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Electronic and bonding analysis of hardness in pyrite-type transition-metal pernitrides

Z.T. Y. Liu,! D. Gall,2 and S. V. Khare!-*
' Department of Physics and Astronomy, The University of Toledo, 2801 West Bancroft Street, Toledo, Ohio 43606, USA
2Department of Materials Science and Engineering, Rensselaer Polytechnic Institute, 110 8th Street, Troy, New York 12180, USA

(Received 23 June 2014; revised manuscript received 25 August 2014; published 8 October 2014)

Most commonly known hard transition-metal nitrides crystallize in rocksalt structure (B1). The discovery
of ultraincompressible pyrite-type PtN, 10 years ago has raised a question about the cause of its exceptional
mechanical properties. We answer this question by a systematic computational analysis of the pyrite-type PtN,
and other transition-metal pernitrides (M N,) with density functional theory. Apart from PtN,, the three hardest
phases are found among them in the 3d transition-metal period. They are MnN,, CoN,, and NiN,, with computed
Vickers hardness (Hy) values of 19.9 GPa, 16.5 GPa, and 15.7 GPa, respectively. Harder than all of these is PtN,,
with a Hy of 23.5 GPa. We found the following trends and correlations that explain the origin of hardness in these
pernitrides. (a) Charge transfer from M to N controls the length of the N-N bond, resulting in a correlation with
bulk modulus, dominantly by providing Coulomb repulsion between the pairing N atoms. (b) Elastic constant
C 4, an indicator of mechanical stability and hardness is correlated with total density of states at Er, an indicator
of metallicity. (c) Often cited monotonic variation of Hy and Pugh’s ratio with valence electron concentration
found in rocksalt-type early transition-metal nitrides is not evident in this structure. (d) The change in M-M
bond strength under a shearing strain indicated by crystal orbital Hamilton population is predictive of hardness.
This is a direct connection between a specific bond and shear related mechanical properties. This panoptic view
involving ionicity, metallicity, and covalency is essential to obtain a clear microscopic understanding of hardness.
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I. INTRODUCTION

It has been 10 years since the successful synthesis of
platinum nitride by Gregoryanz et al. [1], followed by
computational efforts to confirm its stoichiometry and struc-
ture [2-8]. After much investigation, this ultraincompressible
compound, with a bulk modulus of 372 GPa [1], was finally
concluded to crystallize in the pyrite structure (cubic, Pa3) [9]
with a stoichiometry of 1:2, thus denoted as PtN, [5-8].
Thereafter, the synthesis of PtN, spurred the endeavors in
search for other noble transition-metal nitrides, among which
are the experimentally synthesized OsN, [10], IrN; [6,10,11],
PdN, [11], and very recently RhN, [12], four of the six
so-called platinum group metal (PGM) nitrides [13]. OsN, and
IrN,, with Os and Ir in the same period as Pt, were confirmed to
crystallize in marcasite (orthorhombic, Pnnm) [14-17] struc-
ture and baddeleyite (or CoSb,, monoclinic, P2;/c) [11,15,18]
structure, respectively. PdN,, with Pd in the same group
as Pt, crystallizes in the pyrite structure [11,19] and stays
metastable only above 11 GPa ambient pressure. RhN, has
been computationally predicted [15,20] to take the marcasite
structure as its possible ground state and has recently been
experimentally confirmed [12].

In a conventional unit cell of this pyrite-type PtN,, as
illustrated in Fig. 1, the nitrogen atoms can be seen as two
atoms: a pair taking the octahedral interstitial positions formed
by metal atoms. These interstitial positions are located at the
body and edge centers of the cubic cell. The relatively short
distance between two adjacent nitrogen atoms (1.41~1.42 A),
as calculated [5-7] with density functional theory (DFT)
suggests the strong bonding interaction between the two
nitrogen atoms, instead of them being far apart (~2.4 A)
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with weak interaction in the hypothetical fluorite structure [2].
Therefore, this interesting phase was suggested to be termed as
platinum pernitride [21,22]. The calculated N-N bond length
and experimental and calculated Raman spectrum showed that
the N-N interaction is of a covalent, single bond nature [5-7].
In addition, all first-order Raman modes, including the high
frequencies of PtN, come from the vibration of the N-N
bond. These characteristics indicate that the extraordinary
mechanical properties may be the result of the N-N bond [6].
To further illustrate its nature, Wessel and Dronskowski [21]
offered a chemical point of view by means of the crystal orbital
Hamilton population (COHP) analysis [23], pointing out that
the surplus electrons within the antibonding 17, molecular
orbital help stretch the N-N bond longer and are the source of
the large bulk modulus.

Although the space groups of these newly discovered
PGM nitrides are different, they have a lot in common:
(a) N-N interaction exists in the cell with an interatomic length
corresponding to a single bond formation; (b) nitrogen atoms
form octahedra to coordinate the metal atoms [15,21]; (c) one
phase can transform to another by orientation changes of the N-
N bond or a small distortion of the structure [15,21]. Therefore,
although most of them do not favor the pyrite structure as their
ambient pressure ground state, one can nevertheless extract
abundant information by doing a systematic study for a large
class of transition-metal elements in the periodic table. Various
studies have been carried out for pyrite-type pernitrides of 5d
transition metals on structure and energetics [24], on elastic
constants and electronic states [25], and more focused on noble
transition metals [26].

