
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 5
:3

8:
37

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Critical current d
aKarlsruhe Institute of Technology (KIT),

Hermann-von-Helmholtz-Platz 1, 76344 Egg

pablo.cayado@unige.ch; jens.haenisch@kit.
bUniversity of Geneva, Department of Quant

Ansermet 24, 1211 Geneva, Switzerland
cKarlsruhe Institute of Technology (KIT), La

Engesserstr. 7, 76131 Karlsruhe, Germany.

† P. C. and L. G. contributed equally in th

Cite this: RSC Adv., 2022, 12, 28831

Received 20th June 2022
Accepted 16th September 2022

DOI: 10.1039/d2ra03807b

rsc.li/rsc-advances

© 2022 The Author(s). Published by
ensity improvement in CSD-grown
high-entropy REBa2Cu3O7−d films

Pablo Cayado, †*ab Lukas Grünewald, †*c Manuela Erbe, a Jens Hänisch, *a

Dagmar Gerthsen c and Bernhard Holzapfel a

High-entropy oxide (HEO) superconductors have been developed since very recently. Different

superconductors can be produced in the form of a high-entropy compound, including REBa2Cu3O7−d

(REBCO). However, until now, mainly bulk samples (mostly in polycrystalline form) have been reported.

In this work, the first CSD-grown high-entropy (HE) REBCO nanocomposite films were successfully

synthesized. In particular, high-quality Gd0.2Dy0.2Y0.2Ho0.2Er0.2Ba2Cu3O7−d nanocomposite films with

12 mol% BaHfO3 nanoparticles were grown on SrTiO3 substrates. The X-ray diffraction patterns show

a near-perfect c-axis oriented grain growth. Both Tc and 77 K Jsfc , 91.9 K and 3.5 MA cm−2, respectively,

are comparable with the values of the single-RE REBCO films. Moreover, at low temperatures,

specifically at 30 K, the Jc values are larger than those of the single-RE samples. A transmission electron

microscopy (TEM) study, including energy-dispersive X-ray spectroscopy (EDXS) measurements, reveals

that the different RE3+ ions are distributed homogeneously in the matrix without forming clusters. This

distribution causes point-like pinning centres that explain the superior performances of these samples at

low temperatures. Although still seen as a proof-of-concept for the feasibility of preparing such films,

these results demonstrate that the HE REBCO films are a promising option for the future fabrication of

high-performance coated conductors. In the investigated B–T range, however, their Jc values are still

lower than those of other, medium-entropy REBCO films, which shows that an optimization of the

composition of the HE REBCO films is needed to maximize their performance.
1. Introduction

In recent years, REBa2Cu3O7−d (REBCO) compounds have been
a subject of intense research due to their use as base materials
for Coated Conductors (CCs). Their remarkably high critical
temperature (Tc) and high critical current density (Jc) in a large
range of temperatures and magnetic elds predestined them as
the most suitable compounds for the preparation of CCs. These
notable properties of the CCs imply that they can be employed
in various applications such as fault current limiters (FCLs),
generators, or high-eld magnets.1–3

In general, the use of these compounds in commercial CC
fabrication by different companies is restricted to a few of them
with YBa2Cu3O7−d (YBCO) and GdBa2Cu3O7−d (GdBCO) being by
far the most commonly used.4,5 This limited number is mainly
explained by difficulties in synthesizing other REBCO
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compounds due to the ill-tting of the RE ions in the crystal
structure, which increases the instability of the compound
signicantly.6–9 On the one hand, larger RE ions, like Sm3+ or
Nd3+, have a certain tendency to substitute the Ba2+ ions and, on
the other hand, smaller RE ions, such as Lu3+ or Yb3+, lead to
strong and detrimental lattice distortions and a larger defect
density through vacancies on the RE site.10 This complicates the
synthesis of these other REBCO compounds since both factors
contribute to decreasing phase stability. However, once
successfully synthesized, these alternative REBCO compounds
could offer excellent properties even superior to YBCO.6,11–13

