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We have performed ab initio calculations on 29 nitride phases of transition metals from the 3d, 4d and 5d
rows, in NbO structure. We calculated cohesive energy, lattice constant and elastic constants C;;, C;; and
Ca4, and derived mechanical moduli, related ratios and hardness. For five out of the ten 3d transition
metal nitrides, namely, CrN, MnN, FeN, CoN and NiN, cohesive energy in this new structure is similar
to that of the same composition in the rocksalt structure. The lattice constant and bulk modulus were

f:l‘;y.‘”f’fds" ulati found to be anti-correlated. We observed the correlation between the shear modulus (G), Pugh’s ratio
Nit;?c;[;z calculations (k) and derived Vickers hardness (Hy). For identical metal element significant variations in the mechan-

ical properties of nitrides are found between rocksalt and NbO structures. However for a fixed structure,
3d, 4d and 5d metal nitrides behave similarly. We computed Debye temperature and demonstrated its
correlation with Hy as proposed by Madelung, Einstein and Deus. The nitrides, CrN, MoN and WN in
NbO structure show values of Hy larger than 20 GPa. We showed systematically that C44, G, k and Hy
are anti-correlated with the number of electronic states around Er, leading to a semi-quantitative link
of nitride electronic structure to mechanical instability and hardness. The local density of states demon-
strating systematic evolution of the electronic structure with the number of d electrons in the metal
atoms was studied. Bader charge transfer from metal to nitrogen atom was analyzed throughout the
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29 nitrides showing comparison with rocksalt structure and experimental electronegativity data.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

There has been a large body of work on transition metal nitrides
(TMNSs) in the search for superhard materials [1-14]. It has been
realized that the addition of nitrogen atoms into the high-density
electronic gas of transition metals along with the covalent bonding
with nitrogen leads to extraordinary hardness [15-18]. Among
these compounds, some promising candidates have been experi-
mentally synthesized and studied. These include nitrides of Sc
[19-27], Y [21], Ti [28-32], Zr [7,33,34], Hf [7,33,35], V [32,36],
Nb [7], Ta [37-42], Cr [39,43-46], Mo [32,39,44,47-49], W
[38,44,50], Re [51,52], Fe [53], Os [54,55], Ir [54,56,57], Pd
[57,58], Pt [56,59], Cu [60], Au [61-64] and Zn [65].

Apart from experimental studies, density functional theory
(DFT) based ab initio calculations have helped predict stability,
hardness and trends of nitrides with transition metal elements in
a large region of the periodic table. Such computations mitigate
the high cost of synthesizing and characterizing the materials that
do not have promising properties, and eliminate effort on those
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that cannot exist due to mechanical instability [59,66]. There are
systematic computational studies of the transition metal region
in the periodic table and different structures in which TMNs crys-
tallize. They include several studies such as one on 3d transition
metal nitrides in zincblende, rocksalt and CsCl structures [67], a
study on rocksalt-, NiAs- and WC-structured 4d TMNs by Zhao
et al. [68], along with another study on more structures of 5d TMNs
[69], a study on 5d TMNs in zincblende, rocksalt, fluorite and pyrite
structures by Patil et al. [70], and the study of both 4d and 5d TMNSs
in zincblende and rocksalt structures by Chen and Jiang [71],
emphasizing varying aspects of nitride properties such as elastic
moduli, mechanical stability, hardness and electronic structure.
Wang et al. proposed a crystal structure (space group Pm3m), in
which TMNs had not been theoretically investigated earlier [72].
Their proposed structure is one obtained by replacing O with N
in niobium monoxide (NbO). In their study of four compositions,
TcN, ReN, OsN and IrN, the NbO-structured TcN and ReN are more
energetically preferred among the other studied cubic, hexagonal
and orthorhombic structures with the same composition. The ener-
getic stability of this particular structure over many of these com-
peting ones has motivated the current work. We have
systematically explored the properties of NbO-structured TMNs
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with transition metals in the 3d, 4d and 5d rows. We have also con-
ducted comparisons of the properties of 3d row TMNs in rocksalt
(rs) versus NbO structure, because (a) several TMNs have already
been synthesized in the rs form, (b) the NbO structure can be
viewed as removing one cation and anion pair from the rs cubic
cell, (c) the NbO structure has similar values of cohesive energy
as rs structure for a number of compositions, which will be shown
below and (d) rs- versus NbO-structured nitrides of the same tran-
sition metal show large difference in mechanical properties such as
hardness, which is also shown in the results section.

