
Acta Materialia 226 (2022) 117581 

Contents lists available at ScienceDirect 

Acta Materialia 

journal homepage: www.elsevier.com/locate/actamat 

Comprehensive investigation of crystallographic, spin-electronic and 

magnetic structure of ( Co 0 . 2 

Cr 0 . 2 

Fe 0 . 2 

Mn 0 . 2 

Ni 0 . 2 

) 3 

O 4 

: Unraveling the 

suppression of configuration entropy in high entropy oxides 

Abhishek Sarkar a , b , ∗, Benedikt Eggert c , Ralf Witte 

b , Johanna Lill c , Leonardo Velasco 

b , 
Qingsong Wang 

b , Janhavika Sonar b , d , Katharina Ollefs c , Subramshu S. Bhattacharya 

d , 
Richard A. Brand 

b , c , Heiko Wende 

c , Frank M.F. de Groot e , Oliver Clemens a , f , Horst Hahn 

a , b , 
Robert Kruk 

b 

a KIT-TUD-Joint Research Laboratory Nanomaterials, Technical University Darmstadt, Darmstadt 64287, Germany 
b Institute of Nanotechnology, Karlsruhe Institute of Technology, Eggenstein-Leopoldshafen 76344, Germany 
c Faculty of Physics and Center for Nanointegration Duisburg-Essen (CENIDE), University of Duisburg-Essen, Lotharstr. 1, Duisburg 47057, Germany 
d Nano Functional Material Technology Centre (NFMTC), Department of Metallurgical and Materials Engineering, Indian Institute of Technology Madras, 

Chennai 60 0 036, India 
e Inorganic Chemistry and Catalysis, Utrecht University, Universiteitsweg 99, CG Utrecht 3584, The Netherlands 
f Institute for Materials Science, University of Stuttgart, Heisenbergstr. 3 Stuttgart 70569, Germany 

a r t i c l e i n f o 

Article history: 

Received 8 July 2021 

Revised 17 September 2021 

Accepted 20 December 2021 

Available online 28 December 2021 

Keywords: 

High entropy spinel 

Preferential cationic occupation 

X-ray magnetic circular dichroism 

Mössbauer spectroscopy 

Neutron diffraction 

a b s t r a c t 

High entropy oxides (HEOs) are a rapidly emerging class of functional materials consisting of multiple 

principal cations. The original paradigm of HEOs assumes cationic occupations with the highest possible 

configurational entropy allowed by the composition and crystallographic structure. However, the funda- 

mental question remains on the actual degree of configurational disorder in HEOs, especially, in systems 

with low enthalpy barriers for cation anti-site mixing. Considering the experimental limitations due to 

the presence of multiple principal cations in HEOs, here we utilize a robust and cross-referenced char- 

acterization approach using soft X-ray magnetic circular dichroism, hard X-ray absorption spectroscopy, 

Mössbauer spectroscopy, neutron powder diffraction and SQUID magnetometry to study the competition 

between crystal field stabilization energy and configurational entropy governing the cation occupation 

in a spinel HEO (S-HEO), ( Co 0 . 2 Cr 0 . 2 Fe 0 . 2 Mn 0 . 2 Ni 0 . 2 ) 3 O 4 . In contrast to the previous studies, the derived 

complete structural and spin-electronic model, (Co 0 . 6 Fe 0 . 4 )(Cr 0 . 3 Fe 0 . 1 Mn 0 . 3 Ni 0 . 3 ) 2 O 4 , highlights a signifi- 

cant deviation from the hitherto assumed paradigm of entropy-driven non-preferential distribution of 

cations in HEOs. An immediate correlation of this result can be drawn with bulk as well as the local ele- 

ment specific magnetic properties, which are intrinsically dictated by cationic occupations in spinels. The 

real local lattice picture presented here provides an alternate viewpoint on ionic arrangement in HEOs, 

which is of fundamental interest for predicting and designing their structure-dependent functionalities. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

The approach to design novel functional materials exploiting 

onfigurational disorder originated with the discovery of high en- 

ropy alloys (HEAs) [1] . The approach was recently extended to ox- 

de systems [2–6] . High entropy oxides (HEOs) can be classified as 

ingle phase oxide solid solutions with the cationic sub-lattice/s 

opulated by multiple elements in equiatomic or near-equiatomic 
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roportions [5,7] . HEOs exhibit several appealing functionalities, 

hich in many cases are the outcomes of the “entropy-based” de- 

ign approach [3–5,8–13] . On the one hand, non-preferential, ran- 

om occupation of the cations, most often resulting in the highest 

ossible degree of configurational disorder allowed by the crystal- 

ographic structure, is considered common amongst the different 

lasses of HEOs reported on until the present [5,7] . On the other 

and, deviations from the complete disorder or non-preferential 

lemental occupation, possibly stemming from enthalpy effects, 

re inherently very difficult to study. A possibility or presence of 

hort-range elemental correlations remain a subject of fundamen- 

al interest for all classes of high entropy materials. Recently, this 

https://doi.org/10.1016/j.actamat.2021.117581
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aradigm has been experimentally verified in the case of HEAs and 

edium entropy alloys (MEAs), where certain degree of chemi- 

al short range order or elemental fluctuations are now reported 

14,15] . Importantly, a direct impact of the non-random chemical 

istribution leading to enhanced mechanical properties has been 

hown, prompting further research on enthalpy/entropy aspects 

n all HEAs/MEAs [14,15] . However, these kind of phenomena are 

argely unexplored in the case of HEOs and other groups of non- 

etallic high entropy materials. From a unit cell perspective, spinel 

ype HEO (S-HEO) is an ideal candidate for evaluating the influ- 

nce of configurational disorder on a fundamental level as extreme 

cenarios of either complete disorder or order are possible due to 

he low enthaply barrier for cation anti-site mixing in spinels [16] . 

evertheless, unravelling the exact cationic distribution even in 

onventional spinel oxides remains challenging, which in the case 

f S-HEOs is further aggravated by the presence of multiple prin- 

ipal cations with possibilities of their different oxidation and spin 

tates. However, such an endeavor is key to future applications, as 

he cationic occupations govern a majority of functional properties 

n spinels, a primary one being the magnetic property. 

Since the first report in 2018 [17] , S-HEOs have gained con- 

iderable research attention, which has resulted in several com- 

ositions exhibiting a variety of functional properties (see re- 

iew articles [18,19] ). Much research effort s have been devoted 

o the applied perspective of S-HEOs, such as investigation of 

he functional properties, discovery of new compositions and 

xploration of alternate synthesis routes. On the other hand, 

igorous studies [20] focusing on the fundamental local struc- 

ural and spin-electronic evaluation, which greatly influences their 

unctional properties remains sparse. This study focuses on the 

nitial S-HEO system, ( Co 0 . 2 Cr 0 . 2 Fe 0 . 2 Mn 0 . 2 Ni 0 . 2 ) 3 O 4 [17] , which 

as been extensively studied owing to its relevant magnetic, 

lectrochemical and catalytic properties [17,21–33] . Previous re- 

orts on this system have always assumed a completely disor- 

ered structural model for ( Co 0 . 2 Cr 0 . 2 Fe 0 . 2 Mn 0 . 2 Ni 0 . 2 ) 3 O 4 , where 

ll the cations are expected to equally and randomly occupy 

he octahedral ( O 

H ) and tetrahedral ( T D ) sites [17,21–29,31–

3] . In a recent study, Cieslak et al. [30] used 

57 Fe Möss- 

auer spectroscopy for the first time along with Korringa-Kohn- 

ostoker (KKR)-coherent potential approximation (CPA) approach, 

here they observed certain degree of site preferences. Neverthe- 

ess, the proposed occupation model, (Co 0 . 05 Cr 0 . 35 Fe 0 . 35 Mn 0 . 05 Ni 0 . 2 ) 

Co 0 . 275 Cr 0 . 125 Fe 0 . 125 Mn 0 . 275 Ni 0 . 2 ) 2 O 4 , is still very close to the ran-

om configuration [30] . However, the experimental limitation for 

recisely determining the cation occupation in this study [30] was 

he use of Cu X-ray diffraction (XRD) and spectroscopy sensitive 

o one element only. The constituent transition metal (TM) cations 

ave very close atomic scattering factors and cannot be easily dis- 

inguished in XRD, while 57 Fe Mössbauer spectroscopy is exclu- 

ively specific to Fe and does not provide information about any 

f the other cations. Moreover, 57 Fe Mössbauer spectroscopy was 

lso performed in absence of an external magnetic field, which of- 

en makes it challenging to separate the effect of Fe occupying the 

 

D and O 

H sites. 

