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ReB,-type MnB, has always been considered to be the ground-state structure of MnB,. However,
subsequent theoretical study has revealed that this structure is easy to decompose into elemental Mn
and B under ambient conditions, which motivated us to look for a stable MnB, structure at high
pressures. Using structure prediction algorithm USPEX and density functional theory calculations, we
found a stable multi-layered MnB, structure with space group Immm at high pressure. The calculated
hardness of Immm-MnB; is 22.5 GPa, which makes it a potential hard multifunctional material along with
its conductive and magnetic properties. The hexagonal graphene-like boron networks of Immm-MnB;
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1 Introduction

The research of transition-metal diborides (TMB,s) never stops
due to their outstanding physical and chemical properties, such
as superconductivity, magnetism and superhardness, as well as
being ultrahigh-temperature ceramics.** The design philos-
ophy for hard transition-metal diborides makes them very
resistant to shear deformation by introducing covalent bonds
into highly incompressible metals.>® Boron is a small and
highly-bonded element,” which provides a covalent bond
network in transition metal borides.® Recently, several
transition-metal diborides, such as ReB,,” OsB,,'* and TaB,,"
with a bulk modulus above 350 GPa, have been synthesized and
greatly encouraged studies on transition metal diborides.
Particularly, 3d magnetic metal manganese, with abundant
valence electrons and “electron-deficient” boron, can form
boron-based solids with the specific features of excellent
multifunctional materials, such as high melting points, and
magnetostructural and electronic behaviour.”™* Numerous
studies, theoretical and experimental, have been conducted on
MnB,."** Originally, Binder and Post synthesized AlB,-MnB,
(SG P6/mmm) by heating mixtures of metal Mn and B at 1400-
1500 °C." Subsequently, in 2009, Aydin and Simsek predicted
a superhard phase of MnB, with ReB,-type structure (SG P63/
mmc), which was regarded as the ground state of MnB, at
ambient conditions.'® In the same year, Jing Fan et al.*® held the
view that ReB,-type MnB, could be synthesized only below 1020
K at ambient pressure. Unfortunately, after a prolonged
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contribute to its hardness and stability.

endeavor, ReB,-type MnB, was never successfully synthesized to
date. More recently, Haiyang Niu, et al.”®* found ReB,-type MnB,
to be a metastable phase by variable-composition evolutionary
algorithm calculations and first-principles calculations. Now
that it is known that no stable MnB, phase exists at ambient
pressure, it should be investigated whether there are novel
phases of MnB, with new properties at high pressures. Thus, we
investigated the structure, phase stability, electronic properties,
and hardness of manganese diborides based on known
transition-metal crystal structures and structure predictions.
Through our calculations, a new high-pressure phase, Immm-
MnB,, was found. It is mechanically stable and can be
quenched at ambient pressure. The electronic structure results
indicate that Immm-MnB, is a metal and exhibits magnetic
properties at ambient pressure, which could provide a new hard
multifunctional material with a hardness of 22.5 GPa. Its
hardness is mainly due to the strong covalent B-B bonds in the
hexagonal graphene-like boron network.

2 Computational details

We performed evolutionary variable-cell simulations on Mn-B
systems (at Mn : Bratiosof2:1,1:1,1:2,1:3 and 1 : 4) with
one to four formula units (FU) at moderate pressures of 0-60
GPa and zero temperature with the USPEX code.”*** We mostly
applied spin-polarized first-principles calculations with the
pseudo-potential plane-wave method using the Vienna ab initio
simulation program (VASP) code.”” The exchange and correla-
tion effects were described by the generalized gradient
approximation (GGA).*® The valence electron configurations of
manganese and boron are 3p°4s®3d® and 2s°2p’, respectively.
The bond lengths, cell parameters and atomic positions of any
selected structure were fully optimized at different pressures
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with a plane-wave cut-off energy of 500 eV and dense Mon-
khorst-Pack k-point meshes with a reciprocal space resolution
of 27t x 0.03 A"'.3" These settings enabled excellent conver-
gence of the energy differences, stress tensors, and structural
parameters. The elastic constants were calculated using the
strain-stress method. The bulk modulus B, shear modulus G, B/
G ratio and Poisson's ratio (v) were estimated using the Voigt-
Reuss-Hill (VRH) approximation.®* In addition, we further
derived phonon dispersions of the structures proposed by the
USPEX with PHONOPY code.*® The theoretical Vickers hardness
was estimated using the Chen's model.**

