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Abstract: The multi-sublattice ferrimagnet Co,FeO,BO3, a prominent example of lanthanide-
free magnets, was the subject of element-selective studies using X-ray magnetic circular
dichroism (XMCD) observations at the L- and K- X-ray absorption edges. Research findings
indicate that the distinct magnetic characteristics of Co,FeO,BO3, namely its remarkable
high coercivity (which surpasses 7 Tesla at low temperatures), originate from an atypical
arrangement of magnetic ions in the crystal structure (sp.gr. Pbam). The antiferromagnetic
nature of the Co?*-O-Fe®* exchange interaction was confirmed by identifying the spin
and orbital contributions to the total magnetization from Co (my, = 0.27 & 0.1 pg/ion and
meffg = 0.53 + 0.1 pg/ion) and Fe (my, = 0.05 + 0.1 pg/ion and m®fg = 0.80 + 0.1 pg/ion)
ions through element-selective XMCD analysis. Additionally, the research explicitly re-
vealed that the strong magnetic anisotropy is a result of the significant unquenched orbital
magnetic moment of Co, a feature that is also present in the related compound Co3;0,BOs.
A complex magnetic structure in CopFeO,BOj3, with infinite Co%* Oy layers in the be-plane
and strong antiferromagnetic coupling through Fe* ions, is suggested by element-selective
hysteresis data, which revealed that Co?* ions contribute both antiferromagnetic and ferro-
magnetic components to the total magnetization. The findings underline the suitability of
Co,FeO,BOj; for applications in extreme environments, such as low temperatures and high
magnetic fields, where its unique magnetic topology and anisotropy can be harnessed for
advanced technologies, including materials for space exploration and quantum devices.
This XMCD study opens the door to the production of novel high-coercivity, lanthanide-free
magnetic materials by showing that targeted substitution at specific crystallographic sites
can significantly enhance the magnetic properties of such materials.

Keywords: magnetism; coercive field; element-specificity; orbital-specificity; charge ordering

1. Introduction

Permanent magnets play a crucial role in modern technologies, ranging from elec-
tronic devices to renewable energy sources [1,2]. Although significant advancements
have been made in developing powerful magnets like Nd,Fe14B and SmCos, progress
in creating new permanent magnets with enhanced properties has slowed. This slow-
down is partly due to concerns about the availability and environmental impact of lan-
thanides, which has increased interest in alternative materials such as strontium ferrites [3]
and single-molecule [4-6] and single-chain magnets [7,8]. Researchers are particularly
focused on developing lanthanide-free hard magnets using charge-ordering phenom-
ena [9], which stabilize magnetic nanodomains and enhance resistance to demagnetization.
One promising area of research involves multi-component systems, such as transition
metal oxyborates like M2+,M3+0,BO; with the mineral ludwigite structure (sp. gr. Pbam),
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where M represents a transition metal or a metalloid. These materials exhibit charge-
ordering properties [10-18] and show potential for creating magnets with high coercive
force and magnetic anisotropy [13,19,20]. Additionally, their ability to operate in extreme
environments, such as low temperatures and high magnetic fields, makes them particularly
suitable for studying fundamental quantum cooperative phenomena like Bose-Einstein
condensation, exotic magnetism, and spin-density waves.

Fe30,BO3 and Co30,BO;3 are the only known homometallic ludwigites, recognized for
their complex magnetic behaviors, primarily due to their crystal structures, which contain
four non-equivalent crystallographic sites. In Fe30,BO3, multiple transitions take place,
including a structural transformation at Ts= 283 K, where Fe?* and Fe3* ions pair up to
form dimers in a 4-2—4 triad configuration (Fe**—Fe?*—Fe3* bound charge states) [10,21].
This structural change leads to antiferromagnetic (AFM) ordering at Ty = 112 K. As the
temperature decreases further, the material transitions to ferromagnetic chains in a 3-1-3
spin ladder at T = 74 K [12], and finally to an AFM state at T = 30 K [22,23]. In this low-
temperature AFM phase, the direction of magnetic anisotropy transitions from the a-axis to
the b-axis, with the coercive force reaching a peak of approximately 3 T at T = 35 K.

