2]
-
Q
)
e
()
—
/2]
O
2]
>
=
Q.
o
D
Qo
Q.
<<

PERSPECTIVE | JUNE 05 2024
Embracing disorder in quantum materials design @

Special Collection: Era of Entropy: Synthesis, Structure, Properties, and Applications of High-Entropy Materials

A.R. Mazza ™ @ ; J.-Q. Yan © ; S. Middey @ ; J. S. Gardner @ ; A-H. Chen © ; M. Brahlek & © ;
T.Z. Ward & ©

\ '.) Check for updates ‘

Appl. Phys. Lett. 124, 230501 (2024)
https://doi.org/10.1063/5.0203647

@ B

View Export
Online  Citation

APL Energy

Latest Articles Online!

AIP
Read Now Z_ Publishing

6€:£0:G0 ¥20C dunr /g


https://pubs.aip.org/aip/apl/article/124/23/230501/3296100/Embracing-disorder-in-quantum-materials-design
https://pubs.aip.org/aip/apl/article/124/23/230501/3296100/Embracing-disorder-in-quantum-materials-design?pdfCoverIconEvent=cite
https://pubs.aip.org/apl/collection/18138/Era-of-Entropy-Synthesis-Structure-Properties-and
javascript:;
https://orcid.org/0000-0002-7206-1334
javascript:;
https://orcid.org/0000-0001-6625-4706
javascript:;
https://orcid.org/0000-0001-5893-0946
javascript:;
https://orcid.org/0000-0002-7823-4072
javascript:;
https://orcid.org/0000-0002-0339-9657
javascript:;
https://orcid.org/0000-0003-2900-0648
javascript:;
https://orcid.org/0000-0002-1027-9186
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0203647&domain=pdf&date_stamp=2024-06-05
https://doi.org/10.1063/5.0203647
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2291239&setID=592934&channelID=0&CID=842328&banID=521636198&PID=0&textadID=0&tc=1&rnd=5823171416&scheduleID=2211452&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Fapl%22%5D&mt=1719464858919492&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fapl%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0203647%2F19978559%2F230501_1_5.0203647.pdf&hc=5e94c4d2f0a75205bd5fc0235d6eeb98984c158f&location=

PERSPECTIVE

Applied Physics Letters

pubs.aip.org/aip/apl

Embracing disorder in qguantum materials design @

Cite as: Appl. Phys. Lett. 124, 230501 (2024); doi: 10.1063/5.0203647 @ 1 @
Submitted: 15 February 2024 - Accepted: 22 May 2024 - |:|
Published on"ne: 5 June 2024 View Online Export Citation CrossMark
A.R.Mazza,"® % 1-Q. Yan,> (®) S. Middey,” (®) J. S. Gardner,” (?) A-H. Chen,? (%) M. Brahlek,>® () and T. Z. Ward*®

AFFILIATIONS

"Materials Science and Technology Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
“Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
*Department of Physics, Indian Institute of Science, Bengaluru 560012, India

Note: This paper is part of the APL Special Collection on Era of Entropy: Synthesis, Structure, Properties, and Applications of High
Entropy Materials.
2 Authors to whom correspondence should be addressed: ARMazza@lanl.gov; BrahlekM@ornl.gov; and WardTZ@ornl.gov

ABSTRACT

Many of the most exciting materials discoveries in fundamental condensed matter physics are made in systems hosting some degree of
intrinsic disorder. While disorder has historically been regarded as something to be avoided in materials design, it is often of central
importance to correlated and quantum materials. This is largely driven by the conceptual and theoretical ease to handle, predict, and
understand highly uniform systems that exhibit complex interactions, symmetries, and band structures. In this Perspective, we highlight how
flipping this paradigm has enabled exciting possibilities in the emerging field of high entropy materials, focusing primarily on high entropy
oxide and chalcogenide quantum materials. These materials host high levels of cation or anion compositional disorder while maintaining
unexpectedly uniform single crystal lattices. The diversity of atomic scale interactions of spin, charge, orbital, and lattice degrees of freedom
are found to emerge into coherent properties on much larger length scales. Thus, altering the variance and magnitudes of the atomic scale
properties through elemental selection can open new routes to tune global correlated phases, such as magnetism, metal-insulator transitions,
ferroelectricity, and even emergent topological responses. The strategy of embracing disorder in this way provides a much broader pallet
from which functional states can be designed for next-generation microelectronic and quantum information systems.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0203647

