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1. Research Objective 

The fundamental goal of this two year program was to 

• develop a circuit-compatible S-N-S type junction technology based on 

YBCO. 

2. List of Technical Results on Edge Junctions. 

Our efforts to develop epitaxial SNS junctions in the edge geometry have 

been extensively published during the last couple of years.   The list of publication is 

as follows, and the reprints and preprints are attached as a major part of this final 

report. 

2-1. SNS edge junctions using CaRu03 and SrRu03 barriers 

[1] "High Tc superconductor-normal-superconductor Josephson junctions 

using CaRu03 as the metallic barrier", K. Char, M. S. Colclough, T. H. Geballe, 

and K. E. Myers, Appl. Phys. Lett. 62,196 (1993). 

[2] "Josephson coupling of YBa2Cu307.x through a ferromagnetic barrier 

SrRu03", L. Antognazza, K. Char, T. H. Geballe, L. L. H. King, and A. W. 

Sleight, Appl. Phys. Lett. 63,1005 (1993). 

2-2. Investigation of interface resistance 

[3] "Study of interface resistances in epitaxial YBa2Cu307-x/barrier/ 

YBa2Cu307-x junctions", K. Char, L. Antognazza, and T. H. Geballe, Appl. 

Phys. Lett. 63,2420 (1993). 
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[4] "Noise characteristics of YBa2Cu307-x/CaRu03/YBa2Cu307-x Josephson 

junctions", K. E. Myers, K. Char, M. S. Colclough, and T. H. Geballe, Appl. 

Phys. Lett. 64,788 (1994). 

2-3. Co-doped YBCO barrier edge junctions 

[5] "Properties of YBa2Cu307-x/YBa2Cu2.79Coo.2i07-x/VBa2Cu307-x edge 

junctions", K. Char, L. Antognazza, and T. H. Geballe, Appl. Phys. Lett. 65, 904 

(1994). 

[6] "Proximity effect in YBa2Cu307VYBa2(Cui-xCox)307-8/YBa2Cu307-5 

junctions: from the clean limit to the dirty limit with pair breaking", L. 

Antognazza, S. J. Berkowitz, T. H. Geballe, and K. Char, Phys. Rev. B 51, 8560 

(1995). 

2-4. Ca-doped YBCO barrier edge junctions 

[7] "Properties of high Tc Josephson junctions with Ca-doped YBa2Cu307-8 as a 

barrier layer", L. Antognazza, B. H. Moeckly, T. H. Geballe, and K. Char, 

to be published in Phys. Rev. B. 

2-5. TEM investigation on SNS junction microstructures 

[8] "Origin of nonuniform properties of YBa2Cu307-x/CaRu03/YBa2Cu307-x 

Josephson edge junctions", E. Olsson and K. Char, Appl. Phys. Lett. 64,1292 

(1994). 

[9] "Interface microstructure and composition of YBa2Cu307-5/N/YBa2Cu307-5 

SNS edge junctions with CaRuÜ3 as the metallic barrier", S. Rozeveld, K. L. 

Merkle, and K. Char, submitted to Physica C .y- 

[10] "Interface structure of a YBa2Cu307-5/N/YBa2Cu307-8 SNS Josephson ^j" 

junction using YBa2Cu2.79Coo.2i07-s as the normal barrier", S. Rozeveld, K. ü 

L. Merkle, and K. Char, submitted to Journal of Material Research. 
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3. C-axis Trilayer SNS Junction Using Co-doped YBCO Barriers 

During the last few months, trilayer junctions in the c-axis direction have 

been laid out, fabricated and tested.   The geometry of the junctions is described in 

Fig. 1.   Two separate Au contacts were made to the top YBCO to rule out the effect of 

contact resistance between the YBCO and Au electrode on the measured junction 

properties. 

v///////////;;////;/M ?//;//////;;/;////\ 

|    |     Si02 

Au electrodes 

in-situ Au 

|^     YBCO 

|f~[     Co-doped YBCO 

Fig. 1.   Schematic cross sectional view of the c-axis trilayer junctions using Co-doped 

YBCO barrier. 

The electrical characteristics of these trilayer junctions varied significantly 

from junction to junction with nominally the same barriers, suggesting a highly 

complex mechanism through the barrier.   For example, a nice RSJ-like behavior has 

been observed on a junction with a 160 ran thick barrier of 6.7 % Co-doped YBCO, as 

shown in Fig. 2.   However, some junctions had a well defined resistance but 

showed no supercurrent, while some of them showed very flux-flow-like IV 



characteristics with high Ic.   At this point we cannot rule out the possibility of pin- 

holes in these junctions. 
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Fig. 2.   The I-V characteristic at 53 K of a 20 x 20 |im2 c-axis trilayer junction made 

with a 160 nm thick barrier of YBa2Cu2.8Coo.207-S. 

In spite of the large junction area associated with trilayer junction geometry, 

the high resistivity of the Co-doped YBCO barrier in the c-axis direction may allow 

us to fabricate a junction of 4 x 4 |im2 size with a decent resistance.   In order to 

explore the possibility of the c-axis trilayer junctions further, we will need a 

systematic study of the temperature and barrier thickness dependence of the 

junction Ic and Rn.   However, this work will be out of the scope of this project. 
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Josephson junctions of the SNS type have been fabricated in the edge and trilayer junction 
geometries using YBa2Cu307_5/CaRu03/YBa2Cu307_5. The conducting oxide CaRu03 was 
chosen because it grows epitaxially on YBa2Cu307_5 and its resistivity shows metallic behavior. 
Current-voltage characteristics display behavior with significant deviations from the resistivity 
shunted junction model.- The dependence of critical currents and junction resistances on the 
CaRu03 thickness suggest that the interface resistance between YBa2Cu307_5 and CaRu03 

plays an important role in determining the critical parameters of the junctions. A dc SQUID 
functioning at 77 K has been demonstrated with this type of junction. 

Superconducting-normal-superconducting (SNS) type 
devices using YBa2Cu307 (YBCO) have been investigated 
by several groups studying Josephson junctions. Noble 
metals such as Au,1 Ag,13 and then AuAg3 alloys have 
been used as the normal material in the microbridge geom- 
etry. Trilayer and edge junction geometries require barrier 
materials which grow epitaxially on YBCO and vice versa. 
To date, PrBa2Cu307,

4,5 Y^Pr1_iBa2Cu307,6 normal 
YBa2Cu30^,7 and SrTij.JNb^8 have been used as the 
normal barrier layer in epitaxial SNS type structures. In 
this letter, we report the use of CaRu03 as the normal 
metal layer in YBCO-based SNS junctions. 

A candidate barrier layer for epitaxial SNS type struc- 
tures must satisfy several requirements. First, it has to be 
an electrically conducting material. Ideally, its metallic 
conductivity should not depend sensitively on doping, sto- 
ichiometry, or oxygen concentration. Second, it should be 
lattice matched with the YBCO. Finally, its deposition 
conditions must be compatible with YBCO. A material 
which satisfies these criteria would also make an excellent 
resistive element in integrated superconductive circuits 
made with YBCO in the future. 

There are a number of conducting oxides with a per- 
ovskite structure; CaMo03, LaTi03, SrRu03, SrCr03, 
Srlr03, and so on. X-ray 0-20 scans show that the lattice 
constants in the (Sr1_.cCa;c)Ru03 system range from 3.96 
A for SrRu03 to 3.86 A for CaRu03 when grown as epi- 
taxial films on LaA103 substrates. The expanded c-axis 
lattice constants imply that the films are under compres- 
sion on LaA103 substrates. We have used SrRu03, 
Sr0 5Cao jRu03, and CaRu03 as the barrier layer in SNS 
junctions and our preliminary results favor CaRu03. We 
attribute this to its close lattice match to YBCO and the 
fact that SrRu03 has a ferromagnetic transition at 150 K.9 

CaRu03 appears to be a well-behaved metallic oxide 
when it is deposited as an epitaxial film under conditions 
similar to those used for YBCO. Figure 1 shows the resis- 
tivity of an epitaxial CaRu03 film on a LaA103 substrate as 
a function of temperature. Its resistivity, about 600 /iQ, cm 

at room temperature, decreases as the temperature de- 
creases, implying metallic behavior. However, the curva- 
ture of the resistivity versus temperature curve deviates 
from the traditional Bloch-Gruneissen10 curve for metals. 
In addition, there is a large amount of residual resistivity at 
low temperature. A detailed study of the electomagnetic 
properties of epitaxial (Sri_JCCax)Ru03 films is underway. 

The inset in Fig. 1 displays the geometry of the SNS 
edge junction we fabricated using laser deposition. First, 
2000 A of epitaxial YBCO and 3000 Ä of epitaxial SrTi03 

are deposited on a LaA103 substrate. The YBCO/SrTi03 

layer is then patterned by Ar ion beam milling. Next, 100- 
500 A of epitaxial CaRu03 and 2000 A of epitaxial YBCO 
are deposited on top of the patterned YBCO/SrTi03 layer 
as well'as on the etched substrated area. Note that during 
this step an interface is formed between the CaRu03 and 
the previously processed YBCO surface. The CaRuOy' 
YBCO layer is again patterned by Ar ion beam milling, 
thereby creating YBCO/CaRuOj/YBCO edge junctions. 
In order to make contacts to the bottom YBCO, windows 
in the SrTi03 layer are etched and the Ag or Au contacts 
are deposited. 
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•'Also at the Department of Applied Physics, Stanford University, 
Stanford, CA 94305. 

