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A B S T R A C T

We report results from systematic calculations performed by density functional theory on mechanical properties
of twenty-eight 3 d, 4 d and 5 d transition metal (M) nitrides (TMNs) in metal-rich cubic M4N structure as novel
candidates for hard coatings materials. We have computed lattice constants, elastic constants, derived moduli
and ratios which characterize mechanical properties, and other properties like magnetic moments, formation
energies, Debye temperature and Bader charge transfer. Our calculations indicate that all M4N-type metal ni-
trides except V4N, Nb4N, and Pt4N are mechanically stable. All Group 7 TMNs in the M4N structure are found to
have high Vickers hardness values with the highest being 24.3 GPa for Re4N. Our computed lattice constants and
magnetic dipole moments for Mn4N and Fe4N, the two compounds for which experimental measurements exist,
are consistent with their measured values. Spin-polarized computations reduce the hardness of some magnetic
compounds like Mn4N and Fe4N. The total density of states calculation reveals that all 28 M4N phases are
metallic. The hybridization of metal d and nitrogen 2p orbitals is found to be the key factor in determining
mechanical stability and hardness in these compounds. In contrast, ionicity, as computed by Bader charge
transfer, does not correlate with hardness. Our comprehensive database for binary transition metal nitrides in
M4N structure offers wide possibilities for experimental synthesis of such materials with desirable physical
properties for the hard-coatings application.

1. Introduction

In the last couple of decades, transition metal nitrides (TMNs) have
been identified as promising materials for hard coatings application due
to their excellent mechanical, wear and oxidation resistant properties
[1–7]. Some experimentally synthesized novel TMNs like platinum ni-
tride [8,9], osmium nitride (OsN2) [10,11] and iridium nitride
[8,11,12] have been found to possess superior hardness. Other experi-
mentally synthesized and studied promising candidates of TMNs in-
clude the nitrides of Sc [13–17], Y [18], Ti [19–22], Zr [6,23,24], Hf
[6,23,25], V [26,27], Nb [6], Ta [28–31], Cr [30,32–35], Mo
[30,33,36–38], W [29,33,39], Re [40,41], Fe [42], Pd [12,43], Cu [1],
Au [44–47] and Zn [48]. Apart from experimental studies, theoretical
computations can be useful in predicting mechanically stable super-
hard TMNs compounds and their properties. Such systematic theore-
tical studies not only provide information from which trends and cor-
relations between the properties can be deduced but also save a con-
siderable amount of effort, time and expense in experimental
discoveries of new materials by narrowing the search for mechanically

and thermodynamically stable phases and their atomic structures. First
principles calculations have been focused on the search of hard phases
among binary TMNs in the B1 (rocksalt), and B2 (cesium chloride)
structures with a stoichiometry of 1:1 (metal M: nitrogen N) and in the
fluorite and pyrite structures of stoichiometry 2:1 [49–54]. Zhou et al.
studied an anti-ReO3 structure with a formula unit M3N [55]. It is de-
rived from the B1 structure by removing one metal atom on the corner
and three nitrogen atoms on the edge centers. It is well recognized from
such work that there is a large range of the M: N ratio where TMN
phases remain stable. The quest for new binary TMNs with superior
mechanical properties used in the hard coatings requires the expansion
of this database for other compositions. This work is an attempt in this
direction to speed the experimental discoveries of such phases.

The only two experimentally synthesized phases Mn4N and Fe4N of
the M4N type have motivated our study of this structure. The magnetic
structure of Mn4N was first determined in 1960 b y Takei et al. [56]
using neutron diffraction experiments and later Mekata et al. [57] ob-
tained information on the electronic structure and magnetic properties
of Mn4N. Also, Frazer et al. [58] first explored the magnetic structure of
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Fe4N in 1958. These compounds along with their derivatives
[57,59–61] are being explored for magnetic information storage ap-
plications. However, the superior mechanical properties of some TMNs
[42,60–63] have led us to investigate methodically the M4N structure of
28 M4N type nitrides to search for hard coating materials in this
structure type. We have generated an entire database of properties for
these materials from first principles computations. Our database in-
cludes mechanical properties such as lattice constant, elastic constants,
bulk modulus, shear modulus, Young's modulus, Poisson's ratio, Pugh's
ratio, Vickers hardness along with the magnetic moments, Debye tem-
perature, formation energy and electronic properties. Except for the
two compounds Mn4N and Fe4N, no experimental or theoretical reports
have been found in the literature for other remaining M4N compounds.
The rich computational database of results for M4N compounds should
prompt more experimental research in this structure for hard coatings
applications.

