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The recent development of multicomponent, high-entropy oxides (HEOs) has sparked research into ceramics
with significant compositional and structural diversity. The wide range of compositions and structures achievable
with these HEOs presents a promising research opportunity, as these materials may be custom-designed to serve
in several important applications, from chemical catalysis to lithium-ion batteries. Many of the unique properties
which make these materials viable for a variety of applications are attributed to the characteristic single-phase
(SP) structure of HEOs. As such, some researchers of HEOs have focused on understanding the driving force
which results in this transition from a multiphase to a SP structure. The continued development of these materials
relies on establishing a sound fundamental understanding of these critical phase transformations. To that end, in
this review, we will go over the recent research advancements investigating phase transitions in HEOs. In this
review, we will leverage mathematical and empirical evidence to compare the effects of enthalpic and entropic
contributions to the free energy of mixing and, in turn, their impact on the transition to SP, HEOs. Emphasis will
be placed on the role of entropy stabilization in these phase transitions as well as other property effects arising

from high-entropic lattice disorder.
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I. INTRODUCTION TO HIGH-ENTROPY OXIDES

The pursuit of compositionally complex, versatile materi-
als with tailorable properties has long served as a motivating
factor for materials research and design. Recently, the de-
velopment of high-entropy materials has attracted significant
research interest. The concept of high-entropy materials was
pioneered independently by Yeh et al. [1] and Cantor et al.
[2]. While early researchers focused on high-entropy alloys,
Rost et al. [3] opened the door for research into high-entropy
ceramics and particularly high-entropy oxides (HEOs).

Rost et al. [3] were successful in demonstrating that a
(Cop2Cup Mg ,Nip»Znp,)O multicomponent oxide could
be synthesized and produces a single phase (SP) at high
temperatures. Not only were the authors able to prove that
such a structure is stable but also that the transition from a
multiphase (MP) structure to a SP rocksalt structure is entropy
stabilized; that is, the SP transition is stabilized through the
configurational entropy contribution derived from high cation
sublattice disorder. The entropic and enthalpic contributions
to the system free energy dictate phase transformation ther-
modynamics in HEOs [3—12]. Since this initial work by Rost
et al. [3], additional high-entropy ceramics (for discussions on
high-entropy ceramics beyond oxides and direction to relevant
literature, please see the Appendix) have been synthesized,
particularly oxides [4-9,13-30]. Authors of most of these
studies have focused on synthesizing SP HEOs and moved di-
rectly to property characterization; however, authors of some
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studies have extended to examining the role of entropy in sta-
bilizing the SP structure [4—7]. These studies provide evidence
of the thermodynamic contributions which govern the phase
transformation behaviors and synthesis of SP HEOs.

In this review, we will examine the existing literature
to describe the thermodynamics of phase transformations in
HEO:s. Entropic and enthalpic contributions will be concisely
defined, and their role in the transition to SP HEOs will be
examined. Additionally, experimental work will be examined
to succinctly describe how phase transitions are studied in
HEOs, including a discussion of how entropy stabilization
may be identified as the driving force for a given phase
transformation.

II. THERMODYNAMICS OF PHASE TRANSITIONS

A. Configurational entropy and lattice disorder

Given that the distinguishing feature of HEOs is the max-
imization of the configurational entropy (Sconf), it is most
convenient to define this class of materials in these terms. In
general, HEOs are taken to be multicomponent SP complex
oxides having five or more constituent cations, resulting in a
configurational entropy of Scons > 1.5R, where R is the uni-
versal gas constant [10—12]. The ideal configurational entropy
is expressed in Eq. (1) as follows [3,10-12]:

N
Seont = —R > _ xiIn (x;). (1)

i=1

In the above equation, R is the universal gas constant,
N is the number of components (in this case, the number
of constituent cation types), and x; is the atomic fraction
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1.8 occur when AGp,x becomes negative (i.e., the entropy term
overpowers the positive enthalpy of formation of the SP).

1.6 Considering the MP-to-SP transition in HEOs, we may

» define two opposing thermodynamic driving forces. As dis-

’ cussed in the previous subsection, the configurational entropy

12 is maximized for equimolar cation ratios and increases with

the addition of constituent cations. This entropy term is in

@ 1 competition with the enthalpic driving force, which resists the

s formation of a SP structure.
w 08 To form a SP, the constituent oxides must arrange onto
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FIG. 1. Configurational entropy varies as a function of both the
number and mole fraction of components (i.e., constituent cations).
For a given number of cations, the configurational entropy will be
maximized at equimolar cation ratios.

of the ith cation species. In Eq. (1), we have neglected the
contributions of configurational disorder on the anion
sublattice; this assumption holds for HEOs because there
is only one anion species (i.e., oxygen) which is located
regularly on lattice positions. Therefore, the Sconr of the
system is due to lattice disorder among the cation species.
We also assume that cation disorder is relegated to a single
sublattice position; however, Eq. (1) may be easily modified
to account for multiple-site cationic sublattice disorder, such
as for the A- and B-site sublattices in more complex oxides
like perovskites [10].

There are two important trends that result from the mathe-
matical description of the configurational entropy presented in
Eq. (1); that is, the entropy will increase with a higher number
of constituent cations and will be maximized at equimolar
cation ratios. Hence, HEOs are designed to have equimolar
ratios of five or more cations to attain a high configurational
entropy. This behavior of configurational entropy is illustrated
graphically in Fig. 1. By designing these oxides with 54
equimolar components, the configurational entropy is raised
to overcome enthalpic driving forces and stabilize a SP struc-
ture (see Sec. [IT A).

B. Entropic and enthalpic considerations

A fundamental tenant of thermodynamics as it relates to
phase transformations is that the minimization of free energy
serves as the driving force governing these phase transitions.
The free energy of the system is defined in Eq. (2) below:

AGmix = AI_Imix - TASmix- (2)

Therefore, the transition from a MP to a SP state (as re-
quired for these HEOs) must be favorable via a minimization
of the free energy. In short, SP transformations in HEOs will

a single lattice. Not all of the constituent oxides necessarily
exist in the same initial lattice configuration (and those that
do will typically have disparate lattice constants); therefore, a
transformation to a SP with a single (average) lattice constant
must occur, the energy requirement for which is encompassed
by the AHpix term of Eq. (2). This phase formation enthalpy
requirement (AH%~#) can be considered an energy penalty
working against the entropic driving force, promoting phase
segregation.

From Eq. (2), it is also evident that the ASyx term is
temperature dependent; therefore, at a sufficient temperature,
it is possible for the entropic driving force to overcome the
enthalpic energy penalty (that is, AGpix < 0), resulting in the
formation of a SP solid solution. The importance of entropy
in driving the transition to a SP has led to the creation of a
classification of compositionally complex oxides distinct from
HEOs: entropy-stabilized oxides (ESOs) [3,7,10].

It is important to clarify the differences between the gen-
eral class of HEOs and the specific class of ESOs [10]. The
former classification refers to all SP, multicomponent complex
oxides, systems (Ncaions = J) satisfying the previously stated
requirement Seonr > 1.5R. As a result of this high configura-
tional entropy, HEOs generally experience entropic property
effects (discussed in greater detail in Sec. VII). ESOs, on
the other hand, possess a stable SP structure directly due to
the dominance of the entropic driving force during the phase
transformation. While all HEOs do possess a high configura-
tional entropy, depending upon the system, this entropy may
not be sufficient (or in the case of AH;x < 0, not needed) to
overcome the high enthalpy of formation for the SP, and thus,
the system may not be a true ESO.

