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Abstract 11 

Magnetic materials combining spin-glass behavior with hard-magnet coercivity are important for 12 

fundamental and applied research. Herein, we report spin glass behaviors coupled to remarkably 13 

large intrinsic coercivity values of 302.4 kA/m (Hc = 3.80 kOe) in Mo1.5Mn1.5B2 and 175.1 kA/m 14 

(Hc = 2.20 kOe) in W1.5Mn1.5B2. Both phases belong to the Mo2FeB2-type structure known for 15 

enabling excellent structural properties and predicted altermagnetic candidates. Single-phase 16 

products were obtained via a compositionally tuned solid-state route that resolves prior phase-17 

purity challenges. Temperature-dependent susceptibility measurements revealed spin-glass 18 

behavior below the freezing temperatures Tg = 29 K for Mo1.5Mn1.5B2 and Tg = 43 K (reentrant 19 

cluster spin glass) as well as a ferromagnetic (FM) transition at 70 K for W1.5Mn1.5B2. AC 20 

susceptibility (χ′) measurements exhibited frequency-dependent peaks that shifted to higher 21 

temperatures with increasing frequency, confirming the presence of dynamic spin freezing in both 22 

compounds. DFT calculations confirmed the presence of strongly competing FM and 23 

antiferromagnetic (AFM) interactions leading to competing AFM/FM/FiM orderings with a 24 

greater spin-exchange energy (ΔEₑₓ = 28–98 meV/f.u.) for FiM/AFM compared to FM in 25 

Mo1.5Mn1.5B2 and even greater ΔEₑₓ = 53–131 meV/f.u. in W1.5Mn1.5B2. The magnetocrystalline 26 

anisotropy energy (MAE) is uniaxial, favoring the c-axis, with MAE = −0.17 meV/f.u. (Mo) and 27 

−0.10 meV/f.u. (W), which align well with the large hysteresis found experimentally, while the 28 

unexpectedly larger coercivity of Mo1.5Mn1.5B2 correlates with its greater ΔEₑₓ. These findings 29 

pave the way for designing new Mo2FeB2-type multifunctional materials beyond their usual 30 

structural materials characteristics. 31 
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 35 

Introduction 36 

Multifunctional materials are of great interest today because they combine multiple properties into 37 

a single material, delivering significant advantages across industries. Transition metal borides 38 

(TMBs) of the Mo2FeB2-type structure (space group P4/mbm) are multifunctional materials 39 

candidates. These are highly desired cermets widely studied for their excellent wear resistance, 40 

their low friction coefficients against non-ferrous metals, and their thermal expansion properties 41 

comparable to those of steels. 1–4 These attributes render them ideal for applications such as 42 

injection molding machine parts and tools as well as dies for copper extrusion 5. Recent 43 

advancements in multicomponent boron-based materials have demonstrated their potential for 44 

property tuning by incorporating different atomic species into Mo2FeB2 structure type, enabling 45 

the development of materials with tailored characteristics for diverse industrial applications 6–12. 46 

Also, theoretical predictions suggest that Mo2MnB2 exhibits better metallic properties with 47 

predominantly electron-like conductivity compared to Mo2FeB2;13 and compounds such as 48 

Ta2FeB2, Mo2MnB2, Nb2CrB2, and Ti2ReB2 have been predicted to exhibit favorable 49 

thermodynamic and mechanical stability, with improved ductility relative to tungsten carbide 50 

(WC), a widely used wear-resistant material.14 Additionally, Mn is a key component in impact- 51 

and wear-resistant alloys, making Mo2(Fe1-xMnx)B2 solid solutions promising candidates for 52 

reinforcement phases in novel alloy designs. 15 53 

The presence of a magnetic element (Fe, Mn) in these compounds makes them candidates for 54 

magnetic properties research to achieve multifunctional properties by coupling their excellent 55 

mechanical strength with potential magnetic properties. Several computational studies have 56 

predicted antiferromagnetic (AFM) ordering for M2FeB2 (M = Mo, Nb, Ta).  5,16,17 In addition, 57 

recent studies reported a machine learning prediction of altermagnetic borides with Mo2FeB2 58 

structure type. 18,19 However, such predictions have not yet been realized experimentally, mainly 59 

due to the difficulty encountered during their single-phase synthesis. Nevertheless, using a high-60 

temperature (2000 K) and high-pressure (5.5 GPa) synthesis method, metastable Mo2FeB2 was 61 

obtained and partially (only the hysteresis was measured) demonstrated to order ferromagnetically, 62 
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20 contrary to the previously predicted AFM ordering in the ground state structure of Mo2FeB2. 63 

The authors attributed this discrepancy to the metastable state of the high-pressure synthesized 64 

phase. Consequently, no experimental data is available on the ground state structure and on 65 

magnetic ordering in this exciting structure type. Our discovery of M1.5Mn1.5B2 (M = Mo, W) 66 

phases aims to address both the synthesizability of Mo2FeB2-type compounds as well as their 67 

ground state magnetic properties. The presence of chains of magnetic elements (e.g. linear Fe-68 

chains) in these structures render them interesting for studying quasi low-dimensional magnetic 69 

behaviors, including magnetic order, spin frustration and even spin-glass states. 11,21 Spin glasses 70 

are attracting considerable attention due to their ability to create unconventional magnetic 71 

behaviors (such as memory effects, slow dynamics, chaotic sensitivity, and reentrant transitions), 72 
22–27 with applications in quantum computing envisioned. 28,29 Our work explores the possibility of 73 

achieving not only single-phase synthesis but also magnetic order or spin-glass state in Mo₂FeB₂-74 

type TMBs by synthesizing M2MnB2 (M = Mo, W) along with the disordered variants, 75 

M1.5Mn1.5B2 (M = Mo, W). The decision to adjust the stoichiometry stems from the premise that 76 

subtle variations in the M:Mn ratio can influence structural stability while modulating electronic 77 

and magnetic interactions within the boride framework. This compositional modification enables 78 

a more controlled synthesis process, offering valuable insights into the behavior of Mo2FeB2-type 79 

borides under varying experimental conditions. Additionally, increasing the Mn content will alter 80 

the magnetic properties of the systems, while non-stoichiometric compositions may induce spin-81 

glass states. To complement our experimental efforts, we have undertaken density functional 82 

theory (DFT) studies to systematically evaluate structural stability, electronic properties, and 83 

magnetic characteristics.  84 

 85 

Results and Discussion 86 

Phase Formation, Purity Analysis and Crystal Structure Analysis 87 

The synthesis of Mo2MnB2 and W2MnB2 resulted in mixed-phase products: MoB as a secondary 88 

phase in the case of Mo2MnB2 and unidentified peaks in the case of W2MnB2, as shown in Figure 89 

S1. These impurity-phases persisted despite attempts to optimize the synthesis conditions, 90 

including variation of the annealing temperature from 1000 °C to 1500 °C. In addition, our attempt 91 

to synthesize single phases using the arc melting method also failed. These findings suggest that 92 
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either the chosen synthesis routes are not adequate for obtaining single-phase products of these 93 

compounds, or the respective composition is not the ground state phase. To the best of our 94 

knowledge, all other reported synthesis methods of Mo2FeB2-type borides have failed to produce 95 

single-phase products. 4,15,30–35 Interestingly, the only report of a high-purity synthesis of Mo2FeB2-96 

type borides was achieved under high-temperature (2000 K) and high-pressure (5.5 GPa) 97 

conditions, which led to the description of Mo2FeB2 as metastable. 20 We hypothesized that 98 

suppressing the formation of the MoB impurity during the synthesis of Mo2MnB2 would require a 99 

deviation from the ideal stoichiometry. To test our hypothesis, we targeted Mo1.5Mn1.5B2 100 

composition with the aim of reducing the Mo content while increasing Mn. Indeed, this adjustment 101 

led to the successful synthesis at 1220 °C of a single-phase product (Figure 1a) showing metallic 102 

luster. Using slightly modified experimental conditions such as a larger annealing temperature 103 

