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The critical current density of superconducting rare-earth barium copper oxide (REBCO) thin films is
enhanced by adding nanoparticles to generate artificial pinning centers. Barium-based perovskites are
popular nanoparticle materials. Although typically considered chemically unreactive in the surrounding
REBCO matrix, previous studies have shown experimental evidence for rare-earth element (REE)
incorporation from REBCO into the nanoparticles. However, not much is currently known about this
chemical interaction. Here we apply analytical electron microscopy to study the mixing of REEs into
BaHfO3(BHO) nanoparticles. We find that the REE mixing into BHO depends on the ionic radius and the
REE content of the REBCO phase. We investigate various REBCO films with different REE compositions
(single and mixed REEs) and the same BHO nanoparticle concentration produced with chemical solution
deposition. REEs with smaller ionic radii are more likely to be incorporated into BHO with a preferential
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substitution at the Hf site. As a result, REBCO films with a mixed-REE composition show an apparent
disparity in REE-BHO intermixing. Our results demonstrate that REE-BHO intermixing is predictable and
should be accounted for during REBCO fabrication. These insights are likely to apply to other barium-
based perovskite nanoparticles and REBCO fabrication techniques and help to optimize REBCO
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Introduction

Rare-earth (RE) barium copper oxides REBa,Cuz;0,_s (REBCO)
are a class of high-temperature superconductors." The most
prominent REBCO superconductor is YBa,CuzO,_s; with a
critical temperature T. of 93 K.> However, other RE elements
(REEs) besides Y can be used for high-quality REBCO films®>*
(denoted as “single-REE” films in this work). Biaxially textured
REBCO thin films coated on technical substrates (coated con-
ductors) have potential technical applications such as low-T
high-field magnets, detectors, or fault-current limiters.>
However, further improvements of the superconducting pro-
perties, such as the critical current density J. and a better
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understanding and control of the fabrication process of
REBCO, are desired.'®

A common way to increase J. in a type-II superconductor
such as REBCO is the introduction of nanoscale non-super-
conducting regions as pinning centers. Nanoparticles, e.g.
BaHfO;,"™? introduce microstructural defects that act as arti-
ficial pinning centers (APCs)."* The latter prevent the move-
ment of flux lines that penetrate a type-II superconductor in the
application-relevant temperature range, thereby increasing J.."*
The effectiveness of APCs depends on their size, shape, orienta-
tion, and density as well as on the operating conditions, such as
the temperature and direction of an external magnetic field."®
For example, nanoparticles (3D) are typically more favorable
at higher operating temperatures and low magnetic fields,
whereas point defects (0D) may be more beneficial at lower
temperatures and high magnetic fields,"®"® although this is
still under debate.*®

To achieve better low-T performance, REBCO compounds
with a mixture of different REEs, i.e., at least two different REEs
to form (REE,REE,,...)BCO compounds (denoted as “mixed-
REE” films in this work), are intensively studied. Atomic
disorder in such mixed-REE films can result in point defects
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leading to effective low-T pinning."’° Point defects are
assumed to arise from REE-Ba cation exchange®*"** or locally
introduced strain due different ionic radii of various REEs.”
However, the fabrication of mixed-REE films is often more
complicated than single-REE films since each REE typically
has a different set of optimal fabrication parameters. The
fabrication complexity increases with an increased number of
REEs in the mixed-REE REBCO phase. Commonly, two or three
different REEs'”'®?%**?7 are used. Recent works on high-
entropy oxides®® showed the successful fabrication of mixed-
REE REBCO compounds with more than three REEs.**™?

Besides optimizing process parameters for different REEs,
an additional complication for nanocomposite fabrication
arises from incorporating nanoparticles into single- or mixed-
REE films. Many studies have observed that popular nano-
particle materials, such as the barium-based perovskites
BaMO; (BMO, M = Hf, Zr, Sn, Ti,...), can interact with the
surrounding REBCO phase by incorporating REEs,***° which is
typically considered an unwanted side effect due to an uncon-
trolled “loss” of REEs from the REBCO phase into the perovs-
kite nanoparticles. For example, MacManus-Driscoll et al>*
observed reflections in their X-ray diffraction measurements
of a YBCO-BaZrO; nanocomposite, which could stem from
Ba,Zr, ,Y,O4_s and Ba(Zr;_,Y,)O3_s. A TEM study by Yamada
et al.>***" showed the formation of Ba(Nb, sEr,5)O; in ErBCO
films with added BaNb,Os. More recently, chemical analysis
using scanning transmission electron microscopy (STEM) com-
bined with energy-dispersive X-ray spectroscopy (EDXS) by Diez-
Sierra et al.*® revealed an intermixing of Y with BaZrO; (BZO)
and BaHfO;(BHO) nanoparticles in a YBCO matrix. They con-
cluded that the mixing affects the coarsening of nanoparticles
in their films. Similarly, Majkic et al.*® also detected Gd and Y
signals in the BaZrO; nanoparticles embedded in a (Gd,Y)BCO
film using STEM-EDXS. High-resolution aberration-corrected
STEM-EDXS mapping showed a clear Y signal on the Zr site
(Gd not being as apparent), which suggests the formation of
Ba**(zr"",REE*")0,_;.

These examples show that REEs can be incorporated into
BMO nanoparticles typically used as APCs in REBCO films. As a
result, the REE concentration in REBCO is altered by introdu-
cing nanoparticles. Indeed, REE-doped barium-oxide perovs-
kites are studied in different scientific contexts.*> *® This work
considers four possible lattice sites (REE and Ba in REBCO, and
Ba and Hf in BHO) for the REEs in REBCO-BHO nanocompo-
sites as schematically shown in Fig. 1 using the atomic struc-
ture of REBCO and BHO. The oxidation state and coordination
number (CN) of the possible substitution sites are shown since
they determine the effective ionic radii.

The interplay between REEs and the nanoparticle material
should be considered in optimizing REBCO nanocomposite
fabrication. However, only little is known about the mixing
behavior of REEs with BMO (or other) nanoparticle materials
embedded in REBCO films.

To address this issue, we present a detailed electron microscopy
study of the REE-dependent intermixing between different REEs
and BHO nanoparticles in single- and mixed-REE films grown by
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Fig. 1 Crystal structures for (a) orthorhombic REBa,CuzO; (based on
ICSD 44113%) and (b) cubic BaHfO3 (based on ICSD 90049*% and edited
according to ref. 49). The exact lattice parameters of REBa,CuzO;_;
depend on the rare-earth element and the oxygen stoichiometry. The
polyhedra show the bonding environments for selected elements
for the given coordination numbers (CN). Structures were edited and
visualized using VESTA.®® The displayed atom sizes do not represent the
actual ionic radii.

chemical solution deposition (CSD). We analyze the chemical
composition of different nanocomposite films using STEM ima-
ging, EDXS, and electron energy-loss spectroscopy (EELS).
We observe that the intermixing depends (i) on the ionic radii of
the REEs and (ii) on the number of different REEs in mixed-REE
REBCO compounds.

