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ABSTRACT

A new class of ceramics, called entropy stabilized oxides, High Entropy Oxides (HEOs), multicomponent oxides, compositionally complex
oxides, or polycation oxides, has generated considerable research interest since the first report in 2015. This multicomponent approach has
created new opportunities for materials design and discovery. This Perspective will highlight some current research developments and pos-
sible applications while also providing an overview of the many successfully synthesized HEO systems to date. The polycation approach to
composition development will be discussed along with a few case studies, challenges, and future possibilities afforded by this novel class of

materials.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0003149

I. INTRODUCTION

“High entropy” has become a commonplace term in mate-
rials research ever since a new method of alloy design was pro-
posed in 2004, relying on the combination of multiple elements
in equimolar ratios.”” This was the start of a new research focus,
called High Entropy Alloys (HEAs) that is still active and grow-
ing. HEAs attracted interest because of the possibility that a solid
solution of five or more elements could be stabilized due to high
mixing entropy. The exceptional mechanical properties achieved by
the multicomponent approach have dominated HEA research in the
field of structural materials.” More recently, HEAs have expanded
to include the studies of electronic, ionic, magnetic, thermal, and
superconducting properties. oo

Reports on the unique properties achieved with HEAs moti-
vated the exploration of compositional complexity as an approach
to materials design.” The field of multi-component materials was
expanded in 2015 to include High Entropy Oxides (HEOs)® and was
followed by high entropy metal diborides,” high entropy carbides, "’
high entropy sulfides,'’ high entropy fluorides,"” and high entropy

alumino silicides,”” as depicted in Fig. 1. Metal oxides are attractive
for applications,” and multicomponent design could expand the
available compositional space, providing greater flexibility to meet
the demands of today’s advanced materials. HEOs also show great
promise for applications in energy storage and catalysis. The elec-
trochemical applications of HEOs, including the high Li-ion con-
ductivity and Li-storage capabilities of rock salt-HEOs for use in
battery applications, have been previously reviewed,'” and will there-
fore not be discussed extensively here. This Perspective will focus on
the emergence of compositionally complex oxide materials; it will
survey published work and discuss possible applications of HEO
materials with a focus on entropy and materials design as well as
synthesis considerations, and identify new directions enabled by the
HEO class of materials.

Il. ENTROPY AND MATERIALS DESIGN
A. Entropy is not the whole story

Whether a certain reaction is possible or not depends on
whether the free energy decreases or increases. At constant pressure,
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FIG. 1. Timeline for the development of the different classes of compositionally complex materials.

the relevant free energy is the Gibbs free energy, G, and the change
in free energy, AG, associated with the reaction is given by: AG
= AH — TAS, where AH and AS are the corresponding changes in
enthalpy and entropy, and T is the reaction temperature. When pure
elements are mixed together, the enthalpy change to be considered
in the above expression depends on the particular reaction pathway
chosen: for example, it would be the mixing enthalpy (AHmix) if a
solid solution forms or the formation enthalpy (AHy) if the reaction
produces a compound. The relevant entropy change is due to the
increased number of ways in which the elements can be arranged
on the lattice of an alloy (configurational entropy change, ASconf) Or
from other contributions (e.g., vibrational and magnetic entropy).
AHpix can be negative (in solid solutions that show a tendency to
order), zero (in ideal solid solutions), or positive (in solid solutions
with a tendency to cluster). In contrast, AHy is always negative and
ASconf is always positive. Among the several possible reactions, the
one with the most negative free energy change will be the thermody-
namically most favored. Thus, to evaluate whether a solid solution
or intermetallic compound forms when pure elements are mixed at
a given temperature, one needs to know the relative magnitudes of
AHmix, AHy, and AScons. For given values of these quantities, the
entropic term would become increasingly important as the tem-
perature is increased, tending to stabilize solid solutions at high
temperatures.

In HEAs, it was initially proposed that the increased AScons
of near-equimolar alloys with 5 or more elements may favor the
formation of solid solution phases over competing intermetallic
compounds.” However, experiments showed that configurational
entropy is generally not able to override the competing driving
forces, such as enthalpy, which also contribute to the phase stabil-
ity.'” For example, the equiatomic alloy CoCrFeMnNi is known to
solidify as a single-phase solid solution.” Since the change in ideal
configurational entropy (mixing entropy) of an equiatomic alloy
is given by Rlnn, where R is the gas constant and # is the num-
ber of elements in the alloy, its value for the CoCrFeMnNi alloy
is 1.61 R. This value will not change when individual elements are
replaced one at a time to produce new alloys as long as #n does
not change. Thus, it is 1.61 R also in CoCrFeMnCu (where Cu
replaces Ni in the original alloy). Otto et al.'® showed that every new
alloy thus created (CoCrFeMnCu, CoMoFeMnNi, TiCrFeMnNi,
etc.) rather than being a single-phase solid solution, phase-separated

into multiple metallic and intermetallic phases after 3-day anneals at
high temperatures. Therefore, although in the CoCrFeMnNi alloy,
entropic effects were stronger than enthalpic effects (at sufficiently
high temperatures), in the other derivative alloys, enthalpic effects
won out (at comparable temperatures). Even in the CoCrFeMnNi
alloy, at lower temperatures (<800 °C), the single-phase solid solu-
tion decomposes into multiple metallic and intermetallic phases,”
consistent with the decreasing influence of entropy with decreasing
temperature.

Recent work by Rost et al.’ has demonstrated analogous
behavior in oxide mixtures. When they mixed five binary oxides
(MgO, CoO, CuO, NiO, and ZnO) in equimolar proportions and
heated the mixture in the 850-900 °C temperature range, a single-
phase quinary HEO, (Mgo2Co0.2Cup2Nip2Zno2)O, with the rock
salt structure was observed to form, which separated into a two-
phase mixture (rock salt and tenorite) at lower temperatures. The
phase transformation from single-phase to two-phase and back was
reversible with temperature, similar to that observed in the CrMn-
FeCoNi alloy,'” indicative of the increased/decreased contribution
of configurational entropy at high/low temperatures. The authors
attributed the increased configurational entropy of the HEO to the
random distribution of cations on the cation sublattice sites, which
was confirmed by extended x-ray absorption fine structure. Never-
theless, the formation of a single-phase quinary HEO is fascinat-
ing because its individual components (binary oxides) do not show
complete solid solubility with each other. They also have different
crystal structures: MgO, NiO, and CoO have the rock salt struc-
ture, CuO has the tenorite structure, and ZnO has the wurtzite
structure. This is reminiscent of the CrMnFeCoNi HEA in which
Ni, Fe, and Co (the latter two only at elevated temperatures) have
the face-centered cubic structure, Cr has the body-centered cubic
structure, and Mn has the complex A12 crystal structure; yet when
mixed together, the result is a single-phase solid solution with the
face-centered cubic crystal structure. In both cases, the formation
enthalpy of competing phases appears to be low enough that it
can be overcome by configurational entropy at elevated tempera-
tures. Additional work has been done on this rock salt to investigate
the effect that the grain size has on controlling the phase spec-
trum behavior."” As in the rock salt system, a reversible multi-to-
single phase transition was observed in later HEO perovskite work
on (Gdo2Lap2Ndo2Smo2Y02)MnOs3, indicating entropy stabilized
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behavior along with information supporting that the 10-cationic
system (Gdo2Lag2Ndo2Smo2Y02) (Coo2CrozFeo2Mng2Nip2)Os is
also most likely entropy stabilized, extending the concept of
entropy stabilization to multicomponent perovskites.”’ Work on a
five-component fluorite (Ceg2Zro2Hfo2Sng2Tip2)O; also showed a
reversible multi-phase to single-phase transition, indicating entropy
stabilization of the compound.”’ An interesting aspect of the forma-
tion of these perovskites is the stabilization of the lower symmetry
orthorhombic phase, whereas the rock salt’ and fluorite type” had
a preference to maintain a high symmetry structure, which sug-
gests an enthalpy contribution to octahedral tilt Jahn-Teller type
distortion, making an adaptation to the cubic phase energetically
costly.”’ While the nominal work in this field showed the rock salt
(Mgo.2Nip2Co02Cug2Zng2)O composition to be truly entropy sta-
bilized, this has not been verified for many of the other compo-
sitions in the literature. The recent review of the electrochemical
applications of HEOs points out that entropy stabilization may be
contributing to not just phase stability, but to the functional proper-
ties as well, as shown in the reversible de/lithiation behavior of the
rock salt based HEOs."” The differentiation between composition-
ally complex materials that are truly entropy stabilized vs multicom-
ponent solid solutions is imperative as research in this area continues
to progress.