Fig. 1 shows the structure of NbO. In a unit cell there are 3 cat-
ions and 3 anions, in contrast to 4 cations and 4 anions in that of a
rs-structured crystal. The coordination number for both ions is 4
for NbO structure with all the coordinating ions in the same plane.
In the rs structure the coordination number is 6 with coordinating
ions forming an octahedron. The similar structure but lower coor-
dination number of ions leads to a smaller lattice constant of NbO
structure compared to that of the rs structure of the same compo-
sition, which is clearly observed in the results that follow. Another
view showing the cubic symmetry is provided in Ref. [72].

2. Computational method

We performed first-principles total energy calculations with
density functional theory (DFT) [73]. The suit of codes, Vienna Ab
initio Simulation Package (VASP) [74-76] was used with Ultra-soft
Vanderbilt pseudo-potentials (US-PP) [77] as supplied by Kresse
and Hafner [78], within the local density approximation (LDA)
[79] and PW91 general gradient approximation (GGA) [80]. LDA
is known to underestimate the lattice constant and overestimate
the cohesive energy and elastic constants, while GGA does the
opposite for lattice constants and elastic constants by a smaller
upper bound and provides more precise cohesive energy values
[81,82]. Hence, we did calculations of the lattice constant, elastic
constants and cohesive energy with both of those two approxima-
tions, and the derivation of mechanical properties with effective
medium theory using only GGA data. We chose the kinetic energy
cutoff value to the plane-wave basis set of the single-particle wave
function expansion to be 450 eV for all compounds, and high pre-
cision mode in VASP. The electronic self-consistent loops were set
to converge below 107*eV/atom. For k-points we used a
12 x 12 x 12 Monkhorst-Pack mesh [83,84]. Tests using a higher

Fig. 1. The structure of NbO. The large green balls depict niobium cations at [0,0,0],
[15,15,0], [2,0,%:], and small red ones represent oxygen anions at [0,%,0], [0,0,%2],
[¥5,%5,%2]. In an alternative view of the same structure, the cations and anions may
be interchanged.

energy cutoff value and denser k-point mesh suggested that total
energy convergence below +1 meV was reached.

Lattice constants (a) were varied in a range of 1 A surrounding
the minimum energy configuration. This data was fit to the Murna-
ghan equation of state [85,86] to get an initial estimate of the equi-
librium lattice constant (ay). Further refinement was then
performed by varying lattice constants, over a range of
ay £ 0.03 A, in steps of 0.01 A. These refined results were fit to a
second order polynomial to obtain the final equilibrium value. Bulk
modulus was also calculated in this step as a consistency check to
be compared with the one calculated from the elastic constants
later.

From the output of VASP computational run at the equilibrium
lattice constant we achieved total energy per formula unit of each
phase in equilibrium (Eyy). We also calculated the total energy of
the transition metal (Ey;) and nitrogen (Ey) atoms, and define cohe-
sive energy per atom (Ecp) as Econ = (Em + En — Enn) /2. A large po-
sitive value of E.,, is indicative of high stability.

For obtaining the three independent single crystal elastic con-
stants for cubic systems, Ci1, Ci2 and Cy44, we applied three sets
of strains to our primitive cells and fit the resultant total energy
to second order polynomials. The polynomial coefficients were
used to solve three linear equations to determine the elastic con-
stants, primarily as detailed by Patil et al. [66]. The only difference
from their approach was our choice of strains for computing the
composite elastic constant (C;;-Cy2). We selected the volume-con-
serving orthorhombic set of strains, of Mehl et al. [87,88], which is
better than the similar volume-conserving tetragonal one due to
the absence of third order terms [87]. lonic relaxation into equilib-
rium was achieved by the conjugate-gradient algorithm until a
force tolerance of 0.01 eV/A was reached for each atom. The strains
were chosen to be below 3% to maintain quadratic behavior of the
energy with the varied lattice.

