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Magnetic properties of high entropy oxides

Abhishek Sarkar, 2 *2® Robert Kruk*® and Horst Hahn (2 x2b.¢

High entropy oxides (HEOs) are single phase solid solutions consisting of five or more elements in equia-

tomic or near-equiatomic proportions incorporated into the cationic sub-lattice(s). The uniqueness of the

HEOs lies in their extreme chemical complexity enveloped in a single crystallographic structure, which in

many cases results in novel functionalities. From the local structure perspective, HEOs consist of an unusually

large number of different metal-oxygen—metal couples. Consequently, magnetic correlations in HEOs that

inherently depend on the coordination geometry, valence, spin state and type of the metal cations that are
hybridized with the bridging oxygen, are naturally affected by an extreme diversity of neighboring ionic
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Introduction

Utilization of chemical disorder in the quest for novel functional
oxide materials started with the discovery of high entropy oxides
(HEOs) in 2015." The presence of multiple elements, often five
or more, in equiatomic or near-equiatomic proportions, on the
cationic sub-lattice(s) makes the HEOs unique in contrast to the
conventional oxide systems.'™ The incorporation of multiple
elements in a phase pure system on one hand results in the
enhancement of the configurational entropy (Sconfig) that can be
calculated using Boltzmann’s entropy formula, while on the
other hand facilitate tailoring of the functional properties.>"*’
Especially, the tolerance towards high chemical complexity and
large defect concentrations, such as oxygen non-stoichiometry,
can be considered as the key assets of the HEOs. The growing
interest in the field of HEOs is illustrated by the numerous
studies focusing on their different structural and functional
aspects that have already been reported within the five years
since their discovery. Currently, there are eight major classes of
HEOs that can be categorized based on the crystallographic
structures: rocksalt,"*®° fluorite,"®™"> bixbyite,'”*>'® perovskite
(cubic, orthorhombic, rhombohedral),>"’ ™  spinel,**?*

pyrochlore,”**>* layered (Ruddlesden-Popper and
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configurations. In these conditions, a complex magneto-electronic free-energy landscape in HEOs can be
expected, potentially leading to stabilization of unconventional spin-electronic states. This Frontier article
provides an overview of the unique magnetic features stemming from the extreme chemical disorder in
HEOs along with the possible opportunities for further research and exploration of potential functionalities.

)25—27 28,29

delafossite and magnetoplumbite.
range of properties, such as electrochemica
magnetic,*?9?43674243  electronic and ionic transport,
mechanica thermal***° and catalytic’®' are also
reported for different classes of HEOs. In a few cases, the HEOs
exhibit substantially improved functionalities compared to the
conventional binary oxides or their doped variants,'*3>374447
showcasing the advantages of the high configurational disorder
and motivating further research on these chemically complex
oxide systems.

The key aspects of HEOs, such as the high entropy based
nomenclature, the role of entropy in phase stabilization and
related thermodynamic parameters, synthesis routes, struc-
tural and some of the functional features, have already been
highlighted in the few review articles available on
HEOs.>"®72755 1 contrast, the focus of this brief Frontier
article is the magnetic properties of HEOs that has recently
started to receive an increasing attention. The fundamentals of
magnetism in metal oxides that are of relevance for the under-
standing of magnetism in HEOs are briefly discussed to be fol-
lowed by specific case studies on three important magnetic
subclasses of HEOs. A short summary of magnetism in
hitherto lesser investigated HEO subclasses is also provided.
Finally, we surmise our perspective on the future prospects of
research on magnetism in HEOs.

Likewise, a broad

1,2,30—32 optical,11’33"35
44-46

1,47,48

Magnetic interactions in metal oxides

Unlike in metallic systems, the direct magnetic interactions
between the metal cations in oxides are rare, such as in CrO,
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and SrRuOj;. Indirect exchange interactions between cations
that take place via the coordinating oxygen (anion) are
common.’®”” Exchange interactions depend on the overlap of
exponentially decaying orbital wave functions, in 3d-transition
metals (TM) the 3d orbitals, of the nearest-neighbor (NN)
cations that interact through the filled 2p-orbitals of the neigh-
boring O>~.”° The exchange interaction between the participat-
ing ions in simplified form can be described by the
Heisenberg Hamiltonian, H (as shown in eqn (1)).

H = —2TapSaSp (1)

The 7, is the exchange parameter coupling the two cations
a and b, whose spins are S, and Sy, respectively. The sign of
the exchange parameter determines the nature of the magnetic
interactions where Z,, > 0 results in ferromagnetic (FM) inter-
action and Z,, < 0 results in antiferromagnetic (AFM) inter-
action. The principle exchange interactions in oxides are sum-
marized below:

Super exchange interactions

This type of interactions is common for insulating metal
oxides and can either be AFM or FM. The interaction involves
two-step virtual electron transfers, where the first electron is
excited from the 0>~ 2p® shell to an adjacent cation, leading to
a virtual 3d™" state in case of 3d TM cations.’® Then the
uncompensated 2p oxygen spin becomes engaged in the direct
interaction with the neighboring cation. Hence, the spins of
two cations coordinated via O~ are coupled. The predominant
superexchange interaction is AFM in nature (Z,, < 0), as the
antiparallel arrangement of the cations spins allows the elec-
tron in the O~ 2p orbital to spread out into unoccupied orbi-
tals of the metal cations.”® Depending upon the metal-
oxygen-metal (M-O-M) bond angle or the occupancy and
orbital degeneracy of the metal cation Z,, can also be greater
than 0 leading to FM interactions. Following is a semi-empiri-
cal set of rules proposed by Goodenough and Kanamori (G-K
rules), reformulated by Anderson, that largely dictate the type
and strength of superexchange interactions:>®

i. If the coupled cations have singly occupied (say 3d) orbital
lobes that point toward each other, resulting in large overlap,
the exchange is strong and AFM in nature (Z,, < 0). This is
typical for M—O-M with bond angles between 120°-180°.

ii. If the coupled cations have a direct overlap integral
between singly occupied (3d) and O>~ 2p orbitals which is zero
by symmetry, the effective indirect exchange becomes FM
(Zap > 0) and is relatively weak. This is, for instance, the case
for M—-O-M with bond angles close to 90°.

iii. If the coupled cations have an indirect overlap, via 0>~
bridge of 120°-180°, between singly occupied (3d) orbitals
with an empty or doubly occupied orbitals (3d) of the same
type, the exchange is also weakly FM.

Double exchange interactions

These interactions are also mediated by oxygen but they result
in metallic conductivity accompanied by FM coupling. In broad
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terms, this interaction originates from correlated transfer of the
cation (say 3d) electron to O~ 2p orbital with the simultaneous
move of the other electron from the O*~ 2p to the neighboring
cation. Furthermore, it was observed by Zener that the free elec-
tron hopping resulting in metallicity is energetically favorable
when the conducting electrons carry their own spin unchanged
and they move in an environment of spins pointing in the same
direction, thereby resulting in FM.>>®* If the spins of the
coupled cations are antiparallel, then a free hopping of electron
is energetically costly, thereby restricting double exchange inter-
actions. For double exchange interactions, it is important that
the coupled cations have both localized and delocalized elec-
trons, which is typically the case in a mixed-valence configur-
ation of the cations, e.g., Mn**~0-Mn*" or Fe**~0O-Fe**.>°

Antisymmetric exchange

This interaction, stemming from the relativity effects, was pro-
posed by Dzyaloshinsky and Moriya and it results in a weak
intrinsic FM in otherwise AFM systems.’*®"®* In many AFM
ordered systems, especially in crystal systems with lower sym-
metry, a slight tilting/canting of the spins occurs. Hence, the
system instead of being perfectly AFM exhibits a weak net FM
moment in certain directions. The Dzyaloshinsky-Moriya
interaction is dictated by eqn (2), which is similar to eqn (1)
but here 27, is replaced by D:

Hom = —DSaSh (2)

D is the vector that lies along the axis of symmetry with its
magnitude in the range of 1% of Z,,, making this coupling
relatively weak.”®

It can be seen that several parameters, in addition to the
crystallographic structure, such as oxidation state of the
cations, the metal oxygen bond length and bond angle are of
importance for determining the stable magnetism in oxides.
Furthermore, the effect of the crystal field, i.e., the O*~ ligand
field interactions should also be considered, especially for the
unshielded 3d TM cations where the crystal field interactions
are much stronger than the spin-orbit interactions. Thus,
depending on the relative strength of the crystal field inter-
actions versus electron-spin exchange correlations, high/low
spin transitions of the cations triggered by the local Jahn-
Teller (J-T) distortion can also be readily found.

Apart from the generic interactions discussed above, orbital
and charge order are also observed in many oxides.’**” In
most of the HEOs reported till date, irrespective of the crystal-
lographic structure, superexchange coupling accompanied by
Dzyaloshinsky-Moriya interactions are found to be the most
common ones. Besides, the possibilities of conducting double
exchange interactions can also be anticipated in future via
judicious choice of cation compositions in HEOs.

Magnetism in rocksalt-HEOs (R-HEOs)

(C00.,Cuy Mgy ,Nig,Zn(,)O is the primary member of the
R-HEOs family." Lab scale and synchrotron X-rays diffraction
(XRD) coupled with neutron powder diffraction (NPD) indicate

This journal is © The Royal Society of Chemistry 2021
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that (Cop,Cu Mg ,Nig,Zn,,)O crystallizes in a phase pure
rocksalt (Fm3m, 225) structure."**%3%3% X-ray absorption and
photoelectron spectroscopies indicate the presence of all the
cations in their respective divalent oxidation state, among
which Co*" (d”), Cu®*" (d°) and Ni*" (d®) are the magnetic
ions.>®3%3%%3 The presence of the J-T active Cu®>* brings about
slight deviation from the ideal rocksalt structure locally,
observed in terms of relative intensity mismatch between the
(111) and (200) reflections in the XRD pattern.”>*® Evidence of
local structural distortion around the Cu®" is also validated
from extended X-ray absorption fine structure (EXAFS) and
theoretical studies based on density functional theory (DFT)
simulations.®*®® Nevertheless, NPD confirms absence of struc-
tural transition in (Coy,Cug Mg, ,Nig,Zn,,)O ruling out the
presence of cooperative J-T distortion.*®?° EXAFS and atom
probe tomography (APT) studies have confirmed the random
and homogeneous distribution of the cations in the
467 Interestingly, despite the high chemical disorder
along with the presence of 40% of non-magnetic ions statisti-
cally  distributed over the  cationic  sub-lattice,
(C0p.2Cuy Mg ,Nig ,Zn(,)O still exhibits a long range AFM
ordering akin to many of the constituent binary rocksalt
oxides like CoO or NiO.*** The experimentally evaluated Néel
temperature (Ty) from magnetometry is found to be between
113-120 K, as highlighted in Fig. 1a. Crystallographic non-
commensurate reflections in the NPD arising from the long