2. Computational methods

The calculations were performed with a density-functional theory
based Vienna Ab initio Simulation Package (VASP) [64–67] on 28 M4N-
type transition metal nitrides. The following potentials with the pro-
jector augmented wave (PAW) [68,69] method under Perdew-Burke-
Ernzerhof (PBE) generalized gradient approximation (GGA) [70,71]
were applied for transition metals from VASP potential database [72]:
Sc_sv, Ti_sv, V_sv, Cr_pv, Mn_pv, Fe, Co, Ni, Cu, Zn for the 3 d row, Y_sv,
Zr_sv, Nb_sv, Mo_pv, Tc_pv, Ru_pv, Rh_pv, Pd, Ag, Cd for the 4 d row,
and Hf_pv, Ta_pv, W_pv, Re, Os, Ir, Pt, Au for the 5 d row, where the
“_sv” notation stands for the potentials with semi-core s and p electronic
orbitals, and the “_pv” notation for those with semi-core p electronic
orbitals. A kinetic energy cut-off of 400 eV was selected for the plane
wave basis set expansion of valence electron wave functions for all 28
compounds and a Monkhorst-Pack k-points grid [73–76] of density
11×11×11 was used. A Gaussian smearing of smearing width 0.1 eV
was used for the electronic minimization with the convergence criterion
set to 10−5 eV/atom. Ionic relaxation was performed using a conjugate-
gradient algorithm with a force criterion of 0.01 eV/Å as described in
earlier works [53–55,77,78].

In order to perform stepwise large-scale simulations for 28 com-
pounds, two robust Python workflow packages; pyvasp-workflow [79]
and pydass_vasp [80] were used. These are partially based on an open
source project pymatgen [81], which is an open-source Python library
for materials analysis acting as an interface between Python objects and
input and output files of VASP.

For precise computation of equilibrium volume, V0, a set of runs
varying the volume close to and bracketing a guessed equilibrium vo-
lume, V0g, under zero pressure was performed and the volume-energy
data was fitted to the energy-volume form of the 3rd order Birch-
Murnaghan [82,83] equation of state. We iteratively generated a good
volume range to bracket V0. Thus, the precise equilibrium volume V0

was determined for each of the 28 compounds in the same structure,
with a well-fitted energy-volume curve and accurate final fitted para-
meters. Finally, knowing V0, the total energy of the cell in equilibrium
was calculated.

To compute the three independent elastic constants, C11, C12 and
C44 for the cubic crystal system, the 2nd order polynomial fitting of the
energy-strain method [53–55,78] was employed. Three sets of strains
were applied to the unit cell of each optimized compound allowing full
relaxation of the ions to their equilibrium position. The strain tensor has
the general form as:
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The strain sets are described in Table 1. One is equivalent to the
deformation under a hydrostatic pressure, i.e. volumetric change from
the last step. The other two follow the forms of Eq. (11) and Eq. (13) of
Mehl et al. [84]. For each set, we applied strain to the unit cell of 4
different values chosen to be below a maximum of 6%. The total en-
ergies of the strained cells were fitted to a parabolic curve as a function
of strain. The second order coefficients of the fit so obtained yield va-
lues of C11 + 2C12, C11 – C12 and C44, from which the three elastic
constants were calculated as detailed in Patil et al. [49].

Other derived mechanical properties of the mechanically stable
compounds were calculated using these elastic constants. Bulk modulus
(B) is given by B = (C11+2C12)/3. The polycrystalline shear modulus
in Voigt approximation (GV), Reuss approximation (GR) and Hill's ar-
ithmetic mean (G) is given by,

= +G C C C[( – ) 3 ]/5,V 11 12 44 (2)

= +G C C C C C C[5( – ) ]/(4 3 – 3 ),R 11 12 44 44 11 12 (3)

= +G G G( )/2.V R (4)

Using these quantities, we also calculated Pugh's ratio (k) as k=G/
B, Poisson's ratio (ν) as ν = (3 – 2k)/[2 (3 + k)], Young's modulus (E)
as E = 9G/(3 + k). The Vickers hardness (HV) was calculated using the
modified form of equation by Tian et al. [85], which always yields a
positive value as:

=H k G0.92V
1.137 0.708 (5)

Also, the Debye temperature (θD) can be related to G and B through
the speed of sound as given by the following equations:
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Here, h is Planck's constant, kB is Boltzmann's constant, n is the number
of atoms in the primitive cell having molecular weight M, NA is
Avogadro's number ρ is mass density, and vt, vl, and vm respectively are
transverse, longitudinal and mean sound speed [53].

As the Debye temperature and hardness both depend on the nature
of atomic bonding in the crystal, a relation between these two quan-
tities is given by the following equation of Deus and Schneider [86]:

= × +− −θ H ρ Ma bD V
1/2 1/6 1/3 (9)

where a and b are linear fitting coefficients.
Keeping in mind that the consideration of magnetism due to elec-

tron's spin magnetic moments can greatly influence the structural sta-
bility of a compound [87] and the elastic and mechanical properties
simply depend on the structure, we included magnetism for all the
compounds, assuming ferromagnetism during the volume determina-
tion step. If the structure at the equilibrium volume showed a non-zero

Table 1
The three sets of elastic strains (ei) as denoted in Eq. (1), and the corresponding
total energy change per unit volume (ΔE/V0) expressed in terms of the three
independent elastic constants (C11, C12, and C44) for the cubic system. The
strain value |δ| is varied below 6%.

