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Consideration of Magnetic Flux Distribution in
Multi—Filamented YBa,Cu3O7-s films by controlling
crystal array using surface—modified substrate

Hiroki Fujimoto, Akiyoshi Matsumoto, Shuuichi Ooi, Minoru Tachiki, Ryo Teranishi

Abstract—Large  direct currents can flow through
REBa:Cu307-5 (REBCO) wires without energy loss because of
zero resistance. However, they suffer from alternating current
(AC) loss. Here, a multifilament is produced by creating areas
with disordered YBa:Cu3O7-5 (YBCO) using the metal-organic
deposition method on SrTiOs substrates with Zr patterning.
YBCO crystal orientation without Zr patterning was ordered,
whereas it was disordered in the sample with Zr patterning.
Additionally, controlling the YBCO crystal array correlated with
superconductivity and enabled it to be a multifilament.
Therefore, this method can realize AC loss reduction.

Index Terms—Coated conductors, Multi—filamentary
superconductors, YBCO, magnetic flux distribution.

I. INTRODUCTION

EBa,Cu307-5 (REBCO) has a triple perovskite structure

and is characterized by a high critical temperature (7¢)

and critical current density (J) [1]. When focusing on
Je, the a, b, and ¢ axes of crystals must be aligned as closely as
possible using a substrate with crystal lattice constants similar to
those of REBCO crystals [2]. This is because high current can
be obtained by aligning CuO; planes. Thus, REBCO is applied
as thin film wires called the “coated conductor (CC)” [3].
REBCO CCs have been optimized in recent years; both direct
current (DC) and alternating current (AC) have been used in
REBCO CCs [4-12]. REBCO CCs can be used in power
transmission line cables and magnetic coils [13—18]. However,
REBCO CCs show large AC loss [19—24]. REBCO CCs are a
type II superconductor, implying that they are in a mixed state
and allow the magnetic flux to penetrate the superconductor. In
AC, the internal magnetic field changes with current. Because

Submitted for review September 26, 2023. This work was supported by
JSPS KAKENHI grant numbers 21K18831 and 22H0219. This study was
partially supported by the Joint Research Hub Program of the National
Institute for Materials Science, Japan.

Hiroki Fujimoto is with Department of Materials, Kyushu University, 744
Motooka, Nishi—ku, Fukuoka 819-0395, Japan (e—mail:
fujimoto.hiroki.779(@s.kyushu—u.ac.jp).

Akiyoshi Matsumoto is with the National Institute for Materials Science,
Tsukuba, Ibaraki 3050047, Japan (e—mail: matsumoto.akiyoshi@nims.go.jp).

Shuuichi Ooi is with the National Institute for Materials Science, Tsukuba,
Ibaraki 3050047, Japan (e—mail: ooi.shuuichi@nims.go.jp).

Minoru Tachiki is with the National Institute for Materials Science,
Tsukuba, Ibaraki 3050047, Japan (e—mail: tachiki.minoru@nims.go.jp).

Ryo Teranishi is with Department of Materials, Kyushu University, 744
Motooka, Nishi—ku, Fukuoka 819-0395, Japan (e—mail:

teranishi@zaiko.kyushu—u.ac.jp).

of this change, the Lorentz force on the magnetic flux increases
owing to electromagnetic induction. Therefore, the magnetic
flux begins to move, which generates work and energy loss.
This energy loss leads to AC loss.

To reduce AC loss, the superconducting layer of the CC is
divided into multiple filaments. Several studies have been
recently conducted on dividing into multiple filaments [25—32],
which has been achieved using two major methods. In the first
method, a multifilament is produced by laser scribing
(post—processing) [25—27], which has been confirmed to reduce
AC loss by a factor of five by dividing the REBCO layer into
five sections in the width direction [28]. However, dross
produced by laser scribing remains between the filaments,
causing incomplete insulations. Although the dross can be
reduced by an over-etching, this process induces a decrease of
Jo and cannot eliminate the dross perfectly [27], [33]. In
addition, the equipment is not inexpensive, and the process is
complex.

In the second method, a multifilament is produced by
patterning the insulator via the ink—jet method on a buffer layer,
followed by superconducting layer deposition (pre—processing)
[32]. This method has been confirmed to reduce AC loss by a
factor of 10. Because the insulator width is ~ 200 um, the
number of filaments that can be made on the substrate in this
manner is limited.

Herein, we report another method by intentionally patterning
a material with crystal lattice constants not similar to those of
YBCO crystals, on the substrate and depositing a film. The
YBCO layer is divided in two parts: ordered and disordered
[34]. We focus on the evaluation of superconducting property
using a magneto-optical (MO) imaging technique. The MO
image shows the flux penetrated in the bright parts but not in the
dark ones [35], [36]. A previous study investigated the crystal
orientation of an electron backscatter diffraction (EBSD) image
and showed that the YBCO crystals on the substrate were
ordered in the white parts, while those on Zr were disordered in
the black parts [34]. This indicates that MO observation is an
advantageous method to determine whether YBCO is divided
into multi—filaments. Moreover, MO observation is helpful to
understand the difference between the parts which the flux
penetrates or not.

