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A B S T R A C T

This work provides a comprehensive examination of the structural and magnetic properties of 6H-BaFeO2.96 over 
a wide temperature range (10 K < T < 300 K) using neutron and synchrotron X-ray diffraction. Additionally, the 
local oxidation state of iron is examined using electron energy loss spectroscopy. No structural changes that could 
indicate a charge-order transition are observed in spite of a reported possible charge disproportionation of Fe4+

into Fe(4+δ)+ and Fe(4-δ)+ phenomenon at low temperature. According to the magnetic characterization, 
BaFeO2.96 orders antiferromagnetically at TN=156 K. The application of external magnetic fields strongly in
fluences the magnetic behavior; the transition temperature shifts to lower values with the applied magnetic field 
and the long-range magnetic order melts with an applied field of 14 T. The magnetocaloric effect clearly shows at 
TN a change from negative to positive magnetic entropy. The Rietveld refinement of the neutron powder 
diffraction data collected at 10 K, gives a magnetic ordering with propagation vector [0, 0, ½] and three 
magnetically distinct sites for the Fe atoms. This magnetic structure consists of ferromagnetic Fe-sheets 
perpendicular to the c-axis with the magnetic moments along the [110] direction coupled both ferromagnetic 
and antiferromagnetically along the c-axis. The magnetic moment values of the three Fe ions are very different 
evidencing a delicate equilibrium of competing magnetic interactions.

1. Introduction

The electronic properties of compounds containing unusually high 
valence ions have attracted much attention. In particular, oxides con
taining iron with oxidation states higher than (III) have been extensively 
investigated because they often exhibit valence transitions related to a 
certain charge instability that can be accompanied by significant vari
ations in their structural or physical properties.

Perovskite-related oxides CaFeO3 and SrFeO3, prepared under 
oxidizing conditions, contain Fe in the IV oxidation state. Both cubic- 
SrFeO3 [1,2] and orthorhombic-CaFeO3 [3] present a spiral spin anti
ferromagnetic structure at 134 K and 115 K, respectively. However, the 
electronic behavior of tetravalent iron in both oxides is different. In 
SrFeO3 the four-oxidation state is maintained at all temperatures, but 
not in CaFeO3 which shows a charge disproportionation of 2Fe4+ → Fe3+

+ Fe5+ when cooled below 290 K [4]. These valence changes and/or 
disproportionation states cause significant modifications in their crys
tallographic structural (and physical) properties from orthorhombic 
Pbnm GdFeO3 structure type (charge-delocalized state) to monoclinic 
P21/n charge-disproportionated state. This second (or higher order) 
transition gradually occurs through the disproportionation process to 
Fe4+δ and Fe4-δ states with δ increasing when temperature decreases.

In contrast to the corner-sharing structures of the above mentioned 
oxides, the larger size of Ba ions leads to the stabilization of hexagonal 
polytypes, where octahedra corners-sharing alternate with faces-sharing 
octahedra, in different ratios, along the c-axis. At ambient pressure and 
high temperature, the (cch)2-6H BaFeO3-y (y>0) polytype is obtained. Its 
structure is formed by [Fe2O9] face-sharing dimers linked by single 
corner-sharing [FeO6] octahedra along the c-axis. On the other hand, at 
high pressures, a (cchh)3-12R polytype is stabilized. This structure is 
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built up by trimers of face-sharing octahedra alternating, along the c- 
axis, with one corner sharing [FeO6] unit. Besides, a fully oxidized cubic 
3C-BaFeO3 was obtained from the topotactic oxidation of cubic BaFeO2.5 
at low temperature.

Cubic 3C-BaFeO3 presents a magnetic transition at 111 K from 
paramagnetic to A-type spin spiral order with a propagation vector 
along [100]. No charge disproportionation of the Fe4+ is reported [5].

On the contrary, fully oxidized hexagonal 12R-BaFeO3, Fe4+ shows 
successive site-selective charge transition under cooling from 500 K to 
4 K. At 500 K, two over three Fe4+ disproportionate (2Fe4+ → Fe3+ +

Fe5+) giving rise to a structural change from rhombohedral (R-3m) to 
monoclinic (C2/m) symmetry. In a second transition, at 280 K, charge 
disproportionation of the remaining Fe4+ takes place, leading to a 
magnetic order of all iron spin. Finally, a charge interchange between 
Fe3+ and Fe5+ occurs at 50 K, which results in changes in the spin state 
and orientation [6].

Concerning the (hcc)-6H system, fully stoichiometric 6H-BaFeO3 has 
been recently prepared by treating a BaFeO3-y phase under high- 
pressure and high-temperature conditions [7]. In air atmosphere, the 
stoichiometric phase is never attained and oxygen-deficient BaFeO3-y, 
containing both Fe4+ and Fe3+, is always obtained (y value strongly 
depends on the synthetic procedure). Regarding this point, previous 
works on the electronic and magnetic properties of this phase show 
discrepancies that can be ascribed to the oxygen stoichiometry that 
greatly affects final properties. The literature reports the magnetic and 
Mössbauer study of different oxygen-containing 6H-BaFeO3-y phases 
(ranging from y = 0.28–0.1), rendering the results hardly comparable. In 
spite of this, several works are devoted to the structural and magnetic 
study of 6H-phases of anionic composition around BaFeO2.90.

H. Kobayashi et al [8]. measured the 57Fe Mössbauer spectra for 
6H-BaFeO2.88 arguing that a magnetic order occurs at 130 K. Further
more, they found that the Fe4+ concentration depends on the tempera
ture decreasing from 170 K down to 4.2 K. Later, K. Mori et al [9] studied 
the structural changes in the composition 6H-BaFeO2.91 over a wide 
temperature interval using neutron diffraction. At around 180 K, a weak 
distortion of the face-sharing octahedra is detected that could result 
from a partial disproportionation of Fe4+ in Fe4+δ and Fe4-δ; however, no 
charge-ordering transition is reported, in contrast to the observation in 
CaFeO3 or 12R-BaFeO3.

