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We observe a zero-bias conductance peaksZBCPd in theab-plane quasiparticle tunneling spectra of thin film
grain-boundary Josephson junctions made of the electron-doped cuprate superconductor La2−xCexCuO4−y. An
applied magnetic field reduces the spectral weight around zero energy and shifts it nonlinearly to higher
energies consistent with a Doppler shift of the Andreev bound statessABSd energy. For all magnetic fields the
ZBCP appears simultaneously with the onset of superconductivity. These observations strongly suggest that the
ZBCP results from the formation of ABS at the junction interfaces, and, consequently, that there is a sign
change in the symmetry of the superconducting order parameter of this compound consistent with ad-wave
symmetry.
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Crucial to the successful development of a microscopic
theoretical model for superconductivity in the high transition
temperature cupratessHTSsd is the knowledge of the sym-
metry of the order parameter describing the pairing of elec-
trons in the superconducting state. Whereas for hole doped
cuprate superconductors thedx2−y2sdd-wave symmetry has
been established, for electron doped HTSR2−xCexCuO4
fRCCOwith R=La sLd, Nd sNd, Pr sPd, Sm, Eug where car-
riers are predominantly electrons, the issue remains
controversial.1–3 In particular the formation of zero-energy
Andreev bound statessABSsd at the junction interface,2–4

that supportsd-wave symmetry, has been controversial as far
as electron-doped HTSs are concerned. ABSs at the Fermi
energy arise from constructive interference between the elec-
tronlike and holelike quasiparticles incident and reflecting at
the junction interface, which experience different signs of the
order parameter. ABSssRefs. 2–4d lead to a zero-bias con-
ductance peaksZBCPd in the quasiparticle tunneling spectra.
For a d-wave superconductor a ZBCP due to ABSs is ex-
pected for quasiparticle injection into theab plane for all
surfaces excepts100d and s010d. By contrast for ans-wave
superconductor no ABSs are formed. Hence, when identified
as arising from ABSs, the observation of a ZBCP is a clear
signature for a predominantd-wave symmetry of the order
parameter. Regarding electron-doped HTSs, a ZBCP has
been observed in PCCO thin film normal metal-insulator-
superconductorsNISd junction tunneling spectra5 and in the
spectra of a NCCO single crystal-normal metal junction6 sal-
though in this case the appearance of a ZBCP hasnot been
attributed tod-wave symmetryd. However, no ZBCP was
present in similar measurements involving NCCO single
crystals7 or thin film NCCO NIS junctions.8 In contrast to
NIS junctions, grain boundary Josephson junctionssGBJsd
provide the unique opportunity to obtain information on the
symmetry of the superconducting order parametersimulta-
neouslyfrom Cooper pair Josephson tunneling and Andreev
reflection of quasiparticles. Indeed, thep-phase shift in the
Cooper pair tunneling spontaneously induced in a tri- or tet-

racrystal geometry containing GBJs has been attributed to a
d-wave symmetry in both hole-doped and optimally electron-
doped cuprates. This leads to striking anomalies: spontane-
ous appearance of half-integer magnetic flux quanta1 or cir-
culating currents oscillating at GHz frequencies,10 or to a
magnetic field induced increase of the Josephson critical
current.9–11 So far, all phase-sensitive tests based on thedc
Josephson effect performed with GBJs of electron-doped su-
perconductors, namely with NCCOsRef. 1d and LCCOsRef.
9d, supportedd-wave symmetry. On the other hand, ZBCPs
have been only observed for hole-doped GBJs,12–14while all
previous attempts made on electron-doped NCCO, PCCO,
and LCCO GBJs have failed so far,13–16challenging the cor-
rectness of a presumabled-wave symmetry. Why do Joseph-
son tunneling on one hand and quasiparticle tunneling on the
other, both performed on GBJs, give contradictory results as
far as electron-doped cuprates are concerned? Here we
present ZBCP measurements of LCCO GBJs that may rec-
oncile these previous contradictory results.