In the following sections of this paper, we report our
analysis on the trends and correlations of 20 different 3d and 4d
transition-metal pernitrides in the pyrite structure. We report
their cohesive energy with comparison to the fluorite-type
counterparts, structural parameters such as lattice constant,
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FIG. 1. (Color online) The conventional unit cell of pyrite-type
(Pa3) [9] transition-metal pernitrides. The dark blue spheres repre-
sent metal atoms at Wyckoff position 4a (corners and face centers),
and silver spheres represent nitrogen atoms at Wyckoff position 8c.
The nitrogen atoms can be alternatively seen as two atoms, a pair
taking the metal octahedron interstitial Wyckoff positions 45 (body
and edge centers). M, is the closest coordinating metal atom for a
nitrogen atom (N), and M, is the closest in the [111] direction.

internal parameter and bond lengths, elastic constants and
mechanical properties, Bader charge transfer, and electronic
density of states (DOS). Finally, we show the relation of
mechanical properties to the bonding characteristics of an atom
with its neighboring atoms, namely M-M, M-N, and N-N, in
the scheme of projected COHP (pCOHP) analysis [23,27-29].
Also, from our calculation of the 54 metal pernitrides, there
are only three mechanically stable phases: HfN,, IrN,, and
PtN,. Of these, only PtNj,, exhibiting high hardness, is further
analyzed comprehensively.

We found significant variations in the mechanical properties
of these materials, especially among their shear modulus,
Pugh’s ratio, and hardness. Previous studies have proposed
electronic indicators, or controlling factors, such as valence
electron concentration (VEC) [30-33] and ionicity [34] for
determining extreme values in such mechanical properties. We
found two new parameters in these pyrite-type phases. One of
these is the total density of electronic states at the Fermi energy,
directly correlated with metallicity, and the other is the change
in M-M bond strength under a shearing strain. Both of them
show predictive potential for determining extreme elastic and
mechanical properties.

II. COMPUTATIONAL METHODS

We performed our calculations with the Vienna Ab initio
Simulation Package (VASP) [35-38], implementing DFT to
solve the Kohn-Sham equations [39,40]. The one-electron
orbitals and the electronic charge density are expanded in
plane wave basis sets. We chose potentials using the projector-
augmented wave (PAW) [41,42] method under PWO91 general
gradient approximation (GGA) [43,44]. We selected the fol-
lowing PAW potentials of transition-metal elements—Sc_sv,
Ti_pv, V, Cr, Mn, Fe, Co, Ni, Cu, Zn for the 3d row and Y_sv,
Zr_sv, Nb_pv, Mo_pv, Tc_pv, Ru, Rh, Pd, Ag, Cd for the 4d
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row—to ensure quality, per Ref. [45]. Kinetic energy cutoff
value was chosen to be 400 eV for all phases. Monkhorst-Pack
k-point mesh [46,47] was used at 11 x 11 x 11 density
with the inclusion of I' point. Tests with a higher energy
cutoff and a denser mesh showed that our chosen values were
enough to converge the total energy below a difference of
+1 meV. For the electronic minimization, Methfessel-Paxton
order 1 smearing method was used and a convergence criterion
was set at 107 eV/atom. For ionic relaxation to obtain
pyrite structure’s internal parameter, and pushing ions into
their respective equilibrium positions when under strain, we
employed conjugate-gradient algorithm and a force criterion
of 0.01 eV/A. For each species, we enabled spin polarization
in all calculations.

A. Methods for structural and mechanical properties

In order to determine the equilibrium lattice constant (a),
we did a series of runs for each phase, varying the lattice
constant in a range of 1 A around the estimated energy
minimum configuration. This total energy versus volume data
was fitted to the form of Birch-Murnaghan [48,49] equation of
state as formulated by Zhao et al. [50]. During each run, ions
were allowed to fully relax within the symmetry constraints
of space group Pa3, while the cell shape and volume were
fixed. From the fits, the equilibrium lattice constant and bulk
modulus (B) were extracted. Further fitting refinement showed
discrepancies of lattice constant below 0.005 A. Then, with the
equilibrium lattice constant and the relaxed ionic positions of
the run closest to the equilibrium point from above, we relaxed
the ions again while keeping the cell shape and volume fixed
to obtain the precise value of internal parameter (x) at Wyckoff
position 8c [9] of the pyrite structure and the total energy per
formula unit (Ey,) of this minimum configuration.

We also calculated the total energy of the spin-polarized
single atom of the transition metal (E),) and nitrogen (Ey) in a
large supercell with a side of 12 A. We computed the cohesive
energy per atom (Econ) as Econ = (Ey + 2En — Eyn, )/3, which
yields the thermodynamic stability of the compound.

To compute the three independent elastic constants Cyy,
C12, and Cy4 of these cubic phases, we applied two sets of
strains to the unit cell following the forms of Eq. (11) and
Eq. (13) by Mehl et al. [51]. For each set, we strained the
unit cell to different values below 5% and fit the output total
energy data points to a second-order polynomial to acquire
the coefficients of the fit. The coefficients so obtained yield
values of C||—C, and %2 C44. The bulk modulus B equals
(C11 + 2C1»)/3. The two coefficients, along with the value
of B obtained earlier, were used to solve for the three elastic
constants. In all the strained computations, ions were allowed
to relax to their equilibrium positions.

