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Abstract

High-entropy oxide (HEO) thermodynamics transcend temperature-centric approaches, spanning
a multidimensional landscape where oxygen chemical potential plays a decisive role. Here, we
experimentally demonstrate how controlling the oxygen chemical potential coerces multivalent
cations into divalent states in rock salt HEOs. We construct a preferred valence phase diagram
based on thermodynamic stability and equilibrium analysis, alongside a high throughput enthalpic
stability map derived from atomistic calculations leveraging machine learning interatomic
potentials. We identify and synthesize seven equimolar, single-phase rock salt compositions
incorporating Mn, Fe, or both, as confirmed by X-ray diffraction and fluorescence. Energy-
dispersive X-ray spectroscopy confirms homogeneous cation distribution, while X-ray absorption
fine structure analysis reveals predominantly divalent Mn and Fe states, despite their inherent
multivalent tendencies. Ultimately, we introduce oxygen chemical potential overlap as a key
complementary descriptor predicting HEO stability and synthesizability. Although we focus on
rock salt HEOs, our methods are chemically and structurally agnostic, providing a broadly
adaptable framework for navigating HEOs thermodynamics and enabling a broader compositional
range with contemporary property interest.



Note 1: MnyFeyOs sintered in air compared to their starting precursors

In Figure S1(a), we show the X-ray diffraction (XRD) patterns of the MnO and FeO starting
precursors, purchased from Sigma-Aldrich as indicated in the Methods section. Both materials
exhibit the expected rock salt structure with no detectable secondary phases. To minimize oxygen
and moisture exposure, we vacuum seal the precursor bottles in vacuum bags when not in use and
store on a shelf cabinet. Within the resolution of our measurements, we did not observe any
changes in the phase purity of the powders over time. In Figure S1(b), we show that sintering
MnO, FeO, or their mixtures at 1100°C in air for 5 hours leads to the expected oxidation to higher
valence states. FeO oxidizes to FeO3 adopting the corundum structure, while MnO transforms to
Mn304, forming a tetragonal spinel phase. In mixed MnO-FeO samples, additional peaks appear,
indicative of bixbyite and cubic spinel structures.
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Figure S1. (a) X-ray diffraction (XRD) patterns of MnO and FeO as-received starting precursors, and (b) XRD of
MnO-FeO mixtures after sintering at 1100°C in air for 5 hours. Peaks are indexed to their respective crystalline

phases.



Note 2: Wide 20-0 scans and XRF results for rock salt high entropy oxide compositions

Figure S2 presents the XRD patterns of all single-phase rock salt compositions stabilized
by carefully controlling the oxygen partial pressure. For reference and completeness, the
prototypical MgCoNiCuZnO composition sintered in air is also included. Note that if
MgCoNiCuZnO is sintered, however, at 1100°C under Ar, CuO reduces as discussed in the main
manuscript. Table S1 summarizes the X-ray fluorescence (XRF) fitting results, indicating that the
compositions are closely equimolar. Fittings were performed using the Panalytical Omnian
platform and reference library, supplemented by eight custom calibrations developed from
accurately weighed unreacted powder standards (+0.01 mg accuracy), corresponding to the
compositions studied in this work. In our XRF calculations, Mg is fixed at 20% in five-component
compositions and 16.667% in the six-component composition, while the remaining cation
concentrations are determined from the spectra shown in Figure 3 (main manuscript). We fix the
Mg concentration because XRF measurements taken in air cannot reliably quantify its content.

100 SCCM Ar at 1100°C for 5hrs

RS RS RS

(111)  (200) ) (220) RS RS

A\ ) MgCoNiznMnFeO "’ (311) (222)
_ MgCoZnMnFeO A .
3 TN
s L\ CoNiznMnFeO L
.g‘ . l MgNiznMnFeO ) ,
£ ) __)__MgCoNiMnFeO A L
g A |\ MgCoNiznFeO L
?
g MgCoNiZnMnO

only one in air MgCoNiCuZnO
30 40 50 60 70 80

20 [

Figure S2. X-ray diffraction patterns of HEO compositions containing Mn, Fe, or both, sintered at 1100°C
under 100 SCCM of flowing Ar for 5 hours. All compositions exhibit predominantly rock salt structure
characteristic peaks. The prototypical MgCoNiCuZnO sintered in air (ambient pOz) is added as a reference.



Table S1. Percentage cation concentrations measured from XRF spectra.