FIG. 1. Resistivity vs temperature curve of epitaxial CaRu03 on a 
LaA103 substrate measured by the four point method. Inset shows a 
schematic cross-sectional drawing of the edge junction geometry. 
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FIG. 2. Current-voltage curves of an YBCO/300 Ä CaRuOyTBCO edge 
junction at high bias at 77 and 4.2 K. Insets show same current-voltage 
curves at low bias. 

In order to establish the quality of the patterned edge 
of the first YBCO layer, we made the same junction struc- 
ture but without the CaRu03 barrier layer. The critical 
current density of this YBCO to YBCO structure was 
higher than 1X106 A/cm2 at 77 K. This implies that most 
of the ion beam damage done during the initial patterning 
is annealed out when the YBCO is heated again in 100 
mTorr of oxygen for the subsequent deposition. 

The current-voltage curves of a junction with a 300 A 
CaRu03 barrier are shown in Fig. 2. At 4.2 K the 10-^m- 
wide junction shows slightly hysteretic behavior with a 1.3 
mA critical current. As we increase the current, the char- 
acteristic bends slightly towards a lower dynamic conduc- 
tance state at voltages near one mV and eventually bends 
back to a higher conductance state at tens of mV. This 
behavior of increasing conductance as a function of bias 
current does not agree with the resistively shunted junction 
model. This increasing conductance was observed for all 
the junctions with a barrier thickness from 100 to 500 A. 
Whether this peculiar high bias behavior is from the non- 
linear current-voltage relation of the CaRu03 barrier itself 
or from the properties of the interface between YBCO and 
CaRu03 remains to be investigated further, but we note 
that the junction resistance is predominantly that of the 
interface. We also would like to note that this increasing 
conductance has been observed in YBCO tunnel junctions 
by several groups.11 As the temperature is increased, the 
bending in the current-voltage curve becomes smaller. The 
bending towards a higher resistance state at the 30 mA bias 
level at 77 K is due. to exceeding the critical current of the 
YBCO current leads. 

The effect of the CaRu03 barrier thickness on junction 
critical current and resistance was measured. The results at 
4.2 K, shown in Fig. 3, exhibit a large scatter at each 
thickness. The critical current density can be fitted with an 
exponential relation Jc(d) =J^ exp( -d/\\ A), suggesting 
a normal coherence length of 41 A for CaRu03 at 4.2 K. 
The data of normalized junction resistance R„A show ex- 
tremely large scatter, with the lowest values still a factor 
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FIG. 3. (a) Jc and (b) R^4 of YBCO/CaRuO/YBCO junctions as a 
function of barrier thickness at 4.2 K. Triangles: edge junctions, crosses: 
trilayer junctions. 

of 10 higher than the value calculated from the bulk resis- 
tivity shown in Fig. 1. For example, when the thickness of 
the CaRu03 barrier is 500 Ä, the expected value of R„A 
=/vf=2X 10-4 fl cmX5X 10-6 cm=10-9 £i cm2. 

There are several candidates for the origin of this extra 
resistance. Since the edge of the first YBCO electrode was 
processed ex situ, contamination on that surface is a pos- 
sibility, even though the direct YBCO to YBCO contact 
had high J^ as described earlier. In order to answer this 
question, we fabricated YBCO/500 Ä CaRu03/YBCO tri- 
layer structures with both c-axis oriented YBCO and with 
a-axis YBCO. Though all the junction interfaces were 
made entirely in situ, in both cases, regardless of the ori- 
entation of the YBCO, the junction reistances were still a 
factor of 10 higher than the value expected from the bulk 
resistivity. Another possibility is that, at the interface, 
there are oxygen depleted regions due to the difference in 
chemical potential for oxygen in the two different materi- 
als, YBCO and CaRu03. There can also be an intrinsic 
interface resistance originating from the mismatch in car- 
rier densities and Fermi velocities.12 The extra resistance 
would then be similar to the Schottky barrier at 
semiconductor-metal interfaces. In order to have better 
control of junction critical currents and resistances, a bet- 
ter understanding of the origin of the extra resistance will 
be necessary. 

Shapiro steps, as well as critical current modulation as 
a function of mirowave field strength, have been observed. 
Modulation of critical current in a magnetic field perpen- 
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1 uV 

FIG. 4. Voltage modulation of a dc SQUID made with YBCO/200 A 
CaRu03/YBCO edge junctions. Inset shows the planar geometry of the 
SQUID. 

dicular to the substrate shows complicated behavior due to 
the geometry of edge junctions. A dc SQUID was fabri- 
cated with YBCO/200 A CaRuOyTBCO junctions. The 
inset in Fig. 4 shows the planar geometry of the dc SQUID 
with about 200 pH inductance. At 77 K, the SQUID had 
a critical current of 600 [iA and a resistance of 0.1 Ü. The 
SQUID showed voltage modulation by magnetic field and 
its effective area of 16 000 [im2 agreed well with its geom- 
etry. 

In summary, we fabricated epitaxial SNS junctions us- 
ing CaRu03 as the metallic barrier in the edge junction 
geometry. The dependence of junction critical current den- 
sity on the barrier thickness seems to follow an exponential 
relation with a large scatter. We believe this large scatter in 
critical current density is related to the junction resistances 

that are always a factor of 10-100 higher than the bulk 
resistance of the barrier material. In addition, the current- 
voltage characteristics show large deviation from the resis- 
tively shunted junction model, especially at high bias cur- 
rent. 

We would like to thank Laura King and Art Sleight 
at Oregon State University for providing the 
(Sr1_iCai)Ru03 materials. We also appreciate the techni- 
cal assistance of Elena Corpuz, as well as discussions with 
John Rowell, Randy Simon, Mac Beasley, and Bob Dynes. 
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Josephson coupling of YBa2Cu307_x through a ferromagnetic 
barrier SrRu03 
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(Received 24 May 1993; accepted for publication 17 June 1993) 

Epitaxial barriers of ferromagnetic SrRu03 have been used to fabricate high Tc 

superconductor-normal-superconductor Josephson junctions in the edge junction geometry. At 
small barrier thicknesses the SrRu03 junctions follow the behavior of nonferromagnetic but 
otherwise closely related CaRu03 junctions. A rapid disappearance of critical current is 
observed when the barrier thickness is increased to 250 A. Possible origins of such a large critical 
thickness are discussed. 

In our recent study of superconductor-normal- 
superconductor (SNS) Josephson junctions using epitaxial 
metallic oxide CaRu03 as the barrier layer,1 we identified 
several other candidate barrier materials including the 
(CaxSr1_x)Ru03 system. In this system, it has been 
shown2,3 that SrRu03 undergoes ferromagnetic ordering at 
temperatures between 150 and 160 K, while CaRu03 is 
nonmagnetic. Theoretical treatments of superconductor- 
ferromagnetic-superconductor (SFS) junctions have been 
made over the years.4,5 A critical thickness of a ferromag- 
netic barrier, above which there is no overlap of supercon- 
ducting wave functions and hence zero Josephson .current, 
is predicted by Kuplevakhskii and Fal'ko.4 On the other 
hand Buzdin et al reported an oscillation of the critical 
current of the junction with the ferromagnetic barrier 
thickness.5 Experiments on low Te Pb-Fe-Pb junctions by 
Claeson6 indicate a critical thickness of 5 A. This small 
value may be due to efficient pair breaking by spin flip 
scattering at the interfaces as well as the magnetization of 
Fe. 

In the case of high Tc material systems, study of SFS 
structures is all the more interesting since high Tc super- 
conductivity is generally believed to originate from a mag- 
netic background state. Kasai et al? reported the observa- 
tion of supercurrents in trilayer junctions with a 5000-A- 
thick Lao 7Cao 3MnOz ferromagnetic barrier. No follow-up 
confirmation of this work, for which there is no reasonable 
physical model, has been reported to our knowledge. In 
this letter we report electrical characteristics of SFS-type 
Josephson junctions made with YBa2Cu307_x (YBCO) as 
electrodes and SrRu03 as the barrier layer in the edge 
junction geometry. 

When grown epitaxially on LaA103 substrates, 
SrRu03 has the lattice constant of 3.96 A in the growth 
direction. The expanded c-axis lattice constant may imply 
that the films are under compression on LaA103 substrates. 
The temperature dependence of resistivity of an epitaxial 
SrRu03 film on LaA103 is shown in Fig. 1. The cusp at 150 
K is presumably due to a decrease in spin flip scattering 

when SrRu03 undergoes ferromagnetic ordering. The mag- 
netic ordering in SrRu03 is believed to be either canted or 
itinerant ferromagnetism, and results in a moment of about 
1 fig per Ru atom.2,3,8 It is important to note that exactly 
the same temperature dependence and cusp in the resistiv- 
ity is maintained even for the 100-A-thick SrRu03 films on 
LaA103 substrates, which indicates that 100-A-thick 
SrRu03 films maintain a Curie temperature at 150 K. 

