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Subgap conductance features of YBa2Cu3O72d edge Josephson junctions

A. Engelhardt, R. Dittmann, and A. I. Braginski
Institut für Schicht- und Ionentechnik, Forschungszentrum Ju¨lich GmbH, D-52425 Ju¨lich, Germany

~Received 7 July 1998!

The differential conductance of YBa2Cu3O72d edge junctions with a PrBa2Cu2.9O72d 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 of ad-wave superconductor.@S0163-1829~99!08905-5#
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I. INTRODUCTION

The magnitude of the gap and the pairing symmetry
YBa2Cu3O72d ~YBCO! have been the subject of intensiv
studies. Despite the large effort invested, both are not
cisely determined and clarifying experiments are still
great interest. Tunneling studies, which should yield
most direct measurement, are hampered by the difficulty
preparing high-quality tunnel junctions. Very interesting e
forts in tunnel junctions with counter electrodes from co
ventional superconductors were performed,1,2 but these ex-
periments yield no information about the temperatu
dependence, especially at higher temperatures. Promisin
sults for all-high-Tc tunnel junctions have been achieve
with Bi2Sr2CaCu2O81x ,3 no tunnel junctions with two
YBCO electrodes have been demonstrated.

As the probability of Andreev reflections is directly re
lated to the density of states, the differential conductanc
junctions with highly transparent barriers, offers also a p
sibility to draw conclusions to the quasiparticle excitation

Conventional superconductor junctions with highly tran
parent barriers, e.g., point contacts and microbridges,
well described by the model of Blonder, Tinkham, and Kla
wijk ~BTK model!.4 It is based on the theory of Andreev an
normal reflection processes at the superconductor–no
conductor interfaces. Andreev reflection processes lead to
existence of an excess current at high voltages. The sub
monic gap structure at voltagesVn52DS /(en) can be ex-
plained by multiple Andreev reflections.5

YBCO point contact measurements were published
different groups. Break junction measurements6 in the point
contact regime revealed a subharmonic gap structure
sharp dips at voltagesVn52DS /(en), which can be well
described by the BTK model. These results gave evide
for the existence of a true gap in YBCO single crystals a
suggested as-wave pairing of the superconductor.

The disadvantage of these experiments is that point c
tacts and break junctions have a poor reproducibility a
stability. The gap value and the shape of thedI/dV curve
depend on the adjustment of the sample and the meas
ment is sensitive to surface modifications in vacuum dur
the measurements.

In this work, we present measurements on edge Josep
junctions with PrBa2Cu2.9O72d ~PrBCO! barrier which have
PRB 590163-1829/99/59~5!/3815~8!/$15.00
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more practical relevance and exhibit well pronounced a
reproducible subgap features. The transparency of the ju
tions is determined by the barrier material and the bar
thickness and not by sample adjustments or surface degr
tion during the measurement, as in the case of point conta

PrBCO usually is a Mott insulator,7 but there is some
evidence that it may become superconducting as well.8 Jo-
sephson junctions with PrBCO barrier exhibit curren
voltage characteristics similar to those of resistively shun
tunnel junctions, but with some significant deviations fro
the ideal resistively shunted junction~RSJ! model. There is
strong experimental evidence that the quasiparticle trans
in Josephson junctions with PrBaCO barriers occurs by re
nant tunneling via 1–2 localized states, whereas the su
current transport occurs by direct tunneling.9

At least for the quasiparticles, localized states are hig
transparent channels in insulating barriers. Therefore,
junction characteristics resemble more those of point c
tacts than those of tunnel junctions. A localized state can
described as a constrictionc in momentum space because t
resonant tunneling transport occurs only at the specific
ergy or momentum of the localized state. Therefore, the s
ation in Josephson junctions with a PrBCO barrier can
analyzed using models developed for geometrical cons
tions, like the BTK model4 where the ballistic transport ca
only pass a narrow channel. The phenomenological appro
of the BTK model does not take into account the inelas
relaxation in the constriction region, but later microscop
calculations of Arnold10 predicted that the position of subga
peaks is only slightly shifted from the values predicted
the BTK model. The assumption of as-wave superconducto
in the BTK-model is also not crucial for the application
the model for YBCO, because Devereauxet al.11 showed
that the peak positions persist in the case ofd-wave symme-
try and only the shape of the peaks is smeared over.

