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Abstract

We present an exploration of a family of compositionally complex cubic spinel ferrites featuring
combinations of Mg, Fe, Co, Ni, Cu, Mn, and Zn cations, systematically investigating the average
and local atomic structure, chemical short-range order, magnetic spin configurations, and mag-
netic properties. All compositions result in ferrimagnetic average structures with extremely similar
local bonding environments, however the samples display varying degrees of cation inversion and
therefore differing apparent bulk magnetization. Additionally, first-order reversal curve (FORC)
analysis of the magnetic reversal behavior indicates varying degrees of magnetic ordering and in-
teractions, including potentially local frustration. Finally, reverse Monte Carlo (RMC) modeling
of the spin orientation demonstrates a relationship between the degree of cation inversion and the
spin collinearity. Collectively, these observations correlate with differences in synthesis procedures.
This work provides a framework for understanding magnetic behavior reported for “high-entropy
spinels,” revealing many are likely compositionally complex oxides with differing degrees of chemi-
cal short-range order— not meeting the community established criteria for high or medium entropy
compounds. Moreover, this work highlights the importance of reporting complete sample process-
ing histories and investigating local to long-range atomic arrangements when evaluating potential

entropic mixing effects and assumed property correlations in high entropy materials.

I. INTRODUCTION

High entropy oxides (HEOs) are being increasingly reported in various oxide crystal
structures, including in the perovskite, fluorite, spinel and pyrochlore structure motifs [1-
18]. HEOs are generally described as single phase solid solution systems exhibiting five or
more homogeneously distributed cations in equimolar or near-equimolar ratios on a single
crystallographic site. When a positive entropy of formation (ASf) overcomes a positive
enthalpy of formation (AHy), the Gibbs free energy of formation (AGy = AH; — TASYy)
will be negative, making the system an entropy stabilized oxide (ESO). The ESO, a five
component oxide (Mgg2Nig2Cog2Cug2Zng2)0, exhibiting a single rock salt phase, was first
introduced by Rost et al. in 2015 [19]. HEOs/ESOs draw interest due to inherent oppor-
tunities to tailor and combine materials properties. The extent to which their enhanced
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compositional and configurational complexity impart additional stability, synergistic effects,
and emergent /tunable properties to HEO archetypes is an active area of exploration. The
magnetic properties of HEOs represent one of the fastest growing research directions in this
scientific community. From the perspective of magnetic behavior, the complexity of the local
and long-range nuclear and spin structures found in HEOs gives rise to an unusually large
number of metal-oxygen-metal interactions[20]. The inherent variation in coordination ge-
ometry, valence state, spin state, number of cations and metal cation type each HEO lattice
can accommodate presents a rich pallet for exploring the tunability of the structure-property
effects in the class. However, relatively few compositions have been studied in detail[20], no

doubt due in part to the complex cation and spin order likely to be present.

Spinels crystallizing in cubic space group Fd3m, with nominal formula AB,O,, feature
a close-packed oxygen substructure with two thirds of cations occupying octahedral inter-
stices and one third occupying tetrahedral ones. The spinel compounds in this work involve
A and B cations in the cation charge state combination of +2 and +3 (charge-balanced
spinel oxide families with +2 and +1, and +6 and +1 cation combinations are also known
to exist). Spinels are typically classified according to which cations occupy the respec-
tive coordination environments, with a degree of inversion, -, denoting the fraction of A
ions occupying the octahedral sites, [A;_B,|set[AyBa_+]octO4. In the “normal” spinel struc-
ture (7 = 0, [A]set|B2]octO4), B*T fully occupies the spinel octahedral site, while A?* fully
occupies the tetrahedral site. In the “inverse” spinel structure (v = 1, [Bliet[AB]oetO4),
half of the B3 cations fully occupy the tetrahedral site, leaving an equal amount of A2*
and B3" atoms occupying the octahedral site. In a “random” spinel structure (y = 2/3,
[A1/3Ba/sltet| A2/3BasloctOs), A?T and B** atoms take up residence on both sites according
to their overall molar ratio, with 1/3 and 2/3 distribution, respectively. Arbitrary interme-
diate states between the normal and inverse spinels are possible (7 value between 0 and 1).
FIG.1 provides a depiction of high entropy spinel AB;O4 (with A = 5 equimolar cations
and B = a single metal cation), shown for the case of the inverse spinel ferrite structure.

Specific (not random) cation site preferences of the crystal chemistry in spinel oxides are
well documented in the literature|21, 22|, going back to early reports|23, 24] linking cation
site distribution and magnetic properties in spinel ferrites. There has been ample research
into the magnetic properties of spinel AFe,O, since. AFe;O4 (A = Fe?T[25, 26], Ni*T[27],
Cu?T[28], Mg?*[29], or Co?*[26, 30, 31]) spinels have a variety of important applications in
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(b)

FIG. 1. Schematic view of (a) the inverse spinel unit cell with blue tetrahedra (A-sites) and orange
octahedra (B-sites). Cations on the octahedral site are drawn half blue and half orange to represent
site mixing. Oxygen atoms sitting on polyhedral vertices are omitted for clarity. (b) The [0 0 1]
projection of the cation substructure in the unit cell (black square) overlaid with the unit cell of
the magnetic structure (blue frame). (¢) The room-temperature zero-field magnetic spin structure
composed of magnetic moments on the tetrahetral site (blue vectors pointing down) and octahedral

site (orange vectors pointing up).

magnetic technologies|24, 32, 33]. They all have an inverse (either partially or completely)
spinel structure. Previous works have shown that, in spinel ferrites, Zn?* prefers to occupy
the tetrahedral site while Mg?*, Mn?", Mn?*, Fe?t, Fe3t, Ni?*, Cu?*, and Co?T tend to
occupy the octahedral site in spinel ferrites[24]. It remains to be seen whether high entropy

spinels will follow the trends in site preference observed among the ternary spinel ferrite
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Year Chem. GS Ref.

