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The mechanisms of current transport in interface-engineered jun¢tidg 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[18€] or [110] axis of the high-temperature
superconductor electrode were fabricated under various process conditions. These junctions exhibited a critical
current density ranging from #@o 1* A/cm? at 4.2 K while maintaining a magnetic field modulation of the
critical current exceeding 80% without any indication of the peculiar effeckwhve pairing symmetry. The
junctions with a critical current density exceeding® 2 cm? 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-superconductagSNS 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 currgit) exhibited a good correlation with the differential resistance near 0 V,
while the normal resistance defined at a current level of two to three tipyearied appreciably even for
junctions with a similarl.. This indicates that another conduction channel with little contribution to the
Josephson current coexists within the junctions. @HelV 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;thalue.
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[. INTRODUCTION counter-electrode deposition in appropriate conditions was
sufficient to create an interface barrier. The standard devia-
The uniformity and reproducibility of junction character- tion of I, in this type of IEJ was 8% for a 100-junction array
istics still constitute the major challenge facing high-in a chip at 4.2 K. Since then, several groups have pursued
temperature superconductor Josephson junction technolodkis approach aiming at a further reduction in thespread,
for digital circuit applications. The interface-engineeredand have reported values as low as 5.7% for 100 junctions
junctions(IEJs proposed by Moeckly and Char seem to beand 7.3% for even a 1000-junction array.
most promising in this regardThe basic concept concerning  In spite of such progress in fabrication technology, how-
fabrication of an IEJ is to create a thin barrier layer on theever, neither the structure of the interface barrier nor the
ramp edges by damaging the YMO7 (YBCO) base e|ec- Curr.ent transport. In IEJS IS We” Understood. It haS .been rec-
trode surface using ion bombardment and then recrystallizin§9nized that the ion-milling process produces a Y-rich amor-
the surface into a barrier during the subsequent counteRhOUS layer with a thickness of a few nm on the ramp edges.
electrode deposition process. Moeckly and Char have utiarly transmission electron microscopy and microanalysis

lized low-temperature annealing of YBCO ramp edges a§tudies on IEJs with a relatively low Josephson critical cur-
400—600° C in vacuum for 30 min followed by plasma treat-rent density(J.) have indicated that the amorphous layer

ment of the surface for several minutes in aturns into a 2- to 3-nm-thick continuous well-crystallized

: . barrier with cubic or pseudo-cubic symmetry covering the
10-100 mTorr Ar/Q mixture gas to create the barrier layer. i , : g
Junctions fabricated by this process have exhibited clear J famp-edge surface without any detectable pinhofedow

_” . . %Lver, more recent studies have clarified that such a well-
sephso_n c_haract_erls_ncs appropriate for smgIe_—flux-quanturHeﬁned barrier disappears in highjunctions with J, ex-
logic circuit applications. The standard deviationof the ‘

H ceeding 10A/cm?’® These results indicate that the
Josephson critical curreqit) has been reported to be as low yicrostructure of the junction interface is process dependent,

as 7.8% over ten junctions in a chip, which is far superior toand thus various current transport mechanisms may coexist
the values reported for any of the other junctions with anwithin the junction. It is highly probable that the relative
artificial barrier? importance of the individual mechanisms differs among

The high uniformity of IEJs has been verified further by junctions depending on the fabrication process. In fact, some
the subsequent work of Satoh and his co-worRettspugh  authors have already pointed out that resonant tunneling of
their fabrication process differed considerably from that ofquasiparticles plays an important role in Idw{unctions,
Moeckly and Char. They found that even a conventional ionwhile a metallic channel dominates the Josephson current in
milling process to form the ramp-edge structure followed byhigh-J. junctions!®-*
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samples were heated to the temperature for the counter-
electrode deposition and maintained at that temperature for
/ Isolation layer 10 min. An activated oxygen flux from an electron cyclotron
resonancéECR) plasma source was supplied during the an-
YbBazCusOr % ¥Ba; 00O nealing process. Then, a 300-nm-thick YbBCO layer was
SrTiO; (100) substrate depos_ited and the counter-el_ectrode pattern was formed after
covering the wafer surface with adm-thick Au film. In our
standard process, the ramp edge was aligned parallel to the
FIG. 1. Schematic representation of an interface-engineered J¢4100] axis of the SrTiQ substratdi.e., parallel to thea or b
sephson junction with ramp-edge geometry. axis of YBCO), and the junction width was fixed at4m. In
addition to these “standard” junctions, we have also fabri-
Another important issue that has to be addressed is theated some junctions witfil10-oriented ramp edges for
effect of thed-wave pairing symmetry in high-temperature comparison. We denote these junctiondH]] junctions in
superconductors on the Josephson characteristics. A micrthe present paper.
scopic theory for the Josephson current in anisotropic super- Empirically, we know that the junction characteristics are
conductor junctions in the clean limit with arbitrary interface sensitive to the substrate temperature for counter-electrode
transparency has been developed fully, and various peculigeposition and the power supplied to the ECR plasma source
features originating from the angular dependent order paran#iuring the annealing process. Other factors that have signifi-
eters have been predict&t!®An important consequence of cant influence on the junction characteristics are the accel-
the theory is the anomalous behavior of the Josephson cueration voltage and the incident angle of the Ar-ion beam
rent in terms of its magnitude and its temperature dependtilized for the fabrication of the ramp-edge structure. By
dence in junctions with a specular interface that has a nonvarying these process parameters, we have obtained IEJs
zero anglea relative to thea axis of high-temperature with a Josephson critical current density ranging from tb0
superconductors. Experimental observation of this peculiat® A/cm?. Throughout the present paper, we define the Jo-
phenomenon, however, is still controversizil® Rather, the sephson critical current density as J.=I./wt, wherew is
behavior of some grain boundary junctiofis?seems to be the junction width and is the thickness of the base-electrode
consistent with the phenomenological theory of Sigrist andayer. We have processed more than 80 wafers under various
Rice?2! This certainly requires a rational explanation. process conditions. Every wafer contains nine chips, and
In this paper, we report the results of a detailed study ofach chip has either 16 individual junctions or a 100-junction
current transport in IEJs based on more than 1000 junctiongrray on it. From among the large number of fabricated junc-
that we have fabricated and tested so far, and discuss a pd#ns, only those exhibiting excellent Josephson characteris-
sible junction model that can account for the overall featuregdics with a magnetic field modulation 6f exceeding 80% at
of the observed junction characteristics. Attention is also4.2 K were selected to obtain the reliable data discussed in

