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Abstract. Electromagnetic transport measurements were combined with high-resolution electron microscopy
observations to study the relation between structure and local critical currents in YBa2Cu3O7−x (YBCO) Josephson
junctions. The spatial variation of the critical currentJ(x) along the length of the boundary for interface engineered
Josephson junctions and bicrystal grain boundary Josephson junctions was determined using a phase retrieval
algorithm. The current distribution solutions were found to be highly uniform along the length of interface engineered
junctions in contrast to solutions for grain boundary junctions. The latter showed significant spatial oscillations in
the critical current as well as areas along the boundary that carried no current. Microstructural evaluation of
interface engineered junctions fabricated using identical processing parameters to the junctions used for transport
measurements suggest that the uniform current distribution is controlled by a highly uniform barrier layer formed
between the superconducting electrodes. Microstructural evaluation of grain boundary junctions similar to the
junctions used for transport measurements show considerable variations of the grain boundary structure within a
single junction.
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1. Introduction

HighTc Josephson junctions have shown large scatter in
their transport properties. The vast scatter in the trans-
port properties found in the various types of Josephson
junctions can be largely attributed to the variation of
the interface barrier structure from one junction to an-
other. Understanding how the microstructure of the in-
terface for a Josephson junction correlates to the cur-
rent crossing the interface will result in an improved
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understanding of the mechanisms controlling the
transport processes.

One promising type of Josephson junction for device
applications are the ramp-edge type Josephson junc-
tions. The microstructure of the interface between the
superconducting electrodes in these junctions can play
an important role in determining the uniformity of the
junction transport properties and thus the junctions po-
tential usefulness for device applications. It is believed
that the structural uniformity of the barrier layer is di-
rectly related to the current crossing the boundary and
therefore determines the reproducibility of these junc-
tions [1–14]. There are many factors that can influence
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the uniformity of the barrier layer and thus the current
distribution across the boundary. Local oxygen content
variation, boundary precipitates, interfacial strain fields
and boundary microstructure can all play an important
role [1–14].

Previous work on plasma treated and ion milled
YBCO surfaces has shown that these treatments re-
sult in structural changes to the YBCO. These treated
YBCO surfaces can act as a Josephson barrier. Under-
standing that the interface layer can play a dominant
role in controlling the reproducibility in manufactur-
ing Josephson junctions, Moeckly and Char developed
a method for fabricating ramp-edge Josephson junc-
tions without the growth of a heterophase interlayer
[15, 16]. Instead, they applied an Ar/O plasma treat-
ment to the surface of the first YBa2Cu3O7−x (YBCO)
layer in the ramp edge junction forming an interme-
diate layer which acts as a Josephson junction barrier.
These interface engineered junctions have been shown
to be highly reproducible with resistively-shunted junc-
tion like I-V characteristics, Fraunhofer like magnetic
field response andIcRn values between 0.1–0.5 mV
[15, 16].

Figure 1. Schematic of the basic superconductor-barrier-superconductor geometry considered for boundary transport measurements and
analysis. The magnetic field is applied perpendicular to both the current bias direction and the length of the boundary.

To gain a better understanding of the properties as
they relate to the reproducibility of the interface en-
gineered junctions, we have studied the current dis-
tribution across both ramp-edge and grain boundary
YBCO Josephson junctions. Understanding how the
current distribution across the boundary varies from
one type of junction to another and how that variation
correlates to the boundary microstructure will provide
insight to the mechanism controlling the transport pro-
cess across the boundary. Calculations of the critical
current variations along the length of the boundary were
performed, based on critical current vs. applied mag-
netic field measurements. Critical current vs. applied
magnetic field measurements on YBCO interface en-
gineered ramp- edge junctions and 24◦ bicrystal grain
boundary junctions were performed with the magnetic
field applied perpendicular to the substrate surface. The
current distribution along the length of the boundary (as
defined in Fig. 1) for each sample was calculated us-
ing a phase retrieval algorithm [17, 18]. Details of the
critical current distributionJ(x) calculations have been
reported previously [17, 18]. The possibility of multi-
ple solutions has been accounted for and when multiple
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solutions were found, all solutions were considered to
be possible correct current distributions [17, 18].

