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Abstract—To improve the superconducting properties of Rare
Earth Barium Copper Oxides (REBCO) for applications at low
temperatures and high fields, the defect landscape of lower-
dimensional defects needs to be optimized. This can be achieved
by forming solid solutions of various REBCO phases, so called
mixed REBCO systems (nREBCO), which are characterized by
disorder at the RE position depending on the used RE elements.
These RE elements also determine the lattice parameters of the
resulting mREBCO compound. Thereby, mREBCO thin films offer
the opportunity to study RE mixing in deliberately tuned crystal
structures. In order to investigate the influence of RE mixing on
the superconducting properties, sets of mREBCO thin films were
produced by chemical solution deposition. As these investigations
show, the mean ionic RE radius of mREBCO thin films can be used
to predict their lattice parameters. Therefore, the crystal structure
of mREBCO compounds makes it possible to adapt the films to
different substrates or buffer layers. It had been reported that RE
mixing increases the microstrain along the c-axis, yet our sample
sets showed a significant decrease with RE mixing, possibly due
to different growth conditions. Surprisingly, the nREBCO sample
sets showed no significant change of the weak-pinning contribution,
which is associated with point-like defects. Yet the pinning force was
positively influenced by RE mixing.

Index Terms—Ionic radius, mixed REBCO, mREBCO, pinning,
XRD.

1. INTRODUCTION

ESEARCH attention around the topic of mixing RE within
REBCO crystal structures gained new interest in the last
couple of years as so-called “high-entropy” REBCO, of which
especially epitaxial thin film samples have shown promising
results in terms of pinning at low temperatures and high magnetic
fields [1], [2]. Changes in pinning behavior due to an increased
entropy of mixing were identified by Yamashita et al. [3], [4],
and Chen et al. [5] have measured increasing microstrain along
the c-axis with increased entropy of mixing. These works show
the potential of RE mixing, yet the mechanism of how RE mixing
improves the pinning behavior of REBCO thin films still remains
shrouded.
From here on out, “high-entropy” REBCO will be called
mixed REBCO (mREBCO), because the term “high-entropy”
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should be reserved for actual high-entropy compounds, as we
believe that a statistical distribution of RE on only one site
does not constitute a high-entropy compound. Additionally, only
one of our sample sets would satisfy the softened definition of
high-entropy compounds (at least 5 constituents). Other authors
circumvented this predicament by naming their samples “high-
entropy-like REBCO”. While this term is technically more
correct, it is also quite cumbersome. Hence, we will be using
the term mixed REBCO.

For the scope of this work, Chemical Solution Deposition
(CSD) was used to prepare the mREBCO thin films. CSD
offers the opportunity to study a wide range of mREBCOs by
simply mixing the stock solutions of each RE proportionally.
We prepared five solutions to produce thin films with the same
mean ionic radius but with increasing variance in r(RE) to
investigate the effects of variance on the microstructure and
pinning behaviour.

II. EXPERIMENTAL METHODS

Mixed REBCO thin films were prepared by CSD using triflu-
oroacetate metal organic deposition solutions based on methanol
as a solvent. Stock solutions of each RE with a ratio of 1:2:3 for
RE, Ba and Cu ions and a total molar cation amount of 1.5 mol
1-! were produced and mixed in the ratios given in Table 1. The
solution chemistry is described in greater detail in Ref. [6]. The
ratios were chosen so that the mean RE radius, 7( RE), remained
constant while the variance of r(RE), var(r(RE)), increased
across the solutions. The variance was calculated according to:

var (r (RE)) =Y _ fi - (n(RE); — 7 (RE))?, (1)
i=1

where f; and r(RE), denote the normed ratio and ionic radius
of each RE ion for a given solution.