On the other hand, the magnetic properties of this system have been 
extensively studied, but again with a clear dispersion and control on the 
oxygen content. S. Mori [10] first reports that the magnetic behavior of 
6H-BaFeO3-y (y < 0.1) phases, which evidenced an AF-FM transition at 
160 K. Later studies [11,12] have demonstrated that the magnetic state 
is paramagnetic in the range 160–220 K. Below 160 K, different in
terpretations of the magnetic state are reported. In the latest work [13], 
6H-BaFeO2.91 was studied using Time of Flight Small Angle Neutron 
Scattering (TOF-SANS). The results point out the existence of several 
magnetic states, a long-range antiferromagnetic ordering (below 130 K) 
coexisting with magnetic domains (short-range magnetic ordering) 
formed below 170 K. However, despite the large number of works 
related to the magnetic behavior of the 6H-phase, its magnetic structure 
is still unsolved.

In this work, we performed a comprehensive study of the magnetic 
and structural behavior of 6H-BaFeO2.96, over a wide temperature 
range, by neutron and synchrotron X-ray diffraction. We also present the 
results of the magnetic susceptibility, heat specific, resistivity and 
magnetocaloric effect. Furthermore, we have prepared two different 
phases with lower oxygen content and higher Fe3+ content, BaFeO2.90 
and BaFeO2.82, to establish the influence of the oxygen content, on 
magnetic, and thermal properties. A comparison of the magnetic 
behavior of these three 6 H phases is discussed.

2. Experimental section

2.1. Synthesis procedure

BaFeO3-y oxides were prepared by sol gel method as described in a 
previous work [14]. Ba(NO3)2 (5.23 g, Merck >99 %, CAS: 10022–31–8) 
and Fe(NO3)2⋅9 H2O (8.07 g, Merck ≥99.95 %, CAS: 7782–61–8)) were 
dissolved in 200 mL of deionized water. Citric acid monohydrate 
(8.40 g, Merck >99 %, CAS: 05949–29–1) and ethylene glycol (45 mL, 
Merck, CAS: 00107–21–1) were added to the solution under stirring and 
heating at (393 K). Then, the solution was further heated until complete 
evaporation and a dark brown solid was obtained. This precursor was 
manually ground and calcined at (623 K) overnight to remove organic 
residues. The obtained solid is treated at (1020 K) for 24 h to obtain the 
lowest oxygen content phase BaFeO2.82. BaFeO2.90 is obtained by 
oxidation of the previous sample at (473 K) under an ozone/oxygen flow 
(ca. 5 % O3) for 4 h. Ozone was generated in situ by a Pacific Ozone L24 
Ozone Generator. BaFeO2.96 is obtained from BaFeO2.82 at (1073 K) 
under an oxygen flow overnight. La2LiFeO6 was prepared by a previ
ously described high-pressure method using a 20 % LiNO3 excess [15].

The average cationic composition was determined using energy 
dispersive X-ray spectroscopy (EDS). The average oxidation state of iron 
was determined by a redox titration method from which the oxygen 
content is estimated. Samples were dissolved in HCl (6 N) with an excess 
of Fe(NH4)2SO4.6H2O (Mohr salt). The Fe2+ ions react with the possible 
Fe4+ present in the sample, leading to Fe3+ ions. The amount of 
remaining Fe2+ ions was then determined by titration with a 
0.1 N K2Cr2O7 solution.

2.2. Neutron diffraction (ND)

The neutron diffraction data were collected on two diffractometers at 
the Institute Laue-Langevin [16]. The high-intensity diffractometer D20 
a wavelength of λ = 2.42 Å was used to collect data between 7 and 
146 K, to follow the evolution of the magnetic ordering. On this in
strument, the evolution of the structure was also followed measuring 
between 50 and 300 K with a wavelength of λ = 1.54 Å. The final 
experiment was carried out on the high-intensity diffractometer 
XtremeD to obtain data of the low angle magnetic peaks by using a 
wavelength of λ = 3.82 Å. In the three experiments, approximately 2 g of 
polycrystalline sample powder was loaded into a 9-mm-diameter va
nadium can placed in an orange cryostat. The data were analyzed with 
the Rietveld method[17] using the software package FullProf [18].

2.3. Synchrotron X-ray diffraction (SXRD)

High-resolution synchrotron X-ray diffraction patterns were ac
quired at the ESRF beamline ID22 (European Synchrotron Radiation 
Facility, Grenoble). The incident radiation employed a wavelength set to 
λ = 0.42775 Å. Low-temperature data collection in the range of 100–280 
K utilized a LN2-based cryostream. Powder samples were encapsulated 
and sealed in borosilicate capillaries with a diameter of 0.5 mm, and 
rotational motion was applied to enhance data statistics. Diffraction 
patterns were captured over the 2θ 1–40◦ range using a multi-analyzer 
stage consisting of 13 Si(111) crystals [19]. Rietveld refinements were 
carried out utilizing the FullProf program, employing a pseudo-Voigt 
function to describe the peak shape. The refinement encompassed the 
optimization of various parameters, including scale factors, zero-point 
error, background coefficients, asymmetry-correction factors, lattice 
parameters, atomic positions, occupancy factors, isotropic displacement 
parameters, and preferential orientation.

2.4. Electron energy loss spectroscopy (EELS)

Electron energy loss spectroscopy (EELS) experiments were acquired 
using a GIF-QuantumER with a collection semiangle of 18 mrad and a 
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convergence semiangle of 20.3 mrad. The Fe oxidation state was 
analyzed from the energy-loss near edge fine structure (ELNES) of 
Fe− L2,3 signals. ELNES spectra were acquired over ~0.5 nm area with 
energy dispersion of 0.25 eV and 2.5 mm spectrometer aperture. The 
total acquisition time was optimized to prevent beam damage to the 
sample. The dual-EELS function of the GIF-QuantumER spectrometer, 
allowing the simultaneous acquisition of two different energy ranges, 
was used to record simultaneously zero-loss peak (0.0001 s exposition 
time, 10 frames) and Fe− L2,3 core region to minimize the uncertainty on 
the energy shift of the Fe− L2,3 edges. Low-temperature EELS was per
formed using a double tilt (±24◦) liquid nitrogen-cooled specimen 
holder Gatan 636.

2.5. Specific heat and resistivity measurements

Specific heat measurements were conducted on a Physical Properties 
Measurement System (PPMS) from Quantum Design (San Diego, USA) 
by the heat pulse-relaxation method. The temperature range expands 
from 2 up to 360 K and the range of applied magnetic field is up to 9 T. 
The sample was attached to a specific sample holder made of sapphire, 
with Apiezon grease N. The sample holder plate is equipped with a 
calibrated heater and calibrated Cermox thermometers. After a heat 
pulse is applied to the system, the measurement of the temperature 
relaxation is converted into the heat capacity of the sample, after the 
subtraction of the heat capacity added by the addenda grease. The re
sistivity measurements were performed on the same PPMS system by the 
four contacts mode. The electrical contacts were directly attached to the 
sample pellet by means of a silver paste.