High resolution electron microscopy was performed
on both YBCO interface engineered junctions and 24◦

YBCO grain boundary Josephson junctions. The junc-
tions used for microstructural analysis were fabricated
using similar processing parameters to the junctions
used for transport analysis. The microstructure of each
boundary type was compared to the current variations
determined from the critical current vs. applied mag-
netic field measurements. By understanding how the
current distribution changes along the boundary it is
possible to relate the microstructure to the current trans-
port across the boundary and thus gain insight into
mechanism controlling the process.

2. Results

A. Current Distributions

Transport measurements were performed on grain
boundary and interface engineered junctions to ana-
lyze the distribution of the current along the length

Figure 2. Critical current vs. applied magnetic field measurements for a typical 24◦ YBCO grain boundary junction measured at 4.2 Kelvin.

of the boundary. The total critical current across the
boundary as a function of an applied magnetic flux
(Ic(B)) was measured for a 24◦ YBCO grain boundary
Josephson junction, grown epitaxially on a 24◦ [001]
symmetric SrTiO3 bicrystal substrate. Figure 2 shows a
critical current vs. applied magnetic field measurement
of a 24◦ YBCO grain boundary junction measured at
4.2 Kelvin.

The critical current as a function of an applied mag-
netic field Ic(B) can be written as the Fourier trans-
form of the positional current density distributionJ(x).
Specifically,

Ic(B) =
∣∣∣∣ ∫ L

0
J(x) exp(iφ(x)) dx

∣∣∣∣, (1)

whereφ(x) = qx+ φ0 andq = 2πDB/80 (B is the
magnetic flux perpendicular to the current direction,80

is defined as the superconducting flux quantum (h/2e
= 2.07× 10−7 G cm2) and D = λ1 + λ2 + d where
d is the thickness of the barrier andλ the London pen-
etration depth. Using the Fourier relation from Eq. (1)
it is possible to invertIc(B) using a phase retrieval al-
gorithm and obtain the positional current distribution
J(x) [17].
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Figure 3. Current distributionJ(x) along the length of a grain boundary junction calculated from the critical current vs. applied magnetic field
measurements in Fig. 4.

Figure 4. Critical current vs. applied magnetic field measurements for and interface engineered ramp-edge junction measured at 40 Kelvin and
60 Kelvin.
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Figure 3 presents the positional current distribution
(J(x) from Eq. (1)) determined from the data in Fig. 2
using the previously mentioned phase retrieval algo-
rithm. Note the extreme variations in the critical cur-
rent along the boundary as well as a region along the
boundary that carries practically zero current.

Critical current vs. applied magnetic field measure-
ments were performed on an interface engineered junc-
tion for analysis of the current distribution. Figure 4
depicts the critical current vs. applied magnetic field for
a typical interface engineered junction. Measurements
were performed at 40 Kelvin and 60 Kelvin. Figure 5
shows the critical current distributionsJ(x) along the
length of the boundary for each measured temperature
from the sample in Fig. 4. Note that the magnetic field
dependence of the sample in Fig. 4 shows only minor
deviations from the ideal Fraunhofer pattern and there-
fore results in a fairly uniform current distribution along
the length of the boundary in Fig. 5.

Figure 5. Current distributionJ(x) along the length of an interface engineered junction boundary calculated from the measurements in Fig. 1.

B. Boundary Microstructure

The microstructure of the grain boundary for a 24◦

Josephson junction was analyzed using high resolu-
tion electron microscopy (HREM). Thus, combing
results from the electromagnetic junction characteri-
zation with microstructure observations allows us to
correlate the variations of the transport properties to
the boundary microstructure.