Another issue that has to be addressed is the possibilit
multiple Andreev reflections in a medium where the dom
nating transport is resonant tunneling via localized sta
The problem of the loss of phase coherence during reso
tunneling processes, especially the impact of Coulomb re
sion, has been investigated by several authors.12,13 Golub14

showed that, if the correlation time of the electrons in
Cooper pair is much longer than the decay time of a loc
ized state in the conduction electron states, superconduc
3815 ©1999 The American Physical Society
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correlations are not destroyed and multiple Andreev refl
tions are possible.

Indeed, there is clear experimental evidence for multi
Andreev reflections up ton58 in a Ag-Pb/InOx /Pb junc-
tion, with InOx containing a high density of localize
states.15 Therefore, we can assume that Andreev reflecti
in PrBCO barriers are possible as well.

The observation of subgap peaks in edge junctions, wh
can partly be explained by BTK model have already be
reported.16,17Furthermore, Polturaket al.16 observed in some
of their junctions that each subgap peak splits into th
peaks at low temperatures. The data were explained by
anisotropy of the gap betweena andb direction.

Here, we present detailed investigations of the sub
pattern in two different kinds of edge junctions with PrBC
barrier. One junction type contains oneex situ processed
YBCO/PrBCO interface, while the other type has exc
sively in situ interfaces. This allows one to distinguish b
tween extrinsic effects related to the fabrication process
intrinsic properties of the YBCO/PrBCO interfaces.

We investigated the temperature dependence of sub
monic gap features and the influence of oxygen annea
procedures. Furthermore, we present measurements of
bias conductance peaks and their magnetic-field depende
Finally, we discuss a model to describe our data in terms
an anisotropic in-plane gap in YBCO.

II. FABRICATION OF THE JOSEPHSON JUNCTIONS

Edge junctions are used in high-temperature~HT! super-
conducting electronics with a variety of barrier materials.18,19

In edge junctions, the superconducting electrodes are we
coupled along theab planes via an epitaxial barrier at
shallow step in ac-axis-oriented YBCO film. Therefore, in
contrast to the most widely used grain-boundary junctio
the current carrier transport and thus the junction proper
can be influenced by the barrier thickness and the ba
material.

As the superconducting gap is expected to be direc
dependent, the orientation of the junctions with respect to
crystal axis should be controlled. Therefore, we used s
strates with edges oriented parallel to the~100! direction and
adjusted the ramps parallel to edges of the substrates. S
YBCO films usually are twinned, the junctions may conta
domains with either thea axis orb axis parallel to the ramp

The most established way to fabricate edge junctio
which was used for our investigations as well, is to fabric
a ramp in a YBCO film by ion beam etching~see, for ex-
ample, Ref. 20!. The disadvantage of this method is the da
age of the interface by the ion beam. This may reduce
transparency of the interface and thus influences the cur
carrier transport across the junction. To make a direct co
parison, we additionally investigated an alternative meth
where the ramp is produced by a shadow mask and in
same run the barrier layer and the top YBCO electrode
depositedin situ.

The fabrication process for junctions fabricatedex situ
was described in detail elsewhere.21,22 Briefly, a bilayer con-
sisting of a 200 nm thick YBCO film for the bottom elec
trode and a 200 nm thick SrTiO3 insulation layer was depos
ited in situ by on-axis pulsed laser deposition~PLD!. The
-
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films were patterned using standard optical lithography p
cesses. The etching mask for the ramps consisted of con
tional Hoechst AZ5214 photoresist that was softened by
min post-annealing step to ensure a shallow angle. The r
was argon-ion-beam milled by a Kaufmann-type source
ing an ion-beam current density of 0.25 mA/cm2 and an
accelerating voltage of 250 V. The sample was tilted 30°
the substrate normal and rotated during the etching proc
This process assures a ramp angle of about 30° which
vents nucleation of grain boundaries in the subsequently
posited films.

After ion milling the ramp, a 35 min annealing step at t
deposition temperature and deposition oxygen pressure
carried out in the deposition chamber to recrystallize am
phous material on the surface of the etched YBCO. Aft
wards, the PrBCO barrier and another 200 nm thick YBC
film for the top electrode, were depositedin situ by sputter-
ing.

