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In this study, we explore the manganese borides (Mn-B) system, chiefly on its complex magnetic properties
that are of extensive academic interest and of significant potential for applications in magnetism. We employed
an approach by using a machine-learning trained, physically constrained neural network functional to reevaluate
the Mn-B system comprehensively. This offers insights into several contentious aspects of the system from an
enthalpy perspective, including the spin frustration in Mn, B, the ground state of MnB,, and the ongoing debates
about the synthesis and various phases of MnB and MnB,. Additionally, we establish a nearly linear relationship
between the bonding strength and measured hardness in borides, which enhances the understanding of their
mechanical properties with our proposed descriptor of bonding strength. Spin dynamics predictions highlight
both discrepancies and consistencies related to the itinerant characteristics of magnetic moments, primarily
driven by a high density of states of the magnetic atoms at the Fermi level (Er). This suggests that traditional
local-moment models may be inadequate for describing these itinerant magnetic systems. This work provides
insight for understanding the bonding properties and magnetism of magnetic intermetallic compounds.

DOLI: 10.1103/PhysRevB.110.094411

I. INTRODUCTION

Transition-metal borides (TMBs) are renowned for their
high melting points, hardness, electrical and thermal conduc-
tivities, and occasionally magnetic properties [1]. Moreover,
they hold significant potential as two-dimensional or nano-
materials, as well as other possible functional materials, with
extensive applications [2-5]. Among these TMBs, the com-
bination of boron with manganese (Mn), which possesses
the maximum number of unpaired d electrons, would exhibit
many novel properties. Based on early research [6,7] and the
recent systematic synthesis work on the Mn-B binary system
under high-pressure and high-temperature (HPHT) methods
conducted by Ma et al. [8-13], the most commonly syn-
thesized phases in the Mn-B system include Mn,B, MnB,
Mn3By4, MnB,, and MnBy, all of which exhibit rich mechan-
ical and magnetic properties. The analysis of their structures
revealed that as the boron content increases, the boron atoms
in these systems tend to form chains, networks, or three-
dimensional frameworks. The experimental synthesis of the
manganese borides is approaching maturity, and numerous
related predictive studies were already conducted [14—17].
However, there remain significant controversies within this
system. For instance, Aydin et al. predicted that ReB,-type
MnB,; could be a superhard material for its predicted ex-
tremely high hardness [18]. Subsequently, Wang et al. also
predicted ReB,-type MnB, to be a thermodynamically stable
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phase, which suggested that it could be synthesized experi-
mentally [14]. But, Gou et al. synthesized AlB,-type MnB,
and used the +U method to study its great stability [19].
Subsequently, Niu ef al. determined that ReB,-type MnB; lies
on the convex hull and observed that the +U method predicts
a larger magnetic moment for this compound compared to the
experimental findings for AlB,-type MnB, [15]. Another the-
oretical study suggested that high temperature above 1020 K
is necessary to synthesize ReB,-type MnB, [20], but only the
AlB,-type MnB, was synthesized in the HTHP experimental
attempts with the temperature above 1900 K [8]. It is impor-
tant to note that manganese borides are studied for both their
mechanical and magnetic properties on the contributions of
boron and manganese, respectively. Kaner et al. proposed in
2005 that transition-metal borides might be superhard [21],
and comparable traditional covalent crystals. However, to
date, no convincing superhard materials have been confirmed
in TMBs [3]. Many studies explored the mechanical prop-
erties of manganese borides [8—13,22]. Gou et al. initially
measured the hardness of mP20-MnB, as high as 34.6 GPa
[22], while Ma et al. measured the hardness oP10-MnB, as
20.1 GPa, which is the highest among the manganese borides
they synthesized [8—13]. However, theoretical estimates place
the hardness of MnB, at 38.7 or 49.9 GPa [14,23], which
is significantly higher than the experimental measurements.
The magnetic properties of manganese borides are equally
complex. The experimental reproducibility is always as low as
the transition temperatures and magnetic properties in MnB,
[24-27]. Additionally, others such as the spin-glass behavior
in Mn,B [12] and significant variations in magnetic moments
at different sites of Mn3By4 [28], are also noteworthy.
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These disputes arise, on one hand, from experimental chal-
lenges such as difficulties in controlling the high-temperature
phase diagrams of borides and the quality of synthesized sam-
ples. On the other hand, most theoretical predictions start from
the generalized-gradient approximation (GGA) level, but con-
sidering the complex magnetism of Mn, it is crucial to include
magnetic considerations and functional corrections to have
better potential-energy surfaces of the Mn-B system. The +U
method is commonly employed to compensate the underesti-
mation of exchange-correlation energy caused by magnetism
[29]. However, choosing an appropriate U value to the match
experimental outcomes could be tricky and sometimes un-
necessary for magnetic compounds [9,19,22]. Therefore, we
note that the Meta-GGA strongly constrained and appropri-
ately normed (SCAN) functional could be more effective at
capturing the physics of strongly correlated materials, despite
often overestimating magnetic moments [30]. Additionally, a
neural network functional trained on the SCAN functional,
termed the physically constrained neural network (pcNN)
functional, has shown enhanced predictive capabilities un-
der more constraints [31]. This could potentially provide
a more direct and effective description of the Mn-B sys-
tem. Therefore, we hereby explore overlooked correlation
effects with pcNN functional within the Mn-B system, and
give clues for the inaccurate predictions caused by the over-
looked correlation effects. And, the relevant tests will also be
discussed.