system.
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range AFM ordering with the propagation wave vector k = [111]
appear below 120 K.*®%° The magnetic transition in the
(Cop.2Cup Mgy 2Nip ,Zn,,)O system is rather gradual as no
sharp anomaly in the specific heat can be observed around the
Tn. Accordingly, a nominal deviation from the ideal linear
Curie-Weiss fit of reverse susceptibility versus temperature is
evident even above the Tx.>® This indicates presence of short
range magnetic correlations above the Ty and likely so as
many of the constituent magnetic ions are known to interact at
temperatures well above 120 K.*®3° However, above 150 K
absence of long range magnetic ordering is affirmed (Fig. 1b)
as the neutron diffractogram can be adequately fitted solely
using the Fm3m crystallographic structure.’®?° The reason for
this is believed to be a direct consequence of the chemical dis-
order that suppresses the long range ordering of magnetic cor-
relations in the R-HEO lattice.”®?°

Results from a rigorous theoretical study, where the lattice
constants are estimated using DFT and the magnetic inter-
actions are determined from first-principles methods in com-
bination with Monte-Carlo simulations, are in good agreement
with the experimentally observed long range AFM ordering.®®
In order to better elucidate the magnetic ordering, the Ty is
estimated using three different fitting approaches: (a) using
the exchange parameters of the binary and ternary oxides indi-
cating the Ty ~ 170 K (Fig. 1c), (b) fitting the specific heat in
the paramagnetic region with Curie-Weiss type behavior
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Fig. 1

Cu-rich

(a) Temperature (T) dependent magnetization (y = magnetic susceptibility) measurement of (Cog>Cug2Mgg 2Nig2Zng 2)O, indicating sharp

AFM transition below 113 K.*8 (b) The evolution of the magnetic reflection [% % %]M in (Cog 2Cug 2Mgp 2Nip 2ZNng 2)O, stemming from the AFM ordering,
as a function of temperature is shown.* (c) The specific heat as a function of temperature, where the cusp indicates the magnetic ordering tempera-
ture, calculated for R-HEO with various degree of non-magnetic dilution.®® (d) Schematic of magnetic structure of R-HEO, the ‘+ indicates spin up
and the '~ indicates spin down.*® Tailoring of the strength of the AFM with varying Co and Cu in R-HEO are shown in (e—g)** where (e) schematically
shows the increase of the glassiness with Cu enrichment, likewise (f) shows decrease/increase of the spin order with increase in Cu/Co and (g) indi-

cates the change in the anisotropy energies for the [100] and [110] directi

This journal is © The Royal Society of Chemistry 2021
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resulting in the Ty ~ 118 K and (c) calculated directly from the
HEO system using the singularity in the heat capacity yielding a
Ty ~ 135 K.°® The value identified from approach (b) is closest
to the experimental value. Nevertheless, the other two
approaches are also in close agreement with the experimental
observations, especially if the short range correlations are con-
sidered. Thus, the theoretical approach on a whole indicates
that magnetic interactions present in the simple binary oxides
can be readily transferred to the HEO phase despite the chemi-
cal disorder and extreme non-magnetic dilution, as shown in
Fig. 1c. In binary rocksalt oxides (like NiO or CoO), the first
nearest-neighbor (FNN) TM-O-TM bond is 90°, which can
ideally result in FM superexchange interactions as per the G-K
rules discussed in the earlier section, while the dominant
second nearest-neighbor (SNN) TM-O-TM bond is close to 180°
that will ideally lead to AFM superexchange interactions.**°®®
Akin to the constituent binary rocksalt oxides, it is predicted
that the SNN AFM superexchange is the dominant magnetic
interaction in R-HEO where the FM moments are arranged in
(111) planes perpendicular to the [111] directions with the spins
in adjacent planes oriented antiferromagnetically (Fig. 1d).°®
Furthermore, the dominant AFM superexchange interaction is
also coherent with the insulating nature of the R-HEO, which is
known to exhibit a colossal dielectric constant.’