I. INTRODUCTION

All crystalline materials of any significant size have some degree
of disorder. This is a simple result of the large number of constituent
atoms, thermodynamics of formation, and synthesis time constraints
on the minimization of free energy. Point defects, local atomic dis-
placements, antisite defects, dislocations, and vacancies are among the
types of extrinsic disorder naturally occurring in crystals. Disorder is
ubiquitously present and often has a strong impact on the vast expanse
of quantum phenomena. Designing a material around this under-

(BZT-xBCT), where near the morphotropic phase boundary a large
piezoelectric response is driven by local frustration giving rise to polar
nanoregions.” Control of local parameter variation is widely used as a
tuning parameter in topological materials (topological insulators,
Dirac and Weyl semimetals), where topological properties intrinsically
arise in compositions with heavy elements with similar covalencies,
such as Bi, Sb, Te, and Se. This chemistry makes them especially prone
to high degrees of charge defects (through vacancies or antisite defects)
and where the defects have strong impacts on the properties.” ° In the

6€:20:G0 $20Z dunr L2

standing is a central path to functional control. For example, introduc-
ing site-to-site changes to charge state as with substitutional doping. In
quantum materials such as high temperature superconductors, substi-
tutional doping (~10%-25%) can be used to collapse Mott insulating
and antiferromagnetic ground states of the parent with the addition of
charge." Intentional changes to site-to-site atomic radii can also be of
practical use. Functional ferroelectricity often arises at the boundary of
structural transitions which are readily accessed in alloyed piezo- and
relaxor ferroelectrics, such as Ba(TiygZry,)O3-x(Bag,Cag3)TiO3

prototypical tetradymite topological system, the prime route to miti-
gate effects of native charge doping is to balance defects through alloy-
ing, for example, (Bi;_,Sby),(Se;_yTey)s, where x and y can both range
from 0 to 1.” Despite the high level of disorder, these examples show
that extremely novel and useful physics exists despite levels of disorder
that approach the atomic density.

Gaining a more generalized understanding of disorder and learn-
ing how it may be exploited in complex many body systems is an out-
standing challenge. Is it possible to think of disorder as an order
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parameter that can be used to design and realize novel physics? A cen-
tral challenge is in our ability to control and quantify disorder across a
much fuller range than simple single element substitutions.
Exploration of collective behaviors arising from generalized disorder
should be taken in materials that are single phase with randomly disor-
dered well-mixed constituent elements. Counterintuitively, it can be
more difficult to create doping maps of well-mixed single-phase mate-
rials when there are only a few elements being combined. When sub-
stitutionally doping one element for another, the enthalpy of
formation has a dominating effect that generally retards mixing of dis-
similar elements and leads to phase segregation.””

Toward this, compositionally complex materials (CCMs) have
emerged as a platform where disorder can be utilized and explored in
very controllable ways while opening nearly infinite disorder phase
space. The key idea is to leverage the role entropy plays in the crystalli-
zation process, which has long been recognized as a route to drive crys-
tallization through the minimization of the global free energy via
configurational entropy.”'" As such, increasing disorder through
additional elements or site disorder can open routes to stabilize new
crystalline materials and improve the robust nature of structural and
functional properties of these materials.'” This originated in high
entropy metals'’ to tune mechanical properties and has since been
extended to ionic materials such as oxides.” Metal oxides are of specific
interest as local chemical disorder impacts the active charge, spin,
orbital, and lattice degrees of freedom. These chemical attributes inter-
act on the atomic scale, which then drive magnetic and electronic
order on a much larger length scale. This difference in scale then aver-
ages over the unit cell level chaos, giving rise to homogeneous
responses, much like in the painting technique of pointillism many
small, seemingly random dots of paint give rise to beautiful images on
the macroscale. With strong correlation or in systems which are bal-
anced near metastable or quantum critical points, even a few small

O Element A O Element B

population

states

- [, coupling
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variations to the local atomic properties can drive larger changes to the
macroscale properties of a material.'*'> Using materials that have ran-
dom mixing then permit a much wider range of local microstates
which can lead to unexpected collective macroscopic responses by
slight changes to compositional ratios.

