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Abstract—Y.,Gd,Ba;CuzO-BaHfO3 (YGBCO-BHO)
nanocomposite films containing 12 mol% BHO nanoparticles
and different amounts of Gd, x, were grown by Chemical Solution
Deposition (CSD) on NiSW substrates in order to investigate
the impact of the rare-earth stoichiometry on the structure
and superconducting properties of these films. For Gd contents
x > 0.5, epitaxial YGBCO-BHO films with an approximate
thickness of 270 nm self-field critical current density J. at 77 K
~ 1,5 MA/cm? were obtained. The field dependence of the critical
current density J.(B) shows a much larger accommodation field
and lower exponents o in J. ~ B~ values compared to pristine
YBCO films. This is both due to the high amount of individual
nanoparticles in the matrix as observed in TEM images and the
higher critical temperatures 7.. The results show that the CSD
is a potential candidate for the preparation of REBCO films in
long-length coated conductors.

1. INTRODUCTION

HE fabrication of second-generation high-temperature su-

perconducting tapes or Coated Conductors (CCs) is one
most active areas in the field of superconductivity. In general, the
architecture of these CCs consist of a metallic substrate, several
buffer layers, the superconducting films and some protective
coatings. The superconducting films in the CCs are usually made
by REBa;Cu30; (REBCO, RE rare earth) compounds whose
properties make them appropriate for various electric power
applications [1]-[3].

The choice of the most suitable REBCO for the fabrication
of the CCs is often difficult. Most of the research nowadays is
devoted to YBasCu3zO7 (YBCO) but there are other REBCO
compounds that exhibit, in some cases, better superconducting
properties [4]-[7]. Nevertheless, and despite the advantages, the
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use of these alternative REBCO compounds is not as common
as YBCO because their synthesis is, in general, very challeng-
ing. The size of these ions (either larger or smaller than Y3+)
hinder their correct placement on the REBCO lattice decreasing
drastically its stability [4], [8]-[10]. As a recent study shows, the
growth temperature window systematically narrows and shifts to
higher temperature for increasing difference of the ionic radius
from optimum Y3+ [11].

The mixing of different RE>* ions has appeared as attractive
alternative to the complicated synthesis of the single-RE-BCO
compounds while keeping the improvement in performance. The
mixture of different RE** ions allows to broaden the window
of suitable growth conditions, as we have recently shown in
the case of the Y;_,Gd,BasCu307.,-BaHfO3 (YGBCO-BHO)
films deposited on single crystal substrates [12], which ease
remarkably the synthesis.

The improvement in the superconducting properties in the
mixed compounds is attributed to an enhancement of the flux
pinning due to the critical temperature 7. fluctuations generated
by the structures associated to the substitution on the RE sites of
the crystal structure. The size and properties of these structures
are defined by several variables, e.g., the type and molar fraction
of the substituent [13], [14]. The combination of this RE mixing
with the introduction of secondary phases in the REBCO matrix,
creating in this way the so called nanocomposites, can further
improve the final properties of the films as we could demonstrate
in our previous work [12]. The use of nanocomposites has been
deeply study by multiple groups showing a large positive impact
the in-field transport properties of REBCO films prepared by
both the in-situ and the ex-situ approach [15]-[22].

Another important point besides the selection of the best
superconducting film, is to use a fabrication technique that allow
a transfer of the obtained results to the long-length production. It
was demonstrated, in our previous work, that the use of the chem-
ical solution deposition (CSD) is an appropriate technique for
the preparation of high-quality YGBCO-BHO films on buffered
metallic tapes [23]. The CSD method which is based in the use
of chemical solution as precursors for the growth of the final
films, is a low-cost scalable and technique that was extensively
investigated in the preparation of CCs [24]-[27].

This work is a continuation of our recent publication in
which we showed that YGBCO-BHO films can be grown NiSW
substrates with remarkable superconducting properties [23]. In



this case we focused in study the microstructure of these films
and its relationship with the critical current densities J, values
obtained by transport measurements.

II. EXPERIMENTAL DETAILS

The TFA solutions used in this work were prepared following
the protocol reported in Ref. [6]. In summary, this is a 1.5 molar
solution (over all cations) with a 1:2:3 ratio of RE, Ba and Cu
dissolved in dry methanol, where RE consists of (1-x) parts Y
and x parts Gd.

The YGBCO+12%BHO films of ~270 nm thickness were
prepared, firstly, by depositing the precursor solutions on 10 mm
x 10 mm pieces of NiSW tape via spin coating (6000 rpm for
30 s). The fully CSD-buffered Ni5SW substrates were provided
by Deutsche Nanoschicht GmbH and include a thin (10-12 nm)
top layer of CeO; on three layers of 100 nm each of LayZryO7
(LZO) that were deposited on the biaxially textured NiSW. The
pyrolysis and growth processes used in this case were described
in detail in Ref. [23].