Exploiting the compositional flexibility, other magnetic
(Fe**, d°) and non-magnetic ions (Li", Ga®") are also added/
substituted to the R-HEO lattice.>* Not only subtle difference
in the magnetic transition temperature are observed but also
alteration of the magnetic ground state (either AFM or spin-
glass states) is evident, see Table 1. Irrespective of the compo-
sitions, all the R-HEOs exhibit distinct split in the field
cooling (FC) and zero field cooling (ZFC) magnetization below
the Ty, which can be a result of the spin-canting similar to the
Dzyaloshinsky and Moriya interactions. Apart from
(C00.19CUg.10Mg0 10Nig 10ZNg 10Lig 05)O, in all the other R-HEOs,
either Ga®" or Fe®" is co-doped with Li* that maintain the
charge of the effective dopant as 2+. Thus, this kind of doping
is not expected to alter the oxidation state of the constituent
TM cations. Consequently, this kind of studies are meant to
unravel the dependency of the magnetic features with respect
to the structural parameters and concentration of non-mag-
netic ions. The experimentally observed trend of the lowering
of the transition temperature with increasing amount of the
non-magnetic ions (Table 1) is in good agreement with the
Monte-Carlo simulations.>*®® In case of the systems with
similar amount of non-magnetic ions the differences in the
magnetic features can be plausibly related to the changes in
the structural parameters. In case of doping with magnetic
ions like Fe** in R-HEO, a complete elucidation of the mag-
netic ground state becomes challenging due to additional
magnetic interaction of the Co®**, Cu®" and Ni*" with Fe®"
Nevertheless, such aliovalent doping of magnetic ions in
R-HEOs can open up novel magneto-electronic functionalities
similar Fe’* doped NiO where it is proposed that conducting
double exchange pathways through the doped Fe** and result-
ing cation vacancy that are created.®®

1976 | Dalton Trans., 2021, 50, 1973-1982
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Table 1 The magnetic transition temperature in K (T,.g) and ground
state (GS) of different HEOs along with the respective references (Ref.)
are summarized, where AFM, SG and FM mean antiferromagnetic, spin-
glass and ferrimagnetic, respectively

Compositions Tmag  GS Ref.
Rocksalt HEOs (Fm3m)

(Co0.2Cup. Mg 5Nig 2Z1, )0 120 AFM 38 and 39
(Cop.2Cu Mg »,Nij ,Zn, 5)O (nano) 106 AFM 41
(€C00.19CU0.19Mg0.19Nig.19Z1Ng.19Lig.05)O 95 AFM 39
(C00.2Cug »Nip ,Zng 5 Lig 1Gag 1)O 125 AFM 39
(Co0A2CuoAZMgOAZNio_zLiOJGaO,l)O 155 AFM 39
(Cuo.ZMgO.ZNiO.ZZHO.ZLiO.1Gao.1)0 10 SG 39
(C0p.2Mgo 2Nig ,Zng 5 Lig 1Gag.1)O 60 SG 39
(C00.2CUo.2Mg0.2ZNg 2 Lig.1Gag.1)O 20 SG 39
(C0o.16CU0.16Mg0.16Ni0.16ZN0.16Li0.1F€0.1)O 100 # 39
Orthorhombic perovskite HEOs (Pbnm)

La(Cog »Cry 2Fep 2Mng 2Nig 2)O;3 185 AFM 37
Gd(Coy ,Cry sFeq ,Mng ,Ni 5)0;3 120 AFM 37
Nd(C0g.5Cro 2Feq ,Mng ,Nig )05 145  AFM 37
Sm(Coy ,Cry ,Feq ,Mng ,Ni 5)O0;3 130 AFM 37
Y(Coy »Cry.,Feq ,Mn, 5Nig »)O3 118 AFM 37
(5A0.2)(5B0.2)0;" 135 AFM 37
(Gd ,Lag ,Nd, ,Smy »Y,.2)Co0; — PM 42 and 46
(Gdy.»Lag ,Ndy ,Smy , Y, ,)CrO; 198  AFM 42
(Gdo.Lag ,Ndo »5mq Yo 5)FeO; 675 AFM 42
Spinel HEOs (Fd3m)

(Co0.2Cr.2Fe ;Mng ,Nig 5)304 425 FM 21 and 40
(Cog.2Cuy ,Mgo ,Mn ,Nig ,)Fe,0, 735 FM 21
(Cog.2Cug oFey ,Mn ,Nig 5 )Fe, 0,4 715 FM 21
(Coo.2Cuy  Fey Mgy 5Nig »)Fe;0,4 774 FM 21
(Co0.2Cu Mgy 5Nig 271, ,)Fe,0, 648 FM 21
(C00.2Cu.,Mg0 2Nig2Zng 5)Cry04 36 AFM 21
(Co0.2Cuy o Feq ;Mg »Nig 5)Cr,0,4 23 AFM 21
(C00.2Cuy,Mgo 2MNg ,Nig 2)Cr,04 30 AFM 21
Bixbyite HEOs (Ia3)

(Gdy.2Tby 2Dyy.,HOg 5ETy 5),05 — PM 16

Pyrochlore HEOs (Fd3m)
(Ybo.2Tbg 2Gdo.2DY0.2ET0.2)0.2Ti07 <3 SG 24
Magnetoplumbite HEOs (P6s/mimc)

Ba(Feg 0Gay.26IN1.17Ti1.20CT1.22C01.15)010 >350 FM 29

#The exact magnetic ground state remains unknown; (5A,.,)(5Bo.,)05 is
(Gdy.2Lag 2Ndo 2Smy »Yo.2)(C0o.2Cro 2 Fep ;M1 5Nig 5)Os.

