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Despite several decades of work on enhancing the hardness of transition metal nitrides (TMNs) for hard coating
applications, their experimentally measured Vickers hardness (Hy) has saturated around 30 GPa. We break this
saturation point by demonstrating a 43%-100% higher hardness in hexagonal WNg, MoNg and TaNg with Hy = 59,
52, and 43 GPa, respectively. For all 29 TMNs, we report the mechanical and vibrational properties of nitrogen
rich h-MNg compounds computed with density function-based theory. Only 8 h-MN, (VNgz, MnNg, CoNg, ZnNg,
MoNg, TaNg, WNg, and IrNg) are both mechanically and dynamically stable. Structurally, h-WNy consists of
armchair like hexagonal ring of covalently bonded nitrogen atoms which form short and strong bonds lead to
a high hardness. Band structure and Bader charge analyses indicate that h-WNy is a wide gap semi-conductor
and higher charge transfer from metal to nitrogen. In contrast, the softest hexa-nitride, h-ZnNg (Hy = 7 GPa)
is metallic and has occupied anti-bonding states along with a lower charge transferred. Cubic polymorphs have
lower hardness values of, for example, Hy = 14 GPa for c-WNg. This is attributed to fewer N-N covalent bonds

and a smaller charge transfer, illustrating the importance of both crystal structure and composition.

1. Introduction

Although diamond is the hardest known material hitherto, it has
some limitations. For example, when diamond is utilized to cut ferrous
metals such as steel, iron carbide is formed due to the chemical reaction
[1,2]. For such situations, other hard materials are sought after. Transi-
tion metal nitrides (TMNs) are considered as an alternative. The nitro-
gen atoms inside TMNs can form short, strong, and highly directional
covalent bonds causing high hardness [3,4]. Additionally, the transition
metals, which have a high density of valence electrons, contribute to
ultra-incompressibility of the material by resisting when squeezed [4].
Besides being hard and incompressible, TMNs have been studied by sci-
entific community for its outstanding mechanical property (high hard-
ness), chemical inertness, high melting point, high thermal conductivity,
and varying electrical resistivity from metal to non metal [5-15]. These
properties enable TMNs to become materials of sustained interest for
hard coating as well as semiconductor industries [16-20]. Many exper-
imentally synthesized TMNs have shown high hardness values, thereby
establishing their potential applications in hard coatings [7,16,21-27].

In the search of super-hard material (Vickers hardness, (Hv > 40 GPa
[28]), Kaner et al. [4] has highlighted that the search of super-hard ma-
terial could be achieved either by forming the short covalent bond be-
tween lighter elements such as nitrogen or by using the elements with
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high valence electron densities such as transition metals. In this con-
nection, theoretical and computational methods such as first principles
calculations have also been successfully used to investigate hardness of
various materials [7,29-31]. Several studies have predicted the super-
hard materials using density function theory (DFT) and beyond methods
[7,29-34]. Starting with the ideas presented by Kaner et al. [4,29,30],
we also have predicted a super-hard tungsten (W) nitride in the stoi-
chiometric ratio of 1:6 (WNg) which falls in hexagonal crystal structure
of space group R3m with hexagonal axes. In this study, we have utilized
DFT to calculate and compare mechanical properties of all the 29 TMNs
and discussed their stability. Also, we have tried to extract the answer
to the high hardness observed in some TMNs through the study of their
electronic behavior. We finally calculate and compare mechanical prop-
erties of cubic WNg (space group I'm3m referred to as c-WNg hereafter)
with h-WNg and show that not only stoichiometry, but crystal structure
is also important in determining hardness of a material.

Our investigation on mechanically and vibrationally stable hexago-
nal and cubic phases of MNg exposed the clue that super hardness is a
unique property of hexagonal phase. Crystal structure and the amount
of larger charge transfered from metal to nitrogen which can form a
stronger ionic bonding, along with the semi-conducting nature of a ma-
terial have significant role in the enhancement of hardness. Our calcu-
lated mechanical properties include lattice constants, elastic constants,
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Young’s modulus, shear modulus, bulk modulus, Poisson’s ratio, Pugh’s
ratio, and Vickers hardness. It also includes Debye temperature, forma-
tion energies and electronic properties. Only 8 h-MN¢ were found to be
both vibrationally and mechanically stable. We also compared mechan-
ical properties of super-hard compound with cubic structure of same
stoichiometric ratio to get an insight of possible explanation of super-
hardness seen in tungsten hexa-nitride. Out of 29 h-MNg, five of them
have showed some magnetic properties.

