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ABSTRACT: Chemical solution deposition (CSD) of
YBa,Cu;0,_s (YBCO) nanocomposites from colloidal precursor
solutions containing double metal oxide preformed nanocrystals is
a promising, cost effective, and reproducible approach to producing
superconducting films with high critical current density (J.) and
enhanced pinning. Here, the influence of the preformed nanocrystal
composition on the microstructure and superconducting properties
of the YBCO nanocomposite films is studied, with a focus on
establishing a simple and scalable process to grow nanocomposites
that can be transferred to grow nanoadded coated conductors.
Colloidal stable BaZrO;, BaHfO;, BaTiO;, and SrZrO; nanocryst
als (3—6 nm diameter) were synthesized and added to an
environmentally friendly low fluorine YBCO precursor solution.
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High quality superconducting layers were grown on LaAlOj single crystal substrates from these four nanocomposite precursor
solutions in a single deposition process, without the need of a seed layer, yielding self field J. of 4—5 MA/cm? at 77 K. The different
YBCO microstructures produced by the four types of nanocrystals and the resulting microstrain of the films are compared and
related with the magnetic field and angular dependence of J.. We demonstrate the BaHfO; containing nanocomposite as the best
performing with a homogeneous distribution of nanoparticles with 7 nm average diameter and a high density of stacking faults,
which leads to some of the best superconducting properties ever achieved via low fluorine CSD. ], exhibits a much smoother decay
in the applied magnetic fields and a much more isotropic behavior for nonparallel magnetic fields, and the pinning force is increased
by a factor of 3.5 at 77 K and 1 T with respect to the pristine film.
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INTRODUCTION

YBa,Cu;0,_s (YBCO) coated conductors have an extraordi
nary electrical performance and power density ideal for more
efficient and compact cables, power transformers, motors, and
generators.”> However, factors such as high cost, low
availability, and reduction of the critical current density (J.)
in the presence of moderate to high magnetic fields have
prevented the expansion of coated conductors in the power
market.' ™ Chemical solution deposition (CSD) has the
potential to fulfill the demand of high quality epitaxial YBCO
films with excellent performance and high throughput, while
the addition of preformed nanocrystals can reduce the ], decay
with a magnetic field.*”” CSD offers the potential to fabricate
coated conductors with high deposition rates at moderate
precursor and investment cost. However, when coated
conductors operate in high magnetic fields, their performance

is strongly reduced due to vortex motion.'™> The incorpo

ration of artificial pinning centers in the form of nanoscale
secondary phases has been proven to enhance vortex pinning,
increasing the in field J. as well as the J_ isotropy with respect
to the direction of the magnetic field.” "% In this respect, two
approaches are possible: the in situ and ex situ formation of
artificial pinning centers. In the in situ approach, extra metal—
organic salts are added to the YBCO precursor solution, which
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forms secondary phases during YBCO growth by spontaneous
segregation. This in situ method is well investigated and has
shown important pinning enhancement; however, it has
reproducibility issues, providing little control over segregation
of the nanoparticles and their size and spatial distribution.""~"*
In contrast, the ex situ approach utilizes colloidal stable
nanocrystals that are synthesized in advance and then added to
the YBCO precursor solution. This offers superior control over
the size, shape, crystallinity, and concentration of the
nanocrystals and therefore over the final microstructure of
the nanocomposite films.'>~'” However, previous studies have
shown that improper choice of the nanoparticle composition
leads to agglomeration of the preformed nanoparticles during
thermal processing of the layers'®"® as well as to accumulation
of the nanocrystals on the substrate’> or at the YBCO
surface.'” These effects worsen the superconducting properties
and hinder the pinning enhancement. The composition of the
preformed nanocrystals is, thus, an important factor to control
the homogeneity and size of the final nanocrystals in the
crystallized layer. Metal oxide nanocrystals such as ZrO,,
CeO,, and HfO, react with Ba®* during YBCO growth to form
BaZrO; (BZO), BaCeOs, and BaHfO; (BHO), respectively,
which leads to coarsening of the nanoparticles.">'”** To avoid
this, double metal oxide nanocrystals are introduced, which are
more chemically inert and should not react with Ba®". Only
very recently, the first nanocomposites with preformed double
metal oxide nanocrystals have been reported.””** Nano
composites with BZO and BHO nanocrystals were obtained
by Obradors et al.”' and Li et al.>* with self field J. of 3.0—4.5
MA/cm? at 77 K and enhanced pinning efficiency. However,
the high fluorine content of the all trifluoroacetate (TFA)
YBCO precursor solutions used and the need of a 25—50 nm
pristine YBCO layer (the so called seed layer) to improve the
YBCO texture and to prevent the accumulation of nanocrystals
at the film—substrate interface’® complicate the upscaling to a
continuous industrial reel to reel process with high through
put. Moreover, the best pinning properties are obtained via a
tuned thermal treatment with a heating rate of 1200 °C/min,
which is extremely difficult to reproduce on an industrial scale.
The aim of this work is to study the effect of the preformed
nanocrystal composition on the final YBCO microstructure
and pinning properties of the nanocomposites. This work will
also focus on establishing a simple scalable process to grow
nanocomposites, which can be used to manufacture nano
crystal added coated conductors, eliminating every step that
cannot be replicated at an industrial scale. In this respect, low
fluorine YBCO precursor solutions (with ~69% reduction in
the fluorine content) based on propionates instead of TFA are
used. The industrial production of CSD based YBCO films is
progressing toward the use of more environmentally friendly
precursors with lower fluorine content to reduce the release of
toxic fluorinated compounds during the thermal process.”*>**
This implies another challenge for the ex situ approach because
the colloidal nanocrystal solutions stable in TFA based
precursor solutions (pH = 2) might not be stable in the
higher pH of the low fluorine solution (pH = 6)."” Moreover,
the choice of ligand has been proven to have a dramatic effect
on the final properties of the nanocomposite.lé’25 In this work,
2 [2 (2 methoxyethoxy)ethoxyJacetic acid***” is used because
it can stabilize all of the as synthesized double metal oxide
nanocrystals—BZO, BHO, BaTiO; (BTO), and SrZrO,
(SZO)—and is completely decomposed after pyrolysis at
400 °C of the films (Figure S1), leaving no organic residues in