Interface barrier

paid to the possible origin of thie spread. this paper.
IIl. JUNCTION FABRICATION Ill. EXPERIMENTAL RESULTS AND DISCUSSION
IEJs with YbBaCu;0; (YbBCO) as the counter elec- A. Josephson properties of standard junctions

trode were fabricated on ramp edges formed in 200-nm-thick
YBCO base-electrode layers. The junction structure is shown Figure 2 depicts several examples of the current-voltage
schematically in Fig. 1. An epitaxial SITi CeQ, or  (I-V) characteristics observed at 4.2 K for our standas,
SrSnQ@ film was used for interlayer isolation. We have not [100]-oriented IEJs with a critical current density ranging
observed any significant differences in junction characterisfrom 4.5x 10° A/cm? [Fig. 2@)] to 5.8x 10° A/cn? [Fig.
tics among junctions with different isolation layers. All the 2(d)]. The pale lines in Figs. (2-2(c) represent thd-V
films used in the present work were grown on SrJ{@00)  curves in a high magnetic field applied parallel to the junc-
substrates using an off-axis sputtering system. The advantagien interface, and the dotted lines show the hypothetical
of YbBCO as the counter electrode compared with convensimple ohmic behavior corresponding to the junction normal
tional YBCO is that it can grow with completeaxis orien-  resistancer, defined at a current level of two to three times
tation in a far wider temperature range than is possible witH.. It is apparent that the junctions shown in Fig&)22(c)
the other 123 compound$This enables us to investigate the exhibit an appreciable amount of excess curigptt high
dependence of the junction characteristics on the substrat®ltages that grows rapidly within an approximate voltage
temperature for counter-electrode deposition in a wider rangeange of less than 5 mV. The differential resistaigenear
without sacrificing the quality of the counter-electrode layer.0 V, which is defined in Fig. @), is a parameter that char-
Details of our junction fabrication process have been deacterizes the highly nonline&+V curves in a magnetic field.
scribed elsewher&:23 Briefly, ramp-edge structures were The presence of the excess current becomes less noticeable
produced using a photoresist mask that was reflowed afteas|. decreases, and junctions with a Josephson current den-
patterning and Ar-ion milling with substrate rotation during sity of less than 1bA/cm? exhibit what seem to be deficit-
etching. The resultant ramp edges had a taper of 20° indesurrent characteristics. A typical example of this is shown in
pendent of the edge orientation in a wafer. After etching, theé~ig. 2(d), in which the dash-dot line represents the extrapo-
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FIG. 2. Current-voltage characteristics observed at 4.2 K for 100 £ 3
IEJs with aJ; of (a) 4.5X10° A/cm?, (b) 1.3xX10° A/cm?, (C) - be 7
5.5x 10* A/cm?, and (d) 5.8x 10° A/cm?, with and without an g0+ LU TR T

applied magnetic field that minimizes the zero-voltage current. The 10 102 10 100 10°
dotted lines in(@)—(c) represent hypothetical simple ohmic behavior b) . (mA)
corresponding to the junction normal resistafGe The dash-dot ¢
line in (a) defines the differential resistan&g near 0 V, while that
in (d) is an extrapolation of the quasilinetV characteristics ex-
hibited at high voltages.

FIG. 4. (a) Correlation betweemh. and the junction normal re-
sistanceR, defined at a current level of two to three timgsThe
dark dotted line shows the theoretical prediction based on the quan-
tum point contacfQPCO model, while the pale dotted line corre-
lation of the quasilineal-V characteristics exhibited at high sponds to the SNS modeb) Similar plot of the differential resis-
voltages. tanceRy near 0 V vsl..

Figure 3 shows the magnetic field dependence observed at .. L : o
4.2 K for the junction whosé-V characteristics are shown in geneities distributed randomly all over the junction interface.

: L : .__The junctions withl. of less than 1 mA exhibited a more or
Fig. Ab). The pale line in the figure represents the theorencaless similar response to the magnetic field, though the details

Fraunhofer pattern for a junction with uniform current distri- S . . . . .
bution within the junction area. Although the agreement be_of the individual diffraction patterns differed from junction
e junction, especially in high magnetic fields.

tween the theoretical prediction and the experimental resu X . ) > .
is satisfactory, some discrepancies can be seen in the heightsThe junctions W.'tHC far e_xqeedlng 1 mA l:_)ehgved differ-
of the higher order maximums in the diffraction pattern.ently' These junctions exhibited a magnetic field response

These discrepancies, together with the presence of finite réypl.cal fo a Jqs_ephson junction in the. large junction
sidual currents at the minima, are probably due to inhomo!€9!Me: The c_rlthal currents decreased .I|nearly within a
' certain magnetic field range, and the residual supercurrent

(I,e9 in @ high magnetic field was almost independent of the
field strength.l,es in @ 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
I in a zero magnetic field, ang.¢/ 1. amounted to more than
15% for junctions with I, of around 8 mA (i.e., J;
=10 A/cm?). The crossover from small junction behavior to
large junction behavior at a of around 1 mA seems to be
consistent with the London penetration depth of around
e = o — 0.2 um observed for our YBCO and YbBCO films at low
Magnet current (mA) temperature%? . . . .
Figure 4a) displays the correlation between the junction
FIG. 3. Magnetic-field modulation df. observed at 4.2 K fora normal resistanc&®, and |, at 4.2 K for our standard IEJs
junction with aJ, of 1.3x10° A/cm?. The pale line shows the Wwith various values of.. As mentioned above, we defin&y
theoretical Fraunhofer pattern for a junction with uniform currentas the differential resistance within a current level of two to
distribution. three timed .. An interesting feature that can be seen is the

10T rrrrrrrr gt 1 [ 1111

T=4.2K

0.8
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Critical current (mA)
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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 dependencd pbbserved for several junc-
tions with J; larger than 16 A/cm? at 4.2 K.