Several studies have conclusively demonstrated the dom-
inance of high entropy in driving the formation of a SP
[3-7]. However, other studies have noted that, while entropy
does play a role in stabilizing some SP HEOs, the config-
urational entropy may not always overcome the enthalpy of
the phase transformation, resulting in intermediate phase for-
mation [10-12]. The latter case represents a situation where
enthalpy dominates in Eq. (2).

This competition between entropic and enthalpic com-
ponents in the SP transformation in HEOs as predicted by
thermodynamics presents an important research question:
What experimental evidence is there for entropy stabilization
of SP HEOs? To address this fundamental question, in the
remainder of this review, we will focus on the experimental
approaches used to confirm the presence of SP HEOs and
identify the driving forces responsible for the phase transfor-
mation. We will present a variety of different characterization
methods as tools for assessing the thermodynamic behavior of
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FIG. 2. Schematic representation of a 3x3 unit cell array of a
sample (100) family plane of a hypothetical single-phase rocksalt
five-component high-entropy oxide (HEO). Oxygen anions are rep-
resented by red spheres, while the smaller colored spheres represent
atoms featuring an average site occupancy of five cation species (left)
and the real randomized site occupancy (right). Note that these ox-
ides tend to be ionically bonded species. The highly disordered cation
sublattice is a manifestation of the high configurational entropy of the
system.

these phase transformations and will offer a perspective on the
outlook of these studies.

III. SPs IN HEOs
A. Structure of HEOs

HEOs are characterized by high levels of lattice disor-
der, resulting from their high configurational entropy. In
high-entropy ceramics, as with traditional ionic crystals, the
structure can be viewed as cations occupying specific in-
terstitial vacancies within close-packed anion arrays (e.g.,
oxygen). However, in HEOs, unique cation species are not
regularly ordered on interstitial positions; rather, they are
randomly dispersed on these cation positions throughout the
lattice, forming a relatively uniform distribution. Assuming
that complete cationic sublattice disorder is achieved, with
neither long- nor short-range ordering of cations (see Sec. VI),
then a true SP material is achieved. This characteristic struc-

Oxide Phase
MgO Rocksalt
CoO Rocksalt
NiO Rocksalt
CuO Tenorite
ZnO Wurtzite

Log intensity

tural arrangement of HEOs is illustrated in Fig. 2. HEO
SP materials have been shown to crystallize in a variety
of different structural configurations, including the rocksalt
[3], perovskite [4,5], and fluorite [6,7] systems. In each
case, a homogenous dispersion of cations and the absence
of secondary phases qualifies the system as existing as a SP
material.

B. Experimental observations of SPs

Before experimentally examining the thermodynamic driv-
ing forces behind an HEO MP-to-SP transformation, it is
first necessary to confirm the existence of a SP. There are a
variety of ways that this may be accomplished, although two
routes are most prominently utilized in the literature: x-ray
diffraction (XRD) and energy dispersive x-ray spectroscopy
(EDXS).

The formation of a SP HEO may be confirmed by observ-
ing the temperature-dependent evolution of the XRD pattern.
Initially, the constituent oxides exist independently, possess-
ing their own unique structures. In the case of the work
by Rost et al. [3], MgO, CoO, and NiO exist as rocksalt
structures, while CuO and ZnO exist as tenorite and wurtzite
structures, respectively. The initial presence of these sec-
ondary phases can be confirmed through XRD (Fig. 3). As
temperature increases, the enthalpy resisting the transition of
CuO and ZnO into a rocksalt SP lattice is eventually over-
come by the T'ASy,x term, leading to the disappearance of the
diffraction peaks attributed to the secondary phases and the
formation of a SP solid solution. This temperature-dependent
evolution of the diffraction pattern can be observed through
XRD, as demonstrated in Fig. 3. The dominance of a single
set of peaks and the absence of any secondary peaks at high
temperatures is evidence that a SP HEO was successfully
produced.

There are key experimental challenges that are little dis-
cussed in the literature when it comes to establishing a SP
ESO with XRD methods. These include simple phenomena,
such as the difficulty of detecting small impurity peaks given

1,000 °C

20 (°)

FIG. 3. X-ray diffraction (XRD) patterns of a (Coy,Cuy,Mg,Nip,Zng,)O rocksalt high-entropy oxide (HEO) are shown above. The
patterns were collected after 2 h equilibration at the specified temperature and subsequent air quenching. As temperature increases, the
secondary phases (notated by small arrows) are observed to disappear, ultimately leading to the formation of a single-phase solid solution
in the rocksalt structure. The tablular insert identifies the parent phase of each constituent oxide. Reproduced from Rost ez al. [3].
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(d) Particle size, strain, and multiple phase modeling of nanostructured HEOs with Rietveld analysis
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FIG. 4. A montage of analyses pertinent to distinguishing the attainment of phase purity and compositional homogeneity in complex
oxides, high-entropy oxides (HEOs), and entropy-stabilized oxides (ESOs) via x-ray or neutron powder diffraction studies. (a) Synchrotron
x-ray and neutron powder diffraction patterns, and Rietveld refinement, verifying single phase (SP) for the commensurately modulated
and cation disordered ZrsTa,O [31]. (b) High-resolution synchrotron x-ray diffraction (XRD) patterns and Rietveld analysis distinguishing
a SP garnet solid solution sample with average composition [Mg, ;,FegtCagaaMnZ,1s [Al; s3Fedt Crat, TigoiFelh,1,Si:0 (top panel)
from a multiphase sample with average composition [Mg, ;;Fe%,Cag33sMndh 15 [Aly 73Fedt,Crat TigosFelts1,Si30 (bottom panel) [33].
(c) Neutron diffraction (left) and neutron pair distribution function (PDF; right) analysis uncovering variation in the local bonding envi-
ronments of the closely related orthorhombic pyrochlore HEO compositions Nd, (Tag 2S¢y 2Sng,Hf g 2Zr(5),07 (labeled Nd;M,0O;_TaSc) and
Nd,(Tig,Nbg»Sng ,Hf g 2Zrg5),07 (labeled Nd,M,0;_TiNb) [37]. (d) Rietveld refinement of an XRD pattern of a nanostructured spinel sample
with average composition of (Mng,Fe,,>Nig>Mg, ,Cug»)C0,04, fit with a SP model and crystalline grain size broadening (left panel), a SP
model incorporating strain broadening (middle panel), and a model containing two spinel phases that differ only in their phase fraction and

cubic lattice parameter (right panel). See text for further discussion.

the fluorescence effects many transition metals experience
under laboratory XRD radiation, and more complex phe-
nomena, such as peak shape effects from strain and particle
morphology and peak intensity effects from crystallographic
texture or cation sublattice order/disorder. A challenge of
specific importance to the field of HEOs and ESOs is
separating the effects of overlapped reflections due to sym-
metry lowering from those of multiple, similar phases.
Such tasks are exceptionally challenging for structure types

that intrinsically feature many closely spaced or overlapped
Bragg peaks. We note that a subset of HEO literature
includes full-profile Rietveld refinements, which are key
when quantitatively distinguishing such factors with pow-
der diffraction data. We bring attention to a variety of
examples in Fig. 4 germane to the determination of phase
purity and compositional homogeneity in complex oxides,
HEOs, or ESOs via x-ray or neutron powder diffraction stud-
ies.
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Figure 4(a) displays results of a combined Rietveld refine-
ment of high-resolution synchrotron powder XRD patterns
and neutron powder diffraction patterns for the commensu-
rately modulated highly disordered oxide ZrgTa,O (space
group: Ima2, #46) [31]. The analysis demonstrates a phase
pure sample, where XRD is used to obtain accurate cation
positions and neutron diffraction is used to obtain accurate
oxygen positions, due to their complementary scattering sen-
sitivities. The strongly contrasting x-ray scattering factors for
Zr and Ta additionally confirm the presence of severe cation
disorder; cation disorder is important in the A¢B,0;7 (A = Zr,
Hf; B = Nb, Ta) family [32].