To explore the stability limits of the AFM phase, epitaxial
thin films of R-HEOs with varying composition were deposited
on MgO substrates with a heterogeneous top layer of FM
permalloy.>*** The magnetic heterogeneous interface so formed
by the AFM R-HEOs and FM permalloy allows for strong
exchange bias (EB) effects, which can be evaluated by estimating
the shift of the hysteresis loop of the FM along the magnetic
field axis due to interfacial exchange coupling with the adjacent
AFM layer.”® The strength of the EB effect depends on several
factors, among which one of the important feature is the robust-
ness of the AFM phase. Tailoring the extent of the EB effect can
be achieved via composition modulation of the deposited
R-HEOs. Change in the concentration of Cu®', apart from
having a direct consequence on the magnetic exchange inter-
actions purely due to composition, also results in significant
change in the crystal structure due to its pronounced J-T effect
and even changes the valence of Co in the resulting R-HEOs.
These effects synergistically lead to alteration of the magnetic
interactions, with increase in the amount of the Cu in R-HEO
the glassiness of the AFM increases, likewise the spin order frac-

This journal is © The Royal Society of Chemistry 2021
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tion at the interface decreases (Fig. 1e and f).** Also the mag-
netic isotropy, evaluated by analyzing the ratio of the anisotropy
energies for the [100] and [110] directions, increases with
amount of J-T active Cu®>” in the R-HEO, as shown in Fig. 1g.**
Interestingly, increasing the amount of Co in the R-HEOs
results in an inverse effect, the magnetic anisotropy becomes
stronger and [110] becomes the preferred easy axis (Fig. 1f and
2). Additionally, the robustness of the AFM is enhanced as the
spin order fractions increase with the amount of Co in the
R-HEO (Fig. 1e).>**

Overall, the current studies already highlight an abundance
of unique magnetic features exhibited by the R-HEOs: (a) experi-
mentally and theoretically proven long AFM range order despite
the extreme ionic disorder and high degree of dilution with
non-magnetic ions, (b) gradual magnetic transitions spaced
over wide range of temperature, (c) short range magnetic corre-
lation present well over the Ty and (d) controllable structural
(like local J-T distortion) features retaining phase purity to alter
the glassiness of AFM ordering. Additionally, R-HEOs show a
clear entropy driven phase stabilization effect, which are widely
discussed in the literature,"**”"”* unlike many other HEOs.
This makes R-HEOs an ideal materials class for discerning the
real effect entropy on the magnetic features of materials.

Magnetism in perovskite-HEOs (P-HEOs)

The rare-earth (RE)-transition metal (TM) perovskites (ABO;)
constitute a vast and functionally very diverse class of oxides
owing to the overwhelming richness of their magneto-elec-
tronic properties; such as colossal magnetoresistance,
magneto-electronic phase separation, Mott transitions, spin-
electron correlations, magneto-electric effect, etc. The interlink
between their magneto-electronic properties and crystal struc-
ture has been extremely important as many types of structural
features, e.g., lattice distortion or tilting of the TMOg (BOg)
octahedra, have often shown a decisive impact on the mag-
netic interactions. A well-known formulation that typically pro-
jects the degree of structural distortion (or deviation from
ideal cubic structure) in perovskites is the Goldschmidt’s toler-
ance factor ¢ (calculated from eqn (3)). In eqn (3), r, and rp are
the ionic radii of the cations at A-site and B-site, respectively,
and 7 is the radius of the oxygen ion (anion).

)
V2(rs +10)

The most common magnetic interaction present in RE-TM
perovskites is the AFM superexchange interaction, which is the
prevalent interaction among the cations in both inter- and
intra-sites. However, the inter-site coupling between the RE
and TM cations are rather weak compared to the intra-site
coupling between the TM cations. Hence, the magnetic fea-
tures in RE-TM perovskites strongly depend on the geometri-
cal characteristics of the TM-O-TM (B-O-B) bond and the elec-
tronic configuration of the coupled TM ions.

Magnetic orthorhombic (Pbnm) P-HEOs, whose structural
features can be controlled effectively via composition, consists
of a large number of RE and TM cations on the A- and the

(3)

This journal is © The Royal Society of Chemistry 2021
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B-sites, respectively.”*”** The tilting of the BO, (TMOs) octa-
hedral and the degree of orthorhombic distortion in P-HEOs
scales with their Goldschmidt’s tolerance factor ¢
Furthermore, a single phase P-HEO can be stabilized even with
10 different cations, 5 RE on the A-site and 5 TM on the B-site.
APT studies confirm the homogeneous distribution of the 10
different cations in P-HEOs, again highlighting the tolerance
of HEOs towards extreme chemical complexity.®”