There are also key differences that are worth noting. For exam-
ple, in the rock salt HEO mentioned earlier, removal of any one
of the components (binary oxides) from the quinary mixture to
produce a quaternary mixture results in the loss of the single-
phase rock salt structure and decomposition into multiphase struc-
tures.” This is consistent with the notion that a decrease in the
configurational entropy (quinary to quaternary) decreases the sta-
bility of the solid solution. In contrast, removal of several of the
components (elements) from the quinary HEA CrMnFeCoNi (Mn,
Cr, and Fe) to form quaternaries (FeNiCoCr, FeNiCoMn, and
NiCoCrMn) retains the single-phase solid solution state.”’ The
lower configurational entropy of the metallic quaternaries presum-
ably is sufficient to overcome the enthalpy of competing intermetal-
lic phases whereas that of the oxide quaternaries is insufficient to
overcome the enthalpy of competing oxide phases. Another differ-
ence is that, in some perovskite, spinel, and fluorite HEOs, when
certain cation species are switched out for others based on ionic

PERSPECTIVE scitation.org/journal/apm

radii, not all compositions stabilize as a single phase.”*** Addition-
ally, rare-earth oxides crystallizing in the fluorite CaF, type structure
with 5 elements on the rare-earth site form a single phase only with
the addition of cerium, showing evidence of cerium as a stabilizer
in this case.”” This is reminiscent of the HEA results'® discussed
earlier.

Materials design is challenging given that entropy is but one
factor contributing to the phase stability of ceramic compounds. In
some cases, if the system’s configurational entropy is large enough,
it can be a stabilizing factor, as shown in the seminal HEO work.” In
general, though, the picture is much more complicated, and it is nec-
essary to take into account variables, such as the charge states and the
ionic radii of the individual cations. Understanding the underlying
reasons behind compositional effects on phase stability and distin-
guishing entropy-stabilized material systems vs solid solutions is an
important area for future investigation.

B. Selection criteria and synthesis

The initial work of Rost et al. showed that even in cases
where (i) the component binary oxides do not exhibit uniform
crystal structure, electronegativity, or cation coordination, and (ii)
the pairs of binary oxides do not exhibit extensive mutual solu-
bility, it may be possible to obtain single-phase solid solutions if
the entire collection is isovalent.” In later studies, the initial oxida-
tion state of the starting materials has not proven to be a primary
factor in the formation of the desired phase, as equilibrium can
be reached at high temperatures with oxygen loss and preserved
upon quenching.”’ This aliovalent substitution widens the possibil-
ities for compositional variation and in turn properties and appli-
cations. The synthesis of (Co,Cr,Fe,Mn,Ni);O4 shows the expan-
sion into other crystal structures with the creation of a single-phase
HEO with either spinel or rock salt structure by means of vary-
ing the oxygen partial pressure.”” This manipulation of the syn-
thesis method was not something that was seen or able to be used
in HEA systems, but should be considered with other oxide syn-
thesis methods (see Table I) as the broader range of structures
are available in oxides, as shown by the timeline in Fig. 2, which
opens up possibilities to maximize the potential of this new class of
materials.

TABLE I. Summary of high entropy oxide compounds synthesized in the literature, their crystal structure, synthesis method, their investigated properties/application, and

reference. “ES” indicates that the study showed the composition to be entropy stabilized.