2. Computational methods

All the calculations were done by using Vienna Ab initio Simula-
tion Package (VASP) which performs calculations based on DFT [26,35-
44]. Perdew-Burke-Ernzerhof (PBE) functional within Generalized Gra-
dient Approximation (GGA) were used with Projector Augmented Wave
(PAW) method [35-38,45-48]. The VASP pseudopotentials with inner
electrons were considered for all 29 transitions metals where available,
whereas for nitrogen, N pseudopotential was considered [7,25,26,49—
51]. Kinetic energy cut-off for plane waves was set to 600 eV. The con-
vergence criteria for electronic and ionic iterations were set to 107> eV
and 0.01 eV/A, respectively [25,50], along with I'-centered k-mesh of
spacing 2z X 0.03 V! in the Brillouin zone [29,30]. The initial structure
for h-MNg was obtained from the theoretical work of Xia et al. [29],
whereas the initial structure for c-MNg was taken from Li et al. [30].

Atomic positions, cell shape, and cell volume were relaxed while
optimizing the geometry of the crystal structures. During the relax-
ation process, the presence of magnetic properties in the TMNs was also
gauged. After relaxation, formation energy per formula unit of MNg was
calculated as [7,38,52]:

Efom=E(MNg) — E(M)-3E(N,) 6]

Here, E(M Ny) is ground state energy of TMN, E(M) is ground state
energy of transition metal, and E(N,) is ground state energy of nitrogen
dimer in vacuo [53]. All ground state energies were obtained from full
relaxation of relevant unit cells.

Next, we obtained the elastic constant tensor, by calculating the Hes-
sian matrix, which is used for further calculation of other elastic prop-
erties of TMNs. During the calculation of Hessian matrix using finite
differences, the limiting strain of 0.015 V was utilized. We are unable to
calculate the exact stress-strain curve for any of the h-MNg compounds
due to the limits on computational resources. However, the exact stress-
strain curve has been calculated by Xia et al. [29] for h-WNg as a sample
where the shear stress of 48.6 GPa was the elastic limit with the strain
of 0.12. This compares to our result of 59 GPa. The crystal symmetry
of space group R3m with hexagonal axes of h-MNj entails five indepen-
dent elastic constants, (Cy;, C},, C3, C33, and C,4), whereas for cubic
crystal system of c-WNg in space group Im3m necessiates three (Cy,
C),, and Cyy) [7,29,30,54-56]. The Bulk modulus (B), and the shear
modulus (G) can be calculated by using fundamental elastic constants
as suggested by Voigt-Reuss-Hill approximation [56]. Pugh’s ratio (k),
Poisson’s ratio (v), and Young’s modulus (E) were also determined by
using the values of B and G as discussed in reference [7]. Finally, the
Vickers hardness (Hy,) is calculated by using the equation suggested by
Tian et al. [7,36-38,57-59], which is based on the macroscopic param-
eters, i.e., the bulk and shear moduli of materials. We have also cal-
culated the Debye temperature (6,) of the compounds using B and G
[7,25,52,58,60]. According to Deus and Schneider, Debye temperature
(6p) for the given material can also be estimated as:

Op=aH)/> 5" M7 + b o)

where a and b are linear fitting constants [25,61].

The relationship between hardness and electronic-structure was in-
vestigated by calculating electronic Local Density Of States (LDOS), Pro-
jected Density Of States (PDOS), and band structure [20,29,36]. Further
to study the phonon stability for these compounds, the phonon DOS
was computed by using Phonopy code, based on Density Functional
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Perturbation Theory (DPFT) [38,62]. The study of charge transfer from
metal to nitrogen was done with the help of Bader charge analysis [63—
66]. The Crystal Orbital Hamilton Population (COHP) was calculated
with the help of Local-Orbital Basis Suite Towards Electric-structure Re-
construction (LOBSTER) package which helps in the study of chemical
bonding between atoms [38,67-72].