In contrast, Co30,BOj3 exhibits typical behavior, characterized by a single ferrimag-
netic transition at Ty = 42 K along the b-axis. This transition is characterized by high
uniaxial magnetic anisotropy and a coercive field of ~2 T at T =2 K [11,22,24-26]. Replacing
nonmagnetic Co>* ions in Co30,BO3 with magnetic Fe3* ions to create Co,FeO,BO; signif-
icantly alters its magnetic properties. This replacement results in a twofold increase in the
ferrimagnetic transition temperature, reaching Ty, = 70 K, and additionally brings about
an AFM transition at Ty = 115 K along the b-axis [13,19,20,27]. Replacing nonmagnetic
Co®" ions with magnetic Fe>* ions leads to a threefold reduction in remanent magnetization
(from M, = 3.5 pg/fu. to M; = 1.1 ug/f.u.), attributed to antiferromagnetic interactions
between Co and Fe. At the same time, the material’s magnetic hardness is enhanced,
producing coercive fields exceeding 7 T at temperatures below 15 K [25]. The combination
of high magnetic anisotropy and unique cation distribution in Co,FeO,BO3; makes it a key
material for applications requiring resilience to extreme magnetic and thermal conditions,
such as resilient electronics for space missions or materials for high-pressure physics. Re-
cent DFT + GGA calculations show that high-spin Fe>* occupies crystallographic site 4,
while high-spin Co?* occupies sites 1, 2, and 3 [27]. This unusual cation distribution in
Co,FeO,BO;3 plays a critical role in altering its magnetic topology.

We utilized polarization-dependent X-ray absorption spectroscopy (XAS) to investi-
gate the significant increase in magnetic properties of Co,FeO,BOs. By focusing on the
charge and magnetic characteristics of the Co and Fe ions, this study aimed to uncover the
underlying mechanisms driving these enhancements in magnetic behavior. Compared to
conventional techniques, X-ray magnetic circular dichroism (XMCD) [28] offers a unique
advantage by providing element-specific insights into spin and orbital contributions to
magnetization. This capability allows for precise identification of the magnetic interactions
driving phenomena such as coercivity and magnetic anisotropy, which are critical for the
development of advanced lanthanide-free magnets. These findings not only advance the
understanding of low-dimensional magnetism in complex systems but also contribute to
broader efforts in the discovery of quantum states of matter under extreme conditions.

2. Experimental Details

High-quality Co,FeO,BOj3 single crystals were grown using a flux melt technique
based on bismuth trimolybdate, following the method detailed in [19]. This approach
ensures that BiO3 and MoOj effectively prevent the incorporation of Bi into the crys-
tal structure, enabling the formation of well-defined crystals. The flux melt, composed
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of Bi;Mo030O1; and B,0O3, has low melting temperatures (643 °C for BiMo3O;, and
450 °C for B,O3) and low viscosity, facilitating the growth of large needle-shaped crystals
(2-5 mm). B,O3 ensures efficient dissolution of oxides. A mixture of 50 g of reactants
(BizM03012:B203:Co0:NapyCO3:Fe, O3 = 3:2:4:3:3) was heated in a platinum crucible at
900-1000 °C. The components were melted sequentially, with Na,CO3 added last due to its
decomposition at high temperatures. After homogenization at 1100 °C for 3 h, the tempera-
ture was reduced to 960 °C and cooled slowly. The resulting crystals were separated using
20% nitric acid. Black, rectangular prisms approximately 2.5 mm long and 50 microns wide
were selected for the experiments. X-ray diffraction analysis was then performed using
a Bruker SMART APEX II diffractometer (MoK« radiation, CCD detector) to determine
the crystal structure. Magnetization measurements were taken using a Quantum Design
PPMS 6000 vibrating sample magnetometer. Static magnetization measurements were
performed in the temperature range of 2-300 K, and magnetization curves were obtained
in magnetic fields up to 9 T. Prior to the measurements, the single crystal was accurately
weighed using DV 215 CD microbalances. The single crystal, oriented with the aid of an
X-ray diffractometer, was mounted on a plexiglass holder to ensure the magnetic field was
sequentially aligned along each of the crystallographic axes. For each direction, dependen-
cies of magnetization on temperature and magnetic field were recorded. For measurements
along the crystallographic b-axis, the demagnetization effect due to the sample shape
was evaluated. Taking into account uncertainties arising from weighing, holder signal
subtraction, and measurements, the overall error in determining the sample magnetization
did not exceed 5%. Soft X-ray measurements (L3 >-edges of 3d metals and K-edge of O)
were carried out at the UE46-PGM1 beamline at BESSY II in Berlin. Additionally, hard
X-ray measurements (K-edges of Co and Fe) were performed at the ESRF ID12 beamline
in Grenoble. Both experiments utilized the same oriented sample and were performed
under varying temperatures and magnetic fields, offering a detailed understanding of the
magnetic properties.