The YBCO/SrRuOyTBCO junctions were fabricated 
by the same process as that used for YBCO/CaRu03/ 
YBCO junctions.1 Epitaxial layers were grown by laser 
ablation and all the patterning was done by Ar ion beam 
milling. According to cross-sectional scanning electron mi- 
croscope studies, the angle of the slope of the first YBCO 
edge is about 20°. In order to avoid shorts in the nonbarrier 
regions an epitaxial SrTi03 layer or polycrystalline MgO 
layer was used as the isolation layer between the first and 
second YBCO electrodes. 

In order to assess the quality of the edge of the first 
YBCO, junction structures were made without any barrier 
layer. All the structures showed critical current densities 
higher than 1X106 A/cm2 at 77 K. They did not show any 
weak link behavior even at temperatures very close to the 
transition temperatures of the YBCO electrodes, which is 
usually between 87 and 90 K. On the other hand, several 
edge junction structures were made and tested with an 

*'Also at Department of Applied Physics, Stanford University, Stanford, 
CA 94305. 
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FIG.   1.   Temperature dependence of resistivity  for a  3000-A-thick 
SrRuOj thin film on a LaA103 substrate. 
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FIG. 2. I-V curves of a 5-/xm-wide junction with 200-A-thick SrRu03 
barrier at (a) 4.2 K, (b) 28.8 K, (c) 45 K, (d) 56.5 K, (e) 63.7 K, and 
(f) 73.3 K. 

insulating SrTi03 barrier layer. As long as the SrTi03 bar- 
rier layer was thicker than 100 A, there was no critical 
current, even though the resistance of the structures varied 
from tens of ohms to hundreds of kilo-ohms. When the 
SrTiOj barrier was 50-A thick, we observed fairly large 
zero resistance currents which we attribute to microshorts 
through the barrier layer. 

The current-voltage {I-V) curves of a 5-/zm-wide 
YBCO/200 A SrRu03/YBCO junction at several temper- 
atures are shown in Fig. 2. At 4.2 K the critical current 
shows a small hysteresis with 320 /nA critical current. The 
junction also exhibits a slight hump in its I-V characteris- 
tic around 400 fiV. The I-V curve at higher bias, around 
tens of mV, shows the increase of conductance, as was the 
case for the CaRu03 barriers.1 We believe that this increas- 
ing conductance results from interface properties between 
the YBCO and SrRu03, as in YBCO/CaRu03 interfaces. 
The features of the hump and increasing conductance at 
high bias disappear as the temperature increases. At 77 K 
the I-V curve shows nonlinear behavior due to thermally 
activated phase slip in the junction and there is no zero 
resistance current. 

The temperature dependence of critical current and 
resistance of the junction is displayed in Fig. 3. The critical 
current disappears linearly as the critical temperature is 
approached. Even though the temperature dependence 
cannot be accurately fit to a power law relation Iea:(Tc 

— T)n near the critical temperature due to thermally acti- 
vated phase slip, n= 1 is a good fit over most of the range. 
The junction resistance R„ increases slightly as the junction 
is cooled down. We note, however, that the resistance of 
junctions at low temperatures can only be approximately 
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FIG. 3. Temperature dependence of Ic and iJ„ of a 5-/im-wide junction 
with 200-A-thick SrRu03 barrier. 

defined because there are large deviations in the /- V char- 
acteristics from the resistively shunted junction model. It 
should also be noted that the resistance of the junction is 
an order of magnitude higher than is expected from the 
bulk properties of SrRu03, and thus interface resistance is 
important. The temperature dependence of the critical cur- 
rent and the resistance of the junction is similar to that of 
grain boundary junctions of YBCO,9 which leads us to 
speculate that the temperature dependence may be a gen- 
eral property of YBCO interfaces. 

In Fig. 4 the thickness d dependence of Jc and R„ A, 
where A is the area of the junction, at 4.2 K are shown for 
all the samples measured over the past year in this study. 
The large scatter is attributed to the variation of the nom- 
inal barrier thickness which was estimated from the depo- 
sition time, and to the barrier uniformity. The runs made 
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FIG. 4. (a) Jc and (b) R„A as a function of barrier thickness at 4.2 K. 
In (a) the dashed line represents the fit for the CaRuO, junctions and the 
solid line is the fit using Eq. (1) with /0=2.9X 103 (A/cm2), £,=62 Ä, 
and rfc=250 Ä. 
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during the early part of this investigation also had higher 
interface resistances. The dashed line represents the aver- 
age behavior of YBCO/CaRuO/YBCO junctions as re- 
ported in Ref. 1. At small d, the critical current density 
seems to follow that of CaRu03 barrier junctions, even 
though the average value is slightly lower for the ferromag- 
netic SrRu03 barrier. When the SrRu03 thickness is equal 
or above 250 A, 24 of the 29 junctions measured showed no 
critical current. Thus 250 A seems to be a critical thickness 
above which the critical current vanishes. A possible trivial 
explanation for this large critical thickness, namely that 
the SrRu03 barrier material is not ferromagnetic when it is 
thinner than 250 A, is inconsistent with the 100-A-thick 
SrRu03 films having the same temperature dependence of 
resistivity as the thick films and bulk, as previously noted. 
However, we cannot at present exclude the possibility that 
the thin SrRu03 barrier grown at the edge of YBCO is not 
ferromagnetic due to epitaxial or thermal stress, although 
it is unlikely. Considering the low angle of the slope of the 
edge, we believe the thickness of the SrRu03 barrier in the 
edge junction geometry is not much different from the 
thickness of SrRu03 films deposited on a fiat substrate. The 
thickness dependence of R„A in Fig. 4(b) again suggests 
the importance of interface resistances in YBCO/SrRu03 

structures. In fact the interface resistance of SrRu03 bar- 
rier junctions are slightly higher than that of CaRu03 bar- 
rier junctions, which could result from the slightly larger 
lattice mismatch in YBCO/SrRu03 structures. In addition 
the large critical thickness indicates the lack of pair- 
breaking scattering at the interface by magnetic moment. 

The solid curve in Fig. 4(a) is a fit to the data using 
the equation of Ref. 4 for the critical current as a function 
of barrier thicknesses, 

JC=J0 exp( -d/%n) [ 1-2 sm2(ird/4dc) ], (1) 

where £„ is the coherence length, D the diffusion constant 
in the F material, and dc=5ir/A {HD/kBTaaAe)

xn is the 
critical thickness above which there is no Josephson cou- 
pling. The first factor is the usual exponential decay and 
the second accounts for the opposite precession of the up 
and down spin inside the ferromagnetic barrier. This is 
derived with the assumption of negligibly small spin orbit 
scattering and that the exchange energy h=kBTcxaie is 
greater than kBTc. The equation is valid near Te and it 
remains to be seen how well it works at low temperatures. 
Our fitting parameters are £„=62 A for the exponential 
decay, a reasonable value compared to the 44 A found for 
CaRu03 barriers in Ref. 1, and the critical thickness dc 

=250 A. Here if we take 7^= 150 K, the diffusion con- 
stant D comes out to be 8 cmVs, not an unreasonable 
value. 

The 200 A junction was also tested in a magnetic field 
and under microwave radiation. When the magnetic field 
was applied in the direction perpendicular to the substrate, 
the pattern obtained from the modulation of voltage as a 
function of magnetic field is more like that of a SQUID 
than that of a uniform single junction, suggesting nonuni- 
formity of the critical current density. Microwave irradia- 
tion at higher temperature almost completely suppressed 

the critical current, but none of the SrRu03 junctions 
showed the Shapiro steps. However, the critical current 
was modulated as a function of microwave power. It is not 
clear whether the interface or the ferromagnetism is rer 
sponsible for the nonideal properties of the junction under 
microwave radiation. However, the fact that we do observe 
Shapiro steps in CaRu03 barrier junctions, even though 
they are not as well defined as those from biepitaxial grain 
boundary junctions,9'10 suggests that ferromagnetism may 
be involved. Further, a nontrivial current phase relation- 
ship is predicted in Ref. 4 for ferromagnetic barriers mak- 
ing the behavior of the junction under microwave compli- 
cated. 

In summary, we report the electrical properties of 
SNS-type Josephson junctions based on YBCO with 
SrRu03 barrier layers. We observe a critical thickness of 
250 Ä for the SrRu03 barrier layer, above which the crit- 
ical current vanishes abruptly. A small possibility exists 
that the large critical thickness is the result of loss of fer- 
romagnetic ordering in the thinner barriers or a change of 
intrinsic properties due to the high Te materials in prox- 
imity with a ferromagnetic barrier. We observe large inter- 
face resistances, as in the case of CaRu03 barriers, and an 
unusual behavior of the junction under microwave radia- 
tion. However, we were able to fit the data with reasonable 
parameters to a theory developed for SFS junctions. 
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We have measured interface resistances in YBa2Cu307_,/barrier/YBa2Cu307_2 junctions with 
different barrier materials in an edge junction geometry. CaRu03, La^S^O^, 
Y0.7Cao.3Ba2Cu307_^ YBazCuiTgCoo.zjO,.^ and La,.4Sr0.6CuO4 have been employed as the 
epitaxial barrier materials. We observe interface resistances of the order of 1X10" fl cm when 
we use CaRu03 and LaQ.3Sr0.5CoO3 barriers. These two barrier materials are cubic perovskites. 
However, in the case of the layered barrier materials, the measured interface resistances are 
smaller than 1X 10~10 Q cm2. Our study suggests that the oxygen disorder at the YBa2Cu307_x 

surface, due to stress created by the thermal expansion mismatch between YBa2Cu307_x and the 
barrier, may be the origin of the interface resistances, and that the magnitude of this stress can 
change the resistance by orders of magnitude. 