For our experiments, 1mm thick c-axis oriented LCCO
thin films were epitaxially grown on SrTiO3 substrates by
molecular-beam epitaxy, as reported elsewhere.17 The films
were near optimal doping withx=0.105 and a critical tem-
perature of aboutTc=29 K. The SrTiO3 sSTOd substrates
contain 30 degf001g tilt symmetric grain boundaries. Subse-
quently, one film was patterned by standard photolithography
and Ar ion milling to form GBJs of widthsw between 200
and 1000mm. We made four-point measurements to obtain
the current-voltage characteristicssIVCsd and numerically
differentiate these to obtain the differential conductancesG
=dI /dVd. We current biased the samples and measured the
voltage with a resolution better than about 0.2mV, a level
settled by the environmental noise. We measured five GBJs
patterned on this filmscf. Table Id and in all cases a well-
defined ZBCP was present. In this work we selected one
representative examplesGBJ #1d showing the strongest
ZBCP and present a comprehensive set of measurements;
current-voltage characteristics in zero applied field, magnetic
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field dependence of the Josephson critical current, tempera-
ture and field dependence of the ZBCP, ZBCP dependence
on the field orientation, and a detailed analysis of the inte-
grated spectra measured, showing conservation of states. All
figures are for this particular junction except Fig. 2scd, which
shows conductance spectra at different magnetic fields of
another representative GBJ, named GBJ #2.

All GBJs we measured at temperatureT=4.2 K and at
small applied magnetic fieldssup to the mT ranged have hys-
teretic IVCs that are well described by the resistively and
capacitively shunted-junctionsRCSJd model sa representa-
tive IVC is shown in Fig. 1d. This behavior agrees well with
many other previous reports on hole-18 and electron-doped
GBJs.19 In the example shown in Fig. 1sdata for other GBJs
are given in Table Id the w=200mm wide and 1mm thick
junction has a critical currentIc=23 mA. That corresponds to
a junction critical current densityjc=11.5 A/cm2 and a Jo-
sephson penetration depthlJ=hF0/ f2pm0s2l+ td jcgj1/2 of
about 65mm. Heret is the physical barrier thickness,l is the
London penetration depthfl=250 nmsRef. 20d was taken to
calculatelJg, F0 is the magnetic flux quantum, andm0 is the
vacuum permeability. The junction is therefore in the short

junction limit w,4lJ.
1,18 Ic as a function of a small applied

field m0H sin the mT ranged parallel to thec axis, i.e., per-
pendicular to the planar junction geometrysshown in the
left-hand side inset of Fig. 1d, is shown in the right-hand side
inset of Fig. 1. This characteristic has a shape that qualita-
tively resembles a Fraunhofer patternsdotted lined. The 90%
modulation ofIc proves a good homogeneity ofjc along the
junction on a scale above 1mm. There are two main discrep-
ancies from an ideal Fraunhofer pattern; the first is that for
small fields smT ranged Josephson current does not reach
zero. Such a behavior is well understood9 in terms of small
structural fluctuations present along the GB due to its nano-
faceted character.18 The second discrepancy is that the data
are shifted along the magnetic field axis by a small back-
ground field.9 It should be pointed out that at fields in the mT
range or higher there was no trace of a Josephson supercur-
rent left on the IVC.