3. Results and Discussion

CoyFeO,BO3 was determined to crystallize in the orthorhombic Pbam space group, and
the measured unit cell parameters align closely with values reported in earlier research [19].
Specifically, the unit cell parameters are as follows: a = 9.3818(16) A, b =12.34402) A,
c=3.057855) A, x = B =y =90°.

Ludwigite minerals exhibit structural features characterized by chains of metal ions in
octahedral coordination across four non-equivalent crystallographic sites (1, 2, 3, and 4).
These chains create a zigzag pattern along the c-axis, linked by trigonal BO3 units and
shared oxygen atoms (Figure 1). In Co30,BO3, divalent ions predominantly occupy sites
1, 2, and 3, whereas trivalent ions are mainly situated at site 4, positioned among the
BOj groups [26]. This specific arrangement leads to a compact structure comprising
alternating layers of divalent and trivalent ions, supporting charge-ordered configurations.
Below 300 K, Co-O interionic distances remain stable, with «Co4-O> being significantly
shorter at 1.962(2) A compared to «Co1-O> (2.094(2) A), <C02-O> (2.0640(17) A), and «C03-O»
(2.0810(16) A). This indicates that the CoOg octahedron is characterized by the shortest
inter-ion distance and the highest regularity. This reflects the small ionic radius of the Co®*
ion in the low-spin state (LS) (tzgéeg, $=0,1; = 0.545 A), which occupies the crystallographic
site 4. In contrast, high-spin (HS) Co?* ions (t2g4eg2, S=3/2,1; = 0.745 A) are found at sites
1,2, and 3, contributing to ferrimagnetism [25].



Inorganics 2025, 13, 24

40f12

Figure 1. Crystal structure of Co,FeO,BO3 in the ab-plane. The structure comprises octahedra that
correspond to divalent and trivalent metal ions positioned at non-equivalent crystallographic sites (1,
2, 3, and 4). Planar BOj triangles are also illustrated. Black octahedra indicate (Co/ Fe)3*Og, with a
specific emphasis on FeOy, while gray octahedra represent continuous Co?* Oy layers that interact
through BO3 groups and Fe3* Qg octahedra.

In CoyFeO,BO3, the metal-oxygen interionic distances revealed that the (Co/Fe)4-
O bond is shorter at 2.0666(14) A compared to «Col-O> (2.1173(19) A), «(Co/Fe)2-
O> (2.0954(19) A), and «C03-0» (2.1163(18) A). These shorter average metal-oxygen bond
lengths suggest higher valence Fe>* ions (r; = 0.645 A) compared to Co?* ions (r; = 0.745 A)
It should be noted that mixed metal ion occupancy at crystallographic sites of 1, 2, 3, and
4 complicates the structure. Single-crystal X-ray diffraction shows that crystallographic
sites 2 and 4 are occupied by Co(65.2%)/Fe(34.8%) and Co(21%)/Fe(79%), respectively,
while sites 1 and 3 are exclusively filled by Co [19]. It is important to note that non-resonant
X-ray diffraction struggles to distinguish Co from Fe due to their similar atomic scattering
factors, so it is reasonable to assume that Fe predominantly occupies site 4, which is also
found to be energetically favored [27]. In this case, it is reasonable to propose that the
structure consists of continuous Co?*Og layers lying in the be-plane, linked along the a-axis
through BO; triangles and Fe3* Oy octahedra.

