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A B S T R A C T   

We investigated structural, vibrational, mechanical, electronic, and magnetic properties of all 29 nitrogen-rich 
transition metal nitrides (TMNs) with a stoichiometric 1:6 (M:N) ratio in the hexagonal phase (space group: 
R3m with Wyckoff positions M (3a) and N (18 h)) by utilizing density functional theory-based calculations. Only 
13 of these compounds are found to be both mechanically and vibrationally stable. Among them, FeN6 is pre
dicted to be the hardest compound with a Vickers hardness of 22 GPa. Compounds from group 8 elements which 
have a valence electron concentration of 38 (FeN6, RuN6, and OsN6) are predicted to be the hardest and they also 
possess the highest densities. In general, hardness increases with decreasing M− M or M− N bond lengths. The 
calculation of local density of states and electronic band structures further suggests that all 13 stable MN6 
compounds have metallic bonding character. Three compounds from group 4 elements are semiconductors, 
however, they are only mechanically stable. The bonding analysis reveals that hardness is primarily attributed to 
M− N and M− M interactions. Eight of the investigated MN6 compounds have a magnetic moment.   

1. Introduction 

Transition metal nitrides (TMNs) have shown broad areas of appli
cations ranging from hard coating to semiconducting devices as well as 
the energy harvesting materials in the past decade [1–4]. They are also 
known to have excellent mechanical properties, high hardness, and 
chemical inertness [5–11]. Although experimental synthesis of such 
TMNs is challenging for various reasons such as positive formation en
ergies and inertness of nitrogen, some experimentally synthesized TMNs 
have shown their importance as a suitable hard coating material 
[4,12,13] and routes of synthesis for some TMNs have been discovered 
[14,15]. Along with experimental methods, researchers are utilizing 
theoretical as well as computational techniques for example, the density 
function theory-based first principles calculations to predict and study 
properties of such novel TMNs [16–19]. Also, good agreement of 
available experimental data with the predicted values from theoretical 
and computational methods validates such approaches [20–23]. More
over, the systematic studies done with theoretical and computational 
methods can save significant amount of time, effort, and expense that 
might occur while searching for novel TMNs solely with experimental 
methods. 

Recently, the search for harder binary TMNs phases which involves 
the investigation with various metal to nitrogen ratios by using the 
machine learning techniques and first principles-based calculations have 
been reported [16,24–27]. The predicted TMNs crystal structures are 
found to be mechanically as well as dynamically stable. Some of these 
have even shown exceptionally high Vickers hardness higher than 40 
GPa as reported by Kandel et. al [16] in the prediction of WN6 (59 GPa), 
MoN6 (52 GPa), and TaN6 (43 GPa) and others [25,26]. Thus these are 
considered to be potential super-hard materials [28]. Besides these, Wei 
et. al [27] have predicted a nitrogen rich hexagonal phase of MoN6 and 
ReN6 structures, containing a hexagonal ring of nitrogen atoms, in space 
group R3m by utilizing the intelligence-based Crystal Structure AnaLYsis 
by the Particle Swarm Optimization (CALYPSO) algorithm. This hex
agonal phase of MN6 will be called MN6 hereafter. The predicted MoN6 

showed the phase transition from R3m to Pm3 at predicted applied 
pressure of 54 GPa while the ReN6 did not show any phase change for 
predicted pressure range of 50 GPa to 100 GPa [27]. Besides the pre
diction of hard and stable phases, the comprehensive study of stability, 
mechanical, energetic, and electronic properties as well as the possible 
explanation for the predicted values of hardness and origin behind these 
observed values for these MN6 compounds are needed. This article tries 

* Corresponding Author 
E-mail address: sanjay.khare@utoledo.edu (S.V. Khare).  