Figures 2sad and 2sbd show typical families ofGsVd spec-
tra of GBJ #1 measured for different large magnetic fields
sTesla ranged applied either parallel to thec axis fFig. 2sadg
or parallel to theab plane fand perpendicular to the grain
boundary; Fig. 2sbdg at a temperatureT=4.2 K. A clear
ZBCP is visible accompanied by gaplike coherence peaks at
about ±9 mV. As H increases, for Hiab both the width and
height of the ZBCP gets suppressed faster as compared to the
case Hic. In contrast to the other samples measuredfone
such example is GBJ #2—see Fig. 2scdg, for the GBJ shown
in Figs. 2sad and 2sbd there are some additional structures on
the ZBCP that are gradually suppressed by an increasing H
or T. Thus, at 4.2 Kfsee Figs. 2sad and 2sbdg the structures
vanish at 1.5 T when Hic and at 0.8 T for Hiab. Then, at
10 K fsee Figs. 3sad and 3sbdg a smooth shoulder on the
ZBCP is only left that vanishes as well above 1 T for Hic
and above 0.7 T for Hiab. These fine structures, which we
believe are related to ABS energy shifts in magnetic fields,
are not at the focus of this paper. For comparison in Fig. 2scd
we present conductance spectra of GBJ #2 at 4.2 K and five
different values of Hic axis. To focus on the ZBCP the low
voltage part of the reduced conductanceGsVd−GSGsV=0d is
plotted. The dotted line in the inset is a fit of the subgap
background conductanceGSG. The extrapolation of the dot-
ted line toV=0 yieldsGSGsV=0d.

As in many other reports5,8,13,21for both temperaturess4.2
and 10 Kd the ZBCP does not split in magnetic field as theo-
retically predicted.22 A possible explanation for this behavior
might be the considerable faceting of the grain boundary,
which, together with impurity scattering, suppresses the field
splitting of the ZBCP.2,3,13 As predicted22 the amplitude of
the ZBCP decreases with increasing Hssee Figs. 2 and 3d.
We found that at both temperatures this decrease is accom-
panied by anonlinear reduction in the integrated density of
states sIDOSd associated with the ZBCPfdefined as
eZBCPGsVddVg, which is compensated by an increase in the
IDOS at higher energy. As a result the IDOS from
−3 to 3 mV fdefined ase−3 mV

3 mV GsVddVg remains almost un-
changed. We illustrate this effect for the case of 10 K in Fig.
4, where full symbols are foreZBCPGsVddV, while empty
symbols are fore−3 mV

3 mV GsVddV. The effect is pronounced for
fields up to 2 T when the IDOS associated with the ZBCP

TABLE I. Properties of the LCCO 30 deg misoriented grain
boundary junctionssGBJsd measured at 4.2 K and zero applied
magnetic field: junction critical currentIc, return currentIr, junction
critical current densityjc, and junction widthw.

GBJ Ic smAd Ir smAd jc sA/cm2d w smmd

1 23 15 11.5 200

2 18 14 9 200

3 22 13 8 275

4 32 6.5 6.4 500

5 63 18.5 6.3 1000

FIG. 1. The current-voltage characteristic of 30 deg GBJ #1
measured at 4.2 K in zero applied field: H=0. The left-hand side
inset shows the junction geometry;a andb are the unit cell vectors.
The dashed line indicates the location of the grain boundarysGBd.
The right-hand side inset shows the junction critical current as a
function of the applied magnetic fieldsH ic axisd. The dotted line
shows the theoretical Fraunhofer pattern.
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strongly decreases from its value at 0.1 T. For larger fields
sin the range 2–7 Td the IDOS associated with the ZBCP
saturates. This observation rules out the possibility that the
observed ZBCP has a magnetic origin as in this case alinear
displacement of states with increasing H and no saturation
are expected.2,13 Here by magnetic origin of the ZBCP we
mean the Applebaum-Anderson mechanism23 of inelastic
tunneling via localized magnetic moments inside the barrier.
As in the case of direct ZBCP splitting, the observed nonlin-
ear energy displacement of statesfalso observed in hole-
doped HTS GBJssRefs. 13, 14, and 21dg might be inter-
preted as a Doppler shift. The Doppler shift of the ABS
energy22 is pSvF, wherepS, the superfluid momentum arising
from the Meissner effect, andvF, the quasiparticle velocity at
the Fermi level, are lying parallel to theab planes. So far the
Doppler shift effect observed in the junctions formed on top
of s110d-oriented films was highly anisotropic.21,24,25 It was
strongest for Hic sscreening currents at the junction inter-
faces flow in theab planed and much reduced for Hiab