The magnetic properties of Co,FeO,BO3 depend on its complex crystallography.
Figure 2 shows a comparison of the macroscopic magnetic hysteresis curve (at 15 K)
with element-selective magnetization curves along the b-axis, highlighting their impact
on magnetic behavior. The shape of the loops suggests a mixture of ferromagnetic and
antiferromagnetic contributions, where remagnetization proceeds through the motion of
domain walls. Substituting Co with Fe increases the coercive field, achieving over 7 T for
CopFeO,BO3 below 15 K, surpassing those of Nd5 4Fe778Bg g [29], NdyFe4B (5-6.5 T at
80 K) [30], SmCos (4.3 T at 4.2 K) [31], SmyCoq7 (1.5-1.7 T at 4.2 K) [32]. The increased
coercive field in Co,FeO,BO; likely results from crystal defects caused by substituting
inactive Co®" ions with active Fe** ions.

Element-sensitive studies, such as XMCD, are crucial for analyzing this material,
as they reveal its magnetic behaviors and spin dynamics [28]. L-edge spectroscopy pro-
vides distinct benefits compared to K-edge spectroscopy, including sharper multiplet fea-
tures and reduced core-hole lifetime broadening, even though K-edge spectroscopy offers
deeper probing capabilities. L-edge studies are surface-sensitive, probing the top ~10 nm
of the material.

Surface-sensitive XAS and XMCD at the Co and Fe L3-edges were performed on a
CopFeO;BO3 sample from 5 K to 130 K under a magnetic field of 6 T. The Co L3 XAS
spectrum (Figure S1) of CopFeO,BOj3 at 5 K shows a complex multiplet structure [33]. The
primary features are observed at 776.6 eV, 777.93 eV, and 779.25 eV, aligning with those
typical of HS Co?* in solids. Analysis with reference spectra for HS Co®*, LS Co’", and
HS Co?* [34] reveals that the spectrum consists solely of HS Co?*. Thus, all Co ions in
Co,FeO,BOj are in the HS Co?* state, with no LS Co®* or HS Co’* detected.
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Figure 2. Comparison of macroscopic magnetic hysteresis curve (measured with H = +9 T) with
element-selective magnetization curves for Co,FeO,BO3, measured at 779.3 eV of the Co L3-edge,
at 710.3 eV of the Fe Lz-edge, at 7711.0 eV of the Co K-edge, at 7119.5 eV of the Fe K-edge along
the b-axis.

The Fe Lz XAS spectrum (Figure S1b) exhibits a characteristic double peak often
observed in oxides, resembling HS Fe?* in hematite (x-Fe,O3) [35]. The Fe Lz-spectrum
exhibits the primary features L3 and L, at 708.43 eV, and 710.25 eV, respectively, corre-
sponding to HS Fe?* in solids. We performed charge transfer multiplet calculations to
analyze the spectral shape of the experimental X-ray absorption spectra. For this pur-
pose, the used the CTM4XAS program package [36], which is based on a semi-empirical
approach including crystal field theory, core-hole effects, spin—-orbit coupling, multiplet
effects, and charge transfer.

For Fe3* ions on octahedral sites, the best fit for the spectra was obtained with a crystal
field splitting of 10Dq = +1.8 eV, with the values of the Slater integrals reduced to 80% of
the atomic value, accounting for reduced Coulomb repulsion. For Co?* ions, the crystal
field was smaller due to the lower charge of the cation. We obtained 10Dq = +1.2 eV for the
octahedral case, with the values of the Slater integrals reduced to approximately 90% of the
atomic value. For all other quantities, corresponding atomic values were used. Lorentzian
lifetime broadenings of 0.2 eV and 0.5 eV for the L3 and L, absorption edges, respectively,
were included. An additional Gaussian broadening of 0.1 eV accounts for the instrumental
broadening. Thus, these calculations confirm the presence of HS Co?* and HS Fe* states
in COQFEOQBOg,.