Strain Non-zero Strain Elements ΔE/V0

1 e1= e2= e3= δ [3(C11 + 2C12) δ2]/2
2 e1= δ, e2= -δ, e3= δ2/(1 - δ2) (C11 - C12) δ2
3 e6= δ, e3= δ2/(4 - δ2) (C44 δ2)/2
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magnetic moment, magnetism was again considered during the next
steps. Nitrides of 3 d transition metal Sc, Mn, Fe, Co, Ni are expected to
exhibit variation in their mechanical properties with consideration of
magnetic phases. We thus report a comparison between values for
elastic properties calculated with and without the consideration of
magnetism for these phases.

For all 28 compounds, we used Bader charge analysis [88–91] and
Bader's division scheme [92,93] to observe the trend in the charge
transfer from metal atoms to the nitrogen atom. An FFT grid of
200×200×200 was used to extract valid results of charge transfer.
The total density of states (TDOS) for all 28 M4N-type metal nitrides
and local density of states (LDOS) for the three hardest compounds
Mn4N, Tc4N and Re4N were calculated with GGA using tetrahedron
method with Bloch corrections [94]. The phonon densities of states
were also computed for two compounds, Mn4N and V4N, by creating
2× 2×2 supercells and calculating the corresponding Hessian ma-
trices using density functional perturbation theory (DFPT) [64–67] and
the PHONOPY code [95].

3. Results and discussion

3.1. Mechanical properties

The chemical structure of cubic M4N compounds (space group
Pm m3 ) can be derived from the B1 (rocksalt) structure of MN where,
the metal sub-lattice is kept intact, and the three nitrogen atoms on the
edge centers are removed from the B1 structure. Thus, the primitive cell
of M4N-type transition metal nitride consists of 4M atoms and one N
atom where, M atoms occupy the points of a face centered cubic lattice
with N atom at the body-centered position of the unit cell. This M4N-
type structure is shown in the ball-and-stick representation in Fig. 1,
where the sticks are bonds of the N atom to the nearest M atoms. The N
atom forms an octahedral coordinated by 6M atoms, which is shown as
the shaded polyhedron. Experimental and theoretical values exist for
only two magnetic compounds Mn4N and Fe4N. We present, in Table 2,
a comparison between the calculated and experimental values of lattice
constant (a), elastic constants (C11, C12, C44) and total magnetic mo-
ment (Mag.) in Bohr magnetons (μB) per formula unit for these two

compounds. Our calculated values of lattice constant and magnetic
moment for Mn4N and Fe4N agree well with their experimental
[56–58,96,97] and calculated [59,62] values in the literature. For the
remaining M4N compounds, previous experimental or theoretical data
are not available.

Table 3 shows the calculated values of equilibrium lattice constant
(a), the three independent elastic constant (C11, C21, C44), total for-
mation energy (ΔEf) per formula unit, mechanical stability and mag-
netic moments (μB) per formula unit of M4N compounds. The lattice
constant was calculated using V= a3, where V is the volume of the
conventional cell of cubic M4N. The calculated lattice constants de-
crease with the increase of group number until group 8 and then in-
crease. This trend follows for each period except for 3 d with Fe4N as an
exception. Formation energy is the difference between the energy of the
compound and the energies of its constituent atoms in their ground
states. Formation energy per formula unit of M4N is defined as ΔEf = E
(M4N)− 4E(M)− E (N2)/2, where E (M4N) is the total energy of the
solid M4N per formula unit, E(M) is the total energy per atom of metal
and E (N2) the total energy of a nitrogen dimer. Their values for all 28
M4Ns are plotted as a function of group number for 3 d, 4 d and 5 d rows
in Fig. 2. Among 28 phases of M4Ns, Ir4N (4.02 eV) has the highest
value of calculated formation energy, signifying metastability, while
Ti4N (−3.69 eV) has the lowest value suggesting high thermodynamic
stability. Obviously, Mn4N and Fe4N, which have been experimentally
synthesized are also energetically stable as their formation energies are
−1.47 eV and −2.09 eV respectively per formula unit.

For mechanical stability of the cubic structures, the three elastic
constants should satisfy the following criteria [98,99]:

> + > >C C C C C, 2 0, 011 12 11 12 44 (10)

In our study, only three compounds V4N, Nb4N and Pt4N were found
to be mechanically unstable (denoted as “U” in Table 3) as they did not
satisfy these mechanical stability criteria of Eq. (10), while all others
were mechanically stable. Mechanical stability of these compounds
suggests that there's the possibility of the experimental synthesis of M4N
compounds.