In this study, we aim to consider the magnetic flux
distribution in multi—filament YBCO films by controlling
crystal array using a surface—modified substrate.



> 73654553 <

II. EXPERIMENTAL METHOD

Owing to the dependency of the YBCO orientation on
lattice consistency, Zr was used as a lattice mismatch material
for YBCO in this study. SrTiO3 (STO) with an orientation of
(100) and dimension of 5.0 mm x 5.0 mm X 1.0 mm was used
as substrate with Zr patterning. Also, STO substrate with
dimension of 10 mm x 10 mm x 1.0 mm was used as the one,
without Zr patterning. The substrate with Zr patterning had a
width of 5-20 um as shown in Fig. 1(a). Patterning was
performed via photolithography [37]; its procedure is as
follows (Fig. 1(b)).

First, a resist was deposited on the substrate, and a laser
beam was applied to pattern the areas where the impurities
were to be deposited. Subsequently, the resist was removed
from the patterned area and Zr was sputtered. Finally, the
remaining resist was removed to complete Zr patterning.
Before film formation, the height and width of Zr on the
prepared substrate were evaluated using a laser microscope.
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Fig. 1. View of Zr patterning on substrates. (a) Diagram of
Zr patterning. (b) Photolithography procedure. (c) Laser
microscopy observations of the Zr bank.

The samples were prepared using a metal-organic
deposition (MOD) method. Y, Ba, and Cu were dissolved into
an octanone solution with a molar ratio of Y:Ba:Cu = 1:1.5:3.

The film formation method using the solution is as follows:
the solution was spin coated on the substrates at 3,000 rpm for
2 min, and the samples were calcinated at 703 K. These steps
were repeated thrice to obtain a YBCO film thickness of ~ 0.6
pm. The calcined samples were then crystallized at 1,053 K
and annealed in an oxygen atmosphere.

After film formation, the samples were subjected to X—ray
diffraction (XRD) to identify the crystal formation, scanning
electron microscopy (SEM) for surface observation, the
four—terminal method for 7, evaluation, and MO measurement
for magnetic flux distribution [35].

[II. RESULTS AND DISCUSSION

Laser microscopy was employed to examine the substrate
with a 10 pm wide Zr stripe, as shown in Fig. 1(c). The height
of the bank was ~ 0.32 pm. The upper sole was ~ 60% longer
than the lower sole. The base angles of the left and right sides
were 81.7° and 81.1°, respectively. This shows that the Zr
stripe was approximately an isosceles trapezoid.
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Fig. 2. XRD patterns of the fabricated YBCO film with and
without Zr patterning. (a) Results of Cu—Koa 6260 scan. (b)
Integrated strength of YBCO 005 normalized by STO 200.

Fig. 2 shows the XRD patterns of the fabricated YBCO film
with and without Zr patterning. Fig. 2(a) shows the results of
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620 scan. In addition to other peaks, the 00/ peaks of YBCO
were observed in the film without Zr patterning. Among these,
the largest peak at 33.2° corresponded to the 103 plane of
YBCO. The peak intensity was approximately a quarter of the
004 peak of YBCO. For the film with Zr patterning, the 00/
and disordered YBCO peaks were also observed. The peak
intensity of disordered YBCO with Zr patterning was similar
to that without Zr patterning.

To measure the change in the YBCO 00/ peak intensity with
and without patterning, the integrated intensity of the YBCO
005 peak normalized by the STO 200 peak was considered.
(Fig. 2(b)). The integral strength of the YBCO 005 peak
without and with Zr patterning was 0.24 and 0.11,
respectively. This shows that the volume of ordered YBCO
crystals with Zr patterning was 46.9% less than that without Zr
patterning, indicating that the volume of the oriented YBCO
crystals decreased upon Zr patterning.

Furthermore, the crystals were found to be uniformly spread
in Fig. 3(a), whereas in Fig. 3(b) a dark area, representing
sample surface irregularities, is observed at the center of the
left image at a width of ~ 12.2 pm from edge to edge in the
vertical direction. The dark area was also observed from the
edge to edge of the substrate. This is believed to be due to Zr
patterning. At high magnification, it was confirmed that
crystals were densely present in both (a) and (b). The
disordered crystal structure extended in the vertical direction
on the right side of the image in (b). The border between the
dense and disordered crystals was not clear. The other parts of
(b) were the same as those in (a). In addition, the sizes of
white solids were 0.35—0.60 pm in (a) and 0.45-0.70 pm in
(b). Additionally, the number of white solids in (b) was more
than that in (a).
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Fig. 3. SEM images of the sample surface (a) without and
(b) with Zr patterning.