3 Results and discussion
3.1 Thermodynamic stability and structural characteristics

In addition to the well-known hexagonal phase, ReB,-MnB,, we
found a new high-pressure orthogonal phase, MnB,, with space
group Immm at about 50 GPa, which is clearly observed in the
convex hull diagram. According to the latest Mn-B phase
diagram,'®***> the convex hull at different pressures including
spin-polarization effects is shown in Fig. 1, connecting «-Mn,*
o-B (0-19 GPa), and y-B (19-89 GPa)*® at T = 0 K. The formation
enthalpy of Mn,B, is defined as follows: AH = H(Mn,B,) —
xH(Mn) — yH(B). Our calculations indicate that the experi-
mental AlB,-MnB, and the pre-existing theoretical ReB,-MnB,
phase are metastable at ambient pressure (see Fig. 1a). Notably,
when further increasing the pressure, the Immm-MnB, phase
(proposed for the first time) can be synthesized at 50 GPa
because its negative formation enthalpy lies in the convex
hull?”*® (Fig. 1b). Consequently, we can also obtain a phase
transition of MnB, from ReB,-type structure to Immm phase in
the convex hulls.

As shown in Fig. 2a, we compared the enthalpies of typical
transition-metal diborides (MoB,-type MnB,,* SG R3m, WB,-
type MnB,," SG P6s/mmc, OsB,-type MnB,,** SG Pmmn, RhB,-
type MnB,,"* SG P2,/m), ReB,-MnB, and Immm-MnB, as
a function of pressure with respect to AlB,-type MnB,. As ex-
pected, the most thermodynamically stable structure is ReB,-
type MnB, at ambient pressure, which is in good agreement
with previous first-principles calculations.’>** ReB,-type MnB,
is stable in the pressure range of 0-36.8 GPa. Above 36.8 GPa,
the Immm-MnB, is the most energetically favorable up to 60
GPa. The results also show that Immm-MnB, can be obtained
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Fig.1 Convex hull diagram of the Mn—B systems at pressures of 0 GPa
(@) and 50 GPa (b). Solid circles represent stable phases, while hollow
circles denote metastable phases.
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Fig. 2 (a) Computed relative enthalpy diagram of all the considered
MnB; structures relative to AlB,-type MnB, as a function of pressure.
(b) Total energy per formula unit as a function of volume for the MnB,
structures.

from Al,Cu-Mn,B + y-B, FeB-MnB + y-B, Al,Cu-Mn,B + P2/c-
MnB,; and FeB-MnB + P2,/c-MnB, in the convex hulls. The
energy-volume curves of the known MnB,, illustrated in Fig. 2b,
demonstrate a structural transition from ReB,-type MnB, to
Immm-MnB, within the pressure range considered.

The equilibrium lattice parameters of Immm-MnB, are a =
9717 A, b = 2.768 A, ¢ = 4.940 A at ambient pressure. The
orthogonal Immm structure contains six FUs per one unit cell with
Mn atoms occupying the Wyckoff positions 2c (0.5, 0.5, 0) and 4e
(0.6317, 0.5, 0.5) and B atoms occupying the 4j (0.5, 0, 0.6799) and
8m (0.6778, 0, 0.8205). From Fig. 3a and b, it can be clearly seen
that Immm-MnB, is a multi-layered structure. However, unlike the
common layered structure of graphene-like boron layers that
sandwich metal layers along c-axis in transitional diborides, e.g
ReB,, TaB,, our predicted Immm-MnB, structure consists of
hexagonal graphene-like boron networks formed by sp* hybridized
B-B bonds and manganese layers in each layer along the b- and c-
axis. Two of the B-B bonds in the hexagonal graphene-like boron
networks of Immm-MnB,, have a length of d; = 1.773 A and four of
them have a length of d, = 1.862 A. The B-B bond between two
adjacent six-membered boron rings has a distance of d; = 1.778 A
(see Fig. 3c). The shortest B-B bond length, of 1.773 A, is shorter