The emerging electronics technology based on high-2% 
superconductors is limited at present by our understanding 
of the materials themselves, particular when the supercon- 
ductors are integrated into circuits. Central to advances in 
the processing of these oxide materials in multilayer de- 
vices and circuits is an understanding of the properties of 
interfaces between the oxides and other materials. Exam- 
ples are the interfaces of superconductors with normal 
metals such as Ag or Au, with normal epitaxial oxide met- 
als used as resistors and barrier layers in superconductor- 
normal-superconductor (SNS) junctions, with insulating 
oxides in crossovers, and with other superconducting films 
in via contacts. For example, in SNS junctions utilizing 
Ag, Au,u or CaRu03 (Ref. 3) as the N layer, the junction 
resistance is dominated by the interface resistance rather 
than the bulk resistance of the normal metal. Lack of con- 
trol of this interface resistance leads to large nonuniformi- 
ties in junction properties across the wafer and probably 
within the individual junctions. As far as we know, this has 
been true for all SNS junctions made of the oxide materi- 
als. As the SNS junction is becoming important in high-T,. 
superconducting quantum interference devices (SQUEDs) 
and single flux quantum (SFQ) digital circuits, it is essen- 
tial to be able to understand and control this interface 
resistance. 

Recently in epitaxial SNS junctions with an epitaxial 
CaRu03 barrier,3 we identified the important role the in- 
terface resistance plays in determining the critical param- 
eters of junctions such as critical current density (7e) and 
normalized resistance (R„A). In this letter we present the 
measurement of interface resistances of YBa2Cu307_i 

(YBCO)/barrier/YBCO edge junctions with five different 
epitaxial barriers. In order to elucidate the origin of inter- 
face resistances, we chose the metallic barrier materials to 
have a rather wide range of properties, as we considered 
that the interface resistance might be due to mismatches in 
carrier density, lattice constant, thermal expansion, and 
dimensionality. 
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The lattice constants and thermal expansion coeffi- 
cients of YBCO, SrTi03, LaA103, and five barrier materi- 
als are listed in Table L We used two cubic perovskite 
barrier materials CaRu03 and Lao jSr0.jCoO3 as well as 
three layered materials Ya7Ca0.3Ba2Cu3O7_z, 
YBa2Cu2.79Co0.2iO7_;c, and LaMSro.6Cu04. We would like 
to emphasize the large difference in thermal expansion co- 
efficients between the YBCO along the c axis and the cubic 
perovskite barriers. 

The schematics and processing procedures of our edge 
junctions are described in Ref. 3. When we made an edge 
junction structure without any barrier layer, the YBCO/ 
YBCO contacts carried critical current densities higher 
than 1X106 A/cm2. This suggests that the ion mill dam- 
aged YBCO surface restores its crystallinity during the 
heating for the second barrier/YBCO deposition. On the 
other hand, when we used 10-nm-thick SrTi03 layer as the 
barrier layer, the junction did not show any zero voltage 
current, even though the resistance of the junctions varied 
between tens of ohms and hundreds of kilo-ohms. 

The first results of junctions made with CaRu03 bar- 

TABLE I. Lattice constants and thermal expansion coefficients of YBCO, 
LaA103, SrTi03, and barrier materials used in this study. 

Lattice constants Expansion coefficients 

Materials (A) (10-V *C around 400 *C) 

YBCO 3.82-3.89 (a,b) 8-10 (a.b) 
11.7 (c) 17-20 (c) 

LaA103 3.79 10 

SrTiOj 3.90 10 
CaRu03 3.85-3.86 10 

LaajSrojCoOj 3.83-3.84 10 
Ya7CaojBa2Cu30 7_x 3.82-3.89 (a,b) 8-10 (a.b) 

11-7 (c) 20(c) 
YBajCurrcCooaA-* 3.82-3.89 (a,b) 8-10 (a,b) 

11.7 (c) 17-20 (c) 

La,.4Sra6Cu04 3.9 (a) 10(a) 
13.3 (c) 17-20 (c) 



(a) stress free YBCO interface 

(b) stressed YBCO interface 

Barrier 

(c) three distinct channels 

superconductive   resistive        capacitive 

FIG. 2. Schematic drawings of oxygen deficient/disordered states at 
YBCO/barrier (a) in the case of good thermal match and (b) in the case 
of poor thermal match, (c) Representations of three different channels in 
SNS type junctions depending on the microscopic density of localized 
states at the interface. 

interface resistance between YBCO and the La] 4Sr0 6Cu04 

barrier. 
The interface resistance observed for CaRu03 and 

Lao 5SrajCo03 barriers has a very similar temperature de- 
pendence to that of high angle grain boundaries of YBCO,9 

as does its critical current. In addition, the magnitude of 
the interface resistance, about 1X10-8 il cm2, is also com- 
parable to that of high angle grain boundaries of YBCO. 
Even though we cannot completely rule out the possibility 
of chemical reaction at the interface, the similarity of mag- 
nitude and temperature dependence of the interface resis- 
tance points towards some sort of oxygen deficiency/ 
disorder at the YBCO interface as the origin of the 
interface resistance. This is now generally believed to be 
the origin of the resistance of grain boundaries. The density 
of oxygen deficiency/disorder at the interface could easily 
be enhanced at the YBCO interface in the case of barriers 
with poor thermal match, since the YBCO surface cannot 
absorb enough oxygen and contract its c axis during the 
cool down. 

In Fig. 2 we show our schematic description of the 
oxygen deficient/disordered states at YBCO/barrier inter- 
faces. In the case of barriers with a good thermal match 
with the YBCO c axis, the density of oxygen deficient/ 
disordered states at the interface is not much different from 
that in the bulk of the YBCO. However, the density of 
oxygen deficient/disordered states is higher at the interface 

in the case of barriers with poor thermal match, resulting 
in significant interface resistances. If these oxygen 
deficient/disordered states tend to cluster together, as 
shown by recent electromigration experiments,10 there will 
exist a modulation of the density of localized states across 
the junction interfaces, as shown in Fig. 2(b). Depending 
on the density of localized states at the interface, the local 
microscopic junction area will then behave as a supercon- 
ductive channel that carries phase coherent Josephson cur- 
rent, a resistive channel that carries normal shunt current 
but no supercurrent, and a capacitive channel that does not 
carry any significant dc current. 

In summary, we have reported the interface resistances 
in SNS junctions between YBCO and five different epitax- 
ial barriers. The similarity of interface resistance to that of 
grain boundaries of YBCO in the case of barriers with poor 
thermal match and the absence of interface resistance in 
the case of well thermally matched barriers suggest that 
the clustering of oxygen deficient/disordered localized 
states at the interface may be the origin for the interface 
resistance. We believe these experiments are the first steps 
towards engineering the oxide interfaces in SNS junctions 
and multilayer circuits in general. As we understand the 
origin of the interface resistance better, we expect to have 
improved control over the interface resistance, which will 
eventually lead to an epitaxial SNS Josephson junction 
technology with improved uniformity of resistance and 
critical current 
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The noise characteristics of YBa2Cu307_yCaRu03/YBa2Cu307_5 edge junctions are reported. The 
junctions exhibit low 1// noise in the range of operating temperatures from 65 to 77 K. At lower 
temperatures the level of IIf noise increases, and in addition, telegraph noise dominates the noise 
power spectrum at discrete current biases that are junction dependent. The characteristic frequency 
of a particular switching process increases with temperature but may increase or decrease with 
increased bias current. These results are consistent with a description of the superconductor-metal 
interface in which oxygen deficiency and/or disorder gives rise to localized states which trap 
carriers and lead to noise in the junction transmission. 

In recent letters,1,2 we have identified the importance of 
the interface between YBa2Cu307_,s (YBCO) and other epi- 
taxial metal oxides in determining the properties of 
superconductor-normal metal-superconductor (SNS) junc- 
tions made of those materials. For certain normal metals, 
including CaRu03 (CRO), the resistances of SNS junctions 
made with YBCO are dominated by interface resistance. In 
an effort to isolate the origin of the YBCO/CRO interface 
resistance, we have studied the noise properties of YBCO/ 
CRO/YBCO junctions as a function of temperature and bias 
current. 

There have been several papers describing the noise 
characteristics of grain boundary junctions, and supercon- 
ducting quantum interference devices (SQUIDs), fabricated 
from YBCO3-7 and thallium-22128 thin films. In most of 
these studies, the noise power spectrum was found to have a 
1// frequency dependence.9 For normal metal-insulator- 
metal junctions, Rogers and Buhrman have shown that the 
typically observed 1// noise spectrum is actually an aggre- 
gate of single Lorentzian spectra, each due to the trapping 
and escape of carriers at a localized state in the barrier, but 
with a distribution of lifetimes.10 A similar mechanism is 
expected to be at the heart of 1// noise in both high Tc grain 
boundary and SNS junctions. However, in previous work, the 
individual Lorentzian spectra were not resolved so that infor- 
mation regarding the localized states could not be extracted. 

