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We employ several X-ray based techniques, including X-ray diffraction, X-ray absorption spectroscopy and
resonant inelastic X-ray scattering, to disentangle the contributions of individual chemical species to the

structural, electronic and magnetic properties of high-entropy oxides. In the benchmark compound

Mgg.2C0g 2Nig2Cug2Zng O and related systems, we unambiguously resolve a sizable Jahn-Teller
distortion at the Cu sites, more pronounced in the absence of Ni?* and Mg?*, suggesting that these ions
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promote positional order, whereas Cu®* ions act to destabilize it. Moreover, we detect magnetic

excitations and estimate the strength of the interactions between pairs of different magnetic elements.
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1 Introduction

High-entropy materials are single-phase compounds charac-
terized by significant configurational disorder, wherein
multiple chemical species randomly occupy equivalent crystal-
lographic sites. Configurational disorder disrupts periodicity
and symmetry, significantly influencing a material's physical
properties. Among high-entropy materials, high-entropy oxides
(HEOs) stand out for their exceptional characteristics,' such as
tunable room-temperature superionic conductivity,> colossal
dielectric constants,® and high lithium-storage capacity.*® In
HEOs, configurational disorder facilitates the formation of
a single-phase material from the multi-phase mixture of
different chemical species through a temperature-dependent
entropic contribution —-TAS. < 0, which offsets the
enthalpic contributions AH,;, to the Gibbs free energy of mix-
ing AGmix = AHmix — TAS.; specifically, the spontaneous
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properties of high-entropy oxides.

Our results provide valuable insights into the role of various chemical species in shaping the physical

formation of a homogeneous solid solution occurs when the
latter is negative. So, for entropy-stabilized oxides (ESOs), i.e.,
HEOs where the enthalpic contribution is positive and the
entropic contribution satisfies TAS. > AH,x, there exists a crit-
ical temperature T, = AHy,ix/AS. below which the homogeneous
solid solution cannot spontaneously form. Since

N
AS. = -R " x; In x;, where y; is the molar fraction of the i-th
N=1

chemical species and N is their total number, configurational
entropy is maximized in equimolar systems, for which x; = 1/N
and AS. = RInN.

Rocksalt Mg, ,Nij ,C0g.,Zny ,Cuy .0 (hereafter referred to as
5HEO) is a prototypical HEO.® It is obtained from an equimolar
mixture of MgO, CoO, NiO, CuO and ZnO, which, however, do
not share a common crystal structure; indeed, MgO, CoO and
NiO possess a rocksalt crystal structure, while CuO and ZnO
have tenorite and wurtzite crystal structures, respectively, such
that their incorporation into the rocksalt structure comes with
a positive enthalpy of mixing. Rost et al.® showed that (i)
a single-phase crystal of 5SHEO forms only at an equilibration
temperature T, = 1150 K or above; since AS, = 13.4 ] (mol K) "
for N = 5, such a critical temperature corresponds to an
enthalpy of mixing of approximately 15.4 kJ mol %; (ii) the
transition from the multi- to the single-phase solid solution is
reversible with temperature; (iii) the critical temperature is
minimized for the equimolar composition when the amount of
an individual chemical species is changed and the others are
kept even, and (iv) the quaternary compounds never form
a single phase at T, or below. Moreover, (v) the authors’ estimate
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of 10 kJ mol " for the enthalpy of mixing solely based on the
tenorite-to-rocksalt (22.2 k] mol™" (ref. 7)) and the wurtzite-to-
rocksalt (24.5 k] mol " (ref. 8)) transition enthalpies for CuO
and ZnO, respectively, is compatible with the experimental
estimate in (iii). These observations were taken as evidence that
the formation of the homogeneous solid solution is driven by
entropy, ie., SHEO is an ESO. However, (iii) suggests that the
enthalpy of mixing is very little dependent on the actual
composition of the material, implying that the enthalpy of
mixing of all the chemical species is very similar. This is in
contradiction to the hypothesis used in (v), where the enthalpy
of mixing of MgO, CoO and NiO is neglected. Indeed, Coduri
et al. found that the relative concentration of MgO, CoO and
NiO affects the stability of the rocksalt structure in samples with
the same configurational entropy, suggesting that the nature of
chemical species with the rocksalt structure also plays a role.” A
similar conclusion can be drawn from the observation of Frac-
chia et al. that Ni, (Cu, ,Zn, ,0 is stable in the rocksalt structure
at relatively low temperatures;'®"* here, configurational entropy
is lower, so that the critical temperature should be higher than
that of 5HEO if CuO and ZnO were the sole chemical species
contributing to the enthalpy of mixing. The most plausible
scenario is that the latter hypothesis should be relaxed.
Recently, experimental™™® and theoretical’**® studies have
provided evidence for Jahn-Teller distortions at the sites occu-
pied by Cu in 5HEO. Their very presence points to deviations of
the crystal structure from the perfect rocksalt, which should
definitely be taken into account for a quantitative under-
standing of the energetics of the system. Indeed, distortions of
the sites occupied by Cu are necessarily shared with neigh-
boring sites, which are randomly occupied by various chemical
elements that may respond very differently to perturbation.
Interestingly, this could explain the dependence of the stability
of the rocksalt structure on the relative concentration of various
chemical species; unfortunately, structural probes did not
reveal distortions of the octahedral environment around any of
the metal ions, with the exception of Cu®*". Such a picture is
complicated by the tendency of 5SHEO to form the guggenite
phase rather than simply demixing into single binary oxides
below the critical temperature.*® All the above findings promp-
ted us to adopt a different approach, focusing on potential
spectroscopic signatures of putative distortions on the elec-
tronic structure of various metal ions individually.