(1350 °C), single-phase W1.5Mn1.5B2 was also synthesized (Figure 1b). The observed differences 104 

in phase formation between M2MnB2 and M1.5Mn1.5B2 (M = Mo, W) indicate that this structure 105 

type might require a greater amount of 3d metals (T) in ternary M2TB2 phases than previously 106 

thought. Such compositional adjustments are not new in borides, for example the highly prolific 107 

Ti3Co5B2  structure type 36 initially obtained from a 1:1:1 starting composition, was later 108 

demonstrated to be richer in Co (Ti3-xCo5+xB2, x = 0–0.52) than initially reported, which was 109 

attributed to a Ti/Co mixed occupancy at one of the two Ti-sites in the structure 37 110 

Powder X-ray diffraction (PXRD) analysis (see Tables 1 and S1) confirmed that M2MnB2 and 111 

M1.5Mn1.5B2 (M = Mo, W) crystallize in the tetragonal crystal system, adopting the Mo2FeB2-type 112 

structure (space group P4/mbm, no.127). Rietveld refinements provided the refined lattice 113 

parameters (Table S1) that are larger than those previously reported; a = 5.8311(5) Å and c = 114 

3.1487(3) Å (c/a = 0.540) for Mo2MnB2 and a = 5.790(2) Å and c = 3.1622(8) Å (c/a = 0.546) for 115 

W2MnB2 compared to a = 5.781–5.812 Å and c = 3.127–3.136 Å for M = Mo and a = 5.748 Å and 116 

c = 3.151–3.160 Å for M = W. 32,38 This discrepancy might also hint at a potential deviation from 117 

the ideal stoichiometry for these phases, especially given the relatively large ranges reported.  118 

The lattice parameters of the Mn-richer phases (Table 1), a = 5.7897(1) Å and c = 3.1391(1) Å 119 

(c/a = 0.542) for Mo1.5Mn1.5B2 and a = 5.7622(1) Å and c = 3.1604(1) Å (c/a = 0.548) for 120 

W1.5Mn1.5B2, are smaller than those of the Mo/W-richer phases, as expected based on the smaller 121 

atomic radius of Mn versus Mo/W, supporting the increased Mn content. Interestingly, the c/a ratio 122 
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changes by only 0.006 between Mo- and W-based phases in Mn-poor or Mn-rich compositions 123 

(also found in DFT-calculated values given later), suggesting a maintained structural anisotropy 124 

despite variations in composition. Nevertheless, the small structural anisotropy is in favor of W-125 

based compositions. 126 

Rietveld refinements resulted in the atomic arrangements shown in Figures 2(a–c) illustrating 127 

different projections of the unit cell along the [001] and [010] crystallographic directions, while 128 

Figure 2d showcases the layered structure viewed along the [100] direction. The refinements of 129 

the Mn-richer compositions revealed that Mo (or W) and Mn atoms are mixed on the 4h Wyckoff 130 

site, while Mn exclusively resides at the 2a site (Figure 2a). This M:Mn site selectivity is primarily 131 

governed by electronic considerations rather than atomic size. Specifically, Mn, possessing a 132 

higher valence electron count (7 VE), preferentially occupies the 2a site because the greater 133 

number of valence electrons enables a higher coordination number with surrounding atoms. In 134 

these borides, a high electron count allows a metal center to stabilize more M–B and M–M bonds 135 

without forcing electrons into antibonding states. Electron-richer Mn (7 VE) can therefore support 136 

the more highly connected 2a environment (cuboctahedron, CN ≈ 12) by distributing its electrons 137 

over many bonds, whereas electron-poor Mo/W (6 VE) is better accommodated at the less 138 

connected 4h site (pentagonal prism, CN ≈ 10), where fewer bonds reduce the likelihood of 139 

antibonding occupation and allow stronger individual interactions. Thus, the match between 140 

electron count and site connectivity provides a straightforward rationale for the observed site 141 

preference.  Conversely, Mo (or W) atoms, which have a smaller valence electron count (6 VE), 142 

predominantly occupy the lower coordination site (4h), but mixed with 25% Mn.  The resulting 143 

coordination environment around Mn is a cuboctahedron (Figure 3a), while a pentagonal prism 144 

(Figure 3b) is formed around Mo (or W). This structural arrangement reinforces the stability of 145 

the boride framework, demonstrating how the electronic structure governs atomic site preference 146 

in these compounds. 147 

SEM-EDS Analysis of Mo1.5Mn1.5B2 and W1.5Mn1.5B2  148 

Given the impurity phases present in Mo2MnB2 and W2MnB2, further microstructural 149 

characterization focused primarily on the single phases Mo1.5Mn1.5B2 and W1.5Mn1.5B2. Scanning 150 

electron microscopy (SEM) revealed a homogeneous microstructure (Figures 4a and 4b) in both 151 
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materials, characterized by well-defined uniform spherical grey particles, suggesting controlled 152 

nucleation and growth. 153 

Energy Dispersive X-ray Spectroscopy (EDS) mapping confirmed homogeneous distribution of 154 

the elements in both Mo1.5Mn1.5B2 and W1.5Mn1.5B2 (Figures 4a and 4b). Quantitative EDS 155 

analysis yielded an approximately 50:50 atomic ratio between Mo and Mn in Mo1.5Mn1.5B2, and 156 

between W and Mn in W1.5Mn1.5B2, which is consistent with their nominal stoichiometry. The 157 

minor variations observed in the measured compositions fall within the standard error range of 158 

EDS quantification. These results reinforce the successful synthesis of Mo1.5Mn1.5B2 and 159 

W1.5Mn1.5B2 as single-phase compounds with well-defined microstructure and homogeneous 160 

elemental distribution, providing a strong foundation for further investigation into their magnetic 161 

properties. Additional supporting data, including EDS spectra and compositional details, are 162 

provided as supplementary materials (Figure S2). 163 

Experimental Magnetic Properties Investigations 164 

The breakthrough in the single-phase synthesis of compounds (Mo1.5Mn1.5B2 and W1.5Mn1.5B2) 165 

adopting the Mo2FeB2-type structure marks a significant advancement in the study of their physical 166 

properties. The magnetic properties of Mo1.5Mn1.5B2 and W1.5Mn1.5B2 were investigated through 167 

temperature-dependent magnetization (M-T) measurements conducted at applied fields of 0.01 T 168 

and 0.1 T under both zero-field-cooled (ZFC) and field-cooled (FC) conditions. The resulting 169 

direct current (DC) magnetic susceptibility (χ) curves for ZFC and FC in Mo1.5Mn1.5B2 exhibit 170 

spin-glass like behavior, as illustrated in Figure 5a. Notably, the ZFC curves show a typical AFM 171 

behavior, exhibiting a prominent peak around Tg = 29 K (freezing temperature, see AC 172 

susceptibility discussion below). Under the FC condition, Mo1.5Mn1.5B2 transitions to FM-like 173 

behavior well below Tg (at ca. 14 K). At very low field (0.01 T), the susceptibility between ~150–174 

