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Subgap conductance features of YB#Zu3;0,_ 5 edge Josephson junctions
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The differential conductance of YBE@u;O;_ s edge junctions with a PrB&u, JO;_s barrier has been
investigated in detail. One striking property of our edge junctions is the existence of a well pronounced,
symmetric subharmonic gap structure which is observed in the differential conductance. These features can be
explained by multiple Andreev reflections if we assume the existence of a second peak in the density of states.
Furthermore, a zero-bias peak in the conductivity was observed in some of the junctions, which may be
explained by Andreev bound states at the interface dfnsve superconductofS0163-1829)08905-5

I. INTRODUCTION more practical relevance and exhibit well pronounced and
reproducible subgap features. The transparency of the junc-
The magnitude of the gap and the pairing symmetry intions is determined by the barrier material and the barrier
YBa,Cu:0,_s (YBCO) have been the subject of intensive thickness and not by sample adjustments or surface degrada-
studies. Despite the large effort invested, both are not pretion during the measurement, as in the case of point contacts.
cisely determined and clarifying experiments are still of PrBCO usually is a Mott insulatdrbut there is some
great interest. Tunneling studies, which should yield theevidence that it may become superconducting as Svad-
most direct measurement, are hampered by the difficulty ofephson junctions with PrBCO barrier exhibit current-
preparing high-quality tunnel junctions. Very interesting ef-voltage characteristics similar to those of resistively shunted
forts in tunnel junctions with counter electrodes from con-tunnel junctions, but with some significant deviations from
ventional superconductors were performiédyut these ex- the ideal resistively shunted junctigRSJ model. There is
periments yield no information about the temperaturestrong experimental evidence that the quasiparticle transport
dependence, especially at higher temperatures. Promising rgr Josephson junctions with PrBaCO barriers occurs by reso-
sults for all-highT; tunnel junctions have been achieved nant tunneling via 1-2 localized states, whereas the super-
with Bi,SrL,CaCyOg,,,> no tunnel junctions with two current transport occurs by direct tunnelthg.
YBCO electrodes have been demonstrated. At least for the quasiparticles, localized states are highly
As the probability of Andreev reflections is directly re- transparent channels in insulating barriers. Therefore, the
lated to the density of states, the differential conductance gunction characteristics resemble more those of point con-
junctions with highly transparent barriers, offers also a postacts than those of tunnel junctions. A localized state can be
sibility to draw conclusions to the quasiparticle excitations. described as a constricti@in momentum space because the
Conventional superconductor junctions with highly trans-resonant tunneling transport occurs only at the specific en-
parent barriers, e.g., point contacts and microbridges, arergy or momentum of the localized state. Therefore, the situ-
well described by the model of Blonder, Tinkham, and Klap-ation in Josephson junctions with a PrBCO barrier can be
wijk (BTK model).* It is based on the theory of Andreev and analyzed using models developed for geometrical constric-
normal reflection processes at the superconductor—normébns, like the BTK modélwhere the ballistic transport can
conductor interfaces. Andreev reflection processes lead to thenly pass a narrow channel. The phenomenological approach
existence of an excess current at high voltages. The subhasf the BTK model does not take into account the inelastic
monic gap structure at voltagd4,=2Ag/(en) can be ex- relaxation in the constriction region, but later microscopic
plained by multiple Andreev reflectiois. calculations of Arnold predicted that the position of subgap
YBCO point contact measurements were published bypeaks is only slightly shifted from the values predicted by
different groups. Break junction measureméristhe point  the BTK model. The assumption ofsawvave superconductor
contact regime revealed a subharmonic gap structure witim the BTK-model is also not crucial for the application of
sharp dips at voltage¥,=2Ag/(en), which can be well the model for YBCO, because Devereaeial! showed
described by the BTK model. These results gave evidencthat the peak positions persist in the casel-efave symme-
for the existence of a true gap in YBCO single crystals andry and only the shape of the peaks is smeared over.
suggested awave pairing of the superconductor. Another issue that has to be addressed is the possibility of
The disadvantage of these experiments is that point commultiple Andreev reflections in a medium where the domi-
tacts and break junctions have a poor reproducibility andhating transport is resonant tunneling via localized states.
stability. The gap value and the shape of thédV curve  The problem of the loss of phase coherence during resonant
depend on the adjustment of the sample and the measurmneling processes, especially the impact of Coulomb repul-
ment is sensitive to surface modifications in vacuum duringsion, has been investigated by several autfot$Golubt
the measurements. showed that, if the correlation time of the electrons in a
In this work, we present measurements on edge Josephs@ooper pair is much longer than the decay time of a local-
junctions with PrBaCu, O;_ s (PrBCO barrier which have ized state in the conduction electron states, superconducting
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correlations are not destroyed and multiple Andreev reflecfilms were patterned using standard optical lithography pro-