Heterostructuring offers a well-traveled path to designing micro-
states at an interface'™'” as illustrated in Fig. 1 but offers only very
localized and limited effect. Eutectic-like or ordered phases would have
a high degree of control over the microstates present, but as was dis-
cussed above, enthalpy considerations can make stabilization difficult
and sensitive to phase segregation.'” In a randomly mixed system,
there are a much wider range of microstates. With intelligent selection
of cations, as example if we can apply our understanding of a specific
nearest neighbor interaction to give rise to a targeted magnetic or elec-
tronic phase, we may find it possible to design this landscape to favor
of an “average” state of choice or to tune toward a quantum critical
point that can be driven by miniscule perturbations. For example,
selective modification of cations in high entropy perovskite oxides has
demonstrated that the macroscopic magnetic state, ordering tempera-
ture, and even phase frustration can be “designed” into the system."’

The premise of this Perspective is that complex compositions,
high entropy oxides, and related materials, such as high entropy chal-
cogenides,””"" offer an extraordinary and untapped opportunity for
discovery of unexpected and highly tunable phenomena in quantum
systems. We discuss the role of chemical complexity in controlling
electronic and magnetic states in these materials and explore how high
entropy materials can address the needs of the materials-physics and
chemistry communities. We explore several aspects of CCMs that are
particularly relevant to their application: electronic state, topological
states, magnetic state, and charge and orbital ordering. We discuss
how CCMs can host these states and phenomena, and how they can
be manipulated by tuning the composition, disorder, defects, strain,

@ By coupling < E,; coupling

population

A

FIG. 1. Diagrams of possible nearest neighbor driven microstates of binary systems. (Left) Heterostructuring creates a small number of microstates that differ from parent mate-
rials at the interface. (Center) Ordered systems have regular and repeating local microstates. (Right) Randomly mixed systems host the maximal number of microstates. Due to
enthalpic constraints during synthesis, the non-heterostructured examples are often impossible to stabilize. Compositional complexity can increase entropy during synthesis to

quench random mixing.
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electric field, magnetic field, or (critically) cation variance. In each of
these areas, several key questions are addressed in the context of the
current experimental and theoretical progresses in this field, with the
primary focus being on the challenges and opportunities for future
research.

Il. ELECTRONIC STATE

This question is central to both gaining insight into one of the
most fundamental quantum mechanical properties of matter and criti-
cal to a wide range of applications. In the 1960s, Anderson showed
that disorder is sufficient to localize the electron waves packets respon-
sible for conduction in metals.””*’ For materials with purely metallic
bonding (e.g., sodium or copper), the electrons can screen disorder on
a unit cell level, thus guaranteeing a metallic state for the most disor-
dered scenarios. In contrast, for covalent and ionic materials, such as
the high entropy oxides,™ the screening length is much longer,
thereby making disorder-induced localization effects more pro-
nounced. However, there are observations of both metallic and insulat-
ing chemically complex oxide systems. Specifically, the RNiO;
(R being ~5 rare-earth elements)”*”” and Riddlesden-Popper cup-
rates”*”” are found to be metallic or host a metal to insulator transition
at finite temperatures, whereas La(Cr,Mn,Fe,Co,Ni)O; (Refs. 28-31)
and the original J14 rocksalts™ are well-known to be strongly insulat-
ing. There are several novel observations and important questions
regarding these.

First, in the RNiO; system, the conduction occurs entirely
through the Ni d - O p hybridized states. The rare earth site is
completely empty, and the bonding orbitals are well away from the
Fermi level. Therefore, disorder affects the conduction electrons mostly
through changing the Ni-o-Ni bond angles and Ni-O bond length,
which is sufficiently minimal to enable the preservation of the metallic
phase. In the latter cases, the disorder is directly on the states near the
Fermi level. Therefore, despite long range crystalline homogeneity,””
the large variations in local energy states are a sufficient barrier to delo-
calization and conduction. Are these strictly examples of Anderson
insulators or is there more complex physics at play?