In this context, we aim to comprehensively understand the
rich phenomena exhibited by manganese borides. First, to
establish stable structures is crucial for subsequent property
analysis. Therefore, we reevaluate their convex hull to ensure
the accuracy of the structural characterization. Subsequently,
we compare the simulated results with the experimental data,
and address the existing controversies. Then, we delve into the
mechanical properties of manganese borides. By construct-
ing descriptors based on the overall bond strength of their
unit cells, we try to establish a connection between these
descriptors and hardness to give a robust description of their
mechanical behavior. Crucially, we expand our investigation
to explore the intricate magnetism of manganese borides.
Leveraging electronic structure calculations and spin dynam-
ics results, we contrast our findings with the experimental
data to distinguish their applicability on the local-moment
model. Furthermore, we conduct a detailed discussion on
the magnetic phenomena of this system. We hope that our
research provides valuable insights into the mechanical and
magnetic properties of intermetallic compounds, and aid in
the investigation of magnetic phenomena in materials science.

II. METHODS

In this work, we performed the structural relaxation
and property simulations within a density-functional theory
framework and the projector augmented-wave method [32]
as implemented in the Vienna Ab initio Simulation Package,
VASP [33], and allowed spin polarization due to the mag-
netic nature of manganese-containing materials. The pcNN
exchange-correlation functional was adopted [31]. The pcNN
functional provides a stable description for various magnetic
materials that is quite close to experimental results, though it
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FIG. 1. The convex hull of Mn,_.B,. We use the results from Niu
et al. [15] for comparison. Considering the influence of collinear
magnetism and correlations, we have reevaluated the system. In the
representation, ferromagnetic states are denoted in red, antiferromag-
netic states in blue, and nonmagnetic states in black. Solid symbols
represent stable phases that fall within the convex hull, while hollow
symbols represent metastable phases that do not lie on it.

slightly overestimates some experimental magnetic moments.
We select several magnetic materials to test and compare
the PBE, SCAN, and pcNN functionals, and include the re-
sults and discussion in the Supplemental Material [34] (see
also Refs. [8-14,22,23,30,31,35-55] therein). The valence
states considered in this paper are 3p°® 3d° 4s', 252 2p' for
Mn and B atoms, respectively. The plane-wave cutoff en-
ergy is 600 eV throughout this study. We use a second-order
Methfessel-Paxton [56] electron smearing with o = 0.2¢eV.
The convergence criterion on forces is 0.01eV/A and the
energy tolerance is 10~%eV. The bulk structures are fully
optimized for all the degrees of freedom. The samplings
of the Brillouin zone are obtained from a Gamma-centered
k-mesh spacing of 27 x 0.03A~" in the calculations. The
crystal orbital Hamilton population (COHP) [57] is calcu-
lated using the LOBSTER package to analyze the bonding
properties. The calculation of magnetic exchange parame-
ters is conducted using the TB2J package with the magnetic
force theorem based on the Heisenberg model [58]. Local-
ized wave functions are obtained through the WANNIER90
package [59]. The final spin dynamics calculations are con-
ducted using the Landau-Lifshitz-Gilbert equation, employing
a 20 x 20 x 20 supercell, and performed with the VAMPIRE
software [60].

III. RESULTS AND DISCUSSION
A. Convex hull

We optimized the manganese-boride systems with the
pcNN functional and recalculated their convex hulls,
considering their collinear magnetism. Figure 1 shows
that the density-functional theory (DFT) formation enthalpies
of the Mn; B, structures. The convex hull, connecting
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nonmagnetic (NM)-a-Mn(#158), antiferromagnetic
(AFM)-Mn;B (0I12), ferromagnetic (FM(-MnB (oP8),
AFM-MnB, (hP3), and NM-«-B (hR12), is drawn for the
most stable ground-state phase. Then, other key observations
can be summarized as follows.

1. a-Mn

Manganese is one of the most complex metallic elements
that assume many different stable crystal phases. We will
focus solely on the magnetic properties of room-temperature
phase a-Mn (space group /-43m) to have certain understand-
ing of it, as it consists of quite many atoms (58 atoms) and is a
“self-intermetallic” compound. In experiments, o.-Mn exhibits
antiferromagnetic behavior with a Néel temperature of 95 K,
and it shows lattice distortion at low temperatures [61]. Early
studies showed that even when considering spin polarization,
the results obtained from local-density approximation-GGA
simulations only converged to collinear magnetic states and
still had significant discrepancies with experimental data [62].
Recently, simulations of the magnetic properties of «-Mn
revealed that by incorporating spin-orbit coupling and em-
ploying the SCAN functional, the system converges to a
noncollinear antiferromagnetic state [63]. Therefore, man-
ganese itself is highly intricate. Here, for convenience, we
exclusively treated o-Mn as a nonmagnetic state in our study.

