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Exploring the controllable aspects of local atomic structure and chemical ordering and their correlations with
functional properties is crucial for harnessing the potential of complex oxides in the development of advanced
materials. In this work, we have investigated the sensitivity of the magnetic properties in a nanostructured
metastable spinel compositionally complex oxide (CCO) composition, (Mg ,Mn ,Fe ,Cug,Zng,)Co,0y4, to
local chemical segregation and phase evolution introduced through variation in post-processing heat treatment
temperature. A combination of X-ray diffraction, scanning transmission electron microscopy with energy dis-
persive X-ray spectroscopy (STEM-EDS), first-order reversal curve (FORC) magnetometry, and neutron diffrac-
tion and total scattering analyses was employed to understand both average and local structure-property evolu-
tion. Structure analysis shows that the post-annealing process triggers local and long-range cation diffusion,
resulting in changes in the distribution of atoms residing on the tetrahedral and octahedral sites of the spinel
structure as well as nanoscale chemical heterogeneity. FORC analysis shows that redistribution of magnetic
cations induces subtle magnetic phase separation and soft to hard magnetic phase transformations, and demon-
strates incipient demixing of the as-synthesized material well before detection by neutron total scattering. This
work additionally highlights the necessity of a combination of advanced characterization techniques for under-

standing the broader crystal-chemical class of compositionally complex oxides.

I. INTRODUCTION

Limited research has been conducted on the impact of pro-
cessing parameters on nanostructured high entropy oxides
(HEOs) or compositionally complex oxides (CCOs). It is
widely acknowledged in the scientific community that com-
plex oxides can exhibit a notable degree of chemical short-
range order (CSRO), distinct nanoscale phase segregation,
and local lattice distortion. Moreover, specific local atomic
ordering patterns and their coherent length scales are often
tied to distinct physical properties[1-4]. For example, dis-
order amongst Ni and Mn sites affects the surface and near-
surface properties to control electrochemical performance of
LiNig 44Mnj 5604 lithium-ion batteries (LIBs)[5], local com-
positional disorder generates tunable magnetic properties in
single crystal La(Crg,Mng2Feq2Cog2Nig2)O3 films[6], and
the ratio of Co3*/Co?>* and M3+/M?* on the octahedral site
determines the oxygen evolution reaction (OER) activity of
MCo0,04 (M = Mn, Fe, Co, Ni, and Zn) spinels[7]. Other
complex oxides are imbued with unique properties via nano-
scale phase segregation, including relaxor ferroelectrics[8, 9],
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birefringent garnets[10], spinel and rock salt exchange spring
magnets[11] and electrochemical cycling platforms[12]. Oth-
ers feature coherent architectures with fine compositional gra-
dients that enable distinct physicochemical properties[13, 14].
Clearly, design paradigms for control of chemical and phase
segregation and coupling at the atomic and nano scales are
of broad interest. Following this reasoning, the extraordi-
nary complexity found in HEOs and CCOs is hypothesized
to present rich opportunities for harnessing complex diffusion
dynamics through tailored synthesis approaches to stabilize
novel local atomic configurations and defects, enabling ratio-
nal design of highly performant materials[15-17].

From the perspective of magnetic behavior, particularly in
oxides, CCO properties will depend on the elements present,
their valence states, and their specific coordination environ-
ments within the structure. Among the 3d transition met-
als, cobalt-containing advanced magnetic materials exhibit
high saturation magnetization (Mg) and high Curie tempera-
ture (T¢)[18]. The end member cobaltites ACo,04 (A=Mg,
Mn, Fe, Ni, Cu, Zn, Co) are earth-abundant ferrimagnets
that crystallize in the spinel structure[19-25]. In the nor-
mal spinel structure (Figure 1 (a)), large divalent cations oc-
cupy the tetrahedral A-site exclusively, while trivalent Co oc-
cupies the octahedral B-site. Figure 1 (b) displays the cor-
responding ferrimagnetic structure with calculated magnetic
moments on tetrahedral and octahedral cation sites aligned
in opposite directions along the c-axis. Commonly, there is



some cation mixing between the A- and B- sites; the frac-
tion of A-site cations occupying the B-site, called the in-
version parameter (), ranges from O for normal spinel to 1
for inverse spinel, and the degree of inversion influences the
ferrimagnetism[26]. Additionally, the magnetic properties of
spinels, including the blocking temperature, saturation mag-
netization, remnant magnetization, and coercivity, are known
to be influenced by factors such as nanocrystalline shape[27]
and compositional tuning[28, 29]. Compositionally complex
cobaltites expand upon this design space considerably, as the
local and long-range nuclear and spin structures will depend
on a large number of metal-oxygen-metal couples due to the
many cation types, varying coordination geometries, valence
and spin states HEOs and CCOs possess[26].