2.6. Magnetic characterization

The magnetic susceptibility and magnetization were measured with 
a MPMS-3S SQUID magnetometer from Quantum Design (San Diego, 
USA), in a temperature range from 1.8 up to 400 K and applied magnetic 
fields up to 7 T. An oven composed of a Al2O3 ceramic stick with a 
resistance and a thermocouple embedded in the ceramic is used for these 
measurements. Such a furnace is able to increase the temperature from 
300 to 1000 K, inside the cryostat system of the magnetometer. The 
sample is placed in contact to the alumina ceramic surface and glued by 
a high temperature cement. Some complementary data at higher mag
netic fields (up to 14 T) were measured in the Vibrating Sample 
Magnetometer (VSM) option for the PPMS from Quantum Design (San 
Diego, USA).

3. Results and discussion

3.1. Structural behavior

3.1.1. Neutron diffraction (ND) of 6H-BaFeO2.96 under cooling
The starting point of this work was the refinement of the (hcc)2-6H- 

BaFeO3-y structure by ND and SXRD at room temperature. ND refine
ment at room temperature [20] confirms the 6 H structure (P63/mmc 
space group) and gives a slight deficiency on the O1 sites, resulting in 
BaFeO2.96 net composition.

The 6H-BaFeO2.96 structure is formed by face-sharing Fe2 octahedra 
dimers linked by an isolated Fe1 octahedron sharing vertices (Fig. 1). 
According to the different cation sizes of FeIII (r=0.645 Å(HS)) and FeIV 

(r=0.585 Å) [21] the small fraction of Fe (III) should occupy the largest 
Fe1 site leading to the unit formula Ba(FeIII

0.08FeIV
0.25)(FeIV

0.66)O2.96. The 
neutron diffraction data at 300 K, unveils that Fe2 atoms shift away from 
the center of the octahedron towards the cubic Fe1-layer, with respect to 
the ideal 6H-polytype, reducing electrostatic repulsion between neigh
boring FeIV cations within adjacent face-sharing octahedra. This 
displacement leads to three longer Fe2-O1 distances (2.014(3) Å) and 
three shorter Fe2-O2 distances (1.862(5) Å) distorting the dimer octa
hedra. This is a common feature observed in other hexagonal polytypes 

with face and corner shared octahedra units.
The possible structural and magnetic transitions below room tem

perature were investigated by neutron diffraction measurements. Data 
were collected over different temperature values between 50 and 300 K 
in a D20 diffractometer at λ=1.54 Å. In the temperature dependent ND 
patterns, from RT to 160 K, no significant structural changes were 
observed (Fig. 2a). Neither additional maxima appear, nor the width of 
certain reflections increases indicating that the hexagonal symmetry 
does not change. Below 150 K extra peaks appear in the ND patterns that 
cannot be accounted for by nuclear scattering and are attributed to 
magnetic Bragg scattering resulting from long-range magnetic order 
(Fig. 2b).

All diffraction data were successfully analyzed with the 6 H structure 
model obtained at 300 K. As expected, the unit-cell parameters over the 
50–300 K temperature range, decrease with decreasing temperature 
according to the lattice thermal contraction effect as the temperature is 
reduced.

The structural parameters were carefully analyzed at each measured 
temperature. Fig. 3a, b and c depict the thermal dependence of the Fe-O 
distance values. No abrupt change at any temperature is found. They 
tend to decrease as the temperature decreases with minor fluctuations 
that are within the experimental error of the obtained values (±0.003). 
These results do not reproduce those of K. Mori [9] who observed a 
break in the variation of these distances at 170 K. These authors suggest 
that this weak octahedra distortion results from a charge dispropor
tionation of Fe4+ into Fe(4+δ)+ and Fe(4-δ)+ phenomenon. However, 
atomic pair distribution function (PDF) data, determined by neutron 
scattering experiments [22], agree with our results since the PDF pattern 
remains unchanged at temperatures lower than 170 K, indicating that 
iron’s local structure is not modified with decreasing temperature.

Several works have focused on the study by Mössbauer spectroscopy 
of the electronic state of Fe in the 6H-BaFeO3-y system since H. 
Kobayashi [8] reported that the Fe4+ concentration decreases with 
decreasing temperature in 6H-BaFeO2.88. The origin of this feature 
seems to be in the Fe4+ disproportionation process that takes place 
gradually, starting from around 170 K and extending down to 4 K [9].

At 170 K, the extent of such disproportionation is small, and as a 
consequence not enough to induce observable changes in the structural 
parameters. Therefore, the Fe-O distances can be expected to remain 
constant, as observed in Fig. 3. Furthermore, based on the different sizes 
of the FeIII, FeIV and FeV, a charge-redistributing process along 

Fig. 1. Structure model of the (hcc)2-6H-BaFeO2.96 [20].
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disproportionation could occur, in such a way that Fe(4+δ)+ will likely 
occupy the smaller octahedral sites (face-sharing octahedra), while Fe(4- 

δ)+ and Fe4+ would coexist in the larger octahedra (corner-sharing di
mers). However, it is noteworthy that the Fe-Fe distance within the 
dimer remains constant (2.77 Å) in the same temperature range [21]. 
This is an interesting point considering that an expansion of the Fe-Fe 
distance could be anticipated, as the amount of Fe4+δ increases in an 
attempt to mitigate electrostatic repulsions. This result suggests that the 
structural framework of the hexagonal 6 H perovskite at room temper
ature exhibits remarkable stability, being able to accommodate Fe4±δ 

cations of different sizes, without inducing abrupt structural changes.
Changes in the electronic states of transition metal oxides can lead to 

significant changes in their structural properties when a charge order is 
established. As mentioned above, this is the case for CaFeO3 or 12R- 
BaFeO3 which undergo symmetry change from orthorhombic to mono
clinic in the former, and from hexagonal to monoclinic symmetry in the 
latter. In both cases, this structural change is caused by the 2Fe4+→Fe3+

+ Fe5+ charge disproportion and ordering in different crystallographic 
sites of the structure. In our experimental data of the 6H-BaFeO2.96 
phase, no structural change is detected by ND. In this regard, it should be 
noticed that a similar partial charge disproportionation of Ni3+ into 
Ni(3+δ)+ and Ni(3-δ)+ has been found in orthorhombic RENiO3 perov
skites (RE: Y, Pr-Lu). This process is accompanied by a structural change 
from orthorhombic to monoclinic symmetry that is not always easily 
detectable.