Investigated property
Crystal structure Compound(s) Synthesis or application Reference
(C00.25Mgo.25Nip25Zn0.25)O0 Nebulized spray pyfolysm, Synthesis method
Rock salt (Fm-3m) and (Coo2Cup2Mgo2Nip2Zng2)O flame spray pyrolysis, for phase stabilit o0
0251024802 10.2£00.2 reverse co-precipitation P Y
(Mgo.25(1-0 CoxCig 25(1- Nio.25(1-9 Z10.25(1-%) O5 . : -
Rock salt (Fm-3m) x=02 027, and 0.33 Pulsed laser deposition Exchange bias 58
. . . Entropy stabilization
Rock salt (Fm-3m) (Mgo.2C00.2Cu0.2Nig2Zng )0, ES Solid state synthesis 8 and 42
local structure
APL Mater. 8, 040912 (2020); doi: 10.1063/5.0003149 8, 040912-3
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Investigated property
Crystal structure Compound(s) Synthesis or application Reference
(Mgo.2Co0.2Cup2Nip2Zn¢.2)1-xLixO,
(Mgo.2C00.2Cu9.2Nig.2Zng.2)1-2x(LiGa)x O,
M 027 Li N
Rock salt (Fm-3m) EMggzggzzgsziﬁizj ZEEE;?'S (Lilga)o‘zo Solid state synthesis Dielectric properties 27 and 67
.. .. .. .. . -X X b
(Mgo.2Co0.2Cup2Nip2Zn¢2)1xNaxO, and
(Mgo.2Co0.2Cup2Nip2Zn0.2)0.95Ko50
(Mgo.2Co0.2Cup2Nip2Zng2)0,
(Mgo.25C00.25Cu.25Ni0.25) O, . . Reversible energy
Rock salt (Fm-3m) (Mgo.25C00.25Nig 25 Zno25)O, and Nebulized spray pyrolysis storage ”
(Mgo.25Cug25Nig.25 Zng.25)O
(Mgo.2C00.2Cu02Nip2Zng2)0, and Physical mixture and Catalysts with high-
Rock salt (Fm-3m) PtMgCoCuNiZnO (0.3 wt% Pt) co-precipitation temperature stabilities o9
Rock salt (Fm-3m) E)I:/Ifgollj%g) 1;1%116( (2)6) N/A DFT studies First-principles study 43
Rock salt (Fm-3m)  (Mgo.2Co0.2Cu02Nip2Zng2)O0 Co-precipitation and Densit 70
80250028102 102400.2 hydrothermal synthesis Y
(Mgo.2Co00.2Cu0.2Nip2Zng2)0, Solid state synthesis, . .
Rock salt (Fm-3m)  (MgxCoxCuyNiyZnyScy)O (x ~ 0.167), and pulsed laser deposition, g:&;ﬁ:udles of lattice 71
(MgxCoxCuxNixZn,Lix)O (x ~ 0.167) DEFT studies Y
. . . Diffraction study of
Rock salt (Fm-3m)  (Mgo.2Co0.2Cu02Nip2Zno2)O0 Solid state synthesis Jahn-Teller distortion 40
Different growth conditions
Rock salt (Fm-3m)  (MgxCoxCuxNixZnyScy)O (x ~ 0.167) Pulsed laser deposition to modulate particle kinetic 72
energy and plume reactivity
Mg NixCuxCoxZn O (x = 0.2),
Mg NixCuxCoxZnyScx O (x = 0.167), . .
MgxNix Cuix Cox ZnSbxO (x = 0.167), B Charge induced disorder )
Rock salt (Fm-3m) Mgy Niy CuxCox ZnySnO (x = 0.167) Pulsed laser deposition controlled thermal 47
Mg NixCuxCoxZnyCrxO (x = 0.167), and conductivity
Mgy NixCuxCoxZnxGexO (x = 0.167)
. . . Reaction sequence and
Rock salt (Fm-3m)  (Mgo2Coo.2Cuo2Nip2Zng2)O Solid state synthesis mechanical properties 60
(Coo2Cuo2Mgo2Nio2Z192)O Lithium ion batter
Rock salt (Fm-3m) electrode material in full-cells with a Nebulized spray pyrolysis applications Y 73
LiNiy;3Co1/3Mny;30;, cathode PP
. . . Anode material for _
Rock salt (Fm-3m)  (Mgo.2Co0.2Cu02Nip2Zng2)O0 Solid state synthesis lithium ion batteries 74
(Mgo.2Co0.2Nig2Cup2Zn.2)0,
(Co00.2Nip2Cuo.2Zng 2 Lig.1 Gag.1)O,
(Mgo.2Co0.2Nig2Cup2Lip.1Gap1)O,
(Mgo‘19CO()_19Nio,wCllo,wZIlo,lgLio,os)O, . . Inﬂuence Of substitution
Rock salt (Fm-3m) (Mgo.2Nio2Cuio2Zn02Lio. Gao,)O, Solid state synthesis on magnetic properties 32
(Mgo.2Co0.2Cup.2Zng.,Lio.1 Gao.1)O,
(Mgo.2Co0.2Nig.2Zng2Lio.1 Gao.1)O, and
(Mgo.16C00.16Nio.16 Cuao.16Zn0.16 Lio.10Feo.10) O
APL Mater. 8, 040912 (2020); doi: 10.1063/5.0003149 8, 040912-4
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Investigated property
Crystal structure Compound(s) Synthesis or application Reference
Neutron diffraction,
Rock salt (Fm-3m) (Mgo.2C00.2Cu02Nip2Zng2)O0 Solid state synthesis magnetic structure and 33
properties
Rock salt: Fm-3m (Co0.2Cu92Mgo.2Ni0.2Zno.2)O,
fAuorite: Fm-3m ’ (Ceo2Lag2Pro2Smp2Y02)O0, 5, Nebulized spray Homogeneity at the 30
perovsk.ite Pbm)n (Gdo.2Lag2Ndo2Smo.2Yo.2) pyrolysis atomic scale -
. (C002Crp2Mng 2Fep2Ni2)Os
Radio frequency (RF) Effects of helium
Rock salt (Fm-3m) (Alo31Cro.20Fe0.14Nio35)O reactive magnetron  implantation on 75
sputtering mechanical properties
Rock salt (Fm-3m) (MgCoNiCuZn),.«LixO Solid state synthesis Charge Fompensanon 76
(x=0-0.3) mechanisms
Rock salt (Fm-3m) (le(Coo_zCuo‘zMgo,sz,zZno_z)OFX) and Solid state synthesis Egergy storage: El?hanced 36
Nay(Coo.2Cuo.2Mgo.2Nio.2Zno.2)OCly Li storage properties
(NiMgCuZnCo)O and 2 and 5 wt. % Mechano-chemical ~ High temperature stability
Rock salt (Fm-3 39
ock salt (Fm-3m) Pt/Ru-(NiMgCuZnCo)O synthesis catalytic ability
. . . . Thermal and compressive
Rock salt (Fm-3m) Li/Mn doped (Mgo.2Coo.2Cug2Nig2Zng2)O Solid state synthesis . . 77
stability at high temperatures
Solid state synthesis S.tudy of the effﬁect of grain
with conventional size on controlling the
Rock salt (Fm-3m) (Mgo.2C00.2Cu92Nig2Zng2)0, ES . . volume fractions of a 19
sintering and spark
L secondary phase and
plasma sintering Y
entropic single-phase
Spinel-rock salt Thermochemical water
two-phase oxide (FeMgCoNi)Ox Solid state synthesis  splitting at low 78
system temperatures
Mesoporous high entropy
Mesoporous structure Mechanochemical metal oxide synthesis and
and single rock (CuNiFeCoMg)Ox-Al, 03 nonhydrolytic superior SO,-resisting 79
salt phase sol—gel method performance in the catalytic
oxidation of CO
Microstructure and
Mechanochemical
Rock salt (Fm-3m) (Mgo.2C00.2Cu02Nip2Zng2)O0 s relih:?izc emic electrical conductivity 80
4 with temperature
Solid state synthesis ~ Tunable pseudocapacitive
Rock salt (Fm-3m) (Mgo.2Co00.2Nip2Cug2Zng2)O and laser molecular contribution to achieve superior 81
beam epitaxy lithium-storage properties
(MgO.ZS(l-x) C00_25(1_X) NiO.ZS(l-x) CuxZno_zs(l_x))O Magnetic frustration
Rock salt (Fm-3m) (x=0.11,0.17, 0..20, 0.24, and 0.27) and Epitaxial films control thro.ugh tun.able 38
(Mgo.25(1-x) CoxNio 25(1-x) Cllo 25(1-x) ZNo 25(1-x) ) O stereochemically driven
(x=10.20,0.27, and 0.33) disorder
APL Mater. 8, 040912 (2020); doi: 10.1063/5.0003149 8, 040912-5
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Investigated property
Crystal structure Compound(s) Synthesis or application Reference
Comparison of Influence of mass and
experimental charge disorder on the
values from Ref. 47 phonon thermal
Rock salt (Fm-3m)  (Mgo.2C00.2Nig2Cup2Zng2)0 with molecular conductivity of entropy 50
dynamics values stabilized oxides
and Bridgman determined by molecular
equation dynamics simulations
(Gdo.2Lap2Ndo.2Smo2Y02)MnOs3, ES,
(Gdo.2Lap2Ndo2Smo.2Yo.2)FeOs,
(Gdo.2Lagp2Ndo.2Smo2Y02)CrOs,
(Gdo.2Lap2Ndo.2Smo.2Y0.2)CoOs,
Orthorhombic Y(C0°-2CrO‘ZFe("ZMnMNlO;Z)O% Nebulized spray Synthesis and phase 20
perovskite (Pbnm) Sm(CooCro.2Feo2Mno2Nio2)0s, pyrolysis stability with HTXRD B
Nd(Coo.2Cro.2Feo2Mn2Nip2)0s,
La(Coo.2Cro2Feg2Mng2Ni2)Os3,
Gd(Coo.2Cro2Fep2Mng2Nig2)03, and
(Gdo.2Lag2Ndo.2Smo2Yo.2)
(Co02Cro2Fep2Mno2Nig2)Os
Gd(Co0.2Cro2Fep2Mno2Nio2)03,
La(Coo.2Cro.2Feo2Mn2Nip2)0s,
Orthorhombic I;d(goo‘z gro.z ieo.zlg/lano‘zﬁ}o.z)gs, Nebulized spray Magnetic and Méssbauer n
perovskite (Pbnm) m(Cop2CroFeq2Mno, . i0.2)0s, pyrolysis characterization
Y(Coo.2Cro.2Fep2Mno 2 Nip.2)O3, and
(Gdo.2Lap2Ndo2Smo2Yo2)
(Co02Cro2Fep2Mno2Nip2)O3
Orthorhombic Solid-state synthesis frijigsrtr;ils;tls:gh;tomic
. La(Cro2MngFep2Co02Nig2)03 and pulsed . > . 55
perovskite (Pbnm) 1 . resolution, and magnetic
aser epitaxy ) . .
properties showing anisotropy
Sr(Zro.2Sno.2Tio2Hfo2Mno2)Os,
Sr(Zro.2Sn0.2 Tio 2 Hfo.2Nbo )O3,
Perovskite cubic Ba(ZI‘o‘zSno.zT}oszo.z Cep,)03, Solid state synthesis Phase fo.rrlnatlon 55
(Pm-3m) Ba(Zro2Sno2 Tio.2Hf02Y02)O3 - x, and stability
Ba(Zro2Sn02Tio.2Hfo2Nbo )O3, and
(SrosBags) (Zro2Sno2Tip.2Hfo 2Nbo.2) O3
Perovskite cubic Ba(Zro2Sn0.2Tio2Hfp2Nbg2)O3 Pulse(% l.aser Thermal conductivity 34
(Pm-3m) deposition
Perovskite cubic Sr((Zr0.94Y0.06)0.25n0.2Tio2Hfo 2Mno2) O3« SP ark‘plasma Density 82
(Pm-3m) sintering
Perovskite cubic Bao_SSro_s(Zro,4Hf.o,3T10,3 ),03 ; Sonochemical-based ~ Nanoparticles with good
(Pm-3m) Ba.4S10.4Bio.2(Zro s Hfo 3 Tio.2Feo.2) O3, and method catalytic activity for CO 35
Rug.13/Bag3Sr0.3Bio4(Zro2Hfo 2 Tio.2 Feo.27)O3
. Valence state, temperature
Orthorhombic . Pulsed laser S X
perovskite (Pbnm) (Lag2Prg2Ndo2Smo2Eug2)NiO; deposition dependent electrical 83