2. MﬂzB

In the early studies, Simsek et al. [64] reported the fer-
romagnetic behavior of Mn,B at 300 K, while Ma et al.
[12] reported it to exhibit spin-glass behavior with a Néel
temperature of 43 K. Meanwhile, Mohn [65] reported the
nonmagnetic nature of Mn,B through calculations, and this
result is consistent with what we predicted using the Perdew-
Burke-Ernzerhof (PBE) functional. Our results indicate a
slight deviation from the experimentally observed Al,Cu-type
t112-Mn;B structure [12,66,67]. When considering an antifer-
romagnetic configuration along the crystallographic a- and b
axes, it was observed that the presence of magnetostriction
induced a change in symmetry, leading to the identification of
a structure known as ol12 (space group: Ibma). Additionally,
it would converge to a nonmagnetic state along the c¢ axis,
possibly due to the presence of anisotropy, and the lattice c¢ is
also overestimated compared with the experiments as shown
in Table 1. The specific configuration can be seen in Fig. S1
of Supplemental Material [34]. It is worth noting that the two
magnetic phases, AFM-a and AFM-b ol 12-Mn;B, are almost
degenerate in terms of enthalpy, with AFM-bol12-Mn,B
having slightly lower enthalpy [AE ~ 9meV/f.u. (formula
units)], and lattice contraction occurring in the directions
where antiferromagnetic ordering is present. These two
magnetic structures are equivalent, highlighting a key char-
acteristic of Mn,B’s magnetic structure: the presence of
multiple equivalent spin alignment directions. Coupled with
the competitive positive and negative exchange interactions
observed over short distances, as shown in Fig. S3 of the
Supplemental Material [34], this characteristic may lead to
the coexistence and competition between ferromagnetic and
antiferromagnetic coupling. The complexity of these micro-
scopic magnetic interactions offers a solid theoretical basis for
explaining the spin glass behavior observed in polycrystalline

Mn;B samples during experiments [12]. Furthermore, we can
also compare the same structure of Fe,B, which reveals an
interesting observation: Fe;B is a strong ferromagnet with
a Curie temperature (7Tc) of 1017 K [68], whereas Mn,B
exhibits a very low transition temperature. The main differ-
ence between them lies in the fact that in Fe,B, the shortest
Fe—Fe bond length is 2.41 A, while in Mn,B, it is 2.29 A.
This shorter bond length could enhance exchange interac-
tions, but excessively strong interactions could also repel the
originally localized 3d electrons, forcing them to become
itinerant within the lattice. As a result, complex exchange
interactions occur in Mn;B, leading to its spin frustration.
It is also worth mentioning that the previously predicted
Mg, Cu-type Mn,B [15] (space group: Fddd) does not exist
within our framework described, as it is thermodynamically
unstable.

3. MnB

MnB exhibits two phases: oC8-MnB and oP8-MnB.
These two phases are very close in terms of enthalpy, as
shown in Fig. 1 or Table I. Both phases are ferromag-
netic and are the only experimentally obtained ferromagnetic
phases in the manganese borides. According to Klemenz
et al’s work, the oC8-MnB can further transform into
oP8-MnB at temperatures above 1523 K [69]. Our sim-
ulation using the pcNN functional for oP8-MnB yielded
a magnetic moment of 2.3 uB/Mn, slightly higher than
the experimental measurement of 1.9 uB/Mn [9,70]. Fur-
thermore, previously synthesized oC8-MnB samples were
found to contain defects [13,69]. However, in a recent de-
velopment, Kalyon et al. successfully synthesized a pure
phase of oC8-MnB [71], with a measured magnetic mo-
ment of 1.54 uB/Mn. This value is lower than our simulated
value of 2.3 uB/Mn. Additionally, the pure oC8-MnB is
reported to have a Curie temperature (7¢) of 456 K,
and the material exhibits spin-canted magnetism along the
crystallographic ¢ axis. Meanwhile, Bocarsly et al. also
pointed out that MnB, with strongly coupled magnetic
and structural transitions, exhibits excellent magnetocaloric
properties [72].

4. Mn3B4

Mn;By, exhibits layered structures. However, unlike MnB,,
where Mn and B atoms form independent layers, in
Mn3;B4, Mn and B atoms are mixed in a single layer, as
shown in Fig. 2. Experimental evidence suggests its anti-
ferromagnetism. Moreover, Mn3;B, is the only phase in our
results that deviates from experimental observations. It is
worth noting that in our simulation results, although the en-
thalpy of the ferromagnetic state is lower, it still does not fall
within the convex hull. Therefore, for a better comparison, we
continue to use the antiferromagnetic state corresponding to
the experimental results for the subsequent discussion. The
simulated magnetic moments are 2.84 uB/Mn for Mn(2a)
and 2.61 uB/Mn for Mn(4j), while experimental measure-
ments yield 2.92 uB/Mn for Mn(2a) and 0.44 uB/Mn for
Mn(4j) [28]. Additionally, as shown in Fig. 2(c), the local
coordination environment for Mn(2a) atoms in ol 14-Mn3By is
identical to that of Mn atoms in 4p3-MnB,, and Mn(4j) atoms
in ol14-Mn;B4 mirror the coordination environment of Mn
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TABLE 1. DFT formation enthalpies (AH in eV per atom), optimized lattice parameters (A), and corresponding experimentally obtained

lattice parameters (A) for the manganese borides.

