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A B S T R A C T   

We have studied all 29 transition metal nitrides (TMNs) of stoichiometric ratio 1:6 (M:N) in cubic structure 
(space group: Im3m) using density functional theory-based calculations. Our calculations include computations 
of structural, mechanical, vibrational, magnetic, energetic, thermal, and electronic properties. Our calculations 
indicate that only 5 MN6 compounds are both vibrationally and mechanically stable. Out of them, the hardest 
compound CrN6 has Vickers hardness of 16 GPa. Higher hardness is directly proportional to higher mass density 
of the MN6, whereas inversely proportional to M-M and M − N bond lengths. The band structure analysis shows 
that all the mechanically stable compounds except HgN6 are metallic in nature. The study of magnetic properties 
reveals that only 8 of MN6 have magnetic moment.   

1. Introduction 

Transition metal nitrides (TMNs) are being studied extensively for 
their outstanding mechanical properties, high hardness, chemical 
inertness, high melting point, high thermal conductivity, and varying 
electrical conductivity [1–10]. The measured values of hardness of many 
experimentally synthesized TMNs have revealed their potential appli
cations in hard coatings [11–13]. Thus, these properties have enabled 
TMNs to become a material of growing interest for hard coating as well 
as semiconductor industries [11,14,15]. Besides experimental methods, 
theoretical and computational methods, such as first principles calcu
lations, are now being used by many research groups to investigate the 
material properties [16–18]. The results obtained from those calcula
tions are found to be in good agreement with the experimental data. 
Thus, such calculations help researchers to predict the stability and 
other novel properties of TMNs. 

Various stoichiometric ratios of metal (M) and N have been proposed 
and studied for predicting higher hardness in TMNs [19–24]. Recently, 
Xia et al. [25] have proposed a machine learning algorithm of crystal 
structure search utilizing the first principles-based calculations that has 
been used to search for stable super-hard (Vickers hardness, (HV) > 40 
GPa [26]) TMN compounds. In their study, they have predicted a 
super-hard tungsten (W) nitride in the stoichiometric ratio of 1:6 (WN6) 
which falls in hexagonal crystal structure of space group R3m with 

hexagonal axes which has HV around 57 GPa. Li et al. [27] also have 
found nearly identical properties (average HV = 54 GPa) for the same 
WN6 in hexagonal crystal structure using intelligence-based Crystal 
Structure AnaLYsis by the Particle Swarm Optimization (CALYPSO) al
gorithm. Due to this motivation, besides hexagonal WN6, we recently 
expanded the study in MN6 for all 29 TMNs in the same hexagonal 
structure [28]. Besides hexagonal structure, Li et al. [27] also discovered 
the cubic structure (space group: Im3m) of WN6 while utilizing 
CALYPSO algorithm; this cubic phase MN6 will be called MN6 hereafter. 
The hardness for such WN6 has been proposed to be either 42.9 GPa 
calculated from a semi-empirical model [24,27], or 10.1 GPa computed 
from a theoretical model related to elasticity [20,27]. Motivated by all 
these works, besides WN6, a holistic study of hardness and the reasons 
behind causing such hardness for all 29 TMN of stoichiometric ratio 1:6 
(M:N) in cubic structure is necessary. 

In this work, we have predicted the structural, vibrational, energetic, 
mechanical, thermal, electronic, and magnetic properties for nitrogen 
rich cubic phase of 29 TMN compounds of stoichiometric ratio 1:6 (M:N) 
by utilizing density functional theory (DFT). We have used an improved 
methodology in the calculation of Vickers hardness given by Tian et al. 
[29] as compared to the two varying low level theories [20,24] used 
earlier by Li et al. [27]. Our study reveals that only 5 MN6 compounds 
are both mechanically and vibrationally stable. Out of those compounds, 
the softest compound (HfN6) has Vickers Hardness (HV) of 6 GPa, 
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whereas the hardest compound (CrN6) has HV of 16 GPa. In each row, 
the group 6 MN6 compounds possess the highest hardness owing to the 
half-filled d-orbitals of transition metals. All the compounds which are 
mechanically stable except HgN6 are metallic in nature. Out of the 8 
compounds that show magnetic properties, only one of them (TcN6) is 
both vibrationally and mechanically stable with 0.726 μB magnetic 
moment in unit cell. 