transport measurements
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Crystal structure Compound(s) Synthesis or application Reference
Perovskite, Ba(Zro,Tip2Sng2Hfp2Mep2)O3 (Me = Y3, . . Microstructure and
1 h 84
cubic (Pm-3m) Nb°*, Ta>*, V>, Mo®", and W) Solid state synthesis dielectric properties
Perovskite . . Solid state Dielectric properties and -
cubic (Pm-3m) (Nao.2BioBao 28102 Cao2) TiOs synthesis electrocaloric effect e
Tl Polymeric steric Synthesis and high
Cubic-Bixbyite (Gdo.4Tbo.4Dyo4Hoo4Ero)Os entrapment temperature phase stability ’
(Hfo.25Zr025Ce0.25)(Y0.25)O2-x,
(Hfo25Zr025Ce0.25)(Y0.125Yb0.125) O2-x
(Hfo2Zro2Ce02)(Y02Ybo.2)O2-x, .
Fluorite (Fm-3m) (Hfo.25Zr0.25Ce0.25)(Y0.125Ca0.125)O2-x, Blal ! m1ll,. sEar.k Lower thermal 26
UOTRE WS (Hfy 25 Z10.25Ceo 25)(Y0.125Gdo.125) O2-x p ajma s1n1.er1ng, conductivities 7
(Hfo2Zro2Ceo2) (Y0.2Gdo2)O2-x, and anneaiing
(Hfo.25Zr0.25Ce0.25) (Ybo.125Gdo.125) O2.x, and
(Hfo2Zro2Ce02)(Ybo2Gdo2)O2«
(Ce,Gd,La,Nd,Pr,Sm,Y)0O,.s,
(Ce,La,Nd,Pr,Sm,Y)0O,.s,
Eg:’iz’gi’zl)néz)éoz'ﬁ’ Nebulized spray
Fluorite (Fm-3m), (Ce,La,Pr,Sm)0,.5, (Ce,La,Pr)O,. 5, pyrolysis (NSP), Optical properties 29
Bixbyite (Ia-3) (Ce,Pr)O,.s post-NSP, and
(Ce,Gd,La,Nd,Pr,Sm,Y)O, 5, calcination
(Ce,La,Nd,Pr,Sm,Y)0,.s, and
(Ce,La,Pr,Sm,Y)O,.s
. . Solid state Thermal conductivity and
Fluorite (Fm-3m) (Ceg2Zro2Hfy2Sn¢2Tig2)O02, ES synthesis entropy stabilization 21
Synthesis, structure, and
Fluorite (Fm-3m)  (Sco2Ceo2Pro2Gdo2Ho002)20345 Precipitation surface morphology of 87
HEO nanoparticles
Chemical co-precipitation .
T Confirmat f
Fluorite (Fm-3m) (Gdo2Lag2Yo2Hfo2Z1r02)0; followed by peptization s (ﬁher:z?:ol??ir? le- 88
(Gdo,zLao,zCeo,szo,zzro,z)Oz in acidic medium 4 g
. o phase nanoparticles
under mild conditions
Pressure-induced continuous
tuning of lattice distortion
(bond angles) and band gap,
. Nebulized spray pressure induced amorphization 89
Fluorite (Fm-3m) (Ceg2Lag2Pro2Smo2Y02)0, s pyrolysis and partial recovery upon
decompression, forming
glass-nanoceramic
composite HEO
(La)Pr)OZ—5>
(La)Pr)Y)OZ—5)
(Ce)La)Pr)OZ—Sa
Fluorite (Fm-3m), (Ce,Gd,La,Pr)O,,
(Ce,La,Nd,Pr)O,.s,
(Ce,La,Pr,Sm)0,_s,
(Ce,La,Pr,Y)O,.s,
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Investigated property
Crystal structure Compound(s) Synthesis or application Reference
(Ce,GdLa),0 Effect of composition,
5 > 23485 . .
. (Ce,La,Sm,Y),03,5, Solid state s%nter%ng temperature,
Bixbyite (Ia-3), and . sintering atmosphere, 26
(Ce,Gd,La,Pr1,Y),03,s, synthesis a
(Ce.La,Pr,Sm,Y),0 and cooling rate on the
HOTDIIL resulting crystal structure
(Gd,La,Sm),03,
(La,Nd,Y),0s,
(Gd,La,Nd,Sm), 03,
(La,Nd,Sm,Y), 03,
monoclinic (C2/m)  (Gd,La,Sm,Y),03,
(Gd,La,Nd,Sm,Y)zO3,
(Gd,La,Pr,Y),03,
(La,Pr,Y),03, and
(La,Gd,Nd,Pr,Sm,Y),03
Zr0.852Y0.14802.5, . .
Fluorite (Fm-3m) Hfo.284Z10.284Ce0.284 Y0.074 Yb0.074 025, P?;szrsttiil;)ll;;yé 12111ee<;1r1:;111ca1
Hfy2Zr02Ce02Y02Ybo20,.5, properties, o
HEs 212700 14 C. YomoC o conductivities showing increased
Hfo.s14Zro.314ceo.314Y0.oz9Cao.029oz.6, Solid state cubic stability and reduced 63
0.284£4.10.284(€0.284 X 0.074 L20.074 V2.5, synth esis thermal con. ductivity
Hfo284Z10.284Ce0.284 Y0.074Gdo.074 0555 while maintainine hich
tetragonal Hfo,zZroAzceo‘zYo,zGdo,zoz_s, modulus and hargnei
Hf314Zr0.314Ce0.314Y0.029 Yb0.02005.5, and
Hf0314Zr0314Ce0.314Y0.020Gd0.02902-5
. . Solid state .
Spinel (Fd-3m) (C0p2Cro2Fep2Mng2Nig2)3;04 . Synthesis method 28
synthesis
Solution Lattice parameters,
Spinel (Fd-3m) (Co0.2Cro2Fep2Mng2Nig2)304 combustion dlStOl’thIl.. Magnetization 90
svnthesis vs magnetic field
Y by powder size
(Cro'zFeo'zMno_gNio_zzl’lo‘z)'jO;; Glycine—nitrate
Spinel (Fd-3m) (Cro2Fep2Mng2Co¢27Zn¢2)304 solution combustion =~ Magnetic properties 59
(Cro2Fep2Mng»Co02Nip2)304 synthesis method
(Mgo.2Feo.2Co0.2Nip2Cug2)Fer Oy,
(Mgo.2C00.2Nip.2Cug2Zng2)Fe; Oy,
(Mgo.2Mng 2 Coo.2Nig2Cuqg2)Fe; Oy,
(Mno2Feq 2Co0.2Nig2Cug2)Fez 04, Solid state Magnetic properties as
Spinel (Fd-3m) (Cro2Mng,Feq2C002Nig2)304, synthesis a function of temperature, 24
(Mgo.2C00.2Nig2Cug2Zng2)AL Oy, charge state
(Mgo.2C00.2Nip 2Cu9.2Zng2)Cr204,
(Mgo,zFCo,zCOo,zNio,zCuo,z)cr204, and
(Mgo.2Mng 2 Co0.2Nig2Cuqg2)Cr,04
Seebeck coefficient and
(Coo»Cro»FeosMnosNio )30, ' electrlc.al conductivity as
. Solid state a function of temperature,
Spmel (Fd—3m) (C00_2CroAzFeoAzMgoAzMno,z)g,04, and . . 91
(CroFeoMgoaMnoNig)sOs synthesis phase contents depending
o : R on the composition and
sintering temperature
APL Mater. 8, 040912 (2020); doi: 10.1063/5.0003149 8, 040912-8