The XMCD spectrum of Fe exhibits a positive onset at the L3 peak (Figure S1b).
Combined with the negative sign of the Co L3 XMCD in the same measurement geometry
(Figure Sla), this indicates an antiferromagnetic coupling between the magnetic moments
of the two constituents. The XMCD sign remains unchanged with temperature, and the
asymptotic behavior is also conserved, indicating the stability of the electronic structure.
Only the amplitude changes, reflecting temperature-induced variations in the magnetic
moments. The absence of an inversion in the Fe and Co XMCD confirms that the coupling
of the Fe and Co magnetic moments is a collinear antiferromagnetic configuration across
the entire temperature range.

A quantitative analysis of the spin and orbital components contributing to the overall
magnetic moment was carried out using well-established sum rules [37,38]. From the
XMCD spectra, one can extract the orbital magnetic moment (mp ) and the effective spin
magnetic moment (m®ffs). The temperature dependencies of the orbital and spin moments
for iron and cobalt are shown in Figure 3.
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Figure 3. Orbital magnetic moments, effective spin magnetic moments, and total magnetic moment
Co,FeO,B0O;3, obtained via sum rules [37,38], as a function of temperature along the b-axis.

The cobalt orbital moment remains notably substantial and aligns with the spin mo-
ment, whereas in the iron sublattice, the spin magnetic moment exhibits a consistent
negative orientation, being antiparallel to that of cobalt’s spin moment. The XMCD data
shows that the Co,FeO,BOj3 system possesses a large unquenched orbital magnetic mo-
ment of Co, which contributes to the giant magnetic anisotropy. It also suggests a unique
ferrimagnetic alignment of the Co?* and Fe>* spins. At 5 K, the magnetic orbital moment
for Co was calculated to be 0.27 £ 0.1 pg/ion, and the spin moment was 0.53 £ 0.1 pg/ion,
resulting in a total effective magnetic moment of 0.80 & 0.1 pg/ion for one cobalt atom. The
orbital moments of Fe ions in CopFeO,BO; are very close to zero (0.05 & 0.1 ug/ion), as ex-
pected for Fe3* with its half-filled d-shell (3d°). The spin moment was —0.90 & 0.1 pg/ion,
resulting in a total effective magnetic moment of —0.85 &+ 0.1 pp/ion.

The effective spin moment can have a significant contribution from the intra-atomic spin
dipole term Iz, related to aspherical spin density distributions. Note that for Co ions, a
significant contribution of I'z> may be present that does not average out due to the larger
spin—orbit coupling. Thus, the resulting magnetic moment, defined as 2 x (mg <° + mg“°) —
(mg Fe + mgF®) = ~0.8 pg/f.u. at 5K, is close to that observed in macroscopic measurements
with an experimental magnetic moment of approximately 1.4 ug/fu. at 6 T (as seen in
Figure 2) [19]. Therefore, we can conclude that the total magnetization is determined by the
contributions of both subsystems to the magnetization of Co,FeO,BOs3. Unfortunately, within
our accuracy limits, we could not reliably observe features that might be associated with
magnetic transitions at 70 K, which is observed in this sample along the b-axis [19].

Moreover, it is worth noting that according to recent DFT calculations [27], the total
magnetic moment of the Co sublattice along the b-axis was determined to be +2.5 pug, while
the magnetic moment of the Fe sublattice was —3.6 pup, and it is oppositely directed. The
orbital moments were parallel to the spin moments: ~0.15-0.30 pp for Co ions and ~0.06 pp
for Fe ions [27]. The differences in the total magnetic moments from those obtained using
DEFT are likely due to the dielectric nature of the samples, which ultimately distorts the XAS
spectrum, despite all our measurements being in agreement with the macroscopic data.

