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Abstract

Magnetic materials combining spin-glass behavior with hard-magnet coercivity are important for
fundamental and applied research. Herein, we report spin glass behaviors coupled to remarkably
large intrinsic coercivity values of 302.4 kA/m (H. = 3.80 kOe) in Mo1.5sMni 5Bz and 175.1 kA/m
(He = 2.20 kOe) in W15Mn; sB>. Both phases belong to the MoxFeB»-type structure known for
enabling excellent structural properties and predicted altermagnetic candidates. Single-phase
products were obtained via a compositionally tuned solid-state route that resolves prior phase-
purity challenges. Temperature-dependent susceptibility measurements revealed spin-glass
behavior below the freezing temperatures 7, = 29 K for MoisMn;i 5B2 and T, = 43 K (reentrant
cluster spin glass) as well as a ferromagnetic (FM) transition at 70 K for WisMnisB>. AC
susceptibility (y’) measurements exhibited frequency-dependent peaks that shifted to higher
temperatures with increasing frequency, confirming the presence of dynamic spin freezing in both
compounds. DFT calculations confirmed the presence of strongly competing FM and
antiferromagnetic (AFM) interactions leading to competing AFM/FM/FiM orderings with a
greater spin-exchange energy (AE« = 28-98 meV/f.u.) for FiM/AFM compared to FM in
Moi sMn; 5B> and even greater AE, = 53—131 meV/fu. in W1sMn; sB>. The magnetocrystalline
anisotropy energy (MAE) is uniaxial, favoring the c-axis, with MAE = —0.17 meV/f.u. (Mo) and
—0.10 meV/f.u. (W), which align well with the large hysteresis found experimentally, while the
unexpectedly larger coercivity of Moi.sMnisB> correlates with its greater AE.. These findings
pave the way for designing new Mo FeB,-type multifunctional materials beyond their usual

structural materials characteristics.
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Introduction

Multifunctional materials are of great interest today because they combine multiple properties into
a single material, delivering significant advantages across industries. Transition metal borides
(TMBs) of the MozFeBa-type structure (space group P4/mbm) are multifunctional materials
candidates. These are highly desired cermets widely studied for their excellent wear resistance,
their low friction coefficients against non-ferrous metals, and their thermal expansion properties
comparable to those of steels. '™ These attributes render them ideal for applications such as

>, Recent

injection molding machine parts and tools as well as dies for copper extrusion
advancements in multicomponent boron-based materials have demonstrated their potential for
property tuning by incorporating different atomic species into Mo,FeB; structure type, enabling
the development of materials with tailored characteristics for diverse industrial applications * 2,
Also, theoretical predictions suggest that MoMnB; exhibits better metallic properties with
predominantly electron-like conductivity compared to Mo,FeBo;'?

TaFeB,, Mo,MnB>, Nb>CrB,, and TixReB, have been predicted to exhibit favorable

and compounds such as

thermodynamic and mechanical stability, with improved ductility relative to tungsten carbide
(WC), a widely used wear-resistant material.'* Additionally, Mn is a key component in impact-
and wear-resistant alloys, making Moz(Fei.xMny)B> solid solutions promising candidates for

reinforcement phases in novel alloy designs. °

The presence of a magnetic element (Fe, Mn) in these compounds makes them candidates for
magnetic properties research to achieve multifunctional properties by coupling their excellent
mechanical strength with potential magnetic properties. Several computational studies have
predicted antiferromagnetic (AFM) ordering for MoFeB, (M = Mo, Nb, Ta). >!%!7 In addition,
recent studies reported a machine learning prediction of altermagnetic borides with MoxFeB:
structure type. '®!” However, such predictions have not yet been realized experimentally, mainly
due to the difficulty encountered during their single-phase synthesis. Nevertheless, using a high-
temperature (2000 K) and high-pressure (5.5 GPa) synthesis method, metastable Mo,FeB> was

obtained and partially (only the hysteresis was measured) demonstrated to order ferromagnetically,
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20 contrary to the previously predicted AFM ordering in the ground state structure of Mo>FeB..
The authors attributed this discrepancy to the metastable state of the high-pressure synthesized
phase. Consequently, no experimental data is available on the ground state structure and on
magnetic ordering in this exciting structure type. Our discovery of MisMnisB2 (M = Mo, W)
phases aims to address both the synthesizability of Mo:FeBa-type compounds as well as their
ground state magnetic properties. The presence of chains of magnetic elements (e.g. linear Fe-
chains) in these structures render them interesting for studying quasi low-dimensional magnetic
behaviors, including magnetic order, spin frustration and even spin-glass states. !'*! Spin glasses
are attracting considerable attention due to their ability to create unconventional magnetic
behaviors (such as memory effects, slow dynamics, chaotic sensitivity, and reentrant transitions),
22727 with applications in quantum computing envisioned. 2*2° Our work explores the possibility of
achieving not only single-phase synthesis but also magnetic order or spin-glass state in Moz2FeB.-
type TMBs by synthesizing MoMnB, (M = Mo, W) along with the disordered variants,
Mi sMn; sB2 (M = Mo, W). The decision to adjust the stoichiometry stems from the premise that
subtle variations in the M:Mn ratio can influence structural stability while modulating electronic
and magnetic interactions within the boride framework. This compositional modification enables
a more controlled synthesis process, offering valuable insights into the behavior of Mo2FeBa-type
borides under varying experimental conditions. Additionally, increasing the Mn content will alter
the magnetic properties of the systems, while non-stoichiometric compositions may induce spin-
glass states. To complement our experimental efforts, we have undertaken density functional
theory (DFT) studies to systematically evaluate structural stability, electronic properties, and

magnetic characteristics.

Results and Discussion

Phase Formation, Purity Analysis and Crystal Structure Analysis

The synthesis of MooMnB; and W>MnB; resulted in mixed-phase products: MoB as a secondary
phase in the case of M0oMnB: and unidentified peaks in the case of W>MnB:, as shown in Figure
S1. These impurity-phases persisted despite attempts to optimize the synthesis conditions,
including variation of the annealing temperature from 1000 °C to 1500 °C. In addition, our attempt

to synthesize single phases using the arc melting method also failed. These findings suggest that
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either the chosen synthesis routes are not adequate for obtaining single-phase products of these
compounds, or the respective composition is not the ground state phase. To the best of our
knowledge, all other reported synthesis methods of MozFeB:-type borides have failed to produce
single-phase products. *!>3%° Interestingly, the only report of a high-purity synthesis of Mo,FeB.-
type borides was achieved under high-temperature (2000 K) and high-pressure (5.5 GPa)
conditions, which led to the description of Mo,FeB: as metastable. ° We hypothesized that
suppressing the formation of the MoB impurity during the synthesis of MooMnB> would require a
deviation from the ideal stoichiometry. To test our hypothesis, we targeted MoisMn;.sB:
composition with the aim of reducing the Mo content while increasing Mn. Indeed, this adjustment
led to the successful synthesis at 1220 °C of a single-phase product (Figure 1a) showing metallic
luster. Using slightly modified experimental conditions such as a larger annealing temperature
(1350 °C), single-phase W1.sMnj 5B, was also synthesized (Figure 1b). The observed differences
in phase formation between M>MnB; and Mi.sMn; sB> (M = Mo, W) indicate that this structure
type might require a greater amount of 3d metals (T) in ternary M>TB: phases than previously
thought. Such compositional adjustments are not new in borides, for example the highly prolific