© Author(s) 2020


https://scitation.org/journal/apm

APL Materials PERSPECTIVE

TABLE I. (Continued.)

scitation.org/journal/apm

Investigated property
Crystal structure Compound(s) Synthesis or application Reference
. Low-temperature synthesis
Spinel (Fd-3m) (Co¢.2Cug2Fep2Mng,Nig2)304 fi(l)ll:\fx)rte}:iell;mziiyer;tllilrfsw of small-sized nanoparticles 92
Y J for water oxidation
AC electrical conductivity
Annealing of and microwave absorption.
Spinel (Fd—3m) (ZngFe2Nig Mgo,z Cdy;)Fe;Oy4 co—precipitated Frequency and te.zrnperflture 93
amorphous precursor dependence of dielectric
permittivity and
magnetic permeability
Low thermal conductivity
Coprecipitation and slow grain growth
Pyrochlore (Fd-3m)  (Lag2Ce2Ndo2Smo2Eug2)2Zr,07 method for use as thermal 46
barrier coating
(Lap2Ndo2Smo2Eu02Gdg.2)2Zr207
(Yo2Ndo2Smo2Eup2Gdo2)22r:07 Low thermal conductivity
(Lao,zYo.ZSmo,zEuo_zGdo_z)zzl‘z 07 Solid state .

Pyrochlore (Fd-3m) . for thermal barrier 49
(Lao_szo,zYo_zEuo.zGdo‘z)221‘207 synthes1s coatin materials
(Lap2Ndo2Smg2Y02Gdo2)2Zr207 &
(Lap2Ndo2Smo2Eu02Y0.2)2Z1207
Gdz Zr 207
(Gdy2Bun2)221207, Synthesis and verified
(GdijsEuyy3Smis3)2 21207, Solid state single phase and

Pyrochlore (Fd-3m)  (Gdi/sEu1/4Sm;/4Ndy/4)2Zr,07, . & . 94

synthesis homogeneous cation
(Gdy/5Euy5Smy/5NdyjsLaiys)2Zr, 07, distribution
(Gdi/sEu1/6SmisNdijsLaisDyiss)2Zr207, and
(Gdy/7Eu17Smy7Ndy/7LayzDy17Ho1/7)2Zr, 07
C initati Thermal expansion,
Sm,Zr,07, o-preciptiation thermal conductivity,
Pyrochlore and Lu2Zr,O followed by solid-state mechanical properties
221,07, L , 5
defect fluorite (Smy/3Eu13Dyy/3)2Zr;07, and :iif;?ln zlnatrelilng and phase stability for =
(Smy5Euy5TbisDyssLuyys)2Zr,O7 lasmagsi rll)terin use as thermal
p & barrier coating
Vacuum sintered In-line transmittance,
Mixed pyrochlo.re (LagsNd 2Smo2Gdo 2 Ybo 2)sZr> O using combustion Raman .and UV-Vis 95
and defect fluorite nano-powder synthesized spectra
of transparent ceramic
La(Hf1/2Zr1/2)207,
Smy(Sny4TiyaHE1/4Zr1/4)2,07 Thermal conductivity and
Gdy(Sny/4TiyaHf1/4Z114)2,07 Young’s modulus for use in
(Sm1/zGd1/2)2 (Ti1/3Hf1/3Zr1/3)207 thermal barrier coating