This work is structured in the following way: after describing
the methods, we present a detailed analysis of a (Gd,Dy,Y,-
Ho,Er)BCO film to establish the experimental procedure used
to analyze the embedded BHO nanoparticles. Afterward, we
show and compare the results with other REBCO films. Then, a
discussion on the observed REE-nanoparticle intermixing fol-
lows based on the Goldschmidt tolerance factor for perovskite
phase stability.

Experimental methods
Thin-film fabrication by chemical-solution deposition

A detailed description of the procedure to prepare the chemical
solution employed in this work can be found in ref. 11, 33 and
51. In short, the solutions to deposit the REBCO + 12 mol%
BHO films are prepared by mixing the individual solutions of
every single REBCO previously prepared according to the
desired stoichiometry of the final REBCO films. The specific
details of preparing the different REBCO-trifluoroacetate (TFA)
solutions can be found in ref. 11. The precursor salts (acetates
for REE, Ba, and Cu, purity >99.99%, hafnium(v) 2,4-pentane-
dionate (Hf(acac)4); 97+%, all Alfa Aesar) are mixed with
deionized water and trifluoroacetic acid (99.5+%, Alfa Aesar)
in a stoichiometric ratio of 1:2.136:3:0.136 for REE, Ba, Cu,
and Hf, which equals a concentration of 12 mol% Hf with regard
to the REE, or a final film of (REBa,CuzO;_s)oss(BaHfO3)0.12,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Fabrication parameters and microstructural and superconducting properties of the investigated 12 mol% BaHfO3—-REBCO nanocomposite
samples. The substrates are all (001)-oriented. The nanoparticle sizes are reported as the arithmetic mean of the area-equivalent diameter. Values in
brackets denote the standard deviation. Note that film thicknesses can vary between TEM-sample regions (see Fig. S6, ESI)

Film thickness Average nanoparticle BE@7 K
Sample acronym REE mixture Substrate (nm) size (nm) Teryse (°C)  po, (ppm) T (K) (MA cm™?)
5-REBCO (Gdo.2Dyo2Yo,H0g,Ery,)  STO 220 24.6 (6.9) 810 50 91.9 3.5
3-REBCO (Y1/3Hoy5Er, 3) STO 350 28.2 (9.8) 790 200 89.2 5.5
SmBCO Sm LAO 220 20.5 (7.3) 830 150 92.6 3.4
GdBCO Gd LAO 190 25.1 (9.3) 810 50 94.6 4.0
ErBCO Er STO 240 21.9 (8.2) 780 150 92.2 4.3

respectively. This mixture is dried using a rotary evaporator and
then re-dissolved in anhydrous methanol (99.9%). The volume of
the final solution is adjusted with methanol for a final RE cation
concentration of 0.25 mol 17",

The solutions were deposited by spin coating (6000 rpm for
30 s) on 10 x 10 mm” (100)-oriented SrTiO3(STO) or LaAlOz-
(LAO) single-crystal substrates. The REE distribution in the
REBCO-BHO nanocomposites — which is of main interest in
this work - is assumed to not be influenced by the substrate
choice. However, the sharpness of the REBCO texture and the
density of the crystalline defects can vary between REBCO
samples grown on STO and LAO.** The subsequent pyrolysis
and growth (including oxygenation under oxygen partial pres-
sure po ) were carried out in a tubular furnace following the
thermal profiles reported in ref. 51 (see also Table 1).

Thin-film characterization

Crystallographic orientation and crystallinity of the films were
analyzed by X-ray diffraction (XRD) using a Bruker D8 diffracto-
meter with Cu Ko radiation. Self-field critical current density,
JEE at 77 K was measured inductively with a Cryoscan (THEVA,
50 vV criterion, corresponding to 1 pV cm™' in transport
measurements''). The values of J, at different magnetic fields,
Jo(B), were measured on a 14-T Quantum Design Physical
Property Measurement System (PPMS) with a 1 pV em ™" criter-
ion. Also, the critical temperature T, (defined as T, oo, i.e. the
temperature at which the resistance is 90% of the value above
the transition) was measured by transport in the same PPMS.
The transport data were measured on 10-20 um wide and 1 mm
long tracks prepared by photolithography with wet-chemical
etching.

Electron microscopy

STEM samples were prepared using the in situ lift-out
technique® using focused-ion-beam (FIB) milling in a FEI
Strata 400S DualBeam system. A protective Pt layer was depos-
ited by sequential electron- and ion-beam-induced deposition
on the region of interest to protect it from ion-beam bombard-
ment during TEM sample preparation. The final thinning step
was performed using a low Ga'-ion energy of 2 keV to reduce
the thickness of the amorphous surface layer on the TEM
samples.**”*

A FEI Titan® 80-300 operated at 300 kV with a spherical
aberration coefficient C; = 1.2 mm for the probe-forming
lens was used for high- and low-angle annular dark-field

© 2023 The Author(s). Published by the Royal Society of Chemistry

(LAADF/HAADF) STEM imaging and STEM-EELS spectrum
imaging. In the latter, an EELS spectrum is collected for each
probe position in a selected sample region. The probe conver-
gence semi-angle was adjusted to 9 mrad (50 pm condenser-2
aperture) for STEM imaging. The inner/outer collection semi-
angles for HAADF (LAADF) STEM were about 40 mrad/200 mrad
(11 mrad/67 mrad), corresponding to a nominal camera length
of 115 mm (460 mm). In both cases, the STEM signal was
collected by a Fischione Model 3000 ADF detector. For STEM-
EELS, a Gatan Imaging Filter (GIF) Tridiem 865 ER spectro-
meter was used, and EELS spectra were collected on a Gatan
UltraScan 1000 CCD camera. For STEM-EELS, the 70 um
condenser-2 aperture was chosen to increase the beam current
(~200-300 pA), resulting in a convergence semi-angle of about
11.5 mrad. A nominal camera length of 29.5 mm was used
along with an annular dark-field (ADF) detector (Gatan 805 BF/
DF STEM detector) in the GIF entrance plane, resulting in a
collection semi-angle of about 20 mrad. The largest available
energy dispersion of 0.5 eV per channel (2048 channels total)
and a drift-tube offset of 800 eV was chosen to capture an
energy window spanning from the Ba-M edges (Ba Ms: 781 eV)
to the Hf-M edges (Hf Ms: 1662 eV), including all REEs apart
from Y. Integration times per EELS spectrum ranged between
80 ms and 150 ms, depending on the TEM-sample region and
probe current to achieve a reasonable signal-to-noise ratio for
further processing. The ADF-STEM signal of the Gatan ADF
detector was used for sample-drift correction. The STEM-EELS
acquisition was controlled with the “TEM Imaging & Analysis”
(TIA) microscope software.

A FEI Tecnai Osiris operated at 200 kv with ChemiSTEM
technology® was used for HAADF-STEM and STEM-EDXS spec-
trum imaging. The convergence semi-angle was ~10.7 mrad
(70 pm condenser-2 aperture), and the inner and outer HAADF
collection semi-angles were about 57 mrad and 200 mrad. The
data was acquired with the Bruker Esprit 1.9 software.
The simultaneously acquired HAADF-STEM signal was used
for sample-drift correction.