A sample that appears x-ray phase pure at first glance
from peak indexing can be difficult to distinguish from one
composed of several distinct but similar phases (with closely
overlapping hkl reflections). In such a case, the Bragg peaks
of distinct phases may overlap significantly and not be recog-
nized as a MP structure. While it was not directly discussed
in the original work [3], this effect is likely on display in
Fig. 3, where the Bragg peaks for the 800, 850, and 900 °C
rocksalt phase appear asymmetric and broadened compared
with those observed upon and after annealing at 1000 °C.
Multiple and closely related phases can often be identified by
a full profile least-squares refinement of powder diffraction
data (Rietveld analysis). It may prove necessary to collect
high-resolution data from a monochromatic source and/or ex-
pand a data collection window to include higher d-spacing
peaks in such an endeavor. Such requirements have been
noted in distinguishing SP solid solutions from distinct but
closely related MPs in garnet, spinel, and other complex
oxides [33-36]. A demonstration is given in Fig. 4(b) for
two complex garnet minerals; the [Mg, 5,FetCag4»MnZ T, 15
[Al} s3Fe) §sCrot, Tio.oFegh, 1,5i3012 sample in the top panel
is confirmed as a SP solid solution, while the sample in
the bottom panel is demonstrated to be a MP compound
with an average composition of [Mg, 3;Feg’;Cag33Mng 1,
[Al; 73Fegt,Cr.063+ Tig osFej £<1,Si3012 (this sample has
less Cr** and more AI’* cations in the octahedral site and
exhibits birefringence from the strain experienced by the sec-
ondary minor phase) [33]. Very few reported HEOs have been
studied with high-resolution diffraction, and thus, the extent
to which such effects may be present among them has not yet
been carefully examined.

Even in cases where the average structure as
modeled by Rietveld refinement indicates a SP, studies
of the local atomic structure may reveal significant
distortions of local environments, variations in chemical
short-range order (CSRO), or the presence of multiple
different nanostructured regions [30,37-39]. Figure 4(c)
displays partial results of a detailed atomic structure
analysis of two closely related HEO pyrochlore
structures, Nd;(Tag2Scp2Sng,Hfg2Zr2),07 (labeled
Nd;M;07_TaSc) and Ndy(Tig2Nbg2Sng2Hfg27r¢2),07
(labeled Nd,M,07_TiNb) [37]. Neutron diffraction analysis,
shown on the left, indicates a phase pure orthorhombic
pyrochlore structure (spacegroup: Imma, #74) for both
samples. However, the result of reverse Monte Carlo neutron
diffraction and pair distribution functional (PDF) analysis
on the right, supported by density functional theory (DFT),

molecular dynamics simulations, and Metropolis Monte Carlo
simulations, reveals that the Nd,M,07_TaSc composition is
synthesized with its M site local to microscopic order highly
randomized/disordered, while the Nd,M,0O;_TiNb composi-
tion displays a strong local distortion of TiOg octahedra. Note
that the presence of local lattice distortions or CSRO does not
constitute a new phase unless it is seen to grow given time and
thermal energy. In fact, some degree of disorder exists in all
materials where the enthalpy of mixing is nonzero, even in a
SP, entropy-stabilized material. The extent to which differing
degrees of CSRO and local atomic distortions are prevalent
among HEOs and ESOs deserves further study.

Verifying the attainment of a SP with XRD may require
sorting out the origin of specimen broadening effects in ob-
served x-ray or neutron powder diffraction patterns, which
requires careful modeling of instrument profile functions.
The task is even more challenging in nanostructured HEOs,
where finite crystalline grain size, strain broadening effects,
and low signal-to-noise ratios may be present in diffrac-
tion data. A significant portion of HEO literature contains
diffraction data with visibly asymmetric and/or broadened
peak shapes [30,40-44]. Sometimes these effects are dis-
cussed and modeled, and sometimes they are not. Such
instances may indicate the presence of significant strain,
a lower symmetry structure, multiple closely related (sec-
ondary) phases, a compositional gradient, or other effects.
A demonstration is shown from our own work in Fig. 4(d)
for a nanostructured spinel oxide with average composition
(Mng 2Feg 2Nig Mg, ,Cug2)Co,04, where the resulting dif-
ference curve shows that Bragg peak features are not well fit
with a SP spinel structure model with spherical particle size
broadening (left panel, Ry, = 2.26%). The addition of a strain
parameter (middle panel, Ry, = 2.09%) does little to improve
the fit, but a two-phase spinel structure model incorporat-
ing separately refined cubic lattice parameters (right panel,
Ryp = 1.53%) provides a significantly improved result. Note
this is not sufficient evidence to confirm a MP nanostructured
oxide; a model with three phases and three lattice parameters
would provide an even better fit to data. This peak asym-
metry could be caused by a composition gradient resulting
from the dissolution of two isostructural phases with different
compositions dissolving into one another to form a SP. If
this nanostructured oxide is a MP spinel with overlapping
Bragg peaks, rather than a true solid solution, it will possess
multiple distinct regions with distinct compositions and lattice
parameters. This also means it will likely feature fewer cations
in each of its separate phases and less overall entropy stability
and thus may not qualify as a HEO as defined in this review.
How phase purity is characterized and even defined in HEO
systems and what structural analysis will ultimately be neces-
sary to understand their key physical properties are evolving
topics.

In contrast with XRD, EDXS offers a more qualita-
tive method for confirming the existence of a SP HEO.
As described in Sec. IT A, cationic sublattice disorder is an
embodiment of the high configurational entropy that is char-
acteristic of HEOs. The random, homogenous distribution of
the cations throughout the HEO structure is a requirement
for the formation of the SP structure. Therefore, proof of
long-range, uniform dispersion of the cations in the sample
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FIG. 5. A montage of examples of methods for chemical homogeneity studies in high-entropy oxides (HEOs). (a) The transition to
single-phase pyrochlore Dy, (Tip»Zr¢,Hfy>Gep2Sny,),07 is shown to be temperature dependent and reversible from x-ray diffraction
(XRD), with accompanying energy dispersive x-ray spectroscopy (EDXS) mapping showing clear precipitation of a Ge-rich secondary
phase [8]. (b) Atomic-scale EDXS mapping of uniform cation distributions in (Coy,Cug,Mg,,Nip2Zn;,)O rocksalt HEO [3]. (c)
Atom-probe tomography maps of the (Cop,CugoMg,,Nip2Zng,)O HEO likewise show homogeneity in the cation distribution [47].
(d) A high-angle annular dark field (HAADF) scanning transmission electron micrograph shows ordering of cation columns in the

(Gdo.2Lag,Ndo.2Smg 2 Yo.2)(Cog 2 Cro 2Feo 2Mng 2Nig )O3 HEO [5].

structure would consequently serve as evidence of a SP. This
is conventionally accomplished via EDXS mapping, which is
a common feature of most standard EDXS detectors. EDXS
maps can show the relative distribution of the atoms (in this
case, cations) within the sample structure. Provided that a
large enough area of the sample surface is mapped, it is
not usually necessary to perform quantitative analysis with
this form of EDXS; when paired with XRD, it is generally
sufficient to use EDXS to show the homogenous distribution
of cations.