tions are possible. cesses. The etching mask for the ramps consisted of conven-
Indeed, there is clear experimental evidence for multipletional Hoechst AZ5214 photoresist that was softened by a 5

Andreev reflections up tm=8 in a Ag-Pb/InQ/Pb junc-  min post-annealing step to ensure a shallow angle. The ramp

tion, with InQ, containing a high density of localized was argon-ion-beam milled by a Kaufmann-type source us-

states™ Therefore, we can assume that Andreev reflectionsng an ion-beam current density of 0.25 mAkrand an

in PrBCO barriers are possible as well. accelerating voltage of 250 V. The sample was tilted 30° to

The observation of subgap peaks in edge junctions, whick,e sypstrate normal and rotated during the etching process.
can partly be explained by BTK model have already beefrys nrocess assures a ramp angle of about 30° which pre-

6,17 16 H
report(_edl._ F_urthermore, Polturakt al. observgd N SOME yants nucleation of grain boundaries in the subsequently de-
of their junctions that each subgap peak splits into thre osited films

peaks at low temperatures. The data were explained by the After ion milling the ramp, a 35 min annealing step at the

anisotropy of the gap betweenandb direction. " s
geposmon temperature and deposition oxygen pressure was

Here, we present detailed investigations of the subga ) . . .
pattern in two different kinds of edge junctions with PrBCO arried out in the deposition chamber to recrystallize amor-
phous material on the surface of the etched YBCO. After-

barrier. One junction type contains omx situ processed ; X
YBCOIPrBCO interface, while the other type has exclu-Wards, the PrBCO barrier and another 200 nm thick YBCO