Pyrochlore (Eu1/2Gdy2)2(TiysHf13Zr113)207 Solid state appllcat{ops. Therma‘l

(Fd-3m) (LayaPri2)2(SnysHfy3Zr13)2,07 synthesis conductivity correlation 61
(Eu12Gdi/2)2(Sni3Hf13Zr113)207 Y with a size disorder
(Lay3Pri3Ndiss)2 (Hfi2Zr12)207, parameter investigated as
(Smy3Eui/3Gdiss)2 (Hfi2Zr112)207, descriptor for thermally
(Smy/3Eu13Gdyy3)2(SnysHf1/3Zr1/3)207 insulative material design
(Smy3Eu1/3Gdiy3)2(TiraSnyaHf1/4Zr1/4)207
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Crystal Investigated property
structure Compound(s) Synthesis or application Reference
(Smy/sEu1/aGdi/aYbi/a)2(TiyaSnyaHf1/4Zr1/4)207
(Smi/3Eu1/3Gdy3)2(Ti1/2Sn16HE 16 Z11/6)207
(Smy3Eu1/3Gdis3)2(TisaSni12HE1/12Zr112)207,
(Smy/3Eu1/3Gdi/3)2 TinO7
(Sm1/4EU1/4Gd1/4Yb1/4)2(Ti]/sz1/4Zr1/4)207
(Sm/4Yby/a)2(Ti2Zr112)207
(Lay5Cer/sNdysSmyysEuys)2Zr O7
(Lay7Ceyy7Pr17Nd1/7Smy7Euyy7Gdyyz)2 (Hf1/2Zr112)2 07,
(Lay/7Cey/7Pr1/7Nd1/7Smy7Eu1/7Gdyy7)2(SnsHf 13 Zr1/3)2 07
Anodizing
Nanotubes (TaNbHfZrTi)O HEA Thermal stability 96
precursor
Monodlinic Sol—gel Environmental barrier
(C12/m1) (Ybo2Yo.2Lug2Sco2Gdo2)2Si,07 me t}?o d coating (EBC) for 97
SiC-based composites
Use as TEBC material:
Young’s modulus, thermal
Monoclinic . Ball mill conductivity, thermal
Y1/4Ho1/4Er1/4Yby4),8i0 Y 37
(C2/0) (Y14Ho1/4Er1/4Yb1/4)28105 and hot press expansion, and high
temperature water
vapor resistance
. . Phase stability
M 1 . lid stat
onocmic (Ybo.25Y0.25Lu0.25Er0.25)2SiO5 Solid s ate and anisotropy in 64
(C12/m1) synthesis .
thermal expansion
Containerless
Amorphous (La, Ti, Nb, W, Zr)O sohdlﬁca‘uor'l: Haljdness and ‘ o8
glass spheres Aerodynamic optical properties
levitation
(Bag.7Sro3)(Fez.9AlsMn3TiiNiz9)O1o,
(Ba)(Fes9Ti13Cr1.2C01.3Gar.4Ing9)O1o,
Magnetoplumbite (Ba)(Fes'3?I'SA}I'4gr1'9Mn1'2N1°'7():Ol9’ GO Solid state Microstructure 99
(P63/mmc) (Ba)(Fe7. %o.eA 0.9Cro.7Vo1Mno 3 00.3N¥0.3 29.6)O19, synthesis and magnetization
(Ba)(Fe14Tiy1Al12Cr12V12Mni5Co15Ni13Gar1)O1o,
(Bag.5Sro2Lag2Cag.1)(Fe12)O19, and
(Bag.44Sr0.33La0.23) (Fez.7Aly 7Cra7Gaz3In; 3)O19
Magnetoplumbite . Solid state Structure and magnetic
Ba;)(F Al;19Ti;08C C G I O 100
(P63/mmc) (Bay)(Fes.s3Al119Th1.05Cri.12Cu078Ga103I0.57) O19 synthesis properties with temperature
Rutile Reactive Hardness and indentation
(P42/mnm) (Alp.19Cro.13Nbg.19 T30 Ti0.19) Oz magnetron moduli as a function of 101
sputtering relative oxygen flow rate
. FeCONlO’f’ Arc melting .
Non-crystalline CrFeCoNiOy, and physical Microstructures and 102
films AlFeCoNiOx, and vapoli cfeposition electrical resistivity
TiFeCoNiOyx
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Investigated property
Crystal structure Compound(s) Synthesis or application Reference
Sol—gel auto-combustion  Utilization of HEO
Mixed phase method and then used nanoparticles as a cost-effective
. P Five elements (Ni, Fe, Co, Cr, and Al) as the catalyst for the catalyst for the growth
spinel, BCC, and . ) 103
- and oxygen growth of CNTs by of high yield carbon nanotubes
FCC nanoparticles . L
the chemical vapor for energy applications, such
deposition technique as electrochemical capacitors
Defect chemistry Exploration of high
A case study with LaMnOs s analysis and calculation entropy ceramics 104

of phase diagram
(CALPHAD) approach

with computational
thermodynamics

FIG. 2. Timeline representing the expansion of high entropy oxides to other crystal systems since their realization with the rock salt structure in 2015.

In summary

o Evidence supports that high configurational entropy of mix-
ing is a contributing factor to the formation of a single-phase
solid solution, but not exclusively.

e Work on rare-earth HEOs shows evidence that particular
element additions can be a stabilizing factor.”’

e Minimization of Gibbs free energy to achieve single-phase
stability benefits from configurational entropy maximiza-
tion via the mixing of many diverse element species.

o For the case of oxides, it has been stated that there should be
appropriately diverse structures, coordination, and cationic
radii to directly test whether entropy is a dominant factor in
stabilizing solid solutions.

Ill. STUDIES AND OUTLOOK FOR IMPROVED
PROPERTIES AND FUNCTIONALITY

A. Local structure and computational and prediction
models

A defining characteristic of the ideal HEO in the current lit-
erature is the attainment of a single, pure phase. Almost all HEO
structure characterization efforts to date have included laboratory x-
ray diffraction (XRD) or Selected Area Electron Diffraction (SAED)
to identify the crystal structure type, determine the phase purity,
and assess the overall crystallinity. Only a few studies to date have
included quantitative (full profile) refinements of diffraction data

in detail"’ with fewer still utilizing data from high resolution’’ or
neutron’” instruments.

Random and homogeneous cation distribution on a single
sublattice site with no evidence of chemical clustering or local
distortion is commonly discussed in the literature as a second
defining characteristic of an ideal HEO. Advanced microscopy
probes, including high angle annular dark-field (HAADF) and
annular bright-field (ABF) imaging, aberration-corrected scan-
ning transmission electron microscopy (STEM), energy disper-
sive x-ray spectroscopy (EDX), and electron energy loss spec-
troscopy (EELS), have been applied in numerous cases to exam-
ine to what extent multiple cations are homogeneously and ran-
domly dispersed.”*”**"*** Atom probe tomography (APT) has
recently been successfully applied”’ to this area as well. There
have been a few studies involving local structure probes to fur-
ther explore cation arrangement and local atomic (and in some
cases spin) disorder in HEOs, including extended x-ray absorp-
tion fine structure (EXAFES),*"** x-ray and neutron pair distri-
bution function (PDF),” Raman spectroscopy,”* electron param-
agnetic resonance (EPR)," nuclear magnetic resonance (NMR),”
Maéssbauer spectroscopy,’’ and neutron spectroscopy.” There is still
much to be discovered: What is the nature and extent of chem-
ical short-range order among HEO cations? To what extent do
random vs ordered cation arrays impact the entropy/stability and
properties of systems? What are the local environments (defects
and distortions) surrounding specific ions? In addition, to what
extent do these features impact the entropy/stability of HEO
systems?
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Closely integrated experiment and theory will be indispens-
able for gaining comprehensive insights into HEO structural
archetypes and their properties. The prototypical rock salt type HEO
(MgCoNiCuZn)O is by far the most comprehensively character-
ized to date, presenting an early case study. In their initial report,
Rost et al. concluded through application of a variety of techniques
that the cations are uniformly and randomly dispersed.” Detailed
EXAFS and Density Functional Theory (DFT) work revealed Cu*
local Jahn-Teller type distortions (four short and two long copper-
oxygen bond lengths) accommodated via uncorrelated oxygen sub-
lattice disorder.””"" This group and others (for example, Ref. 40)
have demonstrated that the distortions can be reduced or removed
by eliminating Cu from rock salt compositions.