In this work, several element-specific techniques, such as hard 

nd soft X-ray absorption near edge spectroscopy (XANES), soft 

-ray magnetic circular dichroism (XMCD) and 

57 Fe Mössbauer 

pectroscopy (both in presence and absence of an external mag- 

etic field) have been used. These are complemented with neutron 

owder diffraction (NPD), XRD, transmission electron microscopy 

TEM) and magnetometry, to unravel the details of ionic arrange- 

ents and magnetic structure of ( Co 0 . 2 Cr 0 . 2 Fe 0 . 2 Mn 0 . 2 Ni 0 . 2 ) 3 O 4 . 

ach of these techniques possess certain limitations due to the 

resence of several cations with close atomic and neutron/atomic 

cattering factors, multivalency and multisite occupations (i.e., 

verlap of O 

H and T D pre-edge transitions in K-edge XANES), mak- 
2 
ng it challenging to extract all the information individually from 

ne technique. Hence, the combination of complementary char- 

cterization techniques becomes extremely critical in case of a 

omplex scenario such as in S-HEO, as it substantially lowers the 

verall experimental inaccuracies that can arise from the limi- 

ation of the individual ones. The schematic in Figure 1 , pro- 

ides an overview of the comprehensive experimental protocol 

sed in this study. The conclusions drawn from each set of char- 

cterization techniques and the limitations faced to provide the 

omplete information of the S-HEO individually from these tech- 

iques are also highlighted in Figure 1 . Consequently, in contrast 

o the existing reports on S-HEO, very strong preferences in the 

ation occupation resulting in the least possible configurational 

isorder allowed by the composition and crystal structure have 

een observed. Importantly, the broader objective of the study 

 Figure 1 ) is to provide a correlation between the long-range mag- 

etic structure and element specific magnetic characteristics with 

he crystallographic structure and cation spin-oxidation states of 

 Co 0 . 2 Cr 0 . 2 Fe 0 . 2 Mn 0 . 2 Ni 0 . 2 ) 3 O 4 . 

. Experimental Section 

.1. Synthesis 

An aerosol based nebulized spray pyrolysis (NSP) [4] technique 

as utilized for synthesis of nanocyrstalline S-HEO. Aqueous based 

recursor solution was prepared by dissolving stoichiometric pro- 

ortion of the nitrate salts of the corresponding metals in deion- 

zed water. The aerosol was formed using a piezo-driven nebulizer 

hat was carried to the hot-wall reactor using N 2 . The reactor was 

aintained at a temperature of 1050 °C under a pressure of 900 

bar. The powders so formed were collected using a filter-based 

ollector. The formed single-phase HEO after the NSP synthesis is 

anocrystalline in nature. Hence, in order to obtain a sample rep- 

esentative of the bulk and as close as possible to the equilibrium 

round state, the obtained powder was annealed at 10 0 0 °C for 10 

ours in an air atmosphere with a ramp rate of 5 °C per minute. 

.2. Structural, electronic and magnetic characterization 

1. X-ray and neutron powder diffraction 

High resolution X-ray diffraction (XRD) . XRD patterns were 

recorded at room temperature, using a STOE Stadi P diffrac- 

tometer, equipped with a Ga-metal jet X-ray source (Ga-K β ra- 

diation, 1.2079 Å). Patterns were collected between 10 ° and 90 °

with a step size of 0 . 05 ° at a scan rate of 4 s per step. 

Neutron powder diffraction (NPD) : The time-of-flight (TOF) 

NPD pattern was measured on POWGEN at the Spallation Neu- 

tron Source (SNS) at the Oak Ridge National Laboratory. The 

sample was loaded into a vanadium can with a inner diameter 

of 6 mm, which was sealed with a copper gasket and aluminum 

lid. The measurement was performed at 300 K with neutrons of 

average wavelengths 0.8 Å, covering a d-spacing range of 0.48 - 

10 Å. 

Rietveld analysis of the XRD and NPD patterns was done using 

TOPAS V.5.0 [34] . The instrumental intensity distribution of the 

XRD and NPD instruments were determined empirically using 

reference scan of LaB 6 (NIST 660a) and Si, respectively. The mi- 

crostructural parameters (crystallite size and strain broadening) 

were refined to adjust the peak shapes. Thermal displacement 

parameters were constrained to be the same for all atoms on 

a specific site. For oxygen, anisotropic displacement parameters 

were refined. For the determination of the magnetic structure, 

the reader is referred to Sec. 3.6. 

2. Transmission electron microscopy (TEM) and energy disper- 

sive X-ray spectroscopy (EDX) : Specimens for TEM and EDX 
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Fig. 1. The schematic represents the comprehensive experimental protocol used to achieve the picture of enthalpy/entropy balance and magnetic structure in the S-HEO. 

The limitations of the individual techniques to solely provide the full solution in the case of S-HEO are indicated in the light pink boxes, which indicate the necessity of the 

combined and cross-correlated experimental techniques used here. The conclusions that are drawn from each characterization set are highlighted in the light green boxes. 
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were prepared by dispersing the finely ground powders onto a 

standard carbon coated copper grid. A FEI Titan 80-300 aberra- 

tion (imaging C s ) corrected TEM equipped with an EDS detector 

and a Gatan Tridiem 863 image filter operated at 300 kV was 

used to examine the specimens. 

3. Superconducting Quantum Interference Device (SQUID) . 

Magnetic characterization was performed using a Quantum De- 

sign MPMS3 SQUID vibrating sample magnetometer (VSM). All 

magnetization measurements were done in VSM mode. Tem- 

perature dependent measurements between 5 and 380 K were 

performed following a zero-field cooled (ZFC) - field cooled (FC) 

protocol: the sample was cooled in zero magnetic field down to 

5 K. Then the external field μ0 H was applied and the magneti- 

zation was then measured during warming up to 380 K (ZFC 

branch). Subsequently, the magnetization was measured with 

the magnetic field applied from 380 K to 5 K (FC branch). Mag- 

netic field dependent M(μ0 H) measurements at different tem- 

peratures were also performed after cooling in zero magnetic 

field. 

4. Mössbauer spectroscopy . 57 Fe Mössbauer spectroscopy both in 

absence ( H ext = 0 T) and presence ( H ext = 5 T) of external mag-

netic field was performed employing a 57 Co:Rh source in trans- 

mission geometry (bulk sample) using a triangular sweep of the 

velocity scale. As conventionally done, all center shifts are given 

relative to α-Fe at room temperature. A flow type cryostat op- 

erating with liquid He was used for low temperature measure- 

ments. The spectra are fitted using the WinNormos (from R.A. 

Brand, WISSEL) for Igor software. 

5. X-ray absorption near edge spectroscopy (XANES) and X-ray 

magnetic circular dichroism (XMCD) 

XANES in the hard X-ray regime probes the K-edges of the 

transition metals (TM) corresponding to the 1 s → 4 p transi- 

tions. Measurements were performed at beamline P65 (PETRA 

III, Hamburg) [35] . The S-HEO powder was pressed into a pellet, 

while the absorption measurements were performed in trans- 

mission mode at 10 K. 

