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High-temperature superconductivity is reported in a series of compositionally complex cuprates with vary-
ing degrees of size and spin point-defect disorder. Three compositions of Y-site alloyed YBa,Cu;0;_,, i.e.,
(5Y)BCO, were prepared via solid-state methods using different sets of rare earth ions on the Y site. Synchrotron
x-ray diffraction and energy-dispersive x-ray spectroscopy confirm these samples have high phase purity
and homogeneous mixing of the Y-site elements. For samples near optimal doping, electrical resistivity and
magnetometry measurements reveal the superconducting transition temperature, 7c, is greater than 91 K for
all 5Y alloying compositions. The lack of T suppression observed in these materials, of order 1% relative to
pure YBCO (T¢ = 93 K), contrasts recent results on other multicomponent cuprates based on the La-214 system
where superconductivity was not observed. Therefore, a key result from this work is the demonstration that high-
temperature superconductivity can exist in complex ceramic compositions. The difference in superconducting
behavior between these compositionally complex cuprate families is discussed in terms of impurity potentials
and sample form (powder vs film). This work sets the stage for future studies to leverage the larger composition
and disorder phase space of compositionally complex cuprates to isolate different types of disorder and their

effect on the various electronic phases exhibited by high-T superconductors.
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I. INTRODUCTION

Disorder in superconductors has intrigued physicists and
been the subject of numerous scientific studies over the
past 60 years, starting with Anderson’s theory and con-
tinuing to present day [1-6]. In s-wave superconductors,
Anderson predicted that electron pairing survives nonmag-
netic disorder in the weak disorder limit [1]. Later, Lee and
Ma evaluated the strong disorder limit in s-wave systems
and predicted increasing disorder would eventually cause
a superconducting-insulator transition, as was subsequently
observed in amorphous thin films [7,8]. By contrast, in uncon-
ventional d-wave superconductors, Abrikosov-Gor’kov (AG)
theory predicts a universal T suppression even for weak
nonmagnetic disorder, when that disorder is in or near the su-
perconducting plane [9,10]. However, experimental evidence
shows d-wave systems are more robust to disorder located
away from the superconducting planes [11].

Recently, a new experimental approach to studying the the
interplay of disorder and superconductivity has been enabled
by the advent of high-entropy alloys (HEAs) [12]. HEAs are
intermetallic compounds in which several elements (typically
four or more) are alloyed together creating materials with
large configurational entropy that thermodynamically favors
the formation of single phase solid solutions with complex
compositions. In 2014, the first superconducting HEA was
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reported in the compound TazsNbs3HfgZr4Ti; with a tran-
sition temperature, T¢, of 7.3 K and type-II behavior [13].
Since then, many other superconducting HEAs have been
successfully synthesized in a variety of different structure
types [12,14,15]. To date, studies on HEA superconductors
collectively demonstrate 7¢ values between those of amor-
phous alloys and simple binary alloys, which is consistent
with the trend in s-wave systems that increasing disorder tends
to suppress pairing and 7¢ [12].

More recently, this entropy-inspired materials engineer-
ing approach has been extended to cuprate d-wave systems
[16,17]. These so-called high-entropy oxides (HEOs) are ionic
analogs to HEAs, in which several elements are selectively
substituted onto a specific ionic sublattice by judicious choice
of ion size and valence [18]. Thus far, studies of HEO cuprates
have only focused on the RE,CuO4 (RCO) system with the
Ruddlesden-Popper structure and alloying on the rare earth
(RE) site [16,17], hereafter denoted (SR)CO. Musicé et al.
compared synthetic routes for bulk powders using only triva-
lent ions and showed both traditional solid-state and sol-gel
methods were able to produce well-mixed, single-phase ma-
terial; however, no attempt was made to charge dope that
material into the superconducting phase [16]. The other two
studies grew (SR)CO as epitaxial thin films using (5R)CO
targets and pulsed laser deposition [17,19] and attempts were
made to optimally charge dope both (SR)CO films using both
hole and electron dopants. However, all samples showed insu-
lating behavior regardless of doping. Using x-ray absorption
measurements of the Cu coordination environment, Mazza
et al. attributed this result to large distortion with the Cu-O
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FIG. 1. (a) Pmmm crystal structure of (5Y)BCO with five elements alloyed on the Y site. (b)—(d) Reitveld refinements of synchrotron x-ray
diffraction data (APS, 11-BM) for each of the three Y-site compositions. The difference curve is weighted by the standard uncertainty defined
as (Data — Fit)/~/Data and scaled by 100x for visibility. The weighted residual, Ry, is a goodness-of-fit metric of the whole data set, while

the unweighted phase residual, RF?, is specific to the (SY)BCO phase.

plane originating from size variance of the ions substituted
onto the RE site [17].