In the high-entropy paradigm, configurational entropy
(Sconfig) may stabilize otherwise unfavorable structures; yet,
in the spinel system, the configurational entropy is found to
be consistently smaller than the threshold for classification as
HEO (1.5 R, where R is the universal gas constant), even when
the number of distinct cations on the A site reaches 8[30].
The category CCO is more appropriate in this case as it en-
compasses medium-entropy and non-equimolar composition
oxides[31]. Our previous study of CCO cobaltites synthe-
sized by a low-temperature soft-templating (LTST) method
revealed that the phase selectivity and temperature stabil-
ity are primarily influenced by the chemical composition
rather than the number of participating cations and that these
cobaltites are metastable rather than entropy stabilized[16].
Additionally, our investigation of their electrocatalytic prop-
erties highlighted that the bifunctional oxygen evolution reac-
tion (OER) and oxygen reduction reaction (ORR) is signifi-
cantly influenced by cation combination and post-annealing
temperatures[32]. Thus, it becomes apparent that the syn-
thesis conditions play an essential role in determining the
metastable state of the sample and in the resulting material
behavior[30]. Consequently, this family of compounds pro-
vides a versatile phase space where competing thermody-
namic factors and sluggish cation diffusion can be exploited
to tailor cation site inversion, the heterogeneity of the cation
distribution over different length scales, and the resulting ma-
terial properties.

To accelerate the development of HEO and CCO com-
plex functional oxides, it is crucial to understand to what
extent their local environments can be controlled and linked
to functional properties. In this paper, we investigate
the sensitivity of magnetic properties to the thermal his-
tory of the nanostructured compositionally complex spinel
(Mgp2Mng2Fep2Cug2Zng2)Cor04. High-resolution scan-
ning transmission electron microscopy (STEM), first-order
reversal curve (FORC) measurements from bulk magnetom-
etry, and average and local atomic structure analysis from
neutron total scattering experiments are combined to reveal
trends in structure-property relationships. By controlling
post-annealing temperatures (600°C, 800°C, and 1000°C) and
hence the degree of cation diffusion in the system, the chem-
ical short-range order, cation site preference, phase segrega-
tion, and the morphology of nanostructures can be tuned. The
resulting specific local ordering patterns lead to distinct mag-

netic behaviors, highlighting the potential of nanostructured
HEO and CCO materials as highly tunable platforms for mag-
netic applications.

II. METHODS
A. Materials synthesis

CCOs with the composition,
Mgy ,Mng ,Fe( ,Cuy,Zn;,)Co,0, were synthesized us-
ing a low-temperature soft templating (LTST) reaction
method, the details of which were previously published[16].
The gel obtained from the evaporation of room temperature
solution was initially calcined at 400°C, leading to the for-
mation of the as-formed sample in this work. Subsequently,
all post-annealing treatments were conducted on pellets made
from this same as-formed ‘precursor’ sample, separately, at
temperatures of 600°C, 800°C, and 1000°C.

B. Characterization
1. X-ray diffraction (XRD)

XRD measurements were conducted on all four samples us-
ing Co Ko radiation with a PANalytical Empyrean diffrac-
tometer. The XRD patterns were collected from 10 to 90° 26
with a step size of 0.026°. The specimen was prepared by
placing a small amount of finely ground powder onto a 0.2
mm deep well of the zero background silicon sample holder,
after which a glass slide was used to compress a flat surface
for measurements.

2. Electron microscopy

The sample morphology at the nanoscale was examined by
scanning transmission electron microscopy (STEM) using a
JEOL JEM-2100F microscope. The incident beam was oper-
ated at 200 kV. To determine the chemical composition and
elemental distribution, energy dispersive X-ray spectroscopy
(EDS) (80 mm X-Max detector, Oxford Instruments) was em-
ployed. To prepare the STEM-EDS specimen, the powder
samples were sonicated in high-purity propan-2-ol and then
drop-cast on copper grids coated with a holey carbon film
(3.05 mm diam. 300 mesh, TAAB Laboratories Equipment
Ltd).

To quantitatively analyze the trend of chemical homogene-
ity observed in the STEM-EDS images, a statistical analysis
was conducted based on the pixel intensities within the ele-
mental colormaps. A dataset containing each element’s inten-
sity was constructed on a per pixel basis, and the frequency of
the intensities of each element was determined. First, the re-
sulting shape of the distributions was evaluated to determine if
the elements are randomly distributed (by checking for skew-
ness, modality, or narrowing of the distribution that would



FIG. 1. (a) Normal spinel unit cell comprises pink tetrahedra (A-sites) and green octahedra (Co-sites), with atoms labeled in their respective
colors. The A-site cations, including Mg, Mn, Fe, Cu, and Zn occupy the tetrahedral site, while Co occupies only the octahedral site. (b) The
corresponding room-temperature zero-field magnetic spinel structure depicts calculated magnetic moments pointing down on the tetrahedral
site and pointing up on the octahedral site. Oxygen atoms have been removed from (b) for clarity.

suggest correlations with other elements and departure from
a normal distribution). Secondly, for each elemental pair, cor-
relation coefficients were calculated, giving quantitative val-
ues for the relationships among element ordering[33, 34]. If
all elements are weakly correlated, the composition is at a
near stoichiometric ratio at each location within the sample.
Strong positive correlations are representative of clustering;
when one element is in high concentration in a pixel, the cor-
related element is also in high concentration. Strong negative
correlations are representative of segregation. A spot with a
high concentration of one element will have a low concentra-
tion of the negatively correlated element and vice versa. All
together analysis of the distribution and correlation helps to
give a greater understanding of the ordering than just the color
images alone.