FIG. 2. The variation of theGsVd spectra of GBJ #1 with mag-
netic field Hic axis sad or Hiab plane sbd at a temperature of T
=4.2 K. For clarity the spectra insad and sbd are equidistantly
shifted vertically by 0.015 S. In the insets the junction cross section
is shown schematically together with the direction of screening cur-
rent flow shorizontal arrowsd. scd The low-voltage part of the re-
duced conductanceGsVd−GSGsV=0d of GBJ #2 at five different
values of Hic axis; The inset showsGsVd at m0H=0.01 T. Here,
the dotted line is a fit of the subgap background conductanceGSG.
The extrapolation of the dotted line toV=0 yieldsGSGsV=0d. The
numbers labeling theGsVd curves are field values in Tesla.

FIG. 3. The variation of theGsVd spectra of GBJ #1 with mag-
netic field Hic axis sad or Hiab plane sbd at a temperature T
=10 K. For comparison inscd some of the conductance spectra
measured at 4.2 K for Hiab plane are shown here again without
shifting them vertically. In the insets the junction cross section is
shown schematically together with the direction of screening cur-
rent flow shorizontal arrowsd. The unspecified values ofm0H aresad
0.2, 0.8, 2, 3, 4 T;sbd 1, 2, 2.5, 3 T; andscd 1, 2, 3, 4, 5, 6 T. The
numbers labeling theGsVd curves are field values in Tesla.
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sscreening currents flow along thec axisd. A strong aniso-
tropy in the screening currents leads to the anisotropy of the
Doppler shift. In contrast, for our junction geometry, inde-
pendent of the direction of HsH ic or Hiabd, the most sig-
nificant components of the screening currents are in theab
planefsee insets in Figs. 2sad, 2sbd, and 3g. Consequently, for
both field orientations a considerable Doppler shift has to be
present. This is exactly what we observe, although, interest-
ingly, there are differencesssee Fig. 4d. Indeed, at 1 T for
H iab the IDOS associated with the ZBCP reduces down to
about 50% from its maximum while for Hic it only reaches
its maximum. Then, for Hiab the IDOS associated with the
ZBCP saturates at a lower value of about 35% from the value
at 0.1 T s68% for Hicd. Finally, as H increases for Hic the
ZBCP’s “center of mass” is located at larger conductances
than for Hiab fcompare Figs. 3sad and 3sbdg. Equivalently,
one can say that for all fieldseZBCPGsVddV is larger for Hic
than for Hiab ssee Fig. 4d. We believe these differences are
due to different screening current flow within the junctions in
the two cases. Indeed, when Hic, they have the same direc-
tion at every location within the junctionfinsets of Figs. 2sad
and 3sadg while, when Hiab, the currents have opposite di-
rection at the top and at the bottom of the junctionfinsets of
Figs. 2sbd and 3sbdg.

We have measured the temperature dependence of the
ZBCP at fixed magnetic fields of 0.01, 0.1, 0.2, 0.3, 0.5, and
1 T with Hic. Typical sets of such measurementssfor 0.2
and 1 Td are shown in Fig. 5. The ZBCP as well as the gap
structurefFig. 5sadg are suppressed with increasing tempera-
ture. The subgap background conductance gradually in-
creases with increasing T consistent with a magnetic-field-
induced reduction of the superconducting energy gap.26 For
all H measured, as T is increased from 4.2 K the amplitude
of the ZBCPfdefined as the difference betweenGsV=0d and

the absolute minimum of theGsVdg first slightly increases
and then monotonically decreases until it vanishes atTc fsee
inset of Fig. 5sadg. On the other hand, if we decreased T from
above the critical temperatureTc, for all values of applied
field H, the ZBCP appears simultaneously with the onset of
superconductivityfsee inset of Fig. 5sadg, i.e., at the critical
temperature of about 29 K. If the ZBCP would have a mag-
netic origin23 its amplitude would be a function of H and, as
T is decreased, it should appear at different temperatures for
different fields. This is not the case although H changes by
two orders of magnitude from 0.01 to 1 T. This strongly
suggests that the ZBCP does not have a magnetic origin23 but
is due to formation of ABS. The temperature dependence of
the GsVd spectra is similar to other reports of ABS-induced
ZBCPssRefs. 21 and 27d and clearly shows that the super-
conducting state is being probed.