With the three independent elastic constants, we calculated the
mechanical properties of the material, including the bulk modulus
(B) given by B = (C;1 + 2Cy3)/3, the polycrystalline shear modulus in
various forms like Voigt approximation (Gy), Reuss approximation
(Gg) and Hill's arithmetic mean (G) as given by:

Gv = [(C11 — C12) + 3C44)/5, (1)
Gr = [5(C11 — C12)Ca4]/(4Caq + 3C11 — 3C12), 2)
G = (Gv +Gg)/2. 3)

From these we may further obtain Pugh'’s ratio (k) as k = G/B, Pois-
son’s ratio (v) as v=(3 —2k)/[2(3 +k)], polycrystalline Young’s
modulus (E) as E =9G/(3 + k). Using B and G, Chen et al. [17] pro-
vided a derivation for Vickers hardness, Hyc = 2(k?G)%>% — 3. Tian
et al. [18] modified it to always obtain positive values of Hy as:

HVT — 0.921(1']3760'708. (4)

We have used this form in our analysis. Values for G and B also yield
the Debye temperature (0p) which has a more complex form given
in Egs. (5) and (6) below.

1/3
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Here h is Planck’s constant, kg Boltzmann’s constant, N4 Avogadro’s
number, p the mass density, M the molecular weight of the primi-
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tive cell and n the number of atoms in the cell for which M is calcu-
lated. The transverse, longitudinal and mean sound speeds are u;
and ¢ and v, respectively.

Debye temperature and hardness are two quantities both deter-
mined by the nature of bonding between different atoms in a crys-
tal. Therefore we may expect a connection between the two.
Abrahams et al. [89] replaced B with Hy in the formula,
0p = a x BY2p~1/6M~'/3 first derived by Madelung [90] and Einstein
[91,92] because it is easy to measure Hy experimentally. Deus and
Schneider [93] then added a constant to the linear formula to get
better accuracy. Their formula is expressed as

0p =ax Hy/>p "/SM~'7 1+ b, (7)

where a and b are linear fitting coefficients in the equation.

The electronic density of states, local or projected (LDOS) and
total (TDOS) were computed with GGA potentials, using tetrahe-
dron method with Bléchl corrections [94] for the energy and gam-
ma point centered meshes that are 1.5 times denser than those
used for other computations.

The 29 phases we studied have the same structure. Therefore,
any trend in the charge transfer from the transition metal atom
to nitrogen atom can be easily observed. To investigate whether
a trend exists we used Bader charge analysis as developed by Arn-
aldsson et al. [95-98], implementing Bader’s division scheme
[99,100], and PAW-GGA potentials, including semi-core electrons
when available were used [101]. With the new potentials, we
determined the equilibrium lattice constants following the method
detailed earlier. Then a 250 x 250 x 250 FFT grid was used to give
reliable charge transfer results.

3. Results and discussion

Tables 1-3 show the calculated equilibrium lattice constant (a),
elastic constants Cyq, Ci2, C44, mechanical stability and E,, of all
our compounds with both LDA and GGA. E.,; under GGA of all 29
phases was plotted against the group number of the corresponding
transition metal in Fig. 2. In addition, the theoretical values under
GGA for rs-structured 3d TMNSs from Table 1 and experimental val-
ues for the same phases from Ref. [102] are also shown. We see
good agreement between the calculated and experimental values
for these phases. NbO-structured ScN, TiN, VN, CuN and ZnN have
cohesive energy values lower than those of their rs-structured
counterparts, indicating their lower energetic stability. The other
NbO-structured 3d TMNs, namely CrN, MnN, FeN, CoN and NiN,
have similar values of cohesive energy as the corresponding
rs-structured ones suggesting that they have similar stability. For
all of these nitrides, if rs-structured phases can be experimentally
synthesized, NbO structure should be another close possibility. Our

Table 1

results should motivate experimental effort towards synthesis of
these new NbO-structured phases.

In order to be mechanically stable, a compound of a specific
crystallographic system should satisfy a set of criteria. For a struc-
ture in the cubic system, such as the NbO structure, it should
satisfy

Cih—Cip > 0, Ci +2Cp > 0, Ch>0 and Cyq > 0. (8)

In our study, we found only 3 out of 29 compounds, namely CuN,
ZnN and CdN, to be unstable under both LDA and GGA. In addition,
AgN was found to be marginally stable under LDA and unstable un-
der GGA. All of them only violate the criterion for C44 to be positive.
All of this unstable behavior is restricted to the transition metal
group number 11 and 12 of 3d and 4d rows.