090
00 o~ 000 ~—<— 00

b O===Pp
(b) (©)

Fig. 3 Crystal structures of Immm-MnB,: (a) along the b-axis, (b)
along the c-axis. (c) View of a one-layer structure of Immm-MnB,. The
large red and small blue spheres represent Mn and B atoms,
respectively.
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than that of superhard ReB, (1.820 A),” indicating a strong covalent
bonding in Immm-MnB, at 0 GPa. In addition, the structural
characteristics of Immm-MnB, are very similar to those of high-
boron compounds, such as Immm-Mn;B,, suggesting that Immm-
MnB, may have a strong stability and good mechanical properties.

3.2 Dynamical stability, mechanical stability and hardness

Evaluating the dynamical stability is necessary for assessing
whether the proposed structure is stable or not. Thus, the phonon
dispersion curves of Immm-MnB, at different pressures are dis-
played in Fig. 4. All the phonon modes of Immm-MnB, are posi-
tive in the entire Brillouin zone, which confirms its dynamic
stability. Immm-MnB, was determined to be stable at 0-50 GPa,
indicating that it can be obtained under ambient conditions.

Evaluating the mechanical properties of Immm-MnB, is
necessary for determining its mechanical stability and indus-
trial applications. The elastic constants (Cj;) for Immm-MnB,
were calculated by the strain-stress method, and the results are
presented in Table 1. For comparison with the predicted Immm-
MnB, structure, we also calculated the elastic properties of
some common transition-metal diborides such as TMB, (TM =
Ta, W, Re), using the same approach, as summarized in Table
S1 (ESIt). The corresponding elastic modulus (B, G, Y), B/G ratio,
Poisson's ratio » and hardness H, of all the abovementioned
diborides are summarized in Table 1.

From Table S1,} all the studied compounds are mechanically
stable because the entire set of elastic constants C;; satisfies the
Born-Huang criterion.*® Hence, the predicted Immm-MnB,
could be mechanically stable at 0 and 50 GPa. By comparing the
elastic constants of Immm-MnB,, we can learn that the Cy; (653
GPa) and C3; (643 GPa) are much larger than the C,, (442 GPa),
implying that Immm-MnB, is relatively strong against
compression along the a- and c-axis due to the hexagonal
graphene-like boron networks. The computational results for
TaB,, WB, and ReB, are in good agreement with those of
previous studies,'**>** which proves the reliability of our
calculations. As it is known, C,, is an important parameter that
indirectly controls the hardness of materials. The Immm-MnB,
phase has a C,, value of 273 GPa, which is comparable with that
of ReB,, indicating a relatively strong shear strength.*® The
calculated bulk modulus of Immm-MnB, is comparable to those
of TaB,,*> WB, (ref. 43) and ReB,,* suggesting that Immm-MnB,
has a strong ability to prevent volume decrease (see Table 1).
Moreover, Immm-MnB, has a shear modulus of 195 GPa, and

Frequency (THz)
Frequency (THz)

(b)

Fig. 4 Phonon dispersion curves of Immm-MnB; at (a) 0 GPa, and (b)
50 GPa along the high-symmetry directions of the Brillouin zone.
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Table 1 Calculated bulk modulus B (GPa), shear modulus G (GPa),
Young's modulus Y (GPa), B/G ratio, Poisson's ratio » and hardness H,
(GPa) for Immm-MnB, and some common transition-metal diborides
TMB, (TM = Ta, W, Re) at P = 0 and 50 GPa

