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The phase stability, elastic anisotropy, and minimum thermal conductivity of MnB; in different crystal structures have
been investigated by first-principles calculations based on density functional theory. The results found that P63 /mmc (hP6-
MnB,), P6/mmm (hP3-MnB,), Pmmn (0P6-MnB;), R3m(hR3-MnB,;), Pnma (0P12-MnB;), and Immm (0118-MnB,) all
exhibit mechanical and dynamic stability under environmental conditions, and the sequence of phase stability was hP6 >
hR3 > oP6 > 0I18 > oP12 > hP3. In addition, Vickers hardness calculations indicated that #P6, hR3, oP6, and 0l18
of MnB, have potential as hard materials, while #P3 and oP12 are not suitable as hard materials. Moreover, the elastic
anisotropy of different MnB, phases were also comprehensively investigated. It is found that the anisotropic order of bulk
modulus is 0P12 > hP3 > hP6 > hR3 > 0l18 > oP6, while that of Young’s modulus is oP12 > hR3 > hP6 > oP6 > hP3
> 0I18. Furthermore, the minimum thermal conductivity of different MnB, phases was evaluated by means of Clarke’s and
Cahill’s models. The results suggested that these MnB; diborides are all not suitable as thermal barrier coating materials.

Keywords: transition metal boride, mechanical properties, density functional theory

PACS: 61.50.Ah, 61.41.+e, 61.50.Ah

1. Introduction

Transition metal borides, as a new type of hard mate-
rial, are expected to play an important role in developing
abrasives, cutting tools, and wear-resistant coatings. There-
fore, there has been considerable interest in transition metal
boride materials in recent years, such as ReB,,!' 3] MgB,, [+
MnB4,[6'7] and WBZ.[S’()] Among them, manganese borides
have found widespread applications across various fields due
to their numerous outstanding characteristics, including high
strength, exceptional hardness, superconducting properties,
heightened ferromagnetism, elevated melting point, thermody-
namic stability, and resistance to corrosion by molten metals
and glass. [10-13]

Normally, the valence electron-rich three-dimensional
(3D) magnetic metal manganese combines with “electron-
deficient” boron to create many boron-based solids with
unique characteristics. These materials exhibit excellent mul-

tifunctional properties, !4l

as well as magneto structural and
electronic behaviors. So far, experiments have successfully
synthesized various Mn—-B compounds, such as MnB,[15:16]
Mn;By, 13171 MnB,, 'l MnB3,!!8) MnB,,!7+1%2% and theo-
retically predicted MnB 1, ?!! featuring zigzag chains, honey-
comb layers, and caged structures. Among them, MnB; has
broad application prospects in industrial products due to its
superior mechanical properties and has emerged as a research
hotspot in recent years. [22-26]

As early as 1978, Cely et al.!?*! evaluated the microhard-

fCorresponding author. E-mail: Isdwyx @ 163.com
© 2024 Chinese Physical Society and IOP Publishing Ltd
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ness of the Mn—B system through experimental measurement
methods and proposed the potential of MnB; as a hard ma-
terial. Later, Asokamani ef al.l??! investigated the electronic
structure and bonding ground state properties of hP3-MnB,
by using the self-consistent tight-binding linear muffin-tin or-
bital method. The results showed that the strong interaction
between boron atoms p states is the main reason for the struc-
tural stability of #P3-MnB,. And in 2009, Aydin et al.**
revealed through theoretical studies that MnB, with the ReB,-
type structure (hP6-MnB;) exhibits potential as a superhard
material. Meanwhile, they found that the energy of #P6-MnB,
was superior to the ZP3-MnB;, which indicated that hP6-
MnB,; should be the ground state at ambient conditions. Sub-
sequently, Wang ef al.!*>! explored the physical properties and
structural stability of Mn—-B compounds using first-principles
calculations. The results show that #P6-MnB> is the most sta-
ble structure at the ground state. Nevertheless, unfortunately,
this phase has yet to be synthesized effectively for a long time,
either through a high temperature and high-pressure approach
or by the arc-melting approach.