Data evaluation

Multi-dimensional STEM-EDXS/EELS datasets of shape (x, y|E)
with the spatial coordinates x and y and the energy E were
processed with principal component analysis (PCA) using the
HyperSpy Python package (version 1.7.1)°°/temDM DigitalMi-
crograph plugin (basic version 1.96)” to increase the signal-to-
noise ratio by dimensionality reduction.’® The number of

Mater. Adv., 2023, 4, 6507-6521 | 6509
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relevant principal components for reconstruction was carefully
chosen by inspecting the PCA scree plot, score maps, and factor
loadings so as not to introduce/remove spectral features in the
datasets. In addition, the raw data was used to validate the PCA-
treated results by comparing summed-up raw spectra from
different sample regions with PCA-denoised signals. All ele-
mental maps in this work display the background-corrected net
X-ray peak intensities (for EDXS) or core-loss-edge intensities
(for EELS).

The net intensities from X-ray peaks were extracted by multiple
linear least-squares fitting of Gaussian X-ray line families*® using
HyperSpy, where the peak positions (peak widths) are known in
sufficient accuracy from tabulated values (the detector resolution).
This method allows separating overlapping X-ray peaks in contrast
to simple peak integration in an energy window (see Fig. S5, ESIT
for an example fit). Quantification was carried out using a stan-
dardless Cliff-Lorimer approach using Bruker Esprit 2.1 to com-
pare relative changes in composition between different sample
regions. Raw spectra from specific sample regions in a spectrum
image were summed up by masking (so-called “masked sum
spectra”®) and then used for quantification. The required masks
were generated by applying a graph-cut threshold®" using Fiji®* to
qualitative elemental maps.

For EELS datasets, core-loss-edge net-intensities were extracted
by a combined model fit consisting of a power-law background
model and Hartree-Slater ionization cross-section for each core-
loss edge using the commercial EELS package for DigitalMicro-
graph (version 3.43.3213.00) by Gatan. In this procedure, the
electron-energy loss near-edge structure (ELNES) regions for each
edge cannot be easily modeled and were excluded from the fitting
process (40 eV ELNES energy window, starting from the edge
onset). For the REE signals (¢f Fig. 4c-e), the exclusion of the
ELNES region is problematic for extracting the REE M, 5 core-loss
edges because (i) their signals are generally relatively weak due to
the low REE concentration (e.g:, ~1.5 at% per REE in (Gd,Dy,Y,-
Ho,Er)BCO) and (ii) the weak edges are additionally overlapping
(¢f spectra in Fig. 4c). In this case, the ELNES regions of REEs
cannot be excluded from the model fit. As a result, the model-
fitting procedure used to extract the elemental signals did not yield
useful fit results for the REE M, 5 core-loss edges (not shown).
Therefore, the REE white-line intensities were extracted using non-
linear least squares (NLLS) fitting of a power-law background
model and Gaussian functions to the REE-Ms; white lines in
DigitalMicrograph. The extracted Gaussian-peak intensities are
used to analyze the spatial distributions of the REEs. Crystal
structures were analyzed by comparison of Fourier-transformed
HAADF-STEM images and calculated diffraction patterns of known
crystal structures (Fig. S2, ESIf) from the Inorganic Crystal
Structure Database (ICSD).**

Experimental results
General properties of the investigated REBCO films

This first section briefly introduces the REBCO nanocomposite
films of this study. Five different films were investigated
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(Table 1), namely two mixed-REE films (5-REBCO and 3-REBCO,
see also ref. 33) and three single-REE films (SmBCO, GdBCO, and
ErBCO, see also ref. 4 and 64). While this work focuses on the
microstructural properties, the cited references contain more
details about the superconducting properties of the samples. All
films contain the same BHO concentration of 12 mol% as
confirmed by STEM-EDXS data (¢f Fig. S7, ESI{). Average BHO-
nanoparticle sizes between 21 and 28 nm were determined by
STEM using the procedure described in the ESI,f Fig. S1. The
nanoparticle sizes may vary between films seemingly due to finite
counting statistics from cross-section STEM images but also in
reality due to differences in optimum crystallization temperatures
(Teryst) affecting nanoparticle growth. The superconducting proper-
ties of the analyzed samples are summarized in Table 1. All of
them present J& values at 77 K between 3.4 and 5.5 MA cm 2,
indicating good quality of the samples. Such values are among the
largest ever reported for the 5-REBCO, 3-REBCO, and SmBCO. For
the GABCO and ErBCO, the J& values at 77 K can be considered
standard. Also, the T, values are within the expected range for each
composition.®®

Chemical composition of BaHfO; particles in a
(Gd,Dy,Y,Ho,Er)BCO film

The (Gd,Dy,Y,Ho,Er)Ba,Cu;0,_; film (denoted as 5-REBCO)
film has a thickness of ~220 nm, and the BHO nanoparticles
are mostly dispersed in the REBCO matrix (Fig. 2a). The
nanoparticles mainly appear darker compared to REBCO in
LAADF-STEM diffraction-contrast imaging. The average area-
equivalent diameter of the randomly oriented BHO nano-
particles in the film is 24.6 nm, with a standard deviation of
6.9 nm as measured from 186 BHO particles (Fig. S1, ESIT).
HAADF-STEM imaging with higher magnification (Fig. 2b)
reveals epitaxial REBCO growth on STO(001) with the crystal-
lographic relationship (001)[100]JREBCO|(001)[100]STO. A few
stacking faults (SFs) consisting of an additional CuO plane are
visible as dark horizontal lines. The SFs are mainly caused by
the crystalline BHO nanoparticles in the film. A SF shifts the
REBCO structure laterally by b/2 (in addition to a ¢/6 shift in
growth direction), which is used here to deduce the crystalline
orientation of the orthorhombic REBCO unit cell.*®

In addition to BHO nanoparticles with a dark appearance in
the film, crystalline precipitates with higher (or similar) inten-
sity relative to the film are observed at the film/substrate
interface (areas marked with dashed lines in Fig. 2b). Such
precipitates are identified as BHO and RE,O; phases with the
orientations (001)[100]BHO||(001)[100]REBCO and (001)[110]RE,Os |
(001)[100]REBCO (Fig. S2 and S3, ESIt). The intensity differences
of BHO particles near the film/substrate interface (bright) and in
the film (dark) in the LAADF-STEM images result from increased
Bragg diffraction for particles aligned in a low-index zone-axis
orientation near the film/substrate interface (ie., syntaxially
aligned with the film/substrate), which results in a higher
intensity on the LAADF detector. RE,O; particles are also present
at the film/substrate interface, which show similar contrast
and are not readily discernable from BHO solely from the
LAADF- and HAADF-STEM images. However, the phases can be

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Representative STEM images for a (Gd,Dy,Y,Ho,Er)BCO-BHO nanocomposite (5-REBCO). (a) Overview cross-section LAADF-STEM image of the
film with a thickness of ~220 nm. Most BHO nanoparticles appear dark inside the film and bright at the film/substrate interface (examples marked by
dashed regions in b). The STEM-EDXS acquisition region for Fig. 3 is marked by a red-dashed frame. The Pt and Au layers result from TEM-sample
preparation and the contacting for electrical measurements, respectively. (b) Higher-magnification HAADF-STEM image showing stacking faults (dark
horizontal lines), a BHO particle, and precipitates near the film/substrate interface. (c) Cropped film/substrate-interface region from b showing an atomic
step at the SrTiOsz—substrate surface. (d) The cropped region from b shows a few unit cells of REBCO, which are more clearly visible in the average
background subtraction-filtered image (right). (e) Intensity line profile of the summed-up HAADF-STEM signal along the vertical (c-) direction from the
raw image in (d). The REE planes appear with higher HAADF-STEM intensity compared to the BaO and CuO planes and confirm the successful

incorporation of REEs into the REBCO structure.