Table 4 lists mechanical properties like bulk modulus (B), shear
modulus (G), Young's modulus (E), Pugh's ratio (k), Poisson's ratio (ν),
Vicker's hardness (HV) of the mechanically stable phases, which were
calculated from our computed three fundamental elastic constants C11,
C12, C44. The calculated Debye temperature (θD) for all 28 M4N com-
pounds are also listed in the table. To explore for any better trends
across the periodic table, the plots of volume (V) and bulk modulus (B)

Fig. 1. Structure of M4N compound, where the large red balls represent the
transition metal (M) atoms and smaller blue ball represents nitrogen (N) atom.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Table 2
A Comparison of calculated values of lattice constant (a), total magnetic mo-
ment (Mag.) in Bohr magnetons (μB) per formula unit and elastic constants (C11,
C12, C44) of Fe4N and Mn4N with values from experiments and first principles.

a (Å) Mag. (μB) C11 (GPa) C12 (GPa) C44 (GPa)

Mn4N
This work 3.744 1.19 452.7 103.3 120.4
Exp.a 3.87 1.2
Exp.b 3.865 1.1
Fe4N
This work 3.795 9.84 305.9 140.7 44.6
Exp.c 3.797 9.01
Exp.d 3.790
Exp.e 9.45
USPP-PBEf 3.780 10.01 322.8 132 48.3
PAW-GGAg 3.792 313 137 46

a Ref. [57].
b Ref. [56].
c Ref. [58].
d Ref. [96].
e Ref. [97].
f Ref. [59].
g Ref. [62].
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of M4N as a function of the group number for 3 d, 4 d and 5 d rows of
transition metals are drawn in Fig. 3. We can see a trend that the vo-
lume decreases first until group 8 and then increases thereafter for 4 d
and 5 d rows, but the trend deviates slightly for the 3 d row. Similarly,
values of Bulk modulus increase first with group number and peak at
group 7 and then decrease further for 4 d and 5 d rows, while this trend
doesn't follow completely for the 3 d row. From the trend in V and B for
4 d and 5 d rows, an anti-correlation can be observed between V and B
among M4Ns. Hard coatings applications require materials with high
hardness and the hardness of materials is measured in terms of Vickers

hardness (HV). In this paper, we have used the theoretically modeled
formulation of Tian et al. [85] for hardness calculation. From our cal-
culation, The nitrides of Group 7, Mn4N, Tc4N and Re4N were found to

Table 3
Group Number, lattice constant (a), elastic constants (C11, C12, C44), total formation energy per formula unit (ΔEf), mechanical stability (Mech. Stab.) and total
magnetic moments (Mag.) in Bohr magnetons (μB) per formula unit of the nitrides M4N of transition metals M. Stable compounds are denoted as “S” and unstable
ones as “U”.

Group Number M a (Å) C11 (GPa) C12 (GPa) C44 (GPa) ΔEf (eV) Mech. Stab. Mag. (μB)

3 Sc 4.58 111.2 70.3 49.9 −3.09 S 1.52
4 Ti 4.17 255.5 109 88.9 −3.69 S 0
5 V 3.93 266.8 207.3 −11.9 −2.4 U 0
6 Cr 3.77 529.8 148.8 60.4 −0.44 S 0
7 Mn 3.74 452.7 103.3 120.4 −1.47 S 1.19
8 Fe 3.8 305.9 140.7 44.6 −2.09 S 9.84
9 Co 3.72 401.3 133.2 82.1 −0.46 S 6.36
10 Ni 3.73 354.2 131.7 44.4 0.21 S 1.49
11 Cu 3.88 216.2 96.3 34.9 1.46 S 0
12 Zn 4.18 91.7 81 18.6 1.88 S 0
3 Y 4.98 87.7 55.5 39.7 −2.67 S 0
4 Zr 4.56 208.6 97.9 86.5 −3.67 S 0
5 Nb 4.3 225.1 203 −20.9 −2.25 U 0
6 Mo 4.11 518.1 160 79.8 −0.29 S 0
7 Tc 4.01 597.4 166 171.5 0.22 S 0
8 Ru 3.99 532.7 173.9 117.1 1.94 S 0
9 Rh 4.03 382.3 170.4 53.6 1.5 S 0
10 Pd 4.12 246.3 146.3 34 1.02 S 0
11 Ag 4.37 148 63.1 19.2 2.57 S 0
12 Cd 4.69 70.3 53.9 10.7 2.22 S 0
4 Hf 4.51 231 104.2 97.6 −3.58 S 0
5 Ta 4.29 285.7 218.2 21.5 −2.22 S 0
6 W 4.14 549.8 210 46 0.62 S 0
7 Re 4.05 711.5 202.5 209.3 1.42 S 0
8 Os 4.03 642.4 222.7 138.8 3.94 S 0
9 Ir 4.07 467.1 219.5 41.8 4.02 S 0
10 Pt 4.17 302.3 195.2 −3.2 2.79 U 0
11 Au 4.38 158.3 105.8 3.4 3.47 S 0