Ti3CosBy  structure type >°

initially obtained from a 1:1:1 starting composition, was later
demonstrated to be richer in Co (Ti3xCos+xB2, x = 0-0.52) than initially reported, which was

attributed to a Ti/Co mixed occupancy at one of the two Ti-sites in the structure *’

Powder X-ray diffraction (PXRD) analysis (see Tables 1 and S1) confirmed that MoMnB, and
Mi1.sMn 5Bz (M = Mo, W) crystallize in the tetragonal crystal system, adopting the Mo2FeBa-type
structure (space group P4/mbm, 1no0.127). Rietveld refinements provided the refined lattice
parameters (Table S1) that are larger than those previously reported; a = 5.8311(5) A and ¢ =
3.1487(3) A (c/a = 0.540) for Mo,MnB; and a = 5.790(2) A and ¢ = 3.1622(8) A (c/a = 0.546) for
W>MnB; compared to a = 5.781-5.812 A and ¢ =3.127-3.136 A for M =Mo and a = 5.748 A and
c=3.151-3.160 A for M = W. 3238 This discrepancy might also hint at a potential deviation from

the ideal stoichiometry for these phases, especially given the relatively large ranges reported.

The lattice parameters of the Mn-richer phases (Table 1), a = 5.7897(1) A and ¢ = 3.1391(1) A
(c/a = 0.542) for MoisMnisB; and a = 5.7622(1) A and ¢ = 3.1604(1) A (c/a = 0.548) for
Wi.5sMni sB2, are smaller than those of the Mo/W-richer phases, as expected based on the smaller

atomic radius of Mn versus Mo/W, supporting the increased Mn content. Interestingly, the c/a ratio
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changes by only 0.006 between Mo- and W-based phases in Mn-poor or Mn-rich compositions
(also found in DFT-calculated values given later), suggesting a maintained structural anisotropy
despite variations in composition. Nevertheless, the small structural anisotropy is in favor of W-

based compositions.

Rietveld refinements resulted in the atomic arrangements shown in Figures 2(a—c) illustrating
different projections of the unit cell along the [001] and [010] crystallographic directions, while
Figure 2d showcases the layered structure viewed along the [100] direction. The refinements of
the Mn-richer compositions revealed that Mo (or W) and Mn atoms are mixed on the 42 Wyckoff
site, while Mn exclusively resides at the 24 site (Figure 2a). This M:Mn site selectivity is primarily
governed by electronic considerations rather than atomic size. Specifically, Mn, possessing a
higher valence electron count (7 VE), preferentially occupies the 2a site because the greater
number of valence electrons enables a higher coordination number with surrounding atoms. In
these borides, a high electron count allows a metal center to stabilize more M—B and M—M bonds
without forcing electrons into antibonding states. Electron-richer Mn (7 VE) can therefore support
the more highly connected 2a environment (cuboctahedron, CN =~ 12) by distributing its electrons
over many bonds, whereas electron-poor Mo/W (6 VE) is better accommodated at the less
connected 44 site (pentagonal prism, CN = 10), where fewer bonds reduce the likelihood of
antibonding occupation and allow stronger individual interactions. Thus, the match between
electron count and site connectivity provides a straightforward rationale for the observed site
preference. Conversely, Mo (or W) atoms, which have a smaller valence electron count (6 VE),
predominantly occupy the lower coordination site (44), but mixed with 25% Mn. The resulting
coordination environment around Mn is a cuboctahedron (Figure 3a), while a pentagonal prism
(Figure 3b) is formed around Mo (or W). This structural arrangement reinforces the stability of
the boride framework, demonstrating how the electronic structure governs atomic site preference

in these compounds.

SEM-EDS Analysis of Moi.sMny.sB2and Wi.sMni.sB:

Given the impurity phases present in Mo,MnB; and W>MnB,, further microstructural
characterization focused primarily on the single phases Moi.sMn;i 5sB2 and W15sMn; sB>. Scanning

electron microscopy (SEM) revealed a homogeneous microstructure (Figures 4a and 4b) in both
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materials, characterized by well-defined uniform spherical grey particles, suggesting controlled

nucleation and growth.

Energy Dispersive X-ray Spectroscopy (EDS) mapping confirmed homogeneous distribution of
the elements in both MoisMn;sB> and WisMn;sB> (Figures 4a and 4b). Quantitative EDS
analysis yielded an approximately 50:50 atomic ratio between Mo and Mn in Moi.sMn; 5Bz, and
between W and Mn in W1.sMnisB2, which is consistent with their nominal stoichiometry. The
minor variations observed in the measured compositions fall within the standard error range of
EDS quantification. These results reinforce the successful synthesis of Moi.sMn;sB> and
WisMn; 5B, as single-phase compounds with well-defined microstructure and homogeneous
elemental distribution, providing a strong foundation for further investigation into their magnetic
properties. Additional supporting data, including EDS spectra and compositional details, are

provided as supplementary materials (Figure S2).
Experimental Magnetic Properties Investigations

The breakthrough in the single-phase synthesis of compounds (Moi.sMnisB2 and W1.sMn; sB)
adopting the Mo2FeBa-type structure marks a significant advancement in the study of their physical
properties. The magnetic properties of MoisMn; sB> and W1.sMni sB> were investigated through
temperature-dependent magnetization (M-7) measurements conducted at applied fields of 0.01 T
and 0.1 T under both zero-field-cooled (ZFC) and field-cooled (FC) conditions. The resulting
direct current (DC) magnetic susceptibility (y) curves for ZFC and FC in MoisMn; sB> exhibit
spin-glass like behavior, as illustrated in Figure Sa. Notably, the ZFC curves show a typical AFM
behavior, exhibiting a prominent peak around 7, = 29 K (freezing temperature, see AC
susceptibility discussion below). Under the FC condition, Mo 5sMn; sB; transitions to FM-like
behavior well below T (at ca. 14 K). At very low field (0.01 T), the susceptibility between ~150—
250 K in Figure 5a shows a departure from ideal Curie-Weiss behavior, consistent with short-
range magnetic correlations. Exchange disorder from Mo/Mn mixing and competing
FM/FiIM/AFM interactions can create locally correlated regions whose polarization varies
nonlinearly with temperature in weak fields, yielding the observed curvature. Applying a stronger

field (0.1 T) aligns spins more uniformly, reducing the deviation.

WisMn; 5B; transitions to a FM-like behavior at 7c = 70 K under FC conditions (Figure 5b).

Unlike Mo1.sMni 5Bz, which shows a single maximum under both magnetic fields, the maximum

6
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observed in the ZFC conditions for WisMnisB> varies with magnetic field, decreasing with
increasing field from 43 K at 0.01 T to 21 K at 0.1 T. This behavior suggests that this W-phase
might experience re-entrant spin-glass transitions below 7c. These behaviors indicate that there
are competing AFM and FM interactions in both phases, but with dominating AFM interactions in
Moi sMn; 5sB>, while FM interactions prevail in WisMnisB>. A summary of the experimental
magnetic parameters for both compounds is presented in Table 2. The origin of these different
magnetic behaviors is further explored below, as well as through DFT calculations in the

subsequent sections.