Structure P B G Y B/G v H,
Immm-MnB, 0 308 195 483 1.58 0.24 22.5
50 449 274 684 1.64 0.25 27.0
TaB, 0 312 210 514 1.49 0.23 25.6
0 308 219* 5314 1.41%  0.21° 26.7°
WB, 0 329 202 503 1.63 0.25 22.2
0 320 208”5120 0.23”
ReB, 0 343 268 638 1.28 0.19 36.4
0 344° 304°  642°  1.14°  0.21°
0 3487 2057 6919 1187 0.17¢7  35.9¢

@ Ref. 42. ® Ref. 43. © Ref. 44. ¢ Ref. 16.

hence it is reasonable to think that it could be a hard material,
considering that its shear modulus is similar to that of
conventional hard materials, such as TaB, and WB,. In addi-
tion, the Poisson's ratio » is indicative of the degree of direc-
tionality of the covalent bonding and greatly determines the
hardness of materials. The Poisson's ratio of Immm-MnB, is
0.24, which is similar to that of TaB, and WB,. This value lies
between the covalently-bound materials’ value of 0.1 and the
value of 0.33 for materials with typically delocalized metal-
metal bonds,*” indicating a high degree of covalent and metallic
bonding in the Immm-MnB, structure. The B/G ratio of a mate-
rial represents its ductility or brittleness, with 1.75 being the
critical value.”” For Immm-MnB,, the calculated B/G ratio is less
than 1.75, implying that its brittle nature.

We calculated the hardness of Immm-MnB, using Chen's
model: H, = 2(k*G)*®* — 3.3* The estimated hardness H, of
Immm-MnB, is 22.5 GPa at ambient pressure and 27.0 GPa at P
= 50 GPa. Indeed, high pressure can enhance the mechanical
properties of materials by increasing the elastic constants and
elastic moduli. Compared to Immm-Mn;B,, with a hardness of
8.5 GPa,” our predicted structure is a relatively good hard
material among common layered transition-metal diborides.

3.3 Electronic structure and magnetic properties

In order to explore the cause of the stability, hardness and
magnetic properties of Immm-MnB,, both the non-polarized
and the spin-polarized electronic density of states (DOS) of
Immm-MnB, at ambient pressure were calculated, and results
are depicted in Fig. 5. As seen in Fig. 5, the calculated total
density of states (TDOS) is dominated by Mn-d electrons due to
their metallic character. This is the most evident feature of TM-
B compounds at the Fermi level, and hence Immm-MnB, may be
a good conductor. The energy range from —15 eV to —7.5 eV is
primarily composed of B-s and B-p states, which indicates
a strong interaction between B atoms. The overlapping at about
—4.3 eV indicates covalency between the Mn-d and B-p states.
The Immm-MnB, has a sharp peak at the Fermi level in non-
polarized-DOS, which is a sign of magnetic instability (i.e., the
compounds will be more stable in a magnetic state).*® According

RSC Adv., 2017, 7, 10559-10563 | 10561
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Fig. 5 Calculated total and partial DOS for Immm-MnB;: (left panel)
without spin-polarization, and (right panel) with spin-polarization. The
vertical line at zero is the Fermi energy level. The area under the curves
is the sum of spin-up and spin-down density of states.

to the Stoner model, spontaneous magnetization occurs when the
condition Npy(Er) X Ity > 1 is satisfied, where Ny (Er) is the non-
polarized partial density of states of transition metal atoms at the
Fermi level and I, is the exchange-correlation integral. The
value of Iy, for Mn is 0.41 eV,* and hence the obtained result is
13.1 and larger than 1, indicating stable ferromagnetism. We also
calculated the total energy versus volume for Immm-MnB, with
and without spin-polarization, and we present the results in
Fig. S1 (ESIt). The magnetic stability is confirmed once again by
comparing the non-magnetic and magnetic total energy values
calculated at the theoretical equilibrium volume.