Composition Mg Co Ni Cu Zn Mn Fe
MgCoNiZnMnFeO 16.67 17.14 17.56 0.00 16.35 15.87 16.42
MgCoZnMnFeO 20.00 20.72 0.00 0.00 18.21 20.24 20.83
CoNiZnMnFeO 0.00 21.24 20.90 0.00 18.40 21.14 18.33
MgNiZnMnFeO 20.00 0.00 21.41 0.00 16.00 21.19 21.40
MgCoNiMnFeO 20.00 19.60 19.69 0.00 0.00 18.61 22.11
MgCoNiZnMnO 20.00 20.53 21.07 0.00 16.84 21.56 0.00
MgCoNiCuZnO 20.00 20.96 19.56 18.21 21.27 0.00 0.00

Note 3: X-ray absorption near edge structure (XANES) and their derivatives

Figures S3-S5 along with Figure 4 and Figure 5(e) in the manuscript present the full set of
collected XANES spectra alongside reference standards, providing the basis for accurate
determination of Eo, all Eo values are summarized in Table S2. The corresponding derivative
spectra are also included to aid in identifying the transition energy. Figure S3 illustrates Co and Ni
K-edge data, while Figure S4 shows only the derivative curves for the Mn and Fe K-edges
presented in Figure 4 for the 5-component MgNiZnMnFeO and CoNiZnMnFeO. Figure S5
illustrates the complete spectra set for the parent composition MgCoNiZnMnFeO. To ensure
consistent tracking of binding energies and reliable valence-state assignments, we define Eo based
on the same electronic transition identified from the derivative spectra across all samples, with the
oxidation state increasing as the excitation energy required for the transition increases.
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Figure S3. (a) XANES spectra of the Co K-edge for MgNiZnMnFeO and CoNiZnMnFeO, compared to reference
spectra, with their derivatives shown in (b). (c¢) XANES spectra at of the Ni K-edge for MgNiZnMnFeO and
CoNiZnMnFeO, compared to reference spectra, with the corresponding spectral derivative in (d).



Figure S4. (a) First derivative of XANES spectra at the Mn K-edge for MgNiZnMnFeO and CoNiZnMnFeO,
compared to reference spectra, corresponding to Figure 4(a), with MnO: included as an additional reference.
(b) First derivative of the XANES spectra at the Fe K-edge for MgNiZnMnFeO and CoNiZnMnFeO, compared
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Figure S5. XANES spectra for the parent composition MgCoNiZnMnFeO, compared to reference standards:
(a) Fe K-edge, (c) Mn K-edge, (e) Ni K-edge, and (g) Co K-edge. Corresponding first derivatives are shown
in (b), (d), (f), and (h), respectively, for accurate determination of edge positions. The extracted Mn and Fe
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valence states, based on these data, are illustrated in Figure 5(e) of the main manuscript.



Table S2.

Summary of measured edge energy values (in eV) and their corresponding valence states

Composition Valence state Measured Edge
energy value (eV)

Mn K-edge

Mn 0+ 6538.96

MnO 2+ 6544.42

Mn;04 2.667+ 6547.45

MnO, 4+ 6552.94
MgZnNiMnFeO ~2.2+ (from best linear fit) 6546.05
CoNiZnMnFeO ~2.2+ (from best linear fit ) 6546.06
MgCoNiZnMnFeO ~2.065 (from best linear fit ) 6545.59

Fe K-edge

Fe 0+ 7111.94

FeO 2+ 7119.67

Fe;04 2.667+ 712291
MgZnNiMnFeO ~2.03+ (from best linear fit ) 7120.11
CoNiZnMnFeO ~2.18+ (from best linear fit ) 7121.18
MgCoNiZnMnFeO ~2.087 (from best linear fit ) 7120.33

Note 4: More stringent reducing conditions: MgCoNiMnFeO as an additional example

In Figure 5(b) in the main manuscript, we show that more stringent reducing condition by
adding 1% H> to the Ar mixture results in reducing some cations and forming a metallic phase in
MgCoNiZnMnFeO. Figure S6 provides further support of this behavior in the five-component
composition MgCoNiMnFeO, and similar behavior is expected across all studied compositions.
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Figure S6. X-ray diffraction patterns Mg1/5Co1/5NiisMnysFe1sO sintered at 1100°C under different oxygen
partial pressure. Synthesis under forming gas (Ar +1%H2>) result in reduced FCC metallic phase, most
probably associated with Ni and Co reducing.