To deepen our understanding of these competitive magnetic interactions, the corrected inverse
magnetic susceptibility (y ) was plotted as shown in Figures Sc¢ and 5d. At low applied magnetic
fields, the curves do not follow the Curie-Weiss law, likely due to the competitive nature of the
AFM and FM interactions. For reference, the low-field y—1(7) data at 0.1 T under ZFC/FC
conditions are shown in Figure S3, highlighting the deviation from linear Curie-Weiss behavior.
Thus, measurements under a high magnetic field of 7 T were undertaken. Before fitting, we
subtracted the temperature-independent term yo, which accounts for core diamagnetism and a small
Van Vleck contribution. * For these high-field runs, the 7 T data were collected from 300400 K
under FC conditions. The (y —yo)~! data in this range follow Curie-Weiss behavior and were fitted
accordingly. The fits reveal a small and negative Weiss constant (6 = -15 K) for Mo;.sMn; 5B>,
which indicates antiferromagnetic-dominated exchange on average; the low-temperature feature
at Tg =29 K corresponds to spin freezing rather than long-range antiferromagnetic order.
Conversely, WisMnj 5B, exhibits a positive Weiss constant (6 = 77 K) close to 7c = 70 K,
indicating the predominance of FM interactions. Overall, the Mo phase shows stronger magnetic
competition than the W analogue. This frustration can originate from the spin-glass state,

characterized by competing FM and AFM interactions.

To further investigate the possibility of spin-glass state, AC susceptibility measurements were
performed to study the spin dynamics of MoisMnisB2 and WisMni sB,. Figures 6a and 6b
present the temperature-dependence of the real part (') of the AC susceptibility measured over a
range of frequencies (2 Hz to 500 Hz) under a fixed AC magnetic field amplitude of 5 Oe. In both
compounds, the y'(7) curves exhibit well-defined peaks, the positions of which vary with

frequency, a hallmark signature of spin-glass-like magnetic behavior. For Mo1.sMn1.sBa, a distinct
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peak is observed around 28.5 K at the lowest frequency (2 Hz), which slightly shifts to a
temperature of 29.5 K at the higher frequency (500 Hz). A different trend is noted for Wi.sMnj 5B2,
where a much broader maximum in y’ appears near 43 K at 2 Hz and moves to 45 K at 500 Hz as
the frequency increases. This frequency dependence of the freezing temperature is a characteristic
feature of systems undergoing a spin-glass transition, where spin relaxation dynamics are slow and
thermally activated, leading to a time-dependent response. The relative variation of the peak

temperature 7 in spin glasses per frequency f can typically be expressed using Equation 1
K= AT /[T:Alnf]  (Eq.1)

where 7, is determined from the derivative of ' with dy’/dT = 0, f'is the frequency, and A points
to the difference between measurements at different frequencies. We obtained K values of 0.00635
and 0.00842 for M;.sMnj 5B, and Wi.sMnj 5Ba, respectively, which are relatively small for both

systems and are indicative of the metallic nature of these compounds. *°

One interesting point is that although the frequency dependence of Wi sMni B> is larger than
Mo1.sMni sBa, there is a very large difference between the 7g of the DC measurement and the 7g
of the AC measurements. The reason for this discrepancy is not clear, however, the peak is very
broad in W1sMnisBz. The peak in Mo1.sMni sB> is sharper and more intense compared to that
observed in W1.sMni sB2. This suggests a well-defined spin-glass transition in Mo1.sMn 5sB2, likely
driven by dominating AFM interactions in the spin glass state, which is supported by the negative
Weiss constant observed in the DC susceptibility analysis. W1.sMn; sB: is a little more anomalous,
it exhibits a large positive Weiss constant & = 77 K, namely strong FM interactions, while
competition with weaker antiferromagnetic AFM interactions apparently leads to the spin glass
ordering at a much lower temperature region. This complexity may result in the very broad DC
peak and the anomalous difference with the AC peak temperatures. In addition, the AC data for
WisMn; 5B, at Hqge = 0 Oe (Figure S4) show a shoulder around 60 K next to the much stronger
peak near 43 K (hiding the peak at 60 K from the ferromagnetic transition). The combination of a
broad peak in W1sMnisB2 and the presence of a peak at 60 K suggests a re-entrant spin-glass

transition near 43 K.

To quantify the spin dynamics, we have analyzed the frequency dependence of 7sg in W1.sMn; sBa,

obtained under Hpc = 100 Oe, using the Power and Vogel-Fulcher scaling laws strategies
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described by Roy-Chowdhury et al. ***! For the Power-law analysis, we used the expression in

Equation 2,

Tf_ TSG]—ZU
Tsg

t=1 | (Eq. 2)

where 1=1/(2nf) is the relaxation time at measurement frequency f, 1o is the microscopic attempt
time, 7sc is the zero-field spin-glass temperature, and zv is the dynamical critical exponent. The
Power law plot shown in Figure 7a is nearly linear and yields 10 =1.2(3)x107" s and zv = 34.4(3)
with Tsg =29.6 K (fixed), indicating slow collective dynamics characteristic of interacting
moments. The Vogel-Fulcher analysis uses the expression in Equation 3,

T =T €Xp [%] (Eq. 3)
in which E, is an activation energy, ks is Boltzmann’s constant, and 7y is the interaction
temperature. The fit shown in Figure 7b gives 10 = 1.4(9)x10 * s and Ea/ks =269(9) K with T
=33.0 K (fixed), consistent with inter-cluster interactions producing an effective freezing barrier.
To quantify the frequency shift of the y’ peak, we evaluated the Mydosh parameter Q, defined in
Equation 4,

Tro—T
Q= e Eq. 4
T 1 [logiof2— 10810 /1] ( q )

where 7ris the peak temperature at frequency fusing our measured frequency window (2-500 Hz).
We obtained Q = 0.0208. This value lies in the cluster spin glass range (canonical spin glasses: Q
~ 0.005; cluster spin glasses: 0.01 < Q < 0.05; superparamagnets: O = 0.05). In addition, we
follow the optimized analysis in Roy-Chowdhury et al. ** and analyze the Ea/kgTo from the Vogel—
Fulcher fit, which further separates canonical from cluster glasses (canonical: E./kg7o < 1; cluster
glass: >1). Together, Q = 0.0208 and the scaling fits support the classification of our system as a

cluster spin glass rather than a canonical spin glass

The field dependence of the freezing temperature at fixed frequency (110 Hz) was obtained from

the »'(T) maxima and fitted to an Almeida—Thouless (AT) form in Equation 5,
Tsc (H) = Tsc(0) (1— AH*?) (Eq. 5)

where H is the applied DC field, 7s5G(0) is the zero-field value, A is a coefficient, and ¢ is the AT
exponent. The fit yields ¢ = 5.2(4) and A = 0.025(5) as shown in Figure 7¢, evidencing non-mean-
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field for spin glasses. The obtained value of 5.2(4) for ¢ was observed in some Heisenberg spin-

glass system. *!