Since we measured superconductor-insulator-super-
conductorsSISd junctions it is possible that a Josephson su-
percurrent and not the formation of ABS might be respon-
sible for the observed ZBCP. From the start it should be
pointed out that it is very unlikely that at magnetic fields in
the tesla range, where the ZBCP is very pronounced, there is
any influence of the Josephson effect still present. Indeed, at
fields in the mT range or higher there was no trace of a
Josephson supercurrent left on the IVC. To be more convinc-

FIG. 4. The integrated density of statessIDOSd versus H of the
spectra shown in Figs. 3sad and 3sbd. The IDOS is normalized to its
value at 0.1 T. The filled symbols are for IDOS associated with the
ZBCP while the empty symbols are for IDOS in the range from
−3 to 3 mV. The upper graph is for Hic axis, and the lower graph
is for Hiab plane.

FIG. 5. The variation of theGsVd spectra of GBJ #1 with tem-
perature measured at a field ofsad 0.2 T andsbd 1 T applied parallel
to thec axis. The inset insad shows the ZBCP amplitudesin units of
0.01 Sd as a function of temperature for three different values of the
applied field applied parallel to thec axis: 0.01, 0.2, and 1 T.
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ing we investigated how the ZBCP presumably due to the
Josephson tunneling changes with temperature and magnetic
field. The junctions we measured are well described within
the RCSJ modelssee Fig. 1d. As we reduceIc by applying a
magnetic field H or increasing temperature T, thermal fluc-
tuations of energykBT skB is the Boltzmann constantd be-
come important with respect to the Josephson coupling en-
ergy EJ= IcF0/2p. Therefore, one should apply the RCSJ
model in the presence of thermal fluctuations.28 On the basis
of this model that describes the behavior of the Josephson
current at finite temperatures we calculated how the ZBCP,
presumably due to the Josephson effect, changes with tem-
perature and field. Figure 6 shows calculated Josephson con-
ductance spectra for several values of the noise parameter
g=EJ/kBT= IcF0/2pkBT snote that frequently the noise pa-
rameter is defined as the inverse of the notation used hered
and alsossee the insetd how the corresponding ZBCPsam-
plitude and widthd changes withg. Within this model the
amplitude of the Josephson conductance peak strongly in-
creases withg and its width monotonically decreases withg
ssee Fig. 6d. In the experiments one reducesg by increasing
T or H ssince both T and H suppressIcd. From Figs. 2sad,
2sbd, and 3 it is clear that the width of the ZBCP first slightly
increases, then decreases with increasing field. Then as T
raises from 4.2 K up to 29 Kssee Fig. 5d the width of the
ZBCP remains practicallyunchangedsinitially it decreases
and then increases backd. As can be clearly seen by compar-
ing Fig. 3sbd with Fig. 3scd by increasing T from 4.2 to 10 K
swe estimate that by doing thatg decreases by a factor of 3d,
the peak width gets smaller for small fields or remains prac-
tically unchanged for larger fields. All these observations are
incompatible with the Josephson effect being the origin of
the observed ZBCP. In addition, the zero-bias conductance
sZBCd, i.e., the conductance at V=0, increases with Tssee
Fig. 5d, which is exactly opposite of what is expected for a
Josephson-supercurrent-induced ZBCPssee Fig. 6; also Ref.
28d. Josephson supercurrents as the cause of the observed
ZBCP can therefore be ruled out. On the other hand, a
temperature-independent width of the ZBCP has been ob-
served also in NIS junctions.21,27 Such a behavior is consis-

tent with the formation of ABS and it has been explained in
terms of rough interfaces and umklapp surface scattering.29