sively in situ interfaces. This allows one to distinguish be- film for the top electrode, were depositeusitu by sputter-
tween extrinsic effects related to the fabrication process anth9-
intrinsic properties of the YBCO/PrBCO interfaces. The fabrication process for junctions fabricated com-
We investigated the temperature dependence of subhapletelyin situ by the shadow micro-mask technique was de-
monic gap features and the influence of oxygen annealingcribed in detail elsewher@.Briefly, a patterned 700 nm
procedures. Furthermore, we present measurements of zeiibick CaO/ZrQ mask is deposited and patterned on the sub-
bias conductance peaks and their magnetic-field dependenctrate. This substrate is mounted on the heater of the deposi-
Finally, we discuss a model to describe our data in terms ofion chamber and heated up to the deposition temperature of
an anisotropic in-plane gap in YBCO. about 800°C. The bottom YBCO electrode is then deposited
by PLD under an angle of 45°. Due to the microshadow
mask, a ramp is formed directly during the deposition with-
IIl. FABRICATION OF THE JOSEPHSON JUNCTIONS out any further treatment. Therefore, the surface of the ramp
Edge junctions are used in high-temperat(Hd) super- is not. damaggd by an etching process or degraded by surface
conducting electronics with a variety of barrier materi§l§ ~ reactions duringex situprocessing.
In edge junctions, the superconducting electrodes are weakly "€ PBCO barrier and the YBCO counter electrode are
coupled along theab planes via an epitaxial barrier at a epos!tgdn situ at_normal angle _of incidence. The dlfferent
shallow step in a-axis-oriented YBCO film. Therefore, in deposmon angle insures a relatively homogeneous nominal
contrast to the most widely used grain-boundary junctionsthickness of the barrier on the ramp. , ,
the current carrier transport and thus the junction properties BOth junction types were typically fabricated with a nomi-
can be influenced by the barrier thickness and the barrigp@! PrBCO barrier thickness of 30—45 nm. However, the real
material. thickness of the barrier layer is affected by thickness varia-
As the superconducting gap is expected to be directiofiONS across the junction area. _ _
dependent, the orientation of the junctions with respect to the 1he junctions themselves were defined by standard opti-
crystal axis should be controlled. Therefore, we used sub@! lithography and a second argon-ion-beam etching step.
strates with edges oriented parallel to t480) direction and ~ Finally, a gold layer with a thickness of 200 nm was evapo-
adjusted the ramps parallel to edges of the substrates. Since
YBCO films usually are twinned, the junctions may contain
domains with either tha axis orb axis parallel to the ramp. A
The most established way to fabricate edge junctions, sl A
which was used for our investigations as well, is to fabricate  °*[ & *&%
a ramp in a YBCO film by ion beam etchingee, for ex- 2r o ° 5
ample, Ref. 2D The disadvantage of this method is the dam- _ 1 Y \’60 =
age of the interface by the ion beam. This may reduce the‘é ot Temperature (K)
transparency of the interface and thus influences the curren=" 4 [
carrier transport across the junction. To make a direct com- [
parison, we additionally investigated an alternative method
where the ramp is produced by a shadow mask and in the
same run the barrier layer and the top YBCO electrode are T=15K
depositedn situ. ; o ! e
The fabrication process for junctions fabricated situ 200180 0080 (PnV) 50 100 150 200
was described in detail elsewhéere? Briefly, a bilayer con-
sisting of a 200 nm thick YBCO film for the bottom elec-  FIG. 1. 1-V characteristic of a 3um-widein situ junction with
trode and a 200 nm thick SrTiOnsulation layer was depos- a 45 nm PBCO barrier at 15 K. Inset: Temperature dependence of
ited in situ by on-axis pulsed laser depositigRLD). The thel Ry product of differentn situ andex situjunctions.

(a)—D— in-situ #1 45nm PBCO
(6)—y— in-situ #2 45nm PBCO
(©) —b—ex-situ 40nm PECO
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(b)

(@) 21x10°V* 1 FIG. 2. (a) Double logarithmic
T=55K 1 plot of the current-voltage charac-
teristic; the voltage independent
resistance Ro=R(V=0T
=5.5 K) is subtracted. Solid line:
Data fit using 2.X 107> V'3 de-
pendence V=25 mV); (b
Double logarithmic plot of the
temperature dependence of the
voltage-independent conductance
1/R-1/Ry, with Ry=R(V=0,T
=5.5 K) subtracted. Solid line:
Data fit using 1.X 10 *T*3 de-
pendence.
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rated and patterned by a liftoff process to provide electrical I|=[{G1)+(Gx(T,0)+(G,(0V))]-V (1)
contacts to the bottom and top electrode. ] . o
with the different conductance contributio(G, ,). Further-

more, when
Ill. RESULTS AND DISCUSSION
o o kgT>eV:(G,(0V))=A- V43 2
The current-voltagelfV) characteristics of the junctions
were measured by four-point measurements in a liquid- ksT<eV:(Gy(T,0))= B.T43 3)
helium dewar. The measurements at 0.6 K were performed in
a He /He? cryostat. The differential resistandd//d| of the The temperature- and Vo|tage-independent (:ﬁﬁ_]} con-

junctions was measured by lock-in technique. In addition taains contributions from elastic and inelastic tunneling via
the dc current, the sample was biased with an ac cur@ht  one localized state. In the case of elastic tunneling, the den-

with an amplitude of about 0.2% ofwith a frequency of 470  sjty of localized states can be estimated using the Larkin-
Hz. The voltage signalV was phase-sensitively detected. Matveev result®