Solid State Method + Sintering

2019 (MgogMo_gCO()_QNi()_QCLlQ_Q)F6204, M:ZH,MH,FG FIM [35]
2019 (MHO'QFGO'QCOO.QNiO'QCHOQ)F6204 FIM [35]
2020 (Cop.2Mng 2Nig oFeg 2Zng 2)FeaOy (no sintering) N/A [46]

2022 (Mgo.2Feg.2Cog 2Nig.aMo.2)FesO4, M=Mn,Cu,Zn FIM [49]

Co-Precipitation + Annealing

2019 (an.gMgo.QNio_gFeo_gCdo_2)F€204 N/A [50]

Sol-Gel Method

2020 (COO.QCI'().Q FGO_QMHO.QNiO.Q)Fez 04 FIM [60]

Solution Combustion Synthesis (SCS)

2021 (MnNiCuZn)i_,Co,FeyOy (x=0.05,0.1,0.2,0.3) FIM [58]

Glycine-Combustion Method

2022 (MO_QZHO.QCOO.QNiO.QCHO.Q)F6204, M:MD,FG N/A [67]

2022 (MHO'QFGO'QCOO.QNiO'QCUO'Q)F6204 N/A [67]

TABLE I. A summary of powder sample high entropy spinel ferrite compositions appearing in the
literature, including year reported (Year), chemical composition (Chem.), magnetic ground state

(GS) (where FIM denotes ferrimagnetic), and the reference (Ref.).

systems, or if the potential for increased configurational entropy will lead to more random
cation distributions.

High entropy spinels have been synthesized by solid state[34-49|, co-precipitation[50,
51], solution combustion synthesis (SCS)[52-59], sol-gel method|60, 61|, solvothermal
synthesis[62], reverse co-precipitation|63|, flame spray pyrolysis|64|, hydrothermal method|65],
polymerized complex method|[66] and glycine-combustion method|67] among other tech-
niques. Examples of reported high-entropy ferrite powders are summarized in TABLEI.

Research into the magnetic properties and cation site ordering among high entropy spinels

is still in its infancy. There is one recent report|68] demonstrating that the site ordering
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(CoggFeg.4)(CrgsFeq1Mng 3Nig 3)204 in A3Oy4 spinel is governed by maximization of the crys-
tal field stabilization energy (CFSE) of the constituent ions through site selectivity rather
than by maximization of the configurational entropy (Sconfig) through random and homoge-
nous cation disorder|68]. It is not known whether this generalizes to other high entropy spinel
compositions, including compositional variations of the technologically important spinel fer-
rite (AFe;Oy4). The magnetic properties of spinel ferrites are highly sensitive to the distribu-
tion of cations (the degree of inversion, 7) across the tetrahedral and octahedral sublattices
[69, 70]. For example, this phenomena has been well explored by mixing of Zn-ferrite (a
normal spinel) with Co-ferrite (an inverse spinel), resulting in non-magnetic Zn?" swapping
for magnetic Fe* on octahedral sites and increasing the overall magnetization|71, 72|. Sim-
ilar effects may arise in compositionally complex spinel samples, potentially with greater

sublattice disorder and/or expanded substitution limits for specific cations.

In 2019, Musico et al. [35] reported on the magnetic properties and trends amongst a
series of high entropy spinel ferrites (compositions AFe;O4) and chromates (compositions
ACry04). All reported high entropy spinel ferrites were shown to be room temperature
ferrimagnets and like several other HEO magnetic phases, were reported to generally fol-
low trends found in the majority of the simpler ternary systems involving groups of the
constituent cations. For example, the high entropy system including Zn and Mg (the
two non-magnetic cations) had the largest magnetic moment and lowest Néel temperature
(Tx) relative to other high entropy spinels. On the other hand, several other HEO fer-
rites ((Mgo.2Feg2Cog2Nig2Cugo)FesOy and (MggoMng2CogoNig2Cugo)FeaOy4) were noted
to show peculiar magnetic behavior. For example, the low temperature field warming mag-
netization dips below the field cooling magnetization and for intermediate temperatures
indicates an increase in magnetization as temperature is raised. A possible explanation for
this peculiar thermal hysteresis is the antiferromagnetic coupling between neighboring ele-
mental components in the cation sublattice. This leads to a key question of whether the
reported high entropy spinels contain cation short-range order and small locally ordered
magnetic clusters or chemically homogeneous distributions with more dilute clusters, and

whether the substructures can be tuned.
The extent to which high entropy spinels will exhibit cation distributions different from
bulk ternary spinels that influence their properties remains to be determined. In this work,

we explore the influence of local cation ordering upon magnetic properties in a family
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Name Composition Heat treatment

No.1 No.2

F1  (Mgg.2Fey2Coo.2Nig2Cug2)FeoOy 1250°C, 10h 1250°C, 10h
F3  (Mgg2Cop.2NigaCug.eZngo)FesOy 1250°C, 10h 1250°C, 10h
F4  (Mgp2Mng.2Cog2Nig2Cug.2)FeaO4 950°C, 10h 1250°C, 10h
F5  (Mng.2Feg2Cog.2NigaCugz)FeaO4 950°C, 10h 1250°C, 10h

TABLE II. High entropy spinels in this study, with firing temperatures and number of hours noted.