For MoisMni sBa, the ' peak shifts only slightly across our available frequency window (from
Tsc = 29.0 K at 2 Hz to = 29.5 K at 500 Hz), a change comparable to the temperature step in our
measurements on the MPMS3. Because accurate application of the Power-law and Vogel-Fulcher
analyses require 7sg values determined with finer resolution over a wider frequency span than
available, we did not apply those fits here. This does not detract from the present conclusions: the
AC data still show the expected low-frequency peak near 29 K, and the small frequency shift
(together with the DC and coercivity results) is consistent with the spin-glass behavior established

for this phase.

The magnetic behaviors of MoisMn;sB> and WisMnj 5B, were further investigated by field-
dependent magnetization (M-H) measurements at temperatures between 5 K and 100 K, as shown
in Figures 8a and 8b. At 5 K, the magnetization curve for MoisMn 5Bz exhibits a magnetic
hysteresis loop and does not even trend toward saturation at high magnetic fields, indicating
prominent spin glass behavior. Increasing the temperature reduces the coercivity and the magnetic
moment but the overall shape remains until 7g and the coercivity disappears completely thereafter
suggesting that the paramagnetic state is reached. Conversely, at 5 K, the magnetization curve for
WisMn; 5B also displays a magnetic hysteresis loop, but it shows a greater tendency towards
magnetic saturation, further confirming dominating FM interactions. Similarly, with increasing
temperature both the coercivity and the magnetic moment decrease, as expected, and a
paramagnetic-like behavior (straight line) is found above 7¢. Surprisingly, both M-H curves have
very large coercivities at 5 K (Figures 8c and 8d) with values of 302 kA/m (Hc = 3.8 kOe) and
175 kA/m (Hc = 2.2 kOe) recorded for MoisMnisB> and WisMn;isBa, respectively. Both
Moi sMnj 5B2 and W1 sMn sB» exhibit large H. at low temperatures because of the following three
combined effects of: (i) structural anisotropy arising from the tetragonal lattice; (i) competing FM,
FiM, and AFM interactions (see theory section below), which promote cooperative cluster reversal
and stiffen the nucleation and motion of reversal fronts, consistent with the observed non-
saturating M—H at 5 K; and (iii) Intrinsic uniaxial anisotropy (SOC-driven), supported by DFT
MAE trends that lock the easy axis and increase the barrier to spin rotation (see theory section

below). Microstructural strain and texture are known to influence coercivity: residual strain can

10
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introduce domain-wall pinning centers (hardening), while strong texture can bias hysteresis by
partially aligning easy axes. In our samples, the compositionally homogeneous microstructure and
absence of obvious morphological texturing point to a minor microstructural contribution. The
systematic increase in Hc therefore correlates more naturally with the intrinsic uniaxial anisotropy
(MAE) as discussed below. The larger coercivity of MoisMn; 5B relative to WisMnisB; is
unexpected, given that W is a heavier 5d element, which typically enhances anisotropy compared
to 4d elements such as Mo. In Mo1.sMn; sB2, the combined influence of stronger FM/FiM/AFM
competition (see theory section below) and greater local anisotropy dispersion yields a higher
effective reversal barrier than in W1.sMn; sB», despite W having a larger elemental spin—orbit
constant than Mo; this accounts for the larger measured Hc of the Mo compound. The link between
strong magnetic competition and elevated Hc is consistent with prior observations in metal borides.
In the AoMTs5xT’xB2 (A = Sc, Hf, Zr; M = Mn, Fe; T/T’ = Rh, Ir; Ti3CosB»-type), compositions in

42-44 3 trend

which AFM interactions become more prominent tend to exhibit larger coercivities
attributed to exchange-stiffened reversal and increased domain-wall hindrance in magnetically

heterogeneous regions.

To the best of our knowledge, the recent study by Zhao et al. *°

is the only report of significant
coercivity value in a metal boride exhibiting spin-glass behavior with a coercivity value of 10.2
kA/m (0.128 kOe) at 2 K reported in CrFeB, a value which is an order of magnitude smaller than
those found in this work. We are not aware of other rare-earth-free metal borides with such larger
intrinsic coercivity values. Given that such large coercivities are usually associated with hard
magnetic materials, this discovery not only places these materials in the small group of materials
candidates for spin-glass based spintronic applications,?®?° but it also opens an avenue for
developing rare-earth-free permanent magnetic materials based on the MozFeB; structure type.
Although these new materials are neither good ferromagnets nor strongly frustrated spin glasses,
we argue that their position in-between these magnetic states benefits them greatly. Thus, novel
quantum phenomena (e.g. useful in quantum computing) are highly likely to emerge from such

systems. Indeed, Yamaraha et al *°

have recently shown that spin cluster glass materials (e.g.
LusFe4Co0.5S10.5012) can provide high short-term memory capacity and are thus better candidates
for constructing next-generation spintronic reservoir computing with improved performance if

compared to conventional quantum material systems. Given that, a spin cluster glass behavior is

11
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found in the W-phase, it is highly likely that this phase is also a potential candidate for constructing

next-generation spintronic reservoir computing just like LusFesCoo.5Si0.5012.

Computational Analysis of Structure and Magnetic Properties

To complement the experimental magnetic properties of MoisMn;sB> and WisMnisBa, we
performed density functional theory (DFT) calculations. Several structural models, presented in
Figures S5 and S6, were constructed to account for the mixed occupancies observed
experimentally. We explored ferromagnetic (FM), antiferromagnetic (AFM), and ferrimagnetic
(FiM) states (discussed later). Among the non-magnetic (NM) models, those with the lowest
ground-state energies, depicted in Figures SSA (M = Mo) and S6A (M = W), were selected for
further calculations. Given that all structure models have some kind of Mny-substructure not
observed experimentally because of the M/Mn mixed occupancy, the lowest energy models were
chosen for further calculations. These lowest energy structures feature an interesting Mn
substructure: a chain of interconnected Mns square pyramids (Mns-chain), illustrated in Figures
9a and 9b. Although this substructure was not found experimentally, it is part of the network of
interconnected Mn/M atoms (Figure 2). Interestingly, the Mns unit exhibits two intrachain Mn—
Mn bond lengths: a shorter one (2.60 A in Mo; sMn sB2; 2.62 A in W1 sMn; 5sB.), and a longer one
(3.08 A in Mo sMn;sBy; 3.11 A in W;sMn; sB). The experimental Mn—T (T = Mo/W or Mn)
bond lengths (2.65 A/3.14 A for Mo sMn; sBa; 2.66 A/3.16 A for W1 sMn sB>) closely match
calculated values, indicating that the proposed model structures are good enough to describe the
experimental disordered ones. However, only the longer Mn—Mn distance (~3.15 A) is found in
M>MnBa, thus suggesting that vastly different magnetic interactions are expected between the Mn-

poor and Mn-rich phases as demonstrated below.