the layers. The four types of nanocrystals (3—6 nm diameter)
are synthesized via a microwave heating method that allows
much faster and more reproducible production of nanocrystals
than the conventional solvothermal method and is easier to
scale up.">?® After synthesis, the nanocrystals are purified and
stabilized in a polar solvent (e.g., methanol), forming
monodisperse colloidal suspensions without agglomerations
that can directly be added to the low fluorine YBCO precursor
solution. The resulting colloidal YBCO solutions are then
deposited on LaAlO; (LAO) single crystal substrates in a
single deposition step without a seed layer and crystallized
following the same thermal treatment as that used for pristine
YBCO, ensuring feasibility of the industrial scale up. High

quality superconducting layers are obtained from the pristine
and four colloidal YBCO precursor solutions, yielding self field
J. of 4—5 MA/cm? at 77 K. The different defect landscapes and
resulting microstrain of the YBCO matrix in the four
nanocomposites and pristine film are compared, and their
effects on the magnetic field and angular dependence of J. are
studied. Among the studied combinations, the BHO nano

composite exhibits properties close to the best ever achieved
using low fluorine CSD with preformed nanocrystals in terms
of self field J,, in field ], angular dependence of ], and pinning
force density (FP).H’IS’”’ >2% CSD of low fluorine YBCO
solutions with preformed double metal oxide nanocrystals is
presented as a powerful method to fabricate high performance
superconductors with enhanced pinning properties in applied
magnetic fields, which is ready for use in the fabrication of
nanoadded coated conductors.

EXPERIMENTAL SECTION

Preformed Nanocrystals Synthesis and Characterization.
Batches of four types of double metal oxide nanocrystals with
perovskite structure—BZO, BHO, BTO, and SZO—were synthesized
via a microwave assisted solvothermal method. The reaction starts
from bimetallic organometallic precursors incorporated in an ethanol
solution under inert gas conditions. The samples were subjected to
microwave radiation at 160 °C for 30 min at a maximum output of
300 W in a CEM Discover SP microwave. The as synthesized
nanocrystals were purified and stabilized with the minimum required
amount of 2 [2 (2 methoxyethoxy)ethoxy]acetic acid (MEEAA;
Aldrich, technical grade >90%) in methanol (Carl Roth, 99.9%).
The final concentration of the nanosuspension was measured by
thermogravimetric analysis (TGA; Netzsch STA 449E3 Jupiter).

The phase composition of the as synthesized nanocrystals was
analyzed by powder X ray diffraction (XRD; Thermo Scientific ARL
XTra diffractometer) using Cu Ka radiation. The morphology and
size of the nanocrystals in the stable suspension were studied by
transmission electron microscopy (TEM; JEOL JEM 2000FS
operated at 200 kV with a C; corrector). The diameter of the
nanocrystals was determined from the TEM images using the software
Image] and measuring at least 200 particles. The solvodynamic
diameter was measured by dynamic light scattering (DLS; Malvern
Nano ZS) with backscatter detection (scattering angle = 173°).

Nanocomposite Formation. Low fluorine YBCO precursor
solutions were prepared by dissolving yttrium propionate, Ba TFA,
and copper propionate in an Y:Ba:Cu ratio of 1:2:3 in methanol
(Sigma Aldrich, CHROMASOLV, >99.9%). All precursor solutions
had a total metal ion concentration of 1.08 M. To prepare the four
nanocomposite precursor solutions with a S mol % load of
nanocrystals, adequate amounts of colloidal nanosuspensions were
added to the pristine YBCO precursor solution. Unlike in previous
works, where ligand exchange was needed,">"” the nanosuspensions
were directly added with a micropipette to the YBCO precursor
solution without the need for ligand exchange because the use of
MEEAA guarantees that the colloidal stability of the nanocrystals is
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Figure 1. (A) XRD patterns of as synthesized nanocrystals indexed using a pseudocubic crystalline structure. (B) DLS volume plots showing
monodisperse and agglomeration free nanosuspensions. (C) Solvodynamic and TEM diameters of different nanocrystals. TEM images of BZO
(D), SZO (E), BHO (F), and BTO (G) nanocrystals showing no agglomeration, with detail of a single nanocrystal in the inset.

maintained in the highly ionic YBCO precursor solution. These
precursor solutions were deposited on (100) LAO (CrysTech
GmbH) single crystal substrates via spin coating at 2000 rpm for 1
min and pyrolyzed by heating to 400 °C in a wet O, atmosphere with
a heating rate of 1—5 °C/min to remove the organics. After pyrolysis,
the as deposited coatings were crystallized according to Rijckaert et
al*® with a two step process consisting of a dwelling at 640 °C for 60
min and a dwelling at 810 °C for 70 min both in a humid 100 ppm of
O, in a N, atmosphere injected at a flow rate of 1 L/min by bubbling
the dry gas through deionized water at room temperature. The
process is illustrated in Figure S2. Finally, the film was annealed at 450
°C for 2 h in pure O, atmosphere and quenched to room temperature
to obtain the superconducting YBCO phase. Three samples of each
type of nanocomposite were grown in order to check the
reproducibility of the results.