Crystallographic properties and phase purity were investi-
gated by X-ray diffraction (XRD, Bruker D8, CuKa, Bragg-
Brentano geometry). In-field transport critical current densities
Jo(B) were determined in 4-point geometry at a Quantum Design
Physical Property Measurement System (PPMS, 14 T). For this,
100 pm wide bridges were prepared by photolithography and
wet-chemical etching. J. was calculated from the V(I) curves
with a criterion of 1 pV/cm. The microstructure was inves-
tigated via TEM images obtained with a JEOL JEM-2200FS
(200 kV, Cs-corrected) on lamellae prepared by FIB in-situ
lift-out technique (Omniprobe [28]) and subsequent ion milling.
Several TEM modes were used for maximum information:
crystallographic data by high-resolution (HR) TEM combined
with selected area electron diffraction patterns and structural
defects by bright-field (BF) TEM. EDX maps were obtained on
a Thermo Fischer Themis TEM equipped with a Chem-STEM
EDX detector in the Super-X geometry and operated at 300 kV
in Cs-corrected STEM mode. The data were processed in the
Velox software package.

III. RESULTS AND DISCUSSION

According to the -26 scans displayed in Fig. 1, itis concluded
that there is a strong tendency for the growth of c-axis oriented
grains since intense (00/)YGBCO reflections for all films are
present. Considering that the (005) reflection of YBCO and
GdBCO have similar theoretical intensities, another significant
point to consider is that the intensity of this reflection increases
with x indicating that the REBCO phase formation is preferred
for larger x [23]. Furthermore, reflections like (200)YGBCO
or (103)YGBCO related to a-b or randomly oriented grains, re-
spectively, are not observed except for an almost negligible (200)
peak in the YBCO film. On the other hand, we also observed that
the intensity of the reflections associated to BaCeO3 (BCO), a
product of the reaction of the CeO5 top buffer layer with the Ba
from the REBCO matrix, seems to decrease with Gd content x.
This could also cause a reduction in the (00/)YGBCO intensities
since the Ba used to form BCO is not available to form YGBCO
anymore.
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Fig. 1. 6-26 scans of Y;.,Gd;BasCu3zO7+12%BHO films on NiSW sub-
strates. The peaks marked with * come from the experimental setup.
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Fig. 2. Microstructure of the GABCO+12%BHO film on CeO2/LZO/Ni5SW
observed in TEM images: (a) HAADF-STEM cross-sectional overview, (b)
higher magnification of (a) at indicated region, (c) HRTEM image of randomly
oriented BHO and Gd2 O3 particles embedded in the GABCO matrix, (d) cross-
sectional BE-TEM image taken with a diffraction vector § = (100) resolving
in-plane misorientation of ~5° between two GdBCO grains.

The microstructure of the films is exemplarily shown with
cross-sectional TEM images of the GABCO+12%BHO, Fig. 2.
The GdBCO film appears dense and with rather homogeneous
thickness on top of the CeO5-covered tri-layer of LZO, Fig. 2(a))
and (b). The CeO- buffer layer at the interface is rather inhomo-
geneous in thickness, probably due to the formation of BaCeOj3
(BCO). Some pores at the interface are visible. These two



Fig. 3. EDX map of the GdBCO+12%BHO film deposited on
CeO2/LZO/Ni5W (same film as shown in Fig. 2).

images also evidence a high density of randomly oriented and
homogeneously distributed particles. These nanoparticles (NPs)
are mainly BHO and Gd2 O3 which are difficult to distinguish in
STEM due to their similar Z contrast. As displayed in Fig. 2(c)),
these NPs are, in some cases, partially agglomerate. Their di-
ameter ranges between 15 and 35 nm. The low magnification
BF-TEM image taken with a diffraction vector § = (100),
Fig. 2(d)), visualizes a contrast change due to some misalign-
ment of the GABCO grains. There is a significant contrast change
within both the GABCO film and the Ni-W substrate marked by
a white line, which is caused by the misalignment between two
adjacent grains of the metallic tape passed on through the buffer
layer to the GdBCO film. The resulting in-plane misorientation
between the two GdBCO grains is larger than 5°. This in-plane
misalignment is typical for Ni-W and was reported before in
literature to be one of the main causes for the reduction of J. on
this kind of substrates, e.g., [29], [30]. The other films have very
similar microstructures, except for x = 0, which contains larger
amount of BCO and misoriented grains and (not shown here).

The EDX map of the GABCO+12%BHO film deposited on
CeO2/LZO/Ni5SW is displayed in Fig. 3. This map confirms
what it was shown before if Fig. 2. A quite homogeneous
distribution of BHO NPs throughout the thickness of the film is
observed. Also, the CeOs layer is not homogeneous in thickness
due to the reaction with Ba to form BCO at the interface. The
composition of the substrate and buffer layers is homogeneous
and the expected one.