identified by chemical analysis with EDXS/EELS (¢f. arrows in
Fig. 3a marking a RE,O; precipitate) or their crystalline structure
at high magnification (Fig. S3, ESIt). The BHO particles at the
substrate are typically smaller than the randomly oriented BHO
nanoparticles in the film.*”

In Fig. 2¢, an atomic step is visible at the STO surface, which
causes an offset along the c-direction of the surrounding
REBCO unit cells. The misalignment is annihilated by a SF
above the first REBCO unit cell, which prevents the formation
of an extended antiphase boundary. The latter defect type was
not observed in any investigated film. Fig. 2d shows a raw (left)
and average-background-subtraction-filtered®® (ABSF, right)
HAADF-STEM image from an undisturbed film region marked
in Fig. 2b. The REBCO structure can be identified in the filtered
image, with the REE planes showing the highest and CuO
planes the lowest atomic-number (Z-)contrast.®® This is also
visible in the line profile of the HAADF intensity along the
c-direction shown in Fig. 2e, where the whole width of the raw
image in Fig. 2d was summed up. This measurement qualita-
tively shows that the REEs are located on the expected atomic
sites (i.e., the Y site in YBCO) in the REBCO structure.?® In the
raw image, slight variations of the HAADF-STEM intensities on
the same atomic sites are visible, which are caused by noise,
small sample thickness fluctuations caused by FIB preparation,
and possible TEM-sample contamination.

A STEM-EDXS dataset of the region marked in Fig. 2a was
collected to analyze the film composition as displayed in Fig. 3.
The Hf map reveals the location of the BHO particles in the film
and near the film/substrate interface (Fig. 3a). Near the inter-
face, BHO precipitates are more frequent but about 20% to 40%
smaller than in the matrix (¢f Hf map). The Cu map reveals the

© 2023 The Author(s). Published by the Royal Society of Chemistry

REBCO film. The second and third rows present the REE
signals showing similar elemental distributions except within
the BHO particles. A REE-rich precipitate is found near the
film/substrate interface (marked by arrows in Fig. 3a), which is
identified as (Gd,Dy,Y,Ho,Er),0; (Fig. S2 and S3, ESIY). Besides
this RE,O; precipitate, a homogeneously distributed signal for
all REEs is observed in the REBCO region. However, for the
BHO nanoparticles, a slight difference in the REE X-ray signals
is visible at close inspection (Fig. 3b). As an example, the region
marked in the Hf map in Fig. 3a with two adjacent BHO
particles is displayed at higher magnification in Fig. 3b. In
the BHO region, the Gd (smallest Z/largest ionic radius) signal
shows the strongest depletion, and the Er (largest Z/smallest
ionic radius) signal is even slightly increased in the region
of the BHO particle compared to the surrounding REBCO
matrix. The Dy signal shows a slight depletion, and Ho and Y
(with similar ionic radii) show a similar intensity, albeit
slightly lower, as in the film region. Generally, a trend is visible
for REEs with smaller effective ionic radii showing higher
X-ray signals - and therefore higher concentrations - in BHO
(horizontal arrows in Fig. 3b). This observation hints at a
possible REE incorporation in BHO in accordance with other
publications.?®*%4°

Notably, the elemental maps shown in Fig. 3 were extracted
from a PCA-filtered EDXS dataset. Principal component analysis
can introduce artifacts into the dataset if, e.g., an insufficient
number of principal components is used for reconstruction.”*
We thoroughly checked our analysis approach and the possibility
of a misidentification of X-ray peaks by comparing the PCA-
treated results with unfiltered EDXS data (see Fig. S4 and S5, ESI}
for details). The unfiltered, summed-up EDXS spectra from BHO
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Fig. 3 STEM-EDXS analysis of sample 5-REBCO in the region marked by a red-dashed frame in Fig. 2a. (a) HAADF-STEM image and PCA-filtered
qualitative elemental maps. The BHO nanoparticles are dispersed in the film but also appear at the film/substrate interface (cf. Hf map). A REE-rich
precipitate, RE;Os, is located at the film/substrate interface (marked by the white arrows). BHO and REE-rich precipitates seem to form more frequently
at the film/substrate interface but are smaller than in the matrix. The Au layer acts as a contact layer for electrical measurements. (b) Differences in the
REE X-ray intensities are observed in elemental REE maps near two representative BHO nanoparticles depending on the REE's ionic radius. lonic radii are

given for Hf** and REE®* with 6-fold coordination.”®

nanoparticles and REBCO matrix show a similar trend in REE
signals, so that PCA-induced artifacts can be ruled out.
Additional STEM-EELS analyses of BHO-nanoparticle
regions were conducted (Fig. 4) to get a better understanding
of the composition of the BHO nanoparticles and to rule out
possible artifacts in our EDXS measurements. The overview
ADF-STEM image (Fig. 4a) shows similar microstructural
features (e.g. SFs) as Fig. 2b. The STEM-EELS dataset was
acquired in a region (marked in red) containing a few BHO
nanoparticles. The summed-up spectrum from all acquisition
points (Fig. 4b) shows the core-loss edges (marked by dashed
vertical lines) of the analyzed energy-loss interval. Ba shows the
most pronounced M, ; white-line peaks and less intense M, 3
edges. The Cu-L,; edges are also visible. Since the REEs are
only present in small concentrations (~ 1.5 at% per REE), only

6512 | Mater. Adv, 2023, 4, 6507-6521

the more intense M; white-line peaks are observable, but not
the following energy edges. These peaks are used to analyze the
spatial distribution of the REEs. Yttrium has no core-loss edge
in the investigated energy interval and is excluded in the
following EELS results. We suspect that it is distributed simi-
larly to Ho (as for EDXS in Fig. 3) due to their comparable ionic
radii. The Hf-M, ;5 edges have weak edge intensities and are not
visible in the displayed spectrum.

We first analyze the sum spectra derived from the raw EELS
data set to rule out possible artifacts due to PCA-filtering of the
EELS dataset. Fig. 4c and d show an analysis of the REE M;
white-line intensities by summation of raw EELS spectra from
the marked regions in the ADF-STEM image in Fig. A4e,
i.e., REBCO matrix (orange) and BHO nanoparticles (blue).
The M; white lines are visible above the background for

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 STEM-EELS analysis of a (Gd,Dy,Y,Ho,ENBCO film (5-REBCO) with BHO nanoparticles. (a) Overview ADF-STEM image with the STEM-EELS
acquisition region marked in red. The Au layer was deposited as a contact layer for electrical measurements. (b) Summed-up EELS spectrum of all
acquisition points showing all relevant ionization edges marked by vertical lines. (c) Normalized EELS spectra from summed-up raw signals from the
regions shown in the ADF signal in (e), i.e., for REBCO (orange) and BHO (blue, offset by —0.3 for better visibility). Differences in the Ms white-line
intensities for the different REs are observed. (d) Normalized Ms white-line intensities after background subtraction for REBCO (solid) and BHO (dashed)
spectra, which are shown in (c). Opposite trends are observed for the Ms white-line intensities. Er shows a stronger signal in the BHO region than in the
REBCO region. Gd and Dy show a depletion in the BHO region compared to the REBCO region. The Ho-Ms intensity is similar in both regions. The trend
is similar to the EDXS analysis in Fig. 3b. (e) ADF-STEM signal and qualitative elemental maps extracted from the PCA-filtered STEM-EELS dataset.