Here, we report the synthesis and behavior of HEO
cuprates that exhibit high-7¢ superconductivity. Specifically,
compositionally complex variants of YBa,Cu3;07_, were cre-
ated by alloying three different sets of trivalent (isovalent) ions
onto the Y site to create three, unique (5Y)BCO compositions
with varying degrees of size and spin disorder, parametrized
by the ion radii variance and average spin, respectively. High
phase purity and elemental mixing for all three (5Y)BCO
compositions was confirmed by synchrotron diffraction and
electron microscopy. All compositions exhibited 7 values
between 91 K and 92 K near optimal oxygen doping and
ac magnetometry confirmed these transitions to be supercon-
ducting. The lack of observed T¢ suppression in (5Y)BCO
demonstrates that pairing in this structure type can be re-
markably robust to disorder on the Y site. These results are
discussed in terms of impurity potentials and their contrast
with recent experiments on (SR)CO.

II. RESULTS

Powder batches of each (5Y)BCO composition were pre-
pared by weighing out stoichiometric amounts of metal oxide
and metal carbonate precursors followed by manual grinding,
room-temperature pellet pressing, and firing in a muffle fur-
nace at dwell temperatures ranging from 900 °C to 1000 °C.
Each set of Y-site ions was selected to have an average ionic
radius close that of yttrium to minimize lattice strain and
long-range structural distortions. Only trivalent substitutional
ions were used to prevent charge doping differences between
series. Doping in these samples is instead due to oxygen
vacancies, the concentration of which was controlled by the
quench rate during synthesis with an optimal cooling rate
of 1 °C/min for all series. Synthesis conditions were opti-
mized using phase purity and transition temperature as the
primary metrics. These metrics were evaluated respectively
using laboratory x-ray diffraction (XRD) collected on a Pana-
lytic MPD (Cu Ke) and four-point probe measurements taken
with a Quantum Design Versalab. Dozens of samples of each
composition were produced during the synthesis optimization.

However, the results presented in the main text were collected
from a total of five samples made using recipes confirmed to
reproducibly generate samples that appear phase pure when
characterized by these methods.

The room-temperature average crystal structure for each
composition of (5Y)BCO was determined using high-
resolution synchrotron XRD measurements collected at
Argonne National Lab’s Advanced Photon Source 11-BM
beamline and refined using the Rietveld method implemented
in GSAS-II. Figure 1 shows the synchrotron XRD data and fits
corresponding to the orthorhombic Pmmm structure exhibited
by pure YBCO and expected for our (5Y)BCO samples. The
Pmmm phase fraction ranges from 99.5% in the series A
sample to a minimum of 97.5% in the series C sample. The
remaining peaks index to trace amounts of unreacted binary
precursors and the intermediate ternary phase BaCuO,;. The
difference curves show the largest remaining error in the fits
corresponds to peak shape mismatch on the Pmmm peaks.
This confirms the impurities are small enough and sufficiently
well fit so as not to limit the refinement accuracy of the
(5Y)BCO Pmmm phase.

The refined structural parameters for each (5Y)BCO com-
position are reported in Table I alongside a list of the
substitutional Y-site elements, their average ionic radii, size
disorder, and average number of unpaired spins. Size disorder
(0?) is quantified as the variance of the ionic radii of the
elements on the Y-site defined as o2 = Zixir? — rf\, where
ra = Zix[r[ is the average ionic radius of the A-site cation
and x; is the fraction of the ith cation of radius r;. Several
notable trends are seen in these refinement results. First, a
larger unit cell (0.2-0.4%) is refined for each (5Y)BCO com-
position compared to pure YBCO. This unit cell expansion
is primarily due to elongation of the ¢ axis (0.1-0.2%) and
much smaller expansions are mostly observed along the a
and b axes. In the case of C series, the a axis appears to
shorten slightly. Second, the (5Y)BCO unit cell volumes and
c-axis lattice constants are directly correlated with the average
ionic radius of the Y-site element mixture. This is consistent
with a picture that isovalent Y-site alloying creates expansive
chemical pressure along the ¢ axis. However, unit cell and
c-axis expansion still occur in C series, where the average
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TABLE 1. Structural information for the different compositions of (5Y)BCO. Ionic radii (I.R.) and variance are calculated using eightfold
coordinate values from the Shannon-Prewitt tables [20]. Lattice parameters and bond angles are taken from Rietveld refinement of the
synchrotron data. Error on all refined lattice parameters is smaller than the final decimal place by at least one order of magnitude. Values

for unalloyed YBCO are taken from Ref. [21].