Characterization of the Films. The phase composition and
texture of the fully converted YBCO layers were analyzed by XRD
using a2 D4 ENDEAVOR diffractometer (Bruker; Cu Ka radiation)
with a three axis goniometer. To account for the LAO substrate
miscut angle, the specimens were aligned by maximizing the intensity
of the 005 peak of YBCO with respect to the in plane (¢) and out of
plane (w) orientations via measurements of 005 rocking curves at
various ¢. In the regions of LAO reflections, the XRD patterns were
measured at a factor of 20 smaller intensity of the incident beam (not
shown). The lattice parameter ¢ of YBCO was assessed from the peak
positions of all 00! reflections (I = 1—14) and using the pseudocubic
lattice parameter of LAO (3.79077 + 0.00005 A) as an internal
standard.’® The microstrain was assessed from the integral breadths
() of YBCO K,, 00! peaks following the Williamson—Hall approach
as described by Scardi et al.>' Namely, the reciprocal integral breadths
p* =22 cos 0 (4 is the wavelength, and 0 is the Bragg angle) were
plotted as a function of the reciprocal spacing d* = 2 sin /4 and fit
with the linear function f* = 1/Loy + 2&y, yielding the average
crystalline size (Lyy) and microstrain (gg;) along the ¢ axis. The
epitaxial fraction (EF)—the ratio of epitaxial YBCO to the total
amount of material in the film—was assessed by comparing the spatial
and over 26 integrated intensities of the 005 reflection of the YBCO
film under study with similar data for the standard (005 reflection of
the 200 + 10 nm thick pulsed laser deposited YBCO film), as
described in detail by Rikel et al**** The out of plane texture
(Aw) was quantified by analyzing the full width at half maximum of
the 00S peak of YBCO.

The microstructure of the films as well as their thickness were
investigated using high resolution and scanning transmission electron

microscopy (HRTEM and STEM) via a C; corrected JEOL JEM
2200 FS instrument operated at 200 kV with bright field (BF)
detectors. Cross sectional view TEM lamellae were prepared via the
focused ion beam technique in a FEI Nova 600 Nanolab Dual Beam
microscope. The lamellae were extracted using an in situ lift out
procedure with an Omniprobe extraction needle. The software Image]
was used to measure the average diameter of the nanoparticles in the
YBCO matrix from several cross sectional images using at least 150
nanoparticles per sample.

Self field J. was inductively measured in liquid nitrogen at 77 K
using a Theva Cryoscan system with a voltage criterion of S0 uV.
Transport current measurements were made in a four probe
configuration on bridges of 800 ym length and 50 pm width
prepared by wet chemical etching. The magnetic field dependence
(up to 14 T) of transport J, was measured at 30, 50, and 77 K with a
Quantum Design Physical Property Measurement System using an
electric field criterion of 1 uV/cm. The critical temperature (T.) was
defined as the temperature at which the resistivity (p) was 50% of the
normal state resistivity at 95 K [p(T.) = 0.5p(95 K)] and the
accommodation field (H*) as the field at which J. was 90% of self
field J. [J.(H*) = 0.9],]. The exponent a was obtained by fitting the
so called collective vortex pinning region of the J.(H) plot at 77 K
(between H* and 0.5 T) to the power law J. = A(T) H™* The angular
dependence of J. was measured under a maximum Lorentz force
configuration (i, with the magnetic field perpendicular to the
direction of the transport current) with an angle resolution of 1° near
the ¢ and ab axes and 5° otherwise; the measurements were done at
77 Kand 1 T, 50 K and 3 T, and 30 K and 14 T.

RESULTS AND DISCUSSION

Double Metal Oxide Nanocrystals Synthesis. The as
synthesized BZO, SZO, BHO, and BTO nanoparticles show
the XRD patterns characteristic of nanocrystalline materials
(Figure 1A). They can be indexed assuming pseudocubic
structure, but the line breadths can be affected by tetragonal
(for BTO) and orthorhombic (for SZO) distortions. The
pseudocubic lattice parameters 4.18 + 0.02 A (BZO), 4.11 +
0.01 A (SZ0O), 423 + 0.02 A (BHO), and 4.00 + 0.01 A
(BTO) are all larger than the pseudocubic lattice parameter of
YBCO. As in the works of Obradors et al>* and Li et al,*
small peaks at 20 = 24 and 34° of the BaCOj; impurity phase
are seen for BHO and BZO powders. After addition of the
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Figure 2. Offset coupled w—20 scan (log scale) of pristine and S mol % nanocrystal containing films between S and 74°. The regions of epitaxial
LAO reflections were measured at a smaller intensity of the incident beam (not shown). Indexing of the peaks is based on the data of Koblichka
Veneva et al,*® data for Y,0; (PDF 74 0553) and Y,Cu,Os (PDF 78 2100), and data of Qu et al.*® for the LAO peak at 26 = 12.2°. The small
peaks at 20 ~ 22, 43, and 67° correspond to LAO reflections caused by secondary radiation of the X ray tube due to impurities.