Note 5: Additional EDX spectra for MgCoNiCuZnMnFeO at 100nm and 500nm scale

In addition to the 50 nm scale EDS maps for MgCoNiCuZnMnFeO presented in the main
manuscript (Figure 5(d)), Figure S7 summarizes complementary EDS maps acquired at 100 nm
and 500 nm scales. These results demonstrate that the cations remain homogeneously distributed
even at those larger length scales, with no detectable signatures of clustering or segregation.
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Figure S7. Energy-dispersive spectroscopy (EDS) maps showing a homogeneous distribution of cations in
MgCoNiZnMnFeO at the 100nm (top panels) and 500nm (bottom panels) scale.
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Note 6: Chemical potential diagrams

Figure S6 presents the chemical potentials of 3d transition metals and Mg, extracted from
The Materials Project database. The green-bolded region highlights the chemical potential range
where A2*O?* is thermodynamically stable. Notably, Sc, V, and Cr do not exhibit a stable A**O*
phase on the convex hull at OK, whereas Ti forms a stable phase only at very low oxygen chemical
potential.

Mg2+ Sc2+ Tiz* Vv2+ Cr2+ Mn?2+ Fe2+* Co2* Ni2+ Cu?* Zn2+

Ha - pR (eV)

Figure S8. A-O chemical potential diagrams for Mg and all 3d transition metals explored in this study. A green shade
denotes oxygen chemical potential regions in which A>*O* compositions are stable.

Note 7: Chemical potential overlap descriptor

In Table S2, we summarize the values for the computational descriptors for equimolar HEO
compositions from the cation cohort: Mg, Mn, Fe, Co, Ni, Cu, and Zn. Compositions are sorted by
the oxygen chemical potential overlap descriptor proposed in this work, soveriap. The refined single-
phase stability thresholds are defined from our previous work! to determine predicted single-phase
stability thresholds (4Huix = 92.2 meV/atom, cponas = 0.102 A) as well as foveriap = -0.191 €V.
Notably, a positive value for uoveriqp indicates an overlap in oxygen chemical potential space (a
wider synthesis window), while a negative value indicates separation (a narrow/impossible
synthesis window). Predicted and experimental stability are indicated as single- and multi-phase
with circles and crosses, respectively. Compositions not yet explored experimentally are indicated
by two dashes. A complete set of values, including those for Ca, is provided in our previous work
(see Ref.h).

Accurately determining the corresponding experimental synthesis atmosphere from govertap,
however, requires extending the descriptor to incorporate temperature and experimentally verified
oxygen partial pressure reference values. Nonetheless, comparing chemical potential overlaps
under different conditions allows qualitative prediction of whether reducing, inert, or oxidizing
environments are needed. For example, in Figure S8, MgCoNiCuZnO exhibits an overlap between
-1.4 and -1.84 eV along the oxygen chemical potential axis, while MnO and FeO require potentials



below -2.48 eV to stabilize. Since, generally for ideal gases, chemical potential is proportional to
the logarithm of partial pressure, lower chemical potentials in this case correspond to lower oxygen
partial pressures, suggesting that more reducing conditions are needed to stabilize Mn- and Fe-
containing compositions compared to MgCoNiCuZnO.

Additionally, we can quantitatively estimate the synthesis conditions using the ideal gas

) . A : . ) .
relationship: In (PP ) = ZR;(),Where Pt 1s the oxygen partial pressure under ambient conditions

ref
(0.21 atm for MgCoNiCuZnO), and Auo is the minimum difference in chemical potential between

the composition of interest and the reference composition. For example, the first appearance of
Mn?* occurs at -2.48 eV and that of Fe*" at -2.61 eV in Figure S8, resulting in Auo values of -
0.64 eV and -0.77 eV, relative to MgCoNiCuZnO respectively. Solving for the required oxygen
partial pressure at 1100°C (1373 K) yields target values of 4.18x10°® atm for Mn?* stabilization
and 4.69x1077 atm for Fe>* stabilization. These values represent the maximum allowable oxygen
partial pressures for phase stabilization, suggesting that actual synthesis should proceed under
more reducing conditions. This approximation aligns with our binary phase diagram predictions
and synthesis approach.

Table S3. Computational descriptors for equimolar HEO compositions. 4H,,ix and gsonds values are obtained with
permission from ref [1]. Crosses denote unstable compositions, circles indicate stable compositions, and dashes
represent compositions that, to the best of our knowledge, have not been reported at the time of publication.

