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Abstract

High-entropy materials defy historical materials design paradigms by leverag-
ing chemical disorder to kinetically stabilize novel crystalline solid solutions
comprised of many end-members. Formulational diversity results in local crys-
tal structures that are seldom found in conventional materials and can strongly
influence macroscopic physical properties. Thermodynamically prescribed
chemical flexibility provides a means to tune such properties. Additionally,
kinetic metastability results in many possible atomic arrangements, includ-
ing both solid-solution configurations and heterogeneous phase assemblies,
depending on synthesis conditions. Local disorder induced by metastability, and
extensive cation solubilities allowed by thermodynamics combine to give many
high-entropy oxide systems utility as electrochemical, magnetic, thermal, dielec-
tric, and optical materials. Though high-entropy materials research is maturing
rapidly, much remains to be understood and many compositions still await
discovery, exploration, and implementation.
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known as “high-entropy alloys” (HEAs), due to the large
configurational entropy (i.e., quantity of possible atomic
arrangements) of the solid-solution phase(s). Eleven years
later, the concept was formally extended to oxide ceramics,

The entropy engineering paradigm opens new doors to a
vast realm of novel materials with broad-ranging poten-
tial. High-entropy solid solutions emerged as a field of
materials research following two reports in 2004 on con-
centrated multicomponent alloys."> Such alloys became

initially termed “entropy-stabilized oxides” (ESOs).* These
works defied historical materials design principles pred-
icated on enthalpy and internal energy minimization by
demonstrating that configurational entropy can stabilize
novel solid solutions.
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The present review focuses on high-entropy oxides
(HEOs), a subset of high-entropy ceramics (HECs) (includ-
ing carbides, nitrides, borides, fluorides, etc.). A number
of HEA,* HEO,>® and HEC’™ reviews exist, including
focused reviews on energy storage,'’ catalysis,'? and
magnetic properties.”®* General discussions and consider-
ations for tailoring disorder in crystalline systems can be
found in Ref. 14. A point of emphasis in the present review
is how HEO behaviors often relate to metastability and
nonequilibrium kinetics, despite the widespread usage of
equilibrium thermodynamic models. Included are intro-
ductory sections describing notation and terminology; an
early history of concerted HEO research; discussions of
thermodynamics, kinetics, and defects of complex oxide
solid solutions; computational considerations; discussions
of HEO synthesis techniques in the context of kinetics
and configuration space; and a brief overview of HEO
functional properties.

To facilitate generality, we primarily consider
a few relatively well-studied prototype HEO
systems, namely, HEOs based on the rocksalt
Mg, /5Coy/5Niy5Cuy 52050, the oxygen-deficient fluorite
derivative Y;/5La;;sCe;/sPrysSm;;s0, 5,1 and spinel
HEOSs based on the CrMnFeCoNi “Cantor alloy.”"!” Inter-
ested readers can find more exhaustive tables of reported
HEO>’ (or HEC”) compositions in prior reviews. Some
remarks on notation: we employ fractional subscripts
that reflect the nominal stoichiometry of the solution or
HEO family. For example, Mg;;5Co,,5Ni;;5Cuy/5Zny ;50 or
(Mgy/5Coy/5NiysCuy/sZny5)0, rather than shorthand nota-
tions such as MgCoNiCuZnO or (Mg,Co,Ni,Cu,Zn)O.
We also typically arrange the cations in order of
increasing atomic number, except when clarity can
be improved by doing otherwise: for example, writing
Scy/6Mgy/6C0y/6Niy /6 Cuy/6Zn; /60 to emphasize Sc addition
to Mgy/5Coy/sNiy s Cuy/sZny50.

1.2 | Taxonomy and classification of
high-entropy oxides

Rost et al. initially employed “ESOs” to describe
the material class represented by the prototype
Mg, /5Coy/5NijsCuysZnys0°;  however, many pre-
fer the more general term “HEO.” We note that
“entropy-stabilized,” discussed in Section 6.1, and
“high-entropy” are in general not synonymous or
interchangeable.'®

Presently, we use the moniker HEO and qualitatively
consider HEOs as the spectrum of crystalline oxide solid
solutions loosely centered around four- or five-component
equimolar cation collections populating one or more
lattice sites with a correspondingly large maximum ideal

configurational entropy of mixing, which in many cases
are kinetically (and practically) trapped in the metastable
high-entropy solid-solution condition, which these diverse
chemical formulations seem to prefer. More precise defini-
tions of “high entropy” vary by author; some quantitative
definitions for HEO and HEC systems are based on
ideal maximum configurational entropy, derived entropy
metrics'” or relative elemental concentrations and number
of sublattices.?’ To maintain brevity, generality, and inclu-
sivity, we do not attempt to stratify HEO systems in this
way.

2 | ENTROPY VERSUS DISORDER

The words “entropy” and “disorder” appear often in high-
entropy materials literature, so their use in the present
document warrants clarification upfront. As discussed by
Styer,”! the common analogy that entropy corresponds
to disorder can be misleading, since it “invites us to
think about a single configuration rather than a class of
configurations.” Entropy itself is a quantity of statistical
mechanics, as discussed in Section 6. When we describe
HEOs as disordered, we are referring to the inherent local
asymmetries within an HEO crystal, discussed in Section 3.
The large entropy gain upon chemical mixing drives HEO
phase formation, whereas the inherent disorder of HEO
configurations gives rise to their emergent properties and
functionality.

3 | DEFINING ATTRIBUTES OF
SINGLE-PHASE HEOS

3.1 | Compositional flexibility

HEO crystals are solid solutions, not stoichiometric
compounds; consequently, they possess extensive com-
positional flexibility. In addition, the high-entropy state
fundamentally promotes solubility, and a high-entropy
host can solubilize strongly misfit solutes more so than
its low-entropy analogue.”” Following this logic, since
the intrinsic properties of a crystal depend upon the
elements that comprise it, altering chemical composition
provides an avenue for physical property tuning. In the
Mg;,5Coy5Niy;sCuysZny 5O system, a single-phase struc-
ture can be maintained when deviating from equimolarity
at the expense of an increased stability temperature.®
In terms of properties, cation selection and concentra-
tion control can be leveraged to alter optical absorption
features,” tune thermal conductivity,”* or shift magnetic
ordering temperatures.”> %’ Incorporating functional
elements such as Li or Pt into Mg;;5Coy/5Ni;/5Cuy/5Zn; /50
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FIGURE 1 Two-dimensional illustration of local asymmetry

and disorder in an high-entropy oxide (HEO) crystal: local
structural distortions (top-left); electron orbital disorder (top-right);
ionic charge disorder and defects (bottom-left); magnetic spin
disorder (bottom-right). Arrows in the bottom-right panel denote
electron spin orientation.

results in electrochemical utility®®
behavior,” respectively.

or useful catalytic

3.2 | Macroscopic symmetry and local
asymmetry

Crystallinity is defined by the combination of local point
symmetry and long-range translational symmetry. Rela-
tively simple and high-symmetry parent structures that
participate in high-entropy systems include rocksalt (gen-
eral formula AO; space group symmetry Fm3m),>* flu-
orite (AO,_g; Fm3m),">>" bixbyite (or C-type rare-earth
oxide structure; A,05; Ia3),">'° perovskite (ABO5; Fm3m,
Pbnm, or R3c),’'* spinel (AB,0, or A;O,; typically
Fd3m or F43m),"7-*%353% and pyrochlore (A,B,07; typi-
cally Fd3m or F43m).>”*® Fundamental studies on phase
stability, cation site occupancy, and properties employ-
ing these simple structures continue to guide research
and development of HEOs with other, more complex
structures, including Ruddlesden-Popper phases,* sili-
cate phases,*’~*? aluminates,*> phosphates,** and magne-
toplumbite structures.*’

Although HEOs exhibit macroscopically averaged crys-
talline symmetry and compositional uniformity reminis-
cent of their conventional lower entropy counterparts,*®
they possess inherent local disorder and asymmetry, an
attribute that can lead to functionality not found in
more well-ordered, lower-entropy systems.'* The simulta-
neous occurrence of structural distortions, charge disor-
der, orbital disorder, and magnetic disorder is illustrated
schematically in Figure 1, as inspired by Meisenheimer and
Heron.*

American Ceramic Society

This local structural asymmetry is exemplified by
Jahn-Teller distortions of CuOg4 octahedra in quenched
Mgy /5Coy/sNi;sCuysZnys0.4%75°  The  macroscopically
averaged symmetry is cubic, but Jahn-Teller distortions
necessitate local tetragonal symmetry. Cubic symmetry
is globally sustained by the diversity of the constituents’
ionic radii that produce “compensating” bond length
and bond angle distributions. Experiment and theory
suggest cations predominantly occupy their symmetry-
prescribed lattice positions, whereas anions exhibit local
displacements to accommodate them.*%!

Extreme chemical disorder results in complex local
interactions and asymmetric fluctuations of structural and
electromagnetic order parameters, giving rise to unique
and sometimes unpredictable property dispersions, which
lie outside interpolative predictions of end-member-
averaged contributions.’” For example, magnetic frustra-
tion can result in unusual magnetic phase structures,"
and local restoring force disorder can produce remarkably
low thermal conductivities compared to typical crystalline
systems.”* Manipulating this disorder may then provide
another avenue for property tuning. However, this local
disorder is also difficult to characterize, as discussed in
Section 4.