2. Computational methods 

Vienna Ab initio Simulation Package (VASP) is utilized for all the 
Density Functional Theory based calculations [30–40]. The electron 
density is approximated by using the Perdew-Burke-Ernzerhof (PBE) 
functional within Generalized Gradient Approximation (GGA) where the 
Projector Augmented Wave (PAW) method is implemented [36–44]. 
VASP pseudopotentials with the inner core electrons for all 29-transition 
metals where available, and N for nitrogen are considered [8,45–48]. 
The plane wave of cut off energy of 600 eV and gamma centered k-points 
grid of density 9 × 9 × 9 are used for relaxation. Electronic and ionic 
convergence criteria are 10− 6 eV and 0.01 eV/Å respectively with 
Gaussian smearing of width 0.1 eV [41,45,48]. The initial structure of 
MN6 is taken from the work of Li et al. [27]. 

Formation energy per formula unit of MxNy, where x and y are 
positive integers corresponding to relevant TMN, is calculated as: 

Ef =E
(
MxNy

)
− xE(M) − yE(N2)

/
2 (1)  

where, E(MxNy) , E(M), and E(N2) are the ground state energies of TMN, 
transition metal, and nitrogen dimer in vacuo [8]. All ground state en
ergies were obtained from full relaxation of relevant unit cells of TMN 
(space group: Im3m), transition metals with lowest Ef as obtained from 
Materials Project [49], and a nitrogen dimer placed in a large cubic cell 
of length 10 Å. Further, study on the thermodynamic stability of our 
hardest compound CrN6 was done by comparing the Ef of different 
nitride phases of chromium, such as CrN (space group: P6m2), Cr2N 
(space group: P31m), and CrN2 (space group: Pnnm). 

To study the mechanical properties, we have calculated the Hessian 
matrix using finite differences. The limiting strain of 0.015 Å was uti
lized in the process of calculating the stress-strain relationship. Elastic 
moduli are calculated by using the following set of equations involving 
components of stiffness (Cij) and compliance (Sij) tensors as suggested by 
Voigt-Reuss-Hill approximations [50–52]. Subscripts V and R respec
tively denote Voigt and Reuss approximations for bulk modulus (B) and 
shear modulus (G). 

BV = [(C11 +C22 +C33)+ 2(C12 +C23 +C31)] / 9 (2)  

GV = [(C11 +C22 +C33) − (C12 +C23 +C31)+ 3(C44 +C55 +C66)] / 15 (3)  

BR = [(S11 + S22 + S33) + 2(S12 + S23 + S31)]
− 1 (4)  

GR = 15[4(S11 + S22 + S33) − 4(S12 + S23 + S31) + 3(S44 + S55 + S66)]
− 1 (5)  

B=(BV +BR) / 2 and G=(GV +GR) / 2 (6) 

Based on the values of B, G, and Pugh’s ratio (k = G /B), the Vickers 
hardness is calculated using equation suggested by Tian et al. [36–38, 
53–55] as: 

HV = 0.92k1.137G0.708 (7) 

The values of B and G also enables to calculate Poisson’s ratio, ν =

(3 − 2k)/(6 + 2k), (8) 

and Young’s modulus,E= 9G\ / (3+ k) (9) 

According to Deus and Schneider, Debye temperature (θD) may be 
estimated as: 

θD = aH1/2
V ρ− 1/6M− 1/3 + b (10)  

where, a and b are linear fitting constants, M is molecular weight, and ρ 
is mass density of the material [45,56]. Debye temperature for material 
having n atoms in unit cell may be related to transverse (vt =

̅̅̅̅̅̅̅̅̅
G/ρ

√
) and 

longitudinal (vl =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(3B + 4G)/ 3ρ

√
) component of speed of sound as 

[45,54,57]: 

θD =
h
kB

[
3n
4π

(
ρNA

M

)]1/3[1
3

(
2
v3

t
+

1
v3

l

)]− 1/3

(11)  

where, h is Plank’s constant, kB is Boltzmann’s constant, and NA is 
Avogadro’s number. 