Based on these observations, the following inferences could
be drawn. The contrast in (b) was due to Zr patterning. Zr
patterning also contributed to the disorder of the crystal
structure in (b). This contribution to crystal disorder was
considered on not only the top surface of the Zr bank but also
its side. Moreover, the white solids were precipitates derived

from Y and Cu [38]. This is because the sample fabricated
using a raw material solution containing of Y, Ba, and Cu
shifted to a 1:1.5:3 ratio. The volume reduction of the YBCO
00/ crystals corresponded to the disorder of the crystal
structure according to the results shown in Fig. 2(b).

Moreover, 7. and 7% of the sample without Zr
patterning measured by the four—terminal method were 86.6 K
and 86.0 K, respectively. The difference in temperature (A7)
between the two points at 90% and 10% of the extrapolated
value from the normal conduction transition was 0.4 K.

Fig. 4 shows the magnetic flux distribution of the sample
with Zr patterning at 5 K and 200 Oe. This image was
recorded from a top view with the magnetic flux applied
perpendicular to the surface. The bright and dark regions in
the sample with Zr patterning corresponded to the regions
which the magnetic flux penetrated and did not penetrate,
respectively.

1mm

Fig. 4. MO image of the sample with Zr patterning at 5 K
and 200 Oe.

Four straight vertical bright lines is clearly observed at
equal intervals. Also, uniform dark areas were observed
between the lines. The width of the bright lines was 90—160
um. These results indicates that the bright lines were formed
because the substrate had four banks of Zr. The bright areas
corresponded to the areas where the magnetic flux penetrated.
The superconductivity of the four bright lines was found to be
broken or low. Comparing with the magnetic flux distribution
with the SEM image of Fig. 3(b), it is recognized that the
bright lines and dark areas of the MO image are corresponding
to the disordered crystal region and the ordered crystal regions
of the YBCO film, respectively. The dark areas exhibited the
Meissner effect and/or shielding effect owing to the good
orientation of YBCO. Thus, the magnetic distribution
correlated with the microstructure images. This correlation
suggested that the boundary between bright and dark regions
in Fig. 4 because ordered and disordered crystals were mixed
at the edge of Zr patterning in Fig. 3(b).

According to the results shown in Figs. 2, 3, and 4, the
samples without Zr patterning consisted of ordered YBCO
(Fig. 5(a)), whereas ones with Zr patterning consisted of
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disordered YBCO on Zr (Fig. 5(b)). That is Zr patterning
enabled the formation of multiple filaments of YBCO.

The field distribution views of Fig. 5 (b) along the b—axis
are shown in (c), respectively. Fhe-views-of Figs—S-(a)and-(b)
aleng—thea—axis—are shownin{e)and{d)respeetively= The

intergranular current mainly flowed in ordered YBCO, and the
shielding current flowing through the crystal was large. The
magnetie—thax—was—thereforeuniformly—shielded: In contrast,
only intragranular current mainly flowed in disordered YBCO,
the shielding current flowing through the crystal was small;
and—that—the—magneticflux—was—neot——shielded. Therefore,
magnetic flux penetrates the disordered YBCO shielded by the
oriented YBCO. Comparing this with Fig. 4 results, the black
areas uniformly shielded the magnetic flux as opposed to the
white areas. This suggested that the YBCO crystal array
correlated with the magnetic flux distribution.
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Fig. 5. Schematic of YBCO crystal orientation (a) without
and (b) with patterning, and the difference in magnetic flux
behavior for (c¢) ordered YBCO and (d) disordered YBCO.

IV. CONCLUSION

Herein, we discussed the differences in superconducting
properties exhibited by different orientations of YBCO films
fabricated on substrates patterned with a lattice mismatch
material to YBCO.

We selected Zr as a lattice mismatch material to YBCO and
prepared 5-20 pm—wide stripes on the substrate. YBCO films
were fabricated on substrates with and without Zr patterning via
MOD process. The sample without Zr patterning consisted of
ordered YBCO crystals. In contrast, the sample with Zr
patterning had parts of the bank with disordered YBCO crystals
and parts with ordered YBCO crystals. Therefore, Zr patterning
allowed the control of the YBCO crystal array through simple
heat treatment without any post—processing. Magnetic evaluation
confirmed that a division existed between the areas where
superconductivity was observed and broken. These results
indicated that the crystal array pattern matched that of the
magnetic flux passing through. Therefore, the crystal array

control correlated with magnetic flux distribution, and Zr
patterning led to the formation of the YBCO multifilament. Thus,
this method serves as a novel approach to reduce AC loss.
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