4 | HEO CHARACTERIZATION

HEO physical properties can be measured in much the
same way as other crystals, but correlating properties to
local structure requires complementary multi-scale and
multimodal analysis. Diffraction can probe the macro-
scopic crystal symmetry but fails to elucidate local struc-
tural nuances. Transmission electron microscopy provides
high spatial resolution in two dimensions, but resolu-
tion in the third dimension requires extremely specialized
approaches like ptychography.>>> Atom probe tomogra-
phy can provide near-atomic resolution three-dimensional
elemental mapping*® but does not provide electronic,
magnetic, or vibrational information. Spectroscopy can
provide electronic and vibrational information with high-
energy resolution but limited spatial resolution. X-ray
absorption spectroscopy is particularly useful for charac-
terizing HEOs, because it excites core electrons, provid-
ing element-specific electronic**>°-® and localized struc-
tural information.?***% Theoretical simulation helps fill
the gaps by providing detailed structural and electronic
information.”’ However, even modern computing clusters
cannot yet practically consider every possible atomic con-
figuration, so theory/model-informed configuration selec-
tion is crucial for accurately simulating an experimental
sample set.
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5 | HISTORICAL PERSPECTIVE

5.1 | High-entropy alloy development
In 1788, Franz Karl Achard published his book
“Recherches sur les propriétés des alliages métalliques,”
which presents observations of over 900 metallic alloy
compositions, including many 4-7 component alloys
mixed in equal weight proportions. Contrary to expecta-
tion and prediction, his experimental results illustrated
that alloy properties often differ from their constituents.”
Although he could be the first researcher to synthesize
quinary to septenary multicomponent alloys, his work
went unrecognized for centuries.®

The first widely recognized reports on equimolar, multi-
component alloy solutions appeared in 2004 from Cantor
et al.' and Yeh et al.> These reports introduced the
terms “multi-principal element alloy” and HEA. The
novel high-entropy alloying strategy unlocked vast realms
of previously unexplored composition space, still not
fully explored or understood. Much HEA research has
emphasized single-phase solid solutions, but composi-
tions often deliberately deviate from equimolarity and/or
single-phase microstructures.®' In terms of standout appli-
cations, many consider HEA systems future refractory
structural materials, due to their mechanical robustness,
high-temperature stabilities, and potential nano-phase
domain structures.’? For further reading, see a couple
excellent HEA reviews.*%3

Prior to 2015, HEA researchers experimented with
oxidizing atmospheres during thin film growth. Chen
et al. reported one of the earliest HEO solutions: reac-
tively sputtered Al ,CrFeCoNiCu-oxide films that exhib-
ited spinel diffraction patterns.* These reports were
harbingers to the more targeted HEO work discussed
next.

5.2 | 2015: entropy-stabilized oxides

Rost et al. produced a particularly influential report
in 2015 that explored the prototype composition
Mg, /5C0y/5Nij5Cuy5Znys0.°  Constituents were cho-
sen deliberately to test the hypothesis that configurational
entropy can outweigh enthalpy and stabilize a five-
component, equimolar oxide. The constituents vary in
preferred bonding coordination, electronic orbital con-
figuration, and electronegativity; and there exist pairs
of constituents that do not exhibit extensive solubility
(e.g., CuO and NiO). Intuitively, one may not expect
this mixture to form a solid solution, but above ~875°C
the system stabilizes in a rocksalt solid solution at the
cost of a positive mixing enthalpy, ~12 kJ mol~!. The

transition from multiphase to single-phase is reversible
and endothermic, illustrated in Figure 2. Additionally,
the solid-solution phase is chemically homogeneous:
cations appear randomly distributed. These aspects of the
Mg;,5Coy5Nij;sCuy5Zn;s0O composition fit the definition
for an entropy-stabilized phase, hence the original choice
of acronym: ESO.? This report caught the attention of the
ceramics community and set HEO and HEC research into
motion.

5.3 | 2016-2017: early reports

2016 saw three important HEO reports. Bérardan
et al. observed Li ionic conductivity in Mg;;5sCo;;5Niys
Cuy5Zn,;/s0-derived ceramics,® prompting future inves-
tigations for Li-ion storage applications. The same group
measured high dielectric constants for a similar collection
of HEOs.°® Rak et al.’s density functional theory (DFT)
calculations suggested a degree of charge transferability
amongst cations in Mgy ;5Coy/sNijsCuyysZnysO with Li
and Sc additions.”!

Rost et al. studied the local structure of
Mg;,5Coy5NiysCuysZnys0 in more depth with X-ray
absorption fine structure, concluding that structural
distortions primarily occur on the anion sublattice.*®
Meisenheimer et al. reported the first magnetic data
for Mg;;5Coy/5Ni;;5Cuy/sZny ;50 in the form of magnetic
exchange thin film heterostructures.®” Berardan et al.
reported electron paramagnetic resonance experiments,
confirming the presence of Jahn-Teller distortions in
Mg, /5Coy/sNi;sCuy5Zn,50.°° Djenadic et al.> and Sarkar
et al.”® reported a series of rare-earth-based HEO pow-
ders with fluorite or bixbyite structures, depending on
synthesis conditions; the flagship composition being
Y;/sLa;/sCey/sPrysSm; 50,_s. Jiang et al. reported first on
bulk perovskite-structured HEOs.>!

5.4 | 2018:rapid expansion, influential
discoveries

2018 brought about further characterization of
Mg,,sCoy;5Nij;sCuysZnysO, epitaxial crystal growth
studies, more compositional discovery, thermal charac-
terization of HEOs, and ground-breaking electrochemical
studies. Anand et al. showed the utility of random and
genetic algorithm sampling combined with molecu-
lar dynamics (MD) for analyzing the configurational
energy landscape of Mg;/5C0;/5Nij/sCuy/s5Zn;50.
DFT simulations by Rak et al. suggested potential
Jahn-Teller compressions as well as elongations in
Mgl/SCol/sNil/SCul/San/SO.‘“’ Reports on epitaxial HEO
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(A) X-ray diffraction patterns for Mg, ,sCo,;sNi;;sCuy/sZn, ;50 equilibrated for 2 h at each labeled temperature in air, then

quenched to room temperature by direct extraction from the furnace. X-ray intensity is plotted on a logarithmic scale, and arrows indicate

peaks associated with non-rocksalt phases, (T) corresponding to tenorite. The two X-ray patterns for 1000°C annealed samples are offset in 26

for clarity. (B) In situ X-ray diffraction intensity map and differential scanning calorimetry trace for Mg, sCo,sNi,sCu,;sZn,;s0. Note that

conversion to a single phase is accompanied by an endotherm. Both experiments were conducted at a heating rate of 5°C/min. (C) calculated

configurational entropy in an N-component solid solutions as a function of mol% of the Nth component. Source: Figures adapted with

permission from Ref. 3 (CC BY 4.0).

thin film growth highlight the remarkable crystal quality
attainable via pulsed laser deposition (PLD).>?>¢7:%° Kot-
sonis et al. reported on kinetic energy-assisted epitaxial
Sci/6Mgy/6Coy6NiysCuy/6Zn1 60  growth, following up
on results from Rost’s 2016 Ph.D. dissertation.’>’® PLD
facilitated epitaxial growth of six-component crystals
studied by Braun et al—Mg;5sCoy/5Ni;;sCuy/sZn;;5s0 with
equimolar additions of Sc, Cr, Ge, Sn, or Sb—which
exhibited remarkably high ratios of elastic modulus to
thermal conductivity.”* Sharma et al. reported the growth
of epitaxial Ba(Tij;sZr;sNbysSn;;sHf ;5)O; perovskite
films.%°

New fluorite-structured HEOs covered a wide range of
net cation valences and oxygen sub-stoichiometries.*"-”!
High-entropy A3TB3*TO, orthorhombic per-
ovskites appeared, including the ten-component
(Yy/5Lay/sNdy58my sGdys)(CrysMny sFey s Coy 5Ny 5)03.7
Dabrowa et al. characterized the spinel-structured
(CrsMn, sFe;5Co;sNiyj5)304,"7 14 years after the
discovery of the cubic close-packed “Cantor alloy”
CrMnFeCoNi.!

In terms of properties, suppressed thermal conduction?*
and electrochemical utility garnered attention. Sarkar
et al. reported reversible Li storage properties of
Mg, /5C0y/5Niy5CuysZnys0-based  rocksalts.”®  Zhai
et al. leveraged variable rocksalt and spinel phase fractions
in the (Mg,,Fe;;,Co/4Niy4)O, system to split water
molecules.”” Chen et al. demonstrated CO oxidation using
Mg;/5Coy5Niy;sCuysZny ;5O  catalyst powders contain-
ing well-dispersed Pt atoms.”* These reports prompted
a slight shift from discovery to functional property
development.

5.5 | 2019-2023: functional property
characterization and engineering

Since 2019, reviews discussing HEOs as electrode
materials,'’ catalysts,'! magnetic materials,”> and
high-entropy nanoparticles” appeared. Atomic-scale
compositional homogeneity studies confirmed an
even spatial distribution of cations in well-prepared
specimens.”®  Phase decomposition studies con-
firmed relatively rapid precipitation of CuO in the
Mg;;5Coy5NiysCuysZnysO  system  at  intermediate
temperatures.” Studies on charge compensation and
defects appeared for Mg, ;sCoy/5Ni;sCuy/5Zn;5s0777 and
(CrysMnysFe;;5Coy/sNi;5);0,478 systems.

Long-range antiferromagnetic ordering in
Mg;,5Coy5NiysCuysZnysO  was  confirmed indepen-
dently, and nearly simultaneously, by two groups
in 2019: Jimenez-Segura et al.”® and Zhang et al.”
Experimental results were corroborated by theoretical
simulations.?’ Johnstone et al. characterized tunable
ferrimagnetism and cation site occupancy in Ga-modified
(CrysMn; sFe;/5Co;/5Nij/5);0,4.50  Magnetic  studies by
Musicé et al.,”® Mao et al.,’? and Witte et al.?’ also
illustrated strong magnetic tunability via cation selection.