The improvement in J. and pinning force density F}, due to
BHO nanoparticles as well as Gd content x is clearly seen in
Fig. 4. Due to the pining effect of the BHO NPs, J. of the
nanocomposites is significantly larger than the pristine films
(open symbols). The advantages of higher Gd content x (colored
symbols) in contrast to the YBCO films (black) is apparent. This
improvement is due to both the higher T, values as well as better
phase formation [23]. The accommodation field Hx at 77 K (here
defined as J.(Hx*) = 0.9.J5") with values of ~ 85 mT are much
larger for all YGBCO+12%BHO films than for the pristine films
(here YBCO, ~ 25 mT) and. Also the values of the exponent v
(Je ~ B™®) are lower in the nanocomposites: ~ 0.6 in contrast
to ~ 1.1 in the pristine YBCO film (calculated in the range
of 85-3000 mT). Furthermore, the YGBCO+12%BHO films
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Fig. 4. Transport properties at 77 K of YGBCO+12%BHO films deposited
on Ni5W (closed circles) in comparison with pristine YBCO (open symbols)
and films on single crystals (stars): (a) magnetic field dependence of J at 77 K,
inset: normalized to J.(0), (b) magnetic field dependence of the pinning force
density .

deposited on Ni5W have, in all the cases, lower « values
compared with the same films deposited on single crystals
(stars, inset Fig. 4a): ~ 0.6 for the YGBCO+12%BHO films
on Ni5W and ~ 0.9 and ~ 0.7 for YBCO+12%BHO and
GdBCO+12%BHO films deposited on SrTiOs, respectively.
This might both be due to reduced J. values in low magnetic
fields due to grain boundary weak links and increased pinning
in high fields due to a larger density of c-axis-oriented defects
such as growth dislocations and twins in the films on NiSW.
The maximum pinning force densities F, at 77 K, Fig. 4(b)),
of YGBCO+12%BHO on Ni5W are with 3-5 GN/cm® much
larger than for pristine YBCO on Ni5W (0.21 GN/m? at 0.6 T)
and, except for YBCO+12%BHO (data for F}, at 77 K of
GdBCO+12%BHO films in Ref. [6]), even larger than for
pristine YBCO on single crystal (1.86 GN/m3at 1.0 T). The max-
imum F, value in the film with x = 0.66 on Ni5W is even close
to YBCO+12%BHO on single crystal: 4.77 GN/m? (at 2.2 T)
and 6.77 GN/m? (at 0.8 T), respectively. The magnetic fields
corresponding to the maximum Fj, values are larger on Ni5SW
than on single crystals. For example, in GdBCO+12%BHO on
Ni5W the maximum is reached at 3.0 T, while the maximum in
the YBCO+12%BHO film on single crystal is reached at 1.0 T.
This corresponds to the trend in « discussed above. The pinning
forces at 77 K are rather similar for x = 0.33 and x = 0.5. This
may be explained by their very similar 7, values, which happens



due to experimental scatter. At 77 K, which is still close to T,
T. has a major influence on the transport properties.

The improved in-field transport  properties  of
YGBCO+12%BHO on Ni5W are related to their structural
features. The high amount of NPs and meandering small-angle
grain boundaries observed in TEM improve the pinning
performance of these films. The BCO formation is less severe
in films with high Gd content, which increases the crystalline
quality of the films [23]. For the YBCO films, the formation
of BCO is very prominent. This results in the formation of
misoriented grains and, consequently, very low J.. and F, values
compared to films with larger x.

Alltransport J5! values are ~ 25% lower than the correspond-
ing inductively measured values [23]. Presumably, the small
yet present porosity in these films is the main reason for this
reduction but also the presence of grain boundaries could play a
role. The grain boundaries could act as pinning centers causing
an improvement of the pinning performances. However, it is
very likely that several high-angle grain boundaries (as discussed
above) are present in the 100 ym wide bridges which, as weak
links, are detrimental for .J5!,

IV. CONCLUSION

The influence of the Y/Gd ratio on the film quality has
been investigated in the case of Y;1_,Gd;BasCu307_s-BaHfO3
nanocomposite films prepared by CSD and deposited on Ni5W
substrates. Well-textured films free of highly misoriented grains
have been achieved for x > 0.5. The films are dense with
homogeneous thickness and a high and homogeneous density
of nanoparticles. Both the addition of BHO nanoparticles and
higher Gd content x increase the pinning properties considerably.
These results highlight the potential of this approach (CSD of
mixed-RE-BCO nanocomposites on Ni5SW) for the fabrication
of high-quality coated conductors.
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