Crystals have to satisfy a set of constraints on elastic
constants in order to be mechanically stable. For cubic
structures, they are Cy; > |[Cpa|, C11 + 2C1p > 0, and
C44 > 0 [52]. The mechanical properties of the stable phases,
including shear modulus (G), Pugh’s ratio (k), and Vicker’s
hardness (Hy) formulated by Chen er al. [53] and Tian
et al. [54], can be derived from the elastic constants as shown
earlier [55-57]. In this paper, we used the formulation of Tian
et al. [54], Hy = 0.92 k1137 G0-708,
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TABLE I. Comparison with other calculated and experimental values of pyrite-type PtN,. Mechanically stable pyrite-type 5d phases and
fluorite-type 3d and 4d phases are also included. Listed values are equilibrium lattice constant (@), internal parameter (x) of Pa3 Wyckoff
position 8¢ [9], elastic constants Cy;, C12, C44, and bulk modulus (B).

a (A) X Cii (GPa) C1, (GPa) Cy4 (GPa) B (GPa)
PtN, (this paper) 4.877 0.416 661.9 69.3 128.8 266.9
PtN, LAPW-GGA* 4.862 0.415 668 78 133 272
PtN, PP-PW91° 4.877 0.417 713 90 136 298
PtN, PP-PBE* 4.848 0.415 696 83 136 288
PtN, PAW-PW91¢ 4.875 278
PtN,, Exp.° 4.804 372
pyrite-HfN, 5.129 0.415 359.4 171.9 124.7 234.4
pyrite-IrN, 4.858 0.418 691.9 97.8 67.5 295.9
fluorite-TcN, 4.892 314.9 283.8 31.1 294.2
fluorite-RuN, 4.867 320.6 283.4 37.1 295.8
fluorite-RhN, 4.886 291.0 261.8 29.2 271.6
fluorite-PdN, 4.979 254.1 200.4 53.7 218.3
fluorite-AgN, 5.155 191.7 156.0 35.6 167.9

*Yu et al. [7].

"Gou et al., [8].
“Young et al. [5].
dCrowhurst et al. [6].
¢Gregoryanz et al. [1].

B. Methods for electronic properties and bonding
characteristics

Bader charge transfer [58,59] analysis was done with
the implementation of Henkelman et al. [60,61], Sanville
et al. [62], and Tang et al. [63], following the guidelines in
Ref. [64]. The fast Fourier transform (FFT) grid for charges
(the second FFT grid) was set at 250 x 250 x 250. The total
electronic DOS were calculated using the tetrahedron method
with Blochl corrections [65] and a 21 x 21 x 21 k-point mesh.

To quantify the covalent and metallic nature of bonding, we
projected plane waves to local orbital basis functions to extract
COHP [23]. This projection was achieved by using the pro-
gram Local-Orbital Basis Suite Towards Electronic-Structure
Reconstruction (LOBSTER) [27-29]. The COHP approach is
a more relevant concept [23] for application in first-principles
DFT computations compared to the more well-known crystal
orbital overlap population (COOP) [66,67] in solid-state chem-
istry. It is able to partition band-structure energy into orbital-
pair contributions and generate energy-resolved plots [23],
therefore revealing the bonding, nonbonding, and antibonding
interaction between two chosen atoms, offering a more detailed
view of electronic structure. The integration of COHP for all
energies up to Er gives integrated COHP (ICOHP) to render
a quasiquantitative interpretation [27] of the net bonding
characteristics. Some care in interpretation is needed since
negative values of the COHP suggest bonding contribution,
opposite to the sign convention with COOP. Therefore, we
followed the convention in Refs. [27,28] to directly provide
—COHP for the ease of comprehension. The wave-function
output from VASP was expressed as plane waves that were
projected into local orbitals by LOBSTER. Hence, our results
will be named per convention as pCOHP and its integral as
IpCOHP [27,28] in this paper.

The LOBSTER manual [29] offers detailed instructions to
carry out an analysis with the output files of one VASP static

run. Apart from following them closely, we accelerated the
last VASP calculation step that requires a full (not symmetry
reduced) k-point mesh by using a charge density file from the
previous self-consistent run. Sample calculations suggested
this approach yielded the same results. Although itis suggested
a denser than usual k-point mesh is not necessary [27], we
nevertheless used a denser one (17 x 17 x 17) in the last
VASP run because most phases we studied in this paper were
metallic. We let LOBSTER output the IpCOHP of all the
atom pairs and averaged the ones that are symmetry-equivalent
in terms of their atomic positions. For each phase, we did
one analysis for the cell at equilibrium and another under a
10% C 44 [110]-oriented shearing strain, which may reveal the
nature of mechanical properties, as suggested by Sangiovanni
et al. [32,33]. All atoms are allowed to relax following the
guidelines detailed above.

III. RESULTS AND DISCUSSION

Table I lists the structural and elastic parameters for PtN,
calculated in this paper and a comparison with other calculated
and experimental values. Our results closely match other com-
putations and experimental measurements for PtN, [1,5-8].
For other 3d and 4d pernitrides, no such comparison is
available. We note that the underestimation of bulk modulus
calculated with GGA is a well-known effect [68,69], and
it does not hinder the purpose of this paper. If we obtain
values of a phase suggesting high hardness, it can only be
harder in reality if the phase can be synthesized and remain
thermodynamically stable.

