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SPECIAL TOPIC — Structures and properties of materials under high pressure
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Molybdenum nitride, renowned for its exceptional physical and chemical properties, has garnered extensive attention
and research interest. In this study, we employed first-principles calculations and the CALYPSO structure prediction method
to conduct a comprehensive analysis of the crystal structures and electronic properties of molybdenum nitride (Mo,N{_,)
under high pressure. We discovered two novel high-pressure phases: Imm2-MoN3 and Cmmm-MoNy, and confirmed their
stability through the analysis of elastic constants and phonon dispersion curves. Notably, the MoN, phase, with its high
Vickers hardness of 36.9 GPa, demonstrates potential as a hard material. The results of this study have broadened the range
of known high-pressure phases of molybdenum nitride, providing the groundwork for future theoretical and experimental

researches.
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1. Introduction

Transition metal nitrides (TMNs) represent a significant
class of functional materials characterized by diverse chemical
compositions and structures. They exhibit remarkable physi-
cal and chemical properties, including high hardness, excel-
lent thermal stability, good electrical conductivity, and excep-
tional corrosion resistance. These outstanding properties make
TMNs promising candidates for various applications. Their
potential applications encompass a wide range of fields, in-
cluding, but not limited to, catalysis, energy storage, surface
coatings, and electromagnetic materials.!'=3 Since Higg’s pi-
oneering investigation on the crystal structure of TMNs,[*]
substantial progress has been made in understanding these ma-
terials. Sophisticated analytical techniques, including x-ray
diffraction, empower researchers to accurately ascertain the
crystal structures and atomic configurations of TMNs. This
precision facilitates a more profound comprehension of their
physicochemical attributes. Moreover, employing structure
prediction methodologies aids in the discovery of additional
innovative materials with distinctive properties that may be
synthesizable. These methods are instrumental in steering the
material design and optimization processes.

As an important member of the TMNs, molybdenum ni-
tride was determined to possess a hardness of 44 GPa and
a Young’s modulus of 605.7 GPa,’! which is outstanding in
the family of TMNs and could be very close to that of di-

Corresponding author. E-mail: lipeifang82@163.com

CSTR: 32038.14.CPB.adab66

amond and cubic boron nitride. Furthermore, molybdenum
nitride boasts a low friction coefficient of 0.07,[%! rendering
it an excellent candidate for protective coatings. In terms of
electrical properties, molybdenum nitride demonstrates excep-
tional conductivity and superconducting characteristics. Ex-
perimental measurements have documented a conductivity of
1 x 10° S/m for Mo, N and an impressive 8.52 x 10° S/m for
MoN nanosheets.®! Such conductivity levels position molyb-
denum nitride as a strong contender for electrode materials in
batteries and other electrochemical devices. Additionally, the
nanostructured surface and edges of molybdenum nitride of-
fer a plethora of active sites, ”! which significantly enhance its
catalytic properties. This feature broadens its potential appli-
cations in catalysis.