Fig. 2. Total formation energy per formula unit (ΔEf) of the nitrides M4N versus
group number of their corresponding transition metals (M). Blue circles, red
squares and green triangle represent the corresponding nitrides of metals in the
3 d, 4 d, and 5 d rows respectively. For example, group number 4 stands for Ti
(blue circle), Zr (red square), and Hf (green triangle). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Table 4
Group Number, Bulk modulus (B), polycrystalline shear modulus (G), Young's
modulus (E), Pugh's ratio (k), Poisson's ratio (ν), Vickers hardness (HV) and
Debye temperature (θD) of nitrides M4N of transition metals M. Mechanically
unstable compounds are denoted as “U” without a numerical value.

Group
Number

M B (GPa) G (GPa) E (GPa) k ν HV (GPa) θD (K)

3 Sc 83.9 34.9 91.9 0.42 0.32 4.2 400.5
4 Ti 157.8 82.2 210.2 0.52 0.28 10 567.3
5 V U U U U U U U
6 Cr 275.8 97.8 262.3 0.35 0.34 7.3 570.7
7 Mn 219.8 139.8 346.1 0.64 0.24 18.2 654.0
8 Fe 195.8 57.2 156.4 0.29 0.37 4.0 424.9
9 Co 222.6 100.0 260.9 0.45 0.30 9.7 537.8
10 Ni 205.9 64.8 175.9 0.31 0.36 4.7 437.3
11 Cu 136.3 43.4 117.7 0.32 0.36 3.6 351.4
12 Zn 84.6 11.3 32.5 0.13 0.44 0.5 185.9
3 Y 66.3 27.6 72.8 0.42 0.32 3.6 269.1
4 Zr 134.8 72.4 184.1 0.54 0.27 9.4 409.6
5 Nb U U U U U U U
6 Mo 279.3 111.0 294.1 0.40 0.32 9.0 473.3
7 Tc 309.8 188.0 469.1 0.61 0.25 21.2 596.3
8 Ru 293.5 139.0 360.2 0.47 0.30 12.9 506.6
9 Rh 241.0 70.7 193.2 0.29 0.37 4.7 363.4
10 Pd 179.6 39.7 110.9 0.22 0.40 2.2 272.1
11 Ag 91.4 26.5 72.5 0.29 0.37 2.3 226.5
12 Cd 59.4 9.6 27.3 0.16 0.42 0.6 139.5
4 Hf 146.5 82.1 207.4 0.56 0.26 10.8 312.4
5 Ta 240.7 25.7 74.6 0.11 0.45 0.7 173.7
6 W 323.3 80.3 222.4 0.25 0.39 4.2 296.6
7 Re 372.1 226.3 564.5 0.61 0.25 24.3 480.8
8 Os 362.6 163.9 427.2 0.45 0.30 13.8 406.4
9 Ir 302.0 65.8 184.0 0.22 0.40 3.1 261.0
10 Pt U U U U U U U
11 Au 123.3 8.9 25.9 0.07 0.46 0.2 99.0
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be the hardest compounds with Vickers hardness of 18.2 GPa, 21.2 GPa,
and 24.3 GPa respectively. Our values of HV for these three compounds
compare well with the values for the most commonly used hard ma-
terial rocksalt-structured TiN, measured by Shin et al. [22] (20.2 GPa)
using ultra-high vacuum dc magnetron sputter deposition and value
provided by Holleck [7] (21 GPa). These three compounds also compete
with pyrite-type hard compounds PtN2 (23.5 GPa) and MnN2

(19.9 GPa) reported previously by Liu et al. [78]. Nitrides of Group 4
(Ti4N, Zr4N, Hf4N) and Group 8 (Ru4N, Os4N) also have HV around or
above 10 GPa Co4N is the hardest compound in group 9 with Hv of
9.7 GPa. The elastic constant C44 signifies material's stability against
shear deformations [4,50,64,65] and G is the material's ability to op-
pose shear strain. As the hard nitrides of Re, Tc, and Mn of group 7
possess not only the higher values of C44 but also larger shear modulus
(G), they are very stable against any kind of shear deformation. A
common trend of M4N compounds in HV, k, and G, as illustrated in the
plots of Fig. 4 also supports this fact. From Table 1, since Au4N has a C44

value of only 3.4 GPa, it should be considered marginally stable. Based
on the results of our investigation, experimentalists will have an op-
portunity to narrow their search for an experimental synthesis of these
nitrides, by eliminating 3 unstable and other relatively soft phases and
focusing attention to the 3 predicted hard phases, saving huge experi-
mental effort. The brittle to the ductile behavior of materials is in-
dicated by the values of Pugh's ratio (k=G/B) and Cauchy pressure (PC
= C12 - C44) [102–106]. The condition for material's ductility as given
by Pettifor [106] and Pugh [105] is PC≥ 0 and k≤ 0.57. With this
condition, we observe that all our M4N compounds possess ductile
nature except Mn4N, Tc4N, and Re4N. Therefore, unlike the tough
materials reported by Sangiovanni et al. [107,108], these three are hard
and brittle. But there are other two ductile candidates Ru4N and Os4N
with a modest hardness of 12.9 GPa and 13.8 GPa respectively and may
be considered as moderately tough materials.