A. Energetic properties

Figure 2 shows the cohesive energy per atom of the 20
pyrite-type, 3d, and 4d transition-metal pernitrides. Precise
values are listed in Table II. For comparison, we also included
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FIG. 2. (Color online) Cohesive energy per atom (E,) of the
transition-metal pernitrides versus the group number of their corre-
sponding metals. Circles correspond to metals from the 3d row and
squares to those from the 4d row. Filled symbols depict the pyrite
(py) structure and unfilled symbols the fluorite (fl) structure.

our computed values of the corresponding fluorite-type phases.
From the figure, we observe that in most cases the E
value of the pyrite-type phase is larger than that of the
fluorite-type phase. This indicates that thermodynamically
pyrite-type phases are relatively more stable. For the cases of
NbN, and MoNy, the two structures have comparable values.
However, despite these few similarities in Eop, further elastic
constant calculations show that fluorite-type phases are mostly
mechanically unstable or very soft (estimated Hy < 2 GPa).
The only five mechanically stable fluorite-type phases are
the nitrides of Tc, Ru, Rh, Pd, and Ag, all in the 4d row.
Their computed structural and elastic parameters are listed
in Table L. Since there is no current experimentally synthesized
transition-metal nitride in this structure, we do not further
analyze them.

B. Structural properties

In Table II lattice constant (a), internal parameter (x), and
the Bader charge transfer (g ans) from a transition-metal atom
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FIG. 3. (Color online) Equilibrium lattice constant (a), distance
d(M -N) between M and N, distance d(M,-N) between M, and N,
and internal parameter (x) of Wyckoff position 8c [9] of the pyrite-
type transition-metal pernitrides versus the group number of their
corresponding metals. The pernitrides corresponding to metals from
the 3d and 4d rows are represented by black circles and blue squares.
Red triangles represent pyrite-type PtN, shown for comparison.

to the nitrogen atoms are listed. To connect these values to
physical bonding between different atoms, we utilized the
notations for atoms illustrated in Fig. 1. In this notation we
computed the distance between one nitrogen atom (N) and
its closest nitrogen atom d(N-N) = V3a (1 — 2x), its closest
metal atom d(M;-N) = a+/x2 4 2(0.5 — x)*, and its adjacent
metal atom in the [111] direction d(M,-N) = V3ax. Figure 3

TABLE II. Equilibrium lattice constant (a), internal parameter (x) of Wyckoff position 8¢ [9], cohesive energy per atom (E,), and Bader
charge transfer (g .,s) from a metal atom to nitrogen atoms of the pyrite-type transition-metal pernitrides, MN,.

Group of M M a(A) x Econ (€V/atom) Greans (€)

3 Sc Y 5.134 5.469 0.424 0.428 5.71 5.67 1.83 1.96
4 Ti Zr 4.881 5.201 0.416 0.418 6.07 6.47 1.98 231
5 \% Nb 4777 5.069 0.416 0.419 5.44 5.89 1.63 2.05
6 Cr Mo 4754 5.004 0.418 0.418 5.26 5.20 1.46 1.76
7 Mn Tc 4716 4.938 0.416 0.419 4.86 5.37 1.44 1.51
8 Fe Ru 4.630 4872 0.417 0.421 5.02 5.67 1.23 1.11
9 Co Rh 4569 4.866 0.417 0.422 5.10 5.23 1.03 0.91
10 Ni Pd 4.645 5.093 0.421 0.431 4.92 434 0.97 0.69
11 Cu Ag 4916 5.572 0.428 0.439 4.18 3.76 0.85 0.59
12 Zn cd 5.007 5.519 0.428 0.435 3.50 3.25 1.07 0.96
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TABLE III. Elastic constants Cy;, C1a, C11-C12, C44 and mechanical stability of the pyrite-type transition-metal pernitrides, MN,.
Mechanically stable phases are denoted as “S” and unstable ones as “U.”

Group Mechanical
of M M C|1 (GPa) C12 (GPa) C|1 - CIZ (GPa) C44 (GPa) stability
3 Sc Y 129.0 24.4 161.7 185.2 —32.7 —160.8 61.6 56.0 U U
4 Ti Zr 354.7 286.1 149.7 178.5 205.0 107.6 97.9 98.5 S S
5 v Nb 391.0 302.6 137.3 213.2 253.7 89.3 9.4 —38.4 S U
6 Cr Mo 392.5 386.4 104.8 145.2 287.7 241.3 61.4 —20.0 S U
7 Mn Tc 421.2 471.5 60.7 120.1 360.5 3514 104.7 243 S S
8 Fe Ru 466.2 510.5 46.8 113.0 419.4 397.5 30.7 —52.7 S U
9 Co Rh 5184 500.4 63.9 71.8 454.6 428.6 89.1 52.7 S S
10 Ni Pd 338.4 142.2 64.3 38.2 274.0 104.0 86.7 33.9 S S
11 Cu Ag 66.8 36.6 91.3 31.6 —245 5.0 29.2 12.0 8] S
12 Zn Cd 157.7 93.1 45.3 7.2 112.4 85.9 57.7 14.2 S S

illustrates the close correlation between a, d(M-N), d(M,-N),
and x that is found as the group number of the metal atom (M)
varies. This correlation shows that as the M atom changes,
these four quantities change at a similar rate.

C. Mechanical properties

Table III lists the three independent elastic constants, Cj,
Ciy, Cy4, and C1;—Cyy, for convenience of checking the
mechanical stability criteria. Out of the 20 pyrite-type phases
of 3d and 4d transition metals, we observe six mechanically
unstable ones, namely ScN; and CuNj in the 3d row, and YNy,
NbN,, MoN,, and RuN in the 4d row. Apart from PtN,, the
values for the other two mechanically stable 5d phases, HfN,
and IrN,, are provided in Table I as well.