In 1930, Higg!*! pioneered the synthesis of molybde-
num nitride by employing a method utilizing ammonia and
molybdenum powder, and in doing so, identified various crys-
talline structures of molybdenum nitride, including hexagonal
J6-MoN, tetragonal 3-Mog7;Ng.2g, and cubic y-Mo,;N. Sub-
sequently, in 1952, Matthias and Hulm!'?! experimentally ob-
served a hexagonal-phase molybdenum nitride superconduc-
tor with a superconducting transition temperature of around
12.0 K. §1-MoN was synthesized by Lengauer!!'!! through the
reaction of MoCls with ammonia gas at temperatures rang-
ing from 770 K to 1060 K. At 910 K, a hexagonal phase of
MoN (space group P6m2, with lattice parameters a = 2.851 A,
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c=4.782 A) was formed, while at 950 K, a cubic y-MoN;_,
phase began to appear, its proportion increasing with temper-
ature. 52-MoN was synthesized by Ganin er al.['?! at 1003 K
through the reaction of MoCls with nitrogen, exhibiting a
NiAs-type structure with space group P63/mmc. The lattice
parameters were determined to be a = 2.86 A and ¢ = 5.69 A.
83-MoN was first synthesized by Higg!*! through the reaction
of metallic Mo with ammonia at 973 K. Later, Schonberg!'?!
employed the same method as Higg and synthesized molyb-
denum nitride samples by reacting molybdenum powder with
ammonia gas at 1073 K. Schonberg assumed that this hexago-
nal MoN phase has a space group of P63/mmc with lattice pa-
rameters a = 5.725 A, ¢ = 5.608 A. In this structure, Mo atoms
occupy positions 2b (0, 0, 0.25) and 6A (x, 2x, 1/4), where
x = 0.489. Subsequently, Bezinge et al.l'*! synthesized this
hexagonal MoN phase under conditions of 6 GPa and 1800 K,
and confirmed the space group as P63/mc. This structure was
also verified by neutron diffraction. [!3:16]

Besides the above-mentioned MoN phases, the other
molybdenum nitride phases with atomic ratio beyond 1:1 have
also been investigated. Troitskaya and Pinsker!!”! proposed
the existence of a cubic phase Mo,;N with the space group
Pm3m. Moreover, a hexagonal MosNg with space group
In 1970,
Ettmayer et al.['8 synthesized two distinct phases of Mo,N

of P63/m!'?! was also identified in their work.

from molybdenum nitride powder at 1873 K: a tetragonal
phase and a cubic phase. They determined that the tetrago-
nal Mo,N has the space group of I4;/amd, while the cubic
phase y-Mo,N has the space group of Fm3m.!'*2! Later, Va-
leria Tagliazucca et al.!??! confirmed the existence of these two
cubic phases (Fm3m and Pm3m) using x-ray diffraction. The
metastable NaCl(B1)-type molybdenum nitride, known for its
high superconducting transition temperature, has been iden-
tified as a potential high-temperature superconductor. The-
oretical studies have predicted a superconducting transition

[23-25] Despite

temperature (7;) of around 29 K for this phase.
many efforts had been made to synthesize the stable NaCl-
type molybdenum nitride, only several nitrogen-deficient or
vacancy-containing variants were obtained, which might be at-
tributed to its inherent instability, such as the unstable elastic
properties?-?8] and thermodynamics.!*”! Consequently, the
superconducting transition temperature of the synthesized ma-
terials still does not reach the expected theoretical values of
20 K to 30 K. In 2015, Shanmin Wang et al.[*"! synthesized a
rhombohedral phase 3R-MoNj, isostructural to MoS,, from
a 1:2 molar mixture of NaMoO,4 and h-BN under a pres-
sure of 3.5 GPa, and identified its space group as R3m. This
rhombohedral MoN; phase has been demonstrated to possess
good catalytic activity, and its synthetic pressure is suitable
for large-scale industrial production. In 2023, Takuya Sasaki
et al.®Y synthesized a new high-pressure orthorhombic struc-

ture Mo3 N5 through the nitriding reaction of molybdenum and
nitrogen at pressures exceeding 45 GPa, confirming the space
group as Cmcm. Most recently, Momoka Demura et al.!3?!
successfully synthesized nitrogen-rich Mo, N3 at room tem-
perature and pressure using Na,MoO, and dicyandiamide pre-
Cursors.