XANES and XMCD in soft X-ray regime reveal the transi- 

tion from 2 p → 3 d corresponding to the L 2 , 3 edges of the TM 

cations and the related dichroic response of the 3 d states. Mea- 

surements were performed at the UE46 _ PGM-1, BESSY II of the 

Helmholtz-Zentrum Berlin [36] . The measurements were con- 

S

3 
ducted at 4 K in an external magnetic field of 6 T. Unlike 

XANES in the hard X-ray regime, these measurements were 

not performed in transmission geometry. Instead, absorption 

signals were detected using a total electron yield technique. 

The samples were pressed onto an Indium foil to ensure elec- 

trical grounding. A broad feature corresponding to the In M 2 

edge was observed at 700.5 eV. Muliplet calculations were per- 

formed with CRISPY and CTM4XAS programs [37,38] . 

. Results 

.1. Initial structural characterization: XRD and TEM 

The S-HEO crystallizes in a phase-pure spinel ( F d ̄3 m ) structure 

ith lattice parameter a = 8.3480(2) Å as revealed by the high 

esolution Ga metal-jet XRD and TEM micrograph shown in Sup- 

lementary Figure SI1a and SI1b, respectively. The negligible peak 

roadening in the XRD pattern indicates a microcrystalline nature 

f the sample with minimal microstrain effects. The presence 

f micrometer sized crystallites is further corroborated by the 

ransmission electron microscopy (TEM) studies ( Figure 2 a). The 

nergy dispersive X-ray spectra (EDS) acquired from the scanning 

EM mode indicate a correct stoichiometry and the absence of 

hase segregation in S-HEO ( Figure 2 a). It should be noted that 

he elemental distinction between the T D and O 

H cations in the 

tudied S-HEO is not possible from the XRD or the EDS mapping. 

ence, from XRD, TEM and EDS analysis, information on the phase 

urity of the S-HEO along with its lattice parameter, microstruc- 

ural features and overall chemical homogeneity can be reliably 

scertained. 

Often HEOs are investigated to check for the signature of en- 

ropy driven single phase stabilization. In addition to calorimetric 

tudies, a case of a clear entropy driven phase stabilization is 

ypically revealed by phase segregation at lower temperatures 

ollowed by reversible transition to single-phase at higher temper- 

ture, as is observed in rocksalt-HEOs [2] . Hence, low temperature 

eat treatments were also performed on S-HEO (Supplementary 

igure SI2). Unlike entropy stabilized rocksalt-HEO, the XRD pat- 

erns indicate the stability of the single phase S-HEO even at lower 

emperatures making the effect of entropy in phase stability of 

-HEO rather unclear. 
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Fig. 2. (a) Scanning TEM micrograph and the corresponding elemental distribution 

maps for Co, Cr, Fe, Mn and Ni. (b) M-H plots of S-HEO at 300 K and 5 K with the 

inset showing the virgin curve measurement at 5 K. (c) ZFC-FC data in the M-T plot 

at 100 Oe indicate a series of magnetic transitions in S-HEO with the ferrimagnetic 

transition occurring above 380 K. 
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Fig. 3. Low temperature Mössbauer spectra of S-HEO (a) without magnetic field, 

i.e., 0 T (b) with an external magnetic field of 5 T. The orange sub-spectrum indi- 

cates the Fe 3+ occupying the T D sites, while the green one corresponds to the O H 

sites. A clear distinction between the Fe 3+ occupying the T D and O H sites can be 

observed in (b), while strong overlap of the features is observed in (a). The disap- 

pearance of the inner lines 2 and 5 in the (b) indicates a collinear arrangement of 

the Fe spins in both the sites. 
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.2. Bulk magnetic behavior: SQUID magnetometry 

The field dependent magnetization measurements (M-H plots) 

t 300 K and 5 K are shown in Figure 2 b. The M-H plot at 300 K

xhibits an extremely soft magnetic behaviour with negligible co- 

rcivity ( H c ). Nevertheless, the considerable saturation ( M s = 0.67 

B /f.u.) can be achieved in fields above 0.8 T, while M s = 1.73 

B /f.u. and H c of 230 Oe are observed at 5 K. These values are

n agreement with those for bulk S-HEO prepared by solid state 

ynthesis [22,30] . 

The temperature dependent magnetization measurements (M-T 

lots) from 5 - 380 K in a field of 100 Oe are shown in Figure 2 c

and at 50 and 500 Oe in Supplementary Figure SI3). Consider- 

ble splitting between the field cooling (FC) and zero field cool- 

ng (ZFC) curves can be observed even at 380 K, which decreases 

or larger magnetic fields. This indicates that the magnetic transi- 

ion temperature ( T c ) of S-HEO is above 380 K, in agreement with

 c ∼ 425 K reported by Musico et al. [22,30] . It is known that

agnetic ordering can also effect the stability of certain phases, 

.g. in α-Fe. However, such a scenario is unlikely in case of the 

-HEO as the T c (425 K or 152 °C ) is considerably lower than the

ynthesis temperature. Several inflection points can be seen in the 

-T plots measured at 100 Oe and 50 Oe, similar to the observa- 

ions in [22] where M-T was measured at 100 Oe. The features at 

round 242 K and 286 K are relatively weak and cannot be dis- 

inguished at 500 Oe or higher fields (Supplementary Figure SI3). 

onversely, ZFC feature at ∼ 75 K is enhanced while measuring 

t higher magnetic field. The probable reasons for these magnetic 

eatures can be related to locally varying inter-site magnetic ex- 

hange interactions, whose strength can have different tempera- 

ure dependencies. A consequence of this can be observed in spa- 

ial fluctuations of local magnetic order which might influence the 

ovement of the domain walls in the external magnetic field. The 

irgin M-H magnetization measurements at different temperatures 

see Supplementary Figure SI4) indicate a pinning type mechanism 

s prevalent in microcyrstalline S-HEO. Thus, the initial increase of 

he magnetization (ZFC) with temperature up to 75 K, observed 

n all measurements, can be attributed to the movement of mag- 

etic domains governed by a (de)pinning of domain walls typical 

f many ferro/ferri-magnets. For a complete understanding of the 
4 
xact nature of magnetization dynamics and switching, detailed 

icrostructure studies and magnetic domain microscopy would be 

ecessary, which is outside of the scope of this current study. Addi- 

ionally, for further information on the ion-ion magnetic exchange 

nteractions, support from theoretical studies (such as Monte-Carlo 

r density functional theory [39] ) would be needed. Nevertheless, 

he aforementioned investigations confirm that the S-HEO sample 

tudied here is phase pure and shows the prevalent magnetic fea- 

ures of bulk S-HEO. 

.3. 57 Fe Mössbauer spectroscopy in absence and presence of external 

agnetic field 

57 Fe Mössbauer spectroscopy, in absence of an external mag- 

etic field ( H ext = 0 T) as well as in presence of an external mag-

etic filed ( H ext = 5 T), was used to probe both the magnetic and

harge state of Fe at a local level. 

Figure 3 presents the low temperature Mössbauer spectra (with 

 ext = 0 T and 5 T) of the S-HEO. The complete temperature series 

f H ext = 0 T is presented in Supplementary Figure SI5a. A mag- 

etic sextet is evident in all the spectra, supporting the magnetom- 

try data that T c is above room temperature. Supplementary Table 

I1 includes detail of the hyperfine field ( B h f ), isomer shift ( δ) and

he quadrupole line shift ( 2 ε) for S-HEO at different temperatures. 

 deviation of the integral area ratio of the two outer sextet lines 

 and 2 to the innermost line 3 from the ideal values of 3:2:1 is
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Table 1 

Parameters obtained from fitting of the in-field ( H ext = 5 T) 57 Fe 

Mössbauer spectroscopy of S-HEO measured at 4.2 K, where B e f f is 

the effective hyperfine field, B h f is the actual hyperfine field, δ is the 

isomer shift, 2 ε is the quadrupole line shift, and I is the % of Fe on 

the respective sites. The canting angle � ≈ 0 (modulo π ) for both T D 

and O H . 