Until 2012, Fan et al.?] had studied the specific synthe-
sized conditions of 7P6-MnB, through first-principles lattice
dynamics computations utilizing the quasi-harmonic approx-
imation. It is found that accurate temperature control is the
key to the synthesis of #P6-MnB,, which can only be synthe-
sized below 1020 K at normal pressure. Soon after, Gou et
al.") investigated the stability of 7P3-MnB, through exper-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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iments and first-principles calculations, and effectively syn-
thesized a single crystal of 7P3-MnB; via high-temperature
and high-pressure experimental methods. Furthermore, Niu
et al.'"3 performed an extensive investigation on the Mn-B
system from both theoretical and experimental aspects. The
results further confirm the existence of the 7P3-MnB, phase.
Moreover, they pointed out that the experiment did not ob-
serve the formation of 7P6-MnB; mainly because the sample
was synthesized at high temperatures, while the A7P6-MnB,
becomes thermodynamically unstable above 747 °C. Recently,
Xu et al.'" studied the stable MnB, structure at 0 GPa—
60 GPa through the structure prediction algorithm. They found
that 7P6-MnB; possesses the lowest enthalpy of formation at
the ground state and transforms into o/18-MnB, at around
36.8 GPa.

As mentioned above, different phases have been contro-
versial regarding the ground state structure of MnB, at 0 GPa.
In addition, previous studies mainly used some known di-
boride structures to study the structural stability of MnB, un-
der environmental conditions, so the research results are not
comprehensive. Therefore, further research on this problem is
necessary. In this work, we used the particle swarm optimiza-
tion (PSO) algorithm?”! to investigate the crystal structure of
MnB; at ambient pressure. The PSO algorithm identifies the
ground state and metastable structures using only the chemical
composition at a given pressure. The results showed that AP6-
MnB,, hP3-MnB,, hR3-MnB», oP12-MnB,, 0/18-MnB,, and
0oP6-MnB, all possess relatively low enthalpy values at 0 GPa,
implying that these phases have good thermodynamic stability
and may be metastable structures under environmental con-
ditions. Among them, oP12-MnB, (with a space group of
Pnma) has been proposed for the first time and has not been
reported before. In order to acquire a comprehensive under-
standing of MnB; in different structures under environmental
conditions, we further revisit their internal physical properties
through ab initio calculations based on the density functional
theory.

2. Computational details

Crystal structure predictions were carried out with sim-
ulation cells containing up to 4 formula units by using the
PSO algorithm as implemented in the CALYPSO code.[?8]
This method can predict stable or metastable crystal structures
based on a given chemical composition under specific external
conditions. The first generation of structures was randomly
generated by CALYPSO under symmetry constraints. Each
structure adjusted its evolution speed and direction based on
past experience. Local structure optimization allowed the ran-
domly generated structures to reach local minima or poten-
tially approach the global free energy minimum. To increase
search efficiency, a certain proportion (the best 60% from the

previous generation) of low-energy structures evolved into the
next generation. In addition, to maintain the diversity of crys-
tal space groups, the remaining 40% of structures were still
randomly generated. So far, this method has been successfully

applied to various materials. [>3!]

Ab initio calculations®>¥] were conducted employing
the Perdew—Burke—-Ernzerhof (PBE)P*# form of the gener-
alized approximation (GGA) for the exchange—correlation
functional with CASTEP code.

(USPPs) are used to describe the electron—ion interactions,

Ultrasoft pseudopotentials

treating 2s”2p! and 3d°4s” as valence electrons for B and
Mn atoms, respectively. To achieve absolute convergences,
the electronic wave functions are expressed in terms of a
plane wave basis set, utilizing an energy cutoff of 700 eV.
For the Brillouin zone samplings, the Monkhorst—Pack k-
point meshes are 17 x 17 x 6, 10 x 17 x 9, 14 x 14 x 12,
13x8x9, 18 x10x 5, and 8 x 8 x 8 for hP6-MnB,, 0oP12-
MnB,, hP3-MnB;, oP6-MnB,, 0/18-MnB,, and hZR3-MnB,
conventional cells, respectively. The geometry optimizations
are performed until the difference in energy and force is less
than 5 x 10~° eV/atom and 0.01 eV/A. In addition, the phonon
dispersion curves were calculated by using the finite displace-
ment method®>33¢! within the CASTEP code. To ensure that
the force calculations were fully convergent, the supercell of
all MnB; structures defined by the cutoff radius of 5.0 A,
and 2 x2x2,2x2x1,3x3x%x3,2x2x1,2x2x1,and
2 % 2 x 2 k-point meshes were chosen for 7P6-MnB,, oP12-
MnB,, hP3-MnB;, oP6-MnB,, 0/18-MnB,, and hZR3-MnB,
supercells, respectively.