In 2007, de Paiva and Nogueira®¥ conducted a theo-
retical study on the then-unsynthesized zinc blende structure
of molybdenum nitride, employing first-principles methods.
They discovered that this structure adopts the space group F-
43m and has a lattice parameter of 4.58 A. Given its metal-
lic characteristics, mechanical performance, and paramagnetic
properties, this type of structure could potentially be applied
in the semiconductor industry or in the production of smooth
contact surface films, expanding the range of potential applica-
tions of molybdenum nitride compounds. In 2007, Kanoun 34
utilized first-principles methods to perform theoretical calcula-
tions on the orthorhombic phase (space groups F-43m, Fm3m,
and Pm3m) and hexagonal phase (P63/mc and P6m?2) configu-
rations of molybdenum nitride. The calculations indicated that
the energy of the cubic phase structures is higher than that of
the hexagonal phase structures, suggesting that the hexagonal
phase structures are more stable than the cubic phase struc-
tures. In 2016, Yul>)! utilized the USPEX crystal structure
prediction method to predict different structures of MoN, at
pressures ranging from 0 GPa to 100 GPa. The study deter-
mined that the ground state structure of MoN> is the hexag-
onal phase nitride with a space group of P63/mmc. Further-
more, it was found that MoN, transitions to an orthorhombic
phase structure with a space group of P4/mbm at a pressure
of 82 GPa. In 2017, Karthik Balasubramanian*®) employed
the same methodology to predict the structure of molybde-
num nitride. The study identified eight thermodynamically
stable structures under ambient pressure, which include Cm-
MoN, Cmcm-MosN, Cm-Mo,N3, P63/mmc-MosN,, Imm?2-
MoyN3, P63/mmc-MoN, and Pm3-MoNg. Balasubramanian
noted that under a 1:1 stoichiometric ratio, the monoclinic
MoN is the most stable structure, with an energy that is 7 meV
lower than that of the hexagonal MoN. In 2018, LiPing Ding
et al.B7) utilized the CALYPSO program to predict the rele-
vant structures of MoN; under pressures ranging from 0 GPa
to 100 GPa. They discovered a stable orthorhombic MoN;
with a space group of Cmc21, which at ambient pressure, has
lower energy than the experimentally synthesized rhombohe-
dral MoN,. Furthermore, they observed a transition to an or-
thorhombic MoNj structure with a space group of P12;/cl at
a pressure of 25 GPa. In 2019, Qun Wei et al.[*¥] employed
the CALYPSO crystal structure prediction method to predict
two nitrogen-rich TMNs, MoNg and ReNg. They found that
MoNg possesses an Im3m space group at 0 GPa. Both ma-
terials, MoNg and ReNg, were identified as potential high-
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energy-density materials. Regarding the theoretical study of
the structure of molybdenum nitride, while predictions have
been made for the binary Mo-N system under ambient con-
ditions and some high pressures, a comprehensive study en-
compassing all chemical compositions of molybdenum nitride
under high pressure has not yet been conducted.

Pressure is a critical thermodynamic variable that has the
ability to modify crystal structures, thereby effectively govern-
ing material properties. For instance, high-temperature super-
conductors such as H3S!**! and LaH ¢, %! which were synthe-
sized under high-pressure conditions, as well as LaScyHag, 4!
a compound predicted through theoretical calculations, have
garnered significant attention in the field of materials science.
Hence, high pressure provides a unique opportunity to explore
and discover novel materials that are not readily available un-
der normal ambient conditions. In conditions of high pres-
sure, interatomic distances are reduced, leading to substan-
tial changes in the properties and strengths of chemical bonds.
These modifications hold the promise of creating new mate-
rials with increased hardness and stability, potentially lead-
In TMNs, the
covalent and metallic bonds between metal atoms and nitro-

ing to advancements in various industries.

gen atoms exhibit a synergistic effect, enhancing their overall
properties and performance. The strength and directionality of
these bonds impart enhanced hardness to the TMNs. More-
over, the electronic coupling between the d electrons of transi-
tion metals and the p electrons of nitrogen further strengthens
the chemical bond strength, thereby enhancing the material’s
hardness. For example, CrN,, 21 WN, 431 and MoN* all
exhibit the characteristic of high hardness. Among them, the
hardness of MoN synthesized under high pressure is reported
to be 30 GPa.[** Therefore, exploring the structure of molyb-
denum nitride under high pressure may lead to the discovery of
novel high-hardness materials and previously unknown high-
pressure phases that cannot be obtained under normal condi-
tions. The discovery of the new high-pressure orthorhombic
structure of Mo3Ns, 3!l suggests that there are still many un-
known high-pressure phases of molybdenum nitride waiting to
be discovered, indicating a vast potential for exploration into
novel high-pressure structures.