Sample names correspond with those reported by Musico et al.[35].

of AFe;04 high entropy spinels using magnetometry, neutron powder diffraction, neutron
atomic pair distribution function (PDF) studies, and reverse Monte Carlo modeling of spin
correlations. We draw several connections between observed magnetic properties, the av-
erage and local atomic and magnetic structures, and the influence of material processing

history in the series.

II. METHODS
A. DMaterials Synthesis

In this work, the four phase-pure spinel ferrites originally reported by Musico et al.[35]
were synthesized by solid state reaction using identical starting materials and processing
conditions. We have elected to use the same naming convention as in the original work, with
samples labelled F1, F3, F4, and F5, as noted in TABLEII. Briefly, all the samples were
prepared in 5-gram batches using mixtures of stoichiometric proportions of dried precursor
oxide powders (MgO, NiO, CoO, CuO, ZnO, MnO., and Fe;O3). The mixtures were ball
milled, pressed into pellets, and heat treated according to the details in TABLE II. Mixtures
for samples F1 and F3 were initially heated at 1250°C for 10 hours. Samples F4 and F5
(both containing Mn) were obtained by first heating the mixed powder at 950°C in order
to convert the MnQOs precursor to Mn3zOy4. After the first heating step, all samples were
ground, repressed, and sintered a second time at 1250°C for 10 hours. The heat treatment
protocols are the same used for the compositions reported in Musicod et al.[35], though the

heat treatment temperatures and times were not included in the original work.
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B. Magnetic Measurement

Magnetometry measurements were performed using a vibrating sample magnetometer
(VSM) as part of a Quantum Design PPMS DynaCool system. Temperature-dependent
magnetometry (M vs T) was performed using field cooled (FC) and zero field cooling (ZFC)
methods. For each sample, a ZFC measurement was first performed by cooling the powder
sample to 2 K in the absence of a magnetic field, then applying a 10 mT field and measuring
the magnetic moment as the temperature was increased from 2 K to 400 K. After the ZFC
measurement, the applied field was kept at 10 mT while measuring the magnetization as the
temperature was reduced from 400 K to 2 K for the FC curve. Magnetic hysteresis (M)
loops between + 2 T were also measured at temperatures ranging from 2 K and in 25 K
steps up to 400 K. All measurements have been normalized to the sample mass.

First order reversal curve (FORC) measurements were performed to evaluate the distri-
bution of magnetic phases and interactions within the samples|73-75|. Following previously
published procedures, FORC measurements were performed by first positively saturating
the sample, then reducing the magnetic field to a reversal field (Hg). Next, the magnetiza-
tion is measured as the applied field (H) is increased from Hpy back to positive saturation.
This sequence was repeated at Hr between the positive and negative saturation. The FORC

distribution (p) is calculated by applying a mixed second order derivative to the dataset:

—1 9*M(H, Hp) O
2Mg OHOHp

where Mg is the saturation magnetization of the sample. FORC measurements were com-

p(Ha HR) =

pleted at 2 K and 300 K for each sample. While H and Hp separately probe up and
down-switching events, respectively, FORC distributions are commonly presented with a
change of coordinates from (H, Hg) to:

He =5 and Hp=—"" (2)

where Ho and Hp represent the local coercive and bias (interaction) fields, respectively.
As all samples show features prominent along axes in both coordinate systems, FORC dis-
tributions are presented in (H, Hg) while also indicating the (H¢, Hp) axes. The FORC
distributions also include significant reversible components, which are captured using a con-

stant extension mechanism|76].
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C. Neutron total scattering

Time of flight (TOF) neutron powder diffraction (NPD) data was collected at 300 K on the
Nanoscale Ordered Materials Diffractometer (NOMAD) at the Spallation Neutron Source
(SNS) at Oak Ridge National Laboratory (ORNL)[77]. For each sample, approximately
0.3 g of powder was loaded into a 3 mm diameter quartz capillary, placed in a temperature
controlled Ar cryostream, and data was collected for 1 h. Data reduction was completed with
the Advanced Diffraction Environment (ADDIE) suite[78]. The instrument background and
sample container contributions were subtracted, data were corrected for detector deadtime,
absorption, and multiple scattering effects, and were normalized by the incident flux and
total sample scattering cross section. The maximum value of () vector used for generation of
the PDF was 40 A=, The coherent neutron scattering lengths vary considerably among the
cations in the sample series, with (in order from smallest to largest) by, = -3.73 fm, be,—
2.49 fm, b, = 3.635 fm, byy— 5.375 fm, bz, — 5.68 fm, be,,=7.718 fm, bp. = 9.45 fm, and
byi= 10.3 fm. The neutron scattering length of oxygen is bp= 5.803 fm.

The experimental diffraction data (31° 20 detector bank) were analyzed with the Ri-
etveld method as embodied in the TOPAS-V7[79] program. Analysis was completed for
each dataset fixing the cation site occupancy according to a normal ([A];et|Fes]oe:O4), an in-
verse ([Fe]set[A,Feloe:O4) (Shown in FIG. 1(a)), and a random ([A+/3Fes/s]iet|Az/sFeq/s|octO4)
spinel structure model (Fd3m). In all fits, the magnetic scattering was modelled using a
magnetic structure model with an 14; /am’d" structure featuring one constrained magnetic
moment for all tetrahedral sites and one constrained magnetic moment oriented in opposite
direction for all octahedral sites (shown in FIG. 1(c)). Background parameters, scale fac-
tors, cubic lattice parameters d,,., isotropic atomic displacement parameters (ADPs) (one
for oxygen atoms, one for all cations on the tetrahedral site, and one for all atoms on the oc-
tahedral site), instrument profile parameters, and the oxygen atom position (u) were refined
for the nuclear structure models. For the refinement of magnetic structure, the isotropic
ADPs were constrained to be equivalent to those in the nuclear structure, while the lattice
parameters Qy,qg=bmq, Were constrained to equal V200 /2 and the lattice parameter ¢4,
was constrained to equal a,,. (according to geometry, FIG. 1(b)). The scale factor of the
magnetic phase was constrained to one half that of the nuclear phase (since V 49/ Vinuc=1/2).