The current-voltage characteristics of the YBCO/CRO/ 
YBCO junctions used in this study were described 
previously.1 One of the major results of that work was that 
the junction resistance was two orders of magnitude higher 
than expected on the basis of the resistivity and dimensions 
of the CRO layer, and was independent of CRO thickness. It 
was asserted that there must be some sort of insulating bar- 
rier between the CRO and YBCO. By studying the noise 
characteristics of YBCO/CRO/YBCO junctions, and in con- 
cert with a study of YBCO SNS junctions with different 
normal metals,2 we have developed a description of: the 
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superconductor-metal interface in which oxygen deficiency 
and/or disorder gives rise to localized states which trap car- 
riers and lead to voltage noise and high resistance across the 
junction. 

SNS junctions in the step-edge geometry were fabricated 
using laser deposition. First, 2000 A of epitaxial YBCO and 
3000 Ä of epitaxial SrTi03 are deposited on a LaA103 sub- 
strate. The YBCO/SrTi03 bilayer is then patterned by Ar ion 
beam milling. Next, 100-200 A of epitaxial CRO and 2000 
Ä of YBCO are deposited on top of the patterned bilayer as 
well as on the etched substrate area. The CRO/YBCO bilayer., 
is patterned by Ar ion beam milling, thereby creating YBCO/ 
CRO/YBCO edge junctions. In order to make contacts to the 
bottom YBCO layer, windows are etched through the SrTi03 

layer, and Ag or Au contacts are deposited. The critical cur- 
rents of the 6 and 10 pm wide junctions included in this 
study are, at 4.2 K, between 2.4 and 5.0 mA and the resis- 
tances are between 1.2 and 2.0 Cl. 

The samples are patterned into a four-point geometry. An 
HP 3312A Signal Generator provides a constant current us- 
ing a large ballast resistor. The measured voltage noise is 
independent of the value of that resistor, eliminating current 
source noise as a possible source of voltage noise. The volt- 
age across the junction is directed to a low-noise preamplifier 
and is then frequency analyzed by an HP 35660A Dynamic 
Signal Analyzer while time traces are taken with an HP 
54501A Digitizing Oscilloscope. All measurements are taken 
with the sample inside a high-permeability metal shield and 
in a rf-shielded room. The white noise floor of this apparatus 
was about 3 nV/^Hz referred to the sample. We note that our 
first measurements were done in a system with a much lower 
noise floor, but we found that such careful measurements 
were unnecessary. 

In Fig. 1 we show the voltage noise power, Su
m, at 10 

Hz for several junctions at their highest operating tempera- 
ture as a function of the bias current Ib. The noise in the 10 
ptm junctions is about 2 nV/^Hz (above the noise floor) at 10 
Hz when biased just above the critical current, Ic. This 
is comparable to the voltage noise measured for YBCO 
grain boundary junctions. The noise level for the 6 /im junc- 
tion (C) is, at high biases, larger by a factor of nearly 2 than 
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that of the 10 /*m wide junctions (A and B) as expected. At 
all bias currents above Ic, the noise has a 1// frequency 
dependence as seen, for example, in the inset of Fig. 1. The 
low 1// noise of these junctions at the junction operating 
temperatures makes them potentially useful in various appli- 
cations. 

Following Kawasaki et a/.,4 we expect that the main 
contribution to the voltage noise across a given junction is 
from transmission fluctuations due to the trapping and re- 
lease of carriers, as opposed to flux motion, in the junction. 
The junction transmission fluctuations give rise to both criti- 
cal current and resistive fluctuations. In a uniform junction 
the normalized magnitudes of these two noise sources should 
be the same.5 These two components of the voltage noise can 
be distinguished as the critical current fluctuations dominate 
at Ic while the resistance fluctuations dominate at high bias 
current. Because the data in Fig. 1 were taken at relatively 
high temperatures, there is not in all cases a peak in Su at Ic, 
making it difficult to determine the level of the critical cur- 
rent fluctuations. However, at high bias we can determine 
that the normalized resistance fluctuations, dRJRn, are in 
the range of 3-7Xl0~6A/Hz for all three junctions. 

The noise level for a particular junction increases with 
decreasing temperature. The voltage noise across a 10 fim 
YBCO/CRO/YBCO junction at 4.2 K is plotted as a function 
of bias current in Fig. 2. There is a peak in the noise just 
above the junction critical current (=2.6 mA). With increas- 
ing bias current, the noise drops down to a minimum and 
then quickly rises again. The noise generally has a 1// power 
spectrum at low temperature, as at high temperature. In the 
low-temperature case, we can distinguish the contributions 
of the critical current and resistance fluctuations. At 4.2 K, 
the normalized critical current nose, dljlc, is about 
13XlO-5A/Hz while the normalized resistance noise is half 
of that value indicating that the junction is relatively uni- 
form. In addition to this noise there is, however, a series of 
peaks that occur over very narrow bias current regions, and 
without any corresponding features in the J-V characteris- 
tics. 

300 

2        4        6 

Bias Current (mA) 

FIG. 2. Voltage noise power (at 10 Hz) as a function of bias current for 
sample B at T=4.2 K. The critical current for the junction is about 2.6 mA 
at this temperature. Note the peak in the voltage noise just above Ic, but also 
at Ib~4 and 5 mA. 

For example, the noise power spectrum corresponding to 
the peak in Fig. 2 at Ib*>4 mA is shown in Fig. 3. In this bias 
current regime, the power spectrum is dominated by a single 
Lorentzian, that is, the noise power is flat below a character- 
istic frequency, and falls as l//2 at higher frequency. A typi- 
cal time trace of the voltage noise is shown in the inset to 
Fig. 3. A random telegraph signal (RTS) is seen clearly; the 
voltage difference between the two states being approxi- 
mately 0.5 /U.V. For this particular peak, the characteristic 
frequency, or the inverse of the average time between tran- 
sitions, moves to lower frequency with increased current 
bias. For different peaks, the opposite behavior is observed. 
In all cases however, the characteristic frequency increases 
with increased temperature as would be expected for an ac- 
tivated process. Our earlier assumption that the noise is not 
primarily due to flux hopping seems to be verified by the fact 
that the voltage bias at which a given RTS appears does not 
change with magnetic field environment or with thermal cy- 
cling. 

In order to explain our observations, we have developed 
the following picture of YBCO/CRO/YBCO junctions. At 
the YBCO/CRO interface, there are oxygen deficiencies 
and/or disorder due to strain between the layered YBCO and 
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FIG. 1. Voltage noise power (at 10 Hz) as a function of bias current for three 
YBCO/CRO edge junctions. Solid line: sample A, 10 /im wide, T= 65 K; 
dotted line: sample B, 10 pm wide, 7"= 65 K; dashed line: sample C, 6 fun 
wide, T=77 K. Inset: Log of the voltage noise power (nV/^Hz) as a func- 
tion of frequency for sample C at T=77 K and Ib=0.1 mA. The solid line 
shows a 1// dependence. 

FIG. 3. Log of the voltage noise power as a function of frequency for 
sample B at 1=4.2 K. From top to bottom, the traces were taken at /6=4.1, 
4.2, and 4.3 mA and are offset for clarity (the peaks at 60 Hz, 120 Hz, etc. 
are due to line frequency interference). The straight, solid line shows a 1// 
dependence. Inset: A time trace of the voltage fluctuations. 
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the cubic CRO, possibly as a result of the thermal expansion 
coefficient mismatch between the two materials.2 The oxy- 
gen defects tend to cluster,11 leading to insulating regions at 
the YBCO/CRO interface. As a result, there are at least two 
different types of interface regions, with different electrical 
properties. There are superconducting channels correspond- 
ing to areas with relatively few defects. There are also resis- 
tive channels through more highly defected regions. Addi- 
tionally, there may be capacitive channels, which would not 
have an impact on the voltage noise. 

There are a large number of superconducting channels, 
and there are carrier trapping sites in those areas. Any charge 
trapped in localized states in such a conductive region will 
be heavily screened and therefore have a small impact on the 
overall junction transmission. However, the sum of the con- 
ductance fluctuations due to all of these states, having a dis- 
tribution of lifetimes, leads to low-level 1// noise. 

Though the number of resistive channels is smaller, trap- 
ping of an individual carrier in these regions having rela- 
tively long screening lengths has a larger effect on the junc- 
tion transmission. We suggest that these regions are the 
source of the large random telegraph signals observed. 

In the original Rogers and Buhrman work, it was shown 
that thermally activated ionic reconfiguration may allow the 
trapping of a carrier in the barrier resulting in a change in the 
junction transmission. The barrier energy between the two 
configurations, most likely related to the motion of an oxy- 
gen vacancy, was on the order of meV.12 For YBCO/CRO/ 
YBCO junctions, we estimate that the energy scale for the 
RTS is also a few meV, suggesting the role of ionic motion in 
the switching process. This estimate is based on the fact that 
for our junctions, the random telegraph signals move to very 
high frequency, and the amplitudes decrease significantly, at 
temperatures between 10 and 30 K. Assuming the energy of 
the barrier to ionic motion, Eb, must at that point be approxi- 
mately equal to kbT (kb is Boltzmann's constant and T is 
temperature), we find Eb to be on the order of several meV. 