In this study, we employed the Crystal structure Anal.Y-
sis by Particle Swarm Optimization (CALYPSO) code!*-1]
to conduct a global energy minimization structure prediction
for the Mo,N;_, system under different pressures. To deter-
mine the dynamical and mechanical stability, we systemati-
cally calculated the phonon scattering curves and elastic con-
stants. We also systematically investigated the electronic prop-
erties, including the band structure, density of states, electron
localization function, and differential charge density, to gain
a comprehensive understanding of electronic behavior of the
Mo,Nj_y system. The theoretical hardness values were also

calculated and the underlying mechanism was analyzed.

2. Calculational method

Within the pressure range of 0-100 GPa, we conducted
theoretical calculations for the structure prediction of molyb-
denum nitride, utilizing the CALYPSO method. The accu-
racy and efficiency of the CALYPSO method in predicting
binary and ternary compounds have been extensively evalu-
ated and validated in the literature.!3>>7) Density functional
theory (DFT),1>® combined with the Perdew—Burke—Ernzerh
of generalized gradient approximation (PBE-GGA),>%-6% was
used to calculate the initial energy of the structure in the
Vinna ab initio simulation package (VASP) code.[!! The
projector-augmented wave (PAW) method was utilized, em-
ploying PAW potentials from the VASP library. The va-
lence electrons considered for the Mo and N atoms were
4524p®4d°5s' and 2s%2p3, respectively. The energy cutoff
of 560 eV was utilized. To ensure enthalpy convergence
below 1 meV/atom, Monkhorst-Pack (MP) k-point grids of
10 x 11 x 22 and 14 x 7 x 20 were employed for Imm2-MoN3
and Cmmm-MoNy, respectively. Additionally, we utilized the
Device Studio-projector augmented wave (DS-PAW) software
integrated into Device Studio program to calculate the dif-
ferential charge density, Bader charge, elastic constants and
phonon scattering curves.®?l Phonon scattering curves cal-
culations were carried out using the supercell method based

(631 For Imm2-MoN3, a supercell of

on finite displacements.
2 x 3 x 5 was used, while for Cmmm-MoNy, a supercell of

4 x 2 x 3 was utilized.

3. Results and discussion

Employing the CALYPSO structure prediction method,
we explored the molybdenum nitride (MoyN;_,) system
across a range of stoichiometric ratios and pressures. Through
the calculation of enthalpies for compounds with varying ra-
tios, we identified the thermodynamically stable Mo,Nj_,
structures. Subsequently, a convex hull diagram was con-
structed to visualize the most stable structure under each pres-
sure condition. The enthalpy calculation formula used is as

follows:
AH = [H(Mo,N,,) —nH(Moy,) —mH(Ny,)] /(m+n). (1)

As depicted in Fig. 1, the solid line represents the lowest en-
ergy for a given composition. Consequently, any phase re-
siding above this line is considered thermodynamically un-
stable, while those lying on the line represent thermodynam-
ically stable phases. The convex hull analysis has identified
a total of eight stable Mo, N|_, phases across the investigated
compositions, which include metallic Mo and nitrogen. The
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stable phases correspond to the following stoichiometric ra-
tios: x =0, 0.2, 0.25, 0.333, 0.5, 0.5714, 0.6, and 1, These
correspond to nitrogen, MoN4, MoN3, MoN;, MoN, MosNs,
Mo3N>, and bee-Mo.
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Fig. 1. Convex hull diagram for Mo,N;_, at 0 GPa, 20 GPa, 50 GPa and
100 GPa (solid: stable; open: metastable).