Considering these difficulties, a new strategy based on mix-
ing several REBCO compounds started to play an important
role. It was developed to benet from improved properties of
alternative REBCO compounds but, at the same time, reduce
the complexity of the synthesis. By mixing REBCO, their indi-
vidual synthesis windows (especially in deposition temperature
Tdep and oxygen partial pressure pO2) can be merged, and hence
the available nal synthesis window enlarged. The approach of
mixing REBCO combining two or three compounds was
employed multiple times in the past.10,14–20 The improvement in
the superconducting properties reported for these mixed
compounds is mainly related to the distribution of the different
RSC Adv., 2022, 12, 28831–28842 | 28831
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Fig. 1 XRD q–2q scans of three 12 mol% BHO-containing films:
Gd0.2Dy0.2Y0.2Ho0.2Er0.2Ba2Cu3O7−d (HEO, green), Y0.33Er0.33Ho0.33-
Ba2Cu3O7−d (3MEO, orange) and GdBCO (red). Except for a tiny (103)
peak, only (00l) reflections are visible for the REBCO phase. BHO and
RE2O3 reflections are indicated as well; S: substrate and setup-related
peak.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 5
:3

8:
37

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
RE3+ ions in the matrix creating strained regions in localized
areas and concomitant Tc uctuations.14,21,22

In the last ve years, another step forward in the mixing
strategy was taken with the appearance of the so-called High-
Entropy Alloy (HEA) superconductors (for a review, see e.g.
Sun and Cava23 and Kitagawa et al.24). A HEA is generally dened
as an alloy made of ve or more constituent elements with
a concentration range between 5 and 35 at%. This concept of
high entropy has been generalized to other material classes,
such as intermetallics and ceramics,25 especially oxides.26 In
these high-entropy oxides (HEO), the elemental mixing is
restricted to one or some of the atomic positions.

The rst HEA-type superconductor was discovered in the Ti–
Zr–Hf–Nb–Ta system.27 Later, the concept of mixing multiple
compounds inside the same matrix was extended to other types
of superconductors like BiS2-based,28 van-der-Waals,29 rock-salt-
type,30,31 A15-type32 and transition-metal-zirconide (TrZr2)-type
superconductors,33 and hence extended to intermetallics and
compounds with non-metallic constituents. Only in the last
couple of years was this approach also applied to the oxide
REBCO compounds.34–36 However, all these early studies on
“HEO-type” REBCO compounds (HE REBCO) were undertaken
on bulk samples, and only recently a work about HE REBCO
lms prepared by Pulsed Laser Deposition (PLD) was pub-
lished.37 Interestingly, superconductivity has not been found in
high-entropy Ruddlesden–Popper-type cuprates, the so-called
214 phases so far.38

In this work, we used chemical solution deposition (CSD),
particularly the well-known TFA-MOD route,39 to prepare HE
REBCO nanocomposite lms by CSD for the rst time. We
included BaHfO3 (BHO) nanoparticles following the so-called
“in situ” approach.12,40 As references served a single-RE (Gd)
lm and two “medium-entropy oxides” (MEO) lms with two
(2MEO, Y0.5Gd0.5Ba2Cu3O7−d) and three (3MEO, Y0.33Er0.33-
Ho0.33Ba2Cu3O7−d) RE elements. MEO may refer to mixtures of
2–4 components.

The results show that the preparation of this type of lms by
CSD with excellent quality is possible and demonstrate their
potential at low temperatures.

2. Results and discussion
2.1. Optimisation of the growth

One of the main challenges when using CSD to prepare super-
conducting lms is the optimization of the parameters for the
growth process. As well established and shown in a recent
publication of our group,41 every REBCO has its own set of
parameters to obtain lms of good quality. In the case of HEO
lms, no references were available, so an optimization of the
growth process was necessary.

To delimit the variability of the parameters, we decided to
prepare a HEO lm using REBCO compounds already studied
in detail by our group.41 The strategy was to use GdBCO as
a reference compound and use four other compounds with
smaller ion sizes (DyBCO, YBCO, HoBCO, and ErBCO). The
mixture was created by same amounts of each compound, i.e.
20%, so that the nal compound has the chemical formula
28832 | RSC Adv., 2022, 12, 28831–28842
Gd0.2Dy0.2Y0.2Ho0.2Er0.2Ba2Cu3O7−d + 12% BHO (HEO from now
on). Under the hypothesis that the optimum parameters for the
growth of a HEO lm would be an “average” of those of the
individual constituents, with the chosenmixture, we delimit the
ranges of growth temperature (Tg) and oxygen partial pressure
(pO2) to the lowest and highest optimum values for growing the
individual REBCO compounds. These extreme values were
770 �C (optimum for YBCO) and 810 �C (optimum for GdBCO)
as well as 50 ppm (optimum for GdBCO) and 200 ppm O2

(optimum for YBCO). By varying Tg and pO2 within these limits,
we determined 810 �C and 100 ppm to be the optimum.

