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We observe a zero-bias conductance p&®CP) in the ab-plane quasiparticle tunneling spectra of thin film
grain-boundary Josephson junctions made of the electron-doped cuprate supercondugBgCa0, . 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 stA®S) 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 consistend-witvea
symmetry.
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Crucial to the successful development of a microscopiaacrystal geometry containing GBJs has been attributed to a
theoretical model for superconductivity in the high transitiond-wave symmetry in both hole-doped and optimally electron-
temperature cuprate$iTS9 is the knowledge of the sym- doped cuprates. This leads to striking anomalies: spontane-
metry of the order parameter describing the pairing of elecous appearance of half-integer magnetic flux quaatecir-
trons in the superconducting state. Whereas for hole dopecllating currents oscillating at GHz frequencl@syr to a
cuprate superconductors thg._2(d)-wave symmetry has magnetic field induced increase of the Josephson critical
been established, for electron doped HFR5.,CeCuO, current®! So far, all phase-sensitive tests based ondbe
[RCCOwith R=La (L), Nd (N), Pr(P), Sm, EJ where car- Josephson effect performed with GBJs of electron-doped su-
riers are predominantly electrons, the issue remainperconductors, namely with NCC®ef. 1) and LCCO(Ref.
controversialk=2 In particular the formation of zero-energy 9), supportedd-wave symmetry. On the other hand, ZBCPs
Andreev bound state6ABSS) at the junction interfacé&;*  have been only observed for hole-doped GB3¥ while all
that supportsl-wave symmetry, has been controversial as faprevious attempts made on electron-doped NCCO, PCCO,
as electron-doped HTSs are concerned. ABSs at the Ferrahd LCCO GBJs have failed so fér'®challenging the cor-
energy arise from constructive interference between the ele¢ectness of a presumatdewave symmetry. Why do Joseph-
tronlike and holelike quasiparticles incident and reflecting ason tunneling on one hand and quasiparticle tunneling on the
the junction interface, which experience different signs of theother, both performed on GBJs, give contradictory results as
order parameter. ABS&Refs. 2—4 lead to a zero-bias con- far as electron-doped cuprates are concerned? Here we
ductance peakZBCP) in the quasiparticle tunneling spectra. present ZBCP measurements of LCCO GBJs that may rec-
For ad-wave superconductor a ZBCP due to ABSs is ex-oncile these previous contradictory results.
pected for quasiparticle injection into theb plane for all For our experiments, Lm thick c-axis oriented LCCO
surfaces exceptl00) and (010). By contrast for ars-wave  thin films were epitaxially grown on SrTiQsubstrates by
superconductor no ABSs are formed. Hence, when identifietholecular-beam epitaxy, as reported elsewhérghe films
as arising from ABSs, the observation of a ZBCP is a cleawere near optimal doping witk=0.105 and a critical tem-
signature for a predominamkwave symmetry of the order perature of aboull;=29 K. The SrTiQ (STO substrates
parameter. Regarding electron-doped HTSs, a ZBCP hagontain 30 ded001] tilt symmetric grain boundaries. Subse-
been observed in PCCO thin film normal metal-insulator-quently, one film was patterned by standard photolithography
superconducto(NIS) junction tunneling spectfaand in the  and Ar ion milling to form GBJs of widthsv between 200
spectra of a NCCO single crystal-normal metal junctia-  and 1000um. We made four-point measurements to obtain
though in this case the appearance of a ZBCPrimideen the current-voltage characteristi¢8/Cs) and numerically
attributed tod-wave symmetry However, no ZBCP was differentiate these to obtain the differential conducta(@e
present in similar measurements involving NCCO single=dl/dV). We current biased the samples and measured the
crystalg or thin film NCCO NIS junction$. In contrast to  voltage with a resolution better than about @¥, a level
NIS junctions, grain boundary Josephson junctioG8J9 settled by the environmental noise. We measured five GBJs
provide the unique opportunity to obtain information on thepatterned on this filn{cf. Table ) and in all cases a well-
symmetry of the superconducting order paramsierulta- defined ZBCP was present. In this work we selected one
neouslyfrom Cooper pair Josephson tunneling and Andreevepresentative exampléGBJ #1 showing the strongest
reflection of quasiparticles. Indeed, tephase shift in the ZBCP and present a comprehensive set of measurements;
Cooper pair tunneling spontaneously induced in a tri- or tetcurrent-voltage characteristics in zero applied field, magnetic
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TABLE I. Properties of the LCCO 30 deg misoriented grain junction limit w<4x;%181_ as a function of a small applied
boundary junctiondGBJ9 measured at 4.2 K and zero applied field uoH (in the uT range parallel to thec axis, i.e., per-
magnetic field: junction critical currert, return current,, junction  pendicular to the planar junction geometishown in the