As illustrated in Fig. 1, no phase transitions were ob-
served for the same stoichiometry within the pressure range of
0-100 GPa. The space group for each phase is indicated at the
highest pressure of 100 GPa. Under a pressure of 100 GPa, we
have predicted the space group of molybdenum nitride (MoN)
to be P63/mmc. However, its stable structure at ambient pres-
sure is P63/mc. Our calculations have determined the phase
transition pressure point to be 71.5 GPa. Furthermore, our
predictions indicate that P-6m2-MoN exhibits a metastable
structure within the 0-100 GPa pressure range. This phase is
marked in the convex hull diagram at 0 and 100 GPa, with an
energy that is 0.087 eV higher compared to the P63/mc-MoN
phase. The ground-state structure of MoN, predicted in our
study is P63/mmc, which is consistent with the results obtained
by Yu er al.'®! At 100 GPa, our analysis did not detect any
phase transitions. However, at this pressure, we also predicted
the existence of the P4/mbm-MoN; phase, which is less sta-
ble with an energy 0.356 eV higher than that of the P63/mmc-
MoN; phase. Furthermore, we also discovered two additional
phases: P-6m2-MoN; and R3m-MoN,. The P-6m2-MoN;
phase is only 9 meV higher in energy than the P63/mmc-MoN;
phase, indicating its potential for stability under certain condi-
tions. We predicted that the P63/mmc-MozN, phase exhibits
thermodynamic stability, which is consistent with the Mo3N;
structure reported by Karthik Balasubramanian.3®! Addition-
ally, we confirmed the thermodynamic stability of the Imm2-
MoyN3 structure under high pressure, as proposed by Karthik
Balasubramanian. Notably, at 100 GPa, we identified two new
stable structures: Imm2-MoN3; and Cmmm-MoNy. The phase
diagram of the aforementioned structure is shown in Fig. 2.

Beyond the stable structures previously discussed, our re-
search has also predicted the existence of several metastable
molybdenum nitride structures across the pressure range of
0-100 GPa. Both Mo,;N3; and Mo;N displayed metastable
phases within this range. Notably, the R3m-Mo;N3 phase was

found to be in a metastable state at 100 GPa, with an energy
just 0.045 eV above the convex hull. Furthermore, at ambient
pressure, we identified a C2/c-Mo3N structure in a metastable
state, with an energy of only 0.042 eV above the convex hull.
These metastable phases offer insights into potential new sta-
ble structures under different pressures, enhancing our under-
standing of molybdenum nitride’s high-pressure behavior.

MoN,
MoNj,
MoN,
MoN

Mo,N,

P63/mmc
1 1 1 1

0 20 40 60 80 100

MoyN,

Pressure (GPa)
Fig. 2. Pressure—composition phase diagrams of the stable MoyNj_,
structures.

Figure 3 displays the crystal structures of Cmmm-MoNy
and Imm2-MoNj3, with their optimized lattice parameters
listed in Table 1. In Fig. 3(a), the Cmmm-MoN, structure fea-
tures each Mo atom coordinated with eight N atoms, creating
a stable and tightly bound environment. Stable Mo-N bonds
form between Mo and N atoms, with a length of 2.07 A and
angles of 63.51°, 73.2°, and 74.6° between adjacent bonds,
indicating stable metal-nonmetal interactions. This structure
also incorporates N-N bonds, measuring 1.37 A in length.
The presence of these N-N bonds, coupled with the eight-
fold coordination around Mo atoms and the high-symmetry
orthorhombic structure, results in a highly ordered atomic ar-
rangement. This high-symmetric structure reduces stress con-
centration, leading to a uniform distribution of bond strength
throughout the crystal. Such even bonding enhances the struc-
tural stability, conferring high compressive strength and resis-
tance to localized deformation. These characteristics indicate
that Cmmm-MoNy is likely to possess high hardness and fa-
vorable mechanical properties.