Fig. 1 compares the XRD patterns of a HEO lm grown at
optimized parameters with a medium-entropy oxide lm
(3MEO) and a standard GdBCO lm. The three diffraction
patterns are very similar and prove that using the optimized set
of parameters, it is indeed possible to obtain HE REBCO lms
with intense (00l)REBCO reections, indicating strong c-axis
orientation. Only the low-intensity (103)REBCO reection is
detected indicating a minor fraction of non-c-axis oriented
grains, but this is also present in the other two lms and rather
typical for our lms. Reections associated with RE2O3 are also
visible. This is also not uncommon in REBCO lms and can be
seen in the patterns of the other lms, too.
2.2. Superconducting properties

Fig. 2 compares the lms' magnetic eld dependencies of Jc
at 77 K and 30 K as well as the corresponding pinning
force densities (Fp). At 77 K, 2MEO shows the largest Jsfc with
6.9 MA cm−2, while HEO reaches 3.5 MA cm−2, which is slightly
below the values of other REBCO lms but still remarkable.
However, all samples, including HEO, show rather similar Jc
values for medium applied elds around 1 T. The Fp curves
at 77 K show that GdBCO presents the largest maximum value
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Comparison of the magnetic field dependencies of the critical current density Jc and corresponding pinning force density Fp for Bkc at
77 K and 30 K. R(T) curves of the samples are included as an inset in the bottom right panel.
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of �13 GN m−3. This is closely followed by 2MEO with
�11.5 GNm−3 and HEO with�10 GNm−3, both surpassing the
value of 3MEO, which is mainly due to its lower Tc value.

The situation drastically changes at 30 K. There, 3MEO
shows the largest values of Jc and Fp. The 2MEO lm has the
second-largest values of both quantities, while the HEO lm has
lower values than these two, yet, is still overcoming the values of
GdBCO. The slopes of Fp(B) at the maximum magnetic eld
available (14 T), however, indicate that the HEO sample might
overtake the MEO samples at even higher elds (and or lower
temperatures). These results suggest that by mixing different
REBCO, i.e., by creating ME or HE REBCO lms, certain types of
pinning centers (i.e. point-like defects with associated strain
states) are introduced that are more effective at lower temper-
atures and higher elds, and HE mixing might be a way to even
further improve especially the high-eld properties. Further-
more, not all mixtures seem to work equally well, and simply
mixing more and more REBCO phases will not automatically
lead to better results. It is rather a matter of selecting the
appropriate compounds to be mixed. For example, the mixture
of the chosen three components seems more effective at
medium elds than the mixture of ve, and this is probably also
© 2022 The Author(s). Published by the Royal Society of Chemistry
a result of the compound selection. YBCO, ErBCO and HoBCO
are compounds with similar RE3+ ion sizes and CSD growth
conditions. Therefore, when selecting the mixture's growth
parameters, they will be near the ones for every individual phase
favoring the nal quality of the MEO lm. In the case of the
HEO lm, the RE3+ ion size of GdBCO is quite different from the
rest of the constituents, and so are the growth parameters.
These differences certainly dene the efficiency of ME or HE
mixing in REBCO lms. Therefore, it is crucial to make an
appropriate selection of the compounds in the mixture to
optimize the nal properties of the lms. Further important
factors for the nal performance of MEO and HEO lms are the
average RE ion size and its variance.19,42 This aspect has not
been considered in this work, yet should be studied in detail for
HE REBCO lms (and bulks) in future work.

The superconducting properties presented above in Fig. 2
and the Tc values of the lms are summarised in Table 1. Tc of
the HEO sample reaches 91.9 K, which is very similar to the
2MEO lm, whereas GdBCO shows 94.4 K and the 3MEO lm
has a somewhat lower Tc of 89.2 K, which may be due to the
highest Y content in this sample of 50%. DTc was in the range of
1.0–1.2 K for the four different samples. In general, our pure
RSC Adv., 2022, 12, 28831–28842 | 28833
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Table 1 Comparison of the superconducting properties of the HEO
film with different standard REBCO films

Compound Tc (K) Jsfc (77 K) (MA cm−2) Jc (3 T, 30 K) (MA cm−2)

GdBCO 94.4 5.3 3.7
2MEO 91.8 6.9 4.7
3MEO 89.2 5.5 5.7
HEO 91.9 3.5 4.1

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 5
:3

8:
37

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
YBCO lms have lower Tc values than REBCO lms with
lanthanoid RE elements.41 So, the nal Tc value can be consid-
ered an average of the ones of the REBCO compounds included
in the mixture at the chosen deposition conditions. This aver-
aging effect was already described for Y1−xGdxBa2Cu3O7−d MEO
lms.14
2.3. Microstructural characterization by TEM