large variation inR, for junctions with similarl;, especially depending on thé, value at 4.2 K Junqtlpns with agc of
in the highl. region. In the case of junctions with dp of Ies; than 2 MA at 4‘%,2K gen(.arally. eXh'_b'téﬁ__T/TC) be-
1 mA, we notice that th&k, ranges from 1.3 to ). Such havior, Whlle(l—T/TC) described junctions with a.largbcr N
variations inR, are certainly beyond any experimental error better. These peculiar temperature dependences in the vicin-
and suggest that the critical factors influenclpgndR, are Ity Of the critical temperaturéT,) can be understood within
not identical. In contrast, if we plot the differential resistancethe framework of the proximity effect theory. It is known
R, at V~0 againstl,, we obtain a far better correlation be- that in superconductor-normal-supercondudi®NS junc-
tween them as shown in Fig(h). This implies thatl, and t|0ns_vy|th a small boundary resistance at the SN mterfac_es,
R,, and thusl, andl,,, have the same origins. depairing in the S electrode by the.prOX|m|ty eﬁect.results in
The experimental results seen in Figga)dand 4b) can (1-T/T,)? dependence nedi, and if the N-layer thickness
be reasonably understood by assuming that two kinds of cuts small enough, depairing in the S electrodes by the super-
rent transport paths coexist in the junctions, as schematicallgurrent modifies the temperature dependence (o
depicted in Fig. 5. One of therpath 9 gives a convex —T/T)¥2?" Furthermore, Golubov and Kupriyanov have
curvature in thd-V characteristics and is thus responsible forpointed out that Josephson junctions with thin normal con-
the excess current. We think that this current path is directlylucting layers on both sides of a tunnel barrier exhibit simi-
related to the Josephson current. Another path is a channkr (1-T/T.)? dependence nedfr, due to the proximity ef-
through a barrier of low transparency, which gives a weakfect, and this dependence changegteT/T,)%? when the
concave curvature in the'V characteristics. We think that normal conducting layer on one side of the tunneling barrier
this current path plays no significant role in determining thedisappear$® The same authors have also confirmed that
Josephson current, at least in junctions withexceeding these conclusions are valid even if the tunneling barrier is
10* A/cm?, except that it works as a shunt resistor embeddedeplaced by a microconstriction with arbitrary transpareiicy.
within a junction. These current paths will be discussed fur-Although we cannot infer the types of junctions to which our
ther in later sections. IEJs belong solely from the temperature dependenck. of
Figure 6 shows the temperature dependencek @b- nearT,, it is probable that the local critical temperatl]'r*gin
served for several junctions with larger than 16A/cm? at  the close vicinity of the junction interface becomes low com-
4.2 K. In spite of the large variation in the absollgealues, pared with that in the bulk electrodes due to the strain or
two general features are evident in the figure. First, all theoxygen deficiency at the interface.
curves exhibit a weak saturation tendency at low tempera- The presence of an appreciable amount of excess current
tures, which is far weaker than that expected from a simpleéogether with the peculiar temperature dependendgroen-
tunneling theoryAmbegaokar—Baratoff theonyand is close tioned above indicates that a simple superconductor-
to that expected for the clean weak links described by thénsulator-superconducto(SIS) or superconductor-normal-
Kulik-Omelyanchuk theor$® This suggests that the Joseph- insulator-normal-superconductaiSNINS) junction model
son current in these IEJs flows through a transport channelith an insulator barrier of low transparency is inadequate to
with a relatively high electron transmission probability. The describe the junction characteristics, at least for junctions
presence of such a highly transparent channel is consistentith J, exceeding 10A/cm?. Rather, a SNS picture either in
with the observation of a large excess current in these juncghe clean limit or in the dirty limit seems to provide a good
tions. starting point for further analysis. From this viewpoint, we
The second feature evident in Fig. 6 is the “long tails” atnext look at the junction normal resistance values. Experi-
high temperatures. We have confirmed that these long tailmentally, the junction resistané®, was almost independent
can be fitted closely either byl -T/T,)? or (1-T/T.)%2,  of temperature or slightly decreasing at low temperatures for

054511-4



CURRENT TRANSPORT AND THE FLUCTUATION OF PHYSICAL REVIEW B0, 054511(2004

3 T T T that the interface layer has electronic properties similar to
T=4.2 K /‘ those of ion-damaged or oxygen-deficit YBCO in the metal-
] lic regime close to the metal-insulator transition, the carrier
| densityn and the resistivityp in the interface layer are not
2 far from 1x10% cm™® and 1 nf) cm, respectively®3!
1 These values, together with the reasonable estimates of
I e ] ~1x10" cm/s andm~5m, (m, is the free electron mags
. 4/ . result in the characteristic length in the clean lingj(
1 / =hve/27kgT,) ~ 1.5 nm(for T.=80 K), the mean free path
i I |~1.8 nm, and the characteristic length in the dirty lirit
/ 1 =V&l)~ 1.7 nm. Simple calculation using these parameters
yields the Sharvin resistance for the clean limit widkx 0.5
as 1.7x1071°Q cn? and the normal resistance of a dirty
SNS junction withd=5¢ as 8.5 1071 Q) cn?. These resis-
tance values are considerably smaller than those observed
AS[TTTTTTT T T T T T experimentally for our IEJs, which can be seen in Fi@).4
T=4.2K A, ] This fact suggests that the Josephson current paths cover
3 1 only a small fraction of the junction area. It should be noted
that the junction resistance in Fig(ad 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
i3 K in the figure.