A. Current-voltage-characteristics <G1>:(2e2/h)Ne- 4

Figure 1 shows thé-V characteristic of arn situ fabri- The temperature- and voltage-dependent padtgT,0))
cated junction with a PrBCO barrier of 45 nm at 15 K. Theand(G,(0,V)) are contributions from resonant tunneling via
shape of the curve is RSJ-like with a significant contributiontwo localized states.
of excess current. The critical curreht is 419 uA and a Figure 2a) shows that the voltage-dependent component
IRy product of 16 mV could be obtained in this junction. of the currentl-V/R(V=0)=(G,(0,V))-V of an in situ
The inset in Fig. 1 shows the temperature dependence of thanction which was measured up to very high bias voltages
IRy product for two differentin situ junctions and onex at T=5.5 K. For voltages above 25 mV;V/R(V=0) is
situ junction with a thickness of about 40 nm. The curves areproportional toV’”® and fits well Eqs(1) and (2), respec-
nearly linear and the magnitude at low temperatures is in thévely. The fit parameters can be extracted from Table I.
same order of magnitude as the superconducting gap. ForTEherefore, above voltages comparable to the gap, the quasi-
tunnel junction, the Ambegaokar-Baratoff relation predictsparticle current in our junctions can be described by the GM
| Ry~ mA/l2e at T<T,.?* A suppression of the order param- model developed for normal conductor-insulator—normal
eter at the interface results in a suppression of {Rg prod-  conductor(NIN) junctions, withl containing localized states.
uct. Therefore, in the case of our junctions, no dramatic sup- This picture holds even for lower voltages, if we analyze
pression of the order parameter occurred at the YBCOthe temperature dependence of the conductivity. Figtog 2
PrBCO interface. shows that the temperature-dependent part of the conductiv-

Except for the onen situ junction in Fig. 1[curve (8)], ity at low voltages 1R(T,V=0)—1/R(0,0)=(G,(T,0)) is
most of thein situ junctions showed .Ry products were proportional toT#3 in agreement with Eq(3).
comparable to curvéb) and exhibited no significant higher For edge junctions with a PrBCO barrier, this temperature
values than the investigategk situ junctions [curve (c)]. dependence, ascribed to resonant tunneling via one and two
Therefore, there seems to be no significant suppression of thecalized states, has been observed by several griggss.
order parameter at the interface due to éxesitutreatment. 9 and 27.

A striking feature of thd -V curves of both types of junc- The existence of a superconducting gap was not taken
tions at lower temperatures is the increase of the conductivitinto account in the theory. Assumirgwave symmetry of
with increasing voltage. According to calculations of the order parameter, Devyatet al. extended the GM model
Glazman and Matvee{GM), resonant tunneling via one and to superconducting electrodes, and showed that the low-
two localized states leads?fo temperature dependence (@,) is more exponential rather
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TABLE |. Results of the Glazman-Matveev fit of theV characteristic of different samples with 40 nm
PrBCO; bridge width 4um.

