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Using a variable-composition ab initio evolutionary algorithm, we investigate stability of various Zr—N
compounds. Besides the known ZrN and ZrsN4, new candidate structures with Zr : N ratios of 2:1, 4 : 3,
6:5 8:7,15:16, 7:8 and 4:5 are found to be ground-state configurations, while ZrzN, has a very
slightly higher energy. Besides Zr,N, the newly discovered Zr,N, compounds adopt rocksalt structures
with ordered nitrogen or zirconium vacancies. The electronic and mechanical properties of the

zirconium nitrides are further studied in order to understand their composition—structure—property
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vacancy content. The mechanical enhancement can be attributed to the occurrence of more Zr—N
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1 Introduction

Group IVB transition metal (TM = Ti, Zr and Hf) nitrides have
been widely used in cutting tools and as wear-resistant coatings,
because of their excellent properties such as high hardness and
strength, high melting points, excellent thermal conductivity,
and good chemical stability.** Formally, their mononitrides
adopt the rocksalt structure, but may show significant variation
in composition, both towards cation and anion enrichment."
Such nonstoichiometry widely exists in group IV/V transition
metal oxides, nitrides and carbides, due to the formation of
structural vacancies.’ The concentration of vacancies can be up to
50 at%. Their microstructures are usually controlled by the co-
precipitation of nonstoichiometric phases, and the mechanical
behavior is dependent on the vacancy concentration.
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Unlike carbides, not only nonmetal vacancies exist, but
structure can also tolerate metal atom vacancies since metal
atom oxidation state can reach +4.° Experimental investigations
of nonstoichiometric TM nitrides (TM = Ti, Zr, Hf, V, Nb and
Ta) have been conducted intensely for more than thirty years.”*°
About twenty ordered carbides and nitrides have been found.*
However, it has not yet been possible to construct a single phase
diagram of TM-C or TM-N systems at low temperatures (most
of the available phase diagrams have been constructed above
1300-1500 K). In this paper, we explore stable compounds in the
Zr-N system at ambient pressure and finite temperatures. To
date, there is no comprehensive and inclusive computational
investigation of phase stability in the Zr-N system.

Zirconium nitrides represent a rich family of phases where the
stability and microstructures are still not completely understood.
According to the phase diagram provided by Gribaudo et al,"
ZrN and Zr;N, can be stable at ambient conditions. In 2003, c-
Zr;N, with a Th;P, structure was synthesized by Zerr et al. using
diamond-anvil cell experiments at 16 GPa and 2500 K."» This
compound was expected to exhibit a very high Vickers hardness
around 30 GPa, similar to that of y-Si;N,. However, Kroll showed
that hardness is just slightly harder than 14 GPa." Besides c-
Zr;N,, an orthorhombic Pnma modification of Zr;N, has been
proposed.* First-principles calculations show that o-Zr;N, is
energetically more stable than c-Zr;N,."* However, both struc-
tures are metastable considering decomposition into ZrN and
N,.** Besides, two nitrogen-rich phases ZrN, (1.06 < x < 1.23) with
NaCl-type structures have been claimed by Juza et al. in 1964.¢
However, precise stoichiometries and crystal structures are not
known for their synthesized samples.
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Here, we apply recently developed evolutionary algorithm
USPEX to extensively explore the crystal structures and stoi-
chiometries in the Zr-N system at ambient conditions, and then
their phase stability at finite temperatures are evaluated.
Furthermore, the electronic and mechanical properties of stable
Zr,N,, compounds are studied using density functional theory.
Our work should provide guidance for experimental groups
aiming to synthesize these new technologically useful materials.

2 Computational details

Searches for low-energy crystalline Zr-N structures were per-
formed using evolutionary algorithm (EA) methodology imple-
mented in the USPEX code™ in its variable-composition
mode.” The energies and structural optimizations (including
lattice shape, volume and atomic positions) were calculated by
VASP package based on density-functional theory.”* The first
generation contained 80 randomly produced candidate struc-
tures, which were produced under the following constraints: (1)
all possible stoichiometries were allowed, (2) the maximum
number of atoms is 30 in the primitive cell. In the subsequent
generations, each generation contained 60 structures, which
were produced by applying heredity (50%), atom transmutation
(20%), lattice mutation (15%) operators, while some structures
were still randomly (15%). These are typical parameters for
USPEX calculations, with which efficiency is known to be very
high. Besides, we also performed a fixed-composition search for
Zr15N;6 which has 31 atoms in its primitive cell.