Electronic properties are studied from electronic Local Density Of 
States (LDOS) and band structure [58]. Phonon Density Of States (DOS) 
are calculated to check the vibrational stability and Crystal Orbital 
Hamilton Population (COHP) for the bonding relationship between the 
atoms in the compound [23,36,59–63]. Bader charge analysis is 
employed for the calculation of charge transfer (Qt) from metal to ni
trogen [64–67]. 

3. Result and discussion 

3.1. Structural and vibrational properties 

The crystal structure of MN6 (space group Im3m) prepared with the 
help of Visualization for Electronic and Structural Analysis (VESTA) 
[68] is shown in Fig. 1. This structure has octahedral geometry with 
Wyckoff positions of M and N at 2a (0.0, 0.0, 0.0) and 12e (0.108, 0.500, 
0.500) respectively. For all 29 TMNs, the calculated value of ρ of com
pounds varies from 2158 kg/m3 to 6510 kg/m3 shown in Table 1, and 
N–N bond length varies from 1.117 Å to 1.168 Å shown in Table 2. Also, 
from Tables 1 and 2, we can observe the higher hardness is attributed to 
higher densities for 3d, 4d and 5d compounds, however, it is unclear to 
see the relationship of hardness to the N–N bond length (Supplementary 
Fig. S1 (a)). Supplementary Fig. S1 (b) and S1 (c) show that for harder 
materials, M − N and M-M bond lengths are less than that for softer 
materials. Table 1 displays the calculated values of Ef for all 29 MN6 
where only 8 of them are negative, remaining all are positive indicating 
that most of the MN6 materials can be prepared by endothermic 

Fig. 1. Cubic MN6 structure prepared by using VESTA [68]. Crystallographic 
directions are given by a, b, and c. 
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chemical reaction. The Ef of the hardest material CrN6 in our study is +
0.07 eV/atom. We have tried to further understand its relative form
ability by calculating the Ef of different nitride phases of chromium such 
as CrN (Ef = − 0.54eV/atom), Cr2N (Ef = − 0.41 eV/atom), and CrN2 
(Ef = − 0.07 eV/atom). Hence, we can observe that CrN is the most 

thermodynamically stable among these four compounds. It can be 
concluded that during the synthesis of CrN6, CrN will form first followed 
by Cr2N and then CrN2 leading to CrN6. The synthesis of such materials 
can be possible with high pressure and temperature environment as it 
can be seen in the synthesis of PtN by Gregoryanz et al. [69] and PtN2 by 
Jonathan C. Crowhurst et al. [70] where the high pressure of 50 GPa and 

Table 1 
Lattice constant (a), elastic constants (C11, C12 and C44), charge transfer from metal to nitrogen (Qt) in units of elementary charge e, formation energy (Ef ) per atom, 
mass density (ρ), mechanical stability, and total magnetic moment (Mag.), per transition metal atom, in Bohr magneton (μB) of all MN6 compounds. “S” and “U” 
respectively denote the mechanically stable and unstable compounds.  

Group No. M a (Å) C11 (GPa) C12 (GPa) C44 (GPa) Qt (e) Ef (eV) ρ kg/m3 Mechanical Stability Mag. (μB) 