Phase Ordering Space-group cell (calc.) Pearson symbol Space-group cell (exp.) AH
Mn,B AFM-[010] Ibam oll12 14/mcem? —0.468
a=5.189 a=b=15.122
b =5.065 c=4.188
c=4.274
MnB FM Pnma oP8 Pnma® —0.608
a=5.488 a=5.637,
b =12.953 b=2.9%
c=4.108 c=4.180
MnB M Cmcm oC8 Cmcem® —0.593
a=2.982 a =3.009
b=17.627 b=17.639
c=2.935 c=2.946
Mn;By AFM Immm oll4 Immm® —0.450
a=2941 a=2963
b =3.093 b =3.038
c=12.787 c=12.844
MnB, AFM P6/mmm hP3 P6/mmm* —0.439
a=>b=13.005 a=b=3.010
¢ =3.038 ¢ =3.040
MnB, NM P65 /mmc hP6 —0.323
a=b=2.778
¢ =6.953
MnB; NM C2/m mC16 —0.288
a="17.078
b=12.836
¢ =5.868
B =90.624°
MnB, NM P2,/c mP20 P2 /ct —0.254
a=5.429 a=5.476
b=5312 b=5.367
¢ =5.463 c=5.502
B =114.757° B =115.04°
MnB, FM Pnnm oP10 P2, /nf —0.246
a=4.604 a=4.630
b=15.316 b =5.365
c=2941 c=2.948
B =90.31°

aReference [12]; PReference [9]; “Reference [71]; IReference [11]; *Reference [8]; {Reference [22].

atoms in 0C8-MnB. The mixing of these local environments
seems to suggest that Mn3;B4 might be a metastable phase
composed of two mixed phases. What adds more intrigue
is the observation of spin-tilting phenomena in both MnB,
and Mn3By at low temperatures, with MnB, at 130 ~ 157K
[24,26] and Mn3;B,4 observed at 226 K [73]. This raises cu-
riosity about whether a small portion of MnB, plays a role
in influencing the properties of Mn3;B4. Further investigations
are necessary to determine if other factors, such as defects,

contribute to the significant difference in magnetic moments
observed at different Wyckoff sites in Mn3By.

5. MnBz

MnB; has been the subject of controversy, as the predicted
ReB,-type structure (space group: P63/mmc) [15], which
could be the most stable phase for MnB, without magnetism.
However, it is found to be thermodynamically unstable
in our results, as shown in Fig. 1. The antiferromagnetic
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FIG. 2. The structures of manganese borides are depicted as follows: (a) 0P8-MnB, (b) 0C8-MnB, (c¢) 0/14-Mn3B,, (d) 0o/12-Mn;B, (e)
hP3-MnB,, (f) mP20-MnB,, and (g) oP10-MnBy. In these structures, boron forms chains, layers, and cages, while also showcasing the local

coordination environments of manganese.

MnB, with the AlB,-type structure, belonging to the space
group P6/mmm, falls within the convex hull. One possible
reason for this is the insufficient consideration of correlations
previously. Moreover, in this AlB,-type layered structure,
the interlayer dispersion forces are equally crucial and need
to be considered [74]. However, these considerations could
also be applicable to the pcNN functional we are using.
MnB,, the simplest structure among manganese borides,
and adopts a hexagonal layered structure with Mn atoms
sandwiched between two hexagonal rings. The calculated
local magnetic moment in this phase is 3.10 uB/Mn, which
is a little higher than the value of 2.76 uB/Mn obtained
in Regnat’s paper [26]. Additionally, it has a significantly
high Néel transition temperature (7y) of around 1130 K.
What is more interesting is its manifestation of canted
antiferromagnetism at approximately 130 K, resulting in a
net ferromagnetic moment. This phenomenon sheds light on
the previous misconception of considering it as ferromagnetic

[27,75]. The phenomenon of spin canting becomes more
pronounced on one hand due to the itinerant characteristics of
magnetic moments at low temperatures. On the other hand, it
might be attributed to the presence of anisotropy such as the
Dzyaloshinskii-Moriya interaction, which warrants further
investigation.

6. MnB4

mP20-MnB, exhibits Peierls distortions and represents a
nonmagnetic phase, while oP10-MnB4 shows weak ferro-
magnetic local magnetic moment (0.74 uB/Mn). In MnBy, as
depicted in Figs. 2(f) and 2(g), the two phases appear some-
what similar, but they diverge in forming a one-dimensional
manganese chain perpendicular to the viewing direction. In
the mP20-MnB,4, Mn atoms undergo dimerization, while in
the oP10-MnBy, a uniform manganese chain is formed. These
two phases are energetically close to each other, and it is
possible to transform from mP20-MnB4 to oP10-MnB4 by
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heating to about 650 K [76]. It is worth noting that while
both phases of MnBy, are not strictly on the convex hull, its
proximity suggests it can be easily achieved by controlling
specific experimental conditions, such as high-temperature
and high-pressure conditions [10,22,77]. The main contro-
versy regarding MnBy lies in its ground-state or magnetic
properties. Experimental measurements reveal a significant
sample dependence in synthesized MnB,4 samples, indicating
the potential for MnB, to be a diamagnetic semiconductor
[78]. Additionally, Knappschneider et al. [76] discovered a
transition in MnBy4 from a low-temperature p-type semicon-
ductor to a high-temperature n-type metal. This transition was
also previously predicted in another study [79], and although
we did not explicitly consider the impact of temperature,
valuable insights could still be gleaned by examining the close
energies of both phases.