The fabrication process for junctions fabricated co
pletely in situ by the shadow micro-mask technique was d
scribed in detail elsewhere.23 Briefly, a patterned 700 nm
thick CaO/ZrO2 mask is deposited and patterned on the s
strate. This substrate is mounted on the heater of the dep
tion chamber and heated up to the deposition temperatur
about 800 °C. The bottom YBCO electrode is then depos
by PLD under an angle of 45°. Due to the microshad
mask, a ramp is formed directly during the deposition wi
out any further treatment. Therefore, the surface of the ra
is not damaged by an etching process or degraded by su
reactions duringex situprocessing.

The PBCO barrier and the YBCO counter electrode
depositedin situ at normal angle of incidence. The differen
deposition angle insures a relatively homogeneous nom
thickness of the barrier on the ramp.

Both junction types were typically fabricated with a nom
nal PrBCO barrier thickness of 30–45 nm. However, the r
thickness of the barrier layer is affected by thickness va
tions across the junction area.

The junctions themselves were defined by standard o
cal lithography and a second argon-ion-beam etching s
Finally, a gold layer with a thickness of 200 nm was evap

FIG. 1. I -V characteristic of a 3mm-wide in situ junction with
a 45 nm PBCO barrier at 15 K. Inset: Temperature dependenc
the I cRN product of differentin situ andex situjunctions.
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FIG. 2. ~a! Double logarithmic
plot of the current-voltage charac
teristic; the voltage independen
resistance R05R(V50,T
55.5 K) is subtracted. Solid line
Data fit using 2.131025 V7/3 de-
pendence (V>25 mV); ~b!
Double logarithmic plot of the
temperature dependence of th
voltage-independent conductanc
1/R-1/R0 , with R05R(V50,T
55.5 K) subtracted. Solid line:
Data fit using 1.231024 T4/3 de-
pendence.
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rated and patterned by a liftoff process to provide electr
contacts to the bottom and top electrode.

III. RESULTS AND DISCUSSION

The current-voltage (I -V) characteristics of the junction
were measured by four-point measurements in a liqu
helium dewar. The measurements at 0.6 K were performe
a He3 /He4 cryostat. The differential resistancedV/dI of the
junctions was measured by lock-in technique. In addition
the dc currentI, the sample was biased with an ac currentdI
with an amplitude of about 0.2% ofI with a frequency of 470
Hz. The voltage signaldV was phase-sensitively detected

A. Current-voltage-characteristics

Figure 1 shows theI -V characteristic of anin situ fabri-
cated junction with a PrBCO barrier of 45 nm at 15 K. T
shape of the curve is RSJ-like with a significant contribut
of excess current. The critical currentI c is 419 mA and a
I cRN product of 16 mV could be obtained in this junctio
The inset in Fig. 1 shows the temperature dependence o
I cRN product for two differentin situ junctions and oneex
situ junction with a thickness of about 40 nm. The curves
nearly linear and the magnitude at low temperatures is in
same order of magnitude as the superconducting gap. F
tunnel junction, the Ambegaokar-Baratoff relation predi
I cRN'pD/2e at T!Tc .24 A suppression of the order param
eter at the interface results in a suppression of theI cRN prod-
uct. Therefore, in the case of our junctions, no dramatic s
pression of the order parameter occurred at the YBC
PrBCO interface.

Except for the onein situ junction in Fig. 1@curve ~a!#,
most of the in situ junctions showedI cRN products were
comparable to curve~b! and exhibited no significant highe
values than the investigatedex situ junctions @curve ~c!#.
Therefore, there seems to be no significant suppression o
order parameter at the interface due to theex situtreatment.

A striking feature of theI -V curves of both types of junc
tions at lower temperatures is the increase of the conduct
with increasing voltage. According to calculations
Glazman and Matveev~GM!, resonant tunneling via one an
two localized states leads to25
l
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I 5@^G1&1^G2~T,0!&1^G2~0,V!&#•V ~1!

with the different conductance contributions^G1,2&. Further-
more, when

kBT@eV:^G2~0,V!&5A•V4/3, ~2!

kBT!eV:^G2~T,0!&5B•T4/3. ~3!

The temperature- and voltage-independent part^G1& con-
tains contributions from elastic and inelastic tunneling v
one localized state. In the case of elastic tunneling, the d
sity of localized states can be estimated using the Lark
Matveev results26

^G1&5~2e2/h!Ne . ~4!

The temperature- and voltage-dependent parts^G2(T,0)&
and^G2(0,V)& are contributions from resonant tunneling v
two localized states.