The second row shows the Ms white-line intensities of the REEs, i.e., pixel-wise extraction of the Ms net intensities as shown in (d).

all REEs. To extract the Ms-peak intensities, sequential NLLS
fitting of (i) a power-law background model and (ii) Gaussian
functions at each M; white line was used (Fig. 4d). The Ms-peak
intensities (Iys) were normalized with the total number of
counts (I, in the extracted REBCO/BHO spectra, respectively,
for easier comparison.

Gd shows the most significant difference between the
REBCO (solid line) and BHO (dashed line) regions with higher
intensity in REBCO (Fig. 4d). Er, on the other hand, shows a
stronger signal in BHO compared to REBCO. The Dy and Ho
signals lie in between, and for Ho, a nearly unchanged signal
between the BHO and REBCO regions is observed. The
M;-white-line intensities show a similar trend as the REE-Loa
intensities in EDXS (Fig. 3), albeit the differences between the

© 2023 The Author(s). Published by the Royal Society of Chemistry

REEs are more pronounced in the EELS measurements. The
investigated REEs with smaller effective ionic radii show a
stronger tendency of incorporation into the BHO nanoparticles.

In principle, the local REE bonding environment can also
modify the energy-loss near-edge structure (ELNES), including
the extracted Ms-white-line intensities. However, (i) since the
STEM-EDXS results in Fig. 3 show the same general trend and
(ii) EDXS is mainly sensitive to compositional changes, the
measured change in M; white-line intensity for the REEs is
interpreted as a change in composition.

After analyzing the raw signal, the STEM-EELS dataset was
denoised with PCA, and qualitative elemental maps were
extracted for Ba, Cu, and Hf (top row in Fig. 4e) and the REEs
Gd, Dy, Ho, and Er (bottom row in Fig. 4e). The BHO particles

Mater. Adv,, 2023, 4, 6507-6521 | 6513
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can be located in the Hf M map. The REE M; white-line-
intensity maps (Fig. 4e) show the same trend as the REE-La
signals in Fig. 3b. The Gd signal shows the most substantial
depletion at the BHO nanoparticles, whereas the Er signal is
enhanced compared to the surrounding REBCO matrix.

Chemical composition of BaHfO; particles in other REBCO
films

Up to here, only the results of a single sample (5-REBCO) with a
REE mixture of five REEs were shown. In the following, we will
compare those results with STEM-EDXS and STEM-EELS ana-
lyses for another mixed-REE sample (i) (Y,Ho,Er)BCO (3-
REBCO) and three different single-REE films (ii) SmBCO, (iii)
GdBCO, and (iv) ErBCO (see also Table 1). All films were
prepared with the same nominal content of 12 mol% BHO
for comparison with sample 5-REBCO. Gd and Er were chosen
for the single-REE nanocomposites because they have the most
significant difference in ionic radii for the REEs present in 5-
REBCO. In this way, the observations for Gd and Er in GdABCO
and ErBCO can be compared with the behavior of Gd and Er in
5-REBCO. SmBCO was chosen to investigate the effect of an
even larger ionic radius than Gd on the REE-BHO mixing.
Representative LAADF-STEM cross-section images of 3-REBCO
and the single-REE samples, similar to Fig. 2 for 5-REBCO, are
available in the ESIt (Fig. S6).

Fig. 5 shows elemental EELS maps extracted with the same
procedure as in Fig. 4. The maps of Ho and Er for 3-REBCO
show a similar respectively slightly increased signal on the BHO
particle compared to the surrounding matrix (Fig. 5a). This
trend is similar to the 5-REBCO sample (see Fig. 3 and 4), and
this observation confirms that the REE-dependent mixing
between REE and BHO is not an artifact observed in a single,
random REBCO sample. A substantial reduction of the REE
signals on BHO is observed for the single-REE SmBCO and
GdBCO films (Fig. 5b and c). This qualitatively agrees with the
results for 5-REBCO, where Gd also shows a substantial deple-
tion in BHO (Fig. 3b and 4e). The strong depletion of the Sm
signal in BHO follows the same trend because Sm has an even
larger ionic radius than Gd.

For the ErBCO-BHO nanocomposite, a similar Er signal in
the ErBCO matrix and BHO is observed (Fig. 5d). Even though this
also follows the trend above of pronounced Er-BHO mixing, this
result is different from the REE mixtures, where a higher Er
concentration is observed in BHO compared to the matrix
(¢f: intensity difference between the BHO nanoparticles and the
REBCO matrix in the Er map in Fig. 5d with Fig. 3b and 4e). This
observation suggests that the REE-BHO mixing not only depends
on the REE but also if mixed- or single-REE REBCO nanocompo-
sites are considered, Ze., on the presence of other REEs.

To investigate the latter aspect further, we quantified the
relative changes in REE concentrations between the REBCO
matrix and BHO using STEM-EDXS. The BHO nanoparticles
with a diameter of ~25 nm (Table 1) are embedded within the
REBCO matrix in a thin TEM sample (~50 nm thickness) and
may be randomly intersected by the TEM-sample surfaces after
sample preparation. In the following analysis, we assume that
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relative changes between the REBCO and BHO compositions
can be approximated by averaging data from as many nano-
particles as possible with sufficient spatial resolution, for which
we used STEM-EDXS. Masked-sum spectra for the regions
containing BHO particles and the REBCO matrix were extracted
from the raw EDXS datasets (see Fig. S5 and S7, ESIt). Notably,
the results of this approach should be interpreted carefully
because we assume a similar BHO particle size and TEM-
sample thickness for all samples. However, the actual size of
the BHO particles varies between the different samples due to
the different fabrication parameters (¢f. Table 1).

The chemical composition was quantified from the masked-
sum spectra (¢f. Table S2 in the ESIf). Then, the relative
difference in REE concentration between the REBCO matrix
and the BHO nanoparticles AC = (Crgg,sro/CREE,matrix) — 1 Was
calculated, where Cgrggpuo and Crggmatrix are the quantified
REE concentrations in BHO and the REBCO matrix, respectively.
The values of AC are plotted as a function of the ionic radius for
REE*" with CN 6 (Fig. 6). The latter is the expected valence state
of REEs in BHO with 6-fold coordination on the Hf site. In Fig. 6,
AC > 0 (AC < 0) corresponds to a higher (lower) REE concen-
tration in BHO compared to the REBCO matrix. A homogenization
of the REE concentration between the REBCO matrix and BHO
particles corresponds to AC = 0 (dashed line in Fig. 6).