VV\J\/\( w\/w B. Characteristics of [110] junctions
| Figure 7 shows thé-V characteristics at 4.2 K with and
00l v i Lol aliiy without an applied magnetic fieldFig. 7(a)], the Fraunhofer
=ofm) =6l . 260 B0 pattern [Fig. 7(b)], and the temperature dependencel of
(b) Magnet current (mA) observed for a junction with the ramp edge aligned parallel
to the[110] axis of the YBCO base electrod€l10] junc-
tion). This junction was fabricated under the same process
conditions as those used to fabricate the standard junction,
whose characteristics are shown in Fig&h)2and 3. Com-
parison with the standard junction shows that th&Q] junc-
tion exhibited a 40% highel, at 4.2 K. This difference in
the | 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 highdr, 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 ofl . in the[110] junction is exactly the same as that in
the standard junction, as seen in Figc)7 This definitely
contradicts the theoretical prediction for clean Josephson
junctions between twd,._,>-wave superconductors with per-
fectly flat interfacegspecular junctionst14.32
According to the formulation given by Tanaka and
most of our junctions. The exceptions were the junctions thakashiwayal* the Josephson current in a2 o-wave
exhibited lowJ(<10* A/cm?) and current-deficit character- superconductor/insulatakp_.-wave superconductgd/1/d)

istics at low temperatures as seen in Figd)2which exhib-  junction with [100] orientation can be described as
ited an appreciable increaseRy at low temperatures. In the

Current (mA)
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FIG. 7. (a) |-V characteristics at 4.2 K witfpale line and with-
out (dark line an applied magnetic fieldb) Magnetic-field modu-
lation of I.. (c) Temperature dependencelgfobserved for 4110]
junction.

case of an SNS junction in the clean limit, the normal resis- | (o) = 7A(T) (™ sin ¢ cog26)

tance can be given by the Sharvin resistangg s\® 4eR, J_.;» 1 -D sirX(¢/2)
=4m2h3/mPu°DS, wherem denotes the electron effective -

mass,vg is the Fermi velocityD is the transmission prob- <t ’_{A(T)COS(ZH) V1 _Dsmz((plz)]cosade
ability of the interface, and is the junction area. On the 2ksT ’

other hand, in the case of the dirty limit, the junction resis- 1)
tance is simply expressed pdy /S, wherep is the resistivity
anddy is the thickness of the interface layer. If we assumewhere ¢ is the phase difference across the junctiaf) is
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[T\ 'bz'ol ALY the [110] junction is far more anomalous. We can see an
3 increasing enhancement in thevalue at low temperatures
with decreasingD. This enhancement originates from the
s [110] Junction zero-energy bound states formed at [h&0]-oriented junc-
E (D=0~1, 0.2 steps) | tion interface.
It is evident that the specular junction model cannot ex-
- D=1 1 plain our experimental results. We can conceive of several
K T 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
L [100] junction 4 interface would make the junction characteristics self-
L (D=0~1, 0.2 steps) . averaged over the angle of the local interface to the crystal-
0 TR '0'2' o '0'4' L '0'6' L '0'8' T lographic axis, resulting in seemingly isotropic characteris-
’ ) .TIT ) ’ ) 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 the versus tempera-
ture characteristics at low temperatures. The only exception,
as long as we accept the theoretical basis expressed by Eq.
the order parameter in the superconductor electroéligss (1), is that the junction is composed of point contacts in the
the normal resistance of the junctiohis the temperaturdd  quantum limit with random orientation relative to the crys-
is the transmission probability of the barrier, afds the  tallographic axis. In this case, the direction of the quasipar-
angle of the quasiparticle injection relative to the junctionticle injection into each point contact is restricted precisely

N
T
|

elcRn/A(0)

3

FIG. 8. IR, vs T calculated by the Tanaka—Kashiwaya theory
with the transmission coefficie® as a parameter. The dark lines
correspond td100] junctions and the pale lines {a1Q] junctions.

interface normalR; is given by along the normal to the interface, and thus the zero-energy
& kW bound state is not formed regardless of the relative orienta-
R;]': —*"p, (2) tion of the point contact. The Josephson current at low tem-
wh T peratures through each point contact making an aagléth
whereke is the Fermi wave number and is the junction the crystallographica axi_s is approximatgly prop_ortional to
width. A(0)coq2a), which vanishes fof110]-oriented interfaces

Equation (1) is similar to that for Josephson junctions (@=*m/4). The total Josephson current is given by the sum
made ofs-wave superconductors, except that the angular deof the current through individual point contacts, and thus we
pendence of the order parameter is taken into account. %N expect nondivergent vs T characteristics, similar to
the other hand, the Josephson current in [t junction  those of theg100]-oriented specular junctions shown in Fig.

can be expressed as 8, regardless of the nominal orientation of the ramp edges.
o . Another possibility that should be addressed is the effect
() = mA(T) (™ sin ¢ sin(26) of disorder on the Josephson current in anisotropic supercon-
s\ 4eR, J_.;» \D cogel2) ductor junctions. Several authors have discussed the effect of

_ interface  roughness ond/l/d Josephson junction
VDA(T)sin(26)cod ¢/2) characteristic3-33-35Electron scattering at the rough inter-
Xtan 2k T cosede.  (3) face broadens the zero-energy bound states, and as a conse-
guence the anomalous temperature dependenigerofl/1/d

Itis straightforward to calculate Eqg€l) and(3) numerically  junctions with @+ 0 is smeared out. Golubov and Kupriy-

under the assumption thA(T) obeys the Bardeen—Cooper— anov have indicated that of ad/I1/d junction atT=0 scales

Schrieffer(BCS) theory. By maximizind ((¢) with respectto  as cod(2«) in the regime of strong interface roughné$s.

¢, we can obtain the theoretichR, vs T characteristics for Thus, we can expect thdi | /d junctions with a rough inter-

both the standard and.10] junctions. face of random orientation exhibit isotropic behavior without
Figure 8 shows the results of the calculations using Egsany low-temperature anomaly in théjrvs T characteristics.

(1) and (3) with D ranging from 0 to 1.0. The dark lines Unfortunately, however, the theoretical study has also clari-

represent the results for a standdddQ] junction and the fied that the complete suppression of the anomalfLi0]-

pale lines represent those for[#10] junction. We can see oriented junctions simultaneously results in a significant re-

two peculiar features even for the standard junctions: smalleduction in thel . value even fof100]-oriented junctions. This

I values compared with those for conventiogalave junc-  does not coincide with our experimental data.

tions and weaker saturation behavior at low temperatures. In |n contrast, Asano has clarified that in the case of an SNS

particular, the junction in the ballistic limi(D=1) shows structure, the ensemble average of the Josephson current in

quasilinear temperature dependence over the entire temperd10}-oriented junctions vanishes when the N-layer is in the

ture range. These features seem to be reasonable becausediffusive regime whilg100] junctions with a similar N-layer

angular-averaged order parametediwave junctions is al- exhibit a I, value comparable with that ofs-wave

ways smaller than that iswave junctions. The behavior of junctions3¢:3” The same author has also reported that the
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teristics at 4.2 K observed for a junction with & of 3.8

2
x 10" Alem? and anR, of around 100. FIG. 10. Normalized differential conductance vs voltage char-

. _ _ . acteristics at 4.2 K for five junctions including one withlQ] ori-
disappearance of the Josephson currenflit0] junctions entation. The curves are shifted vertically for clarity.

occurs even when the N layer is in the quasiballistic regime.