3.1.2. Synchrotron X-ray diffraction (SXRD)
In view of this, we have used SXRD to further analyze the tempera

ture evolution of the 6H-structure in BaFeO2.96. The results of SXRD 

pattern refinements obtained in the temperature range 90–280 K are 
shown in Figs. S1 a and b in SI while structural parameters and inter
atomic distances are gathered in Tables S1 and S2, respectively. All the 
temperature-dependent diffraction data have been refined with the 6 H 
structure type (P63/mmc space group), without observing any extra 
maxima or/and reflection splitting, which could suggest a structural 
transition at temperatures below 170 K. Moreover, as depicted in 
Fig. S2, the refinement results do not show sudden discontinuities in the 
lattice parameters with temperature. Therefore, we can conclude that 
the partial Fe4+ charge disproportionation in 6H-BaFeO2.96 does not 
involve a charge-ordered structural change.

In Fig. 4a, the thermal evolution of the unit-cell volume for 6H- 
BaFeO2.96 is presented from SXRD data. It is clear that the volume be
haves in accordance with expectations from a Debye’s solid description. 
The thermal expansion of the unit-cell volume was characterized using 
the Grüneisen model for the zero-pressure equation of state, with its 
first-order expansion, as described elsewhere[23,24]. The model is 
expressed as follows: 

Vcell(T) = V0 +
9γNkBT

B0

(
T
θD

)3 ∫ θD
T

0

x3dx
ex − 1

(1) 

where, V0 signifies the unit-cell volume at 0 K, θD represents the Debye 
temperature, N denotes the number of atoms in the unit cell (= 30), B0 
stands for the isothermal bulk modulus, and γ is the Grüneisen param
eter.

We compare the experimental volume expansion with the best fitted 
curve using Eq. (1). The fitting results in V0 = 384.23 Å3, θD ~ 506 K, 
and γ/B0 = 1.22×10− 11 Pa− 1. In fact, the obtained Debye temperature is 

Fig. 2. Temperature-dependent neutron powder diffraction patterns for BaFeO2.96. (a) From 300 K down to 160 K and (b) From 155 K down to 50 K. Selected region 
of the NDP (0 ◦<2θ<36 ◦) between 155 and 50 K is shown in the inset. Magnetic peaks are marked with asterisks.
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in good agreement with the values obtained for other perovskite-based 
systems, such as SrTiO3[25], BaZrO3[26], and CaGeO3[27].

The lack of any discernible anomaly in the volume around the 
magnetic transition at ~170 K may suggest that, if a magnetoelastic 
coupling occurs, it should appear at a local level. The analysis of 

individual atomic oscillations can be conducted by determining the 
mean square displacements (Uiso), using the next equation [27]: 

Uiso(T) = d2
0 +

3ℏ2T
mkBθ2

D

[
θD

4T
+

T
θD

∫ θD/T

0

x
ex − 1

dx
]

(2) 

Fig. 3. Temperature dependence of Fe-O distance values (Å): (a) Fe2-O2, (b) Fe2-O1 and (c) Fe1-O2.

Fig. 4. Temperature variation of the: (a) unit-cell volume (Vcell) and (b) the experimental Uiso values extracted from the Rietveld refinement of the SXRD data.
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such that, d2
0 signifies the intrinsic disorder and m represents the atomic 

mass.
In Fig. 4b, the experimental Uiso values, extracted from the Rietveld 

refinement for Ba, Fe, and O atoms, are shown together with respective 
fitting derived from Eq. (2). One may notice the good agreement and the 
absence of any anomaly around the magnetic transition temperature in 
6H-BaFeO2.96. The best fitting of the experimental Uiso to the Debye 
model in Eq. (2) provides θD values of 261, 439, and 701 K for Ba, Fe, 
and O, respectively. These Debye values can be used for estimating the 
bonding stiffness through the harmonic one-particle potential (OPP)

[28]: K =
mk2

Bθ2
D

3ℏ2 . Here, K stands for the force constant (in units of eV/Å2), 
yielding values of 5.5, 6.4, and 4.6 eV/Å2 for the Ba, Fe, and O, 
respectively. These values exhibit an increasing order as follows KO <

KBa < KFe, meaning that has Fe-O pairs has a more covalent nature than 
the Ba-O bonds.

3.1.3. Electron energy-loss near edge spectroscopy (ELNES)
As mentioned above, the hyperfine parameters measured by 

Mössbauer spectroscopy change with temperature suggesting that Fe4+, 
Fe(4+δ)+ and Fe(4-δ)+ coexist below 170 K[8]. In an attempt to analyze 
these electronic changes, at a local level, we have performed a study by 
EELS.

Fe-L2,3 EELS data have been extensively discussed in the literature 
from iron-based compounds with Fe(II), Fe(III), and Fe(IV) oxidation 
states [13,24]. Although the detection of Fe(V) has been reported by 
XANES, no experimental data from Fe(V) L2,3 edge has been reported, as 
far as we know, by electron energy-loss near edge spectroscopy (ELNES). 
We report here for the first time EELS Fe L2,3 spectra of iron with 
oxidation state (V). The ELNES Fe L2,3 signals of inorganic solids with Fe 
(V) complement the previously reported Fe L2,3 ELNES collection for Fe 
(II), Fe(III), and Fe(IV) [20,29]. These data provide valuable information 
for the elucidation of Fe oxidation states in inorganic solids.

ELNES spectra at Fe L2,3 edge for iron oxides with different oxidation 
states are plotted in Fig. 5. The absolute energy of each Fe L2,3 edge was 
precisely calibrated with the zero-loss signal simultaneously acquired 
(further described in the experimental methods section), while the 
conditions were optimized to avoid beam damage. A clear variation in 
the shape and the energy position is observed as a function of the Fe 
oxidation state.

We have used Fe2O3, Ba2FeO4, and La2LiFeO6 compounds as refer
ences, containing Fe (III), Fe (IV), and Fe (V), respectively, with 

octahedral [FeO6] units like those observed in the present BaFeO2.96 
sample. The synthetic procedure of the La2LiFeO6 phase is detailed in SI. 
The Fe L2,3 edge corresponding to the La2LiFeO6 material is visibly 
shifted to higher energy loss values and reveals different shapes for the 
Fe (III) and Fe (IV) signals (see Table S3 in SI). Fe(V) oxidation state for 
La2LiFeO6 has been determined by Mössbauer spectroscopy [30] thus 
the EELS Fe-L2,3 signal acquired from La2LiFeO6 can be associated to 
iron with Fe(V) oxidation state.

