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Research results on electron transport in Au/Y8B&0, and Nb/Au/YBaCu;O, thin-film
heterojunctions are reviewed. The experimental current—phase relations of Nb/A@YBg
heterojunctions orc-oriented YBCO films exhibit a second harmonic, temperature

dependence, and a phase shift that is explained in terms of a combined syrdpejpyt s of

the superconducting order parameter of ¥YBaO, . The current—voltage characteristics

of Au/YBa,Cu;O, and Nb/Au/YBaCu;O, heterojunctions on (1 1 20) YB&u;O, thin films with

an inclined crystallographic axis display an anomaly of the conductance at low voltages,

the behavior of which is studied at various temperatures and magnetic fields. The experimental
results are analyzed in the framework of a model for the appearance of bound states

caused by multiple Andreev reflection in junctions containing a superconductodyyitk)

symmetry of the superconducting order parameter. Studies of the noise characteristics of
Nb/Au/(1 1 20) YBaCusO, heterojunctions al=4.2 K reveal the presence of thermal and

shot components. However, enhancement of the shot noise due to multiple Andreev reflection is
not observed in the experiment. @004 American Institute of Physics.

[DOI: 10.1063/1.1789918

1. INTRODUCTION decreases if an epitaxial film having twin boundaries is used
h | ¢ . ) indi hat in th instead of a single crystalThe experimental data can be
The results of various experiments indicate that in t eexplained by assuming that in thin films both types of sym-

majority of metal oxide superconductors a complex type ofmetry of the superconducting order parameterfidd) are

;ymmgtry of Fhe superconducting order pa_rameterlls realr'ealized and that a change in sign of thecomponent(a
ized, in which the d,2_,» component is dominant

(d-superconductojs Unlike superconductors with isotropic fﬁ:ggci;f Ic:iepnr;arzjnZ?zsojr?gr:Z:gt%%ttxvé?e:%l:Tg:rélPVI;h(l)lfe
(having s symmetry superconducting order parameters P

(s-superconductojsin d-superconductors the order param- Pb/YBaCus0, junctions onc-oriented YBQC%OX fllms
eter changes sign upon a 90° change in direction of the que(_c—YBCO) from the appearance of fractional Shapiro steps
siparticle momentum in thab plane. As a consequence, in under irradiation by millimeter waves have shown the ab-

Josephson junctions based drsuperconductors, when a S€nce of a second harmonic of the CPR. _
transport current is flowing in theb plane in a direction for In tunnel junctions of al-superconductor with a normal
which the magnitude of the superconducting order parametdpetal (N/d), with an s-superconductorg(d), or with an-
equals zero, the shape of the current—phase relgg@R  Otherd-superconductord/d’) the change in sign of the su-
can differ from sinusoidal A nonsinusoidal CPR, containing Perconducting order parameter of thesuperconductor for
components proportional to sinand sin 2, has been ob- the incident and Andreev-reflected quasiparticle gives rise to
served in experimenitsn symmetric 45° bicrystal Josephson an additional phase shift by.” Such a process is realized,
junctions with a[001]-inclined bicrystal boundary. for example, in N/d junctions with a (110-oriented

A different situation is realized im/s heterojunctions d-superconductor. The sequence of specular and Andreev re-
(the slash/denotes a potential barxitar the direction per- flections of a quasiparticle in this case causes Andreev bound
pendicular to thexb basal pland€along the crystallographic  states to form at low energies on tt@10 plane of a
axis). Because of the symmetry of the order parameter, the d-superconductor, localized near the interface a distance
superconducting current in such heterojunctions should bef the order of the coherence lendthow-energy Andreev
small (proportional to the second power of the boundarybound state$LABSs) are manifested in the appearance of a
transparencyD?) and should contain a sin2component —conductance peak at zero bi@®nductance anomalpn the
corresponding to the second harmonic of the GRfow-  current—voltagel—V) characteristic of amN/d junction?
ever, the experimentally obsen#e8 product of the critical Tunneling spectroscopy of metal oxide superconductors,
currentJ, times the normal resistand®, of the Josephson YBCO in particular, is difficult because of the short coher-
junction depends weakly on the boundary transparency, but é&nce length of the material3 nm) and also the high sen-
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FIG. 1. Image of a portion of the surface, obtained with an atomic force microscepréented @) and(1 1 20-oriented €) YBCO films. Profiles of the
surface of thec-oriented p) and(1 1 20-oriented ) YBCO films along the white lines in&) and (c), respectively; the inset to panelshows a schematic
illustration of the structure of the surface of theoriented films.