Another intriguing feature of 5HEO is that, despite config-
urational disorder, it displays a long-range magnetic order
below approximately 113 K.** Indeed, neutron powder diffrac-
tion studies revealed a magnetic structure analogous to that of
NiO and Co0,* with antiferromagnetically coupled ferromag-
netic (111) planes.” Notably, spin waves have been observed at
temperatures significantly higher than the Néel temperature,
suggesting the persistence of short-range magnetic correlations
also in the paramagnetic state.”® Magnetic susceptibility
measurements* and Monte Carlo simulations* indicate that
the long-range magnetic order is strongly dependent on the
concentration of magnetic ions, again pointing to the nature of
chemical species playing a role in shaping the HEO's physical
properties. Unfortunately, the contribution of individual metal
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ions to the collective magnetic behavior could not be singled
out, another challenge that we address in this paper.

We performed X-ray diffraction (XRD), including pair
distribution function (PDF) analysis, as well as soft- and hard-X-
ray absorption spectroscopy (XAS) and resonant inelastic X-ray
scattering (RIXS) measurements, on 5HEO and five sister
compounds. RIXS is a powerful probe of the electronic and
magnetic excitations in solids and benefits from its intrinsic
chemical sensitivity, which is particularly welcome in the
context of HEOs to isolate the contributions of various metal
ions. Our results directly evidence a sizable distortion of the
Cu”" sites and provide hints of the associated energy scale.
Moreover, unlike structural probes, RIXS provides indications
that the sites occupied by Co and Ni are also distorted, and we
point to the different roles played by various metal ions in
accommodating these distortions. Finally, we determine almost
all of the relevant magnetic interactions among pairs of
magnetic ions, which are essential ingredients for a quantitative
understanding of the magnetic properties of HEOs.

2 Experimental method

The six powder samples studied in this work are listed in Table
1, together with their crystal structure and cell parameters.

The samples were prepared using the Pechini method,
avariant of the sol-gel method. A starting solution was obtained
by dissolving a stoichiometric amount of nitrate salts of each
cation in distilled water, with an excess of citric acid. The
solution was stirred and heated at 100 °C overnight to form
a gel, which was subsequently treated at 280 °C for two hours
and then at 900 °C for another two hours to remove the organic
components. The resulting fine powders primarily consisted of
mechanically blended oxide precursors. These powders were
pelletized and annealed at 1000 °C for 12 hours to complete
solid solution formation and then quenched at room
temperature.

XRD patterns were recorded in Bragg-Brentano geometry
using a Bruker D2 diffractometer equipped with Cu radiation
and a Ni filter collecting data over a 26 angular range from 15° to
90°. Rietveld refinements were performed with GSAS-II software
to verify the crystal structure and determine the lattice param-
eters.” The full-width-at-half-maximum (FWHM) was computed
using the software WINPIotR.>* XRD patterns for PDF analysis
were collected at the beamline ID15A of ESRF - The European
Synchrotron (Grenoble, France) at an incident wavelength of A =
0.1240 A (=100 keV), using a Pilatus 2M CdTe detector (Dectris)
placed 380 mm away from the specimen.”” The powders were
packed into quartz capillaries (Hilgenberg) with 0.5 mm diam-
eter and rotated during the acquisition to improve the orien-
tational average of the grains. PDF data were described
according to the G(r) formalism,?® which indicates the proba-
bility of finding a couple of atoms separated by a certain
distance r. G(r) was determined experimentally via sine Fourier
transform of the structure factor S(Q):

Omax

. Q[S(Q) — 1]sin(Qr)dQ (1)

6(r) = 2 |

T
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Table 1 Chemical composition, label, crystal structure, and lattice parameter(s) of the samples. For the cubic systems, the ratio of the FWHM

between the 200 and 111 reflections is also reported

Chemical composition Label Structure Cell parameter(s) (A) FWHM ratio
Mg(.25C00.25Nig 252N 250 noCu Cubic a = 4.2301 £ 0.00012 1.0

Mg 20C00.20Ni0 20CUg 20Z1N0 200 5HEO Cubic a = 4.2365 + 0.00006 1.1

Mg 25Nip.25CUg 252N 250 noCo Cubic a = 4.2293 £ 0.00008 1.3

Mg 25C00.25Nip 25CUg 250 noZn Cubic a = 4.2258 + 0.00018 1.8
C0yg.25Nig.55CUg 25214 550 noMg Tetragonal a = 3.0138 &+ 0.00052, ¢ = 4.2106 £ 0.00097

Mg 25C00.25CUp 25Z0¢ 50 noNi Tetragonal a = 3.0311 £ 0.00039, ¢ = 4.1936 + 0.00062

where Q is the magnitude of the wave vector (Q = 47 sin 6/2), 26
is the angle between the incoming and outgoing X-rays and A is
the X-ray wavelength. G(r) curves were computed using the
software PDFGetX3 (ref. 29) subtracting the contribution of the
quartz capillary and limiting the integration of diffraction data
to a maximum value of Q of 24 A™*. PDF peaks were fitted using
the direct analysis approach® using Gaussian functions, as
implemented in the Fityk software.**

Hard XAS at the Co, Ni, and Cu K edges was carried out at
beamline 120 of Diamond Light Source (Didcot, United
Kingdom) on 5HEO and at beamline XAFS of ELETTRA (Trieste,
Italy) on all the other samples. In both cases, the spectra were
acquired at room temperature. X-ray absorption spectroscopy
(XAS) experiments at the 120 beamline of Diamond Light Source
were performed using a Si(111) four-bounce monochromator. X-
rays were focused via dedicated mirrors, achieving a beam size
(FWHM) at a sample position of ~400 pm (H) x 300 pm (V).
Rhodium-coated harmonic rejection mirrors were used to
remove high-energy harmonics. The absorption spectra were
either recorded with fluorescence detection via a 64-element
monolithic Ge detector combined with an Xspress4 readout
system, after calibration of the monochromator with trans-
mission measurement of a piece of Cu foil. An ion chamber
operated at 15% absorption was used to measure the photon
flux delivered to the samples. For each measurement, an
appropriate amount of sample was mixed with cellulose,
pressed into a pellet, and measured in air.