Site B e f f (T) B h f (T) δ (mm/s) 2 ε (mm/s) I (%) 

T D 55.4(2) 50.4(2) 0.38(0) 0.01(0) 68.1(6) 

O 

H 46.5(2) 51.5(3) 0.48(1) 0.01(0) 31.9(5) 
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bserved in the room temperature spectrum Supplementary Figure 

I5b, which can be ascribed to dynamic relaxation similar to that 

eported by Cieslak et al. [30] . Completely static sextets are used 

or fitting the 10 K spectrum ( H ext = 0 T) as shown in Figure 3 a,

hich reflect the two different Fe environments, both correspond- 

ng to high spin (HS) Fe 3+ . The green sub-spectrum, with a relative 

rea of 27 %, corresponds to the Fe 3+ occupying the O 

H sites with, 

= 0.50(3) mm/s (with respect to α-Fe) and B h f = 51.2(8) T. The 

range sub-spectrum with a relative area of 73 %, isomer shift ( δ) 

f 0.39(4) mm/s (with respect to α-Fe) and B h f = 49.6(5) T cor- 

esponds to T D - Fe 3+ . The quadrupole line shift (2 ε) is negligible 

n all cases below 225 K, i.e., after the static sextet is observed. 

hese observed values are in close agreement with literature for 

e 3+ occupying T D and O 

H sites [40,41] . The obtained amount of Fe 

ccupying T D is slightly higher than the observation from [30] cor- 

esponding to 60 %. However, the aforementioned investigation, as 

ell as the one from Cieslak et al. [30] , were carried out in ab-

ence of magnetic field ( H ext = 0 T). Thus, complete separation of 

he contribution from the T D and O 

H is challenging, due their sim- 

lar B h f values. Hence, in this study, in-field 

57 Fe Mössbauer spec- 

roscopy with an external magnetic field ( H ext ) of 5 T applied par-

llel to the γ -rays at 4.2 K was additionally employed and the re- 

ults are presented in Figure 3 b. 

In-field 

57 Fe Mössbauer measurements are extremely precise 

n separating the Fe-site occupancies in the case of spinels, due 

he antiferromagnetic coupling between the O 

H and T D sub-lattices 

42] . Consequently, Figure 3 b shows two well-resolved outer lines 

ompared to the Figure 3 a. Since the hyperfine field in 

57 Fe is an-

iparallel to the atomic moment, the H ext of 5 T gets subtracted 

rom the B h f at the O 

H -site, i.e., the direction of the primary mag- 

etization of S-HEO. Conversely, the H ext = 5 T is added to B h f at

he T D -site i.e., originally anti-parallel to the net magnetization of 

he S-HEO. The details of the hyperfine parameters obtained from 

n-field 

57 Fe Mössbauer measurement are presented in Table 1 . It 

an be observed that actual B h f obtained from the in-field mea- 

urement are in close agreement with ones to the estimated from 

tting of the Mössbauer spectra measured in absence of field ( H ext 

 0 T), Figure 3 b. As expected, the isomer shifts ( δ) of Fe 3+ on

ither sites obtained from H ext = 5 T ( Table 1 ) match with the val-

es obtained from the H ext = 0 T measurement. The relative occu- 

ation of Fe, estimated from the well-resolved in-field 

57 Fe Möss- 

auer spectra, indicates a 1:2 ratio of Fe 3+ on O 

H : T D , Table 1 . 

Apart from the visible shift in the B h f , another distinct differ- 

nce between Figure 3 a and Figure 3 b is the almost complete dis-

ppearance of 2 nd and 5 th inner line in the case of H ext = 5 T. This

nformation is intimately related to the magnetic structure and the 

lignment of the (Fe) spins in the system. Intensity of the 2 nd and 

 

th lines of the sextet in an in-field measurement depends on the 

quare of the cosine of the canting angle � ( cos 2 (θ ) ), which can 

e defined as the angle between the direction of the effective hy- 

erfine field ( B e f f ) and the direction of H ext ‖ γ -ray. The absence of

he 2 nd and 5 th lines in S-HEO dictates that the � for both O 

H and 

 

D is close to 0 ° (or 180 °, modulo π ). Note that this extremal value

ndicates that all moments are parallel or antiparallel to the γ -ray 
5 
irection. This indicates a Néel-type collinear spin arrangement in 

-HEO, similar to bulk NiFe 2 O 4 [42] . However, unlike NiFe 2 O 4 the 

ollinearity of the spins is not intuitive in S-HEO, as the presence 

f multiple cations often leads to non-collinear spin arrangements 

n other classes of HEOs [8] . 

Thus, Mössbauer spectroscopy provides a first evidence 

f a Néel-type ferrimangetic structure along with substan- 

ial inversion and highly preferential cationic distribution in 

 Co 0 . 2 Cr 0 . 2 Fe 0 . 2 Mn 0 . 2 Ni 0 . 2 ) 3 O 4 . 

.4. TM K-edge XANES and pre-edge analysis 

Figure 4 a-e present the XANES ( μ(E) ) and the first order 

erivative ( d μ(E) /d E) of transition metal (TM) K-edges measured 

n transmission mode on a pellet sample, hence, probing the bulk 

f the system. The background corrected integrated intensity of 

he pre-edge feature in TM K-edges provides precious information 

bout the site occupancy [43,44] . Typically, the integrated pre-edge 

ntensity of a given 3 d TM cation is larger in the T D coordination 

han that of O 

H coordination, due to negligible d − p hybridization 

n the latter. However, in comparing different TMs, the electronic 

onfiguration of 3 d state must also be considered. 

The fine structure of the K-edge XANES spectrum of Co 

 Figure 4 a) along with the strong pre-edge feature centering at 

709.6 eV, closely corresponds to Co 2+ in a T D environment [45] . 