Additionally, the strong covalent bonding between B and O atoms suggests that the
BOj3 unit acts as a rigid structure, contributing to the stability of the crystal. A qualitative
experimental indication of this stability can be observed at the oxygen K-edge [39-41].
In Figure S3, we present the O K-edge XAS spectrum measured at 6 T and 5 K. The O
K-edge XAS reflects electron transitions from the O 1s core level to O 2p unoccupied
states that are hybridized with the orbitals of neighboring Co/Fe ions. The lower energy
range (529-535 eV) represents the Co/Fe 3d state hybridized with O 2p, while the higher
energy range (535-545 eV) corresponds to the Co/Fe 4sp states hybridized with O 2p. The
main absorption peaks in the energy range of 535-554 eV correspond to oxygen 2p states
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hybridized with the 4p and 4s states of the transition metal cations. More relevant in the
present context are the absorption peaks in the pre-edge region around 530-532 eV, which
correspond to electron transitions into oxygen 2p states hybridized with 3d states.

Analysis of the oxygen spectrum indicates that there are also 4sp orbitals from iron and
cobalt involved in covalent bonding; i.e., there are 4sp from the transition metal involved
in the covalency. Unfortunately, the XMCD signal from oxygen was very noisy; however, a
small magnetic signal was still detectable. This may indicate that oxygen is magnetic due
to super-exchange interactions.

Field-dependent and temperature-dependent XMCD measurements at the maximum
XMCD signal energies for Co and Fe ions were performed to trace the magnetic sublattice
contributions to overall magnetization and determine the origin of the large magnetic
stiffness. First, we examine the data obtained at the L-edges. Figure 2 presents the Co
and Fe element-selective hysteresis loops in Co,FeO,BO3, measured at the L3-edges under
an applied magnetic field oriented along the b-axis at 5 K. The distinct XMCD signals
confirm antiparallel magnetic sublattices, with amplitudes corresponding to the ratio of
elements in the formula Co/Fe = 2/1. The slope of the Co XMCD loop suggests that
antiferromagnetic interactions at Co sites are more pronounced compared to those at Fe
sites. The Co Ls-edge XMCD loop exhibits a coercive field near 0.1 T, whereas that of the Fe
Ls-edge is approximately 0.145 T. This differs significantly from the hysteresis measured at
15 K using macroscopic magnetization measurements. Surface effects, such as strain and
defects, likely cause variations in measured coercive fields due to the shallow escape depth
(less than 10 nm).

To further verify the small value of coercivity obtained from the Co and Fe L-edge mea-
surements, we performed measurements in the hard X-ray region at the K-edges of X-ray
absorption. Hard X-rays at the K-edge penetrate up to approximately 10 microns, allowing
for bulk property analysis that extends beyond the surface sensitivity typically associated
with L-edge XAS. Before discussing the field dependencies from the XANES/XMCD spec-
tra measurements at the K-edges, it should be noted that we recently proposed a method
for isolating the contributions of different valence subsystems of cobalt in Co30,BO;3 [25]
and additionally confirmed the presence of HS Co?* and HS Fe**. A detailed description
of this method is provided in the Supplementary Materials.

Figure 2 also shows the magnetization curves obtained through element-selective
measurements for Co,FeO,BO;3 at Co (7711.0 eV) and Fe (7119.5 eV), recorded near their
pre-K edges at 15 K with an applied field of £17 T along the b-axis. The XMCD data for
cobalt and iron clearly show hysteresis behavior. At 15K, these element-selective loops
show notable coercivity, though it remains lower than the values detected in the bulk
macroscopic experiments.

Fe magnetization measured at the K-absorption edge is close to the saturation state,
indicating ferromagnetic ordering of Fe* moments. Co magnetization tilts in high fields,
suggesting mixed antiferromagnetic and ferromagnetic contributions, which are charac-
teristic of Co?* ferrimagnetic ordering in CoyFeO,BO3. These contributions from AFM
and ferromagnetic Co are experimentally observed at the Co L3-edge (Figure S2a,b), while
the XMCD Fe Lz-edge is always in the saturation state, indicating the presence of only
one contribution.