® Mo
e N

. SR8
o v

Fig. 3. Crystal structures of MoyN;_,: (a) Cmmm phase of MoNy,
(b) Imm?2 phase of MoN3, (c¢) Imm?2 phase of Mo4N3, (d) P63/mmc phase
of M03 N2 .
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Table 1. Lattice parameters and atomic Wyckoff positions of MoN3 and MoN4.

Wyckoff positions (fractional)

Structures Pressure (GPa) Lattice parameters (A) Atoms
X y z

Imm?2 100 a=>5.13 Mol 2a 0.00 0.00 0.04
(MoN3) b=2.51 N1 4c 0.79 0.00 0.43
c=4.48 N2 2a 0.00 0.00 0.60
Cmmm 100 a=3.00 Mol 2b 0.50 0.00 0.00
(MoNy) b=17.54 N1 8q 0.81 0.16 0.50

c=2.51

Figure 3(b) illustrates the Imm2-MoNj3 structure, char-
Each Mo
atom is coordinated with seven N atoms, with Mo—-N bond

acterized by a polyhedral stacking arrangement.

lengths averaging around 2.0 A and N-N bonds are present,
measuring 1.31 A in length. The stacking consists of edge-
sharing heptagonal polyhedra and N-N bonds. The presence
of edge-sharing polyhedra is a common feature in materials
with high thermal and chemical stability, suggesting that the
Imm?2-MoNj3 structure may exhibit these attributes as well.

To elucidate the bonding characteristics within various
molybdenum nitride compounds, we computed the electronic
localization function (ELF), as depicted in Fig. 4. In the MoNj3
structure, the ELF values between adjacent Mo and N atoms
are 0.41 and 0.47, respectively. For the MoNy structure, the
ELF value between neighboring Mo and N atoms is 0.34,
whereas the ELF value between adjacent N atoms is notably
higher at 0.85, signifying the presence of a typical covalent
bond between these neighboring nitrogen atoms.

Fig. 4. Electronic localization function of MoN3 and MoNy: (a) Imm2
phase of MoN3, (b) Cmmm phase of MoNy.

To deepen our understanding of the characteristics of
molybdenum nitrides, we conducted a comprehensive analy-
sis of their electronic properties. This included calculations

of the band structure, density of states, charge density differ-
ence, and Bader charge. Figure 5 illustrates the electronic band
structures and DOS for the compounds MoN3; and MoNy. The
band structures demonstrate that both materials possess bands
that cross the Fermi level, indicative of metallic properties. At
the Fermi level, the DOS is predominantly contributed by the
Mo-4d and N-2p orbitals.
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Fig. 5. Electronic band structures (left panel) and partial density of state
(right panel) for Mo,N;_, based on the analysis: (a) Imm2 phase of
MoN3, (b) Cmmm phase of MoNy.

Table 2. The simulated Bader charge of MoN3 and MoNy.

Mo N1 N2 N3 N4
MoN3 12.22 5.76 5.76 5.26
MoNy 12.43 5.49 5.29 5.25 5.54

Figure 6 presents the charge difference density for MoN3
and MoNy, with yellow indicating regions of charge accumu-
lation and blue denoting areas of charge depletion. The visual-
ization clearly shows an electron transfer from Mo to N atoms.
To quantify this transfer, Bader charge analysis was conducted
for both compounds, and the results are summarized in Ta-
ble 2. Taking into account the valence electrons of Mo, which
is 14, and N, which is 5, in the MoN3 unit cell, Mo atoms
lose a total of 3.14 electrons, which are acquired by N atoms.
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Similarly, in the MoNy4 unit cell, Mo atoms lose a total of 3.56
electrons, which are gained by N atoms.

i
NS AN/ S AN
® » X

Fig. 6. The calculated charge density: (a) Imm2 phase of MoNs,
(b) Cmmm phase of MoNy.
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Fig. 7. Phonon dispersion curves for (a) Imm2 phase of MoN3 and
(b) Cmmm phase of MoNy.