Electrochemical advancements were made. Lun
et al. performed a systematic study on rocksalt HEC
cathodes.” Operando X-ray absorption experiments pro-
vided insight into lithiation®*>*” and CO oxidation catalysis
mechanisms.”® Zeng et al. demonstrated that the high-
entropy strategy can be successfully applied to improve
alkali ion conductivity in materials with Na super-ionic
conductor frameworks and Li-garnet frameworks.**
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Interest in
perovskites

perovskite HEOs escalated. HEO
showed indications of relaxor
ferroelectricity.**®” Son et al. evaluated the elec-
trocaloric effect of Pb(Hfj/sZry;5Ti;;sNbjsMn;;5)O;
and Pb(HIf,/sZr)/sTi;sNbysAly5)05.5% Patel et al. grew
epitaxial (La;;sPry/sNd;sSm;sEuy5)NiO; films exhibiting
a metal-insulator transition.>*

HEO thermodynamics also received needed attention.
McCormack and Navrotsky elegantly reviewed solution
thermodynamics in the context of HEOs, providing illus-
trative examples.'® Ushakov et al. investigated high-
temperature polymorphic phase transformations in lan-
thanide HEOs (La;/sSm,;sDy;,5Er;5X),05 (X = Nd, Gd, or
Y).89

Further investigation of thermal
trends*®*”” led to interest in protective coatings
and thermoelectrics.”>%*

Notable synthesis advancements include successful
bulk crystal growth®® (prior crystal growth was limited
to epitaxial thin films) and investigation of nonequilibrium
laser-induced annealing or crystallization techniques to
produce nanostructured HEO particles potentially useful
as catalysts.”7%8 Stenzel et al. reported the first triclinic
HEO (Mg sFe;;sNij/sCuysZnys)Mo0y,”° suggesting that
structural and electrostatic compliance, not necessarily
long-range symmetry, play a strong role in facilitating the
high-entropy condition.

conduction
91,92

6 | SCIENTIFIC FOUNDATIONS

6.1 | Basic solution thermodynamics
Thermodynamic equilibrium occurs when the free energy
of a system is minimized at a given set of thermochemical
boundary conditions. Most often, temperature T and pres-
sure P are chosen as experimental control variables. In this
case, one considers the Gibbs free energy, often written:

G=U+PV—-TS = H-TS )

where T is temperature in Kelvin, S is entropy, H = U +
PV is enthalpy, U is the internal energy, P is pressure, and
V is volume. Considering the Gibbs free energy of phase
formation AG/ = AH/ — TAS/, the “entropy-stabilized”
condition implies that AH/ > 0 and there is a critical
temperature above which TAS/ drive phase formation. If
AH/' < 0, the phase is enthalpy-stabilized and forms at all
temperatures.

In classical thermodynamics, entropy is related to the
heat absorbed during an equilibrium reversible process
in a closed system via 8Q,,, = TdS, where 8Q is an

infinitesimal quantity of heat. However, a discussion
regarding configurational entropy benefits most from the
statistical entropy relation first developed by Boltzmann,
later rewritten by Max Planck: S = kg In Q, where kg is
Boltzmann’s constant and 2 is the number of microstates
that define a given macrostate. One can consider 2 as the
number of possible ways to arrange matter and allocate
available energy among a system of particles. Although
a microstate is the precise description of a system at an
instant in time, a macrostate is a collection of accessible
microstates that determine macroscopic thermodynamic
behavior during some period of time. At finite temper-
ature, atoms undergo thermal oscillations, electronic
excitations, and magnetic moment reorientations; and
ensembles of atoms can undergo chemical mixing or
phase transformations. Thus, total entropy of a crystal is
determined by the number of possible atomic arrange-
ments and the spectrum of vibrational modes, electron
configurations, magnetic moment orientations, and so on
associated with each atomic arrangement.

A crystal’s configurational entropy is determined by the
number of possible atomic arrangements and can be cal-
culated analytically using combinatorial analysis, Stirling’s
approximation, and the Boltzmann hypothesis.!?0s¢on/8
per formula unit for a crystal with multiple sublattices and
randomly distributed species on each sublattice follows the
equation:

SCOﬂfigz_RzijXU lnXij (2)
J i

where R is the universal gas constant, m; is the multi-
plicity of lattice sites on sublattice j per formula unit, and
Xijj is the molar fraction of species i on sublattice j (e.g.,
for a rocksalt AO, my = mp = 1; but for fluorite, AO,,
my =1 and mg = 2). The analytical value for configura-
tional entropy depends on normalization (e.g., per mole of
formula units, per mole of atoms, or per mole of cations).
Equation (2) rises to a maximum at equimolar compo-
sitions and increases with the number of constituents,
visualized in Figure 2C. A common benchmark value is
that of an ideal five-component equimolar solid solution:
Snfig = _RIn1/5= RIn5 = 1.609R.

For a mixing reaction, a single-phase solution will
form only if TAS™* > AH™* and AG™?* is more neg-
ative than AG/ for all other possible phase assemblies,
potentially including intermediate compounds.'®% Since
ASco"/i8 typically dominates AS™*, entropy engineering
is predicated on maximizing S°"*/€ of the solution phase
to boost TAS™¥,

To understand constituent solubility limits, one can con-
sider components’ chemical potential'® (i.e., partial molar
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Gibbs free energy):
pi = (G /0X;) 3)

where X; is the molar fraction of component i. The activ-
ity a; and the activity coefficient y; relate to molar fraction
via a; = y;X;. Activity and chemical potential are related
by the equation:

pi—H) = Ay; = RTIna;=RT InX;y; = RT InX; + RT Iny;

4
where u? is the chemical potential of component i in its
reference state. The condition for ideal behavior is y; = 1,
making the partial molar ideal Gibbs free energy of mixing:
AGl.ide“l =RTInX; = TASiCO"f ‘¢ The nonideal (“excess,”
denoted “XS”) partial molar Gibbs free energy of mixing
is AGI.XS = RT Iny;. Since AGiid"’“l can be computed analyt-
ically, measurements of activities and activity coefficients
(or excess free energies) provide an experimental link to
thermodynamics in terms of chemical composition and
temperature.

For a nonideal solution, AGL.XS contributions come from
a gamut of sources, such as enthalpy of mixing; changes
in vibrational entropy; structural transformation energies;
surface and interface energies; magnetic effects; elec-
tronic effects; defect effects; and possibly other sources.'®
In other words, AGiXS includes the sum of all contri-
butions other than the ideal configurational entropy of
mixing. At chemical equilibrium, Equation (4) equals zero
and the concentration of a given constituent in solu-
tion is determined by the excess chemical potential and

temperature:
AGXS
X =exp (‘ RYI" ) 5)

Excess free energy terms can be negative or positive,
serving to stabilize or destabilize the solid-solution phase
respectively. If a chosen constituent has a different crys-
tal structure from the solution phase (e.g., CuO or ZnO
dissolved in a rocksalt phase), one can expect a positive
AGI.XS contribution corresponding to the structural change.
For nanostructures, surface free energies may influence
solubility limits or favor one polymorph over another.'®
In the Y;,sLa;/sCey/sPry;sSmy ;50,5 system, nanoparticles
can exhibit a fluorite diffraction pattern,'>'°! whereas bulk
specimens'® exhibit a bixbyite pattern, suggesting possible
surface energy contributions. HEO systems with multiva-
lent cations may experience a thermodynamic dependence
on oxygen chemical potential, illustrated by the tunable
valence state of Prin Y sLa;5sCe/sPry/5Smy 50, 5.2 With
high vacancy concentrations, one may consider potential
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FIGURE 3 Two-dimensional schematic comparing a random
cation distribution (left); two different cation ordering schemes
(top-right); and elemental clustering (bottom-right). Open circles
represent oxygen atoms. Such configurations are allowed in a solid
solution, though they are greatly outnumbered by random
configurations. Tendencies for short- and long-range order depend
on local interaction energies.

defect contributions to Equations (2) and (5). Epitaxial
thin film growth may introduce nontrivial interface ener-
gies and mechanical contributions from epitaxial strain.'%*
Though configurational entropy maximization provides
the primary driving force for HEO solution formation, real
systems experience nonideal thermodynamic forces that
often act to destabilize solution phases at low tempera-
tures.

6.2 | Chemical ordering

In ideal solutions, AH™* = 0 and all configurations are
equally probable. However, the probability of observing a
segregated or orderly configuration is statistically low com-
pared to apparently random or uniform configurations.
Nonideal solution behavior (AH™* = 0) can be indica-
tive of energetically favorable short-range ordering (SRO),
meaning certain atomic configurations possess a lower
internal energy than others. Such tendencies bias the sys-
tem’s exploration of configuration space and can reduce
configurational entropy below that of Equation (2) without
breaking the bulk crystal symmetry. A two-dimensional
example of SRO is illustrated in Figure 3, using a binary
oxide solution for simplicity and clarity.

Salient examples of chemical ordering can be found in
fluorite-derived oxide systems. Oxygen-deficient CeO,_s
and PrO,_s are stable in a disordered fluorite struc-
ture at elevated temperature over a wide range of 6.
However, at lower temperatures TS is numerically too
small to stabilize a disordered oxygen sublattice and oxy-
gen vacancies undergo long-range ordering to form the
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homologous series phases.'’* Bixbyite and pyrochlore
structures can be regarded as oxygen-deficient fluorite-
derived structures with fully ordered vacant oxygen sites
and local lattice distortions. Solid solutions of such struc-
tures can readily exhibit SRO, despite single-phase diffrac-
tion patterns. For example, Y,0;-CeO, solid solutions
can exhibit nanometer-scale crystallographically coherent
domains that correspond to local bixbyite-type ordering
(reminiscent of Y,03) in a Ce-rich fluorite host lattice
or vice versa.'” Similar situations may arise in HEOs
such as Yj;sLaj;sCeysPrysSmysO,_s, which can exhibit
a single-phase fluorite-type or bixbyite-type diffraction
patterns depending on synthesis conditions and thermal
history.”>1%192 A¢B,0;; (A = Zr or Hf; B = Nb or Ta) com-
mensurately modulated phases present another example
where the structures exist through a competition of order
and disorder; residual cation disorder in these phases with
subsequent large configurational entropy is essential to
stabilizing them at high temperatures.'’® SRO is common
in oxides and the potential for spinodal transitions or sta-
ble intermediate phases further complicate the free energy
landscape in oxide solutions.'® Such situations should be
considered when analyzing diffraction patterns of HEO
systems.

