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Abstract. Through ab initio evolutionary crystal structure prediction, we have
discovered a novel monoclinic phase of manganese hexaboride (MnB,) with
the space group PZ2/m. This new polymorph is energetically favorable over
the previously known hexagonal P6"m2 structure at pressures below 58 GPa.
Although metastable with respect to decomposition into MnB, and B, the PZ/m
phase is demonstrated to be dynamically and mechanically stable at ambient
pressure, as confirmed by the absence of imaginary phonon modes and the
satisfaction of the Born stability criteria. Calculations of the elastic properties
reveal that MnB-P2/m is a hard, brittle material with a high Vickers hardness
of 33 GPa, which surpasses that of common industrial ceramics like tungsten
carbide and silicon carbide. Its bulk modulus (273 GPa), shear modulus (220
GPa), and Young modulus (519 GPa) indicate superior resistance to elastic
deformation. The compound exhibits significant elastic anisotropy, as visualized
by the directional dependence of its moduli and hardness. These properties
establish the new MnB.-PZ2/m polymorph as a promising candidate for
experimental synthesis and potential application as a hard material.
Keywords: borides, hardness, high pressure, elastic moduli, density functional
theory

Introduction

Transition-metal borides have garnered substantial scientific attention due to their
remarkable combination of properties, such as superconductivity, magnetism, exceptional

hardness, and

thermal stability at extreme temperatures [1-6]. The light atomic mass and

high bond strength of boron enable the development of extensive covalent networks within
transition-metal boride crystals [7]. Progress in computational and synthetic methods has
recently enabled the identification and production of numerous borides proposed as superhard
candidates, a characteristic attributed to their high valence electron density and strong covalent

bonding [8,9].

Notable examples include OsB, [10], ReB, [2], CrB, [11], WB, [12], WB, [5,13],
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ZrB,, [14], YB, [15], ScB, [16], ScB, [16], and FeB, [17]. The measured or predicted hardness of
many of these borides exceeds 40 GPa, surpassing that of widely used industrial abrasives and
cutting materials such as cemented tungsten carbide (WC, ~20 GPa) [18] and silicon carbide
(moissanite, ~22 GPa) [19]. These promising characteristics continue to drive extensive
research on transition-metal borides.

Manganese, a magnetic 3d transition metal possessing multiple valence electrons, reacts
with boron, an element characterized by its electron deficiency, to produce stable boride
compounds. These phases demonstrate a suite of characteristics typical of high-performance
multifunctional materials, including exceptional thermal stability (high melting point), superior
mechanical strength, and significant resistance to wear. To date, eight manganese-boron
compounds are known: Mn_B, MnB, Mn_B,, Mn_B,, MnB,, MnB,, MnB,, and MnB,. Among these
manganese borides, MnB; is the most B-rich compound. According to the findings of Yuan et
al. [20], the MnB6 phase becomes thermodynamically stable at pressures exceeding 127 GPa.
This phase, which adopts a P6 Zm crystal structure, remains stable up to at least 200 GPa. The
crystal structure of MnB,_-P6 2m is characterized by distinctive boron-nitride (BN)-like ribbons
that extend along the c-axis. These ribbons are interconnected within the ab-plane via B-B
bonds, creating a framework with open channels that house manganese atoms. This phase
exhibits favorable mechanical characteristics, including a predicted Vickers hardness of 25
GPa and notable ductility. These properties are a direct consequence of its unique structural
arrangement, which is enabled by boron's capacity for diverse and adaptable chemical bonding.

To discover new polymorphs of MnB6 exhibiting promising mechanical properties, we
conducted a systematic search for stable crystal structures using density functional theory
calculations.

Methodology

All calculations were conducted using density functional theory as implemented in the VASP
5.4.4 software [21, 22]. The exchange-correlation interactions were incorporated through the
generalized gradient approximation using the Perdew-Burke-Ernzerhof (PBE) functional. The low-
enthalpy structures of MnB, were identified through an evolutionary structure search utilizing
the USPEX code [23-25]. These variable-composition predictions were conducted for systems
containing up to 4 formula units per cell at pressures of 0, 50, 100, 150, and 200 GPa. An
initial population of 100 structures was generated, from which the lowest-enthalpy 50% were
selected to produce subsequent generations. The evolutionary operations were distributed
as follows: 40% heredity, 20% atomic mutation, 10% lattice permutation, and 30% random
generation. All structure predictions employed medium-accuracy parameters, including a 450
eV plane-wave energy cutoff, a Monkhorst-Pack k-mesh [26] with a spacing of 21 x 0.07 A, and
Methfessel-Paxton electronic smearing [27] (o = 0.2 eV). Following the evolutionary search, the
most favorable structures were refined using high-accuracy settings: a 700 eV energy cutoff, a
denser k-mesh of 21 x 0.03 A%, and reduced smearing (o = 0.1 eV). These selected phases were
subjected to full geometry optimization via a conjugate gradient algorithm, with convergence
thresholds set to 1.0 x 107 eV in energy, 0.01 GPa in stress, and 0.005 eV/A in atomic forces at
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several pressures. The phonon spectra were calculated using the Phonopy program [28] with 2
x 2 x 2 supercell.