Table IV shows the derived results for mechanical proper-
ties, including bulk modulus (B), shear modulus (G), Pugh’s
ratio (k), and Vickers hardness (Hy), using the methods
described in Sec. II. Figure 4 shows the trends in values as
the group number of the metal atom changes. Notable hard
phases are observed in the 3d row, namely MnN, (Hy =
19.9 GPa), CoN; (16.5 GPa), and NiN, (15.7 GPa). In the 5d
period, the Hy values for the three mechanically stable phases,
HfN,, IrN,, and PtN,, are 11.1 GPa, 11.1 GPa, and 23.5 GPa,
respectively. These compare well with the computed hardness
values for other typical hard coating materials, rocksalt-type
TiN (24.0 GPa) and VN (14.0 GPa) from Ref. [56], which
matched well with experimental measurements.

D. Bader charge transfer and N-N bond

Figure 5 shows a correlation between the structural pa-
rameter d(N-N) and Bader charge transfer (qans). . This
is a different pattern from the one found in Fig. 3 for the
other structural parameters. This correlation in Fig. 5 may
be qualitatively explained in two ways. When more charges
are transferred from M to N, (a) the Coulomb repulsion
between the two similarly charged N atoms will have an
elongating impact on the N-N bond and (b) following Wessel
and Dronskowski’s reasoning [21], when more charges are
transferred to the nitrogen dimer, more antibonding states are
filled and hence the N-N bond becomes longer. This effect can
be visually observed in Fig. 6, which depicts color contour
plots of the charge density distribution of four selected phases
in the (110) plane passing through the origin [0,0,0] of the
unit cell shown in Fig. 1. They are phases of 3d transition
metals VN, (Group 5), MnN,; (Group 7), FeN, (Group 8), and
4d, TcN, (Group 7), respectively. The reason to choose these
four phases is that, as demonstrated in Fig. 4, they exhibit very
large variations in mechanical properties, although lying close
together in the periodic table. We can clearly see that as the
transition-metal element moves from V through Mn to Fe, as
G trans from 1.63 e through 1.44 e to 1.23 e, and as d(N-N) from

"We note that the values of g, describe the charge transfer from
a metal atom to two nitrogen atoms, so each nitrogen atom gets half
of it.

TABLE IV. Bulk modulus (B), shear modulus (G), Pugh’s ratio (k), and Vickers hardness (Hy) of the pyrite-type transition-metal

pernitrides, MN,. Mechanically unstable phases are denoted as “U.”

Group of M M B (GPa) G (GPa) k Hy (GPa)

3 Sc Y U U U U U U U U
4 Ti Zr 218.0 214.3 99.7 77.3 0.46 0.36 9.8 6.3
5 \'% Nb 2219 U 35.6 U 0.16 U 1.4 U
6 Cr Mo 200.7 U 87.0 U 0.43 U 8.4 U
7 Mn Tc 180.9 237.2 130.4 61.0 0.72 0.26 19.9 3.6
8 Fe Ru 186.6 U 74.5 U 0.40 U 6.8 U
9 Co Rh 215.4 214.6 131.1 96.4 0.61 0.45 16.5 9.4
10 Ni Pd 155.7 72.8 104.3 40.3 0.67 0.55 15.7 6.4
11 Cu Ag U 333 U 6.5 U 0.19 U 0.5
12 Zn Cd 82.8 35.8 57.1 22.6 0.69 0.63 10.6 4.9
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FIG. 4. (Color online) Bulk modulus (B), shear modulus (G),
Pugh’s ratio (k), and Vickers hardness (Hy) of the pyrite-type
transition-metal pernitrides versus the group number of their cor-
responding metals. The pernitrides corresponding to metals from the
3d and 4d rows are represented by black circles and blue squares. Red
triangles represent pyrite-type PtN, shown for comparison. The lines
are a guide to the eye. Missing symbols correspond to mechanically
unstable phases in Table IV.

1.386 A through 1.366 A to 1.334 A, there is a higher and
higher charge density lying between the two nitrogen atoms,
strengthening the N-N covalent bond because the Coulomb
repulsion between them gets weaker. Similar observation can
be made if one compares MnN, and TcN,, whose transition
metals belong to the same group but a different period. TcN;
has a slightly larger value of gans (1.51 €) than that of MnN,
(1.44 e), and a larger value of d(N-N) (1.381 A) than that of
MnN, (1.366 A); accordingly, it has less charge density in
between the two nitrogen atoms.

Another observable effect in Fig. 6 is that following the
same sequence, from V through Mn to Fe in the 3d period,
there is a higher and higher charge density between the nitrogen
atom and its closest transition-metal atom. This suggests the
interaction between the two elements in the pyrite structure
moves from being dominantly ionic to being more covalent, in
agreement with what we see from the decreasing gans pattern
in Fig. 5.