3. Results and discussions
3.1. Structural, mechanical, and vibrational properties

The optimized crystal structure of h-MNg (space group: R3m) with
various interatomic distances is shown in Fig. la—c, where M atoms
are occupying 3b and N atoms are occupying 18h Wyckoff positions.
Fig. 1a, 1b and 1lc show the crystal structure in a-b, a-c and b-c
planes, respectively. Fig. 1a shows a single unit cell with hexagonal
ring formed by N atoms around a central M atom. Fig. 1b and ¢ show
layered structures in 2 x 2 X 2 supercells formed due to alternating M
atoms and nitrogen rings. We have also reported various interatomic
distances (Fig. 1a—c) in Table S1 that have been observed in h-MNg. In
all 29 h-MNg, N-N distances in the hexagonal rings vary from 1.34 Ato
1.46 A, except in CrNg where two alternating N-N distances of length
1.46 A and 1.41 A are observed. In addition to N-N distances, we have
come up with 7 unique interatomic distances that can be crucial in un-
derstanding the structure of h-MNg. In Fig. 1a, we observe that a central
M atom is encompassed by a nitrogen ring. However, from Fig. 1b and
¢, we conclude that the central M atom is actually surrounded by four
nitrogen rings, as the nitrogen rings do not lie in a single plane. We have
found that there are two nitrogen rings that are nearer and equidistant
from the central M atom and other two nitrogen rings are farther and
equidistant from that same central M atom. Fig. 1a shows one of the
nearer nitrogen rings as observed from a-b plane. In the nearer nitro-
gen rings, there are two alternating varying M-N distances. The shorter
distance is dubbed “p” and the longer distance “q”. Similarly, the other
two farther nitrogen rings have only one N atom nearer to the central M
atom (distance “r”). Likewise, in the layered structures (Fig. 1b and c),
there are two unique intermetallic distances (“s” and “t” in b-c plane,
and “u” and “v” in a-c plane) when observed from two different planes.
In 14 h-MNg, these four intermetallic distances are equal and the rest
15 h-MNg have varying values. This unique geometry is observed in all
29 h-MNg, however, these unique distances do not offer any clue to the
relationship with stability and hardness in the material. As discussed in
Section 1, the N-N bonds form a short and strong bond that enhances
hardness in a material. The iconic N rings in h-MNg provide directional
bonding that further strengthens hardness in the stable materials. As the
high hardness in h-WNg motivated this work, lets discuss its example of
the N-N bond length in hexagonal ring, which is 1.46 A and identical
to the bond length of N, pair found in PtN, that is supposed to sta-
bilize the crystal and improve its elastic moduli by forming the strong
covalent bond between the N, pair [73,74]. A type of material having
density of around 1900 kg/m? and bond dissociation energy around 80—
120 kJ/mol are called as high-energy-density (HEDM) materials [75].
Our calculated N-N bond length (1.46 A) for h-WN further suggests
that the N atoms in rings are singly bonded with bond energy of around
167 kJ/mol [30] and it has mass density of 8885 kg/m? indicating that
h-WN¢ may be taken as a new HEDM. Table S1 also reports coordina-
tion number in h-MNg, where we observe them in the numbers of 6, 10
or 12. In 3d-block, there is only one material with coordination number
12 (TiNg) and one other with 10 (CrNg), the rest are all 6. However, in
4d-block, there are two materials (MoNg and NbNg) with coordination
number 12 and in 5d-block, there are three materials (WNg, TaNg and
ReNg) with coordination number 12. We can correlate this increase in
the number of materials with a higher coordination number in higher
d-block elements with their increase in size as more and more ligands
are necessary to surround the central M atom.
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Fig. 1. MN; in hexagonal structures with vari-
ous interatomic distances ((a), (b) and (c)), and
cubic structure (d), drawn with the help of Vi-
sualization for Electronic and Structural Anal-
ysis (VESTA) [95].

