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We report a systematic study of the anti-ReOs structured transition metal nitrides, MsN, using ab initio
density functional theory computations in the local density approximation. Here M denotes all the 3d,
4d and 5d transition metals. Our calculations indicate that all MsN compounds except V3N of group 5
and Zn3N and HgsN of group 12 are mechanically stable. For the stable MsN compounds, we report a
database of predictions for their lattice constants, electronic properties and mechanical properties includ-
ing bulk modulus, Young’s modulus, shear modulus, ductility, hardness and Debye temperature. It is
found that most M3N compounds exhibit ductility with Vickers hardness between 0.4 GPa and
11.2 GPa. Our computed lattice constant for CusN, the only M3N compound where experiments exist,
agrees well with the experimentally reported values. We report ratios of the melting points of all M3N
compounds to that of CusN. The local density of states for all MsN compounds are obtained, and elec-
tronic band gaps are observed only for M of group 11 (Cu, Ag and Au) while the remaining M3;N com-
pounds are metallic without band gaps. Valence electron density along with the hybridization of the
metal d and nitrogen 2p orbitals play an important role in determining the stability and hardness of dif-
ferent compounds. Our high-throughput databases for the cubic anti-ReOs structured transition metal
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nitrides should motivate future experimental work and shorten the time to their discovery.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Transition metal nitrides (TMNs) have been suitable coating
materials, especially for hard coatings, for their excellent mechan-
ical, anti-wear, optical, electrical and magnetic properties [1-6]. In
order to search for super hard materials, novel TMNs with out-
standing hardness have been synthesized experimentally, such as
novel platinum nitride, osmium nitride and iridium nitride pre-
pared at high pressures using laser heated diamond anvil cells
[7,8]. Theoretical investigations can help with the structure
determination when pure experimentally derived conclusions are
challenging to make [9-12]. Furthermore, theoretical calculations
can facilitate the discovery of novel super hard TMNs and focus
experimental attention to likely material choices for obtaining
desired physical properties. This is particularly true for high-
throughput computations which can rapidly span across regions
of the periodic table saving considerable experimental effort and
expense and accelerating time to discovery [2,13,14]. In addition,
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the high-throughput materials databases created by systematic
theoretical studies can provide valuable information for deriving
semi-empirical models that yield relationships between material
properties. In the quest for exploring binary TMNs using first-prin-
ciple calculations, studies have been focused on TMNs with nitro-
gen to metal ratios of 1:1 assuming the rocksalt, zinc blende, and
cesium chloride structures and 2:1 assuming the fluorite and pyr-
ite structures [11,13-18]. The tendency for such TMNs to be stable
across a large range of metal to nitrogen ratios is well known,
resulting in many different phases. Thus to create a comprehensive
materials database, for binary TMNSs, studies on other compositions
are also required. This manuscript is a step towards creating such a
database for TMNs of cubic symmetry.

Choice of a structure and composition was motivated by the
anti-ReOs structured copper nitride, CusN, first synthesized by Juza
and Hahn [19] in 1938 by the reaction of CuF, and NH3 at 553 K. La-
ter, Zachwieja and Jacobs [20] obtained CusN single crystals using
copper complexes and liquid ammonia. Recently, CusN has been
extensively studied both experimentally and theoretically for its
promising optical and electrical properties [6,21-24]. Inspired by
previous studies on CusN, here we report a first-principles
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investigation on M3N (M stands for transition metals of the fourth,
fifth and sixth periods except for lanthanides) compounds with the
anti-ReOs structure. Except for CusN, there appear to be no theoret-
ical or experimental reports in the literature on the remaining 29
MsN compounds. In the present work, lattice constants, stability,
mechanical properties including elastic constants, multi-crystalline
elastic moduli, hardness and Debye temperature and electronic
properties of MsN compounds are obtained using ab initio calcula-
tions. This systematic investigation should spur more experimental
work on these M3N compounds.