Temperature-dependent behavior of the Co and Fe magnetic sublattices in CopFeO,BO3
was investigated by analyzing measurements at the L3- and K-edges, in comparison with
macroscopic magnetization data recorded at 5 T along the b-axis (Figure S4). XMCD signals
peak around 70 K, consistent with macroscopic magnetization data, and reveal magnetic
coupling between the Co and Fe subsystems, contrary to earlier interpretations suggesting
that these subsystems act independently in similar compounds [13,21,42,43].
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Throughout the temperature range, the oppositely directed hysteresis loops for Co
and Fe indicate the antiferromagnetic nature of the Co?*-O-Fe®** exchange interaction, sug-
gesting different contributions from each subsystem to the total magnetization. Element-
selective magnetization of Co in Co,FeO,BO3 shows that the Co?* magnetic subsystem pri-
marily determines the total magnetization due to its significant orbital moment (mp ). Atlow
temperatures, my, orientation is determined by both the magnetic field (H) and intraatomic
spin-orbit coupling (Hys), which, according to Hund’s third rule, favors parallel alignment
of the orbital (m ) and spin (mg) moments. The exchange field (Hex[°) at low tempera-
tures tends to align Fe moments antiparallel to Co and, hence, to the external field, leading to
magnetic moment compensation along the b-axis from M; = 3.5 pg/f.u. for Co30,BO;3 [19]
to ~1.5 ug/f.u. for Co,FeO,BO;3 (Figure 2). Thus, the metal ion at crystallographic site 4
critically determines the magnetic state [25]. These results are supported by magnetiza-
tion [19], heat capacity [13], Mossbauer effect [27], and DFT calculations [27], which show
an almost collinear spin configuration 1(1)2(1)3(1)4(]) with Fe3* (d®, HS) at site 4 and Co?*
(d”, HS) at sites 1, 2, and 3.

Figure 4, which represents the temperature variation in the measured element-selective
XMCD hysteresis loop area, shows a significant reduction in coercivity (and so small
compared to the macroscopic) measured by XMCD for the Co and Fe sublattices. In
CopFeO,BO3, the element-selective Hc areas peak at 15 K as the temperature decreases
from 60 K, indicating strong magnetic coupling between these sublattices. This behavior is
consistent with the magnetic measurements on the Ni,FeO,BO3 sample in [13], where this
effect was first detected. The origin of the temperature dependence of coercivity in each
case should reflect the compromise of the temperature dependence for all the magnetic
anisotropy energy contributions, namely magnetoelastic, magnetocrystalline and shape or
magnetostatic terms.
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Figure 4. Temperature-dependent CoK- and FeK-edge XMCD Hc areas for Co,FeO,BO3, measured
across a temperature range of 5 to 130 K.

In CoyFeO,BO3, the transition at Ty = 70 K is metamagnetic, consistent with ac
magnetic susceptibility measurements showing a frequency-dependent peak indicative of
domain wall motion in ferrimagnetic domains, which slightly shifts to higher temperatures
with increasing frequency [20]. The increase in the magnetic transition temperature and
Curie-Weiss temperature indicates a rise in exchange energy (A) in Cop,FeO,BO3 compared
to Co30,BO3, but this alone does not explain the increased coercivity (Hc). If the anisotropy
constant (K) remains the same due to identical Co?* ion concentration and distribution,
the primary cause of the increased Hc is the higher defect density introduced by Fe®* ions,
which significantly reduces the average distance between magnetic domains [19].

In Nd,Feq4B-based magnets, the coercive field is significantly affected by factors such
as soft magnetic grain boundaries, misalignment of the anisotropy axes [44,45], and struc-
tural imperfections [44,46]. These elements account for approximately 60% of the reduction,
while internal demagnetizing fields and temperature-driven fluctuations contribute an
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additional 18%. Our study demonstrates a reduction exceeding 70%, suggesting the influ-
ence of other contributing mechanisms. Non-uniformly demagnetizing fields may lead
to uneven magnetization reversal, thereby impacting element-selective coercivity. For
CoyFeO,BO;3, these effects should not exceed 3%. Local self-demagnetizing fields at single
sites, initiating reversed domain nucleation [47], contribute significantly, as observed in
mixed cobalt-zinc ferrite nanoparticles [48], where cationic distribution and spin-canting
reduce coercivity. The significant difference between local and bulk coercive fields suggests
domain walls are bound to crystallographic sites, contributing to high bulk coercivity.