3 Sc 5.612 241 46 28 1.75 − 0.10 2423 S 0 
4 Ti 5.364 271 75 45 1.71 − 0.06 2837 S 0 
5 V 5.216 408 39 67 1.73 − 0.01 3158 S 0 
6 Cr 5.143 437 30 71 1.49 0.06 3320 S 0 
7 Mn 5.200 256 68 60 1.35 0.16 3284 S 0 
8 Fe 5.340 169 77 48 1.08 0.21 3050 S 0 
9 Co 5.490 69 26 36 1.00 0.24 2868 S − 1.540 
10 Ni 5.656 92 64 32 0.68 0.23 2619 S 0 
11 Cu 5.724 94 50 24 0.94 0.25 2613 S 0.046 
12 Zn 5.528 167 68 29 1.31 0.30 2936 S 0 
3 Y 5.866 240 39 21 1.98 − 0.11 2845 S 0 
4 Zr 5.596 292 72 34 2.06 − 0.10 3320 S 0 
5 Nb 5.406 444 43 56 1.97 − 0.05 3718 S 0 
6 Mo 5.308 495 33 62 1.71 0.02 3996 S 0 
7 Tc 5.239 505 36 53 1.61 0.15 4204 S − 0.051 
8 Ru 5.509 57 91 38 1.11 0.30 3675 U 0 
9 Rh 5.907 45 74 26 0.69 0.27 3011 U 0.989 
10 Pd 5.459 195 116 16 0.67 0.57 3887 S 0 
11 Ag 6.243 69 33 14 0.76 0.23 2618 S 0.027 
12 Cd 6.711 86 0 4 0.15 0.30 2158 S 0 
4 Hf 5.515 357 72 38 2.12 − 0.08 5196 S 0 
5 Ta 5.367 512 51 60 2.15 − 0.03 5690 S 0 
6 W 5.274 5.19a 585 687a 36 40a 67 50a 1.94 0.06 6062 S 0 
7 Re 5.226 621 42 51 1.64 0.18 6288 S − 0.037 
8 Os 5.191 573 36 50 1.66 0.36 6510 S 0 
9 Ir 5.191 − 33 113 26 0.82 0.43 4683 U 1.140 
10 Pt 6.097 25 74 18 0.41 0.35 4089 U 0 
11 Au 6.497 25 6 7 0.04 0.34 3402 S 0.455 
12 Hg 7.029 75 11 8 0.06 0.15 2721 S 0  

a Theoretical Ref. [27]. 

Table 2 
Bulk modulus (B), shear modulus (G), Young’s modulus (E), Vickers hardness (HV), Pugh’s ratio (k), Poisson’s ratio (ν), Debye temperature (θD), and N–N bond length 
for mechanically stable MN6 compounds.  

Group No. M B (GPa) G (GPa) E (GPa) HV (GPa) k ν θD (K) N–N bond length (Å) 

3 Sc 111 47 125 5 0.43 0.31 633 1.152 
4 Ti 140 62 162 7 0.44 0.31 698 1.154 
5 V 162 102 253 14 0.63 0.24 867 1.153 
6 Cr 166 110 270 16 0.66 0.23 889 1.149 
7 Mn 131 72 182 10 0.55 0.27 718 1.149 
8 Fe 108 47 124 6 0.44 0.31 591 1.144 
9 Co 40 29 71 7 0.73 0.21 461 1.138 
10 Ni 73 23 62 2 0.31 0.36 423 1.132 
11 Cu 65 23 62 3 0.36 0.34 419 1.137 
12 Zn 101 36 96 4 0.36 0.34 510 1.152 
3 Y 106 42 111 4 0.39 0.33 525 1.154 
4 Zr 145 56 148 5 0.38 0.33 589 1.159 
5 Nb 177 96 244 12 0.54 0.27 751 1.159 
6 Mo 187 109 273 14 0.58 0.26 783 1.153 
7 Tc 192 101 258 12 0.53 0.28 748 1.157 
10 Pd 142 23 66 1 0.16 0.42 365 1.127 
11 Ag 45 15 42 2 0.34 0.35 314 1.135 
12 Cd 29 13 34 2 0.45 0.30 292 1.117 
4 Hf 167 67 177 6 0.40 0.32 522 1.163 
5 Ta 205 107 273 12 0.52 0.28 645 1.164 
6 W 219 255.7a 123 117.3a 311 682.7a 14 10.1a 0.56 0.26 681 1.161 
7 Re 235 111 288 11 0.47 0.30 645 1.162 
8 Os 215 106 273 11 0.49 0.29 621 1.168 
11 Au 12 8 20 2 0.64 0.24 187 1.120 
12 Hg 32 15 38 2 0.45 0.30 263 1.148  

a Theroretical Ref. [27]. 
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temperature of 2000 K were used. The synthesized material was stable 
even at ambient conditions. We have studied the volume of each unit cell 
(V) and their Ef with the group numbers as shown in Fig. 2(a) and (c). Ef 

starts from the negative value and increases with group number, attains 
the maximum, and then decreases (see Fig. 2(a)). However, the volume 
decreases with group number and reaches its minimum and then in
creases with group number (see Fig. 2(c)). This variation of volume with 
group numbers could be due to the size of transition metals decreases 
from initial to intermediate elements and starts increasing thereafter 
[71]. 