sitivity to defects of the crystal lattice and to the presence obteps:®> We present the temperature dependence and
impurities. At the same time, as the experiment of Ref. 9magnetic-field dependence of the observed conductance
showed, the conductance anomaly has been obseriéttlin anomaly on the |-V characteristic of the IHJ. In the Nb/Au/
ands/d heterojunctions, bicrystal junctions, end heterojunc-(1120YBCO IHJ at low temperatures we measured the
tions, and the point contacts of a scanning tunneling micronoise characteristics and revealed the presence of thermal
scope. Therefore, of the two possible causes for the onset aind shot components. The experimental results are discussed
the conductance anomaly, viz., the presence of magnetic imn the framework of a model for the onset of bound states
purities in the barriérand LABSs in ad-superconductdta  due to Andreev reflection in superconductors withype
preference must be given to the latter. Theoretical studiesymmetry of the superconducting order parameter.
have predicted the existence of LABSs on crystallographic
planes ofd-superconductors differing slightly fror110),1°
for example, on “faceted” surface€’$,and that prediction has
been confirmed in experiments.The experimentally ob-
served splitting of the LABSs at high magnetic fi¢fdwas The c-oriented YBCO superconducting films were
explained by a Doppler shift of the levels, caused by the flongrown on (001) SrTi@ substrates. The axis of the YBCO
of the screening current—the excitation of an imaginary films grown on(7 10 2NGO deviated from the normal to the
component of the superconducting order parameter in a suplane of the substrate by an angte-11° of rotation in the
face layer of ad-superconducta? (110YBCO plane. As a result, the orientation of the YBCO
In this paper we review the results of experimental re-film was close to(1 1 20YBCO. YBCO epitaxial films 150
search on Au/YBCO and Nb/Au/YBCO heterojunctions nm thick were laser deposited at a temperature of
based orc-oriented YBCO films on (001)SrTipsubstrates 770—790 °C in an oxygen atmosphere with a pressure of 0.6
(¢ heterojunctionsc-HJ9 and also single-domain films of mbar. The resulting YBCO films had a critical temperature
(1120YBCO, which were prepared on specially oriented T.=85-90 K and a critical current densify~2x10° and
(7102)NdGaQ@ substrates (inclined heterojunctions, 5x10* Alcm? at 77 K for the c- and (11 20-oriented
IHJ9).*® We study the |-V characteristics of heterojunctionsYBCO films, respectively)
at low temperatures and low magnetic fields and also under The morphology of our YBCO films was studied on an
irradiation by monochromatic millimeter-wave radiation. We atomic force microscope. For the-oriented YBCO films
analyze the current—phase relations of Nb/Au/YBCO heterofa=0) the maximum surface roughness was 3—4 (fig.
junctions of both types, obtained by the methods of rf superda,b). With increasing angler, growth steps appear on the
conducting quantum interferendSQUID)** and Shapiro  surface, and at=11° [for (11 20YBCOQ] their height is 20

2. PREPARATION OF THE HETEROJUNCTIONS AND THE
MEASUREMENT TECHNIQUES
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T,K FIG. 3. |-V characteristi€1) and the voltage dependence of the differential

resistancdRy(V) of a Nb/Au/YBCOc-HJ atT=4.2 K (2). The dotted curve
FIG. 2. Temperature dependence of the zero-bias resisRy(g for c-HJs ~ shows the dependence that follows from form(ily the dot-and-dash line
Au/YBCO (dotted curve and a Nb/Au/YBCO(solid curveé measured at a  is Ohm’s lawV=IRy. The inset shows the |-V characteristic in the range
bias current of JuA. of voltagesvV<0.3 mV.

nm (Fig. 1c,d). The long and short sides of the growth stepsgous valueT.=89.5 K for the Au/YBCOc-HJ, probably
are the(001) and(110) planes of YBCO, respectively. There- pecause of the large humber of technological operations in
fore, in planar heterojunctions prepared on such YBCO filmshe fabrication of the Nb/Au/YBC@-HJ and the resulting
the total transport current is made up of the currents flowingyxygen deficit in the surface layer of the YBCO film. At
through the contacts to th@01) and (110 crystallographic  <T_ the behavior ofRy(T) is fundamentally changed. For
planes of YBCO. Because of the anisotropy of the conducthe Au/YBCOc-HJ atT<T, one observes the characteristic
tivity of YBCO, a large part of the current flows through the growth of R, for superconductor—insulator—normal metal
(110-oriented faces of the surface of the YBCO filfiWe  tunnel junctions, while for the Nb/Au/YBC®-HJ the resis-
note that the surface roughness(®20YBCO films on the  tance Ro(T)~const and remains unchanged down to the
(001- and(110-oriented faces is 1-2 lattice constants of thetemperature of the transition of the niobium electrode to the
YBCO film. superconducting stat@y,~9.1 K. Such behavior oR(T)

For the formation of heterojunctions with aredsang-  for the Nb/Au/YBCOc-HJ is apparently due to the presence
ing from 5X5 to 30< 30 um we use the method of rf mag- in thesec-HJs of a second interface, with a high transpar-
netron sputtering of Au and Nb, photolithography, and ion-ency, between Nb and Au: in this regard the Au/Nb/YBCO
beam etching in an argon atmosph&t@he eletrophysical ¢-HJ can be regarded as a highly asymmetric double-barrier

parameters of the heterojunctions were measured in a foustructureN/N'/s, the conductance of which has a linear tem-
point scheme in the fixed-current regime in the temperatur@erature dependené®.

rangeT=4.2—300 K, at magnetic fields up to 5 T, and under
electromagnetic irradiation at frequencies of 40—-100 GHz
The noise properties of the Nb/A@/1 20YBCO heterojunc-
tions were investigated by two methods: direct measurement The |-V characteristics and the voltage dependence of
of the noise spectral density with a low-noise cooled amplithe differential resistanc®y(V) of the junction are shown in
fier working in the frequency range 1-2 GHz, and by theFig. 3. The |-V characteristic of the-HJ reveals the exis-
method of estimating the linewidth of the characteristic Jotence of a supercurrent witd.=1-10 A/cnt and I Ry
sephson generation from the selective detector response to=al0—80uV in the c-HJ samples studied. HeiRy is the
weak external microwave signal. normal resistance of the junction, which is determined from
the value of the differential resistané; of the junction at
3. HETEROJUNCTIONS ON c-ORIENTED YBCO FILMS AND ~ VOItagesv=2mV. We also note that &>2 mV theRy(V)
THEIR PROPERTIES curve is descending with increasing voltage, like that of the
Au/YBCO c-HJ. The descending trend d&4(V) persists
even atvV> A, =20 mV, the value obtained in tunneling mi-
croscope experiments.