critical current densityj., and junction widthw. left-hand side inset of Fig.)lis shown in the right-hand side
inset of Fig. 1. This characteristic has a shape that qualita-
GBJ le (uA) Ir (nA) jc (Alcm?) w (um) tively resembles a Fraunhofer pattédotted ling. The 90%
modulation ofl. proves a good homogeneity ff along the
L 23 15 115 200 junction on a scale abovedm. There are two main discrep-
2 18 14 9 200 ancies from an ideal Fraunhofer pattern; the first is that for
3 22 13 8 275 small fields (uT range Josephson current does not reach
4 32 6.5 6.4 500 zero. Such a behavior is well understdaal terms of small
5 63 18.5 6.3 1000 structural fluctuations present along the GB due to its nano-

faceted charactéf. The second discrepancy is that the data

! . are shifted along the magnetic field axis by a small back-
field dependence of the Josephson critical current, temperggoynd field? It should be pointed out that at fields in the mT

ture and field dependence of the ZBCP, ZBCP dependenggnge or higher there was no trace of a Josephson supercur-
on the field orientation, and a detailed analysis of the int€yant |eft on the IVC.

grated spectra measured, showing conservation of states. All Figures 2a) and Zb) show typical families of5(V) spec-

figures are for this particular junction except FigcRwhich 5 of GBJ #1 measured for different large magnetic fields
shows conductance spectra at different magnetic fields O({resla rangeapplied either parallel to the axis [Fig. 2a)]

another representative GBJ, named GBJ #2. or parallel to theab plane[and perpendicular to the grain
All GBJs we measured at temperatufe4.2 K and at boundary; Fig. th)] at a temperaturei=4.2 K. A clear

small applied magnetic fieldsip to the mT rangenave hys- ZBCP is visible accompanied by gaplike coherence peaks at
teretic IVCs that are well described by the resistively and,,q + 19 mv. As H increases. forlidb both the width and

capacitively shunted-junctiofRCSJ) model (a representa- pqjont of the ZBCP gets suppressed faster as compared to the
tive IVC is shown in Fig. 1 This behavior agrees well with - .a5e ¢ 1n contrast to the other samples measufede
ma”ylg’ther previous reports on hdfeand electron-doped g, example is GBJ #2—see FidcH, for the GBJ shown
GBJs:"In the example shown in Fig. (Hata for other GBJs Figs. 4a) and 2b) there are some additional structures on

are given in Table)l the w=200 um wide and 1um thick  he 7BCP that are gradually suppressed by an increasing H

junction has a critical currerit=23 uA. That correspondsto . + Thus, at 4.2 Ksee Figs. @) and 2b)] the structures
a junction critical current densitj,=11.5 A/cnf and a Jo- vanish at 1.5 T when #t and at 0.8 T for Hab. Then. at

sephson penetration depmJ:_{q)Ol[ZT'“O(Z)_‘+t)jc]}1_/2 of 10K [see Figs. @) and 3b)] a smooth shoulder on the
about 65um. Her_et is the physical barrier thicknessisthe  7pcpis only left that vanishes as well above 1 T foldH
London penetration depftn =250 nm(Ref. 20 was takento  5nq ahove 0.7 T for Kab. These fine structures, which we