2. Computational method

All the ab initio calculations in this work were performed by using the Vienna
Ab-initio Simulation Package (VASP) [25-27] codes within the local density approx-
imation (LDA) to density functional theory (DFT) [28,29]. The electron-ion interac-
tions were treated by ultrasoft-Vanderbilt type pseudo potentials [30] as supplied
by Kresse and Hafner [31]. A cutoff energy of 400 eV, was applied to the valence
electron wave functions expanded in a plane-wave basis set for all the M3N (M is
any transition metal of period IV, V and VI) compounds. A Monkhorst-Pack [32]
generated, 12 x 12 x 12 k-point grid was used for the Brillouin-zone integrations
in all calculations except for calculations of local density of states (LDOS), where
a 24 x 24 x 24 k-point grid was used. Tests using cutoff energies and k-points men-
tioned above reached a convergence better than 1 meV. The minimum energy for
each M3;N compound was obtained by fully relaxing all atoms and lattice constants
until a force convergence better than 0.01 eV/A was achieved.

The equilibrium lattice constant (a) was obtained by second order polynomial
fitting of total energy as a function of volume, where the equilibrium volume (V)
was corresponding to the minimum energy. For each optimized compound, three
different external strain tensors (E) as described by Mehl et al. [33] and Patil
et al. [11,13] with the values of the strain component ¢ of +1%,+2%,+3% and +4%
were applied to its equilibrium primitive cell, while allowing full relaxation of
the ions, to calculate the three independent elastic constants, Cyy, Ci2, and Cyq, of
cubic crystal systems. In order for the cubic structure to be mechanically stable,
the following criteria have to be satisfied [34]:

(Ci1 —Ci2) >0, (G +2Ci2) >0, CG1 >0, C2>0, Cyu>0. (1)

For materials with cubic structures, the equilibrium bulk modulus (B) is related
to the elastic constants by the relation, B = (Cy; + 2C;,)/3. Different methods may
give different values, but the results remain fairly invariant under change of com-
putational model. For bulk modulus, the results obtained using this method are
only slightly different from other equations of state, such as Birch-Murnaghan
[35,36], Poirier-Tarantola [37] and Anton-Schmidt [38] models. Values obtained
using these three models for CusN are 146.8 GPa, 147.0 GPa and 147.6 GPa, respec-
tively. These values are within 1% of our value 147.9 GPa obtained by the equation B
=(Cqy1 +2C2)/3.

Table 1

3. Results and discussion
3.1. Lattice and elastic constants

The anti-ReOs structured MsN compounds (space group Pm3m),
are made of nitrogen atoms occupying the corners of the primitive
cubic cell and metal atoms occupying all the centers of the 12
edges of the cubic cell. This structure can be considered as N atoms
occupying the octahedral interstices (6-coordinated) of the cubic
close packed arrangement of metal atoms with 1/4 of the metal
sites vacant. The orthogonal lattice vectors of the unit cell are given
by a; =a(1, 0, 0), a, = a(0, 1, 0) and a3 = a(0, 0, 1), where a is the
equilibrium lattice constant. The basis atoms in direct terms of the
lattice vectors are located at by, =1/2a;, by, =1/2a,,
bys = 1/253 and by = (0, 0, 0), where M and N denote metal and
nitrogen atoms, respectively. We computed equilibrium lattice
constants (a), the three independent elastic constants C;;, Cy»
and Cy4, and bulk modulus of this anti-ReOs cubic structure of
MsN compounds. These are shown in Table 1. For each period,
the calculated lattice constants initially decrease with the increase
of group number until group 8, and increase thereafter. Compared
to the literature, the calculated lattice constant of CusN (3.742 A) is
about 1.7-2.0% smaller than previous experimental values,
3.807 A, 3.819 A, and 3.817 A for initial discovery in 1938 [19], sin-
gle crystal X-ray diffraction [20], and synchrotron powder X-ray
diffraction [22], respectively. Other ab initio calculations of CusN
reported lattice constants of 3.752 A for LDA, and 3.868 A and
3.83 A for GGA [39,40]. Our result for CusN is in good agreement
with values in the literature. For the remaining M3N compounds,
previous experimental or theoretical data are not available. Our re-
sults indicate that all MsN compounds are energetically stable, and
for each row, the cohesive energies initially increase with the in-
crease of group number until group 6, and decrease thereafter. In
addition, it is found that the cohesive energies of MsN compounds
decrease significantly for group 11 (Cu, Ag and Au) and 12 (Zn, Cd
and Hg). Hence, M3sN compounds of group 3-10 possess larger
cohesive energies than CusN. This makes them energetically more
stable than CusN which has been synthesized experimentally
[5,19-21]. Furthermore, these experiments have shown it to be
stable up to a temperature of about 740 K. Our work can thus moti-
vate the discovery of the other M3N compounds.