Contents lists available at ScienceDirect 

Computational Materials Science 

journal homepage: www.elsevier.com/locate/commatsci 

https://doi.org/10.1016/j.commatsci.2023.112084 
Received 25 November 2022; Received in revised form 7 February 2023; Accepted 10 February 2023   

mailto:sanjay.khare@utoledo.edu
www.sciencedirect.com/science/journal/09270256
https://www.elsevier.com/locate/commatsci
https://doi.org/10.1016/j.commatsci.2023.112084
https://doi.org/10.1016/j.commatsci.2023.112084
https://doi.org/10.1016/j.commatsci.2023.112084
http://crossmark.crossref.org/dialog/?doi=10.1016/j.commatsci.2023.112084&domain=pdf


Computational Materials Science 221 (2023) 112084

2

to present the answers to some of these questions. 
In this study, the density function theory-based calculations were 

performed to predict the structural, mechanical, energetic, electronic, 
magnetic, and vibrational properties for nitrogen rich hexagonal phases 
of all 29 MN6 structures. Our calculations showed that 13 MN6 com
pounds are both dynamically and mechanically stable. The highest 
hardness is observed for compounds of group 8 elements of each row for 
all mechanically stable compounds. For both mechanically as well as 
vibrationally stable compounds, highest Vickers hardness is predicted 
for FeN6 (22 GPa) and softest compound is being TaN6 (11 GPa). All 
hardest compounds are predicted to have metallic character as can be 

seen in the study of Local Density Of States (LDOS) and band structure 
calculations. We also found there is no direct relationship between the 
observed hardness and N–N bond length, however, there is anti- 
correlation between M− M and M− N bond lengths with hardness. The 
anti-bonding nature of N–N interactions also suggests that contribution 
to the hardness could be mainly coming from M− M and M− N bonding. 
The study of magnetic properties reveals that only 3 vibrationally and 
mechanically stable compounds have magnetic nature, the highest 
magnetic moment is seen in FeN6 with 4.821 μB in unit cell. 

2. Computational methods 

We performed the first principles calculation based on Density 
Functional Theory (DFT) by utilizing Vienna Ab initio Simulation 
Package (VASP) [21,22,29–37]. Perdew-Burke-Ernzerhof (PBE) func
tional within Generalized Gradient Approximation (GGA) was utilized, 
where the Projector Augmented Wave (PAW) method was implemented 
for the electron density approximation [21,22,29,30,37–42]. VASP 
pseudopotentials with the inner core electrons for all 29-transition 
metals where available and the standard N pseudopotential for nitro
gen were considered [20,43–46]. The kinetic energy cut-off for the plane 
wave basis set for electrons was set at 600 eV and Γ-centered k-mesh of 
spacing 2π × 0.03 Å− 1 were used. Conjugate-gradient algorithm with a 
force criterion of 0.01 eV/Å was used for the ionic relaxation while the 
electronic minimization was achieved through the convergence crite
rion of 10-6 eV/atom and Gaussian smearing of smearing width 0.1 eV 
[42,45,46]. The initial structure of MN6 was obtained from the theo
retical work of Wei et. al [27]. 

The geometry of the crystal structures was optimized by allowing 
change in ionic positions, cell shape, and cell volume during the relax
ation process. The formation energy (Ef ) of the relaxed cell per formula 

Fig. 1. Hexagonal MN6 structure prepared by using VESTA [66]. Crystallo
graphic directions are given by a, b, and c. 

Table 1 
Group number, lattice constants (a, c), elastic constants (C11, C12, C13, C33, and C44), charge transfer from metal to nitrogen (Qt) in units of elementary charge e, and 
total magnetic moment (Mag.) in Bohr magneton (μB) per transition metal atom of MN6 compounds. “S” and “U” respectively denote the mechanically stable and 
unstable compounds.  

Group No. M a (Å) c (Å) C11(GPa) C12(GPa) C13(GPa) C33(GPa) C44(GPa) Qt(e) Mech. Stability Mag. 
(μB) 

3 Sc 5.51 8.27 306 124 102 200 28  1.95 “S” 0.024 
4 Ti 5.31 7.92 420 154 135 258 91  1.98 “S” 0 
5 V 5.26 7.68 426 140 119 270 91  1.77 “S” 1.473 
6 Cr 5.21 7.66 459 117 95 262 98  1.62 “S” 2.323 
7 Mn 5.13 7.31 578 150 132 330 121  1.40 “S” 0.029 
8 Fe 5.13 7.44 467 100 74 290 110  1.23 “S” 1.301 
9 Co 5.13 7.51 431 84 81 301 94  1.11 “S” 0.83 
10 Ni 5.17 7.67 377 104 75 267 74  1.02 “S” 0 
11 Cu 5.35 7.82 236 86 61 210 49  0.98 “S” 0 
12 Zn 5.44 7.76 256 110 73 199 61  1.23 “S” 0 
3 Y 5.70 8.88 244 115 97 156 − 24  2.13 “U” 0.032 
4 Zr 5.50 8.41 384 163 148 221 74  2.35 “S” 0 
5 Nb 5.44 7.84 470 227 167 241 109  2.19 “S” 0 
6 Mo 5.36 