calculate) ], @q is the magnetic flux quantum, and is the  pejieve are related to ABS energy shifts in magnetic fields,
vacuum permeability. The junction is therefore in the shorty e ot at the focus of this paper. For comparison in Fig. 2
40 ——————————————————— we present conductance spectra of GBJ #2 at 4.2 K and five
I vV different values of Hc axis. To focus on the ZBCP the low
I L I . voltage part of the reduced conductar@®/) -GsgV=0) is
H=0 plotted. The dotted line in the inset is a fit of the subgap
GB background conductand@sg The extrapolation of the dot-
N . ted line toV=0 yieldsGgdV=0).
As in many other report$132ifor both temperaturegt.2
and 10 K the ZBCP does not split in magnetic field as theo-
retically predicted? A possible explanation for this behavior
might be the considerable faceting of the grain boundary,
which, together with impurity scattering, suppresses the field
05 0.0 05 1 splitting of the ZBCP-313 As predicted® the amplitude of
Magnetic field (uT) the ZBCP decreases with increasing(¢te Figs. 2 and)3
-40k _'2 ' _'1 ' (') ' 1' ' é = We found that at both temperatures this decrease is accom-
panied by anonlinearreduction in the integrated density of
Voltage (mV) states (IDOS) associated with the ZBCHdefined as
Jz8cPG(V)dV], which is compensated by an increase in the

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 sideIDOS at higher energy. As a result the IDOS from

inset shows the junction geometyandb are the unit cell vectors. -3t 3mv [d_eflned asﬁ?)mrXVG(V)dV] remains aImost_un-_
The dashed line indicates the location of the grain bounéag). ~ changed. We illustrate this effect for the case of 10 K in Fig.
The right-hand side inset shows the junction critical current as & Where full symbols are fofzscsG(V)dV, while empty
function of the applied magnetic fieldHlic axis. The dotted line  Symbols are for ;™ G(V)dV. The effect is pronounced for
shows the theoretical Fraunhofer pattern. fields up to 2 T when the IDOS associated with the ZBCP
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FIG. 2. The variation of th&(V) spectra of GBJ #1 with mag-
netic field Hic axis (a) or Hllab plane (b) at a temperature of T
=4.2 K. For clarity the spectra ifa) and (b) are equidistantly
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FIG. 3. The variation of th&(V) spectra of GBJ #1 with mag-
netic field Hic axis (a) or Hilab plane (b) at a temperature T
=10 K. For comparison inc) some of the conductance spectra
measured at 4.2 K for b 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 (horizontal arrows The unspecified values @iH are(a)
0.2,0.8,2,3,4T(b)1,2,25,3T;andc) 1, 2,3,4,5, 6 T. The
numbers labeling th&(V) curves are field values in Tesla.

strongly decreases from its value at 0.1 T. For larger fields
(in the range 2-7 Tthe IDOS associated with the ZBCP
saturates. This observation rules out the possibility that the
observed ZBCP has a magnetic origin as in this cdseear
displacement of states with increasing H and no saturation
are expected!® Here by magnetic origin of the ZBCP we
mean the Applebaum-Anderson mecharfisrof inelastic
tunneling via localized magnetic moments inside the barrier.
As in the case of direct ZBCP splitting, the observed nonlin-
ear energy displacement of statedso observed in hole-
doped HTS GBJgRefs. 13, 14, and 21 might be inter-

shifted vertically by 0.015 S. In the insets the junction cross sectiorPreted 2.’:1_3 a Doppler shift. The Dop_pler shift of the_ ABS
is shown schematically together with the direction of screening cur€N€rgy?is psve, whereps, the superfluid momentum arising

rent flow (horizontal arrows (c) The low-voltage part of the re-
duced conductanc&(V)-GggV=0) of GBJ #2 at five different
values of Hic axis; The inset show&(V) at ugH=0.01 T. Here,
the dotted line is a fit of the subgap background conduct&ge
The extrapolation of the dotted line ¥=0 yields Gsg(V=0). The
numbers labeling th&(V) curves are field values in Tesla.