Lattice constant a (A), elastic constants, B, C1, Cy2 and C44 (GPa) of nitrides, MsN, of period IV, V and VI transition metals M. Values for compounds that were found to be unstable

are denoted by the symbol “U”.

Elements Atomic number Lattice constant (A) B (GPa)

Sc Y N/A 21 39 N/A 4.484 4.872 N/A 66.3 711 N/A
Ti Zr Hf 22 40 72 4.103 4.502 4.389 145.6 128.3 144.6
\Y Nb Ta 23 41 73 3.874 4,258 4.201 199.0 187.4 211.8
Cr Mo w 24 42 74 3.720 4,089 4.067 229.2 222.0 268.4
Mn Tc Re 25 43 75 3.653 3.971 3.993 258.6 253.9 298.5
Fe Ru Os 26 44 76 3.608 3.942 3.971 245.0 247.6 2934
Co Rh Ir 27 45 77 3.610 3.972 4.016 228.1 219.1 264.1
Ni Pd Pt 28 46 78 3.650 4.048 4.103 199.3 168.3 205.7
Cu Ag Au 29 47 79 3.775 4,249 4.287 1479 102.2 129.5
Zn cd Hg 30 48 80 4.054 4.530 4.670 80.6 64.1 40.7
Cy1 (GPa) Cy2 (GPa) Caa (GPa)

131.6 124.8 N/A 33.7 443 N/A 9.3 104 N/A
280.8 233.6 272.0 78.0 75.6 80.9 24.0 21.9 27.1
3442 315.9 346.0 126.4 123.1 144.7 4] 16.9 6.1
503.0 489.0 565.9 923 88.5 119.7 27.1 36.0 60.7
618.8 567.7 667.1 78.6 97.0 114.2 28.5 15.2 51.4
558.1 527.7 603.9 88.5 107.5 138.1 46.2 54.0 60.8
485.1 426.1 495.2 99.6 115.7 148.5 57.4 61.3 82.7
399.1 298.2 340.8 99.4 103.3 138.2 383 313 17.2
311.5 202.2 229.9 66.2 52.3 79.2 185 12.7 10.8
118.7 102.4 49.8 61.6 449 36.1 U 04 u
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Fig. 1. Bulk moduli (B), left axis open symbols, and elastic constant Cy4, right axis
closed symbols, of transition metal nitrides M3N as a function of group number of
the metal (M). Square, circle and triangle represent data for periods IV, V and VI of
M, respectively. For example, values for group number 4 correspond to TisN, ZrsN
and Hf3N.

The trend for variation of the bulk modulus (B) with group and
column number is clear from Fig. 1. Values of B increase with group
number and peak at group 7 for each period, and increase with the
increase of atomic number for each column except for group 11
and 12. Similar trends are seen for values of C;; from Table 1. Vari-
ations in Cy3 and C4q with group and column numbers are similar
to each other, but not as smooth as those for bulk modulus and
Cq1. No clear trend with the change in period number, from 4 to
6, is seen in Fig. 1. For C44, an indicator of the stability against shear
deformation and hardness as described in literature [2,41-43], the
largest value for each period occurs for group 9 transition metal
nitrides CosN, RhsN and IrsN with values of 57.4, 61.3 and
82.7 GPa respectively. We observe that the average number of
valence electrons per atom, also called the valence electron density
(VED), for group 9 M3sN compounds is 8, a number associated with
closed shell electronic configurations for noble gas atoms as well as
a magic number for metal clusters [44]. Similar to our result, a
nearby value, VED of about 8.4, was found to be related to the
highest values of C44 value for transition metal carbonitrides and
nonstoichiometric nitrides, such as TiC;N;_, and TiN;_, of the
rocksalt structure [1,2]. Patil et al. [13] found a maximum in B
for pyrite phases of period six transition metal nitrides near a
VED of 18, another value equaling closed shell number of electrons
in atoms.