5.322a 
7.65 
6.403a 

555 
974a 

216 
417a 

181 
276a 

261 
392a 

125 
193a  

1.89 “S” 0 

7 Tc 5.30 7.52 590 195 178 286 129  1.56 “S” 0 
8 Ru 5.27 7.52 591 169 150 294 128  1.31 “S” 0 
9 Rh 5.25 7.82 472 128 108 274 101  1.10 “S” 0 
10 Pd 5.36 8.12 271 79 69 202 59  0.87 “S” 0 
11 Ag 5.79 8.27 118 55 50 115 32  0.76 “S” 0.032 
12 Cd 5.77 8.14 197 95 68 144 51  1.20 “S” 0 
4 Hf 5.45 8.34 428 168 155 241 85  2.38 “S” 0 
5 Ta 5.41 7.88 537 244 190 253 123  2.38 “S” 0 
6 W 5.33 7.77 620 247 210 278 152  2.17 “S” 0 
7 Re 5.29 

5.255a 

5.215a 

7.64 
6.485a 

5.917a 

658 
1057a 

1397a 

242 
439a 

641a 

209 
308a 

453a 

306 
453a 

617a 

146 
252a 

239a  

1.70 “S” 0 

8 Os 5.28 7.53 680 213 190 317 150  1.45 “S” 0 
9 Ir 5.24 7.75 596 183 152 300 129  1.25 “S” 0 
10 Pt 5.27 8.09 382 111 101 250 85  1.02 “S” 0 
11 Au 5.55 8.50 130 102 56 142 4  0.80 “S” 0 
12 Hg 5.92 8.40 102 70 43 101 28  0.88 “S” 0  

a Theoretical Ref. [27]. 
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unit of MN6, is then calculated by using the following formula as: 

Ef = E(MN6) − E(M) − 3E(N2) (1)  

Here, E(MN6), E(M), and E(N2) represent ground state energies of MN6, 
transition metal, and nitrogen dimer respectively [20,47]. All ground 
state energies were obtained from the full relaxation of relevant MN6 

(space group: R3m), transition metals with lowest Ef as obtained from 
Materials Project [47], and a nitrogen dimer placed in a large cubic cell 
of length 10 Å. 

The calculation of elastic constants was achieved by calculating the 
Hessian matrix, which is obtained by employing six finite distortions of 
the lattice followed by stress–strain relationship. Bulk modulus (B) and 
shear modulus (G) were calculated by using the components of stiffness 
(Cij) and compliance (Sij) tensors as suggested by Voigt-Reuss-Hill ap
proximations [27,48,49] with following sets of equations: 

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)Here, the subscripts V and R 
are used to denote Voigt and Reuss approximations respectively. Thus, 
obtained B and G were used for further calculations of Pugh’s ratio (k =

G/B), Poisson’s ratio (ν = (3 − 2k)/(6 + 2k)), and Young’s modulus 
(E = 9G/(3 + k)). Vickers hardness was calculated by using macro
scopic properties as suggested by Tian et. al (HV = 0.92k1.137G0.708) as 
discussed in references [16,20–22,24,29,38,45,49–53]. 

Debye temperature (θD) of a material with n atoms in a unit cell is 
calculated by using the following equation [16,20,24,42]: 

θD =
h
kB

[
3n
4π

(
ρNA

M

)]1/3[1
3

(
2
v3

t
+

1
v3

l

)]− 1/3

(7)  

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

̅̅̅̅̅̅̅̅̅
G/ρ

√
, and vl =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(3B + 4G)/3ρ

√
are the 

transverse and longitudinal components of speed of sound. Thus the θD 
calculated from formula above purely depends on the mechanical 
properties. 