First-principles electronic structure calculations were carried
out within the generalized gradient approximation (GGA) in the
Perdew-Burke-Ernzerhof form.?” The interactions between ions
and electrons were described by the projector-augmented wave
method* with a cutoff energy of 600 eV. Uniform I'-centered k-
points meshes with a resolution of 27 x 0.03 A~* and Meth-
fessel-Paxton electronic smearing® were adopted for the inte-
gration in the Brillouin zone. These settings ensure convergence
of the total energies to within 1 meV per atom. Structure
relaxation proceeded until all forces on atoms were less than 1
meV A" and the total stress tensor was within 0.01 GPa of the
target value.

Theoretical phonon spectra were calculated with the super-
cell method using the PHONOPY package.”® Hellmann-Feyn-
man forces exerted on all atoms in supercells (2 x 2 x 2 of the
unit cell) were calculated by finite atomic displacements of each
symmetrically nonequivalent atom. Phonon dispersion rela-
tions were then obtained by the diagonalization of the dynam-
ical matrix. We used the quasiharmonic approximation to
calculate the free energy of zirconium nitrides at finite
temperatures. Free energy of a crystal was obtained as a sum of
the static total energy, vibrational energy and configurational
energy. Computational details are described in ESL.}

3 Results and discussion
3.1 Phase stability of the Zr-N system at finite temperatures

Thermodynamic stability of zirconium nitrides in the temper-
ature range of 0-2000 K was quantified by constructing the
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thermodynamic convex hull, which is defined as the Gibbs free
energy of formation of the most stable phases at each
composition:

AG(Zr\N,) = [G(Zr,N,) — xG(Zr) — yG(Ni(x + ) (1)

Any phase located on the convex hull is considered to be
thermodynamically stable (at T = 0 K, G = H) and at least in
principle synthesizable.>® In the case of zirconium nitrides,
a series of stable compounds at various Zr : N ratios, ie. 2: 1,
4:3,6:5,8:7,1:1,15:16,7 : 8,4 : 5 have been discovered by
our evolutionary searches at 0 K, shown in Fig. 1. The rocksalt
ZrN with space group (SG) Fm3m was found to have the lowest
enthalpy of formation. Besides ZrN, substoichiometric Zr,N
(SG: P4,/mnm), Zr,N3 (SG: C2/m), Zr¢N5 (SG: C2/m) and ZrgN,
(SG: C2/m) have also been found to be thermodynamically
stable. For the missing composition Zr;N,, the lowest-energy
structure is Immm with the enthalpy of formation lying very
close to the convex hull at only 0.005 eV per atom, i.e. Zr3N, is
a metastable phase at 0 K.

Additionally, Juza et al. in 1964 have discovered two nitrogen-
rich phases ZrN, (1.06 < x < 1.23) with rocksalt structures.'® The
synthesized sample had a dark blue color and turned into
metallic ZrN upon heating. Unfortunately, detailed stoichiom-
etries and crystallographic information were not determined.
Subsequent studies even questioned the existence of these two
compounds.™ From our evolutionary searches, we found these
two compounds could be Zr; 5Ny (x = 1.07, SG: P1) and Zr,N; (x
= 1.25, SG: C2/m). Their structures are composed of edge-
sharing ZrNg and [ONg (O means Zr vacancy) octahedra,
similar to the rocksalt ZrN structure. To the best of our
knowledge, such nitrogen-rich nitrides have never been re-
ported in other TM-N systems. For Zr;N,, the most stable
structure has the orthorhombic Pnma symmetry,” which is

15:16

fso) <+ oo
T | |
I

P
—
|

- T=0K -® T=1500K

Convex Hulls of Zr-N system

2L
0 035 0.4 0.45 05
Zr N/(Zr+N) Ratio N

Fig. 1 Convex hulls of the Zr—N system in the temperature range of
0-2000 K at ambient pressure. The solid squares represent stable
structures, while open ones denote metastable structures. The solid
P63/mmc phase of Zr, a-N, (T = 0 K) and N, gas (T = 300 K) were
adopted as reference states.
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energetically more favorable than the Th;P,-type structure by
~0.019 eV per atom at 0 GPa and 0 K. We found it is thermo-
dynamic metastable considering decomposition into ZrN and
N, at ambient conditions. First-principles calculation shows
that o-Zr;N, will transform into c-Zr;N, at ~2 GPa (Fig. S27).