Alternate (and generally more quantitative and intensive)
methods for establishing a high degree of cation disorder and
therefore chemical homogeneity in HEOs have included atom
probe tomography, extended x-ray absorption fine structure
(EXAFS), x-ray absorption near edge spectroscopy, and x-
ray magnetic circular dichroism, x-ray or neutron diffraction
and PDF, atomic force microscopy, neutron spectroscopy,
superconducting quantum interference device magnetometry,
Mossbauer spectroscopy, Raman spectroscopy, electron para-
magnetic resonance, and nuclear magnetic resonance studies
(see Sec. VI for further discussion) [45,46]. Collectively, these
methods may be used to assess relative cation distributions
and probe local coordination environments, which are critical
in the study of HEOs; several reports exist in the literature
which serve as excellent examples of the broad range of
characterization techniques available for exploring cation dis-

tribution and local structures in HEOs [3,5,8,47,48]. Figure 5
provides examples of how a variety of different characteriza-
tion techniques have been employed in the study of HEOs to
probe chemical homogeneity.

IV. ENTROPIC PHASE TRANSFORMATIONS
A. ESOs

As we have shown, thermodynamics predicts that the
entropic driving force may stabilize the formation of SP
HEOs when sufficient temperature is reached to over-
come the enthalpic energy penalty associated with the
transition from an equilibrium MP to an equilibrium SP.
Rost et al. [3] demonstrated that the SP structure of the
(Cop2Cup Mg ,Nig»Zng,)0O HEO was entropy stabilized
through a series of three corroborating observations of the
phase transformation: temperature-dependent reversibility,
endothermicity, and component addition.

While authors of most studies have focused on maximizing
the configurational entropy of a system, it is important to
note that the system need only overcome the enthalpic resis-
tance to the phase transformation, meaning that the entropy
threshold for such a transformation varies by system. In the
case of the canonical (Cog »Cup Mg ,Nig2Zng2)O HEO, the
configurational entropy is in competition with the enthalpy
of formation which serves as a barrier to the transition of
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TABLE 1. A survey of many of the SP HEOs reported in the literature, with emphasis placed on those reports of entropy stabilization.
Additional lists of HEO compositions may be found in the literature [10,11,45,46].

SP structure (compositions) Scont Stability? Experimental References
Rocksalt (MO)
(Cop2Cug Mg ,Nig»Zng )0 Yes All three methods [3,17,27,28]
*QOther derivatives in the system, particularly Gd, Li, Na, K, and other dopants
(Mg, 33C00.33Nig33),_sZn;O Yes Reversibility [9]
Fluorite (MO,)
(Ceg2Zro,Hf(>Sng,Tip,)0, Yes Reversibility [6]
(Ce2Zrp2Y02Gdg,Lag»)0;,_5 Yes Reversibility [7]
(Hf.25Zr925Ce0.25 Y0.25)025 No - [16]
(Hf.25Zr9.25Ce0.25)(Y0.125€20.125)O02-5 *(2 = Yb, Ca, Gd) No - [16]
(Hf.25Zr.25Ce0.25)(Ybo.125Gdo.125)02 5 No - [16]
(Hf92Zro2Ce0.2)(Y0.2£202)02-5 *(2 = Yb, Gd) No - [16]
(Hf92Zrp2Ce0.2)(Ybo2Gdo2)02-5 No - [16]
(Cep2Lag2Smg,Prg2Y02)02s No - [25]
Perovskite (ABO;)
Sr(Zry»Sng,Tig,Hf ) 2202)03 (2 = Mn, Nb) Yes Component addition [4]
Ba(Zry,Sng,>Tig,Hfg2€202)03 (2 = Nb, Ce, Y, Ta) No - [4,26,29]
(Sro.sBag.5)(Zro2Sng ;2 Tig ,Hf g 2Nbg )O3 No - [4]
(Gdg,Lag,Ndy,>Smg,Yo,)MnOs Yes Reversibility [5]
(Gdo.2Lag,Nd2Smg 2 Y02)203 (2 = Co, Fe) No - [5]
Q(Co¢,Cry,Feg,Mng,Nij,)0;5 (2 = Gd, La, Nd) No - [5]
(Gdy2Lag2Ndp 2Smg 2 Y0.2)(Cop 2Cro2Fep2Mng ;Nig2)O;3 No - [5]
Spinel (AB,0,)
(Cop2CroaFep2Mng202)304 *(2 = Ni, Mg, Zn) No - [13,14,18,19]
(Nig2Cro2Feq2Mng2202);04 #(2 = Mg, Zn) No - [14,19]
(Mgy ,C00,2Nig2Cuip 2 2.2)Fe; 04 #(2 = Fe, Zn) No - [18]
(Mnyg 2Cop2Nig2Cug2€20.2)Fe; 04 (2 = Fe, Mg) No - [18]
(Mg ,Co¢2NigCug,22)Cr,04 %(2 = Fe, Zn, Mn) No - [18]
(Mg ,Co02Nig>Cug2Zng )AL, Oy No - [18]
(Alp.167C00.167Cro.167F€0.167Mn0.167Ni0.167)3 04 No - [24]
Bixbyite [(A, B),03]
(Gdo.4Tbo 4Dy 4Hoo 4Er0.4)03 No - [15]
Pyrocholore (4,B,07)
(Gdg2Eug,Smg,Ndg,Lag2),Zr,0; No - [20]
Dy, (Tig2Zro2Hfo2Gep2Sn02),07 Yes Reversibility [8]
(Eug»Gdg,Dy,,Hoo2£20),Zr,07 *(2 = La, Sc, Tb) No - [30]
Y, (TiZrHfMoV),0, No - [22]
Y, (TiHtMo0£2),0; *(2 =V, Zr) No - [22]
(Euo.5Gdo 5),(Tip.33Zr0.335n0.33), 07 No - [21]
*Qther derivatives in this system
Magnetoplumbite (AB1,019)
Ba(FesTi; 2Coi2In; 2Ga; 2Cry2)019 No - [23]

Zn0O and CuO into the rocksalt SP from the original wurtzite
and tenorite structures. Therefore, entropy stabilization under
an ideal solution assumption would require these enthalpic
penalties to be overcome, which must be a temperature-
dependent phenomenon. Moreover, measuring the directional
heat flow can also demonstrate the endothermicity of the
transformation, thus providing a second route for testing
entropy stabilization. Finally, removing components would
lower the configurational entropy of the system, and therefore,

component addition may be used to assess if the entropic
threshold for SP stabilization is met. Thus, three clear meth-
ods arise for testing the role of entropy in stabilizing the SP
transformation.

Since this initial illustration of entropy stabilization of
HEOs by Rost ef al. [3], other groups have leveraged similar
approaches to conclusively prove the role of entropy in stabi-
lizing the SP transformation in HEOs [4-9]. Table I provides
a survey of the literature of many reported SP HEO systems,
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with attention paid to those systems shown experimentally
to be entropy stabilized (including experimental approaches).
Note that, while many SP HEOs have been produced,
relatively few have been conclusively shown to be entropy
stabilized.

Here, we have briefly established the foundation for each
of three methods for testing entropy stabilization, using the
(Cop2Cup Mg ,Nig2Znp,)O rocksalt HEO as an example.
The remainder of this section is devoted to examining the
experimental approaches which have yielded evidence of true
ESOs, including the characterization techniques used and the
systems studied.

