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The mechanisms of current transport in interface-engineered junctions(IEJs) with ramp-edge geometry were
investigated to clarify the possible origin of the statistical fluctuation of the Josephson critical current. More
than 1000 junctions with a ramp edge aligned either along the[100] or [110] axis of the high-temperature
superconductor electrode were fabricated under various process conditions. These junctions exhibited a critical
current density ranging from 102 to 106 A/cm2 at 4.2 K while maintaining a magnetic field modulation of the
critical current exceeding 80% without any indication of the peculiar effect ofd-wave pairing symmetry. The
junctions with a critical current density exceeding 104 A/cm2 exhibited an appreciable amount of excess
current that grew rapidly within an approximate voltage range of less than 5 mV. The critical current versus
temperature characteristics of these junctions were found to be explained reasonably well by a superconductor-
normal-superconductor(SNS) junction model in the diffusive regime. This model is also consistent with our
observation of a weak subharmonic gap structure due to multiple Andreev reflections. In addition, we found
that the Josephson critical currentsIcd exhibited a good correlation with the differential resistance near 0 V,
while the normal resistance defined at a current level of two to three timesIc varied appreciably even for
junctions with a similarIc. This indicates that another conduction channel with little contribution to the
Josephson current coexists within the junctions. ThedI /dV measurement for high resistance junctions revealed
that resonant tunneling of quasiparticles through localized states in an insulating barrier constitutes this second
conduction channel. All these results suggest that IEJs should be regarded as an array of microscopic SNS
contacts embedded in an insulating barrier with random orientation. The fluctuation in the number of SNS
contacts in a junction restricts the attainable minimum spread of theIc value.
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I. INTRODUCTION

The uniformity and reproducibility of junction character-
istics still constitute the major challenge facing high-
temperature superconductor Josephson junction technology
for digital circuit applications. The interface-engineered
junctions(IEJs) proposed by Moeckly and Char seem to be
most promising in this regard.1 The basic concept concerning
fabrication of an IEJ is to create a thin barrier layer on the
ramp edges by damaging the YBa2Cu3O7 (YBCO) base elec-
trode surface using ion bombardment and then recrystallizing
the surface into a barrier during the subsequent counter-
electrode deposition process. Moeckly and Char have uti-
lized low-temperature annealing of YBCO ramp edges at
400–600°C in vacuum for 30 min followed by plasma treat-
ment of the surface for several minutes in a
10–100 mTorr Ar/O2 mixture gas to create the barrier layer.
Junctions fabricated by this process have exhibited clear Jo-
sephson characteristics appropriate for single-flux-quantum
logic circuit applications. The standard deviations of the
Josephson critical currentsIcd has been reported to be as low
as 7.8% over ten junctions in a chip, which is far superior to
the values reported for any of the other junctions with an
artificial barrier.2

The high uniformity of IEJs has been verified further by
the subsequent work of Satoh and his co-workers,3 though
their fabrication process differed considerably from that of
Moeckly and Char. They found that even a conventional ion-
milling process to form the ramp-edge structure followed by

counter-electrode deposition in appropriate conditions was
sufficient to create an interface barrier. The standard devia-
tion of Ic in this type of IEJ was 8% for a 100-junction array
in a chip at 4.2 K. Since then, several groups have pursued
this approach aiming at a further reduction in theIc spread,
and have reporteds values as low as 5.7% for 100 junctions
and 7.3% for even a 1000-junction array.4

In spite of such progress in fabrication technology, how-
ever, neither the structure of the interface barrier nor the
current transport in IEJs is well understood. It has been rec-
ognized that the ion-milling process produces a Y-rich amor-
phous layer with a thickness of a few nm on the ramp edges.5

Early transmission electron microscopy and microanalysis
studies on IEJs with a relatively low Josephson critical cur-
rent densitysJcd have indicated that the amorphous layer
turns into a 2- to 3-nm-thick continuous well-crystallized
barrier with cubic or pseudo-cubic symmetry covering the
ramp-edge surface without any detectable pinholes.5,6 How-
ever, more recent studies have clarified that such a well-
defined barrier disappears in high-Jc junctions with Jc ex-
ceeding 105 A/cm2.7–9 These results indicate that the
microstructure of the junction interface is process dependent,
and thus various current transport mechanisms may coexist
within the junction. It is highly probable that the relative
importance of the individual mechanisms differs among
junctions depending on the fabrication process. In fact, some
authors have already pointed out that resonant tunneling of
quasiparticles plays an important role in low-Jc junctions,
while a metallic channel dominates the Josephson current in
high-Jc junctions.10,11
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Another important issue that has to be addressed is the
effect of thed-wave pairing symmetry in high-temperature
superconductors on the Josephson characteristics. A micro-
scopic theory for the Josephson current in anisotropic super-
conductor junctions in the clean limit with arbitrary interface
transparency has been developed fully, and various peculiar
features originating from the angular dependent order param-
eters have been predicted.12–15An important consequence of
the theory is the anomalous behavior of the Josephson cur-
rent in terms of its magnitude and its temperature depen-
dence in junctions with a specular interface that has a non-
zero anglea relative to thea axis of high-temperature
superconductors. Experimental observation of this peculiar
phenomenon, however, is still controversial.16–19 Rather, the
behavior of some grain boundary junctions.16–20seems to be
consistent with the phenomenological theory of Sigrist and
Rice.21 This certainly requires a rational explanation.

In this paper, we report the results of a detailed study of
current transport in IEJs based on more than 1000 junctions
that we have fabricated and tested so far, and discuss a pos-
sible junction model that can account for the overall features
of the observed junction characteristics. Attention is also
paid to the possible origin of theIc spread.

II. JUNCTION FABRICATION

IEJs with YbBa2Cu3O7−x (YbBCO) as the counter elec-
trode were fabricated on ramp edges formed in 200-nm-thick
YBCO base-electrode layers. The junction structure is shown
schematically in Fig. 1. An epitaxial SrTiO3, CeO2, or
SrSnO3 film was used for interlayer isolation. We have not
observed any significant differences in junction characteris-
tics among junctions with different isolation layers. All the
films used in the present work were grown on SrTiO3 (100)
substrates using an off-axis sputtering system. The advantage
of YbBCO as the counter electrode compared with conven-
tional YBCO is that it can grow with completec-axis orien-
tation in a far wider temperature range than is possible with
the other 123 compounds.22 This enables us to investigate the
dependence of the junction characteristics on the substrate
temperature for counter-electrode deposition in a wider range
without sacrificing the quality of the counter-electrode layer.

