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The electrophysical properties of heterojunctions several microns in size, obtained by successive
deposition of the metal-oxide high-temperature superconducto,QB8&,, a normal

metal Au, and the low-temperature superconductor Nb, were studied experimentally. Current
flows in the [001] direction of the epitaxial YBZu;O, film. It is shown, by comparing the
experimental data with existing theoretical calculations, that for the experimentally realizable
transmittances =10 °—10°) of the YBaCu,O,—normal metal boundary the critical current
of the entire heterostructure is loff the order of the fluctuation curréntbecause of a

sharp change in the amplitude of the potential of the superconducting carriers at this boundary.
The current—voltage characteristics of the heterostructure studied correspond to tunnel
junctions consisting of a superconductor witfr 2 type symmetry of the superconducting wave
function and a normal metal. @999 American Institute of Physid§1063-776099)02012-(

1. INTRODUCTION tigated in Refs. 6—8 gives transmittand@s=10"'—10"°,
averaged over the directions of the moments, for the barriers
Currently many properties of HTSCs are being estimateaf the HTSC—normal metal barriers with quite large junc-
using ad-type wave function for the superconducting carri- tion areasS=0.1—1 mn?
ers. Specifically, this model explains the magnetic field de-  In the present paper we report the results of an experi-
pendence of the critical current in bimetallic two-junction mental investigation of current flow ins-supercon-
SQUIDs consisting of YB# w0, (YBCO) and Pd and the  ductor—normal metal—HTSC heterojunctions, fabricated by
spontaneous excitation of magnetic flux quanta in HTSGsuccessive deposition of YBCO, a normal mdtidinarily
structures with three bicrystalline boundarfeat the same  Au), and Nb, with much smaller areaS48x 8 um?) and
time, experiments on electron tunneling in thelirection in  higher transmittance (I6—10 °) of the YBCO—normal
HTSCs give contradictory results. On the one hand, inmetal boundary. The experimental data are analyzed from
HTSC—Ilow-temperature superconducta@-type supercon- two standpoints: on the basis of the isotropic theorysof
ducting wave functionjunctions there is no critical current superconductivity and from the standpoint of the modern
for junctions in thec direction®~°which agrees well with the ~ theory, which assumesdtype wave function in the super-
theory of junctions consisting of superconductors with aconductor YBCO film.
d-type wave function for the superconducting carriers and an
s-superconductor. On the other hand, an appreciable critical
current, whose amplitude varies nonmonotonically as a funcZ EXPERIMENTAL PROCEDURE AND EXPERIMENTAL
. . . ) : SAMPLES
tion of the magnetic and microwave fields nonmonotonically
as predicted for junctions witk-superconductors, has been The junctions were prepared by using the sequence of
observed in a number of experimefté.To explain the ex- operations shown in Fig. 1. First, the epitaxial YBCO films
periments of Refs. 6-8, it has been conjectured that irwere grown either by laser ablation or using cathodic sput-
yttrium-group HTSC materials a mixture of superconductingtering in a diode configuration with dc current and high oxy-
s- and d-type carriers arises because of the orthorhombigen pressure. During YBCO film growth, a temperature
nature of these materials, and diffuse scattering near the00—800 °C was maintained and the pure oxygen pressure
boundary or twinning of HTSC films results in a larger con-was 0.3—1 mbar for laser ablation and 3 mbar for cathodic
tribution from thes component:'® We note that an estimate sputtering. Neodymium gallate witt110) orientation or the
of the parameters of the RBU,Ag)/YBCO structures inves- r plane of sapphire with a CeMuffer layer was used as the
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substrate. Epitaxial YBCO films, 100—150 nm thick, with In the trilayer heterostructure obtained, photolithography
orientation and the following superconducting parametersand ion and plasma-chemical etchings were used to form
measured by the resistive method, were obtaingthelcriti-  regions of heterojunctions which during photolithography
cal temperature at which the resistance of the film depositedere fixed on sections with the minimum number of particles
on a 5x5mn? substrate is zeroJ.=84—89K; 2) the  on the surface of the YBCO film&ig. 1b. To prevent elec-
width of the superconducting transitiqdetermined at the trical contact in the bas&b—b plane of the YBCO film, the
levels 0.9 and 0.1 times the resistance of the film at the onsdateral region of the junction was insulated with a Gu&yer
of the transition into the superconducting sjatd®T,=0.5  with a central window with the dimensior8=8x8 um?
—1K; 3) the ratio of the resistances at temperatures 300 KFig. 19. At the final stage explosion lithography was used
and 100 K,p3p0k/p100k=2.8. The number of 0.3—m in  to form junction areas and Au wiring in the form of two
diameter particles on the surface of the YBCO film, whichstripes, which enable separated input of current and voltage
are caused by the formation of different phases of YBCO aso the top electrode NkFigs. 1d, ¢. The geometry used for
well as Y, Ba, and Cu oxides, was1(® cm 2. Evidence of the gold contactésee Fig. 1 makes it possible to investigate
the high quality of the YBCO films fabricated is the small the electrophysical properties of Nb/Au/YBCO structures for
width of the (005 x-ray peak of YBCO, FWHMO05  the YBCO film in the superconducting state. More than 30
~0.2°, for /26 scanning with 0.15wm film thickness. Nb/normal metal/'YBCO samples, where Au, Ag, and Pt
A thin, 20 nm thick, layer of normal metéAu, Ag, PY  were used as the normal metal, were prepared. In the present
was deposited at 100 °C immediately after the YBCO film,paper the results of investigations performed on nine Nb/Au/
using either laser ablation or high-frequency cathodic sputYBCO samples, in which the variance of the characteristic
tering (Fig. 13. Next, a 100—150 nm thick Nb layer was resistance®RyS (Ry is the differential resistance, measured
deposited on a water-cooled substrate by a magnetron cér V>20mV) of the boundaries at liquid-helium tempera-
thodic sputtering. The critical temperature of the superconture did not exceed a factor of (4ee Table)l
ducting transition in Nb films was 9.1-9.2 K. Niobium is
used as the Iow-temperature supe_rconduct(_)r bec_ause it dogsEXPERIMENTAL RESULTS
not enter into a solid-phase chemical reaction with Au. We
note that in the experiments of Refs. 4—7, where Pb is used, The dependences of the resistanResf the heterojunc-
a superconducting alloy of Au and Pb can form. tions on the temperaturé and 4 um wide the test bridges,