Table 1

Lattice constants (a, ¢), formation energy (E orm) and elastic tensor (Cij) for both vibrationally and mechanically stable h-MNj.
Gr. M a(d cA) Cy; (GPa) C,, (GPa) Cy; (GPa) Cy3 (GPa) Cys (GPa) E o (V)
5 \% 5.26 7.67 464 173 132 254 84 3.28
7 Mn 5.13 7.31 582 157 130 319 126 4.67
9 Co 5.12 7.50 436 84 76 281 95 5.42
12 Zn 5.45 7.75 308 158 96 185 61 5.21
6 Mo 6.18 4.58 677, 551.4% 99, 68.2% 145, 114.1* 736, 625.0% 354, 312.2¢ 7.60
5 Ta 6.22 4.70 656 113 165 681 312 5.39
6 w 6.16, 5.69", 6.152°  4.57, 4.23", 4.562¢ 724, 662.1%, 941>  82,76.17, 135"  148,132.9%, 177" 814, 716.5%, 914> 389, 359.67, 441>  7.24
9 Ir 5.25 7.74 618 193 160 295 132 6.07

a Theoretical Ref. [29].
b Theoretical Ref. [30].
¢ Theoretical Ref. [32].

Table 1 and Supplementary Table S2 present the calculated values
of lattice constants (a and c), five independent elastic constants (C,;,
Ciy, Ci3, C3, and Cy), and E,,,, for h-MNg compounds. Table 1 lists
8 compounds that are both mechanically and dynamically stable, while
Supplementary Table S2 has unstable compounds (both mechanically
and dynamically unstable compounds, and mechanically stable but dy-
namically unstable compounds). Fig. 2a and b show volume and E,,,
vs group number, respectively, for all h-MNjg. For 3d block of elements,
both the volume and E,,,, does not have a clear trend and is more zig-
zag. However, both the volume and E,,,, show a parabolic relationship
with group number in all 3d, 4d and 5d block elements. This parabolicity
is due to the fact that the size of transition metals decrease from initial
to intermediate elements and start increasing thereafter [52]. The vol-
ume decreases at first and increases finally, whereas the opposite is true
for E/,,,,- The concave up parabola in E,,,, is due to the fact that when
the volume declines in the intermediate transition metals, electrons are
more squeezed which require higher energy for stabilization due to Pauli
exclusion principle. To determine the mechanical stability of h-MNg
structures, the following conditions in terms of elastic constants were
used [55,76]: Cy >0, Cy; > |Cyyl, and (Cyy +2C1,)Cs3 > 2C%. In our
study, we see that out of 29 h-MNg compounds, only 8 (FeNg, NiNg,
CuNg, TcNg RuNg, ReNg, OsNg, and HgNg) are mechanically unstable.
The calculated values of Bulk modulus (B), shear modulus (G), Young’s
modulus (E), Vickers hardness (Hy), Pugh’s ratio (k), Poisson’s ratio (v),
and Debye temperature (6,) for all mechanically stable compounds are

presented in Tables 2 and S3. All these lattice and elastic parameters
are predictive as there is no any experimental work available in h-MNg.
Also, our calculated values match with earlier theoretical work where
available like for h-WNg¢ [29,30,32].

The values of E,,,, (Tables 1 and S2) for all h-MNg are positive.
The high volume density of N-N bonds may result in these high for-
mation energies. However, these high positive values do not preclude
synthesis of these compounds. As observed for PtN, [73,77] high tem-
perature or pressure routes of synthesis are feasible and should be ex-
plored, which can be associated with the theoretically predicted high
pressure of 65 GPa necessary to form h-WN¢ by Xia et al. [29]. How-
ever, the formed material will only quench back to the ambient pressure
and considered stable only if it is both mechanically as well as thermally
stable [34]. For vibrationally stable materials, calculated phonon DOS
should not be below zero frequency. Out of 29 h-MNg compounds, we
found that only 8 of them are vibrationally stable. Supplementary Fig.
S1 shows the calculated phonon DOS in the order of increasing hardness
from top to bottom for compounds that are both vibrationally and me-
chanically stable and we observe no phonon DOS below zero frequency.
Supplementary Fig. S2 presents the phonon DOS calculations in the or-
der of their increasing hardness from top to bottom for all other me-
chanically stable compounds showing these materials do not have stable
phonon by displaying negative frequencies of phonon DOS. Thus, even
though these materials are mechanically stable, they are not thermally
stable. Similarly, Supplementary Fig. S3 represents the materials which
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Fig. 2. Volume, formation energy and charge transfer vs.
group number in all 3d, 4d and 5d h-MNg.
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Bulk modulus (B), shear modulus (G), Young’s modulus (E), Vickers hardness (H,), Pugh’s ratio (k), Poisson’s ratio (v), Debye
temperature (6,,), and charge transfer (q,,s) in units of elementary charge e, for both vibrationally and mechanically stable