The extended X-ray absorption fine structure (EXAFS) spectra
were collected in transmission mode at the Elettra synchrotron.
The spectra were acquired at room temperature at the Co, Ni,
and Cu K edges using ion chambers as detectors. The samples
were prepared as describe above. The ring current and energy
were 200 mA and 2.4 GeV, respectively. A Si(111) double-crystal
monochromator was used ensuring high-order harmonic
rejection by detuning the second crystal. A water-cooled, Pt-
coated silicon mirror was used to obtain vertical collimation
of the beam. The energy calibration was ensured by simulta-
neously acquiring the spectra of Co, Ni and Cu metal foil,
respectively, using a third ion chamber. The XANES part of the
spectra was analyzed by means of the Athena code.** Spectra
were first processed by subtracting a smooth pre-edge back-
ground fitted with a straight line and then normalized to unity
at 300 eV above the edge jump, where the EXAFS can be
neglected. The data analysis has been performed using the
EXCURVE program.*® Phases and amplitudes were calculated

This journal is © The Royal Society of Chemistry 2026

using the muffin-tin approximation in the framework of the
Hedin-Lundqvist and Von Bart approximations for the
exchange and ground state potentials, respectively:** this
includes the effects of inelastic losses due to the electron
inelastic scattering (photoelectron mean free path). The fittings
have been made in the k space, using a k* weighting scheme,
and full multiple scattering calculations within the cluster used
in the fits. The stability of the fits was checked by testing
different weighting schemes and verifying that the fitting
parameters were recovered within the errors. The passive
amplitude reduction factor was kept fixed to 0.8, which is
a sensible value in the Hedin-Lundqvist approximation. The
accuracy of the phase shifts and amplitudes was tested by fitting
the spectra of pure metal oxides at their K edge and recovering
the crystallographic distances within 0.01 A. To avoid unnec-
essary correlations between the parameters and to keep the
number of fitted parameters below the number of EXAFS
independent points, which in the present case was estimated to
be Nijqp = 2AkAR/T = 25, a single energy shift parameter was
used for all the shells, and the coordination numbers were fixed
to their crystallographic values.

Soft XAS and RIXS measurements were carried out at
beamline ID32 of ESRF - The European Synchrotron (Grenoble,
France).** The spectra were collected at the Co, Ni, and Cu Ls
edges with energy resolutions of approximately 40, 46, and 50
meV, respectively, using scattering angles of 90° and 150° with
7 polarization of the incident photons. Measurements were
performed at 30, 300, and 600 K. The RIXS spectra were
normalized to the integrated intensity of the crystal-field exci-
tations, specifically in the energy range from 0.5 to 3.5 eV at the
Ni and Co L; edges and from 0.5 to 2 eV at the Cu L; edge.

3 Results and discussion
3.1 Long-range crystal structure - XRD

To start with, we characterized the crystal structure of the inves-
tigated samples by means of XRD. The corresponding patterns are
displayed in Fig. 1, while the results of Rietveld refinements are
summarized in Table 1. Four samples (SHEO, noCu, noCo, and
noZn) are consistent with the prototype rocksalt crystal structure
(space group: Fm3m). Among them, noCu and 5HEO display sharp
peaks, whereas noCo and noZn show a general peak broadening of
all reflections except for those related to the Akh family.** The
broadening of a diffraction peak reflects a limited structural
coherence perpendicular to the corresponding plane. We can

J. Mater. Chem. A, 2026, 14, 1221-1233 | 1223
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Fig. 1 Rietveld refinements of XRD patterns collected at room
temperature.

exclude that the broadening arises from the limited size effect as
the specimens were treated at 1000 °C and the grain size was
submicrometric. These broadenings are therefore deemed as
indirect evidence of structural disorder. Such broadening is then
quantified as the ratio between the full-width-at-half-maximum
(FWHM) of the 200 and 111 reflections (see Table 1): this is the
smallest for noCu and increases in 5SHEO, noCo and noZn, yet
without inducing a structural transition. A transition from the
cubic to the tetragonal crystal structure (space group: I4/mmm),
instead, occurs in noMg and noNi, as evidenced by the splitting
and asymmetric broadening of all peaks but those corresponding
to the hhh reflections. The absence of asymmetries in the ihh
reflections points towards the formation of homogeneous solid
solutions, as compositional fluctuations would affect all XRD
reflections. Our results are in line with the available literature****
even in case of specimens produced with a different synthetic
approach. This suggests that the observed distortions are intrinsic
properties of the materials.

3.2 Short-range crystal structure - PDF

The broadening observed in XRD patterns suggest a certain
degree of structural disorder, eventually resulting in a structural
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transition in some of the samples. Insights on the short-range,
i.e., local structure can, instead, be obtained by performing
a PDF analysis. Fig. 2 shows the experimental PDF curves in G(r)
notation for 5HEO, noCu and noMg, where the latter two have
been chosen as references for cubic and tetragonal crystal
structures, respectively. The atom pairs associated with the PDF
peaks are identified in Table 2, along with the corresponding
interatomic distances for 5SHEO, noCu and noMg. We assume
that O-O pairs do not contribute to the PDF peaks due to the low
scattering factor of oxygen compared to metal ions. The PDF
curves in Fig. 2 of noCu, SHEO and noMg are similar, but with
appreciable differences, particularly in terms of peak position
and broadening at large interatomic distances. The values
detected by direct analysis of PDF peaks up to about 5 A are
compared in Table XII in the SI. Since the broadening of the
peaks mostly depends on the degree of structural disorder, we
conclude that noCu is more ordered compared to SHEO and,
notably, noMg, which appears to be the most disordered, in
agreement with previous high-resolution powder diffraction
measurements.” The fact that the PDF signal of tetragonal
noMg being similar to that of cubic noCu and 5HEO at short
interatomic distances is not surprising because the PDF peak
resolution is limited by thermal vibration and termination
ripples. Rather, the impact of tetragonal distortion is evident at
large interatomic distances (above 20 A), where the curve of
noMg is markedly different from the others.