The relaxation energy revealed that the spin-polarized (sp) calculations were energetically more
favorable than the non-spin-polarized (nsp) ones in both compounds, indicating the presence of
significant magnetic interactions. Further insights into their electronic structure and magnetism
were obtained through density of states (DOS) analysis, as shown in Figures 10a, 10b, 10e, and
10f. In the nsp DOS plots, shown in Figures 10a and 10e, Mn 3d states dominate the electronic
structure near the Fermi level (£F). Similarly, in the sp DOS, shown in Figures 10b and 10f, the
overall shape and features are very similar in both compounds, particularly near the Fermi level,

with only slight differences in the intensities between the spin-up and spin-down channels. This
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suggests only minor differences between the two compounds, which is expected given that Mo
and W have the same number of valence electrons, thus, the small differences originate from the
different bonding characteristics between Mo 4d and W 5d orbitals in their respective
environments. At Er, the nsp-DOS is dominated by Mn d orbitals, and Mn states have the largest
spin splitting in the sp-DOS, suggesting that Mn atoms are mostly responsible for the spin
polarization and thus the magnetic properties in both compounds. Large states are still present at
EF, suggesting metallic behavior for both compounds, as expected from these metal-rich phases

that showed metallic luster after synthesis.

More insight is gained by examining Mn—Mn bonding through pCOHP plots as presented in
Figures 10c and 10g. In both compounds, the Fermi level lies within the Mn—Mn antibonding
region in the nsp calculations, indicating electronic instability in the nonmagnetic state due to the
occupation of antibonding states. Such occupation can lead to instability that is resolved not
through atomic rearrangement, but via electronic structure distortion, specifically by
differentiating spin sublattices to lower the system’s energy through spin polarization. Thus, the
Fermi level’s position in the antibonding region signals a tendency toward spin symmetry breaking
as a stabilization mechanism. This is supported by the spin-resolved pCOHP data, where Mn—Mn
interactions are separated into a (spin-up) and B (spin-down) contributions as shown in Figures
10d and 10h. Upon spin polarization, both compounds show a reduction in antibonding character
near the Fermi level, particularly in the a-spin Mn—Mn interactions. While the B-spin channel
retains some antibonding character, the overall occupation of bonding states becomes more
pronounced, especially between —1 eV and —5 eV. This redistribution of electronic states, with
more electrons filling bonding orbitals and fewer occupying antibonding ones, reflects a
strengthening of Mn—Mn bonds due to spin polarization. Such behavior is consistent with an
electron-driven symmetry breaking, similar to a Jahn-Teller distortion, but here the instability is

resolved purely through electronic reconfiguration.*’#3

Although the sp pCOHP curves for the two compounds are similar in shape, subtle distinctions are
observed. In MoisMnisB2, both a and B Mn—Mn interactions exhibit relatively continuous
bonding character below the Fermi level. In W1.sMni 5Bz, the @ Mn—Mn bonding features appear
slightly sharper, while the B component shows a somewhat more fragmented pattern. Nonetheless,

these differences are not substantial, and the overall conclusion holds for both systems: spin
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polarization reduces antibonding occupation at Er and strengthens Mn—Mn bonding, thus
stabilizing the overall structures. Non-spin polarized pCOHP can be used to predict magnetic
interactions between magnetic centers such as Mn, with the presence of antibonding interactions
at Er of a nsp pCOHP plot suggestive of ferromagnetic (FM) interactions while nonbonding
interactions point to antiferromagnetic (AFM) interactions.*’*® Therefore, in both compounds, the
strongly antibonding Mn-Mn interactions would predict strong FM interactions between magnetic
Mn centers. However, the overall magnetic state of these compounds will depend upon the spin
arrangements between the FM Mn-subunits (Figure 9) which are also affected by conduction

electrons.

To gain deeper insights into the nature of magnetic state in Mo1sMnisB2 and W1 .sMnisB2, we
explored multiple spin configurations using the ground state structure model. For each compound,
three primary magnetic states FM, AFM, and ferrimagnetic (FiM) were analyzed, as illustrated in
Figures 11(a—d). For both compounds, the energy computed for the non-magnetic (NM) state is
higher than that of the three magnetic states FM, AFM, and FiM, suggesting a high probability for
magnetic ordering in both phases, the FM configuration being the most stable (Table 3). However,
the NM state is only about 300 meV less stable than the FM ground state, which is far less than
the usual values reported in other purely FM metal borides such as MoMn4SiB; (about 1800 meV)
or TizCosBa-type ferromagnets (about 1500-2000 meV). '22!3° However, in weak FM metal
borides such as H;MOssBz (M = Mn, Fe), * energy differences of the same order of magnitude
are found (600-800 meV) and even a smaller value was found in Hf2CoOssB: spin glass (94
meV).* Both these magnetic states (weak FM and spin glass) are characterized by competing FM
and AFM interactions, just like our experimental results in the new phases. These findings suggest
that the new phases contain the magnetic characteristics of either weak FM or spin glass states. To
further probe the competition between FM and AFM interactions in the new phases, we have
compared the energies of the FM, FiM and AFM states by analyzing the spin exchange energies
relative to the most favorable FM state, defined as Eex 1 = Erim — ErM, Eex 2 = Earmi — Erv, and
Eex 3= Earm2 — Erm (see Table 3). For Moi.sMni 5Bz, Eex 1 1s +28 meV, while for Wi sMn; sB; it
is twice as large at +53 meV, suggesting more competitive FM and AFM interactions in the Mo-
based phase and greater FM interactions in the W-based phase. The AFM state is at least 60 meV
higher in energy in both cases, given that Eex 2 (or Eex 3) values are +90 meV (or 98 meV) and

+131 meV (or +116 meV), for Mo;.sMn; 5sB2 and W1 sMnj sB,, respectively. Consequently, the
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competitive AFM interactions originate mostly from a FiM state rather than an AFM state.
Nevertheless, the AFM states are still competitive enough to make a significant contribution. These
competing interactions corroborate the experimental results, which found a spin-glass state in
MoisMnisB> and weak FM and re-entrant spin-glass states in WisMnisB2. The agreement
between experimental and computational results suggests that both compounds exhibit competing
magnetic interactions at low temperatures, likely driven by a complex interplay between localized

and itinerant electronic states, a hallmark of spin glass behavior.

Magnetocrystalline Anisotropy Energy (MAE)

The MAE reflects the intrinsic energy barrier for changing the direction of magnetization in a
crystal and it plays a crucial role in determining the coercivity of magnetic materials. In this study,
we find that both Mo sMni.sB> and W1.sMn; 5B exhibit negative MAE values, with calculated
values of —0.17 meV/f.u. and —0.10 meV/f.u., respectively, as presented in Table 3. According to
the definition used in this work (see experimental section below), if MAE > 0, then Esoc (Lc) <
Esoc (llc), so in-plane magnetization is energetically favored. Conversely, if MAE < 0, then Esoc
(llc) > Esoc (Lc), indicating a preference for out-of-plane (easy axis) magnetization. Hence, the
negative MAE values observed in both compounds indicate that the magnetic moments are more
stable when aligned along the c-axis, suggesting that both materials possess uniaxial magnetic
anisotropy. Notably, Mo1.sMn sB> exhibits significantly higher MAE than Wi sMn sB», a trend
that aligns well with experimental findings of greater coercivity for Moi.sMn1.sB2 (302.40 kA/m)
compared to WisMnisB2 (175.07 kA/m). However, this result is somewhat counterintuitive
because tungsten, a 5d transition metal, is expected to contribute more significantly to SOC-driven
anisotropy than molybdenum, a 4d element. Therefore, one might anticipate W1sMni.sB2 to have
both a larger MAE and higher coercivity than Mo sMnisB>. However, our results show the
opposite situation, which invites a closer look into the underlying magnetic and electronic
interactions. To explain this unusual behavior, we examined the magnetic exchange competition
among the FM, AFM, and FiM states. As discussed earlier, the computed spin exchange energies
relative to the FM ground state indicate that Mo1.sMn1.sB> has closely competing AFM and FiM
states, with energy differences of +92 meV/f.u. and +28 meV/f.u., respectively. This small energy
separation indicates a more complex magnetic landscape and greater competition among magnetic
orders. This pronounced FM/FiM/AFM competition implies that under an external magnetic field,

spin clusters will reorient in a correlated manner rather than independently, which stiffens the
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nucleation and motion of reversal fronts. When combined with the larger uniaxial MAE in
Mo1.sMnisBa, the result is an increased effective field required to switch the magnetization,
accounting for the higher measured Hc of Moi.sMn; sB; relative to Wi.sMnj sB2. However, both
compounds still have huge coercivity values, which is a great advantage in achieving spintronic

materials based on spin glass systems.