Figure 2 shows the temperature dependence of the resis- At low voltages the 1-V characteristic of the junction
tanceRy(T) at a low bias currentl uA) for Au/YBCO and  corresponds well to a resistive model of the Josephson junc-
Nb/Au/YBCO c-HJs. At T>T, the resistanceR, of the tion, with low capacitancésee the inset in Fig.)3When the
YBCO leads is much larger than the resistance ofctfé)s,  voltage is increased t§>2 mV the |-V characteristic has
and therefore in this temperature regigp(T) characterizes the formV=(l+1.)Ry, wherel <0 is the excess current.
the conductance of the leads in thb basal plane of YBCO. 1,>0 is observed in superconducting junctions with direct
It is seen in Fig. 2 that both curves correspond to a metalli¢not tunneling conductior?®?*Negativel . (a current deficit
type of conduction—the values &, decrease with decreas- is typical of double-barrier superconducting heterostructures
ing temperature. The valug,=84 K of the YBCO leads for s/N/s’, in which with decreasing proximity effect in th¢
the Nb/Au/YBCOc-HJ is considerably lower than the analo- layer a change in sign df, is observeda transition from a

3.2. 1=V characteristics of Nb /Au/YBCO c-HJs

3.1. Temperature dependence of the conductance of c
heterojunctions
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current excess to a current defic As we see in Fig. 3, the 7K

|-V characteristic of the junctions is well described by the 1.6 25K a

relation typical fors/N/s’ structures? A 35
V=IRy+ Ry tanHeV/KT). D) t2r 9

From the experimentally measured |-V characteristic for this % 0.8
junction we havd .= —145 uA at T=4.2 K. According to
Ref. 22,1,=(—DA4— A/ (eRy)~—270 nA, whereAy,
=1.2 mV is the superconducting gap of Nb, aBd=7.6
x10°° is the transparency, averaged over the area of the
junction, of the Au/YBCO boundary, calculated according to ) )
the formulg®-22

Igs

04

D=2pl/3r, 2

wherer =RyA=4.4x10 ¢ -cn? is the characteristic re-
sistance of the contact RG=Ry(T.)), and p=p,~5
X102 Q-cm andl=I.~1 nm are, respectively, the resis-
tivity and mean free path in the superconductor, the latter
being equal to the distance between Gu@anes in the
YBCO film (Ref. 16.%

The Ry(V) curve exhibits a feature in the form a local
minimum atV=1.2 mV, which coincides in value with
and has a temperature dependence close to that given by
BCS theory. This feature on the |-V characteristic vanishes

together with the critical current &t=8.5-9.1 K, and the T.K

temperature dependenceIQ(T) is close to that of yy(T). FIG. 4. Current—phase relation for a Nb/Au/YBQ@EHJ at temperatures of
We note that previously the gap structure of thei1.7,2.5,3.5, 4.2, and 6.0 Kaj. Temperature dependencel 9fT) (squares
s-superconductor Pb was observed in a Pb/YBEAJA andl (T) (circles. The solid lines show the theoretical curved gfT) and

To estimate the contribution to the measured resistanck(T) calculated according to formuld6) and (7) (b).
from the electron transport caused by the contact toathe

basal plane of the YBCO film, we used a parallel-resistor, ¢qnsequence of the active chemical interaction of Nb with

model for the resistances of the sharp boundaries between Adkygen from the YBCO film, with the formation of NB
and YBCO along thee axis (r¢) and in the basal plane of ;04 other oxides of Nissee also Ref. 2

YBCO (r,). Herer for the heterojunctions was determined

from the condition 3.3. Phase dependence of the supercurrent

of a Nb/Au/YBCO c-HJ
F=rclap/(Faptretany), 3

For measurement of the dependence of the supercurrent
where tany~A,,/A~0.04 andA,, is the total area of the on the phase different of the wave functiohg), we used
contacts to theb plane of the YBCO film(see the inset to a method in which a Nb/Au/YBC@-HJ with dimensions of
Fig. 1b). In Refs. 17 and 23 it was shown that for YBCO the 10X 10 um was shorted by a ring of YBCO film with an
experimentally observed values pf are an order of magni- inductanceL~80 pH and by another Nb/Au/YBCQ@-HJ
tude larger tham,,. Consequently, for surface irregularities with a substantially larger area of 18@00 xm, forming a
observed in experimentf=2°), thecontribution to the total SQUID. The current—phase relation was calculated from the
current from the component of the contacts to délieplanes  measurements of the amplitude—frequency characteristics of
is small. This is confirmed by the absence of a conductancen rf resonator inductively coupled with this SQUID. This
peak at low voltages—the conductance anomaly due to Anmethod is differential with respect tp and gives high sen-
dreev reflection in thed-superconductor—for the Nb/Au/ sitivity in measurements of current—phase relatiths.

YBCO junctions atT>T.y, (see also Sec. 4 of the present In the temperature rang€=1.7-6.0 K in which the
pape}.® We recall that the theory predicts the appearance oEPR was measured, the normalized critical currgit

such an anomaly for rough boundariesfd heterojunc- =2xLI /®, ($,=2.07x10 ® Wb is the magnetic flux
tions even in the case of an arbitrarily orientedquantum of the Nb/Au/YBCOc-HJ under study lay in the
d-superconductott interval from 0.27 to 0.4, i.e.8 <1. Therefore the CPR

We note that superconducting shorts do not form in recould be determined for a whole period of variationgof*
gions of possible punchthrough of the Au filf@.g., nonsto- The CPR of a Nb/Au/YBCCc-HJ is shown in Fig. 4. It is
ichiometric particles on the surface of the YBCO filnin  seen that with decreasing temperature the shape of the
particular, studies of Nb contacts to YBCO without the Au current—phase relation begins to deviate from sinusoidal. A
spacer layer on specially prepared samples revealed the abeurier analysis of the measured CPR showed that its spec-
sence of supercurrent ang~1 ) - cn?, which is apparently trum contains a finite number of first and second harmonics
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and that the amplitudes of higher-order harmonics are small. 30F
Therefore, the superconducting component of the current can a
be written in the form . LI
s AAMA Al
A 1
Is(p)=lcasing+1csiN(2¢+¢o). (4) 201 f A
The experimentally observed sign of the term is always <:E§ A%
opposite to that of the., term, i.e.,po=m. If T~1.7 K, - L2 '
then |, =1.57 uA, I,=—0.25uA, and |l,/14|~0.16. 10F é‘@ . R4
The temperature dependencel gf(T) andl.»(T) is shown o S A ‘AAAA /,"
in Fig. 40.%° A LR ¢ TYRNE
After completion of the measurements of the CPRs the :\"0. | L) 5\0,"|
YBCO superconducting inductive ring of the SQUID was 28 : : :

locally cut by a focused ion beam. In the resulting geometry
we then measured the |-V characteristic and BgV)
curve of the same Nb/Au/YBC@-HJ for which the CPR 15
had been measured. From tRg(V) curve we determined
the value Ry=~60(, which corresponds to,=6x10 °
Q-cn?, and then, using Eq2), obtained the transparency < 1.0
of the givenc-HJ: D~5.6x 10 °. =