To get a qualitative theoretical understanding of the mea-
sured conductance spectra we have calculated the tunneling
conductance of an SIS junction in the absence of an applied
field using quasiclassical techniques as described in Refs. 22
and 30–34. It allows us to calculate the local density of states
at the two sides of the GBJ and the low transmission SIS
normalized conductance:

GsVd
Gn

=
1

Gn

dI

dV

=
d

dV
E

−`

`

dvNlsvdNrsv + Vdffsvd − fsv + Vdg. s1d

Here fsvd=1/f1+expsv /kBTdg is the Fermi distribution
function. Nlsvd and Nrsvd are thesnormalizedd local densi-
ties of states in the superconducting state on the left- and
right-hand sides of the grain boundary. They are obtained
using the Riccati method as described in Refs. 32 and 33.
The finite barrier transmission is taken into account using
Zaitsev’s boundary conditions in the form of Eqs.s32d and
s33d in Ref. 34. Here we have used a finite barrier transmis-
sion coefficient of 0.1. In order to model elastic and inelastic
scattering processes in the superconducting electrodes on
both sides of the junction we have used a parabolic energy
«-dependent quasiparticle damping rateG of the form

Gs«d
D

=
G0

D
+

1

4
S «

D
D2

s2d

in the calculation ofNlsvd andNrsvd, as shown in the inset
of Fig. 7 for G0=0.125D. Thus, our calculation takes into
account some GBJ features likesad tunneling in a SIS junc-
tion with a finite small barrier transmission;sbd a 30 deg
misorientation angle at the GB;scd a pured-wave symmetry
for the superconducting order parameter; andsdd elastic and
inelastic scattering in the electrodes. The results are shown in

FIG. 6. The calculated Josephson conductance peak as a func-
tion of the bias voltage for five different values of the noise param-
eter g. The inset shows the amplitude and width of the Josephson
conductance peak as a function of the noise parameterg.

FIG. 7. The calculated normalizedGsVd /GNsVd spectra for five
different values of the zero energy quasiparticle damping rateG0/D
and a barrier transmission coefficient of 0.1. The inset shows the
parabolic energy« dependent quasiparticle damping rate used to
calculatedGsVd /GNsVd for G0/D=0.125.
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Fig. 7 forT/Tc=0.15, and different values of the zero energy
quasiparticle damping rateG0/D. The ZBCP is strongly sup-
pressed by increasing the scattering ratesit vanishes when
G0=Dd, while for G0=0.225D the peak height reproduces the
experimental value.

Why has the ZBCP not been previously observed in ex-
periments involving electron-doped GBJssRefs. 13–16d? As
it is well known, electron-doped HTS GBJs have much
smaller Josephson critical current densitiesjc as compared to
hole-doped HTS GBJs. To give an example, electron-doped
LCCO or NCCO 24 deg GBJs have almost six orders of
magnitude smallerjc than hole-doped YBa2Cu3O7 24 deg
GBJs. That suggests that the electron-doped GBJs have a
thicker junction barriersjc exponentially decreases with the
barrier thickness14d. A thicker barrier means an enhanced
scattering rate which is known to strongly reduce the ZBCP
ssee Fig. 7 for SIS junctions; also Refs. 35 and 36 for NIS
junctionsd. It means, in principle, it should be more difficult
to observe ABS-induced ZBCP in electron-doped GBJs as
compared to hole-doped GBJs. The electron doped 30 deg
GBJs we measured havejc between 6.3 and 11.5 A cm−2 scf.
Table Id comparable to reported values for electron doped
24 deg GBJs, althoughjc exponentially decreases with the
GB misorientation angleu: jcsQd= jcsQ=0dexps−Q /Qid.18,19

Moreover, except for our groupsthis work; see also Ref. 9d,
to our knowledge there have been no reports on electron
doped 30 deg GBJs having a measurable Josephson critical
current densityjc. This proves a high quality of the GBJs we
usedsi.e., a high quality of both the STO substrate and the
bicrystal lined, translating into a thinner junction barrier

and/or less disorder at the SIS interfaces. This means in our
case there should be a significant reduction of the scattering
rates salso due to a thinner junction barrierd and surface
roughness which are known to strongly reduce the ZBCP
ssee Fig. 7 for SIS junctions; also Refs. 35 and 36 for NIS
junctionsd.