We have computed the vibrational properties of a crystal via phonon 
frequency calculations as it provides the basis for thermal stability of the 
crystal in conjunction with mechanical stability. The results for phonon 
frequency calculation are shown in Fig. 3 where we can observe only 5 
compounds (HfN6, TcN6, MoN6, WN6, and CrN6) do not have phonon 
DOS in the imaginary phonon frequency region indicating them as 
vibrationally stable materials. We also observe a gap of around 30–40 
THz in frequency of these stable materials above around 20 THz. This 
gap can help these materials to be used also as sound filters and mirrors 
as any frequency within the gap will not traverse in the material and 
thus gets reflected from its surface [72]. The phonon frequency calcu
lation for only mechanically stable and thermally unstable materials is 
shown in Supplementary Figs. S2–1 and that for both mechanically and 
vibrationally unstable materials are shown in Supplementary Figs. S2–2. 
These figures indicate all other materials as vibrationally unstable which 
is confirmed by the presence of phonon DOS in the imaginary frequency 
region. Besides this, we do not observe any special trend in the only 
mechanically stable materials as shown in Supplementary Figs. S2–1. 
However, some gap, similar to the vibrationally stable case in Fig. 3, is 
observed in the case of mechanically unstable materials as well, as 
shown in Supplementary Figs. S2–2. 

3.2. Mechanical and magnetic properties 

To predict the values of B, G, and HV , we used equations (2)–(7). 
Components of elastic compliance tensor (Sij) were obtained by taking 
the inverse matrix of elastic stiffness tensor (Cij) obtained from VASP 
calculation. Table (1) shows the calculated value of lattice constant (a) 
and three independent elastic constants (C11, C12, and C44) for all 29 
MN6 compounds. These calculated values of elastic constants were used 
to predict the mechanical stability of materials given by the following 
sets of equations as [73,74]: 

C11 >C12,C11 + 2C12 > 0, and C44 > 0 (12) 

All the MN6 materials that satisfy the conditions described by 
equation (12) are mechanically stable. Our results of calculations of 
elastic moduli for such mechanically stable compounds are presented in 
Table (2). It shows the calculated hardness values first increases and 
attains the maximum value (16 GPa for 3d, 14 GPa for 4d, and 14 GPa 
for 5d compounds) and then decreases. The maximum HV is observed at 
group 6 compounds for all materials, which could be due to the exact 
filling of half of the d-orbitals in these group 6 compounds. The earlier 
available theoretically calculated elastic properties and lattice constant 
by Li et al. [27], closely matched with our calculated values for cubic 
WN6 except for our predicted value of E (311 GPa) with the reported 
value of 682.7 GPa. To explain this difference, we used the reported 
values of C11, C12, and C44 by Li et al. in equation (9) and re-calculated E. 
We found the newly calculated value of E is around 305.6 GPa and this is 
close to our result. We also studied the variation of G, k, HV, and B with 
group number; the result is shown in Fig. 4. It shows G, HV , and B varies 
parabolically with group number whereas for k, the pattern is parabolic 
at first but after group 8, it is zig-jag in nature for all mechanically stable 
MN6 compounds. It is also observed that all vibrationally stable 

Fig. 2. The variation of Ef , Qt , and V with group number for all 
MN6 compounds. 

Fig. 3. Comparison of phonon DOS for both mechanically and vibrationally 
stable MN6 compounds in the order of increasing hardness from top to bottom. 
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compounds are mechanically stable as well indicating that only these 
materials are quenchable to ambient pressure. Since the elastic constant 
C44 and G may be related to the material’s ability against shear de
formations [34,35,75], we studied the variation of B, G, E, and HV with 
C44 and the result is shown in Fig. 5 for all mechanically stable MN6. For 
4d- and 5d-compounds, all elastic moduli are found to be increasing for 
increasing values of C44 while for 3d-compounds this is true only after 
C44 > 50 GPa. However, among all mechanically stable MN6, the overall 
trend of HV is increasing with increasing values of C44. The calculated 
values of k determines whether the material is ductile (k ≤ 0.57) or 
brittle (k > 0.57) [51,76–78]. Our study shows that most of the me
chanically stable MN6 materials are ductile in nature and is presented in 
Table 2. 