Y-site (calculated)

Pmmm Parameters (refined)

Series Composition ?;:‘;‘g ?’l"{ ‘?gcj U’;‘;ﬁ:‘i a[A] b [A] c[A] v [AY] A/Zf‘glgu['d(;:]“ Vaﬁ;‘f: [i‘e‘ﬁicu
. Y 1.0190 0 0 3.82102)  3.8826(3)  11.6720(8)  173.16 164.85 0.0025
A YoaHoo:Dyo:GdosYboz  1.0198  0.00048 3.4 3.8232 3.8901 11.6973 173.97 163.49 0.3136
B YosHoo:Dyo:GdosLupz 10182 0.00060 32 3.8243 3.8892 11.6923 173.90 163.89 2.1756
C  YosHoozErosThoaYboa  1.0126  0.00033 2.8 3.8197 3.8863 11.6833 173.43 164.50 4.4100

Y-site ionic radius is significantly smaller than Y3+, which one
expects to cause c-axis compression from a simple chemical
pressure model. This suggests a tensile strain contribution
exists along the ¢ axis in these disordered (5Y)BCO com-
pounds, which is separate from and adds to the chemical
pressure expected from having different average ionic radius
on the Y site. However, in entropy-alloyed (SR)CO, c-axis
contraction and smaller unit cells were observed upon adding
disorder to the La site [16], which suggests that a pure chemi-
cal pressure model is insufficient to fully explain the effect of
the disorder on structure in these materials.

The sXRD refinement results also indicate that Y-site al-
loying changes the Cu-O-Cu bond angles in the CuO, planes
that carry supercurrent. On average, the Cu-O-Cu bond angles
in the CuQ; plane are smaller in (5Y)BCO than pure YBCO.
However, the (5Y)BCO samples appear to have greater vari-
ance of the Cu-O-Cu bond angles (i.e., greater difference
between Cu-O2-Cu vs Cu-O3-Cu angles) than pure YBCO.
Interestingly, variance in the Cu-O-Cu bond angles correlates
with decreasing average ionic radii on the Y site, rather than
with the variance of the ionic radii.

In addition to the average atomic structures, the microscale
chemical homogeneity and element clustering in these
samples was established using element-specific composition
maps collected with energy dispersive x-ray spectroscopy
on sintered pellets in a FEI Nova 430 scanning electron
microscope (SEM-EDS). Figure 2 shows a series of high
magnification maps from a representative series C sample
that was “phase pure” to laboratory XRD. Note that the scale
bars for each panel are 2 um; this is slightly larger than the
smallest meaningful length scale in these images, which is
defined by the electron beam’s interaction volume from which
the x rays are emitted, which is approximately 1 um. The most
notable contrast appears in the same location in each map, as
dark regions in the upper left side and upper right corner. This
is demonstratively from sample topography as shown in the
inset of Fig. 2(a). Aside from the topographical contrast, each
image and the combined overlay in panel (a) are homogeneous
in color and intensity, indicating uniform mixing of all
elements down to the smallest length scales accessible to
our methods. Additional SEM-EDS maps are presented in
Figs. S1- S5 for different compositions and magnifications
[22]. Together, our SEM-EDS results show that samples that
appear “phase pure” to laboratory-source XRD have very

high elemental homogeneity at length scales 1 um and above,
which we define as having very few (0-1) visible elemental
clusters or impurity phases larger than the 1 um resolution.

Electrical resistivity measurements for such samples are
shown in Fig. 3 for each (5Y)BCO composition series.
Measurements were collected under O T and 3 T magnetic
fields on pressed and sintered pellets and are plotted nor-
malized to the resistivity value at 300 K. Note that all three
samples presented here exhibit T-linear resistivity above Tt,
which is known to occur primarily near optimal doping and
the peak of the superconducting dome [23-26]. In lieu of
directly measured oxygen concentrations, which could not
be accurately extracted from our sXRD refinements [22], the
linearity of the resistivity data above T was used to optimize
cooling rate and hole doping in our samples.