Figure 2~a! shows that the voltage-dependent compon
of the current I -V/R(V50)5^G2(0,V)&•V of an in situ
junction which was measured up to very high bias voltag
at T55.5 K. For voltages above 25 mV,I -V/R(V50) is
proportional toV7/3 and fits well Eqs.~1! and ~2!, respec-
tively. The fit parameters can be extracted from Table
Therefore, above voltages comparable to the gap, the qu
particle current in our junctions can be described by the G
model developed for normal conductor-insulator–norm
conductor~NIN! junctions, withI containing localized states

This picture holds even for lower voltages, if we analy
the temperature dependence of the conductivity. Figure 2~b!
shows that the temperature-dependent part of the condu
ity at low voltages 1/R(T,V50)21/R(0,0)5^G2(T,0)& is
proportional toT4/3 in agreement with Eq.~3!.

For edge junctions with a PrBCO barrier, this temperat
dependence, ascribed to resonant tunneling via one and
localized states, has been observed by several groups~Refs.
9 and 27!.

The existence of a superconducting gap was not ta
into account in the theory. Assumings-wave symmetry of
the order parameter, Devyatovet al.extended the GM mode
to superconducting electrodes, and showed that the l
temperature dependence of^G2& is more exponential rathe
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TABLE I. Results of the Glazman-Matveev fit of theI -V characteristic of different samples with 40 n
PrBCO; bridge width 4mm.

Sample I c(mV) R(V50) (V) G1 (mA/V7/3)

# ldy1662
before annealing~in situ! 450 24 2.131025

# ldy1662
after annealing~in situ! 450 47 331025
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than given by a power law.28 This dependence could not b
observed in our or by other groups junctions. A possi
explanation is that due to nodes in the gap, the quasipar
transport resembles more that in a NIN junction than in a
junction, withS being ans-wave superconductor.

To check the influence of the oxygen content on the tra
port properties, a sample was annealed using a 20 mbar
gen plasma at a temperature of about 550 °C for 30 m
Table I shows the data before and after annealing. This tr
ment did not influence the critical current, but decreased
conductancêG1& of the junctions by a factor of 2, which i
due to Eq.~4! an indication that the oxygen content chang
the number of localized states in the barrier. A possible
planation is that the localized states are connected with o
gen vacancies. As no influence of the oxygen content on
critical current could be observed, the Cooper-pair curren
not influenced by the number density of localized states. T
suggests that the transport mechanism for Cooper pairs
not be ascribed to resonant tunneling via localized sta
Similar observations have been reported by Verhoevenet al.
who changed the Ga content in PrBa2Cu32xGaxO72d, which
is supposed to change the density of localized states. Th
content influenced̂G1& but not the critical current.9 They
conclude, supported by the different decay length for
thickness dependence of supercurrent and normal resista
that the Cooper pair transport occurs by direct tunnel
rather than by resonant tunneling via localized states. As
do not have enough systematic data for different oxygen c
tents and related thickness dependencies, we do not d
conclusions concerning the Cooper pair transport.

B. Subharmonic gap structure

Figure 3 shows the differential conductance of anin situ
fabricated junction with a barrier thickness of 40 nm plott
against voltage at 5.5 K. The data points at low bias volt
are skipped because they include very high values due to
supercurrent contributions. Some of the junctions showed
additional zero-bias conductance peak which will be d
cussed later. The solid line in Fig. 3 is the^G2(0,V)&5A
•V4/3 with A5231025 fit of the background conductanc
corresponding to Eq.~2!.

A well pronounced, symmetric subharmonic gap struct
can be seen in Fig. 3. Only some of the peaks could
explained by the BTK model. Other explanations for pea
in the conductivity are geometrical resonances like Tom
and Mc-Millan oscillations which result from multiple An
dreev and normal reflections between normal conducting,
perconducting and insulating boundaries~see overview in the
book of Wolf29!. These geometrical resonances result
equidistant peaks and therefore do not fit our data.
e
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A better description can be achieved if the BTK model
extended to a more complicated density of states. In the B
model, there is only one peak in the density of states at
gap DS . For a system including a proximity layer at bo
interfaces, Aminovet al.30 showed that a second peak in th
density of states at the proximity gapDN result in four series
of peaks in the differential conductivity. These peaks sho
have the voltage positions:

2DS

en
;
2DN

en
;
DS2DN

en
,
DS1DN

en
, ~5!

wheren is the number of Andreev reflection.
In this superconductor–normal-metal-constriction

normal-metal–superconductor~SNcNS! model, the constric-
tion is assumed to be small and ballistic, but a recent mic
scopic model of Zaitsev31 predicted that the positions of th
peaks persist also in the case of diffusive transport.