C. Magnetic measurements

The magnetometry measurements on all samples were car-
ried out using a vibrating sample magnetometer (VSM) as part
of a Quantum Design PPMS DynaCool system. With 100 Oe
field applied, the magnetization was measured as the tempera-
ture was decreased from 300 K to 2 K to obtain the FC curve.
The quantified interactions[35] and reversal mechanisms[36]
were investigated using the first-order reversal curve (FORC)
technique[35, 37-39]. The protocol of FORC measurements
starts with first applying a large positive field to saturate the
sample, then the field is gradually reduced to a specific rever-
sal field (Hg), and then the magnetization is measured as the
applied field (H) is increased from Hp to saturation. This pro-
cess was repeated to obtain a family of FORCs at Hg between
negative and positive saturation. The FORC distribution, p
(H, Hg) is defined as applying a mixed second-order deriva-

tive to the dataset

—1 9’M(H,Hg)
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ey
where My is the magnetization saturation. In effect, the deriva-
tive dM /dH of each FORC branch is compared to its adjacent
neighbors, capturing any new or moving magnetic switching
events. Measurements conducted with increasing magnetic
field, e.g. the H axis, are probing magnetic up-switching
events from a negative to a positive orientation, while Hg
probes down-switching events. FORC measurements were
conducted to examine all four samples processed at various
temperatures, focusing on the small bump observed at low
temperatures in M vs T plots for each sample. The specific
temperatures 5 K and 100 K were applied to all four sam-
ples. The resulting FORC diagram represents a contour plot
of p (H, Hg). Associating H with up-switching events and
Hpg with down-switching, the data is transformed into a new
coordinate system representing the local coercivity and bias:
He = (H—HR)/2 and Hg = (H+HR)/2

Finally, magnetic hysteresis (M) loop measurements at 5
K and 100 K were extracted from the family of FORCs for
all the samples. All measurements were normalized to the
sample mass.

D. Neutron total scattering measurements

Time of flight (TOF) neutron powder diffraction (NPD)
data and neutron total scattering data were collected on the
Nanoscale Ordered Materials Diffractometer (NOMAD) at
the Spallation Neutron Source (SNS) at Oak Ridge National
Laboratory (ORNL)[40]. For each sample, approximately 0.3
g of powder was dried at 200 °C for two days and loaded



into a 3 mm diameter quartz capillary. Data collection for
all four samples was performed at 300 K in a temperature-
controlled Ar cryostream. Data reduction, including nor-
malization, background subtraction, and absorption correc-
tion, was carried out using the MantidTotalScattering (MTS)
framework. Pair distribution function (PDF) data was Fourier
transformed from total scattering data using a Qyqy of 32 AL

E. Rietveld and PDF refinement

Rietveld refinements were carried out with the TOPAS-V7
program[41]. For the main spinel phase structure (space group
Fd3m), the background, scale factors, lattice parameters (a),
A-, B-, and O-site isotropic atomic displacement parameters
(Biso), and oxygen atom positions were refined. Only lat-
tice parameters and scale factors were refined for the impuri-
ties present in samples that were post-annealed at 800°C and
1000°C. It was found necessary to employ a two-spinel phase
to fit the 1000°C data. A lattice parameter and phase frac-
tion were refined for the secondary spinel phase. The atomic
displacement parameters in the secondary spinel phase were
constrained as equal to those in the main spinel phase. To
address the intricate nature of the cation site mixing in this
nano CCO and avoid over-fitting, the A- and B- sites of spinel
phases were treated as pseudo-atoms; only the average scatter-
ing length on each site was refined. Finally, isotropic crystal-
lite size and microstrain broadening were applied to describe
the nanomaterial peak broadening in the phases[42, 43].

Ferrimagnetic order in nano spinel CCO structures is poten-
tially detectable via magnetic scattering. However, magnetic
contributions to the neutron diffraction intensities were found
negligible for all samples and were excluded in the final fits.
This observation is consistent with Figure 4, where the very
low mass magnetization (~ 0.01 up/F.U.) at 300 K likely falls
below the sensitivity threshold for magnetic structure neutron
diffraction detection. Due to the substantial net cancellation
of magnetic moments inherent to ferrimagnetic structures, dif-
fuse locally correlated magnetic moments of the nano-CCOs
cannot be explicitly ruled out based on the data collected and
may warrant further investigation.