The electronic properties were studied by performing electronic 
LDOS and band structure analysis [21,22,25,29,42,54]. The study of 
charge transfer (Qt) from metal to nitrogen was studied by employing 
Bader charge analysis [55–58]. The vibrational stability of the material 
was checked by the calculation of Phonon Density Of States (DOS) by 
employing the Phonopy code, which is based on the Density Functional 
Perturbation Theory (DPFT) [21,29,42,50,59,60]. For the study of 
bonding relationship between atoms, Crystal Orbital Hamilton Popula
tion (COHP) was calculated by applying Local-Orbital Basis Suite To
wards Electric-structure Reconstruction (LOBSTER) package [61–65]. 

3. Results and discussions 

3.1. Structural properties 

The optimized crystal structure of MN6 (space group: R3m) is shown 
in Fig. 1 [66]. The Wyckoff positions of M atoms are occupying 3a sites 
and N atoms are occupying 18 h sites as it can be seen in Supplementary 
Table S1. Moreover, the structure has octahedral symmetry with each M 
atom surrounded by 6 nearest N atoms. Table 1 presents calculated 
values of lattice constants (a and c in Å) for all MN6 compounds whereas 
Table 2 gives the predicted values of density of all mechanically stable 

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), formation energy per 
atom (Ef ), and mass density (ρ) for all mechanically stable MN6 compounds.  

Group No. M B(GPa) G(GPa) E(GPa) HV(GPa) k ν θD(K) Ef (eV) ρ(kg/m3) 

3 Sc 159 54 145 5 0.34 0.35 655  0.18 2958 
4 Ti 210 105 271 11 0.50 0.28 882  0.29 3396 
5 V 203 112 283 13 0.55 0.27 888  0.47 3651 
6 Cr 192 127 311 18 0.66 0.23 934  0.60 3769 
7 Mn 248 156 387 19 0.63 0.24 1015  0.67 4155 
8 Fe 186 141 338 22 0.76 0.20 960  0.69 4118 
9 Co 181 128 312 19 0.71 0.21 908  0.78 4171 
10 Ni 167 104 257 14 0.62 0.24 824  0.83 4004 
11 Cu 121 64 164 9 0.53 0.27 651  0.90 3797 
12 Zn 134 69 176 9 0.51 0.28 672  0.74 3737 
4 Zr 203 84 222 8 0.41 0.32 701  0.21 3969 
5 Nb 238 106 277 10 0.45 0.31 771  0.46 4387 
6 Mo 260 

414a 
131 
195a 

335 
507a 

13 0.50 
0.47a 

0.28 
0.29a 

838  0.65  4709 

7 Tc 268 145 368 16 0.54 0.27 871  0.70 4952 
8 Ru 253 154 383 18 0.61 0.25 885  0.77 5091 
9 Rh 204 128 318 17 0.63 0.24 808  0.81 4987 
10 Pd 129 76 191 11 0.59 0.25 625  0.89 4693 
11 Ag 73 32 84 4 0.44 0.31 420  0.95 3977 
12 Cd 109 51 132 6 0.47 0.30 519  0.79 4174 
4 Hf 218 98 255 9 0.45 0.31 613  0.18 6102 
5 Ta 262 120 312 11 0.46 0.30 669  0.45 6623 
6 W 290 146 376 14 0.51 0.28 727  0.68 6985 
7 Re 303 

457a 

639a 

156 
244a 

255a 

400 
621a 

676a 

15 0.52 
0.53a 

0.40a 

0.28 
0.27a 

0.32a 

744  0.76  7260 

8 Os 297 170 429 19 0.57 0.26 767  0.84 7518 
9 Ir 259 154 385 18 0.59 0.25 727  0.87 7456 
10 Pt 178 105 263 14 0.59 0.25 604  0.93 7139 
11 Au 92 12 35 1 0.13 0.44 216  1.08 6186 
12 Hg 68 23 63 3 0.34 0.35 297  1.04 5558  

a Theoretical Ref.[27]. 
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MN6 materials with the values ranging from lowest 2958 kg/m3 to 
highest 7518 kg/m3. It is evident from Table 2 that the materials with 
higher density will have higher Vickers hardness in general for 3d, 4d 
and 5d compounds, which agrees with the result presented by Kandel et. 
al [24] in case of cubic MN6 materials. To understand how bond length is 
related to hardness, we studied the variation of N–N, M− N, and M− M 
bond lengths with predicted hardness and the result is shown in Sup
plementary Fig. S1. For all mechanically stable 3d, 4d, and 5d com
pounds, the dependence of hardness on N–N bond length is hard to 
predict (Supplementary Fig. S1 (a)), however, the harder materials have 
tendency of having shorter M− N or M− M bond lengths compared to the 
softer materials (Supplementary Figs. S1 (b) and (c)) in general. This 
could be an indication that the smaller sized crystals are harder than 
bigger sized crystals and it is consistent with the previously discussed 
result that harder materials have higher densities. 