In short, we reevaluated the convex hull and optimized
lattice parameters, obtaining values close to experimental
ones. According to our simulation results, the complexity
observed in manganese borides could be attributed to
challenges in accurately determining and analyzing the
stable structures of the two phases due to their closely
related energies. For example, in MnB and MnBy, the more
stable structures often exhibit higher complexity, while at
elevated temperatures, the structurally more ordered phases
become more accessible [69,76]. Although this explanation
holds, controlling experimental phase diagrams is quite
challenging. In contrast, theoretical simulations present a
distinct advantage: our simulations could have the potential to
provide insights into comprehending the magnetic behavior
and electronic properties of manganese borides. Furthermore,
if not specified in the subsequent sections, the consideration
of magnetism aligns with the information presented in Table 1.

B. Bonding properties

The mechanical properties of transition-metal borides have
long been a subject of interest and scrutiny [80,81], as
boron can form rich covalent networks within them. Addi-
tionally, manganese borides possess magnetic characteristics,
adding an intriguing dimension to the correlation between
their bonding properties. In this context, we computed the
integrated COHP (iCOHP), a method intuitively assessing
bonding strength in solid-state materials, to analyze the bond-
ing properties of the experimentally synthesized manganese
borides under consideration. The relevant results are listed
in Table II. Negative values of iCOHP serve as indicators of
bonding strength in our assessment. The shorter bond lengths
usually imply a higher bond strength, but the actual strength
is also influenced by the coordination environment. For in-
stances like 0P8-MnB, 0oC8-MnB, and ol 14-Mn3B,4, despite
their relatively long Mn-B bond lengths highlighted in bold
in Table II, high bond strength is observed. This phenomenon
is notably associated with the Mn-B bonds marked by red
circles in Fig. 2. Clearly, these Mn—-B bonds exhibit a distinct
feature where the Mn—B bond exclusively shares the elec-
tron density in approximately half of the region surrounding
the Mn atoms, resulting in elevated electron density within
the bonding region, which is responsible for their high bond
strength. Moreover, by examining the bond-length distribu-
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FIG. 3. Descriptors reflecting the binding properties of the con-
structed system in response to its relationship with Vickers hardness
from the experiment. The magenta pentagrams represent the out-
lier experimental values obtained from the mP20-MnB, [22], while
the other green triangles represent the measured values of other
manganese borides from other experiments, which can be found in
Table II.

tions as shown in Table 11, it is evident that oC8-MnB exhibits
a higher degree of structural order compared to oP8-MnB.
Similarly, oP10-MnBy displays a more ordered structure com-
pared to mP20-MnB,.

Hardness is a parameter that can intuitively reflect the
mechanical properties of materials, and it largely depends
on plastic deformation, which is closely associated with the
generation and mobility of dislocations [82]. The process of
plastically shearing such a crystal involves the breaking and
reforming of electron-pair bonds. Therefore, if we assess the
overall bond strength of compounds, we can also obtain a
good estimate of their hardness. As we have already employed
—iCOHP to quantify the bonding strength in manganese
borides, we directly utilized their geometric mean to construct

a descriptor, N“{/H (—iCOHPx_y )N’H , measuring the overall
bonding strength of the unit cell. The —iCOHPyx_y represents
the negative value of the integrated COHP of the X-Y bond,
while the Nx_y represents the number of X-Y bonds per
formula unit within a unit cell. Ny represents the total number
of X-Y bonds per formula unit within a unit cell that needs
to be considered. This means that not all bonds would be
included in the consideration, with the primary focus on Mn—
B bonds and B-B bonds, whose number and bond length are
listed in Table II. The contribution of Mn—Mn bonds could be
disregarded due to their relatively weaker bonding. However,
in the case of o/12-Mn;,B, a robust Mn—-Mn bond strength
is evident, comparable even to its Mn—B bonds. Therefore,
we extended our consideration to include the next-nearest
neighbor Mn—Mn bond with a length of 2.51 A in 0/ 12-Mn,B.
With the considerations mentioned above, the results are pre-
sented in Fig. 3. It is pleasantly surprising to observe an
approximately linear relationship. However, the previously
measured hardness of 34.6 GPa for mP20-MnB4 might appear
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TABLE II. The distribution of Mn-B, B-B, and Mn-Mn bond lengths in manganese borides has been examined. We analyzed the
distributions of bond lengths, with the number of each bond averaged per formula unit within a unit cell provided in square brackets.
Concurrently, we assessed their negative iCOHP and constructed descriptors reflecting the bonding properties of the manganese borides and

experimentally measured Vickers hardness values.