Although all calculated M3sN compounds are energetically sta-
ble, V5N, ZnsN and HgsN, which are denoted as “U” in Table 1,
are mechanically unstable because of negative Cy4 values. All other
transition metal MsN compounds are mechanically stable, and
therefore their experimental synthesis is expected to be possible.

Table 2
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3.2. Mechanical properties

The effective medium shear modulus (G) and Young's modulus
(E) can be obtained using Hill’s approximation [45], as the true val-
ues lie between Voigt’s [46] (upper limit) and Reuss’s [47] (lower
limit) approximation:

Gu = 1/2(Gy + Gg). (2)
and
Ew =1/2(Ev + Eg). 3)

The subscripts H, V and R denote elastic moduli obtained using
Hill's, Voigt’s and Reuss’s approximation, respectively. For cubic
crystal systems, shear modulus (G) can be calculated from the three
independent elastic constants, C;q, C;» and C44 using a well known
result also described by Chung and Buessem [48]:

Gy = [(Ci1 — Ci2) +3Ca4]/5 (4)
and
Gr = [S(Cll - C]z) X C44]/(4C44 +3Cyp — 3C12). (5)

Young’s modulus can be calculated from bulk modulus (B) and
shear modulus using the following equation:

Ey = 9ByGy/(3By + Gy). (6)

From the three elastic moduli, B, G and E, a variety of mechan-
ical properties can be calculated, such as the Poisson’s ratio [45] (v)
and Pugh’s ratio [49] (k) as v = (3B — 2G)/[2(3B + G)] and k = G/B.
Our calculations for Gy, Ey, v and k are given in Table 2. For each
period, both Young’s modulus (Ey), stiffness of a material (By),
and shear modulus (Gy), the ability to resist shear strain, peak at
group 8 or 9 (Table 2). Maximum Ey and Gy are observed for IrsN
with values of 294-112 GPa respectively, comparable to the rock-
salt structured NbN [42]. Fig. 2 shows a comparison between v and
k, each of which indicates whether a material is likely to be ductile
or brittle. Typical Poisson’s ratio, values of v for covalent, ionic, and
metallic materials are 0.1, 0.25 and 0.33, respectively [50]. Higher
values of v indicate higher metallic behavior, and for metallic
materials with v above 0.33, higher v values also indicate higher
ductility [50]. Except for the unstable ones, all calculated Poisson’s
ratios for the M3N compounds are greater than 0.3 (Fig. 2), indicat-
ing more metallic behavior. Analogous to v, Pugh’s ratio k gives a
measure of a material to be ductile [49]. It is known that
k ~ 0.57 show borderline ductile behavior and materials of similar
structures with lower k values are more ductile. Therefore, k is
anticorrelated with v, which agrees with the reverse correlation
between the two seen in Fig. 2. For all stable M3N compounds in
Fig. 2, their Pugh’s ratios are below 0.5, indicating some ductile
behavior, which agrees with the calculated Poisson’s ratios. Similar
to v and k, Cauchy pressure (Pc = C13 — C44) is also a good indicator
of ductility of materials [51]. For cubic crystal systems, negative Pc

Shear modulus, Gy (GPa), Young's modulus, Ey (GPa), Poisson’s ratio, v, and Pugh’s ratio, k of nitrides, MsN, of period IV, V and VI transition metals M. Values for compounds that

were found to be unstable are denoted by the symbol “U”.

Elements Atomic number Gy (GPa) Ey (GPa) v (Poisson’s ratio) k (Pugh'’s ratio)