Sample (V) R(V=0) (Q) G; (mAIVR)
# 1dy1662

before annealingin situ) 450 24 2.x10°°
# 1dy1662

after annealindin situ) 450 47 3x10°°

than given by a power la#? This dependence could not be A better description can be achieved if the BTK model is
observed in our or by other groups junctions. A possibleextended to a more complicated density of states. In the BTK
explanation is that due to nodes in the gap, the quasiparticlmodel, there is only one peak in the density of states at the
transport resembles more that in a NIN junction than in a SI§ap Ag. For a system including a proximity layer at both
junction, with S being ans-wave superconductor. interfaces, Aminowet al2° showed that a second peak in the
To check the influence of the oxygen content on the transeensity of states at the proximity gag result in four series
port properties, a sample was annealed using a 20 mbar oxgf peaks in the differential conductivity. These peaks should
gen plasma at a temperature of about 550°C for 30 minhave the voltage positions:
Table | shows the data before and after annealing. This treat-
ment did not influence the critical current, but decreased the
conductanc€G,) of the junctions by a factor of 2, which is z;AS; 28N ;AS_AN , Astan
due to Eq.(4) an indication that the oxygen content changes en en en en
the number of localized states in the barrier. A possible ex-
planation is that the localized states are connected with oxywheren is the number of Andreev reflection.
gen vacancies. As no influence of the oxygen content onthe In  this  superconductor—normal-metal-constriction—
critical current could be observed, the Cooper-pair current isiormal-metal—superconductt®NcNS model, the constric-
not influenced by the number density of localized states. Thision is assumed to be small and ballistic, but a recent micro-
suggests that the transport mechanism for Cooper pairs cagopic model of ZaitseV predicted that the positions of the
not be ascribed to resonant tunneling via localized statepeaks persist also in the case of diffusive transport.
Similar observations have been reported by Verhoeteal. In Fig. 4 the positive voltage branch of the conductance
who changed the Ga content in PgBa,_,Ga0;_ 5 which  measurement of Fig. 3 is shown and the visible minima of
is supposed to change the density of localized states. The Ghae conductance are marked. In comparison, the positions of
content influencedG,) but not the critical currert.They  the four series of voltages for=1 andn=2 are shown with
conclude, supported by the different decay length for thehe two order parameterss=25 meV andAy=16 meV.
thickness dependence of supercurrent and normal resistangd| visible peaks can be explained in this model. The values
that the Cooper pair transport occurs by direct tunnelingare stated in Table 1l. From the conductance measurements
rather than by resonant tunneling via localized states. As wef about 20in situ fabricated junctions on different chip
do not have enough systematic data for different oxygen corsamples, the gap values are in the range of 21-26 meV for

tents and related thickness dependencies, we do not drawg and of 13—17 meV fory. Theex situfabricated junc-
conclusions concerning the Cooper pair transport.

: ®

B. Subharmonic gap structure

Figure 3 shows the differential conductance ofiarsitu
fabricated junction with a barrier thickness of 40 nm plotted
against voltage at 5.5 K. The data points at low bias voltages
are skipped because they include very high values due to thf
supercurrent contributions. Some of the junctions showed ar2
additional zero-bias conductance peak which will be dis- g
cussed later. The solid line in Fig. 3 is ti&,(0,V))=A
-V*8 with A=2x10"° fit of the background conductance
corresponding to Eq2).

A well pronounced, symmetric subharmonic gap structure

units)

conductan:

T A

can be seen in Fig. 3. Only some of the peaks could be . L L L L ' - -

explained by the BTK model. Other explanations for peaks
in the conductivity are geometrical resonances like Tomash
and Mc-Millan oscillations which result from multiple An-  F|G. 3. Differential conductance of the junction showing a sub-
dreev and normal reflections between normal conducting, Stharmonic gap structure at 5.5 K. The junction showed a supercur-
perconducting and insulating boundarisse overview inthe rent at this temperature, therefore data points at low bias voltages
book of Wolf®). These geometrical resonances result inare not plotted. The solid line is the @&(V)=2.1x 105 V72 cor-
equidistant peaks and therefore do not fit our data. responding to the Glazman-Matveev theory.

Voltage (mV)
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FIG. 4. Differential conductance of Fig. 3. The peaks are com- FIG. 5. Differential conductance at different temperatures. The
pared with the values of the subharmonic gap structure in th&haracteristics are vertically shifted for clarity.
SNcNS model fom=1 andn=2.