Details of our junction fabrication process have been de-
scribed elsewhere.22,23 Briefly, ramp-edge structures were
produced using a photoresist mask that was reflowed after
patterning and Ar-ion milling with substrate rotation during
etching. The resultant ramp edges had a taper of 20° inde-
pendent of the edge orientation in a wafer. After etching, the

samples were heated to the temperature for the counter-
electrode deposition and maintained at that temperature for
10 min. An activated oxygen flux from an electron cyclotron
resonance(ECR) plasma source was supplied during the an-
nealing process. Then, a 300-nm-thick YbBCO layer was
deposited and the counter-electrode pattern was formed after
covering the wafer surface with a 1-mm-thick Au film. In our
standard process, the ramp edge was aligned parallel to the
[100] axis of the SrTiO3 substrate(i.e., parallel to thea or b
axis of YBCO), and the junction width was fixed at 4mm. In
addition to these “standard” junctions, we have also fabri-
cated some junctions with[110]-oriented ramp edges for
comparison. We denote these junctions as[110] junctions in
the present paper.

Empirically, we know that the junction characteristics are
sensitive to the substrate temperature for counter-electrode
deposition and the power supplied to the ECR plasma source
during the annealing process. Other factors that have signifi-
cant influence on the junction characteristics are the accel-
eration voltage and the incident angle of the Ar-ion beam
utilized for the fabrication of the ramp-edge structure. By
varying these process parameters, we have obtained IEJs
with a Josephson critical current density ranging from 102 to
106 A/cm2. Throughout the present paper, we define the Jo-
sephson critical current densityJc as Jc= Ic/wt, wherew is
the junction width andt is the thickness of the base-electrode
layer. We have processed more than 80 wafers under various
process conditions. Every wafer contains nine chips, and
each chip has either 16 individual junctions or a 100-junction
array on it. From among the large number of fabricated junc-
tions, only those exhibiting excellent Josephson characteris-
tics with a magnetic field modulation ofIc exceeding 80% at
4.2 K were selected to obtain the reliable data discussed in
this paper.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Josephson properties of standard junctions

Figure 2 depicts several examples of the current-voltage
sI-Vd characteristics observed at 4.2 K for our standard(i.e.,
[100]-oriented) IEJs with a critical current density ranging
from 4.53105 A/cm2 [Fig. 2(a)] to 5.83103 A/cm2 [Fig.
2(d)]. The pale lines in Figs. 2(a)–2(c) represent theI-V
curves in a high magnetic field applied parallel to the junc-
tion interface, and the dotted lines show the hypothetical
simple ohmic behavior corresponding to the junction normal
resistanceRn defined at a current level of two to three times
Ic. It is apparent that the junctions shown in Figs. 2(a)–2(c)
exhibit an appreciable amount of excess currentIex at high
voltages that grows rapidly within an approximate voltage
range of less than 5 mV. The differential resistanceR0 near
0 V, which is defined in Fig. 2(a), is a parameter that char-
acterizes the highly nonlinearI-V curves in a magnetic field.
The presence of the excess current becomes less noticeable
as Ic decreases, and junctions with a Josephson current den-
sity of less than 104 A/cm2 exhibit what seem to be deficit-
current characteristics. A typical example of this is shown in
Fig. 2(d), in which the dash-dot line represents the extrapo-

FIG. 1. Schematic representation of an interface-engineered Jo-
sephson junction with ramp-edge geometry.
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lation of the quasilinearI-V characteristics exhibited at high
voltages.

Figure 3 shows the magnetic field dependence observed at
4.2 K for the junction whoseI-V characteristics are shown in
Fig. 2(b). The pale line in the figure represents the theoretical
Fraunhofer pattern for a junction with uniform current distri-
bution within the junction area. Although the agreement be-
tween the theoretical prediction and the experimental result
is satisfactory, some discrepancies can be seen in the heights
of the higher order maximums in the diffraction pattern.
These discrepancies, together with the presence of finite re-
sidual currents at the minima, are probably due to inhomo-

geneities distributed randomly all over the junction interface.
The junctions withIc of less than 1 mA exhibited a more or
less similar response to the magnetic field, though the details
of the individual diffraction patterns differed from junction
to junction, especially in high magnetic fields.

The junctions withIc far exceeding 1 mA behaved differ-
ently. These junctions exhibited a magnetic field response
typical of a Josephson junction in the large junction
regime.24 The critical currents decreased linearly within a
certain magnetic field range, and the residual supercurrent
sI resd in a high magnetic field was almost independent of the
field strength.I res in a magnetic field of 7300 A/m, which
was the maximum field that we could apply in our measure-
ment apparatus, increased gradually with the increase in the
Ic in a zero magnetic field, andI res/ Ic amounted to more than
15% for junctions with Ic of around 8 mA (i.e., Jc
=106 A/cm2). The crossover from small junction behavior to
large junction behavior at anIc of around 1 mA seems to be
consistent with the London penetration depth of around
0.2 mm observed for our YBCO and YbBCO films at low
temperatures.23

Figure 4(a) displays the correlation between the junction
normal resistanceRn and Ic at 4.2 K for our standard IEJs
with various values ofIc. As mentioned above, we definedRn
as the differential resistance within a current level of two to
three timesIc. An interesting feature that can be seen is the

FIG. 2. Current-voltage characteristics observed at 4.2 K for
IEJs with a Jc of (a) 4.53105 A/cm2, (b) 1.33105 A/cm2, (c)
5.53104 A/cm2, and (d) 5.83103 A/cm2, with and without an
applied magnetic field that minimizes the zero-voltage current. The
dotted lines in(a)–(c) represent hypothetical simple ohmic behavior
corresponding to the junction normal resistanceRn. The dash-dot
line in (a) defines the differential resistanceR0 near 0 V, while that
in (d) is an extrapolation of the quasilinearI-V characteristics ex-
hibited at high voltages.

FIG. 3. Magnetic-field modulation ofIc observed at 4.2 K for a
junction with a Jc of 1.33105 A/cm2. The pale line shows the
theoretical Fraunhofer pattern for a junction with uniform current
distribution.

FIG. 4. (a) Correlation betweenIc and the junction normal re-
sistanceRn defined at a current level of two to three timesIc. The
dark dotted line shows the theoretical prediction based on the quan-
tum point contact(QPC) model, while the pale dotted line corre-
sponds to the SNS model.(b) Similar plot of the differential resis-
tanceR0 near 0 V vsIc.
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large variation inRn for junctions with similarIc, especially
in the high Ic region. In the case of junctions with anIc of
1 mA, we notice that theRn ranges from 1.3 to 5V. Such
variations inRn are certainly beyond any experimental error
and suggest that the critical factors influencingIc andRn are
not identical. In contrast, if we plot the differential resistance
R0 at V,0 againstIc, we obtain a far better correlation be-
tween them as shown in Fig. 4(b). This implies thatIc and
R0, and thusIc and Iexc, have the same origins.