Sc Y N/A 21 39 N/A 19 19 N/A 53 51 N/A 0.37 0.38 N/A 0.29 0.26 N/A
Ti Zr Hf 22 40 72 45 38 46 122 103 125 0.36 0.37 0.36 0.31 0.29 0.32
\% Nb Ta 23 41 73 u 37 27 u 104 77 U 0.41 0.44 U 0.20 0.13
Cr Mo w 24 42 74 70 78 106 191 209 280 0.36 0.34 0.33 0.31 0.35 0.39
Mn Tc Re 25 43 75 85 64 109 229 177 291 0.35 0.38 0.34 0.33 0.25 0.36
Fe Ru Os 26 44 76 95 97 108 252 256 288 0.33 0.33 0.34 0.39 0.39 0.37
Co Rh Ir 27 45 77 96 90 112 252 237 294 0.32 0.32 0.31 0.42 0.41 0.42
Ni Pd Pt 28 46 78 69 50 38 185 137 108 0.35 0.36 0.41 0.35 0.30 0.19
Cu Ag Au 29 47 79 44 28 26 120 78 74 0.36 0.37 0.40 0.30 0.28 0.20
Zn Ccd Hg 30 48 80 u 6 U U 18 §) §) 0.45 §) §) 0.10 §)
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Fig. 2. Poisson’s ratio (v), left axis closed symbols, and Pugh’s ratio (k), right axis
open symbols, of nitrides, MsN, as a function of group number of the metal (M).
Square, circle and triangle represent data for period IV, V and VI of M, respectively.
For example, values for group number 5 correspond to V3N, NbsN and TasN while
group number 12 correspond to ZnsN, CdsN and HgsN compounds.

indicates covalent (directional) bonding, while positive P¢c indicates
metallic bonding [51]. In Table 1, all the C44 values for stable M35N
compounds are significantly smaller than those of C;,, indicating
strong metallic bonding. This is consistent with the results for Pois-
son’s and Pugh’s ratios.

For many coating applications materials with high hardness are
preferred. Hardness usually measured by Vickers hardness (Hy) has
a long history of being theoretically modeled [2,41-43]. Teter [41]
studied a variety of materials and proposed that Hy is linearly cor-
related with shear modulus (G). The relation between Vickers
hardness in Teter’s form (Hy) and G is described by Chen et al.
[42] in the following equation:

Hr = 0.151G. (7)

However, deviations from Eq. (7), were observed for many
materials, as hardness is not only associated with shear modulus,
but also the bulk modulus B, which was described by Chen et al.
[42] as Hc for which they provided a derivation from a physically
motivated model yielding a relation:

He =1.887 k""" G*>1. (8)

Similar to the above relationship the Debye temperature (0p)
can be related to the elastic constants through the speed of sound
as described by Anderson [52]:

b [3n (Nap 1/3 /2 1 -1/3

0= {E (V)} Vi, Where v, = {g <ﬁ+ E)] ; 9)
G\ 3B+4G\ "2

n=(p) man=(35) 1o

Table 3
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Fig. 3. Vickers hardness, Chen’s model (Hc), closed symbols, and Teter’s empirical
model (Hy), open symbols, of nitrides, M3N, as a function of group number of the
metal (M). Square, circle and triangle represent data for Hc (Ht) of period IV, V and
VI of M, respectively. For example, values for group number 6 correspond to Cr3N,
MosN and W3N compounds.

Here h is Planck’s constant, kg is Boltzmann’s constant, Na is
Avogadro’s number, p is the mass density, M is the molar mass
per unit cell, n is the number of atoms per unit cell and v; and v,
and v, are the longitudinal, transverse and mean sound speeds,
respectively.

The calculated results for Vickers hardness, both Hc and Hr,
and the calculated Debye temperatures are given in Table 3. As
shown in Fig. 3, both Chen’s and Teter’s model for Vickers hard-
ness share a similar trend, except that the values of Hy are about
5 GPa larger than those of Hc. Chen’s model has provided a good
statistical fit to experimentally measured Vicker's hardness of
many different types of materials [42]. From Fig. 3 we observe
that values of H¢ for the MsN compounds, with M = Co, Rh and
Ir of group 9, M =Fe, Ru and Os of group 8 and M =W and Re
of group 6 and 7 in the 6th period are significantly larger than
the values for the remaining nitrides. With Hc values between 9
and 11 GPa, the hardness of these 8M3N compounds are compa-
rable to steel and silicon with hardness of about 9-12 GPa,
respectively [42,53]. The trend for hardness is very similar to that
of Cy44 (Figs. 1 and 3), and highest hardness is observed for group
9 M3N compounds with a VED of 8 with the highest hardness H¢
of 11.2 for Pt3N.