We calculated the formation energy per atom (Ef ) for all mechani
cally stable MN6 compounds, and the result is presented in Table 2. The 
predicted values of Ef are all positive indicating the challenging nature 
of synthesis of such MN6 materials. However, synthesis of similar nitride 
materials is possible by applying high pressure and temperature as 
revealed by Gregoryanz et. al [14] for the synthesis of PtN and by 
Crowhurst et. al [15] for the synthesis of PtN2, where they have used a 
high pressure of 50 GPa and temperature of 2000 K. Moreover, the 

materials thus synthesized were stable even at ambient. To further un
derstand the variation of Ef and volume of each unit cell (V), we plotted 
their predicted values against the group number and the result is shown 
in Fig. 2 (a) and (c). For all mechanically stable 3d, 4d, and 5d MN6 
compounds, Ef is found to be increasing up to group number 11 and then 
it slightly decreases (Fig. 2 (a)). Similarly, the volume of these com
pounds decreases with the group number at first, reaches its minimum 
value and then increases again with group number in general as in Fig. 2 
(c). Such variation of volume with group number may be understood by 
the fact that the size of transition metal decreases first up to the inter
mediate elements and then start increasing after that as proposed by 
Khatri et. al [67]. 

3.2. Vibrational properties 

The study of phonon frequencies can provide an insight for the 
vibrational properties and consequently the dynamical stability of a 
material. A material is considered stable when it is dynamically as well 
as mechanically stable and only such materials can be quenched back to 
ambient conditions [68]. We have performed the phonon DOS calcula
tion for all mechanically stable 3d, 4d, and 5d MN6 compounds and the 
results are shown in Supplementary Figs. S2- S4. The presence of pop
ulation of phonon DOS in the imaginary frequency region signifies the 

Fig. 2. Study of variation of Ef , Qt , and volume (V) with group number for all mechanically stable MN6 compounds.  
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dynamic instability of compound. From these figures we observe that 
out of all 28 mechanically stable 3d, 4d, and 5d MN6 compounds, only 
13 (MnN6, FeN6, CoN6, NiN6, NbN6, MoN6, TcN6, TaN6, WN6, ReN6, 
OsN6, IrN6, and PtN6) have not shown any population of phonon DOS in 
imaginary frequency region and hence they are dynamically stable. 
Remaining all 15 MN6 compounds have shown the presence of popu
lation of phonon DOS in the imaginary region and thus, they are 
dynamically unstable. The phonon DOS calculations for the 3 hardest 
compounds of 3d, 4d, and 5d MN6 materials are presented in Fig. 3. 
Although being the hardest and mechanically stable compound from 4d 
row elements, RuN6, is dynamically unstable having population of 
phonon DOS in the imaginary frequency region. For all dynamically 
stable compounds, the distribution of phonon DOS does not have wide 
gaps, instead phonon DOS population is zero for discrete small fre
quency gaps between 15 and 25 THz region. The gap in the phonon 
frequency signifies the material’s ability to block sound frequencies 
falling in the gap region and potential of its application as sound filter 
[69]. Thus, these materials may not be useful for the application as 
sound filters for wide frequency range but still be useful for small fre
quency range selective sound blocker. 