250 K in Figure 5a shows a departure from ideal Curie–Weiss behavior, consistent with short-175 

range magnetic correlations. Exchange disorder from Mo/Mn mixing and competing 176 

FM/FiM/AFM interactions can create locally correlated regions whose polarization varies 177 

nonlinearly with temperature in weak fields, yielding the observed curvature. Applying a stronger 178 

field (0.1 T) aligns spins more uniformly, reducing the deviation.  179 

W1.5Mn1.5B2 transitions to a FM-like behavior at TC = 70 K under FC conditions (Figure 5b). 180 

Unlike Mo1.5Mn1.5B2, which shows a single maximum under both magnetic fields, the maximum 181 
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observed in the ZFC conditions for W1.5Mn1.5B2 varies with magnetic field, decreasing with 182 

increasing field from 43 K at 0.01 T to 21 K at 0.1 T. This behavior suggests that this W-phase 183 

might experience re-entrant spin-glass transitions below TC. These behaviors indicate that there 184 

are competing AFM and FM interactions in both phases, but with dominating AFM interactions in 185 

Mo1.5Mn1.5B2, while FM interactions prevail in W1.5Mn1.5B2.  A summary of the experimental 186 

magnetic parameters for both compounds is presented in Table 2. The origin of these different 187 

magnetic behaviors is further explored below, as well as through DFT calculations in the 188 

subsequent sections.  189 

To deepen our understanding of these competitive magnetic interactions, the corrected inverse 190 

magnetic susceptibility (χ⁻¹) was plotted as shown in Figures 5c and 5d. At low applied magnetic 191 

fields, the curves do not follow the Curie-Weiss law, likely due to the competitive nature of the 192 

AFM and FM interactions. For reference, the low-field χ−1(T) data at 0.1 T under ZFC/FC 193 

conditions are shown in Figure S3, highlighting the deviation from linear Curie–Weiss behavior. 194 

Thus, measurements under a high magnetic field of 7 T were undertaken. Before fitting, we 195 

subtracted the temperature-independent term χ0, which accounts for core diamagnetism and a small 196 

Van Vleck contribution. 39 For these high-field runs, the 7 T data were collected from 300–400 K 197 

under FC conditions. The (χ −χ0)−1 data in this range follow Curie–Weiss behavior and were fitted 198 

accordingly. The fits reveal a small and negative Weiss constant (θ = -15 K) for Mo1.5Mn1.5B2, 199 

which indicates antiferromagnetic-dominated exchange on average; the low-temperature feature 200 

at Tg =29 K corresponds to spin freezing rather than long-range antiferromagnetic order. 201 

Conversely, W1.5Mn1.5B2 exhibits a positive Weiss constant (θ = 77 K) close to Tc = 70 K, 202 

indicating the predominance of FM interactions. Overall, the Mo phase shows stronger magnetic 203 

competition than the W analogue. This frustration can originate from the spin-glass state, 204 

characterized by competing FM and AFM interactions.  205 

To further investigate the possibility of spin-glass state, AC susceptibility measurements were 206 

performed to study the spin dynamics of Mo1.5Mn1.5B2 and W1.5Mn1.5B2. Figures 6a and 6b 207 

present the temperature-dependence of the real part (χ′) of the AC susceptibility measured over a 208 

range of frequencies (2 Hz to 500 Hz) under a fixed AC magnetic field amplitude of 5 Oe. In both 209 

compounds, the χ′(T) curves exhibit well-defined peaks, the positions of which vary with 210 

frequency, a hallmark signature of spin-glass-like magnetic behavior. For Mo1.5Mn1.5B2, a distinct 211 
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peak is observed around 28.5 K at the lowest frequency (2 Hz), which slightly shifts to a 212 

temperature of 29.5 K at the higher frequency (500 Hz). A different trend is noted for W1.5Mn1.5B2, 213 

where a much broader maximum in χ′ appears near 43 K at 2 Hz and moves to 45 K at 500 Hz as 214 

the frequency increases. This frequency dependence of the freezing temperature is a characteristic 215 

feature of systems undergoing a spin-glass transition, where spin relaxation dynamics are slow and 216 

thermally activated, leading to a time-dependent response. The relative variation of the peak 217 

temperature Tg in spin glasses per frequency f can typically be expressed using Equation 1 218 

K = ∆Tg /[Tg∆lnf]      (Eq.1) 219 

where Tg is determined from the derivative of χ′ with dχ′/dT = 0, f is the frequency, and ∆ points 220 

to the difference between measurements at different frequencies. We obtained K values of 0.00635 221 

and 0.00842 for M1.5Mn1.5B2 and W1.5Mn1.5B2, respectively, which are relatively small for both 222 

systems and are indicative of the metallic nature of these compounds. 26 223 

One interesting point is that although the frequency dependence of W1.5Mn1.5B2 is larger than 224 

Mo1.5Mn1.5B2, there is a very large difference between the Tg of the DC measurement and the Tg 225 

of the AC measurements. The reason for this discrepancy is not clear, however, the peak is very 226 

broad in W1.5Mn1.5B2. The peak in Mo1.5Mn1.5B2 is sharper and more intense compared to that 227 

observed in W1.5Mn1.5B2. This suggests a well-defined spin-glass transition in Mo1.5Mn1.5B2, likely 228 

driven by dominating AFM interactions in the spin glass state, which is supported by the negative 229 

Weiss constant observed in the DC susceptibility analysis. W1.5Mn1.5B2 is a little more anomalous, 230 

it exhibits a large positive Weiss constant θ = 77 K, namely strong FM interactions, while 231 

competition with weaker antiferromagnetic AFM interactions apparently leads to the spin glass 232 

ordering at a much lower temperature region. This complexity may result in the very broad DC 233 

peak and the anomalous difference with the AC peak temperatures. In addition, the AC data for 234 

W1.5Mn1.5B2 at Hdc = 0 Oe (Figure S4) show a shoulder around 60 K next to the much stronger 235 

peak near 43 K (hiding the peak at 60 K from the ferromagnetic transition). The combination of a 236 

broad peak in W1.5Mn1.5B2 and the presence of a peak at 60 K suggests a re-entrant spin-glass 237 

transition near 43 K. 238 

To quantify the spin dynamics, we have analyzed the frequency dependence of TSG in W1.5Mn1.5B2, 239 

obtained under HDC = 100 Oe, using the Power and Vogel–Fulcher scaling laws strategies 240 
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described by Roy-Chowdhury et al. 40,41 For the Power-law analysis, we used the expression in 241 

Equation 2, 242 

τ = τ0  �
𝑇𝑇𝑓𝑓− 𝑇𝑇𝑆𝑆𝑆𝑆
𝑇𝑇𝑆𝑆𝑆𝑆

�
−𝑧𝑧𝑧𝑧

                                  (Eq. 2) 243 

where τ=1/(2πf) is the relaxation time at measurement frequency f, τ0 is the microscopic attempt 244 

time, TSG is the zero-field spin-glass temperature, and zν is the dynamical critical exponent. The 245 

Power law plot shown in Figure 7a is nearly linear and yields τ0 =1.2(3)×10−13 s and zν = 34.4(3) 246 

with TSG =29.6 K (fixed), indicating slow collective dynamics characteristic of interacting 247 

moments. The Vogel–Fulcher analysis uses the expression in Equation 3, 248 

τ = τ0 exp �𝐸𝐸𝑎𝑎/𝑘𝑘𝐵𝐵
𝑇𝑇𝑓𝑓− 𝑇𝑇0

�            (Eq. 3) 249 

in which Ea is an activation energy, kB is Boltzmann’s constant, and T0 is the interaction 250 

temperature. The fit shown in Figure 7b gives τ0 = 1.4(9)×10−13 s and Ea/kB =269(9) K with T0 251 