From the equations listed above we computed B, G, E, k, v, Hyr
and 0p from our computed fundamental elastic constants Cyq, Cy3,
C44. Table 4 lists B, G and E. To better observe trends across the
periodic table, the plots of a and B are drawn in Fig. 3. For compar-
ison, the calculated values under GGA for rs-structured nitrides
with 3d transition metals from Ref. [67] are also included. Values
of the lattice constant show a trough at metal group number 8
(Fe, Ru and Os) and those of B show a peak at metal group number
7 (Mn, Tc and Re). We see the clear anti-correlation between a and
B among nitrides with transition metals of the same row. However,
for nitrides with the same group of metals but of different rows,
there is no clear evidence of anti-correlation. Specifically, the 3d
row is generally associated with the smallest values of lattice con-
stant (a) while 4d and 5d rows with similar and larger values. For B
the 5d row is associated with the largest values while 3d and 4d
rows with similar and smaller values. In addition, the anti-correla-
tion among nitrides with 3d metals in different structures is not
observed when we compare values for NbO and rs structures in
Fig. 3.

Table 5 shows values of k, v, Hyr and 6p. Fig. 4 displays G, k and
Hyr to better illustrate the similarity in their trends. The theoretical
values under GGA for rs-structured nitrides with 3d transition
metals from Ref. [67] are also included for comparison. Pugh’s ratio
(k) is defined as G/B, and the variation range of B is much smaller
than that of G in our study. These two observations imply that G
and k have similar trends. Furthermore, Hyr from Eq. (4), is the
product of positive powers of G and k, so it behaves similar to those
two quantities. Within each panel in Fig. 4, the NbO-structured ni-
trides with transition metals of the 3d, 4d and 5d rows behave sim-
ilarly, peaking at metal group number 6 (Cr, Mo and W), and then
slowly decreasing. If one knows an element associated with high
value of hardness, it is possible that elements in the same group
are also good candidates in the same structure. Note that the rs-
structured nitrides behave differently from the NbO-structured
ones. This means nitrides with the same composition but in differ-
ent structures behave differently and it is difficult to predict the

Lattice constant (a), elastic constants (Cy1, C12, C44), mechanical stability and cohesive energy per atom (E.,) of the NbO-structured 3d transition metal (M) nitrides (MN). Stable
phases are denoted as “S” and unstable ones as “U”. Values of E.,, for rocksalt (rs)-structured phases under GGA are also listed.

M a (A) Ci1 (GPa) Ci2 (GPa) Cy44 (GPa) Mechanical stability Econ (eV/atom)
LDA GGA LDA GGA LDA GGA LDA GGA LDA GGA LDA GGA rs (GGA)

Sc 4371 4.454 312.2 269.3 67.8 64.1 33.7 37.1 S S 5.96 5.11 6.50
Ti 4.065 4.136 454.0 383.7 122.0 116.6 52.7 52.5 S S 7.06 6.00 7.01
\Y 3.887 3.955 504.1 422.1 202.6 186.9 50.0 37.4 S S 6.90 5.64 6.08
Cr 3.769 3.836 783.0 666.8 127.7 118.7 150.4 143.5 S S 6.00 457 4.58
Mn 3.709 3.779 743.8 624.0 164.8 149.1 135.1 127.7 S S 5.71 4.23 4.15
Fe 3.689 3.762 643.4 526.5 200.8 179.6 126.9 1144 S S 6.13 4.73 4.64
Co 3.692 3.772 4932 390.7 239.7 209.3 110.8 98.8 S S 6.06 4.96 497
Ni 3.734 3.822 451.7 352.4 200.5 172.1 52.2 413 S S 539 4.25 4.36
Cu 3.858 3.961 304.9 231.0 162.6 1354 -25 =27 u §) 4.06 3.04 3.29
Zn 4,015 4.130 248.3 189.1 112.2 90.1 —40.0 —433 U §) 2.81 1.94 2.42
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Table 2

Lattice constant (a), elastic constants (C;1, Cq2, C44), mechanical stability and cohesive energy per atom (E,;) of the NbO-structured 4d transition metal (M) nitrides (MN). Stable

phases are denoted as “S” and unstable ones as “U”.