drins —iCOHP dp3 —iCOHP  dyinvn —iCOHP H,
Phase [Nvins/fu] (Mn-B)  [Ngp/fu]l (B-B)  [Nywaw/f.u.] (Mn-Mn) N“{/]_[(—iCOHPX,y)NX*Y (exp)
AFM-[010]-0/12-Mn,B  2.20 [8] 1.83 2.13[0.5] 3.50 229 (1] 1.60 1.48 14.12
2.51[2] 0.51
FM-0oP8-MnB 2.16 [2] 1.90 1.79[0.5]  6.01 2.62 [0.5] 0.52 1.79 15.7°
2.18 [3] 1.45
220[1] 1.37
2.23 [1] 2.20
FM-0C8-MnB 2.17 [4] 1.88 1.80[0.5] 6.00 2.63[0.5] 0.33 1.89 16.7¢
219 [1] 224
2.20[2] 1.33
AFM —ol 14-Mn;B, 2.15[4] 1.45 173011 7.57 2.77 [4] 0.24 2.02 16.3¢
2.20 [8] 1.75 176 [4]  6.88
2.22 (2] 2.48
2.30 [8] 1.21
AFM-hP3-MnB, 2.30[12] 1.04 173121  7.64 3.01 [3] 0.11 1.38 12.1°
NM-mP20-MnB, 1.9 [1] 2.37 1.68[1]  7.84 2.64[0.5] 0.42 2.86 34.6'
2.02[1] 221 172111 7.15 3.2210.5] 0.05
2.07 [1] 2.12 1.81[1] 627
2.08 1] 2.04 1.82[11  6.05
2.10[1] 1.78 1.84[11 596
2.12[1] 1.66 1.86[1]  4.70
2.16 [1] 1.62 1.90[1]  4.19
2.18 [1] 1.55 2.10[1] 227
2.20[1] 1.51
2.23[1] 1.40
2.26[1] 1.24
229 (1] 1.12
FM-0P10-MnB, 2.00 [2] 2.27 1.70[2]  7.40 2.94[1] 0.17 2.68 20.12
2.10 [2] 1.74 1.82[4]  6.15
2.14[4] 1.78 1.88[1]  4.44
2.3 [4] 1.34 211011 222

aReference [12]; PReference [9]; “Reference [13]; ‘Reference [11]; *Reference [8]; 'Reference [22].; €Reference [10].

as an outlier [22]. Nevertheless, upon closer examination,
Figs. 1 and 2 reveal that the energy and structural differences
between mP20-MnB,4 and oP10-MnB, are minimal, suggest-
ing that their mechanical properties should not be diverged
significantly. Based on our descriptors, they are also similar.
Therefore, the hardness of mP20-MnB,4 seems to be signifi-
cantly overestimated. According to our estimation, its H, is
approximately 21.3 GPa. Similar controversies have arisen
previously in the isostructural FeB4, where experimental mea-
surements initially indicated its classification as a superhard
material [39], but subsequent theoretical studies refuted this
claim [83,84]. Based on our results, assessing the strength of
bonds offers a straightforward method for evaluating the hard-
ness of the system. The most evident example is MnB,, which
as a layered material exhibits the lowest hardness, a charac-
teristic that is fully captured in our results. We believe this
approach could provide a simpler perspective for understand-
ing the mechanical properties of materials and streamline the
prediction process. We also employed descriptors calculated

using the PBE functional and used Guo’s hardness model [51]
to calculate the hardness of the Mn-B system and compared it
with experimental results. The relevant discussion and details
have been included in the Supplemental Material [34].

C. Magnetism and electronic structures

The magnetic properties and electronic structure of
manganese borides are also interesting to us. The density
of states (DOS) plots for these manganese borides are
presented in Fig. 4. Except for NM—mP20-MnB, and
AFM—hP3-MnB,, which have a density of states at the Fermi
level [N(Eg)] that is nearly zero, the other materials exhibit
nonzero N(Ef), indicating that they are metallic. Typically,
the 3d and 4s electrons of transition metals can be considered
to be freely itinerant within the lattice [85,86]. However,
according to our results, the 4s electrons of all manganese
borides contribute almost nothing to the Ef, and the primary
contribution comes from the Mn-3d electrons. This means
that when the 3d electrons form localized magnetic moments,
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FIG. 4. The total and partial density of states of manganese
borides are as follows: (a) FM-oP8-MnB, (b) FM-0oC8-MnB, (c)
AFM-o0l14-Mn;B,, (d) AFM-0l12-Mn;,B, (e) AFM-hP3-MnB,, (f)
NM-mP20-MnB,, and (g) NM-0oP10-MnB,.

they also exhibit itinerant characteristics, which lead to
fractional magnetic moments. The local-moment picture
and the itinerant electron scenario have historically served
as explanatory frameworks for understanding magnetic
properties in condensed matter. In reality, real metals exhibit
amix of characteristics from both, blending local-moment and
itinerant magnetism. This tendency varies among different
manganese borides. AFM—AP3-MnB, exhibits the minimum
N(Er) among all magnetic manganese borides, almost
approaching zero, indicating that relative to other manganese
borides, its 3d electrons are more localized. Additionally, its
simulated magnetic moment is close to an integer value of
approximately 3 uB. Such observations are consistent with
findings from Regnat [26], suggesting that AFM-hP3-MnB,
is a local moment antiferromagnet. Then, in Fig. 4(g), we