The experimental results seen in Figs. 4(a) and 4(b) can
be reasonably understood by assuming that two kinds of cur-
rent transport paths coexist in the junctions, as schematically
depicted in Fig. 5. One of them(path 1) gives a convex
curvature in theI-V characteristics and is thus responsible for
the excess current. We think that this current path is directly
related to the Josephson current. Another path is a channel
through a barrier of low transparency, which gives a weak
concave curvature in theI-V characteristics. We think that
this current path plays no significant role in determining the
Josephson current, at least in junctions withJc exceeding
104 A/cm2, except that it works as a shunt resistor embedded
within a junction. These current paths will be discussed fur-
ther in later sections.

Figure 6 shows the temperature dependences ofIc ob-
served for several junctions withJc larger than 104 A/cm2 at
4.2 K. In spite of the large variation in the absoluteIc values,
two general features are evident in the figure. First, all the
curves exhibit a weak saturation tendency at low tempera-
tures, which is far weaker than that expected from a simple
tunneling theory(Ambegaokar–Baratoff theory) and is close
to that expected for the clean weak links described by the
Kulik–Omelyanchuk theory.25 This suggests that the Joseph-
son current in these IEJs flows through a transport channel
with a relatively high electron transmission probability. The
presence of such a highly transparent channel is consistent
with the observation of a large excess current in these junc-
tions.

The second feature evident in Fig. 6 is the “long tails” at
high temperatures. We have confirmed that these long tails
can be fitted closely either bys1−T/Tcd2 or s1−T/Tcd3/2,

depending on theIc value at 4.2 K.26 Junctions with anIc of
less than 2 mA at 4.2 K generally exhibiteds1−T/Tcd2 be-
havior, whiles1−T/Tcd3/2 described junctions with a largerIc

better. These peculiar temperature dependences in the vicin-
ity of the critical temperaturesTcd can be understood within
the framework of the proximity effect theory. It is known
that in superconductor-normal-superconductor(SNS) junc-
tions with a small boundary resistance at the SN interfaces,
depairing in the S electrode by the proximity effect results in
s1−T/Tcd2 dependence nearTc, and if the N-layer thickness
is small enough, depairing in the S electrodes by the super-
current modifies the temperature dependence tos1
−T/Tcd3/2.27 Furthermore, Golubov and Kupriyanov have
pointed out that Josephson junctions with thin normal con-
ducting layers on both sides of a tunnel barrier exhibit simi-
lar s1−T/Tcd2 dependence nearTc due to the proximity ef-
fect, and this dependence changes tos1−T/Tcd3/2 when the
normal conducting layer on one side of the tunneling barrier
disappears.28 The same authors have also confirmed that
these conclusions are valid even if the tunneling barrier is
replaced by a microconstriction with arbitrary transparency.29

Although we cannot infer the types of junctions to which our
IEJs belong solely from the temperature dependence ofIc
nearTc, it is probable that the local critical temperatureTc

* in
the close vicinity of the junction interface becomes low com-
pared with that in the bulk electrodes due to the strain or
oxygen deficiency at the interface.

The presence of an appreciable amount of excess current
together with the peculiar temperature dependence ofIc men-
tioned above indicates that a simple superconductor-
insulator-superconductor(SIS) or superconductor-normal-
insulator-normal-superconductor(SNINS) junction model
with an insulator barrier of low transparency is inadequate to
describe the junction characteristics, at least for junctions
with Jc exceeding 104 A/cm2. Rather, a SNS picture either in
the clean limit or in the dirty limit seems to provide a good
starting point for further analysis. From this viewpoint, we
next look at the junction normal resistance values. Experi-
mentally, the junction resistanceRn was almost independent
of temperature or slightly decreasing at low temperatures for

FIG. 5. Current transport paths postulated to coexist in a junc-
tion. The total current is given by the sum of the contributions from
path 1 and path 2.

FIG. 6. Temperature dependence ofIc observed for several junc-
tions with Jc larger than 104 A/cm2 at 4.2 K.
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most of our junctions. The exceptions were the junctions that
exhibited lowJcs!104 A/cm2d and current-deficit character-
istics at low temperatures as seen in Fig. 2(d), which exhib-
ited an appreciable increase inRn at low temperatures. In the
case of an SNS junction in the clean limit, the normal resis-
tance can be given by the Sharvin resistanceRs
=4p2"3/e2m2vF

2DS, wherem denotes the electron effective
mass,vF is the Fermi velocity,D is the transmission prob-
ability of the interface, andS is the junction area. On the
other hand, in the case of the dirty limit, the junction resis-
tance is simply expressed asrdN/S, wherer is the resistivity
anddN is the thickness of the interface layer. If we assume

that the interface layer has electronic properties similar to
those of ion-damaged or oxygen-deficit YBCO in the metal-
lic regime close to the metal-insulator transition, the carrier
densityn and the resistivityr in the interface layer are not
far from 131021 cm−3 and 1 mV cm, respectively.30,31

These values, together with the reasonable estimates ofvF
,13107 cm/s andm,5me (me is the free electron mass),
result in the characteristic length in the clean limitj0s
="vF /2pkBTcd,1.5 nm (for Tc=80 K), the mean free path
l ,1.8 nm, and the characteristic length in the dirty limitjs
=Îj0ld,1.7 nm. Simple calculation using these parameters
yields the Sharvin resistance for the clean limit withD=0.5
as 1.7310−10 V cm2 and the normal resistance of a dirty
SNS junction withd=5j as 8.5310−10 V cm2. These resis-
tance values are considerably smaller than those observed
experimentally for our IEJs, which can be seen in Fig. 4(a).
This fact suggests that the Josephson current paths cover
only a small fraction of the junction area. It should be noted
that the junction resistance in Fig. 4(a) is thought to contain
the contribution from a shunt resistor within the junction as
we discussed above; thus, the actual resistance of the Joseph-
son current path in our IEJs would be higher than those seen
in the figure.