Figure 6 is an HREM image of a small section of
the 24◦ YBCO grain boundary junction. The length
of the boundary shown in Fig. 6 is relatively straight
and the grain boundary plane is near a symmetric ori-
entation. However, we note that this boundary region is
inclined at approximately 45◦ relative to the bicrystal
grain boundary of the underlying substrate. The grain
boundary core appears disordered in a region less than
a nanometer in width. Figure 7 shows an HREM im-
age of a different region along the same YBCO grain
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Figure 6. HREM image of a [001], 24◦ YBCO grain boundary junction grown on a [001] symmetric 24◦ SrTiO3 bicrystal template. Note that
this area of the boundary is relatively straight and has a disordered region at the boundary.

boundary. Here the grain boundary is inclined relative
to the film normal but largely parallel to [010] of the top
crystal. The appearance of asymmetric facets is typical
of large regions of the grain boundary. The Morié, pat-
tern in Fig. 7 evident at the boundary is indicative of an
incline and overlapping of the two crystals in the direc-
tion of the electron beam. The HREM image of Fig. 8
depicts another asymmetric region of the same grain
boundary. Again, the large width of the Morié, pat-
tern at the grain boundary indicates considerable crys-
tal overlap due to the inclined grain boundary plane.
Figure 9 shows an HREM image of an asymmetric
section of the same grain boundary. Within this grain
boundary section the grain boundary is largely paral-
lel to the electron beam direction, but some variation
in the grain boundary inclination is evident. This last
grain boundary appears to contain core regions that are
well connected. Grains that are well connected, in con-
trast to cores that are strongly disordered, such as is
Fig. 6, are expected to carry higher critical currents.
Figures 6–9 demonstrate the great variation in the lo-
cal microstructure of grain boundaries, which is to a
large extent due to the grain boundary meandering, as
discussed below.

High resolution electron microscopy was also used
to image the barrier layer of an interface engineered
junction for comparison of the boundary microstruc-
ture with the boundary transport properties. Figure 10
is a HREM image of a typical interface engineered
ramp-edge junction. The image shows a fairly uniform
boundary layer approximately 1–2 nm wide. The in-
terface layer is continuous and free of pinholes and
secondary phases which would act to disrupt the uni-
formity of the current flow. Only small steps along the
barrier layer are evident with no significant strain ef-
fects visible. Huang and co-workers have confirmed
that the boundary layer of the interface engineered junc-
tions are crystalline with a different structure than the
bulk YBCO [19]. Since the planes of the interface engi-
neered junctions, as in Fig. 10 are typically not exactly
parallel to the zone axis, a test sample was prepared
by introducing the interface engineered barrier layer
on the YBCO basal plane. An HREM image of this
is shown in Fig. 11, where the first YBCO layer was
plasma treated without the formation of a ramp sur-
face. The resulting fringes of the barrier layer indicate
a well structured boundary layer with a structure dis-
tinctly different from the two superconducting layers.
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Figure 7. HREM image of a 24◦ YBCO grain boundary junction grown on a symmetric 24◦ SrTiO3 bicrystal template. Note that this area of
the boundary is asymmetric which is caused by the macroscopic boundary meandering. The Morie pattern at the boundary indicates an overlap
of the two grains. Therefore, the grain boundary is of mixed character, including tilt and twist components.

3. Discussion

As we have shown above, the current distributions
for the grain boundary junctions show large scale
variations along the length of the boundary. In many
incidents there are sizable regions of the grain bound-
ary that carry no current. There have been a num-
ber of studies that have indicated that the microstruc-
ture at grain boundary junction cores vary extensively
[20–27]. Transmission electron microscope studies of
grain boundary junctions have shown large variations
in the boundary microstructure along the length of the
boundary. Boundary precipitates, meandering of the
boundary on the order of hundreds of nanometers and
faceting on the 10–100 nanometer length scale (the

length and orientation of the facets are dependent on
the grain boundary orientation) are dominant features
of most grain boundary junctions [20–27]. Meandering
is believed to be caused by rapid growth in thea-bplane
of the YBCO over the template bicrystal resulting in
a YBCO grain boundary junction that does not follow
the bicrystal template closely [28]. Studies of symmet-
ric 24◦ YBCO grain boundaries have indicated that,
although the underlying SrTiO3 substrate is prepared
as a symmetric bicrystal, large areas along the bound-
ary are not symmetric due to the boundary meandering
[28].