The characteristic frequency of the RTS fc is assumed to 
depend exponentially on the energy barrier to ionic motion. 
The barrier energy depends on the specific ionic configura- 
tion. Furthermore, the application of a voltage across the 
junction will affect the barrier height differently depending 
on the overall arrangement relative to the potential gradient. 
Thus it is not surprising that the frequency fe of the switch- 
ing may go up or down with voltage. 

The conductance fluctuation, dGIG, associated with a 
single RTS should be proportional to the area affected by the 
switching event divided by the total junction area. The area 
affected by the trapping of a carrier and the related ionic 
reconfiguration is, in our model, determined by the smaller 
of either the dielectric screening length or' the size of the 
defected YBCO region. The length scale estimated from the 
measured conductance fluctuations is about 170 A, which is 
not an unreasonable number for either the screening length in 
defected YBCO, or the size of those defected regions. 

In summary, YBCO/CRO edge junctions exhibit low, 
1// noise in the range of operating temperatures from 65 to 
77 K. At lower temperatures the level of 1// noise increases, 
and additionally, telegraph noise dominates the noise power 
spectrum at discrete, junction-dependent current biases. The 
characteristic frequency of a particular switching process in- 
creases with temperature but may increase or decrease with 
increased bias current. It is believed that the telegraph noise 
reflects individual carrier trapping sites at the 
superconductor-normal metal interface due to oxygen defi- 
ciencies and/or disorder. 

We would like to thank Chuck Rogers for critically re- 
viewing this manuscript and John Rowell for helpful discus- 
sions on the work and ideas presented. 
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We report the properties of YBa2Cu3O7_xA^a2Cu2.79Co0.21O7_I/YBa2Cu3O7_^ junctions in an 
edge junction geometry as a function of temperature and barrier thickness. The barrier material used 
in this work, YBa2Cu2.79Coo.2A-*, is an underdoped version of YBa2Cu307_;t, which has a lower 
carrier density, a lower Tc, and a higher anisotropy than YBa2Cu307_;c. The resistances of the 
junctions are proportional to the thicknesses of their barriers, suggesting the presence of very little 
interface resistance. The temperature dependences of critical currents and junction resistances show 
behavior consistent with that predicted by the conventional proximity effect 

In our recent study1 we investigated the interface 
resistances between YBa2Cu307_I(YBCO) and various 
barrier materials in the epitaxial edge junction geometry. 
In the case of pseudocubic (CaSr)Ru03 and LaojSr0jCo03 

barriers we have attributed interface resistances of 
10~8-10-7 £1 cm2 to oxygen defects at the YBCO interface, 
as distinct from the resistance of the barrier itself. The 
magnitude and the temperature dependence of the interface 
resistance have been found to be close to that found in 
high angle grain boundaries,2 and in YBCO/Au or 
Ag/YBCO junctions3 as well. In contrast, when the barrier 
materials are made of layered structures such as 
(LaSr)2Cu04, YBa2Cu2.79Co0^O7-x(Co-YBCO), and 
Y07CaQjBa2Cu3O7_;(:, the interface resistances have been 
found to be smaller than 10"10 fl cm2. In this letter, we re- 
port the properties of YBCO/Co-YBCO/YBCO junctions in 
detail as functions of temperature and thickness. We show 
that the temperature dependences of critical currents and 
junction resistances are quantitatively and qualitatively dif- 
ferent from those of junctions with 10~8-10-7 O cm2 inter- 
face resistances. 

Co-YBCO is an underdoped version of YBCO; the car- 
rier density and the critical temperature are reduced and the 
anisotropy is increased. It has been found that Co atoms go 
to the Cu site in the Cu-0 chain layer, grab extra oxygen, and 
distort the lattice slightly.4 It is believed that the Co-0 envi- 
ronment reduces the number of holes in the system, in much 
the same way that oxygen deficiency in the Cu-0 chain layer 
does. There are other atoms such as Al, Ga, and Fe which are 
known to substitute for Cu sites in the Cu-0 chain layer and 
they behave in a similar way to Co. There are two other ways 
to dope and reduce Tc in the YBCO system. One way is to 
increase the carrier density and drive YBCO into the over- 
doped region. Ca-doped YBCO5 is an example of overdoped 
YBCO. Overdoped' high Tc materials are known to have 
higher carrier density, lower Tc, and smaller anisotropy than 
YBCO. The properties of junctions using Ca-doped YBCO 
are described in a separate letter.6 The other way is to modify 
the Cu-02 plane layers by doping with Pr, Ni, and Zn. when 
Pr, Ni, and Zn replace both Y in the plane adjacent to the 
Cu-02 plane and also Cu in the Cu-02 plane layer, these 
dopants eventually modify the double Cu-02 plane layers, 
lowering the critical temperature. In the case of Ni and Zn 

doping, the mechanism for the lower critical temperature is 
believed to be increased scattering of the carriers, as sug- 
gested by the temperature dependence of the resistivities and 
the Hall coefficients. In the case of Pr, both reduced carrier 
concentration and increased scattering seem likely. We be- 
lieve that Co-doped barriers are the most likely to approach 
ideal junction behavior, and therefore have concentrated our 
efforts on them. 

Figure 1 shows the temperature dependence of an epi- 
taxial Co-YBCO film deposited by laser ablation on a 
LaA103 substrate. The resistivity of 1 fiO. cm at 300 K lin- 
early decreases as the temperature decreases and the film 
goes through a superconducting transition around 50 K. The 
magnitude and temperature dependence of the Co-YBCO 
film resistivity agree very well with results for single 
crystals.7 The fact that the resistivity still extrapolates to zero 
value at zero temperature suggests that the increase in resis- 
tivity is due to reduction in carrier density rather than in- 
creased scattering. This temperature dependence of resistiv- 
ity is almost identical to that of an oxygen-deficient YBCO 
single crystal reported recently.8 

The description of our edge junction fabrication process 
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FIG. 1. Resistivity vs temperature for a 100-nm-thick epitaxial Co-YBCO 
film. 
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FIG. 2. I-V characteristics of a junction with a 150 A Co-YBCO barrier at 
several temperatures. 

is given in other publications.1'9 Briefly describing the pro- 
cess, we use a c-axis oriented edge junction geometry to take 
advantage of transport in the Cu-02 planes as well as small 
junction areas. First, the YBCO layer and SrTi03 insulating 
layer are deposited and this bilayer is patterned by Ar ion 
beam milling. This milling produces a slope of YBCO with 
an angle of about 30° to the substrate. Second, the Co-YBCO 
barrier layer and YBCO counterelectrode layer are deposited 
and patterned. Au contacts are deposited on the first and 
second YBCO pads to provide low noise contacts. It is worth 
making two points before we describe the behavior of the 
junctions. First YBCO/YBCO contacts made in an edge 
junction structure without any barrier layer carried a critical 
current density higher than 1X106 A/cm2. This suggests that 
the ion-mill-damaged YBCO surface is restored during the 
heating for the second barrier/YBCO deposition. This was 
recently confirmed10 by transmission electron microscopy. 
Second, when we used a 10-nm-thick SrTi03 layer as the 
barrier layer in several junctions, they did not show any zero 
voltage current, even though the resistance of the junctions 
varied between tens of ohms and hundreds of kilo-ohms. 

Figure 2 displays the current-voltage characteristics (/- 
V) of a junction with a 150-A-thick Co-YBCO barrier layer 
at several temperatures. As soon as both YBCO electrodes 
become superconducting, a resistance of about 0.1 Q is mea- 
sured around 88 K. This value corresponds well with the 
expected bulk resistance of the barrier, which is about 350 
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FIG. 3. (a) Temperature dependence of critical currents and (b) temperature 
dependence of junction resistances at various Co-YBCO barrier thicknesses. 
The solid lines in (a) are fits to (T— Tc)

2 dependence. The solid lines in (b) 
represents the temperature dependence of the bulk film resistivity scaled for 
each barrier thickness. Each calculated resistance has been multiplied by 1.5 
to better fit the data of the three barrier thicknesses. 

/JLQ, cmX150 Ä/(4 jumXO.15 /zm)=0.09 Ü. As the tempera- 
ture decreases, the critical current, Ic, increases and the re- 
sistance, Rn slightly decreases. The I-V characteristics fit 
closely with a resistively shunted junction (RSJ) model. 
When Ic starts to exceed about 1 mA, an excess current starts 
to develop, meaning that the high bias resistance no longer 
extrapolates to zero current at zero voltage. We believe that 
this is a crossover to a long junction behavior when the width 
of the junction becomes larger than the Josephson penetra- 
tion depth.11 As the critical current goes about 5 mA, the /- V 
characteristics show flux-flow-like bending around 51 K. 
However, at the same temperature, in the case of junctions 
with thicker Co-YBCO barrier, the I-V characteristics re- 
main like a RSJ, suggesting that the crossover to a flux- 
flow-like behavior is determined by the magnitude of the 
critical current (i.e., the strength of coupling) rather than the 
temperature being close to the critical temperature of the 
barrier. 