The solutions were spin-coated onto cleaned 10 x 10 mm?
[100]-oriented LaAlO3 (LAO) single crystal substrates to
achieve a film thickness of approx. 200 nm. After coating, these
samples were pyrolyzed and crystallized. The 1RE and 2RE
samples crystallized at §10 °C and a p(O3) of 150 ppm according
to the optimum conditions of Erbe et al. [7]. For the crystalliza-
tion of the remaining samples, we found a temperature gradient
from 805 to 820°C and a low p(O3) of 50 ppm to facilitate
c-axis growth as optimal conditions due to the different optimal
conditions of the single-RE phases [7]. The oxygenation was
kept constant for all sample sets. All thin films were oxygenated
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TABLE I
OVERVIEW OF USED SOLUTIONS WITH THEIR RESPECTIVE RE-RATIOS AS WELL AS THEIR MEAN RE RADIUS R AND VARIANCE

. ratio mean r(RE) var(r(RE))
solution & o Dy Gd Eu Sm Nd | /A /105 A2
1RE 1 1.530 0
2RE 1 2 1.530 34
3RE 1.5 1 1 1.530 53
4RE 1 1 2 2.35 1.530 91
5RE 1 1 1.55 1.5 0.5 1.530 127

at 450 °C for 2 h with a subsequent furnace cooling in flowing
Oq.

The lattice parameters of the thin film samples were deter-
mined using a Rigaku Smartlab 3kW. Monochromatic Cu K,
radiation at 40 kV and 30 mA was used in parallel-beam geom-
etry to minimize sample misalignment. The lattice parameter ¢
was determined from 6/26 scans following the Nelson-Riley
Method [8] using all available (00/) peaks between 5° and
120°. The lattice parameters a and b were determined using
the (3010)/(0310) and (136)/(316) peak pairs, see Ref. [9] for
more details.

The superconducting properties were investigated using a
14-T Quantum Design PPMS. Inductive measurements were
carried out with a self-designed and calibrated mutual induc-
tance device to characterize the superconducting transition using
the values 779 and T1°, which were defined as the temperatures
at which the measured voltage was 90% and 10% of the normal-
state value. The sharpness of the transition can thereby be defined
as AT, =T — T,

The critical current density, J ., was determined using
resistively-measured U(I) curves. J .(B) measurements were
used to determine the pinning force density F,. J . was measured
at magnetic fields B from O to 14 T at 77, 50 and 30 K. Only the
normalized F |, plot for 77 K is presented in this work due to
length limitations. J .(7) measurements were done to analyze the
weak and strong pinning contributions. Thus, J . was measured
from 90 K down to 5 K at 0.5, 1, 3 and 5 T. The resulting J .(7)
curves were fitted using the sum of the weak and strong pinning
contributions [10], [11]:

@)
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inwhich J¥(0) and J(0) are the weak and strong pinning con-
tributions at 0 K, and T o (~5-15 K) and 7" (~70-90 K) are the
corresponding characteristic thermal energies of vortex pinning
expressed as temperatures at these defects respectively [11].

T
weak : JY(T) = J¥(0) % exp <_T>
0

T

strong : J3" (T) = J3" (0) * exp <—3<TJr

III. RESULTS AND DISCUSSION

In order to study the influence of RE mixing in mREBCO
thin films, five sets of samples were prepared. The ratios were
chosen a priori in an attempt to yield crystal structures with the

same mean lattice parameters as GABCO, the 1RE sample set,
and varying amounts of disorder from RE mixing.

Producing mREBCO thin films comes with challenges, as
each individual REBCO system has its own optimal CSD pro-
cessing window. The crystallization temperature, T ;yst, and
partial pressure of oxygen, p(Os), are especially important [12].
T ¢rysy must be high enough to avoid a-axis growth and low
enough to avoid the formation of rare-earth oxides (REO), which
become more stable at higher temperatures. The oxygen partial
pressure further influences the growth speed of c- and a-axis
oriented REBCO and REOs. For the 3RE, 4RE and 5RE, a T
cryst gradient was used to accommodate for the wide range of
optimal 7'y, and p(O2) was set to 50 ppm to reduce the amount
of REO formation as much as possible. This approach proved
successful as most samples had low amounts of a-axis growth
and REO formation, Fig. 1(a). The sets showed comparably high
degrees of crystallinity except for the SRE samples. Judging
from the integral intensity of the (3010)/(0310) peak pairs, the
crystallinity of the SRE sample set varied significantly, with the
best samples still having the same integral intensity and thus
crystallinity as all other sample sets, Fig. 1(b). These samples,
with a mean J5(77K) ranging from 3.3 to 2.5 MAcm 2 for the
IRE to 5RE sample set, were used for the resistive measurements
to insure comparability.