1162 JETP 89 (6), December 1999 Komissinski et al.

TABLE I. Electrophysical parameters of superconductor structures mea-
sured afT=4.2 K.

Sample Ry(0), @ Ry, @ RS, 10°Q-cn? Ry(0)/Ry D, 10°©
P9J2 12.2 7.0 4.5 1.7 4.8
P9J3 9.8 6.0 38 1.6 5.6
P10J2 10.5 5.9 3.8 1.8 5.6
P10J3 10.6 5.9 3.8 1.80 5.6
P1132 4.9 4.2 2.7 1.2 7.9
P1133 5.2 3.6 2.3 1.4 9.3 ettt ettt
P12J2 2.4 2.0 1.3 1.2 16.7 -40 20 0 20 40
P13J2 7.2 35 2.2 2.1 9.5 V.mv
P1313 7.5 6.6 4.2 1.1 5.1

FIG. 3. Family of curves of the differential resistance of the heterojunction
at various temperatures versus voltage. The scale along the resistance axis
for Ry(V) at T=91 K is shown on the right-hand side.

consisting of YBCO films placed on the same substrate, with
,{1__5 ("I‘\'/A‘Cb')a_s (;tLrJ]rretnts andtthe|r 403”288\"2“&96 CharaCte”;]unction resistance al~T.; is somewhat higher than the
Ics S In the temperature 4.2- were measure asymptotic resistanc®y, measured foV>20mV andT
Figure 2 shows the temperature dependences for one of tg.l.

substrates. At temperatureB>T.; metallic behavior of of

R(T) is observed, i.e., the resistance decreases with temper. The resuilts of the measurements of the electrophysical
. SR . ! . arameters of several samples, prepared by the same method
ture, as is characteristic for @oriented YBCO film with 8 P prep y

. are presented in Table I. The resistafR¢S of the boundar
current flow in the basal plane of YBCO. As a rulk,; of P y

the bridges and heter(_)junctions was _Iess than the criticet teT diféft:f)nmoa;l(tise I:nzcrf;ki:i;%fe f;g?&g;gi;;gggﬁr_
te_mperature of YBCO films, measured immediately _after theary transmittance, which we shall employ belbvas
trilayer heterostructure was prepared. The degradation of the
superconducting properties of the film is evidently due to a
decrease in the amount of oxygen during ionic etching. The
inset in Fig. 2 shows the functidR(T) for a heterojunction
at temperature$<T.;, demonstrating that the resistance o
the heterojunction increases as temperature decreases.
value of R(T) at temperature3 <T.; depends on the cur-
rent. This attests to a nonlinear current dependence of th
differential resistanc&® of the heterojunction.