To evaluate key mechanical properties such as hardness and fracture toughness, the
components of the static elastic stiffness tensor (C,.}.) were determined from the linear stress-
strain relationship o, = Ci These Cij values were subsequently used to calculate the bulk (B)
and shear (G) moduli via the Voigt-Reuss-Hill averaging scheme [29, 30]. For crystalline systems
with monoclinic symmetry, the bulk and shear moduli were computed using the following
expressions:

( 1
By = 5 [C11 + Cop + C33 + 2(Cyp + Ci3 + Csl

-1
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Using the obtained bulk and shear moduli, Young’s modulus (E) and Poisson’s ratio (v) could
be calculated as follows: 9BG

E=3p7%¢
L 3B-26 3)
2GB+0)

To evaluate the Vickers hardness of the predicted MnB,, the empirical models developed by
Chen [31] and Tian [32] were employed:

nghen =2. (kz . G)0.585 -3

H‘T/"ian = (0.92 - k1137 . ;0.708

where k = G/B. In this study, the Vickers hardness (H ) was determined by calculating the
mean value derived from Equations (4):

(4)
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_ then_'_H"I/"ian

Hy ==—; (5)
Results and discussion

Based on our structure predictions, we identified two low-enthalpy phases of MnBg. At
100, 150, and 200 GPa, the most stable structure is the P6m2 phase previously predicted by
Yuan et al. [20]. In contrast, at 0 and 50 GPa, we discovered a new, previously unreported
phase. This new polymorph of MnB6 crystallizes in the monoclinic P2/m space group. There
is one inequivalent Mn site. Mn(1) is bonded to four equivalent B(1), four equivalent B(2),
and four equivalent B(3) atoms to form a mixture of distorted edge and face-sharing MnB12
cuboctahedra. All Mn(1)-B(1) bond lengths are 2.02 A. All Mn(1)-B(2) bond lengths are 2.23 A.
All Mn(1)-B(3) bond lengths are 2.32 A. There are three inequivalent B sites. In the first B site,
B(1) is bonded in a 7-coordinate geometry to two equivalent Mn(1), one B(1), two equivalent
B(2), and two equivalent B(3) atoms. The B(1)-B(1) bond length is 1.81 A. Both B(1)-B(2) bond
lengths are 1.78 A. Both B(1)-B(3) bond lengths are 1.79 A. In the second B site, B(2) is bonded
in an 8-coordinate geometry to two equivalent Mn(1), one B(2), two equivalent B(1), and three
equivalent B(3) atoms. The B(2)-B(2) bond length is 2.00 A. There is a spread of B(2)-B(3)
bond distances ranging from 1.77-1.92 A. In the third B site, B(3) is bonded in an 8-coordinate
geometry to two equivalent Mn(1), one B(3), two equivalent B(1), and three equivalent B(2)
atoms. The B(3)-B(3) bond length is 1.85 A. The structure can also be characterized as a
channel-like open framework of B atoms in which Mn atoms are located. Visualization of the
structures and their structural data are presented in Figure 1 and Table 1.

VoW o\
Y/ A\ F/4\
VY o ¥ o ¢

W/

Figure 1. Crystal structure of the predicted MnB,-P2/m
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Table 1. Structural data of predicted MnB-P2 /m at 0 GPa

Space Atomic coordinates
group Lattice parameters (A, degree) Atom X y z
P2/m a=3.618 | b=2.858 | c=4.802 Mn(1) 0.5 0.5 0
a=90. = : y=90. -0. . .
(#10) 90.00 101.5 90.00 B(1 0.0507 0.5 0.8076
B(2) 0.1703 0 0.6916
B(3) 0.6750 0 0.6686

Our enthalpy calculations demonstrate that the newly predicted MnB -P2 /m phase is
energetically favorable over the known P6 m2 structure below 58 GPa (Figure 2). Furthermore,
spin-polarized calculations indicate that the ground state of this P21/m phase is ferromagnetic.
Considering the thermodynamic stability against decomposition (MnB, - MnB, + 2B), we can
see that the MnB, compound stabilizes above 128 GPa in the form of Pém2 structure (Figure 2),
which is in excellent agreement with work of Yuan et al. [20]. Although MnB,-P2/m is inferior
in energy to mixture MnB, + 2B, it can still be obtained metastably in an experiment if it is
dynamically and mechanically stable in calculations.