The high chemical disorder, especially on the TM based
B-site, is of immediate interest as a wide number of competing
exchange interactions are possible leading to the creation of
exotic magnetic states. The P-HEOs belonging to the group of
five TM cations (5Bg, = Co0g,Cry,Feq,Mng,Nip,) on B-site
with a single RE cation, A(5B,,)O;, were initially investi-
gated.’” For comparison, the 10-cationic  P-HEO,
(Gdo.2Lag 2Nd 2Smy 2 Y 2)(C0o.2Cro 2Fe Mg 5Nig 5)O3, is also
studied. The magnetic transition temperatures and the ground
states are summarized in Table 1. In accordance to G-K rules,
a predominant superexchange AFM behavior (at lower temp-
erature) was observed in the P-HEOs. It was found that the
magnetic properties of P-HEO can be mostly understood by
only considering the interactions within the TM cation sub-
lattice. Several of the RE cations, like La*" or Y*' were non-
magnetic, thus did not influence the magnetic response to the
external field and temperature, whereas contributions from
magnetic RE cations like, Gd**, Nd*" or Sm®" were only visible
at very low temperatures.®” It is worth noting the special case
for Sm(5B, )03, where a significant decrease of the magnetiza-
tion below 25 K can be observed leading almost to a complete
magnetization reversal. The exact reason for this behavior still
remains unsolved, however, it can plausibly be attributed to
long-range ordering of Sm®" spins, which couple AFM to the
(canted) magnetic moment of the TM cations. Apart from
these lower temperature features, the effect of A-cations is
clearly accounted for in a clear dependency between the Ty
and the tolerance factor (¢), where the size of the A-cations
determines the angle the TM-O-TM bond.?” It should be noted
that similar to the R-HEOs, a slight deviation from the ideal
Curie-Weiss type behavior could also be observed in P-HEOs
above the Ty, which can result from short range magnetic cor-
relations. Additionally, distinct FM contributions leading to
strong vertical exchange bias in all the B-site disordered
P-HEOs are observed. As discussed in the earlier section, this
kind of behavior is typically observed in heterogeneous struc-
tures, like FM-AFM multilayers or core-shell structures. Thus,
the presence of such interactions in phase-pure P-HEOs is
revealing. The possible origin of an intrinsic exchange bias
effect in P-HEOs supported by the results of Mossbauer spec-
troscopy is schematically explained in Fig. 2a. The FM contri-
butions in P-HEOs can be attributed to the presence of weakly
interacting FM clusters with a higher and sharper transition
temperature compared to the AFM matrix in which they are
embedded. It is highly probable that the FM clusters are a con-
sequence of the disordered B-site with multiple competing FM
and AFM exchange interactions; for instance, couples like
Fe®*~0-Cr’*", are known to interact ferromagnetically.®”

Dalton Trans., 2021, 50,1973-1982 | 1977
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Fig. 2 (a) The temperature dependent 57Fe Méssbauer spectroscopy of La(Cog »Crg 2Feq2Mng 2Nip 2)Os3 is presented, where the left column is the
Méssbauer spectra represented with two sextets: one broad spectrum (green) representing dynamic fluctuating spins (on the characteristic time-
scale of the measurement) and one well defined subspectrum (blue) from static magnetic order. The right column presents a sketch of the evolution
of the proposed magnetic structure resembling magnetic phase separation.®” (b) Highlight of the temperature dependency of the coercive field
poHc, magnetization and the quadrupole coupling constant of the magnetic sextet determined from 5’Fe Mossbauer spectra in
(Gdg 2Lag2Ndg 2Smg2Yo2)Fe0s.4? (c) (002) XRD reflection of epitaxially grown La(Cog»CroFeq2Mng2Nig2)Os on SrTiOs (STO-blue curve),
(LaAlO3)o 3(SrAlg sTag sO3)o.7 (LSAT-green curve) and LaAlOz (LAO-red curve).’® (d) Reciprocal space mapping around the (103) reflections of La
(Coo.2Cro.2Fep.2Mng 2Nig 2)Os films on different substrates indicating different kinds of epitaxial strains, while (e) indicates the changes in the magneti-
zation as a function of magnetic field on the differently strained films highlighting a strong influence of strain on the magnetic easy axis direction

and absolute magnetization.*®

The magnetic properties of the P-HEOs, with a single TM
cation and a disordered A-site with multiple RE cations, of
(5A0.2)BO3; where 5A,, = Gdg,Lag,Nd,Sm,Y,,, have been
investigated in a subsequent study.’” In general, (5A,,)BO;
exhibit similarities to the magnetic properties of the parent
perovskite oxides, namely, the ortho-cobaltites, -chromites,
and -ferrites, despite the extreme chemical disorder on the RE
site (see Table 1). This observation is intuitive to a certain
extent as the magnetic properties of RE-TM perovskites are
mostly dictated by the interactions in the TM sites. However,
distinct differences and interesting magnetic properties are
also evidenced. Most of the parent RE-cobaltites show tran-
sition of the Co®" from low to high spin states or intermediate
states, while in case of the (5A,,)CoO; an instability of the
spin state is suppressed, resulting in a stable low spin state of
Co®" in the temperature range from 4.5 to 320 K.*> The (5A,.)
FeO; exhibit one of the highest Ty of all the investigated HEO
materials.*” A synopsis of the results obtained from magneto-
metry and Mossbauer spectroscopy for (5A,,)FeO; is presented
in Fig. 2b. It shows signatures of a spin-reorientation tran-
sition that is supported by Mossbauer spectroscopy, but more
significant is the large increase of the coercive field of the
canted ferromagnetic moment with increasing temperatures
reaching a value of about 2 T at ambient temperature.