In Fig. 4 the positive voltage branch of the conductan
measurement of Fig. 3 is shown and the visible minima
the conductance are marked. In comparison, the position
the four series of voltages forn51 andn52 are shown with
the two order parametersDS525 meV andDN516 meV.
All visible peaks can be explained in this model. The valu
are stated in Table II. From the conductance measurem
of about 20 in situ fabricated junctions on different chip
samples, the gap values are in the range of 21–26 meV
DS and of 13–17 meV forDN . The ex situfabricated junc-

FIG. 3. Differential conductance of the junction showing a su
harmonic gap structure at 5.5 K. The junction showed a super
rent at this temperature, therefore data points at low bias volta
are not plotted. The solid line is the fitG(V)52.131025 V7/3 cor-
responding to the Glazman-Matveev theory.



tt

l
tio

.

o

lu

o-
t

th
on
m
a

no
ri

he
tude
ures
ars
om-
on-
in-
er
und
e
wed

tical
e of
ra-
ring
gap

s,
he

e
re,
con-

CO

d
tion
-

ity
off-

and

nce
ure

m
th

he

ed

PRB 59 3819SUBGAP CONDUCTANCE FEATURES OF YBa2CU3O7-d . . .
tions showed sharp subgap peaks as well and could be fi
to the model with comparable values forDS andDN .

One possible origin forDN is the existence of a norma
conducting layer at the interface produced by the fabrica
process. In that case, the value forDN should be significantly
lower for the junction with theex situfabricated interfaces
As we obtained the same values forin situ andex situjunc-
tions, DN seems to be a more fundamental property
YBCO.

The determined gap values correspond to values
2DS /kBTC56.5 and 2DN /kBTC54.2. Most of the values
quoted in the literature are centered around the va
2DS /kBTC55.32

Aminov et al.33 already reported the observation of a tw
gap structure in YBCO single crystals with gap values aD
524–28 meV andD529–30 meV. Hasset al.34 reported
a two-gap structure in point contacts with gap values ofD
512 meV andD520 meV.

In in situ prepared junctions, Polturaket al.16 observed a
splitting of the gap peak into three peaks, independent of
barrier material. The average value for the voltage positi
was 16.2, 20, 24 meV. The maximum and the minimu
values are nearly the same as observed in our junctions
therefore suggest the effect to be intrinsic for YBCO and
depending on the junction fabrication process or the bar
material.

FIG. 4. Differential conductance of Fig. 3. The peaks are co
pared with the values of the subharmonic gap structure in
SNcNS model forn51 andn52.

TABLE II. Comparison of the peak positions with the expect
values forDS525 meV, DN516 meV, andn51, n52.

Peaks~mV! 2DS /
en, (n)

2DN /
en, (n)

(DS2DN)/
en, (n)

(DS1DN)/
en, (n)

4.2 4.5,~2!

8.2 9, ~1!

15.8 16,~2!

20 20.5~n!

25.5 25.2,~2!

32.4 32,~1!

40.2 41,~1!

51.9 50,~1!
ed

n

f

of

e

e
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To obtain further information about the structures, t
temperature dependence of the peak position and ampli
was investigated. The conductance at different temperat
is shown in Fig. 5. The subharmonic gap structure sme
over to higher temperatures and above 30 K vanishes c
pletely, although the critical temperature of the superc
ducting electrodes is about 89 K. The peaks move with
creasing temperature to smaller voltages. At high
temperatures, the smaller peaks vanish into the backgro
conductance. Flensberget al.35 calculated the temperatur
dependence of the subharmonics gap structure and sho
that the peaks should broaden and vanish near the cri
temperature. In our measurements, as well as in thos
other groups,16 the peaks disappear at much lower tempe
tures. This can possibly be explained by additional smea
of the subharmonic gap structures due to the presence of
nodes in YBCO.11

For a junction with a proximity layer at the interface
Aminov et al. showed that with increasing temperature, t
position of the peaks related toDN move to higher voltages
relative to the peaks which correspond toDS .30 The chang-
ing shape of ourdI/dV characteristic and the smearing of th
structures makes it difficult to observe this effect. Therefo
from the temperature dependence we cannot draw any
clusions concerning the origin ofDN .