We have carefully calculated the temperature contribution to
the phase stability of the new discovered zirconium nitrides
from 0 K to 2000 K within the quasiharmonic approximation, as
shown in Fig. 1. Note that for each stoichiometry, the space
group/structure found at 0 K is kept for higher temperatures.
The free energies of formation increase with increasing
temperatures for all phases but at different rates, yielding
a convex hull which changes with temperature. Our results
show that Zr,N, ZrgN,, ZrN and Zr;sN;¢ will not lose their
stability in the whole studied temperature range. The unstable
Zr3N, at 0 K will become stable at temperatures higher than
~900 K, while for Zr,N3, Zr¢Ns, Zr;Ng and Zr,N;, the tempera-
ture contributions have negative effect on their structural
stability. For example, the formation enthalpy of reaction
27Zr,N5 (s) — 8ZrN (s) + N, (g) will become negative above 300 K,
which means Zr,N5 should decompose into ZrN and N, gas at
roughly room temperature if associated kinetic barrier allows
this process, perfectly consistent with the results of Juza et al.*

Crystal structures of the representative zirconium-rich Zr¢N5
and nitrogen-rich Zr,N;5 are schematically shown in Fig. 2, while
other structures and their corresponding phonon dispersion
curves are shown in Fig. S3 and S4.f No imaginary phonon
frequencies are found, indicating their dynamical stability. The
detailed crystallographic data, enthalpies and zero-point ener-
gies are listed in Table S1.f From Table S1,f we can find the
computed lattice parameters for ZrN and Zr;N, are in good
agreement with those obtained from other theoretical and
experimental investigations, which confirms the accuracy of our
calculations. From the structural point of view, ZrN has the
ideal cubic rocksalt structure, while Zr,41N,, (n = 2, 3, 5, 7) and
Zr,,N,,1 (m =4, 7, 15) are versions of the rocksalt structure with
ordered nitrogen or zirconium vacancies (Zr,N has rutile-type
structure).

N

Fig. 2 Crystal structures of the representative (a) ZrgNs and (b) ZrsNs
compounds.
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In the structures of Zr-rich phases, the metal atoms form
hexagonal close-packed (hep) sublattices with N atoms filled in
the octahedral voids, thus each N atom is coordinated by six Zr
atoms, forming NZr, octahedra. However, the concentration of
filled octahedral voids in various Zr,,N,, structures is different.
Two thirds of them are filled in Zr;N,; while seven eighths in
ZrgN,. Similar nitrogen vacancy-ordered structures were also
reported earlier to be stable for transition metal carbides
M,.1C,M=Hfandn=2,5M=Zrandn=1,2,3,6; M ="Ti
and n =1, 2, 5 (ref. 30)) and nitrides M,,,;N, M =Tiand n =1,
2, 3, 5 (ref. 31)). For N-rich phases, one eighth of the metal
atoms are replaced with vacancies in Zr,Ng, while one fifth in
Zr,Ns.

The formation of such N-rich phases could be attributed to
the enhanced stability of the +4 oxidation state of Zr and Hf
compared to Ti due to the relativistic effects,* leading to the
coexistence of +3 in MN and +4 in M;zN,, while in the Ti-N
system, TiN has the highest nitrogen content under normal
conditions. In the structures of Zr;N,, the hep metal framework
of the rocksalt structure is significantly distorted. For o-Zr;Ny,
there are three nonequivalent types of Zr atoms, one of them is
octahedrally coordinated to six N atoms, one resides at the
center of a trigonal prism, and the last one is located inside of
a heavily distorted octahedron (Fig. S31). Thus, the second and
third nonequivalent Zr atoms are sevenfold coordinated, while
in c-Zr3;Ny, each Zr atom is coordinated to eight N atoms.