B. Characteristics of [110] junctions

Figure 7 shows theI-V characteristics at 4.2 K with and
without an applied magnetic field[Fig. 7(a)], the Fraunhofer
pattern [Fig. 7(b)], and the temperature dependence ofIc
observed for a junction with the ramp edge aligned parallel
to the [110] axis of the YBCO base electrode([110] junc-
tion). This junction was fabricated under the same process
conditions as those used to fabricate the standard junction,
whose characteristics are shown in Figs. 2(b) and 3. Com-
parison with the standard junction shows that the[110] junc-
tion exhibited a 40% higherIc at 4.2 K. This difference in
the Ic values, however, is within the unavoidable run-to-run
variation in our present process technology. Similarly, we
could not observe any significant difference in the Fraun-
hofer patterns between these two types of junctions, though
the [110] junction exhibited some indications of large junc-
tion behavior due to its higherIc and a less-ideal periodic
pattern in a high magnetic field. The most significant finding
revealed by the comparison is that the temperature depen-
dence ofIc in the[110] junction is exactly the same as that in
the standard junction, as seen in Fig. 7(c). This definitely
contradicts the theoretical prediction for clean Josephson
junctions between twodx2−y2-wave superconductors with per-
fectly flat interfaces(specular junctions).13,14,32

According to the formulation given by Tanaka and
Kashiwaya,14 the Josephson current in adx2−y2-wave
superconductor/insulator/dx2−y2-wave superconductorsd/ I /dd
junction with [100] orientation can be described as

Isswd =
pDsTd
4eRn

E
−p/2

p/2 sin w coss2ud
Î1 − D sin2sw/2d

3tanhFDsTdcoss2udÎ1 − Dsin2sw/2d
2kBT

Gcosudu,

s1d

wherew is the phase difference across the junction,DsTd is

FIG. 7. (a) I-V characteristics at 4.2 K with(pale line) and with-
out (dark line) an applied magnetic field.(b) Magnetic-field modu-
lation of Ic. (c) Temperature dependence ofIc observed for a[110]
junction.
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the order parameter in the superconductor electrodes,Rn is
the normal resistance of the junction,T is the temperature,D
is the transmission probability of the barrier, andu is the
angle of the quasiparticle injection relative to the junction
interface normal.Rn is given by

Rn
−1 =

e2

p"

kFW

p
D, s2d

wherekF is the Fermi wave number andW is the junction
width.

Equation (1) is similar to that for Josephson junctions
made ofs-wave superconductors, except that the angular de-
pendence of the order parameter is taken into account. On
the other hand, the Josephson current in the[110] junction
can be expressed as

Isswd =
pDsTd
4eRn

E
−p/2

p/2 sin w sins2ud
ÎD cossw/2d

3tanhFÎDDsTdsins2udcossw/2d
2kBT

Gcosudu. s3d

It is straightforward to calculate Eqs.(1) and(3) numerically
under the assumption thatDsTd obeys the Bardeen–Cooper–
Schrieffer(BCS) theory. By maximizingIsswd with respect to
w, we can obtain the theoreticalIcRn vs T characteristics for
both the standard and[110] junctions.

Figure 8 shows the results of the calculations using Eqs.
(1) and (3) with D ranging from 0 to 1.0. The dark lines
represent the results for a standard[100] junction and the
pale lines represent those for a[110] junction. We can see
two peculiar features even for the standard junctions: smaller
Ic values compared with those for conventionals-wave junc-
tions and weaker saturation behavior at low temperatures. In
particular, the junction in the ballistic limitsD=1d shows
quasilinear temperature dependence over the entire tempera-
ture range. These features seem to be reasonable because the
angular-averaged order parameter ind-wave junctions is al-
ways smaller than that ins-wave junctions. The behavior of

the [110] junction is far more anomalous. We can see an
increasing enhancement in theIc value at low temperatures
with decreasingD. This enhancement originates from the
zero-energy bound states formed at the[110]-oriented junc-
tion interface.

It is evident that the specular junction model cannot ex-
plain our experimental results. We can conceive of several
possible reasons for the discrepancy. The simplest idea
would be that the actual junction interface is not perfectly
flat but rather oriented randomly from place to place within a
junction. This microscopic random orientation of junction
interface would make the junction characteristics self-
averaged over the angle of the local interface to the crystal-
lographic axis, resulting in seemingly isotropic characteris-
tics for every junction regardless of its nominal orientation.
However, this simple idea alone is insufficient to explain the
experimental data, because the inclusion of even a small
fraction of[110]-oriented specular interface within a junction
would result in divergent behavior in theIc versus tempera-
ture characteristics at low temperatures. The only exception,
as long as we accept the theoretical basis expressed by Eq.
(1), is that the junction is composed of point contacts in the
quantum limit with random orientation relative to the crys-
tallographic axis. In this case, the direction of the quasipar-
ticle injection into each point contact is restricted precisely
along the normal to the interface, and thus the zero-energy
bound state is not formed regardless of the relative orienta-
tion of the point contact. The Josephson current at low tem-
peratures through each point contact making an anglea with
the crystallographica axis is approximately proportional to
Ds0dcoss2ad, which vanishes for[110]-oriented interfaces
sa= ±p /4d. The total Josephson current is given by the sum
of the current through individual point contacts, and thus we
can expect nondivergentIc vs T characteristics, similar to
those of the[100]-oriented specular junctions shown in Fig.
8, regardless of the nominal orientation of the ramp edges.

Another possibility that should be addressed is the effect
of disorder on the Josephson current in anisotropic supercon-
ductor junctions. Several authors have discussed the effect of
interface roughness on d/ I /d Josephson junction
characteristics.13,33–35Electron scattering at the rough inter-
face broadens the zero-energy bound states, and as a conse-
quence the anomalous temperature dependence ofIc in d/ I /d
junctions with aÞ0 is smeared out. Golubov and Kupriy-
anov have indicated thatIc of a d/ I /d junction atT=0 scales
as cos2s2ad in the regime of strong interface roughness.34

Thus, we can expect thatd/ I /d junctions with a rough inter-
face of random orientation exhibit isotropic behavior without
any low-temperature anomaly in theirIc vs T characteristics.
Unfortunately, however, the theoretical study has also clari-
fied that the complete suppression of the anomaly in[110]-
oriented junctions simultaneously results in a significant re-
duction in theIc value even for[100]-oriented junctions. This
does not coincide with our experimental data.

In contrast, Asano has clarified that in the case of an SNS
structure, the ensemble average of the Josephson current in
[110]-oriented junctions vanishes when the N-layer is in the
diffusive regime while[100] junctions with a similar N-layer
exhibit a Ic value comparable with that ofs-wave
junctions.36,37 The same author has also reported that the

FIG. 8. IcRn vs T calculated by the Tanaka–Kashiwaya theory
with the transmission coefficientD as a parameter. The dark lines
correspond to[100] junctions and the pale lines to[110] junctions.
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disappearance of the Josephson current in[110] junctions
occurs even when the N layer is in the quasiballistic regime
(i.e., dN is not much larger than the mean free pathl).38

These theoretical results lead us to another model for IEJs in
which the junctions are composed of microscopic diffusive
SNS junctions with random orientation. We will present a
quantitative comparison of the above two junction models
(the random quantum point contact model and the micro-
scopically distributed diffusive SNS junction model) with
experimental results in Sec. III D.