The two insulating examples”” are systems composed of parents
where effects of strong electron—electron correlations induced localiza-
tion are pronounced and the parents fall into the category of Mott
insulators.”” This motivates several questions where chemically com-
plex materials may be a new playground to answer fundamental ques-
tions. Specifically, an area of focus must be in understanding how
disorder and electron-correlations compete or conspire to drive mate-
rials that should be metallic into an insulating phase. Theory has been
developed to sketch disorder-correlation phase diagrams for specific
cases.”’ However, mapping such diagrams to experimentally testable
parameter spaces is a muddy process. For systems, such as the high
temperature superconducting cuprates, when the Mott-insulating par-
ent is strongly doped, disorder is increased, correlation effects are
reduced and band filling increases, creating a complex path through
this disorder-correlation space. In contrast, chemical complexity offers
a new route to systematically traverse this landscape. For example, for
the RNiO3, R can be chosen such that there is a large or small variance
in the distribution of R. This manifests as a geometric change in local
bond angles, which may be trackable since correlation effects tend to
increase with decreasing bond angle (relative to 180°).””*° Disorder
strength should scale similarly, yet how disorder should be quantified
is still an open question. Deploying now-well-established experimental
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probes, such as angle-resolved photo-emission spectroscopy (APRES),
may enable extraction of the renormalized band mass, which has been
effective in quantifying correlation effects. An illustration of a possible
effect of disorder on bonding states near the Fermi level, discussed in
more detail below, is shown in Fig. 2. Here, disorder lowers symmetry
and destroys the discrete nature of states near the Fermi level, produc-
ing flattened and dilute bands as we move out in length scale creating
continuum-like bands. Similarly, by manipulating the charge of the
bonding states the band filling can be controlled. Combining this with
transport probes will enable distinguishing aspects of disorder and cor-
relations. Altogether, understanding how to utilize this new materials
paradigm of chemical complexity will enable looking at materials
exploration in a new light.

lll. TOPOLOGICAL STATES

Topologically protected states are quantum states of matter that
are robust against external perturbations and can support exotic phe-
nomena, such as topological insulators,” > Weyl semimetals,"’
Majorana fermions,*' and, recently demonstrated in high entropy anti-
monides,"” Dirac states. Topology has recently become a central tenant
to understand fundamental properties of matter. This ranges from
basic effects of band structures to magnetic textures.” """
Topology arises as a categorization scheme to distill the broad proper-
ties of materials into a single number, the topological invariant.
Regarding band structures, this number is derived as an integral over
the wavefunctions, and, thus, is based on how the atomic energy bands
are ordered. The physical properties manifest at the boundary (edge or
surfaces) among non-topological and topological materials where
unusual metallic states arise and must exist so long as the band

Symmetry

/)

Energy (eV)
S

G@o) T
Wave Vector

FIG. 2. A possible effect of manipulating charge and lowering local symmetry of
bonding states near the Fermi level. Lowering symmetry diminishes the discrete
nature of states, broadening the bands (gold arrow). These local idealized band
structures may evolve and broaden with disorder to produce flattened and dilute
bands as we move out in length scale. In using a more traditional doping approach,
manipulating the charge changes the band filling (red arrow).
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structure is intact. In the light of chemically complex materials, several
important questions arise.