To understand the evolution of the superconducting properties
with temperature and to explain the possible changes in the
pinning landscape in the HEO lms with respect to the stan-
dard REBCO nanocomposites, we carried out a comprehensive
Fig. 3 Representative LAADF-STEM overview images of the investigated
field-of-view LAADF-STEM images of (a) HEO and (b) GdBCO show that
films (albeit the GdBCO film shown here was grown on LAO). The BaHfO
and b)) appear mostly dark in random orientation in the film (solid arrow
substrate (dashed arrows in (d)). The dark regions near the surface for (b)
GdBCO). The higher magnification LAADF-STEM images of (c) GdBCO
horizontal lines. The film is protected during FIB preparation by an evapor
as “Pt (SEM)”.

28834 | RSC Adv., 2022, 12, 28831–28842
TEM study of the GdBCO, MEO (i.e. 3MEO) and HEO BHO-
nanocomposite lms to investigate the lm quality and to
compare the RE distribution. Note that the GdBCO lm inves-
tigated by TEM was grown on a LaAlO3(001) (LAO) instead of
a SrTiO3(001) (STO) single-crystalline substrate (under other-
wise same conditions, see experimental section). The different
substrates should not inuence the Gd distribution in GdBCO
but could lead to differences in the defect structure (e.g., in the
concentration of misoriented GdBCO grains) between LAO and
STO. Due to the possible inuence of the substrate material, we
do not compare the defect structure of the MEO/HEO and
GdBCO lms but focus only on the RE distributions.

Microstructural analyses by STEM are presented in the
following. In general, low-magnication LAADF-STEM overview
images reveal that the HEO lm can be grown with a rather
homogeneous thickness and quality (�220 nm, Fig. 3a). The
GdBCO lm has a thickness of �200 nm (Fig. 3b). The dark
regions in Fig. 3b result from FIB-induced damage during TEM
sample preparation and are not present in the as-deposited
GdBCO lm. Randomly oriented BHO nanoparticles appear
dark in LAADF-STEM imaging (some particles are encircled in
Fig. 3a and b with a blue line, and are marked in Fig. 3d with
CSD-grown REBCO+ 12mol% BaHfO3 nanocomposite films. The large
the HEO film can be grown with comparable film quality as single-RE

3 nanoparticles (a few particles are marked with dashed blue lines in (a
s in (d)). They appear bright in epitaxial orientation with respect to the
GdBCO stem from FIB-induced preparation damage (amorphization of
, (d) MEO, and (e) HEO reveal stacking faults, which appear as dark,
ated C layer and an electron-beam deposited Pt/C layer, here denoted

© 2022 The Author(s). Published by the Royal Society of Chemistry
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solid arrows). In contrast, BHO particles close to a zone-axis
orientation appear bright. This is caused by more intense
Bragg scattering close to a zone-axis orientation, which leads to
a higher intensity on the LAADF detector. These particles are in
epitaxial alignment with respect to the substrate close to the
lm/substrate interface (dashed arrows in Fig. 3d). At higher
magnication (Fig. 3c–e), stacking faults (SFs) appear as dark,
horizontal lines in the LAADF-STEM images. A high, medium,
and low SF density is observed for MEO (Fig. 3d), HEO (Fig. 3e),
and GdBCO (Fig. 3c), respectively. Such stacking faults strongly
inuence the pinning behavior for elds close to the ab-planes
(not shown here). The strong diffraction-contrast variations in
Fig. 3d may be caused by a slightly larger sample thickness of
the MEO lm. As a result, more BHO particles are imaged
simultaneously along the viewing/beam direction in the thicker
TEM sample, leading to more complex image contrasts. In
addition, intensity variations are observed along the [001]
direction (e.g. green arrow in Fig. 3d). These defects are prob-
ably h110i-type twin-boundaries, which are disrupted by the
presence of nanoparticles and stacking faults.43