In addition to internal inherent strains present in P-HEOs
stemming from composition and variation in tolerance factor,
a recent study focused on tailoring the magnetic anisotropy in
P-HEOs via external strains effects.'® Single-crystal thin films

1978 | Dalton Trans., 2021, 50, 1973-1982

of La(Coy,Cry,Feq,Mn,Nij,)O; were deposited on different
substrates with different lattice parameters resulting in varying
epitaxial strains in the P-HEO thin film, as shown in Fig. 2c
and d." In congruence with the bulk counterpart, the La
(C00.2Cry Fey ,Mny ,Nij ,)O3 thin films also exhibit magnetic
phase separation, i.e., the presence of weak FM signatures in a
predominant AFM matrix. In this work the FM order is actively
manipulated via strain engineering, taking advantage of the
internal fragility of the FM ground state. It is observed that
depending upon the nature of the epitaxial strain, be it com-
pressive or tensile, and the direction of the applied magnetic
field, the magnetic characteristics of the FM phase can be
strongly affected. Likewise, the magnetic anisotropy of the FM
phase in the P-HEO can be controlled via epitaxial strain as
shown in Fig. 2e. This initial study reveals the promises of
magneto-electronic tunability in P-HEOs via conventional and
effective strain engineering techniques.

In summary, similar to R-HEOs, several distinctive mag-
netic features are identified in P-HEOs. Long range magnetic
ordering despite chemical disorder, gradual magnetic tran-
sitions and short range correlations well above the magnetic
transition temperature appear to be universal characteristics of
HEOs. Besides, competing magnetic interactions in P-HEOs
with disordered B-site sublattice result in very local magnetic
phase separations giving rise to a substantial degree of intrin-
sic vertical exchange bias. This encapsulation of different mag-
netic and spin electronic states in a single crystallographic
structure of P-HEOs certainly motivates further investigation.

This journal is © The Royal Society of Chemistry 2021
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Magnetism in spinel-HEOs (S-HEOs)

Similar to perovskites, spinels (AB,O,) also consist of two
different cation sites. Spinels can also be represented as M;0,
or MM,0,. Ideally in spinels, the 2+ cations occupy the tetra-
hedral A-sites while the 3+ cations occupy the octahedral
B-sites. However, unlike in perovskites, a low energy barrier of
forming anti-site defects or in other words an inversion where
the 2+ cations occupy the octahedral sites and vice versa is
rather common. Likewise, the inter-site magnetic interactions
are also of utmost importance. Typically, the spins of the
cations on the respective sites (intra-sites) are in parallel, while
antiparallel interactions exist between the A- and B-site
cations. Thus, the net magnetization (M) is the difference
moments of the A- and B-site (M. = |A — BJ).

(Cog.2Crp ,Fep ,Mn ,Niy ,)30, was the first S-HEO system
(Fd3m) to be reported.”® (Co,,CroFeq,Mn, ,Nig 5);0, exhibits
ferrimagnetism at room temperature with the magnetic tran-
sition temperature close to 420 K for its bulk variant.”* Several
other S-HEO compositions are now known, as shown in
Table 1.>"*° The compositional variation and the resulting
impact on the site occupations result in drastic changes in
the magnetic properties. Most of the Crrich system,
where Cr is expected to solely occupy the B-site, showed
predominant AFM ordering at low temperatures. For instance,
(Cog.2Cuy Mgy ,Nig ,Zn ,)Cr,04 is AFM below 36 K. In con-
trast, the Fe-rich system, showed high magnetic transition
temperatures close to or above 650 K. The nature of the mag-
netic interactions in chemically complex S-HEOs is largely
unraveled, as the exact occupation and oxidation states of the
cations on the different sites needs to be precisely known,
which is inherently challenging. Although X-ray absorption
spectroscopy and X-ray magnetic linear dichroism employed in
few of these S-HEO systems (Mg, ,Mn, ,Coq ,Niy ,Cug ,)Fe;04,
(Mg »Fe( ,C0og ,Nij ,Cuy ,)Cr,0,) shed light on the occupation
and oxidation state of the cations, this information remains
largely inaccessible in a vast majority of magnetic S-HEOs.*"
Thus, future research relying on combining spectroscopic
methods, focusing on detailed charge and spin characteristics
of S-HEOs is still needed to open the ways for further tuning of
their magnetic properties.

Magnetism in other HEOs

Apart from R-HEOs, P-HEOs and S-HEOs, magnetic properties of
pyrochlore (polycrystalline and also bulk single crystal)*!, RE
based bixbyite'® and magnetoplumbite-hexaferrite* type HEOs are
also explored, as summarized in Table 1. Identical to the constitu-
ent binary pyrochlore or bixbyite oxides, the pyrochlore (Fd3m) and
bixbyite (Ia3) HEOs also exhibit predominant paramagnetic (PM)
behavior down to 3 and 5 K, respectively. Interestingly, lower temp-
erature alternating current susceptibility measurements, carried at
0.3-1.7 K, indicate spin-glass magnetic ground state of the pyro-
chlore HEO system.>* The hexaferrite HEO (P65/mmc) exhibits a fer-
rimagnetic ordering at room temperature similar to its parent
BaFe;,0,9, however, magnetic phase separation as observed in
P-HEOs is also evident in the hexaferrite HEO.*