3.3. Mechanical and magnetic properties 

The MN6 crystal structure we have studied is of hexagonal type. 
Symmetry of such crystal requires only five independent elastic con
stants (C11, C12, C13, C33, and C44) to describe the stiffness tensor Cij. 
Table 1 presents the calculated values of these independent elastic 
constants. The mechanical stability of all 29 MN6 structures were 
checked by using the following conditions in terms of calculated elastic 
constants [16,27,49,70]: C44 > 0, C11 > |C12|, and 
(C11 +2C12)C33 > 2C2

13. All the MN6 compounds that satisfy those con
ditions are mechanically stable, the letter “S” denotes mechanically 
stable compounds as shown in Table 1 and the unstable one is denoted 
by letter “U”. Our calculations showed that except YN6 all other nitrides 
mechanically stable. The components of compliance tensor (Sij) can be 
obtained by taking the inverse of stiffness tensor. To calculate the values 
of bulk modulus (B) and shear modulus (G), we used Eqs. (2) – (6) 
described in section 2. These calculated values of B and G were further 
used to predict E, HV , ν, and k by using the relations described in section 
2. All these predicted values of elastic moduli for mechanically stable 3d, 
4d, and 5d compounds of MN6 are presented in Table 2. It shows the 
predicted values of Vickers hardness are increasing up to group 8, where 

Fig. 3. Phonon DOS for 3d, 4d, and 5d compounds of group 8 elements having high hardness.  
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they have the maximum value (22 GPa for 3d, 18 GPa for 4d, and 19 GPa 
for 5d compounds), and then decreasing. The differences in our calcu
lated values of elastic constants and moduli as compared with the 
literature values (Table 1 and Table 2) could be due to the fact that their 
values were obtained at high pressures of 50 GPa and 100 GPa [27]. We 
also did the study of variation of B, G, k, and HV with group number for 
all mechanically stable MN6 compounds and the result is shown in Fig. 4. 
In general, the overall trend for these quantities is increasing with the 
group number at first, reaching its maximum value in intermediate 

group number and then decreasing. For example, Fig. 4 (b) and (d) 
shows G and HV reaches their maximum values corresponding to group 
number 8 while for B, the maximum values are seen at group number 7 
(Fig. 4 (a)) for all mechanically stable 3d, 4d, and 5d MN6 compounds. 
However, the group number corresponding to maximum value of k is not 
unique as it is seen from Fig. 4 (c). The calculated values of k can be used 
to predict if the material is brittle (k > 0.57) or ductile (k ≤ 0.57) 
[16,24,27,71–73]. Our investigation shows that most of the mechani
cally stable 3d, 4d, and 5d MN6 materials having HV > 16 GPa are 

Fig. 4. Study of variation of B, G, k, and HV with group number for all mechanically stable MN6 compounds.  
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brittle in nature which can be seen in Table 2 and in Supplementary 
Fig. S5. As material’s ability to deform against the external forces could 
be related to the elastic constant C44 and hence G, we studied the vari
ation of B, G, E, and HV for all mechanically stable MN6 with the cor
responding C44 and the result is presented in Supplementary Fig. S6. The 
overall trend for these elastic moduli is found to be increasing for 
increasing values of C44, which is expected. 

We have also calculated the Debye temperature (θD) by using the Cij 

as shown in Eq. (7) discussed earlier for all mechanically stable MN6 
compounds and the result is presented in Table 2. Majority of the me
chanically stable MN6 compounds are predicted to have θD higher than 
600 K and harder materials have higher θD. As proposed by Deus et. al 
[74] and Miao et. al [75], relationship between θD and HV can also be 
described by the equation: θD = aH1/2

V ρ− 1/6M− 1/3 + b, where a and b are 
linear fitting constants, M is molecular weight of TMN and ρ is its den
sity. We fitted this equation by using our calculated values of HV and the 
result is shown in Fig. 5, the estimated values of a and b are found to be 
5810.09 GPa− 1/2(kg/m3)

1/6
(g/mol)1/3K and 134.53 K respectively. We 

also compared our calculated values of θD obtained by using equation of 
Deus et. al and Miao et. al [74,75] in the same plot (blue dots in Fig. 5) 
and found that calculated values are well matched with the equation 
above. 

We studied the magnetic properties of these TMNs by calculating the 
magnetic moments in terms of Bohr magneton (μB). Only 8 of the 
compounds have shown the presence of magnetic moment with its 
predicted values per transition metal are shown in Table 1. Out of these 
8 magnetic compounds YN6 is mechanically unstable, whereas only 3 
(MnN6, FeN6, and CoN6) are both vibrationally as well as mechanically 
stable. Among these both vibrationally and mechanically stable com
pounds, FeN6 has the highest magnetic moment of 1.301 μB per Fe atom 
or 4.821 μB per unit cell and MnN6 has the lowest magnetic moment of 
0.029 μB per Mn atom or 0.087 μB per unit cell as presented in Sup
plementary Table S2. We can also see from Supplementary Table S2 that 
the contribution to the total magnetic moment for M atoms is mainly 
coming from the d-orbital as compared to s- and p-orbitals, whereas the 
contribution from p-orbital is dominating for N atoms except for MnN6 
where s- and p-orbitals of N atoms do not contribute any magnetic 
moment. 