Magnetic moments were refined along the z direction for the magnetic elements sitting on
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the respective tetrahedral and octahedral sites (constrained as one unique value per lattice
site).

PDF refinements and model simulations were completed using normal, inverse spinel
and the random solution models in the PDFgui[80| program, and included a scale factor,
lattice parameters, quadratic peak sharpening parameters for correlated atomic motion, and
isotropic ADPs. Instrument parameters for real-space dampening and broadening were fixed

to values determined through refinement of a silicon crystalline standard reference material.

D. Reverse Monte Carlo Modeling

RMC modeling involving both total scattering and Bragg data was conducted using
the RMCProfile package [81]. Fits for both neutron F(Q) and neutron Bragg data were
completed. F(Q) is defined by

F(Q) = Qe (S@) = 1), (3)

where Q = k — k' is the scattering vector of length 47sinf/\ for a neutron of wavelength A
scattered at an angle 26, and k and k’ are the initial and final wavevectors of the scattered
neutron, respectively. S(Q) is the normalized total-scattering structure factor. b; is the
coherent bound neutron scattering length of species i, averaged over the different isotopes
and nuclear spin states of i. ¢; is the portion of species i in the material[82]. A 10x10x10
supercell was first built, based on the unit cell model obtained via Rietveld refinement for
each sample. The supercell structural configuration was then optimized in a data-driven
manner, following the Metropolis approach. Two sets of RMC modeling was completed for
each sample, assuming either inverse or random site occupancy (the normal model was ex-
cluded because of the poor agreement demonstrated by Rietveld refinements). No atomic
position swapping was allowed between tetrahedral and octahedral sites. In the original
report by Musico et al., multiple valence states for Fe and Mn were detected among high
entropy spinels via X-ray absorption spectroscopy. Thus, RMC trials were performed for
several samples assuming various valence states for Fe and Mn atoms (since valence deter-
mines the magnetic form factors assigned). Here, it should be pointed out that the magnetic
moment vectors in RMC configurations are unit vectors with magnetic moment magnitude

specified (fixed) according to each cation involved. The bond valence sum (BVS) constraint
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in RMC fitting is implemented in such a way that it effectively constrains the net valence of
the whole system to be 0. The findings discussed in this report were found to be independent
of the valence settings in RMCProfile. The final configurations were initiated assuming a
+2 valence state for all A cations in the AFe;O4 compositional series, and a +3 valence state
for the remaining two Fe cations.

Neutron total scattering structure factor data, F(Q), and Bragg data were used for RMC
modeling, since the calculation for magnetic diffuse scattering is performed only in ()-space
in RMCProfile. For the inclusion of Bragg data in RMC modeling, peak profiles and back-
ground were extracted from Topas refinement and tabulated for RMCProfile to read in —
hence the RMC engine only calculates peak intensities. In addition to the experimental
data, a minimum distance for each single pair of atoms and an overall bond valence sum
were added as model constraints. Given multiple constraints exerted upon the structural
model, an automatic weight assigning scheme|83| was used.

A kernel density estimation (KDE) and the Henze-Zirkler (HZ) statistic were utilized to
interpret variation in the distribution of atom sites and magnetic spin correlations resulting
from RMC model fits to neutron total scattering data. KDE is a commonly used method for
estimating the underlying probability distribution function in a collection of data points with
a non-parameterized approach. Here, the standard normal function is used as the kernel
and in practice that means one would have a standard normal distribution function with
the center at each of the data points. The overall distribution function is then composed
of all those kernels, while being normalized to give the overall distribution probability of
1. The HZ parameter|84-87| is a parameter characterizing the normality of a distribution
and the closer its value gets to 1, the closer that underlying distribution is to a Gaussian
distribution. The following equation defines the HZ parameter:

n 52

HZ=[ 33 e D, - 20+ /)4 Y A 142878, (@)

i=1 j=1 i=1
where D, is the squared Mahalanobis distance of the ¥ observation to the centroid and D;;

gives the squared Mahalanobis distance between " and j** observations:

D= (- Z)'S YT, - 7), (5)

Dij= (=7 ;)"'S™(7; - T)), (6)
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[ is given by

i(n(2d+ 1)
V2 4

which includes the particle sample size n, and sample dimensions d.

8= )T, (7)

III. RESULTS AND DISCUSSION
A. Entropy, Energy, and predicted site preference

The cation distribution in high entropy spinels will be impacted by a number of thermo-
dynamic and crystal-chemical factors. The CFSE of the oxygen ligand field and the Scofig
resulting from the number of participating cations are two important factors. The electron

configuration energy difference between ligand field and isotropic field is defined as CFSE,
CFSE = AF = Eligandfield - Eisotropicfield- (8)

The CFSE can be straightforwardly calculated for each participating cation assuming a
specific charge state and either an octahedral or tetrahedral geometry, and the net CFSE
can be compared for specific distributions of cations to evaluate potential site preferences.

The CFSE for the four compositions in the AFe;O, series are shown in FIG.2 (a), as-
suming a +2 valence state for all five cations on the A site, and a +3 valence state for the
remaining two Fe cations. Regardless of the oxidation state used in calculations, the CFSE
of the inverse structure model is the lowest among the model spinel structures while the
CFSE of the normal structure model is the highest.