(ie., dy is not much larger than the mean free pafie  tions either in the ballistic or diffusive reginté-45

These theoretical results lead us to another model for IEJs |Br_The MAR process manifests itself most clearly as singu-

which the junctions are composed of microscopic diffusive'anities indl/dV profiles at voltages/,=2A/en wherenis

SNS junctions with random orientation. We will present gan integer. Unfortunately, the fine structures below 15 mV in
quantitative comparison of the above two junction models2Ur junctions do not permit such simple labeling of the sin-
(the random quantum point contact model and the mlcrogulantles Moreover, in most cases, we were not able to find

scopically distributed diffusive SNS junction mogladith reproducible structures at higher voltages, though the junc-
. . tion shown in Fig. 10 exhibits an exceptionally weak
experimental results in Sec. Il D.

anomaly at around 30 mV. Similar deviation from the simple
MAR model has been reported for the singularitieslihdV
profiles of ramp-edge junctions with a Pe@as0-, barrier?®

The differential conductance versus voltag#/dV-V)  In this case, the absence of regular periodicity in SGS has
characteristics are expected to provide further informatiorbeen ascribed to the existence of a redu€gtiyer adjacent
concerning the current transport in IEJs. We have measured the highly transparent tunnel barrier. The presence of such
the dl/dV-V characteristics for several junctions with differ- a reducedF, layer was also inferred for our IEJs, as dis-
entl. values under a high magnetic field that suppresses theussed in Sec. Il A. In addition, it is known that the ampli-
Josephson current. Figure 9 depicts thédV profile at  tude and the shape of SGS in long diffusive SNS junctions
4.2 K observed for a junction with ah. of 0.3 mA (J; depend strongly on the transparency of the SN interface, and
=3.8X10* A/cm?) at 4.2 K andR, slightly greater than in the case of high transparency, an appreciable SGS appears
10 Q. We can see distinct fine structures in the profile belowonly in thedl/dV profiles® This coincides with our obser-
15 mV and also some anomalies around 30 mV. We convations, though our SGS is too weak to confirm the qualita-
firmed that the structures, at least those below 15 mV, werévely different behavior for even and odd subharmonics pre-
reproducible among junctions and became sharper with thdicted for long diffusive SNS junctions. Anyway, these facts
increase inl, as can be seen in Fig. 10, which shows nor-seem to support the view that the singularities in dh&lV
malized differential conductance profiles for five different profiles of our IEJs also originate from the MAR process.
junctions, including one witil10] orientation. Apart from the fine structures, we can see two more fea-

It has long been recognized that some microbridges madgires in thedl/dV profiles in Fig. 10. One is the sharp rise of
of superconductors exhibit peculiar fine structures, similar téhe differential conductance below 4 mV. We can find two
those seen in Figs. 9 and 10, in thelrdV profiles®® Klap-  plausible explanations for this phenomenon in the literature:
wijk, Blonder, and Tinkham first pointed out the importancethe zero-bias anomaly due to the formation of zero-energy
of the multiple Andreev reflectioiMAR) process in such bound states at the interfacedrwave superconductdrsand
junctions, and demonstrated that the experimentally observeitie 1AV divergence of the differential conductance in dis-
singularities indl/dV profiles below the gap voltageubhar-  ordered SNS junctions due to the Landau—Zener transitions
monic gap structure, SG%is well as the excess current at between the Andreev bound staté3he former explanation,
high voltages were the consequences of the MAR protess.however, is contradictory to tHe vs T characteristics of our
A large number of successive theoretical studies have unanjdnctions, which were discussed in the previous section. The
biguously confirmed that MAR certainly governs the currentlatter explanation seems to be more likely and is consistent
transport at finite voltages in various kinds of Josephsorthh the overall features of our experimental data, but the
junctions with a highly transparent barrier. These Junctlonsllxv dependence at low voltages has not been fully con-
include short superconducting constrictions and SNS juncfirmed.

C. Differential conductance in IEJs
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0.15 T the localized states often dominates the quasiparticle trans-

T=4.2 K, 1c=0.03 mA 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 stat®$he existence
of different transport channels for quasiparticles and Cooper
pairs manifests itself in the different tunnel barrier thickness
dependences df andR,, resulting in a peculiar relationship
betweenl, andR, asR, is proportional tolgF> andp is less
than 1. If the quasiparticle current is dominated entirely by

0.00 Db resonant tunnelingp is 0.5. This value becomes smaller

-150 100 50 0 50 100 150 when a contribution from inelastic processes via more than
(@) Voltage (mV) 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 ip with an increase in the junction resistance. We
can actually see such behavior in Figaj3for |, values be-
low about 0.1 mA(i.e., J,<10* A/cm?). At present, we do
not have direct evidence that the Josephson current in these
high-resistance IEJs is governed entirely by the tunneling
0.00 . . . process. Even a small number of highly transparent point
o 200 400 600 800 contacts_embeddeq in an insulator barrier can offe_r another
explanation. It is highly probable that both mechanisms co-
(b) V¥ (mv*?) exist in junctions with ar, 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 reducéd layer adjacent to