It is evident that the local symmetry at the grain
boundary is controlled by the meandering of YBCO
across the template bicrystal boundary. Thus the notion
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Figure 8. HREM image of a 24◦ YBCO grain boundary junction. Large Morie pattern indicates considerable overlapping of the grains.

of distinguishing between symmetric and asymmetric
boundaries when discussing the transport properties of
grain boundary Josephson junctions is questionable.
The nominally symmetric 24◦ grain boundary junctions
used for our analysis show large areas with asymmet-
ric facets. Thus it is important to understand that re-
gardless of the macroscopic symmetry across the grain
boundary, no purely symmetric YBCO grain boundary
junctions are obtained by the conventional YBCO thin
film synthesis techniques. By contrast, Vuchic et al.
obtained by a special synthesis technique for 45◦ grain
boundary junctions, [001] YBCO tilt grain bound-
aries that contained almost exclusively asymmetrical
(110)(100) grain boundaries [25]. In this case, although
a considerable amount of meandering was present, the
grain boundary plane alternated between (110)(100)
and (100)(110) facets, which were very well structured.
As a consequence relatively high critical currents were
obtained for these 45◦ YBCO grain boundaries.

Clearly, the vast variation in microstructures ob-
served along the length of single grain boundaries, as il-
lustrated in Figs. 6–9, suggest corresponding variations

in the local current carrying capacity of the grain
boundary. Structural and chemical disorder, such as
amorphous grain boundary phases (Fig. 6) and oxygen
depletion severely limit current transport. Whether or
not and to what extent grain boundaries that deviate
from the tilt configuration (inclined grain boundaries
in Figs. 7 and 8) limit supercurrent transport properties
is not clear. However, when accompanied with struc-
tural disorder, it is expected that the current flow will
also be impeded.

Considering the vast variations of the boundary mi-
crostructure along the length of a single boundary we
conclude that the local structural and chemical varia-
tions control the local transport properties across the
boundary and result in the current variations along the
boundary such as those obtained in Fig. 3. Since the to-
tal critical current for a junction (in zero field for exam-
ple) is dependent on the sum of the localJ(x) contri-
butions, it is clear that to maximize the current density
of the junctionJc,max, the local critical currents must
be uniform and at there highest possible values. Obvi-
ously, this is not the case for a typical grain boundary
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Figure 9. An HREM image of 24◦ YBCO grain boundary. This section of the boundary is asymmetric. The grains appear to be well connected
in this region with no evidence for an amorphous region.

Figure 10. HREM cross-section image of the barrier layer of an interface engineered ramp-edge junction. The barrier layer is thin (2–3 nm),
continuous and free of pinholes.
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Figure 11. HREM image of a plasma treated barrier grown on the
YBCO basal plane. Note the difference in the lattice fringes between
the barrier layer and the YBCO layers.

junction. Thus, the great range of critical currents that
have been reported in the literature for junctions of
the same macroscopic grain boundary geometry can
be explained on the basis of differences in the current
variations along the grain boundary.

By contrast, the current distributions for the interface
engineered junctions from Fig. 5 appear to be highly
uniform along the length of the boundary. High reso-
lution electron microscope investigations of the barrier
layer has shown that a very uniform layer along the
boundary is formed during junction fabrication. The
fact that no pinholes or second phases were found is
consistent with the uniform current distributions found
across the boundaries as noted in Fig. 5.