he edge energy of 7718 eV and the features of the d μ(E) /d E

lso lead to the same conclusion [45,46] . However, a fraction of 

o 3+ is likely, hinted by the intensity ratio of the peaks centered 

t 7718 eV and 7722 eV observed in the d μ(E) /d E feature of Co

-edge XANES ( Figure 4 a) [46] . L 2 , 3 -edge XANES and XMCD pro-

ide further insight into the charge and occupancy of Co, which 

ill be discussed later. The spectral features of the Cr K-edge 

ANES ( Figure 4 b), d μ(E) /d E and edge energy (6007.1 eV) closely 

esemble those found for Cr 3+ in O 

H , as is observed in normal 

nCr 2 O 4 spinel and other Cr containing oxides [47–49] . Although 

he pre-edge features are less intense compared to Co or Fe, the 

wo peaks, a narrow one centered at 5986.6 eV and a broad one 

entered at 5991.7 eV, are distinct. These are indicative of the 

 s → 3 d electric quadrupolar transitions, for Cr 3+ in an O 

H co- 

rdination [48] . It should be noted that a part of the broad pre-

dge feature at 5991.7 eV can additionally stem from non-local 

ransitions [50] . The results obtained here for Cr (also for Ni and 

o some extent for Fe, see below) are similar to what has been 

bserved from the K-XANES study on another S-HEO composi- 

ion, (Co,Mg,Mn,Ni,Zn)(Al,Co,Cr,Fe,Mn) 2 O 4 [20] . For Fe, the edge en- 

rgy (7123.5 eV) in the K-edge XANES ( Figure 4 c) along with the 

ine shape and the peak position of the d μ(E) /d E closely resem- 

les that of the 3+ ferrites, where Fe occupies both T D and O 

H 

ites [51,52] . The background subtracted pre-edge can be best fit- 

ed using a bimodal distribution with the dominant feature cor- 

esponding to the T D geometry centering around 7113.5 eV along 

ith a secondary peak stemming from the O 

H occupancy center- 

ng around 7115 eV. However, an accurate estimation of the Fe 

ccupancy solely from K-edge XANES is not reliable as it is dif- 

cult to distinguish the weak O 

H contribution from the strong T D 

ransition. Nevertheless, the support from Mössbauer spectroscopy 

nd L 2 , 3 - XANES and XMCD (discussed later) provide a precise 

stimate of the Fe occupancy. Mn K-edge XANES ( Figure 4 d), is 

he most challenging spectrum where the support from the L 2 , 3 - 

dge XANES and XMCD becomes more important. From the K-edge 

ANES analysis, we conclude that Mn is present predominantly 

n a 3+ oxidation state in O 

H coordination [53] . The primary rea- 

oning behind assigning the O 

H occupancy relies on the fact that 

espite having fewer d electrons, the integrated intensity of the 

re-edge feature (centering at 6539.7 eV) is significantly lower in 

agnitude compared to Fe and Co. A closer inspection of the line 
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Fig. 4. The XANES spectra, μ(E) (blue), the first order derivative, d μ(E) /d E (grey) and the integrated intensity of the pre-edge region (bottom) at the TM K-edges of S-HEO. 

Cr, Mn and Ni exclusively occupy the O H sites, Co occupies the T D site and Fe occupies both with predominant T D occupancy. 

Fig. 5. XANES (upper, orange) and XMCD (lower, green) spectra at the TM L 2 , 3 edges of S-HEO measured with an external field of 6 T. The r is the integration over the 

XANES spectra, while p and q are the integration of the L 3 edge and L 3 + L 2 edges of the XMCD spectra. The magnitude and the sign of p in the XMCD spectra provide 

an indication about the elemental occupation, the negative p indicates predominant occupation parallel to the applied field, i.e., O H occupation in S-HEO, while vice-versa 

indicates the T D occupation. 
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hapes and the peak positions in the d μ(E) /d E ( Figure 4 d) fur-

her support a conclusion that Mn 

3+ predominates [53,54] . How- 

ver, a small fraction of Mn 

2+ or Mn 

4+ cannot be excluded [53,54] . 

he K-edge XANES of Ni ( Figure 4 e) is in good agreement with

hose found in NiO and inverse NiFe 2 O 4 indicating the presence 

f Ni 2+ solely on the O 

H sites [52,55] . The weak pre-edge feature 

nd the edge energy of 8344 eV further substantiate this find- 

ng [20] . Hence, from the analysis of the K-edge XANES, it can 

e concluded that the S-HEO exhibits substantial preferences in 

he cation occupations. However, as discussed earlier (and shown 

n Figure 1 ), the overlapping of these pre-edge features, makes it 

hallenging to accurately estimate cation occupations, especially in 

he case of Co, Fe and Mn. Thus, L 2 , 3 -edges XANES, XMCD and NPD

ave been utilized in order to synergistically better estimate the 

ccupations. 

.5. TM L 2 , 3 -edges XANES and XMCD 

Next, we evaluate the L 2 , 3 -edges XANES and XMCD data which 

re presented in Figure 5 . Owing to the antiparallel coupling be- 
6 
ween the T D and O 

H sites in spinels, the shape and direction of 

MCD spectra on the L 2 , 3 -edges provide comprehensive informa- 

ion about the occupation, oxidation and spin-electronic state of 

he constituent elements. In addition, XMCD sum rules [56,57] of- 

er the possibility to estimate the element specific spin ( m S ), or- 

ital ( m L ) and total ( m tot ) moments (Supplementary Eqn. 1). The 

oments, m S , m L , m tot are given in μB /atom (Supplementary Ta- 

le SI2). The effective magnetic moment ( m e f f ) in μB /f.u. of the 

-HEO is the 
∑ 

m tot × 0 . 6 . It should be noted that for the 3 d TM

ations, sum rules are more reliable for iron and elements with 

tomic number above it, where the spin-orbit splitting, i.e., the 

istance between the L 3 and L 2 is considerable [58,59] . Hence, in 

-HEO, the inaccuracies in the moments estimated from the sum 

ules for Fe, Co and Ni are comparatively smaller, which typically 

rise only from the background corrections affecting the area de- 

ned under the XANES spectra. For Cr and Mn, the inaccuracies are 

arger [58,59] . Nonetheless, even for Cr and Mn the sum rules are 

ften used to provide a rough estimate and relative orientation of 

 S and m L [60–62] . Here, we utilize multiplet calculations, in ad- 

ition, for a more precise evaluation of the L 2 , 3 XANES and XMCD 
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Fig. 6. (a) Neutron powder diffraction of S-HEO, where the reflections indicated by M are the ones strongly affected by the magnetic ordering. (b) Schematic of crystallo- 

graphic and magnetic structure of S-HEO, along [111] (parallel projection). (c) The configurational entropy ( S con f ig ) and enthalpy (CFSE) for different possible occupational 

models of S-HEO are schematically compared. It should be noted that the S con f ig is presented independent of temperature, i.e. in units different from the CFSE. 
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pectra, which are presented in the Supplementary Figure SI6a-e 

nd Supplementary Table SI3. 

The L 2 , 3 -edge XANES spectrum ( Figure 5 a) of Co in S-HEO ap-

ears to be a mixture of the 2+ and 3+ oxidation states, with clear 

redominance of the 2+ oxidation state as was also concluded from 

he K-edge XANES. The XMCD spectrum ( Figure 5 a) is nearly iden- 

ical to high spin (HS)- Co 2+ in T D coordination (3 d 7 : e 4 t 2 
3 ↓ ) [63] .

t should be noted that all the spin states are presented with re- 

pect to the magnetization and the applied field. The additional 

resence of Co 3+ contributions on the T D site cannot be ignored. 

ence, in combination with K-edge XANES and its first derivative, 

t can be estimated that roughly 60 % of Co in HS- Co 2+ and 40

 of Co in HS- Co 3+ are present in S-HEO. It is important to note

hat the intense and positive L 3 edge ( p) in the XMCD ( Figure 5 a)

lmost completely rules out any possible magnetic Co O 

H occupa- 

ion. Another possibility, i.e., the presence of low spin (LS)- Co 3+ 

3 d 6 : t 2 g 
6 ) on the O 

H , for which m S is zero (therefore no XMCD

ignature), can also be discarded because it will then lower the 

verall m tot for Co significantly. Further, the addition of Co on the 

 

H site worsens the neutron powder diffraction (NPD) fit that will 

e discussed later. Hence, the only likely possibility is the presence 

f HS- Co 3+ on the T D site 3 d 6 : e 2 ↓ e 1 ↑ t 2 
3 ↓ , which also sup-

orts the high negative value of the Co- m tot or m S (Supplementary 

able SI3). The multiplet calculation also indicates a predominance 

f Co 2+ and the fit with 60 % HS- Co 2+ and 40 % HS- Co 3+ is shown

n Supplementary Figure SI6a and Table SI3. A good match between 

he experimental and fitted XANES and XMCD fine structure could 
7 
e obtained, supporting the presence of the two sub-spectra. Im- 

ortantly, the presence of Co solely in T D is affirmed. In addition, 

he overall oxidation state of Co is estimated to be 2.4+. However, 

n inaccuracy of 2.4+ ± 0.2, but mostly slightly more Co 2+ can be 

xpected. This inaccuracy can plausibly be the reason for the width 

isfit in the calculated XMCD spectra (Supplementary Figure SI6a). 