To obtain further information about the structures, the
tions showed sharp subgap peaks as well and could be fittd@mperature dependence of the peak position and amplitude
to the model with comparable values fag and Ay . was investigated. The conductance at different temperatures

One possible origin folAy is the existence of a normal 'S shown_ln Fig. 5. The subharmonic gap structure smears
conducting layer at the interface produced by the fabricatiofPVer to higher temperatures and above 30 K vanishes com-
process. In that case, the value fog should be significantly  Pletely, although the critical temperature of the supercon-
lower for the junction with theex situfabricated interfaces. ducting electrodes is about 89 K. The peaks move with in-
As we obtained the same values forsitu andex situjunc- ~ €réasing temperature to smaller voltages. At higher
tions, Ay seems to be a more fundamental property of€mperatures, the smaller peaks vanish into the background
YBCO. conductance. Flensberet al®® calculated the temperature

The determined gap values correspond to values ofependence of the subharmonics gap structure and showed
2A¢/kBTc=6.5 and 2\ /kBTz=4.2. Most of the values that the peaks should broaden and vanish near the critical

quoted in the literature are centered around the Va|uéemperature.6ln our measurements, as well as in those of
2Ag/kBT.=53% other groups? the peaks disappear at much lower tempera-

Aminov et al3? already reported the observation of a two- tures. This can pQSS|ny be explained by additional smearing
gap structure in YBCO single crystals with gap valued\at of the s_ubharmo[uc gap structures due to the presence of gap
—24-28 meV and\=29-30 meV. Hasst al® reported N0des in YBCO! o _

a two-gap structure in point contacts with gap valuesiof For a junction with a proximity layer at the interfaces,
=12 meV andA=20 meV. Aminov et al. showed that with increasing temperature, the
In in situ prepared junctions, Poltura al® observed a  POSition of the peaks related tby move to hgig;her voltages

splitting of the gap peak into three peaks, independent of thEelative to the peaks which correspondAg.”” The chang-
barrier material. The average value for the voltage positiond9 Shape of oud1/dV characteristic and the smearing of the
was 16.2, 20, 24 meV. The maximum and the minimumStructures makes it difficult to observe this effect. Therefore,
values are nearly the same as observed in our junctions argP™M the temperature dependence we cannot draw any con-
therefore suggest the effect to be intrinsic for YBCO and nof!Usions concerning the origin dy .

depending on the junction fabrication process or the barrier There are several existing theories, which describe YBCO
material. as a system containing one intrinsically norrf@uO chaing
and one superconducti@uO-planes subsysteni®=8 Due
TABLE II. Comparison of the peak positions with the expected FO the '”t”f‘s'c proximity effect, superconductl.vny IS mdt.lce.d
values forA '_25 meV. Av=16 meV. andh=1. n=2 in the chains. As a result, two gaps appear in the excitation
S ’ N— 1 =4, — <.

spectrum at the positions, andA,, and can be an explana-
PeaksmV) 204/ 2Ay/  (As—Ay)/  (AstAy)/ tion for our data if we identifyA ; with AgandAy with Ay .

en, (n) en (n) en, (n) en, (n) One problem with this interpretation is, th_at apure proximity

coupling between the planes and the chains, without any off-

4.2 4.5,(2) diagonal pairing, result in a chain gay, in the order of 0.1

8.2 9,(1) meV 2® which is two orders of magnitude lower than thg

15.8 16,(2) observed in our experiments. Atkinsehal3® introduced an

20 20.5(n) off-diagonal pairing between the chains and the planes and

255 25.2,2) obtained gap valueAs=27 eV andA,=17 meV, which

32.4 32,(1) are in good agreement with our data. A direct consequence

40.2 41,(1) of this model is that the order parameter is not of a pure

51.9 50,(1) dy2_y2 symmetry, but should contain a significargt

admixture®®
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FIG. 6. Differential conductance before and after annealing in