High-resolution HAADF-STEM images of the lm/substrate
interface reveal epitaxial growth of the MEO (Fig. 4a) and the
HEO lm (Fig. 4b) on STO with the orientation (001)[100]
REBCOk(001)[100]STO. The dark, horizontal lines are SFs, i.e.,
extra CuO planes. The resulting double CuO chains are found in
the REBa2Cu4O8 (RE124) or RE2Ba4Cu7O15−d (RE247) phases,
which are structurally related to REBCO.44 A higher SF density is
observed for MEO (Fig. 4a) compared to HEO (Fig. 4b) as already
observed in the lower-magnication STEM images (Fig. 3d and
e). The associated b/2- or [010]/2-shi of the REBCO unit cell at
a SF45 can lead to a glide (Fig. 4c, interrupted vertical lines) or
mirror symmetry (Fig. 4d, continuous vertical line) at the SF
(marked by arrows), depending on the orientation of the
orthorhombic REBCO structure.43,46 The [100] or [010] orienta-
tion can switch along the [001] direction43,46–49 which can be
observed in Fig. 4c and d. These images are color-coded and
Fig. 4 Representative high-resolution HAADF-STEM images of the (a) ME
on-cube epitaxial growth is observed for both films, which is also visible in
to stacking faults (extra CuO planes). The arrows in (b) point towards smal
degradation. The magnified insets from (a) shown in the color-coded hig
glide and mirror symmetry, respectively. (e) Magnified view from (b) show
grown BaHfO3 nanoparticle.

© 2022 The Author(s). Published by the Royal Society of Chemistry
magnied from the overview image shown in Fig. 4a. All other
visible SFs in Fig. 4a and b show glide symmetry.

One can observe small disturbed regions in the REBCO lms
(cf. arrows in Fig. 4b), which are probably caused by FIB-induced
damage during sample preparation. Alternatively, these defects
could also be attributed to a degradation of the thin REBCO
TEM sample,50,51 resulting in the formation of RE124-type
defects.50 These cause a local buckling of the REBCO structure
similar to the shown defects. We note that the investigated TEM
samples were directly observed in the TEM aer FIB preparation
with a �20 min exposure to air during the sample transfer
between the microscopes. Atomically sharp lm/substrate
interfaces with cube-on-cube growth for the MEO and the
HEO lm are observed at higher magnication (Fig. 4d and e). A
syntaxially grown BHO particle is visible in Fig. 4e with the
orientation (001)[100]BHOk(001)[100]REBCO. The growth of
BHO starts at the rst CuO plane with dark contrast aer one
unit cell of REBCO, which was also observed by Molina-Luna
et al.52 In addition, an atomic step is visible at the substrate
surface (marked by a vertical arrow). These steps are compen-
sated by a SF or – as shown here – by BHO formation.

We use the chemical sensitivity of HAADF-STEM Z-contrast
imaging53 to approximate the composition by evaluating the
HAADF-STEM intensities in undisturbed regions of the REBCO
lms (Fig. 5). The as-acquired, unltered HAADF-STEM images
are shown in Fig. 5a–c for GdBCO, MEO, and HEO, respectively.
The marked regions (about 10 nm by 10 nm) were used for
further analysis (Fig. 5d–f). The as-acquired HAADF-STEM
images show low-frequency intensity modulations (especially
in Fig. 5c) attributed to FIB-preparation artifacts and possible
contamination layers on the TEM sample surface. These
unwanted background-intensity modulations were removed in
Fig. 5d–f by subtracting a background image. The latter is
created by blurring an HAADF-STEM image with an anisotropic-
diffusion lter until the atomic-structure details completely
vanish. Line proles along the [001] direction were then
O and (b) HEO film near the film/substrate interface. In general, cube-
themagnified insets in (d) and (e). The dark horizontal lines correspond
l, damaged regions, probably caused by FIB preparation or TEM-sample
h-resolution HAADF-STEM images (c) and (d) show stacking faults with
ing a substrate step (marked by a vertical arrow) and a small epitaxially
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Fig. 5 Comparison of HAADF-STEM-intensity line profiles for GdBCO (left column), MEO (middle column) and HEO (right column). (a–c) Raw
HAADF-STEM overview images with the �100 nm2 analyzed regions in (d–f) marked by yellow squares. (d–f) Background-subtracted repre-
sentative, defect-free REBCO regions used for the analysis of (g–i) HAADF-STEM-intensity line profiles along the [001] direction. The line scans
were horizontally averaged in the marked regions and the arrows indicate the line-profile direction (bottom to top). The intensity values were
normalized between the minimum and maximum values for each profile. The horizontal lines mark the average intensities for the REs (dashed
blue), Ba (dotted green), and Cu (solid red) as determined by evaluating the peak (RE and Ba)/trough (Cu) intensities. The shaded regions
correspond to the standard deviation of the average values.
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extracted from the background-corrected images (marked
regions in Fig. 5 d–f). We averaged the image intensities over
almost the entire image width (along the [100] or [010] direc-
tion) to increase the signal-to-noise ratio. In Fig. 5d, a vertical
shi of the GdBCO structure due to sample dri during STEM-
image acquisition is visible roughly in the middle of the image.
Therefore, only the le half of the image was averaged.