This journal is © The Royal Society of Chemistry 2021
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Conclusions and outlook

The last two years of active research in the field of magnetism
of HEOs has provided a sufficiently large database from which
certain general trends can be discerned. So far, it can be stated
that the dominant features of magnetism in the HEOs largely
resemble the isostructural conventional oxides, such as AFM
in transition metal based rocksalt or rare earth-transition
metal based orthorhombic perovskites, PM in rare earth based
bixbyite or pyrochlore and ferrimagnetism in transition metal
based spinels or hexaferrites. Although from the viewpoint of
the single crystallographic structure and composition these
results are rather intuitive and too certain extent predictive,
the presence of a stable long range magnetic ordering despite
the extremely high chemical disorder is certainly intriguing.
Furthermore, the HEOs in most studied cases show definite
magnetic features, overlying the magnetic states inherited
from parent oxides, that are distinct from the conventional
binary or the conventionally doped oxides. Building upon
these noticeable differences, we present our viewpoints on
future research directions.

Composition based tailoring of magnetism

Altering the chemical composition by proper selection of
metal cations is the most common way of tailoring the mag-
netic properties in any metal oxide and in that sense the
observed differences in the transition temperature or magnetic
ground state via chemical substitution in HEOs might look
rather natural. However, the strength and uniqueness of HEOs
lies in the extensive compositional flexibility while retaining
the phase purity.>*”® The highly disordered cation sub-lattice
(s) can effectively result in creation of numerous, often com-
peting, local constellations of exchange interactions. For
example, the strong vertical exchange bias, unusual in one-
phase material, observed in phase pure disordered B-site
P-HEOs can be a result of such locally competing
interactions.>”** Essentially, the complex exchange-energy
landscape in HEOs can have many local minima with hitherto
unknown physical properties, which are not present in the
parent systems. Based on these premises the internal coupling
between the local magnetic phases can be induced and further
strengthened via conventional (compositional) doping. For
instance, judicious choice of aliovalent (holes/electrons)
doping even with non-magnetic ions can result change in oxi-
dation state of constituent cations or oxygen stoichiometry.
Especially in HEOs containing several TMs that can afford
multiple valence states, the charge compensation can be
expected to be in many more varieties than in parent oxides
thus resulting in unconventional spin-electronic states.
Likewise, for precise evaluation of the spin-electronic states in
an element specific way in multicomponent HEOs, magnetic
characterization technique such as X-Ray magnetic circular/
linear dichroism can be of immense importance as it can
complement spatially averaging conventional magnetometry
techniques.
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Strain based tailoring magnetism

HEO feature pronounced local structural distortions with fluc-
tuating degree of strains due to the presence of multiple
cations of different ionic sizes. A result of which can be
observed in the magnetic characteristics of R-HEO, where the
transition temperature and the extent of exchange coupling
with a FM interface can be tailored via controlled local J-T
distortion.*>** Likewise, the tilting of the TMOg4 octahedra in
P-HEOs and the geometry of TM-O-TM bonds can result in dis-
tinct changes in the magnetic feature, one such e.g., is the
gradual magnetic transition, spreading coherently over a broad
temperature range.””?*** The compositional variation, relying
on the difference of the ionic sizes of cations, is one way to
influence these inherent local structural features. Another way
is the application of external strains (like epitaxial strain engin-
eering), which is also found to be a viable approach to alter
the local structure and thereby the magnetic features of HEOs.
Simultaneously, for better elucidation the magnetic properties
in HEOs, a strong support from a right combination of high-
resolution structural characterization techniques are extremely
crucial for unravelling the intricate details of local features of
the cation-oxygen-cation bonds.

Magnetoionics and electrochemical tuning of magnetism in
HEOs

Many of the HEO crystal classes are known to afford stable Li-
storage possibilities, either via, conversion, intercalation or
insertion.>®3%*7%75 gystems like the spinels, are known to
possess two electrochemical windows, one for intercalation
and another for conversion. Utilizing the intercalation
windows, in some of earlier studies magneto-ionic or electro-
chemically driven reversible tuning of magnetism in conven-
tional spinels has been shown.”®”® Likewise, magneto-ionic
effects in Li-based conversion kind of electrodes are also
reported.”” R-HEOs and S-HEOs, are known to be tolerant to
reversible lithiation and delithiation, while layered HEOs are
can reversibly accommodate both Li and Na.>**”?*'3%7% Thus,
stable reversible control of magnetism via the electrochemi-
cally-driven insertion/extraction of ions might be feasible. The
chemical disorder can be of advantage to possibly making it
easier to reach, conventionally inaccessible, magneto-electric
free-energy minima.

The aforementioned approaches will be useful to map the
structural-magnetic phase diagrams of HEOs as a function
composition or strain along with the possibility to reversibly
control the magnetic features in HEOs. Furthermore, the mag-
netic properties of the oxides are intimately correlated to their
electronic and optical features. Hence, the quest for tuning the
magnetic features in HEOs in combination with their vast
composition space can be a stepping-stone for the discovery of
a plethora of unknown physical phenomena.
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