In summary our results on magnetic field and temperature
dependencies of the observed ZBCP in the tunneling spectra
of LCCO GBJs strongly suggest that the origin of the ob-
served peak is the formation of zero-energy Andreev bound
states. This supports a predominantlyd-wave symmetry of
the order parameter in the nearly optimal doped LCCO cu-
prate. Taking into account our previous phase-sensitive test
based on the tunneling of Cooper pairs,9 the present work
shows that both methods provide results that are consistent
with each other. Consequently, our measurements solve the
controversy between these two different types of phase-
sensitive tests previously performed with electron-doped
GBJs, namely, ABS-induced ZBCPs13–16 and Josephson
tunneling.1,9 In the light of previous unsuccessful attempts to
observe the ZBCP in electron-doped HTS GBJs, theobser-
vation of the ZBCP rather than itsabsenceshould be re-
garded as a powerful tool to look into the symmetry of the
order parameter in unconventional superconductors.

We thank M. Naito for his crucial support concerning film
preparation and T. Nachtrab for his assistance on magnetic
measurements. This work was supported by the ESF PiShift
program and the Landesforschungsschwerpunktprogramm
Baden-Württemberg.

*Corresponding author. Electronic address: boris.chesca@uni-
tuebingen.de

1C. C. Tsuei and J. R. Kirtley, Rev. Mod. Phys.72, 969 s2001d;
Phys. Rev. Lett.85, 182 s2000d.

2S. Kashiwaya and Y. Tanaka, Rep. Prog. Phys.63, 1641s2000d.
3T. Löfwander, V. S. Shumeiko, and G. Vendin, Supercond. Sci.

Technol. 14, R53 s2001d.
4C. R. Hu, Phys. Rev. Lett.72, 1526 s1994d; Y. Tanaka and S.

Kashiwaya,ibid. 74, 3451s1995d; S. Kashiwaya, Y. Tanaka, M.
Koyanagi, H. Takashima, and K. Kajimura, Phys. Rev. B51,
1350 s1995d.

5A. Biswas, P. Fournier, M. M. Qazilbash, V. N. Smolyaninova,
Hamza Balci, and R. L. Greene, Phys. Rev. Lett.88, 207004
s2002d; M. M. Qazilbash, Amlan Biswas, Y. Dagan, R. A. Ott,
and R. L. Greene, Phys. Rev. B68, 024502s2003d.

6A. Mourachkine, Europhys. Lett.50, 663 s2000d.
7S. Kashiwaya, T. Ito, K. Oka, S. Ueno, H. Takashima, M. Koy-

anagi, Y. Tanaka, and K. Kajimura, Phys. Rev. B57, 8680
s1998d.

8J. W. Ekin, Yizi Xu, S. Mao, T. Venkatesan, D. W. Face, M. Eddy,
and S. A. Wolf, Phys. Rev. B56, 13746s1997d.

9B. Chesca, K. Ehrhardt, M. Mößle, R. Straub, D. Koelle, R.
Kleiner, and A. Tsukada, Phys. Rev. Lett.90, 057004s2003d.

10B. Chesca, R. R. Schulz, B. Goetz, C. W. Schneider, H. Hilgen-
kamp, and J. Mannhart, Phys. Rev. Lett.88, 177003s2002d.

11R. R. Schulz, B. Chesca, B. Goetz, C. W. Schneider, A. Schmehl,
H. Bielefeldt, H. Hilgenkamp, J. Mannhart, and C. C. Tsuei,
Appl. Phys. Lett.76, 912 s2000d.

12D. Mandrus, L. Forro, D. Koller, and L. Mihaly, NaturesLondond
351, 460 s1991d.

13L. Alff, A. Beck, R. Gross, A. Marx, S. Kleefisch, Th. Bauch, H.
Sato, M. Naito, and G. Koren, Phys. Rev. B58, 11197s1998d.