A family of curves ofRy versus the voltag¥ at various
temperatures is shown in Fig. 3. It is evident tli#(0)
increases a3 decreases. This growth is reflected in an in-
crease of the resistan&{T) (Fig. 2. The nonlinearity ob-
served in the IVC in the temperature range 2 K<84 K is

277'2ﬁ3 1 2pYBCO| YBCO

D=z RS~ 3RS

sWherepg is the smallest value of the Fermi momentum for

THBCO or Au'! The values of the transmittance of the
boundaries of the fabricated structures 8P YB€0~3 2

%107 Q-cn? (Ref. 4 are also presented in Table I.

Test samples with bilayer heterostructures Au/YBCO,
Nb/YBCO, and Au/Nb, fabricated using a technology with
the same conditions as for the formation of the experimental
Nb/Au/YBCO heterostructures, were also investigated. The
resistancesRyS of these boundaries measured at liquid-
nitrogen temperature ar&®yS(Au/YBCO)~10 8Q-cn?,

—12
due to the destruction of the superconductivity of the YBCORNS(_’AZ‘lL‘/’\'b)N10 Q-cn?, - and  RyS(Nb/YBCO)
~10"%Q-cn?. Here the series resistance of the YBCO film

film. The functionRy(V) increases. This is due to the sys- . )

tematic destruction of superconductivity in sections of thel®f Tcr<77K was taken into account. Comparing these

YBCO electrode as the currehincreases. We note that the duantities with the data presented in Table I, it is evident that
the resistance of the Au/Nb boundary can be neglected, and

the resistance of the Au/YBCO boundary, which increases
when Nd is deposited on top of Au, probably, because of the
interaction of Nb with YBCO, makes the main contribution

to the resistance of the experimental heterojunctions. The
resistance of a direct Nb/YBCO contact is very large. Most
likely, the increase in the contact resistance is due to the
displacement of oxygen out of the YBCO film into the Nb,

0 Structure
30 50 70 9%

400} LK which has good gettering characteristics, deposited on top.
200 We note that the oxygen mobility in tha—b planes of
YBCO is much higher than in the direction.
0 40 80 120 160 200 240 280 Figure 4 shows the syrface of a bilayer Ag/YBCO het—.
T, K erostructure, measured with an atomic-force microscope. It is

6.2 T denend e resi e h egident that its surface consists of Au granules separated by
. 2. Temperature dependence of the resistance of the heterostructure an Mm- The subsequently deposited Nb film covers the sur-

of a 4 um wide bridge arranged on the same substrate. IRdt), on an ) )
enlarged scale, of the heterojunction at temperatiired . , where the re-  face of the Au granules, where a good electric contact with

sistance of the YBCO film is zero. the YBCO film is created, and forms a direct contact with
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FIG. 4. Three-dimensional image of the surface of a bilayer
heterostructure Au/YBCO. The image was obtained with an
atomic-force microscope.

YBCO, where, as a result of a decrease in the amount dboundary is somewhat less than its equilibrium valyg in
oxygen in the basal planes, the contact resistance is mughe interior volume of the film and id,/e~560uV. For

higher. This could be the reason why the resistance of thestimates, the following values of the electrophysical param-
trilayer heterostructure Nb/Au/YBCO is higher than that of aeters of Nb and Au were used dt=4.2K: pNINP=4

bilayer Au/YBCO heterostructure. X10 120 -cn?, &N°=0.73<10 ®cm, vN’=3x10"cm/s,
TN=9.2K and pAIA'=8x10"2Q-cn?, ¢=10 ®cm,

4. DISCUSSION OF THE EXPERIMENTAL RESULTS and vé“= 1.4x10° cm/s, Where«/ﬁb’A“ is the Fermi velocity
andINPA! s the mean-free path length in Nb and Au, respec-

The experimental trilayer heterostructure can be repre

. fively.
sented as Nb/Au/YBCO granules connected in parallel and Let us estimate the change in the order parameter at the

sections of direct contact of Nb and YBCO via pores in they gy, boundary. We assume that as a result of the in-
Au film. Sl.nce the characteristic res!stance of the Nb/YBCOteraction of YBCO and Nb, a superconducting surface layer
boundary is several orders of magnitude greater Rig of Sy of the order of 3 nm thick with critical temperature
the tnl?yﬁr heterolstructtére Nb/AU/YB%Q’ and the su_rfaceless tha 4 K is formed? Assuming that the coherence length
area of the granules and pores, according to our estimate roo - : L