Table 1. YBCO Lattice Parameter (c), Microstrain (£,y;), Out of Plane Texture (Aw), Epitaxial Fraction (EF), Inductive Self
Field Critical Current Density at 77 K (J.), and Thickness (t) of the Pristine and Nanocomposite YBCO Films (Numbers in

Parentheses Show the Error in the Last Digit)

sample ¢ (A) £01 (%) Aw (deg) EF (%) J. (MA/cm?) t (nm)
Pristine 11.6786(2) 0.083(3) 0.427(2) 79(8) 42(2) 300(20)
BZO 11.6811(2) 0.138(3) 0.589(3) 79 (6) 4.7(3) 260(20)
SZO 11.6758(4) 0.155(3) 0.687(4) 63(5) 2.7(2) 290(20)
BHO 11.6818(3) 0.166(4) 0.585(3) 75(6) 4.5(2) 240(20)
BTO 11.6737(2) 0.071(4) 0.369(2) 78(7) 4.6(3) 300(20)

ligand MEEAA, the nanosuspensions in a polar solvent (e.g.,
methanol) are stable and remain agglomeration free for
months (Figure S3). DLS analysis of the stable nano
suspensions shows solvodynamic diameters of 4.9 + 1.9 nm
for BZO, 7.6 + 2.3 nm for SZO, 4.1 + 1.1 nm for BHO, and
8.1 + 3.1 nm for BTO nanocrystals (Figure 1B). The TEM
images (Figure 1D—G) confirm the presence of agglomer
ation free nanocrystals with diameters of 3.3 + 0.4, 5.9 + 0.6,
2.9 + 0.4, and 6.1 + 0.8 nm as well as their crystallinity (insets
of Figure ID—G). The 1—2 nm difference between TEM and
DLS measurements corresponds to the ligand and solvation
shell.

Structural Analysis of the Nanocomposite Film. Figure
2 shows the w—260 XRD patterns between 5 and 74° for a
pristine YBCO film and four different YBCO nanocomposites
containing 5 mol % BZO, SZO, BHO, and BTO, nanocrystals,
respectively (see Figure S4 for the XRD patterns between S
and 145°). 00 reflections (I = 1, 2, ..., 14) of YBCO are clearly
seen in the XRD patterns. Some reflections of secondary
phases can also be identified, such as Y,Ba,Cu,0,s (Y247),
YBa,Cu,Oy (Y124), Y,Cu,Os, and Y,0;. All nanocomposites
show a reduction of the Y247 phase (260 = 7.0, 14.0, 24.6, 27.9,
31.8,39.1, 42.0, 46.6, 54.3, and 58.3°) compared to the pristine
film. The addition of BTO nanocrystals causes the formation
of Y124 inclusions, not seen in other films, while the
nanocomposite with SZO nanocrystals shows a much higher
amount of Y,0; than the other films.

Analysis of the centroid positions of the 00! lines and line
broadening effects similar to that done by Rikel and
Hellstrom™ for Bi,Sr,CaCu,Og,, showed that the YBCO
phase in all of the films contains less than 02% Y124

intergrowth defects, also known as extended stacking
faults.*> >’

Table 1 summarizes the results of XRD studies [lattice
parameter ¢, microstrain (&q;), out of plane texture (Aw), and
epitaxial fraction (EF) of YBCO], inductive J, (77 K, self field)
measurements, and TEM results on the film thickness. In
comparison with the pristine film, the lattice parameter ¢
increases in BZO and BHO nanocomposites and decreases in
SZO and BTO nanocomposites. Line broadening analysis
showed that, in all films, the average crystallite size L
coincides within the 10—30% error with the YBCO layer
thickness assessed from TEM. The addition of BZO, SZO, and
BHO nanocrystals strongly increases gy, whereas the BTO
containing film has slightly lower &y,. Moreover, compared to
the pristine film, Aw values are about 50% larger in the BZO,
SZO, and BHO nanocomposites and 15% lower in the BTO
nanocomposite. Deterioration of the out of plane texture in
the BZO and BHO nanocomposites is not accompanied by
changes in the EF. The EF values are very similar in all films,
except for the SZO nanocomposite. The error in the EF is
relatively large mainly because of uncertainties in the thickness,
and the values are likely slightly underestimated by the worse
quality of YBCO at the edges of the film. Because Cryoscan
measurements show that the edge effects are similar in all
samples, we may conclude from a comparison of the EF values
that the incorporation of BZO, BHO and BTO nanocrystals is
not detrimental for the epitaxial growth of YBCO. BZO, BHO,
and BTO nanocomposites showing self field J. values of 4.7,
4.5, and 4.6 MA/cm?, respectively, which are even slightly
higher than the 4.2 MA/cm’ value of the pristine sample. The
low standard deviations of the measurements of three samples
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Figure 3. BF STEM images of (A) a pristine YBCO film with highly coherent twin boundaries, some intergrowths at the YBCO/LAO interface,
and a low amount of other defects and secondary phases, (B and E) the BZO nanocomposite showing a homogeneous distribution of BZO
nanoparticles ((d) = 10 nm and 64 = 6 nm), a high concentration of planar defects, and reduced twin boundary coherence, (C and F) the SZO
nanocomposite with a homogeneous distribution of SZO nanoparticles ((d) = 12 nm and 6,4 = 6 nm), a large amount of secondary phases, mainly
Y,05, and reduced twin boundary coherence, (D and G) the BHO nanocomposite with a homogeneous distribution of BHO nanoparticles ({d) =
7 nm and 64 = 4 nm), a very high density of planar defects, and a drastic decrease in the twin boundary coherence, and (H) a BTO added YBCO
film showing big agglomerations of BTO without individual nanoparticles, large Y124 inclusions at the YBCO/LAO interface and on the surface of

the YBCO film, and highly coherent twin boundaries.

per nanocomposite confirm the reproducibility of these results.
The correlation between EF and ], cannot be confirmed
because of significant errors in assessing the EF. Such a
correlation, however, is very plausible. The SZO nano
composite shows a 21 + 8% reduced EF and a 35 + 7%
reduced self field J.. It is thus likely that the incorporation of
SZO nanocrystals suppresses ] by hindering the epitaxial
growth of YBCO.