3. Results and discussion
3.1. Crystal structures and phase stability

Based on the structure search results, 7/P6-MnB,, hP3-
MnB,, hR3-MnB,, oP6-MnB,, 0P12-MnB,, and 0/18-MnB,

(b) hP3

(e) oP12 (f) oI18

(d) oP6

Fig. 1. Crystal structures of different MnB, phases. The purple and
cyan spheres represent the Mn and B atoms, respectively.
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all possess relatively low enthalpy values under environmen-
tal pressures. The crystal structures of them are depicted in
Fig. 1. After full geometry optimization, the obtained equi-
librium lattice parameters a, b, ¢, atomic coordinates, and cell
volume V of various MnB, phases at 0 GPa are summarized
in Table 1. Notably, our calculated @ and ¢ of hP3-MnB, are

13.25] and the er-

consistent well with other theoretical values, !
rors with experimental datal''l are 2.13% and 1.25%, respec-
tively. Meanwhile, the obtained atomic coordinates, and cell
volume V of hP6-MnB, and 0/18-MnB; are also consistent
well with other available theoretical results.[!>2423] This fur-

ther validates the reliability of our calculated parameters.

Table 1. Calculated lattice parameters (in unit A), atomic coordinates, cell volume V (in unit A3), and formation enthalpies AH (in unit eV) of
different MnB; phases, together with the available experimental and theoretical data.

Space group Symbol Lattice parameters Atom X y z Vv AH References
=b=2."7 Blf . .6667 .
P63/mmc hP6 “ 85 @) 0.333 0666 0-55 23.43 -1.094 this work
c=6.976 Mn(2¢) 0.333 0.667 0.75
a=b=2.769 B(4f) 0.333 0.667 0.55 Cal. 124
c=6.949 Mn(2¢) 0.333 0.667 0.25
a=b=2.778 B(4f) 0.333 0.667 0.55 2325 _110 Cal 23]
c=6.954 Mn(2¢) 0.333 0.666 0.25
=b=2944 BQ2d 0.333 0.666 0.5
P6/mmm hP3 “ o (2d) 22.57 -0.452 this work
c=2.998 Mn(la) 0 0 0
a=>b=3.008 B(2d) 0.334 0.667 0.5 1
Exp.[!]
c=23.036 Mn(la)
a=2.987 B(2d) 0.333 0.667 0.5 028 Call13]
c=2.842 Mn(la) 0 0 0
=b=3.
@=b=3.054 2184 -045 Cal.12s]
c=2.702
R3m hR3 a=b=c=23.8064 B(36) 0.299 0.299 0-299 23.57 -1.024 this work
Mn(9d) 0.500 0.499 0.499
a=2.791
B(4 0.500 0.701 0.866
Pmmn 0P6 b—4.386 (4e) 2357 -1.022  this work
Mn(2a) 0 0 0.633
c=3.849
a=2.785
b=4374 23.39 -1.03 Cal.1®!
c=3.839
a=2782 B(4h) 0.5 0.180 0 ,
Immm ol18 b = 4.656 134.57 -0.883 this work
Mn(2d) 1 0 0.131
c=9.759
a=9.717
B(4J) 0.5 0.5
- 0.679 Cal.l"?]
b=2768 Mn(2¢) 0.5 0.5
c=4.940
a=15.237 B2(4¢) 0.03 0.250 0.563
Pnma oP12 b=12.992 Bl(4c) 0.268 0.750 0.394 88.13 -0.622 this work
c=5.625 Mn(4c) 0.949 0.250 0.296

In order to evaluate the relative stability of different
MnB; structures, we initially computed their phonon disper-
sion curves using the finite displacement method. As de-
picted in Fig. 2, all MnB, phases have no imaginary phonon
frequency appearing along the high symmetry lines, indicat-
ing that these structures are dynamically stable under ambient
pressure. Meanwhile, we further calculated the formation en-
thalpy of different MnB, structures according to the formula
AH = H(MnB,) — H(Mn) — 2H(B),2%3%-3738] \yhere boron
and manganese in ¢ phase are used as reference structures.
The obtained results are presented in Table 1, along with the
other available theoretical data.!'325] As shown, the obtained
formation enthalpies of hZP6-MnB;, hP3-MnB,, hR3-MnB,,