Another feature seen in F|g 10 concerns the behavior dhe tunnel barrier, but a more plausible explanation is that it
high voltages. The differential conductance of junctions withis an indication of the effect of the off-site Coulomb charging
a I, of less than 1 mA increases as the voltage increase€nergy in the resonant tunneling process that has been dis-
while that of junctions with a larger, shows the opposite cussed by Halbrittet?
behavior. The rapid decrease dih/dV at high voltages ob- It is natural to suppose that the resonant tunneling of qua-
served in highk, junctions can probably be attributed to local siparticles via localized states in an insulator barrier, which is
heating, and we will not discuss this further in the presensimilar to that in high-resistance junctions, constitutes the
paper. On the other hand, the slight increaselifdV with  path 2 in our low-resistance junctions. We think that the
the increase in voltage observed for junctions with a relahighly transparent region exhibiting the MAR process is
tively small I requires more careful investigation, becauseformed dispersively in such a “dirty” insulator barrier in
such behavior does not always coincide with a simple SN$nctions having highl, and low R, values. The relative
junction model. We think that the coexistence of “currentimportance of the resonant tunneling process varies with the
path 2,” shown in Fig. 5, within the junctions is responsibleickness and the coverage of the insulator barrier as well as
for this phenomenon. with the density of the localized states, and thus depends

nislrrr: ?r:de;ttﬁ gbﬁén;]tgggirrégs't%ggl}i}iigg;?gﬁsrtigegpa'strongIy on the fabrication conditions. This results in a large
P ' variation in R, even for junctions with similar 4., as we

an IEJ with anl. of 0.03 mA(i.e., 3.8x 10° A/cm?) andR, h in"the hi TS
of 40 Q) at 4.2 K. Figure 11 depicts the results. T dV ave seen in the high-region in Fig. 4.
profile differs considerably from those of highlerfjunctions,
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- In Sec. lll B, we proposed two possible junction models
linear behavior at high voltages was essentially independerthat could explain the disappearance of the anomaly inithe
of temperature and approximately proportional\Mt8f%, as  vs T characteristics originating from tllewave symmetry of
shown in Fig. 11b). This indicates that inelastic tunneling the order parameters {110] junctions. These are the quan-
via two localized states in the barrier plays a part in thetum point contactQPO model and the microscopically dis-
quasiparticle transport at high voltag€slEJs with R, far  tributed diffusive SNS junction model. In this section, we
exceeding 1d) exhibited similar characteristics. We think discuss these two junction models further.
that this offers strong evidence that IEJs with a high normal Figure 12 shows a schematic view of our junction model.
resistance, and thus a lowvalue, have an insulator barrier We think that the actual junction interface is a mixture of an
with a high density of localized states in it. insulator barrier with low transparenayhe solid blocks in

It is well recognized that, in tunnel junctions with a bar- Fig. 12) and a microscopically distributed highly transparent
rier containing localized states, resonant tunneling throughegion with random orientation relative to the crystallo-

didv (")
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FIG. 11. (a) ThedI/dV profile observed for a junction with dp
of 0.03 mA and anR, of 40Q at 4.2 K. (b) The dl/dV in the
positive bias region as a function w3,

D. Junction models
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l Another problem worth mentioning is that E@t) is de-
/ rived on the assumption that the possible spatial variation of
. the order parameter due to the presence of an interface can
i\ be neglected. The introduction of the spatial variation of the
- e order parameter into the calculation of the Josephson current
> requires self-consistent solutions of more fundamental
[010] IT oeﬁ Green’s function equatiori$;'>>?which 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
2 interface affects the magnitude f the temperature depen-
o i dence ofl; remains similar to that in spatially constant order
.T parameter cases as long as a subdomisiargve component
(100] I is not induced at the interfadé.In the present paper, we

ignore the possible inducement of aiwave component in
FIG. 12. Schematic view of our junction model. The solid the order parameter at the junction interface by assuming that
blocks represent thick insulator barriers and the dotted areas corrdBCO and YbBCO are pure-wave superconductors and
spond to transparent regions through which current flows. The aralso that the disorder near the junction interface is not sig-
rows denote the direction of the current flow in each transparennificant. In the QPC model, we only take into account the

region. possible reduction of the local critical temperatiifedue to
the disorder in the close vicinity of the junction interface.
graphic axis(dotted-line regions in Fig. 2 The small ar- The situation of the SNS model is more complicated.

rows in the figure denote the direction of current flow in the Even for conventionat-wave junctions, analytical formulas
transparent region. If the lateral dimensions of each transpafor the Josephson current in an SNS junction have been de-
ent region are less than the Fermi Wave|er(g'[h'antum point rived Only for a few limited CaSE@.’27 In general Situations,
contac} and the contact length is smaller than the mean fre&ve have to solve the Usadel equation directly under proper
path, current transport via a single mode is realized. Théoundary condition$? In the case ofl-wave superconduct-
Josephson current through a quantum point contact wit®rs, the Green's functions contain angular-dependent order

anglea to the crystallographia axis can be expressed #s ~ parameters; thus, the lowest order expansion of Green's
functions with respect to the Fermi wave vector, which is the

eA(T)coq2a) D sin ¢ basic idea of the Usadel approach, is not necessarily justified.
, : Recently, Asano investigated the case of a dirty SNS junction
2h /1- ; ) : ) i X
V1-D sin(¢/2) with a high potential barrier at the SN interfaces, and derived
A(T)co2a)\V1 - D sirf(¢/2) an analytical formula for the Josephson current component
Xtan KT G proportional to sing.3” According to the theory, the Joseph-
B son critical current of an SNS junction with an N region of

If a junction containdN point contacts with random orienta- lengthdy can be expressed as

IS(av (P) =

tion, the total current and the junction normal resistance are kT ¢
iven b l(a)= G2 [IN(@)P—"—, 7

given by @)= Ng[ @F Gt (7)

N 77/2 "

Is(p) = —J Is(a, p)da, (5) w2 A
TS —mi2 N(a) = — cosade, (8)
-2 =
p— Wﬁ + —

Ro= goN (6) A*=A(T)cod2(a  0)], (9)
The Josephson critical current can be obtained by maximiz- =V, + (A%)2 = |, (10)
ing Eq. (4) with respect tog. Although the QPC model is
sufficiently simple for use in the analysis of experimental E =Z%(A"A™+K'K") + cos HA*A™, (11

data, it is not easy to justify its basic assumption that the

dimensions of each point contact are less than the Fermi — dy

wavelength. One possibility may be that the point contacts €h=V2n+ 1m, (12)
originate from an extended localized state with a resonance N

width larger thanA, for which a formula similar to Eq¢4)  whereGy is the conductance in the N region, Z denotes the
has been derived within the framework of conventionalstrength of the barrier potential at the SN interfagg(T)
s-wave superconductivitf} However, in the case af-wave  =\7D,/27kgT is the coherence length in the N region, and
junctions, we do not have any theoretical basis for the appliD, is the diffusion constant. Equatigif) results in a Joseph-
cation of Eq.(4) to such a resonant Josephson current. son critical current approximately proportional fmg2a)|
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FIG. 13. Three examples of the theoretical fit to thes 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.