The nanoparticle distribution within the YBCO matrix and
the presence of secondary phases and structural defects were
studied by BF STEM. The pristine YBCO film (Figure 3A)
shows a low amount of secondary phases and structural defects
such as intergrowths. The twin boundaries formed upon the

tetragonal to orthorhombic transition that takes place during
the oxygenation treatment® are highly coherent, being parallel
to the ¢ axis and forming an almost periodic pattern in the ab
plane. BF HRTEM shows good (000) texture at the YBCO/
LAO interface, and the selected area electron diffraction
pattern confirms the excellent epitaxial growth (Figure SS).
The BZO nanocomposite (Figure 3B,E) shows a homoge
neous spatial distribution of nanoparticles. The nanoparticle
size distribution has average diameter (d) = 10 nm and mean
square deviation 64 = 6 nm. In addition to nanoparticles, a
rather high concentration of planar defects is visible
throughout the whole layer. On the basis of the previous
studies,"' ~* these planar defects are short Y124 intergrowth or
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stacking fault defects consisting of an extra Cu—O plane with a
finite lateral extension surrounded by partial dislocations that
enhance the microstrain of the YBCO lattice. It is known that
the presence of nanoparticles with a high lattice mismatch with
the YBCO matrix generates multiple stacking faults that may
even form ordered arrays of the Y124 phase.*' Another
important feature that can be clearly seen in the STEM images
of the BZO nanocomposite is a decrease in the coherence of
the twin boundaries along the ¢ axis (see Figure S6 for larger
view TEM images). As previously reported,'>** the presence
of nanocrystals, secondary phases, and planar defects often
results in a loss of twin boundary coherence. The SZO
nanocomposite (Figure 3C,F) also shows a homogeneous
distribution of SZO nanoparticles and a decrease in the
coherence of the twin boundaries. The nanoparticle distribu
tion has a slightly larger mean diameter, (d) = 12 nm, and o4 =
6 nm, and the nanocomposite shows a smaller density of planar
defects. In agreement with the XRD data (Figure 2), a larger
amount of secondary phases, mainly Y,0; particles, is
observed. The 30—60 nm large second phase particles are
randomly distributed, likely causing the reduced EF and ], of
the SZO nanocomposite. The BHO nanocomposite (Figure
3D,G) shows a homogeneous distribution of nanoparticles
with (d) = 7 and 64 = 4 nm. It also shows the highest
concentration of planar defects and a drastic reduction of the
twin boundary coherence along the ¢ axis. Conversely. the
BTO added YBCO film (Figure 3H) does not show individual
nanoparticles but only a few large agglomerations of BTO of
100—200 nm in size. Large Y124 inclusions can be seen at the
YBCO/LAO interface and on the surface of the YBCO layer,
which is consistent with XRD observations (Figure 2). The
rest of the film is strongly textured, with highly coherent twin
boundaries and a very low concentration of other defects; only
a few Y124 planar defects surrounding the large BTO clusters
were observed. Aggregation of the nanoparticles seen in the
BTO added film has been observed in previous works using
different preformed nanocrystals such as ZrO,, CeO,, or
Au.">"" The reason why BTO nanocrystals tend to
agglomerate while BZO, SZO, and BHO remain homoge
neously distributed with only moderate coarsening is unclear
and will be studied in a future work.

The size distributions of the nanoparticles in the YBCO
matrix are plotted in Figure S7 and summarized in Table 2

Table 2. Summary of the Diameter of the Different
Nanoparticles in the Colloidal Solution and YBCO Matrix,
Calculated Coarsening Factor, and Number Density of the
Nanoparticles in the YBCO Film

diameter in  diameter in density of the
type of the solution ~ the YBCO coarsening nanogarticles
nanoparticle (nm) matrix (nm) factor (X10° pm™)
BZO 33+04 10+ 6 3.0 46 + 8
SZO 59 + 0.6 12+ 6 2.0 21+9
BHO 29 £ 04 7+4 24 113+ 7
BTO 6.1 +£0.8 100 200

together with the initial diameter of the nanocrystals, the
coarsening factor, and the density of nanoparticles in the film.
In BZO, SZO, and BHO nanocomposites, there is some
coarsening of the nanocrystals, by a factor of 2—3 with respect
to the initial size, most likely due to grain coalescence during
the high temperature thermal processing of the films.*
However, this coarsening does not disturb the epitaxial growth

of YBCO (Table 1), and the final size of the nanocrystals is
rather small compared to previous studies. Remarkably, the
average diameter of the BHO nanocrystals in the YBCO layer
(7 nm) is among the smallest ever achieved for artificial
pinning centers in CSD"''>">%2**® despite the lack of a seed
layer. Only the Y,0; nanoparticles spontaneously segregated
from yttrium excess YBCO solutions in the work of Lei et al."®
have a smaller average diameter of 5.6 nm. Smaller sized
nanoparticles result in a higher number of nanoparticles in the
layer (which, in turn, induce more planar defects). Therefore,
more pinning sites are present, and stronger pinning
enhancement is expected. Overall, the above observations
confirm our earlier result that the two step crystallization
process improves the YBCO texture in nanocomposites29 and
the nanocrystal distribution in BZO, SZO, and BHO
nanocomposites, eliminating the need for using a seed layer.