The CPR of thec-HJ was also measured by a different
method, based on measurement of the critical current and of 0.5
the Shapiro steps on the |-V characteristic of a Nb/Au/
YBCO c-HJ as functions of the amplitude of an external
monochromatic electromagnetic wave irradiating the
heterojunctiort>?® Under external monochromatic electro- 0 2 4 6
magnetic irradiation at frequendy~40 GHz Shapiro steps IR/l
I corresponding to the fundamental frequency and a ha-rFIG. 5. Critical currentl, and the first Shapiro stel (a) and the first
monic component appeared on the 1-V characteristic at voltsubharmonic Shapiro stép, (b) on the experimental |-V characteristic of
ages ofn(hf/2e) (n is an integex. At a voltage of%(hf/ze) a Nb/Au/YBCOc-HJ as functions of the amplitude of 40-GHz electromag-
(n=1/2) the first subharmonic Shapiro step was also obhetic radiation, normalized th, atT=4.2 K. The solid and das_h_ed curves

. . . show the corresponding dependences that follow from a resistive model of

served, with an amplitude,,/1.=0.08 atT=4.2 K. Figure ¢ j55ephson junctions.
5 showsl ., 1, andl;, as functions of the amplitude of the
rf current. The solid curves show the theoretical dependences

lc(a), 11(a), andly(a), wherea=Igg/l; is the experi- |n formula(5) Ag and A, denote the superconducting gaps
mental value of the normalized rf current, which was deterof Nb and YBCO, respectively, and)g = w?+AZ,.

mined from a comparison of the experimentg{a) curve  Keeping in Eq.(5) terms up to second order in the small
with the theoretical one in respect to the first minimum of guantityD(¢)<1 inclusive, we obtaf?
this quantity*®> We note that for low amplitudes of the exter-
nal radiation the first Shapiro step is symmetric with respect | (T)Ry~ As AR(T) 6)
C

to the autonomous |-V characteristic, a circumstance that A} e’

attests to the coherence of the Josephson generation in au-

tonomous junction$® Thus the subharmonic Shapiro steps | (T)Ry~ — EBAR(T) tan;—(AR(T)> 7
observed on the experimental -V characteristic may be in- >~ " 8 2kgT )’

dicative of a deviation of the dependenic¢e) from sinu-  \yhere A* =mA4[2In(3.58\¢/kgTer)] L. In deriving for-
soidal. _AtT=4.2 K the ratios of the harmonics of the CPR yyjas(6) and(7) we have used an expression for the super-
determined by the rf SQUID method and also from the aMconducting gap of YBCO of the form\(6)=A4cos ¥
plitudes of the Shapiro steps aig,/lc1|~0.12 andly/lc 1A whereA 4 andA, are the amplitude values of tideand
=0.08 for twoc-HJs on one substrate. _ s components of the superconducting order parameter of
_The presence of the two harmonitg>sine andlc;  YBCO, whereA ;>A4,Ag. There are differing estimates of
*sin 2p in the spectrum of the CPR of a Nb/AU/YBGBHJ  the parameterA /A% of YBCO in the literature. For

can be explained by the existence of a combideds sym-  axample, in tunneling microscope experiments the values
metry of the superconducting order parameter in YBCO. ForAsml MeV andA/A%~0.05 were obtainetf, while for a

calculation of the supercurrent we use the expre$sion Pb/YBCOC-HJ a range\g/A% ~0.3—1.1 was found®
An additional factor that influences the valuel gfis the
_2e presence of twinning in the YBCO film. In this case the
IS(‘p)_ka:; kBTEw“ component can enter the expressifd)=A4cos D+Ag

_ with a minus sign as well, which is a reflection of the change
y D(0)ArAysing ©) in sign of s on passage through a twin boundary in YBCO,
20Rr0+D(0) (02 + QrQ+ ArA, COSE) although the sign of th& component remains unchanged
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here® Consequentlyl ;=0 in the limiting case of equal ar-

eas of the two twin domains. However, it has been sHéwn 130
that the areas of the twinned domains can be different even 12.5
when a YBCO thin film is deposited on a SrEQubstrate, 120
which has a cubic crystal lattice. Denoting the areas of two g
twin domains as (% ¢)/2 and (1-¢)/2, we find that the 11-5 _E
experimentally measured valueo{. Using the values 11.0T
A /A5~0.3-1.1 andAg=1.2 mV for Ry(V) (see Fig. 3 } los
and substituting the experimental value lgf into (6), we 0 it 0

obtain{=0.07-0.21, in qualitative agreement with the value : ; : ; ,
{=0.14 obtained for a YBCO film 100 nm thiéR?’ 0 %0 100 }5?( 200 250 300

The maximum valud .,=—0.25uA for T=1.7 K is
i D~ —2 ; _ FIG. 6. Temperature dependence of the resistaicef two types of in-
obtained from(7) for D~3.2x10 %, which strongly ex- i\ cicroiunctions: Nb/AuYBCGsolid curve and Au/YBCO (dashed

ceeds the value of the transparerizyof the Au/YBCO bar-  curve, measured at a bias current ofuA. The dotted curve shows the

rier. This discrepancy can be explained by assuming that th@ependenc&k]=0.11+3 exp(-T[K]/85), which is a good approxima-
. tion for the experimental dependence R§(T) of the Au/'YBCO IHJ at

transparency of the Nb/Au/YBC©O-HJ varies over the area -1 _s3«.