Table 2 also presents the calculated values of θD for all mechanically 
stable MN6 compounds by using equation (11). Since equation (9) relies 
on vt and vl which are indeed calculated from B and G, the predicted 
values of θD in this way purely depends on the mechanical properties 
only. We studied the relationship of predicted θD and HV by comparing 
the linear fit of equation (10) against calculated θD as shown in Fig. 6. 
Fig. 6 shows that the materials with θD less than 500 K are scattered 
more from the fitted line and most of these materials have hardness less 
than 10 GPa. In contrast, the materials with θD higher than 500 K and 
higher hardness are less scattered. Thus, the material with higher θD 
agrees with the estimate of Deus [56] and Miao et al. [79] where they 

have predicted that θD and HV have linear relationship as described by 
equation (10). In our study the predicted values of fitting constants a and 
b are found to be 5452.08 (GPa− 1/2(kg/m3)

1/6
(g/mol)1/3K) and 63.44 

(K) respectively. 
Our calculations for magnetic moment of atomic orbitals are pre

sented in Table S1. Out of all 29 TMNs, only 8 have shown the presence 
of magnetism and only one (TcN6) is both vibrationally and mechani
cally stable with magnetic moment 0.726 μB in unit cell. TcN6, CoN6 and 
ReN6, are showing ferrimagnetic character. The remaining 5 MN6 show 
ferromagnetic behavior. Out of the total contribution to the magnetic 
moment in all 8 MN6, the contribution in M atoms can be observed being 
dominated from d-orbital compared to s- and p-orbitals except in AuN6 
where s-orbital is dominant compared to p- and d-orbitals. Similarly, the 
magnetic moment in N atoms is contributed mainly from p-orbital 
compared to s-orbital. 

3.3. Electronic properties 

The study of charge transfer enables us to know the nature of 
bonding which may be related to the mechanical properties [80]. For all 
29 MN6, we performed the Bader charge analysis and the result of charge 
transfer (Qt) from M to N is presented in Table 1. The study of Qt with 
group number as presented in Fig. 2b shows a decrement in charge 
transfer for higher group numbers for all 3d, 4d, and 5d row elements 

Fig. 4. The variation of G, k, HV , and B with group number for mechanically 
stable MN6 compounds. 

Fig. 5. Variation of B, G, E, and HV with C44 for mechanically stable 
MN6 compounds. 
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except for 3d elements there is little rise in Qt after group 11. This 
decrement could be due to the filling of d-orbital as we move right in the 
period. Whenever d-count is more, M atoms may have less opportunity 
to provide electrons to N atoms than in M atoms with lower d-count 
because lower d-count M atoms are not able to fill their d-states 
completely in turn lending electrons to N atoms in MN6. Also, for MN6 
up to group 8 of all blocks, the charge transfer value is more than 1 e that 
confirms the electrovalent nature of the bonds in them, whereas for MN6 
above group 8 has charge transfer value less than 1 e determining the 
electrovalent nature of bonds, except for the last member of 3-d block 
(ZnN6). Table S2 presents the values of electronegativity (χ) of transition 
metals taken from Ref. [81]. The values of charge transfer (see Table 1) 
are found to be anti-correlated with electronegativity as expected. 
Finally, we did not see any direct relationship between χ or Qt with HV . 