The BHO nanocomposite contains the smallest and,
therefore, the most numerous nanoparticles (Table 2). In
addition, because of the largest lattice mismatch, BHO
nanoparticles in the YBCO matrix should lead to the largest
strain effects and, as a consequence, to the highest density of
Y124 planar defects, whose formation releases the elastic
energy around the nanoparticles.*" This explains why BHO has
the highest £y,. The BZO nanocomposite has larger nano
particles (10 nm), which have a smaller mismatch with YBCO;
therefore, the gy increase is not as pronounced as that in
BHO. SZO nanoparticles are even bigger (12 nm) and have a
smaller lattice mismatch with the YBCO matrix than with
BZO. However, the high value of &y observed in this
nanocomposite can be related to the presence of a large
amount of Y,O; nanoparticles."> The BTO added film
contains no individual nanoparticles and therefore has a
similar &4y than that of pristine YBCO.

Note that the above considerations are based on the
assumption that the inhomogeneity in the oxygen distribution
that may also affect g, is the same in all films, which could not
be the case because low temperature oxygenation kinetics is
strongly affected by the presence of nanoparticles.*’

Field Dependence of J.. Figure 4A shows the dependence
of transport J. on an external magnetic field for the pristine
YBCO film and the four nanocomposites at temperatures of
30, 50, and 77 K. The normalized values of J_. with respect to
the self field value are also included (Figure 4B) to show the
relative J. decay. BZO, SZO, and BHO nanocomposites exhibit
a much slower decay of J. compared to the pristine YBCO film,
as opposed to the BTO added film, which shows faster J.
decay. In the SZO nanocomposite, the . value at low magnetic
fields up to 0.1 T is lower than that in the pristine YBCO film
because of the initial low self field J. (Table 1) but slightly
better in stronger fields (H > 0.1 T). However, the normalized
J. shows that the pinning properties are strongly enhanced
compared to the pristine film in the same way as those in the
BHO and BZO nanocomposites. Therefore, improving the
self field ], value of the SZO nanocomposite by improving the
epitaxial growth of YBCO could lead to a nanocomposite with
excellent in field properties. In comparison, the BZO and BHO
nanocomposites have self field J. values even slightly better
than those of the pristine film (Table 1) and behave much
better in the presence of an external magnetic field at all
temperatures, with the BHO nanocomposite being the clear
champion in both absolute and normalized values. Table 3
compares the J. values of the different films in an applied
magnetic field of 1 T at three measurement temperatures,
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Figure 4. (A) Field dependence of transport ], in absolute value and (B) normalized with respect to the self field J.. (C) F, versus magnetic field at
30, 50, and 77 K. The BHO nanocomposite shows the best performance at all temperatures, reaching 3.5 times higher pinning forces than the

pristine film at 77 K and 1 T.

Table 3. Accommodation Field (H*) and Power Law Exponent (a) at 77 K, Critical Current Density (J.) in Absolute and
Normalized Values at 77, 50, and 30 K in an External Magnetic Field of 1 T, and Critical Temperature (T.) of the Films

77 K 77 Kand 1 T S0Kand 1T 30Kand 1 T
sample H* (mT) a Je (kA/cm?) J/Jeo (%) Je (kA/cm?) J/Jeo (%) Je (kA/cm?) J/Jeo (%) T, (K)
pristine 4 0.53 175 6 1145 12 2197 16 91.3
BZO 17 0.38 421 12 2431 22 4415 26 91.3
SZ0 19 0.35 202 14 1214 24 2276 27 90.2
BHO 20 0.33 59§ 16 3477 31 5990 38 90.7
BTO 4 0.60 170 4 1010 9 1906 12 92.3

showing BHO nanocomposite J. values of approximately 3—
3.5 times higher than those of the pristine film. Comparatively,
the BZO nanocomposite shows an improved J. value by a
factor of 2—2.5. The accommodation field H*, also presented
in Table 3, shows that the single vortex pinning region is
enhanced by the addition of nanocrystals from the initial 4 mT
in the pristine film to 17, 19, and 20 mT in the BZO, SZO, and
BHO nanocomposites, respectively. However, the BTO added
YBCO film shows the same H* as the pristine film. The fact
that the single vortex pinning regime is not affected in this film
is a reasonable consequence of the agglomeration of BTO
nanocrystals (Figure 3H). The exponent «, obtained by fitting
the so called collective vortex pinning region to the power law
J. = A(T) H™% shows a pronounced decrease for SZO, BZO,

and BHO nanocomposites. This corresponds to a slower decay
of J. with the magnetic field. T. is reduced by the addition of
SZO and BHO nanocrystals. T, suppression in YBCO films
with high gy, has been observed in previous works.*>*’
However, our data on T, do not fully follow this trend,
suggesting the importance of other factors. Nonetheless, the
BTO added film has even higher T, than the pristine film,
which is in accordance with lower &y