There are several existing theories, which describe YB
as a system containing one intrinsically normal~CuO chains!
and one superconducting~CuO-planes! subsystem.36–38 Due
to the intrinsic proximity effect, superconductivity is induce
in the chains. As a result, two gaps appear in the excita
spectrum at the positionsDa andDb and can be an explana
tion for our data if we identifyDa with DS andDb with DN .
One problem with this interpretation is, that a pure proxim
coupling between the planes and the chains, without any
diagonal pairing, result in a chain gapDb in the order of 0.1
meV,39 which is two orders of magnitude lower than theDb
observed in our experiments. Atkinsonet al.39 introduced an
off-diagonal pairing between the chains and the planes
obtained gap valuesDS527 eV andDb517 meV, which
are in good agreement with our data. A direct conseque
of this model is that the order parameter is not of a p
dx22y2 symmetry, but should contain a significants
admixture.39

-
e

FIG. 5. Differential conductance at different temperatures. T
characteristics are vertically shifted for clarity.
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3820 PRB 59A. ENGELHARDT, R. DITTMANN, AND A. I. BRAGINSKI
Within this model, the value of the gap in the CuO cha
is sensitive to the oxygen content. To investigate the in
ence of the oxygen content on the subgap pattern, a sa
was annealed for 30 min using a 20 mbar oxygen plasm
a temperature of about 550 °C. Figure 6 shows the cond
tance of the same junction before and after annealing. Th
are only slight differences in the structures. The fact that
background conductivity changes due to the reduction of
density of localized states makes it difficult to detect t
change in position of the peaks at higher voltages. An ob
ous difference can be seen atDN516 meV marked by the
arrows in Fig. 6. The minimum is shifted towards high
voltages as expected if the proximity coupling of the plan
and the chains is increased by the oxygen annealing.
effect is too small to be detected in the case of the sum
difference peaks. However, the subgap pattern conne
with DN depends on the oxygen content as expected ifDN
were the proximity-induced gap in the chains.

C. Zero-bias conductance peaks

Some of the investigated junctions showed at low te
peratures a conductance peak at zero-bias voltage~ZBCP!.
The width of such a peak was between several 100mV and
several mV depending on the sample. The magnitude
creased with increasing temperature, the peak smeared
and vanished. It is difficult to investigate these peaks beca
of huge peaks due to the supercurrent. Due to barrier in
mogeneities, the supercurrent could not be totally suppre
by magnetic field in our junctions.

Therefore, we choose a sample with a 45 nm thick PrB
barrier which did not show a supercurrent. This can be
plained by the fact that the real thickness may be higher t
the nominal thickness or at least higher than that of the o
samples on the chip which showed supercurrents. ThedI/dV
curve of the sample at 1.2 K is shown in Fig. 7. There can
seen a striking ZBCP with a width of 2 mV.

ZBCP’s were observed by several groups for tun
junctions,2 bicrystal junctions40 and at YBCO-N
boundaries.41,43The first experiments have been explained
terms of magnetic scattering centers at HT superconduc
interfaces using the Appelbaum-Anderson theory44

Recently,45 ZBCP’s were explained by midgap Andree

FIG. 6. Differential conductance before and after annealing
oxygen plasma at a temperature of about 550 °C for 30 min.
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bound states that are unique tod-wave pairing symmetry and
were predicted by Hu.46 ZBCP’s should be observed in th
~110! direction where incident and reflected particles chan
sign at the interface. In our experiments, the current direc
should ideally be~100!, but, due to faceting of the YBCO
ramp, the formation of~110! interfaces is likely. Covington
et al.45 observed a ZBCP in the~100! as well as in the~110!
direction.

To gain further information about the ZBCP, we coole
the sample down to 0.6 K and measured the magnetic-fi
dependence. We observed a significant influence of magn
field on the shape of the ZBCP. As the magnitude of
applied field increases from 0 to 7 T, the conductance at z
bias decreases and the conductance at about60.2 mV in-
creases. That means that the spectral weight is shifte
higher energies. This is more easily observed if we plot
difference G(H,V)-G(H50,V) between the conductanc
curves at zero and high magnetic fields, as shown in Fig
Two peaks can be observed, separated by the distanced,
the shift of the spectral weight. The inset of Fig. 8 shows
magnetic-field dependence of 2d. At low magnetic fields,
there is a strong increase of the splitting. Above a magn
field of about 1.5 T, the slope changes and the splitting
creases only slightly and linearly with the magnetic field.