C. Differential conductance in IEJs

The differential conductance versus voltagesdI /dV-Vd
characteristics are expected to provide further information
concerning the current transport in IEJs. We have measured
the dI /dV-V characteristics for several junctions with differ-
ent Ic values under a high magnetic field that suppresses the
Josephson current. Figure 9 depicts thedI /dV profile at
4.2 K observed for a junction with anIc of 0.3 mA sJc

=3.83104 A/cm2d at 4.2 K andRn slightly greater than
10 V. We can see distinct fine structures in the profile below
15 mV and also some anomalies around 30 mV. We con-
firmed that the structures, at least those below 15 mV, were
reproducible among junctions and became sharper with the
increase inIc as can be seen in Fig. 10, which shows nor-
malized differential conductance profiles for five different
junctions, including one with[110] orientation.

It has long been recognized that some microbridges made
of superconductors exhibit peculiar fine structures, similar to
those seen in Figs. 9 and 10, in theirdI /dV profiles.39 Klap-
wijk, Blonder, and Tinkham first pointed out the importance
of the multiple Andreev reflection(MAR) process in such
junctions, and demonstrated that the experimentally observed
singularities indI /dV profiles below the gap voltage(subhar-
monic gap structure, SGS) as well as the excess current at
high voltages were the consequences of the MAR process.40

A large number of successive theoretical studies have unam-
biguously confirmed that MAR certainly governs the current
transport at finite voltages in various kinds of Josephson
junctions with a highly transparent barrier. These junctions
include short superconducting constrictions and SNS junc-

tions either in the ballistic or diffusive regime.41–45

The MAR process manifests itself most clearly as singu-
larities in dI /dV profiles at voltagesVn=2D /en, wheren is
an integer. Unfortunately, the fine structures below 15 mV in
our junctions do not permit such simple labeling of the sin-
gularities. Moreover, in most cases, we were not able to find
reproducible structures at higher voltages, though the junc-
tion shown in Fig. 10 exhibits an exceptionally weak
anomaly at around 30 mV. Similar deviation from the simple
MAR model has been reported for the singularities indI /dV
profiles of ramp-edge junctions with a PrBa2Cu3O7 barrier.46

In this case, the absence of regular periodicity in SGS has
been ascribed to the existence of a reduced-Tc layer adjacent
to the highly transparent tunnel barrier. The presence of such
a reduced-Tc layer was also inferred for our IEJs, as dis-
cussed in Sec. III A. In addition, it is known that the ampli-
tude and the shape of SGS in long diffusive SNS junctions
depend strongly on the transparency of the SN interface, and
in the case of high transparency, an appreciable SGS appears
only in thedI /dV profiles.45 This coincides with our obser-
vations, though our SGS is too weak to confirm the qualita-
tively different behavior for even and odd subharmonics pre-
dicted for long diffusive SNS junctions. Anyway, these facts
seem to support the view that the singularities in thedI /dV
profiles of our IEJs also originate from the MAR process.

Apart from the fine structures, we can see two more fea-
tures in thedI /dV profiles in Fig. 10. One is the sharp rise of
the differential conductance below 4 mV. We can find two
plausible explanations for this phenomenon in the literature:
the zero-bias anomaly due to the formation of zero-energy
bound states at the interface ind-wave superconductors47 and
the 1/ÎV divergence of the differential conductance in dis-
ordered SNS junctions due to the Landau–Zener transitions
between the Andreev bound states.43 The former explanation,
however, is contradictory to theIc vs T characteristics of our
junctions, which were discussed in the previous section. The
latter explanation seems to be more likely and is consistent
with the overall features of our experimental data, but the
1/ÎV dependence at low voltages has not been fully con-
firmed.

FIG. 9. Differential conductance vs voltagesdI /dV-Vd charac-
teristics at 4.2 K observed for a junction with aJc of 3.8
3104 A/cm2 and anRn of around 10V. FIG. 10. Normalized differential conductance vs voltage char-

acteristics at 4.2 K for five junctions including one with[110] ori-
entation. The curves are shifted vertically for clarity.
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Another feature seen in Fig. 10 concerns the behavior at
high voltages. The differential conductance of junctions with
a Ic of less than 1 mA increases as the voltage increases,
while that of junctions with a largerIc shows the opposite
behavior. The rapid decrease indI /dV at high voltages ob-
served in high-Ic junctions can probably be attributed to local
heating, and we will not discuss this further in the present
paper. On the other hand, the slight increase indI /dV with
the increase in voltage observed for junctions with a rela-
tively small Ic requires more careful investigation, because
such behavior does not always coincide with a simple SNS
junction model. We think that the coexistence of “current
path 2,” shown in Fig. 5, within the junctions is responsible
for this phenomenon.

In order to obtain further insight into the transport mecha-
nism in path 2, we measured thedI /dV-V characteristics of
an IEJ with anIc of 0.03 mA (i.e., 3.83103 A/cm2) andRn
of 40 V at 4.2 K. Figure 11 depicts the results. ThedI /dV
profile differs considerably from those of higher-Ic junctions,
and can be characterized by a slightly nonlinear increase in
the conductance at high voltages, and a symmetrical dip
structure with its minimum at 0 V. We found that the non-
linear behavior at high voltages was essentially independent
of temperature and approximately proportional toV4/3, as
shown in Fig. 11(b). This indicates that inelastic tunneling
via two localized states in the barrier plays a part in the
quasiparticle transport at high voltages.48 IEJs with Rn far
exceeding 10V exhibited similar characteristics. We think
that this offers strong evidence that IEJs with a high normal
resistance, and thus a lowIc value, have an insulator barrier
with a high density of localized states in it.

It is well recognized that, in tunnel junctions with a bar-
rier containing localized states, resonant tunneling through

the localized states often dominates the quasiparticle trans-
port at low voltages, while Cooper pairs can transfer only by
direct tunneling because of the large Coulomb repulsion be-
tween two electrons on the localized states.49 The existence
of different transport channels for quasiparticles and Cooper
pairs manifests itself in the different tunnel barrier thickness
dependences ofIc andRn, resulting in a peculiar relationship
betweenIc andRn asRn is proportional toIc

−P and p is less
than 1. If the quasiparticle current is dominated entirely by
resonant tunneling,p is 0.5. This value becomes smaller
when a contribution from inelastic processes via more than
two localized states becomes noticeable. Generally, the rela-
tive importance of inelastic processes increases as the tunnel
barrier thickness increases. Thus, we can expect a gradual
decrease inp with an increase in the junction resistance. We
can actually see such behavior in Fig. 3(a) for Ic values be-
low about 0.1 mA(i.e., Jcø104 A/cm2). At present, we do
not have direct evidence that the Josephson current in these
high-resistance IEJs is governed entirely by the tunneling
process. Even a small number of highly transparent point
contacts embedded in an insulator barrier can offer another
explanation. It is highly probable that both mechanisms co-
exist in junctions with anIc of less than 0.1 mA.