0P6-MnB,, 0P12-MnB,, and 0/18-MnB, are all negative, in-
dicating that these structures possess thermodynamic stability
and are potential metastable structures of MnB, under envi-
ronmental conditions. Among them, 7P6-MnB, has the low-
est formation enthalpy of —1.094 eV/f.u, which is consistent
with other theoretical results!!>>! and therefore should be the
most energetically stable structure at 0 GPa. Meanwhile, the
formation enthalpies of hP3-MnB,, AR3-MnB;, oP6-MnB,,
oP12-MnB,, and 0/18-MnB, are —0.452, —1.024, —1.022,
—0.883, and —0.622 eV/f.u., respectively. Accordingly, the
energetically stability order of MnB; is #P6 > hR3 > oP6 >
ol18 > oP12 > hP3.
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Fig. 2. Calculated phonon dispersion curves of different MnB, phases, where panel (c) was taken from Ref. [26].

3.2. Mechanical properties
3.2.1. Elastic constants and Vickers hardness

The elastic constants of different MnB, structures
have been successfully determined using the stress—strain
approach.*) The calculated results are listed in Table 2, to-
gether with the other available theoretical results.!>13-231 Ob-
viously, the obtained elastic constants of hP6-MnB,, hP3-
MnB;, and 0l18-MnB, agree well with the existing the-
oretical values. Furthermore, the mechanical stability of
different structures can be evaluated through Born-Huang’s
criteria.***!1 In general, mechanical stability criteria for
hexagonal structures 7P6-MnB;, and hP3-MnB; can be ex-

pressed as/*!]

Cy4 >0, Co6>0, Ci1—|[Ci2| >0,

(C1 +C12)C33 —2C5 > 0. ()

While for trigonal crystal of ZR3-MnB, is!4!

Ci1 —[C12| >0, (Ci1+C2)Cs3 —2CH5,

(C11 —C12)Caq —2C3, > 0. )

And for orthorhombic phases of 0P6-MnB,, 0P12-MnB,, and

0I18-MnB, are as follows: 4]

Ci1 >0, C11Cn—Ch >0,
Ciy >0, Cs5>0, Cg>0,
C11C22C33 +2C12C13Ca3 — C11C35 — Co3Ci3 — C33C3, > 0. (3)

It can be seen from Table 2 that the elastic constants of dif-
ferent MnB, structures all meet the corresponding mechanical
stability criteria, suggesting that these phases should be me-
chanically stable.

Table 2. Calculated elastic constants C;; (in unit GPa) of different MnB; phases, together with the available theoretical results.

Phase Cl 1 C12 C13 C22 C23 C33 C44 C55 C66 References
hP6 492.0 166.7 100.1 862.5 273.2 163.6 this work
495.2 167.0 96.4 867.3 276.4 164.1 Cal.l13!
488.0 170.0 99.0 864.0 276.0 158.0 Cal.®!
hR3 5212 149.5 104.0 793.2 284.0 179.3 this work
oP6 482.2 186.1 98.8 490.9 101.6 794.0 253.6 180.8 194.0 this work
hP3 505.3 218.5 216.1 316.1 111.4 143.3 this work
510 263 241 272 168 124 Cal.[%]
615.4 168.4 111.7 393.6 122.1 223.5 Cal.l13]
ol18 645.6 189.1 174.9 425.1 190.5 642.5 269.3 186.0 163.2 this work
653.0 178.0 170.0 442.0 189.0 643.0 273.0 161.0 166.0 Cal.l'Z]
oP12 283.6 106.8 167.6 566.4 245.1 541.4 204.0 99.93 119.2 this work

Moreover, the elastic constants Cjj, Cy, and Cs33 usu-
ally represent the resistance to linear compression along the
a, b, and ¢ axes, respectively. As shown in Table 2, the cal-

culated values of Cs3 for hP6, hR3, and oP6 are both larger

than those of Cj; and Cy), indicating that these phases are
highly incompressible under uniaxial stress along the ¢ axis
and have stronger chemical bonds in the [001] direction. The

opposite is true for AP3-MnB, it is very incompressible along
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the a-axis and has stronger chemical bonds in the [100] di-
rection because its Cy; is much bigger than Cz3. Moreover,
the elastic constants of C44 and Cgg represent the shear stress
resistances along the [001] and [110] directions on the (100)
plane, respectively. As illustrated in Table 2, the difference
between C44 and Cgg for different MnB, structures indicates
the anisotropy of its shear modulus. Meanwhile, the higher
the C44 value, the stronger the resistance to shear deformation.
Accordingly, the shear deformation resistance order of MnB,
is as follows: AR3 > hP6 > 0I18 > oP6 > oP12 > hP3.
Similar to the recognized superhard material diamond,
our calculated MnB, in hP6, hR3, and oP6 phases possess
comparable C33 values, which means that these MnB; phases
may also be potentially hard materials. Therefore, we further
evaluated the hardness of MnB; in different structures using