h-MNg.
Gr. M B (GPa) G (GPa) E (GPa) H, (GPa) k v 0p (K)  Quans
5 v 217 108 277 11 0.50 0.29 875 1.78
7 Mn 247 158 390 20 0.64 024 1020 1.39
9 Co 177 129 311 20 0.73 021 908 1.11
12 Zn 158 68 179 7 0.43 0.31 673 1.24
6 Mo 318, 257.9% 311, 268.6° 703 52, 50.6° 098 013 1224 2.16
5 Ta 319 281 652 43 0.88 016 968 2.47
6 w 334, 302.7%, 419.5" 343, 315.7¢, 408.1" 767, 878.5" 59, 56.87, 62.2" 1.03 0.12 1051 2.43, 2.4°
9 Ir 266 156 391 18 059 025 733 1.26

@ Theoretical Ref. [29].
b Theoretical Ref. [30].
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are both mechanically and vibrationally unstable that also display neg-
ative phonon DOS frequencies. Hence, our investigation on mechanical
as well as vibrational stability revealed that only 8 h-MNg (VNg, MnNg,
CoNg, ZnNg, MoNg, TaNg, WNg, and IrNg) compounds (Table 1) are
both mechanically and vibrationally stable, whereas 13 h-MNg (ScNg,
TiNg, CrNg, YNg, ZrNg, NbNg, RhNg, PdNg, AgNg, CdNg, HfNg, PtNg,
and AuNg) compounds (Table S3) that are mechanically stable but vi-
brationally unstable.

As both mechanically and vibrationally stable materials are only
quenchable to ambient pressure, we want to focus our attention on
those 8 h-MNg only while discussing their Hy. In our study, we have
found that the calculated values of Hy for them range from the low-
est value of 7 GPa for ZnNg to highest value of 59 GPa for WN¢ with
MoNg (52 GPa) and TaNg (43 GPa) as other two hardest compounds
as presented in Table 2. Our value of Hy for WNg is little bit higher
than the values earlier reported by Xia et al. (57 GPa) and Quan Li
et al. (54 GPa). However, the difference in values are well within the
range expected with DFT methods [29,30]. Also, the Vickers hardness
for MoNg (52 GPa) is found close to the value reported by Xia et al.
(51 GPa) [29]. Based on our result, we may assert that h-WNg could
be one of the super-hard compounds after diamond and cubic boron ni-
tride (c-BN) for which the GGA-PBE results are ~94.1 GPa for diamond
and ~63.5 GPa for c-BN, respectively [57,78]. Similarly, some other the-
oretically reported values for hexagonal phase of tungsten nitride like
h-WN (24.9 GPa) [29] and h-WN, (36.6 GPa) [79] along with our calcu-
lated value of 59 GPa for h-WNy indicate that increasing N concentration
would enhance the hardness. It has been established that the elastic con-
stant C,, and hence G give an indication of material’s stability to oppose
shear strain [39,40,80] and higher value of C,4 leads to higher value of
G and hence higher value of Hy which is true in our study as well. Also,
the high values of G observed in h-WNg (343 GPa), h-MoNg (311 GPa),
and h-TaNg (281 GPa) indicates that these super-hard materials are sta-
ble against the shear deformations. According to Pugh, the material is
brittle if k > 0.57 and ductile if k < 0.57 [2,54,81,82]. Our investiga-
tion (Table 2) shows that except for h-VNg and h-ZnNg, all other vibra-
tionally and mechanically stable compounds including the super-hard h-
MNg are brittle in nature. Such exceptional properties including B and E
could make super-hard h-MNjg a possible candidate for the hard coating
applications.