Conclusion

This study introduces Moi1.sMn;sB> and WisMnisB2 as single-phase MoxFeBa-type borides
exhibiting complex magnetic characteristics. Both compounds crystallize in the tetragonal
P4/mbm space group and show clear site selectivity between Mo (or W) and Mn atoms.
Magnetization measurements under varying temperatures reveal features of spin-glass behavior,
and characteristic freezing temperature of 7g =29 K for Mo1.sMn sB> but two magnetic transitions
for WisMn;sBz, showcasing a ferromagnetic transition at 70 K and a re-entrant spin-glass
transition around 43 K. Frequency-dependent AC magnetic susceptibility (') measurements show
frequency-dependent shifts of the peak temperatures in both spin-glass states, validating the
presence of dynamic spin freezing. In addition, field-dependent magnetization (M-H)
measurements performed at 5 K reveal astonishingly large coercivity values for both compounds:
Hc = 302.40 kA/m for Moi1sMnisB2 and He = 175.07 kA/m for W1sMnisB2. These intrinsic
values are remarkably high for rare-earth-free borides. Density functional theory (DFT)
calculations support these findings by revealing energetically competing FM, FiM, and AFM
states, with stronger spin exchange competition in Mo;.sMnj 5sB,. Furthermore, magnetocrystalline
anisotropy energy (MAE) calculations show that both compounds prefer out-of-plane
magnetization along the c-axis, supporting the large intrinsic coercivity values. The MAE of
MoisMn;i sB> is nearly double that of WisMnisB>, which matches their coercivities. This
exceptional magnetic performance marks a significant step in the discovery of new spin-glass-
based spintronic materials and places Mo2FeBa-type borides firm in the multifunctional materials

category beyond their usual structural materials characteristics.
Materials and Methodology

Synthesis
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The syntheses of MooMnB2, W2MnB2 Moi sMni sB2, and W1.sMni sB2 were carried out using high
purity elemental powders of tungsten (W, 99.9%, Across Organics), molybdenum (Mo, 99.9%,
Thermo Scientific), manganese (Mn, 99%, Aldrich), and boron (B, 99%, amorphous powder,
Thermo Scientific). The elements were precisely weighed to achieve the targeted stoichiometric
ratios for each composition. Following the weighing process, the powders were thoroughly
homogenized through grinding to promote uniform mixing. Using hydraulic press, the resulting
powder mixtures were then compacted into dense pellets. These pellets were subsequently placed
into dried and evacuated quartz ampoules, which were sealed under an argon atmosphere to

prevent oxidation and unwanted contamination during high-temperature treatment.

To optimize the synthesis conditions, a modified solid-state reaction technique was employed,
deviating from conventional methods used for MozFeBa-type borides. The ampoules were placed
in a preheated box furnace at 1220 °C and annealed for 2 days to promote diffusion-driven
reactions. After the heat treatment, the ampoules were rapidly quenched in cold water to stabilize
the synthesized phases and suppress unwanted secondary phase formation. To further investigate
the influence of synthesis temperature, additional trials were conducted by varying the annealing
temperature between 1000 °C and 1500 °C, as well as using the arc furnace method. The resulting

samples were examined for phase formation, microstructural homogeneity, and purity.
Phase Ildentification and Rietveld refinement

The phase purity and structural characterization of the synthesized samples were investigated using
powder X-ray diffraction (PXRD). The finely ground powders were analyzed using a Rigaku
Miniflex 600 diffractometer equipped with Cu-Kou radiation (A = 1.546 A). Data acquisition was
carried out in a continuous scan mode over a 20 range of 5° to 90°, with a step size of 0.015°. To
achieve high-resolution diffraction patterns with minimal noise, each scan was conducted over a
duration of 2 hours. A Dectris MYTHEN2 1K detector was used to enhance signal detection and

ensure precise peak resolution.

Structural analysis was performed using the Rietveld refinement method,*® to determine the lattice
parameters, phase composition, and crystallinity of the synthesized materials. The refinement
process involved fitting experimental diffraction data to calculated patterns, enabling accurate
determination of atomic positions and phase fractions. The obtained structural parameters were

cross-validated against known a Mo,FeB»-type structure to confirm the successful synthesis of the
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targeted compounds. This comprehensive approach ensured the reliability of phase identification

and provided valuable insights into their structural properties.
Elemental Quantification and Imaging

Elemental composition and microstructural characterization were conducted using energy-
dispersive X-ray (EDX) spectroscopy in conjunction with scanning electron microscopy (SEM).
A Tescan Vega3 SBH SEM equipped with a Bruker LN:-free high-resolution 30 mm? silicon drift
(SD) detector was employed for the analysis. The EDX detector, with an energy resolution of <
129 eV at Mn Ka, was calibrated using certified reference standards to ensure precise elemental
quantification. The detection range extended from boron to californium, enabling a comprehensive
assessment of both light and heavy elements. Multiple regions across the sample surface were
examined to assess compositional uniformity, with quantitative data corrected using the ZAF
algorithm to account for atomic number, absorption, and fluorescence effects. Additionally,
backscattered electron (BSE) imaging was utilized to correlate microstructural features with
elemental distributions. All measurements were conducted under high-vacuum conditions at an

accelerating voltage of 20 kV and a working distance of 15 mm.
Magnetic Characterization

Magnetic  behavior was analyzed wusing a Quantum Design MPMS3 SQUID
magnetometer. Temperature-dependent DC magnetization measurements were carried out
between 2 K and 400 K under both zero-field-cooled (ZFC) and field-cooled (FC) conditions at H
=0.01 T and 0.1 T to examine thermal evolution. Additionally, field-dependent DC magnetization
curves were recorded at multiple temperatures to evaluate hysteresis characteristics and saturation
tendencies. Temperature-dependent AC magnetization measurements were performed on cooling

at Hac = 5 Oe and Hpc = 0 and 100 Oe and frequencies between 2 and 500 Hz.
Computational Framework

The electronic and magnetic properties of MoMnB; (M = Mo, W) and M sMn; 5sB2 (M = Mo, W)
systems were explored using computational simulations based on Density Functional Theory
(DFT), implemented within the Vienna Ab-initio Simulation Package (VASP) °!*2 . The exchange-
correlation interactions were treated using the generalized gradient approximation (GGA) with the

Perdew-Burke-Ernzerhof (PBE) functional *>~>°. To accurately model the experimentally observed
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Mo-site preference and site-sharing between Mo and Mn, and W and Mn where Mo and W
preferentially occupies the 42 Wyckoff sites, a 1x1x2 supercell was constructed to statistically

account for mixed occupancy.