The entropy contribution made by the compositional mixture on the tetrahedral and
octahedral lattice sites will differ for normal, inverse, and random spinels. The ideal
Sconfig Per cation for HEOs with multiple cations occupying different sublattice sites can be

calculated|68] by

Sconfi!] _ _RZ§=1 a’ Z%:l (fzzlnfzm) (9)

cation cation

where R is the universal gas constant, a” is the number of sites on the x sublattice, f7 is
the fraction of elemental species occupied on the respective sublattice, and N is the number

of elements in a given sublattice. For example, for the normal spinel AFe;O4, Equation 9

12
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can be evaluated as

Sconfig o Sconfig . —Rl * (5 * 021n02) + 2% 1inl +4%1inl

~ 0.54R. 10
cation 3 3 ( )

As shown in FIG. 2(b) the random spinel offers the highest entropy contribution, regard-
less of the number N of cations on the A sublattice site of AFe;Oy (from 1 to 8, with Fe not
included), followed by the inverse and normal spinel configurations. The S, f;, calculations
for N from 1 to 8 with Fe from the B site included are also completed in FIG. S1. Since F3
and F4 do not have Fe on the A site their Sg,fiss are larger than those of F'1 and F5 when
random and inverse spinel models are considered, respectively. It is worth noting that the
Sconfigs for the compositions in the series are all smaller than 1.5R, meaning the spinels do
not meet the classic definition of a high entropy oxide (or even medium entropy oxide). In
thermodynamic terms, these compositions are more accurately classified as compositionally
complex oxides (CCOs).

To summarize, the CFSE and S, i, terms for AFe,O4 spinels provide competing drivers
for cation site selectivity, favoring inverse versus random cation configurations, respectively.
Observed cation distributions could very well be influenced by the sample-specific processing

procedures.

B. Magnetic Measurements

Results of temperature- and field-dependent magnetometry for the samples in our study
are shown in FIG.3 and FIG.4 (a), respectively. For all of the samples, the black, dashed
ZFC curve shows a continuous increase with increasing temperature, indicating the enhanced
role of thermal fluctuations by reorienting the magnetization with the magnetic field. Also,
the ZFC curve is well separated from the FC curve, with no apparent inflection, and the FC
curve is smooth and persistently non-zero, indicating the system does not have a blocking
temperature and is not superparamagnetic in this temperature range. This is consistent
with the previous work by Musico et al.[35], which identified the Néel temperature (T y) of
> 400K; the Néel temperature of other spinel ferrites includes 858K for Fe3O4 and 725K for
CoFe;04. These conclusions are also consistent with the My loops, shown in FIG.4 (a),
which show that every sample has a very small, but non-zero, coercivity (~ 2-5 mT) at 300

K.
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FIG. 2. (a) The CFSE calculations for F1 (O), F3 (%), F4 (x),and F5 (0) with normal spinel,

random solution, and inverse spinel structure models assumed (with a +2 valence state for all

A cations in the AFeyO4 compositional series, and a +3 valence state for the remaining two Fe

cations). (b) The calculated Scoprig of AFeaOy4 high entropy spinels with the degree of inversion

(7) changing from 0 to 1 and the assumption that there are N (from 1 to 8, Fe is not included)

cations occupying the A site (the v values 0, 2/3, and 1 were labeled according to the corresponding

normal, random solution, and inverse spinel structure configurations).
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FIG. 3.

The comparison of field-cooled (FC), zero-field-cooled (ZFC), and zero-field-warming

(FCW) for all ferrite samples measured from 2K to 400K with an applied field of 10 mT: (a)

F1, (b) F3, (c) F4, and (d) F5. The legend in (c) applies to all subplots. The insets are displayed

in order to emphasize the cross-over and hysteresis in the FC and FCW curves.
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The field-dependent magnetometry measurements of F1, F3, F4, and F5 samples in
this study are shown in FIG.4 (a), the measurements completed by Musico et al.[35] are
reproduced in FIG.4 (b) for comparison. This comparison shows significant differences in
the My loops, with the samples in this work having a nearly constant (compositionally
independent) magnetic saturation (Mg) and an exceedingly small coercivity in all of the
samples. By comparison, the samples from Musico et al.[35] shows a variable Mg between
the different samples, with F3 being particularly large, while the others are similar to the
current work. Also the coercivity in Ref. [35] is generally larger than the current work,
especially F5. The two batches of samples were synthesized in the same laboratory, by the
same researcher, using the same batch size, grinding and sintering procedure, and precursors
from the same supplier. The only known change in sample preparation involved a replaced
heating element for the furnace used. Additionally, the magnetometry measurements of
samples prepared for Musico6 et al.[35] were completed soon after synthesis, whereas and
mangetometry measurements of samples prepared in the present work was completed two
years after synthesis. The observed difference in magnetic behavior among samples of the
same composition suggests a potential high sensitivity to synthesis and processing conditions,
and /or ageing, in high entropy spinels, and deserves further investigation. For consistency,
it is important to note that the My loops in this work were field cooled in 10 mT, while
Ref. [35] uses 100 mT. This difference would manifest if the system has an antiferromagnetic
phase coupled to the ferromagnetic phase or high anisotropy phase with a saturation field
larger than the 2 T applied here. In these cases, the hysteresis loop would be vertically and
horizontally shifted in FIG. 4 due to the exchange bias effect. The absence of these features

suggests that the cooling field is not responsible for the observed differences.

C. Distinct Small Magnetic Clusters

The differences in the My plots maybe the result of a strong sensitivity to local compo-
sitional distributions and microstructure. This sensitivity would manifest in the magnetic
reversal behavior of the sample, which can be probed using the FORC technique. The cal-
culated FORC distributions are shown in FIG.5 at 2 K (a,c,e,g) and 300 K (b, d, f, h) for
all samples.