of the junction. The transparency of a Nb/Au/YB@EHJ is

determined by the transparency of the Au/YBCO boundary,

the uniformity of which over the area of tleeHJ depends ON 4. HETEROJUNCTIONS ON INCLINED FILMS (1120)YBCO

the uniformity of the distribution of the oxygen content in AND THEIR PROPERTIES

the surface Igyer of the YBCO. _The_ finite surface roughnesil_ Temperature dependence of the resistance of inclined

of a YBCO film leads to local diffusion of oxygen from the peterojunctions

coating contacts toward theb planes of YBCO. This can

lead to scatter in the values pfand| over the area of the S
. . L . tanceR, measured at a current of AA on inclined hetero-
junction, resulting in fluctuations of the value of the trans—junctions (IHJ9 AWYBCO (1120 and Nb/AU/YBCO
parency of the Au/YBCO boundary. _ 1120. It is seen that folT=53 K the resistanc&, of the

It S_hOU'OF be noted that thg second harmonic of the CPRy,/yBCO IHJ increases exponentially with decreasing tem-
also arises in the model af+is type symmetry of the su- perature, and fof<53 K a deviation ofRy(T) from the
perconducting order parameter of YBCO, which was pro-exponential dependence is observed. In the case of the
posed in Ref. 28i(=+/—1). However, in the framework of Au/YBCO IHJ one does not observe any significant change
that model a phase shift,= 7/2 betweerl ., andl; should  of Ry at T~T,, since the resistand®y of the IHJ itself is
exist, in disagreement with the valug,== determined substantially larger than the resistance of the YBCD20
from experiment and also with the results of Ref. 6. leads. This is the typical situation for Au/YBCO IHJs pre-

A possible alternative explanation of the experimentallyPared by depositing the Au film on YBG®D1 20 ex situ In
observed CPR is the model proposed by Mffisin that ~ this case the escape of oxygen atoms from the YBCX20

model one can represent the Nb/Au/YB@GHJ as a lattice surface layer decreases the transparency of the boundary. The
of 0- and m-junctions connected in parallel, with a lattice Chi‘ga"te”gﬁc boundary resi;tam:aaried over yvide limits,
S . - 1072-10 % Q-cn?, depending on the technique used to
constant equal to the characteristic size of a twin domain in & . . .
. i . prepare theoretical IHJ. In particulate, for an IHJ for which
c-oriented YBCO film, 10 nm. T_hen, as was shown in Ref.the boundary between the Au and YBQAC 20 was formed
29, spontaneous currents arise in the ground statecefld, 1, jepositing the Au filmex sity r increased by 3—4 orders
and the energy of the-HJ is minimum fore=* /2. Esti-  4f magnitude as compared to IHJs for which the boundary
mates of the value of the amplitude of the second harmonigetween Au and YBCQ 1 20 was formedn situ. Here one
of the CPR (czm) arising on account of this mechanism ¢4, speak of a decreasebnby the same factor by which
showed thatl ., /1.,<0.032° Consequently, the contribu- increases.
tion of this mechanism to the value bf; is small. The behavior ofRy(T) is completely different forRy
Another alternative cause for the appearance of the see<R,, which is the situation when the Au film has been
ond harmonic in the CPR in Nb/Au/YBCE®HJs may be the depositedn situ. This is the case for the Nb/Au/YBCO IHJ
presence of the Nb/Au boundaries, which have high transwhose Ry(T) dependence is shown in Fig. 6. At~T,
parency Dypas~10"1), which is reflected in the shape of =53 K a sharp increase &, is observed, due to the tran-

the 1-V characteristiésee Fig. 3 As we have said, a Nb/ sition of the leads to the superconducting state. Upon further

Au/YBCO c-HJ can be represented as a highly asymmetricdecre"’?Se of t'he tempgrature beldy to TC.’\'bwg'z K the
zero-bias resistancR, increases monotonically. The tem-

double-barrier structure, in which the gecond ha_lrmonlc of th erature at whiclRy(T) for the Au/YBCO IHJ deviates from
CPR can appeaf. On the other hand, simple estimates base he exponential dependence coincides Wit 53 K.

on Eq.(9) of Ref. 18 show that in such a cakg/l.;~D, In Au/YBCO and Nb/Au/YBCO IHJs the behavior of
and consequently the amplitude of the second harmonic dRy(T) for T<T, is due to the turning on of a current trans-
the CPR is much smaller than that observed experimentallyport channel involving Andreev reflection as the temperature

Figure 6 shows the temperature dependence of the resis-
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FIG. 7. Conductivity versus bias(V) for an inclined Au/YBCO hetero-
junction at different temperaturéthe solid curves from bottom to t@p4.2,

10, 20, 30, 35, 40, 45, and 50 K. The dotted curve shows the parabola
approximating the dependeneogV) at T=50 K. The dashed curve corre-
sponds tar(V) at T=4.2 K for the Au/'YBCOc-HJ. The inset shows (V)

for IHJs Au/YBCO atT=4.2 K (inverted trianglesand Nb/Au/YBCO at
T=10 K (squaresin the low-voltage regiofV|<6 mV. The solid chamber ) o . ) )
is the approximation of-(V) for the Au/YBCO IHJ by a Lorentzian. whered is the angle of incidence of the quasiparticle relative

to the normal to the boundary, amg describes the shift of
_ . _ _ the energy levels of the Andreev states, e.g., on account of
is lowered:. For IHJs on YB_CQl 120 films the influence of  the the flow of current along thi/d boundary. In formula
the LABSs should be manifested on the -V characterlsnc_lrtg) the level broadening is characterized by the parameter
the form a conductance peak appearing at low vqltages, L8R (9)~#/7(6), where(6) is the lifetime of a quasiparticle
the conductance anomaly that is observed experimentally. i the LABS. In the general cadd(6) is determined by the
. tunneling of quasiparticled, (), the diffusive scattering
4.2. Broadening of the Andreev states due to the rough surface of the YBCO filigi(6), um-