Even with the application of multiple data types, rigorous sta-
tistical and computational techniques, and complex atomistic mod-
eling, the determination of true local atomic structure in HEOs
and related materials will stretch the abilities of modern tech-
niques and practitioners. Researchers should remain cautious in
interpreting properties and trends in HEOs based on reported
or determined atomistic structures, bearing in mind the sensi-
tivities and limits of the specific structural probes and modeling
approaches applied, and also the certainty that various synthesis
approaches, processing conditions, and material uses will impart
variations in local atomic structure features for any fixed HEO
composition.

B. Optical materials

The band gap results reported in the rare-earth HEO work
show that having a combination of Ce and multivalent Pr helps to
achieve a single phase while reducing the band gap (~2 eV), enabling
light absorption over the entire visible range.”’ This creates a more
flexible method for engineering the oxygen vacancy concentration as
well as offering element-based property tuning without sacrificing
phase purity or visible light absorbing capability. Further experi-
mental studies should be done in parallel with theoretical model-
ing of the electronic structure to elucidate the band structure of
HEOs. Studies of surface diffusion effects and compositional gra-
dient effects on optical properties with this new class of materials
could also be an avenue to pursue. The band gap tunability could
lead to interesting applications in optical materials as well as the
development of new scintillators and lasers.

C. Electronic properties

1. lonic conductivity

The observed colossal dielectric constants and the superior
ionic conductivities achieved in Bérardan’s work with (Mg, Co, Ni,
Cu, Zn)14LixO, (Mg, Co, Ni, Cu, Zn);xNayO, (Mg, Co, Ni, Cu,
Zn)1.2xLixGaxO, and (Mg, Co, Ni, Cu, Zn).95Ko.050 samples show
that larger ionic conductivity values can be obtained by optimiz-
ing the concentration and/or ordering of oxygen vacancies along
with the size of the divalent cations in the compound. This demon-
strates the potential of HEOs as novel materials for solid-state bat-
tery applications.”” Recent work has shown that disorder within a
crystal lattice can play a dominant role in improving the ion con-
ductivity in solid electrolytes”* and suggests that HEOs may provide
exceptionally high ion conductivities.

PERSPECTIVE scitation.org/journal/apm

2. Thermal conductivity and thermoelectrics

The lower limit to the intrinsic thermal conductivity of a solid
is assumed to be the amorphous thermal conductivity.”” Low ther-
mal conductivity is of interest for thermoelectric power generation
and thermal barrier coatings, and nearing the amorphous limit is
a desirable trait for applications in these areas. Several HEOs stud-
ied thus far indicate that a low thermal conductivity approaching
the amorphous limit may be typical for these compounds.*"*****’
As the entropy stabilization of the multiple cations reduces the
phonon scattering time rather than velocity, it allows for the pos-
sibility of high modulus materials with low thermal conductivity,
offering the opportunity for new property combinations. A study
on the effects of a sixth cation species addition to a rock salt HEO
and its subsequent reduction in thermal conductivity was reported
by Braun et al.”’ The thermal conductivity is usually reduced at
the expense of an increase in stiffness (elastic modulus), however,
Braun’s EXAFS work shows that the reduction in thermal conduc-
tivity in the rock salt HEOs is due to atomic level disorder resulting
from a charge difference among the cations, with the local disor-
der distorting the oxygen sublattice and preserving a long range
order as seen in XRD." A study conducted on single-crystal films
of Ba(Zro2Sno 2 Tip2Hfo2Nbo2)O3 shows very low thermal conduc-
tivity, with the thermal conductivity of the film grown on MgO
reported to be 0.58 + 0.03 W/mK and that on SrTiO3 reported to
be 0.54 + 0.04 W/mK."' These values are very close to the theoretical
amorphous limit of cubic phase BaTiOs, which is estimated at ~0.48
W/mK."”" This is especially noteworthy, since the material still pos-
sesses a configurationally ordered A-site sublattice, and supports the
theoretical prediction that highly configurationally disordered single
crystals might provide an avenue to approach the amorphous limit.”

Since the thermoelectric figure of merit, ZT, scales with the
operational temperature, the high thermal stability of high entropy
materials means that they may be able to operate at high temper-
atures, increasing their figure of merit. While there have been some
investigations of the thermoelectric properties of high entropy alloys
(metals), there have been comparably few in high entropy oxides.
However, it was reported that oxides are particularly promising for
thermoelectric applications,” indicating that there are significant
opportunities in the field. There are practical advantages specifically
for high entropy materials, as many of the high entropy materials
are made from common elements, making them affordable and scal-
able. This is a particularly crucial point since cost has been identified
as a particular barrier to the practical development of thermoelec-
tric devices. Also, many of the practical applications of thermo-
electrics are predicated on taking thermal energy radiated to the
environment as waste and recovering it as electrical currents. These
applications frequently necessitate operation at high temperatures,
again promoting high entropy materials as promising candidates
for practical thermoelectrics due to their high thermal stability.”’
These factors taken together suggest that there are significant oppor-
tunities to discover highly efficient thermoelectric materials in high
entropy oxides, which can easily be transferred to practical devices
and applications.

3. Ferroelectrics

The ability to minutely control how a material responds to an
applied electric or electromagnetic field is critical to applications.
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While there is little published work directly related to applying
HEOs to the discovery of new ferroelectric, relaxor, or dielec-
tric properties, there are several reasons to believe that this is
one area where we should expect fast growth. The ability to sta-
bilize a range of desired crystal structures with highly tunable
cation composition opens many new opportunities from an engi-
neering standpoint. There are also some interesting fundamen-
tal questions, which might be uniquely addressed with these new
materials. As an example, disorder in ferroelectric materials is
well studied as it relates to the formation of morphotropic phases
and impact on domain wall formation and propagation. In these
instances, disorder is generally treated as near point-like or as a
local cluster in a broadly uniform matrix, which can be used to
seed macroscopic phases and dictate phase dynamics. What hap-
pens when the disorder is uniformly distributed throughout the
lattice? Low hanging fruit in this area is likely in the realm of
relaxor ferroelectrics,” where changing disorder within the lattice
can have a dominating role in crystal phase metastabilities and Curie
temperatures.5 !

4. Strongly correlated electrons

A virtually untapped area where HEO materials can be expected
to have a significant impact is in the field of strongly correlated
materials. These materials possess exceptionally valuable functional
properties, such as high temperature superconductivity, metal-to-
insulator transitions, and colossal magnetic response; however, they
are generally poorly understood from a fundamental standpoint.
In these systems, the nearly degenerate energy scales of materi-
als’ spin, orbital, and charge order parameters lead to extraordi-
nary sensitivity to even minute changes of chemical composition
or lattice deformation. Local chemical disorder is known to play
an important or even dominating role in the emergence of func-
tionality, yet there are surprisingly few studies aimed at gaining
specific knowledge of disorder’s role. This is partly the result of dif-
ficulty stabilizing quaternary or higher order crystals, which may
now be overcome through entropy stabilization approaches and lead
to unexpected behaviors. As an example, recent work in HEO sys-
tems has demonstrated that even in exceptionally disordered crys-
talline materials long range magnetic order can emerge.’"*""
How does the extreme local disorder lead to macroscopic order,
and what other long-range collective behaviors might also emerge?
There is also a great deal of promise in considering how these mate-
rials might be used in quantum materials applications. As examples,
the ability to finely tune disorder may enable easy access to quan-
tum critical points,”® while controlling cation compositions for spe-
cific magnetic exchange interaction pathways could open new levels
of control over spin textured states.”” Stabilization of single crys-
tals comprised of 5 or more cations in increasingly complex and
reduced symmetry crystal structures opens an extraordinary new
phase space in which we can expect to find many unexpected exotic
behaviors.