In the near-optimally doped samples shown in Fig. 3, all
(5Y)BCO compositions show a sharp drop to zero resistance
above 90 K. Ty values for the three samples range from
91.5 K to 92.5 K, calculated as the inflection point of the
normalized resistance change. Application of a 3 T magnetic
field suppresses and broadens the resistivity transition. This
behavior is expected and has been reported previously for
the parent YBCO and is associated with a multicritical point
where the superconducting transition goes from first order to
second order [27]. The T¢ values for samples within a series
were observed to vary on the order of 1 K from sample to
sample, despite nominally identical synthesis procedures [22].
Therefore, no conclusions should be drawn from the order of
Tr values presented in Fig. 3 with respect to their chemical or
structural differences, as T¢ ordering is not repeatable. What
is repeatable is that, for an optimized synthesis procedure, T¢
was always observed to be >91 K, indicating that the spin and
lattice disorder added to the system do not greatly disrupt the
pairing interaction.

The superconducting nature of the resistivity transition was
verified using ac susceptibility measurements, collected in
a Quantum Design MPMS3 Superconducting Quantum In-
terference Device (SQUID) magnetometer. Figure 4 shows
ac susceptibility data collected on the same series A sample
shown in Fig. 3. x" and x” are the real and imaginary parts of
susceptibility of the material, respectively, and the divergence
between the two marks the superconducting transition temper-
ature T¢. For series A under zero-field cooling, this divergence
occurs just above 92.5 K, which is in perfect agreement with
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FIG. 2. High magnification composition maps taken with SEM-EDS on a series C sample. Individual panels show intensity proportional
to the following x-ray edges: (a) an overlay of one edge mapped for each series C (5Y)BCO element, (b) Ba K, (c) CuK, (d) OK, (e) Yb L,
(f) Ho L, (g) Er L, and (h) Y L. The scale bar below each panel is 2 microns. Inset in (a) is a secondary electron image showing the uneven
surface topography of the sintered pellet that gives rise to a shape-induced contrast artifact common to all these maps but more prevalent for

lighter elements.

the start of the resistance downturn in Fig. 3. The peak in
x” occurs near 92 K, which aligns with the inflection of
the resistance transition in this sample. The downturn in x’
confirms the diamagnetic Meissner state below 7¢. Addition-
ally, the shape of the x” peak gives information about flux
pinning in these samples. Under the zero field, the x” peak
is narrow, suggesting strong, uniform flux pinning sites in
the Meissner state. Under a 3 T applied field, the x” peak
broadens and shifts lower in temperature, reflecting a weaker
and wider range of pinning interactions in the type-II vortex
state.
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FIG. 3. Electrical resistivity measurements normalized to the re-
sistivity at 300 K. (a) Zero-field-cooled (0 T) normalized resistivity
shown near the superconducting transition. (b)—(d) Full temperature
range showing T-linear behavior above 7¢ for series A, B, and C,
respectively.

III. DISCUSSION

The key result from this study is the unambiguous ob-
servation of high-temperature superconductivity in a series
of compositionally complex cuprates with disordered YBCO
structures. This result and the (5Y)BCO compounds intro-
duced here are intriguing for several reasons: (1) the lack of
Tc suppression, (2) the contrasting superconducting behavior
with doped (SR)CO films, and (3) the potential for these
compositionally complex cuprates to help disentangle differ-
ent types of disorder induced physics in high-temperature
d-wave superconductors.

Considering first the minimal 7¢ suppression observed in
(5Y)BCO, this result is in fact to be expected and consis-
tent with prior theory and experiment on chemically simpler
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FIG. 4. Zero-field-cooled (0 T) and field-cooled (3 T) ac mag-
netic susceptibility measurements from a series A sample. Inset
shows a closeup of the zero-field transition.
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YBCO alloys. For example, several studies have alloyed a sin-
gle element onto the Y site of YBCO and observed similarly
minimal 7¢ suppression [28-31]. Theoretically, the concept
of impurity potentials provides a framework for comparing
the degree to which different impurities are expected to dis-
rupt pairing and suppress superconductivity. The strength of
impurity potentials in cuprates depends both on the distance
of the impurity from the superconducting plane and its charge
difference with the parent ion on the impurity site [32,33].
Because only isovalent impurities were used in this study, the
(5Y)BCO lattice “sees” no apparent charge disorder and thus
impurity potentials are generally expected to be weak in these
compounds. This implies minimal pairing disruption should
be expected here and agrees well with the near-maximum 7¢
values we observed.