=33.0 K (fixed), consistent with inter-cluster interactions producing an effective freezing barrier.  252 

To quantify the frequency shift of the χ′ peak, we evaluated the Mydosh parameter Ω, defined in 253 

Equation 4, 254 

Ω =  𝑇𝑇𝑓𝑓,2− 𝑇𝑇𝑓𝑓,1

𝑇𝑇𝑓𝑓,1 [log10𝑓𝑓2− log10𝑓𝑓1]
                                             (Eq. 4) 255 

where Tf is the peak temperature at frequency f using our measured frequency window (2–500 Hz). 256 

We obtained Ω = 0.0208. This value lies in the cluster spin glass range (canonical spin glasses: Ω 257 

≈ 0.005; cluster spin glasses: 0.01 ≲ Ω ≲ 0.05; superparamagnets: Ω ≳ 0.05). In addition, we 258 

follow the optimized analysis in Roy-Chowdhury et al. 40 and analyze the Ea/kBT0 from the Vogel–259 

Fulcher fit, which further separates canonical from cluster glasses (canonical: Ea/kBT0 < 1; cluster 260 

glass: >1). Together, Ω = 0.0208 and the scaling fits support the classification of our system as a 261 

cluster spin glass rather than a canonical spin glass 262 

The field dependence of the freezing temperature at fixed frequency (110 Hz) was obtained from 263 

the χ′(T) maxima and fitted to an Almeida–Thouless (AT) form in Equation 5, 264 

TSG (H) = TSG(0) (1− AH2/ϕ)            (Eq. 5) 265 

where H is the applied DC field, TSG(0) is the zero-field value, A is a coefficient, and ϕ is the AT 266 

exponent. The fit yields ϕ = 5.2(4) and A = 0.025(5) as shown in Figure 7c, evidencing non-mean-267 
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field for spin glasses. The obtained value of 5.2(4) for ϕ was observed in some Heisenberg spin-268 

glass system. 41 269 

For Mo1.5Mn1.5B2, the χ′ peak shifts only slightly across our available frequency window (from 270 

TSG ≈ 29.0 K at 2 Hz to ≈ 29.5 K at 500 Hz), a change comparable to the temperature step in our 271 

measurements on the MPMS3. Because accurate application of the Power-law and Vogel–Fulcher 272 

analyses require TSG values determined with finer resolution over a wider frequency span than 273 

available, we did not apply those fits here. This does not detract from the present conclusions: the 274 

AC data still show the expected low-frequency peak near 29 K, and the small frequency shift 275 

(together with the DC and coercivity results) is consistent with the spin-glass behavior established 276 

for this phase. 277 

The magnetic behaviors of Mo1.5Mn1.5B2 and W1.5Mn1.5B2 were further investigated by field-278 

dependent magnetization (M-H) measurements at temperatures between 5 K and 100 K, as shown 279 

in Figures 8a and 8b. At 5 K, the magnetization curve for Mo1.5Mn1.5B2 exhibits a magnetic 280 

hysteresis loop and does not even trend toward saturation at high magnetic fields, indicating 281 

prominent spin glass behavior. Increasing the temperature reduces the coercivity and the magnetic 282 

moment but the overall shape remains until Tg and the coercivity disappears completely thereafter 283 

suggesting that the paramagnetic state is reached. Conversely, at 5 K, the magnetization curve for 284 

W1.5Mn1.5B2 also displays a magnetic hysteresis loop, but it shows a greater tendency towards 285 

magnetic saturation, further confirming dominating FM interactions. Similarly, with increasing 286 

temperature both the coercivity and the magnetic moment decrease, as expected, and a 287 

paramagnetic-like behavior (straight line) is found above TC. Surprisingly, both M-H curves have 288 

very large coercivities at 5 K (Figures 8c and 8d) with values of 302 kA/m (Hc = 3.8 kOe) and 289 

175 kA/m (Hc = 2.2 kOe) recorded for Mo1.5Mn1.5B2 and W1.5Mn1.5B2, respectively. Both 290 

Mo1.5Mn1.5B2 and W1.5Mn1.5B2 exhibit large Hc at low temperatures because of the following three 291 

combined effects of: (i) structural anisotropy arising from the tetragonal lattice; (ii) competing FM, 292 

FiM, and AFM interactions (see theory section below), which promote cooperative cluster reversal 293 

and stiffen the nucleation and motion of reversal fronts, consistent with the observed non-294 

saturating M–H at 5 K; and (iii) Intrinsic uniaxial anisotropy (SOC-driven), supported by DFT 295 

MAE trends that lock the easy axis and increase the barrier to spin rotation (see theory section 296 

below). Microstructural strain and texture are known to influence coercivity: residual strain can 297 
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introduce domain-wall pinning centers (hardening), while strong texture can bias hysteresis by 298 

partially aligning easy axes. In our samples, the compositionally homogeneous microstructure and 299 

absence of obvious morphological texturing point to a minor microstructural contribution. The 300 

systematic increase in 𝐻𝐻𝐻𝐻 therefore correlates more naturally with the intrinsic uniaxial anisotropy 301 

(MAE) as discussed below. The larger coercivity of Mo1.5Mn1.5B2 relative to W1.5Mn1.5B2 is 302 

unexpected, given that W is a heavier 5d element, which typically enhances anisotropy compared 303 

to 4d elements such as Mo. In Mo1.5Mn1.5B2, the combined influence of stronger FM/FiM/AFM 304 

competition (see theory section below) and greater local anisotropy dispersion yields a higher 305 

effective reversal barrier than in W1.5Mn1.5B2, despite W having a larger elemental spin–orbit 306 

constant than Mo; this accounts for the larger measured 𝐻𝐻𝐻𝐻 of the Mo compound. The link between 307 

strong magnetic competition and elevated Hc is consistent with prior observations in metal borides. 308 

In the A2MT5-xT’xB2 (A = Sc, Hf, Zr; M = Mn, Fe; T/T’ = Rh, Ir; Ti3Co5B2-type), compositions in 309 

which AFM interactions become more prominent tend to exhibit larger coercivities 42–44, a trend 310 

attributed to exchange-stiffened reversal and increased domain-wall hindrance in magnetically 311 

heterogeneous regions.  312 

To the best of our knowledge, the recent study by Zhao et al. 45 is the only report of significant 313 

coercivity value in a metal boride exhibiting spin-glass behavior with a coercivity value of 10.2 314 

kA/m (0.128 kOe) at 2 K reported in CrFeB, a value which is an order of magnitude smaller than 315 

those found in this work. We are not aware of other rare-earth-free metal borides with such larger 316 

intrinsic coercivity values. Given that such large coercivities are usually associated with hard 317 

magnetic materials, this discovery not only places these materials in the small group of materials 318 

candidates for spin-glass based spintronic applications,28,29 but it also opens an avenue for 319 

developing rare-earth-free permanent magnetic materials based on the Mo2FeB2 structure type. 320 

Although these new materials are neither good ferromagnets nor strongly frustrated spin glasses, 321 

we argue that their position in-between these magnetic states benefits them greatly. Thus, novel 322 

quantum phenomena (e.g. useful in quantum computing) are highly likely to emerge from such 323 

systems. Indeed, Yamaraha et al 46 have recently shown that spin cluster glass materials (e.g. 324 