B. Temperature-dependent reversibility

Thermal cycling takes advantage of the temperature depen-
dence of the entropy term in the expression of the system free
energy [Eq. (1)] to prove entropic stabilization of the HEO
SP. Due to the temperature dependence of this ASyx term, it
follows that there is a critical temperature for which AG = 0;
that is, the magnitude of —7 ASpix is equivalent to the mag-
nitude of AHp,x. While at points above this temperature the
SP may be entropy stabilized, the system will exist as a MP
structure below this critical temperature. If the system is a true
ESO, then the phase structure should be fully reversible by
transiting this temperature boundary.

This temperature-dependent reversibility of the SP trans-
formation has been leveraged most frequently in the literature
as a route to demonstrate the role of entropy stabilization
[3,5-9]. This is accomplished by allowing the system to equi-
librate at a temperature at which the SP is stable, with SP sta-
bility confirmed by XRD. After this, equilibration at a lower
temperature [below the critical temperature, AG(T¢) = 0] is
conducted, and the sample is again quenched and examined
via XRD. As a result of the equilibration at lower temperature,
the —T ASnix decreases in value and cannot overcome the
enthalpic energy penalty to form a SP; as a result, we expect
the precipitation of one or more secondary phases, which is
confirmed by comparing the XRD patterns at the low and high
temperatures. An example of this process is shown in the right
of Fig. 3, as equilibration of the (Cog ,Cuy Mg ,Nig2Zng»)0
HEO at 750°C leads to formation of secondary phases, but
subsequent equilibration at 1000 °C permits the reformation
of the rocksalt SP [3]. Alternating MP and SP formation
because of repeated thermal cycling between these temper-
atures successfully demonstrates the temperature-dependent
reversibility of the phase transformation and consequently
the role of entropy as the stabilizing driving force. As men-
tioned previously, this method can be more difficult to apply
when the end member components are all stable in the same
structure type (if the diffraction peaks of the separate phases
closely overlap). In this latter case, Rietveld refinement or
peak width analysis can be applied to HEO lattice reflections
to demonstrate a transition from multiple overlapping peak
contributions to single peak contributions.

C. Endothermicity

Another consequence of an entropy-stabilized SP transfor-
mation is that it must be endothermic. This transformation
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FIG. 6. High-temperature in situ x-ray diffraction (XRD; left)
and differential scanning calorimetry (DSC; right) were conducted
for the (Cog,Cug,Mg;,Nip,Zn,)O rocksalt high-entropy oxide
(HEO) to prove the entropy stabilization of the phase transformation
and pinpoint the phase transition temperature via the observation of
an endothermic peak corresponding to the emergence of a single-
phase rocksalt structure. Reproduced from Rost et al. [3].

requires the influx of heat to overcome the enthalpy resisting
the phase transformation, which can be measured directly
via differential scanning calorimetry (DSC) [3]. The location
of the endothermic peak in the DSC spectrum can be used
to locate the SP transition temperature. Coupling the DSC
data with XRD can provide significant insight into the phase
transformation, as high-temperature in situ XRD can show
the formation of a single set of diffraction peaks (and the
disappearance of secondary peaks) concurrent with the en-
dothermic peak of the DSC curve (Fig. 6).

There are relatively few examples in the literature of
calorimetry applied specifically to ESOs (as a rule, it appears
that authors of most studies have employed temperature-
dependent reversibility over calorimetry methods for explor-
ing entropy stabilization). However, there are reports of other
calorimetry techniques which have been used successfully
in studies of compositionally complex and highly disordered
oxides, such as oxide melt solution calorimetry [32]. Further
reading on high-temperature calorimetry techniques and ap-
plications can be found in the literature [49].

D. Component addition

A third method to conclusively demonstrate the role of en-
tropy in stabilizing the formation of a SP HEO is the removal
or addition of components with a positive mixing enthalpy
contribution. Referring to Eq. (1), it may be seen that the
addition of components will increase the configurational en-
tropy. Therefore, changing the number of components should
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FIG. 7. X-ray diffraction (XRD) pattern of the complex oxide
J14 represents the composition (Cog,CugoMg, ,Nig2Zng2)O equi-
librated at high temperatures and exists in the single-phase (SP)
rocksalt structure. The five subsequent XRD patterns are of the
complex oxide with one of the constituents removed with an anneal
for 12 h at the observed SP transition temperature of 875 °C;. In each
case, the removal of a constituent oxide lowers the system configura-
tional entropy enough that the SP structure is no longer stable at the
original transition temperature, as demonstrated by the emergence
of secondary diffraction peaks (noted by carrots). Therefore, this
method demonstrates entropy stabilization. Reproduced from Rost
et al. [3].

have a substantial impact on the system entropy and in
some cases force the stabilization of the SP. This effect
is illustrated through the following hypothetical example:
consider an equimolar, four-component, medium-entropy sys-
tem (Sconr = 1.39R). If a fifth component is added, the ideal
system configurational entropy is increased (Scons = 1.61R).
The entropy gain associated with this component addition
may be sufficient to drive the SP formation. Therefore, this
method presents compelling evidence of a true ESO via
the entropy gain associated with component addition from a
medium-entropy oxide to a HEO.

This approach has been employed with success in previous
work [3,4]. In the rocksalt system, Rost et al. [3] were able
to demonstrate that the removal of any one of the constituent
oxides resulted in the failure of the system to form a SP
structure at high temperatures (Fig. 7). Interestingly, in the

case of the rocksalt system, even removing constituent oxides
which induce the enthalpic energy penalty of the phase trans-
formation (i.e., ZnO and CuO) resulted in the formation of a
MP structure. This observation suggests that the entropic con-
tribution of adding the fifth component (i.e., 1.61R > 1.39R) is
significant enough to overcome even the energy penalty of the
phase transformation. As a result, this method provides strong
additional support for the argument of entropy stabilization of
the SP structure.

Similar results have been achieved for the perovskite
system, as Jiang et al. [4] demonstrated that the addi-
tion of a fifth component (either Mn or Nb, with all
B-site cations subsequently present in 0.2 molar ratios) to
the Sr(Zrg.25Sng25Tig25sHfo25)O03 four-component, medium-
entropy oxide stabilized SP formation.

Collectively, these three experimental techniques may be
used to present solid evidence of entropic stabilization of SP
HEOs. However, as suggested by the data in Table I, authors of
only a handful of articles in the literature have performed such
experiments. While each of the papers referenced in Table I
do provide evidence of a homogenous SP structure, not all
isolate entropy as the driving force of this transformation. As
a result, there is something of a knowledge gap as to how
prevalent entropy stabilization is across different systems of
HEOs. Nonetheless, this presents an exciting opportunity for
future research.

E. Computational predictions of entropy stabilization

The subsections above have dealt exclusively with experi-
mental evidence of entropy stabilization of SP transformations
in HEOs. However, it is important to note that computational
models have also been leveraged to predict both the role of
entropy stabilization as well as, more broadly, the stability
of the SP in general [37,50-55]. Authors of these studies
have leveraged computational tools including DFT, ab initio
molecular dynamics, CALculation of PHAse Diagrams, and
machine learning/artificial intelligence. Some have used the
special quasirandom structures approach [37] or incorporated
genetic algorithms and other advanced sampling techniques
[50,51] to explore the vast configurational space inherent to
high-entropy systems. While they will not be discussed in fur-
ther detail here, these computational tools represent important
approaches for predicting and understanding the stability of
HEOs and other high-entropy ceramics. It is likely that the
field of HEOs, as well as high-entropy materials in general,
will continue to benefit from and drive developments in ad-
vanced computational approaches.