Structure refinements against PDF data were also per-
formed using TOPAS-V7[41], utilizing both a single-phase
spinel model (1-phase) and the two-spinel phase (2-phase)
model described above for all sample data. The 2-phase model
was found to more accurately capture the low r peak shapes
across the data series, with significantly improved goodness
of fit R, values and smaller atomic displacement parameters

(Biso, Az) compared to the single spinel model. The PDF re-
finements conducted with 30 A range using both the 1-phase
and 2-phase models are illustrated in Figure 8. By incor-
porating the secondary spinel phase, only the lattice param-
eter (a), scale factor, and the average scattering lengths ({(b),
fm) for both tetrahedral and octahedral sites are refined. The
corresponding extracted phase percentages (p, %), lattice pa-
rameters (a, A), average scattering lengths ((b), fm), and the
atomic displacement parameters of tetrahedral cation, octahe-
dral cation, and oxygen atom sites (Bjs,, AZ) are compared in

Figure S1. The minor influence of magnetic scattering was
ignored in PDF modeling, based on the small intensity of
magnetic scattering observed via Rietveld refinement at 300
K. However, it was found necessary to include the impurity
phase, MgO, to achieve satisfactory PDF fits for the sample
post-annealed at 1000°C. Instrument resolution effects were
modeled using parameters determined through the refinement
of a nickel powder data set.

III. RESULTS AND DISCUSSION
A. Phase purity and nanoscale heterogeneity

The post-annealing process induced changes in the phase
purity as well as particle size and morphology of samples,
as revealed by X-ray powder diffraction (Figure2(a)) and
bright-field STEM analysis (Figure 2(b-e)). The XRD pat-
tern for the sample only calcined at 400°C confirms the ex-
pected cubic spinel Fd3m structure. However, increasing
post-annealing temperature led to the formation of additional
phases; the XRD pattern of the sample post-annealed at 600°C
reveals a minor impurity peak (near the noise level) at 73°
26, which aligns with the prominent rocksalt (MgO) peak
observed in the XRD patterns of samples post-annealed at
800°C and 1000°C; the XRD pattern of the sample post-
annealed at 800°C reveals the presence of tenorite (CuO) and
rocksalt (MgO), and the XRD pattern of the sample post-
annealed at 1000°C exhibits CuO and MgO, as well as a sec-
ondary spinel phase. Rietveld refinements for samples post-
annealed at 800°C and 1000°C are shown in the SI Figure S2.
Further insight can be gained by considering changes in the
diffraction peak shapes of the samples. Broad and asymmet-
ric peaks were observed within the samples calcined at 400°C
and post-annealed at 600°C, suggesting the possible existence
of multiple different nanostructured regions rather than a true
solid solution[16]. The trend towards sharper, more symmet-
ric peaks in the post-annealed samples indicates equilibration
towards greater chemical homogeneity as well as increased
crystallite size.

These microstructure characteristics are further supported
by the STEM images shown in Figure 2 (b-e), where the sam-
ples calcined at 400°C and post-annealed at 600°C exhibit
a larger particle size distribution compared to the other two
post-annealed samples. Further, the distribution of elements
among representative particles or domains in the samples was
examined via STEM-EDS elemental mapping (Figure 3). It
can be seen, by comparing the maps for samples (a) calcined
at 400°C, (b) post-annealed at 600°C, (c) post-annealed at
800°C and (d) post-annealed at 1000°C, that post-annealing
induces a redistribution of cations among particles and grains.
In the as-formed 400°C condition, Mg, Mn, and Fe are en-
riched in specific domains, with a similar but less pronounced
inhomogeneous distribution for Zn (Figure 3(a)). In samples
post-annealed at 600°C (Figure 3(b)) and 800°C (Figure 3(c))
the cation distributions appear slightly more homogeneous,
though certain grains maintain enrichment of select elements.
In the sample post-annealed at 800°C (Figure 3(c)) MgO pre-
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FIG. 2. (a) XRD pattern comparison of samples indicating a single spinel phase for 400°C and 600°C samples and impurity/secondary phases
for 800°C and 1000°C samples. The small black solid (h k 1) ticks placed in the bar on top of the XRD patterns indicate Bragg peak locations
of the main spinel phase. (b-¢) STEM image comparison of samples (b) calcined at 400°C, and post-annealed at (c) 600°C, (d) 800°C, and
(e) 1000°C. The samples calcined at 400°C and post-annealed at 600°C display broad particle size distributions. In contrast, the sample post-
annealed at 800°C exhibits particle sizes of 100 nm or more. The sample post-annealed at 1000°C consists of micron-scale sized particles.
Note the same scale bar applies to all four STEM images in (b-e).

FIG. 3. STEM-EDS map of (Mg »Mng »Fey,Cug2Zng»)Co,04 spinel (a) as prepared at 400°C, and after post-annealing heat treatment at
(b) 600°C, (c) 800°C, and (d) 1000°C. Note the first column of images on the left are STEM high-angle annular dark-field (HAADF) images.

The scale bar in the top left corner applies to all images.

cipitation was identified, in agreement with XRD analysis. It
should be noted that the phase fraction of the CuO impurity
refined by Rietveld analysis is less than 2 wt%, making it chal-
lenging to observe via the STEM-EDS technique. Lastly, for
the sample post-annealed at 1000°C (Figure 3(d)), both the
precipitation of MgO and a deficiency of Mn and Fe in a siz-
able fraction of particles are apparent.