Lu3Fe4Co0.5Si0.5O12) can provide high short-term memory capacity and are thus better candidates 325 

for constructing next-generation spintronic reservoir computing with improved performance if 326 

compared to conventional quantum material systems. Given that, a spin cluster glass behavior is 327 
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found in the W-phase, it is highly likely that this phase is also a potential candidate for constructing 328 

next-generation spintronic reservoir computing just like Lu3Fe4Co0.5Si0.5O12. 329 

Computational Analysis of Structure and Magnetic Properties 330 

To complement the experimental magnetic properties of Mo1.5Mn1.5B2 and W1.5Mn1.5B2, we 331 

performed density functional theory (DFT) calculations. Several structural models, presented in 332 

Figures S5 and S6, were constructed to account for the mixed occupancies observed 333 

experimentally. We explored ferromagnetic (FM), antiferromagnetic (AFM), and ferrimagnetic 334 

(FiM) states (discussed later). Among the non-magnetic (NM) models, those with the lowest 335 

ground-state energies, depicted in Figures S5A (M = Mo) and S6A (M = W), were selected for 336 

further calculations. Given that all structure models have some kind of Mnx-substructure not 337 

observed experimentally because of the M/Mn mixed occupancy, the lowest energy models were 338 

chosen for further calculations. These lowest energy structures feature an interesting Mn 339 

substructure: a chain of interconnected Mn5 square pyramids (Mn5-chain), illustrated in Figures 340 

9a and 9b. Although this substructure was not found experimentally, it is part of the network of 341 

interconnected Mn/M atoms (Figure 2). Interestingly, the Mn5 unit exhibits two intrachain Mn–342 

Mn bond lengths: a shorter one (2.60 Å in Mo1.5Mn1.5B2; 2.62 Å in W1.5Mn1.5B2), and a longer one 343 

(3.08 Å in Mo1.5Mn1.5B2; 3.11 Å in W1.5Mn1.5B2). The experimental Mn–T (T = Mo/W or Mn) 344 

bond lengths (2.65 Å/3.14 Å for Mo1.5Mn1.5B2; 2.66 Å/3.16 Å for W1.5Mn1.5B2) closely match 345 

calculated values, indicating that the proposed model structures are good enough to describe the 346 

experimental disordered ones. However, only the longer Mn–Mn distance (~3.15 Å) is found in 347 

M2MnB2, thus suggesting that vastly different magnetic interactions are expected between the Mn-348 

poor and Mn-rich phases as demonstrated below. 349 

The relaxation energy revealed that the spin-polarized (sp) calculations were energetically more 350 

favorable than the non-spin-polarized (nsp) ones in both compounds, indicating the presence of 351 

significant magnetic interactions. Further insights into their electronic structure and magnetism 352 

were obtained through density of states (DOS) analysis, as shown in Figures 10a, 10b, 10e, and 353 

10f. In the nsp DOS plots, shown in Figures 10a and 10e, Mn 3d states dominate the electronic 354 

structure near the Fermi level (EF). Similarly, in the sp DOS, shown in Figures 10b and 10f, the 355 

overall shape and features are very similar in both compounds, particularly near the Fermi level, 356 

with only slight differences in the intensities between the spin-up and spin-down channels. This 357 
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suggests only minor differences between the two compounds, which is expected given that Mo 358 

and W have the same number of valence electrons, thus, the small differences originate from the 359 

different bonding characteristics between Mo 4d and W 5d orbitals in their respective 360 

environments. At EF, the nsp-DOS is dominated by Mn d orbitals, and Mn states have the largest 361 

spin splitting in the sp-DOS, suggesting that Mn atoms are mostly responsible for the spin 362 

polarization and thus the magnetic properties in both compounds. Large states are still present at 363 

EF, suggesting metallic behavior for both compounds, as expected from these metal-rich phases 364 

that showed metallic luster after synthesis. 365 

More insight is gained by examining Mn–Mn bonding through pCOHP plots as presented in 366 

Figures 10c and 10g. In both compounds, the Fermi level lies within the Mn–Mn antibonding 367 

region in the nsp calculations, indicating electronic instability in the nonmagnetic state due to the 368 

occupation of antibonding states. Such occupation can lead to instability that is resolved not 369 

through atomic rearrangement, but via electronic structure distortion, specifically by 370 

differentiating spin sublattices to lower the system’s energy through spin polarization. Thus, the 371 

Fermi level’s position in the antibonding region signals a tendency toward spin symmetry breaking 372 

as a stabilization mechanism. This is supported by the spin-resolved pCOHP data, where Mn–Mn 373 

interactions are separated into α (spin-up) and β (spin-down) contributions as shown in Figures 374 

10d and 10h. Upon spin polarization, both compounds show a reduction in antibonding character 375 

near the Fermi level, particularly in the α-spin Mn–Mn interactions. While the β-spin channel 376 

retains some antibonding character, the overall occupation of bonding states becomes more 377 

pronounced, especially between –1 eV and –5 eV. This redistribution of electronic states, with 378 

more electrons filling bonding orbitals and fewer occupying antibonding ones, reflects a 379 

strengthening of Mn–Mn bonds due to spin polarization. Such behavior is consistent with an 380 

electron-driven symmetry breaking, similar to a Jahn-Teller distortion, but here the instability is 381 

resolved purely through electronic reconfiguration.47,48 382 

Although the sp pCOHP curves for the two compounds are similar in shape, subtle distinctions are 383 

observed. In Mo1.5Mn1.5B2, both α and β Mn–Mn interactions exhibit relatively continuous 384 

bonding character below the Fermi level. In W1.5Mn1.5B2, the α Mn–Mn bonding features appear 385 

slightly sharper, while the β component shows a somewhat more fragmented pattern. Nonetheless, 386 

these differences are not substantial, and the overall conclusion holds for both systems: spin 387 
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polarization reduces antibonding occupation at EF and strengthens Mn–Mn bonding, thus 388 

stabilizing the overall structures. Non-spin polarized pCOHP can be used to predict magnetic 389 

interactions between magnetic centers such as Mn, with the presence of antibonding interactions 390 

at EF of a nsp pCOHP plot suggestive of ferromagnetic (FM) interactions while nonbonding 391 

interactions point to antiferromagnetic (AFM) interactions.47,48 Therefore, in both compounds, the 392 

strongly antibonding Mn-Mn interactions would predict strong FM interactions between magnetic 393 

Mn centers. However, the overall magnetic state of these compounds will depend upon the spin 394 

arrangements between the FM Mn-subunits (Figure 9) which are also affected by conduction 395 

electrons. 396 

To gain deeper insights into the nature of magnetic state in Mo1.5Mn1.5B2 and W1.5Mn1.5B2, we 397 

explored multiple spin configurations using the ground state structure model. For each compound, 398 

three primary magnetic states FM, AFM, and ferrimagnetic (FiM) were analyzed, as illustrated in 399 

Figures 11(a–d). For both compounds, the energy computed for the non-magnetic (NM) state is 400 

higher than that of the three magnetic states FM, AFM, and FiM, suggesting a high probability for 401 

magnetic ordering in both phases, the FM configuration being the most stable (Table 3). However, 402 

the NM state is only about 300 meV less stable than the FM ground state, which is far less than 403 

the usual values reported in other purely FM metal borides such as MoMn4SiB2 (about 1800 meV) 404 

or Ti3Co5B2-type ferromagnets (about 1500-2000 meV). 12,21,39 However, in weak FM metal 405 

borides such as Hf2MOs5B2 (M = Mn, Fe), 49 energy differences of the same order of magnitude 406 

are found (600-800 meV) and even a smaller value was found in Hf2CoOs5B2 spin glass (94 407 

meV).49 Both these magnetic states (weak FM and spin glass) are characterized by competing FM 408 

and AFM interactions, just like our experimental results in the new phases. These findings suggest 409 

that the new phases contain the magnetic characteristics of either weak FM or spin glass states. To 410 

further probe the competition between FM and AFM interactions in the new phases, we have 411 

compared the energies of the FM, FiM and AFM states by analyzing the spin exchange energies 412 

relative to the most favorable FM state, defined as Eex_1 = EFiM − EFM, Eex_2 = EAFM1 − EFM, and 413 