The direct correlation between a uniform barrier
layer and a uniform current distribution highlights the
important relationship between the two and thus un-
derscores the notion that future improvements in the
transport behavior of all highTc Josephson junctions
must be sought by controlling the quality of the inter-
face region.

Other techniques have been used to gain insight into
the current distribution along the length of grain bound-
ary Josephson junctions. Nesher and Ribak attempted
to extract the current distributionJ(x) along the length
of the boundary for grain boundary Josephson junc-
tions using a phase retrieval algorithm [29]. Others have
used a correlation function to determine the spacing
of the current variations along the boundary [30–34].
Laser scanning microcopy and low temperature scan-
ning electron microscopy have also been employed to
estimate the variations of the local current [35–40].

These various techniques have all indicated a com-
plicated current distribution along the length of grain
boundary junctions. Measurements of the critical cur-
rent oscillations at field strengths in the 1–5 Tesla range
suggest that the current distributionJ(x) along the
length of the boundary can vary at subnanometer length
scales [30, 33, 41, 42].

Studies of the oxygen stoichiometry along grain
boundary junctions have indicated significant varia-
tions in the local oxygen content along the length of the
boundary [43–45]. These structural and stoichiometric
variations along the boundary are all factors contribut-
ing to the extreme variations in the current distribution
along the length of the grain boundary noted in Fig. 3.

The phase restoration algorithm used to calculate
the current distributionsJ(x) along the length of the
boundary is a promising non-destructive technique for
obtaining the local current variations along the length
of various types of Josephson junctions. The phase re-
trieval technique assumes a sinusoidal current-phase
relation (CPR). Recent work has suggested that the d-
wave symmetry nature of the YBCO order parameter
may cause deviations from the traditional sinusoidal
CPR for certain types of Josephson junctions [46].
Measurements of the CPR performed on 45◦ YBCO
[001]-tilt grain boundaries suggest a deviation from si-
nusoidal behavior [46]. However, measurements of the
CPR for 24◦ YBCO bicrystal grain boundary junctions
and for step-edge junctions similar to the junctions used
for our analysis indicate in nearly all cases a sinusoidal
current-phase relation [47, 48]. Thus the assumption of
a sinusoidal current- phase relation for use in the phase
restoration appears to be justified.

4. Summary and Conclusions

A phase retrieval method was used to determine the
positional current distributionJ(x) along the length
of 24◦ YBCO grain boundary and ramp-edge inter-
face engineered Josephson junctions from experimen-
tally measured critical current vs. applied magnetic flux
(Ic(B)) measurements. The current distributions along
the length of the 24◦ YBCO bicrystal grain boundary
junctions were found to vary extensively from region
to region along the boundary. The microstructures of
24◦ YBCO grain boundary junctions fabricated under
identical conditions to the samples used for transport
measurements were analyzed by HREM techniques.
The microstructure was found to vary extensively from
region to region along the length of the boundary.
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Meandering of the grain boundary plane controls the
local symmetry across the boundary plane and thus
can control the structure at the grain boundary cores.
HREM analysis indicated grain boundary core regions
that were well connected separated by regions along
the boundary that were highly disordered. Thus there
exists a direct correlation between the variations in the
boundary current and the boundary microstructure for
grain boundary junctions. In contrast to grain boundary
junctions, along the length of ramp-edge interface en-
gineered junctions the current distributions were found
to be highly uniform along the length of the junction.
HREM analysis of the boundary microstructure indi-
cated that the barrier layer of the interface engineered
junctions were uniform, continuous and free of sec-
ondary phases or pinholes. A continuous barrier layer
of constant thickness is consistent with the uniform
current distributions determined by the phase retrieval
method for identically fabricated junctions. This pro-
vides direct evidence that the uniformity of the current
is controlled by the uniformity of the barrier layer and
thus future advances in Josephson junction quality and
current carrying capacity must address the issue of the
uniformity of the boundary microstructure.
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