At room temperature, the EELS Fe L2,3 edges of Ba2FeO4 and 
BaFeO2.96 sample (depicted with a blue line in Fig. 5a) are very similar, 
with very close I(L3)/I(L2) ratios, as well as energy loss positions of the 
L3 and L2 lines (see Table S3 in SI). Therefore, we confirm that the 
majority of the iron of BaFeO2.96 presents IV oxidation state at room 
temperature.

To gain direct insight to a possible variation of the Fe oxidation state 
for the BaFeO2.96 material below 170 K, we resort to EELS studies 
employing an in-situ cooling sample holder. The Fe-L2,3 edge spectra of 
BaFeO2.96 acquired 105 K (red line) together with the Fe-L2,3 edges ac
quired from the reference materials described above are represented in 
Fig. 5b. No major changes are observed between the signals of BaFeO2.96 
acquired at 105 K and 293 K, except from the clear improvement of the 
signal-to-noise ratio as the temperature decreases (see Fig. S3 in SI) and, 
consequently, a sharping of the low-temperature Fe-L2,3 edge would be 
expected for the data recorded at 105 K. Notice that the difference be
tween the energy values of Fe(III)-L2 and Fe(V)-L2 signals is limited to 
2.5 eV. Despite the narrow energy window, a subtle broadening is 
noticeable in the Fe-L2 signal acquired at 105 K for the BaFeO3 sample, 
when compared to the signal obtained at room temperature (see Fig. S4
in SI). This phenomenon can be ascribed to the presence of two shoul
ders (highlighted with a star in Fig. 5(b)), flanking the central peak at 
711.7 eV assigned to the Fe(IV) signal. The observed broadening may be 
compatible with a certain degree of disproportionation of Fe (IV) 
consistent with Mössbauer results [8].

3.2. Thermal, magnetic and transport characterization

The specific heat data for BaFeO2.96 is presented in Fig. 6 in a tem
perature range from 5 to 180 K. The experimental data at 0 T clearly 
shows a broad peak around 156 K, that can be associated with a phase 
transition.

In the temperature range from 50 K to 300 K, the specific heat is 
mostly affected by two components: the phonons (crystal lattice) and the 

Fig. 5. (a) ELNES Fe-L2,3 edges form references with FeIII (Fe2O3) and FeIV (Ba2FeO4) oxidation states (black lines) and BaFeO2.96 sample acquired at 293 K (blue 
line). (b) ELNES Fe-L2,3 edge of reference La2LiFeO6 with FeV oxidation state completes the ELNES Fe-L2,3 edges of references with FeIII and FeIV (black lines). ELNES 
Fe-L2,3 edge from BaFeO2.96 acquired at 105 K (red line) shows two shoulders (marked with stars) causing the broadening of the Fe-L2,3 edge.
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magnetic contribution (long-range magnetic structure), which need to 
be separated in order to extract the pure magnetic contribution. In a first 
approximation, we could simulate the phonon contribution by pure 
harmonic oscillators, centered at different frequencies (temperatures). 
The simulation of C/T produced by 5 harmonic oscillators centered at 
frequencies equivalents to 90, 190, 320, 550, and 910 K is presented in 
Fig. 6 and perfectly matches the experimental C/T values at 90 and 
180 K. A second alternative, is to apply a strong external magnetic field 
to saturate the magnetic moments from well above the ordering tem
perature. This strong magnetic field will make the entropy associated 
with the magnetic phase transition to be spread out over a wide tem
perature range.

This effect is observed in the experimental data of C/T with µ0H = 9 T 
and presented also in Fig. 6. Both approaches (harmonic oscillators and 
external magnetic field) coincide and a direct subtraction of either one, 
from the experimental C/T data at µ0H = 0 T, produces the magnetic 
component of the specific heat (ΔC/T)Mag for BaFeO2.96. The data of the 
magnetic component of the specific heat after the subtraction of the (C/ 
T)9 T is presented in Fig. S5. The temperature dependence of the (ΔC/ 
T)Mag shows a clear peak at TN=156 K, probably associated with a 
magnetic phase transition. This phase transition is displaced to lower 
temperatures, when an external magnetic field is applied and almost 
disappears for µ0H above 7 T.

The integration of the magnetic component of the specific heat is 
related to the magnetic entropy associated with the phase transition, 
following: 

SM(T) =
∫ T

0

(
ΔC
T

)

Mag
dT (3) 

The value obtained is only around 0.7 J/mol K, which is much 
smaller than theoretically expected (2R ln (2S+1) = 26.7 J/mol K), 
but much closer to the relative magnetic entropy obtained by the mag
netocaloric effect (~1.2 J/mol K) explored later on the manuscript (see 
below). This discrepancy between the calculated magnetic entropy and 
the experimental one could be indicative of severe magnetic frustration 
in this compound [31].

Finally, the temperature dependence of the resistivity was measured 
in a pellet of BaFeO2.96, as presented in Fig. S6. The sample presents a 
semiconductor behavior from low temperature to 400 K. The semi
conductor behavior of the electrical conductivity is well described by an 
activation energy of 1.2 eV, as presented in Fig. S6. The electrical 
behavior is coherent with the one observed by Gil de Muro et al, [32]
although a metallic behavior was expected from the temperature 
dependence from their ESR data. No anomalies in the resistivity of the 

sample were observed at temperatures close to TN. In principle, the 
explanation for this lack of anomalies in the resistivity seems to be 
related to the process of producing a pellet, from the powder sample, the 
different densities (as a consequence of the grain boundaries and con
nectivity) and the high sensitivity of the magnetic and transport prop
erties on the slight changes of the oxygen stoichiometry in this 
compound.

The magnetic susceptibility data as a function of temperature is 
presented in Fig. 7. The measurements were performed in two steps, the 
first from 2 to 310 K in the normal cryostat sample holder and the sec
ond from 310 up to 500 K in the specific sample holder to be inserted in 
the oven of the magnetometer. The two sets of data perfectly match 
despite the difference in the sample holders and the corresponding 
background signals.