Eex_3 = EAFM2 − EFM (see Table 3). For Mo1.5Mn1.5B2, Eex_1 is +28 meV, while for W1.5Mn1.5B2 it 414 

is twice as large at +53 meV, suggesting more competitive FM and AFM interactions in the Mo-415 

based phase and greater FM interactions in the W-based phase. The AFM state is at least 60 meV 416 

higher in energy in both cases, given that Eex_2 (or Eex_3) values are +90 meV (or 98 meV) and 417 

+131 meV (or +116 meV), for Mo1.5Mn1.5B2 and W1.5Mn1.5B2, respectively. Consequently, the 418 
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competitive AFM interactions originate mostly from a FiM state rather than an AFM state. 419 

Nevertheless, the AFM states are still competitive enough to make a significant contribution. These 420 

competing interactions corroborate the experimental results, which found a spin-glass state in 421 

Mo1.5Mn1.5B2 and weak FM and re-entrant spin-glass states in W1.5Mn1.5B2. The agreement 422 

between experimental and computational results suggests that both compounds exhibit competing 423 

magnetic interactions at low temperatures, likely driven by a complex interplay between localized 424 

and itinerant electronic states, a hallmark of spin glass behavior.  425 

Magnetocrystalline Anisotropy Energy (MAE)   426 

The MAE reflects the intrinsic energy barrier for changing the direction of magnetization in a 427 

crystal and it plays a crucial role in determining the coercivity of magnetic materials. In this study, 428 

we find that both Mo1.5Mn1.5B2 and W1.5Mn1.5B2 exhibit negative MAE values, with calculated 429 

values of –0.17 meV/f.u. and –0.10 meV/f.u., respectively, as presented in Table 3. According to 430 

the definition used in this work (see experimental section below), if MAE > 0, then ESOC (⊥c) < 431 

ESOC (∥c), so in-plane magnetization is energetically favored. Conversely, if MAE < 0, then ESOC 432 

(∥c) > ESOC (⊥c), indicating a preference for out-of-plane (easy axis) magnetization. Hence, the 433 

negative MAE values observed in both compounds indicate that the magnetic moments are more 434 

stable when aligned along the c-axis, suggesting that both materials possess uniaxial magnetic 435 

anisotropy. Notably, Mo1.5Mn1.5B2 exhibits significantly higher MAE than W1.5Mn1.5B2, a trend 436 

that aligns well with experimental findings of greater coercivity for Mo1.5Mn1.5B2 (302.40 kA/m) 437 

compared to W1.5Mn1.5B2 (175.07 kA/m). However, this result is somewhat counterintuitive 438 

because tungsten, a 5d transition metal, is expected to contribute more significantly to SOC-driven 439 

anisotropy than molybdenum, a 4d element. Therefore, one might anticipate W1.5Mn1.5B2 to have 440 

both a larger MAE and higher coercivity than Mo1.5Mn1.5B2. However, our results show the 441 

opposite situation, which invites a closer look into the underlying magnetic and electronic 442 

interactions. To explain this unusual behavior, we examined the magnetic exchange competition 443 

among the FM, AFM, and FiM states.  As discussed earlier, the computed spin exchange energies 444 

relative to the FM ground state indicate that Mo1.5Mn1.5B2 has closely competing AFM and FiM 445 

states, with energy differences of +92 meV/f.u. and +28 meV/f.u., respectively. This small energy 446 

separation indicates a more complex magnetic landscape and greater competition among magnetic 447 

orders. This pronounced FM/FiM/AFM competition implies that under an external magnetic field, 448 

spin clusters will reorient in a correlated manner rather than independently, which stiffens the 449 



16 
 

nucleation and motion of reversal fronts. When combined with the larger uniaxial MAE in 450 

Mo1.5Mn1.5B2, the result is an increased effective field required to switch the magnetization, 451 

accounting for the higher measured Hc of Mo1.5Mn1.5B2 relative to W1.5Mn1.5B2. However, both 452 

compounds still have huge coercivity values, which is a great advantage in achieving spintronic 453 

materials based on spin glass systems. 454 

 455 

Conclusion 456 

This study introduces Mo1.5Mn1.5B2 and W1.5Mn1.5B2 as single-phase Mo2FeB2-type borides 457 

exhibiting complex magnetic characteristics. Both compounds crystallize in the tetragonal 458 

P4/mbm space group and show clear site selectivity between Mo (or W) and Mn atoms. 459 

Magnetization measurements under varying temperatures reveal features of spin-glass behavior, 460 

and characteristic freezing temperature of Tg = 29 K for Mo1.5Mn1.5B2 but two magnetic transitions 461 

for W1.5Mn1.5B2, showcasing a ferromagnetic transition at 70 K and a re-entrant spin-glass 462 

transition around 43 K. Frequency-dependent AC magnetic susceptibility (χ′) measurements show 463 

frequency-dependent shifts of the peak temperatures in both spin-glass states, validating the 464 

presence of dynamic spin freezing. In addition, field-dependent magnetization (M-H) 465 

measurements performed at 5 K reveal astonishingly large coercivity values for both compounds: 466 

Hc = 302.40 kA/m for Mo1.5Mn1.5B2 and Hc = 175.07 kA/m for W1.5Mn1.5B2. These intrinsic 467 

values are remarkably high for rare-earth-free borides. Density functional theory (DFT) 468 

calculations support these findings by revealing energetically competing FM, FiM, and AFM 469 

states, with stronger spin exchange competition in Mo1.5Mn1.5B2. Furthermore, magnetocrystalline 470 

anisotropy energy (MAE) calculations show that both compounds prefer out-of-plane 471 

magnetization along the c-axis, supporting the large intrinsic coercivity values. The MAE of 472 

Mo1.5Mn1.5B2 is nearly double that of W1.5Mn1.5B2, which matches their coercivities. This 473 

exceptional magnetic performance marks a significant step in the discovery of new spin-glass-474 

based spintronic materials and places Mo2FeB2-type borides firm in the multifunctional materials 475 

category beyond their usual structural materials characteristics. 476 

Materials and Methodology 477 

Synthesis 478 
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The syntheses of Mo2MnB2, W2MnB2, Mo1.5Mn1.5B2, and W1.5Mn1.5B2 were carried out using high 479 

purity elemental powders of tungsten (W, 99.9%, Across Organics), molybdenum (Mo, 99.9%, 480 

Thermo Scientific), manganese (Mn, 99%, Aldrich), and boron (B, 99%, amorphous powder, 481 

Thermo Scientific). The elements were precisely weighed to achieve the targeted stoichiometric 482 

ratios for each composition. Following the weighing process, the powders were thoroughly 483 

homogenized through grinding to promote uniform mixing. Using hydraulic press, the resulting 484 

powder mixtures were then compacted into dense pellets. These pellets were subsequently placed 485 

into dried and evacuated quartz ampoules, which were sealed under an argon atmosphere to 486 

prevent oxidation and unwanted contamination during high-temperature treatment. 487 