M a(A) Cy1 (GPa) Cy2 (GPa) Cyq (GPa) Mechanical stability Econ (eV/atom)
LDA GGA LDA GGA LDA GGA LDA GGA LDA GGA LDA GGA
Y 4,719 4.807 260.9 226.2 50.1 48.0 25.1 279 S S 5.89 5.14
Zr 4.406 4475 388.9 340.6 112.1 105.2 42.6 39.7 S S 7.60 6.52
Nb 4.201 4.263 477.8 411.7 193.3 180.7 50.3 421 S S 7.98 6.68
Mo 4,067 4125 812.1 715.1 1221 108.5 139.8 139.3 S S 7.44 5.97
Tc 3.999 4,061 743.9 628.2 176.0 163.2 136.2 127.0 S S 7.47 6.03
3.975% 4.032° 748* 643 181° 166" 154° 140°
Ru 3.981 4.049 629.3 517.9 206.0 185.9 1105 100.7 S S 7.03 5.64
Rh 4.005 4.083 468.3 362.5 2274 201.2 93.8 83.5 S S 6.13 4.85
Pd 4.073 4.167 370.9 283.0 179.5 147.7 393 31.8 S S 4.39 3.21
Ag 4.243 4.374 231.0 165.0 114.3 86.4 1.5 -1.8 S u 3.00 1.99
cd 4434 4.570 195.0 132.2 75.8 59.2 -54 -11.1 0] U 2.23 1.41

2 Wang et al. [72] (LDA and GGA).

Table 3

Lattice constant (a), elastic constants (C;1, Ci2, C44), mechanical stability and cohesive energy per atom (E.,,) of the NbO-structured 5d transition metal (M) nitrides (MN). Stable

phases are denoted as “S” and unstable ones as “U”.

M a(A) Cy1 (GPa) Ci2 (GPa) C44 (GPa) Mechanical stability Econ (eV/atom)
LDA GGA LDA GGA LDA GGA LDA GGA LDA GGA LDA GGA
N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Hf 4.331 4.407 4353 3735 116.2 1115 58.5 54.3 S S 7.78 6.77
Ta 4191 4.236 511.6 4394 224.2 203.0 54.8 44.0 S S 8.73 7.53
w 4.063 4.120 903.0 812.8 131.2 115.1 1743 170.7 S S 8.63 713
Re 4.012 4.070 817.9 704.1 2071 194.7 155.6 143.4 S S 7.94 6.46
4.000° 4.061° 8387 7347 205° 188° 173 160°
Os 4,003 4.064 684.4 573.8 249.8 229.9 113.0 1195 S S 7.66 6.24
4.051° 574* 238* 108°
Ir 4.041 4.111 464.6 363.8 288.0 261.5 88.5 80.0 S S 6.83 5.47
4.159° 3707 2637 60°
Pt 4115 4.197 356.5 265.4 247.8 215.1 27.1 17.5 S S 5.36 4.09
Au 4.266 4.387 218.1 160.3 159.9 1224 20.1 15.1 S S 3.34 2.23
Hg 4.487 4.639 155.1 129.9 92.6 61.2 104 4.7 S S 1.60 0.70

4 Wang et al. [72] (LDA and GGA).

E.on (€V/atom)

—8— 3d-NbO
2 | —&— 4d-NbO
—&— 5d-NbO
1 k| —#— 3d-rs
& 3d-rs (Exp.)
1 1 1 1 1 1 1 1 1 1
3 4 5 6 7 8 9 10 11 12

Group Number

Fig. 2. Cohesive energy per atom of the NbO-structured nitrides (MN) versus the
group number of their corresponding transition metals (M). The nitrides corre-
sponding to metals (M) from the 3d, 4d and 5d rows are represented by black
circles, red squares and blue triangles respectively. For instance, group number 4
stands for Ti (black circle), Zr (red square) and Hf (blue triangle). For comparison,
calculated values for 3d metal, rocksalt (rs)-structured nitrides are represented by
green x, and corresponding experimental values from Ref. [102] are represented by
dark yellow ¢. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

hardness of one based on that of the other simply because they
have the same transition metal. Specifically, (a) rs-CrN has a small

value of Hyy (1.2 GPa), but value of NbO-structured CrN is 21.6 GPa.
(b) rs-MnN and rs-FeN are mechanically unstable in Ref. [67] be-
cause of C44 being negative, but NbO-structured MnN and NbO-
structured FeN are mechanically stable and have high values of
Hyr (16.7 GPa and 12.2 GPa respectively). Note in Fig. 2 that CrN,
MnN and FeN have very similar values of E,, for rs and NbO struc-
tures. One might therefore experimentally obtain their NbO-struc-
tured phases having high values of hardness when rs-structured
phases are of low values of hardness or are mechanically unstable.
These observations show that extrapolation of material properties
for compounds with the same stoichiometry and crystal symmetry,
cubic in this case, is not possible. This is also observed in Ref. [67].
Such variations in properties underscore the importance of the sys-
tematic investigation of mechanical properties undertaken in the
present work and by others [67-71].