3.2 Electronic properties and chemical bonding

We calculated the electronic properties (density of states, DOS,
see Fig. 3) of zirconium nitrides at ambient conditions in order
to study their chemical bonding. Let us start first with Zr;N, and
then discuss the effect of zirconium or nitrogen vacancies on
the electronic properties of rocksalt based-structures. In DOS of
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Fig. 3 The calculated electronic density of states of (a) 0-ZrsNg, (b)
ZrN and (c) Zr,N. (d) Crystal orbital Hamilton population (-COHP)
curves of Zr,N.
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0-Zr;N, displayed in Fig. 3a, three main regions may be
described with three kinds of molecular orbital overlaps:
nonbonding, bonding and antibonding.*® Firstly, a rather sharp
peak at roughly —13 eV appears and it is mainly of N(2s) char-
acter although with some Zr(4d) character. This sharp peak
reflects the localized character of the nonbonding N(2s)-based
levels; secondly, from —6 eV to 4 eV, a very broad structure
with two well-defined main peaks originates from mixing of
Zr(4d) and N(2p) orbitals. The lower peak corresponds to the
bonding states, and the antibonding counterparts appear just
above the Fermi level. These bonding and antibonding peaks
exhibit a clear mixing of metal 4d and nitrogen 2p states,
although the latter has a stronger Zr(4d) character. In 0-Zr;Ny,
the gap separates bonding and antibonding states, thus Zr;N, is
a semiconductor and possesses a remarkable stability. Its
calculated band gap (0.68 eV) is consistent with previous theo-
retical results.**®* These findings are understandable if one
considers the following Zintl picture: Zr is in a formal oxidation
state of +4 (Zr**, d°), and N*~ follows the octet rule.

For the well-known stoichiometric rocksalt Zr,N,, we will
first briefly discuss their electronic properties, then analyze the
electronic perturbation due to the creation of nitrogen or
zirconium vacancies — empty octahedral sites in the fcc network
- leading to symmetry-broken Zr,,1N, and Zr,,N,,.; structures.
Similarly to 0-ZrzNy, DOS of Zr,N,, phases can be decomposed
into three well-separated energy regions as shown in Fig. 3 and
S5, but here no gap separates the valence and conducting
bands: (1) a deep lowest valence band, sy; (2) hybridized Zr(4d)/
N(2p) band, dypn; (3) a partially filled higher-energy Zr(4d)
band, dy;. The sy band is dominated by the 2s orbitals of the
nitrogen atoms and is nonbonding. The next group of valence
bands, dypn, results from strong hybridization of the 4d states
of zirconium atoms with 2p states of nitrogen atoms. Also, one
may see that for Zr,N, the bottom of the dy; band, dominated by
4d orbitals of zirconium atoms, responsible for metallicity.

When nitrogen vacancies are created in substoichiometric
Zr,. N, (n = 1, 2, 3, 5 and 7), notice that obviously the formal
oxidation state of Zr decreases as the number of nitrogen
vacancies increases, going from Zr** d' in ZrN to Zr'*>" d*® in
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Zr,N. Therefore, one may expect the occupation of the Zr 4d
levels in substoichiometric Zr,.;N,, compounds. This is what
happens: Zr-Zr bonding and nonbonding (slightly antibonding)
Zr-N levels appear just below the Fermi level, mainly metal 4d
in character (see Fig. 3d and S6%). In Zr,.;N,, Zr atoms are no
longer all in the MNg octahedral environment; some of them are
in MNj5 square pyramidal configurations. Therefore, one may
expect the stabilization of antibonding Zr-N levels when going
from formally octahedral ZrNg to square pyramidal ZrNs envi-
ronment due to the lack of a Zr(4d)-N(2p) antibonding
component. The occupation of these Zr-N nonbonding levels
may explain the mechanical properties of these sub-
stoichiometric Zr,.;N, compounds.

Fig. 3c displays the total and projected DOS of Zr,N, but also
the projected d states of a hypothetical ZrN structure within the
Z1,N structure (all N vacancies are filled in the so-called perfect
structure). One can see that nitrogen vacancies give rise to
additional states just below the Fermi level compared to its
corresponding perfect structure, which originates from the Zr-
Zr bonds passing through a nitrogen vacancy site. Such
“vacancy states” usually lead to a drastic increase in the density
of states at the Fermi level (0.076 in ZrN; 0.090 in ZrgNs; 0.112 in
Zr,N, states per eV per electron). The increasing density of the
d state at the Fermi level can be interpreted as an increase in the
Zr(4d,)-Zr(4d,) bonding or metallic bonds between the zirco-
nium atoms.