or cog(2a) depending on th& value, which disappears for tures due to the proximity effect are out of the scope of the
a=*m/4. The junction normal resistance can be described@PC model, we focus only on the behavior at low tempera-

by tures. An interesting point we found through the fitting is that
. almost all the junctions we have analyzed so far give
R = 9oz (13) values of around 0.8 independent of their absolytealues.
4Gy Therefore, as long as we assume that the QPC model holds,

_ ) . . we can say that all the junctions contain essentially identical
If we assume that a junction contaihsSNS contacts W|t_h point contacts. In contrast, as summarized in Fig.'lillde-
random orientation and further that all the contacts are idenz eases from 65 to 40 K ds (at 4.2 K) decreases from 7.3

tical in terms of their area and length, then we can calculatg; 5 2 mA. Since this variation of- alone cannot account

the tota}l Josephson critical current of the junction by simplysq, the large reduction i, amounticng to nearly two orders

averaging Eq(7) over a. _ _ _of magnitude as can be seen in Fig. 14, we can also conclude
One serious drawback of Eqr) is that it can be applied  {hat the number of point contacts within a junction varies

only to an SNS junction with larg&. Generally, in short  gjgnificantly among the junctions. In contrast, th&, val-

SNS junctions with highly transparent SN interfaces, theues, which we can calculate easily from E¢S) and (6),

current-phase relation becomes nonsinusoidal at low teMsyo 19 he independent of the number of contacts. The dark

peratures and the higher order harmonicgqflay a certain  yqtted Jine in Fig. 4a) represents the relationship betwen

role in determining the Josephson critical current value. This,;, g expected from the QPC model, in which tfﬁ*gvs |

effect is not included in Eq7). Experimentally, most of our - rajation shown in Fig. 14 is taken into account. We can see

IEJs eXhizbiF high nominall values ranging from 10t0 4 the QPC model results in a much largid®, value than

10° A/cm?, implying that the potential barrier at the SN in- pseneq experimentally. One possible explanation for the

terfaces is not high. In the case ®fvave junctions, an ana- giserepancy may be the existence of a shunt resistor in actual
lytical formula for dirty SNS junctions analogous to E@) é’unctions.

is known to be valid only in a restricted temperature rang
near T, where the Usadel function in the N layer is suffi-
ciently small compared withrkgT.>#5%In spite of this diffi- go[TrrrrrrrrrrrTTTTTT
culty, however, we adopt E@7) in the following analysis to
explore whether the SNS model can offer a qualitatively con-
sistent explanation for the observed junction characteristics 60
without expecting a precise fit to the experimental data, es-
pecially at low temperatures.

We analyzed thé, versus temperature characteristics us- 40
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 o P T T T
fit of the experimental datéshown by gray squargdased 0 2 4 6
on the QPC model, and the solid lines correspond to the SNS lc at 4.2 K (mA)
model. First, we look at the QPC model. On the assumption
that the superconducting gap obeys the BCS theory, the pa- FiG. 14. Critical temperaturd; at the junction interface as a
rameters required for the fitting are the transmis*sion coeffifunction of I, at 4.2 K estimated by fitting of the experimental
cientD of the contact and the critical temperatdrgeat the |~ T characteristics using the QPC model. The solid line in the
junction interface. Since the long tails fat high tempera- figure is a guide for the eye.

Te* (K)

-]
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. FIG. 16. Statistical fluctuatioristandard deviationof |, ob-

FIG. 15. Normalized contact lengtl vs | at 4.2 K estimated  served for either 16 individual junctions in a chip or 100-junction
by fitting of the experimental.-T characteristics using the SNS 4rrays as a function of the averaigeThe dark and pale lines in the
model. The solid line in the figure is a guide for the eye. figure represent theoretical predictions by the SNS model and the

QPC model, respectively.

It is worth mentioning here that in the case ®fvave

superconductors, the Kulik-Omelyanchuk thébgr diffu-  model results irl R, values almost one order of magnitude
sive point contact in the short length linfiy, < ¢) results in - smaller than the experimental values, as indicated by the pale
l. vs T characteristics similar to those in the case of cleardotted line in Fig. 4a). At present, we are not sure whether
point contacts with a transmission coefficient of about 0.8. Ifan extension of Eq7) to more general cases for arbitraty
the analogy is possible fa-wave superconductors, the uni- and dy can resolve this discrepancy or not. An advanced
versalD value observed for our IEJs may suggest that theself-consistent theory for SNS junctions in which thevave
point contacts in IEJs should be regarded as diffusive onesymmetry of the order parameter, the proximity effect at the
rather than QPCs in an atomic scale. Unfortunately, we d@N interface, and the effect of the elastic scattering in the N
not have a firm theoretical basis for extending this idea furregion are fully taken into account is required. However, this
ther at present. is far beyond the scope of the present paper.

Fitting using the SNS model requires three parameters: Finally, we discuss the statistical fluctuation lpfwithin
the normalized junction lengttl, defined asly=dy/&,(To),  the framework of the present junction models. The fluctua-
the strength of the barrier potentid] and the critical tem- tion of I is of critical importance for the digital circuit ap-
peratureT,. We assumed . to be the temperature where the plications of high-temperature superconductor Josephson
experimental Josephson current in individual junctions vanjunctions. Figure 16 shows the standard deviatioof |, as
ishes. In most cases, this critical temperature was slightly function of the averagie observed for junctions on a large
lower than those observed for the bulk electrodes. We f&ed number of wafers. Ther values were derived either for 16
at 1.0a priori throughout the present analysis based on ousingle junctions on a chip or for a 100-junction series array.
observation that the shape of thevs T curve is rather in-  Similar data reported by Tanalet al®” are also plotted for
sensitive taZ. Thus, in practice, we varied ontﬁ, tofind the  comparison. We can see that the data from two independent
point where a satisfactory agreement between the calculatidaboratories exhibit a common tendency, indicating that Fig.
and the experiment was obtained. The results are shown b6 depicts an important feature of IEJs. Empirically, the
Fig. 13 by solid lines. When we take into account the limitedvalue varied from wafer to wafer even if the process condi-
validity of Eq. (7), the SNS model seems to work quite well. tions were kept as constant as possible. We can conceive of
In fact, we can see that the tail region ndaris reproduced various origins for thes variation, and most of them are
reasonably well by the model. Tt values estimated by technology dependent. One example is differences in the
the fitting varied from 2.5 to 4.5 depending on thevalues  density of precipitates on the surface of the isolation layer
at 4.2 K, as shown in Fig. 15. This variation d& is again  originating from the slight deviation of the atomic composi-
too small, as was the case f in the QPC model, to ac- tion from the stoichiometry of the YBCO base electrode lo-
count for the variation in thé. values. Thus, even in the cated underneath the isolation lay&éWe have confirmed
framework of the SNS model, we can conclude that the numthat theo value correlates strongly with the precipitate den-
ber of the contacts within a junction area plays a significansity. However, even if the precipitate density was reduced to
role in determining the absolute value. a sufficiently low level,o differences ranging from several