Furthermore, the study of relationship between calculated values
of 6, using mechanical properties, and Hy for both mechanically
and vibrationally stable h-MNg compounds (Supplementary Fig. S4)
is in accordance with the prediction of Deus [61] and Miao et al.
[83] where they proposed that 6, and Hy are linearly related as de-
scribed by Eq. (2). We have calculated the fitting constants through
the linear plot shown in Supplementary Fig. S4, and predicted a and
b to be 4772.17 (GPa~'/2(kg/m*)"/*(g/mol)!/*K) and 217.46 (K) re-
spectively. Hence, our calculations indicate that 6, is normally high
for high Hy compounds and are always higher than 600 K for both
mechanically and vibrationally stable h-MNg compounds. According
to Lindemann [84], the melting temperature (7,,) of material is re-
lated linearly with 6, as: 8, = aT,/>M~1/2V=1/3 where V is volume
of the crystal and a is a constant. This infers the material with high
0p will have high T,, indicating that our predicted super-hard mate-
rials have high 7,, and such materials could have prolific industrial
use in high temperature applications where materials with high 7,, are
needed.

Table S4 lists magnetic moments of atomic orbitals found in only
5 h-MNg out of 29. In each unit cell, h-FeNg has the highest (4.767 up)
magnetic moment, whereas h-MnNg has the lowest (0.465 up). In all
M atoms, s- and p-orbitals have little to negligible contribution to the
total magnetic moment of the M atom compared to d-orbital. Similarly,
s-orbital has negligible contribution compared to p-orbital in N atoms.
Likewise, the total contribution to the magnetic moment of h-MNg due
to N atoms is negligible in comparison to M atoms except in h-ScNg,
where contribution due to N atoms is three times than due to M atoms.
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Interestingly, the magnetic moments are observed only in the h-MNg
where M atoms are from 3d block of transition metals. Out of five mag-
netic h-MNg, all the M atoms have ferromagnetic character whereas N
atoms in h-FeNg and h-VNg show anti-ferromagnetic character. Only
three (CoNg, MnNg and VNg) out of five magnetic h-MNg are both me-
chanically and dynamically stable.

3.2. Electronic properties

Hardness of a crystal can be related to the resistance to deformation
which is related to the nature of chemical bonds in the crystal [3,85].
The level of ionicity and covalency can be studied through the calcu-
lations of charge transfer from M to N ring in h-MNg compounds. Our
study of Bader charge transfer (qy,,s) on both mechanically and vibra-
tionally stable h-MNg in Table 2 shows that predicted super-hard com-
pounds have a higher value of charge transfer than the other less harder
compounds. Charge transfer vs group number observed in Fig. 2c is con-
sistent with the expectation that charge transfer decreases with increase
in group number in all 3d, 4d and 5d block elements. This can be corre-
lated with increase in the d-orbital occupation as we increase the group
number. Whenever d-count is less, M atoms may have more opportunity
to provide electrons to N atoms than in M atoms with higher d-count be-
cause higher d-count M atoms may tend to borrow electrons from the
outer valence s-orbital and form a filled d-orbital while forming bonds
with N atoms in h-MNg.

Our computed results of LDOS for all 29 h-MNg compounds are pre-
sented in Supplementary Figs. S5-S7. For both mechanically and vibra-
tionally stable h-MNg compounds, it is evident from Supplementary Fig.
S5 that for lower hardness material, there is higher number of metallic
DOS at or below Fermi level than that for super-hard compounds. As
hardness increases, the population of metallic DOS (red line) shifts to-
wards right and for super-hard compounds population of nitrogen DOS
(blue line) is higher than population of metallic DOS at or below the
Fermi level. This trend of LDOS is also true for only mechanically sta-
ble h-MNg compounds as shown in Supplementary Fig. S7. Also, a band
gap is observed in h-MoNg and h-WNg by not having the population
of LDOS continuing through the Fermi energy. In contrast to the least
mechanically stable compounds, the population of metallic DOS is al-
ways higher than the nitrogen DOS at Fermi level for both vibrationally
and mechanically unstable compounds (Supplementary Fig. S7). For the
least mechanically stable compounds, we observe that the LDOS below
Fermi level becomes more continuous with increasing hardness as in
Supplementary Figs. S5 and S6. However, for unstable compounds LDOS
is highly fragmented (Supplementary Fig. S7).