3.3 Mechanical properties

We further studied mechanical properties of the Zr-N
compounds. The calculated elastic constants are shown in
Table 1. All structures satisfy the Born-Huang stability criteria,*’
confirming their mechanical stability. From the calculated
elastic constants, we can find ZrN holds the largest Cy,, C», and
C33 values among the Zr,N, compounds, which indicate the very
high compressibility along the axis directions. o-Zr;N, has the
smallest C;; and C,, values. The bulk modulus B, shear
modulus G, Young's modulus E and Poisson's ratio v were
further obtained using the Voigt-Reuss-Hill averaging,* shown
in Table 1. The calculated B values of zirconium nitrides are

Table 1 The calculated bulk modulus B, shear modulus G, Young's modulus E, Poisson's ratio », B/G ratio, anisotropy index AY, Simunek's
hardness Hs and Chen'’s hardness Hc of Zr,N, compounds at 0 GPa (B, G, E and H, GPa)

Phase (&) Cin Ci3 Cis Cp Gz Cys Cz3 C35 Cay Cse Css Ceg B G E 14 BIG AY Hg Hc

Zr,N 305 142 108 362 119 114 187 109 274 0.256 1.721 0.116 14.8 13.5
Zr3N, 293 132 130 325 93 384 112 96 84 190 100 255 0.276 1.896 0.170 15.5 11.0
Zr N3 336 147 140 8 349 127 2 371 13 127 -10 95 109 209 108 277 0.280 1.931 0.091 15.2 11.3
ZrgNs 376 135 159 —25 384 153 29 364 2 118 25 134 145 224 122 309 0.270 1.845 0.233 15.3 13.2
ZrgN- 394 137 171 —-28 396 162 31 385 2 131 35 154 147 235 129 328 0.267 1.815 0.301 13.3 14.1
ZrN? 556 123 113 267 147 372 0.268 1.818 0.534 15.6 15.4
ZrisNig 437 153 155 —16 467 117 1 468 20 154 —13 130 161 247 148 369 0.251 1.673 0.323 15.5 17.3
Zr;Ng 422 132 146 30 421 157 —-30 396 2 150 28 166 160 234 146 362 0.242 1.605 0.199 15.5 18.2
Zr,Ns 338 120 159 —11 425 116 -9 378 21 139 -—-12 106 118 215 120 303 0.264 1.789 0.211 15.0 13.7
o—Zr3N4b 209 159 164 469 167 422 95 63 130 214 91 239 0.314 2.359 1.043 124 7.3
c-Zr;N,° 423 146 133 238 135 341 0.261 1.761 0.002 11.0 15.2

@B =249, G = 157, H, = 16.° ” B = 203, 238, H, = 12.4. ° B = 224, H, = 11.7," 11.4.¥
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Fig. 4 Calculated bulk and shear moduli of the rocksalt structures as
a function of vacancy concentration; also rutile-like Zr,N is shown (its
structure can also be represented as a close-packed metal sublattice
with 1/2 octahedral voids occupied by nitrogen atoms).

comparable with many other transition metal carbides, nitrides
and borides, such as Fe;C (224 GPa (ref. 42)), TiN (294 GPa (ref.
31)) and TiB, (213 GPa (ref. 43)), but much lower than diamond
(437 GPa (ref. 44)). Among these Zr,N, compounds, ZrN has the
largest bulk and shear moduli, although Zr;Ng has a practically
identical shear modulus (see Table 1).

The effect of vacancy concentration on bulk and shear
moduli of the rocksalt Zr,N,, structures is shown in Fig. 4. It can
be seen that bulk and shear moduli monotonically decrease
with increasing vacancy concentration. When N vacancies
increase in a rocksalt structures, the number of Zr-N bonds
obviously decreases. Moreover, the computed Zr-N separations
are increasing when N vacancies increase, i.e. from 2.24 to 2.27
A in ZrgN, and Zr,N, reflecting the weakening of the Zr-N
bonding. Therefore, one may understand our findings, i.e. the
loss of B and G is mainly attributed to the disappearance of
some strong covalent Zr-N bonds.