from the Meissner effect, ang, the quasiparticle velocity at
the Fermi level, are lying parallel to tteb planes. So far the
Doppler shift effect observed in the junctions formed on top
of (110)-oriented films was highly anisotropf:?42°1t was
strongest for Hc (screening currents at the junction inter-
faces flow in theab plane and much reduced for b
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FIG. 4. The integrated density of stat@®OS) versus H of the
spectra shown in Figs(8& and 3b). 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 forlk¢ axis, and the lower graph
is for Hllab plane.
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(screening currents flow along tleaxis). A strong aniso- -4 -2 0 2 4
tropy in the screening currents leads to the anisotropy of the Voltage (mV)
Doppler shift. In contrast, for our junction geometry, inde-

pendent of the direction of kHlic or Hilab), the most sig- FIG. 5. The variation of th&(V) spectra of GBJ #1 with tem-
nificant components of the screening currents are inathe perature measured at a field@j 0.2 T and(b) 1 T applied parallel
plane[see insets in Figs.(d), 2(b), and 3. Consequently, for  to thec axis. The inset irfa) shows the ZBCP amplitudén units of
both field orientations a considerable Doppler shift has to b®.01 3 as a function of temperature for three different values of the
present. This is exactly what we observe, although, interestpplied field applied parallel to theaxis: 0.01, 0.2, and 1 T.
ingly, there are differencetsee Fig. 4. Indeed, at 1 T for
Hillab the IDOS associated with the ZBCP reduces down tdhe absolute minimum of th&(V)] first slightly increases
about 50% from its maximum while for ¢ it only reaches and then monotonically decreases until it vanisheb.dsee
its maximum. Then, for Kab the IDOS associated with the inset of Fig. %a)]. On the other hand, if we decreased T from
ZBCP saturates at a lower value of about 35% from the valuabove the critical temperaturk., for all values of applied
at 0.1 T(68% for Hilc). Finally, as H increases for [ the  field H, the ZBCP appears simultaneously with the onset of
ZBCP’s “center of mass” is located at larger conductancesuperconductivitysee inset of Fig. @], i.e., at the critical
than for Hiab [compare Figs. @) and 3b)]. Equivalently, temperature of about 29 K. If the ZBCP would have a mag-
one can say that for all field§gcpG(V)dVis larger for Hic  netic origir?® its amplitude would be a function of H and, as
than for Hiab (see Fig. 4. We believe these differences are T is decreased, it should appear at different temperatures for
due to different screening current flow within the junctions indifferent fields. This is not the case although H changes by
the two cases. Indeed, wheril&] they have the same direc- two orders of magnitude from 0.01to 1 T. This strongly
tion at every location within the junctidninsets of Figs. &) suggests that the ZBCP does not have a magnetic &tigir
and 3a)] while, when Hiab, the currents have opposite di- is due to formation of ABS. The temperature dependence of
rection at the top and at the bottom of the junctiorsets of  the G(V) spectra is similar to other reports of ABS-induced
Figs. 4b) and 3b)]. ZBCPs(Refs. 21 and 27and clearly shows that the super-
We have measured the temperature dependence of tleenducting state is being probed.
ZBCP at fixed magnetic fields of 0.01, 0.1, 0.2, 0.3, 0.5, and Since we measured superconductor-insulator-super-
1 T with Hllc. Typical sets of such measuremeiitsr 0.2  conductor(SIS) junctions it is possible that a Josephson su-
and 1 T) are shown in Fig. 5. The ZBCP as well as the gappercurrent and not the formation of ABS might be respon-
structure[Fig. 5@)] are suppressed with increasing tempera-sible for the observed ZBCP. From the start it should be
ture. The subgap background conductance gradually inpointed out that it is very unlikely that at magnetic fields in
creases with increasing T consistent with a magnetic-fieldthe tesla range, where the ZBCP is very pronounced, there is
induced reduction of the superconducting energy §eor  any influence of the Josephson effect still present. Indeed, at
all H measured, as T is increased from 4.2 K the amplituddields in the mT range or higher there was no trace of a
of the ZBCP[defined as the difference betwe€(V=0) and  Josephson supercurrent left on the IVC. To be more convinc-