Are band structures well-defined in CCMs, and, if so, can a topo-
logical HEO be found? This question plows deeply into whether
periodic translational symmetry, which is a key requirement for well-
defined energy-moment relation, of a lattice is fundamentally valid.
For a perfect crystalline material, the potential landscape is periodic,
and electrons placed into this landscape will form Bloch waves with
dispersing bands with well-separated gaps.”’ Alternatively, construct-
ing a lattice from isolated chemical bonds, dispersive bands can be
built from all the possible patterns of bonding and antibonding orbi-
tals, each of which specifies an explicit point of the energy-moment
relation."® In either viewpoint, the notion of band structure, and thus,
topological aspects, fundamentally fails for the case of chemical com-
plex materials since periodic transitional symmetry is lost. However, it
may be rescued if the atomic-site perturbations are small. Taking the
case of the RNiO3, again, the disorder is on the R site, where the bond-
ing orbitals are well away from the Fermi level and do not contribute
to the observed electronic state of the perovskite film. Therefore, the
difference among the radii of R causes the Ni bonding geometry to be
slightly perturbed, and, therefore, a band structure may form. In the
case of La(Cr,Mn,Fe,Co,Ni)O; the bonding orbitals near the Fermi
level are strongly disordered site-to-site, have different fillings and
character, and, therefore, it is likely that the notion of well-formed
bands gives way to isolated energy levels, more akin to organic semi-
conductors where conducting and valence bands are replaced by
highest-occupied molecular orbitals (HOMO) and lowest unoccupied
molecular orbitals (LUMO) levels. This is illustrated in Fig. 2 where by
manipulating the number of bonding orbitals near the Fermi level
(changing local symmetry) the discreteness of the bands is lost and
they flatten to HOMO and LUMO like states. As such, the notion of
topology for chemical complexity may arise in specific systems where
the bonds near the Fermi level are derived from the non-mixed site or
in unexpected situations where topology no longer requires well-
defined band structures as a defining characteristic."” Here, when the
topological insulator was made amorphous it becomes insulating, but
initial ARPES indicates it may remain topological."” *’ This prompts
several questions regarding the nature of this disorder induced transi-
tions, and whether it follows the nature of topological phase transitions
driven solely by weakening of spin-orbit coupling and finite size
effects.” >* Conversely, does disorder drive a new type of topological-
to-topological transition? An interesting example is the magnetic topo-
logical insulator MnBi, Te,, where the topological bands derive from Bi
and Te orbitals. The magnetism arises from the Mn site, whose bond-
ing orbitals are well away from the Fermi level. This may be an ideal
system to explore how adding site complexity to the Mn position in
the form of size-balanced transition metal cations with valence 2+
may enable overcoming synthesis challenges’”” while addressing fun-
damental questions.

Can chemical complexity be used to improve properties of topo-
logical materials to boost the useful temperature toward room temper-
ature? The novel aspects of topological states have made them a
theorist’s playground, which have resulted in a myriad of predicted
technologies.”” However, materials issues have been the limiting factor
to bridge basic properties with realistic applications. The specific prob-
lem is that the band gaps of known topological materials are all small
(0.3 eV), the static dielectric constants are large (>100), the typically

PERSPECTIVE pubs.aip.org/aip/apl

effective masses are small (0.1-0.2x bare electron mass), and they
have a large density of native defects.” These deleterious effects are fun-
damentally rooted in the necessary ingredients required for a material
to be topological.”” Specifically, the necessary band inversion, driven
by strong spin-orbital coupling, requires constituent elements to be
heavy for strong spin-orbital coupling, and chemically similar to create
sufficiently narrow the spin—orbit to invert the bands. The best materi-
als are, therefore, prone to chemical defects, and, even with optimized
defect control, have sufficiently small band gaps to necessitate cryo-
genic temperatures to realize novel properties. As such, if topology is
robust to strong levels of disorder, utilizing the tools of chemical com-
plexity may offer unexpected routes to overcome some of these basic
challenges. Specifically, selectively choosing cations and anions in the
Bi,Ses/Bi, Te; tetradymites has been effective at positioning the Fermi
level.” Going to the chemically complex limit may offer greater con-
trol via changing the defect landscape, tuning the character of the
bands by tuning the effective mass and possible overcoming of
the 0.3 eV bandgap barrier or by pushing to lighter elements where the
static dielectric constant can be effectively reduced. Modest improves
to these critical parameters, for example, even a modest 0.1eV
improvement in bandgap or 50% reduction in static dielectric constant
would result in materials that are much more robust to defects. This
would allow access to topological states at room temperature or above,
which is a critical step toward translating these behaviors to practical
topological technologies.

IV. MAGNETIC STATE

Magnetic frustration has largely been studied in light of geometri-
cal frustration—where the magnetic ground state is degenerate due to
the geometry of the lattice. However, recent work in high entropy
oxides has demonstrated configurational complexity can give rise to
frustration driven by local disorder in spin and exchange interac-
tions.'””” The spatial correlations of spins within a material are a result
of complex exchange interactions, often dominated by nearest neigh-
bors, but in reality, further neighbor couplings must be appreciated to
understand the exact nature of the arrangement of spins and their
dynamics. For example, in Ca;(Cr;Oys, five interactions were needed
to understand the nature of the spin system.””*' However, a cubic
perovskite HEO system with five different elements at magnetically
active and coordinated sites would have a minimum of 15 unique
exchange interaction possibilities on the microstate even if one neglects
interactions beyond the first nearest neighbor and any local distor-
tions.'” Continued research in this area is a promising avenue toward
searching for frustrated states, with the following questions driving the
understanding of dynamics in configurationally complex materials.