The lattice parameters a and b of all sample sets agree very
well with the target values of thin film GdBCO (gray dotted
lines), Fig. 2(a). The lattice parameters ¢ scatter around the
target value. Values higher than expected can be explained by
differing oxygenation states, as the lattice parameter ¢ increases
for increasing oxygen deficiency ¢ [6]. The lattice parameters ¢
of the SRE sample set were consistently smaller than expected.
This is most likely caused by over-proportional incorporation of
smaller RE into the thin film and larger RE preferably forming
REOs. Transmission electron microscopy is needed to clarify
this point.

T decreases from ~94.5 to 93.3 K with increasing RE
mixing, Fig. 2(c). Fig. 2(b) shows that the superconducting
transition, AT, slightly broadens with RE mixing. This is to
be expected as T . fluctuations are created by the statistical RE
distribution throughout the thin film and thereby widening the
superconducting transition. It may therefore be concluded that
the CSD mixing method can be used to produce mREBCO thin
films reliably, whilst tuning their lattice parameters. This way,
tailoring the crystal structure to different substrates or buffer
layers becomes considerably easier.
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Fig. 1. Representative XRD results of all sample sets. (a) (005), (006), (007)
peaks from 6/26 scans. A region of low interest (39.5-45.5°) and the LAO
substrate peak (47.5-54°) were cut out to improve readability. A small a-axis,
(200), peak was found for all samples, indicating non-optimal growth conditions.
(b) (3010)/(0310) peak pair due to twinning in the ab-plane. The integral intensity
was comparable for all sample sets except SRE, most likely due to worse
crystallinity.

The microstrain e . and crystallite size D . along the c-axis
can be determined from the integral widths ( of 6/26 scans via
Williamson-Hall analysis [9], Fig. 2(d). Here, e . and D . are
plotted over the variance of RE radii, var(r(RE)). While D ., stays
constant across all samples at around 43 + 2 nm, the microstrain
e . changes significantly with var(r(RE)).

It had been reported that RE mixing may increase microstrain
within CSD [5] and PLD [13] thin film samples. We found the
opposite. As shown in Fig. 2(d), an increasing var(r(RE)) from
RE mixing results in a significant reduction of e . by ~75%.
One possible reason for this behavior might be the layer-by-layer
growth of CSD thin films [14]. Another reason for the observed
differences in CSD thin films between Chen et al. [5] and our
study might be the fact that they combined RE mixing and RE
over-doping so that their films had a stoichiometry of 1.5:2:3 for
RE/Ba/Cu respectively.
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Fig. 2. Influence of the variance of RE radii var(r(RE))) on: (a) Lattice
parameters. The dotted lines indicate the target values based on GdBCO.
Characterization of the superconducting transition: (b) The sharpness of the
transition expressed as AT. (c) TC90 of the transition. (d) Microstrain e. and
crystallite size D. along the c-axis. The error bars are one standard deviation.
Each mREBCO sample set is characterized by a unique color, upper x-axis.

RE mixing gives the growing lattice an additional degree of
freedom with which it can reduce growth-related strain. Thus,
the more RE ions of different sizes are available, the higher the
reduction of e .. Outliers at SRE show about twice the amount
of microstrain than the rest of the sample set. We believe that
the increased microstrain is a result of the previously mentioned
non-optimal growth conditions. The thin film quality varied a
lot within the SRE sample set. While the RE mixing gives the
system an additional degree of freedom to reduce strain, it also
adds more complexity to the growth process. A careful balance
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Fig. 3. Log-Log plot of the pre-exponential coefficients of the strong, (a), and

weak, (b), pinning contributions. Shown are mean values of two samples for all
sets. The error bars represent the full range of measured values. Dotted lines
visualize the overall trend in each plot.

must be reached between RE mixing and deposition complexity.
The heat treatment conditions for all other mREBCO sets led to
thin films of good crystallinity. We believe SRE samples with
comparable quality and low microstrain can be produced with
more optimization.