The results in Fig. 6 show a trend toward increasing incor-
poration (increasing AC) of REEs in BHO for smaller ionic radii.
For 5-REBCO, enrichment of Er in BHO is observed (AC > 0),
which was also observed in the previously shown EELS mea-
surements (Fig. 4). Another observed effect is that the degree of
REE incorporation differs in mixed-REE compared to single-
REE REBCO. This can be seen by comparing AC for Er for the
three Er-containing samples ErBCO, 3-REBCO, and 5-REBCO
(¢f Er values in Fig. 6). Erbium incorporation relative to the
REBCO matrix for 5-REBCO is the most pronounced, while it is
least apparent for ErBCO, with 3-REBCO lying in between. This
result suggests that if multiple REEs are present, the REEs with
smaller ionic radii (here Er) will preferentially be contained in
BHO. This effect is possibly connected to the ionic radii of the
REEs in the REBCO matrix. For the Er-containing films,
5-REBCO has a larger average REE ionic radius (102.36 pm)
than 3-REBCO (101.27 pm) and ErBCO (100.4 pm). Another
metric to consider is the ion-size variance,*® which is higher
when more REEs are mixed. These aspects may dictate the
incorporation of Er into BHO.

Note that AC in Fig. 6 only shows the relative difference of the
REE concentrations between REBCO and BHO. The absolute REE
concentrations in REBCO and BHO can be calculated from the
quantified REE concentrations (¢f Table S2 in the ESIt). The latter
must be interpreted carefully (i) due to an overlap of BHO and
REBCO EDXS signals in the nanocomposite and (ii) limited
accuracy of standardless EDXS quantification. Nevertheless, the
absolute REE concentrations in REBCO of 8.2 at% (SmBCO),
7.5 at% (GdBCO), 7.6 at% (ErBCO), 7.7 at% (3-REBCO), and
7.8 at% (5-REBCO) are all in relatively good agreement with the
nominal REE concentration of 1/13 at% = 7.7 at% for REBa,.
Cu30,. The absolute REE concentrations in BHO are 5.4 at%

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 STEM-EELS analysis for REBCO samples with varying REE composition. (a) The mixed-REE sample 3-REBCO shows a similar trend as 5-REBCO in
Fig. 4 with an increased Er signal in BHO regions. (b)—(d) EELS elemental maps for single-REE hanocomposites. Substantial depletion of REE signal near
BHO is observed for (b) Sm and (c) Gd, but not for (d) Er. (d) For ErBCO, the Er signal is similar for the BHO nanoparticle and REBCO matrix regions.
This differs from the mixed-REE samples, where an increased Er signal was observed near BHO relative to the REBCO matrix (cf. (a) and Fig. 3b and 4e).

(SmBCO), 5.6 at% (GdBCO), 7.3 at% (ErBCO), 7.0 at% (3-REBCO),
and 6.7 at% (5-REBCO). The higher REE concentrations are
generally found for the nanocomposites with higher Er content
(ErBCO, 3-REBCO, and 5-REBCO). Overall, these results show that
the “loss” of REEs due to incorporation into BHO should be
considered in single-REE and mixed-REE nanocomposite fabrica-
tion, e.g., by compensating with a higher REE concentration in the
precursor materials when using REEs with smaller ionic radii.
Furthermore, the size of the nanoparticles increases by the
incorporation of REEs at the Hf sites in a large reservoir of Ba,
which increases the volume density of the nanoparticles beyond

© 2023 The Author(s). Published by the Royal Society of Chemistry

the intended value. For correct data interpretation of the in-field
transport properties within the strong-pinning theory, this has to
be compensated for or taken into account, especially while
comparing different REBCO phases and/or BMO; particles.

Discussion

In the following, possible reasons for the observed trends in
REE incorporation into BHO and other commonly used BMO
compounds, namely BaZrO; (BZO), BaTiO; (BTO), and BaSnO;
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(BSO), are discussed based on the ionic radii R of the REEs and
their substitution sites (see also Table S3 in the ESI}). For
perovskites with ABO; stoichiometry, both A>*N'2 and B**°N¢
are possible substitution sites for REEs.**44746

The ionic radius of an element depends on the oxidation
state and the CN. For REE incorporation into the perovskites,
we assume a constant REE oxidation state of 3+ and the same
CN as the substitution site for the REEs in analogy to ref. 45.
Indeed, we found no changes in REE ELNES in the EELS signals
between BHO and REBCO regions in our experiments (see
Fig. S8 and S9, ESIY), indicating a constant trivalent REE. The
values for all ionic radii R were taken from the literature.”®”>

The experimentally observed higher REE** concentrations in
BMO nanoparticles for REEs with larger Z (i.e., smaller ionic
radii) are correlated to the Goldschmidt tolerance factor t’* to
get insights into possible substitution sites (Fig. 7). The toler-
ance factor t is a qualitative criterion for the stability of
perovskites with ABO; stoichiometry.*” It is calculated as

B Ra + Ro
T ARy + Ro) 2

with the ionic radii of the oxygen ion (Ro), and A-site (R,) and B-
site (Rg) cations. A value of ¢ closer to 1 is commonly associated
with better phase stability of the cubic perovskite phase (Fig. 7).
An ionic radius Ro = 140 pm is assumed for O*~“N° The
horizontal lines in Fig. 7a display ¢ for the perovskites BHO,
BZO, BTO, and BSO without REE incorporation. In all four
cases, ¢ is slightly larger than 1.
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Here, ¢ is applied to investigate the possible substitution of
elements into the perovskite sublattice based on their ionic
radii.””> The symbols display the ¢ values for the respective
REE®*" being substituted on the B site of BaBO; with a CN 6
(x) or on the A site with CN 12 (other symbols). The behavior of
Y (Ry = 90.0 pm) may be comparable with Ho (Ry, = 90.1 pm)
due to their similar ionic radii. The values in Fig. 7a are
calculated assuming a full occupation of the A- or B-lattice site
with REEs. The substitution site is marked with the bold letter
in the figure legend. In contrast, a partial occupation is inves-
tigated in Fig. 7b, as discussed further below. In both cases,
necessary additional substitution on the A site respectively
oxygen vacancies necessary for charge neutrality (as described
for STO:Eu**) are neglected for simplicity.

Notably, ¢ is below 1 for all considered REE-substituted
perovskites independent of the substitution site (symbols in
Fig. 7a). This means that (partial) REE incorporation into the
investigated BMO perovskites with ¢ > 1 can be interpreted as a
mechanism to reduce ¢ to achieve the most stable cubic
perovskite phase with ¢ = 1. If ¢ is closer to 1 for a given REE
and substitution site in Fig. 7a, a higher concentration in BMO
is necessary to achieve ¢ = 1. With this interpretation, we can
compare the observed trends for the REE concentrations in
BHO (higher Z leading to higher REE concentrations) with
those for the ¢ values.