3.4. Electronic properties 

We performed the Bader charge analysis as described in section 2 for 
all 29 MN6 compounds to predict the amount of charge transfer (Qt) 
from metal to nitrogen. The study of charge transfer could be helpful to 
predict the nature of chemical bonding between atoms which can be 
related to the mechanical properties [76]. The calculated values of Qt in 
the units of elementary charge e for all 29 MN6 compounds are presented 
in Table 1. The study of variation of Qt with group number is presented 
in Fig. 2 (b), Qt is found to be decreasing for increasing group number, 
this result is similar to the one described in reference [24] in case of 
cubic MN6 compounds. Table 1 also shows that the values of Qt are more 
than 1 for most of the compounds showing the ionic nature of MN6 
compounds. Supplementary Table S3 represents the values for electro
negativity (χ) for transition metals taken from reference [77]. Our 
calculated values of Qt are found to have positive correlation with the 
absolute value of difference of electronegativities between M and N, 
however, any direct relationship between hardness with χ or Qt could 
not be predicted. Supplementary Fig. S7 shows the variation of HV and 
Qt with valence electron concentration (VEC) where the hardest MN6 
compounds are corresponding to VEC = 38. 

The computed result of LDOS per atom for 3d, 4d, and 5d mechan
ically stable MN6 compounds are presented in Supplementary Figs. S8 – 
S10. In all these figures we can see that as we go from top to bottom the 
population of nitrogen LDOS (blue solid line) stays the same, whereas 
the population of metallic LDOS (red dashed line) shifts towards left 
from right and the hardness goes on increasing (see Table 2). The 
hardness reaches its maximum value when the population of metallic 
LDOS is maximum around the Fermi level set at zero eV in these figures. 
The hardness then decreases with increasing group number while the 
shifting of population of metallic LDOS towards left is continuous. Fig. 6 
shows the LDOS for 3d, 4d, and 5d compounds of group 8 elements 
having high hardness. The population of LDOS for all these hardest 
compounds signifies the metallic nature of these MN6 compounds. 

To understand the bonding and anti-bonding states of metal and 
nitrogen atoms we performed the -pCOHP calculations for all mechan
ically stable MN6 compounds. The result of our calculations is presented 
in Supplementary Figs. S11 – S13 respectively for 3d, 4d, and 5d me
chanically stable MN6 compounds. In these plots, the bonding states are 
represented by -pCOHP population above baseline and anti-bonding 
states are represented by -pCOHP population below baseline, where 
the baseline has -pCOHP population equal to zero. We can also observe 
from these figures that the bonding and anti-bonding states for N–N (red 
line) and M− N (blue line) are consistent for all mechanically stable MN6 
compounds. For example, the N–N and M− N interactions are in bonding 
states deep below the Fermi level, whereas anti-bonding states are found 
near the Fermi level. Also, Total interactions which represents the 
-pCOHP averaged over all atom pairs specified, are in bonding states 
throughout. The anti-bonding states below the Fermi energy for N–N 
and M− N could be the reason for predicted positive formation energies. 
We also found that higher number of the M− N interactions than N–N 
interactions below Fermi level. This could be an indication of having the 
ionic bonding between M and N atoms which can be understood via the 
presence of charge transfer from M to N atoms as presented in Table 1. 