The origin of the symmetrical dip around 0 V in Fig. 11
has not been clarified yet. A possible explanation may be that
it is a remnant of a superconducting gap smeared out by a
thin normal conducting layer or reducedTc layer adjacent to
the tunnel barrier, but a more plausible explanation is that it
is an indication of the effect of the off-site Coulomb charging
energy in the resonant tunneling process that has been dis-
cussed by Halbritter.50

It is natural to suppose that the resonant tunneling of qua-
siparticles via localized states in an insulator barrier, which is
similar to that in high-resistance junctions, constitutes the
path 2 in our low-resistance junctions. We think that the
highly transparent region exhibiting the MAR process is
formed dispersively in such a “dirty” insulator barrier in
junctions having highIc and low Rn values. The relative
importance of the resonant tunneling process varies with the
thickness and the coverage of the insulator barrier as well as
with the density of the localized states, and thus depends
strongly on the fabrication conditions. This results in a large
variation in Rn even for junctions with similar aIc, as we
have seen in the high-Ic region in Fig. 4.

D. Junction models

In Sec. III B, we proposed two possible junction models
that could explain the disappearance of the anomaly in theIc
vs T characteristics originating from thed-wave symmetry of
the order parameters in[110] junctions. These are the quan-
tum point contact(QPC) model and the microscopically dis-
tributed diffusive SNS junction model. In this section, we
discuss these two junction models further.

Figure 12 shows a schematic view of our junction model.
We think that the actual junction interface is a mixture of an
insulator barrier with low transparency(the solid blocks in
Fig. 12) and a microscopically distributed highly transparent
region with random orientation relative to the crystallo-

FIG. 11. (a) ThedI /dV profile observed for a junction with anIc

of 0.03 mA and anRn of 40 V at 4.2 K. (b) The dI /dV in the
positive bias region as a function ofV4/3.
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graphic axis(dotted-line regions in Fig. 12). The small ar-
rows in the figure denote the direction of current flow in the
transparent region. If the lateral dimensions of each transpar-
ent region are less than the Fermi wavelength(quantum point
contact) and the contact length is smaller than the mean free
path, current transport via a single mode is realized. The
Josephson current through a quantum point contact with
anglea to the crystallographica axis can be expressed as14

Issa,wd =
eDsTdcoss2ad

2"

D sin w

Î1 − D sin2sw/2d

3tanhFDsTdcoss2adÎ1 − D sin2sw/2d
2kBT

G . s4d

If a junction containsN point contacts with random orienta-
tion, the total current and the junction normal resistance are
given by

Isswd =
N

p
E

−p/2

p/2

Issa,wdda, s5d

Rn =
p"

e2DN
. s6d

The Josephson critical current can be obtained by maximiz-
ing Eq. (4) with respect tow. Although the QPC model is
sufficiently simple for use in the analysis of experimental
data, it is not easy to justify its basic assumption that the
dimensions of each point contact are less than the Fermi
wavelength. One possibility may be that the point contacts
originate from an extended localized state with a resonance
width larger thanD, for which a formula similar to Eq.(4)
has been derived within the framework of conventional
s-wave superconductivity.51 However, in the case ofd-wave
junctions, we do not have any theoretical basis for the appli-
cation of Eq.(4) to such a resonant Josephson current.

Another problem worth mentioning is that Eq.(4) is de-
rived on the assumption that the possible spatial variation of
the order parameter due to the presence of an interface can
be neglected. The introduction of the spatial variation of the
order parameter into the calculation of the Josephson current
requires self-consistent solutions of more fundamental
Green’s function equations,13,15,52which makes it impossible
to apply such an approach to the actual analysis of experi-
mental data. Fortunately, it has been demonstrated that, al-
though the spatial variation of the order parameter near the
interface affects the magnitude ofIc, the temperature depen-
dence ofIc remains similar to that in spatially constant order
parameter cases as long as a subdominants-wave component
is not induced at the interface.15 In the present paper, we
ignore the possible inducement of ans-wave component in
the order parameter at the junction interface by assuming that
YBCO and YbBCO are pured-wave superconductors and
also that the disorder near the junction interface is not sig-
nificant. In the QPC model, we only take into account the
possible reduction of the local critical temperatureTc

* due to
the disorder in the close vicinity of the junction interface.

The situation of the SNS model is more complicated.
Even for conventionals-wave junctions, analytical formulas
for the Josephson current in an SNS junction have been de-
rived only for a few limited cases.25,27 In general situations,
we have to solve the Usadel equation directly under proper
boundary conditions.53 In the case ofd-wave superconduct-
ors, the Green’s functions contain angular-dependent order
parameters; thus, the lowest order expansion of Green’s
functions with respect to the Fermi wave vector, which is the
basic idea of the Usadel approach, is not necessarily justified.
Recently, Asano investigated the case of a dirty SNS junction
with a high potential barrier at the SN interfaces, and derived
an analytical formula for the Josephson current component
proportional to sinw.37 According to the theory, the Joseph-
son critical current of an SNS junction with an N region of
lengthdN can be expressed as

Icsad =
pkBT

e
GNo

vn

fNsadg2 ,n

sinh ,n
, s7d

Nsad =E
−p/2

p/2 D−K+

J
cos3udu, s8d

D± = DsTdcosf2sa 7 udg, s9d

K± = Îvn + sD±d2 − uvnu, s10d

J = Z2sD+D− + K+K−d + cos2 uD+D−, s11d

,n = Î2n + 1
dN

jNsTd
, s12d

whereGN is the conductance in the N region, Z denotes the
strength of the barrier potential at the SN interface,jNsTd
=Î"D0/2pkBT is the coherence length in the N region, and
D0 is the diffusion constant. Equation(7) results in a Joseph-
son critical current approximately proportional toucoss2adu

FIG. 12. Schematic view of our junction model. The solid
blocks represent thick insulator barriers and the dotted areas corre-
spond to transparent regions through which current flows. The ar-
rows denote the direction of the current flow in each transparent
region.
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or cos2s2ad depending on theZ value, which disappears for
a= ±p /4. The junction normal resistance can be described
by

Rn =
9

4

Z4

GN
. s13d

If we assume that a junction containsN SNS contacts with
random orientation and further that all the contacts are iden-
tical in terms of their area and length, then we can calculate
the total Josephson critical current of the junction by simply
averaging Eq.(7) over a.