6.3 | Broken ergodicity and
configurational down-selection in HEOs

A common assumption in equilibrium statistical thermo-
dynamic treatments is ergodicity: the equivalence of time
and ensemble-averaged properties, implying a continuous
exploration of accessible microstates during observation.
In other words, an ergodic system is one at equilibrium;
its properties are not changing in time and are uniform
in space (i.e., no macroscopic property gradients). Real-
istically, physical systems possess broken ergodicity,'"’
meaning certain collections of microstates are not explored
on the timescales of a given observation. HEOs are often
quenched to deliberately avoid phase decomposition or
atomic reconfiguration, illustrated in Figure 4. When
quenched, HEOs become non-ergodic, because configu-
rational exploration depends on solid-state diffusion, a
particularly slow process at ambient conditions. Addition-
ally, HEOs exhibit a distribution of local migration energies
that can give rise to indirect long-range diffusion pathways,
potentially hindering rapid and complete configurational
exploration. Typical observation at room temperature may
effectively sample the vibrational, electronic, and magnetic
microstates, but only one or a small number of atomic
configurations. As such, Equation (2) does not necessarily
correspond to the configurational entropy of a quenched
HEO specimen during observation, rather it corresponds

Multiple oxide phases Entropy-stabilized solid solution

" OPO | vgriompornie |
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FIGURE 4 Flowchart illustrating phase progression in the
Mg, sCoy;5Ni;;sCuy/sZn, 50 system. At temperatures below ~875°C,
the equilibrium state is a mixture of oxide phases (left). Heating
above ~875°C stabilizes an equimolar rocksalt solid solution,
consisting of all possible atomic configurations (top-right). Rapid
cooling from high temperature kinetically freezes one (or a few)
solution configuration(s) (bottom-right). Slow-cooling from
high-temperature equilibrium or reannealing at intermediate or low
temperature results in phase separation as the system is kinetically
allowed to approach equilibrium.

to the ideal configurational entropy under equilibrium
ergodic conditions.

On the pathway from high temperature or high kinetic
energy (i.e., high effective temperature) synthesis condi-
tions to room temperature, many-cation solid solutions
like Mgy5Coy/5Niy/sCuy/sZny /50 will energetically prefer a
transition from the limiting case of a random solid solu-
tion to one that exhibits chemical order. This transition
can be slow, while cooling rates can be fast, which enables
one to experimentally access a spectrum of states with
variable ordering expressions, and to freeze them into per-
sistent and probe-able metastable configurations. These
configurations then represent nonequilibrium states char-
acterized by a variable degree of entropic spending, where
one sacrifices configurations for structural order.

Depending on the synthesis and analysis history of a
particular HEO sample and its’ excess entropy options,
it may “spend” some of its configurational entropy and
limit the number of explored configurations to those
with relatively low energy. In other words, tendencies
for chemical ordering can result in quenched config-
urations that do not represent what we expect of a
random solid solution. For example, consider quenching
an Mgy ;sCoy/sNijsCuy/sZnysO sample for study. Above
~875°C, a rocksalt solid solution phase is thermody-
namically stable and comprised of all possible cation
configurations. Simulations suggest a correlation between
configurational energy and the number of Cu-Cu pair
interactions.®® During cooling, as TS decreases, atoms
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might rearrange into a subset of rocksalt configurations
with more Cu-Cu pair interactions to reduce total energy,
resulting in a quenched single phase with a nonrandom
Cu occupancy or local distortion. In the limit of slow
cooling, energy-reducing atomic rearrangement results
in CuO precipitation from the rocksalt phase.”>'*® Con-
figurational down-selection was observed in quenched
TiysZry5Sny;5CeysHE 5O, ceramics, which exhibited a
single-phase diffraction pattern, but clear Ce clustering
near grain boundaries.”! In principle, time and temper-
ature are not the only variables that can affect observed
atomic configurations and phase assemblies; other bound-
ary conditions, such as applied fields, stress, or oxygen
chemical potential, may influence the free energy land-
scape and bias configurational exploration during synthe-
sis and recovery.

6.4 |
HEOs

Defects and charge neutrality in

As with all real crystals, HEOs exhibit defects. However,
HEOs are by their nature disordered and one might argue
they are entirely defective. Here, we primarily consider
point defects that occur either through changes in oxygen
stoichiometry or aliovalent cation substitution (aliova-
lent relative to the idealized parent crystal structure). At
this early moment in HEO research, special attention is
paid to charge compensation, a necessary condition in
ionic crystals. Early HEO works suggest that HEO lat-
tices can host a wide range of defect concentrations, which
serve to inflate the already large configurational entropy,
provided they are randomly distributed. In terms of phys-
ical properties, doping and light chemical substitutions
can affect elastic properties,'* alter magnetic response,''”
drastically improve catalytic performance,””’* or induce
luminescence'! in HEO crystals.

6.4.1 | Intrinsic defects

In addition to uncharged intrinsic defects mediated by
temperature (e.g., Schottky or Frenkel defects, HEO
defect chemistry can depend on both T and oxygen
chemical potential (or oxygen partial pressure pg,),
potentially leading to charged defects.'” In the prototype
Mg, ;5Co,5Nij;sCuysZny ;5O system, X-ray photoelectron
spectroscopy®®!'*!* and X-ray absorption spectroscopy’’
suggest all 2+ cations in well-prepared specimens. How-
ever, defect studies as a function of pp, suggest potential
oxygen vacancy concentrations as high as 7% without
observable phase decomposition; a larger concentration
than is typical for the end-member oxides.”” Simulated
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stress analyses suggest Cu reduction can compensate
for local stresses arising from Jahn-Teller distorted
octahedra.'’® Characterization of oxygen vacancies in
(CrysMn; sFe;/5Co;/5Niy/5);0,47%; variable Pr valence and
oxygen stoichiometry in Y;/sLa;/sCey/sPrysSmy/s0,_5'%%;
oxygen vacancies in (Mn,sFe;/5Co,/5Nij/sZn, 5)Fe,0,41%;
and Co*" in Mgy;5Co;/5Nij/sCuy/5Zny 50 films'® illus-
trate a tolerance for intrinsic point defects in HEO
systems with at least one multivalent cation. The
chemical sophistication and configurational degrees
of freedom in HEO systems may facilitate a variety of
complex defect structures and defect interactions not yet

characterized.

6.4.2 | Extrinsic defects and charge
transferability

HEO crystals can tolerate large concentrations of alio-
valent cations, such as Lit in rocksalt HEQs®00:76
or 3+ cations in fluorite HEOs.">2%!L17 The con-
centration of necessary charge-compensating defects
depends on the substituent concentration and is sub-
ject to Equation (5). Combined X-ray photoelectron
spectroscopy and weight loss analysis suggests that in
Li-modified Mg, 5sCoy/sNiysCuy/sZn; 50, Co** is produced
as charge compensation for Li concentrations up to ~16%,
whereas oxygen vacancies are generated upon further Li
incorporation.” Such charge transferability is supported
by DFT simulations.” Cation valence shifts indicative of
charge transfer have also been observed in Na-modified
Mg, /5Coy/sNi;sCuy/sZn,50.18 Fluorite-structured HEOs
with significant 3+ cation concentrations likely possess
high oxygen vacancy concentrations, though local chem-
ical ordering into oxygen-deficient fluorite derivative
structures is always a possibility. Aliovalent ion inclusion
is not limited to the cation sublattice, illustrated by
F-containing rocksalts.*®

6.4.3 | Aliovalent co-substitution

A significant observation is the potential coexistence of
aliovalent cations in proportions that provide net charge
neutrality without charged defects. An early example is
equal co-incorporation of Li* and Ga** in otherwise diva-
lent rocksalt HEOs.5>% Other salient examples include
the perovskites (Nay/sBi;/sCa;/sSr)5Ba;5)Ti03,5* with for-
mal valence states of 1+, 2+, and 3+ on the A-site, and
Ba(Yby5Yy/5Zr15YbysWy/5)O5, with formal valences of 3+,
4+, and 6+ on the B-site.!' Valence combinations that pro-
vide net charge neutrality and obviate charge-balancing
point defect formation can expand the compositional space
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available to HEO systems beyond just isovalent cation col-
lections. However, with collections of aliovalent cations
on a common sublattice, one might consider the potential
for nonrandom ordering or clustering that localizes charge
neutrality.

7 | COMPUTATIONAL
CONSIDERATIONS

HEO computational analysis complements experiments
in at least two significant ways. First, simulations can
reveal the state of the constituent atoms in their chemical
environments to understand and predict the local mech-
anisms that control their collective electronic, optical,
magnetic, and mechanical responses. Second, the thermo-
dynamic stability and kinetic evolution of HEOs can be
systematically examined for representative swaths of the
configurational space. These capabilities give simulations
predictive power to assist the design of HEO systems.

7.1 | Local analysis

Computational methods, such as DFT and MD, are privy
to atomistic information that may not be directly acces-
sible by microscopic and spectroscopic measurements,
including atomic displacements, electronic hybridization,
and magnetic and electric polarization. This information
is critical to explain short-range interactions and long-
range phenomena; electronic-structure simulations have
helped understand charge transfer among cations,” lat-
tice distortions,**4%120:121 and magnetic states ** in HEOs.
MD simulations have shown that cation ordering and
phase stability in Mg;;5Co;;5Nij;sCuysZny;sO are influ-
enced by Cu-Cu pair interactions® and local mechanical
stresses.?®1%% Additionally, DFT calculations demonstrated
that local variations in cation-oxygen bond length rel-
ative to binary oxide constituents result in local distor-
tions and strain that directly influence vacancy formation
energies.'??