A mild correlation between ¢u.,s and B in Fig. 4 is
observed. This correlation is used by Wessel and Dron-
skowski [21] to explain the extraordinarily high value of B
(our calculation: 266.9 GPa) for pyrite-type PtN,. We clarify

PHYSICAL REVIEW B 90, 134102 (2014)

Sc Ti V Cr Mn Fe Co Ni Cu Zn
Y Zr Nb Mo Tc Ru Rh Pd Ag Cd
1.50 T T T |

A

d(N-N) (A)

_.
Ny
N =)

1

n

qtrans (e)

o O = =

N )

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

FIG. 5. (Color online) Distance d(N-N) between two bonding
nitrogen atoms and Bader charge transfer (¢ .,s) from a metal atom to
nitrogen atoms of the pyrite-type transition-metal pernitrides versus
the group number of their corresponding metals. The pernitrides
corresponding to metals from the 3d and 4d rows are represented
by black circles and blue squares. Red triangles represent pyrite-type
PtN, shown for comparison. Since the two nitrogen atoms are in
equivalent positions, they split the charges equally.

this further by noting that this correlation between gans and
B in pyrite-type 3d and 4d transition-metal pernitrides is
influenced dominantly by Coulomb repulsion. As mentioned
earlier, charge transfer exerts its influence on the N-N bond
length in two ways, Coulomb repulsion and antibonding state
filling, which jointly lead to the elongation of N-N bond. For
PtN,, in Fig. 5 we notice the value of d(N-N) is larger than

L/ 0.40
I 0.36
L 0.32
L 0.28
-~ L 0.24
MnN, - 0.20
M/ L 0.16
L 0.12
L 0.08
I 0.04

TeN,

FIG. 6. (Color online) Electronic charge density distribution on
the (110) plane passing through point [0,0,0] of pyrite-type 3d
transition-metal pernitrides VN, (Group 5), MnN, (Group 7), FeN,
(Group 8), and 4d transition-metal pernitride TcN, (Group 7). The
color scale is shown by the unit of eA~>. Values larger than 0.4 are
represented in red.
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TABLE V. Inverted integrated projected crystal orbital Hamilton population (—IpCOHP) of the closest M-M, M-N, and N-N bonds of the
pyrite-type transition-metal pernitrides, MN,. Listed are the averaged values of equivalent pairs in a cell. The three columns to the right are
the changes in values (§) when a 10% C4 [110]-oriented shearing strain is applied to the conventional unit cell.

—IpCOHP (meV)

Group of M M of MN, M-M M-N N-N § (M-M) 8 (M-N) 8 (N-N)

4 Ti —2.4 1908.1 5456.0 29.3 —-25.9 237.1
Ti (strained) 26.8 1882.2 5693.1

5 Vv 492.8 1654.6 3205.6 42.0 —16.9 453
V (strained) 534.8 1637.7 3250.9

6 Cr 359.2 1604.4 4051.2 20.6 —12.1 9.3
Cr (strained) 379.8 1592.2 4060.6

7 Mn 414.6 1559.8 3502.7 18.6 —11.9 58.2
Mn (strained) 433.2 1547.8 3560.8

8 Fe 486.1 1530.1 3730.2 30.2 -9.1 55.5
Fe (strained) 516.3 1521.0 3785.7

9 Co 121.7 1802.8 7837.0 25.2 -93 69.7
Co (strained) 146.9 1793.5 7906.7

10 Ni 82.9 1537.2 8755.5 14.8 —194 110.6
Ni (strained) 97.7 1517.8 8866.0

12 Zn —73.3 1095.1 8479.4 9.0 -9.6 65.1
Zn (strained) -64.3 1085.5 8544.5

7 (4d) Tc 4774 1754.8 3231.7 48.7 —254 195.1
Tc (strained) 526.1 1729.3 3426.8

10 (5d) Pt —191.3 2391.5 6544 .4 —11.2 —23.5 109.6
Pt (strained) —202.5 2368.0 6653.9

those of most 3d and 4d transition-metal pernitride phases
despite the similarity in ggans. This clearly indicates that
the contribution from antibonding state filling is needed to
explain its larger d(N-N). On the other hand, we examined
all —pCOHP versus energy plots of the compounds listed
in Table V. Unlike the case of PtN, and BaN, analyzed
by Wessel and Dronskowski [21], we did not observe any
predictable shift or less filling of the antibonding states in
the region directly below E . Therefore, we conclude that
this correlation between g.,¢ and B in these pernitrides,
compared with PtN,, is controlled dominantly by Coulomb
repulsion.

Note that Group 7 transition-metal pernitrides MnN, and
TcN, have very different values of G, k, and Hy in Fig. 4,
although their g4 and charge density distribution patterns are
very similar in Figs. 5 and 6. In addition to this, as the transition
metal (M) moves from the early to late region in the period,
the electronegativity difference between M and N becomes
smaller; therefore, charge transfer from M to N becomes
smaller. One might be tempted to conclude that accompanying
this smaller charge transfer would be a decrease in metallicity,
leading to a decrease in G, k, or Hy. This reasoning holds true
for the early transition-metal carbides and nitrides in Ref. [34].
However, in the pyrite structure analyzed here, although we
do observe the decrease in ionic contribution, the material’s
ductility does not necessarily always increase, as seen from
Fig. 4. Ductility is a shear related mechanical property, and it
is associated with C44 and DOS at Fermi energy, an indicator of
metallic contribution analyzed later in Sect. IIIE and Fig. 8. To
conclude, ionicity within a solid is not a major decisive factor
on its shear related behavior, such as ductility and hardness,
for pyrite-type transition-metal nitrides.