One serious drawback of Eq.(7) is that it can be applied
only to an SNS junction with largeZ. Generally, in short
SNS junctions with highly transparent SN interfaces, the
current-phase relation becomes nonsinusoidal at low tem-
peratures and the higher order harmonics ofw play a certain
role in determining the Josephson critical current value. This
effect is not included in Eq.(7). Experimentally, most of our
IEJs exhibit high nominalJc values ranging from 104 to
106 A/cm2, implying that the potential barrier at the SN in-
terfaces is not high. In the case ofs-wave junctions, an ana-
lytical formula for dirty SNS junctions analogous to Eq.(7)
is known to be valid only in a restricted temperature range
near Tc where the Usadel function in the N layer is suffi-
ciently small compared withpkBT.54,55 In spite of this diffi-
culty, however, we adopt Eq.(7) in the following analysis to
explore whether the SNS model can offer a qualitatively con-
sistent explanation for the observed junction characteristics
without expecting a precise fit to the experimental data, es-
pecially at low temperatures.

We analyzed theIc versus temperature characteristics us-
ing the two junction models. Figure 13 shows three examples
of the comparison between the experiments and the theoret-
ical calculations. The dotted lines in the figure represent the
fit of the experimental data(shown by gray squares) based
on the QPC model, and the solid lines correspond to the SNS
model. First, we look at the QPC model. On the assumption
that the superconducting gap obeys the BCS theory, the pa-
rameters required for the fitting are the transmission coeffi-
cient D of the contact and the critical temperatureTc

* at the
junction interface. Since the long tails ofIc at high tempera-

tures due to the proximity effect are out of the scope of the
QPC model, we focus only on the behavior at low tempera-
tures. An interesting point we found through the fitting is that
almost all the junctions we have analyzed so far giveD
values of around 0.8 independent of their absoluteIc values.
Therefore, as long as we assume that the QPC model holds,
we can say that all the junctions contain essentially identical
point contacts. In contrast, as summarized in Fig. 14,Tc

* de-
creases from 65 to 40 K asIc (at 4.2 K) decreases from 7.3
to 0.2 mA. Since this variation ofTc

* alone cannot account
for the large reduction inIc, amounting to nearly two orders
of magnitude as can be seen in Fig. 14, we can also conclude
that the number of point contacts within a junction varies
significantly among the junctions. In contrast, theIcRn val-
ues, which we can calculate easily from Eqs.(5) and (6),
should be independent of the number of contacts. The dark
dotted line in Fig. 4(a) represents the relationship betweenRn
and Ic expected from the QPC model, in which theTc

* vs Ic
relation shown in Fig. 14 is taken into account. We can see
that the QPC model results in a much largerIcRn value than
observed experimentally. One possible explanation for the
discrepancy may be the existence of a shunt resistor in actual
junctions.

FIG. 13. Three examples of the theoretical fit to theIc vs T characteristics. The squares represent the experimental data, and the solid and
the dotted curves correspond to calculations based on the SNS and QPC junction models, respectively.

FIG. 14. Critical temperatureTc
* at the junction interface as a

function of Ic at 4.2 K estimated by fitting of the experimental
Ic−T characteristics using the QPC model. The solid line in the
figure is a guide for the eye.
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It is worth mentioning here that in the case ofs-wave
superconductors, the Kulik–Omelyanchuk theory56 for diffu-
sive point contact in the short length limitsdN!jd results in
Ic vs T characteristics similar to those in the case of clean
point contacts with a transmission coefficient of about 0.8. If
the analogy is possible ford-wave superconductors, the uni-
versalD value observed for our IEJs may suggest that the
point contacts in IEJs should be regarded as diffusive ones
rather than QPCs in an atomic scale. Unfortunately, we do
not have a firm theoretical basis for extending this idea fur-
ther at present.

Fitting using the SNS model requires three parameters:
the normalized junction lengthdN

* defined asdN
* =dN/jnsTcd,

the strength of the barrier potentialZ, and the critical tem-
peratureTc. We assumedTc to be the temperature where the
experimental Josephson current in individual junctions van-
ishes. In most cases, this critical temperature was slightly
lower than those observed for the bulk electrodes. We fixedZ
at 1.0a priori throughout the present analysis based on our
observation that the shape of theIc vs T curve is rather in-
sensitive toZ. Thus, in practice, we varied onlydN

* to find the
point where a satisfactory agreement between the calculation
and the experiment was obtained. The results are shown in
Fig. 13 by solid lines. When we take into account the limited
validity of Eq. (7), the SNS model seems to work quite well.
In fact, we can see that the tail region nearTc is reproduced
reasonably well by the model. ThedN

* values estimated by
the fitting varied from 2.5 to 4.5 depending on theIc values
at 4.2 K, as shown in Fig. 15. This variation indN

* is again
too small, as was the case ofTc

* in the QPC model, to ac-
count for the variation in theIc values. Thus, even in the
framework of the SNS model, we can conclude that the num-
ber of the contacts within a junction area plays a significant
role in determining the absoluteIc value.

The reasonable agreement of the experimentalIc vs T
characteristics with Eq.(7), together with the weak SGS in
thedI /dV profiles discussed in the previous section, suggests
that the SNS model would give a better description of IEJs
compared with the QPC model. However, the present SNS

model results inIcRn values almost one order of magnitude
smaller than the experimental values, as indicated by the pale
dotted line in Fig. 4(a). At present, we are not sure whether
an extension of Eq.(7) to more general cases for arbitraryZ
and dN can resolve this discrepancy or not. An advanced
self-consistent theory for SNS junctions in which thed-wave
symmetry of the order parameter, the proximity effect at the
SN interface, and the effect of the elastic scattering in the N
region are fully taken into account is required. However, this
is far beyond the scope of the present paper.

Finally, we discuss the statistical fluctuation ofIc within
the framework of the present junction models. The fluctua-
tion of Ic is of critical importance for the digital circuit ap-
plications of high-temperature superconductor Josephson
junctions. Figure 16 shows the standard deviations of Ic as
a function of the averageIc observed for junctions on a large
number of wafers. Thes values were derived either for 16
single junctions on a chip or for a 100-junction series array.
Similar data reported by Tanabeet al.57 are also plotted for
comparison. We can see that the data from two independent
laboratories exhibit a common tendency, indicating that Fig.
16 depicts an important feature of IEJs. Empirically, thes
value varied from wafer to wafer even if the process condi-
tions were kept as constant as possible. We can conceive of
various origins for thes variation, and most of them are
technology dependent. One example is differences in the
density of precipitates on the surface of the isolation layer
originating from the slight deviation of the atomic composi-
tion from the stoichiometry of the YBCO base electrode lo-
cated underneath the isolation layer.22 We have confirmed
that thes value correlates strongly with the precipitate den-
sity. However, even if the precipitate density was reduced to
a sufficiently low level,s differences ranging from several
% to a few tens of % ofIc remained depending on the aver-
age Ic value. We think some inherent mechanism exists in
IEJs that restricts further reduction of thes value. Thus we
will focus only on the behavior of the minimums as a func-
tion of the averageIc seen in Fig. 16.