RE mixing should introduce point-like defects. Their effect
on the pinning behavior is captured in the weak pinning contri-
bution. J . was measured from 90 to 5 K at 0.5, 1, 3 and 5 T and
fitted using the sum of (2) and (3) as described in Refs. [10],
[11].

The strong pinning contribution J5"(0), Fig. 3(a) followed
~B 1, g = 0.5. RE mixing did not influence how the pre-
exponential factor decays with B. The highest absolute values
were achieved with GABCO followed by 4RE and 3RE samples.
The 5RE samples performed the worst due to the aforemen-
tioned deposition difficulties. Nevertheless, J . improvements
for all mMREBCO sets can be expected, as only minor optimiza-
tions have been made to the deposition conditions so far. The
weak-pinning contribution J¥*(0) behaved like ~(1 + B%)w ,
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Fig. 4. Normalized pinning force density F, at 77 K of all sample sets. The
magnetic field of maximum F,, Biax, is indicated with a black arrow for the
IRE and 5RE sample set. An increase from 1.6 to 2.4 T is visible. Only every 2"
data point is plotted for readability. The color code is inherited from previous
figures.

with p = 0.8, where By denotes the crossover field for the
transition from single vortex pinning to collective pinning [15].
Surprisingly, J¥¥(0) showed even less change than J5"(0) due
to RE mixing, Fig. 3(b). The weak-pinning contribution of all
sample sets is mostly identical. This was unexpected, as RE
mixing should introduce more point-like defects, which should
increase J2**(0). Based on the presented data the initial hypoth-
esis that RE mixing should improve J¥*(0) must be refuted.
Regardless, the presented samples will be further investigated
at higher fields to determine whether fields up to 5 T were too
small to measure any significant differences. Irrespective of this
fact, it can be seen that the weak-pinning contribution decays
more slowly with B than its strong counterpart.

While the investigation of the strong and weak pinning con-
tributions suggests no significant difference between the sample
sets, the pinning force density F , shows qualitative changes
even at 77 K. As clearly seen from Fig. 4, the field of maximum
pinning force, B ., shifts from 1.6 to 2.4 T with increasing
RE mixing, illustrating that the pinning behavior of mREBCO
thin films has the potential to outperform 1RE systems at higher
magnetic fields. It should also be noted that RE mixing possibly
influences the formation of different pinning centers such as
stacking faults, antisite defects etc. Thus, the observed changes
might not be due to RE mixing directly, but a secondary effect
of RE mixing by changing the existing pinning landscape.

This investigation showed that RE mixing with CSD allows
for lattice parameter tailoring of mMREBCO thin films. The result-
ing lattice parameters can be accurately predicted by using the
mean ionic radius of the applied mREBCO solution. Secondly,
RE mixing adds more complexity to the deposition process but
enables the crystal lattice to reduce microstrain during growth.
While this additional degree of freedom benefits the growth in
general, more optimization within the used mREBCO systems
must be done to achieve or even surpass the superconducting



performance of already optimized 1RE systems, such as GAdBCO
in this study. The pinning analysis was non-conclusive. While
the J .(T) investigations at fields up to 5 T did not show any
significant changes, the normalized pinning force density at
77 K revealed that RE mixing improves the pinning behavior
at higher magnetic fields. The full scope of the influence of RE
mixing will be further investigated with optimizations of the
deposition conditions, J . measurements at magnetic fields up
to 14 T and anisotropy investigations to identify whether RE
mixing influences the iso- or anisotropic pinning contributions
of mREBCO thin films.
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