the empirical model developed by Chen et al.,!***1 which can
be expressed as
HV:Z(kZG)O'SSS—?), k:G/B, (4)

where shear modulus G and bulk modulus B can be calculated

by Voigt—Reuss—Hill approximation.!*®! The calculated B, G,
and Hy of different MnB, phases are listed in Table 3, together

12.13.24.25] Oyr calculated

with the available theoretical data.!
B and G are in agreement with the other theoretical results.
According to the empirical criterion proposed by Pugh,*7! if
B/G > 1.75, the material behaves as ductility; otherwise, it
exhibits brittle manner. In this work, the B/G ratio of hP6-
MnB; and oP12-MnB, are 2.47 and 1.84, respectively, sug-
gesting that they are ductile manner. While the B/G ratio of
the other four phases of MnB, is less than 1.75, and there-
fore behaves brittle manner. In addition, our calculated Hy of
hP6-MnB,, hR3-MnB,, 0P6-MnB,, hP3-MnB», 0/18-MnB,,
and oP12-MnB; is 34.5 GPa, 35.8 GPa, 29.5 GPa, 9.48 GPa,
22.9 GPa, and 14.9 GPa, respectively. They are consistent
with the other theoretical results!!>!3-2#25] and the hardness
sequence of MnB; should be AR3 > hP6 > 0P6 > 0l18 >
oP12 > hP3. In general, the Vickers hardness Hy for a su-
perhard material is higher than 40 GPa. Therefore, the hP6,
hR3, and oP6 phases of MnB, are all potentially hard materi-

als rather than superhard materials.

Table 3. Calculated bulk modulus B (in unit GPa), shear modulus G (in unit GPa), B/G, and Vickers’s hardness Hy (in unit GPa) of different

MnB; phases, together with theoretical results.

Phase By Br B Gv Gr G B/G Hy References
hP6 287.01 276.75 281.9 240.76 220.31 230.5 1.22 34.5 this work
288.9 237.3 1.22 439 Cal.[24
281.4 2327 1.21 35.8 Cal.l13]
hR3 284.80 275.35 280.0 246.51 22253 234.5 1.19 35.82 this work
oP6 282.20 276.31 279.3 217.69 203.39 210.5 1.33 29.5 this work
hP3 291.85 275.28 283.6 118.36 111.58 114.9 247 9.48 this work
288.0 135.0 2.13 16.5 Cal.[?3]
ol18 313.58 303.39 308.5 200.97 190.18 195.6 1.58 22.96 this work
308.0 195.0 1.58 22.5 Cal.l12!
oP12 270.06 229.19 249.6 14278 128.88 135.82 1.84 14.90 this work
45
454 (a) e
. hRo O hE3.” 40 4 hR9 FR3
i = 7 O.
oll8 ;LPG 35 oP6 Sﬁp’h,lr’ﬁ h.P6
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Fig. 3. Correlations between elastic modulus and hardness Hy of different MnB, phases: (a) bulk modulus B, and (b) shear modulus G. The

data for TcB, and ReB, are taken from Refs. [29,30], respectively.

We have further analyzed the relationships between bulk
modulus (and shear modulus) and hardness, as illustrated in
Fig. 3. Generally, the bulk modulus of a material is consid-

ered to be a predictor of its hardness, and a higher bulk mod-

ulus value is associated with an increase in hardness.[48-30]

However, as depicted in Fig. 3(a), there is no clear correla-
tion between bulk modulus and hardness in both MnB,, ReB,

and TcB, diborides. That is to say, the relationship between
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bulk modulus and hardness is not universally consistent, which
is consistent with previous theoretical studies.!>!?l Mean-
while, it established a better linear correlation between hard-
ness and shear modulus, as shown in Fig. 3(b). This is because
of the shear modulus mainly describes the material’s resistance
to shear deformation, while hardness reflects the material’s re-
sistance to localized plastic deformation. This correlation is
very interesting and suggests that the shear modulus can cor-
rectly provide an assessment of hardness for MnB, diborides.
As shown in Table 3, the order of shear modulus for MnB, is
hR3 > hP6 > 0l18 > oP6 > oP12 > hP3, which is consistent
with the order of hardness.