The initial structures underwent full relaxation, allowing the lattice parameters, cell volume, and
atomic positions to optimize until the forces on each atom were below 0.02 eV/A. The projector
augmented wave (PAW) method was employed to accurately treat the interaction between valence
and core electrons. The Brillouin zone sampling was conducted using a Monkhorst-Pack *¢ k-point
mesh. A plane-wave cutoff energy of 550 eV was selected based on convergence tests to provide
an adequate basis set quality. Total energy convergence was strictly enforced with a threshold of
107¢ eV per unit cell. Following structural relaxation, self-consistent calculations were performed

to achieve electronic convergence and identify the most energetically favorable structures.

The Density of States (DOS) was subsequently computed using charge density data extracted from
the CHGCAR file, with a grid resolution of 2000 points (NEDOS) to ensure high-resolution
spectral features. The Fermi energy (Er) was normalized to 0 eV for clarity in DOS visualizations.
To analyze the magnetic behavior of these materials, both non-spin polarized (nsp), and spin-
polarized (sp) calculations were conducted on the fully relaxed structures. This approach enabled
a detailed investigation of the magnetic interactions and the stability of different spin

configurations.

The projected crystal orbital Hamilton population (pCOHP) analysis was employed to evaluate the
bonding interactions and electronic contributions to magnetic behavior. The pCOHP calculations
were carried out using the LOBSTER (Local Orbital Basis Suite Towards Electronic-Structure

47,48

Reconstruction) code , which reconstructs chemical bonding information by projecting the

plane-wave outputs from VASP onto an atom-centered local orbital basis.

To evaluate the magnetocrystalline anisotropy energy (MAE), fully relativistic spin-orbit coupling
(SOC) calculations were performed. The SOC effect arises from relativistic interactions between
an electron’s spin and its motion in the electric field of the atomic nucleus. This interaction is
introduced through the SOC Hamiltonian %, given by:

Hsoc=&L .S (Eq. 6)

where:
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e Hsoc is the spin-orbit coupling Hamiltonian, which describes the additional energy
contributions arising from the coupling between an electron’s orbital and spin angular
momenta

e ¢ is the spin-orbit coupling constant, which is an atom-specific parameter reflecting the
strength of relativistic interactions in the system.

e L is the orbital angular momentum operator.

e S is the spin angular momentum operator.

e L.S represents the interaction between the spin and orbital degrees of freedom of the
electrons, which underlies the anisotropic magnetic behavior in crystalline solids.

In this context, SOC breaks the rotational symmetry of the spin system, giving rise to anisotropic
total energies depending on the magnetization direction. This effect is responsible for
magnetocrystalline anisotropy, an intrinsic property of magnetic materials.

To quantify this anisotropy, MAE is calculated using the total energies from SOC calculations
with different magnetization orientations:

MAE = Esoc (lic) — Esoc (Lc) (Eq. 7)

where:

e FEsoc (llc) is the total energy of the system when the magnetization is aligned parallel to the
crystallographic c-axis.

e FEsoc (Lc) is the total energy when the magnetization lies in the plane perpendicular to the
c-axis (typically within the ab-plane).

The MAE is defined as the energy difference between these two configurations and serves as a

measure of the preferred spin orientation due to spin-orbit interactions.
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Table 1. Structure refinement data for Moi.sMn;5sB2 and WisMnisB> based on PXRD data. Both compounds crystallize with the

Mo>MnB;-type structure. Refined lattice parameters, unit cell volumes, densities, and Rietveld reliability factors are reported.

Mo1.5sMni 5B Wi15Mni15B;
Unit cell Space group P4/mbm, 127 P4/mbm, 127
dimension a=bA) 5.7897(1) 5.7622(1)
c(A) 3.1391(1) 3.1604(1)
c/a 0.542 0.548
vV (A3) 105.25(1) 104.94(1)
Density (g/cm?) 7.826 12.02
Wykoff 2a Mn: 0,0, 0 Mn: 0,0, 0
position 4h 75% Mo, 25% Mn: 0.1772(2), 0.6772(2), 75% W, 25% Mn: 0.1728(1),
0.5 0.6768(1), 0.5
4g B:0.614(2),0.114(2), 0 B: 0.631(2),0.131(2), 0
Profile RBragg 4.88 4.56
Refinement Ry 3.67 2.92
(Rietveld)  »° 1.89 1.75
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Table 2. Summary of key magnetic parameters for Mo1.sMni sB2 and W1.sMni.5sB2 compiled from DC susceptibility, high-field Curie—

Weiss analysis, AC susceptibility, and low-temperature hysteresis measurements.

Parameter Symbol / Units Mo1.sMn; 5B Wi15Mni15B;

Freezing temperature (under DC, ZFC) Ty (K) 29 43

Curie temperature (under DC, FC) T (K) — 70

Weiss constant (7 T CW on (y—x0)! 0 (K) -15 +77

AC peak temperature (low f) T, (2 Hz) (K) 28.5 43.0

AC peak temperature (high f) T, (500 Hz) (K) 29.5 45.0

Frequency-shift K = AT, /[TAlnf] 0.00635 0.00842
(dimensionless)

Coercivity at 5 K Hc (kA-m™) 302 175

Saturation tendency at 5 K

Qualitative regime

Non-saturating

Spin-glass-like / cluster-glass

Approaches saturation
FM with re-entrant

glassiness
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Table 3. Calculated magnetic moment (), spin-exchange energy (Eex), and magnetocrystalline anisotropy energy (MAE) for
Moi.sMn; 5sB2 and WisMn 5B across various magnetic configurations: ferromagnetic (FM), ferrimagnetic (FiM), antiferromagnetic
(AFMI1 and AFM2), and nonmagnetic (NM). The spin-exchange energy is defined relative to the FM state (ground state set to Erm = 0
meV/fu.): Ex 1 = Erim — Erum; Eex 2 = Earmit — Evvi; Eex 3= Earvz — Evu; Eex 4 = Exm — Epu.