Our calculations of Debye temperature (θD) indicate that 9 com-
pounds Zn4N, Y4N, Pd4N, Ag4N, Cd4N, Ta4N, W4N, Ir4N, and Au4N were
found to possess θD less than 300 K. These are the compounds with
relatively low Vickers hardness. Fig. 5 shows a linear correlation be-
tween θD calculated from Eq. (6) with hardness (HV) calculated from

Fig. 3. Computed equilibrium volume (V) and bulk modulus (B) of the nitrides
M4N versus the group number of their corresponding transition metals (M).
Blue circles, red squares and green triangle represent the corresponding nitrides
of metals in the 3 d, 4 d, and 5 d rows respectively. Data have not been shown
for unstable nitrides leading to breaks in the lines, which are only a guide to the
eye. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 4. Polycrystalline shear modulus (G), Pugh's ratio (k) and Vickers Hardness
(HV) of the nitrides M4N versus group number of their corresponding transition
metals (M). Blue circles, red squares and green triangle represent the corre-
sponding nitrides of metals in the 3 d, 4 d, and 5 d rows respectively. Data have
not been shown for unstable nitrides leading to breaks in the lines, which are
only a guide to the eye. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 5. Computed Debye temperature (θD) from equation (6) versus Vickers
hardness (HV) from Eq. (5). Symbols are data points which have been shown
only for mechanically stable compounds. The line is a linear fit to Eq. (9).
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Eq. (5) indicating that compounds with high HV also possess high θD.
Similar linear correlations have been found by Deus [86] for diamond-
like semiconducting compounds and by Miao et al. [104] for Ta3B4-
structured transition metal borides. Moreover, Debye temperature is
also correlated with the melting point (Tm) given by Lindemann [109]
as = × − −θ T M VaD m

1/2 1/2 1/3. For better performance in hard coatings,
materials with not only high hardness but also with high melting points
are preferred because such materials can be used in a wide range of
temperature. The adherence of our data to a fit of this equation suggests
that M4N materials with large hardness will also have a high meting
point due to bonding strength. Such type of hard materials can be of use
in high temperature applications.

3.2. Magnetic properties

From our DFT calculations, five mechanically stable M4N com-
pounds, namely Sc4N (1.52 μB), Mn4N (1.19 μB), Fe4N (9.84 μB), Co4N
(6.36 μB), and Ni4N (1.49 μB) are observed to have non-zero magnetic
moments while the rest have zero magnetic moments. However, Cr4N is
found to have a total zero magnetic moment with each of its atom in the
unit cell possessing a zero-magnetic moment. This is unlike the ele-
mental Cr, which has an antiferromagnetic ordering. We performed the
structural energy minimization of Cr4N with an initial guess of anti-
ferromagnetic spin sets (1, −1, 1, −1, 0) and Cr4N was found to be
stabilized in its lowest ground state with a total of zero magnetic mo-
ment while the individual local moments of its constituents also being
zero. These magnetic compounds are in the 3 d period of the periodic
table. From our calculation of magnetic moments due to electronic spin-
polarization, Mn4N was found to be ferrimagnetic with a total magnetic
moment of 1.19 μB, where all of the face-centered atomic moments
align antiparallel to the corner atomic moment. The Fe4N phase was
found to be ferromagnetic with a total magnetic moment of 9.84 μB,
where all the atomic moments are aligned parallel to each other.
Similarly, Co4N, Ni4N, and Sc4N were also found to have a ferromag-
netic ordering. The calculated magnetic moments due to the electrons
in s, p and d orbitals along with the magnetic moments of individual
atoms for these magnetic compounds are provided in Table S1 of the
Supplemental Material. A clear agreement between experimental and
calculated values for the lattice constants and magnetic moments can be
observed from Table 2 for two experimentally explored magnetic
compounds Mn4N and Fe4N.