Composition Roverlap AHmix Ghonds Pred. Expt.
(eV) (eV/atom) A) Stability Stability
Mg14Ni14Cui4Zn140 1.443 0.097 0.102 %  Jg
Mg1/4Co1/4Ni14Zn140 1.035 0.079 0.020 o ®
Mg1/4Co14Ni14Cu1/40 0.436 0.077 0.099 o 0
Mg14Co14CujaZni 40 0.436 0.093 0.116 % t 3
Co14Ni14Cui4Zni 40 0.436 0.100 0.116 % %
Mgi/5Co1sNi1sCuiisZnisO 0.436 0.091 0.087 o o
MgisMnisFe14Znys0 0.336 0.070 0.042 [ -
Mg14Mn14Co1/4Zn140 0.091 0.072 0.037 [ -
Mg14Mn1/4Co1/4Ni1 4O -0.041 0.060 0.036 [ -
Mg14Mn14Ni14ZnysO -0.041 0.061 0.039 [ -
Mn1/4Co1/4Ni14Zn140 -0.041 0.079 0.036 [ -
Mg1sMnysCou/sNiisZnisO -0.041 0.071 0.036 o @ ithis worid
Mg 4sMni4Fe14Co140 -0.059 0.057 0.036 o -
Mgi/4Fe14Co14Zn140 -0.059 0.075 0.024 [ -
Mni4Fe14Co1/4Zn140 -0.059 0.078 0.030 [ -




MgisMnysFeisCosZnisO -0.059 0.071 0.035 o @ ithis worid
Mg/4sMni4Fe1aNis0 -0.191 0.053 0.042 o -
Mg1/4Fe14Co14Ni140 -0.191 0.071 0.026 ® -
Mgu/4Fe14Ni1aZn140 -0.191 0.068 0.027 ® -
Mny/4Fe14Co14Ni140 -0.191 0.059 0.036 ® -
Mny/4Fe14Ni1aZn140 -0.191 0.076 0.039 [ J -
Fe14Co14Ni14Zn; 40 -0.191 0.090 0.025 ® -

MgisMnisFersCosNiisO -0.191 0.062 0.036 [ @ [¢] (this work]

MgsMnisFersNiisZnisO -0.191 0.066 0.039 o @ (s vork]

MgusFersCousNiysZnysO -0.191 0.077 0.025 [ ] @ (ihis work]

Mny/sFe1sCousNiysZnysO -0.191 0.076 0.035 [ @ (ihis work]

MgisMnysFe16Co1sNiisZnisO -0.191 0.071 0.036 [ @ (ihis work]
Mg1/4Mn14Co1/4Cu140 -0.640 0.057 0.128 % -
Mg1/4Mn14Nii4Cu1/40 -0.640 0.053 0.115 t -
MgaMni14Cu/aZny/40 -0.640 0.075 0.137 % -
Mny/4Co14Ni14Cui40 -0.640 0.050 0.126 -
Mni4Co14Cur/aZni4O -0.640 0.080 0.149 % -
Mn14Nii#Cui4Zni40 -0.640 0.079 0.136 % -

Mg1/sMn1/5Co1/sNi1sCuiisO -0.640 0.060 0.100 % -

Mgi/sMnisCo1/sCui/sZnisO -0.640 0.075 0.114 % -

MgsMnisNiisCui/sZnisO -0.640 0.073 0.104 % -

Mny/sCo1/sNiysCu/sZnysO -0.640 0.076 0.114 % -

Mg1sMni16Co16Ni1sCuisZni O -0.640 0.074 0.091 % -
Mg1aMni4Fe14Cu1/s0 -0.790 0.048 0.135 % -
Mgu/4Fe14Co1aCuis0 -0.790 0.063 0.119 % -
Mgu/4Fe1/aNi14Cui4O -0.790 0.060 0.107 % -
MgFer4CuiaZnisO -0.790 0.073 0.127 -
Mny/4Fe14Co14Cui40 -0.790 0.047 0.139 % -
Mny/4Fe1/4Ni14Cui40 -0.790 0.045 0.135 % -
MnysFer4CuiaZnisO -0.790 0.073 0.157 % -
Fe14Co14Ni14Cu140 -0.790 0.062 0.118 % -
Fe14Co14Cu14Zn1/40 -0.790 0.087 0.135 % -
Fe1sNiyaCui4Zni40 -0.790 0.087 0.125 % -