To optimize the synthesis conditions, a modified solid-state reaction technique was employed, 488 

deviating from conventional methods used for Mo2FeB2-type borides. The ampoules were placed 489 

in a preheated box furnace at 1220 °C and annealed for 2 days to promote diffusion-driven 490 

reactions. After the heat treatment, the ampoules were rapidly quenched in cold water to stabilize 491 

the synthesized phases and suppress unwanted secondary phase formation. To further investigate 492 

the influence of synthesis temperature, additional trials were conducted by varying the annealing 493 

temperature between 1000 °C and 1500 °C, as well as using the arc furnace method. The resulting 494 

samples were examined for phase formation, microstructural homogeneity, and purity. 495 

Phase Identification and Rietveld refinement 496 

The phase purity and structural characterization of the synthesized samples were investigated using 497 

powder X-ray diffraction (PXRD). The finely ground powders were analyzed using a Rigaku 498 

Miniflex 600 diffractometer equipped with Cu-Kα₁ radiation (λ = 1.546 Å). Data acquisition was 499 

carried out in a continuous scan mode over a 2θ range of 5° to 90°, with a step size of 0.015°. To 500 

achieve high-resolution diffraction patterns with minimal noise, each scan was conducted over a 501 

duration of 2 hours. A Dectris MYTHEN2 1K detector was used to enhance signal detection and 502 

ensure precise peak resolution. 503 

Structural analysis was performed using the Rietveld refinement method,50 to determine the lattice 504 

parameters, phase composition, and crystallinity of the synthesized materials. The refinement 505 

process involved fitting experimental diffraction data to calculated patterns, enabling accurate 506 

determination of atomic positions and phase fractions. The obtained structural parameters were 507 

cross-validated against known a Mo2FeB2-type structure to confirm the successful synthesis of the 508 
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targeted compounds. This comprehensive approach ensured the reliability of phase identification 509 

and provided valuable insights into their structural properties. 510 

Elemental Quantification and Imaging 511 

Elemental composition and microstructural characterization were conducted using energy-512 

dispersive X-ray (EDX) spectroscopy in conjunction with scanning electron microscopy (SEM). 513 

A Tescan Vega3 SBH SEM equipped with a Bruker LN₂-free high-resolution 30 mm² silicon drift 514 

(SD) detector was employed for the analysis. The EDX detector, with an energy resolution of ≤ 515 

129 eV at Mn Kα, was calibrated using certified reference standards to ensure precise elemental 516 

quantification. The detection range extended from boron to californium, enabling a comprehensive 517 

assessment of both light and heavy elements. Multiple regions across the sample surface were 518 

examined to assess compositional uniformity, with quantitative data corrected using the ZAF 519 

algorithm to account for atomic number, absorption, and fluorescence effects. Additionally, 520 

backscattered electron (BSE) imaging was utilized to correlate microstructural features with 521 

elemental distributions. All measurements were conducted under high-vacuum conditions at an 522 

accelerating voltage of 20 kV and a working distance of 15 mm. 523 

Magnetic Characterization 524 

Magnetic behavior was analyzed using a Quantum Design MPMS3 SQUID 525 

magnetometer.  Temperature-dependent DC magnetization measurements were carried out 526 

between 2 K and 400 K under both zero-field-cooled (ZFC) and field-cooled (FC) conditions at H 527 

= 0.01 T and 0.1 T to examine thermal evolution. Additionally, field-dependent DC magnetization 528 

curves were recorded at multiple temperatures to evaluate hysteresis characteristics and saturation 529 

tendencies. Temperature-dependent AC magnetization measurements were performed on cooling 530 

at HAC = 5 Oe and HDC = 0 and 100 Oe and frequencies between 2 and 500 Hz. 531 

Computational Framework 532 

The electronic and magnetic properties of M2MnB2 (M = Mo, W) and M1.5Mn1.5B2 (M = Mo, W) 533 

systems were explored using computational simulations based on Density Functional Theory 534 

(DFT), implemented within the Vienna Ab-initio Simulation Package (VASP) 51,52 . The exchange-535 

correlation interactions were treated using the generalized gradient approximation (GGA) with the 536 

Perdew-Burke-Ernzerhof (PBE) functional 53–55. To accurately model the experimentally observed 537 
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Mo-site preference and site-sharing between Mo and Mn, and W and Mn where Mo and W 538 

preferentially occupies the 4h Wyckoff sites, a 1×1×2 supercell was constructed to statistically 539 

account for mixed occupancy. 540 

The initial structures underwent full relaxation, allowing the lattice parameters, cell volume, and 541 

atomic positions to optimize until the forces on each atom were below 0.02 eV/Å. The projector 542 

augmented wave (PAW) method was employed to accurately treat the interaction between valence 543 

and core electrons. The Brillouin zone sampling was conducted using a Monkhorst-Pack 56 k-point 544 

mesh. A plane-wave cutoff energy of 550 eV was selected based on convergence tests to provide 545 

an adequate basis set quality. Total energy convergence was strictly enforced with a threshold of 546 

10⁻⁶ eV per unit cell. Following structural relaxation, self-consistent calculations were performed 547 

to achieve electronic convergence and identify the most energetically favorable structures.  548 

The Density of States (DOS) was subsequently computed using charge density data extracted from 549 

the CHGCAR file, with a grid resolution of 2000 points (NEDOS) to ensure high-resolution 550 

spectral features. The Fermi energy (EF) was normalized to 0 eV for clarity in DOS visualizations. 551 

To analyze the magnetic behavior of these materials, both non-spin polarized (nsp), and spin-552 

polarized (sp) calculations were conducted on the fully relaxed structures. This approach enabled 553 

a detailed investigation of the magnetic interactions and the stability of different spin 554 

configurations. 555 

The projected crystal orbital Hamilton population (pCOHP) analysis was employed to evaluate the 556 

bonding interactions and electronic contributions to magnetic behavior. The pCOHP calculations 557 

were carried out using the LOBSTER (Local Orbital Basis Suite Towards Electronic-Structure 558 

Reconstruction) code 47,48, which reconstructs chemical bonding information by projecting the 559 

plane-wave outputs from VASP onto an atom-centered local orbital basis. 560 

 561 

To evaluate the magnetocrystalline anisotropy energy (MAE), fully relativistic spin-orbit coupling 562 

(SOC) calculations were performed. The SOC effect arises from relativistic interactions between 563 

an electron’s spin and its motion in the electric field of the atomic nucleus. This interaction is 564 

introduced through the SOC Hamiltonian 12, given by: 565 

HSOC = ξ L . S              (Eq. 6) 566 

where: 567 
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• HSOC is the spin-orbit coupling Hamiltonian, which describes the additional energy 568 

contributions arising from the coupling between an electron’s orbital and spin angular 569 

momenta 570 

• ξ is the spin-orbit coupling constant, which is an atom-specific parameter reflecting the 571 

strength of relativistic interactions in the system. 572 

• L is the orbital angular momentum operator. 573 

• S is the spin angular momentum operator. 574 

• L.S represents the interaction between the spin and orbital degrees of freedom of the 575 

electrons, which underlies the anisotropic magnetic behavior in crystalline solids. 576 

In this context, SOC breaks the rotational symmetry of the spin system, giving rise to anisotropic 577 

total energies depending on the magnetization direction. This effect is responsible for 578 

magnetocrystalline anisotropy, an intrinsic property of magnetic materials. 579 

To quantify this anisotropy, MAE is calculated using the total energies from SOC calculations 580 

with different magnetization orientations: 581 

MAE = ESOC (∥c) – ESOC (⊥c)              (Eq. 7) 582 

where: 583 

• ESOC (∥c) is the total energy of the system when the magnetization is aligned parallel to the 584 

crystallographic c-axis. 585 

• ESOC (⊥c) is the total energy when the magnetization lies in the plane perpendicular to the 586 

c-axis (typically within the ab-plane). 587 

The MAE is defined as the energy difference between these two configurations and serves as a 588 

measure of the preferred spin orientation due to spin-orbit interactions. 589 
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Table 1. Structure refinement data for Mo1.5Mn1.5B2 and W1.5Mn1.5B2 based on PXRD data. Both compounds crystallize with the 

Mo2MnB2-type structure. Refined lattice parameters, unit cell volumes, densities, and Rietveld reliability factors are reported.  

