬁgﬁ%/é\é Jg;‘;ﬂ?;: x;@;ﬂal FIG. 5. The same data as in Fig. 1 (open circles). BCS
S : fit with a pair-breaking contribution’A = 21.5 meV, T’ =

In the present work theG(0) vsT behavior is very 4.5 meV (dashed line). Asymptotic low-bias behavior predicted
similar while the tunneling spectra shoWws/-S structures for a d,2—,» wave symmetry (full line).
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