The extracted line proles (Fig. 5g–i) show the HAADF-STEM
intensities of the RE- (highest peaks/blue dashed line), Ba-
28836 | RSC Adv., 2022, 12, 28831–28842
(second highest peaks/green dotted line), and Cu-planes
(intensity minima/solid red line). Contributions from O to the
HAADF intensities were neglected, as O is not visible in HAADF-
STEM Z-contrast images in combination with heavier elements,
which is due to the signicant difference in atomic number. For
clarity, the intensity values were normalized between the
minimum andmaximum intensity (0 and 1) in each line prole.
The horizontal lines mark the average intensity values Ix (with x
¼ RE, Ba, or Cu) for each element as determined by peak tting.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Experimental values for the HAADF-STEM intensities Ix (with x¼ RE, Ba, or Cu) and the ratio R¼ (IRE− IBa)/(IRE− ICu). The latter decreases
for decreasing average atomic number ZRE (ZGd ¼ 64, ZHEO ¼ 60.8, and ZMEO ¼ 58)

Intensity GdBCO
Y0.33Er0.33Ho0.33BCO
(3MEO)

Gd0.2Dy0.2Y0.2Ho0.2Er0.2BCO
(HEO)

IRE 0.942 � 0.012 0.960 � 0.009 0.939 � 0.014
IBa 0.669 � 0.006 0.839 � 0.014 0.777 � 0.009
ICu 0.049 � 0.008 0.117 � 0.023 0.028 � 0.006
Rexp 0.31 � 0.01 0.14 � 0.02 0.18 � 0.02
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The shaded regions correspond to the standard deviation of the
average values Ix.

The HAADF-STEM images were taken in different micro-
scope sessions with different detector bias and gain settings.
The latter affect the intensity ratios between the peaks. To
evaluate the intensities Ix, we use the ratio

R ¼ IRE � IBa

IRE � ICu
;

Fig. 6 High-resolution chemical analysis of (a) MEO and (b) HEO films b
RE signals are homogeneously distributed in the film for both samples as
maps (vertical lattice-plane spacing about 1.17 nm). A crystal-structuremo
shown in (c). The structure model was created with VESTA.56 (a) At the i
which could be caused by Ti diffusion from SrTiO3 into REBCO. In (b), som
used as chemical signals are given for each element above the correspo

© 2022 The Author(s). Published by the Royal Society of Chemistry
which measures the intensity difference between the RE and Ba
planes normalized with the RE–Cu intensity difference to
account for the differences in detector settings. The results
(Table 2) show that R is highest for GdBCO (R ¼ 0.31) and
smallest for MEO (R ¼ 0.14), with HEO (R ¼ 0.18) in-between.
The R-value decreases with increasing Y content due to the
considerably lower atomic number ZY ¼ 39 compared to the
investigated lanthanoid REs (Z > 63), which reduces the HAADF-
STEM Z-contrast between the RE planes (ZGd ¼ 64, ZHEO ¼ 60.8,
y STEM-EDXS. The dashed lines mark the film/substrate interfaces. The
visible by the horizontal lines corresponding to the RE planes in all RE
del of Gd0.2Dy0.2Y0.2Ho0.2Er0.2BCO viewed along the [100] zone-axis is
nterface, a small Ti signal is found (white arrow) in the REBCO region,
e stacking faults are visible andmarked by arrows. The X-ray transitions
nding map.
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and ZMEO¼ 58) compared to the Ba planes (ZBa¼ 56). According
to the observed Z-contrast, this result qualitatively indicates the
successful REBCO fabrication with the desired RE mixture.

For the qualitative HAADF-STEM composition analysis
above, the HAADF-STEM intensity was averaged along the [100]
or [010] directions to increase the signal-to-noise ratio. In this
way, however, one loses the information about changes in the
RE composition along the [100]/[010] direction. Hence, addi-
tional chemical analyses by STEM-EDXS were performed for
MEO (Fig. 6a) and HEO (Fig. 6b) to overcome this problem. A
relatively small region of a few nm2 was mapped with high
spatial sampling to resolve the RE planes. A few SFs are visible
in the eld-of-view for HEO (Fig. 6b, arrows). In general, the RE-
elemental maps for both MEO and HEO show a homogenous
RE-intensity distribution along the [100]/[010] direction. The
horizontally aligned RE planes are vertically separated by the
lattice parameter cz 1.17 nm as veried by the crystal structure
shown in Fig. 6c for the HEO sample. From this observation and
the analysis shown in Fig. 5, we conclude that the REs for MEO
and HEO are homogeneously distributed within the REBCO
lms, i.e. the terms HEO and MEO are justied due to the
apparent absence of clustering. This is in contrast to the nd-
ings of Araki et al.,54 who observed nano-clusters of the added
RE's called clustered atom-replaced structure (CARS) in their
TFA-MOD-grown REBCO lms.