To study the bonding and anti-bonding nature of metal and nitrogen
atoms, we performed -pCOHP calculations for all 29 h-MNg compounds
and results are shown in Supplementary Figs. S8-S10. The Fermi level
is set to zero for all these figures. In these plots, the bonding is repre-
sented by the positive and anti-bonding is represented by -pCOHP pop-
ulation below the Fermi level. In deep down below the Fermi level all
M-N (green line), N-N (blue line), and total (purple line) -pCOHP shows
the bonding nature for both vibrationally and mechanically stable com-
pounds. Near the Fermi level, M-N and total -pCOHP of the super-hard
compounds are in bonding state and N-N are in anti-bonding state. Di-
rect comparison of LDOS and -pCOHP of hardest compound (h-WNp)
and softest compound (h-ZnNg) are depicted in Fig. 3. It can be inferred
from Fig. 3 (upper panel) that h-WNg has lower population of metal-
lic DOS below Fermi energy compared with h-ZnNg. Also, the COHP
comparison (Fig. 3, lower panel) shows that W-N bonding is strong for
h-WNg¢ from about -5 eV to the Fermi level, however, anti-bonding of
Zn-N interaction exist in case of h-ZnNg. This could be an indication of
stronger ionic bonding that leads to higher hardness in h-WNg than in
h-ZnNg as verified by the higher value of q;,,, for h-WNg presented in
Table 2.

We have calculated the electronic band structure for all 29 h-MNg
compounds using GGA functional and results are shown in Supplemen-
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Fig. 3. Comparison of LDOS and -pCOHP
for both vibrationally and mechanically stable
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Fig. 4. Band gap energy vs hardness for both vibrationally and mechanically
stable h-MNg showing super hard compounds have very high band gap.

tary Figs. S11-S13. Our calculated values of band gap for both vibra-
tionally and mechanically stable h-MNg shows that h-WNg and h-MoNg
possess high band gap energies of 2.94 eV and 2.81 eV, respectively,
all others have zero band gaps. As we have calculated our band gap us-
ing GGA functional, the true band gaps may be even higher than this
because GGA functional tends to underestimate the band gap [48].This
result can be observed in Fig. 4 and it agrees with Yongjun et al. [57] and
Gao et al. [3] where they have suggested that the hardness of a polar
crystal is proportional to it band gap. Hence, it is concluded that ex-

cept two super-hard compounds, all other possess metallic character and
studies showed that increase in metallic character decreases material’s
hardness [86,87]. We calculated the partial density of states (PDOS) for
the hardest compound h-WNg, and the result is shown in Fig. 5 along
with the calculated electronic band structure. It shows that Wy and N,
states are hybridized, and they could form strong bonding between M
and N thereby leading the higher hardness as observed in h-WNg.

3.3. Comparison with c-WNg structure

We studied the c-WNj structure in space group I'm3m to see the effect
of crystal structure on predicted hardness over the same stoichiometric
ratio of M and N. The crystal structure of c-MNg (in our case M = W) is
shown in Fig. 1d where W atoms occupy 2a Wyckoff positions, whereas
N atoms occupy 12e Wyckoff positions. The cubic structure does not
have a ring like structure of N atoms and every N atom has an end-to-
end connection with one M atom and one N atom. Similarly, every M
atom has 6 nearest neighbor N atoms thereby forming an octahedral
coordination. For c-WNg, the calculated value for bond length of M and
N atoms is 2.02 A and the bond length for N atoms is 1.61 A with density
6311 kg/m3. The N-N covalent single bond is supposed to provide extra
hardness observed in h-WNg compound [29] compared to c-WNg and
it is similar to the results observed in case of transition metal boride
[88-91].