V. ENTHALPIC CONSIDERATIONS

Hitherto, for the sake of simplicity, we have treated the
enthalpic contribution as something of a black box, encom-
passing the relatively abstract concept of the energy penalty of
the phase transformation. Fundamentally, this energy penalty
is associated with the transition into a SP lattice from a differ-
ent equilibrium configuration. For example, in the canonical
rocksalt system, CuO and ZnO have enthalpies of forma-
tion since they do not exist as rocksalt structures under bulk
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As stated previously, these formation enthalpies are rep-
resented in the complete AHp,x term in Eq. (2). To briefly
reiterate from Eq. (2), we have the free energy (AGnix)
defined as the difference between the enthalpy of mixing
(AHpx) and the product of the entropy of mixing and tem-
perature (7 ASpix). We reaffirm two key points: The second
(entropy) term contains a temperature dependence, and A Gpix
must be less than zero for SP stabilization, which assuming a
positive AH,,ix implies the need for a higher magnitude of the
T ASnix term. Here, we provide a more in-depth treatment of
enthalpy contributions in these HEO systems.

From Eq. (2), we have that a SP solid solution is stable
relative to its pure components according to the following:

AGSE < 0. 3)

mix

Assuming AHnSfX is positive, this may be written as
SP SP
AFI]’]’I]X < TASle (4)

Equation (4) provides the concise mathematical description
of entropy stabilization, that is, entropy overcoming a posi-
tive enthalpy term. When the only contribution to ASIEEX i
assumed to be due to ideal configurational entropy, we may

combine the previous relationship with Eq. (1), which yields

N
AHSY < —RT in In x;. (5)

mix
i=1

However, this only yields the conditions for which a SP is
stable relative to pure components. For it to be the equilibrium
state for a given system, the SP must be stable relative to any
possible state, i.e.,

AGY® < AGMP (6)

mix mix’?
or

AHSY + RT Zx, Inx; < AHMY —7ASMP (7)

mix
i=1

After some manipulation, it is found that

AHS® < AHMP 4 RT lefo In (y’ ) ®)

i=1 j=I1

For Eq. (8), n is the number of phases in the system, fl.j
is the fraction of component i that has partitioned to phase j,
and ylj is the mole fraction of component i in phase j, which
is related to x; and fl’ :

g I

LY flu

The second term in Eq. (8) is the decrease in configura-
tional entropy associated with the formation of a MP mixture
from a SP. For a SP HEO to be stable (i.e., the equilib-

rium state), the conditions of both Egs. (5) and (8) must be
satisfied.

©))

Now let us turn our attention to the concept of entropy
stabilization. A SP microstructure can be stable relative to the

pure components without the entropy contribution if AHHS]E‘
is negative. A SP is entropy stabilized relative to the pure
components when TASS > AHSP > 0; that is, Eq. (5) is

mix mix

satisfied, and AHSY is positive. If the SP state is the equilib-

mix

rium state, AHS" may be negative, but it must be insufficient

to stabilize the SP alone, implying that the entropic contribu-
tion to AGSF is required to stabilize the SP relative to a MP

mix
m1xture, or
AHS > AGMP, (10)
AHS® > AHMP — T ASMP. an
N
AHSY > AHNY +RT Y xilnx;

i=1

—i—RTleZlen(y’). (12)

i=1 j=1

This expression combined with Eq. (8) provides the condi-
tions for entropy stabilization of a SP HEO.

It is also important to consider the effect of minimiza-
tion of enthalpy on the ability to form an entropy-stabilized
multicomponent oxide. For example, authors have primarily
focused on examining systems in which at least two parent
phases exist among the constituent oxides. In these examples,
there is an inherent energy penalty of the phase transition,
as has been discussed previously; however, if the HEO were
designed to contain constituent oxides having the same par-
ent phase structure, this enthalpy of formation of the SP
HEO could be substantially lower (or negative) in certain
systems.

This lowering of the enthalpy of formation could have
significant consequences in terms of the relative ability of the
system to be entropy stabilized at intermediate temperatures.
By lowering the enthalpic energy barrier of the SP transition,
the magnitude of —7 ASy,x required to make the free energy
of the transition zero is also lowered, while the AS,,;x contri-
bution from the ideal configurational entropy should remain
unchanged. In some of these cases, it may be possible to
observe SP stabilization of a four-cation system because, de-
spite lowering the ideal configurational entropy, the decrease
in enthalpy may still exceed the entropy decrease.

From an experimental viewpoint, studying phase transi-
tions in HEOs in this subclass may present more challenges
due to the absence of secondary phases which may be more
easily distinguished through prominent peaks in an XRD
pattern. Nonetheless, provided that the diffractometer in ques-
tion has sufficient resolution, formation of a SP HEO should
still be observable by examining the relative peak broaden-
ing with temperature (i.e., at lower temperatures, broader,
possibly asymmetric diffraction peaks reflect the MP struc-
ture, with sharpening of peaks occurring with increasing
temperature).

This subclass of HEOs produced from constituent ox-
ides possessing the same parent phase structure presents an
interesting research opportunity. In general, an entropic stabi-
lization to SP HEO formation would be most readily achieved
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by combining isostructure oxide components with a similar
oxidation state and ionic radii [3,10,28]. As described above,
the lowering of the phase transition enthalpy barrier implies
that the temperature required for entropy stabilization of the
SP is likewise suppressed, meaning that these phase transfor-
mations are more apt to be easily studied in an experimental
context. This also suggests that these kinds of systems may
be both the more prevalent examples of true ESOs as well
as more relevant in the context of applications. Therefore,
considering this approach in future HEO design may yield
interesting results on previously unexplored systems.

VI. CONSIDERATIONS OUTSIDE THE REALM OF IDEAL
CONFIGURATIONAL ENTROPY

As discussed in Sec. I B, ESOs represent a special subclass
of HEOs; that is, not all transitions to SP HEOs are entropy
stabilized via an ideal configurational entropy [10-12]. The
other candidate methods which may drive stabilization deal
with short- and long-range atomic interactions which vary
based on the system [10,12]. The entropy-stabilization argu-
ment assumes an ideal configurational entropy for the system
as shown in Fig. 1; however, localized distortions and unique
chemical ordering may cause the system entropy to be low-
ered, possibly below the threshold necessary for true entropy
stabilization. As a result, other atomic-scale forces may drive
SP transformations in HEOs when the entropy is insufficient.
Further analysis of these other thermodynamic considerations
is also available in the literature [12].

A. SP degradation

Previously, we have considered the role of entropy stabi-
lization as a temperature-dependent process. An interesting
reverse effect, in which a temperature increase results in
the precipitation of secondary phases from a SP structure,
has been observed in some HEO systems [4,29]. Based on
our prior treatment of entropy stabilization, such an event
is counterintuitive [10], as the magnitude of the —7 ASy;x
term should only increase with temperature. This suggests
that there are other competing factors that destabilize the SP
above a temperature threshold. One possible explanation of
these observations could be that kinetic factors, such as a
temperature-activated diffusion process which causes local-
ized ordering and a decrease in configurational entropy, result
in SP destabilization.

It should be noted that a SP state can be entropy stabilized
at an intermediate temperature but be unstable relative to a
MP mixture at elevated temperatures, despite the continuous
increase in the configurational entropy contribution to the
Gibbs free energy. The peritectoid reaction o + 8 <> y is a
prime example of such a situation. At high temperature, the
two-phase mixture of o + 8 is the equilibrium state, but as
temperature decreases, SP y becomes the equilibrium state.
This type of reaction typically occurs when one of the high-
temperature phases has a significantly higher entropy term
than the low-temperature phase, for instance, a disordered
solid solution compared with an ordered phase (or liquid
compared with solid for a peritectic reaction). The disordered
phase has a much larger configurational entropy than the or-

dered phase, allowing the free energy of a two-phase mixture
to become stable relative to a SP.