To determine the stability of MoN3; and MoNy, we cal-
culated their phonon dispersion curves and elastic constants.
Utilizing the finite displacement method, we obtained the
phonon dispersion curves for the Imm2-MoN3 and Cmmm-
MoNy structures, which are crucial for evaluating dynamic

stability. Figure 7 displays the phonon dispersion curves for
both MoNj3 and MoNy, with the notable absence of imaginary
frequencies across the entire Brillouin zone, thereby confirm-
ing the dynamic stability of both structures.

The mechanical stability of a crystal structure is deter-
mined by specific criteria that depend on the crystal system.
For the orthorhombic Imm2-MoN3 and Cmmm-MoNy struc-
tures, the elastic constants must meet the following conditions

to ensure mechanical stability:[64]

Ci1 >0, Cn>0, C33>0, Cy4 >0, Cs5 >0, Co6 >0, (2)

Ci=[C11+Cun+C33+2(Cra+Ci3 +Cx3)] >0, 3)
Cj=(Ci1+Cxn—2C1p) >0, 4
Ci = (C11+C33—2C13) > 0, 5
Cr = (C2+C33—2Cx3) > 0. (6)

The elastic constants for the Imm2-MoN3 and Cmmm-
MoNy structures were determined employing the strain—stress
method, with the findings presented in Table 3. The analysis of
these results demonstrates that both structures comply with the
necessary stability criteria, thereby validating their mechanical
stability.

Table 3 summarizes the elastic constants for several high-
hardness materials and nitrides.[>~7%1 The findings reveal that
Cmmm-MoN, possesses large elastic constants Cy1, Cr2, and
Cs3, which indicate a significant resistance to compression
along the axial direction. Particularly, the elastic constant Cy;
is 1437.2 GPa, which is comparable to the elastic constant of
¢-BN under 100 GPa pressure, approximately 1500 GPa.!”!]
At normal pressure, it is 779 GPa, ] suggesting an extremely
high incompressibility along the a-axis. According to the data
presented in Table 3, the B/G ratios for high-hardness mate-
rials such as diamond typically fall below 1.75, which is in-
dicative of their brittle nature. However, the computed B/G
ratio for Imm2-MoN3 is 2.38, suggesting ductile behavior. In
contrast, Cmmm-MoNy exhibits a B/G value of 1.57, which is
below 1.75 and situated between the values of WN (1.643)[68]
and AIN (1.1),19) thus classifying it as a brittle material. Con-
sequently, Cmmm-MoNy is likely to possess higher hardness.

The material’s high hardness is likely attributed to its high
bulk modulus, shear modulus, low Poisson’s ratio, and strong
covalent bonding. Utilizing the VRH approximation,[’? we
obtained the bulk modulus (B), shear modulus (G), Young’s
modulus (E), and Poisson’s ratio (v), where the three-
dimensional images of Imm2-MoN3; and Cmmm-MoNy are
shown in Figs. 8 and 9, respectively. Imm2-MoN3 and Cmmm-
MoNy exhibit anisotropic mechanical properties, with a higher
modulus in the [100]-[010] plane relative to the [001] direc-
tion. Imm2-MoN3 demonstrates the highest bulk modulus of
1195 GPa in the [100] direction. The bulk modulus of Cmmm-
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MoN, exhibits isotropy within the [100]-[010] plane, achiev-
ing a notably high value of 796 GPa, which underscores its sig-
nificant resistance to compression. In contrast, the bulk modu-
lus in the [001] direction is considerably lower, at 426 GPa.
Based on the data presented in Table 3, it is evident that
MoN, exhibits a higher Young’s modulus and shear modu-
lus in comparison to MoN3. The ranges of shear modulus and
Young’s modulus for Crmmm-MoNy are 351 GPa-586 GPa and
716 GPa—1353 GPa, respectively. The high Young’s modulus
in the [100]-[010] plane also indicates that it has a strong re-
sistance to tensile deformation within its elastic deformation
range, and the highest value of shear modulus in this plane cor-