The FORC distributions all show their primary feature aligned along the Hp axis with
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FIG. 4. The comparison of magnetic hysteresis loop data for ferrite compositions (F1,F3,F4 F5)
measured at 300K with a = 0.5 T range for (a) materials in this paper, measured with a 10 mT
cooling; and (b) materials studied by Musico et al., measured with a 100 mT cooling. The legend

in (b) applies to both subplots.

a small feature in the Hg direction which is more prominent at low temperatures. A small
bump in the Hg direction is also seen at 2 K but is absent at room temperature. While
these features are present for all of the samples, they vary in intensity and prominence, with

the attributes being lowest for sample F3.

The FORC distribution encodes a map of the switching events within a particular hys-
teretic system. The bias-field axis identifies the shift from H = 0 of a particular set of
switching events. For a system without exchange bias, this shift can be attributed to inter-
actions within the sample. The FORC distribution shown here has a wide spread in Hpg,
indicating strong demagnetizing interactions, e.g. interactions which drive the system away
from a saturated configuration|75, 88]. These interactions can be the result of dipolar cou-
pling or exchange-motivated frustration. The presence of long-range ferrimagnetic magnetic
ordering without a blocking temperature, and with only a very small coercivity, suggests
the interactions are likely due to frustration. At low temperatures, the protrusion along the
H¢ axis suggests the intrinsic anisotropy has increased compared to the room temperature
measurements. The protrusion along the H/Hpg axes indicate some of the sample reverses

by a domain nucleation/propagation mechanism|89]. The appearance of the domain rever-
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the scale bar indicates the rate at which the magnetic reversal speed changes for different Hp.

sal mechanism indicates that large areas of the sample have become magnetically coupled
and can support domain growth through their boundaries. Complementary to this, the
higher temperature samples may consist of magnetic islands, or regions which are coupled

by non-magnetic or antiferromagnetic phases.
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D. Average Structure

The neutron diffraction patterns of all four samples appear visually similar (FIG.6 (a))
and can be indexed to a cubic spinel Fd3m structure model with corresponding 14 /a’d
ferrimagnetic ordering model, with no detected secondary phases. Distinguishing cation or-
der is challenging with Bragg diffraction data. The scattering length of involved elements,
the degree of cation inversion, and the magnetic order on the cation sublattice may all
contribute to observed variation in peak intensities. As a demonstration, the calculated
neutron diffraction patterns for nuclear and magnetic scattering assuming inverse, random,
and normal spinel structure models with assumed ferrimagnetic spin order for each sample
are shown in FIG. S2. It can be seen in FIG.6(a) that the nuclear Bragg peak intensities
are higher for F1 and F3 samples relative to F4 and F5 samples. The intensities of dom-
inant magnetic peaks (for example, the (331) and (111) reflections) appear similar for all

compositions.

Separate Rietveld refinements assuming normal, random, and inverse spinel models were
completed for each sample (TABLE S1 for F1, TABLE S2 for F3, TABLE S3 for F4, TABLE
S4 for F5), each incorporating the ferrimagnetic structure shown in FIG. 1 (¢). A summary
of Rietveld refinement results is presented in TABLEIIL. The Rietveld refinement results
reveal distinct preference in cation site ordering. For all samples, the normal spinel structure
model resulted in poor agreement and nonsensical magnetic moments. The combination
of inverse spinel and ferrimagnetic model fits the data better than those of random and
normal spinel models for F1 and F3 samples (the F1 result is shown in FIG.6(b)), while the
combination of random solution spinel and ferrimagnetic model fits the data better than
normal and inverse models for F4 and F5 samples (the F4 result is shown in FIG.6(c)).
The ferrimagnetic scattering contributes 100% to the hkl peak (331), a large portion to the
peaks (531), (222), (111), and some percentage to the (422), (400), and (220) peaks. The
intensity of peaks with combination contributions from nuclear and magnetic structures are
not precisely fit with either random or inverse structure; the average structures may lie
somewhere in between. Since the nuclear Bragg peaks are overlapped with the magnetic
Bragg peaks and there are a high number of participating cations, Bragg diffraction data
alone is not enough to determine the detailed structure and cation site preferences of the

high entropy spinels.
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FIG. 6. (a) The comparison of neutron Bragg data (31° detector bank) from F1 (orange line), F3
(purple line), F4 (red line), and F5 (green line) samples. Several hkl peaks featuring ferrimagnetic
contributions are labeled. Best-fit Reitveld refinement of (a) F1 data using inverse spinel and
ferrimagnetic spin order model and (c) F4 data using random solution spinel and ferrimagnetic
spin order model. In (b) and (c) data are shown as black “x”s, fits are shown as solid orange lines,
and difference curves fall below the data and fits in black lines. The blue and green solid curves
displayed below the refinement results display the magnetic and nuclear contributions to the fits,

respectively.
E. Chemical Short Range Order

A comparison of the neutron PDFs for the high entropy spinels is provided in FIG. 7(a),
displayed between 1.7 A and 10 A. All pair correlations have been numbered and identified
by category with a color key to aid discussion. First, it is immediately apparent that the
local atomic configurations of the high entropy spinels in the present study are similar;

in particular, the location and peak shapes of nearest-neighbour and nex-nearest neighbor

19



AlP

Publishing

Sample F1 F3 F4 F5

Best Model Inverse Inverse Random Random
M(up/A) 0.406 0215  1.162  0.532

a (A) 8.3796(1) 8.3793(1) 8.3894(1) 8.3839(1)
u (frac.) 0.2440(0) 0.2438(0) 0.2433(0) 0.2436(0)
Uisogy (A%) 0.0057(1) 0.0066(1) 0.0054(1) 0.0069(1)
Uiso16c (A2) 0.0040(1) 0.0035(1) 0.0047(1) 0.0069(1)
Uisos2e (A2) 0.0079(1) 0.0088(1) 0.0085(1) 0.0084(1)