A positive slope is observed in Fig. 7a for B-site substitution
(x), whereas a negative slope is found for A-site substitution in
BMO (other symbols). The positive slope for the B-site substitu-
tion means that, for example, more Er than Gd is required in
BHO to achieve ¢ = 1. This agrees with the observed trend that
REEs with larger Z show higher concentrations in BHO (cf. Fig.
3-6), i.e. more Er than Gd in BHO. In contrast, an inverse trend
in experimentally observed REE concentrations should be
observed for the negative slope for A-site substitution according
to Fig. 7a, which is not the case. Overall, the tolerance factor
qualitatively agrees with the measured trend of REE concentra-
tions in BHO for B-site (Hf site) substitution. This also matches
the results of ref. 42 for BTO.

The ¢ values in Fig. 7a can be interpreted yet in another way
to qualitatively predict the substitution site: a ¢ value closer to 1
may be associated with a higher substitution probability** since
the resulting REE-substituted perovskite phase has a t value
closer to 1 and, hence, a higher perovskite stability. This
interpretation suggests that the substitution site in BMO may
change from B- to A-site for decreasing Z because the ¢ values
for A-site substitution are closer to 1 for REEs with smaller Z
(Fig. 7a). For BHO, REEs with Z > 60 (Nd) are more likely to
populate the Hf site in BHO (%), whereas for Z < 60, the Ba site
is preferred (o). Near this crossover point, a mixture of A- and B-
site substitution is possible.** Similar trends and crossover
positions near Z = 60 are visible for BZO (») and BSO (#).

In this work, all investigated REEs in the REBCO-BHO
nanocomposites have Z > 60. In this range, only B-site sub-
stitution is predicted based on Fig. 7a, and the positive slope
means that REEs with higher Z have higher substitution
probability into BMO, leading to higher REE concentrations.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Again, this trend for B-site substitution fits with the shown
experimental results (cf. Fig. 3-6). However, it is possible that
the REE-BHO mixing behavior might change for Z < 60, but
this aspect could not be investigated with our selection of REEs.

Besides optimizing ¢, charge compensation may explain the
preferential Hf-site substitution by REE*" in BHO, as discussed
by Lim et al*® A substitution of REE*" on the Hf*' site is
accompanied by the generation of O vacancies to compensate
for the different charges from Hf*" and REE*". This process may
be advantageous compared to the substitution of REEs on
Ba”*-sites in BHO, which requires cation vacancies or excess
O and could result in secondary-phase formation (e.g., HfO,).
Such secondary phases were not observed in our samples.
Furthermore, Majkic et al.*® showed direct evidence for the
substitution of Y on the Zr site of BZO in their (Gd,Y)BCO films
by atomic-resolution STEM-EDXS measurements. They con-
cluded that the actual stoichiometry of their BZO nanoparticles
is Ba*'(Zr;_,*'REE,*")O;_;. Our findings for BHO agree with
their conclusion for BZO. Hence, we suspect a stoichiometry of
Ba”'(Hf,_,"'REE,*")0;_; for the BHO nanoparticles. Interest-
ingly, the Gd signal in their atomic-resolution STEM-EDXS
analysis was less clearly visible than the Y signal. Based on
our results, we suspect that less Gd was incorporated into BZO
compared to Y due to the larger ionic radius of Gd, resulting in
a too-low Gd signal to resolve Gd on the Zr site.

For the other perovskites besides BHO, the values of ¢ show
the same trend but with a vertical shift due to differences in
B-site ionic radii (Fig. 7a). The perovskites BHO, BZO, and BSO
are comparable. For BTO (<), the crossover point between
preferential A- or B-site substitution based on ¢ is at Z = 65
(Tb). This suggests that REE incorporation into BTO nano-
particles may differ from BHO, BZO, and BSO.

Besides BMO, barium-based double-perovskite
particles with the stoichiometric formula Ba,BB'Oss; or
Ba,BB"0Og are also used in REBCO films.”*”® These double
perovskites consist of a trivalent REE on the B site (e.g., B =Y>")
and an element with valence four (e.g., B’ = Hf'") or five (e.g.,
B” = Nb°*) on the B’ or B” sites. The case of Ba,RE**Hf*"Os 5 is
consistent with our findings for REE-substitution for Hf in the
perovskite BHO, even though both crystal structures may not be
directly comparable. Many publications emphasize the high
chemical inertness of double perovskites in REBCO.”*7%79:8°

Note that the tolerance factor is only a qualitative metric to
predict perovskite-phase stability based on ionic radii. The
substitution-site probability may be affected by other aspects
such as charge compensation,***® exact A/B cation ratio,** or
oxygen partial pressure po .*> The latter two factors are espe-
cially important to consider for REBCO-BMO nanocomposites.
Firstly, Ba is present in REBCO and BMO, and the A/B ratio in
BMO may be affected by the surrounding Ba-containing REBCO
matrix during fabrication. Secondly, REBCO is annealed in an
O atmosphere with specific po, to optimize the superconduct-
ing properties of the nanocomposite (Table 1). Despite these
limitations, the tolerance factor may still give valuable guide-
lines for predicting preferred A- or B-site substitution. For
example, the crossover position at Z = 60 (Nd) between A- and

nano-
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B-site substitution for REEs into BZO (without REBCO) pre-
dicted in Fig. 7a is in good agreement with the work of Islam
et al.,®" who used density functional theory to predict the REE
substitution site in BZO based on energy minimization of the
system.

Fig. 7a shows that the pristine perovskite phases all have
¢t > 1 (horizontal lines) and that REE incorporation reduces ¢.
The displayed ¢ values (symbols in Fig. 7a) were calculated
assuming a complete substitution of the A or B cations with
REEs. In reality, a partial substitution of REEs on the cation
positions is more reasonable, considering that the perovskite
phase strives toward ¢ =1 and not to ¢t < 1.

Fig. 7b shows the calculated ¢ values for a partial substitu-
tion of three exemplary REEs (Gd, Ho, and Er) into BHO. For a
varying REE concentration y in the range [0,1] on the Hf site,
Ba(Hf;_,REE,)O;_;, Rg in eqn (1) becomes

R = y-Rreg,cne T (1 — Y)-Rug, (2)

assuming that the effective B-site ionic radius Rg is given by the
average of the ionic radii of the REE and Hf (Ry = 71 pm).
These values are shown as solid lines in Fig. 7b. Similarly, a
partial REE substitution to the Ba site can be calculated using

Rp = Y-Rreecniz + (1 — ¥)-Rga, (3)

with Rg, = 161 pm (dashed lines in Fig. 7b). Note that the used
ionic radii of the REEs are different between the two sites due to
different CNs. The secondary axis on top of Fig. 7b displays the
relative REE concentration in BHO in at%, which is given by y/5
for BHO (e.g., y = 100% for Er corresponds to BaErO; and an Er
concentration of 20 at% in the perovskite).

Starting at ¢ > 1 for pure BHO (y = 0), a linear decrease in ¢ is
observed for increasing REE occupation y for both substitution
sides. The slope depends on the REE and the substitution site.
Generally, A-site substitution (dashed lines in Fig. 7b) reaches
t = 1 for lower concentrations y than B-site substitution (solid
lines in Fig. 7b). A mixed A/B-site substitution results in a line
between the dashed and dotted line for a given REE (not shown
here). Inspection of the crossover positions for the optimal ¢ = 1
gives a similar interpretation to Fig. 7a, i.e. that B-site substitu-
tion fits better with our experimental results. This can be seen
by comparing the crossover positions for B-site substitution
(solid lines, crossover marked with colored arrows in Fig. 7b),
where REEs with larger Z (such as Er) require higher concen-
trations y in BHO to reach ¢ = 1 than REE with lower Z (such as
Gd). Again, this agrees with the observed trend of the REE
concentration in BHO (cf: Fig. 3-6). In contrast, the trend for A-
site substitution is reversed (see inset in Fig. 7b) and so would
be the measured REE concentrations in BHO.