responds to the lowest value of Young’s modulus. Poisson’s

ratio measures the expansion or contraction sideways that oc-
curs when a material is stretched or compressed.!”3! The Pois-
son’s ratio of Cmmm-MoNy is estimated to range from 0.22
to 0.40, with a big lateral expansion occurring at the angle
between the [100] and [001] directions. Meanwhile, Imm?2-
MoNj3 also demonstrates a relatively significant lateral expan-
sion in the [100] direction. The elastic constant results suggest
that Cmmm-MoNy have the potential to be a hard materials.
Consequently, we calculated their Vickers hardness. The for-

mula is as follows:[74]

H, (GPa) = 2(K>G)*% —3, (7

where K = G/B is Pugh’s modulus ratio.

Table 3. The elastic constants, bulk modulus B (GPa), shear modulus G (GPa), Young’s modulus E (GPa) and Poisson’s ratio v of MoN3, MoNy,

and other high-hardness materials or nitrides.

Pressure C11 Crn Cyq B G E \
MoN; 100 1309.4 1287.7 778.5 118.4 577.0 247.8 650.4 0.31
MoN, 100 1437.2 1208.5 930.7 351.4 610.3 396.0 976.8 0.23
Diamond® 0 1074.8 720.6 442 609.5 1048.5 0.1
¢-BN®) 0 779 446 370 384 856 0.12
Zb-BN(©) 0 812 462.9 389.7 401 890.4 0.11
NiAs-WN(@) 0 650.2 800.6 281.9 396 241 602 0.25
AIN®) 40 800.4 419.4 402.9 365.9 842.4 0.15
YNgf> 100 346.5 346.8() 162.3 55.0 115.9 70.9 176.7 0.25
Y,N(® 100 173.0 175.3® 164.4 —243.9 82.6 432 110.3 0.28

(@Ref. [65], ®)Ref. [66], ()Ref. [67], (DRef. [68], (IRef. [69], (IRef. [70].
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Fig. 8. (a) Bulk modulus, (b) shear modulus, (c¢) Young’s modulus and
(d) Poisson’s ratio of Imm2-MoN3in three dimensions.

At a pressure of 100 GPa, the Vickers hardness of Imm?2-
MoNj3 is measured at 15.7 GPa, whereas Cmmm-MoNy ex-
hibits a significantly higher hardness of 36.9 GPa, positioning
it within the realm of hard materials and nearing the thresh-
old for superhard materials. When compared to MoN3, MoNy
demonstrates a higher bulk modulus, shear modulus, and a
lower Poisson’s ratio, which underscores the importance of
these properties in determining material hardness. These me-

chanical properties contribute significantly to the material’s re-
sistance to deformation and its ability to withstand compres-
sive and tensile stresses, thereby influencing its overall hard-
ness and potential applications in various industrial sectors.
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Fig. 9. (a) Bulk modulus, (b) shear modulus, (c) Young’s modulus and
(d) Poisson’s ratio of Crmmm-MoNy in three dimensions.

4. Conclusion

The CALYPSO method was utilized to forecast the crys-
tal structures of molybdenum nitride (Mo,N;_,) under high-
pressure conditions, which led to the discovery of two new
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structures: Imm2-MoN3 and Cmmm-MoNy. The stability,
electronic properties, and hardness of these two structures
were studied using first-principles methods. Elastic constants
and phonon dispersion curves indicate that both structures are
mechanically and dynamically stable. The band structure and
density of states show that both structures exhibit metallic be-
havior, with the density of states at the Fermi level predomi-
nantly contributed by Mo-4d and N-2p orbitals. Crmmm-MoN4
demonstrates a higher bulk modulus and Young’s modulus,
signifying its strong resistance to compression and tensile de-
formation. The Vickers hardness calculation indicates that
Cmmm-MoNy possesses a hardness of 36.9 GPa, suggesting
its potential as a candidate for hard materials.
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