Compound  Total magnetic moment (pa) Spin-exchange energy Magnetocrystalline

anisotropy energy

ua (FM) ua (FiM) Eex 1 Eex > Eex 3 Eex 4 MAE

ps/f.u. us/f.u. meV/fu. meV/Au. meV/fu  meV/Au. meV/fu.
Mo1.5sMn;sB;2 2.76 1.72 +28 +92 +98 +307 -0.17
WisMnisB; 2.55 1.70 +53 +131 +116 +309 -0.10
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Figure 1. Rietveld refinements of the powder X-ray diffraction patterns (Cu Kai; A = 1.5406 A)
for Moi1sMn;sB2 (A) and WisMn;sB; (B). Red, black, and blue curves correspond to the
observed, calculated, and difference profiles, respectively, with green vertical ticks indicating
Bragg reflection positions. The two diffractograms are similar (same structure type), but subtle
differences in intensities are apparent with some small reflections even disappearing in one

compared to the other. Insets display the refined unit cells.
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Figure 2. (A) Crystal structure of MisMnisB2 (M = Mo, W) viewed along the [001] direction,

highlighting Wyckoff positions responsible for M (44) and Mn (2c¢) site preferences. (B) and (C)
Atomic arrangements along the [010] and [001] directions, respectively. (D) Three-dimensional
layer-like structure viewed along the [100] direction, emphasizing the alternating stacking of the
magnetic 3d transition metal (Mn) and boron in one layer and mostly 4d transition metal (75%M

+ 25%Mn) in another.
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(A)

Figure 3. Coordination polyhedra structures. (A) Cuboctahedral coordination environment
surrounding the Mn atoms, providing a stable bonding arrangement favored by their higher
electron count. (B) Pentagonal prism coordination environment preferred by Mo or W atoms,
consistent with their lower electron count. These distinct polyhedral environments reflect the

electron-driven site preference and structural stability of the boride framework.
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(A) (B)
Figure 4. Scanning electron microscopy (SEM) images and corresponding energy-dispersive X-
ray spectroscopy (EDS) elemental maps for MoisMnisB> (A) and WisMnisB2 (B). Both
compounds exhibit homogeneous microstructures composed of uniformly shaped grey grains.
Elemental mapping confirms the uniform distribution of Mo, Mn, and B in Mo; sMn; 5B, and W,
Mn, and B in W1 sMn; 5B, with no observable segregation or clustering, indicating excellent phase
homogeneity.
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Figure 5. Temperature-dependent DC magnetic susceptibility () and inverse susceptibility (")
for Moi1.sMn; 5Bz (A, C) and WisMn;sB> (B, D), measured under zero-field-cooled (ZFC) and
field-cooled (FC) conditions. The freezing temperature is 7g = 29 K for Mo;.sMn;j 5sB,, while the
Curie temperature is 7c = 70 K for W1.sMn; 5sB>. C—D: High-field Curie—Weiss analysis at 7 T on
the corrected inverse susceptibility (y—x0)~', where yois a temperature-independent term (core
diamagnetism plus a small Van Vleck contribution) measured under field-cooled (FC) condition.
The orange dotted lines reflect the Curie-Weiss fits performed over 300—400 K. The analysis yields
6 =—15 K for Mo1.sMn; sB> and a positive § = 77 K for W1.sMn; sBo.
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Figure 6. Real part of the AC magnetic susceptibility (y') for Mo1sMni5B2 (A) and W1.sMn; 5B:

(B), measured as a function of temperature at an AC field amplitude of Hac = 5 Oe, DC applied
field of Hye = 100 Oe, and excitation frequencies of 2, 7, 25, 110, and 500 Hz. The peak in y’ shifts

toward higher temperatures with increasing frequency in both compounds, consistent with

thermally activated spin-glass dynamics. A sharper and more symmetric transition appears in

Moi.sMnisB2 near 30 K, while W1.sMni 5B exhibits a much broader response near 43 K (just

below 7c = 70 K), suggesting a re-entrant spin glass transition. Insets highlight the frequency-

dependent shift of the freezing temperature, indicating distinct magnetic relaxation behavior

between the two systems. The frequency dependence of Tr(f) was analyzed using the Power-law

(critical slowing-down) and Vogel-Fulcher relations.
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Figure 7. Dynamic AC-susceptibility analysis for Wi sMni.sBa2. (A) Power-law (critical slowing-
down) fits to the frequency-dependent ¥’ peak positions, showing cooperative spin dynamics. (B)
Vogel-Fulcher fit, yielding a finite interaction temperature 7o, consistent with interacting magnetic
clusters. (C) Field dependence of the freezing temperature at fixed frequency (110 Hz): Tsg
decreases with applied DC field following an Almeida—Thouless—type trend, indicative of non-
mean-field glassiness. For all panels, black symbols are experimental values obtained from the

x'(T) maxima, and red lines are best fit to the indicated models.
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Figure 8. Field-dependent magnetization (M—H) curves for Moi sMn 5Bz (A, B) and W1.sMn; 5B:

(C, D) measured at 5 K and 100 K. At 5 K, both compounds exhibit magnetic hysteresis

characteristic of spin glass behavior for MoisMn;sB> and weak ferromagnetic behavior for

WisMnj 5sB,. Moi1.sMnj 5sB2 shows no sign of saturation, indicating a more pronounced spin-glass

state, while W1sMn; sB> tends to saturate, typical of a re-entrant spin-glass signature. At 100 K,

the hysteresis vanishes for both compounds as they become paramagnetic. The zoom-outs (C, D)

highlight the coercivity at 5 K, determined to be 3.80 kOe for MoisMnisB> and 2.20 kOe for

Wi.sMn; 5Bs.
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Figure 9. Magnetic Mn—Mn interactions building a unique chain of interconnected quadratic Mns-
pyramids identified from the lowest-energy structural model of wMo1.sMn;.sB and W1.sMn; sBo.
The magnetic substructure in both compounds, viewed along different crystallographic axes,
shows only a slight variation in Mn—Mn bond lengths: the bond length in Mo1.sMn1 5B (black) is
marginally shorter than in Wi sMn.sB: (red). These Mn—Mn chains are vital in understanding the

electronic and magnetic behaviors of these systems.
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Figure 10. Electronic structure and bonding analysis of Moi1.sMn.sB> (A-D) and W1.5sMn; 5B, (E—
H). (A, E) Non-spin-polarized total and partial density of states (DOS), indicating Mn 3d orbitals
dominate near the Fermi level (EF), confirming metallic behavior and Mn-governed magnetism.
(B, F) Spin-polarized DOS with clear spin asymmetry, reflecting spin polarization effects.
(C, G) Non-spin-polarized pCOHP curves for Mn—Mn interactions, showing the Fermi level
resides in the antibonding region, suggesting instability in the nonmagnetic state.
(D, H) Spin-resolved pCOHP separating a and B Mn—Mn interactions; the reduction of antibonding

character and increase in bonding below EFr indicates stabilization via spin polarization.
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AFM2

Figure 11. Magnetic configurations considered for MoisMnisB, and WisMnisBa: (A)
ferromagnetic (FM), (B) ferrimagnetic (FiM), (C) antiferromagnetic type 1 (AFMI1: antiparallel
within Mn chains and between Mn layers), and (D) antiferromagnetic type 2 (AFM2: two parallel
Mn chains aligned antiparallel to one another). Spin orientation is indicated by red (1) and blue (])
arrows. DFT calculations identify FM as the lowest-energy configuration in both compounds, with
small energy differences relative to FiM and AFM models. The competition between these

configurations suggests a complex magnetic landscape with potential for field-induced transitions.
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TOC Text

Mi sMni sB2 (M = Mo, W, Mo:FeBo-type, P4/mbm) were successfully synthesized as single-phase
products and found to display unusual magnetic properties with spin-glass states accompanied by
remarkably large coercivity values of 302.4 kA/m (M = Mn) and 175.1 kA/m (M = W). DFT
calculations confirmed the presence of competing FM and AFM interactions and further revealed

uniaxial magnetic anisotropy, thus confirming experimental findings.

40



	Keywords: Mo2FeB2-type borides; spin glass; weak ferromagnet; uniaxial magnetic anisotropy, quantum materials