The temperature dependences of Ic and Rn of junctions 
with YBCCoO barrier thicknesses of 150, 300, and 450 A 
are shown in Fig. 3. The temperature dependence of Ic in 
Fig. 3(a) can be well described by Ic(T)=IcQ(T-Tc)

2, as 
expected from conventional SNS theory.12 The reduction of 
the Tc of the junctions with the thickness of the barrier is 
also consistent with the conventional proximity effect. On 
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FIG. 4. Magnetic field modulation of the critical current of a junction with 
a 300 A Co-YBCO barrier at 77 K. 

the other hand, the temperature dependences of Rn of the 
junctions generally follow that of the bulk barrier material, 
as shown in Fig. 1. The fact that the junction resistances 
scale well with the thicknesses of the barrier suggests that the 
interface resistances are much smaller than the bulk resis- 
tance of the barrier. However, when Ic is high, so that the 
I-V characteristics of the junctions are not like RSJ, the mea- 
sured junction resistances drop faster than the bulk value of 
the barrier. This effect is more pronounced in the case of 
Ca-doped YBCO barrier junctions.6 In low Tc 

superconductors,13 this was understood in terms of the devel- 
opment of a pair potential, A„, in the barrier due to its own 
pair interaction potential (the barrier itself is a superconduc- 
tor), eventually making Andreev reflection take place inside 
the barrier instead of at the SN interface. It is known that 
Andreev reflection takes place in the case of a clean bound- 
ary, consistent with scaling of the junction resistance with the 
thickness of the barrier. 

From Fig. 3(a) we can estimate the normal coherence 
length of the Co-YBCO barrier around 70 K, since all three 
junctions with the different thicknesses maintain RSJ charac- 
teristics at that temperature. Assuming an exponential decay 
of critical current as a function of thickness, the normal co- 
herence length of Co-YBCO can be estimated to be around 
70 A On the other hand, if we calculate the normal coher- 
ence length £n = vFhl2irkBT in the clean limit with 
UF=3X10

7
 cm/s, £„ comes out to be 54 A at 70 K. Given the 

uncertainty of the edge junction geometry, the measured 
value seems to agree well with the calculated value. 

The magnetic field diffraction pattern of Ic of a junction 
with a barrier thickness of about 200 Ä at 77 K is shown in 
Fig. 4. This particular thickness of barrier is chosen for the Ic 

value to be smaller than 100 yuA at 77 K, since the modula- 
tion usually is not complete when Ic is higher than 100 JJA. 

The magnetic field was perpendicular to the substrate, and 
the effective junction area came out to be about 40 /im2. This 
is much larger than the real geometry of the junction and is 
due to the flux focusing effect in planar type junctions, espe- 
cially from the wide first YBCO layer. We still do not com- 
pletely understand the effect of edge angle, anisotropy of the 
YBCO and the barrier, shielding from the upper YBCO elec- 

trode as well as flux focusing on the behavior of the junction 
in a magnetic field. 

It is possible that Co atoms are diffusing in the barrier 
region. In order to investigate this possibility, we made su- 
perlattices of 24 A YBCO and 24 A 7% Co-doped YBCO. 
The critical temperature of the superlattice was found to be 
81 K, which is higher than the Tc of 3.5% Co-doped YBCO, 
suggesting the diffusion of Co in the c-direction is not sig- 
nificant over the length scale of two unit cells. However, the 
diffusion may be higher in the a and b directions and this 
will need further study, which is underway using transmis- 
sion electron microscopy. 

In summary, we have reported detailed values of Ic and 
R as a function of temperature and barrier thickness in ep- 
itaxial SNS edge junctions with 7% Co-doped YBCO barri- 
ers. A normal coherence length of about 70 A at 70 K and 
very little interface resistance have been measured. These 
junctions are qualitatively and quantitatively different from 
numerous other junctions with 10_8-10~ ß cm interface 
resistances. We believe that the behavior of these junctions is 
closer to that expected from the conventional proximity ef- 

fect. 
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Proximity effect in YBa2Cu307_s/YBa2(CuI_JCCox)307_6/YBa2Cu307_s junctions: 
From the clean limit to the dirty limit with pair breaking 
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We report on the proximity effect observed in YBa2Cu307_5/YBaj(Cu,_xCoJC)307_5/YBa2Cu307_ä 

junctions in an edge-junction geometry where x =0.04, 0.07, and 0.14. The temperature, thickness, and 
doping dependence of the critical current of the junctions can be well described by the proximity-effect 
theory, due to very little interface resistance. We observed a crossover from the clean limit to the dirty 
limit behavior where a pair-breaking scattering time rpb = 6X 10"M sec, consistent with short-range mag- 
netic fluctuations in the barrier, was found. 

We report a systematic study of superconductor- 
normal-superconductor (SNS) Josephson behavior involv- 
ing the high-rc cuprates. The junctions are found to 
crossover from the clean limit to the dirty limit where a 
new pair-breaking scattering appears. The SNS behavior 
is determined by the proximity effect and this depends 
upon behavior of Josephson pairs which leak into the 
barrier material which in turn provides information re- 
garding the interaction potential in the barrier material. 
Different scattering mechanisms such as elastic scattering 
which maintains the pairing phase coherence, and inelas- 
tic or magnetic scattering which destroys it, can be stud- 
ied through the proximity effect. In this paper we report 
the Josephson properties of high- Tc SNS junctions which 
can be analyzed within the framework of the same de 
Gennes' proximity theory1 used for conventional super- 
conductors. Our barrier layers are Co-doped YBCO, 
whose doping level can be easily controlled, since the in- 
terface between YBCO and Co-doped YBCO has been 
shown to be very clean.2,3 

In the Josephson junctions which have been used re- 
cently4-6 in important investigations of the wave- 
function symmetry of YBa2Cu307_5 (YBCO), an ambi- 
guity which has not been explicitly addressed is the ex- 
cess resistance. The origin of the excess resistance is be- 
lieved to be due to degraded YBCO as result of oxygen 
deficiency and disorder adjacent to the interface. In or- 
der to clarify the exact transport mechanism through 
such ill-defined YBCO interfaces, it is desirable to investi- 
gate Josephson coupling through interfaces that are well 
defined and can be controlled, as in the present study. 
Previous studies have been with elements such as Ag and 
Au,7 as well as PrBa2Cu307_5,8 Ya6Pra4Ba2Cu307_8,9 

CaRu03,
10 and SrRu03,

n aU of which, when measured, 
have had significant interface resistances on the order of 
10-8- 10~r flcm2. The SNS junctions reported here have 
two or more orders of magnitude less interface, resistance. 

Our recent study of edge junctions3 indicates the 
mismatch of thermal-expansion coefficients at the inter- 
face is an important factor in the excess interface resis- 
tance. A matching coefficient of expansion in the c direc- 
tion can be achieved by using a related metallic layered 

structure. PrBa2Cu307_5 (Ref. 8) and Pr-doped YBCO 
(Ref. 9) are, of course; such examples. These materials, 
unfortunately, have other types of disorder that result in 
barriers that are difficult to quantify. The Pr is believed 
to hybridize12 with the oxygen in the Cu02 planes thus 
removing carriers but leaving localized states on or adja- 
cent to the Cu02 planes. The residual transport in the 
Cu02 planes of undoped PrBa2Cu307_5 is by variable 
range hopping, an inelastic process which destroys phase 
coherence. The long-range proximity which is sometimes 
observed may involve the CuO chains and be very sensi- 
tive to small changes in oxygen concentration.13 The use 
of Y to dope the barriers into the metallic degraded su- 
perconducting state (Pr!_xYx)Ba2Cu307_5 introduces an 
intrinsic disorder in the Cu02 planes. 

There are three other strategies for obtaining barriers 
with the favorable structural and coefficient of expansion 
features. One is to increase the carrier density and drive 
YBCO into the overdoped region; Ca-doped YBCO is an 
example of such overdoped YBCO. The proximity effect 
using Ca-doped YBCO will be described in a separate pa- 
per.14 A second is to reduce the carrier concentration by 
cation substitution on lattice sites remote from the Cu02 

planes and thus minimize the introduction of disorder on 
the Cu02 planes. This is the strategy employed here. A 
third way to dope YBCO and lower its Te is to replace 
Cu atoms directly on the Cu-02 plane layers using, for 
example, Zn or Ni. It is known15 that the increased 
scattering decreases Tc even through the carrier density 
remains basically the same. 

Figure 1 shows the temperature dependence of an 
1000-A-thick epitaxial YBa2(Cu1_;tCox)307_5 (Co-doped 
YBCO) film on a LaA103 substrate deposited by laser ab- 
lation. At the low doping level of 4% {x =0.04) and 7% 
[x =0.07), the resistivity still extrapolates to near zero 
value at zero temperature with a slight curvature, sug- 
gesting that the increase in resistivity is due to reduction 
in carrier density rather than increased scattering. This 
temperature dependence of resistivity is almost identical 
to that found in Co-doped YBCO single crystals16 and m 
oxygen-deficient YBCO single crystals.17 For the highest 
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FIG. 1.  Resistivity vs temperature curve of three epitaxial 
Co-doped YBCO films. 

doping level of 14%, the high-temperature linear resis- 
tivity no longer extrapolates to zero value at zero temper- 
ature. For a given composition there is some dependence 
of Tc and the temperature dependence of the resistivity 
on the film-growth condition. We have chosen to work 
with the deposition conditions that generate the best x- 
ray-diffraction pattern, which also generate the highest 
resistivity slope for a given nominal composition. 