3.2.2. Anisotropic properties

It is important to fully describe the anisotropic behavior
of different MnB, phases for understanding their mechani-
cal properties. Different phases, due to their varying sym-
metries, affect the anisotropy of the material. Highly sym-
metric crystals, such as those with cubic symmetry, typi-
cally exhibit lower anisotropy, whereas crystals with lower
symmetry, such as those with monoclinic or orthorhombic
symmetry, show higher anisotropy. In general, the elastic
anisotropy of a material can be described by the anisotropy
index AY,5? the compression anisotropy percentage Acomp
and shear anisotropy percentage Aghear- 123! If these values of
anisotropy are zero, which means the crystal is isotropic, oth-
erwise, it is anisotropic. The larger the deviation, the stronger
the elastic anisotropy. These anisotropy index can be calcu-
lated by the following formulas:

5Gy By By — Br
AV=""4""_6 A = — x 100%
Gr + Br 5 comp v +Br X 0,
Gv — GRr
A = — x 100% 5
shear Gy +Gr X 0, ( )

where By and Gy are bulk modulus and shear modulus of
the Voigt scheme and Br and GR are bulk modulus and shear
modulus of the Reuss scheme. The calculated AY, Acomp, and
Aghear Of different MnB, structures are listed in Table 4. It
can be seen that oP12-MnB, exhibits the largest AY of 0.72,
and 0/18-MnB,; possesses the lowest AY of 0.32, which in-
dicates that the anisotropy of 0P12-MnBj; is the greatest and
that of 0o/18-MnB, is the smallest. So, the elastic anisotropy
ranking of MnB; is oP12 > hR3 > hP6 > oP6 > hP3 > 0l18,
which is consistent with the results obtained by Agpe,r. Further-
more, the obtained maximum value (~ 8.19%) and minimum
value (~ 1.05%) of Acomp belong to 0P12-MnB, and oP6-
MnB,, respectively, indicating that oP12-MnB, exhibits the
largest compression anisotropy, while oP6-MnB, possesses
the smallest compression anisotropy. Thus, the order of com-
pression anisotropy of MnB,; should be oP12 > hP3 > hP6 >
hR3 > 0I18 > oP6.

Besides, the shear anisotropy factors Aj, Aj, and A3
also serve as indices to quantify anisotropy among different
crystal structures, which can be obtained by the following

formulas: 5491
A — 4Cy4 B 4Css
T O+ C—2C3" P G+ Cy—20
4C,
Ci1+Cn—2Cn

When Aj, A;, and A3 are equal to 1, the crystal structure is
shearing isotropy. The calculated results of different MnB,
structures are listed in Table 4. As shown, our obtained A; and
A, of 0P12-MnB; have the largest deviation from 1, suggest-
ing that its shear anisotropy should be the highest at (100) and
(010) planes. Meanwhile, oP6-MnB, should have the largest
shear anisotropy in the (001) plane because its A3 value devi-
ates the most from 1. Further, it should be noted that the A3
value of 7P6-MnB; and the A, value of #P3-MnB, are both
1.00, which means that #/P6-MnB, and AP3-MnB, should
share isotropic in the (001) and (010) plane, respectively.

Table 4. Calculated elastic anisotropic indexes AY, Acomps Ashear» A1, A2,
and A3 for different MnB, phases.

Phase A As Az AV Aghear (%) Acomp (%)
mP6 095 095 100 0.0 4.44 1.82
oP12 167 065 075 072 5.12 8.19
oP6 095 067 129 037 3.40 1.05
hP3 114 100 114 036 2.94 2.92
hR3 1.03 093 093 057 5.11 1.69
o[18 115 1.08 094 032 276 1.65

To effectively describe the elastic anisotropy of different
MnB; structures, we further plot the three-dimensional (3D)
surface construction of bulk modulus B and Young’s modulus
E in this work. For different crystal systems, their direction-

dependent quantities can be expressed as>°!