Figure 7 shows the transformation®fV) with decreas- Klapp processes of quasiparticle scattering with a change of
ing temperature for a Au/YBCO IHJ. FGF>T, the o(Vv)  the normal component of the morr_lgntul’q,s(la), and scat-
curve (the T=50 K curve in Fig. 7 can be approximated tering on lattice defects and impuritielS;,:
well by a paraboldthe dashed curve in Fig) T the frame- T(0)=T ol )+ Tgisr( ) + T y(6) + Timp.- (9)

work of the tunneling theory oN/N’ junctions with allow- ) _ _
ance for the influence of the voltage on the shape of thaf upon the formation of the LABSs the dominant contribu-
potential barrief® For T<T, the o(V) curve at smallV tion to their broadening comes from scattering on defects and

exhibits a deviation from the parabolic shape in the form ofMPUrities,I'in,, which is independent of the direction of the
a conductance anomaly, increasing with decreadinghe  duasiparticle momentum, then, as follows fr¢& and 9),
deviation ofRy(T) for a Au/YBCO IHJ from the exponential the dependence of the conductance anomaly has the shape of

growth corresponds to the onset of the conductance anomafy Lorentzian of widthl’. The inset in Fig. 7 shows the ex-
on the I-V characteristic. We note that the conductanc@€’imental dependeneg(V) at low voltages V<6 mV) for

anomaly is absent for the-HJ Au/YBCO (dashed curve in the AUYBCO IHJ atT=4.2 K (inverted trianglesand the
Fig. 7). Nb/Au/YBCO IHJ atT=10 K (squares Theo (V) curve for

Figure 8 showsa(V) for a Nb/Au/YBCO IHJ in the the Au/YBCO .IH.J is welllapproximated by a Lore.n.tzian;
temperature region 9-40 K in which the conductanceconseq.ue““y' it is scgtterlng on defects and |mpur|t|e.s thfat
anomaly is most strongly expressed. We note V) determmes the half-width of the con_duc_tance anomaly in this
~ consts aff =T, . This corresponds to the tunneling of qua- case. It is also seen from the inset in Fig. 7 that the shape of

siparticles through a delta-function-like barrier which is uni- (V) for the No/Au/YBCO IHJ is not Lorentzian.

form over area, while folf <T. a conductance anomaly ap- In the Au/YBCO IHJ the formation of the boundary was

pears on the IV characteristic of the Nb/Au/YBCO IHJ, justdone with the vacuum broken(ex sity, and the

as for the Au/YBCO IHJ. For both types of IHJ one observes\1 1 20YBCO surface of the film was subjected to the atmo-
growth of the amplitude and a decrease of the half-wikkh sphere for about an hour prior to the deposition of Au. As a

of the conductance anomaly as the temperature is lowerefeSult of the interaction with the atmosphere, various impu-
Together with the thermal smearing of the conductancéitiés such as Coand OH were precipitated on the surface

anomaly the LABS levels broaden on account of the finite®f the YBCO film, and oxygen-deficient regions, which are
lifetime of the states. For a quasiparticle with energyt lattice defects, also formed. The factors mentioned lead to
e<Ag (A, is the amplitude value of the energy gar6) the formation of a large number of scattering centers in the

= A, cos 2 for thed-superconductdrone uses the following surface layer of the YBCO film and may give the governing
form of the density of stateN(s, §): 81231 contribution to the broadening of the conductance anomaly.

1o The degree of diffuseness of the surface layer on the
m T“(6) ® Au/YBCO boundary can be characterized with the aid of the
(e—ep)°+T(0)% parametert/l, wheret is the thickness of the disordered

FIG. 8. o(V,T) for the Nb/Au/YBCO IHJ.

N(e,0)=
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layer?> Here t/|=0 corresponds to the ideal Au/YBCO 20
(1120 boundary, whilet/l =< corresponds to a completely
diffuse boundary. Unfortunately, there are no data in Ref. 2
for the regiont/1>0.1, which corresponds to the Au/YBCO
IHJ under study here.

Among the LABS broadening mechanisms that depend
on the direction of the momentum of the incident quasipar-
ticles are tunneling, scattering on the YBCO surface rough-
ness, and scattering with a change in direction of the quasi- -20
particle momentum. With increasing transparency of the
boundary the probability of escape of the quasiparticles by
tunneling through the barrier increases, and that should lead 40 . . . . .
to an increase of 'y, 6).33? However, for the Nb/Au/ ~15 -10 -5 0 5 10 15
YBCO IHJ the values ob are at least an order of magnitude vV, mv
larger thaq for the Au/YBCO IHJ, althoughV at low tem- .~ o Ao(V.H) = o(V.H)— o (V,0) at T=4.2 K for a AUYBCO IHJ at
peratures is several times smaller for the Nb/Au/YBCO IHJyvarious values, from 0 to 5 T, of the magnetic field applied perpendicular to
than for the Au/YBCO IHJ. For example, @=10 K one the plane of the substrate. The curve for0 corresponds to a straight line
hasAV~1 mV for the Nb/Au/YBCO IHJ and 6.8 mV for Passing through zero. In the inset the squares show the dependence of the

. T splitting, calculated as half the distance between maxima®fV,H) and
the AU/YBCO IHJ. ThusAV in the IHJs falls off with in normalized taA =20 MeV, on the magnetic field strength. The solid curve

creasingD and, hence, the tunneling of quasiparticles is notcorresponds to a calculation in a model in which an additisraimponent

the governing factor for the broadening of the conductancef the order parameter in YBCO is generated at temperatures below

anoma|y_ T<7K, wherein Ag_ygco=1.2 meV, A;=20 MeV, Hy=16 T, and
Ho=1T."