0.6
0.3
= 1
« 0.01 >
> | r
< -0.3+ 58 GPa ,~ 128 GPa
o 7 e
T ~al /4 —e— P6m2 (fm)
2 0.6 /x‘& —a— P6m?2 (afm)
L [ /gw —=— P6m?2 (nm)
0.9+ ///§ —v— P2/m (fm)
T 7 —o— P2/m (nm)
-1.2+—4— i : — =
0 50 100 150 200

Pressure (GPa)

Figure 2. Relative enthalpies of MnB, polymorphs as a function of pressure.
The gray dashed line indicates the relative enthalpy of MnB, + 2B mechanical mixture

To estimate the dynamic stability of MnB,-P2/m, its phonon spectrum at ambient pressure
was calculated. The calculated phonon dispersion curves are presented in Figure 3. The absence
of imaginary modes in the phonon spectrum is obvious that indicates the dynamic stability of
this structure.
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Figure 3. Calculated phonon dispersion curves of MnB6-P2/m

To estimate a mechanical stability of MnB_-P2/m, its second-order elastic stiffness tensor
C was calculated using the strain-stress method. The calculated stiffness tensor C (in GPa) is

given below:

The elastic stiffness coefficients (C,) serve as critical indicators for evaluating the mechanical
stability of crystalline phases. For monoclinic systems, the necessary and sufficient conditions

841 99 129
99 549 102
129 102 117.3

0 0 0
13 -4 16
L0 0 0

25

0

for mechanical stability are expressed by the following constraints:

.

[Ci1 + Cop + C33+ 2(Cip + G5+ C3)] > 0
(C44Ce6 — Cis) > 0
(C33Cs5 — C35) >0
. (Cpz + €33 — 2C33) >0
[C22(C33Cs5 — C35) + 2C23C,5C35 — C53Cs5 — C55C33] > 0
2[C15C35(C33C15 — C13C53) + Ci5C35(C22C 5 — C12Ca3) + C5C35(C11Co3 — C2C43) —]
—[Cf5(C22C33 — C33) + C35(C11C33 — Cf) + C35(C11Cpp — CF)]
\ +(C11C22C33 — C11C33 — CppCh — C33CF, + 2C15C13C53)Css

>0
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The calculated C; values for MnB,-P2/m satisfy the Born criteria, confirming its mechanical
stability.

Using the derived Cy key elastic parameters such as polycrystalline bulk modulus (B),
shear modulus (G), Young modulus (E), and Poisson ratio (v) were determined (Table 2). The
calculated polycrystalline bulk modulus of MnB_-PZ2/m is B = 273 GPa, indicating its resistance
to uniform compression is approximately 20% higher than that of silicon carbide (B-SiC,
B =225 GPa [33]) and slightly lower than that of MnB_-P6' m2 (B = 289 GPa [20]). Furthermore,
MnB,-P2/m exhibits superior resistance to non-hydrostatic deformation. Its shear modulus (G
=220 GPa) and Young modulus (E = 519 GPa) both exceed those of 3-SiC (G = 192 GPa, E = 448
GPa [33]) and almost equal to those of MnB-P6'm2 (G = 213 GPa, E = 513 GPa [20]). These
results suggest the mechanical properties of MnB,-PZ/m are superior to those of the widely
used SiC, with significantly higher resistance to both shear and axial stresses. Furthermore, its
rigidity is comparable to that of the MnB_-P6 m2 polymorph.

Table 2. Calculated polycrystalline elastic moduli, Poisson and B/G ratio of predicted MnB_ at
ambient pressure

Bulk modulus (GPa) 273 GPa
Shear modulus (GPa) 220 GPa
Young modulus (GPa) 519 GPa
Poisson ratio 0.18
B/G 1.24
Vickers hardness (GPa) 33 GPa

The nature of a material, whether it is ductile or brittle, can be determined by its Poisson ratio
(v) and B/G ratio, with established critical values of 0.26 and 1.75, respectively. Values above
these thresholds indicate ductility, while those below suggest brittleness. Our calculations for
MnB,-P2/m (Table 2) yield values below these critical limits, unequivocally indicating that it
exhibits brittle behavior.