In summary, intermediate post-annealing temperatures are
seen to induce cation diffusion. At higher post-annealing tem-
peratures, cation diffusion induced rock salt and tenorite im-
purities precipitate, even separate spinel phases emerge; one
with predominantly Mg, Cu, Zn, and Co, and another nec-
essarily enriched in Fe and Mn. These observations reveal
a complex phase evolution occurring over multiple length-



scales in the CCO spinel. However, determining overall cation
diffusion trends proves challenging, even with the statisti-
cal analysis of the STEM-EDS mappings. Correlation coef-
ficients, calculated for the relationship of concentrations be-
tween individual element pairs (illustrated in Figure S3) and
the distribution of frequencies of the concentration of each el-
ement, were plotted for each EDS map and can be found in
SI Figure S4 and S5 for the sample post-annealed at 400°C,
S6 and S7 for the sample post-annealed at 600°C, S8 and S9
for the sample post-annealed at 800°C, and S10 and S11 for
the sample post-annealed at 1000°C. From these, we see that
the samples are heterogeneous with varying levels of segre-
gation (strong negative correlations), clustering (strong posi-
tive correlations), or neither, depending on the element pair.
There is also a variety of distribution of the concentrations
across the various maps. Importantly, we see that across dif-
ferent regions of a sample at a specific processing condition,
there are noticeable differences in the correlations between the
elements and the distribution of concentration for each ele-
ment. Thus, while the homogeneity can potentially be seen
to be changing as the processing temperature is varied, a def-
inite trend with the processing temperature cannot be easily
determined. The samples remain significantly heterogeneous
across processing variations.

B. Magnetic phase segregation

The results of temperature-dependent magnetometry and
magnetic hysteresis measurements for all four samples are
shown in Figure4 and Figure5, respectively. Overall, the
magnetization rises with the increase in post-annealing tem-
perature. For all the samples, increasing the measurement
temperature decreases the sample magnetic moment and
weakens the ferrimagnetism, as is normally expected. The
Curie temperatures, T¢s, for the samples post-annealed at
1000°C and 800°C are =~ 200 K and =~ 300 K, respectively,
while the T¢s of the samples calcined at 400°C and post-
annealed at 600°C are higher than 400 K, beyond the limits of
our instrument. In the FC measurements, shown in Figure 4,
the sample post-annealed at 800°C exhibits two minor peaks
below 100 K, and the sample post-annealed at 600°C exhibits
similar but much weaker features (see inset for detail).

The magnetic hysteresis measurements, shown in Figure 5,
for all the samples measured at 100 K show a typical hystere-
sis loop with a coercivity of between 0.5 kOe for the sam-
ple calcined at 400°C and 2.2 kOe for the sample treated
at 1000°C. Measurement performed at 5 K starts to show a
stepped transition, with the reversal of a magnetically soft
phase occurring near H = 0, followed by a long tail that ex-
tends beyond 1 T, corresponding to a magnetically hard phase.

More details about the magnetic structure and reversals can
be ascertained from the FORC distributions for all of the sam-
ples, measured at 5 K and 100 K, which are shown in Figure 6.
The FORC distributions for the sample calcined at 400°C
measured at 5 K and 100 K (Figure 6(a) and (b)) are domi-
nated by the same general feature located at Ho = Hp ~ 0,
corresponding to the soft magnetic phase and showing no cou-
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FIG. 4. The field-cooled (FC) comparison for all four samples over
a temperature range of 2 K to 400 K with an applied field of 100 Oe.
The heat-treatment temperatures are indicated in the legend. The
temperatures (5 K and 100 K) used in all FORC measurements are
denoted by black dashed vertical lines.

pling to any hard phase. The FORC distribution measured at
100 K (Figure 6(d)) for the sample post-annealed at 600°C
shows similar features. By contrast, the FORC distributions
measured at 5 K (Figure 6(c)) reveal two distinct features:
Feature 1 is predominantly oriented along the Hc axis (local
coercive field) and Feature 2 is aligned along the Hp axis (lo-
cal bias/interaction field), corresponding to the hard and soft
phases, respectively. Feature 1 indicates the emergence of a
hard phase typically observed in bulk magnets, and in partic-
ular in geomagnetism[39]. In contrast, Feature 2 indicates a
magnetically soft — likely reversible behavior. Broadening of
Feature 2, as well as their mutual proximity in the FORC dis-
tribution, suggests that these features are coexistent, and cou-
pled. The soft phase in particular is centered at Hp = 0 and
is reasonably symmetric along the Hp axis, indicating that it
is dominating the reversal behavior, ‘dragging’ the hard phase
with it during reversal. Moving to the sample treated at 800°C,
at 100 K, Feature 1 dominates the FORC distribution, centered
at He = 500 Oe, although some of Feature 2 persists. The 5
K data also shows a further enhancement of Feature 1 and
the features are still coupled. Compared to the sample treated
at 600°C, Feature 2 now is notably asymmetric, with a fea-
ture extending towards Hp, indicating that Feature 1 is biasing
its reversal. This indicates an increase in the magnetic vol-
ume of the hard phase and its effective anisotropy. This trend
is enhanced in the final sample, which was post-annealed at
1000°C. In both the 5 K and 100 K measurements, Feature 1
dominates the FORC distribution, and the feature representing
the soft phase is asymmetric (at 100 K) and fully biased (at 5
K). This indicates that nearly all of the soft phase is coupled
to and dominated by an adjacent hard phase. The trends indi-
cate that all of the samples have a mixture of magnetic hard
and soft phases, with the hard phase being vanishingly weak
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FIG. 5. Magnetometry data for all four samples measured at 5 K (top panels), and 100 K (bottom panels). The heat-treatment temperatures