7.2 | Predicting and analyzing phase
stability

The ability to adopt multiple configurations is essen-
tial to the phase stability of high-entropy systems. Many
descriptors and metrics (in addition to ideal configura-
tional entropy) exist to classify HEOs and predict stable
mixtures, including metrics related to atomic size dis-
tributions, computed formation enthalpies, and valence
electron concentrations.'?* Since the ability to adopt mul-

tiple configurations is essential to the phase stability of
high-entropy systems, a recently proposed descriptor of
particular interest is the “entropy forming ability” (EFA)
that is defined as the inverse standard deviation of the con-
figurational energy distribution'?*; a narrow distribution
of energies (corresponding to a high EFA) implies that less
thermal energy is required for the system to explore the dis-
tribution of configurations and form a solid solution. For
example, predictions for the local enthalpy distributions of
Mg;,5Coy/5Niy;sCuy5Zn; 50 based on first-principles near-
neighbor energies and cluster sampling suggest that this
HEO has the narrowest configurational energy distribu-
tion among divalent rocksalt compositions,'?> which likely
contributes to the reproducible occurrence of single-phase
transitions during synthesis.

Additionally, there exist well-established thermody-
namic models to predict solution behavior and phase
diagrams for multicomponent systems. For instance, CAL-
PHAD (calculated phase diagram) has been extensively
exploited for HEA design* and has been shown to provide
reliable phase diagrams for high-entropy systems provided
that the database of free-energy parameters is accurate and
complete.'?® The defect chemistry and mixing behavior of
HEOSs can also been modeled using CALPHAD'? to illu-
minate the role of local defects on thermodynamic stability.
CALPHAD may thus serve as a valuable tool for studying
HEOs, particularly when the properties of interest (e.g.,
electron or ion transport properties) depend strongly on
defects.'?

7.3 | On configurational sampling

Balancing predictive accuracy and computational cost is
one of the main challenges in simulating HEOs. Since
an exhaustive exploration of the massive configurational
space is practically intractable for these systems, the
choice of sampling method is critical to the accuracy
of computational predictions. Electronic-structure sim-
ulations of HEOs often consider a small number of
special quasi-random structures®’*>>'%0 to reproduce
the radial interatomic correlations of a perfectly ran-
dom solution. These large simulation cells can capture
midrange interactions (typically over several unit cells)
but may fail to describe the nuances of local configu-
ration variability in HEOs. Using supercells of reduced
size, symmetrically inequivalent structures (SISs) can
be sampled exhaustively using DFT."”* Nevertheless,
small simulation sizes and periodic boundary condi-
tions limit the number of accessible configurations
to account for clustering or ordering using the SIS
approach. This limitation is problematic for complex
compositions such as Sc;;sMg;;6Coy/6Nij/6Cuy/sZny 60,
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YysLaysCey/sPry/sSmy 50,5, and  (YysLaysNdysSmys
Gdy;s) (CrysMnysFey;sCoysNijys)Os.  Predicting long-
range ordering in HEOs may require approaches that
combine DFT with Monte Carlo or MD techniques,’’ or
with cluster expansion methods.”® Recent development of
evolutionary algorithms, including the cuckoo search,'?’
the hybrid cuckoo search,'?® and genetic algorithms,*® may
help automate computational analysis of high-entropy
materials. Notably, machine-learning methods including
deep learning'” have been employed to obtain MD
potentials from first-principles datasets for high-entropy
carbides and may ultimately be of immense utility for
modeling HEOs.

8 | HEO SYNTHESIS

Experimental HEO specimens can be synthesized
using many different techniques and under a range of
conditions,>”!?* provided the oxygen chemical potential
is suitable for metal-oxide formation and the system is
granted access to atomic configurations that correspond
to a solid-solution macrostate. This can be accomplished
thermodynamically or kinetically. Only in the case where
a system is given sufficient energy and time to spon-
taneously explore all solid-solution configurations will
thermodynamic stabilization occur. In many five-cation
formulations, particularly those with diverse constituents,
this condition is outside the condensed phase stability
window. However, it is possible to give a many-component
system thermal access to a solid solution configuration
by traversing an intermediate, but very high effective
temperature excited state, such as plasma. Solid solu-
tion configurations can be kinetically stabilized by
nanosecond-length quenching from the 10* K vapor phase
with no time for mass transport after condensation to
spend configurational entropy. In this manner, metastable
HEO crystals exhibit a configurational dependence on
thermal history and kinetics, similar to glassy materials.
As such, synthesis conditions can influence the recov-
ered microstructure, atomic structure, and properties of
experimental HEO specimens.

Common HEO synthesis techniques include solid-state
reaction, solution precipitation, and physical vapor depo-
sition (PVD). Each technique results in a different sample
microstructure. Dense bulk ceramics can be sintered,
nanopowders can be precipitated from solution, and crys-
tals can be grown using vapor deposition. Each technique
differs in terms of initial state, kinetics, and pathways
through configuration space. Solid-state reaction employs
a low-entropy initial state and relies upon solid-state dif-
fusion for reactant intermixing. It also allows control
over cooling rate; specimens can be quenched to retain
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FIGURE 5 Qualitative time-temperature-transformation
diagram illustrating the different kinetics of common high-entropy
oxide (HEO) synthesis methods. Red indicates solid-state reactive
sintering, blue indicates solution combustion or powder
precipitation techniques, and gray indicates high-energy physical
vapor deposition techniques such as pulsed laser deposition (PLD)
and sputtering. Note the variable cooling rates possible during
reactive sintering. During vapor deposition, choice of growth
temperature and growth time results in many possible pathways
through the diagram.

a chemically homogeneous atomic distribution or cooled
slowly to allow for energy-reducing atomic reconfigura-
tion. In this case, the opportunities to explore metastability
are most limited. Solution precipitation employs a high-
entropy initial state—reactants dissolved in solution—and
nonequilibrium kinetics. The high-entropy initial state
provides shorter pathways through configuration space
to random solid solution nucleation, allowing nonequi-
librium HEO synthesis at relatively low temperatures
compared to solid-state reaction. PVD also employs a
high-entropy initial state and involves nonequilibrium
condensation and crystallization onto a relatively cold
substrate. The substrate temperature and net growth rate
during PVD allow exquisite control of configurational
exploration and relaxation during film growth. If a film is
grown slowly, reconfiguration might result in nonrandom
atomic configurations or even secondary phase precipi-
tation. These differences are portrayed schematically in
the form of a time-temperature-transformation (TTT) dia-
gram (Figure 5). The TTT diagram includes a dashed line
representing the onset of observable chemical ordering
that may occur prior to macroscopic phase separation or
secondary phase nucleation.

8.1 | Solid-state reaction

Many HEO experiments employ solid-state reactions to
obtain dense bulk ceramic samples.>!731:48:65.66 A standard
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FIGURE 6
the Mg, 5sCo,/5Ni;;sCu,;sZn, ;5O system: atomic percent (at%)

Role of grain size on phase spectrum behavior in

secondary phase (tenorite) as a function of heat treatment
temperature. All heat treatments were performed on single-phase
specimens for 2 h, except the sample with an average grain size

25 um that was treated for 12 h. As-consolidated average grain size
values are labeled. Source: Figure adapted from Ref. 75 (CC BY 4.0).

tube-style furnace can approach equilibrium conditions
in a controlled atmosphere if dwell times are long and
temperature excursions are slow. Optionally introducing
mechanical pressure (hot pressing, HP), electric fields
(flash sintering, FS), or both (spark plasma sintering,
SPS) can accelerate reaction times. HP,'*0 FS,3>131-133 and
SPS3": 7591134 have been successfully applied to synthe-
size HEO ceramics. Notably, FS can rapidly react single-
phase Mg;;5sCoy/sNij;sCuy/5Zn;sO with minimal applied
external temperature'>” and SPS can create dense ceramics
with small grain sizes.

Assuming no liquid phase is introduced or gener-
ated, solid-state interdiffusion limits reaction rates. In
the Mg;;5sCoy/sNij;sCuy/sZnysO system, upon increasing
temperature, MgO, NiO, and CoO mix first into a three-
component rocksalt phase. Zn then enters the rocksalt
solid-solution, followed lastly by Cu.!* Direct extrac-
tion from the furnace (air-quenching) appears suffi-
cient to retain the solid-solution state,® but slow cooling
rates or subsequent exposure to intermediate tempera-
tures result in CuO precipitation.”>'® The amount of
CuO second phase depends on temperature, time, and
grain size; illustrated in Figure 6.”° Not all HEO sys-
tems exhibit rapid phase transformation kinetics. Bixbyite
YysLay;5Cey/sPrysSmys0,_5 and similar HEOs do not
require aggressive quench rates'® and other lanthanide
HEOs appear to resist phase decomposition at interme-
diate temperatures.®'*® Correspondingly, such systems
require either small particle sizes or long reaction times to
obtain a single phase in the first place.

Other solid-state synthesis methods of note include
mechanical-induced (mechanochemical) synthesis of
Mg, /5Coy/5NijsCuy5Zny 507 and a polymeric entrap-
ment reactive sintering method employed to synthesize
Ruddlesden-Popper structured bulk ceramics."** No doubt
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other advanced ceramic synthesis methods or variations
will show success for HEO synthesis.

8.2 | Solution precipitation

Various forms of solution-based precipitation pro-
cesses have been employed to synthesize single-phase

HEO powders or stoichiometric precursor pow-
ders, including coprecipitation,'*>!'%13%  golution
combustion synthesis,!08140:141 hydrothermal-

142,143 56,144-146

assisted precipitation, sol-gel synthesis,
ultrasonication-based synthesis,'*’ and nebulized spray
pyrolysis (NSP).">3%48 Spluble nitrate salts serve as
excellent precursors for this purpose. If the desired phase
structure is not obtained directly, the inherently short
length scales and intraparticle stoichiometry facilitate
subsequent calcination and/or densification.

An advantage of solution-based synthesis is homoge-
nous mixing of reactants in their initial state, directly con-
trasting solid-state reaction. If the solution is sufficiently
homogeneous and reaction conditions are suitable, the
most readily available kinetic pathway may be direct nucle-
ation of the desired HEO phase, even if some amorphous
material remains.'* The presence of a single crystalline
substrate may provide a kinetic pathway toward epitax-
ial crystal growth from solution, as illustrated by epitaxial
nickelate films synthesized from acetate precursors via a
sol-gel technique with control over crystal orientation.'#°
The NSP process deserves some attention. High reactor
temperatures (potentially exceeding 1000°C) and rapid
precipitation kinetics are well-suited for direct HEO nano-
powder synthesis. NSP can synthesize nanocrystalline
Mg, /5Co,5NiysCuy/sZny 50O, rare-earth-based HEOs such
as Yy;sLaj/sCey/sPry/sSmys0,_5, and various A3*TB3T0,
orthorhombic perovskites'>*>!“® in a single step.