Regarding the other elements, a slight Ba depletion/O
enhancement is observed in Fig. 6a at the RE planes, as ex-
pected for the REBCO crystal structure (Fig. 6c). More O is
measured near RE due to the CuO2 planes surrounding the RE
compared to the CuO ribbons near the Ba sites. The signal in
the Cu map is articially increased by stray X-rays from the Cu-
TEM grid, which increases the Cu signal in the RE planes.
Therefore, the Cu map cannot be easily interpreted. A weak Ti
signal at the lm/substrate interface (dashed, white line) is
visible (see arrow in the Ti map in Fig. 6a), which slowly decays
along the c-direction. This may be caused by Ti diffusion from
STO into REBCO, which was already observed by us40 and other
groups.52,55

The EDXS spectra from the REBCO region were summed up
and quantied to get an approximation for the average lm
composition (Table 3). The results agree with the expected lm
composition within the experimental errors associated with
Table 3 Element concentrations in atomic percent (at%) of the MEO
and HEO films obtained by EDXS. The values in brackets show the
nominal element concentrations for REBa2Cu3O7. The X-ray lines used
for quantification are given in brackets in the first column

Element MEO/at% HEO/at%

Ba (La) 16.6 (15.4) 14.9 (15.4)
Cu (La) 24.5 (23.1) 24.5 (23.1)
O (Ka) 50.6 (54.0) 52.2 (54.0)
Gd (La) — 2.4 (1.5)
Dy (La) — 1.7 (1.5)
Y (Ka) 2.3 (2.5) 1.1 (1.5)
Ho (La) 3.2 (2.5) 1.7 (1.5)
Er (La) 2.8 (2.5) 1.5 (1.5)

28838 | RSC Adv., 2022, 12, 28831–28842
standardless EDXS quantication. The only exception is the Gd
content, which is higher than the nominal content in the
analyzed region. However, this effect was not observed in other
EDXS datasets from the same sample (not shown here).
Therefore, the increased Gd concentration is probably an arti-
fact of limited X-ray-count statistics in the dataset.

3. Conclusion

In this work, we present the rst successful synthesis of High-
Entropy (HE) superconducting REBCO nanocomposite lms
by CSD. These lms contain 12 mol% BHO nanoparticles. Aer
growth optimization, we obtained highly c-axis-textured Gd0.2-
Dy0.2Y0.2Ho0.2Er0.2Ba2Cu3O7−d lms on STO substrates. Both Tc
and Jsfc at 77 K, 91.9 K and 3.5 MA cm−2, respectively, are similar
to other, more standard single-RE REBCO lms. The properties
of this HEO lm improved signicantly at 30 K with respect to
the other REBCO lms. However, Tc and Jc(B) are still not
exceeding those of the medium-entropy lm Y0.33Er0.33Ho0.33-
Ba2Cu3O7−d (3MEO), while promising better performance at
high elds and lowest temperatures. There could be several
reasons for this difference but selecting the appropriate REBCO
compounds is crucial. It is not only a matter of mixing but
mixing the most pertinent compounds to optimize the proper-
ties of the nal lms.

An extensive TEM study was carried out for these lms to
investigate the microstructure. Here, we observed a good lm
quality for HEO Gd0.2Dy0.2Y0.2Ho0.2Er0.2Ba2Cu3O7−d, compa-
rable to GdBCO with homogeneously distributed BHO nano-
particles. High-resolution HAADF-STEM and STEM-EDXS
analyses showed a homogeneous distribution of REs for Y0.33-
Er0.33Ho0.33Ba2Cu3O7−d and Gd0.2Dy0.2Y0.2Ho0.2Er0.2Ba2Cu3O7−d

at the atomic level for the chosen REBCO fabrication method,
hence a true HEO, respectively MEO, compound.

4. Experimental methods
4.1 Sample preparation

The procedure to prepare the solutions used for the deposition
of the HE REBCO lms consists of two main steps: preparing
the individual solutions of every REBCO used in the mixture
and mixing them according to the desired stoichiometry of the
HEO lms. The preparation routine for the different REBCO-
TFA solutions is explained in detail in ref. 41. In short, the
RE, Ba, and Cu precursor salts (acetates; purity >99.99%, Alfa
Aesar) and the hafnium precursor salt (hafnium(IV) 2,4-penta-
nedionate (Hf(acac)4); 97+%, Alfa Aesar) are put together in
a mixture of deionized water and triuoroacetic acid (99.5+%,
Alfa Aesar) with a stoichiometric ratio of 1 : 2 : 3 for RE, Ba, and
Cu and the required amount of Hf(acac)4 for a 12 mol% BHO
concentration with regard to RE. Using a rotary evaporator, this
mixture is dried and then re-dissolved in anhydrous methanol
(99.9%). The volume of the nal solution is adjusted with
methanol for a nal RE cation concentration of 0.25 mol l−1.