For brittle materials, B/G ratio is smaller than 1.75 (ref. 45)
(for example, for diamond B/G = 0.8). From Table 1, we can find
that B/G values decreases in the following sequence: 0-ZrzN, >
Zr Nz > Zr3N, > ZrgNg > ZrN > ZrgN, > ZryNs > c-ZrzNy > Zr,N >
Zr15Ny¢ > Zr;Ng. B/G values of Zr,N (1.721), Zry5N;6 (1.673) and
Zr,Ng (1.605) are smaller than 1.75, which indicate that these
are brittle or borderline materials. For the other compounds, B/
G values are larger than 1.75, which suggest that they are ductile
materials. For ZrN, B/G value is slightly larger than 1.75, making
a good compromise between hardness and ductility, which is
mainly due to a peculiar interplay between metallicity and
covalency. Besides, we can find that B/G values of Zr-rich phases
are larger than N-rich ones except Zr,N and o-Zr;N,4. Obviously,
the higher metal content, the more ductile the material.
Surprisingly, semiconducting o-Zr;N, has the largest B/G value
(2.359) due to the low C;; and Cy44, and 0-Zr;N, also possesses
remarkable elastic anisotropy. Here, we used the Ranganathan
and Ostoja-Starzewski method*® to estimate anisotropy:

v v
AV =5 % + % -6 @)
where GY, BY, G® and B® are the shear and bulk moduli esti-
mated using the Voigt and Reuss methods, respectively.
The calculated anisotropy parameters A" of Zr,N, phases are

listed in Table 1. Elastic anisotropy decreases in the following
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Fig.5 Directional dependence of Young's moduli (in GPa) of the Zr,N,,
compounds.

sequence: 0-ZrzN, > ZrN > ZrysNy¢ > ZrgN; > ZrgNs > ZryNs >
Zr;Ng > Zr3N, > Zr,N > Zr,;N; > c-Zr;N,. Fig. 5 shows the direc-
tional dependence of Young's moduli for the selected Zr,N,
compounds (see eqn (8) in ESIf). For an isotropic system, one
would see a spherical shape. The degree of elastic anisotropy
can be directly reflected from the degree of deviation in shape
from a sphere. From Fig. 5, we can find that Young's modulus is
more anisotropic in o-Zr;N,, while Zr,N; and Zr,N show more
isotropic features. The anisotropy of o-Zr;N, is due to low Cy,
and high C,,, C;; values, resulting in a flat shape of Young's
modulus.

The Vickers hardness of zirconium nitrides was estimated by
using Chen's model,"” as follows:

HC _ 2(K2®0,585 -3 [3)

where « is the Pugh ratio:* x = G/B. The computed hardness
values are given in Table 1. The estimated hardness of ZrN is
15.4 GPa, which is consistent with the experimental value of 16
GPa of Lévy et al.** Among these Zr,N, compounds, Zr;Ng has
the highest hardness of 18.2 GPa. Given that Chen's model is
based solely on the computed elastic constants, here we also
used the Simtnek method to estimate their hardness, which is
mainly based on bond density and bond strength.*® The corre-
sponding expression is given as follows:

n 1/n
[1 b} e @
ij=1

where s;; is the bond strength between atom i and j, b is the
bond number, Q is the volume of the cell. The semi-empirical
constants C and ¢ equal to 1450 and 2.8, respectively. The
calculated hardness values are also given in Table 1. For the
substoichiometric phases, the estimated hardness values are
around 15 GPa. For Zr;N,, we found hardness values of 12.4 and
11.0 GPa for o-Zr;N; and c-Zr3N,, respectively, which is
consistent with previous theoretical calculations.’”** The re-
ported Vickers hardness of ¢-Zr;N, film is 36 GPa,'** making it
nearly a superhard film material. It is possible that hardness
could be much higher in a thin film compared to a bulk
crystal.’” Certainly, more extensive hardness experiments for
the Zr,N, structures should be performed.

C
HS: El’l
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4 Conclusions

By using the variable-composition ab initio evolutionary algo-
rithm USPEX, we explored stable and metastable compounds in
the Zr-N system at ambient pressure. Our calculations revealed
that ZrN, Zr,N, Zr4N3, ZrgNs, ZrgN5, Zr15N;6, Zr;Ng and Zr,N; are
thermodynamically stable compounds at low temperatures,
while Zr;N, is marginally metastable and could be stable at high
temperatures. Particularly, we found the two controversial
compounds discovered by Juza et al. could be Zr,5N;s and Zr,Ns.
The newly discovered compounds have defective rocksalt
structures with ordered nitrogen or zirconium vacancies. The
calculated elastic constants of zirconium nitrides are in good
agreement with available experimental values. Our results show
that bulk and shear moduli monotonically increase with
decreasing vacancy content. This can be attributed to the
occurrence of more Zr-N covalent bonds and weakening of the
ductile Zr-Zr metallic bonds. Besides, we found hardness of
bulk Zr;N, is below ~15 GPa.
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