The analysis of the paramagnetic (PM) region (300–500 K) is rather 
linear and could fit to a Curie-Weiss behavior (χ− 1 = T− Θ

C ). The 
extracted PM moment (μ ≈

̅̅̅̅̅̅
8C

√
) in this wider temperature range is 2.9 

μB/Fe atom. Also, the Curie-Weiss temperature (Θ) obtained from this 
linear behavior is Θ = +135 K, indicating mostly FM-like short-range 
magnetic interactions between the Fe ions in this PM regime.

These values are rather parcel, since the expected (calculated) PM 
effective moment for Fe4+ is around 4.9 μB/Fe atom in the high spin state 
(4 unpaired electrons) or 3.0 μB/Fe atom in the low spin state, with only 
2 unpaired electrons. From that data we could argue that the Fe4+ is in 
the low spin state with only 2 unpaired electrons. Moreover, the mag
netic susceptibility, shown in Fig. 7, with a clear sharp peak around 
156 K and almost no difference in the process of zero field cooling/field 
cooling (not shown in this figure) seems to indicate an antiferromagnetic 
(AFM) phase transition. The field dependence of the magnetization in 
BaFeO2.96 (Fig. 8) also adds some information. The low temperature 
(2 K) field-dependent magnetization, with saturation up to 14 T (not 
shown in this figure), indicates a double hysteresis loop-like behavior, 
with a saturation magnetization around 0.6 μB/Fe atom and linear 
behavior of the magnetization around µ0H = 0 T. This behavior is 
consistent with an AFM ordering at low temperature.

We have also measured the magnetic susceptibility under the same 
conditions (heating after the same process of field cooling), but with 
different applied magnetic fields. The results are presented in Fig. 9, 
where the temperature dependence of the magnetic susceptibility is 
presented in a wide range of applied magnetic fields from 0.01 up to 
14 T.

The peak related to the long-range AFM order (TN = 156 K) strongly 
depends on the applied magnetic field, with a strong decrease in the 

Fig. 6. Temperature dependence of BaFeO2.96 specific heat for an external 
magnetic field of H = 0 T (red) and H = 9 T (green). The calculation of the 
specific heat with a model of five harmonic oscillators is included (blue).

Fig. 7. Temperature dependence of the magnetic susceptibility and the inverse 
susceptibility for BaFeO2.96 measured with an applied magnetic field of 0.01 T. 
The inset shows the linear fitting of the inverse magnetic susceptibility in the 
range 320–465 K, with the corresponding values of the paramagnetic moment 
and Curie-Weiss temperature.
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peak height of the magnetic susceptibility, and a shift to lower tem
peratures even for relatively weak fields (0.5 and 1.5 T). This behavior 
completely coincides with the observed dependence of the peak in the 
specific heat under the application of external magnetic fields (see 
above). When higher magnetic fields are applied (14 T), the peak in the 
magnetic susceptibility disappears and the long-range ordering seems to 
be suppressed down to the lowest measured temperature. This melting 
of the long-range magnetic ordering by an external magnetic field, in a 
compound showing a honeycomb network of Fe ions with competing 
magnetic interactions, is a particularly interesting phenomenon 
deserving a deeper study out of the scope of this work.

We believe that the apparent inconsistency in the published results 
on this compound is due to the great influence of oxygen vacancies. To 
corroborate this, we prepared BaFeO3-y samples with different oxygen 
content (y) and consequently, different amounts of vacancies. The 
magnetic susceptibility and the magnetic field dependence of the 
magnetization for y = 0.10 (BaFeO2.90) and for y = 0.18 (BaFeO2.82) are 
presented in Figs. S7a and b. The obtained results are discussed in SI. 
This study points out again that the introduction of vacancies in the 
structure of BaFeO3 produces strong perturbations in the exchange 
magnetic interaction and as a consequence the magnetic ordering is 
significantly affected.

To complement the study of the BaFeO2.96 sample, we performed a 

magnetocaloric effect (MCE) analysis by the magnetic entropy change 
(ΔSM) as a function of temperature. Several isotherms M(H) curves on 
the 2–260 K (with ΔT = 3 K steps) temperature range were collected in 
applied magnetic fields up to 7 T, as presented in Fig. 10a.

The curve (in Fig. 10a) exhibits a convex and elongated type shape 
up to the saturation tendency below TN, and a PM behavior above TN. 
Noticeably, a crossover temperature-dependent behavior could be 
observed which is well consistent with a step-like metamagnetic tran
sition from AFM to FM-like state, not observed in previous studies[33]. 
To visualize clearly this feature, the isotherm M(H) has been trans
formed into Arrott plot (H/M vs M2) [34] as displayed in Fig. 10b. Ac
cording to M. Mizumaki et al. [35], a typical positive slope 
corresponding to a second-order magnetic transition is expected for 
BaFeO2.96. We observe clear evidence of first-order magnetic transition 
(negative slope of some curves) occurrence, as highlighted in the inset of 
Fig. 10b. Interestingly, the reduced BaFeO2.82 sample (see Fig. S8a-d in 
SI), reveals a second-order magnetic transition related to a super
paramagnetic state or FM-like ordering.

From the M(H) isotherms, temperature-dependent ΔSM was calcu
lated using the approximated following relation: 

ΔSM(T,H0) =
∑

i

Mi+1 − Mi

Ti+1 − Ti
ΔHi, (4) 

where, Mi and Mi+1 are the experimental data obtained at Ti and Ti+1 
under a magnetic field Hi, respectively [34]. Fig. 10c shows the ΔSM(T) 
curves for BaFeO2.96 sample under selected magnetic fields up to ΔH =
0–7 T. As expected, the magnitude of ΔSM(T) increases continuously 
with ΔH increasing. In agreement with Arrott plot analysis, a crossover 
in ΔSM as temperature increases is observed, i.e., from inverse MCE 
(negative -ΔSM value between ~70–160 K) to conventional MCE (pos
itive -ΔSM value) behavior. As a result, the negative peak value of -ΔSM 
(-ΔSmax

M at 0–7 T) for related to inverse MCE, is obtained to be − 2.1 J/kg 
K, whereas the positive peak around TN, related to conventional MCE, is 
obtained to be 0.9 J/kg K. The same features are observed for y = 0.1 
(BaFeO2.90) sample (see Fig. S9a). On the contrary, in the most reduced 
BaFeO2.82 sample (Fig. S9b), the inverse MCE is suppressed and only a 
positive -ΔSmax

M value, related to conventional MCE, is found. These re
sults are shown (Figs. S9 a-d) and discussed in SI.