We checked the phonon stability for c-WNg and found that it is vi-
brationally stable. The result is shown in Supplementary Fig. S14 where
the phonon DOS of h-WNg is compared with the phonon DOS of c-WNg.
The phonon DOS for c-WNjg has less number of peaks found upto 20 THz
whereas for h-WNg, the number of peaks are higher present upto 30 THz.
This suggests that h-WNg can be harder than c-WNg as it can withstand
higher vibrational frequencies than the latter. Similarly, the calculated
values of elastic constants (C;;, C},, and C,,) were subjected to the
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Fig. 5. Electronic band structure and PDOS for
h-WNg per formula unit. The Fermi level is set
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mechanical stability conditions [92,93]: C;; > C},, C;; +2C;, > 0, and
C,4 > 0. These conditions are found to be satisfied by our calculated
values of elastic constants and hence c-WN is also mechanically stable.
Thus, as c-WN6 is both vibrationally and mechanically stable, it can be
quenched back to ambient pressure from HPTP conditions of synthesiz-
ability [30]. The calculated values of elastic constant (a), B, G, E, Hy,
Kk, v, Eform> 0p and Qians are presented in Supplementary Table S5. Our
values match closely with earlier theoretical work [30]. As predicted
earlier in this paragraph, the calculated value for Hy, (14 GPa) for c-WNj
is significantly less than the value predicted for h-WNjg. This indicates
that the hardness does not only depend on the stoichiometric ratio as
discussed earlier but also depends on the crystal structure. This discrep-
ancy in the hardness between two phases can also be attributed to the
lower charge transferred in c-WNg (1.91e) than in h-WNg (2.43e). We
also calculated the LDOS of c-WNg and compared it with the LDOS of
h-WNg (hardest compound) and h-ZnNg (softest compound). This result
is presented in Supplementary Fig. S15 and it shows that c-WNg, like
other softer materials discussed earlier, has more population of metal-
lic DOS below the Fermi level. Moreover, the band structure plot along
with PDOS (Supplementary Fig. S16) compared with the softest mate-
rial (h-ZnNg) shows the metallic nature of c-WNg and hybridization of
Wy and N, orbitals that might contribute to the hard behavior of these
materials.

4. Conclusion

In summary, we studied 29 nitrogen rich transition metal nitrides
MNg using DFT based first principles calculations. Of these, only 8 (VNg,
MnNg, CoNg, ZnNg, MoNg, TaNg, WNg, and IrNg) of them are found to
be both mechanically and dynamically stable. The calculation of elastic
properties of these h-MNg showed that the softest compound has Vickers
hardness of 7 GPa (h-ZnNg) and hardest compound has 59 GPa (h-WNg).
The predicted excellent values of Vickers hardness in 3 compounds h-
WNg (59 GPa), h-MoNg (52 GPa), and h-TaNg (43 GPa) indicate that
these materials could have the potential to serve as super-hard mate-
rials. The estimated value of band gap energy for h-MoNg (2.81 eV)
and h-WNg (2.94 eV) shows their semiconducting nature. We compared
h-WNg to ¢-WNj to see the effect of crystal structure on hardness keep-
ing the stoichiometric ratio of M to N same. This study concludes that
c-WNg is softer material and achieving high hardness is unique to the
hexagonal phase only (due to higher number of covalently bonded 6 ni-
trogen atoms that form hexagonal rings). Also, the investigation of Bader

PDOS (states/eV/atom)

charge analysis reveals that charge transfer in h-WNg (2.43e) is higher
than that of c-WNjg (1.91e) pointing ionic bonding in h-WNg is stronger.
Finally, h-WNg has more vibrational frequency than c-WNg causing it to
be harder. Kaner’s [4] idea that higher metallic bonds may lead to lower
hardness is consistent with our result seen in Supplementary Fig. S15,
where h-ZnNg and c-WNg both have higher metallic density of states
below Fermi energy and they have lower hardness than h-WNg.
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