8.3 | Physical vapor deposition

of the various PVD
PLID322.24,34,67,69,70,116,120,121,150-152

techniques,
and  sputtering">*!>*
are apt to synthesize HEOs. During condensation
from the vapor or plasma phase, particles likely
deposit randomly on the substrate, providing a short
kinetic pathway to direct HEO nucleation. Work on
Scy/6Mg/6Coy6Niy6Cuy/6Zny 40O suggests a large “effec-
tive temperature” during PLD that facilitates nucleation
of highly metastable HEO phases.”” The combination of
nonequilibrium kinetics and direct nucleation pathways
allow Mg ;5Coy/5Nij;5CuyysZny;sO growth at substrate
temperatures as low as 200°C.7%-116

85U8017 SUOWILLIOD aA 111D 3|qedl[dde 8Ly Aq peusenob afe sejole YO ‘8sN JO S3INJ o} Akeiq1T8UIIUO /8|1 UO (SUORIPUOD-PUR-SLLIBYLIOD A |IM ARIq 1 Ul [UO//:SdNL) SUORIPUOD PUe SWie | 8U8eS *[5202/20/62] Uo ARiqiauljuo A8|im ‘aueiyooD -aukenin Aq ZGZ6T 898 /TTTT 0T/I0p/W00 A8 M Afe.d | [pul|UO'SO IUreI80//:ScY Wwolj pepeo|umoq ‘0T ‘€202 ‘9T6ZTSST



KOTSONIS ET AL.

JO nal 5599

FIGURE 7 HAADF-STEM images viewed along the [110]
zone axis of Mg, sCo,sNi;;sCuy/5Zn,;50 grown on (100)-MgO by
pulsed laser deposition (PLD) at substrate temperatures of 200°C
(left) and 500°C (right). Center inset magnified from the right-hand
image to show atomic positions. Source: Figure adapted with
permission from Ref. 116; copyright 2020 American Physical Society.

Use of properly prepared single crystal substrates facil-
itates epitaxial film growth.322:243439.67.69.70.116,120,121,150,151
Atomic-resolution electron microscopy of epitaxial
interfaces can be found in Figure 7 and Refs. 69,
116, 150. Despite the local disorder inherent to
HEOs, epitaxial films can exhibit remarkable crys-
talline quality, providing an excellent platform for
structural,"'®?!  optical,""® thermal,’*® mechanical,**
electron transport,”” and magnetic® 120149151 char-
acterization. The substrate can induce epitaxial
stabilization,'”® illustrated by the synthesis of thin
(Lay/sPry/sNd;/sSmy/sEuy5)NiO; films®* and Ruddlesden-
Popper  phase  (LaysPrysNdysSm,sEuy/s),Cu0,™"
films. Recent work also demonstrates an ability to
tune properties via epitaxial strain.'4%15!

8.4 | Bulk single crystals, melt
solidification, and laser heating

Recently, researchers began reporting HEO solidi-
fication from melts, including instances of bulk
single crystal growth. Optical floating zone was
employed to grow large pyrochlore-structured
(Gdy/sTbysDy,sErysYbys),Ti,0;  crystals™ and a
micro-pulling-down method was used to obtain garnet-
structured (Y1/6Gdy/6Tby/6Dyy6HOp 6 LUy /6)3Als Oy
crystals.”® Bulk crystal growth from a melt typically
requires congruent melting and resolidification, a con-
dition potentially complicated by the presence of four
or more constituents in significant amounts. Regardless,
the successful growth of HEO bulk crystals presents
opportunities for the future of HEO research and
development.

In addition to crystal growth, rapid solidification from
a melt can realize HEOs, due to nonequilibrium cooling
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rates. Laser melting and splat quenching were employed
for a series of high-entropy rare-earth sesquioxides as part
of a study on the high-temperature phase transitions,*
demonstrating utility for synthesizing refractory HEO
solutions.

Strong kinetics-driven processes including laser scan-
ning ablation and transient laser heating have been
employed to synthesize HEO nanoparticles and to pro-
mote control of crystal phase formation.””*%!>> Similar
techniques employing nonequilibrium solidification may
prove useful in future HEO work.

9 | FUNCTIONAL PROPERTIES

9.1 | Electrochemical utility

9.11 | Energy storage

HEOs quickly garnered interest as electrode
and  electrolyte  materials.'%®  In  particular,

Mg;,5Coy5NiysCuy5Zny 5O and related rocksalt systems
exhibit promising performance as anodes in Li ion elec-
trochemical cells.?8!13 14157158 Mg, <Co,5Ni; 5Cuy /520,50
itself outperforms both its four-component derivatives®®
and Co;0,.""® Configurational entropy appears to facilitate
large alkali ion solubility while inhibiting detrimental
microstructural evolution during operation. Controllable
particle morphologies provide an avenue for further
improving electrode performance."* In situ characteri-
zation during lithiation indicates that multiple cations
contribute to reduction and oxidation by changing
valence.”””"’ Spinel HEOs have also shown promise as
Li ion anodes,*>43160:1! notably including the prototype
(CrysMn; sFe;/5Co;/5Nip/5)30,4.143160  Investigated HEO
cathode materials include rocksalts with Li and F in the
starting composition,”'®? and Li-'®® or Na-containing'®*
layered structures. Systematic studies on rocksalt HEO
cathodes reveal that, although increasing the number of
constituents (increasing configurational entropy) helps
inhibit detrimental SRO, intelligent cation selection is key
to mitigating detrimental charge transfer mechanisms and
optimizing performance.’®

Potential HEO application in energy storage also
extends to solid oxide fuel cells (SOFCs), owing
to thermochemical stability and mixed ionic-
electronic  conductivity. Example  compositions
include La;_,Sr(CrysMnysFe;/5Co;/5Nij/5)03_5,'%
(LaysPry/sNdy/sSmy/sStys)MnO;_s,'*° and
La(Mn,5Fe;/5Co;/5Nij5Cuy5)03_6.1”  Such  materials
compete with conventional La;_,Sr,MnO;_s electrodes
and appear to resist large drifts in polarization resis-
tances that arise from reconstruction and reactions
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at the electrolyte interface.'°>®”  Additionally,
Mg;;5Coy/5Niy;sCuysZny 50 can act as a chemical anchor
at the cathode in Li-S batteries, helping suppress the detri-
mental shuttle effect of dissolution lithium polysulfides.'®®
Overall, the structural stability, high capacities, and
cyclability lend HEO electrode materials great potential
for further development.

9.1.2 | Catalysis

HEOs also show promise as prospective cata-
lyst materials for various chemical reactions.!! In
Mg;,5Coy5Ni;;sCuysZn; 50, Cu can undergo reversible
redox between Cu’* and Cu', enabling CO oxidation
under favorable conditions.”® Adding just 0.3 wt% Pt
can drastically improve performance.”> Entropy and
disorder appear to mitigate detrimental clustering
of active metals such as Pt or Pd, effectively result-
ing in single-atom catalysts.”>'*’ Oxidized denary
high-entropy nanoparticles exhibit high performance
and stability as methane combustion catalysts.'®” In
(Mn,sFe;;5sCoy/sNiysZnys)Fe,O,  catalysts,  entropy
appears to stabilize beneficial oxygen vacancies and active
surface sites.'> The (Mg, 4Fe;;4Coy/4Nij/,)0, system
shows a remarkable ability to facilitate thermochemical
water splitting (TWS), owing to Fe redox between 2+ and
3+. The system takes a two-phase rocksalt-spinel phase
structure. Upon heating, it produces O, to increase the
rocksalt fraction. Upon cooling, it can acquire oxygen
from H,O to increase the spinel fraction, producing H, in
the process. This facilitates robust O, and H, production
at lower temperatures than other materials of interest for
TWS.”? This example combines the aforementioned ability
to disperse active species (namely Fe) and also illustrates
the potential for leveraging thermodynamically robust
phase transformations associated with HEO systems.

9.2 | Magnetism

Since magnetic properties depend upon local magnetic
exchange interactions, the local chemical disorder inher-
ent to HEO systems results in complex and potentially
tunable magnetic behavior, reviewed previously.”® Local
disorder can result in broad magnetic phase transitions
and localized spin interactions that can persist above the
macroscopic phase transition temperature.'® Rocksalt,?
perovskite,**>!70 and spinel?®*#1$2145 HEO systems show
magnetic tunability via cation selection, giving HEOs
potential as bespoke magnetic materials. Depending on
cation selection, Néel temperatures can range from ~115
to 185 K in antiferromagnetic rare-earth-based perovskite

HEOs?” and ~30 to 770 K in antiferromagnetic first-row
transition metal spinel HEOs.”® Experiments on rock-
salt HEOs suggest magnetic ordering can even become
frustrated to the point of generating a spin-glass ground
state.”