differ severalfold(see Fig. 4, current flows mainly through o SES differs - negligibly fro_m,g,c_Y_BCO and is £g;=5
the boundary of Nb/Au/YBCO granules. A trilayer Nb/Ay/ <10 ~¢m and that the reS|st|V|ty7£|1ncreases by an order
YBCO heterostructure can be described by the model shovvﬂf magmtudé—from Pc-yeco=10 Q-cnt to pSt’,:l

in Fig. 5; a 100-150 nm superconducting YBCO electrodeX 10”2 Q- cn¥, we obtain that at the Au/YBCO boundary
(Sy) with critical superconducting transition temperature
T.=87K; a 1-3 nm YBCO §)) layer with an oxygen
deficit and therefore disrupted superconducting properties; a

10-20 nm thick layer of normal metéAu); a 100—150 nm YBCO Au Nb
thick superconducting NbS;) electrode withT,=9.2K. A A
similar model has been proposed in Ref. 4 to estimate the #"\
electrophysical parameters of the system Pb/Au/YBCO. @ AN \ A’

First, we shall estimate the change in the superconduct- \_/ 2 A A
ing order parameter in Nb as a result of the contact with Au. /"__T____L
Since the measured value of the boundary resistance is quite A g

. . 2 P

small, it can be assumed that the superconducting Green’s s s S s
function, characterizing the amplitude of the interaction po- a PPN s
tential ® of the superconducting carriers and its derivative x

with res_pect to the Coo.rdmateare continuous at the bpund- FIG. 5. Schematic diagram of the distribution of the order parantstéid
ary. Using the Ca!CU|at|0nS of Refs. 12 and 13, we find thajine) and the amplitude of the pair potenti@ashed linesin a direction
the superconducting order parametgrof Nb at the Nb/Au  perpendicular to the surface of an Nb/Au/YBCO heterostructure.
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the order parameter decreases on the YBCO side decreadbg basal plane along the Nb/YBCO junctions, most likely
by a factor of approximately 10@5/e~140uV. A poten-  because of substantial displacement of oxygen out of YBCO
tial barrier with low transmittanceD ~107%, is present at into Nb.
the Au/YBCO boundary. This barrier decreasks by an- It is important that lead can react with Au, forming a
other factor ofD, A,=A,D. Here we used the theoretical Superconducting alloy. Then, the Pb/Au/YBCO structure
estimates, which are strictly applicable for superconductor§ontains a superconductor instead of a layer of normal metal.
with s-type pairing. However, as the calculations of Refs. 10This is confirmed by the appearance of gap features of lead
and 14 show, the character of the change in the order parari! the IVCS~® at sufficiently low temperaturesTE 1.2 K).
eter at the boundary of d superconductor with a normal A new explanation of the experimental data on the flow
metal or insulator does not differ much from a junction with Of @ superconducting current through low-temperature
an's superconductor for orientations of the normal to the Superconductor—HTSC junctions was proposed recently. It
superconductor along the principal crystallographic axes. Nas been shown theoreticaffythat a strong spin-orbit inter-
As a result, we can estimate the amplitude of the super@ction, Whlc_h is observed in Pb/Ag structures, intensifies su-
conducting current through the entire structure by using th&€rconducting current flow through a barrier. Replacement
model of a superconductor—normal metal—superconductof’ PP by an Al--or Nb-type superconductor decreases the
(S,N'S) junction, on the boundaries of whose weak sectiopsPin-orbit interaction, and the superconducting current de-

the values of the order parameters are knowks/e  Creases asaresult. _
~0.004nV and A, /e~560uV. In what follows, we shall Let us discuss the dependendeg(V) for heterojunc-

employ the theory developed f&—N—S junctions. The tio_ns as a function of temperature in the range 4.2-100 K
thickness of theN layer is of the order of the coherence (Fig- 3. For T<T, the IVC as a whole corresponds to het-

length, so that the change in the superconducting order pg_rojunctions of the type_superconductor—ins_ulator—normal
rameter in the interlayer can be neglected. As a result, thlg"atal (|S—I—N). There |sha :cocanon wherBdhmc_ree(ljses at
product of the critical current; by Ry at low temperature is ow voltages. However, the feature (V) that is due to