The interpretation of the ZBCP’s in our junctions in term
of the Appelbaum-Anderson model cannot be excluded
cause the quasiparticle current transport in the junction
dominated by the existence of localized states. These lo
ized states may be connected with localized magnetic
ments. Tunneling electrons could be scattered via sp
exchange interactions, giving rise to additional conduct
channels and cause ZBCP’s. An applied magnetic field s
presses the tunneling conductance, and splits the peak d
Zeemann splitting. The splittingd of the peaks should be
linear with the applied magnetic field: 2d52gmBH. Here
mB is the Bohr magneton andg is the Lande´ factor for the
impurity spin. However, our data~see the inset of Fig. 8!
would imply a magnetic-field-dependentg factor, what can-
not be explained within existing models.

A similar dependence of the ZBCP on the magnetic fi
was observed at YBCO bicrystal junctions40 and at
YBCO-Au interfaces.41 Furthermore, absence of ZBCP

n
FIG. 7. Differential conductance at 1.2 K of a junction witho

supercurrent; barrier thickness 45 nm, junction width: 3mm.
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FIG. 8. Voltage dependence ofG(H)-G(H
50) at different magnetic-fields. The field is ap
plied perpendicular to the edge junction; Inse
magnetic field dependence of 2d; the solid line is
a guide to the eye.
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was reported in the case of Nd1.85Ce0.15CuO4, which is sup-
posed to be ans-wave superconductor.42 Therefore, it is rea-
sonable to explain the observed ZBCP’s in terms of Andr
bound states connected with thed-wave pairing symmetry in
YBCO. Fogelstro¨m et al. calculated the splitting of the
ZBCP caused by Andreev bound states in ad-wave
superconductor.47 According to this model, the surfac
bound states couple to the magnetic field via the scree
current in the superconductor. Due to the Doppler shift,
Andreev bound state is shifted. For low magnetic fields, t
effect leads to a linear increase of the shift with magne
field. There is a maximum shift when the screening curr
reaches the value of the order of the bulk critical current
the field is increased above the corresponding fieldH0 ,
which should be between 1 and 10 T, the shift becom
nearly field independent. The change of the slope at a fi
H051.5 T in thed versusH dependence~inset of Fig. 8!
can be well explained. One problem in the interpretation
our data is the fact that we subtracted the peak at zero m
netic fields to determined. Therefore, we cannot prove tha
there is already a splitting at zero magnetic field as was
rectly observed in YBCO/I /Cu tunnel junctions.45 Fogel-
ström et al.47 attributed the zero-field splitting to the stabil
zation of a subdominant complexs-wave order parameter a
the interface.

However, even if the interpretation of the magnetic-fie
dependences is not completely understood, there is some
dence ford-wave pairing in our junction.

IV. CONCLUSIONS

We investigated theI -V characteristics and the differen
tial conductivity of YBCO edge junctions with PrBCO ba
a

.

v
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s
c
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s
ld
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g-

i-

vi-

rier in detail. Independent of the junction fabrication proce
we obtainedI cRN products of about 10 mV at 4.2 K. From
the I -V characteristics, we were able to confirm that the q
siparticle current occurs by resonant tunneling via 1 an
localized states as reported previously by other groups.9,27

In the differential conductivity, we observed a wel
pronounced subgap pattern, which is stable and indepen
on the junction fabrication process. This subharmonic g
pattern can be well described by multiple Andreev refle
tions, assuming an anisotropic in-plane gap in YBCO. Fr
this assumption, we determinedDa521–26 meV andDb

513–17 meV which can be ascribed to the gap in the Cu2

planes and the gap in the CuO chains, respectively. The
served gap values fit well to the model of Atkinsonet al.,39

who assumed an off-diagonal pairing, additional to t
d-wave pairing in the CuO2 planes. A direct consequence o
this model is that the order parameter is not of a puredx22y2

symmetry, but should contain a significants admixture.39

Furthermore, we observed a ZBCP in some of our ju
tions. The magnetic-field dependence of the ZBCP canno
explained in terms of magnetic impurity scattering, but c
be attributed to the presence of zero energy bound state
the surface of ad-wave superconductor.
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