D. Maghnetic properties

Despite the increasing number of HEO materials being syn-
thesized and studied, magnetic properties have only recently started
to attract attention. Inducing disorder often gives rise to lattice dis-
tortion, octahedral tilting, and changes in electronegativity that can
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all influence exchange interactions and magnetic behavior, making
high entropy materials fertile ground for tuning and discovering
interesting or exotic magnetic properties.

Recent studies on the nature of magnetism in (Mgo.2Coo2Nio.2
Cup.2Zno2)O hint at a more complicated structure-property pic-
ture. This material features a broad transition to long-range anti-
ferromagnetic order below ~113 K, in a manner consistent with
a randomized and homogeneous cation distribution of the three
constituent magnetic ions.”””’ However, certain characteristics of
the transition (magnetic susceptibility deviating from the Curie-
Weiss behavior, absence of anomalies in heat capacity, and strong
magnetic excitations surviving up to room temperature) are con-
sistent with local magnetic fluctuations typically associated with
chemical clustering.33 Regardless, Meisenheimer and co-workers,
in recent work including DFT, EXAFS, and magnetization studies,
demonstrated that the Cu®* concentration and associated “stereo-
chemically driven structural disorder” can be used to tune lattice,
charge, and spin disorder in thin film samples, all while retaining
high phase purity and crystallinity.”® The study of the exchange
bias phenomena seen in a rock salt HEO with varying concentra-
tion of Co, (Mgo25(1-x) CoxClg 25(1-x)Nig 25(1-x)ZN0 251-9)O (x = 0.2,
0.27, and 0.33), shows that the unique properties of HEO materi-
als can be utilized to tailor the magnetic phenomena in oxide thin
films.”

Recent DC and AC magnetometry and Mossbauer spectra
reported for rare-earth and transition metal HEO perovskites,
(Gd, La, Nd, Sm, and/or Y)(Co, Cr, Fe, Mn, and/or Ni)O3, show
a relationship between the magnetic exchange and the chemi-
cal disorder, with a predominant antiferromagnetic behavior with
small ferromagnetic contribution.”’ In studies on the spinel sys-
tem, the iron-based compounds have shown room temperature fer-
rimagnetic ordering with tunable saturation, coercivity, and tran-
sition temperature.”"”’ X-ray absorption spectroscopy and x-ray
magnetic linear dichroism for (Mgo2Mng2Co002Nip2Cug2)Fe;O4,
(Mng2Fep2Co02Nig2Cug2)Fe;04, and (Mgo2Fep2Co02Nip2Cuy2)
Cr,04 show evidence of antiferromagnetic ordering and identi-
fied the unexpected presence of Cr'* in (Mgo.2Fep2C002Nip2Cuo.2)
Cr,0..”" Low temperature magnetometry on (Mgo2Feo2Coo.2Nio.
Cug2)Cr,04 showed large coercivity, while (Mgo2Mng2Coo.2Nio.2
Cug.2)Fe;04 exhibited a slight exchange bias and a lack of sat-
uration even in 9 T fields. Work on single crystal films of
La(Cro.2MngFeg2Co00.2Ni2)O3 suggests the presence of long-range
magnetic order in a disordered material and reveals that mag-
netic properties are strongly dependent on substrate-induced lattice
anisotropy.”” The possibility of manipulating magnetic properties
through lattice symmetry adds a new approach to the design of
desired magnetic responses.”’

Due to the presence of multiple metallic elements in many
HEO materials, a range of magnetic applications can be envi-
sioned, including rare-earth-free permanent magnets. New spin
liquids, characterized by long-range quantum entanglement and
the absence of magnetic ordering, and spin glasses, with mag-
netic moments “frozen” in a disordered pattern, are possibilities in
entropy-stabilized oxides. In the case of the spinel structure, cation
selection will determine possible site inversion, adding another
degree of complexity. Further study on other compositions and
structures of magnetic HEO materials should be conducted both in
bulk and film materials.
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E. Mechanical properties

Studies of HEAs have mainly focused on their applications as
structural materials. With the advent of HEOs, the possibility of
non-metallic structural materials should also be pursued, as the dis-
order inherent to HEOs could lead to improved mechanical prop-
erties, as is the case in HEAs.” Mechanical properties of the newly
developed bulk HEOs have been investigated in the rock salt sys-
tem to discover a trade-off between densification and grain growth,
reporting a maximum bending strength of 323 MPa and elastic mod-
ulus of 108 GPa.”” Mechanical properties of silicate HEOs and high
and medium entropy pyrochlores have started to be investigated
for applications in thermal barrier coatings.”*"°' > HEOs could
offer applications in wear resistant coatings, in materials for cutting
tools, and high temperature structural components, warranting fur-
ther investigation of the mechanical properties. A new class of high-
entropy transparent ceramics (rare-earth-alkaline-earth metal fluo-
ride) in the form of CeNdCaSrBaFi, shows significant potential for
a range of new functionalities, including use as a laser ceramic with
unique chemistry and optical properties that are considerably differ-
ent from those found in conventional fluoride transparent ceram-
ics.'” The successful synthesis of a disordered transparent ceramic
shows opportunity for the development of transparent HEOs and
could provide an avenue for developing enhanced infrared windows
and bulletproof glasses.

F. Thermal expansion

While the thermal expansion behavior has only started to be
investigated in a few high entropy silicates and pyrochlores,””**"*
the high degree of tunability offered by HEOs is expected to pro-
vide an avenue for modifying thermal expansion through cation
selection. HEOs also offer the opportunity to discover new materi-
als with anomalously low or negative thermal expansion. The Invar
effect caused by thermal excitations between two possible magnetic
states is believed to compensate for the lattice expansion related to
anharmonic effects of the lattice vibrations.’” In studies of one such
Invar alloy system, Fe-Ni, it has been suggested that the disordered
local moment model accounts for the possibility of antiparallel spin
alignments and the presence of multiple magnetic states.”” In the
case of HEO systems, the high level of disorder and the presence of
multiple magnetic constituents could lead to unique thermal expan-
sion behavior with competition between the magnetic and crystal
lattice.

IV. CONCLUDING REMARKS

By utilizing entropy as the driving force for engineering oxide
materials, the deviation from traditional prediction methods and
principles offers a path for new structure-property relations to be
discovered and innovative HEO structures and subsequent prop-
erties to be explored. The multi-cation approach inherent to high
entropy oxides allows for the tailoring of physical properties to meet
the requirements of the application. While HEOs offer significant
opportunities for functional material applications, their intrinsic dis-
order and highly localized chemical environments bring along new
challenges. Deeper investigation should be performed, with the sup-
port of theoretical work and a variety of local to long-range probes,
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to gain understanding of the effects the disorder has on the struc-
ture and ordering to uncover and ultimately utilize the tremendous
possibilities of functional HEOs.
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