Ao, uQ'1

The LABS broadening that leads to the non-Lorentzian
shape of the conductance anomaly is apparently due to two
processes: diffusive scattering due to the rough surface of the

YBCO film, and umklapp processes of quasiparticle scatterdéPendenced(H) obtained in the framework of a Doppler

ing with a change in the normal component of the momen_shift model for the LABS levels owing to the generation of

tum. The experimental study of the influence of each of thes@" additionals component of the superconducting order pa-
processes on the broadening of the conductance anomaly @Meter al =T((YBCO)~7 K (the solid curve in the inset

difficult because of problems in determining the exact distri-°f Fi9- 9.~ In this case the conductance anomaly should
bution of transparency over the area of the junction and ovefSO Pe Split at zero magnetic field, which has not been ob-

angles6, and also of determining(6) for each process. served in experiment, even though the conditbATs is
met. It has been showhthat the splitting in zero magnetic

field vanishes when the doping level of thesuperconductor

goes from overdoping to underdoping. Apparently it is the
When anN/d IHJ is placed in a perpendicular magnetic underdoping by carriers due to the oxygen deficit that is

field a screening current arisesdnshifting the LABS levels  realized in the YBCO films, as is indirectly confirmed by the

(Doppler shift of the levels'* Analogously, spontaneous cur- |ow transition temperature to the superconducting state (

rents can also arise in the absence of external magnetic field 53 K). In the low-magnetic-field regiorH<1 T) the ex-

if on the surface ofl, e.g., when the temperature is lowered perimental data are insufficient for making a comparison of

below a certain critical valuds, a transition occurs to a experiment with the theory.

mixed type of symmetryl,>_,2+is of the superconducting

order parameter. In both cases this leads to splitting of the

LABS levels. As a result, the peak of the conductancet.4. Influence of Andreev states on the supercurrent

anomaly in arN/d IHJ is split into two peaks. In a perpen-

dicular magnetic fieldH the LABS level splitting i8>

4.3. Magnetic-field dependence

The dependence of the energy of Andreev bound states
on the phase difference of the superconducting order pa-
gp=(e/c)vgHN  siné, (100  rameter of the electrodes forming the Josephson junction de-
termines the supercurrent that flows through the Andreev
bound stategsee, e.g., Ref. 33

2

where c is the speed of light in vacuumy, is the Fermi
velocity in theab plane of YBCO, and\| is the London
penetration depth of the magnetic field in thelirection of dE,(0,¢)

YBCO. For studying a Au/YBCO IHJ in magnetic fields up |s(¢)“;2 cosaan(En( 6))dé, 11

to 5 T perpendicular to the plane of the substfataking an "

angle of approximately 79° with thab plane of YBCQ, where the summation overgoes over all the Andreev states
after subtraction of the analogous dependenceHfer0 the ~ With energiesE,, andf(e) is the Fermi distribution func-
presence of splitting of the conductance anomaly becomeéon. We note that for tunnel junctions made from
obvious(Fig. 9. The inset in Fig. 9 shows the dependence ofs-superconductorsi{<1) the energies of the Andreev states
the splitting of the conductance anomaly on the value of thdie near the gap. For the Andreev states of a contact between
magnetic fieldS(H), in a Au/YBCO IHJ afT=4.2 K. Inthe  an s-superconductor Ag) with the (110 plane of a
high magnetic field regionH>2T) the splitting 5(H) is  d-superconductorg/d ;1) there are also LABS levels for

practically constant and can be approximated well by thes<A,:83%
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the normalized amplitude of the rf current for an IHJ of area
30X 30 um. The amplitudes of., 1, and I, oscillation
with increasing amplitude of the external influence; this cor-
responds to a resistive model of Josephson junctidiite
subharmonic Shapiro steps observed experimentally on the
I-V characteristic of botlc-HJ and IHJ Nb/Au/YBCO at
V=3(hf/2e) are indicative of a deviation of the CPR from
sinusoidal form. It should be noted that the high-amplitude
irradiation of the heterojunctions under study from an exter-
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c : nal microwave source can alter the quasiparticle Fermi dis-
0 —‘/; I 025500 150 tribution function that appears in formuidl) for the phase
. , 1 Lo | dependence of the supercurréhiVe therefore made mea-
-50 0 50 100 150 200 surements of the selective detector response at a low ampli-
Vv, uv tude of the external microwave signal relative to the value of
the critical current of the Josephson junction under study,

FIG. 10. |-V characteristic of a Nb/Au/YBCO IHJ of area >80 um
under irradiation by microwave radiation with a frequency of 46.4 GHz atI rRe<lc. . ) . )
T=4.2 K. The upper inset shows the critical curréniind the first; and The lower inset in Fig. 10 shows the selective detector

secondl, Shapiro steps as functions of the amplitude of the microwaveresponse;(V) obtained under the influence of a low-power
radiation. The lower inset shows the selective detector respg(igi ob- signal lrp<le with f=55.7 GHz. The arrow on the;(V)
tained during irradiation by a low-power signalfat 55.7 GHz. The arrow gt 1
indicates the subharmonic response. curve _|nd|cates the feature at vpltag’e: _z(hf/2e), corre-
sponding to the first subharmonic Shapiro step, the appear-
ance of which in the given case cannot be explained by the
= . — — onset of a nonequilibrium energy distribution function for the
= + - +0(D?). Co e .
En=ArAGD SiN/[2Ap+D(A¢—Ap)]+O(D%). (12 quasiparticles. For a Nb/Au/YBCO IHJ withA=10
It was shown in Re_f. 33 that iml/d;40) junctions at  x10 um andl <3 uA we were unable to observe subhar-
low temperatures KT<DAy/4v2), just as ins/s junc- monic Shapiro steps on the |-V characteristic, probably be-

tions 1,«D and | .Ry~mA, /e, but I(¢) differs strongly ~cause of their small amplitudes.
from sinusoidal, I {(¢)~cose (0<e<m) (case a). At

higher temperatures DA g/4v2<kT<A4/2)l .=D?, 1Ry
~(7mAqD/4e)(A4/2kT—1) andl(¢)~sin 2p (caseb). On
the other hand, ifA/2<kT<KkT,, then I ,Ry=0232 Since

D~10 *-~10° in the Nb/Au/YBCO iHJs studied here, we : .