Debye temperature (0p) is related to hardness, as higher values
of 0p usually indicate higher inter-atomic binding forces, thus
higher hardness [54]. For materials with the same crystal structure,
the relationship between Debye temperature and hardness (Hy)
can be described following Abrahams et al. [55] and Deus et al.
[56] by the following equation:

Op =mx Hy> p~/SM' 4 n, (11)

Vicker hardness (GPa), Chen’s Model Hc, and Teter’s empirical model Hr, Debye temperature (K), and ratio of melting temperature T, to the T,,, of CusN of nitrides, MsN, of period
IV, V and VI transition metals M. Values for compounds that were found to be unstable are marked by the symbol “U".

Elements Atomic number Hc (GPa) Hy (GPa) Debye temperature (K) Tin/(T of CusN)

Sc Y N/A 21 39 N/A 2.6 22 N/A 29 2.8 N/A 317 235 N/A 0.7 0.9 N/A
Ti Zr Hf 22 40 72 4.5 3.9 4.8 6.8 5.7 7.0 446 318 251 13 1.4 1.6
\ Nb Ta 23 41 73 §) 24 1.2 §) 5.6 4.1 u 305 188 u 1.2 0.8
Cr Mo w 24 42 74 5.8 7.2 9.9 10.6 11.7 16.0 511 423 358 1.5 22 29
Mn Tc Re 25 43 75 7.0 4.4 9.3 12.8 9.6 16.4 543 376 359 1.8 1.7 29
Fe Ru Os 26 44 76 9.1 9.3 9.3 143 14.6 16.3 564 450 352 1.9 25 2.8
Co Rh Ir 27 45 77 10.1 9.5 11.2 14.5 13.6 16.9 552 432 358 1.9 23 29
Ni Pd Pt 28 46 78 6.6 4.7 2.3 104 7.6 5.8 473 323 213 1.4 1.4 1.1
Cu Ag Au 29 47 79 43 3.0 2.0 6.7 43 4.0 373 247 180 1.0 0.9 0.9
Zn Cd Hg 30 48 80 §) 04 §) §) 0.9 §) U 118 U 8] 0.3 §)
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Fig. 4. Relationship between Debye temperature (0p) from Eq. (9) versus hardness
(Hc) from Eq. (8). Symbols are computed data points which have been shown only
for mechanically stable structures of the anti-ReOs structured M3;N compounds. A
linear fit to Eq. (11), of Abrahams and Deus, is also shown.

where m and n are linear fitting coefficients. A plot depicting the
relationship between Vickers hardness (Hc) and Debye temperature
using the data obtained from the stable M3N compounds is shown
in Fig. 4. By a linear fit to Eq. (11), we obtained m = 415.93 K-(kg/
m?3)"/® (kg/mol)'/3/GPa'/? and n = 39.83 K with a coefficient of deter-
mination of 0.951. These results indicate a relatively good fit and
show that linearity between 0p and H, is indeed followed in these
anti-ReOj3 structured compounds, M;3N.

Moreover, 0p can also be associated with melting point (T;;)
using the equation given by Lindemann [57]:

Tm = b x MV, (12)

where V is the unit cell volume corresponding to M, the molar mass
of the unit cell, and b is a linear fitting coefficient. Iso-structured
materials with higher values of Hy usually exhibit high melting
points, due to higher bonding strength. Similar to high hardness,
high melting point is also desired for hard coating materials, as it
permits wider temperature range for their applications. The slope
b in Eq. (12), is unknown and therefore we can only compute ratios
of the melting points (T,,) of different M3N compounds to the
melting point of CusN in Kelvin. We chose CusN value of T,, as
the denominator, in the ratio, since it has been experimentally
synthesized and we know its T;, is above 740 K, the decomposition
temperature of CusN [5,19]. The ratios so obtained are given in
Table 3. The trend for T;, is very similar to the trend for hardness.
All M5N compounds exhibit higher melting points compared to
CusN, except for TasN and compounds of groups 1, 11, and 12. These
values for T;,, correlate with their respective cohesive energies.