oxygen plasma at a temperature of about 550 °C for 30 min. FIG. 7. Differential conductance at 1.2 K of a junction without
supercurrent; barrier thickness 45 nm, junction widtjn3.
Within this model, the value of the gap in the CuO chains i .
is sensitive to the oxygen content. To investigate the influPound states that are gnlqued’wvave pairing symmetry and
ence of the oxygen content on the subgap pattern, a sampfere predicted by Hﬁ_' ZBCP's should be observed in the
was annealed for 30 min using a 20 mbar oxygen plasma ﬂ.lO) dlrect.lon where incident an(_j reflected particles c_:han_ge
a temperature of about 550°C. Figure 6 shows the conduc9" at t.he interface. In our experiments, Fhe current direction
tance of the same junction before and after annealing. Thergh0uld ideally be(100), but, due to faceting of the YBCO
are only slight differences in the structures. The fact that th&@MP, the formation of110) interfaces is likely. Covington
background conductivity changes due to the reduction of th&t &l observed a ZBCP in the00) as well as in the110)
density of localized states makes it difficult to detect thediréction: _ .
change in position of the peaks at higher voltages. An obvi- 10 9ain further information about the ZBCP, we cooled
ous difference can be seen &f=16 meV marked by the the sample down to 0.6 K anq m.e_asurefd the magnetlc—ﬁelq
arrows in Fig. 6. The minimum is shifted towards higher(jependence. We observed a significant mfluencg of magnetic
voltages as expected if the proximity coupling of the planesf'EId_On _the _shape of the ZBCP. As the magnitude of the
and the chains is increased by the oxygen annealing. Thd plied field increases from 0 to 7 T, the conductance.at zero
effect is too small to be detected in the case of the sum angi@s decreases and the conductance at at@ue mV in-
difference peaks. However, the subgap pattern connecté€2Ses: Tha_lt mea'ns.that the spectral Welgh'_t is shifted to
with A, depends on the oxygen content as expectelyf h!gher energies. This is more easily observed if we plot the
were the proximity-induced gap in the chains. difference G(H,V)—G_(HZO,V) b.etvyeen the conduptance
curves at zero and high magnetic fields, as shown in Fig. 8.
Two peaks can be observed, separated by the distafice 2
the shift of the spectral weight. The inset of Fig. 8 shows the
Some of the investigated junctions showed at low tem-magnetic-field dependence of52 At low magnetic fields,
peratures a conductance peak at zero-bias vVoZBEP).  there is a strong increase of the splitting. Above a magnetic
The width of such a peak was between several 100 and  field of about 1.5 T, the slope changes and the splitting in-
several mV depending on the sample. The magnitude deereases only slightly and linearly with the magnetic field.
creased with increasing temperature, the peak smeared over The interpretation of the ZBCP’s in our junctions in terms
and vanished. It is difficult to investigate these peaks becausaf the Appelbaum-Anderson model cannot be excluded be-
of huge peaks due to the supercurrent. Due to barrier inhczause the quasiparticle current transport in the junctions is
mogeneities, the supercurrent could not be totally suppressatbminated by the existence of localized states. These local-
by magnetic field in our junctions. ized states may be connected with localized magnetic mo-
Therefore, we choose a sample with a 45 nm thick PrBCOnments. Tunneling electrons could be scattered via spin-
barrier which did not show a supercurrent. This can be exexchange interactions, giving rise to additional conduction
plained by the fact that the real thickness may be higher thanhannels and cause ZBCP’s. An applied magnetic field sup-
the nominal thickness or at least higher than that of the othgpresses the tunneling conductance, and splits the peak due to
samples on the chip which showed supercurrents.dihdV  Zeemann splitting. The splitting of the peaks should be
curve of the sample at 1.2 K is shown in Fig. 7. There can béinear with the applied magnetic field:622gugH. Here
seen a striking ZBCP with a width of 2 mV. ug is the Bohr magneton anglis the Landefactor for the
ZBCP’s were observed by several groups for tunnelimpurity spin. However, our datésee the inset of Fig.)8
junctions? bicrystal junction® and at YBCO-N would imply a magnetic-field-dependegtfactor, what can-
boundarie$!*3The first experiments have been explained innot be explained within existing models.
terms of magnetic scattering centers at HT superconducting A similar dependence of the ZBCP on the magnetic field
interfaces using the Appelbaum-Anderson theéry. was observed at YBCO bicrystal junctidAsand at
Recently’?® ZBCP’s were explained by midgap Andreev YBCO-Au interface$! Furthermore, absence of ZBCP's