In the case of Cr ( Figure 5 b), the XANES spectrum, especially 

he line shape and the relative peak intensities closely match Cr 3+ 

61,64] . Likewise, the fine structures of the XMCD spectra along 

ith the highly negative p ( Figure 5 b) and therefore, high and pos- 

tive m tot (Supplementary Table SI2) as a consequence, resemble 

he occupation of Cr 3+ on the O 

H sites with a HS electronic con- 

guration: 3 d 3 , t 2 g 
3 ↑ [61,64] . The result is further supported by 

he good agreement of the multiplet calculations with the experi- 

ental data, as shown in Supplementary Figure SI6b and Table SI3. 

The spectral features of the Fe L 2 , 3 XANES and XMCD measure- 

ents ( Figure 5 c), specifically the peak at 708 eV in L 3 XANES and

ignificantly low value of m L / m S (Supplementary Table SI2) are in 

ood agreement with the 3+ oxidation state [65] . This further rein- 

orces the conclusions reached for the oxidation state from Möss- 

auer spectroscopy and K-edge XANES. Focusing on the L 3 XMCD 

pectra of Fe, three distinct peaks can be observed which indicate 

ntiferromagnetic coupling between the cationic sub-lattices. The 

ntense positive peak at around 709 eV corresponds to the high 

pin (HS) T D Fe 3+ (3 d 5 : e 2 ↓ t 2 
3 ↓ ), while the two minor peaks 

t 708 and 710 eV correspond to the O 

H HS Fe 3+ (3 d 5 : t 2 g 
3 ↑ 

 g 
2 ↑ ) [61] . The experimental XANES and XMCD spectra can be ad- 
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Table 2 

The oxidation states (Ox.), spin-electronic states, average oxidation states 

(Avg. Ox.) and occupation of the different cations per formula unit (f.u.) of 

the S-HEO, (Co 0 . 2 Cr 0 . 2 Fe 0 . 2 Mn 0 . 2 Ni 0 . 2 ) 3 O 4 , obtained from the combination of 

spectroscopic and diffraction approach are summarized. It should be noted 

that the spin states are presented with respect to the magnetization and 

the applied field. As Fe 3+ occupies both sites, the effective spin-state is pro- 

vided. The effective magnetic moments at 5 K per f.u. obtained from SQUID 

magnetometry ( m e f f , SQUID), XMCD sum rules ( m e f f , XMCD), multiplet cal- 

culations ( m e f f , MC) and neutron diffraction ( m e f f , NPD) are presented. 

Elements Ox. Spin-state T D O H Avg. Ox. 

Co 2 e 4 t 2 
3 ↓ 0.36 - 2.4(2) 

3 e 2 ↓ e 1 ↑ t 2 3 ↓ 0.24 - 

Cr 3 t 2 g 
3 ↑ - 0.6 3.0(0) 

Fe 3 e 2 ↓ t 2 3 ↓ 0.4 0.2 3.0(0) 

Mn 3 t 2 g 
3 ↑ e g 1 ↑ - 0.54 2.9(3) 

2 t 2 g 
3 ↑ e g 2 ↑ - 0.06 

Ni 2 t 2 g 
6 e g 

2 ↑ - 0.6 2.0(0) 

m e f f , SQUID 1.7(1) μB /f.u. 

m e f f , XMCD 1.5(4) μB /f.u. 

m e f f , MC 1.7(1) μB /f.u. 

m e f f , NPD 1.5(2) μB /f.u. 
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quately fitted using multiplet calculations for ∼33 % Fe 3+ in O 

H 

nd ∼67 % Fe 3+ in T D as shown in Supplementary Figure SI6c. This 

uantitative finding is in close agreement with in-field Mössbauer 

nalysis ( Table 1 ). The m S , m L and m tot for Fe obtained from the

um rules and multiplet calculations are listed in Supplementary 

able SI2 and Supplementary Table SI3. The high negative value of 

 tot indicates that Fe is predominantly aligned anti-parallel to the 

et magnetization, i.e., on the T D . 

For Mn, the XMCD and the highly negative p feature strongly 

ndicate that Mn exclusively occupies the O 

H sites ( Figure 5 d) 

62,66] . In addition, almost complete quenching of the orbital mo- 

ent of Mn can be concluded from the negligible m L / m S (Supple-

entary Table SI2). The L 2 , 3 XANES appears similar to a predomi- 

ant of the 3+ oxidation state with a small fraction of 2+ resulting 

n the initial L 3 feature at 640 eV [66] . The line shape of the XMCD

pectrum largely resembles Mn 

3+ ( t 2 g 3 ↑ e g 
1 ↑ ) on the O 

H site. Any 

resence of Mn 

2+ on T D can be discounted given that its 3 d 5 elec- 

ronic configuration would have led to an intense XMCD positive 

eak aligned anti-parallel to the applied field [67] . On the con- 

rary, the related L 3 XMCD feature (640.4 eV) arising from Mn 

2+ 

xhibits a maximum in the negative direction (moment parallel 

o the external field). The multiplet calculation is challenging for 

n [59] , due to the Jahn-Teller effect of Mn 

3+ on the O 

H site. As 

an be observed in Supplementary Figure SI6d, the feature arising 

rom the O 

H Mn 

2+ (640.4 eV) can be readily fitted using the mul- 

iplet calculation. A strong intensity mismatch for the other fea- 

ures, especially the one at 642 eV, arising from the Mn 

3+ can be 

bserved. Nevertheless, the corresponding XMCD features for all 

he L 3 XANES results are always parallel to the applied magnetic 

eld, i.e., on the O 

H site [62] . In regards to the charge distribu- 

ion, ∼90 % of HS- Mn 

3+ : t 2 g 3 ↑ e g 
1 ↑ and 10 % of HS- Mn 

2+ : t 2 g 3 ↑
 g 

2 ↑ can be estimated from the K- and L 2 , 3 -edge XANES, resulting 

n a overall charge of 2.9+ ± 0.3. The slightly increased inaccuracy 

n the oxidation state, compared to other cations, might originate 

rom a minor fraction of charge disproportionation [68,69] , where 

 

H HS- Mn 

4+ and additional O 

H HS- Mn 

2+ form at the expense of 

 

H HS- Mn 

3+ . 
The line shapes and the peak position in the Ni L 2 , 3 XANES 

pectrum ( Figure 5 d) are similar to those for the Ni 2+ state, which 

upplement the information obtained from the K-edge XANES [70] . 

he XMCD fine structure along with intense negative p at 853.4 

V corresponding to the L 3 edge and the positive m tot as a conse- 

uence (Supplementary Table SI2) indicate the presence of Ni 2+ in 

he HS O 

H environment, i.e., 3 d 8 : t 2 g 
6 e g 

2 ↑ [70] . The experimental 

ANES and XMCD spectra and values obtained from sum rules are 

n good agreement with the multiplet calculations fit, as presented 

n Supplementary Figure SI6e and Table SI3. 