Can the understanding of magnetic phase and phase degeneracy
in high entropy oxides extend to spin-liquid, ice, or glass like behav-
iors? Early work toward understanding of HEO magnetism focused on
the prevailing order type, with the intriguing result of long range mag-
netic order in such a chaotic chemical environment being a surprise to
the community.'”*>* However, in these works and subsequent studies
of HEOs the prevailing magnetic order type was clearly not the com-
plete story. A tendency to observe gradual magnetic transitions rather
than abrupt ordering as seen in the simple oxides and an indication
that the ordered fraction never reaches 100% for some HEOs were
clear signs of frustration. Efforts to understand dynamics have shown
that disorder in these systems drives fluctuations near and in some
cases below the magnetic order temperature. To date, most of the
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HEO spin glass materials are a matrix of frustrated AFM and spin glass
regions—often giving rise to biased pinning of moments which exhibit
tunability and broad control of reversal.'”**" Exploring these phase
frustrated behaviors in HEOs and their role in technologically relevant
phenomena like exchange bias promises an interesting path forward in
exploring materials for future spin-based electronics.

In Fig. 3, the relationship between compositional symmetry
breaking and resulting spin and exchange disorder is illustrated.
Clearly, in systems with a variety of spin states and exchange interac-
tions, a degenerate or frustrated magnetic ground state could be real-
ized by design. Configurational complexity has already been shown to
drive dynamical and phase frustrated behaviors in perovskite, rock
salt, pyrochlore, and spinel oxides.””****"*” Certainly, the broad tun-
ability of the prevailing magnetic state in HEOs suggests the degener-
acy can be controlled, however, pushing this into a state in which no
prevailing magnetic order arises is complex. Access to quantum critical
points is certainly possible."” Spin-liquid like behaviors do not appear
outside the realm of possibilities, particularly in considering theoretical
work showing that randomization of exchange interactions on a square
lattice can lead to such a state.”””* Experimentally, exchange disorder
in symmetric systems (i.e., square lattices with S=1/2) has been
shown to lead to a spin-liquid like state.”””* This work suggests careful
consideration and construction of the spin, charge, and exchange
interactions between constituent elements in a candidate CCM system
could yield liquid-like behavior.

Are we limited to known phase diagrams (ie., the magnetic
exchange interactions of the parent oxides) in controlling magnetic
phase? The broadly tunable nature of the magnetic state in high
entropy oxides has been demonstrated—where an incipient critical
point between prevailing AFM and FM phases was mapped in high
entropy transition metal perovskites.” Atomic scale order has been
seen to extend to macroscopic spin textures in single crystal high
entropy spinel oxide films,”” where the size and shape of macroscopic
magnetic stripes is dependent on heteroepitaxial strain. This tunability
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FIG. 3. Random mixing of composition on a crystal lattice provides a route to con-
serve long range structural symmetries while breaking charge, spin, orbital, and
magnetic exchange interaction symmetries across all length scales.
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appears to extend into other high entropy oxides, ””” though it has not

been explored toward understanding how variance, much like in the
case of the electronic state of nickelates,”” might impact and promote
magnetic ordering temperatures which exceed that of the parent
oxides. Not surprisingly, the most prevalent change observed in the
magnetism of high entropy oxides is the glassiness of transitions as
compared to simpler systems.”” > However, given the nontrivial cou-
pling of lattice, charge and spin order in oxides randomization of not
only the spin but of the local oxygen octahedral rotations’® with a large
cation size variance could lead to local opening of double or superex-
change pathways not available in the parent compounds. Furthermore,
the continuous tunability of charge and its effect on magnetism is just
beginning to be explored—where already the effect of hole doping in
perovskite systems shows control of local double exchange pathways
in transition metal perovskite HEOs.”*** Continuing to explore local
charge”*” and how to manipulate it is imperative to understanding
how far magnetic phase can be pushed outside of understood phase
diagrams.