3.3 Short-range crystal structure - XANES and EXAFS

Structural characterization techniques evidence a certain
degree of structural disorder in some of the samples. Unfortu-
nately, the information they provide is averaged over all metal
sites. With the aim of characterizing the short-range crystal
structure around the various chemical species individually, we
acquired hard XAS spectra at the Co, Ni and Cu K edges for
noCu, 5HEO and noMg, respectively (Fig. 3). The XANES data for
the Cu, Co and Ni K edges are reported in panels (a), (d) and (g),
respectively. We here note that the edge energy position is
sensitive to the metal oxidation state, and possible variations
thereof. In the present case, no variation of the edge energy is
detected in all the cases. In addition, comparison with the CoO,
NiO and CuO spectra used as standards (not shown here),
confirms that the oxidation state is +2 for all the transition
metals.

The XANES spectra in Fig. 3 show a clear trend. If we
compare each of the spectra of the HEO with the corresponding
spectra of the noMg sample, we note a decrease in the definition
of the spectral features. On the other hand, a comparison with
the spectra of the noCu samples (which of course is not possible
at the Cu K edge) shows an increase in the definition. These
trends are also apparent in the EXAFS part of the spectra shown
in panels (b), (e) and (h), along with the corresponding Fourier
transforms (FT) in panels (c), (f) and (i), as it is highlighted by
the magnitude of the EXAFS FT peaks, particularly evident for
the second coordination shell at ca. 3 A. Reminding here that
the broadening of the XAS structures is related to the disorder
around the photoabsorber, we can conclude that these effects

This journal is © The Royal Society of Chemistry 2026
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Fig. 2

Sketch of the rocksalt unit cell, with grey and red spheres representing the metal and oxygen ions, respectively, and the PDF curves of

5HEQO, noCu and noMg. The principal interatomic distances used to interpret the PDF data, as well as an MOg octahedron are shown.

Table 2 Labeling of the first six peaks observed in the G(r) curves of
Fig. 2 based on the cubic rock salt structural model: nature of the
involved species, interatomic distance, dependence on the cell
parameter and multiplicity

Atom pair Distance (A) Length Multiplicity
1% M-O 2.12 al2 6
1* M-M 3.00 av2/2 12
2" M-0 3.67 aV/3)2 8
2™ M-M 4.24 a
rd nr
3" M-0 4.74 (@2 + @ 24
rd nr
3" M-0 5.19 (@32 + a2 24

can be explained by the different amount of disorder in
different samples, which is increased by removing Mg and
decreased by removing Cu. The disorder is static, as all the
spectra have been collected at the same temperature and can be
explained by the local Jahn-Teller distortion around Cu. This
conclusion can be made quantitative by looking at the EXAFS
fitted parameters, as shown in Tables 3 and 4 for the data at the
Cu K edge and Tables in the SI for the data at the other edges.
The general increase in the EXAFS Debye-Waller factors
removing Mg and their decrease by removing Cu are evident, in
perfect agreement with the above discussion.

The EXAFS oscillations and their FT were fitted adopting
a rocksalt structure for all the samples, even though noMg
possesses a tetragonal crystal structure. The reason behind this
choice is twofold: on one hand, we keep the number of fitting
parameters as low as possible, in order to avoid unnecessary
correlations between them; on the other hand, the change in
the bond lengths due to the tetragonal distortion is 0.03 A at the
most, i.e., comparable with the experimental resolution of
EXAFS, and, as a matter of fact, the first peak in the FT of noMg
is never split. The fit to the EXAFS oscillations and their FT are
shown by the thin lines in Fig. 3, and the extracted average Co-
O, Ni-O and Cu-O bond lengths are shown in Fig. 4. We note
that the Co-O bond length remains practically unchanged and
identical within the error bars to the Ni-O bond length in 5SHEO,
while the Cu-O and Ni-O bond lengths undergo opposite
changes, with the former decreasing and the latter increasing in

This journal is © The Royal Society of Chemistry 2026

the tetragonal crystal structure. We interpret this and the above
observations as an effect of Jahn-Teller distortions, resulting in
a smaller average Cu-O distance.? It is peculiar, though, that
the change in the Cu-O bond length has no or little impact on
the Co-O bond length but strong on the Ni-O bond length,
indicating that Ni exhibits a greater propensity than Co to
adjust to the distortions introduced by Cu®". It can be attributed
to the fact that Ni®" is Jahn-Teller inactive, and there is no or
little energy cost associated with the distortion of the Ni local
environment. Otherwise, in a regular octahedral environment,
the Ni-O atom pair should be shorter than Co-O and Cu-O,
according to Shannon's ionic radii.*”

3.4 Crystalfield excitations and Jahn-Teller distortions

The interpretation of XRD and hard XAS data based on the
Jahn-Teller distortion at the Cu sites is rather speculative at this
stage and necessitates further investigation. RIXS can be
extremely helpful in this respect because it directly probes d-
d excitations. For a TM ion in octahedral symmetry, the crystal
field splits the d orbitals into an e, (dy:_y2 and d;,»_,2) doublet
and a tyy (dy, dy; and dg,) triplet; for lower symmetries, these
degeneracies are further lifted. The so-called d-d excitations are
transitions between crystal-field split states, and their energy is
therefore directly linked to the strength and symmetry of the
crystal field interaction.?®

Fig. 5(a) shows the collected RIXS spectra at the Cu L; edge
(approximately 930 eV, see the inset in panel (c)) at 30 K for the
five samples containing Cu. In analogy with the literature on
insulating and superconducting cuprates,**™** the peaks in the
energy range from 0.5 to 2 eV are assigned to d-d excitations,
and the weak, but extended spectral weight above 2 eV is
attributed to charge-transfer excitations. Similarly, we could
tentatively assign the peak at approximately 0.1 eV to magnetic
excitations, albeit the lack of long-range configurational order
necessitates a degree of caution. In this section, we focus on d-
d excitations, while magnetic excitations will be discussed in
the following.