104504-4



OBSERVATION OF ANDREEV BOUND STATES IN. PHYSICAL REVIEW B 71, 104504(2005

peak
=

RCSJ model Theory SIS, 30°GBJ
Y=o ®¢/2nk T - -

2.22

1.66

Josephson conductance
Conductance G(V)/G, (V)

Voltage, V/I.R Normalized Voltage eV/A

FIG. 6. The calculated Josephson conductance peak as a func- FIG. 7. The calculated normalize8(V)/Gn(V) spectra for five
tion of the bias voltage for five different values of the noise param-different values of the zero energy quasiparticle dampinglFgte
eter y. The inset shows the amplitude and width of the Josephso@nd a barrier transmission coefficient of 0.1. The inset shows the

conductance peak as a function of the noise parameter parabolic energy dependent quasiparticle damping rate used to
. ) ) calculatedG(V)/Gy(V) for T'o/A=0.125.
ing we investigated how the ZBCP presumably due to the

J_osephson_ tunr_leling changes with temperature a_nd ma_gn_e{'@nt with the formation of ABS and it has been explained in
I'ﬁldﬁgg% Junc(:jnons V;':e. mez;sured arg w:llbdescrlﬁ)e_d Withine s of rough interfaces and umklapp surface scattéfing.

€ " f'.””% ﬁsee_ ig. 1 S v¥e re uct c Yl_atphp ylngl ?I To get a qualitative theoretical understanding of the mea-
tma?ne Ic f|e or JPcIr(ea_smt% egwﬁ)tera ure 1, (termt? UCsured conductance spectra we have calculated the tunneling
uations o energyfs (kg is the Boltzmann constan €~ conductance of an SIS junction in the absence of an applied

come important with respect to the Josephson coupling €eld using quasiclassical techniques as described in Refs. 22

ergy EJ.ZICq)O/ZW' Therefore, one ShOUId_ apply the RCS‘] and 30-34. It allows us to calculate the local density of states
model in the presence of thermal fluctuatiéh©n the basis at the two sides of the GBJ and the low transmission SIS
of this model that describes the behavior of the Josephso srmalized conductance:

current at finite temperatures we calculated how the ZBCP,

presumably due to the Josephson effect, changes with tem- G(v) 1 dI
perature and field. Figure 6 shows calculated Josephson con- e = G.dV
ductance spectra for several values of the noise parameter " .
v=E;/kgT=1.Dy/27kgT (note that frequently the noise pa-
rameter is defined as the inverse of the notation used here
and also(see the inse¢thow the corresponding ZBCfam-
plitude and width changes withy. Within this model the Here f(w)=1/[1+exdw/ksT)] is the Fermi distribution
amplitude of the Josephson conductance peak strongly ifunction. N'(w) and N'(w) are the(normalized local densi-
creases withy and its width monotonically decreases with  ties of states in the superconducting state on the left- and
(see Fig. 6. In the experiments one reducesy increasing right-hand sides of the grain boundary. They are obtained
T or H (since both T and H suppresg. From Figs. 2a),  ysing the Riccati method as described in Refs. 32 and 33.
2(b), and 3 it is clear that the width of the ZBCP first slightly The finite barrier transmission is taken into account using
increases, then decreases with increasing field. Then as Zajtsev's boundary conditions in the form of Eq82) and
raises from 4.2 K up to 29 Ksee Fig. $ the width of the  (33) in Ref. 34. Here we have used a finite barrier transmis-
ZBCP remains practicallyinchanged(nitially it decreases sjon coefficient of 0.1. In order to model elastic and inelastic
and then increases backs can be clearly seen by compar- scattering processes in the superconducting electrodes on
ing Fig. Ib) with Fig. 3(c) by increasing T from 4.2 to 10 K poth sides of the junction we have used a parabolic energy
(we estimate that by doing thatdecreases by a factor of,3  ¢-dependent quasiparticle damping rétef the form

the peak width gets smaller for small fields or remains prac-

tically unchanged for larger fields. All these observations are I'e) Ty 1fe 2

incompatible with the Josephson effect being the origin of RN (2)