B = [(Si + 8124+ 813)F 4 (S12 + S22 +523)13

-1
+(Si3+S3+5n)E] @)
E = (I}S11 + 2131381 + 21313813 + 582 + 21313553
13833+ B13S4s + 113855 + [713Se6) ', (8)

where S;; are the elements in the compliance tensor, and [y,
I, and [3 are the direction cosines. The 3D surface construc-
tions of bulk modulus B and Young’s modulus E of different
MnB; phases are shown in Figs. 4 and 5, respectively. It is
evident from Fig. 4 that the bulk modulus in 3D graphs of dif-
ferent MnB, structures are not spherical, suggesting that their
bulk modulus is indeed anisotropic. Generally, the greater the
discrepancy between the 3D shape and the standard spheri-
cal shape, the more pronounced the anisotropy becomes. Ac-
cordingly, the anisotropic order of bulk modulus B of MnB, is
oP12 > hP3 > hP6 > hR3 > ol18 > oP6, which is in agree-
ment with the results of Acomp.
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Similar to the bulk modulus B, the 3D graphs of Young’s
modulus E (see Fig. 5) also demonstrate non-spherical shapes,
indicating that the Young’s modulus of different MnB, struc-
tures is anisotropic. As depicted in Fig. 5, the anisotropy of
hR3-MnBj is slightly lower than that of 0P12-MnB,, followed

X104
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by hP6-MnB,;, 0P6-MnB,, and hP3-MnB,, while 0/18-MnB,
exhibits the least anisotropy. Therefore, the anisotropic or-
der of Young’s modulus of MnB; is oP12 > hR3 > hP6 >
oP6 > hP3 > 0l18, which is consistent with the results of the
anisotropic index AY.
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Fig. 5. The direction-dependent Young’s modulus of different MnB, phases.

3.3. Debye temperature and minimum thermal conductiv-

ity

Debye temperature @ is a crucial parameter closely asso-
ciated with the elastic constants and the melting temperature of
solids. 7] Tt reflects the vibrational frequency of atoms within
the lattice and is influenced by both the crystal symmetry and
the strength of the interatomic bonds. The different phases of
MnB,, owing to their unique atomic arrangements and inter-

atomic interactions, which result in different Debye tempera-
tures. In general, the Debye temperature ® can be estimated
using the following formula:

_h [3n (Nap\1'?
= E [E (7)} Vm, Q)

where £ is the Planck constant, kg is the Boltzmann constant,
n is the number of atoms per formula unit, Na is Avogadro’s
number, M is the molecular mass in the formula unit, p is the
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density, and vy, is the average sound velocity. Among them,
vm can be evaluated by

1/2 1\1'°
V“‘&(@*ﬁ)] ’ (10

where v is transverse sound velocity and v is longitudinal
sound velocity, which can be calculated by Navier’s equations:

3B+4G\ /2 G\
“‘(w) ’“—(p> ’ (v

The calculated Debye temperature ® and sound velocities vy,
V1, v Of different MnB, structures are listed in Table 5. It can
be seen that ZR3-MnB, has the largest @ value of 664.06 K,
while #P3-MnB,; possesses the smallest ® value of 468.58 K,
which means that the 4#R3-MnB, should have stronger chem-
ical bonds than the other MnB, phases, while #P3-MnB,;
should have the weakest chemical bonds. Moreover, the mi-
crohardness of the material is positively correlated with Debye
temperature, so the microhardness order of MnB; should be
hR3 > hP6 > oP6 > 0l18 > oP12 > hP3.

Table 5. The density p (in units g/cm?), transverse sound velocity v, (in
units km/s), longitudinal sound velocity v; (in units km/s), average sound
velocity v (in units km/s), Debye temperature ®@p (in unit K), Poisson’s
ratio o and Griineisen parameter Y of different MnB, phases.

Phase p Ve 0 Vm ©] o b4 References
hP6 542 461 737 508 65671 0.18 1.21 this work
oP6 540 442 721 4.88 62948 020 1.28 this work
hP3 563 563 623 3.58 46858 0.32 191 this work

0.29 Cal.[%)
664.06 024 1.19
604.30 023 1.45  this work

0.24 Cal.l2]
504.15 0.54 1.60

hR3 532 469 746 5.17
o[18 567 4.15 17.09 4.60

this work

oP12 577 343 6.11 3.82 this work

According to the obtained sound velocities v and v, we
can further evaluate the Poisson’s ratio o and Griineisen pa-
rameter Y as follows:

1—2(v/m)? 3<1+c>.