While the polycrystalline elastic moduli describe the average elastic response of MnB,-P2/m,
a complete mechanical characterization requires an analysis of its directional dependence, or
elastic anisotropy. Although dimensionless anisotropy indices offer a preliminary assessment,
a comprehensive understanding is best achieved through the three-dimensional visualization
of direction-dependent properties. These surfaces quantitatively represent anisotropy by their
deviation from spherical symmetry. Figure 4 presents 3D directional plots of the single-crystal
elastic moduli and hardness for MnB -PZ/m. Pronounced deviations from spherical symmetry
across all surfaces confirm significant elastic anisotropy. The degree of anisotropy varies
considerably among the moduli. The bulk modulus exhibits strong directional dependence,
varying from 206 GPa along [001] to 429 GPa along [100]. This substantial anisotropy ratio
(B[100]/B[001] = 2.1) indicates exceptional orientation-dependent compressibility. In contrast,
the shear modulus shows more moderate anisotropy, ranging from 175 GPa along [010] to 253
GPa along [100]. The Young modulus displays the highest degree of elastic anisotropy, with its
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magnitude varying dramatically from 360 GPa to 798 GPa depending on the crystallographic
direction. Poisson ratio varies from 0.233 to 0.131, demonstrating anisotropy slightly stronger
than that of shear modulus.

Bulk modulus (GPa) Shear modulus (GPa) Young modulus (GPa)
420 250

[001] 240 [001] =

[001 380 I l700

230 eso

340 1220 1600

300 1210 -550
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[100] 260  [100] ' 190 [100] i450

400
Poisson ratio Vickers hardness (GPa)
0.230 =0
: [001]
[001] I i
40
35

HOA21O
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[100] [010] [100] [010]
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Figure 4. The directional dependence of the bulk modulus, shear modulus,
Young modulus, Poisson ratio, and Vickers hardness of MnB-P2/m

220 180

The Vickers hardness of MnB6-P2/m was calculated to determine whether it is classified
as hard/superhard material or not. The result of 33 GPa exceeds the minimum threshold for
hard materials (HV > 20 GPa) but remains below the criterion for superhard materials (HV > 40
GPa). Thus, MnB6-P2 /m is classified as a hard material. The hardness of predicted MnB6-P2/m
is higher than known hexagonal polymorph, which hardness equal to 25 GPa [20], and widely
used WC (~20 GPa) [18] and SiC (~22 GPa) [19]. The hardness exhibits pronounced anisotropy,
as shown in Figure 4, with values ranging from 20.1 GPa to 49.7 GPa-a 2.5-fold variation that
highlights its strong directional dependence.

Conclusion

Through crystal structure prediction calculations, we identified a new low-enthalpy
polymorph of MnB,, in addition to the known hexagonal phase. This novel phase, which
adopts the monoclinic P2/m space group, is energetically favorable over the P6 m2 structure
below 58 GPa. Although the PZ/m polymorph is metastable with respect to the decomposition
products across the studied pressure range, it remains a promising candidate for experimental
synthesis. This is contingent upon it being dynamically and mechanically stable, as confirmed
by our calculations, which would allow it to be obtained metastably. The estimated mechanical
properties reveal that MnB -P2/m has moderate elastic moduli, is brittle, and possesses a high
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Vickers hardness of 33 GPa. This hardness surpasses that of widely used industrial materials
like cemented tungsten carbide and silicon carbide, firmly classifying MnB-P2/m as a hard
material.
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’KaHa MapraHen rekca6opu/i: TYpaKThUIBIK, )K9HE MeXaHUKAJIbIK KaCHETTep