E. Electronic DOS

We now turn our attention to a more detailed analysis of
the electronic structure of these 20 phases. Figure 7 shows
the total DOS for the 34 pernitrides. For each phase, spin up
states and spin down states are added together. We observe
the gradual shift of the peaks in the DOS to a deeper energy
region as more and more valence electrons are included in the
system, one per step to the right in the 3d row. The 10 phases
in the 4d row, though not shown here, behave similarly. In
Fig. 8, we focus on the correlation between the total DOS at
the Fermi energy (E r) and the elastic constant combinations
that heavily influence mechanical stability and mechanical
properties, C;—C, and C44. Again spin polarization is taken
into consideration, and the values in the corresponding panels
are added-up results. In order to avoid numerical imprecision,
we in effect integrated the total DOS in a small window around
Epfrom Er —0.2eVto Er + 0.2 eV to obtain the number of
electronic states per unit cell. We see C;—C, does not have a
clear correlation with total DOS at E -, but C44 demonstrates
very satisfactory anticorrelation, especially in the same row.
A reasonable explanation of this anticorrelation is that as the
total DOS at E r increases, covalent/ionic behavior gradually
transforms into metallic behavior, thus turning the hard and
brittle phase, characterized by a covalent bonding network
and/or ionic interaction, into a soft and ductile metallike phase,
characterized by delocalized electrons at Er and stronger
M-M interactions. Such an anticorrelation has also been seen
for 3d transition-metal nitrides in zincblende, rocksalt, and
cesium chloride structures [56], and 3d, 4d, 5d transition-
metal nitrides in NbO structure [55], and can serve as an
indicator to screen a very large number of compounds in
search of extraordinary hardness, without calculating all the
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FIG. 7. (Color online) Total DOS per unit cell of the 10 3d pyrite-
type transition-metal pernitrides. Fermi energy is set to zero in each
panel.

elastic constants, which is computationally expensive. This
anticorrelation is also well observed in experimental data of
early transition-metal nitrides and carbides [34]. In those cases,
ionic bonds become weaker and metallic bonds stronger with
a higher DOS at E ¢ as the transition metal moves from Group
4 to Group 6.

Following the remarks in Sec. IIID, one might also be
tempted to think that as the transition metal (M) moves from
the early to the late region, extra electrons are added into the
system, increasing VEC, thus increasing the overall metallicity
and further increasing the ductility of the material. This rule
has been true for rocksalt-type nitrides of early transition
metals from Group 4 to Group 6 [32,33,70]. However, the
trends of G, k, and Hy in Fig. 4 show that it is not quite
applicable to other structures such as the pyrite-type in this
study or other previously explored structures [55-57]. From
Figs. 7 and 8, we do not see that the total DOS at Er keeps
increasing. Rather, it could land on more than one low DOS
region, including pernitride cases such as MnN,, CoN,, and
NiN,, resulting in an increase in shear related mechanical
properties. It is especially the case of PtN,, where its Ep
moves into a band gap, as can be seen in Fig. 9, makes
itself a semiconductor, and results in mechanical stability and
exceptional hardness. For comparison, in the DOS patterns
of IrN, and AuN, (mechanically unstable), the two adjacent
5d phases to PtN,, Er land on the left and right side of the
gap, respectively, demonstrating metallicity. This is seen in
Fig. A in the Supplemental Material [71]. In general, the
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FIG. 8. (Color online) Elastic constant C;;—C1,, C44, and the
number of electronic states per unit cell in a narrow window
around Er (from Er — 0.2 eV to Er + 0.2 eV) of the pyrite-
type transition-metal pernitrides versus the group number of their
corresponding metals. The pernitrides corresponding to metals from
the 3d and 4d rows are depicted by black circles and blue squares. Red
triangles represent pyrite-type PtN, shown for comparison. Notice the
anticorrelation between C44 and total states at E r.
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optimal VEC that leads to minimal metallicity depends
strongly on the structure, the nature of bonding, and the
different roles electrons play in the bonding picture, and there
could be more than one optimal VEC along the transition-metal
period. The importance of systematic analyses lies in obtaining
such information and shedding light on the bonding nature in
specific cases leading to more general principles.

F. Projected COHP and M-M bond

In Fig. 9, we plotted the locally projected DOS of Pt and
the —pCOHP of N-N, Pt-N, and Pt-Pt. We also reproduced,
although not shown here, the five examples, i.e., bulk diamond,
bulk GaAs, bulk Ti, carbon nanotube, and Cgy in Ref. [28]
to a very high precision. The patterns of Pt-N and N-N
are consistent with previous tight-binding linear muffin-tin
orbital atomic-sphere approximation (TB-LMTO-ASA) cal-
culations [21]. A discernible difference is that right below
E g, for the Pt-N bond there is a small negative region in our
projected plane wave calculation, whereas TB-LMTO-ASA
gives a positive region. We also did the same calculation with
PAW-local density approximation (LDA) potentials, but the
negative region remained.

We did the same pCOHP analyses for a large number of
mechanically stable phases, namely pyrite-type nitrides with
3d metals, TiN,, VN,, CrN,, MnN,, FeN,, CoN,, NiN,, ZnN,,
additionally TcN, with a 4d metal, and PtN; with a 5d metal.
Due to the relative expensive nature of such calculations,
we did not include all other 4d metal phases. In Table V,
we list the integrated values of —pCOHP up to Ef for all
three neighboring atom pairs of these phases and the changes
to them, i.e., §(—IpCOHP), when a 10% Cy44 [110]-oriented
shearing strain is applied. We aim to find out the possible
correlations of these trends with those of elastic or mechanical
properties. The absolute values of —IpCOHP of these different
compounds are not particularly informative for our interest, but
the changes in them under strain turn out to be quite indicative.
After all, they share the very similar pyrite structure, and by
monitoring the change with strain we rule out the intrinsic
differences in their absolute values that are not comparable
between phases with different transition-metal elements.