Mg;,5Co,5Ni;;5CuysZn; ;50 was one of the first HEOs
targeted for the purpose of understanding magnetic prop-
erties of HEOs. It exhibits long-range antiferromagnetic
ordering with a Néel temperature around 110-120 K,>>7%:14!
behaving as a type-II antiferromagnet, similar to NiO
and Co0.%27° However, no structural transformation or
anomaly in heat capacity coincident to the magnetic
transition has been observed, contrasting simpler magnet-
ically dilute oxide solutions.?>”” Theoretical investigations
indicate the onset of paramagnetism at nonmagnetic
cation concentrations >84%, similar to Co;_,Mg,O and
Ni;_, Mg, O solutions.?°

In some A3*B3*0; perovskite HEOs, researchers
proposed competing AFM and FM ordering.”’ In
(Yy/sLaysNdysSmysGdys)X0O;3 (X = Co, Cr, or Fe),
magnetic behavior appears largely controlled by the
transition metal B-site magnetic moment interactions and
d-orbital overlap, with magnetic rare-earth A-site cations
contributing to local magnetic phase fluctuations.'”? Sim-
ilarly, among the spinel compositions XFe,0,, XCr,0y,
and XCo,0, (where X is an equimolar collection of five
of: Mg, Mn, Fe, Co, Ni, Cu, or Zn), choice of B-site cation
strongly influenced total magnetic behavior. Notably, the
ferrites exhibit high-temperature ferrimagnetism.?®

Regarding the equimolar ferrimagnetic spinel (Crys
Mn, 5 Fe;/5Coy/5Niy/5)304, substituting nonmagnetic Zn**
for Co*™ or Ni?* in (CrysMn,sFe;/5Coy/5Ni;5);0,4 weak-
ens magnetic ordering and decreases magnetization.®?
Ga*" incorporation up to 40% can be accommodated by
valence and lattice site reorganizations for Mn, Fe, and
Co, resulting in a suppression of magnetic ordering tem-
perature and change in magnetic ground state.®! These
examples highlight the importance of cation selection
as a design principle for tuning magnetic ordering and

strength.

Single crystal and epitaxial HEO reports
provide additional magnetic insight. Epitaxial
Mg;,5Coy5Niy;sCuy/sZnysO-related heterostructures

show large and tunable magnetic exchange biases.®”"!!6:120
Epitaxial strain tuning has been applied to alter magnetic
texture in (Mg, sFe;/sCoysNij/5sCuy/s)Fe, 04! and mag-
netic anisotropy in La(CrjsMn,sFe;/5Co;/5Nij/5)03.14
Bulk (Gdy/sTby/sDyy/sErysYby5),Ti,O; single crystals
exhibit strong evidence for a spin-glass ground state.”
Although not an oxide compound, bulk single crystals
of (Gdy33Tbg27Dy20HOg15)MnegSng kagome magnets
exhibit multiple spin reorientation transitions, enable
by entropy and disorder, further demonstrating how the
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high-entropy condition can strongly influence magnetic
properties.'’?

Epitaxial La(Cry/sMn ;sFe;/sCoysNij5)O; and
related compositions have proven a useful for study-
ing spin, charge, and oxygen-mediated coupling
between different transition metal cations compared
to individual end-member magnetic perovskites.'!%1"*
La(Cry;sMn; sFe;;5Co5Ni;5)O5 films appear to exhibit
competing local antiferromagnetic and ferromagnetic
clusters, but substituting Sr(formally 2+) for La (formally
3+) at concentrations of around 30% or more forces
charge redistribution and causes these local clusters
to couple magnetically.'' Combined experiment and
Monte Carlo simulations employing a simple Heisenberg
model captured the effects of varying Mn concentra-
tion in La(MnxCr(l_x)/4Fe(l_x)/4Co(l_x)/4Ni(1_x)/4)O3
compared to end-member magnetic perovskites.””* At
40% Mn, ferromagnetic and antiferromagnetic regions
appear coherent over long distances and beyond 50% Mn,
antiferromagnetic clusters become embedded in a perco-
lated ferromagnetic matrix.'”* Substituting Tb for La in
La(Cry/sMnsFeysCoysNip 5 )O3 results in similar complex
multiphase magnetic ordering but a larger fraction of soft
switchable magnetic moments.'”

Along with unique magnetic tunability, manipulating
the local spin disorder chemically may drive local mag-
netic exchange, charge transfer, and other behaviors more
commonly achieved at interfaces in deliberate thin film
heterostructures./”*76 OQverall, HEOs serve as useful mod-
els for studying and controlling frustrated macroscopic
magnetic ordering and frustration-driven dynamic spin
interactions. Because of the high degree of site-to-site
spin and exchange type inhomogeneity, HEOs offer a
potential avenue for continuous control over magnetic
ordering types and critical temperatures. Understanding
the magnetic phase transformations in magnetic HEOs
may benefit from application of Landau theory in the
future, which explicitly relates thermodynamics and free
energy to order parameters in the vicinity of a phase
transformation.

9.3 | Ionic and electronic transport
properties

The extrapolated oxygen diffusion coefficient in
Mg, ;5Co,5Niy;sCuysZny;s0 at 900°C is low compared
to CoO and NiO but falls within the general range of
expected for transition metal oxides.”” In Li-modified
Mg,;5Coy5Niy;sCuysZny 50, ionic conductivity is likely
aided by extrinsic oxygen vacancies produced upon Li
inclusion,®>’® with ionic conductivity tending to increase
upon increasing the Li concentration as more oxygen
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vacancies are formed. Early reports claimed nearly
pure ionic transport,®> but more recent characterization
suggests complex mixed electronic-ionic conduction
mechanisms."**'”7  Improved alkali ion conductivity
has been demonstrated in phosphate Na super-ionic
conductor frameworks and Li-garnet frameworks by
combining configurational entropy with an alkali
metal-stuffing strategy that forces alkali ions to occupy
higher-energy lattice sites.®> Other works on ion conduc-
tion include high-entropy Ba-based perovskite proton
conductors'”® but no improvement over conventional
materials was observed. Ionic conductivity in fluorite
(Zry/3Cey/3HE 31 x(Y1/2Gd1/2)xO0, s systems with x rang-
ing from 0.16 to 0.60 did not exceed 4 X 107 S cm™! at
600°C, the target value for SOFC applications.'”’

HEO systems can exhibit insulating, metallic, or semi-
conducting electronic behavior. Semiconducting behav-
ior is sometimes attributed to polaron hopping,!”>%17
or mixed ionic-electronic conductivity."'”"'%>77 An illus-
trative example is Mo-containing fluorite HEOs, where
charge hopping between Pr3* and Pr** likely occurs at low
temperatures, whereas ionic transport is activated at ele-
vated temperatures.'”” The entropic distribution of Fe in
(MgysFeysNiysZn;sCdy/s)Fe, O, appears to impede elec-
tron hopping between Fe ions relative to simple ferrites,
resulting in relatively suppressed electron transport.'*’
Compositionally tunable conductivity was demonstrated
in a series of mixed-phase rocksalt-spinel films; higher Mn
concentrations correlating to lower resistivity.>*

Metallic conduction has been observed in
(Lay/sPrysNdy/sSmysEuy5),CuOy4 cuprate thin films, but
a superconducting phase transition was not observed.*’
REBa,Cu;0,_s HEOs do however appear to exhibit
a superconducting phase transition at 92 K, simi-
lar to YBa,Cu;0,_s."*" Intriguing electron-correlated
phenomena have been observed in some HEO sys-
tems. (Yy;sLa;;sNdjsSm;;sGdys)CoO;  experiences a
decrease in electronic bandgap below ~240 K, coin-
cident with a magnetic phase transition.'®! Epitaxial
(LaysPrysNdy/sSm; sEuy5)NiO;  films exhibit metallic
conduction and a metal-insulator transition between
~170 and 190 K when grown on NdGaO; substrates
by PLD** and between ~100 and 150 K when grown
on variously-oriented LaAlO; substrates by a sol-gel
method.*® (La; 4,Nd;,4,Sm; 4Gd, /4);_Sr,MnO3, with vary-
ing amounts of Sr as a hole dopant demonstrate a complex
magneto-electronic phase diagram with unique tempera-
ture dependencies. (Laj/4Nd;;4Smy/4Gdy,4)7/105r3/10MnO;
exhibits colossal magnetoresistance of 1550% stem-
ming from a metal-insulator transition at 123 K,
matching the best-known values for bulk conventional
manganites.'®? The possibility of compositionally tuning
such electron-correlated behavior may facilitate a deeper
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FIGURE 8

Thermal and mechanical characterization of Mg, sCo,;sNi;;sCuy/sZn;;s0 (J14) and Mg, sCo,sNi, sCuy6Zn, 6 X;,,0 (X = Sc,

Sb, Sn, Cr, or Ge; J30, J31, J34, J35, or J36 respectively): (A) thermal conductivity as a function of temperature where a-J14 is amorphous J14

and x,,,;, is the minimum model for J14; and (B) thermal and elastic properties of crystals. Source: Adapted from Ref. 24 with permission;
copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Sources used to construct part (B) are also provided in Ref. 24.

understanding of correlated phenomena in disordered
crystals.

9.4 | Thermal conductivity, hardness,
and thermoelectricity

A notable property intrinsic to HEOs is low ther-
mal conductivity, owing to structural and electronic
disorder that disrupts phonon transport. Thermal
analysis of epitaxial Mg;sCoy/sNijsCuyysZnysO  and
six-component derivatives indicate thermal conductiv-
ities below 1.5 W/m K, approaching that of amorphous
Mg;/5Coy/5Nij5Cuy5Zny ;50 24, shown in Figure 8. Sim-
ilarly, systematic studies of X3;NbO, (where X is an
equimolar collection selected from: Sm, Eu, Gd, Dy, Ho,
and Er) HEOs reveal low thermal conductivities compared
to simpler niobates.”” Both of these studies show that
mechanical strength can be maintained or improved as
thermal conductivity is reduced.”**° The elastic modulus
of Mgy/5Coy/s5NiysCuy/5Zny50 increases by around 50%
upon the equimolar inclusion of Sc, giving it one of the
highest ratios of elastic modulus to thermal conductivity
for any isotropic crystal.>*

The ability to combine low thermal conductivity with
uncompromised mechanical properties led to interest
in perovskite,** fluorite,”°> pyrochlore,*® silicate,*#>!44
and phosphate** HEOs for thermal barrier coatings. For
example, high-entropy disilicates show promise for pro-
tecting SiC-based composites'** and aluminate perovskites
show promise for protecting Al,Os-based composites.'**

Additionally, inherently low HEO thermal conductivities
and potential for semiconducting electrical behavior nat-
urally led to investigation of thermoelectricity in HEOs.
(Cay/sSrysBa; sLaysPbys)TiO; ceramics achieved zT val-
ues of ~0.2 at elevated temperature,” indicating that
decreasing thermal conductivity via disorder is a promis-
ing route for oxide thermoelectric development.