3.3. Magnetic structure from neutron diffraction

Neutron diffraction patterns recorded below 160 K contain scat
tering contributions to the Bragg peaks that could be of magnetic origin, 
as previously discussed. At this point, it is noticeable that despite the 
relatively large amount of works referring to the magnetic structure 
feature of 6H-BaFeO3-y phase over more than twenty years, this struc
ture has remained unsolved until now. In this work, a plausible magnetic 
structure is proposed for the first time.

We have attempted to refine the data obtained on the D20 diffrac
tometer (λ = 2.42 Å) assuming an incommensurate magnetic structure 
along the c-axis with [0,0,0.45] propagation vector suggested by Mori et 
al [9]. From this, a complex spiral magnetic structure emerges like that 
reported by CaFeO3 [4]. However, the low-temperature magnetic data 
cannot be fitted satisfactorily with such model. In our low-temperature 
data, we could observe the occurrence of a strong magnetic signal at low 
Q, but the lowest accessible angle on D20 instrument did not permit us 
to determine the position and the intensity of this peak accurately. To 
obtain well-defined magnetic peaks we recorded neutron diffraction 
data on XtremeD diffractometer (ILL, Grenoble) using λ=3.8 Å at 10 K. 
The positions of the measured magnetic peaks allowed us to define a 
propagation vector [0,0, ½] for this commensurate magnetic structure 
(see Fig. S10 in SI).

The magnetic symmetry analysis was performed using the suite of 
programs on Magnetic Symmetry and Applications of the Bilbao Crys
tallographic server [36]. Running k-SUBGROUPSMAG we can obtain the 

Fig. 8. Isothermals of the magnetic field dependence of the magnetization for 
BaFeO2.96 at different temperatures between 2 and 300 K.

Fig. 9. Temperature dependence of the magnetic susceptibility of BaFeO2.96 for 
different applied magnetic fields of 0.01, 0.5, 1.5 and 14 T. The data at 14 T 
was measured in a VSM magnetometer and the data at 1.5 T was measured after 
in a Zero Field Cool.
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Fig. 10. (a) Isotherm M(H) curve on the 2–260 K temperature range in the applied magnetic fields up to 7 T for BaFeO2.96 sample (b) Arrott plot (H/M vs M2) 
constructed from M(H) curve for the same sample. Inset shows a highlight of this behavior. (c) ΔSM(T) curve for the BaFeO2.96 sample under selected magnetic fields 
up to 0–7 T.

Fig. 11. (a) Neutron diffraction data with Rietveld refinement on BaFeO2.96 at 10 K. The red dots represent observed data (Io) and the black line represents the 
Rietveld fit to the data (IC). The green tics are the allowed nuclear and magnetic reflections (marked with asterisks), (Bragg R-factor: 4.30). (b) Magnetic structure of 
BaFeO2.96 at 10 K.
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possible subgroups for the parent space group P63/mmc (No. 194) and 
the propagation vector k = [0, 0, ½] and their hierarchical graph is 
shown in Fig. S11 in the supporting information.

Even if one should start by exploring the groups with the highest 
symmetry, when considering the Wyckoff positions occupied by the Fe 
magnetic atoms, the high-symmetry 2a (0,0,0) for Fe1 and the special 
position 4f (1/3,2/3,z) for Fe2, it becomes rapidly clear that the sym
metry has to be decreased to explain the experimental data. Out of four 
maximal magnetic space groups, two impose all the Fe atoms to have 
zero magnetic moment, and the other two only allow magnetic moments 
along the z direction. Those cannot explain the observed magnetic 
ordering, as the first and strongest magnetic peak at 7.9 degrees 
(Fig. 11a) corresponds to the (001) reflection, which cannot be justified 
by a model without spin components contained within the (001) plane, i. 
e. perpendicular to the scattering vector. This is also the case for some of 
the second level groups in the group-subgroup hierarchy depicted in 
Fig. S10, where Fe atoms either bear no magnetic moment at all or have 
it aligned exclusively along the z direction.

The systematic test of the possible orderings allowing components of 
the magnetic moments perpendicular to the z direction, gives satisfac
tory refinements of neutron data only for two magnetic space group, i.e. 
Aamm2 (#38.192) and the Aama2 (#40.208), both of them being polar 
groups. For these groups, following the procedure implemented in 
MAXMAGN, using the Belov-Neronova-Smirnova (BNS) notation [37], 
the paramagnetic basis (a,b,2c; 0,0,0) has been transformed to the 
standard BNS cell using the transformation (− c,a+b,a-b; 0,0,7/8). The 
lowered symmetry of the two space groups results in the splitting of the 
Fe2 atoms into two sites: Fe2_1 and Fe2_2, while Fe1 does not undergo 
any splitting. The main difference between both magnetic models is that 
for the first, Aamm2 (#38.192) the possible components of the magnetic 
moments for the three Fe atoms take the form (mx, mx, 0), while for the 
second, Aamm2 (#40.208) they are of the form (mx, -mx, mz). The 
neutron diffraction data collected at 10 K were refined by considering 
simultaneously the nuclear and magnetic phases and the magnetic mo
ments at the three Fe sites were refined independently for both of the 
above magnetic models. The refinement in the Aamm2 (#38.192) group 
results in a plausible magnetic model. The same refinement with the 
space group Aama2 (#40.208) does not give an improved solution as the 
variation of the mz component is very small and unstable and when fixed 
to zero, the resulting model is the same as the one with Aamm2 
(#38.192) group within a shift in z direction.

Fig. 11a presents the final Rietveld refinement against the neutron 
data collected at 10 K and the corresponding magnetic structure is given 
in Fig.11b. The Table S4 in SI summarizes the components of the mag
netic moments.

The ordered moment of Fe1 at 10 K is 3.97(5) μB, bigger than those 
for Fe2 atoms which are 2.08(5) μB for Fe2_1 and 0.50(2) μB for Fe2_2. 
These values are all smaller than the free ion values corresponding to 
FeIV (4.89 μB), FeIII (5.91 μB), and FeV (3.87 μB) although they are 
comparable to the reported in the literature for samples with Fe in such 
oxidation state[4,38]. The ordered magnetic moment of Fe2_2 is close to 
zero indicating a strong frustration resulting from the competing in
teractions. These results are consistent with the fact that the environ
ments around Fe1 and Fe2 are markedly different. Fe1 atoms are at the 
center of undistorted corner-sharing octahedra with equal Fe-O dis
tances of 2.023(1) Å, while the face-sharing octahedral surrounding Fe2 
atoms present three shorter distances of 1.877(1) Å and three longer of 
1.957 Å.