Ruyp 5.19 5.28 5.14 4.54

TABLE III. Parameters for the best fitting model results among the normal, inverse and random
solution Fd3m spinel models applied for F1, F3, F4, and F5 Rietveld refinements. The table
includes the refined magnetic moment (M), lattice parameter (a), oxygen position (u), isotropic
atomic displacement parameters (U;s,) for the 8b, 16¢, and 32e sites, and the resulting refinement

goodness-of-fit, Ry,.

pair correlations are coincident across the four compositions. This immediately rules out
significant local distortion of specific A site cations. Next, there are specific sets of peaks
in the data that vary systematically from sample to sample at low r: the peaks highlighted
by magenta (peak 1, 5, 9, 12, 15, 17), green (peak 2, 6, 10, 13), red (peak 4), and pink
(peak 8) dashed lines representing A-O, A,u-Ay/O-0O, O-O, and Aye-Apet/Aver-Ater/ A-O
correlations, respectively, are matched in amplitude; the peaks highlighted by sky blue (peak
3, 11, 16) and orange (peak 7, 14), representing A ,o;-Ayer/Arer-Aser/A-O and A e-Ager / Ager-O
correlations, respectively, differ in amplitude. Inspection reveals that samples F1 and F3
exhibit similar and higher amplitudes of specific correlations relative to samples F4 and F5.
PDF data comparisons for every 10A across the whole range (1.7-50 A) are shown in FIG.
S3.

Neutron PDF refinements in FIG.7 (b) and (c) show the effect of changing the cation
ordering model (inverse, normal, random configuration models) for F1 and F4 samples,

respectively. Fits for F3 and F5 are shown in Supporting Information FIG. S4, and provide
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similar results to F1 and F4, respectively. It is highly likely the unfit residual is in part due to
magnetic spin correlations that are unaccounted for in the models[90, 91|. At present there
are no PDF data refinement programs that allow for shared site occupancy and magnetic
PDF refinement, thus we have elected to present the nuclear structure fits alone here and
address magnetic spin correlations separately. The 15 pair amplitude (an A-O correlation
at approximately 8.75A) is shown to be sensitive to the degree of inversion in spinel ferrite
models. Overall, for F1 and F3, the random model and inverse model provide a very similar
fit quality and cannot be easily distinguished with PDF refinement. For sample F4 and
F5, the fit quality for a random model is superior to that for an inverse model. These
results correlate well to conclusions drawn from Rietveld refinement. However, no further
conclusion can be made from PDF refinement due to the high numbers of cations present per
site and the limitation of existing software for exploring local nuclear and magnetic cation

ordering together.

F. Large Box Reverse Monte Carlo (RMC) Modeling

As noted above, quantitative real-space refinement of the series of data is complicated
by the presence of magnetic spin correlations and the large number of cations involved
on the spinel tetrahedral and octahedral sublattices. Large box modeling of PDF data
with nuclear and magnetic spin correlations was pursued to provide additional insight into
structure-property characteristics in the series. Combined fits of F(Q) (FIG. S5, FIG. S6)
and Bragg (FIG. S7, FIG. S8) intensities were completed for all samples assuming an inverse
spinel model and a random solution spinel model (trials with a normal spinel model were not
tried as they were ruled out conclusively by Rietveld analysis and small box PDF modeling).
The agreement of fits to experimental data is high for both model types for all four samples.
TABLE S5 (for F1 and F3) and TABLE S6 (for F4 and F5) list the resulting anisotropic
atomic displacement parameters (ADPs) on cation tetrahedral sites, cation octahedral sites,
and oxygen sites of each RMC refinement for F1, F3, F4 and F5. For F4 and F5 samples,
resulting ADP values for the tetrahedral sites and for oxygen positions in the random solution
spinel model fits are found to be nearly half those found for inverse spinel model fits. Such
an anomaly, combined with Rietveld refinement results, indicate a strong preference for a

random model over an inverse one for F4 and F5 samples. Thus the following discussion
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FIG. 7. (a) The PDF data comparison of F1 (orange line), F3 (purple line), F4 (red line), F5 (green
line). The 6 peaks (1, 5, 9, 12, 15, 17) highlighted with magenta dashed lines correspond to A-O
pairs. The 4 peaks (2, 6, 10, 13) indicated with green dashed lines arise from A,.-Ayer and O-O
pair correlations. The 3 peaks (3, 11, 16) contributed by A,c-Atet,Atet-Ater and A-O are identified
in sky blue dashed lines. The peak (4) around 4 A highlighted in a red dashed line corresponds
to an O-O correlation. The combination of A,c-Ater and Aye-O pair correlations contribute the
2 peaks (7, 14) indicated by orange dashed lines. The peak (8) highlighted by a pink dashed line
arises from A,ci-Aoct, Ater-Ater and A-O pair correlations). A comparison of the PDF refinements for
(b) F1 sample data and (c¢) F4 sample data using different structure models (random, inverse, and
normal spinel ferrite models). PDF data for F1 and F4 samples are shown in orange and red dots,
respectively. The blue, lemon green and sky blue solid curves present fits to the data completed with
the random solution spinel structure, inverse spinel structure and normal spinel structure model,
respectively. The fit difference curves displayed below the data and fits are represented as black

solid curves.
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FIG. 8. The proportion of magnetic moment vectors with projection on the XY plane for samples
F1, F3, F4 and F5 falling into specified radii, relative to atoms of (a) tetrahedral (Tetra) and (b)
octahedral (Octa) sites that the corresponding magnetic moments belong to. Results presented
correspond to an inverse spinel structure model for F1 and F3 sample data and a random solution
spinel model for F4 and F5 sample data. It is noted that similar results are obtained when the
alternate models are used (inverse spinel model for F1 and F3 sample data and random solution

spinel model for F4 and F5 samples).

is based on analysis of the model configurations obtained from an inverse spinel model for

samples F1 and F3 and a random solution spinel model for samples F4 and F5.