Anpgartna. Ab initio 3BOJIIOIUANBIK KPUCTAIABIK KYPbLIBIM/AbI 60JKay/(bl Maii/laslaHa OThIPkII, 6i3
PZ/m xeHicTik To6bIMeH MapraHer rekcabopuidiy (MnB,) jxaHa MOHOKJIMH/BIK (a3acblH alUTHIK,
By x)xaHa nosiuMopd 58 I'lla TeMeH KbIcbIM/a OYPbIH 6e/riji rekcaroHanbiblK, P6 m2 KypblIbIMbIMEH
ca/IbICThIpFaH/la SHepreTUKa/bIK >aFblHaH KoJaWbl. P2/m ¢asacel MnB, eHe B-re biabipayra
KaTbhICThl METATYpPaKThl OOJIFAHBIMEH, OHbIH KOpIIaFaH OpPTa KbICBIMBIHAA JUHAMHUKAJBIK >XoHE
MeXaHUKaJIbIK TYPAKTbLIBIFbI KOPCETI/ITeH, OyJ OM/IaH WbIFAPbIIFAaH GOHOH MOATAPABIH }KOKThIFIMEH
*koHe BOpH TYpaKTBUIBbIK KpUTEPUUJIEPiHiH, KaHaFaTTaHAbIPbLIybIMEH AaJsenaneHeni. Cepnimai ecemn-
Teysnep MnB,-PZ/m KaTTbl, CbIHFbILI MaTepUaJ eKeHiH KepceTe/l, }KoFapbl BUKepc KaTThLIbIFbI 33
['la, os1 BosibdpaM kapbui :koHe KpeMHUM KapbOu/ii CUSKThI KapanaiblM 6HEPKICINTIK KepaMUKa/laH
*koFrapsbl. Kestemaik moayab (273 I'lla), birbicy moaysi (220 I'lla) »xone AHr moayani (519 I'lla) cepnimai
JedbopManusira TaMmalla KapCblIbIKThI KepceTe/i. Kocblibic allTapbIKTal cepniM/i aHU30TPONHUSAHBI
KepceTeni, 6y/1 OHbIH MOAY/bJepi MeH KAaTTbIJIbIFbIHbIH OaFbITTa/JFaH TayeJJiJliriMeH JaJjesnjeHesi.
Bys KacuerTep kaHa MnB,-PZ/m nosuMopdThl TOkKipUOEIIiK CUHTES K9He KAaTThl MaTepuasl peTiHje
dJ1eyeTTi KOJIJaHy YIIiH epCcrueKTUBaJbl YMITKED eTej|.
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HoBblii rekcabopuj, MapraHia: CTaGu/JibHOCTb U MeXaHUY€eCKHe CBOICTBa

AnHoTanusa. C noMmolblo ab initio 3BOJIOIUOHHBIX MPeACKa3aHUN KPUCTAIJIUYECKUX CTPYKTYP
Mbl 06Hapy>MJIM HOBYI0 MOHOKJIMHHYI0 ¢a3y rekcabopuja mapranuna (MnB) ¢ mpocTpaHCTBEHHON
rpynnoit PZ/m. 3TOT HOBbIYM MOJUMOP(} 3HEpPreTHYECKU BHITO/IEH N0 CPABHEHUIO C paHee U3BECTHOU
rekcaroHaJbHOH CTPYKTypol P6 mZ2 npu gaBieHusx Hmwxke 58 I'lla. XoTa ¢asa P2/m MeTacTabuJibHA
OTHOCHTEJIbHO pacnaza Ha MnB, u B, npojemMoHCcTprpoBaHo, YTO OHA JUHAMUYECKH U MEXaHUYECKH
cTabu/JbHA NpU JaBJe€HUM OKpYXKalwlleld cpejibl, YTO MNOATBEPXKJAeTCd OTCYTCTBUEM MHHUMBIX
GOHOHHBIX MO/ U y/IOBJIETBOPEHHUEM KPUTEPUSM YCTOMYMBOCTU BopHa. PacyeThl ynmpyrux cBOWCTB
MOKa3bIBalOT, YTO MnB,-PZ/m AB/seTca TBepJbIM, XPYIIKAM MaTe€pPHaJOM C BbICOKOH TBEPJOCTbIO
no Bukkepcy 33 I'lla, 4To npeBOCXOAUT TBEP/IOCTb OOBIYHBIX MPOMBIIIJIEHHBIX KEPAMUK, TAKUX, KaK
Kap6uz Bosbppama v Kapoua KpeMHHUs. Moaysib 00 béMHOM ynpyrocty (273 I'lla), moayab casura (220
['Mla) u moayab FOura (519 I'lla) yka3biBaloT Ha MPEBOCXOAHYI0 YCTOMYUBOCTD K ypyroi AedopManum.
CoenuHeHHe 06J1aiaeT 3HAUUTENbHON yIPYrol aHU30TPONMEH, UYTO NOATBEPXKAAeTCsl HallpaBJIeHHOU
3aBUCUMOCTbIO €ro MOJyJiel W TBEPAOCTU. ITH CBOMCTBA JI€JAlOT HOBBIA moauMopd MnB,.-P2/m
IepCIeKTUBHBIM KaHAWAATOM [JI1 IKCIIePUMEHTa/IbHOTO CUHTE3a M NIOTEeHIIMaJIbHOI0 IPUMEHEHHUS B
KauecTBe TBEPJOro MaTepUaJa.

KiroueBble cj10Ba: 60pu/ibl, TBEPLOCTb, BbICOKOE JiaBJeHUe, MOAY/IN YNPYTroCTH, TeopUsl PyHK-
[JMOHaJIa JIOTHOCTH
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