  Mo1.5Mn1.5B2 W1.5Mn1.5B2 

Unit cell 

dimension 

Space group P4/mbm, 127 P4/mbm, 127 

a = b (Å) 5.7897(1) 5.7622(1) 

c (Å) 3.1391(1) 3.1604(1) 

c/a  0.542 0.548 

V (Å3) 105.25(1) 104.94(1) 

Density (g/cm3) 7.826 12.02 

    

Wykoff  

position 

2a Mn: 0, 0, 0 Mn: 0, 0, 0 

4h 75% Mo, 25% Mn: 0.1772(2), 0.6772(2), 

0.5 

75% W, 25% Mn: 0.1728(1),  

0.6768(1), 0.5 

4g B: 0.614(2), 0.114(2), 0 B: 0.631(2), 0.131(2), 0 

    

Profile 

Refinement 

(Rietveld) 

RBragg 4.88 4.56 

Rf 3.67 2.92 

χ2 1.89 1.75 
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Table 2. Summary of key magnetic parameters for Mo1.5Mn1.5B2 and W1.5Mn1.5B2 compiled from DC susceptibility, high-field Curie–

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

Parameter Symbol / Units Mo1.5Mn1.5B2 W1.5Mn1.5B2 

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

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

Weiss constant (7 T CW on (χ−χ0)−1 θ (K) −15 +77 

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

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

Frequency-shift K = ΔTg /[TgΔlnf]     

(dimensionless) 

0.00635 0.00842 

Coercivity at 5 K Hc (kA·m⁻¹) 302 175 

Saturation tendency at 5 K — Non-saturating Approaches saturation 

Qualitative regime — Spin-glass-like / cluster-glass FM with re-entrant 

glassiness 
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Table 3. Calculated magnetic moment (µA), spin-exchange energy (Eex), and magnetocrystalline anisotropy energy (MAE) for 

Mo1.5Mn1.5B2 and W1.5Mn1.5B2 across various magnetic configurations: ferromagnetic (FM), ferrimagnetic (FiM), antiferromagnetic 

(AFM1 and AFM2), and nonmagnetic (NM). The spin-exchange energy is defined relative to the FM state (ground state set to EFM = 0 

meV/f.u.):  Eex_1  = EFiM − EFM;  Eex_2 = EAFM1 − EFM; Eex_3 = EAFM2 − EFM; Eex_4 = ENM − EFM. 

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

anisotropy energy 

 µA (FM) 

μB/f.u. 

 µA (FiM)  

μB/f.u. 

Eex_1 

meV/f.u. 

Eex_2 

meV/f.u. 

Eex_3 

meV/f.u. 

Eex_4 

meV/f.u. 

MAE 

meV/f.u. 

Mo1.5Mn1.5B2 2.76  1.72 +28 +92 +98 +307 -0.17 

W1.5Mn1.5B2 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 Kα1; λ = 1.5406 Å) 

for Mo1.5Mn1.5B2 (A) and W1.5Mn1.5B2 (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 M1.5Mn1.5B2 (M = Mo, W) viewed along the [001] direction, 

highlighting Wyckoff positions responsible for M (4h) 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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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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Figure 4. Scanning electron microscopy (SEM) images and corresponding energy-dispersive X-
ray spectroscopy (EDS) elemental maps for Mo1.5Mn1.5B2 (A) and W1.5Mn1.5B2 (B). Both 
compounds exhibit homogeneous microstructures composed of uniformly shaped grey grains. 
Elemental mapping confirms the uniform distribution of Mo, Mn, and B in Mo1.5Mn1.5B2, and W, 
Mn, and B in W1.5Mn1.5B2, with no observable segregation or clustering, indicating excellent phase 
homogeneity. 
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Figure 5. Temperature-dependent DC magnetic susceptibility (χ) and inverse susceptibility (χ⁻¹) 

for Mo1.5Mn1.5B2 (A, C) and W1.5Mn1.5B2 (B, D), measured under zero-field-cooled (ZFC) and 

field-cooled (FC) conditions. The freezing temperature is Tg = 29 K for Mo1.5Mn1.5B2, while the 

Curie temperature is TC = 70 K for W1.5Mn1.5B2. C–D: High-field Curie–Weiss analysis at 7 T on 

the corrected inverse susceptibility (χ−χ0)−1, where χ0 is 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 

θ = –15 K for Mo1.5Mn1.5B2 and a positive θ = 77 K for W1.5Mn1.5B2. 
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Figure 6. Real part of the AC magnetic susceptibility (χ′) for Mo1.5Mn1.5B2 (A) and W1.5Mn1.5B2 

(B), measured as a function of temperature at an AC field amplitude of Hac = 5 Oe, DC applied 

field of Hdc = 100 Oe, and excitation frequencies of 2, 7, 25, 110, and 500 Hz. The peak in χ′ 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 

Mo1.5Mn1.5B2 near 30 K, while W1.5Mn1.5B2 exhibits a much broader response near 43 K (just 

below TC = 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 Tf (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 W1.5Mn1.5B2. (A) Power-law (critical slowing-

down) fits to the frequency-dependent χ′ peak positions, showing cooperative spin dynamics. (B) 

Vogel–Fulcher fit, yielding a finite interaction temperature T0, 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 

χ′(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 Mo1.5Mn1.5B2 (A, B) and W1.5Mn1.5B2 

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

characteristic of spin glass behavior for Mo1.5Mn1.5B2 and weak ferromagnetic behavior for 

W1.5Mn1.5B2. Mo1.5Mn1.5B2   shows no sign of saturation, indicating a more pronounced spin-glass 

state, while W1.5Mn1.5B2 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 Mo1.5Mn1.5B2 and 2.20 kOe for 

W1.5Mn1.5B2. 
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Figure 9. Magnetic Mn–Mn interactions building a unique chain of interconnected quadratic Mn5-

pyramids identified from the lowest-energy structural model of wMo1.5Mn1.5B and W1.5Mn1.5B2. 

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 Mo1.5Mn1.5B2 (black) is 

marginally shorter than in W1.5Mn1.5B2 (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 Mo1.5Mn1.5B2 (A–D) and W1.5Mn1.5B2 (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 α and β Mn–Mn interactions; the reduction of antibonding 

character and increase in bonding below EF indicates stabilization via spin polarization. 
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Figure 11. Magnetic configurations considered for Mo1.5Mn1.5B2 and W1.5Mn1.5B2: (A) 

ferromagnetic (FM), (B) ferrimagnetic (FiM), (C) antiferromagnetic type 1 (AFM1: 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 (↑) 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 graphic 

  

 

TOC Text 

M1.5Mn1.5B2 (M = Mo, W, Mo2FeB2-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. 
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