(a) (b)
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FIG. 5. The band structures of (a) AFM-hAP3-MnB, and (b)
NM-mP20-MnBy, are shown; they do not exhibit distinct band cross-
ings near the Er and are more reminiscent of a trivial semimetal.

illustrate the DOS for NM-0P10-MnB4. Due to the strong
localized nature of its 3d electrons, a peak is evident in
its N(Eg), which is detrimental to the system’s stability.
On the one hand, according to the Stoner mechanism, the
system tends to undergo spin polarization, forming magnetic
moments to enhance stability, and its significant N(Ef) also
indicates its good metallic properties, as shown in Fig. 4(e).
On the other hand, this instability is also associated with the
one-dimensional manganese chains. According to the Peierls
mechanism, manganese chains might undergo dimerization,
leading to a reduction of the N(Ep) and the formation
of a pseudogap. Thus, the experimental observation of a
transition from a low-temperature p-type semiconductor to a
high-temperature n-type metal [76] could be clearly explained
by the DOS profiles of mP20-MnB4 and oP10-MnBy, as
illustrated in Fig. 4. Furthermore, it is noteworthy that both
AFM-hP3-MnB, and NM-mP20-MnB, exhibit pseudogap
features near the Eg. This piqued our interest in their band
structures, and the relevant results are presented in Fig. 5.
We anticipate these materials to exhibit features of a Dirac
cone near the Ef, which might involve certain topological
properties. However, upon a detailed examination within the
range of Er £ 0.5 eV, we find that they do not display band
crossings near the Ey in their band structures. Therefore, they
might not possess well-defined topological properties but
rather resemble characteristics closer to semimetals.

We also calculated the magnetic transition temperatures of
these manganese borides, and their comparison with experi-
mental results is presented in Table III. The band structures

TABLE III. Through spin dynamics calculations, we simulated
the Curie temperature (7¢)-Néel temperature (7y) and compared it
with experimentally measured 7 /Ty values.

Phase Tc/Ty (exp.) Tc/Ty (calc.)
AF M-b-0l12-Mn,B 434 784
FM-0P8-MnB 546°, 566¢, 5744 641
FM-0C8-MnB 4664,545¢ 632
FM-o0l 14-Mn;B,4 390 and 214f 822
AFM-hP3-MnB, 760¢, 885", 1130 1180
FM-0oP10-MnB, 1.6

2Reference [12]; PReference [9]; ‘Reference [88]; ‘Reference [71];
°Reference [69]; fReference [11]; EReference [24]; "Reference [25];
iReference [26].
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FIG. 6. (a) The Rhodes—Wohlfarth ratio ¢./gs for various mag-
netic materials. Reproduced from Ref. [87]. Red indicates its
antiferromagnetic behavior, with the corresponding transition tem-
perature being 7y. For MnB, the ¢. data are available, whereas
for other magnetic manganese borides, such data are currently un-
available. Only the transition temperatures are measured, hence
represented by dashed lines. This allows for an estimation of their
qc./qs- (b) The density of states of d electrons at the Fermi level for
magnetic manganese borides.

fitted with localized Wannier functions and the computed
exchange-interaction parameters are presented in Figs. S2
and S3 of Supplemental Material [34]. (The calculation of
its exchange parameters (J) follows the conventions of the
Heisenberg model selected in TB2J [58]). The cutoff distance
for exchange interactions considered in spin dynamics cal-
culations is set at 3.5 A, as illustrated in detail in Fig. S3 of
Supplemental Material [34]. The results of the spin dynamics
simulations are presented in Fig. S4 of the Supplemental Ma-
terial [34]. However, there are still some discrepancies when
comparing the obtained magnetic transition temperatures with
experimental values. This is primarily due to the fitting of J
based on the local-moment Heisenberg model and the rigid
spin rotation assumption [58]. When the spins tend towards
delocalization, the results tend to become invalid. The lo-
calization of magnetic moments for intermetallic compounds
could be quantitatively determined by the Rhodes-Wohlfarth
ratio g./qs [89]. Here, q. represents the magnetic carriers in
the paramagnetic state at high temperatures, and the number
of carriers g. can be experimentally obtained from a linear
fit of 1/x(7T). On the other hand, g represents the magnetic
carriers in the ordered state at low temperatures, which can
be obtained from the saturation magnetization at low temper-
atures under strong magnetic fields [87]. For local-moment
systems ¢./gs should equal unity, while for itinerant moment
systems g./qs > 1, with the latter also tending to low mag-
netic transition temperatures [87]. From Fig. 6(a), reproduced
from Ref. [87], we could observe that based on the measured
data, the ratio ¢./qs for MnB is close to 1, indicating that
its magnetic moment tends to be more local. However, for
other manganese borides, there are insufficient x(7) data to
fit g., making it challenging to assess the specific localization
of magnetic moment. Nonetheless, according to the Rhodes-
Wohlfarth curve in Fig. 6(a), we can see that MnB,, with
its extremely high Néel temperature (7x ~ 1130K) [26], is
practically approaching the local limit, which aligns with
our understanding of it as a local-moment antiferromagnet.