Our junction process is described in detail elsewhere.10 

The thickness of both YBCO layers was between 1500 
and 2000 A, and the width of the junctions is 4 /im. All 
the junctions were made on LaA103 substrates, and the 
edges were patterned in the twinned (100) or (010) direc- 
tion. For each doping level and thickness, we have tested 
ten junctions on two different substrates. The variation 
of the critical currents was ±25% and the resistances had 
variations of ±10%. For each doping level and thick- 
ness, we have selected a junction whose critical current' 
value is in the middle of the distribution and measured its 
temperature dependence, as reported in Figs. 2, 3, and 4. 

The conventional proximity effect given by de Gennes1 

predicts 

I=IQ(l-t)
2 Kd 18.5mV 

sinh(>«f) R. 
(l-t)2 Kd 

sinh( Kd) 

(1) 

where t = T/Te, Tc = 88 K, IQ=ir&0
2/4RnkBTc = l&.5 

mV/Rn in the case of BCS gap 2A0=3.52kBTe, d is the 
thickness of the barrier, and K~

1
 is the decay length. 

Even though this relation was derived in the dirty limit 
near Tc, the thickness, temperature and'doping depen- 
dence of our data can be surprisingly well described by 
Eq. (1) with very reasonable microscopic parameters. 
Since the electronic mismatch between YBCO and Co- 
doped YBCO is riot significant, we used (1 — f)2 depen- 
dence, assuming continuous boundary conditions of the 
wave function and its derivative.' 

The temperature dependence of the critical current and 
the resistance of 14% Co-doped junctions are shown in 
Fig. 2 for three different nominal thicknesses of 150, 300, 
and 450 A. From the simple exponential relation be- 
tween the critical current and the thickness of the bar- 
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FIG. 2. Temperature dependence of critical currents and 
resistances of 14% Co-doped YBCO junctions with barrier 
thickness of 150, 300, and 450 A. The solid lines are fits to Eq. 
(1) with a pair-breaking scattering rate of rpb=6X 10-14 sec. 
The dotted lines are fits to Eq. (1) without a pair-breaking 
scattering. The inset shows the decay length K~

1
 as a function 

of temperature for 14% Co-doped YBCO junctions. The solid 
.line is a fit to T~in dependence and the dotted line is a fit to 
T~' dependence. 

rier, Ic « exp( — Kd), the decay length /c_l is plotted at 
several temperatures in the inset of Fig. 2. In order to 
find out whether the 14% Co-doped YBCO junctions are 
in the clean limit or in the dirty limit, K~ (T) has been 
fitted with r-1 and T~1/2 temperature dependences, 
since K~l=vFft/2irkBT in the clean limit and K~

X 

=(DH/2trkBT)l/2 in the dirty limit. Here vF is the Fer- 
mi velocity and D is the diffusion constant. It is clear the 
14% Co-doped YBCO is in the dirty limit as shown in 
the inset of Fig. 2. 

In the dirty limit when the barrier material is super- 
conducting with its transition at Tn, the decay length is 
expressed by 

*-' = 
11/2 

2irkBT 
1 + - 

ln( T/Tn) 

1/2 

(2) 

where the diffusion constant D = uFl/3. Using Tn=Q, 
and the measured Rn right below Tc,

ls the Ie values in 
Fig. 2 have been fitted with L being the only parameter 
where the dimensionless L is defined by Kd=L{T/ 
Tc)

m. The dotted lines are such fits with L =7.2, 13, 
and 16.5, which yields the average diffusion constant 
D=4.1 cmVsec. The scaling of L with the nominal bar- 
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FIG. 3. Temperature dependence of critical currents and 
resistances of 7% Co-doped YBCO junctions with barrier thick- 
ness of 150, 300, and 450 A. The solid lines are fits to a dirty 
limit and the overlapping dotted lines are fits to a clean limit. 

rier thickness19 or with the measured resistances is not 
very good and the fits are poor especially at low tempera- 
ture. The problem is that the critical currents do not in- 
crease as fast as the Eq. (1) predicts at low temperatures, 
suggesting a cutoff scattering' rate of superconducting 
pairs. This behavior has been observed in low-Tc sys- 
tem20 when the barrier material has magnetic impurities 
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which destroys superconducting pairs. 
When there is a pair-breaking scattering in the barrier 

material, the lifetime of superconducting pairs inside the 
barrier is modified. The effective lifetime will be given21 

by 

FIG. 4. Temperature dependence of critical currents and 
resistances of 4% Co-doped YBCO junctions with barrier thick- 
ness of 150, 300, and 450 A. The solid lines are fits to a dirty 
limit and the overlapping dotted lines are fits to a clean limit. 

1 

Teff 

1    ,      1 2vkBT    2vk 
 — + ■ 

a^pb 2irkB(T+Tpb) 

rpb 
a 

(3) 

The net effect is that T is replaced by T+rpb in Eq. (2). 
The fitting to this new temperature with rpb=20 K is 
shown as solid lines in Fig. 2, with L=5.9, 10.5, and 
12.2, which yields the diffusion constant D = 6.6 cmVsec 
with a better scaling with the nominal thickness and with 
the measured resistances. The data are fit nicely in the 
14% Co-doped barrier with a pair-breaking scattering 
time rpb=«/2irfcsrpb=6XlO~14 sec.   Since the junc- 
tions are well described by the dirty-limit formula, it also 
suggests that superconducting pairs still experience more 
weak elastic scattering than pair breaking. This is con- 
sistent with the fact that the resistivity of the barrier does 
not extrapolate to zero at zero temperature as shown in 
Fig. 1. The origins of the pair-breaking scattering is not 
obvious.  It could simply be that the 42% (three times 
14%) doping on the chains induces enough disorder to 
cause pair breaking by strong elastic scattering. Alterna- 
tively, the spin-glass state of underdoped nonsupercon- 
ducting YBCO can result in magnetic pair breaking on 
the Cu02 planes. We rule out the possibility that segre- 
gated cobalt oxide may cause the pair breaking, since x- 
ray-absorption  fine  structure22  (XAFS)  on  Co-doped 
YBCO did not show evidence of cobalt oxide segregation. 
We also point out that the slowdown of the critical 
current at low temperature is not due to the critical 
current saturation observed for large junctions of in-line 
geometries, since the critical current saturation is not ex- 
pected for the overlap geometry23 of our edge junctions. 
This is further confirmed by^the good fit up to the 2.5-mA 
current level for the 150-A-thick barrier junction and 
also by the fact that the 450-Ä-thick barrier junction is 
not even in the large junction limit as its critical current 

is small. 
The temperature dependence of critical currents and 

resistances of the 7 and 4% Co-doped YBCO junctions 
are shown in Figs. 3 and 4, respectively. Initially, we an- 
alyzed the data in terms of dirty-limit formulas given by 
Eq. (2). The fits are shown in the figures as solid lines. 
For the 7% doping, Tn =40 K was used24 for the fitting 
and L was'found to be 10, 16.5, and 23 where 

Kd=L 
1/2 

1 + 
ln( T/Tn) 

-1/2 

For the 4% doping, L was found to be 12, 17.2, and 22.5 
with r„ = 55 K.24 From the fits the average diffusion 
constants"were found to be D =2.2 cmVsec for 7% and 
D =2 cmVsec for 4%. These values are unphysical when 
compared to D =6.6 cmVsec found for 14% Co-doped 
barrier, since the diffusion constant should increase asthe 

doping level decreases, according to D=vF\/'i-   T"1 
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suggests that the decay length of 7 and 4 % Co-doped 
material is not determined by the diffusion constant, and 
thus that these materials are in the clean limit. 

In the clean limit, according to the Ginzburg Landau 
theory, the decay length of a superconductor above its 
critical temperature Tn is given by9 

jt~1=V2X0.74£0(r'/r„-ir1/2, where the BCS coher- 
ence is given by ^0=fwF /irA. The fits to this relation are 
shown as the dotted lines in Figs. 3 and 4. For 7% dop- 
ing, L was found to be 4.8,_ 7.9, and 11 where 
Kd -L (T/Tn -1 )m and Tn =40 K was used. In case of 
4% doping, L was found to be 6.7, 9.6, and 12.6 with 
Tn = 55 K. The fits are overlapping with the solid lines 
given by the dirty-limit formula. This is not surprising 
since it is easy to show that the Eq. (2) can be modified to 
,-i, «(T/Tn — 1 )~1/z when T is near Tn, where even the 
dirty-limit formula is supposed to follow the Ginzburg- 
Landau relation. However, the average BCS coherence 
lengths we obtain from the fitting with the clean limits, 
35 A for 7% Co-doped YBCO and 28 Ä for 4% Co- 
doped YBCO, are consistent with the BCS formula 
(;0=-twp/ir&..   The small increase with doping follows 

from Fermi velocity, not decreasing as much as the criti- 
cal temperature when the doping increases. We take the 
above analysis as strong evidence that the 4 and 7 % Co- 
doped YBCO are indeed in the clean limit. 

YBCO itself is known23 to be in the clean limit. As the 
Co doping increases, the carrier density and the critical 
temperature decrease, increasing the BCS coherence 
length according to gQ=fivF/irä, as long as Co-doped 
YBCO remains in the clean limit. As the doping level is 
further increased beyond 7%, the decreasing mean free 
path eventually becomes smaller than the increasing 
clean-limit coherence length, causing a crossover to the 
dirty limit. In this regime the coherence length decreases 
with increased doping and both elastic scattering and 
pair-breaking scattering are required to fit the data. 
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