0'277 = —
2—2(v/m)? "=2\2-30

12)

The calculated ¢ and y of different MnB, phases are also
given in Table 5. In general, a small ¢ value indicates a more
directional covalent bond, so the directionality degree of cova-
lent bonds for MnB», should be 7P6 > oP6 > 0I18 > hR3 >
oP12 > hP3. Additionally, Gruneisen parameter Y generally
control a variety of important physical phenomena, includ-
ing thermal expansion, conduction, acoustic wave absorption,
and the temperature dependence of elastic properties. A high
y value typically suggests a strong crystal anharmonicity.>8!
Therefore, the anharmonic order of MnB, can be arranged as
hP3 > oP12 > ol18 > oP6 > hP6 > hR3.

Studying the minimum thermal conductivity will help
to understand the performance of different MnB, phases

at high temperatures and expand their applications across
various fields.[>>°! Therefore, we employed two theoretical
models!®*®!] to evaluate the minimum thermal conductivity of
different MnB, phases. Among them, the Clarke’s model can
be expressed as

kenin = 0.87kg My >/ 2EV/2p1/6, (13)
M

M, = —— 14

a mNy’ 14

where kp is Boltzmann’s constant, M, denotes average mass
per atom, E is Young’s modulus, p is density, M delegates
molar mass, m is total number of atoms in the unit cell, and
Ny is Avogadro’s number. Moreover, the Cahill’s model can
be determined as

kmin = Zk%sn

where n is the density of atomic numbers per unit volume. The

23 (v+2w), 15)

obtained minimum thermal conductivity of different MnB,
phases is listed in Table 6. As shown, the kp;, values obtained
from the Cahill’s model are consistently greater than those
from the Clarke’s model, because the Clark’s model does not
take into account the contribution of the optical phonon modes
to the thermal conductivity in this work. Moreover, we can
find that the #R3-MnB, possesses the largest ki value in both
Clarke’s and Cahill’s models, followed by AP6-MnB;, oP6-
MnB,, 0/18-MnB,, and oP12-MnB,, while ZP3-MnB, has
the smallest ki, value. In general, materials with a minimum
thermal conductivity of less than 1.25 W-m~!-K~! are suitable
for thermal barrier coating applications.[%? Tt is worth not-
ing that the minimum thermal conductivity of different MnB,
phases studied in this work is between 1.62 W-m~!-K~! and
2.16 W-m~!.K~!, indicating that they are all not suitable as
thermal barrier coating materials.

Table 6. Calculated minimum thermal conductivity kpi, (in units
W-m~1.K~1) of different MnB, phases.

Clarke model Cahill model

Phase

M, (10_26) Kmin n (1029) Kmin
hP6 4.24 2.16 1.280 2.35
oP6 4.24 2.08 1.272 2.26
hR3 4.24 2.17 1.272 2.37
hP3 4.24 1.62 1.361 1.83
ol18 4.24 2.05 1.337 2.24
oP12 4.24 1.74 1.361 1.91

4. Conclusion

In summary, we utilized the structure prediction al-
gorithm CALYPSO combined with first-principles calcula-
tions to investigate the structures stability, elastic anisotropy,
and thermal conductivity of MnB, in different crystal struc-
tures. Our findings revealed that AP6-MnB,, hP3-MnB,, oP6-
MnB,, hR3-MnB,, 0P12-MnB,, and 0/18-MnB; exhibit both
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mechanical and dynamical stabilities under ambient condi-
tions. Based on the formation enthalpies, the phase stability
order of MnB, is determined as hP6 > hR3 > oP6 > ol18
> oP12 > hP3. Besides, Vickers hardness calculations sug-
gested that hP6, hR3, oP6, and 018 of MnB, have potential as
hard materials, whereas #P3 and oP12 are not suitable as hard
materials. Additionally, the anisotropic order of bulk modulus
B of MnB; should be oP12 > hP3 > hP6 > hR3 > 0l18 >
oP6, while the anisotropic order of Young’s modulus is oP12
> hR3 > hP6 > oP6 > hP3 > ol18. Meanwhile, the study
of Debye temperature shows that the microhardness order of
MnB; should be AR3 > hP6 > oP6 > 0l18 > oP12 > hP3.
Finally, the minimum thermal conductivity of MnB; in differ-
ent structures is further estimated, and the order is 2R3 > hP6
> oP6 > 0l18 > oP12 > hP3. Since the calculated minimum
thermal conductivity of different MnB, phases is all higher
than 1.25 W-m~!'.K~!, indicating that they are not suitable as
thermal barrier coating materials.
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