The calculated spin-polarized total DOS of Immm-MnB, and
partial DOS of Mn-d, B-s and B-p states are shown on the right
panel in Fig. 5. According to our calculations, the results of the
sum of the total spin-up and spin-down density of states (DOS) to
the Fermi level reveal that Immm-MnB, is a magnetic material in
which the local spin moment of Mn is 0.185 up per atom, which is
the same as the early experimental result on AlB,-MnB, obtained
by Andersson et al. (0.19 ug per atom).”® The main ferromagnetic
moment comes from the spin-polarized Mn-3d electrons. The
magnetic moment in Immm-MnB, linearly decreases with
increasing pressure, as shown in Fig. S2 (ESIf), indicating that
the magnetic moment is affected by pressure modulation. In
summary, the observation of strong B-B interactions in the
hexagonal graphene-like boron network and the relatively strong

Fig. 6 Electron density map for Immm-MnB; in the (0 1 0) plane at
0 GPa.
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Mn-B interactions are the main cause for the stability and
hardness of Immm-MnB,. Moreover, the presence of electrical
conductivity and magnetic properties makes this multi-layered
Immm-MnB, structure a potential multifunctional material.

3.4 Chemical bonding

In most studies on transition-metal borides, the strong covalent
B-B bonds and the TM-B bonds are always the key factor for
structural stability and hardness. Therefore, we calculated the
electron localization function (ELF) and Bader charge to
understand the nature of the B-B and Mn-B bonding. The spin-
polarized ELF for Immm-MnB, at zero pressure is shown in
Fig. 6. ELF = 1 corresponds to perfect electron-localization of
covalent bonds, ELF = 0.5 corresponds to electron-gas-like pair
probability, and ELF = 0 corresponds to perfect delocalization.
As seen in Fig. 6, based on the ELF value, we can confirm the
existence of strong covalent B-B bonding, particularly for the
shortest B-B bond in the hexagonal graphene-like boron
network, with a bond length of 1.773 A, because of the high ELF
value between this two boron atoms. C atoms have an electron
configuration of 2s2p”. Due to short bond lengths, the 2p
orbitals can form m bonds, leading to the formation of
graphene-like sheets.* Through Bader charge analysis (ESI{), it
was found that there is much charge transfer from Mn to B. This
promotes B~ ions to be isoelectronic to C, thus leading to the
existence of hexagonal graphene-like boron networks. Mean-
while, the valence electrons of Mn are mostly transferred to B,
which helps the 2p orbitals of B atoms to form 7 bonds. For
Immm-MnB,, the ELF is negligible at the Mn sites and attains
maximum values between Mn and B atoms, very close to the B
atoms, indicating partially covalent and metallic bonding
features of the Mn-B bonds, i.e., weak interactions between the
Mn and B atoms. The B-B interactions are much stronger than
the Mn-B interactions. From this, combined with the above-
mentioned analysis of density of states, we can conclude that
strong B-B bonds and relatively strong Mn-B bonds are the
main cause of the hardness and stability of Immm-MnB,.

4 Conclusion

In summary, we found a new multi-layered phase Immm-MnB,,
with a theoretical hardness of 22.5 GPa, by structure search
based on the first-principles calculations. This phase is
mechanically and dynamically stable at ambient pressure. By
analyzing the elastic characteristics and electronic structure, we
discovered that Immm-MnB, is a metal with magnetic proper-
ties, and has a magnetic moment of 0.185 ug/Mn, which makes
it a promising hard multifunctional material.

The chemical bonding analysis of Immm-MnB, showed that
the strong covalent B-B bonds in the hexagonal graphene-like
boron network and the weak Mn-B interactions contribute to its
hardness and stability. These results are important for under-
standing the structure and properties of magnetic transition-
metal borides under high pressures and offer promise for the
synthesis of magnetic transition-metal borides in the future.

This journal is © The Royal Society of Chemistry 2017
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