In Cu®** with a 3d° electronic configuration, a single hole
occupies the d orbitals. The RIXS cross-section for d-d excita-
tions in Cu®" is well described by a single-ion model,* which is
exploited here to assign features in the RIXS spectra based on

J. Mater. Chem. A, 2026, 14, 1221-1233 | 1225
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Fig. 3 Cu (a), Ni (d) and Co (g) K edge XANES spectra for noCu, 5SHEO and noMg samples. The corresponding experimental (open circles) and
simulated (thin line) EXAFS oscillations are reported in panels (b), (e) and (h), respectively, and Fourier transforms in (c), (f) and (i), respectively.

Table 3 EXAFS fitted parameters for the data at the Cu K edge for the
HEO sample. N: coordination number; R: distance; o°: EXAFS Debye—
Waller factors; b: skewness; c: kurtosis

Table 4 EXAFS fitted parameters for the data at the Cu K edge for the
noMg sample. N: coordination number; R: distance; o°: EXAFS Debye—
Waller factors; b: skewness; c: kurtosis

Shell Atom(A) N R(A) o (A% b(@A% (Y Shell Atom(A) N R(A) o (A% b (A% c(AY

1 0 6 201(1)  0.013(2) 0.00300(9) 1 ) 6  1.952)  0.025(2) —0.04(4) 0.0039(2)
2 M 12 3.009(6) 0.011(1) 2 M 12 2.987(9) 0.016(2)

3 0 8 3.26(1)  0.005(2) 3 ) 8  3.2502)  0.006(2)

4 M 6 421(1)  0.016(2) 4 M 6  3.70(3)  0.029(7)

5 0 24 3.97(4)  0.015(5) 5 0 24 4.1(1) 0.04(6)

6 M 24 519(2)  0.015(2) 6 M 24 4.69(4)  0.025(4)

7 M 12 5502) 0.03(2) 7 M 12 554(3)  0.015(3)

their intensities. To do so, we fit the region of the spectra
between 0.5 and 2 eV to three Gaussian curves whose integrated
spectral weight is constrained to the calculated one using the
actual experimental conditions and performing the powder
average, see Fig. 5(b). The best fit is obtained assuming that the
ground state has d,=_,» symmetry, implying an elongation of the
CuOg octahedra. Nevertheless, we cannot fully rule out that the
CuOg octahedra are instead subject to compression, stabilizing
the dj,2_,» orbital as the ground state. While RIXS measure-
ments on single crystals could help determine the sign of

1226 | J Mater. Chem. A, 2026, 14, 1221-1233

distortion, the presence of a significant deviation from ideal
octahedral symmetry is beyond any doubt.

The peak corresponding to the djz;: - excited state is
centered at approximately 0.9 eV. This value is much lower than
the least distorted layered cuprate (1.7 eV in La,CuO, (ref. 38)),
still it implies that the symmetry of the Cu sites is lower than
octahedral and points to a sizable distortion of the CuOg octa-
hedron in all samples, though with appreciable differences (see
Table 5). Namely, the energy of the ds,»_,» excited state and its

This journal is © The Royal Society of Chemistry 2026
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and noMg, as extracted from Cu, Niand Co K edge EXAFS, respectively.

full width at half maximum (FWHM) in the noNi sample are
higher than those in other compounds, indicating that the
distortion of the Cu sites is larger and more broadly distributed
in this sample than in other compounds, and suggesting that
the presence of Ni in other systems reduces positional disorder.
A similar, though less effective, role is played by Mg. These
findings are consistent with XRD, PDF and hard XAS
investigations.

Finally, we look at the changes in the RIXS spectra as
a function of temperature. A similar behavior is observed for all
compounds, so we report in Fig. 5(c) only the data for 5SHEO as
an example. We note that d-d excitations soften and broaden in
energy as the temperature is increased; the softening can be
attributed to thermal expansion, as an increase in the Cu-O
distance weakens the crystal-field interaction, while the broad-
ening is likely caused by lattice vibrations, which induce fluc-
tuations in the bond length and hence a distribution of Cu sites
with varying crystal-field interactions, a phenomenon previ-
ously observed in NiO** and CuO.*

Our experimental findings provide unambiguous evidence
that the Cu sites are affected by a sizable Jahn-Teller distortion,
which breaks the cubic symmetry of the CuOg octahedron, and
back up previous measurements using structural probes."*™**
While we cannot estimate the variation of the Cu-O bond
lengths with respect to the ideal octahedral situation, we can
estimate the energy change involved in the distortion by

View Article Online

Journal of Materials Chemistry A

comparing the RIXS spectra of rocksalt 5HEO and tenorite CuO,
as shown in Fig. 6(a). The spectra are remarkably different and,
specifically, the average energy of d-d excitations is significantly
lower in 5HEO than in CuO, consistent with a larger Cu-O bond
length. The fit to the CuO spectrum following the same proce-
dure described above puts the ds,:_,» excited state at an energy
of approximately 2.2 eV, in perfect agreement with previous
estimates,* i.e., approximately 1.3 eV higher than that in 5SHEO.
It should be possible, though beyond the scope of this work, to
extract a more accurate estimate of the enthalpy of mixing from
the observed reconstruction of the electronic structure.