are indicated at the top of each column.

in the samples calcined at 400°C, and increasing to dominate
in the samples annealed at 1000°C. The FORCs indicate that
these phases are coexistent, with strong magnetic coupling, al-
lowing the soft phase to cause a premature reversal of the hard
phase, and later the hard phase to anchor and bias the reversal
of the soft phase. Finally, it is notable that the hard feature in
particular is a well-established signature of localized reversal
— as contrasted with e.g. reversal by domain propagation.This
structure indicates that the material is rich in soft nucleation
sites which initialize localized structures, and pinning sites,
which restrict long-range domain propagation. Combining the
FORC measurements with the temperature dependent magne-
tization, it is likely that the soft phase is transforming into the
hard phase, which has a lower T¢, eventually achieving a con-
figuration that is magnetically hard at low temperatures, but
non-magnetic at room temperature.

In this specific case, with a large number of cations that
can take up positions in two different crystallographic sites
and deplete or concentrate in populations within specific par-
ticles/grains, it is challenging to determine whether there is a
non-magnetic phase and the saturation magnetization of each
phase present. This prevents direct determination of the ex-
act structural cation migration from FORC analysis. Regard-
less, these results complement nanoscale STEM-EDS analy-
sis which indicates thermally activated cation diffusion leads
to different heterogeneous distributions (and magnetic prop-
erties) in post-annealed samples. These results are distinctly
different from the average structure inferred by XRD which
indicates distinct spinel phases only in the sample that is post-
annealed at 1000°C. That is, FORC analysis appears sensitive
to incipient demixing of the as-synthesized material at shorter
length scales than probed by Bragg diffraction.

C. Average and local structure

The average and short-range order of these materials was
further examined using neutron total scattering. Figure 7 il-

lustrates the comparison of neutron diffraction and PDF data
obtained at 300 K. Panel (a) compares the data from the higher
resolution 154° 26 detector bank (154° bank), where the pres-
ence of two spinel phases is indicated by clear peak splitting in
the 1000°C sample data, while panel (b) compares the Bragg
scattering data collected from the 31° 26 detector bank (31°
bank), including the peak that has both nuclear (111) and mag-
netic (101) contributions (d = 4.65 A). The PDFs collected at
300 K for all four samples exhibit striking similarity over the
first 10 A, but the degree of similarity diminishes as the range
expands (SI Figure S12).

Figure 7(c) provides a representative Rietveld refinement
for the sample calcined at 400°C. The refinement method was
extended to all data sets. Figure 8 illustrates the PDF refine-
ment employing both 1-phase and 2-phase models below 30
A. For improved comparative analysis, the low r range (from
1.7 Ato6 A)hasbeen expanded. In the 1000°C sample data,
where macroscopic phase segregation is evident at all length
scales, a 2-phase model is significantly better than a 1-phase
model. We found that a 2-phase model offers a significantly
improved representation of the PDF in all samples in this
study. This is overall consistent with results from STEM-EDS
and FORC magnetometry- local nanoregions of chemically
segregated but structurally similar spinel motifs are present in
all samples. Since the regions have the same structural mo-
tif but different average chemistry, they feature slightly dif-
ferent lattice parameters. This leads to mostly overlapping
PDF peaks at low real-space ranges and increasingly broad-
ened PDF peaks at high real-space ranges in the PDF. A model
allowing for two distinct lattice parameters and separately re-
fined tetrahedral and octahedral site average scattering lengths
captures the features of all PDFs well. Furthermore, as the
post-annealing temperature increases to 800°C, the refinement
quality improves and the discrepancies between the refine-
ments obtained from 1-phase and 2-phase models diminish.
This observation is consistent with our STEM-EDS results,
which indicate that the post-annealing temperature contributes
to greater spinel homogeneity. A summary of the Rietveld and
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FIG. 6. The comparison of FORC measurements at 5 K and 100 K
for the sample calcined at (a, b) 400°C and the samples post-annealed
at (¢, d) 600°C, (e, f) 800°C, and (g, h) 1000°C. The intensity scale
for each panel, displayed at the top right of (b), is determined by
its maximum (red) and minimum (blue) values. The feature labels
“1” and “2” appearing in FORC plots for samples post-annealed at
600°C, 800°C, and 1000°C represent the primary feature orienting
along the H¢ axis, and the weak secondary feature along the Hp axis,
respectively.