These mixed solutions are deposited on 10 � 10 mm2 (100)-
oriented SrTiO3 single-crystal substrates via spin coating
(6000 rpm for 30 s). The as-deposited samples are then placed in
© 2022 The Author(s). Published by the Royal Society of Chemistry
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a tubular furnace for pyrolysis and lm growth (including the
oxygenation process). The thermal proles used in this work are
detailed in ref. 57. The GdBCO + BHO sample used as a refer-
ence in the TEM section was grown on a LaAlO3 single-crystal
substrate under otherwise similar conditions. This type of
nanocomposite lm shows certain growth differences between
LAO and STO, in particular a larger amount of misoriented
grains on LAO, specially, near the interface. However, the fact
that this sample is not used to compare the microstructure but
only the distribution of the RE3+ ions makes these possible
changes in the microstructure irrelevant for our study.

4.2 Characterisation of the lms

Crystallographic orientation and crystallinity of the lms were
analyzed by X-ray diffraction (XRD) using a Bruker D8 diffrac-
tometer with Cu Ka radiation. Self-eld critical current density,
Jsfc , at 77 K was measured inductively with a Cryoscan (THEVA,
50 mV criterion, corresponding to 1 mV cm−1 in transport
measurements). The values of Jc at different magnetic elds,
Jc(B), were measured on a 14-T Quantum Design Physical
Property Measurement System (PPMS) with a 1 mV cm−1 crite-
rion. Also, the critical temperature Tc (dened as Tc,90, 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 mmwide and 1 mm
long tracks prepared by photolithography with wet-chemical
etching.

4.3 TEM measurements

A FEI Strata 400S focused-ion-beam (FIB)/scanning electron
microscope (SEM) system was used to prepare cross-section
samples for scanning transmission electron microscopy
(STEM) by an in situ li-out technique.58 A low Ga+-ion energy of
2 keV was used for the nal polishing step to minimize amor-
phous surface layers on the TEM samples.59,60 High- and low-
angle annular dark-eld (HAADF/LAADF) STEM images with
inner collection semi-angles of 40 mrad/11.5 mrad, respectively,
were acquired with a FEI Titan3 80–300 transmission electron
microscope operated at 300 kV with a spherical aberration
coefficient Cs ¼ 1.2 mm for the probe-forming lens. A probe
convergence semi-angle of 9 mrad was used. The signal was
collected with a Fischione Model 3000 ADF detector. High-
resolution HAADF-STEM images were partly ltered with an
average-background subtraction lter61 using the “HRTEM
Filter” plugin for DigitalMicrograph.62 A background-intensity
image created by image blurring with an anisotropic diffusion
lter63 in Fiji64 was used to remove low-frequency background
modulations in some images.

A FEI Tecnai Osiris operated at 200 kV with ChemiSTEM
technology65 was used for chemical analysis with energy-
dispersive X-ray spectroscopy (EDXS). A probe convergence
semi-angle of 10.7 mrad was used in combination with
a numerical spot-size (gun lens) value of 8 (5) to obtain a small
probe (<0.4 nm full width at half maximum) with a beam
current of about 100 pA. The acquisition was controlled by the
Bruker Esprit 1.9 soware with dri correction by the
© 2022 The Author(s). Published by the Royal Society of Chemistry
simultaneously acquired HAADF-STEM signal (collection semi-
angle roughly 53–200 mrad). The acquired STEM-EDXS spec-
trum images were denoised with principal component anal-
ysis66 before extracting the X-ray peak intensities as chemical
signals using the HyperSpy Python package.67,68 EDXS quanti-
cation was performed with the Bruker Esprit 2.1 soware
using the standardless Cliff–Lorimer approach.69 The Cu La X-
ray line was used instead of Cu Ka for quantication of the
Cu content to minimize the inuence of spurious Cu Ka X-rays
from the Cu grid penetrating the thin TEM samples. A correc-
tion for X-ray absorption was applied with an assumed sample
thickness of 75 nm and a calculated REBCO density of 6.9 g
cm−3.
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