The reasonable agreement of the experimehtals T % to a few tens of % of; remained depending on the aver-
characteristics with Eq.7), together with the weak SGS in agel. value. We think some inherent mechanism exists in
thedl/dV profiles discussed in the previous section, suggestiEJs that restricts further reduction of thevalue. Thus we
that the SNS model would give a better description of IEJswill focus only on the behavior of the minimum as a func-
compared with the QPC model. However, the present SN8on of the averagé, seen in Fig. 16.
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As we discussed above, thg value is primarily deter- a Josephson current of J0A. This value, together with a
mined by the number of contacts within a junction. Thereasonable estimate of the physical parameters in the N re-
varlatlon ofT in the framework of the QPC model or that of gion such asp=1 m() cm andD,=1 cn¥/s, enables us to

N in the SNS model is of secondary importance. A naturakestimate the area of the single contact using &g. The
consequence of this is that thevalue would be governed by estimated value is 8 10712 cn?. Although this contact area
the fluctuation in the number of contacts within a junction. Inseems to be feasible, we have to bear in mind that the present
the following, we will confirm this idea quantitatively. SNS model probably underestimates the Josephson critical

Within the QPC modell, at low temperatures of a single current value, and thus overestimates the junction area, as we
point contact with angler can be expressed approximately discussed above. In spite of this uncertainty, however, the

as reasonable agreement between the calculation and the ex-
periment seen in Fig. 16 is impressive and confirms that the

(@) ~ eA(T)cos(Za)f(D) (14) fluctuation in the number of microscopic SNS contacts

2h ' within a junction certainly restricts the attainable minimum

spread of thd, value.
wheref(D)=1.1 for D=0.8. Then, the ensemble average of

the critical currentl.) and the standard deviatian relative
to(l) for junctions containindN point contacts with random IV. SUMMARY AND CONCLUSION
orientation are given by

N eA( T eA(T ) We have presented a comprehensive study of the transport
(lg=———f(D)=0.3N—— (150  mechanisms in interface-engineered Josephson junctions fab-
h h ricated from high-temperature superconductors based on

more than 1000 junctions with excellent Josephson charac-
1 |7 4 [eAMID), i eA(T) 2 teristics. No appreciable d@ffere_nce in j_unction characteristics
=\ 5" -\ 5 077=0.290— (19~ was observed between junctions wifti00]- and [110]-
aligned ramp edges, indicating that some self-averaging
(16) mechanism that smears out the effect of theave 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
1 produces thé. vs T characteristics reasonably well for a
ide 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 with, exceeding 1HA/cm?.
This model, however, results in dgR, value that is nearly

It is straightforward to calculate at 4.2 K as a function of
(l¢ using Eq.(16) by taking into account the empirical rela-
tion betweenTZ andl, in Fig. 14. The result is shown in Fig.
16 by the pale line. The calculatedis considerably smaller
than the experimental value in the wholaange. Therefore,
as long as we assume that the QPC model holds, we st
have a good opportunity to further reduce thealue.

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

I (@) ~ | (a= 0)coZ(2a). (17) one order of magnitude smaller than that observed experi-
mentally. This is probably due to the limited validity of the
Hence(l.) and o become Asano theory, in which only the Josephson current compo-
nent proportional to si is taken into account. Further ad-
1)=N l(a= 0) (18) vancement of the theory for SNS junctions, in which both the
¢ 2 angular-dependent order parameter and the proximity effect

are treated self-consistently, is required to fully understand

the experimental results quantitatively. An important finding
=72 (190  of the present study is that the statistical fluctuatiori.ab

governed mainly by the fluctuation of the number of micro-

scopic SNS contacts within a junction area. In spite of the

In contrast to the QPC model, we cannot calculate the abscférge variation in experimenta}, which exceeded three or-
lute o value directly without the knowledge of the area of theders of magnitude, the variation in the length of the SNS

contact. However, if we fixo at a given(l,) to a certain contacts seems to be of secondary importance.

value, we can know the behavior afin the whole(l) range We have also shown that microscopic SNS contacts are
by using thedy versusl. relation in Fig. 15 together with EQ.  embedded dispersively in an insulator barrier containing a
(9). The dark line in Fig. 16 representsas a function oflc)  |arge number of localized states. Resonant tunneling of qua-
when we assume thatat(l;)=1 mA is 5%. The calculated siparticles through the localized states constitutes a shunt
line reproduces the experimentally observed behavior fairlyesistor within a junction. The contribution of the resonant
well. Since Eq(19) is equivalent too=1/y2N, 0=5% cor-  tunneling path differs appreciably even for junctions with a
responds toN=200. Thus, according to Eq18), a single similar I, value. This results in a large variation Bf, even
contact witha=0 in a junction with an(l) of 1 mA carries  for junctions with similar .. All these phenomena, which we

\lc(a' 0)
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have observed through transport measurements, are probably ACKNOWLEDGMENTS

related closely to the recrystallization mechanism of the

junction interface during the counter-electrode deposition We are grateful to M. Yu. Kupriyanov for critical reading
process, and may have some relation with the recently resf the manuscript and helpful discussion concerning the va-
ported inhomogeneous superconducting state in disorderdility of the Asano model. We are also indebted to K. Tanabe
superconductor®>® Unfortunately, we do not have suffi- for kindly providing the data plotted in Fig. 16. This work
cient data concerning the atomic structure of the junctiorwas supported by the New Energy and Industrial Technology
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