PDF refinement results is provided in SI Table S1. The key
extracted parameters are summarized in Figure 9.

The Rietveld refinement analysis revealed that the phase
percentage (p, %) of the main spinel remained near 100%
across treatment conditions except in the sample post-
annealed at 1000°C (Figure 9 (a)) which results in a secondary
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FIG. 7. The comparison of neutron diffraction data from the 154° 26
detector bank (154° bank) (a) and 31° 26 detector bank (31° bank)
(b) for the samples that were calcined at 400°C (green), and post-
annealed at 600°C (blue), 800°C (red), and 1000°C (purple). The
fit results from the (¢) 154° bank and (d) 31° bank for the Rietveld
refinement of Bragg data (Ry,,=4.94%) pertain to the nanocrystalline
CCO sample calcined at 400°C.

spinel phase. The lattice parameter (a, A) of the main spinel
trends slightly larger throughout the various heat treatments
until the emergence of the secondary spinel at 1000°C (Fig-
ure 9 (b)). This secondary spinel has a larger lattice parameter
than the main spinel phase. The average scattering lengths
((b), fm) refined for the tetrahedral and octahedral sites of the
main spinel phase revealed a departure from random site or-
dering based on the average scattering length contributions of
the composition (indicated with a solid black line, r-tet/oct).
Neither do the refined site scattering lengths appear to cor-
respond to inverse or normal site occupancy models. (The
red dashed line and solid line indicate the calculated average
scattering length on the tetrahedral site (n-tet) and octahedral
site (n-oct) of a normal spinel structure, respectively. The red
and black solid lines indicate the calculated average scatter-
ing length on the tetrahedral sites (i-tet) and octahedral sites
(i-oct) with an inverse spinel configuration, respectively.) This
in itself suggests a degree of chemical heterogeneity among all
samples across the series (Figure 9 (c)). Finally, we note that
because site occupancies are underdetermined in this Rietveld
analysis, the presence or absence of cation vacancies cannot
be disproved.
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Analysis of the PDF data over 30 A yields further insight
into the presence of distinct short range order (SRO) motifs
in the samples. Structure refinement from PDF indicates the
presence of a minor secondary spinel configuration at all sam-
ple treatment conditions (Figure 9 (d)). The analysis indi-
cates that all samples feature local atomic configurations that
resemble the long-range ordered 2-phase state present in the
1000°C sample. However, the amounts and metric expansion
of the chemically distinct regions change slightly with post-
annealing temperature (Figure 9 (d,e)) until the secondary
spinel phase segregation is observed long-range in the sam-
ple post-annealed at 1000°C. The changes in refined (b)s
complement the inference of bulk diffusion and correspond-
ing changes in CSRO obtained from STEM-EDS. In the sec-
ondary spinel phase model, (b)s in the octahedral and tetra-
hedral sites are initially similar and larger than the values
(b) in the main spinel phase. They shift to similar values in
the sample post-annealed at 1000°C (Figure 9 (f)). In sum-
mary, PDF analysis indicates a continual rearrangement of
cation site distribution leading at high post-annealing temper-
atures to long- range de-mixing and phase segregation. Ad-
ditional Rietveld refinements were completed across the neu-
tron diffraction data series using a similar 2-phase model (with
phase fraction parameter and second cubic lattice parameter
refined). Results are provided in SI Table S2, revealing a
smaller secondary phase fraction and smaller difference in re-

fined lattice parameters for the 800°C annealed sample data
modeling. The results support conclusions made via PDF and
STEM - the 800°C annealed sample has a more homogenous
structure relative to other samples in the study.

Local rearrangement of the cation site distribution will
influence the strength of ferrimagnetism in heterogeneous
chemical regions, affecting bulk magnetism. Illustrative ide-
alized examples of cation distribution in Figure 10(a-d) show-
case two effects that may occur: the site inversion (y) effect
(a,b), and the phase segregation effect (c,d). Models in (c,d)
are generated based on the STEM-EDS map of the sample
post-annealed at 1000°C (Figure 3 (d)). A normal structure
spinel structure was generated for (Mg;,3Cu;/3Zn;/3)C0,0, in
(c) since Mg and Zn are known to prefer the tetrahedral site
and Cu demonstrates a partial preference, while an inverse
spinel structure was generated for (Co)(Mng sFe, sC0)O, (d)
due to the established preference of Mn?>* and Fe>* for the
octahedral site[44]. The corresponding calculated magnetic
moments (Up) for the models are given in Figure 10 (e), and
corresponding average scattering lengths (b) for the models
are given in Figure 10 (f). Net moments were calculated as-
suming the maximum moment each cation can possess (Fe?"
4.9 ug, Co*t 4.9 ug, Cu>* 1.73 pg, Mg** 0 pg, Zn** 0 ug,
Mn”* 5.92 ug)[45].