14O. M. Fröhlich, P. Richter, A. Beck, R. Gross, and G. Koren, J.
Low Temp. Phys.106, 243 s1997d; R. Gross, L. Alff, A. Beck,
O. M. Froehlich, D. Koelle, and A. Marx, IEEE Trans. Appl.
Supercond.7, 2929s1997d.

15S. Kleefisch, B. Welter, A. Marx, L. Alff, R. Gross, and M. Naito,
Phys. Rev. B63, 100507s2001d.

16L. Alff, Y. Krockenberger, B. Welter, M. Schonecke, R. Gross, D.
Manske, and M. Naito, NaturesLondond 422, 698 s2003d; L.
Alff, S. Meyer, S. Kleefisch, U. Schoop, A. Marx, H. Sato, M.
Naito, and R. Gross, Phys. Rev. Lett.83, 2644s1999d.

17M. Naito and M. Hepp, Jpn. J. Appl. Phys., Part 139, 485s2000d.
18H. Hilgenkamp and J. Mannhart, Rev. Mod. Phys.74, 485

s2002d.
19S. Kleefisch, L. Alff, U. Schoop, A. Marx, R. Gross, M. Naito,

and H. Sato, Appl. Phys. Lett.72, 2888s1998d; U. Schoop, S.
Kleefisch, S. Mayer, A. Marx, L. Alff, R. Gross, M. Naito, and
H. Sato, IEEE Trans. Appl. Supercond.9, 3409s1999d.

20J. A. Skinta, M. S. Kim, T. R. Lemberger, T. Greibe, and M.

CHESCAet al. PHYSICAL REVIEW B 71, 104504s2005d

104504-6



Naito, Phys. Rev. Lett.88, 207005s2002d.
21H. Aubin, L. H. Greene, Sha Jian, and D. G. Hinks, Phys. Rev.

Lett. 89, 177001s2002d.
22M. Fogelström, D. Rainer, and J. A. Sauls, Phys. Rev. Lett.79,

281 s1997d.
23J. A. Appelbaum, Phys. Rev.154, 633 s1967d.
24M. Aprili, E. Badica, and L. H. Greene, Phys. Rev. Lett.83, 4630

s1999d.
25R. Krupke and G. Deutscher, Phys. Rev. Lett.83, 4634s1999d.
26T. Dahm, S. Graser, C. Iniotakis, and N. Schopohl, Phys. Rev. B

66, 144515s2002d.
27W. Wang, M. Yamazaki, K. Lee, and I. Iguchi, Phys. Rev. B60,

4272 s1999d.
28V. Ambegaokar and B. I. Halperin, Phys. Rev. Lett.22, 1364

s1969d; C. M. Falco, W. H. Parker, S. E. Trullinger, and Paul K.

Hansma, Phys. Rev. B10, 1865s1974d.
29M. B. Walker and P. Pairor, Phys. Rev. B60, 10395s1999d.
30A. Shelankov and M. Ozana, Phys. Rev. B61, 7077s2000d.
31M. Eschrig, Phys. Rev. B61, 9061s2000d.
32N. Schopohl and K. Maki, Phys. Rev. B52, 490 s1995d; N.

Schopohl, cond-mat/9804064sunpublishedd.
33S. Graser, C. Iniotakis, T. Dahm, and N. Schopohl, Phys. Rev.

Lett. 93, 247001s2004d.
34T. Lück, P. Schwab, U. Eckern, and A. Shelankov, Phys. Rev. B

68, 174524s2003d.
35Yu. S. Barash, A. A. Svidzinsky, and H. Burkhardt, Phys. Rev. B

55, 15282s1997d.
36M. Aprili, M. Covington, E. Paraoanu, B. Niedermeier, and L. H.

Greene, Phys. Rev. B57, R8139s1998d.

OBSERVATION OF ANDREEV BOUND STATES IN… PHYSICAL REVIEW B 71, 104504s2005d

104504-7