Thus, the L 2 , 3 -edge XANES and XMCD along with the multiplet 

alculations, K-edge XANES, and 

57 Fe Mössbauer spectroscopy pro- 

ide a near complete model of the occupations and spin-electronic 

tructure of the S-HEO. The overall average oxidation state of the 

ations is close 2.66+, as summarized in Table 2 . This further sup- 

orts the crystallization of the studied composition into a 1:2:4 ox- 

de spinel structure. In addition, the element specific magnetic mo- 

ents and the spin-orientations are also precisely estimated from 

he L 2 , 3 -edge XANES and XMCD. The overall magnetic moment ob- 

ained from the experimental sum rule analysis is less than 15 % 

ff compared to the bulk magnetic moment obtained from spa- 

ially averaging SQUID magnetometry, while the agreement be- 

ween the bulk moment and the overall moment obtained from 

ultiplet calculations is even better ( Table 2 ). This correlation fur- 

her strengthens the obtained ionic distribution model. Given this 

nowledge, NPD is used as the final complementary step to de- 

ive the complete crystallographic and magnetic structure of the 

-HEO. 

m

8 
.6. Complete structural and magnetic model: Neutron powder 

iffraction 

NPD is used as the final characterization tool for validation of 

he observed cationic distribution. The neutron scattering length 

f the constituent elements (in barn) are as follows: 2.49 for Co, 

.64 for Cr, 9.45 for Fe, -3.73 for Mn, 10.3 for Ni and 5.80 for O.

lthough neutrons provide the capability to distinguish between 

he cations and estimate the presence of oxygen vacancies, a fully 

nconstrained structural refinement is still not feasible as the scat- 

ering powers of Fe and Ni are too similar. Nevertheless, the com- 

ination of NPD with the results from K and L 2 , 3 XANES and 

MCD affords a great precision by overcoming the limitations of 

he individual techniques. Out of the several models tried that are 

lose to the predictions made from XANES and XMCD, the best 

oodness of fit was obtained when Co was placed solely in T D 

hile the rest of T D was populated by Fe. Placing some of the 

o on the O 

H site, mimicking possible LS- Co 3+ , something diffi- 

ult to judge from XMCD, while the remaining T D is occupied by 

e or Mn leads to a poorer fit of the results. Thus, the combina- 

ion of these results obtained from several complementary tech- 

iques, allows for estimating structural model with great preci- 

ion (i.e., occupation of cations) of the S-HEO, which is very close 

o (Co 0 . 6 Fe 0 . 4 )(Cr 0 . 3 Fe 0 . 1 Mn 0 . 3 Ni 0 . 3 ) 2 O 4 . Using the structural model, 

he occupation of oxygen in 32e was also refined. Negligible vari- 

tion in the oxygen occupation from NPD indicate stoichiomet- 

ic oxygen content in S-HEO, which further supports the fact that 

he overall average cation charge in the system is close to 2.66+ 

 Table 2 ). The obtained structural model with the oxidation states 

s expected to be close to (Co 2 . 4+ 
0 . 6 

Fe 3+ 
0 . 4 

)(Cr 3+ 
0 . 3 

Fe 3+ 
0 . 1 

Mn 

2 . 9+ 
0 . 3 

Ni 2+ 
0 . 3 

) 2 O 4 

 Figure 6 ). However, as earlier discussed minor inaccuracies ∼10 

 in the overall oxidation state of Co and Mn, resulting in a charge 

ompensation between these two cations, remain a possibility 

here slightly more Co 2+ and correspondingly a fraction of Mn 

4+ 

t the expense of Mn 

3+ is possible. In addition to the nuclear scat- 

ering, we need to consider the existing magnetic structure, espe- 

ially in order to refine the intensities of high d-spacing reflections 

orrectly. No additional reflections apart from the ones allowed by 

 symmetry of F d ̄3 m (227) could be observed in Figure 6 a, indicat-

ng the crystallographic commensurate ferrimagnetic structure of 

-HEO, i.e., k = [0 0 0] . Table 2 provides an overview of the results

btained from the combination of the different spectroscopic and 

iffraction techniques used in this study. The expected magnetic 

oment from NPD ( Table 2 ), further complements the obtained 
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Table 3 

The configuration entropy per mole of atom ( 
S con f ig 

atom 
), per mole of formula unit ( 

S con f ig 

f .u. 
) and per mole of cation ( 

S con f ig 

cation 
) for 

the different occupational models mentioned in Figure 6 c are tabulated here. In addition, the S con f ig for rocksalt-HEO 

(R-HEO) is included for comparison, where the relationships between 
S con f ig 

atom 
, 

S con f ig 

f .u. 
and 

S con f ig 

cation 
are different com pared to 

the spinels. It should be noted that in all cases stoichiometric oxygen content has been assumed, while for the observed 

scenario, i.e., (Co 0 . 6 Fe 0 . 4 )(Cr 0 . 3 Fe 0 . 1 Mn 0 . 3 Ni 0 . 3 ) 2 O 4 , it has been experimentally validated. R is the universal gas constant. 

Composition Short name 
S con f ig 

atom 

S con f ig 

f .u. 

S con f ig 

cation 

(Co 0 . 2 Cr 0 . 2 Fe 0 . 2 Mn 0 . 2 Ni 0 . 2 )(Co 0 . 2 Cr 0 . 2 Fe 0 . 2 Mn 0 . 2 Ni 0 . 2 ) 2 O 4 Disordered 0.69 R 4.83 R 1.61 R 

(Co 0 . 05 Cr 0 . 35 Fe 0 . 35 Mn 0 . 05 Ni 0 . 2 )(Co 0 . 275 Cr 0 . 125 Fe 0 . 125 Mn 0 . 275 Ni 0 . 2 ) 2 O 4 KKR-CPA [30] 0.64 R 4.48 R 1.49 R 

(Co 0 . 36 Cr 0 . 06 Ni 0 . 06 )(Co 0 . 12 Cr 0 . 3 Fe 0 . 3 Mn 0 . 3 ) 2 O 4 Normal 0.500 R 3.50 R 1.17 R 

(Co 0 . 34 Mn 0 . 06 Fe 0 . 6 )(Co 0 . 13 Cr 0 . 3 Mn 0 . 27 Ni 0 . 3 ) 2 O 4 CFSE-favored 0.504 R 3.52 R 1.18 R 

(Co 0 . 6 Fe 0 . 4 )(Cr 0 . 3 Fe 0 . 1 Mn 0 . 3 Ni 0 . 3 ) 2 O 4 Observed 0.47 R 3.30 R 1.10 R 

(Co 0 . 2 Cu 0 . 2 Mg 0 . 2 Ni 0 . 2 Zn 0 . 2 )O R-HEO [2,3] 0.80 R 1.61 R 1.61 R 
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tructural model: (Co 0 . 6 Fe 0 . 4 )(Cr 0 . 3 Fe 0 . 1 Mn 0 . 3 Ni 0 . 3 ) 2 O 4 (as shown in 

igure 6 b). 

. Discussion 

Cation occupation in oxide spinels is largely dictated by two 

overning factors: one is the crystal field stabilization energy 

CFSE) in the oxygen ligand field, while the other one is the con- 

guration entropy ( S con f ig ) gain arising from the disordered ar- 

angement due to anti-site mixing. The ideal S con f ig per mole of 

tom in a system, especially with multiple sub-lattices, can be cal- 

ulated using the sub-lattice model ( [16,71–74] ) as presented in 

quation 1 : 

S con f ig 

atom 

= −R ( 

∑ x 
x =1 a 

x 
∑ N 

N=1 ( f x 
i 

ln f x 
i 
) 

∑ x 
x =1 a 

x 
) (1) 

here, R is the universal gas constant, a x is the number of sites on

he x sub-lattice, f x 
i 

is the fraction of elemental species randomly 

istributed on the respective sub-lattice and N is the number of 

lements in a given sub-lattice. 