According to our simulation results, the transition tempera-
tures of MnB, and MnB align with experimental findings,
although the transition temperature of MnB is slightly over-
estimated by 100 K, which might also be attributed to its
overestimated magnetic moment. Compared to the complex
magnetism of other manganese borides, this overestimation
for MnB still could be considered acceptable. Hence, the
Rhodes-Wohlfarth curve seems to provide a criterion to assess
whether a system can be described by a local-moment Heisen-
berg model. Mn;B, with a T of only 43 K, is approaching
the itinerant limit according to the Rhodes-Wohlfarth curve.
Experimentally, it is also identified as a spin-frustrated spin
glass [12], indicating the presence of complex interactions
between itinerant magnetic moments. This kind of magnetic
frustration system is beyond the scope of our study, and
might not be adequately described by a local-moment model.
Higher-order interactions or interactions between spin and
other degrees of freedom might need to be considered. Si-
multaneously, it can be observed from Fig. 6(b) that there
is a significant N(Egp) contributed by 3d electrons. For the
discrepancies in the simulation of Mn3B4, on the one hand,
it was previously suggested that it might represent a mixed
metastable phase. On the other hand, even when considering
its antiferromagnetic configuration, the simulated exchange
interaction still tends to favor ferromagnetism, as depicted in
Fig. S3 of Supplemental Material [34]. This finding aligns
with our assessment of its ferromagnetic ground state. Ad-
ditionally, from Fig. 6(b), its significant N(Ef) suggests that
its magnetic moment might lean towards itinerant character-
istics. These observations indicate a potential explanation for
the discrepancy between simulation results and experiments.
Therefore, further experimental measurements are required to
reassess their properties. Finally, in the case of oP10-MnBy,
although Mn atoms exhibit weak magnetic moments, they
form isolated one-dimensional magnetic chains. The distance
between these chains is approximately 3.8 A, significantly
spaced within the three-dimensional lattice. Therefore, in
adherence to the Mermin-Wagner theorem [90], it becomes
apparent that long-range magnetic order is unattainable in an
isotropic one-dimensional system, aligning closely with our
simulation results, where the T¢ is nearly zero. Nevertheless,
the system might still exhibit significant short-range magnetic
correlations and local magnetic moments at low temperatures.
This characteristic might explain the observations in related
experiments [22].

In summary, based on the N (Er) and the Rhodes-Wohlfarth
curve, we assessed the magnetism of the manganese-boride
system. This led to a better understanding of its magnetic
properties. When the d electrons of magnetic atoms still ex-
hibited significant N(Ef) after considering spin polarization,
it indicated a more itinerant character, suggesting that their
exchange interactions might be more complex and could not
be simply described by the local-moment Heisenberg model;
similarly, the spin dynamics based on it would not apply to
such systems. More diverse forms of exchange interactions
need to be considered to understand their intricate mech-
anisms, especially at low temperatures. We hope that our
discussion offers some insights into the complex magnetism
of intermetallic compounds.

094411-9



ZHOU, BAO, YU, ZHU, YU, AND CUI

PHYSICAL REVIEW B 110, 094411 (2024)

IV. CONCLUSION

We conducted a comprehensive reevaluation of manganese
borides by employing the pcNN functional. Our analysis re-
visits the convex hull to delve into structural controversies,
thereby illuminating intriguing phenomena. For instance, the
spin glass behavior in Mn,B may result from the complex
interactions caused by the unusually short distances between
manganese atoms. Furthermore, the ground state of MnB,
is identified as its AlB,-type structure, characterized by a
strongly localized antiferromagnetic semimetal. Additionally,
we address the debate surrounding the coexistence of two
phases in MnB and MnBy, revealing their close enthalpies.
In contrast, Mn3By4 is identified as a potentially ferromagnetic
and thermodynamically metastable phase, hinting at its ca-
pability as a mixed phase of 0C8-MnB and #P3-MnB,. Our
findings also draw a connection between the bonding strength
in manganese borides and their observed hardness, offering
a better approach for understanding and rapidly estimating
the mechanical properties of these systems. Additionally, with
our calculated exchange parameters and spin dynamics simu-
lation for magnetic transition temperatures, we observe that
MnB, and MnB align closely with experimental findings,

whereas Mn,B and Mn3;B,4 exhibit noticeable deviations. The
discrepancies in Mn;B and Mn3;B, likely arise from their
strong itinerant nature, notably due to the significant DOS
of Mn-d electrons at the Fermi level. This renders them
unsuitable for local-moment models, and analysis using the
Rhodes-Wohlfarth curve also suggests their applicability. Fur-
thermore, the presence of magnetic moments in oP10-MnBy,
which lacks long-range order due to the substantial distances
between the chains, aligns with the Mermin-Wagner theorem.
We hope that these findings would illuminate the bonding
and magnetic properties of other transition-metal borides and
magnetic intermetallic compounds, thus fostering further ad-
vancements.
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