Fig. 7 shows the result for LDOS calculations for both mechanically 
and dynamically stable compounds in increasing order of hardness from 
top to bottom. It can be seen when observing from softest compound 
HfN6 (HV = 6 GPa) to hardest compound CrN6 (HV = 16 GPa), LDOS 
above Fermi level shift towards left and is continuous through the Fermi 
level showing its metallic character. For mechanically and vibrationally 
stable compounds at Fermi level, population of nitrogen LDOS is higher 
than the population of metallic LDOS, except in the softest compound 
HfN6. Higher nitrogen LDOS possibly indicates the higher number of 
covalent repulsions between N–N atoms at Fermi level increases the 
overall hardness. This trend of having higher nitrogen LDOS at Fermi 
level is also true for harder compounds which are only mechanically 
stable (Supplementary Figs. S3–1). This higher nitrogen LDOS popula
tion at the Fermi level creates anti-bonding states causing harder com
pounds as will be discussed in detail in the following paragraph. 
However, for both vibrationally and mechanically unstable compounds, 
the metallic LDOS is higher around Fermi level (Supplementary 
Figs. S3–2). 

The analysis of bonding and anti-bonding states of M and N atoms 
were done with the calculation of -pCOHP for all 29 MN6 structures. The 
result of our calculations for both mechanically and vibrationally stable 
compounds in the order of increasing hardness is presented in Fig. 8. 
Here, anti-bonding is represented by -pCOHP population and bonding is 
represented by positive -pCOHP population below Fermi energy. It is 
evident from Fig. 8, S4-1 and S4-2 that for harder materials, all N–N (red 
line), M − N (blue line), and total (purple line) interactions are 

consistently similar in bonding and anti-bonding states at and deep 
below the Fermi level. For example, the M − N interaction has some 
bonding states right at the Fermi level, whereas the N–N interaction has 
some anti-bonding states near the Fermi level and a large bonding area 
deep below the Fermi level. However, this is not true for softer materials 
where such trend is not observed as shown in Figs. S4–1. 

The calculation of electronic band structure using GGA functional for 
both vibrationally and mechanically stable MN6 compounds is presented 
in Fig. 9. Supplementary Figs. S5–1 (a), S5-1 (b), and S5-2 respectively 
represent the calculated band structure for only mechanically stable and 
both mechanically and vibrationally unstable MN6 compounds. It is 
evident from the calculations that for mechanically stable compounds, 
24 cubic MN6 materials have zero band gap energy and possess metallic 
character except HgN6 has band gap of 1.754 eV. This can be verified 
from the LDOS calculations showing population of metallic LDOS at 
Fermi level. The highest hardness observed in MN6 is only 16 GPa 
(CrN6), which is considered low compared to others used in hard- 
coatings industry such as TiN (25 GPa), ZrC (27 GPa), HfN (20 GPa), 
TaC (26 GPa), etc. [5,41,82–84]. The metallic character could be the 
reason for low hardness observed because studies have shown that the 
increase in metallicity would decrease the material’s hardness [24,85]. 

4. Conclusion 

In conclusion, all 29 cubic MN6 materials were studied using DFT 
based first principles calculations. Only 5 of these (HfN6, TcN6, MoN6, 
WN6, and CrN6) are both mechanically and vibrationally stable and all 
others are dynamically unstable where some of them are both vibra
tionally and mechanically unstable. For those which are vibrationally 

Fig. 6. Relation between θD and a hardness parameter for mechanically stable 
MN6 compounds. 

Fig. 7. Comparison of LDOS for both mechanically and vibrationally stable 
MN6 compounds in the order of increasing hardness from top to bottom. The 
Fermi level is set at 0 eV. 
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and mechanically stable, the softest compound (HfN6) has B = 167 GPa, 
G = 67 GPa, and HV = 6 GPa, and the hardest compound (CrN6) has B =

166 GPa, G = 110 GPa, and HV = 16 GPa. It has been observed that a 
higher hardness is directly proportional to higher mass density of the 
MN6, whereas inversely proportional to M-M and M − N bond lengths. 
Calculation of LDOS and band structure analysis shows that all the 
materials which are mechanically stable possess metallic character 
having zero band gap energy except HgN6 which has a band gap of 
1.754 eV. The nature of charge transfer from metal to nitrogen decreases 
with increasing group number. Our study also concludes that the com
pounds from group 6 elements are the hardest ones due to the filling of 
half d-orbitals. We observed magnetism in 8 compounds with only one 
of them (TcN6) being both vibrationally and mechanically stable indi
cating the hardest materials are non-magnetic. 
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