3.3. Electronic structure

We computed the electronic local density of states (LDOS) for
all our M3N compounds. Some highlights of these results are
now presented here. All the M3N compounds are found to be
metallic due to the absence of any energy band gap around Fermi
level (Ef), except for group 11, compounds, CusN, AgsN and AusN
with band gaps of about 0.17, 0.32 and 0.23 eV, respectively. It is
well known that LDA systematically underestimates band gap by
as much as 50% or more [58,59]. For small band gap materials it
can even show metallic character, i.e. zero band gap. More accurate
band gaps can be estimated using more advanced methods such as
LDA+U, GW and others which are beyond the scope of the current
work. Compounds we report as metallic may therefore possess
small gaps if measured experimentally. Experimentally reported

band gap of CusN has varied from about 0.8 to 1.9 eV, depending
on variations in methods used and composition [60-62]. Our value
of 0.17 eV is thus consistent with experimentally reported values
for CusN. Similar to the present work, earlier theoretical investiga-
tions on CusN have reported much smaller band gaps, varying from
0.169 eV to 0.40 eV varying by the computational method applied
[40,63-66]. Although precise band gap values cannot be deter-
mined from LDA, it is clear that AgsN and AusN are likely to possess
larger band gaps than CusN and act as semiconductors like CusN.

Figs. 5-7 show plots of the LDOS as a function of energy for
nitrides M3N of groups 7 (FesN, RusN and OssN), 9 (NisN, PdsN
and Pt3N) and 12 (Zn3N, CdsN and AusN) respectively. For M3N
compounds in the same column, it is seen that the electronic states
spread wider and N 2 s orbital shifts lower as the atomic number
goes up. Differences between LDOS plots of stable M3N compounds
and unstable ones are distinctly observable. Figs. 5 and 6 show
LDOS plots of M3N compounds with the largest bulk moduli (group
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Fig. 5. Local density of states (LDOS) of nitrides, MnsN, TcsN and ResN, with the
highest values of B. Fermi energy is set to zero and LDOS corresponding to nitrogen
sites have been denoted as negative values for clarity.
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Fig. 6. Local density of states (LDOS) of nitrides, CosN, Rh3N and Ir3N, with the
highest values for C44. Fermi energy is set to zero and LDOS corresponding to
nitrogen sites have been denoted as negative values for clarity.
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Fig. 7. Local density of states (LDOS) of nitrides, ZnsN, CdsN and HgsN, which are
unstable or marginally stable. Fermi energy is set to zero and LDOS corresponding
to nitrogen sites have been denoted as negative values for clarity.

7) and the greatest C44 or hardness (group 9), respectively. For
these very stable compounds, the metal d states are spread over
a wide energy range below and above the Fermi energy and the
LDOS varies smoothly with energy. In addition, these nitrides with
higher C44 values and hardness, exhibit strong hybridization of N
2p orbitals and metal d orbitals in the valence bands (below E).
The relatively high hardness could be a result of high resistance
to deformation forces due to strong ¢ bonding between N 2p and
metal d orbitals. We contrast these observations with the LDOS
plot in Fig. 7 for group 12 M3N compounds which are generally
unstable with CdsM marginally stable, and their metal d electron
states spread in relatively narrow energy ranges deep below their
corresponding Fermi level. Their LDOS varies abruptly with energy.
These results from Figs. 5-7 together with those of other nitrides,
not shown, indicate the need for N 2p hybridization with the metal
d states over a wide energy range for stability of the compounds to
occur.

4. Conclusion

Transition metal nitrides with the anti-ReOs structure (MsN)
were investigated by density functional theory based calculations.
Their lattice constants, energetic stability, electronic structure and
mechanical properties including bulk modulus, Young’s modulus,
shear modulus, ductility, hardness, stability and Debye tempera-
ture are predicted. Narrow band gaps are found for group 11
MsN compounds, and the rest of the stable MsN compounds are
metallic. Compounds of group 8 and 9 transition metals show rel-
atively high hardness. Relation of metal d orbital hybridization
with nitrogen 2p orbitals plays an important role in determining
the stability of different compounds. Our work expands the
database for nitrogen based coating materials and provides useful
guidance for future experimental work. Such effort can now be
navigated by focusing on materials of desired values for physical
properties while avoiding efforts for synthesizing unstable
compounds.
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