MgsMnisFeisCo/sCuiisO -0.790 0.055 0.114 % -

MgsMnysFesNiysCuisO -0.790 0.052 0.110 % -
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Mg1sMn1sFeysCusZnisO -0.790 0.067 0.121 3 -
MgisFe1/sCo/sNiisCuisO -0.790 0.067 0.094 3 -
MgusFersCoysCursZnysO -0.790 0.077 0.104 3 -
MgysFersNiisCuiisZnisO -0.790 0.075 0.096 3 -
MnisFe1sCou/sNiisCuisO -0.790 0.051 0.114 3 -
MnysFersCoysCur/sZnysO -0.790 0.072 0.127 3 -
Mny/sFe1/sNiisCuisZnisO -0.790 0.071 0.121 % -
FeusCousNiysCuisZnisO -0.790 0.084 0.104 3 -
Mg1/sMnisFe1sCo1sNisCui/sO -0.790 0.058 0.094 3 -
MgreMnueFersCorsCuieZnysO -0.790 0.069 0.104 3 -
MgisMnysFersNiisCuisZni 60 -0.790 0.067 0.098 3 -
Mg sFe16Co1sNisCusZnisO -0.790 0.078 0.083 3 -
MnissFer6Co1sNisCusZnisO -0.790 0.071 0.104 3 -

Note 8: Chemical potential overlap descriptor applied to rare earth sesquioxides and
fluorites

In the abstract, we refer to our framework as structurally and chemically agnostic, meaning
it can extend beyond 2+ cations and the rock salt structure to more complex chemistries and crystal
structures. To demonstrate this broader applicability, we apply the poverap framework to the rare-
earth system (Ce,La,Pr,Sm,Y),03+5; a composition known for its complex oxidation behavior,
oxygen nonstoichiometry, and structural polymorphism, as explored in the influential studies by
Djenadic et al.’and Sarkar et al.®, and more recently by Kotsonis et al.”. We further extend the
framework to the (Zr,Ce,La,Pr,Sm,Y)0O,.5 composition by incorporating ZrO;.

Figure S9(a) shows the oxygen chemical potential diagrams, similar to those in Figure S8,
for Y-, La-, Pr-, and Sm-oxides, highlighting the stability windows of their (A3*),03 binaries, as
well as ZrOg, reflecting its unwavering 4+ stability over a ~5 eV window. Ce-O, however, is
treated separately to capture its accessible oxidation states from Ce** to Ce*". Figure S9(b) depicts
the corresponding poverlap descriptor heat map. Starting with the five-component,
(Ce,La,Pr,Sm,Y)203+5 composition, the corresponding poverlap map (Figure S9b) reveals that both
Ce*" and Ce** exhibit overlap with the trivalent rare-earth cations; however, Ce*" displays a larger
Woverlap and is thermodynamically favored at high oxygen chemical potentials. Our simple model
therefore predicts a majority Ce*" character, while the remaining cations retain their trivalent states
under ambient pO> conditions consistent with experimentally reported oxidation states for this
system?.

Oxidation state predictions based on poverlap provide further insight: assuming full Ce*"
occupancy, the average cation oxidation state in (Ce,La,Pr,Sm,Y),03+s is 3.2, corresponding to a
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Figure S9. (a) Oxygen chemical potential diagrams for Y-, La-, Pr-, and Sm-oxides, highlighting the stability
windows of their (A*"),03 binaries, and for ZrO», reflecting its 4+ stability. Ce—O is shown separately to capture its
multiple accessible oxidation states. Green shaded regions indicate oxygen chemical potential ranges where the
desired stoichiometries are thermodynamically stable. All data are extracted from the Materials Project database. (b)
Hoverlap heat map for all two-cation combinations, illustrating the range of overlap values for Ce depending on its
oxidation state, and the strong compatibility between Zr*" and both Ce*" and the trivalent cations. (¢) X-ray diffraction
(XRD) patterns of (Ce,La,Pr,Sm,Y).0s (bixbyite) and Zr(Ce,La,Pr,Sm,Y)O: (defective fluorite) compositions.
Samples were sintered at 1400 °C after 18 hours of wet milling with 3 mm YSZ balls and methanol.