The electronic band structure calculation was performed for all 
mechanically stable MN6 compounds using GGA functional. The results 
of this calculation are presented in Supplementary Figs. S14 – S16 for 3d, 
4d, and 5d mechanically stable MN6 compounds respectively. Our 
calculation indicates that one compound of group 4 from each 3d, 4d, 
and 5d rows are predicted to have band gaps (TiN6: 1.461 eV, ZrN6: 
1.469 eV, and HfN6: 1.404 eV) and remaining all 25 compounds have 
zero band gaps. Since these band gaps were predicted by using GGA 
functional, the actual band gap could be even higher than these values as 
it is found that GGA functional tends to underestimate the band gap 
[42]. To further study the observed band gaps, we performed band gap 
calculations by utilizing the Heyd-Scuseria-Ernzerhof (HSE06) hybrid 

Fig. 5. Relationship between Debye temperature (θD) and hardness for all 
mechanically stable MN6 compounds. 
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functional. The calculated values of band gaps using HSE06 are TiN6: 
2.512 eV, ZrN6: 2.458 eV, and HfN6: 2.329 eV. These are higher than the 
values calculated form GGA, which is expected [42]. These band gaps 
provide an opportunity to use these materials as absorber layers in solar 
cells. Also, these compounds which possess band gaps are only me
chanically stable and are vibrationally unstable which can be inferred 
from Table 1 and Supplementary Figs. S2 – S4. Thus, all the compounds 
which are both mechanically as well as vibrationally stable have zero 
band gap indicating their metallic character. Fig. 7 represents the elec
tronic band dispersion curves for the three hardest 3d, 4d, and 5d 
compounds of group 8 elements and shows there is no band gap for them 

which can be confirmed from Fig. 6 as well. Although being metallic in 
nature, the highest predicted hardness of 22 GPa for FeN6 falls around 
the lower edge for other materials used in hard-coating industries such 
as ZrC (27 GPa), TaC (26 GPa), TiN (25 GPa), and HfN (20 GPa) 
[42,78–80] indicating the potential application of FeN6 as hard coating 
material. 

4. Conclusion 

In conclusion, we have used DFT based first principles calculations to 
study all 29 MN6 materials in hexagonal phase (space group: R3m). Our 

Fig. 6. LDOS for 3d, 4d, and 5d compounds of group 8 elements having high hardness. The Fermi energy is set to 0 eV.  
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study reveals that 28 of such materials are mechanically stable and only 
13 of them (MnN6, FeN6, CoN6, NiN6, NbN6, MoN6, TcN6, TaN6, WN6, 
ReN6, OsN6, IrN6, and PtN6) are vibrationally stable as well. Of these 13 
both mechanically and dynamically stable compounds, the predicted 
hardest compound has Vickers hardness of 22 GPa (FeN6) and the softest 
one has Vickers hardness of 11 GPa (TaN6). We can conclude from 
Table 2 that compounds from group 8 elements of 3d, 4d, and 5d rows 
are the hardest and these compounds have the highest densities as well 
in general. We believe the predicted hardness of 22 GPa for FeN6 could 
make it potential candidate as a hard coating material. We found that 
the Vickers hardness value does not depend on N–N bond length while it 
is increasing for decreasing values of M− M and M− N bond lengths in 
general for all mechanically stable MN6 materials. We also observed that 
all the harder materials with hardness greater than 16 GPa are brittle in 
nature which is expected. Moreover, these materials meet our 

expectation that the harder material will have higher Debye tempera
ture thereby showing its applicability in applications where tolerance of 
high temperature is sought for. Our study on magnetic property for both 
mechanically and vibrationally stable compounds shows that only 3 
(MnN6, FeN6, and CoN6) are predicted to have magnetic moment with 
FeN6 possessing highest magnetic moment of 1.301 μB per Fe atom 
(4.821 μB in unit cell). Further analyses on charge transfer from metal to 
nitrogen and the LDOS reveal that these compounds possess ionic 
bonding as well as they are metallic in nature and hence most of the 
contribution to hardness is coming from these bonding states. This can 
be verified by the -pCOHP analysis showing N–N interactions are in anti- 
bonding states while more M− N interactions are in bonding states below 
Fermi level. We also noticed that the charge transfer decreases with the 
increasing group number and this is expected. The electronic band 
structure analysis also confirmed that all mechanically as well as 

Fig. 7. Electronic band structure for three hardest 3d, 4d, and 5d compounds of group 8 elements. Fermi energy is set at 0 eV.  
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vibrationally stable compounds have zero band gaps indicating the 
metallic nature. Three compounds from group 4 elements of each 3d, 4d, 
and 5d rows have positive band gaps, however, they are only mechan
ically stable but vibrationally unstable. 
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