Fig. 5 shows the correlation of our computed 0p from Eq. (5)
with Hyr from Eq. (4). The relationship is well represented by the
fitting line. It demonstrates that the same set of fitting parameters
is applicable to the same structure, regardless of the transition me-
tal involved, thus verifying the relationship denoted by Eq. (7).

Figs. 6 and 7 show the LDOS of 7 nitrides. In Fig. 6, YN, TcN and
AgN contain transition metals of the same row. We observe that as
the group number of metals increases from 3 (Y) to 7 (Tc) and then
to 11 (Ag), the major peaks, associated with the metal M-d orbitals,
shift to lower energy and tend to fall below Ef. This is because more
electronic states are included below Er as the number of electrons
increases with group number. The minor peaks on the far left, cor-
responding to the M-s orbitals, shift to lower regions and then to
higher regions from Er. This trend correlates with that found for



Z.TY. Liu et al. / Computational Materials Science 84 (2014) 365-373

Table 4

369

Bulk modulus (B), polycrystalline shear modulus (G) and Young's modulus (E) of the NbO-structured 3d, 4d and 5d transition metal (M) nitrides (MN). Unstable phases are

denoted as “U” without a numerical value.

M B (GPa) G (GPa) E (GPa)
Sc Y N/A 132.5 107.4 N/A 56.5 45.5 N/A 148.5 119.5 N/A
Ti Zr Hf 205.6 183.7 198.8 77.1 62.5 78.0 205.7 168.3 206.8
v Nb Ta 265.3 257.7 281.8 60.5 64.0 66.3 168.6 177.3 184.3
Cr Mo \Y 3014 310.7 347.7 186.5 191.4 228.2 463.7 476.3 561.8
Mn Tc Re 307.4 318.2 364.5 164.1 162.2 180.8 418.0 4159 465.5
Fe Ru Os 295.2 296.6 344.6 135.2 1231 138.3 351.9 324.5 366.0
Co Rh Ir 269.7 255.0 295.6 95.5 823 66.9 256.2 223.0 186.5
Ni Pd Pt 232.2 192.8 2319 56.8 433 20.2 157.6 1208 59.0
Cu Ag Au 167.3 112.6 135.0 8] U 16.5 U u 47.6
Zn Ccd Hg 123.1 83.6 84.1 8] U 11.9 8] u 34.0
I I I I I I I I
—@— 3d-NbO —— 4d-NbO
—A— 5d-Nb0 —%¢— 3d-rs -
< &
~ (&)
© ~
(@]
~~
©
o
e ~
2}
| | | | | | | |
4 7 1 11 12 | | |
3 > 06 8 9 10 30 - —@— 3d-NbO —@— 4d-NbO
Group Number —A— 5d-NbO —— 3d-rs
Fig. 3. Computed equilibrium lattice constant (a) and bulk modulus (B) of the &
NbO-structured nitrides (MN) versus the group number of their corresponding S
transition metals (M). The nitrides corresponding to metals (M) from the 3d, 4d and 5
5d rows are represented by black circles, red squares and blue triangles respec- T

tively. For instance, group number 5 stands for V (black circle), Nb (red square) and
Ta (blue triangle). For comparison, 3d metal, rocksalt (rs)-structured nitrides are
represented by green x. The data in the two panels suggests anti-correlation of B
with a. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

the peaking of values of B in Fig. 3. In Fig. 7, we observe the LDOS of
CrN, MoN and WN, which have transition metals of the same
group. These were chosen for comparison since they show the
highest G, k and Hyr values. We observe that the positions of M-d
peaks, with respect to Eg, are very similar. In addition, VN is pro-
vided for comparison as an adjacent group transition metal nitride,
which has much lower G, k and Hyr values. Its peak has a right shift
compared with the other three compounds, consistent with the
trend in Fig. 6.