nominal (Ce,La,Pr,Sm,Y )03 composition. Although this stoichiometry does not exactly match
bixbyite (A203), it more closely approaches the oxygen content and cation-to-oxygen ratio
characteristic of bixbyite than fluorite. While enthalpy-stabilized bixbyite typically requires an
ordered oxygen sublattice and resists accommodating Ce*", high-entropy configurations enable
local Ce*" deviations, while the surrounding trivalent cations (Y3", La**, Pr’**, Sm*") maintain an
overall 3+ network, preserving bixbyite symmetry, as confirmed by X-ray diffraction (Figure
S9(c)) and XANES analysis®. Even if the argument were reversed and we began with bixbyite
symmetry revealed by XRD, the overlap framework, by virtue of its structure-agnostic nature,
would still insist on majority Ce*" character, exposing valence complexities not apparent from
structure descriptors alone.

We next consider introducing Zr*" into the composition. Zr*" increases the chemical
potential overlap (Figure S9b), further supporting Ce*" and raising the average cation valence to
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~3.33+, shifting the nominal stoichiometry toward A20333 or more accurately AOi.¢67,
characteristic of a defective fluorite structure. X-ray diffraction (Figure S9c) confirms this
structural transition, showing that Zr addition drives the system from a bixbyite to a defective
fluorite phase, consistent with predictions from the poverap framework. While poverlap does not
directly predict crystal structure, it complements thermodynamic descriptors, such as AHmix and
Obonds, Which are essential for capturing this structural transformation. Nonetheless, [loverlap Narrows
accessible phase space and informs stability and synthesizability by predicting the average stable
cation oxidation states.

Although the current set of descriptors offers strong predictive capabilities, synthesis is
ultimately constrained by available materials, laboratory-accessible boundary conditions, and
kinetic factors, which can drive systems away from their predicted thermodynamic equilibrium
states. For instance, Pr is often commercially available as Pr¢O11, containing significant Pr**, which
can shift the oxidation balance and influence phase stability. Additionally, although
(Ce,La,Pr,Sm,Y),0;3 adopts the bixbyite structure under equilibrium conditions, nonequilibrium
pathways often favor defective fluorite formation’, reflecting the competition between ordered
oxygen lattice sites stabilization and configurational entropy gains from disordered unoccupied
oxygen lattice sites’. Nevertheless, these predictive descriptors bring us closer to fully realizing a
comprehensive framework for predictive synthesis.

Note 9: Outlook on Kinetic factors, far-from-equilibrium synthesis, and emerging

functionality

Although poverlap 1s grounded in equilibrium thermodynamics, it provides valuable guidance
even for far-from-equilibrium synthesis methods such as pulsed laser deposition, magnetron
sputtering, and joule heating, which access alternative kinetic pathways and stabilize valence states
and structures not achievable under equilibrium conditions. For instance, in our previous work on
MgCoNiCuZnO thin films grown by pulsed laser deposition®!'?, we observed Co*" formation,
consistent with poveriap and chemical potential diagrams: Co*" stabilizes at higher oxygen chemical
potentials, overlapping with the divalent cations' stability window, where Co304 (nominally Co?¢7,
with a 1:2 ratio of Co?* to Co*) lies just above the divalent stability region (green shade) in Figure
S8. This behavior is also consistent with binary phase diagrams, where Co*%’ becomes favored at
higher oxygen pressures or lower synthesis temperatures. To explicitly address kinetic and non-
ideal thermodynamic complexities, in our other work we integrate phase-field modeling to
simulate ordering and local structure evolution®!!!2, decomposition enthalpy to predict metastable
phase stability?, and cluster expansion to capture short-range ordering effects!®. Ongoing efforts
focus on extending these models to incorporate defects, valence dynamics, and charge transfer.
While poverlap does not account for kinetics directly, it complements these approaches, offering a
broader predictive framework. Here, we use the chemical potential diagrams and ploverlap framework
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in its simplest forms to demonstrate its broad applicability, but it has much greater potential that
will be the focus of future work.

Beyond stabilizing Mn and Fe in the divalent state, their multivalency offers access to a
broader valence landscape under non-equilibrium conditions, potentially enabling control over
charge trapping, ion migration, and resistive switching®!*!4, Their incorporation into the rock salt
HEO family is also expected to introduce emergent magnetic interactions®!>16
for multifunctional HEOs design. The seven compositions synthesized here may thus offer a

, opening pathways

foundation for future studies exploring magnetism, polaron conduction, and related functionalities
in HEOs.
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