B. Preferential short- and long-range ordering and localized
coordination polyhedra distortions

As described eloquently by McCormack and Navrotsky
[12], any crystal chemical effect that moves the system from
an ideal mixing scenario can impact the thermodynamic sta-
bility of a HEO. There are a wide variety of crystal-chemical
effects known to induce short- and long-range ordering of
atoms in complex oxides. Any one of these is a potential
cause of SP stabilization in HEOs in lieu of ideal entropic
stabilization.

Some localized lattice distortions, particularly the Jahn-
Teller effect, have been indicated to likely exist in different
HEOs through a combination of experimental and com-
putational studies [37,44,48,50,52,56]. These Jahn-Teller
effects—axial elongations or compressions of cation coor-
dination geometries due to degenerative electron states—are
significant localized distortions of the lattice which may lead
to short-range preferential ordering of the SP. These distor-
tions are some of the most evident in the literature on HEOs
(Fig. 8).

Consider a cation coordination polyhedron in a HEO lattice
structure which experiences a Jahn-Teller elongation or com-
pression, as is common for a variety of transition metals in
octahedral coordination. The resultant lattice distortion may
provide a neighboring cation site with a geometry that is more
favorable for a specific species. Therefore, such distortions
can produce localized preferential ordering while still main-
taining the overall SP structure.

Moreover, authors of recent work have shown that some
lattice distortions and unique local coordination environments
may be energetically favorable in certain systems [37]. This
has significant ramifications for phase transformation thermo-
dynamics, as this could lower the energy barrier of the SP
transformation in multicomponent HEOs. Therefore, short-
range preferential ordering within the HEO crystalline lattice
could represent a nontrivial factor when considering the rela-
tive stability of a given SP and could likewise be useful when
considering future HEO design.

It is important to note that Jahn-Teller distortions represent
only one type of localized order/disorder effect that can im-
pact the propensity for short- or long-range order and thus
SP stability. As observed in many complex oxide systems
and solid solutions, similar effects can be induced by spe-
cific atomic radius ratios, by charge, spin, or orbital ordering
preferences of participating cations, by the presence of cation
or anion vacancies, by steric effects such as those induced
by lone-pair cations, and many others. There are multiple
reports uncovering such effects in HEO systems. For example,
several studies have examined the effect of variability in ionic
radii as it relates to likelihood of SP formation. Interestingly,
Spiridigliozzi et al. [57] report that producing stable fluorite
SP HEOs was correlated with a higher standard deviation of
cationic size ratios, suggesting that severe lattice distortion
directly contributes to the stability of these HEOs. Moreover,
Wright et al. [58] observed that reduced thermal conductivity
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(a) Axial elongation model for Cu2* coordination
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FIG. 8. Examples of localized disorder in the (Coy,Cug,Mg, ,Nig,Z

Cu-coordination octahedra induce bond distortions [48]. (b) Extended x-

in the nearest neighbor anion coordination shells unique to the Cu atoms

ng )0 entropy-stabilized oxide (ESO). (a) Jahn-Teller distortions in
ray absorption fine structure (EXAFS) data demonstrates variation
[48]. (c) X-ray diffraction (XRD) confirms a single-phase structure,

indicating that there must be long-range compensation of short-range distortions to observe a uniform lattice parameter [48]. (d) Density
functional theory (DFT) is useful for modeling local lattice distortions induced by these distortions [50].

is correlated to the size disparity among cations participating
in SP medium- and high-entropy pyrochlore compositions.

A wide array of ordered to disordered magnetic properties
observed in HEO systems suggest the influence of cation
sublattice order/disorder on resulting physical properties [59].
The class of spinel HEOs has provided several interesting
case studies, specifically as related to tetrahedral and octahe-
dral site preferences of specific cation species/oxidation states
[18,38].

Recently, a robust characterization effort was undertaken
to demonstrate that preferential cation site occupation in
the spinel HEO composition (Cog,Crg2Feg2Mng2Nig2);04
results from entropic stabilization through maximization of
crystal field stabilization effects. The local order significantly
departs from an entropy-driven nonpreferential arrangement
of cations in the lattice [38].

Still other reports have demonstrated that participation or
removal of a single specific cation can change HEO phase
stability and impact HEO phase selection. For example, Dje-
nadic et al. [25] demonstrated that defect fluorite (MO;_s)
HEOs containing equiatomic combinations of Y, La, Ce, Pr,
Sm, Nd, and Gd are formed as phase pure compounds when
Ce is present but are synthesized with secondary phases other-
wise. The Ce*" oxidation state and its preferred local bonding
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environment apparently stabilize a high-entropy configuration
of RE3* cations in the lattice.

While studies into the exact mechanisms and prevalence
of the above cases are still in their infancy, early observa-
tions are building a picture that phase stability and phase
selection in HEOs may prove to be highly specific to can-
didate chemical compositions and candidate crystal classes.
Local distortions, chemical variations, and configurational
preferences like those mentioned above (and their correspond-
ing relative entropic and enthalpic contributions to phase
stability) are likely to play key roles in numerous HEO fami-
lies. Complicating matters, there are tremendous experimental
challenges associated with determining the specific site pref-
erences, cation-specific local distortions, and the extent of
CSRO in HEOs based on complex and even simple oxide
archetypes, and consequently, authors of relatively few studies
have probed such effects in substantial detail [37,38,46]. To
what extent entropic vs enthalpic experimental levers can be
used as effective structure-property tuning parameters in vari-
ous classes of HEOs remains a wide-open research question.

C. Metastable systems

It is possible that certain observed SP HEO systems are not
in thermodynamic equilibrium but are in fact only metastable
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states. In such cases, the local to long-range atomic structure
features and degree of configurational disorder for a given
HEO composition could be highly influenced by the synthe-
sis approach and material processing conditions. It has been
observed that various kinetically driven reaction routes, in-
cluding mechanochemistry, polymeric steric entrapment, and
chemical coprecipitation, can be applied to form new (some-
times nanostructured) HEOs or to lower the temperature of
formation of a SP. In some cases, HEO compositions synthe-
sized by these methods may not be successfully made with
conventional solid-state methods, lending support to the idea
that at least some compositions may be metastable. At the
nanoscale, surface energies of various nanomaterial facets and
morphologies will impact the stability of oxide polymorphs
and solubility limits for individual components in HEOs [12].
It should be possible to stabilize nanostructured HEO compo-
sitions and by extension properties that are not readily realized
via traditional (high temperature) solid-state reaction routes.
It has been discussed that sluggish diffusion is a core effect
in high-entropy alloys [60]. Should this concept be extended
to HEOs, slow diffusion could make distinguishing thermo-
dynamic equilibrium from metastability more difficult. This
places additional significance on verifying the thermodynamic
stability of HEO SPs.

D. Nonideal entropy stabilization

As noted by Voskanyan et al. [32], entropy stabilization
may occur outside of the realm of high entropy as has been
conventionally defined. In general, the ceramics community
has focused attention on ESOs on complex systems with five
or more constituent cations, but that does not preclude entropy
stabilization from being observed in systems with lower ideal
configurational entropy or in systems with fewer components.
In fact, entropy stabilization of the SP transition has been
observed in systems which do not meet the traditional require-
ments to be classified as high entropy, generally due to not
meeting the Scons = 1.5R threshold [9].