The pinning force density (F,) is also enhanced by the
addition of certain nanocrystals. Figure 4C shows the F;, values
corresponding to the J. data in Figure 4A, clearly indicating
pinning enhancement by the BZO and BHO nanoparticles.
The BHO nanocomposite has the best F, of 5.9 GN/ m? at 77
Kin 1 T compared to 1.7 GN/m? of the pristine film. This
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Figure S. Angular dependence of J_ at 77 K and 1 T, 50 K and 3 T, and 30 K and 14 T. Nanocomposite films, with the exception of BTO, show
much more isotropic behavior, with the BHO nanocomposite being the best performing at all temperatures. Data near @ = £90° at 30 Kand 14 T

are not shown due to heating effects.

means that F, is increased by a factor of 3.5 in the BHO
nanocomposite. The nanocomposite films have the maximum
F, at 77 K at a magnetic field of ~1 T, while in the pristine
layer, the maximum is at a magnetic field of ~2 T. At 77 K, F,
is enhanced for magnetic fields of up to 5.5 T, while at 30 and
50 K, it is enhanced in the whole range of measured magnetic
fields. The maximum F, (5.9 GN/m?®) of the BHO
nanocomposite compares favorably to previous YBCO films
with preformed BHO and BZO nanocrystals*"** (with
maximum pinning forces between 2.2 and 4.5 GN/m?) despite
the much higher nanocrystal load used in these works (20 mol
%) and the use of all TFA YBCO inks. It also compares
favorably to YBCO films with in situ formation of pinning
centers deposited by low fluorine CSD such as a S mol %
BZO-YBCO film*° (4.6 GN/m?), a 10 mol % BZO—YBCO
film*' (3.8 GN/m?), or a 12 mol % BHO—YBCO film'" (4.1
GN/ m3). However, it is still far from the record E, values of in
situ YBCO films grown by the all TFA route (22 GN/m”’ in a
10 mol % BZO—YBCO film'*)

Angular Dependence of J.. For all films and all
measurement conditions, the angular dependence of ], (Figure
5) shows a typical sharp increase of J. when the external
magnetic field is parallel to the ab plane (6 = 90°). This effect
is caused by the electronic anisotropy, the intrinsic pinning of
the layered crystal structure, and defects in the ab plane such as
intergrowths or dislocations.”>™>> In the BZO and BHO
nanocomposites, there is an overall increase of the absolute ],
value due to the isotropic pinning produced by the spherical
and homogeneously distributed nanocrystals and a broadening
of the ab peak caused by the high concentration of Y124 planar
defects produced by these nanocrystals and their correspond
ing dislocations (Figure 3B,D).*'™* This results in a more

isotropic behavior over the whole angular range. The difference
compared to the pristine film is especially dramatic at 77 K and
1 T, where J. at intermediate angles is 4—6 times higher in the
BHO nanocomposite than in the pristine film. The overall
increase of J. is higher in the BHO nanocomposite because
BHO nanocrystals are smaller and less agglomerated, which
translates into a higher density of pinning sites (Table 2). The
anisotropy factor A—defined as the ratio between the
maximum and minimum in the J.(6) plot—changes from 3.5
in the pristine film to 2.3 in the BZO nanocomposite and 1.5 in
the BHO nanocomposite at 77 K. The SZO nanocomposite
also shows more isotropic behavior in all measured conditions
due to enhanced pinning (A = 2.1). However, its performance
is limited by the low self field J. and T, values caused by the
poor YBCO growth in this nanocomposite. The BTO added
YBCO film shows no overall increase of J. due to the lack of
isotropic pinning sites®> (Figure 3H) but shows strong ab
peaks (especially at 77 K and 1 T) that rapidly decrease when
the magnetic field is not parallel to the ab direction, leading to
an anisotropy (A = 6.9) almost twice as large as that in the
pristine film. This suggests that the increase in the ab peaks is
due to enhancement of the intrinsic pinning due to about 15%
sharper out of plane texture in this film (Table 1).

Several features in the angular dependence of J. of the
different nanocomposites can be seen at varying temperature
and magnetic field. At 77 K and 1 T, the BHO nanocomposite
shows shoulders close to the ab peak that disappear at lower
temperatures. These shoulders have been frequently reported
in films with strong pinning at small, sparsely distributed,
random defects at high temperature®*™>° and explained by
Paturi et al.% in the context of the vortex path model.®"** For
higher fields and low temperatures, the ab peaks narrow
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Figure 6. Schematic illustration of the four nanocomposites showing the main defects present: homogeneously distributed nanocrystals [for BZO
(green), SZO (blue), and BHO (cyan)], intergrowths (for BHO), small secondary phases such as Y,0; [for SZO (gray)], and highly coherent twin
boundaries [for BTO (pink)]. These defects have different pinning lengths (in black) depending on the direction of the magnetic field, which give
rise to different J.(6) plots. The magnetic field is always perpendicular to the direction of the transport current and the angle 6 is defined as 0° when
the magnetic field is parallel to the YBCO c¢ axis. The magnetic vortices and their direction of movement given by the Lorentz force are also

represented.
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Figure 7. Correlation among the pinning properties—(A) accommodation field (H*), (B) power law exponent a, and (C) normalized J. at 1 T—
and the microstrain (gy;) at 77 K. H* and the normalized J. value at 1T show a nearly linear correlation with &y, while a shows a polynomial