_ : .. the gap in YBCO is not observed in the experiment. This
[.Ry~V(A1A5)/e=0.09uV. Taking account of the resis- . . X .
tecmge of(thia ﬁt)eterojunctlif)nsR(F 1090)' we obtain that the corresponds to a junction with a superconductor with gapless

critical current of the structurk.~0.009uA is less than the S“p?r?o’l‘}‘fgﬁ'y“y’ mcludmg with d—t_ype supercon-
) B . ductivity.”**>*" According to the calculations performed in
fluctuation currenti;=1 wA of the measuring system and

does not affect the experiment even if YBCO contains aREf' 14, the feature aV=~A in the density of states of &

mixture ofd ands components of the superconducting Ordersuperconductor gives a logarithmic _dependefRge In(T), .
: In(lev|—|A|), subjected to strong temperature broadening
parameter and the number sfcomponents is greater than

the number ofl components. For buré pairing. th ) just as for a gapless superconductor. We note that fer
€ humber okl components. For pure pairing, the supe superconductors with a gap a power-law divergence is ob-
conducting current for flow along the direction in YBCO

servedR =T~ 2 ((eV)?2—A?) Y2 The features in the form

must be zero because of the type of symmetry of the supets changes inRy(V) at voltagesv<2 mV due to the nio-

conducting order parameter. To estimate the critical currenfi gap have virtually no effect in our experiment, and we
we assumed that the large width of the potential bafgev- did not study them in detail

eral cohere_nce lengthprevents direct tgnnehng of the su- For s-type symmetry of the order parameter in a super-
perconducting current through the barrier. We note that we. 4. ctor at low temperaturekT<A, the number of ex-
have considered quite strong suppression of the order paraizeq quasiparticles decreases exponentially with tempera-
eter at the YBCO boundary because of degradation of thg,re  Therefore the resistance increases proportionally
superponductlng parameters of'the HTSC film. Howeveer(o)x(_A/T)_nm a superconductor withi-type pairing,
even in the absence of suppression of the order parameter jfle presence of nodes with a zero order parameter makes it
the surface layer of YBCQJ,/e=14mV, the critical cur- - possible to excite a quasiparticle even at very low tempera-
rent of the heterojunctions Nb/Au/YBCO will once again be e T<A. As a resultRy(0) grows more slowly as tem-
comparable to the fluctuation current because of the decreag@rature decreasébAs one can see in the inset in Fig. 2,
in the order parameter on the low-transmittance barrier.  nearly linear growth oR,(0) with decreasing is observed
The finite critical current, observed in a number of jn the experiment. The dependerRg(V) is quadratic a®/
works?~®in Pb(Au,Ag)/YBCO heterostructures with a much .0 which agrees qualitatively with calculations forda
larger value ofRyS and large junction areas could be due tosuyperconductot*
the fact that treatment of the YBCO electrode with a solution  One of the most surprising features of superconductors
of bromine and alcohol, as was done in these works, opengith d-type pairing is the appearance of two types of bound
up the basal planes of YBCO, the transmittance of whosgtates, which, as a rule, are not observed sisuper-
boundaries with a normal metal or ordinary superconductorgonductors.’” Surface states with low energies at the bound-
is three orders of magnitude higher than in thelirection  ary of thed superconductor with an insulator are due to the
(RapbSap<R:S.). Ultimately, the superconducting current change in sign of the order parameter at the Fermi surface for
flows along the contacts to the basal plane of YBCO, and thquasiparticles reflected from the bound&ty’ The super-
normal resistance is determined by parallel connection of theonducting parameter for d-type superconducting wave
resistances of the boundaries along thand in the basal function changes sign with a 90° circuit around thexis.
plane. In our case current flow is impeded in the direction ofSince the direction of the momentum of a quasiparticle
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changes on mirror reflection from a boundary, bound statethe case o65—1—N junctions with a gapless superconductor,
arise at zero energies because of Andreev reflection. Thispecifically, the absence of a YBCO gap feature could also
leads to the appearance of a dipRg(V) at smallV, as is correspond tad-type superconductivity, specifically, to the
observed experimentally for a transport current in [th&0] presence of nodes of the order parameter as the direction of
direction in a YBCO film(see Refs. 6—8, 18, and 19n our = the momentum of the quasiparticles changes by 45°. The
case, the contribution of such quasiparticles is small becausdependence dRy(0) onT also corresponds to @type su-
the normal to the boundary is oriented along one of the prinperconductor.
cipal crystallographic directions in YBCO. For mirror- We thank Yu. S. Barash, D. A. Golubev, A. V. Zsev,
reflected quasiparticles, there is no Andreev reflection beZ. G. lvanov, and M. Yu. Kupriyanov for a helpful discus-
cause the phases of the order parameter are the same ®&ion of the experimental results, and D. Ertz, P. B. Mozhaev,
incident and reflected quasiparticles. and T. Henning for assisting in the experiment.
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