C. Zero-bias conductance peaks
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FIG. 8. Voltage dependence @&(H)-G(H
=0) at different magnetic-fields. The field is ap-
plied perpendicular to the edge junction; Inset:
magnetic field dependence ob2the solid line is
a guide to the eye.

0T) (arb. units)

G(H) - G(H

Y 0.3 0.2 0.1 0.0 0.1 0.2 0.3 04
Voltage (mV)

was reported in the case of Ngk Ce, ;<CuQ,, which is sup-  rier in detail. Independent of the junction fabrication process,
posed to be as-wave superconductdf. Therefore, it is rea- Wwe obtained Ry products of about 10 mV at 4.2 K. From
sonable to explain the observed ZBCP's in terms of Andreevhel-V characteristics, we were able to confirm that the qua-
bound states connected with ttlevave pairing symmetry in  siparticle current occurs by resonant tunneling via 1 and 2
YBCO. Fogelstim et al. calculated the splitting of the localized states as reported previously by other grddps.
ZBCP caused by Andreev bound states indavave In the differential conductivity, we observed a well-
superconductdt! According to this model, the surface pronounced subgap pattern, which is stable and independent
bound states couple to the magnetic field via the screeningn the junction fabrication process. This subharmonic gap
current in the superconductor. Due to the Doppler shift, theyattern can be well described by multiple Andreev reflec-
Andreev bound state is §hifted. For low ma_gnet_ic fields, th_istions, assuming an anisotropic in-plane gap in YBCO. From
effect leads to a linear increase of the shift with magnetiGg assumption, we determineil,=21-26 meV andA,

field. There is a maximum shift when the screening current. 13_17 mev which can be ascribed to the gap in the CuO

reaches the value of the order of the bulk critical current. If - : -
the field is increased above the corresponding fielgl planes and the gap in the CuO chains, respectively. The ob

: ; 39
which should be between 1 and 10 T, the shift becomesserveOI gap values fit well to the model of Atkinsenal,

nearly field independent. The change of the slope at a fieIWhO ass“.m.ed an off-diagonal pairing, additional 1o the
Ho=15 T in the s versusH dependencginset of Fig. 8 -wave pairing in the Cu@planes. A dlrect consequence of
can be well explained. One problem in the interpretation ofNiS Model is that the order parameter is not of a %yz
our data is the fact that we subtracted the peak at zero magYMmetry, but should contain a significanadmixture™
netic fields to determiné. Therefore, we cannot prove that _ Furthermore, we observed a ZBCP in some of our junc-
there is already a splitting at zero magnetic field as was dillons. The magnetic-field dependence of the ZBCP cannot be
rectly observed in YBCQ/Cu tunnel junction4® Fogel- explained in terms of magnetic impurity scattering, but can
strom et al*” attributed the zero-field splitting to the stabili- be attributed to the presence of zero energy bound states at
zation of a subdominant complexwave order parameter at the surface of al-wave superconductor.
the interface.

However, even if the interpretation of the magnetic-field
dependences is not completely understood, there is some evi- ACKNOWLEDGMENTS
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