With the magnetic spin configuration obtained via RMC modeling for all samples, all
magnetic moment vectors contained in the supercell were mapped into a single unit cell and
then projected onto the XY plane. Results are shown visually in Supporting Information
FIG. S9 and FIG. S10, the magnetic spin distribution of F'1 and F3 samples are more disperse
on both tetrahedral and octahedral sites than F4 and F'5. In all samples, the magnetic spin
distributions of octahedral sites are more disperse than those found on tetrahedral sites.
Overall, less collinear spin order and stronger displacements from atom sites are observed for
F1 and F3 samples. Two types of statistical analyses were completed to quantify the findings.
First, a KDE analysis was conducted, capturing the proportion of magnetic moments found
within a specified radius (with the variation ranging from 0 to 1). In principle, the faster
such a proportion approaches 1, the stronger the collinearity in magnetic ordering. The
results are presented in FIG. 8 (a) for the tetrahedral site magnetic vector distribution

and (b) for the octahedral site magnetic vector distribution, indicating a significantly more
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FIG. 9. The HZ statistic for the distribution of (a) oxygen atom (O) coordinates and magnetic
moment vectors (M) on (b) tetrahedral sites (Tetra) and (c) octahedral sites (Octa), for F1, F3,

F4, and F5 samples. The horizontal dashed lines indicate a Gaussian distribution.

collinear spin arrangement in F4 and F5 samples than in F1 and F3 samples. This result
is consistent with the smaller net magnetic moment in F1 and F3 samples - see TABLE
S7 in the SI. Additionally, in all samples, tetrahedral site spin correlations are found more

collinear than octahedral site spin correlations.

Second, the HZ statistic was calculated to quantify the non-Gaussian behavior of the
oxygen coordinate distributions and magnetic moment vectors within the XY plane. Differ-
ent starting cation distribution configurations are found to influence the H Z statistic values
for F1 and F3 samples; however, values determined for F1 and F3 are generally larger than
those found for F4 and F5. Overall, in FIG.9(a) and FIG. 9 (c)., it can be observed that F1
and F3 samples exhibit a more non-Gaussian behavior in oxygen atom distributions and in
magnetic moment vector distributions on the octahedral site than F4 and F5 samples. (HZ
parameters for F4 and F5 samples are much closer to 1, i.e., no obvious non-Gaussian distor-
tion could be observed). Meanwhile, if focusing on magnetic moment vector distributionson
the tetrahedral site (FIG.9 (b)), all four samples show HZ parameter values close to 1,
indicating a nearly Gaussian distribution. These comprehensive results here suggest strong
coupling between non-collinear magnetic correllations originating primarily from octahedral
site spins and oxygen site displacements, especially in F1 and F3 samples. Variation in the
level of spin-lattice coupling among high entropy spinels of similar composition demonstrates

a potentially tunable interaction in the more extended family.
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IV. CONCLUSION

We have determined the average ferrimagnetic structure in a family of AFe,O,4 high
entropy spinels with neutron Bragg diffraction analysis and found evidence for a variation in
the tetrahedral and octahedral site occupancies of A site cations with local structure analysis
of neutron total scattering data. These high entropy spinels are not found to have strictly
random cation configuration structures (highest Seopfig), but rather, F1/F3 samples in this
study were found to have configurations closer to an inverse spinel. The distinct populations
of Fe and other magnetic cations on tetrahedral and octahedral sites in the samples manifests
in variation in the prevalence and propagation of local spin clusters, as revealed by FORC
analysis of magnetometry data. RMC modeling reveals spin non-collinearity in all four

samples, enhanced in cases presenting a larger degree of cation inversion.

While identifying the cause for the variation in cation disorder among similar compositions
falls outside the scope of the present study, we bring attention to a potential competition
between crystal field stabilization effects (which promotes inverse spinel ferrite configurations
for the compositions studied) and the entropy stabilization present in truly random spinel
ferrite configurations. How much the relative effects of these phenomena are influenced by
sample synthesis conditions or other factors, potentially creating samples in one of many
different metastable states, remains unknown. Overall, this work highlights that it may
prove extremely challenging to achieve a true solid solution with ideal /homogeneous cation
mixing in compositionally complex ceramics with complex energy landscapes. We suggest
great care be taken in this community to precisely describe reaction conditions, etc. when
reporting HEO properties and drawing conclusions regarding the effects of configurational
entropy on resultant products. Additionally, experimental characterization of the local to
long-range crystal-chemical structure in HEOs may be key to determining and understanding
their physical properties. The limitations of the characterization methods explored herein
indicate future efforts are needed towards combined experimental probes and advanced data
modeling. Hard and soft X-ray absorption near edge spectroscopy (XANES), soft X-ray
magnetic circular dichroism (XMCD) and ®"Fe Mdssbaruer spectroscopy (with and without

external magnetic field) are examples of techniques that may provide additional insights.

25



Publishing

AlP

V. SUMMPLEMENTARY MATERIAL

See supplementary material for additional configurational entropy calculations, average
structure results from Rietveld refinement, and local structure results from small-box PDF

refinement and large box RMC modeling.
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