Impurity potentials also provide one way to understand the
contrasting appearance of superconductivity seen between the
two compositionally complex cuprate families reported thus
far: (5Y)BCO and (5SR)CO. In both systems, the disordered
site is plaquette centered above the CuQO, square lattice and
roughly the same distance from the CuO; plane. Specifically,
in YBCO, the Y site sits roughly 3.2 A from Cu and 2.4 A
from O, while in the T'-(SR)CO structure, the RE site sits
slightly further away at 3.2-3.3 A from Cu and 2.7 A from
O [21,34]. These small differences between the Y-site and
La-site position with respect to its neighboring CuO, plane
suggest these materials should experience similar impurity po-
tentials for isovalent disorder on these sites. However, charge
doping (SR)CO requires use of divalent or tetravalent ions on
the RE site, which creates a charge difference on the RE site
relative to trivalent La and therefore significantly increases
the impurity potential in the (SR)CO system. Thus larger
impurity potentials are expected for the doped (SR)CO than
(5Y)BCO with oxygen doping, which could explain the lack
of superconductivity observed in those samples.

Alternatively, Mazza et al. proposed that the large cation-
size disorder on the RE site was the reason their (SR)CO
samples did not superconduct [17]. Using the Shannon-
Prewitt ionic radii [20], the reported (SR)CO samples have
calculated size disorder parameters of 0.0025 and 0.0030 A2
for the electron- and hole-doped samples, respectively. By
comparison, the (5Y)BCO samples reported here have size
disorder parameters that vary from 0.0003 to 0.0006 A2, ap-
proximately one order of magnitude smaller than the (SR)CO
samples. This analysis is consistent with the authors’ hy-
pothesis that large size disorder suppresses superconductivity
in their (SR)CO samples. However, additional studies are
required to determine whether differences in size disorder,
impurity potential, or some combination is responsible for
suppressing superconductivity in (SR)CO samples to date.

The open questions noted above regarding (SR)CO and
(5Y)BCO highlight the broader future potential of com-
positionally complex cuprates: to isolate different types of
disorder from one another structurally and thereby allow
disorder-dependent properties, like superconductivity, mag-
netism, and non-Fermi liquid conduction to be controlled and
studied in new ways. This broader potential rests on two key
ways in which disorder can arguably be controlled better in
compositionally complex oxides than simple oxide alloys.
First, by carefully picking the substitutional element series,

the degree of spin and lattice character in the atomic-scale,
point-defect disorder can be decoupled. For example, consider
substituting Gd™> (IR = 1.053 A, S = for Y+3; IR = 1.019 A,
S = 0) in YBCO, where changes in the average Y-site ionic
radius (lattice distortion) cannot be separated from changes
in the average Y-site moment (spin distortion). The (5Y)BCO
compositions studied here demonstrate, weakly, this ability to
decouple the spin and lattice degrees of freedom. However,
a simple consideration of the available trivalent ions on the
Periodic Table proves a wider spin-lattice distortion phase
space (combinations) is possible using an entropy-enhanced
multicomponent alloying approach. In addition to the larger
composition and disorder phase space, “high-entropy” mate-
rials often exhibit properties that deviate from the traditional
mixing rules observed in single-component alloys. This phe-
nomenon has already been observed in the dielectric and
magnetic behavior of HEOs [35-38] and is likely to manifest
in interesting ways in the already complex high-7¢ phase
diagram.

In addition, there is a growing idea within HEA and HEO
literature that the extent (i.e., volume fraction) and length
scale of microstructural disorder, like chemical clustering
and phase precipitation, can be controlled by the kinetics of
synthesis [39,40]. Previous literature and our own SEM-EDS
results prove that it is possible to create HEO microstruc-
tures with varying degrees of chemical clustering. The open
challenges are to explain why and how that process occurs
in different HEOs and then control it. With design control
over both atomic- and microstructure disorder in HEOs, many
more questions and experiments open up regarding the use of
disorder to control functional oxide properties. For example,
in the case of cuprate superconductors, a recently proposed
theory predicts that the length scale of disorder, whether point-
like or extended, will have different effects on the strange
metal phase behavior [41]. This could be tested using a se-
ries of (5Y)BCO samples where disorder is controlled across
multiple length scales. Similar approaches could be used to
shed light on the behavior of other complex oxide families,
like relaxor ferroelectrics or frustrated magnets, where both
pointlike and extended defects are known to impact material
properties [42,43].

In conclusion, this work reports high-temperature super-
conductivity in a family of compositionally complex cuprate
superconductors. Three compositions of (5Y)BCO were made
with high phase purity and T values greater than 91 K. The
negligible T reduction relative to undisordered YBCO is
consistent with prior work on simpler YBCO alloys and a the-
oretical framework of weak impurity potentials in isovalently
alloyed systems. The contrasting behavior of (5Y)BCO with
recent reports of compositionally complex (SR)CO highlights
the sensitive nature of d-wave superconductivity to different
types of disorder and provides opportunities for future studies.
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