We are primarily focused on mechanical properties like hardness.
This focus necessitates that at least a preliminary modeling of mag-
netism in DFT calculations is required as it may significantly affect
these properties. Many DFT calculations in the past have ignored
magnetism caused by electronic spin-polarization [53–55,110–112].
However, the mechanical properties of materials like B1-type CrN can
be explained only when magnetism is taken into account
[34,64–66,87,113–115]. The paramagnetic phase above room tem-
perature should be simulated by a construction of randomized magnetic
spins, rather than a non-magnetic model to obtain the correct energy
and elastic constants [34,87,113–115]. On the other hand, differences
in energy and mechanical properties arising from differences in mag-
netic orderings, i.e. ferromagnetic, anti-ferromagnetic, or para-
magnetic, are smaller than those between magnetic and non-magnetic
simulations [34,87,113–115]. Therefore, in this work, we included
magnetism for all the compounds we studied and compared with the
results of non-magnetic calculations. Table 5 lists a comparison be-
tween the properties of magnetic phases calculated by considering the
structure with magnetic configurations and with non-magnetic config-
urations. The inclusion of magnetism has affected the values of lattice
constants and elastic constants and hence those of other derived moduli
significantly, which can be observed distinctly from Table 5. The in-
fluence of magnetism on the hardness of M4N-type metal nitrides can be
seen on the reduction of the hardness of Mn4N and Fe4N. With non-
magnetic configuration, Mn4N is a hard material with an HV of

20.8 GPa, along with Tc4N and Re4N in the same Group 7, but when
ferrimagnetic configuration is considered for Mn4N with initial guess
for magnetic moments of 3.5 μB for the corner and −0.7 μB for the face-
centered atoms, HV reduces to 18.2 GPa. More notably, the hardness of
Fe4N decreases from 12.4 GPa to 4.0 GPa under the consideration of
ferromagnetic configuration with an initial guess for magnetic moments
of 3 μB for the corner and 2 μB for the face-centered atoms. On the other
hand, the hardness of Sc4N, Co4N, and Ni4N increase under magnetic
configuration treatment. Thus, proper consideration of magnetism is
deemed to be essential in these magnetic compounds to compute cor-
rect values of various mechanical properties such as hardness.

3.3. Electronic structure

Table 6 and Fig. 6 show electronegativity (χ) and Bader charge
transfer (qtrans) of the 28 M4N-type metal nitrides. The values of χ for
metals were taken from the literature [116]. The electronegativity (χ)
of metals and charge transferred from metals to nitrogen are anti-cor-
related as expected. No correlation between the charge transfer and
electronegativity with the hardness was found.

We computed the electronic total density of states (TDOS) for all 28
M4N-type metal nitrides. The calculated TDOS for 10 3 dM4N com-
pounds are displayed in Fig. 7. Since there are states around the Fermi
energy (Ef) level; we could see no gap between the valence and the
conduction band in 3 dM4N-type metal nitrides. Similarly, no energy
band gaps were found in the case of 4 d and 5 d rows M4N-type metal
nitrides as observed from the Figs. S1 and S2 of the Supplemental
Material. This means all 28 M4N-type metal nitrides are metallic in
nature and which is reasonable since the compounds are metal-rich.
Additionally, as the atomic number of corresponding transition metals
increases, more states tend to aggregate below the Fermi level, which is
characterized by the shifting of peaks towards the left in the TDOS
plots. Fig. 8 shows the plots of LDOS as a function of energy for M4N-
type nitrides of group 7 (Mn4N, Tc4N, and Re4N), which are the hardest
nitrides among all 28 compounds. The hybridization of nitrogen 2p
orbitals with the metallic d orbital was observed due to the overlapping
of the orbitals well below the Fermi level in the energy window of
(−5.7, −8.6) eV for Mn4N, of (−6, −9.3) eV for Tc4N and of (−7,
−10.5) eV for Re4N. The consequence of such hybridization is the
strengthening of the M-N bonds thereby, contributing to the hardness of
these compounds. The LDOS of group 4 M4Ns (Ti4N, Zr4N, and Hf4N),
and group 11 M4Ns (Cu4N, Ag4N, and Au4N) are also appended as Figs.
S3 and S4 in the Supplemental Material for comparison. From Figs. S3
and S4, it is observed that the metal d states of these group 4 and group
11 nitrides spread in a relatively narrow energy window below their
Fermi level as compared to that of hard phases Mn4N, Tc4N, and Re4N.
Also, relatively less extent of hybridization in metal d and nitrogen p
orbitals was observed in group 4 and group 11 nitrides indicating their
lesser mechanical strength. We computed the phonon density of states
(DOS) for Mn4N, the experimentally synthesized stable and hard mag-
netic compound, as well as for V4N, the mechanically unstable com-
pound. Their plots are shown in Fig. 9. These plots show that Mn4N has
all its phonon states in the positive frequency range, which signifies that
Mn4N is dynamically stabilized due to its magnetic ordering. In con-
trast, V4N has some of its phonon states spreading in the negative fre-
quency range signifying its dynamical instability. The fact that Mn4N is
stabilized dynamically due to its magnetic ordering is also supported by
the spin-dependent density of states shown in Fig. 10 for two magnetic
phases Mn4N and Fe4N. The up and down spins-states for Mn4N are
distributed symmetrically with each other and the spin-states of N p
orbitals hybridize perfectly with corresponding spin-states of metal d
orbitals. However, the spin-dependent DOS of another magnetic com-
pound Fe4N lacks such pattern of spin hybridization. This corresponds
well with the small value (4 GPa) of Vicker's hardness of Fe4N. Ad-
ditionally, its hardness decreases from 12.2 GPa to 4 GPa under the
consideration of electronic spin-polarization while calculating its elastic
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constants as mentioned earlier.