FIG. 15. Normalized contact lengthdN
* vs Ic at 4.2 K estimated

by fitting of the experimentalIc−T characteristics using the SNS
model. The solid line in the figure is a guide for the eye.

FIG. 16. Statistical fluctuation(standard deviation) of Ic ob-
served for either 16 individual junctions in a chip or 100-junction
arrays as a function of the averageIc. The dark and pale lines in the
figure represent theoretical predictions by the SNS model and the
QPC model, respectively.
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As we discussed above, theIc value is primarily deter-
mined by the number of contacts within a junction. The
variation ofTc

* in the framework of the QPC model or that of
dN

* in the SNS model is of secondary importance. A natural
consequence of this is that thes value would be governed by
the fluctuation in the number of contacts within a junction. In
the following, we will confirm this idea quantitatively.

Within the QPC model,Ic at low temperatures of a single
point contact with anglea can be expressed approximately
as

Icsad <
eDsTdcoss2ad

2"
fsDd, s14d

where fsDd=1.1 for D=0.8. Then, the ensemble average of
the critical currentkIcl and the standard deviations relative
to kIcl for junctions containingN point contacts with random
orientation are given by

kIcl =
N

p

eDsTd
"

fsDd = 0.35N
eDsTd

"
, s15d

s =
1

2
Îp

2
−

4

p
ÎeDsTdfsDd

"
kIcl−1/2 = 0.29ÎeDsTd

"
kIcl−1/2.

s16d

It is straightforward to calculates at 4.2 K as a function of
kIcl using Eq.(16) by taking into account the empirical rela-
tion betweenTc

* andIc in Fig. 14. The result is shown in Fig.
16 by the pale line. The calculateds is considerably smaller
than the experimental value in the wholeIc range. Therefore,
as long as we assume that the QPC model holds, we still
have a good opportunity to further reduce thes value.

On the other hand, in the case of the SNS model withZ
=1, Ic of a single contact at low temperatures can be ex-
pressed approximately as

Icsad < Icsa = 0dcos2s2ad. s17d

Hence,kIcl ands become

kIcl = N
Icsa = 0d

2
, s18d

s =
ÎIcsa = 0d

2
kIcl−1/2. s19d

In contrast to the QPC model, we cannot calculate the abso-
lute s value directly without the knowledge of the area of the
contact. However, if we fixs at a givenkIcl to a certain
value, we can know the behavior ofs in the wholekIcl range
by using thedN

* versusIc relation in Fig. 15 together with Eq.
(9). The dark line in Fig. 16 representss as a function ofkIcl
when we assume thats at kIcl=1 mA is 5%. The calculated
line reproduces the experimentally observed behavior fairly
well. Since Eq.(19) is equivalent tos=1/Î2N, s=5% cor-
responds toN=200. Thus, according to Eq.(18), a single
contact witha=0 in a junction with ankIcl of 1 mA carries

a Josephson current of 10mA. This value, together with a
reasonable estimate of the physical parameters in the N re-
gion such asr=1 mV cm andD0=1 cm2/s, enables us to
estimate the area of the single contact using Eq.(7). The
estimated value is 9310−12 cm2. Although this contact area
seems to be feasible, we have to bear in mind that the present
SNS model probably underestimates the Josephson critical
current value, and thus overestimates the junction area, as we
discussed above. In spite of this uncertainty, however, the
reasonable agreement between the calculation and the ex-
periment seen in Fig. 16 is impressive and confirms that the
fluctuation in the number of microscopic SNS contacts
within a junction certainly restricts the attainable minimum
spread of theIc value.

IV. SUMMARY AND CONCLUSION

We have presented a comprehensive study of the transport
mechanisms in interface-engineered Josephson junctions fab-
ricated from high-temperature superconductors based on
more than 1000 junctions with excellent Josephson charac-
teristics. No appreciable difference in junction characteristics
was observed between junctions with[100]- and [110]-
aligned ramp edges, indicating that some self-averaging
mechanism that smears out the effect of thed-wave pairing
symmetry on the Josephson current exists within the junc-
tion. We have shown that a microscopically distributed dif-
fusive SNS junction model based on the Asano theory is a
possible candidate to explain the overall features of the ex-
perimentally observed junction characteristics. This model
reproduces theIc vs T characteristics reasonably well for a
wide range of junctions, and is also consistent with our ex-
perimental observations of the relatively high excess current
and the weak subharmonic gap structure due to multiple An-
dreev reflections for junctions withJc exceeding 104 A/cm2.
This model, however, results in anIcRn value that is nearly
one order of magnitude smaller than that observed experi-
mentally. This is probably due to the limited validity of the
Asano theory, in which only the Josephson current compo-
nent proportional to sinf is taken into account. Further ad-
vancement of the theory for SNS junctions, in which both the
angular-dependent order parameter and the proximity effect
are treated self-consistently, is required to fully understand
the experimental results quantitatively. An important finding
of the present study is that the statistical fluctuation ofIc is
governed mainly by the fluctuation of the number of micro-
scopic SNS contacts within a junction area. In spite of the
large variation in experimentalIc, which exceeded three or-
ders of magnitude, the variation in the length of the SNS
contacts seems to be of secondary importance.

We have also shown that microscopic SNS contacts are
embedded dispersively in an insulator barrier containing a
large number of localized states. Resonant tunneling of qua-
siparticles through the localized states constitutes a shunt
resistor within a junction. The contribution of the resonant
tunneling path differs appreciably even for junctions with a
similar Ic value. This results in a large variation ofRn even
for junctions with similarIc. All these phenomena, which we
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have observed through transport measurements, are probably
related closely to the recrystallization mechanism of the
junction interface during the counter-electrode deposition
process, and may have some relation with the recently re-
ported inhomogeneous superconducting state in disordered
superconductors.58,59 Unfortunately, we do not have suffi-
cient data concerning the atomic structure of the junction
interface and its relation to the transport properties. A closer
investigation by TEM combined with transport measurement
may provide further information.
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