V. CHARGE AND ORBITAL ORDER

Many of the intriguing properties of strongly correlated oxide sys-
tems are closely tied to orbital and charge degrees of freedom in these
systems. The nature of magnetic exchange and the resulting magnetic
structure of complex oxides, for example, depends on the orbital char-
acter (and oxidation state) of the valence electrons of transition metal
ions. In the orbital degenerate system, the degeneracy is lifted by struc-
tural distortions, leading to orbital ordering (00).”" Interestingly, OO
can also happen due to electronic superexchange, known as the
Kugel-Khomskii mechanism.” This impact of OO on spin and charge
order is especially evident in rare-earth manganites. For example,
properties such as magnetism, colossal magnetoresistance, and metal
to insulator transitions are driven by changes in Mn valence and
orbital ordering.x’g’gS Given this context, extreme disorder at the rare
earth site becomes a highly motivating tuning knob in exploring func-
tional phase space when considering this connection, with preliminary
results reporting that a high degree of rare-earth size variance drives
significant effects on charge and orbital ordering in HEQs.”>*
These early results show two key areas of promise. First, high entropy
synthesis can be applied to deepen our understanding of the physics of
extreme disorder. Second, using this type of disorder to move beyond
established phase diagrams (or the average state) to novel ordered
states is possible. This brings about several key questions.

Can charge/orbital ordering survive extreme disorder? The ques-
tion of whether or not orbital order in CCMs prevails is twofold. First,
in the case in which the functional site is not disordered chemically.
This issue has been investigated for rare-earth vanadates (RVOs;).
Depending on the choice of R cation, this family exhibits G-type OO
(with C-type antiferromagnetic ordering) and C-type OO (with
G-type antiferromagnetism).”® The notable observation is that the
average dictates the ordering except in the case of a high degree of size
variance of ionic radius of the RE, which act to stabilize/suppress OO
in the HEO. Studying this aspect for the RTiO; family would be inter-
esting in the same vein, where the role of orbital physics for setting the
antiferromagnetism has remained a subject of intense scrutiny as
the Kugel-Khomskii mechanism predicts ferromagnetism in the t5,
(Ref. 1) system.”" Orbital physics also strongly influences phenomena
like metal-insulator transitions, colossal magnetoresistance, and
unconventional superconductivity.”” ”* Therefore, extending the

Appl. Phys. Lett. 124, 230501 (2024); doi: 10.1063/5.0203647
© Author(s) 2024

124, 230501-5

6€:20:G0 $20Z dunr L2


pubs.aip.org/aip/apl

Applied Physics Letters

family of materials in which these studies determine the role of
extreme disorder in suppressing/enhancing competing order types is
an important next step. The second, more complex issue is to address
the question of OO of materials with the chemically complex site being
the functional site (i.e., disorder on the B-site of an ABO; perovskite).
This is again illustrated in Fig. 3 where compositional symmetry break-
ing leads to a complex landscape in terms of the site-to-site orbital and
charge populations. Can global orbital or charge order occur on a com-
positionally disorder sublattice? Little work has been done in this
direction but, given the observation of long-range magnetic order, local
and even global OO appears plausible.

Many transition metal (TM) compounds with a non-integer
number of d electrons per site exhibit charge ordering (CO).”" In such
systems, the high-temperature phase has equivalent TM sites or
random TM sites with a variation of oxidation state, while the
low-temperature CO insulating phase has a periodic structure with
inequivalent valence states. Such CO leads to metal-insulator transi-
tions, semiconductor to insulator transitions, and magnetic transi-
tions.”””” A particular case is CE-type charge orbital ordering in
half-doped manganite, such as charge, orbital, and spin ordering in
Ndy 5S1osMnOs.”*” The fate of these transitions in the presence of
strong disorder remains an open question, though HEO manganites
are a rapidly expanding field sure to provide important new
insights.””**'""'% CO is also considered the driving mechanism of
the metal-insulator transition of bulk RNiO3.”)4 However, considering
the importance of ligand hole states, the MIT is described presently as
a bond disproportionation (BD) transition, which can be considered a
“charge ordering” on the oxygen sublattice.””'"'"" This has been
explored in HEO nickelates,”**” where the BD/CO transition is modi-
fied via cation size variations.