The optimal REE concentration y, for ¢ = 1 on the Hf site in
BHO (cf. colored arrows in Fig. 7b), can be calculated using

V2RA — 2Rys + (\/E —2)Ro
2(Rur — RREE) ’

(4)

Yopt =

Considering Gd (Rgq = 93.8 pm), Ho (Ryo = 90.1 pm), and Er
(Rer 89.0 pm), we find the optimal REE occupations
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Ycd = 8.1%, Yo = 9.6%, and yg = 10.2% on the Hf site. The
corresponding optimal REE concentrations of about 1.6 to
2 at% are significantly lower than the experimental values of
about 5 to 7 at% determined by EDXS (¢f: Table S2 in the ESIT).
Although the latter inherit systematical errors from the over-
lapping X-ray signals from REBCO and BHO phases using
STEM-EDXS, it still shows that the tolerance factor cannot
predict the absolute REE concentrations in BHO. Still, the
relative differences in REE concentrations are in good agree-
ment, at least for single-REE. For example, the ratio of optimal
REE concentration of Er/Gd of 2.04 at%/1.62 at% = 1.26 on the
Hf site in BHO in ErBCO/GdBCO is similar to the experimental
value of 7.3 at%/5.6 at% = 1.30. This means that around 30%
more Er is incorporated into BHO in an ErBCO-BHO nano-
composite compared to Gd in the GABCO-BHO case.

The measured REE concentrations from EDXS lead to calcu-
lated tolerance factors that are smaller than the optimal value
t = 1, independent of the substitution site. For example, the
measured Er concentration in BHO of 7.3 at% (corresponding
to a site substitution y = 7.3% X 5 = 36.5%) for ErBCO results in
¢t = 0.98 for B-site substitution and ¢ = 0.95 for A-site substitu-
tion. A value ¢t < 1 is unexpected when starting from ¢ > 1
(Fig. 7b) for the pure perovskite phases without REEs, since it
“overshoots” the optimal perovskite phase for ¢t = 1. The
crystallization process of the REBCO-BHO nanocomposite in
the CSD method may explain this aspect. For CSD, the BMO
phases typically crystallize before the REBCO phase.®> Miura
et al.®® observed BHO formation at around 630 °C, significantly
lower than the final T (Table 1). As a result, the crystalline
BMO particles are essentially embedded in a REE-rich
(amorphous) REBCO precursor solution. For our case of
12 mol% BHO, the REE:Hf atomic ratio is about 7: 1. The high
REE concentration may suggest an initial REE-rich perovskite
(Ba,REE)(Hf,REE)O;_; phase with possible REE substitutions
on A and B site, resulting in a tolerance factor ¢ « 1. Then, the
REEs are gradually removed from the perovskite to increase ¢
toward 1. In this explanation, ¢ = 1 is approached from ¢ < 1
instead of ¢ > 1 for the pure perovskite phase without REEs
(Fig. 7b). The initial removal of REEs from the REE-rich
perovskite with ¢ « 1 might be quite rapid, then asymptotically
approach ¢ = 1, and finally the REE concentration is fixed
by stopping the REBCO-BHO crystallization (or oxygenation)
process. This explanation suggests that the final REE concen-
tration in BHO may also be affected by time-temperature curve
used during crystallization (maybe even oxygenation), where
the REEs are able to migrate out of the BMO particles at
elevated temperatures. The final REE concentration in CSD
may also differ from other fabrication methods, such as pulsed
laser deposition, where the BMO and REBCO phases crystallize
simultaneously.®?

As a final aspect, eqn (4) can also be used to compare
different BMO materials for a given REE. An interesting case
is BTO, since it has a relatively large deviation from ¢ = 1
(Fig. 7a) and differs quite significantly from the other shown
BMO phases. Taking again Er with Rg, = 89.0 pm as an example,
we find yg, = 10.2% for BHO and yg, = 43.3% for BTO (Ry; = 60.5 pm

© 2023 The Author(s). Published by the Royal Society of Chemistry
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instead of Ryr = 71 pm in eqn (4)). This analysis suggests that a
stronger incorporation of REEs into BTO compared to BHO is
expected (for B-site substitution).

Overall, we want to emphasize that the discussion based on
the tolerance factor in Fig. 7 is qualitative and considers only
the phase stability of the BMO nanoparticles from a geo-
metrical point of view. In addition to the factors affecting
REE substitution into BMO (charge compensation,***® A/B
cation ratio, pozu), aspects about the REE-dependent phase
formation® and stability®® of the REBCO phase are also impor-
tant. For the latter, YBCO is considered as the most stable
REBCO phase®™®*>*® and an exchange of Ba/REE with M-site
elements from BMO may be favorable for REBCO phase stabi-
lity. Overall, a complex interaction between two crystalline
phases - REBCO and BMO - during film fabrication dictates
the final REE distribution. Even though our work gives new
insights into this complicated behavior, further experiments
with other REBCO-BMO nanocomposites are required to better
understand REE-BMO intermixing and its predictability using
a simple metric such as t.

Conclusions

In this work, we applied analytical scanning transmission
electron microscopy to investigate the local chemistry of
BaHfO; nanoparticles in five different REBCO-BaHfO; nano-
composites with varying REE concentrations (mixed- and
single-REE REBCO). The two main results regarding the inter-
mixing between REEs and BHO nanoparticles are:

(1) The REE incorporation into BHO increases for REEs with
smaller ionic radii.

(2) The REE incorporation into BHO is different in single-
REE and mixed-REE nanocomposites. For the latter, REEs with
smaller ionic radii mix more strongly with BHO compared to
single-REE REBCO.

From these observations, it can be concluded that these
REE-BHO-intermixing effects should be considered for the
choice of REEs in REBCO-BMO nanocomposites. The loss of
REEs from the main REBCO phase into the nanoparticles may
be compensated by, e.g., increasing the REE content in the
precursor materials. This is particularly important for REEs
with small ionic radii. Additionally, the dependence of REE-
BHO intermixing on the ionic radii for different REEs compli-
cates the fabrication of mixed-REE nanocomposites. Based on
calculated values for the Goldschmidt tolerance factor, the
discussion for REE-BHO intermixing was extended to other
barium oxides (BaZrOs, BaTiO3, and BaSnOj3). Similar trends as
for BHO can be expected for these compounds, albeit BaTiO;
may differ the most from the BHO case. However, further
experimental studies on other combinations of REBCO-BMO
nanocomposites are necessary to understand the interaction of
REEs with BMO perovskites even better. Since only CSD-grown
films were analyzed, the REE-BMO intermixing should also be
studied for other fabrication techniques (e.g., pulsed laser
deposition). The results of this study add to the knowledge of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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APC engineering in REBCO nanocomposites to enhance
REBCO performance for technical applications.
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