Overall, the calculated magnetic moments and average scat-
tering lengths for the models in Figure 10 demonstrate that
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the tetrahedral site (i-tet) and octahedral site (i-oct) with an inverse
spinel configuration, respectively. The black dashed line represents
the calculated average scattering lengths on both tetrahedral and oc-
tahedral sites in a random spinel configuration (r-tet/oct).

variations can be realized through site inversion effects, phase
segregation effects, and— by extension— combinations of mul-
tiple effects. While our PDF model cannot distinguish the
specific effects occurring in our series, it is consistent with
the observations of local chemical heterogeneity observed via
STEM-EDS and hard/soft and coercive/reversible magnetic
phases probed by FORC analysis.

Thus, FORC is diagnostic of the site inversion and lo-
cal phase segregation effects occurring across the annealing
series, corroborating the observation of two spinel phases
in PDF local structure refinement in all samples and a pre-
cipitated second spinel phase in samples post-processed at
1000°C via Rietveld refinement.
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FIG. 10. Idealized illustrations of cation populations possible

within a CCO spinel cobaltite, representing two observed effects:
site inversion, represented by a possible (a) normal spinel, and
(b) random spinel; and phase segregation, represented with (c)
(Mg1/3Cu1/3Zn1/3)C0204, and (d) (CO)(MH()_SFCO.SCO)OA‘. (e) Cal-
culated magnetic moments (M) and average scattering lengths ((b),
fm) for the models described in (a, b, ¢, d) on tetrahedral, and octa-
hedral sites as well as the total sum of the magnetic moment.

IV. CONCLUSION

In summary, we have followed the magnetic properties,
chemical segregation, and phase evolution of a nanostruc-
tured metastable compositionally complex spinel with chemi-
cal composition (Mg, ,Mn ,Fe( ,Cu ,Zn ,)Co,0,, annealed
at increasing post-processing temperatures.

A combination of FORC, STEM-EDS, and neutron total
scattering analyses reveals that a two-step structure transfor-
mation occurs. Initially, the CCO synthesized by LTST at
400°C is a weak room-temperature ferrimagnet with cations
distributed approximately at random across the tetrahedral and
octahedral sites. In the first step, activated by post-processing
at 600°C (supported by both FORC and neutron total scatter-
ing analysis), cations migrate locally among the tetrahedral
and octahedral sites from a more random occupancy configu-
ration to a more chemically specific arrangement. However,
this localized transformation does not manifest as a medium
or long-range effect in STEM-EDS mapping. In the second
step, activated in samples annealed to 800 °C and above, long-
range cation diffusion results in the demixing of the system
into discrete segregated phases.



To understand the structure-property evolution in this se-
ries, the structural features at different length scales must
be considered. STEM-EDS and neutron diffraction uncover
long-range phase segregation of the sample post-annealed
at 1000°C, but are insensitive to chemical short-range order
present after synthesis. FORC analysis reveals the coexistence
of soft and hard magnetic phases well before new bulk ordered
phases emerge, consistent with neutron total scattering analy-
sis. These findings emphasize the sensitivity of FORC anal-
ysis in identifying magnetic signatures as unique fingerprints
of locally ordered structural domains.

The observation of rich complexity and structure-property
tunability in a single CCO composition subjected to differ-
ent post-processing temperatures highlights the great propen-
sity and flexibility of CCOs as platforms in the design of
complex functional oxides. In magnetic materials, one could
design bulk hard-soft exchange spring magnets or exchange
bias magnets through careful selection of the involved cations,
the degree of local cation site mixing, and the propensity to
form nano-segregated chemical short-range order in complex
nanostructured phases.

Finally, this work reveals challenges in quantitatively cap-
turing the crystal-chemical trends in a CCO featuring multi-
ple cation sites, cation site inversion, and differing degrees of
nanoscale chemical short-range order/phase segregation. The
combined use of STEM-EDS, neutron diffraction/PDF, and
FORC analyses only partially revealed the details of the de-
tected multiple chemically segregated regions in the series.
These findings underscore the need for combined characteri-
zation and analysis techniques when approaching complexity
in CCOs. Further development of advanced characterization
techniques for the broader crystal-chemical class of CCOs is
warranted.
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Supplemental Information: Impact of thermal annealing on
magnetic properties in nano compositionally complex spinel
cobaltite - (Mgo,MngoFeo2CuyaZng2)Cor04: The corre-
sponding extracted phase percentages (p, %), lattice param-
eters (a, A), average scattering lengths ((b), fm), and the
atomic displacement parameters of tetrahedral cation, octa-
hedral cation, and oxygen atom sites (Bis,, Az) of the PDF
refinements conducted with ranges of 30 A using both the 1-
phase and 2-phase models are compared in Figure S1. Ri-
etveld refinements for samples post-annealed at 800°C and
1000°C are illustrated in Figure S2. The STEM-EDS maps,
along with their corresponding frequency histograms and a
heatmap showing correlations between elemental pairs for
each sample, are shown in Figures S3-S11. The PDF data
comparison over 1.7 to 50 A is shown in Figure SI12. The
summary of the Rietveld and PDF refinement results is pro-
vided in Table S1 and S2.
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