4. Conclusions

In summary, we performed density functional theory based first-
principles calculations on the 28 nitrides of 3 d, 4 d and 5 d transition
metals in metal-rich M4N structure. We calculated their formation en-
ergy, lattice constants, elastic constants, mechanical stability, magnetic
moments, bulk modulus, shear modulus, Young's modulus, Poisson's
ratio, Pugh's ratio, Vickers hardness and Debye temperature. A rela-
tively high Vickers hardness was observed in compounds of group 7
with Re4N (24.3 GPa) being the hardest. As seen from the calculated
local density of states of Mn4N, Tc4N, and Re4N, hybridization of metal
d orbital with nitrogen p orbital plays an important role in hardening
the material. The effect of magnetism on mechanical properties of

Table 5
A comparison between properties calculated with magnetic configuration (without parenthesis) and non-magnetic configurations (with parenthesis) for four mag-
netic M4N-type compounds. The symbols in bold represent the properties listed in Tables 3 and 4

M4N a (Å) C11 (GPa) C12 (GPa) C44 (GPa) Mag. (μB) B (GPa) G (GPa) E (GPa) k ν Hv (GPa)

Sc4N 4.58 111.2 70.3 49.9 1.52 83.9 34.9 91.9 0.42 0.32 4.2
(4.57) (107.1) (74.4) (46.5) (0.00) (85.3) (30.6) (82.0) (0.36) (0.34) (3.2)

Mn4N 3.74 452.7 103.3 120.4 1.19 219.8 139.8 346.1 0.64 0.24 18.2
(3.69) (602.9) (134.1) (149.0) (0.00) (290.4) (178.8) (445.0) (0.62) (0.24) (20.8)

Fe4N 3.80 305.9 140.7 44.6 9.94 195.8 57.2 156.4 0.29 0.37 4.0
(3.67) (525.4) (154.9) (103.9) (0.00) (278.4) (131.3) (340.3) (0.47) (0.30) (12.4)

Co4N 3.72 401.3 133.2 82.1 6.36 222.6 100.0 260.9 0.45 0.30 9.7
(3.68) (428.6) (160.6) (72.0) (0.00) (249.9) (92.6) (247.2) (0.37) (0.34) (7.3)

Ni4N 3.73 354.2 131.7 44.4 1.49 205.9 64.8 175.9 0.31 0.36 4.7
(3.73) (355.7) (139.0) (33.6) (0.00) (211.2) (54.9) (151.6) (0.26) (0.38) (3.4)

Table 6
Electronegativity (χ) [116] of the transition metals (M) and Bader charge
transfer (qtrans) from metal (M) atoms to one nitrogen (N) atom in M4N-type
metal nitrides.

Group Number M χ qtrans

3 Sc Y N/A 1.2 1.11 N/A 2.05 2.01 N/A
4 Ti Zr Hf 1.32 1.22 1.23 2.03 1.96 1.97
5 V Nb Ta 1.45 1.23 1.33 1.83 1.81 1.86
6 Cr Mo W 1.56 1.3 1.4 1.6 1.56 1.7
7 Mn Tc Re 1.6 1.36 1.46 1.48 1.39 1.39
8 Fe Ru Os 1.64 1.42 1.52 1.26 1.15 1.28
9 Co Rh Ir 1.7 1.45 1.55 1.15 0.97 1.08
10 Ni Pd Pt 1.75 1.35 1.44 1.14 0.83 0.93
11 Cu Ag Au 1.75 1.42 1.42 1.21 0.97 0.85
12 Zn Cd N/A 1.66 1.46 N/A 1.37 1.18 N/A

Fig. 6. Electronegativity (χ) of the transition metals (M) and Bader charge
transfer from metal (M) atoms to nitrogen (N) atoms (qtrans) in M4N-type metal
nitrides of the 3 d, 4 d, and 5 d metals. Blue circles, red squares and green tri-
angle represent the corresponding nitrides of metals in the 3 d, 4 d, and 5 d rows
respectively. The data in the two panels suggests anti-correlation of qtrans with
χ. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)

Fig. 7. Total Density of States (DOS) per formula unit (primitive cell) of the 10
3 dM4N-type transition metal nitrides. Fermi energy is set to zero in each panel.

V. Adhikari et al. Journal of Physics and Chemistry of Solids 120 (2018) 197–206

203



magnetic compounds like Mn4N, Fe4N etc. was observed and proved to
be essential to take into consideration. Our work enriches the database
for hard-coating materials based on transition metal nitrides and offers
a guideline for selection of desired materials with promising physical
properties while avoiding the effort for the experimental synthesis of
unstable materials.
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