— . . by two methods: direct measurement of the noise spectral
haveDA/4v2<0.01 K, and all =4.2 K caseb is realized.  yojy by 4 low-noise cooled amplifier working in the fre-
For example, for a Nb/Au/YBCO IHJ witlD~2.5X10"°  guency range 1-2 GHz, and by the method of estimating the
one calculates.Ry~10 nV, which agrees in order of mag- inewidth of the characteristic Josephson generation from the
nitude with the value observed in experiment. TR€T)  selective detector response to a weak external microwave
curve measured experimentally for the Nb/Au/YBCO IHJSsjgnal. The 1-V characteristic and the dependence of the
falls off monotonically with increasing temperature. The pgise power on the bias current for a Nb/Au/YBCO IHJ of
nonmonotonicity ofl (T) predicted in Ref. 33 is not ob- area 1010 um are shown in Fig. 14 Unlike the case of
served. At the same time, tunneling experiments/dc-HIS /g contacts®® there is no increase in the noise on the resis-
have revealed the presence of an additicnabmponent of  tjye part at low values of the bias current. We note that the
the superconducting order parameter of YBCO, with an engrop in the noise power upon the transition of the 1HJ from
ergy gapAs-yeco- In that case the temperature dependencghe superconducting to the resistive state is caused by a
of the supercurrent, determined from form& with allow-  change in the output impedance of the sample relative to the
ance for the fact that, owing to the high transparency of theso() input impedance of the amplifier. Upon a significant
Nb/Au boundary and the proximity effect in the Au spacerincrease in the bias voltage a growth of the noise spectral
layer, an order parameter with a critical temperaturegensityS(V) at the contact is observed; see Figh1The
T(<Tcnp Ccan be manifested, in qualitative agreement withinset to Fig. 1b shows the part of th&(V) curve for |V

4.6. Noise properties of inclined Nb /Au/YBCO
heterojunctions

The noise properties of Nb/Au/YBCO IHJs were studied

the experimental observations on Nb/Au/YBCO IHJs. <9 mV in greater detail. The dependence found is explained
by growth of the shot-noise intensif§=2el as the current

4.5. Phase dependence of the supercurrent of inclined I . through the heterojunction increases. We note that quali-

Nb/Au/YBCO heterojunctions tatively similarS(V) curves have been obtained previodsly

Figure 10 shows the I-V characteristic of a 30for d/d superconducting Josephson junctions with an aver-

X 30 um Nb/Au/YBCO IHJ under irradiation by monochro- 29€d boundary transparenby- Oég)l. The question of noise
matic electromagnetic radiation with a frequendy ~ has been studied theoreticafly*® for s/d junctions with
~46.4 GHz. The |-V characteristic shows the critical cur-relatively high transparencyD>0.1, quite unlike the
rentl., harmonic Shapiro stefs andl,, and also the first Nb/AuU/YBCO [HJs studied experimentally, for which
subharmonic step, with,,/1;~0.1 at 4.2 K¥ The upper D~10°.

inset in Fig. 10 shows the dependenced of I, andl, on It follows from Refs. 36—38 that suppression of the ex-
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superconducting electrodes revealed a deviation from sinu-
200 soidal form for both types of Nb/Au/YBCO heterojunctions.
% A conductance peak on the |-V characteristics of the
100 S Au/(1120YBCO and Nb/Au{1 120YBCO at low voltages
% was found and investigated; this is the conductance anomaly
> 0 5 due to multiple Andreev reflection in the junctions from su-
. z perconductors with d,2_ 2 type of order-parameter symme-
-100 g try. The Lorentzian shape and thel/T temperature depen-
2 dence of the amplitude of the conductance anomaly in Au/
-200 z YBCO heterojunctions indicate that its broadening is due to
quasiparticle scattering on impurities and lattice defects,
_15 5 which is independent of the direction of the quasiparticle
momentum, in the YBCO near the boundary. We have inves-
6 tigated the shot and thermal noise in Nb/&ul 20YBCO
i 2 ) heterojunctions, but we observed no excess noise due to the
5L 2 i effect of Andreev reflection.
» T
= %) N
5 4r 1 E-mail: gena@hitech.cplire.ru
5 YIn the presence of the order-parameter suppression near the boundary in
& 3f 1 N/d junctions, bound states can also form at finite enefgies.
) 2X-ray diffraction experiments oril 1 20YBCO films have shown that
2r E such films are single-domain and have a single twin complexlike, for
example, YBCO films on (110)SrTiCand (120NGO substrate¥>
1+ . 3Formula(2) is valid in the case of a spherical Fermi surface of the mate-
rials in contact. We note that even in the absence of an insulating layer the
! I I L L 1 I transparencyp <1 for the case of a large mismatch of the Fermi velocities
-60 -40 -20 0 20 40 60 of the metals in contact.
V, mV “For the Nb/Au/YBCO IHJ one haBy=R(T,), while for the Au/'YBCO

IHJ the value ofRy was determined from the |-V characteristic as the
FIG. 11. |-V characteristi¢1) and the dependence of the noise power on maximum value of the resistance at 4.2 K. The low value3 ofor the
the bias current2) for a Nb/Au/YBCO IHJ, obtained with the use of a  Nb/Au/YBCO IHJ (T,~53 K) are apparently due to the escape of oxygen
low-noise cooled amplifier af=4.2 K (a); dependence of the noise spec-  from the operab planes of the YBCQL 1 20 films during preparation of
tral densityS(V) on the voltage a¥=50 mV; the inset shows the part of ¢ samples.
S(V) for V<9 mV (b). SWe note that, as in the case of the Nb/Au/YBE@@J, at low amplitudes
of the external influence the first Shapiro step is symmetric with respect to
the autonomous |-V characteristic; this attests to the coherence of the
cess shot noise occurs as the transparency decreases at Iglasephson generation in autonomous junctins.
bias voltages for Josephson junctions with a
d-superconductor as one or both electrodes. Most likely the
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