decrease with gy,

because the intrinsic pinning of YBCO Cu—O planes
dominates over the pinning caused by the intergrowth
defects.*>* The BTO added and pristine films exhibit a
small ¢ axis peak at 77 K and 1 T caused by the pinning at
highly coherent twin boundaries. This ¢ axis peak disappears
for medium magnetic fields and temperatures (50 K and 3 T)
and evolves to a dip at even higher fields and lower
temperatures (30 K and 14 T) due to vortex channelling
effects.®* This vortex channelling occurs along highly coherent
twin boundaries only near 6 = 0° and at low temperatures.**~%
However, in the films with homogeneously distributed
nanocrystals and a high density of Y124 intergrowth defects
(BZO, BHO, and SZO) and/or secondary phases (SZO), the
vertical coherence of the twin boundaries is reduced'>**
(Figure 3) and vortex channelling is prevented.”® This
eliminates J. suppression, which explains why the ¢ axis dip
is only visible in the pristine film and BTO nanocomposite. In
the nanocomposites with strong pinning enhancement (BHO,
BZO, and SZO), the c axis peak is not visible at low magnetic
fields and high temperatures (77 K and 1 T) because of the
lower coherence of the twin boundaries.*> At 50 Kand 3 T, a
small ¢ axis peak appears and then disappears again at 30 K and
14 T. The collapse of the ¢ axis peak at low temperatures has
been explained by Yamasaki®” as a consequence of the strong
intrinsic pinning of the YBCO layered structure at low
temperatures.

Therefore, the difference in the shape of the J.(0) plots, i.e.,
the difference in the pinning ability depending on the direction
of the magnetic field, is a result of the different microstructures
of the nanocomposites. Figure 6 schematically illustrates this

difference, depicting the main type of defect present in each
nanocomposite and the direction of movement of the magnetic

vortices given by the Lorentz force (“F: = f x H).
Relationship between the Microstrain and Pinning
Properties. Introducing different nanocrystals in YBCO leads
to important differences in the microstructure, such as the size
and number density of nanoparticles, strain fields around the
nanoparticles due to lattice mismatch with YBCO, planar
defects (e.g, Y124 intergrowth defects surrounded by
dislocation loops) that are induced by plastic deformation of
the matrix in the vicinity of nanoparticles, secondary phase
particles, and twin boundaries with different extents of ¢ axis
coherence. Detailed analysis of these differences is beyond the
scope of the present work. However, it is possible to correlate
the pinning properties with such a generalized characteristic of
the microstructure as the microstrain. The introduction of
nanocrystals to YBCO results in an increase in &y, when they
are homogeneously distributed throughout the layer (Table 1),
and this, in turn, can be related to the enhanced pinning
properties and ], isotropy as previously reported by other
groups.12’15’17’41_43’68’69 The increase of gy in the BZO, SZO,
and BHO nanocomposites results in a nearly linear increase of
H* (Figure 7A) and a polynomial decrease of a (Figure 7B) at
77 K. Conversely, the BTO added film has &g, similar to that
of the pristine film because of agglomeration of the BTO
nanocrystals and therefore shows no improvement of the
pinning properties. Figure 7C shows a linear correlation
between &y, and the normalized ] value at 77 Kand 1 T as a
consequence of the enhanced pinning properties.
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CONCLUSIONS

YBCO nanocomposites on LAO single crystalline substrates
were fabricated via CSD from colloidal low fluorine YBCO
inks containing different preformed double oxide nanocrystals
(3—6 nm diameter). The separate preparation of nanocrystal
colloidal solutions allows great control over the size, shape,
crystallinity, and concentration of the nanocrystals and
therefore over the final microstructure of the YBCO nano
composites, while the preparation of low fluorine YBCO inks
allows for a more environmentally friendly process. Four types
of nanocomposites containing BZO, SZO, BHO, and BTO
nanocrystals were grown to study the influence of the
nanocrystal composition on the final superconducting proper
ties. All films were crystallized under the same thermal
treatment. No seed layer was needed because BZO, SZO, and
BHO nanocrystals remain homogeneously distributed with
only minor coarsening, facilitating upscaling in future work.
The defect landscapes of the nanocomposites were compared,
and the YBCO microstrain of the films was measured and
related with the accommodation field and power law exponent
a. The addition of BZO, SZO, and BHO nanocrystals
increases the microstrain of the YBCO matrix, and this, in
turn, causes a strong enhancement of the pinning properties,
while BTO nanocrystals cluster and no enhancement occurs.
The SZO nanocomposite shows enhanced microstrain and
good pinning properties but reduced J. due to poor YBCO
growth and lower T.. However, by optimization of the epitaxial
growth of YBCO in the SZO nanocomposite, high quality films
with promising pinning properties could be obtained. The
BZO and BHO nanocomposites exhibit excellent properties,
with the latter clearly showing the best performance. The BHO
nanocomposite shows a homogeneous distribution of the
nanoparticles with an average diameter of 7 nm, which is
among the smallest size ever achieved for artificial pinning
centers in CSD. The small size of the final nanoparticles
translates into a higher number of pinning centers compared to
nanocomposites with more agglomerations. These nano
particles and the high density of short Y124 intergrowths
that they induce in the YBCO matrix lead to enhanced self
field J. and a much smoother decay of J. with the magnetic
field. F, is also increased by a factor of 3.5 at 77 K, while the ],
anisotropy is dramatically reduced by the addition of BHO
nanocrystals, reaching some of the best superconducting
properties ever achieved in low fluorine CSD.

We conclude that CSD of low fluorine colloidal YBCO
solutions containing preformed double metal oxide nanocryst
als is a reproducible method for high quality films with
enhanced pinning properties that is ready to transfer to
technical substrates for use in coated conductor technology.
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