We observe a mild anticorrelation between Cuy4,
G, and Hy and §(—IpCOHP) of the M-M bond in
Table V. The case for Pugh’s ratio (k) is even more obvious.
These physical quantities reflect a similar aspect of the
material—shear related mechanical properties. In Fig. 10, we
compare the values of §(—IpCOHP) for N-N, M-N, and M-M
bonds to k as a function of the group number of the metal atoms.
It is quite remarkable to notice the anticorrelation between
8(—IpCOHP) of M-M and k, an indicator for brittleness.
These observations from Fig. 10 that are true for pyrite-type
transition-metal pernitrides suggest the following conjecture:
The more —IpCOHP of the M-M bond increases its value
under the same shearing strain applied to a collection of phases
in the same structure, the less brittle the phase is and the softer
itis likely to be. It is reasonable to make this statement because
physically a stronger positive M-M bond response to shearing
strain indicates more metallicity. A similar observation can be
made with the ICOOP data in Refs. [32,33] by Sangiovanni
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FIG. 10. (Color online) The change §(—IpCOHP) of the inverted
integrated projected crystal orbital Hamilton population when a 10%
C44 [110]-oriented shearing strain is applied, versus the group number
of their corresponding metals, of the pyrite-type transition-metal
pernitrides. Pugh’s ratio (k) is shown for comparison. The pernitrides
corresponding to metals from the 3d row are represented by black
circles. Blue squares represent pyrite-type TcN,, and red triangles
represent pyrite-type PtN, for comparison. Mechanically unstable
phases are omitted causing breaks in the lines, which are a guide to
the eye. Notice the anticorrelation between §(—IpCOHP) of M-M
and k.

et al. on rocksalt-type Ti and V nitrides when alloyed with Al,
Nb, Ta, Mo, or W nitrides.

Furthermore, a case worth mentioning is PtN,. Its value of
8(—IpCOHP) of Pt-Pt, —11.2 meV, being negative is different
from all other phases. Its value of k£ (0.68), which is not
much larger than that of the other hard phases, is indicative
enough of its brittle nature. Its value of G (181.1 GPa), on
the other hand, is much larger than the following candidates:
MnN, (130.4 GPa) and CoN, (131.1 GPa). This negative
3(—IpCOHP) value may shed light on its extraordinarily high
G, k, and Hy values relative to all the other nitrides in our
study. It is understood as follows. When the shearing strain
causes some of the metal atoms, originally far away, to get
closer, the Pt-Pt bond becomes weaker; the system total energy
climbs up the strain-dependent curve very quickly, yielding
large values of related elastic constants and, furthermore,
large values of shear related mechanical properties k, G,
and Hy. As a reminder, PtN; has the largest values of Hy
(23.5 GPa) in this paper. In addition to the negative
8(—IpCOHP) value, in Table V the —IpCOHP value of Pt-Pt
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in an unstrained conventional cell of PtN, is —191.3 meV,
also very negative. Taking both of them into consideration, we
are more certain of the antibonding nature of the Pt-Pt bond.
It discourages the free travel of electrons among the Pt atom
network, demonstrating the semiconducting behavior of PtN,.
This is certainly not to say that semiconductors or insulators
are generally harder. However, in a certain class of materials,
in this case the transition-metal pyrite-type pernitrides and
possibly other similar compositions and structures, if we
find a few semiconducting or insulating phases out of the
many metallic phases, they are much more likely to be
harder.

IV. CONCLUSION

We carried out a systematic analysis on transition-
metal pernitrides (MN) in the pyrite structure with spin-
polarized DFT. Below is a summary of what we did and
found.

(a) The cohesive energy of these phases at their equilibrium
volume was compared with that of their counterparts in fluorite
structure, and pyrite-type phases were concluded to be mostly
more energetically favorable. Besides, most of fluorite-type
phases are mechanically unstable as well.

(b) The structural parameters, including lattice constant,
internal parameter, and bond lengths between different atoms
were provided. Among these trends, we noticed d(N-N) did
not follow the trends of the others, and explanations were
provided later on.

(c) We calculated elastic constants Cyj, Cjp, and Cyq
for each phase and derived polycrystalline mechanical

PHYSICAL REVIEW B 90, 134102 (2014)

properties (B, G, k, Hy) from them. Among these three,
hardest phases show up in the 3d transition-metal row,
highlighting MnN, (Hy = 19.9 GPa), CoN, (16.5 GPa), and
NiN; (15.7 GPa). Overall, pyrite-type 5d metal pernitride PtN,
has the largest value of Hy (23.5 GPa).

(d) The shortening of the N-N bond is ascribed to the
decrease in charge transfer (gans) from M to N when one
monitors the pernitrides from early to late transition-metal
elements. Charge transfer exerts its effect majorly by providing
Coulomb repulsion between the pairing N atoms. A correlation
with B is suggested. We note that for pyrite-type transition-
metal pernitrides, charge transfer or ionicity is not a major
controlling factor of a material’s shear related mechanical
properties.

(e) The trend and transition of total electronic DOS of the
10 3d transition-metal pernitrides was observed, and we again
correlated elastic constant Cy44, an indicator of mechanical
stability and hardness, with DOS at Ep, an indicator of
metallicity. We further notice that the optimal VEC for shear
related mechanical properties varies for different structures
and could be more than one for a specific structure.

(f) We found an anticorrelation between M-M
3(—IpCOHP) and Pugh’s ratio (k) and weaker anticorrelations
with G and Hy. This is a direct connection between a specific
bond and polycrystalline mechanical properties.
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