Table 5

3 4 5 6 7 8 9 10 11 12
Group Number

Fig. 4. Polycrystalline shear modulus (G), Pugh’s ratio (k) and Vickers Hardness
(Hyr) from Eq. (4) of the NbO-structured nitrides (MN) versus the group number of
their corresponding transition metals (M). The nitrides corresponding to metals (M)
from the 3d, 4d and 5d rows are represented by black circles, red squares and blue
triangles respectively. For instance, group number 7 stands for Mn (black circle), Tc
(red square) and Re (blue triangle). For comparison, 3d metal, rocksalt (rs)-
structured nitrides are represented by green x. For mechanically unstable nitrides,
data has not been shown leading to breaks in lines, which are only a guide to the
eye. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Pugh’s ratio (k), Poisson’s ratio (#), Vickers hardness (Hyr) and Debye temperature (0p) of the NbO-structured 3d, 4d and 5d transition metal (M) nitrides (MN). Unstable phases

are denoted as “U” without a numerical value.

M k v Hyr (GPa) 0p (K)

Sc Y N/A 043 0.42 N/A 0.31 0.31 N/A 6.1 52 N/A 560.4 395.3 N/A
Ti Zr Hf 0.38 0.34 0.39 0.33 0.35 033 6.5 5.0 6.9 617.4 444.0 363.0
\Y Nb Ta 0.23 0.25 0.24 0.39 0.39 0.39 3.1 3.6 3.5 526.1 4374 328.8
Cr Mo w 0.62 0.62 0.66 0.24 0.24 023 21.6 21.9 26.7 885.2 720.5 585.4
Mn Tc Re 0.53 0.51 0.50 0.27 0.28 0.29 16.7 15.7 16.4 809.4 655.3 518.3
Fe Ru Os 0.46 0.42 0.40 0.30 0.32 0.32 12.2 10.2 10.7 730.7 564.9 450.5
Co Rh Ir 0.35 0.32 0.23 034 0.35 039 7.1 5.8 33 604.9 462.4 316.6
Ni Pd Pt 0.24 0.22 0.09 0.39 0.40 0.46 3.2 24 0.5 4733 335.6 176.2
Cu Ag Au u §) 0.12 §) §) 0.44 u u 0.6 §) §) 161.7
Zn cd Hg U §) 0.14 §) §) 043 u §) 0.6 U §) 139.7
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Fig. 5. Computed Debye temperature (0p) from Eq. (5) versus Vickers hardness
(Hyr) from Eq. (4). Symbols are data points that have been shown only for
mechanically stable structures. The lines are linear fits to Eq. (7).
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Fig. 6. Local density of states (LDOS) of NbO-structured YN, TcN and AgN. Nitrogen
LDOS have been plotted as negative values for clarity. The most prominent peaks
depict the hybridization of metal d orbitals with nitrogen p orbitals. Fermi energy is
set to zero in each panel.

To better understand the electronic nature of high hardness and
mechanical instability, we analyzed the electronic states around Ef.
Previous literature has already hinted at a correlation between the
total density of electronic states (TDOS) at Er and instability [70].
Since the changes of peaks are sharp, instead of TDOS, the integral
of TDOS around Ef, i.e. the number of electronic states within a
window of Er+ 0.2 eV is used to draw the plot. On the other hand,
as hardness is affected greatly by G, which relies upon elastic con-
stant C44, and instability is also associated closely with it, we plot-
ted C44 obtained with GGA. In Fig. 8, the trend of Cy4 is similar to
those of G, k and Hyy. The anti-correlation of C44 with the number
of electronic states around Er is obvious for nitrides with 4d and 5d

4 T

LDOS (States/eV/atom)

E (eV)

Fig. 7. Local density of states (LDOS) of NbO-structured, group 5 nitride VN and
group 6 nitrides CrN, MoN and WN. Nitrogen LDOS have been plotted as negative
values for clarity. The most prominent peaks depict the hybridization of metal d
orbitals with nitrogen p orbitals. Fermi energy is set to zero in each panel.
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Fig. 8. The number of electronic states per unit cell around Er (from —0.2 eV to
0.2 eV) and elastic constant C44 of the NbO-structured nitrides (MN) versus the
group number of their corresponding transition metals (M). The nitrides corre-
sponding to metals (M) from the 3d, 4d and 5d rows are represented by black
circles, red squares and blue triangles respectively. For instance, group number 11
stands for Cu (black circle), Ag (red square) and Au (blue triangle). The arrow
indicates the inverted y-axis in the top panel. The data in the two panels suggests
anti-correlation of C44 with the number of electronic states around Er (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Table 6

Electronegativity (j) of the metals and Bader charge transfer (qerqns) from metal (M)
atoms to nitrogen (N) atoms of the 3d, 4d and 5d metal, NbO-structured nitrides (MN)
and 3d metal, rocksalt (rs)-structured nitrides (MN).