Next, we also look for signatures of distortions at the Ni and
Co sites. Fig. 7(a) and (d) show the low-temperature Ni L; edge
RIXS spectra with energies of the incident photons corre-
sponding to the main (MP) and satellite (ST) peaks in the XAS
profile at approximately 852 and 854 eV, respectively. In analogy
with NiO,**-*¢ the energy range from 1 to 3.5 eV is covered by d-
d excitations, while charge-transfer excitations emerge above
3.5 eV; single and double spin excitations appear below 0.1 eV.
Notably, the RIXS spectra at the MP look very much alike for all
samples. In contrast, the RIXS spectra excited at the ST peak
show differences; in particular, we observe that the RIXS spec-
trum of noCu is significantly sharper than the spectra of other
compounds. Fig. 8(a), instead, shows the low-temperature Co L3
edge RIXS spectra with an energy of the incident photons cor-
responding to the main peak of the XAS profile at 779 eV. Here,
d-d and charge-transfer excitations are dominant down to the
lowest energies because of the multiplet structure of Co>".#~*
As a result, if present, magnetic excitations cannot be easily
identified. Similar to Ni, the Co L; edge RIXS spectra also
overlap for all the samples, with the exception of noCu, which
again shows sharper features.

Both Ni (see Fig. 7(b), (c), (e) and (f)) and Co (see Fig. 8(b) and
(c)) Ly edge RIXS spectra of 5SHEO and noCu broaden with
temperature, progressively eliminating their differences.
Consequently, there appears to be a potential parallel between
the broadening of the RIXS spectra induced by temperature and
the incorporation of Cu in the crystal structure. Since the
FWHM of the peaks reflects a distribution of bond lengths,** we
conclude that the bond length in noCu is more uniformly
distributed than in other compounds. Unfortunately, we cannot

2 L@ Culy30K — 5HCEO L ®) . 5HEO L (©— ggg}( 5HEO CulL,
i opegge  — MoCo 00®%0 Cu L, 30K - -in.26=90°
_ m-in,26=90° noMg 0°@c° O 1 . — 500K n-in,26=90
%) h ° m-in,26=90
= noNi ° A=
X2_ 2
S — noZn 4 Yy
g e,
& o
='r . Ko r 32%r r 925 930 935
% k.o apaiay H)%. Photon Energy (eV)
= by
=0 S Npe © o Jahe
32212 xy \xzlyz
0
T T T T T T T T T T T T T T T T T T T T
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(a) Cu Lz edge RIXS spectra taken at 30 K with an energy of incident photons corresponding to the main peak in the XAS profile (vertical red

bar in the inset of panel (c)). The scheme of the experimental RIXS geometry is shown in the inset. (b) Experimental and fitting curves of the d—
d excitations in 5HEO at 30 K as explained in the text. The inset shows the crystal field splitting of e4 and t,4 levels in a Jahn-Teller distorted
octahedral system. (c) Temperature dependence of the RIXS spectra of 5SHEO.
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Table5 Energies (and FWHM) of the transitions to the ds,2_,2, d,,, and d,.,, states (in eV) extracted from Cu Lz edge RIXS spectra and energies of
magnetic excitations AE (in meV) extracted from Cu and Ni Lz edge RIXS spectra taken at 30 K and 26 = 90° as explained in the text

dsz2 dAj} dxz/yz AE® AN

5HEO 0.904 + 0.007 (0.430 + 0.014) 1.341 £ 0.002 (0.205 + 0.004) 1.527 £ 0.004 (0.366 + 0.006) 90.5 + 6.6 43.5+ 6.4
noCo 0.888 £ 0.005 (0.374 + 0.012) 1.338 + 0.002 (0.208 + 0.004) 1.517 + 0.004 (0.375 + 0.006) 86.7 + 6.8 44.5 + 2.7
noCu 44.4 + 2.6
noMg 1.023 + 0.011 (0.550 + 0.020) 1.389 + 0.003 (0.240 + 0.004) 1.580 + 0.004 (0.415 + 0.007) 114.8 £ 2.7 52.1 + 4.0
noNi 1.173 £ 0.017 (0.760 + 0.044) 1.431 £ 0.004 (0.281 + 0.006) 1.637 £ 0.005 (0.456 + 0.009) 96.4 + 16.4

nozn 0.920 =+ 0.007 (0.434 + 0.014) 1.362 + 0.002 (0.210 + 0.004) 1.529 + 0.004 (0.387 + 0.006) 107.3 £ 2.7 51.7 £ 1.6
CuO 2.162 £ 0.029 (0.748 + 0.062) 1.699 £ 0.001 (0.189 + 0.004) 2.042 £ 0.003 (0.392 + 0.007) 145.8 £ 1.5

rule out the possibility that noCu itself exhibits distortions, nor
can we quantify the crystal-field splitting associated with the
distortions at TM sites other than Cu. These remain as subjects
of research for future investigations.

Similar to the case of CuO, we try to highlight potential
variations in the electronic structure of rocksalt 5HEO
compared to that of pristine rocksalt NiO and CoO in Fig. 6(b)
and (c), respectively. Unlike the case of CuO, the spectra of NiO
are not markedly different from those of 5HEO, the major
changes being related to the intensity, not the energy, of various
excited states. The comparison between 5HEO and CoO,
instead, shows little, but appreciable differences in the energy
of d-d excitations, especially in the very low energy region,
where the double structure in SHEO merges into a single peak
in CoO at approximately 0.1 eV (note that the excitation at
approximately 0.5 eV is related to Co®" impurities). This
suggests that the electronic structure of Ni** ions does not
change significantly when NiO is incorporated in 5HEO,
implying a negligible enthalpy of mixing, while the electronic
reconstruction of Co** ions is appreciable. We did not perform
measurements on MgO and ZnO because no d-d excitations are
expected for systems with nominal d° and d'° electronic
configurations, respectively. However, it might be interesting to
test this hypothesis experimentally.