The coercivity of magnetic materials usually increases as the domain wall width () de-
creases, due to enhanced pinning from defects, impurities, and grain boundaries, following
the relation Hc o< 1/6 [49]. In CopFeO,BO;3, variations in coercivity with temperature can
be attributed to a domain wall pinning mechanism influenced by changes in the anisotropy
field and thermally activated domain wall motion, where magnetocrystalline anisotropy
plays a crucial role [50]. We performed an estimation of the domain wall width (), which
is presented in Figure S6. CopFeO,BOj3, a multi-sublattice ferrimagnet, shows similar local
coercivity fields (signals differ in Figure 4 by a factor of two due to the different elemental
content Co/Fe = 2/1), indicating comparable anisotropy constants for the cobalt and iron
sublattices [20]. The calculated temperature-dependent domain wall widths, which are
less than 1 nm, are comparable to the lattice constant b and the metal-metal distance 4-2
(~0.3 nm) [19], but are smaller than those for Sm-Co-based magnets (1-3 nm) [51,52]. Re-
cently, atomically sharp domain walls under 1 nm were directly observed in CuMnAs
films [53], suggesting similar domain walls may exist in our samples. Thus, the high
coercivity of CopFeO,BO; can be attributed to significant pinning effects, high magnetic
anisotropy, and domain wall dynamics.

4. Conclusions

In conclusion, this study shows that Co,FeO,BO3, a lanthanide-free multi-sublattice
ferrimagnet, exhibits exceptional magnetic properties, particularly its extremely high coer-
civity. These properties arise from charge-ordering and the distinctive spatial distribution
of magnetic ions in its crystal lattice. The specific cation arrangement significantly impacts
the magnetic behavior of ludwigites by altering the anisotropic energy landscape and
creating localized barriers that impede domain wall motion, thereby enhancing coercivity.

Element-selective XMCD analysis reveals that Co and Fe contribute to the total mag-
netization in a temperature-dependent manner, with Co?*-O-Fe3* antiferromagnetic in-
teractions occurring across the entire temperature range. The XMCD experiments show
that while the magnetization of Fe nears saturation at low temperatures, Co exhibits both
antiferromagnetic and ferromagnetic contributions. This suggests a magnetic structure
comprising infinite Co?*Og layers in the be-plane, with strong antiferromagnetic coupling
through Fe3* ions.

We propose that controlling the substitution of specific inequivalent crystallographic
sites, which act as pinning centers for domain walls, can help create materials with high
coercivity. These sites may exhibit different magnetic anisotropies, and substituting atoms
in these locations can modify local anisotropy, creating regions with high energy barriers
for domain wall movement. By optimizing the composition and substitution of atoms at
these sites, it is possible to enhance the magnetic properties of lanthanide-free materials,
resulting in high-coercivity materials suitable for various applications.

Lanthanide-free magnetic materials, such as Co,FeO,BOj3, represent a class of sus-
tainable alternatives to rare-earth-based magnets. Other examples include SrFe ;019
(strontium ferrites), which are widely used in low-cost permanent magnets, and Fe3O4
(magnetite), known for its excellent magnetic performance in specific applications. These
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materials demonstrate the possibility of achieving desirable magnetic properties, such as
high coercivity and strong magnetic anisotropy, without relying on rare-earth elements.
Their development is particularly significant for addressing global challenges in resource
availability and the environmental impact of rare-earth mining and processing.

In summary, this research highlights CoyFeO,BO3 as an example of a promising
lanthanide-free magnetic material, offering insights into the design principles that could
guide the development of other advanced magnets.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/inorganics13010024 /s1.
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