9.5 | Dielectric properties

Early dielectric characterization of Mg;;5Coy/sNij;5Cuyys
Zn;s0 and derived rocksalts showed large permittivi-
ties, in excess of 1000, at frequencies above the kHz
range. Notably, the permittivity is tunable via Li con-
centration, with increased Li concentrations decreasing
low-frequency permittivity and generating an additional
feature in the dispersion.®® Large loss tangents at low fre-
quencies and high temperatures indicate space charge con-
tributions, potentially from mixed ionic—electronic con-
ductivity in related materials.'”” These early observations
prompted further development of HEO dielectrics.

HEO researchers quickly turned to the perovskite
structural class in the search for dielectric function-
ality. Cubic Ba(Tij;sZry;sSn;sHf|sX;5)0; (X =V, Y,
Nb, Mo, Ta, or W) systems exhibit a high degree of
tunability, with permittivities ranging from about 50
to 130.!%3 Some high-entropy titanate perovskite HEOs
exhibit frequency-dispersive relaxor-like ferroelectric
behavior®* 86184 (Na, sBi,/sCay/sSry/sBay/s)TiO;  ceramic
permittivities reach a maximum over 2000 between
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about 25 and 75°C, depending on frequency,** whereas
(NaysKy/5BijsCaysBays)TiO;  permittivities reach a
reported maximum over 1200 at around 250°C,* revealing
an ability to tune phase transition temperature based on
cation selection, similar to magnetic HEOs and more tra-
ditional ferroelectric systems. Relaxor-like behavior was
observed in the (Ca;;4Sry/4Ba;;4Pb;/4)TiO; system as well,
with a permittivity maximum over 10000 around 60°C
before poling, dropping to just over 3500 after poling,®
suggesting a polarizability increase from Pb inclusion.
The high-entropy concept was extended to Aurivillius
phase relaxors, which can exhibit a higher freezing tem-
perature than end-member phases.'®> Early observations
of high piezoelectric responses'®>'®® generate further
intrigue in the realm of ferroelectric and piezoelectric
HEO development.

Further development of nonlinear dielectric HEOs is no
doubt on the horizon. A property of particular interest is
electrocaloric activity, which relates entropy and tempera-
ture change in a crystal.'®” The disorder and entropy asso-
ciated with HEO atomic configurations may frustrate the
formation of large ferroelectric domains, similar to tradi-
tional relaxor ferroelectrics, and result in a large electronic
and dipolar entropy change upon application of exter-
nal fields, resulting in large entropy changes and a large
electrocaloric coefficient. (Nay;sBi;;sCa;/sSry/5Bay;s)TiO;
electrocaloric activity was calculated, with a maximum
temperature change of 0.63 K near 40°C; higher than
similar, lower entropy lead-free ceramics.®* Inherent com-
positional flexibility should provide ample opportunity to
explore composition space in an effort to control dipole
interaction lengths, order parameters, and dielectric relax-
ation times. As with magnetic HEOs, a fruitful route of
study may be application of Landau theory'®® to analyze
ferroelectric HEO phase transformations and elucidate
the influence of chemical disorder, ferroelectric order
parameters, and thermodynamics.

9.6 | Optical tunability

Preliminary optical absorption and tunability has
been studied for the Mg;5sCoy/sNijsCuy/sZnysO and
Y;sLaysCeysPrysSmy 50, families of HEOs. Concern-
ing Mg;;5Coy;5Nij;sCuysZny 5O, early optical models
suggest multiple, overlapping and relatively broad absorp-
tion features across the visible spectrum.''® The number
and width of the features may be a reflection of localized
electronic disorder. Inducing a Co valence change from
majority 2+ to a mix of 2+ and 3+, either by growing
films in relatively oxidizing conditions'® or introducing
LiT to the crystal®®’®, increases absorbance at visible
frequencies.
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In terms of cation selection, compositionally tun-
able bandgaps are nicely demonstrated in CeO,-based
HEO systems, correlating strongly to Pr concentra-
tion, since Pr multivalency produces low-lying electronic
states.”? Additionally, the net Pr and Tb valences state
in Y;/5La;;5Ce;/5Pry/sSm,;;50,_s or similar fluorite-derived
HEOs is tunable via po, modulation, with an associated
optical bandgap shift.!">!%° Leveraging potentially small
bandgaps and broadband absorption gives HEOs applica-
bility in the realm of photocatalysis'*>'°! and potentially
solar energy harvesting.

HEOs can also act as a host lattice for optically
active cations. High-entropy sesquioxides containing
Dy and Yb exhibit multiwavelength photon emis-
sion coincident with transparency,'”> and Eu’*-doped
Zry;sLa;;5CesGdysHE;sO,_s  exhibits  luminescent
properties.!! Considering the aforementioned potential
for ferroelectricity, development of nonlinear optical
HEQO:s is also an intriguing area of future work.

9.7 | Radiation protection

Local disorder and possible incorporation of heavy
elements give HEOs potential as shielding mate-
rials against damaging radiation. A composite of
epoxy and (Laj;sCey/sGdyjsErysTmys),(WOy4);  pow-
ders exhibit remarkable thermal neutron and gamma
radiation shielding properties. The high neutron and
gamma ray attenuation owes to the distribution of
heavy nuclei and 4f valence orbitals'”>. Additionally,
(Eu;_xGd,),(Tiy5ZrysNby s CeyysHf /5),07 pyrochlore
ceramics (with a minor fluorite impurity phase) exhibit
improved performance over simpler pyrochlores in immo-
bilizing high-level radioactive waste. In this case, lattice
distortion and a low oxygen vacancy concentration serve
to limit leaching.!”* Given these early observations, poten-
tial HEO implementation as protection against hazardous
material is a fruitful route for future development.

9.8 | Elastic and high-pressure behavior

Elastic property studies on Mg;;sCoy/sNijsCuy/sZny 50
suggest bulk and shear moduli values within the range
predicted by a rule of mixtures, but a high Pugh ratio that
suggests ductile behavior. Distortions around Cu and Zn
appear to promote isotropic elastic behavior'*’. Hydro-
static high-pressure studies of Mg;;5sCoy;5Niy;sCuy/5Zny50
indicate rigid first-near neighbor interactions up to
~9 GPa but severe structural distortion at higher pressures
without observable symmetry-breaking or phase transfor-
mations. This critical pressure corresponds roughly to the
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wurtzite-rocksalt ZnO transformation,'®> suggesting that
local bond stabilities influence the onset of lattice distor-
tion. Accordingly, light Li- or Mn-doping decreases the
bulk modulus, due to the relatively weak Li-O and Mn-O
bonding interactions.!””  Y,,sLa;;sCe;/sPrysSm;50,_s
exhibits a slightly different high-pressure behavior. Upon
hydrostatic pressure application, severe lattice distortion
develops continuously until the structure becomes amor-
phous around 20 GPa. The first-near neighbor bonds in
Y;sLa;;sCe;/sPrysSm; 50, s retain rigidity, but oxygen
vacancies appear to change coordination and facilitate
amorphization. Upon recovery, nanocrystals nucleate in
the amorphous matrix.'’ As with nearly all HEO prop-
erties, the combination of compositional flexibility and
local disorder can be controlled to alter net mechanical
behavior.

10 | CONCLUSIONS AND OUTLOOK
Configurational entropy engineering, adopted from the
metallurgy community, quickly prompted an exponential
expansion of accessible oxide chemical compositions. Two
inherent HEO attributes generate intrigue among the oxide
community: compositional flexibility awarded by entropy-
driven solution formation and local disorder from complex
stoichiometries. These attributes manifest in controllable
localized phenomena that impact macroscopic properties,
distinguishing HEOs from simpler oxide compounds and
solutions.

HEOs are predominantly high-temperature phases and
tend toward metastability at ambient conditions. Phase
formation requires simulating equilibrium stability condi-
tions or employing nonequilibrium synthesis techniques
with facile kinetic pathways for solution nucleation. After
quenching, HEO solid solutions typically decompose too
slowly to observe at ambient conditions. At intermediate
temperatures, however, structural relaxation toward equi-
librium can occur on experimental timescales, resulting
in nonrandom atomic configurations or microstructures.
Future avenues for HEO engineering may include har-
nessing kinetics to control phase structures and domain
structures; or engineering composite nanostructures and
thin film heterostructures.

Standout HEO properties include electrochemical util-
ity, low thermal conductivity, unique magnetic phase
structures, relaxor ferroelectricity, and electrocaloric activ-
ity. Synergy between compositional flexibility, entropic
cation distributions, and microstructural stability result
in remarkable potential as energy materials and cata-
lysts. Local asymmetry can manifest in locally frustrated
magnetic ordering, suppressed phonon transport, or dis-
persive dielectric relaxation facilitating relaxor ferroelec-

tricity. Compositional flexibility results in tunable prop-
erties, such as magnetic ordering temperatures, dielectric
constant dispersions, and thermal transport. Some prop-
erty combinations that facilitate engineering functional-
ity include: low thermal conductivity, uncompromised
mechanical properties, and high-temperature stability;
low thermal conductivity and semiconducting behavior;
and broad optical absorption features combined with
semiconducting behavior. Coincident local disorder and
compositional tunability also make HEO systems excellent
platforms for understanding electron-correlated phenom-
ena in complex crystals.

The advent of entropy engineering comes at an exciting
time in human history. A century ago, advances in mod-
ern physics enabled a quantum understanding of material
properties. Computing technology enabled materials sim-
ulations and high-throughput predictive capacities, facili-
tating novel materials discovery. With modern consumer
microelectronics and wireless connectivity, knowledge
acquisition and transmission are easier than ever. The
advent of HEAs proved that we are far from exhausting all
possible combinations of elements on the periodic table.
Now, with the extension of entropy engineering to ceram-
ics, materials researchers can rejoice knowing a multitude
of new materials await discovery, characterization, and
implementation.
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