The resulting magnetic structure presents some interesting features. 
It consists of ferromagnetic sheets perpendicular to the c-axis with the 
magnetic moments along the [110] direction. However, different types 
of coupling, i.e. ferro or antiferromagnetic, can be found between the Fe 
layers along the c-axis. A ferromagnetic coupling exists between Fe1 and 
Fe2_1, whereas an antiferromagnetic one is present between Fe1 and 
Fe2_2. In addition, an AF coupling between the Fe2_1 and a ferromag
netic coupling between the Fe2_2 is observed within the dimers. 

According to the Kanamori-Goodenough [39] rules only an AF coupling 
between Fe is expected in 6H-BaFeIII-IVO3-x due to ~180◦ and ~90◦

Fe-O-Fe superexchange interactions. The diverse nature of the magnetic 
interactions found in this magnetic structure denotes the existence of 
charge fluctuations and a possible segmented bond network created by 
the oxygen vacancies. The reduced value of the magnetic moment and 
the semiconducting character of our sample indicate a significant degree 
of covalence between the Fe and O atoms. As a result, a delicate equi
librium between double-exchange ferromagnetic interactions 
competing with a frustrated network of different superexchange in
teractions takes place. Moreover, due to this intricate competition of 
interactions, we cannot rule out the possibility of some more compli
cated magnetic structure that could be revealed by single crystal 
measurements.

4. Conclusions

We have performed a study of the structural and magnetic transitions 
of the 6H-BaFeO2.96 sample over a wide temperature range (10–300 K) 
using powder-diffraction (neutron/ synchrotron) and spectroscopy 
techniques (EELS). No significant structural changes were found either 
by ND nor by high resolution SXRD. All the temperature-dependent 
diffraction patterns have been refined with the 6 H structure type 
(P63/mmc space group). No extra maxima or/and reflection splitting, 
which could suggest a structural transition at temperatures below 170 K 
are observed.

The Fe electronic changes, at a local level, have been analyzed by in 
situ EELS between 300 and 105 K. No major changes are observed be
tween the signals of BaFeO2.96 acquired at 105 K and 293 K. As refer
ences, besides the Fe(III)-L2,3 and Fe(IV)-L2,3 spectra, EELS Fe(V)-L2,3 is 
presented for the first time. When the sample is cooled to 105 K, a slight 
broadening of the Fe-L2 signal, compared to that taken at room tem
perature, is observed despite the small energy difference between the Fe 
(III)-L2 and Fe(V)-L2 values. This broadening points out to that a partial 
disproportionation process of Fe4+ into Fe(4+δ)+ and Fe(4-δ)+. At 105 K 
the extent of such disproportionation should be small, and therefore, not 
enough to induce observable changes in the structural parameters of the 
6H-phase. Through the disproportionation process, Fe(4-δ)+ likely oc
cupies the corner-sharing octahedra while Fe(4+δ)+ and Fe4+ would 
coexist in the face-sharing dimers without inducing abrupt structural 
changes in the structural framework of the hexagonal 6 H perovskite.

From the bulk transport, thermal and magnetic measurement we 
conclude that BaFeO2.96 orders antiferromagnetically at TN=156 K. The 
introduction of oxygen vacancies in the 6H-structure induces a clear 
frustration in the magnetic interactions, with the corresponding influ
ence in the magnetic susceptibility and magnetization. The entropy 
associated with this magnetic transition from the specific heat and 
magnetocaloric effect is lower than expected probably related to the 
complex magnetic structure, where different Fe sites are associated with 
very different magnetic moments. The magnetocaloric effect revealed a 
transition of inverse to conventional magnetic entropy change -ΔSM near 
TN as temperature increases.

From neutron diffraction data at 10 K, a plausible magnetic structure 
has been proposed for 6H-BaFeO2.96. The magnetic structure is 
commensurate with a propagation vector [0,0,1/2] and three magneti
cally different Fe sites (Fe1, Fe2_1 and Fe2_2). This model consists of 
ferromagnetic Fe-sheets perpendicular to the c-axis with the magnetic 
moments along the [110] direction coupled both ferromagnetic and 
antiferromagnetically along the c-axis. The values of the ordered mag
netic moment in the three Fe sites are very different; 3.97(5) μB for Fe1 
atoms, 2.08(5) μB for Fe2_1 and 0.50(2) μB for Fe2_2. The covalence 
between the Fe and O atoms can give rise to a complicated competition 
of ferro and antiferromagnetic interactions, resulting in a high degree of 
frustration in the magnetic structure of this compound.
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[14] A. el Hadri, I. Gómez-Recio, E. del Río, J.C. Hernández-Garrido, R. Cortés-Gil, 
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I. Gómez-Recio, J.M. González-Calbet, M.T. Fernández-Díaz, J.J. Calvino, M. 
A. Cauqui, M.P. Yeste, M. Parras, Exploring reversible redox behavior in the 6H- 
BaFeO3− δ (0 < δ < 0.4) System: impact of Fe3+/Fe4+ ratio on CO oxidation, 
Inorg. Chem. 63 (2024) 8908–8918, https://doi.org/10.1021/acs. 
inorgchem.4c00917.

[21] R.D. Shannon, Revised effective ionic radii and systematic studies of interatomie 
distances in halides and chalcogenides, Acta Crystallogr. A 32 (1976) 751–767, 
https://doi.org/10.1107/S0567739476001551.

[22] K. Mori, T. Kamiyama, H. Kobayashi, K. Itoh, T. Otomo, S. Ikeda, Local structure of 
BaFeO3-δ studied by neutron scattering, Phys. B Condens Matter (2003) 807–808, 
https://doi.org/10.1016/S0921-4526(02)02571-1.

[23] J.E.F.S. Rodrigues, J. Gainza, F. Serrano-Sánchez, R.S. Silva, C. Dejoie, N. 
M. Nemes, O.J. Dura, J.L. Martínez, J.A. Alonso, Thermal expansion and rattling 
behavior of Gd-filled Co4Sb12 Skutterudite determined by high-resolution 
synchrotron X-ray diffraction, Materials 16 (2023), https://doi.org/10.3390/ 
ma16010370.
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