3.5 Magnetic excitations and interactions

We now focus on the low-energy region of the RIXS spectra to
investigate the magnetic dynamics in 5HEO and related
compounds. Fig. 9(a) compares the Cu L; edge RIXS spectra of

all samples at 30 K, where the feature at 0.1 eV is better
appreciated. The magnetic nature of this excitation can be
attributed by drawing an analogy with cuprates,” and here it
was confirmed by two additional experimental observations: (i)
Fig. 9(b) shows that its intensity progressively decreases with
increasing temperature from below to well above the Néel
temperature of SHEO; (ii) the RIXS spectra in Fig. 9(d)-(h) were
fit to two energy-resolution-limited Gaussian curves (black solid
lines) representing the quasi-elastic and phonon peaks and
a Pearson curve (colored solid line with a shaded area) repre-
senting the magnetic excitation. The results are summarized in
the left panel of Fig. 9(n) and in Table 5 and show that the
energy of excitation is consistently higher in noMg and noZn
than in other compounds; since Mg>" and Zn®" are nonmag-
netic, the effect can be qualitatively accounted for by noting that
their removal from the crystal structure increases the energy
cost of flipping a Cu spin, consistent with the magnetic origin of
the feature. This argument is better developed below to provide
further information. Also, for magnetic excitations, the peak is
broader in the noNi sample than in other compounds, again
suggesting that Ni** reduces positional disorder in the system.

Having confirmed that the origin of the low-energy excitation
is magnetic, we discuss its local or collective nature. In single
crystalline materials, this is usually tested by checking the
dispersion of magnetic excitation, but for powder samples the
test could be less conclusive. In our case, however, powder
averaging is not very effective because of the small momentum
available in the soft X-ray energy range, and the experiment
might still be meaningful. With this in mind, we repeated the

3bl@— CuO
— 5HEO

(b) — NiO
— 5HEO

3z2%-r2

Cu L, 30K
7-in,26=90°

Intensity (arb. units)

Ni L, ST 30K
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Ni L; MP 30K
n-in,26=90°

Co L, 30K
7-in,26=90°

Energy Loss (eV)

Fig. 6

Energy Loss (eV)

Energy Loss (eV)

(a) Comparison between the Cu (a), Ni (b) and Co (c) Ls edge RIXS spectra of 5SHEO and the single binary oxides, CuO, NiO and CoO,

respectively, taken at 30 K. The inset of panel (b) shows the RIXS spectra acquired for the satellite peak in the XAS profile, as described below in

the main text.
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(vertical red bar in the inset). Temperature dependence of the RIXS spectra of SHEO (b) and (c) noCu. (d)—-(f) Same as (a)—(c), but with an energy of
the incident photons corresponding to the satellite peak (ST) in the XAS profile (vertical blue bar in the inset of panel (a)).

RIXS measurements for 20 = 150°. The spectra are shown in
Fig. 9(i)-(m), and the results of the fitting are summarized in the
right panel of Fig. 9(n). Within the experimental uncertainties,
we find that the energy of the magnetic excitations does not
depend on |g|, so we conclude that they should be better
thought of as local spin excitations rather than collective spin-
waves. This result seems reasonable for a system with large
configurational disorder, which prevents the magnetic excita-
tions from propagating coherently over long distances.

We also identify magnetic excitations in Ni L; edge RIXS
spectra taken at the ST peak (see Fig. 10), in analogy with
NiO.**¢ Their intensity is strong at low temperatures
(Fig. 10(b)). As shown in Fig. 10(d)-(h), the RIXS spectra were fit
to a resolution-limited Gaussian curve (black solid line) repre-
senting the quasi-elastic peak and two antisymmetrized Lor-
entzian curves (colored solid line with a shaded area)
representing the single and double magnetic excitations.*’

Fig. 10(i) and Table 5 report the energy of the single spin exci-
tation. In Fig. 10(c), we directly compare the Cu and Ni L; edge
RIXS spectra of 5SHEO and observe that the energy of the single
magnetic excitation measured at the Ni resonance is signifi-
cantly lower than that measured at the Cu resonance. In our
view, this can be explained as follows: configurational disorder
prevents excitations from developing long-range coherence,
while the chemical selectivity of RIXS probes only those local-
ized at the resonant metal ions, each characterized by different
magnetic interactions.

Based on the above considerations, we use a cluster
composed of a central metal ion M coordinated to six (next-
nearest neighboring) metal ions through 180° bonds and
adopt an Ising-like Hamiltonian to model its magnetism and
explain the dependence of spin excitation energy on the molar
fraction of various elements, as probed by RIXS at various
absorption edges. We introduce the spins of the central and of

noNi

N

-

Intensity (arb. units)
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(a) Co Lz edge RIXS spectra taken at 30 K with an energy of the incident photons corresponding to the main peak in the XAS profile (vertical

red bar in the inset). Temperature dependence of the RIXS spectra of 5SHEO (b) and (c) noCu.
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and 26 = 150° (i)—(m). (n) Spin excitation energy as extracted from the fitting at 26 = 90° (left) and 26 = 150° (right).

the surrounding metal ions, Sy and S, respectively, and their
magnetic (super-exchange) interactions Jy ;. We neglect the
magnetic coupling of the central metal ion to its twelve nearest

neighbor metal ions through 90° bonds, as it is expected to be
very weak;** then, the energy cost associated with a ASy; = 1 spin

excitation of the central metal ion in the magnetically ordered
phase is given by