E. Cocktail effects

It is important to note that the interesting properties of
multiconstituent cation systems may arise independently from
entropy stabilization, that is, via the cocktail effect. While first
proposed for high-entropy alloys [60,61], the cocktail effect
may be expanded to HEOs. Fundamentally, this principle aims
to describe the property effects of the complex system as
representative of the constituents. While this is a logical and
straightforward core effect, it is significant in that it reasserts
that, due to the high degree of compositional variability in-
herent in high-entropy systems, there are a wide range of
property spaces that may be accessed. To that end, while
certain systems may not be stabilized by ideal configurational
entropy as elaborated previously, these systems may still be
of significant interest due to cocktail effects arising from the
variety of constituent species.

F. Sluggish diffusion

Additionally, we note that high-entropy systems, due to
their high degree of compositional complexity, also experi-

ence slow kinetics (i.e., sluggish diffusion). This feature is
well documented within the high-entropy alloy community
[60], and recent studies contain suggestions that the same
is true for HEOs [8]. For example, as shown in Fig. 5(a),
precipitation of a secondary phase below the critical transition
temperature of a pyrochlore ESO as synthesized by Vayer
et al. [8] took up to 6 d at 1400°C. Such comparatively
long timescales, relative to normal ceramic synthesis, pro-
cesses to reach thermodynamic equilibrium is suggestive of
such sluggish diffusion effects. This poses a nontrivial ex-
perimental challenge, as assessing thermodynamics of many
of these phase transformations in HEOs may be significantly
hindered by the slow diffusion kinetics of these complex
systems. This is an important consideration when conduct-
ing temperature-dependent reversibility studies and in general
when considering thermodynamics of HEO systems. In such
cases, the diffusion kinetics may be so slow that it becomes
difficult to study these phase transitions or at minimum re-
quires substantial timescales for equilibration even at high
temperatures.

VII. SYNERGISTIC ENTROPIC EFFECTS IN HEOs

Authors of several recent reviews provide summaries and
perspectives on the many and possible applications of HEOs
and ESOs, including in lithium-ion batteries, chemical cataly-
sis, magnetic materials, and dielectrics [11,45,46,62-68]. On
a fundamental level, the unique properties of HEOs arise from
their unique structural configurations and the contributions of
their multiple components. Sarkar et al. [10] have proposed
categorizing HEO properties that are due to the interplay of
the multiple incorporated elements as synergistic and those
driven by the incorporation of a specific functional element
as single-element driven. While both categories represent im-
portant and expansive opportunity space, discussion is limited
herein to those synergistic properties directly impacted by
the potential high-entropic stability of HEO compositions. As
earlier discussed, entropy is optimized under ideal mixing
scenarios. Such a driving force provides a means to opti-
mize properties that benefit from high chemical disorder and
configurational complexity. Examples include low thermal
conductivity induced by the resulting multiphonon scattering
and highly temperature-stable catalytic and electrochemical
cycling abilities induced by the resulting sluggish diffusion
dynamics. Even in cases where entropy is not responsible
for phase stabilization, the high configurational entropy in-
herent in these oxides can lead to important properties which
may be exploited in a variety of applications. As a result,
simply the presence of high configurational entropy and
multiple components is sufficient to produce interesting and
research-worthy properties, even if the HEO is not consid-
ered a true entropy-stabilized oxide with respect to the phase
transformation. Finally, there are a few categories where the
entropy-stabilized phase transformation of the compound may
itself be of specific functional interest. Highly stable and re-
versible phase transformations inherent to the subset of ESOs
may conceivably be applied in various phase change material
[69] phenomena, including those employed in calorimetric,
magnetocaloric, energy storage, data storage, thermal energy
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[13-29]
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19

FIG. 9. This Venn diagram presents the differences between con-
ventional high-entropy oxides and entropy-stabilized oxides as well
as how several representative literature examples may be categorized.

harvesting, and many other technologies (though we are un-
aware of reports of such phenomena in ESO systems).

VIII. FUTURE DIRECTIONS AND OUTLOOK

The status of research into HEOs presents a plethora of
opportunities for future work. Multicomponent, HEO systems
exhibit promise for use in a wide variety of potential applica-
tions, making them an attractive class of materials. As a result,
understanding how these systems behave thermodynamically
is fundamental to designing stable HEOs. Below, we have
distilled the discussion of the role of entropy and the thermo-
dynamics of SP transformations in HEOs down to a few key
takeaway points:

(1) ESOs and HEOs are not interchangeable terms; ESOs
refer specifically to systems whose SP structures are stabilized
through high configurational entropy, while HEOs more gen-
erally refer to any systems which have a high configurational
entropy but which are not necessarily stabilized by this en-
tropy (summarized in Fig. 9).

(2) Entropy maximization considers an ideal mixing sce-
nario which is impacted by both entropic and enthalpic
contributions. As a result, entropy stabilization is not the
only method through which the SP transformation in HEOs
is driven thermodynamically.

(3) Entropy stabilization of the phase transformation may
be confirmed through a series of corroborating experi-
ments: temperature-dependent reversibility, endothermicity,
and component addition.

(4) Authors of few studies have conclusively examined
the thermodynamics of phase transformations in HEOs; as a
result, it is difficult to know the true number of HEO systems
which experience entropy stabilization.

(5) Research into thermodynamics of HEOs is still in its
infancy, meaning that numerous opportunities exist for future
characterization of these oxides. Understanding the thermody-
namic stability of these unique systems will aid in the future
design of next-generation HEOs with tailored structures and
properties.

At present, predicting entropic stabilization in multicom-
ponent ceramics remains difficult, both due to the inherent

complexity of these systems and the relatively small body of
research completed in this field. The characterization tools and
experimental methods exist to study entropy stabilization in
HEOs, while the potential compositional and configurational
landscape represented among feasible crystal structure classes
are simply enormous. It is our hope the above fundamental
tenets of the phase transformations in HEOs will help to
refine the scientific discourse and assist in streamlining future
experimentation.

IX. CONCLUSIONS

A detailed understanding of phase transitions and under-
lying thermodynamic principles in HEOs is critical to their
future design and development. In this review, we have dis-
cussed the role of entropy as a driving force which stabilizes
SP transformations in HEOs. Additionally, the competing
enthalpic driving force and other conditions for SP stabiliza-
tion in HEOs have been discussed. We have provided the
mathematical foundation of the thermodynamics which gov-
ern the phase transition and described each of these driving
forces. Furthermore, we have reviewed experimental studies
for which authors have investigated phase transformations in
HEOs, paying attention to the methods used to confirm SP
formation and to identify the driving force responsible for
this phase transformation. We have also addressed possible
considerations for methods of thermodynamic phase stabi-
lization in HEOs outside of high configurational entropy.
Moreover, we discussed the impact of entropy on properties of
HEOs beyond its stabilization of MP-to-SP transformations.
Finally, we have concluded our discussion with a perspec-
tive on the future directions and outlook of studies of HEOs
as they relate to examining phase transformations in these
materials.
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APPENDIX

In this review, we deal primarily with entropy stabiliza-
tion and thermodynamic studies of HEOs; however, there are
numerous examples of other high-entropy ceramics, includ-
ing borides [70], carbides [71-74], and nitrides [75]. These
materials have received further interest within the ceramics
research community based on many similar concepts. As
with HEOs, the compositional complexity and high entropy
observed in these systems can give rise to unique property
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spaces of interest across a range of applications. While these
materials have not been explicitly discussed here, we refer the

reader to additional literature for more targeted insights into
this subject matter [45,76].
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