M X Gtrans (NDO) Qtrans (TS)

Sc Y N/A 120 111 N/A 139 146 N/A 179
Ti Zr Hf 132 122 123 138 150 152 174
\4 Nb Ta 145 123 133 129 143 149 161
Cr Mo W 156 130 140 114 126 140 144
Mn Tc Re 160 136 146 105 111 125 133
Fe Ru Os 164 142 152 093 091 1.07 120
Co Rh Ir 1.70 145 155 080 080 088 1.02
Ni Pd Pt 1.75 135 144 082 073 0.77 0.99
Cu Ag Au 1.75 142 142 081 070 0.67 098
Zn cd Hg 166 146 144 095 085 071 115

1.8
1.6
X
1.4
1.2 —e—3d —8 4d —&—5d
T T T T 1 T ]
16 —o— 3d-NbO
: —8— 4d-NbO| ]
2 —A— 5d-NbO| T
S 12 —— 3d-rs
o ,‘_\_’(_)e/-5
0.8

Group Number

Fig. 9. Electronegativity () of the metals and Bader charge transfer from metal (M)
atoms to nitrogen (N) atoms (qerqns) Of the 3d, 4d and 5d metal, NbO-structured
nitrides (MN) versus the group number of their corresponding transition metals.
The nitrides corresponding to metals (M) from the 3d, 4d and 5d rows are
represented by black circles, red squares and blue triangles respectively. For
comparison, 3d metal, rocksalt (rs)-structured nitrides are represented by green x.
For instance, group number 12 stands for Zn (black circle), Cd (red square) and Hg
(blue triangle). The data in the two panels suggests anti-correlation of qqns With
x. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

transition metals, and a bit unclear for ones with 3d transition
metals. This is one of the first systematic investigations of such a
large number of compounds showing such a trend. As a specific
example, we observe that VN has two to four times larger number
of states at Er than the other three nitrides in Fig. 7. Corresponding
with this high number of states is its low hardness seen in Fig. 4.

Table 6 and Fig. 9 show electronegativity () and Bader charge
transfer (qgqns) Of the 29 NbO-structured nitrides. Values of Bader
charge transfer for the rs-structured nitrides with 3d transition
metals are provided for comparison as well. Values of y are ob-
tained from the literature [103]. It is clear that the two quantities
are directly anti-correlated as expected from their definitions. No
correlation of the charge transfer or electronegativity with hard-
ness is evident. We also notice that rs-structured nitrides gener-
ally have higher values of qgqns than NbO-structured ones with
the same metals. Considering rs-structured nitrides have higher
values of lattice constant than NbO-structured ones, they would
have had lower values of qyqns. Therefore, the higher values of
Qeuans for the rs-structured ones may be attributed to a larger
coordination number, 6 in its structure, in contrast to 4 in the
NbO structure.

4. Conclusion

In this study, we performed ab initio calculations on 29 nitride
phases of transition metals from the 3d, 4d and 5d rows in NbO
structure. We calculated the cohesive energy (E;) and compared
it to that of the corresponding rs-structured nitrides, which have
been synthesized or estimated from experimental data. The ener-
getic stability of NbO structure is found to be similar to that of rs
structure and in some cases lower than that. We calculated the lat-
tice constant (a) and bulk modulus (B), and observed the anti-cor-
relation between them. We calculated the elastic constants Cq1, Cq2
and Cy4, and derived mechanical moduli and ratios with effective
medium theory. We observed the correlation between the shear
modulus (G), Pugh’s ratio (k) and derived Vickers hardness (Hy)
with a recently proposed formula. CrN, MoN and WN in NbO struc-
ture show values of Hy larger than 20 GPa. We found by compari-
son with rs structure, that the trends of these mechanical
quantities vary greatly for different structures even if the composi-
tion stays the same. Within the same structure type, 3d, 4d and 5d
metal nitrides behave similarly. We computed Debye temperature
and demonstrated its correlation with Hy as proposed by Made-
lung, Einstein and Deus. The LDOS figures of several nitrides that
demonstrate the trends in our systematic study were plotted. We
showed systematically that C44, G, k and Hyy are anti-correlated
with the number of electronic states around Ep, leading to a
semi-quantitative link of nitride electronic structure to mechanical
instability and hardness. Lastly, Bader charge transfer from metal
to nitrogen atom was analyzed throughout the 29 nitrides we stud-
ied and comparison with rs structure was provided.
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