the observed ZBCP. In addition, the zero-bias conductance

(ZBC), i.e., the conductance at V=0, increases witlis&e in the calculation olN'(w) andN'(w), as shown in the inset
Fig. 5, which is exactly opposite of what is expected for aof Fig. 7 for I';=0.125\. Thus, our calculation takes into
Josephson-supercurrent-induced ZBE&e Fig. 6; also Ref. account some GBJ features lika tunneling in a SIS junc-
28). Josephson supercurrents as the cause of the observiéoh with a finite small barrier transmissiofib) a 30 deg
ZBCP can therefore be ruled out. On the other hand, anisorientation angle at the GE;) a pured-wave symmetry
temperature-independent width of the ZBCP has been olfor the superconducting order parameter; édelastic and
served also in NIS junctior®:?” Such a behavior is consis- inelastic scattering in the electrodes. The results are shown in

A )
- dvf_w doN'(w)N(w + V)[f(w) - f(o+V)]. (1)
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Fig. 7 forT/T.=0.15, and different values of the zero energyand/or less disorder at the SIS interfaces. This means in our
quasiparticle damping ralé,/A. The ZBCP is strongly sup- case there should be a significant reduction of the scattering
pressed by increasing the scattering rdtevanishes when rates (also due to a thinner junction barrieand surface

I'o=4), while for I'y=0.225\ the peak height reproduces the youghness which are known to strongly reduce the ZBCP

experimental value. , ) (see Fig. 7 for SIS junctions; also Refs. 35 and 36 for NIS
Why has the ZBCP not been previously observed in &Xjunctions.

periments involving electron-doped GBRefs. 13-16? As In summary our results on magnetic field and temperature

it is well known, electron-doped HTS GBJs have muchyenendencies of the observed ZBCP in the tunneling spectra
smaller Josephson critical current densifieas compared to ¢ | cco GBJs strongly suggest that the origin of the ob-

hole-doped HTS GBJs. To give an example, electron-dopedereq peak is the formation of zero-energy Andreev bound

LCCO or NCCO 24 deg GBJs have almost six orders ofgiates This supports a predominandlwave symmetry of
magnitude smallelj. than hole-doped YB&£u;0,; 24 deg ' PP P I y y

the order parameter in the nearly optimal doped LCCO cu-

GBJs. That suggests that the electron-doped GBJs have f,ie Taking into account our previous phase-sensitive test
thicker junction barrier(j. exponentially decreases with the p,<ed on the tunneling of Cooper pdirthe present work

barrier thicknesS). A thicker barrier means an enhanced g5 that both methods provide results that are consistent
scattering rate which is known to strongly reduce the ZBCR, ity each other. Consequently, our measurements solve the
.(see.Flg. 7 for SIS jgnctlpns; als'o Refs. 35 and 36 'fo.r I\”Scontroversy between these two different types of phase-
junctions. It means, in principle, it should be more difficult ¢oqsitive fests previously performed with electron-doped

to observe ABS-induced ZBCP in electron-doped GBJs agg g namely, ABS-induced ZBCPs!® and Josephson
compared to hole-doped GBJs. The electron doped 30 d&gnnejing9 In the light of previous unsuccessful attempts to

GBJs we measured hajebetween 6.3 and 11.5 A ci(cf.  pserve the ZBCP in electron-doped HTS GBJs, dheer-
Table ) comparable to reported values for electron doped,aiion of the ZBCP rather than itabsenceshould be re-
24 deg GBJs, although, exponentially decreases with the garded as a powerful tool to look into the symmetry of the

; . . . — — _ 18,19 . .
GB misorientation angl®: j(0)=](©=0exp(-0/0)). order parameter in unconventional superconductors.
Moreover, except for our groufthis work; see also Ref.)9

to our knowledge there have been no reports on electron We thank M. Naito for his crucial support concerning film
doped 30 deg GBJs having a measurable Josephson critiqgaleparation and T. Nachtrab for his assistance on magnetic
current densityj.. This proves a high quality of the GBJs we measurements. This work was supported by the ESF PiShift
used(i.e., a high quality of both the STO substrate and theprogram and the Landesforschungsschwerpunktprogramm
bicrystal ling, translating into a thinner junction barrier Baden-Wirttemberg.
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