6
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Fig. 10 (a) Comparison of the low-energy region of the Ni Lz edge RIXS spectra acquired at 30 K and 26 = 90°. (b) Temperature dependence of
the RIXS spectra of SHEO. (c) Comparison of the Cu and Ni Lz edge RIXS spectra of SHEO. (d)-(h) Experimental and fitting curves of the RIXS
spectra acquired at 30 K for all samples. (i) Spin excitation energy as extracted from the fitting.
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where the second equality follows from taking into account that
each of the six sites surrounding the central metal ion is
occupied by the i-th element with a probability x;, the corre-
sponding molar fraction. We assume that S; = 0, 3/2, 1, 1/2 and
0 for i = Mg>", Co®*, Ni**, Cu** and Zn*", respectively, such that

AEM = 9xcolm.co + 6xNiIMNi + 3XcuIM.Cu (3)

where the molar fractions of various metal ions depend on the
actual composition of the sample.

Such a simple model captures two key features of our
experimental observations: it explains the dependence of the
spin excitation energy on (i) the chemical composition of
various samples and (ii) the absorption edge used for RIXS
measurements, which selects the central (resonant) metal ion.
Specifically, the spin excitation energy in samples with
a nonmagnetic ion removed, i.e., noMg and noZn, is larger than
that in 5HEO by a factor 5/4 = 1.25, according to eqn (3), irre-
spective of the central (resonant) metal ion. Indeed, inspection
of Table 5 shows that the ratios between the experimental values
of the spin excitation energies for noMg (noZn) and 5HEO are
1.27 (1.19) and 1.20 (1.19) at the Cu and Ni edges, respectively.
We pushed the analysis of the data using the model even further
and used it to estimate the magnetic interactions between pairs
of magnetic ions by fitting the calculated spin excitation ener-
gies to the values observed in our experiment. We simulta-
neously fit the results from Cu and Ni edge RIXS measurements
as they are coupled through the magnetic interaction term Jyi,cu
= Jcu,ni and obtain the values of magnetic interactions reported
in Table 6. We note that the values of magnetic interactions are
not necessarily consistent with the theoretical predictions* but
are compatible with available experimental estimates for related
systems (e.g., La,CuO, (ref. 51) and NiO*) with similar bond
geometries. Discrepancies, instead, can possibly be attributed
to different bond lengths, although we find a larger Jyini
magnetic coupling despite the larger Ni-O-Ni distance in 5SHEO
(4.23 A) than in NiO (4.17 A). Unfortunately, we did not find
estimates of the magnetic interactions between other pairs of
magnetic ions, for which RIXS or inelastic neutron scattering
studies of oxides like La,Cu; ,C0,04,°* La,Ni; ,C0,0, (ref. 53)
and La,Cu; ,Ni, O, (ref. 54) would be particularly useful.

For the sake of completeness, we predict the spin excitation
energies that could potentially be measured by means of Co L;
edge RIXS if one were capable of isolating the magnetic signal
from the low-energy d-d excitations (e.g., by improving the

Table 6 Values of the magnetic interactions (in meV) extracted from
the RIXS data as explained in the text and compared with theoretical
values of S5HEO from ref. 24 and previous studies on related systems

This work Theory** Previous studies
Jcu,cu 96.5 + 12.1 37.0 140.0 (La,CuOy, (ref. 51))
Jcuco 9.3 4+ 2.9 18.2
JcuNi 11.6 + 3.8 21.7
Jni,co 3.4+1.3 12.8
Jnini 23.9 £2.6 18.9 19.0 (NiO>®)
Jeo,co 10.6 2.4 (CoO>**7)
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energy resolution or analyzing the polarization of the scattered
beam). All the magnetic interactions have been determined in
this work, except for /g, co; Using the literature value of 2.4 meV
for Co0,>*%” we predict AE®® =~ 13.6 meV for 5HEO, 17.0 meV for
noMg and noZn, 12.0 meV for noNi and 10.5 meV for noCu.

4 Conclusions

We conducted a thorough investigation of the structural, elec-
tronic, and magnetic properties of 5HEO and related
compounds. We probed their long-range crystal structure by
means of XRD and concluded that noCu is perfectly cubic, noNi
and noMg are tetragonal, and noZn and noCo, while remaining
cubic, show signs of considerable structural disorder. The
short-range crystal structure has been probed using PDF,
XANES and EXAFS on 5HEO, noCu and noMg, where the latter
two have been chosen as references for cubic and tetragonal
crystal structures, respectively. It turns out that noMg has the
largest structural disorder, with Ni accommodating the distor-
tion induced by Jahn-Teller active Cu*" ions and the Co-O bond
length being very little affected.

Since all quaternary samples contain 25% of Cu®', Cu
content alone does not account for the emergence of tetragonal
symmetry in noMg and noNi. To further assess the role of
various chemical species, we employed RIXS. RIXS measure-
ments at the Cu L; edge revealed Jahn-Teller distortions at the
Cu sites through the splitting of d-d excitations. Also, their
broadening confirms a high degree of short-range disorder in
noNi and noMg, suggesting that Ni** and Mg>* mitigate posi-
tional disorder. Consistently, RIXS spectra at the Co and Ni L;
edges suggest that Cu”>* promotes positional disorder. In addi-
tion to that of Ni, we could here appreciate an effect on the
electronic structure of Co, which was invisible to the analysis of
EXAFS data.

Finally, we identified low-energy features in Cu and Ni L;
edge RIXS spectra, which we interpreted as local magnetic
excitations. We estimated most of the magnetic interactions
between pairs of magnetic Cu®>*, Ni** and Co*" ions, the most
relevant ingredients for a comprehensive understanding of the
magnetic properties of SHEO. Our findings provide valuable
insights into the influence of various chemical species on the
formation and magnetic properties of 5SHEO and related HEO
systems.
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