For 1:2:4 oxide spinel, the Equation 1 can be written as follows: 

S con f ig 

atom 

= 

R 
7 

[1 ∗ ∑ P 
P=1 ( f p ln f p ) T D + 2 ∗ ∑ Q 

Q=1 ( f q ln f q ) O H 

+4 ∗ ∑ O 
O =1 ( f o ln f o ) O ] 

(2) 

here total number of atoms per formula unit is 
∑ x 

x =1 a 
x = 7 , P,

, O refer to the number of elements on the different sub-lattices, 

 

D , O 

H and oxygen (anion), respectively, while f p , f q , f o refer to the

tomic fractions of the elements on the respective sub-lattices. For 

nstance, in case of (Co 0 . 6 Fe 0 . 4 )(Cr 0 . 3 Fe 0 . 1 Mn 0 . 3 Ni 0 . 3 ) 2 O 4 , the 
S con f ig 

atom 

an be defined as follows: 

S con f ig 

atom 

= 

R 
7 

[1 ∗ (0 . 6 ln 0 . 6 + 0 . 4 ln 0 . 4)+ 

2 ∗ (0 . 3 ln 0 . 3 + 0 . 1 ln 0 . 1 + 0 . 3 ln 0 . 3 + 0 . 3 ln 0 . 3) 
+4 ∗ (1 ln 1))] 

(3) 

As can be observed, the factor ln f o = 0 due to the stoichiomet- 

ic oxygen content. In addition, the configuration entropy per mole 

f formula unit 
S con f ig 

f .u. 
and configuration entropy per mole of cation 

S con f ig 

cation 
in 1:2:4 spinel can calculated as follows: 

S con f ig 

f .u. 
= 7 ∗ S con f ig 

atom 

(4) 

S con f ig 

cation 

= 

7 

3 

∗ S con f ig 

atom 

(5) 

Table 3 compares the S con f ig values for the cation occupation 

odel obtained from this study, with some of the extreme oc- 

upational scenarios and the model obtained from the KKR-CPA 

tudy [30] . The 
S con f ig 

cation 
can be considered as a more reliable metric 

o compare the S con f ig among HEOs, consisting multiple cations on 
9 
ifferent cation sub-lattices. Figure 6 c schematically compares the 
S con f ig 

cation 
and CFSE for these different cationic occupations possible in 

he studied S-HEO. The details of the calculation for CFSE for the 

ifferent occupation models are provided in Supplementary Table 

I4-9. 

The 
S con f ig 

cation 
with a complete ”disorder” (i.e., equal distribution of 

ations in O 

H and T D site) is equal to 1.61 R, similar to that of 

 five cation rocksalt-HEO. This value is considerably higher than 

he ”observed” scenario ( Figure 6 c) with 

S con f ig 

cation 
= 1.10 R. The de- 

iation from the highest disordered state can be explained us- 

ng the CFSE or the octahedral site preferential energy/enthalpy 

OSPE) for a particular cation (Supplementary Table SI5). It is clear 

hat CFSE/OSPE plays a dominant role over configurational dis- 

rder in determining the occupation of the cations. However, as 

igure 6 c and Supplementary Table SI5 indicate, CFSE/OSPE is not 

he sole player, otherwise 3 d 5 Fe 3+ and Mn 

2+ , especially Mn 

2+ 

ith comparatively larger cationic radii in a six-fold coordination, 

hould be preferred on the T D over HS Co 2+ / Co 3+ . In fact, the 

nthalpy favorable structural model (”CFSE favored”, Figure 6 c), 

Co 0 . 34 Fe 0 . 3 Mn 0 . 06 )(Co 0 . 13 Cr 0 . 3 Mn 0 . 27 Ni 0 . 3 ) 2 O 4 , should ideally result 

n higher S con f ig of 1.18 R. This certainly indicates a role of other 

ompeting thermodynamic features influencing the cation occu- 

ancy, exploration of which remains a subject for future endeavor. 

 possible influence of temperature, pressure and size/surface ef- 

ects on the cationic distribution and anti-site mixing will be worth 

xploring in the future. This is because even in the case of con- 

entional spinel systems, it is known that the cationic distribution 

an vary because of these aforementioned factors [47,75] . Endeav- 

rs in this direction will not only help to better understand the 

ature of cationic ordering in S-HEO as a function of temperature 

nd/or pressure but can also be useful to predict their tempera- 

ure/pressure dependent functional properties. 

The ionic ordering due to the enthalpy factors (CFSE) observed 

n the S-HEO here is inherently correlated to the magnetic prop- 

rties. As observed, the S-HEO exhibits a Néel type ferrimagnetic 

round state, which means the magnetism is governed by the in- 

ersite AFM coupling. This means that any change in the cation 

ccupation will have a direct impact on the overall ferrimagentic 

oment, which is verified by utilizing multiple techniques used in 

his study ( Table 2 ). Likewise, depending upon the cation distribu- 

ion over the respective sites different magnetic ground states and 

ransition temperatures can also be expected. In fact, the presence 

f cation order can also be anticipated in other HEO-classes, which 

an have a decisive impact on their functional properties. A few 

cenarios that can be of immediate interest for future explorations 

re considered here. Perovskite-HEOs exhibit a magnetic phase 

eparation that manifests itself through a vertical exchange bias 

8] . It is assumed that ferromagnetic clusters are present within 

he predominant antiferromagnetic lattice, which can perhaps be 

n indication of chemical short-range ordering of cations that cou- 

le ferromagnetically via the bridging oxygen. Likewise, even in the 
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ase of rocksalt-HEOs [9,39] , the anomalous heat capacity behavior 

round the Néel temperature hints towards short range magnetic 

orrelations well above the Néel temperature that can also be an 

utcome of a certain degree of local chemical ordering. In addi- 

ion, the extent of cation order can also play a major role in the 

nergy storage capabilities in the case of layered-HEOs [76,77] . For 

nstance, in the case of conventional layered Li-delafossites an or- 

ered Li sub-lattice is preferred for better performance [78] . Hence, 

he extent of cation ordering on a lattice level, as observed here, 

r chemical short-range ordering leading to local lowering of crys- 

allographic symmetry can be extremely crucial for better under- 

tanding the unique properties exhibited by the HEOs, which war- 

ants future studies along this direction. 

. Conclusions 

This demonstration study focusses on a multi-functional spinel- 

EO, (Co 0 . 2 Cr 0 . 2 Fe 0 . 2 Mn 0 . 2 Ni 0 . 2 ) 3 O 4 . To overcome the experimen- 

al limitations, stemming from the presence of multiple principal 

ations with different occupation and spin-electronic states, we de- 

ised and followed a cross-referenced experimental approach to 

etermine the crystallographic, magnetic and spin-electronic struc- 

ure of the spinel-HEO. X-ray magnetic circular dichroism (XMCD) 

long with X-Ray absorption spectroscopy (XANES) at the tran- 

ition metal L -edges was used as the primary technique to un- 

avel the cationic occupation along with the element specific mag- 

etic behavior. TM K-edge XANES, 57 Fe Mössbauer spectroscopy (in 

resence and absence of magnetic field), neutron diffraction and 

QUID magnetometery have been further utilized to complement 

he obtained results. An F d ̄3 m structure with Néel-type collinear 

errimagnetic spin arrangement and elemental distribution model 

lose to (Co 0 . 6 Fe 0 . 4 )(Cr 0 . 3 Fe 0 . 1 Mn 0 . 3 Ni 0 . 3 ) 2 O 4 is observed. In con- 

rast to the existing reports on the spinel-HEO, the observed struc- 

ural model reveals significant preferences in cationic occupation 

esulting in the lowest configuration entropy allowed by the given 

omposition in a spinel structure. The observed structure indicates 

he crucial role of the fundamental enthalpy factors, such as CFSE, 

n governing the cations occupancy in the spinel-HEO. On a prac- 

ical level, the detailed structural and magnetic mapping can help 

o build a knowledge-sharing platform for elucidation and predic- 

ion of the properties in the multifunctional spinel-HEO that are 

overned by the cationic distribution. In the broader context, this 

nitial study highlights significant deviation from a completely dis- 

rdered configuration often assumed in HEOs, prompting the ne- 

essity of comprehensive and complementary studies to determine 

he actual contribution of configurational entropy. A precise deter- 

ination of the actual degree of chemical ordering from a lattice 

erspective or even short-range chemical ordering, resulting in lo- 

al lowering of crystallographic symmetry, can potentially open up 

urther opportunities for property tailoring in HEOs. 
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