How can a large cation size variance impact charge/orbital order-
ing? Perovskite oxides are an excellent candidate to explore this ques-
tion. Doping the rare earth site on systems like (RE)VO; and (RE)
MnOs; is well established and largely connected to local lattice distor-
tions. Examining extreme disorder—with an eye set on variance in the
size of the cation at the compositionally complex rare earth size—
begins to demonstrate how frustration on the nanoscale can impact
orbital and charge ordering at meso- and macroscales. Local distor-
tions are known to be induced by site-to-site variance in cation size in
HEOs,””® and that connection seems to drive divergence from
expected collective states.””*" Perhaps the most compelling exploration
of the role of size variance is in the context of orbital ordering in (RE)
VOs;, which has shown that when the size variance at the perovskite
RE-site is small, spin and orbital ordering temperatures fit well with
that expected for a single average RE size. As variance increased for a
given average, orbital order is impacted, and the spin orbital entangled
state is favored.”® Similarly, large size variance in the (RE)NiOs system
destabilizes charge disproportionation due to induced frustration in
the Ni-O-Ni bond angle, which decouples the electronic and struc-
tural phase transition.”” These examples merely begin to demonstrate
how variance can be used to tune, beyond known phase diagrams,
spin, charge, and orbital degrees of freedom in compositionally com-
plex systems.

How does hole/electron doping of the disordered site impact
functionality? Understanding of local charge compensation mecha-
nisms in HEOs remain elusive. Studies have observed mixed valence at
like sites,””*" however it is unclear whether this charge compensation
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happens locally or over several nearest neighbors. Nor is it clear how
much valence flexibility is accessible through compositional tuning. In
principle, considering Pauling’s second rule of electrostatic valence,
neutralizing of valence should be a simple process including only the
first nearest neighbor. However, in the complex environment of
CCMs, neutralization may not be so simple. The local distortions,
competing chemistries, variance in electronegativity from site to site
can greatly impact the static valence of an element in these solid-state
solutions. Hole doping in HEO transition metal perovskites seems to
hint at a non-linear change in valence. Here, double exchange leading
to EM pockets in the material show that local 44 sites compensate 2+
sites rather than a commensurate shift where each site compensates
equally with the introduction of holes to the system.”* Exploring
directly how valence is impacted by hole doping and the electron
dynamics/localization in such systems will begin to lend first of its
kind understanding to the question of how charge compensation
occurs in the limit of extreme disorder.

VI. SUMMARY AND CONCLUSIONS

Compositional complexity demonstrates a novel avenue toward
quantum materials design. HEOs and newer systems like high entropy
chalcogenides' """ are at the center of this strategy, displaying unique
control over quantum phenomena with composition and degree of
disorder (variance). The continuous tunability of composition in
HEO:s (see Fig. 4) gives unsurpassable access to functional phase space.
The simplest physics when considering these materials is that, with
sufficiently small variance, the average state can be continuously tuned
to the desired functionality. However, we suggest a new order parame-
ter, beyond that of elemental disorder, which has emerged in the form
of cation variance. This adds a dimension to explore in phase space
(Fig. 4), where HEOs have been shown to diverge from expected
behaviors in nickelate and vanadate perovskites.””“° We have dis-
cussed variance in the context of cation size, but the spin (and mag-
netic exchange), charge (i.e., aliovalent dopants), and orbital degrees of
freedom can be explored in much the same way. These areas express

FIG. 4. A representation of the many dimensions to explore in functional phase
space. The “average” state of the spin, charge, orbital, and lattice degrees of free-
dom can be continuously tuned to a desired state. The variance in these degrees of
freedom is seen as a promising avenue to break outside of known physics and
average functional behaviors in CCMs.
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some of the most exciting areas in which novel physics, largely at the
limits of extreme disorder, can be explored. There have already been
surprises in this area, particularly in the context of magnetism, where
the average state produces long range order while frustration drives
novel interactions such as monolithic exchange bias.'” Several other
materials systems, from ferroelectrics'*”''’ to superconductors™®' "' '*
to optics' '~ are emerging in unexpected ways. This nascent field is rap-
idly maturing and the future of exploring disorder and variance as a
parameter toward accessing novel functional phases appears bright
among CCMs where harnessing disorder for exploitation of function-
ality offers important new directions in future microelectronic and
quantum information applications.
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